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Summary

Therapeutic proteins have emerged as an important category of biopharmaceutical products,
due to their use in the treatment of cancer, inflammation and infectious diseases. To
characterise proteins, we require information on the primary to higher-order structure, as
these distinct structural aspects control the general structure and basic function of the protein.
Rather than maintaining their native state, proteins can undergo conformational changes,
which can influence their functional aspects. Characterising the protein structure and the
resulting protein function, will therefore enable further evaluation of the safety and quality of
the protein as a biotherapeutic agent.

One limitation to do this is that, given their highly flexible and complex structures, there is no
precise protocol yet for the complete and detailed characterisation of such large biomolecules.
Mass spectrometry (MS) is a key technique for protein characterization, providing detailed
information on primary to higher-order structure.

Our goal is to develop a set of MS based methods to thoroughly characterise proteins of
biotherapeutic interest, especially the higher-order protein structure. This will decide the
quality control of these therapeutic proteins whose biological efficacy, safety and
immunogenicity are dependent on their structures.

In this thesis, a set of MS-based methods is used to characterise proteins of biotherapeutic
interest such as antibodies, antibody fragments and Fc-fusion proteins. The native MS analysis
of intact proteins and protein complexes is discussed. The conformational analysis of proteins
was performed using ion mobility-mass spectrometry by monitoring the size and shape of
proteins. Top-down electron transfer dissociation (ETD) of antibodies was discussed to analyse
solvent-exposed regions of the protein. HDX-MS was employed to locate binding interfaces
within protein complexes. The FPOP analysis was applied to intact antibodies and the oxidised
samples were measured with native IM-MS.

The range of structural information provided by this set of MS-based methods proves how
powerful these techniques can be and how they can aid in understanding the higher-order
structure of proteins.
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Samenvatting

Therapeutische eiwitten zijn een belangrijke categorie van biofarmaceutische producten. Ze
worden gebruikt in de behandeling van kanker, ontstekingen en besmettelijke ziekten.
Vergeleken met medicijnen gebaseerd op kleine moleculen, hebben therapeutische eiwitten
betere biofysische, farmacokinetische en farmacodynamische eigenschappen.

Om eiwitten te karakteriseren willen we informatie verwerven over de primaire en hogere orde
structuur, omdat de algemene eiwitstructuur en de eiwitfunctie afhangen van deze structurele
aspecten. Eiwitten blijven niet in hun natieve toestand, maar kunnen conformationele
veranderingen ondergaan en deze transities kunnen de functionele aspecten van het eiwit
beinvloeden. Door de karakterisatie van de eiwitstructuur en de resulterende eiwitfunctie, kan
de veiligheid en kwaliteit van het eiwit geévalueerd worden als biotherapeutische agens.

Het probleem is echter dat er nog geen exacte protocol bestaat voor de volledige en
gedetailleerde karakterisatie van deze grote biomoleculen, omwille van hun zeer flexibele en
complexe structuur. Massaspectrometrie (MS) is een van de belangrijkste technieken voor de
karakterisatie van eiwitten, omdat het gedetailleerde informatie kan geven over de primaire tot
hogere orde structuur.

Het doel is om een set van MS methoden te ontwikkelen om therapeutische eiwitten volledig te
karakteriseren. Dit zal essentieel zijn voor de kwaliteitscontrole van deze eiwitten, omdat hun
biologische efficiéntie, veiligheid en immunogeniciteit afhangen van hun structuur.

In deze thesis wordt een set van MS-gebaseerde methoden gebruikt om eiwitten van
biotherapeutisch belang zoals antilichamen, antilichaamfragmenten en Fc-fusie eiwitten.
De natieve MS analyse van intacte eiwitten en eiwitcomplexen wordt besproken.

De conformationele analyse van eiwitten met behulp van ionenmobiliteit-massaspectometrie
(IM-MS) wordt uitgevoerd door de grootte en vorm van het eiwit op te volgen. Top-down
elektronen transfer dissociatie (ETD) van antilichamen wordt besproken voor de analyse van de
regio’s van het eiwit die blootgesteld aan het solvent. HDX-MS was gebruikt om de
bindingslocatie in eiwitcomplexen te lokaliseren. De FPOP techniek werd toegepast op intacte
antilichamen en de geoxideerde stalen werden gemeten met natieve IM-MS.

Het breed aanbod aan informatie voorzien door deze set van MS-gebaseerde methoden bewijst
hoe krachtig deze technieken zijn en hoe ze kunnen helpen in het beter begrijpen van het
hogere-orde eiwitstructuur.
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1.1 Biotherapeutic Proteins

Proteins are biological macromolecules that play many essential roles in living organisms. These
roles include the transport and storage of molecules, catalysis or inhibition of chemical
reactions, as well as immune protection. These specific characteristics allow us to design
different proteins that will act as biotherapeutic agents and interact with particular targets,
thereby affecting specific functions. Currently, proteins are the prime target for drugs, but these
proteins or peptides can also be the drugs themselves. Proteins of biotherapeutic interest
include antibodies, antibody fragments, antibody conjugates and other biomolecules which
specifically interact with disease-related states of proteins.

Biologics, or biotherapeutics, are one of the fastest growing fields in the biotech and
pharmaceutical industries. Their use in drug development relies on biopolymers, such as
peptides, proteins and monoclonal antibodies. These therapeutic agents have been used in the
treatment of cancer, inflammation and infectious diseases (I There has also been an increasing
interest in the use of oligonucleotides in therapies. Until recently, the vast majority of drugs
have been based on small molecules which are synthetically made and often derived from plant
ingredients. In comparison, biotherapeutics have superior biophysical pharmacokinetic and
pharmacodynamic properties, and the potential for the design of “tailor-made” drugs is vastly
greater than that with chemical structures. The highly specific and complex set of functions is
one of the advantages of biotherapeutics.

Monoclonal antibodies, antibody fragments and antibody-drug conjugates in particular are fast
becoming an important class of biotherapeutics 1" The worldwide annual revenue of
biotherapeutics is more than 165 billion dollars BI Table 1 shows the top 10 best-selling drugs
in 2016. Major pharmaceutical companies are carrying out research on producing and targeting
antibodies for diagnostic and treatment purposes.

Table 1: Top 10 best-selling pharmaceutical drugs in 2016 with the biotherapeutic drugs marked in
grey. The remaining drugs in this list are based on small organic molecules. (www.genengnews.com)

Rank Product Active ingredient Main indications Manufacturer Sales (USD)
1 Humira Adalimumab Arthritis AbbVie 16.078 billion
2 Harvoni Ledipasvir/ Sofosbuvir Hepatitis C virus Gilead Sciences | 9.081 billion
3 Enbrel Etanercept Arthritis Amgen and 8.874 billion

Pfizer
4 Rituxan Rituximab Non-Hodghkin’s Roche and 8.583 billion
lymphoma Biogen
5 Remicade Infliximab Crohn’s disease J&J and Merck | 7.829 billion
6 Revlimid Lenalidomide Multiple myeloma Celgene 6.974 billion
7 Avastin Bevacizumab Colorectal cancer Roche 6.752 billion
8 Herceptin Trastuzumab Breast cancer Roche 6.751 billion
9 Lantus Insulin glargine Diabetes Sanofi 6.054 billion
10 Prevnar 13 CRM197 Protein Pneumococcal Pfizer 5.718 billion
pneumonia
2
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The first fully human monoclonal antibody, approved by the FDA, was Adalimumab (Humira)
which is still one of the best selling drugs. Humira is a drug against the tumor necrosis factor
(TNF) drug and it is used in the treatment of arthritis. It was a result of a collaboration between
BASF Bioresearch Corporation and Cambridge Antibody Technology, U.K., manufactured and
marketed by Abbott Laboratories, after Abbott’s acquisition of BASF Pharma. Currently, Humira
is sold by the pharmaceutical company Abbvie. Large pharmaceutical companies as well as
biotechs and startups are developing novel technologies to design antibody-based, protein
/peptide and oligonucleotide therapeutics that display superior properties including efficacy
and selectivity. These novel drugs are essential as there is a need for better drugs for e.g.,
cancer, neurodegeneration, auto-immune diseases, etc. Next to creating a well-performing
drug, they are also addressing issues concerning the stability and shelf-life of the therapeutics.
These issues include the degradation and aggregation of therapeutic proteins during
manufacture, storage or in vivo 14,51 Making drugs in an easy-to-make stable application form is
currently a big challenge for many biopharmaceuticals. As a consequence, it is important to be
able to thoroughly study these proteins of therapeutic interest. As these biotherapeutic
compounds are large and complex structures, and can be sensitive to environmental conditions
during production, they require very sophisticated quality control processes. This is why there is
an urgent need for the structural characterisation of biotherapeutics, particularly aspects of
higher-order structure (Fig.1), as the biological efficacy, safety and immunogenicity of these
therapeutic agents need to be guaranteed.

Primary structure

oS /%

Secondarystructure

Quaternarystructure

Tertiary structure
Figure 1: Schematic overview of primary to higher order protein structure.

In order to ensure the consistent quality of all protein therapeutics, the International
Conference on Harmonisation (ICH), the Food and Drug Administration (FDA), and the
European Medicine Agency (EMA) have established guidelines to regulate the manufacturing
process of these biological compounds. These guidelines include descriptions of specific test
procedures for biotechnological or biological products, and stability tests and comparability
tests for changes in the manufacturing process. These analytical tests currently include
electrophoresis, high resolution chromatography, peptide mapping, identity tests, and activity
tests.

However, when these analytical methods are used to probe the higher-order structure
(topology of disulfide linkages and PTMs (e.g., glycsoylations), conformation and aggregation)
of therapeutic proteins, severe limitations exist due to the complexity of the molecules.
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When a change occurs in the production process, manufacturers have to ascertain whether the
higher-order structure is maintained in the product, or if a small change is significant for the
efficacy and safety of the product.

1.2 Structural characterisation of biotherapeutics

The current and crucial limitation in this field is that there is no comprehensive analytical
methodology to ensure the efficacy and safety of biotherapeutics. The cause of this issue lies
in the difficulty to characterise the protein structure. We need to understand the structure-
function relationship of these large, flexible and complex agents before we can safely deploy
them in a therapeutic context. Currently, there is a lack of information on the link between
sequence variations in the primary structure (e.g. mutations, truncations, disulfide variants)
and how this affects protein folding and higher-order structure (e.g. conformational and
aggregation behaviour).

A protein can naturally fold into a unique three-dimensional structure, i.e. its native
conformation. However, proteins are generally not rigid biomolecules, as they are dynamic
and can often change their conformation. These structural transitions influence the functional
aspects of the protein.

Characterising the protein structure can enable us to link certain protein conformations to the
resulting protein function. Once we know the specific function, the quality and the safety of
the protein as a biotherapeutic agent can be further evaluated.

At this stage, different methods are used for protein characterisation:

Size exclusion chromatography (SEC), a size-based separation technique, is used for antibody
aggregation analysis. SEC is often combined with light scattering techniques such as MALS
(multi-angle light scattering). Protein aggregation is considered to be a critical attribute in
quality control as it can induce undesirable consequences in protein function. Analytical
ultracentrifugation (AUC) has also been used to analyse antibody aggregation by providing a
guantitative size-distribution analysis.

Protein crystallography, which studies the three-dimensional structures of protein crystals at
near-atomic resolution, has provided insight into biological processes. Small angle x-ray
scattering can characterise antibodies in solution by measuring the scattering curve and
determining the protein size on a nanoscale.

Nuclear magnetic resonance (NMR) spectroscopy has been used to look at protein binding
interfaces by comparing the magnetic properties of specific atomic nuclei. It can also show
protein degradation (e.g., oxidation, deamidation, etc.) and when the analysed protein
crystallises in a different crystal form, it can indicate that the protein has undergone a
conformational change.

Circular dichroism, which measures the difference in absorption between left- and right-
polarised light, can investigate the secondary protein structure. It is a valuable tool for
showing changes in conformation induced by e.g., temperature or denaturing agents.
These currently-used biophysical techniques can provide important structural information, but
in general a large amount of sample is needed and the experiments can be time-consuming to
optimise. It is also not always evident to look at the heterogeneity (e.g., presence of different
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modifications) of the sample. Furthermore most of these techniques do not allow
simultaneous analysis of different protein conformations.

Mass spectrometry (MS) is already established as one of the key techniques for characterising
proteins, as it can provide detailed information on their primary to higher order structure.

Novel MS methods can address issues of post-translational modifications (PTMs) and
sequence variations in their entirety, as well as conformational and aggregation behavior.
Comprehensive characterisation includes the determination of amino acid sequences, exact
molecular weight, the full complement of post-translational modifications and the aggregation
state of biotherapeutic compounds. Only the determination of molecular weight and bottom-
up sequencing by MS are currently routine, while the other aspects of protein structure are
much more difficult to define.

Developing a set of MS-based methods to characterise proteins of biotherapeutic interest will
be essential for quality control, as their biological efficacy, safety and immunogenicity depend
on their structure.

1.3 Developing an analytical toolbox for structural characterisation

Until now, there has been no comprehensive protocol formulated, and accepted by the
industry as well as regulatory bodies, for the characterization of biotherapeutic agents.
Developing such an analytical toolbox based on mass spectrometry methods can give us the
means to provide detailed information on the structural aspects of biologicals with therapeutic
capacity, which will be essential for defining their safety, efficacy and product consistency.

The goal of this research is to develop a set of high-throughput methods that will contribute to
future regulatory standards for biotherapeutic proteins. These methods will characterise
biotherapeutic agents and obtain unique profiles or fingerprints. In the long term these
profiles can help to increase our understanding of structure-function relationships in the
context of protein engineering.

The scientific objectives of this PhD project are:

e To determine the global conformational properties of proteins using native ion
mobility mass spectrometry (IM-MS), and to understand how conformation affects protein
function.

e To locate the interactions of antibodies or antibody fragments with targets using
native mass spectrometry (native MS)

e To monitor structural and dynamic aspects of proteins by using hydrogen/deuterium
exchange (HDX) in combination with mass spectrometry.

e To monitor structural and dynamic aspects of proteins by using fast photochemical
oxidation of proteins (FPOP) in combination with mass spectrometry.

e To determine the primary structure, i.e. sequences, variations, disulfide bridges and
post-translational modifications (PTMs), using top-down fragmentation methods based on
Electron Transfer Dissociation (ETD).



Currently, these methods are not the routine techniques used for protein characterisation in
the industry. By optimising these MS-based methods we aim to develop a more detailed and
thorough characterization protocol. When we combine the proposed methods and integrate
the obtained data, we could create a set of analytical tools that can effectively measure the
quality, efficacy and safety of a product.

1.4 Characterising therapeutic agents and therapeutic targets

In the four year-journey for my PhD, | was lucky to participate in numerous interesting projects
in collaboration with universities and companies. In this thesis the characterised biomolecules
can be classified either as therapeutic agents, or as therapeutic targets.

The studied therapeutic agents include monoclonal antibodies, Fc-fusion proteins, nanobodies
and single chain variable fragments (scFv). The studied therapeutic targets include RNA, kinase
complexes and plasminogen activator inhibitor (PAI-1). For each project questions about the
protein structure could be answered using mass spectrometry-based methods (Table 2).

Table 2: MS-based techniques used on therapeutic agents and targets.

Fc-Fusion Nanobody RNA Kinase PAI-1

Technique Antibody protein ScFV complex

Native MS
IM-MS
Top-down
ETD
HDX-MS X

FPOP X

1.5 Sources

[1] J. Mo, A. Tymiak, G. Chen, Structural mass-spectrometry in biologics discovery: advances and future
trends, Drug Discovery Today, 17, Dec 2012

[2] A. Beck, S. Sanglier-Cianférani, A. Van Dorsselaer, Biosimilar, biobetter, and next generation antibody
characterization by mass spectrometry, Anal Chem. 5; 84(11):4637-46, Jun 2012

[3]1 R. R. Rader (Ed.), Biosimilars/Biobetters Pipeline Review, 2014. <www.biopharma.com>.

[4] K. Nandra, Therapeutic use of monoclonal antibodies and future trends in biotherapeutics, OBR
review, 2013

[5] B. Kukrer, F. Vasco, E. van Duijn, P.T. Kasper, R.J. Vreeken, A.J.R. Heck, W. lJiskoot, Mass
Spectrometric Analysis of Intact Human Monoclonal Antibody Aggregates Fractionated by Size-Exclusion
Chromatography. Pharm Res.; 27(10):2197-2204, Oct 2010
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2.1 The power of mass spectrometry

Mass spectrometry is one of the key techniques for characterising proteins, as it can provide
detailed information on their primary to higher order structure. This technique has the ability to
separate and identify components by differences in mass and charge.

A mass spectrometer is composed of three general components: an ion source, a mass analyzer
and a detector. The molecular ions produced by the ion source are transferred to the mass
analyzer by a voltage gradient. The mass analyzer separates the ions based on their mass-over-
charge value (m/z). The sorted ions are then led to the detector, resulting in the formation of a
mass spectrum.

There are two general approaches to analyze proteins with MS instrumentation (Fig. 1). The
first is an intact or top-down approach that uses native electrospray ionization, ion mobility,
and top-down fragmentation 1 The second is a bottom-up approach that uses tandem mass
spectrometry to provide peptide information after enzymatic digestion of the protein.

Top-down MS NS¢ Bottom-up MS

Direct infusion Enzymaticdigestion

. l

MS of intact protein LC-MS of peptides

Native MS Denatured MS

Ll

500 1000
m/z

l MS/MS
MS/MS l
l Protein identification

Amino acid sequencing
Proteinidentification

PTM characterisation
Amino acid sequencing

Figure 1: Overview of top-down vs. bottom-up mass spectrometry. The antibody structure shown is
from PDB 1IGT and data were acquired on Synapt G2 MS.
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In top-down MS the protein structure can be analysed in intact native or denatured form, while
in bottom-up MS the digested protein is analysed (Fig. 2).

The advantage of bottom-up MS is that it can identify proteins in digests derived from complex
mixtures. The bottom-up approach is the most widely used for protein identification and
characterisation. The practical limitation of the bottom-up strategy is that usually only a
fraction of the peptide population is identified. Furthermore, there is a loss of information
about the post translational modifications (PTMs) due to the limited sequence coverage. Thus
the full complement of PTMs and sequence variations (e.g., mutations and truncations) cannot
be characterised easily.

The advantage of top-down MS is that there is more chance for complete protein sequence and
it is also possible to locate and characterise the PTMS. Compared to bottom-up MS, top-down
proteomics is a relatively young field and also has some limitations. The dissociation techniques
used for sequencing require long ion scanning times. The generated complex spectra also limit
the analysis to simple protein mixtures. The mechanisms of protein dissociation are currently
less understood than those of peptide dissociation. With top-down MS there are more factors
influencing the fragmentation such as the precursor ion charge state, the primary and higher
order protein structure and the PTMS. As top-down MS is evolving, the understanding of the
fragmentation mechanisms is important to study in order to improve the bioinformatic tools for

high-throughput experiments.
Intact
native protein
a m

Intact
m denatured protein

j Digested protein

S X
N VNG

Figure 2: Overview of the different states encountered in protein MS analysis.
Figure published in 2]

In this thesis the focus lies on the methods that take an intact, native or top-down approach.
The MS instrument used for the experiments was the Synapt G2 (Fig. 3), a quadrupole time-of-
flight (Q-TOF) instrument with an ion mobility separation cell. This instrument combines the
scanning capacity of a quadrupole mass filter with the high resolving power of a TOF detector.
TOF instruments can have an approximate resolution of 20,000 to 80,000 (m/Am) with ‘m’ the
mass of the peak and ‘Am’ the difference between two neighbouring peaks at full width at half
maximum (FWHM) Bl The technical details and the applications of the different methods are
explained in this chapter.
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Figure 3: Schematic illustration of the quadrupole-IMS-TOF instrument Synapt G2 (Waters)

2.2 Electrospray ionisation (ESI)

Electrospray ionisation is a soft ionisation technique that transfers ions from solution into the
gaseous phase using a metal or glass capillary that is held at a high electric potential (e.g., 3-5
kV for conventional ESI, <2 for nanoESlI) (Fig. 41 The technique is commonly used in positive
ion mode. Neutral compounds are converted to ions due to the presence of ions such as H,
NH.", Na* and K" in the analyte solution. The ESI process occurs at atmospheric pressure and
involves three steps: (1) as the charged solution exits the needle a Taylor cone is formed where
the electrostatic repulsion is high enough that a spray of charged droplets is dispersed at the
capillary tip, then (2) these droplets undergo solvent evaporation and as the charge density on
the shrinking droplets builds up it can reach the so-called Rayleigh limit, where the surface
tension of the droplet is overcome by the increasing Coulombic repulsion, resulting in a
Coulombic explosion and the formation of smaller droplets. (3) Finally, this process is repeated
multiple times until the droplets are converted into gas phase ions. These emitted ions are then
accelerated into the mass spectrometer.

12
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Figure 4: Schematic description of the ESI process in positive mode. Figure from 4]

The production of gas-phase ions from charged droplets can be described in three theories; the
ion evaporation model (IEM), the charged-residue model (CRM) and the chain ejection model
(CEM). Low molecular weight species are thought to be transferred in to the gas phase via the
IEM (Fig. 5a). This model states that the electric field at the surface of the droplet is high
enough for the ejection of small solvated gas phase ions. Large globular species are assumed to
be released into the gas phase via CRM (Fig.5b). In this case the nanodroplets undergo
extensive evaporation and as the last solvent shell disappears, the charge is transferred to the
analyte which was in the vanished droplet. An additional model has been proposed for
unfolded proteins. The CEM model describes the ESI mechanism for unfolded proteins or
polymer chains that are disordered, partially hydrophobic, and capable of binding excess charge
carriers (Fig. 5¢) ©°!.

Figure 5: Schematic illustration of three suggested ESI mechanisms; (A) the ion evaporation model
(IEM) for small molecules, (B) the charge residue model (CRM) for large globular analytes and (C) the

chain ejection model (CEM) for disordered polymers. Fig. adapted from 4,

13
Chapter 2: MS-based methods



2.3 Native nano-ESI mass spectrometry

The introduction of nano-ESI has played an important role in the analysis of proteins. Due to
the low flow rate of nanoliters per minute, small amounts of analyte can be analysed.

When working with nano-ESI-MS, typically 1 to 4 pL of sample (of e.g. 0.5-10 uM) is introduced
into the mass spectrometer through a gold-coated glass capillary with an orifice of 1-5 um,
enabling flow rates of 1.2-30 uL/h (Fig. 6) 1 The initially generated droplets are 100-1000
times smaller than those formed in conventional ESI, resulting in less need for solvent
evaporation and lower amounts of non-volatile salts in the droplets 1.

In native mass spectrometry, a volatile buffer (e.g. ammonium acetate) at neutral pH is used
with non-denaturing nano-ESI conditions to transfer the intact proteins into the gas phase B In
this manner the non-covalent interactions are largely preserved after ionisation and the
natively folded protein can be studied. The use of volatile buffers is advised as non-volatile salts
can adduct to protein ions and reduce sensitivity and mass measuring accuracy.

A typical mass spectrum of an intact protein displays a range of charge states in a Gaussian-like
distribution. These observed charge states are formed due to a combination of factors such as
the availability of ionisable sites, intramolecular interactions, Coulombic repulsion and the
solvent accessible surface area PIMOIUN2 o4 djes have shown that mass, charge and surface
area are correlated for most proteins [121 Figure 7 shows the comparison of the mass spectra of
native versus denatured myoglobin. Denatured myoglobin can carry more charges as its protein
structure is more unfolded compared to the native myoglobin structure. It is believed that the
lowest observed charge state corresponds to the most native-like structure in the gas phase.

Nanoflow capillary Taylor cone Desolvation
tip (1.D. 1-5 pm) and jet gas (N2) H
\ Atmospheric pressure Yacuum stages

lon guide

.
-

1-50 pM sample 2, 9% ConD, 5 & .
in 5-5000 MM aqueous s o POV RN
e A N —

5

Shidr P
..'. @
Droplet Droplet | Desol- Collisional cooling, Focusing,
formation @ fission W vation further desolvation m/z analysis
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Figure 6: Schematic illustration of the nano-electrospray ionisation process. Figure from '
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Figure 7: Mass spectra of (A) native myoglobin and (B) denatured myoglobin. Data acquired on a
Q-TOF (Micromass, Waters).

The main advantages of native MS are that multiple proteins can be analysed simultaneously in
their native-like state and it only requires a few microliters of sample at low micromolar
concentration. The native mass spectra show relatively lower charged and fewer peaks
compared to denaturing MS, resulting in less overlapping charge state distributions.
Furthermore, native MS also allows the analysis of non-covalent complexes and it can study the
dynamics of the higher-order structure.

However, when interpreting the results, it should be kept in mind that the MS experiments take
place in the gas-phase, where the hydrophobic interactions become weaker and the
electrostatic interactions become stronger than in the solution phase. Therefore, the relative
abundance of the observed proteins and protein complexes can deviate from that in the
solution phase. Yet, computational and experimental research has indicated that the transition
from solution to the gas phase does not drastically modify biomolecules [13.23] ‘several studies
about native MS of proteins and protein complexes have been published, including the native
MS analysis of monoclonal antibodies [15.16] For example, Marcoux et al.have used native MS to
study an antibody-drug conjugate, trastuzumab emtanisine, to determine the average drug-
antibody rato (DAR) and the drug load profiles 171 This article also describes how native MS can
provide clearly resolved spectra with fewer overlapping charge distributions compared to
denaturing MS, allowing the calculation of the average DARs from the individual charge states.
Furthermore, when using a high resolution mass analyser (Orbitrap) optimised for native MS, all
the glycoforms were clearly resolved. Xuan et al. have used high resolution native MS to study
antibody-antigen complexes and could determine to stoichiometry and the specific glycoforms
observed 8,
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2.4 lon mobility-mass spectrometry (IM-MS)

lon mobility-mass spectrometry (IM-MS) methods aim to provide information about the global
protein structure (degree of compactness and flexibility) and conformational transitions [*2%2%,
With this information the degree of protein folding or misfolding can be addressed, and co-
existing or dynamic structures simultaneously detected.

2.4.1 Linear drift-tube ion mobility spectrometry (DT-IMS)

lon mobility is a technique that can separate ions based on their mobility through a gas. This
ability is dependent on the charge, size and shape of the ion. In linear drift-tube ion mobility
(DT-IM), the simplest setup of IM, a drift tube is used as an IM analyser and is filled with an
inert drift gas, e.g. He 221 An electric field is generated by, for example, a stack of rings and
moves the ions through the gas. The time it takes for the ions to go through the drift tube is
referred to as ion mobility drift time. The more compact and smaller analytes will undergo
fewer collisions with the drift gas and will have shorter drift times than a more expanded
molecule. This results in the separation based on size (Fig.8). The average area of an ion that
collides with the drift gas as it tumbles through the drift tube is called the collision cross section
(CCS). The CCS describes the rotationally averaged overall size and shape of an ion and is
related to the ion mobility through Equation 1 when using DT-IM (231

) 5 S SR S SN S R i e e S S S S NS SIS LS
Electric Uniform static (low) field #

field

lons enter - - - - - - - - - - - - -
drift tube

[24]

Figure 8: Schematic illustration of linear drift tube ion mobility. Figure adapted from

The collision cross section or CCS (Q) of an analyte is related to the charge of the analyte (z), the
number density of the drift gas (N), ion mobility (Ko), the reduced mass of the ion (u), the
Boltzmann constant (k) and the gas temperature (T).

Equation 1: Collision cross section Q in relation to mobility K,

3ze 1 2T )1/2
16N Ky “ukpT

When IM is coupled to native mass spectrometry, ions are simultaneously identified by their
mass, charge and collision cross section. The advantage of DT-IM spectrometers, besides their
potentially high resolving power, is that the analytical equations make it possible to directly
calculate the CCS by solving Equation 1 '),
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2.4.2 Travelling-wave ion mobility spectrometry (TWIMS)

As opposed to DT-IMS, where a constant electric field is used, Travelling-wave ion mobility
spectrometry (TWIMS) uses a periodic electric field to guide ions through a stacked ring ion
guide filled with a drift gas (e.g. N) (Fig. 9). The ions are moved by this wave-shaped electric
gradient, while they are colliding with the drift gas, which can slow them down. More extended
analytes will be slowed down more compared to smaller and more compact analytes. The
compact analytes can follow the front of the travelling wave more easily and will have shorter
drift times than the more extended analytes, which can be knocked over the travelling wave
due to their lower mobility because of increased collisions with the drift gas, resulting in longer
drift times. As this version of ion separation changes the relation between IM drift time and
CCS, Equation 1 cannot be used to calculate the CCS. Instead, a set of calibrants with known
CCS values is used.

..........................
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Figure 9: Schematic illustration of travelling-wave ion mobility spectrometry. Figure adapted from .,

For globular proteins the experimental cross sections obtained by IM-MS are closely related to
their molecular mass (Fig.10). Databases have been published for a large set of native-like
proteins and can be used to calibrate the CCS values for other native-like protein structures 251
Native IM-MS allows a simple shape and size measurement of monoclonal antibodies. Bagal et
al. used native IM-MS to differentiate the conformation of 1gG2 isomers caused by disulfide
linkage variations 261 'Beck et al. have used IM-MS to compare therapeutic antibodies and
biosimilar antibody versions 271 pacholarz et al. could observe subtle differences in the IM-MS
date from the IgG1 and 1gG2 subclasses. Furthermore, the experimental CCS data indicate that
protein has collapsed in comparison to the X-ray structure. The molecular dynamics (MD)
simulations indicate that the desolvation caused a contraction in the hinge region (28] pacholaz
et al. have also shown that the IgGs display a wider range of conformations compared to other
similarly sized protein complexes. This wider CCS range can be attributed to the dynamic and
flexible structure of IgGs around the hinge region.
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Figure 10: Experimental CCS values of calibrants (globular proteins) are correlated to their molecular
weight. Data obtained from !,

2.5 Collision-induced unfolding (CIU) and collision-induced dissociation (CID)

In ESI-MS, once the generated ions enter the mass spectrometer, their internal energy is
determined by the combination of accelerating voltages applied in different sections of the
instrument, and the pressure in the different compartments the ions pass through on the way
to the detector. This pressure determines the frequency of collisions the ions undergo with the
gas molecules in the instrument. Increasing the frequency and energy of these collisions can
induce collisional heating which can lead to protein unfolding and dissociation. As the collision
energy (CE) is increased the ion mobility is monitored and additional information can be
provided on protein unfolding, prior and during dissociation.

Collision-induced unfolding (CIU; i.e. change in CCS detected by IM) can provide information on
the protein architecture and (unfolding) stability, while collision-induced dissociation (CID; i.e.
change in m/z detected by MS) can determine the (gas-phase dissociation) stability and the
stoichiometry of non-covalent complexes. Ruotolo et al. have published a study where the
collision unfolding of gas-phase proteins can be correlated to their folded domain structures in
solution. For each step-wise transition the protein made from one conformation to another due
to collisional unfolding, a correlation could be made to a domain unfolding in the protein
structure %,

Figure 11 shows the schematic workflow of the CIU method applied on the protein myoglobin.
The protein is measured with native IM-MS to identify the mass and stoichiometries and derive
the IM drift times (Fig.11A-B). The IM-drift time of a specific charge state is monitored at
increasing collision energies in the trap cell noting the observed conformations and
conformational changes (Fig. 11C). A 3D plot is generated of the ion mobility drift times (or the
derived collision cross sections) and the intensity of the observed conformations in function of
the collision energy, resulting in a CIU plot. (Fig.11D)
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Figure 11: (A) Native lon mobility spectrum of myoglobin (B) Native mass spectrum of myoglobin
(C) lon mobility drift times of the 7* charge state of myoglobin at increasing trap collision energy (D)
collision induced unfolding (CIU) plot of 7* myoglobin.
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Collision-induced dissociation (CID) is a fragmentation technique that breaks the weakest bonds
(i.e. peptide bonds) as the analyte collides with the neutral gas (usually N, or Ar). When CID is
applied on peptides the amide bonds in the peptide backbone are broken, resulting in the
formation of b and y fragment ions (Fig. 14). Based on the detected masses of these fragment
ions it is possible to identify functional groups or amino acid sequence. Such fragmentation
patterns can be used to identify molecules of interest 301 protein complexes, the weakest
bonds are usually the noncovalent bonds between subunits. The charge speeds up this process
as the protein unfolding makes it easier to dissociate a subunit. Typically, the smallest subunit
dissociates first, resulting in asymmetric dissociation. Figure 12 displays a demonstration of CID
applied on the protein myoglobin. A single charge state (7%) is selected in the quadrupole and
the MS/MS spectrum is monitored as the trap collision energy is increasing. At 50 V the heme
group dissociates from myoglobin and at this point CID fragmentation is also observed. Figure
13 shows the absolute (TIC) intensities of the observed MS peaks. When comparing the CID
profile to CIU profile in Figure 11D, it is noticed that the collision-induced unfolding,
dissociation starts to occur at 50 V.

7 6" myoglobin
Heme Group myoglobin  without heme
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- . 90 V
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Figure 12: MS/MS spectra of the 7* charge state of myoglobin (17 kDa) at increasing trap voltages
resulting in CID. The insert shows the zoomed in mass spectrum,
displaying the dissociated heme group (616.3 Da)
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Figure 13: TIC Intensities (peak height) of the observed peaks in Fig. 12 at increasing trap voltages.
2.6 Top-down electron-transfer dissociation (ETD)

In mass spectrometry, electron-transfer dissociation (ETD) is a rapid fragmentation method
which is now routinely used for sequencing of highly charged peptides. Conventional
fragmentation methods such as collision-induced dissociation (CID) have the disadvantage that
the PTMs are frequently lost during fragmentation, making it more difficult to determine the
exact locations of the PTMs within the peptide. CID preferentially cleaves the peptide backbone
at the weakly bound peptide bond resulting in b- and y-type fragment ions. On the other hand,
ETD cleaves the NH-C, bond resulting in c- and z-type ions. ETD leaves most PTMs intact and
provides more extensive sequence coverage for proteins (Fig. 14). Furthermore, it leaves
contacts made via side chains untouched, i.e., can be used to cut up a protein while the higher-
order structure is preserved. ETD uses radical anions to cleave along the peptide backbone. In
practice these anions are formed from compounds such as 1,4-dicyanobenzene or fluoranthene
(311 by means of a glow discharge, i.e., a two-electrode device filled with the reagent gas across
which voltage is applied to form, in this case, the radical anions. When these radical anions
interact with the multiply charged protein sample c- and z- fragment ions can be formed, as
displayed in Figure 15, and are analysed by mass spectrometry.

N-~Terminus
HoN OH
C-Terminus
CID
b/y ions

Figure 14: lllustration of b- and y-type ions produced by CID, compared with the c- and z-type ions
produced by ETD. Figure adapted from %,
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Figure 15: ETD fragmentation scheme, production of ¢ and z fragment ions.
Figure adapted from 3,
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Figure 16: Schematic illustration of a Q-TWIMS-TOF instrument (Synapt G2) in which ETD has been
implemented. The ETD reagent anions are generated by glow discharge. By controlling the traveling-
wave parameters in the trap cell, the time and the degree of ion-ion interaction between analyte and
reagent can be controlled. Figure from 5%,
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Figure 16 shows how the ETD process can be implemented on a Q-TWIMS-TOF instrument.
Radical anions (i.e. ETD reagent ions) are generated in the source via a glow discharge between
the sample cone and the extraction cone. The ETD reagent is carried by a nitrogen flow to the
glow discharge needle. The polarity of the source up to and including the entrance of the trap
cell are continuously switched. This way the trap cell is alternatively filled with ETD reagent
anions and analyte cations. The travelling-wave height and velocity can determine the degree
of ion-ion interaction as well as the residence time of the anions in the trap cell. The gas
pressure in the trap also influences the ETD reaction. This fragmentation technique works best
on long peptides or entire proteins, due to the influence of the higher charge state (z>2) on the
ETD reaction. As a result, the ETD technique is ideal for top-down fragmentation, which implies
the analysis of intact proteins in order to fragment the amino acids that are accessible. Usually
this technique is performed on intact and denatured proteins to have better sequence
coverage and analyse the PTMs which get lost during CID. However, top-down ETD can also be
performed on native proteins. This top-down approach can give access to properties such as
conformational states and protein interactions. Research has shown that top-down ETD can
allow native surface mapping of proteins and non-covalent protein complexes. However as the
charge states are much lower, the fragmentation efficiency and sequence coverage is reduced
[21] Lermyte et al. have applied top-down native ETD on alcoholdehydrogenase (ADH) (Fig. 17)
and noted that only fragmentation of the surface-exposed amino acids was observed. This way
they could correlate the data with the solvent—exposed surface area of the protein. However to
release the resulting fragments, supplemental activation was necessary. This supplemental
activation was controlled by tuning the travelling-wave trap and transfer cell.
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Figure 17: Top-down native ETD of ADH. (A) ETD MSO?MS spectrum of the 26 of the ADH tetramer.
The inset shows the full native spectrum of ADH prior to ETD. (B) Low m/z range of the MS/MS
spectrum displayed in (A) where the ETD fragments can be observed. Figure from 3%,
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Top-down denaturing ETD has also been applied on intact denatured antibodies. Tsybin et al.
have performed top-down ETD on a murine IgG1l using a high resolution Q-TOF mass
spectrometer (Fig. 18), resulting in mostly z-ion fragments from C-terminal part of the antibody
heavy chain 351, However, when performing this technique on intact denatured antibodies only
a limited coverage (~30 %) was detected. Therefore a middle-down approach has also recently
been studied by first performing a limited digestion (361371381 \vjith this approach the
glycosylation pattern of the antibody could be investigated 391
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Figure 18: Tsybin et al. have performed top-down ETD of intact denatured murine IgG1 using LC-ESI-
QTOF-MS/MS inset (250-950m/z shows the ETD fragment corresponding to mainly z-ion fragments of
the C-teminal part of the heavy chain. The inset 513-515 m/z shows a typical isotopic distribution of
doubly charged product ion, demonstrating the high resolving power achieved. The data was summed
from 10 consecutives LC MS/MS runs Figure from ©°

The top-down native ETD protocol has not yet been optimised for intact antibodies. In this
thesis it is shown that the sequence coverage is even more limited compared to intact
denatured top-down MS. The native top-down ETD method does need more improvement. By
optimising the combination of the top-down approach with native MS, information can be
yielded on protein structure, interactions and identity in one single experiment.
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2.7 Hydrogen-deuterium exchange (HDX)

The structural dynamics of a protein can influence its behavior. Whether the protein is more
tightly folded or more unfolded due to the environmental conditions, the conformational
change can alter the resulting function of the protein. There are a range of scientific questions
about biotherapeutic protein dynamics, conformation and interactions. Hydrogen/deuterium
exchange (HDX) MS can help answer these questions about the higher order structure of
biotherapeutic proteins 1041421,

This technique relies on the fact that when a protein is exposed to deuterated water (D,0), a
rapid amide hydrogen/deuterium exchange is induced in disordered regions that lack stable
hydrogen-bonding 421 proteins which are tightly folded would be much more protected from
HDX, resulting in slow exchange. In other words, a higher exchange level indicates that the
protein has a more unfolded or more flexible conformation than the protein with a lower
exchange level. The HDX protection can come from the secondary protein structure or from
interactions with ligands or other proteins.

Mass spectrometry is a key technique for measuring the mass differences before and after the
isotope exchange. HDX-MS can thus be used to map conformational changes and it can also

identify the flexible regions of a protein 431
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Figure 19: Schematic flow chart of the HDX-MS method. Figure adapted from ),

Figure 19 shows a schematic representation of the HDX-MS process. The folded protein in
solution is exposed to deuterium by diluting the sample with D,O buffer. The accessible
hydrogens exchange with the deuterium and this exchange reaction is quenched at various
times by lowering the temperature and pH. The exchange rates are dependent on hydrogen-
binding stability, solvent accessibility and protein dynamics. HDX can influence three types of
hydrogens in proteins: those in carbon-hydrogen bonds, those in side-chain groups, and those
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in the amide backbone bonds. As the exchange rates of hydrogens in carbon-hydrogen bonds
are too slow to observe, and those of side-chain hydrogens are too fast (resulting in rapid back
exchange when reaction is quenched), only the exchange of the backbone hydrogens can be
registered. After the reaction is quenched, a peptide digestion is performed and the peptide
fragments are analysed by liquid chromatography-mass spectrometry (LC-MS). The relative
deuterium uptake can be monitored and can be processed into deuterium incorporation graphs
to interpret the HDX-MS data.

HDX-MS has been applied to biologics to investigate epitope mapping (i.e. interaction between
antibody and antigen) and to study the higher-order structure 44 The higher-order structure of
antibodies has been investigated using middle-down HDX-MS; Pan et al. have tried this
approach by first performing a limited pepsin digestion and reducing the disulfide bonds ..
Houde et al. have performed conformational analysis of intact monoclonal antibodies with
HDX-MS and they investigated the changes before and after deglycosylation (Fig. 20-21) (46471,
The changes in conformation as a result of modification could be detected based on the change
in deuterium uptake [46] By comparing the HDX data with and without glycosylations they
noticed that specific regions in the hinge regions of the IgG displayed a significant change in
deuterium uptake (Fig. 20).

I less D (more protected)
I more D (less protected)
__Ino changes

Figure 20: Houde et al. have compared the deuterium uptake of IgG1 with and without
glycosylation. When the IgG was deglysocylated, the blue regions were protected from
exchange (less deuterium) and the red regions were less protected from exchange (more
deuterium uptake). Figure from 7.,
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Houde et al. studied the IgG1 deuterium incoporation at the peptide level in order to have a
better understanding of the solution dynamics o f the intact 1gG1 ™). Figure 21 displays the
deuterium uptake profiles of 1gG1 at 10 seconds, 1, 10 60 and 240 minutes exchange. After 10
seconds (Fig.21 B) about 10 % of the IgG (purple regions) was exchanged, leaving the protein
mostly protected. Afterl and 10 minutes the deuterium uptake increased (green and yellow
regions) while some buried regions (black segments) were still protected. After 1 and 4 hours of
exchange the deuterium uptake increased but the IgG1 remained about 50-60 % deuterated.
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Figure 21: Houde et al. have monitored the global deuterium incorporation of 1gG1. (A) The model
structure of IgG1 is a model of the solved crystal structure of IgG1 Fab (PDB 3FZU) merged with the
IgG1 B12 structure of the Fc region (PDB 1hzh) (100 % sequence homology) The relative percent
deuterium incorporation is shown at 10 seconds, 1 minute, 10 minutes, 60 minutes and 240 minutes
(B-F, respectively). Figure from 7.,

HDX-MS has enabled the development of structure-activity relationships (SAR) by correlating
the HDX-MS profiles of large numbers of ligands with their functional outputs 491 Hpx-Ms will
continue to play an important role in understanding protein structure-activity relationships.
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2.8 Fast photochemical oxidation of proteins (FPOP)

Protein foot-printing is an approach to determine structural changes in proteins that occur due
to binding, aggregation or other perturbations. When these perturbations occur, the solvent
accessibility of certain regions of the protein (e.g., binding interfaces) can be modified. These
structural changes can be probed by chemical reactions that happen more slowly when the
region becomes less solvent-accessible 501

Fast photochemical oxidation of proteins (FPOP) is a protein foot-printing MS-based method
whereby solvent-accessible amino-acid residues are covalently labeled by oxidation with
hydroxyl radicals 51 As opposed to HDX-MS which is a foot-printing technique that labels the
peptide backbone, the FPOP method labels the amino acid side chains of the protein and these
labels are covalent, rather than subject to back-exchange.

In FPOP a pulsed laser is used to photolyse added hydrogen peroxide to generate OH-radicals in
situ 2. These OH-radicals interact with the protein sample and oxidise the solvent-accessible
amino-acid residues. 14 of the 20 amino acids can be modified by hydroxyl radicals, potentially
covering nearly 70% of the sequence of a typical protein 2.

The main advantages of this method are the irreversible nature of the labeling and the high
reactivity of the radicals with the amino acid side chains 51 1 addition, the hydroxyl radicals
have solvent properties similar to water (in terms of size and mobility), implicating the extent of
oxidation depends directly on solvent accessibility (54,

Excimer laser
(248 nm, 15 Hz)

20 pL/min flow rate

100 uL of 20ul of
1 mg/mL protein sample quench solution:
20 mM L-glutamine 100 mM L-methionine
0.02 % H,0, / \ 1uM catalase
Tryptic digest Native IM-MS
+
LC-MS/MS

Figure 22: Schematic illustration of the FPOP method.

Figure 22 displays a schematic illustration of how the FPOP experiment works. Hydrogen
peroxide is added to the protein sample immediately prior to the infusion through a capillary,
after which the sample is irradiated with a pulsed laser. The generated hydroxyl radicals react
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with the solvent accessible amino acids side chains and typically result in +16 mass additions
551 Radical scavengers such as glutamine are added to reduce the hydroxyl radical lifetime to
approximately 1 us or low ps range (51,561 This way the labeling time is faster than most protein
(un)folding reactions. After the labeling reaction the sample is collected in a tube containing
methionine and catalase to quench the excess hydrogen peroxide 1561 After digestion of the
labeled protein, the sample can be analysed with LC-MS and the data can be compared to a
control sample to investigate the differences in labeling. The labeled sample can also be studied
without digestion in a top-down approach by using native MS.

FPOP has been applied in several studies to investigate epitope mapping and the data
correlated well with data from crystal structures or HDX-MS (Fig.23) ®7°%%9 jones et al. have
used FPOP to map the epitope for thrombin, a protein involved in blood clotting. By comparing
the FPOP data of thrombin with and without the bound antibody the interaction site could be
elucidated . Ortiz et al. have done a similar research but with HDX-MS and their research
provided similar results 571 Furthermore, FPOP has been used to investigate conformational
states adopted during protein folding 551, Zang et al. have investigated the FPOP approach on
monoclonal antibodies to characterize local conformational changes and to reveal the solvent
accessibility in the regions that would bind to the antigen 601 Because of the fast and
irreversible nature of this labeling technique, FPOP can be used to measure solvent accessibility
and locate dynamic or flexible regions of a protein.

FPOP data HDX-MS data
for epitope for epitope
mapping mapping

Figure 23: Epitope mapping of thrombin with FPOP and HDX-MS. (A) Jones et al. used FPOP to map
the epitope region (i.e. where thrombin would bind to the anti-thrombin antibody) with the epitope
in red and the loop regions that showed an increase in modification in blue. (B) Ortiz et al. mapped
the epitope region of thrombin using HDX-MS (dark blue highly protected, light blue slightly
protected). Figures from 9,
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2.9

Overview of the toolbox of MS-based methods

The set of methods discussed in this chapter can provide a wide range of information on the
structural properties of proteins. Table 1 shows an overview of the techniques and the main
outcomes that can be derived from the experimental data.

Table 1: Overview of the MS-based methods used in this thesis
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o ETD
(o
'c Unfolding & Sequencin Labels
{—‘s_:, m/z & . . g a ) g Labels backbone ) .
] e v dissociation (native or amino acid
- IM drift time hydrogens . .
pattern denatured) side chains
Solvent
Molecular weight Stabilit Solvent accessibility & Solvent
and stoichiometry ¥ accessibility secondary accessibility
" structure
2 Collision cross _— . .
c . Stoichiometry Structure Dynamics Dynamics
Q section
g Conformational
. properties . . .
Conformational & Interactions Interactions Interactions
properties Domain with target with target with target
architecture

2.9.1 Optimisation of methodology

Analytical techniques and methodologies need to be optimised in order to deliver accurate
results. For each technique discussed in this thesis the optimisation is applied on different
aspects of the experiment, e.g., sample preparation, instrument parameters and data analysis.
Sample preparation is an important step for all analytical experiments as the type of buffer, the

concentration and pH can influence the experimental results.

The instrument parameters also influence the proper analysis of the measured samples.

In native mass spectrometry in particular the key instrument parameters to tune are:

30

The capillary voltage of the sample needle which can enhance or suppress ion density

The sampling and extractor cone voltages which help draw the ions into the vacuum
The nano-flow backing pressure which helps generate a spray mist of charged droplets

The trap collision energy (additional declustering and ion transport)

The transfer collision energy (additional declustering and ion transport)
The trap bias (additional declustering and ion transport)
The vacuum pressures inside the instrument (collisional heating or cooling)
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When ion mobility is coupled to mass spectrometry extra key instrument parameters need to
be properly tuned:

e The MS parameters as mentioned above
e The IMS gas flow

e The IMS wave velocity

e The IMS wave height

When using a high wave IMS wave height and low wave IMS velocity, internal energy can build
up in the ions, therby activating (unfolding or dissociating) them, at a given IMS pressure. Thus
these parameters need to be adjusted to avoid activation.
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Figure 24: (A) The influence of the sampling cone voltage on the collision cross section of the
antibody, trastuzumab (25" charge state). (B) Mass spectra of 25" at increasing sample cone voltages.
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In Figure 24 the CCS value of the 25" charge state of an antibody (trastuzumab) is monitored in
function of increasing sampling cone voltage. Fig. 24A shows that the first transition starts at
about 100 volts. Therefore, to keep the measurement as native as possible the sample cone
value needs to stay under 100 V. In Fig. 24B the mass spectra of the 25" charge state is shown
at different sampling cone voltages. As the voltage increases, the peak shifts to a lower m/z as
adducts are removed. In this thesis we chose to keep the sample cone voltage at 30 V, to avoid
unfolding and make sure that adducts and PTMs remain intact. With the settings used here, in
general the sample cone needs to stay under 100 V for native MS, so it is possible to increase
the sample cone voltage to e.g. 80 V to improve mass resolution by increased declustering, if
needed.

For CIU and CID experiments IM-MS parameters also need to be properly tuned before
increasing the trap collision energy in a step-wise manner.

The top-down ETD parameters that need to be tuned are:

e The discharge current

e The source temperature

e The make-up gas flow

e The desolvation temperature

e The MS parameters as mentioned above

The key parameters to optimise for HDX-MS:

e The incubation time after hydrogen-deuterium exchange (labeling time)

e The flow rate and gradient used when the samples are separated on the UPLC column
e The digestion performed on the pepsin column

e The full sequence coverage of the protein sample

e The MS parameters as mentioned above

The key parameters to optimise for FPOP:

e The frequency of the laser used to generate the hydroxyl radicals
e The capillary flow rate

e Incubation and quenching times (labeling times)

e The digestion performed after labeling

e LC parameters (flow rate, gradient, right column)

e MS parameters as mentioned above

The data analysis and interpretation is also an important factor when handing the outcome of
these experimental techniques. Calibration of the instruments is also necessary to obtain
accurate results.
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3.1 Introduction

Monoclonal antibodies (mAbs) have been dominating the biopharmaceutical market ever since
the introduction of therapeutic monoclonal antibodies in 1986, when the FDA approved the
therapeutic antibody, muromonab, as a treatment for kidney transplant rejection M The first
therapeutic antibodies were made entirely from mouse cells with the hybridoma technique,
where myeloma cells were fused with mouse spleen cells immunized with the targeted antigen.

However, as the human immune system would perceive these antibodies as foreign, there was
a risk of an immune response against the murine antibodies. In order to reduce the
immunogenicity of murine antibodies, chimeric antibodies were generated containing human
constant domains and murine variable domains to maintain the specificity (Fig. 1). With genetic
engineering, scientists could move on to the next step by placing the complementarity-
determining regions (CDRs) of a murine antibody onto the variable region of a human antibody,
creating humanized antibodies. In 1996 the FDA approved the first chimeric antibody,
abciximab, which would reduce the risk of blood clots in patients with cardiovascular disease by
binding to a specific receptor on platelets Bl A year later the first humanized antibody,
daclizumab, was approved for the prevention of organ transplant rejection 41,
The next step was the creation of fully human antibodies. One of the most used techniques for
the production of human monoclonal antibodies is phage display, where a library of antibodies
is expressed on the surface of a bacteriophage, followed by antigen-driven selection and phage
propagation in E.coli. Another successful approach to produce human antibodies is transgenic
mice technology, where human genes are expressed in mouse strains. In 2002, adalimumab
became the first FDA-approved human monoclonal antibody and since then 23 more human
mAbs followed with hundreds still in clinical trial. The creation of chimeric, humanized and
human antibodies was a major breakthrough and showed impressive results in cancer therapy
and auto-immune diseases . However, the use of large cultures of mammalian cells and
extensive purifications steps results in extremely high production costs and consequently limits
the wide use of these drugs 5,
Another limitation pertaining to drug delivery is the large size of the antibody, since it has to
penetrate tissues to reach the target cells. The binding affinity of the antibody to the antigen is
also an important factor. The antibodies need to penetrate deep enough into the tumour to
efficiently distribute over the target, instead of only tightly binding at the periphery of the
tumour. The right balance of tumour targeting and tumor retention depends on factors such as
association and dissociation rates .. Obtaining the ideal therapeutic antibody is therefore a
challenge in antibody engineering.
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" 2R N
%\\ ,,¢ W Z < %
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Figure 1: Schematic illustration of murine, chimeric and human antibodies.
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3.1.1 Characteristics of a monoclonal antibody

Antibodies or immunoglobulins (Ig) are Y-shaped glycoproteins that are used by the immune
system to help identify and destroy disease-causing pathogens (e.g., viruses, bacteria,
parasites). An antibody consists of two identical heavy chains and two identical light chains
joined together by disulfide bonds (Fig. 2). The heavy chains are connected by disulfide bonds
in the flexible hinge region. The light chains can be classified based on their sequence as either
kappa (k) or lambda (A). The Y-shaped protein can be divided into three sections: two antigen
binding fragment (Fab) regions and one crystallisable fragment (Fc) region. The Fab regions
consist of two variable (V) and two constant (C) domains. The two variable domains form the
variable fragment (Fv) and they can bind to the epitope of a specific antigen via the
complementarity-determining region (CDR). Since each variable domain consists of three CDRs,
a single antibody has twelve CDRs to come in contact with a specific antigen. Most sequence
variation is usually observed in this CDR region when comparing antibody sequences. The
constant domain of the Fab region acts as a structural framework.

CDR ---=="" Light chain

[ ,— _. Heavy chain
Fv e

\ , Fab

M

Antigen
binding | L A___. Flexible hinge
Disulfide region
bond
Biological
activity O \ e
Glycans

v

Figure 2: Schematic illustration of an antibody. Variable regions are indicated with V(light chain) and
Vy (heavy chain). The constant regions are indicated with C_(light chain) and C, (heavy chain).

Post-translational glycosylation occurs in the constant region (Cy2) of the heavy chains of the
antibody. The oligosaccharides are attached via an N-glycosidic bond to the asparagine residue
Asn®7 6171 The N-glycans are mainly di-antennary complex structures and can influence the Fc
region of the antibody 81 An overview of commonly found antibody glycans is shown in Fig.3.
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Figure 3: Schematic overview of N-linked glycan structures commonly found on IgG antibodies.

The constant region of the heavy chains determines the isotype or class of the antibody.
In mammals, antibodies can be divided into five isotypes: IgA, IgD, IgE, 1gG and IgM, based on
the type of heavy chain (a, 9, €, v, or u) (Fig. 4) Bl The heavy chains differ in amino acid
sequence, number of constant domains and hinge structure. a, 6 and y have about 450 amino
acids, while € and p contain about 550 amino acids. The average length of a light chain is 211-
217 amino acids.

AN A N N4
V4

IgA

Figure 4: Schematic illustration of antibody isotypes: IgG, IgE, IgD, IgA and IgM.
IgG is the most abundant antibody isotype found in human serum (about 70-85 %). It also has
the longest half-life (20-24 days) of the five isotypes %, IgGs are monomeric and have a
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molecular weight of about 150 kDa. In humans, 1gGs can be divided into four subclasses (1gG1,
IgG2, 1gG3 and IgG4) based on their different hinge regions (Fig. 5). IgG1 and 1gG4 have 2 inter-
chain disulfide bonds in the hinge region, while 1gG2 has 4 and IgG3 has 11.

IgE is the least abundant serum antibody and found in the lungs, skin and mucous membranes.
It has two additional constant domains in the hinge region compared to IgG. IgEs can bind to
allergens and are associated with immediate hypersensitivity e.g., against pollen and peanuts.
IgD represent less than 1 % of the Igs in plasma, but exist in large quantities on the membrane
of B-cells ™. The basic structure of an IgD resembles that of an IgG, only with a more flexible
hinge region. The exact function of IgD is still unknown.

IgA represents about 5-15 % of all antibodies in human serum and is predominantly found on
epithelial cell surfaces f20] IgA is mainly monomeric in serum, but in secretions (e.g., saliva,
sweat and mucus) it is found as a dimer connected by a peptide chain, the secretory
component, synthesised by epithelial cells of the gut.

IgM embodies 5-10 % of the immunoglobulins and the predominant antibody in the primary
immune response "%, It is predominantly found in the lymph fluid and the blood. Compared to

lgGs it contains two additional constant domains and is predominantly found as a pentamer .

N &
N A & N A &
N FA 4 N 4

IgG1 IgG2 IgG3 IgG4
Figure 5: Schematic illustration of the four subclasses of human IgG: IgG1, 1gG2, IgG3 and IgG4.

In this thesis, the main focus will be on the biggest class of antibodies, the IgGs. This class of
antibodies can be further divided into four subclasses. Each 1gG subclass has a unique profile
due to their specific hinge region which would also determine the specific nature of their
biological effects, i.e. effector functions. Examples of effector functions are antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) 11,
ADCC, the antibody binds to Fc receptors on the surface of effector cells, such as macrophages,
leading to phagocytosis of the targeted cells. In CDC, the Fc region of the antibody triggers a
cascade of reactions at the cell by interacting with Fc receptors, resulting in the killing of the
targeted cells. Certain IgGs can also bind to receptors on placental trophoblasts, which results
in the transfer of 1gGs across the placenta, providing immunity to the fetus. Furthermore, the
interaction of 1gGs with neonatal Fc receptors (FcRn) also results in a longer serum half-life. The
glycosylation patterns of IgGs can also influence the effector functions as the glycans have an
effect on the stability of the IgGs 71,
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A wide range of IgGs are being investigated for therapeutic applications. By choosing a specific
IlgG subclass, specific effector functions can also be selected ™. In the current
biopharmaceutical market of antibodies, 1gG1 are the majority, due to their potent effector
functions and being the most predominant subclass (31 subclasses IgG2 or IgG4 are considered
when there is a need for a specific cellular activity. No therapeutic human IgG3s have been
developed due to the short in vivo half-life of 1gG3 compared to other subclasses 4 There is
also anincreased likelihood for proteolysis of I1gG3, due to their extensive hinge domain 23]

This part of the thesis will focus on full antibodies. Through our collaboration with Johnson &
Johnson (BE & US), we received standard IgG1, 1gG2 and IgG4.

During our collaboration with the Medicinal Chemistry research group of University of Antwerp
(BE) we worked on the humanised IgG1, trastuzumab.

As part of an inter-laboratory study between 25 labs, we characterised three antibodies; NIST
(IgG1), MSQ4 (l1gG1) and trastzumab (IgG1).
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3.2 Characterisation of standard antibodies

In collaboration with

Dr. Thomas de Videer1
Dr. Darryl Davis®

'johnson & Johnson, Janssen Research and Development, Beerse, BE
?Johnson & Johnson, Research and Development, Pennsylvania, US

Part of this research was published in

Marco Tassi, Jelle De Vos, Sneha Chatterjee, Frank Sobott, Jonathan Bones,
Sebastiaan Eeltink, Advances in native high-performance liquid chromatography and intact
mass spectrometry for the characterization of biopharmaceutical products, Journal of
Separation Science, 2017,1-20
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3.2.1 Introduction

In this study we analysed four standard antibodies (two 1gG1, an 1gG2 and an 1gG4) with MS-
based methods in order to thoroughly characterise the structure and search for differences
between the different 1gG subclasses. Table 1 shows an overview of these four studied
antibodies and their respective general structures. The National Institute of Standard and
Technology (NIST) has issued a monoclonal antibody reference material [ This material was
donated to them by Medimmune and then characterised by NIST and collaborators. This
reference material is a useful tool to evaluate a range of analytical methods. The NIST IgG1,
IgG2 and IgG4 were characterised, together with CNTO 5825, a human monoclonal antibody
(IgG1), which we obtained from Johnson & Johnson. Generally, IgGs are almost identical in
sequence (90-95 %). This is also displayed in Fig. 1 where the identical sequence is highlighted. |
looked at these standard antibodies with native ion mobility mass spectrometry to compare
their structural properties. In contrast, we also monitored the unfolding pattern of the three
IgG subtypes. | performed a papain digest of the antibodies to study the resulting Fc and Fab
regions of the IgG. The global structures of the antibodies were also studied with fast
photochemical oxidation of proteins (FPOP) to find out the typical amount and sites of
oxidations. Finally | applied size-exclusion chromatography-mass spectrometry (SEC-MS) to the
antibodies to evaluate the analysis of an antibody mixture and to study them in complex
formulations.

Table 2: Overview of the studied antibodies, 1gG1, 1gG2 and IgG4.

NIST [

1gG1 Humanized IgG1k RSV %'“‘_\'Q-“-:--_/._’:_.":'-"'--{/
N 7
CNTO Human lgG1k IL-13 DQ
5825 uma g ﬂll J
\_,ul\
“\NF
s Human IgG2 RSV N\ W 4
IgG2 | ﬂ
u{
J
K
NIST % gj
Human 1G4 N
lgG4 rll
Uﬂ
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NIST:

NIST HC:
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYF
DVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK
RVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKC
KVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHE
ALHNHYTQKSLSLSPGK

NIST LC:
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKRTVAA
PSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

CNTO:

CNTO5825 HC:
QVTLKESGPVLVKPTETLTLTCTVSGFSLSTYGVGVGWIRQPPGKALEWLAHIWWDDVKRYNPALKSRLTISKDTSKSQVVLTMTNMDPVDTATYYCARLGSDYDVW
FDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDK
KVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKC
KVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHE
ALHNHYTQKSLSLSPGK

CNTO5825 LC:
EIVLTQSPATLSLSPGERATLSCRASKSISKYLAWYQQKPGQAPRLLIYSGSTLQSGIPARFSGSGSGTDFTLTISSLEPEDFAVYYCQQHDYPYTFGQGTKLEIKRTVAAPSV
FIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

NIST IgG2

1gG2 HC
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYF
DVWGQGTTVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDK
TVERKCCVECPPCPAPPAAASSVFLFPPKPKDTLMISRTPEVTCVVVDVSAEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTFRVVSVLTVLHQDWLNGKEYKCKVSN
KGLPSSIEKTISKTKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPMLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALH
NHYTQKSLSLSPGK

1gG2 LC
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKRTVAA
PSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

NIST IgG4

IgG4 HC:
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYF
DVWGQGTTVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKR
VESKYGPPCPPCPAPEAAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTYRVVSVLTVLHQDWLNGKEYKCKVS
NKGLPSSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALH
NHYTQKSLSLSLGK

18G4 LC:
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKRTVAA
PSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

Figure 1: Amino acid sequences of NIST IgG1, CNTO5825, NIST IgG2 and NIST IgG4. Identical parts of
the sequences are highlighted in grey.
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3.2.2 Experimental details
3.2.2.1 Native ion mobility mass spectrometry

The native IM-MS experiments were performed on a Synapt G2 HDMS Q-TOF instrument
(Waters, UK). The samples were buffer exchanged into 250 mM ammonium acetate using Micro
Bio-spin P6 columns (Bio-Rad) at final protein concentrations of ca. 1 mg/mL (6.7 uM). The
sample was transferred into the mass spectrometer using gold-coated nanoESI needles
(prepared in-house). The instrument was tuned to preserve native higher-order structure using
the following parameters: spray capillary voltage 1.2 kV; nanoflow backing gas pressure 0.2 bar;
sampling cone 30 V; extraction cone 1.0 V; trap collision energy 10 V; transfer collision energy 0
V; trap bias 45.0 V; IMS gas flow 90 mL/min.; IMS wave velocity 700 m/s; IMS wave height 40.0
V; backing pressure 3.0 mbar. The data were acquired and processed with Masslynx v4.1
software, and ion mobility drift times extracted using Driftscope v2.3 (both Waters). The
collision cross sections (CCS) of the proteins were calibrated using known CCS values
determined under native conditions as described previously 21

3.2.2.2 Papain digestion

The papain was activated with 1 mM EDTA, 50 mM sodium phosphate and 10 mM cysteine at
pH 7 for 15 minutes at 37 °C B1 Activated papain was added to the antibody at a 60:1 (w/w)
antibody to protease ratio. The mixture was incubated at 37 °C for 2 hours. The samples were
buffer exchanged into 150 mM ammonium acetate using Micro Bio-spin P6 columns (Bio-Rad)
before mass spectrometry analysis.

3.2.2.3 Fast photochemical oxidation of proteins

The IgG samples were buffer exchanged into 150 mM ammonium acetate using Amicon
concentrator columns. 20 mM L-glutamine was added as a quenching reagent to the sample.
0.02% H,0, was added immediately prior to laser irradiation. The sample was infused via a
fused silica capillary (inner diameter of 100uM) at a 20 uL/min. flow rate. A Compex 50 Pro KrF
excimer UV laser, operating at 248 nm (Coherent Inc., Ely, UK) with frequency of 15 Hz (laser
beam width of <3 mm at the point of irradiation), was used to generate hydroxyl radicals. The
sample was exposed to the laser through a window etched into the fused silica capillary. The
capillary outflow was collected in a 1.5 mL tube that contained 20 pL of 100 mM L-methionine
and 1 uM catalase in 150 mM ammonium acetate to quench the reaction. The control samples
were handled in the same manner, without being subjected to laser irradiation. The samples
were stored at -80 °C until analysis.

3.2.2.4 SEC-MS

An ACQUITY UPLC Protein BEH SEC column (2004, 1.7 um, 4.6 mm X 150 mm, 10- 500kDa) was
coupled to standard in-line electrospray ionization (ESI) interface to detect the analytes with a
Q-TOF-2™ instrument (Micromass, Waters). For the chromatography experiment 100 mM
ammonium acetate was used as mobile phase, with a flow rate of 0.1 mL/min and a column
temperature of 30 °C. The Q-TOF settings were the following: spray capillary voltage 3.0 V,
sampling cone 50 V, extractor cone 10 V, source temperature 150 °C, collision energy 50 V and
backing pressure 10.0 mbar.
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3.2.3 Native IM-MS of antibodies

When analyzing the four standard antibodies with native mass spectrometry, charge states 21"
to 26" are typically observed (Fig. 2). The difference seen between the four spectra is the
charge state distribution of CNTO5825 which is slightly shifted to a lower charge state. The
experimental masses of the antibodies are shown in the table in Fig.2. The theoretical masses
of the IgGs, based on their sequences are noted in this table as well. 3kDa was added to the
calculated theoretical mass (most abundant glycoform 2xG1F) to estimate the respective
masses of the glycosylated antibodies.

24°
24" 23"
1.0 104 CNTO5825 24°
NIST IgG1
0.84 0.84
0.6 0.6 22
B} 25"
g’ X
0.44 0.4
6250 6200 6250
0.2 0.2 26+ 21+ m/z
0.0+ 0.0 T A 7 T ‘A ]
5000 5500 6000 6500 7000 7500 5000 5500 6000 6500 7000 7500
m/z m/z
24" 24" . 24*
NIST 1gG2 NIST IgG4 24
1.04 1.0+
25° 25°
0.8 0.8
23" 23"
0.64 0.64
8 0.4 + 5 0.4
. 26 ' 26" + 6150 6200
024 J\\ 22" 6150 6200 024 22 miz
' miz '
0.0 A ‘ ‘ j\ ‘ ‘ 0.04
5000 5500 6000 6500 7000 7500 5000 5500 6000 6500 7000 7500
m/z m/z
Antibody Experimental MW (Da) Theoretical* MW (Da)
NIST IgG1 148,889.4 148,436.88
CNTO5825 149,383.0 148,809.40
NIST IgG2 148,473.7 147,733.94
NIST IgG4 148,363.2 147,769.76

Figure 2: Native mass spectra of NIST IgG1, 1gG2, IgG4, and CNTO5825. The insets show zoomed in
mass spectra of the 24" charge state.* The mass of the most abundant glycoform (2xG1F= 3003 Da)
was added to the calculated theoretical mass.
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3.2.4 Collision cross sections determined by native ion mobility mass spectrometry

lon mobility drift times were determined while using gentle non-denaturing instrument
conditions. These drift time values can be converted into collision cross sections (CCS) by
calibrating them with protein standards. Table 2 displays the CCS values for each charge state
of the four studied antibodies. The CCS values per charge state are similar for the four
antibodies. The CCS values are similar to values previously obtained for IgGs, and it has been
described that IgGs are more compact when measured with ion mobility, compared to
molecular modeling I The error bars are based on the width of the observed ion mobility drift
time peak. This peak width can also be linked to the conformational heterogeneity, or
“flexibility”, of the analysed protein. The NIST IgG2 displays a slightly higher flexibility compared
to the other three studied antibodies. This can be explained by the more flexible hinge region
of 1gG2 subtypes.

Table 2: Collision cross sections calculated for each charge state of antibodies NIST IgG1, IgG2

and 1gG4 and CNTO5825. The error bars refer to the width of the ion mobility peak at half

height.
7900+ W NIST IgG1
CNTO5825
7800 NIST IgG2
NIST IgG4
7700
7600 -
"L 75004
8 7400-
(@)
7300 -
7200
7100 -
2Il 2I2 2I3 2I4 2I5 2I6
Charge state
NIST IgG1 CNTO 5825 NIST IgG2 NIST IgG4
Charge | ccs(A?) Charge | ccs(A?) Charge | cCS(A?) | charge | ccs(A?Y
state state state state
21° 7225 + 21" 7279 = 21° 7330 % 21° 7225 +
130 129 206 104
22° 7292 + 22° 7350 22° 7351 = 22° 7292 +
142 141 168 170
23" 7263 23" 7324 23" 7324 23" 7324
154 153 183 153
24" 7317 24" 7382 24" 7383 24" 7383
133 132 165 165
25" 7340 25° 7411 25" 7485 + 25" 7411
178 142 176 177
26" 7406 + 26" 7486 26" 7635 £ 26" 7561
114 151 185 114
Average 7307 7372 7418 7366
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Figure 2.1: Collision cross section distributions per observed charge state for antibodies, NIST
1gG1, 1gG2, IgG4 and CNTO5825. The spectra are normalized to spectral intensity.

Figure 2.1 shows the CCS distribution (CCSD) for each observed charge state for the four
measured antibodies. Again, here the flexibility of 1gG2 is seen in the relatively broader CCS
distributions, with a putative second, more extended state around 8000 A? also visible This
flexibility of antibodies has also been reported in literature, where the width of the CCSD peak
was 1500 to 2000 A2 ¥ In our experiments the width of the CCSD peaks ranged from 750 to
1000 A2, This difference in CCSD distribution can be explained by the used instrument
parameters in the literature.

The collision cross sections were calibrated using the known CCS values of alcohol
dehydrogenase (ADH), concanavalin A (ConA) and bovine serum albumin (BSA). The CCS values
found in literature are shown in Table 3, together with the measured drift time of each
observed charge state. Based on these values, a logarithmic fit is generated with which the
estimated CCS value of the sample can be calculated in this mass range.
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Table 3: Overview of calibration of CCS values.

Calibrant | MW (kDa) | Charge state Lit. N, CCS in A? Drift time (ms)
ADH 150 23" 7420 12.07
24" 7450 11.25
ConA 67 14" 4490 11.30
15" 4490 10.02
16" 4470 9.11
BSA 103 19* 6060 11.25
20" 6080 10.42
21° 6090 9.60
748 - logarithmic fit calibration
7.44 P .
_7.40 - *
7}
o .
=736 -
£
7.32
*
7.28 T T T 1
2.10 2.20 2.30 2.40 2.50
In (dt')

The average CCS values calculated for the antbodies ranged from 7307 to 7418 A?. In literature
the CCS distribution ranged from 5000 to 10000 A? depending on the measured charge state.
Pacholarz et al. have shown the flexibility and the wide CCS distributions antibodies show per
charge state 4 For the 23* charge state they measured a CCS value of ca. 6100-6200 A%, which
is a more compact value than the measured 7300 A” in our results. An explanation could be the
different IMS gas they used in their experiment (He vs N, in our experiments). The CCS values
calculated using N, as drift gas have shown an increase in CCS value (compared to He) of about
1.10 fold. The measured CCS values still are more compact than the calculated CCS values
resulting from molecular dynamics (MD) simulation found in literature, which estimate a CCs
value of 8600 to 10600 A% ™. This was explained by the structural collapse around the hinge
making the measured CCS value more compact.

Campuzano et al. have analysed a NIST monoclonal antibody using a Synapt G1 modified to a
radio frequency (RF)-confining drift cell device with ion mobility measurements both in helium
and nitrogen drift gases 51 The derived CCS values for charge states 21" to 26" range from 6696
A? to 6892 A? in helium and 7223 A% to 7403 A% in nitrogen, respectively. These CCS values (in
N,) are closer to our experimental values of 7307 to 7418 A2,
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3.2.5 Monitoring the unfolding of antibodies

By increasing the trap voltage in a step-wise manner while recording the ion mobility drift time,
the unfolding of the protein can be monitored. Since the 1gG subtypes have different hinge
regions, a difference in unfolding pattern was expected. Figure 3 shows the collision induced
unfolding plots of the 24" charge state of the four antibodies. The first transition starts at 60 V.
The second transition however starts at 100 V for NIST IgG1, CNTO5825 and NIST IgG4, while
NIST 1gG2 makes this transition at 130 V. After the second transition in the plot of NIST IgG2,
two distinct conformations are observed, while the other three antibodies show one high
intensity conformation. The same experiment was performed for the 23" charge state of the
antibodies (Fig.4). For charge state 23" the first transition was seen at 70V. The second
transition is at 140 V for CNTO5825 and IgG4. 1gG2 shows a second transition at 180 V with two

conformations. The three subtypes of IgG can thus be distinguished based on their collision
induced unfolding plot.

NIST 1gG1 CNTO5825

20

Drift time (ms)
Drift time (ms)
o

10

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Trap CE (V) Trap CE (V)
NIST 1gG2 NIST 1gG4

20 20

15

Drift time (ms)
Drift time (ms)
o

10

20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Trap CE (V) Trap CE (V)

Figure 3: Collision induced unfolding plots for the 24" charge state of NIST IgG1, CNTO5825, NIST IgG2,
and NIST IgG4.
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Figure 4: Collision induced unfolding plots for the 23" charge state of NIST IgG1, CNTO5825, NIST IgG2,
and NIST IgG4.
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The CIU plots in Figures 3 and 4 were made in steps of 10 V, and peaks were processed by
selecting the m/z range at full width at half maximum (i.e. the upper half of the peaks) to
generate the drift time plots.

In Figures 4.1 and 4.2 the spectra are shown of the 23+ charge state of the NIST IgG1l at
increasing trap collision energy. The m/z range of the left, center and right part of the peak was
selected and the respective ion mobility drift times are shown on the left panel. It general, no
big differences were observed, except for at the transition points, where the lower m/z range
would transition slower (i.e. have a lower intensity drift time peak. This can be observed at 70 V
and 170 V. From 10 V to 50 V there is no change in drift time and there is no difference when
the left, center or right part of the m/z peak is selected. Assuming that the higher m/z part of
the peak would have certain PTMs (glycosylations) that the left part of the peak would not
have, this indifference in ion mobility drift time could mean that the glycosylation does not
induce a large structural change that can be observed by ion mobility. (with the additional mass
and volume of the glycans not directly detectable at the current mobility resolution). There is
apparently however a small effect seen as a slight destabilization towards unfolding in the gas-
phase CIU assays.

Trap CE
io0v
[ \
25
30V
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Figure 4.1: Mass spectra of the 23" charge state of NIST IgG1 at increasing trap collision energies
(10V to 90 V) with the respective ion mobility drift times selected at the left, center and right m/z
range of the broad, heterogeneous antibody peak.
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Figure 4.2: Mass spectra of the 23" charge state of NIST IgG1 at increasing trap collision energies
(110V to 190 V) with the respective ion mobility drift times selected at the left, center and right m/z

range of the peak.
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3.2.6 Freeze-thaw effect on antibodies

During research studies, samples are often stored at -80° C to preserve the protein structure.
Furthermore, protein-based drugs also need cold storage. However freeze-thaw cycles can also
affect the stability of protein samples. The stability of a protein can be linked to the primary
and higher-order protein structure. Aggregation probably linked with unfolding is a particularly
important property to assess. In practice, antibodies for therapeutic use are never stored
frozen, but are kept at refrigerated conditions to avoid the freeze-thaw cycles. Figure 5 shows a
schematic overview of freeze-thaw experiment performed on NIST IgG1 and CNTO5825. The
received IgG samples were put in the -80°C freezer when they arrived from J&J. Before the MS
experiment they were thawed in the fridge (4°C). They were then diluted to 10 uM and
desalted into 150 mM ammonium acetate using Bio-Spin P-6 columns (Bio-Rad) before the MS
measurement.

Collision induced unfolding studies were conducted to assess the stability of 1gG samples; the
ion mobility drift time was plotted against the increasing trap collision energy (Fig. 6A & 7A).
The samples were then frozen by keeping them at -80° C for one month and the CIU plot was
created again, after thawing again in the fridge before measuring (Fig. 6B & 7B). Although there
are no big differences in the transitions in the plot, there is a difference in the relative
intensities between conformations.

After the first transition at 80 V, (Fig. 6A & 7A) the conformation at a drift time of 12 ms is still
present at a relatively low intensity till 140 V. After the second freeze-thaw cycle (Fig. 6B & 7B)
this phenomenon remains till 100V. This could possibly indicate that this compact conformation
is less stable after the freeze-thaw cycle. The effect of freeze-thaw cycles on antibodies was not
very large in this study. A slight loss of stability can be indicated based on the relative
intensities of conformations.

Received ; Ist h
reeze- thaw

IgG Sample Storage Thaw Buffer cvele
exchange y IM-MS
— .80°Cc — 4°C > analysis
150mM analysis

Freezer Fridge ammonium Clu
acetate

2nd l

freeze- thaw

IM-MS Thaw cycle Freeze again
analysis < 4°C > 1 month
ciu Fridge -80°C
Freezer

Figure 5: A schematic overview of the freeze-thaw experiment performed on NIST IgG1 and CNTO5825
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Figure 6: a) CIU plot of NIST after first freeze-thaw cycle. b) CIU plot of NIST after second freeze-thaw
cycle.
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Figure 7: a) CIU plot of CNTO5825 after first freeze-thaw cycle. b) CIU plot of CNTO5825 after second
freeze-thaw cycle.

57
Chapter 3: Monoclonal antibodies



3.2.7 Native IM-MS of mAbs digested with papain

Papain is a non-specific thiol-endopeptidase from Carica papaya latex that has a sulfhydryl
group in the active site, which needs to be in reduced form for activity. EDTA and cysteine were
added to respectively stabilize and activate papain. When activated papain is incubated with an
antibody, peptide bonds in the hinge region are cleaved producing two Fab fragments and on
one Fc fragment (Fig.8). In practice, this digest is formed when, for example, only the Fab
fragment is needed for antigen-antibody binding studies without the interference of the Fc
region. Cleaving a large antibody into its subunits also simplifies the characterisation of
antibody variants. Since most of the IgGs differ in their sequence in their Fab or Fc region, an
enzymatic approach was tested to cleave the antibody into these fragments. The three studied
IgGs were incubated with papain and the resulting fragments were analysed with native IM-MS
to monitor the differences between the IgG isotypes.

(e Yy . .
A // Fab Hinge region

..VEPKSCDKTH | TCPPCPAPELLGGPSVFLFPPKPK...

Fc

—d ok —

Addd
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...KRVESKYGPP | CPPCPAPEAAGGPSVFLFPPKPK...
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Figure 8: Schematic illustration of papain digestion of antibody into Fab and Fc fragments.
The amino acid sequence of the hinge region is displayed with cleavage site marked in red.

58

Chapter 3: Monoclonal antibodies



Figure 9 shows the native mass spectrum of NIST IgG1 after papain digestion. Next to the
cleaved Fab domain (47651.0 Da) and Fc domain (52876.0 Da), the presence of light chain
(23150.3 Da) and (Fab), (95225.4 Da) is noticed. The table in Figure 9 displays the experimental
and theoretical masses which seem to match each component. The experimental mass of the
Fc domain is 2.7 kDa higher than the theoretical mass due to post translational modifications
(e.g., glycosylation).
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m/z

Symbol Experimental MW (Da) | Theoretical MW (Da) ID
A 23150.3 23127.74 LC
(] 47651.0 47636.47 Fab
* 52876.0 50196.95 Fc
[ 95225.4 95272.94 (Fab)2

Figure 9: Native mass spectrum of NIST IgG1 after papain digestion. The table displays the
experimental and theoretical molecular weight for each observed component of the antibody.
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In Figure 10 the native spectrum of CNTO5825 after papain digestion is shown. The spectrum
displays the presence of the light chain (23428.5 Da), the Fab domain (47900.7 Da) and the Fc
domain (52850.1 Da). The papain digestion worked efficiently as no (Fab), or full IgG is seen in
the spectrum.

1.0 - ® 3,
N W Fab
. '\‘ -
0.8
) ¢ Fc
.
0.6 — I :
X
0.4 o [ )
0.2 4 A
0.0 1
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m/z
Symbol Experimental MW (Da) | Theoretical MW (Da) ID
A 23428.5 23336.00 LC
° 47900.7 47854.79 Fab
* 52850.1 50609.31 Fc

Figure 10: Native mass spectrum of CNTO5825 after papain digestion. The table displays the
experimental and theoretical molecular weight for each observed component of the antibody.

Tables 3 and 4 show the collision cross sections of the IgG fragments observed after papain
digestion. Since NIST IgG1 and CNTO5825 are both in the IgG1 subclass, the collision cross
sections are expected to be similar.
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The papain digestion of NIST IgG2 was more difficult (Figure 11). This can be explained by the
presence of more disulfide bonds in the hinge region compared to IgG1l and IgG4. After
digestion the light chain (23457.61 Da) and the Fab domain (47725.34 Da) were observed. A
subunit of 97200.39 Da was also observed which could be (Fab), which was cleaved lower in the
hinge. There was also full IgG present in the spectrum, but the Fc domain was not observed.
Probably this region got over-digested or became unstable after cleavage and may have
precipitated in solution.
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Figure 11: Native mass spectrum of NIST IgG2 after papain digestion. The table displays the
experimental and theoretical molecular weight for each observed component of the antibody.
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The results for the papain digestion of NIST IgG4 are displayed in Figure 12. The spectrum
displays the light chain (23453.92 Da), the Fab domain (48433.95 Da), the Fc domain (50926.06
Da), (Fab), (95225.94 Da) and full 1IgG (148434.45 Da).
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o 48433.9 47504.30 Fab
* 50926.1 49794.15 Fc
n 95225.9 95008.60 (Fab)_
I 148434.5 144766.76 IgG

Figure 12: Native mass spectrum of NIST IgG4 after papain digestion. The table displays the
experimental and theoretical molecular weight for each observed component of the antibody.

Every IgG subtype showed a different result after papain digestion. The Fab domain was
cleaved off each time. The Fc domain was observed for IgG1 and IgG4. Tables 3 to 6 show the
collision cross sections of the observed fragments after papain digestion. When comparing the
subcomponent between the different subtypes, the Fab domains are similar in CCS value. The
Fc domain of the two IgG1 are in the same CCS range and are slightly more compact than the Fc
domain of the IgG4. The cleaved (Fab), region also seems more compact for the IgG1 compared
to 1gG2 and IgG4 even with similar molecular weights. A possible explanation could be that the
disulfide bond in the Fab domain in IgG1 is linked differently compared to those in the Fab
domains of 1gG2 and IgG4 (Fig. 7).
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Table 3: Collision cross sections of the observed fragments of NIST IgG1 after papain digestion

NIST 1gG1
LC Fab Fc (Fab),

Charge CCs Charge CCs Charge CCs Charge CCs

state (A?) state (A?) state (A?) state (A?
8" 2156 + 26 12" 356778 12° 3636 + 89 17° 5486 + 124
9" 2276.97 £ 95 13* 3584 + 90 13" 3706 £ 57 18" 5607 + 89
14" 3726+ 94 19" 5643 + 161
20" 5759 £ 94

Table 4: Collision cross sections of the observed fragments of CNTO5825 after papain digestion

CNTO5825
Fab Fc
Charge CCs Charge CCs
state (A?) state (A?)
12° 363779 12° 367270
13* 3667 + 54 13" 3902 + 144
14* 377161

Table 5: Collision cross sections of the observed fragments of NIST IgG2 after papain digestion

NIST 1gG2
LC Fab (Fab)2

Charge CCs Charge CCS Charge CCS

state (A% state (A% state (A%
8+ 2182 +54 12+ 3567 + 86 18+ 5809 + 79
9+ 2276+ 47 13+ | 3667+170 | 19+ 5866 + 104
14+ | 3726+121 | 20+ 6058 + 124
21+ 6544 + 189

Table 6: Collision cross sections of the observed fragments of NIST IgG4 after papain digestion

NIST IgG4
LC Fab Fc (Fab),

Charge CCs Charge CCs Charge CCs Charge CCs

state (A% state (A? state (A? state (A?
8" 2207 £ 24 12° 3673 +120 12° 3940 + 93 17* 5907 + 45
9" 2276 £ 104 137 3707 £ 115 13" 3978 £ 85 18" 5973+ 80
14" 3771 +123 19" 6058 £ 170
20" 6177 £ 300
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3.2.8 FPOP analysis of I1gGs

Fast photochemical oxidation of proteins (FPOP) can be used to study protein-folding dynamics
as it can oxidize regions of the domain which are solvent accessible. The FPOP technique was
applied on four standard antibodies in order to map the structure by locating the oxidation
sites. Unfortunately, the enzymatic digestion of the oxidised antibodies were not performed
correctly or efficiently (i.e., nearly no peptides were detected during LS/-MS), so the oxidation
sites could not be determined. However, the oxidised antibodies were analysed with native ion
mobility mass spectrometry to monitor the affect of the oxidation on the protein structure
(Figure 13). The oxidized antibodies showed a slight mass shift (187 to 270 Da) in the mass

spectra and did not show any drastic change in charge state distribution.
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Antibody NIST IgG1 CNTO5825 NIST IgG2 NIST IgG4
Control 148148 Da 148451 Da 148041 Da 148131 Da
Oxidized 148418 Da 148638 Da 148267 Da 148365 Da
A mass 270Da =170 187Da=120 226 Da=140 234Da=150

Figure 13: Native mass spectra of NIST IgG1, CNTO5825, NIST IgG2 and 1gG4 (black line) overlaid with the spectra
of their respective oxidized forms after FPOP (red line). The insets in the spectra show the zoomed in spectrum
of the 23" charge state. The masses of the antibody before and after oxidation are displayed in the table. The
difference in mass is linked to covalently bound oxygen.
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The 24" charge state was selected to compare ion mobility drift times before and after
oxidation (Figure 14). The slight shifts are due to the mass addition after oxidation. These drift
times values were converted into CCS values and displayed in Table 5. The changes in CCS value
are between 0.30 to 1.80 % which makes these differences relatively insignificant. This means
that the oxidation of the antibodies did not influence the overall structure of the antibody.
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Figure 14: The ion mobility drift time of the 23" charge state of the four studied antibodies (full line)
overlaid with the drift time of the oxidized form after FPOP (dotted line).

Table 5: Collision cross sections of the antibodies before and after oxidation with FPOP.

NIST IgG1 CNTO5825 NIST IgG2 NIST IgG4
CCS Control (A2 7466 + 135 7466 + 135 7466 + 201 7466 + 201
CCS Oxidized (A?) 7488 + 245 7533+ 134 7601 + 202 7601 + 256
A (R?) 22.41 67.53 134.63 134.52
A (%) 0.30 0.90 1.80 1.80
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3.2.9 SEC-MS of IgGs

With a size exclusion chromatography (SEC) column coupled to the mass spectrometer the salts
and contaminants in the sample can be separated from the protein in the column. Figure 15
shows the chromatograms of NIST IgG1 and CNTO5825 and of the two antibodies mixed. The
observed retention times were NIST IgG1 12.84 min and CNT0O5825 12.56 min. Since these two
antibodies differ slightly in amino acid sequence, this could be a reason why the retention times
are slightly different. The slight difference in the sequence could cause a difference in shape
and size. This slight difference was also detected in the ion mobility experiments.

The chromatogram shows a shifted and broader peak for CNTO5825, possibly through an error
during this run such as an incorrect synchronization between the LC run and the MS detection,
as this synchronization happened manually.

. 12.56 12.84

] NIST + CNTO5825
A A

_: 12.84 NIST
B -

] 12.21

. CNTO5825
C ]

! I ! I ! I ! I ! |
8 10 12 14 16 18

Retention time (min)

Figure 15: SEC chromatogram of A) a mixture of NIST and CNTO5825, and the two separate antibodies
(B &C).
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Figure 16 shows the mass spectra observed with SEC-MS. Charge states 21" to 29" are detected
for CNTO5825 and NIST IgG1. This method thus shows a slightly more unfolded form of the

antibody compared to the native MS with direct infusion nano-electrospray ionization (Fig.2).

- 27+
- 28+
29 25"
. . 24",
7] A y - . oy ™
27°
] 26'
28" NIST
i 25"
29" * +
] 24 23 99* 21*
! I I ! I ! 1
4000 5000 6000 7000 8000
m/z

Figure 16: Mass spectra of A) CNTO5825 and B) NIST IgG1

The comparison between direct infusion nESI-MS and SEC-ESI-MS has been published in an
article by Marco Tassi et al. in the Journal of Separation Science. This article is a review on

native LC-MS of biopharmaceutical products and is attached at the end of this chapter.
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3.2.10 Conclusion

This study on four standard antibodies showed us the versatility of MS-based methods by
characterising different aspects of the protein structure. With native mass spectrometry the
mass of the antibodies was determined. In combination with ion mobility the collision cross
sections were calculated showing the similar size and shape of antibody but also the flexibility.
The IgG2 subtype showed relative more flexibility compared to the other subtypes because of
the larger hinge region. The subtypes IgG1, 1gG2 and IgG4 could also be distinguished based on
their collision induced unfolding plots. This difference can also be based on the stability of their
hinge regions through which it would unfold differently. When the proteins went through a
freeze-thaw cycle, similar CIU plots were produced, although a slight difference in relative
intensities in conformations were observed.

To compare the Fc and Fab domain of each subtype, the two domains were produced via a
limited papain digestion. The mass and collision cross sections were determined for each
observed subunit. The Fc domains of NIST IgG1l, CNTO5825 and NIST IgG4 had similar CCS
values. The papain digestion of 1gG2 was not properly optimized to produce the Fc domain. The
(Fab), domains of NIST IgG1, IgG2 and IgG4 had similar CCS values. It seems that papain cleaved
lower in the hinge region of IgG1 compared to the other IgG subtypes as the observed (Fab),
has a relative higher molecular weight.

Fast photochemical oxidation of proteins (FPOP) was used to oxidize antibodies and to see the
effect on its native structure. Based on the results of native IM-MS, the native structure was not
significantly influenced by the oxidation via FPOP. Unfortunately as the digest of antibodies
did not happen correctly, the sites of oxidation could not be determined.

With size exclusion mass spectrometry (SEC-MS) a mixture of the NIST IgG1 and CNTO5825 was
analysed. The two antibodies could be separated on the chromatogram based on their slight
difference in size. The mass spectra obtained after SEC-ESI-MS showed a more unfolded form of
the antibodies compared to native nanoESI-MS with direct infusion.
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1 I INTRODUCTION

The demand for biopharmaceuticals, defined as pharmaceu-
tical products originating from modern molecular biology
methods, is rapidly increasing due to their successful appli-
cation in the treatment of various cancers and inflammatory
diseases. Currently, there are more than 200 approved drugs
available and the global market is expected to soon reach $278
billion [1,2]. Moreover, it is anticipated that>50% of new

drug approvals will be biologics, rising to-70% by 2025 [3].

Abbreviations: ADC, antibody-drug conjugate; AEX, anion exchange
chromatography; CEX, cation exchange chromatography; CHO, Chinese
hamster ovary; DAR, drug-to-antibody ratiof. coli, Escherichia coli; HIC,
hydrophobic interaction chromatography; IgG, immunoglobulin G; mAb,
monoclonal antibody; PTM, posttranslational modification
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The characterization of biotherapeutics represents a major analytical challenge. This
review discusses the current state-of-the-art in analytical technologies to profile
biopharma products under native conditions, i.e., the protein three dimensional
conformation is maintained during liquid chromatographic analysis. Native liquid-
chromatographic modes that are discussed include aqueous size-exclusion chromatog-
raphy, hydrophobic interaction chromatography, and ion-exchange chromatography.
Infusion conditions and the possibilities and limitations to hyphenate native liquid
chromatography to mass spectrometry are discussed. Furthermore, the applicability
of native liquid-chromatography methods and intact mass spectrometry analysis for
the characterization of monoclonal antibodies and antibody-drug conjugates is dis-

bioprocessing, native chromatography methods, native mass spectrometry, protein therapeutics

Innovations concerning the development of novel therapeu-
tic proteins can be categorized into four groups depending
on their pharmacological activity [4]. The first group involves
protein therapeutics with enzymatic or regulatory activity that
are prescribed to patients that exhibit protein-related deficien-
cies [5]. For example, a growth hormone deficiency due the
lack of a specific protein that results in failure to grow at the
expected rate. The second group concerns protein therapeutics
with a special targeting activity. Protein therapeutics include
peptides and protein derivatives [6], monoclonal antibodies
(mAbs) that interact and interfere with a molecule or organ-
ism [6], and antibody-drug conjugates (ADCs) that act as a
vehicle to deliver drugs to a specific biological site [7]. The
third group involves protein vaccines that are used in the pro-
tection against deleterious infectious agents [8]. The fourth
class regards protein diagnostic reagents that are used in clin-
ical decision making [9].

J Sep Sci. 2017;1-20.

www.jss-journal.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1

69

Chapter 3: Monoclonal antibodies



SEPARATION SCIENCE

TASSIETAL .

mAbs and ADCs represent emerging classes of therapeu-
tic agents. Over the last years more than 60 antibody deriva-

emtansine [22], many others are under development and
investigation [23]. Bispecific antibodies (bs-mAbs) can inter-

tives have been approved by regulatory authorities for the act with two different antigens at the same time, allowing

treatment of various diseases including cancer [10], multi-
ple sclerosis [11], rheumatoid arthritis [12], and asthma [13].
Recombinant mAbs K150 kDa) are composed of two iden-
tical heavy chains and two identical light chains linked by
disulfide bridges, yielding a distinct Y-shape appearance. The

part of the antibody which contains the antigen binding site

is called the fragment of antibody binding. Large-scale pro-
duction of mAbs mainly occurs in mammalians cell cultures
using host cells such as Chinese hamster ovary (CHO) cells
and mouse myeloma cells such as NSO or SP2/0 [13]. Bio-
pharmaceutical proteins of other classes, e.g., protein thera-
peutics with enzymatic or regulatory activity, are mainly pro-
duced by microorganisms such as bacteria and yeasts. Mam-
malian cells are used for the expression of glycosylated forms

highly efficient cancer treatment. Also, composite mixtures
of mAbs are being exploited as novel biopharmaceutical
products. bs-mAbs and composite mAb mixtures enlarge the
molecular complexity of drug candidates, putting even greater
demands on the analytical tools to characterize them [23].
Biopharmaceuticals are much more complicated to
characterize than traditional small molecule active phar-
maceutical ingredients. Regulatory guidelines require the
characterization of the primary sequence, posttranslational
modifications (PTMs), and higher order structures present
on these molecules, using methods such as LC and MS [24].
These analyses are necessary to ensure that the quality of
these biopharmaceuticals is maintained and to ensure the
absence of unwanted PTMs such as nonhuman glycosylation

of these molecules such as enzyme replacement therapies due epitopes, e.g. galactose alpha 1-3 galactose, or the presence

to the requirement for specific glycan based epitopes, e.g,.

of aggregated forms of the drug product and sub-visible

mannose-6-phosphate, needed for delivery to the lysosome particles that may be potentially immunogenic [25,26].

upon administration. mAbs were traditionally developed and
produced using hybridoma technology, i.e., methods in which
hybrid cell lines are cultivated [14]. These cells combine the
ability to produce large amounts of mAbs, derived from the B
lymphocytes of an immunized animal, with the immortality
and high rate of reproducibility of cancer cells, derived from
immortalized myeloma cells [15]. More modern approaches

Chromatographic techniques such as SEC, cation exchange
chromatography, and hydrophobic interaction chromatogra-
phy (HIC) have, for many years, been the gold standard for
the characterization of aggregates and higher order structures,
charge variants and structural variants arising from PTMs
such as oxidation, etc. [24]. The considerable advancements
in stationary phase technology, combined with the advent of

for the development of monoclonal antibodies include the use high-resolution MS under native conditions, represent key
of techniques such as phage display and humanized mouse advances for the characterization of biopharmaceuticals [27].

models for target discovery followed by molecular optimiza-
tion and expression of the developed mAb using industrial
scale CHO cell culture. Antibodies provide the link between

As these recombinant proteins exist and exhibit their phar-
macological functions as structured molecules, LC and MS
methods that enable the characterization of these molecules

the innate and adaptive immune systems thereby requiring in their native state are becoming more and more important as
two specific features for optimal response: (1) high and spe- although still required and powerful, bottom-up approaches
cific antigen binding as determined by the complementarity such as peptide mapping can often result in the loss of fine

determining regions encoded within the variable regions of detail that exists on the molecule in its native form [28].

the light and heavy chains and (2) the ability to interact with Fc

The ability to hyphenate native LC separation chemistries

receptors present on innate immune cells such as macrophages with high-resolution native MS represents an emerging and

and monocytes to stimulate the immune response [16,17].
Glycosylation is the biological process in which the addi-

tion of glycans or polysaccharides to the antibody takes
place. Advances in protein engineering, e.g., incorporation
of non-natural amino acids, have facilitated the development
of mAb-related products such as site-specific antibody-drug
conjugates and biospecific antibodies [18,19]. Antibody-drug
conjugates (ADCs) are biochemotherapeutical agents that
combine the specificity of the mAb with the cytotoxic (anti-
cancer) drug [20]. ADCs are produced by conjugation of

the naked mAb with small drugs that exert cytotoxic activ-
ity. This class of therapeutics is extremely promising in can-

cer treatment, and whereas some are already commercially
available, e.g., Brentuximab vedotin [21] and adotrastuzumab

70

important tool that will provide information that will enable
the linking of sequence to structure and potential functional
implications [29].

The present review aims at providing a comprehensive
overview on native LC workflows and native MS strate-
gies applied for the characterization of biopharmaceutical
products. Different native LC separation modes, includ-
ing aqueous SEC, HIC, and IEC are discussed. Aspects
of method optimization are discussed and major applica-
tions realized with the different native LC modes are high-
lighted. In addition, the application possibilities ofintact
MS for the characterization of biopharmaceutical products
are discussed and aspects of hyphenation to native LC are
debated.
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TABLE 1 Overview of SEC columns applied for the separation therapeutic proteins frequently reported in scientific literature
Particle P9re size pH Max Pressure

Column Matrix Chemistry size (pm) (A) stability (MPa) Brand
Advanced Bio Silica Silanol 2.7 300 2-8.5 10 Agilent

SEC Technologies
Yarra SEC-X300 Silica Silanol 1.8 300 1.5-8.5 48 Phenomenex
Unix-C SEC 300 Silica Diol 1.8 300 2-8.5 31 Sepax Technologies
Zenix SEC-300 Silica Diol 3 300 2-8.5 7 Sepax Technologies
MADbPAc SEC 1 Silica Diol 5 300 2-75 7 Thermo Fisher

Scientific

TSKgel SuperSwW Silica Diol 4 250 2-7.5 8 Tosoh Bioscience

mAb HR
TSKgel UltraSW Silica Diol 3 3000 2-7.5 12 Tosoh Bioscience

Aggregate
Protein-Pak SEC Silica Diol 10 300 2-8 30 Waters
XBridge Protein Silica Silanol 3.5 200 1-8 Not available Waters

BEH SEC

2 | NATIVE LC MODES

2.1 | Aqueous size-exclusion chromatography
for the analysis of protein aggregates and
fragments

In aqueous SEC, biomacromolecules are separated based on
their difference in hydrodynamic volume, and hence on the
difference in accessibility of proteins to the intraparticle pore
volume of the resin (typically varying between 35 and 41%)
in absence of solute interactions with the stationary-phase sur-
face. The first size-based separation of biomolecules, i.e., pep-
tides from amino acids, was reported by Lindqvist and Stor-
gards using a column packed with starch [30]. The premier
application area of aqueous SEC with respect to the char-
acterization of therapeutic proteins is the quantitative deter-
mination of protein aggregation. Information on the molec-
ular mass of monomeric proteins, possible aggregates, or
protein fragments is typically obtained based on a calibration
curve created using protein standards. The prediction error on
molar-mass accuracy provided in this way is typically around
12% (when applying a flow rate matching the minimum of
the Van Deemter curve) [31]. Table 1 provides an overview
offrequently employed SEC columns, including particle and
pore size of the resins and corresponding application area
with respect to the characterization of biopharmaceutical
products.

Whereas the selectivity provided by the SEC column is
defined by the size of the intraparticle pore diameter, the
efficiency in an SEC separation is (partially) governed by
the particle diameter. SEC is considered a slow and low-
resolution technique, especially compared to current-state-of-
the-art RP-LC columns. Due to low diffusivity of macro-
molecules, the optimum flow rate (corresponding to the

minimum plate height in the Van Deemter curve) is very
low, and in practice modern SEC columns are operated in
the C-term region of the Van Deemter curve. Often columns
packed with rather large particles (fim) are being employed,
hence, relatively long interparticle diffusion distances com-
promise the separation efficiency due to resistance to mass
transfer effects. De Vos et al. discussed the need to down-
scale particle size to maximize resolution while exploiting the
current column-pressure limitations of 20 MPa [31]. Within
this pressure range it was demonstrated that SEC separations
could be conducted without compromising the selectivity or
altering the protein conformation by shear effects. Further-
more, it was demonstrated that a factor of 2 in analysis time
could be gained when using 3im SEC resins instead of

5 pum particles, and optimizing the column length-to-particle-
diameter ratio, such that the column efficiency was main-
tained [31]. The evaluation of SEC columns packed with sub-

3 and sub-2um particles for the analysis of mAbs and ADCs
was described by Fekete et al. showing that an additional
gain in time can be achieved without compromising analysis
time [32,33]. The same group also reported the risk offorming
on-column aggregates when applying small-particle columns
under high-pressure conditions [34]. An alternative approach
for method speedup was demonstrated by Diederich et al. who
reported on a sub-2 min method for mAb aggregate analysis
using a parallel interlaced SEC [35], following an approach
described by Farnan et al. [36].

Derivatized porous silica has become the gold standard
stationary-phase resin for SEC columns applied to biomacro-
molecule analysis. To reduce strong ionic interactions induced
by acidic surface-silanol moieties, different surface proce-
dures have been investigated. Diol-modified silica parti-
cles have emerged as current state-of-the-art, reducing ionic
interactions and yielding minimal secondary hydrophobic
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interactions. In 2010, SEC columns packed with porous
hybrid organic/inorganic particulate material modified with
diol chemistry became commercially available, apparently
reducing residual surface silanol activity, improving pH sta-
bility, and increasing the mechanical strength and pressure rat-
ing of the columns [37,38]. It is important to note that the
adjustment of the mobile-phase pH (between pH 5.5 and 8.5)
and ionic strength< 100 mM) is still required to counteract all
interactions with residual silanol moieties. Kopaciewicz and
Regnier reported on the effects of mobile phase pH and ionic
strength on nonideal protein elution behavior [39]. Apply-
ing low ionic strength mobile phases<(100 mM phosphate
buffer), electrostatic interactions may affect protein retention.
At salt concentrations>500 mM, hydrophobic interaction
effects may occur, see also discussion in ‘Section 2.2". Fur-

more positively charged (shielded by the higher salt content),
which makes the antibody more polar, reducing its tendency
for hydrophobic interactions.

During manufacturing and storage of biopharmaceuticals,
size variants can arise that can alter the safety and efficacy of
the product. Although SEC is known as the chromatographic
mode with low efficiency and resolution, it is extremely pow-
erful to assess aggregation and fragmentation. Figure 1 shows
the SEC analysis of a Protein A purified mAb recombinantly
expressed in CHO cells. This example perfectly illustrates
the suitability of the technique in highlighting the presence
of high and low molecular-weight variants. An important
quality-control parameter that needs to be assessed during
the production and storage of mAbs is the dissociation pat-
tern of the hinge polypeptide connecting the fragment anti-

thermore, the extent of these interactions was determined togen binding part to the rest of the antibody. In a recent paper,

be protein specific. Ricker and Sandoval validated these find-
ings for the SEC analysis of mouse myeloma antibodies of
similar molecular weight but of varying overall charge [40].
For weakly basic antibodies, good peak shapes and retention-
time accuracies were observed applying mobile-phase ionic
strengths between 50 and 400 mM phosphate buffer pH 7.
At ionic strengths>600 mM peak broadening occurred and

Dada et al. correlated hinge fragments measured by SEC with
a complementary CE-SDS electropherogram [44]. Another
important SEC application is the determination of the molec-
ular weights of the antibody light and heavy chains. Liu
et al. compared the performance of an optimized SEC method
with that of a gradient RP-LC method [45]. Whereas the reten-
tion time of the intact protein and heavy chain fragment coin-

the retention time increased due to hydrophobic interactions. cided in the RP-LC methods, baseline resolution could only be

For a strongly basic antibody, an ionic strength of 200 mM
was found to be optimal for the SEC analysis, with respect to

achieved between intact antibody, the heavy chain, and light
chain fragments with SEC. An SEC method to determine the

retention time and peak shape. Reducing the ionic strength led ratio offree therapeutic mAbs and antidrug antibody com-

to increased retention times due to electrostatic interactions.

At a concentration of 400 mM and higher, peak broadening

was observed and ultimately the peak profile shifted to higher

plexed mAb in the serum of animals was described by Boysen
et al. [46].
Hyphenation of LC, including aqueous SEC, to MS detec-

retention-time values due to hydrophobic-interaction effects tion is desired to obtain accurate mass information. Kuikrer

affecting the size-based separation. The effect of sodium and

et al. described an offline SEC-MS workflow for the analy-

potassium additives on protein aggregation was investigated sis of dimer, trimer, and tetramer aggregates of stressed intact

by Goyon et al. [41]. When comparing the ratios between
high-molecular species and monomers for a large number of
different mAbs and ADCs, no systematic trend in aggregation

human mAb (IgG) [47]. A volatile ammonium acetate buffer
system yielded poor chromatographic separation and MS
performance. To overcome this problem, monomeric and

level was detected. Experiments showed that the addition of aggregate IgG fractions were collected using SEC, applying
sodium or potassium to the mobile phase may, to a certain a conventional 0.1 M phosphate buffer at pH 7.2, followed

extent, affect the aggregation level, but this is likely a protein-
specific effect [42].

Another factor found to critically affect the SEC perfor-
mance is the pH of the mobile phase, since pH affects the
equilibrium between charged and uncharged forms offunc-

by dialysis of the biomacromolecule fractions and ESI-TOF-
MS. Reanalysis of the dialyzed samples by SEC indicated that
the oligomeric state of the different fractions was not mea-
surable affected [47]. Shen et al. developed an online native
SEC-MS workflow (which included a flow splitter reducing

tional groups on both the column resin and the proteins, thethe solvent and salt intake before ESI) to study the effect of

latter determined by the pl, typically varying between 4 and
9 for antibodies [43]. Ricker et al. also conducted SEC exper-

iments for mAbs applying a mobile phase with a pH range
between 7.0 and 5.5 [40]. When lowering the mobile-phase
pH, protein retention increased, hence application of higher

enzyme inhibitors on the protein quaternary structure [48].
Valliere-Douglas et al. presented a native SEC-based desalt-
ing method for analyzing cysteinyl-linked ADCs [49]. They
also studied post-desalting dissociation of the denatured ADC
during ESl-ionization by comparing with an orthogonal HIC

ionic-strength mobile phases was required to mediate elec- separation of the mAbs conjugated with 0-8 drugs [49].

trostatic interactions. When applying pH 5.5 and high ionic

strength mobile phases, no peak broadening or shift in reten-

tion time were witnessed. At pH 5.5, the antibody became
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Different SEC-ESI-MS approaches have also been devel-
oped and applied to the characterization of biotherapeu-
tics that include the application of organic solvents in their
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FIGURE 1 SEC analysis of a Protein A purified monoclonal antibody recombinantly expressed in Chinese hamster ovarian (CHO) cells per-

formed on a 7.84.0 mm idx 300 mm long AdvanceBio SEC column packed with 2.7um particles containing 300A pores. Separation conducted
applying a mobile phase of 150 mM sodium phosphate pH 7, a flow rate of 0.8 mL/min, and UV detection at 220 nm

workflow to advance the ESI spray stability [50-52]. Adding
organic modifiers to the mobile phase is also frequently
performed to suppress hydrophobic interactions and reduce
peak tailing when analyzing highly hydrophobic biomacro-
molecules, such as ADCs [52,53]. It is highly probable that
workflows that include organic solvents affect protein confor-
mation, biological/enzymatic activity of biomacromolecules,
protein-biomolecule interactions, and to certain extent also
aggregation level. Although such workflows may be valuable,
providing insights in the chemical structure, these workflows
are not regarded as pure native LC. To further enhance the
flow rate compatibility of SEC with MS detection and reduce
the salt intake, it is mandatory to develop column technol-
ogy with reduced column id. The number of SEC applica-
tions developed using sub-1 mm columns is limited. Rea
et al. reported the use of 30Qum id capillary SEC columns
for mAb analysis purified from harvested cell culture fluid.
After optimizing the fluidics to minimize system dispersion,
picogram sensitivity was achieved in combination with UV
detection [54]. Smoluch et al. applied a 30m id column
format for the online SEC-ESI-MS analysis of peptides in a
mass range of 0.1-7 kDa [55].

To increase the performance of SEC, different aspects with
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FIGURE 2 Overlay of selected SEC chromatograms extracted

from over 1500 injections of bevacizumab performed on a 4.0 mm
id X 300 mm long MAbPac SEC-1 column packed with 5um macro-
porous particles applying 100 mM sodium phosphate pH 6.8 in 300 mM
NaCl as the mobile phase. Adapted with permission from [57]

in a QC environment. To further enhance the kinetic perfor-
mance, core—shell particles for SEC separations may represent
a good alternative to columns packed with fully porous par-
ticles. Selectivity will be impaired, but the loss in selectivity

respect to column technology and instrumentation need towill be small since more than 60-75% of the intraparticle pore

be addressed. Whereas column-packing procedures for SEC
columns with 5pm particles have been fully optimized,
and columns deliver reduced plate heighth)(of around 2,
columns packed with small particles diameters do not yet
reach their full expected kinetic performance [56]. Hence, col-
umn packing techniques to establish SEC columns need to be
advanced. Also, column stability is deemed to be an issue.
Recently Farrell et al. demonstrated the long-term stability
for a current state-of-the-art SEC column packed with fim
particles allowing for over 1500 consecutive runs, analyzing
Bevacizumab aggregates, see Fig. 2 [57]. Similar experiments

are required to demonstrate the robustness and the applica-

bility of SEC columns packed with small particle diameters

volume is maintained. Similar to RP-LC, a gain of roughly
25% in efficiency can be expected due to improved A-, B-,
and C-term characteristics [58,59]. Pirok et al. demonstrated
the applicability of core-shell particle technology for SEC
separations of polymers [60]. Columns packed with core-
shell particles displayed outstanding resolution for specific
(low molecular) weight polymer separations. Furthermore, a
gain in analysis speed amounting up to one order of magnitude
was demonstrated.

Peak volumes provided by columns packed with subin
particles and small id columns are significantly lower than
obtained using conventional SEC column technology. Hence,
to preserve the high efficiencies provided by these columns,
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it is important that the fluidic path is optimized with respect
to extra-column dispersion. System-design requirements and

aspect of tubing configurations influencing the separation

performance have been described in a review by De Vos
et al. [61]. The importance of system dispersion affect-
ing high-resolution SEC separations has been addressed
by Goyon et al. [41]. Moreover, when using small parti-

cle columns, thermal heating and possible shear-degradation

effects need to be anticipated [62].

2.2 | Hydrophobic interaction
chromatography for profiling differences in
surface hydrophobicity

In 1948, Shepard and Tiselius reported on HIC using the term
‘salting-out chromatography’, observing that biomolecules

bind to a hydrophobic surface material in the presence of

salt [63]. Over the last years, HIC has gained significant
importance for the characterization of biotherapeutics, allow-
ing to obtain complementary information to RP-LC [64].
In contrast to RP-LC, in HIC mode, nondenaturing LC

that different stationary-phase materials also induce protein
specific retention effects [69].

HIC is typically performed applying an inverse ammo-
nium sulfate gradient in 50-100 mM phosphate buffer pH 7.
Protein retention is strongly affected by the salt concentra-
tion and the type of salt employed. The Hofmeister series,
providing information on ions that stabilize the structure of
proteins, has frequently been used to predict protein reten-
tion in HIC mode [70]. Soluble compounds that are well
hydrated and form hydrogen bonds to water molecules will
exclude water molecules from the protein and resin surface,
hence promoting hydrophobic interactions. Salts that pro-
mote the formation of hydrophobic interactions are called
kosmotropic, while salts that do not exhibit this property are
called chaotropic [71,72]. However, Arakawa noticed that cer-
tain salts, including sodium phosphate and magnesium chlo-
ride, promote hydrophobic interactions regardless of their
classification within the Hofmeister series [73]. Sodium chlo-
ride and ammonium acetate salts have been used to replace
ammonium sulfate considering that the elution strength of
1 M ammonium sulfate is equivalent t& 2.6 M sodium chlo-

conditions are applied and hence, protein conformation and ride andX3.3 M ammonium acetate [74]. Typically, kos-

biological/enzymatic activity are maintained during the sep- motropic salt systems are compatible with the analysis of
aration. When proteins are introduced in an aqueous environ- hydrophilic biomacromolecules, whereas chaotropic salt sys-
ment, the protein surface will be shielded by ordered layers tems are compatible with HIC analysis of hydrophobic pro-
of water molecules, preventing hydrophobic interactions with teins. To decrease retention of highly hydrophobic proteins,
the stationary phase [65]. During an HIC analysis, saltionsin  organic modifiers, including isopropanol and acetonitrile,
the mobile phase lead to exclusion of water molecules from are frequently added to the mobile phase [74]. The Eeltink
the surface, and the breakdown of the ordered layer is con- research group recently demonstrated that the addition of only
comitant with an increase of entropy [66]. This favors the for- 2.5% ofisopropanol to the mobile phase may lead to pro-
mation of hydrophobic noncovalent interactions between thetein conformational changes, significantly affecting the peak
hydrophobic patches situated at the proteins surface and theprofile [69]. Complementary differential scanning calorime-
hydrophobic moieties on the stationary phase, decreasing the try analysis demonstrated that the addition of a small amount
free energy. Protein elution based on difference in hydropho- of organic modifier leads to the denaturation of the protein

bic surface area is achieved by decreasing the salt concentra-
tion of the mobile phase in time.

The number of stationary phases available for HIC sepa-
rations is relatively limited. This may be because effects of
surface chemistry on protein conformation and hence HIC
retention are still under debate. An overview offrequently
used HIC columns and corresponding biopharma applica-
tions is provided in Table 2. Conventional columns are packed
with 5 um diameter particles. Typically, HIC resins are less
hydrophobic as compared to their counterparts used in RP-
LC. The most common column material used in HIC is
either surface-modified silica or polymeric particles coated
with short aliphatic groups, i.e., butyl-, hexyl-, or octyl-
chains [67,68]. Whereas these columns are suitable for the
analysis of highly hydrophobic biomacromolecules, particles
functionalized with alkylamide functionalities, polyalkylim-
ide chemistries, and alkyl ethers are applicable for the analy-
sis of biomolecules with a wide range in hydrophobic surface
area, including hydrophilic proteins [68]. It should be noted
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investigated @-lactalbumin) [69].

Two other parameters that influence the protein retention
in HIC mode are the mobile-phase pH and the column tem-
perature. The impact of pH depends on the pl of the pro-
tein. Good practice is to minimize the shift in pH between
the pl of the protein and the pH of the mobile phase, to pre-
vent possible 3D conformation changes, affecting the level
of protein aggregation, or even induce protein denaturation.
The effect of temperature on HIC separations is still under
investigation [75,76]. Generally, it can be affirmed that an
increase of temperature (i.e., column temperature) drives an
increase in protein retention. The formation of hydrophobic
interactions is an entropy driven process and the temperature
increase favors a decrease in free energy. On the other hand,
the increase of (column) temperature can induce undesired
conformational changes of proteins, and possibly lead to a
change in the strength of the hydrophobic interaction when the
surface hydrophobicity is altered [77]. A safe range is retained
to be in the temperature interval between 20 and'@q78].
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TABLE 2 Overview of HIC columns applied for the separation therapeutic proteins frequently reported in scientific literature
Particle P?re size pH Max Pressure

Column Matrix Chemistry size (um) (A) stability (MPa) Brand
Proteomix HIC PS/DVB Butyl/Ethyl 1.7 Non porous 2-12 50 Sepax

Vit Technologies
Proteomix HIC PS/DVB Phenyl/Butyl/ 5 Non porous 2-12 41 Sepax

5 Propyl/Ethyl Technologies
MADBPAC Silica Alkyl amide 5 1000 2-8 55 Thermo Fisher

HIC-10 Scientific
MAbPAC Silica Alkyl amide 5 1000 2-9 55 Thermo Fisher

HIC-20 Scientific
MAbBPAC Polymer Poly amide 5 Non porous 2-12 27 Thermo Fisher

HIC-Butyl Scientific
TSKgel Polymetha- Butyl 25 Non porous 2-12 20 Tosoh

Butyl-NPR crylate Bioscience
TSKgel Polymetha- Ether 13,10 1000 2-12 2 Tosoh

Phenyl-5PW crylate Bioscience
TSKgel Polymetha- Polyamine 10 1000 2-12 2 Tosoh

Ether-5PW crylate Bioscience
Protein-Pak Hi Polymetha- Ether 10 Non porous 2-12 20 Waters

Res HIC crylate

HIC has been successfully applied to characterize mAbs 200 +

with respect to profiling PTMs, including monitoring of
oxidation variants [79], aspartic acid isomerization [80],
and domain misfolding [81]. In particular, oxidation of the
amino acids exposed to the storage environment and micro-
heterogeneities in the carboxy terminal chains are common
PTMs that need to be monitored to guarantee the quality of
mAbs products. Boyd et al. described the separation of native
IgG1 from its oxidized Trp counterpart [79]. The authors also
claimed that the HIC approach allows for profiling of oxi-
dized methionine and isomerization/deamidation products. A

UV absorbance (mAu)
8

comprehensive study to characterize mAbs variants result- 0 - - - y

. . . § 4 6 8 10 12
ing from variable N-and C-terminal processing and stress- Time (min)

induced modifications using HIC technology was performed

by Valliere-Douglass et al. [80]. In this study, the authorsalso FIGURE 3 HIC separation of ADCs having different payload in

demonstrated the applicability of HIC to separate truncated Wwhich the retention time increases with increasing DAR. Adapted with

antibodies from native species.
One of the key HIC applications is the determination of the

permission from [81]

average load of cytotoxic drug with respect to the antibody, payload increases also the HIC retention time increases and

i.e., the average drug-to-antibody ratio (DAR) of ADCs. Hav-  the DAR ratio can be calculated by summation of the indi-
ing information of the average DAR is essential, since this vidual peak areas multiplied with their respective drug load
value determines the quantity of cytotoxic drug that will be divided by the total peaks area. Depending on the type of
transported to the targeted tumor cell, defining the efficacy mAb (IgG1 or IgG2) used, the DAR varied between 2 and
of the chemotherapeutical distribution. Figure 3 shows the 8 for IgG1 and between DAR 2 and 12 for IgG2 [82]. DAR
HIC separation of ADCs having different payloads [81]. The 0 refers to the mAb in which the conjugation with the cyto-
peaks were assigned using the unmodified antibody for the toxic drug did not occur, while odd DAR numbers (normally
zero-drug peak and the absorbance ratio measured at 248 and present in negligible amounts) refer to ADC in which the con-
280 nm for the other peaks, since the drug and antibody have jugation is incomplete. The latter two cases are considered
distinct absorbance maxima at these wavelengths. The cyto- as impurities in ADC analysis. In the case of ADCs derived
toxic drugs applied are typically hydrophobic, hence when the from IgG1, different positional isomers can be present in the
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DAR 2, DAR 4, and DAR 6 forms. Unfortunately, HIC has
no sensitivity towards positional isomers whereas CE-SDS-
PAGE [83] and also ion mobility may well have. The char-
acterization of ADCs and their payloads using comprehen-
sive LC modes has been described in an excellent review by
Bobaly et al. [53].

gradients [88-90]. It is assumed that NaCl does not affect
protein conformation. As the nature of the buffer cation and
anion can affect protein retention and peak widths, the selec-
tion of the ideal salt buffer system is very important. [91,92].
The effects of eluent salts on the resolution of protein sep-
aration has been described by Gooding et al. and Regnier
et al. [93,94]. Not all charge variants are generally resolved
using a salt gradient in IEC mode, especially the acidic vari-
ants [95]. As the pH remained constant during the elution
process, proteins with the same effective charge will be elut-
ing with poor resolution. Nevertheless, the potential of cation

2.3 | lon-exchange chromatography for the
analysis of charge variants

The relevance of IEC in biochemical studies was demon-

strated already in 1949 by Cohn, who performed cation and
anion-exchange separations for a trace-analysis study on the
enzymatic formation and degradation of nucleic acids [84]. In

exchange chromatography (CEX) for mAb characterization,
applying a shallow gradient ofincreasing salt concentration
(typically 200 mM Nacl) at constant pH, has been reported

recent years, I[EC has been widely applied to monitor product in several publications [88,96]. Flattening of the salt gradi-
quality and consistency of biotherapeutics. The separation is ent only improves the resolution if the pH of the separation
based on coulombic interactions between the stationary-phaseis operated near the pl of the proteins to be analyzed. As it is
surface, containing ionic functional groups, and the charges of demanding in a high-throughput QC environment of biophar-
the therapeutic protein. Since the disposition of charges at the maceutical industry to tailor salt systems for individual mAbs,
protein surface depends on the native 3D protein conforma- alternative elution approaches are preferred.
tion, proteins having structural diversities can be differenti-  Proteins can also be eluted in IEC mode by generating a
ated by means of IEC. The net charge of a therapeutic pro- pH gradient across the column. Irrespectively of how the pH
tein is not only determined by the amino acid residues on gradient is formed, two modes of chromatofocusing can be
the protein backbone, but also charged glycans are accounting distinguished, i.e., cation chromatofocusing where the station-
for a portion of the net charge of the protein. These charges ary phase exhibits cation-exchange properties and a gradient
not only affect the structure of the protein, and thus deter- running from low to high pH is generated, and anion chro-
mine the stability and solubility of the therapeutic product, the matofocusing which employs an anion-exchange resin and
charges also affect the binding affinity to receptors and func- proteins are eluted by applying pH gradient going from high
tional groups of the stationary phase, influencing its biological to low pH. Generating pH gradients in IEC mode is gen-
activity [85,86]. The versatility of IEC in protein analysis is erally called chromatofocusing, which is a pressure-driven
related to the fact that a wide range of separation conditions chromatographic variant of IEF elution mechanism coined
with respect to salt concentrations and pH are applicable. An by Sluyterman and Elgersma [97-99]. Whereas conventional
overview offrequently used columns for the IEC characteriza-  chromatofocusing uses an “internally generated” pH gradient,
tion of biotherapeutics is provided in Table 3. The maximum gradient chromatofocusing employs an “externally generated”
pressure rating of the current commercially available material pH gradient. In the former variant of this separation method,
is currently 40 MPa, limiting the application of IEC under  the buffer capacity of the stationary phase is used to convert a
UHPLC conditions and thus also its possibility for method ~ step change in pH after applying a mobile-phase of a given pH
speedup. The majority of applications are performed using at the columninlet, while the IEC resin is preadjusted at a dif-
4.6 or 2.1 mm id column formats. Rea and Farnan reported on ferentinitial pH. In this way, an internally generated pH gradi-
the use of capillary columns formats, i.e., 40Qum id columns  entis generated as the packing material will buffer the pH step.
packed with 5um pellicular strong cation-exchange particles This traveling pH wave allows to focus proteins, and releasing
and 300um id columns packed with 1.7am nonporous weak  them once the pH gradient approaches the pl of the biomacro-
cation exchange particles for the separation of mAb charge molecule. To generate an internal pH-wave, either an immo-
variants [87]. bilized ampholytic buffer bound to a strong ion exchange
IEC separations can be performed using a salt gradient resin, or noninteracting buffer species in conjunction with a
while keeping the mobile phase pH constant. This increase Weak ion-exchange resin being used [100-102]. The major
in ionic strength of the mobile phase promotes protein elution challenge is to precisely generate the required pH gradient,
as the salt ions compete with the adsorbed protein molecules while minimizing the ionic strength of the running buffer to
for the ion-exchange sites on the resin. Salt gradients pro- reduce its effect on protein retention. The conventional elu-
vide good resolving power and robustness, but are product tion buffers are polyampholytes. These molecules provide a
specific and time consuming to develop. Sodium chloride, high buffer capacity covering a broad pH range, but are poorly
usually dissolved in a<50 mM sodium phosphate buffer, is defined, and have been reported to interact with both the pro-
the most-employed eluent for separating proteins using salt teins as with the stationary phase resin [103]. Alternatively, a
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TABLE 3 Overview of |EC columns applied for the separation therapeutic proteins frequently reported in scientific literature
Particle Pore size pH Max Pressure
Column Matrix Chemistry size (pm) (A) stability (MPa) Brand
Agilent Bio SCX PS/DVB Sulfonic acid 10;5; 3,17 Non porous 2-12 68 Agilent
Technologies
WP CBX Silica Sulfonic acid 5 300 2-8 45 Avantor Inc
Antibodix WCX PS/DVB Carboxylate 10,5, 3, 1.7 Non porous 2-12 68 Sepax
Technologies
Proteomix SCX PS/DVB Sulfonic acid 10,.5;:3,1.7 Non porous  2-12 68 Sepax
Technologies
BioBasic SCX Silica Sulfonic acid 5 300 2-8 40 Thermo Fisher
LC Scientific
MabPac SCX Polymer Sulfonic acid 10 Non porous  2-12 20 Thermo Fisher
Scientific
TSKgel Q-STAT Polymer Quaternary 10 Non porous 3-10 5 Tosoh
ammonium Bioscience
TSKgel Bioassist Polymetha-  Polyamine 13,10 4000 2-12 2 Tosoh
Q crylate Bioscience
Protein-Pak Polymetha-  Carboxymethyl 7 Non porous 3-10 15 Waters
HiRes CM crylate

combination of equally concentrated buffer species with
equally spaced K, values in the chosen pH range can be

employed. Kroner et al. provided an in silico optimization

method of buffer compositions, resulting in well-controllable
pH gradients with low ionic strength validated for characteri-
zation of more than 20 proteins [104].

Alternatively, chromatofocusing can also be performed by
applying an externally generated pH gradient, i.e., by use of
the gradient proportioning system of the LC pump. By gradu-
ally mixing the running buffer with successively greater pro-
portions of an application buffer, while both buffers are set
at different pH, a pH gradient is generated in time before

shows the comparison between the optimization of an anion
exchange separation oscherichia coli acetone powders per-
formed using a salt gradient (Fig. 4A), and using a pH gradient
(Fig. 4B). The steepness of the salt gradients was decreased,
at the expense of analysis time, whereas for the pH gradient
separations only the slope of the gradient between pH 3.5 and
2.4 was varied, see Fig. 4C. The pH gradient separations are
offering the best resolution, especially for the very acidic pro-
teins present in the complek. coli mixture.

IEC has emerged as the standard method for the determi-
nation of charge heterogeneity of monoclonal antibodies. It is
important to measure product heterogeneity during the devel-

entering the column. At the start of the pH gradient proteins opment and production process of mAbs, as many charge vari-
are adsorbed on the column head and the proteins elute onceants can arise due to PTM or product degradation processes.
the incoming pH gradient is slightly below the pl of the pro- These modification processes of the parent protein include C-

tein. The quality of the separation thus depends strongly on
the solvent-proportioning capabilities of the LC equipment,
as poorly controlled pH gradients can result in coelution of
proteins with similar pl values. The formation of multistep
or multivariable slope (non)-linear gradients over a wide pH

terminal lysine variants, N-terminal pyroglutamate formation,

deamidation, glycation, and glycosylation, resulting in a mod-
ified isoelectric pH (pl) value of the mAb [107,108]. Vlasak

et al. reviewed the analysis of charge-related heterogeneity in
monoclonal antibodies [109]. IEC is less preferred to study

range, and a buffer system compatible with both anion-and ADC charge variants, as the linked cytotoxic drugs are chang-

cation-exchange stationary phases that allows for an arbitrary
start-and end-pH value and pH range are still not available
for this separation mode [105]. Tsonev and Hirsch developed
software that can precisely perform high-order polynomial fit-
ting of titration curves for a dedicated buffer system, allow-
ing controlled gradient formation of any desired shape and
slope [105,106] for both cation-and anion-exchange separa-
tions. Furthermore, the algorithm also allows for software-
driven control of pH gradients that can contain additives such
as nonionic detergents, organic modifiers, salts, etc. Figure 4

ing the hydrophobic surface of the conjugated antibody result-
ing in unwanted secondary interactions with the stationary
phase and consequently a poor resolution separation [110].
Some studies have been performed on retention time mod-
els for IEC separations using salt gradients [111,112] and pH
gradients [113]. Fekete et al. applied a Drylab CEX model for
the separation of mAb charge variants using both salt and pH
gradients [114,115].

The contribution of various posttranslational modifications
to monoclonal antibodies is diverse, with basic amino acids
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FIGURE 4 Optimization of anE. coli acetone powders separation in anion-exchange mode by (A) a salt gradient with decreasing the slope
of the NaCl salt gradient in time, and by (B) application of a pH gradient; decreasing the slope of the pH-gradient in the range between pH 3.5-2.4.
(C) shows the respective salt and pH gradient profiles. For the salt gradients, a 20 mM sodium carbonate buffer at pH 9.7 was used as mobile-phase A
and 20 mM sodium carbonate buffer at pH 9.7 containing 1 mM NaCl was used as mobile-phase B. For the pH gradients, a proprietary plSep buffer
(mixture of polyionic organic buffering molecules) at pH 2.4 was used as buffer A, and buffer B consisted of plSep buffer at pH 10.9. The column

volume (CV) was approximately 2 mL. The applied gradient slopes are:a 13.6 mM NaCl/CV, a ,: 10.9 mM NaCl/CV, a 5: 8.0 mM NaCl/CV, a ,:
5.0 mM NaCl/CV, and a s5: 4.3 mM NaCl/CV for the salt-gradient profiles, and h,,4 b,: 0.1 pH units/CV, b3: 0.1 pH units/CV from pH 9.7-3.5 and
0.05 pH units/CV from pH 3.5-2.4, and b,: 0.1 pH units/CV from pH 9.7-3.5 and 0.025 pH units/CV from pH 3.5-2.4 for the pH-gradient profiles.

Adapted with permission from [105]

contributing to an increase in the mAbs pl whilst deamidation
of asparagine residues and sialic acid present on N-glycans
contribute to a decrease in the mAbs pl. These different con-
tributors to the overall protein chemistry of the mAb make
CEX the analysis method-of-choice to study mAb charge vari-
ants. In CEX mode, the separation of proteins is governed
by the surface charge, charge distribution, and the geome-
try of the protein. CEX separations of mAbs are typically
performed by applying a gradient with increasing salt con-
centration (i.e., 100-200 mM sodium chloride), while main-
taining the pH of the buffer constant. The pH of the buffer
depends on the pl of the mAbs under analysis but in gen-
eral the pH range is between 7.5 and 9 [116]. Separation of
mADbs in anion exchange chromatography (AEX) mode, is
also being performed, mainly to separate oxidized variants
of mAbs. Teshima et al. showed how AEX was effective in
the analysis of three force-oxidized antibodies as compared to
CEX. It was demonstrated that AEX revealed oxidized mAbs
variants not monitored using CEX [117].

In an attempt to address this issue, research groups have inves-
tigated algorithms to correct for these deviations [105]; a sim-
ple mixture of buffering species that produce an internal linear
gradient for neutral and acidic mAbs [122]; mixed-bed sta-
tionary phases consisting of small-pore weak IEC and large-
pore strong IEC particles allowing for independent internal
pH-gradient generation and protein binding [123,124]; exter-
nal pH gradients in AEX using a mixture of amine buffering
species as an application buffer and weakly acidic compounds
as an elution buffer [125-127]; and shallow externally gener-
ated pH gradient of diethanolamine buffer on monolithic IEC
stationary phases [128,129].

Another way of solving this issue is by using zwitteri-
onic and acidic buffer substances with alfy range evenly
distributed over the pH range and externally generate a pH
and salt gradient. Typically, zwitterionic compounds tailored
for biochemical research are used as buffering agents. It was
shown that this allows for generating highly linear pH gradi-
ents, with even distribution of buffer capacity, for the analysis

Jungbauer demonstrated the combined effect of a linear of charge heterogeneity of mAbs [130]. Recently, the rugged-

salt-and pH-gradient in IEC mode for the separation of pro-
tein isoforms of a human monoclonal antibody [118]. The
IEC chromatogram was compared with IEF, and confirma-
tion of elution order based on pl was shown. As the method
relied on the reaction of mannitol with borate, the broad-
scale applicative value was limited. Many publications have
investigated internally generated pH-gradient CEX methods
to separate mAb charge variants, however, they often employ
cationic buffering agents which can lead to interactions with
the stationary-phase chemistry. This deviates the shape of the
applied pH-gradient from the ideal linear case, affecting pro-
tein retention and the resolution of the separation [119-121].
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ness of a controlled gradient pH formation with a zwitteri-
onic buffer system for the separation of mAb charge variants
was demonstrated, showing good robustness of the method
with <0.8% RSD for the retention times after more than 300
injections [131].

3 | PROTEIN MS

MS for intact protein analysis has proven to be essential
in the field of biomolecule characterization. Fenn received
the Nobel Prize in Chemistry in 2002 for the development
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FIGURE 5 Schematic overview of the different state encountered
in protein MS analysis

of ESI, allowing the transfer of biomacromolecules from an
aqueous solution into the gas phase as molecular ions with-
out fragmentation [132,133]. ESI can operate in the flow
regime from 1 mL/min down to tens of nL/min, with the
latter approach typically utilizing “static” (i.e., offline) spray
from glass capillaries, also called nano-ESI [134]. Elec-
trospray is now the dominant ionization method in many
chemical, (bio)medical, and pharmaceutical MS laborato-
ries, largely due to the ease with which it can be used
to interface LC “inline” with different types of MS(/MS)
instruments [135]. Denaturing MS-based strategies have been
extensively applied to retrieve information on the intact mass
of therapeutic proteins, including information on the amino
acid sequence and PTMs, the DAR and drug load distribution,
etc. [136].

A visualization of the different states of protein MS analy-
sis is depicted in Fig. 5. Proteins encountered at physiolog-
ical conditions remain their native 3D structure. In “intact
denatured proteins” the 3D protein conformation is lost. The
protein mass is particularly important when variations of the
amino acid sequence, such as mutations or truncations, as well
as post-translational or chemical modificationg.g., deami-
dation, covalent linkers, need to be identified and quanti-
fied [136]. While the full set of modifications present as well
as heterogeneity arising from the occupancy of the possible

the primary sequence information, the “proteoform”, i.e., the
“chemical sum formula” of the protein and its sequence [138],
can only be obtained by a combination ofintact protein MS
with MS/MS approaches as they are used in proteomics, with
or without prior digestion.

Extending the applicability of ESI-MS incorporating
volatile buffer systems and physiological pH conditions, as
well as modifications to the instruments to increase the mass
range and the control over desolvation conditions, has led
to the development of native MS [139,140]. Native MS has
been extensively applied to study macromolecular assem-
blies, including stoichiometry and identity of binding part-
ners [141,142], and in the last decade its applicability has
been extended towards the MS analysis of biopharmaceutical
products [24]. In native MS, it is believed that noncovalent
weak interactions, i.e., van der Waals interactions, hydrogen
bonds, and electrostatic interactions, are maintained, preserv-
ing the higher order, 3D protein structure during the MS anal-
ysis. It is generally recognized that changes in charge density
in ESI-MS spectra correspond to conformational changes,
i.e., the tertiary protein structure [143]. Figure 6A displays
the charge-state distribution profile of an intact protein (anti-
thrombin Ill) applying native MS conditions [144]. Due to
the compact, folded state of the protein, the exposed surface
that can be protonated is relatively small, therefore, yielding
a relatively narrow charge envelope situated in the high/z
region (low z) compared to the same protein when applying
denaturing ESI-MS conditions (Fig. 6C). Figure 6B shows
that native and denatured protein states coexist at equilib-
rium applying mildly denaturing conditions. The intermedi-
ate charge-density ions correspond to proteins that contain
domains that are unfolded, while other domains retain their
native conformation. While unfolding proteins in denaturing
MS usually allows accurate and precise mass determination
(<1 Da), desolvation conditions are more gentle in native MS
and the folded protein often retains bound water or buffer ions,
leading to a somewhat increased experimental mass compared
to the expected value [145]. When determining the intact mass
of proteins above 100 kDa, the native approach may become
easier, as it produces fewer and lower charge states, whereas
denaturing MS leads to a large number of closely spaced,
highly charged peaks, which are difficult to resolve and cor-

sites can be obtained from intact, denaturing MS, mapping the rectly assign.

modification sites requires MS/MS approaches typically using
bottom-up proteomics, but increasingly also middle-down and
top-down MS/MS [137]. The often overlooked, but important
shortcoming of these “standard” proteomics methods, how-
ever, is that they usually only give partial sequence informa-
tion (i.e., not all expected peptides or MS/MS fragments are
found back in the spectra), and therefore neither identify all
modification sites nor typically characterize the full comple-
ment of modifications (i.e., their extent and heterogeneity). It
has become increasingly obvious that the full knowledge of

lon mobility (IM) is now often coupled with native MS and
several commercial platforms offer this option [140]. In IM,
ions are separated by their collision cross-section, measured
in nm? or A2, which depends on their charge but also their
rotationally averaged size and shape—somewhat similar to
gas-phase electrophoresis [146]. At eacim/z different coex-
isting conformers, isomers, or complex/aggregate topologies
can be resolved as long as they differ in overall size by 2-3%.
The measured mobilities ofions can be converted to colli-
sion cross-section values using a set of calibrants (e.g. protein
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FIGURE 6 ESI mass spectra of anti-thrombin Il (A)

acquired under native MS conditions using 20 mM ammonium
acetate, (B) using 20 mM ammonium acetate/methanol/formic acid
49:50:5 v/v/v%, and (C) denaturing conditions using 20 mM ammonium
acetate/methanol/formic acid 45:50:5 v/v/v%. Adapted with permission
from [144]

standards) with known structure. This technology has come

the context of biopharmaceuticals characterization, IM has
shown to be able to distinguish different glycoforms, even in
cases where they cannot be resolved in LC, as well as disulfide
isoforms [148].

3.1 | Conditions for direct infusion and
hyphenation to LC

Gentle ionization, in which the noncovalent interactions
involved in protein higher-order structure, i.e. folding and
interactions, are maintained, is considered to be a critical
step in native MS [143]. Most native MS is done in “static”,
offline nano-ESI using metallized glass capillaries, also called
direct infusion, with a flow rate<20 nL/min to minimize sam-
ple consumption, improve the tolerance of spraying aqueous
buffer solutions, limiting the salt intake, and eliminating the
need for desolvation gas and heating. Native MS can also be
implemented at flow rates in the 200-300 nL/min range which
are compatible with inline nano-LC, and in principle also at
higher flow rates, although care has to be taken that ESI inter-
face settings such as (hot) desolvation gas and source heat-
ing do not unfold the protein. Sample requirements for native
MS and buffer conditions have been described by Hernandez
and Robinson [149]. Typically, infusion of analyte at 1-20uM
dissolved in 10 mM to 1 M aqueous ammonium acetate solu-
tion maintained near pH 7 or at the pH of choice, using an
excess of ammonia or acetic acid, provides good MS spec-
tra. Also, other ammonium salts and ammonium derivatives
have been employed but acetates are found to perform bet-
ter than bicarbonates [150]. Nonvolatile ions such as sodium
and potassium are minimized using buffer exchange and other
desalting methods, since these salts induce adduct formation,
thereby lowering the mass resolution or suppressing signal
entirely. Essential cofactors such as Mg or Zn ions can be
added, but a large excess should be avoided. With respect to
optimization of the MS settings, it isimportant that pressure in
the transfer region between source and analyzer is optimized
to ensure transmission of biomacromolecules. Modifications
of MS instrumentation have been described in more detail by
Rosati et al. [148].

Due to the stringent requirements with respect to infusion
conditions, the number of reports describing the direct cou-
pling between native LC and MS is limited. First of all, the
flow rate compatibility with LC constitutes a problem. Con-
ventional SEC, HIC, and IEC separations are still performed
using either 4.6 mm id columns operated at a flow rate of
1 mL/min, or 2.1 mm id columns operated at 0.2 mL/min.
Hence, postcolumn flow splitting is required to achieve direct
coupling to MS by nano-ESI. Furthermore, the salts typi-

to the fore in the last 10 years and recent examples include cally applied in SEC, HIC, and IEC modes are incompat-
studies of protein folding/misfolding and aggregation, intrin- ible with MS analysis. In case of aqueous SEC, the phos-

sic disorder phenomena and the identification ofisomeric
forms of metabolites, biomolecules, and complexes [147]. In
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is a major bottleneck. The sulfate ions typically used in HIC

SEPARATION SCIENCE

been reported over the years. For example, Rose et al. reported

systems are also incompatible with MS, leading to significant the use of Orbitrap MS yielding a resolution of 16 000 at

signal suppression [151]. Volatile buffer acetate and tartrate
and ammonium salt systems can be considered for HIC-MS

m/z10 000 [153]. The applicability of native MS to probe the
binding stoichiometries and affinities of mAb-antigen com-

analysis, but it should be noted that the choice affects protein plexes was first demonstrated by Tito et al. [154]. Compared
retention and may limit the applicability. Xiu et al. reported to SEC-UV or SPR spectroscopy yielding evidence for

a lack of retention for the HIC analysis of hydrophilic pro-

binding, or at best average-weight information, native MS

teins using ammonium acetate as the mobile phase (as can provides accurate mass information. Tito et alalso per-

be expected from the Hofmeister series) [151]. Ammonium

formed control experiments to establish the specificity of the

tartrate dissolved in an ammonium acetate buffer provided interactions [154].

similar elution strength compared to ammonium sulfate. The

The presence of microheterogeneities in the protein chains

MS compatibility with respect to adduct formation was only can derive from inconsistencies in the production process (dif-
demonstrated after desalting using ultra-centrifugation fol- ferences in the cell lines) and therefore it is extremely impor-

lowed by RP-LC-MS analysis. It has been reported by Chen  tant to perform batch to batch QC of the mAbs before their
et al. that the desalting processes can induce variations in the application as therapeutics. Most of the times these incon-
conformation of the proteins, and hence the native conforma- sistencies stem from heterogeneous glycosylation patterns.

tion may be lost [152]. A viable approach to online HIC-ESI-
MS was proposed by Chen et al., which involves the use oflow

Figure 7B shows native MS spectra of a mAb with glycosy-
lation and after deglycosylation using peptide-N-glycosidase

concentrations of ammonium acetate mobile phases (volatile F [143]. The presence of glycans increases both the mass and

and MS compatible) [152].

3.2 | MS characterization of mAbs and ADCs:
Key examples

A protocol for conducting native MS analysis of mAbs and
ADCs has been described by Thompson et al. [143]. Illus-
trative MS spectra of a 145 kDa purified mAb by direct
infusion are demonstrated in Fig. 7A, yielding only seven
charge states. A mass accuracy of 5 Da allows establish-

the heterogeneity of the MS signal, that in turns decreases the
peak intensity. Intact MS analysis can be used to reveal the
presence of different glycoforms or on the chains of the mAbs
(mutations on the mAbs chain can dramatically alter the gly-
cosylation) [148]. Rosati et al. performed both qualitative and
quantitative analysis of glycosylation profiles on mAbs using
high-resolution Orbitrap MS technology [148]. Figure 8 com-
pares native MS spectra of IgGs obtained by direct-infusion
experiment and after online SEC analysis, as performed by
Chatterjee and Sobott. This experiment showed that the SEC

ing the protein id with high confidence when the amino analysis induced partial unfolding of the antibodies (without
acid sequence is known and allows identifying modifications, breaking disulfide bonds), as it appears with higher charge
including primary sequence mutations and C-terminal lysine states.

clipping [143]. The natural isotopic peak width of the intact With respect to the analysis of ADCs, MS enables the char-
antibody was estimated to be 25 Da. A very accurate isotope acterization of the drug load profile and distribution, and the
pattern needs to be recorded to detect modifications such asDAR. Valliere-Douglas et al. and Sobott et al. reported on
deamidation, yielding a mass increase of 1 Da. Significant ~ a method allowing to determine the intact mass of an ADC
improvements in resolution and native MS technology have composed of noncovalently associated heavy and light chains,

145819
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FIGURE 7 (A) Native MS spectrum of a deglycosylated mAb (IgG1) yielding a narrow charge envelope situated in the higtizregion and
corresponding deconvoluted mass spectrum shown in the inset to determine the intact mass. (B) Subsection of a native MS spectrum from a glyco-
sylated mAb displaying increased mass heterogeneity and corresponding deconvoluted mass spectrum in the inset revealing the presence of different
glycoforms. Adapted with permission from [143]
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FIGURE 8

Native MS spectra of IgGs (CNTO5825 and NIST) obtained on a Q-TOF-2 instrument (Waters) after direct infusion (A and B) and

after SEC analysis, indicating partial unfolding of the antibodies (without breaking disulfide bonds). LC conditions: Flow rat®.1 mL/min; mobile
phase= 100 mM ammonium acetate, pH 6.8; using a 4.6 mm iet 100 mm BEH SEC column packed with 1.7 um particles (200A pores)

with a drug linked to interchain cysteine residues [49,155].
Debaene et al. conducted native MS experiments of Brentux-
imab vedotin (also an interchain cysteinyl-linked ADC) pro-
viding accurate mass measurements ofintact ADCs together
with the average DAR and drug distribution [156]. The same
group also characterized a lysine linked antibody drug conju-
gate (Tratuzumab emtansine) [156]. Extending the glycopro-
filing experiments of mAbs, Rosati et al. also characterized
the drug load and glycosylation patterns on IgG4 ADCs using
high-resolution native MS [148].

4 | CONCLUDING REMARKS

Advances in the development of biotherapeutics are closely
followed by innovations in the field of separation sciences
and MS. The chemical heterogeneity of biopharmaceuticals
in terms of polarity, size, and charge, require the use of com-
plementary native LC techniques ideally hyphenated to MS
to fully characterize (and quantify) the complex protein sam-
ples. This requires the use of separation technology with high
resolving power to achieve the highest confidence in elu-
cidating the biopharmaceutical product. Although columns
packed with sub-2pm particles are being introduced and have
become commercially available, the majority of LC experi-

ments are still performed using conventional columns packed
with 5 um particles. However, to make a successful transition,

be critically assessed. Furthermore, the pressure stability of
currently available IEC, SEC, and HIC columns needs to be
augmented to allow for operating pressures above 50 MPa.
A promising (but currently underestimated) stationary phase
type for biomacromolecule separation may be monolithic
columns. The morphology can be optimized to achieve high
efficiency separations by downscaling the globule size, while
the macropore size can be tuned to minimize shear stress.
Conventional 4.6 mm id analytical columns for mAb anal-
ysis require several micrograms of mAbs to achieve adequate
detection sensitivity oflow-abundant sample species. The
yield of biopharmaceutical products coming from microwell-
plate cell cultures is, however, limited and often insufficient
for high-resolution LC analysis. This mandates the minia-
turization of column formats allowing to increase detection
sensitivity and to diminish sample consumption. It should be
noted however, that extra-column band broadening needs to
be minimized, imposing stringent requirements on instrumen-
tation. An additional advantage of reducing the column for-
mat is that it decreases the salt-intake at the MS interface,
effectively improving MS compatibility. The use of organic
solvents that are conventionally added to the mobile phase,
not only to improve spray drying but also to reduce the sur-
face tension of the spray droplets leading to higher ionization
yields, should be limited when performing bioanalysis. This is
not only mandatory to maintain the protein conformation but
also because buffers are known to lead to suppression ofion

the effects on protein unf0|ding induced by the mobi'e.phase formation in the ion source and ion source contamination due
composition applied, shear stress, and thermal effects need to to salt crust formation. Novel salt systems, buffering agents,
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and the effects ofionic strength have to be further studied to
improve MS compatibility. At the same time, it is mandatory
to further study the effects ofionization conditions and MS
conditions on protein conformation, to establish relevant bio-
logical conditions.
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3.3 IM-MS characterisation of a novel antibody-tetrazine conjugate
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3.3.1 Antibody conjugates

Conjugated antibodies are antibodies linked to a small molecule and can have a range of
applications. An example of conjugated antibodies used in the pharmaceutical industry is the
antibody-drug-conjugate (ADC) which combines the selectivity of the antibody with the potency
of the drug.

Antibody conjugates can also help in the detection of proteins by labelling the antibody with
fluorescent dyes. This technique can be useful in molecular imaging. In this part of the chapter
the antibody trastuzumab is studied which is first bound with a tetrazine conjugate in order to
react with the fluorescent dye, trans-cyclooctene (TCO) (Figure 1). With mass spectrometry the
amount of conjugates on the antibody was determined and with ion mobility mass
spectrometry the collision cross section of the antibody and the antibody conjugate was
compared.

L ~ ~
~ ~ - - - P,

Figure 1: lllustration of trastuzumab pretargeted with tetrazine conjugate and then labeled with TCO
fluorescent dye via the IEDDA cycloaddition.

3.3.2 Experimental details
3.3.2.1 Determining exact mass with mass spectrometry

The MS experiments were performed on a high-mass modified Q-TOF-2™ instrument
(Micromass, Waters and MS Vision). The samples were buffer exchanged twice in 150 mM
aqueous ammonium acetate at pH 7.0 using Micro Bio-Spin P-6 columns (Bio-Rad) at
concentrations of 10 pM. Gold-coated nanoESI needles were prepared in-house in order to
transfer 5 plL aliquots of sample.

The instrument was tuned using the following parameters: capillary voltage 1.6 kV;

nanoflow 0.3 bar; sample cone 200 V; collision energy 100 V; backing pressure 4.0 mbar.
3.3.2.2 Determining collision cross sections with ion mobility mass spectrometry

The native IM-MS experiments were performed on a Synapt G2 HDMS Q-TOF instrument
(Waters, UK). The instrument was tuned to preserve native higher-order structure using the
following parameters: capillary voltage 1.2 kV; nanoflow backing gas pressure 0.2 bar; sampling
cone 30 V; extraction cone 2.0 V; trap collision energy 10 V; transfer collision energy 2.0 V; trap
bias 45 V; IMS gas flow 90.0 mL/min.; IMS wave velocity 700 m/s; IMS wave height 40.0 V;
backing pressure 3.0 mbar.
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The data were acquired and processed with Masslynx v4.1 software, and ion mobility drift
times extracted using Driftscope v2.3 (both Waters). The collision cross sections (CCS) of the
proteins were calibrated using known CCS values determined under native conditions.

3.3.3 Native IM-MS of trastuzumab and trastuzumab- tetrazine conjugate

Using native mass spectrometry the mass of trasuzumab was determined to be 148070 Da and
shows charge states 22* to 27" (Figure 2A). When adding 10 and 100 equivalents of the
tetrazine conjugate, on average 2 and 8 tetrazine adducts were observed respectively to bind
covalently to the antibody (Figure 2B)

A 24+ B

2 #Totrazine

25+
Unmodified
+ 10 0q
23+ +100 oq

0.54
26+

22+
27+ |

0.0

T U v T T
5500 6000 6500 7000
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Figure 2: A) Mass spectrum of trastuzumab (148070 Da) with charge states from 22" to 27".
B) 25+ charge state of trastuzumab (black) compared to the trastuzumab-tetrazine conjugates
(10 and 100 equivalents of tetrazine)

lon mobility mass spectrometry provided the collision cross sections for each observed charge
state of trastuzumab and trastuzumab- tetrazine conjugate in Table 1. The difference in CCS
value when the tetrazine was attached is between 0.24 to 1.62 %, which can be seen as an
insignificant change. Thus, the binding of tetrazine to the antibody does not significantly change
the collision cross section, and presumably the global structure, of the antibody.

Table 1: CCS values of trastuzumab and trastuzumab-tetrazine conjugate.

Charge state CCS trastuzumab (A%) | CCS trastuzumab + ttz (A?) A
21° 7000.48 7114.15 1.62 %
22" 7141.47 724255 1.41 %
23" 7253.51 7340.26 1.19 %
24° 7381.12 7455.77 1.01 %
25° 7510.10 7543.85 0.44 %
26" 7613.94 7632.59 0.24 %

86
Chapter 3: Monoclonal antibodies



Organic &
Biomolecular Chemistry

PAPER

CrossMark

& click for updates

Development of a novel antibody

ROYAL SOCIETY
OF CHEMISTRY

- tetrazine

conjugate for bioorthogonal pretargeting T

Cite this: Org. Biomol. Chem. , 2016,
14,7544

Agnese Maggi, ® Eduardo Ruivo, @ Jens Fissers, @ Christel Vangestel, °

Sneha Chatterjee, © Jurgen Joossens, 2 Frank Sobott, © Steven Staelens, ®
Sigrid Stroobants, ¢ Pieter Van Der Veken,  Leonie wy ffels®® and Koen Augustyns* 2

Recently, bioorthogonal chemistry based on the Inverse Electron-Demand Diels
addition between 1,2,4,5-tetrazines and

- Alder (IEDDA) cyclo-
trans-cyclooctene (TCO) analogues added an interesting dimen-

sion to molecular imaging. Until now, antibodies (Abs) were tagged with TCO and after pretargeting they
were reacted with tetrazines substituted with reporters. However, TCO tags have the tendency to degrade

under physiological conditions, and due to their hydrophobic nature are buried within the protein. This
results in loss of reactivity and a low Ab functional loading. To circumvent these problems, we report for

the first time an approach in which tetrazines are used as tags for antibody (Ab) modi
the imaging agent. We developed a new Ab
good stability and reactivity. We utilized this immunoconjugate for live-cell imaging together with novel
TCO probes, resulting in selective and rapid labeling of SKOV-3 cells. Our approach may be useful for
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www.rsc.org/obc in vivo pretargeted imaging.

Introduction

Molecular imaging is a powerful tool, which enables the non-
invasive visualization and quantification of biological pro-
cesses occurring at the cellular level. Recently, the possibility
to combine molecular imaging with bioorthogonal chemistry
has strongly improved the applicability of this technique for
in vitro and in vivo imaging under di fferent modalities.

Generally, the term “bioorthogonal chemistry ” refers to any
chemical reaction that can occur inside a living system
without interfering with native biochemical processes, and
permits the covalent attachment of a probe molecule to a bio-
molecule ofinterest. '~ In order to achieve bioorthogonal lig-
ation two successive steps are required: (1) introduction of a
bioorthogonal tag onto the biological target (pretargeting
step) and (2) reaction between the bioorthogonal tag and an
externally introduced chemical probe (targeting step).

A well-established bioorthogonal reaction is the Inverse
Electron-Demand Diels —Alder (IEDDA) cycloaddition between
1,2,4,5-tetrazines and trans-cyclooctene (TCO). This reaction

“Laboratory of Medicinal Chemistry, University of Antwerp, Belgium.
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7544 | Org. Biomol. Chem. , 2016, 14, 7544 -7551

fication, and TCO as
- tetrazine conjugate, which displays a high functional loading,

was introduced in 2008 *°

many applications. 7 In fact, its extremely fast kinetics
enables application for in vivo studies where reactions must
occur rapidly at micro- to nanomolar concentrations.

It is noteworthy that tetrazine/TCO ligation has been used
for pretargeted imaging of tumors both in living cells '°7'* and
in mice. "' In a typical bioorthogonal pretargeting approach
the target (e.g. cell surface antigen) is first bound by a TCO-
modified antibody (Ab), and then a tetrazine probe is intro-
duced in order to achieve labeling through the cycloaddition
reaction.

Different TCO -Ab conjugates have been developed in the
last few years. These conjugates can be obtained either via the
reaction between TCO -N-hydroxysuccinimide (TCO -NHS)
esters and the Ab lysine residues, '7'® or via a two-step pro-
cedure where the Ab is first decorated with azide functionali-
ties and subsequently reacted with dibenzylcyclooctyne -TCO
derivatives (DBCO -TCO). ' Moreover, the TCO moieties can be
attached to the Ab either directly or through short PEG
spacers. Even though the type of attachment does typically not
affect the Ab binding a ffinity, which is usually retained even at
high TCO loadings, it can influence the e ffective number of
reactive TCO moieties. Recently, Haun and co-workers have
shown that when hydrophobic TCOs are directly attached to
the antibody, up to 90% are not reactive due to their tendency
to be buried within the protein. In contrast, the introduction
of TCOs through hydrophilic PEG linkers results in a fully
preserved reactivity. ' Prior to this study, Robillard and

and is currently investigated for
89

This journal is © The Royal Society of Chemistry 2016

87

Chapter 3: Monoclonal antibodies



Organic & Biomolecular Chemistry

co-workers described an in vivo deactivation of TCO via isomeri-
zation to the unreactive cis-cyclooctene (CCO). Isomerization is
probably catalyzed by copper bound to serum proteins, and its
extent depends on the degree of exposure of the TCO tags on
the Ab surface. Particularly, it has been demonstrated that the
attachment of TCOs through PEG linkers results in a shorter
half-life of the tags compared to direct attachment. '8

Attaining a high Ab functional density is an important
feature for the application of bioorthogonal pretargeting in
animal models, where a high target-to-background ratio is
desirable. The latter may be significantly reduced by both
hydrophobic burying and tag exposure deactivation. Due to
the slow clearance ofintravenously injected Abs, it can take
several days to obtain an optimal biodistribution resulting in a
prolonged exposure of the TCO tags to the physiological
environment with consequent deactivation.

Replacement of TCO tags with more hydrophilic tetrazines
(inversion offunctionalities) could o  ffer a valid alternative to
conventional Ab-pretargeting strategies, and may address
hydrophobic burying. Moreover, with respect to future in vivo
applications, the use of more hydrophobic labeled TCOs for
targeted imaging might have an advantage over labeled tetra-
zines when cell membranes or the blood -brain barrier need to
be crossed.

To date, the use of tetrazines as bioorthogonal tags for
antibody-pretargeting has not been investigated. However,
several studies demonstrated the utility of tetrazines as tags
for pretargeted protein labeling, °* and construction of
labeled peptides. 24~2° Yi and co-workers reported the use of a
Ab-tetrazine conjugate for protein capture. ? Han et al.

Rz =-Me, -H,

O H
Hi i
c @ )]/ R L.
o NH,

Fig. 1  Synthesis of tetrazine derivatives and TCO
EtOH, r.t,; (i) NaNO , HCl 1 M, H ,0, 0 °C; (B) synthesis of tetrazines

reflux; (C) synthesis of TCO dyes 12 and 13, reaction conditions: (i) dye
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described Ab-quantum dot (QD) conjugates, which were
assembled by reacting Ab -tetrazine conjugates with norbor-
nene-coated QDs.?® A challenge for the use of tetrazine -Ab
conjugates for bioorthogonal-pretargeting is the development
of tetrazines displaying long term stability under physiological
conditions and, at the same time, high reactivity for the
IEDDA reaction. Monoaryl-1,2,4,5-tetrazines and 3,6-di-
(2-pyridyl)-1,2,4,5-tetrazines, commonly employed as bio-
orthogonal probes, exhibit fast kinetics but are susceptible to
degradation in biological environments. ''"*°

Here we present the synthesis and characterization of a
series of tetrazines bearing diverse substituents. We evaluated
their stability and reactivity for the IEDDA reaction with (  E)-
cyclooct-4-enol and validated the use of these compounds for
antibody labeling. Most importantly, we developed a novel Ab -
tetrazine conjugate, which displays a good long-term physio-
logical stability, high functional density, and fast kinetics with
TCO modified-fluorophores. Furthermore, we demonstrate the
effectiveness of the Ab-tetrazine conjugate using pretargeted
cancer cell studies as the validation platform.

Results and discussion
Chemical synthesis of 1,2,4,5-tetrazine derivatives

The first step towards our goal was the development of a tetra-
zine derivative exhibiting an optimized compromise in terms
of reactivity and stability. To this end, we investigated the
effect of different substituents on the tetrazine core and deve-
loped a total of 8 compounds (Fig. 1). Furthermore, all the

X=CorN

DMP

Ry =-Me, -H, DMP

1- 5, reaction conditions: (i) Zn(OTf)
6-7, reaction conditions: (i) MeOH or toluene, r.t., Ar; (i) glutaric anhydride, THF,

2 0rSg, NH ;NH »-H,0,

— NHS ester, DMF, TEA, r.t, N .
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compounds were designed to possess a functional conjugation
handle for antibody modification, such as a 5-oxopentanoic or
a propionic acid chain.

Compounds 1-5 were prepared following a modification of
a previously reported procedure, which entails the reaction
between nitrile and amidine precursors with hydrazine mono-
hydrate in the presence of a catalyst (sulfur or zinc triflate), fol-
lowed by oxidation of the dihydrotetrazine intermediates
(Fig. 1A). 3° After purification, tetrazines 1-5 were obtained in
yields ranging from 11 to 40%. The comparatively moderate
yields apparently are derived from the use of hydrazine mono-
hydrate, which is more convenient and safe to use, instead of
anhydrous hydrazine that was employed in the original pro-
cedure.°

The synthesis of compounds 6-8 was performed through a
two-step protocol, where tetrazines bearing thiomethyl- or 3,5-
dimethyl-1-pyrazol-1-yl (DMP) leaving groups were subjected to
nucleophilic substitution with 4-aminobenzylamine. The
resulting amino-derivatized tetrazine intermediates were sub-
sequently reacted with glutaric anhydride to yield the final pro-
ducts in good overall yields (from 54 to 76% over two steps)
(Fig. 1B).

Tetrazine stability and reaction kinetics with (
4-enol

E)-cyclooct-

The stability of the newly synthesized compounds was investi-
gated next. Tetrazines 1-8 were incubated in either phosphate
buffered-saline (PBS) or pure fetal bovine serum (FBS) at 37 °C,
and the decrease of the tetrazine absorbance at selected wave-
lengths was monitored. The proportion ofintact tetrazine was
determined after four days (see Table 1). The stability of tetra-
zines 9 and 10, which are commonly used for bioorthogonal
studies and thus serve as a reference control, was also evalu-
ated and compared to that of the newly synthesized com-
pounds. As could be predicted the tetrazines containing
electron donating groups (compounds 6-8) turned out to be
very stable in either PBS or FBS, with up to 100% remaining
intact after 4 days. On the other hand, for aryl substituted
tetrazines (compounds 1-5) the stability was considerably
reduced by replacing a methyl group with a hydrogen on the
tetrazine core, and by the presence of electron withdrawing
groups on the aryl substituent. The least stable compounds
turned out to be tetrazines 2 and 10 with measured half-lives
in PBS of 2 and 9 h respectively (Table 1).

The reactivity of tetrazines 1-9 towards the IEDDA reaction
with (E)-cyclooct-4-enol was also evaluated (Table 1). Since the
rate of the reaction between compounds 1-5 and the dieno-
phile was too fast for reliable determination  via UV-vis experi-
ments, the reaction rates were measured by 'H-NMR
competition experiments with 3,6-di-2-pyridyl-1,2,4,5-tetrazine
(DIPY).

In fact, the second order rate constant ( k,) of DIPY for the
reaction with ( E)-cyclooct-4-enol in MeOH is known to be 820
M~ s71.2 After mixing DIPY, the dienophile and the selected
tetrazine in MeOH the 'H NMR spectra of the mixture were
analyzed, and the conversion rates of the two tetrazines were
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Table 1
1-10

Stability data and second order rate constants for tetrazines

a NN NN N NN
N_2N N._2N N N 1| |
N T NTN
1 2 3 4 5
o O o O o o0
HN” 13 OH HNJ\M%I\OH HN/‘\{*’T:\OH 5 o o
e E? N N oo o
Z Z o O S
NH NH NH n
NN Vo Vo NN NN
N N Na N N NN NN
NIN
M : N
6 7 8 9 10
Stability PBS ~ Stability FBS  k, (M~'s™")
% intact at % intact at reaction with ( E)- Reaction
Compound  day 4° (t, h)® day 47 (t,, h)® cyclooct-4-enol  solvent®
1 48 +1 19+4(16) 210 £ 42 MeOH
2 0(2) — 902 + 164 MeOH
3 96 £+ 1 40+20(82) 136+54 MeOH
4 41 +2 23+15(26) 875+84 MeOH
5 100+ 2 84+6 95+ 15 MeOH
6 100+ 12 100+ 6 041 +0.02 PBS
7 98 +£2 95+9 93+06 PBS
8 89+5 69 + 30 031 +£0.04 PBS
9 3441 19 + 4 (23) 807 + 145 MeOH
10 0(9) — — —

2 Data normalized to 100% at t = 0 h, and reported as the mean value
of three measurements + SD. PHalflife in brackets.  “Temperature:
25 °C for reactions performed in MeOH, 37 °C for reactions performed

in PBS. “The k, of tetrazine 10 could not be determined due to its
poor solubility in MeOH.

determined. From the relative conversion rates the final rate
constants were calculated. *'

Due to their slower kinetics, the cycloaddition rates of tetra-
zines 6-8 could be directly measured by UV-Vis experiments.
The rate constants were determined in PBS at 37 °C by reacting
the different compounds with the dienophile under pseudo
first order conditions, and measuring the disappearance of the
tetrazine adsorption at selected wavelengths.

From this study we determined that the reactivity of aryl
tetrazines 1-5 is inverse to their stability, whereas, for com-
pounds 6-8 the presence of a hydrogen substituent on the
tetrazine ring strongly a ffects the reactivity, with tetrazine 7
being 20 to 30 fold more reactive than tetrazines 6 and 8.

Overall, the range of reactivities and stabilities covered by
compounds 1-8 make this library a valuable addition to the
tetrazine compounds currently available for bioorthogonal
pretargeting.

From these screenings we conditionally selected tetrazine 3
for the biological studies. This compound showed the best
profile with regard to stability and reactivity with a half-life of
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82 h in serum at 37 °C,and a ks of 136 M~ s™" in MeOH at
25 °C (Table 1). It is noteworthy that the in vitro stability of
tetrazine 3 is substantially higher compared to that of TCO
derivatives commonly used for Ab modification, for which
half-lives of circa 3 h were reported in serum. '® The low rate
constant of compound 3 in MeOH may rise in aqueous media.
In fact, it has been previously demonstrated that the rate of
the IEDDA reaction is accelerated by increasing solvent polarity
and temperature. 3> This observation has been confirmed for
tetrazine 9, which possesses a k, of 6000 M~' s™' as has been
reported under physiological conditions. '° For antibody modi-
fication tetrazine 3 was converted to the corresponding
N-hydroxysuccinimide (NHS) ester derivative, tetrazine -NHS 11.

Development and characterization of the antibody -tetrazine
conjugate

The next step in our study was the development of an Ab -tetra-
zine conjugate where tetrazine 3 is used as the bioorthogonal
tag. To this end, anti-HER2/neu antibody trastuzumab was
selected as the model antibody and tagged with tetrazine 3 via
the standard amine-coupling procedure.

The tetrazine loading was modulated using two di fferent
molar equivalents (10 and 100) of the amino reactive tetrazine,
and the number ofincorporated tags was determined by quad-
rupole-time-of-flight (Q-TOF) mass spectrometry. To this end,
trastuzumab was used as the reference and its mass spectrum
was compared to that of the trastuzumab -tetrazine 3 conju-
gates. As shown in Fig. 2A the mass spectrum of trastuzumab
reveals the presence of a 148 117 dalton (Da) Ab with charge
states from 22+ to 27+. For comparison we selected the most
intense peak (25+ charge state), and determined that treatment
of trastuzumab with 10 equivalents of the tetrazine -NHS 11
resulted in the incorporation, on average, of 2 tetrazine tags
per antibody, whereas, an average of 8 tags was incorporated
after treatment with 100 equivalents (Fig. 2B).

The number of reactive tetrazines per antibody was also
evaluated based on absorbance readings after the reaction
with an excess of a TCO —fluorescein dye ( 12). We observed that
there are 0.4 and 5 reactive tetrazines for the conjugates

Unmodified
+100q
+100 eq.

ot
) o150
e

Fig. 2 Mass spectra of the trastuzumab -tetrazine 3 conjugates. (A)
Mass spectrum of trastuzumab (148 117 Da) with charge states from 22

to 277%; (B) 25 * charge state of trastuzumab (black) compared to trastu-
zumab - tetrazine 3 conjugates after treatment with 10 (red) and 100
(blue) equivalents of tetrazine - NHS 11.

+
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bearing 2 and 8 tags, respectively. Remarkably, 62% of tetra-
zine moieties resulted to be active for the conjugate bearing 8
tags. This result indicates that the direct attachment of tetra-
zine tags on the antibody does not influence their reactivity,
with a high number of tags remaining functional towards the
cycloaddition reaction.

The reaction rate of the trastuzumab -tetrazine 3 conjugate
with TCO —fluorescein dye ( 12) was determined next. To this
end, the immunoconjugate was reacted with di fferent excesses
of 12 in PBS at 37 °C. At selected time points aliquots were
taken, and the reaction was quenched by addition of ( E)-
cyclooct-4-enol to the mixtures. After removal of the unreacted
dienophiles the fluorescence signal was monitored over time
and the pseudo-first-order rate constants ( k.ps) were obtained
(Fig. S61). From the di fferent kops a k, of 3083 + 352 M~' 57!
was determined. As anticipated, the resulting rate constant
was higher than that measured for tetrazine 3 in MeOH ( k; =
136 M~ "s7).

Binding a ffinity of the trastuzumab -tetrazine 3 conjugate for
HER2/neu receptors

We set out to determine whether the binding a ffinity of the
immunoconjugate for the receptors is retained, and performed

a saturation binding assay where triple negative human breast
adenocarcinoma (MDA-MB-231, Her-2/neu negative) and
human ovarian adenocarcinoma (SKOV-3, Her-2/neu positive)
cells were used as the negative and the positive control respect-
ively. Before proceeding with the assay, the cell lines were sub-
jected to short tandem repeats (STR) and fluorescence in situ
hybridization (FISH) analysis. The STR loci were concordant
with the information given by the manufacturer (ATCC
Rockville, Maryland) and in all the tumor cell lines the hybridi-
zation signal was uniform, whereas, FISH analysis demon-
strated a high ratio of HER-2/neu over chromosome 17 in
SKOV-3 (3.16), but no detectable expression in MDA-MB-231
cells.

In imaging studies, a high Ab functional loading is desir-
able, therefore we selected the trastuzumab -tetrazine 3 conju-
gate with the highest tetrazine loading (8 tags per Ab) for the
binding assay. In order to introduce a fluorescent label and
enable the tracking of the antibody on the cells, the immuno-
conjugate was reacted with TCO —fluorescein dye 12.

After incubation of the cells with this “pre-clicked " trastuzu-
mab-tetrazine- 3-TCO —fluorescein conjugate we determined a
dissociation constant ( Kp) of 3.9 nM which correlates with that
of native trastuzumab ( Kp = 5 nM as reported by the manufac-
turer), and that there is no unspecific binding to the cells
(Fig. 3).

This result demonstrates that the binding a ffinity of the
immunoconjugate is retained even with the higher tetrazine
loading, and that this conjugate is suitable for cell imaging
experiments.

Cell imaging experiments

To obtain a proof-of-concept for our approach we performed
pretargeted cell imaging experiments using the newly develo-
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30000 ® total binding SKOV-3 labeled cells were treated with two di fferent concentrations of
5 2 :::‘;:2:';:::“1'2(;” TCO dye 12 (0.5 and 10 pM), washed again, and then imaged
‘g_ — specific binding MDA-MB 231 in the green fluorescent probe (GFP) channel. As shown in
] Fig. 5A, considerable membrane labeling was observed for
8 cells treated with trastuzumab -tetrazine 3 even at low dye
§ 10800 concentrations.
w To track the antibody on the cells and at the same time
04 s - . - ; verify the specificity of the bioorthogonal reaction, a dual
0 20 40 60 80 100

labeled Ab-conjugate was also utilized.

The latter was prepared by treating trastuzumab with both
Fig. 3 Saturation plot. Binding of the trastuzumab - tetrazine- 3-TCO - tetrazine—-NHS 11 and fluorescein —NHS ester. In this case, the
E}J(Z!r'escein co;jugﬁated to srovfb'andd_ MDA-MB-231 cells. S‘:ﬁed " d_ﬁc Ab labeled cells were treated with Cy3 dye 13, and imaged
o;:ta::gd wfy fncun;tiois oc;ta them i::iu?;:zijur;z?:peﬁth f :,:Amg using both GFP and red fluorescent probe (RFP) channels. The
trastuzumab. labeling of the cells was observed on both channels with good
colocalization of the signal (Fig. 5Aiv -vi).

Negative controls were obtained by incubation of SKOV-3
ped trastuzumab -tetrazine 3 conjugate in combination with  Cells with dyes 12 and 13, showing no unspecific labeling

[trastuzumabtetrazine 3] (nM)

the TCO fluorescent probes (Fig. 4 and 5). (Fig. S7iii and iv 1). The cells were also labeled with control
To this end, SKOV-3 cells were incubated with 50 nM of the antibodies trastuzumab -fluorescein and the “pre-clicked” tras-
immunoconjugate bearing 8 tetrazine tags. After washing, Ab tuzumab -tetrazine- 3-TCO -fluorescein (Fig. S7i and i 1).

From the perspective of applying our Ab -tetrazine conju-
gate for in vivo studies, we decided to assess its stability
towards prolonged exposure to biological media. Particularly,
we evaluated the stability of the trastuzumab -tetrazine 3 conju-
gate under cell labeling conditions by extending the Ab incu-
bation time from 45 minutes to 48 hours. Membranous
staining of the cells could still be observed after treatment
with dye 12, indicating that the tetrazine moieties are still reac-
tive (Fig. 5B).

Fig. 4 Pretargeting scheme. Cells are pretargeted with trastuzumab - These experiments clearly demonstrate the e ffectiveness
tetrazine 3 conjugates, and labeled with TCO  fluorescent dyes via the ©Of our Ab-tetrazine conjugates as pretargeting agents for
IEDDA cycloaddition. bioorthogonal imaging in an in vitro set-up.

Fig. 5 Fluorescence microscopy images. (A) Images of SKOV-3 cells treated with trastuzumab - tetrazine 3 conjugates for 45 min. (i - iii) Cells were
treated with trastuzumab - tetrazine 3 0.05 pM: (i) after treatment with dye 12 0.5 uM, (GFP channel), (i) after treatment with dye 12 10 uM (GFP
channel), (iii) example of overlay of the GFP channel and di fferential interference contrast (DIC). (iv - vi) Cells were treated with trastuzumab - tetra-
zine- 3-fluorescein 0.5 uM: (iv) image in the GFP channel, (v) after treatment with dye 13 10 uM (RFP channel), (vi) merged image of (iv) and (v). (B)
Images of SKOV-3 cells treated with the trastuzumab —tetrazine 3 conjugate 0.05 uM for 48 h: (vii) after treatment with dye 12 10 uM (GFP channel),
(viii) overlay of GFP and DIC. Positive and negative controls are given in the ESI (Fig. S7 1). Scale bar: 50 pm.
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Conclusions

Due to their high target specificity, yet long circulation times
within the body, Abs represent an excellent platform for
bioorthogonal pretargeting both in cell and animal models. In

fact, bioorthogonal pretargeting can significantly improve the
target-to-background ratio resulting in a better target visualiza-
tion and quantification compared to conventional immuno-

targeting techniques.

Since the introduction of the tetrazine/TCO ligation, many
studies have reported the use of TCO modified Abs for pre-
targeted tumor imaging. However, the inverse approach has
not been investigated yet, although inverting TCO with the
tetrazine may address some issues related to the use of
Ab-TCO conjugates. Particularly, the higher hydrophilicity of
tetrazine compounds may prevent hydrophobic burying of
the tags within the protein resulting in a higher e ffective
functional loading.

In this study we developed a novel Ab -tetrazine conjugate
and obtain a proof-of-concept for its applicability using real-
time fluorescence cell imaging as a validation method. We syn-
thesized a small library of novel 1,2,4,5-tetrazines all suitable
for protein modification, and selected compound 3 for anti-
body labeling. This tetrazine displays a remarkable stability
towards physiological media and still retains good cyclo-
addition reactivity with TCO. Next, we developed a novel anti-
body-tetrazine conjugate using tetrazine 3 as the
bioorthogonal tag. The novel immunoconjugate was evaluated
for pretargeted live cell imaging using two di fferent TCO fluo-
rescent probes as imaging agents. This study demonstrates the
viability of our approach, showing that the reaction between
the Ab-tetrazine construct and TCO probes is fast even at
micromolar concentrations and that the tetrazine tags are
unaffected by prolonged exposure to physiological conditions.
The high reactivity combined with the good functional density
and stability of the Ab -tetrazine conjugate suggests that this
strategy may be useful for in vivo positron emission tomo-
graphy (PET) imaging. This will allow the in vivo translation of
this approach.

Experimental
General procedures for the synthesis of 1,2,4,5-tetrazines

Method A (compounds 1 -5). Compounds 1-5 were syn-
thesized by suspending 5-((4-cyanophenyl)amino)-5-oxopente-
noic acid (14), 5-((6-cyano)-3-pyridinyl)-5-oxopentenoic acid
(15) or 3-(4-cyanophenyl)-propanoic acid (1 eq.) in EtOH
(2 mL). Acetamidine hydrochloride or formamidine acetate
(4 to 10 eq.) was added followed by sulfur (1 eq.) or zinc triflate
(Zn(OTf) ,, 0.5 eq.) and hydrazine hydrate (1.8 mL). The
mixture was stirred at room temperature under argon for 16 to
48 h. Then it was diluted with water and cooled to 0 °C. NaNO
(10 eq.) was added, followed by dropwise addition of 1 M
HCl. The acid was added until reaching pH 3. At this point gas
evolution started and the solution turned pink or fuchsia.
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(Caution ! This step generates a large amount of toxic nitrogen
oxide gas.) The mixture was stirred at 0 °C until gas evolution
ceased, then EtOAc was added and the organic phase was separ-
ated. The aqueous phase was extracted three times with EtOAc.
The combined organic phases were washed once with brine,
and dried over MgSO 4. After removal of the solvent the crude
residue was adsorbed onto Celite and subjected to reverse phase
column chromatography (H ,0:MeOH gradient 95: 5 to 20: 80).

Method B (compounds 6 -8). Compounds 6-8 were syn-
thesized by dissolving 3,6-bis-(DMP)-1,2,4,5-tetrazine (1 eq.),
3-methyl-6-thiomethyl-1,2,4,5-tetrazine (1 eq) * or 6-thio-
methyl-1,2,4,5-tetrazine (1 eq) >3 in toluene (dry, 1 mL) or
methanol (dry, 2 mL). 4-Aminobenzylamine (1 eq.) was added
to the solution and the mixture was stirred at room tempera-
ture for 2 to 4 h under argon. After evaporation of the solvent
the crude residue was adsorbed onto silica and subjected to
column chromatography. The obtained amino derivatized
tetrazines were subsequently refluxed with glutaric anhydride
(5 eq.) in THF (dry, 2 mL) for 16 h. The final products were
purified by reverse phase column chromatography (H
O : MeOH, gradient 95:5 to 0:100).

General procedure for the synthesis of TCO dyes 12 and 13

(E)-Cyclooct-4-en-1-yl-(2-aminoethyl) carbamate ( 16) (1 eq.) was
dissolved in anhydrous DMF (1 mL). Triethylamine (2 eq.) was
added, followed by dye-NHS derivatives (1.5 eq.). The mixture
was stirred overnight at room temperature under N . After
evaporation of the solvent, the crude residue was purified by
HPLC on a C-18 column (H ,0:ACN isocratic 70:30 + 0.1% FA)
and freeze-dried. The 'H-NMR spectrum of compound 13
(Fig. S3 1) revealed the presence of a 1:1 mixture of trans and
cis isomers. Due to the very low reactivity of the cis isomer
towards the IEDDA reaction the mixture was used as such for
the cell imaging experiments. For simplicity, we refer only to
the trans isomer in Fig. 1.

Antibody labeling

Trastuzumab (Herceptin®, Roche) stock in PBS pH 7.4, 144 uM

(21 mg mL ") was diluted to a final concentration of 6.9 uM by
addition of a PBS solution bu ffered at pH 9.1. The NHS ester
derivative of tetrazine 3 (tetrazine-NHS 11) was dissolved in
DMSO to make a 60 mM stock solution. For conjugation, the
appropriate excess of tetrazine was aliquoted into the antibody
solution, vortexed and reacted for 3 hours at 37 °C. The excess
of tetrazine used in this experiment were 10 and 100 equivalents
with respect to the antibody. The resulting Ab conjugates were
purified via size exclusion chromatography (PD-10 column 5 K
MWCO, GE Healthcare), concentrated to 1 mg mL ~1 and stored
in PBS at 4 °C. A dual labeled trastuzumab conjugate was
obtained following a similar procedure where trastuzumab was
simultaneously incubated with 100 equivalents of tetrazine -
NHS 11, and 15 equivalents offluorescein  —NHS ester.

Native mass spectrometry

The mass spectrometry experiments were performed on a
Q-TOF-2TM instrument (Micromass, Waters). The samples
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were buffer exchanged twice into 150 mM aqueous ammonium
acetate at pH 7.0 using Micro Bio-Spin P-6 columns (Bio-Rad)
at a concentration of 10 pM. Gold-coated nanoESI needles
were prepared in-house in order to transfer 5 pL aliquots of
the sample into the mass spectrometer. The instrument was
tuned using the following parameters: capillary voltage 1.6 kV;
nanoflow backing pressure 0.3 bar; sample cone 200 V; extrac-
tor 10 V; collision energy 100 V; backing pressure 4.0 mbar.
The data were acquired and processed with Masslynx v4.1 soft-
ware (Waters).

Measurement of tetrazine reactive tags on antibody

Trastuzumab -tetrazine 3 conjugates (18 uM) were treated with
20 fold excess of TCO —fluorescein dye 12 with respect to the
Ab. The reaction was performed in PBS containing 1% of
DMSO. After incubation for 1 h at 37 °C, the antibody conju-
gates were purified via size exclusion chromatography (PD-10
column 5 K MWCO, GE Healthcare), and subjected to UV-vis
analysis using the following molar extinction coe fficients:
€80 = 225000 cm™' M~ for trastuzumab, ** and €sqo = 70 000
cm™' M™', CF = 0.3 (Thermo Scientific) for dye  12. Unmodified
trastuzumab was subjected to the same treatment and used as
the reference for these experiments. Each experiment was
repeated in triplicate. The fluorescence spectra of the Ab conju-
gates were also recorded after treatment with dye 12 (Fig. S51).

Cell culture

Her-2/neu negative MDA-MB-231 and Her-2/neu overexpressing
SKOV-3 cell lines were purchased from ATCC (Rockville, Mary-
land). Cells were routinely cultured in Dulbecco 's Modified
Eagle Medium (DMEM) and DMEM/F12 medium respectively,
supplemented with 10% (or 5% for SKOV-3 cells) heat inacti-
vated FBS, 2 mM glutamine, 1% sodium pyruvate and 1%
penicillin/streptomycin (Gibco, Life technologies). Cultures
were maintained in exponential growth at 37 °C under a
humidified atmosphere containing 5% CO ;. The HER-2 status
was evaluated by FISH analysis. The identity of cell lines was
confirmed with STR profiling. An 80 -90% confluent culture
was detached with trypsin-EDTA or accutase (for SKOV-3) and
washed three times with 1x PBS to remove any cell debris.
Cells were counted with the Muse System (Merck Millipore,
Count and Viability Assay kit) and resuspended in their
respective medium at a concentration of 1 x 10 © viable cells
per 0.5 ml.

Cell saturation binding assay

The trastuzumab -tetrazine 3 conjugate with the highest tetra-
zine loading (8 tags per antibody) was reacted with dye 12 (7.4
eq. with respect to the antibody). After purification (PD-10
column 5 K MWCO, GE Healthcare), the resulting fluorescent
conjugate, bearing 4 fluorophore moieties, was utilized for the
saturation binding assay.

Briefly, increasing concentrations of the antibody conjugate
(T nM-80 nM, quadruplicate) were incubated with 1 x 10
SKOV-3 or MDA-MB-231 cells in a total volume of 1T mL cell
medium for 2 h at 4 °C. To assess non-specific binding,
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unmodified trastuzumab (1 pM) was added (duplicates). Follow-
ing incubation, the cells were pelleted via centrifugation (2000
rpm for 5 min at 4 °C) and, after removal of the supernatant,
washed with cold 1x PBS + 0.2% tween 20 solution (repeated
twice). After the last washing step the cells were resuspended
in 500 pL 1x PBS and 200 pL aliquots from each tube were
transferred to a 96-well plate (Nunclon Delta Surface, Thermo
scientific) and the fluorescence intensity of the samples was
measured (Aex = 500 nm, A, = 550 nm). The fluorescence
intensity with the Ab concentration was fitted to a first-order
exponential using GraphPad Prism 6, and the Kp was deter-
mined to be 3.9 nM.

Cell microscopy

Trastuzumab —tetrazine 3 (0.05 pM) and trastuzumab -tetrazine-
3-fluorescein (0.5 puM) were incubated with 150000 cells
plated in 6-well plates, for 45 min in DMEM/F12 without
phenol red, containing 5% FBS, 2 mM glutamine, 1% sodium
pyruvate and 1% penicillin/streptomycin. The cells were then
washed 3 times with cell medium before incubating with 0.5
and 10 uM of dyes 12 and 13 for 30 min in growth media. After
washing 3 times with sterile 1x PBS, images were taken using
an EVOS fluorescence digital inverted microscope in the GFP
and RFP channels. Identical image acquisition settings were
used for the experimental data. Images were analyzed using
Image) applying identical leveling adjustments to all the
experimental data across individual channels.
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3.4 Structural Analysis of Monoclonal Antibodies by Top-Down Mass Spectrometry:
An Inter-Laboratory Study
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3.4.1 Introduction

The Consortium for Top-Down Proteomics (CTDP) is a non-profit organisation with members
from academia and industry. For this study, a group of 25 labs (including myself representing
the BAMS lab) worked together to characterise standard antibody drugs using Top-down MS
methods. The goal of this study was to determine whether the current top-down MS
technologies and protocols can add value to the current bottom-up MS approaches, such as
ruling out artifacts, revealing new PTMS and their locations.

The CTDP would collect all the date from the different platforms and develop and validate the
tools and protocols for top-down MS and data analysis, focusing on an efficient procedure for
mAb characterisation. This way, the CTDP can build a database of mAb top-down data for
further analysis and method development. This study will be an important contribution for the
pharmaceutical and biotechnology industry to understand the potential value of top-down MS
methods.

While most of the 25 labs measured the antibodies in denatured form, | used a native MS
approach to analyse the samples (see also chapter 3.4.2). As the denatured form of a protein
has more exposed regions compared to the native structure, the top-down MS data would be
different. Rather than focusing on sequence coverage, which is assumed best when denatured
and highly charged protein is used, | wanted to benchmark native approaches that preserve the
higher-order structure. This approach would provide additional structural information.

The antibody samples, provided by the CTDP, were three standard IgG1ls; Herceptin
(trastuzumab), the NIST IgG1 standard, and the Sigma SilLu lite standard, MSQ4 (Table 1).
Trastuzumab is an antibody against the HER2 receptor, which is involved in breast cancer 2
The NIST IgG is an antibody against the Respiratory Syncytial Virus (RSV). The Silu Lite antibody
stands for Stable-isotope labeled universal antibody, and is produced by Sigma to use as an
internal standard for quantitation of biotherapeutics.

The amino acid sequences of the antibodies are displayed in Table 2 with the complementarity-
determining regions (CDR) marked in red.

The antibodies were measured in intact state, but I1gG subunits were also studied by reducing
the disulfide bonds to separate the light and heavy chains. Furthermore, I1gG subunits were
analysed after enzymatically cleaving the hinge region with GingiskKHAN or IdeS. Figure 1 shows
an overview of the analysed IgG structure and generated IgG subunits.

Table 1: Overview of analysed standard antibodies.

Name Company | I1gG subtype
MSQ4 (SiLu Lite) Sigma IgG1A
NIST IgG1 NIST HzlgG1K
Trastuzumab (Herceptin) Roche HzlgG1k
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Table 2: The amino acid sequences of the heavy and light chains of the antibodies MSQ4, NIST
and Trastuzumab. The CDR regions are marked in red.

SiLu (MSQ4) heavy chain:

EVQLVESGGGLVQPGGSLRLSCVASGFTLNNYDMHWVRQGIGKGLEWVSKIGTAGDRYYAGSVKGRFTISRENAKDSLYLQMNSLRVGD
AAVYYCARGAGRWAPLGAFDIWGQGTMVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQ
SSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHE
DPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTK
NQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

SILu (MSQ4) light chain

QSALTQPRSVSGSPGQSVTISCTGTSSDIGGYNFVSWYQQHPGKAPKLMIYDATKRPSGVPDRFSGSKSGNTASLTISGLQAEDEADYYCCS
YAGDYTPGVVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAASSYL
SLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

NIST heavy chain:

QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDP
ADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS
GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDP
EVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHOQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKN
QVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

NIST light chain:

DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSG
YPFTFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADY
EKHKVYACEVTHQGLSSPVTKSFNRGEC

Trastuzumab (HRC) heavy chain:

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAED
TAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQS
SGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHED
PEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHOQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKN
QVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG

Trastuzumab (HRC) light chain:

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHY
TTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKAD
YEKHKVYACEVTHQGLSSPVTKSFNRGEC
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Figure 1: 1gG structure and enzymatically-assisted structure-specific generation of IgG subunits (25, 50
and 100 kDa). Figure provided by CTDP.
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3.4.2 Experimental details

Table 3 shows an overview of the types of analysis performed on the three standard antibodies.

The same work packages (WP) were distributed to all 25 labs.

98

Table 3: Types of analysis performed

Work Program Information Comments Performed (x)
Intact mAb
WP1 (150 kba) Intact MW intact X
mass
measurements
WP2 Light an<':| Chains MW Reduced Mab X
heavy chains
25 kDa subunit IdeS digestion
WP3 mass Subunits MW + X
measurements reduced
50 kDa subunit
WP4 mass Subunits MW KGP digestion X
measurements
100 kDa
WP5 | subunit mass Subunits MW IdeS digestion X
measurements
Top-down MS . IdeS digestion
WP6 | of 25 kDa mAb SUbum_t +
subunits sequencing reduced
Top-down MS .
WP7 | of 50 kDa mAb Subunl‘t KGP digestion X
. sequencing
subunits
Top-down MS
WP8 of 150 kDa mAb sequencing Intact X
intact mAb
WP9 Analy_sis of
mAb mixtures
WP10 lon Mob.ility y
Separation

Chapter 3: Monoclonal antibodies




3.4.2.1 Sample preparation

The samples were buffer exchanged once with 150 mM ammonium acetate using Bio-spin size
exclusion columns (Bio-rad). To obtain final concentrations of 1 mg/mL 150 mM ammonium
acetate was used for dilution. For antibody reduction, the sample was incubated with 15 mM
DTT at 60 °C for 1 hour.

3.4.2.2 Separation
The native IM-MS experiments were performed using direct infusion. Gold-coated nESI needles
were made in-house.

3.4.2.3 Intact mass measurements

The experiments were performed on a Synapt G2 HDMS (Waters) in TOF mode. The following
instrument parameters were used: capillary 1.5kV, sampling cone 70V, extraction cone 1.0V,
nano flow gas pressure 0.1 bar, trap collision energy 150.0V, trap DC bias 45.0 V and backing
pressure 5.0 bar.

3.4.2.4 Tandem mass spectrometry

The methods of fragmentation used were ETD and CID. The top-down fragmentation was
applied on non-denatured samples. For the ETD measurements the instrument parameters
were: capillary voltage 1.6kV, discharge current 15.0 mA, source temperature 30°C, sampling
cone 170.0V, extraction cone 5.0 V, makeup gas flow 50 mL/min, desolvation temperature
150°C and backing pressure 5.0 mbar. For the CID measurements the instrument parameters
were: capillary 1.5kV, sampling cone 70V, extraction cone 1.0V, nano flow gas pressure 0.1 bar,
trap collision energy 170.0V, trap DC bias 45.0 V and backing pressure 5.0 mbar.

3.4.2.5 Data processing and bioinformatics

The data were acquired with Masslynx v4.1 (Waters). The spectra for native MS were smoothed
4 times over a smooth window of 10 channels. The sample mass was calculated using MaxEnt 1.
The ETD spectra were a combination of 800 scans and were smoothed 5 times over a smooth
window of 2 channels. The peak picking was performed manually in Masslynx, by selecting the
peaks with high S/N. The CID spectra were a combination of 100 scans and were smoothed 5
times over a smooth window of 2 channels. The ion mobility drift times are displayed using
Driftscope v2.3.

3.4.2.6 Complementary approaches

Native ion mobility mass spectrometry was performed on a Synapt G2 HDMS. The drift times
were converted to collision cross sections using the drift times of standard protein calibrants as
described previously 21 The instrument parameters were the following; capillary 1.5kV,
sampling cone 70V, extraction cone 1.0V, nano flow gas pressure 0.1 bar, trap collision energy
10.0V, trap DC bias 45.0 V and backing pressure 5.0 mbar.
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3.4.3 Intact Mass Measurement (WP1)

Figures 2 — 4 display the mass spectra of the intact antibodies MSQ4, NIST and Trastuzumab,
respectively. The spectra of the IgG1ls were similar in charge state distribution and mass, as
expected.
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Figure 2: Mass spectrum of intact MSQ4.

1o - 23"
(: Q74
S\ ZA-)
0.8 4 DAL
+ 77;| 0'/
25 22 db
0.6 - "
N
0.4
1 26"
N
02 21
! J\ 20°
0.0 T T Y T T T T T T T T 1
5000 5500 6000 6500 7000 7500 8000
m/z
NIST Intact
IgG Experimental mass (Da) | Theoretical mass (Da)
Intact 148 275 145 434

Figure 3: Mass spectrum of intact NIST IgG1.
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Figure 4: Mass spectrum of intact Trastuzumab.

3.4.4 Separated light and heavy chains mass measurements (WP2)

The reduction of the disulfide bonds of the IgG generates light and heavy chains(Fig. 5).
Figures 6-8 show the spectra of the reduced IgGs.
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Figure 5: Schematic representation of the IgG subunits generated after reduction of the disulfide
bridges.
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Figure 6: Mass spectrum of reduced MSQ4
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Figure 7: Mass spectrum of reduced NIST
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Figure 8: Mass spectrum of reduced Trastuzumab

3.4.5 25 kDa subunits mass measurements (WP3)

GinigsKhan cleaves just above the hinge region and generates two Fab subunits and one Fc
subunit. When this digested sample is reduced six subunits are generated of ca. 25 kDa; two
light chains (LC), two portions of the heavy chain which is included in the Fab fragment (Fd’)
and two halves of the Fc subunit (Fc/2) (Fig. 9).
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Figure 9: Schematic representation of the IgG subunits generated digestion with GingisKkHAN and

reduction.
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Figures 10-12 show the mass spectra of the Gingi

sﬁHAN digested and reduced antibodies.
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Figure 10: Mass spectrum of MSQ4 cleaved with GingisKHAN and reduced.
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Figure 11: Mass spectrum of NIST cleaved with GingisKkHAN and reduced.
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Figure 12: Mass spectrum of Trastuzumab cleaved with GingisKkHAN and reduced.

The IdeS enzyme cleaves the antibody below the hinge region, generating a (Fab), and a Fc
subunit. After reducing the digested sample six subunits are generated; two light chains (LC),
two heavy chain fragments (Fd’) and two halves of the Fc subunit (Fc/2) (Fig. 13).
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Figure 13: Schematic representation of the IgG subunits generated digestion with IdeS and reduction.
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Figures 14-16 show the mass spectra of the IdeS digested and reduced antibodies.
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Figure 14: Mass spectrum of MSQ4 cleaved with IdeS and reduced.
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Figure 15: Mass spectrum of NIST cleaved with IdeS and reduced.
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Figure 16: Mass spectrum of NIST cleaved with IdeS and reduced.

3.4.6 50 kDa subunits mass measurements (WP4)
50 kDa IgG subunits can be generated via a GingisKHAN digest, which cleaves the antibody
above the hinge region (Fig. 17). Figures 18-20 show the mass spectra of the GingisKHAN

digested antibodies.
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Figure 17: Schematic representation of the IgG subunits generated digestion with GingsKhan.
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Figure 18: Mass spectrum of MSQ4 cleaved with GingisKHAN.
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Figure 19: Mass spectrum of NIST cleaved with GingisKkHAN.
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Figure 20: Mass spectrum of Trastuzumab cleaved with GingisKHAN.

3.4.7 100 kDa subunits mass measurements(WP5)

100 kDa IgG subunits can be generated via an IdeS digest, which cleaves the antibody above the

hinge region (Fig. 21).
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Figure 21: Schematic representation of the IgG subunits generated digestion with IdeS.
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Figure 23: Mass spectrum of NIST cleaved with IdeS.
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Figure 24: Mass spectrum of Trastuzumab cleaved with IdeS.

3.4.8 lon mobility separation (WP10)

With native ion mobility-mass spectrometry the collision cross-sections of the IgGs and IgG
subunits were determined. Since the three studied IgGs are all of the same subtype IgG1 similar
IM-MS results are expected. Figure 25 shows the ion mobility spectra of the intact antibodies
and Table 4 shows the ion mobility drift times and CCS values for each observed charge state.
Figure 26 displays the ion mobility spectra of the IdeS digested antibodies with the drift times
and CCS values of the observed charge states shown in Table 5. The ion mobility spectra of the
GingisKHAN digested antibodies are displayed in Figure 27 with the ion mobility drift times and

CCS values shown in Table 6.
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Figure 25: lon mobility spectra of intact MSQ4, NIST and Trastuzumab.
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Table 4: IM drift times and CCS values of intact MSQ4, NIST and Trastuzumab.

MSQ4 INTACT

Charge State Drift time (ms) ccs (A?)
21" 13.30+£0.55 7385 £ 160
22" 12.21£0.54 7394 +172
23" 11.30+£0.72 7420 + 247
24" 10.75 £ 0.55 7541 + 202
25" 10.21+0.36 7644 + 142
26" 9.84 £0.16 7796 £ 67

NIST INTACT

Charge State Drift time (ms) ccs (A?)
227 12.39 +0.55 7452 + 174
23" 11.85+0.17 7609 = 58
24" 11.12 £ 0.45 7677 + 164
25" 10.75+£0.25 7856 £ 96
26" 10.94 £ 0.26 8247 +104
27" 10.57+£0.43 8410 + 180

Trastuzumab INTACT

Charge State Drift time (ms) ccs (A?)
22" 12.39+0.41 7452 + 130
23" 11.66 + 0.54 7544 + 183
24" 10.94 £ 0.54 7611 + 197
25" 10.21+£0.49 7643 + 193
26" 9.66 £ 0.54 7720+ 226
27" 9.29+0.31 7853 + 138
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Figure 26: lon mobility spectra of IdeS digested MSQ4, NIST and Trastuzumab.
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Table 5: IM drift times and CCS values of IdeS digested MSQ4, NIST and Trastuzumab.

MSQ4 (Fab),

Charge State Drift time (ms) ccs (A?)
18+ 10.94 £ 0.36 5710+ 99
19+ 9.84 £ 0.46 5699 + 140
20+ 9.29 £ 0.55 5819 + 181
21+ 8.93+0.47 5984 + 165

NIST (Fab),

Charge State Drift time (ms) ccs (A?)
18+ 10.21 £ 0.59 5505 + 138
19+ 9.11 £0.61 5470+ 192
20+ 8.75+0.55 5636 + 186
21+ 8.57 £0.50 5854 + 180

Trastuzumab (Fab),

Charge State Drift time (ms) ccs (A?)
19+ 9.84+0.54 5398 + 164
20+ 8.93+0.57 5412 + 190
21+ 8.38£0.62 5508 + 224
22+ 7.84 +£0.90 5583 + 348

MSQ4 Fc

Charge State Drift time (ms) ccs (A?)
12+ 9.29 £ 0.37 3493+ 73
13+ 8.20+0.36 3542 + 83
14+ 7.47 £0.37 3631195

NIST Fc

Charge State Drift time (ms) ccs (A?)
12+ 9.48 +0.27 3531 +53
13+ 8.38+0.22 3583 +48
14+ 7.65+0.35 3677 + 88

Trastuzumab Fc

Charge State Drift time (ms) ccs (A?)
12+ 9.29 £ 0.37 3493 +74
13+ 8.02+0.36 3501 + 83
14+ 7.47 £0.37 3631+ 95
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Figure 27: lon mobility spectra of GingsKhan digested MSQ4, NIST and Trastuzumab.
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Table 6: IM drift times and CCS values of GingisKHAN digested MSQ4, NIST and Trastuzumab

MSQ4 Fab
Charge State Drift time (ms) ccs (A?)
12+ 9.11+£0.54 3458 + 123
13+ 8.02 £0.36 3501+61
14+ 7.47 £0.37 3632+ 95
NIST Fab
Charge State Drift time (ms) ccs (A?)
12+ 9.66 £0.18 3567 35
13+ 8.20+0.36 3543 + 82
14+ 7.65+0.19 3678 £ 48
Trastuzumab Fab
Charge State Drift time (ms) ccs (A?)
12+ 9.48 £ 0.36 3531+53
13+ 8.20+0.37 3543+ 84
14+ 7.47 £0.23 363260
MSQ4 Fc
Charge State Drift time (ms) ccs (A?)
12+ 10.02 £ 0.55 3636 £ 105
13+ 8.57+0.36 3626 + 80
NIST Fc
Charge State Drift time (ms) ccs (A?)
12+ 10.21+£0.36 367251
13+ 8.931+0.28 3706 61
Trastuzumab Fc
Charge State Drift time (ms) ccs (A?)
12+ 10.21 £0.36 3672 + 68
13+ 8.7510.36 3666 = 80
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3.4.9 Top-down analysis of 50kDa mAb subunits (WP7)

Using native top-down ETD, the aim is to identify the solvent-exposed regions of the antibody.
To increase the solvent-accessibility the antibody can be cleaved into subunits, with IdeS or
GingisKHAN. In this part of the chapter, the results of the NIST are discussed. The data for
MSQ4 and Trastuzumab were analysed in a similar way and the data is summarized in the end
of the chapter. In Figure 28 the sequence of NIST is displayed and in the sequence coverage of
IdeS digested NIST is highlighted In green. The detected ETD fragment ions are displayed in
Tables 7-8. The acquisition time of this experiment was 800 scans. The LC coverage was 13/213
(6.10 %) and the HC coverage was 35/450 (7.78 %).

NIST heavy chain:

LTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLG
IdeS cleaves
EESVEIEEBRBRBIINIE R TPV TCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPI
EKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVM
HEALHNHYTQKSLSLSPGK
NIST light chain:

SVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTF
GGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEV
THQGLSSPVTKSFNRGEC

Figure 28: Sequence of NIST IgG1 with the native ETD sequence coverage of IdeS digested NIST
marked in green.

Table 7: List of detected ETD fragment ions of the (Fab), subunit of IdeS digested NIST (MS/MS of 4903

m/z).
NIST HEAVY CHAIN (1-225) NIST LIGHT CHAIN
m/z z Fragment ion m/z z Fragment ion

575.52 2 C11(-8.5) 527.39 1 C4 (+22)
598.52 1 C5(-17) 628.42 1 C5 (+22)
727.57 1 6 (-17) 756.51 1 C6 (+22)
814.63 1 C7 (-17) 1027.70 1 C9 (+22)
853.68 2 C16 (-8.5) 1128.70 1 C10 (+22)
1039.80 1 C10(-17) 1399.94 1 C13 (+22)
1251.94 1 C12 (-17)

Table 8: List of detected ETD fragment ions of the Fc subunit of IdeS digested NIST

(MS/MS of 3920 m/z).
NIST HEAVY CHAIN (226-450)

m/z z Fragment ion
380.30 1 ca (+22)
527.39 1 C5 (+22)
640.49 1 €6 (+22)
1065.28 2 C19
1184.90 2 Cl11
1206.90 1 C11 (+22)
1313.04 1 C12
1335.01 1 C12 (+22)
1428.07 1 C13
1529.10 1 Ci14
1551.10 1 C14 (+22)
1886.38 1 C17
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3.4.10 Top-down analysis after GingisKHAN digest of IgG

Native top-down ETD was performed on the GingisKHAN digest of the NIST IgG1. The sequence
coverage is highlighted on the antibody sequence in Figure 29 with the observed ETD fragment
ions listed in Tables 9-10. The data was acquired for 1491 scans. The light chain sequence
coverage was 13/213 (6.10 %) and the heavy chain sequence coverage was 58/450 (12.89 %).

NIST heavy chain:

SGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDK

GingisKHAN cleaves
THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKE
YKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSR

WQQGNVFSCSVMHEALH
NIST light chain:

SVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLOPDDFATYYCFQGSGYPFTF
GGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEV
THQGLSSPVTKSFNRGEC

Figure 29: Sequence of NIST IgG1 with the native ETD sequence coverage of GingisKHAN digested
NIST marked in green(c-ions) and purple (z-ions).

Table 9: List of detected ETD fragment ions of the Fab subunit of GingiskHAN digested NIST
(MS/MS of 3663 m/z).

NIST HEAVY CHAIN (1-225) NIST LIGHT CHAIN
m/z z Fragment ion m/z z Fragment ion
598.49 1 C5 (-17) 527.39 1 C4 (+22)
727.57 1 C6 (-17) 628.40 1 C5 (+22)
968.73 1 C9 (-17) 756.52 1 C6 (+22)
igii;; i 2‘2’ H;; 1027.70 1 9 (+22)
1399.94 1 C13 (+22)
1476.99 1 C14 (-17)
1578.20 1 C15 (-17)
1706.18 1 C16 (-17)
1807.48 1 C17 (-17)
2020.90 1 €19 (-17)
2235.29 1 €20 (-17)
575.51 2 C11(-17)
626.53 2 C12 (-17)
738.99 2 C14 (-17)
853.67 2 C16 (-17)
905.69 2 C17 (-17)
1067.39 2 €20 (-17)
1169.98 2 C22 (-17)
1220.86 2 €23 (-17)
1293.52 2 C24 (-17)
789.64 1 z7
888.18 1 z8
522.79 2 Z9
757.50 2 713
808.62 2 Z14
865.95 2 Z15
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Table 10: List of detected ETD fragment ions of the Fc subunit of GingisKHAN digested NIST
(MS/MS of 4101 m/z).

NIST HEAVY CHAIN (226-450)

m/z z Fragment ion
666.46 1 77 (-18)
772.60 1 8 (+1)
900.68 1 79 (+1)

3.4.11 Top-down analysis of 150kDa mAb (WP8)

The intact NIST antibody was also analysed with native top-down ETD and the sequence
coverage is displayed in Figure 29.The observed ETD fragments are listed in Table 11. The
acquisition time was 492 scans and the heavy chain sequence coverage was 38/450 (8.44 %).

NIST heavy chain:

CTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVH
NAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWE
SNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHE
NIST light chain:
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTF
GGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEV
THQGLSSPVTKSFNRGEC

Figure 29: Sequence of NIST IgG1 with the native ETD sequence coverage of intact NIST marked in
green(c-ions) and purple (z-ions).

Table 11: List of detected ETD fragment ions of intact NIST (MS/MS of 6170 m/z).

NIST HEAVY CHAIN (1-450) 6170 m/z
m/z z Fragment ion
684.80 1 27
772.60 1 28
899.58 1 29
1027.68 1 Z10
1128.76 1 Z11
1792.66 1 Z16
1863.39 1 717
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3.4.12 Native Top-down ETD summary

Table 12: Overview of the ETD sequence coverage for NIST IgG1, MSQ4 and Trastuzumab

NIST NIST NIST
intact +ldeS +GINGISKHAN
ETD HC 8.44 % 7.78% 12.89 %
coverage LC 6.10 % 6.10 %
mAb 13.88 % 18.99 %
MSQ4 MSQ4 MSQ4
intact +ldeS +GINGISKHAN
ETD HC 311% | 4.22% 2.44 %
coverage LC

Trastuzumab | Trastuzumab | Trastuzumab

intact +ldeS +GINGISKHAN
ETD HC 3.56 % 4.22 % 2.44 %

coverage | LC

3.4.12.1 Comparison with previous ETD data

Table 12 shows that the Native ETD sequence coverage was not optimal as it shows extremely
low coverage. These ETD experiments were performed in begin 2017, but a similar native ETD
experiment was performed in 2015 on an anti-actin antibody using the same instrument and
settings showing better fragmentation performance. The sequence coverage of the light chain
was 129/214 (60.28 %) and for the heavy chain 127/444 (28.60%) of the sequence was covered,
resulting in a sequence coverage of 256/658 (38.90 %). Therefore, | expected a better sequence
coverage when performing native ETD on the three standard antibodies of this project. Possibly
the instrument settings have been changed during various instrument maintenances, and the
ETD and MS/MS conditions were not adequately retuned for the ETD experiments.

Anti-Actin IgG Light chain

SRFSGSGSGTGFTLTISSLQPEDIATYYCQQGQSYPLTFGG
GTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDIN

Anti-Actin IgG Heavy chain

YYPDTVKGRFTISRDNAKNTLYLQMSRLKSEDTAMYYC
ARHGGYYAMDYWGQGTTVTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVTSST
WPSQSITCNVAHPASSTKVDKKIEPRGPTIKPCPPCKCPAPNLLGGPSVFIFPPKIKDVLMISLSPIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQT
QTHREDYNSTLRVVSALPIQHOQDWMSGKEFKCKVNNKDLPAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTDH

Figure 30: Sequence of anti-actin IgG with the native ETD sequence coverage marked
in green (c-ions) and purple (z-ions).
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Figure 31 shows the top-down ETD fragments previously obtained for the anti-actin antibody,
modeled on a crystal structure of an I1gG (PDB 1IGT). The surface-exposed Fab regions and the
lower parts of the Fc region were mostly fragmented. When comparing these results with those
of top-down denatured ETD of an antibody (Fig. 32), it can be shown more of the Fc domain
could be fragmented and the heavy chain parts of the Fab-domains. By denaturing the protein
these regions were more accessible for fragmentation. This is especially interesting when
looking for the PTMs, which are located on the upper Fc domain.

Figure 31: Top-down native ETD fragments (red) of anti-actin IgG modelled on IgG structure
(PDB 1IGT). Data acquired on Synapt G2 HDMS

Figure 32: Top-down denatured ETD fragments (red) of a murine 1gG modeled on IgG structure
(PDB 11GT). Data obtained from Tsybin et al. ..
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3.4.13 Conclusion

The antibodies MSQ4, NIST IgG1 and trastuzumab proved to be good standard antibodies to
test these MS-based techniques.

With IM-MS the mass and collisions cross sections of the intact IgGs and IgG subunits were
determined, providing consistent results for the three standard IgGs. This data can also be used
as reference data sets when analysing intact antibodies or their subunits.

As IdeS cleaves the IgG under the hinge region, the generated Fc domain is also smaller in size
and mass compared to the Fc generated by GingisKHAN.

Although the digested IgGs showed a slight increase in coverage, the general native top-down
ETD experiments did not work out as planned. The instrument parameters need to be further
optimised in order to solve this problem. It could also be that

the Synapt instrument was not sensitive enough to observe all the ETD fragments ions.
However, previous ETD data showed that this method did work better, so there could have
been a general problem with the instrument or a difference in settings which could not be
resolved in order to obtain better sequence coverage. Native ETD could indicate the surface
exposed regions of the antibody for an anti-actin IgG in a previous experiment. It could also be
shown how the results of native ETD of IgG differ from those of denatured ETD, which shows
more coverage of the inner or protected parts of the antibody.

When the MS results of the 25 participating labs are summarised together, there will be also a
broader data base based on different instruments and techniques, providing a complete
overview of the relevant information this set of MS-based methods can offer.

3.4.14 Sources

[1] S.Maximiano, P. Magalhdes, M.P. Guerreiro, M. Morgado, Trastuzumab in the Treatment of Breast
Cancer, BioDrugs, 2016, 30, 75-86

[2] Bush, M. F., Hall, Z., Giles, K., Hoyes, J., Robinson, C. V., and Ruotolo, B. T. (2010) Collision cross
sections of proteins and their complexes: a calibration framework and database for gas-phase structural
biology. Anal. Chem. 82, 9557-9565

[3] Structural Analysis of Intact Monoclonal Antibodies by Electron Transfer Dissociation Mass
Spectrometry, Y. O. Tshin, L. Fornelli, C. Stoermer, M. Luebeck, J. Parra, S. Nallet, F. M. Wurm, R.
Hartmer, Analytical Chemistry, 2011, 83,8919-8927
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4.1 Introduction

Over the past three decades antibodies and antibody-derived products have become an
important class of therapeutic agents due to their high specificity and stability. There have been
60 antibody drugs approved globally, covering a range of diseases, with sales of over 80 billion
US dollars in 2015 ™. Antibodies have shown results in the treatment of several conditions
including autoimmune diseases such as arthritis and different forms of cancer.
As protein-engineering is developing at a high rate, more sophisticated, engineered antibodies
are produced with improved pharmacokinetics and efficiency.

One group of antibody derivatives that is growing in importance are Fc-fusion proteins.
Fc-fusion proteins consist of an Fc domain of an immunoglobin that is linked to a peptide or
protein of interest. This class of proteins is of biotherapeutic interest, because the presence of
the Fc-domain increases the plasma half-life due to their interaction with Fc-receptors, and due
to their slow renal clearance Bl. This means that the Fc-domain can improve the stability and
the solubility of the bound peptide or protein.

Two glucagon-like peptide 1 (GLP-1) Fc-fusion proteins were analysed in this study;
IP268 and IP118 (Figure 1). IP268 is a GLP-1 linked to the Fc-domain of human IgG1, and
predominantly forms dimers. Dulaglutide (IP118) is a GLP-1 covalently linked to the Fc-domain
of human IgG4, and does not form dimers. Dulaglutide is currently being used for treatment of
type 2 diabetes “l The aim of this study is to optimise and apply a set of MS- and structural
proteomics methods to structurally characterise these Fc-fusion proteins. Comparing the two
constructs enhances our understanding of structural properties of fusion proteins, and
specifically of the dimerisation interface of IP268.

Figure 1: A schematic illustration of the studied Fc-Fusion protein monomer. The Fc-construct consists
of an Fc-domain and two flexible linkers each attached to a GLP-1 peptide.
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4.2 Materials and methods

Materials

The Fc-fusion proteins, IP268 and IP118, were donated by Medimmune (Cambridge, UK).
The K100 stabilization kit was purchased from CovalX and ammonium acetate, urea and tris(2-
carboxyethyl)phosphine (TCEP) were from Sigma Aldrich.

Native ion mobility-mass spectrometry (IM-MS)

A Synapt G2 HDMS Q-TOF instrument (Waters, UK) was used for the native IM-MS experiments.
The samples were buffer exchanged into 250 mM ammonium acetate using Micro Bio-spin P6
columns (Bio-Rad) at final protein concentrations of ca. 5uM. 5ul aliquots were transferred into
the mass spectrometer using gold-coated nanoESI needles (prepared in-house). The instrument
was tuned to preserve native higher-order structure using the following parameters: capillary
voltage 1.2 kV; nanoflow backing gas pressure 0.2 bar; sampling cone 30 V; extraction cone 1.0
V; trap collision energy 10 V; transfer collision energy 0 V; trap bias 45.0 V; IMS gas flow 90.0
ml/min; IMS wave velocity 700 m/s; IMS wave height 40.0 V; backing pressure 3.0 mbar.

The data were acquired and processed with Masslynx v4.1 software, and ion mobility drift
times extracted using Driftscope v2.3 (both Waters). The collision cross sections (CCS) of the
proteins were calibrated using known CCS values determined under native conditions as
described previously 2

Analytical ultracentrifugation (AUC)

Analytical ultracentrifugation (AUC) - Sedimentation velocity experiments were performed at
the biophysics facility at the University of Cambridge. The experiments were conducted with an
Optima XL-I (Beckman Coulter) centrifuge using an An60 Ti four-hole rotor. Standard double-
sector Epon centrepieces equipped with sapphire windows contained 400 pL of IP268 at
concentrations of 0.126 to 1.14 mg/mL. Interference data were acquired in the continuous
mode at time intervals of ~200 s and rotor speed of 40,000 rpm, at a temperature of 20 C with
systematic noise subtracted, without averaging and with radial increments of 0.003 cm.
Absorbance data were also collected, at a wavelength of 230 nm. The density and viscosity of
the buffer and the partial specific volume of the protein were calculated using Sednterp[G].
Multi-component sedimentation coefficient distributions were obtained from 100 scans by

direct boundary modelling of the Lamm equation using Sedfit v.14.1 7
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Size exclusion chromatography — multi —angle light scattering (SEC-MALS)

The SEC-MALS experiments were performed using a Zenix SEC-300 column coupled to an
Agilent Diode-Array UV-detector, an Optilab T-reX refractive-index detector and a DAWN
HELEOS quasi elastic light scattering detector. The latter allows measurement of the
hydrodynamic radius in a Dynamic Light Scattering mode. 5 pL of 11.4 mg/mL protein stock
solution was used for the molecular weight analysis and 10 uL of the same stock was used to
determine the hydrodynamic radius. The data were acquired and processed with ASTRA
(Wyatt).

Cross-linking

The cross-linking experiments were performed using a K100 CovalX kit. The stabiliser solution
contains the cross-linkers 1,1'-(suberoyldioxy)bisazabenzotriazole (SBAT), 1,1'-(suberoyldioxy)
bisbenzotriazole (SBBT,) and 1,1'-(glutaroyldioxy)bisazabenzotriazole (GBAT). SBAT and SBBT
have a spacer arm length of 11.4 A and GBAT has a length of 7.7 A.

Protein concentrations of 0.14 to 4.56 mg/mL were prepared for the analysis. A final cross-
linker concentration of 0.2 mg/mL was added to the protein samples. The non-covalent
complexes were stabilised by the cross-linking agents and then directly analysed by MALDI
mass spectrometry (Waters) with a CovalX HM3 Tuvo high-mass system. For each cross-linking
experiment a control was made without reagents and analysed in parallel with MALDI MS.

Hydrogen deuterium exchange- mass spectrometry (HDX-MS)

The HDX-MS measurements were performed on an ACQUITY UPLC M-Class system with HDX
technology (Waters) coupled to a Synapt G2 (Waters). The experiments were performed at
MedIimmune, UK.

Protein stock concentrations in the range of 0.5 mg/mL to 45 mg/mL were used to compare the
predominantly dimeric state to the majority monomeric state of IP268. The samples were
diluted 10 times with either 250 mM ammonium acetate buffer in 100% H,O, pH 7.4, for the
undeuterated samples, or 250 mM ammonium acetate in 99.9% D,0, pD 7.4 for the deuterated
samples. The final protein concentrations during the HDX experiments ranged from 0.05 mg/mL
to 4.5 mg/mL. The samples were incubated at 20°C for 1,2, 5, 10 and 60 minutes after labeling,
then quenched by reducing the pH with 250 mM ammonium acetate, 8 M urea and 0.5 M
tris(2-carboxyethyl)phosphine (TCEP) at 0°C. The samples were injected into the ACQUITY UPLC
system, where the digestion was performed at 0.5°C in the HDX manager using a pepsin column
(2.0 x 30 mm). The peptides were separated on an ACQUITY UPLC BEH C18 column (Waters) at
a flow rate of 40 uL/min with a 3% - 40% gradient of acetonitrile in water. The following MS
conditions were used; ESI capillary voltage 3.0 kV, source temperature 80 °C, sampling cone 30
V, extraction cone 4.0 V, trap collision energy 4.0 V, backing pressure 2.08 mbar. The HDX data
was processed using DynamX 3.0 (Waters)
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4.3 Results and discussion

4.3.1 Determining mass and oligomeric state of Fc-fusion proteins with native MS

Native mass spectra of the Fc-fusion proteins, IP268 and IP118 were acquired at a 0.32 mg/mL
concentration (Figures 2 & 3). For IP268 the experimental mass of the monomer was found to
be 63,434.43 Da with charge states 12" to 14" (Figure 2, triangles). Based on the amino acid
sequence, the theoretical mass of IP268 is 60,255.34 Da. The 3 kDa difference between the
theoretical and experimental mass is due to post translational modifications such as N-
glycosylations. The IP268 dimer was also detected with charge states 18" to 22" and an
experimental mass of 126,603.91 Da (circles). In contrast IP118 only showed monomer (Figure
3). The IP118 monomer was observed with charge states 12" to 14" and an experimental mass
of 62,603.05 Da. The theoretical mass of IP118 based on its amino acid sequence is 59,682.50
Da. The 3 kDa difference in mass is due to post-translation modifications (e.g. N-glycosylation).
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Figure 2: Native mass spectrum of IP268., (A) measured on a Synapt G2. And (B) on a Q-TOF modified

for high mass. The monomer IP268 ( A ) with charge states 12" to 14". The IP268 dimer (®) with charge
states 18" to 22",
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Figure 3: Native mass spectrum of IP118 monomer.

4.3.2 Determining collision cross section of Fc-fusion proteins with native IM-MS

Using native IM-MS, collision cross sections were obtained after calibration for each charge
state of the Fc-fusion proteins (Table 1). The CCS values of the monomeric species range from
3716 to 3940 A% for I1P268 and from 3687 to 3899 A? for IP118. The 1P268 dimer shows CCS
values from 6130 to 6796 A% The dimerisation of IP268 showed an increase of 65% in CCS
value when compared to the monomer (lowest charge states). This could mean that the
overlapping surfaces of the two subunits are locked in such a way to form a compact ensemble.

Table 1: CCS values in A% of IP268 monomer and dimer and IP118 monomer

Charge state ccs (A?)

IP268 monomer 12° 3716 £ 26
13" 3824+ 20

14" 3940 + 24

IP268 dimer 19" 6130+ 55
20" 6289 £ 51

21° 6502 + 67

22° 6645 + 64

23" 6796 + 69

IP118 monomer 12° 3687 £ 56
13" 3807 55

14" 3899 + 75
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4.3.3 Measuring molecular weight and radius with SEC-MALS

Next to the MS experiments, the Fc-fusion proteins were also studied in solution phase. IP268,
IP118 and the calibrant, BSA were analysed with SEC-MALS to measure the approximate
molecular weight and the hydrodynamic radius of the proteins. The elution times are shown in
Figure 4. The BSA monomer eluted at 9.9 minutes and the dimer showed a small elution peak
at 8.7 minutes. The IP118 monomer eluted at 9.7 minutes and no dimer was observed. IP268 is
only observed in dimeric form at 8.8 minutes. This confirmed the oligomeric states of the Fc-
fusion proteins. The difference observed in the MS experiments was that IP268 was present in
both monomeric and dimeric state. In the MS experiments a sample concentration of 0.32
mg/mL, whereas the final concentration in the SEC-MALS experiments was 1.14 mg/mL. It could
also be possible that the IP268 dissociated during the ESI process, despite the soft MS
conditions, causing the detection of both monomeric and dimeric IP268 in the MS spectra.
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Figure 4: SEC-MALS elution time of IP268 dimer (blue), BSA (red) and IP118 (green). The BSA monomer
eluted at 9.9 minutes and the BSA dimer showed a small elution peak at 8.7 minutes. The IP118
monomer eluted at 9.7 minutes and no Ip118 dimer was observed. IP268 is only observed in dimeric
form at 8.8 minutes.
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In Table 2 the experimental molecular weights are shown of the Fc-peptide fusions determined
by SEC-MALS. For the measurements marked high rep, a higher amount of protein was injected
to allow sufficient signal fitting for the Rh data algorithm. 1P118 was detected with a mass of
66828 to 69205 Da and hydrodynamic radius of 3.499 to 3.691 nm. IP268 was observed with a
mass of 118478 to 117231 Da and a hydrodynamic radius of 5.007 to 5.064 nm.

Table 2: List of experimental molecular weight (rep 1, 2) and hydrodynamic radius (high rep1,
2) of the Fc peptide fusion determined by SEC-MALS. Rep1 and Rep2 are measurements with
60pg of protein injected for the determination of mass. IP118 was detected with a mass of
66828 to 69205 Da and IP268 with a mass of 118478 to 117231 Da. The high rep 1 and 2 are
measurements with 120 pg of protein injected for the determination of hydrodynamic radius.
IP118 was detected with a hydrodynamic radius of 3.499 to 3.691 nm and IP268 with a
hydrodynamic radius of 5.007 to 5.064 nm.

Protein sample Mw (kDa) Rh(z) (nm) | Peak limits (min)
IP118 rep 1 66.828 +0.386 9.605 - 10.182
IP118 rep 2 69.205 £0.364 9.432-9.920
IP268 rep 1 118.478 +0.529 8.644 - 8.969
IP268 rep 2 117.231 +0.495 8.577 - 8.969

IP118 highrep 1 3.499 £0.162 | 9.328-9.867

IP118 high rep 2 3.691 £+0.164 | 9.336-9.829

IP268 high rep 1 5.064 £0.119| 8.540-8.994

IP268 high rep 2] 5.007 £0.123 | 8.540-8.994

The detected masses are in the same range as the masses detected with mass spectrometry.
The hydrodynamic radius was also compared to the average CCS values determined with ion
mobility. In Table 3 the average CCS determined by ion mobility is shown and the average
radius derived from this cross section value using the surface are formula of a circle, \/((A)/n)= r.
The average CCS radius of the IP268 dimer was 4.5 nm (11% smaller than the average
hydrodynamic radius and the CCS radius of the IP118 monomer 3.5 nm (3% smaller than the
average hydrodynamic radius)

Table 3: Comparison of average CCS determined by IM-MS and average hydrodynamic radius
(Rh (z)) determined by SEC-MALS. The average CCS radius was derived from the IM-MS CCS
value. The IP268 dimer CCS radius is 11% smaller than the hydrodynamic radius. The IP118

monomer CCS radius is 3% smaller than the average the hydrodynamic radius.

Average CCS (A% | Average CCS Radius (nm) I Average Rh(z) (nm)
IP268 dimer 6472 4.539 I 5.035
IP118 monomer 3798 3.477 | 3.595
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4.3.4 Comparing CCS and collision induced unfolding plots of Fc-fusion proteins and Fc
domains

IM-MS is a useful tool to detect structural changes when modifications are made to the sample.
To compare the Fc-fusion protein, IP268, to its respective Fc domain, the full antibody, NIP109,
was treated with LysC to separate the Fab and Fc domains. The native mass spectrum in Figure
5 shows that the antibody digested into its respective Fab and Fc domains. The Fc domain has
an experimental weight of 53639 Da with charge states 12" to13". After treatment with LysC
there was also no dimer detected of the Fc-domain. This could indicate that the dimerization of
the IP268 is triggered from the peptide-bound domain of the Fc-fusion protein.
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Figure 5: Native mass spectrum of antibody NIP109 treated with LysC. The Fab region (A ) has an
experimental weight of 47206 Da with charge states 12" to 14°. The Fc region (®) has an experimental
weight of 53639 Da with charge states 12" to 13".
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The full width at half maximum of the peaks 12" and 13" of the Fc-domain was selected to
extract the ion mobility drift times. The same extraction was done for the 12" to 14" charge
states of IP268. The drift times were converted to CCS values and are displayed in Figure 6. The
collision cross section of the Fc domain of IP268 ranged from 3464 A”to 3583 A% while 1P268
ranged from 3716 A?to 3940 A? (Figure 6-a). The fusion of the peptide to the Fc domain caused
a 7% increase of the CCS value. A similar trend was observed for IP118 where the fusion of the
peptide to the Fc domain caused an increase of 7-10%. For the Fc-domain of IP118 the CCS
ranged from 3361 A”to 3543 A%, while IP118 ranged from 3687 A” to 4038 A” (Figure 6-b). This
increase could be explained by assuming that the two fused peptides are extended away from
the Fc-domain, rather than adopting a more compact conformation with the peptides in
proximity to the core.
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Figure 6: A) Collision cross sections of IP268 ranging from 3716 A% to 3940 A” and as a control the Fc-
domain of NIP109 ranging from 3464 A” to 3583 A2,
B) Collision cross sections of IP118 ranging from 3687 A” to 3899 AZand as a control the Fc-domain of
IP118 ranging from 3448 A” to 3561 A%

By increasing the collision energy in the trap cell while recording the ion mobility drift time of a
certain charge state (CIU, see methods chapter), the unfolding of the protein can be monitored.
This experiment was performed for the Fc fusion proteins and their respective Fc-domain. The
ion mobility drift times were converted to CCS values and plotted against the trap collision
energy. Figures 7 and 8 show the collision induced unfolding plots of the Fc-fusion proteins and
corresponding Fc-domains. When comparing the Fc-domain of IP268 (Figure 7-a) to the full Fc-
fusion protein IP268 (Figure 7-b), the first transition of the Fc domain at 60 V is at the same CCS
value as the initial CCS value of IP268 from 10 to 70 V. This could indicate that the linking of the
peptide to the Fc-domain partially unfolds the latter to this transition state. The same trend is
seen for IP118 in Figure 8 a-b where the first transition state at 70V has the same CCS value as
initial CCS value of IP118 from 10 V to 70 V. The Fc- fusion proteins are also showing more
stability as they can tolerate higher voltages compared to their Fc-domains alone. This indicates
that the linking of the peptides to the Fc-domain increases the size of the protein and increases
its stability.
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Figure 7: a) Collision induced unfolding plot of Fc-domain of NIP109 (13%).
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Figure 8: a) Collision induced unfolding plot of Fc-domain of IP118 (13%).
b) Collision induced unfolding plot of Fc-peptide fusion, IP118 (13%).
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4.3.5 Estimating the Ky with AUC

We attempted to determine the dissociation constant, Kg4, of the IP268 dimer with analytical
ultracentrifugation. We performed this experiment at final concentrations of 0.126 mg/mL and
1.14 mg/mL to find out at which concentration we would only see monomer or only dimer. In
Figure 9 we can see the detected species with their respective sedimentation values, assuming
a uniform frictional ratio of Fyy = 1.46. The final root-mean-square deviation (r.m.s.d.) was
0.003 for interference and 0.007 for UV absorbance. For the higher concentration of 1.14
mg/mL only one species is observed with a sedimentation value of 6 S, corresponding with the
IP268 dimer. However, for the low concentration of 0.126 mg/mL we still saw a mix of two
species, corresponding to the monomer and dimer of IP268. Unfortunately, we could not lower
the concentration sufficiently to only see the IP268 monomer.

15 E 1

s—value (3) s=value (3)

Monomer +Dimer Dimer

0.126 mg/mL 1.14 mg/mL
Figure 9: AUC- Sedimentation velocity results of IP268 at a final concentration of 0.126 mg/mL and at
1.14 mg/mL

To estimate the K4 based on the AUC measurements the molar concentrations of monomer and
dimer need to be determined. The software SedFit can calculate the loading concentrations (i.e.
peak area of every peak) for the observed peaks. For the IP268 dimer (126 kDa) this value was
0.316647, for the IP268 monomer (63 kDa) 0.025188 and for the single Fc chain of IP268 (31
kDa) it was 0.097218. The total of these SedFit units is 0.439053. This total equals the
concentration that was loaded in the instrument multiplied by a constant (C). By using the
absorbance (A), the extinction coefficient (€) and the length of the cell (I), the concentration in
the cell can be calculated using the formula of Lambert-Beer; c = A/(e.L)= 0.916 mg/mL (Eq. 1).
This makes the constant C equal to 0.439053 divided by 0.0916 (Eq. 2). The molar
concentration for the monomer (monomer IP268 + Fc chain) and the dimer IP268 can be
calculated using the loading concentration and the constant C (Eq.3). The dissociation constant
(Kg) can then be calculated as in Eq.4, resulting in a Kp of 0.00987 mg/mL or 156 nM.

Eq.1: c(1P268)=A/(e.L) = 1.61/(1.47%1.2) = 0.91 mg/mL

Eq. 2 : Total loading conc. = 0.316647+0.025188+0.0972118=0.43905 = C x 0.0916 mg/mL
— €=0.439053/0.0916 = 4.79 mg/mL

Eq.3: [M]=0.122406 x C & [D] =0.316647 x C

Eq.4: Kg=[M]*/[D] = (0.0255)*/ (0.0661)= 0.00987 mg/mL

Kq4 (Fc fusion) =(0.00987 mg/mL) /(63 kg/mol)= 156 nM
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4.3.6 Determining K4 with covalX cross-linking

With CovalX cross-linking the oligomeric state of the Fc-fusion protein was investigated. By
adding the cross-linking agents to a range of different protein concentrations, the relative
intensity between monomer and dimer in the MALDI mass spectra was monitored. In Figure 10-
a the spectra are shown of IP268 without cross-linker. With increasing concentration the
relative intensity of IP268 also slightly increases. However this similar trend seems more like an
artifact or “plume effect” (i.e., a series of peaks that attenuate with increasing mass) cause by
the MALDI ionisation. When adding the cross-linker agents to the sample, the relative intensity
of IP268 dimer increases in a more drastic manner with increasing protein concentration
(Figure 10-b). The relative intensities of the IP268 dimer compared to the IP268 monomer are
displayed in Figure 11. The cross-linker had a stabilising effect on the IP268 dimer and the
relative intensity of the IP268 dimer increased with increasing protein concentration.
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Figure 10: A) MALDI spectra of IP268 without cross-linker. B) MALDI spectra of IP268 with cross-linker.

IP268

0.700

0.600

0.500

0.400

%

0.300

S

0.200

- —o
0.100

0.000 e
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

mg/mL

v

No X-linker
With X-linker

Figure 11: Relative intensity of IP268 dimer compared to monomer with cross-linker and without

cross-linker.

Chapter 4: Fc-fusion proteins

137



(A)

As a control the same cross-linking experiment was performed with IP118. In Figure 12-a the
spectra are shown of IP118 without cross-linker and shows the artifact again of dimers and
trimers at increasing concentrations. In Figure 12-b the spectra are shown of IP118 with cross-
linker and the relative intensity of the dimer is under 30% even at increasing protein
concentrations. This confirms that the cross-linkers stabilized the monomer in this experiment
and also indicates that the increasing IP268 dimer in Figure 12-b is not an artifact but due to
the stabilization of the cross-linking agents. Figure 13 shows the relative intensities of the
detected IP118 dimer compared to IP118 monomer with and without cross-linker at increasing
concentrations.
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Figure 12: a) MALDI spectra of IP118 without cross-linker. b) MALDI spectra of IP118 with cross-linker.
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Figure 13: Relative intensity of IP118 dimer compared to monomer with and without cross-linker.
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The cross-linking experiment of IP268 was repeated with more concentration intervals and the
relative intensity of dimer compares to monomer is displayed in Figure 14. In this figure the
concentrations used for each experiment are also indicated on the graph. This gives an
indication at which concentration there would be a majority of the monomeric or dimeric form
of IP268. To derive the Kp from this graph is difficult as even at low concentration of 0.1 mg/mL
there is still both monomer and dimer present. Table 4 displays the initial and final

concentration used for the different techniques in this study.
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Figure 14: Overview of the collected data and the sample concentration used during the analysis of

1P268.
Method Initial Final

concentration concentration

Native IM- 0.32 mg/mL 0.32 mg/mL

MS

HDX-MS 11.4 mg/mL 1.14 mg/mL
1.6 mg/mL 0.16 mg/mL

SEC-MALS 11.4 mg/mL 1.14 mg/mL
CovalX 0.07 mg/mL- 0.07 mg/mL-
2.28 mg/mL 2.28 mg/mL

Fc-Fusion Fc-Fusion
Dimer Monomer
(4xHC) (2xHC)
2.5uM 5uM

9 uM 18 uM
1.25 uM 2.5uM
9 uM 18 uM

0.56 uM- 1.1uM-

18 uM 36uM

Table 4: Overview of the collected data and the sample concentration used during the analysis of

1P268.
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4.3.7 Locating the dimerisation interface with HDX-MS

A series of IP268 concentrations (0.05 mg/mL, 0.1 mg/mL, 1 mg/mL/min, 4.5 mg/mL) was
analysed by HDX-MS to locate the site of dimerisation. Based on the MS experiments of IP268
with and without peptide, it is assumed that the dimerisation happens in the region of the
linked peptide. Therefore the residues 1-53 were analysed and compared when different
concentrations of IP268 were used in the experiment.

The HDX experiments were run with a range of exposure times (i.e. 10 sec, 20 sec, 30 sec, 1
min, 5 min, 10 min and 60 min). An example of the deuterium uptake of a peptide (residue 1-9)
of IP268 over the different exposure times is displayed in Figure 15. After less than 10 seconds
of exposure time, there is an increase in mass, indicating that the peptide is becoming
deuterated. This means that the corresponding region of the protein is surface exposed as it is
easily accessible to the solvent. It has reached its maximum deuterium uptake under ten
seconds. After one hour of exposure time it shows the same mass increase as after 10 seconds.
The DynamX software calculated the relative deuterium uptake over all the peptides. This
relative deuterium uptake can be plotted in function of the exposure time and also compared
with other concentrations of IP268.

Figure 16 shows the difference in relative deuterium uptake for 4.5 mg/mL versus 0.05 mg/mL
(Fig. 16a), for 4.5 mg/mL vs 0.1 mg/mL (Fig .16b) and 4.5 mg/mL vs 1.0 mg/mL of IP268 (Fig.
16c¢).
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Figure 15: Stacked spectral plot of peptide 1-9 of IP268. At exposure time 0, 10 sec, 20 sec, 30 sec, 1
min, 5 min, 10 min and 60 min. After 10 seconds of exposure to D,0, the peptide has increased in
mass.
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Three distinct areas in the selected peptides were displaying a significant difference when
comparing different sample concentrations; peptide 1-9, 3-9 and 26-53. Figure 17 shows the
difference in deuterium intake for these peptides for each measured sample concentration. The
observed trend for these peptides is that the difference index is decreasing as the
concentration is increasing. This suggests that this area is slightly more protected at a higher
concentration, although it is still flexible as it is susceptible to deuteration.
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Figure 16: Difference in deuterium uptake for IP268 for (A) 4.5 mg/mL vs 0.05 mg/mL (B) 4.5 mg/mL vs
0.1 mg/mL and (C) 4.5 mg/mL vs 1 mg/mL
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Figure 17: The difference index for three selected peptides for three different concentrations used in
the HDX-MS experiment.

4.4 Conclusion

The broad range of analytical techniques applied on the Fc-fusion protein construct IP268,
revealed a lot of information about the protein structure. With native IM-MS the molecular
weight and CCS of the protein was determined. The Fc-fusion protein was compared to its Fc-
analogue with native IM-MS. Based on the CIU plots, the Fc-fusion protein showed more
stability compared to the Fc-fragment alone. The oligomeric state of IP268 was analysed by
native MS, AUC, SEC-MALS and CovalX cross-linking, displaying the influence of the protein
concentration on the ratio between monomer and dimer IP268. The hydrodynamic radius
estimated by SEC-MALS was correlated with the CCS value obtained by ion mobility.

The AUC results could provide an estimate of the Kp for the dimerization of IP268. It was not
feasible to go under this limit of 0.09 mg/mL to check if only monomer was observed. With
CovalX cross-linking it was also not possible to decrease the concentration to the extent where
only IP268 monomer was observed. The HDX-MS results suggest that the region where the
linker is bound is more protected at higher protein concentrations, indicating the possible
location of dimerisation.

142
Chapter 4: Fc-fusion proteins



4.5 Sources

[1] Martin Hall, Gregoire Pave, Company reports; Hardman & Co Life Sciences Research, 2016
[2] Daniel M. Czajkowsky, Jun Hu, Zhifeng Shao, Richard J. Pleass, Fc-fusion proteins: new developments
and future perspectives, EMBO Mol Med (2012) 4, 1015-1028

[3] Timo R., Kristi Baker, Jennifer A. Dumont, Robert T. Peters, Haiyan Jiang, Shuo-Wang Qiao, Wayne |.
Lencer, Glenn F. Pierce, and Richard S. Blumberg, Fc-fusion proteins and FcRn: structural insights for
longer-lasting and more effective therapeutics, Crit Rev Biotechnol. 2015 Jun; 35(2): 235-254
[4] Jimenez-Solem E, Rasmussen MH, Christensen M, Knop FK.Dulaglutide, a long-acting GLP-1 analog
fused with an Fc antibody fragment for the potential treatment of type 2 diabetes, Curr Opin Mol Ther.
2010;12(6):790-797

[5] Bush, M. F.; Hall, Z.; Giles, K.; Hoyes, J.; Robinson, C. V.; Ruotolo, B. T., Collision Cross Sections of
Proteins and Their Complexes: A Calibration Framework and Database for Gas-Phase Structural Biology.
Analytical Chemistry 2010, 82 (22), 9557-9565.

[6] Laue, T., Shah, B., Ridgeway, T., and Pelletier, S. Computer-aided interpretation of analytical
sedimentation data for proteins, Royal Society of Chemistry Ed: Harding, S and Rowe, 1992, 90-125.
[7] Schuck, P. ,Biophys J, 2000, 78, 1606-1619.

143
Chapter 4: Fc-fusion proteins


https://www.ncbi.nlm.nih.gov/pubmed/?term=Rath%20T%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baker%20K%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dumont%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Peters%20RT%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jiang%20H%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Qiao%20SW%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lencer%20WI%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lencer%20WI%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pierce%20GF%5BAuthor%5D&cauthor=true&cauthor_uid=24156398
https://www.ncbi.nlm.nih.gov/pubmed/?term=Blumberg%20RS%5BAuthor%5D&cauthor=true&cauthor_uid=24156398




Chapter 5

Study of nanobodies, single chain variable
fragments and monoclonal antibodies against
plasminogen activator inhibitor 1

. Nanobody

Camelid heavy chain

Q
\\xz,%

scFv

Monoclonal antibody

In collaboration with
Machteld Sillen
Prof. Paul Declerck
Laboratory for Therapeutic and Diagnostic Antibodies
KU Leuven



5.1 Introduction
Antibody fragments such as Fab, scFv, diabodies and single-domain antibodies are engineered
as alternatives to conventional monoclonal antibodies. These fragments maintain the targeting
specificity of antibodies but can be produced more economically and possess other unique
properties for a range of therapeutic applications [
Various strategic reasons for selecting an antibody fragment as a therapeutic agent instead of
an intact IgG include:
e A smaller sized agent for the ability to penetrate tumors and for broader tissue
distribution
e Requirement for a short circulating half-life in serum 3]
A molecule that lacks the Fc effector functionality (eliminating cellular response against
the target and potential of dimerisation of receptors due to bivalency) 4l
e A molecule that can be manufactured in yeast or E. coli, resulting in cost reduction or
the increase of the manufacturing scale 51
In this study the focus lies on antibodies and antibody fragments against plasminogen activator
inhibitor-1 (PAI-1), which is involved in cardiovascular diseases, cell migration and tumour
development. 6]

5.1.1 Single-domain antibody (Nanobody)

A single-domain antibody fragment or Nanobody is a recombinant antibody fragment which has
a molecular weight of about 15 kDa and is about 30% the size of a conventional Fab fragment
(usually 50 kDa). The first nanobodies were produced from heavy-chain only antibodies found

in camelids (Fig. 1).

N —
'

Nanobody

Camelid Heavy Chain Antibody

Figure 1: Schematic illustration of a single-domain antibody or nanobody.

While conventional antibodies bind to antigen through the variable domain of the heavy chain
(VH) and of the light chain (VL), the camelid heavy chain antibodies bind to antigen through the
VHH domain or nanobody.

Nanobodies have the inherited benefits of monoclonal antibodies such as high target affinity
and selectivity and ease of discovery. In addition to these advantages, nanobodies are small
proteins (only a tenth of the size of an antibody), so they can penetrate tissues more effectively
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and can recognize hidden epitopes 71

solution and do not have the tendency to aggregate
Their diagnostic and therapeutic use is being researched against a range of diseases such as
cancer and cardiovascular diseases. In the field of antibody-based diagnostics, they can be used
for immunoassays, as they can bind specifically with the target antigen. In antibody therapy this
specific binding to target cells or proteins can stimulate the immune system of the patient to
attack those targets.

Another important application is the use of these Nanobodies for structural determination of
the target protein. The antibody fragments can bind to specific antigens and stabilize a
particular conformational state of a protein, resulting in a conformationally uniform sample
which simplifies the determination of the protein structure [s1,

. Nanobodies are also naturally soluble in agueous
[8]

5.1.2 Single-chain variable fragment (scFv)

Single chain variable fragment (scFv) is an engineered variant in which the Vy and V| domains
are joined with a flexible polypeptide linker (Fig. 2). ScFvs are used as affinity reagents for
diagnostics, therapeutics and proteomic analysis [101 Target-specific scFvs are identified by
various display technologies that utilise a genetic library of VH and VL gene segments. Besides
retaining the specific antigen binding affinity of the parent IgG, these fragments also show
improved pharmacokinetics for tissue penetration 11 Since these fragments have a rapid
clearance from blood, they can be coupled with drugs to result in lower exposure of the healthy
tissue 2. These are important properties, especially in cancer therapy. ScFvs also have a
relatively lower commercial cost in large-scale production and it is possible to restructure them
in order to improve their activity and production 31 \While scFvs are highly specific, they can be
limited in their stability and by their aggregation tendency 4 Therefore, the biophysical
properties first have to be optimized before they are incorporated into therapeutic agents or
clinical diagnostics. ScFvs are viewed as promising therapeutic agents, with several in clinical
trials 1% 161,

N i

Monoclonal Antibody scFv

Figure 2: Schematic illustration of a single chain variable fragment or scFv.
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5.1.3 Plasminogen activator inhibitor 1 (PAI-1)

Plasminogen activator inhibitor-1 (PAI-1) is a serine protease inhibitor (serpin) that regulates
the fibrinolytic system by binding to and inhibiting plasminogen activators. The fibrinolytic
system is involved in the degradation of fibrin, a fibrous protein involved in the clotting of
blood. In this system, the inactive proenzyme, plasminogen, can be converted to the active
enzyme, plasmin, which degrades fibrin into soluble degradation products. Two plasminogen
activators have been identified: the tissue-type plasminogen activator (t-PA), and the
urokinase-type plasminogen activator (u-PA). PAI-1 specifically inhibits t-PA and u-PA, which
can result in the inhibition of fibrinolysis. PAI-1 has been identified in three different states;
active, latent and cleaved (Fig. 3). In its active form (Fig. 3B), PAI-1 interacts with the target
protease by a 20-residue surface-exposed loop called the reactive center loop (RCL), which
includes the bait peptide bond Arg**®-Met®*’ (P1-pP1’)1*7],

A B C

Active Cleaved

Latent

T, of 1-2 h Reactive center

at 37°C bond is cleaved

PAI-1 + t-PA
complex

Figure 3: Crystal structures of latent (A), active (B) and cleaved (C) PAI-1. B-sheet A is displayed in
green, the a-helix F in yellow and the reactive centre loop in red. ™® In Figure D the t-PA + PAI-1
complex is shown with PAI-1 in blue and t-PA in red (PDB 5brr).
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In the active PAI-1 conformation, the RCL is exposed on the surface of PAI-1. T-PA can bind to
this loop and cleave it at position P1-P1’. By cleaving this loop, an intermediate covalent
complex is formed (Fig. 3D). This intermediate PAI-1/t-PA complex can however still be
hydrolysed. When PAI-1 interacts with t-PA through the inhibitory pathway, the cleaved loop,
which is at this time bound to t-PA, is inserted in the central beta-sheet and t-PA gets relocated
to the opposite side of the PAI-1 molecule. This results in the distortion of the active site of t-PA
(where it is bound to the RCL), making it impossible to hydrolyse the intermediate covalent
bond so that t-PA gets trapped in a final covalent complex. To summarise, the protease is
inhibited after interaction with the active form of PAI-1. In this study, a stabilised active mutant
of PAI-1, PAI-1 W175F, was used in which the tryptophan residue 175 was replaced by a
phenylalanine. Another stabilised active PAI-1 mutant is PAI-1 Stab which contains five
mutations; N150H- K154T-Q301P-Q319L-M354l. The half-life of PAI-1 Stab is 150 hours at 37 °C
and the crystal structure of this active form is represented by PDB 1DB2.

When PAI-1 interacts with t-PA through the substrate pathway, this intermediate covalent
complex is hydrolysed, resulting in the release of t-PA (which remains active since the catalytic
site is restored in its initial form by this hydrolysis). PAI-1 remains inactive since the loop was
cleaved by t-PA (Fig 3C). It is observed that PAI-1-Stab reacts with t-PA via this substrate
pathway in a slightly more efficient manner than wild-type PAI-1. This may be due to the
stabilizing mutations in the region between alpha-helix F (the hinge region) and the central
beta-sheet B. Movement of this hinge-region appears to be important for loop insertion (which
is needed to trap tPA in the final covalent complex).

This substrate behaviour of PAI-1 can be induced in different ways: by mutations in the hinge
region, by changes in external conditions or by addition of monoclonal antibodies **2%2*221 The
PAI-1 mutant, PAI-1 P14, in which the threonine residue 14 is replaced by a proline, shows
substrate behavior when interacting with t-PA. This emphasises the importance of the reactive
site loop. Although there has been a structure elucidated for a cleaved substrate variant of PAI-
1 (PAI-1 A335P), there has not been any structure published yet for the intact substrate form of
PAI-1 18,

In the latent conformation of PAI-1, the N-terminal part of the RCL is inserted into B-sheet A,
forming a new [B-sheet (Fig. 3A). The reactive centre loop changes from solvent-exposed to
mostly buried, which makes the reactive centre inaccessible to the target protease 231 Active
PAI-1 spontaneously converts to the latent conformation under physiological conditions with a
half-life of 1-2 hours at 37°C 4. This means that a sample of wild type PAI-1 can consist of a
distribution of active, substrate and latent form of PAI-1. The rate of latency transition is
reduced at a low pH (pH 5.5), high salt concentration (1 M NaCl) and low temperature (4 °C) [24]
Stablised active PAI-1 mutants can have half-lives of about 150 hours ' W175F shows an
increased functional half-life of the active conformation (=7 hours) [261

Table 1 shows an overview of the five variants of PAI-1 which were analysed in this study; PAI-1
wild type (PAI-1 WT), stabilised active PAI-1 (PAI-1 stab), stabilised active PAI-1 (PAI-1 W175F),
PAI-1 with substrate behaviour (PAI-1 P14) and latent PAI-1 (PAI-1 Latent). The molecular
weight, collision cross section and stability of these five variants were compared with native ion
mobility-mass spectrometry (IM-MS) and by collision-induced unfolding (CIU).
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Table 1: Overview of the analysed PAI-1 variants: PAI-1 wild type (PAI-1 WT), stabilised active PAI-1
(PAI-1 stab), stabilised active PAI-1 (PAI-1 W175F), PAI-1 with substrate behaviour (PAI-1 P14) and
latent PAI-1 (PAI-1 Latent)

Name Variant | Symbol Structure
PAIFLWT | Wildtype| @ Fig. 3A+B
PAI-1 Stab Active PDB 1DB2

PAI-1 W175F | Active O Fig 3B
PAI-1 P14 Active O No structure available
PAI-1 Latent | Latent O Fig 3A

5.1.4 Nanobodies, ScFv and monoclonal antibodies against PAI-1

In this study the nanobodies VHH-2g-42, VHH-2w-64 and VHH-2-12 were analysed (Table 2).
VHH2g-42 and VHH-2w-64 display moderate PAI-1 inhibition while VHH-2-12 inhibits PAI-1
activity up to only 10 % ?”1. VHH-2g-42 may inhibit PAI-1 activity by preventing the initial PAI-1-
t-PA complex formation 7). VHH-2w-64 inhibits PAI-1 activity by inducing substrate behaviour
of PAI-1 1 When VHH-2-12 binds to PAI-1 it causes a slight acceleration of the latency
transition ¥’1. The molecular weight and the collision cross sections were determined for the
nanobodies and their respective complexes with the two stabilised active forms of PAI-1 (PAI-1
Stab and PAI-1 W175F). PAI-1 Stab was also measured in complex with both VHH-2w-64 and
VHH-2g-42.

Table 2: Overview of the analysed anti-PAI-1 nanobodies and the nanobodies in complex with PAI-1
Stab and with PAI-1 W175F

Name Variant Symbol
VHH-2g-42 Inhibits PAI-1
VHH-2w-64 Induces substrate behaviour p 4
VHH-2-12 Induces latency ’
PAI-1 Stab + VHH-2g-42 Inhibits PAI-1
PAI-1 Stab + VHH-2w-64 Induces substrate behaviour i
PAI-1 Stab + VHH-2-12 Induces latency i
PAI-1 W175F + VHH-2g-42 Inhibits PAI-1 O
PAI-1 W175F + VHH-2w-64 Induces substrate behaviour [V 4
PAI-1 W175F + VHH-2-12 Induces latency [V 4
PAI-1 Stab + VHH-2w-64 +VHH-2g-42 Inhibits PAI-1 /

The scFv analysed in this study is scFv-33H1F7, which is derived from the corresponding PAI-1
neutralising monoclonal antibody, Mab 33H1F7. When scFv-33H1F7 binds to active PAI-1 it
induces a non-inhibitory substrate behaviour of PAI-1 281 Eor comparison the anti-PAI-1 ScFv
was measured in complex with the latent form PAI-1, and with the stabilized active form; PAI-1
Stab (Table 3).
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Table 3: Overview of the analysed anti-PAI-1 scFv-33H1F7 and PAI-1 complexes

Name Variant Symbol
Induces
SAAFEEL b/ substrate behaviour %
Latent PAI-1
+ScFv-33H1F7 Latent .%
PAI-1 Stab Induces %
+ScFv-33H1F7 substrate behaviour

5.1.5 Monoclonal antibodies (mAbs)

PAI-1 activity has also been regulated using monoclonal antibodies. In this study we looked at
four anti-PAI-1 Mabs; Mab-33H1F7, Mab-55F4C12, Mab-8H9D4 and Mab-33B8. Mab-33H1F7,
Mab-55F4C12 and Mab-8H9D4 are murine IgG1s that induce substrate behaviour of PAI-1 2%,
Mab-33B8 is a murine IgG1 that induces the acceleration of the active-to-latent conversion of
Pai-1 *%. The monoclonal antibodies were measured in complex with PAI-1 Stab and with PAI-1
W175F (stabilised active forms of PAI-1) (Table 4). The molecular weight and collision cross
sections of the different proteins and protein complexes were determined with native IM-MS.

Table 4: Overview of the analysed anti-PAI-1 monoclonal antibodies and the monoclonal antibody in
complex with PAI-1 Stab and PAI-1 W175F

Name Variant Symbol
Induces
aELREE S substrate behaviour Y
Induces
aELiE e substrate behaviour
Induces
LA R substrate behaviour Y
Mab-3388 Induces Y
latency
PAI-1 Stab Induces
+ Mab-33H1F7 substrate behaviour Y
PAI-1 Stab Induces
+ Mab-55F4C12 | substrate behaviour :
PAI-1 Stab Induces
+ Mab-8H9D4 substrate behaviour Y
PAI-1 Stab Induces
+ Mab-33B8 latency Y
PAI-1 W175F Induces
+ Mab-33H1F7 substrate behaviour . Y
PAI-1 W175F Induces
+ Mab-55F4C12 | substrate behaviour .
PAI-1 W175F Induces Y
+ Mab-8H9D4 substrate behaviour .
PAI-1 W175F Induces Y
+ Mab-33B8 latency o
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5.2 Experimental details

The PAI-1 samples, nanobodies, ScFv and monoclonal antibodies were provided by the
Laboratory for Therapeutic and Diagnostic Antibodies, KU Leuven. The PAI-1 complexes were
prepared at a 1:1 molar ratio between PAI-1 and the anti-PAl-1 protein. An overview of the
measured samples is displayed in Table 5.

A Synapt G2 HDMS Q-TOF instrument (Waters, UK) was used for the native IM-MS experiments.
The samples were in 150 mM ammonium acetate buffer at pH 5.5.

Gold-coated nanokESI needles (prepared in-house) were used to transfer the sample into the
mass spectrometer. The instrument was tuned to preserve native higher-order structure using
the following parameters: Nano-ESI capillary voltage 1.6 kV; nanoflow backing gas pressure 0.1
bar; sampling cone 30 V; extraction cone 1.0 V; trap collision energy 10 V; transfer collision
energy 10 V; trap bias 45V; IMS gas flow 90 ml/min; IMS wave velocity 350 m/s; IMS wave
height 25 V; backing pressure 5.0 mbar.

The data were acquired and processed with Masslynx v4.1 software, and ion mobility drift
times extracted using Driftscope v2.3 (both Waters). The collision cross sections (CCS) of the
proteins were calibrated using known CCS values determined under native conditions as
described previously B4

Collision-induced unfolding plots were made by plotting the drift time value in function of the
trap collision energy value. The plots were made with OriginPro 8.5 software.
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Table 5: Studied PAI-1 variants, nanobodies, scFV, antibodies and PAI-1 complexes.

Name Variant Type Symbol
PAI-1 WT Wild type PAI-1 [ ]
PAI-1 Stab Cleaved PAI-1
PAI-1 W175F Active PAI-1 O
PAI-1 P14 Substrate PAI-1 O
PAI-1 Latent Latent PAI-1 O
VHH-2g-42 Inhibits PAI-1 Nanobody
VHH-2w-64 Induces substrate behaviour Nanobody ’
VHH-2-12 Induces latency Nanobody ’
PAI-1 Stab " PAI-1
+ VHH-2g-42 Inhibits PAI-1 + nanobody
PAI-1 Stab . PAI-1
+ VHH-2w-64 Induces substrate behaviour + nanobody ,
PAI-1 Stab PAI-1
T Induces latency + nanobody ’
PAI-1 W175F . PAI-1
+ VHH-2g-42 Inhibits PAI-1 + nanobody .
PAI-1 W175F . PAI-1
+ VHH-2w-64 Induces substrate behaviour + nanobody .’
PAI-1 W175F PAI-1
+ VHH-2-12 Induces latency + nanobody .’
PAI-1 Stab PAI-1
Inhibits PAI-1
+VHH-2w-64 +VHH-2g-42 nhibits + nanobody V 4
ScFv-33H1F7 Induces substrate behaviour ScFv %
Latent PAI-1 PAI-1
+ScFv-33H1F7 Latent + ScFv .%
PAI-1 Stab . PAI-1
+SCEV-33H1F7 Induces substrate behaviour +ScFy %
Mab-33H1F7 Induces substrate behaviour Mab i
Mab-55F4C12 Induces substrate behaviour Mab
Mab-8H9D4 Induces substrate behaviour Mab Y
Mab-33B8 Induces latency Mab Y
PAI-1 Stab . PAI-1
+ Mab-33H1F7 Induces substrate behaviour +Mab Y_
PAI-1 Stab . PAI-1
+ Mab-55F4C12 Induces substrate behaviour +Mab
PAI-1 Stab . PAI-1 ?
+ Mab-8HOD4 Induces substrate behaviour +Mab
LD Induces latenc PAI-1 i
+ Mab-33B8 ¥ + Mab
PAI-1 W175F . PAI-1
+ Mab-33H1F7 Induces substrate behaviour +Mab . i
PAI-1 W175F . PAI-1
+ Mab-55F4C12 Induces substrate behaviour +Mab .
PAI-1 W175F . PAI-1 Y
+ Mab-8HOD4 Induces substrate behaviour +Mab .
PAI-1 W175F PAI-1
+ Mab-33B8 Induces latency +Mab .Y
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5.3 MS analysis of five PAI-1 variants

With native mass spectrometry the molecular weight was determined for the five studied PAI-1
variants (Fig. 4). The observed charge states were 11" to 14" with 12" and 13" forming the most
intense peaks for each PAI-1 variant. The experimental and theoretical masses are listed in
Figure 4.

The slight differences between experimental and theoretical mass can be explained by buffer
and salt adducts that could not be removed through desalting of the sample. PAI-1 also has
sites prone to chloride binding.

11"

3¢  12°

A )t A
] A
¢ UL,_

e

14"

PAI-1 WT

PAI-1 Stab

PAI-1 Latent @

e,

PAI-1 W175F @

E ] PA-1P14 @
] Jl J | A
T T T T T T T 1
2500 3000 3500 4000 4500 5000
m/z
Protein Experimental mass (Da) | Theoretical mass (Da) | A (Da)
Al@ PAI- WT 42,839.54 42,769.20 70.34
B PAI-1 Stab 42,785.64 42,701.10 84.54
C |@| PAI-1 Latent 42,779.52 42,769.20 10.32
D |@| PAI-1W175F 42,839.53 42,730.10 109.43
E . PAI-1 P14 42,832.91 42,765.21 67.7
Figure 4: Native mass spectra of the PAI-1 wildtype (A) and the PAI-1 variants; (B) Stab,
(C) Latent, (D) W175F and (E) P14.
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Figure 5: lon mobility drift times of the 12+ and 13+ charge states of the PAI-1 wildtype (A) and the
PAI-1 variants; (B) Stab, (C) Latent, (D) W175F and (E) P14.

The ion mobility drift times of the 12" and 13" charge states of the PAI-1 variants are displayed
in Figure 5. For each m/z peak there was one clear characterised conformation. These native
ion mobility drift time values of the PAI-1 variants were converted into collision cross sections
and are displayed in Figure 6A.

The most compact CCS values were shown for PAI-1 Latent and PAI-1 P14 (substrate). The
largest CCS values were calculated for the stabilised active PAI-1 W175F and PAI-1 Stab. The
difference between the largest and smallest CCS value is 4 % which makes the difference small
but significant. The conformational change that is expected from active to latent form is the
reorientation of the reactive central loop (RCL). Based on CCS alone it is difficult to distinguish
the active and latent PAI-1 variant. However, the higher CCS values do correspond to the PAI-1
variants where the RCL is exposed (PAI-1 W175F and PAI-1 Stab), while the lower CCS values
correspond to the PAI-1 variants where the RCL is inserted (PAI-1 Latent).
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Figure 6A: Collision cross sections of the PAI-1 wild type and the four studied PAI-1 variants. The black
line represents the correlation between CCS and molecular weight based on globular calibrants.
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Figure 6B: Comparison of the experimental CCS values of the 12" charge state of PAI-1 Stab, Pai-1
Latent and PAI-1 W175F with the calculated CCS values based on the crystal structures using IMoS
software.

In Figure 6B the experimental CCS values of PAI-1 Stab, PAI-1 Latent and PAI-1 W175F are
compared with the calculated CCS values based on the respective crystal structures (l.e. PDB
1DVM, 1DVN and 3Q02). These CCS values were calculated using the lon Mobility Spectrometry
Suite (IMoS) software in which the Projected Area (PA) method was applied as described
previously B31 |1 literature it is mentioned that the results of the PA method can underestimate
the CCS value by a certain factor (i.e. from 1.14 to 1.36 fold) as it does not take in to account
the gas scattering and ion-induced dipole interactions between the charged protein and the
neutral gas molecules. 3334 When we multiply the calculated results with 1.36, they come
even closer to the experimental values (Fig. 6B).
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5.3.1 Unfolding patterns of PAI-1 variants

To investigate the stability and architecture of the folded protein, collision-induced unfolding
plots were created for each PAI-1 variant (Fig. 7). The IM drift time for the five variants stays
stable until a trap voltage of 40 V when there is a shift to an increased IM drift time (from 12.36
+ 0.51 ms to 14.0 + 0.46 ms). This shift is larger for PAI-1 stab (Fig. 7B) and PAI-1 W175F (Fig.
7C) as there is also an intense signal at 17.31 ms which is not that intense in the other three
plots. At 50 V another IM drift time shift occurs to 19.59 + 0.64 ms for all the PAI-1 variants,
except for PAI-1 Stab (Fig. 7B) where the shift is slightly smaller and goes to 18.04 + 0.54 ms. At
60 V, PAI-1 Stab and PAI-1 W175F (Fig. 7B & C) show a different trend compared to the other
three plots. PAI-1 Stab displays a drift time of 22.23 + 0.80 ms and PAI-1 W175F a drift time of
24.24 £ 64 ms and maintains this until 100 V. For the wild type, latent and P14 variant of PAI-1
(Fig. 7A, D, E) there is a distribution of two conformations of which the lower one (20.66 + 0.60
ms) is more intense. However, after 70 V the drift time of PAI-1 Latent is more intense at 24.33
+ 0.09 ms and for PAI-1 P14 this transition happens at 80 V.
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Figure 7: On the left panel are collision-induced unfolding plots of (A) the PAI-1 wildtype and the PAI-1
variants; (B) stab, (C) W175F, (D) P14 and (E) latent. On the right panel the corresponding mass
spectra at trap 10 V and 100 V.
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5.4 Characterising nanobodies against PAI-1

The three studied anti-PAl-1 nanobodies displayed similar native mass spectra with charge
states ranging from 5 to 7% with the most intense peak corresponding to the 6" charge state
(Fig. 8). The experimental and theoretical masses of the nanobodies are listed in Figure 8.
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C VHH-2-12 13,514.7 13,515.79

Figure 8: Native mass spectra of nanobodies (A) VHH-2g-42, (B) VHH-2w-64, (C) VHH-2-12.
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When the nanobodies are in a 1:1 complex with the stabilised active form of PAI-1 (PAI-1 Stab),
their respective mass spectra show slight differences in their charge state distribution (Fig.9).
VHH-2g-42 in complex with PAI-1 Stab has an experimental mass of 55,587.50 with a charge
state distribution ranging from 13" to 16" with 14" and 15" corresponding with the most intense
peaks. VHH-2w-64, which induces a substrate behaviour of PAI-1, has an experimental mass of
55,822.22 Da with a charge state distribution ranging from 12" to 15" with the most intense
peak corresponding to the 14" charge state. VHH-2-12, which induces an acceleration of the
active-to latent transition of PAI-1, shows an experimental mass of 56,243.50 Da with charge
states ranging from 12" to 15" with the most intense peak corresponding to the 13" charge
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Protein Experimental mass (Da) | Theoretical mass (Da)
A | PAI-1 Stab + VHH-2g-42 55,587.5 55,422.43
B | PAI-1 Stab + VHH-2w-64 55,822.2 55,760.58
C | PAI-1Stab + VHH-2-12 56,243.5 56,198.93

Figure 9: Native mass spectra of PAI-1 Stab complexed with nanobody (A) VHH-2g-42, (B) VHH-2w-64,

and (C) VHH-2-12.
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Figure 10 shows the native mass spectra of nanobodies; VHH-2g-42, VHH-2w-64 and VHH-2-12,
in their respective complex with the stabilized active form of PAI-1 (PAI-1 W175F). Here a slight
difference in charge state distribution is also seen. VHH-2g-42 in complex with PAI-1 W175F has
an experimental mass of 55,739.3 Da with charge states ranging from 13" to 15°. VHH-2w-64 in
complex with PAI-1 W175F has an experimental mass of 55,916.8 Da with charge states 13" to
16". VHH-2-12 in complex with PAI-1 W175F has an experimental mass of 56,419.5 Da with
charge states 12" to 14".
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B | PAI-1 W175F + VHH-2w-64 55,916.8 55,789.59
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Figure 10: Native mass spectra of (A) PAI-1 W175F complexed with nanobody VHH-2g-42. (B) PAI-1
W175F complexed with nanobody VHH-2w-64 (C) PAI-1 W175F complexed with nanobody
VHH-2-12.
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With ion mobility, the collision cross sections of the proteins can be determined. This gives
another dimension to the observed data as the size and shape of the protein can be monitored.

Tables 6-8 show the CCS values of the three studied nanobodies and of the PAl-nanobody
complexes. Assuming the most compact and native-like state would be the lowest significant
charge state, the corresponding CCS values can be selected for comparison between different
proteins and protein complexes.

When comparing the lowest charge state of each nanobody, which is 5, the CCS values are
ranging from 1185 A* for VHH-2g-42, 1569 A® for VHH-2w-64 and 1595 A® for VHH-2-12. The
interesting aspect of this experiment is to compare the size of the complexes that these
nanobodies form with PAI-1. For PAI-1 Stab complexed with the nanobody, the lowest common
charge state is 13". For this charge state the CCS value for PAI-1 Stab + VHH-2g-42 is 4538 A?,
for PAI-1 Stab + VHH-2w-64 it is 4666 A? and for PAI-Stab + VHH-2-12 4441 A%, When comparing
these CCS values to that of PAI-1 Stab, the complex increases in size by 29.49 % with VHH-2g-42
binding, 33.16 % with VHH-2w-64 and 26.74 % with VHH-2-12. As VHH-2-12 induces the latency
transition of PAI-1, it makes sense that the PAI-1-nanobody complex would have a more
compact CCS value as the reactive centre loop (RCL) of PAI-1 is then buried in the protein
structure. VHH-2w-64 induces substrate-like behaviour of PAI-1, in which the RCL would also be
buried in the protein. How VHH-2g-42 would prevent the interaction of PAI-1 with t-PA is still
unknown. But the CCS value of the PAI-1 Stab + VHH-2g-42 complex shows a relative increase
that lies between the PAI-1 P14 + nanobody complex and the latent PAI-1 + nanobody complex.

When the same CCS values are compared for the nanobody complexed with PAI-1 W175F, a
stabilized active form of PAI-1, a slightly different trend was observed. The increase of the CCS
values for the 13" PAI-1 + nanobody complex compared to PAI-1 W175F is 21.70 % for VHH-2g-
42, 30.88 % for VHH-2w-64 and 23.54 % for VHH-2-12. In this case VHH-2-12 again shows a
smaller change in CCS, as it induces a latency transition. VHH-2w-64 shows a relative larger
change in CCS as it induces a substrate behaviour of PAI-1. VHH-2g-42 shows an even smaller
change in CCS compared to VHH-2-12 when compared to the active PAI-1 W175F.

Even though PAI-1 Stab and PAI-1 W175F are both stabilized active forms of PAI-1, the relative
increase in CCS between PAI-1 Stab and PAI-1 Stab + nanobody is slightly larger compared to
the complex with PAI-1 W175F. This could suggest a different behavior of the mutant when it is
bound to the nanobody, due to the difference in mutations.
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Table 6: CCS values of the nanobody VHH-2g-42, different PAI-1 forms their nanobody complexes

PAI-1 Stab PAI-1 W175F
CCS | VHH-2g-42 | PAI-1Stab +VHH.2g 42 PAI-1 W175F +VHH.2g42
+ ° 2
5 1185+ 7 A
+ o 2
6 1479+ 9 A
+ o 2
7 1871+ 8 A
N 2 2
12 3469 +39 A 3436 + 43 A
. 2 2 2 2
13 3504+51A | 4538+106A |3541+ 43A | 4309+65A
+ o 2 o 2
14 4425 + 109 A 4276 +58 A
+ o 2 o 2
15 4420+95 A 4379+ 59 A
+ ° 2
16 4821 +110A
MW | 12,742.6 Da | 42,785.6 Da | 55,587.5Da | 42,839.5Da | 55,739.3 Da

Table 7: CCS values of the nanobody VHH-2w-64, different PAI-1 forms their nanobody complexes

PAI-1 Stab PAI-1 W175F
CCS | VHH-2w-64 | PAI-1Stab | ..o "o | PAFLWI7SF | o 0 O
+ ° 2
5 | 1569+7A
+ o 2
6 1803 +7 A
+ o 2
7 2067 7 A
. 2 2 2
12 3469+39A | 4680+80A | 3436+43A
2 2 2 2
13" 3504+51A | 4666+40A | 3541+ 43A | 4635+98A
2 2
14° 4677 +54 A 4569 + 88 A
2 2
15" 4700 + 48 A 4622 + 107 A
+ ° 2
16 4672 £ 114 A
MW | 13,078.0Da | 42,785.6 Da | 55,822.2 Da | 42,839.5Da | 55,916.8 Da

Table 8: CCS values of the nanobody VHH-2-12, PAI-1 and the PAI-1-nanobody complex

PAI-1 Stab PAI-1 W175F
CCS | VHH-2:12 | PAIIStab | o °°0 | PAFIWIZSF | ©
2
5 | 1506494
+ ° 2
6 1603 + 8 A
+ o 2 o 2 o 2 o 2
12 3469+39A | 4482+19A | 3436+43AR | 4395+93A
2 2 2 2
13" 3504+51A |4441+17A | 3541+ 43R | 4375+30A
2 2
14" 4497 + 8 A 4424 +77 A
+ R 2
15 4500+ 8 A
MW | 13,514.7 Da | 42,785.6 Da | 56,243.5Da | 42,839.5Da | 56,419.5 Da
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Figures 11 to 13 show the experimental CCS values plotted in function of the corresponding
molecular weight. The plotted trendline is based on the CCS values of globular calibrants (open
circles). The CCS values of the nanobodies and PAI-1 are following this predicted trend. The
PAI-1 + nanobody complex rejects this trend with a 12-21 % increase in CCS.
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Figure 11: Experimental CCS values ( W) of the low-charge states of nanobody VHH-2g-42, PAI-1 and
PAI-1-nanobody complex
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Figure 12: Experimental CCS values ( B ) of the low-charge states of nanobody VHH-2w-64, PAI-1 and
PAIl-1-nanobody complex
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Figure 13: Experimental CCS values ( W) of the low-charge states of nanobody VHH-2-12, PAI-1 and
PAI-1-nanobody complex

In a separate experiment, PAI-1 Stab was complexed with VHH-2g-42 and VHH-2w-64 at the
same time. Figure 14 shows the mass spectrum of this complex, which has a subunit ratio of
1:1:1 and an experimental mass of 68,483.01 Da with charge states 14" to 17". The CCS values
of this PAI-1 + nanobody complex are displayed in Table 10. The CCS value of the 14" charge
state of this complex can be compared to those of the respective 1:1 PAI-1 + nanobody
complexes. The CCS value of PAI-1 Stab + VHH-2g-42 + VHH-2w-64 is 5,160.71 A%, while that of
PAI-1 Stab + VHH-2g-42 is 4,425.09 A and that of PAI-1 Stab + VHH-2w-64 is 4,666.93 A%
Compared to the 14" charge state of PAI-1 Stab + VHH-2g-42 there is an increase in CCS value of
16.62 %. Compared to the CCS value of PAI-1 Stab + VHH-2w-64 there is an increase of 10.58 %
in CCS value. Figure 15 shows that the measured CCS value of the (VHH), + PAI-1 complex
evades the predicted CCS value for a globular complex with 15 %.
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Figure 14: Native mass spectrum of PAI-1 stab complexed with both nanobodies
VHH-2g-42 and VHH-2w-64 in a 1:1:1 stoichiometry.
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Table 9: CCS values of the nanobodies VHH-2-12, VHH-2w-64, PAI-1 Stab and the PAI-1-nanobody

complex

CCS | VHH-2-12 | VHH-2w-64 | PAI-1Stab +VHH-Z:3:-21+S\::III)-I-ZW- 6

5' | 1506+9A | 15697 A

6 | 1603+8A | 180374

7 206747 A

12° 3069439 A

13" 35044514

14" 5160+ 214
15" 5161+ 184
16" 51794214
17" 5192446 A
MW | 13,514.6 Da | 13,078.0 Da | 42,785.6 Da 68,483.0 Da
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Figure 15: Experimental CCS values of the low-charge states of nanobodies VHH-2-12 and VHH-2w-64,

PAI-1 and the PAI-1-nanobody complex
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5.4.1 Unfolding pattern and stability of nanobodies

The three studied anti-PAI-1 antibodies displayed slightly different CIU behaviour (Fig. 16). For
VHH-2g-42, the drift time at 10 V is at 9.66 * 0.27 ms and has a less intense peak at 13.30 £
0.55 ms (Fig. 16A). At 20 V VHH-2g-42 shows a transition to 10.21 + 0.46 ms and 13.67 £ 0.73
ms. After 30 V the conformation at 13.67 ms stays stable till 100 V.

VHH-2w-64 displays a drift time of 14.76 £ 0.55 ms at 10 V with a less intense peak at 13.12 £
0.55 ms which disappears at 30 V (Fig 16B). The peak at 14.76 ms remains stable till 100 V.
VHH-2-12 has a drift time of 10.94 = 0.20 ms with a less intense peak at 14.40 £ 0.37 ms at 10
V (Fig 16C). However, this distribution of intensity changes at 30 V, where the peak at 14.40 ms
is slightly more intense than the peak at 10.94 ms. The three studied nanobodies show slightly
different transitions but are overall flexible as their ion mobility peaks are broad and for VHH-2-
12 there seem to be two conformations present.
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Figure 16: Collision-induced unfolding plots of nanobodies, (A) VHH-2g-42, (B) VHH-2w-64, (C) VHH2-12
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5.4.2 Influence of nanobodies on stability of PAI-1 complex

When the studied nanobodies were bound to PAI-1, each complex showed a different unfolding
pattern as displayed in the CIU plots in Figure 17. The VHH-2w-64 + PAI-1 Stab complex shows a
first transition at 30 V, whereas VHH-2g-42 + PAI-1 Stab and VHH-2-12 + PAI-1 Stab show their
first transition at 40 V. The VHH-2g-42 + PAI-1 Stab then displays a transition every 10 V until it
reaches 90 V where it stays constant. VHH-2w-64 + PAI-1 Stab and VHH-2-12 + PAI-1 Stab show
transitions every 10 V from 40 V to 60 V after which it stays stable. VHH-2-12 induces the
latent form of PAI-1 and VHH-2w-64 induces the substrate form of PAI-1. How exactly VHH-2g-
42 inhibits PAI-1 is not known, but the unfolding pattern of this complex is different compared
to the other two and shows more stability as it reaches the most unfolded observed state at a
higher voltage. The least stable would be the VHH-2w-64 + PAI-1 Stab complex which starts to
transition at relative lower voltages.
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Figure 17: Collision-induced unfolding plots (A) VHH-2g-42 + stab, (B) VHH-2w-64 + stab,
(C) VHH-2-12 + stab
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5.5 Characterising an scFv against PAI-1

ScFV-33H1f7 is a single-chain variable fragment that inhibits PAI-1 by inducing substrate
behaviour. Figure 18 shows the mass spectrum of scFV-33H1F7 indicating that it is observed as
a dimer of 51,947.00 Da with charge states 11" to 14". Small amounts of monomer were also
observed with an experimental mass of 25,996.3 Da. It is believed that this dimerisation of scFv
is due to the solution conditions of the experiment; pH 5.5 and 150 mM ammonium acetate.
Dimers can be trapped by factors which stabilise the VH-VL interface, such as high ionic

strength and a pH below 7.5 321 The presence of the antigen is also a factor that can stabilise
the scFv dimers 2.

To confirm that the dimer is not due to a possibly too high protein concentration used during

this experiment, the scFv was measured at lower concentration up to 350 nM (Fig. 19) Even at a
protein concentration of 350 nM the scFv was observed as a dimer
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Figure 18: Native mass spectrum of scFv-33H1F7. The inset shows the mass spectrum zoomed in at
2000-3500 m/z.
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Figure 19: Native mass spectra of scFv-33H1F7 at a range of protein concentrations.

ScFv-33H1F7 was measured in complex with PAI-1 Stab and with PAI-1 Latent to check the
complex stoichiometry with native mass spectrometry and the collision cross sections with
native ion mobility. When scFv-33H1F7 interacts with latent PAI-1 (Fig. 20), the complex
consists of a scFv dimer and a PAI-1 monomer and has an experimental mass of 94,787.7 Da.
Next to this complex there is still some scFv monomer and scFv dimer observed but no free PAI-
1 Latent. There is also a small presence of the complex with scFv dimer and PAI-1 dimer
detected in the range of 5000-6500 m/z.

When scFv interacts with PAI-1 Stab (Fig. 21), the stoichiometry of the complex also indicates a
scFv dimer binding a PAI-1 stab monomer, with an experimental mass of 94,787.1 Da.  In this
case there was still free PAI-1 stab and free scFv dimer observed in the mass spectrum, as well
as the presence of a complex consisting of scFv dimer and PAI-1 dimer in the range of 5500-
6500 m/z.

Table 11 displays an overview of the CCS values calculated for the scFV monomer, scFv dimer,
and the scFv-PAI-1 complex with PAI-1 Stab and with PAI-1 Latent. Selecting the CCS values of
the lowest charge states of the proteins; the scFv monomer has a CCS value of 2337.2 A?; the
scFv dimer 3813 A% scFV dimer + PAI-1 Stab 5919 A% and scFv dimer + PAI Latent a value of
6192 A%. The CCS values for the PAI-1 Stab complex and the PAI-1 Latent complex are similar
with a 4 % difference in size. Although scFv-33H1F7 induces substrate behaviour of active PAI-1,
the latent PAI-1 would possibly not make this transition.
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Figure 20: Native mass spectrum offjptent PAI-1 complexed with scFv-33H1F7.
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Figure 21: Native mass spectrum of PAI-1-Stab complexed with scFv-33H1F7.
Table 10: CCS values of ScFv-33H1F7, PAI-1 Stab, PAI-1 Latent and the PAI-1-scFv complexes
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ccs | schv monomer | ScFv dimer PAI-1 PAI-1 Stab PAI-1 PAI-1 Latent
Stab +ScFv dimer Latent +ScFv dimer
2
8" 2337 +47 A
+ .2
9 2374 + 48 A
2
10" | 2400+53 A
2
11" 3812 +81 A
2 2 2
12* 3696 +49 A | 3469+39A 3335+70 A
2 2 2
13" 3650+60A | 3504+51A 3391+75A
+ .2
14 3690 +44 A
18+ 02 o 2
5918 + 65 A 6191 + 85 A
2 2
19" 5899 +52 A 6148 + 119 A
2 2
20" 5996 + 54 A 6835+ 118 A
MW | 25,998.2 Da 51,994.5Da | 42,716.8Da | 94,787.1Da | 42,779.5Da | 94,787.7 Da
6000 +
5000 4
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w) _
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Figure 22: Experimental CCS values of the low-charge states of ScFv-33H1F7, PAI-1 Stab, PAI-1
Latent and the PAI-1-scFv complexes

5.5.1 The influence of scFv-33H1F7 on PAI-1 complex stability
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The unfolding plot of the scFv-33H1F7 dimer shows a transition at 40 V and another one at 50 V
(Fig. 23A). When the scFv binds to PAI-1 the unfolding plot differs for PAI-1 Stab and PAI-1
Latent (Fig 23B &C). The scFv+PAI-1 Stab complex displays clear transitions at 50 V, 60V and at
100 V and stays stable till 150 V. On the other hand, the scFv +PAI-1 Latent complex shows a
slight transition at 60 V and a transition at 100 V after which the complex is lost, which could
mean that this complex is relatively more unstable. The scFv-33H1F7 would induce substrate

behaviour of PAI-1 stab. However, the binding of scFv-33H1F7 to latent PAI-1 results in a
relatively unstable complex.
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Figure 23: Collision-induced unfolding plots (A) ScFv-33H1F7, (B) ScFv-33H1F7 + PAI-1 Stab, (C)
ScFv-33H1F7 + PAI-1 Latent

5.6 Monoclonal antibodies against PAI-1
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Four anti-PAI-1 monoclonal antibodies were analysed with native IM-MS. Mab-33H1F7, Mab-
55F4C12 and Mab-8H9D4 induce substrate behaviour of PAI-1 % and Mab-33B8 induces the
acceleration of the active-to-latent conversion of PAI-1 12,

The Mabs were measured separately and in complex with PAI-1 Stab and with PAI-1 W175F.
Figure 24 displays the native mass spectra of the four studied anti-PAI-1 antibodies. The same
charge state distribution was observed for the four antibodies (20" to 25%), with the most
intense peak corresponding to the 23 charge state.
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Figure 24: Native mass spectra of anti PAI-1 antibodies (A) Mab-33H1F7, (B) Mab-55F4C12,
(C) Mab-33B8 and (D) Mab-8H9D4.
When PAI-1 Stab was added to the antibody in a 1:1 ratio, there was a similar trend observed in
the mass spectra of PAI-1 Stab + Mab (Fig. 25). The observed complex consisted of monomeric
PAI-1 Stab and monomeric antibody and the PAI-1 Stab + Mab complexes had a similar charge
state distribution ranging from 24" to 28" with the most intense peak corresponding to the 27*
charge state. The experimental mass ranged from 189,962.4 Da for Mab-33H17F7+PAlI-1 Stab to
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191,553.3 Da for Mab 33B8+PAl-1 Stab. The free antibody is still observed in the mass spectra
in the 6000-7000 m/z range.
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Figure 25: Native mass spectra of anti PAI-1 antibodies (A) Mab-33H1F7 + Pai-1 Stab, (B) Mab-55F4C12
+ Pai-1 Stab, (C) Mab-8H9D4 + Pai-1 Stab and (D) Mab-33B8 + Pai-1 Stab.
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The PAI-1 W175F + Mab complexes showed similar MS results as the PAI-1 Stab + Mab
complexes (Fig. 26). The complex consists of monomeric antibody and monomeric PAI-1 W175F
with a charge state distribution of 24" to 28", and 27" charge state as the most intense peak.
The free antibody is observed in the 6000-7000 m/z range. The experimental mass of the Mab+
PAI-1 W175F complex ranges from 190,064.34 Da for Mab-8H9D4 + PAI-1 W175F to 191,227.53
Da for Mab-338B + PAI-1 W175F.
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Figure 26: Native mass spectra of A) Mab-33H1F7 + Pai-1 W175F B) Mab-55F4C12 + Pai-1 W175F
C) Mab-8H9D4 +Pai-1 W175F D) Mab-33B8 + Pai-1 W175F.
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Tables 12-15 display the CCS values of the anti-PAI-1 antibodies and the PAI-1 + antibody
complexes. The anti-PAI-1 antibodies have CCS values of 7500 A% to 7548 A* when comparing
their 20" charge states. When comparing the complex with PAI-1 Stab to the complex with PAI-1
W175F, no significant differences are seen at the lowest charge state (24%) for the four
antibodies.

The CCS value of the 24" charge state of the monoclonal antibody can be compared to the CCS
value of the Mab + PAI-1 Stab complex. For Mab-33H1F7 the complex shows an increase of 17.8
%, for Mab-554C12 an increase of 19.5 %, for Mab-8H9D4 an increase of 18.0 % and for Mab
33B8 an increase of 18.5 %. As the first three mentioned antibody induce the same substrate
behaviour of PAI-1 these similar CCS values were expected. Mab-33B8 induces an active-to
latent transition of PAI-1, but this form is not distinguishable when comparing to the other CCS
values.

Figures 27-30 display the experimental CCS values plotted in function of the molecular weight.
The trend line is based on the CCs values of globular calibrants. The CCS values of the antibody,
PAI-1 and the PAI-1 + antibody complex follow the predicted trend, suggesting that the overall
globular shape remains when forming the complex.
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Table 11: CCS values of the antibody Mab-33H1F7, PAI-1 and the PAI-1-antibody complex.

ces | partstb | pariwirse | mabaswier | (RESRS | FOL IR | ansaity | wiabaseier
12" | 3469439 /f\2 3436 + 43 AZ
13" | 3504451 /f\2 3541+ 43 /f\2
20" 7500+ 58 A
21" 753247 A
22" 7570 + 61 /f\2
23" 7625 + 57 /f\2
+ 2 2 2
24 7644 + 46 A 8999 + 68 A 8999 + 86 A
25" 7692 + 46 Z\z 9026 + 57 Az 8967 + 62 Z\z
26" 9011+55A | 9011+69A
27" 9020 + 78 AZ 9020 + 88 Z\Z
28" 9065 + 71 AZ 9065 + 54 Z\Z
29" 10468 + 64 Z\z 10468 + 49 2\2
30 10541458 A | 10468+ 55 A
31" 10587 + 75 Z\Z 10510 + 66 Z\Z
MW | 42716.9 Da 42839.5Da | 147869.2Da | 189962.4 Da 190982.8 Da 232955.5 Da 233659.4 Da
12000 +
10000 4
N/'\
< 8000 -
N
) 1
O
O 60004
4000 -
1 1 1 1 1
0 50 100 150 200 250
Mass (kDa)

Figure 27: Experimental CCS values of the low-charge states of antibody Mab-33H1F7, PAI-1
and the PAI-1-antibody complex
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Table 12: CCS values of the antibody Mab-55F4C12, PAI-1 and the PAI-1-antibody complex.

PAI-1 Stab + PAI-1 W175F+ | (PAI-1Stab),+ | (PAI-1W175F),
ces PAI-1Stab | PAI-1WI175F | Mab-55FAC12 |\ \ copac12 | Mab-55F4C12 | Mab-55FAC12 | +Mab-55F4C12
2 2
12" | 3460+39A | 3436+43A
2 2
13" | 3504+51A | 3541+ 434
+ 2
20 7500 57 A
+ 2
21 7484 + 64 A
2
+ o
22 7461+ 62 A
2
23" 7507 £+ 62 A
+ o 2 o 2 o 2
24 7580 + 47 A 9056 + 63 A 8999 + 61 A
2 2 2
25" 7692 +54 A 9084 + 55 A 8967 + 46 A
2 2
26" 9074 + 60 A 9011 +50 A
+ OZ u2
27 9088 + 77 A 9020 +52 A
+ 02 02
28 9089 +31 A 9137 +59 A
2 2
29" 10331+ 59 A 10400 + 50 A
2 2
30" 10396 + 67 A 10468 + 62 A
+ 02 02
31 10587 +52 A 10432 £54 A
MW | 42,716.9Da | 42,839.5Da 148,267.4 Da 190,754.6 Da 190,907.6 Da 233,457.8 Da 233,537.2 Da
12000 4
10000
N/'\ ]
< 8000 -
N’
8 4
¢ 6000
4000 -
T T T T T T T T T
0 50 100 150 200 250
Mass (kDa)
Figure 28: Experimental CCS values of the low-charge states of antibody Mab-55F4C12, PAI-1
and the PAI-1-antibody complex
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Table 13: CCS values of the antibody Mab-8H9D4, PAI-1 and the PAI-1-antibody complex.

PAI-1Stab+ | PAI-1W175F+ | (PAI-1Stab),+ | (PAI-1W175F),+
CCS | PAI1Stab | PAIFLWI75F | Mab-8H9D4 |\, enopa Mab-8H9D4 Mab-8H9D4 Mab-8H9D4
+ DZ o 2
12 3469 +39A | 3436+43A
+ DZ 02
13 3504+51A | 3541+ 43A
+ 2
20 7548 + 87 A
+ 2
21 7483 + 85 A
2
+ o
22 7515+ 99 A
2
+ o
23 7507 + 104 A
+ o 2 o 2 o 2
24 7580+ 75 A 8944 + 74 A 8944 + 72 A
+ R 2 . 2 . 2
25 7691 + 97 A 8907 + 60 A 8966 + 80 A
2 2
26" 9011 + 66 A 9011 + 84 A
+ 02 02
27 9020 + 78 A 9088 + 98 A
+ 02 02
28 9004 + 46 A 9137+ 70 A
2 2
29" 10674 + 53 A 10672 £ 73 A
2 2
30" 10688 + 78 A 10541 + 64 A
+ 02 DZ
31 10967 + 79 A 11046 + 89 A
MW | 42,7169Da | 42,839.5Da | 148,309.2Da | 190,582.9 Da 190,064.3 Da 233,054.2 Da 233,521.9 Da
12000
10000 -
—~
N -
< 8000
0 l
3
6000 -
4000 -
T T T T T T T T
0 50 100 150 200 250
Mass (kDa)

Figure 29: Experimental CCS values of the low-charge states of antibody Mab-8H9D4, PAI-1
and the PAI-1-antibody complex
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Table 14:

CCS values of the antibody Mab-33B8, PAI-1 and the PAI-1-antibody complex.

PAI-1Stab+ | PAI-1W175F+ | (PAI-1Stab),+ (PAI-1 W175F),
CCs | PAK1Stab | PA-F1WI75F | Mab-33B8 Mab-33B8 Mab-3388 Mab-33B8 +Mab-338B8
2 2
12" | 3469+394 3436 +43 A
+ 02 o 2
13 3504+51A | 3541+ 43A
+ 2
20 7548 + 73 A
+ 2
21 7583 + 65 A
2
22" 7570 £+ 78 A
2
+ o
23 7566 + 68 A
+ o 2 o 2 o 2
24 7643 £+ 71 A 9056 + 71 A 8999 + 93 A
2 2 2
25" 7763 +79 A 9142 + 45 A 9203 + 78 A
2 2
26" 9199 + 45 A 9199 + 100 A
+ o2 o2
27 9222 +47 A 9424 + 110 A
2
+ o
28 9495 + 42 A
2 2
29" 10807 + 46 A 10674 + 106 A
2 2
30" 10830 + 50 A 10830 + 93 A
+ 02 nz
31 10893 + 45 A 10893 + 87 A
MW | 42,716.9Da | 42,839.5Da | 148,981.2Da | 191,553.3 Da 191,227.5 Da 233,681.4 Da 233,884.3 Da
12000 -
10000 -
< 8000
<
0)) |
3
6000
4000 -
T T T T T T T T
0 50 100 150 200 250
Mass (kDa)
Figure 30: Experimental CCS values of the low-charge states of antibody Mab-33B8, PAI-1 and
the PAI-1-antibody complex
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5.6.1 Unfolding of anti-PAIl-1 antibodies complexed with PAI-1

The collision-induced unfolding of anti-PAI-1 antibodies in complex with PAI-1 Stab was
monitored and the results are displayed in Figure 20. The overall plots are similar for the four
studied antibody-PAI-1 complexes. The transitions occur at 80 V, 90 V and 100 V, after which
the signal stays stable until 160 V for Mab-331F7 + PAI-1 Stab (Fig. 20A) and until 180 V for the
other three Mab + PAI-1 Stab complexes (Fig. 20B, C &D). Mab-33B8 displays the clearest
transitions and an additional small transition at 110 V.

A similar trend was observed when the anti-PAI-1 antibodies were measured in complex with
active PAI-1 W175F (Fig. 21). A first slight transition was observed at 60 V for the complexes
with the substrate inducing Mabs; 33H1F7, 55F4C12 and 8H9D4 (Fig. 21A, B &C). The following

transitions occur at 80 V, 90 V and 100 V, after which it stays stable until 170 V.
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Figure 31: Collision-induced unfolding plots of anti PAI-1 antibodies (A) Mab-33H1F7 + Pai-1 Stab,
(B) Mab-55F4C12 + Pai-1 Stab, (C) Mab-8H9D4 +Pai-1 Stab and (D) Mab-33B8 + Pai-1 Stab.
Insets show the m/z peak (at different trap voltages) selected to extract the IM drift time.
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Figure 32: Collision-induced unfolding plots of (A) Mab-33H1F7 + PAI- W175F, (B) Mab-55F4C12 + PAI-

1 W175F, (C) Mab-8H9D4 +PAI-1 W175F and (D) Mab-33B8 + PAI-1 W175F. Insets show the m/z peak

(at different trap voltages) selected to extract the IM drift time.

5.7 Conclusions

The combination of native mass spectrometry, ion mobility and collision-induced unfolding
provided a set of information that could aid in characterising and distinguishing variants.
Next to structural analysis this information can also be used to investigate the
reproducibility of a pattern.

For the studied PAI-1 variants, which are similar in mass and CCS values, the collision-
induced unfolding plots could distinguish an active PAI-1 from a latent PAI-1.

The comparison of nanobodies, which inhibit PAI-1 in different ways, resulted in unique
data sets for each nanobody and nanobody + PAI-1 complex.

ScFv-33H1F7 in complex with PAI-1 Stab could be distinguished from its complex with PAI-1
Latent, based on their collision-induced unfolding plot.

The monoclonal antibodies bound to PAI-1 displayed similar results in native MS and CCS
values. When comparing their CIU plots the complex with latent-form inducing Mab-33B8
has a slightly different trend compared to the other three substrate inducing mAbs.
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Chapter 6

Analysis of RNA therapeutics




6.1 Introduction

Ribonucleic acid (RNA) is emerging as a new category of molecule with therapeutic interest.
RNA therapeutics can be defined as the use of RNAs as therapeutic agents or the modulation of
RNA structure and function with more traditional drugs (e.g. small molecules or peptides).
However, issues such as the instability of RNA, potential immunogenicity, and the requirement
of a delivery vehicle for efficient transport to the targeted cells, have hindered the clinical
progress of some RNA-based drugs. Nonetheless, solutions to these problems are provided by
improved synthetic delivery carriers and chemical modifications of the RNA [ The focus on
research and development of RNA therapies is growing as more than 50 RNA or RNA-derived
therapeutics have reached clinical testing. To date, four oligonucleotide therapeutics have been
approved by the FDA and the expected approvals will launch this class of molecules as the third
major drug category after biologics and small molecules 21 |n this chapter, the different types
of RNA as well as the range of RNA therapies will be described.

6.1.1 Ribonucleic acid (RNA)

RNA usually consists of a single-stranded chain of nucleotides. Each nucleotide consists of
ribose, a phosphate group and a nitrogenous base (adenine, guanine, cytosine or uracil) (Fig. 1).
RNA primary structure resembles DNA as it is composed of nitrogenous bases linked to sugar
structures. Yet, the higher-order structure of RNA mimics proteins to some extent, as it can fold
into complex structures with unique binding sites suitable for small molecules, peptides or
proteins 1. These characteristics make RNA an attractive therapeutic target or agent. Since
there are important diseases caused by RNA viruses, such as the human immunodeficiency
virus (HIV), hepatitis C virus (HCV) and respiratory syncytial virus (RSV), this emphasizes the
importance of developing compounds that can target RNA Bl
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Figure 1: Chemical structure of RNA
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There are several types of RNA, which can be classified based on their functions (Fig.2).
Messenger RNA (mRNA) is involved in protein-coding, as it transcribes the genetic information
from DNA into a series of three-base code words . However, there are RNA molecules that are
not translated into proteins, called non-coding RNA (ncRNA) Bl The different types of non-
coding RNA include the translation-related RNAs, ribosomal RNA (rRNA) and transfer RNA
(tRNA). Ribosomal RNA directs the translation of mRNA into proteins. Transfer RNA (tRNA)
transfers amino acids, which correspond to each three-nucleotide codon of tRNA, to the
ribosome. These amino acids are then joined together to make peptides and proteins. Research
continues to uncover the important role of non-coding RNA in epigenetic gene regulation (i.e.,
the contribution of an organism’s environment and experience to its biology) '®. These non-
coding RNAs can be short (i.e., shorter than 200 nucleotides, or long (i.e., larger than 200
nucleotides). There are several subtypes of long and short ncRNAs and these can be grouped
according to their functions 1 RNA interference (RNAI) technology uses short RNA molecules
to regulate the expression of a gene of interest . Small interfering RNAs (siRNA), which are
short pieces of double stranded RNA, can initiate the specific degradation of a targeted cellular
mRNA. Long non-coding RNA can be involved in epigenetic gene silencing and in tumor

suppression [,

Coding RNA Non-coding RNAs

mRNA Translation- Short non- Long non-
Messenger RNA related RNAs coding RNA coding RNA

RNAi

RNA
interference

rRNA tRNA snRNA
Ribosomal RNA Transfer RNA Small nuclear RNA

miRNA siRNA

Micro RNA Small interfering RNA

Figure 2: General overview of different types of RNA.
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6.1.2 RNA-based therapeutics

RNA-based therapeutics have vast potential to treat a variety of diseases. Despite issues such as
delivery, specificity, stability and immune activation, the development of RNA therapeutics is
advancing by focusing on these hurdles. By improving synthetic delivery carriers and
implementing chemical modifications of RNA therapeutics, emerging drugs are showing
promising results in clinical trials [ RNA-based therapeutics include: inhibitors of mRNA
translation (antisense), RNA interference (RNAI), catalytically active RNA (ribozymes), and RNA
that binds proteins or other molecular ligands (aptamers). Figure 3 gives an overview of the
current RNA-based therapies with a brief description of their mechanism and the related
approved drugs.

THERAPY DESCRIPTION TARGET MODE OF ACTION
Antisense Single-stranded DNA  Messenger RNA (mRNA) ; : o
aligonticiaolide or RNA or precrRNA Blocks protein translation or affects splicing
" : Inactivates or modifies target.
Single-stranded DNA  Proteins, small molecules, P ol N
Aptamer or RNA toxins, or even whole cells (See “Antibody Alternatives,” The Scientist,

February 2016.)

Hijacks natural gene-silencing pathway in
cells that uses interference (RNAI) to trigger
target degradation

fs“i";gx‘)‘e'fe"“l RNA  pouble-stranded RNA mRNA

Inactivates microRNA, leading to changes

Anti-microRNA in gene expression

Single-stranded RNA microRNA

Augments activity of endogenous microRNA

MicroRNA mimic Double-stranded RNA  mRNA o block transiation
THERARY MAIN COMPANIES CURRENTLY INVOLVED IN DRUGS THAT HAVE BEEN APPROVED
CLINICAL OR PRECLINICAL RESEARCH OR ARE IN LATE-STAGE CLINICAL TRIALS
+ lonis Pharmaceuticals - Fomivirsen (approved 1998)
+Sarepta Therapeutics » Mipomersen (approved 2013)
Anti -Eteplirsen (approved 2016)
°|? f:t?:li otide +Nusinersen (Phase 3 trial halted in August
g due to positive results)
- Alicaforsen (currently in Phase 3 trials)
- Aganersin (currently in Phase 3 trials)
- Somalogic - Pegaptanib (approved 2004)
Aptamer «RIBOMIC - Pegpleranib (currently in Phase 3 trials)
- Aptagen

Small interfering RNA
(siRNA)

» Alnylam Pharmaceuticals

- Dicerna Pharmaceuticals

« Arrowhead Pharmaceuticals
» Arbutus Biopharma

+Quark Pharmaceuticals

- Patisiran (results from Phase 3 trial
expected mid-2017)
- QPI-1002 (currently in Phase 3 trials)

SR - Santaris (owned by Roche) None
Anti-microRNA - Regulus Therapeutics
+Mirna Therapeutics None

MicroRNA mimic

» Regulus Therapeutics

Figure 3: General overview of oligonucleotide-based therapeutics. Figure taken from [2
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6.2 TAR-RNA peptide binding
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6.2.1 Introduction
Trans-activation response (TAR) is a RNA-element required to stimulate viral gene expression
and virus replication . The TAR sequence is located at the 5’-noncoding region of HIV-1
MRNA’s, and forms a stable stem-loop structure in vitro (Figure 1). The TAT (trans-activator of
transcription) protein interacts with the TAR sequence in order to regulate viral gene
expression [ The HIV TAR-RNA has been considered a target for inhibiting HIV replication due
to its complex role in facilitating transcription of viral DNA 21 Many of the known TAR-binding
small molecules often have poor affinity, inadequate physicochemical properties or poor
selectivity 21 Hence, finding the right small molecules or peptides that bind to TAR remains an
important challenge. The goal of this project was to evaluate native IM-MS for RNA-peptide
binding and to provide structural restraints, derived from the collision cross sections, for
further structural modeling.
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Figure 1: TAR-RNA structure
6.2.2 Experimental details

The RNA samples were provided by Dr. Matthew D. Shortridge of the Chemistry department of
the University of Washington. Stock RNA sample (77uM in water) was heated for 4 minutes at
90°C, and then cooled at -20°C until sample was frozen. This last step helps to ensure that the
stem loop structure is formed. Before the MS experiment the samples were buffer-exchanged
into 150 mM ammonium acetate using Micro Bio-spin columns (Bio-Rad) and diluted to a
concentration of 10 uM. The instrument was tuned to preserve native higher-order structure
using the following parameters: spray capillary voltage 1.2 kV; nanoflow gas pressure 0.1 bar;
sampling cone 20 V; extraction cone 1.0 V; trap collision energy 4.0 V; transfer collision energy
0 V; IMS wave velocity 300 m/s; IMS wave height 35.0 V ; backing pressure 3.0 mbar. The data
were acquired and processed with Masslynx v4.1 software, and ion mobility drift times
extracted using Driftscope v2.3 (both Waters). As calibrants, an ESI- Low concentration tuning
mix (Agilent) was used (Table 1). The CCS values of six compounds from this tuning mix have
been previously calibrated by Gabelica et al. in negative mode on a linear drift tube ion mobility
spectrometer (DT-IMS; Gabelica, personal communication). These calibrated CCS values were
used to calculate the CCS values of RNA molecules using the CCS calibration method as
described previously Bl In this experiment negative calibrants were used, because no
equivalent compound calibrations were available.
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Table 1: List of low mass ESI calibrants (Agilent) used for the calibration of TAR-RNA and complexes.
The CCS values were obtained in negative mode.

Calibrant Mass (Da) CCS value (A%)
Negative mode
Hexakis(2,2- 601.98 118.6
difluoroethoxy)phosphazine
Hexakis(1H, 1H, 3H- 1033.99 190.0
tetrafluoropropoxy)phosphazine
Hexakis(1H, 1H ,4H- 1333.97 215.5
hexafluorobutyloxy)phosphazine
Hexakis(1H, 1H, 5H- 1633.95 244.3
octafluoropentoxy)phosphazine
Hexakis(1H, 1H, 6H- 1933.93 272.2
decafluorohexyloxy)phosphazine
Hexakis(1H, 1H, 7H- 2233.91 295.8
dodecafluoroheptoxy)phosphazine

6.2.3 Native IM-MS of TAR-RNA

With native mass spectrometry, the 5 and 4" charge state of TAR-RNA were observed, with an
experimentally determined mass of 9451.4 Da (Figure 2). The theoretical mass of the TAR
sequence is 9446.2 Da. When zooming into the 5+ charge state additional peaks were noted,
with an additional mass of 80 Da and 22 Da, which can indicate phosphate (instead of a
hydroxyl group) and sodium adducts, respectively. The low charge states indicated that the
TAR-RNA was still in its compact native state.

1.0+ 5+ 10+
A
. | B 80 Da
0.8+ 08+
0.6 064
22 Da
= 1 = 1 H
0.4 044
] 4t ] 80 Da
0.2 0.2 4—1‘
00 v T y T ¥ lk‘l y T Y T 00-
1000 1500 2000 2500 3000 3500 1850 15800 1950 2000
m/z m/z

Experimental Mass (Da) Theoretical Mass ( Da) \
TAR-RNA 9451.4 9446.18

Figure 2: Native mass spectrum of TAR-RNA (A) and TAR-RNA zoomed in on 5 charge state (B).
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Figure 3 shows the ion mobility drift times of the 3%, 4" and 5" charge states of TAR-RNA , as
well as the presence of the TAR-RNA dimer (6" and 7°). When observing the narrowness of the
drift time peaks in the y-axis, they appear to be compact structures that did not show multiple
conformations per charge state.

The collision cross sections of TAR-RNA were derived from the ion mobility drift times and are
displayed in Table 2.

10

""'sablo T 106600 '1500'.0'""'ébddﬂo"""zéo&?z TTTT30000 35000 ' 4pdo.d | 4soo4

Figure 3: Native ESI-MS ion mobility drift times in function of m/z values of TAR-RNA.

Table 2: Collision Cross Sections of the observed charge states of TAR-RNA

enta s D3 AR-RNA A
9451.4 5 575.0 £ 0.5
9451.4 4* 569.9 + 0.5
9451.4 3" 567.8 +0.2
Experimental Mass (Da) TAR-RNA dimer CCS (AY)
18965.3 7 881.9+22.8
18965.3 6" 867.3 +21.7
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6.2.4 Interaction of TAR-RNA with a cyclic peptide

In this study, the interaction of TAR-RNA with a cyclic peptide, JB64, was reported (Figure 4).
This peptide has a theoretical mass of 1735.08 Da. With native mass spectrometry, a mass of
1758.12 Da was observed (Figure 5), which can be assigned as the cyclic peptide with one
sodium adduct (+23 Da).

cyclo(RVRTQKGRRIRIpP)

Figure 4: Sequence of cyclopeptide JB64.
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Cyclopeptide JB64 1758.1 1735.08
Figure 5: Native mass spectrum of cyclopeptide JB64.
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TAR-RNA 9451.4 9446.18
TAR-RNA + JB64 11215.2 11181.26

Figure 6: Native mass spectrum of TAR-RNA with added cyclopeptide JB64. The peaks corresponding
to TAR-RNA are labeled with a triangle and the complex with a circle.

When adding the cyclic peptide, JB64 to TAR-RNA at a 1:1 molar ratio, the presence of the TAR-
RNA complexed with one JB64 unit was noted (Figure 6).

Since the relative intensity of the peak at 2243 m/z was low, an MS/MS experiment was
performed on this peak to confirm that it corresponds to the RNA-peptide 1:1 complex. In
Figure 7 the MS/MS spectra are shown with increasing trap collision energy. When a trap
collision energy of 80 volts was applied, the RNA-peptide complex dissociated into its subunits.
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Figure 7: MS/MS spectra of the TAR-RNA + JB64 complex (e )peak at 2243 m/z with increasing trap
collision energy. At 80 V the complex is dissociated as unbound TAR-RNA (A) appears

Table 3 shows the collision cross sections derived from the ion mobility drift times of TAR-RNA
and the TAR-RNA-peptide complex. The cyclic peptide, JB64, has a collision cross section from
466.4 to 521.4 A* and the TAR-RNA-peptide complex a collision cross section of 800.0 A%2. When
looking at the effect of the increased trap collision energy on the ion mobility drift time, no
difference was seen. Thus, the RNA complex structure is very stable and is tolerant to the
voltage changes in the MS instrument.

Table 3: Collision cross sections of cyclopeptide JB64 and the TAR-RNA+JB64 complex.

1B64 CCs (A%
2" 466.4
3* 479.5
4* 521.4
TAR-RNA + JB64 CCs (A%)
5* 800.0

200
Chapter 6: RNA therapeutics



6.2.5 Conclusion

Native IM-MS was used to determine the mass and collision cross section of TAR-RNA and of
the cyclopeptide, JB64. With ion mobility, the TAR-RNA dimer peaks could be more clearly
distinguished from the TAR-RNA monomer.

When adding the cyclic peptide to TAR-RNA, a 1:1 complex was observed. The presence of this
complex was confirmed by performing an MS/MS experiment of the complex peak. The native
IM-MS data provides a reference for mass and size, which can be used for further comparison
with calculated structures.

6.2.6 Sources

[1] S. Roy, U. Delling, C.H. Chen, C.A. Rosen, N. Sonenberg, A bulge structure in HIV-1 TAR RNA is
required for Tat binding an Tat-mediated trans-activation, Genes & Development 1990, 4, 1365-1373
[2] J. Sztuba-Solinska, S.R. Shenoy, P.Gareiss, L.R.H. Krumpe, S.F.J.LeGrice, B.R. O’Keefe, J.S.Schneekloth,
Jr, ldentification of Biologically Active, HIV TAR RNA-Binding small Molecules using Small Molecule
Microarrays

[3] Bush, M. F.; Hall, Z.; Giles, K.; Hoyes, J.; Robinson, C. V.; Ruotolo, B. T., Collision Cross Sections of
Proteins and Their Complexes: A Calibration Framework and Database for Gas-Phase Structural Biology.
Analytical Chemistry 2010, 82 (22), 9557-9565.
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6.3 AtaT blocks translation initiation by N-acetylation of the initiator tRNA™!
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6.3.1 Introduction

Toxin-antitoxin systems (TA) are found in bacterial genetic elements and chromosomes. They
are involved in the regulation of processes such as plasmid stabilization and protection against
phages. When the toxin and the antitoxin components are proteins, the modules are called
type Il TA modules. AtaT-AtaR is a novel type Il TA operon found in Escherichia coli and stands
for Aminoacyl tRNA acetyltransferase Toxin-Repressor. The toxin, AtaT, contains an N-
acetyltransferase GNAT domain (Gcn5-related N-acetyltransferase) which can modify
substrates from small molecules, such as antibiotics, to macromolecules. The goal of this
project was to demonstrate that AtAT inhibits translation initiation by acetylating the free
amine group of methionine on the tRNA™Me using acetyl coenzyme A (AcCoA) as acetyl donor
(Fig. 1). The acetylation of the initiator Met-tRNAfMet prevents the formation of an initiation
complex compatible with translation initiation. This would result in the inhibition of proteins
synthesis and subsequent growth arrest.

This chapter focussed on how mass spectrometry assisted in confirming the formation of the
AtaT-AtaR complexes and the acetylation of tRNA™e!,

~
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, the arrow indicates the amine group modified by
AtaT.

Figure 1: lllustration of initiator tRNA™™*

6.3.2 Experimental details

Samples of the AtaT-AtaR complex were prepared at 20 uM protein concentration in 100 mM
ammonium acetate buffer, pH 6.9. The treated and non-treated Met-tRNAMet samples (10 uM)
were also prepared in 100 mM ammonium acetate buffer, pH 6.9. All the samples were
introduced into the vacuum of the mass spectrometer using nanoelectrospray ionization with
in-house-prepared gold-coated borosilicate glass capillaries with a voltage of approximately
+1.6 kV. Spectra were recorded on a quadrupole TOF instrument (Q-TOF2, Waters, Manchester,
UK) modified for transmission of native, high m/z protein assemblies as described previously [,

203
Chapter 6: RNA therapeutics



6.3.3 Native MS of AtaR-AtaT complex

AtaR-AtaT is a heterogeneous mixture of complexes with different toxin:antitoxin ratios. The
predominant species observed at native MS conditions consist of AtaT:AtaR at 1:1 and 2:2
ratios, which highlights the fact that the interaction between AtaT and AtaR might be stronger
than the expected AtaR dimer that is unstable even under gentle desolvation conditions (Fig.2).
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Figure 2: Native mass spectrum of the AtaT-AtaR complex. The inset shows the SDS-PAGE gel showing
the presence of AtAT and AtaR

6.3.4 Native MS of treated tRNA™¢

Figure 3 shows that the mass difference between the peaks corresponding to the tRNAMet
modified with the methionyl-cargo (treated and non-treated) is 41.2 Da, which is in the range of
the expected average increase in mass corresponding to the introduction of an acetyl group
(42.01 Da). The remaining peaks (labelled in the figure) correspond to non-charged tRNA™et

and tRNA™e! species containing an additional base (a common by-product from the in vitro
synthesis of tRNAs)
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Figure 3: Native mass spectrum of Met-tRNA™°t in grey (25 212.1 Da) and Met-tRNA™°t treated with
AtaT and acetyl-CoA in black (25 253.5 Da). The relevant peaks are assigned in red.

6.3.5 Conclusion

With mass spectrometry, the AtaT-AtaR complex could be detected in a 1:1 ratio, in addition
the presence of a 2:2 complex was detected. Mass spectrometry of Met-tRNA™® pefore and
after acetylation by AtaT confirmed that treatment with the enzyme results in an increase of
mass of approximately 41 Da that corresponds to the approximate mass of an acetyl group.
The full study can be found in the following article.

6.3.6 Sources

[1] Sobott, F., Hernandez, H., McCammon, M. G,, Tito, M. A. & Robinson, C. V. A tandem mass
spectrometer for improved transmission and analysis of large macromolecular assemblies. Anal
Chem 74, 1402-1407 (2002).
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AtaT blocks translation initiation by N-acetylation

of the initiator t RNA Met

Dukas Jurénas 2, Sneha Chatterjee?, Albert Konijnenberg?, Frank Sobott*-5, Louis Droogmans®,

Abel Garcia- Pino’* & Laurence Van Melderen ™

Toxin-antitoxin (TA) loci are prevalent in bacterial genomes. They are suggested to play a central role in dormancy and persister
states. Under normal growth conditions, TA toxins are neutralized by their cognate antitoxins, and under stress conditions,

toxins are freed and inhibit essential cellular processes using a variety of mechanisms. Here we characterize

ataR-ataT, a novel

TA system, from enterohemorrhagic Escherichia coli. We show that the toxin AtaT is a GNAT family enzyme that transfers
an acetyl group from acetyl coenzyme A to the amine group of the methionyl aminoacyl moiety of initiator tRNA. AtaT spe -

cifically modifies Met-tRNA ™et, but no other aminoacyl-tRNAs, including the elongator Met-tRNA

Met \We demonstrate that

once acetylated, AcMet-tRNA ™et fails to interact with initiation factor-2 (IF2), resulting in disruption of the translation ini -

tiation complex. This work reveals a new mechanism of translation inhibition and confirms Met-tRNA

efficiently block cell growth.

mobile genetic elements and chromosomek They take part
in the regulation of important processes such as plasmid sta
bilization and protection against phagés Accumulating evidence

Toxin—antitoxin (TA) systems are widespread in bacterial

fMet 3s a prime target to

and metabolites, to macromoleculés We demonstrate that AtaT
inhibits translation initiation by specifically acetylating the free
amine group of methionine charged on tRNA™, using acetyl
coenzyme A (AcCoA) as an acetyl group donor. Acetylation of the

indicates that TA systems are involved in the switch to a persister initiator Met-tRNA ™et prevents interaction with IF2 and forma
state (highly tolerant to antibiotics) and modulate cell growth under tion of an initiation complex compatible with translation initia

stress condition$~".
TA modules are typically classified according to the nature
and mode of action of their antitoxin¥. These ubiquitous mod

tion. This results in the efficient inhibition of protein synthesis and
cell growth arrest.

ules typically consist of a toxic protein and its cognate unstable RESULTS
antitoxin whose presence prevents toxin activity or synthesis. In ataRT is a TA system with a putative acetyltransferase toxin

type Il TA modules, both components are proteins. During nor

ataT (locus Z4832) of E. coli 0157:H7 is predicted to encode AtaT, a

mal growth, antitoxins form a tight complex with their cognate 19.7-kDa acetyltransferase from the GNAT family of proteins. The
toxins that neutralizes their activity. However, once the toxins are ataR gene (locus Z4833), located 6 bp upstream frorataT, encodes
released, they target essential cellular processes, resulting in tran a putative 9.9-kDa RHH-domain protein, AtaR (Supplementary

sient cell growth arrest.
Type Il toxins present a variety of molecular mechanisms to

Results, Supplementary Fig. 1). GNAT domain proteins with
similar genetic organization have been demonstrated to act as TA

achieve their various functions, such as targeting peptidoglycan pairs?*%. On the basis of these observations, we hypothesized that

synthesis?, replication'"* and translation. For example, toxins
from the RelE and MazF families cleave mRNAs with little speci
ficity, with or without the assistance of ribosomes, respectivély'.
Toxins from the VapC family are PIN-domain endonucleases that
specifically cleave tRNA and rRNA. Enteric VapCs cleave tRNA et
at the anticodon stem-loof3, whereasMycobacterium tuberculosis
VapC20 cleaves the sarcin-ricin loop of 23S rRNA'. HipA inhib -
its glutamyl-tRNA synthetase by phosphorylation, resulting in
the inhibition of the production of Glu-tRNA®" (refs. 19,20), and
Doc phosphorylates the elongation factor EF-Tu, thereby inter
fering with the formation of the ternary complex EF-Tu-GTP-
aminoacyl-tRNA 2122,

Here, we identify aminoacyl tRNA acetyltransferase toxin-
repressor complex (AtaT-AtaR), a novel type [ TA operon found in
Escherichia coliO157:H7. The AtaT toxin contains a Gen5-related
N-acetyltransferase (GNAT) domain. GNAT enzymes modify a

this gene pair encoded a TA module.

In order to validate this putative operon as a bona fide TA mod
ule, we cloned the open reading frames (ORFs) in compatible vec
tors carrying different inducible promoters, and tested the effect
on E. coli DJ624 viability. Expression of ataT, encoding the puta
tive GNAT toxin AtaT, alone caused cell growth inhibition, while
coexpression ofataR, encoding the putative antitoxin, restored cell
viability (Fig. 1a).

Next, we asked if AtaR-AtaT is a type Il TA system, with AtaR
(antitoxin) and AtaT (toxin) forming a tight complex resulting
in the neutralization of AtaT activity. To test this hypothesis, we
labeled the proteins from thataR-ataT operon with two differ
ent affinity tags (His-antitoxin and toxin-strepll) and performed
Ni-Sepharose affinity chromatography purification. The AtaR and
AtaT proteins co-purified (Fig. 1b), and a complex was separated
from excess antitoxin after size exclusion chromatographyig. 1c¢).

myriad of substrates, from small molecules, such as antibiotics Based on analytical gel filtration, we hypothesized that two toxin

'Laboratoire de Génétique etPhysiologie Bactérienne, Université Libre de Bruxelles, Gosselies, Belgium.?Department of Biochemistry and Molecular
Biology, Vilnius University Joint Life Sciences Center, Vilnius, Lithuania. *Biomolecular and Analytical Mass Spectrometry Group, Department of Chemistry,
University of Antwerp, Antwerp, Belgium.*Astbury Centre for Structural Molecular Biology, University of Leeds, Leeds, UK. *School of Molecular and
Cellular Biology, University of Leeds, Leeds, UK. ‘Laboratoire de Microbiologie, Université Libre de Bruxelles, Gosselies, Belgium.’Laboratoire de Biologie
Structurale et Biophysique, Université Libre de Bruxelles, Gosselies, Belgium. *e-mail: agarcia@ulb.ac.be or lvmelder@ulb.ac.be
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Figure 1| The ataT-ataR gene pair constitutes a type Il TA system.

(a) Overnight cultures ofE. colistrains transformed with pBAD33 and
pKK223-3 vectors or derivatives expressing ataT, the ataT G108D mutant,
ataR, or both ataT and ataR were serially diluted (10™ to 10%-fold). Dilutions
were spotted on LB medium supplemented with appropriate antibiotics
and 0.2% glucose (repression conditions, left) or 0.2% arabinose and

1 mMIPTG (induction conditions, right). ( b) Ni-affinity purification of

the His-AtaR-Ata T-strepll complex. Elution fractions were resolved

by SDS-PAGE and stained with Coomassie blue. Lanes 1-6: fractions
corresponding to 0, 20, 50, 80, 150 and 500 mM imidazole, respectively.
(c) Subjecting fraction 6 to size exclusion chromatography resulted in two
peaks corresponding to the His-AtaR-Ata T-strepll complex and His-AtaR
antitoxin as seen on SDS-PAGE, stained with Coomassie blue (lanes 1

and 2), anti-His (lanes 3 and 4) or anti-strep Il (lanes 5 and 6) western
blots. M, molecular weight marker. Images of all of the full gels are shown
in Supplementary Figure 12.

units and two antitoxin units associated to form a 60-kDa complex
(Supplementary Fig. 2). Native MS showed that AtaR-AtaT is a
heterogeneous mixture of complexes with different toxin:antitoxin
ratios (Supplementary Fig. 3). The predominant species observed
at low collision energy consisted of AtaT:AtaR at 1:1 and 2:2 ratios.
TA complexes with variable stoichiometries have been described for
other systems®2. This is a crucial feature in the regulation of tran
scription of these operons, allowing a link between toxin neutraliza
tion and operon repressiorf.

Taken together, these data showed that thaR-ataT gene pair
encoded a functional type Il TA system similar to the recently
described TacTA module fromSalmonella typhimuriumwhich also
contains a GNAT-domain toxin .

AtaT inhibits translation in the presence of acetyl- CoA

To determine which cellular process AtaT inhibits, we measured the
incorporation of radiolabeled precursors for replication, transcrip
tion and translation upon toxin expressiorin vivo. The incorpora-
tion of [**S]methionine, shown inFigure 2a, was severely affected,
indicating that AtaT inhibits translationin vivo, without interfer
ing with transcription or replication Supplementary Fig. 4). As
previously mentioned, AtaT is predicted to be an acetyltrans
ferase, and it possesses the conserved GNAT family topology
(Supplementary Fig. 5). We therefore reasoned that translation
should be functional in anin vitro transcription-translation sys
tem in the absence of its potential substrate, AcCoA. Indeed, AtaT
was produced to a detectable amount in the absence of AcCoA.
Upon addition of AcCoA, the protein was no longer synthesized
(Fig. 2b), showing that AcCoA was essential for catalysis. Addition
of AcCoA did not interfere with thein vitro production of the AtaT-
AtaR complex or the antitoxin AtaR (Fig. 2b). Moreover, in vitro
translation of a reporter protein (GFP-strepll) was tested in differ
ent conditions. In the presence of purified AtaT toxin and AcCoA,
GFP-strepll was not produced, while addition of AtaR antitoxin
restored GFP-strepll synthesis (Fig. 2c). To validate the enzymatic
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Figure 2 | AtaT inhibits translation in an Ac  CoA-dependent manner.

(a) In vivotranslation rate measured by incorporation of [**S]methionine
after 1 h expression either ofataT or of yoeBor parE2(encoding typell
toxins that inhibit translation and replication, respectively) as controls.
Translation rate in the different strains is normalized to that in the strain
containing the empty BAD33 vector. Error bars indicate s.d. of three
independent experiments. b) Synthesis of Ata T, AtaR or both expressed
from the T7 promoter in thein vitrotranscription-translation system
supplemented with [F*S]methionine. Reactions were carried out with
AcCoA (lanes 2, 5 and 7) or without Ac CoA (lanes 1,4 and 6). Lane 3 is
a control without [*S]methionine. Samples were resolved by SDS-PAGE
and exposed to phosphor storage screen. (c) Synthesis of GF P-strepll
reporter protein expressed from theT7 promoter inin vitrotranscription—
translation system. Products of translation reactions were resolved by
SDS-PAGE followed by western blot with anti-strepll tag antibodies. “Mut”
indicates the use of the AtaT G108D mutant. Images of the full gels are
shown in Supplementary Figure 12.

activity of AtaT, a G108D mutation was introduced in the con
served AcCoA-binding pocket consensus sequence (Q/RxxGxG/A)
(Supplementary Fig. 5)*'. The G108D mutation inactivated AtaT
bothin vivo and in vitro (Figs. 1a and 2¢, lane 4). Together, these
data showed that in the presence of AcCoA, AtaT blocked transta
tion, and that the antitoxin AtaR restored translation completely,
even in the presence of AcCoA Fig. 2¢). Moreover, these data
indicated that the target of AtaT was present in thin vitro tran-
scription-translation system.

AtaT acetylates tRNAs

We used isotope-labeled FC]AcCoA to monitor the acetylation
reaction catalyzed by AtaT. The product of then vitro translation
reaction, resolved on SDS-PAGE gels, revealed no isotope signal,
suggesting that either the target was not a protein or the modifica
tion was not stable under SDS-PAGE conditions. Alternatively, we
performed asize fractionation of the reaction product. ThéCsignal
dotted on a nitrocellulose membrane is retained in fractions corre
sponding to a size between 30 and 50 kD&Upplementary Fig. 6).
This was confirmed by native PAGE of the in vitro translation
reactions treated with AtaT and [“CJAcCoA ( Fig. 3a). Gels were
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Figure 3 | AtaT acetylates tRNAs.  (a) Acetylation reaction in the

in vitrotranscription-translation system supplemented with [“C]Ac CoA.
Reaction products resolved by native PAGE in three replicas and stained
with Coomassie blue (lanes 1-3) or with ethidium bromide (lanes 4-6).
Gel comprising lanes 7-9 was dried and exposed to phosphor storage
screen. (b) In vitroacetylation reactions of tRNA mixture purified from

E. colisupplemented with [“C]Ac CoA. Reaction products were resolved
by native PAGE, stained with methylene blue (upper panel) and exposed
to phosphor storage screen (lower panel). Lane 1, control tRNAs with [ '“C]
AcCoA; lane 2, control tRNAs with Ata T toxin; lane 3, tRNAs with Ata T
and ['“C]Ac CoA; lane 4, AtaR was premixed with Ata T before acetylation
reaction; lane 5, AtaR was added after acetylation reaction (indicated by *).
The reaction was then allowed to continue for 30 min.Images of the full
gels are shown in Supplementary Figure 12.
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that acetylation occurred on the aminoacyl moiety of aa-tRNAs
(Fig. 4a, lane 4). By contrast, the CuSO, treatment failed to remove
the amino acids from AtaT-acetylated aminoacyl-tRNAs Fig. 4a,
lane 6). This was a strong indication that upon AtaT treatment,
the acetylated-aa-tRNA species no longer resembled translation-
compatible aminoacyl-tRNA (sensitive to CuSO,) and, rather, were
closer to species where the amine group is not free but blocked, as
in peptidyl-tRNAs. In addition, aa-tRNAs that had been chemically
acetylated (by acetic anhydride treatment) were no longer acetylated
by AtaT (Fig. 4a, lane 7), confirming that AtaT acetylated aa-tRNAs

at the free amine group.

AtaT activity is specific to the methionine on Met-tRNA ~ fMet

To identify the target of AtaT in vitro, we produced and tested
aminoacylated-tRNA species for each amino acid Fig. 4b). We
found that AtaT was highly specific to initiator tRNAMet charged
with methionine (Met-tRNA™¢!) (Fig. 4b). Only weak acetylation
was detected for other tRNAs, including the elongator Met-tRNA
(Fig.4b). This suggested that AtaT not only recognized the CCA tail
of aa-tRNA, but was also able to discriminate between the aa-tRNA
species based on the acceptor stem and the aminoacyl moiety.

The treatment with AtaT and [“C]JAcCoA of all possible vari-
ants of tRNA™et (not aminoacylated, charged with methionine,
charged with methionine and formylated, charged with methionine
and chemically acetylated), either synthetizeth vitro or purified
in vivo, showed that the'“C-labeled acetyl group was transferred
only to the free amine group of tRNA¥t charged with methionine
(Fig. 4c,d and Supplementary Fig. 8).

MS of Met-tRNA ™et before and after acetylation by AtaT con
firmed that the enzyme treatment resulted in an increase in mass of

stained with either Coomassie blue or ethidium bromide or exposed approximately 40 Da, which corresponds to the approximate mass

to obtain an autoradiography image. Interestingly, théC radioac-

tive signal did not match the band pattern from the Coomassie-

of an acetyl group Supplementary Fig. 9).
To directly confirm these results, we performed alkaline treat

stained proteins, but did match that the bands corresponding toment on AtaT-treated Met-tRNA™et, AtaT-modified or acetic

ethidium bromide-stained nucleic acids Rig. 3a). Based on this
migration pattern, it stands to reason that substrates of AtaT are
tRNAs. To test this hypothesis, a purified mixture of tRNAs from
E. coli was treated with AtaT and [“C]AcCoA and resolved on a
native PAGE gel. Autoradiography confirmed that tRNAs were
acetylated by AtaT, and that AtaR specifically inhibited this reac
tion, but was unable to reverse itRig. 3b).

AtaT modifies the aminoacyl moiety of tRNA

tRNAs are extensively modified as part of their post-transcriptional
maturation.N*Acetylcytidine is the only known acetylated nucleo
side of bacterial tRNAs®2. To test whether AtaT performed a simi
lar type of modification, anE. coli tRNA mixture [ "“Clacetylated by

anhydride-modified methionine (used as reference) removed from
tRNA ™et was analyzed by TLC and MS. The TLC results showed
that after AtaT treatment, the recovered methionine was acetylated
(Supplementary Fig. 10), and MS showed that AtaT treatment
resulted in a mass approximately matching that of acetyl-methio
nine (Supplementary Fig. 11). Additionally, no acetyl-methionine
was detectable from untreated Met- tRNA*t (Supplementary
Figs.10 and 11).

Acetylation of Met-tRNA ™et precludes translation initiation
Theinteraction between initiator tRNA and IF2 is crucial for correct
assembly of the 30S initiation complex (30S IC). The recent structure
of a 70S ribosome in complex with IF2 and fMet-tRNAMet showed

AtaT was subsequently digested with RNase P1, and the nucleotide that IF2 recognizes the aminoacyl moiety of fMet-tRNA" (ref. 36).

products were resolved by 2D thin layer chromatography (TLC}.
Intriguingly, the radioactive signal did not correspond to thil-
acetylcytidine position, and the migration pattern differed signifi
cantlyfromthatobserved from cognate nucleotideSipplementary
Fig. 7). Notably, the aminoacyl moiety at the CCA tail of aa-tRNAs

constitutes an alternative acetylation site to the tRNA nucleotides.

To examine this, we removed the amino acid moiety from the tRNA

Therefore, we hypothesized that acetylation of Met-tRN#<t could
disrupt this interaction and interfere with translation initiation.

To test this, we used isothermal titration calorimetry (ITC) to
measure the interaction of IF2 with fMet-tRNA™t and acMet-
tRNA ™t In the absence of the other initiation complex components,
IF2 bound fMet-tRNA ™et with a K, of ~1 pM (similar to previously
reported value¥¥). By contrast, IF2 affinity for acMet-tRNA et

mixture either by alkaline treatment, known to disrupt weak ester was below detection levelFig. 5a). Next, we tested the effects of

bonds and de-acylate tRNA$*, or by using CuSO,. The latter treat
ment is known to specifically uncharge aminoacyl-tRNA, but not
peptidyl-tRNA®. A purified E. coli tRNA mixture was subjected to

initiator tRNA acetylation on the assembly of 30S IC. The 30S IC
was reconstitutedn vitro by incubating 30S ribosomes, mRNA, IF1
and IF2 with formylated or acetylated £S]Met-tRNA ™et, The effi-

eithertreatmentbefore and after the acetylation reaction catalyzed byciency of complex formation was measured by the incorporation of
AtaT using [*C]JAcCoA as a substrate (Fig. 4). In both cases, no™C  **S-labeled initiator tRNA. Our results showed that there was a ten-
signal was detected when the aa-tRNA mixture was uncharged fold decrease of 30S IC formation in the presence of acetylated Met-
prior to acetylation, indicating that acetylation occurred only on tRNA ™et (acetylated enzymatically with AtaT or chemically with
aminoacylated tRNAs (Fig. 4a, lanes 3 and 5). Moreover, the signal  acetic anhydride) compared to formylated Met-tRNA™! (Fig. 5b).
was also lost when the aminoacyl moieties were removed from theTogether, these data suggested that AtaT acetylation of initiator
tRNAs after the acetylation by alkaline treatment. This indicated tRNA ™et precluded the interaction of IF2 and acMet-tRNAMet,
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Figure 4 | AtaT acetylates the amine group of the methionine charged on the initiator tRNA.  (a) In vitroacetylation reactions of aminoacyl moiety of
E. colitRNA mixture supplemented with [*C]Ac CoA. Products were resolved by native PAGE, stained with methylene blue (upper panel) and exposed

to phosphor storage screen (lower panel). Lane 1, control (E. colitRNA mixture incubated with [“C]JAc CoA); lane 2, addition of Ata T; lane 3, alkaline
treatment of tRNA mixture using Tris-H Cl (pH 9.5) before acetylation; lane 4, same treatment after acetylation; lane 5, CuSO, treatment of tRNA mixture
before acetylation; lane 6, same treatment after acetylation; lane 7, acetic anhydride treatment of tRNA mixture before acetylation. (b) Ata T acetylation
reactions with individual aa-tRNA species using [ “C]Ac CoA. Products were resolved by native PAGE, stained with methylene blue (upper panel) and
exposed to phosphor storage screen (lower panel). Lane 1, charged initiator tRNA (Met-tR NA™<); lanes 2-21, tRNAs charged with their respective amino
acids. tRNA species are indicated in Online Methods. (c) Acetylation of synthetic tR NA™¢t species with [ “C]Ac CoA and with or without AtaT (controls).
Reaction products were resolved by native PAGE, stained with methylene blue (upper panel) and exposed to phosphor storage screen (lower panel).
Reactions were carried out using uncharged tRNA™ (lanes 1, 2), tR NA™et charged with methionine (lanes 3, 4), tR NA™t charged with methionine and
formylated (lanes 5, 6), tR NA™et charged with methionine and chemicallyN-acetylated (lanes 7, 8). ( d) Representation of initiator tRNA™e!, The arrow
indicates the amine group modified by Atdl. Images of the full gels are shown in Supplementary Figure 12.

resulting in the inhibition of translation initiation. To assess the group. Knowledge on bacterial GNAT enzymes is scarce, with the
validity of this modelin vivo, we characterized ribosomal fractions best-studied cases being aminoglycoside-N-acetyltransferases and
from E. coli overexpressingataT or bothataT and ataR. Our results  the three protein acetyltransferases Riml, RimJ and RimL that are
showed that the expression oftaT alone led to extensive accumu  known to acetylate the N-termini of ribosomal proteins $18, S5 and
lation of ribosome assembly intermediates compared to control or L12, respectively*4*4'. Notably, the GNAT enzyme TmcA is impli -
ataR and ataT coexpression Fig. 5¢,d), which strongly supports cated in bacterial translation by modifying the anticodon (CUA)

our model. wobble base of elongator tRNA, to prevent misreading of the sim
ilar AUA codon *2. We showed that unlike TmcA, AtaT recognizes
DIS CUSSI ON both the aminoacyl-CCA moiety and the double-stranded stem of

Bacterial type Il TA modules have been shown to activate under initiator tRNA ™, and acetylates the amino acid moiety rather than
stress conditions. They are proposed to assist the stress survival the tRNA itself (Fig. 4b).
machinery based on their ability to modulate key cellular processes  During the formation of the 30S IC, IF2 and fMet-tRNA ™et
and reversibly arrest cell growth Translation is a preferred target must bind to the 30S subunit to prime it for subunit joining. IF2
of type Il toxins®. They hijack translation at almost every step from recognizes the CCA-fMet end of fMet-tRNA™et via its 3-barrel C2
mRNA, tRNA and rRNA cleavage to inactivation of translation fac- ~ domain®#* (Fig. 6a—c). The structure of the fMet-tRNA™=-70S
tors'7-1%2135, We unravelled the mechanism of toxicity of the novel ribosome complex shows the terminal A-fMet docks in the cavity
type Il TA toxin AtaT. Here, we showed that AtaT inhibited transla-  formed between th€31-2 and 34-B5 loops (Fig. 6¢). It is worth
tion by acetylating initiator Met-tRNA™et at the amine group of the noting that the fMet moiety is surrounded by a network of interac
methionine moiety. tions involving the hydrocarbon region of the side chain of R847,
AtaT belongs to a new class of bacterial N-acetyltransferases of and them-electrons of the F848 ring of IF2. As shown inFigure 6¢,
the GNAT family. GNAT enzymes, which are found in all domains  the formyl group is in close proximity to the phenyl group of F848
of life**, acetylate a myriad of targets using AcCoA as a donor (ref. 42); therefore, it is not surprising that when an acetyl group is
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Figure 5 | Translation initiation inhibition in vitro and in vivo by AtaT. (a) Interaction of IF2 with fMet-tR NA™t (left) and acMet-tR NA™et (right)
monitored byITC. Top panels show corrected heat rate and bottom panels normalized heat. b) In vitroformation of 30S IC using 30S ribosomes, IF1,IF2,
mRNA and tRNA™¢ charged with [**S]Met and modified as indicated on the x axis. The complex formation was allowed for 10 min, protein complexes
were trapped on nitrocellulose filters and incorporation of isotope labeled tRNA™t was measured in scintillation counter (the data represent mean values
+s.d., each measurement was repeated at least three times). ( ) Ribosome profiles. Cultures of E. colistrains transformed with pBAD33 and pKK223-3
vectors (black curve) or derivatives expressing the ataT gene (red curve) or the ataT and ataR genes (blue curve) were grown to an OD 4, of 0.2.
Arabinose was added at 0.2% for 1 h and cultures were treated with 0.5 mg/ml of chloramphenicol for 3 min. Cell extracts were centrifuged on sucrose
gradient, fractions were collected top down andOD ., was measured. a.u., arbitrary units. ( d) Fractions from c indicated with an asterisk (*) were

used for rRNA extraction to confirm the identity of peaks 1-4 (left to right); rRNA was analyzed by agarose gel electrophoresis followed by staining with
ethidium bromide.lmages of the full gels are shown in Supplementary Figure 12.

modeled instead of a formyl groupRig. 6d), the additional methyl| This fuzzy, or relaxed, specificity seems to be a common func
moiety introduces clashes likely leading to structural rearrange tional feature within families of type Il toxins. The members of the
ments (Fig. 6d). Considering that the simple addition of a formyl RelE family show differences in mRNA cleavage specificity’ and
group to Met-tRNA™et strongly enhances affinity and selectivity even variation in their dependence on the ribosome for cataly
for IF2 (ref. 44), it is to be expected that a disruptive modifica sis. Different VapC toxins cleave different tRNAs as well as 23S
tion, such as acetylation, would have a catastrophic impact on the rRNA 171845, More strikingly, toxins from the Doc/Fic family show
assembly of the initiation complex. The latter is particularly rel versatile molecular mechanisms and targets. While Doc phospho
evant because evidence suggests that simultaneous arrival of IF2rylates the translation elongation factor EF-Tu, FicT AMPylates
and fMet-tRNA ™t to the 30S IC may dominatein vivo”. Moreover, the GyrB and ParE subunits of DNA gyrase and topoisomerase |V,
since acMet-tRNA™¢t s a dead-end product, whereas fMet-tRNA*t  respectively?2'4. It should be noted that sequence similarity within
is continuously used, the activity of AtaT will irrevocably lead toxin families is usually low, something that is most likely a contrib
to translation inhibition by the accumulation of acMet-tRNA" uting factor to the observed broad range of specificity and activity.
(Fig. 6a). Indeed, we show that AtaT-dependent acetylation of However, the selective pressure driving the divergence in specificity
Met-tRNA ™t precludes the binding of IF2, formation of 30S IC remains to be investigated.
in vitro and in vivo, and assembly of 70S ribosomes . On the basis In terms of physiological function, the TacTA system was
of these data, we propose thain vivo AtaT efficiently competes shown to promote persister cells formation irs. typhimuriunv?.
with methionyl-tRNA formyltransferase to modify the methionine Further work on the impact of AtaT-dependent translation-initi
moiety of Met-tRNA Met, ation inhibition in the context of stress response and persistence
In a recent work, TacT, a distant homolog GNAT toxin from is needed to unravel the biological roles of thataRT system. The
Salmonella typhimurium(24% sequence identity with AtaT), was work presented here represents a crucial step forward in this chal
shown to acetylate multiple elongation tRNAs, thereby inhibiting lenging endeavor.
translation at the elongation stefh Although the bases of this inhi
bition and its impact on ternary complex formation require further Received 13 May 2016; accepted 12 January 2017;
investigation, this work suggests that TacT has a broader speci Published online 3April 2017;
ficity compared to AtaT, which is highly specific for the initiator
Met-tRNA ™et, This constitutes a remarkable functional divergence METH ODS
within this class of acetyltransferase type Il toxins: one subfamily of Methods, including statements of dataavailability and any associated
toxins targets translation at the initiation step while another, with accession codes and references, are available in theline version
relaxed specificity, targets elongation. of the pape.
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Figure 6 | Proposed mode of action of AtaT. (a) Scheme of translation
initiation in bacteria.During this step of translation, the initiation factors
IF1,IF2 and IF3 are tasked with ribosome subunit dissociation and
anti-association, selection of initiator aa-tRNA, selection of the correct
translation start site, and subunit joining at the start codon. AtaT (labeled
in red) interferes with the initiation process by acetylating the initiator
Met-tR NA™et_(b) Cryo electron microscopy structure of fMet-tR NA™et and
IF2 bound to theE. coliribosome (PDB ID 3JCJ; ref. 42). The 50S and 30S
subunits are colored in blue,IF2 is shown in green and fMet-tRNA™et in
magenta.The A-formyl-Met end is recognized by the C2 B-barrel domain
of IF2. (c) Detailed view on the interaction betweenlF2 and fMet-tR NA™et
at the CC A end. The aliphatic side chains of R847 and E860 together with
the aromatic ring of F848 enclose the formylmethionine. Notably, the
phenyl group of F848 is in close contact with the formyl group. (d) If an
acetyl group is modeled on the amine moiety of methionine, the distances
between the extra methyl group and the ring of F848 become less than

1.5 A (black circle).
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7.1 Introduction

Kinases are enzymes that add phosphates to specific substrates and can influence the function
of the modified substrate. As kinases are involved in various cell processes, any disruption in
their activity can have consequences. Abnormal kinase activity has been associated with
diseases including cancer, arthritis and neurologic disorders U In order to develop therapeutics
to target kinase, these kinases need to be fully characterized.

Most pharmaceutical companies have programs in the field of kinase modulation 21 However,
they have become cautious due to the often severe side effects and off-target effects, e.g.
toxicity. Understanding allosteric effects is the main focus at the moment. Until now the most
used type of drug to target kinases are small-molecule kinase inhibitors, as they can be
delivered orally, are amenable to large-scale production and their chemical structure can be
easily fine-tuned. Besides small molecules, monoclonal antibodies and RNA are also being
targeted against kinases Bl However, not all patients respond to kinase inhibitors in the same
way. For instance when treating cancer, there can be different routes within the kinase
network by which cells can proliferate. Therefore, drug development can benefit from a better

understanding of the kinase activity expressed in each cancer cell population 41,

In this study we investigated the higher-order structure of Aurora kinase C — INCENPA
complexes. There are three Aurora kinases in mammals, Aurora kinase A, Aurora kinase B and
Aurora kinase C (AURKA, AURKB and AURKC). Although the kinase domains of the Aurora
kinases have significant homology (AURKC has 84% and 68% sequence identity to AURKB and
AURKA respectively), they have different regulatory mechanisms and perform different
functions.

Aurora kinase C (AURKC) is a part of the Chromosomal Passenger Complex (CPC) which is
involved in mitosis, but the exact function of Aurora C is still unknown. INCENPA or inner
centromere protein A is a centromere-interacting protein that is also a part in of the
chromosomal passenger complex and is involved in the regulation of Aurora C.
AURKC is bound to the C-terminal ‘IN-box’ region of INCENP which contains a conserved C-
terminal TSS motif. It has been shown that the phosphorylation of the TSS motif increases
AURKB activity. This points to the essential and fundamental role of the TSS motif in INCENP. In
this chapter AURKC-INCENP A complexes were characterised with various INCENP mutants in
order to obtain insight into the structural basis of their interaction.

Due to their role in mitotic regulation, aurora kinases are seen as targets for inhibition for
treatment of cancers P\, Understanding the structure, flexibility and conformational variability
of these kinase complexes will help us to get a better view of their dynamic behavior. The goal
of this study is to characterize the higher-order structure of three variants of the Aurora C —
INCENPA complex and the influence of a kinase inhibitor on the kinase complex structure.
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Figure 3: lllustration of Aurora C (red)-INCENPA (blue) kinase complex
7.2 Experimental details

The wild type and mutant variants of Aurora C-INCENPA and the kinase inhibitor, VX-680, were
provided by the Structural Genomics Consortium (SGC), University of Oxford. Ammonium
acetate buffer was purchased from Sigma Aldrich.

The native IM-MS measurements were performed on a Synapt G2 HDMS (Waters). The samples
were buffer exchanged into 250 mM ammonium acetate using Micro Bio-spin P6 columns (Bio-
Rad), and sprayed at gentle instrument tuning conditions; capillary voltage 1.2 kV, sampling
cone 30 V, trap CE 5.0 V, transfer CE 0.0 V, trap bias 45 V, nanoflow gas pressure 0.1 bar,
backing pressure 3 mbar, source temperature 30 °C, IMS wave velocity 300 m/s, IMS wave
height 35 V.

7.3 Native mass spectrometry of Aurora C:INCENPA complex

We looked at the intact mass of the wild type AuroraC-INCENPA (Fig. 1) and two variants of the
complex with mutated INCENP. The first variant has one mutation (S894A) in INCENPA, the
second variant has three mutations (S893A, S894A, W897A) in INCENPA. S894A prevents the
majority of the hydrogen bonding around the phosphorylated TSS motif while the triple-mutant
complex was prepared to give the maximum chance of distinguishing the effect of the TSS
motif. Figure 2 shows the native mass spectra of the three variants under identical conditions.
The three complexes have the same charge state distribution at mass range 2500 to 4000 m/z,
and the mutated variants also show dissociated INCENP at 900-2000 m/z. The dissociated
aurora kinase is also observed between peaks of the complex at 2500-3500 m/z. This could
imply that the complexes with mutated INCENP are less stable than the wild type Aurora C-
INCENPA complex. The experimental masses of the three complexes are 40,747.2 Da for the
wild type complex, 40,224.3 Da for the single mutant S894A and 40,090.8 Da for the triple
mutant S893A/ S894A/W897A. Their corresponding theoretical masses are 40500.5 Da,
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40059.0 Da and 39927.9 Da respectively. The differences between the experimental and
theoretical masses of ca. 247, 165 and 163 Da respectively correspond to 3 (240 Da) or 2 (160
Da) phosphorylations.

Aurora C-INCENPA

complex
137
Dissociated 1o* Wild type
INCENPA 4 )
11
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5" .
=2 6" 13" 12" 1 Mut
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Figure 2: Native MS of the three variants show charge states 11" to 14" of the complex.

7.4 Collision cross-section of Aurora C:INCENPA complex

The rotationally-averaged collision cross-section (CCS) of a protein is related to its structure and
conformational states. The collision cross sections of the three variants of Aurora C-INCENPA
complex are displayed in Figure 3 for each charge state. We hypothesised that the mutant
complexes would have greater structural flexibility in the region of the TSS motif, which would
be less strongly bound to Aurora C. The mutant complexes would therefore have a different
average shape and cross-sectional area compared to wild-type.The mutated variants show a
slightly more compacted CCS value than the wild type complex. The collision cross sections of
the kinase complexes range from 3084 to 3529 A*for the wild type complex, from 3065 to 3502
A? for the single mutant and from 3046 to 3476 AZ for the triple mutant. This could imply that
these specific mutations in the INCENPA subunit cause a conformational change, resulting in a
smaller CCS value.
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Figure 3: Collision cross sections of Aurora C-INCENPA Wild type (®), single mutant (A ) and triple
mutant (m).

7.5 Collision induced unfolding of Aurora C:INCENPA complex

We can induce protein unfolding by increasing the collision energy in the trap cell of the
Synapt G2. The trap collision energy was increased in a stepwise manner and the CCS
monitored. These collision-induced unfolding plots describe the conformational stability of the
proteins (Figure 4). The three variants show slight differences in transition states. In Figure 4A,
the wild type complex shows a first transition at 30 V, then at 40 V and at 50 V it remains
constant till 100 V. The single mutant complex shows the same transitions (Figure 4B), with a
slight transition starting already at 20 V, which could imply that the mutated complex is less
stable than the wild type complex. The triple mutant complex shows transitions at 30 V and 40
V, after which it stays constant till 90 V (Figure 4C). The triple mutant complex also is less stable
as it the CCS value jumps more quickly to around 4000 A% compared to the other two variants.
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Figure 4: Collision induced unfolding plots of the 13 charge state of
Aurora C-INCENPA Wild type (A), single mutant (B) and triple mutant (C).

7.6 Binding of kinase inhibitor, VX-680, to the Aurora C-INCENPA complex

VX-680 is a small molecule with a mass of 464 Da (Figure 5), known to inhibit Aurora C. With
native mass spectrometry the binding of the kinase inhibitor to the Aurora C — INCENPA
complex was detected at a 2:1 kinase to inhibitor ratio (Figure 6). We could also observe that
the charge state distribution shifted to lower values, when the inhibitor was bound to the
complex. This could suggest a change in structure due to the binding of the inhibitor.

S

0

-
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Figure 5: Chemical structure of VX-680. 464 Da small molecule that functions as a kinase inhibitor to
Aurora C-INCENPA.
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Figure 6: Native mass spectra of Aurora C- INCENPA complex (X) and of the complex bound with 1
inhibitor () when the inhibitor is added to a 2:1 complex to inhibitor ratio.

Different molar ratios between kinase complex and inhibitor were analysed with mass
spectrometry in order to control the binding affinity of the inhibitor. Figure 6 shows that
binding was observed at a wild type to inhibitor ratio of 2:1.

Figure 7 displays the effect on the observed mass spectra when more inhibitor is added to the
kinase complex the relative intensity of the inhibited complex increases. Furthermore, at a wild
type to inhibitor ratio of 1:5, the peaks shift to a higher m/z range, i.e. charge state reduction
occurs
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Figure 7: Native mass spectra of Aurora C- INCENPA complex with different complex to inhibitor

ratios; 1:0 (A); 4:1 (B); 2:1 (C); 1:1 (D) ); 1:2 (E); 1:3 (F); 1:5 (G). The peaks labelled with (X) represent
the unbound wild type complex and the peaks labelled with (®) represent the complex bound with 1
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7.7 Conformational changes due to binding of inhibitor to the aurora kinase complex

With ion mobility-mass spectrometry, we looked for any conformational topological changes in
the protein complex structure after binding with the inhibitor, VX-680. By selecting one charge
state (13%) and converting its corresponding ion mobility drift time to collision cross section, a
distribution of the CCS values for this charge state (i.e. arrival time distribution) can be
displayed (Figure 8). While the wild type complex shows one abundant peak at around 3300 A%,
the inhibitor-bound complex shows a wider range of conformations at reduced CCS values. This
can also be linked to the charge distribution shift of the inhibited complex seen in the native
mass spectra (Figure 6).
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0.8+

0.6
- Wildtype
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Figure 8: Collsion cross section of the 13" charge state of the Aurora C — INCENPA wild type complex
(black) and of the complex bound with 1 inhibitor (grey). The differences in CCS values are noted
above the CCS distributions.
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Figure 9 shows how the collision cross section of the kinase complex is affected when adding
increasing amounts of inhibitor. With ion mobility the inhibited complex is already observed at
1:0.25 wild type to inhibitor ratio, proving the ion mobility method improves the sensitivity. By
adding the inhibitor a more compact form of the protein complex appears stabilised, however
the same CCS values are observed when increasing the amount of inhibitor added.

13" charge state

Wild type: inhibitor I []]
ratio
1:0

3100 . SEIDU . 3300 . 3400
CCS(A?)

Figure 9: Collision cross section of the 13" charge state Aurora C - INCENPA complex with different
complex to inhibitor ratios. Three distinct conformations could be observed (labeled I, Il and Il1).
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7.8 Conclusion

Native ion mobility-mass spectrometry allowed us to distinguish three variants of the Aurora C-
INCENPA complex. With native mass spectrometry alone we could show that the mutated
complexes were slightly less stable than the wild type complex, as the mutated INCENPA would
more easily dissociate from the Aurora C kinase.

When comparing the ion mobility drift times of the three variants, the mutated complexes
showed a more compact CCS value compared to the wild type complex. We looked at the
stability of the three complexes by comparing their collision induced unfolding plots. The wild
type complex needed more energy to unfold compared to the mutated complexes.
We looked at the binding affinity of the kinase inhibitor, VX-680, to the wild type kinase
complex. With native mass spectrometry the binding of one inhibitor to the complex was
observed at a wild type kinase complex to inhibitor ratio of 1:0.5. The inhibited kinase complex
showed a shift in charge state distribution to higher m/z range, suggesting a change in
conformation. This was confirmed with the performed ion mobility mass spectrometry results,
where the addition of the kinase inhibitor induced a conformational change with lower CCS
values and a wider range of conformations.

Together with the corresponding crystal structures, which have been generated at the SGC at
the University of Oxford, this allows us to paint a more dynamic picture of the structural
changes associated with these kinase interactions (an article is being drafted at the moment).
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8.1 Introduction

Native nano-electrospray ionization-mass spectrometry can analyse large intact proteins and
protein complexes up to the mega Dalton range. Snijder et al. have used native MS to measure 18
MDa virus assemblies . They modified commercial MS instrument (QTOF) to improve the
transmission of large ions, resulting in accurate mass analysis of intact protein complexes. Native
MS studies have also been performed on 800 kDa non-covalent protein complex, GroEL. This
tetradecameric chaperone complex is a popular high-mass standard for TOF MS systems and has
been used to study intact mass studies, dissociation studies and conformational studies using MS-
based methods >34,

To optimise the selection of ions up to an m/z value of 32,000, the instrument is usually calibrated
over the range of 1,000 to 32,000 m/z using a solution of caesium iodide as this compound can
form charged salt clusters, (Csl),Cs* that extend over a wide mass range.

During my PhD, native MS was used to analyse intact protein complexes (e.g., 40 kDa Aurora
kinase complexes (Chapter 7)), large intact proteins (e.g., 150 kDa antibodies (Chapter 3)) and
large intact protein complexes (e.g., 190 kDa antibody-antigen complexes (Chapter 5)).

8.2 Structural maintenance of chromosomes

Another large protein complex | studied was the Structural Maintenance of Chromosome protein
(SMC) in complex with segregation and condensation proteins, ScpA and ScpB. The SMC protein is
a 270 kDa dimer that regulates chromosomes for proper replication and distribution of DNA [5.61
This SMC protein can form complexes with ScpA (29 kDa) and ScpB (22 kDa), which assist in the
binding of the protein complex to the chromosomes 7,

Understanding the structure of the SMC protein is important as it is involved in not only in mitosis
but also DNA organization, e.g., condensation. Understanding the structure and architecture of
these complexes can aid in uncovering mechanisms of how they behave during the cell cycle and

in disorders such as cancers.

Figure 1 shows the mass spectrum of SMC protein interacting with ScpA and ScpB mixed together
at a (1:1:1) ratio. The most prominent peaks are those representing the SMC dimer (270 kDa),
ScpAB; (73 kDa) and the SMC,-ScpAB, complex (344 kDa). This shows how the stoichiometry of a
large protein complex can be elucidated with native mass spectrometry.
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Fig. 1 Mass spectrum of SMC interacting with ScpA and ScpB.
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8.4 Biophysical studies on interactions and assembly of CRL5°9%?

In this study, native IM-MS was used to investigate components of the CRL5°°“? complex.
CRLs target post-translationally modified substrates for ubiquitination and proteasomal
degradation. SOCS proteins are substrate receptors of CRL5 complexes. The CRL5°°? can bind to a
growth hormone receptor and negatively regulates growth hormone signalling for ubiquitination
and proteasomal degradation. Understanding the assembly of the complex can aid in
development of small molecules targeting CRL complexes.

It was confirmed that the components of the complex exist in monomeric state. The IM-MS data
also support the proposed structural models based on crystal models. The experimental methods
and the discussed results are displayed in the following article.
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mass spectrometry.

molecules targeting CRL complexes.

(Background: The component subunits of CRL E3 ligases assemble into specific complexes. k
Results: Components of CRL5 °“*? were identified from human cell lysate, the full-size complex was reconstitutedin vitro, and
protein-protein interactions were biophysically characterized.

Conclusion: CRL5 *°“? components exist in amonomeric state, and proposed structural models are supported by ion mobility

Significance: We provide structural insights into the assembly offull-size CRL5 °°“*? that can aid development of small

J

The multisubunit cullin RING E3 ubiquitin ligases (CRLs) tar-
get post-translationally modified substrates for ubiquitination
and proteasomal degradation. The suppressors of cytokine sig-
naling (SOCS) proteins play important roles in inflammatory
processes, diabetes, and cancer and therefore represent attrac-
tive targets for therapeutic intervention. The SOCS proteins,
among their other functions, serve as substrate receptors of
CRL5 complexes. A member of the CRL family, SOCS2-EloBC-
Cul5-Rbx2 (CRL5 °9%52), binds phosphorylated growth hor-
mone receptor as its main substrate. Here, we demonstrate that
the components of CRL5 °°“5? can be specifically pulled from
K562 human cell lysates using beads decorated with phosphor-
ylated growth hormone receptor peptides. Subsequently,
SOCS2-EloBC and full-length Cul5-Rbx2, recombinantly
expressed in Escherichia coli and in Sf21 insect cells, respec-
tively, were used to reconstitute neddylated and unneddylated
CRL5 9“2 complexes in vitro. Finally, diverse biophysical
methods were employed to study the assembly and interactions
within the complexes. Unlike other E3 ligases, CRL5 5952 was
found to exist in a monomeric state as confirmed by size exclu-
sion chromatography with inline multiangle static light scatter-
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ing and native MS. Affinities of the protein-protein interactions
within the multisubunit complex were measured by isothermal
titration calorimetry. A structural model for full-size neddy-
lated and unneddylated CRL5 *°“*? complexes is supported by
traveling wave ion mobility mass spectrometry data.

Cullin RING E3 ubiquitin ligases (CRLs) * represent the larg-
est known family of E3 enzymes in the ubiquitin-proteasome
system (>200 CRLs of a total of >600 E3 enzymes) and play a
significant rolein cancer and other diseases (1). In some types of
cells, up to 20% of the proteasome-dependent degradation is
mediated by CRLs (2). Assembly of the multisubunit CRLs was
initially reported for the archetypal Skp1-Cul1-Rbx1 complex
(3). CRLs use modular subunit organization consisting ofinter-
changeable adaptors (Skp1, elongin B, elongin C, DDB1, and
BTB), substrate receptors (F box, SOCS box, DCAF, and BTB),
cullin scaffolds (cullin 1-7), and RING domain proteins (Rbx1
and Rbx2) to enable the assembly of a large number offunction-
ally diverse E3 ligase complexes (1, 4, 5).

3 The abbreviations used are: CRL, cullin-RING E3 ubiquitin ligase; BTB, bric-a-
brac-tram-track-broad complex; CCS, collision cross-section(s); CRL5°°<%?,
SOCS2-EloBC-Cul5-Rbx2 complex; CTD, C-terminal domain; Cul5, cullin 5;
DCAF, DDB1 and Cul4-associated factor; DDB1, DNA damage-binding pro-
tein 1; EloB, elongin B; EloC, elongin C; EloBC, elongin B-elongin C complex;
EHSS, exact hard sphere scattering; FBXO31, F box-only protein 31; GHR,
growth hormone receptor; TWIM-MS, travelling wave ion mobility-mass
spectrometry; ITC, isothermal titration calorimetry; NEDD8, neural precur-
sor cell expressed developmentally down-regulated protein 8; NTD, N-ter-
minal domain; PA, projection approximation; PDB, Protein Data Bank; Rbx,
RING box protein; Skp, S-phase kinase-associated protein; SEC-MALS, size
exclusion chromatography and multiangle light scattering; SOCS2, sup-
pressor of cytokine signaling 2; TCEP, tris(2-carboxyethyl) phosphine
hydrochloride; TEV, tobacco etch virus; SH2, Src homology 2.
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The N-terminal domain (NTD) of cullin proteins consists of
three five-helix bundles (“cullin repeats”) that form a long stalk
architecture, and a globular C-terminal domain (CTD, or “cul-
lin homology domain”). Cullin NTD recruits variable substrate
receptors either directly or via an adaptor protein, whereas cul-
lin CTD serves as a docking site for RING domain proteins that
in turn recruit a cognate ubiquitin-loaded E2 (6). RING domain
proteins contain a distinct Zn? " -binding domain characterized
by a canonical RING motif. Selection of the substrate receptors
for a particular CRL occurs through a specific receptor LP XP
motif that forms a minor yet crucial supplementary interaction
with cullin NTD (7, 8).

SOCS2 is a member of the SOCS box protein family that, in
association with the adaptor elongin B-elongin C complex
(EloBC), cullin 5 scaffold, and Rbx2, constitutes a CRL5 °9<*?
E3 ligase. SOCS2 contains three structural domains: a con-
served C-terminal SOCS box domain that binds to adaptor
EloBC; a central SH2 domain mediating recruitment of phos-
phorylated tyrosine-containing sequence of the substrate; and a
variable N-terminal region that facilitates interaction with the
substrate. CRL5 °°“%? negatively regulates growth hormone
signaling by targeting growth hormone receptor (GHR) for
ubiquitination and proteasomal degradation (9). Phosphory-
lated tyrosine 595 serves as the key structural determinant of
GHR recognition by the SH2 domain of SOCS2 (10). Crystal
structures of SOCS2-EloBC (PDB code 2C9W) (11) and
SOCS2-EloBC-Cul5 ;p (PDB code 4JGH) (12) describe struc -
tural features of the protein-protein interfaces within these left-
arm complexes. However, the details of assembly of the full-size
CRL5 5°“*? E3 complex both in vivo and in vitro remain
missing.

In recent years, interest in studying the structure, function,
and assembly of CRLs has been growing, notably driven in part
by their potential role as drug targets in a number of human
diseases (13-16). However, only a few studies have investigated
the full-size CRL complexes biophysically, primarily due to dif-
ficulties in obtaining some of the protein components recom-
binantly, in particular full-length cullins. Furthermore, large
heteromeric protein complexes such as CRLs are notoriously
difficult to crystallize into diffraction quality crystals. There-
fore, it seems promising to engage the strengths of diverse bio-
physical methods in order to facilitate characterization of both
the individual subunits and the full-size complexes as well as
to provide a means for examining their association and
interactions.

Here, we show that all components of the CRL5°9¢%?
could be pulled down from a cell lysate via SOCS2-mediated
recognition of the phosphorylated GHR_pY595 peptide
immobilized on beads. The full-length E3 ligase complex was
then reconstituted in vitro using purified recombinant pro-
teins and characterized biophysically. Investigations of
assembly and interactions within the complex were carried
out using size exclusion chromatography and multiangle
light scattering (SEC-MALS), isothermal titration calorime-
try (ITC), and nanoelectrospray traveling wave-ion mobility
mass spectrometry (TWIM-MS).
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EXPERIMENTAL PROCEDURES

Pull-down Experiments—Pull-down experiments were per-
formed using biotinylated GHR-derived 11-mer peptides phos-
phorylated (GHR_pY595) or not (GHR_Y595) on tyrosine 595,
harboring an aminohexanoic acid as spacer after the biotin
(Biotin-aminohexanoic acid-PVPDpYTSIHIV-amide), and
immobilized on high capacity Neutravidin beads. Competition
experiments were performed by incubating human K562 total
cell lysate with 100 um non-biotinylated phosphorylated pep-
tide (GHR_pY595) and the immobilized (Biotin-amino-
hexanoic acid-PVPDpYTSIHIV-amide) beads fo r 2 h at 4°C.
After washing, bound proteins were eluted with SDS-sample
bufferand prepared for tandem mass tags labeling and MS anal-
ysis as described previously (17).

Protein Expression and Purification—Recombinant human
SOCS2 (amino acids 32-198), elongin C (@amino acids 17-112),
and elongin B (amino acids 1-118) were co-expressed in Esch-
erichia coli BL21(DE3) from the pLIC (SOCS2) and pCDF_
Duet (EloBC) plasmids (gifts from A. Bullock, Structural
Genomics Consortium, Oxford, UK). A starter culture was
grown overnight from a single transformant colony using 50 ml
of LB medium containing 100 pg/ml ampicillin and 50 ug/ml
streptomycin. Starter culture then was used to inoculate 7 liters
of LB medium containing 100 pg/ml ampicillin and 50 pg/ml
streptomycin. The cells were grown at 37 °Cuntil A, ~0.7 and
cooled to 18 °C, and then protein expression was induced with
1 mwm isopropyl B-pb-1-thiogalactopyranoside for 12 h.

Recombinant human Cul5 ;5 (N-terminal domain, residues
1-386) was expressed in E. coli BL21(DE3) from a pNIC plas-
mid encoding sequence for Cul5. containing His, and
FLAG tags at the C-terminal end and a tobacco etch virus
(TEV) cleavage site, as described previously (18). Briefly, 50 ml
of starter culture was grown overnight using a single transfor-
mant colony in LB medium containing 50 pg/ml kanamycin
and used to inoculate 2 liters of LB medium supplemented with
50 pg/ml kanamycin. The cells were grown at 37 °C until A,y
~0.7 and cooled to 18 °C, and protein expression was induced
with 0.5 mm isopropyl B-b-1-thiogalactopyranoside for 12 h.

Recombinant SOCS2-EloBC and Cul5 ;, were indepen
dently purified using the following protocol. The cell pellets
were harvested by centrifugation at 5,000 rpm and 4 °C for 30
min and resuspended in binding buffer (50 nm HEPES, pH 7.5,
500 mm NaCl, 5% glycerol, 0.5 mm TCEP). The supernatant was
treated with 10 ug/ml DNase I, 10 mm MgCl, for 30 min and
then filtered through a 0.22-um filter. The sample was applied
on a HisTrap column (GE Healthcare), and the resin was
washed with wash buffer (50 mv HEPES, pH 7.5, 20 m m imid-
azole, 500 mm NaCl, 5% glycerol, 0.5 mm TCEP) and then the
bound proteins were eluted with an incremental gradient of
elution buffer (50 mm HEPES, pH 7.5, 500 m m imidazole, 500
mm NaCl, 5% glycerol, 0.5 mm TCEP). Fractions containing
protein were pooled, and the His, tag was cleaved off by over
night dialysis in the presence of TEV protease at 4 °Cin binding
buffer. The protein was applied to a HisTrap column for a sec-
ond time, collecting the flow-through, and then concentrated
and purified on a HiLoad 16/60 Superdex 75 column with run-
ning buffer 25 mm HEPES, pH 7.5,250 m m NaCl, 0.5 m m TCEP.
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Recombinant human Cul5 (amino acids 1-780) and Rbx2
(amino acids 1-113) were co-expressed in Sf21 insect cells
using pFastBac™ Dual vector in the Bac-to-Bac ® baculovirus
expression system. In this vector, Cul5 is N-terminally tagged
with a fragment of bacterial PBP5 (Dac tag) (19), which can be
removed with TEV protease, as described previously (20).

Bacmids for Dac-TEV-Cul5/Rbx2 were generated in
DH10BAC cells and transfected into Sf21 cells, using Cellfectin
Il ® reagent (Invitrogen). The transfected cells were kept for 7
days at 27 °C in Insect Express® medium (Lonza), supple-
mented with ANTI-ANTI  ® (Invitrogen). The cells were sedi-
mented, and the virus-containing supernatant was used to
infect 150 ml of Sf21 culture at a density of 1.5 X 10° cells/ml.
For the expression of RING E3 ligases, we supplemented the
Insect Express medium with 5 um ZnCl ,,. After 5 days the cells,
were collected under sterile conditions, and the supernatant
was used to infect 2 liters of Sf21 cell culture for 3 days. The
Cul5-Rbx2 protein complex was purified using the following
procedure. Cells were harvested by centrifugation at 3,500 rpm
and 4 °C for 15 min and then resuspended in 25 ml of 50 nm
HEPES, pH7.4,0.1 m m EGTA,1 pum ZnCl,, Tmm TCEP, Tm m
Pefabloc®, and 20 ug/ml leupeptin (both from Apollo Scien-
tific) and incubated for 15 min at 4 °C. Cells were sheared using
a 50-ml tight fit Dounce homogenizer, and insoluble material
was removed by centrifugation at 40,000 rpm and 10 °C for 20
min. To perform Dac affinity purification, the supernatant was
gently mixed with ampicillin-Sepharose at room temperature
for 50 min. The Sepharose was collected by centrifugation and
washed six times in 10 volumes of 50 mv HEPES, pH 7.4, 150
mm NaCl, 0.1 mm EGTA, 1 um ZnCl ,, 1 mm TCEP. To recover
untagged Cul5-Rbx2, the Sepharose was incubated with TEV
protease (50 ug of TEV, 1 ml of Sepharose) overnight at room
temperature and drained and washed through Econopa® filter
units (Bio-Rad). The Cul5-Rbx2 protein was concentrated and
further purified by preparative size exclusion chromatography
using HiLoad 16/600 Superdex 200 column (GE Healthcare)
with 50 mm HEPES, pH 7.4, 150 m m NaCl, 10% glycerol, 0.5 mm
TCEP.

The identity and purity of all obtained proteins was con-
firmed using denaturing electrospray ionization-MS and SDS-
PAGE. All proteins were flash-frozen using liquid nitrogen and
stored at —80 °C.

Reconstitution of SOCS2-EloBC-Cul5 ;p and SOCS2-EloBC-
Cul5-Rbx2 Protein Complexes—To form quaternary SOCS2-
EloBC-Cul5 \;p complex, Cul5.;, and SOCS2-EloBC were
mixed together at a 1:1.1 molar ratio and incubated at room
temperature for 30 min, following purification of the complex
using a HiLoad 16/600 Superdex 75 column in 25 mm HEPES,
pH 7.5, 250 mm NacCl, 0.5 m m TCEP.

To form the pentameric complex, Cul5-Rbx2 and SOCS2-
EloBC were mixed at a 1:1.1 molar ratio and incubated at room
temperature for 30 min. The protein complex was purified
using a HiLoad 16/600 Superdex 200 column in 50 mm HEPES,
pH 7.4, 150 mm NacCl, 10% glycerol, 0.5 mm TCEP. SDS-PAGE
analysis of SOCS2-EloBC, Cul5 p, SOCS2-EloBC-Cul5 \1p .,
Cul5-Rbx2, and SOCS2-EloBC-Cul5-Rbx2 is shown in Fig.3  B.

Formation of NEDD8 ~Cul5-Rbx2 Covalent Conjugate—To
obtain the conjugate, E1 activating enzyme APP-BP1/UBA3 (1
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um), E2 conjugating enzyme UBE2F (5 um), NEDD8 (40 um),
and Cul5-Rbx2 (5 um) were incubated at 37 °Cfor 1 hiin 50 mm
HEPES, pH 7.4, 150 m m NaCl, 5 mm DTT, 10 m m MgCl ,, 0.2
mm ATP. A negative control experiment was performed in the
same solution containing 0.1 mnm EDTA, with no MgCl , or ATP
added. The completion of the neddylation on the Cul5 subunit
was confirmed by SDS-PAGE (Fig. 8).

SEC-MALS— SEC-MALS experiments were performed using
Dionex Ultimate 3000 UHPLC system (Thermo Scientific) with
an inline Wyatt miniDAWN TREOS MALS detector and Opti-
lab T-rEXTM refractive index detector. Molar masses spanning
elution peaks were calculated using ASTRA version 6.0.0.108
(Wyatt). SEC-MALS data were collected for the following sam-
ples: 1) SOCS2-EloBC at 130 um; 2) Cul5 ;p at 110 um; 3)
SOCS2-EloBC-Cul5 rp at 90 um; 4) Cul5-Rbx2 at 30 um; 5)
SOCS2-EloBC-Cul5-Rbx2 at 35 um. The experiments were
performed using a Superdex 200 10/300 GL column (GE
Healthcare) with running buffer 50 mm HEPES, pH 7.5, 150 m m
NaCl, 0.5 m m TCEP. The scattering signal was collected at 44,
90, and 136° usingA = 658.5 nm incident light. Resulting data
were processed in Microsoft Excel, and peaks were normalized.

TWIM-MS— The native TWIM-MS experiments were con-
ducted on a Synapt HDMS G2 instrument (Waters, Milford,
MA), which has been described previously (21). Samples fol-
lowing gel filtration were buffer-exchanged into 500 v aque-
ous ammonium acetate at pH 7.0, using Micro Bio-Spin P-6
columns (Bio-Rad), at concentrations in the range of 5-10 um.
Aliquots of 3-5 wl were transferred to gold-coated nano-elec-
trospray ionization needles prepared in house. The instrument
was tuned to ensure the preservation of non-covalent interac-
tions (22), using the following parameters: capillary, 1.2 kV;
sample cone, 40 V; extraction cone, 0.5 V; nanoflow gas pres-
sure, 0.3 bar; trap collision energy, 4.0 V; transfer collision
energy, 3.5 V; backing pressure, 4 millibars, trap pressure, 3.4
millibars. For the measurement of the full 148-kDa complex,
SOCS2-EloBC-Cul5-Rbx2, the backing pressure was increased
to 5 millibars to facilitate the transmission of high m/z signal.
Gas pressure in the ion mobility cell was 3.0 millibars, and
helium and N, gas flows were 180 and 90 ml/min, respectively,
with a trap bias of 50 V. The traveling wave velocity was 800 m/s
with a traveling wave height of 40 V. The data were acquired
and processed with MassLynx version 4.1 software (Waters),
and drift times were extracted using Driftscope version 2.3
(Waters). The experimental collision cross-sections (CCS) of
the protein complexes were determined by calibration with
known protein cross-sections determined under native condi-
tions as described previously (23).

Calculation of Theoretical CCS— Theoretical CCS values of
the protein complexes were calculated from model structures,
obtained by docking individual protein subunits together, using
the program MOBCAL with both the projection approxima-
tion (PA) and the exact hard sphere scattering (EHSS) methods
(24, 25). The PDB files were cleaned ( i.e. by resolving dihedral
conflicts and adding missing side chains and removing crystal
water molecules) prior to the PA or EHSS calculation. The the-
oretical CCS was compared with the experimental CCS of the
lowest available charge state for that species in the mass spectra,
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FIGURE 1. Components of CRL5 “°“*? E3 ligase can be captured from cell lysate using phosphorylated substrate peptide attached to the beads. A
scattered plot of the peptide pull-down experiments after MS analysis: log2 -fold changes of all proteins captured on the phosphorylated GHR_pY595 peptide
beads after competition with a 100 um concentration of the same peptide in the lysate. Each protein is indicated by a circle, and the size of the circleis
proportional to the MS1 value. The labeled proteins are at least 50% disz)laced by the addition of the peptide in both experiments (log2 -fold change =1, orange
dotted lines. B, relative binding profile of the components of CRL5°°“>? E3 ligase complex captured on the beads decorated with phosphorylated (?Y) versus
non-phosphorylated (Y) GHR_(p)Y595 peptide. C, binding profiles for other proteins specifically recruited by the beads. Components of the CRL5°°“** E3 ligase
are coloredin green

(PDB code 1LDK) (26) as the initial template. To construct the
model, SOCS2-EloBC-Cul5 ;, (PDB code 4JGH) (12) was
superimposed on the template by aligning its Cul3;y subunit
with the Cull;, of the template. After that, Cul5.,, -Rbx1
(PDB code 3DPL) (27) was aligned with Cul1 ~, subunit of the
template to generate a model of the full-length E3 ligase. The
resulting model of the CRL5°°*? complex was used to obtain

which corresponds to the most native-like structure of the pro-
tein complex (Fig. 4, A-C, bottom panel3.

ITC— Experiments were conducted using an iTC200 micro-
calorimeter instrument (GE Healthcare). GHR_pY595 peptide
(350 um, PVPDpYTSIHIV-amide), GHR_Y595 (350  um, PVP-
DYTSIHIV-amide), and phosphotyrosine (2 m m, Tyr(P)) were
titrated into SOCS2-EloBC (30 um) at 298 K. Temperature-de-

pendent experiments to study interaction between SOCS2-
EloBC and Cul5 ;p were performed by titrating Cul5;, (450

M) into SOCS2-EloBC (60 um) at 298, 303, and 308 K. Prior to

all titration experiments, sample proteins were dialyzed into 50

mm HEPES, pH 7.5, 250 m m NacCl, 0.5 m m TCEP. Peptides and

Tyr(P) were dissolved in the same buffer. Obtained data were

analyzed and fitted using the Microcal Origin version 7.0 soft-

ware package. Binding enthalpy, dissociation constants, and
stoichiometry were determined by fitting the data using a one-

set-of-site binding model.

Molecular Modeling of Protein Complexes—BDue to the
absence of an Rbx2 crystal structure, its closest homolog, Rbx1,
was used for the model construction. The structural model of

the SOCS2-EloBC-Cul5-Rbx1 complex was prepared in
PyMOL, using the crystal structure of Cul1-Rbx1-Skp1-Skp2
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the model for Cul5-Rbx1. To generate a model of the “open”
neddylated complexes, NEDD8~Cul5 , -Rbx1 (PDB code
3DQV) (27) was aligned with the Cull  subunit of the tem-
plate. Alternatively, to prepare a model of the closed neddylated
complexes, NEDD8 was simply added from aligned 3DQV
onto the non-neddylated Cul5- -Rbx1 and SOCS2-EloBC-
Cul5-Rbx1.

RESULTS

Components of CRL5°°*? E3 Ligase Can Be Pulled Down
from Human Cell Lysates Using Phosphopeptide-modified
Beads—Specific subunits of E3 ligase SOCS2, EloB, EloC, Cul5,
and Rbx2 are known to function as a CRL5 *°“*? complex (28).
The SH2 domain of SOCS2 recognizes and specifically binds
a GHR sequence containing the phosphorylated tyrosine
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TABLE 1
Proteins enriched by the phosphorylated GHR_pY595-modified
beads

The proteins were specifically captured by the beads and displaced by the phosphor-
ylated GHR peptide.

Protein  UniProt ID Comments

SOCS2 014508 Suppressor of cytokine signaling 2. Substrate
recognition domain of Cul55°<5? E3 ligase.
Contains SH2 domain that recognizes
substrate phosphotyrosine residues.

EloB Q15370 Transcription elongation factor B.

EloC Q15369 Transcription elongation factor C. Complex of
EloB and EloC (EloBC) serves as adaptor
domain of Cul5%°“*? E3 ligase.

culs Q93034 Cullin 5. Scaffold domain of the Cul5 <2 g3
ligase.

Rbx2 QI9UBF6 RING box protein 2. Contains RING-type zinc
finger, recruits E2 conjugating enzyme.

NEDD8 Q15843 Neural precursor cell expressed developmentally
down-regulated protein 8. Ubiquitin-like
protein, can form covalent conjugate with
Cullin that enhances the E3 ligase activity.

CISH QINSE2 Cytokine-inducible SH2-containing protein.
Component of SCF E3 ligase, can recognize
phosphotyrosine.

Rbx1 P62877 RING-box protein 1. Contains RING-type zinc
finger, recruits E2 conjugating enzyme.

CSK P41240 c-Src kinase. Contains SH2 domain that can
recognize phosphotyrosine residues.

Ccull Q13616 Cullin 1. Scaffold component of SCF E3 ligase.

FBXO31 Q5XUX0 F box-only protein. Substrate recognition
component of SCF E3 ligase. Can recognize
certain phosphorylated substrates.

S-phase kinase-associated protein 1. Adaptor

component of SCF E3 ligase.

Skp1 P63208

Tyr(P) °?°. We envisaged that SOCS2 and components offull-
length CRL5 °°“*? E3 ligase should be amenable for capturing
from cell lysate using substrate peptides immobilized on beads.
With this aim, we performed pull-down experiments from
human K562 cell lysate using beads decorated with both
phosphorylated GHR_pY595 (PVPDpYTSIHIV-amide, posi-
tive control) and non-phosphorylated GHR_Y595 (PVP-
DYTSIHIV-amide, negative control) peptides. Mass spectrom-
etry analysis revealed a reproducible and limited set of proteins
captured and subsequently displaced by the phosphorylated
peptide (Fig. 1A, bottom left corne). All components of the
CRL5 °9<52? (SOCS2, EloB, EloC, Cul5, and Rbx2) were among
this protein set.

Binding profile (Fig. 1 B) shows that endogenous components
of CRL5 5952 E3 ligase were only captured by GHR_pY595-
beads. In contrast, no significant capturing from cell lysates was
observed with non-phosphorylated GHR_Y595-containing
beads (Fig. 1B). This observation shows that the Tyr(P) residue
plays a key role in recognition of the substrate by the CRL*°%?
complex in the cell and that phosphorylation of the peptide is
essential for specific interaction with the E3 ligase. Interest-
ingly, we also detected NEDDS8 as a protein specifically pulled
down by the phosphorylated peptide. NEDD8 is a ubiquitin-like
protein that is known to be covalently attached to cullins and
acts as a CRL activator by inducing scaffold dynamics and
increasing conformational flexibility of the E3 enzyme (27, 29).
Identification of NEDD8 suggests that the active neddylated
complex is also being pulled down in the assay.

Surprisingly, in addition to the expected CRL5 *°“*? complex
subunits, we detected subunits of the CRL1"*°3! E3 ligase,
namely FBXO31, Rbx1, Cull, and Skp1 proteins, as being cap-
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tured by the beads and displaced by the phosphorylated peptide
(Fig. 1A and Table 1), indicating specific binding. FBXO31 is an

F box protein that binds phosphorylated substrates; therefore,
itcould have been recruited by the GHR_pY595 peptidedirectly.
However, significant recruitment of the four CRL1 F8*3! subunits
was also observed by the non-phosphorylated GHR peptide
(Fig. 1C). This would imply a degree of phosphorylation-inde-
pendent interaction, either directly with the beads or indirectly
via binding to the components of the CRL5°°“*? E3 ligase
complex.

Moreover, CSK (C-terminal Src kinase) and CISH (cytokine-
inducible SH2-containing) proteins were also recruited (Fig. 1A
and Table 1). Both CSK and CISH contain the SH2 domain;
therefore, both proteins were probably directly recruited by the
phosphorylated peptide.

SOCS2-EloBC Forms a Weak Interaction with GHR and a
Tight Interaction with Cul5 ;p —To determine the affinity of
interaction and the thermodynamic parameters of binding
between SOCS2-EloBC and substrate GHR or scaffold
Cul5 1p , we performed isothermal titration calorimetry exper-
iments (Fig. 2). SOCS2-EloBC binds GHR_pY595 peptide with
K4 = 1.8 um, which is consistent with the previously reported
value (11), and binds Tyr(P) with K, = 191 um, both at 298 K
(Fig. 2A). The binding affinity for phosphotyrosine is ~100-fold
weaker than for the phosphorylated peptide, suggesting that
other peptide residues make some contribution to interaction
with the protein. However, negative control titration using
non-phosphorylated GHR_Y595 peptide showed no binding
(Fig. 2A), reinforcing the key contribution of the phosphate
group to substrate binding.

We next determined the affinity of SOCS2-EloBC for Cul5 . by
measuring aK 4 = 11 nm for the interaction (Fig. 2C). These data
are in good agreement with the previously reported  of 28 nm
(by ITC) (12). In addition, two groups independently reported
Kyq=7nm (byITC) (30), K4=10nm (by ITC),and K, =47 nm
(by surface plasmon resonance) (31) for this interaction, albeit
using SOCS box domain instead of the whole SOCS2 protein in
complex with EloBC.

To test the potential cooperativity ofinteractions at the
GHR/SOCS2-EloBC/Cul5  ;p interfaces, we performed titra-
tion of GHR_pY595 peptide into SOCS2-EloBC-Cul5 ;p and
titration of Cul5 ;p into GHR_pY595-SOCS2-EloBC complex.
No change in the K, or AH values was observed in either
case, suggesting no cooperativity or cross-talk between these
interactions.

The interaction between SOCS2-EloBC and the Cul5 scaf-
fold is high affinity and crucial to the assembly of CRL complex.
To provide further insights into the nature of this interaction,
we performed temperature-dependent ITC titrations and
determined a change in heat capacityAC, = —450 cal/mol/K
(titration curves shown in Fig. 2B). Fig. 2D demonstrates a plot
with a temperature-dependent change of thermodynamic
parameters of SOCS2-EloBC/Cul5 rp interaction. The exper-
imental AC;, value is calculated from the slope of theAH linear
regression. As a comparison, previously reported AC, values
for ASB9-EloBC/Cul5 ;p and Vif-EloBC/Cul5 rp interac-
tions were found to be —350 cal/mol/K (18) and —300 cal/
mol/K (30), respectively.
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FIGURE 2. ITC data demonstrate weak interaction of SOCS2-EloBC with phosphorylated substrate GHR and tight interaction with scaffold

Cul5 1p- A, ITC titration curves of 350 um GHR peptides (left) and 2 mm Tyr(P) (right) into 30 um SOCS2-EloBC protein at 298 K. Phosphorylated
GHR_pY595 peptide (black square and non-phosphorylated GHR_Y595 (white circleg are shown on the left. B, titration curves for temperature-depen-
dent ITC of 450 um Cul5y;p into 60 um SOCS2-EloBC at 298 (left), 303 (middle), and 308 K (right). C, table summarizing data obtained from ITC
experiments. D, plot demonstrating temperature dependence of thermodynamic parameters and calculation of heat capacity (AC,) for SOCS2-EloBC/

Cul5,yp interaction.

TABLE 2

Large negative AC, value for SOCS2-EloBC/Cul5 p interaction indicates a highly hydrophobic interface between the proteins; theorectical
ASASA values for SOCS2-EloBC/Cul5 rp interaction calculated using GetArea and NACCESS programs

SASA (AY) ASASA (AY)
Polar Apolar Total Polar Apolar Total
= SOCS2-EloBC 7,270.0 10,908.7 18,178.7
_<§ CulSy1p 7.709.6 11,708.7 19.418.4
o SOCS2-EloBC-CulSyyy 14.361.0 21,291.4 35,652.5 -618.6 -1,326.0 -1,944.6
@ SOCS2-EloBC 7,992.5 10,375.8 18,368.3
g CulSy1p 8,393.4 11,216.6 19.610.0
z SOCS2-EloBC-CulSy 15,6889 | 20,378.7 36,067.6 -697.0 A.213.% -1,910.7

We next calculated the theoretical solvent-accessible surface
area values in GetArea (32) and NACCESS (33) software using
the crystal structure of SOCS2-EloBC-Cul5 1, complex (PDB
code 4JGH) as a model (12) (Table 2). Theoretical AC, values
were calculated using the following equation (34),

AC, = Ac,, AASA,, + Ac,AASA, (Eq. 1)

where AASA is the apolar (ap) and polar (p) surface buried upon
interaction of the proteins, and Ac is the area coefficient, rep-
resenting per A? contribution of residues in heat capacity
change. The polar and non-polar area coefficients represent
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values empirically determined from a range of protein data sets by
different groups (35-39) (reviewed in Ref. 34). We observe good
agreement between theoretical and experimental data when using
area coefficients according to Refs. 39 and 37 (Table 3).
SOCS2-EloBC Forms Stable Monomeric Complexes with
Cul5 1 and Cul5-Rbx2— To validate formation of CRL5 °<52
and determine the stoichiometry of subunits in the complex, we
demonstrated assembly of the full-length E3 ligasein vitro using
recombinantly expressed and purified protein components (sche-
matic representation in Fig. 3A). SOCS2 and EloBC were co-ex-
pressed inE. coli to obtain the SOCS2-EloBC ternary complex, and
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Cul5p was independently expressed inE. coli. The Cul5-Rbx2
protein complex was co-expressed in Sf21 insect cells.

To characterize the purified protein complexes, biophysical
analyses were carried out using SEC-MALS (Fig. 3), native MS,
and TWIM-MS techniques (Figs. 4 and 5). SOCS2-EloBC-
Cul5rp and SOCS2-EloBC-Cul5-Rbx2 protein complexes
were formed by mixing SOCS2-EloBC and either Cul5 ;o or
Cul5-Rbx2 components in equimolar amounts and then puri-
fied using size exclusion chromatography (Fig. 6).

TABLE 3

Large negative AC, value for SOCS2-EloBC/Cul5 p interaction indi -
cates a highly hydrophobic interface between the proteins; compari-
son between theorectical and experimental AC, values shows good

The SEC-MALS elution profiles of the different protein com-
ponents and complexes show that they all exist as monomeric
and monodisperse entities (Fig. 3D). The molar mass over elu-
tion peaks is shown in correspondingcolors Molecular weight
values of eluted proteins are summarized Fig. 3. The results of
SEC-MALS analysis confirm the formation of expected protein
complexes with experimentally determined molecular weights
that correlate well with theoretical values.

Experimental Collision Cross-sections for Protein Complexes
Are in Good Agreement with Theoretical Values—To validate
the structural model of SOCS2-EloBC-Cul5-Rbx2, TWIM-MS
was used to examine the molecular weight and stoichiometry of
the intact protein complexes as well as to confirm their topology by

ko CCS measurements. The protein components SOCS2-EloBC and
AC, (cal/mol/K) Cul5 p alone were first analyzed using native MS, and the result
Source GetArea NACCESS ing spectra are shown in Fig. 7,A and B. The masses were con-
experimental 450.0 firmed as ~43 and 45 kDa, respectively. Theoretical and experi-
Spolar et. ol 3375 2904 mental masses for each comp!ex are shown in Table 4.
okl Friets v gree Combmmg SOCS2-EloBC with CuI.S n1o Produced an §9kDa
— e = S complex, which could be detected with charge states ranging from
PR i st o 16+ to 20+ (Fig. 4A). Some free SOCS2-EloBC was also observed
Biktee wod Pvaioy i e in this spectrum, with the same charge states as the native mass
Robertson and Murphy -286.0 -278.1 spectrum of SOCS2-EloBC alone, indicating that some dissocia-
&
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FIGURE 3. Recombinant components of CRL5 °°“52 assemble into the monomeric full-size protein complex.

A, schematic representation of CRL5°9¢2,

which includes substrate receptor SOCS2, adaptor EloBC complex, scaffold Cul5, and RING domain protein Rbx2. B, SDS-polyacrylamide gel images of the
purified protein complexes. C, table showing a comparison of theoretical protein molecular weights against values experimentally determined by SEC-MALS.
D, SEC-MALS elution profiles for the individual components of CRL5°°*? and their complexes, including full-size SOCS2-EloBC-Cul5-Rbx2 complex.
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middle), and collision cross-sections (  bottom) for the CRL5 °¢5?
A, SOCS2-EloBC-Cul5,;p; B, Cul5-Rbx2; C, full-size complex SOCS2-EloBC-Cul5-Rbx2. Error bars, S.D.
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FIGURE 5. Experimental ion mobility data for arange of charge states suggests anincrease in CCS values upon neddylation of the protein complexes.

Shown

are collision cross-sections for Cul5-Rbx2 and NEDD8~Cul5-Rbx2 (A) and SOCS2-EloBC-Cul5-Rbx2 and SOCS2-EloBC-NEDD8~Cul5-Rbx2 (B). Error bars S.D.

tion in solution occurs (Fig. 7A). Table 4 shows the experimental
CCS values compared with the theoretical ones calculated with the
PA and the EHSS methods. It is normally expected that the exper-
imental values would be smaller than the EHSS results and larger
than the PA results (24, 25). The collision cross-section deter-
mined using ion mobility for SOCS2-EloBC-Cul5 o is 5,092 A2
for the most native charge state (16+; Fig. 4A, bottom), which is
reasonably close to the theoretical value calculated for the model
(Table 4, PA value 5,306 A ?).

A typical spectrum of the Cul5-Rbx2 complex is shown in Fig.
7C with a predominant 6+ charge state for Rbx2 and a series of
charge states from 19+ to 22+ representing the binary complex
(104 kDa). Fig. 4 B shows the Cul5-Rbx2 complex in more detail in
SASBMB
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addition to the drift time plot. Moreover, there are less intense
peaks to the left-hand side of the predominant peak corresponding
to a loss of ~1 kDa from the complex that may represent a trun-
cation in the Cul5 subunit. These species are clearly separated,
however, by theirion mobility (Fig.4B), soitis possible to calculate
a collisional cross-section for the intact complex. The CCS value
from these data for the most native 19+ charge state was found to
be 6,061 A (Fig. 4B, bottom), which compared well with the the
oretical value (Table 4, PA value 5,988 A 2).

The native mass spectrum of the SOCS2-EloBC-Cul5-Rbx2
showed intense peaks at 3,000-4,000m/z, indicating a relative
abundance offree SOCS2-EloBC, with charge states 11 + to
13+, as described previously (Fig. 7A). It is possible that there is
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FIGURE 6. Gel filtration UV traces.
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A, SOCS2-EloBC; B, Cul5yp; C, Cul5-Rbx2; D, SOCS2-EloBC-Cul5,p; E, SOCS2-EloBC-Cul5-Rbx2. Proteins were purified using

multistep purification with size exclusion chromatography as the last step.Peak fractions corresponding to the appropriate proteins were pooled together. The
purity and identity of each protein were confirmed using denaturing electrospray ionization-MS (data not shown) and SDS-PAGE.

an excess of SOCS2-EloBC in these samples or that this subunit

has a greaterionization efficiency compared with the other pro-
tein components. Fig. 4C (bottom) depicts the 4,000-7,000 m/z
range of the SOCS2-EloBC-Cul5-Rbx2 spectrum that shows

peaks ranging from 4,300 to 4,900 m/z representing a small
amount of SOCS2-EloBC dimer. Second, at 4,700-5,600 m/z,
the Cul5-Rbx2 complex is detected with charge states from
19+ to 22+. Finally, the peaks representing the full 148-kDa
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complex, SOCS2-EloBC-Cul5-Rbx2, are in the range of 5,600 -
6,600 m/z, with charge states 23+ to 26+.

The CCS values measured for each charge state of the full
148-kDa complex are displayed in Fig. 4C (bottom. For the
lowest charge state of SOCS2-EloBC-Cul5-Rbx2, an experi-
mental cross-section of 7,653 A% was determined compared
with a theoretical CCS of 7,918 A 2 (Table 4), confirming the
structural model as shown in Fig. 10D. In this case, the experi-
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FIGURE 7. Native MS spectra. A, SOCS2-EloBC; B, Cul5,p; C, Cul5-Rbx2.

TABLE 4
Summary of the experimental and theorectical CCS data

Shown are masses measured for the protein complexes and observed charge state ranges. Shown is a comparison of experimental CCS values of the proteimplexesversus
their theoretical values calculated using the PA and the EHSS methods. Presented data also include calculated theoretical CCS values for “open” anaddsed” NEDD ~Cul5-

Rbx1 and SOCS2-EloBC-NEDD ~Cul5-Rbx1 complexes.

Protein Theoretical | Experimental | Charge Theoretical CCS (A7) Experimelznal
mass (Da) mass (Da) states PA EHSS CCS (AY)

SOCS2-EloBC 43,341.6 43,566.5 11" -13"

Cul5ymp 45,462.0 45,612.8 12°-15"
SOCS2-EloBC-CulSyp 88,803.6 89,275.1 16"-20" 5,306 6,844 5,092
Cul5-Rbx1/2 103,840.0 104,218.8 197-23" 5,988 7,822 6,061
SOCS2-EloBC-Cul5-Rbx1/2 147,181.6 148,121.5 23°-26" 7,918 10,298 7,653

“Open” / “Closed” | “Open”/“Closed”

NEDD8~Cul5-Rbx1/2 112,911.9 112,981.3 197-22" 6,511/6,338 8,491 /8,288 6,222
SOCS2-EloBC-NEDD8~Cul5-Rbx1/2 156,253.5 157,000.0 23"-26" 8,333/8,230 10,843 /10,701 7,853

mentally determined value is slightly smaller than the theoret-
ical value, which could indicate that the structure is slightly
more compact than the model suggests.

To investigate the effect of neddylation on the complex
assembly, we performedin vitro neddylation assays on the puri-
fied Cul5-Rbx2 complex (Fig. 8) and used the reaction product
NEDD8 ~Cul5-Rbx2 to reconstitute neddylated full complex
SOCS2-EloBC-Cul5-Rbx2. The masses for neddylated com-
plexes (Table 4,113 and 157 kDa, respectively) are in agreement
with the theoretical mass for the addition of NEDDS. First, the
same range of charge states was observed for the non-neddy-
lated and neddylated complexes in the native mass spectra (Fig.
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9). This would indicate that no significant conformational rear-
rangement had occurred. Second, the CCS values measured by
TWIM-MS for each charge state of the neddylated complexes
were compared with those of the non-neddylated ones (Fig. 5A
and B), showing an increase in CCS of 150-200 A 2 in each case
(Table 4). We compared the experimental data with two alter-
native models: one “open” model that assumes a conforma-
tional change upon neddylation, as observed crystallographi-
cally for NEDD8 ~Cul5 p -Rbx1 (27), and a second “closed”
model that simply has NEDD8 added onto the non-neddylated
complex without any conformational rearrangement, with the
aim to distinguish them based on the TWIM-MS data. The
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FIGURE 8. SDS-polyacrylamide gel images of the neddylation reaction
products. Noneddylated product was observed in the negative control reac-
tion (left). Right, NEDD8~Cul5-Rbx2.

calculated CCS increase for the two alternative neddylated
models (NEDD8 ~Cul5-Rbx1) versus the non-neddylated one
(Fig. 10, A-C), is 350 A 2 for the closed model and 523 A? for the
open model (PA method; Table 4), whereas for SOCS2-EloBC-
NEDD8 ~Cul5-Rbx1, the neddylation accounts foran extra312
A? (closed) and 415 A? (open). It would therefore appear that
the increase in size is predominantly due to the addition of
NEDDS rather than a significant conformational change.

DISCUSSION

Here, we show that all CRL5°°“*? components SOCS2,
EloBC, Cul5, and Rbx2 can be specifically pulled down from the
human cell lysates with subsequent validation of their identity
by MS analysis. These components were recombinantly
expressed and purified and then assembledn vitro into differ-
ent sized complexes up to the full-size E3 ligase.

Biophysical studies of the full-size CRLs are important for
better understanding the principles of assembly and to gain
insight into their structural architecture. This is particularly
relevant for the cases where crystal structures are not available,
as for CRL5 5°“52, We addressed this by presenting the first
report of in vitro assembly offull-size human CRL5 *°“? recon-
stituted from recombinant components and provide a biophys-
ical analysis of the obtained complexes.

The structural model of the SOCS2-EloBC-Cul5-Rbx2 com-
plex was validated by TWIM-MS studies. The experimentally
measured CCS values are in agreement with the theoretically
calculated ones, although the molecular architecture ofSOCS2-
EloBC-Cul5 tp and SOCS2-EloBC-Cul5-Rbx2 appears to be
slightly more compact than predicted.

Modification of the cullin scaffold with NEDD8 protein is cru-
cial for the activation of CRLs (40). Previous structural studies
showed that NEDD8 promotes a conformational rearrangement
of the Cul5-Rbx1 component of CRL5 (27). Such a structural alter-
ation enables Rbx1-E2~ubiquitin to extend toward the substrate
receptor subunit, thereby promoting substrate polyubiquitination.
One of the proteins identified in the pull-down experiments was
NEDDS, supporting the presence of the active neddylated com-
plex inside cells. Comparison of TWIM-MS data between neddy-
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FIGURE 9. Comparison of native MS spectra. A, Cul5-Rbx2; B, NEDD8~Cul5-
Rbx2; C, SOCS2-EloBC-Cul5-Rbx2; D, SOCS2-EloBC-NEDD8~Cul5-Rbx2.

8000

lated and non-neddylated Cul5-Rbx2 and SOCS2-EloBC-Cul5-
Rbx2 complexes showed an increase of 150-200 A? in CCS values
(Table 4). Interestingly, the increase in calculated CCS values
defined by the addition of NEDD8 is ~2-3 times larger than the
conformational change of the Rbx1 subunit in the open models
(Fig. 10, C and F). Therefore, the difference between open and
closed neddylated models is not significant enough, and we cannot
distinguish them based on the experimental data. The observed
change in CCS is therefore largely due to the addition of the extra
NEDDS8 subunit.

One of the main limitations of biophysical studies of the
whole multisubunit CRLs is the difficulty of obtaining all of the
components in appropriate amount and quality, particularly

SASBMB

VOLUME 290-NUMBER 7FEBRUARY 13, 2015

239

Chapter 8: Proteins of biopharmaceutical interest



D
Cul5
B Rbx1 £
Culs “Closed”
4 F

NEDDS

“0 n”
Culs pe

FIGURE 10. Structural models provide important insights into the assembly and architecture of CRL5
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model); C, NEDD8~Cul5-Rbx1 (open model); D, SOCS2-EloBC-Cul5-Rbx1; E, SOCS2-EloBC-NEDD8~Cul5-Rbx1 (closed); F, SOCS2-EloBC-NEDD8~Cul5-Rbx1

(open). The models were assembled using available crystal structures. Due to
These models were used for calculation of the theoretical CCS values.

full-length cullins. Expression and purification of stable full-
length cullin scaffolds in complex with RING domain proteins
is not trivial and has been previously reported only for Cul1-
Rbx1 (26), Cul4A-Rbx1 (41), Cul4B-Rbx1 (42), and Cul5-Rbx2
(20). As a result, there were only a few cases in the literature
describing characterization of the full-size CRLs assembled
from recombinant subunits (26, 42). To purify the Cul5-Rbx2
complex in this study, we used the Dac tag technology, which
provides additional stability and solubility to the protein com-
plex and additionally improves the yield of recombinant pro-
teins (19). This approach has also proven to be successful for
purification of Cul2-Rbx1 complex * and could be further
extended to other cullins and large multisubunit complexes.
In certain cases, CRLs exist and function in homo- or hetero-
oligomeric states. The biological implications of CRL oligomer-

4 A.Knebel, unpublished results.
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the lack of Rbx2 crystal structure, its closest homolog, Rbx1, was used instead.

ization are postulated to include activity regulation, enhance-
ment of substrate ubiquitination, and alternative mechanistic
aspects of ubiquitin transfer (6). For example, several studies
have shown that CRL3 can dimerize via an adaptor BTB domain
(43) or through NEDD8-mediated interaction between two
Cul3 scaffolds (44). CRL1 was also demonstrated to be able to
dimerize via the receptor Cdc4 (cell division control protein 4),
resulting in enhanced ubiquitination of substrate Sic1 (45).
Additional examples include other BTB receptor/adaptor sub-
units of CRL3 (46-49), F box receptors of CRL1 (45, 50-53),
and the DCAF receptor of CRL4 (54). More recently, a two-site
model for substrate recognition was proposed for CRL3*-H-!"
based on the crystal structure of KLHL11-Cul3 ;5 (49). How-
ever, no evidence for dimerization of elongins, cullin 2 or cullin
5, or SOCS subunits has been reported to date. In this work,
using SEC-MALS and native MS techniques, we have estab-
lished that CRL5 *°“*? exists in a monomeric state. We provide
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a structural model validated by TWIM-MS studies that sug-
gests a similar mechanism of ubiquitin transfer to a previously
reported monomeric CRL1 *"? complex (26). Therefore,
according to the proposed model, CRL5°°“*? oligomerization
does not seem to be necessary for enzyme activity.

Our measured K4 values for the interaction of SOCS2-EloBC
with GHR_pY595 peptide or Cul5 ;o are in good agreement
with previously reported data (11, 31). Weak SOCS2-EloBC/
GHR_pY595 interaction ( K, = 1.8 um) could suggest low selee
tivity toward a particular substrate and instead the ability to
target a variety of phosphorylated proteins. In contrast, the
interaction of SOCS2-EloBC with scaffold Cul5 yp isvery tight
(Kq = 11 nm at 298 K). The large negative AC, value (—450
cal/mol/K) for the SOCS2-EloBC/Cul5 p interaction indi-
cates a major contribution of the hydrophobic interface and
further reflects the high affinity (34, 38) (e.g.when compared
with other related interactions, such as ASB9-EloBC/Cul5 o
and Vif-EloBC/Cul5 ) (18, 30). Overall, these results indi-
cate the structural importance of the SOCS2-EloBC/Cul5 p
interface for assembly and stability of the CRL5°°<%2

As the next logical step following the current study, we
believe it would be important to develop an assay to measure
activity of the recombinant CRL5 *°“*? against the substrate
GHR protein resulting in ubiquitination and the subsequent
proteasomal degradation of the latter. Such an assay could be
useful for testing the potency of small molecule modulators of
CRL5 952 activity. In accordance with this, a recent example
demonstrates in vitro reconstitution of murine CRL5 *°<%3,
containing SOCS3, a close homolog of SOCS2, as a substrate
receptor subunit (55). The authors used co-expressed Cul5 p |
Cul5 p , and Rbx2 proteins to form a complex with SOCS3-
EloBC, and the assembled E3 ligase then demonstrated activity
in the ubiquitination assay against substrates JAK2 and gp130.

In addition, it would be important to obtain the crystal
structure of the receptor SOCS2 bound to the substrate GHR
depicting the details of the interface between these two pro-
teins. This could substantially advance the development of
inhibitors of this interaction (i.e. structural phosphotyrosine
analogs or isosteres). The biophysical insights into the interac-
tions and assembly of the full-size CRL5°°“%? E3 ligase
reported in our study will aid future developments in this
direction.
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Chapter 9

Conclusions and Outlook



9.1 General conclusions

The set of mass spectrometry-based methods used in this thesis, provides an insight regarding
structural information concerning several scientific projects. A variety of samples could be
analysed that ranged from monoclonal antibodies, nanobodies and Fc-fusion proteins to RNA,
kinase complexes and other protein complexes. This highlights the diverse applications this set
of methods can address. However, proper data analysis and interpretation remains very
important.

Native IM-MS

With native IM-MS, the molecular weight and collision cross section of various antibodies (IgG1,
IgG2 and IgG4) and antibody fragments (Fab and Fc generated by lysine digest, GingisKHAN
digest or IdeS digest) could be determined. Although the antibody subtypes differ in their hinge
region a similar size and shape could be calculated for each antibody. Antibody conjugates were
studied with native IM-MS to check the amount of ligands bound to the antibody and to
confirm that no significant conformational changes occurred due to the covalent modification,
which mean that the overall structure is preserved.

Using native IM-MS, the size and shape of an Fc-fusion protein was compared to its Fc-
analogue. It was also shown how the presence of the peptide could induce dimerisation, as the
mass spectrum of the Fc-analogue alone showed monomer Fc only.

Nanobodies and ScFv were also studied with native IM-MS. Similar studies were conducted for
the complexes with their antigen, which in this case was the plasminogen activator inhibitor 1
(PAI-1). The size and shape of five variants of PAI-1 were compared. Some of these variants
could be distinguished based on their slight difference in CCS value.

The native IM-MS data for TAR-RNA was determined and was compared to when TAR-RNA
interacted with a cyclic peptide.

Native IM-MS could distinguish three variants of the Aurora kinase C-INCENPA complex. When
this complex interacted with a small molecule kinase inhibitor, native IM-MS could detect a
conformational change caused by the inhibition.

Large protein complexes can be analysed with native IM-MS to determine the stoichiometry of
the complex.

Advantages: A widely applicable and sensitive technique that can provide the mass, size and
shape of proteins and non-covalent protein complexes using only a few microliters of sample at
micromolar concentration. The calculated collision cross sections derived from the IM data give
a quick estimate of the size and of the possible conformations. Using IM-MS the effect of
covalent modifications on the protein structure can also be investigated.

Disadvantages: As the measurement occurs in the gas phase, during the interpretation of the
results the possible effect of the solution to gas transition needs to be considered. Furthermore,
a thorough purification and a volatile buffer are required for resolved spectra. The calculated
CCS values have proven to be a good indication of the size of the analyte, but in most cases are
still different from the results of modeling studies (gas-phase vs. solution?) Thus, this result
should be a complementary estimate of the size (together with e.qg., X-ray, NMR structures, or
computational modeling). Very small structural differences (as little as ACCS ~ 2%) can be
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detected with the IM-MS technology used here, but need to be carefully verified and are difficult
to interpret.

Collision induced unfolding

With collision-induced unfolding, a unique unfolding pattern could be plotted for every protein
and protein complex, which aids in distinguishing protein variants. The IgG subtypes IgG1, 1gG2
and 1gG4 were distinguished based on their unique CIU plot. Slight differences were observed in
CIU plots of monoclonal antibodies after freeze-thaw cycles. The stability of an antibody
conjugate could also be monitored via CIU. By comparing the CIU plot of an Fc-fusion protein
with that of its Fc-analogue, it could be shown that the Fc-fusion is more stable as it could
tolerate higher voltages. The CIU plots of antibody-antigen complexes were also investigated to
monitor their stability and unfolding patterns.

Advantages: The CIU technique can distinguish analytes based on their unique unfolding
pattern, allowing a classification of the studied molecules. Furthermore, the stability of a
protein or protein complex can be monitored in one simple experiment. CIU plots can be used to
compare the effect of one mutation, bound ligand, etc. with others, i.e. they allow to classify
such structure perturbing factors fast and efficiently, without always easily explaining what
changes are occurring.

Disadvantages: The interpretation of a CIU plot is not always straightforward. It is important
that these plots are reproducible. In practice, there is also a stable and intense MS signal
necessary for a reliable CIU plot.

Native top-down ETD

Native top-down ETD was attempted on intact antibodies and antibody fragments and showed
limited sequence coverage. This could have been a result of the Synapt G2 instrument not
being sensitive enough to detect all fragments, or the instrument may have needed more fine-
tuning to get better sequence coverage. However, previous experiments have shown better
performance of the instrument. Thus, the instrument parameters must have been not
sufficiently optimised for the experiments.

Advantages: Using native top-down ETD, instead of denatured, allows the protein (complex) to
maintain its non-covalent bonds during the measurement. This results in additional information
on the surface accessible area of the protein or protein complex.

Disadvantages: The instrument needs to be properly tuned to detect the ETD fragments, which
is not always straight forward. The precursor signal intensity and the intensity of the radical
anion need to be sufficiently high to generate intense fragments. Nonetheless long acquisition
times (>1000 scans) are needed to obtain intense fragment ion spectra. Furthermore, improved
software should be available to analyse and interpret the raw data. Thus, the data analysis and
interpretation can be tedious.

HDX-MS

HDX-MS was applied on an Fc-fusion protein at various concentrations to track changes in
deuterium uptake, in order to locate the dimer interface. The deuterium uptake of the fused
peptide dropped when increasing the protein concentration, which indicated that the Fc-fusion
protein dimerises via the linked peptide. This was also suggested from the native MS data, as

245
Chapter 9: Conclusions and outlook



the presence of the linked peptide was needed in order to see Fc-fusion protein dimer in the
mass spectra.

Advantages: Information can be obtained about interaction sites, flexible protein regions and
the solvent accessible surface area. The instrumentation and data analysis software have been
improved to keep up with the updated technique and high-throughput measurements.
Disadvantages: Despite a range of useful HDX-MS software, data analysis can still be time-
consuming. Furthermore, the HDX labeling is a reversible process, so there is chance of back-
exchange during the experiment. It is also necessary to obtain good sequence coverage of the
protein for proper data analysis.

FPOP

Monoclonal antibodies were oxidised using FPOP and the oxidised antibodies were analysed
with native IM-MS to check the effect of FPOP on the native structure. Based on the results, the
native structure was not significantly influenced by oxidation. The oxidation sites, however,
could not be determined during this FPOP experiment, as something went wrong during the
enzymatic digestion.

Advantages: Highly reactive and irreversible labeling technique, which can be used to
investigate protein interactions and solvent accessible surface area. Unlike HDX-MS, it can label
amino acid side chains.

Disadvantages: A relatively new technique, so instrumentation and data analysis software need
to be further optimised for high-throughput experiments and reproducible results.

9.2 Creating a fingerprint for biologics

The set of MS-based methods discussed in this thesis can offer a range of structural information
on proteins. This set of methods can be looked at as a toolbox to solve scientific questions by
approaching the analyte from different perspectives.

To thoroughly understand the structure and structure-function relationships of a protein it is
important have an overview or a summary of its structural characteristics.

For biotherapeutics, or biologics, it is equally important to have a profile or fingerprint of the
biomolecule of interest (antibody, antibody-drug conjugate, peptide, RNA, etc.) as it can be
useful for protein engineering or for the quality control of the biotherapeutic drug.

Table 1 (I-1V) displays an overview of how the discussed set of MS-based methods (focused on
higher-order structure) can be used to generate a unique fingerprint for a biologic.
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Table 1: An overview of the different techniques to generate a unique profile for a biologic.
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9.3 Outlook of MS techniques for higher-order structure determination

Mass spectrometry has played an important role in determining the primary structure of
proteins. In recent years, MS-based methods that probe higher-order structure and
conformational dynamics of proteins are getting more attention in the biopharmaceutical
industry. With these higher-order MS techniques, links can be suggested between protein
conformation and biological activity, stability and safety of biologics [, Top-down and bottom-
up MS based techniques can be combined to generate a complete dataset in order to create a
unique profile or fingerprint for the studied protein.

The MS technology is continuously improving by advances such as high-resolution mass
spectrometry, e.g., quadrupole-time of flight (Q-TOF) and Orbitrap MS. The development of
hybrid MS instruments also allow the ability to combine the best features from different
technologies. Furthermore, sample purification is still an important step in MS experiments,
making techniques such as liquid chromatography (LC) and size-exclusion chromatography
(SEC) indispensable. Additionally, these techniques allow the analysis of complex
formulations.

One of the limitations to overcome is to simplify data-analysis when transforming these MS-
based methods to high-throughput techniques, for rapid protein characterisation.

A significant amount of manual labour is required to analyse complex sets of data (e.g. for HDX-
MS, FPOP, top-down ETD). This analysis time can be shortened by developing relevant
bioinformatics and reporting tools. At the same time, it is also crucial that the techniques
employed offer robust detection of small changes, e.g., 1-2 % unfolding, which may affect the
quality of the biologic.

To do this, detailed methodology studies are essential to comprehend the impact of changes in
protein structure. It has to be ascertained whether the differences seen in the experimental
data are actual changes in the sample, or a result of the variability in the samples or protocols.
Furthermore, the large sets of data generated need to be scientifically and biologically relevant.
While currently MS analysis occurs in-vitro, future goals are to study the same samples in vivo.
Imaging spectrometers are being developed and optimised for this approach 21,

Ultimately, | predict that there will be continous technical development in the MS-
instrumentation in order to provide novel capabilities with higher sensitivity, mass accuracy and
resolution.

MS-based methods have shown spectacular advance in the last two decades and based on the
published studies by practitioners in academia and industry this field has a promising future.
The interest in the biopharmaceutical industry in these techniques is also growing rapidly.
When the hurdles are overcome to make this MS-based toolbox a collection of high-throughput
methods, standard protocols can be made to elucidate protein structures of primary to higher-
order structure. It is very exciting to witness how this field will evolve over the next decades
and how it will contribute to the unique profile of a biologic.

Until then, it will be the hard work of research scientists, PhD students and their supervisors
that will keep proving and improving the power of MS-based methods.
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