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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 

beïnvloeden. Door de karakterisatie van de eiwitstructuur en de resulterende eiwitfunctie, kan 

de veiligheid en kwaliteit van het eiwit geëvalueerd 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 efficiëntie, 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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2 
Chapter 1: Introduction 

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 [1]. 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 [2]. The worldwide annual revenue of 

biotherapeutics is more than 165 billion dollars [3]. 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 
Pfizer 

8.874 billion 

4 Rituxan Rituximab Non-Hodghkin’s 
lymphoma 

Roche and 
Biogen 

8.583 billion 

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 
pneumonia 

Pfizer 5.718 billion 

 



3 
 

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 [4, 5].  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.  

 

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. 

Primary structure

Secondary structure

Tertiary structure

Quaternary structure

Glu Val Gln
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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 

quantitative 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:  

 To determine the global conformational properties of proteins using native ion 

mobility mass spectrometry (IM-MS), and to understand how conformation affects protein 

function.  

 To locate the interactions of antibodies or antibody fragments with targets using 

native mass spectrometry (native MS) 

 To monitor structural and dynamic aspects of proteins by using hydrogen/deuterium 

exchange (HDX) in combination with mass spectrometry.  

 To monitor structural and dynamic aspects of proteins by using fast photochemical 

oxidation of proteins (FPOP) in combination with mass spectrometry.  

 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).   
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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, I 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. 

 

 

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 
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[3] 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  
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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.  

 

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.  

 

 

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/Δm) with ‘m’ the 
mass of the peak and ‘Δm’ the difference between two neighbouring peaks at full width at half 
maximum (FWHM) [3]. 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 nanoESI) (Fig. 4) [61]. The technique is commonly used in positive 
ion mode. Neutral compounds are converted to ions due to the presence of ions such as H+, 
NH4

+, 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. 
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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. 5c) [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]. 

A B C 
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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 μL of sample (of e.g. 0.5-10 μM) is introduced 
into the mass spectrometer through a gold-coated glass capillary with an orifice of 1-5 μm, 
enabling flow rates of 1.2-30 μL/h (Fig. 6) [6]. 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 [7].  
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 [8]. 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 [9][10][11][12]. Studies have shown that mass, charge and surface 
area are correlated for most proteins [12]. 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. 
 

 

Figure 6: Schematic illustration of the nano-electrospray ionisation process. Figure from [6] 
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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 [13,14]. 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 [17]. 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 [18]. 

500 1000 1500 2000 2500

m/z

8+ 

9+ 

10+ 

11+ 

12+ 

10+ 

11+ 

12+ 

13+ 

14+ 
15+ 

16+ 
17+ 

18+ 

19+ 

20+ 



16  
Chapter 2: MS-based methods 

2.4 Ion mobility-mass spectrometry (IM-MS) 

Ion mobility-mass spectrometry (IM-MS) methods aim to provide information about the global 

protein structure (degree of compactness and flexibility) and conformational transitions [19,20,21]. 

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) 

Ion 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 [22]. 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 [23].  

 
Figure 8: Schematic illustration of linear drift tube ion mobility. Figure adapted from [24]. 

The collision cross section or CCS (Ω) of an analyte is related to the charge of the analyte (z), the 

number density of the drift gas (N), ion mobility (K0), the reduced mass of the ion (μ), the 

Boltzmann constant (kb) and the gas temperature (T).   

Equation 1:  Collision cross section Ω in relation to mobility K0 

 Ω = 
   

   

 

  
 

  

    
 1/2 

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 [23].  
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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. N2) (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.  

 

Figure 9: Schematic illustration of travelling-wave ion mobility spectrometry. Figure adapted from [24]. 

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 [25]. 

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 IgG2 isomers caused by disulfide 

linkage variations [26]. Beck et al. have used IM-MS to compare therapeutic antibodies and 

biosimilar antibody versions [27]. Pacholarz et al. could observe subtle differences in the IM-MS 

date from the IgG1 and IgG2 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 [25]. 

 

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 [29].  

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 Ion mobility spectrum of myoglobin (B) Native mass spectrum of myoglobin 

 (C) Ion 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 N2 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 [30].  In 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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-Cα 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 
[31] 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.  

 

 

 

 

 

 

 
Figure 14: Illustration of b- and y-type ions produced by CID, compared with the c- and z-type ions 

produced by ETD.  Figure adapted from [32]. 
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Figure 15: ETD fragmentation scheme, production of c and z fragment ions.  

Figure adapted from [33]. 

 

 

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 [34]. 
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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. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 17:  Top-down native ETD of ADH. (A) ETD MS/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 [34]. 
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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 IgG1 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 [35]. 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 [36][37][38]. With this approach the 

glycosylation pattern of the antibody could be investigated [39].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 [35] 

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 [40,41,42].   

This technique relies on the fact that when a protein is exposed to deuterated water (D2O), a 

rapid amide hydrogen/deuterium exchange is induced in disordered regions that lack stable 

hydrogen-bonding [42]. 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 [43].   

 
Figure 19: Schematic flow chart of the HDX-MS method. Figure adapted from [49]. 

 

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 D2O 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 [45]. 

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) [46,47]. 

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). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 [47]. 
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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 IgG1 [47]. Figure 21 displays the 

deuterium uptake profiles of IgG1 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. After1 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.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Houde et al. have monitored the global deuterium incorporation of IgG1. (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 [47]. 

 

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 [49]. HDX-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 [50].   

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 [52]. 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 [53].  

 

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]. In 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]. 

 

 

 
 

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 
[55]. Radical scavengers such as glutamine are added to reduce the hydroxyl radical lifetime to 

approximately 1 μs or low μs range [51,56]. 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 [56]. 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) [57,58,59]. 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 [59]. Ortiz et al. have done a similar research but with HDX-MS and their research 

provided similar results [57]. Furthermore, FPOP has been used to investigate conformational 

states adopted during protein folding [55]. 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 [60]. 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. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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 [57, 59]. 
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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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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: 

 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: 

 The MS parameters as mentioned above 

 The IMS gas flow 

 The IMS wave velocity 

 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

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. 

Sample cone (V) Exp. Mass (Da) Δ (Da) 

30 149,030.00  

80 148,573.50 - 456 

130 148,307.75 -723 

180 148,157.25 -873 

B 

A 
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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: 

 The discharge current 

 The source temperature 

 The make-up gas flow 

 The desolvation temperature 

 The MS parameters as mentioned above 

The key parameters to optimise for HDX-MS: 

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

 The flow rate and gradient used when the samples are separated on the  UPLC column 

 The digestion performed on the pepsin column 

 The full sequence coverage of the protein sample 

 The MS parameters as mentioned above 

The key parameters to optimise for FPOP: 

 The frequency of the laser used to generate the hydroxyl radicals 

 The capillary flow rate 

 Incubation and quenching times (labeling times) 

 The digestion performed after labeling 

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

 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. 

 

 

 



33 
Chapter 2: MS-based methods 

2.10 Sources 

[1] S.J. Hyung, B. T. Ruotolo, Integrating mass spectrometry of intact protein complexes into structural 
proteomics, Proteomics 12, issue 10 (2012), 1547-1564  
[2] M. Tassi, J.De Vos, S. Chatterjee, F. Sobott, J. Bones,S.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  
[3] R. Romero-Gonzalez, A. Garrido Frenich, Application in high resolution mass spectrometry, Elsevier, 2017, 
23  
[4] L. Konermann,E. Ahadi, A. D. Rodriguez, S. Vahidi,Unraveling the Mechanism of Electrospray Ionization, 
Analytical chemistry, 2013,85,2-9  
[5] E. Ahadi, L. Konermann, Modeling the behavior of coarse-grained polymer chains in charged water 
droplets: implications for the mechanism of electrospray ionization JPhys Chem B, 2012, 116, 104-12  
[6] A.Konijnenberg, A. Butterer, F. Sobott, Native Ion Mobility-Mass Spectrometry and Related Methods in 
Structural Biology, Biochimica et Biophysica Acta (BBA)- Proteins and Proteomics, Volume 1836, Issue 6, 
2013, 1239-1256  
[7] W. Jiskoot, D. Crommelin, Methods for structural analysis of protein pharmaceuticals, Springer science & 
business media, 2005, 437  
[8] J. A. Loo, Electrospray ionization mass spectrometry: a technology for studying noncovalent 
macromolecular complexes, International Journal of Mass Spectrometry, Volume 200, Issues 1-3, 2000, 175-
186 
[9] I.A. Kaltashov, A. Mohimen, Estimates of protein surface areas in solution by electrospray ionization mass 
spectrometry, Anal. Chem. 2005, 77, 5370-9  
[10] R. Grandori, Origin of the conformation dependence of protein charge-state distributions in electrospray 
ionization mass spectrometry, 2003, Journal of mass spectrometry, 38, 11-15  
[11] S. K. Chowdhury, V. Katta, B. T. Chait, Probing conformational changes in proteins by mass spectrometry, 
J. Am. Chem. Soc., 1990, 112, 9012-9013  
[12] Z. Hall, C.V. Robinson, Do charge state signatures guarantee protein conformations? J Am Soc Mass 
Spectrom, 2012, 23,1161–1168 
[13] T. Meyer, X. de la Cruz, M. Orozco, An atomistic view to the gas phase proteome, Structure, 2009, 17, 
88-95  
[14] K. Barylyuk, R. M. Balabin, D. Grunstein, R. Kikkeri, V. Frankevich, P. H. Seeberger, R. Zenobi, What 
Happens to Hydrophobic Interactions during Transfer from the Solution to the Gas Phase? The Case of 
Electrospray-Based Soft Ionization Methods, J Am Soc Mass Spectrom, 22, 1167-1177  
[15] G. Terral, A. Beck, S. Cianferani, Insights from native mass spectrometry and ion mobility-mass 
spectrometry for antibody and antibody-based product characterization, Journal of Chromatography B, 2016, 
1032, 79-90  
[16] N. J. Thompson, S. Rosati, A. J .R. Heck, Performing native mass spectrometry analysis on therapeutic 
antibodies, Methods, 2014, 11-17  
[17] J. Marcoux, T. Champion, O. Colas, E. Wagner-Rousset, N. Corvaïa, A. Van Dorsselaer, A. Beck, A. 
Cianferani, Native mass spectrometry and ion mobility characterization of trastuzumab emtansine, a lysine-
linked antibody drug conjugate 
[18] Monoclonal Antibody and Related Product Characterization Under Native Conditions Using a Benchtop 
Mass Spectrometer, Y. Xuan, F. Debaene, J. Stojko, A. Beck, A. Van Dorselaer, S. Cianferani, M. Bromiski, 
Thermo Fisher application note 597 
[19] E. Jurneczko, P.E. Barran, How useful is ion mobility mass spectrometry for structural biology? The 
relationship between protein crystal structures and their collision cross sections in the gas phase, 2011, 
136,20-8 
[20] C. Uetrecht, R.J. Rose, E. Van Duijn, K. Lorenzen, A.J.R. Heck, Ion mobility mass spectrometry of proteins 
and protein assemblies, Chem Soc Rev, 39 (2010) 1633–1655. 
[21] S. J. Allen, K. Gilles, T. Gilbert, M. Bush, Ion mobility mass spectrometry of peptide, protein, and protein 
complex ions using a radio-frequency confining drift cell, 2016, 141, 884-891 



34  
Chapter 2: MS-based methods 

[22] K. Tang, A.A. Shvartsburg, H. Lee, D. C. Prior, M. A. Buschbach, F. Li, A. V. Tolmachev, G. A. Anderson, R. 
D. Smith, High-Sensitivity Ion Mobility Spectrometry/Mass Spectrometry Using Electrodynamic Ion Funnel 
Interfaces, Anal. Chem, 2005, 77, 3330-3339 
[23] F. Lanucara, S. W. Holman, C. J Gray, C. E. Eyers, The power of ion mobility-mass spectrometry for 
structural characterization and the study of conformational dynamics, Nature Chemistry, 2014, 281-294  
[24] 3 Types of IMS: An At-a-Glance Guide, Owlstone medical, 2017 
[25] M.F. Bush, Z. Hall, K. Giles, J. Hoyes, C.V. Robinson, B.T. Ruotolo, Collision cross sections of proteins and 
their complexes: a calibration framework and database for gas-phase structural biology, Anal Chem, 2010, 
82, 9557–9565 
[26] D. Bagal, J.F. Valliere-Douglass, A. Balland, P.D. Schnier, Resolving disulfide structural isoforms of IgG2 
monoclonal antibodies by ion mobility mass spectrometry, Anal. Chem., 2010 82, 6751-5 
[27] A. Beck, F. Debaene, H. Diemer, E. Wagner‐Rousset, O. Colas, A. Van Dorsselaer, S. Cianferani, 
Cutting‐edge mass spectrometry characterization of originator, biosimilar and biobetter antibodies, J Mass 
Spectrom, 2015, 50 285‐297 
[28] K. J. Pacholarz, M. Porrini, R. A. Garlish, R. J. Burnley, R. J. Taylor, A. J. Henry, P. E . Barran, Dynamics of 
Intact Immunoglobulin G Explored by Drift-Tube Ion-Mobility Mass Spectrometry and Molecular Modeling, 
Angew Chem Int Ed Engl, 2014, 7765-9 
[29] Y. Zhong, L.Han, B. T. Ruotolo Collisional and Coulombic Unfolding of Gas-Phase Proteins: High 
Correlation to Their Domain Structures in Solution 
[30] Y. Yefremova, F. Teresa, J. Melder, B. D . Danquah, K. F. M Opuni, C. Koy, A. Ehrens, D. Frommholz, H. 
Illges, K. Koelbel, F. Sobott, M. O. Glocker, Apparent activation energies of protein–protein complex 
dissociation in the gas–phase determined by electrospray mass spectrometry, Analytical and Bioanalytical 
Chemistry, 2017, 409, 28, 6549-6558 
[31] J. Martens, G. Berden, J. Oomens, Structures of Fluoranthene Reagent Anions Used in Electron Transfer 
Dissociation and Proton Transfer Reaction Tandem Mass Spectrometry, Anal. Chem, 2016, 88, 6126-9 
[32] J. S. Brodbelt, Photodissociation mass spectrometry: new tools for characterization of biological 
molecules, Chem. Soc. Rev, 2014, 43, 2757-2783 
[33] L. Elviri, ETD and ECD Mass Spectrometry Fragmentation for the Characterization of Protein Post 
Translational Modifications, Tandem Mass Spectrometry - Applications and Principles, 2012, 179-193 
[34] F. Lermyte, A. Konijnenberg, J. P. Wiliams, J. M. Brown, D. Valkenborg, F. Sobott, ETD Allows for Native 
Surface Mapping of a 150 kDa Noncovalent Complex on a Commercial Q-TWIMS-TOF Instrument 
[35] Structural Analysis of Intact Monoclonal Antibodies by Electron Transfer Dissociation Mass 
Spectrometry, Y. O. Tsbin, L. Fornelli, C. Stoermer, M. Luebeck, J. Parra, S. Nallet, F. M. Wurm, R. Hartmer, 
Analytical Chemistry, 2011, 83,8919-8927 
[36] Y. Mao, S. G. Valejat, J. C. Rouse, C. L. Hendricksen, A G. Marshall, Top-Down Structural Analysis of an 
Intact Monoclonal Antibody by Electron Capture Dissociation-Fourier Transform Ion Cyclotron Resonance-
Mass Spectrometry, Anal. Chem., 2013, 85, 4423-4246 
[37] L. M. Jones, H.Zang, W. Cui, M.L. Gross, Complementary MS Methods Assist Conformational 
Characterization of Antibodies with Altered S–S Bonding Networks, J Am Soc Mass Spectrom, 2013, 24, 835-
45 
[38] L. Fornelli, D.Ayoub, K. Aizikov, A.Beck, Y. O. Tsybin, Middle-Down Analysis of Monoclonal Antibodies 
with Electron Transfer Dissociation Orbitrap Fourier Transform Mass Spectrometry, Anal. Chem., 2014, 86, 
3005-3012 
[39] B.Q. Tran, C. Barton, J. Feng, A. Sandjong, S. H. Yoon, S. Awasthi, T.Liang, M.M. Khan, D.P.A. Kilgour, D. R. 
Goodlett, Y. Goo, Glycosylation characterization of therapeutic mAbs by top- and middle-down mass 
spectrometry , Journal of proteomics, 2016, 134, 93-101 
[40] R. Lindner, U.Heintz, A.Winkler, Applications of hydrogen deuterium exchange (HDX) for the 
characterization of conformational dynamics in light-activated photoreceptors, Front Mol Biosc, 2015, 2-33  
[41] B.Suchanova, R. Tuma, Folding and assembly of large macromolecular complexes monitored by 
hydrogen-deuterium exchange and mass spectrometry, Microb Cell Fact, 2008, 7, 12 
[42] L. Konermann, J. Pan, Y. Liu, Hydrogen exchange mass spectrometry for studying protein structure and 
dynamics, 2011,3, 1224-34  
 
  



35 
Chapter 2: MS-based methods 

[43] A. Tsirigotaki, R.V. Elzen, P. V. Veken, A.M. Lambeir, A. Economou , Dynamics and ligand-induced 
conformational changes in human prolyl oligopeptidase analyzed by hydrogen/deuterium exchange mass 
spectrometry, Sci Rep, 2017, 7, 2456  
[44] H. Wei, J. Mo, L. Tao, R. J. Russel, A. A. Tymiak, G. Chen, R. Iacob, J. R. Engen  Hydrogen/Deuterium 
Exchange Mass Spectrometry for Probing Higher Order Structure of Protein Therapeutics: Methodology and 
Applications  
[45] J.Pan, S.Zhang, A. Chou, C.H. Borchers, Higher-order structural interrogation of antibodies using middle-
down hydrogen/deuterium exchange mass spectrometry,Chem. Sci., 2016, 7 , 1480-1486  
[46] D. Houde, J. R. Engen, Conformational Analysis of Recombinant Monoclonal Antibodies with 
Hydrogen/Deuterium Exchange Mass Spectrometry, Methods Mol Biol, 2013, 988, 269-289 
[47] D. Houde, J. Arndt, W. Domeier, S. Berkowitz, J. R. Engen, Rapid characterization of IgG1 conformation 
and conformational dynamics by hydrogen/deuterium exchange mass spectrometry, Anal Chem, 2009, 81, 
2644-2651 
[48] HDX-MS guided drug discovery: small molecules and biopharmaceuticals, Chem. Soc. Rev. 2011, 40, 
1224-1234  
[49] D. Houde, S. A. Berkowitw, J. R. Engen, The Utility of Hydrogen/Deuterium Exchange Mass Spectrometry 
in Biopharmaceutical Comparability Studies, J Pharm Sci, 2011, 100, 2071-2086 
[50] G. Xu, M.R. Chance, Hydroxyl Radical-Mediated Modification of Proteins as Probes for Structural 
Proteomics, Chem. Rev. , 2007, 3514-3543  
[51] B. C. Gau, J. S. Sharp, D. L. Rempel, M. L. Gross, Fast Photochemical Oxidation of Proteins Footprints 
Faster than Protein Unfolding, Anal. Chem, 2009; 81, 6563-6571 
[52] L. Konermann, B.B. Stocks, T.Czarny, Laminar flow effects during laser-induced oxidative labeling for 
protein structural studies by mass spectrometry, Anal.Chem, 2010, 6667-6674 
[53] J. Chen, W. Cui, D. Giblin, M. L. Gross, New Protein Footprinting: Fast Photochemical Iodination 
Combined with Top-down and Bottom-up Mass Spectrometry, J Am Soc Mass Spectrom , 2012, 23, 1306-
1318 
[54] J. G. Kiselar, M. R. Chance, Future Directions of Structural Mass Spectrometry using Hydroxyl Radical 
Footprinting, J. Mass Spectrom, 2010 45, 1373-1382  
[55] A. N. Calabrese,  J. R. Ault, S. E. Radford, A. E. Ashcroft, Using hydroxyl radical footprinting to explore the 
free energy landscape of protein folding. Methods, 2015, 89, 38-44.  
[56] Y. Yan, Guodong C. Wei , R. Huang, J. Mo, D. L.  Rempel, A. A. Tymiak, M. L. Gross, Fast Photochemical 
Oxidation of Proteins (FPOP) Maps the Epitope of EGFR Binding to Adnectin, J Am Soc Mass Spectrom, 25, 12, 
2084-2092 
[57] L. M. Jones, J. B. Sperry, J.A. Carroll, M.L. Gross, Fast Photochemical Oxidation of Proteins for Epitope 
Mapping, Anal. Chem, 2011, 83, 7657-7661  
[58] Zhang, Y., et al., Mapping the Binding Interface of VEGF and a Monoclonal Antibody Fab-1 Fragment with 
Fast Photochemical Oxidation of Proteins (FPOP) and Mass Spectrometry. J Am Soc Mass Spectrom, 2017, 1-9 
[59] A. Baerga-Ortiz, C. A. Hughes, J. G. Mandell, E. A. Komives, Epitope mapping of a monoclonal antibody 

against human thrombin by H/D-exchange mass spectrometry reveals selection of a diverse sequence in a 

highly conserved protein, Protein Sci, 2002, 11, 1300-8  

[60] H. Zhang, W. Cui, M. L . Gross, Mass Spectrometry for the Biophysical Characterization of Therapeutic 

Monoclonal Antibodies, FEBS Lett, 2014, 588,308-317 

[61] J.B. Fenn, M. Mann, CK. Meng, SF, Wong, CM Whitehouse, Electrospray ionization for mass spectrometry 

of large biomolecules, Science, 1989, 246, 64-71  

 

 

 



  

 

 

 

 

 

 

 

 

 



 
 

Chapter 3 

Exploration of the higher-order structure of 

monoclonal antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 
Chapter 3: Monoclonal antibodies 

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 [1]. 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 [3]. A year later the first humanized antibody, 

daclizumab, was approved for the prevention of organ transplant rejection [4].  

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 [5]. 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 [5]. Obtaining the ideal therapeutic antibody is therefore a 

challenge in antibody engineering. 

 

 

   

 

 

 
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 (κ) or lambda (λ). 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. 

 
Figure 2: Schematic illustration of an antibody. Variable regions are indicated with VL (light chain) and 

VH (heavy chain). The constant regions are indicated with CL (light chain) and CH (heavy chain). 
 

 

Post-translational glycosylation occurs in the constant region (CH2) of the heavy chains of the 

antibody. The oligosaccharides are attached via an N-glycosidic bond to the asparagine residue 

Asn297 [6][7]. The N-glycans are mainly di-antennary complex structures and can influence the Fc 

region of the antibody [8]. 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, IgG and IgM, based on 

the type of heavy chain (α, δ, ε, γ, or μ) (Fig. 4) [9].The heavy chains differ in amino acid 

sequence, number of constant domains and hinge structure. α, δ and γ have about 450 amino 

acids, while ε and μ contain about 550 amino acids. The average length of a light chain is 211-

217 amino acids.  

 

 

        
 

 

 
 

 
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 [10]. IgGs are monomeric and have a 
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molecular weight of about 150 kDa. In humans, IgGs can be divided into four subclasses (IgG1, 

IgG2, IgG3 and IgG4) based on their different hinge regions (Fig. 5). IgG1 and IgG4 have 2 inter-

chain disulfide bonds in the hinge region, while IgG2 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 [10]. 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 [10]. 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 [10]. It is predominantly found in the lymph fluid and the blood. Compared to 

IgGs it contains two additional constant domains and is predominantly found as a pentamer [9]. 

 
                      IgG1                              IgG2                              IgG3                               IgG4 

 
Figure 5: Schematic illustration of the four subclasses of human IgG: IgG1, IgG2, 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 IgG 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]. In 

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 IgGs across the placenta, providing immunity to the fetus. Furthermore, the 

interaction of IgGs 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 [7]. 
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A wide range of IgGs are being investigated for therapeutic applications. By choosing a specific 

IgG subclass, specific effector functions can also be selected [12]. In the current 

biopharmaceutical market of antibodies, IgG1 are the majority, due to their potent effector 

functions and being the most predominant subclass [13]. 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 IgG3 compared to other subclasses [14]. There is 

also an increased likelihood for proteolysis of IgG3, due to their extensive hinge domain [13]. 

 

This part of the thesis will focus on full antibodies. Through our collaboration with Johnson & 

Johnson (BE & US), we received standard IgG1, IgG2 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 (IgG1) and trastzumab (IgG1). 
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3.2 Characterisation of standard antibodies 
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3.2.1 Introduction 

In this study we analysed four standard antibodies (two IgG1, an IgG2 and an IgG4) with MS-

based methods in order to thoroughly characterise the structure and search for differences 

between the different IgG 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 [1]. 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. I 

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. I 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 I 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, IgG1, IgG2 and IgG4. 

Antibody Type Isotype Antigen 
 

NIST 
IgG1 

Humanized IgG1κ RSV 

 

CNTO  
5825 

Human IgG1κ IL-13 

NIST 
IgG2 

Human IgG2 RSV 

 
 
 
 
 
 
 

NIST 
IgG4 

Human IgG4 RSV 
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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 
IgG2 HC 
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYF
DVWGQGTTVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSNFGTQTYTCNVDHKPSNTKVDK
TVERKCCVECPPCPAPPAAASSVFLFPPKPKDTLMISRTPEVTCVVVDVSAEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTFRVVSVLTVLHQDWLNGKEYKCKVSN
KGLPSSIEKTISKTKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPMLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALH
NHYTQKSLSLSPGK 
 
IgG2 LC 
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTFGGGTKVEIKRTVAA
PSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC 
 
NIST IgG4 
IgG4 HC: 
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTATYYCARDMIFNFYF
DVWGQGTTVTVSSASTKGPSVFPLAPCSRSTSESTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTKTYTCNVDHKPSNTKVDKR
VESKYGPPCPPCPAPEAAGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSQEDPEVQFNWYVDGVEVHNAKTKPREEQFNSTYRVVSVLTVLHQDWLNGKEYKCKVS
NKGLPSSIEKTISKAKGQPREPQVYTLPPSQEEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSRLTVDKSRWQEGNVFSCSVMHEALH
NHYTQKSLSLSLGK 
 
IgG4 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 [2]. 

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 ºC [3]. Activated papain was added to the antibody at a 60:1 (w/w) 

antibody to protease ratio. The mixture was incubated at 37 ºC 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% H2O2 was added immediately prior to laser irradiation. The sample was infused via a 

fused silica capillary (inner diameter of 100μM) at a 20 μL/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 μL of 100 mM L-methionine 

and 1 μM 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 ºC until analysis. 

3.2.2.4 SEC-MS 

An ACQUITY UPLC Protein BEH SEC column (200Å, 1.7 μm, 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-2TM 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 ºC. The Q-TOF settings were the following: spray capillary voltage 3.0 V, 

sampling cone 50 V, extractor cone 10 V, source temperature 150 ºC, 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. 

  

  

            

 

            

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, IgG2, 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 

Ion 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 [4]. 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 IgG2 subtypes. 

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

and IgG4 and CNTO5825. The error bars refer to the width of the ion mobility peak at half 

height. 

 

 

 

 

 

 

 

 

 

NIST IgG1 CNTO 5825 NIST IgG2 NIST IgG4 

 Charge 
state 

CCS (Å2)  Charge 
state 

CCS (Å2)  Charge 
state 

CCS (Å2) Charge 
state 

CCS (Å2) 

21+ 7225 ± 
130 

21+ 7279  ± 
129 

21+ 7330 ± 
206 

21+ 7225 ± 
104 

22+ 7292 ± 
142  

22+ 7350 ± 
141 

22+ 7351 ± 
168 

22+ 7292 ± 
170 

23+ 7263 ± 
154 

23+ 7324 ± 
153 

23+ 7324 ± 
183 

23+ 7324 ± 
153 

24+ 7317 ± 
133 

24+ 7382 ± 
132 

24+ 7383 ± 
165 

24+ 7383 ± 
165 

25+ 7340 ± 
178 

25+ 7411 ± 
142 

25+ 7485 ± 
176 

25+ 7411 ± 
177 

26+ 7406 ± 
114 

26+ 7486 ±  
151 

26+ 7635 ± 
185 

26+ 7561 ± 
114 

Average 7307  7372  7418  7366 
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 Figure 2.1: Collision cross section distributions per observed charge state for antibodies, NIST 

IgG1, IgG2, 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 IgG2 is seen in the relatively broader CCS 

distributions, with a putative second, more extended state around 8000 Å2 also visible This 

flexibility of antibodies has also been reported in literature, where the width of the CCSD peak 

was 1500 to 2000 Å2 [4]. In our experiments the width of the CCSD peaks ranged from 750 to 

1000 Å2. 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. N2 CCS in Å2 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 
 

 
 

The average CCS values calculated for the antbodies ranged from 7307 to 7418 Å2. In literature 

the CCS distribution ranged from 5000 to 10000 Å2 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 Å2, which 

is a more compact value than the measured 7300 Å2 in our results. An explanation could be the 

different IMS gas they used in their experiment (He vs N2 in our experiments). The CCS values 

calculated using N2 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 Å2 [4]. 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 [5]. The derived CCS values for charge states 21+ to 26+ range from 6696 

Å2 to 6892 Å2 in helium and 7223 Å2 to 7403 Å2 in nitrogen, respectively. These CCS values (in 

N2) are closer to our experimental values of 7307 to 7418 Å2. 
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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 IgG 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 IgG2 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. IgG2 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.  

 

 

 
 

         

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 IgG1 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 -80º 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 µM 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 IgG 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 -80º 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
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. 

 

 

 

 
 

Figure 7: a) CIU plot of CNTO5825 after first freeze-thaw cycle. b) CIU plot of CNTO5825 after second 

freeze-thaw cycle. 
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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. 

 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

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.  

IgG2 

IgG1 

IgG4 

…VEPKSCDKTH | TCPPCPAPELLGGPSVFLFPPKPK… 

… TKVDKTVERK|CCVECPPCPAPPAAASSVFLFPPKPK… 

…KRVESKYGPP | CPPCPAPEAAGGPSVFLFPPKPK… 

Hinge region Fab 

Fc 

Fab 

Fc 

Fab 

Fc 



59 
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)2 (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). 

 

 

 

 

 

Symbol Experimental MW (Da) Theoretical MW (Da) ID 
▲ 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)2 or full IgG is seen in 

the spectrum. 

 

 

Symbol Experimental MW (Da) Theoretical MW (Da) ID 
▲ 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 IgG1 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)2 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. 

 

 

 

Symbol Experimental MW (Da) Theoretical MW (Da) ID 
▲ 23457.6 23127.74  LC 

● 47725.3 47164.87 Fab 

■ 97200.4 94329.74  (Fab)
2
 

▌ 147875.0 144730.94  IgG 

 

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)2 (95225.94 Da) and full IgG (148434.45 Da).  

 

 

Symbol Experimental MW (Da) Theoretical MW (Da) ID 
▲ 23453.9 23127.74  LC 

● 48433.9 47504.30  Fab 

★ 50926.1 49794.15  Fc 

■ 95 225.9 95008.60  (Fab)
2
 

▌ 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)2 region also seems more compact for the IgG1 compared 

to IgG2 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 IgG2 and IgG4 (Fig. 7). 
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Table 3: Collision cross sections of the observed fragments of NIST IgG1 after papain digestion 

NIST IgG1 

LC Fab Fc (Fab)2 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

8+ 2156 ± 26 12+ 3567 ± 78 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 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

12+ 3637 ± 79 12+ 3672 ± 70 

13+ 3667 ± 54 13+ 3902 ± 144 

14+ 3771 ± 61   

 

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

NIST IgG2 

LC Fab (Fab)2 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

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)2 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

Charge 
state 

CCS  
(Å2) 

8+ 2207 ± 24 12+ 3673 ± 120 12+ 3940 ± 93 17+ 5907 ± 45 

9+ 2276 ± 104 13+ 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 IgGs 

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. 

 

 

                           
 

                       
 

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 

Δ mass 270 Da ≈ 17 O 187 Da ≈ 12 O  226 Da ≈ 14 O  234 Da ≈ 15 O 

 
Figure 13: Native mass spectra of NIST IgG1, CNTO5825, NIST IgG2 and IgG4 (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. 

 

 
 
 

 
 
 

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 (Å2) 7466 ± 135 7466 ± 135 7466 ± 201 7466 ± 201 

CCS Oxidized (Å2) 7488 ± 245 7533 ± 134 7601 ± 202 7601 ± 256 

Δ (Å2
) 22.41 67.53 134.63 134.52 

Δ (%) 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 CNTO5825 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. 

 

Figure 15: SEC chromatogram of A) a mixture of NIST and CNTO5825, and the two separate antibodies 

(B & C). 

 

 

 

 

 

 

8 10 12 14 16 18

Retention time (min)

NIST + CNTO5825 

NIST  

CNTO5825 

A 

B 

C 

12.84 12.56 

12.21 

12.84 



67 
Chapter 3: Monoclonal antibodies 

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). 

 

 

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, IgG2 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 IgG1, CNTO5825 and NIST IgG4 had similar CCS 

values. The papain digestion of IgG2 was not properly optimized to produce the Fc domain. The 

(Fab)2 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)2 

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. 

 

3.2.11 Sources 

[1] J. E. Schiel, D. Davis, O. V. Borisov, State-of-the-Art and Emerging Technologies for Therapeutic 
Monoclonal Antibody Characterization, 2015, 1201 

[2] 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. 
[3] S. J. Berger, A. B. Chakraborty, J. C. Gebler, Waters, Development of a generic LC/MS methodology 
for protein-level analysis of IgG1 monoclonal antibodies and their related substructures. 
[4] K. J. Pacholarz, M. Porrini, R. A. Garlish, R. J. Burnley, R. J. Taylor, A. J. Henry, P. E . Barran, Dynamics 
of Intact Immunoglobulin G Explored by Drift-Tube Ion-Mobility Mass Spectrometry and Molecular 
Modeling, Angew Chem Int Ed Engl, 2014, 7765-9 
[5] I. D. G. Campuzano, C. Larriba, D. Bagal, P. D. Schnier, Ion Mobility and Mass Spectrometry 
Measurements of the Humanized IgGk NIST Monoclonal Antibody, State-of-the-Art and Emerging 
Technologies for Therapeutic Monoclonal Antibody Characterization Volume 3. Defining the Next 
Generation of Analytical and Biophysical Techniques, 2015, Chapter 4, pp 75–112 
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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. 

 

Figure 1:  Illustration 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-2TM 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 μM. Gold-coated nanoESI needles were prepared in-house in order to 
transfer 5 μL 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. 



86 
Chapter 3: Monoclonal antibodies 

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) 

 
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) 

 

Ion 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 (Å2) CCS trastuzumab + ttz (Å2) Δ 

21+ 7000.48 7114.15 1.62 % 

22+ 7141.47 7242.55 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 % 

A B 
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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, I 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, I 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 IgG1s; Herceptin 
(trastuzumab), the NIST IgG1 standard, and the Sigma SiLu lite standard, MSQ4 (Table 1). 
 
Trastuzumab is an antibody against the HER2 receptor, which is involved in breast cancer [1]. 
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 IgG subunits were also studied by reducing 
the disulfide bonds to separate the light and heavy chains. Furthermore, IgG subunits were 
analysed after enzymatically cleaving the hinge region with GingisKHAN 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 IgG subtype 

MSQ4 (SiLu Lite) Sigma IgG1λ 

NIST IgG1 NIST HzIgG1κ 

Trastuzumab (Herceptin) Roche HzIgG1κ 
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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
DPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTK

NQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

SILu (MSQ4) light chain 

QSALTQPRSVSGSPGQSVTISCTGTSSDIGGYNFVSWYQQHPGKAPKLMIYDATKRPSGVPDRFSGSKSGNTASLTISGLQAEDEADYYCCS
YAGDYTPGVVFGGGTKLTVLGQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQSNNKYAASSYL

SLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS 

 
NIST heavy chain: 

QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDP
ADTATYYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSS
GLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDP
EVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKN

QVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 

NIST light chain: 
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSG
YPFTFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADY

EKHKVYACEVTHQGLSSPVTKSFNRGEC 

 

Trastuzumab (HRC) heavy chain: 

EVQLVESGGGLVQPGGSLRLSCAASGFNIKDTYIHWVRQAPGKGLEWVARIYPTNGYTRYADSVKGRFTISADTSKNTAYLQMNSLRAED
TAVYYCSRWGGDGFYAMDYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQS
SGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHED
PEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKN

QVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG 

Trastuzumab (HRC) light chain: 

DIQMTQSPSSLSASVGDRVTITCRASQDVNTAVAWYQQKPGKAPKLLIYSASFLYSGVPSRFSGSRSGTDFTLTISSLQPEDFATYYCQQHY
TTPPTFGQGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSKAD

YEKHKVYACEVTHQGLSSPVTKSFNRGEC 
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Figure 1:  IgG 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. 

 
 

Table 3: Types of analysis performed 

 

Work Program Information Comments Performed (x) 

WP1 

Intact mAb 
(150 kDa) 

 mass 
measurements 

Intact MW intact x 

WP2 
Light and 

heavy chains 
Chains MW Reduced Mab x 

WP3 
25 kDa subunit 

mass 
measurements 

Subunits MW 
IdeS digestion 

+ 
reduced 

x 

WP4 
50 kDa subunit 

mass 
measurements 

Subunits MW KGP digestion x 

WP5 
100 kDa 

subunit mass 
measurements 

Subunits MW IdeS digestion x 

WP6 
Top-down MS 
of 25 kDa mAb 

subunits 

Subunit 
sequencing 

IdeS digestion 
+ 

reduced 
 

WP7 
Top-down MS 
of 50 kDa mAb 

subunits 

Subunit 
sequencing 

KGP digestion x 

WP8 
Top-down MS 

of 150 kDa 
intact mAb 

mAb  sequencing Intact x 

WP9 
Analysis of 

mAb mixtures 
   

WP10 
Ion Mobility 
Separation 

  x 
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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 [2]. 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 IgG1s were similar in charge state distribution and mass, as 
expected. 

 

 
MSQ4 Intact 

IgG Experimental mass (Da) Theoretical mass (Da) 

Intact 146 822 143 601 

 
Figure 2:  Mass spectrum of intact MSQ4. 

 
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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Trastuzumab Intact 

IgG Experimental mass (Da) Theoretical mass (Da) 

Intact 148 191 145 163 

 
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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5:  Schematic representation of the IgG subunits generated after reduction of the disulfide 
bridges. 
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 Reduced MSQ4 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 22 940 22 959 

 (LC)2 45 901 45918 

Figure 6:  Mass spectrum of reduced MSQ4 

 
 
 

 
 Reduced NIST 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 126 23 127 

 
Figure 7:  Mass spectrum of reduced NIST 
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 Reduced Trastuzumab 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 441 23 443 

 (LC)2 46 881 46 886 

 
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). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9:  Schematic representation of the IgG subunits generated digestion with GingisKHAN and 
reduction. 

= 
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Figures 10-12 show the mass spectra of the GingisKHAN digested and reduced antibodies.  

 
 MSQ4 + GINGISKHAN, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 22 975  22 959 

 Fd’ 23 945 23 799 

 Fab 46 814 46 741 

 
Figure 10:  Mass spectrum of MSQ4 cleaved with GingisKHAN and reduced. 

 
 NIST + GINGISKHAN, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 162 23 127 

 Fd’ 24 260 24 288 

 Fab 47 469 47 398 

 
Figure 11:  Mass spectrum of NIST cleaved with GingisKHAN and reduced. 
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 Trastuzumab + GINGISKHAN, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 460 23 443 

 Fd’ 23 976 23 965 

 Fab 47 485 47 390 

 
Figure 12:  Mass spectrum of Trastuzumab cleaved with GingisKHAN and reduced. 

 
The IdeS enzyme cleaves the antibody below the hinge region, generating a (Fab)2 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). 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

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. 
 

 
 MSQ4 + IdeS, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 019 22 959 

 Fab 48 418 48 059 

 Fc 50 878 47 516 

Figure 14:  Mass spectrum of MSQ4 cleaved with IdeS and reduced. 

  

 
 NIST + IdeS, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 165 23 127 

 Fab 49 063 48 815 

 Fc 50 892 47 838 

 
Figure 15:  Mass spectrum of NIST cleaved with IdeS and reduced. 
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 Trastuzumab + IdeS, Reduced 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 LC 23 456 23 443 

 Fc/2 25 407 23 790   

 Fab 49 095 48 808 

 Fc 50 859 47 580 

 
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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17:  Schematic representation of the IgG subunits generated digestion with GingsKhan. 

  
 

 

2000 2500 3000 3500 4000 4500 5000

0.0

0.2

0.4

0.6

0.8

1.0

%

m/z

= 

= 

= 



108 
Chapter 3: Monoclonal antibodies 

 

 
 MSQ4 + GINGISKHAN 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fab 46 972   46 741 

 Fc 53 642   50 353 

 
Figure 18:  Mass spectrum of MSQ4 cleaved with GingisKHAN. 

 
 

 
 NIST + GINGISKHAN 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fab 47 553 47 398 

 Fc 53 949   50 673 

 
Figure 19:  Mass spectrum of NIST cleaved with GingisKHAN. 
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 Trastuzumab + GINGISKHAN 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fab 47 676 47 390 

 Fc 53 855   50 416 

 
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). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21:  Schematic representation of the IgG subunits generated digestion with IdeS. 
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 MSQ4 + IdeS 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fc 50 883 47 516 

 (Fab)2 96 848 96 118 

 
Figure 22:  Mass spectrum of MSQ4 cleaved with IdeS. 

 
 

 
 NIST + IDES 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fc 50 881 47 838 

 (Fab)2 98 139 97 630 

 
Figure 23:  Mass spectrum of NIST cleaved with IdeS. 
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 Trastuzumab + IdeS 

 IgG subunit Experimental mass (Da) Theoretical mass (Da) 

 Fc 50 545 47 580 

 (Fab)2 97 789 97 616 

 
Figure 24:  Mass spectrum of Trastuzumab cleaved with IdeS. 

 
 

3.4.8 Ion 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:  Ion 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 (Å2) 

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 (Å2) 

22+ 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 (Å2) 

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:  Ion 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)2 

Charge State Drift time (ms) CCS (Å2) 

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)2 

Charge State Drift time (ms) CCS (Å2) 

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)2 

Charge State Drift time (ms) CCS (Å2) 

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 (Å2) 

12+ 9.29 ± 0.37 3493 ± 73 

13+ 8.20 ± 0.36 3542 ± 83 

14+ 7.47 ± 0.37 3631 ± 95 

 

NIST Fc 

Charge State Drift time (ms) CCS (Å2) 

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 (Å2) 

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:  Ion 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 (Å2) 

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 (Å2) 

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 (Å2) 

12+ 9.48 ± 0.36 3531 ± 53 

13+ 8.20 ± 0.37 3543 ± 84 

14+ 7.47 ± 0.23 3632 ± 60 

 
 

MSQ4  Fc 

Charge State Drift time (ms) CCS (Å2) 

12+ 10.02 ± 0.55 3636 ± 105 

13+ 8.57 ± 0.36 3626 ± 80 

 

NIST Fc 

Charge State Drift time (ms) CCS (Å2) 

12+ 10.21 ± 0.36 3672 ± 51 

13+ 8.93 ± 0.28 3706 ± 61 

 

Trastuzumab Fc 

Charge State Drift time (ms) CCS (Å2) 

12+ 10.21 ± 0.36 3672 ± 68 

13+ 8.75 ± 0.36 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: 
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLG 
IdeS cleaves 
GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPI
EKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVM
HEALHNHYTQKSLSLSPGK 
NIST light chain: 
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTF
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)2 subunit of IdeS digested NIST (MS/MS of 4903 

m/z). 

 

 

 

 

 

 

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 C4 (+22) 

527.39 1 C5 (+22) 

640.49 1 C6 (+22) 

1065.28 2 C19 

1184.90 2 C11 

1206.90 1 C11 (+22) 

1313.04 1 C12 

1335.01 1 C12 (+22) 

1428.07 1 C13 

1529.10 1 C14 

1551.10 1 C14 (+22) 

1886.38 1 C17 

 

NIST HEAVY CHAIN (1-225) 

m/z z Fragment ion 

575.52 2 C11(-8.5) 

598.52 1 C5 (-17)  

727.57 1 C6 (-17) 

814.63 1 C7 (-17) 

853.68 2 C16 (-8.5) 

1039.80 1 C10 (-17) 

1251.94 1 C12 (-17) 

NIST LIGHT CHAIN 

m/z z Fragment ion 

527.39 1 C4 (+22) 

628.42 1 C5 (+22) 

756.51 1 C6 (+22) 

1027.70 1 C9 (+22) 

1128.70 1 C10 (+22) 

1399.94 1 C13 (+22) 
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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: 
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDK 
GingisKHAN cleaves 
THTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKE
YKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSR
WQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 
NIST light chain: 
DIQMTQSPSTLSASVGDRVTITCSASSRVGYMHWYQQKPGKAPKLLIYDTSKLASGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCFQGSGYPFTF
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) 

m/z z Fragment ion 

598.49 1 C5 (-17) 

727.57 1 C6 (-17) 

968.73 1 C9 (-17) 

1039.77 1 C10 (-17) 

1251.95 1 C12 (-17) 

1476.99 1 C14 (-17) 

1578.20 1 C15 (-17) 

1706.18 1 C16 (-17) 

1807.48 1 C17 (-17) 

2020.90 1 C19 (-17) 

2235.29 1 C20 (-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 C20 (-17) 

1169.98 2 C22 (-17) 

1220.86 2 C23 (-17) 

1293.52 2 C24 (-17) 

789.64 1 Z7 

888.18 1 Z8 

522.79 2 Z9 

757.50 2 Z13 

808.62 2 Z14 

865.95 2 Z15 

NIST LIGHT CHAIN 
m/z z Fragment ion 

527.39 1 C4 (+22) 

628.40 1 C5 (+22) 

756.52 1 C6 (+22) 

1027.70 1 C9 (+22) 

1399.94 1 C13 (+22) 
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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 

1023.74 1 C10 (+1) 

666.46 1 Z7 (-18) 

772.60 1 Z8 (+1) 

900.68 1 Z9 (+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: 
QVTLRESGPALVKPTQTLTLTCTFSGFSLSTAGMSVGWIRQPPGKALEWLADIWWDDKKHYNPSLKDRLTISKDTSKNQVVLKVTNMDPADTAT
YYCARDMIFNFYFDVWGQGTTVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTV
PSSSLGTQTYICNVNHKPSNTKVDKRVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVH
NAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSREEMTKNQVSLTCLVKGFYPSDIAVEWE
SNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK 
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 

484.77 2 C9 (-8.5) 

520.46 2 C10 (-8.5) 

576.19 2 C11 (-8.5) 

598.52 1 C5 (-17)  

684.80 1 Z7 

727.57 1 C6 (-17) 

739.06 2 C14 (-8.5) 

772.60 1 Z8 

789.63 2 C15 (-8.5) 

814.64 1 C7 (-17) 

853.66 2 C16 (-8.5) 

899.58 1 Z9 

904.22 2 C17 (-8.5) 

960.77 2 C18 (-8.5) 

1011 2 C19 (-8.5) 

1027.68 1 Z10 

1039.26 1 C10 (-17) 

1067.22 2 C20 (-8.5) 

1117.96 2 C21 (-8.5) 

1128.76 1 Z11 

1152.76 1 C11 (-17) 

1220.71 2 C23 

1251.95 1 C12 (-17) 

1792.66 1 Z16 

1856.67 2 C36 (-8.5) 

1863.39 1 Z17 
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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 
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
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, I 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 
DIVLTQSPSSLSASLGDTITITCHASQNINVWLSWYQQKPGNIPKLLIYKASNLHTGVPSRFSGSGSGTGFTLTISSLQPEDIATYYCQQGQSYPLTFGG
GTKLEIKRADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQNGVLNSWTDQDSKDSTYSMSSTLTLTKDEYERHNSYTCEAT
HKTSTSPIVKSFNRNEC 
Anti-Actin IgG Heavy chain  
EVKLQESGGGLVQPGGSLKLSCATSGFTFSDYYMYWVRQTPEKRLEWVAYISNGGGSTYYPDTVKGRFTISRDNAKNTLYLQMSRLKSEDTAMYYC
ARHGGYYAMDYWGQGTTVTVSSAKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGVHTFPAVLQSDLYTLSSSVTVTSST
WPSQSITCNVAHPASSTKVDKKIEPRGPTIKPCPPCKCPAPNLLGGPSVFIFPPKIKDVLMISLSPIVTCVVVDVSEDDPDVQISWFVNNVEVHTAQT
QTHREDYNSTLRVVSALPIQHQDWMSGKEFKCKVNNKDLPAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTCMVTDFMPEDIYVEWTNN
GKTELNYKNTEPVLDSDGSYFMYSKLRVEKKNWVERNSYSCSVVHEGLHNHHTTKSFSR 

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 IgG (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 IgG modeled on IgG structure 

 (PDB 1IGT). Data obtained from Tsybin et al. [3]. 
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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. Magalhães, 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. Tsbin, 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 [1]. 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 [3]. 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 [4]. 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. 5μM. 5μL 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 [5]. 

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 μL 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[6]. 

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 μL of 11.4 mg/mL protein stock 

solution was used for the molecular weight analysis and 10 μL 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 Å and GBAT has a length of 7.7 Å.  

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 

MedImmune, 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% H2O, pH 7.4, for the 

undeuterated samples, or 250 mM ammonium acetate in 99.9% D2O, 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 μL/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 (▲) 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 Å2 for IP268 and from 3687 to 3899 Å2 for IP118. The IP268 dimer shows CCS 

values from 6130 to 6796 Å
2. 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 Å2 of IP268 monomer and dimer and IP118 monomer 

 Charge state CCS (Å2) 

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. 

 

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.  IP118 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 
60μg 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 μg 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. 

 

 

 

 

 

 

 

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)/π)= 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 (Å2) Average CCS Radius (nm) Average Rh(z) (nm) 

IP268 dimer 6472 4.539 5.035 

IP118 monomer 3798 3.477 3.595 

 

 

 

 

 

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 high rep 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 



 

133 
Chapter 4: Fc-fusion proteins 

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.  

 

 

Figure 5: Native mass spectrum of antibody NIP109 treated with LysC. The Fab region (▲) 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 Å2 to 3583 Å2, while IP268 

ranged from 3716 Å2 to 3940 Å2 (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 Å2 to 3543 Å2, while IP118 ranged from 3687 Å2 to 4038 Å2 (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. 

 

 

 

Figure 6: A) Collision cross sections of IP268 ranging from 3716 Å2 to 3940 Å2 and as a control the Fc-
domain of NIP109 ranging from 3464 Å2 to 3583 Å2.  

B) Collision cross sections of IP118 ranging from 3687 Å2 to 3899 Å2 and as a control the Fc-domain of 
IP118 ranging from 3448 Å2 to 3561 Å2.  

 

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. 

A) B) 
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Figure 7: a) Collision induced unfolding plot of Fc-domain of NIP109 (13+). 
 b) Collision induced unfolding plot of Fc-peptide fusion, IP268 (13+). 

 

 

 

 

 

 

 

 

 

 

 

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 Kd with AUC 

We attempted to determine the dissociation constant, Kd, 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 Fk,w = 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.   

 

 

 

 

 

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 Kd 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 (ε) and the length of the cell (l), the concentration in 

the cell can be calculated using the formula of Lambert-Beer; c = A/(ε.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 

(Kd) can then be calculated as in Eq.4, resulting in a KD of 0.00987 mg/mL or 156 nM.   

Eq. 1 :  c (IP268) = A/(ε.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 

              → C = 0.439053/0.0916 = 4.79 mg/mL 

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

Eq. 4 :     Kd= [M]2/[D] = (0.0255)2/ (0.0661)= 0.00987 mg/mL 

Kd (Fc fusion) =(0.00987 mg/mL) /(63 kg/mol)= 156 nM 

 

Dimer 
1.14 mg/mL 

Monomer +Dimer 
0.126 mg/mL 
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4.3.6 Determining Kd 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.   

 

 

 

 

 

 

 

 
Figure 10: A) MALDI spectra of IP268 without cross-linker. B) MALDI spectra of IP268 with cross-linker.

 

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

 

 

 

 

 

 

 

 

Figure 12: a) MALDI spectra of IP118 without cross-linker. b) MALDI spectra of IP118 with cross-linker. 

 

 

Figure 13: Relative intensity of IP118 dimer compared to monomer with and without cross-linker. 

 

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

0.7 

0 0.5 1 1.5 2 2.5 

R
e

la
ti

ve
 In

te
n

si
ty

 

mg/mL 

IP118 

With Cross-linker 

No Cross-linker 

0 50000 100000 150000 200000 250000 300000

0.0

0.2

0.4

0.6

0.8

1.0

4.72

2.36

1.18

0.59

0.295

0.1475

Mass (Da)

%

P
ro

te
in

 C
on

ce
nt

ra
tio

n 
(m

g/
m

L)

0 50000 100000 150000 200000 250000 300000

0.0

0.2

0.4

0.6

0.8

1.0

4.72

2.36

1.18

0.59

0.295

0.1475

Mass (Da)

%

P
ro

te
in

 C
on

ce
nt

ra
tio

n 
(m

g/
m

L)
(A) (B) 



 

139 
Chapter 4: Fc-fusion proteins 

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 KD 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. 

 

 

 
Figure 14: Overview of the collected data and the sample concentration used during the analysis of 

IP268. 

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

IP268. 
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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).    

   

 

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 D2O, 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. 

                   

         

 

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 

A B 
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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 KD 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.   
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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 [1].  

Various strategic reasons for selecting an antibody fragment as a therapeutic agent instead of 

an intact IgG include:   

 A smaller sized agent for the ability to penetrate tumors and for broader tissue 

distribution [2] 

 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) [4] 

 A molecule that can be manufactured in yeast or E. coli, resulting in cost reduction or 

the increase of the manufacturing scale [5] 

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).  

 

 

 

 

 

 

                                                                                              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 [7]. Nanobodies are also naturally soluble in aqueous 

solution and do not have the tendency to aggregate [8].  

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 [9].  
 

5.1.2 Single-chain  variable fragment (scFv) 

Single chain variable fragment (scFv) is an engineered variant in which the VH and VL domains 

are joined with a flexible polypeptide linker (Fig. 2). ScFvs are used as affinity reagents for 

diagnostics, therapeutics and proteomic analysis [10]. 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 [12]. 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 [13]. While scFvs are highly specific, they can be 

limited in their stability and by their aggregation tendency [14]. 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 [15, 16]. 
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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 Arg346-Met347 (P1-P1’)[17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Crystal structures of latent (A), active (B) and cleaved (C) PAI-1. β-sheet A is displayed in 

green, the α-helix F in yellow and the reactive centre loop in red. [18] 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-M354I. 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 [19,20,21,22]. 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 β-sheet A, 

forming a new β-sheet (Fig. 3A). The reactive centre loop changes from solvent-exposed to 

mostly buried, which makes the reactive centre inaccessible to the target protease [23]. Active 

PAI-1 spontaneously converts to the latent conformation under physiological conditions with a 

half-life of 1-2 hours at 37°C [24]. 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 [25] W175F shows an 

increased functional half-life of the active conformation (≈7 hours) [26].  

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) 

 

 

 

 

 

 

 

 

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 % [27]. VHH-2g-42 may inhibit PAI-1 activity by preventing the initial PAI-1-

t-PA complex formation [27]. VHH-2w-64 inhibits PAI-1 activity by inducing substrate behaviour 

of PAI-1 [27]. When VHH-2-12 binds to PAI-1 it causes a slight acceleration of the latency 

transition [27]. 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   

VHH-2-12 Induces latency  

PAI-1 Stab + VHH-2g-42 Inhibits PAI-1  

PAI-1 Stab  + VHH-2w-64 Induces substrate behaviour   

PAI-1 Stab + VHH-2-12 Induces latency  

PAI-1 W175F + VHH-2g-42 Inhibits PAI-1  

PAI-1 W175F + VHH-2w-64 Induces substrate behaviour   

PAI-1 W175F + VHH-2-12 Induces latency  

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 [28]. For 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). 

 

 

Name Variant Symbol Structure 

PAI-1 WT Wild type  Fig. 3A+B 

PAI-1 Stab Active  PDB 1DB2 

PAI-1 W175F Active  Fig 3B 

PAI-1 P14 Active  No structure available 

PAI-1 Latent Latent  Fig 3A 



 

151 
Chapter 5: Nanobodies, ScFv and monoclonal antibodies against plasminogen activator inhibitor-1 

Table 3: Overview of the analysed anti-PAI-1 scFv-33H1F7 and PAI-1 complexes  

Name Variant Symbol 

ScFv-33H1F7 
Induces  

substrate behaviour 
 

Latent PAI-1 
+ScFv-33H1F7 

Latent 
 

PAI-1 Stab 
+ScFv-33H1F7 

Induces  
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 [29]. 

Mab-33B8 is a murine IgG1 that induces the acceleration of the active-to-latent conversion of 

Pai-1 [30]. 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 

Mab-33H1F7 
Induces  

substrate behaviour
 
 

Mab-55F4C12 
Induces  

substrate behaviour
 

Mab-8H9D4 
Induces  

substrate behaviour
 

Mab-33B8 
Induces  
latency

 

PAI-1 Stab 
+ Mab-33H1F7 

Induces  
substrate behaviour

 

PAI-1 Stab 
+ Mab-55F4C12 

Induces  
substrate behaviour

 

PAI-1 Stab 
+ Mab-8H9D4 

Induces  
substrate behaviour

 

PAI-1 Stab 
+ Mab-33B8 

Induces  
latency

 

PAI-1 W175F 
+ Mab-33H1F7 

Induces  
substrate behaviour

 

PAI-1 W175F 
+ Mab-55F4C12 

Induces  
substrate behaviour

 

PAI-1 W175F 
+ Mab-8H9D4 

Induces  
substrate behaviour

 

PAI-1 W175F 
+ Mab-33B8 

Induces  
latency
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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-PAI-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 nanoESI 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 [31]. 

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  
PAI-1 P14 Substrate PAI-1  

PAI-1 Latent Latent PAI-1  
VHH-2g-42 Inhibits PAI-1 Nanobody  
VHH-2w-64 Induces substrate behaviour Nanobody  
VHH-2-12 Induces latency Nanobody  
PAI-1 Stab  

+ VHH-2g-42 
Inhibits PAI-1 

PAI-1  
+ nanobody 

 

PAI-1 Stab   
+ VHH-2w-64 

Induces substrate behaviour 
PAI-1  

+ nanobody  

PAI-1 Stab  
+ VHH-2-12 

Induces latency 
PAI-1  

+ nanobody  

PAI-1 W175F 
+ VHH-2g-42 

Inhibits PAI-1 
PAI-1  

+ nanobody  

PAI-1 W175F 
+ VHH-2w-64 

Induces substrate behaviour 
PAI-1  

+ nanobody  

PAI-1 W175F 
+ VHH-2-12 

Induces latency 
PAI-1  

+ nanobody  

PAI-1 Stab 
+VHH-2w-64 +VHH-2g-42 

Inhibits PAI-1 
PAI-1  

+ nanobody 
 

ScFv-33H1F7 Induces substrate behaviour ScFv  

Latent PAI-1 
+ScFv-33H1F7 

Latent 
PAI-1 

 + ScFv 
 

PAI-1 Stab 
+ScFv-33H1F7 

Induces substrate behaviour 
PAI-1 

 + ScFv 
 

Mab-33H1F7 Induces substrate behaviour Mab  

Mab-55F4C12 Induces substrate behaviour Mab  

Mab-8H9D4 Induces substrate behaviour Mab  

Mab-33B8 Induces latency Mab  

PAI-1 Stab 
+ Mab-33H1F7 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 Stab 
+ Mab-55F4C12 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 Stab 
+ Mab-8H9D4 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 Stab 
+ Mab-33B8 

Induces latency
PAI-1 
+ Mab 

 

PAI-1 W175F 
+ Mab-33H1F7 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 W175F 
+ Mab-55F4C12 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 W175F 
+ Mab-8H9D4 

Induces substrate behaviour
PAI-1 
+ Mab 

 

PAI-1 W175F 
+ Mab-33B8 

Induces latency
PAI-1 
+ Mab 
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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. 
 

 
 

  Protein Experimental mass (Da) Theoretical mass (Da) Δ (Da) 

A  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-1 W175F 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: Ion 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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CCS PAI-1 WT PAI-1 W175F PAI-1 Stab PAI-1 Latent PAI-1 P14 

12+ 3404 ± 33 Å
2

 3436 ± 43 Å
2

 3469 ± 39 Å
2

 3335 ± 70 Å
2

 3335 ± 18 Å
2

 

13+ 3504 ± 27 Å
2

 3541 ± 43 Å
2

 3504 ± 51 Å
2

 3391 ± 75 Å
2

 3428 ± 18 Å
2

 

MW 42839.5Da 42839.5Da 42785.6 Da 42779.5 Da 42832.9 Da 

  RCL exposed RCL exposed RCL inserted RCL inserted? 

 
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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Protein Experimental CCS (A2) Calculated CCS (A2) Δ (A2) Δ % 

Active PAI-1 (1DVM chain A) 3469 ± 43 2697 x 1.36 = 3668 199 5.7 % 

Latent PAI-1 (1 DVN) 3335 ± 70 2561 x 1.36 = 3483 148 4.4 % 

PAI-1 W175F (3Q02) 3436 ± 43 2541 x 1.36 = 3456 20 0.6 % 
 

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 (I.e. PDB 

1DVM, 1DVN and 3Q02). These CCS values were calculated using the Ion Mobility Spectrometry 

Suite (IMoS) software in which the Projected Area (PA) method was applied as described 

previously [33]. In 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. [33,34]. 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. 

 

 

 

20 40 60 80 100

10

15

20

25

30

D
ri

ft
 t
im

e
 (

m
s
)

Trap CE (V)

0.000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

0.8000

0.9000

1.000

3000 3500 4000

m/z

20 40 60 80 100

10

15

20

25

30

D
ri

ft
 t
im

e
 (

m
s
)

Trap CE (V)

0.000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

0.8000

0.9000

1.000

3000 3500 4000

m/z

20 40 60 80 100

10

15

20

25

30

D
ri

ft
 t
im

e
 (

m
s
)

Trap CE (V)

0.000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

0.8000

0.9000

1.000

3000 3500 4000

m/z

C 

D 

E 

10 V 

100 V 

10 V 

100 V 

I II IV III 

I II IV III 

I II IV III 



 

160 
Chapter 5: Nanobodies, ScFv and monoclonal antibodies against plasminogen activator inhibitor-1 

 
5.4  Characterising nanobodies against PAI-1 
The three studied anti-PAI-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.  
 
 
 
 
 
 

 
 

 

 
 Protein Experimental mass (Da) Theoretical mass (Da) 

A VHH-2g-42 12,742.6 12,739.29 

B VHH-2w-64 13,078.0 13,077.44 

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 
state. 
 
 

 
 
 
 

 
 
 

 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-1 Stab + 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+. 

 

 

 

 

 

 

 Protein Experimental mass (Da) Theoretical mass (Da) 

A PAI-1 W175F + VHH-2g-42 55,739.3 55,451.44 

B PAI-1 W175F + VHH-2w-64 55,916.8 55,789.59 

C PAI-1 W175F + VHH-2-12 56,419.5 56,227.94 
 

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 PAI-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 Å2 for VHH-2g-42, 1569 Å2 for VHH-2w-64 and 1595 Å2 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 Å2, 

for PAI-1 Stab + VHH-2w-64 it is 4666 Å2 and for PAI-Stab + VHH-2-12 4441 Å2. 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 

 

 

 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

 

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

 

 

 

 

 

 

 

 

CCS VHH-2g-42 PAI-1 Stab 
PAI-1 Stab 

+VHH-2g-42 
PAI-1 W175F 

PAI-1 W175F 
+VHH-2g-42 

5
+
 1185 ± 7 Å

2

     

6
+
 1479 ± 9 Å

2

     

7
+
 1871 ± 8 Å

2

     

12
+
  3469 ± 39 Å

2

  3436 ± 43 Å
2

  

13
+
  3504 ± 51 Å

2

 4538 ± 106 Å
2

 3541 ±  43 Å
2

 4309 ± 65 Å
2

 

14
+
   4425 ± 109 Å

2

  4276 ± 58 Å
2

 

15
+
   4420 ± 95 Å

2

  4379 ± 59 Å
2

 

16
+
   4821 ± 110 Å

2

   

MW 12,742.6 Da 42,785.6 Da 55,587.5 Da 42,839.5 Da 55,739.3 Da 

CCS VHH-2w-64 PAI-1 Stab 
PAI-1 Stab 

+VHH-2w-64 
PAI-1 W175F 

PAI-1 W175F 
+VHH-2w-64 

5
+
 1569 ± 7 Å

2

     

6
+
 1803 ± 7 Å

2

     

7
+
 2067 ± 7 Å

2

     

12
+
  3469 ± 39 Å

2

 4680 ± 80 Å
2

 3436 ± 43 Å
2

  

13
+
  3504 ± 51 Å

2

 4666 ± 40 Å
2

 3541 ±  43 Å
2

 4635 ± 98 Å
2

 

14
+
   4677 ± 54 Å

2

  4569 ± 88 Å
2

 

15
+
   4700 ± 48 Å

2

  4622 ± 107 Å
2

 

16
+
     4672 ± 114 Å

2

 

MW 13,078.0 Da 42,785.6 Da 55,822.2 Da 42,839.5 Da 55,916.8 Da 

CCS VHH-2-12 PAI-1 Stab 
PAI-1 Stab 
+VHH-2-12 

PAI-1 W175F 
PAI-1 W175F 
+VHH-2-12 

5
+
 1596 ± 9 Å

2

     

6
+
 1603 ± 8 Å

2

     

12
+
  3469 ± 39 Å

2

 4482 ± 19 Å
2

 3436 ± 43 Å
2

 4395 ± 93 Å
2

 

13
+
  3504 ± 51 Å

2

 4441 ± 17 Å
2

 3541 ±  43 Å
2

 4375 ± 30 Å
2

 

14
+
   4497 ± 8 Å

2

  4424 ± 77 Å
2

 

15
+
   4500 ± 8 Å

2

   

MW 13,514.7 Da 42,785.6 Da 56,243.5 Da 42,839.5 Da 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. 

 

 
Figure 11: Experimental CCS values () of the low-charge states of nanobody VHH-2g-42, PAI-1 and 

PAI-1-nanobody complex 

  

Figure 12: Experimental CCS values () of the low-charge states of nanobody VHH-2w-64, PAI-1 and 

PAI-1-nanobody complex 
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Figure 13: Experimental CCS values () 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 Å2, while that of 

PAI-1 Stab + VHH-2g-42 is 4,425.09 Å2 and that of PAI-1 Stab + VHH-2w-64 is 4,666.93 Å2. 

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)2 + PAI-1 complex 

evades the predicted CCS value for a globular complex with 15 %.    

 

 

 

 

 

 

 

Protein Experimental mass (Da) Theoretical mass (Da) 

PAI-1 Stab + VHH-2g-42 + VHH-2w-64 68,483.0 68,481.86 
 

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 

 

 

 

 

 

 

 

 

 

 

 

 

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 

 

 

 

 

 

 

 

CCS VHH-2-12 VHH-2w-64 PAI-1 Stab 
PAI-1 Stab 

+VHH-2g-42 +VHH-2w-64 

5
+
 1596 ± 9 Å

2

 1569 ± 7 Å
2

   

6
+
 1603 ± 8 Å

2

 1803 ± 7 Å
2

   

7
+
  2067 ± 7 Å

2

   

12
+
   3469 ± 39 Å

2

  

13
+
   3504 ± 51 Å

2

  

14
+
    5160 ± 21 Å

2

 

15
+
    5161 ± 18 Å

2

 

16
+
    5179 ± 21 Å

2

 

17
+
    5192 ± 46 Å

2

 

MW 13,514.6 Da  13,078.0 Da 42,785.6 Da 68,483.0 Da 
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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. 

 

 

 
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.  

 

 

 
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 [32]. The presence of the antigen is also a factor that can stabilise 
the scFv dimers [32]. 
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. 
 
 
 

 
 

Protein Experimental mass (Da) Theoretical mass (Da) 

ScFv-33H1F7 monomer 25,996.3 25,927.40 

ScFv-33H1F7 dimer 51,947.0 51,854.80 

 
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 Å2; the 

scFv dimer 3813 Å2; scFV dimer + PAI-1 Stab 5919 Å2 and scFv dimer + PAI Latent a value of 

6192 Å2. 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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 Protein Experimental mass (Da) Theoretical mass (Da) 

▲ ScFv-33H1F7  monomer 25,998.2 25,927.40 

 ScFv-33H1F7 dimer 51,897.0 51,854.80 

★ ScFv-33H1F7 dimer 
+ PAI-1 Latent 

94,787.7 94,624.00 

Figure 20: Native mass spectrum of latent PAI-1 complexed with scFv-33H1F7. 

 

   
 Protein Experimental mass (Da) Theoretical mass (Da) 

■ Pai-1 Stab 42,716.8 42,701.10 

● ScFv-33H1F7 dimer 51,994.5 51,854.80 

★ ScFv-33H1F7 dimer 
 + Pai-1 Stab 

94,787.1 94,538.00 

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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 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 

CCS ScFv monomer ScFv dimer 
PAI-1  
Stab 

PAI-1 Stab 
+ScFv dimer 

PAI-1  
Latent 

PAI-1 Latent 
+ScFv dimer 

8+ 2337 ± 47 Å
2

      

9+ 2374 ± 48 Å
2

      

10+ 2400 ± 53  Å
2

      

11+  3812 ± 81 Å
2

     

12+  3696 ± 49 Å
2

 3469 ± 39 Å
2

  3335 ± 70 Å
2

  

13+  3650 ± 60 Å
2

 3504 ± 51 Å
2

  3391 ± 75 Å
2

  

14+  3690 ±44 Å
2

     

18+    5918 ± 65 Å
2

  6191 ± 85 Å
2

 

19+    5899 ±52 Å
2

  6148 ± 119 Å
2

 

20+    5996 ± 54 Å
2

  6835 ± 118 Å
2

 

MW 25,998.2 Da 51,994.5 Da 42,716.8 Da 94,787.1 Da 42,779.5 Da 94,787.7 Da 

2 

2 

2 
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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.  

 

 

    

 

Figure 23: Collision-induced unfolding plots (A) ScFv-33H1F7, (B) ScFv-33H1F7 + PAI-1 Stab, (C) 

ScFv-33H1F7 + PAI-1 Latent 
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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 [20] and Mab-33B8 induces the 
acceleration of the active-to-latent conversion of PAI-1 [21]. 
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.  
 

 
 

 
 

 
 

 Protein Experimental mass (Da) Theoretical mass  

A Mab-33H1F7 147,869.2 148 kDa 

B Mab-55F4C12 148,267.4 148 kDa 

C Mab-8H9D4 148,309.2 148 kDa 

D Mab-33B8 148,981.2 148 kDa 
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+PAI-1 Stab to 
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191,553.3 Da for Mab 33B8+PAI-1 Stab. The free antibody is still observed in the mass spectra 
in the 6000-7000 m/z range. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 

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. 

 Protein Experimental mass (Da) Theoretical mass  

A Mab-33H1F7 + Pai-1 Stab 189,962.4 191 kDa 

 Mab-33H1F7 + (Pai-1 Stab)2 232,955.5 233 kDa 

B Mab-55F4C12 + Pai-1 Stab 190,754.6 191 kDa 

 Mab-55F4C12 + (Pai-1 Stab)2 233,457.8 233 kDa 

C Mab-8H9D4 + Pai-1 Stab 190,582.9 191 kDa 

 Mab-8H9D4 + (Pai-1 Stab)2 233,054.3 233 kDa 

D Mab-33BB + Pai-1 Stab 191,553.3 191 kDa 

 Mab-33BB + (Pai-1 Stab)2 233681.4 233 kDa 
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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.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
        Protein Experimental mass (Da) Theoretical mass  

A Mab-33H1F7 + Pai-1 W175F 190,982.8 191 kDa 

 Mab-33H1F7 + (Pai-1 W175F)2 233659.4 233 kDa 

B Mab-55F4C12 + Pai-1 W175F 190,907.5 191 kDa 

 Mab-55F4C12 + (Pai-1 W175F)2 233,537.2 233 kDa 

C Mab-8H9D4 + Pai-1 W175F 190,064.3 191 kDa 

 Mab-8H9D4 + (Pai-1 W175F)2 233,521.9 233 kDa 

D Mab-33BB + Pai-1 W175F 191,227.5 191 kDa 

 Mab-33BB + (Pai-1 W175F)2 233,884.3 233 kDa 
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 Å2 to 7548 Å2 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. 

 

 

 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. 

 

 

 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. 

 

 

 

 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. 

 
 
 

 
 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-PAI-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. 
 

 

       
 
 

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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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 [1]. 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 [2]. In 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 [3]. 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 [3].  

 

 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 [4]. However, there are RNA molecules that are 

not translated into proteins, called non-coding RNA (ncRNA) [5]. 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) [6]. 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 [6]. RNA interference (RNAi) technology uses short RNA molecules 

to regulate the expression of a gene of interest [7]. 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 [8]. 

 

 

 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 [1]. 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. 

 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 [1]. 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 [1]. The HIV TAR-RNA has been considered a target for inhibiting HIV replication due 

to its complex role in facilitating transcription of viral DNA [2]. Many of the known TAR-binding 

small molecules often have poor affinity, inadequate physicochemical properties or poor 

selectivity [2]. 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.  

 

 

 

 

 

 

 

 

 

 

 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 

90ºC, and then cooled at -20ºC 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 μM. 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 [3]. 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) 
Negative mode 

CCS value (Å2) 

Hexakis(2,2-
difluoroethoxy)phosphazine 

601.98 118.6  

Hexakis(1H, 1H, 3H-
tetrafluoropropoxy)phosphazine 

1033.99 190.0 

Hexakis(1H, 1H ,4H-
hexafluorobutyloxy)phosphazine 

1333.97 215.5 

Hexakis(1H, 1H, 5H-
octafluoropentoxy)phosphazine 

1633.95 244.3 

Hexakis(1H, 1H, 6H-
decafluorohexyloxy)phosphazine 

1933.93 272.2 

Hexakis(1H, 1H, 7H-
dodecafluoroheptoxy)phosphazine 

2233.91 295.8 

 

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. 

 

 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. 

 

 

 

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 

Experimental Mass (Da) TAR-RNA CCS (Å2) 

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 (Å2) 

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). 

 

 

Figure 4: Sequence of cyclopeptide JB64. 

 

 

 

 

 

 Experimental Mass (Da) Theoretical Mass ( Da) 

Cyclopeptide JB64 1758.1 1735.08 
Figure 5: Native mass spectrum of cyclopeptide JB64. 

 

cyclo(RVRTQKGRRIRIpP) 

3+ 

4+ 2+ 
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 Experimental Mass (Da) Theoretical Mass ( Da) 

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. 
 

 

 

 

5+ 

4+ 

5+ 
4+ 
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Figure 7: MS/MS spectra of the TAR-RNA + JB64 complex  (● )peak at 2243 m/z with increasing trap 
collision energy. At 80 V the complex is dissociated as unbound TAR-RNA (Δ) 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 Å2 and the TAR-RNA-peptide complex a collision cross section of 800.0 Å2. 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. 

 

 

 

 

JB64 CCS (Å2) 

2+ 466.4 

3+ 479.5 

4+ 521.4 

TAR-RNA + JB64 CCS (Å2) 

5+ 800.0 
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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, Identification 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 tRNAfmet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In collaboration with 

 

Dukas Jurenas1,2 

Abel Garcia-Pino1 

1 Laboratoire de Génétique et Physiologie Bactérienne, Université Libre de Bruxelles, Gosselies, Belgium. 
2Department of Biochemistry and Molecular Biology, Vilnius University Joint Life Sciences Center, 

Vilnius, Lithuania 

 

 

 

This research was published in 

Dukas Jurėnas, Sneha Chatterjee, Albert Konijnenberg, Frank Sobott, Louis Droogmans, 

Abel Garcia-Pino, Laurence Van Melderen,  

AtaT blocks translation initiation by N-acetylation of the initiator tRNAfMet, 

 Nature Chemical Biology, 2017, 13,640-646 

 

 

 

 

 

 

 



 

203 
Chapter 6: RNA therapeutics 

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 II TA modules. AtaT-AtaR is a novel type II 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 tRNAfMet, 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 tRNAfMet. 

 

 
Figure 1: Illustration of initiator tRNAfMmet, the arrow indicates the amine group modified by 

AtaT. 

 

6.3.2 Experimental details 

 

Samples of the AtaT-AtaR complex were prepared at 20 μM protein concentration in 100 mM 

ammonium acetate buffer, pH 6.9. The treated and non-treated Met-tRNAfMet samples (10 μM) 

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 [1]. 
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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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 tRNAfMet 

Figure 3 shows that the mass difference between the peaks corresponding to the tRNAfMet 

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 tRNAfMet 

and tRNAfMet 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-tRNAfMet in grey (25 212.1 Da) and Met-tRNAfMet 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-tRNAfMet before 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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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 [1]. 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 [2]. 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 [3]. 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 [4]. 

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 [5]. 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. 

 



 

215 
 Chapter 7: Kinase complexes 

 

Figure 3: Illustration 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 ºC, 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. 

 

 

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 Å2 for the wild type complex, from 3065 to 3502 

Å
2 for the single mutant and from 3046 to 3476 Å2 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 (▲) and triple 
mutant (■). 

 

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 Å2 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. 
 

 

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 

inhibitor. 
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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 Å2, 

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). 

 

 

 

 

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. 

 

 

 

 

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, II and III). 
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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 [1]. 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 [2,3,4].   

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, (CsI)nCs+ 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 I 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 [5,6]. 

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), 

ScpAB2 (73 kDa) and the SMC2-ScpAB2 complex (344 kDa). This shows how the stoichiometry of a 

large protein complex can be elucidated with native mass spectrometry. 
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 Protein     Experimental mass (Da)     Theoretical mass (Da) 
 ScpB 21,915 22,038.2 
 

(ScpB)2 43,855 44,076.4 
 

ScpAB2 73,466 73,536.4 
 

(ScpAB2)2 146,956 147,072.8 
 

SMC2 271,568 270,780.0 
 

SMC2-ScpA 301,198 300,240.0 
 

SMC2-ScpAB2 345,214 344,316.4 
 

SMC2-(ScpAB2)2 418,706 417,852.8 
 

(SMC2-ScpAB2)2 688,941 688,632.8 
 

(SMC2-ScpAB2)2-ScpA 717,559 718,092.8 

 

Fig. 1 Mass spectrum of SMC interacting with ScpA and ScpB. 
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8.4 Biophysical studies on interactions and assembly of CRL5SOCS2 
 

In this study, native IM-MS was used to investigate components of the CRL5SOCS2 complex.  

CRLs target post-translationally modified substrates for ubiquitination and proteasomal 

degradation. SOCS proteins are substrate receptors of CRL5 complexes. The CRL5SOCS2 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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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.g., X-ray, NMR structures, or 

computational modeling). Very small structural differences (as little as ΔCCS ~ 2%) can be 



 

245 
Chapter 9: Conclusions and outlook 

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, IgG2 

and IgG4 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 
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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-IV) 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 [1]. 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 [2].  

Ultimately, I 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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