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Abstract

The analysis of monoclonal antibodies (mAbs) is an ever-evolving field of research.
Depending on the host cell, the purification process, or different storage conditions,
mAbs can differ, for example in their glycosylation profile or have alterations of
amino acids. The analysis of these post-translational modifications (PTMs) is
therefore quite complex and time-consuming and can generally be performed on
an intact, subunit, or peptide level by coupling a separation technique with mass
spectrometry (MS). The analysis of intact mAbs provides information on the overall
variant composition and requires minimal sample preparation, however, it does not
allow for detailed information on the position of the protein modification. Analysis
at the subunit level enables detailed mass spectrometric characterization by
fragmentation experiments and provides valuable information about the position of
the modification in the molecule. However, the sample preparation must be
carefully examined to guarantee proper sample reduction and to reduce the risk of
generating artifacts. Separation is the key to detailed and unambiguous MS
analysis of mAb variants, and various separation principles are used in the

literature for this purpose.

The general object of this thesis was to investigate capillary zone electrophoresis
(CZE), capillary isoelectric focusing (CIEF), and ion exchange chromatography
(IEX) coupled with MS for their performance in analyzing charge variants of
antibodies at the intact and subunit level. The newly developed CZE-MS method
at the subunit level enabled the selective separation of several size variants (e.g.
glycosylation variants) and charge variants (e.g. c-terminal lysine clipping) as well
as multiple other variants (e.g. additional glycation) and reduced variants. Initially,
the subunits were incompletely reduced, which caused a large heterogeneity of
different subunit moieties, various reduction states, and positional isomers of these
partly-reduced subunit moieties. This artificial heterogeneity could be separated by
the new CZE method and the location of the variants was determined by middle-
down electron transfer higher energy collisional dissociation (EThcD) experiments.
Middle-down fragmentation was crucial for detecting the site specificity of the
incompletely reduced subunit moieties, especially for the CZE-separated positional
isomers. Overall fragmentation coverages between 10% (incompletely reduced

subunit) and 30% (completely reduced subunit) could be obtained. Fragmentation
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was also valuable for the determination of other site-specific mAb variants. The
informational output was limited when positional isomers of mAb variants were not
previously separated. Subunit moieties were additionally analyzed by ion mobility
(IM) -MS and different ion mobilities for the different variants were obtained. CZE
and IM were so far scarcely coupled most likely because the separation of these
techniques is based on similar separation mechanisms. For the first time, the
orthogonality of CZE and IM was therefore evaluated by analyzing a complex
peptide mixture (tryptic digest of HelLa proteins), and a very high orthogonality of
around 80% was obtained. The artificial heterogeneity caused by incomplete
sample reduction complicated the charge variant analysis of mAb subunits which
was solved by the addition of urea as a chaotropic salt in the reduction step.
Depending on the mAb this urea addition led to full sample reduction and the

identification of 10 — 40 mAb variants.

Additionally, to the successful CZE-MS subunit approach, CZE-MS was performed
on the intact level. CIEF-MS and IEX-MS were both performed on an intact level
only. CZE-MS enabled the selective separation of several size variants (e.g.
glycosylation variants) and charge variants (e.g. C-terminal lysine) as well as
multiple other variants (e.g. additional glycation) and reduced variants. IEX-MS and
CIEF-MS enabled the separation and detection of several size variants (e.g.
glycosylation variants) and charge variants (e.g. C-terminal lysine) as well as the
detection of some minor mass changes of the antibody compared to the main form
on the intact mAb level. The high resolving power of all three methods was
evaluated based on the lysine variant of several mAbs and the different method
selectivities were revealed by the monoglycosylation, which was found in the main
peak of CEX and CIEF, while it was separated from the main peak by CZE. Even
though CIEF-MS using online ultraviolet (UV) detection proved to selectively
separate multiple mAb variants, CIEF-MS needs further improvement since some
mADbs in the sample set encountered solubility problems when the near-native mAb
was mixed with acidic sheath liquid for MS ionization. IEX-MS suffered from high
ion suppression but the selective variant separation detected by online UV
detection could be contained towards the MS.

Overall, the presented separation methods show a separation of acidic and basic

variants from the main form of the mAb. The methods were tested using a sample
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set of ten mAbs without any mAb-specific method optimization. This highlights the
generic application of these methods within the tested pl range. The online UV
detection was supplemented by detailed variant characterization and identification
using mass spectrometry and ion mobility. This combination of techniques allowed

an in-depth analysis of the variants of the mAb samples.
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Zusammenfassung

Die Analyse monoklonaler Antikorper (mAbs) ist ein sich standig
weiterentwickelndes Forschungsgebiet. Je nach Wirtszelle, Reinigungsverfahren
oder Lagerungsbedingungen konnen sich mAbs zum Beispiel in ihrem
Glykosylierungsprofil unterscheiden oder Veranderungen der Aminosauren
aufweisen. Die Analyse dieser posttranslationalen Modifikationen (PTMs) ist daher
komplex und zeitaufwandig. Sie kann im Allgemeinen auf intakter, Untereinheiten-
oder Peptidebene durchgeflihrt werden, indem man eine geeignete Trenntechnik
mit der Massenspektrometrie (MS) koppelt. Die Analytik intakter mAbs liefert
Informationen Uber die Gesamtzusammensetzung der Varianten und erfordert nur
eine minimale Probenvorbereitung, jedoch wird auf der intakten Ebene keine
detaillierte Information Uber die Position der Proteinmodifikation erhalten. Die
Analyse auf Untereinheitsebene ermoglicht eine detaillierte
massenspektrometrische Charakterisierung durch Fragmentierungsexperimente
und liefert wertvolle Informationen Uber die Position der Modifikation im Molekdl.
Die Probenvorbereitung muss jedoch sorgfaltig durchgefihrt werden, um eine
ordnungsgemale Probenreduktion zu gewahrleisten und das Risiko der
Artefaktbildung zu verringern. Die Trennung von mAb-Varianten ist essentiell fur
eine detaillierte und eindeutige MS-Analyse. In der Literatur werden zu diesem

Zweck verschiedene Trennungsprinzipien verwendet.

Das Ziel dieser Arbeit war, die Kapillarzonenelektrophorese (CZE), die kapillare
isoelektrische Fokussierung (CIEF) und die lonenaustauschchromatographie (IEX)
in Kopplung mit MS auf ihre Leistungsfahigkeit bei der Analyse von
Ladungsvarianten von Antikérpern auf intakter und Untereinheitenebene zu
untersuchen. Die neu entwickelte CZE-MS-Methode auf Untereinheitenebene
ermoglichte die selektive Trennung mehrerer GroRenvarianten (z. B.
Glykosylierungsvarianten) und Ladungsvarianten (z. B. C-terminales Lysin) sowie
mehrerer anderer Varianten (z. B. zusatzliche Glykierung) und reduzierter
Varianten. Initial waren die Untereinheiten unvollstandig reduziert, was zu einer
grolRen Heterogenitdt aus verschiedenen Untereinheiten, verschiedenen
Reduktionszustanden und Positionsisomeren fuhrte. Diese kunstliche
Heterogenitat konnte durch die neue CZE-Methode getrennt und die Position der

Varianten durch middle-down Fragmentierungsexperimente bestimmt werden. Die
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Fragmentierung war entscheidend fur den Nachweis der Ortsspezifitat,
insbesondere der getrennten Positionsisomere und insgesamt konnten
Fragmentierungsabdeckungen zwischen 10 % (unvollstdndig reduzierte
Untereinheit) und 30 % (vollstandig reduzierte Untereinheit) erzielt werden. Die
Fragmentierung war auch fur die Bestimmung anderer ortsspezifischer mAb-
Varianten wertvoll und nur dann begrenzt, wenn die Positionsisomere der mAb-
Varianten nicht vorher getrennt wurden. Die Untereinheiten wurden zusatzlich
erstmals mittels lonenmobilitats-Massenspektrometrie (IM-MS) analysiert. Die
Ergebnisse zeigen unterschiedliche lonenmobilitdten fur die verschiedenen
Varianten. CZE und IM wurden bisher kaum gekoppelt, vermutlich aufgrund der
ahnlichen Trennmechanismen beider Techniken. Zum ersten Mal wurde daher die
Orthogonalitdt von CZE und IM durch die Analyse eines komplexen
Peptidgemischs (tryptischer Verdau von HelLa-Proteinen) evaluiert. Eine sehr hohe
Orthogonalitat von etwa 80% wurde dabei erzielt. Die Heterogenitat, die durch die
unvollstandige Probenreduktion verursacht wird, erschwerte die Analyse der
Ladungsvarianten der mAb-Untereinheiten. Dies wurde durch die Zugabe von
Harnstoff als chaotropes Salz im Reduktionsschritt behoben und fuhrte je nach

mADb zur ldentifikation von 10 - 40 mAb-Varianten.

Zusatzlich zum erfolgreichen CZE-MS-Untereinheiten-Ansatz wurde CZE-MS auf
intakter Ebene durchgefuhrt. CIEF-MS und IEX-MS wurden beide nur auf intakter
Ebene durchgefihrt. CZE-MS ermdoglichte die selektive Trennung mehrerer
Grolkenvarianten (z. B. Glykosylierungsvarianten) und Ladungsvarianten (z. B. C-
terminales Lysin) sowie mehrerer anderer Varianten (z. B. zusatzliche Glykierung)
und reduzierter Varianten. IEX-MS und CIEF-MS ermdglichten die Trennung und
den Nachweis mehrerer GrolRenvarianten (z. B. Glykosylierungsvarianten) und
Ladungsvarianten (z. B. C-terminales Lysin) sowie den Nachweis einiger
geringfligiger Massenanderungen des Antikorpers. Das hohe
Auflésungsvermdgen aller Methoden wurde anhand der Lysin-Variante berechnet.
Die unterschiedlichen Selektivitaiten der Methoden wurden anhand der
Monoglykosylierung deutlich, die bei CEX und CIEF im Hauptpeak detektiert
wurde, wahrend sie bei CZE vom Hauptpeak getrennt wurde. Obwohl die CIEF-
MS mit Online-UV-Detektion eine selektive Trennung mehrerer mAb-Varianten

ermoglichte, muss die CIEF-MS weiter verbessert werden, da einige mAbs
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Loslichkeitsprobleme aufwiesen, wenn der nahezu native mAb fur die MS-
lonisierung mit saurer Schleierflissigkeit gemischt wurde. IEX-MS litt zwar unter
einer hohen lonensuppression, aber die selektive Trennung der Varianten, wurde

sowohl online-UV als auch im MS detektiert.

Insgesamt zeigen die vorgestellten Trennmethoden eine Trennung der sauren und
basischen Varianten von der Hauptform des mAbs. Zehn mAbs wurden ohne eine
mAb-spezifische Methodenoptimierung mit jeder Methode gemessen. Dies
unterstreicht die generische Anwendbarkeit dieser Methoden innerhalb des
getesteten pl-Bereichs. Die Online-UV-Detektion wurde durch detaillierte
Charakterisierung und ldentifizierung mittels Massenspektrometrie und
lonenmobilitdt erganzt. Diese Kombination von Techniken ermdglichte eine

tiefgreifende Analyse der mAb Varianten.



List of Publications

Accepted Manuscripts

CE-MS/MS and CE-timsTOF to separate and characterize intramolecular
disulfide bridges of monoclonal antibody subunits and their application for
the assessment of subunit reduction protocols

Jasmin Schairer, Jennifer Romer, Dietmar Lang, Christian Neusuf}
Analytical and Bioanalytical Chemistry. 2024; 416: 1599-612

DOI: 10.1007/s00216-024-05161-8

lon mobility in gas and liquid phases: How much orthogonality is obtained

in capillary electrophoresis-ion mobility-mass spectrometry?

Jasmin Schairer, Florian Plathe, Sonja Hudelmaier, Eckhard Belau, Stuart

Pengelley, Lena Kruse, Christian Neusuf}

Electrophoresis. 2024; 45: 735-742. DOI: 10.1002/elps.202300210

CE-MS and CE-MS/MS for the multiattribute analysis of monoclonal
antibody variants at the subunit level

Jasmin Schairer, Jennifer Romer, Christian NeusufR

Journal of pharmaceutical and biomedical analysis. 2025; 252: 116495.
DOI: 10.1016/j.jpba.2024.116495
lon-exchange chromatography, capillary isoelectric focusing, and capillary
zone electrophoresis coupled to mass spectrometry for charge variant
analysis of monoclonal antibodies

Jasmin Schairer, Alisa Hochsmann, Benedikt Bauer, Volker Hofer, Jennifer

Romer, Christian Neusuf}
mAbs. 2025; 17: 2537116. DOI: 10.1080/19420862.2025.2537116

Other contributions not included in this thesis:

Capillary Electrophoresis—Mass Spectrometry Interfacing: Principles and
Recent Developments In: R Ramautar, DDY Chen, editors. Capillary
electrophoresis mass spectrometry for proteomics and metabolomics

Lukas Naumann, Jasmin Schairer, Alisa Hochsmann, Elahe Naghdi,

Christian Neusu
Weinheim:Wiley-VCH. 2022; p. 1-33. DOI:
https://doi.org/10.1002/9783527833092.ch1

Xl



e Flow rate determination of the nanoflow sheath liquid CE-MS-coupling
applying the nanoCEasy interface

Alisa Hochsmann, Jasmin Schairer, Oliver Schott, Ralf Honeise, Christian

Neusul
Electrophoresis. 2024; https://doi.org/10.1002/elps.202400191

Xl



Author Contribution

Manuscript |
CE-MS/MS and CE-timsTOF to separate and characterize intramolecular disulfide
bridges of monoclonal antibody subunits and their application for the assessment

of subunit reduction protocols

Jasmin Schairer: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Visualization, Writing — original draft

Jennifer Romer: Project administration, Resources, Supervision, Writing — review
& editing

Dietmar Lang: Project administration, Resources, Supervision, Writing — review &

editing

Christian NeusuR: Corresponding author, Conceptualization, Funding acquisition,

Project administration, Resources, Supervision, Writing — review & editing

Manuscript Il

lon mobility in gas and liquid phases: How much orthogonality is obtained in

capillary electrophoresis-ion mobility-mass spectrometry?

Jasmin Schairer: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Visualization, Writing — original draft

Florian Plathe: Data curation, Visualisation

Sonja Hudelmaier: Data curation, Visualisation

Eckard Belau: Data curation, Supervision

Stuart Pengelley: Data curation, Supervision, Writing — review & editing
Lena Kruse: Formal analysis, Writing — review & editing

Christian NeusiiB: Corresponding author, Conceptualization, Project
administration, Resources, Supervision, Writing — original draft; Writing — review &

editing

Xl



Manuscript Il

CE-MS and CE-MS/MS for the multiattribute analysis of monoclonal antibody

variants at the subunit level

Jasmin Schairer: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Visualization, Writing — original draft

Jennifer Romer: Project administration, Resources, Supervision, Writing — review
& editing

Christian NeusuR: Corresponding author, Conceptualization, Funding acquisition,

Project administration, Resources, Supervision, Writing — review & editing

Manuscript IV

lon-exchange chromatography, capillary isoelectric focusing, and capillary zone
electrophoresis coupled to mass spectrometry for charge variant analysis of

monoclonal antibodies

Jasmin Schairer: Conceptualization, Data curation, Formal analysis,
Investigation, CIEF-MS/ IEX-MS methodology, Visualization, Writing — original
draft

Alisa Hochsmann: CZE-MS methodology
Benedikt Bauer: IEX-MS methodology
Volker Hofer: CIEF-MS methodology

Jennifer Romer: Project administration, Resources, Supervision, Writing — review
& editing

Christian NeusuR: Corresponding author, Conceptualization, Funding acquisition,

Project administration, Resources, Supervision, Writing — review & editing

XV



List of oral presentations at scientific conferences

The presenting author is underlined.

VI.

Characterization of the nanoCEasy CE-MS interface: Analytical properties
and flow rates of the nanoflow sheath liquid coupling

Jasmin Schairer, Alexander Stolz, Johannes Schlecht, Christian Neusuf}
24" IMSC, Maastricht (Netherlands), August 271" — September 2", 2022

Capillary electrophoresis coupled to TIMS-TOF mass spectrometry using

the NanoCEasy interface

Jasmin Schairer, Lukas Naumann, Stuart Pengelley, Eckhard Belau,
Christian Albers, Christian Neusuf}

24" IMSC, Maastricht (Netherlands), August 271" — September 2", 2022
Disulfide characterization of trastuzumab subunits with CE-tims-TOF MS
and CE-MS/MS

Jasmin Schairer, Christian Neusuf}

33 Ph.D. meeting on separation science (Doktorandenseminar des AK
Separation Science), Hohenroda (Germany), January 8" - January 10%,
2023

Intramolecular disulfide separation and characterization of trastuzumab
subunits with CE-MS/MS

Jasmin Schairer, Jennifer Romer, Dietmar Lang, Christian Neusuf}

54" Annual Conference of the DGMS, Dortmund (Germany), May 14t -May
17t 2023

Intramolecular disulfide and charge variant separation and characterization
of various antibody subunits with CE-MS/MS

Jasmin Schairer, Jennifer Romer, Christian Neusuf

40t MSB, Brno (Czech Republic), May 19t — May 224, 2024

Charge variant separation and characterization of various antibodies using
CZE-MS, clEF-MS, and IEX-MS on intact and subunit level

Jasmin Schairer, Christian Neusuf}

34" PBA, Geneva (Suisse), September 9" September 12, 2024

XV



List of poster participations at scientific conferences

The presenting author is underlined.

I.  Capillary electrophoresis coupled to timsTOF Mass Spectrometry using the

nanoCEasy interface

Lukas Naumann, Jasmin Schairer, Stuart Pengelley, Eckhard Belau,

Christian Albers, Yun Yang, Christian NeusuR3
70th ASMS, Minneapolis (USA), June 5th — June 91", 2022

II.  Coupling capillary electrophoresis with timsTOF Mass Spectrometry using

the nanoCEasy interface

Jasmin Schairer, Lukas Naumann, Lena Kruse, Stuart Pengelley, Eckhard

Belau, Christian Albers, Christian Neusuf}
ANAKON 2023, Vienna (Austria), April 11t — April 14, 2023

lll.  Coupling capillary electrophoresis with timsTOF Mass Spectrometry using

the nanoCEasy interface

Jasmin Schairer, Florian Plathe, Sonja Hudelmaire, Lukas Naumann, Lena

Kruse, Stuart Pengelley, Eckhard Belau, Christian Albers, Christian Neusuf}
54" Annual Conference of the DGMS, Dortmund (Germany), May 14 - May

17, 2023

IV.  Coupling CZE with TIMS-TOF mass spectrometry - Creation of a fast data

analysis workflow for PASEF data

Florian Plathe, Sonja Hudelmaier, Jasmin Schairer, Christian Neusuf}

13t CE Forum, Aalen (Germany), February 28" — February 29", 2024

V. Charge variant separation and characterization of various antibodies using

CZE-MS, clEF-MS, and IEX-MS on intact and subunit level
Jasmin Schairer, Christian Neusuf
34 |SC, Liverpool (Great Britain), October 6" -October 10, 2024

XVI



List of Awards

Poster Award for “Coupling Capillary Electrophoresis with timsTOF Mass
Spectrometry using the nanoCEasy interface”

ANAKON 2023, Wien (Austria), April 11t — April 14t 2023

Young Scientists Award for the oral presentation entitled “Intramolecular
disulfide and charge variant separation and characterization of various
antibody subunits with CE-MS/MS”

MSB 2024, Brno (Czech Republic), May 19— May 224, 2024

XVII






1. Introduction

In the past decade, sales of biopharmaceuticals, especially monoclonal antibodies
(mAbs), have continuously increased, and more than 50% of biopharmaceuticals
approved for the first time were mAbs [1]. This shows the enormous interest in
mAbs but also raises the need for thorough testing and characterization before
they can be administered to a patient. Multiple methods are available for the
characterization of mAbs, and this thesis aims to have a closer look at three
separation approaches coupled with mass spectrometry (MS) for the identification
of mADb variants. In the following introduction, an overview is provided of what an
antibody is, what modifications can occur, and how these modifications are
separated and analyzed. The information given here will help to understand the

following investigations of this thesis in the results and discussion section.

1.1 Monoclonal antibodies and variants

1.1.1 Monoclonal antibodies

Monoclonal antibodies are large and complex, y-shaped immunoglobins (Ig) built
from four individual protein chains, connected and stabilized by inter- and intra-
chain disulfide bridges, and modified by posttranslational modifications (PTMs).
The combination of these modalities creates the specific affinity of mAbs against
certain antigens. Depending on their heavy chain mAbs can be divided into five
classes namely IgA, IgD, IgG, IgE, and IgM [2]. IgG, as the most abundant mAb
class, is further divided into subclasses IgG1 to IgG4 according to their relative
abundance [2]. Figure 1.1 illustrates a schematic 1IgG1 (Molecular weight (Mw):
~150 kDa) consisting of two identical heavy chains (HC; Mw: ~50 kDa) and two
identical light chains (LC; Mw: ~25 kDa) connected by four interchain disulfide
bridges.
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Figure 1.1: Schematic illustration of IgG1 mAb with two identical heavy chains and two identical light chains
all connected via four interchain disulfide bridges. The intrachain disulfide bridge at each subdomain results in
a total of 16 disulfide bridges in an IgG1 antibody. Fc: C-terminal half of heavy chain, Fab: antigen-binding
fragment.

The HC consists of three constant subdomains (CH1-Cx3) and one variable domain
(VH) while the LC has one constant and one variable subdomain (C.1 and VL) [3].
Each subdomain has an additional intrachain disulfide bridge which sums up to a
total of 16 disulfide bridges (inter- and intrachain disulfide bridges) within an 1gG
antibody. The antibody's functionality and safety rely on the amino acid sequence,
the protein folding including all essential disulfide bridges, and the PTMs. This
requires transcriptional, translational, and post-translational accuracy.
Nevertheless, even if the production process is highly controlled mAb variants can
be found within biopharmaceuticals which will be discussed in the following

chapter.

1.1.2 Monoclonal antibody variants

Monoclonal antibody variants can occur due to different conditions during the
production, purification, or storage of the mAb and range from incompletely
assembled antibodies to changes in post-translational modifications as shown in
Figure 1.2 [4, 5]. While antibody fragments and aggregates can be removed from
the biopharmaceutical during downstream processing using ion exchange
chromatography (IEX) or affinity chromatography [6] mAb variants are harder to

remove.
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Figure 1.2: Overview of several mAb variants. The modification of specific amino acids is illustrated as a red
dot on the mAb. The mass difference induced by the modification is indicated in brackets.

Some PTMs are relatively easy to analyze because they cause a relatively large
change in antibody mass, such as the introduction or loss of a hexose unit (e.g.
glycosylation and glycation), an incompletely truncated amino acid (e.g. lysine
variant) or the introduction of a sugar acid (e.g. sialic acids). Other variants only
marginally change the antibody mass due to alterations of amino acids (e.g.
pyroGlu formation, oxidation, isomerization, succinimide, deamidation), or errors in
the disulfide bridge formation and are therefore much harder to determine. Variants
can be classified as acidic or basic depending on their change in isoelectric point
(pl). For example, lysine variants introduce a positive charge and therefore lead to
basic variants [7]. Deamidations, where the net charge is reduced, lead to acidic
variants [8] and other modifications like pyroGlu, oxidations, succinimide
formations, or isomerizations can be acidic or basic depending on the amino acid
the modification is present [9]. All PTMs potentially have effects on the stability,

functionality, or safety of the mAb. The mAb glycosylation profile can differ
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depending on the expression host and play a critical role in mAb structure, stability,
and functions [10, 11]. Oxidations at specific methionine moieties result in a
destabilization of the CH2 domain and decrease neonatal fragment crystallizable
receptor binding [12, 13]. Deamidation can decrease the antibody-dependent
cellular cytotoxicity activity [14], and reduced disulfide bridges affect the mAbs
thermal stability and domain stability [15, 16]. Even though C-terminal lysin [17]
and N-terminal pyroGlu [18] have no impact on mAb structure and function, these
variants are also closely monitored, especially between batches, to detect changes

in the heterogeneity profile and to guarantee product safety.

1.2 Strategies for the characterization of monoclonal antibodies
Monoclonal antibodies can be analyzed on multiple levels with different amounts
of sample preparation. Especially when coupled with MS (detailed information in

chapter 1.4), sample preparation can be crucial regarding the informational output.

The intact level allows the determination of the overall mAb composition including
all modifications. The analysis of mAbs and mAb variants at an intact level is a
relatively fast approach. As illustrated in Figure 1.3 no sample preparation is
needed except that sometimes mAbs are rebuffered before the analysis [19-21].
Due to the minimal sample preparation, artifact formation is low. However, the
informational output of the intact approach is limited since the separation of mAb
variants is more challenging especially whenever multiple variants are present on
the mAb. Unseparated variants can cause ion suppression in the MS and reduced
spectral quality especially if the overall mass of the variant is not significantly
different from the main form. For more information fragmentation of the intact mAb
is possible, however it requires special instrumentation and the fragmentation

coverages are limited [22—-24].
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Figure 1.3: Different sample preparation approaches for mAb analysis. Each approach takes a different
amount of time (intact level<subunit level< peptide level) and can provide different informational output. HC:
heavy chain, LC: light chain, Fd: N-terminal half of the heavy chain, Fc/2: C-terminal half of heavy chain,
F(ab’)2: antigen-binding fragment.

Compared to the intact level the peptide level shown in Figure 1.3 allows the exact
determination of the mAb variant within the peptide. This approach is time-
consuming, requires the most sample preparation steps, and artifacts can be
introduced during the sample preparation if not executed properly [25, 26]. The
sample preparation procedure involves five general steps; cleanup and initial
sample dilution are not counted. The steps are (l) protein denaturation, (1) protein
reduction, (lll) protein alkylation, (IV) tryptic digest, and (V) sample cleanup,
quench, or dilution [25, 27-29]. Especially the tryptic digest is time-consuming,
increasing sample preparation time to hours [29] or even days [25, 27, 28].
Although sample preparation is excessive and the overall mAb information is lost,
detailed mAb variant information is gained because peptides can be easily
fragmented in the MS. Additionally, the complexity of the whole mAb is reduced,
and the peptides can be analyzed by standard reversed-phase liquid

chromatography (RPLC) using a relatively simple C18 RPLC-MS and MS/MS
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approach [25, 26, 29]. A compromise and a combination of the benefits of the intact
and peptide levels is the subunit level. Similar to the peptide level, this approach
reduces sample complexity by digesting the mAb to smaller subunits, making them
more accessible for fragmentation and simplifying the separation. Similar to the
intact approach the sample preparation is kept to a minimum to prevent artifact
formation and to reduce sample preparation time to a few hours. As shown in
Figure 1.3 the subunit level is reached whenever a mAb is either enzymatically
digested [30, 31], reduced [32, 33], or a combination of both [30, 34-36].
Depending on the approach, the 150 kDa mAb is broken down to 25 kDa —
100 kDa subunit moieties. The final approach has to be chosen based on the
analytical question. In this thesis, mAbs were analyzed on the intact and subunit
level (enzymatically digested and reduced) to keep sample preparation to a

minimum and prevent artifact formation.

1.3 Separation approaches

Separation is key for ultraviolet (UV) or MS detection and identification of mAb
variants. Antibody variants can be analyzed with almost every liquid-based
separation technique as long as the selectivity of the separation is sufficient.
Variants can be analyzed using RPLC, hydrophilic interaction liquid
chromatography (HILIC), hydrophobic interaction liquid chromatography (HIC),
size exclusion chromatography (SEC), ion exchange chromatography (IEX),
capillary zone electrophoresis (CZE), capillary isoelectric focusing (CIEF), and in
various combinations including multidimensional approaches [37]. This chapter
aims to introduce the three separation techniques CZE, IEX, and CIEF used for

mAb charge variant separation in this thesis.

1.3.1 Capillary zone electrophoresis

As discussed in chapter 1.1.2 many mAb variants are size and charge
modifications which make them prone to CZE separation. A widely applied,
generic, selective, and efficient CZE-UV system for mAb variant separation was
published a decade ago by He et al. [38]. A typical CZE set-up consists of a
capillary filled with a conductive liquid, the so-called background electrolyte (BGE),
whose ends are immersed in vials of BGE (inlet and outlet reservoirs). Detection

is mostly done using UV or MS. A schematic CZE-UV setup is shown in Figure 1.4.
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Figure 1.4: Simple capillary electrophoresis setup using an UV detector. Both capillary ends are immersed in
BGE to close the electric circuit. Capillaries are coated to prevent protein adsorption to the capillary wall.
Migration order neutral coated capillary (no electroosmotic flow (EOF)): positively charged species (neutral
and negatively charged analytes do not reach the detector); Migration order positive last layer coated capillary
(strong EOF): negative>neutral>positive species.

Samples are either injected electrokinetically or hydrodynamically from a sample
reservoir [39]. For electrokinetic injection, a voltage is applied to a sample reservoir
while hydrodynamic injection uses pressure to inject the sample [40]. After
injection, the separation voltage is applied to the inlet and outlet reservoir via the
electrodes. In CZE molecules are separated based on their mobility in an electric
field. Small, highly charged species have a higher mobility and migrate faster
compared to large, minimally charged species [39]. This can be used for mAb
variant separation. However, proteins can not be analyzed in a fused silica capillary
since they tend to stick to the silica surface. Therefore, the capillary wall is coated
for mAb variant analysis [41]. Neutral coatings like polyethylene oxide (PEO)
suppress protein adsorption [42] and the migration is solely based on the mobility
of the variants in the electric field (compare Figure 1.4; neutral coating (PEQ)). As
a result, in an acidic BGE, negatively charged and neutral components will not be
detected since they either migrate to the inlet reservoir (negatively charged
components) or do not migrate at all (neutral components). Positively charged
mAbs and mAb variants on the other hand migrate towards the detector and can
therefore be separated and analyzed. E.g. mAbs with sialylated glycans will

migrate later (acidic variants) compared to other variants since the overall positive
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charge of the protein is reduced by the sialic acid and the molecule size is slightly
increased. Other capillary coatings like the successive multiple ionic-polymer layer
(SMIL) provide a strong electroosmotic flow (EOF, compare Figure 1.4; positive
last layer (SMIL)). The EOF is a bulk flow that develops when the electric field is
applied and a diffuse double layer is created [39]. The EOF is strongly pH-
dependent and varies based on the capillary coating [39, 43]. In EOF-based
separation systems using an acidic BGE, the migration behavior is therefore highly
influenced by that EOF and the migration order is reversed compared to the PEO-
coated capillary [44]. Negatively charged components are migrating first because
they are migrating with the EOF, followed by neutral species which are transported
by the EOF. Positively charged mAbs and mAb variants migrate against the EOF.
E.g. sialylated glycans will now elute earlier compared to other variants since the
reduced positive charge reduces the ability of the variant to migrate against the
EOF. By adjusting the EOF strength the resolution can therefore be optimized to a
certain extent [43]. Both neutral and positive last-layer coated capillaries were used

in this thesis for mAb variant analysis.

1.3.2 lon exchange chromatography

Charge differences of mAb variants can also be separated by IEX. In IEX, charged
and immobilized stationary phases are used, and the separation is achieved due
to electrostatic interactions of the molecules with that stationary phase. Even
though anion exchange columns can be used for the separation of mAb variants
[45, 46] this chapter will focus on the more commonly applied cation exchange
columns. Cation exchange columns have a negatively charged stationary phase
material mostly sulfopropyl or carboxymethyl for strong and weak cation exchange
respectively, which interacts with the cations in the sample [47]. Strong cation
exchange chromatography (SCX) and weak cation exchange chromatography
(WCX) can be used, however, SCX columns are fully ionized over a broad pH
range while WCX columns are only partially ionized over a narrow pH range [47].
As a result, stronger eluents might have to be applied to the SCX column. Figure

1.5 shows the cation exchange chromatography principle.



Figure 1.5: Cation exchange principle. First positively charged molecules interact with the stationary phase of
the column. The elution is done by changing the pH (reducing the positive charge of the molecule) or
introducing salts (displacement of molecules from the column). A combination of both elution mechanisms can
be used.

The positively charged proteins bind via the electrostatic interaction to the
negatively charged column material. The strength of this bond depends on the
PTMs of the mAb and on the pH of the eluents which both directly affect the charge
of the protein. For example, on a cation exchange column, mAbs with sialylated
glycans will elute earlier (acidic variants) compared to other mAbs since the overall
positive charge of the protein is reduced by the sialic acid. Proteins are eluted from
the strong cation exchange column by either increasing the pH and therefore
reducing the charge of the protein or by adding salts that displace the proteins from
the column (compare elution principles in Figure 1.5). Studies compared pH and
salt-based elution gradients and showed good separation of mAb variants no
matter which approach was used [48-50]. However, especially salt gradients are
often a problem when it comes to MS detection due to the use of involatile
substances like 2-(N-morpholino)ethanesulfonic acid (MES) [48, 50] or sodium
chloride [49]. This is why MS-based separation approaches mainly work with
ammonium acetate-based eluents which are often used as combined salt and pH
gradients [31, 51].



1.3.3 Capillary isoelectric focusing

The differences in mAb variant pl values can be used to separate them in the pH
gradient and electric field of a CIEF method. This approach, done in neutrally
coated capillaries to prevent protein adsorption and EOF formation, consists of two

distinct steps which are illustrated in Figure 1.6.

1. Focusing (F)

+E- O -

2. Mobilization (M)

Figure 1.6: Simple capillary isoelectric focusing setup using UV detection. First step: Focusing (F). The
capillary is fully flushed with antibody (A) and ampholyte solution. Negative species migrate to the anode and
positive ones toward the cathode when a separation voltage is applied. Second step: Chemical mobilization
(M). The cathode vial is switched from an alkaline to an acidic solution which successively dissolves the pH
gradient.

For the first step, the focusing step, a homogeneous pH gradient is needed. This
homogenous pH gradient is achieved by first fully flushing the capillary with an
antibody-ampholyte mixture, followed by dipping the ends in acidic and alkaline
solutions and applying a separation voltage. In the beginning, the ampholytes are
cationic or anionic depending on their pl values and the pH of the antibody-
ampholyte mixture. After the voltage is applied, the ampholytes start to separate.
Negatively charged ampholytes migrate toward the positive electrode (anode) and
positively charged ampholytes toward the negative electrode (cathode) which
causes a high pH at the cathode and a low pH at the anode [52]. Ampholytes will
stop moving in the electric field at their respective pl and are ideally evenly
distributed over the whole pH range [53]. The establishment of the pH gradient and
the focusing of the antibody are done at the same time [52]. The antibody will stop

10



migrating, similar to the ampholytes, once it reaches its pl. The second step, the
mobilization step, transfers the focused antibodies to the UV detector. For this
pressure can be applied (hydrodynamic mobilization) or the pH gradient can be
dissolved (chemical mobilization) by exchanging the alkaline solution for an acidic
solution [54]. When pressure is used for the mobilization, the hydrodynamic flow
profile can lead to peak broadening which can be counteracted by applying the
focusing voltage during mobilization [52]. Nevertheless, pressure-driven
mobilization often reduces the resolution. The chemical mobilization prevents peak
broadening since there is no hydrodynamic flow or EOF and the focused antibodies
migrate according to the charge they get due to the dissolving of the pH gradient
[54]. Still, some resolution might be lost whenever focused analytes are mobilized.
There are CIEF systems available, that do not mobilize the separated mAbs at all
which provides faster and higher resolved analysis results. These imaged capillary
isoelectric focusing (ICIEF) systems monitor the whole separation channel via UV
which makes mobilization redundant [55, 56]. Even though CIEF and ICIEF are
great methods for variant separation when UV detection is used, MS detection is
still challenging due to the mostly non-volatile ampholytes and the necessary
mobilization. However, in recent years approaches have shown that CIEF and
ICIEF can successfully be coupled to MS [21, 57-59].

1.4 Mass spectrometry

After the mAb variant separation using one of the previously discussed techniques,
mADb variants must be identified and characterized. UV enables the visualization of
charge variant separation and the analysis of a relative charge variant distribution,
however, lacks any information on the nature of a separated variant. Therefore,
MS is highly desirable to characterize charge variants in detail. The overall
antibody composition as well as changes in mass due to mAb variants can be
identified using MS. For site-specific information, the mAb has to be further
fragmented using MS/MS experiments. The following chapter will briefly introduce
the electrospray ionization (ESI) process, the CZE-MS and CIEF-MS coupling
using the nanoCEasy interface (IEX was coupled using a standard ESI source),

and the mass spectrometers and fragmentation approaches used in this thesis.
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1.4.1 Electrospray ionization of proteins

Whenever a liquid-based separation system is coupled to MS, the ions have to be
transferred from the liquid to the gas phase, for which the ESI process is widely
used. The ESI process consists of three steps: (I) droplet creation in an electric
field, (II) desolvation and shrinking of droplets, and (lll) formation of charged gas-
phase ions [60]. In the first step, the so-called Taylor Cone is formed. This happens
as soon as the critical field strength is reached and the surface tension is overcome
by the electrostatic forces [61]. This leads to a fine jet of charged droplets. On their
way to the counter electrode, the charged droplets get dried, for which a dry gas
can be used. The shrinking of the droplets increases the charge density on the
surface. As soon as the surface charge density overcomes the surface tension
(Rayleigh limit), Coulomb repulsions occur, resulting in smaller but still charged
droplets. This process is repeated several times until, in the last step, charged gas
phase ions remain [60, 61]. For this last step, two main models are accepted, the
ion evaporation model and the charge residue model (CRM) [60, 61]. Antibodies
follow the CRM (compare Figure 1.7). This model assumes that at the end of a
cascade of Coulomb repulsions, a sufficiently small droplet remains that only
contains one analyte molecule [61]. This molecule then retains part of the droplet

charge and becomes a free gas-phase ion [60].

Figure 1.7: Charge residue model (CRM) of the ESI process.
1.4.2 CZE-MS coupling

CZE-MS coupling is challenging due to two aspects. First, the CZE effluent is
variable depending on the EOF, and second, both CZE and MS require a specific
voltage in different orders of magnitude. Various concepts are available which were
discussed by Naumann et al. [62], but here only a short introduction is given. Some
interfaces are commercially available, but they all suffer from drawbacks. The

coaxial sheath flow ESI-MS interface (Agilent: triple tube sprayer) suffers from high
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sample dilution because the full sheath liquid (SL) flow has to go to the MS [63].
Porous Tip interfaces are limited in BGE composition because the BGE is also
used as a conductive liquid and therefore must be a compromise between the
optimal conditions for the CZE separation and the ESI process [63]. Interfaces
commercialized by specific vendors are often only applicable to specific MS
instruments. A few years ago, the working group of Christian Neusuf® came up with
the nanoCEasy interface, a universally applicable interface that reduces sample
dilution while being fully flexible [64]. A schematic of the interface setup can be

found in Figure 1.8.
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Figure 1.8: Basic setup of the nanoCEasy CE-MS coupling. The two capillaries are introduced to the glass
emitter in the interface unit via the positioning unit. The platinum electrode closes the electric circuits and
enables the application of up to 30 kV separation voltage while using 1500 V ES voltage.

The interface consists of two 3D-printed polymer blocks, the interface and the
positioning unit [64]. A glass emitter is introduced into the interface unit and the
separation and SL capillary are placed at the tip of that glass emitter via the
positioning unit. The setup is completed by a platinum electrode and a PEEK tubing
for the drain. This plug-and-play design enables fast and easy interface setup [64].
The nanoCEasy interface can e.g. significantly increase the signal intensity of HC
and LC of mAbs compared to the coaxial sheath flow ESI-MS interface which was
shown by Hocker et al. [63]. The interface is flexible in BGE choice as it was applied
for multiple separation systems [43, 58, 65, 66] and can be coupled so far to MS
instruments from Thermo and Bruker [64]. Additionally, MS contamination can be
reduced because the interface has a kind of valving functionality given by the
movable SL and CZE capillary [67]. In the conditioning mode, the CZE capillary is
positioned behind the SL capillary and the CZE effluent is flushed into the drain.
This prevents MS contamination with incompatible solutions like capillary coating

reagents or sample matrix components. In the separation mode, the capillary
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positions are switched. Recently the interface was tested for robustness regarding
the applied electrospray voltage, emitter distance, and capillary distance [64] and
was even further characterized regarding its total flow rate in the context of sample
dilution [68].

1.4.3 Time of flight mass spectrometry

The time of flight (TOF) principle is fairly simple. As shown in Figure 1.9 all ions
from the ion source are forced into a beam which enters the orthogonal accelerator
if no fragmentation or precursor selection is done in the quadrupole or collision cell
of the instrument. A package of this beam is then orthogonally accelerated (pulsed)
into the flight tube. While this ion package covers the distance of the flight tube the
orthogonal accelerator can be filled with ions again [61]. In the flight tube, the ions
travel the distance according to their mass. The velocity of the ions (v) is inversely
proportional to the square root of their mass (m) as given by Equation (1) meaning
that lighter molecules will reach the detector faster compared to heavier masses
[61].

2ezU (1)

This difference in time is measured at the detector and translated to the mass of
the ion. As soon as the last ion has reached the detector the next ion package can
be pulsed into the flight tube. TOF-MS are high-resolution devices with theoretically
no m/z limit [69, 70]. Especially the introduced IEX separation of mAb variants
under native conditions (compare chapter 1.3.2) results in a mAb charge envelope
of 4000-7000 m/z which can not be measured with e.g. the Orbitrap fusion Lumos
that only covers an m/z range up to 6000 m/z [71] (for more information on the
orbitrap compare chapter 1.4.4). In this work, a MaXis QTOF from Bruker Daltonics

was mostly used.
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Figure 1.9: Simplified TOF setup equipped with a reflectron to prolong the flight distance without enlarging the
flight tube.

1.4.4 Orbitrap mass spectrometry and fragmentation mechanisms

The orbitrap mass analyzer basically consists of three electrodes, the two outer,
cup-shaped electrodes separated by a dielectric ring and the inner, spindle-shaped
electrode as schematically illustrated in Figure 1.10 [72]. The outer electrodes are
held at a fixed potential, while a potential is applied to the inner electrode [72].
When ions enter the orbitrap, they start a radial movement around the central
electrode as well as an axial movement along the z-axis due to the shape of the
orbitrap [73]. Stable trajectories are obtained because the electrostatic attraction
toward the center is counteracted by the centrifugal force from the rotational
movement [72]. Theoretically, the three frequencies of radial oscillation, axial
oscillation, and rotation frequency could be used for detection. Since the radial
oscillation and the rotation frequency depend on the energy and the position of the
ion only the axial frequency is used for detection [74]. The axial movement induces
an image current in the outer electrodes which is detected by a differential amplifier
[75]. A frequency spectrum is then obtained via Fourier transformation and the

frequencies are converted to m/z values [73].
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Figure 1.10: Simplified orbitrap setup only showing the main parts of the instrument including a schematic
illustration of the ion motion within the orbitrap. IRM: lon routing multipole.

The Orbitrap fusion Lumos provides multiple fragmentation options that can be
used to identify proteins and determine site-specificities of mAb variants. Four
fragmentation options namely collision-induced dissociation (CID), electron-
transfer dissociation (ETD), higher-energy collisional dissociation (HCD), and
combined ETD and HCD (EThcD) fragmentation were applied in this thesis. CID is
done in the high-pressure cell [71] of the Orbitrap fusion Lumos where the ions
collide with helium ions and get fragmented [61]. With CID the weakest bond
breaks resulting mostly in the generation of b- and y-ions. The ETD fragmentation
is also done in the high-pressure cell [71] but fragmentation is achieved differently.
First fluoranthen is ionized via electron capture chemical ionization with methane.
The positively charged peptide and negatively charged fluoranthen are then
accumulated in the ion trap and the peptides are fragmented by the electron
transfer to the peptide [61]. In ETD mostly, c- and z-ions are generated. The
orbitrap also offers a special collision-induced dissociation method the HCD
mechanism. Compared to the CID this fragmentation is done in the ion routing
multipole (IRM) [71]. lons are accelerated into the IRM and collide with the nitrogen
atoms which results in mainly b- and y-ions [61]. EThcD combines ETD and HCD
and therefore occurs in both the ion trap and the IRM [71]. lons are first fragmented
by ETD in the ion trap and then in addition to that by HCD in the IRM. Depending
on the predominant fragmentation type b-, c-, y-, and z-ions are received.
Depending on the fragmentation technique, the precursor selection, and the

fragmentation parameters different fragmentation coverages can be achieved [76].
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1.4.5 lon mobility mass spectrometry

lon mobility (IM) mass spectrometry devices have gained massive attention in the
last few years. More importantly, trapped ion mobility spectrometry (TIMS)
separates ions based on their size and charge in the gas phase and therefore adds
another separation dimension to the already chromatographically or
electrophoretically separated mAb variants. The schematic illustration of the

timsTOF SCP including the dual-TIMS technology is shown in Figure 1.11.
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Figure 1.11: Simplified timsTOF setup only showing the main parts of the instrument including a schematic
illustration of the TIMS separation principle.

The TIMS cell is composed of stacked ring electrodes and ions entering the tunnel
experience two forces [77]. The ions are dragged into the TIMS tunnel by a gas
flow (e.g. nitrogen) while at the same time, a counteracting electric field is applied
[78, 79]. The electric field strength is increasing over the TIMS tunnel length. How
far ions migrate into the TIMS tunnel is based on their size and charge in the gas
phase. lons are trapped at the position where the ion drift velocity (vq) is large
enough to prevent the ions from being further dragged into the tunnel by the gas

flow velocity (vg) as given by Equation (2) [78].

vd+vg=0 (2)
The ion drift velocity (va) depends on the mobility of the ion (K) and the electric field

strength (E) as given by Equation (3) [78].

vd =K *E (3)
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Based on these two equations large ions with a low mobility and therefore a low
velocity get dragged far into the TIMS tunnel if the electric field strength is low (like
at the beginning of the TIMS tunnel). Small ions with a high mobility and therefore
a high velocity get trapped at the beginning of the TIMS tunnel. To release ions
from the TIMS tunnel the electric field strength only has to be reduced below this
trapping field strength. The dual-TIMS technology of the timsTOF SCP allows the
accumulation in the first section, while ions are sequentially released from the
second TIMS which results in a near 100% duty cycle [80]. RPLC and TIMS were
already studied regarding their orthogonality and showed a quite good
orthogonality value [81-83]. So far a few studies combined CZE with IM-MS [84—
96], only one of them dealing with protein separation [95] and none of them doing

a systematic evaluation of liquid and gas phase mobility and orthogonality.
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2 Aim of this work

Many mAb variants can be present within one mAb sample and separation and
identification are of utmost importance. The key to unequivocal identification of
mAb variants with MS is a generic, selective, and efficient separation technique.
Therefore, the overall aim of this thesis was the development and evaluation of
several separation techniques (CZE, IEX, and CIEF) directly coupled with MS for

the characterization of mADb variants.

mAb variants were analyzed on the subunit level using CZE-MS. The sample
complexity was reduced, by mAb digestion and reduction, to gain detailed site-
specific information on the mAb variant by MS/MS fragmentation. Additionally, the
generic application of the developed method was evaluated by measuring a set of
ten mAb samples. The development of a generic sample preparation approach and

the results for mAb variant evaluation are described in manuscripts | and lll.

lon mobility is known to enhance separation however it has so far rarely been used
coupled to CZE since the separation principles are similar. This thesis aimed to
evaluate the orthogonality of CZE and trapped ion mobility mass spectrometry. For
this, a tryptic HelLa digest was used and the results are summarized in manuscript

Il. The IM was used to separate mAb variants as shown in manuscript I.

In addition to the subunit level mAbs variants were also analyzed on the intact level.
For this, an IEX-MS and a CIEF-MS method were developed for selective and
generic mAb variant separation. Similar to the subunit approach generic application
was evaluated by measuring a set of ten mAb samples. The advantages and
drawbacks of the two methods were systematically evaluated and compared to a
new intact CZE-MS approach under acidic conditions. The individual method
discussions and the overall method comparisons are described in manuscript IV.
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3 Results and Discussion

The analysis of mAb variants, especially the detection of small mass differences
on the intact mADb level is challenging and no site-specific information of the variant
can be obtained. Therefore, mAbs were first analyzed on the subunit level (chapter
3.1) including fragmentation experiments for mAb variant localization and ion
mobility as an additional separation dimension. Intact analysis, however, can
minimize sample preparation time and reduce artifact formation. Based on the
commonly applied CZE-UV system for the separation of charge variants of intact
mADb by He et al. [38] (chapter 3.2) the benefits and drawbacks of CZE-UV systems
are discussed. Following this, intact CZE-, IEX-, and CIEF-MS approaches are
presented and discussed individually and comparatively (chapter 3.3). Finally, the
results from the intact approaches are compared with the results from the subunit

approach.

3.1 CZE-MS and MS/MS of mAb subunits

3.1.1 Initial sample preparation

As described in chapter 1.2 three general subunit states can be generated
depending on the digestion and reduction approach. For this thesis, the mAb was
digested and reduced to 25 kDa subunits by enzymatic digestion followed by
reduction. While antibody digestion using the immunoglobulin G-degrading
enzyme of Streptococcus pyogenes (IdeS) is very well established the reduction is
not uniformly done. Different reduction chemicals are used and the reduction is
carried out at room temperature or elevated temperatures, with or without
chaotropic salt, for 5-60 min (for detailed information compare manuscript I). The
reduction is sometimes followed by further steps like acidification, rebuffering, and
desalting. Since no uniform sample reduction is available the initial sample
reduction in manuscript | was done using dithiothreitol (DTT) in water at 37°C for
1 hour. The separation of the subunits was carried out in a PEO-coated capillary
using an acidic BGE. The total ion electropherogram (TIE) and the subunit-specific
extracted ion electropherograms (EIE) in Figure 3.1A show several separate
signals for each subunit moiety. However, the deconvolution of the individual
signals does not show mADb variants but instead indicates incomplete sample
reduction using the initial sample reduction approach. This is also indicated by a
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shift in the m/z charge envelope towards lower m/z values over time which is
exemplarily shown for the LC subunit in Figure 3.1B. (same MS spectra for the N-
terminal half of the heavy chain (Fd) and the C-terminal half of heavy chain (Fc/2)
can be found in ESM1 of manuscript I). The first LC signal at 16.4 min has a
charge envelope distribution between 1200 and 2250 m/z with its maximum at
1379.70 (z=+17) while the last LC signal at 20.5 min has a charge envelope
distribution between 800 and 2250 m/z with its maximum at 938.71 (z=+25). After
deconvolution of the individual signals the first signal in the EIE of each subunit
has a mass that is 4 Da smaller than the expected fully reduced subunit mass. The
second signal in the EIE of each subunit has a deconvoluted mass that is 2 Da
smaller than the expected fully reduced subunit mass. Interestingly, for LC the
signals at 18.0 min and 19.3 min have the same deconvoluted mass but they are
very well separated in the CZE. The same result is obtained for the signals at
18.5 min and 19.1 min in the EIE of the Fd subunit. Only the small signals at
20.5 min (LC) and 20.0 min (Fd) have the expected fully reduced subunit mass.

For Fc/2 no fully reduced species is detected.
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Figure 3.1: A: Separation of trastuzumab subunits using CZE-MS. EIEs for each subunit are generated based
on the sum of the two most intense m/z values for each reduction state (total of 6 m/z values). B: The choice
of m/z (red star) for subunit EIE generation in A is exemplarily shown for the LC subunit. Blue arrows highlight
the charge envelope of the subunit moiety. Figure and figure caption adapted from Figure 1 and ESM1 of
manuscript .

21



Top-down fragmentation experiments were performed to further investigate the
nature of the detected masses, in particular the two LC and Fd baseline-separated
signals with the same deconvoluted mass. For this CID, HCD, ETD, and EThcD
were tested and compared regarding their fragmentation coverage for each subunit
and possible reduction state. The highest fragmentation coverage was achieved
with EThcD fragmentation. A small compromise between fragmentation coverage
and generic subunit application had to be made, as the highest fragmentation
coverage was obtained with slightly different fragmentation energies for different
subunits and reduction states. The final fragmentation parameters used for the
analysis reveal that the two LC and Fd baseline-separated signals with the same
deconvoluted mass are positional isomers (manuscript ). Figure 3.2 shows all
fragmentation results grouped by subunit moiety (A: LC, B: Fd, and C: Fc/2). The
first signal for each subunit moiety (blue lines in Figure 3.2) belongs to the
completely oxidized subunit and fragmentation is limited due to both disulfide
bridges being intact. The second and third signals in each EIE (signals are marked
with grey arrows in yellow lines in Figure 3.2) contained a reduced and an oxidized
disulfide bridge, respectively. For LC and Fd these two positional isomers are
identified via the EThcD fragmentation with a very good fragmentation coverage.
The Fc/2 subunit only shows one of these positional isomers since the disulfide
bond in the C13 domain is the least susceptible one to break [97]. The last signal
in each EIE (green line in Figure 3.2) contains two reduced disulfide bridges. Here,
fragmentation coverage is limited since the signal intensities are relatively low. This
sample preparation-induced increase in heterogeneity was not intended,
nevertheless, it proves the selectivity of the CZE separation and the power in
combination with MS/MS fragmentation and identification. This makes this method

especially valuable for variant analysis.

22



LC 23424 Da; EIE 1465.9285 £ 10ppm Fd 25363 Da; EIE 1410.9427 £ 10ppm Fci2 + GOF 25216 Da; EIE 1402.7145  10ppm

2.0E6

1.5E6

1.0E6 |

JiF 5l 5eE-Seore 20825 5.0E5 || FC:9%; P-Score 1.4e-11
i oo B

16.4

| FCH12%; P-Score 3.3e-23

Fc/2 + GOF 25218 Da; EIE 1052.3668 £ 10ppm
1786

5.0E4
4.0E4
3.0E4]

FC:26%:; JFC:24%; FC119%; 2.0E4]
o P-Score 4.2e-37 P-Score 4.9¢-36 P-Score 7.0e-24 191 p.5core 5.0e-28 10E41 Score 1.6e-44
g o 5 ,
LC 2342 938.7110 £ 10ppm Fd 25367 Da; EIE 876.3000 £10ppm 14 15 16 17 18 19 20 21 22

20.5 20.0 Time {min)
| 4.0E41

3.0E4

2.0E4

1.0E4

1 0E4] FC:21%; I
4 P-Score 2.5e-23 LT I

L)
s e B A i L L (s i |

0 M M i e g 0
14 15 16 17 18 19 20 21 14 15 16 17 18 19 20 21 22
Time {min) Time (min)

Figure 3.2: EIEs for the different reduction states for each trastuzumab subunit. The EIE is generated based
on the most intense m/z for each reduction state of each subunit. Based on the MS/MS experiment
fragmentation map, fragmentation coverage (FC) and P-Score are given for each reduction stage. Red lines
indicate closed disulfide bridges. Figure and adapted figure caption of Figure 2 of manuscript I. Consult
manuscript | for high resolution image.

3.1.2 CZE-TIMS orthogonality evaluation for mAb variant separation

Since the initial sample reduction is not sufficient to completely reduce the mAb
subunits, creating a large induced heterogeneity with most likely superimposed
variants, a further separation using ion mobility (IM) is considered. However, first,
an evaluation of the CZE-IM orthogonality has to be performed as hardly any data
on the combination of CZE and IM-MS exists and a different selectivity might not
be obtained due to the same separation principle. TIMS TOF MS has so far not
been studied in coupling with CZE. Unfortunately, the subunits are not suitable to
evaluate this orthogonality properly. Instead in manuscript Il, the CZE-TIMS
orthogonality evaluation is performed using a commercially available tryptic digest
of human proteins from HelLa cells. HelLa cells are a continuous cancer cell line
named after Henrietta Lack [98]. In 1951, the tissue sample was given to George
Gey who successfully cultivated the cells together with Margret Gey and Mary
Kubicek [98]. Today HelLa cells are used in research for multiple purposes, which
is why this cell line is very well characterized. To increase peak capacity and
reduce overlapping signals a 1.5 m long CZE-capillary is used for the orthogonality
evaluations. Using the parallel accumulation serial fragmentation (PASEF)
algorithm the peptides are fragmented based on their mobility in the gas phase.
Following the MS measurement peptides are identified by a Mascot search

(detailed separation and data processing parameters can be found in manuscript
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Il) which allows a detailed evaluation of the peptides by size, amino acid
composition, and charge state in the liquid and gas phase. The heat map of
migration time (liquid phase mobility) and peptide mass shown in Figure 3.3A leads
to the formation of distinct areas (curved patterns). These areas can be correlated
to the charge state of the peptides in the liquid phase, which at the given pH of the
BGE mostly correlate with the amount of basic amino acids in the peptide. In the
gas phase, such a distinct separation based on the amount of basic amino acids
is not achieved (compare Figure 3.3B). A small offset remains, which is most likely
because a higher gas phase charge state leads to a larger CCS value due to the
repulsive forces of the positive charges within one peptide. Nevertheless, the high
orthogonality of CZE and IM is already indicated in Figure 3.3C (charge-normalized
inverse mobility — migration time plot), where only the Mascot-identified peptides
are visualized. A quite high orthogonality is obtained for CZE-IM-MS if all measured
signals are examined as is done in Figure 3.3D. Since the Mascot search is
performed for peptides with a charge state between +2 and +4, excluding all the
other possible charge states, the final CZE-IM orthogonality of around 80% is

calculated based on the area of all measured signals, as shown in Figure 3.3D.
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Figure 3.3: Evaluation of the Mascot search identified peptides. A: Migration time-mass plot; B: Mass-charge
normalized inverse mobility plot; C: Migration time-charge normalized inverse mobility plot; D: Orthogonality
of all signals from CZE-TIMS analysis. In each diagram, peptides are colored according to the number of basic
amino acids in the peptide. Yellow circle: One, light blue triangle: Two, dark blue square: Three, grey diamond:
Four basic amino acids. Numbers in B and C indicate the charge state of the peptide in the gas phase.
Combined figure and figure caption from Figures 3,4 and 5 of manuscript Il.
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The promising results of the orthogonality assessment raise the hope that CZE-IM
coupling will further separate the incompletely reduced subunits to obtain more
information about the mAb variants even with incompletely reduced subunits being
present. The exact method parameters are available in manuscript I. The different
reduction states indeed show different mobilities in the gas phase. As shown
exemplarily for the LC in Figure 3.4 (for Fd and Fc/2 compare Figure 4 in
manuscript I) the non-reduced LC shows a higher mobility than the partly reduced

LC, and the partly reduced LC shows a higher mobility than the fully reduced LC.
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Figure 3.4: Inverse gas phase mobilities of differently reduced LC subunits. Since charge envelopes only
overlap poorly, different m/z values were chosen for comparison of reduction states. Blue: non-reduced form;
yellow: partly-reduced form (N-terminal disulfide closed); red: partly-reduced form (C-terminal disulfide closed);
green: fully-reduced form. Adapted figure and adapted figure caption of Figure 4 of manuscript I.

This result is also obtained for the Fd subunit and can be explained by the different
shapes of the subunits within the gas phase. The gas phase shape is influenced
by the presence of oxidized and reduced disulfide bridges leading to the separation
of these isomers. However, the gas phase mobilities only differ slightly and show
a quite broad mobility distribution which is especially evident for the positional
isomers. While the positional isomers are baseline separated by the CZE (compare
Figure 3.2) the IM separation is significantly reduced. These broad gas-phase
mobility signals would make positional isomers indistinguishable if they had not
been previously separated by CZE. Even though the CZE is successfully coupled
to the IM and CZE-IM has a high orthogonality it is concluded that possible variants
will not be further separated using this sample and separation approach. After this
evaluation in manuscript I, it became clear that proper sample reduction is needed
to avoid non-reduced variants in the subunit analysis of mAbs. IM is a great tool to
add another separation dimension which was proved by the tryptic HeLa digest

however for this separation problem it was not as beneficial as the CZE separation.
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3.1.3 Optimization of mAb reduction

The previous results of manuscript | show that no proper mAb variant evaluation
can be achieved with incompletely reduced subunits. Even the combination of CZE
and TIMS was not selective enough to further separate the variants of this highly
complex and incompletely reduced mAb sample. In addition to that variant signal
intensities are decreased since they are distributed between the different reduction
states. So, sample reduction approaches are further examined (manuscriptl). The
water-based, initial reduction approach is applied in the literature but either the
different reduction states were not separated [99, 100] or the mass shift was not
conclusive [101, 102]. As it turns out a chaotropic salt is mandatory in the reduction
step for proper sample reduction [103]. After testing different reduction
temperatures and two chaotropic salts a reduction using DTT in the presence of
4 M urea at 37°C for 1 hour is proposed to generate fully reduced subunit moieties.
Urea and guanidinium hydrochloride can both be used to generate completely
reduced subunits. However, in the CZE-MS system using the low-EOF system
(PEO-coated capillary and an acidic BGE), guanidinium hydrochloride migrates
toward the MS and causes high background signals. In contrast, urea as a neutral
component is not migrating in this system and is simply removed from the capillary
after the separation is done. The optimized urea-based reduction approach is
applied to the set of ten mAb samples (compare manuscripts lll) and full reduction
is achieved for eight mAb samples. Even though all mAbs are IgG1-type
antibodies, the sample preparation is not complete for mAb4 and mAb5. These two
mADbs still show highly intense signals for partly reduced and even unreduced
subunit moieties (listed in the supplementary material of manuscript Ill). Why
these two mAbs behaved differently can not be clarified conclusively. This
deviation of mAb4 and mAb5 is certainly not related to the formulation buffer of the
mAb, as mAb1-mADb5 are all formulated identically. Nevertheless, this shows the
importance and separation efficiency of the CZE-MS system. Without the
separation efficiency of CZE, this incomplete sample reduction might have been
overseen so CZE-MS is a great tool to separate and identify sample preparation-
induced variants. In combination with MS/MS, a detailed analysis can be performed
enabling the detailed characterization of heterogeneities and mAb variants caused

by sample preparation.
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3.1.4 mAb variant evaluation

Since the CZE-MS/MS approach was advantageous to separate and determine
the sample preparation induces positional isomeres of mAb subunits this approach
was also used for mAb variant evaluation. As introduced in chapter 1.1.2 a
multiplicity of variants can be present on one mAb. The subunit level is reducing
that heterogeneity because not all variants are located at the same mAb subunit.
Even though this makes an overall mAb variant evaluation impossible this allows
detailed site-specific identification. Detailed information on the method and the data
evaluation can be found in manuscript lll. The overall variant evaluation results in
12-27 identified variants and 12-40 other possible variants depending on the mAb
analyzed (compare Table 2 in manuscript lll). These variants are identified by
migration time shifts and mass differences compared to the unmodified subunits.
Many mADb variants are related to the mAb glycosylation at the asparagine in the
Ch2 domain of the mAb. Depending on the mAb up to 10 different glycoforms can
be identified. The ten different glycoforms of mAb1 are exemplarily shown in Figure
3.5B and the three main glycoforms Fc/2+GOF, Fc/2+G1F, and Fc/2+G2F are
identified for all mAbs. Figure 3.5A shows the separation of the ten identified
glycoforms and the aglycosylated Fc/2 subunit of mAb1. The glycosylation is in
most cases only changing the mass (+162 Da) and size of the antibody but not its
charge. Although this purely size-based shift in migration time is small, these
glycoforms are slightly separated from each other. Compared to that the absence
of a glycan results in Fc/2 being the first subunit to migrate through the capillary. A
large shift in migration time is also detected as soon as sialic acids are part of the
glycan. The introduced negative charge from the sialic acid significantly reduces
the mobility of the mAb which leads to roughly one minute longer migration times.
The very well-separated subunit moieties allow the identification of minor
glycosylation variants as well. As illustrated in Figure 3.5C mAb1 glyoforms with a

relative abundance below 2% compared to Fc/2+GOF are detected.
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Figure 3.5: A: Separation of different glycosylation variants on Fc/2 of mAb1. Each EIE was generated based
on 6 m/z values. Positional isomers are correctly annotated in B.; B) Most common glycan structures and
possible isomeric structures. Blue square: N-Acetylglucosamine, green circle: mannose; yellow circle:
galactose, pink diamond: sialic acid, red triangle: fucose; C) Glycan distribution of mAb1 relative to GOF (n=4).
Separation conditions can be taken from manuscript lll. Figure and adapted figure caption of Figure 2 of
manuscript Ill.

Other quite abundant variants are lysine variants. mAb lysine variants carry an
additional lysine at the C-terminus of the heavy chain so lysine is detected at the
Fc/2 subunit using the approach from manuscripts | and Ill. Lysine increases the
mass and the positive charge of the subunit by 128 Da and one unit respectively,
which leads to faster migration times (compare Figure 3.6A). The lysine variants
are baseline-separated from their Fc/2 variants without lysine. Because of this
separation, the low-abundant Fc/2+G1F+Lys of mAb1 with a relative intensity of
0.59+0.11% compared to Fc/2+G1F can still be detected.

Apart from the glycosylation and the lysine variant other variants like glycation,
oxidation, the loss of water or ammonia, and carbamylation can be detected. LC
glycation results in a slightly higher migration time (compare Figure 3.6A and B)

which follows the migration order of the system. The level of LC glycation is

28



relatively low compared to the LC subunit. For NIST and mAb2 shown in Figure
3.6, the relative intensity of LC glycation is around 4.5% (detailed values can be
found in manuscript lll). Fd glycation is only detected for mAb1 with a relative
intensity of 3.4%. Fc/2 glycation is possible however it is challenging to distinguish
between a glycated Fc/2+GOF and a Fc/2+G1F subunit. Subunit oxidation mostly
happens at methionine. In Figure 3.6B the oxidation of mAb2 LC is shown which
causes a minimal migration time shift towards higher values. In manuscript Il
mAb3 oxidation is discussed in detail since this mAb shows intense and multiple
oxidation of the LC and Fd subunit. The loss of water or ammonium which causes
a mass shift of either -18 Da or -17 Da respectively is also detected multiple times.
As shown by the LC and Fd in Figure 3.6A this loss sometimes causes no migration
time shift. However, in Figure 3.6B the loss of 17 Da causes a large migration time
shift for the FdpyroQ subunit but only a small migration time shift for the LC subunit.
The detected 43 Da mass difference, indicating carbamylation, is inconclusive

because it could be caused by the 4 M urea concentration needed for sample

reduction.
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Figure 3.6 EIEs of identified variants of A: NIST mAb and B: mAb2. Only the three main glycosylation forms
GOF, G1F, and G2F are shown. Separation conditions can be taken from manuscript lll. Adapted figure and
adapted figure caption of S5 and S11 of manuscript Ill.
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So far modifications were identified by differences in deconvoluted mass (MS1
level) and migration time shifts compared to the unmodified subunits. For more
detailed, positional information, the respective subunit moieties were fragmented
by EThcD fragmentation as previously done for the positional isomers in
manuscript I. The individual MS/MS spectra were deconvoluted and compared to
the sequence of the mAb by using ProSight Lite (detailed parameters can be found
in manuscripts | and lll). Site specificity can be easily determined by the middle-
down experiments for baseline-separated variants, such as the lysine variant, or
for variants that cause a large mass difference compared to the main variant, such
as glycosylation variants. However, the subunit approach using middle-down
fragmentation has limitations. In general, several modification sites are present
within a subunit, as the subunits are still quite large e.g. oxidation can happen at
multiple amino acids like methionine, histidine, and tryptophan (compare
discussion in manuscript lll). Even though positional isomers can theoretically be
separated as shown in manuscript | the fragmentation results for monooxidized
positional isomers show simultaneous migration. The fragmentation is therefore
inconclusive because fragments for all possible modification sites are detected. So
here fragmentation can not determine an unequivocal site specificity. This once
again highlights the importance of separation for mAb variant identification. If the
separation approach is sufficient to separate positional isomers as shown for the
disulfide bridges in manuscript |, site-specific information can be gained. If the
separation is not sufficient fragmentation can not determine the variant position
unequivocally. Generally, the subunit CZE-MS/MS approach is a fast analysis
method for mAb variant analysis without risking artifact generation and still being

able to determine site specificity whenever the mAb variants are separated.

3.2 UV-based CZE approaches for intact mAb charge variant
analysis

Even though the developed CZE-MS approach on the subunit level is suitable for

mAb variant separation, characterization, and identification some sample

preparation is needed which could cause artifacts like the incompletely reduced

subunits described in manuscript | and the detected carbamylation described in

manuscript lll. As previously mentioned intact mAb analysis approaches allow the

determination of the overall mAb composition with minimal sample preparation and
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a low risk of artifact formation. A very well-known CZE-UV system for mAb variant
separation on an intact level was published a few years ago by He et al. [38]. The
exceptionally good separation of basic and acidic mAb variants of this method is
based on a quite complex BGE composition of 400 mM 6-aminocaproic acid
(EACA), 0.05% hydroxypropyl methylcellulose, and 2 mM triethylenetetramine
(TETA) at pH 5.7. These BGE components are necessary to suppress the EOF,
prevent protein adsorption to the capillary wall, and improve peak shape and
resolution [38]. Therefore, in manuscript IV for initial mAb variant evaluation, a
slightly modified CZE-EACA-UV method regarding the flushing pressure due to the
much longer capillary is used. Figure 3.7 shows the ten mAb samples measured
with that CZE-EACA-UV system with clearly marked areas for acidic and basic
variant migration behavior. Acidic variants migrate later compared to the main peak
and basic variants migrate earlier than the main variant. Each mAb shows at least
one acidic and one basic variant separated from the mAb main form and in many
cases, more than one variant is detected. Most importantly the results of the ten
mAb samples in Figure 3.7 show that the method is generic and can be widely
applied (mAb pl range between 7.3 and 8.7) for selective and efficient mAb variant
separation, even for highly heterogeneous mAbs like Cetuximab and pH stressed
mAb1. Additionally, the method showed a high reproducibility and repeatability e.g.
the migration time of the mAb1 main variant is 18.05+0.11 min for 18

measurements.
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Figure 3.7:Separation of ten mAb samples using a slightly adapted method from He et al. [38]. 60 cm (50 um
ID / 365 um OD) fused silica separation capillary, BGE: 400 mM EACA, 2 mM TETA, 0.05% hydroxypropyl
cellulose pH 5.7. Spectra were acquired at 214 nm. M: Main variant, blue areas: basic variants, red areas:
acidic variants.

However, over the years some inconsistencies were observed when the CZE-
EACA-UV system was performed. A recent interlaboratory study concluded, that
these inconsistencies can be attributed to non-intended changes in the method
[104]. This led to the development of CZE-UV systems using other dynamic coating
agents, additives, and polymeric compounds to find a combination with similar or
even better mAb variant separation selectivity. For more information on possible
substitutes compare the “CZE-UV and CZE-MS for mAb variant analysis”
discussion in manuscript IV. Even though all CZE-UV methods mentioned in
manuscript IV separate mAb variants to a certain degree, the high molar
concentrations of additives and dynamic coating materials in the BGE prevent the
MS coupling. Therefore, MS-compatible approaches are here tested using static
capillary coatings (Polyvinyl alcohol (PVA) and PEO) in combination with acidic
BGEs (formic acid (FA) or acetic acid (HAc)). However, as shown in Figure 3.8

(exemplarily shown for mAb1 and one of the tested separation options) none of
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these approaches are suited to separate mAb variants as selectively as the CZE-

EACA-UV system for mAb variant separation does.
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Figure 3.8: Separation of mAb1 variants using a 60 cm PEO-coated capillary. BGE: 2 M HAc, separation
voltage 30 kV, injection: 50 mbar, 9 seconds (1% capillary volume), SL: IPA: H20 1:1 + 0.5% FA.

This shows the importance of the capillary coating and BGE composition for mAb
variant separation. Especially without a proper capillary coating mAb variant
separation can not be done on an intact level. This coating was developed within

another project [43] and will be briefly discussed in chapter 3.3.1.

3.3 CZE-MS, IEX-MS, and CIEF-MS of intact mAb variants

Until now MS analysis of mAb variants was performed at the mAb subunit level,
since the neutral-coated capillary CZE-MS approaches at the intact level
mentioned in chapter 3.2 have not provided the desired selectivity for mAb variant
separation. In parallel to this thesis, new capillary coatings and separation systems
were developed which provided the selectivity needed for mAb variant separation
using CZE-MS under acidic conditions [43] and under near-native conditions [65].
The acidic system is used to compare the results with the IEX-MS and CIEF-MS
methods developed in this work. The individual methods are described in chapter

3.3.1, chapter 3.3.2, and chapter 3.3.3 respectively.

3.3.1 CZE-MS for mAb variant analysis on an intact level

As previously mentioned in chapter 3.2 a proper capillary coating is key to mAb
variant separation on the intact level. Since the CZE-EACA-UV-based separation
approach is not MS compatible a SMIL-coated capillary operated under acidic
conditions is used. This CZE-MS system published by Hochsmann et al. [43]
prevents protein adsorption and creates an EOF within the capillary. This allows
the separation of mAb variants without any MS-interfering components in the BGE

and allows MS detection in a mass range of 2500-4000 m/z. This method is applied
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here to all ten mAb samples without any method development. Figure 4 in
manuscript IV illustrates the variant separation achieved for all ten mAb samples
three of which are exemplarily shown in Figure 3.9. As visible from the base peak
electrophreogram (BPE) in Figure 3.9 most mAbs in the sample set show at least
one separated acidic variant that migrates earlier than the main peak and at least
one basic variant that migrates later than the main peak. Only for highly
heterogeneous samples (cetuximab and stressed mAb1), no variant separation is
achieved. Several mAb variants can be detected using this CZE-MS method, a
detailed list of which can be found in the supplementary information of manuscript
IV. Generally, for all mAb samples, the glycosylation pattern including minor
glycosylation species can be detected in the main peak as exemplarily shown for
the three mAbs in Figure 3.9. The EIEs of the different glycosylation species reveal
a small shift in migration time depending on the size of the glycans (compare
Hoéchsmann et al. [43]). Although this purely size-based shift in migration time is
small, these glycoforms are slightly separated from each other. The basic variants
in Figure 3.9 of NIST mAb (B1 and B2) are lysine variants while the basic variants
of mAb1 (B2) and mAb2 (B1) indicate a loss of water or ammonium. A shift towards
higher migration times is also detected for monoglycosylated species (B1 of mAb1
and mAb2 and B2 of NIST mAb), aglycosylated species (B3 of mAb2), and
presumably mAb fragments (compare 148770 Da signal of B2 of mAb2). A shift
towards lower migration times is detected as soon as sialic acids are part of the
glycan (A1 of mAb1). Additionally, all mAbs show an acidic species with a shift of
around 2 Da after deconvolution. Even if this shift of 2 Da could be due to
deamidation, it rather indicates an open disulfide bridge [43]. After a closer look at
the mass spectrum and the charge envelope distribution, a shift was noticed
compared to the main peak charge envelope distribution supporting the reduced
disulfide bridge theory. This CZE-MS system is very valuable since such a good
separation has not been achieved by any acidic separation system so far especially
not by using a standard CZE system (a detailed comparison can be found in
manuscript IV). A better separation is only possible under near-native conditions
as recently shown by van der Zon et al. [65] and multiple chip-based methods [19,
105-110].
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Figure 3.9:CZE-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Orbitrap
Fusion Lumos instrument. Top row: Base peak electropherograms (BPE) from 2000 to 4000 m/z (smoothed).
Following rows: Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant.
Figure is generated analog to Figure 5 in manuscript IV.
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3.3.2 IEX-MS for mAb variant analysis on an intact level

Apart from CZE charge variants can also be separated by IEX. For IEX and CIEF
discussed in chapter 3.3.3 a TOF-MS (MaXis Bruker Daltonics) was used and not
the Orbitrap Fusion Lumos. This change in MS is further discussed in chapter
3.3.4. As described in chapter 1.3.2 ion exchange is a great method for mAb variant
separation and manuscript IV discusses the detailed method development and
the parameters used for IEX-MS measurements. Briefly, the initial IEX-UV-based
method with a flow rate of 0.3 mL/min and 160 mM ammonium acetate in eluent B
was optimized regarding MS coupling by first reducing the ammonium acetate
concentration to 100 mM. After that the flow rate was reduced to 0.1 mL/min and
the gradient was adjusted for mADb variant separation. This separation system was
coupled to the MS either directly (native conditions) or after post-column
acetonitrile (ACN) and formic acid (FA) addition (acidic conditions). Post-column
ACN and FA addition results in the detection of the mAb in an m/z range between
2000 and 4000 m/z. However, the post-column addition of ACN and FA heavily
dilutes the sample and results in low signal intensities which makes direct and
native detection more desirable. Native MS spectra are acquired between 4500
and 7000 m/z. For all ten mAb samples a separation of mAb variants is achieved
even though the mAbs span a pl range from 7.3 to 8.7. Three mAbs are exemplarily
shown in Figure 3.10 while the full mAb set is available in Figure 2 in manuscript
IV. No mAb-specific method development is done and different resolutions (R) are
obtained between the main form (M) and the lysine variant (B1) of USPmAbOQO03,
NISTmAD, and infliximab. For USPmAbOO3 (pl: 8.1) a resolution of R=0.85, for
NIST mAb (pl: 8.6) a resolution of R=1.38, and for infliximab (pl: 7.3) a resolution
of R=2.66 is calculated. As discussed in manuscript IV this difference in resolution
most likely correlates with the pH gradient of the method. A linear pH gradient is
highly desired to achieve a reproducible and high-resolution separation. When an
ammonium acetate-based buffer system is used the pH response as a function of
the base content is not linear [49, 51]. This can result in different resolutions for
different mAbs with different pl values. The antibody variant separation and
identification are exemplarily shown in Figure 3.10 for mAb1, mAb2, and NISTmAD.
A full list of all mAb variants determined for these three mAbs as well as all other

mAbs of the sample set can be found in the supplementary information of
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manuscript IV. The IEX-MS method can detect the general glycosylation pattern
including minor glycosylation species in the main peak as shown for mAb1 and
NISTmAb in Figure 3.10. For mAb1 the main peak also contains
monoglycosylation, which is not separated since the charge is not changed by this
variant. The basic variant that migrates later than the main form was identified for
NIST mAb (B1) as a lysine variant. An unknown mass shift of -13 Da was detected
for the basic variant of mAb1 (B2). Acidic species that migrate earlier than the main
form with a small mass shift of +2 Da compared to the main form (A1 of mAb1)
could theoretically be assigned to a deamidation however this is equivocal due to
the poor spectral quality. Unambiguous assignment of deamidated species is
always challenging and often not feasible due to the small mass shift that could not
be resolved by the MS on an intact level even if the spectral quality is good [50,
51, 111-113]. A final answer if A1 of mAb1 is a deamidation can not be given. All
other separated, but low-abundant species are challenging with this IEX-MS
method. It was not possible to detect minor variants even though IEX-MS is
generally able to detect variants like sialylated glycans [111], succinimide [113],
and pyroGlu [51]. These variants are most likely present below the peaks that were
detected via the online UV detection but could not be identified by MS due to the
low spectral quality in combination with the native ionization and the generally low
abundance. Nevertheless, IEX-MS is a promising technique for mAb variant

separation and identification.
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Figure 3.10: IEX-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Bruker
MaXis TOF instrument. Top row: Extracted ion chromatograms from 4500 to 7000 m/z. Following rows:
Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant. Figure is
generated analog to Figure 5 in manuscript IV.
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3.3.3 CIEF-MS method development for mAb variant analysis on an intact
level
Apart from CZE and IEX charge variants can also be separated by CIEF. As
described in chapter 1.3.3 CIEF and ICIEF separate mAbs variants based on their
pl values. Coupling CIEF to MS is a relatively new development since CIEF-UV
often contains MS-incompatible substances like methylcellulose or high molar
concentrations of carrier ampholyte or urea [114-116]. These substances either
can be removed by 2D approaches [117, 118] or the systems can be modified to
be more MS compatible as shown in Table 2 in manuscript IV. The initial CIEF-
MS approach was published by Naghdi et al. [58]. To reduce MS contamination
and interfering substances as much as possible the amount of ampholyte and
formamide in the master mix was reduced as described in manuscript IV. In
ICIEF-UV systems no mobilization is necessary for detection. For MS coupling the
focused mAbs have to be transported to the MS, which can be done by chemical
or pressure-driven mobilization. Pressure-driven mobilization can significantly
reduce the resolution compared to chemical mobilization [119], which makes
chemical mobilization highly desirable for MS coupling. Chemical mobilization can
be done with the nanoCEasy, which was previously shown by Naghdi et al. [58].
This setup was slightly modified by using a valve instead of a T-union. By using
two syringes in syringe pumps and a valve shown in Figure 3.11, the flow of the
catholyte and SL to the emitter can be regulated. During focusing the MS voltage
is off to prevent MS contamination and the emitter is flushed with catholyte. After
focusing the valve is switched and SL is flushed to the emitter. Now the MS spray
voltage is turned on and the measurement can be done. This measuring setup was

used for the results generated in manuscript IV.
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Figure 3.11: Schematic setup of CIEF-MS coupling using the nanoCEasy interface.

Variants are separated for all mAb samples according to the online UV detection
(compare Figure 3 in manuscript IV) with basic variants migrating earlier than the
main peak and acidic variants migrating later. However, only six mAbs can be
detected in the MS. Infliximab, mAb3 (both pl 7.3), and USP mAb0O03 (pl: 8.1) are
not identified in the MS (compare Figure 3 in manuscript IV) which indicates a
solubility problem at the emitter tip when the nearly native mAb is transferred to the
acidic sheath liquid. Since this behavior is not present for all mAb samples this
seems to be a mAb-specific behavior. Even though this method needs further
improvement some variants could already be detected. As shown in Figure 3.12
the major glycosylation pattern as well as some minor glycoforms can be detected.
Similar to IEX the unseparated monoglycosylation for mAb1 and mAb2 can be
detected in the main peaks. Basic variants and acidic variants for all mAbs show
no mass difference compared to the main form. Nevertheless, the online UV
detection shows the strength of CIEF for mAb variant separation which is why this
technique is further developed in the following project.
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Figure 3.12: CIEF-MS separation and identification of mAb1, mAb2, and NIST mAb all measured on the Bruker
MaXis TOF instrument. Top row: Extracted ion electropherograms from 2000 to 4000 m/z (smoothed).
Following rows: Deconvoluted spectra of separated variants. A: acidic variant, M: main variant, B: basic variant.

Figure is generated analog to Figure 5 in manuscript IV.
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3.3.4 Comparison of variant analysis approaches

A detailed comparison and discussion of IEX, CIEF, and CZE on an intact and
subunit level can be found in manuscript IV. A summary of the discussion done
there shall be given here starting with the direct comparison of all three intact and
MS-coupled methods. Generally, all tested intact methods determine the overall
mADb variant composition and separate acidic, main, and basic mAb variants. MS-
based mAb variant identification like the glycosylation profile including minor
glycosylation species and monoglycosylation is possible with all intact methods.
However, the variant assignment is highly method-dependent. IEX-separated
variants suffer from low spectral quality when introduced into the MS and CIEF-
mediated variant separation is slightly lost towards the MS. Even though CIEF-MS
and IEX-MS generally seem to have a significantly lower spectra quality compared
to the CZE-MS approach the different mass spectrometers used, lead to changing
declustering abilities. In QTOF instruments increased skimmer and fragmentor
voltage enhance salt and water declustering which improves sensitivity [120]. In
Orbitrap instruments, a too-high trapping voltage leads to a decline in sensitivity
[121]. These characteristics result in different sensitivity and thus, make a direct
comparison complicated. The lysine variant of three mAbs can be used to compare
the resolution of the techniques. The detailed values and a detailed discussion can
be found in manuscript IV but the MS incompatible CZE-EACA-UV method
provides the highest resolution followed by all MS compatible approaches. The
different selectivity of the methods also becomes evident for monoglycosylation
which is found in the main variant peak using IEX and CIEF and is separated from
the main variant peak using the CZE. Table 4 in manuscript IV shows that almost
every variant was at least once unequivocally identified for some mAb in the
literature by one of these selective separation approaches.

As previously mentioned intact mAb analysis allows the determination of the overall
mAb composition while keeping sample preparation and the risk of artifact
formation to a minimum. Even though this information is partly lost at the subunit
level the subunit approach enables a more detailed analysis (discussed in
manuscript lll and manuscript IV) regarding the location of the variant within the
mAb. The subunit approach narrows down the modification site, enables MS/MS

fragmentation, and therefore allows the detection of several variants all described
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in manuscript lll. Informational output is only narrowed down when positional
isomers are not properly separated and several possible modification sites are
available within the subunit. For this thesis, mAb subunits were only analyzed by
CZE-MS since the chaotropic salt mandatory in the reduction process is interfering
with the IEX, and CIEF is commonly used for the intact analysis of mAbs possibly

because subunits cover a broad pl range.

Lastly, manuscript IV discusses instrumental parameters and sample-specific
requirements. Both have an enormous impact on the selective and sensitive
separation and identification of mAb variants. Sample-specific requirements are
especially evident in the previously discussed solubility problem for some mAbs in
CIEF (compare chapter 3.3.3). Instrumental parameters are most evident for the
presented IEX method which suffers from the use of a standard LC sprayer and
the high flow rate towards the MS. As evident from Table 1 in manuscript IV |IEX-
MS approaches tend to minimize the amount of eluent by using a post-column flow
splitter, nanoflow-IEX columns, and special nanoflow and microspray ionization
sources. Miniaturization and nanospray sources are also generally applied for
CIEF-MS and CZE-MS methods as shown in Table 2 and Table 3 in manuscript
IV. Short cartridges and nanospray sources are preferred in CIEF. Even though all
approaches in Table 2 in manuscript IV provide quite high mass spectra quality
the separation is always impaired by the mobilization step. Similar to CIEF, CZE
benefits from chip applications. The fast and efficient separation of mAb variants
can however be compromised when coupled to the MS. Sample dilution due to
excessive SL consumption can significantly reduce the signal intensity [63] which
is the main reason for coupling CZE rather with low-flow sheath liquid CZE-MS
interfaces or sheathless CZE-MS interfaces [62].

In addition to the general considerations regarding informational output, these
instrumental parameters can prevent selective MS detection and identification. All
aspects discussed in manuscript IV prove that the method and instrumental setup

for mADb variant analysis have to be chosen carefully.
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Conclusion and Outlook

In conclusion, it can be said that each analytical approach, no matter if done on the
intact or subunit mAbs level, separated by CZE, CIEF, or IEX, detected by UV or
MS, has its benefits and drawbacks, and the method for variant separation and
identification has to be chosen accordingly. While the intact approach allows the
overall analysis of the mAb and its variants while keeping sample preparation and
artifacts to a minimum, the subunit approach gives a more detailed mAb picture
due to the reduction of the mAb complexity by generating subunit moieties and
making them available for MS/MS experiments. Some methods are better platform
methods (CZE and IEX to a certain extent) while others (CIEF) need further method
development. CZE-MS separated and identified multiple variants and reduced
variants on the intact and subunit levels. With only injecting ng of a sample,
proteoforms with a relative intensity of 0.5% compared to the respective main form
were determined. Incomplete sample reduction was initially introducing artificial
heterogeneity to the sample using the CZE-MS subunit approach. Even though this
was later solved by adding urea as a chaotropic salt to the sample reduction, this
initial artificial heterogeneity was successfully separated and identified by CZE-MS
(MS/MS). In general, fragmentation by EThcD proved to be a valuable tool for the
site-specific characterization of mAb variants, achieving an overall fragmentation
coverage of up to 30% depending on the subunit. The subunits were additionally
separated by TIMS, which has so far not been done, and different subunits and
reduction states could be separated in the gas phase. To evaluate the orthogonality
of CZE and TIMS, which has so far not been done methodically, a complex peptide
mixture (tryptic digest of HeLa proteins) was analyzed. The resulting very high
orthogonality of around 80% is most likely related to solvation effects leading to
different charges and sizes in the liquid phase compared to the gas phase.
Antibody variant separation on the intact level by CZE-MS has so far mostly been
done under native conditions. By using novel capillary coatings in combination with
the sensitive nanoESI ionization, intact mAb variants could be separated using
acidic separation conditions. IEX-MS and CIEF-MS could be used to separate and
identify some minor mass changes of the antibody, but compared to CZE-MS on
the intact and subunit level, the informational output was limited. All tested methods
have different selectivities; nevertheless, the selective separation of mAb variants
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with very high resolving powers could be achieved with all methods. A sample set
of ten mAb samples was applied to all methods without any mAb-specific method
optimization, which proves the generic application of these methods within the

tested pl range.

All methods have considerable potential in the future for in-depth mAb variant
characterization and identification. Capillary coatings can be further improved or
modified to even better separate the mAb variants, with the additional option to
separate under less acidic (“native”) conditions. CIEF chemical mobilization using
the nanoCEasy interface already showed promising results but surely can benefit
from improved handling and robustness. The already really good IEX separation
can benefit from MS optimization by using e.g. a post-column flow splitter or a
nanoESI interface. Generally, when analyzing mAb variants, a combination of
different methods should always be considered. This combination of different
approaches complements the mAb picture, which can not be gained by solely
relying on one method. A combination of all these methods and the detailed
characterization of the peptide level is highly beneficial when analyzing mAb
variants to get the overall mAb composition. Nevertheless, each method alone can

already give quite important information to characterize mAb variants.
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Abstract

Characterization at the subunit level enables detailed mass spectrometric characterization of posttranslational modifications
(PTMs) of monoclonal antibodies (mAbs). The implemented reduction often leaves the intramolecular disulfide bridges
intact. Here, we present a capillary electrophoretic (CE) method based on a neutral-coated capillary for the separation of
immunoglobulin G-degrading enzyme of Streprococcus pyogenes (1deS) digested and reduced mAb subunits followed by
mass spectrometry (MS), MS/MS identification, and trapped ion mobility mass spectrometry (timsTOF). Our CE approach
enables the separation of (i) different subunit moieties, (ii) various reduction states, and (iii) positional isomers of these
partly reduced subunit moieties. The location of the remaining disulfide bridges can be determined by middle-down electron
transfer higher energy collisional dissociation (ETheD) experiments. All these CE-separated variants show differences in ion
mobility in the timsTOF measurements. Applying the presented CE-MS/MS method, reduction parameters such as the use
of chaotropic salts were studied. For the investigated antibodies, urea improved the subunit reduction significantly, whereas
guanidine hydrochloride (GuHCl) leads to multiple signals of the same subunit in the CE separation. The presented CE-MS
method is a powerful tool for the disulfide-variant characterization of mAbs on the subunit level. It enables understanding
disulfide bridge reduction processes in antibodies and potentially other proteins.

Keywords mAb subunits - Disulfides - Reduction - Capillary electrophoresis - Middle down - Ion mobility
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LC Light chain

mAbs  Monoclonal antibodies

MOPS  3-(N-Morpholino)propane sulfonic acid
MS Mass spectrometry

NaOH  Sodium hydroxide

0D Quter diameter

PEO Polyethylene oxide

PTM Posttranslational modification

RP Reversed-phase chromatography

RT Room temperature

SL Sheath liquid

TCEP  Tris(2-carboxyethyl)phosphine

TIE Total ion electropherogram

TIMS  Trapped ion mobility mass spectrometry
Vi Variable heavy chain domain

' Variable light chain domain
Introduction

Monaoclonal antibodies (mAbs) are important biothera-
peutics applied for the treatment of many human diseases,
with anticancer therapy being one of the main fields [1].
The characterization of mAbs is important because changes
in the structure or posttranslational modifications (PTMs)
can happen due to production or storage [2]. These critical
quality attributes (CQA), such as the glycosylation pattern,
deamidation, disulfide bridges, C-terminal lysin clipping,
pyroglutamate, or oxidation, can change the mAbs stability,
efficacy, structure, and functionality [3—8]. Proper disulfide
bridge formation is vital for the antibodies’ structure [9],
stability [9, 10], and functionality [8].

Depending on the desired information, mAbs can be
analyzed at an intact, reduced, subunit, or peptide level
[11]. On the peptide level, the CQAs can be analyzed in
great detail, and small changes can be detected [12, 13]
even though sample preparation is quite elaborate and
artifacts might occur. The approach with the least sample
preparation is the analysis on an intact level. However,
small changes are difficult to characterize by mass spec-
trometry (MS) [11, 14]. As a compromise between the
intact and peptide level, mAbs can be reduced or enzy-
matically cut to their subunit moieties. The subunit term
is not specified, so several approaches exist to obtain subu-
nits. If the mAb is reduced, heavy chain (HC, 50 kDa)
and light chain (LC, 25 kDa) subunits can be analyzed
[15, 16]. Enzymes that cleaves the mAb underneath the
hinge region [17] produce the C-terminal half of heavy
chain (Fc/2; 25 kDa) and the antigen-binding fragment
(F(ab),; 100 kDa) subunits [16, 18, 19]. If these moieties
are reduced, the N-terminal half of the heavy chain (Fd),
LC, and Fe¢/2 are received, each with a molecular weight
of ~25 kDa [11. 16, 20]. To obtain the 25 kDa subunits,
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different approaches can be done. The initial digestion
using the immunoglobulin G-degrading enzyme of Strep-
tococcus pyogenes (1deS) is well established (standard
procedure uses 1 U enzyme/1 pg antibody followed by
incubation for 30 min at 37 °C). However, the following
reduction to obtain the 25 kDa subunits can be performed
quite differently. Dithiothreitol (DTT) [16, 20-29] or
tris(2-carboxyethyl)phosphine (TCEP) [11, 20, 23, 25,
30-34] are used as reduction chemicals, and the reduc-
tion is then carried out for 5-60 min at room temperature
(RT) [11, 25, 30-33], 37 °C [21, 23, 26, 28, 29], 45 °C
[27], 55-60 °C [16, 20, 22, 25, 34], or 70 °C [24]. The
reduction can be performed in guanidine hydrochloride
(GuHC) [16, 20, 22, 23, 25, 31, 33, 34], urea [24, 32],
ammonium formate [28], or without chaotropic salt [11,
21, 25-27, 29, 30]. The reduction can be followed by fur-
ther steps like acidification using trifluoroacetic acid [31,
33], formic acid (FA) [32], or hydrochloric acid (HCI)
[29] or rebuffering and desalting [11, 20, 23, 34]. Itis also
known that removing the reducing agent after reduction
leads to scrambled disulfide bridge detection [30].

The main advantage of all these sample preparation steps
is the ability to make the 25 kDa subunits accessible for mid-
dle-down MS/MS fragmentation experiments [25, 30, 31].
In contrast, fragmentation of the intact antibody requires
dedicated equipment and delivers moderate fragmentation
coverages [35, 36]. Various PTMs, like changes in the gen-
eral glycosylation pattern, can be analyzed at the subunit
level, as well as deamidation, C-terminal lysine clipping,
pyroglutamate formation, disulfide bridges, and oxidation
[5, 37]. Still, small mass differences require separated pro-
teoforms. This especially applies to disulfide bridge analysis
on the subunit level [20, 27].

For the separation of mAb proteoforms on the subunit
level, different high-performance liquid chromatography
(HPLC) approaches like hydrophilic interaction liquid
chromatography (HILIC) or reversed-phase chromatogra-
phy (RP) are used. In HILIC approaches, the works focus
on glycosylation analysis due to the changes in hydrophi-
licity of the Fe/2 subunit depending on the sugar attached
[27, 38, 39]. RP approaches focus on general mass analysis
of subunits [27, 32, 34], glycosylation analysis [28, 31,
32, 34], and methionine oxidation analysis [22, 29]. The
separation and analysis of charge variants like lysin clip-
ping or sialylation is mostly done using 2D approaches. In
the first dimension, charge variants are separated using ion
exchange chromatography or HILIC, followed by an RP
separation for desalting or reduction in the second dimen-
sion [21, 40-42]. Nevertheless, 2D setups are complex
and need a high instrumental effort. Since charge variants
change an antibody’s size and charge, they are prone to
capillary electrophoresis (CE) separation. Minimal size
and charge shifts can be analyzed [19, 30]. Disulfides that
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change the subunit size without changing its charge were
separated by CE on a cationic capillary coating followed
by MS characterization [30]. However, the location of the
disulfide remained unknown.

Compared to CE, ion mobility mass spectrometers
(IM-MS) also separate molecules based on their size-
to-charge but in the gas phase [43]. IM-MS is, therefore,
highly interesting to analyze protein folding and confor-
mation [44]. It was already shown that LC and HC could
be separated in a field asymmetric waveform ion mobility
spectrometry (FAIMS) device without a chromatographic
pre-separation [45]. Conformational variants of antibodies
were analyzed using IM-MS [46, 47], as well as peptides
with different disulfide bridge conformations [48]. To the
best of our knowledge, ion mobility was not used to study
the 25 kD subunits of mAbs.

Here, we present CE-MS/MS and CE-trapped ion
mobility mass spectrometry (timsTOF) MS methods to
separate and analyze the intramolecular disulfides on
the mAbs subunit level using a neutral-coated capillary.
Coupling the CE to the MS was straightforward using the
nanoCEasy interface [49]. For complete sample reduction,
different approaches were tested, as well as the applica-
bility of the reduction towards other immunoglobulin G1
(IgG1) mAbs.

Materials and methods
Chemicals and materials

Trastuzumab (N1050HO05; 21 mg/mL) was purchased from
Evidentic GmbH (Berlin, Germany); mAbl (21.7 mg/mL),
mAb2 (18.5 mg/mL), and mAb3 (18.3 mg/mL) were kindly
provided by Rentschler Biopharma SE (Laupheim, Ger-
many). USP mAb003 (Cat. No. 1445595, LOT: F12980,
10 mg/mL), 3-(N-morpholino) propanecsulfonic acid
(MOPS)-buffer, 1,4-dithiothreitol (DTT), and hydrochloric
acid (37%) were purchased from Sigma (Steinheim, Ger-
many). IdeS protease was purchased from GENOVIS (Fab-
RICATOR, 5000 units, Lund, Sweden). Urea (Ultrapure)
and guanidine hydrochloride (99.5%) were purchased from
Thermo Fisher Scientific (Dreieich, Germany). Isopropanol
(IPA, LC-MS grade) and formic acid (FA,>98%) were
purchased from Carl Roth GmbH & Co. KG (Karlsruhe,
Germany). Sodium hydroxide (NaOH) and hydrofluoric acid
(40%(v/v), HF) were purchased from Merck (Darmstadt,
Germany). Polyethylene oxide (PEO, Mw: 1.000.000) was
purchased from Alfa Aesar (Kandel, Germany).

Ultrapure water (18 MQ#*cm at 25 °C, SG Ultra Clear
UV from Siemens Water Technologies, USA) was used for
all solutions.
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Sample preparation

All mAbs were digested following the FabRICATOR diges-
tion protocol from GENOVIS. Five thousand units of Fab-
RICATOR were reconstituted in water at a concentration of
67 U/uL. 9.5 pL of trastuzumab (21 mg/mL) were digested
in 87.5 pL.100 mM MOPS buffer at pH 7.2 using 3 pL of
IdeS, resulting in a final mAb concentration of 2 mg/mL.
The sample was incubated for 30 min at 37 °C and 500 rpm.

After digestion, 9 pL. digest was reduced using 6 pL. 0.5 M
DTT (freshly prepared) and 15 pL of reduction medium
(8 M urea/16 M urea/8 M GuHCl/water). The final solution
contains 0.6 mg/mL of mAb, 100 mM DTT, and 4 M/8 M
reduction medium. The reduction was incubated for 60 min
at 37 °C and 500 rpm. The samples were then transferred
to a glass inlet for CE vials and frozen at =20 °C until
measurement.

CE analysis

The experiments were conducted on an Agilent 7100 CE
instrument (Agilent Technologies GmbH, Waldbronn, Ger-
many). Fused silica capillaries (separation capillary: 50 pm
inner diameter (ID), 365 pm outer diameter (OD), and sheath
liquid (SL) capillary: 100 pm 1D, 240 pm OD) were pur-
chased from Polymicro Technologies (Phoenix, AZ, USA).

An etched 60 cm length and 50 pm [D PEO-coated capil-
lary was used for all experiments to avoid protein adsorp-
tion. For capillary etching, the polyimide of the separation
capillary was removed at one end. The remaining glass was
closed with hot glue and etched with HF (40% (v/v)) for 1 h
to a thickness of < 150 um [49]. The PEO coating procedure
was adapted from Iki and Yeung [50]. For the PEO stock
solution, 100 mg PEO was dissolved in 45 mL of water by
heating the solution to 95 °C. 450 L of the stock solu-
tion was then acidified using 50 uL 0.1 M HCL. The capil-
lary was prepared with 1 M NaOIl, water, and 1 M HCI for
5 min, respectively, followed by the PEO coating solution for
10 min, water, and background electrolyte (BGE) for 5 min,
respectively. The solutions were flushed using the CE and
an external pressure of 3 bar. The capillary coating was done
each day to guarantee proper capillary coating.

The BGE consisted of 10% IPA in water containing 1 M
FA. Sample injection was done hydrodynamically using
50 mbar pressure for 10 s. A 20 kV voltage was applied
for the separation. The capillary was flushed for 3 min with
BGE between the runs.

nanoCEasy interface
For all CE-MS and CE-MS/MS experiments, the homebuilt

nanoCEasy interface [49] was used. Emitters were obtained
from BioMedical Instruments (Zoellnitz, Germany). The
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setup was controlled using a digital microscope (Dino-Lite,
Almere, The Netherlands). The tip of the emitter had an
opening of 30 um and a tip length of 4 mm and was placed
3 mm in front of the MS orifice. In the separation mode, the
separation capillary was placed 3 mm behind the emitter tip.

MS and MS/MS and timsTOF analysis

To determine the m/z values for further fragmentation
experiments of the subunits, MS experiments were per-
formed using the Orbitrap Fusion Lumos Tribrid MS
(Thermo Fisher Scientific, San Jose, CA, USA). IPA: Water
(50:50)40.5% FA was used in all experiments as SL.

The MS was operated in positive ionization mode with a
spray voltage of 2000 V, sweep gas of 3 Arb, and 300 °C ion
transfer tube temperature. Data acquisition was done from
700 to 3000 m/z with an Orbitrap resolution of 120.000.

For MS/MS experiments, the Orbitrap was used at a reso-
lution of 7500 in the MS1 scan. For MS2, the scan range was
150-2000 m/z with an Orbitrap resolution of 120,000. Elec-
tron transfer higher energy collisional dissociation (EThcD)
was used to fragment the precursor ions. Electron transfer
dissociation (ETD) reaction time was 12 ms (ETD reaction
target of 6E3 in 200 ms), followed by 12% normalized higher
energy collisional dissociation (HCD) collision energy.

A timsTOF SCP (Bruker Daltonics GmbH & Co.KG,
Bremen, Germany) was used for IM-MS experiments. The
instrument was operated in positive ionization mode with
a capillary voltage of 1800 V, a dry gas flow of 3.0 L/min,
and a dry temperature of 200 °C. The mobility (1/k0) was
measured between 0.8 V¥s/em® and 1.60 V*s/em?® with a
ramp time of 100 ms and an accumulation time of 20 ms.

Data analysis

Orbitrap data were evaluated using Freestyle 1.5. To gener-
ate the extracted ion electropherograms (EIEs) of the subu-
nits, the most intense charge states of each reduction state
were summed up. The EIEs for the different reduction states
were generated based on the most intense m/z of the charge
envelope. Deconvolution of the Orbitrap MS data was done
in Freestyle 1.5 using Xtract, setting the charge range from
5 to 50 and the minimum number of detected charges to 3.
The MS/MS data was also deconvoluted using Xtract. The
deconvoluted fragments were analyzed using ProSight Lite
v1.4 (Northwestern University, Evanston, IL, USA) with a
fragment tolerance of 10 ppm.

The timsTOF data were evaluated using DataAnalyst
3.3. For deconvolution, MaxEnt was used. Deconvolution
was performed between 20,000 Da and 30,000 Da with a
resolving power of 30,000 and normal resolution. Extracted
ion mobilograms (EIMs) were generated for m/z values
specifically.

@ Springer

The liquid phase charge of the subunits was determined
using the Prot pi Protein Tool (https://www.protpi.ch/Calcu
lator/ProteinTool) using the respective pH of the BGE and
the sequence of the subunit.

Results
CE-MS

Subunits can be generated using various reduction
approaches. Initially, we digested trastuzumab with IdeS
enzyme and further reduced the moieties without any chao-
tropic salt in water using DTT for 60 min at 37 °C. Three
signals were expected based on the assumption that tras-
tuzumab is digested and fully reduced to the three subunit
moieties Fc/2 (GOF as the main glycoform is exemplarily
used for the Fe/2 part of trastuzumab throughout the paper;
25,220 Da), Fd (25,367 Da), and LC (23,428 Da). However,
several signals were observed in the total ion electrophero-
gram (TIE), as shown in Fig. 1a. MS spectra can be found
in Online Resource ESM 1.

The EIEs of the three moieties showed the separation
of the subunits (Fig. 1a). LC and Fc/2 migrated simultane-
ously (16.4 min) but can be distinguished by their mass and
m/z charge envelope, while Fd is well separated (17.5 min).
For each subunit moiety, several signals appeared in their
respective EIEs. For the LC masses of 23,424.72 Da,
23,426.60 Da, and 23,428.57 Da are obtained after decon-
volution, with the latter being close to the theoretical fully
reduced mass of 23,428.52 Da. The =2 Da/—4 Da mass
shift compared to the fully reduced mass can be expected to
be due to an incomplete sample reduction. The same mass
shifts were detected for Fd. For Fe/2, no fully reduced form
was detected (see Fig. 1b). Another point to mention is that
the mass shift of —2 Da appeared two times in the EIE of the
LC and Fd (18.0 min and 19.3 min for LC and 18.5 min and
19.1 min for Fd). To get a better understanding, especially of
the — 2 Da shifted signals, MS/MS experiments were needed.

CE-MS/MS

MS/MS experiments were performed to confirm the abil-
ity of CE to characterize the different reduction states and
to locate the oxidized and reduced disulfide bridges in the
subunit moieties. Different fragmentation approaches were
tested (collision-induced dissociation (CID), higher energy
collisional dissociation (HCD), electron transfer dissocia-
tion (ETD), and electron transfer higher energy collisional
dissociation (ETheD)), where ETheD yielded the best frag-
mentation coverage of the molecule (see ESM 2). Figure 2
shows the fragmentation results for each subunit and reduc-
tion state.
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two most intense m/z for each reduction state. Mass spectra of each
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Fig.2 EIEs for the different reduction states for each subunit of tras-
tuzumab a LC; b Fd, and ¢ Fe/2. The EIE is generated based on the
most intense m/z for each reduction state of each subunit. Based on
the MS/MS experiment, fragmentation map, fragmentation coverage

The first signal in the EIE of the LC (Fig. 2a) at 16.4 min
showed a mass shift of —4 Da, indicating no disulfide
bridge reduction. The fragmentation result confirmed that
the disulfide bridges in the variable light chain domain (V;

(FC), and P-score are given for each reduction stage. Red lines indi-
cate closed disulfide bridges. m/z values chosen for EIE generation
are marked in Online Resource ESM 1

C23 to C88) and the constant light chain domain (C, ; C134
to C194) remained intact. Fragments, one at the N termi-
nus (z ion 212) and one at the C terminus (¢ ion 210), con-
tributed to the fact that both disulfide bridges are closed.
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Fragments present between C88 and C134 indicated that
no scrambling is present. The two peaks in the EIE, with
a—2 Da shift (18.0 min and 19.3 min), could be assigned
to isomeric subunits with different disulfide bridge posi-
tions. For the signal at 18 min, the disulfide bridge in the C,
domain (C134 to C194) is open, showing a fragmentation
coverage of 35%; for the signal at 19.3 min, the disulfide
bridge in the V; domain (C23 to C88) is open revealing
a fragmentation coverage of 26%. This statement is con-
firmed by several fragments that can only appear if the
respective disulfide bridge is open. No scrambled disulfide
bridges were detected. However, low amounts of scrambled
disulfide bridges would not be detected if they co-migrate
with these two partly reduced LCs. The apparent double
peaks in the EIE of LC are most likely related to ion sup-
pression due to the co-migrating Fe/2 subunit at 16.4 min
and the co-migrating Fd subunit at 18.5 min. The last signal
in the EIE of the LC at 20.5 min indicated a full reduction
based on mass. The MS/MS approach confirms this due to
the detection of fragments that are only possible when both
disulfides are open. The fragmentation coverage of 21% is
low because the intensity of this reduction state is low using
the sample preparation approach with no chaotropic salt.
Higher fragmentation coverages with the same analysis were
achieved in another sample preparation approach, which will
be discussed later (see chapter sample preparation—reduction
efficiency).

The same results described for the LC were achieved for
Fd (Fig. 2b). Fd carries two disulfide bridges, one in the var-
iable heavy chain domain (Vy, between C22 and C96 and the
other in the constant heavy chain domain 1 (Cy1) between
C147 and C203. As shown for the LC, the non-reduced,
the two partly reduced, and the fully reduced species were
separated with CE and identified using MS/MS experiments.

For Fe/2 (Fig. 2c¢), no completely reduced subunit moi-
ety was detected, and only one signal appeared for partly
reduced species, which could be attributed to the Fc/2
subunit with a reduced disulfide bridge in the C2-domain
between C25 and C85 (C264 and C324 in HC).

All detected masses of the different reduction states are
summarized in Table 1.

CE-timsTOF MS

In another experiment, we evaluated whether the disulfides
and positional isomers can be distinguished by gas phase
IM-MS. The same CE system was used and coupled via the
nanoCEasy interface to a timsTOF SCP. Exemplary charge
envelopes plotted against the inverse mobility for the four
LC forms are shown in Fig. 3.

The co-migrating subunit moieties described previously
are visible for the different time points (Fig. 3a and b). A
similar separation compared to the CE-MS/MS setup in
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Fig. 1 was observed, with a slight shift in migration time
for all subunits. The different charge envelopes (marked
by ovals) for the different reduction states are clearly vis-
ible. The non-reduced LC charge envelope (Fig. 3a) showed
higher m/z values compared to the partly reduced (Fig. 3b
and ¢) and the fully reduced (Fig. 3d) species. Within one
charge envelope, higher m/z values correspond to a lower
gas phase mobility. Different mobilities for the different
reduction states are obtained. Non-reduced species show a
higher mobility than partly and fully reduced species if the
same charge state is compared. EIMs were generated for
selected charge states for a more detailed analysis of the
different reduction states. Since the m/z charge envelopes
of non-reduced and fully reduced species barely overlap,
different m/z values were chosen to generate EIMs (Fig. 4).

For all subunits, the gas phase mobility could be deter-
mined even if the charge state used for comparison was pre-
sent in low intensities like one of the partly reduced Fd subu-
nits or the fully reduced Fd subunit. For non-reduced and
partly reduced LC, 1303.31 (z= + 18) was chosen to gener-
ate the EIM (Fig. 4a). The non-reduced LC showed a higher
mobility than the partly-reduced LC. The EIM of 1066.48
(z=122) (Fig. 4c) showed that the fully reduced LC has a
smaller mobility compared to the partly-reduced species.
For Fd, a similar result was obtained as for the LC. The non-
reduced Fd has a higher mobility than the partly reduced Fd
(Fig. 4d). and even though the fully reduced species is only
present in low intensities, it showed a slightly lower mobility
than the partly reduced species (Fig. 4f). For Fc/2 (Fig. 4g),
only fully and partly reduced species can be compared, but
the same result was observed. The non-reduced Fe/2 showed
a higher mobility than the partly reduced Fec/2.

The two positional isomers of LC and Fd were hardly sep-
arated in the gas phase. For the partly reduced LC (Fig. 4b),
there is only a small difference in the gas phase mobility
between the two isomeric species. If the disulfide bridge
between C23 and C88 is closed, the molecule has a lower
mobility than the LC, where the disulfide between C134
and C194 is closed. The same result was obtained for the
Fd (Fig. 4e). If the disulfide bridge between C22 and C96 is
closed, the molecule has a lower mobility than the Fd, where
the disulfide between C147 and C203 is closed.

Sample preparation-reduction efficiency

Based on the ability to characterize the reduction state of
subunits in detail by applying the CE-MS/MS method devel-
oped, we tested different approaches to optimize subunit
reduction. The CE-MS data of various sample preparation
protocols are shown in Fig. 5. All reduction approaches were
tested using the same mAb and the same enzymatic digest
protocol.
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Table1 All mAb subunits identified including positional isomers, water, while trastuzumab and other mAbs below bold line were
their migration time, disulfide bond location, and theoretical and reduced in 4 M Urea. x*: no MS/MS data
measured mass. Trastuzumab above the bold line was reduced in

mAb subunit Reduction state Position of S-S bridge Migration Measured mass Theoretical mass  Delta [ppm]
determined by MS/MS time [min] [monoisotopic] [monoisotopic]

Trastuzumab LC 2 5-5 bridges C23-C88 16.4 23.424.72 23.424.49 10
C134-C194
LC 1 5-5 bridge C23-C88 18.0 23,426.60 23.426.51 4
LC 1 S-S bridge C134-C194 19.3 23,426.63 23.426.51 5
LC no S-S bridge - 20.5 23,428.57 23.428.52 2
Fd 2 S-8 bridges C22-C96 17.5 25.363.75 25.363.49 10
C147-C203
Fd 1 8-S bridge C22-C96 18.5 25,365.75 25.365.50 10
Fd 1 5-5 bridge C147-C203 19.1 25.365.62 25.365.50 5
Fd no S-5 bridge - 20.0 25,367.59 25,367.52 3
Fer2 2 5-8 bridges C25-C85 164 25,216.66 2521643 9
Cl131-C189
Fe/2 1 S-S bridge C131-C189 17.6 25,218.60 25,218.44 6
Trastuzumab LC no S-S bridge - 21.8 23,428.72 23,428.52 9
Fd no 5-5 bridge - 233 25,367.73 25.367.52 8
Fel2 no S-S bridge - 23.9 25,220.69 25,220.46 9
mAbl LC 2 5-5 bridges x* 19.3 23,432.49 23432.40 4
LC 1 S-S bridge C23-C88 21.1 23,434.49 23434.42 3
LC no 5-5 bridge - 23.0 23,436.53 23436.43 4
Fd 2 S-S bridges x* 20.1 25,925.74 25925.63 4
Fd 1 S-5 bridge x* 21.2 25,927.70 25.927.64 2
Fd no S-S5 bridge - 22.6 25,929.80 25,929.60 5
Fe/2 2 5-S bridges x* 18.8 2521647 25216.43 2
Fe/2 1 S-S bridge C131-C189 20.0 25,218.59 25,218.45 6
Fe/2 no 5-5 bridge - 21.0 25,220.55 25,220.46 4
mAb2 LC 2 5-8 bridges C23-C93 20.6 23.887.84 23.887.77 3
C139-C199
LC 1 5-8 bridge (C23-C93 21.8 23,889.85 23,880.79 3
LC I 58 bridge C139-C199 22.3 23,8899] 23,889.79 5
LC no S-S bridge - 235 23,891.89 23,891.80 4
Fd 2 S-8 bridges x* 204 25,550.61 25,550.49 5
Fd 1 S-S bridge Cl48-C204 21.2 25,552.58 25,552.51 3
Fd 1 S-8 bridge C22-C96 21.5 25,552.58 25,552.51 3
Fd no S-S bridge - 220 25,554.61 25,554.52 4
Fe/2 1 S-S bridge C132-C190 20.5 25,257.61 25,257.51 4
Fe/2 no S-S bridge - 21.5 25,259.59 25,259.53 2
mAb3 LC no S-5 bridge - 21.4 25,188.56 25,188.49 3
Fd no S-8 bridge - 22.9 25,631.63 25,631.53 4
Fe/2 no S-5 bridge - 23.7 2342449 2342439 4
USP mAbO0O3 LC no S-8 bridge - 2.2 25,220.58 25,220.46 5
Fd no S5-5 bridge - 24.0 25.250.64 25,250.47 7
Fel2 no S-5 bridge - 26.7 22,387.07 22,386.89 8

In the first experiment, the reduction temperature was  showed a similar peak pattern, and the signal intensity is
increased from 37 to 55 °C. As shown in Fig. 5a (see  decreased. The presence of primarily unreduced subunits
Online Resource ESM 3 for deconvoluted spectra), this did ~ was confirmed using MS/MS experiments (data not shown).
not increase the amount of fully reduced species. The TIE ~ Since this approach did not suffice proper reduction, a
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Fig.5 TIE of the five tested sample reduction approaches. a Reduc-
tion in water, 55 °C; b reduction in water, 37 °C; ¢ reduction in 4 M
GuHCI, 37 °C; d reduction in 4 M urea, 37 °C: e reduction in 8 M
urea, 37 “C. The most intense subunit is illustrated with the respec-
tive symbol. Overlapping subunits are not annotated. For detailed

chaotropic salt was used in the reduction step, and the tem-
perature was decreased back to 37 °C. Using 4 M GuHCl
at 37 °C for 60 min, a complete reduction of all the subu-
nit moieties (Fig. 5¢) was observed and confirmed by MS/
MS experiments (Online Resource ESM 4). No masses for
partly reduced or non-reduced species were detected. The
drawback is that the fully reduced masses for Fe/2, Fd, and
LC appear at least twice in the TIE. After a Fd or LC sig-
nal, there is no return to the baseline. LC and Fd signals
were present over the complete separation (Online Resource
ESM 5). Therefore, another chaotropic salt (urea) was tested
for complete sample reduction. Compared to the other
approaches, adding 4 M urea resulted in the three expected
signals in the TIE (Fig. 5d/Online Resource ESM 6). Each
signal represented one subunit moiety. The subunits are fully
reduced, and no partly or non-reduced species were detected
even when looking specifically for these m/z values. Frag-
mentation coverages of 31% for Fc/2 + GOF, 34% for Fd, and
37% for LC were achieved using the EThcD fragmentation
(data not shown). The migration times for the fully reduced
species in the 4 M urea reduction approach are higher com-
pared to the sample reduction in water. This correlates with
an unstable but reproducible CE current that drops to 18 pA
after 0.5 min and recovers to 27 uA over 15 min compared
to a 27 pA stable current when no chaotropic salt was used.
The migration times are even higher when 8 M urea (Fig. Se)
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information, see deconvoluted mass spectra in Online Resource ESM
5 (reduction in 4 M GuHCI), Online Resource ESM 3 (reduction in
water 37/55 °C), and Onlineg Resource ESM 6 (reduction in 4 M/8 M
urea)

is used, increasing the overall analysis time. There, the cur-
rent drops to 15 pA and rises back to 27 pA over 30 min.
Since the sample reduction is already complete using 4 M
urea, this amount of salt was used for further measurements.

Other mAbs

After the reduction approach was optimized for trastuzumab,
four mAbs (IgG1 candidates: mAbl, mAb2, mAb3, and
USP mAb003) were measured with the same approach. The
aim was to evaluate the general applicability of the sample
preparation for other mAbs to separate and identify the states
of various disulfide bridges by the presented CE-MS/MS
approach (Table 1).

mAb3 (Fig. 6a) and USP mAb003 (Fig. 6b) showed
complete sample reduction using the optimized reduction
approach containing 4 M urea. Three main signals appeared
in the TIE and can be assigned by mass to the fully reduced
species. Fragmentation experiments confirmed the full sam-
ple reduction. For each subunit, m/z values for fragmentation
were adapted, but further fragmentation parameters were
not adjusted. Sequence coverages for USP subunits of 28%
(Fd) and 30% (Fc/2 4+ GOF, LC) and for mAb3 subunits of
14% (Fc/2 + GOF), 24% (Fd), and 30% (LC) were achieved.

mAbl is not fully reduced using the optimized reduc-
tion approach (Fig. 6¢). Small amounts of non-reduced and
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Fig.6 CE-MS of different mAb
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partly reduced species remain. The CE separates the dif- Discussion

ferent reduction states, and MS/MS spectra were acquired
for all forms with sufficient intensities. Separating and
locating the disulfide bridge for partly reduced LC and
Fc/2 was possible. The partly reduced Fd was separated
but identified via mass only since signal intensity was
quite low. The signals of mAb]1 that could be fragmented
showed [ragmentation coverages of 24% (Fc/2 + GOF; [ully
reduced), 23% (Fc/2 + GOF; partly reduced C131-C189),
35% (Fd, fully reduced), 24% (LC, fully reduced), and
32% (LC partly reduced C23-C88). Non-reduced species
were not fragmented since they were only present in small
amounts.

mAb2 (Fig. 6d) showed incomplete sample reduction
as well. Here, the positional isomers of mAb2 showed
sufficient intensities for meaningtul fragmentation. The
subunits that were fragmented showed fragmentation cov-
erages of 22% (LC; partly reduced C23-C93), 13% (LC;
partly reduced C139-C199), 24% (LC; fully reduced), 9%
(Fc/2 + GOF; partly reduced C132-C190), 15% (Fc/2 + GOF;
fully reduced), 6% (Fd; partly reduced C148-C204), 8% (Fd;
partly reduced C22-C96), and 15% (Fd; fully reduced). The
non-reduced species were either not present anymore (Fc/2),
in low intensity (Fd), or not fragmented (LC).
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The analysis of mAb subunits allows intramolecular
disulfide characterization compared to the intact anti-
body analysis. We present a CE-MS system that allows
the separation of the different mAb subunit moieties, as
well as different reduction states of the subunit moieties
(non-reduced, partly reduced, and fully reduced subunits)
due to their —4 Da, — 2 Da, and () Da mass shift compared
to the theoretically fully reduced mass, respectively (com-
pare Fig. 1). Sample reduction in water was executed in
several publications [11, 21, 25-27, 29, 30]; however,
incomplete reduction can be overseen due to insufficient
separation of these proteoforms differing by only two to
four Dalton. This mass shift was only seen when the reduc-
tion agent was removed prior to analysis [11, 30], when a
2D approach was applied [21], or when TCEP was used
for reduction [25]. The mass shift was attributed to intact
intramolecular disulfide bridges; however, no further anal-
ysis on the location of the disulfide bridge in the molecule
was done. In the case of the partly-reduced subunits, our
CE method can separate the disulfide bridge positional
isomers. However, a CE-MS method does not determine
the location of the disulfide bridge in the molecule, and
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there are four possibilities where the disulfide bridge
could be located for each subunit. In the LC, the native
disulfide bridges are between C23—C88 and C134-C194,
in the Fd between C22-C96 and C147-C203, and in the
Fe/2 between C25—C85 and C131-C189 (C264-C324 and
C370-C428 in the HC nomenclature). If these disulfide
bridges were not reduced in the first place, they should
still be in their original conformation. If the bridges were
reduced and oxidized again, the disulfides could be scram-
bled. The location of the disulfide bridges was determined
for each subunit and reduction state using a CE-MS/MS
approach. The positional isomers separated by CE could
be identified using EThcD fragmentation with an Orib-
trap mass spectrometer. In all cases where the intensities
were high enough for adequate fragmentation, we could
determine the exact location of the disulfide bridge in
the molecule (compare Fig. 2). In these measurements, it
became clear that the original disulfides were conserved
and no scrambled disulfides were detected. This could
have two possible explanations. First, the intramolecular
disulfides of a subunit moiety show a similar tendency to
be reduced [51]. If that's the case, the light chain disulfide
bridge between C23 and C88 can be reduced as easily as
the disulfide bridge between C134 and C194, leading to
the appearance of these two positional isomers in the sam-
ple. Second, even if both disulfide bridges are reduced, the
reduced SH groups could remain in close proximity due
to the lack of chaotropic salt and could rebuild their origi-
nal disulfide bridge. These explanations can be applied to
LC and Fd subunits, respectively. The only exception was
the Fe/2 subunit, where only one positional isomer was
detected. The disulfide bridge in the Cy3-domain between
C131 and C189 (C370 and C428 in HC) remained intact
because it is the least susceptible disulfide to break [30,
51]. Therefore, if a disulfide bridge in the Fc/2 subunit
is reduced, the Cyy2-domain bridge is more likely to be
reduced, which was confirmed by the MS/MS approach.
That also explains why the Fc/2 was not detected in a
fully reduced form. After evaluating the different reduc-
tion states, it also became clear that non-reduced species
showed poor fragmentation coverage because the intact
disulfides prevented fragmentation [25]. To the best of
our knowledge, the only reference that described disulfide
bridge-based separation of digested and reduced mAb
subunits is from Scheffler and Damoc (Application Note
72,854) using reversed-phase HPLC [25]. The different
reduction states (fully, partly, non-reduced) were separated
on a MabPac RP column, with subsequent identification
of the positional isomers of the LC. Our approach dem-
onstrates baseline separation of the positional isomers of
all subunits and unequivocal attribution to the respective
disulfide isomer using EThcD. Additionally, our approach
showed a better fragmentation coverage of the subunits
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(Fig. 2) compared to the HCD approach of the Applica-
tion Note.

In addition to the MS/MS approach, the subunits were
also measured using the timsTOF SCP. CE separates mol-
ecules based on their mobility in the liquid phase. The cou-
pling to the timsTOF adds another separation dimension. In
the TIMS, the ions are transported by a carrier gas accord-
ing to their collisional cross section (CCS) and an electrical
field traps the molecules based on their charge. The IM-MS
analysis of a peptide mix of positional disulfide isomers was
previously done by Delvaux et al. [48]. While the positional
isomers could be separated using CE, the drift tube IM-MS
was not able to baseline separate the peptides when a mix-
ture was analyzed. Our subunit measurements achieved a
similar result. While the CE already baseline-separated the
positional isomers, they were not baseline-separated in the
gas phase (compare Figs. 3 and 4). However, differences in
gas phase mobility can be detected depending on the reduc-
tion state. Non-reduced species showed a larger mobility
than fully reduced species, which can be explained by the
different shapes of the molecules due to different protein
folding when disulfide bridges are oxidized or reduced.
Positional isomers could be distinguished, however, requir-
ing prior separation since gas phase mobilities differ only
slightly. These experiments show the strength of the mobility
separation in the liquid and gas phase. In both techniques.
subunits of different reduction states can be separated. How-
ever, the positional isomers were baseline-separated using
CE, while the signals for the gas phase were not baseline-
separated and quite broad. Especially without separating
the two positional isomers in the liquid phase, they could
probably not be distinguished in the TIMS. This shows the
higher resolution of the CE compared to the ion mobility
separation.

For a detailed analysis of the subunit moieties, a com-
plete reduction is beneficial to prevent sample preparation-
induced heterogeneity and signal overlap, as has been the
case so far. Initially, we reduced the digested mAbs in water
al 37 °C for 60 min. The sample preparation in water is
described in the literature a few times [11. 21, 25-27, 29].
However, a pure water-based reduction was unsuitable for
complete sample reduction. The tested sample preparation
approaches differed depending on the reduction conditions
(compare Fig. 5). The initial increase in reduction tempera-
ture, as assumed by some studies [25, 27] does not support
mAb reduction in our case. A possible explanation is that
the disulfide bridges in the subunit moieties are embedded
between f-sheets, hindering the DTT reduction process if
no denaturing reagent is present [8, 52]. A complete trastu-
zumab reduction was only achieved when a chaotropic salt
was used in the reduction step. GuHCI has previously been
used to support the reduction of IdeS digested mAb subunits
[16, 20, 22, 23, 25, 31, 33, 34]. However, in some cases, an
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incomplete sample reduction was still observed when sam-
ples were desalted prior to the measurement [20, 23] or the
reduction was done at RT in combination with 4 M GuHCI
[25]. That’s why, in our approach, the salt was left in the
sample after reduction, and the reduction was carried out at
37 °C for 60 min. Even though this approach fully reduced
subunits, two significant drawbacks for CE-MS may arise.
First, GuHCl is positively charged in that BGE, leading to
its migration towards the MS using the applied system. It
causes a high background signal and contamination of the
MS; however, the CE effluent can be guided to the waste due
to movable CE and SL capillaries in our nanoCEasy inter-
face [53]. In that way, the early migrated GuHCI was cut out,
and the subunits reaching the MS later were analyzed with-
out a GuHCI background signal. Second, the fully reduced
subunit moieties appeared multiple times in the electro-
pherogram. Even though it is unclear what kind of separa-
tion is observed (isomeric compounds or artifacts), GuHCI
seems improper for sample reduction in the applied CE-MS
system. However, that approach may work with another CE
or HPLC separation system since fully reduced subunits are
obtained. Another chaotropic salt is urea, which can be used
for IdeS digested mAb subunit reduction [1, 24, 32]. Com-
pared to the GuHCI approach, no salt migrates towards the
MS because urea is an uncharged molecule. Therefore, the
separation capillary could be positioned at the emitter tip
at the beginning of the run, and no salt contaminated the
MS when the nanoCEasy interface is put into condition-
ing mode. The light migration time shift of the urea-based
approach compared to the water-based approach can be
explained by the fact that urea reproducibly influences the
electric conductivity of the sample zone, as observed by a
drop in electric current at the beginning of the measurement.
Using 4 M urea, sample reduction was complete.

Three of the five mAbs showed complete disulfide bridge
reduction using the proposed sample preparation, and two
mAbs showed a mixture of partly reduced and non-reduced
species. One of these (mAb2) did not show the IdeS con-
sensus sequence (CPAPELLG/GPSVF) but had two amino
acids changed (CPAPELAG/APSVF). Therefore, IdeS was
not cleaving the mAb at the intended location. The glycine
(G) that should remain at the C-terminus of the Fd was
located at the N-terminus of the Fe/2, instead. If this was
considered, evaluation of subunit disulfide bridges could
analogously be done to the other mAbs. The reason for the
different behavior of the various [gG1l molecules could be
an object to further future investigations.

In conclusion, the presented CE-MS/MS approach can
be used as a fast analysis method to distinguish between
complete and incomplete sample reduction. The separation
and subsequent characterization/identification of the subunit
variants differing in the number and position of disulfide
bridges can be performed for all subunit moieties and for all

@ Springer

tested mAbs. Ton mobility adds another separation dimen-
sion and also distinguishes different reduction states of the
subunits. Complete sample reduction can be obtained using
4 M-8 M urea, whereas guanidinium hydrochloride leads
to multiple signals for the same subunit of unclear origin.
The here presented CE-MS approach is a valuable ool for
disulfide-bridge variant characterization of mAbs on the
subunit level and potentially also for other proteins.
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Abstract

Ion mobility-mass spectrometry (IM-MS) is an ever-evolving tool to separate
ions in the gas phase according to electrophoretic mobility with subsequent mass
determination. CE is rarely coupled to IM-MS, possibly due to similar separation
mechanisms based on electrophoretic mobility. Here, we investigate the orthog-
onality of CE and ion mobility (IM) by analyzing a complex peptide mixture
(tryptic digest of HeLa proteins) with trapped ion mobility mass spectrometry
(TIMS-MS). Using the nanoCEasy interface, excellent sensitivity was achieved
by identifying thousands of peptides and achieving a peak capacity of 7500 (CE:
203-323 in a 150 cm long capillary, TM: 27-31). Plotting CE versus mass and CE
versus (inverse) mobility, a clear grouping in curved striped patterns is observed
according to the charge-to-size and mass-to-charge ratios. The peptide charge
in the acidic background electrolyte can be estimated from the number of basic
amino acids, with a few exceptions where neighboring effects reduce the posi-
tive charge. A surprisingly high orthogonality of CE and IM is observed, which
is obviously caused by solvation effects leading to different charges and sizes in
the liquid phase compared to the gas phase. A high orthogonality of CE and ion
mobility is expected to be observed for other peptide samples as well as other

substance classes, making CE-IM-MS a promising tool for various applications.

KEYWORDS
capillary electrophoresis, peak capacity, trapped ion mobility mass spectrometry, tryptic HeLa
digest

1 | INTRODUCTION

Ion mobility-mass spectrometry (IM-MS) has gained
much attention over the last two decades due to the com-
mercialization of various ion mobility (IM) techniques,
including drift tube IM (DTIM, Agilent Technologies),
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traveling wave IM (TWIM, Waters), field asymmetric IM
spectrometry (FAIMS, Thermo Fisher Scientific), differen-
tial mobility spectrometry (DMS, Sciex) and trapped IM
spectrometry (TIMS, Bruker). These devices are already
used for the in-depth characterization of complex proteins
and samples [1-4] and isomeric or isobaric structures [5,
6]. TIMS is a technique where ions are pushed forward
by a gas flow proportional to their collisional cross-section
(CCS) and trapped by an electrical field based on the
molecule’s charge. The ions are released by manipulating
the electrical field. Parallel accumulation serial fragmen-
tation (PASEF) allows the fragmentation of molecules
based on their mobility in the gas phase, enabling very
fast and sensitive MS/MS acquisition in TIMS-QTOF MS
instruments [7].

CE is a powerful technique to efficiently separate ions
due to minor differences in their electrophoretic mobil-
ity (charge-to-size ratio) in the liquid phase. Thus, CE-MS
is used in many fields including the analysis of complex
mixtures of proteins or metabolites [8-11]. New develop-
ments in interfacing technology [12-17] compensate for the
limiting sample introduction volumes regarding achicv-
able concentration sensitivities, enabling the analysis of
metabolites and peptides down to sub-ppb levels [18]. CE-
MSis applied for the analysis of peptides due to its different
sclectivity compared to LC-MS [8, 19, 20|. HeLa digest is
often used as a model for proteomics samples to evaluate
separation and MS/MS performance both in LC-MS [4]
and CE-MS [21-23].

In contrast to CE-MS, only a few studies have been pub-
lished on the coupling of CE with IM-MS. In one of the first
studies, Joof} et al. analyzed protein-derived glycans, show-
ing the benefit of combining both technologies [24], similar
to a work on labeled glycans [25]. The sensitivity of glycan
analysis was increased by developing an in-line SPE for
the CE-DTIM-MS set-up by Hooijschuur et al. [26]. CE-
TIMS-MS has been applied to analyze targeted peptides
from low volume samples: Mast et al. showed the separa-
tion of diastereomeric neuropeptides in single cells [27],
while Delaney et al. analyzed nine targeted angiotensin
peptides in mouse tissue samples | 28]. CE-FAIMS-MS has
been used to perform top-down proteomics experiments
[29] as well as for the characterization of complex bacterial
lipopolysaccharides [30]. CE-TWIM-MS has been used for
the detection of protein conformational isomers, including
affinity experiments, to describe their enzymatic activity
and their inhibition [31]. Drouin et al. investigated CE-IM-
MS for metabolite profiling, showing the benefit for the
identification of isobaric analytes, primarily in the neutral
(nonseparated) zone [32]. In most of these applications, IM
assists in the separation of a few analytes not separated
by CE or by MS. Gou et al., investigated the application
of CE—DTIM-MS for proteome samples in comparison to

LC-MS [33]. Beside a substantial orthogonality of CE and
LC, they also found orthogonality for CE and DTIM. There
is hardly any study discussing the orthogonality of CE and
IM in detail, which seems to be of great interest, especially
since both techniques rely on electrophoretic mobility,
leading to potentially small differences in selectivity.

Here, we present CE-TIMS-MS measurements of tryp-
tic HeLa-digest for the discussion of orthogonality in
CE-IM-MS. Various capillary lengths were evaluated
regarding peak capacity. To obtain a high number of
MS/MS experiments, a 1.5-m long capillary was finally
applied. Resulting data are discussed regarding peptide
charge in liquid and gas phases, respectively, as well as the
resulting orthogonality of CE and IM.

2 | MATERIALS AND METHODS

21 | Sample preparation and CE
separation

Lyophilized Pierce™ HeLa Protein Digest Standard
(Thermo Fischer Scientific, Dreieich, Germany) was
diluted to a final concentration of 1 pg/uL protein using
a mixture of isopropanol (IPA, LC-MS grade, Carl Roth
GmbH+Co.KG, Karlsruhe, Germany) and 0.1 M formic
acid (FA, >98%; Carl Roth GmbH+Co0.KG) in water
(ultrapure [UPW], 18 MQ*cm at 25°C, SG Ultra Clear
UV from Siemens Water Technologies, USA) in the ratio
of 1:99 (v/v). CE was performed on an Agilent 7100 CE
instrument (Agilent Technologies GmbH, Waldbronn,
Germany). Fused silica capillaries (separation capil-
lary: 50 um id, 365 um od, and SL capillary: 100 ym id,
240 um od) were purchased from Polymicro Technologies
(Phoenix, AZ, USA). PEO-coated capillaries of various
lengths were applied, with a length of 1.5 m for the final
experiments. To penctrate the glass emitter (30 um tip
opening), the separation capillary was etched at one end
to a wall thickness of less than 150 um using hydrofluoric
acid (40%(v/v), Merck, Darmstadt, Germany) prior to
the coating procedure [12]. The PEO stock solution was
prepared by dissolving 100 mg PEO (Mw: 1.000.000; Alfa
Aesar, Kandel, Germany) in 45 mL UPW. The solution
was heated to 95°C. A total of 450 uL of that stock solution
was acidified using 50 pL 0.1 M hydrochloric acid (conc.
HCI: 37%, Sigma, Steinheim Germany). The coating was
applied to the capillary using the CE and an external
pressure of 4 bar in the following steps: 1 M sodium
hydroxide (NaOH, Merck), UPW, and 1 M HCI for 5 min
cach, followed by the PEO coating solution for 10 min,
UPW, and BGE for 5 min. The BGE consisted of 10% IPA in
water containing 1 M FA. A large sample plug (200 ng of
protein; 6.81% capillary volume) was injected in a dynamic
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pH-junction/transient ITP mode. For that, a plug of 1 M
ammonia (conc. NHj: 30%; Carl Roth GmbH+Co.KG)
was injected hydrodynamically (100 mbar, 20 s, cquimolar
to acid amount) before the sample plug. Sample injection
was done using the CE flush option (950 mbar) for 21 s.
A total of 30 kV was applied for the separation and was
executed for 200 min without additional pressure. An
additional pressure of 100 mbar was applied after that
time point. The capillary was flushed for 5 min with BGE
between the runs.

2.2 | CE-MS

The CE was coupled to the timsTOF Pro2 using the
nanoCEasy interface [12, 34]. The timsTOF was operated
in positive ionization mode using captive spray source
settings of 1700 V electrospray voltage, 150°C dry gas tem-
perature, and 3 L/min dry gas flow. The mobility of the
ions was measured between 0.6 and 1.6 V*s/cm? with a
ramp time of 100 ms. One MS acquisition was combined
with 10 TIMS cycles for MS/MS experiments using the
PASEF algorithm for fragmentation experiments, resulting
in an overall duty cycle of 1.1 s. Using the polygonic func-
tion in the IM—MS-heatmap singly charged signals were
excluded from MS/MS experiments. The mgf file for the
Mascot database search was generated based on a thresh-
old intensity (TIC AlIMSn) of 25,000 counts, and 10,000
compounds were set as the maximum number. Fragment
spectra of the same precursor were combined in a reten-
tion time window of 0.5 min with a precursor m,/z window
of 0.1. Data files were processed using a Mascot secarch
using the SwissProt database and a Homo sapiens (human)
taxonomy filter. Only peptides with a charge between +2
and +4 were evaluated. The results were exported to CSV
files without showing duplicate peptides. Data were fur-
ther assessed using Data Analysis 5.3 and Excel 2019. The
charge of the peptides at a specific pH was gained using
Protpl.

3 | RESULTS AND DISCUSSION

CE-timsTOF coupling was straightforward using the
nanoCEasy interface. The schematic setup is shown in
Figure 1. A total of 200 ng of tryptic HeLa digest was
injected using stacking experiments. The measurement
could be done without further sample preparation in an
acidic BGE (1 M FAin 10% IPA). A positive voltage was
applied to the CE inlet so that positively charged proteins
migrated toward the MS. MS/MS experiments were done
using the PASEF algorithm. The overall separation time
strongly depended on the capillary length used.
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Schematic CE-nanoCEasy-timsTOF setup.

High vacuum -~

FIGURE 1

Different capillary lengths were tested to increase the
peak capacity. To calculate the peak capacity of a CE sep-
aration, the start and end times of the separation were
estimated. Nine peaks were chosen (three at the beginning,
middle, and end of the separation window) to determine
the average full width at half maximum. Calculating the
mean width at 13.4% peak height (40), a peak capacity for
the CE separation was determined. The same approach
was done for the gas phase IM for the same set of peptides.
The total peak capacity is the product of both individual
peak capacities. For a 0.6-m and a 1-m long capillary, an
average peak capacities of 1700 (n = 2) and 2700 (n = 2)
were achieved, respectively. By increasing the capillary
length to 1.5 m, the peak capacity increased to a mean
value of 7500 (6223—9497, n = 3). As expected, the peak
capacity strongly depends on the capillary length. which
is obviously caused by the separation window increase.
The results for the individual measurements are shown in
Supporting Information S1.

Due to the strongly increased peak capacity in CE, a
1.5-m long capillary was used for the following measure-
ments. Applying 30 kV, the peptides migrated in a time
window of > 100 min, as illustrated in Figure 2A, show-
ing the base peak electropherogram of one representative
measurement,

The heatmap of migration time and m/z values
(Figure 2B) showed a separation of the peptides leading to
distinct, slightly curved distributions due to the distinct
charges in the acidic liquid phase (see discussion below).
CE separates based on the size and charge of the molecule.
A large molecule with many charges can, therefore, have
the same mobility in the liquid phase as a small molecule
with few charges. At the same time, peptides with similar
mass and charge can have different mobilities in the liquid
phase due to different hydrodynamic radii. The CE has
a higher separation efficiency than the IM separation in
the gas phase (Figure 2B,C). Plotting the inverse mobility
against the CE migration time (Figure 2D), a distinct,

79

202 SR/ Z00 1701, 80P oy Caja A gD S uLnO ot s e sy oy RPNy ‘§-L ‘FE0T ¢

5
7
3
i
El
3
g
g
2
Ed
3
]
H
£
o
]
3
i

- puz-susay e ol

g
P
)
2
2
o
S
)
E
H
E
i
g
7
H
2
z
z
2
1
)
]
]
&



i ELECTROPHORESIS

SCHAIRER ET AL

A .
x10”

8
2 6
g
2 4

2L I

Ao
0 25 50 75 100 125 150 175 200 225
Migration time [min]
(©)
- Int
£ 1500) -
‘o 1250 1.5
£ 1000
o] =
= = — = = 1.0
% 750 = ==
Foo| e 0s
< 250 P o
07 08 09 10 11 12 13 14 15
Inverse mobllity, 1/K, [V-sicm?]
FIGURE 2

Int‘i
p x1l}5
o 4
-
e? 2
— ] 1
0
40 60 80 100 120 140 160 180
Migration time [min]
(D)
=
516 Int.
@ 500
2 400
<2
= 13001
10 oo
§0,8 100
Z%%40 60 80 100 120 140 160 180  °

Migration time [min]

Separating tryptic HeLa digest using 1.5-m long PEO coated capillary. (A) Base peak electropherogram (BPE; 350—2200 m/z).

(B) Heatmap of migration time and m/z value. (C) Heatmap of gas phase mobility and m/z value. (D) Combined heatmap of liquid and gas

phase mobility.

slightly curved distribution is observed again. Further-
more, a large area of the heatmap is covered with data
points of peptides, demonstrating already the different
selectivity of CE and IM, leading to a high orthogonality.
To understand the separation profiles in more detail,
the peptides of CE-MS/MS experiments were identified
based on the fragment spectra using a Mascot database
search. Only the most intense MS/MS spectra were used to
obtain unequivocal peptide sequence information. Based
on the obtained peptide sequence, the amount of basic
and acidic amino acids in the peptide, their charge in the
liguid phase, and pl were derived. By calculating the pep-
tide charge in solution at the pH of the BGE (pH = 1.9 for
the aqueous part), it was revealed that their charge almost
solely depends on the number of basic amino acids. It was
almost independent of the amount of acidic amino acids
present in the molecule. A peptide with one basic and one
acidic amino acid had almost the same charge as a peptide
with one basic and eight acidic amino acids (differences in
charge < 0.07; see discussion below). Thus, the charge of
the peptide in the acidic solution equals to the number of
basic amino acids + 1 (N-terminus). Figure 3A shows the
migration time- m,/Z- heatmap of the identified peptides
colored by the number of basic amino acids in the pep-
tide. The distinct, slightly curved distributions are related
to the different amounts of basic amino acids and therefore
different charge states in the liguid phase. However, mul-
tiple stripes with the same number of basic amino acids
exist and are partially overlapping with stripes containing
other numbers of basic amino acids. For example, peptides

with two or three basic amino acids overlap between 56 and
76 min. The reason for the existence of several stripes is that
the peptides have a distinct charge state in the liquid phase,
but exist in several charge states in the gas phase. Thus, a
charge deconvolution of the m/z data was performed. The
resulting CE-mass-heatmap reveals single stripes for each
charge state in solution (Figure 3B).

Peptides containing one basic amino acid (all tryptic
peptides should have at least one basic amino acid at the
C-terminus) are doubly charged in solution and have a
smaller mobility in the liquid phase (higher migration
time) than those carrying two or even three basic amino
acids. Each curved distribution contains peptides with the
same charge in solution, and larger masses migrate slower
than smaller ones. Such a picture was already described by
Faserl et al., where LC fractions were analyzed by CE using
sequential sample injection, and the peptides overlapping
could be traced back to their LC fractions depending on
their net charge and mass [35].

A few peptides seem not to fit into this scheme. A closer
examination of the stray peptides revealed that those pep-
tides that are migrating in CE at a lower charge state
than expected either contain a basic amino acid on the N-
terminus or two basic amino acids in close proximity (see
b, ¢, and e-1in Supporting Informaion 52). This is obviously
due to an overestimation of the charge using the sim-
ple approximation without taking neighboring effects into
account. Furthermore, the few peptides that are migrating
in CE at a higher charge state than expected, are most likely
wrong sequence attributions since these peptides appear
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Evaluation of the identified peptides. (A) Migration time-m/z-heatmap (analog to Figure 1B). (B) Heatmap after

deconvolution, migration time-mass plot. (C) Migration time-mobility heatmap (analog to Figure 1D. (D) Migration time-mobility heatmap
with gas phase charge state +2 (cross), (E) Migration time-mobility heatmap with gas phase charge state +3 (cross). (F) Migration
time-mobility heatmap with gas phase charge state 44 (cross). In all diagrams, peptides are colored according to the amount of basic amino
acids in the peptide. Yellow circle: One, light blue triangle: Two, dark blue square: Three, grey diamond: Four basic amino acids.

only in single measurements with a rather low Mascot
score (see a and d) in Supporting Information S2. No corre-
lation between peptide size, general amino acid sequence,
or character of amino acids was identified as the reason for
the misbehaving peptides.

Similar to the migration time-m/z-heatmap, a striped
pattern is observed when the inverse mobility is plotted
against the migration time (Figure 3C). Peptides with the
same mobility in the liquid phase show different mobili-
ties in the gas phase and vice versa. To better understand
stripes where peptides with different basic amino acids
arc mixed, the gas phase charge state was cvaluated. In
Figure 3D, it is visible that peptides containing one, two,
or even three basic amino acids carry two positive charges
in the gas phase (MS). Peptides with three charges in
the MS have cither two, three, or four basic amino acids
(Figure 3E), and peptides with four charges in the MS have
three or four basic amino acids (Figure 3F). Within an area

where peptides with different basic amino acids are mixed,
their charge in the gas phase differs.

Since charge deconvolution of the mass led to a better
understanding of the behavior of the peptides in the liquid
phase, the same was executed for the gas phase mobility as
well. The 1/k; value was first converted into the K, value,
divided by the gas phase charge, and then reconverted into
a charge-normalized 1/k, value. These values were plotted
against the migration time to get a “charge normalized” 2D
mobility plot. As shown in Figure 4A, the peptides group
again in stripes according to their number of basic amino
acids.

However, compared to the charge-deconvoluted mass
result in Figure 2B, where all peptides of the same charge
form distinct sections, the charge-normalized inverse
mobility still shows small gaps scparating the peptides
by their gas phase charge state. This indicates that a
charge normalization for the mobility can be done, but a
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FIGURE 5 Orthogonality of CE-TIMS analysis. Data are
identical to Figure 2D with the relevant migration time range and
lines indicating the edge of the region where peptides are found.

small offset remains. This is most likely because higher
gas phase charge states lead to larger CCS values (larger
1/ky value) due to the repulsing forces of the charges
within one molecule in the gas phase. The high area cover-
age in the charge normalized inverse mobility—migration
time—heatmap (Figure 4A) is retained to a large degree,
indicating a high orthogonality of CE and IM even when
the gas phase charge state is subtracted. This area is much
larger than a similar mass-charge normalized 1/k,-plot
(Figure 4B).

To obtain a full picture of the orthogonality of CE
and IM, the original heatmap of inverse mobility ver-
sus migration time (Figure 2D) is considered since the
data of Figures 3 and 4 do not contain all peptides
(e.g., singly charged peptides were excluded from MS/MS
experiments).

The orthogonality of the 2D separation was estimated
based on the area covered by signals in the range used
for peak capacity calculation (Figure 5). Assuming that the
quadratic area represents 100% orthogonality we achieved
an orthogonality of around 80%. This is only an estimation

(see Gilar et al. [36] for more detailed discussion), however,
it clearly shows that CE-MS can significantly benefit from
the additional IM dimension. The orthogonality is higher
than the one from IM-MS data and rather in the order of a
well performed 2D-separation by LCxLC [37].

A more detailed calculation would reduce the orthogo-
nality value to some extent since the empty room between
the distinct, slightly curved distributions are considered.
However, the information (about the charge state in solu-
tion) obtained from these stripes (see discussion above) is
valuable. A spreading of the signal could be obtained by
increasing the pH. This can be seen in the data of Gou
et al. [33]., where a BGE of 2.5% acetic acid (pH of 2.6)
was used, making it difficult to observe such a pattern.
Indeed, when calculating the expected charge in solution
for pH = 2.6, deviations of 0.34 from the nominal charge
states derived from the basic amino acids alone are calcu-
lated when acidic amino acids are present in the respective
peptide. For the BGE at pH = 1.9 (aqueous part of the here
applied BGE), this deviation is less than 0.07 (see Support-
ing Information S3). Although the striped patterns merge
into each other at higher BGE pH values, we still expect
in this case a high orthogonality of CE and IM due to
solvation effects in CE.

4 | CONCLUDING REMARKS

Coupling the CE using the nanoCEasy interface to the
timsTOF enabled the sensitive characterization of com-
plex tryptic peptide mixtures derived from a complete
proteome. The tryptic HeLa digest could be injected in rel-
atively large volumes (6.81% of capillary) without losing
separation performance. A total peak capacity of up to 9500
demonstrates the analytical performance gain for complex
samples by adding a factor of around 30 in peak capac-
ity by the TIMS even when fast IM-gradient is used—in
conjunction with the ability to generate MS/MS spectra at
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almost 100 Hz without compromising sensitivity. The peak
capacity of the CE reaches a value of 323 for these complex
peptide samples.

The acidic BGE leads to well-distinct curved patterns
in the migration time-m/z profile. Similarly, curved pat-
terns of identical charge in solution and gas phases are
obtained in the migration time-inverse mobility heatmap,
A charge normalization based on the gas phase charge
obtained from the MS reduces the number of stripes to one
for each charge state in solution with a slight gap result-
ing from the initial gas phase charge. This agrees with the
expectation that a higher charge in the gas phase leads to
larger molecules due to repulsion forces. Even after charge
normalization, a high orthogonality for CE and gas-phase
IM is observed. Although the underlying separation prin-
ciple is the same, the solvation leads to differences not
only in charge but also in size, resulting in a significantly
different selectivity of CE and IM. The high orthogonal-
ity obtained here for peptides is expected to be observed
also for other analytes, making CE-IM-MS a promising
tool for various applications, especially when applying the
ultrafast and sensitive MS/MS performance of the TIMS
system.
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The analysis of product-related substances and impurities is a critical step in the biopharmaceutical quality
control of multiattribute monoclonal antibodies (mAbs), as posttranslational modifications or other variants can
influence the product’s biological activity. Many approaches are available for variant analysis; however, they are
either variant-specific, mAb-specific, time-consuming, or require expensive equipment. Here, we present a
generic capillary electrophoretic method based on a neutral-coated capillary which was coupled to mass spec-
trometry (MS) via the nanoCEasy interface for mAb variant analysis at the subunit level (enzymatically digested
and reduced mAb). The method enabled the separation of several (i) size variants (e.g. glycosylation variants)
and (ii) charge variants (e.g. c-terminal lysin clipping) as well as (iii) multiple other proteoforms (e.g. additional
glycation) and (iv) incompletely reduced subunits. Separated variants were confirmed by MS/MS fragmentation
even for small mass deviations like deamidation or open disulfide bridges. The system, initially developed for one
mADb, was tested with nine other 1gG1s to show the general applicability of the system. The presented multi-
attribute method enables fast and detailed characterization of mAb variants with little sample preparation and
relatively simple separation equipment enabling the separation of a large set of mAb variants.

1. Introduction

Approximately 50 % of the biopharmaceuticals approved in the last
decade were monoclonal antibodies (mAb) [1]. Patients depend on
stable, safe, and effective medications that require critical product
validation. Critical quality attributes are tested and analyzed to ensure
that produet variations and impurities are within a predefined range to
guarantee product quality and safety. Even with a highly controlled
production process, monoclonal antibodies can have a multplicity of

parameters, the cleanup procedure, or the storage conditions. These
mAb variants, such as C-terminal lysine variants, oxidation, deamida-
tion, and glycosylation change the mAb in size and charge [2]. These
variants can be analyzed on an intact, subunit, or peptide level using
reversed-phase liquid chromatography (RPLC), hydrophilic interaction
liquid chromatography (HILIC), ion exchange chromatography (IEX),
capillary electrophoresis (CE) or capillary isoelectric focusing (CIEF)
coupled to UV and mass spectrometry (MS).

The mass spectrometric analysis of mAb variants on an intact level is

macro and microheterogeneities [2]. These heterogeneities arise from
the cell culture in which the mAbs are produced, the chosen process

fast and relatively easy. Using RPLC, which is generally used for
desalting, the overall proteoform population on the mAb and the
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pherogram; ETheD, Electron transfer higher energy collisional dissociation; FA, Formic acid; Fe/2, C-terminal half of heavy chain; Fd, N-terminal half of heavy chain;
HC, Heavy chain; HILIC, Hydrophilic interaction liquid chromatography; ID, Inner diameter; [EX, Ion exchange chromatography; IPA, Isopropancl; LG, Light chain;
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glycosylation pattern can be detected. Both information is lost as soon as
the mAb or the glycans are enzymatically digested. RPLC-MS is also
capable of detecting variants with high mass differences and many
samples can be measured (high-throughput) [2]. With CE-MS, the
glycosylation patterns that are not separated with RPLC can be
marginally separated and mono- and aglycosylated mAbs can be
analyzed [4]. With CIEF-MS C-terminal lysine variants can be separated
and identified [5] and a well-optimized IEX-MS method can provide
additional information on acidic and basic species with smaller mass
differences compared to the main form [6,7]. Although the intact
approach is great for high-throughput analysis, it is not accessible for
fragmentation experiments. Additionally, modifications with small mass
differences are only detected with well-optimized separation, which, in
the case of IEX-MS cannot be universally applied to all mAbs because of
their different isoelectric points (pI).

The mass spectrometric analysis of mAb variants on the peptide level
(peptide mapping) enables fragmentation experiments and a detailed
analysis of the location of the variant. Variants with low mass differ-
ences like deamidations can be very well characterized even though the
analysis is significantly more time-consuming. Sample preparation takes
several hours to days depending on the approach, followed by relatively
long separation methods using RPLC [8,9]. Apart from these prolonged
analysis times, the peptide mapping approach faces the problem of ar-
tifacts and induced variants like deamidation or carbamylation when
high temperatures, high pH, or urea is used [8,10,11]. In addition, the
presence of several modifications can not be determined on the peptide
level.

As a compromise between both approaches, mAbs can be analyzed in
a reduced (heavy chain (HC) and light chain (LC)) or enzymatically
digested and reduced (LC, N-terminal half of heavy chain (Fd), and C-
terminal half of heavy chain (Fe/2)) subunit state. The interpretation of
the MS spectra gets easier compared to the intact level since e.g. only
one glycan is bound to the HC or Fe/2 subunit. Furthermore, the subunit
moieties are accessible for MS/MS experiments, so the location of the
variant can be determined. The subunit approach also enables a better
separation compared to the intact level and is less prone to artifacts
compared to peptide mapping. Prior to MS characterization, subunits
can be separated by RPLC, HILIC, CE, IEX, or CIEF. RPLC is mostly used
to separate specific variants like oxidation [12,13], glycosylation [14],
or disulfides [15,16]. RPLC is also used for sequence coverage optimi-
zation [17]. Since each modification requires another column, this
approach is not suitable for multiattribute analysis. HILIC is used for
glycosylation analysis [6,15] but other proteoforms will not be very well
separated. IEX is useful for charge variant separation of enzymatically
digested mAb [19] however reduced subunit samples containing salts
and the different pl of the subunits can cause troubles when applied to
the TEX. CIEF was used for the analysis of cetuximab subunits [20]
although, CIEF is more commonly used for intact analysis. Compared to
all these approaches CE is expected to be the only multiattribute sepa-
ration method at the subunit level that allows the separation of different
samples and variants without large method adjustments (as needed in
RPLC or IEX) and can be relatively easily coupled to MS without
contaminating the MS with salts or ampholytes (as in [EX or CIEF).
Several CE-based studies analyzed mAb on different subunit levels for
glycosylation, deamidation, oxidation, pyroglutamate, and C-terminal
lysine clipping [4,21-26]. However, these methods either did not sys-
tematically study several mAbs or variants [4,21,23,25], were not
directly coupled to the MS [21 ], were only used as a supplement to intact
or peptide level analysis [4.22-25], were facing incomplete sample
reduction due to desalting prior to the analysis [22], or require dedi-
cated equipment [26].

Here, we present a generic method to separate and analyze subunits
(enzymatically digested and reduced) of mAbs using an online CE-MS
(MS/MS) system. The systematic variant evaluation was performed for
all subunits of nine different mAbs and one stressed mAb using MS/MS
to identify and determine the location of the modification. We also
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briefly evaluated incomplete sample reduction and determined the
overall number of possible proteoforms based on the deconvoluted
masses, demonstrating the high potential of the method.

2. Materials and methods
2.1. Chemicals and materials

Infliximab (10 mg/mL, charge: 8KMKA90603) and cetuximab
(5 mg/mL, charge: 248033), were purchased from Evidentic GmbH
(Berlin, Germany). Protein A purified research antibodies mAb1 (20 mg/
mL), mAb2 (16.8 mg/mL), mAb3 (18.3 mg/mL) mAb4 (21.7 mg/mL),
and mAb5 (18.5 mg/mL) were kindly provided by Rentschler Bio-
pharma SE (Laupheim, Germany). NIST mAb (10 mg/ml, Reference
Material 8671, lot: 14HB-D-002) was purchased from the National
Institute of Standard and Technology (NIST, Gaithersburg, MD, USA).
USP mADbOO03 (Cat. No. 1445595, LOT: F12980, 10 mg/mL), 3-(N-mor-
pholino) propanesulfonic acid (MOPS)-buffer, 1,4-dithiothreitol (DTT),
and hydrochloric acid (37 %) were purchased from Sigma (Steinheim,
Germany). Isopropanol (IPA, LC-MS grade), ammonia solution (p.a.,
30 %), and formic acid (FA, >98 %) were purchased from Carl Roth
GmbH & Co. KG (Karlsruhe, Germany). Urea (Ultrapure) and guanidine
hydrochloride (99.5 %) were purchased from ThermoFisher Scientific
(Dreieich, Germany). Sodium hydroxide (NaOH) and hydrofluoric acid
(40 %(v/v), HF) were purchased from Merck (Darmstadt, Germany).
Polyethylene oxide (PEO, Mw: 1.000.000) was purchased from Alfa
Aesar (Kandel, Germany). IdeS protease was purchased from GENOVIS
(FabRICATOR, 5000 units, Lund, Sweden). Ultrapure water was used for
all solutions (SG Ultra Clear UV from Siemens Water Technologies,
USA).

2.2, Sample Preparation

pH stress was achieved by pipetting 0.5 pL concentrated ammonia
solution to 10 pL undiluted mAb. The sample was then left in the dark for
7 days at room temperature. Afterwards, the samples were directly used
for further sample preparation.

All mAbs were digested following the FabRICATOR digestion pro-
tocol of GENOVIS. 200 pg mAb was digested in MOPS buffer at pH 7.2
using 200 U of IdeS. The samples were incubated for 30 min at 37°C and
500 rpm.

After digestion, a part of the samples were reduced with DTT in the
presence of urea leading to a final mAb concentration of 0.6 mg/mL. The
reduction was incubated for 60 min at 37°C and 500 rpm. Samples were
frozen at —20°C until measurement. Detailed sample preparation pa-
rameters were published elsewhere [27].

2.3. CE analysis

The experiments were conducted on an Agilent 7100 CE instrument
(Agilent Technologies GmbH, Waldbronn, Germany). Fused silica cap-
illaries (separation capillary: 50 pm inner diameter (ID), 365 pm outer
diameter (OD), and sheath liquid (SL) capillary: 100 pm ID, 240 pm OD)
were purchased from Polymicro Technologies (Phoenix, AZ, USA).

An etched 60 cm length and 50 pym ID polyethylenoxid (PEO) coated
capillary was used for all experiments to avoid protein adsorption.
Capillary etching and PEO coating were performed as described in detail
elsewhere [27]. Briefly, for capillary etching, the polyimide was
removed from the capillary end and then dipped into hydrofluoric acid
for 60 min. The capillary was prepared with 1 M NaOH, water, and 1 M
HCI for 5 min, respectively, followed by the PEO coating solution for
10 min, water, and background electrolyte (BGE) for 5 min, respectively.
The PEO coating solution was prepared by first preparing a PEO stock
solution where 100 mg PEO was dissolved in 45 mL of water. 450 pL of
the stock solution was then acidified using 50 uL 0.1 M HCL The
capillary coating was applied each day to guarantee a proper capillary
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coating.

The BGE consisted of 10 % IPA in water containing 1 M FA. Sample
injection was carried out hydrodynamically using 50 mbar pressure for
10 5. A 20 kV voltage was applied for the separation. The capillary was
flushed for 3 min with BGE between the runs.

2.4, nanoCEasy interface

For all CE-MS and CE-MS/MS experiments, the nanoCEasy interface
was used | 28]. The emitters were obtained from BioMedical Instruments
(Zoellnitz, Germany). The interface was supervised using a digital mi-
croscope (Dino-Lite, Almere, The Netherlands). The emitter had a 30 um
tip opening and a tip length of 4 mm and was placed 3 mm in front of the
MS orifice. In the separation mode, the separation capillary was placed
3 mm behind the emitter tip.

2.5. MS and MS/MS analysis

MS experiments were performed using the Orbitrap Fusion Lumos
Tribrid MS (Thermo Fisher Scientific, SanJose, CA, USA). IPA: Water
(50:50) + 0.5 % FA was used in all experiments as SL. Positive ionization
mode, a spray voltage of 2000 V, sweep gas of 3 Arb, and 300°C ion
transfer tube temperature were used. Data were acquired from 700 to
3000 m/z with an Orbitrap resolution of 120,000.

For MS/MS experiments, the Orbitrap resolution was set to 7500 in
the MS1 scan and the scan range was set from 700 to 3000 m/z. For MS2,
the scan range was set to from 150 — 2000 m/z with an Orbitrap reso-
lution of 120,000. Electron transfer higher energy collisional dissocia-
tion (ETheD) was used to fragment the precursor ions. Electron transfer
dissociation (ETD) reaction time was 12 ms (ETD reaction target of 6E5
in 200 ms), followed by 12 % normalized higher energy collisional
dissociation (HCD) collision energy.

2.6. Data analysis

Orbitrap data was evaluated using Freestyle 1.8. The extracted ion
electropherograms (EIEs) for the different charge variants were gener-
ated based on the six most intense m/z of the charge envelope and
smoothed using Freestyle Gaussian 5 smoothing. The deconvolution of
Orbitrap MS data was done using the Xtract algorithm, setting the
charge range from 5 to 50 and the minimum number of detected charges
to 5. At first, selected proteoforms were searched for. The identified
proteoforms had (i) at least five charge states (already determined in the
Freestyle deconvolution algorithm) (ii) a mass accuracy of below
15 ppm, (iii) a charge envelop distribution in successive order, and (iv) a
migration behavior that fitted the estimated proteoform. Further,
unassigned proteoforms had to undergo the same criteria. However,
since criteria (ii) and (iv) could not be applied the signal intensity had to
exceed 30,000 counts. All unassigned masses below this threshold were
excluded from the final list.

The MS/MS data were deconvoluted using Xtract, however, the
minimum number of detected charges was decreased to 1. The decon-
voluted fragments were analyzed using ProSight Lite v1.4 (North-
western University, Evanston, IL, USA) with a fragment tolerance of
10 ppm.

3. Results and discussion
3.1. Subunit moiety separation

The analysis of antibody subunits is straightforward, requires a
limited amount of sample preparation, and therefore reduces the overall
analysis time. Separation parameters like BGE composition and sepa-
ration voltage were tested. On the neutrally coated capillary a BGE
containing 5 % acetic acid was not separating the three subunit moieties
and the Fc/2 signals were less intense compared to the LC and Fd signals.
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0.2 M formic acid (FA) as BGE improved the separation but the Fc/2
subunit signal remained quite low intense compared to the other two
subunit moieties. The BGE containing 10 % IPA and 1 M FA provided
peaks with similar intensities for each subunit moiety. 10 kV and 20 kV
separation voltages were tested. Since 10 kV was only prolonging the
separation time without showing additional signals in the MS, 20 kV was
used for further experiments (data not shown). Sample preparation was
also optimized and was described elsewhere [27]. Briefly, the sample
preparation was improved by using 4 M urea to enhance sample
reduction using DTT. Without this chaotropic salt sample reduction was
insufficient and almost no reduction was achieved. The digested and
reduced antibodies were directly analyzed without the removal of
enzyme or urea prior to the measurement. As shown by the total ion
electropherograms (TIEs) in Fig. 1, the separation is done in under
30 min and the three subunits can be separated in most cases.

Fc/2 is in all cases migrating first, followed by Fd and LC. mAb2 is
the only mAb where the LC migrates faster than the Fd. For NIST, Fe/2
and Fd were not separated from each other and for cetuximab, no Fd
peak was detected even with a prolonged analysis time to rule out a
slower migration behavior. Cetuximab was the only antibody in the set
that contained Fd glycosylation, which could explain why this is the only
mAb where Fd was not detected. The complex glycosylation heteroge-
neity influences the signal intensity. We saw a quite noisy, low intense
signal at the end of the LC subunit peak that could not be deconvoluted
using the Xtract algorithm. That could possibly be the Fd exhibiting a
large microheterogeneity due to additional glycosylation, potentially
suppressed due to the LC subunit. mAb1 and pH-stressed mAb]1 differ in
migration time due to ammonia in the sample used for pH stressing.
Some mAbs such as infliximab, mAb2, mAb4, and mAb5 show addi-
tional intense signals, which will be discussed in detail later.

3.2. Glycosylation/aglycosylation/sialic acid

Most 1gG1 mAbs are glycosylated in the CH2 domain of the mAb
which is highly responsible for the structure, stability, and functionality
of mAbs [29]. The N-glycosylation core consists of a five-hexose struc-
ture followed by several hexose moieties (see Fig. 2B).

The separation of the different glycoforms of the Fc/2 as well as the
aglycosylated Fe/2 using the method described above is shown in
Fig. 2A. Aglycosylated Fc/2 is migrating at 20.26 min and can be
separated from the Fc/2 variants carrying different glycosylation around
21 min. Fe/2 variants with larger glycans migrate slower (Fe/2+G2F,
21.12 min) compared to Fc/2 variants carrying smaller glycans (e.g. Fe/
2+GOF, 20.97 min). Fe/2 with sialylated glycans (sialic acid, SA, adds
an additional charge to the molecule; the lowest three EIE of g, 2A) are
baseline separated from Fe/2 with non-sialylated glyeans. The migration
order of the different Fc/2 proteoforms is conclusive with the applied
neutrally coated PEO capillary where no EOF is present and molecules
are separated based only on their mobility. The appearance of a second,
baseline-separated signal in the extracted ion electropherogram (EIE) of
aglycosylated Fc/2, Fe/2+G2FSA, and Fe/2+G2F25A is a result of the
chosen m/z values for EIE generation and the underlying isotopic
pattern of different proteoforms. E.g. m/z 902.3866 (z=29) used in the
EIE generation for Fe/2+G2F25A is out of the 5 ppm range of 902.2836
(z=28) used for Fc-+GOF. However, the isotopic distribution of 902.2836
(z—28) shows an m/z at 902.3890 which is covered by the 5 ppm range
of Fe/24G2F2SA. This does not disturb the analysis here, because these
two peaks can be assigned to their correct proteoform by migration time,
mass, and fragmentation results. The double peaks for Fe/2+G0-
GleNAe, Fe/2+GOF-GleNAc, and Fe/21GIFSA could theoretically be
positional isomers as indicated in Fig. 2B. However, such a separation is
not expected and no further experiments were done to confirm or deny
this theory.

The ratio of the detected glycan species relative to the most intense
glycoform was also evaluated based on the EIE. The Fc/2+GOF intensity
was set to 100 % for each of the four runs (n—4) and the relative amount
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of each glycoform was calculated. The results in I'ig. 2C show that most
species have an intensity below 6 % compared to the GOF glycoform and
very low abundant species such as Fc/24G2F2SA with a relative in-
tensity of 0.67 % can still be detected. This demonstrates that the pro-
posed method is capable of describing the glycosylation pattern of mAbs
in great detail.

As shown here for mAb1 the same separation of different glycoforms
was achieved for all mAbs measured. Only NIST mAb was challenging
since Fe/2 and Fd proteoforms migrated similarly potentially causing
ion suppression, especially to the low abundant glycosylation species.
The detected masses as well as the EIEs for the detected glycans of each
mAb can be found in Supplementary Information S2-512.

3.3. Additional glycation

In addition to the glycosylation discussed above, there are further
possibilities for sugar moieties to be attached to the molecule. This mAb
modification with single hexose moieties happens non-enzymatically at
lysine residues due to the sugars used in cell culture media. [30] This
glycation was found on the LC of NIST mAb, USP mAb003, pH-stressed
mAbl, and mAb2. LC glycation causes an increase in migration time of
0.06 min up to 0.25 min depending on the mAb that was analyzed. The
glycation on the lysine reduces the positive charge of the molecule by
one unit and creates an acidic variant which results in a longer migration
time using the above presented method. LC glycation was detected at
relatively lowlevelsof 49 % + 0.4% forNIST,3.7% + 0.4 %for
USPmMADO03, 2.6 % =+ 0.2% for pH stressed mAbl, and 4.6 %

+ 1.1 % for mAb2 (n=3 for all mAbs). Although fragmentation ex-
periments were conducted, it was unclear where the glycation was
located. This has two possible explanations. First, the signals are quite
low and provide only a few fragment ions and second, there are several
possible lysine moieties to which the hexose could be attached. A recent
interlaboratory study was analyzing NIST regarding variants including
glycation using reduced mAb [31]. There, glycation in the LC was
detected on various lysine residues in low abundances (smaller 0.82 %
per Lys using peptide mapping). Taking this into account, the glycation
peak detected with our method probably contains all of these proteo-
forms, which makes the identification using MS/MS complicated. No Fd
glycation on NIST was detected with our approach even though it was
reported in several publications [26,31]. As already mentioned a proper
separation of the proteoforms is crucial for their detection, especially if
the proteoform is low-abundant. It is most likely that for NIST the Fd
glycation was not detected because Fd and Fe/2 are not separated. This
hypothesis is supported by the fact that Fd glycation was detected for
mAb1. There, glycation was detected with a migration time shift of
0.06 min at a level of 3.4% + 0.2 % compared to the non-glycated
Fd. Apart from mAbl, no Fd glycation was detected in any other mAb.

A glycation on the Fe/2 subunit is difficult to analyze because it can
easily be mistaken for another glycoform, especially without proper
separation. E.g. Fc/2+GOF  +Hex has the same mass as the F¢/2+GIF.
The glycated proteoform must be separated from this glycosylated form
for identification. mAbl was the only mAb with a possible glycation on
the Fc/2. After EIE generation a low-intensity partly separated peak at
21.31 min for Fe/24+GOF (20.97 min) and 21.41 min for Fe/2+4+G1F
(21.03 min) was determined. These minor peaks could be possible gly-
cated species of the respective Fe/2 glycoforms. However, this is only an
assumption based on the fact that none of the other mAbs showed a
minor peak next to the main glycoform. The detected masses as well as
the EIEs for the detected glycation of each mAb can be found in sup-
plementary material S2-S§11.

3.4. Lysine variants
Lysine variants are another modification that is present in many

mAbs. The different variants of lysine occur due to posttranslational C-
terminal processing with carboxypeptidases resulting in clipping of the
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mannose; yellow circle: galactose, pink diamond: sialic acid, red triangle: fucose; C) Glycan distribution of mAb1 relative to GOF (n=4).

lysine [32]. Lysine variants were detected in various amounts in mAb1,
pH-stressed mAbl, USPmAbO03, NIST, infliximab, and cetuximab.
Especially infliximab showed extensive lysine variants. The TIE in
Fig. 3A shows two separated Fc/2 signals with similar intensity, one for
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Fig. 3. A) TIE of infliximab with two Fe/2 signals. First signal: +Lys; Second signal: -Lys, Separation conditions as in Fig. |; B) Deconvoluted mass spectrum of both
signals. Upper spectrum for Fe/2 with the lysine still attached. Lower spectrum for Fe/2 without the lysine. Lysine distances between different glycan species are
indicated with arrows. Red: Fc/2+GOF, blue: Fc/2+G1F; C) MS/MS results of Fe-+GOF+Lys (left) and Fe+GOF(right).
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proteoforms of Fc/2 and their respective lysine variants. The migration
order of the different Fc/2 proteoforms is conclusive with the applied
neutrally coated PEO coating. The additional C-terminal lysine adds a
positive charge, resulting in a faster migration time. The deconvoluted
mass spectra in Fig. 3B clearly show the 128 Da mass shift for the two
main glycosylation forms of Fc/2. The MS/MS data in Fig. 3C confirm
the lysine variant with the respective y and z ions.

The ratio of Fc/2 with lysine compared to Fc/2 without lysine was
calculated for each glycoform. Therefore, the intensities for Fe/2
without lysine were set to 100 % for each glycoform and each of the
three runs, and the relative amount of each lysine variant was calculated
based on the EIE. Compared to Fc/2+GOF without lysine, the lysine
variant of the Fe/2+GOF has a relative intensity o/ 92.06 + 15.83 %.
The lysine variant of Fe/2+G1F has a relative intensity of 100.44
+ 17.78 % compared to Fc/2+G1F without lysine, and the lysine
variant of Fc/2+G2F has a relative intensity of 108.23 + 9.07 %
compared to Fe/2+G2F without lysine. These values indicate that Fe/
2G2F seems to be a bit more prominent in the lysine form than in the
form without lysine. At the same time, the GOF glycoform seems to be a
bit less abundant in the lysine proteoform compared to the proteoform
without lysine. The Fe/2+G1F glycoform has a similar intensity for both
proteoforms,

As shown here for infliximab, the same separation of different gly-
coforms and lysine variants was achieved for all mAbs with single lysine
clipping. While for infliximab, lysine variants were easily detected, other
mAbs such as mAbl only have minor lysine variants. Still, Fc/
21G1F+Lys with a relative intensity of 0.59 + 0.11% (n=3)
compared to Fe/21G1F was detected for mAbl. The detected masses
and the EIEs for the detected glycans and lysine variants of each mAb
can be found in supplementary material S2-S12,

3.5. Oxidation

Another mAb variant is the oxidized form. Methionine is the most
prominent amino acid for oxidation, but other amino acids such as
histidine and tryptophan can also be oxidized [33]. Oxidation was
detected in eight of the ten mAbs using the method mentioned above,
except for USPmAb003 and cetuximab. In all cases, it was either LC or Fd
oxidation that was identified. Fe/2 oxidation remained unclear because
Fc/2+GOF in its oxidized form has the same mass as an Fc/2+G1 and an
Fc/2+G1F in its oxidized form has the same mass as an Fc/24+G2.
Sample preparation-induced oxidation was ruled out since all samples
were prepared on the same day and frozen until measurement. In most
cases, only a single oxidation on a single subunit moiety was detected. As
shown in Fig. 4 the most oxidized species were detected on mAb3, LC
and Fd were both oxidized three times, and a slight shift in migration
time of around 0.1 min per oxidation was detected.

The Fd of mAb3 contains three methionine moieties, M18, M34, and
MB5 so single, double, and triple oxidized species are possible. MS/MS
experiments were performed for the single-oxidized Fd, however the
exact location of the oxidation site in the molecule remains unknown.
This can be explained by the fact that no separation of the positional
isomers is obtained leading to mixed MS/MS spectra. Thus, the exact
location of the oxidation remains unknown even though the proteoform
is quite abundant with a relative abundance of 34.45 + 5.50 %.
Compared to that, the double and triple oxidation is less abundant as can
be taken from Table 1. The sequence of the LC of mAb3 only contains
one methionine moiety at M55. This location for single oxidized LC
could be confirmed by MS/MS experiments due to the high abundance of
this proteoform (Table 1). Since double and triple oxidation is also
present based on the shift in migration time and mass, other amino acids
than methionine are most likely oxidized. Additionally, the EIE for
double and triple-oxidized LC showed a second, intense signal at
24.45 min and 24.55 min respectively. After a detailed examination of
the data (charge envelope distribution, signal intensity, and deconvo-
luted mass), there is no indication of a misinterpretation of these signals
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Fig. 4. EIEs, deconvoluted mass spectra (left), and MS spectra (right) of
different oxidation species for Fd and LC of mAb3. Deconvoluted MS spectra
show the 16 Da mass difference between the oxidation species. MS spectra at
peak maximum of Fd (z=28) and LC (z=26) Separation conditions as in Fig. 1.

caused by another variant or isotopic distribution. Nevertheless, the
interpretation of these second doubly and triply oxidized species peaks
remains open.

Similar to mAb3, different oxidized species are separated for eight
mAbs, The detected masses and the EIEs for the detected oxidation of
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Table 1
Relative amount of oxidation variants relative to its respective subunit main
form (n=3).

Subunit Relative amount Standard deviation
[%] (%]

LC

LC + 1 Oxidation 16,62 6.16

LC + 2 Oxidation 4.13 1.65
{23.91 min)

LC + 3 Oxidation 1.86 1.40
{23.98 min)

LC + 2 Oxidation 3.64 1.26
(24.45 min)

LC + 3 Oxidation 141 0.12
(24.55 min)

Fd

Fd + 1 Oxidation 34.45 5.50

Fd + 2 Oxidation .98 4.21

Fd + 3 Oxidation 4,91 2.75

each mAb can be found in supplementary material 52-511.

3.6. PyroGlu and succinimide

Mass differences of —17 Da or —18 Da are often detected. At least one
subunit of each mAb provided such a mass shift. In most cases, this
detected proteoform is not separated from its main form. E.g. in sup-
plementary material S3 the mass shift was detected for LC and Fd of
mAbl but the migration times of these proteoforms did not differ.

Besides these unseparated variants, there are other variants where
the migration time is slower indicating an acidic variant in the applied
CE system. Based on the sequence Fd of mAb2 has a monoisotopic mass
of 26041 Da which was not detected, Instead, a mass of 26024 Da
(22.65 min) was deconvoluted and assigned to the pyroGlu variant of
the Fd via MS/MS experiments. mAb2 contains a  at the N-terminus of
Fd and the detected —17 Da loss in mass is due to the loss of the N-
terminal amine in the form of ammonia. An acidic migration time shift
of Fd pyroGlu compared to Fd can not be described due to the absence of
the Fd subunit. In contrast, mAbS showed a separation of Fd and Fd
pyroGlu migrating at 21.55 min and 22.03 min respectively (see sup-
plementary material 58). Here the acidic Fd pyroGlu from Q is indeed
migrating around 0.5 min later compared to the Fd subunit.

Shifts in migration time towards faster values and therefore basic
variants were detected several times. Especially mAb2 showed these
shifts (see Fig. 5).

The LC of mAb2 has a sequence-based theoretical mass of 23,548 Da.
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Fig. 5. Exemplary migration behavior of LC and Fd subunits of mAb2 with a
17 Da lower mass compared to the subunit main form, EIEs are generated based
on 6 m/z values. Separation conditions as in Fig. 1.

Journal of Pharmaceutical and Biomedical Analysis 252 (2025) 116495

This mass was detected at a migration time of 21.95 min. A —17 Da shift
in mass (23,531 Da) was detected as a basic variant at 21.92 min,
however, this does not fit the pyroGlu formation from E. An N-terminal
glutamic acid (E) can transform to pyroglutamic acid, resulting in a
water loss and therefore a mass shift of —18 Da [34,35]. Since we can not
distinguish the —17 Da and — 18 Da mass shift from each other due to the
isotopic distribution of the subunits pyroGlu from E and succinimide are
both possible modifications. Another basic peak with a —17 Da mass
shift was detected on the Fd. From the Fd pyroGlu (26,024 Da) peak at
22.65min a baseline-separated, basic peak at 22.31 min with an
intense, deconvoluted mass of 26,007 Da was detected. This variant is
17 Da lighter and, based on fragmentation results, it seems that succi-
nimide formation on one of the several asparagines in the sequence
(based on IMGT unique numbering for C-DOMAIN namely numbers 48,
64, 82, 85, and 92) might have occurred (see supplementary material
513 for detailed information on fragmentation). However, we cannot
determine where the modification is located. The detected masses as
well as the EIEs of each mAb can be found in supplementary material
52-512.

3.7. Carbamylation

In peptide mapping approaches, carbamylation is a problem when-
ever urea is used and has already been discussed in several publications
[8,10,11], Carbamylation results in a loss of positive charges and
therefore an acidic variant due to the reaction of cyanate with amines
[11]. Carbamylation is identified in the MS by a 43 Da mass shift. Car-
bamylation has been reported to become a major issue when high urea
concentrations are used and the reaction takes place at high tempera-
tures for an extended period of time [10]. To avoid carbamylation in our
experiments as much as possible, the reduction was carried out only at
37°C for 1 h. The samples were immediately frozen afterward. Never-
theless, carbamylation was detected based on the deconvoluted mass
even though no shift in migration time was detected. mAbl, mAb2, and
mADb3 showed masses that were assigned to carbamylation of the LC, Tt
could not be experimentally proved whether this carbamylation is due to
the use of urea because urea-free sample preparation is required. As was
previously shown in another publication without urea, sample prepa-
ration was highly inefficient, and guanidinium hydrochloride, as an
alternate chaotropic salt, migrated in the CE system, making the eval-
uation challenging [27]. Removing any chaotropic salt (urea or guani-
dinium hydrochloride) would remove the reducing agent DTT
potentially leading to disulfide scrambling as shown by Belov et al. [4]

3.8. LC deamidation on high-pH stressed mAb1

Deamidation is one of the most challenging modifications in MS with
amass change of 1 Da. Especially on the intact level, this mass difference
can be easily overseen if there is no separation before the MS analysis.
The subunit approach in combination with middle-down fragmentation
aimed to separate and analyze these deamidated forms. To induce
deamidation, mAbl was pH-stressed for 7 days. After this time, a mass
difference on the LC (23,429 Da compared to 23,428 Da) was decon-
voluted indicating deamidation. Since EIE generation is impossible for
the individual variants, the fragmentation results for each MS/MS
experiment in the time window of interest were evaluated and compared
to the MS/MS results of non-stressed mADb1. A deamidation close to the
N-terminus was more likely based on the fragmentation results. For
example, the MS/MS result at 24.12 min provides 10 fragments (b and c
ions) for a deamidation closer to the N-terminus (probably at N30) while
a deamidation close to the C-terminus (N158 or N210) only provides 3
fragments (y and z ions). With this deamidation location, further eval-
uation was executed as shown in Fig. 6 (a middled EThcD MS/MS
spectrum can be found in supplementary information 514).

The direct comparison of stressed and non-stressed mAb1 in Fig. 6A
and Fig. 6B shows that more ions are detected for deamidated LC in the
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Fig. 6. A) TIE (black line) of LC of high pH stressed mAbl. Columns represent
amount of b and ¢ ions indicating LC (blue) or N-terminal deamidation of LC
(red) B) Same picture generated for non-stressed mAb1,

stressed sample compared to the non-stressed sample. At certain time
points in the stressed sample (Fig. 6A), more fragmentation ions are
attributed to the deamidated LC than to the non-modified LC. In com-
parison to the non-stressed mAb (Fig. 6B) where the LC is the dominant
proteoform this result for the stressed mAb strongly suggests deamida-
tion (any single deamidated LC would statistically lead to the same
number of fragment ions attributed to deamidated and non-deamidated
LC). The whole peak is expected to be a mixture of positional isomers of
singly deamidated LC, which contains 20 possible deamidation sites.
The shift in migration time towards lower values compared to the un-
stressed sample is due to the alkaline stress conditions. Nevertheless,
middle-down fragmentation might be an alternative tool for the detec-
tion of deamidated LC, though further experiments are required here.

3.9. Miscleavages of IdeS and partial reduction

mAD5 showed many signals in the TIE (compare Fig. 1) and the
masses for Fc/2 and Fd were not detected at first. Fc,/2+GOF showed an
inerease in mass of 57 Da while Fd showed a loss in mass of 74 Da. The
reason for this remained unknown until the consensus sequence was
inspected more closely. All mAbs in this study showed the IdeS
consensus sequence of CPAPELLG/GPSV. mAb5 had a slightly changed
consensus sequence (CPAPELAGAPSV). The two altered amino acids
lead to a shifted cleavage site by one amino acid. The G that should
remain at the C-terminus of the Fd subunit was located at the N-terminus
of the Fc/2 subunit. This explained the 57 Da increase in the Fc/2 sub-
unit. The loss of 74 Da on the Fd is the sum of the missing G at the C-
terminus and a pyroGlu formation on the N-terminus. This hypothesis
was then confirmed with fragmentation experiments,

mAb4 and mAbS5 showed a high amount of still unreduced and partly
reduced species. Subunit reduction has already been discussed else-
where [27]. It remains unknown why large amounts of unreduced spe-
cies are present even though all mAbs are IgG1. Nevertheless, these
species can be separated using this CE method and are identified using
MS and MS/MS.
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3.10. Other intense but unassigned proteoforms

So far, specific charge variants have been searched and analyzed
(compare supplementary information 51). However, independent of the
strict criteria mentioned in the method section, several deconvoluted
masses that were not assigned to a variant remain. Between 12 (Inflix-
imab) and 40 (mAbl), deconvoluted masses for each mAb remain
unassigned to a proteoform (compare Table 2),

These possible proteoforms show a signal intensity above 30,000
counts and have a minimum of 5 charge states in consecutive order. E.g.
a very prominent but unassigned mass is 26,043 Da on mAb2 migrating
with the Fd pyroGlu. The Fd pyroGlu has a mass of 26,023 Da creating
an unexplainable mass shift of +20 Da. Additionally, there were in-
creases in mass that were detected for some subunit moieties but could
not be assigned to any proteoform of the respective subunit. There are
further deconvoluted masses that passed the evaluation criteria but
could not be assigned to any subunit moiety. These masses could be
possible fragments of the subunit moieties like losses of amino acids or
the sum of several proteoforms on one subunit that were not included in
the evaluation process, Overall, Table 2 shows that many variants were
detected for the different mAbs with relatively little effort. Since the
evaluation of these data was done manually with individually summed
time slices, the actual number can be even higher.

4. Conclusion

In conclusion, the presented CE-MS,/MS method can be used as a fast
analysis method to determine mAb variants. The separation of the
subunit moieties was possible for all mAbs tested except NIST and
cetuximab. Variants such as C-terminal lysine, glycosylation, glycation,
pyroGlu, or oxidation can be separated or partly separated from their
main form. Even if the deamidation was not separated from the main
form the MS/MS experiments indicated the presence of this variant in
the sample. Additionally, the method was able to determine incomplete
sample reduction as well as enzymatic miscleavage due to a changed
sequence of the mAb in the IdeS cleavage site, With only injecting ng of
sample we were able to determine proteoforms with a relative intensity
below 0.5 % compared to their respective main variant. In contrast to
peptide level approaches, our CE-MS subunit method enables the char-
acterization of proteoforms with several differently exhibited modifi-
cations as shown here in several examples.

Overall, the presented setup proves that no extensive equipment or
software is needed for variant analysis and that the analysis can be done
without much sample preparation. This generic multiattribute method is
applicable for several mAbs without individual adjustments for each
mADb. In the case of a more detailed MS/MS analysis, fragmentation
parameters can of course be adjusted for each mAb and subunit

Table 2
Overview of identified and other possible proteoforms of each mAb.
mAb Identified proteoform Other possible
proteoform
mAb1 27 40
mAb1 high pH stress 26 25
mAbZ 14 14
mAb3 18 22
mAb4 26 (including incomplete 20
reduction)
mAbS 25 (including incomplete 18
reduction)
USP mAbOO3 15 20
NIST 16 16
Infliximab 12 12
(Evidentic)
Cetuximab 15 28
(Evidentic) (including incomplete

reduction)
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individually. However, the general settings used here can already be
used to locate the variant of the proteoform.
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ABSTRACT ARTICLE HISTORY
Monoclonal antibody (mAb) charge variant analysis, which ensures the quality of bio- Received 22 May 2025
pharmaceuticals, is primarily performed by either cation exchange chromatography Revised 12 July 2025
(CEX), capillary isoelectric focusing (CIEF), or capillary zone electrophoresis (CZE). ~ Accepted 16 July 2025
Though selectivity is different for all methods, mAb proteoforms can be quantified on  keywonps

the intact level with a low risk of artifacts. Identification and characterization can be Charge heterogeneity; direct
performed by mass spectrometry (MS), but coupling is hampered by the use of non- MS coupling; generic
volatile constituents. Here, we present comparative data and a thorough review of CEX- methads; intact mab
MS, CIEF-MS, and CZE-MS for the analysis of charge variants on the intact level. The analysis; subunit mab
separation of the proteoforms is confirmed by online UV detection with subsequent analysis

online MS coupling. Each method was tested for generic use by measuring 10 mAbs with

an isoelectric point (pl) of 7.3 to 8.7 without individually adjusting the method para-

meters for each mAb. The methods and the identified proteoforms are compared among

each other as well as to a previously published CZE-MS method on the subunit level. The

lysine variant was used to compare the resolution of the different separation methods

and showed a high resolving power for all separation methods tested. The different

method selectivities were revealed by the monoglycosylation, which was found in the

peak of the main variant with CEX and CIEF, while it was separated from the main peak

with CZE. In combination with a comprehensive literature review, our results provide a

complete overview of the current state of the methods with information on the advan-

tages and limitations of each methodology.

Introduction

Monoclonal antibody (mAb) variants are critical quality attributes that must be analyzed to ensure the
stability and safety of biopharmaceuticals. Given the increasing number of mAbs that are approved as
therapeutics each year,' methods have been developed to address the challenges of mAb variant character-
ization. Antibody variants are post-translational modifications that are introduced during the production,
purification, or storage of the mAb. These modifications often change the mass, the charge, and the
isoelectric point (pI) of the mAb, which makes them accessible to analytical techniques that use these
characteristics for separation, such as cation exchange chromatography (CEX), capillary zone electrophor-
esis (CZE), or capillary isoelectric focusing (CIEF). Currently, mAb variant identification is commonly done
using mass spectrometry (MS). MS allows the identification of variants by detecting mass differences
between modified and unmodified species. For large mass differences and highly abundant proteoforms
(like the main mAb glycosylation forms,” MS can distinguish these species without any proteoform pre-
separation. Low abundant proteoforms and/or proteoforms with small mass differences, however, are more
challenging to characterize using MS. As large molecules (~150 kDDa), mAbs have broad isotopic distribu-
tions (with a full peak width at half maximum of around 24 Da), which requires separation for detection of
proteoforms with a smaller mass difference.
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MAbs and mAb variants are positively charged at a pH below their pl value, which makes them
accessible for CEX separation. The analysis can also be performed using anion exchange chroma-
tography, but CEX is commonly used due to the more efficient ionization in subsequent electro-
spray ionization (ESI) in positive mode and the generally basic pI value for most mAbs. CEX-UV
separation systems often use MS-incompatible salts or buffers (e.g., sodium hydrochloride or 2-(N-
morpholino) ethane sulfonic acid (MES)).>* For MS coupling, ammonium acetate, and ammonium
formate-based eluents, which provide good variant separation and identification of mAb variants,
are typically used.”” CEX-UV and CEX-MS methods have a limited generic application due to the
different pIs of different mAbs in combination with the pH and ionic strength of the buffer system.
Thus, individual method optimizations for each mAb can improve the separation significantly.® An
ideally linear or at least precisely controlled pH gradient is highly desired to achieve reproducible
and high-resolution separations. This can be easily achieved by involatile buffer components,”*!
but, for MS-compatible ammonium acetate, the pH response as a function of the base content is
not linear”'* and column-dependent.'” A method well suited for the separation of mAb variants of
one mAb might therefore not be suitable/ideal for another mAb with a different pI value. CEX-MS
can be performed with standard LC-MS equipment, but the nanoESI conditions and harsh transfer
parameters in MS are required to decluster the ammonia adducts and a high m/z range is needed
due to native-like ESI conditions.

The different pl values of mAb variants enable separation by CIEF. CIEF, in particular imaged
CIEF (iCIEF), is increasingly used for charge variant analysis of mAbs for quality control and batch
release.'*™"* If not specifically stated otherwise, CIEF covers CIEF and iCIEF and both techniques
are very well established using UV detection. However, generic CIEF-UV methods contain MS-
incompatible substances such as ampholytes, methylcellulose, urea, or sodium hydroxide, which is
why CIEF has rarely been coupled with MS until recently.'®™'® CIEF-MS coupling is only possible if
MS interfering components are removed or substituted to the greatest possible extent and when
focusing and ionization can still be done with the capillary outlet installed in the MS interface.'™*"
Designated commercially available CIEF-MS systems for fast, reliable, and robust mAb variant
analysis have been introduced recently.”"** Nevertheless, the separation from focusing is generally
reduced or even lost by the necessary mobilization process to transport the focused proteoforms to
the MS."”?* Even chip-based systems, which have short separation canals, suffer from peak broad-
ening during mobilization****

CZE separates mAb variants based on their charge and size in the liquid phase. This principle
has been applied to separate mAb variants, typically with a CZE-UV-based system using 6-
aminocaproic acid (EACA), triethylenetetramine (TETA), and hydroxypropyl cellulose (HPC) as
first published by He et al.>> This generic and widespread method was evaluated in an intercom-
pany study using 23 mAb samples with a pI between 7.4 and 9.5.°° However, as previously
mentioned for CEX and CIEF, many CZE-UV methods, including the EACA-UV method, cannot
be coupled to MS due to incompatible substances like dynamic coating agents or polymers.”’~*’
MS-compatible CZE methods either use native (ammonium acetate-based) or denatured (acetic or
formic acid-based) separation systems.’”*' Commercially available native microchip-based systems
provide very good mAb variant separation using native-like separation conditions,”®?*? but these
systems can suffer from reduced signal intensities and often lack flexibility, similar to CEX-MS
methods.

In many studies and applications, one single technology is used. Thus, their performance with respect to
resolution, sensitivity, instrumental aspects, and handling issues is difficult to evaluate. In this study, we
present data and review the literature for CEX-MS, CIEF-MS, and CZE-MS methods for mAb variant
separation on the intact level to evaluate their analytical performance along with practical concerns. Ten
mAb samples covering a pI range from 7.3 to 8.7 were analyzed regarding acidic (A) and basic (B)
proteoforms by CEX-MS, CIEF-MS, and CZE-MS with one generic method for each technique.
Additionally, variant separation was online UV monitored, which proved to be a valuable tool for further
method evaluation. The results for each method are discussed individually, compared to the other
techniques, and put into perspective with results from the literature. The results from the intact analysis
were also compared to a CZE-MS method on the subunit level.***
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Results

Intact mAb variant analysis was executed with all three separation techniques, CEX-MS, CIEF-MS, and
CZE-MS, as mentioned in the method section. All mentioned proteoforms in this section are shown in the
supplementary Table §2-84 sorted by method and mAb.

CEX-UV-MS for mAb variant analysis

The initial eluents for the CEX-UV-based separation, 50 mM ammonium acetate + 2% acetonitrile (ACN)
pH 5.0 as eluent A and 160 mM ammonium acetate + 2% ACN pH 8.5 as eluent B, are based on the report
by Murisier et al.'"> Here, a linear gradient from 10% [B] to 80% [B] over 13 min with a flow rate of 0.3 mL/
min and a detection wavelength of 280 nm was utilized. As shown by the blue line in supplementary Figure
S1, a slight separation of acidic and basic species was achieved for mAbl, but an improvement of the
separation of acidic and basic variants from the main form was attempted. Therefore, eluent B starting
conditions were successively increased (compare supplementary Figure S1), which resulted in resolved
acidic and basic variants, but also massive peak broadening if values above 55% B were used as a starting
condition. For MS coupling, the amount of ammonium acetate in eluent B was decreased to 100 mM,
resulting in later elution and a decreased separation efficiency (compare Figure 1a). The method length was
therefore increased to 40 min after reducing the flow rate to 0.1 mL/min, and the gradient was adapted to
the prolonged analysis time rising linearly after a 2 min hold at 55% [B] to 85% [B] over 25 min. The final
gradient resulted in baseline-separated acidic and basic peaks, respectively, as shown in Figure 1b.

After UV-based gradient optimization, we coupled the method to the MS (including online UV
detection) and measured all 10 mAb samples (2 mg/mL). The online UV chromatograms, the extracted
ion chromatograms (EICs, m/z: 4500-6500), and the deconvoluted masses of the main peak are shown in
Figure 2. All mAbs show retention on the column and therefore variant separation no matter their
respective pl values. All mAbs contain basic proteoforms, which elute later than the main peak, and acidic
proteoforms, which elute earlier than the main peak. Even for highly retained mAbs like NIST mAb and
mAb2 (pI 8.6 and 8.7, respectively) acidic and basic variants are separated. The method is expected to be
generic for the tested pI range (pI: 7.3-8.7). Comparing the resolution (R) for mAbs with at least one lysine
variant, we calculated values between the main variant (M) and the basic variant (B1) of R=0.85 for
USPmADOO03, R = 1.38 for NIST mAb, and R = 2.66 for infliximab. The separation is maintained toward the
MS, which is evident when comparing the UV and MS data in Figure 2, with average extracted ion
electropherogram (EIE) signal intensities in the 5E5 range. mAbs with high heterogeneities (cetuximab
and pH-stressed mAb1) are challenging since signal intensities are decreased by the heterogeneity when the
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Figure 1. Method development (combined salt and pH gradient) using 55%B starting conditions for charge variant
separation of mAb1. a: reduction of ammonium acetate in eluent B from 160 mM to 100 mM. Black: 160 mM, red: 140
mM, orange: 120 mM, blue: 100 mM, the gradient is shown as a gray line. b: mAb1 variant separation using a final gradient
(gray line) with 100 mM ammonium acetate in eluent B, a flow rate of 0.1 mL/min, and an adapted gradient for a 40-minute
run time.
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Figure 2. CEX-UV-MS separation and identification of 10 mAb samples all measured on the Bruker MaXis TOF instrument.
Left column: online UV traces (214 nm); middle column: extracted ion chromatograms (EICs, 4500-6500 m/z); right column:
deconvoluted mass spectrum of the main form. A: acidic variant, M: main variant, B: basic variant.

same concentration of mAb is used for all mAb samples. The generally low spectral quality is also a
challenge for all detected acidic or basic species, especially if they are of low abundance. A +2 Da mass shift
was detected only for mAbl, with its prominent acidic variant (Al). For all other, low abundant acidic
peaks, no statistically significant mass shift was observed. Nevertheless, the method can be used to gain mAb
information. After the deconvolution of the main peak (compare right column in Figure 2), the glycosyla-
tion pattern was analyzed and intense glycoforms (GOF/GOF, GOF/G1F, G1F/G1F) were annotated for all
mAbs. There is a slight separation depending on size between the different glycosylation patterns and mAbs
with smaller glycans elute slightly later than mAbs with larger glycans (compare supplementary Figure 52).
In addition to that, for some mAbs, even minor glycoforms like GOF/GOF-GlcNAc, GOF/GO, or G2F/G2F
+Hex (possible glycation of NISTmADb) were detected (compare right column in Figure 2).
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Monoglycosylated antibodies were also detected in the main form peak for USPmAb003, mAbl, mAb3, and
mAb4. Basic proteoforms like the lysine variants could be deconvoluted and assigned for USPmAbO003 (B1,
B2), NISTmAb (B1, B2), and infliximab (B1, B3).

CIEF-UV-MS for mAb variant analysis

The initial CIEF conditions were taken from Naghdi et al..*” The master mix for mAb A (pI:8.66) variant
separation was composed of 1.25% of Pharmalyte pH 8 — 10.5, 0.62% of Pharmalyte pH 3 - 10, 0.3% of
Pharmalyte pII 5-8 (total ampholyte concentration of 2.17%), 2.5 mM arginine, 0.5 mM IDA, 30%
formamide and 0.5 mg/mL mAb A. CIEF was hyphenated to the MS with the new chemical mobilization
methodology for charge variants separation of mAb A, demonstrating the feasibility of the CIEF-ESI-MS.*
We briefly tested in a UV-based setup whether mAb1 (pl: 8.6) can be separated with the same CIEF system
and if reduced concentrations of ampholyte and formamide in the master mix affect mAb1 variant
separation. First, the ampholyte concentration in the master mix was reduced from 2.1% to 1%, which
resulted in reduced analysis time without losing the separation of the mAb variants significantly (compare
supplementary Figure S3A). Following this, the amount of formamide was successively reduced in 5% steps
from 30% to 15% without losing the separation of the mADb variants (compare supplementary Figure S3B).
Arginine, IDA, and the final sample concentration remained unchanged and used as mentioned by Naghdi
et al.” at concentrations of 2.5 mM, 0.5 mM, and 0.5 mg/mL respectively. Ampholyte and formamide were
used at concentrations of 1% ampholyte and 15% formamide as mentioned above.

This system was coupled to the MS with the nanoCEasy interface, which allowed chemical mobilization
within the interface by exchanging the sheath liquid from basic conditions during focusing to acidic
conditions for chemical mobilization along with acidic ESI conditions. The system was equipped with an
external UV detector to obtain online UV data during mobilization before entering the MS. The method
used for mAb1 variant separation was applied to all nine mAb samples (except for stressed mAbl). The
online UV results, the MS spectra (m/z: 4500-6500), and the deconvoluted masses for the main peak are
shown in Figure 3. For all mAbs, a separation of several acidic and basic variants in the online UV detection
(see CIEF-UV column in Figure 3) is obtained, independently from their respective pl values (pl: 7.3-8.7).
All mAbs contain basic proteoforms that migrate earlier than the main peak and acidic proteoforms that
migrate later than the main peak. For the tested pl range, the method can be seen as generic and MS signal
intensities are on average in the 1E6 range (see CIEF-MS column in Figure 3). The resolution (R) for mAbs
with at least one lysine variant was calculated based on the UV signal and values between the main variant
(M) and the basic variant (B1) of R=1.50 for USPmAb003, R=1.27 for NIST mAb, and R=1.68 for
infliximab were obtained. However, while online UV can detect all mAbs, MS detection seems to be highly
antibody-dependent. USPmAbO003 (pI 8.1), infliximab (pI 7.3), and mAb3 (pI 7.3) were not detected via MS,
possibly due to solubility issues. The other mAbs can be detected via MS, but in most cases, separation is
lost. The overall glycosylation pattern of GOF/GOF, GOF/G1F, G1F/G1F, G1F/G2F, and G2F/G2F could be
detected in the main peak for all mAbs (compare right column in Figure 3). In addition, some minor
glycosylation species like GOF/G0, GOF/GOF-GlcNac, and G2F/G2F+Hex (possible glycation of NIST) could
be detected for several mAbs, as well as monoglycosylated species of GOF and G1F for mAbl, mAb2, and
mAb4. For cetuximab, glycosylation seems to increase for the acidic species (compare supplementary Figure
S4). All mAbs show some acidic and basic variants in the UV detector that could not be identified by MS.
This indicates that further improvement is needed until the CIEF-MS system is robust regarding handling
and can be used universally for a more detailed mAD variant analysis.

CZE-UV and CZE-MS for mAb variant analysis

All 10 mAb samples were analyzed with the CZE-UV method from He et al.>* that was slightly modified
regarding the flushing pressure due to the much longer capillary used in our setup. As shown by the CZE-
UV results (Figure 4, left column), all mAbs were analyzed successfully and showed different amounts of
variant separation in the 30-minute separation window. All mAbs contain basic proteoforms that migrate
earlier and acidic proteoforms that migrate later than the main peak. Some mAbs like infliximab, cetux-
imab, and stressed mAbl show very prominent and intense variants while other mAbs like mAb3-5 only
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Figure 3. CIEF-UV-MS separation and identification of nine mAb samples all measured on the Bruker MaXis TOF instrument.
Left column: online UV traces (280 nm); middle column: extracted ion electropherograms (EIEs, 2000-4000 m/z, smoothed:
gaussian 5); right column: deconvoluted mass spectrum of the main form. A: acidic variant, M: main variant, B: basic variant.

show some minor variants, The resolution (R) for mAbs with at least one lysine variant was calculated and
values between the main variant (M) and the basic variant (B1) of R = 5.10 for USPmAb003, R = 3.92 for
NIST mAb, and R =8.30 for infliximab were obtained. A slightly longer analysis time might be used for
cetuximab, as the separation seems not to be completed after 30 minutes in a 60 cm capillary. The CZE-UV
method shows a very good reproducibility regarding mAbl main variant migration time (18.05 + 0.11 min,
n=18) and is generic regarding variant separation over the tested pI range (pI: 7.3-8.7). However, the
background electrolyte (BGE) of the CZE-UV method is not MS-compatible.

CZE-MS method development and optimization were published by Hochsmann et al.’” and their
final method was used here to analyze all 10 mAb samples. The method contains a BGE of 4 M aqueous
acetic acid (HAc) and a cationic 5-layer DEAED-PSS successive multiple ionic-polymer layers (SMIL)-
coated capillary to generate a reversed electroosmotic flow (EOF) of median velocity. The base peak
electropherograms (BPEs, m/z: 2000-4000, smoothed Gaussian 5), and the deconvoluted result of the
main peak are shown in Figure 4. As shown by the CZE-MS results in Figure 4, separation of acidic and
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Figure 4. CZE-UV and CZE-MS separation and identification of 10 mAb samples. MS data were acquired using the Orbitrap
fusion Lumos. Left column: CZE-UV traces (214 nm); middle column: base peak electropherograms (BPEs, m/z: 2000-4000,
smoothed gaussian 5); right column: deconvoluted mass spectrum of the main form. A: acidic variant, M: main variant, B:
basic variant.

basic variants can be achieved for eight of the 10 mAb samples with an average signal intensity in the
1E6 range. Compared to the CZE-UV method, in this CZE-MS method, the migration order is reversed,
e.g., basic proteoforms are detected later and acidic proteoforms are detected earlier than the main
peak. For cetuximab and pH-stressed mAbl, no variant separation is observed due to the increased
heterogeneity from the complex glycosylation of cetuximab and the presumably increased amount of
deamidation in the high pH-stressed mAbl sample. Deamidation for pH-stressed mAbl is assumed
since the deconvoluted mass is 2-4 Da larger over the complete signal compared to the main peak of
the non-stressed mAb sample (data not shown). Nevertheless, the CZE-MS system still is generic
regarding variant separation over the tested pl range (pl: 7.3-8.7) if mAb heterogeneity is not too
complex.
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The main form of each mAb contains the different glycosylation species (compare the right column in
Figure 4). For all eight mAbs, the main glycosylation species GOF/GOF, GOF/G1F, G1F/G1F (or GOF/G2F),
G1F/G2F, and G2F/G2F were identified and detailed masses can be found in supplementary table $2-S4. In
addition, some mAbs showed minor glycosylation species like GOF/G0, GOF/GOF-GlcNac, and G2F/G2F
+Hex (or + 2Hex, possible glycation of NIST mAb and mAbl) that were also detected. The EIEs of the
different glycosylation species revealed a small shift in migration time depending on the size of the glycans
(data not shown, compare Héchsmann et al..>® For USPmAb003 (B1 and B2), NIST mAb (Bl and B2),
mAb3 (B1), and infliximab (B1 and B2), the later migrating, basic proteoforms were identified as lysine
variants (1x and 2x lysine remaining at the mAb; detailed masses can be found in supplementary table S2-
S$4). The resolution (R) for these mAbs with at least one lysine variant was calculated and values between the
main variant (M) and the basic variant (B1) of R = 1.66 for USPmAbO003, R = 1.52 for NIST mAb, and R =
0.94 for infliximab were obtained. For mAb1 (B2) and mAb2 (B1), the basic proteoform could be a loss of
water or ammonia (detailed masses can be found in supplementary table $2-S4). Additionally, the basic
variants of USPmAbBO003 (B1), NIST mAb (B2), mAbl (B1), mAb2 (B1), mAb3 (B1), mAb4 (B1), and mAb5
(B1) contain monoglycosylated mAb species. Aglycosylation was determined for mAb2 (B2) and mAb4
(B2). Other later migrating species are presumably mAb fragments (e.g., mAb with loss of a light chain)
since they show the characteristic 162 Da pattern specific for glycosylation. These fragments (detailed
masses can be found in the supplementary table S2-54) were detected for USPmAbO003 (123 kDa and 101
kDa), mAb2 (148 kDa, 126 kDa, and 103 kDa), mAb3 (125 kDa), mAb4 (126 kDa), and mADb5 (125 kDa).

For USPmADO003 (A1) and mADb1 (A1), earlier migrating, acidic species are mAb proteoforms that carry
glycans with sialic acids (detailed masses can be found in the supplementary table $2-S4). Additionally, all
eight mAbs showed acidic species with a slight shift toward lower m/z values in the charge envelope
distribution compared to the main peak. This shift in m/z value in combination with a deconvoluted mass
shift of around 2 Da indicates mAb variants with an open disulfide bridge.

CZE-MS for mAb variant analysis on the subunit level

In addition to all intact approaches, the mAbs were analyzed via CZE-MS (MS/MS) on the subunit level as
described elsewhere.’® For the 10 different mAb samples, different proteoforms like oxidation, glycation,
lysin variants, sialic acids, pyroGlu, water or ammonium losses, and aglycosylation were separated and
identified (compare supplementary Figure S8). Some of them were not determined on the intact level.
Further information regarding the subunit approach and a detailed list of the identified variants of each
antibody can be found in our previous publication and supporting information.”

Discussion
CEX-UV and CEX-UV-MS for mAb variant analysis

Many systematic studies involving UV detection of CEX-separated mADb variants are available. Generally,
three approaches are used to elute proteins from the CEX column: 1) increasing the pH, which reduces the
charge of the protein,' %% 2) adding salts that displace the proteins from the column®*¥*% or 3) a
combination of both approaches."”!” The individual methods were compared in several studies and both
showed good separation of mAb variants.”*"** The composition and pH of the eluents, rather than the
method, seem to be more important for proper variant separation. Farsang et al.” compared different salt
and pH gradients with the result that a pure pIl gradient with ammonium acetate resulted in no separation
of charge variants while a pH gradient containing MES showed separated mAb variants. Still, gradients are
only partly transferable and cannot be applied automatically to other m Abs with the same separation power.
Goyon et al. showed that the separation power can be optimized for infliximab when adapting the gradient
compared to a generic method.® Zhang et al."” proposed what is probably the most generic CEX-UV
method, in which a salt-mediated pH gradient provided mAb variant separation over a tested pI range from
6.2 to 9.4. All in all, CEX-UV methods generally separate mAb variants very efficiently, but they are mostly
composed of buffers that contain MES-buffer,*****'=*? sodium hydrochloride,'"****** or Tris-buffer,""*’
which are not compatible to online ESI-MS. Potentially information can be extracted from these separation
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systems by collecting fractions and determining the mAb variants of each fraction by an MS-compatible
method**™*" or by using 2D and 4D setups.”™”' However, this requires extra-analysis time, as well as the risk
of inducing variants during sample handling. Automatic, multidimensional methods where CEX is used in
the first dimension can reduce the risk of artificial variants, but the methods are still time-consuming, and
multidimensional systems are elaborative and hardly used for routine analysis applications.”*** The
development of MS-compatible separation systems is therefore of utmost importance.

Online CEX-MS studies are listed in Table 1. MS-coupled CEX separation methods mainly work with
ammonium acetate or ammonium formate-based eluents, which are either used as pure pH gradients with weak
cation exchangers™®* or as a combination of salt and pH gradient with strong cation exchangers.”' 6686971
Another common eluent system uses bicarbonate and acetic acid as eluent A and ammonium hydroxide as
eluent B with strong cation exchangers.”****%* CEX-MS methods have limited generic application due to the
different pIs of mAbs in combination with the pH and ionic strength of the buffer system. As can be seen from
Table 1, around half of the methods were developed specifically for just one mAb, or in the case of several mAbs,
the gradient was adapted according to the respective mAb. A linear pH gradient profile is highly desired to
achieve a generic method for mAbs of varying pl values and can be generated using a set of involatile buffer
components.” "' Using ammonium acetate, the pH response as a function of the base content is nonlinear™"*
and column dependent."*

A buffer system consisting of 50 mM ammonium acetate with 2% of ACN at pH 5.0 (eluent A), and 160
mM ammonium acetate with 2% of ACN at pH 8.5 (eluent B) provides a good compromise between pH
range, stability, and MS compatibility."* However, we witnessed quite high ion suppression effects when
using these concentrations coupled to the MS. After method optimization, we coupled the CEX to the MS
and analyzed the separated signals. Overall, we were able to detect several proteoforms, including the
glycosylation pattern, monoglycosylation, and lysine variants when applicable. This corresponds to data
from other studies since these variants are frequently detected with CEX-MS.”'*** The difference in main
and lysine variant resolution (ranging from R= 0.8 to R = 2.6) for the different mAbs most likely correlates
with the previously mentioned challenge for linear pH gradients in ammonium acetate buffer systems. We
were not able to detect minor mass proteoforms like sialylated glycoforms, succinimide, and pyroGlu
modifications even though CEX-MS is generally able to detect sialylated glycans,” succinimide,® and
pyroGlu'? proteoforms for other mAbs with possibly higher abundances. Our experiments, especially for
cetuximab and stressed mAb1, show that the increase in heterogeneity, caused by a second glycosylation site
or the induced deamidations, significantly reduces the spectral quality. The low spectral quality in combi-
nation with the native ionization and the generally low abundance of some proteoforms limited the
resulting information, which can be overcome by applying nanoESI as discussed in more detail below.

Limitations regarding the information from the MS are particularly related to acidic variants containing
deamidated proteoforms. A common conclusion in the literature is that the unambiguous assignment of
deamidated species is not feasible due to the small mass shift of 1 Da, which is mostly not distinguishable by
the MS on an intact level &!242:63:66 Instead, often fractions of the CEX separation are collected and then
additionally analyzed by peptide mapping approaches'®****%*"! or on a subunit level.*”

CIEF-UV and CIEF-UV-MS for mAb variant analysis

Two general detection approaches are used when mAb variants are analyzed by CIEF. The whole capillary
can be monitored (imaged, iCIEF) or the focused analytes can be mobilized toward the detector (CIEF). If
not specifically stated otherwise, our discussion of CIEF covers CIEF and iCIEF. Depending on whether the
mobilization is done pressure-driven or chemically, the separation previously established during the
focusing step can decrease. In particular, pressure-driven mobilization can significantly reduce the peak
resolution compared to a chemical mobilization,*” which is why chemical mobilization is standard in CIEF-
UV 17183987289 19 the case of the iCIEF methods, the focused variants do not have to be mobilized toward
the UV detector, which eliminates losses based on mobilization. However, this benefit of iCIEF does not
play any role when coupled with MS since mobilization is required for MS characterization. Apart from
mobilization, the separation is influenced by various chemicals used to optimize the CIEF process, as shown
by Cao et al.'” and Lin et al..'"® Both studies showed that especially the urea, methylcellulose, carrier
ampholyte, and arginine concentrations have a significant effect on the mAb variant separation and have
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14 J. SCHAIRER ET AL.

to be carefully adjusted. Methylcellulose enhances the viscosity, which facilitates better separation and
serves as a neutral hydrodynamic coating that reduces protein wall interactions.'™'” Urea is used as a
solubilizer to prevent protein aggregation,'*™'®*~"! and arginine functions as a spacer to prevent the loss of
carrier ampholytes, pI markers, or analytes.'®'*”’ The carrier ampholytes establish the pH gradient during
focusing and therefore have a major contribution to mAb variant resolution.'® However methylcellulose”
1017398758 or molar concentrations of urea in the master mix'®™'***7%%?! are not MS compatible and the
use of sodium hydroxide as catholyte'*™'®***" eliminates any protein signal when coupled to MS.

The process of focusing and mobilization is also a challenge when CIEF is coupled to MS since
the capillary is no longer positioned in an outlet vial and cannot be exchanged in case of chemical
mobilization. These were the main reasons why CIEF was not directly coupled to MS for years and,
for example, 2D separations were developed.””® Indirect coupling to MS via a valve was shown by
Montealgre et al. and Hithner et al.”*”® to remove MS-incompatible substances before the MS. In
2018 Dai et al. coupled CIEF directly to MS for the detection and characterization of mAb
variants'? by applying a nanoSL interface (EMASS-II) that allowed focusing with an ammonium
hydroxide plug (partial filling approach) in the capillary while the capillary end was installed in the
interface with acidic SL. MS-interfering components were eliminated as much as possible by using
a neutral-coated capillary, reducing the ampholytes concentration, and substituting urea with
glycerol. Substituting MS incompatible components is the main task when CIEF is to be coupled
to MS as shown in Table 2. Methylcellulose in the master mix can be avoided using capillaries with
covalently bound methylcellulose””® or by using other covalently bound capillary coatings like
polyvinyl alcohol (PVA),2"8283  Jinear polyacrylamide (LPA),*9%¢ climethylpolysiloxanf.',?2
acrylamide,*""#8>8%97=99 pg1 or P§2,'*77 100101 o1 gther hydrophilic coatings.**”**' Urea can be
substituted by glycerol' " 8490100 o formamide®™’* 744979 and the basic sodium hydroxide
catholyte can be exchanged for ammonium hydroxide,'”*%*>**'"! ammonium bicarbonate,***°
ammonium acletatf:,sl or dié:thy]a.minf.'.zz‘z'l’?s“w"?g Several kits and systems, such as the CR3520
CIEF-MS reagent kit (CPM Scientific Corp),””'® CElnfinite (Advanced Electrophoresis Solutions
L‘(d]l,z1'?'1_?(”‘\m‘g5‘86'9_"_99 the Intabio ZT system (SCIEX)zZJwg or the recently launched BioSummit™
CVA CIEF-MS system (CMP Scientific Corp), are commercially available. Despite the substitution
of all MS-interfering compounds, CIEF generic mAb application can be limited due to the different
pls of different mAbs in combination with the used ampholytes as shown in Table 2. Some systems
apply a narrow pH range that is optimized for mAbs with their pI in that specific range. In cases
where several mAbs are analyzed ampholytes with a broader pH range are generally chosen to
provide a more generic method.

In our CIEF-MS method, we reduced the amount of formamide and ampholyte in the master mix used
by Naghdi et al.” to 15% and 1%, respectively, which reduces the amount of interfering ions and M$
contamination. However, the CIEF-MS system is highly mAb-dependent. While a very nice separation and
identification of mAbA was published by Naghdi et al.,” our experiments showed significant differences
depending on the mAb samples. Infliximab, USPmAbO003, and mAb3 could be detected via the online UV
detector, but were never detected by the MS. This indicates a solubility problem at the emitter tip when
nearly neutral mAbs are transferred to the acidic and isopropanol-containing sheath liquid. The reduced
separation performance for CIEF-MS in comparison to the online UV signal is described in many
publications and was also noted in our experiments even though chemical mobilization was used. This
will be subject to further investigations in the future since CIEF-MS is a promising tool for mAb variant
identification.

The strength of (i) CIEF-MS charge variant analysis is evident by several publications where the general
glycosylation pattern,'”*!»2%2473:7479.8082-84.96.99 46 presence of sialic acids,”* additional glycation,”
FLIRTATRELE0IY incompletely clipped lysine variants,'” 224737477 7982-8486.9699 N _terminal pyroGlu
formation, succinimide formation,?*% oxidation,”! or deamidation!®2%2%74.77.79.:80,82-84.86,99 ;¢
analyzed. As for CEX-MS, deamidations are often supplemented with a peptide mapping approach to
support the results gained by intact CIEF-MS. Nevertheless, this variety of variants for multiple mAbs shows
the high potential of CIEF-MS coupling.

19,22,84,96 1
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CZE-UV and CZE-MS for mAb variant analysis

The most commonly applied CZE-UV method, which consists of a fused silica capillary and a BGE
containing EACA, TETA, and HPC, was developed by He et al..>> As demonstrated by our results, this
generic method shows very good separation of acidic and basic charge variants for all 10 mAb samples in
this study. This method is also commonly used for UV-based charge variant separation,>®?%>%8%1027106 o
recent interlaboratory study was conducted because users experienced issues regarding reproducibility.*
The EACA lot did not cause inconsistent results, which were instead attributed to unintended changes in
the method.”” Alternative dynamic coating agents, additives, and polymeric compounds are tested for
similar or better charge variant separation.””**'"”~1'* BGEs contain, for example, Bis-Tris,””"'” MES,*” 3-
morpholinopropane-1-sulfonic acid,”” or ammonium or sodium acetate'**"'>"'# in addition to EACA or
as a substitute. HPC and TETA are substituted or supplemented by polyethylene oxide,””'"”!!? polysorbate
20,"™" Tween 20,% or spermine.”” However, these methods cannot be coupled directly to the MS. 2D CZE
systems are applied to remove the MS incompatible substances,''>~"'* but the analysis time is prolonged and
coupling two CZE systems is so far not suitable for routine analysis. This shows the need for CZE systems
that provide proper mAb variant separation and can be directly coupled to the MS.

To couple CZE to MS, all interfering components like coating materials or polymeric compounds must
be removed from the BGE, as shown in Table 3. Capillaries are covalently coated with either neutral-coating
agents like linear polyacrylamide, "7 127 Hp(M)C,*1*? PVA,>'** or other neutral agents,**%77114-
120:125,126,128, 129, 3L133. 135136 1 they are cationic coated with M7C4L"'® polyethyleneimine,'*'~'**
cationic polymers in a multilayer approach.”®'*® Antibody variants can be separated in an acidic BGE or a
less acidic BGE typically based on ammonium acetate. The latter is here called “native,” though it is not clear
whether the acidic BGE is really denaturing and the better separation observed in ammonium acetate-based
BGE:s is due to native conditions or the fact that the mAb and the variants are less positively charged,
resulting in a better separation as shown by Shi et al..''? The system developed by Hochsmann et al. allows
MS detection in a mass range of 2500-4000 m/z and a detailed analysis as shown by the evaluation of
USPmAbO003 variants using 10 kV separation voltage.” The method was applied to the 10 mAb samples and
is universally applicable if the heterogeneity of the mAb is not too complex (cetuximab or pH-stressed
mAb1). However, the variant separation we achieved can most likely be increased if the separation voltage is
decreased from —20 kV to =10 kV or even smaller values as shown by Hochsmann et al..*” Applying a
voltage of —20 kV for the separation allowed the analysis to be done in 45min and the separation of
proteoforms like the mAb glycosylation including sialic acid proteoforms, monoglycosylation, aglycosyla-
tion, lysine variants, water or ammonia losses, reduced disulfides, and the presumed deamidation of pH
stressed mAbI. Such a good separation has not been achieved by any acidic separation system so far.
Redman et al. showed good separation of lysine variants of infliximab using BGE of 10% isopropanol/0.2%
HAc (pH 3.17)."*! Giorgetti et al. also show some separation of variants using a 3% HAc BGE, but the
deconvoluted masses for acidic, main, and basic proteoforms were similar and the author thus concluded
that no specific proteoforms can be assigned.'*’'*” In other cases, denatured systems only provide one
signal without any separation of charge variants®'*” or only a slight separation of the glycosylation
species.''® This makes the separation system applied here® very valuable in the field of denatured mAb
variant analysis. A better separation is only possible at higher pH (native separation conditions, as listed also
in Table 3). These CZE-MS systems provide very good charge variant separation and identification as
recently shown by van der Zon et al.’' and multiple chip-based methods.****% 18119133135 Hawever,
native systems require an MS instrument that covers a high mass range (4500-7500 m/z depending on the
mAb) and provides proper declustering.

or other

Comparison of CEX, CIEF, and CZE on an intact and subunit level

To compare all tested methods, the variant separation and the deconvoluted mass spectra of mAbl as
obtained by CEX-MS, CIEF-MS, and CZE-MS are shown in Figure 5 (Supplementary Figure S5 — §7 show
similar data for infliximab, NIST mAb, and mAb2, respectively). The acidic and basic variant assignment
was highly method-dependent. In particular, the CEX-separated variants suffered from low spectral quality
when introduced into the MS. This is due to the native ionization and still relatively high ammonium acetate
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Figure 5. Comparison of CEX-MS, CIEF-MS, and CZE-MS separation and identification of mAb1 variants. For CZE-MS, data
were acquired using the Orbitrap fusion Lumos while CEX-MS and CIEF-MS, data were acquired using the MaXis instrument.

amounts that are necessary for variant separation. As a result, our CEX-MS method is only applicable to
abundant variants or variants that change the mAb mass to a greater extent. Qur CIEF-MS method provides
relatively good spectral quality (compare CIEF-MS in Figure 5), even though some mAbs cannot be
detected using MS. With our CZE-MS method, low abundant mass and charge variants were detected
(compare B2 in the CZE-MS column in Figure 5). Even though our CIEF and CEX spectral quality may
seem significantly lower compared to the CZE-MS experiments, it needs to be kept in mind that different
mass spectrometers, as well as different methods using the same mass spectrometer, might lead to changing
declustering abilities and, thus, different sensitivity. Schwenzer et al. provide a more detailed discussion on
this subject.'*”
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All separation techniques used for intact mAb analysis selectively separate acidic and basic mAb variants.
The lysine variant of three mAbs was used to compare the resolution of the different separation techniques.
The resolution calculated between the main variant and the lysine variant of infliximab, USP mAb003, and
NIST mAb can be found in supplementary Table SI1. The MS incompatible CZE-EACA-UV method
provided the highest resolution for all mAbs. Upon the MS-coupled methods, CEX separated the main
and the lysine variant of infliximab best, followed by CIEF and CZE. However, for USP mAb003 and NIST
mAb, CZE-MS showed the best resolution, possibly influenced by the mass spectra quality of these low-
intensity lysine variants. The different selectivity is also evident for monoglycosylation, which is found in
the main variant peak using CEX and CIEF and is separated from the main variant peak using the CZE. This
CZE size-based selectivity enabled a more detailed analysis of the mAb monoglycosylation and the detection
of low-abundant monoglycosylated and aglycosylated species. Additionally, the different selectivity is
evident for highly heterogeneous mAbs like cetuximab, where variants were separated by CIEF-UV and
CEX-UV but not by CZE-MS (compare cetuximab in Figures 2, 3 , and 4). As shown in Table 4, many
variants (marked green) can be unequivocally identified due to these selective separation approaches.

In the literature, a broad mAb variety was analyzed with different methods. Almost every variant was
selectively separated and identified for at least one mAb. This study only analyzed a selection of 10 mAbs, but
still many variants were selectively separated and identified. Selective separation is the first part of successful
mADb variant identification. Sensitive MS detection is a crucial part of the analysis of mAb variants as well. The
orange-marked proteoforms in Table 4 were not separated by the respective separation technique and were
only identified by sensitive MS detection. Further confirmation by applying a middle-down or peptide
mapping method was sometimes needed (*marked proteoforms in Table 4).

All the methods described in this work have an analysis time of around 60 min to provide selective mAb
variant separation. In the literature, a similar duration of the methods is described for CEX-MS,* CZE-MS,!
and CIEF-MS'” to achieve the best possible separation. The method duration can be shortened to some
minutes for all techniques,”**"*" which proves that measuring time is not the most relevant criterion for
the choice of the separation technique of mAb variants on the intact level.

After the mAD variants were analyzed on the intact level, the results can be compared to data obtained on
the subunit level. The intact separation and identification of mAb variants is suitable to determine the
overall mAb composition. This information is partly lost using the subunit approach if the variants are not
on the same subunit moiety. The subunit approach, however, enables a more detailed analysis of the
location of the variant within the mAb '*'. Detailed information about the mAb variant is obtained because
small mass changes can be better detected on the subunit level compared to the intact level due to a

Table 4. Overview of charge variants analyzed with the different methods for different antibodies. Compared to our
approach, for literature assignment other mAbs and stressed mAbs were taken into consideration as well as native CZE-MS
approaches. Exemplary literature is given as a reference. Green: separated and identified by MS, orange: only MS detected
w/o separation, red: not detected/no information available.

. CIEF-MS . CZE-MS
IEX-MS (intact) (intact) CZE-MS (intact) (subunif)
Modification This Lit. This g This Lit. This Lit.
study study study study
Glycosylation 2 u7 108
Glycosylation 9 - - 125
sialic acids
Monoglycosylation e u? 141
Aglycosylation n7 141
Lysine variants 54 # 19 al 141
‘Water/ammonium 55 18 a 134
loss
Oxidation a1 128
Glycation 13 n7
Deamidation = HE [ * 1328 141

Disulfide
modifications

*typically further analysis is needed for unequivocal determination; # only separated and not MS detected.
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narrower isotopic pattern and possible isotopic resolution using modern time of flight (TOF) and Orbitrap
MS instrumentation. Additionally, the modification site can be narrowed down to the subunit moiety and
even localized by MS/MS experiments.

With our CZE-MS subunit method (IdeS digested and reduced subunits) sialic acids, glycoforms,
glycation, lysine variants, multiple oxidations, water and ammonia losses, and incomplete sample
reduction, as well as enzymatic misscleavage, were determined.’*?* Mono- and aglycosylation of the
mADb could be determined based on the detection of aglycosylated Fc/2 fragments. MS/MS experi-
ments were of utmost importance for the determination of the deamidation of pH-stressed mAbl
and the determination of sample preparation-induced modifications. The information gained by
fragmentation was only limited when positional isomers were not properly separated and several
possible modification sites were available within the subunit. Charge variant analysis of digested
and reduced subunits (Fd, light chain, Fc/2) may not be performed selectively with just any
separation technique due to, for example, a large change in pl of one or two of the subunits
compared to the intact mAb. Subunit analysis on the CEX is mostly done with IdeS enzymatically
digested mAbs,”*>*7b142 which leaves a large 100 kDa F(ab’), fragment. Digested and reduced
subunits are not analyzed since the chaotropic salt mandatory in the reduction process interferes
with the column and removal of the chaotropic salt might cause disulfide scrambling if the
disulfides are not alkylated.

CIEF was used for subunit analysis of cetuximab,'”" but apart from that, CIEF is commonly used for the
intact analysis of mAbs. This may be attributed to the fact that different subunit moieties exhibit different pI
values. To analyze a wide pl range, a wide pH range is needed during focusing, which potentially reduces the
separation performance of charge variants and hamper the generic application of CIEF for different mAbs.
CZE is the only method that can be performed independent of differences in pI of the subunits (by use of a
sufficiently acidic BGE) or the chaotropic salt needed for reduction, though different resolution of charge
variants is still obtained.

Finally, besides all the previously discussed parameters, instrumental parameters and sample-
specific requirements have an enormous impact on the selective and sensitive separation and
identification of mAb variants. This is especially evident in our CIEF-UV-MS method and CEX-
UV-MS method. For both methods, the online UV detection hints at a selective separation of mAb
variants, but MS detection and identification of these variants could not be fully achieved because of
the previously discussed solubility problem in CIEF and the native ionization in CEX. Our CEX
method most likely suffers from the application of a standard LC sprayer in combination with the
high flow rate toward the MS. The literature applications shown in Table 1 either attempt to
minimize the amount of eluent by using a post-column flow splitter®'* or nanoflow-CEX™ to
reduce the amount of salt in the eluents,”"***® or to enhance the ionization efficiency by using
special nanoflow and microspray ionization sources.”"****>% Qur CIEF most likely suffers from
handling and robustness issues in combination with mAb-specific requirements because the CIEF-
nanoCEasy-MS was previously successfully applied for the analysis of mAb A variants.”’ For the
literature applications shown in Table 2, either a small cartridge*"”**"*® or chip**’* was used or
standard CIEF was coupled to the MS by a nanospray source.'”*** All these approaches provide
quite high mass spectra quality, even though separation is always impaired in the mobilization
step.'”*? Similar to CIEF, CZE may also benefit from microchip applications,''*"**!** which provide
a fast and efficient separation of mAb variants."'*'*"'** When a standard CZE system is coupled to
the MS, the interface is a critical part as shown by Hocker et al.'** Sample dilution due to excessive
SL consumption can significantly reduce the signal intensity.

All aspects mentioned here prove that the method and instrumental setup for mAb variant analysis must
be chosen carefully. With the increase in heterogeneity due to new mAb products like antibody-drug-
conjugates (ADCs) and bispecific antibodies, the requirements for selective and sensitive variant character-
ization increase. Compared to mAbs, ADCs are composed of antibodies, linkers and payloads, which
substantially increase heterogeneity.”™'** Depending on the type and linkage of the conjugate, the methods
presented here can be applied to separate ADCs, as shown for CEX-MS and icIEF-MS.™

In conclusion, no matter il executed on the intact or subunit level, all tested methods have their
advantages and disadvantages, but, nevertheless, all of them are valuable for mAb variant characterization.
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Some methods are better platform methods (CZE and CEX to a certain extent) while others (CIEF) need
further method development especially when considered generic methods. A combination of several
methods should always be considered when analyzing mAb variants to get the overall mAb composition.

Materials and methods
Materials

Infliximab (10 mg/mL, charge: SKMKA90603) and cetuximab (5 mg/mL, charge: 248033), were purchased
from Evidentic GmbH (Berlin, Germany). NIST mAb (10 mg/mL, Reference Material 8671, lot: 14HB-D-
002) was purchased from the National Institute of Standards and Technology (NIST, Gaithersburg, MD,
USA). Protein A purified research antibodies mAb1 (20 mg/mL), mAb2 (16.8 mg/mL), mAb3 (18.3 mg/mL)
mAb4 (21.7 mg/mL), and mAbS5 (18.5mg/mL) were kindly provided by Rentschler Biopharma SE
(Laupheim, Germany). USP mAb003 (Cat. No. 1445595, LOT: F12980, 10 mg/mL), iminodiacetic acid
(IDA), capillary coating material poly(sodium styrene sulfonate) (PSS, polyanion, Mw 70,000 g/mol), 4-(2
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), hydroxypropyl cellulose (HPC, Mw: 100.000),
triethylenetetramine (TETA, = 97%), sodium hydroxide, 3-(N-morpholino) propane sulfonic acid
(MOPS)-buffer, 1,4-dithiothreitol (DTT), and L-arginine were purchased from Sigma-Aldrich
(Steinheim, Germany). Hydrofluoric acid (40%(v/v), HF) and hydrochloric acid (1 M, HCl) were purchased
from Merck (Darmstadt, Germany). Isopropanol (IPA, LC-MS grade), ammonia solution (ROTIPURAN p.
a., 30%), ammonium acetate (LC-MS grade, 298%), ACN (ROTISOLV = 99.95%), acetic acid (HAc,
ROTIPURAN 100%), and formic acid (FA, 298%) were purchased from Carl Roth GmbH & Co. KG
(Karlsruhe, Germany). Urea (Ultrapure) was purchased from ThermoFisher Scientific (Dreieich, Germany).
Formamide, polyethylene oxide (PEO, Mw:1.000.000), and 6-aminocaproic acid (EACA, 299%) were
purchased from Alfa Aesar (Kandel, Germany). Pharmalyte pH 3-10, Pharmalyte pH 8-10.5, and
Pharmalyte pH 5-8 were obtained from GE Healthcare Bio-Sciences AB (Waukesha, WI, USA). Capillary
coating material diethyl aminoethyl-dextran (DEAED, Mw = 500,000 g/mol, Batch 21,046) was from
TdBLabs (Uppsala, Sweden). IdeS protease was purchased from GENOVIS (FabRICATOR, 5000 units,
Lund, Sweden).

If not otherwise stated samples and chemicals were diluted and dissolved with ultrapure water (UPW)
provided by an Ultra Clear TWE UV water system from Siemens (Munich, Germany).

Sample preparation

mAb1 was pH stressed by pipetting 0.5 pL concentrated ammonia solution to 10 pL undiluted mAb1. After
7 days in the dark at room temperature, the sample was directly used for further sample preparation. For
intact (native) analysis with CEX, antibodies were diluted with UPW to a final concentration of 2 mg/mL
and stored at —20°C until measurement. For CIEF, mAbs were first diluted to a concentration of 1 mg/mL
with UPW. Then, each mAb was mixed 1:1 with CIEF master mix, resulting in a final concentration of 0.5
mg/mL mAb in 15% formamide, 1% ampholyte-mix (1:4:2 of Pharmalyte pH 5-8, Pharmalyte pH 8-10.5
and Pharmalyte pH 3-10), 2.5 mM arginine and 0.5 mM IDA. For intact CZE-UV analysis, mAbs were
diluted to 1 mg/mL with UPW and for CZE-MS mAbs were diluted to 1 mg/mL in 4 M HAc (also serves as
BGE). For subunit analysis, mAbs were first digested using the FabRICATOR digestion protocol of
GENOVIS. Two hundred microgram mAb were digested using 200 U of IdeS in 100 mM MOPS buffer at
pH 7.2 for 30 min at 37°C and 500 rpm. Following this, mAbs were further reduced in 4 M urea using DTT
for 60 min at 37°C and 500 rpm. Detailed sample preparation parameters can be found elsewhere.™

Separation approaches

All CIEF and CZE experiments were conducted on an Agilent 7100 CE instrument (Agilent Technologies
GmbH, Waldbronn, Germany). If not otherwise stated fused silica capillaries (separation capillary: 50 pm
ID, 365 um; sheath liquid capillary: OD 100 pm ID, 240 um OD) were purchased from Polymicro
Technologies (Phoenix, AZ, USA). CIEF-MS and CZE-MS using the nanoCEasy interface require the
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etching of the separation capillary at one end as described in detail elsewhere.”* Briefly, for capillary etching,
the polyimide was removed from the capillary end and then dipped into concentrated HF for 60 min.
Detailed information on the nanoCEasy interface can be found in the work of Schlecht et al."*

lon exchange chromatography of intact mAbs

All samples were analyzed on an UltiMate™3000 HPLC system from Dionex (Germering, Germany),
equipped with a variable wavelength detector VWD-3400 and directly coupled to the MS. The column
used for all separations was a Proteomix” SCX-NP3 (2.1 mm x 100 mm) from Sepax Technologies
(Delaware, USA). A 100 uL/min flow rate was applied, and the column temperature was held at 40°C.
The injection volume was 12.5 pL, resulting in 25 pg of antibody on the column. The mAb variants were
separated with a combined salt and pH gradient. Mobile phase A consists of 50 mM ammonium acetate +
2% ACN, at pH 5.0 (adjusted with acetic acid), and mobile phase B consists of 100 mM ammonium acetate
+2% ACN, at pH 8.5 (adjusted with ammonia solution). Subsequently, the eluents were degassed using an
ultrasonic bath. The gradient started at 55% [B] for 2 min and was raised over 25 min to 85% [B]. The
amount of [B] was quickly increased to 100% [B] over 0.1 min and held for 2 min. Afterward, the column
was brought back to starting conditions over 0.1 min and re-equilibrated for 11 min. The total run time was
40 min. Online UV detection was performed at 280 nm.

Capillary isoelectric focusing of intact mAbs

PV A-coated separation capillaries (50 um ID, 365 um OD, 60 cm total length, 49 cm effective length) were
kindly provided by Agilent Technologies (Waldbronn, Germany). Before each analysis, the PVA capillary
was flushed (950 mbar) with UPW, 4 M urea, and UPW for 5 min each. The sample was injected for 120

seconds at 950 mbar to guarantee complete capillary filling. The ends of the capillary were then dipped in
anolyte (1% FA, CZE inlet side) and catholyte (0.2% ammonium hydroxide; CZE outlet side), and a focusing
voltage of 20 kV was applied for 20 min. After focusing, the voltage was turned off to switch to 0.5% FA for
mobilization. Mobilization was done at 20 kV until the mAb was detected with the internal UV detector of
the CZE instrument at 280 nm.

Capillary zone electrophoresis UV-system of intact mAbs

The separation system for UV detection was adapted from He et al..>> A 60 cm (effective length: 52 cm)
fused silica capillary (50 pm ID/365 pm OD) was used for the separation. A mixture of 400 mM EACA,
0.05% m/v HPC, 2 mM TETA, at pH 5.7 was used as BGE, and samples were diluted to 1 mg/mL in UPW.
The capillary was flushed (950 mbar) previous to the first separation with 0.1 M HCI for 5 min and BGE for
10 min, followed by the application of 30 kV for 10 min. Samples were injected at 50 mbar for 8 seconds.
The separation voltage was 30 kV and separated variants were detected at 214 nm with the internal UV
detector of the CZE instrument. Between runs, the capillary was flushed (950 mbar) with 1 M HCI for 1 min
followed by BGE for 3 min.

Capillary zone electrophoresis MS-system of intact mAbs

The etched fused silica separation capillary had a length of 60 cm and was coated with SMIL according to
Dhellemmes et al.'*” and Hochsmann et al..*” Briefly, the capillary is prepared by flushing with 1 M sodium
hydroxide (10 min), UPW (5 min), and 20 mM aqueous HEPES solution (pH 7.4; 10 min). The coating is
established by alternate flushing of DEAED and PSS solution (3 g/L in 20 mM HEPES solution; pH 7.4; 7
min), including a rinsing step with HEPES solution for 3 min after each polymer layer. After five layers have
been applied a waiting step (5 min), a flushing step with UPW (3 min), and a final flushing step with BGE (4
M HAc;10 min) complete the coating procedure. All coating steps were performed at 2 bar external
pressure. For measurement samples were hydrodynamically injected (40 mbar,5 seconds) and the separa-
tion was executed in 4 M HAc at =20 kV for 60 min. BGE was exchanged after two measurements to prevent
contamination and capillaries were stored overnight in BGE.

Capillary zone electrophoresis MS-system of subunit mAbs

The detailed method can be found elsewhere.* Briefly, an etched 60 cm PEO-coated capillary was used.
First, capillaries were etched with HF (40% (v/v)) for 1 hour followed by PEO coating of the capillary. For
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the PEO coating, the capillary was prepared with 1 M NaOH, water, and 1 M HCI for 5 min, respectively,
followed by the PEO coating solution for 10 min, water, and BGE for 5 min, respectively. The solutions were
flushed using an external pressure of three bar. The BGE consisted of 10% IPA in water containing 1 M FA.,
Sample injection was done hydrodynamically using 50 mbar pressure for 10 seconds. A 20 kV voltage was
applied for the separation.

MS instrumentation

CEX-MS coupling

Native CEX was coupled to a maXis Q-TOF from Bruker Daltonics (Bremen, Germany) using an ESI
source. The integrated valve at the MS was used to direct the flow to the source or the waste. The MS method
consisted of three segments adjusted to the mAb elution time. In segments one and three, the valve is in the
waste position and the ES voltage is turned off, while in segment two the valve is in the source position and
the ES voltage is turned on. After calibrating the MS in the high mass range, measurements were done using
a capillary voltage of 4500 V, an endplate offset of 500 V, a nebulizer pressure of 2.5 bar, and a dry gas flow
and temperature of 8 L/min and 220°C, respectively. The acquisition was done from 1500 to 8000 m/z.

CIEF-MS coupling

The CIEF was coupled to a maXis Q-TOF from Bruker Daltonics (Bremen, Germany) using the nanoCEasy
interface, which was supervised using a digital microscope (Dino-Lite, Almere, The Netherlands). Instead of
an outlet CIEF vial the end of the separation capillary is introduced to a glass emitter that was purchased
from BioMedical Instruments (Zollnitz, Germany). The emitter had a 30 pm tip opening and a tip length of
4 mm and was placed 3 mm in front of the MS orifice. The integrated valve at the MS and two syringe
pumps were used to switch from catholyte (0.2% ammonium hydroxide) during focusing to sheath liquid
(ACN: UPW 1:1+0.5% FA) during mobilization. The MS method consisted of two segments. In segment
one, during focusing, the ES voltage is turned off, the catholyte is flushed to the emitter and the separation
capillary is positioned behind the sheath liquid capillary. In segment two, during mobilization the ES voltage
is turned on, the sheath liquid (SL) is flushed to the emitter, and the separation capillary is placed close
behind the emitter tip in front of the SL capillary. Here, the 20 kV CIEF voltage can be maintained during
focusing and mobilization. Online UV detection was done at 280 nm using an external ECD2600 EX UV
detector (ECOM spol. S r.o., Prague, Czech Republic). MS acquisition was done using a capillary voltage of
2000 V, a dry gas flow of 3 L/min, and a dry gas temperature of 200°C in the mass range from 250 to 4500

m/z.

CZE-MS coupling

The CZE was coupled to an Orbitrap Fusion Lumos (Thermo Fisher Scientific, SanJose, CA, USA) using the
nanoCEasy interface and a digital microscope (Dino-Lite, Almere, The Netherlands). The same emitters as
for the CIEF application were used. IPA: UPW (50:50) + 0.5% FA was utilized as SL. MS acquisition was
performed using a capillary voltage of 2000 V, sweep gas of 3 Arb, and 300°C ion transfer tube temperature.
The MS was operated in positive ionization mode using a mass range of 700-4000 m/z and a resolution of
30,000. Further MS parameters can be found in the publications of Hochsmann et al.”” and Schairer et al.,**
respectively

Data evaluation

Theoretical mAb masses and pI values were calculated sequence-based with ProtPi (https://www.protpi.ch).
CEX-UV data were processed with Chromeleon™ 7 (Thermo Fisher Scientific) analysis software. CIEF-UV
data were processed with ECOMAC - ECOM Acquisition and Control Version 2.9.5.0 software and CZE-
UV was processed with CEval 0.6h9 (available at: https://echmet.natur.cuni.cz/). For variant analysis, the
CEX-MS, CIEF-MS, and CZE-MS data were 0.2 min time-sliced and processed using Intact Mass 3.4
(Protein Metrics). Additionally, CEX-MS and CIEF-MS data were evaluated using Data Analysis 6.0
(Bruker Daltonics). CZE-MS data were additionally processed using Freestyle 1.8 (Thermo Fisher
Scientific).
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Abbreviations

A Acidic variant
ACN Acetonitrile
ADCs  Antibody-drug-conjugates

B Basic variant
BGE Background electrolyte
BPEs Base peak electropherograms

CEX Cation exchange chromatography
(i)CIEF  (imaged) Capillary isoelectric focusing
CZE Capillary zone electrophoresis
DEAED  Diethylaminoethyl-dextran

EACA  6-aminocaproic acid

EICs Extracted ion chromatograms

EIEs Extracted ion electropherograms

EOF Electroosmotic flow

ES Electrospray

ESI Electrospray ionization

FA Formic acid

HAc Acetic acid

HCI Hydrochloric acid

HEPES  4-(Zhydroxyethyl)-1-piperazineethanesulfonic acid
HF Hydrofluoric acid

HPC Hydroxypropyl cellulose

ID Inner diameter

IDA Iminodiacetic acid

IPA Isopropanol, LPA: Linear polyacrylamide
M Main variant

mAb Monoclonal antibody

MES 2-(N-morpholino)ethanesulfonic acid
MS Mass spectrometry

oD Outer diameter

pI Isoelectric point

PSS Poly(sodium styrene sulfonate)

PVA Polyvinyl alcohol

R Resolution

SL Sheath liquid

SMIL Successive multiple ionic-polymer layers

TETA Triethylenetetramine
UPW Ultrapure water
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