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Glycosylations are considered the most abundant, but also the most complex form of co- and post-
translational modifications. Their huge structural and functional diversity renders their analysis rather
challenging, as addressed by the present thesis with the validation of two new analytical methods
focussing on the electrophoretic separation of glycoproteins in liquid- and gas-phase. Therefore, intact
glycoproteins as well as their interactions with lectins were qualitatively and quantitatively
investigated by microchip capillary gel electrophoresis (MCGE) and on a nano electrospray gas-phase
electrophoretic mobility molecular analyzer (nES GEMMA) instrument.

For glycoprotein analysis MCGE demonstrated high sensitivities, high accuracy in quantitation,
and a high reproducibility in sizing, i.e. molecular weight (MW) determination. This makes it a good
rapid and easy-to-use alternative to the more elaborate sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). Deviations in sizing could be observed with both techniques, SDS-PAGE
and MCGE, in comparison to mass spectrometric-derived values. Especially in the case of MCGE, they
increased in accordance to the degree of glycosylation. Nevertheless, the combination of MCGE with
magnetic bead-based lectin affinity enrichment enabled the targeted analysis of glycoproteins from
complex biological samples with high selectivity. Validation of the developed strategy with human
serum and mycelia extract of the fungus Trichoderma atroviride demonstrated the selective
enrichment of glycoproteins. However, the existence of an unspecific binding between the sample and
the beads themselves was revealed, too. Affecting glycoproteins, these unspecific interactions can
challenge any lectin-based specificity experiment. SDS-PAGE analysis followed by a proteomic
approach revealed these results and enabled in addition the identification of two putative
glycoproteins for the only fairly studied glycoproteome of Trichoderma atroviride.

Based on a size / MW correlation nES GEMMA, on the other hand, allowed MW determinations
of the employed glycoproteins and lectins in very good agreement to mass spectrometric values.
Operating at ambient pressure and with non-denaturing electrolyte solutions, the system even
enabled the analysis of the weak lectin-glycoprotein interactions while maintaining the biological
structure of the complex. Interaction studies were performed in regard to binding specificities and
affinities towards selected glycoproteins. Results were additionally compared to capillary
electrophoresis-on-a-chip-derived data. Next to mere detection, the non-covalent biospecific complex
after size-separation could also be sampled onto nitrocellulose membrane with the nES GEMMA
device. Subsequent identification by an immunological assay further proved the intact native structure
of the analytes throughout the nES process, the gas-phase separation, and even the electrostatic
sampling. Consequently, nES GEMMA is a promising platform for the analysis of the weak glycoprotein-

lectin interactions specifically with a straightforward sample preparation, a label-free and chemical-



nature independent detection, and a simplified data interpretation as only singly charged species are

regarded.



ZUSAMMENFASSUNG

Glykosilierungen zahlen zu den haufigsten, gleichzeitig aber auch zu den komplexesten co- und
posttranlationalen Modifikationen. lhre hohe strukturelle und funktionale Vielfalt stellt eine grofle
Herausforderung fir viele Analysemethoden dar. Im Rahmen der vorliegenden Arbeit wird versucht,
diese schwierige Situation mittels elektrophoretischen Trennungen in flissiger und gasférmiger Phase
zu verbessern. Daflir wurden sowohl intakte Glykoproteine, als auch deren Wechselwirkungen mit
Lektinen qualitativ und quantitativ mittels Kapillargelelektrophorese am Mikrochip (MCGE) und mit
einem Nanoelektrospray (NanoES) basierenden lonenmobilitdtsspektrometer (gas-phase
electrophoretic mobility molecular analyzer, GEMMA) untersucht.

MCGE wies bei der Analyse von Glykoproteinen hohe Sensitivititen, Genauigkeiten in der
Quantifizierung und Reproduzierbarkeiten fiir die Bestimmung von Molekulargewichten auf. Damit
stellt MCGE eine schnelle und leichter zu handhabende Alternative zur aufwendigeren
Natriumdodecylsulfat-Polyacrylamidgelelektrophorese (SDS-PAGE) dar. Fiir beide Methoden, SDS-
PAGE und MCGE, konnten allerdings im Vergleich zur Massenspektrometrie Abweichungen hinsichtlich
der ermittelten Molekulargewichte festgestellt werden. Diese Abweichungen nahmen besonders im
Falle der MCGE mit steigendem Glykosilierungsanteil zu. Dennoch erméglichte die Kombination von
MCGE und Affinitatsanreicherung mit Lektinen, die an magnetische Beads gekoppelten waren, eine
gezielte und hoch selektive Untersuchung von Glykoproteinen aus komplexen biologischen Proben.
Die hohe Selektivitat zeigte sich auch bei der Anwendung der entwickelten Strategie auf Proben von
humanem Serum und Myzeliumextrakten des Pilzes Trichoderma atroviride. Jedoch wurden zusatzlich
unspezifische Wechselwirkungen der Proben mit den magnetischen Beads selbst gefunden, die
besonders Spezifitatsuntersuchungen der Probe mit den unterschiedlichen Lektinen beeinflussten. Die
erhaltenen Ergebnisse wurde letztendlich mittels SDS-PAGE und Proteomstudie bekraftigt, wobei
zusatzlich zwei Glykoproteine fir das bis dahin kaum erforschte Glykoproteom von Trichoderma
atroviride identifiziert werden konnten.

Im Gegensatz dazu ermoglichte nES GEMMA basierend auf einer GroéRe-Molekulargewichts-
Korrelation Molekulargewichtsbestimmungen der Glykoproteine und Lektine, die sehr gut mit den
massenspektrometrischen Werten libereinstimmten. Da das System unter Atmospharendruck und mit
nicht-reduzierenden Elektrolytlésungen arbeitet, konnten sogar die im Vergleich zu anderen
Biomolekiilen nur schwach wechselwirkenden Lektin-Glykoprotein-Komplexe in ihrer nativen
biologischen Form untersucht werden. Interaktionsstudien erlaubten Rickschlisse auf die
Bindungsspezifitaten und -affinitditen der verwendeten Lektine gegeniliber den untersuchten
Glykoproteinen. Die Interaktionen wurden zusatzlich kapillarelektrophoretisch am Mikrochip

untersucht. Neben der bloRen Detektion konnten die nichtkovalenten biospezifischen Komplexe mit



nES GEMMA nach der elektrophoretischen Separation auf eine Nitrozellulosemembran gesammelt
werden. Ein anschlieBender immunologischer Assay belegte die Aufrechterhaltung der nativen
Struktur des Biokomplexes wahrend des nES-Prozesses, der Auftrennung in der Gasphase und sogar
wahrend des elektrostatischen Probensammelns. Das nES GEMMA-System liefert daher einen
vielversprechenden Ansatz fur die Analyse von schwachen Lektin-Glykoprotein-Interaktionen. Dabei
zeichnet es sich vor allem durch eine einfache Probenpraparation, eine markierungsfreie Detektion,
die unabhangig von der chemischen Natur des Analyten ist, und eine vereinfachte Dateninterpretation

aufgrund der Berlicksichtigung von nur einfach geladenen Spezies aus.



INTRODUCTION

1. Glycoproteins

It is estimated that the number of co- or post-translationally modified proteins in eukaryotes
significantly exceeds unmodified ones, with the most abundant modification being glycosylations [1].
Glycosylation is regarded the most complex modification type due to the huge heterogeneity of
glycoforms created during the expression of glycoproteins as well as the high diversity of functional
purposes. Glycoproteins occur in almost all forms of life and can be found inside cells, in extracellular
fluids, as well as in cell membranes. They are carrying carbohydrate chains in various degrees, all
covalently linked to the polypeptide backbone of the protein. The attached glycan moieties can differ
from single monosaccharides to complex linear or branched oligo- or even large polysaccharides.
Additional diversity is created by microheterogeneity, which describes the preferred attachment of
different glycan moieties to a certain glycosylation site of a protein. This leads to the formation of the
already mentioned glycoforms, which can be further modified at altering degrees (e.g. by sialylation,
acetylation, acylation, sulfation, fucosylation or methylation). In this regard, the generation of such
glycoforms is rather regulated and can be dependent on the cell state, disease or function of an

organism.

1.1 Occurrence and structure of glycans

Most common carbohydrates are attached N-glycosidically or O-glycosidically between the reducing
end of the glycan chain and the amide group of asparagine (N-glycans) or the hydroxy group of serine,
threonine, hydroxyproline, hydroxylysine, and tyrosine (O-glycans). Additionally, linkages via
ethanolamine phosphates (glycosyl-phosphatidylinositol anchor), phosphodiester bridges, and C-

glycosides can be found [2].

1.1.1 N-glycans

The synthesis of N-glycans is a combination of co- and post-translational processes and, despite the
great diversity of glycosylations, the result of a highly conserved pathway, as described in the following
paragraphs. During the eukaryotic biosynthesis of the polypeptide chain, a pre-synthesized
triantennary precursor consisting of three glucoses, nine mannoses, and two N-acetylglucosamines
(GlcsMangGIcNAC,) is transferred en bloc onto the growing protein in the lumen of the endoplasmic
reticulum (ER). This tetradecasaccharide is then modified in the ER and Golgi apparatus in subsequent

trimming and attachment processes catalysed by several glycosidases and glycosyltransferases.



For the precursor formation monosaccharides are successively added by glycosyltransferases onto the
lipid carrier dolichol-pyrophosphate, which is located in the ER membrane [3]. The enzyme
oligosaccharyltransferase (OT) then transfers the glycan onto the polypeptide [4, 5], where the N-
acetylglucosaminyl(B1—N)asparagine bond is formed [6]. For that the OT has to recognize a certain
glycosylation sequon on the still unfolded polypeptide, which is formed by asparagine, any second
natural amino acid except Pro, and Ser or Thr (Asn-X-Ser/Thr). Furthermore, this motif is required to
be able to adopt a loop conformation (Asx-turn) in order to be a substrate for glycosylation by the OT
[7]. This so-called Asx-turn causes a nucleophilic enhancement of the asparagine amide nitrogen by
bringing Ser/Thr in closer proximity, as proposed in two different mechanistic models by Imperiali et
al. [8, 9] and Bause et al. [10, 11] (Figure 1.1). Yet, not all available sequons of a protein are
glycosylated, depending on numerous factors like the amino acids within and adjacent to the sequon,
the sequon location in the whole polypeptide chain, the protein folding state, as well as the

composition of the OT subunits and the availability of dolichol carriers [12].
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Figure 1.1 — Mechanistic models of asparagine activation for OTs. Mechanisms involve either amide deprotonation

([11], a) or amide tautomerizaion ([9], b).

N-glycosylation in Gram-negative bacteria and archaea follows a similar process, only Gram-positive
bacteria seem to show no signs of N-glycans [13]. In both former cases en bloc transfer of an
oligosaccharide precursor by OTs from lipid carriers (dolichol in archaea and undecaprenol in bacteria)
are observed. However, the precursor is not characterized by a conserved structure as in the case of
the eukaryotic tetradecasaccharide. Moreover, in eukaryotes proteins are glycosylated before their

folding, whereas they are presumed to be fully folded in prokaryotes. Although glycosylation requires



a similar consensus sequence in all species, the actual rate of glycosylation for bacteria is believed to
be far more restricted [14].

Next to that, an additional pathway was discovered in the bacterium Haemophilus influenza
performing cytoplasmic N-glycosylation [15]. Here, glucose and galactose are independently
transferred to the asparagine of the N-glycosylation consensus sequence by a N-linking

glycosyltransferase forming mono- and dihexoses.

In eukaryotes the transfer of the oligosaccharide precursor is followed by a post-translational trimming
process as well as further modifications by glycosylhydrolases and glycosyltransferases in the ER and
the Golgi apparatus leading to the huge structural variety of glycan moieties. However, they all share
a common core consisting of three mannoses attached to a chitobiose core: Man(al1-6)[Man(al—
3)]Man(B1-4)GIcNAc(B1-4)GIcNAc. To this pentasaccharide further monosaccharides can be added,
which can result in whole carbohydrate chains (antennae, Figure 1.2). Based on the degree and
composition of branching as well as the variety of monosaccharides attached, three main groups of N-

glycans can be differentiated: high-mannose, complex, and hybrid type (Figure 1.3).

/'TK/Z Ser (R‘=H) or

Thr (R =Me)

HO OH
H -0
NHAc
W = m
HO

oligosaccharideslinked

Asn

monosaccharides linked

Figure 1.2 — Core pentasaccharide in N-glycans. The conserved trimannosyl-chitobiose core is linked to the
consensus sequence Asn-Xaa-Ser/Thr and can be further modified by attachment of oligosaccharide chains or
monosaccharides, as indicated by turquoise and purple arrows for possible points of attachments (according

to [16])

The high-mannose type is characterized by usually two to six mannose residues bound to the core,
but even higher numbers can be found e.g. in the case of bovine thyroglobulin (nine mannose residues,
[17]) or in proteins produced by yeast (100 to 200 mannose residues, [18]). Complex type glycans can
carry up to five antennae of one or several N-acetyllactosamine units (Gal(f1-4)GlcNAc), which are
often end-capped by sialic acids. Also fucosylation and additional monosaccharides in the core or
antennae can be found. The hybrid type is a mixture of both other types having mannose residues as

well as complex type antennae attached. Several factors, which can influence the type of glycosylation,
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are for instance the amino acids adjacent to the glycosylation site, the accessibility of the glycans to

the processing enzymes, and the cell type, in which the protein is produced [19].

a Man(a1-2)Man(a1-6)
Man(a1-6)
/ \
s s Man(B1-4)GIcNAC(B1-4)GIcNAC(B1-N)Asn
/

Man(a1-2)Man(a1-2)Man(a1-3)

b Neu5Ac(a2-6)Gal(B1-4)GIcNAc(B1-4)
r Neu5Ac(a2-6)Gal(1-4)GIcNAc(B1-6) Man(a1-6)
tri l' Neu5Ac(a2-6)Gal(B1-4)GIcNAc(B1-2) \
tetra di ( ( Man(31-4)GIcNAc(B1-4)GIcNAc(B1-N)Asn

L Neu5Ac(a2-6)Gal(31-4)GIcNAc(81-4)

ol Man(a1-3)
I_ NeuSAc(a2-6)Gal(B1-4)GIcNAC(B1-2) [GIeNAC(B1-4)]o 1 [Fuc(a1-6)]o
antennae
C Man(a1-6)
Man(a1-6)
\
Man(a1-3) Man(B1-4)GIcNAC(B1-4)GIcNAC(B1-N)Asn

/
Gal(B1-4)GIcNAc(B1-2)Man(a1-3)

[GlcNAc(B1-4)]o1

Figure 1.3 — Main N-glycan types. Depending on the type and degree of mono- or oligosaccharides attached
to the core structure (turquoise), several different types of N-glycans can be classified: high-mannose (a),
complex (b), and hybrid type (c). N-acetyllactosamines capped with sialic acids are represented in yellow,

mannose residues in purple, N-acetylglucosamines in red, and fucose in green. (according to [16])

1.1.2 O-glycans

In comparison to N-glycans, O-glycosylation in eukaryotes is mainly a post-translational process in the
Golgi apparatus with the help of transferases concerning the final and folded protein. O-glycans are
created by the successive attachment of monosaccharides, each offering three to four possible linkage
sites in a- or B-configuration leading to different branches and compositions [20]. Moreover, they vary
in their protein-glycan linkages, which further results in extremely diverse structures (Figure 1.4). O-
glycans are classified according to the first monosaccharide that is linked to the hydroxy amino acid of
the protein backbone (e.g. Ser, Thr, Tyr, hydroxylysine Hyl, or hydroxyproline Hyp).

A very common form of O-glycans in nature are the so-called mucin-type glycoproteins, in which
a N-acetylgalactosamine is al-0 linked to Ser or Thr of a protein. Eight different mucin-type core
structures can be distinguished in accordance to the second bound sugar and its linkage (Table 1) [21].
Subsequently those core structures can be specifically elongated or modified by e.g. sialylation,
sulfation, acetylation, fucosylation, and poly-N-acetyllactosamine-extension leading to a large number

of structures [2]. Usually they consist of one to 20 monosaccharide residues.
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Figure 1.4 — Exemplary O-glycan structures. O-glycans can be classified according to the first monosaccharide
(e.g. GalNAc, Fuc, Glc, Xyl, GIcNAc, Gal, Man) and the amino acid (e.g. Ser, Thr, Tyr, Hyl, Hyp), to which the

monosaccharide is a- or B-O-glycosidically linked to.

mucin core type structure

1 Gal(B1-3)GalNAc

2 Gal(B1-3)[Gal(B1-6)]GalNAc

3 GalNAc(B1-3)GalNAc

4 GalNAc(B1-3)[GalNAc(B1-6)]GalNAc
5 GalNAc(a1-3)GalNAc

6 GalNAc(B1-6)GalNAc

7 GalNAc(a1-6)GalNAc

8 Gal(al1-3)GalNAc

Table 1 Core region sequences of O-glycans as found in serum, cell membrane, and mucine-type

glycoproteins. (according to [21])

In contrast to N-glycans no general consensus sequence for mucine-like O-glycosylations could be
determined so far. However, certain predictions can be made [2]. Thus, glycosylation is dependent on

the specificity and activity of the tissue-specifically expressed glycosyltransferases. Moreover, as only
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folded proteins are targeted, merely Ser/Thr exposed on the protein surface can be glycosylated. They
are usually in regions of extended conformations (e.g. B-turns, rich of Pro), low hydrophobicity, and
low steric hindrance (no large amino acid). Moreover, O-glycosylated Thr and Ser often have Ser, Thr,
Pro, and, in the case of Thr, Val residues in close proximity, whereas Met, Asp, and Asn are rarely found.
O-glycosylations, in contrast to N-glycans, often occur in close proximity on short peptide sections
comprising repeating units of Ser, Thr, and Pro.

Next to mucine-type O-glycosylations, O-linked fucose (Fuc) and glucose (Glc) in epidermal growth
factor domains [22-24], GIcNAc in cytosolic and nuclear proteins [25], and, to a lesser amount,
mannose in mammalian brain, nerves, and skeletal muscles have been described [26]. Similarities of
O-linked GIcNAc with phosphorylations have been suggested, as both processes are reversible and
dynamic and show a rapid response to extracellular stimuli [27]. Thus, these types of O-glycosylations
are assumed to also take part in regulatory functions. Galactose (Gal) linked to Ser has been found in
plant glycoproteins, on collagen domains, and in glycoproteins from cellulosome, which is an
extracellular complex of cellulases in cellulolytic bacteria [28]. O-linked xylose (Xyl) has only been

identified in proteoglycans so far [29].

Yeast, which mainly creates oligomannose structures, can be considered an exception in eukaryotic O-
glycosylation. In contrast to mammalian cells the biosynthesis is located in the ER, which enables the
possibility of co-translational O-glycosylation in the unfolded or partially folded protein. Moreover, the
sugars exhibit a different structure with dolichol-phosphate-mannose being the sugar donor and the
sequence specificity is very different with glycine and proline having inhibitory effects on glycosylation
[30].

Some Gram-negative bacteria have shown the ability for OT-dependent O-glycosylation, which
resembles very much N-glycosylations mediated by OTs [31, 32]. This pathway involves the en bloc
transfer of oligosaccharides from a lipid carrier onto the protein, however without any consensus
sequence. In Gram-positive bacteria and archaea, on the other hand, a processive O-glycosylation as
in eukaryotes is prevalent, yet with a higher O-glycan abundance in bacteria than in archaea [13].
Generally, N-glycans are rather predominant in archaea, whereas O-glycans appear more commonly
in bacteria. Compared to eukaryotes, however, they both offer a much greater diversity of
glycosylation concerning the range of monosaccharides as well as their types of linkages and

modifications.

1.2 Functions of protein glycosylations

The structural diversity of glycosylations is also reflected in the variety of functional purposes glycans

can fulfil or be part of (details see e.g. [33, 34]). Those functions are mostly of structural or modulatory
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nature and / or they concern molecular recognition events. Furthermore, they span from being trivial

to being crucial for growth, development, or survival of an organism.

1.2.1 Structural and modulatory functions

Glycosylations can influence the physical, chemical, and biological properties of a protein by changing
mainly its size, structure, conformation, charge, solubility, stability, or its dynamic properties. For
instance, the bulky glycans can protect the protein from recognition by proteases and antibodies,
which are proteolyzed only after removal of the glycosylation [35]. Moreover, they can increase
structural rigidity. Additionally, glycans can modify or fine-tune the activity of enzymes and signalling
molecules and play key roles in protein expression and processing.

Most of the time the effects of glycosylations on a protein are not distinguishable, but rather
concerted. Thus, changes in the glycoprotein structure or its outer charge can also influence e.g. its
biological activity or stability. For example, high degrees of sialylation or sulfation may increase a
glycoproteins overall charge and, consequently, increase solubility. Often the same glycan has different
functions at distinct locations, at specific times, or after certain external stimuli within a single

organism.

b (GIcNAC),
|
0, NH

Figure 1.5 — Influence of glycans on the protein folding. N-glycosylations can affect the folding of the
polypeptide chain close to the glycosylation site and induce a conformational switch from Asx-turn (a) to a

type | B-turn (b) [36].

N-Glycosylations can have an essential role in the correct folding of the polypeptide chain adjacent to
the glycosylation site. It was proposed that they support the transformation from an extended Asx-
turn to the more compact B-turn (Figure 1.5) [36]. However, this conformation might only be a
transient structural change during the folding process and is not always maintained in the final
glycoprotein [37]. Other kinetic folding studies suggest that glycosylations decrease the unfolding rate

of the native state [38]. To some degree the last finding was supported by folding studies of natively
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glycosylated erythropoietin (EPO) compared to a non-glycosylated variant [39]. During the three-state
folding mechanism of EPO, the glycans did not alter the folding mechanism itself but slowed its rate
and increased the stability of the intermediate species, biasing certain folding pathways.

Like N-glycans, also O-glycans affect the secondary, tertiary, and quaternary structure of the
protein [2, 20]: they can interrupt a-helical peptide sections, trigger conformational changes of the
protein, or enable the formation of protein aggregates. Eliminating, for instance, all O-glycosylations
of ovine submaxillary mucin causes a drastic conformational transformation from linear to globular
shape. Moreover, the mucin typical filamentous structure are only formed due to the many O-glycans
and the resulting multiple interactions between the Ser/Thr-linked N-acetylgalactosamine and the

peptide backbone.

In another instance, glycosylations can be able to protect organisms from heat or cold. Antifreeze
glycoproteins in the blood of Antarctic fish decrease the freezing point of the fish by binding to ice
crystals and preventing their nucleation and growth inside the fish [40]. Therefore, the fish does not
freeze in the icy environment. As the other extreme, some heavily glycosylated glucanases in
Saccharomyces cerevisiae showed a comparably much higher heat stability than non-glycosylated

counterparts expressed in Escherichia coli [16].

Furthermore, glycosylations can affect the biological activity and dynamic properties of a protein. The
efficiency of for example bovine pancreas ribonuclease (RNase) is directly influenced by its degree of
glycosylation. With a growing glycan chain at its only glycosylation site Asn-34, also the dynamic
stability of RNase and, additionally, the steric hindrance between the glycans and the substrate of the
enzyme (double stranded RNA) is increasing. This causes a drastic decrease in activity, especially

compared to the non-glycosylated RNase [41].

1.2.2 Involvement in recognition events and interaction with carbohydrate recognizing proteins

Next to physicochemical consequences for glycoproteins, glycans participate in various physiological
and pathological recognition events (Figure 1.6). They act as specific receptors for microorganisms,
toxins, or antibodies, take part in intra- and intercell trafficking, and mediate cell-matrix or cell-cell
interactions. Moreover, carbohydrate moieties can help to orientate proteins, e.g. relative to a
membrane [42], or to direct a protein to a specific location in the cell, e.g. leukocytes to sites of
inflammation [43]. Most of the times recognition events involve carbohydrate-binding proteins (CBPs),
which either recognize glycans from a different (extrinsic) or from the same organism (intrinsic) and
mainly mediate cell-cell interactions as well as interactions with extracellular molecules [34]. Typical
CBPs are found in the large protein groups of antibodies, lectins, or enzymes involved in modifying

glycans.
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Figure 1.6 — Glycoprotein recognition. Glycoproteins are involved in a variety of binding processes with
different interaction partners like viruses, enzymes, antibodies, or lectins, and play a role in many intra- and

intercell recognition events (according to [44]).

Enzymes as CBPs

Carbohydrate recognizing enzymes in the form of glycosidases and glycosyltransferases already play a
role in the synthesis of glycoproteins. Further enzymes are responsible for additional modifications of
glycans like phosphor-, sulfo-, O-methyl- or O-acetyltransferases, among others. Glycosidases remove
monosaccharides from a sugar chain as they do with the precursor oligosaccharide in the post-
translational trimming process of N-glycans. Glycosyltransferases, on the other hand, sequentially
transfer sugar moieties (monosaccharides, disaccharides, or oligosaccharides) from an activated donor
substrate (e.g. nucleotide sugars, lipids) onto acceptor substrates (e.g. mono- or oligosaccharides,
proteins, lipids, small organic molecules, or DNA) creating linear or branched polysaccharides [45]. The
new glycosidic bond can be formed either in a retaining or inverting mechanism concerning the
anomeric configuration of the donor substrate. Similar mechanisms were observed for glycosidases

(Figure 1.7).

Antibodies as CBPs

One very early example for antibodies that can recognize certain carbohydrate structures was already
discovered 1900 by Karl Landsteiner working in the Pathological Anatomy Institute of the University of
Vienna (Austria) [46]. He revealed that human sera of some individuals agglutinated the red blood cells

of others and that the agglutination was not due to bacterial antibodies or antibodies formed in the
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response of an infection, as formerly believed [47]. Landsteiner further introduced the three human
blood groups stating that the erythrocytes of individuals with blood group A or B carry antigens A and
B, respectively, or none in case of the third blood group (later called 0). Moreover, the human serum
does not contain the corresponding antibody (agglutinins anti-A and anti-B) for the own antigen
present, whereas both can be found in blood group 0. A fourth group AB with both antigens expressed
on the red blood cells and without any antibodies in the serum was discovered later. Antigens A and
B, as well as the additionally observed antigen H on 0 group erythrocytes, which was proposed to be a
precursor for antigens A and B [48], were also found to occur in human exocrine secretions and in
mucosal tissues of many animals. But it was only until later that the blood group determinants could

be identified as carbohydrates of the mucin-type [49, 50].
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Figure 1.7 — Proposed mechanisms for glycosidases and glycosyltransferases. Reactions result in an inversion
(a) or the retention (b) of the anomeric configuration involving Sy2-like attacks and oxocarbenium ion-like
transition states [45]. The retention requires a second successive Sy2-like reaction after the formation of a
glycosyl-enzyme intermediate. In the case of glycosidases, R; corresponds to a proton and R; to a glycan

remainder. For glycosyltransferases, R; is typically a nucleoside mono/diphosphate and belonging to the

donor substance and R;, as part of the acceptor group, e.g. either another sugar or a protein.

Today the synthesis and structure of the antigen determinants is established (Figure 1.8). Certain
glycosyltransferases build the final antigens onto different precursor saccharides of glycolipids or
proteins. Their peripheral disaccharides are the basis for the differentiation into the antigen types.
Fucosylation of the precursor by an al-2 fucosyltransferase (FucT) creates the H antigen determinant,
which can be further modified by N-acetylgalactosaminyltransferases (GalNAcT) or

galactosyltransferases (GalT) resulting in the antigen determinants for A and B, respectively.
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type-1 Gal(B1-3)GIcNAc(B) — (poly-)N-acetyllactosamines
type-2 Gal(B1-4)GIcNAc(B) — (poly-)N-acetyllactosamines
type-3 Gal(B1-3)GalNAc(a) — O-GalNAc glycans

type-4 Gal(B1-3)GalNAc(B) — on glycolipids

Figure 1.8 — Minimal determinant structures of blood group antigens A, B, and H. Antigens A and B can be
created by further modification of the antigen H. The antigen types depend on the peripheral disaccharide

structures, to which the determinant blood group antigens are linked.

Next to these antibodies directed to blood antigens, several other natural anti-glycan antibodies
can be found in human tissues. For instance, anti-Gal antibodies have become a major focus
concerning the topic of xenotransplantation (transplantation of organs from different species like pigs
to humans), as they are responsible for hyperacute rejections of the organs. They are targeting specific
carbohydrate epitopes (xenoantigens) of the pig, e.g. Gal(a1,3)Gal(B1-4)GIcNAc (the Gal-antigen) on
the vascular endothelial cells of the transplanted organ [51]. Within minutes the binding of the
antibodies to the antigens can cause irreversible graft damage by inducing the complement cascade.
This includes congestion and thrombosis in the small vessels of the graft, followed by disruption of the
vascular endothelium as well as massive interstitial haemorrhage and oedema — very similar
consequences as known from ABO-incompatible allotransplantations (transplantations within same
species). The Gal-epitope has been observed in many non-primate mammals, also very abundantly in
pig tissues, but not in Old World monkeys, apes, or humans. The latter ones, on the contrary, produce
anti-Gal antibodies supposedly in response to microorganisms in their gastrointestinal tract in the first
months of life [52]. They were found in immunoglobulin subclasses IgM, IgG, and IgA, of which mainly
IgM and IgG are involved in hyperacute rejection processes. Next to the Gal-epitope also other
xenoantigens in pigs are supposed to be involved in the rejection process, e.g. N-glycolylneuraminic
acid (Neu5Gc(a2-3)Gal(B1-4)Glc), the so-called Hanganutziu-Deicher antigen (HD-antigen). As with the
Gal-epitope before, the HD-antigen is widely distributed amongst mammals except in humans, who in

turn possess anti-HD antibodies [53].
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Lectins as CBPs

Lectins are a very large and diverse group found in all living organisms throughout nature. They have
become a versatile tool in the detection, isolation/purification, and characterization of glycoproteins
as well as the analysis of cell-surface glycans, whose changes in pattern are often related to diseases
and cancer [43]. Moreover, lectins have shown to influence many crucial cellular processes due to their
interactions with carbohydrates. They can e.g. mediate bacterial and viral adhesion to host cells,
control the intracellular traffic of glycoproteins, induce cell growth, mitosis, or apoptosis, or regulate
cell-cell interactions.

First hints that proteins have the ability to agglutinate erythrocytes were already mentioned at
the end of the 19" century: Stillmark and Helling each isolated a highly toxic hemagglutinin from the
castor tree (ricin) and the jequirity bean (abrin), respectively [43]. The high toxicity of ricin led to
several attempts to apply it as biochemical weapon. As known today, both plant lectins are
heterodimeric complexes consisting of a N-glycosidase part and a galactose-specific agglutinin part.
Further evidence for a protein being able to agglutinate erythrocytes and other cells was gained with
the isolation of concanavalin A (ConA) from jack bean (Canavalia ensiformis) by Sumner and Howell
[54]. They could also demonstrate sugar specificity of the lectin for the first time and proposed a
connection between hemagglutination and interactions of ConA with carbohydrates on the
erythrocyte surface, resembling antibody (blood agglutinins) interactions as described above. In
relation to the identification of the different blood types, also a blood type specificity of various plant
agglutinins was detected [55, 56], which finally gave them their general name ‘lectin’ (lat. legere, to
choose, select, or pick out) for all sugar-specific agglutinins of nonimmune origin [57].

Although plant lectins were the first to be discovered, only little is known about their natural
functions and ligands. In contrast, the first isolation of animal lectins was half a century later (1952 in
eel [49]), yet they are studied today in much more detail. Generally, lectins are classified according to
homologies in primary structure and relationship in evolution. Thus, for instance at least 13 different
lectin families of structurally and evolutionary related proteins could be classified in animals and 7 in
plants (Table 2) [58-61]. However, these classifications are not always straightforward and universal.
There are some structurally unique lectins, which are not part of a greater lectin family, but of protein
families not associated with carbohydrate recognition. Next to that, lectin families can include proteins
either without the ability to bind sugars or with the ability to (additionally) bind other molecules like
proteins, lipids, or nucleic acids [58, 59]. Furthermore, some lectin families are more diverse and,
therefore, further divided into sub-groups according to gene structure and nature of additional non-
lectin domains as in the case of the C-type (Ca®* requiring) lectins. This group of lectins recognize very

different sugar moieties and only share a lectin module.
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structural lectin families carbohydrate ligand

C-type (including calcium-dependent, including

aninat selectins, collectins, endocytic lectins) various
galectins (former S-type) B-galactosides
P-type (phosphomannosyl receptors) Man-6-phosphate on high-mannose type N-glycans
KZ;ES::':Z:QE;;nn:?ll;r;oglc’bu"n ELESE variable (singlecs: sialic acid)
calnexin, calreticulin, calmegin glycosylated high-mannose type N-glycans (GlciMans)
hyaluronan-binding proteins hyaluronan chains
M-type (a-mannosidase-related lectins) high-mannose (Mans)
L-type various
R-type various
F-box GlcNACc,
ficolins (fibrinogen-type) GlcNAc, GalNAc
chitinase-like lectins chito-oligosaccharides
F-type Fuc-terminating oligosaccharides
intelectins Gal, galactofuranose, pentoses

plant: amaranthins GalNAc, T-antigen (Gal(B1-3)GalNAc)
chitin-binding composed of haevin domains chitin, GIcNAc-trimers and -tetramers
Cucurbitaceae phloem GlcNAc-oligomers
jacalin-related terminal Gal or Man/maltose
L-type (legume lectins) various
monocot mannose-binding (MMBL) Man-oligomers

R-type (type 2 ribosome-inactivating proteins

(type 2 R|P)) various

Table 2 Exemplary animal and plant lectin families with structural or evolutionary homologies. (according to

[34, 58, 60, 61])

Despite the great variety of the lectins in size, primary structure, and composition, some
similarities in regard to their tertiary and quaternary structure as well as carbohydrate binding sites
(CBS) were observed independently from their source [60]. Comparing lectins of different families,
usually no common fold is expected and also the CBSs are rather diverse regarding the high numbers
of different ligands and biological functions. Within families like galectins, however, which all have a
specificity towards the same oligosaccharide, the CBS is highly conserved [62]. In contrast, C-type
lectins show many variations within their own family due to diverse specificities [63]. Nevertheless,
common features have been revealed comparing lectins from different families and even different
origins. One example is the legume lectin fold, a B-sandwich of antiparallel B-strands, which was first
discovered in the lectin ConA and is typical for legume lectins [43]. Although a detailed analysis shows
certain differences as the number of involved B-strands, a similar fold could be found in animal lectins
like galectins, pentraxins, and ERGIC-53 [60]. Other examples of typical lectin folds, which can be both
detected in plant and animal lectins, are the B-trefoil fold (three subdomains of each four-stranded

antiparallel B-sheets, identified in e.g. ricin-like lectins and fibroblast growth factors [64, 65]) and the
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hevein-domain (small disulfide-rich domains e.g. in wheat germ agglutinin WGA and cobra venom
cardiotoxin [66, 67]).

Some lectins like those of the C-type and the legume lectins are dependent on divalent metal ions,
which influence local conformational changes and thus the functionality of the CBS. Both lectin families
have a primary CBS selective for a certain monosaccharide and additional CBSs with fewer interactions
to a carbohydrate residue covalently linked to the primary monosaccharide. The whole CBS consists of
conserved residues providing hydrogen bonds for interaction with the sugar moiety and two variable
loops for additional hydrogen bond and van der Waals interactions [60]. These determine the
specificity of the primary binding site and the subsites.

Single-site binding affinities between a lectin and its carbohydrate are rather low (with
dissociation constants in the micro- to millimolar range), especially compared to the very strong
antibody-antigen interactions (nano- to picomolar range) [68, 69]. Binding is non-covalent and includes
typically hydrogen bonds, but also hydrophobic, van der Waals, and electrostatic interactions [70]. In
order to increase the avidity, lectins usually make use of multivalence, which describes the
simultaneous interaction of the mostly multiple epitopes of the ligand with several binding sites of the
lectin. Therefore, the lectins are either multidomain proteins offering more than one CBS per lectin
monomer or they form multimeric proteins [71]. Variations in the quaternary structure can also
influence the lectin specificities depending on the multivalent ligand and the locations of its
glycosylation sites towards each other. Moreover, binding kinetics of multivalent interactions can vary

in comparison to monovalent ones, which can be used for fine-tuning certain binding processes [72].
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2. Analysis of glycoproteins

Differences in glycosylation pattern can impact development, differentiation, physiology, and disease
of cells or organisms and in turn allow to draw conclusions about their state. Defects in the synthesis
or attachment of glycans, as known from more than 40 genetic diseases in humans (congenital
disorders of glycosylations), can also have severe consequences on the nervous system with no
effective treatment known to date [44]. Moreover, changes in the surface glycans of cells have been
connected with the development of cancer [43, 73]. So, high sialylation or fucosylation, altered
sulfations, high branching degree of N-glycans and their extension with polylactosamines have been
found specifically in tumour cells. Often, the identification of such differences can be used for detecting
disease biomarkers in clinical studies, the development of treatments or prognosis. Many therapeutic
proteins today are complex glycoproteins, typically produced as recombinant glycoproteins in a variety
of expression systems (the company first produced and patented such a glycoprotein is termed
originator). Often these biotherapeutics, after the patent-protection has ended, are hitting the market
as so-called biosimilars [74]. As the glycan chains of those biotherapeutics heavily influence their
stability, biological activity, immunogenic potential, safety, and pharmacodynamic properties,
glycosylations are often optimized or tried to be made with the same glycan pattern. However, this
requires a controlled environment and production has to be monitored closely. Also batch-to-batch
variations caused by smallest changes during cultivation (temperature, pH, composition of the
medium, addition of nutrients/growth factors/hormones, etc.) have to be monitored. Is the biosimilar
a glycoprotein, it usually consists of a variety of different glycoforms as expected. When introduced to
the market, no significant additional glycoforms are allowed by the governmental control organization.

This all emphasizes the importance of finding reliable and rapid methods of analysis. Due to the
huge structural complexity of glycoproteins and their glycosylations there is still no universal method
of choice for their investigation. Usually a combination of different analytical techniques has to be
applied for satisfying results depending on the information of interest (e.g. identification of
glycosylation sites, structural elucidation of glycans, interaction with other proteins, functional

properties).

2.1 Investigation of intact glycoproteins

Generally, there are three main approaches in the analysis of glycosylations: (i) investigation of the
intact glycoprotein in its native or denatured conformation, (ii) examination of glycopeptides, and (iii)
characterization of chemically or enzymatically released N- and O-glycans [44, 75-78]. The following
part, however, will concentrate on exemplary analytical methods concerning the investigation of intact
glycoproteins. However, most of those techniques can also be applied for glycopeptide or glycan

analysis. Many approaches involve techniques like capillary electrophoresis (CE), liquid
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chromatography (LC), mass spectrometry (MS), as well as their combinations and variations. Structural
elucidation of an intact glycoprotein can be challenging, as it usually exists as a mixture of glycoforms
and often only small amounts of isolated and purified material are available. Therefore, a combination
of appropriate isolation and purification techniques with high resolution separation and sensitive

detection methods are of importance (Figure 2.1).
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Figure 2.1 — Exemplary strategies for a detailed intact glycoprotein analysis. Direct (purple) and lectin-based

(turquoise) analytical methods for glycoprotein separation, purification, detection, as well as kinetical and
qualitative analysis are shown. Alternatively, proteolysis or glycan release enable further investigation of
resulting glycopeptides and glycans for e.g. glycosylation site analysis or detailed structural and compositional
elucidations (green and blue, respectively). Abbreviations: GE, gel electrophoresis; IEX, ion exchange
chromatography; IEF, isoelectric focusing; FAC, frontal affinity chromatography; FP, fluorescence polarization;
ITC, isothermal titration calorimetry; ELLA, enzyme-linked lectin assay; (S)LAC, (serial) lectin affinity

chromatography.

Gel electrophoretic approaches

One approach for glycoprotein analysis is gel electrophoresis in its various forms, e.g. isoelectric
focusing (IEF), native polyacrylamide gel electrophoresis (PAGE), or sodium dodecyl sulfate (SDS) PAGE
[79]. During gel electrophoresis charged particles migrate in gel-forming polymers upon application of
an electric field. The pore sizes of such gels can be varied in dependence on the polymer / crosslinker
ratio and their concentrations [80]. Most often acrylamide and bisacrylamide are used as polymer and
crosslinker, respectively. IEF gels are usually high-porosity gels with only low amounts of
polyacrylamide, whereas for SDS-PAGE gels the polyacrylamide concentration is increased for sieving

effects. Implementation of certain additives like the detergent SDS, the chaotrope urea, or the
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reducing agent dithiotreitol (DTT) results in the denaturation of the investigated glycoproteins which
is mostly required for classical SDS-PAGE. Further influences are achieved by choice of electrolyte
system (e.g. tris-glycine, bis-tris, tris-acetate) and positive or negative ionic detergents. In IEF gels,
proteins are separated according to their isoelectric point and, consequently, to their intrinsic charge
using a pH gradient within the gel matrix. This results in a separation of the glycoprotein isoforms with
high resolution and usually gives a reliable view of the degree of e.g. sialylation, sulfation, acetylation,
acylation, or phosphorylation. In contrast, SDS-PAGE allows the determination of the molecular mass
due to a uniform negative charge density of the (glyco)proteins caused by the covering with SDS. In
the case of glycoproteins, however, the interaction of SDS with the protein can be altered by the bulky
glycans leading to a decreased migration in the gel and apparently higher molecular weights [81].
Moreover, the glycoprotein bands on the gel are rather broad reflecting the huge variety of glycoforms.
A combination of IEF and SDS-PAGE, the 2-dimensional PAGE (2D-PAGE), additionally reveals the mass
distribution of the different isoforms. In contrast, native PAGE allows for analysis of protein aggregates,
which are disrupted in SDS-PAGE under the denaturing and often reducing conditions. Yet, for studying
protein aggregates, usually other methods like size-exclusion chromatography (SEC), dynamic light
scattering (DLS), field-flow fractionation (FFF), and ultracentrifugation are more frequently applied [82-
84].

The specificity of the described electrophoretic methods can be further increased by varying the
staining of the analytes. Non-specific staining like Coomassie or silver provides an overall detection of
the different glycoforms and non-glycosylated proteins. However, these techniques can lead to weak
staining or even failure of detection: steric interference of the carbohydrates can hinder the binding
of silver ions and an alteration of the protein hydrophobicity combined with steric hindrance by the
hydrophilic glycans can result in lower binding of Coomassie, which usually interacts with hydrophobic
and basic amino acids. Thus, glycan-specific methods can be used, which involve an oxidation of the
glycans to aldehydes by periodic acid and subsequent staining with the Schiff’s reagent (periodic acid-
Schiff, PAS), Alcian Blue (a copper phthalocyanine dye), or Pro-Q Emerald dyes (fluorescent
hydrazides), in the order of increasing sensitivities [85]. Still their sensitivities stay behind typical
unspecific staining methods. A more sensitive specific biomolecular recognition can be performed
directly with fluorescently labelled lectins or with lectins or antibodies after transferring the proteins
from the gel onto membranes (lectin or immunological / Western blotting) [86, 87]. Although gel
electrophoresis is a very cost-effective and widely used approach, it is on the other hand rather time-
consuming, requires good technical skills for high reproducible results, and includes analyte-
dependent differences in staining, which makes quantitation difficult. Molecular mass determination

will show in case of glycoproteins and hydrophobic proteins a certain bias, too.
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Mass spectrometric approaches

More accurate molecular weight determinations and mass distribution profiles of glycoproteins than
with SDS-PAGE are achieved with MS, which has become a powerful tool in the field of
glycoprotein/glycan analysis and enabled enormous progress in structural elucidation [88-90]. As with
SDS-PAGE, glycoprotein MS signals are influenced by the heterogeneity of the sample. Thus, the
presence of multiple glycoforms requires high mass resolution and accuracy of instrumentation to
prevent over-lapping signals and, therefore, loss of information about the precise molecular
composition.

The soft desorption/ionization techniques matrix-assisted laser desorption/ionization (MALDI)
and electrospray ionisation (ESI) are widely used for the analysis of intact glycoproteins. MALDI scores
with high sensitivity, very high molecular mass range, and a higher tolerance for contaminants, but
shows drawbacks concerning the possible loss of labile monomers like sialic acid groups during
desorption/ionization [91]. In order to stabilize such labile residues glycans can be derivatized. While
MALDI mainly generates singly or low-charged ions, glycoproteins carry multiply charges after ESI
desorption/ionisation. Consequently, data interpretation can be more challenging with the latter,
especially when analysing complex samples or even not possible at all (particular in case of high
content of glycans). This often requires the combination of ESI- or nano-ESI-MS with preceding
separation techniques like CE or LC (e.g. SEC, ion exchange IEX, hydrophilic interaction HILIC, reversed
phase RPLC). A uniform and linear response from all glycoforms represents an additional experimental
challenge in MS and can be impeded by ion suppression effects or varying desorption/ionization
efficiencies. Besides that, glycosylated proteins or peptides are generally more difficult to desorb and
ionize [75].

Mass analysers typically used for intact glycoprotein analysis are time-of-flight (TOF), Orbitrap,
Fourier-transform ion cyclotron resonance (FT-ICR), quadrupole (Q), ion trap (IT), and hybrid
instruments like TOF/RTOF, LTQ (linear ion trap quadrupole), LTQ Orbitrap, or QRTOF, that combine
the merits of different analysers [89]. Especially FT-ICR and Orbitrap instruments feature high mass
resolution and accuracy, but require ultrahigh vacuum and long data acquisition times in return and,
in the case of FT-ICR, also expensive superconducting magnets.

Next to measuring unfolded glycoproteins under denaturing conditions, native MS not only
enables the analysis of non-denatured analytes and their glycosylation patterns but also of non-
covalentinteractions [88, 92]. Under these near-physiological conditions using volatile aqueous buffers
at neutral pH, glycoproteins maintain their native structure and binding properties. Also labile groups
have shown to remain attached to the glycoprotein and the sialyl residues introduce less
desorption/ionisation bias. Furthermore, a combination of native MS with ion mobility spectrometry
(IMS) allows for the charge and shape-selective separation of glycoforms according to their gas-phase

collision cross-sections in addition to their mass spectrometric characterisation/identification [93].
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For structural elucidation concerning protein sequence, localisation, and characterisation of
glycosylations, intact glycoproteins can be directly subjected to MS and tandem MS analysis in a “top-
down” MS-based approach. This strategy was successfully applied for the determination of O-
glycoprotein sequence and O-glycosylation sites [94]. Yet, this approach is still limited to small
glycoproteins in isolated form or in simple protein mixtures and the use of high performance ICR
analyser.

All in all, the direct analysis of the intact glycoprotein is an attractive alternative, as it reduces
sample preparation steps like enzymatic digestion or deglycosylation. With that, it speeds up the

analysis, decreases sample loss and modification during preparation, and increases reproducibility.

Liguid chromatographic approaches

LC promises relative high speed, reproducibility, resolution, real-time detection, full automation, and
compatibility with MS. As already mentioned above, several modes are available, which can be used
for glycoprotein analysis: SEC separating analytes according to their size (hydrodynamic diameter),
RPLC and HIC (hydrophobic interaction chromatography) according to their hydrophobicity, HILIC
separating analytes according to their polarity, and IEX according to their charge (affinity
chromatography is addressed in the next chapter). In all cases, especially when working with low
analyte concentrations or doing quantifications, adsorption of the analytes to the column materials
should be reduced to a minimum, as it simultaneously reduces sensitivity.

SEC can be employed as a high-throughput alternative to gel electrophoretic approaches for
aggregation studies yielding information on aggregate content and size of resulting particles. Thus, it
can be used for purity control and batch-to-batch consistency checks of biopolymers. It is a very robust
method, yet with a low dynamic range, efficiency, and loading capacity. RPLC proved not very suited
for glycoform characterization due to its lower separation efficiency for glycoforms and the general
poor performance in protein separation. In contrast, HILIC and IEX have shown the ability to retain and
separate hydrophilic compounds and also intact glycoproteins [74, 95]. HILIC separations according to
the analyte polarity are characterized by a hydrophilic stationary phase (silica derivatized with polar
functional groups like amine, amide, cyano, or diol) and a mobile phase containing high amounts of
organic solvent. Retention of the analytes is influenced by hydrogen bonds, electrostatic interactions
with the stationary phase, and hydrophilic partitioning between stationary and mobile phase. With its
high MS-compatibility it represents a promising alternative for IEX. HIC is commonly used for
(glyco)protein purifications, but only seldom for analytical purposes compared to other techniques like
SEC, IEX, or HILIC [96]. Its main advantage over RP is the little denaturing effect and thus maintaining

biological activity of the analyte due to non-denaturing conditions during separation.
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Capillary electrophoretic approaches

Another electrophoretic approach for qualitative and quantitative glycoprotein analysis next to a slab
gel is electrophoresis in a capillary. In comparison, CE offers high speed, great efficiency and utmost
resolution, real-time detection, and full automation while requiring only small sample amounts.
Analytes are separated according to size, shape, and physico-chemical properties allowing to resolve
glycoforms. Optimizations by e.g. altering the buffer system or the pH of the background electrolyte
(BGE), or by including additives like detergents or organic/inorganic molecules or ions, can further
influence the resolving power. Also modifications of the capillary wall for reducing unspecific
adsorption are of utmost importance, as reversible and irreversible adsorption/desorption events can
decrease the separation efficiency, alter the electroosmotic flow (EOF, see 3.1.1), and affect
guantitative investigations [74, 97]. The adsorption can be reduced by varying factors like the pH and
composition of the BGE, or the nature and modification of the solid surface (e.g. static or dynamic
capillary coatings). Nevertheless, adsorption effects in CE is still lower than in LC methods.

Several different CE modes have shown a capability for good glycoprotein separation: capillary
zone electrophoresis (CZE), capillary isoelectric focusing (CIEF), capillary gel electrophoresis (CGE), and
micellar electrokinetic chromatography (MEKC) [97, 98]. CZE, however, is the most common method
in routine analyses due to its rapidness and high separation efficiency, such as the separation of EPO
sialoforms (glycoforms with different sialic acid contents) and identification by coupling CZE to ESI-
RTOF-MS [99].

During CIEF analysis, analytes are separated according to their isoelectric point in a pH gradient
formed by carrier ampholytes with very high resolution similar to IEF gels.

MEKC utilizes ionic micelles and enables the separation of also neutral analytes, which are
embedded into the micelles. Depending on the distribution coefficient, the electrophoretic mobility
increases with the incorporation of the analytes into the micelles [98]. The migration time is influenced
by the electrophoretic velocity of the micelle and the analyte, the distribution ratio, and the velocity
of the EOF.

CGE, on the other hand, resembles classic SDS-PAGE with a separation in a sieving matrix of linear
or branched polymers and a reduced EOF. However, it offers some fundamental advantages to SDS-
PAGE, such as improved resolution and enhanced precision in sizing, automation, speed and user-
friendliness, and on-line quantitation [74]. Especially the development of miniaturized systems further
decreased sample consumption and analysis time, as well as increased sensitivities and enabled

routine monitoring of purity and integrity of proteins, DNA/RNA, and glycoproteins (see 3.1.2).

Spectroscopic approaches

Spectroscopic methods can be applied to study secondary and tertiary structures of glycoproteins [74].

The latter are ideally addressed by X-ray crystallography and advanced nuclear magnetic resonance
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(NMR) methods, which both require a highly purified glycoprotein. Besides that, rather high
concentrations are needed for NMR studies and data analysis can be very complex. Thus, structural
determination is limited to low molecular mass (< 20 kDa) glycoproteins and detailed NMR analysis of
larger glycoproteins requires stable-isotope labelling [100]. For X-ray, on the other hand,
(glyco)proteins have to be crystallized, which can cause difficulties for glycosylated proteins. The
secondary structure can be examined with absorption and fluorescence spectroscopy, circular
dichroism (CD) complemented by infrared (IR) spectroscopy. With dynamic light scattering (DLS) the
molecular mass can be determined in case of more or less narrow dispersity and glycoprotein

aggregates investigated.

2.2 Glycoprotein analysis using lectins

Many analytical approaches especially for the isolation and purification, but also the detection or
structural analysis of glycoproteins involve the use of antibodies or lectins. In the beginning both were
mostly involved in agglutination and blood typing experiments. Today, they are often applied to reduce
the complexity of a sample or to specifically enrich glycoproteins in general or certain glycoforms in
particular from complex biological samples. With the same approach glycoproteins can be purified for
subsequent analysis when needed. Lectins and antibodies can help to detect changes in the
glycosylation pattern of proteins and to specifically stain tissues or membranes. Additionally, they can
be part in interaction studies for kinetic or structural elucidations.

Although monoclonal antibodies have a higher specificity and affinity towards a certain
glycoprotein (i.e. an epitope), this fact also limits their range of application. They usually only recognize
a specific antigen with high affinity (a particular epitope structure), which can be problematic in the
case of unknown samples or very complex (in terms of glycan composition) glycoproteins. Moreover,
they are more difficult and time-consuming to isolate.

In contrast, lectins are generally more stable, cheaper to produce, better characterized, and
feature a variety of specificities no antibody is known for. They have the ability to bind several different
ligands and, therefore, address a broader spectrum of glycoproteins. A lot of the lectins employed in
glycobiology are commercially available and originate from plants, which makes supply much easier.
These advantages support the choice of lectins for a comprehensive glycoprotein analysis and
examples of their applications are discussed below. Next to their frequent application as tools in
bioanalytical research, certain lectins have been found to act as anti-tumour, -fungal, -viral, and -insect

agents [101].

Lectin affinity chromatography

For isolation and purification, but also for detection of glycoproteins with pathologically altered sugar

chains lectin affinity chromatography is widely used. For this, lectins are immobilized on e.g. agarose-
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(Sepharose) or silica-based stationary phase and loaded into affinity columns. Next to column-based
enrichments, lectins can be covalently linked to solid carriers like magnetic agarose- or polymer beads.
These beads have also been applied in automated high-throughput analyses in combination with
subsequent enzymatic digestion and tandem mass spectrometry [102, 103].

For covalent coupling of the lectins, the surface is activated with different functional groups (e.g.
epoxy, tosyl, carboxylic acid, Figure 2.2). Glycoproteins can then be specifically and selectively bound
depending on the employed lectin and separated from the crude biological sample. Due to the rather
low binding affinities, the interactions can be specifically disrupted and the bound proteins eluted with
competitive sugar compounds. Moreover, bound glycoproteins can be sequentially eluted according
to their binding affinities by using varying substances with increasing binding strengths towards the
lectins. As lectin-glycan interactions are of reversible nature, lectin columns or beads can be reused for
further sampling after extensive washing and regeneration. In all cases, the choice of binding, washing,
and elution conditions are of utmost importance for reliable and reproducible results due to the low

affinity interactions.
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Figure 2.2 — Lectin coupling to surface activated beads. The bead surfaces are activated with various
functional groups (e.g. epoxy a, tosyl b, or carboxylic acid c) that can be used for the covalent binding of
proteins, nucleic acids, or glycans. The suitability for different ligands (as well as for glycoproteins to be
enriched) can vary depending on the functional group on the bead, the related coupling conditions (stability

of the ligand), the bead size, and the hydrophobicity of the bead.

Serial lectin affinity chromatography (SLAC) enables additional separation of glycoproteins in
regard to differences in their glycan structures by combining columns with immobilized lectins
recognizing varying carbohydrate moieties [104]. On the other hand, several lectins can be combined

in one column to isolate a wide spectrum of glycoproteins from non-glycosylated species out of a
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biological sample (mixed-bed or multi-lectin affinity chromatography, MLAC) [105]. In this regard, also
the use of boronic acid can be considered, which binds to vicinal diols containing structures and hence
to many sugar moieties [106].

Besides using lectins coupled to a solid support, glycoproteins and cells with surface-glycans can
also be agglutinated and precipitated directly with lectins [34]. In the first case, the concentration of a
soluble glycan is monitored that can inhibit cell-agglutination. This method particularly helped in the
investigation of the human blood-groups. Precipitates, on the other hand, are the consequence of
interactions between the multivalent lectin with multivalent glycoproteins forming insoluble cross-

linked complexes. Titration experiments are usually used to monitor the precipitation.

Exemplary methods for kinetic and structural analysis

Kinetic interaction studies can be performed with frontal affinity chromatography (FAC), isothermal
titration calorimetry (ITC), or lectin biosensors. Additional information about structural specificities
can be gained with enzyme-linked lectin assays (ELLAs), which are highly similar to ELISAs (enzyme-
linked immunosorbent assays), and lectin microarrays.

FAC as a special form of affinity chromatography allows kinetic investigations of affinity
interactions [107]. Characteristic for this method is the continuous injection of the ligand to an
immobilized binding partner. This binding partner is either bound chemically or by affinity to the
stationary phase. By monitoring the glycoconjugate concentration of the elution front with e.g. UV
spectrophotometry, MS, or fluorescence spectroscopy, equilibrium dissociation and binding constants
can be determined [108-110]. In this regard, ligands showing no affinity towards the immobilized
binding partner elute first, whereas the elution of interacting ligands is retarded. FAC is particularly
suitable for investigating weak interactions as in the case of lectin and glycans and analysis is
concentration-independent (detection of ligands at concentrations significantly below their respective
equilibrium dissociation constants) [108]. Furthermore, miniaturization of the technique enables high
sensitivities and low sample consumption as well as automation allows finally high-throughput
analyses. However, interactions studies can be influenced by the immobilization of one binding
partner, whose binding activities and specificities may be altered. Next to that, the complexity of
samples can be a limiting factor: due to the continuous-infusion, the interacting ligand must be
detected in the presence of non-binding analytes. Additional fractionation before detection can
improve the compound screening rate while at the same time reducing the compound concentrations.

With ITC, interactions can be completely characterized concerning thermodynamics and kinetics
of the binding [111, 112]. However, high sample amounts are needed for measurements. ITC
determines the interaction induced heat difference relative to a reference cell (containing water or
buffer) during titration of one binding partner to the other within an adiabatic jacket. The heat change

is directly related to the enthalpy of reaction. With increasing concentration of the added analyte, the
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change in heat difference minimizes due to saturation of the binding partner in the reaction cell
resulting in a binding curve and thermodynamic properties (binding affinity, enthalpy, entropy, and
stoichiometry) of the interaction. Despite the high sample consumption, the analytes are unlabelled
and in solution, which enables uninfluenced kinetic studies. Moreover, ITC scores with ease-of-use,
rapidness, accuracy, and is compatible with a wide range of buffers and solutions. Thus it has become
an invaluable tool in many branches of science from cell biology and enzyme kinetics to food chemistry
and lectin-glycoprotein studies [113, 114].

Biosensors also allow the kinetic investigation of lectin-glycoprotein interactions and quantitative
conclusions in real-time [115]. One can differentiate between electrochemical, optical, piezoelectric,
and thermal devices among others with regard to the transducer element. Typical examples are
surface plasmon resonance (SPR), quartz crystal microbalance (QCM), surface acoustic wave (SAW),
electrochemical impedance spectroscopy (EIS). In all cases, one interaction partner is immobilized to
the sensor surface and binding is recognized by changes in the respective signal. SPR as an optical
instrument, for instance, monitors the refractive index of the interface between two different media
(e.g. gold or aluminium and a dielectric) [116], whereas QCM and SAW (piezoelectric) use bulk or
surface acoustic waves [117, 118]. EIS measures the difference in impedance of a constant applied
current at the surface of an electrode such as gold or platinum [119]. Ligands are usually immobilized
via amine, thiol, or aldehyde functional groups or by streptavidin/biotin affinity on self-assembled
monolayers (SAMs). Although those methods are label-free, the binding partner recognition can still
be affected by the immobilization. Nevertheless, biosensors offer highly sensitive and rapid kinetic and
guantitative information and can be found in a variety of fields including clinical diagnosis,
environmental and military monitoring, genetic screening, and pharmaceutical applications.

Like ELISAs , ELLAs are performed in microtiter plates and lectins are used for the detection of
interactions with glycoproteins or glycan structures found on cell surfaces [120]. As with biosensors,
one of the binding partners is immobilized, but in this case by non-specific adsorption. The other
binding partner is usually either directly labelled with alkaline phosphatase, peroxidase, or a
fluorescence dye for detection or it is biotinylated and a labelled streptavidin or antibody is used.
However, labelling of the analytes can influence the binding properties. Alternatively, a sandwich assay
format avoids the need for direct labelling of the interaction partners [121, 122]. Here, glycoproteins
are immobilized by deglycosylated antibodies and a labelled secondary antibody or lectin is used for
detection of the bound lectins. The amount of bound lectins is then determined with automated ELISA
plate readers or by fluorescence. Quantitative evaluations during ELLAs can be impeded by a non-
uniform orientation of the immobilized binding partner, varying coating densities, and non-specific
binding. Nevertheless, ELLA is a very rapid and sensitive method to gain insights in structural

specificities.
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A comparably new method for studying binding specificities was developed in 2005 with lectin
microarrays [69, 123, 124]. For analysis of glycoproteins, but also cells, bacteria, or crude extracts, a
series of well-characterized lectins is printed in spatially separated spots onto a solid surface (multi-
well plates, microarray chips, or 3D hydrogels). Immobilization can be of covalent nature or by affinity.
An additionally controlled orientation of the lectins during immobilization can increase the sensitivity
of the array. In order to decrease batch-to-batch variations of naturally isolated plant lectins due to
their own glycosylation, deglycosylated lectins or bacterial recombinant lectins are preferred. Usually,
the analytes bound to the immobilized lectins are detected with fluorescence either by directly
labelling the analytes or by using labelled probes (e.g. biotinylated antibodies against the glycoprotein
and fluorescently labelled streptavidin). The lectin microarrays allow rapid and high-throughput
investigations with only low sample consumption and preparation. Sample purification is not
necessarily required and also glycans do not have to be released for a better analysis. Due to the huge
variety of possible samples they have been extensively used in medical and therapeutical applications.
They could contribute to the research of cancer, stem cell, bacteria, fungi, diabetes or other diseases

with valuable qualitative, structural information.

Nowadays, a wide array of different analytical methods is available for a detailed study of
glycoproteins. Most of the times, lectins can contribute in many different ways supporting purification,
isolation, detection, as well as qualitative and quantitative elucidations. The choice of method can vary
depending on the information needed and based on the sample available (amount, crude or purified).
Also the influences created by labelling orimmobilization of the analytes have to be taken into account.
Moreover, the time-factor and the need for high-throughput can exclude certain techniques. Often, a
combination of various methods is beneficial for a general and overall analysis. Thus, high sensitivity,
specificity, and reliability, as well as low sample consumption and rapidness are preferred, which

encourages a constant search for improvements of analytical methods.
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3. Alternative approaches for glycoprotein and glycoprotein-lectin analysis

3.1 Liguid-phase analysis: microchip capillary gel electrophoresis

Despite its advantages like high separation efficiency, low sample consumption, automation etc., CE
took much longer to become a standard tool in analytics and catch up to other techniques as different
LC modes or GE. One reason is simply its comparable late introduction in the early 1980s [125].
Moreover, it stayed behind in preparative-scale separations and analyte recovery [126]. However,
especially its high resolving power has turned CE into an important asset in the fields of diagnostic,
pharmaceutical, and industrial research. New developments in microscale techniques additionally rose

interest for rapid and easy to handle high-throughput CE-on-a-chip analyses.

3.1.1 Principles of CE

In general, electrophoretic separations can be performed with or without a supporting medium. In
contrast to electrophoresis in a gel as solid support, CE generally uses narrow bore fused-silica
capillaries filled with BGE as channels for electromigration. Due to their typical dimensions of 20-100
pum inner diameter and 20-100 cm length they allow for efficient dissipation of Joule heat generated
from the applied field. The resulting possibility of using higher voltages enables higher separation
speeds for CE compared to gels. Furthermore, these dimensions also allow the use of only low amounts
of buffer and sample introduced into the capillary with volumes in the pL to nL range, respectively.

Based on CZE, the basic and most commonly applied mode of CE, the other forms are usually
derived from it by addition of linear or cross-linked polymers (CGE), surfactants (MEKC), or ampholytes
(CIEF) to the BGE. In the case of CZE, ionic analytes are separated in a capillary filled with an appropriate
BGE at a defined pH before applying an electric field. The migration of the analytes towards the
detector is determined by influences of electroosmotic and electrophoretic forces and leads to their
separation according to charge, shape, and size [98, 127].

Their electrophoretic mobility p depends on the charge g and frictional forces, which are strongly
influenced by analyte shape and size. u can be described by the Debye-Hueckel-Henry theory (1) and

can be related to the mass of the particle via the Stokes’ radius r in the case of spherical particles.

u=q/énnr (1)

n: buffer viscosity

M is the analyte specific factor of proportionality between the migration velocity v of the analyte

and the electric field strength E (2). A constant velocity of the charged analyte upon application of an
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electric field results from the balance (3) between the electric force Fe (4), that accelerates the analyte,

and the frictional force Fs (5), that retards the analyte migration.

v=uE (2)
Fei = -Fsr (3)
Fa=qE (4)

Fi = -fov = -6minrv (5)

f.: friction coefficient

For weak acids or bases like proteins the mobility is dependent on their degree of dissociation a,

which leads to the effective mobility s (6).
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Figure 3.1 — Electroosmotic flow (EOF). The negatively charged silanol groups of the uncoated capillary wall
attract positively charged ions from the buffer and cause the formation of the static Stern Layer. In contrast,
the cations of the second Outer Helmholtz Plane start to migrate upon application of an electric filed and thus

introduce a bulk movement inside the whole capillary. (according to [98])

Next to electrophoretic forces, the migration of the analytes is influenced by electroosmosis. This
effect is the result of the formation of an electrostatic bilayer at the capillary walls (Figure 3.1). At
higher pH (already > 2) the silanol groups of the uncoated fused-silica walls are starting to be
deprotonated and attract hydrated cations from the BGE. The formed double layer closest to the wall

is more or less static and is called Inner Helmholtz or Stern layer. Additionally, a more diffuse second
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layer (Outer Helmholtz Plane) is formed more distant from the wall. Upon application of an electric
field, the cations of this external layer start to migrate towards the cathode, while dragging along water
from hydration. This introduces a movement towards the cathode inside the whole capillary, which is
termed electroosmotic flow (EOF). Hereby, the strength of the EOF is positively related to the pH and
inversely to the ionic strength of the BGE.

The EOF strongly affects the separation of the analytes: if the EOF is higher than the
electrophoretic force acting on an anion, which is electrostatically attracted towards the anode, it is
still migrating towards the cathode together with the EOF (Figure 3.2). Therefore, the EOF is an
important value for separation that can be controlled and adapted (e.g. by varying the BGE, surface-

coating of the capillary, additives, etc.).
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Figure 3.2 — Migration of analytes. The migration velocity of analytes is influenced by electrophoretic and
electroosmotic forces. The EOF ultimately allows for the migration of also neutral analytes and analytes

similarly charged as the detector electrode (cathode).

Taking the EOF into account leads to an analyte velocity v as defined by (7), which contains the
mobilities due to the electric potential pesr and the EOF pieor. The resulting apparent solute mobility papp
depends on external variables like temperature and solvent (e.g. pH, ionic strength, viscosity) as well

as analyte specific properties like particle size, shape, and charge.

V = HappE = (Meft + Heor)E (7)

The analytes are most frequently detected by on-capillary UV/Vis or fluorescence measurements. UV-
Vis detectors make use of natural light absorption of proteins. Peptide bonds and aromatic amino acids
can absorb electromagnetic energy at 200-220 and 260-280 nm. As this detection often lacks
sensitivity, laser-induced fluorescence (LIF) detection is a good alternative. Here, proteins are labelled
with a fluorophore, which is excited by a laser (solid-state lasers, gas lasers, semi-conductor/diode
lasers, or light emission diodes). The emitted fluorescence can then be measured. Many different
fluorescence dyes have been developed and studied spanning a huge range of different excitation and

emission wavelengths [128, 129].
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Fluorophores can be differentiated into fluorogenic, which only fluoresce when bound to their
target, and fluorescent, which fluoresce whenever being excited [130]. The latter suffer from higher
background fluorescence and thus lower sensitivity, when applied for protein detection, and often
require prepurification from the unreacted dye. For derivatization many different labelling strategies
for various target groups can be applied. Next to carboxyl, carbonyl, hydroxyl, chloroalkyl, reducing
aldehyde/keto, or sulfhydryl groups, amines, especially lysine residues as one of the most abundant
amino acids, are most commonly used as derivatization sites. However, their occurrence can vary
between analytes and influence the labelling efficiencies. Additionally, derivatization with neutral or
charged dyes can alter the overall charge of the (glyco)protein and, therefore, influence its
electrophoretic properties. Besides, often high (glyco)protein concentrations are needed for covalent
labelling and the process itself is very time-consuming requiring additional prepurification steps.
Moreover, incomplete or unequal labelling (e.g. due to steric hindrances and accessibility) can create
multiple different species with various numbers of dyes attached, which migrate independently
impeding sizing and quantitation [131]. To overcome this problem, the use of a minimal labelling
strategy ensures that only one single target residue is labelled in each protein. Therefore, the ratio
between dye and protein is kept deliberately low, which results in the derivatization of less than 3 %

of all proteins.

In the case of CGE, migration is as well influenced by electrophoretic and electroosmotic forces.
However, due to the presence of sieving matrices, the frictional forces are more influential. Moreover,
depending on the polymer concentration (> 4 %), electroosmosis is reduced significantly without a
displacement of the gel during the run even when no capillary wall coatings are used [132]. This fact
can be attributed to the higher viscosity or to polymer adsorption onto the capillary wall at higher
concentrations, which additionally stabilizes the gel. As a consequence of EOF reduction and increase
of frictional forces, proteins are mainly separated according to their size and shape. The contribution
of the charge to the mobility is suppressed by the addition of SDS, which enables quantification
together with molecular weight determination by comparison to a calibration curve of known
standards. Compared to SDS-PAGE the time-savings in CGE are relatively low. The down-sizing of CGE
from lab-scale to chip-scale (e.g. with the Agilent 2100 Bioanalyzer, the Caliper LabChip90, the BioRad
Experion, or the Shimadzu MCE-202 MultiNA), on the other hand, introduced several new advantages

over SDS-PAGE.

3.1.2 Microchip capillary gel electrophoresis of proteins with the Agilent 2100 Bioanalyzer

The Agilent 2100 Bioanalyzer system was introduced in collaboration with Caliper Life Sciences in 1999
as the first chip-based capillary gel electrophoretic instrument capable of analysing proteins next to

DNA, RNA, as well as cells in simple flow cytometry experiments (Figure 3.3) [133]. By using a
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microfluidic system of microchannels without any moving parts it combines sample handling,
separation, staining, and detection on one chip [134-136]. The Lab-on-a-chip enables a rapid, reliable,
and sensitive separation and quantitation of analytes with LIF detection.

The applied microfluidic chip is made from two soda-lime glass layers thermally bonded together,
cut to 17.5 x 17.5 mm square, and implemented onto a polymer encasement. The first layer contains
the microchannel system (13 and 36 um wide), which are fabricated by photolithography with a
positive photoresist and chemical wet-etching [137, 138]. The second layer comprises 16 holes for

buffer and sample reservoirs and provides access to the microchannels (Figure 3.4).
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Figure 3.3 — The Agilent 2100 Bioanalyzer system. The table-top instrument contains an electrode cartridge
for the analysis of proteins and nucleic acids, which can be exchanged for flow cytometric measurements. The
chip holder positions the chip for LIF detection and includes a temperature control unit for investigations at
constant temperature (30 °Cin the case of protein chips). The setting of the chip selector depends on the type
of chip used (protein, DNA, or RNA chip). Each of the 16 electrodes is dipped in one well for individual

application of voltages.

For analysis, the channels are filled with a sieving matrix consisting of a linear polymer forming dynamic
pores directly before measurement. As the EOF is efficiently reduced by this matrix, analytes on the
chip are moved by electrophoresis only. 16 independent platinum electrodes connected to high-
voltage power supplies can be programmed individually for each well to induce a controlled movement
in speed and direction. In this way, the analytes are transported towards the 1.25 cm long separation
channel. A small sample plug of approximately 25 pL is injected by a switch of the electric fields using
a two-step injection process (Figure 3.5). In less than a minute the analytes in the sample plug are then

separated according to their size in the SDS containing sieving matrix and detected by LIF. For that the
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instrument is equipped with a red laser diode (635 nm excitation, 685 nm emission) and/or a blue LED
(475 nm excitation, 525 nm emission, mainly used for flow-cytometry). In order to increase accuracy
and reproducibility of sizing, internal standards are added to each sample to allow for corrections of
small migration drifts during the course of a chip run. Finally, data are presented in classical
electropherograms, but can also be displayed as gel-like images for better understanding and

comparability to SDS-PAGE results.
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Figure 3.4 — The design of a Bioanalyzer microchip. The microfluidic system is formed by two thermally
bonded soda-lime glass plates using photolithography and chemical wet-etching. The chip is then mounted
onto a plastic caddy resulting in the commercially available LabChip with 16 wells. (Microscopic pictures
according to the Agilent E-Seminar ,Agilent 2100 Bioanalyzer: One Platform — Endless Possibilities”;

http://brunell.org/advbiotech/01-23%20Electrophoresis%20and%20Bioanalyzer.pdf, 27.08.2016)

LIF detection requires the labelling of the analytes with fluorescence dyes. The available protein assays
for the Bioanalyzer offer two possibilities (Figure 3.6): covalent analyte labelling (High Sensitivity
Protein 250 / HSP-250 Kit) and non-covalent labelling by binding of the dye to SDS-analyte complexes
(Protein 230 or 80 / P230 or P80 Kit). The latter is a dynamic labelling strategy performed on-chip by
mixing the dye with the sieving matrix before introduction into the microchannels. The analytes are
non-covalently labelled in less than 100 ms, when getting in contact with the dye-sieving matrix
mixture in the separation channel (Figure 3.5). As this dye binds to SDS-protein complexes as well as
to SDS micelles, this staining method would generate a high background fluorescence, which would
decrease the sensitivity of the assay [139]. This effect is circumvented by the dilution of the SDS
concentration below the critical micelle concentration and a resulting removal of the “empty” SDS

micelles. As a consequence, the freed dye can additionally bind to the SDS-protein complexes. Dye,
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not included in any micelles or SDS-protein complexes shows significantly reduced fluorescence.
Therefore, the background signal is not only reduced, but the signal intensity increased at the same
time by one order of magnitude [134]. For instrumental realization an extra intersection with two
channels confining the separation channel is included on the chip before detection (Figure 3.6a). These
channels contain the sieving matrix, yet no dye and SDS. The sensitivity of this method can be
compared to standard Coomassie Brilliant Blue stained SDS-PAGE gels (10 — 100 ng [85]) and has a
linear dynamic range over two orders of magnitude, which is usually smaller in SDS-PAGE analyses
[135]. In contrast to SDS-PAGE, however, the sensitivity can also vary depending on the ionic strength

of the analyte sample buffer.
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. L

70s 10s 2s 53s

sample
© C/®
O separation buffer [ ]

O destaining buffer Q O

© 0
@ e »
o @0 © @ )

injection
(25pL)

Figure 3.5 — The analysis of a sample on a Bioanalyzer microchip (on-chip staining). Upon application of an
electric field the sample (dark blue) is electrophoretically moved towards the separation channel. By a switch
of the electric fields, a small sample plug (ca. 25 plL) is introduced into the separation channel and analytes
are stained within 0.1 s (see microscopic pictures). Analytes are separated according to their size and detected
by laser-induced fluorescence (LIF) with a red laser diode in the case of proteins. (Chip layout and microscopic

pictures according to [134])

Alternatively, the analytes can be covalently labelled with fluorescence dye before chip analysis

(Figure 3.6b) [140]. The respective assay uses a dye that introduces one negative charge after labelling
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and binds to the e-amino-groups of Lys by a N-hydroxy succinimidyl (NHS) ester. In order to guarantee
the most comparable labelling efficiency, a minimal labelling procedure is applied. Thus, only about
3 % of the proteins are tagged with statistically one dye molecule. Excess reactive dye is quenched with
ethanolamine and not removed from the sample before analysis, as it is co-migrating with the internal
standard. The method showed an extended linear dynamic molecular range of four orders of
magnitude and sensitivities comparable to silver stained SDS-PAGE gels with a minimal protein amount
of 0.5 ng required for labelling (LOD for silver stained gels: 0.2 — 10 ng) [140]. Other assay

characteristics concerning sizing and quantitation were comparable to kits using the on-chip staining

method.
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Figure 3.6 — Methods of staining on 2100 Bioanalyzer protein chips. During dynamic on-chip staining a non-
covalent dye intercalates into a SDS-protein complex (a). In order to reduce high background caused by dye
binding to SDS micelles, the SDS concentration is diluted below the critical micelle concentration (cmc)
resulting in a break-up of the SDS micelles. An intersection with two channels adjacent to the separation
channel is introduced post-column before detection, whose electrical currents confine the SDS to a thin
stream and finally induce dilution (see microscopic picture according to [134]). Covalent fluorescence labelling
requires a pre-chip staining step (b), but allows for higher sensitivity and linear range. A minimal labelling

strategy reduces side-products with more than one dye attached and thus increases accuracy of quantitation.

Sizing of analytes is realised by comparison to standards of known molecular weights. The sizing
accuracy strongly depends on the properties of the investigated analytes (isoelectric point, structure,

modifications etc.), which is also observable for SDS-PAGE. However, the Bioanalyzer assays have
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shown higher reproducibility and accuracy compared to the latter for standard proteins as well as real
biological samples like serum proteins [135, 141]. Moreover, quantitation accuracy and reproducibility,
which are determined by staining efficiency and again analyte properties, were determined to be
better with those protein assays. Next to those advantages, Bioanalyzer assays are much faster, easier
to handle, and more reliable. They consume less sample and buffers, produce less waste, and are less
hazardous. The Bioanalyzer system enables the analyses of RNA, DNA, and (glyco)proteins combined
in one instrument. Furthermore, due to the high automation they are perfectly suitable for clinical
studies and quality control of biopharmaceuticals and the derived biosimilars.

Although the assays come as pre-prepared kits, the possibility to individually introduce software
modifications to the Bioanalyzer script due to a close scientific collaboration with Agilent enabled
adjustments for other applications. Thus, a chip-based CE using the influence of the EOF (CE-on-a-chip)
and without a sieving matrix could be developed, which required a change of polarity [142]. This
allowed for the separation of large particles like viruses and protein-complexes according to charge
and size on chips. On the other hand, the matrix composition of the commercially available kits is
optimized for given size-ranges and can to a certain extent be adapted to achieve a higher resolving

power or extended size range.

Due to the recent interest in the study of post-translationally modified proteins, especially
glycoproteins, also the Agilent 2100 Bioanalyzer was considered as a promising new tool for sensitive
and reliable investigations. However, the commercially available protein assays are mainly designed
for low or completely unmodified proteins. Only little and contradictory data was available in literature
before the beginning of this work in regard to the applicability of the Bioanalyzer system for
glycoprotein analysis [143, 144]. This made a decent assay characterization in regard to sizing,
guantitation, reproducibility, and sensitivity necessary and of general interest, before application of
this device to the analysis of unknown or complex biological samples (further details see Publications

land ).

3.2 Gas-phase analysis: nano electrospray gas-phase electrophoretic mobility molecular analyzer

Next to investigations in liquid-phase, the nano electrospray gas-phase electrophoretic mobility
molecular analyzer (nES GEMMA) separates analytes in gas-phase according to their electrophoretic
mobility diameters (EMDs), which can be directly correlated to the particle diameters in the case of
spherical particles [145-148]. With nES GEMMA characterizations being generally independent of the
analysed particle type, i.e. chemical nature of analytes of interest, the system has proven a broad
applicability for analytes ranging from only a few nm in size up to several hundred nm. Examples can
be found for DNA [149], proteins and glycoproteins [145, 146, 148, 150], polymers [151-153], viruses
and virus-like-particles [150, 154-156], or gold nanoparticles [157, 158]. Additionally, nES GEMMA has
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shown its strength to preserve even fragile non-covalent interactions, as it is operated at ambient
pressure and with non-denaturing electrolyte solutions [159-163]. This fact would render it a new and
very suitable tool for analysing the rather weak glycoprotein-lectin interactions directly from solution,

in which they have formed.

electrostatic classifier

with - i “* Lo

nano differential
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Figure 3.7 — Set-up of the employed nES GEMMA system. The instrument consists of a nES source with a
210pg source for charge reduction, a nano differential mobility analyzer (nDMA) for analyte separation, and a

condensation particle counter (CPC) for detection.

For nES GEMMA analysis, multiply charged droplets are produced from the liquid sample in the nES
unit operating in cone-jet mode (Figure 3.7). By drying and a simultaneous charge reduction in a bipolar
atmosphere, mainly neutral and singly charged particles are created. Only the charged analytes with a
certain EMD can exit the nano differential mobility analyser (nDMA) at a particular applied voltage.
The possibility to adjust the voltage enables the scanning of a certain size range (a few nm to hundreds
of nm). The obtained monodisperse aerosol is directed through a condensation particle counter (CPC),
in which supersaturated n-butanol vapour condenses onto the particles. Following nucleation, single
particles can be counted by laser light scattering yielding a number-based particle concentration. In
the resulting diagram the EMDs of the analytes are plotted against the particle counts per volume. The
molecular weights of analytes can finally be calculated by applying a correlation derived from

standards of the appropriate compound class [148].

3.2.1 Nanoelectrospray generation and charge reduction

For the generation of the nES, analytes in a volatile electrolyte buffer are transported through a fused
silica capillary using pressure and an electric field (Figure 3.8). The flow rate is dependent on the inner
diameter and the length of the capillary, the applied pressure and electric field, and the viscosity of

the employed buffer. By application of an electric field (between a Pt electrode in the sample and the
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orifice plate as counter electrode), surface charges are induced in the liquid leading to the formation
of a characteristic Taylor cone [164, 165]. An accumulation of similar charged ions at the capillary tip
results in the emission of multiply charged primary droplets. Working in the cone-jet mode, very small
and uniform droplets are released from a jet formed at the tip of the cone. The spraying process can
be influenced by many parameters like properties of the sprayed liquid (e.g. conductivity, viscosity,
surface tension), of the capillary (e.g. flow rate, capillary dimensions), or of the employed sheath gas

(e.g. flow rate, temperature).

air/CO, mixture

£:5 tpm neutralizer

l: 210pg polydispers
l_‘/‘—‘\ aerosol
no electric field g} 7:_ESR B E:>O°
(dripping mode) T charged and neutral
P» 1

no liquid flow

~

capillary dry analytes

(25/40 um ID)

stable electrospray

j Itiply ch
(cone-jet mode) multiply charged

droplets

high-voltage
(2.0-2.5kv)

high-pressure
chamber

sample

Figure 3.8 — Exemplary nES source with charge reduction device. Analytes are electrosprayed from a volatile
electrolyte solution through a cone-tipped fused silica capillary. In order to generate a stable electrospray the
nES unit is operated in cone-jet mode by variation of the electric field applied to the tip of the capillary. The
resulting multiply charged droplets are led into the neutralizer where they are dried and simultaneously
charge reduced in a bipolar atmosphere induced by an a-particle emitter (2!°Po source). A polydisperse
aerosol of mainly neutrally, a small amount of singly, and a negligible amount of multiply charged particles is

created. (according to [166])

Supported by a sheath gas flow of dried and particle-free air and CO, the charged droplets are
dried and simultaneously led into the charge reduction device. A mere shrinking of the droplets by
evaporation would increase the surface charge density and the Coulombic repulsive forces, which
ultimately results in Rayleigh disintegrations and a less monodisperse aerosol. Thus, the charges of the
droplets are reduced in a bipolar atmosphere created by a a- or B-radiaton (¥Kr, 2*'Am, or 21°Po). By
collisions with gaseous ions (e.g. H*, H30*, (H20),H30", N,*, O;*, NO*, O7, 027, NOz7) the charges of the
particles are steadily decreased resulting in a well-described charge-distribution (Boltzmann
distribution) dependent on the particle size [167, 168]. As a consequence, most analytes are neutrally
charged and only a small, size-dependent amount is singly charged (< 5 % for particles below 10 nm).

The ratio of multiply charged particles is almost negligible (<< 0.01 % for particles below 20 nm).
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Alternatively to the radiation-based bipolar chargers, corona dischargers (monopolar) and soft X-ray
radiation discharger (bipolar) have been employed for charge reduction [169, 170].

The evolvement of the small charged droplets into solvent-free ions by evaporation is a highly
discussed subject with several theories trying to describe the electrospray process (mainly for the
process as found in ESI-MS): Among them are the ion evaporation model (IEM) [171, 172], the chain
ejection model (CEM) [173, 174], and the charged-residue model (CRM) [175]. The latter proposes that
droplets in the size of nanometres, containing only one analyte molecule, are created due to solvent
evaporation and disintegration processes. This model applies more to large globular species, whereas
the behaviour of low molecular weight analytes are more described by IEM [176]. IEM suggests that
the droplets shrink by evaporation until the field strength at their surface is sufficiently large that the
ions in their solvated states can be expelled from the droplets. The CEM, on the other hand, concerns
mostly large, unfolded proteins. Due to their unfolded state, nonpolar residues, which are usually
buried within the hydrophobic core of a globular protein, are now solvent accessible. This unfavourable
state of a hydrophobic protein residing within the aqueous droplet interior causes a migration to the
droplet surface, the expulsion of a chain terminus, and a stepwise sequential ejection of the whole
protein.

In conformance with the CRM, non-volatile impurities in the sample (e.g. buffer constituents) can
be detectable during GEMMA analysis, as they dry as a crust around the analyte and cause a shift in
the observed EMD [146, 177]. In the same manner artificial analyte di- to oligomers can be formed and
detected in case of too high analyte concentration. At low analyte concentrations the majority of the
droplets are empty. However, rising concentrations increase the possibility for the occurrence of two
or three analytes per droplet [178, 179]. After evaporation, they can be observed as aggregates, i.e.
dimer, trimer etc., which has to be considered in the case of biological interaction or aggregation
studies. These species are directly dependent on the analyte concentrations and disappear in case of
reduced analyte concentrations whereas true specific aggregates or biospecific di- to oligomers can be

still detected.

3.2.2 Differential mobility analysis of analytes

The DMA is a special form of ion mobility spectrometry (IMS) originally developed for the classification
of gas-suspended micrometre to sub-micrometre particles and a long established method in aerosol
physics and environmental analyses [180]. With instrumental developments and optimizations
towards the lower nm range the technique also found attention in the chemical and biochemical field
[145, 146, 148]. In contrast to more traditional IMS, DMAs employ a combination of electrical field and
a perpendicular sheath flow, in which the ions are separated by their electrophoretic mobility rather

in space than in time.

44



The particles coming from the nES source enter the cylindrical nDMA and flow together with the
inner core sheath air between the electrical grounded outer electrode and the inner electrode, to
which a tuneable voltage is applied (Figure 3.9). The voltage can either be negative or positive
depending on the favoured charge to be detected. In the case of a negative voltage, only positively
charged analytes are attracted towards the inner electrode, whereas negative particles are repelled
and neutral ones leave the nDMA unaffected with the sheath flow. As a result, the positively charged
particles precipitate on the centre electrode and merely particles with a certain electrophoretic
mobility or EMD at a specific applied voltage can exit the nDMA towards the detector at an inner
opening. Positively charged particles with a too low electrophoretic mobility cannot pass the sheath
flow in time and thus do not collide with the electrode or hit the opening but move with sheath flow

to outlet (lower part) of the nDMA.
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Figure 3.9 — Principle of electrophoretic separation in a nDMA. After charge reduction, the polydisperse
aerosol is subsequently introduced into the nDMA. There, the particles are separated according to their EMD
by application of a tuneable negative voltage to the centre electrode of the nDMA in combination with an
orthogonal laminar flow of sheath air. Only the positively charged particles are attracted towards the inner
electrode, whereas the negatively charged particles are repelled and the neutral particles leave the nDMA
unaffected. As a consequence, merely positively charged analytes with a certain EMD can exit the nDMA at a

particular applied voltage. (Lpm: litres per minute; according to [166])

In this regard, the EMD of a particle (or Millikan diameter) is defined as the diameter of a sphere with
the same electrophoretic mobility as the particle and is also related to its electrophoretic mobility Z»
[181, 145]. If a charged particle is introduced into an electrical field E, it undergoes a movement caused
by electrical forces Fe. It quickly reaches its terminal velocity v, when the frictional forces Fg equal the

electrical ones (8, 9). This velocity is proportional to the electric field E with the proportionality
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constant Zp (10). From that equation (11) can be calculated, which defines its dependence on the
particle charge and diameter. These derivations apply for spherical particles and include the
Cunningham slip correction factor C., which corrects the frictional forces for larger particles: If the sizes
of the particles approach the mean free path of the gas, the Fs is smaller than given by the mere Stokes’

law [161].

Fer= Fgr: neE = 3nnvDemn /Cc (8)
v=neEC./3mnDevmp (9)
v=2ZpE (10)
Zp=neC./ 3mnDevp  (11)

ne: n elementary charges; n: gas viscosity; Demp: EMD

Ultimately, the EMD is influenced by the charge of the particle, the nDMA dimensions, the sheath
flow rate, and the applied voltage [182]. As the charge (singly charged), the sheath flow, and the nDMA
are usually kept constant throughout an experiment, the EMD is directly dependent on the applied
electric field and analytes can thus be size-selectively separated by varying the voltage on the nDMA.
Scanning through the whole voltage range, on the other hand, allows for a complete size distribution

analysis of a sample.

3.2.3 Detection and sampling after size-selective separation

For detection the size-selected analytes are guided into a continuous-flow alcohol or water driven CPC
(Figure 3.10a) [183, 184]. There, they are individually counted by an optical system measuring
scattered light of a laser diode. The n-butanol-driven CPC can detect particles after enlarging them to
10-12 um droplets by condensation of the alcohol (or water) onto the droplet. The gaseous sample is
saturated with the alcohol vapour by passing over heated liquid butanol. By cooling the mixture in a
condenser, the analytes act as condensation nuclei for the butanol vapour. A controlled
supersaturation below the critical saturation ratio is established in the CPC, in order to prevent self-
nucleation, in which butanol condenses onto butanol clusters formed in air. This also limits the
detection of particles below 3 nm, as they are not enlarged by condensation and thus not detected

[185].

Next to mere detection, particles can be collected onto various substrates after gas-phase separation
with an electrostatic nanoparticle sampler (ENAS). This allows for subsequent analysis of the analytes
with e.g. microscopic measurements (transmission electron microscopy, TEM; atomic-force
microscopy, AFM) or biological tests like immunological assays [186-188]. The ENAS consists of an

electrically grounded sampling chamber that contains an electrode in its bottom centre (Figure 3.10b).
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By application of a negative voltage up to 10 kV to this electrode, positively charged particles coming
from the nDMA are attracted. Consequently, they are sampled onto a substrate (e.g. TEM grid, freshly
cleaved mica platelet, or nitrocellulose membrane) mounted on top of the electrode with adhesive
tape. The deposition rate is affected by the adjustable flow rate, with which the analytes enter the

sampling chamber, by the applied voltage, as well as by the particle concentration and charge.
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Figure 3.10 — Exemplary detection and sampling. For detection the obtained monodisperse aerosol is
directed through a CPC, in which supersaturated water or alcohol (e.g. n-butanol) vapour condenses onto the
particles (a). Following nucleation, single particles can be counted by laser light scattering yielding e.g. a
number-based particle concentration. Alternatively, particles can be size-selectively collected with an ENAS
after gas-phase separation for consecutive investigations like microscopic measurements or immunological

assays (b). (according to [166, 186])
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AIM OF THE THESIS

The present thesis focussed on establishing new sensitive and specific methods of analysis for
glycoproteins and their interactions with lectins. Therefore, the glycoproteins were investigated either

directly or after incubation with lectins by electrophoresis in liquid and in gas-phase.

A set of well-known glycoproteins with varying degrees and types of glycosylation (transferrin,
antitrypsin, and acid glycoprotein) was employed to assess the applicability of MCGE for the analysis
of glycoproteins in liquid-phase (Publication I). Parameters like precision and repeatability of sizing
(MW determination) and quantitation (both on- and off-chip), limit of detection and quantitation, as
well as linear dynamic range were evaluated and compared to traditional SDS-PAGE results.

For the targeted analysis of glycoproteins in complex biological samples, MCGE was combined
with a specific affinity enrichment using lectins covalently linked to magnetic beads (Publication II).
The lectin coupling, the glycoprotein enrichment, and the successive analysis with MCGE were
optimized with the same set of model glycoproteins and various model lectins (Sambucus nigra
agglutinin, concanavalin A, and wheat germ agglutinin). Binding and elution conditions were chosen
with regard to the lowest unspecific interactions. Several biological samples (human serum, human
serum depleted of the twelve most abundant proteins, and a mycelia extract of fungus Trichoderma
atroviride) were analysed with the developed strategy in order to proof the applicability of the method
concerning specificity and selectivity. Results were compared and confirmed by SDS-PAGE followed by
tryptic in-gel digestion and matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF-MS).

The chosen lectin-glycoprotein systems were further investigated by nES GEMMA in gas-phase
(Publication 1lI). Each glycoprotein and lectin was analysed individually for size-determination and
results compared to MALDI-TOF-MS measurements. As nES GEMMA allows fragile non-covalent
interaction analysis, also incubations of each lectin with each glycoprotein were studied. For
comparison, the experiments were additionally conducted in liquid-phase performing CE-on-a-chip
measurements.

Confirming the formation of the non-covalent lectin-glycoprotein complex in liquid-phase and its
maintenance throughout gas-phase separation, the complex was sampled with nES GEMMA onto a
nitrocellulose membrane. A successive dot-blot immunological assay was optimized with a set of two

appropriate antibodies recognizing only the glycoprotein of the complex.
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Short Communication

Challenges of glycoprotein analysis by
microchip capillary gel electrophoresis

Glycosylations severely influence a protein’s biological and physicochemical properties.
Five exemplary proteins with varying glycan moieties were chosen to establish molec-

ular weight (MW) determination (sizing), quantitation, and sensitivity of detection for

TInstitute of Chemical
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Vienna University of
Technology, Vienna, Austria
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microchip capillary gel electrophoresis (MCGE). Although sizing showed increasing de-
viations from literature values (SDS-PAGE or MALDI-MS) with a concomitant higher
degree of analyte glycosylation, the reproducibility of MW determination and accuracy of
quantitation with high sensitivity and reliability were demonstrated. Additionally, speed
of analysis together with the low level of analyte consumption render MCGE attractive as

an alternative to conventional SDS-PAGE.

Received October 27, 2014
Revised March 24, 2015
Accepted April 9, 2015

Keywords:

/ SDS-PAGE

For decades, SDS-PAGE was the method of choice to sep-
arate and characterize protein samples according to their
molecular weight (MW) [1, 2]. With the development of a
chip-based microfluidic system for gel electrophoretic sepa-
rations (MCGE, Agilent 2100 Bioanalyzer, Caliper LC90, and
BioRad Experion) based on LIF detection, a rapid and easy-to-
use method for sizing and quantitation of proteins with high
reproducibility and sensitivity as alternative to the classical
gel-based method was offered [3]. In contrast to SDS-PAGE
a sample is analyzed in only one minute via MCGE with
data acquisition in real-time. Comparisons of both methods
have proven the applicability of MCGE and its comparability
to SDS-PAGE concerning accurate sizing of plain proteins
with the benefit of simultaneous quantitation and detection
of impurities [4-6].

The 2100 Bioanalyzer MCGE system offers two assays
with different labeling strategies for proteins. In both cases,
analytes are separated in a sieving matrix of an entangled
linear polymer in a SDS containing BGE. For the Protein
230 (P230) Assay, a fluorescent dye binds noncovalently to
SDS-protein complexes during chip electrophoresis [7, 8]. An
BGE dilution step before LIF detection is included to increase
sensitivity [3]. In contrast, the High Sensitivity Protein 250
(HSP-250) Assay employs a covalently linked fluorescence
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label introduced to the sample prior MCGE, resulting in
a sensitivity comparable to and sometimes even exceeding
silver-staining [5]. Besides the extended linear dynamic range
of the HSP-250, both assays exhibit similar analytical char-
acteristics (reproducibility and accuracy of quantitation and
sizing) for unmodified standard proteins.

However, the analysis of considerable posttranslational
modified proteins, especially glycoproteins, has recently
gained enormous interest. Besides their high occurrence and
diversity, glycan modifications have a major impact on pro-
teins: next to influencing a protein’s physicochemical prop-
erties and biological activity, glycosylations play an important
role in recognition events, protein trafficking, immunology,
and cancer biology [9, 10].

This Short Communication addresses the properties
of MCGE for detailed glycoprotein analysis. Five proteins
— bovine alpha-1-acid glycoprotein (AGP), human alpha-1-
antitrypsin (A1AT), recombinant human erythropoietin beta
(EPO), hen egg white ovalbumin (OA), and human serum
transferrin (TF) — with different degrees and patterns of
glycosylation were separated with the P230 and the HSP-250
Assay and results were compared to SDS-PAGE. Peak pattern
and shape, reproducibility and accuracy of sizing and quanti-
tation, as well as sensitivity of detection were of interest.

TF (> 98%), OA (> 98%), AGP (99%), and A1AT (salt
free, lyophilized powder) were purchased from Sigma-
Aldrich (Taufkirchen, Germany) and EPO (NeoRecormon®,
500 IU EPO-B/0.3 mL) from Roche. Proteins were ana-
lyzed on the Agilent 2100 Bioanalyzer system (Waldbronn,
Germany) either with the P230 or HSP-250 Assay ac-
cording to the manufacturer’s protocols. Briefly, glycopro-
teins were dissolved in water (700 pg/mL stock solution)
and incubated (95°C, 5 min) with sample buffer contain-
ing DTT (Sigma-Aldrich). For the P230 Assay samples
were 15-fold diluted with water before analysis. For the
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Figure 1. MCGE analysis of model glycoproteins (550 pn.g/mL each) comparing the P230 and the HSP-250 Assay. TF (A), A1AT (B), and
AGP (C) were separated on the 2100 Bioanalyzer with the HSP-250 Assay exhibiting a higher sensitivity (50, 100, and 25 times lower LODs

for the most abundant signals marked with an arrow).

HSP-250 Assay samples were diluted 1:200 with water and,
prior to denaturation, were fluorescence labeled according to
protocol (EPO was labeled overnight). For SDS-PAGE sep-
arations samples in LDS sample buffer and 50 mM DTT
were run on NuPAGE 4-12% Bis-Tris gels in MES SDS run-
ning buffer (all from Invitrogen, Darmstadt, Germany) at
120 V (const.) and 60 mA (max.). Protein bands were visual-
ized by MS-compatible silver staining [11]. MS experiments

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were performed on a MALDI-TOF AXIMA TOF? instrument
(Shimadzu Kratos Analytical, Manchester, UK) in linear
positive ion mode at 20 keV acceleration using stainless
steel sample plates (matrix: 12 mg/mL sinapic acid in 0.1%
TFA /acetonitrile (1:1, v/v), dried-droplet technique).

OA and EPO are glycoprotein examples for extremely low
(4%) and high (39%) glycan contents. OA (one N-glycosylation
site, short antennas) showed similar behavior to unmodified
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Table 1. Analysis of OA, TF, A1AT, AGP, and EPO by MALDI-MS, SDS-PAGE, and P230/HSP-250 Assays

Glycoprotein Approx. N-  MALDI-MS MALDI-MS SDS-PAGE

P230

HSP-250 P230/HSP-250 P230/HSP-250 P230/HSP-

glycosylation MW (kDa) MWeyp (kDa)®  MWeyp (kDa)®) MWeyp (kDa)® MWey, (kDa)® LOD (ng/mb)  CV%®! 250 g2 9
(w/w %)?)
0A 4 445 40.1,44.4 40, 45,79 427+05 43805 251 9/4% 0.994/0.999
447+ 05 87.8+1.9
85.6+ 1.9
F 6 80 792 80 893+13 904+14 2505 9/10% 0.998/0.995
ATAT 13 51 35.2,50.9, 49, 61,68 634+ 1.0 64608  50/05 8/10% 0.998/0.993
57.3,66.6 788+11 772£1.0
1081+ 1.4 87.0£ 1.0
M9+ 11
AGP 37 338 136,313, 15,43,47,54 15602 158404  25/1 8/11% 0.992/0.994
45.5,59.4 84.7£0.7 95.2+1.3
985+12  1134+13
1169+12
EPO 39 30 304 40 898+13 808+£29 351 8/8% 0.990/0.997

a) Values according to references.
b) Bold numbers are referring to dominating glycoprotein species.

c) Average deviation of quantitation concerning the evaluated signal.

d) Correlation coefficient (R?) of the linear regression plotting analyte concentration against time corrected area.

proteins during MCGE, sharp peaks, and accurate MW
determination. This demonstrates that a low glycosylation
degree has no influence in MCGE. In contrast, EPO (three
N-glycosylations, one O-glycosylation) exhibits a very broad
peak with high deviations in sizing (>200%). In case of the
HSP-250 Assay even labeling conditions had to be adapted
because the bulky glycan chains hindered a successful deriva-
tization. TF, A1AT, and AGP represent glycoproteins of av-
erage size and glycosylation degree. Therefore, the following
short communication concentrates on these glycoproteins to
assess the suitability of MCGE for glycoprotein analysis in
industry (biopharmaceuticals) and research.

Figure 1 displays the glycoproteins’ MCGE separations
with the P230 and the HSP-250 Assay. TF (697 amino acids)
exhibits only two N-glycosylation sites and thus an average
glycosylation content of about 6 w/w % [12]. Electrophero-
grams (Fig. 1A) show a sharp, single signal at 89.3 & 1.3 kDa
for the P230 and 90.4 £+ 1.4 kDa for the HSP-250 Assay,
as determined from over 15 intra- and interchip measure-
ments. Both peaks feature a small peak width at baseline (wp:
1.2 £ 0.0/2.1 £+ 0.1 s, P230/HSP-250) comparable to that of
nonmodified proteins. In contrast, the signals of A1AT and
AGP for both assays appear much broader resulting from
enhanced heterogeneities caused by higher glycan contents
(Fig. 1B and C). A1AT (394 amino acids, three N-glycans)
has an approximate glycan content of 13 w/w % [13]. Its sep-
aration with the P230 Assay leads to the detection of three
baseline separated peaks with MWs of 63.4 £+ 1.0, 78.8 £ 1.1,
and 108.1 &+ 1.4 kDa, whereas more peaks could be resolved
with the HSP-250 Assay (11.6 & 0.1, 24.8 & 0.4, 64.6 & 0.8,
77.24+1.0,87.0+1.0,and 111.9 & 1.1 kDa). In both cases the
signal of the largest component was most abundant and used
for further evaluations (wg: 3.3 + 0.2/8.0 + 1.4 s, P230/HSP-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

250). The intensities of the remaining peaks varied in both
assays as a consequence of the different labeling strategies.
Exhibiting five N-glycosylation sites on a 184 amino acid back-
bone, AGP is a protein with a high glycan content of about
37 w/w % [14]. The P230 Assay revealed five signals with
MWs of 15.6 £ 0.2, 75.3 £ 0.6, 84.7 £ 0.7, 98.5 + 1.2, and
116.9 £ 1.2 kDa, whereas only three distinct peaks could be
separated with the HSP-250 Assay (15.8 &+ 0.4, 95.2 £ 1.3,
and 113.4 £ 1.3 kDa). Again the most abundant peak (wg:
1.9 £ 0.2 / 4.2 £ 0.3 s, P230/HSP-250) was employed for
further data evaluation.

Comparing MCGE derived MWs of the glycoproteins to
MS data, results for all three analytes exceeded literature val-
ues (Table 1). Moreover, these deviations clearly showed a
correlation with the amount of glycosylation: TF with the
lower glycan content exhibited the smallest deviation of 12%,
A1AT already revealed a difference of over 100%, and the MW
of AGP exceeded the MS value by as much as 200%. Small
differences in MW determination between the two MCGE
assays result from a different analyte migration due to cova-
lently linked dye molecules for the HSP-250 Assay.

The problem of inaccurate sizing is common for pla-
nar gel electrophoresis employing detergents and is thus
also observed for SDS-PAGE of glycoproteins [15]. The uni-
form protein covering with SDS is altered leading to a slower
migration in the gel compared to unmodified proteins and,
consequently, to apparent higher MWs, since usually unmod-
ified proteins are used as MW markers. Figure 2 exemplarily
displays the MCGE electropherogram of A1AT, as well as its
corresponding gel-like image and SDS-PAGE separation. The
slab gel electrophoresis revealed three distinct bands with av-
erage MWs of 49, 61, and 68 kDa showing intensity variations
compared with the HSP-250 Assay due to different staining
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Figure 2. Comparison of the electropherogram (A) and gel-like

image (B) of a HSP-250 MCGE analysis (550 pg/mL A1AT) with a
SDS-PAGE separation of 250 p.g of the same analyte (C).

techniques. It is of note that also SDS-PAGE results exceeded
MS determined values (Table 1), however, to a lesser extent
than MCGE.

Despite difficulties concerning sizing accuracy, the re-
producibility of MW determination via MCGE was very high.
Multiple sample triplicates of each analyte were measured to
evaluate intra- and interchip variations. Values deviating less
than 1.3% for intra- and 1.9% for interchip measurements,
lie perfectly within specifications for unmodified proteins
for both assays (3% sizing reproducibility for BSA), which
is of great importance for quality control of recombinant
glycoproteins.

To investigate the quantitation accuracy and reproducibil-
ity, triplets of different concentrations for each analyte were
analyzed with the P230 and HSP-250 Assay, respectively, and
plotted against time corrected areas to evaluate the corre-
lation coefficients (R?). All glycoproteins showed good lin-
earity within this dynamic range with R* > 0.99 (Table 1).
Furthermore, all analytes could be quantified within the

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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specifications of both assays (quantitation reproducibility
with CV% < 20% for BSA, Table 1). Deviations were lower
in separations with the P230 Assay (8 to 9%) and slightly in-
creased (10 to 11%) in correlation to increasing glycosylation
degrees in case of the HSP-250 Assay. In all cases, interchip
were higher than intrachip variations, but always < 16% for
TF and < 18% for A1AT and AGP.

Evaluating the sensitivities of both assays, the LOD and
LOQ, defined as concentrations with a S/N exceeding 2 or
3, were determined. The HSP-250 Assay showed a higher
sensitivity than the P230 Assay as for unmodified proteins.
Values of 1.0/5.0 pg/mL (LOD/LOQ) for AGP were 25 to
five times higher, values of 0.5/1.0 ng/mL (LOD/LOQ) for
A1AT were 100 to 50 times higher, and values of 0.5 pg/mL
(LOD and LOQ) for TF were 50 times higher. These numbers
again reveal a correlation with the glycosylation degree for
the HSP-250 Assay: decreasing sensitivity for higher mod-
ified proteins. The sensitivity of the P230 Assay appeared
independent from the glycosylation degree.

In summary, analytical parameters of MCGE glycopro-
tein analyses showed a correlation with the degree of glycan
modification. In particular, peak shape and sizing accuracy
were influenced. Deviations to MS data are well known and
caused by altered migration of modified proteins [16]. Nev-
ertheless, the high reproducibility of sizing, as well as the
accurate and reliable quantitation of analytes together with
short analysis times as well as low instrument investment
and sample consumption proves the applicability of MCGE
for glycoprotein analysis. As a highly standardize, rapid, and
sensitive method MCGE is especially useful for process mon-
itoring and quality control in purity and integrity analyses of
biopharmaceuticals and biosimilars.
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Glycoproteins from biological samples were detected by microchip capillary gel electrophoresis
after lectin affinity enrichment using magnetic beads and elution with respective competitive

monosaccharides
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Abstract

Due to the constant search for reliable methods to investigate glycoproteins in complex
biological samples, an alternative approach combining affinity enrichment with rapid and
sensitive analysis on-a-chip is presented. Glycoproteins were specifically captured by lectin-
coated magnetic beads, eluted by competitive sugars, and investigated with microchip capillary
gel electrophoresis (MCGE), i.e. CGE-on-a-chip. We compared our results to sodium dodecyl
sulfate - polyacrylamide gel electrophoresis (SDS-PAGE) data, which turned out to be in very
good agreement. While SDS-PAGE offers the possibility of subsequent mass spectrometric
analysis of captured analytes, MCGE scores with time savings, higher throughput, and lower
sample consumption. Due to these advantages a lectin-based glycoprotein capture protocol
was developed. Two different types of magnetic beads were tested and compared regarding
lectin binding. The selectivity of our strategy was demonstrated with a set of model
glycoproteins, as well as with human serum and serum depleted from high-abundance
proteins. The specificity of the capturing method was investigated revealing an unspecific
binding to a certain degree between each sample and the beads themselves, which has to be
considered for any specific enrichment and data interpretation. In addition, two glycoproteins
from Trichoderma atroviride, a fungus with mycoparasitistic activity and only barely studied

glycoproteome, were enriched by means of a lectin and so identified for the first time.

Keywords: Affinity enrichment / Glycoprotein / Lab-on-a-chip / Lectin / Magnetic beads
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Introduction

Glycosylations are regarded the most complex and, on the other hand, most common type of
post-translational modifications with more than 50 % of all eukaryotic proteins being
glycoproteins [1]. Glycoprotein analysis can be difficult due to their considerable macro- and
microheterogeneity: Attached sugar moieties can range from single monosaccharides to
complex linear or branched oligo- or even polysaccharides. Their huge structural diversity is
also reflected in the variety of their functional purposes, which include their role in many
molecular recognition events [2].

Carbohydrate binding proteins like lectins play nowadays an important role in the structural
and functional elucidation of glycoproteins, as well as in the study of their binding affinities and
interactions with other proteins [3, 4]. In contrast to antibodies, lectins are generally more
stable, more affordable, better characterized, and address a broader spectrum of
glycoproteins. On the other hand, they have lower binding specificities, which, however, can
be of advantage for certain analytical strategies and application areas. One of their main fields
of application is lectin affinity chromatography, during which they can be used for the specific
and selective isolation of certain glycoproteins of interest [5, 6]. Therefore, lectins are
immobilized on e.g. agarose- or silica-based media and filled into chromatographic columns of
quite different dimensions. Typical lectins in this context are Concanavalin A (ConA), wheat
germ agglutinin (WGA), and Sambucus nigra agglutinin (SNA). ConA specifically recognizes
the trimannosidic core structure of an N-glycoprotein and other high-mannose structures [7],
WGA binds to terminal N-acetylglucosamine and its 3(1,4)-linked oligomers [8], and SNA has
a high affinity for sialic acids (N-acetylneuraminic acid) a-glycosidically linked to galactose or
N-acetylgalactosamine [9].

Today also other solid supports like magnetic beads are used especially for glycoprotein
enrichment from crude biological samples without a chromatographic set-up [10]. They allow
working directly from small sample amounts without elaborate sample preparation and simplify
sample washing as well as enrichment. In order to enrich a great variety of glycoproteins,

lectins having a broader specificity can be combined [11]. Therefore, a combination of e.g.
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ConA, WGA, and SNA enables the enrichment of a wide range of different N-glycoproteins
based on the lectins’ specificities for common structural N-glycan moieties.

For investigation of isolated glycoproteins, the specific lectin affinity enrichment step has to be
combined with an appropriate analytical technique. Very often gel electrophoresis, especially
sodium dodecyl sulfate - polyacrylamide gel electrophoresis (SDS-PAGE), is chosen for a first
insight into enrichment efficiency. Although being a generally established method and allowing
subsequent analyte identification via mass spectrometry after separation, SDS-PAGE has
some major draw-backs. Next to being very time-consuming, it lacks automation and therefore
high throughput, requires certain technical skills, i.e. manual handling, and the uniform staining
of glycoproteins after separation can be influenced by their modifications hampering
quantification. Microchip capillary gel electrophoresis (MCGE), on the other hand, offers rapid
(1 min per sample) and reliable size separations in addition to be performed in a high
throughput fashion and quantitation in real-time [12-14]. As a microfluidic system it combines
sample handling, separation of analytes, staining, laser-induced fluorescence (LIF) detection,
and data analysis on one chip. Depending on the type of fluorescence labelling, available
protein assays feature sensitivities comparable to silver-stained (covalent pre-chip labelling)
or Coomassie-stained (dynamic on-chip labelling) gels. Both available MCGE protein assays
have already been characterized in regard to glycoprotein sizing, limits of detection, and
quantitation [15].

In this work, glycoprotein investigation by MCGE was successfully combined with a preceding
specific lectin affinity enrichment using magnetic beads. Due to the speed of MCGE analysis,
its low sample consumption and the ease of quantification of obtained results it was possible
to study lectin affinity enrichment protocols in detail. For optimization of the presented
approach two magnetic beads from different providers based on different basic chemical
compostion (silica and polymer) were tested and compared, namely MagSi-S Tosyl 1.0
(MagSi) beads and tosylactivated Dynabeads MyOne (Dynabeads). Based on preliminary
investigations detailed binding and elution conditions were evaluated finally for Dynabeads
with a set of model lectins and glycoproteins of varying molecular weight and degree of

glycosylation. For validation of the method and investigation of its selectivity, complex

60



biological samples (human blood serum and mycelia derived from Trichoderma atroviride)
were used. All results were compared to traditional SDS-PAGE analysis. Additionally, enriched
glycoproteins were identified by tryptic in-gel digestion and subsequent matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS).

Materials and Methods

Materials

Human serum transferrin (TF, =98 %), bovine acid glycoprotein (AGP, 99 %), human
antitrypsin (A1AT, salt free, lyophilized powder), B-galactosidase from E. coli (B-Gal,
lyophilized powder), bovine serum albumin (BSA, =96 %), as well as all other chemicals (purity
of at least 99 %, each) were purchased from Sigma-Aldrich (St. Louis, MO, USA), if not stated
otherwise. Sodium thiosulfate pentahydrate, ammonium sulfate, ethanol, acetonitrile (ACN),
and acetic acid (all analytical grade) were obtained from Merck (Darmstadt, Germany).
NuPAGE 4-12 % Bis-Tris gels, 4x lithium dodecyl sulfate (LDS) sample buffer (106 mM Tris
HCI, 141 mM Tris Base, 2 % LDS, 10 % glycerol, 0.51 mM EDTA, 0.22 mM Serva Blue G250,
0.175 mM Phenol Red, pH 8.5), 20x MES SDS running buffer (50 mM MES, 50 mM Tris Base,
0.1 % SDS, 1 mM EDTA, pH 7.3), and BenchMark Protein Ladder were acquired from Life
Technologies (Carlsbad, CA, USA). ConA, WGA, and SNA were obtained from Vector
Laboratories (Burlingame, CA, USA). Dynabeads MyOne Tosylactivated were from Invitrogen
Dynal (Oslo, Norway) and MagSi-S Tosyl 1.0 beads from MagnaMedics (Geleen, The
Netherlands). The Agilent 2100 Bioanalyzer, the Protein 230 (P230) and the High Sensitivity
Protein 250 (HSP-250) Kit were obtained from Agilent Technologies (Waldbronn, Germany).
Sequencing grade trypsin from bovine was from Roche (Mannheim, Germany). All
experiments were performed employing water of Millipore grade (18.2 MQcm resistivity at

25°C) taken from a Simplicity system (Millipore, Molsheim, France).
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Buffers

Lectins were dissolved in 0.1 M sodium borate and 0.1 mM CacCl, (pH 8.3) to 100 uM and
stored at 4 °C until usage. Coupling buffer (0.1 M sodium borate, 1 M ammonium sulfate,
pH 9.5) was freshly prepared. Blocking buffer (1 M Tris, 150 mM NaCl, 1 mM CaCl,, 1 mM
MnCl,, pH 7.4) and binding buffer (20 mM Tris, 150 mM NaCl, 1 mM CaClz, 1 mM MnCly,
pH 7.4) were prepared and stored at 4 °C for no longer than two weeks. pH was checked

before usage.

Sample preparation

Human blood was taken from a healthy, voluntary donor with a sterile lancet and centrifuged
at 14000 g, for 30 min. The serum was stored at -20 °C. According to the manufacturer’s
operating procedure, 10 uyl of serum were incubated in a Pierce Top 12 Abundant Protein
Depletion Spin Column (Thermo Fisher Scientific, Waltham, USA) for 1 h to deplete high-
abundance proteins. The filtrate was concentrated and its buffer exchanged to binding buffer
using 10 kDa Millipore Microcon centrifugal filters (Merck Millipore, Darmstadt, Germany) with
an Ultracel regenerated cellulose membrane.

In the case of T. atroviride, frozen mycelia was equilibrated to ambient temperature before
analysis. 100 mg of wet cell mycelia were suspended in 1.6 ml binding buffer and lysed by
sonication (intensity 60 %, 2x 20 s and 1x 30 s, 1 min waiting intervals each, at 4 °C) with a
Branson Sonifier 250 (Branson Ultrasonics, Danbury, CT, USA). Lysed cells were centrifuged
(14000 g, 4 °C, 20 min), the supernatant was collected and concentrated by means of 3 kDa
Millipore Microcon centrifugal filters.

Protein concentrations of all samples were determined using Bradford Assay and BSA for

calibration.

Glycoprotein enrichment

Magnetic beads were handled as suggested by the manufacturer. Briefly: 5.33 uM lectin were
covalently linked to 20 ug/ul tosylactivated magnetic beads in coupling buffer at 37 °C and

600 rpm for 20 h. Free tosyl groups were inactivated by overnight incubation in blocking buffer
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at 37 °C and 600 rpm. The prepared beads were washed two times with a fivefold volume of
binding buffer and stored in the same buffer at 4 °C. Prepared beads were found to be stable
for at least two weeks and were used within this time period.

Glycoprotein samples (0.5 pg/pl standard proteins, 4.7 ug/ul serum, 2.0 ug/pl depleted serum,
4.7 ug/ul T. atroviride) were incubated with 20 ug/ul lectin beads in binding buffer at room
temperature and 600 rpm for 60 min to specifically capture the glycoproteins. The beads with
captured glycoproteins were washed three times with fivefold volume of binding buffer.
Glycoproteins were eluted from the beads with the respective competitive mono- and
disaccharide of the lectin at room temperature for 15 min and 600 rpm. Methyl a-D
glucopyranoside and methyl a-D mannopyranoside, 200 mM each, were used for ConA, 500
mM N-acetyl-D-glucosamine for WGA, and 500 mM lactose for SNA. Elution of remaining non-
covalently bound analytes was achieved by incubating the beads for 5 min at 95 °C either with
5 ul 4x LDS sample buffer containing 50 mM DTT for SDS-PAGE or with 6 ul P230/HSP-250
sample buffer (diluted according to manufacturer’s protocol in water) containing 11.7 mM DTT

for MCGE.

MCGE

The chip-based glycoprotein analysis was performed on the Agilent 2100 Bioanalyzer system
either with the P230 or the HSP-250 assay according to the manufacturer’s instructions. Briefly,
samples were fluorescently labelled for the HSP-250 assay prior to denaturation. 10 uL of
sample solution were mixed with 1 yL HSP-250 labelling dye and incubated on ice for 30 min.
The labelling reaction was stopped by adding 1 pL of ethanolamine followed by incubation on
ice for additional 10 min. No labelling was necessary for samples analysed by the P230 assay.
Samples were diluted only with water prior to denaturation. For this, 4 yL sample were
incubated (95 °C, 5 min) with 2 uyL sample buffer containing DTT. HSP-250 assay samples
were directly applied to the chip, whereas P230 assay samples were diluted with 84 uL water

before application.
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SDS-PAGE

SDS-PAGE analyses were carried out on NUPAGE 4-12 % Bis-Tris gels using MES SDS
running buffer at 120 V (const.) and 60 mA (max.). BenchMark Protein Ladder was applied for
molecular weight determination. Protein bands were visualized by silver staining suited for
further MS analyses [16]. Briefly, gels were washed with an aqueous solution containing 50 %
ethanol and 5 % acetic acid for 20 min, with 50 % ethanol for 10 min, and three times with
water for 20 min each. Afterwards, gels were incubated in 0.2 % sodium thiosulfate
pentahydrate for 1 min and washed two times with water for 1 min. Subsequently, gels were
incubated in 1 % silver nitrate at 4 °C for 20 min and washed twice with water for 1 min. Gels
were further incubated in 2 % sodium carbonate containing 0.04 % formaldehyde until protein
bands were visible. Staining was stopped with 5 % acetic acid. Gels were stored in 1 % acetic

acid at 4 °C for further investigations.

Tryptic in-gel digestion and MALDI mass spectrometric identification

After SDS-PAGE glycoproteins were identified by MALDI-RTOF-MS and -MS/MS analyses
after destaining the gel and tryptic in-gel digestion. Briefly, excised gel bands were destained
in 100 mM NaxS203 / 30 mM KsFe(CN)e-3H20 (1:1, v/v) [17]. Gel pieces were treated with
ACN, rehydrated (100 mM NH4HCOs3), reduced (10 mM DTT in 100 mM NHsHCOs3, 56 °C,
45 min), alkylated (50 mM iodoacetamide in 100 mM NH4HCOs3, 24 °C, 30 min), and finally
dried in a vacuum centrifuge. After rehydration in approx. 10 yL 50 mM NH4HCO; (pH 8.5)
containing 5 % ACN and 100 ng trypsin and incubation at 37 °C overnight, peptides were
extracted with 50 mM NHsHCO3/ACN (1:1, v/v) and 0.1 % formic acid / ACN (1:1, v/v). All
extracts of selected lanes were dried in a vacuum centrifuge. After reconstitution in 0.1 %
aqueous TFA, peptides were desalted using C+s ZipTip® pipette tips (Merck Millipore) and
eluted with 2.7 ug/uL a-cyano-4-hydroxycinnamic acid (MALDI-MS matrix) prepared in
aqueous ACN (50 %) containing 0.1 % TFA. Peptide mass fingerprinting (PMF) and MS/MS
analyses were carried out on an UltrafleXtreme MALDI-linear TOF/RTOF instrument using an

AnchorChip target (both Bruker Daltonik, Bremen, Germany).
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For all data related to enzymatic digestion, autolytic tryptic products, keratin, and blank
artefacts were assigned and removed before database search (SWISSPROT with taxonomy
Homo sapiens for human samples and in all entries of NCBInr for Trichoderma samples,
September - December 2013) using Mascot [18] with the following parameters: monoisotopic
mass values, peptide mass tolerance of £ 0.15 and 0.3 Da for PMF and MS/MS experiments,
respectively, 1 missed cleavage, carbamidomethylation as fixed modification, and methionine

oxidations and methylation of the protein N-terminus as variable modifications.

Results and discussion

A general scheme of the specific affinity enrichment of glycoproteins combined with MCGE
analysis is presented in Electronic Supplementary Material (ESM) Fig. S1. In a first step the
individual lectins ConA, WGA, and SNA were covalently coupled to tosylactivated magnetic
beads. These lectin-coated beads were incubated with a sample containing glycoproteins,
which had been fluorescently labelled for subsequent chip analysis. For a specific elution of
the enriched glycoproteins the respective competitive mono- or disaccharides to the lectins
were applied and the eluted glycoproteins were analysed with MCGE or, for comparison, with
SDS-PAGE. A second unspecific elution step was added by incubation of the beads with
denaturing buffer containing LDS or SDS to assess the degree of specific lectin and unspecific

protein binding, respectively.

Selection of magnetic beads

Two different magnetic beads with nominal diameters of 1 ym according to manufacturers’
specifications were tested and compared. However, scanning electron microscopy
experiments of the two bead materials revealed a very broad size distribution of the MagSi
beads ranging from about 100 nm up to 5 ym in contrast to the rather size-uniform Dynabeads
(Fig. 1a). This circumstance can influence effectiveness of enrichment and reproducibility of
analyses.
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Coupling conditions and concentrations were optimized for both beads and binding efficiencies
examined using the lectin ConA. Therefore, after binding ConA to the beads the supernatant
(S) solution and the unspecific elution (E) fraction of the beads were analysed with SDS-PAGE
and MCGE (Fig- 1b and ¢). Remaining ConA in the supernatant was used as an indicator for
a sufficient surface coverage of the bead, whereas the unspecific elution of ConA was used
for assessing the amount of non-covalently bound ConA. In the case of the Dynabeads,
application of 5.33 yM ConA to 20 pg/ul beads showed a slight SDS-PAGE band in the
supernatant after incubation, pointing to a sufficient lectin concentration to saturate all binding
sites (Fig. 1b). Biologically active ConA is a non-covalent multimer (tetramer at physiological
pH) [19]. Therefore, a protein band at the apparent molecular mass of the monomer (26 kDa)
was expected to be characteristic for the unspecific elution of the beads. Fig. 1b shows no
band in the supernatant and only a slight band in the unspecific elution fraction of the MagSi
beads when applying the same amount of lectin. This indicates that ConA monomers were
almost completely linked to the bead surface without the formation of non-covalently,
biologically active multimers. Similar results were observed after doubling the lectin
concentration while keeping the bead concentration constant: no remaining ConA in the
supernatant, but a weak band in SDS-PAGE for the unspecific elution indicating the formation
of biologically active lectin multimers. Only after application of a tenfold amount of ConA a
distinct ConA band was visible in SDS-PAGE also for the supernatant indicating saturation of
the magnetic bead surface. Quantitative analysis introduced by MCGE analysis allowed the
determination of ConA in the supernatant and the unspecific elution fraction after generating a
calibration function for different ConA concentrations (Fig. 1¢). 45 % non-covalently bound
ConA with regard to the initially applied amount was eluted in the case of Dynabeads and only
5 % in the case of MagSi beads. From these results it was concluded that Dynabeads need
much less lectin while forming a higher number of biologically relevant multimers. Furthermore,
first tests for the functionality of the immobilized lectins showed that MagSi beads exhibit a
higher degree of unspecific protein binding (data not shown).

Based on these findings and with respect to the previously mentioned size heterogeneity of

the MagSi beads further optimization was restricted to the use of Dynabeads.
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Optimization of glycoprotein enrichment

For the optimization of the affinity enrichment a set of model glycoproteins (Tf, A1AT, and AGP)
with varying degrees and types of glycosylations and the non-glycosylated protein 3-Gal as
negative control were applied. Tf was the largest of the applied glycoproteins in terms of
molecular mass but exhibited the lowest glycosylation content (one O-glycan, two N-glycans,
low degree of sialylation) [20]. The smaller A1AT featured a higher glycosylation degree (one
O-glycan, three N-glycans, higher number of sialylation) [21]. AGP, the smallest glycoprotein,
had the highest glycan content (five N-glycans) and most sialic acids attached [22]. In all cases,
the binding buffer contained CaCl. and MnClz, as these cations are required by some lectins
for a successful carbohydrate recognition [19]. Next to that, the buffer needed to be compatible
with subsequent MCGE analyses concerning pH and concentrations of constituents. Different
time spans (15 min up to 2 h) and temperatures (4 °C up to 29 °C) during binding and elution
steps were tested together with the addition of detergents (0.1 % up to 1 % Tween 20, Tween
80, Thesit, Triton X-100) to buffers, addition of extra blocking reagents (serum albumin or
competitive monosaccharides) to the blocking buffer to reduce unspecific analyte binding to
beads, and variations in elution reagents (acetic acid, repeated sugar elution, SDS). Least
unspecific binding and elution of 3-Gal was found for 1 h binding and 15 min elution steps at
room temperature with no addition of detergents. Furthermore, the elution using competitive
monosaccharides proved to be most specific, selectively eluting the glycoproteins but not the
non-glycosylated B-Gal (ESM Fig. S2).

However, SDS-PAGE analysis demonstrated that glycoprotein elution was not complete. An
increase of sugar concentration during elution did not effectively influence these results (data
not shown). Besides glycoproteins still bound to lectin beads after specific elution also
unspecifically bound B-Gal and non-covalently bound ConA was detected in the unspecific
elution fraction. In favour of the higher specificity, the incomplete glycoprotein elution by using

competitive sugars was accepted.
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Combination of affinity enrichment and MCGE analysis

Combining the optimized affinity enrichment with MCGE considerably reduced the required
time for analysis, detection, and data evaluation (MCGE: 0.5 h, SDS-PAGE: > 3.5 h), as well
as the applied sample amount by at least 50 %. Due to enrichment buffer compatibility with
MCGE buffer requirements, no additional buffer exchanges were necessary before CGE-on-
a-chip analysis. Therefore, all samples could be directly analysed after specific elution. For LIF
detection samples were fluorescently labelled with a covalent HSP-250 fluorescent dye using
a minimal labelling strategy. By labelling only the sample before the affinity enrichment, no
lectin signal interfered with signals from eluted glycoprotein.

ESM Fig. S3 and S4 display the electropherograms for experiments including Tf, B-Gal, A1AT,
and AGP employing ConA beads. MCGE results for samples of the initially applied glycoprotein
concentrations, of the supernatant after incubation with the lectin beads, and of the specific
elution fraction for the individual enrichments are shown. The direct comparison of the Tf and
-Gal enrichment (ESM Fig. S3) confirmed results from SDS-PAGE analyses. About 65 % of
Tf were specifically bound to the ConA beads, but also B-Gal showed a certain unspecific
binding towards ConA. However, almost only Tf was eluted during the specific elution step
(time corrected areas, 50 : 1 = Tf : B-Gal).

In addition, for A1AT and AGP the enrichment of different sample constituents could be found.
The fact that more than one signal was observed for the respective glycoproteins can be
explained most likely by glycoforms, but can also result from sample impurities (ESM Fig. S4).
Especially in the case of A1AT, the supernatant as well as the elution fraction reveal distinct
changes in the relative signal intensities. From that, a stronger binding of one constituent
(77.6 kDa) to ConA could be inferred. The same results were found with SDS-PAGE analysis
(ESM Fig. S2).

Next to the individual affinity enrichments also a mixture of the glycoproteins with and without
the negative control were incubated with ConA beats and analysed with MCGE and SDS-
PAGE (Fig. 2). All glycoproteins could be identified before and after enrichment in the
electropherograms, yet, with varying intensities depending on the presence of B-Gal. This

became most obvious with Tf and AGP, which both showed lower signal intensities in the
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specific elution fraction, when B-Gal was added. It was found that the Tf signal was reduced
by approx. 45 %. For AGP an estimation was not possible because of 3-Gal co-migration,
however the reduction in signal intensity is visible. 3-Gal, on the other hand, was only
detectable at much lower concentration levels in the specific elution fraction, which was also
confirmed by SDS-PAGE. B-Gal binding seemed to be increased in the presence of other
glycoproteins compared to the individual incubation of 3-Gal with ConA beads. This raised the
question whether B-Gal really interacted with ConA or rather binds to other glycoproteins (“B-
Gal piggy-back on glycoproteins”). Such a binding also influences the binding and elution of
target proteins and thus explains lower signal intensities. Nevertheless, the eluted amount of
unspecifically bound negative control was small compared to the specifically bound
glycoproteins as indicated by the MCGE signal intensities and SDS-PAGE band abundance,

respectively.

Selective enrichment of glycoproteins from biological samples

For the selective enrichment of glycoproteins from more complex biological samples, WGA
and SNA beads were prepared together with ConA beads. All selected lectins have particular
specificities to different carbohydrate moieties, and combining them allows to target a broad
range of glycoforms. An equimolar mixture of the separately prepared lectin beads was used
to target a high number of different glycoforms in human serum, a biological sample already
well-studied in respect to glycoprotein enrichment [23]. Therefore, freshly taken blood was
centrifuged, the supernatant fluorescently labelled and incubated with the mixture of lectin
beads.

Fig. 3 displays the electropherograms of serum before affinity enrichment and of the specific
elution fraction using a mixture of complementary sugars for each lectin. The protein profile
before enrichment was dominated by a peak at 64 kDa, the most abundant protein in human
serum, albumin (HSA). In contrast, the elution fraction was characterized by a completely
changed peak pattern: several new components could be identified and the distinct HSA signal
has strongly decreased. Unspecific interactions of HSA as a carrier protein with other

components of serum, also with glycoproteins and lectins, was expected to interfere with
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sample enrichment, and indeed a complete depletion of the HSA peak was not achieved.
However, the unspecific binding and elution of HSA could be decreased by varying the amount
of applied serum and lectin beads. (ESM Fig. S5). The lowest HSA signal relative to other
constituents was achieved using 8 pl of labelled serum (equivalent to 2 ul pure serum) and 6 pl
of lectin beads (ConA:SNA:WGA = 1:1:1, 2 yl each) diluted in binding buffer to a final volume
of 30 pl. In that ratio 4 pl of labelled serum equals 70 ug of protein and 1 pl of lectin beads
corresponds to 100 pg beads, giving a final ratio of 140 ug protein and 600 ug beads. Keeping
the ratio constant, but changing the concentrations of the components also influenced the peak
pattern. Reducing the serum and bead concentration by 25 % (4 ul labelled serum, 3 pL lectin
beads, total volume 20 pl) resulted in very low over-all signal intensities, yet also a low HSA
signal in regard to the other peaks. In contrast, increasing the concentrations by 12.5 % (12 pl
labelled serum, 9 uL lectin beads, total volume 40 pl) showed a relatively increased HSA peak
and were thus avoided (e.g. time corrected areas, 1 : 2.9 = peak at 60.5 kDa : HSA, ESM Fig.
Sb5a). Using lower concentrations for enrichments at the same time reduced sample
consumption. A good compromise was reached using 2 ul of all (the three different lectin
beads) components (in a total volume of 30 ul with the serum) obtaining high signal intensities
and a comparably weak HSA signal (e.g. time corrected areas, 1 : 1.4 = peak at 60.5 kDa :
HSA, Fig. 3). Changing the serum/lectin ratio by increasing the amount of beads resulted in a
lower specificity of the enrichment with high HSA peaks (ESM Fig. S5b). Therefore, a mixture
of 8 ul labelled serum and 6 pl lectin beads in a total volume of 30 pl was used for further
experiments.

The analysis of enriched glycoproteins from serum with SDS-PAGE and subsequent tryptic in-
gel digestion and MALDI-RTOF-MS for protein identification further demonstrated the
selectivity of the method (Fig. 4a). For a better comparability the ratios and amounts of used
serum and lectin beads were kept the same as evaluated and mentioned before. Next to HSA,
which was expected to be detected from previous MCGE experiments, only glycoproteins
could be identified in the specific elution fractions. One has to be aware that the identified, non-
glycosylated Ig kappa chain was enriched as part of the intact glycosylated antibody, but

separated during SDS-PAGE because of reducing conditions.
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Further evaluating the selectivity of the approach, the enrichment was applied to serum
depleted from the twelve most abundant serum proteins. Therefore, the serum was treated
with Top 12 spin columns before incubation with the mixture of lectin beads. Fig. 4b clearly
shows the reduction of HSA at 69 kDa and of IgG at 56 and 27 kDa on the SDS-PAGE. Again
only glycoproteins could be identified from the depleted serum.

As further additionally application, the cellulose degrading fungus T. atroviride was
investigated with the established strategy. The ability of filamentous fungi to secrete large
amounts of glycoproteins rose the interest to use the established lectin based enrichment
approach. Although there is only little information about the nature of the glycoproteins in those
fungi the predominant forms were found to be oligomannose N-glycans and O-glycans [24]. In
contrast, more complex glycan structures as present in mammalians were not detected so far.
Next to that, the presence of glucose, galactose, and N-acetylglucosamine has been reported
on the glycans. Using again a mixture of the three lectin beads, especially ConA was expected
to specifically bind to the high-mannose structures of the T. atroviride sample. WGA should
show interactions with potentially present terminal N-acetylglucosamines. As mainly high-
mannose-type glycoproteins were detected in filamentous fungi, interactions with SNA were
not particularly expected. However, it was still included in the experiment in order to target a
broader range of N-glycans.

The enrichment resulted in the identification of two proteins, glyceraldehyde-3-phosphate
dehydrogenase and [-galactosidase. The latter is known to have several putative N-
glycosylation sites in T. reesei [25]. Despite of the higher number of proteins being captured
by the lectin beads, as shown in the unspecific elution fraction (Fig. 4c), only two were
significantly eluted in the specific elution fraction. One explanation is a possible qualitative
difference in the fungal glycosylation structures compared to mammalian glycoproteins and,
therefore, lower binding efficiency of the lectins. On the other hand, the binding of glycoproteins
to lectins is increasing with multivalency. The highly-branched oligomannose structures of

glycoproteins in T. atroviridae can thus strongly bind to ConA making the elution difficult.
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Specific glycoprotein enrichment in human serum samples

As human serum showed a rather more complex elution profile from the lectin beads with a
higher number of enriched proteins, further studies were limited to this more comprehensive
sample compared to the mycelia sample. Specific glycoprotein enrichment was investigated
by an individual incubation of the sample with each individual lectin bead. Against expectations,
MCGE electropherograms of all three enrichment experiments showed a very similar peak
pattern (Fig. 5a). Comparable results were gained in corresponding SDS-PAGE analysis (ESM
Fig. S6a).

Due to this outcome the interactions between the beads and the complex biological sample
were studied in more detail. Therefore, untreated Dynabeads were incubated with human
serum according to the established protocol. Resulting SDS-PAGE analysis of the specific
elution fraction showed unspecific interactions of the beads with the sample (ESM Fig. S6b).
Omitting covalent linking of sample constituents to the beads via free binding sites,
ethanolamine was used to block all tosyl groups. By this only the surface of the bead can
interact with the sample without formation of any covalent links. Again a similar band pattern
was observed (ESM Fig. S6b). In order to reduce the surface access and thus the interaction
of the sample with the bead surface, proteins of different sizes (insulin and cytochrome C) were
covalently linked to the beads. However, incubation with human serum resulted again in
unspecific enrichment (Fig. 5b, ESM Fig. 6b). The electropherograms of the specific elution
fractions showed a similar peak pattern to the enrichment with ethanolamine blocked beads
(Fig. 5b). Furthermore, the pattern was comparable to the glycoprotein enrichment using a
mixture of lectin beads, however with lower intensities. Only a signal migrating at 33 s (89 kDa)
was not detected.

Electrophoretic analyses suggested the enrichment of similar analytes because of comparable
band pattern when using dedicated lectin beads and others (insulin, cytochrome C,
ethanolamine). However, MS identification of SDS-PAGE separated proteins gave only few
identifications for glycoproteins from the gel bands. Mostly carrier proteins, like HSA and
immunoglobulins, were identified. This unspecific binding can be expected as mentioned

before. On the contrary, for proteins separated by SDS-PAGE after lectin enrichment, mostly
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glycoproteins were identified with good significance in more than one analysis (triplicate and
quadruplicate analyses of the full method, from glycoprotein enrichment to mass spectrometric
identification).

It was concluded that the surface of the beads, which are made from polystyrene with a
modified polyurethane layer, most likely has high potential to interact with the complex sample,
i.e. the very abundant and sticky proteins. Yet it can be considered that the unspecific
interactions of proteins with the beads might be reduced due to shielding effects of the bound
lectins of the surface, but it was still recognizable (HSA binding). As a consequence, this
information necessarily has to be taken into account for any data interpretation in regard to

specificity investigations.

Conclusions

The present study shows the successful combination of lectin affinity enrichment with MCGE
for a sensitive and rapid glycoprotein analysis. Results were in very good agreement with
corresponding SDS-PAGE findings, but exhibiting as major advantages lower sample amounts
and taking lesser time. Additional MS identification proved the selectivity of the method even
for complex biological samples. However, the existence of unspecific interactions between
analytes (in very complex matrices as serum) and the magnetic beads (particular the evaluated
Dynabeads) were observed, which makes certain analyses challenging. A more detailed study
by e.g. 2-D gel electrophoresis or HPLC-ESI-MS will be necessary for in-depth studies of lectin
selectivities and specificities with magnetic beads. The combination of the bead-based lectin
affinity enrichment with MCGE proved to be a strategy opening up new ways in 2-D gel

electrophoresis or particular quality control in biotechnology.
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Figure Legends

Fig. 1. Comparison of ConA coupling reactions to tosylactivated Dynabeads and MagSi beads.
(a) SEM analyses (FEI Quanta 200 with accelerating voltages of 10 and 20 kV, respectively)
of both type of beads. (b) SDS-PAGE analyses of the supernatant (S) and the unspecific
elution fraction (E) after incubation of the beads with different amounts of Con A (1x: 5.33 pM,
2x: 10.66 uM, 10x: 53.3 uM). (¢) Amounts of ConA (in pmol and %) in the supernatant and

unspecific elution fraction as determined with MCGE (P230 assay).

Fig. 2 (a) SDS-PAGE and (b, ¢c) MCGE (HSP-250 assay) analyses of a Con A enrichment
using a mixture of the glycoproteins Tf, A1AT, and AGP with (blue line) and without (black line)
B-Gal as negative control. The applied mixtures were analysed before enrichment (b) and

compared to the specific elution E (c).

Fig. 3 Glycoprotein enrichment of 2 uyL human serum using a mixture of ConA-, SNA-, and
WGA-beads (1:1:1; 2 yl each). MCGE analysis (HSP-250 assay) (a) before enrichment and

(b) of the specific elution fraction E.

Fig. 4 SDS-PAGE analysis of glycoproteins enriched by a lectin beads mixture
(ConA:WGA:SNA 1:1:1, 2 ul each) from human serum (a) before and (b) after depletion with
Pierce Top 12 spin columns, and (c) T. atroviride using. (E — specific elution fraction). Proteins

were identified by MALDI-MS after tryptic in-gel digestion.

Fig. 5 MCGE analysis (HSP-250 assay) of the specific elution fractions E of (a) human serum

incubated with individual lectin beads in comparison to (b) beads coated with ethanolamine,

insulin or cytochrome C.
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Fig. 2
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Fig. 4
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coupled to magnetic beads and incubated with fluorescently labeled analytes. The captured
glycoproteins were specifically eluted by the respective complementary mono- and
disaccharides and subsequently analysed with MCGE or SDS-PAGE.
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ESM Fig. S2. SDS-PAGE analysis of a ConA enrichment of the glycoproteins (a) Tf (lane 1-
3), (b) A1AT (lane 1-3), and (b) AGP (lane 4-6), as well as of (a) the non-glycosylated B-Gal
(lane 4-6) using ConA-beads. The samples were analysed before (250 ng protein each) and
after enrichment (specific elution El, unspecific elution EII).
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ESM Fig. S3. MCGE (HSP-250 assay) analyses of the ConA enrichments of the glycoprotein
Tf and the non-glycosylated B-Gal. The samples were analysed before (a: initially applied
protein) and after enrichment (a: supernatant, b: specific elution fraction El).
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after enrichment (a/c: supernatant, b/d: specific elution fraction).
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Abstract. In order to better understand biological events, lectin—glycoprotein interac-
tions are of interest. The possibility to gather more information than the mere positive
or negative response for interactions brought mass spectrometry into the center of
many research fields. The presented work shows the potential of a nano-electrospray
gas-phase electrophoretic mobility molecular analyzer (nES GEMMA) to detect
weak, noncovalent, biospecific interactions besides still unbound glycoproteins and
unreacted lectins without prior liquid phase separation. First results for Sambucus
nigra agglutinin, concanavalin A, and wheat germ agglutinin and their retained
noncovalent interactions with glycoproteins in the gas phase are presented. Electro-

phoretic mobility diameters (EMDs) were obtained by nES GEMMA for all interaction
partners correlating very well with molecular masses determined by matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) of the individual molecules. Moreover, EMDs measured for the lectin—glyco-
protein complexes were in good accordance with theoretically calculated mass values. Special focus was laid on
complex formation for different lectin concentrations and binding specificities to evaluate the method with respect
to results obtained in the liquid phase. The latter was addressed by capillary electrophoresis on-a-chip (CE-on-a-
chip). Of exceptional interest was the fact that the formed complexes could be sampled according to their size
onto nitrocellulose membranes after gas-phase separation. Subsequent immunological investigation further
proved that the collected complex actually retained its native structure throughout nES GEMMA analysis and

sampling.
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Introduction

n recent years, the analyses of a variety of macromolecules

(e.g. DNA [1], proteins [2—5], polymers [6—8], viruses and
virus-like-particles [5, 9, 10], gold nanoparticles [11-13]) have
shown the broad applicability of nano-electrospray gas-phase
electrophoretic mobility molecular analyzer (nES GEMMA).
Thus, this method is used with increasing interest for size-
determination of particles ranging from small analytes of only
a few nm in size up to particles of several hundred nm.

Electronic supplementary material The online version of this article (doi:10.
1007/s13361-016-1483-0) contains supplementary material, which is available
to authorized users.

Correspondence to: Guinter Allmaier; e-mail: guenter.allmaier@tuwien.ac.at

Characterizations with nES GEMMA are generally indepen-
dent of the analyzed particle type and chemical composition,
which makes the method very versatile.

As previously described by Kaufman in detail [3], nES
GEMMA separates analytes according to their electrophoretic
mobility diameter (EMD) in the gas phase, which can directly
be correlated to the dry particle diameters in the nm range.
Consequently, the molecular weights can be calculated by
application of a correlation derived from respective standard
compounds [3, 4]. In brief, multiply charged droplets produced
in cone jet mode in the nES unit are dried and simultaneously
charge-reduced in a bipolar atmosphere (induced by a *'°Po
source) and subsequently introduced into the nano differential
mobility analyzer (nDMA). Dominantly singly charged
analytes with a certain EMD can exit the nDMA at a particular
applied voltage. For detection, the so obtained monodisperse
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aerosol is directed into a condensation particle counter (CPC),
in which supersaturated n-butanol vapor condenses onto the
particles. Following nucleation, single particles can be counted
by laser light scattering yielding e.g., a number-based particle
concentration.

nES GEMMA also allows a size-selective collection of
analytes after gas-phase separation for consecutive investi-
gations like microscopic measurements (transmission
electron microscopy, TEM; atomic-force microscopy,
AFM) or a biological test as an immunologic assay
[14—-16]. For this purpose, the CPC is replaced by an
electrostatic nanoparticle sampler (ENAS). It consists of
an electrically grounded sampling chamber that features an
electrode in its bottom center. By application of a negative
voltage to this electrode, positively charged particles
coming from the nDMA are attracted. Consequently, they
are sampled onto a substrate (e.g., TEM grid, freshly
cleaved mica plate or nitrocellulose (NC) membrane)
mounted on top of the electrode. The deposition rate is
affected by the flow rate, with which the analytes enter the
sampling chamber, by the applied voltage as well as by the
particle concentration and charge.

Operating at ambient pressure and with nondenaturing elec-
trolyte solutions, nES GEMMA has proven its strength to pre-
serve noncovalent interactions [5, 17-21]. Therefore, nES
GEMMA can be considered an effective technique to study
even very fragile biocomplexes like lectin—glycoprotein. Lectins
have become a major tool in the fields of glycomics and are
applied in many methods for a specific glycoprotein enrichment,
glycan characterization or targeted glycoprotein detection. Some
of the most commonly used lectins are Sambucus nigra agglu-
tinin (SNA), wheat germ agglutinin (WGA), and concanavalin
A (ConA), with varying specificities towards different oligosac-
charide structures. SNA, a lectin isolated from elder, consists of
two subunits, A and B, linked by disulfide bridges: the A subunit
compromises a N-glycosidase activity, whereas the B subunit is
responsible for sugar recognition and binding. The lectin spe-
cifically recognizes Neu5Aca(2,6)Gal/GalNAc, sialic acids (N-
acetylneuraminic acid NeuSAc) a-glycosidically linked to ga-
lactose (Gal), or N-acetylgalactosamine (GalNAc). It features at
least two saccharide-binding sites per B subunit [22]. In com-
parison, the 36 kDa homodimeric WGA preferably binds to
terminal N-acetyl-D-glucosamine (GIcNAc) and its B(1,4)-
linked oligomers, as well as to NeuSAc based on its structural
similarity towards GIcNAc. WGA, a plant lectin enriched in the
seeds of Triticum vulgaris, exhibits four sugar binding sites per
monomer [23]. The dimeric form is stabilized by ion pairs,
several strong H-bonds, and numerous van der Waals’ contacts.
The third lectin, ConA, isolated from jack bean (Canavalia
ensiformis), exists as an oligomer of identical 26 kDa subunits
(the exact composition is pH-dependent, see Results and Dis-
cussion). It provides one carbohydrate binding site per mono-
mer, which is like the WGA dimer noncovalently linked. ConA
specifically binds to mannose (Man) residues as found in the
core structure of all N-glycans (Man-a(1,3)[Man-o(1,6)]Man),
as well as in high-mannose and hybrid type N-glycans [24, 25].

In the present study, those three lectins were used to analyze
their interactions with glycoproteins exhibiting varying glyco-
sylation patterns and degrees for the first time with nES GEM-
MA. The instrument’s advantage of keeping fragile
noncovalent biocomplexes intact allowed the separation and
detection of the lectin—glycoprotein complexes. It even enabled
an investigation of the lectins’ binding specificities towards the
different applied glycoproteins transferrin (Tf), antitrypsin
(A1AT), and acid glycoprotein (AGP), especially in compari-
son to a nonglycosylated negative control -galactosidase (B-
Gal). The chosen set of glycoproteins differed significantly in
size, glycosylation degree, and glycosylation pattern (Table 1):
Tf, the biggest of the applied glycoproteins in size, featured the
lowest glycosylation content with one O-glycan, two N-gly-
cans, and low degree of sialylation [26]. The smaller A1AT
exhibited one additional N-glycosylation site and higher degree
of sialylation [28]. AGP was the smallest applied glycoprotein
with the highest glycan content (five N-glycans) and the
highest number of sialic acid residues attached [30].

It was found that nES GEMMA is a straight-forward meth-
od with simplified data interpretation due to charge-reduction
to singly charged species compared with ESI mass spectra.
Biospecific complexes were detected and, furthermore, sam-
pled onto a NC membrane after gas-phase size-separation in
the nDMA for analysis with an immunoassay. The transfer of
intact noncovalent complexes to the gas phase was additionally
underscored by comparing gained nES GEMMA data with
theoretical estimated values based on mass calculations. For
several lectins and glycoproteins, molecular masses were mea-
sured by matrix-assisted laser desorption/ionization time-of-
flight MS (MALDI-TOF-MS) in linear mode. They were in
good agreement compared with nES GEMMA-based results
demonstrating the applicability of this approach. Owing to the
weak interactions, the molecular masses of the biospecific
complexes were only determined by nES GEMMA. Lectin—
glycoprotein complexes at 10.85 nm diameter (229 kDa) were
detected for Tf-SNA and discussed in detail. nES GEMMA-
based molecular mass values correlated well with the theoret-
ically calculated masses of the biospecific complexes. Finally,
the results of the binding experiments were further confirmed
by capillary electrophoresis on a chip (CE-on-a-chip) with
laser-induced fluorescence (LIF) detection.

Experimental
Materials

Ammonium acetate (NH4OAc, >99.99%), Tween 20 (bioxtra
grade), N,N-dimethylformamide, trifluoroacetic acid (TFA,
>99%), sinapic acid (SA, >98%), alkaline phosphatase linked
antibody (goat, anti-rabbit immunoglobulin), anti-a,-
antitrypsin antibody (rabbit), and ammonium hydroxide
(28.2% ammonia in water) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), as were human serum Tf
(>98%), bovine AGP (99%), human A1AT (salt free, lyophi-
lized powder), and B-Gal (lyophilized powder). Lectins SNA,
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Table 1. Analysis of TF[26, 27], AIAT [28, 29], AGP [30], B-Gal [31, 32], and SNA [22, 33] by MALDI-MS and nES GEMMA

Protein Approx. N- N-glycosylation sites” MALDI-MS MALDI-MS nES GEMMA nES GEMMA nES GEMMA
glycosylation MWj;, (kDa)? MW, (kDa)° EMD,,,, (nm)° MWy, (kDa)° FWHM (nm)*
(w/w %)*
Tf 6 Asn*'3) Asn®!! 80 79.1+0.1 7.69 +0.04 83.4+1.1 0.31+0.01
AIAT 13 Asn®®, Asn®?, Asn®>¥7 34.4+0.6 5.81+0.02 37.7+0.5 0.34+0.01
51 50.8+0.3 6.58+0.07 53.6+1.6
AGP 37 Asn'®, Asn®’, Asn’®, 33.8 31.2+05 5.59+0.05 33.840.9 0.34+0.02
Asn®, Asn!!®
- 455403 6.62+0.05 545+1.1
- 76.0+0.5 7.83+0.04 87.9+1.1
B-Gal 0 - 116.3 116.4+0.1 9.35+0.00 147.2+0.0
- Not detectable 13.35+0.06 4294 +£57 0.45+0.06
SNA-I® 5 8 putative A: 339 130.1+0.7 9.40+0.09 149.6 +4.4 0.53+0.10
[A-s-s-B], B: 35
SNA-I® 10 16 putative - Not detectable 11.66+0.12 284.7+8.6
[A-s-s-B]4

? Values according to references

® Dominating (glyco)protein species in bold

¢ Values calculated according to [4]

4 Calculated after normalization to most abundant peak

¢ A and B represent the subunits of SNA, -s-s- a disulfide bond, and [ ],/4 a dimeric/tetrameric complex

 Determined by SDS-PAGE under reducing conditions

ConA, and WGA were from Vector Laboratories (Burlingame,
CA, USA). Sodium chloride (NaCl, >99.5%), sodium hydrox-
ide (299%)), as well as acetonitrile (ACN), hydrochloric acid,
magnesium chloride hexahydrate, sodium hydrogen carbonate,
tris(hydroxymethyl)aminoethane (Tris), and acetic acid (all
analytical grade) were obtained from Merck (Darmstadt,
Germany). 5-Bromo-4-chloro-3-indolyl phosphate (BCIP),
nitro blue tetrazolium (NBT), and pure nitrocellulose mem-
brane (pore size 0.45 um) were purchased from Bio-Rad
Laboratories (Hercules, CA, USA). Boric acid (pro analy-
sis) and dimethyl sulfoxide (DMSO, pro analysis) were
from Fluka (Buchs, Switzerland). Dy-649P1 NHS-ester
(Aex/em = 655/676 nm in ethanol according to the manufac-
turer) for fluorescence (FL) labeling was obtained from
Dyomics (Jena, Germany). A 2.5 mM stock solution of
the dye in DMSO was prepared for labeling. Further dilu-
tions of the dye were performed applying only DMSO. For
all solutions, water of Millipore grade (18.2 MQcm resis-
tivity at 25 °C) from a Simplicity UV water purification
system (Millipore, Molsheim, France) was used throughout
the entire investigation. Prior to application, all electrolytes
were filtered with 0.2 um pore size syringe filters (sterile,
surfactant-free cellulose acetate membrane; Sartorius,
Goettingen, Germany).

Buffers and Sample Preparation

For nES GEMMA analysis, lectins and glycoproteins were
dissolved in 20 mM NH4OAc pH 4.8 or 7.4 adjusted with
acetic acid or ammonium hydroxide, respectively. Owing
to the requirement of removal of nonvolatile salts (ConA,
A1AT, and B-Gal solutions) 10 kDa cutoff spin filters
(polyethersulfone (PES) membrane; VWR, Vienna, Aus-
tria) were used according to the manufacturer’s protocol.
All analytes (direct solution or retentate) were then diluted

to the required concentration (5-320 pg/mL). They were
measured either directly or after 1 h incubation at 24 °C
and 650 rpm for interaction experiments.

In the case of CE-on-a-chip experiments, analytes had
to be FL labeled prior to electrophoresis. Thus, 150 pg
protein (15 pg in the case of B-Gal) in 100 mM sodium
borate pH 8.3 were mixed with 5 uM dye and incubated
overnight in the dark at room temperature. Nonreacted dye
was subsequently removed in the same way as described
for the desalting step. Analyte concentrations were adjust-
ed to 50-250 pg/mL with sodium borate prior to analysis.
Analytes were either measured directly or after 1 h incu-
bation of lectin and glycoprotein at 24 °C.

nES GEMMA

nES GEMMA experiments were carried out on a system
consisting of a model 3480 electrospray aerosol generator
including a 2'°Po source, a model 3080 electrostatic classifier
containing a nDMA unit, and a n-butanol driven model 3025A
ultrafine CPC from TSI Inc. (Shoreview, MN, USA).

For operation in detection mode, the nDMA sheath flow
was set to 15 liters per minute (Lpm; particle separation size
range 2.0-64.4 nm EMD), for sampling a flow of 14 Lpm (2.0—
67.3 nm EMD) was used. Samples were introduced viaa 25 cm
long cone-tipped fused silica capillary with an inner and outer
diameter of 40 and 150 um, respectively; 4 psid (pounds per
square inch differential, approximately 0.3 bar) of pressure
were applied to the sample vial for analyte introduction to the
nES capillary in detection mode, whereas 2 psid were used for
sampling. Higher pressure during long sampling experiments
destabilized the spraying process and was thus avoided. The
nES sheath gas (CO, and filtered, dried air from a membrane
dryer Superplus, Ludvik Industriegerite, Vienna, Austria) was
set to 0.6 Lpm and voltages were adjusted for a stable cone jet
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mode (2.0-2.5 kV). A median of 10 scans, 120 s each (100 s
scan time, 20 s retrace time), yielded a spectrum (as shown in
figures) and was used for data interpretation with the OriginPro
software (v 9.1.0, OriginLab, Northampton, MA, USA).

For size-selected particle collections, a 3089 ENAS (TSI
Inc.) replaced the CPC. The NC membrane was cut to 15 mm
square. It was mounted on top of the center electrode using
double-sided adhesive tape (Scotch/3 M, St. Paul, MN, USA),
which was removed after sampling. The ENAS was operated at
—9.5 kV and a gas flow rate of 1 Lpm. During collections of
three times 12 h on three consecutive days about 475 pL of
sample volume (20 pg/mL A1AT, a mixture of 10 and 20 pg/
mL AIAT and SNA, respectively, or pure 20 mM NH,OAc,
pH 7.4, as blank) were consumed.

Capillary Electrophoresis-on-a-Chip

CE-on-a-chip was carried out on an Agilent 2100 Bioanalyzer
platform (Waldbronn, Germany), a chip-based microfluidic
system based on LIF detection (red diode laser, Aey/em = 635/
685 nm). Owing to software modifications, large particles (e.g.,
viruses, protein complexes) are separated on chips originally
designed for nucleic acid separation according to charge and
size as previously described [34]. Briefly, the microfluidic
channels were filled with 100 mM sodium borate pH 8.3 as
background electrolyte (BGE) by applying pressure for 20 s
using the Agilent Chip Priming Station. Twelve pL of BGE
each were then applied to waste and buffer wells, and 6 pL of
labeled analyte solutions to the sample wells. Prior to sample
analysis on each chip, the separation channel was electropho-
retically flushed with dye solution, 12.5 nM Dy-649P1 in BGE,
followed by setup of the instruments optics and electrophoretic
removal of the dye. Data were collected via the red laser of the
instrument with the Agilent 2100 Expert software, exported,
and plotted using the OriginPro software.

Immunological Assay

After sample collection with nES GEMMA onto 0.45 pm
NC membrane, the substrate was removed from the ENAS
and tested for the presence of antitrypsin. Simultaneously,
10 and 50 ng of antitrypsin and SNA were directly applied
to a control membrane and examined under the same con-
ditions (dot blot assay). Both substrates were washed with
TBS-Tween (20 mM Tris pH 8.3, 154 mM NacCl, 0.1%
Tween 20) for 30 min and incubated overnight with anti-
a-antitrypsin antibody (1:9000, v:v, in TBS-Tween). They
were washed three times in TBS-Tween for 5 min each,
followed by an incubation with the anti-rabbit antibody
conjugated to alkaline phosphatase (1:10,000, v:v, in TBS-
Tween). The washing steps were repeated and the mem-
branes further washed with TBS without Tween for 5 min.
For color visualization, BCIP and NBT were prepared ac-
cording to the manufacturer’s instructions and used for a
15 min incubation step. The reaction was stopped by addi-
tion of water.

MALDI-MS

Experiments were performed on the MALDI-TOF-MS
AXIMA TOF? and, in the case of B-Gal, on the AXIMA-
CFR plus instrument (Shimadzu Kratos Analytical, Manches-
ter, UK) both equipped with nitrogen laser (A =337 nm). Both
instruments were operated in linear positive ion mode. Samples
were prepared on stainless steel MALDI target plates using the
dried-droplet technique. Glycoprotein and -Gal samples were
applied 1:1 (v:v) ratio with 10 mg/mL SA in 0.1% TFA/ACN
(1:1, v:iv) as MALDI-MS matrix to a final amount of 10-20 and
1.5 pmol, respectively, on target and dried at room temperature.

Results and Discussion

Individual nES GEMMA Analysis of Glycoproteins
and Lectins

For determination of the EMD, each analyte was measured
individually with nES GEMMA at different concentrations in
20 mM NH4OAc (pH 7.4). The chosen buffer system should
(1) be volatile, (2) resemble physiological conditions for gly-
coprotein—lectin interactions, and (3) be appropriate for a stable
electrospray process. For experiments including lectins, higher
NH4OAc concentrations destabilized the Taylor cone at the
nES capillary tip and were consequently avoided.

Figure 1 exemplarily displays the nES GEMMA spectra of
the lectin SNA, the glycoprotein AGP, and the nonglycosylated
protein B-Gal employed as negative control. For nES GEMMA
spectra of the glycoproteins A1AT and Tf, as well as of the
lectins WGA and SNA refer to the Supplementary Information.
Figure la shows a dominating singly charged peak [2 M]"
representing a dimer of SNA with an EMD of 9.40 +
0.09 nm, which corresponds to a MW of 149.6 = 4.4 kDa
calculated from an EMD/MW correlation [4]. This value is
slightly deviating from the MALDI-MS derived MW of 130.1
+0.7 kDa (Table 1). SNA consists of four subunits (two of each
identical; 2AB) held together by intramolecular disulfide brid-
ges [35]. Owing to structure flexibilities of this complex in gas
phase, the protein might appear bigger in nES GEMMA ex-
periments with a higher MW calculated than measured with
MALDI MS. Additionally, the singly charged tetramer [4 M]"
can be observed, which is especially apparent at higher con-
centrations. With increasing concentrations more than one
analyte can be statistically present in a sprayed droplet, which
leads to the formation of nonspecific gas-phase singly charged
oligomers formed during the nES process [2]. These artificial
oligomers can be distinguished from naturally formed
biospecific complexes by a rapid loss of signal intensity or
even disappearance with decreasing concentrations. Yet,
lectins have a high tendency to aggregate. The fact that the
tetramer signal did not completely vanish even at low concen-
trations points to biologically relevant tetramer formation al-
ready in solution.

In contrast, oligomer formation in the case of glycoproteins
AGP (Figure 1b) was merely concentration-dependent and,
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Figure 1. nES GEMMA analysis of different concentrations
of the lectin SNA (a), the glycoprotein AGP (b), and the
nonglycosylated B-Gal (c). The subunits A and B of SNA are
presented as M (M = AB) (a). [N]* represents a second constit-
uent of AGP (b)

hence, nES-induced. Furthermore, the existence of several
AGP species with the most abundant one at 5.59 £ 0.05 nm
(33.8 £ 0.9 kDa) was confirmed. These results were in good

accordance to MALDI-MS data having, however, slightly
higher values. Tf showed also gas-phase oligomerization (Sup-
plementary Figure 1a) and A1AT likewise consisted of several
species (Supplementary Figure 1b). B-Gal, on the other hand, a
tetramer consisting of four identical, noncovalently linked
116 kDa subunits [31], showed only a less intensive peak of
the monomer (9.35 £+ 0.00 nm, calculated 147.2 £ 0.0 kDa).
The detection of a high abundant tetrameric species (13.35 +
0.06 nm, calculated 429.4 + 5.7 kDa) demonstrated the instru-
ment’s ability to keep noncovalent oligomers intact during
analysis. In comparison, MALDI-MS revealed a MW of the
monomeric species of 116.4 + 0.1 kDa with the applied matrix.
Table 1 summarizes the data for all investigated
(glycol)proteins and lectins.

In accordance to previously published data on glycoprotein
analysis by microchip capillary gel electrophoresis (MCGE)
and SDS-PAGE [36], increasing glycan content led to signal
broadening in MALDI-MS (Supplementary Figure S2). In
contrast, the degree of glycosylation did not affect peak width
or MW determination for nES GEMMA. This is in favor of
analysis, high reproducibility of EMD values with deviations <
1%, and small peak width (FWHM below 0.34 nm for all
glycoproteins). However, this fact can also be considered as
disadvantageous in regard to a loss of information about the
glycosylation degree itself. Instead, FWHM values of peaks
from nES GEMMA spectra were rather influenced by increas-
ing EMDs (Table 1). In summary, gas-phase electrophoresis
offers to be a reliable (+1%—-5% mass accuracy for 8 kDa—
IMDa proteins and protein complexes; reproducibility mostly
better than £0.1 nm) [37], sensitive (attomole amounts total
consumption) [2], and fast (120 s per scan) alternative for
glycoprotein analysis.

The nES GEMMA spectra of the other two lectins, WGA
und ConA, in contrast, were more complex. The WGA spec-
trum was composed of several components, and ConA showed
the formation of many oligomers (Supplementary Figure S1).
In addition, the latter proved itself to be rather challenging
during analysis because its high degree of oligomerization
contributed to capillary clogging. This oligomerization is
known to be pH sensitive: at < pH 5 the lectin forms predom-
inantly dimers and at pH > 7 it primarily exists as tetramer [25].
This could also be shown by nES GEMMA (Figure 2a). At pH
4.8 mostly the dimeric form with only a small amount of
tetrameric species could be observed. Those ratios were
reverted at physiological pH. Next to ConA only -Gal was
affected by pH, which was unstable and not measurable from
the acidic electrolyte.

Also known from literature is the fact that ConA requires the
presence of divalent cations, e.g., calcium (Ca®"), for correct
folding and carbohydrate recognition [25]. However, since
high salt concentrations can lead to uncontrolled cluster forma-
tion in nES GEMMA [38], different CaCl, concentrations were
tested. No interferences were detected up to 10 uM CaCl, in
NH,4OAc at pH 7.4 (data not shown). The salt addition stabi-
lized the formation of biologically dominant ConA tetramers at
low lectin concentrations and was thus considered as
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Figure 2. nES GEMMA analysis of the lectin ConA at different
pH values (a) and at pH 7.4 with addition of 10 uM CaCl, (b) in
regard to oligomerization. ConA tetramers [4 M]* are the bio-
logical dominant form

appropriate for ConA interaction studies with glycoproteins
(Figure 2b). At higher CaCl, concentrations, measurements
of ConA were not feasible and, therefore, an additional influ-
ence of CaCl, not investigable.

nES GEMMA Interaction Analysis of the Lectins
with Glycoproteins

In order to investigate the interaction of SNA, ConA, and
WGA with the glycoproteins, the lectins were incubated with
each glycoprotein separately at different concentrations and
subsequently analyzed with nES GEMMA. Additionally, ex-
periments were carried out with -Gal as a nonglycosylated
negative control.

Owing to the fact that all in this study using glycoproteins
showed various degrees of sialylation, a recognition by SNA
was expected to be positive in all cases but with different
affinities and, i.e., various intensities. Keeping the glycoprotein
concentration constant during measurements and increasing

only the amount of lectin, a steady decrease of the glycoprotein
signal hints the formation of the biospecific complex with
SNA. The emerging complex is expected to be detected at the
respective EMD (EMDgicutateq), Which can be calculated from
the sum of the individual MWs and the given EMD / MW
correlation [4]. Furthermore, data (EMD/MW ¢ypcrimental) €an be
compared with theoretical values for the MW, ,culated Of the
lectin—glycoprotein complex. A close agreement of both values
confirms the detection of the non-covalent complex.

Figure 3a presents the incubation of SNA with AGP, which
has the highest degree of sialylation. As expected, the intensity
of the monomeric AGP signal at 5.55 nm decreased by 75%
with increasing SNA concentrations. Moreover, the biospecific
complex at 10.06 nm EMD could clearly be detected. In
comparison, no according signals were observed for interac-
tions of SNA with the nonglycosylated -Gal (complex expect-
ed at 14.76 nm EMD, Figure 3b). This proved for the first time
the capability of nES GEMMA to detect specific lectin-
glycoprotein bindings, bindings that are rather weak and, there-
fore, difficult to analyze (dissociation constants in the mM to
high nM range, antibody-epitope bindings are 100- to 1000-
fold stronger).

Similar results as with AGP could be gained during the
incubations of SNA and AIAT (Supplementary Fig-
ure S3a). For A1AT also the SNA concentration was kept
constant while steadily increasing the amount of AIAT.
Results were the same; the expected signal of the
noncovalent complex was observed while the SNA peak
decreased (Supplementary Figure S3b). The analysis of the
interaction of Tf with the lectin SNA led to comparable
findings (Supplementary Figure S3c). However, contrary
to AGP and A1AT, the signal for the complex was not as
distinct and exhibited lower signal intensities. From this, a
lower binding specificity of SNA towards Tf could be
concluded, which is in agreement with the comparably
lower degree of sialylation. From these findings, we con-
clude that nES GEMMA can distinguish different lectin
binding strengths and specificities towards varying
glycoproteins.

The interactions of ConA and WGA with each glycopro-
tein and B-Gal were additionally investigated to get a more
profound understanding of nES GEMMA capabilities (for
exemplary results, see Supplementary Figure S4). In the
case of ConA, a direct detection of the complex signals
was significantly impeded by the lectin’s own oligomer
peaks, which overlaid the expected glycoprotein—ConA
complex. Nevertheless, the decrease of the glycoprotein
signals could be observed and used as an indicator for a
positive binding: the Tf peak showed the greatest reduction
followed by AGP, whereas the A1AT peak diminished only
slightly. Also the B-Gal signal decreased slightly, which
hinted to minor unspecific interaction between the
nonglycosylated protein and ConA.

Investigating glycoprotein interactions with WGA turned
out to be rather challenging. Owing to similar MWs of the
lectin monomers/oligomers with the glycoproteins, the lectin



N. Y. Engel et al.: nES GEMMA of Lectin—Glycoprotein Complexes 83

[complex]*
10.00 nm
179.6 kDa

(a)

[SNAJ*
9.20 nm
Taxt0’ 1404 kDa | N
.4x10" ——
[AGP]* : . . ; :
90 95 100 105 11.0 115
1.2x10" 555 nm
33.1 kDa EMD [nm]
\
o 1:0x10"4 ‘ /\
€
3 6
3 8.0x10°
2 complex [AGP-SNA]
[
£ 6.0x10° MW eoret : 182.7 kDa
o G EMDypeorer: 10.06 nm
4.0x10°
2.0x10° { ‘
0.0
T T T T T T T 1

2l4I6‘8 10 1|2I14I16I1BI20I22
EMD [nm]
® AGP : SNA 10 : 20 pg/ml
® AGP : SNA 10: 40 pg/ml

® 10 ug/ml AGP
AGP : SNA 10 : 5 pg/ml
® AGP :SNA 10 : 10 pg/ml

[B-Gal]*
13.40 nm
11434.4 kDa

(b)

[SNAJ*
9.18 nm
139.5 kDa
5x10"
4x10" r r r , : )
2 13 14 15 16 17
2 EMD [nm]
5
o 3x10'
o
é complex [B-Gal-SNA]
S 2x10' MWeoret - 584.0 kDa
EMDypeorer: 14.76 nm
1x10"
0
T T T T T T T T T U T U T T T T 1
2 4 6 8 10 12 14 16 18 20 22
EMD [nm]
® 10 pg/ml B-Gal ® B-Gal: SNA 10 : 10 ug/ml
B-Gal : SNA 10 : 5 ug/ml e B-Gal : SNA 10 : 20 pg/ml
Figure 3. nES GEMMA analysis of AGP (a) or 3-Gal as nega-

tive control (b) incubated with different concentrations of SNA

signals did not only overlay the lectin—glycoprotein complex
peaks but also those from the glycoproteins. Therefore, neither
the decrease in glycoprotein signal nor the newly formed
complex signal could be observed. Enhanced resolution is
expected for instruments having higher sheath flow rates
(e.g., the second generation MacroIMS device from TSI Inc.,
PDMA [39, 40], or a Vienna type DMA [41]) allowing, then,
hopefully for improved signal separation. As a consequence of

these findings, additional investigations concentrated on SNA,
which showed the most convincing results so far.

Interaction Analysis of SNA by Means
of CE-on-a-Chip Experiments

For confirmation of nES GEMMA results, the formation of
biospecific lectin—glycoprotein complexes was additionally
examined by CE-on-a-chip, a liquid-phase based chip electro-
phoresis system. Fluorescence labeled glycoproteins and the
nonglycosylated -Gal were incubated with different concen-
trations of unlabeled SNA. As with nES GEMMA, the forma-
tion of a new interaction-relevant signal and the decrease of the
glycoprotein peak were expected for rising SNA concentra-
tions. Figure 4a shows the slightly declining signal of AGP
with rising SNA content and the clearly emerging
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electropherograms of incubations of AGP (a) and 3-Gal (b) with
increasing concentrations of unlabeled SNA, respectively. La-
beled proteins are marked with an asterisk (*)
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glycoprotein-lectin peak at 12.0 s. The negative control $-Gal
repeatedly showed no interaction with SNA, maintaining a
constant migration pattern despite increasing SNA concentra-
tions (Figure 4b). For A1AT a decrease of signal intensity was
observed, whereas the signal for the complex was growing
significantly (Supplementary Figure S5a). In addition, it be-
came obvious that the SNA-A1AT complex exhibited the
same migration time as a for us today unknown constituent of
AI1AT (marked with an asterisk in Supplementary Figure 5).
The fact that at constant A1AT concentration the signal at
12.6 s showed up to six times increased intensities with rising
SNA content allowed for the conclusion that this peak in fact is
induced by the glycoprotein—lectin complex. The drastic
change in the peak pattern of A1AT hinted a strong interaction
with SNA, which was more explicit than with AGP. Tf
interacted likewise stronger with SNA than AGP (Supplemen-
tary Figure S5b). Thus, all three glycoproteins proved to inter-
act with SNA as already shown with nES GEMMA. Conse-
quently, these experiments corroborated nES GEMMA find-
ings. Reduced or altered binding between AGP and SNA, as
detected with CE-on-a-chip, might result from covalently
bound FL labels to glycoproteins. They can modify the protein
structure and, therefore, influence the binding strength and
specificity towards the lectin.

Collection of the Biospecific Lectin—Glycoprotein
Complex and Its Immunological Identification

SNA-A1AT complexes were collected after gas-phase size-
separation with an ENAS on a NC membrane. After sampling
the membrane was removed for subsequent immunologic anal-
ysis with colorimetric detection. The color formation on the
membrane is based on an epitope recognition of the protein in
its native conformation by the antibody. Therefore, it requires
the preservation of the collected particles’ three-dimensional
structure throughout the separation with nES GEMMA and
collection process.

By applying A1AT directly on the NC membrane, detection
limits for the chosen dot blot assay down to 10 ng glycoprotein
were revealed. Based on this, the necessary sampling time of
about 36 h was calculated from the applied A1AT-SNA con-
centrations (10 and 20 ng/ul, respectively, Figure 5a and Sup-
plementary Figure S6) and the injection rates (2 psid of applied
pressure). For these 36 h we assumed that (1) less than 5%
(usually about 1%) of the overall electrosprayed analytes are
reduced to singly charged particles in the neutralizing chamber
[42], (2) the sample is a mixture of A1AT, SNA, and AIAT-
SNA complex, from which only the latter is of interest for
analysis and, therefore, collected onto the NC membrane, (3)
that at least 30% to 50% of the present A1AT is forming a
complex with SNA, and (4) that no singly charged complex
particle is lost during nDMA separation and NC collection.
From this we expected about 20 ng glycoprotein—lectin com-
plex to be finally collected on the NC, amounts sufficient for
dot blot like analysis.
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2.5%10"
2.0x10"+ A1AT]*
.2 X L ] [complex]*
g 9.98 nm
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Figure 5. Collection of SNA-A1AT complexes using an ENAS
(particle fraction collector). The complex was collected onto NC
at 9.96—-10.05 nm for 36 h on three consecutive days (a) exem-
plarily showing the sampling of 1 day) followed by immunolog-
ical identification via color visualization in comparison to a
control dot blot experiment (b). For further verification, also pure
BGE (9.98 nm) and A1AT (5.60-5.65 nm) were sampled onto NC
membrane and immunologically examined (b). The dotted line
marks the EMD of sampling of the exemplary day (a)

The glycoprotein—lectin complex was sampled at 9.96—
10.05 nm EMD, and pure AIAT was collected at 5.60—
5.65 nm EMD for immunologic analysis (Figure 5b). Addi-
tionally, the BGE was sprayed as a blank for 36 h and sampled
at the respective EMDs. In order to verify that the dot blot
analysis was specific for A1AT but not SNA or its oligomers, a
control was carried out by direct application of SNA and A1AT
on NC membranes. Only A1AT showed interaction, proving
that any color formation was a direct correlation to A1AT
presence. First, the preservation of the native conformation
after gas-phase separation of A1AT alone was checked by
staining the NC membrane after sampling, which could be
observed visually compared with the BGE blank. We found
that also the sampling of the SNA—-A1AT complex onto the NC
membrane showed a noticeable staining comparable to A1AT
sample. Interestingly, no distinct spot in the size of the ENAS
electrode (9.5 mm diameter) was found, as observed previously
after collecting significantly larger particles [16]. In our case,
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the applied NC membrane was evenly stained, probably due to
the fact that the ENAS voltage was not high enough to deviate
the particles from their trajectory imposed by the high nDMA
sheath flow and to focus them on a distinct area. An increase of
the applied voltage could solve this problem and lead to a
shorter sampling time as the analyte concentration would be
increased on the NC membrane. However, due to instrument
limitations, this approach cannot be realized at the moment.

Conclusions

The nES GEMMA system is a promising platform for the
analysis of lectin—glycoprotein interactions as shown in the
given study for the first time. Especially, data interpretation is
much easier for singly charged particles than ESI spectra of
multiply charged noncovalent complexes (data deconvolution
can be omitted). Furthermore, sample preparation is only de-
pendent on the formation of a complex in NH4OAc at the
appropriate pH. Today, noncovalent interaction studies are of
utmost interest for a better understanding of biological interac-
tions (as for example in molecular machines). nES GEMMA is
a valuable tool to study lectin—glycoprotein interactions in
regard to interaction specificities and binding strength. We
found that the ambient setup of the instrument allowed for the
detection of rather weak interactions, which are difficult to
maintain in vacuum-based mass analyzers. Working under
relatively soft conditions, nES GEMMA even enables sam-
pling of these complexes in their biologically native form. For
the first time, bionanoparticles in the rather low nm size range
were collected by the ENAS device and analyzed by an immu-
nologic assay. ENAS sampling corroborated correct peak as-
signment of the noncovalent complex consisting of the lectin
SNA and the glycoprotein A1AT in mixed samples. Moreover,
it showed the maintenance of interactions formed in liquid
phase during gas-phase separation without affecting the native
state of the complex. This finally confirms that nES GEMMA
allows for separation and detection of biospecific, noncovalent
complexes (but relatively weak compared with virus-antibody
or virus-like particle-antibody fragment complexes), as well as
their successful sampling for further analyses.
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Supplementary Figure 1. nES GEMMA analysis of different concentrations of the
glycoproteins Tf (a) and A1AT (b), as well as the lectins ConA (c) and WGA (d). [N]*

represents a second constituent of A1AT (b).
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Abstract

Glycosylation, either co- or post-translational, is one important form of protein
modification conveying protein stability, as well as contributing to folding and
recognizability. Consequently, glycoproteins are the focus of basic research,
bioengineering, and biotechnology. This Application Note describes the analysis
of three biological relevant glycoproteins using the Agilent 2100 Bioanalyzer
system. Human transferrin, human antitrypsin, and bovine acid glycoprotein

were examined with the Agilent High Sensitivity Protein 250 and Protein 230
assays in regard to molecular weight determination (sizing), dynamic range for
quantitation, and sensitivity for the selected analytes. Selected glycoproteins
vary in their degree of glycosylation, influencing their behavior during capillary gel
electrophoresis and sodium dodecyl sulfate - polyacrylamide gel electrophoresis
(SDS-PAGE). Both methods were compared with respect to characteristic
analytical parameters. In general, microchip capillary gel electrophoresis (MCGE)
separated the selected glycoproteins in less than a minute with high sensitivity
and high reproducibility. However, the determined molecular weights of all
analytes exceeded the theoretical values. Moreover, the occurrence of broadening

peaks correlated to the degree of glycosylation.
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Introduction

The attachment of sugar moieties

to proteins greatly influences their
stability, solubility, folding, and most
importantly, their bioactivity. Moreover,
glycosylation patterns have been found
to play a major role in various biological
processes concerning immunology,
development, and cancer biology’.

To gain a better understanding of the
biological function of a glycoprotein, or
to control the integrity of an engineered
product, it is of utmost importance to
find new bioanalytical methods with high
sensitivity and reliability to characterize
such analytes in a fast manner.

The Agilent 2100 Bioanalyzer system is
capable of rapid on-chip protein analysis
with high reproducibility and accuracy
regarding quantitation and sizing. It
offers two different assays, the Protein
230 (P230) and the High Sensitivity
Protein 250 (HSP-250) kits, for the
electrophoretic separation of proteins
up to 230 and 250 kDa, respectively.
Electrophoresis of denatured proteins

is carried out in a sieving matrix and
buffer containing SDS. Sensitivities of
the assays can exceed Coomassie Blue
and silver-stained SDS-PAGE analyses?®.
Furthermore, both assays exhibit similar
levels of reproducibility and accuracy,
but differ in regard to labeling procedure
and sensitivity. Proteins analyzed with
the P230 Kit are not directly labeled but
entrapped in SDS micelles containing
fluorescence dye. In contrast, in the
HSP-250 assay, proteins are covalently
labeled with the HSP-250 dye prior to
electrophoretic separation showing
overall higher sensitivity.

To assess the electrophoretic behavior of
glycoproteins with the 2100 Bioanalyzer
system, three biological relevant proteins
with varying glycosylation moieties

were examined with both assays and
compared to traditional SDS-PAGE.

The characteristics of the selected
glycoproteins, human transferrin,

human antitrypsin, and bovine acid
glycoprotein, are summarized in Table 1.
All samples were analyzed with respect
to reproducibility and accuracy of sizing

and quantitation, sensitivity, peak pattern,

and peak shape.

Table 1. Summary of the characteristics of human transferrin, human antitrypsin, and bovine acid
glycoprotein.

MW, A "

i pproximate
MW, (MS)  (SDS-PAGE)  glycan

Glycoprotein N-glycosylation sites (kDA) (kDA) content

Transferrin*%! 697 Asn*3, Asn®!" 80 80 6 %

Antitrypsin!®7] 394 Asn®, Asn®, Asn?’ 51 52 13 %

Acid glycoprotein® 184 Asn'®, Asn®, Asn’S, 33.8 42 31 %

Asn®, Asn''®

Experimental

Materials

Human serum transferrin (> 98 %),
bovine acid glycoprotein (99 %), human
antitrypsin (salt free, lyophilized
powder), dithiothreitol (DTT, BioUltra),
silver nitrate and sodium carbonate
(both analytical grade), as well as
formaldehyde solution (35 % wt., for
molecular biology) were purchased from
Sigma-Aldrich (Taufkirchen, Germany).
Sodium thiosulfate pentahydrate, ethanol,
and acetic acid (all analytical grade)
were obtained from Merck (Darmstadt,
Germany). NuPAGE 4-12 % Bis-Tris
gels, 4x lithium dodecyl sulfate (LDS)
sample buffer (106 mM Tris HCI, 141 mM
Tris Base, 2 % LDS, 10 % Glycerol,

0.51 mM EDTA, 0.22 mM Serva Blue
G250, 0.175 mM Phenol Red, pH 8.5),
20x MES SDS running buffer (50 mM
MES, 50 mM Tris Base, 0.1 % SDS, 1 mM
EDTA, pH 7.3), and BenchMark Protein
Ladder were purchased from Invitrogen
(Darmstadt, Germany). The Agilent

2100 Bioanalyzer system, P230 and
HSP-250 kits were obtained from Agilent
Technologies (Waldbronn, Germany).

SDS-PAGE

Samples in 1x LDS sample buffer and
50 mM DTT were run on NuPAGE

4-12 % Bis-Tris gels in 1x MES SDS
running buffer at 120 V (const.) and

60 mA (max.). For molecular weight
determination, BenchMark Protein Ladder
was applied. Protein bands were seen
by silver staining®. The gel was washed
with 50 % ethanol and 5 % acetic acid
for 20 minutes, with 50 % ethanol for
10 minutes, and three times with water

for 20 minutes each. Afterwards, the

gel was incubated in 0.2 % sodium
thiosulfate pentahydrate for 1 minute
and washed twice with water for

1 minute each. Subsequently, the gel was
incubated with 1 % silver nitrate at 4 °C
for 20 minutes and again washed twice
with water for 1 minute each. The final
incubation was in 2 % sodium carbonate
and 0.04 % formaldehyde solution until
protein bands were visible. Staining was
stopped with 5 % acetic acid.

Protein labeling for HSP-250
analysis

All proteins and the HSP-250 ladder were
labeled according to the description

in the Agilent High Sensitivity Protein
250 Kit Guide'®. Briefly, 10 L of protein
solution was mixed with 1 yL HSP-250
labeling dye and incubated on ice for

30 minutes. The labeling reaction was
stopped by adding 1 pL of ethanolamine
and incubating on ice for 10 minutes.
For reproducibility and sensitivity
experiments, 700 pg/mL glycoprotein
solutions were labeled and diluted to the
required concentration for chip analysis.

On-chip analysis

The chip-based glycoprotein analysis
was performed on the Agilent 2100
Bioanalyzer system either with the P230
or the HSP-250 assay. Each chip was
prepared according to the respective kit
guide'!. Briefly, samples were diluted
1:200 with water prior to analysis with
the HSP-250 assay. Aliquots of 4 pL
were incubated with 2 pL of sample
buffer in the presence of DTT at 95 °C
for b minutes. Samples analyzed with
the HSP-250 assay were directly applied



to the chip, whereas 84 uL water were
added to the samples used with the P230
assay before applying 6 pL of the dilution
to the chip.

Results and Discussion

All three glycoproteins were analyzed
with the 2100 Bioanalyzer system using
the P230 and the HSP-250 kit, as well
as with SDS-PAGE and subsequent
silver staining. Glycoprotein sizing

on a MCGE system, as with the 2100
Bioanalyzer solution, faces the same
pre-analytical problems as traditional
slab gel electrophoresis. Hydrophilic
and bulky carbohydrate moieties on

the amino acid backbone lead to a
hampered interaction with detergents in
comparison to unmodified proteins. In
MCGE and SDS-PAGE, it can be observed
that glycoproteins migrate slower in

gel electrophoresis and, therefore, are
detected at higher apparent molecular
weight (MW)™,

Figure 1 displays SDS-PAGE gels and
gel-like images of electrophoretic
separations of transferrin, antitrypsin,
and acid glycoprotein with the P230 and
the HSP-250 kit, respectively. Having

two N-glycosylation sites, transferrin,
with a MW of 80 kDa, represents the
protein with the lowest glycan content
(approximately 6 % of total MW) of the
three investigated analytes (Table 1).
Whereas a single band with the expected
MW of 80 kDa is visible by SDS-PAGE,
MCGE gives an average MW (MWexp)

of ~90 kDa (89.3 £ 1.3 kDa for P230 and
90.4 £ 1.4 kDa for HSP-250) for both
assays equaling a MW overdetermination
of about 12.5 % (Figure 1A).

The average MW was calculated for both
assays from over 15 measurements. For
MCGE, the relevant signals are sharp and
distinct (small peak width), as seen in the
exemplary electropherograms presented
in Figures 2A and 2C. The peak shape can
be compared to nonglycosylated proteins
(for example, the protein ladder which is
always applied on the same protein chip
as the samples).
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Figure 1. Comparison of the electrophoretic separation of (A) human transferrin, (B) human antitrypsin,
and (C) bovine acid glycoprotein with SDS-PAGE, P230, and HSP-250 assays. For SDS-PAGE analysis,
250 ng of transferrin (A), 695 ng of antitrypsin (B), and 348 ng of acid glycoprotein (C) were applied. For
the Agilent 2100 Bioanalyzer measurements, 550 pg/mL of each glycoprotein were applied.
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Figure 2. Gel electrophoretic analysis of transferrin on the Agilent 2100 Bioanalyzer system. 550 pg/mL transferrin was separated using (A) the P230 and (C) the
HSP-250 assays (exemplary results depicted). The correlation coefficient (R?) was determined to be (B) 0.994 for the P230 and (D) 0.996 for the HSP-250 assays.

Antitrypsin, which exhibits three
N-glycosylation sites, has an expected
MW of 51 kDa and an approximate
glycan content of 13 % of the overall
MW (Table 1). The SDS-PAGE gel shows
three distinct bands with MWs of 49,
61, and 68 kDa (Figure 1B), respectively.
These three bands can also be detected
with the P230 assay, yet the determined

average MWs of 63.4 +1.0,78.8 + 1.0,
and 108.1 + 1.4 kDa exceeded the
expected values by over 100 % in the
most abundant component (Figure 3A). A
further increase in MW was observed for
the HSP-250 run (65.0 £ 0.8, 84.3+ 1.2,
and 112.0 = 1.2 kDa), which can be
explained by the altered behavior of
labeled glycoproteins compared to

nonlabeled ones. The highly sensitive
assay allowed for the detection of

a fourth component with a MW of

78.0 £ 1.3 kDa not visible by SDS-PAGE
(Figure 3C). In comparison to transferrin,
the antitrypsin signals of the 2100
Bioanalyzer measurements were broader
without causing greater deviations in
sizing (approximately 1.1-1.6 % for each
signal).



A B
FU | Lower marker/system peak 120 -
2001
MW, : 108.1 £ 1.4 kDa (CV % = 1.3 %) 100
- 112 % overdetermined 8
150 s 80
LOD: 50 ug/mL 2
L0Q: 50 pg/mL 8 60 -
8
100 | g 40 1
=
50 20 4
103-3 Upper marker 0
V 64.% 0 200 400 600 800
01 2 Contsn (9/mL)
5 20 25 30 35 40 45 50
Time (sec)
¢ D
FU Lower marker 1135
400 1 * 2,500 A
65.2
350 4 « 2,000
()
300 4 844 MW, :112.0 + 1.2 kDa (CV % = 1.1 %) _‘_‘f
250 ’ \ - 120 % overdetermined £1.500 1
784 ~ N LOD: 0.5 pg/mL £
200 ¥ L0Q: 1.0 ug/mL ¢ 1.000 -
150 A E 500
100 | 1n7
i 0 T T |
50 0 200 400 600
01— Coansterin (MG/ML)

20 25 30 35 40 45 50
Time (sec)
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(B) 0.997 for the P230 and (D) 0.990 for the HSP-250 assays.

The third analyte, acid glycoprotein,

has a MW of 33.8 kDa and exhibits five
N-glycosylation sites leading to a glycan
content of approximately 37 % (Table 1).
Due to this high percentage of attached
carbohydrates, an even higher deviation
of the measured MWs from literature
was expected, as well as an increase in
peak heterogeneity compared to the two

previously investigated glycoproteins.
Corresponding SDS-PAGE and 2100
Bioanalyzer results are presented in
Figure 1C, confirming these anticipations.
Four protein bands with MWs of 15, 43,
47, and 54 kDa could be seen on the
SDS-PAGE gel. The 47 kDa compound
was the most abundant one. The 2100
Bioanalyzer investigations using the P230

assay also identified four compounds,
but with much higher MWs (15.6 + 0.2,
84.7+0.7,985+1.2, and 116.3 + 1.2 kDa,
respectively). The largest one being the
most abundant. In contrast, the HSP-250
assay only separated three compounds
exhibiting similar MWs (15.9 + 0.6,

95.8 £ 1.8, and 113.6 £ 1.3 kDa) when
compared to the P230 kit (Figure 4C).
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To evaluate the sizing reproducibility,
sample triplets were measured for each
analyte either on three consecutive
(inter-chip) or on one 2100 Bioanalyzer
chip (intra-chip). Both assays showed low
deviations of obtained MW values (less
than 1.0 % for intra- and less than 1.7 %
for inter-chip reproducibility). Such values
lie perfectly within the specifications

of both kits with a determined sizing
reproducibility of 3 % for measurements
with bovine serum albumin'™.

The quantitation accuracy and

reproducibility were determined for all
glycoproteins, and both assays on the
2100 Bioanalyzer system, respectively.

Triplets of several different concentrations
of each glycoprotein were measured
and plotted against corresponding time
corrected areas. Figures 2B and 2D
display linear regressions of transferrin
analyzed with the P230 and the HSP-250
assays. In both cases, good linearity
could be determined with correlation
coefficients (R?) of over 0.99 with
average deviations of approximately

10 %. The latter was slightly lower

for the P230 assay. Antitrypsin also
showed good correlation with linear
regressions of R? being 0.99 or more

as demonstrated (Figures 3B and 3D).
Deviations of time corrected areas were,
on average, approximately 8 % for the

P230 and approximately 10 % for the
HSP-250 assay, and were always smaller
than 17 % for single measurements. In
comparison to transferrin and antitrypsin,
the correlation coefficients of the linear
regressions of acid glycoprotein were
slightly lower with values of 0.981

and 0.987 for the P230 and HSP-250
assays, respectively (Figures 4B and 4D).
Furthermore, the related deviations

were slightly higher for both assays, but
always lower than 19 %. Altogether, all
glycoproteins could be quantified within
the specifications of both assays, which
define the quantitation reproducibility
with a CV % lower than 20 % as
determined for bovine serum albumin™",



Besides the quantitation accuracy

and reproducibility, the sensitivity of
both assays was investigated for all
three analytes. The limit of detection
(LOD) defines the concentration with

a signal-to-noise ratio (S/N) over 2

and the limit of quantification (LOQ)
has an S/N over 3. The specific values
for each glycoprotein are presented in
Figures 2A/C, 3A/C, and 4A/C. The LOD
and LOQ rose with increasing degree
of glycosylation in case of the HSP-250
assay. For the P230 assay, antitrypsin
showed highest values when compared
to transferrin and acid glycoprotein.

Conclusion

Three glycoproteins with varying
glycosylation degrees were analyzed

on the Agilent 2100 Bioanalyzer system
using the P230 and the HSP-250 assays
and compared to results from standard
SDS-PAGE experiments (Table 2). In
general, MWs determined with the 2100
Bioanalyzer system exceeded SDS-PAGE
values depending on the degree of
glycosylation, as N-glycans interfered
with detergent attachment resulting in
flawed values of seemingly higher MWs.
Additionally, the width of respective
peaks broadened in accordance to

the number (that is, heterogeneity)

of glycan moieties. Consequently,

sizing of intact glycoproteins with gel
based electrophoretic separation can

be difficult. In contrast, quantitation
experiments with glycoproteins on

the 2100 Bioanalyzer system showed
reproducible and accurate results with
increasing deviations concomitant to
increasing degrees of glycosylation.
However, reproducibility of sizing results
still lay within the specifications of both
assays. Also, the LOD and LOQ tended
to show a correlation with the amount of
protein carbohydrate modifications.

Table 2. Summary of results for the glycoproteins human transferrin, human antitrypsin and bovine acid glycoprotein for SDS-PAGE, the P230, and HSP-250

assays.
Approx. MW, MW, MW, MW, MW, Average  Average LOD/LOQ  LOD/LOQ
glycan (MS) (SDS-PAGE)  (P230) (HSP-250) (HSP-250) CV % CV % (P230) (HSP-250)
Glyco-protein content inkDa inkDa in kDa in kDa in kDa (P230)* (HSP-250)* in ug/mL in ug/mL
Transferrin 6 % 80 80 89.3+13 904 +14 90.4+14 9 10 25/25 0.5/0.5
Antitrypsin 13% 51 49, 61, 68 63.4+1.0 65.0+0.8 65.0+ 0.8 8 10 50/50 0.5/1
788+1.0 780+1.3 78.0+1.3
1081+14 843+12 843+1.2
1120+1.2 1120+1.2
Acid 37 % 33.8 15,43,47,54 156+0.2 159+ 0.6 15.9+ 0.6 8 1 25/25 1/5
glycol-protein!®! 84.7+0.7 958+1.8 95.8+1.8
985+1.2 1136+1.3 1136+1.3
116.3+1.2

* Average CV %: average deviation of quantitation concerning the evaluated signal.
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Introduction

Monoclonal antibodies have become major therapeutic and diagnostic agents applied for the
treatment and detection of many diseases like cancer, inflammation or infectious diseases as well as
for biomedical research and analytics. Thus, it is of importance to find highly sensitive methods to
monitor the antibodies’ production, purity, and the formation of aggregates or degradation products.
Due to working at atmospheric pressure and under relatively mild conditions, the MacrolMS system
with the Advanced Electrospray (Model 3482) device based on the soft X-ray charge conditioning
concept [1] as successor of nES GEMMA allows the analysis of macromolecules in a native-like
environment keeping non-covalent interactions intact [2].

Studying a 148 kDa recombinant monoclonal antibody, the influence of scan times, pH, and
temperature on the measurements was evaluated. Special interest was focused on changes in

electrophoretic mobility diameter (EMD) values, peak form, and signal intensity.

Sample Preparation and Analytical Conditions

376 nanomole recombinant monoclonal antibody (rmAB) of therapeutic grade dissolved in 5 mM
histidine and 60 mM trehalose buffer (pH 6.0) was used. Sample concentration and buffer exchange
to 40 mM ammonium acetate (pH 8.0 or 5.0) was carried out by means of 10 kDa centrifugal filters

(VWR, Vienna, Austria) and dilutions ranging from 4.7 to 7527.0 nM were prepared.
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Samples were delivered via a syringe pump (NE-1000, New Era Pump Systems, Farmingdale, NY, USA)
to the MacrolMS system (Model 3982). nES sheath gas (filtered, dried air and CO;) was set to 1.37 Lpm
and voltages were adjusted for stable cone jet mode (1.39-1.45 kV). DMA laminar flow was set to 30
liters per minute with scan times of 11 or 56 s (3 s retrace and 1 s lag time each in order to set the
voltage to initial conditions). Scans from 2 to 45 nm EMD were acquired during 20 min of continuous

sampling. All data result from triplicate measurements.

Results and Discussion

rmAB dilutions were analyzed with different measurement scan times, 11 and 56 s at two different
pHs, 5.0 and 8.0. The shorter scan time of 11 s was chosen for fast analysis times needed for potential
on-line coupling with high performance liquid chromatography systems (HPLC). 56 s was chosen for
optimal resolution. Results were compared in regard to EMD values, peak form, and peak height or
area. Limit of detection (LOD) and limit of quantitation (LOQ) were determined for rmAB analysis.

Moreover, the influence of temperature treatment of this rmAB sample prior to analysis was studied.

Influence of scan time and pH on reproducibility, EMD, and peak width

Inter-day and intra-day variability was checked for measurements with 56 s scan time. Good
repeatability for (i) EMDs, (ii) peak widths, and (iii) peak area/heights were observed. The latter
parameter, namely intra-day variation was below 6 % but on the other hand the inter-day variation
increased to 28 % (standard deviations (SDs)). Reproducible measurement set-ups applying well-
defined parameters such as the same capillary with excellent tip geometry, and the formation of a
stable cone-jet mode are of importance for achieving these results. SDs can be improved further, i.e.
reduced SD values, by replacing the syringe pump for direct infusion with a flow injection analysis (FIA)
system or HPLC system.

Directly comparing different DMA scan times at different pHs shows the influence (Figure 1A).
Switching from 56 s to 11 s drastically changes the signal intensity, peak width, and EMD. EMDs were
detected at significantly higher values at lower scan speed (see Table 1). However, a mere variation of
the pH at 56 s scan time did not affect the EMDs. In all cases, the determined EMD stayed very
reproducible for each condition with SDs below 1.3 %.

The lower scan time of 11 s also caused peak broadening of about 30 %. In contrast, the corresponding
FWHM values for each scan time stayed quite constant over the concentration ranges with a slight
increase towards lower concentrations. Therefore, the SDs of the mean values were higher than for
the EMDs (below 8 % for the monomer rmAB signals and below 15 % for the dimers and trimers of

rmAB).
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Influence of scan time and pH on signal intensity and LOD/LOQ

As expected the most significant influence for different scan times was observed for peak height and
area as already shown in Figure 1A. This was studied further in more detail. Figure 1B displays a dilution
experiment for the rmAB covering a concentration range from 4.7 to 7527.0 nM (Fig. 1B, pH 8.0, 56 s).
The corresponding peak areas for the monomeric, dimeric, and trimeric rmAB signals were plotted
against the rmAB concentration. As expected, signal intensity increased with higher concentrations.
However, the calibration was not linear for the full concentration range. The upper limit of the linear
range for the antibody monomer was at approx. 1000 nM at 56 s and 3000 nM at 11 s scan speed
(Fig. 1C). The reason for that is the increased tendency to form gas-phase multimers during the
electrospray process [3]. The measured dimers (Fig. 1D) and trimers (data not shown), however,
showed increased linearity, yet of lesser sensitivity (slope of linear regression). Again much lower signal
intensity values were observed for 11 s scan, on average about 26 % lower than for 56 s scan duration.
Switching from pH 8.0 to pH 5.0 at 235.3 nM showed slightly elevated peak areas at the same scan
duration.

In order to define LOD and LOQ of the analysis, pure background electrolyte was analyzed and its mean
value as well as the SD in the range of 9 to 11 nm calculated. LOD was then determined as the mean
value plus 3 times SD, LOQ as the mean value plus 10 times SD, which resulted in a LOD and LOQ of 5
and 10 nM, respectively. These values were in good accordance with the measurements of 4.7 and

18.8 nM having a signal to noise ratio over 5 and 20, respectively.

Influence of temperature on the sample

Figure 2 displays the effects of temperature treatment on this particular rmAB sample. Incubation of
the sample for 15 min at temperatures from RT up to 70 °C did not seem to influence the stability of
this recombinant monoclonal antibody. Above this temperature, i.e. at 80 °C, and the selected time
window a drastic decrease was observed for signal intensities. No soluble degradation or aggregation
products were detected, leading to the conclusion that sample loss occurs because of sedimentation

and adsorption at the inner wall of the reaction tube during incubation.

Conclusions

The analysis of a formulated recombinant monoclonal antibody with the MacrolMS system
incorporating the Advanced Electrospray (Model 3482) device based on the soft X-ray charge
conditioner exhibited clearly the suitability of the device for such biotechnology applications.
Furthermore it was shown that different scan times have a major impact on the quality of the
measurements. Therefore, it is important to choose this parameter carefully to gain reproducible and
accurate results for quantitative analysis particular when switching from infusion mode to FIA or HPLC

mode. A reduction of scan time led to decreased signal intensities with higher FWHM and EMD values,
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but short scan times are a necessity to detect peaks eluting from a HPLC system. Longer scan times, on
the other hand, can increase resolving power in terms of sizing and sensitivity during an experiment
and are therefore favorable measurement parameters for direct infusion. In case of on-line coupling
with HPLC a balance between optimal resolving power of the DMA and scan time of the DMA (i.e.
fitting to the peak width of the chromatographic peak) has to be found.

Next to that, a variation in pH and temperature of the rmAB solution to simulate forced stress
conditions was performed and monitored by the MacrolMS system. pH did not affect the here applied
antibody whereas a temperature increase above 70 °C for a duration above 10 min drastically reduced
the measured the analyte concentration of the solution. Overall, the MacrolMS system demonstrated
a high reproducibility for all tested conditions and proved to be a suitable tool for recombinant

monoclonal antibody analysis and monitoring of production processes.
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Table 1: Influence of scan time and pH on the determined EMDs and their SDs related to the

analyzed recombinant monoclonal antibody.

Tested condition: scan time / pH EMDmonomer [nm] EMDgimer [nm] EMDxrimer [nm]
11s/pH 8.0 9.90 £ 0.05 12.21 +0.05 13.79+0.11
56s/pH 8.0 9.46 £0.13 11.63+0.10 13.22 +0.15
56s/pH5.0 9.46 £ 0.00 11.71+0.00 13.32+0.03

122




Figure 1
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Figure 1: MacrolMS spectra of the recombinant monoclonal antibody (rmAB). 235.3 nM rmAB
measured at three different conditions: pH 8.0 with 11 and 56 s DMA scan time and pH 5.0 with 56 s
DMA scan time (A). An exemplary dilution series of rmAB ranging from 4.7 to 7527.0 nM measured at
pH 8.0 and 56 s scan time (B). The obtained linear range based on peak areas (plot of the rmAB

concentrations vs peak areas of the monomeric form of rmAB (C) and of the dimeric form of rmAB (D).
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Figure 2
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Figure 2: Influence of different temperatures and reaction times on 235.3 nM rmAB solutions directly
monitored by MacrolMS with the Advanced Electrospray (Model 3482) device based on the soft X-ray

charge conditioner. The inset shows the monomeric peak from RT (21 °C) up to 80 °C at 5 min.
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CONCLUSIONS

The analysis of glycoproteins exhibits many challenges due to the huge structural and functional
heterogeneity of the glycosylations and the fact that no universal analytical method can cover all
aspects. Many techniques have to be combined for a complete understanding of glycoprotein
structures, their occurrences, interactions, and functional purposes. This also includes appropriate
strategies of isolating and purifying glycoproteins of interest. However, many methods lack some of
the following points: sensitivity, robustness, or feasibility concerning ease of handling and time
consumption.

The aim of the present thesis was to establish new rapid and reliable analytical approaches to
qualitatively and quantitatively investigate intact glycoproteins in regard to size determination and
interactions with lectins. Special focus was laid on electrophoretic methods in liquid- and gas-phase

using MCGE and nES GEMMA, respectively.

For commercially available kits MCGE had previously been validated thoroughly only for unmodified
proteins. As a consequence, the analysis of glycoproteins with this method required intensive
evaluation of characteristic analytical parameters like accuracy and repeatability of sizing and
guantification, as well as LODs and LOQs. As addressed in Publication I, two available protein assays
(P230 and HSP-250) proved a good applicability for glycoproteins with high reproducibilities in sizing,
high reliability and precision in quantitation, and high sensitivities (here the HSP-250 assay exceeded
the P230 one). Only the accuracy of sizing showed restrictions with the determined molecular weights
deviating from MS derived values. Moreover, these deviations clearly showed a correlation with the
amount of glycosylation, i.e. with rising degrees of glycosylation, the deviations increasingly exceeded
the MS values. These glycoprotein specific deviations were in accordance to their behaviour during
SDS-PAGE analysis, yet to a higher extent with MCGE. This has also to do with the lack of well-defined
glycosylated protein standards. However, due to the higher reliability in quantitation, its higher ease-
of-use to the point of standardization, and particularly the savings in time and consumables, MCGE is
a very good alternative to traditional SDS-PAGE. This might render it especially useful in routine
analyses for process monitoring or quality control during production of biopharmaceuticals and
biosimilars.

Publication Il focussed on the targeted analysis of glycoproteins in complex biological samples.
In this regard, MCGE was successfully combined with an affinity enrichment using lectin-coated
magnetic beads. The combination of three lectins (Concanavalin A, wheat germ agglutinin, and

Sambucus nigra agglutinin) with different and broader specificities allowed the enrichment of a wide
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range of N-glycoproteins. The optimization of the enrichment step and the elution of the captured
glycoproteins with the competitive sugars resulted in low unspecific binding of non-glycosylated
proteins as shown by MCGE. Validation of the method with complex biological samples like human
serum and Trichoderma atroviride mycelia extract proved the selectivity of the developed strategy.
The results were confirmed by SDS-PAGE analysis. Additionally, two putative glycoproteins could be
identified for the only fairly studied glycoproteome of the cellulose degrading fungus Trichoderma
atroviride. However, also the existence of unspecific interactions between the biological samples and
the magnetic beads themselves was revealed. Affecting glycoproteins of the sample, these interactions
could increase the spectrum of enriched glycoproteins independently of the used lectin and thus
influence specificity and lectin-glycoprotein interaction studies. If necessary, a detailed investigation
of the unspecific binding by e.g. 2-D gel electrophoresis can be performed for further insights into the
extent of impact on the specificity. At this point, this fact has to be considered for any data evaluation
concerning a selective glycoprotein enrichment. Nevertheless, the developed strategy is a very
sensitive and reliable approach for a selective glycoprotein analysis in complex biological samples.
Although SDS-PAGE offers the possibility of subsequent mass spectrometric identification of the
enriched analytes, MCGE benefits from time savings and lower sample consumption. Therefore,
affinity enrichment combined with MCGE presents itself as a good alternative especially as a pre-
analysis method before performing 2-D gel electrophoresis in quality control or research of unknown

glycoproteomes.

Size-determinations of glycoproteins and the lectins were also performed in gas-phase with nES
GEMMA as demonstrated in Publication Ill. MW derived from detected EMDs were in very good
agreement with MALDI-MS values, and also the detected non-covalent glycoprotein-lectin complex
values corroborated well with theoretically calculated approximations of an expected globular
complex. This confirms the capability of the nES GEMMA system to keep even weak non-covalent
interactions, which were formed in liquid-phase, intact throughout the nES process, separation, and
detection. Moreover, it allowed direct interaction analyses of the glycoproteins and lectins employed
during this work without prior separation of unbound glycoproteins and lectins, respectively. The
experiments could be evaluated in regard to lectin binding specificities and strengths towards the
glycoproteins. Results were compared to interaction studies analysed with CE-on-a-chip, which
showed differences in binding affinities probably due to altered binding caused by fluorescent labelling
of the glycoproteins.

Furthermore, the non-covalent biospecific complexes could be sampled onto nitrocellulose
membrane and identified by a subsequent immunological assay. Additional sampling experiments with
fluorescently labelled glycoproteins for subsequent fluorescent microscopy led to no positive results

so far due to probably not enough analyte collection on the sampling surface. To overcome this

126



problem, sampling times longer than 36 hours on three consecutive days could eventually lead to a
detectable signal based on rough calculations. However, longer sampling times affected the sample
and the stability of the measurement. AFM measurements of the sampled glycoprotein-lectin complex
were also inconclusive, as the size-differences between the interaction partners and the formed
complex were too low for definite evaluations. In contrast, immunological results were irrevocable and
proved, that the collected complex actually retained its biologically native structure throughout nES
GEMMA analysis and sampling.

Consequently, nES GEMMA is a promising and straightforward platform especially for the analysis
of weak interactions like that of glycoproteins and lectins, i.e. biospecific non-covalent complexes,
which are difficult to maintain in vacuum-based instruments like mass spectrometers or TEM. It does
not require a preceding separation of unreacted binding partners or elaborate sample preparation and
scores with simplified data interpretation. Due to charge reduction to preferentially singly charged
species, spectra are far less complex, i.e. straightforward in the interpretation, compared to ESI mass
spectra of multiply charged non-covalent complexes (in native mass spectrometry) and data
deconvolution processes can be omitted. Moreover, interactions can be directly assessed as they are
formed in liquid-phase and, providing a label-free detection, binding is not altered or affected by
covalent tags (e.g. fluorescent dye, biotin, or alkaline phosphatase) or coupling to solid supports as it

is the case with for instance biosensors, ELLAs, or microarrays.
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