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ABSTRACT

The study of protein glycosylation can be regarded as an intricate but very important
task, making glycomics one of the most challenging and interesting, albeit under-
researched,type of “omics’ science. Complexity escalates remarkably when
considering that carbohydrates can form severely branched structures with many
different constituents, which often leads to the formation of multiple isomers. In this
regard, ion mobility (IM) spectrometry has recently demonstrated its power for the
separation of isomeric compounds. In the present work, the potential of traveling wave
IM (TWIMS) for the separation of isomeric glycoconjugates was evaluated, using
mouse transferrin (mTf) as model glycoprotein. Particularly, we aim to assess the
performance of this platform for the separation of isomeric glycoconjugates due to the
type of sialic acid linkage, at the intact glycoprotein, glycopeptide and glycah leve
Straightforward separation of isomers was achieved with the analysis of released
glycans, as opposed to the glycopeptides which showed a more complex pattern.
Finally, the developed methodology was applied to serum samples of mice, to

investigate its robustness when analysing real complex samples.
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1. Introduction

Glycosylation is by far one of the most common and complex posttranslational
modifications, with more than half of all secretory and cellular proteins being
glycosylated1-3]. Carbohydrates enhance the functional diversity of proteins, but they
can also define their destination or elicit an immune response. The presence of glycans
in the surface of eukaryiotcells is vital, as they take part in important cellular events,
such as cellcell interactions and receptor recognition [4]. Notwithstanding its
importance and the major role of glycosylation in a multitude of biological processes
[5-7], the analysis and characterization of carbohydiatesually difficult due to the
inherent complexity - the main reason why advances in glycomics have been scarcer
compared to otheromics” sciences [8,9]. Very often, in contrast to more lihear
assembled biological molecules such as proteins or oligonucleotides, carbohydrates can
form complex structures, severely branched, with many monosaccharide constituents,

which usually results in a multitude of isomers [10].

Mass spectrometry (MS)-based techniques are the prime option for the characterization
of glycoproteins, as reliable structural information can be obtained [7,11]. MS is
frequently used in conjunction with chromatographic or electrophoretic separation
techniques, as this allows high sensitivity profiling and accurate characterisation of
heterogeneous glycan structures-{li4]. However, when analysing isomeric glycan
structures, MS often fails to separate them [81T%, as they have identical mass and
atomic composition. Some authors have suggested alternative strategies to separate
isomeric glycoconjugates based on their derivatization, the use of capillary
electrophoresis (CE) or hydrophilic interaction liquid chromatography (HILICH3B

But even then, derivatization protocols can be time-consuming, expensive or hinder the



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

lonization of some glycans, or, in the case of CE or HILIC, the unambiguous
identification is still impossible when different isomers coelute. Moreover, in the last
few years, several tandem mass spectrometry (MS/MS) methods have been reported
that allow the identification of glycan isomers and the characterization of their structure
[24-26]. However, few authors have studied the fragmentation of glycans with different
sialic acid linkages. Even then, distinguishing by MS/MS between isomeric glycans due
to sialic acid linkage is not trivial and, quite often, is based on differences in the relative
abundance of certain fragment ions [27,28]. Therefore, a straightforward technique that

helps to separate and differentiate those isomeric compounds is much needed.

In this regard, ion-mobility (IM) spectrometry coupled with MS has aroused some
interest in the last years, not only in the glycomics field but also in other omics sciences,
as a proficient analytical technique for the separation of isomeric compounds
[3,8,10,1517,29-31]. lon mobility provides an additional dimension for the separation

of compounds, where ions are not only separated due to their mass and charge, but also
on the basis of their shape and size - thereby resolving ions that would be otherwise
indistinguishable solely by MS, such as, for instance, isomer8¢32Particulaly, IM
measures the time (drift time) that a particular ion takes to cross a cell filled with an
inert, neutral background gas 4Mnd He are most commonly used) at a controlled
pressure under the influence of a weak electric field. The drift time of a specific ion is
mainly due to ion-gas collisions; therefore, ions are separated due to their ion-neutral
collision cross-sectiorntY), related to the overall shape and topology of the ion [32-36].

Small compact ions have the shortest drift times, i.e. they arrive first, as a result of their
smaller Q. Moreover, the higher the charge of the ion, the greater the accelerating

electric force, and therefore the more quickly the ion will cross the chamber.
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Consequently, the drift time of an ion is often described as being determined by the
collision cross-sectiote-charge ratio (/z) [35]. When coupled on-line with MS (IM-

MS), ion mobility provides three-dimensional analytical information for each detected
species, i.e. shage-charge, mast-charge and abundance, thus allowing reliable

analyte identification.

Nowadays, there are several IM methods next to the classical drift-time ion mobility
spectrometry (DTIMS), such as field asymmetric waveform ion mobility spectrometry
(FAIMS), but among them, traveling wave ion mobility spectrometry (TWIMS) is the
one that has seen a major growth in the last years [37,38]. In TWIMS, ions are propelled
thanks to a sequence of symmetric potential waves continually propagating through a
cell, each ion with its own velocity, thus different species transit the cell in different
times. One of the main advantages of TWIMS is that it disperses ion mixtures, allowing
the simultaneous measurement of multiple species. This, in conjunction with a high
sensitivity obtained when TWIMS is coupled to certain analyzers in MS, such as time-
of-flight (TOF), has made this platform an alluring option for structural analysis and
isomer separation [380]. This platform, along with other IM methods, have been
recently explored for the analysis of glycans or glycoconjugates by several authors

[8,15,16,4147].

In this work, TWIMS combined with TOF-MS was used for the study of
glycoconjugate isomers which differ in the type of sialic acid linkage, with mouse
transferrin (mTf) as a model glycoprotein. Sialic acid, an important monosaccharide
residue of complex type N-glycans, may form primarily two types of linkage8:or

a2-6. We aim to assess the capacity of TWIMS-T@&from now on referred to as

IM-MS) as an analytical platform to separa®e3 and 02-6 isomeric glycoconjugates at
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theintact glycoprotein, glycopeptide and glycan level. The developed methodology was
also applied to serum samples of mice, to confirm its robustness when analysing real

complex samples.
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2. Materials and methods
2.1 Chemicals

All chemicals used in the preparation of buffers and solutions were of analytical reagent
grade. Isopropanol (iPrOH), hydrochloric acid (HCI, 37% (w/v)), formic d€hl ©8-
100%), ammonium acetate (MWAL, >98.0%)and glycine (>99.7%) were supplied by

Merck (Darmstadt, Germany). CNBr-activated-Sepharose 4B was provided by GE
Healthcare (Waukesha, WI, USA) afldP-40 alternative” by Calbiochem (Darmstadt,
Germany) Sodium chloride (NaCl, >99.5%), DL-Dithiothreitol (DTT, >99%), sodium
cyanoborohydride (NaB#CN), 2-mercaptoethanol (B-ME), sodium dodecyl sulfate
(SDS), iodoacetamide (IAA), ammonium hydrogencarbonate, sodium azides (NaN
>99.5% water (LC-MS grade)acetonitrile (LG-MS grade) and mouse apotransferrin
(mTf, reference: T0523) were supplied by Sigildrich (St. Louis, MO, USA) and
Tris(hydroxymethyl) aminomethane (TRIS, >99.5%) by J.T. Baker (Deventer, Holland).
Trypsin (Sequencing grade modified) was provided by Promega (Madison, WI, USA).
RapiGest from Waters (Bedford, MA, USA) was used to facilitate the enzymatic
digestion. Goat polyclonal antibody against human transferrin (hTf) (immunogen
affinity purified) was purchased from Abcam (Cambridge, UK). Human transferrin
(hTf) and human a-1-acid glycoprotein (hAGP) were used as additional examples of

other glycosylated glycoproteins and walgo supplied by Sigma&ldrich.
2.2 Mice and induction of arthritis

Wild-type (WT) mice were from Harlan Ibérica (Barcelona, Spain). All studies with live
animals were authorized by the Institute of Parasitology and Biomedicine "Lépez-

Neyra" (IPBLN) and Universidad de Cantabria Institutional Laboratory Animal Care
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and Use Committees. For the induction of collagen-induced arthritis (CIA), 8-12 weeks-

old male mice were immunized as described elsewhere [48,49].

2.3 Purification of serotransferrin from mouse serum samples by immunoaffinity

chromatography (IAC)

In order to isolate mTf from the rest of serum proteins, an immunoaffinity (l1A)
purification was carried out using a cyanogen-bromide sepharose column avhere
polyclonal antibody against human transferrin (hTf) was bound, as detailed phgvious
[50]. ThelA procedure consisted of: first, a conditioning step with two washes of 10
mM Tris-HCI; second, approximately 28 of serum were diluted 1:8 in 10 mM Tris-
HCI (pH 7.6-7.7) in order to improve antigen-antibody interaction, and passed through
the column ten times. After washing with 10 mM Tris-HCI and 0.5 M NaCl (pH 7.6-
7.7), retained mTf was eluted with 100 mM glycine-HCI (pH 2.5). Eluted mTf was
immediately neutralized with 0.5 M Tris. Afterwards, glycine-HCI buffer was
exchanged for water by ultracentrifugation, using Microcon YM-10 (MW cut-off 10
kDa, Millipore, Bedford, MA, USA). Then, samples were evaporated to dryness using a
SpeedVal" concentrator (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
-20°C until use. Finally, thiA column vaswashed and stored in 10 mM Tris-HCI and

0.01% (w/v) NaN (pH 7.6-7.7).
2.4 Analytical approaches for mTf glycosylation study

2.4.1 Intact glycoprotein analysis

mTf standard 15 pg) was desalted using three different procedurémlysis, size
exclusion and ultracentrifugation. Briefly, in the first method, D-TUbgialyzers from
Merck-Millipore were left in contact with 100 mMHAc for 15 min. Afterwards, the
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sample was placedtmthe dialyzer and left in contact with 500 mL of 100 mi¥,Ac

for 2 h at 4°C. Later, the buffer was renewed with 500 mL and the dialysis was allowed
to continue for 2 more hours, repeating this process twice. Finally, the sample was
carefully recovered and stored at -20°C until analysis. Regarding the size exclusion
procedure, the sample was desalted and the buffer exchanged using Micro Btb-Spin
columns from BioRad (Hercules, California, USA) following the manufacturer
instructions. Columns were centrifuged to remove the excess of packing buffer and
washed three times with 5@ of 100 mMNHAc. Finally, the sample was added and
collected in a new tube after centrifugation. Lastly, the ultracentrifugation procedure
was carried out using Microcon YM-10 (MW cut-off 10 kDa) to desalt and exchange
the buffer of the sample. Filters were washed with 100 mMAdHand centrifuged for

10 min at 10000 g. Afterwards, the sample was added and washed withddQL.00

mM NH4Ac a total of 4 times, centrifuging each time for 10 min at 10000 g. Finally, the
final volume was recovered in a new vial after centrifugation for 2 min at 1000 g, and
reconstituted to the initial volume (28.). Centrifugation procedures were carried out

in a MiniSpir® centrifuge (Eppendorf, Hamburg, Germany) at room temperature. In all
cases, experiments with the standard glycoprotein were carried out in triplicate and
intact mTf in 200 mM NHAc was injected directly into the mass spectrometer under

non-denaturing conditions and detected in positive ion mode.

2.4.2 Glycopeptide analysis

mTf standard 15 pg) was reduced, alkylated and immediately subjected to trypsin
digestion in the presence of RapiGeas explained in previous work [51]. Brieflg,
solution of 0.5 MDL-dithiothreitol (DTT) in 50 mM NHHCO; was added to an aliquot
of mTf with 0.1% (w/v) RapiGeSt The mixture was incubated at 56°C for 30 min and

9
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then alkylated with 50 mM iodoacetamide (IAA) for 30 min at room temperature in the
dark. Excess reagentaws removed by ultracentrifugation with Microcon YM-10
columns (Millipore, Bedford, MA, USA). The final residue was recovered from the
upper reservoir and reconstituted with M€O; buffer with 0.1% RapiGeSt Trypsin

in a 1:40 ratio was added and the mixture was incubated overnight at 37°C. Afterwards,
the surfactant was hydrolyzed to avoid MS incompatibilities as follows: formic acid
(FA) was added to the digest to a final concentration of 5% (v/v) and the mixture was
incubated in the digester at 37°C for 30 min. Then, the solution was centrifuged to
separate RapiGéstesidues. mTf tryptic digests were stored at -20°C until analysis. All

the experiments with the standard glycoprotein were carrieih duplicate.

For the analysis of glycopeptides, a Waters Nano ACQUITY UPw&s used witha
double binary gradient pump, using a peptide BEH C18 column (1.7 pum particle
diameter, 130 A pore, 100 x 0.1 mm lengtlDx Waters). Experiments were performed

at room temperature with gradient elution at a flow rate of 400 nL*.nuting
solvents were A: water with 0.1% (v/v) of formic aciEA(), and B: acetonitrile with
0.1% (v/v) FA. Solvents were degassed by sonication (10 min) before use. The
optimum elution program was: solvent B from 10 to 60% (v/v) within 20 min as linear
gradient, followed by cleaning and re-equilibration steps of B: 60 to 100% (v/v) (5
min), 100% (v/v) (5 min), 100 to 10% (v/v) (5 min) and 10% (v/v) (5 min). Before
analysis, samples were filtered using a Ou22 polyvinylidene difluoride centrifugal
filter (Ultrafree-MC, Millipore, Bedford, MA, USA) centrifuging at 10,000 g for 4 min.
Sample injection (300 nL) was performed with an autosampler refrigerated at 4°C

Control of the instrument was performed using MassLynx 4.1 (Waters).

2.4.3 Glycan analysis
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IAC purified mTf or mTf standard (2hg) was reduced with 0.5% 2-mercaptoethanol
(B-ME) and 0.5% SDS in 50 mM NHCO; (pH 7.6-7.7) and heated in a thermo block

at 100 °C for 30 min [19]. Once the sample was at room temperature, a volume of 50
mM NHsHCO; (pH 7.6-7.7) with 1% (v/v) of NP-40 alternative was added to obtain a
final concentration of 0.1% SDS and B-ME in the sample. To release the N-glycans,
luL of PNGase F (1 U) solution was added to the mixture, which was afterwards
incubaed at 37°C for 18 h. Digestion was stopped by heating the sample in a thermo
block at 100°C for 5 min. Then, released glycans were isdigtedlid phase extraction
(SPE) using Hypercarb cartridges (25 mg, 1 mL volume, Thermo Fisher Scientific) and,
subsequently, purified by ice-cold acetone precipitation following the procedure
reported in [19] in both cases. Reduced glycans were diluted with 5g@EN with

0.1% FA and directly analyzed by IM-MS in negative ion mode. All the experiments
with the standard glycoprotein were carried mutriplicate. Mice derived transferrin
glycan analysis @as carried outin duplicate, including purification and release of

glycans.

2.5 lon mobility-mass spectrometry

For IM-MS analysis a Synapt G2 HDMS instrument from Waters was used. Samples
were directly introduced into the mass spectrometer using home-made nano-
electrospray ionization (nano-ESI) gold-coated borosilicate capillaries; unless when
analysed by nano-UPL@A-MS, in which case amn-line nano-ESI interface with

commercially available coated needles was used.

Spectra were acquired in positive mode for the analysis of intact glycoproteins and
glycopeptides, and in negative mode for glycans, and conditions were optimized in each

case. The voltages for spray capillary, sampling cone, trap collision eri&gyyti@p
11
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direct currentDC) bias and transfer CE were, respectively: intact glycopmtid-1.6

kV, 30V, 4V, 40 V and 0 V; glycopeptides, 1.5-1.7 kV, 50 V, 4 V, 20 V and é&nd
glycans, 1.5 kV, 50 V, 4 V, 45 V and 0 Vhe “trap CE’ voltage was only increased to

60 V when fragmentation of the glycopeptides was the goal. Mass spectrometer control

and spectra processing were carried out using MassLynx 4.1 (Waters).

The software IMoS [52,53], available for free at imospedia.com, was used for the
theoretical calculations of the collision cross sectidd€S of glycans, using their
minimum energy structures. The online tool carbohydrate buildeailable at
glycam.org [54], was used to generate the required input for theoretical calculations.
The tool allows building different glycan isomers based on monosaccharide unit and

linkage type, and generates minimum energy structures.
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3. Results and discussion

3.1 Intact glycoprotein analysis

It is well established that intact proteins can be analysed mainly in two different ways
when using electrospray ionization: under denaturing or non-denaturingfagve’)
conditions. In the first case, the protein apgéaghly charged with a broad charge state
distribution; thus, the separation of the different glycoforms is difficult. On the other
hand,anadvantage of nativilS is that it strongly reduces charging, hence the different

glycoforms can be more clearly resolved [55].

Using native MS in this work, the concentration of ammonium acetate and the nano-ESI
source parameters were optimized to improve and obtain the best possible sensitivity
and separation between mTf glycoforms in positive ion mode. Moreover, in order to
obtain an acceptable separation between the several glycoforms, mTf was washed
repeatedly with 200 mM NJAc to eliminate excipients and salts, and injected dyectl

into the mass spectrometer without further separation. Without washing, no glycoform
separation was observed whatsoever. Three methods were evaluated to desalt the
glycoprotein: dialysis, size exclusion and ultracentrifugation, with the latter one giving
the best results (see supplementary Figure S1). Afterwards, the drift times of intact
glycoforms were determined by ion mobility. In Figure 1-a, the ion with charge +19 of
mTf is shown, as well as the arrival time distributions (ATD) of different sections of
this peak (Figure 1-a (i-v)), each corresponding to one intact glycoform of mTf).nAs ca

be observed in the ATD profiles, only one, relatively wide peak is obtained for each
glycoform. Hence, these results imply that, at least for large glycoproteins Vaih

degree of glycosylation, the glycan part has barely any influence on the overall size

the whole molecule as the CCS appears virtually unaffected by glycosylation. hTf and
13
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hAGP were also studied to see if the same behaviour was observed with other
glycoproteins. Figure 1-b and 1-c show the separation between intact glycafdimas

MS spectra of hTf (for the ion with charge 41#nd hAGP, respectively. As can be
observed, the peak was better resolved for hTf, but no separation was observed for
hAGP, as the number of glycoforms was considerably higher and the overlapping of
several ion distributions was unavoidable. Moreover, one wide peak was observed again
when the drift time of each section of the mass spectrum was measured for both
glycoproteins. Regarding hTf, each section correspotm one glycoform (Figure 1-b
(i-iv)), whereas, in the case oABGP, the resolution was not high enough to ensure that

a selected region of the peak corresponded to one defined glycoform (Figure))-c (i-v
because of the high glycosylation degree of hAGP. The higher the m/z regiae of th
peak however, the bigger the carbohydrate fraction is (usually meaning more complex
and branched glycans). This is due to the fact that an increas& @fithin the same
charge state can only be due to an increase in the number of glycan subunits of the
carbohydrate fractiomas the polypeptide backbone remains unaltered. For the sake of
consistency, we will refer to each section of the peak as glycoform, even if, as in the
case of hAGP, they are not resolved. Interestingly, the drift time increased with
increasing carbohydrate fraction, i.e. complexity and branching of the glycoforms, in all
three cases (see Figure lrv), 1-b (i-iv) and 1-c (i-v), type of glycoform indicated
where possible). Térelative drift time differences between glycoforms were higher in
proteins with higher glycosylation content, as can be observed for hAGP (see Figure 1-
c). Moreover, if we compare the drift time between different glycoforms of mTf and
hTf, the increase in drift time was more noticeable in hTf, as the percentage of
glycosylation is slightly higher here in relation to the total protein mass. As Table 1

shows, for the same relative increase in m/z, the relative drift time increase is higher for

14
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hAGP, which demonstrates that for glycoproteins w#hhigh percentage of
glycosylation, differences in the glycosylation have a greftect on the drift time of

the whole molecule (i.e., they significantly alter the CCS of the whole glycoprotein). It
could then also be conceivable to separate isomers due to the different sialic acid
linkage (of the same glycoform) at the intact protein level if the glycan:peptide ratio was
high enough. However, this option would not haween viable for all types of

glycoproteins, thus, other alternatives were studied.

3.2 Glycopeptide analysis

As mTf only shows one glycosite at asparagine 494, only one glycopeptide is expected
after tryptic digestion (b4 glycopeptide, peptide: NSTLCDLCIGPLK). However, with

the direct injection of the digest, thesd\ glycopeptide was not detected, hence, an
additional separation before the MS was mandatory. In this regard, nano-UPLC was
used as a separation technique priorINbcMS detection, in order to separate the
glycopeptide from the other peptides and simultaneously determine the drift time of the
different glycoforms. Injection volume, flow rate and gradient were optimized to obtain
the best sensitivity with a stable spray (see section 2.4, Materials and Methods). Table 2
shows the detected glycoforms at the peptide level, their theoretical and experimental

masses, mass error and observed charge states.

Regarding the determination of the drift time of the different glycopeptide glycoforms,
even though a range of different values for the wave velocity (WV) and wave height
(WH) of the TWIMS device were tested, only one drift time value was observed. This
suggests that no isomer separation was possible at this mobility resolution, which is
probably due to the fact that the different isomers had similar CCS despite the distinct

orientation of the sialic acidRecently, Hinneburg et al. [15] and Guttman et al. [45]
15
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also described this observation analysing glycopeptides directlyMbiS. They
observed no isomeric separation, unless fragmentation of the glycopeptide was carried
out and one of the observed smaller fragments still contained the sialic acid. This
fragment (obtained before the IM cell) had different drift times depending on the sialic
acid linkage, because a change in the orientation of the sialic acid was more noticeable
(i.e. the CCS was more affected) in a smaller analyte. We also tested this approach, by
fragmenting the most intense glycopeptide glycoform (N(H5N4S2)STLCDLCIGPLK
before the IM cell. Figure 2-a shows the collision induced dissociation (CID) MS/MS
spectrum for this glycoform. Several fragments were obtained, e.g., the
glycolylneuraminic acid (S1) and HIN1 and H2N1 fragments. Among all the fragments
however, HIN1S1 was the one that still retained the sialic acid linkage and had enough
intensity to yield a good and accurate drift time measurement. Isomer separation was
observed in the aforementioned glycan fragment. Specifically, as it is shown in Figure
2-c, two drift time peaks were clearly observed at this m/z, which are postulated to be
due to the sialic acid being2-6 anda2-3 linked. To confirm that the sialic acid is the
monosaccharide that affects the CCS of the fragment the most, the ATD of the fragment
H1N1 is shown in supplementary Figure S2-c. In this case, we only observed one drift
time, which demonstrates that it is the sialic acid which eswbservable CCS

differencesseen as two different drift times of the fragment HIN1S1.

Moreover, in order to confirm that the distinct drift times observed for the glycan
fragment could be due to different sialic acid linkages, the theoretical CCS of the
HIN1S1 isomers were calculated. The obtained CCS values can be found in Table 3.
The CCS for the two HIN1S1 were different enough to be separated by IM. Taking into

account the CCS values of Table 3, the more prominent, lower drift time peak (i.e.,
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lower CCS should correspond to the-6 glycan, whereas the second peak represents

thea2-3 glycan.

Our results are in accordance with those obtained by Hinneburg et al. [15], who, using
modelling, drew the same conclusions. This is also in agreement with Guttman et al.
[45], who found that biantennary glycoforms showed lower contenRed sialylation.

In our case, the percentageos@F3 glycan was approximately 14% (taking into account
the measured area of each drift time peak, see Figure 2-c). Howeseatio can vary
depending on the glycoprotein studied [45]. This glycopeptide approach, through the
analysis of the fragment HIN1S1, gave valuable information about the content of each
type of sialic acid as the fragment HIN1S1 came from both branches of the H5N4S2
glycopeptide (we did not detect any fragment with only one antenna remaining (H3N3
or H3N3S1), suggesting that both antennas might indeed be fragmented). This relevant
information could permit, in the future, to correlate changes in protein sialylation with
specific disease biomarkers which involve protein glycosylation, such as, e.g., in cancer

or inflammation.

3.3 Glycan analysis

Finally, we proceeded with the study of the enzymatically released glycans using
PNGase F. Different solveswvere tested to obtain the best spray and ionization yield,
and a slightly superior glycan signal was obtained at 50 8RACN with 0.1% FA.

Table 4 shows the detected mTf glycans along with their theoretical and experimental
masses, mass error and observed charge states. In Figure 3 the ATD profile of HSN4S2

glycans at different values of WV aidH is shown. Two peaks are observed which are
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believed to correspond to two different isomers of the glycan HSN4S2, in analogy to the
previousy obtained results (Figure 2-c) with the fragment HIN1S1 of the glycopeptide
N(H5N4S2)STLCDLCIGPLK. Fine tuning of the IM parameters was mandatory in
order to resolve both drift time peaks. A WV value of 450 hasd WH of 25 V was
selected as optimal for the analysis of all mTf glycans. It is worth mentioning that in
this case, glycans were analyzed in negative mode and, as can be observed 8, Figure
the first isomer was cleartpe less abundant one. This is in contrast to the glycopeptide
analysis which was done in positive mode, where the less abundant isomer was the
second one. This could be due to the fact that both molecules were, actually, quite
different - specificallythe glycan had eleven monosaccharide units, as opposed to the
fragment observed in the glycopeptide analysis which had only three. With regard to
other glycans, three different peaks, i.e., three drift times, were observed for HGN5S3
(see supplementary Figure S3-c), albeit separation was slightly worse than observed for
H5N4S2. H5N4S1 on the other hand only showed one wide peak (see supplementary
Figure S3-d), implying that only one glycan isomer exists or that the different isomers
have similar CCS, and IM is not able to distinguish thasth{e absence of other drift

time peaks does not preclude the presence of other isomers). It is also worth pointing
out that when the glycan contatha fucose unit, the isomeric separation was somewhat
hampered, as observed in supplementary Figure S3elretkon that the addition of

one extra monosaccharide unit might affect the global CCS of the glycan, and as the
whole glycan is bigger, a small variation in the orientation of the sialic acid is less

noticeable.

To confirm that separation of isomeric glycans due to the sialic acid linkage was also

possible with other glycoproteins, hAGP was also digested with PNGase F and the
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released glycans analysed by IM-MS. Separation of isomeric glycans wiaseal;
seemingly obtaining the same results as with mTf. As an example, the arrival time
distributions of the H5N4S2 and H6N5S2 glycans are shown in supplementary Figure
S4. As can be seen, two drift time peaks were obtained for the HSN4S2 glycan and
three peaks for HEN5S3, albeit separation was poorer in both cases when compared to

mTf.

Moreover, to confirm that ion mobility separation of these possible isomers is due to
different sialic acid linkages, Table 3 shows the the@akt@CS values of the four
possible isomers for the glycan H5N4S2. The differences between these calculated
values suggest that the observed ion mobility peaks could be due to isomeric glycans
with different types of sialic acid linkage. With the knowledge of theoretiC8 @nd

the abundance of the a2-3 HINIS1 fragment being lower than 02-6 (based on
fragmentation of the H5N4S2 glycopeptide, see above), some conclusions can be
drawn. We reckon that the presence of the isomer with two sialic @2i8scan be
discarded and that the two peaks observed must correspond to the isomers with higher
content ina2-6, that is, the isomer with two sialic acid®-6 and the isomer with one
sialic acida2-6 and onei2-3 (although we cannot specify the branch where each sialic
acid is located). Alternative approaches for the study of isomeric glycoconjugates, for
instance using specific sialidases [18puld however allow to obtain complementary

information and reliably assign the different peaks to the corresponding isomers.

3.4 Mouse serum sample

To further asses the ability of the estaldidhmethod to separate isomeric
glycoconjugates in biological samples, we measured the drift time of mTf glycans

purified from serum samples. Only the analysis of the released glycans by IM-MS was
19
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included in this study, as it was found to be the most sensitive and straightforward
approach to obtain information about isomeric forms. Two serum samples were
analysed: one healthy control and one sample with collagen-induced arthritis (CIA), an
autoimmune disease known to alter the glycosylation pattern of mTf [51,58]. As can be
seen in Figure 4, two peaks were observed for HSN4S2 glycan and three peaks for
H6NS5S3 in both samples, with the same drift time and similar relative intensities as in
the mTf standard (compare Figure 4 with supplementary Figure S3). Although
additional samples are required to observe possible differences in the relative abundance
of glycan isomers between control and pathological samples, the presented
methodology shows great potential for the separation of isomeric glycans and the

discovery of novel biomarkers in glycomic studies.

4. Concluding remarks

In the present paper, the capability of IM-M& separate isomeric glycoconjugates
which are due to different types of sialic acid linkage @23 anda2-6) has been
evaluated at three different levels: intact glycoprotein, glycopeptides, and the released
glycans. Separation of isomeric glycoconjugates is an important task in the glycomics
field, because it has been reported that differences in the abundance of some glycan
isomers might be of great importance for the early diagnosis or control of, for instance,
inflammatory diseases and certain types of cancer

With our current knowledge of glycosylation effects on molecule size, and the limited
ability of SynaptIM-MS instrumentation to resolve small CCS differences, isomeric
separation cannot be obtained at the intact glycoprotein and glycopeptide level.

Released glycans however can be separated after optimization of the IM parameters. As
20
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stated before by others [15,45], and also demonstrated in this work, there is a
workaround to distinguish different types of sialic acid linkage in glycopeptides that
takes into account the mobility of an MS/MS fragment which still retains the sialic acid.
This method can however be time-consuming and rather difficult, as glycopeptides must
be separated from the rest of the digest and, besides, the obtained glycopeptide fragment
is, actually, a glycan.

The interest in using ion mobility for glycoconjugate separation and identification has
seen a major growth in the last years. Thus, it is likely that new technologies and
improvements will become available soon, including the advent of ion mobility
instrumentation with up to ten times higher resolution. Therefore, the separation of
sialic acid linkage isomers may also become possible at the level of glycopeptides and

intact proteins in the future.
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Figure legends

Figure 1: Mass spectra showing the ion with charge +19 and the corresponding drift
time (arrival time) distributions, or ATD, of a) intact mTf and b) intact hTf; and @lso

ions with charge +13, +12 and +11 of intact hAGP and the corresponding ATD. The
value indicated corresponds to the approximate glycosylation percentageo{ve&ch
protein, calculated as the mass of the most abundant glycan per glycosylation site
divided by the mass of the glycoprotein. i)-v): indicates the glycoform or the region of
the mass spectrometric peak. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic
acid (in this case, all S are N-glycolylneuraminic acid). The voltages for cppéiary,
sampling cone, trap collision energy (CE), trap direct current (DC) bias and transfer CE

were, respectively: 1.4-1.6 kV,30V,4V,40V and 0 V.

Figure 2. a) MS/MS spectrum for the mTf glycopeptide glycoform
N(H5N4S2)STLCDLCIGPLK b) mass spectra @ fragment that still keeps the sialic
acid (HIN1S1) and c) arrival time distribution of this fragment (m/z range: 673.3-
673.5). The symbols used for the representation of the glycoform H5N4S2 follow the
Symbol Nomenclature for Glycans (SNFG) rules [59]. H: hexose; N: N-
acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic
acid). The voltages for spray capillary, sampling cone, trap collision energy (CE), trap
direct current (DC) bias and transfer CE were, respectively: 1.5-1.7 kV, 50 V, 4 V, 20 V

and 60 V.
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Figure 3: Arrival time distributions for the H5N4S2 glycan released from mTf at
different wave height (WH, in V) and wave velocity (WV, in ) sombinations. The
symbols used for the representation of the H5N4S2 glycan follow the Symbol
Nomenclature for Glycans (SNFG) rules [59]. H: hexose; N: N-acetylhexosamine; F:
fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid). The voltages for
spray capillary, sampling cone, trap collision energy (CE), trap direct current (DC) bias

and transfer CE were, respectively: 1.5kV, 50V, 4V, 45V and 0 V.

Figure 4: Arrival time distributions for the glycans a) HSN4S2 and b) HEN5S3 released
from mTf in a healthy mouse serum and a serum from a mouse with collagen-induced
arthritis (CIA). The symbols used for the glycan representation follow the Symbol
Nomenclature for Glycans (SNFG) rules [59]. H: hexose; N: N-acetylhexosamine; F:
fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid). The voltages for
spray capillary, sampling cone, trap collision energy (CE), trap direct current (DC) bias

and transfer CE were, respectively: 1.5kV,50V, 4V, 45V and 0 V.

29



* Highlighted Manuscript
Click here to download Manuscript: Highlighted_manuscript_JPROT-S-17-00425.pdf  Click here to view linked References

2 Evaluation of ion mobility for the separation of glycoconjugate isomers due to

3 different types of sialic acid linkage, at the intact glycoprotein, glycopeptide and

4 glycan level
5 Albert Barrosé, Estela Giménéz, Albert Konijnenberg Jaime SancHpVictoria Sanz-
6 Nebot, Frank Sobo#t*5

7 ! Department of Chemical Engineering and Analytical Chemistry, Universitgantelona,

8 Diagonal 645, 08028 Barcelona, Spain

9 2Biomolecular & Analytical Mass Spectrometry group, Department of Chemistiyetsity of

10  Antwerp, Antwerp, Belgium

11 3 Instituto de Parasitologia y Biomedicina “Lopez-Neyra” (IPBLN), CSIC, Armilla, Granada,

12 Spain

13 “%Astbury Centre for Structural Molecular Biology, University of Leeds, L&&#&9JT, United

14  Kingdom

15  °School of Molecular and Cellular Biology, University of Leeds, LS2 9JT, United Kingdom

16 Corresponding authoiTel.: +34 934021278; fax: +34 934021233; e-mail addresdagstenez@ub.edu;
17 F. Sobott: e-mail addressafk sobott@eeds.ac.ukuantwerpen.be

18  Abbreviations: ATD: arrival time distribution; CCS: collision cross ieect CIA: collagen-
19 induced arthritis; hAGPhuman a-1-acid glycoprotein; hTf. human transferrin; IMS: ion
20  mobility — mass spectrometry; mTf: mouse transferrin; nano-ESI: nano electrospratiamiz
21  nano-UPLC: nano ultra performance liquid chromatography; TOF: timegbitfliTWIMS:

22 travelling wave ion mobility spectrometry.

23 KEYWORDS: glycosylation, ion mobility, isomers, mouse transferrin, sialic acid.


http://eeslive.elsevier.com/jprot/download.aspx?id=590831&guid=750e333a-254b-40c1-99b2-d0a920aea54f&scheme=1
http://eeslive.elsevier.com/jprot/viewRCResults.aspx?pdf=1&docID=12187&rev=1&fileID=590831&msid={2407661C-1A07-489D-9FD5-E19C5CDC1C3E}

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

ABSTRACT

The study of protein glycosylation can be regarded as an intricate but very important
task, making glycomics one of the most challenging and interesting, albeit under-
researched,type of “omics’ science. Complexity escalates remarkably when
considering that carbohydrates can form severely branched structures with many
different constituents, which often leads to the formation of multiple isomers. In this
regard, ion mobility (IM) spectrometry has recently demonstrated its power for the
separation of isomeric compounds. In the present work, the potential of traveling wave
IM (TWIMS) for the separation of isomeric glycoconjugates was evaluated, using
mouse transferrin (mTf) as model glycoprotein. Particularly, we aim to assess the
performance of this platform for the separation of isomeric glycoconjugates due to the
type of sialic acid linkage, at the intact glycoprotein, glycopeptide and glycan level.
Straightforward separation of isomers wadieved with the analysis of released
glycans, as opposed to the glycopeptides which showed a more complex pattern.
Finally, the developed methodology was applied to serum samples of mice, to

investigate its robustness when analysing real complex samples.
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1. Introduction

Glycosylation is by far one of the most common and complex posttranslational
modifications, with more than half of all secretory and cellular proteins being
glycosylated1-3]. Carbohydrates enhance the functional diversity of proteins, but they
can also define their destination or elicit an immune response. The presence of glycans
in the surface of eukaryiotcells is vital, as they take part in important cellular events,
such as cellcell interactions and receptor recognition [4]. Notwithstanding its
importance and the major role of glycosylation in a multitude of biological processes
[5-7], the analysis and characterization of carbohydiatesually difficult due to thie
inherent complexity - the main reason why advances in glycomics have been scarcer
compared to otheromics” sciences [8,9]. Very often, in contrast to more lihear
assembled biological molecules such as proteins or oligonucleotides, carbohydrates can
form complex structures, severely branched, with many monosaccharide constituents,

which usually results in a multitude of isomers [10].

Mass spectrometry (MS)-based techniques are the prime option for the characterization
of glycoproteins, as reliable structural information can be obtained [7,11]. MS is
frequently used in conjunction with chromatographic or electrophoretic separation
techniques, as this allows high sensitivity profiling and accurate characterisation of
heterogeneous glycan structures-[14£]. However, when analysing isomeric glycan
structures, MS often fails to separate them [81T¥%, as they have identical mass and

atomic composition Some authors have suggested alternative strategies to separate

isomeric glycoconjugates based on their derivatizatien,— or the use of capillary

electrophoresis (CE) or hydrophilic interaction liquid chromatography (HHHE&)— thus

/phases in
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higuid-chromatography(LC)areus¢ti8-23]. But even then, derivatization protocols

can be time-consuming, expensive or hinder the ionization of some glycans, or, in the
case ofLCCE or HILIC, the unambiguous identification is still impossible when
different isomers coelute. Moreover, in the last few years, several tandem mass
spectrometry(MS/MS) methods have been reported that allow the identification of
glycan isomers and the characterization of their structure2f4 However, few
authors have studied the fragmentation of glycans with different sialic acid linkages.
Even then, distinguishing by MS/MS between isomeric glycans due to sialic acid
linkage is not trivial and, quite often, is based on differences in the relative abundance
of certain fragment ions [27,28]. Therefore, a straightforward technique that helps to

separate and differentiate those isomeric compounds is much needed.

In this regard, ion-mobility (IM) spectrometry coupled with MS has aroused some
interest in the last years, not only in the glycomics field but also in other omics sciences,
as a proficient analytical technique for the separation of isomeric compounds
[3,8,10,1517,29-31]. lon mobility provides an additional dimension for the separation
of compounds, where ions are not only separated due to their mass and charge, but also
on the basis of their shape and size - thereby resolving ions that would be otherwise
indistinguishable solely by MS, such as, for instance, isomer8¢32Particularly M
measures the time (drift time) that a particular ion takes to cross a cell filled with an
inert, neutral background gas (Mnd He are most commonly used) at a controlled
pressure under the influence of a weak electric field. The drift time of a specific ion is
mainly due to ion-gas collisions; therefore, ions are separated due to their ion-neutral
collision cross-sectiorntY), related to the overall shape and topology of the ion [32-36].

Small compact ions have the shortest drift times, i.e. they arrive first, as a result of their
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smaller Q. Moreover, the higher the charge of the ion, the greater the accelerating
electric force, and therefore the more quickly the ion will cross the chamber.
Consequently, the drift time of an ion is often described as being determined by the
collision cross-sectiote-charge ratio (/z) [35]. When coupled on-line with MS (IM-

MS), ion mobility provides three-dimensional analytical information for each detected
species, i.e. shage-charge, mast-charge and abundance, thus allowing reliable

analyte identification.

Nowadays, there are several IM methods next to the classical drift-time ion mobility
spectrometry (DTIMS), such as field asymmetric waveform ion mobility spectrometry
(FAIMS), but among them, traveling wave ion mobility spectrometry (TWIMS) is the
one that has seen a major growth in the last years [37,38]. In TWIMS, ions are propelled
thanks to a sequence of symmetric potential waves continually propagating through a
cell, each ion with its own velocity, thus different species transit the cell in different
times. One of the main advantages of TWIMS is that it disperses ion mixtures, allowing
the simultaneous measurement of multiple species. This, in conjunction with a high
sensitivity obtained when TWIMS is coupled to certain analyzers in MS, such as time-
of-flight (TOF), has made this platform an alluring option for structural analysis and
isomer separation [380]. This platform, along with other IM methods, have been
recently explored for the analysis of glycans or glycoconjugates by several authors

[8,15,16,4147].

In this work, TWIMS combined with TOF-MS was used for the study of
glycoconjugate isomers which differ in the type of sialic acid linkage, with mouse
transferrin (mTf) as a model glycoprotein. Sialic acid, an important monosaccharide
residue of complex type N-glycans, may form primarily two types of linkag@s»>-3

5
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or a-2—-6. We aim to assess the capacity of TWIMS-TI@&-(from now on referred

to as IM-MS) as an analytical platform to separat2—-3 and o-2—-6 isomeric
glycoconjugates at thentact glycoprotein, glycopeptide and glycan level. The
developed methodology was also applied to serum samples of mice, to confirm its

robustness when analysing real complex samples.
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2. Materials and methods
2.1 Chemicals

All chemicals used in the preparation of buffers and solutions were of analytical reagent
grade. Isopropanol (iPrOH), hydrochloric acid (HCI, 37% (w/v)), formic d€il ©8-
100%), ammonium acetate (M, >98.0%)and glycine (>99.7%) were supplied by

Merck (Darmstadt, Germany). CNBr-activated-Sepharose 4B was provided by GE
Healthcare (Waukesha, WI, USA) afdP-40 alternative” by Calbiochem (Darmstadt,
Germany) Sodium chloride (NaCl, >99.5%), DL-Dithiothreitol (DTT, >99%), sodium
cyanoborohydride (NaB#CN), 2-mercaptoethanol (B-ME), sodium dodecyl sulfate
(SDS), iodoacetamide (IAA), ammonium hydrogencarbonate, sodium azides,(NaN
>99.5%) water (LC-MS grade)acetonitrile (LG-MS grade) and mouse apotransferrin
(mTf, reference: T0523) were supplied by Sig@larich (St. Louis, MO, USA) and
Tris(hydroxymethyl) aminomethane (TRIS, >99.5%) by J.T. Baker (Deventer, Holland).
Trypsin (Sequencing grade modified) was provided by Promega (Madison, WI, USA).
RapiGest from Waters (Bedford, MA, USA) was used to facilitate the enzymatic
digestion. Goat polyclonal antibody against human transferrin (hTf) (immunogen
affinity purified) was purchased from Abcam (Cambridge, UK). Human transferrin
(hTf) and human a-1-acid glycoprotein (hAGP) were used as additional examples of

other glycosylated glycoproteins and walgo supplied by Sigma&ldrich.
2.2 Mice and induction of arthritis

Wild-type \WT) mice were from Harlan Ibérica (Barcelona, Spain). All studies with live
animals were authorized by the Institute of Parasitology and Biomedicine "Lépez-

Neyra" (IPBLN) and Universidad de Cantabria Institutional Laboratory Animal Care
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and Use Committees. For the induction of collagen-induced arthritis (CIA), 8-12 weeks-

old male mice were immunized as described elsewhere [48,49].

2.3 Purification of serotransferrin from mouse serum samples by immunoaffinity

chromatography (IAC)

In order to isolate mTf from the rest of serum proteins, an immunoaffinity (l1A)
purification was carried out using a cyanogen-bromide sepharose column avhere
polyclonal antibody against human transferrin (hTf) was bound, as detailed phgvious
[50]. ThelA procedure consisted of: first, a conditioning step with two washes of 10
mM Tris-HCI; second, approximately 28 of serum were diluted 1:8 in 10 mM Tris-
HCI (pH 7.6-7.7) in order to improve antigen-antibody interaction, and passed through
the column ten times. After washing with 10 mM Tris-HCI and 0.5 M NaCl (pH 7.6-
7.7), retained mTf was eluted with 100 mM glycine-HCI (pH 2.5). Eluted mTf was
immediately neutralized with 0.5 M Tris. Afterwards, glycine-HCI buffer was
exchanged for water by ultracentrifugation, using Microcon YM-10 (MW cut-off 10
kDa, Millipore, Bedford, MA, USA). Then, samples were evaporated to dryness using a
SpeedVat" concentrator (Thermo Fisher Scientific, Waltham, MA, USA) and stored at
-20°C until use. Finally, thiA column vaswashed and stored in 10 mM Tris-HCI and

0.01% (w/v) NaN (pH 7.6-7.7).

2.4 Analytical approaches for mTf glycosylation study

2.4.1 Intact glycoprotein analysis

mTf standard 5 pg) was desalted using three different procedurémlysis, size
exclusion and ultracentrifugation. Briefly, in the first method, D-TYbgialyzers from
Merck-Millipore were left in contact with 2100 mMH4Ac for 15 min. Afterwards, the
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sample was placedtmthe dialyzer and left in contact with 500 mL of 100 mWsAc

for 2 h at 4°C. Later, the buffer was renewed with 500 mL and the dialysis was allowed
to continue for 2 more hours, repeating this process twice. Finally, the sample was
carefully recovered and stored at -20°C until analysis. Regarding the size exclusion
procedure, the sample was desalted and the buffer exchanged using Micro Bb-Spin
columns from BioRad (Hercules, California, USA) following the manufacturer
instructions. Columns were centrifuged to remove the excess of packing buffer and
washed three times with 5@ of 100 mMMNHsAc. Finally, the sample was added and
collected in a new tube after centrifugation. Lastly, the ultracentrifugation procedure
was carried out using Microcon YM-10 (MW cut-off 10 kDa) to desalt and exchange
the buffer of the sample. Filters were washed with 100 mMAdHand centrifuged for

10 min at 10000 g. Afterwards, the sample was added and washed withd(.00

mM NHAc a total of 4 times, centrifuging each time for 10 min at 10000 g. Finally, the
final volume was recovered in a new vial after centrifugation for 2 min at 1000 g, and
reconstituted to the initial volume (28.). Centrifugation procedures were carried out

in a MiniSpir® centrifuge (Eppendorf, Hamburg, Germany) at room temperature. In all

cases.experiments with the standard glycoprotein were carried out in triplicate and

intact mTf in 200 mM NHAc was injected directly into the mass spectrometer under

non-denaturing conditions and detected in positive ion mode.

2.4.2 Glycopeptide analysis

mTf standard 15 pg) wasasreduced, alkylated and immediately subjected to trypsin
digestion in the presence of RapiGeas$ explained irm-previous work [51]Briefly, a

solution of 0.5 MDL-dithiothreitol (DTT) in 50 mM NHHCOs: was added to an aliquot

of mTf with 0.1% (w/v) RapiGe®& The mixture was incubated at 56°C for 30 min and

9
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then alkylated with 50 mM iodoacetamide (IAA) for 30 min at room temperature in the

dark. Excess reagentaw removed by ultracentrifugation with Microcon YM-10

columns (Millipore, Bedford, MA, USA). The final residue was recovered from the

upper reservoir and reconstituted with Oz buffer with 0.1% RapiGe&t Trypsin

in a 1:40 ratio was added and the mixture was incubated overnight at 37°C. Afterwards,

the surfactant was hydrolyzed to avoid MS incompatibilities as follows: formic acid

(FA) was added to the digest to a final concentration of 5% (v/v) and the mixture was

incubated in the digester at 37°C for 30 min. Then, the solution was centrifuged to

separate RapiGéstesiduesmTf tryptic digests were stored at -20°C until analyals.

the experiments with the standard glycoprotein were carrieith ouplicate.

For the analysis of glycopeptides, a Waters Nano ACQUITY UPW&s used witra
double binary gradient pump, using a peptide BEH C18 column (1.7 pum particle
diameter, 130 A pore, 100 x 0.1 mm lengtlDx Waters). Experiments were performed

at room temperature with gradient elution at a flow rate of 400 nl!.nifhuting
solvents were A: water with 0.1% (v/v) of formic aciEA(), and B: acetonitrile with
0.1% (v/v) FA. Solvents were degassed by sonication (10 min) before use. The
optimum elution program was: solvent B from 10 to 60% (v/v) within 20 min as linear
gradient, followed by cleaning and re-equilibration steps of B: 60 to 100% (v/v) (5
min), 100% (v/v) (5 min), 100 to 10% (v/v) (5 min) and 10% (v/v) (5 min). Before
analysis, samples were filtered using a Ou22 polyvinylidene difluoride centrifugal
filter (Ultrafree-MC, Millipore, Bedford, MA, USA) centrifuging at 10,000 g for 4 min.
Sample injection (300 nL) was performed with an autosampler refrigerated .at 4°C

Control of the instrument was performed using MassLynx 4.1 (Waters).

2.4.3 Glycan analysis

10
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described—in.IAC purified mTf or mTf standard (2%) was reduced with 0.5% 2-

mercaptoethanoB(ME) and 0.5% SDS in 50 mM NHCOs (pH 7.6-7.7) and heated

in a thermo block at 100 °C for 30 njit®]. Once the sample was at room temperature,

a volume of 50 mM NEHCOs (pH 7.6-7.7) with 1% (v/v) of NP-40 alternative was

added to obtain a final concentration of 0.1% SDS and B-ME in the sample. To release

the Nlycans, 1uL of PNGase F (1 U) solution was added to the mixture, which was

afterwards incubad at 37°C for 18 h. Digestion was stopped by heating the sample in a

thermo block at 100°C for 5 midfterwardsThen released glycans were isolateg

solid phase extraction (SPE) using Hypercarb cartridges (25 mg, 1 mL volume, Thermo
Fisher Scientific) and, subsequently, purified by ice-cold acetone precipitation
following the procedure reported in [19] in both cases. Reduced glycans were diluted
with 50:50 BO/ACN with 0.1% FA and directly analyzed by IM-MS in negative ion

mode.All the experiments with the standard glycoprotein were carriethduiplicate.

Mice derived transferrin glycan analysisasvcarried outin duplicate, including

purification and release of glycans.

2.5 lon mobility-mass spectrometry

For IM-MS analysis a Synapt G2 HDMS instrument from Waters was used. Samples
were directly introduced into theacuum-—ef-themass spectrometer using home-made

nanoe€lectrospray ionization (narteSl) gold-coated borosilicate capillariesunless

when analysed by nano-UPUEH-MS, in which case am-line nano-ESI interface with

commercially available coated needles was used.
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Spectra were acquired in positive mode for the analysis of intact glycoproteins and
glycopeptides, and in negative mode for glycans, and conditions were optimized in each

case. The voltages for spray capillary, sampling cone,cirédision energy CE), trap

direct currentDC) bias and transfer CE were, respectively: intact glycopratéia-1.6

kv, 30V, 4V, 40 V and 0 V; glycopeptides, 1.5-1.7 kV, 50 V, 4 V, 20 V and 0 V; and
glycans, 1.5 kV, 50 V, 4 V, 45 V and 0 Vhe “trap CE’ voltage was only increased to

60 V when fragmentation of the glycopeptides was the goal. Mass spectrometer control

and spectra processing were carried out using MassLynx 4.1 (Waters).

The software IMoS [52,53], available for free at imospedia.com, was used for the
theoretical calculations of the collision cross sectidd€9 of glycans, using their
minimum energy structures. The online tool carbohydrate buildeailable at
glycam.org [54], was used to generate the required input for theoretical calculations.
The tool allows building different glycan isomers based on monosaccharide unit and

linkage type, and generates minimum energy structures.
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3. Results and discussion

3.1 Intact glycoprotein analysis

It is well established that intact proteins can be analysed mainly in two different ways
when using electrospray ionization: under denaturing or non-denaturingfr{agve’)
conditions. In the first case, the protein apgéaghly charged with a broad charge state
distribution; thus, the separation of the different glycoforms is difficult. On the other
hand,an advantage of nativilS is that it strongly reduces charging, hence the different

glycoforms can be more clearly resolved [55].

Using native MS in this work, the concentration of ammonium acetate and the nano-ESI
source parameters were optimized to improve and obtain the best possible sensitivity
and separation between mTf glycoforms in positive ion mode. Moreover, in order to
obtain an acceptable separation between the several glycoforms, mTf was washed
repeatedly with 200 mM NIAc to eliminate excipients and salts, and injected dyectl

into the mass spectroneetwithout further separation. Without washing, no glycoform
separation was observed whatsoever. Three methods were evaluated to desalt the
glycoprotein: dialysis, size exclusion and ultracentrifugation, with the latter one giving
the best results (see supplementary Figure S1). Afterwards, the drift times of intact
glycoforms were determined by ion mobility. In Figure 1-a, the ion with charge +19 of
mTf is shown, as well as the arrival time distributions (ATD) of different sections of
this peak (Figure 1-a (i-v)), each corresponding to one intact glycoform of mTf). As can
be observed in the ATD profiles, only one, relatively wide peak is obtained for each
glycoform. Hence, these results imply that, at least for large glycoproteins Vaih

degree of glycosylation, the glycan part has barely any influence on the overall size of

the whole molecule as the CCS appears virtually unaffected by glycosylation. hTf and
13
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hAGP were also studied to see if the same behaviour was observed with other
glycoproteins. Figure 1-b and 1-c show the separation between intact glycafdimas

MS spectra of hTf (for the ion with charge 41&8hd hAGP, respectively. As can be
observed, the peak was better resolved for hTf, but no separation was observed for
hAGP, as the number of glycoforms was considerably higher and the overlapping of
several ion distributions was unavoidable. Moreover, one wide peak was observed again
when the drift time of each section of the mass spectrum was measured for both
glycoproteins. Regarding hTf, each section correspotml one glycoform (Figure 1-b
(i-iv)), whereas, in the case oABP, the resolution was not high enough to ensure that

a selected region of the peak corresponded to one defined glycoform (Figure)}-c (i-v
because of the high glycosylation degree of hAGP. The higher the m/z regias of th
peak however, the bigger the carbohydrate fraction is (usually meaning more complex
and branched glycans). This is due to the fact that an increas& @fithin the same
charge state can only be due to an increase in the number of glycan subunits of the
carbohydrate fractiomas the polypeptide backbone remains unaltered. For the sake of
consistency, we will refer to each section of the peak as glycoform, even if, as in the
case of hAGP, they are not resolved. Interestingly, the drift time increased with
increasing carbohydrate fraction, i.e. complexity and branching of the glycoforms, in all
three cases (see Figure 1), 1-b (i-iv) and 1-c (i-v), type of glycoform indicated
where possible). Térelative drift time differences between glycoforms were higher in
proteins with higher glycosylation content, as can be observed for hAGP (see Figure 1-
c). Moreover, if we compare the drift time between different glycoforms of mTf and
hTf, the increase in drift time was more noticeable in hTf, as the percentage of
glycosylation is slightly higher here in relation to the total protein mass. As Table 1

shows, for the same relative increase in m/z, the relative drift time increase is higher for

14
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hAGP, which demonstrates that for glycoproteins wahhigh percentage of
glycosylation, differences in the glycosylation have a greftect on the drift time of

the whole molecule (i.e., they significantly alter the CCS of the whole glycoprotein). It
could then also be conceivable to separate isomers due to the different sialic acid
linkage (of the same glycoform) at the intact protein level if the glycan:peptide ratio was
high enough. However, this option would not haween viable for all types of

glycoproteins, thus, other alternatives were studied.

3.2 Glycopeptide analysis

As mTf only shows one glycosite at asparagine 494, only one glycopeptide is expected
after tryptic digestion (Rbsglycopeptide, peptide: NSTLCDLCIGPLK). However, with

the direct injection of the digest, thesdl glycopeptide was not detected, hence, an
additional separation before the MS was mandatory. In this regard, nano-UPLC was
used as a separation technique priorINbcMS detection, in order to separate the
glycopeptide from the other peptides and simultaneously determine the drift time of the
different glycoforms. Injection volume, flow rate and gradient were optimized to obtain
the best sensitivity with a stable spray (see section 2.4, Materials and Methods). Table 2
shows the detected glycoforms at the peptide level, their theoretical and experimental

masses, mass error and observed charge states.

Regarding the determination of the drift time of the different glycopeptide glycoforms,
even though a range of different values for the wave velocity (WV) and wave height
(WH) of the TWIMS device were tested, only one drift time value was observed. This
suggests that no isomer separation was possible at this mobility resolution, which is
probably due to the fact that the different isomers had similar CCS despite the distinct

orientation of the sialic acidRecently, Hinneburg et al. [15] and Guttman et al. [45]
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also described this observation analysing glycopeptides directyMbiS. They
observed no isomeric separation, unless fragmentation of the glycopeptide was carried
out and one of the observed smaller fragments still contained the sialic acid. This
fragment (obtained before the IM cell) had different drift times depending on the sialic
acid linkage, because a change in the orientation of the sialic acid was more noticeable
(i.e. the CCS was more affected) in a smaller analyte. We also tested this approach, by
fragmenting the most intense glycopeptide glycoform (N(H5N4S2)STLCDLCIGPLK
before the IM cell. Figure 2-a shows the collision induced dissociation (CID) MS/MS
spectrum for this glycoform. Several fragments were obtained, e.g., the
glycolylneuraminic acid (S1) and H1IN1 and H2N1 fragments. Among all the fragments
however, HIN1S1 was the one that still retained the sialic acid linkage and had enough
intensity to yield a good and accurate drift time measurement. Isomer separation was
observed in the aforementioned glycan fragment. Specifically, as it is shown in Figure
2-c, two drift time peaks were clearly observed at this m/z, which are postulated to be

due to the sialic acid being2-—6 anda-2—-3 linked.To confirm that the sialic acid is

the monosaccharide that affects the CCS of the fragment the most, the ATD of the

fragment HIN1 is shown in supplementary Figure S2-c. In this sasenly observed

one drifttime, which demonstrates that it is the sialic acid which esolsservable CCS

differencesseen as two different drift times of the fragment HIN1S1.

Moreover, n order to confirm that the distinct drift times observed for the glycan

fragment could be due to different sialic acid linkages, the theoretical CCS of the

H1N1S1 isomers were calculated. The obtained CCS vahe$e found inmable 3

were:233-4-A for the-a-2>6-linkage-and-243-7%for the-a-2>3-glycan; The CCS for

the two H1IN1S1 werdifferent enough to be separated by [Mking into account the
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CCS values of Table 3;Fhis-suggests-that more prominent, lower drift time peak

(i.e., lowerCC9 shoul correspond to thea-2—-6 glycan, whereas the second peak

represents the-2—-3 glycan.

Our results are in accordance with those obtained by Hinneburg et al. [15], who, using
modelling, drew the same conclusions. This is also in agreement with Guttman et al.
[45], who found that biantennary glycoforms showed lower contento-@—-3
sialylation. In our casethe percentage ofi-2-—3 glycan was approximately 14%

(taking into account the measured area of each drift time peak, see Figure 2-c)

However, this ratio can vary depending on the glycoprotein studied [¥E{h—this

fragments,—separation—of—glycopeptide—isomers—was—achieved.This glycopeptide

approach, through the analysis of the fragment H1IN1S1, gave valuable information

about the content of each type of sialic acid as the fragment HIN1S1 came from both

branches of the H5N4S2 glycopeptide (we did not detect any fragment with only one

antenna remaining (H3N3 or H3N3S1), suqggesting that both antennas might indeed be

fragmented). This relevant information could permit, in the future, to correlate changes

in protein sialylation with specific disease biomarkers which involve protein

glycosylation, such as, e.q., in cancer or inflammation.

3.3 Glycan analysis

Finally, we proceeded with the study of the enzymatically released glycans using
PNGase F. Different solveswvere tested to obtain the best spray and ionization yield,

and a slightly superior glycan signal was obtained at 50:8RACN with 0.1% FA.
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Table3-4 shows the detected mTf glycans along with their theoretical and experimental
masses, mass error and observed charge states. In Figure 3 the ATD profile of HSN4S2
glycans at different values of WV aidH is shown. Two peaks are observed which are
believed to correspond to two different isomers of the glycan HSN4S2, in analogy to the

previousy obtained result§Figure 2-c)with the fragment HIN1S1 of thglycopeptide

N(H5N4S2)STLCDLCIGPLK. Fine tuning of the IM parameters was mandatory in
order to resolve both drift time peaks. A WV value of 450 hasd WH of 25 V was
selected as optimal for the analysis of all mTf glycans. It is worth mentioning that in
this case, glycans were analyzed in negative mode and, as can be observed 8, Figure
the first isomer was clearthe less abundant one. This is in contrast to the glycopeptide
analysis which was done in positive mode, where the less abundant isomer was the
second one. This could be due to the fact that both molecules were, actually, quite
different - specificallythe glycan had eleven monosaccharide units, as opposed to the
fragment observed in the glycopeptide analysis which had only three. With regard to
other glycans, three different peaks, i.e., three drift times, were observed for HGN5S3
(see supplementary Figug53c), albeit separation was slightly worse than observed
for H5N4S2. H5N4S1 on the other hand only showed one wide peak (see

supplementary Figur@S3d), mestprebablyimplying that only one glycan isomer

existsor that the different isomers have similar CCS, and IM is not able to distinguish

them @sHeweverthe absence of other drift time peaks does not preclude the presence
of other isomersas-they-can-have-s@CS It is also worth pointing out that when
the glycan contard a fucose unit, the isomeric separation was somewhat hampered, as
observed in supplementary Figue&3b. We reckon that the addition of one extra
monosaccharide unit might affect the global CCS of the glycan, and as the whole glycan

is bigger, a small variation in the orientation of the sialic acid is less noticeable.
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To confirm that separation of isomeric glycans due to the sialic acid linkage was also
possible with other glycoproteins, hAGP was also digested with PNGase F and the
released glycans analysed by IM-MS. Separation of isomeric glycans wasedchiev
seemingly obtaining the same results as with mTf. As an example, the arrival time
distributions of the H5N4S2 and H6N5S2 glycans are shown in supplementary Figure
354 As can be seen, two drift time peaks were obtained for the H5N4S2 glycan and
three peaks for HGN5S3, albeit separation was poorer in both cases when compared to

mTf.

Moreover, to confirm that ion mobility separation of these possible isomers is due to

different sialic acid linkageslTable 3 showshe theoretial CCS values othe four

possible isomers for the glyc#tbN4S2with{a-2>3)(e-2—>6)-and-&-2>3);{a-26)

nd {&-2—3) and &-2—6) sialic acids were calculated. The obtained CCS were
following-the-same-orde52.3 K-for-the-a-2>3)ghycan635-4-Afor{a-2>6)a-
253} o A—and-623.9-A forthe -2 >6)form. The differences between these

calculated values suggest that the observed ion mobility peaks could be due to isomeric

glycans with different types of sialic acid linkage. With the knowledge of theoretical
CCS and thebundance of the a-2-—3 H1N1S1 fragment being lower théveo-2—-6
(based on fragmentation of the H5N4S2 glycopeptide, see abine)wo—peaks

observedforthe H5N4S2 glycan—were—tentativelyassignedsome conclusions can be

drawn We reckon that the presence of the isomer with two sialic add$ can be

discarded and that the two peaks observed must correspond to the isomers with higher

content ina2-6, that is, the isomer with two sialic aci@d®-6 and the isomer with one

sialic acida2-6 and ona2-3 (although we cannot specify the branch where each sialic

acid is located).We suggest that the peak with the highest drift time, and highest
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Aalternative approaches for the study of isomeric glycoconjugates, for instance using

specific sialidases [18]ceuld—would however—be allow -te—usefidtb obtain

complementary information and reliably assign the differspstnerspeaks to the

corresponding isomers

3.4 Mousee serum sample

To further asses the ability of the estaldidhmethod to separate isomeric
glycoconjugates in biological samples, we measured the drift time of mTf glycans
purified from serum samples. Only the analysis of the released glycans by IM-MS was
included in this study, as it was found to be the most sensitive and straightforward
approach to obtain information about isomeric forms. Two serum samples were
analysed: one healthy control and one sample with collagen-induced arthritis (CIA), an
autoimmune disease known to alter the glycosylation pattern of mTf [51,58]. As can be
seen in Figure 4, two peaks were observed for HSN4S2 glycan and three peaks for
H6N5S3 in both samples, with the same drift time and similar relative intensities as in
the mTf standard (compare Figure 4 with supplementary Fig&®. Although
additional samples are required to observe possible differences in the relative abundance
of glycan isomers between control and pathological samples, the presented
methodology shows great potential for the separation of isomeric glycans and the

discovery of novel biomarkers in glycomic studies.
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4. Concluding remarks

In the present paper, the capability of IM-M& separate isomeric glycoconjugates
which are due to different types of sialic acid linkage @-2—-3 anda-2—-6) has

been evaluated at three different levels: intact glycoprotein, glycopeptides, and the
released glycans. Separation of isomeric glycoconjugates is an important task in the
glycomics field, because it has been reported that differences in the abundance of some
glycan isomers might be of great importance for the early diagnosis or control of, for
instance, inflammatory diseases and certain types of cancer.

With ourthe current knowledge of glycosylation effects on molecule size, and the

limited abilit Hittesof SynaptIM-MS instrumentationto resolve small CCS

differences isomeric separation cannot be obtained at the intact glycoprotein and
glycopeptide level. Released glycans however can be separated after optimizaon of th
IM parameters. As stated before by others [15,45], and also demonstrated in this work,
there is a workaround to distinguish different types of sialic acid linkage in
glycopeptides that takes into account the mobility of an MS/MS fragment which still
retains the sialic acid. This method can however be time-consuming and rather difficult,
as glycopeptides must be separated from the rest of the digest and, besides, the obtained
glycopeptide fragment is, actually, a glycan.

The interest in using ion mobility for glycoconjugate separation and identification has
seen a major growth in the last years. Thus, it is likely that new technologies and
improvements will become available soon, including the advent of ion mobility
instrumentation with up to ten times higher resolution. Therefore, the separation of
sialic acid linkage isomers may also become possible at the level of glycopeptides and

intact proteins in the future.
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Figure legends

Figure 1. Mass spectra showing the ion with charge +19 and the corresponding drift
time (arrival time) distributions, or ATD, of a) intact mTf and b) intact hTf; and @Iso

ions with charge +13, +12 and +11 of intact hAGP and the corresponding ATD. The
value indicated corresponds to the approximate glycosylation percentageo{veach
protein, calculated as the mass of the most abundant glycan per glycosylation site
divided by the mass of the glycoprotein. i)-v): indicates the glycoform or the region of
the mass spectrometric peak. H: hexose; N: N-acetylhnexosamine; F: fucose; S: sialic

acid (in this case, all S are N-glycolylneuraminic acidje voltages for spray capillary,

sampling cone, trap collision energy (CE), trap direct current (DC) bias and transfer CE

were, respectively: 1.4-1.6 kV,30V,4V,40Vand 0 V.

Figure 2. a) MS/MS spectrum for the mTf glycopeptide glycoform
N(H5N4S2)STLCDLCIGPLK b) mass spectra @ fragment that still keeps the sialic
acid (HIN1S1) and c) arrival time distribution of this fragment (m/z range: 673.3-
673.5). The symbols used for the representation of the glycoform H5N4S2 follow the

Consertivm—fer—Funetional-GlyeemicsSymbol Nomenclature for Glycé®NFG)

{€FGYrules [59]. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this

case, all S are N-glycolylneuraminic acidhe voltages for spray capillary, sampling

cone, trap collision energy (CE), trap direct current (DC) bias and transfer CE were,

respectively: 1.5-1.7 kV, 50V, 4V, 20V and 60 V.

Figure 3: Arrival time distributions for the H5N4S2 glycan released frovif at
different wave height (WH, in V) and wave velocity (WV, in i) sombinations. The
symbols used for the representation of the H5N4S2 glycan follow Sthebol

Nomenclature for Glycans (SNFG)}-Censertivm-for-Functional-Glycomics{CHES
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[59]. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are

N-glycolylneuraminic acid).The voltages for spray capillary, sampling cone, trap

collision energy (CE), trap direct current (DC) bias and transfer CE were, respectively:

15kV,50V,4V,45Vand0OV.

Figure 4: Arrival time distributions for the glycans a) HSN4S2 and b) HEN5S3 released
from mTf in a healthy mouse serum and a serum from a mouse with collagen-induced

arthritis (CIA). The symbols used for the glycan representation followStghabol

Nomenclature for Glycans (SNFG)-Censertivm-forFunctional-Glycomics{CHES

[59]. H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are

N-glycolylneuraminic acid).The voltages for spray capillary, sampling cone, trap

collision energy (CE), trap direct current (DC) bias and transfer CE were, respectively:

15kV,50V,4V,45Vand0V.

Figure SI Mass spectra of the ion with charge +19 of intact mTf after desalting with
three different methods: a) dialysis, b) size exclusion columns, and «c)

ultracentrifugation.The voltages for spray capillary, sampling cone, trap collision

enerqy (CE), trap direct current (DC) bias and transfer CE were, respectively: 1.4-1.6

kV,30V,4V,40Vand 0 V.

Figure S2: a) MS/MS spectrum for the mTf qglycopeptide glycoform

N(H5N4S2)STLCDLCIGPLK: b) mass spectra of a fragment that still keeps the sialic

acid (HIN1) and c) arrival time distribution of this fragment (m/z range: 366.2-366.4).

The symbols used for the representation of the glycoform H5N4S2 follow the Symbol

Nomenclature for Glycans (SNFG) rulfs9]. H: hexose; N: N-acetylhexosamine; F:
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fucose; S: sialic acid (in this case, all S are N-glycolylneuraminic acid). The voltages for

spray capillary, sampling cone, trap collision energy (CE), trap direct current (DC) bias

and transfer CE were, respectively: 1.5-1.7 kV, 50V, 4V, 20V and 60 V.

Figure 2S3 Arrival time distributions for several glycans of mTf standard: a) HSN4S2,
b) H5N4F1S2, c¢) H6N5S3 and d) H5N4S1. The symbols used for the glycan

representation follow th&ymbol Nomenclature for Glycans (SNFG)}-Censertium for

Funectional-Glycomics (CFQules [59]. H: hexose; N: N-acetylhexosamine; F: fucose;

S: sialic acid (in this case, all S are N-glycolylneuraminic adide voltages for spray

capillary, sampling cone, trap collision energy (CE), trap direct current (DC) bias and

transfer CE were, respectively: 1.5 kV, 50V, 4V, 45V and 0 V.

Figure 3S4 Arrival time distributions for a) H5SN4S2 glycan and b) HGN5S3 glycan of

hAGP. The symbols used for the glycan representation follow 3kenbol

Nomenclature for Glycans (SNFG) rul§s9]Censertivm—forFunctional-Glycomics

(CFG)+ules H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case,

all S are N-acetylneuraminic acid)he voltages for spray capillary, sampling cone, trap

collision enerqgy (CE), trap direct current (DC) bias and transfer CE were, respectively:

15kV,50V,4V,45Vand0V.
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743  Table 1: Relative increasen m/z and drift time between glycoforms i) and ii) (Figure

744 1) of mTf, hTf and hAGP.

mTf hTf hAGP

Relative m/z difference (%) 0.247 0.239 0.746
Relative drift time difference (%) 0.149 0.290 1.324
Normalization® Relative m/z (%) 0.247 0.247 0.247
Relative drift time (%) 0.149 0.299 0.438

745
746  * The relative m/z for hTf and hAGP was changed to have the same value as mTf
747  (0.247 %) and, therefore, the relative drift time was proportionally modified.

748

749
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Table 2: Theoretical and experimental molecular mass (Mr), mass error and detected
charge states of the 10 glycoforms for thesNlycopeptide of mTf detected by nano-

UPLCAM-MS.

Glycopeptide Glycoform*

Nao4

Theoretical Experimental 21?;8 Ofﬁ:rg:d
M A state
H3N3S1  2892.2138 2892.2840 24 +2
H3N3F1S1 3038.2717 3038.2920 7 +2
H5N4S1  3419.3988 3419.3908 2 +2, +3
H5N4F1S1 3565.4568 3565.4656 2 +3
H5N4S2  3726.4892 3726.4993 3 +2, +3
H5N4F1S2 3872.5471  3872.5600 3 +2, +3
H5N4S3 4033.579  4033.6210 10 +2, +3
H5N4F1S3 4179.6374 4179.6958 14 +2, +3
H6N5S3  4398.7117 4398.7813 16 +3
H6N5SF1S3 4544.7696  4544.8321 14 +3

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

glycolylneuraminic acid)
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757 Table 3 CCS values of the two isomers for the fragment HIN1S1 and the four isomers

758  for the H5N4S2 glycan.

Isomer CCS (&) ‘

Glycopeptide Eragment H1N1S1 a2-6 2334

Nags-HSN4S2 g H1N1S1 02-3 2437
3-antenna  02-6

6-antenna  o2-3 o84.7

Glycan 2 x 02-6 623.9

H5N4S2 3-antenna  a2-3 635.4
6-antenna  02-6

2x a2-3 652.3

759
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760 Table 34: Theoretical and experimental molecular mass (Mr), mass error and detected

761  charge stateof the 10 mTf glycans detected by IM-MS.

762

763
764

765

766

767

768

769

770

Glycan* Theoretical  Experimental Mass error Observed
Mt M (ppm) charge state
H3N3S1 1420.4975 1420.4659 22 -1
H3N3F1S1 1566.5554 1566.5692 9 -1
H5N4S1 1947.6825 1947.7031 11 -1
H5N4F1S1 2093.7404 2093.7891 23 -1
H5N4S2 2254.7729 2254.7650 4 -2
H5N4F1S?2 2400.8308 2400.8240 3 -2
H5N4S3 2561.8632 2561.9150 20 -2
H5N4F1S3 2707.9211 2707.9470 10 -2
H6N5S3 2926.9954 2926.9334 21 -2, -3
H6N5F1S3 3073.0533 3073.0036 16 -3

glycolylneuraminic acid)

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-
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Table 1: Relative increasen m/z and drift time between glycoforms i) and ii) (Figure

1) of mTf, hTf and hAGP.

mTf hTf hAGP

Relative m/z difference (%) 0.247 0.239 0.746
Relative drift time difference (%) 0.149 0.290 1.324
Normalization” Relative m/z (%) 0.247 0.247 0.247
Relative drift time (%) 0.149 0.299 0.438

* The relative m/z for hTf and hAGP was changed to have the same value as mTf

(0.247 %) and, therefore, the relative drift time was proportionally modified.
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Table 2: Theoretical and experimental molecular mass (Mr), mass error and detected

charge states of the 10 glycoforms for the.Njlycopeptide of mTf detected by nano-

UPLCAM-MS.

: : WESS Observed

Glycopeptide Glycoform* The(K/lrerztmal Expelr\|/|nr1enta| error charge
(ppm) state
H3N3S1  2892.2138 2892.2840 24 +2
H3N3F1S1 3038.2717 3038.2920 7 +2

H5N4S1  3419.3988 3419.3908 2 +2, +3
H5N4F1S1 3565.4568 3565.4656 2 +3

H5N4S2  3726.4892 3726.4993 3 +2, +3

N2 H5N4F1S2 3872.5471 3872.5600 3 +2, +3
H5N4S3 4033.579  4033.6210 10 +2, +3

H5N4F1S3 4179.6374 4179.6958 14 +2, +3
H6N5S3  4398.7117 4398.7813 16 +3
H6N5SF1S3 4544.7696  4544.8321 14 +3

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

glycolylneuraminic acid)




Table 3 CCS values of the two isomers for the fragment HIN1S1 and the four isomers

for the HS5SN4S2 glycan.

Isomer CCS (&) ‘
Glycopeptide Eragment H1N1S1 a2-6 233.4
NaosrH5N4S2 | 0 HIN1S1 23 243.7

3-antenna  02-6

6-antenna  o2-3 584.7
Glycan 2 x 02-6 623.9
H5N4S2 3-antenna 02-3 635.4

6-antenna  02-6
2x a2-3 652.3




Table 4 Theoretical and experimental molecular mass (Mr), mass error and detected

charge states of the 10 mTf glycans detected by IM-MS.

Glycan* Theoretical  Experimental Mass error Observed
M; M, (ppm) charge state
H3N3S1 1420.4975 1420.4659 22 -1
H3N3F1S1 1566.5554 1566.5692 9 -1
H5N4S1 1947.6825 1947.7031 11 -1
H5N4F1S1 2093.7404 2093.7891 23 -1
H5N4S2 2254.7729 2254.7650 4 -2
H5N4F1S?2 2400.8308 2400.8240 3 -2
H5N4S3 2561.8632 2561.9150 20 -2
H5N4F1S3 2707.9211 2707.9470 10 -2
H6N5S3 2926.9954 2926.9334 21 -2, -3
H6N5F1S3 3073.0533 3073.0036 16 -3

* H: hexose; N: N-acetylhexosamine; F: fucose; S: sialic acid (in this case, all S are N-

glycolylneuraminic acid)
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