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Abstract

This chapter describes the utility of ion mobility-mass spectrometry (IM-MS) for the detection and
characterization of glycoproteins and associated glycoconjugates. IM-MS provides separations in
two dimensions, one on the basis of molecular surface area, or structure, and the other on
molecular mass which creates the ability to differentiate biomolecular classes and isobaric species.
When applied to the characterization of glycoproteins, IM-MS separates peptides from the
associated glycans in the same digest without purification, and can also be used to separate
different isomeric glycans which is a significant challenge in current glycomic studies. The
chapter will detail the methodologies to use IM-MS for the study of glycans and glycoproteins for
an audience ranging from new and potential practitioners to those already utilizing the technique.
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1. Introduction

Glycomics has progressed into a critical area of study due to the implications of
carbohydrate participation in many biological functions, and variations in glycosylation
being associated with many disease states (1-3). Protein glycosylation is one of the more
intricate forms of post-translational modification (PTM) and is estimated to be present on
over 50% of eukaryatic proteins (4). Glycoproteins have vital functions inside various
organisms, and their associated glycans assist in the structure, function, and stability of
proteins. Glycoproteins are involved in many important biological functions (e.g. embryonic
development and the recognition of hormones, toxins, and other signals on the cell surface)
and processes (e.g. coordination of immune function, cell division, and protein regulation
and interactions) (5). With all of these important tasks of glycosylation, detrimental effects
may occur from variation or defects in glycosylation patterns. Several disease states such as
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Alzheimer’s disease, HIV, cancer, and diabetes have characteristic defects in glycosylation
patterns or unique glycoproteins associated with the disease (3). Further information about
the functions of glycans and glycoconjugates can be explored in several excellent texts (6, 7)
along with other chapters in this book. Overall, the function of carbohydrates are derived
from their composition and structure necessitating rapid and efficient structural
determination from complex mixtures, including glycoconjugates such as glycoproteins and
glycolipids.

Collectively these challenges motivate the development of higher-throughput, more accurate,
and minimal sample manipulation strategies for carbohydrate structure elucidation.
Recently, 2D ion mobility-mass spectrometry (IM-MS) has been applied to the field of
biological analysis (8-10). lon mobility separates ions based on their apparent surface area
or ion-neutral collision cross section (11). When merged with MS, IM can separate gas-
phase ions in one dimension based on their structure, and a second dimension related to their
mass to charge (m/2). The advantages provided by IM-MS would likely be of great utility in
the field of glycoproteomics.

This chapter focuses on using IM-MS technologies for the study of carbohydrates and
glycoproteins in the pursuit of combining omics (e.g. simultaneous glycomics, proteomics,
lipidomics, etc.). Identification and conformational characterization of glycoproteins is
pursued through studies of carbohydrate standards and separation of glycoprotein digests
provided by the structural dimension of IM-MS. In this introductory chapter, IM-MS
structural characterization will be summarized along with the theoretical background and
instrumentation. The following sections describe an overview of IM-MS instrumentation, the
theory of IM separations, different types of IM separations, and data interpretation in IM-
MS conformation space. Previous studies of carbohydrates and glycoproteins using IM-MS,
and methods for the characterization of glycoproteins using IM-MS will also be discussed.

1.1. lon mobility applications to the life sciences

lon mobility (IM), which has existed for over a century, is a well-developed separation
technique that has been used extensively in the rapid detection of drugs and warfare agents
due to its ease of use, low cost, speed, and sensitivity (12, 13). The coupling of IM to MS
was first performed in the early 1960s (14, 15), but the utility of IM-MS for biomolecular
separations was not fully realized until combined with soft ionization techniques, such as
electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) (16,
17) which were not developed until the late 1980s. The first pioneering studies which used
IM-MS to determine peptide and protein structures were performed in the late 1990s (18-
20). Following these early studies, research over the past decade has extended IM-MS
techniques to the study of complex biological samples, such as whole cell lysates (21),
plasma (22-25), homogenized tissue (21, 26, 27), non-covalent complexes (28-30), or
directly from thin tissue sections (31, 32). However, IM-MS was essentially limited to a few
laboratories where custom instrumentation was constructed. The recent introduction of
commercially available IM-MS instruments, in several forms, has further stimulated the use
of IM-MS for life sciences research. The following sections describe an overview of IM-MS
separations (Section 1.2), IM-MS instrumentation (Section 1.3), the theory of IM separations
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(Section 1.4), data interpretation in 2D IM-MS conformation space (Section 1.4). Materials
and methods for characterizing carbohydrates and glycoproteins using IM-MS are then
detailed (Sections 2 and 3).

1.2. Overview of ion mobility separations

Most ion mobility-mass spectrometers have the same general layout. They are similar to
mass spectrometers with the 1M region inserted between the source and mass analyzer,
hence IM is a post-ionization separation technique [Fig. 1(a)]. From this general layout,
instruments can vary due to the type of IM used, the choice of mass analyzer or ionization
source (/.e. ESI, nESI, MALDI), the insertion of a quadrupole for mass selection before IM
or MS analysis, etc. There are two main methods for differentiating ions using ion mobility,
either separating the ions using space or time. The main focus of this chapter will be time-
dispersion, but we will also highlight several carbohydrate studies utilizing space-dispersion.

The types of IM that use a time-dispersion of the ions are drift tube or traveling wave ion
mobility spectrometers (DTIM and TWIM, respectively). DTIM and TWIM separate ions on
the basis of molecular surface area due to interactions with a neutral buffer gas present in the
IM drift cell. These interactions are not like high energy ion-neutral gas-phase collisions
used in collision induced dissociation (CID) but are low energy gas-phase elastic collisions
akin to the collisions of billiard balls. lons are injected into the IM drift tube and migrate
under the influence of a weak electrostatic field gradient [Fig. 1(b)] where they interact with
the neutral drift gas. This field is electrostatic for drift tube and electrodynamic for traveling
wave separations, respectively. Smaller ions have a higher mobility than larger ions which
result in shorter drift times versus longer drift times, respectively. While the ions traverse the
drift cell, their migration is impeded by collisions with the neutral drift gas, typically helium
or nitrogen, to a degree that is proportional to apparent surface area or collision cross
section. The actual experimental parameter obtained from IM separations is the ion arrival
time distribution (Z47p), or the time between ion injection and ion detection. It can be
converted to collision cross section or apparent surface area as illustrated in Fig. 1(c) for
DTIM. The difference between the separations for DTIM and TWIM is attributed to their
instrumental design which will be examined in the next sections.

1.3. IM-MS Instrumentation

There are two main methods of separating ions with 1M, through space or time-dispersion.
The most common techniques used for separation though space is differential mobility and
field asymmetric ion mobility spectrometry (FAIMS) whereas the most common methods
for separating ions through time-dispersion is with drift tube or traveling wave IM (DTIM or
TWIM, respectively). The methods presented here for the characterization of glycoproteins
concentrates on the use of TWIM and DTIM.

1.3.1. Drift tube ion mobility—The first IM instruments utilized a drift tube (33). DTIM-
MS has the basic design described previously and depicted in Fig. 1(b) in that it has a series
of stacked ring electrodes that create an electrostatic field to create a forward force that is
impeded by collisions with a buffer gas. IM resolution typically ranges from 30-50 (r=t/At at
FWHM), whereas longer, cryogenically cooled, or higher pressure drift tubes have been
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reported with resolutions exceeding 100 (34-36). The drift time can be understood based on
the kinetic theory of gases and used to calculate the ions absolute collision cross section
without the need for standards (37-40). The calculation of collision cross sections is detailed
in Section 1.4 and 2.5. For a derivation of ion-neutral collision cross section theory, the
reader is directed to several excellent texts and reviews (11, 41, 42)

1.3.2. Traveling wave ion mobility—Traveling wave IM (TWIM) is a recently
developed technique in comparison to DTIM. The recent commercial availability of TWIM
instrumentation (Waters, Corp.) has made IM-MS accessible to the glycobiology
community, not just those labs capable of building the instrumentation. Similar to drift tube
instruments, TWIM separates ions by time dispersion through collisions with a background
buffer gas, but in contrast, it uses electrodynamic fields rather than electrostatic fields (43,
44). This is accomplished by transmitting voltage pulses sequentially across a stack of ring
electrodes (similar to Fig. 1(b)), which creates the travelling wave (45). Conceptually,
TWIM separations are performed based on the susceptibility of different ions to the
influence of the specific wave characteristics and have been described as the ability of ions
to "surf" on waves (44). Since traveling wave separations utilize dynamic electric fields,
presently TWIM measurements can only provide estimated collision cross sections based on
internal standards from DTIM absolute collision cross sections (46, 47).

The first commercial platform (Synapt HDMS, now referred to as G1) is comprised of an
interchangeable ESI and MALDI source, a mass resolving quadrupole, a trapping region for
injecting pulses of ions into the TWIM, the TWIM drift cell, an ion transfer region, and an
orthogonal TOFMS (r=m/Am at FWHM of >17,500). Adjustable wave parameters include:
travelling wave pulse height, wave velocity, and ramping either of these variables. CID can
be performed in the regions before and after the TWIM drift cell (See Note 1). Generally
resolution in the TWIM of the G1 is <15, but this is sufficient for the separation of many
molecular classes of interest. For example TWIM has been used to separate biomolecular
signals from complex samples (48) and to study the structure of peptides following CID in
the trapping region (49). Recently, the Synapt G2 HDMS was released which has improved
TWIM resolution (= 40) and improved mass resolution (= 50,000). It also can be easily
interfaced with many different ionization sources and combined with other separation
techniques prior to ionization [high-performance liquid chromatography (HPLC), ultra-
performance liquid chromatography (UPLC), etc.]

1.4. lon mobility theory: Converting drift time to collision cross section

This section details the methodology currently used to determine ion-neutral collision cross

sections from data acquired with uniform electrostatic field DTIM. For estimating collision

cross sections from TWIM data, see procedures described elsewhere (46, 47). Directions for
implementing these measurements and equations experimentally will be detailed in Section

2.

IThe Synapt G1 HDMS has activation/dissociation regions to perform up to MS®, but usually Ms3 is the practical maximum.
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In order to calculate the collision cross section of an ion, the ion has to traverse the drift cell
under the influence of a weak electrostatic field (£, ca. 20-30 V cm™1 Torr™1) which
provides “low-field” conditions (/.e. constant IM proportionality constant, K). The
separation of the ions is measured as ion drift velocity which is determined by:

vg=KFE [1]

In order to standardize the value of K for comparison across different instruments, the
pressure (p, Torr) of the neutral drift gas and the temperature ( 7, Kelvin) of separation must
be considered which creates a standard or reduced mobility (K):

p 273

Ko=K 222
TRT60 T [2]

This reduced mobility value is normalized to standard temperature and pressure (7.¢e. 0 °C
and 760 Torr) and can be related to the ion-neutral collision cross section through the kinetic
theory of gases:

Ko=

(18m)7  ze {1 1}%760T 11
p273NoQ

(1) b

mi  Mp

(3]

B

Where zeis the charge of the ion, m;and m,, are the mass of the ion and neutral,
respectively, kpis Boltzmann’s constant, Npis the number density of the drift gas at STP
(2.69 x 1019 cm=3), and Q the ion-neutral collision cross section. This assumes that the
collisions are completely elastic. For an IM drift cell of fixed length (L), the drift time (¢,) of
the packet across the cell can be used to solve for the ion-neutral collision cross section by
substituting for K,in Eqn. [3] and rearranging:

Q_(1&r)% ze {1 1}%tdE760T 1
16 (kBT)% m;  Mmpy

which is the form used to solve for collision cross sections from IM data (See Section 3.1).
Further, since the collision cross sections follow the hard sphere model, molecular dynamics
simulations can be performed to interpret structures consistent with the empirical data (50—
53).

1.5. Data interpretation for glycomics in conformation space

Typical data for an IM-MS experiment is acquired in three dimensions; m/z, IM arrival time
distribution, and relative abundance of the signal. However, to analyze the data and centroid
the peaks, the data is presented in a 2D plot with intensity being represented by false
coloring. This conversion from 3D figure to 2D plot is presented in Fig. 2(a and b) for the
separation of glycans and peptides from a glycoprotein digest. We refer to the 2D IM-MS
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plot as conformation space because it represents biomolecular structure, or conformation, as
a function of 7/z (See Note 2). An integrated mass spectrum over all arrival time
distributions is shown in Fig. 2(c), which is what would be observed in the absence of IM.
An integrated IM arrival time distribution is illustrated by the curve of Fig. 2(d) which
would be obtained by placing the detector directly after the IM drift cell. By plotting the data
in 2D conformation space two distinct correlations are observed, one for peptides and one
for carbohydrates, respectively. Note that either extracted mass spectra or arrival time
distributions can be derived from conformation space data.

One of the main challenges in glycomics is the high probability of carbohydrates and
glycans with different structures having the same mass, therefore being isobaric. When using
MS alone, these isobaric molecules cannot be differentiated by the intact mass. However,
with the addition of the structural separations of IM, some isobaric carbohydrates can be
differentiated. This has been demonstrated with DTIM (54) and TWIM (55) and is seen in
Fig. (3). In this figure, three pairs of isobaric structural and positional isomers were
separated using the additional dimension of IM with MS.

In parallel with the separation of different carbohydrates, the structural separations provided
by IM can also be used to differentiate isobaric species belonging to different biomolecular
classes [Fig. (4)]. Although biomolecules are generally composed of a limited combination
of elements (e.g. C, O, H, N, S, and P), different biomolecular classes preferentially adopt
structures at a given /m/z correspondent to the prevailing intermolecular folding forces for
that class. A representative plot delineating regions of conformation space for which
different biomolecular classes (e.g. nucleotides, carbohydrates, peptides, lipids) are
predicted to occur is presented in Fig. 4(a). These separations are a result of the different
gas-phase packing efficiencies of the different classes (nucleotides > carbohydrates >
peptides > lipids) (56). This plot is reinforced through the calculation of collision cross
sections for standards of each biomolecular class [Fig. 4(b)]. The separation of different
biomolecular classes can be utilized in glycoproteomics through the ability to identify
peptides and glycans present in a complex sample simultaneously which will be further
discussed in Section 2.

1.6. IM-MS for the characterization of glycans and glycoproteins

Although the use of MS to characterize glycoproteins has been performed extensively for
many years, the use of IM-MS for the characterization of carbohydrates and glycoproteins
has only recently become increasingly prominent. This again is attributed to the limitation of
IM-MS instrumentation to those labs which could construct it. Most early IM-MS studies
concentrated on peptides and proteins. However there were a few number of experiments
evaluating the use of IM-MS for glycomic studies. The first carbohydrate analyses
conducted in the late 1990s aimed at examining short linear polysaccharides and
cyclodextrins using DTIM-MS and comparing their collision cross sections to those
obtained from molecular dynamic simulations (57). These studies also investigated at the
interaction of carbohydrates with Na* along with the resulting effect of metal coordination

2|M-MS 2D data is presented in one of two ways with either /7/z on the abscissa and arrival time distribution on the ordinate axes (in
which all the data in this work is presented) or the reverse.
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on the overall carbohydrate structure. Additional studies examined ways to enhance the
ionization and improve sensitivity for oligosaccharides in ESI-IM-MS instruments by
utilizing an ion trap interface and different injection energies (58, 59). These were followed
by studies to examine variations in conformation of hexose complexes with zinc ligands (60)
through collision cross section determinations and theoretical computational interpretation.

More recent studies have centered on structurally differentiating and determining
stereochemical information about monomeric or small di- and trisaccharide structures using
DTIM (54, 55, 61-64), TWIM (55, 65, 66), and FAIMS (67). N-linked and O-linked glycans
removed from glycoproteins have also been characterized by IM-MS from purified samples
(68, 69) after separation and extensive purification from serum (22) or urine (48). In
addition, sulfated glycans were resolved by IM-MS through the differentiation of isomers
(70), interpretation of collision cross sections with molecular modeling (71), and interactions
with defensin inspired peptides (72). N-glycan structure and glycosylation sites for 1gG have
been determined using IM-MS/MS (68), and intact glycosylated 1gG antibodies have also
been analyzed using IM-MS to differentiate 1gG1 and two different isoforms of 1gG2 (73).
Most of these studies removed the glycans from the glycoprotein and purified prior to the
carbohydrates prior to analysis which is similar to other contemporary MS methodologies
for the characterization of glycoproteins which analyze the glycans, peptides, or
glycopeptides separately. In this work, we focus on the rapid characterization of
biomolecules in complex samples without time-consuming purification steps before
analysis.

1.6.1 Simultaneous glycoproteomics using IM-MS—The use of IIM combined with
MS allows for the simultaneous detection of different biomolecular classes (i.e. lipids,
peptides, carbohydrates, and oligonucleotides) with little or no purification needed (Fig. 5).
In these methods, we concentrate on the characterization of carbohydrate standards using
DTIM-MS for the determination of the collision cross sectional area and region of 2D IM-
MS space occupied by carbohydrates when compared to other biomolecules such as lipids,
peptides, and oligonucleotides. We then describe the simultaneous separation and
characterization of peptides and glycans from glycoprotein digests (Fig. 6,7) and glycans
from lipids in a human milk sample without the need for extensive purification (Fig. 8).

In Fig. 6, the simultaneous characterization of glycans and peptides in a digest of RNAse B
using ESI and MALDI is presented. The protein is first digested with trypsin and
subsequently with PNGase F to produce the peptides and glycans. In Fig. 7, the confidence
in the identifications can be increased through performing only the deglycosylation of
RNAse B to analyze glycans only in the mass range of interest. In both of these figures, the
peptides and glycans are ionized using both ESI and MALDI. There are serveral differences
between ESI and MALDI that would guide an investigator to select one source versus the
other. Firstly, ESI generally produces ions of multiple charge states (e.g. [M+nH]"*) while
MALDI generally produces singly-changed species (e.g. [M+H]"). For fragmentation-based
MS/MS studies, multiply charged species are advantageous, however by partitioning the
signal into multiply-charged channels can result in complicated spectra. Secondly, MALDI
is more generally tolerant of salts than is ESI. Thirdly, MALDI is inherently an off-line
ionization source, while ESI is more easily coupled with additional separation steps such as
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liquid chromatography. A more detailed description of the advantages and limitations of
MALDI and ESI for glycoproteomics is presented in Ref. (88).

1.6.2 IM-MS/MS measurements for confident glycan identification—Most current
MS methodologies for carbohydrate characterization require the use of collision-induced
dissociation (CID) or tandem MS (MS/MS or MS") to confirm the carbohydrate sequence
and branching patterns (74-77). Similar to traditional MS/MS, structural information can be
obtained through the use of IM-MS/MS. The collision cell for fragmentation can be inserted
before, or after, the IM drift cell determined by the desired information. An advantage to
fragmenting after IM separation is that all fragment ions will have the same drift time as the
parent. Commercial IM-MS instruments currently available have the ability to isolate a
certain mass through the use of a resolving quadrupole, to fragment ions before or after the
IM separation region, and to fragment ions up to MS® (45). These abilities are very useful
when characterizing complex samples like those encountered in glycomics research. In
addition to parent ion selection by mass, the parent ion can be selected by mobility or
structure using time dispersion in the drift cell (8).

2. Materials

2.1 Collision cross section measurements for MALDI-IM-MS

1 Sample for which collision cross section Is desired. This can be a pure
compound or within a mixture but must be abundant enough to obtain
sufficient signal for five measurements at different voltage settings in the
IM dimension. For carbohydrates in Fig. 3 and 4, standards were used at a
concentration of 1 mg/mL in DDI water prepared for MALDI analysis.
Standards can be purchased from several companies including those that
specialize in carbohydrates such as Dextra (Reading, UK) and V-Labs,
Inc. (Covington, LA). Many of the carbohydrates used for the presented
collision cross section database were obtained from the Consortium for
Functional Glycomics.

2. Drift tube IM standards/calibrants. Mass standards are species, usually
peptides and proteins, that span the mass range of interest. For DTIM
structural standards, Cgg and Cyq (fullerenes) are typically used due to
their existence in one structural form. Additionally, fullerenes are
sometimes used as mass standards since they are structurally separated
from biomolecules in 2D IM-MS space and provide numerous gas-phase
reaction products resulting in peaks spanning a large mass range in
increments of 24 Da. These standards can also be used to evaluate DTIM
resolution and instrument performance.

Generally, the standard peptide bradykinin (RPPGFSPFR) is used to
validate gas pressure in DTIM by comparison of the collision cross section
measurement with the accepted value of 242 + 2 A2 (20). Bradykinin can
be mixed with matrix of choice or a standard solution of 1 mg/mL in H,O
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can be combined 1:1 v/v with 20mg/mL a-cyano-4-hydroxycinnamic acid
in 50% methanol.

3. Traveling wave IM standards/calibrants. As discussed in Section 1.3,
TWIM provides relative collision cross sections therefore requiring
internal standards with corresponding DTIM obtained absolute collision
cross section values. Published absolute collision cross sections can be
obtained from several databases, including: (i) peptide collision cross
sections determined by ESI (78, 79), (ii) intact protein collision cross
sections determined by ESI (80) (iii) peptide collision cross sections
determined by MALDI (40), and (iv) biologically relevant carbohydrate,
lipid, and oligonucleotide collision cross sections determined by MALDI
(56). For these comparative measurements, it is necessary to have
standards in the same biomolecular class as the samples being measured
(81).

2.2 Simultaneous glycomics and proteomics using IM-MS
1 Furified glycoprotein containing N-linked glycans or glycan-containing
sample of interest (i.e. human milk)

2. Drift tube IM standards/calibrants. See Section 2.1 for details.

3. Peptide-N4-(acetyl-b-glucosaminyl)-asparagine amidase F (PNGase F),
usually from Chryseobacterium meningosepticum, for the removal of N-
linked glycans can be obtained through Prozyme Glyko, Calbiochem, or
other vendors.

3. Methods

3.1 Performing collision cross section measurements using MALDI-DTIM-MS

1 In order to take measurements, the samples should be prepared for
MALDI analysis. In these experiments, the 1 mg/mL carbohydrate
standards were combined 1:1 by volume (200:1 molar ratio) with saturated
2,5-dihydroxybenzoic acid (DHB) in 50% ethanol:DDI water.

2. Following insertion of the sample target into the instrument, mass and 1M
standard/ calibrants are measured. In particular, in using MALDI-IM-MS
methods, the laser pulse serves as the start signal (tg) for measuring the IM
arrival time distribution (tap). These time distinctions are necessary for
the calculations in Step 4.

3. Following structural separation in the IM drift cell filled with an inert gas
(usually 1-10 Torr of He or N5, see Note 3) ions are directed through a
skimming and differential pumping region where the pressure is reduced
from 1-10 Torr to ~1078 Torr for mass analysis in the orthogonal TOFMS.

30ur DTIM drift cells use He due to its low polarizability and low mass relative to other inert gases. However, most TWIM drift cells
utilize N2, and other drift gases or drift gas additives can be used to promote interactions between the ion and drift gas.
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The stop time for taTp corresponds to the ion injection time for the
TOFMS measurement.

To perform the collision cross section calculations as described in Section
1.3 (e.g. Eqn. [4]), the arrival time distribution must be corrected for time
spent in regions outside of the drift cell (7.e. time spent traversing from the
MALDI plate into the drift cell, in skimming and differential pumping
regions, and ion optic regions prior to insertion into the TOFMS). This
will result in the drift time (tg) of the ions within the IM drift cell used in
the calculation of collision cross section:

ta=t ,rp — tatc [5]

To determine the value of tg;c, IM separations are performed by varying
the voltage across the drift cell while maintaining all other experimental
parameters constant. The tarp measured at each drift voltage and are then
plotted versus the inverse of drift voltage (1/V). Provided the range of
voltages used maintains ion separations under low field conditions, this
plot will result in a linear correlation. If non-linearity is observed, a
calculation of the low field limit should be performed, because curvature
in this plot indicates that mobility is not constant over the voltage range
used. A linear regression of this data results in a y-intercept corresponding
to tqic (See Note 4). Preferably at least five voltages should be used to
define this line although for high precision measurements as many
voltages as is practical should be used.

After the ty has been determined, it can now be used to calculate the
collision cross section, Q, of the ion of interest through the Eqgn. [5] (See
Notes 5,6) (11).

After calculation of the collision cross section, the value can be further
related to the structure using molecular dynamic simulations. Detailed
information about these computational methods can be found in other

resources (50-53).

For calculating relative collision cross sections using TWIM-MS, the two
main procedures used can be found in the literature (46, 47).

4The plot of arrival time distribution versus 1/V has a y-intercept that correlates to tgtc or drift time correction because it represents
the limit of tg—0 at infinite drift cell voltage.

When high accuracy collision cross section measurements are needed, the drift time correction should be evaluated for each species.
This is due to correcting for the additional ion-neutral collisions in the differential pumping regions at the exit and/or entrance of the

IM drift cell.

'When calculating collision cross section, much care should be taken in the dimensionality of the units used. This is due to the
equation being derived from classical electrodynamics, and the units for £should be expressed in cgs Gaussian units, /e. statvolts
cm~1, where 1 statvolt equals 299.79 V. Note that statvolts em~Lis equivalent to statcoulombs cm™< and that elementary charge, ¢, is

4.80 x 10~10 statcoulombs.
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3.2 Performing simultaneous glycoproteomics using IM-MS (See Note 7)
1 The Atlinked glycan-containing glycoprotein is prepared by making a 1
mg/mL solution in DDI water or 50 mM ammonium acetate at pH ~7.5
(See Note 8). An aliquot (~1nmol) is pipetted into a microcentrifuge tube.

2. Thermal denaturation is performed by heating the sample at 90°C for 15
minutes (See Note 9) (82). To quench denaturation, the sample is placed in
a —20°C freezer for ~15 minutes.

3. To reduce disulfide bonds in the protein, dithiothreitol (DTT) is added to
make the final concentration 5 mM and reacts at 60°C for 30 minutes (83)
(See Note 10).

4, To alkylate free cysteines, iodoacetamide is added to a final concentration
of 50 mM and reacts for 1 hour at 37°C in the dark (84) (See Note 10).

5. For proteolytic digestion of the glycoprotein, trypsin is added to the
sample (approximately 20 : 1 wt of substrate per wt of trypsin) and
allowed to digest at 37°C for 24 hours. This step is omitted for control
digests where only glycans are in the mass range of interest. The sample is
placed in a —20°C freezer for at least 15 minutes to stop the enzyme
activity (can be stored overnight).

6. For removal of the N-linked glycans of interest, 1 pU (microunit) of
PNGase F is added to the sample and incubated at 37°C for at least 12
hours (See Note 11). The samples is then placed in a —20°C freezer until
analysis.

7. To prepare for MALDI analysis, the glycoprotein digests are combined 1:1
by volume (200:1 molar ratio) with saturated 2,5-dihydroxybenzoic acid
(DHB) in 50% ethanol:DDI water and then spotted on a MALDI plate.

8. In preparation for ESI analysis, the glycoprotein digest was dissolved in
50 : 50 (v/v) water : methanol to a final concentration of 25 mM (See Note
12).

9. The samples are then analyzed using a Synapt HDMS G1 or G2 (Waters

Corp.) equipped with TWIM drift cell and operated with MassLynx
software. For both ionization sources, the ion guide T-wave is operated at
300 m/s and linearly ramped in amplitude from 5-20 V over each
experiment. The transfer guide T-wave is operated at 248 m/s and with a

7Simultaneous glycoproteomics methodologies are focused on the characterization of Atlinked glycans. However, these experiments
can be adapted for the characterization of O-linked glycans and glycoproteins treated with other enzymes such as Pronase.
There has been some debate against using ammonium-containing buffers (85). However, for these studies, ammonium acetate was
used and acceptable glycan signal was obtained.
Other methods of protein denaturation can be used [/.e. chemical (86, 87)] but have not been tested.
Reduction and alkylation are performed in typical proteomic digestions and directions are given here if the procedure is desired.
However, for the presented examples (Fig. 6,7), reduction and alkylation were not performed.
One unit is defined as the amount of enzyme that will completely catalyze the release of N-linked oligosaccharides from 1 umol
denatured ribonuclease in 1 min at 37°C, pH 7.5.
ESI analysis is performed based on high-throughput methodology (minimum time per sample) and does not utilize derivatization
strategies known to enhance ionization and decrease fragmentation of glycans. These can be done if time allows.
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constant 3 VV amplitude. lon injection voltages in the Trap and Transfer
were set at 6 and 4 V, respectively.

For MALDI and ESI, it is advantageous to optimize all source settings for
the sample of interest paying particular attention to the optimization of
glycan signal. Cone voltage in ESI along with laser energy in MALDI
should be tuned to suppress carbohydrate in source-fragmentation.

10. For data analysis, MassLynx software is also used along with Driftscope
for the visualization of 2D data. In Driftscope, the regions associated with
different biomolecular classes, in particular carbohydrates and peptides,
can be selected and extracted in order to identify the peaks associated with
each class (See Figures 6,7). In order to increase confidence in
identifications, IM-MS/MS can be used (See Section 1.6.2).

3.3 Performing simultaneous glycolipidomics using IM-MS

1 Dilute sample with DDI water. For the human milk example presented, the
optimal dilution was 1:10 milk to DDI water by volume.

2. Mix diluted sample with matrix as described in Section 3.2, Step 6. The
type of matrix, concentration, or matrix to analyte ratio can be varied to
optimize for carbohydrate signal in the complex mixture if desired.

3. Analyze using MALDI-IM-MS for best results using same settings as
above (optimized for glycan signal). An example of the plot obtained is
presented in Figure 8.
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Figure 1.
(a) A block diagram of the primary components of biological IM-MS instrumentation. (b) A

conceptual depiction of an IM drift cell. A stack of ring electrodes are connected via
resistors in series to form a voltage divider, which is typically designed to generate a
relatively uniform electrostatic field along the axis of ion propagation. lons of larger
apparent surface area experience more collisions with the neutral drift gas and therefore
elute slower than ions of smaller apparent surface area. (c) A hypothetical IM separation for
peptide ions exhibiting two distinct structural sub-populations corresponding to globular
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(left) and to helical (right) conformations. The arrival time distribution data (top axis), or
what is measured, can be transformed to a collision cross-section profile (bottom axis) via
equation [4] and described in Section 1.4 and 3.1. Adapted with kind permission from
Springer Science+Business Media: Anal. Bioanal. Chem., Biomolecular structural
separations by ion mobility-mass spectrometry, 391, 2008, 906, L.S. Fenn and J.A. McLean,
Fig. 1.
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Figure2.
(a) A 3D representation of IM-MS data obtained for human glycoprotein (HGP) digested

with Pronase. (b) A 2D IM-MS conformation space plot for the analysis of the HGP digest.
This data illustrates the variation of gas-phase packing efficiencies for different types of
biomolecules. Even though the glycans may still have amino acids attached, a clear
differentiation between the peptides and glycans can be noted. (c) An integrated mass
spectrum over all arrival time distributions. (d) The integrated arrival time distribution over
the full mass range which would be obtained if a detector was placed after the IM drift cell.
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Figure 3.
Structures of the isobaric sets of positional and structural isomers (left) and the associated

drift time profiles (right). (Left) Note the difference in structures between glycans 1 and 2
are two 1—3 glycosidic linkages being replaced with two 1—4 linkages. Glycans 3 and 4
have one linkage variation, and glycans 5 and 6 (LNFP1 and LNFP2) vary in the location of
fucose from galactose to N-acetylglucoseamine. (Right) Drift time profiles at an electrostatic
field strength of 20.6 volts cm—1 Torr within the ion mobility drift cell. Structures of the
oligosaccharides are replaced with shape representations. Drift times are related to the ion
structure in that larger, more elongated ions experience more collisions with the neutral
buffer gas present in the drift cell causing a longer drift time than more compact structures.
(a) In the comparison between glycans 1 (dotted line) and 2 (solid line), the 1—3 linkages of
glycan 1 cause it to have a shorter drift time which indicates a more compact structure that
glycan 2, which is more elongated. (b) Glycans 3 (dotted line) and 4 (solid line) have
differing drift times due to the change in one glycosidic linkage. The 1—3 linkages allow
glycan 3 to adopt a more compact conformation when compared to its positional isomer,
which has one 1—4 linkage. (c) Drift time profiles for glycans 5 (solid line) and 6 (dotted
line) are compared. LNFP2 has a shorter drift time than LNFP1 at both voltages. This is
attributed to increased branching in LNFP2 that allows the glycan to adopt a more compact
structure. Individual monosaccharide representations are as follows: ¢ - galactose; B-N-
acetylglucoseamine; A -fucose; with linkage information for the positional isomers provided
in the parenthesis below each representation (54). Fenn, L. S., and McLean, J. A. (2011)
Structural resolution of carbohydrate positional and structural isomers based on gas-phase
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ion mobility-mass spectrometry. Phys Chem Chem Phys 13, 2196-2205- Reproduced by
permission of the PCCP Owner Societies.

Methods Mol Biol. Author manuscript; available in PMC 2016 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fenn and McLean

Relative arrival time distribution (us) or
collision cross section (Az)

2000

3000

ml/z

4000

0 1000

350

{(b)

3004
B o
-
.5250_3 Lipids
1 (n=53)
Q 4
["/] -
» ]
7]
£ 200
& ] ’
@7 f
S 1504 é&

100

(n=96)

Carbohydrates
(n=192)

Oligonucleotides

5000

Figure 4.

(a) A hypothetical plot illustrating the differences in IM-MS conformation space for
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different molecular classes based on different gas-phase packing efficiencies. (b) A plot of
collision cross section as a function of /m/z for different biologically-relevant molecular
classes, including: oligonucleotides (n = 96), carbohydrates (n = 192), peptides (n = 610),
and lipids (53). All species correspond to singly-charged ions generated by using MALDI,
where error 1o is generally within the data point. Values for peptides species are from Ref.
(40). (a) is adapted with kind permission from Springer Science+Business Media: Anal.
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Bioanal. Chem., Biomolecular structural separations by ion mobility-mass spectrometry,
391, 2008, 906, L.S. Fenn and J.A. McLean, Fig. 2(a). (b) is adapted with kind permission
from Springer Science+Business Media: Anal. Bioanal. Chem., Characterizing ion mobility-
mass spectrometry conformation space for the analysis of complex biological samples, 394,
2009, 235, L.S. Fenn, M. Kliman, A. Mahsutt, S.R. Zhao, and J.A. McLean, Fig. 1(a).

Methods Mol Biol. Author manuscript; available in PMC 2016 November 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fenn and McLean Page 25

Scheme 1 Scheme 2
Glycoprotein Glycoprotein
Denature, reduce, Denature, reduce,
alkylate alkylate

’ .

Trypsin Trypsin
digestion digestion

HPLC separation Deglycosylation
\ with PNGase F

MS of Deglycosylation

peptides with PNGase F IM-MS of peptides
and glycans
MS of glycans
Current glycomic/ Glycoproteomic
proteomic strategy strategy using IM-MS

Schemes 1 and 2 present a comparison of current glycomic and proteomic protocols versus
the glycoproteomic strategy using IM-MS (88). Fenn, L. S., and McLean, J. A. (2009)
Simultaneous glycoproteomics on the basis of structure using ion mobility-mass
spectrometry. Molecular BioSystems 5, 1298-302- Reproduced by permission of The Royal
Society of Chemistry (RSC).
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Figure®6.

MALDI- and ESI-IM-MS plot and extracted mass spectra from RNAse B digested and
deglycosylated with trypsin and PNGase F, respectively. (a) A 2D MALDI-IM-MS plot of
conformation space. Structural separations are observed for peptides [labeled (b)] and
glycans [labeled (c)]. Since MALDI is used, all identified peaks correspond to singly-
charged species as sodium-coordinated glycans and protonated peptides. (b) An extracted
mass spectrum corresponding to peptides (along white dashed-line in (a)). (c) An extracted
mass spectrum corresponding to glycans (along black dashed-line in (a)). Open circles and
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filled boxes correspond to mannose and A-acetylglucoseamine, respectively. Unidentified
peaks seen at lower masses are due to in-source fragmentation of the glycans present. (d) A
2D ESI-IM-MS plot of conformation space. Structural separations are observed for singly-
charged peptides [labeled (e)], singly-charged glycans [labeled (f)], doubly-charged peptides
[labeled (g)], and higher order charged species [labeled (h)]. () An extracted mass spectrum
corresponding to singly-charged peptides (along top white dashed-line in (d)). (f) An
extracted mass spectrum corresponding to singly-charged glycans with identification of
fragments by Domon and Costello nomenclature (along top black dashed-line in (d)). (g) An
extracted mass spectrum corresponding to doubly-charged peptides (along bottom white
dashed-line in (d)). (h) An extracted mass spectrum corresponding to higher order charged
species (along bottom black dashed-line in (d)). The inset illustrates the isotopic pattern for a
triply-charged analyte (88). Fenn, L. S., and McLean, J. A. (2009) Simultaneous
glycoproteomics on the basis of structure using ion mobility-mass spectrometry. Molecular
BioSystems 5, 1298-302 - Reproduced by permission of The Royal Society of Chemistry
(RSC).
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Figure 7.
Plots and extracted mass spectra from intact RNAse B that has been deglycosylated with

PNGase F and analysed using MALDI-IM-MS (a,b) and ESI-IM-MS (c,d). Note that the
protein was not proteolytically digested and remained intact (M, ~ 13,700 Da). (a) A 2D
MALDI-IM-MS plot of conformation space. Structural separations are observed for singly-
charged glycans [labeled (b)] which are then compared to those identified in Figure 6. (b)
An extracted mass spectrum corresponding to singly-charged glycans (along dashed-line in
(a)). (c) A 2D ESI-IM-MS plot of conformation space. Structural separations are noted for
singly-charged glycans [labeled (d)] which are then compared to those identified in Figure 6.
(d) An extracted mass spectrum corresponding to to singly-charged glycans (along dashed-
line in (c)). (88) - Reproduced by permission of The Royal Society of Chemistry (RSC).
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Figure 8.
MALDI-IM-MS plot and extracted mass spectra from human milk with no prior

purification. (a) A 2D IM-MS plot of conformation space. Structural separations are
observed for lipids [labeled (c)] and glycans [labeled (d)]. Since MALDI is used, all
identified peaks correspond to singly-charged species. (b) An integrated mass spectrum for
all of conformation space. This is what would be seen if using MS alone to characterize the
human milk sample. (c) An extracted mass spectrum corresponding to lipids [along top
dashed-line in (2)]. (d) An extracted mass spectrum corresponding to glycans [along bottom
dashed-line in (a)]. Carbohydrate structure representations are as follows: @-glucose, A-
sialic acid, B-A\-acetylglucosamine, O-galactose, and A-fucose. Adapted from (89).
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