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Abstract

One of the major challenges in structural characterization of oligosaccharides is the presence of
many structural isomers in most naturally-occurring glycan mixtures. Although ion mobility
spectrometry (IMS) has shown great promise in glycan isomer separation, conventional IMS
separation occurs on the millisecond time scale, largely restricting its implementation to fast TOF
analyzers which often lack the capability to perform electron activated dissociation (ExD) tandem
MS analysis and the resolving power needed to resolve isobaric fragments. The recent
development of trapped ion mobility spectrometry (TIMS) provides a promising new tool that
offers high mobility resolution and compatibility with high-performance Fourier transform ion
cyclotron resonance (FTICR) mass spectrometers when operated under the selected accumulation-
TIMS (SA-TIMS) mode. Here, we present our initial results on the application of SA-TIMS-ExD-
FTICR MS to the separation and identification of glycan linkage isomers.
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Glycans are ubiquitously present in all eukaryotic cells, participating in a wide range of
cellular processes.t Unlike the assembly of proteins or DNA, glycan biosynthesis is not
template-driven, but rather the concerted action of glycan processing enzymes, with its
outcome modulated by the local enzyme expression and the monosaccharide nucleotide
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donor levels. Consequently, a glycome often comprises a repertoire of closely-related
structures, many of which are structural isomers. This, together with the complexity of
glycan structures and the lack of a glycan amplification mechanism, presents a severe
analytical challenge to the field of glycomics.

Mass spectrometry (MS) has recently emerged as an indispensable tool for structural
glycomics.2=3 As a detection method, MS offers unmatched specificity over alternatives
such as pulsed-amperometric detection and laser-induced fluorescence. Further, detailed
glycan structural information can be obtained by tandem MS (MS/MS) analysis employing a
variety of fragmentation methods. Collision-induced dissociation (CID) can generate an
abundance of glycosidic fragments which are key to the elucidation of the glycan sequence
and branching pattern.#% Linkage configuration can be inferred from cross-ring fragments
which are more readily produced by electron activated dissociation (ExD) methods,’~11
including electron capture dissociation (ECD), electron transfer dissociation (ETD),
electronic excitation dissociation (EED) and electron detachment dissociation (EDD), or by
sequential tandem MS (MS").12 Permethylation is a common sample preparation step which
improves the glycan ionization efficiency and increases their thermal stability.13 It also
facilitates differentiation of internal and terminal fragments, an important task in de novo
glycan sequencing. Metal adduction is often used to promote cross-ring cleavages and to
minimize proton-induced rearrangements.14

Because of the presence of isomeric glycans, fractionation prior to MS analysis is often
needed for characterization of complex glycan mixtures. Capillary electrophoresis (CE) is a
powerful tool for glycan separation owing to its high sensitivity and speed, as well as its
superior peak capacity and isomer resolution. However, online CE-MS of glycans remains
challenging as the buffer additives used for optimal CE separation often lead to reduced MS
performance.1®-16 \arious liquid chromatography (LC) methods have been developed for
glycan separation. These include high-pH anion exchange chromatography, hydrophilic
interaction LC, reversed-phase LC (RP-LC), and LC employing graphitized carbon column
(GCC).17-22 jith the exception of RP-LC, these LC methods achieve their best performance
on native or reducing-end derivatized glycans. Among them, GCC offers the best isomer
separation power, but its chromatographic resolution is significantly reduced for
permethylated glycans. Further, efficient post-column metal-adduction is difficult,
particularly in nano-LC systems, thus limiting on-line LC-MS analysis to protonated
species, or ammonium and, occasionally, sodium adducts.?2

Unlike CE or LC, ion mobility spectrometry (IMS)23-24 js a post-ionization, gas-phase
separation method. As such, it permits easy introduction of metal cations, works with both
native and permethylated glycans, and provides orthogonal analyte separation following LC
fractionation.2® In conventional drift-tube (DT)-IMS,2426 jons are separated based on their
mobility through a gas-filled tube, driven by an electric field. The measured mobility of an
ion can be used to calculate its collisional cross section (CCS) which may be compared to
the CCS values of standards or from theoretical modeling to aid in analyte identification.2’
Similar mobility-based separation has also been achieved in travelling wave IMS
(TWIMS).28 In DT-IMS and TWIMS, ion separation occurs on the millisecond time scale,
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and this has largely restricted their implementation to instruments with fast mass analyzers,
typically time-of-flight (TOF) instruments.

Successful IMS coupling to slow mass analyzers requires selective transfer/accumulation of
ions of a specific mobility. This can be achieved by employing dual gate ion filtration.2%-31
Alternatively, mobility selection can be realized by spatial ion dispersion. In field
asymmetric-waveform IMS (FAIMS) or differential mobility spectrometry (DMS),25:32-34
ions are displaced laterally based on their differential mobilities in high- and low-electric
fields as they move into a mobility region in the presence of an asymmetric alternating
potential perpendicular to the direction of the ion motion. A DC potential can be used to
compensate the lateral ion drift, allowing continuous passage of ions with a given
differential mobility. The analytical potential of FAIMS coupled to slower scanning but
high-performance mass spectrometers, such as the Orbitrap and the Fourier-transform ion
cyclotron resonance (FTICR) instruments was recently demonstrated.2>34 Despite its
promise, FAIMS has limited peak capacity, and does not provide ion CCS values.

The recently developed trapped IMS (TIMS)35-37 offers a means to achieve high-resolution,
mobility-based, axial ion separation. Figure 1a shows the schematic of a TIMS funnel, with
its operating principle illustrated in Figure 1b. In TIMS, ions are pushed forward by a carrier
gas through the analyzer section in the presence of an axially variable, retarding electric
field. An ion with a mobility of K'is trapped in a region where the electric field strength, £,
is such that the ion drift velocity (KE) equals the carrier gas flow velocity,

vi()wL:KE+Ug:0 (Eq. 1)

Following the ion trapping event, £ is gradually reduced by decreasing the analytical ramp
voltage, 4V, defined as the potential difference between the exit and entrance lenses of the
analyzer, and this results in sequential elution of trapped ions, from low-mobility to high-
mobility species. In principle, the ramping rate of 4V/can be adjusted to allow the study of
TIMS-separated ions by slow analysis methods. In practice, however, because ions of a
given mobility are trapped only in a narrow section of the TIMS analyzer, their abundance is
generally insufficient for analysis methods that demand a high precursor ion count, such as
ExD and MS".

The voltage divider within the TIMS analyzer can be reconfigured to create an axial
potential that varies linearly over its center section. The resulting electric field along the ion
path (Figure 1c) contains a plateau, where selective trapping of ions with the desired
mobility occurs. lons with higher mobility are blocked by the steep ramp near the analyzer
entrance, and ions with lower mobility are not retained by the small barrier near the analyzer
exit. At the end of the ion accumulation event, the polarity of the deflector potential is
switched to the opposite of the ion polarity to stop ion transmission into the TIMS funnel. A
brief storage period follows to ensure elimination of ions with incorrect mobilities, before
AVis reduced for ion extraction. In this mode of operation known as the selected
accumulation-TIMS (SA-TIMS),38 or simply SAIMS,32 a much larger volume of the
mobility analyzer is utilized for storage of ions with the desired mobility, thus overcoming
the space charge limit encountered in the TIMS operating mode. An IM spectrum is
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produced by scanning AV. For a given bath gas pressure, the mobility resolution of SA-
TIMS is determined by the barrier height near the analyzer exit, provided that sufficient data
points are acquired within each mobility peak. The analytical power of SA-TIMS-coupled
FTICR MS analysis was recently demonstrated by Fernadez-Lima et a/. for direct separation
and characterization of targeted compounds from complex mixtures.38

IMS-MS analysis of isomeric glycans has been reported by a number of groups.29:3440-48
The majority of these studies relied on DT-IMS or TWIMS separation and employed TOF
analyzers, with CID as the fragmentation method for tandem MS analysis. However, a recent
study highlighted the need for using alternative fragmentation methods, such as vacuum
ultraviolet photodissociation, for identification of IMS-separated glycans, as CID failed to
sufficiently distinguish between glycan isomers.*® In another study, Amster et a/. showed
that even epimeric glycan isomers can be separated by FAIMS and subsequently
differentiated by EDD-FTICR MS analysis.34

In this study, we explored the analytical potential of combining SA-TIMS separation with
ExD-FTICR MS for characterization of isomeric glycan mixtures, and compared its
performance to the DT-IMS-CID-TOF MS method. All mass spectra were acquired on either
a 12-T solariX™ hybrid Qh-FTICR mass spectrometer (Bruker Daltonics, Bremen,
Germany) equipped with a TIMS device, or a 6560 DT-IMS-Q-TOF mass spectrometer
(Agilent Technologies, Santa Clara, CA). The relevant SA-TIMS operating parameters are
given in the figure captions, and detailed in the supporting information. Conditions of
tandem MS analyses are described in the supporting information.

When a mixture of the permethylated tetrasaccharides lacto- V-tetraose (LNT) and lacto- A-
neotetraose (LN/T) was infused into the SA-TIMS-FTICR mass spectrometer, a survey scan
of AV produced an extracted ion mobiligram (EIM) of the singly sodiated species, [M +
Na]™*, at m/z926.4567, with two baseline-resolved peaks (Figure 2a) (R = 77), indicating
successful separation of these two isomers by SA-TIMS.

LNT and LNAT are structural isomers which differ only by the linkage between the non-
reducing end galactose (Gal) and A-acetyl glucosamine (GIcNAc) residues (1—3 for LNT
and 1—4 for LN#T, Scheme S1). They may be differentiated by tandem mass spectrometry
based on their respective linkage-specific cross-ring fragments: 1-3A, or 13X, for LNT,

and 3:5A, or 35X, for LN/T. Previous studies showed that these diagnostic fragments were
not observed in their CID, ECD, or ETD spectra, but can be produced by EED.10-11 Here,
the analytical ramp voltage was adjusted to allow selective accumulation and elution of each
isomer for EED tandem MS analysis. Despite the similarity in the EED spectra of LNT and
LN#AT (Figure 2b), each spectrum contains a cross-ring fragment unique to one of the
isomers (Figure 2b, insets), thus allowing unambiguous identification of isomer 1 as LN/AT
and isomer 2 as LNT (the detailed lists of fragments can be found in Tables S1, S2). Tandem
MS analysis can also be carried out while AV/is varied over time. Although such an IMS-
MS/MS experiment is analogous to an LC-MS/MS run, the SA-TIMS scan rate and range
can be easily adjusted to allow acquisition of many tandem mass spectra of a targeted
species to improve the S/Vratio, whereas the number of signal averaging is limited by the
peak width of each eluted species in LC-MS/MS runs. Figure 2¢ shows the EIMs of the
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diagnostic fragment ions from a SA-TIMS-EED-MS/MS experiment. The peak positions in
the EIMs of 1:3A, ion (/7/2356.1680) and 3°A, ion (/2 329.1571) coincide with those of
the isomer 2 and isomer 1 parent ions, respectively (Figure 2a), further confirming the
assignment.

In a SA-TIMS experiment, the electric field strength, £, at the plateau where ion trapping
occurs, is inversely proportional to the mobility of the trapped ions, K; (Eq. 1), or their
reduced mobility, Ky, defined as:

P 273.15

0= 2o T (Eq. 2)

where Pis the drift gas pressure in 7orr, and T is the drift gas temperature in Ke/vin. Since £
scales with 4V, Kshould scale with 1/4V. Thus, a calibration curve can be constructed by
measuring AV of ions with known K} at their time of elution, and used to obtain K, of an
unknown from its measured 4V/value. The CCS of an ion, 2, can then be calculated in a
straightforward way based on its K, and other instrument parameters:

3Q 27
o=—22_ | T (g
16N Ko \| plgr €49

where Qs the ion charge, Ny is the neutral number density at standard temperature and
pressure, 4 is the reduced mass of the ion and the drift gas molecule, and & is the
Boltzmann constant.

Here, mobility calibration was performed manually using the Agilent Tunemix. The EIMs of
several calibrants and the calibration plot are shown in Figure S1. The calculated CCS
values of the singly sodiated permethylated LNT and LN/T are 290.6 A2 and 300.0 A2,
respectively. These values are consistent with those measured by DT-IMS (Table S3). With
the DT-IMS, permethylated LNT and LN#T were only partially resolved due to its lower
mobility resolving power (Figure S2). Although EED is not available on the DT-IMS-Q-
TOF instrument, CID can be used to differentiate these two linkage isomers based on the
facile loss of the C3-substituent from the 1—3 linked GIcNAc in LNT (Figures S3 and
S4).49 However, glycan linkage isomers do not always produce signature glycosidic
fragments under CID, and linkage determination often relies on specific cross-ring
fragments which can be produced by ExD or MS", making SA-TIMS an attractive online
separation method due to its compatibility with these slower analysis methods.

In summary, the coupling of SA-TIMS to FTICR MS provides an analytical platform for
generating IMS-mass spectra with high mobility, high mass resolution, and high mass
accuracy as well as the ability to perform ExD tandem MS analysis on mobility-selected
ions for confident analyte identification. The ion CCS values obtained by SA-TIMS agree
well with those measured by the conventional DT-IMS. The SA-TIMS-ExD-FTICR MS
approach shows great promise in the separation and identification of isomeric glycans, and
should also find ample applications in the characterization of other classes of biomolecules.
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a) EIM ([M + Na]*, m/z 926.4567) of a mixture of permethylated LNT and LN/T. AVwas

scanned from 175 V to 145 V over 120 steps. b) EED spectra of the SA-TIMS-isolated

isomer 1 (top) and isomer 2 (bottom). The insets show zoomed-in views of diagnostic peaks
(13A2 ion for LNT and 3°A2 ion for LN/T). AV was fixed at 168.0 V for isomer 1 and at

162.5 V for isomer 2. c) EIMs of the diagnostic fragment ions during a SA-TIMS-EED

MS/MS analysis. AVwas scanned from 175 V to 155 V over 40 steps. For all analyses, the

gas pressure inside the TIMS funnel was 2.52 mBar.
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