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ABSTRACT: Determination of the glycan structure is an essential step in understanding
structure—function relationships of glycans and glycoconjugates including biopharmaceuticals.
Mass spectrometry, because of its high sensitivity and mass resolution, is an excellent means of
analyzing glycan structures. We previously proposed a method for rapid and precise
identification of N-glycan structures by ultraperformance liquid chromatography-connected
ion mobility mass spectrometry (UPLC/IM-MS). To substantiate this methodology, we here
examine 71 pyridylaminated (PA-) N-linked oligosaccharides including isomeric pairs. A data
set on collision drift times, retention times, and molecular mass was collected for these PA-
oligosaccharides. For standardization of the observables, LC retention times were normalized
into glucose units (GU) using pyridylaminated a-1,6-linked glucose oligomers as reference,
and drift times in IM-MS were converted into collision cross sections (CCS). To evaluate the
CCS value of each PA-oligosaccharide, we introduced a CCS index which is defined as a CCS
ratio of a target PA-glycan to the putative standard PA-glucose oligomer of the same m/z. We
propose a strategy for practical structural analysis of N-linked glycans based on the database of m/z, CCS index, and normalized
retention time (GU).

KEYWORDS: ion mobility mass spectrometry, N-glycan, ultraperformance liquid chromatography, collision cross section, retention time,
glucose unit, CCS index

B INTRODUCTION biopharmaceuticals may well differ according to differences in
their glycan structures. More specifically, recent studies
indicate the importance of taking into account the asymmetry
of glycans with multiple branches. There is experimental
evidence to suggest that some lectins will bind preferentially
with a specific branch.” This highlights the importance of
distinguishing each glycan isomer of multiple branches.
Separation of isomeric glycans is expedited by liquid
chromatography (LC),* and the LC method has been used
to identify N-glycan structures often in combination with
NMR analysis.” Recently, ion mobility mass spectrometry
(IM-MS) has emerged as a complementary technique for
discriminating between isomers.” Previously we proposed a
method for rapid and confident identification of N-glycan
structures by ultraperformance liquid chromatography-con-
nected ion mobility mass spectrometry (UPLC/IM-MS).” To

Glycans are attached onto proteins and lipids and are involved
in many biological phenomena.' Determination of glycan
structures is key in gaining an understanding of glycan
function. Mass spectrometry (MS) plays a major role in
analyzing glycan structures owing to its high sensitivity and
mass resolution.

A central issue in glycan mass analysis is the ambiguity of
structural assignments due to the heterogeneity and complex-
ity of glycan structures. Although tandem mass analysis can
potentially provide information on glycan structure, the
analysis is often time consuming and unsuitable for high-
throughput analysis of glycan mixtures in glycomics studies.
The complexity of glycan mass analysis is mainly related to
structural isomerism: anomericity (@/f), linkage pattern (1—
2/1-3/1—4/1—6 etc.), and composition (Glc/Gal/Man and
GlcNAc/GalNAg, etc.). In most MS-based glycomics studies,
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structures is increasing. It has been established that effector Published: August 23, 2022

functions of IgG antibodies are dependent on the structure of
N-glycans attached onto Fc.” As a result, the properties of
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Figure 1. Plots of ™WCCS against m/z for glucose oligomer and PA-glucose oligomer. Data of singly charged ions (a) and doubly charged ions
(b) are shown as black dots (glucose oligomer) and red dots (PA-glucose oligomer). [M+Na]* and [M+2Na]** ions were used for plotting data
of glucose oligomer and [M+H]* and [M+H+NH,]* ions for PA-glucose oligomer.

correlate the experimentally obtained collision cross section
(CCS) with 3D structure of glycans, research is now in
progress to theoretically calculate a CCS.”

There is a practical need for the rapid and accurate
identification of glycan structures from accumulated IM-MS
data. This includes both intact and fragmented ions,” and a
high priority would be the development of a public IM-MS
database.'” Tt has been established that a traveling wave CCS
(™WCCS) can be converted from an absolute drift tube CCS
(°TCCS) of a dextran ladder,"" which means a CCS database
can be widely utilized without machine bias.

The GlycoMob database has been developed containin%
CCS data of released glycans without fluorescent tagging.'
To boost the structural analysis of fluorescently tagged N-
glycans by UPLC/IM-MS, we here collected CCS, mass and
retention time data of 71 pyridylaminated N-linked
oligosaccharides including complex-type, high-mannose-type,
and hybrid-type glycans. The data set can become a prototype
for a CCS database and can, in the future, be extended and
improved upon.

B MATERIALS AND METHODS

Materials. Pyridylaminated oligosaccharide derivatives
(PA-glycans) were purchased from TaKaRa Bio, Inc. (Shiga,
Japan), Masuda Chemical Industries Co. Ltd. (Kagawa,
Japan), and GLYENCE Co. (Nagoya, Japan). Dextrans (a-
1,6-linked glucose oligomer) from Leuconostoc mesenteroides
(M,, = 1,000 and 5,000) were obtained from Merck
(Darmstadt, Germany). Pyridylaminated a-1,6-linked glucose
oligomers (DP = 3—22, PA-dextran ladder) were obtained
from TaKaRa Bio Inc. (Shiga, Japan).

UPLC/IM-MS Measurement. Mass measurements and
UPLC separation in HILIC mode were performed as reported
previously.” The LC system is equipped with an Acquity
UPLC H-Class PLUS Bio binary pump and a fluorescence
detector (Waters Corp., Milford, MA). An Acquity UPLC
BEH Glycan column (2.1 X 150 mm, 1.7 mm), which has an
amide stationary phase, was used for the separation of PA-
glycans. The column temperature was set to 60 °C, and the
flow rate of the mobile phase was 0.4 mL/min. The glycans
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were eluted with a linear gradient (solvent A: SO mM formic
acid (pH 4.4) and solvent B: acetonitrile) starting from 73%
to 40% of solvent B for 46.5 min. The injection needle was
washed with milli Q water and 20% (v/v) methanol.
Fluorescent excitation and emission wavelengths were set at
320 and 400 nm, respectively, and the fluorescent signal was
detected at a rate of 1 Hz. All mass measurements were
performed on a SYNAPT G2 HDMS (separated mode),
SYNAPT G2-S HDMS, or SYNAPT XS (tandemly combined
with UPLC) (Waters Corp., Milford, MA), an electrospray
ionization quadrupole-time-of-flight mass spectrometer with
ion mobility phase. The ion source conditions were as follows:
capillary voltage, 3.0 kV; sampling cone voltage, 10 V;
temperature of ion source, 120 °C; desolvation gas temper-
ature, 350 °C, and desolvation gas flow, 1000 L/h. For ion
mobility measurements, helium gas was introduced into the
entrance of the mobility cell and nitrogen gas used as a drift
gas. The pressures of the helium and nitrogen gas were kept at
426 mbar and 2.76 mbar, respectively. For ion mobility
separation, the IMS wave velocity and pulse height were set at
600 m/s and 40.0 V, respectively. A peak intensity of 1000 or
more in mobiligram was treated as a peak.

Conversion of UPLC Retention Time into Glucose
Unit. Retention times of PA-oligosaccharides in UPLC were
normalized to glucose units (GU) using pyridylaminated a-
1,6-linked glucose oligomers (DP = 3—22) as a reference
standard.

Calculation of CCS and CCS Index. In our previous
work, we calibrated CCS values of doubly protonated PA-
glycans using the absolute CCS values of polyalanine with the
same protonation state in N, gas'’; e.g, CCS values of doubly
protonated PA-glycans were calibrated using the absolute CCS
values of doubly protonated polyalanine. In this study, a
dextran ladder was used as reference instead of polyalanine
because absolute CCS values (sodium ion-adducted) have
now been published."’

To obtain the IM data of a sodium ion-adducted dextran
ladder, we dissolved it in 1 mM NaH,PO, and applied it to
the ion mobility phase. In this paper, "VCCS was calculated
from the reported absolute "TCCS of the dextran ladder by
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the method of Harvey et al.'' Furthermore, by calculating the
TWCCS of the PA-dextran ladder, a linear correlation was
established between m/z and "™WCCS of PA-glucose
oligomers. Using this correlation, a CCS index was
determined for each PA-glycan from the ratio:

CCSindex = TWCCS(PA—glycan) / TWCCS(putative PA-glucose

oligomer of the same m/z)

B RESULTS AND DISCUSSION

Preparation of a Standard CCS Data Set Using PA-
glucose Oligomer. Since the absolute ®TCCSs of glucose
oligomers (dextran ladder) have already been reported by
Hofmann et al.,13 we first collected UPLC/IM-MS data of
glucose oligomers to correlate the observed drift time with the
reported absolute "TCCSs. In addition, we collected UPLC/
IM-MS data of pyridylaminated glucose oligomers (PA-
glucose oligomers), which was used as reference for
normalization of the LC retention times.'*According to the
method of Harvey et al,'" we calculated the ™CCSs from the
drift time of the glucose oligomers and PA-glucose oligomers
(Supplementary Tables S1 and S2). We here selected the Na*-
adducted ions of the glucose oligomers (z = 1 and z = 2)
since the absolute PTCCSs are reported for sodium-adducted
ions. For PA-glucose oligomers, H*-adducted (z = 1) and H*-
and NH,*-adducted (z = 2) ions were used. Plots of VCCS
against m/z (z = 1 and z = 2) show good linearity for both
glucose oligomers and PA-glucose oligomers (Figure 1). This
linearity for both z = 1 and z = 2 substantiates the suitability
of these materials as references. "WCCS of the glucose
oligomer is not significantly affected by modification of its
reducing end with 2-aminopyridine. It is also evident from the
linearity that the glucose oligomer does not assume any DP-
dependent conformational preference in the gas phase. Since
the glucose oligomer is a linear a-1,6-linked chain, we
hypothesized that the degree of branching (conformation) of
the specimen could be evaluated by comparing the ™WCCS
with that of the linear glucose oligomer. Here, we use the
TWCCS of the PA-glucose oligomer as a reference, which is
used to compare the "™WCCS of each PA-glycan with the
reference value.

Collection of CCS Data Set of 71 PA-glycans. UPLC/
IM-MS measurements were performed for 71 PA-glycans
including isomeric pairs. The ™VCCS value of each PA-glycan
was then calculated from the drift time and m/z (Table 1).
Figure 2 shows a plot of the T™WCCS values against m/z for the
singly and doubly charged PA-glycans. The plot shows
approximate linearity for both singly and doubly charged
ions. Some PA-glycan isomers (same m/z but different
chemical structure) exhibit different CCSs (indicated in
box), suggesting that IM-MS could differentiate these isomers
by comparing with the CCS data.

Calculation of CCS Index for 71 PA-glycans. To
compare the CCS of PA-glycan with that of PA-glucose
oligomer, a CCS index was introduced and defined as CCS
(PA-glycan)/CCS (PA-glucose oligomer) (Table 1). For
reference, CCS values of PA-glucose oligomers are also
plotted against m/z in Figure 2. The results show that PA-
glycans have a CCS index greater than 1 except for one PA-
glycan (m47, z 1) with CCS index of 0.994. This
observation indicates that most PA-glycans have a different
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3D structure compared with the linear glucose oligomer of the
same m/z.

We assume that a CCS index greater than 1 originates at
least partially from the branching structure of each glycan, e.g,
Manal—3/al—6 branching. We then plotted the CCS index
of each PA-glycan against the number of branching points
(Figure 3). Although the CCS index shows considerable
variation, there is a weak linear correlation between the CCS
index and the number of branch points for the data set of
singly changed ions (z = 1) with a coefficient of determination
R? = 0.1047. However, there is no significant correlation for
doubly charged ions (z = 2). For singly charged ions, the
single positive H" may attach to the PA tag. The CCS value of
a singly charged ion will reflect the 3D structure of the glycan
without being influenced by the charge on the PA. It is likely
that the CCSs of doubly charged ions are affected by the
position of the second charge, which may be different for each
PA-glycan.

Isomer Separation by CCS Difference. Identification of
glycosidic linkage is a central issue in MS-based structural
analysis. Methods to identify sialic acid linkages have been
extensively explored, particularly in the glycomics arena.'* To
demonstrate the usefulness of isomer separation by IM-MS,
driftgrams of four disialylated PA-glycan isomers were chosen
and overlaid (Figure 4a). These isomers are difficult to
identify by mass spectrometry even with the aid of linkage-
specific derivatization. Although these peaks are not
completely resolved in the driftgram, confident identification
of each isomer can be done by UPLC separation and the
glucose unit deduced from the elution time. Figure 4b shows
the plot of linkage isomers, including NeuSAc a2—3/2—6 and
Gal f1-3/1—4. The utilization of IM has enabled the
separation of such glycan isomers, this separation having been
difficult by LC or MS. From these results, we suggest that IM-
MS has great potential to distinguish a variety of PA-glycan
isomers provided that the CCSs are different.

CCS Data Set As Reference for Practical N-Glycan
Analysis. In this study, a data set of retention time (Glucose
unit), m/z, and CSS of 71 PA-glycans has been constructed.
The idea behind the CCS index is to provide a measure of the
3D shape of a PA-glycan compared with the equivalent linear
glucose oligomer. Referring to this data set, will enable typical
N-glycans to be identified rapidly (Figure S). Furthermore,
with the aid of linkage-specific exoglycosidase treatments such
as with sialidase/galactosidase/hexsosaminidase/fucosidase, a
glycan structure will be determined with a high degree of
confidence. At present, the number of PA-glycans examined
here is limited to 71, which certainly is not enough to cover all
possible N-glycans (>1,000) found in glycoproteins, but it
represents a beginning, and the database can be expanded and
improved as additional data on glycans becomes available.

In addition to 2-aminopyridine, other fluorescent tags are
widely used such as 2-aminobenzamide (2-AB). It is worth
analyzing the CCSs of 2AB-labeled glycans and sharing the
database. We found that the addition of the PA tag to glucose
oligomers did not significantly affect the CCSs (Figure 1).
Hopefully 2AB-labeled glycans and tag-free glycans show the
same trend with similar CCS variations.

We found a weak linear correlation between the CCS index
and the number of branching points for z = 1 ions (Figure
3a). This suggests that branching affects the 3D structure of
glycans in vacuo. Furthermore, singly charged PA-glycans
could be a suitable target of MD simulation for analyzing the
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Figure 2. Plot of "WCCS against m/z for PA-glycans used in this study. The red dots indicate each plot of PA-glucose oligomer using [M+H]*
(lower) or [M+H+NH,]** (upper) ion, and the red dotted lines indicate the standard curves of singly and doubly charged PA-glucose oligomers.
CCSs of each PA-glycan are plotted with the sample number in black dots (singly charged) and gray dots (doubly charged). The box indicates a
pair of isomers with the same m/z. If minor peaks were present in the driftgram, only the major peaks are plotted.
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(a) and doubly charged ion (z = 2) (b).
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correlation between 3D structure and CCS. We tried to find
another type of correlation between CCS and glycan
modification, such as core fucosylation (al—6Fuc) at the
innermost GIcNAc or addition of bisecting GIcNAc to f1—
4Man, which are known to attenuate the population of each
conformation.'> However, clear relationships were not
established, probably due to the limited data set. Investigation
into the correlation between CCS and glycan structures by
MD simulations is warranted. In particular, simulation may
shed light on the 3D structure of doubly charged PA-glycan
m084 which showed an irregularly large CCS index (Figure S,
Table 1).

Currently, information is still lacking on how glycan
structure affects biological function of proteins and lipids.
Rapid identification of glycan structures by using the CCS
database will open a path to better understand the functional
aspects of glycans. It will also aid in the quality assessment of

biopharmaceuticals. including therapeutic antibodies.
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Figure 4. Separation of linkage isomers by using IM-MS. (a) Overlay
of driftgrams originating from four disialylated PA-glycans. CCSs of
the four PA-glycans are indicated. (b) Plot of CCS against m/z for
selected PA-glycan linkage isomers. CCS index of each peak is shown
in the red box. The red dotted line shows the standard curve
obtained from doubly charged PA-glucose oligomers ([M+H
+NH,]*").

Figure 5. A database composed of UPLC retention times (glucose
unit, GU), m/z and CCS index plotted in three-dimensional space.
[M+H]* (z = 1) and [M+H+NH,]*" (z = 2) data are grouped by
dotted ellipses. PA-glycan m084 (z = 2) falls outside the ellipse,
possibly due to formation of a particular structure in vacuo, which
will give a large CCS index.
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