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In this study we describe a new method for rapid and sensitive analysis of reduced high mannose
and complex glycans using zwitterionic-type hydrophilic interaction nano-liquid chromatography (nano
ZIC-HILIC, 75 pm L.D. x 150 mm) coupled with high resolution nanoelectrospray ionisation time of flight
mass spectrometry (nano ESI-TOF-MS). The retention of neutral glycans increases with increasing molec-
ular weight and is higher for high mannose glycans than for complex-type glycans. The selectivity of
ZIC-HILIC for sialylated glycans differs from that for the neutral glycans and is believed to involve elec-

f\(:g r‘:‘:)ocrlii)srial antibodies trostatic repulsion; therefore, charged glycans are eluted earlier than neutral glycans with comparable
Glycans molecular weight. Due to the improved sensitivity achieved by employing a ZIC-HILIC nano-column, a
Nano liquid chromatography range of less common complex glycans has been studied and the high resolution mass spectrometry
ZIC-HILIC enabled confirmation of glycan composition for the proposed structures. Good sensitivity for glycans
Nano ESI-MS was achieved without prior fluorescent labelling, and the time of the analysis was significantly reduced

compared to the separation of glycans on a conventional-size column. The proposed method offers a fast

and sensitive approach for glycan profiling applied to analysis of biopharmaceuticals.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Glycosylation is a very versatile posttranslational modification;
it contributes to the complexity of protein molecules and it deter-
mines the biological activity and the function of proteins [1,2]. A
strong correlation has been found between changes in glycosy-
lation patterns and some pathological states [3]. Identification of
proteins, glycosylation sites, and glycan heterogeneity are the main
challenges of the glycoproteomic field [4]. Understanding the bio-
logical processes also provides new strategies for designing more
specific and more potent biopharmaceuticals which are already
one of the fastest growing therapeutic areas. The main emphasis in
this arenaisin development of recombinant monoclonal antibodies
(MADbs) expressed in various mammalian systems which can pro-
duce alternative glycosylation patterns to that of humans [5]. It has
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been shown that the glycosylation determines activity, stability,
and immunogenicity of the MAbs and the new generation of drugs
will most likely exhibit a more uniform glycosylation pattern with
controlled production of sialylated and fucosylated species [6,7].
The most common strategy in the analysis of N-glycans involves
digestion with the enzyme PNGase F and labelling of released gly-
cans with a fluorescent tag via reductive amination followed by
the reversed phase or hydrophilic interaction liquid chromatogra-
phy (HILIC) coupled with fluorescence detection [8,9]. The main
advantage of this approach is high sensitivity and the possibility of
relative quantification. The most commonly used fluorescent labels
are 2-aminobenzamide (2-AB), 2-aminopyridine and 2-anthranilic
acid (2-AA) [10-14]. The 2-AB label is used widely for separa-
tions in the HILIC mode and databases for structural assignment
of glycans are readily available [11,15]. Due to the charged func-
tional group, 2-AA labelled glycans can also be separated with
capillary electrophoresis [16]. However, the fluorescent labelling
is expensive and time consuming and fluorescence detection does
not provide direct structural information. For the separation of
native and reduced N-glycans, graphitized carbon columns cou-
pled with MS detection are commonly used [17-19]. Recently, the
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use of zwitterionic-type hydrophilic interaction liquid chromatog-
raphy (ZIC-HILIC) for the separation of reduced glycans released
from MAbs has been reported [20]. ZIC-HILIC stationary phases
have also been applied to analysis of fluorescently labelled glycans
[10] and glycopeptides, either for solid-phase extraction and sam-
ple enrichment [21,22], or separation of glycopeptides [22,23]. Due
to enhanced capability for recognition of glycans and glycopeptides,
itis believed that ZIC-HILIC may gain more popularity in the future.

Another widely used method for glycosylation analysis is
capillary electrophoresis (CE), either coupled with laser-induced
fluorescence (LIF) or mass spectrometry (MS) detection [24] or
using a combination of CE-LIF-MS [25]. Analysis of glycans by
CE requires derivatisation of glycans with multiply charged flu-
orescent labels to provide suitable electrophoretic mobility and
improve sensitivity. However, charged glycans, such as sialic acids,
can be successfully analysed by CE-MS without prior labelling [26].
In combination with high resolution MS, CE has also been applied
to the determination of modifications of intact recombinant glyco-
proteins [27].

An alternative strategy for glycan profiling with improved sen-
sitivity is the separation of underivatised glycans using nanoscale
liquid chromatography (LC) coupled with mass spectrometric
detection. Nanoscale graphitized carbon and HILIC amide station-
ary phases have been used for the separation of underivatised
O- and N-glycans with low-femtomole sensitivity [28-32]. The
nanoscale graphitized carbon columns have also been used in a
microchip format [33]. Recently, a chip-based reversed phase LC
separation of permethylated glycans has also been reported [34].
The use of porous layer open tubular HILIC columns with 10 wm L.D.
for sensitive glycan analysis with ESI-MS detection has also been
demonstrated [35].

In this paper we demonstrate the use of a ZIC-HILIC nano-
column for a simple, rapid, and sensitive analysis of reduced
high mannose and complex glycans from ribonuclease B and a
recombinant monoclonal antibody. With this new method, higher
sensitivity was achieved compared to the conventional approach
previously reported by our group [20]. The ZIC-HILIC column exhib-
ited different selectivity for neutral and sialylated glycans and a
wide range of charged minor glycan species was identified. The
nano ZIC-HILIC was coupled to a high resolution mass spectrome-
ter which enabled study of structures that could not previously be
identified by any current conventional approach.

2. Materials and methods
2.1. Reagents and chemicals

Unless otherwise noted all chemicals were of analytical reagent
grade. Acetonitrile, ammonium hydroxide, ammonium bicarbon-
ate and acetic acid were purchased from Fluka (Buchs, Switzerland).
Ethanol, ribonuclease B (RNase B, R7884) and sodium borohydride
were obtained from Sigma (St. Louis, MO, USA). Monoclonal anti-
body prepared by recombinant DNA technology was donated by
Pfizer Inc. (St. Louis, MO, USA).

2.2. Sample preparation

Glycoprotein samples (250 jg) were desalted prior to diges-
tion using centrifugal filter units (Amicon Ultra, 10.000 MWCO,
Millipore, Carrigtwohill, Ireland). Glycans were released from gly-
coproteins by digestion with 3 wL of PNGase F (500 units/mL, from
Elizabethkingia meningoseptica; Sigma) per 100 p.L of glycoprotein
solution in 50 mM ammonium bicarbonate buffer, pH 8.0, overnight
at 37°C. Proteins were removed by precipitation with 400 p.L of
ice-cold ethanol and dried in the vacuum oven overnight at 40°C.

The dried supernatants were reduced by adding 20 L of 0.5M
sodium borohydride in 50 mM sodium hydroxide and incubating
at room temperature overnight. The samples were then acidified
by adding 5 L of glacial acetic acid and desalted by ion-exchange
chromatography (Dowex MR-3 mixed bed, Sigma). Prior to analy-
sis, the samples were diluted by a factor of ten in acetonitrile and
2 L of the sample was injected onto the column.

2.3. Nano ZIC-HILIC coupled with nano ESI-MS

Nano ZIC-HILIC chromatography was performed with a
Merck SeQuant (Umed, Sweden) nano ZIC-HILIC column (75 pm
I.D. x 150 mm) with 5wm particle size. The analyses were per-
formed on a Dionex Ultimate 3000 HPLC system, including a ternary
low-pressure-mixing gradient pump (DGP-3600) equipped with
a membrane degasser unit (SRD-3600), a temperature-controlled
column oven with a flow manager (FLM-3100) and a thermostated
autosampler (WPS-3000T). Mobile phase A and B consisted of
acetonitrile and 2 mM ammonium acetate in water, pH 6.9, respec-
tively. The flow-rate was set to 600 nL/min and the temperature of
the column was maintained at 40 °C. Ribonuclease B and MAb gly-
cans were analysed using gradient elution, starting with a 3 min
isocratic step at 10% B, followed by a linear gradient from 10
to 45% B in 15min and finished with a wash step at 95% B for
5 min. Prior to the next injection, the column was equilibrated for
25 min at 10% B. The LC system was coupled to the high resolution
orthogonal TOF-MS (MaXis, Bruker-Daltonik, Bremen, Germany).
The transfer capillary was kept at a voltage of —4500 V (positive ion
polarity mode) or 3500V (negative ion polarity), respectively. The
nebulizer was set to 0.6 bar using ESI nano-sprayer (Bruker, Bre-
men, Germany), the dry gas temperature to 180 °C and the dry gas
flow-rate to 3 L/min. The ion transfer was optimized in the range
m/z 200-3000 for highest sensitivity while keeping the resolution
R>50,000 across the whole mass range. The TOF-MS mass calibra-
tion was carried out prior the LC-MS experiment by direct infusion
of a 100 fold dilution of ES Tuning Mix (Agilent Technologies, Wald-
bronn, Germany) at 4 wL/min.

3. Results and discussion
3.1. Separation of high mannose glycans released from RNase B

RNase B is a glycoprotein with a molecular weight of approx-
imately 15 kDa containing a single N-linked glycosylation site for
high mannose glycans with 5-9 mannose units and several possi-
ble structural isoforms [36]. Prior to the separation, the PNGase F
released glycans were reduced to avoid a complex chromatogram
resulting from the presence of anomers. The glycan profile of
RNase B obtained by ZIC-HILIC nano LC-ESI-TOF-MS in positive
mode is shown in Fig. 1. The expected order of elution accord-
ing to the glycan size was achieved; the glycans with higher
molecular weight exhibited longer retention times, as summarised
in Table 1. The observed behaviour was in agreement with the
accepted HILIC separation mechanism. All high mannose glycans
were eluted over a 3 min range and most of them were baseline
resolved. Some unreduced glycans present in the sample led to
additional peaks being observed in the base peak chromatogram
(BPC). The high resolution of the mass spectrometer enabled a clear
distinction to be made between the reduced and unreduced peaks,
which can otherwise give a partially overlapping pattern. All the
high mannose glycans exhibited a similar ionisation pattern, with
dominating doubly charged [M+H+NH4]?* ions. Singly charged pro-
tonated and sodiated molecular ion was observed for the Man5
glycan, however with increasing molecular weight the propor-
tion of doubly charged species increased. In-source fragmentation
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Fig. 1. Separation of reduced high mannose glycans from RNase B. Gradient elution,
10-45% B; mobile phase A (acetonitrile) and mobile phase B (2mM ammonium
acetate, pH 6.9, in water); ESI-MS, positive mode. High resolution extracted ion
chromatograms (hrEIC), m/z: (Man5) 627.7451 £+ 0.002; (Man6) 708.7715 £ 0.002;
. . (Man7) 789.7979 + 0.002; (Man8) 870.8243 + 0.002; (Man9) 951.8507 + 0.002.
T T
3% i ions, i
s s |z was observed for singly and doubly protonated ions, with the loss
2 of one or two mannose residues (Fig. 2). Less fragmentation was
; observed for [M+H+NH4]?* ions which indicated the stabilizing
. .| € effect of NH4* ion. It has been previously reported that oligoman-
NE NE 8 nosidic glycans are prone to in-source fragmentation depending
z zZ| @& on the solvent composition [17]. Compared to the original proce-
T T J—_: dure, the complete analysis time was reduced from 105 min for
=) =R the conventional-scale method [20] to 48 min for nano ZIC-HILIC,
[=} . . . . .
g mainly due to the steeper gradient profile, with a 70 fold increase in
@ sensitivity which results from the lower chromatographic dilution
E
5
2
£
.E’ Intens. |
i 2ls x10%
[a\] (o] 8 ] V
g :
&0 .
2 i
o ol " 08 | 5 ¥
= = ‘5’ o0
s 2| = 5 :‘F
: |
= 3
5 06 %
SN =
~ W
2 "
s £ ;Y 'f
= 4
5 -.u E .
® 0 /.\ ’ = 04 - " ] 5
- ® ?: @ % P
o0 o o > g R
o 1Y ! .
s : @ g
o 2]
-~ |0 02 . & 8
9 o | = — * o
< < | v r~ | o
z Zz | £ 2 |
= 2| g ]
¥ Ol s ‘ !
T z|E Ll
§ § .;D 00 b '"‘“Y_‘ s . T """'“A“'F‘ T Y T T
< 2= 500 600 700 800 900 mfz
+ + | &
[
2 2| 9
g S 7 Fig. 2. Accumulated mass spectrum over the RNase B glycan elution range obtained
= = = by nano ZIC-HILIC; positive mode, background subtracted. *Doubly charged proto-
[ | nated species from fragment ions, fdoubly charged [M+H+HN,4]?* species.



6422 L. Mauko et al. / J. Chromatogr. A 1218 (2011) 6419-6425

Intens.
X105
o
10
08
o
()
o
06 &
04
0.2 0
m
I h
. g
A~ f
e
— d
¢
b
00 My a

T T T
22 23 24 25 26 27 Time[min]

Fig. 3. Separation of reduced glycans from the MAb. Gradient elution, 10-45%
B; mobile phase A (acetonitrile) and mobile phase B (2mM ammonium
acetate, pH 6.9, in water); ESI-MS, positive mode. HrEIC's of the following
glycans: (a) 866.3192+0.002; (b) 967.8589+0.002; (c) 947.34564+0.002;
(d) 1048.8853+0.002; (e) 955.3431+0.003; (f) 1028.3720+0.005; (g)
1129.9117+0.005; (h) 631.7476+0.002; (1) 1057.3930+0.003; (m)
976.3666 £0.002; (G2) 895.3401+0.002; (G1) 814.3137+0.002; (GO)
733.2873 +£0.002. The proposed structures are listed in Table 2.

of the sample. The mass sensitivity in chromatographic detection
increases with the inverse square of the column diameter and lower
flow-rates additionally improve the ionisation efficiency in nano
ESI[37].

3.2. Separation of glycans originating from monoclonal antibody

Reduced MAD glycans were analysed using nano ZIC-HILIC cou-
pled with ESI-TOF-MS. The same gradient conditions as for high
mannose glycans were used due to expected similar retention prop-
erties, as described previously. The lower retention of complex
glycans compared to the high mannose glycans with compara-
ble mass, Fig. 3, was consistent with the results obtained on
conventional size ZIC-HILIC. Using nano ZIC-HILIC, higher sensi-
tivity compared to conventional ZIC-HILIC chromatography was
achieved. The MAb glycan sample was measured in positive and
negative ionisation mode which allowed identification of all pre-
viously observed glycans commonly present in this monoclonal
antibody (Table 2; h-k), which are generally of the biantennary
complex type. Furthermore, nine new peaks for low-abundant gly-
cans were observed with the proposed structures summarised in
Table 2 (a-g, I-m). When 2-AB labelled glycans from the same MAb
were analysed by amide HILIC coupled with fluorescence detec-
tion, several minor species were observed. However, due to the
lower sensitivity of MS in comparison to fluorescence detection
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Fig. 4. Accumulated mass spectrum over the MAbsialylated (A) and neutral (B)
glycan elution range obtained by nano ZIC-HILIC; positive mode, background sub-
tracted. Doubly protonated ions [M+2H]?* are observed for the complex-type
glycans.

and lack of appropriate standards, they have not been previously
characterised [20].

For all the known complex glycans, the dominant ion species
in the positive mode were doubly charged protonated ions (Fig. 4)
which is different to the high mannose glycans, where under the
same experimental conditions predominantly the [M+H+NH,4]?*
has been observed. The difference in the ionisation pattern suggests
that the formation of the pseudo molecular ions depends strongly
on the structure of the glycan and it is expected that the same struc-
tural type of glycans will exhibit the same ionisation pattern. The
doubly charged protonated ions could be predicted for peaks that
were not previously observed using a conventional size column.
Considering high mass accuracy, two possible glycans structures
with the same elemental composition can be predicted for most
of the observed peaks. The average error in mass determination
for most of the glycans was below 2 ppm. With the achieved high
mass accuracy it is possible to predict a limited number of possi-
ble structures for the observed ions. Two probable series of seven
related complex and hybrid glycans which were eluted before the
neutral GO, G1 and G2 glycans could be identified, either con-
taining N-acetylneuraminic acid (NeuAc) or N-glycolylneuraminic
acid (NeuGc). The combination of Deoxyhexose;NeuGc; residues
is more likely to be expected in the sample than Hexose;NeuAc; as
will be further discussed (Table 2). For the ion (e), only one possible
structure can be assigned which confirms the presence of NeuGc in



Table 2
Reduced glycans released from the MAb.

Glycan composition Structure Abbr. Retention time/min Ions Miheoretical [M+H]*/Da Mmeasured deconvoluted [M+H]"/Da Amass/ppm
o A
omu
(Hex); (HexNAC); (Deoxyhexose); (NeuGe); +(Man)3(GlcNAc), ~ @-O-l-@ a 21.4 [M+2H]** 1731.63114 1731.63040 0.4
(Hex)1(HexNAc),(Deoxyhexose); (NeuGc); +(Man)s(GIcNAc), [ JO b 21.8 [M+2H]** 1934.71052 1934.71046 0.0
)1:
(Hex)>(HexNAC); (Deoxyhexose); (NeuGc); +(Man);(GlcNAc), @O @ c 21.9 [M+2H]> 1893.68397 1893.68235 0.9
o8 3 |
(Hex),(HexNAc),(Deoxyhexose); (NeuGc); +(Man)s(GIcNAc), o=me d 22.2 [M+2H]?* [M+3H]** 2096.76334 2096.76136 0.9
(0} -HE
(Hex)s(HexNAc); (NeuGc); +(Man)s(GIcNAc), e 223 [M+2H]?* 1909.67888 1909.67934 -02
N
.> -HE
(Hex)s(HexNAc); (Deoxyhexose); (NeuGc); +(Man)s(GIcNAc), f 22.3 [M+2H]?* 2055.73679 2055.73537 0.7
20T nn
(Hex)3(HexNAc),(Deoxyhexose); (NeuGc); +(Man)s(GIcNAc), ¥ ome g 22.6 [M+2H]?* [M+3H]** 2258.81616 2258.82237 -2.7
(HexNACc); (Deoxyhexose); +(Man);(GIcNAc), -;> h 22.8 [M+2H]?* 1262.48799 1262.48923 -1.0
(HexNAc),(Deoxyhexose); +(Man);(GIcNAc), :::> i/GO 235 [M+2H]?* 1465.56736 1465.56786 -0.3
(Hex);(HexNAc),(Deoxyhexose); +(Man);(GIcNAc), O+ “ jIG1 24.1 [M+2H]?* 1627.62018 1627.61994 0.1
(Hex),(HexNAc),(Deoxyhexose); +(Man)3;(GlcNAc), ome k/G2 24.7 [M+2H]?* [M+3H]** 1789.67301 1789.67291 0.1
(Hex)s(HexNAc),(Deoxyhexose); +(Man);(GIcNAc), ome 1 25.1 [M+2H]2* [M+3H]?* 1951.72583 1951.72641 -0.3
(Hex)4(HexNAc),(Deoxyhexose); +(Man)s;(GlcNAc), m m 25.5 [M+2H]?* [M+3H]? 2113.77865 2113.77827 0.2

M : N-acetylglucosamine (GIcNAc); @ : mannose (Man); A : fucose; O : galactose; 9 : N-glycolylneuraminic acid (NeuGc); hexose (Hex); N-acetylhexosamine (HexNAc).
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Fig. 5. Separation of reduced glycans from the MAb. Gradient elution, 10-45%
B; mobile phase A (acetonitrile) and mobile phase B (2mM ammonium acetate,
pH 6.9, in water); ESI-MS, negative mode. HrEIC's from top to bottom, m/z: (a)
864.3036 +0.005; (b) 965.8432 + 0.005; (c) 945.3300 + 0.005; (d) 1046.8697 + 0.01;
(e) 953.327440.005; (f) 1026.3564+£0.010; (g) 1127.8961+0.01; (h)
629.7320+£0.005; (m) 1055.3773+0.010; (l) 974.3509+0.005; (G2)
893.3245 4 0.005; (G1) 812.2981 4+ 0.005; (G0) 731.2717 + 0.005.

the sample. This result is consistent with the fact that the MAb was
expressed in a NSO murine cell line which is known to produce gly-
cans with a high content of NeuGc [38]. In addition, the high degree
of fucosylation in the cell line producing the MAb leads us to the
deduction that the glycans observed belong to the group of core-
fucosylated complex and hybrid glycans containing NeuGc rather
than NeuAc. The structures (a-g) in the table most likely correspond
to the peaks observed in the chromatogram (Fig. 3). The relative
intensities for the proposed complex sialylated glycans are higher
to those of hybrid sialylated glycans (Fig. 4), which is in agree-
ment with the high content of neutral complex glycan species in
the sample. The minor glycans are being currently further analysed
in combination with various exoglycosidases treatment to confirm
identity of the species observed in this study and for their detailed
structural elucidation.

Elution of glycans containing sialic acid prior to elution of the
neutral glycans, Fig. 3 with the corresponding data summarised in
Table 2, indicated that the separation of glycans was not governed
by hydrophilic interaction alone, but also by electrostatic repul-
sion between the ZIC-HILIC stationary phase and the glycans. This
contributed to the earlier elution of negatively charged glycans.
The observed behaviour of negatively charged glycans under the
applied conditions was expected due to the low ionic strength of
the mobile phase, where the repulsion interaction was not shielded
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glycan elution range obtained by nano ZIC-HILIC; negative mode, background sub-
tracted.

effectively by the eluent counter-ions. The electrostatic repul-
sion interaction has been previously observed for 2-aminopyridine
labelled sialic acid glycans [23]. Under the conditions applied, the
proposed hybrid glycans were eluted later than complex bianten-
nary glycans with similar molecular weight, which is in agreement
with the previous observation that the high mannose glycans were
retained more strongly compared to complex glycans of the same
size.

Other minor species observed in the sample were the highly
galactosylated complex glycans (I, m), which were eluted after
the G2 peak (Table 2). The presence of these glycans in the MAb
was consistent with the other species observed in the sample
and as expected, their retention times increased with the higher
degree of galactosylation. Due to the a-galactosyltransferase activ-
ity observed in murine systems, hypergalactosylated glycans with
additional «-linked galactose attached to the terminal [-linked
galactose can be expected to be found in MAbs expressed in NSO
cell line [39].

The MAD glycans were also analysed under the same separa-
tion conditions in negative ionisation mode. For all the neutral
and charged glycans, the doubly deprotonated ions were observed
(Fig. 5) with the main peaks corresponding to the glycans observed
in positive mode. However, the overall sensitivity in negative mode
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was lower. In negative mode, better ionisation efficiency for glycans
containing sialic acids was expected compared to that of the neutral
glycans. The relative peak intensity for the early eluted glycans was
higher in negative mode, which additionally confirmed the pres-
ence of sialic acids (Fig. 6). The observed ionisation pattern allows
the proposed glycan composition to be confirmed with high confi-
dence. The mass spectrum of charged glycans obtained in negative
ionisation mode with higher relative intensities for the proposed
complex glycans compared to hybrid species (Fig. 6A) was in agree-
ment with the mass spectrum obtained in positive mode (Fig. 4A).
Similar relative intensities in positive and negative ionisation mode
were observed also for neutral glycans (Figs. 4B and 6B).

The complexity of the sample and the presence of a wide
range of minor species required downscaling to enable detailed
characterisation of the glycan profile, which is not possible with
conventional-scale columns due to the lower sensitivity obtainable.
Significant information can therefore be lost when conventional-
scale columns are used. Alternatively, separation of fluorescent
labelled glycans coupled with fluorescence detection might be
necessary in order to ensure adequate sensitivity. Despite some
advantages of fluorescence detection, such as high sensitivity
and the possibility of relative quantification, this approach does
not provide direct information about the structure of glycans
and the profiling can be especially challenging when less com-
mon glycans are present in the sample. For the analysis of less
abundant species the use of high resolution mass spectrom-
etry may be required to confirm the composition with high
confidence.

4. Conclusions

We describe here a rapid and sensitive technique for the HILIC
separation of reduced high mannose and complex glycans using
a nano ZIC-HILIC column coupled with high resolution ESI-TOF-
MS. We demonstrate that downscaling can be an efficient way to
enhance sensitivity. The new approach allowed glycan profiling
without the need for fluorescent labelling. The column exhibited
good selectivity for neutral and sialylated glycans and due to the
improved sensitivity and high mass accuracy, the composition of
several less abundant species could be identified. High resolution
mass spectrometry has proven to be a powerful tool in glycosyla-
tion analysis as it enables structures with similar composition to be
resolved.
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