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Abstract

Glycosylation is one of the most common post—translational modifications of proteins. It is related to numerous biological processes. N and O

—glycans attached to proteins make up some of the most complex and challenging samples for chromatography because of the structural di-

versity of glycans (composition, sequence, anomeric character, linkage position, and branching pattern) and, as a result, the existence of many

isomers. This review addresses the recent progress of the separation of glycans and glycopeptides, focusing on hydrophilic interaction chro-

matography (HILIC) and simply discusses the retention mechanism of neutral and sialylated glycans on a ZIC-HILIC column
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Figure 1. Comparison of RP (C30) and ZIC-HILIC separations of PA N—glycans of human serum IgG.

(A) Develosil C30-UG column (150 x 2.0 mm, 3 um) was used at the flow rate 200 uL/min and the linear gradient elution: A
/B =87/13 (0 min)—64/36 (60 min) where eluents A and B werelmM ammonium acetate buffer pH 4.3 and 10% acetonitrile
inlmM ammonium acetate buffer pH 4.3, respectively. The indicated peaks are (a : 200.4, b : 210.2, ¢ : 210.3,d : 2104, e :
201.4,f:211.2, g: 211.3, h : 211.4) (the nomenclatures of Takahashi[10]) .(B) ZIC-HILIC column (2.1 x 150 mm, 5 um)
was used at the flow rate 0.2 mL/min and the linear gradient elution was A/B = 33/67 (0 min)—50/50 (60 min) where eluents
A and B were 50% acetonitrile containing 20 mM ammonium acetate and 90% acetonitrile containing 20mM ammonium
acetate, respectively. Fluorescence (FL) wavelengths used in (A) and (B) were Ex : 320nm and Em : 400nm. (C) Mass
chromatograms (MCs) of molecular ions [M+zH]?+ (z=1, 2 ; m/zx1) of the major eight peaks (a—h) in the ZIC-HILIC
separation (B). It is noted that the isomeric PA N—glycans f and g are well separated.
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Figure 2. Chromatograms of PA N—glycans from human serum proteins obtained by 2D HILIC method coupling DEAE and

ZIC-HILIC columns.

(A) Fluorescence (Ex : 320 nm and Em : 400 nm) chromatogram .(B) Extracted mass chromatograms (MCs) of sialylated PA
N-glycans. The corresponding integer m/z values of doubly protonated ion [M+2H]2+ are indicated on the right side and their
nomenclatures of Takahashi [10]are indicated on the left side. The two columns (TSKgel DEAE-5PW (75 x 2 mm, 5 um)
and ZIC-HILIC (150 x 2.1 mm, 5 wm)) were connected in series. The linear gradient and spiked—salt (bold type) elutions
used were : A/B/C : 19/80/1-39/60/1 (0—65 min), 0/70/30 (65—70min), 29/70/1-33/66/1 (70—-100 min), 0/70/30 (100-105
min), 29/70/1 -38/61/1 (105-130 min), 0/70/30 (130-135 min), and 29/70/1-39/60/1 (135—-160min), where eluents A, B,
and C were water, acetonitrile, and 0.5 M ammonium acetate, respectively. The flow rate was 0.2 mL/min.
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Figure 3. ZIC-HILIC separation of tryptic peptides of human serum IgG.
(A) UV (220 nm) chromatogram. (B) Mass chromatograms (MCs) of molecular ions [M+zH]** (z=2 ; m/z+1) of major N—
glycopeptides of IgG1(a—1-h-1) and IgG2 (a—2-h-2) over 60—100 min. The amino acids sequences of peptides IgG1 and
IgG2 are shown on the right side and a—h mean the same N—glycans as those in Figure 1. The ZIC-HILIC separation was
performed by using a flow rate of 200 uL/min and the linear gradient elution: A/B/C=36/59/5 (Omin)—64/31/5 (120 min)
where eluents A, B and C were 50% acetonitrile, acetonitrile, and 100 mM ammonium acetate, respectively.
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Figure 4. ZIC-HILIC separation of tryptic peptides of alpha—1-acid glycoprotein.
(A) UV (215 nm) chromatogram. (B) Mass chromatograms (MCs) of molecular ions [M—-zH]* (z=3 ; m/z + 1) of major
sialylated N—glycopeptides. The ZIC-HILIC separation was performed by using a flow rate of 200 uL/min and the linear
gradient elution: A/B/C=36/54/10 (Omin) —54/36/10 (120 min) where eluents A, B, and C were 50% acetonitrile,
acetonitrile, and 100 mM ammonium acetate (pH 6.8), respectively.
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Figure 5. Capillary ZIC-HILIC separation of Glu—C digest of thEPO.
(A) Total ion chromatogram (TIC). (B) Extracted mass chromatogram (MC) of m/z 290.1 + 0.2 corresponding to in—source fragment
ions of a sialic acid (NeuSAc). (C) Accumulated mass spectrum in the time period a. (D) Accumulated mass spectrum in the time
period b. It is seen from (C) and (D) that O— and N—glycopeptides were eluted in the time intervals indicated by a and b, respectively.
The chromatograms were acquired by using a NanoFrontier L system (Hitachi High—Technologies) consisting of nanoHPLC and
electrospray ionization linear ion trap time—of—flight mass spectrometer and a capillary ZIC-HILIC column (SeQuant, 150 x 0.075
mm, 5 um). Eluents A and B were 50% acetonitrile/10 mM ammonium acetate and 80% acetonitrile/1I0mM ammonium acetate,
respectively. The linear gradient elution used was A/B = 30/70 (0 min) —68/32 (80 min) at the flow rate 250 nL/min. In the first 15
min, the ESI voltage was set at —100V to reduce strong ion current from nonglycosilated peptides.
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Figure 6. Effect of electrolyte concentration in ZIC-HILIC separations of neutral, di—sialylated, and tri—sialylated tri—antennary PA
N-glycans (A) and structural recognition of tri—antennary PA N—glycan isomers (B).

(A) The linear gradient elutions were A/B/C=42/56/2 (0 min)—70/28/2 (120 min) (20 mM) and A/B/C=30/62/8 (0 min)—58/34/8
(120min) (5 mM), where eluents A, B, and C are 50% acetonitrile, 90% acetonitrile, and 250 mM ammonium acetate, respectively.
The concentrations (5 mM, 20 mM) of ammonium acetate were kept constant during a run. (B) The linear gradient elution was A/B/C
=36/59/5(0 min) —50/45/5 (60min) where eluents A, B, and C were 50% acetonitrile, acetonitrile, and 100 mM ammonium acetate,
respectively, and the concentration of ammonium acetate as kept in the both chromatograms (Tri—antennary isomers and Sialylated tri
—antennary isomers). The flow rate was 200 uL/min. Fluorescence (FL) wavelengths were Ex : 320 nm and Em : 400 nm. The
indications of N—glycans are the nomenclatures of Takahashi [10].
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Figure 7. Schematic diagram of ZIC-HILIC interactions of sialylated PA N—glycan.
The stationary phase consists of the zwitterionic sulfoalkylbetaine and water rich liquid layer. Electrostatic (attraction and repulsion)
and hydrophilic interactions between the sialic acid and the sulfoalkylbetaine group on the surface of the ZIC-HILIC column are
schematically shown. E* and E- are positive— and negative—electrolyte ions (i.e., ammonium and acetate ions) in the eluent, respec-
tively, which likely play an important role to shield the electrostatic interactions.
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Figure 8. Chromatographic deuterium isotope effects in RP (C30) and ZIC-HILIC separations of do—PA and ds—PA-N-glycans of
human serum IgG.

(A) and (B) are FL chromatograms and superimposed MCs separated on the C3o (RP) and ZIC-HILIC columns, respectively. The
solid and dotted lines correspond to MCs of the do—PA (a—d) and ds—PA (a’-d’)-N-glycans, respectively. (A) : The linear gradient
elution was A/B=87/13 (0 min) — 64/36 (60 min) where eluents A and B werelmM ammonium acetate buffer pH 4.3 and 10%
acetonitrile inlmM ammonium acetate buffer pH 4.3, respectively. (B) : The gradient elution was A/B=33/67 (0 min) — 50/50 (60
min)where eluents A and B in this case were 50% acetonitrile containing 20 mM ammonium acetate and 90% acetonitrile containing
20 mM ammonium acetate, respectively. The flow rate was 200 uL /min. Fluorescence (FL) wavelengths were Ex : 320 nm and Em :
400nm. The indications of N—glycans are the nomenclatures of Takahashi [10].
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