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Abstract

A simple, sensitive and reproducible multi-dimensional capillary electrophoresis (CE) oligosaccharide mapping
method is reported. The structures of 20 identified N-linked oligosaccharides have been assigned mapping positions
from which co-migrating unknown oligosaccharides can be characterized. The separation protocols developed have
been demonstrated to separate both charged and neutral oligosaccharides. One dimension involves electroendos-
motic flow-assisted CE in a sodium acetate buffer, pH 4.0. A second dimension involves separation based on borate
complexation electrophoresis in a polyethylene glycol-containing buffer. A third dimension developed specifically
for neutral oligosaccharides, using a sodium phosphate buffer, pH 2.5, has been shown to resolve neutral species
not able to be separated by the other two dimensions. Thus, a three-dimensional map was generated to facilitate

structural characterization of these oligosaccharides.

1. Introduction

Interest in understanding the importance of
the glycosylation of glycoproteins has lead to the
exploration of new techniques for the analysis of
glycoprotein-derived oligosaccharides. Structure
analysis by consecutive digestion of oligosaccha-
rides with exoglycosidases followed by chromato-
graphic or electrophoretic separation can be
effective [1-6]. However, this approach is lim-
ited by the lack of availability of enzymes with
sufficient specificity to characterize all structures
found in nature. The collective application of
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NMR, mass spectrometry, composition and link-
age (methylation) analysis can generally deter-
mine most oligosaccharide structures, but re-
quires extensive sample purification, a significant
quantity of material, expensive instrumentation
and significant expertise. Mapping of retention
data obtained from high-performance liquid
chromatography (HPLC) based on reversed- and
normal-phase packings has been demonstrated to
be an approach that can simultaneously identify
multiple oligosaccharides on a picomolar level
[7]. Such two-dimensional chromatographic map-
ping, however, depends on gradient elution and
is subject to reproducibility problems in gradient
formation, column support media and buffer
formulations.

Recently, capillary electrophoresis (CE) has
been used as an alternative to HPLC for map-
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ping of pyridylamine (PA) labeled N-linked
asialo-oligosaccharides [8,9]. We have modified
this approach to be inclusive of naturally charged
oligosaccharides containing terminal sialic acid
residues and/or pendant sulfate groups. The PA
was used to attach a positive charged group to all
oligosaccharides studied and to impart detec-
tability through fluorescence.

2. Experimental

2.1. Preparation of oligosaccharides from
glycoproteins

Glycoproteins (500 mg): bovine ribonuclease
b, fetal calf fetuin, human transferrin and por-
cine thyroglobulin were reduced and carboxy-
methylated (RCM) via the protocol outlined by
Carr and Roberts [10] and treated with 10 units
of peptide-N-glycosidase F (PNGase F) at room
temperature for 24 h in 10 ml 100 mM am-
monium acetate buffer, pH 7.5, containing 10
mM EDTA. The released oligosaccharides were
separated from the deglycosylated protein on a
Bio-Gel P-6 column using 500 mM ammonium
acetate as eluent. Further separation of the
oligosaccharides was achieved using a combina-
tion of lectin affinity chromatography with con-
canavalin A (Con A)-agarose (Sigma) using
hapten sugars, and anion-exchange chromatog-
raphy using a Mono-Q column (Pharmacia)
[11,12]. All oligosaccharide structures isolated
and mapped in this study were characterized by
composition analysis, matrix-assisted laser-de-
sorption ijonisation time-of-flight mass spec-
trometry (MALDI-TOF-MS) and 'H NMR
spectroscopy, as described below. In all cases,
the oligosaccharides of the glycoproteins used to
prepare our samples had been previously char-
acterized as described in the literature for
ribonuclease b [11], fetuin [13,14], transferrin
[12] and thyroglobulin [15,16], such that our own
composition analysis, mass spectrometry and
NMR analysis was used for structure verification
rather than original structure determination.

2.2. Composition analysis

The glycosyl residue compositions of the iso-
lated oligosaccharides used in this study, exclud-
ing pendant sialic acids that are not determined
by this method, were quantified by acid
hydrolysis followed by 1-phenyl-3-methyl-5-
pyrazolone (PMP) derivatization, and reversed-
phase HPLC, as previously described [17].
Compositions thus determined were consistent
with those indicated (data not shown).

2.3. MALDI-TOF-MS

Mass spectra were recorded on an Applied
Biosystems prototype MALDI mass spectrome-
ter, equipped with a linear TOF analyzer and a
pulsed nitrogen laser (337 nm). The conditions
and methods used for this work have been
described elsewhere [11]. Table 1 lists the calcu-
lated and observed masses for the oligosaccha-
rides used in this study.

2.4. 'H NMR spectroscopy

"H NMR spectra of the oligosaccharides used

Table 1
Calculated and observed masses of the oligosaccharides
examined

Oligosaccharide Calculated mass  Observed mass
Man 5 1235.2 1235.1
Man 6 1397.4 1396.9
Man 7 1559.5 1558.9
Man 8 1721.7 1721.0
Man 9 1883.8 1882.7
A/B-Gal 1479.3 1478.5
A/B 1641.5 1639.8
M/B-Gal 1770.6 1769.8
M/B 1932.7 1932.5
M/B + Fuc 2078.8 2079.3
(2,3)and (2,6) B/B 2224.2 2224.5
B/B + Fuc 2370.3 2370.6
M/T + Fuc + SO4 2540.3 2541.7
B/T + Fuc + SO4 2831.6 2832.9
(2,3)and (2,6) T/T 2880.9 2880.4
T/T + Fuc + SO4 3122.7 3121.6
(2,3) and (2,6) Te/T 3172.1 3171.4
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Table 2
'H chemical shifts of the significant structural reporter groups of the oligosaccharides used
Group Residue Anomer Chemical shift (ppm)
ManS Man6 Man7 Man8 Man9 Biantennary Triantennary TetraTri
H-1 GlcNAc-1 a 5191 5.187 5190 5187 5191  5.189 5.185 5.187
B 4.700 4.704 4.701 4,693 4.690 4.690 4.691 4.693
GlcNAc-2 B 4606 4580 4601 4586 4.596  4.616 4.615 4.637
Man-3 B 4789 4774 4774 4771 4775 AT77 4.762 4.765
Man-4 a 5099 5349 5348 5341 5343 5.131 5.125 5.122
Man-4 @ 4.875 4.870 4.874 4.870 4.869 4.949 4.908 4.901
Man-A a 5.093 509 5091 5.08 5414
Man-B « 4911 4908 4909 5151 5153
Man-C fod 5.050 5.310 5.309 5.317
Man-D1 a 5.057 5042  5.047
Man-D2 a 5.047
Man-D3 a 5.042 5.047
GlcNAc-5 B 4.600 4.585 4.588
GlcNAc-5 B 4.570 4.57 4.598
Gal-6 B 4.444 4.441 4.450
Gal-6’ B 4.547 4.441 4.445
GlcNAc-7 B 4.545 4.569
Gal-8 B 4.545 4.499
H-2 Man-3 B 4260 4.237 4237 4234 4238 4.257 4215 4.218
Man-4 a 4.084 4.117 4.096 4.009 4.108 4.197 4.215 4.218
Man-4’ o 4,152 4.149 4.147 4.149 4.161 4.118 4.116 4.108
Man-A a 4.074 4,066 4.071 4.069 4.108
Man-B a 3980 3987 3985 4.021  4.025
Man-C a 4.066 4.100 4.099 4.108
Man-D1 @ 4.071 4.069 4.074
Man-D2 a 4.074
Man-D3 a 4069  4.074
H-3ax NeuAc(2,6) a 1721 1.721 1.725
NeuAc(2,3) a 1.800 1.801 1.803
NeuAc+ (2,6) « 1.784
H-3eq NeuAc(2,6) a 2.667 2.668 2.670
NeuAc (2,3) a 2.756 2.755 2.731
NeuAc+(2,6) « 2.757
NAc GlcNAc-1 a,B 2.044 2041 2.043 2037 2.042  2.040 2.036 2.057
GlcNAc2 B 2070  2.065 2068 2.063 2.072  2.082 2.080 2.081
GlcNAc-5 B 2.066 2.068 2.069
GlcNAc-5' B 2.066 2.044 2.046
GlcNAc-7 B 2.076 - 2.069
NeuAc (2,6) a 2.028 2.036 2.028
NeuAc (2,3) a 2.028 2.036 2.028
NeuAc+(2,6) « 2.028
CH, Fuc(l,6) a 1.225
H-5 Fuc (1,6) a 4.128
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in this study were recorded at 300 MHz on a
Varian Unity 300 NMR spectrometer at room
temperature. Sample preparation and conditions
were as previously described [11]. Table 2 pre-
sents the chemical shifts observed for the struc-
tural reporter groups of the compounds used in
this study.

2.5. Oligosaccharide derivatization using
2-aminopyridine

Pyridylamination of reducing oligosaccharides
was carried out in the absence of water from the
reaction mixture using a modification of the
methods of Suzuki et al. [18] and Kondo et al.
[19]. The absence of water from the reaction
mixture largely, but not entirely, eliminates the
loss of sialic acid. Under these conditions we
observed desialylation of up to 3%. A dried
sample containing 10-100 nmol of carbohydrate
was dissolved in 70 ul of labeling reagent [pre-
pared by mixing 1.0 g of 2-aminopyridine (Al-
drich) in 100 ul of acetic acid and 900 ul of
methanol]. The reaction vial was sealed and
heated at 90°C for 1 h. Excess reagents were
removed by evaporation at 150 mmHg (1
mmHg = 133.322 Pa) at 60°C. A 100-ul volume
of reducing agent [borane—dimethylamine com-
plex (Aldrich), 50 mg, in 25 ul acetic acid and
225 ul methanol], prepared just prior to use, was
then added. The reaction vial was resealed and
heated at 80°C for 1 h. The resulting product was
dried at 60°C at 150 mmHg. Once dried, 150 wl
of methanol were added and the sample was
re-dried in vacuo at 60°C. This was repeated
using toluene in place of methanol. These se-
quential methanol/toluene additions with drying

were repeated a second time prior to analysis by
CE.

2.6. Capillary electrophoresis

Separations were achieved using an Applied
Biosystems Model 270A CE system modified for
fluorescence detection [20]. The electroendos-
motic flow-assisted separations were achieved
using a 200 mM sodium acetate buffer, pH 4.5,

with a 122 cm x (100 cm to detector) 50 um
fused-silica capillary. The applied field strength
was 123 V/cm (7 pA current) at 30°C. Detection
was accomplished using a 230 nm excitation
wavelength with a 370 nm emission filter (illu-
minating with a Xe arc lamp).

The borate complexation electrophoretic sepa-
rations were achieved using a 500 mM sodium
borate buffer, pH 8.5, containing 1% poly-
ethylene glycol (PEG) (M, 10000), with a 122
cm X (100 cm to detector) 50 um fused-silica
coated capillary. Charge reversal coating of the
capillary was achieved by flushing the capillary
with 10 column volumes of the MicroCoat re-
agent supplied by Perkin-Elmer—Applied Bio-
systems Division (Foster City, CA, USA) prior
to filling capillary with running buffer. Sepa-
rations were then carried out using an applied
field strength of —123 V/Cm (20 uA current) at
30°C.

Third-dimension separations were achieved
using a 50 mM sodium phosphate buffer, pH 2.5
with a 122 cm X (100 cm to detector) 50 pm
fused-silica capillary. The applied field strength
was 170 V/em (25 pA current) at 30°C.

Each new fused-silica capillary, prior to use,
was pretreated with two column volumes of 1 M
NaOH and washed with three column volumes
of deionized water prior to filling it with its
respective separation carrier.

3. Results and discussion

The mapping protocol developed by Suzuki et
al. [8] used an acidic phosphate buffer system
paired with an alkaline borate buffer system.
This set of CE separation systems yielded a
two-dimensional plot that distributed the three
types of PA oligosaccharides examined (high
mannose, hybrid and complex) into separate
domains. The phosphate buffer system was well
suited for direct zone electrophoresis, in the
absence of electroendosmotic flow, of the cat-
ionic immonium ions of the PA-labeled oligo-
saccharides that do not contain negatively
charged groups. In this system, neutral oligo-
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saccharides (those that contain no sialic acid or
sulfate), when labeled with PA, carry a net
positive charge resulting in electrophoresis to-
wards the cathodic end of the capillary. In
contrast, if one or more sialic acid residues is/are
present on a PA-labeled oligosaccharide, the net
charge on the oligosaccharide is negative, as the
PA group imparts only a partial positive charge
at the pH used for this separation. Thus, the
electrophoretic mobility of sialic acid-containing
species would be directed toward the anodic end
of the capillary. Therefore, using this buffer
system one can analyze only those PA-labeled
oligosaccharides that do not contain sialic acid
residues or pendant sulfate groups.

In contrast to the sample limitations presented
by the direct electrophoresis methodology dis-
cussed above, the borate buffer system described
in that same paper [8] was suitable for indirect
electrophoresis of the anionic borate complexes
formed with PA-labeled oligosaccharides. In-
direct CE as borate complexes has been shown
to achieve separations based on structural varia-
tions among the oligosaccharides [8,21]. How-
ever, this system was not always able to resolve
similar species within a particular mapping do-
main. Thus, to be able to potentially map all
naturally occurring N-linked oligosaccharides
derived from glycoproteins and labeled with PA,
it was necessary to develop a different combina-
tion of buffer systems. This combination had to
be capable of electrophoresis of PA-labeled
oligosaccharides that contain one or more termi-
nal sialic acid residues and/or sulfate groups.
Additionally, it was desired that this new set of
separation systems should collectively be able to
resolve samples containing very similar struc-
tures. To accomplish this we combined three
different buffer systems, each of which exhibited
separation mechanisms that exploited different
features of the derivatized oligosaccharides being
mapped.

To address both neutral and charged oligo-
saccharides at acidic pH, electrophoresis was
carried out using a sodium acetate buffer, pH
4.5. Electrophoresis was assisted by electroen-
dosmotic flow and thus allowed for the inclusion

of sialic acid-containing species, that otherwise
would be carried in the opposite direction from
PA-oligosaccharides not containing charged func-
tionalities. In this system, the electroosmotic
component propels all PA-oligosaccharides to-
ward the cathode. However, the net negative
charge of sialic acid or sulfate groups, when
present on an oligosaccharide, more than offsets
the label-induced partial positive charge on the
species, thus changing the electrophoretic
mobility of these oligosaccharides from cathodic
to anodic. Therefore, while the net movement of
all species is cathodic, migration is increasingly
retarded with increasing degree of sialylation or
sulfation of a given general structure type (e.g.
biantennary structure with zero, one or two sialic
acid residues pendant).

Using the system described above, separations
of the various biantennary oligosaccharides re-
leased from transferrin are illustrated in Fig. 1.
The predominant separation mechanism was
based on charge differences between the various-
ly sialylated and neutral oligosaccharide deriva-
tives. While migration order was based primarily
on the charge states of the oligosaccharides, this
did not alone dictate migration characteristics.
When sialic acid-containing species were sepa-
rated, the corresponding structure containing
only one galactosyl residue was not resolved
from the monosialyl-biantennary structure con-
taining two galactosyl residues (Fig. 1b). How-
ever, the neutral counterparts of these structures
were at least partially resolved (Fig. 1a).

Indirect electrophoresis of PA-oligosaccharides
as borate complexes, as described in the litera-
ture [8], was not able to resolve structurally
similar oligosaccharides using only a fused-silica
capillary and borate buffer. To achieve higher-
resolution electrophoresis of borate complexes,
we applied a charge-reversal coating to a fused-
silica capillary. In addition, the borate buffer was
supplemented with 1% (w/v) PEG 10000 in
order to reduce endosmotic flow. Borate com-
plexation allows for separations to occur facili-
tated by the formation of negatively charged
complexes with carbohydrates [22,23]. Complex
formation is dependent on oligosaccharide
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Fig. 1. CE separation of PA-labeled sialylated biantennary
oligosaccharides in sodium acetate buffer. Highly enriched
oligosaccharide fractions derived from human serotransferrin
were separated individually by CE. The samples examined
were: (a) asialyl-biantennary oligosaccharides containing one
or two galactosyl residues (A/B and A/B-Gal; 1.3 and 2.0
ng, respectively); (b) monosialyl-biantennary oligosaccha-
rides containing one or two galactosyl residues (M/B and
M/B-Gal; 1.3 and 2.0 ng, respectively); and (c) a bisialyl-
biantennary (B/B; 2.2 ng) structure. All structures are
illustrated in Fig. 4. The endosmotic flow-assisted electro-
phoretic conditions are described under Experimental.

composition and structure. Thus, separations in
borate are based partially on oligosaccharide
structure and not purely on the mass-to-charge
ratios calculable for the corresponding oligosac-
charides not complexed by borate ion. The
selectivity of the borate system used was there-
fore different from that of the sodium acetate
buffer system. In the borate system, electroen-

dosmosis and electrophoresis work in concert
with each other for all oligosaccharides; the
electroosmotic component of the charge-reversal
system propels the oligosaccharides, as their
negatively charged oligosaccharide—borate com-
plexes, toward the anode, while electrophoresis
drives this migration toward the anode as well.
To reduce the effect of electroendosmotic flow in
this system, 1% PEG was added to reduce, but
not eliminate, electroosmosis. Thus all complex-
es and neutral species present in the sample
mixture, including the PA, will eventually reach
the anodically located detector. In this system
the species with the highest charge-to-mass ratios
will be detected first. Neutral species such as PA,

26)B/8B rA

- . )

.6/ M/B—

_—(25)M/BGal
b ‘ A k\—-—
B
d A/B-Gal
a l ‘ J .‘ I
T T T T T T T T
0 10 20 30 40 50 60 70
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Fig. 2. CE separation of PA-labeled sialylated biantennary
oligosaccharides in sodium borate buffer containing 1%
PEG. The samples described in Fig. 1 were separated using a
second CE dimension orthogonal to the sodium actate
system. The borate-complexation electrophoretic conditions
used are described under Experimental.
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however, will eventually reach the detector, due
solely to the effect of endosmotic flow. The
additional charge imparted on a borate-com-
plexed oligosaccharide by the presence of sialic
acid residues or sulfate groups further increases
the electrophoretic component, thus increasing
the rate of migration toward the detector (anodic
end). The borate buffer system allowed sepa-
ration of both sialylated and neutral oligosac-
charides. Fig. 2 illustrates the separation of
biantennary oligosaccharides from transferrin
with varying degrees of sialylation. This system
was, however, inefficient in resolving closely
related high mannose structures (see boxed sec-
tion in Fig. 3).

401

The relative migration values for all the con-
firmed oligosaccharide structures examined in
this study are listed in Table 3. The values are
expressed as a simple ratio of ¢; (migration time
of sample) to ¢ (migration time of PA standard),
to compensate for subtle differences in absolute
migration times between runs. To estimate re-
producibility for the technique, each individual
sample was examined five different times. These
runs were accomplished using five different
combinations of three individual instruments,
three individual buffer preparations and three
individual capillaries. Thus, we were better able
to assess the reproducibility of the methodology.
The mean and relative standard deviation of the
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Relative Migration in Sodium Borate/PEG Buffer

Fig. 3. Two-dimensional mapping of PA-labeled oligosaccharides by CE. The relative mobilities of the PA-oligosaccharides
determined using the two separation systems illustrated in Figs. 1 and 2 are shown plotted against each other, resulting in a
two-dimensional map. Means and standard deviations for each sample in each separation system were calculated as described in

the text and are represented by error bars.



402

Table 3
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Migration data for the PA-labeled oligosaccharides analyzed by CE

Sample® Migration relative to PA Migration relative to PA Migration relative to PA
(PEG-borate) (sodium acetate) (sodium phosphate)
Mean R.S.D. (%) Mean R.S.D. (%) Mean R.S.D. (%)

Man 5 0.6524 0.0018 1.9146 0.0633 3.8468 0.0129
Man 6 0.6650 0.0022 1.9432 0.0678 4.0570 0.0150
Man 7 0.6772 0.0023 1.9741 0.0680 4.2673 0.0156
Man 8 0.6772 0.0023 1.9957 0.0684 4.4318 0.0174
Man 9 0.6772 0.0023 2.0205 0.0762 4.5565 0.0183
A/B-Gal 0.7240 0.0027 1.9761 0.0514 4.2695 0.0097
A/B 0.7036 0.0027 1.9914 0.0559 4.4438 0.0109
(2,6)M/B-Gal 0.7058 0.0043 2.3577 0.0683

(2,6)M/B 0.6504 0.0040 2.3577 0.0683

(2,3)B/B 0.6175 0.0031 2.9936 0.0245

(2,6)B/B 0.6277 0.0036 2.9936 0.0245

2,3)T/T 0.6062 0.0040 3.3939 0.0253

(2,6)T/T 0.6138 0.0040 3.4291 0.0242

(2,3)Te/T 0.5867 0.0043 3.7159 0.0803

(2/6)Te/T 0.5929 0.0041 3.7830 0.0646

M/B + Fuc 0.6909 0.0036 2.5049 0.0754

B/B + Fuc 0.6525 0.0029 2.9314 0.0555

(2,6)M/T + Fuc + SO, 0.6149 0.0062 3.1300 0.0397

(2,6)B/T + Fuc + SO, 0.6052 0.0039 3.4359 0.0448

(2,6)T/T + Fuc + SO, 0.5942 0.0034 3.7884 0.0288

* Abbreviations are for structures indicated in Figure 4.

five runs were calculated for each oligosaccha-
ride listed. Fig. 3 shows a two-dimensional map
combining the data from the endos-
motic flow-assisted CE using sodium acetate
buffer and charge-reversal borate complexation
electrophoresis. The structures of the oligosac-
charides studied are shown in Fig. 4. These
structures include neutral and charged species
containing not only sialic acid, but pendant
sulfate groups as well.

As noted above, some closely related struc-
tures were not completely resolved by either the
acetate or borate buffer systems (boxed section
in Fig. 3). These unresolved PA-oligosaccharides
are neutral and could be separated using a third
dimension orthogonal to those previously de-
tailed. A low-pH direct electrophoresis system
[8] proved well suited for such a separation. As
shown in Fig. 5, the PA-labeled high-mannose

structures isolated from ribonuclease b were
effectively separated using a sodium phosphate
buffer, pH 2.5, with an uncoated fused-silica
capillary. In such a system, electrophoresis oc-
curs with minimal electroendosmotic flow. This
electrophoretic system complements the endos-
motic flow-assisted electrophoretic system which
allowed for separations dominated by charge
state differentials. It also differs markedly from
the borate system which resolved carbohydrates
on the basis of their ability to form borate
complexes. This third system comes closest to
achieving separations strictly on the basis of
molecular size [8].

The map shown in Fig. 6 plots the relative
mobilities of the previously poorly resolved PA-
oligosaccharides in the sodium phosphate system
against mobilities of these molecules in the
sodium acetate system. The mean and standard



L.R. Zieske et al. | J. Chromatogr. A 720 (1996) 395-407 403

Abbreviation
Manal,6
Manal,6
Manal,3 >Manpx,4c:|cNAcpl,4clcNAc Man 5
Manal,3
Manal,6

>Mana1 6
Mana13 >Man§1,4GlcNAcB1,4GlcNAc Man 6
Mano1,2Manal,3

Manal6
Manal,6
Manal,2 § Manal ’3> ana

>Manm,4clcNAcm,4clcNAc Man7
Manal,2Manal,3

Manalb
Manal,2 >Manul,6
Mana1,2 Manal3 >MmBl,4GlcNAcBl,4ClcNAc Man 8§

Manal,2Mancl,6
>Manu1,6
Manal,2Manal,3

>ManB1,4ClcNAcB],4GlcNAc Man 9
Manal,2Manal,2Manal,3

GleNAcp1,2Manal,6
Galpi,4 { > Manf1,4GIcNAcB1AGIcNAc A/B -Gal
GlcNAcB1,2Manal,3

Galp1,4GIcNAcf1,2Manal, 6
>ManBl,4GlcNAcBl,4GkNAc A/B
Galf1,4GlcNAcB1,2Manal,3

Galf1,4GlcNAcB1,2Manal,
NeuAca2,6 { 6>Manbl,4GlcNAcbl,4GlcNAc (2,6) M/B

GalP1,4GIeNAcB1,2Manal,3

GlcNAcB1,2Manal,6
NeuAca2,6Galf1,4 { >Man61,4ClcNAcm,4GlcNAc (2,6) M/B -Gal

GlcNAcB1,2Manal,3

Fig. 4 (continued on p. 404).
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NeuAco2,3/6Galp1,4GIcNAcB1,2Manal
ManB1,4GIcNACB1 AGIcNAC gg: gg
NeuAca2,3/6Galp1,4GlcNAcp1,2Manal 3
NeuAcx2,6 Galp1,4GicNAcB1,2Manal
Manp1,4GlcNAcB1,4GIcNAc (2,6) B/B
NeuAca2,6 Galp1,4GIlcNAcB1,2Manal,3
al,6Fuc
Galp1,4G1cNAcB1,2Manal | M/B +Fuc
NeuAca2,6 { ManB1,4GIcNAcB1,4GIcNAc
Galf1,4GlcNAcB1,2Manal 3
al,6Fuc
NeuAca2,6 Galpl AGIcNAcB1,2Manal |
Manf1,4GIcNAcB1,4GIcNAc B/B +Fuc
NeuAca2,6 Galp1,4GIcNACB1,2Manal,3
NeuAca2,3/6 Galpl,4GlcNAcf1,2Manal,6
NeuAca2,3/6 Galp1,4GlcNAcf1 4 Manf1,4GlcNAcB1,4ClcNAc g:g; ;g
>Mana1,3
NeuAca2,3/6 Galp1,4GIcNAcf1,2
NeuAco2,3/6 Galp1,4GleNAf1,2Manal 6
(23) Te/T
NeuAca2,3/6 Galp1,4GIcNACB1 4 Manp1,4GlcNAcB1,4GlcNAc (2,6) Te/T
NeuAco2,6 >Mana1,3
NeuAca?2,3/6 GalP1,4GlcNAcB1,2
al,6Fuc
Galp1,4GlcNAcf1,2Manal,6 )
2,6) M/T +Fuc +S04
(1,2 or 3) NeuAco2,6 Galp1,4GlcNAcB1,4 'ManB1,4GIcNAcB1,4GIlcNAc (2,6) B/T +Fuc +5S04
anal,3 (2,6) T/T +Fuc +SO4
cam1,4cld|~1Aem,2
6504'

Fig. 4 Qligosacc!laridc structures. The structures shown (with their respective abbreviations) were used throughout this
investigation. Their identity has been verified using composition analysis, MALDI-TOF-MS and '"H NMR, as described.
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Man 6
Man7
Man 8
Man 9
1 ¢
r T T T L 1
0 10 20 30 40 50
Time (min)

Fig. 5. CE separation of high-mannose oligosaccharides
isolated from ribonuclease » (sodium phosphate buffer). A
sample of high-mannose oligosaccharides isolated from
ribonuclease b was separated in a third dimension orthogonal
to the sodium acetate and PEG-borate systems. Electro-
phoretic conditions are described under Experimental.

deviation for each point were determined as
described above. The orthogonality of this sys-
tem compared to the previous two is illustrated
by observed changes in elution order for some
structures (e.g. Man 7 and A/B-Gal).

4. Conclusions
The described method of multi-dimensional

mapping by CE of the relative migration values
of oligosaccharides to identify these glycopro-

tein-derived structures has been demonstrated to
be simple and reproducible. It is based on the
use of a combination of orthogonal separations
that each compensate for the other’s limitations,
and complement each other in their selectivities.
The need for multiple orthogonal separations
arises from the limitations in the resolution and
selectivity of any single separation system. Davis
[24] demonstrated theoretically that the certainty
of analyte identification based on analytical sepa-
rations increases geometrically with the number
of orthogonal separation systems employed.

We have demonstrated a three-dimensional
separation system using a combination of elec-
troendosmotic flow-assisted CE, borate complex-
ation CE, and a third dimension that emphasizes
differences in mass. When plotted against one
another the first two systems result in a scattered
pattern indicating a high degree of orthogonality
between the two separation systems (such a plot
for highly similar separation systems results in a
nearly linear array of mapping positions that
runs diagonally across the plane of the graph).

Even though there is a high degree of ortho-
gonality with this combination of two separation
systems, not all classes of oligosaccharides could
be well resolved. In the case of several of the
neutral oligosaccharides studied, it was necessary
to add a third dimension, where the separation
was based primarily on differences in mass.
Thus, all the neutral and charged oligosaccha-
rides used in this study were resolved when using
a combination of the three separation systems
described.

It is proposed that multi-dimensional mapping
of the relative migrations of oligosaccharides can
become a valuable approach to the analysis of
glycoprotein-derived oligosaccharides, requiring
minimal quantities of analyte. The data pre-
sented suggest that identification could be as-
signed to a given oligosaccharide, with a high
degree of confidence, by plotting its various
migrations in multiple, orthogonal CE separation
systems. CE is well suited for this multi-dimen-
sional analysis approach due to the ease of
switching from one separation system to another
by simply re-filling a capillary with a new buffer.
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Fig. 6. Third-dimension (sodium phosphate buffer) mapping of PA-labeled oligosaccharides by CE. The relative mobilities of the
high-mannose PA-oligosaccharides in the third dimension (shown in Fig. 5) are shown plotted against the sodium acetate
dimension, resulting in a third-dimension map. Means and standard deviations for each sample in each separation system were
calculated as described in the text and are represented by error bars.
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