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Introduction

The developments of matrix-assisted laser desorption/ioniza-
tion (MALDI) and electrospray ionization (ESI) mass spec-
trometry (MS) has greatly accelerated the use of MS-based
technology in structural analysis of oligosaccharides.[1,2]

However, it should be noted that sialic acid-containing
acidic oligosaccharides have not yet fully benefited from its
usefulness. This is mostly due to the instability of the a-gly-
coside bond between sialic acid and the adjacent sugar resi-
due under general conditions for ionization/detection pro-

cesses during mass measurement, giving rise to several inevi-
table difficulties in the analysis.[3] It has been well docu-
mented that various sialylated oligosaccharides, when ana-
lysed by mass spectrometry in either positive or negative ion
modes, lose sialic acids as a result of the presence of the
free carboxy group. In addition, oligosaccharides containing
multiple sialic acid residues usually give complicated mass
spectra resulting from mixtures of cation adducts when ana-
lysed in positive ion mode. It therefore seems likely that
structural heterogeneity due to the partial loss of sialic acid
residues has often been reduced by the complete removal of
terminal sialic acids from the target oligosaccharides on
treatment with some acidic solutions.[4]

In view of the importance of glycoforms, including sialic
acid residues, in the essential biological roles of glycoconju-
gates, as well as in potential diagnostic biomarkers of vari-
ous diseases,[5–7] it is evident that the development of some
simple and versatile method for avoiding the risk of desialy-
lation would be very desirable. With the goals of addressing
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these issues in measurements of acidic oligosaccharides in
mass spectrometry, as well as of enhancing the sensitivity
and resolution, several approaches have been employed so
far. Although the choice of matrix for MALDI-TOF has a
strong influence on the electronic excited state of an individ-
ual precursor ion and has often given usable parent ions
when sialic acids have been involved,[8] it seems that this ap-
proach cannot prevent the significant degree of dissociation
of a sialic acid residue from its original structure in the ioni-
zation process. While mild ionization methods such as sonic
spray ionization (SSI) in combination with negative ion
mode measurement may become a potent alternative strat-
egy,[9] chemical modification of target sialic acids in glyco-
conjugates seems best suited to provide enough stability for
subsequent structural characterization by various MS-based
approaches. One such approach is to neutralize the negative
charge of a sialic acid carboxy group either by methyl
esterification[3,10] or by amidation.[11] Although some meth-
ods for modification of oligo-
saccharides incorporating
sialic acid moieties have been
employed, most such proce-
dures need tedious and time-
consuming post-reaction
steps to remove large excess-
es of chemical reagents or to
isolate the products, and this
in turn prevents rapid, practi-
cal and large-scale analysis of
picomole levels of total (neu-
tral and acidic) glycome. The
use of solid supports should
make methods for handling
of samples more convenient
and improve the ease of
system manipulation. It
seems likely that the use of
“glycoblotting”,[12] a promis-
ing method in which solid
and/or polymer platforms are
applied to capture oligosac-
charides selectively from
crude mixture of biomole-
cules, should greatly facilitate
subsequent manipulation for
modification and purification
of target derivatives. Recent-
ly, HindsgaulKs group has de-
veloped an excellent solid-
phase derivatization strategy
for sugars captured by glyco-
blotting, known as the
“SPOT” method.[12c] We be-
lieve that this process has the
potential to become a crucial
and rate-limiting step for the
successful high-throughput

analysis of protein glycosylation, one of the most important
post-translational modifications.

Here we report a simple and versatile technique for quan-
titative methyl esterification of sialic acid residues on con-
ventional solid-phase platforms, in which oligosaccharides
are adsorbed or covalently attached to the supporting mate-
rials and are then subjected to methyl esterification under
mild conditions through the use of a simple triazene deriva-
tive, 3-methyl-1-p-tolyltriazene, in a 96-well filter microplate
(Scheme 1).

Results and Discussion

3-Methyl-1-p-tolyltriazene (MTT) as an effective methyl
esterification reagent for sialic acid residues : 3-Alkyl-1-aryl-
triazenes[13] and related compounds are known to be excel-
lent alkylating reagents of carboxylic acids in general organ-

Scheme 1. Workflow for “on-bead methyl esterification” of sialic acids for immobilization and recovery of oli-
gosaccharides.
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ic compounds.[14] While some other common reagents such
as diazomethane and its analogues belong to groups of haz-
ardous compounds, alkyl derivatives of triazene are far less
toxic, non-explosive and stable unless treated with acids. In
spite of their usefulness in organic synthesis, there is no ex-
ample known to us of alkylation of sugars containing car-
boxy groups through the use of 3-alkyl-1-aryltriazenes or re-
lated compounds. This is due to the poor solubilities of natu-
rally occurring sialyloligosaccharides—which, namely, are
extremely hydrophilic macromolecular carboxylic acids
bearing multiple hydroxy groups (polyols)—in the general
organic volatile solvents, such as chloroform, dichlorome-
thane, ether or hexane, commonly used for alkylation reac-
tions with these reagents. However, the rapid and excellent
reaction profiles of this class of alkylating reagents, together
with their safe/easy handling characteristics, strongly moti-
vated us to establish a novel and simple protocol for quanti-
tative methyl esterification of sialic acid residues in various
glycoconjugates. Our interest first focused on the potential
utility and effectiveness of 3-methyl-1-p-tolyltriazene
(MTT), one of the commercially available alkyl triazenes, in
the esterification of sialic acid carboxy groups.

After testing several conditions, we found that the com-
bined use of DMSO and acetonitrile provides excellent dis-
solving capability for common sialyloligosaccharides and
allows the desirable quantitative methyl esterification
though the employment of MTT in excess. When 2-amino-
benzamide-tagged (2AB-tagged) sialyllactose (Neu5Aca2,3-
Galb1,4Glc), serving as a model sialyloligosaccharide, was
incubated with MTT (0.1m) in a DMSO/acetonitrile (1:1)
mixture for 1 h at 60 8C, the results suggested that MTT
works very well to afford perfect methyl esterification of
this trisaccharide, as shown in Figure 1. When an unprotect-
ed sialyllactose was analysed by MALDI-TOF in reflector,
positive ion mode, three sodiated ions at m/z 485.5, 776.5,
and 798.5—due to [M�Sia+Na]+ , [M+Na]+ and
[M�H+2Na]+—were observed (Figure 1a), together with a
protonated ion corresponding to [M+H]+ at m/z 754.5. This
result clearly indicates that the presence of the one free car-
boxy group of sialyllactose generated a mixture of four mo-
lecular ions, and the ion at m/z 485.5 was identified as an
unfavorable fragment ion caused by in- and/or post-source
dissociation of the sialic acid residue from the parent sialyl-
lactose. On the other hand, upon suitable chromatographic
purification, MTT-treated sialyllactose gave a simplified
monosodiated ion at m/z 790.5 due to [M ACHTUNGTRENNUNG(OMe)+Na]+ ,
without any significant fragmentation, demonstrating that
MTT is highly efficient reagent for the methyl esterification
of simple oligosaccharides containing sialic acid components
under mild solution-phase conditions through the use of a
mixture of DMSO and acetonitrile (1:1, v/v).

Solid-phase methyl esterification of sialylated oligosacchar-
ides with MTT: Our attention was next directed toward the
applicability of MTT-based esterification for sialylated oligo-
saccharides enriched on solid supports, as our goal was to
establish a practical method for large-scale and quantitative

glycomics in a high-throughput, automated manner. We se-
lected a commercially available hydrazide-type resin (Affi-
Gel Hz, BioRad) as a tentative platform for glycoblotting,
in which carbohydrates captured on solid supports can be
recovered reversibly.[12,15] Taking these prerequisites into ac-
count, we employed this glycoblotting polymer with a filter
plate (MultiScreen Solvinert, Millipore) that was resistant to
the organic solvents used in the protocol and showed no
leakage of the solvent during all chemical manipulations. In-
itially, the optimized conditions for the immobilization of
porcine fibrinogen oligosaccharides with Affi-Gel Hz were
evaluated without MTT-based modification by characteriza-
tion of 2AB-tagged materials released from the resin as
shown in Figure 2a (HPLC) and Figure 3a (MALDI-TOF
MS). As anticipated, two major N-glycans in porcine fibri-
nogen,[16] monosialylated A1F (25 min, 30%) and disialylat-
ed A2F (35 min, 70%), assigned by HPLC could be detect-
ed by MALDI-TOF MS as the ion peaks at m/z 2122.7
[M�H+2Na]+ and m/z 2435.1 [M�2H+3Na]+ , respective-
ly. However, MALDI analysis also gave an undesired molec-
ular ion peak at m/z 1810.0 [M+Na]+ , corresponding to the
asialo form of the above N-glycans, indicating that a signifi-
cant degree of dissociation of sialic acid residues had oc-
curred in A1F and/or A2F during the mass measurement.

The benefit of solid-phase MTT-based methyl esterifica-
tion is evident because both HPLC and MALDI-TOF MS
analysis of the 2AB-tagged sugars released after this modifi-
cation afforded reasonable and satisfactory results after an
increase in the concentration of MTT used in the solid-
phase manipulation from 0.1m to 0.5m (Figures 2b–d and
3b–d). We concluded that on-bead/microplate methyl
esterification of immobilized oligosaccharides had proceed-

Figure 1. Reflector, positive-ion mode MALDI-TOF mass spectra of
2AB-labeled sialyllactose: a) before, and b) after treatment with MTT in
solution phase.
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ed smoothly with use of 0.5m MTT at 60 8C over 2 h and
had given close to quantitative derivatization of both A1F
and A2F. As shown in Figure 3d, use of MALDI-TOF MS
permitted us to generate quite simple, singly charged ion
peaks at m/z 2114.8, due to monomethylated A1F [M+Na]+

, and at m/z 2419.3, due to dimethylated A2F [M+Na]+ .
Methyl esterification allowed for quantitative profiling of

the mixture of neutral, mono- and disialylated N-glycans. As
shown in Figure 4a, the ratio of neutral (NA2) and two
kinds of mono- (A1) and disialylated (A2) N-glycans of the
standard mixture used in this study was estimated by HPLC
analysis to be 1:2:1. However, when this mixture was direct-
ly subjected to MALDI-TOF analysis in positive-ion and re-
flector mode, the intensities of the ion peaks corresponding
to these three oligosaccharides did not reflect the ratio de-
termined by the above HPLC analysis (Figure 4b). The in-
tensity of the ion peak due to A2 observed at m/z 2410.1
was drastically reduced, while those of the ion peaks at m/z

2097.4 and 1784.6, due to A1 and NA2, were enhanced, indi-
cating that a significant degree of dissociation of the sialic
acid residues from A2 and A1 through in-source and post-
source decay had occurred during the MALDI-TOF meas-
urements. On the other hand, on-bead methyl esterification
of the mixture by treatment with MTT achieved quantitative
profiling of the original glycoforms of NA2 (m/z 1784.4), A1
(2089.1) and A2 (2393.7), as indicated in Figure 4c. The rel-
ative quantities of each precursor ion could be calculated
and determined from each monoisotopic peak area. The no-
ticeable good correlation between Figure 4a and 4c for the
relative intensities of these N-glycan species is shown in Fig-
ure 4d. Both HPLC and MALDI-TOF MS analyses gave
very similar and reliable quantification results for the mix-
ture composed of neutral (NA), monosialylated (A1) and
disialylated (A2) oligosaccharides, demonstrating that the
solid-phase methylation of the sialic acid carboxy group pro-
vides a means of quantification for the simultaneous analysis
of neutral and sialyloligosaccharides.

The versatility of this method was demonstrated by its ap-
plication for direct monitoring of the enzymatic sialylation
of LacNAc residues displayed on gold colloidal nanoparti-
cles (GCNPs). We have recently reported the feasibility of
GCNPs as a convenient platform on which to immobilize
oligosaccharide derivatives as acceptor substrates for glyco-
syltransferases.[17] Although on-GCNP MALDI-TOF MS en-
abled direct ionization and subsequent structural characteri-
zation of oligosaccharides constructed on the GCNPs in the
presence of b-1,4-galactosyltransferase and a-1,3-fucosyl-
transferase, glycosylation catalysed by a-2,3- and a-2,6-sia-
lyltransferases could not be detected because of the dissocia-
tion of sialic acid residues from the products during in-
source and post-source processes as described above. We ex-
amined the efficiency of on-GCNP methyl esterification of
sialic acid residues by direct MALDI-TOF analysis of the
oligosaccharide products synthesized by treatment with rat
recombinant a-2,6-sialyltransferase in the presence of CMP-
Neu5Ac (Scheme 2). As shown in Figure 5a, direct
MALDI-TOF MS of the GCNPs exhibits no detectable ion
peak corresponding to a product modified by a-2,6-sialyl-
transferase, but only the ion peaks due to the starting com-
pound 1 at m/z 1221.4 [1+Na]+ and 1237.4 [1+K]+ , when
laser irradiation was conducted without any protection for
sialic acid residues. However, it was clearly shown that
MTT-based methyl esterification on the GCNPs works well,
to give a significant ion peak at m/z 1526.8, due to the sialy-
lated trisaccharide derivative 2 derived from the starting dis-
accharide derivative 1 (Figure 5b).

Conclusions

We have demonstrated here the versatility of MTT in the
solid-phase methyl esterification of general sialic acid(s)-
containing oligosaccharides. Unlike other volatile, toxic and
hazardous reagents such as diazomethane and iodomethane,
MTT is a methylating reagent with great potential, because

Figure 2. Amine-adsorption HPLC of porcine fibrinogen-derived N-gly-
cans labeled with 2AB: a) without MTT, b) 0.1m MTT, c) 0.2m MTT,
d) 0.5m MTT. The peaks * and ** represent isomaltoheptaose spiked
exogenously as internal standard and incompletely modified sialylated
oligosaccharides, respectively. A red ring denotes a methyl ester on a
sialic acid residue.
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it is a stable solid with high re-
activity toward free carboxylic
acids. Methyl esterification of
sialic acid residues by treat-
ment with MTT is generally
complete within 1 h, even
though the reaction is conduct-
ed on solid surfaces.

Our results clearly demon-
strate that the MTT protocol
permits high-throughput and
quantitative methyl protection
of sialic acid residues of gener-
al N-glycans captured on solid
materials. After complete
methyl esterification of sialy-
lated oligosaccharides,
MALDI-TOF MS provides
highly reliable and simple
spectra without any detectable
loss of sialic acid residues from
the original glycoforms. In ad-
dition, the mass spectra after
methyl esterification become

Figure 3. Mass spectra of 2AB-labeled porcine fibrinogen N-glycans processed in the absence (a) or presen-
ce (b–d) of MTT. Varying concentrations of MTT were used to investigate the effects on the mass profiles of
ions: b) 0.1m MTT, c) 0.2m MTT, and d) 0.5m MTT. The ion marked with * corresponds to the neutral glycan
produced by complete loss of sialic acid(s). Note that A1F in (a) contains the ion derived from A2F with loss
of one sialic acid.

Figure 4. Comparison of quantification of neutral and sialylated N-glycans by HPLC and by MALDI-TOF MS analysis. a) HPLC chromatograph of un-
treated N-glycans containing neutral (NA2), monosialo (A1) and disialooligosaccharide (A2). b) Mass spectrum of the same oligosaccharide mixture as
in a. c) Mass spectrum of the same oligosaccharide mixture as in a), but after treatment with MTT. d) Relative quantities of the oligosaccharide as esti-
mated by HPLC (open bar) and by MALDI-TOF MS (closed bar).
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much simpler than those observed without MTT treatment,
in which multiply cationized ions are diminished, and hence
sensitivity and resolution are enhanced. Although stabiliza-
tion by amidation with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMT-MM) and ammoni-
um chloride also improved structural analysis of sialylated
compounds by mass spectrometry,[11] this protocol usually re-
quires incubation of the mixture for 24 h, because of low re-
activity. The merit of the present method is evident because
rapid and easy esterification by treatment with MTT in
DMSO/acetonitrile is suitable for large-scale glycomic ap-
proaches based on the concept of glycoblotting, through the
use of solid, stable materials.[12] It should also be noted that
the combined use of MTT-based methyl esterification and
direct mass ionization of designated substrates displayed on
GCNP[17,18] should also facilitate quantitative monitoring of
activities of various sialyltransferases in living cells as well
as in human serum. We are currently investigating the via-
bility of this protocol in large-scale clinical glycomics for the
construction of databases of the relationships between gly-
coforms and various human diseases and the results will be
reported as soon as possible. It is our belief that this method
should greatly accelerate high-throughput protein glycomics
study involving precise structural characterization of termi-
nal sialic acid residues.

Experimental Section

Materials : Peptide N-glycosidase F (PNGase F) was purchased from
Roche, Indianapolis. 3-Methyl-1-p-tolyltriazene (MTT), sialyllactose and
dithiothreitol (DTT) were from Sigma–Aldrich. MTT was recrystallized
from n-hexane before use. RapiGest SF was from Millipore. Bovine fibri-
nogen was purchased from Seikagaku Corp., Tokyo. Affi-Gel Hz was ob-
tained from BioRad. Gold colloidal nanoparticles (GCNPs) were pre-

Scheme 2. Workflow for the “on-gold colloidal nanoparticle methyl esterification” of sialic acids for direct monitoring of enzymatic sialylation.

Figure 5. Direct monitoring of recombinant rat a-2,6-sialyltransferase ac-
tivity with the aid of the GCNP-carrying compound 1. The modified
product, chemisorbed on the GCNP surface, was directly ionized by laser
irradiation in the presence of matrix, before (a) and after (b) MTT treat-
ment.
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pared by the previously reported method.[17] Disialylated biantennary oli-
gosaccharide, abbreviated as A2 glycan and used as a model for major
complex-type N-linked-type glycans capped with sialic acids, was pre-
pared from a sialylated glycopeptide purified from egg yolks as described
previously.[19] The A2 glycan was partially hydrolysed by treatment with
aqueous acetic acid (0.5m) at 80 8C for 20 min to give a suitable mixture
of neutral (NA2) and mono- (A1) and disialylated (A2) N-glycans. 2,5-
Dihydroxybenzoic acid sodium salt (DHB) was from Wako Pure Chemi-
cals, Tokyo.

Efficiency of MTT-based methyl esterification of 2AB-glycans in solu-
tion : To evaluate the efficiency of MTT-based methyl esterification of
sialic acid carboxy groups, some model oligosaccharides labelled with 2-
aminobenzamide (2AB) were prepared. Fluorescence-tagging of oligo-
saccharides with 2AB and removal of excess reagents were carried out
by the general procedure reported previously.[20,21] Briefly, the freeze-
dried oligosaccharide materials were incubated with the 2AB reaction
mixture (20 mL). After the reaction was complete, purification of labeled
oligosaccharides was performed on a spin column with a pipette tip con-
taining silica gel beads. 2AB-tagged glycans were eluted in acetonitrile/
water (1:1, 3Q20 mL). The resulting materials were then passed through
DOWEX-50 (H+) and freeze-dried with use of a centrifugal concentra-
tor. The purity of the 2AB-labelled oligosaccharides used in this study
was characterized by amine-adsorption HPLC on a Microsorb MVamino
(Varian), column, based on the number of negative charges and size of
oligosaccharides as described previously.[22]

MTT solution (0.1m, 20 mL) in DMSO/acetonitrile (1:1) was added to an
aliquot of the above 2AB-labelled glycans (1 nmol scale), and the mix-
ture was incubated at 60 8C for 60 min. After the reaction was complete,
acetonitrile (200 mL) was added to the solution and the crude oligosac-
charide derivatives were subjected to the general procedure for the pu-
rification on a silica gel spin column employed in the above 2AB tagging
procedure.

Enzymatic release and immobilization of bovine fibrinogen N-glycans :
Crude porcine fibrinogen (20 mgmL�1 in 50 mm ammonium bicarbonate,
500 mL) was mixed with aqueous RapiGest SF solution (0.2%, 500 mL)
and the mixture was incubated at 37 8C for 10 min. DTT in water (1m,
10 mL) was added to the solution and incubation was carried out at 60 8C
for 30 min. Iodoacetamide (1m, 21 mL) was then added to the solution
and the mixture was incubated for an hour in the dark at room tempera-
ture. PNGase F (5 units) was directly added to the solution and the mix-
ture was incubated for 12 h at 37 8C.

An aliquot of the digest mix (typically 5–10 mL) was directly subjected to
immobilization on Affi-Gel Hz beads as follows. The suspension of Affi-
Gel Hz beads (50 mL) was transferred to a well (MultiScreen Solvinert,
Millipore Corporation, Bedford) and the beads were washed with acetic
acid (1m, 300 mL)). After washing with acetonitrile (300 mL), the digest
mixture containing oligosaccharides (5 to 10 mL) was applied to the
beads and made up to 20 mL with water. Acetic acid in acetonitrile (2%,
200 mL) was added to the well and the plate was incubated at 80 8C for
30 min. After the incubation, the beads were dried down and washed suc-
cessively with guanidine hydrochloride (6m, 3Q300 mL) in ammonium bi-
carbonate (50 mm), HCl (10 mm), acetonitrile in water (50%) and aceto-
nitrile.

On-bead esterification of sialylated oligosaccharides by MTT: MTT solu-
tion (0.1m to 0.5m, 100 mL) in DMSO/acetonitrile (1:1) was added to the
above plate containing oligosaccharide-immobilized Affi-Gel beads, and
the mixture was incubated at 60 8C for 2 h. The solution was filtered off
under vacuum, and the beads were washed with acetonitrile (2Q300 mL),
ammonium bicarbonate (10 mm), and water. The modified oligosacchar-
ides on the Affi-Gel beads were released by treatment with TFA in
water (0.1%, 100 mL) at 60 8C for 20 min. The solid material (Affi-Gel
beads) was filtered off and the solution was freeze-dried with use of a
centrifugal evaporator. The residual material was subjected to the 2AB-
labeling step by the same procedure as described in the preparation of
model 2AB-tagged glycans.

Modification of oligosaccharides with MTT on gold colloidal nanoparti-
cles : GCNPs displaying LacNAc (Galb1,4GlcNAcb1!) residues (1)
were prepared by the previously reported method.[17] Sialylation of chem-

isorbed 1 on GCNP was performed with the use of recombinant rat a-
2,6-sialyltransferase (10 mU, Calbiochem.) in cacodylate buffer (50 mm,
pH 6.0, 0.5% Trion CF-54) containing CMP-Neu5Ac (800 mm, Yamasa,
Japan) at 37 8C for 24 h. The GCNP was simply washed with deionized
water and purified by ultrafiltration on YM-50 (Millipore). The enzymat-
ically sialylated GCNP was dissolved in deionized water (5 mL) and
mixed with HCl (50 mm, 1 mL) and acetonitrile (200 mL), and the mixture
was then centrifuged at 15000 rpm for 5 min. The precipitated GCNP
was collected and dried in vacuo. MTT stock solution (0.2m in DMSO/
acetonitrile 1:1, 5 mL) was added to an aliquot of the residual GCNP and
the mixture was placed on a heat block at 60 8C for 1.5 h. The reaction
mixture was mixed with deionized water (10 mL) and centrifuged at
15000 rpm for 5 min to remove excess reagent and solvents. The precipi-
tated GCNP was collected and directly employed for further MALDI-
TOF MS measurement without any purification under conditions similar
to those described in the preceding paper.[17]

Mass spectrometry : All MS measurements were performed with an Ul-
traflex TOF/TOF mass spectrometer fitted with a reflector and control-
led through a FlexControl 2.2 software package (Bruker Daltonics) with
use of a mixture of DHB and DHB sodium salt (9:1, 10 mgmL�1 each) in
30% acetonitrile as a matrix. In MALDI-TOF MS reflector mode, ions
generated by a pulsed UV laser beam (nitrogen laser, l=337 nm, 5 Hz)
were accelerated to a kinetic energy of 23.5 kV.[8]
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