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ABSTRACT We have developed an efficient method for
the derivatization of oligosaccharides, wherein the oligosac-
charide is efficiently ligated to a basic aminooxyacetyl peptide
by oxime formation. The resulting glycopeptide yields much
higher sensitivity in matrix-assisted laser desorption/
ionization mass spectrometry than does the underivatized
oligosaccharide. Digestion of the glycopeptide by a exoglyco-
sidase array and subsequent mass spectrometric assay of the
digestion products provide a sensitive and rapid way to
elucidate the structure of the oligosaccharide. In addition to
oligosaccharide sequencing, the ligation reaction between an
oligosaccharide and an aminooxyacetyl peptide also provides
a potentially very convenient and efficient way for the syn-
thesis of glycopeptides or glycoproteins.

Proteins produced by eukaryotic cells are frequently posttrans-
lationally modified by the addition of carbohydrates. The
carbohydrate moieties of the glycoproteins modulate proper-
ties such as stability, activity, and binding affinity to and
specificity for other biomolecules (1-4). For this reason, it is
important to be able to determine the structure of the carbo-
hydrates present in glycoproteins. However, elucidation of the
structure of carbohydrates is challenging and places heavy
demands on the tools used for their analysis.

When large quantities of the oligosaccharide of interest are
available, tools of choice for structure analysis include nuclear
magnetic resonance (5-7) and x-ray crystallography (7). Fre-
quently, only small quantities of oligosaccharide are available,
and structure analysis is accomplished by monitoring enzy-
matic degradation with a glycosidase array (8-10), by perm-
ethylation analysis (11), and/or by mass spectrometry (MS)
(12-14). Enzymatic analysis of oligosaccharides is distin-
guished by its simplicity and sensitivity. The method involves
digestion of aliquots of the oligosaccharide of interest with a
defined exoglycosidase array, followed by analysis of the
digestion products using chromatography or by gel electro-
phoresis (9, 10). The sequence of the oligosaccharide and the
specific linkages between the individual sugar moieties can be
deduced from the pattern of observed carbohydrate fragments
and a knowledge of the specificities of the components of the
exoglycosidase array. Although the method in its present form
is useful, it is relatively slow and requires highly purified
oligosaccharide and virtually complete glycosidase digestion.
Therefore, further improvement of the current method is
desirable.

Matrix-assisted laser desorption/ionization MS (MALDI-
MS) (15-17) and electrospray ionization MS (18, 19) have
been used to determine molecular masses of oligosaccharides
and to obtain sequence, branching, and linkage information
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(12, 20, 21). The application of MS to structure elucidation is
attractive because the technique is potentially rapid and sen-
sitive. Nevertheless, application of these mass spectrometric
approaches to the structure analysis of oligosaccharides has
proved challenging; difficulties originate from the intrinsic
complexity of oligosaccharide structures, insufficient ability to
control mass spectrometric fragmentation of oligosaccharides,
and the relatively low mass spectrometric response of oligo-
saccharides (compared, for example, with peptides). During
positive ion MALDI, peptide molecules are usually ionized
relatively efficiently by protonation of their basic groups.
Neutral and acidic oligosaccharides lack groups with high
proton affinity and are usually ionized with lower efficiency by
alkali metal cationization when a small amount of metal salt
is present. The resulting limited sensitivity for the mass
spectrometric measurement of oligosaccharides reduces the
utility of MALDI-MS for their structural analysis.

Derivatization methods for oligosaccharides have been de-
veloped with the goal of increasing the sensitivity of the mass
spectrometric analysis (22, 23). Most of these methods involve
covalent attachment of an appropriate moiety by reductive
amination—a procedure involving formation of a covalent
linkage by the reduction of a Schiff adduct between a primary
amine and the acyclic aldehyde form of the oligosaccharide.
For example, attachment of a basic moiety improves the
probability of protonation during the ionization step.

Here, we report a method for the microscale derivatization
of oligosaccharides, wherein the oligosaccharide is efficiently
ligated to an aminooxyacetyl form of a basic peptide by oxime
formation" (see Fig. 1). The resulting glycopeptide yields much
higher sensitivity in MALDI-MS than does the underivatized
oligosaccharide. Digestion of the glycopeptide by a exoglyco-
sidase array and subsequent mass spectrometric assay of the
digestion products (8) provides a sensitive and rapid way to
elucidate the structure of the oligosaccharide.

MATERIALS AND METHODS

Materials. All oligosaccharides and exoglycosidases were
purchased from Oxford GlycoSystems (Abingdon, U.K.). The
procedures for preparation and storage of enzymes followed
instructions from the manufacturer. HPLC grade CH3CN was
purchased from Baxter Health Care (Muskegon, MI).

Abbreviations: 4-HCCA, a-cyano-4-hydroxycinnamic acid; DHB, 2,5-
dihydroxybenzoic acid; HIC, 1-hydroxy isocarbostyril; MALDI, ma-
trix-assisted laser desorption/ionization; MS, mass spectrometry;
TOF, time-of-flight; TFA, trifluoroacetic acid; LSTa, LS-tetrasaccha-
ride a; NA2FB, asialo-, agalacto-, bi-antennary, core-substituted with
fucose and with bisecting GIcNAc; A2F, di-sialylated-, galactosylated,
bi-antennary, core substituted with fucose; Al, mono-sialylated-,
§alactosylated, bi-antennary.
Present address: Gryphon Sciences, Suite 90, 250 East Grand Avenue,
South San Francisco, CA 94080.
8To whom reprint requests should be addressed. e-mail: chait@
rockvax.rockefeller.edu.
TDuring preparation of this manuscript, a related method was de-
scribed for the preparation of glycopeptides (24).



1630 Chemistry: Zhao et al.

a-Cyano-4-hydroxycinnamic acid (4-HCCA) was purchased
from Sigma, and 2,5-dihydroxybenzoic acid (DHB) and 1-hy-
droxy isoquinoline (HIC) was from Aldrich. Aminooxyacetyl
peptide (NH,-O-CH,CO-KLEEQRPERVKG) was kindly
provided by Lynne E. Canne (The Scripps Research Institute,
La Jolla, CA). The purity of the peptide was assayed by HPLC
and MALDI-MS.

Synthesis of Glycopeptides. The derivatization reaction was
modified from the procedures for oxime formation described
previously (25, 26). Thus, 2 ul (20-200 pmol) of an aqueous
solution of oligosaccharide was added to 0.5 ul (18-180 pmol)
of an aqueous solution of the aminooxyacetyl peptide at a
molar ratio 1:0.9 (oligosaccharide/aminooxyacetyl peptide),
mixed with 30 ul of CH3CN, and incubated at 37°C for 12 hr.
The resulting reaction products were vacuum dried (Speed-
Vac; Savant Instruments) and redissolved in a suitable volume
of water. The reaction products were used for glycosidase
digestion and mass spectrometric analysis without further
purification. Considerable care was taken to minimize the
presence of aldehyde and ketone impurities in the solvents
used for the derivatization reaction.

A slight excess of carbohydrate over aminooxyacetyl peptide
was used during synthesis of the glycopeptides to avoid the
strong mass spectrometric peak resulting from unreacted
peptide. In cases where it proves desirable to use excess
peptide, several alternative strategies can be applied. (i) The
large unreacted peptide peak can be tolerated (or allowed to
saturate) because it is in a part of the mass spectrum that does
not interfere with information concerning the oligosaccharide.
(#i) Unreacted peptide can be removed by reaction with
activated solid beads containing aldehyde or ketone groups.
(iii) Unreacted peptide ions can be discriminated against by
switching the detector off during the arrival time of the
unreacted peptide ions (in the same manner as is presently
used for discriminating against the intense laser desorption
matrix ions).

HPLC Analysis. Reverse-phase HPLC was carried out on a
Microm Ultrafast Microprotein Analyzer HPLC system (Mi-
crom Bioresource, Pleasanton, CA) with 215 nm UV detec-
tion, using C-18 analytical (5 wm, 1 X 150 mm) column.
Chromatographic analysis was performed using a linear gra-
dient from 10% to 40% of buffer B in buffer A [buffer A, 0.1%
trifluoroacetic acid (TFA) in water (vol/vol); buffer B, 90%
CH3CN/0.1% TFA in water (vol/vol)] in 20 min at a flowrate
of 50 wl/min.

Glycosidase Digestion of Glycopeptides. The glycopeptide
was digested according to the procedures described by Sutton
et al. (8), except that the amount of each reaction volume was
increased five times to 5 ul. Typically, 16—40 pmol of a
glycopeptide was divided into eight aliquots and mixed with
reaction buffers and enzyme mixtures as given in Table 2. The
resulting solutions were incubated at 37°C for about 20 hr. Two
microliters of each digest was mixed with 2 ul of 4-HCCA
matrix solution, and 1.5 ul of the resulting solution was loaded
onto the sample probe (with a capacity for 10 samples) for
MALDI time-of-flight (TOF) mass spectrometric analysis.

Mass Spectrometric Analysis. Mass measurement was car-
ried out on a MALDI-TOF instrument constructed at the
Rockefeller University (27). The mass spectra were obtained
in the positive ion mode and collected by adding individual
spectra resulting from 100 laser shots.

RESULTS

Synthesis of Glycopeptides. The synthesis of glycopeptides
takes advantage of the oxime formation reaction (25, 26)
between a highly reactive amine group at the N terminus of an
aminooxyacetyl peptide and an aldehyde group at the reducing
end of an oligosaccharide (Fig. 1). The sequence of the
aminooxyacetyl peptide was chosen to contain four basic
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FiG. 1. Synthesis of glycopeptide from an aminooxyacetyl peptide
and an oligosaccharide. R1, R2, and R3 represent sugars attached to
the reducing end monosaccharide. The aminooxyacetyl peptide is
NH>-O-CH,CO-KLEEQRPERVKG.

residues to increase the mass spectrometric response of the
resulting glycopeptide. To optimize the reaction yields, various
reaction conditions were screened, including solvent compo-
sition, pH, and temperature. A high ratio of CH3;CN/water
[92:8 (vol/vol)] was found to favor the synthesis of glycopep-
tides. No side reaction product was observed between the side
chain of lysine and the oligosaccharides, suggesting that (under
the conditions employed) the reaction is specific for the
aminooxy group (data not shown).

Fifteen oligosaccharides including neutral, acidic, N-linked,
and O-linked oligosaccharides were successfully ligated to the
aminooxyacetyl peptide. They were as follows: 3’-sialyllactose
(3’-SL); 6'-sialyllactose (6'-SL); 3’-sialyl-N-acetyllactosamine
(3’-SLN); 6'-sialyl-N-acetyllactosamine (SLN); 3’-sialyl-3-
fucosyllactose (3'-S,3-FL); LS-tetrasaccharide a (LSTa); LS-
tetrasaccharide b (LSTb); LS-tetrasaccharide ¢ (LSTc); mono-
sialylated-, galactosylated, bi-antennary (Al); di-sialylated-,
galactosylated, bi-antennary, core substituted with fucose
(A2F); 2'-fucosyllactose (2'FL); asialo-, agalacto-, bi-
antennary (NGAZ2); conserved trimannosyl core (M3N2);
di-sialyl-lacto-N-tetraose (DLSNT); and asialo-, agalacto-, bi-
antennary, core-substituted with fucose and with bisecting
GlcNAc (NA2FB) (nomenclature used in the Oxford Glyco-
Systems catalogue). The reaction yields of four of these
oligosaccharides (Fig. 2) was analyzed by HPLC. In each case,
the reaction yield was 95% or higher (see, for example Fig. 3),
indicating that the reaction is quite general and efficient. The
glycopeptide did not degrade after incubation at 37°C for 40
hr in aqueous buffers with pH values ranging from 4.3 to 8.0
(data not shown), suggesting the glycopeptide is quite stable.
To characterize side products, the reaction mixture was sep-
arated by reverse-phase HPLC, and identities of the HPLC
fractions were characterized by their molecular masses deter-
mined by MS. The major side products were formed between
the peptide and aldehyde/ketone impurities, such as formal-
dehyde, acetylaldehyde, or acetone that were present in trace
amount in the acetonitrile and/or water solvents (Fig. 3).

Mass Spectrometric Sensitivities of Glycopeptides. Sensi-
tivities of derivatized and underivatized oligosaccharides were
determined under optimized MALDI-MS conditions. We and
others have observed that the composition of the matrix
solution and the procedures for sample preparation signifi-
cantly influence the signal response of analytes in MALDI-MS
(17, 28-31). Several commonly used matrixes were evaluated
for the purpose of improving the quality and sensitivity of mass
spectra, including 4-HCCA (32), DHB (21), 4-hydroxy-3-
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Fic. 2. Structures of four oligosaccharides used in the present
investigation.

methoxycinnamic acid (33), 3-hydroxypicolinic acid (34),
5-methoxysalicyclic acid (MSA) (33), DHB/MSA mixture
(33), DHB/MSA /fucose mixture (33), and DHB/HIC mixture
(35). We also evaluated different sample preparation proce-
dures, including variation of the concentration of sodium
chloride present in the preparation (for underivatized oligo-
saccharides), the evaporation environment (at atmospheric
pressure or in vacuum), and the matrix-sample crystallization
conditions using different organic solvents.

For the glycopeptides prepared by the present method, the
strongest ion signals were observed when the sample was dried
at room temperature in air using a saturated 4-HCCA solution
as a matrix prepared in CH3CN/0.1% TFA in water (1:2,
vol/vol). For underivatized oligosaccharides, the strongest
signal was observed when the analyte was dried in vacuum with
a 0.2 M DHB/0.06 M HIC (1:1, vol/vol) matrix solution
prepared in CH3CN/water (1:2, vol/vol). These results are in
good agreement with previous observations (35).

Fig. 4 compares the detection limits of the underivatized and
derivatized oligosaccharide, A2F, by MALDI-MS. The deri-
vatization increased the sensitivity of the mass measurement by
300-fold for A2F. Of four oligosaccharides tested, the deriva-
tization increased the sensitivity of the mass spectrometric
measurement between 50- and 1000-fold (Table 1). Sensitiv-
ities for the derivatized oligosaccharides were in the low
femtomole range, which is in accord with our previously
determined sensitivity limit for sample handling of peptides
(data not shown).

The sensitivity of MALDI-TOF mass spectrometric analysis
usually deteriorates sharply when the molecular mass of an
analyte falls below 800 Da (unpublished observation). Deri-
vatization of an oligosaccharide with an aminooxyacetyl pep-
tide not only attaches a basic peptide to the oligosaccharide but
also increases its mass by 1526 Da [mass of the aminooxyacetyl
peptide minus water (18 Da)] to a range optimal for
MALDI-MS analysis. This advantage becomes particularly
evident when analyzing small oligosaccharides or fragments of
oligosaccharides from exoglycosidase digestion (see below).
We note that no special effort was made to optimize the
peptide for the present purposes, although the particular
peptide used gave a strong mass spectrometric response (since
it contains four basic groups). The peptide could also be
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F1G6.3. (A4) Reverse phase-HPLC analysis of the products formed
by ligation between the oligosaccharide, NA2FB, and the aminooxy-
acetyl peptide. Peak 1, glycopeptide; peaks 2 and 3, side products
formed between the aminooxyacetyl peptide with formaldehyde and
acetone, respectively. Identities of the peaks were confirmed by mass
spectrometric analysis of the HPLC fractions. The HPLC conditions
are described in Materials and Methods. (B) Mass spectrometric
measurement of an aliquot of the crude ligation reaction products were
analyzed without further purification. Peaks 1-3 in the mass spectrum
correspond to fractions 1-3 in 4. Peak 4 is a fragment ion produced
through cleavage of the oxime N-O bond during the MALDI-MS
process. Peak 5 was not identified. Yields of the ligation reaction were
calculated from the areas of the HPLC peaks.

designed to contain a fluorescent group or tryptophan that
would make it compatible with UV /fluorescence detection.
Ladder Sequencing of Derivatized Oligosaccharides. In
addition to MS, there are several other approaches available
for sequence analysis of oligosaccharides (6, 9, 11). One of the
commonly used methods involves sequential removal of
monosaccharide residues from oligosaccharides using exogly-
cosidases with high specificities. Dwek and coworkers (9) have
refined this approach by using exoglycosidase arrays. The
labeled oligosaccharide is aliquoted and digested with an
exoglycosidase array to produce a list of fragments of the
original oligosaccharide. The resulting glycoconjugate frag-
ments are pooled and analyzed by column chromatography.
Sequence and linkage information are deduced from the
behavior of the glycoconjugate fragments in column chroma-
tography and a knowledge of the enzyme array. More recently,
Sutton et al. (8) explored the use of MALDI-MS for the
analysis of carbohydrate fragments produced by enzyme-array
digestion, wherein oligosaccharide structures were deduced

Table 1. Sensitivity enhancement of oligosaccharide measurement
by MALDI-MS after peptide derivatization

Signal
Underivatized, Derivatized, enhancement,
Carbohydrate fmol fmol fold
Al 600 10 X60
A2F 3,000 10 X300
LSTa 10,000 10 X 1000
NA2FB 100-300 2 X50-150
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Fi6. 4. Comparison of the sensitivities of MALDI-MS analysis of
derivatized and underivatized A2F. (4) MALDI mass spectra of
underivatized A2F. The MALDI matrix solution consist of 0.2 M
DHB/0.06 M HIC [1:1, vol/vol in CH3CN/water (1:2, vol/vol)] with
10 mM NacCl (to increase the ionization yield). The matrix sample
mixture was dried under vacuum on the sample probe. In addition to
the (M+H)* ions (peak 2), an (M+Na)* ion (peak 3) and an
(M+2Na-H)* (peak 4) were observed (B) Derivatized A2F. The
glycopeptide was mixed with matrix solution [4-HCCA in CH3CN/
0.1% TFA in water (1:2, vol/vol)], loaded on the probe, and dried at
room temperature in air. The protonated glycopeptide ion (M+H)*
is labeled “2.” In 4 and B, peak 1 corresponds to, respectively, the
sodium cationized and protonated molecule with the loss of one sialic
acid.

from the molecular masses of the digestion products, and the
composition and specificities of the exoglycosidase array used.

Here, we show use of the derivatized oligosaccharides for
sequence analysis by applying exoglycosidase digestion (Table
2) in combination with MALDI-TOF MS. The oligosaccharide
A2F (Fig. 4) was analyzed to demonstrate the methodology.
Derivatized A2F was subjected to digestion without prior
separation of the side-reaction products. The molecular masses
of the starting material and digestion products were measured
by MALDI-TOF MS (Fig. 5). Structural information was

Table 2. Specificities and compositions of glycosidase mixtures
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Fi1G. 5. Ladder sequencing of the A2F glycopeptide. A solution of
the A2F glycopeptide was divided into eight aliquots and digested by
the exoglycosidase array given in Table 2. Mass differences between
some of the digestion product peaks are indicated. Symbolic structures
are shown for the carbohydrate portion of the starting glycopeptide
and for the smallest glycopeptide fragments resulting from the series
of exoglycosidase digestions (4—H). Monosaccharides are represented
by symbols: B, N-acetylglucose; ®, galactose; O, mannose; <4, sialic
acid; 4, fucose. For clarity, the peptide portion of the glycopeptide is
omitted from the symbolic structures.

obtained by taking into account (i) the molecular mass of the
starting glycopeptide, (i) the molecular masses of the glyco-
conjugate fragments, and (iii) the composition and specificities
of the exoglycosidases (Table 2). The type of monosaccharide
was determined by molecular mass differences between adja-
cent peaks in the mass spectra; 203-, 291-, and 162-Da losses

Exoglycosidase digests
(number of 0.5 ul aliquots)

Linkage Concentration pH

Enzyme Source specificity (units/ml) optmum A B C D E F G H
Sialidase Arthrobacter ureafaciens a6 > a3, a3 1 5.0-5.5 1 1 1 1 1 1 1 1
Galactosidase Streptococcus pneumoniae Bi-a 0.2 5.5-6.5 1 1 1 1 1 1 1
GIlcNAcase Chicken liver Bi-2, a3, aa, ag 1 5.0-5.5 1 1 1 1
GIcNAcase Streptococcus pneumoniae  Bi12 0.008 4.0-4.5 1 1
Mannosidase Jack bean a3 0.1 4.0-4.5 1
Mannosidase Jack bean @12, a3, Qg 5 4.0-4.5 1 1
Mannosidase Helix pomatia Bi-4 1 4.0-4.5

Sample buffer

10% methanol*

—_
—_
—_
—_

—_
Q== ==
—_

—_

Glycosidase mixtures are adapted from ref. 2.

*Sample buffer includes 50 mM sodium citrate/phosphate (pH 5.0), 25 mM zinc chloride.
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indicate the presence of N-acetylglucosamine, sialic acid, and
hexose, respectively. The identities of the monosaccharides
and the linkage types were determined using the specificities
and composition of the glycosidases array (8, 9). Thus, for
example, comparison of the mass spectrum obtained from the
starting glycopeptide (top of Fig. 5) with that obtained from
the glycopeptide treated with exoglycosidase A—i.e., sialidase,
see Table 2 (Fig. 54)—reveals that the oligosaccharide con-
tains up to two sialic acid residues linked as_¢, a3, Or ag to
an unspecified monosaccharide. The identities of these
unspecified monosaccharides are revealed by treatment of
the glycopeptide with exoglycosidase mixture B, which con-
tains sialidase and galactosidase (Table 2). The resulting
spectrum shows an additional loss of 324 Da (i.e., 2 X 162
Da) indicating the presence of two galactose residues. The
specificity of the galactosidase reveals that the galactose
linkages are GalB;_4GIcNAc or GalB;_4GalNAc. Continuing
the analysis in a similar manner, mass spectra were compared
after treatment of the glycopeptide with six additional
exoglycosidase mixtures (Table 2). It is seen that structural
information about A2F was readily deduced for all residues
beyond the core trisaccharide (although we note that the
deduced linkage information may be limited by the speci-
ficities of the available exoglycosidases).

CONCLUSION

In summary, conditions for obtaining high levels of ligation
between oligosaccharides and an aminooxyacetyl peptide was
successfully developed. The resulting glycopeptide can be
measured by MALDI-TOF MS with 50 to 1000 times more
sensitivity than the underivatized oligosaccharide. The glyco-
peptide provides a very good reagent for structure analysis
using exoglycosidase digestion. The sensitivity enhancement
simplifies sample handling and is very helpful when dealing
with low abundance oligosaccharides from biological sources.

MALDI-MS provides several advantages for assaying the
digestion products from the enzyme array compared with the
widely used chromatographic or gel electrophoretic methods
(9, 10). First, MALDI-MS is much faster than the column
chromatography or gel electrophoresis currently used in com-
mercial oligosaccharide-analysis instruments (9, 10). Analysis
of eight digestion samples by MALDI-MS can be completed in
0.5 hr. Second, the mass spectrometric approach is tolerant to
heterogeneity of the oligosaccharides. Because MALDI-MS
has much higher resolution than column chromatography or
gel electrophoresis, it is less likely that impure oligosaccharides
will produce confusion in the data analysis. By contrast,
current commercial methods require a relatively high homo-
geneity of starting oligosaccharide. Third, incomplete glyco-
sidase digestion is tolerated here because the structural infor-
mation is obtained from molecular mass differences (and
specificities and composition of the glycosidase mixture).
Indeed, incomplete digestion can in principle give more struc-
tural information than complete digestion since more frag-
ments are produced in an incomplete digestion. Finally, the
sensitivity of MALDI-MS is very high—i.e., subpicomole
amounts of glycopeptides can be easily analyzed.

In addition to oligosaccharide sequencing, the ligation re-
action between an oligosaccharide and an aminooxyacetyl
peptide also provides a potentially convenient and efficient
way for the synthesis of glycopeptides or glycoproteins. An
aminooxy group can be readily incorporated at the side chain
of a natural or unnatural amino acid residue, which can be
introduced into peptides during solid-phase peptide synthesis.
Next, an oligosaccharide moiety can be ligated to the ami-
nooxyacetyl peptide through the oxime formation reaction as
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described in this paper. Although the resulting glycopeptide
does not have a natural linkage, it can be designed to provide
a reasonably close approximation. A combination of glyco-
peptide synthesis with protein ligation techniques (25, 26) may
also allow for the synthesis of artificial glycoproteins.

We thank Dr. Lynne E. Canne for the synthesis of the aminooxy-
acetyl peptide and Dr. Tom W. Muir for insightful discussions. This
work was supported in part by Grant RR00862 from the National
Institutes of Health.
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