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ABSTRACT. A GC/MS procedure was developed for the analysis of all major constituents of glycoproteins.
The rationale for this approach is that by using GC/MS analysis of the constituents as heptafluorobutyrate
derivatives, it was possible to quantitatively determine the sialic acid, monosaccharide, fatty acids (when
present), and the amino acid composition with the sample remaining in the same reaction vessel during
the entire procedure. A mild acid hydrolysis was used to liberate sialic acids and was followed by formation
of methyl-esters of heptafluorobutyrate (HFB) derivatives. After GC/MS analysis of sialic acids, the
remaining material was submitted to acid-catalyzed methanolysis followed by the formation of HFB
derivatives. After GC/MS analysis of the monosaccharides, the sample was supplemented with norleucine
(as internal standard) and hydrolyzediw M HCI followed by the formation of isoamyl-esters of HFB
derivatives and GC/MS analysis. His and Trp residues were modified during the step of acid-catalyzed
methanolysis, but the resulting derivatives were stable during acid hydrolysis and quantitatively recovered
by GC/MS analysis. As a result, all constituents of glycoproteins (sialic acids, monosaccharides (or di-
and trisaccharides) and amino acids) are identified in the electron impact mode of ionization and quantified
using three GC/MS analysis in the same chromatographic conditions and using a limited number of reagents,
a considerable advantage over previous techniques. This method is very sensitive, all data (qualitative
and quantitative) being obtained at the sub-nanomolar level of initial material.

In previous studiesl—3), we have demonstrated that the GC analysis. The assignment of relative molar response
complete analysis of the constituents of glycolipids could factors for the various compounds using the total ion counts
be performed by GC/MS analysis of heptafluorobutyrate in the electron impact mod@&) allowed the molar composi-
derivatives of the various constituents liberated using acid- tions of glycosphingolipids to be obtained in a reproducible
catalyzed methanolysis. During this procedure, the releasedway with the sample remaining in the same test tube during
monosaccharides are transformed into tl@imethyl gly- all cleavage/derivatization steps. The same methodology was
cosides an®-methyl glycosides of their methyl esters, fatty successfully applied to study the diversity of sialic acils (
acids as their methyl esters (FAMEgNd long-chain bases and 38 different sialic acid derivatives could be identified
as free compounds or as degradation products that could baising GC/MS analysis. For gangliosides, it was possible to
unambiguously identified. High-temperature acylation with first analyze the sialic acids, and after methanolysis of the
heptafluorobutyric anhydride allows complete blockage of remaining material to obtain a complete quantitative deter-
alcohol and amino groups as heptafluorobutyrate derivatives,mination of all monosaccharides, fatty acid methyl-esters,
after which all constituents become volatile and suitable for long-chains bases, again with the sample remaining in the

same tube.

* Correspondence should be addressed to Dr. Jean-Pierre Zanetta, He€re, we have adapted these approaches to analyze
CNRS UMR 8576, Bat C9 USTL, 59655 Villeneuve d’Ascq Cedex. glycoproteins-a challenging task considering the potential
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Y CNRS UniteMixte de Recherche 8576, Universities Sciences proaches needed several techniques and several apparatus,

et Technologies de Lille. such as HPLC and/or gas chromatography for the separation
¥ Inserm U560. of the different constituents in separate experiments. Due to
#Lund University. difficulties of coupling such techniques with mass spectrom-

1 Abbreviations: amu atomic mass unit; Cl: chemical ionization; . . . o
El: electron impact ionization; FAMEs: fatty acid methyl-esters; GC: etry, the different compounds were mainly identified through

gas chromatography; MS: mass-spectrometry; HFB: heptafluorobu- their retention time, a criterion largely insufficient for
tyrate; HFBAA; heptafluorobutyric anhydride; Kdn: 3-deossglycero- analyzing samples of unknown composition. In contrast, GC/

D-galacto-nonulosonic acid; RT: retention time; rMR: relative molar MS analyses of stable volatile compounds offered the
response; rRT: relative retention time; TIC: total ion count; Uro:

uromodulin. The nomenclature of the other sialic acids was after POSSibility to analyze complex mixtures<4) because the
Schauer and Kamerlind.®). nature of the constituent of each peak can be certified by its
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mass spectrum. In this paper, we report that complete analysisnjected in the Ross injector of the GC/MS. Under these
of glycoproteins (sialic acids, monosaccharides, and aminoconditions, all monosaccharides (including sialic acids) are

acids) is achieved using three GC/MS analysis steps in therecovered asO-methyl-glycosides except the particular
same chromatographic conditions and the same mode ofglucosamine residue forming the N-glycosidic bo8jl (

detection (electron impact ionization) starting from sub-
nanomolar quantities of material. New information on the
electron impact MS fragmentation patterns of the heptafluo-
robutyrate derivatives of the isoamyl-esters of amino acids

GC/MS Analysis of Amino Acidafter monosaccharide
analysis, samples were dried under a stream of nitrogen and
submitted to “classical” acid hydrolysis (16 h at 190 in
100 uL of 6 M HCI). After the addition of 1 nmol of

are provided. Especially, Trp, which is modified during the norleucine (Nle) as internal standard, samples were evapo-
methanolysis step, can be quantitatively recovered after acidrated under a stream of nitrogen and submitted to a short

hydrolysis. Results obtained from glycoprotein mixtures as
well as from purified glycoproteins are reported.

EXPERIMENTAL SECTION

Chemicals and Biological Material®iazogen was from
Acros and heptafluorobutyric anhydride (HFBAA, puriss.
grade) from Fluka or from Merck or from Acros. Methanol
and isoamyl alcohol were redistilled in anhydrous conditions

from analytical grade reagents. Standard amino acids were

from Beckman and Pierce. MUC2 was isolated as an
insoluble glycoprotein complex from human colon and
purified as reduced subunits with isopycnic density-gradient
centrifugation as describeds)( Uromodulin (Uro) was
isolated according to Serafini-Cessi et &).

GC/MS Analysis of Sialic Acid&lycoprotein-bound sialic
acids were analyzed as previously describéd Briefly,
samples (310 ug of protein) were hydrolyzed (105 min at
80 °C in 500uL of 2 M acetic acid), and then lyophilized

or evaporated with a rotary evaporator at room temperature.

The dry samples were supplemented with 200 of

anhydrous methanol followed by the addition of a diaz-
omethane solution in diethyl-ether (2@Q) and left over-

night at room temperature after vigorous agitation. It is
emphasized that diazomethane is a very potent carcinogeni
and that all handling procedures must be performed accord
ingly (4). Before GC/MS analysis, samples were evaporated

to dryness under a stream of nitrogen, supplemented with

200 uL of acetonitrile and 25:L of heptafluorobutyric
anhydride (HFBAA) and heated for 5 min at 18C in a
sand bath. After cooling, samples were evaporated, dissolve
in 400uL of acetonitrile dried on calcinated calcium chloride
and an aliquot (kL) was injected onto the Ross injector of
the GC/MS. It should be emphasized that HFBAA did not
derivatize the OH group of the & carbon atom of sialic
acids and was not inducing a trans-acylation of the initial
acyl groups of sialic acids4].

GC/MS Analysis of Monosaccharides (and of Fatty Acids).
After analysis of sialic acids, samples were dried under a

stream of nitrogen and submitted to acid-catalyzed metha- ¢ 109

nolysis (20 h at 8C°C in 500 uL of anhydrous methanol
containing 0.5 M gaseous HCI; 1, 7). The methanolysis

time methanolysis (50L of 0.5 M HCI in anhydrous
methanol, 1.5 h at 80C) to form methyl esters9j. After
drying them under a stream of nitrogen, samples were trans-
esterified using 20@L of 1.5 M HCI in redistilled isoamyl
alcohol @) overnight at 100°C. The reagent was obtained
by adding 107«L of acetyl chloride in precooled+20 °C)
isoamyl alcohol. After drying them under a stream of
nitrogen and mild heating with a hair drier, samples were
supplemented with 20@L of acetonitrile and 25L of
HFBAA and heated for 30 min at 15C. After evaporation,
samples were dissolved in 4@Q of dried acetonitrile, and
an aliquot (1uL) was injected into the Ross injector of the
GC/MS. As previously discusse@®, (9, 10), methyl-esters

of amino acids are too volatile to be analyzed by GC or GC/
MS. In contrast, the isoamyl-esters of HFBAA derivatives
will allow the excess HFBAA to be eliminated without losing
the most volatile amino acids derivatives (those of Ala, Gly,
Val, Thr, Ser).

GC/MS AnalysisFor GC/MS analysis, the GC separation
step was performed using a Carlo Erba GC 8000 gas
chromatograph equipped with a 25xn0.32 mm CP-Sil5
CB Low bleed/MS capillary column, 0.2Bm film phase
(Chrompack France, Les Ullis, France). The temperature of

éhe Ross injector was 260C and samples were analyzed

using a temperature program starting at°@for 3 min,

followed by an increase (82/min) until 260°C was reached.
The column was coupled to a Finnigan Automass Il mass
spectrometer (mass detection limit 1000) or, for masses larger
than 1000, to a Riber 010H mass spectrometer (mass

Gdetection limit 2000). Analyses were routinely performed

In the electron impact mode (ionization energy 70 eV; source
temperature 150C) and to preserve the filament of the
ionization source, GC/MS records were performed 5 min
after injection. Quantitation of the various constituents was
performed using the total ion count (TIC) of the MS detector
and the Xcalibur software (Finnigan Corp.). To assess the
mass of the various derivatives, MS analyses were also
performed in the chemical ionization mode in the presence
of ammonia (ionization energy 150 eV, source temperature
°C). Detection was performed for positive ions.

RESULTS AND DISCUSSION

reagent was obtained by dissolving anhydrous gaseous HCI

(up to 0.5 M) at—50 °C in anhydrous methanol previously
redistilled on magnesium turningg)( Gaseous HCI was
prepared by the dropwise addition of concentrated sulfuric
acid on crystallized sodium chloride. After drying them under

The approach reported here has emerged through was a
compilation of several lines of work on the use of heptafluo-
robutyrate (HFB) derivatives for the analysis of monosac-
charides 1, 11), constituents of complex lipidsl{-3) and

a stream of nitrogen, samples were supplemented with 2000f sialic acids ¢). The major advantages of HFB derivatives

uL of acetonitrile and 2L of heptafluorobutyric anhydride
and heated for 30 min at 15 in a sand bath. After the

was their stability with time, their excellent chromatographic
properties on “classical” methyl-siloxane columns (absence

reagents were evaporated under a stream of nitrogen, samplesf van der Waals interaction with the liquid phase) and, in

were dissolved in 20QL of dried acetonitrile and kL was

excess of reagent, the almost complete absence of interfer-
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Step 1: Sialic acid composition
Lyoph+ilized powder
Mild acid hydrolysis (2 M acetic acid; 105 min; 80°C)
Evaporation (rotary evaporator or lyophilisation)
Methylesterification with diazomethane (20 h; 25°C)
Evaporation (nitrogen stream)
Acylation with HFBAA (5 min; 150°C)
Evaporation (nitrogen stream)
Injeciion: GC/MS1
Step 2: Monosaccharide composition
Evaporation (nitrogen stream)
Methanolysis (0.5 M HCI in methanol; 20 h; 80°C)
Evaporation (nitrogen stream)
Acylation with HFBAA (30 min; 150°C)
Evaporation (nitrogen stream)
Injection: GC/MS2
{
Step 3: Amino acid composition
Evaporation (nitrogen stream)
Hydrolysis (6 M HCI; 16 h; 110°C)

Addition of Nle + evaporation (nitrogen stream)

Methyl-esterification (0.5 M HCI in methanol; 1.5 h; 80°C)

Evaporation (nitrogen stream)

Trans-esterification (1.5 M HCl in isoamyl alcohol; 20 h; 100°C)

Evaporation (nitrogen stream)
Acylation with HFBAA (30 min; 150°C)
Evaporation (nitrogen stream)
Injection: GC/MS3

Pons et al.

the major part of the sialic acids (over 95%) with no
significant release of other constituents. However, GC/MS
analysis indicated that monosaccharides in terminal nonre-
ducing positions of glycans could be cleaved but to a very
low extent @). Possibly some particularly weak peptide
bonds could also be cleaved, but since the sample remains
in the same reaction vial until the end of the procedure, and
components released are still available for the subsequent
analyses, such cleavages will not perturb the final result.
After the first hydrolysis step, the dried samples (containing
free sialic acids and essentially the remaining intact glyco-
protein) were methyl-esterified with an excess of diaz-
omethane and, after elimination of the reagent, all alcohol
and (possibly) amino groups were blocked by HFBAA. Sialic
acids were thus recovered as volatile HFB derivatives of their
methyl esters and analyzed in the step GC/MS1 (sed ref
for the detailed mass spectra of 38 different sialic acids).
After the GC/MS1 (sialic acid analysis), the samples were
submitted to acid-catalyzed methanolysis, liberating all
monosaccharides from the glycoprotein as ti@imethyl-
glycosides, except the GIcNAc residue involved in N-
glycosidic bonds. Indeed), the latter constituent did not
behave as the other GIcNAc residues involved QA
glycosidic bonds (which were quantitatively recovered as
O-methyl-glycosides), but as the 1-glycosylamine of GIcNAc.
Consequently, this residue was recovered essentially as the
HFB derivative of GIcN, although some minor components
(HFB derivative of the glycosylamine of GIcN and HFB
derivative of an Amadori rearrangement product of GIcN)
were also observe®). Under these conditions, the carboxyl
groups of acidic monosaccharides are transformed into their
methyl-esters and all O-acyl groups of sialic acids, as well
as all acetamido groups of N-acylated compounds (GIcNAc,
GalNAc, Neu5Ac, Neu5Gc) are cleaved forming N-de-
acylated compounds. After reaction with HFBAA, the
monosaccharides were recovered as the per-O(N)-HFB

FiGURE 1: Basic principles of the approach. The approach involves derivatives of theiO-methyl-glycosides (and of their methyl-
three sequential GC/MS analyses (GC/MS1, GC/MS2, and GC/ esters for compounds with a carboxyl group, such as
MS3) performed using the same apparatus, the same GC columnhexyronic acids and sialic acids), except the residue involved

the same temperature program and the same mode of detectio B P P _
(electron impact ionization) of the same sample always remainingr?n the N-glycosidic bond. All these derivatives were quan

in the same reaction vessel, without extraction or centrifugation. titatively and qualitatively determined during GC/MS2.
The details of each protocol are reported in Materials and Methods. During methanolysis, the acetamido groups of Asn and GIn
It is emphasized that, due to the toxicity of reagents, all handling in the glycoprotein were transformed into Asp and Glu
procedures must be performed accordingly. methyl-esters, respectively.
ence with the constituents of buffers used for the purification  After the GC/MS2 step (analysis of the HFB derivatives
of glycoproteins [salts, most detergents (except SDS andof the O-methyl-glycosides), the approach allowed amino
octyl-glucoside), Tris and glycinel)]. The HFB derivatives  acid analysis using the same GC/MS setup. The “classical”
of these compounds (or those of the methyl-ester of Gly) HCI hydrolysis for proteins cleaved almost all peptide bonds
are volatile to the extent that they are almost completely (sequences of several amino acids with alkane chains were
eliminated during evaporation of the excess of HFBAA particularly resistant), but also induced some degradation of
before injection onto the GC/MS apparatus. Furthermore, the less stable amino acids (especially Ser and Thr). Under
HFB derivatives are quite resistant to acid-catalyzed metha-these conditions, the HFB derivatives of the monosaccharides
nolysis so that the glycosidic bond involving tkacetyl- were in large part destroyed (except the hexosamines) and
glucosamine (found in the GlcNIns bond of GPl-anchored  all acyl and methyl-ester groups were lost. To analyze the
glycoproteins or glycolipids) is cleaved because the shielding liberated amino acids, suitable volatile derivatives allowing
effect of the initially protonated free NHjroup is eliminated  reproducible quantification must be identified taking into
after its substitution by a HFB group. account the stability of certain sequences and the degradation
Summary of the ApproaciThe basic principles of the of the less stable amino acids).
approach are summarized in Figure 1. It involves three As previously reported3 9, 10), the methyl-esters of the
sequential GC/MS analyses of sialic acids, the monosaccha-HFB derivatives of Ala, Gly, Val, Thr, and Ser are too
rides, and the amino acids. As previously reported (for volatile and largely lost when removing the excess of
review, see refl0), the mild acid hydrolysis step liberated HFBAA). In contrast, butyl- 9 and isoamyl-esters9)
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afforded the required volatility, i.e., allowing the complete Rib, Xyl, Gal, Glc, Man, GIcA, GalA, IdoA, GIcNAc,
evaporation of the excess of reagent (HFBAA) and of the GalNAc, Kdn, and neuraminic acid) were perfectly separated
product (HFBA) without loss of amino acid derivatives. It (Figure 3b), the quantitation being performed by integrating
should be emphasized that the same criteria were used wheinly the major anomer and attributing specific relative molar
choosing the HFB derivatives instead of pentafluoropropionic response (RMR) coefficient for the EI mode of ionization
derivatives for the GC/MS2 step (pentafluropropionate (3). It should be emphasized that the coefficients observed
derivatives of pentoses and deoxy-hexoses were in large parfor GC/MS analysis in the El mode are significantly different
lost at the step of evaporation of evaporation of the excessfrom those observed for the flame ionization detector reported
of reagent {)). Isoamyl-esters are preferred because of their elsewhere ). Using this method less common monosac-
superior GC separation properti€3.(Unfortunately, several  charides could also be identified by their mass spectra, for
amino acids are not soluble in 1-butand0) or in isoamyl- example, 20-methyl-Fuc, Kdo, and disaccharides and trisac-
alcohol @) impeding the quantitative formation of esters and, charides derived from glycosaminoglycant2)( or from
consequently, the recovery of volatile derivatives. In contrast, specific glycoproteins (see below).
as previously reporte®), the appropriate derivatives could An additional problem concerns monosaccharides phos-
be obtained using a two-step procedure: (i) formation of phorylated in position 6 (such as Man-6-phosphate) because
methyl esters using a short-time acid-catalyzed methanolysisthe O-phosphate group is quite stable to methanolysis. In
and (i) a long-time acid-catalyzed trans-esterification with fact, this bond was not essentially cleaved during metha-
a longer-chain alcohol1Q) and, for the reasons invoked nolysis, but during acylation with HFBAA. As previously
above, isoamyl alcohol was chosé).(Using this two-step  reported 13), after methanolysis of yeast lipo-phosphoman-
procedure, carboxyl groups of amino acids were transformednans and formation of HFB derivatives using anhydrous
into their isoamyl esters and after reaction with HFBAA, conditions, a small amount of the phosphate-di-methyl-ester
the O(N)-HFB derivatives of their isoamyl-esters (Figure 2). of Man was detected, showing the initial presence of Man-
During these conditions, the monosaccharides remaining after6-phosphate. When applying the present approach to com-
HCI hydrolysis (essentially but not only hexosamines) were pounds having this type of bonds, tBephosphate ester were
transformed into the per-HFB derivatives of thekisoamyl- first partially trans-esterified by HFBA during the first
glycosides and could be analyzed in the third step of GC/ acylation step. Therefore, after methanolysis followed by a
MS analysis (GC/MS3), without interferences with the second step of acylation with HFBAA, tt@phosphorylated
derivatives of the amino acids. compounds were quantitatively transformed into per-HFB-
GC/MS Identifications of the HFB Deratives. (a) Sialic derivatives ofO-methyl-glycosides. As mentioned above, the
Acids.GC/MS analysis of the sialic acids as HFB derivatives first acylation step with HFBAA also blocks the free amino
(including the mass spectra of 38 different sialic acids from group of GIcN found in GPl-anchors (GleNns), the
the Neu5Ac, Neu5Gc, and Kdn families) was reported in O-glycosidic bond involving N(HFB)-GIcN being cleaved
details in a previous pape#)( All these compounds were by methanolysis.
shown to have different retention times (see also Figure 3a). For quantitation ofO-methyl-glycosides, the integration
The mass spectra associated with specific retention timesof the peaks was performed by measuring the area of the
(Rt) allowed the unambiguous identification of all com- major anomer (except for the reducing GIcNAc and Xyl,
pounds. When analyzing total homogenates from mammalianfor which the two peaks are considered) and by performing
cells, the peaks of sialic acids could be safely identified a correction taking into account both the proportion of this
among the contaminants (essentially phthalates from plasticanomer and the specific molar response of each compound.
vessels) by chromatogram reconstitution using the iowWat ~ The corrected areas were obtained by multiplying the
= 169 specific for HFB derivatives. Integration of the sialic reported areas of the major anomers with the following
peaks could be also performed using this ion. Because offactors 8): Xyl: 1.955; Fuc: 2.312; GlcN (reducing GIcNAc
the absence of suitable sialic acid standard, the relative molarresidue): 1.850; Gal: 2.025; Man: 1.075; Glc: 1.482;
responses (rMR) of the various sialic acid derivatives could GalNAc: 2.472; GIcNAc: 1.551; NeuAc (and other sialic
not be determined precisely. Nevertheless, our studies ofacid derivatives): 1.000; disaccharides: 2.000; trisaccha-
different samples (including compounds of the Neu5Ac, rides: 3.000. Since the Xcalibur software allows the areas
Neu5Gc, and Kdn series) indicated that the data obtainedof the selected peaks to be copied into Microsoft Excel, a
from the integration of the sialic acid peaks in the reconsti- preexisting coefficient table immediately provides the cor-
tuted chromatogram for the ion at/z = 169 differed rected areas as well as the molar ratio of the various
significantly from the total ion count (TIC) response only monosaccharides.
for the poly-O-acetylated sialic acids (5% lower estimation (c) Amino Acids.The HFB derivatives of the isoamyl-
for di-O-acetylated Neu5Ac relative to Neu5Ac in the series esters of the amino acids (Figure 2) are all separated from
of N-acetyl-neuraminic acids). In fact, for all the highly each other (Figure 3c) as well as from the monosaccharide
sialylated samples discussed here, the integrations were easilgonstituents @-isoamyl-glycosides) remaining after acid
performed on the TIC chromatogram. hydrolysis. To solve the problem of the actual structure of
(b) O-Methyl-glycosidesThe GC/MS analysis of the each amino acid derivative, analyses by mass spectrometry
O-methyl glycosides allowed the qualitative and quantitative in the El and ClI mode of ionization were performed. All
determination of the monosaccharide composition of glyco- amino acid derivatives provided an intense pseudo-molecular
proteins, the different anomers of the different monosaccha-ion at m/z = [M + NH,]" in the Cl mode and a minor
ride being clearly identified through their mass spectra and pseudo-molecular ion aw'z=[M + H]", without significant
Rt. The details of these analyses were reported in previousfragmentations (not shown). Nevertheless, analyses were
papers {, 2, 8). Common monosaccharides (Ara, Fuc, Rha, routinely performed in the electron impact mode and, indeed,
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Ficure 2: Flowchart of the derivatization procedure and proposed structures for the volatile derivatives of representative amino acids. (a,
b) Flowchart of the chemical reactions producing volatile derivatives of Ala and Asp. (c) Example (Ser) of the products obtained from
amino acids having an alcohol, phenol or thiol group. (d) Example (Lys) of the products obtained from amino acids having an additional
amino group. (e) Structures of the volatile derivatives of Arg. The major and symmetrical peak corresponds to the fixation of three HFB
groups. The other trailing peak corresponds to an unsubstituted guanidinium group. (f) Structure of the derivative(gf Sysicture of
the derivative of His. (h) Structure of the derivative of Trp. These structures were verified through the interpretation of their El spectra and
the mass of the derivatives was verified in the Cl mode of ionization. Furthermore, the completeness of the trans-esterification procedure
was verified using the specific search of ions corresponding to HFB-derivatives of methyl-esters as described eBeWwhese @nalyses
indicated that methyl esters represented less thart dfihe quantity of isoamyl-esters. The position of the CH; group added during
acid-catalyzed methanolysis on His and Trp is still speculative. That of Trp (position 3 of the indol group was suggested by the fact that
during hydrolysis, the major byproduct of Trp degradation ye&oxindolalanine 14, 15).

the EI mass spectra of HFB derivatives of the isoamyl-ester (M — COOCHCH,CH(CH;)CHs). Specific ions due to the

of amino acids showed many interesting features (Table 1, presence of desaturated cyclical compounds were important
Figures 4 and 5). The basic ion was generally not derived for the identification of Phe and Tyr (ion atz = 90 and
from HFB derivatives (69, 119, and 169) as observed for 91) and of His (ion atn/z= 81 and 82). The precise analysis
the O-methyl-glycoside derivatives analyzed in step 2, but of the fragmentation patterns of each peak allowed the
the ion atm/z = 71 [CH,CH,CH(CH;)CH;]" derived unambiguous identification of each compound, for example
from the isoamyl-alcohol. Except in a few cases (Cysd an easy discrimination between Leu, lle, and Nle (Figure
Arg and the modified His and Trp residues (see below)), 4). Even the nature of contaminants present in commercially
the molecular ion was of very low intensity. In contrast available amino acid standard mixtures present at the
intense ions were generally observedmalz = M — 115 picogram level of injected material could be identified.
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Met appeared as three different symmetrical peaks cor-
responding to Met, MetSand MetSO, indicating partial
oxidation during the derivatization procedure. However, Met
was always the major compound (Table 1; Figure 4).

Arg was recovered as two peaks corresponding to the tri-
HFB derivative (symmetrical peak at rRt 1.709) and as
the di-HFB derivative (a severely trailing peak at rRt
2.214). The presence of a HFB group on one of the two
nitrogen atoms of the guanidinium group was sufficient to
decrease the interaction of the free nitrogen atom with the
column. During analyses of amino acid standard mixtures
and glycoprotein hydrolysates, the proportion the two peaks
was constant and quantitation of Arg could thus be performed
by integrating only the first peak.

(d) Trp and His.The behavior of Trp during the sequential
analysis procedure was of particular interest since this amino
acid was considered to be destroyed during conventional
acid hydrolysis, the major byproduct being beta-3-oxindolyl-
alanine (4—15). However, the derivative of this compound
or of Trp, was never detected during the amino acid analysis
step. As shown in Figure 2, when submitted to acid-catalyzed
methanolysis (step 2), Trp is quantitatively transformed into
a derivative with a molecular ion at/z = 642, indicating
the addition of a methanol group (M 32) as shown by
GC/MS of its HFB derivative. The addition occurred on the
double bond between thefand Gs) carbon atoms of the
indol ring, as suggested by a series of ionswt= 358 and
371 corresponding to the modified indol ring (Figure 5). The
addition of a very stable methoxy group on thg)C s
carbon atoms of the ring and the rupture of the delocalization
Ficure 3: Chromatogram of the GC/MS (El mode of ionization)  of the double bonds of the indol cycle rendered the molecule

of the constituents of glycoproteins from the human rectum as HFB . .
derivatives. (a) Analysis of sialic acids; (b) Analysis@fmethyl much more stable to the strong acid conditions of step 3

glycosides; (c) analysis of amino acids. The nomenclature of the and provided a true Secc_)ndf_:lry amino group on the indol_ ring,
different sialic acids was according to ref 12. that could be easily derivatized with HFBAA. The stability

of the derivative was evidenced by the almost complete

Repetitive analyses of amino acid standard mixtures wererecovery of Trp as the di-HFB derivative of the isoamyl-
used to assess the relative molar responses RMR) of theester of the methyl-ether derivative after acid hydrolysis. This
various amino acids relative to the internal standard norleu- compound gave rise to a molecular iomalz = 698 (exact
cine (Nle) as shown in Table 1. mass= 698.448), i.e., a difference of 58mu (i.e., that

When analyzing amino acid standards, Cys was entirely between isoamyl- and methyl-groups) relative to the methyl-
recovered as the cystine derivative (gysgluting as a sym-  ester derivative produced during acid-catalyzed methanolysis.
metrical peak (rRt= 2.273). No trace of Cys was detected From the analyses of standard mixtures, an rMR value of
and the oxidation of thiol groups during the derivatization 0.741 relative to Nle was obtained and this value was
procedure was also observed when the analyzing standardsinaffected by acid hydrolysis, indicating that no degradation
containing both Cys and homocysteine in equimolar amounts.of this Trp derivative occurred.
The GC/MS analysis indicated that total transformation of  Depending on the experimental conditions, His gave rise
these compounds occurred providing a mixture of £Zys to two types of derivatives. During perfectly anhydrous
homoCys and the hybrid Cys-homoCys compound with conditions of methanolysis (anhydrous reagents and analyz-
molecular ions atm/z = 772, 800, and 786, respectively. ing low amounts of glycoproteins, i.e., less than (&9 of
The behavior of Cys in hydrolysates was different, especially material), a single symmetrical peak was obtained @Rt
when hydrolysis was not performed under vacuum. Under 1.739) with a molecular ion atVz = 649. On the basis of
these conditions, Cys was oxidized to various extents tg Cys its mass and fragmentation pattern (Figure 5), this compound
and CysSGH (cysteic acid). The latter compound was was deduced to result from the addition of a methanol group
recovered as a symmetrical peak of the HFB derivative of on one of the double bond of the imidazol ring as for Trp.
its di-isoamyl-ester, the sulfonic acid group being esterified This addition allowed the suppression of the delocalization
with isoamyl-alcohol.S-carboxy-methyl-cysteine (SCCys) of the double bonds of the initial ring structure, and thus the
obtained after reduction and alkylation with iodoacetamide appearance of a true secondary amino group that was
was obtained as the HFB derivative of its di-isoamyl-ester quantitatively derivatized with HFBAA. During the subse-
eluted just after the Asp derivative (rRt 1.495; Table 1; quent acid hydrolysis step, this compound was quantitatively
Figure 5). After hydrolysis, a very small part of this recovered. When using an inadequate glycoprotein/metha-
compound (around 1%) was recovered as its sulfone deriva-nolysis reagent ratio (more than 10@ of glycoprotein in
tive, similarly to what happened for Met (see below). 500uL of reagent), this peak was absent and replaced by a
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Table 1: Retention Times (Rt), Mass, Relative Retention Times to the Internal Standard Nle (rRt), Reporter lons, Percent Distribution of the
Various Peaks (%), and Relative Molar Responses (rMR) to Nle of Amino Acid and Hexosamine Derivatives of the Isoamyl Ester
(O-Methyl-glycosides) of HFB Derivatives

aa Rt mass reporter ions % RMR
Ala 10.03 355 0.6526 286268—241-240-220-192-169-71-55 100.00 0.795
Gly 10.56 341 0.6871 272R54—-227—226-206-178-169-71-55 100.00 0.770
Val 12.66 383 0.8237  341314—296—269-268-254-226—214—-169-100—-71—-55 100.00 0.757
Thr 12.75 581 0.8295 512466—368-298-280—253—252—241-238-213-197—-169-71-70-57-55 100.00 1.077
Ser 13.20 567 0.8588 498152-284239-238-210-169-119-100-71-70-55 100.00 0.966
Leu 14.22 397 0.9440 341283-282-266-253-240-226-214-169-114-71-70-69-55 100.00 0.873
lle 14.51 397 0.9252 34—1283—282—271—253—240—226—214—184—169—114—71—70—69—57—55 100.00 0.946
Nle 15.37 397 1.000 341309-283—282—240-226—214-169-114—71—70—69—55 100.00 1.000
Pro 16.62 381 1.0813 38112—293-267—266—239-198-169—71—-70—69—55 100.00 0.729
Met? 19.81 415 1.2889 415-341-298-279-271-266—253-252-238-225-131-169-75-71-70-61 97.87 0.557
Phe 21.97 431 1.4294 43B16-218-149-148-131-119-103-92—91-71-70-55 100.00 1.451
Asp 22.75 469 14802 454400-354—312-284-266-239-214-169-141-99-72—-71-55 100.00 0.934
Lys 24.51 608 15947 60839-520—-493-473-281-280-226—-214-169-82—-71-70-67—55 100.00 1.492
Tyr 24.90 643 1.620 643628—-574—554—-528-508-430—360—303-275-169-107-90-71-70 100.00 1.437
Glu 25.34 483 1.6487 483414-396—368-326—307—298—280—252—239-169-85—71-70-55 100.00 1.102
ArgP® 26.27 832 1.7092 832-813-763-717-663-593-504—492-478-266-214-169-100-71-70 64.56 0.213
Arg® 34.03 636 2.2141 636621-591-567—-521-467—-451-397—-296-282-266-169-138-85-71 33.86 n.d.
His# 26.74 649 1.739 649—578—433—408—383—322—81—71—69 100.00 0.712
His 28.19 421 1.8341 ~ 421306-288-252—208-169—139-121-109-94—82—81—71—69—55 100.00 0.177
Trp# 32.66 698 2.125 @8—629—@.—584 486—398—&.—359—&3—275—240—103—71 100.00 0.741
Cys 34.94 772 2.2733 772-657-587—-559-354—284—254-238-171-169-103-71-70-55 100.00 0.322
GlcNp 20.42 1033 1.3288 94826-818-731-703-702-606-518-498-490-489-276-81—-72 75.17 2.217
GlcNp 21.72 1033 1.4129 94826-818-731-703-702-606-518-498-490-489-276-81—-72 2483 2.217
GalNf 1020 1033 1.2492 948026-818-731-703-702-606-580-518-498-490-489-276-81—-72 12.87 2.217
GalNf 20.10 1033 1.3074 948026—-818-731-703-702-606-580-518-498-490-489-276-81-72 14.06 2.217
GalNp 20.42 1033 1.3288 94826-818-731-703-702-606-518-498-490-489-276-81—-72 56.91 2.217
GalNp 21.41 1033 1.3929 94826-818-731-703-702-606-518-498-490-489-276-81—-72 16.16  2.217
Hypro 18.58 593 1.209 59374-524-504— 478—380—310—265—264—169—70—69—67—55 100.00 n.d.
HyLys 25.96 820 1.689 826805—-606—591-564—491—276-263—169—101—71 100.00 n.d.
MetSG?2  23.97 447  1.559 447419-368—349—298—284—270-252—240-197—169-93—71-55 201 nd.
MetSCG 24.80 431 1.613 43—1415—368—298—252—240—195—169—125—100—84—71—61—55 0.12 n.d.
OorrP 22.19 594  1.443 594525—506—479—394 363-281-267-266-226-185-71 1.58 n.d.
CysSQ 31.77 505 2.067 506—436—419—391—358—306—252—194—177—165—136—107—71—69 n.d.
SCCys 22.90 515 1.495 444-374— 356—329—239—177—169—159—115—103—71 100.00 0.644

aThe GC/MS analyses in the El and ClI mode of ionization of Met derivatives indicate the presence of traces of MetSO andpdss80y
resulting from oxidation of Met during the formation of derivatives. rMR of Met is given for the area of the major peak of Met taking into account
the artifactual production of MetSO and Metgsduring the derivatization procedur® Two derivatives of Arg were obtained corresponding to the
tri-HFB (symmetrical peak) and the di-HFB derivative of Arg-isoamyl-ester (trailing peak). Traces of ornithine (Orn) and hydroxylysine were
found in the commercial standard and in the hydrolysis product. For Arg, the rMR is given relative to the symmetrical peak af7G& The
rMR of hexosamines were calculated taking into account all peaks of hexosamine derivatlisss. di-HFB derivative of the isoamyl-ester of the
derivative of His resulting from the addition of a @BIH group to the imidazol ring during acid-catalyzed methanolysisp# corresponds to the
modified Trp during acid-catalyzed methanolysis.

severely trailing one (rRt 1.834) with a molecular ion at  conditions used for cleaving peptide bonds, whereas other
m/z= 421 corresponding to the nonderivatized imidazol ring monosaccharides are to a large part destroyed. However,
(Table 1). Due to the severe trailing and the presence ofusing our procedure, the neutral monosaccharides are (as
contaminants, the determination of its area must be performedHFB derivatives of0-methyl-glycosides) initially more stable
on the reconstituted chromatogram for the iomét = 169 than the corresponding underivatized monosaccharides and,
and relating this value to that of Nle in the same reconstituted consequently, present as significant peaks on the GC/MS
chromatogram. The importance of the protegtycoprotein chromatogram of the amino acid analysis. As expected, Glc
ratio to the reagent is probably not explained by a significant gave two peaks corresponding to theand 5 anomers, as
production of water during the methanolysis cleavage of did Man, whereas Gal and Fuc gave four peaks correspond-
glycosidic and acetamido bonds during the methanolysis step,ing to the two pyranic anomers and the two furanic ones.
but to a decreased concentration of the HCI catalyst by However, none of these hexose and deoxy-hexose peaks
protonation of the polypeptide basic groups in the polypep- interfered with those of the amino acids. The hexosamine
tide. This could explain the all or nothing pattern for His derivatives were also completely separated from the amino
derivatives. However, it should be pointed out (see below) acid peaks, and thus did not interfere with the determination
that the approach described here provides optimal results onlyof the amino acid composition. As expected, the derivative
at sub-nanomolar concentrations of sample and that exces®f GalNAc gave four peaks corresponding to the anomers
sample will affect the reliability of all steps in a negative of the pyranic and furanic forms, whereas GIcNAc gave two
way. When larger quantities of sample are used, the amountpeaks corresponding to the anomers of the pyranic form. It
of reagents must be increased in proportion. is emphasized that the El spectra allowed us to unambigu-
Problems Encountered in Glycoprotein Analyskelex- ously distinguish between pyranic and furanic forms of the
osamines are known to be resistant to the acid hydrolysisHFB derivatives of th&-isoamyl-glycosides because of the
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Ficure 4: Mass spectra (El mode of ionization) of the HFB derivatives of the isoamyl-esters of amino acids (Ala, Gly, Val, Thr, Ser, Leu,
lle, Nle, Pro, Met, Phe, Asp).

intense E1 ion for the furanic forms of th®-isoamyl- were also included. The two calculations gave identical
glycoside of GalN vz = 580; the equivalent of the E1 ion  results (Table 2), indicating that hexosamines were not
atm/z = 525 (1) for the O-methyl glycoside of Gal and at  significantly destroyed during acid hydrolysis of proteins.
m/z = 524 for the furanic forms of th®-methyl-glycoside The instability of other monosaccharides during acid-
of GalN). These E1 ions were similar to those described for hydrolysis gave rise to a very large number of peaks. Almost
O-methyl glycosides) but with the mass increment of 56  all degradation products of hexoses had high rRt @Rt
amu (i.e. the difference between methyl- and isoamyl- 1.654, 1.798, 1.960, 2.122, and 2.318 (Figure 3c), respec-
groups). Unfortunately, the major peaks from GalNAc and tively, for the major degradation products) and, therefore,
GIcNAc had exactly the same Rt and, consequently, the ratiodid not interfere with the amino acid peaks. Nevertheless, it
between GalNAc and GIcNAc could not be determined was surprising to recover relatively high amounts of hexoses
directly using their major peaks. Nevertheless, since the (and also Fuc) after acid hydrolysis known to strongly destroy
proportion of the different anomers is constant (Table 1), a these compounds. The reason hexoses and to a lesser extent
single calculation based on the quantitation of the peak atFuc are preserved is explained by the fact that the monosac-
rRt = 1.393 of GalNAc and that at rRt 1.329 of the charides occur as HFB derivatives of thed-methyl-
mixture of GalNAc and GIcNAc, representing 16.16 and glycosides due to the previous step of the analysis. Although
75.17% of each hexosamine, respectively, allowed us to this was not investigated in details, the resistance may involve
obtain this ratio: Aganac = ArRi1.3040.1616 andAgicnac = a cooperative stabilization of the monosaccharides during
(Avri1.393— Acainac X 0.5691)/0.7517. In fact, this ratio could  acid hydrolysis by the blockage of the;Cenvironment as

be obtained directly in the second step of the method, i.e., an O-methyl-glycoside and by a general protection of the
when analyzing the monosaccharide composition, provided monosaccharide molecule by the HFB derivatives, the HFB
that the peaks corresponding to the Asn-linked glucosaminebond to hydroxyl and amino groups being very resistant to
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Ficure 5: Mass spectra (El mode of ionization) of the HFB derivatives of the isoamyl-esters of amino acids (Lys, Tyr, Glu, Arg, His#
(transformed by methanolysis) and Gysf an O-isoamyl-glycosides of a furanic form of galactosamine Gatifl Thr derivative of Trp#

and of S-carboxy-methyl-Cys (SCCys)). Inset: detailed fragmentation mechanism of the derivative of Glu. A*@d) corresponds to

the tri-HFB derivative of the isoamyl-ester of Arg, the symmetrical peak used for integration. Arg §86) corresponds to the trailing

peak of Arg. Inset: the intense ion atz = 307 is due to the concerted elimination 2 isoamyl alcohol groups—i x 88) by the
formation of two 6-atom rings (Rear). This situation was only observed for the Glu derivative, the other amino acid derivatives (such as
Asp) showing a single low of isoamyl alcohol. MeE Mac Lafferty mechanisms of fragmentation.

acidic conditions I). Nevertheless, neutral sugars were not
quantitatively recovered after acid hydrolysis in contrast with

hexosamines.

Complete Analysis of Glycoproteins from the Human
Rectum.As shown in Figure 3a, sialic acids from human
rectum showed a very large diversity (in the order of Rt:

Kdn, Neu5Ac, Neu5Ac8Me, Neu5Acl,7L, Neu5,9Ableu,

Neu4,5A¢, Neu5,7Ag, Neu5,8A¢, Neu5,8A¢9Lt, Neu5,7,-
9Acs, Neu5Ac8S, and Neu4,5,7,9Awere identified). The
analysis of different human samples displayed significant

stable with time provided that they were kept in dried
acetonitrile in the presence of HFBAA. The biological
significance of the pronounced sialic acid diversity of colonic
mucins remains to be elucidated. However, the approach
described here will allow the analysis of the small amounts
of material obtained, for example, from clinical biopsies and,
consequently, this feature may be studied using samples
obtained from different anatomical locations and in various
clinical conditions.

The subsequent monosaccharide composition performed

differences; however, repetitive analyses of the same sampleon the same material (Figure 3b) showed the presence of

provided reproducible results. As previously describ@d (

Fuc, Gal, Man, GalN, GIcN, and sialic acid as major

the HFB derivatives of the methyl-esters of sialic acids were constituents. Detailed analyses of minor compounds indicated
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Table 2: Composition of the Human Uromodulin and of the Human MUC2 Mucin

sialic MUC2 (%)  uro (%) sugar MUC2 (%)  uro (%) MUC2 (%) theo (%) uro (%) theo (%)
Kdn 0.38 0.00 xyl 0.92 0.74 Ala 4.36 2.23 7.57 6.67
Neu5Ac 47.57 59.87 fuc 9.12 9.04 Gly 14.09 5.45 11.20 8.29
Neu5Ac8Me 1.01 1.62 glcN 3.31 3.10 Val 4.90 5.27 6.00 6.67
Neu5AcILt 0.00 0.00 Gal 14.20 17.51 Thr 21.29 35.08 5.77 7.80
Neu5Acl,7L 7.77 35.12 Man 2.12 12.24 Ser 8.12 4.69 6.52 8.62
Neu5,9A¢ 26.56 0.96 Glc 3.13 5.08 Leu 3.38 3.14 7.29 8.62
Neu 0.21 0.30 GalNAc 31.04 9.08 lle 1.64 3.66 1.72 2.60
Neu4,5A¢ 0.20 0.00 GlIcNAc 15.54 18.60 Pro 13.16 15.85 6.79 4.56
Neu5,7A¢ 3.29 0.00 Neu8Me 0.59 0.45 Met 0.65 0.66 0.76 1.95
Neu5,8A¢ 0.00 0.00 Neu 13.92 11.49 Phe 3.57 1.49 3.72 3.26
Neu5,8,9A¢ 3.43 0.00 Neul,7L 0.88 1.22 Asp 6.82 4.61 12.25 10.24
Neu5,8A¢9Lt 3.43 1.08 disacch 3.84 0.71 Lys 1.75 2.07 431 2.60
Neu5,7,9A¢ 4.19 0.00 disacch 1.38 4.20 Tyr 1.51 1.71 4.29 3.58
Neu5Gc 0.00 0.00 disacch 0.00 2.48 Glu 7.91 6.16 8.71 7.80
Neu5Ac8S 0.93 1.09 disacch 0.00 0.34 Arg 1.11 1.67 5.17 4.88
Neu4,5,7,9A¢ 1.04 0.00 trisacch 0.00 2.03 His 1.13 1.49 2.10 2.44
Other 0.00 0.00 trisacch 0.00 1.70 Trp 0.77 0.62 1.31 1.62

Cys* 3.86 4.15 5.85 7.80

aData were obtained starting from the same sample using three GC/MS steps in the same chromatographic system after different procedures of
cleavage. Data are expressed as % molar ratio of the individual constituents in each category. For Uro glycoprotein, the proportion of GalNAc and
GIcNAc obtained after methanolysis (32.00 and 67.20%, respectively) was identical to that obtained after acid hydrolysis (31.81 and 68.19%,
respectively), indicating the absence of degradation of these constituents during acid hydrolysis of protein. The recovery of Neu5Ac8Me after
methanolysis (1.70% of the total sialic acids) was in the same range as that obtained in the sialic acid analysis step (1.62%), indicating that the
8-methyl group was stable to methanolysis. The composition indicated that glycans represent 26% of the total weight of the molecule. In these
samples, a relatively high number of glycosidic bonds involving hexosamines were recovered as di- and trisaccharides, a mechanism never observed
in “classical glycoproteins”. For MUC2, the sialic acid composition was very heterogeneous; however, no traces of Neu5Gc were detected in the
two glycoproteins. The composition of MUC2 indicated that sugars represent 65% of the weight of the molecute théetical value deduced
from the cDNA sequencing (23,24). Cys* in MUC2 was entirely recovered as the derivatBearboxymethyl-Cys.

also the initial presence of Neu5Ac8Me and although the hydrate composition of these molecules have been deter-
acetamido group of Neu5Ac8Me was lost during metha- mined before. The results are summarized in Table 2.
nolysis, the 8-methyl group was still being resistant. The per- MUC2 displayed a very large diversity of sialic acids and
HFB derivative of theO-methyl-glycoside derived from  besides Neu5Ac, which is the prominent constitue,
Neu5Ac8Me was different from that of Neu5Ac (methyl acetylated derivatives of NeuS5Ac were major species identi-
group in position 8 instead of a HFB group), and this peak fied. Traces of Kdn and of Neu4,5Aevere also detected
was identified by its mass spectrum. Its proportion relative and these compounds have recently been identified by using
to the sum of other sialic acid®facylated sialic acids gave the same technique in human red blood cel).(A major
the same derivative as Neu5Ac after methanolysis) was veryfinding concerning the Uro glycoprotein was that 35% of
close to that expected from the sialic acid analysis. A secondthe sialic acids were present as the intramolecular 1,7-lactone
point was the presence of a significant peak correspondingof Neu5Ac first detected in tissues by Zanetta et4l. This
to the derivative of Neu5Ac1,7L. As previously reportdd (  compound has previously been overlooked because all other
16), this lactone is relatively stable during alkaline and acidic methods relied on the initial purification of the released sialic
conditions and, despite a destruction of more than 60%, couldacids by ion-exchange chromatography where the uncharged
be recovered as a peak different from that of other Neu5Ac lactone was not recovered. The lactone was identified
derivatives after acid-catalyzed methanolysis. Although the because it was the only sialic acid derivative that was
proportion may vary between samples, the presence of arecovered omitting the methyl-esterification step with dia-
significant amount of this compounds in methanolysis zomethane after mild acid hydrolysis. Of particular impor-
products indicated its presence in the initial sample. tance in this context is that Neu5Ac1,7L is the specific ligand
The GC/MS profile of the HCI hydrolysis products (Figure of human IL-4 (L7) and that the isolated compound was able
3c) showed the absence of interferences between hexose antb inhibit IL-4 changes in phosphorylations on resting human
hexosamine derivatives (and degradation products of otherlymphocytes (Cebo et al., in preparation). This observation
monosaccharides) with the amino acid derivatives thus is in keeping with previous worksl8) showing that urine
providing a straightforward identification of the former and glycoproteins from pregnant women specifically bound IL-4
other compounds through their ElI mass spectra. in a carbohydrate-dependent way involving sialic acids. The
Complete Analysis of Purified Glycoproteiddthough the data presented here support this idea and suggest that the
approach efficiently identified all sialic acids, monosaccha- ligand of IL-4 in urine glycoproteins of pregnant women is
rides, and amino acids in unpurified materials, the absenceactually this lactone. Traces of this compound were still
of data on the actual composition of this material did not detectable after methanolysis as a small peak eluting after
allow the demonstration of the validity of the method from the derivative of Neu giving an intense ion ratz = 833.
the quantitative point of view. Therefore, two purified The present method also allowed us to verify that NeuSAc8Me
glycoproteins, the human mucin MUC2 mucin (possessing is resistant to acid-catalyzed methanolysis since this com-
essentially O-linked glycans) and the uromodulin (Uro) pound was quantitatively recovered as a compound eluting
glycoproteins (possessing essentially N-linked ones) werebefore the derivative of Neu5Ac (Table 2). The overall
analyzed because the polypeptide sequence and the carbazomposition of MUC2 and of Uro obtained here are in very
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good agreement with data previously reported in the literature mined rMR of these compounds allowed a good correlation
(Table 2), in particular, concerning the ratios between the with the classical techniques.
various monosaccharide and the CarbOhydrate content of the In our approach, a Sing|e internal standard was used, Nle

molecules. added after the hydrolysis step. This appeared to be sufficient

A special feature of the analyses of the two glycoproteins to calculate the contribution of sialic acids and monosac-
as compared with classical glycoproteins containing N- and/ charides to the glycoprotein. Indeed, the molar ratio of the
or O-glycans was the presence of compounds eluting asdifferent sialic acids was obtained in the first step of the
disaccharides and trisaccharid@§)( For the Uro glycopro-  analysis. The molar ratio of sialic acids relative to other
tein, six peaks were identified with rRt 1.647, 1.675, 1.721, monosaccharides and, especially, hexosamines was obtained
and 1.817, 1.973, and 2.054, respectively, the first four jn the second step of the analysis. The monosaccharide
corresponding to disaccharides and the later to trisaccharideseontribution of monosaccharides to the glycoprotein was
Detailed MS analysis of the fragmentation spectra indicated deduced from the hexosamine content in the third step of
that the two first (and major) peaks contained GalNAc in the analysis. Due to the presence of the internal standard
the nonreducing position (absence of the E1 iomét = (Nle), not only the relative contribution of each type of
508), whereas the third and fourth peaks had GIcNAc in the constituent could be determined, but also their absolute
nonreducing end. No traces of the characteristic ions of amount (Table 2).

hexoses or _uronic acids.g) were found and the:_se com- Problems Related to the Quantity of Materi®C/MS
p?]unds are I|kelz to ber rmeg by dhexosammﬁ residues onfly. analyses of HFB derivatives presented significant advantages
The reasons these disaccharides are still present afteg  omnared to other derivatives, because HFB-derived ions
methanolysis is still obscure. Possibly, the N-acetyl group (69, 119, and 169, corresponding toCERCFs, and Ch-

of N-acetyl-hexosamines is lost during mild acid hydrolysis CF.CF) are not frequently occurring in biological samples.
conditions used in the preceding step liberating sialic acids As demonstrated in a previous pap@), 'ery complex GC/
an%the elxpozurtle ofa freebl\glgroup, vah;]ch V‘;]c.’ullg. prohf|]?|t fMS chromatograms of highly impure samples could be safely
aci -catalyze cfeavage eﬁ_aushe 0 :1 € shie Ik?g efiect o interpreted performing chromatogram reconstitution for the
its protonated form ¥2). This hypothesis is, however, o.iq5 ions specific of HFB derivatives and therefore, the

unlikely because the NHgroup would be acylated by  qiqnayhackground ratio of HFB derivative is always very
HFBAA. This point was verified by analyzing glycosyl- high. The chromatogram reconstitution technique with

phosphatidylinositols_ and it was observed th"’.‘t the HFB specific ions of HFB eliminates virtually all peaks arising
substituent .Of the amino group is cIeaved'b.y acid-catalyzed ¢y liquid-phase leakage, from phthalates (use of plastic
methanolysis after cleavage of the glycosidic bond betweentubing) and analyses could thus be performed starting with

GleN and inositol. In fact, the mass spectra of these \qry |6,y amounts of sample. As reported bef@g 6ptimal
disaccharides showing the presence of only hexosamine

e ) . . conditions of analysis are achieved when the detector
derivatives also contradicted the previous hypothesis andresponse is not saturated, and this is usually obtained for
rather suggested that these disaccharides resulted fro - ’ . : -

. . uantities lower than 1 ng of each initial constituent injected.
GalNAc—GIcNAc and GIcNAc-GalNAc disaccharides nh d J

inth I i th bond For example, starting from a mixture of 1 nmol of each
present in the Uro glycoprotein, the HexNAElexNac bonds — 5in4 acid, optimal GC/MS conditions are obtained injecting
being particularly resistant to acid-catalyzed methanolysis.

idering th knowled t th : 1 uL of the derivatives over 20@QL of the sample, i.e., 5
Considering the present nowledge of the structure o N- pmol. Since monosaccharide derivatives have a higher RMR,
and O-glycans of Uro19—-21), it was suggested that the

: . X " analysis at the same level (or between 10 and 100 times lower
two anomers having GalNAc in a nonreducing position

bel | h h guantities) can be performed with the same efficiency.
elong to N-glycans20-21), whereas the two anomers  rparefore analyses must be performed starting from less than
having GIcNAc in the nonreducing position result from core

; . .~ 10ug of glycoproteins, and when a higher amount of starting
2 O-glycans that are particularly abundant in uromodulin material is used, reagent volumes must be increased in
(20). . . . . . proportion and the sample adequately diluted before GC/
A major consideration of this approach is how well the 15 analysis. Furthermore, consistent data for the monosac-
results of the amino acid analysis relate to those obtainedqparige analysis could be obtained from samples adsorbed
using “classical techniques”, considering the fact that this

; oS o . onto PVDF membranes (as soon as a significant protein stain
information is gathered downstream to thg_same GCIMS quid be detected; approximately g of glycoprotein)
apparatus, the same chromatographic conditions, and almos&llowing detailed chemical analysis to be performed on

the same reagents (except the trans-esterification reagents)nqjyigual glycoprotein spots after 2D electrophoresis.
The amino acid composition of the two purified glycoproteins

obtained using classical conditions of protein hydrolysis coNCLUSIONS

(Table 2) showed convergent results with the theoretical

values. Comparisons of the amino acid molar ratios with  Using a single GC/MS apparatus, a single GC temperature
those deduced from the amino acid sequence of the twoprogram and a single detection mode, allowed us to obtain
glycoproteins indicated, as the major discrepancy is a lower qualitative and quantitative analyses of sialic acids, the other
recovery of Thr and lle and the higher recovery of Gly. The monosaccharides as well as the amino acids of glycoproteins
low recovery of lle may result from uncleaved sequences in the presence of a single internal standard, Nle. The same
and that of Thr from a destruction of this amino acid methodology was shown to provide a complete analysis of
considered as the most sensitive to acid hydroly&2s But, glycolipid constituents—3), including sialic acids, monosac-
even the case of the amino acids causing problems incharides, FAMEs, and long-chains bases starting from the
classical analyses, Arg, Cys, His, Met, and Trp, the deter- same sample and with the sample remaining in the same
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reaction vessel. The approach could also be used for the 10.

constituents of sulfated proteoglycans with the modification

that the methanolysis step must be performed in the presence ;;

of small amounts of barium acetatd?2]. Concerning
glycosyl-phosphatidylinositol anchored glycoproteins, the

sequential analysis presented here promotes blockage of the

free amino group of the-GIcN and thus the cleavage of

the glycosidic bond between this residue and inositol. The
electron impact ionization detection provides a systematic
verification of each constituent (including di- and trisaccha-

rides), a major advantage when compared with GC methods

where the various constituents are only identified by their
retention times. Finally, this method allows for the first time
the quantitative determination of Trp in protein acid hy-
drolysates.
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