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Abstract 

Reversed-phase high-performance liquid chromatography (HPLC) and high-performance anion-exchange chro- 
matography (HPAEC) with pulsed amperometric detection were developed for the study of products obtained 
from the in vitro O-glycosylation of a mucin motif peptide, TFSAPTTS, the most representative sequence encoded 
by the human gene MUCsc. After incubation of the peptide, which is rich in clustered hydroxyamino acids, by 
both human colonic and gastric microsomal homogenates, the glycosylated products were separated by HPLC and 
HPAEC and analysed by electrospray mass spectrometry (ES-MS). The combination of HPAEC and ES-MS was 
the approach used for evaluating the differences between the polypeptide N-acetylgalactosaminyltransferase 
activity in different digestive tissues. 

1. Introduction 

For many glycoproteins, the carbohydrate 
units confer important physico-chemical prop- 
erties such as conformational stability, protease 
resistance, charge and water-binding capacity, 
and also biological recognition, where sequence 
diversity provides a signal for protein targeting, 
differentiation, bacterial and viral adhesion and 
cell-cell interactions [1-3]. 

The minimum amino acid sequence require- 
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ment for N-glycosylation of asparagine residues 
is well defined: Asn Xaa (Ser/Thr),  where Xaa 
can be any amino acid except proline [4,5]. 
Conversely, no consensus sequence for O- 
glycosylation has been found so far. Neverthe- 
less, much attention has been focused on 
whether the amino acid sequences surrounding 
the serine and threonine residues in peptide 
acceptor substrates influence the glycosylation 
and its extension on specific hydroxyamino acid 
residues [6-9]. It has been reported that the 
most prominent feature in the vicinity of O- 
glycosylated sites is a high frequency of proline 
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and alanine residues [10,11], near clusters of 
several hydroxyamino acids [9]. 

The mucins are the most representative O- 
glycoproteins and these macromolecules are 
characterized by tandem repeat peptide motifs in 
their structure such as Thr-Thr-Ser-Ala-Pro-  
Thr-Thr-Ser  (TrSAPTTS in the one-letter 
code). This sequence, TrSAPTFS, corresponds 
to the most appropriate motif for a basic study of 
O-glycosylation: this tandem repeat peptide, 
encoded by the gene MUCsc [12], is found 
naturally and predominantly expressed in the 
stomach; there are six clustered hydroxyamino 
acids, one of which is possibly O-glycosylated 
with a possible influence of a cis-trans prolyl 
isomerization, and this phenomenon could be 
easily detected by changing the temperature 
conditions of HPLC fractionation [13]. 

However, the analysis by chromatography of 
in vitro O-glycosylation reactions using this type 
of peptide acceptor has proved to be complex, 
because of the very hydrophilic nature of the 
resulting O-glycosylated products. Moreover, the 
effectiveness and reliability of the chromato- 
graphic separation techniques have not been well 
documented. Our experimental approach was 
therefore to study the in vitro O-glycosylation of 
the octapeptide substrate TI'SAPTYS using high- 
performance anion-exchange chromatography 
(HPAEC) with pulsed amperometric detection 
(PAD). A protocol for separation of O-glyco- 
sylated peptide products was developed, and the 
analysis of reaction products was performed by 
electrospray mass spectrometry (ES-MS). 

2. Experimental 

2.1. Materials 

AGI-X8 (100-200 mesh, CI- form) was pur- 
chased from Bio-Rad (Vitry s/Seine, France), 
MES [2-(N-morpholino)ethanesulfonate], MnC12, 
PMSF (phenylmethanesulfonyl fluoride), AMP 
(adenosine monophosphate) and Triton X-100 
from Sigma (St. Louis, MO, USA) and UDP-N- 
[1-3H]acetylgalactosamine (8.7 Ci/mmol) from 
New England Nuclear Chemicals (DuPont de 

Nemours, Les Ulis, France). The synthetic pep- 
tide substrate NH2-TrSAPTFS-COOH was 
obtained from Neosystem (Strasbourg, France) 
and the amino acid sequence was further 
checked using an Applied Biosystems Model 
477A gas-phase sequencer. 

2.2. Enzyme preparation 

Fundic human gastric (3 g) and colon (3-10 g) 
samples were obtained from patients after 
surgery. The tissues were cleaned with 0.125 M 
phosphate-buffered saline (PBS) (pH 7.4); the 
overlying mucus was removed with a glass slide 
and the mucosa was scraped off with a scalpel 
blade. Microsome suspensions were prepared by 
Potter-Elvehjem homogenization of tissue in 
ice-cold 0.25 M sucrose-0.2 M NaC1 and cen- 
trifugation at 16 000 g for 10 min followed by 
ultracentrifugation of the supernatant at 140 000 
g for 20 min to produce the microsomal pellet. 
The pellet was resuspended in a minimum 
amount of NaCl-sucrose solution to provide a 
final protein concentration of 3-4 g/l; the solu- 
tion was stored at -80°C until used. 

Human stomach and colon samples were heal- 
thy tissues from cancer patients who had under- 
gone resection. 

2.3. Analytical methods 

The protein concentration was determined on 
a Hitachi 717 multiparametric automated 
chemistry analyser (Boehringer, Mannheim, 
Germany) using the Biotrol (Chennevi6res les 
Louvres, France) kit protein assay reagent. 

2.4. Assay for UDP-N-acetylgalactosamine: 
polypeptide N-acetylgalactosaminyl transferase 
activity 

Assay mixtures in a total volume of 84 /~1 
contained the following components at final 
concentrations: acceptor 6 mM TrSAPTTS (15 
/zl); 125 mM MES buffer (pH 7.0) (21 ~1) 
containing 0.1% (v/v) Triton X-100, 12.5 mM 
MnC12, 1 mM PMSF; 1.25 mM AMP (15/M); 1 
mM UDP-N-acetylgalactosamine-2.5-5 nM 
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UDP-N-acetyl[1-aH]galactosamine (0.7.106. 106 
dpm) (15/~1), and 30 ttg of microsomal prepara- 
tion (18 /xl). After the addition of the enzyme 
preparation, samples were incubated for 3 h at 
37°C. The reaction was stopped by the addition 
of 8 volumes (672/zl) of 20 mM sodium borate-  
1 mM ethylenediaminetetraacetic acid (pH 9.1). 
Products were separated on an AG1-X8 anion- 
exchange resin column (2 ml) and eluted with 
water (3 x 1.0 ml). 

2.5. Reversed-phase high-performance liquid 
chromatography 

HPLC methods were developed using a Varian 
(Les Ulis, France) Model 5000 system. For RP- 
HPLC, a Beckman Ultrasphere ODS column (5 
tzm, 80 /~  pore size; 250 x 4.6 mm I.D.) and a 
guard column (50 x 4.6 mm I.D., filled with 
Corasil C18, 50/zm pore size) were used (Altex 
Beckman, Berkeley, CA, USA). Eluates were 
detected with a Model 2238 Uvicord S II UV 
absorbance detector (LKB, Uppsala, Sweden) 
set at 206 nm and a sensitivity of 0.2 absorbance 
full-scale. Samples in 50/zl  [NH2-TTSAPqTS- 
C O O H  (5-20/xg) and glycosylated related pep- 
tides (12000 dpm)] were introduced into the 
column and eluted at a flow-rate of 1.2 ml/min. 
Different elution conditions were employed: 
isocratic elution with 18% acetonitrile (Carlo 
Erba, Rueil Malmaison, France) in water con- 
taining the counter ion trifluoroacetic acid [0.1% 
(v/v) TFA] or a gradient of 0% in 5 min then 
from 0 to 20% acetonitrile (0.1% TFA) in 20 
min; finally, the column was washed with 50% 
acetonitrile (0.1% TFA). The NH 2 column 
(Beckman Ultrasphere NH2, 5/xm, pore size 80 
~ )  was also tested by elution using a linear 
gradient over 35 min from 90 to 30% acetonitrile 
containing 0.1% TFA. A flow-rate of 1.0 ml/min 
was used, and the column was operated at room 
temperature. 

2.6. High-performance anion-exchange 
chromatography 

The glycopeptides were fractionated by 
HPAEC on a Dionex (Sunnyvale, CA, USA) LC 

system consisting of a BioLC GP-M2 quaternary 
gradient module, a triple-pulse amperometric 
detector, equipped with a gold electrode (PAD 
II), and a CarboPac PA-100 guard column (50 x 
4 mm I.D.) followed by a CarboPac PA-100 
analytical column (250 x 4 mm I.D.). Elution 
was performed at a flow-rate of 1.0 ml/min using 
buffer A [100 mM NaOH (J.T. Baker, Noisy le 
Sec, France) and buffer B [1 M sodium acetate 
(Merck, Darmstadt, Germany) containing 100 
mM NaOH] under gradient conditions: buffer 
A, 10 min; 0 to 30% buffer B in 22 min; 30 to 
60% buffer B in 3 min. Finally, the column was 
washed for 5 min with 60% buffer B. The Na ÷ 
ions produced from NaOH and sodium acetate 
were removed by connection of an anion self- 
regenerating suppressor (ASRS-1; Dionex) to 
the detector outflow. Analysis by flame spec- 
trometry confirmed the absence of sodium ions 
(<0.1 mequiv./1 compared with 0.5 mequiv/l for 
buffer A). 

2. 7. Mass spectrometry 

The molecular mass of the in vitro glycosylated 
products was determined by electrospray mass 
spectrometry (ES-MS) using a Perkin-Elmer 
mass spectrometer (Perkin-Elmer SCIEX, 
Toronto, Canada) with an electrospray ion 
source operating at atmospheric pressure fol- 
lowed by a quadrupole mass analyser with an 
upper mass limit of m/z -- 2400. The samples (10 
/zg in 100/~l) were introduced into the source at 
a flow-rate of 3 /~l/min (carrier solvent, 20% 
acetonitrile in water containing 0.1% formic 
acid, pH 1.0). The sampling cone voltage was 
adjusted to 90 V to obtain the best sensitivity. 

3. Results 

The peptide substrate NH2-TTSAPTI 'S-  
COOH was subjected to the O-glycosylation 
reaction by the gastric and colonic microsomal 
preparations. The enzymatic activity was mea- 
sured by the transfer of radiolabelled 
[3H]GalNAc frorrl UDP-GalNAc to the peptide 
motif TrSAPTTS and the unemployed UDP- 
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GalNAc was discarded by passing the reaction 
products through AG1-X8 resin. The apparent 
K m and Vma X values were calculated by determin- 
ing the rate of incorporation that occurred at 
various substrate concentrations. The results 
showed that the affinity of GalNAc transferase(s) 
for the acceptor was higher in the colon (K m = 
0.56 mM; Vma X =38.8 /~mol/h-g) than in the 
stomach (K m =9.75 mM; Vma ~ =39.9 /~mol/h. 
g). 

The products of the in vitro O-glycosylation 
reactions [using microsomes of human colon 
(HCR) and human stomach (HSR)] were sepa- 
rated on the C18 HPLC column. Several in- 
jections of the reaction products [obtained from 
H C R  (Fig. 1) and HSR] were made and the two 
profiles were similar. The radiolabelled fractions 
(fractions 1 and 2) were studied by ES-MS: (i) 
the column-excluded fraction 1 consisted of N- 
acetylgalactosamine (GalNAc), N-acetylglucos- 
amine (GlcNAc) and l ow-m/z  components that 
corresponded to contaminants (determination by 
ES-MS) such as small peptides and/or glycopep- 
tides obtained by the action of peptidase(s) in 
microsomal homogenates on the parent peptide 
or on the formed glycopeptides during the in 
vitro O-glycosylation incubation; (ii) fraction 2 
was heterogeneous, but it contained the 
glycopeptidic fractions. Indeed, the ES mass 
spectra of HCR fraction 2 revealed the presence 
of one and two GalNAc residues in the 
glycopeptides detected at m / z  = 968.0 and 
1170.6, respectively, in addition to the un- 
modified octapeptide TTSAPTTS [M + H] +, m~ 
z = 765.4 (Fig. 2A). Furthermore, we observed 
during the UDP-GalNAc incorporation a phe- 
nomenon of capture of ions (Na + and K ÷) 
because m / z  = 787.4 (+23) [M + Na] +, m / z  = 
803.2 (+39) [M + K] + were found and the mo- 
lecular masses for the glycopeptides were re- 
covered as a triplet in the singly charged forms 
(+1 GalNAc=968.0,  989.4, 1005.6 and +2 
Ga lNAc= 1170.6, 1191.6, 1207.6) and also in 
the doubly charged forms (+1 GalNAc = 483.0, 
493.0, 503.0 and +2 GalNAc=585.0,  593.2, 
603.8). 

Concerning the related radiolabelled HPLC 
fractions obtained from HSR, the ES mass 
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Fig. 1. Reversed-phase HPLC separation (CIs column) of in 
vitro O-glycosylated products using human digestive mucosa 
homogenates (stomach) and NH2-TTSAP'Iq 'S-COOH pep- 
tide as acceptor by gradient elution (0-20%) with acetoni- 
trile in water containing 0.1% TFA. Radioactive product 
(dashed line) and absorbance at 206 nm (solid line) are 
indicated. 

spectra also showed the peptide TTSAPTTS and 
glycopeptides as a triplet ( m / z  =967.2, 989.4, 
1005.2 and 1170.0, 1192.0, 1208.0) (Fig. 2B). 
The main difference between the spectra ob -  
tained from the two tissues was observed in the 
low-molecular-mass products, which presumably 
resulted from a degradative process related to 
different peptidase(s) still active in presence of 
the PMSF [e.g., the component relevant to m / z  
664.2 could be assigned to TSAFITS,  m / z  563.0 
to SAPTI'S and m / z  405.2 to PT'I'S (Fig. 2A) 
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Fig. 2. ES mass spectra of HPLC peak 2: (A) after reaction using human colonic microsome preparation (HCR); (B) after 
reaction using human gastric microsome preparation (HSR). In the insets, expanded mass scales are shown between m/z  800 and 
1250 to show the capture of Na ÷ and K ÷ ions by the peptide [M + H]* and also the glycopeptides, which are found as triplets. 

and m / z  664.2 to TSAPTFS and m / z  577.1 to 
TSAPTT or TrSAPT (Fig. 2B)]. However, the 
RP-HPLC procedure developed seemed unsatis- 
factory in this precise study for a very accurate 
analysis of the in vi tro O-glycosylation reaction, 
because peptide and glycopeptides were co- 
eluted from the column. On the other hand, the 

use of another support such as normal-phase 
(NH2-HPLC) column also allowed the slight 
separation of peptide TTSAPTI'S and related 
glycopeptides, but the mono- and/or poly- 
glycosylated compounds were found in an unique 
fraction (data not shown). 

Therefore, HPAEC was developed with pulsed 
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Fig. 3. Separation by HPAEC (Dionex system and Carbopac 
PA 100 column) of the in vitro O-glycosylation products 
obtained by incubation with digestive microsomal homoge- 
nates and the peptide TFSAPTI'S as substrate: (A) by 
human colonic preparation (HCR); (B) by human gastric 
preparation (HSR). Peaks 1-6 = fractions obtained during 
isocratic elution with 100 mM NaOH and peaks a-d = 
fractions obtained during gradient elution (100 mM NaOH-0 
to 1 M sodium acetate). 

amperometric detection (PAD) and the Dionex 
system. This method was found to be a powerful 
tool for the analysis of less than 100 nmol of the 
in vitro O-glycosylated material. Our study was 
focused on the fractions where radioactivity was 
detected and these fractions were studied by 
ES-MS. 

The elution profile in Fig 3 can be divided into 

two parts. During the isocratic elution with 100 
mM NaOH in 10 min, free sugars (GlcNAc and 
GalNAc; peaks 1 and 2, respectively) were 
eluted at the beginning of the chromatogram, 
whereas deacetylated O-glycopeptides and pro- 
ducts of degradation of peptides and glycopep- 
tides were slightly retained (peaks 3-6). Peak 6 
was predominantly formed by the sucrose arising 
from the homogenate and distinctly detected by 
PAD. 

The second part of the pattern obtained by 
elution of the sodium acetate gradient (peaks 
a-d;  Fig. 3A and B) consisted primarily of 
undegraded glycopeptides. The one- (m/z 968) 
and two-[3H]GalNAc (m/z 1170) glycopeptides 
were found from peaks a -d  when the unlabelled 
peptide was found in peak a (m/z 765.4). More- 
over, the HPAEC pattern provided information 
concerning differences in O-glycosylation accord- 
ing to the choice of microsomal preparations 
(HSR or HCR): the in vitro O-glycosylated 
products of the peptide TTSAPTTS obtained 
with human colon reaction (HCR) gave at least 
four peaks (Fig. 3A) whereas a major single 
peak was obtained with human gastric micro- 
somes (HSR) (Fig. 3B). For the colon, the later 
elution from the HPAEC column reflected the 
high percentage of polyglycosylated peptides as 
found by ES-MS analysis (data not shown). 

4. Discussion 

The microsomal homogenates isolated from 
human stomach and colon contain activity(ies) of 
UDP-GalNAc: polypeptide N-acetylgalactos- 
aminyltransferase (GalNAc transferase) (EC 
2.4.1.41) (the enzymes that initiated mucin-type 
O-glycosylation by addition of GalNAc to a 
hydroxyl group of serine or threonine residue). 
Several lines of evidence indicate that GalNAc 
transferase(s) reside in the c/s-Golgi and/or the 
endoplasmic reticulum [14], and that the en- 
zymes usually prepared from bovine colostrum 
also exist in a soluble form [15]. Special attention 
has also been paid to a GalNAc transferase 
extracted from porcine submaxillary glands and 



D. Tetaert et al. / J. Chromatogr. B 658 (1994) 31-38 37 

that is specific for glycosylation of threonine 
residues [16]. 

However, there is now a precedence for more 
than one mRNA species for at least four glycosyl 
transferases, and the genes coding for these 
enzymes appear to be under the control of more 
than one promoter [17-19]. In our experiments 
the HPAEC profiles obtained from the two 
homogenates account for the diversity and mul- 
tiplicity of the GalNAc transferases in the human 
digestive tissues because the in vitro O-glycosyla- 
tion products obtained from colonic microsomal 
reaction give at least four peaks of glycopeptides 
containing one and two GalNAc residues with 
regard to the major peak found from gastric 
products. Nevertheless, the possibility cannot be 
excluded that some peaks reflect a variable 
specificity of a single transferase toward the 
substrate according to a c i s - t rans  isomerization 
and/or that, in the colonic microsomal homoge- 
nate, the prolyl isomerase activity could be more 
important with an increase in the accessibility of 
preferential glycosylation sites. Moreover, using 
a hydrophobic form of the peptide (N-t-BOC- 
T r S A P T r S - C O - N H - C H 3 )  and at different col- 
umn temperatures, the separation of the c i s -  
trans-prolyl  configurations of the octapeptide is 
more closely obtained (data not shown). 

The acceptor specificity is not yet completely 
understood for any of these transferases. Recent- 
ly, the study of a flanking-sequence requirement 
for O-glycosylation included all possible combi- 
nations of residue(s) surrounding the hydroxy 
amino acid. In an attempt to define a consensus 
signal, different motif peptides have been pro- 
posed for use in in vitro O-glycosylation, using 
sequences based on those (i) inferred from the 
196 different O-glycoproteins extracted from the 
National Biomedical Research Foundation Pro- 
tein Database and (ii) known glycopeptide 
motifs such as human von Willebrand factor 
(HVF) or myelin basic protein (MBP) [8,18-21]. 
The compilation of the results emphasizes the 
importance of proline and alanine residues near 
the site which induces a /3-turn, and that the 
presence of clustered hydroxyamino acids and an 
eight amino acid segment is generally required. 

The analysis of O-glycosylated products from a 
short and very hydrophilic peptide is complex 
and the characterization of such products, the 
kinetics of reaction and the purification of the 
resulting glycopeptides remain limited. The syn- 
thetic peptide substrate chosen for our study is 
based on the mucin tandem-repeat peptide motif 
MUCsc (TTSAPTTS), containing six potential 
O-glycosylation sites in two clusters of hydroxy- 
amino acids spaced by a proline. This octapep- 
tide is naturally found and strongly expressed in 
the human stomach mucins, whereas for those in 
colon, in situ hybridization showed a diffuse 
signal by the corresponding MUCsc RNA probe 
[12,22]. 

Hence, according to the tissue origin of micro- 
somal preparations, the glycosylation of 
TTSAPTTS could give rise to several possible 
products of monoglycosylated and two-glycosyla- 
ted peptides revealed by studying the HPAEC 
elution profiles. Indeed, it appears that the 
GalNAc transferases in the stomach presumably 
have a close specificity, because preferential 
positions seem to accept GalNAc; however, in 
the colon, the linkage is randomly achieved. 

The effects of the flanking sequence on the 
incorporation rate of GalNAc into Thr or Ser- 
containing substrates differ significantly accord- 
ing to different workers, although the role of the 
surrounding residues appear to be prominent 
[8,11,17,23]. The positions - 1  and +3 relative to 
the site are identified as particularly significant, 
and a proline residue is often associated with 
positions +3 and - 1. Nevertheless, these conclu- 
sions are based on results concerning motif 
peptides where hydroxyamino acids are poorly 
represented. Further investigations are in pro- 
gress in order to state precisely (i) the ac- 
tivity(ies) of GalNAc transferases (linkage to Ser 
and/or Thr) and (ii) the positions of glycosyla- 
tion with the possible role of a c i s - t rans  isomeri- 
zation. Therefore, the combination of HPAEC 
and ES-MS would become very efficient for 
purifying and analysing the glycopeptides that 
are usually co-eluted with the other reaction 
products using other chromatographic proce- 
dures such as HP~C on C18 and NH 2 columns. 
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