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We report here a methodology that allows the identi-
fication of glycosylation sites by a combination of pro-
tein enzymatic digestion, glycopeptide separation on
a reverse-phase HPLC column, and further recogni-
tion in a dot-blot system using concanavalin A-horse-
radish peroxidase. Wheat germ agglutinin-horserad-
ish peroxidase is used as the recognition system for
peptides generated after proteolytic digestion of en-
doglycosidase H deglycosylated protein. Glycosylation
sites were confirmed by automatic Edman degradation
and fast atom bombardment mass spectrometry. This
methodology was applied to a model glycoprotein, a-
amylase from Bacillus licheniformis, which is unglyco-
sylated in its natural host and appears highly glycosyl-
ated when expressed in the methylotrophic yeast
Pichia pastoris. © 1995 Academic Press, Inc.

As the most common posttranslational modification
of proteins, glycosylation has aroused a great interest
in the last two decades. Reviews and monographs on
whether or not carbohydrates are of fundamental value
are frequently published (1-12).

It is well known that glycosylation plays a key role
in the biological function of native and recombinant
glycoproteins. Many theories have been advanced re-
garding the functions of oligosaccharides covalently
attached to protein. On that subject, a complete and
very interesting review was published recently by
Varki (13) pointing out that oligosaccharides mediate
specific recognition events and, in some cases, modu-

1 To whom correspondence should be addressed. Fax: 53 7 218070.
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late biological processes, generating the functional di-
versity needed for further development and cellular dif-
ferentiation as well as the interaction between cells
and organisms.

Furthermore, recombinant proteins for therapeutic
uses that appear glycosylated in nature must be glyco-
sylated in order to display correct biological activity.
This function depends also on the oligosaccharide pat-
tern, i.e., oligomannoside, complex, or hybrid. For ex-
ample, “in vivo” activity of recombinant EPO? is related
not only to the ratio of di- and tetraantennary com-
plex oligosaccharides but also to their sialic acid
content (14).

At present, it is well known that the sequence Asn-
Xaa-Thr/Ser (where Xaa may be any amino acid except
proline) should be present to be recognized by the oligo-
saccharyltransferase in order to transfer an already
assembled core oligosaccharide GlcsMangGIcNACc, to a
nascent protein when this tripeptide is exposed on the
lumenal side of the membrane of the endoplasmic retic-
ulum. Many examples have been published in which
this sequence motif is present as a potential glycosyla-
tion site but are not glycosylated at all. Thus, finding
the glycosylation sites and the degree of glycosylation
on a given recombinant glycoprotein is of fundamental
interest, and it is also included as a regulatory require-

2 Abbreviations used: EPO, erithropoietin; FAB, fast atom bom-
bardment; RP, reverse phase; HPLC, high-performance liquid chro-
matography; PNGase F, peptide N-glycosidase F; LC, liquid chroma-
tography; ES, electron spray; MS, mass spectrometry; ConA,
concanavalin A; WGA, wheat germ agglutinin; HRP, horseradish
peroxidase; Endo H, endoglycosidase H; SDS, sodium dodecyl sulfate;
PAGE, polyacrylamide gel electrophoresis; GIcNAc, N-acetylglucos-
amine; Asp-N, endoproteinase Asp-N; BSA, bovine serum albumin;
TFA, trifluoroacetic acid.
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ment for its introduction, mainly as a therapeutic (15).
Then, once the protein sequence has been verified, the
specific residue to which an oligosaccharide is attached
and the configuration of the linkage should be deter-
mined.

To fulfill these requirements, some methodologies
have been published for locating glycosylation sites.
One of those most extensively used was described ini-
tially by Carretal. (16,17), with which it is also possible
to determine the structural class, branching types, and
molecular microheterogeneity of N-linked oligosaccha-
rides at specific attachment sites. The crucial point re-
sides in the comparison of the RP-HPLC chromato-
grams prior to and after deglycosylation with PNGase
F, which allows identification of the glycopeptides from
a proteolytic digest of the native glycoprotein. Recently,
a more advanced approach appeared using liquid chro-
matography—electron spray mass spectrometry (LC-
ESMS) and liquid chromatography—tandem MS (LC-
ESMS/MS) for selective detection of N- and O-linked
glycopeptides (18).

Gonzéalez et al. (19) published a new strategy to locate
N-glycosylation sites in glycoproteins with a combina-
tion of PNGase F deglycosylation in H,0 and colli-
sion-induced dissociation analysis in FAB-MS.

Other authors have included lectin recognition in a
dot-blot system which facilitates localization of glyco-
peptides in a complex RP-HPLC chromatogram after
enzymatic digestion of the glycoprotein (20,21).

In this report, we describe a simple methodology
comparing enzymatic proteolytic digestion, fraction-
ation on RP-HPLC for both native and deglycosylated
forms of the glycoprotein and the specific recognition
of glycopeptides by ConA—HRP and the GIcNAc-linked
residue at the specific glycosylation site from Endo H
digestion with WGA—HRP. Recognized fractions from
native glycoprotein are further digested with Endo H
and analyzed by FAB-MS or automatic Edman degra-
dation. Positive fractions from deglycosylated glycopro-
tein are directly analyzed by FAB-MS. In this way, we
were able to identify glycosylated asparagines at five
of the potential glycosylation sites of the hybrid recom-
binant glycoprotein.

MATERIALS AND METHODS
Materials

Electrophoresis reagents were from Bio-Rad (electro-
phoresis grade). Concanavalin A—horseradish peroxi-
dase, wheat germ agglutinin—horseradish peroxidase,
and 4-chloro-1-naphthol were purchased from Sigma
Chemical Co. (St. Louis, MO). Endo H, PNGase F, car-
boxypeptidase A, carboxypeptidase B, aminopeptidase
M, and trypsin were obtained from Boehringer Mann-
heim (Indianapolis, IN). Hydrogen peroxide (30% solu-
tion) was from BDH Chemicals (U.K.). Nitrocellulose
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BA 85 was purchased from Schleider & Schull (Ger-
many). Acetonitrile (lichrosolv) was from Riedel-de-
Haen (Germany) and trifluoroacetic acid (TFA) was
purchased from Pierce (Rockford, IL). All other re-
agents were of analytical grade. «-Amylase was puri-
fied from a Pichia pastoris MPA 3625 strain having an
integrated a-amylase gene (22) supplied by the Center
for Genetic Engineering and Biotechnology (La Ha-
bana, Cuba).

Methods

Polyacrylamide gel electrophoresis. SDS—-PAGE
was performed according to Laemmli (23). Gels were
run employing a Mighty Small Il SE 250 (Hoefer Scien-
tific Instrument, San Francisco, CA).

Tryptic digestion. Protein was denatured by heat-
ing at 100°C in an SDS 0.01% solution for about 10
min. Tryptic digestion was performed at 37°C in 1%
ammonium bicarbonate buffer, pH 8.0, for 4 h using
an enzyme:substrate ratio of 1:50 (w/w).

Protein enzymatic deglycosylation. Denatured pro-
tein with 0.02% SDS was heated for 10 min at 100°C.
Deglycosylation was carried out in 100 mm sodium ci-
trate, pH 5.5, at 37°C for 16 h. To 1 ml protein solution
(1 mg/ml), 20 mU of Endo H was added. After deglyco-
sylation a precipate is formed. By centrifugation at
8000 rpm for 10 min the protein was recovered and the
supernatant discarded.

Peptide separation. The HPLC instrument used for
peptide separation was from Pharmacia (Pharmacia
LKB, Sweden). Tryptic peptides from native and degly-
cosylated proteins were fractionated in a 250 X 4.6-
mm Cg reverse-phase column (J. T. Baker, USA) at a
flow rate of 0.8 ml/min with a linear gradient over 120
min from 5 to 65% acetonitrile containing 0.1% TFA.

Glycopeptide Recognition Using Dot-Blot Assay

Dot-blot assay with ConA-HRP. Peptides obtained
on digestion of native protein were dried in a speed-
vac, resuspended in water, and spotted in a prewetted
nitrocellulose membrane with TBS buffer (50 mm Tris—
HCI, 500 mm NacCl, pH 7.5). The spotted dry membrane
was soaked with blocking solution (5% skim milk in
TBS buffer) in a shaker for 1 h at 37°C to saturate
the binding sites on the membrane. After this blocking
treatment, the membrane was rinsed with TBS buffer
and the solution was replaced by ConA—HRP conjugate
solution (1:1000 dilution in 1.7 mm KH,PO,, 3 mm
NaH,PO,, 2.6 mm KCI, 136 mm NaCl pH 7.5), the mem-
brane was incubated with this solution for 1 h at 37°C.
It was then rinsed three times (15 min each time) with
0.1% Tween 20 in TBS buffer, after which the mem-
brane was soaked in substrate solution freshly pre-
pared with 2 mg of 4-chloro-1-naphthol dissolved in
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600 ul of methanol, 10 ml TBS, and 10 ul of hydrogen
peroxide (30% solution) until the color developed. When
the membrane was sufficiently stained, it was rinsed
with distilled water to stop the reaction.

Dot-blot assay with WGA-HRP. Glycopeptides
from deglycosylated protein were detected with WGA—
HRP conjugate by using the same procedure for detec-
tion with ConA—HRP conjugate, but the blocking treat-
ment was done with 0.1% Tween 20 in TBS buffer in-
stead of skim milk and with longer rinsing time.

Enzymatic deglycosylation of glycopeptides. Dried
glycopeptides were resuspended in 30 ul of 100 mm
sodium citrate, pH 5.5, and then 1 mU of Endo H was
added and the glycopeptides were incubated for 16 h
at 37°C.

Exopeptidase digestion. The glycopeptides were
dissolved in 10 ul of 1% NH,HCO; buffer and 0.2 g of
aminopeptidase M or a mixture of carboxypeptidases
A and B (1:1, w/w) was added. The reaction mixture
was allowed to stand at 37°C for 1 min, after which
mass spectra were recorded.

Mass spectrometry. FAB-MS spectra were recorded
with a JEOL JMS-HX110 instrument (Jeol Company,
Japan) equipped with standard FAB ion source using
a Xenon ionizing beam (4 kV). The matrix used was
dithiothreitol: dithioerithrol:glycerol:thioglycerol (25
£9:5 1g:150 pl:150 wl). The ion source was at an acceler-
ating potential of 10 kV. Mass data were acquired with
a JEOL JMA-DA5000 data analysis system.

Sequence analyses. Automatic amino acid sequence
analysis of peptides was performed using a Knauer Se-
guencer Model 810 equipped with a cross-flow reactor/
loop reactor working with dual-phase-chemistry.
Amino acid phenylthiohydantoins were analyzed by
RP-HPLC using an on-line Knauer liquid chromatogra-
phy system equipped with a photometric filter detector
(269-nm filter) as recommended by the manufacturer.

RESULTS AND DISCUSSION

When purified a-amylase was subjected to SDS-
PAGE (Fig. 1), it showed a molecular mass increase
of 30 kDa due to glycosylation (as determined by the
complete release of oligosaccharides by Endo H diges-
tion). The recombinant enzyme is active (22), showing
three times higher activity than the natural a-amylase
(data not shown).

Fractionation on RP-HPLC of a comparative enzy-
matic proteolytic digestion with trypsin before and
after Endo H digestion is shown in Figs. 2A and 2B,
respectively. It was very difficult to identify possible
glycopeptides from the relative shift in retention times
because of the complexity of both chromatograms. How-
ever, by using conjugated lectins, it was possible to
locate fractions that bind to ConA (Figs. 2A and 2C)
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FIG. 1. Polyacrylamide gel electrophoresis of a«-amylase from Ba-
cillus licheniformis (lane 1) and a-amylase from P. pastoris before
(lane 2) and after (lane 3) Endo H treatment (see Materials and
Methods).

and WGA (Fig. 2B), suggesting the presence of glyco-
peptides bearing oligomannoside and GIcNAc residues,
respectively. The proposed strategy to locate glycosyla-
tion sites is shown in Fig. 3.

Sequencing of ConA-HRP Binding Fractions

Some positive fractions recognized by ConA-HRP
(11,15,16,18,24) (Fig. 2A) from native protein trypsin
digestion were selected for glycosylation site determi-
nation because of their high abundance (Fig. 2C). Frac-
tions 15, 18, and 24 were subjected to Endo H deglyco-
sylation before analysis by FAB-MS. The results are
shown in Table 1.

The deglycosylated peak 18 was assigned to two pep-
tides of the protein structure by FAB-MS analysis (Fig.
4), i.e., Lys-Ky; (M/z 2761.3) and Ry4-Ky47 (M/z 2918.5),
both plus 203 Da, corresponding to a GIcNAc residue
that could be attached to an asparagine located in the
sequon N,7,-D-S,9. This result suggests that aspartic
acid in position +1 does not affect glycosylation as has
been claimed by Gavel and Heijne (24).

The mass spectrum of peak 24 (m/z 2852.7) matched
E.ss-Kaze plus one GIcNACc residue, suggesting that the
sequon N,75-K-Ty; is also glycosylated. Fraction 15 was
repurified after deglycosylation showing two well-re-
solved peaks (Fig. 5). The less retained peptide, which
did not bind to ConA—HRP and WGA-HRP (m/z
1255.2), was assigned to peptide A;s,-Ris6 (Without a
potential glycosylation site). However, the second frac-
tion (binding to WGA—-HRP with m/z 2561 but not to
ConA—-HRP) matched the theoretical mass of peptide
R437-Russ containing an GIcNAc unit, probably linked
to Nys5 in the motif Nyss-R-Sus-.

Peaks 11 and 16 were analyzed by direct automatic
Edman degradation. It was possible to identify on frac-
tion 16 a peptide sequence T,;; to Rsps Which includes
the sequon Ngo-H-S,4,, detecting, on the fourth cycle,
a small amount of D (instead of N) in comparison to
the repetitive yield obtained in the other cycles. The
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FIG. 2. Fractionation on Cg RP-HPLC of a comparative enzymatic
proteolytic digestion with trypsin before (A) and after (B) Endo H
deglycosylation. Fractions indicated by 4 on the chromatograms
were bound to ConA-HRP (A) or WGA-HRP (B). (C) Affinidot-blot
of fractions (A) recognized by ConA—HRP. Recombinant a-amylase
and bovine serum albumin (spots marked by + and —) were used as
positive and negative controls, respectively.

presence of D could be assigned to the cleavage of -
aspartylglycosylamine linkage of this glycopeptide due
to the acid conditions characteristic of the Edman
chemistry. In the case of fraction 11, the results reveal
the presence of peptide Qu3-R4s6 With six amino acids
less than fraction 15, but in both forms, glycosylated
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RECOMBINANT GLYCOPROTEIN

Proteolytic digestion Enzymatic Deglycosylation
(Trypsin:Protein, 1:50) (Endo H)
RP-HPLC Proteolytic digestion

Peptides + Glycopeptides (Trypsin:Protein, 1:50)

N,-\- NN«-\_

ollgomanoslde

RP- HPLC
] Peptides + Glycopeptides
Dot-Blot Assay N N~
(Con A-HRP) ~TT A~
Glycopeptides ]
~ N ~

Dot-Blot Assay

oligomanoside

(WGA-HRP)
Glycopeptides
~~ '\f -
GlcNAc
RP-HPLC Enzymatic
Deglycosylation

Automatic Edman
Degradation :
Mass Spectrometry Analysis
( FAB-MS)

FIG. 3. Flow diagram of the proposed strategy.

and nonglycosylated, suggesting a partial glycosylation
0f Nyss-R-Sus7.

A similar result could be deduced from the methodol-
ogy described by Gonzéalez et al. (19) employing PNGase
F digestion in *®0O-labeled water on the same recombi-
nant glycoprotein. They found glycosylation at Nyss
only after Asp N digestion of the Endo H deglycosylated
protein, which could suggest that this residue is par-
tially glycosylated and that the conversion frequency
of Nyss to Dy4ss under this condition depends upon the
level of glycosylation, thus affecting the proteolytic
cleavage by Asp N at this position.

TABLE 1

Theoretical and Experimental FAB-MS Data Obtained
after Endo H Deglycosylation of Glycopeptides Detected by
ConA-HRP

Fraction Experimental Experimental Theoretical
no. m/z m/z — 203 m/z Assignment
15 1255.2 — 1255.6 Ai37-Rise
2561.9 2361.9 2362.1 Raz7-Russ
18 2761.3 2558.3 2558.9 Los-Kaz
2918.5 27155 2715.1 R24-Ka7
24 2852.7 2649.7 2649.9 Es5-Kaze
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FIG. 4. «a-Amylase amino acid sequence deduced from the nucleotide sequence (24) and verified by FAB-MS (J. Gonzalez, unpublished
work). Glycosylation sites are indicated by ==. Glycopeptides recognized by ConA—HRP, Endo H deglycosylation, and FAB-MS (<);
glycopeptides recognized by ConA—HRP and automatic Edman degradation (|—1); glycopeptides recognized by WGA-HRP and FAB-MS

(.

Sequencing of WGA-HRP Binding Fractions

After protein deglycosylation and trypsin digestion,
the peptide mixture was fractionated by RP-HPLC
(Fig. 2B) and the fractions were analyzed in a dot-blot
system using WGA-HRP conjugate. Unambiguous
positive fractions 12, 14, 26, and 35 were submitted to
direct FAB-MS characterization.

The glycosylation of N,;-D-S,9, Which is included in
peptides Ry4-K47 (M/z 2918.5) and L,s-K,47; (M/z 2761.9)
from fraction 26, was confirmed, as suggested by the
results shown in Table 1 (see fraction 18 recognized by
ConA—-HRP). Fraction 35 gave a unique mass signal
(m/z 2852.6), which corresponds to peptide E,s5-Ku7g
with an N-linked GIcNAc at N,,5-K-T,,; that was also
recognized by ConA—HRP in its native form (see frac-
tion 24 of Table 1). Finally, fraction 12 was assigned
to peptide Qu43-Russ (M/z 1801.6), similar to that se-

quenced by Edman degradation from fraction 11 recog-
nized by ConA-HRP.

From fraction 14, two new peptides, Kzgps-Ksis (M/z
1260.8) and Lz07-Ksis (M/z 1133.3), were assigned
after considering 203 Da that corresponds to a
GIcNACc residue. These peptides were not identified
by ConA-—HRP. The sequence N3po-G-Tsy; is included
in these peptides.

Peptide Q.43-Rys6 (fraction 12) was chosen for exopep-
tidase digestion taking into account that a glycosyla-
tion site was located toward the carboxy end. First,
it was digested with carboxypeptidase A and B and
analyzed by FAB-MS. In a similar way, aminopepti-
dase M digestion of peptide E,ss-K,76 (fraction 35) was
also analyzed by FAB-MS (data not shown).

FAB mass spectra of carboxypeptidase digestion of
Qus3-R4s6 showed an M* and M*-Arg increase of 203 Da
with respect to the theoretical mass, but M*-(Arg-Asn-
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FI1G.5. CgRP-HPLC repurification of fraction 15 (positive to ConA—
HRP, Figs. 2A and 2C) before (A) and after (B) Endo H treatment.
The separated fractions were collected, spotted on nitrocellulose
membrane, and stained using conjugated lectins as described under
Materials and Methods. Dot-blot in A, ConA—HRP detection. Lane
1, fraction 15; lane 2, positive control (recombinant a«-amylase); and
lane 3, negative control (BSA). B, 1 and 2 correspond to RP-HPLC
chromatogram of fraction 15 after Endo H deglycosylation. Dot-blot
in B, (I) ConA—HRP detection using recombinant a-amylase as posi-
tive control (lane 3); (11) WGA—-HRP detection using Endo H deglyco-
sylated a-amylase as positive control (lane 3). BSA is negative control
in both cases (lane 4).

Gly) and M*-(Arg-Asn-Gly-Thr-1le) matched well with
the unglycosylated peptide. Furthermore, aminopepti-
dase digestion of peptide E;ss-K,75 produce a set of pep-
tide fragments all of which are 203 Da higher than
the theoretical mass, which means that the GIcNAc
attached to N,ss is retained in every one of the newly
generated peptides.

Table 2 summarizes the above results of using either
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the ConA—HRP or the WGA-HRP recognition sys-
tems. Using ConA—HRP, glycosylation at N7, Njs,
and Ngss was located by FAB-MS analysis, and Nygo
and N,ss by automatic Edman degradation. Glycosyla-
tion at N7, N5, and Nyss was also identified by WGA—
HRP, except for the sequon Nsqg, that was located only
by WGA—-HRP. An increase of 1.5 to 2.5 min in reten-
tion time of the corresponding deglycosylated peptide
was detected for fraction pairs 18/26 (sequon N.;), 24/
35 (sequon N,zs5), and 11/12 (sequon Nyss) due to a rela-
tively increased peptide hydrophobicity once deglyco-
sylated. The fact that these glycosylation sites were
located by using either ConA or WGA undoubtedly con-
firms that they were totally or partially glyco-
sylated.

The above results show that by following the strategy
described in Fig. 3, it was easy to locate five potential
glycosylation sites of the recombinant a-amylase ex-
pressed in P. pastoris, despite the fact that RP-HPLC
chromatograms from the trypsin digestion of native
and deglycosylated protein are both very complex. We
did not analyze by either FAB-MS or automatic Edman
degradation those HPLC fractions that showed weak
signals in the dot-blot. This is the reason why glycosyl-
ation at N, is not reported here. However, in previous
work, employing PNGase F digestion in H,*0 on the
same recombinant glycoprotein, this site was reported
as glycosylated.

We demonstrated that this strategy overcomes some
difficulties that arise when a protein containing multi-
ple glycosylation sites is studied. For example, trying
to identify shifted peaks in one chromatogram with

TABLE 2

Comparison of the Main Characteristics of Glycopeptides
Recognized by either ConA—HRP or WGA-HRP

Peak no. Retention FAB-MS Assigned
ConA%WGA®  time (min)  (m/z)° AED? peptide Sequon
2918.5/2918.5 R,4-Ku;
18/26 51.5/54.0 2761.312761.9  Lye-Kar N27DS
24/35 68.5/70.0 2852.7/2852.6  Eus5-Ky7e N275KT
16/— 47.0/— AED/— T277-Ra3os N280HS
—/1260.8  Kzps-Kas
—/14 —/37.0 — 11330 Lagr-Koss N309GT
1255.2/— A137-Ruise —
15/— 46.0/— 2561.9/— Rasr-Russ  N455RS
11/12 31.5/33.0 AED/1801.6  Qus3-Russ  N455RS

2 ConA—HRP recognized glycopeptides after native protein trypsin
digestion and further fractionation in Cg RP-HPLC.

P WGA recognized glycopeptides with an GIcNAc attached to it
after Endo H protein deglycosylation, trypsin digestion, and Cg RP-
HPLC fractionation.

°m/z comparison of deglycosylated glycopeptides identified by
ConA—HRP or by direct FAB-MS recording of WGA—-HRP recognized
glycopeptides.

9 Peptides sequenced by automatic Edman degradation.
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respect to another only by modification of the retention
time (which has been postulated as indicative of a po-
tential glycopeptide) would be a very hard task, and
there could also be some glycosylation sites resistant
to Endo H which would then be undetected by simple
comparison of both chromatograms, since they would
have the same retention time before and after the de-
glycosylation reaction.
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