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Abstract

A strategy for investigation of site-specific glycosylation of glycoproteins has been developed, based on peptide
mass fingerprinting using matrix assisted laser desorption ionisation time of flight mass spectrometry (MALDI TOF
MS). The glycoprotein is subjected to sequential digestion with a protease and glycan-specific endoglycosidases
or with the glycan-specific endoglycosidases followed by the protease. Peptides with characteristic masses
are detected for sequences containing glycosylated asparagine residues. By using a panel of three proteases,
chymotrypsin, protease V8 and trypsin, and endoglycosidases F3 and H and peptide N-glycanase F, it was possible
to monitor the state of glycosylation of all putatieglycosylation sites on three glycoproteins. It was deduced
that all potentiaN-glycosylation sites in human serum transferrin (two) arddantitrypsin (three) were occupied
by non-fucosylated, biantennary, disialylated, complex glycans. In contrast, only four (asparagines 19, 59, 146
and 270) out of the five potential sites were glycosylated in recombinant h@rglucosylceramidase, with the
site nearest the C-terminal (asparagine 462) being unoccupied. The glycans at each site consisted of a mixture of
non-fucosylated and cor@1—-6 fucosylated oligomannose glycans (M#&ilcNAc;), derived from the enzymic
truncation of complex glycans. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Carbohydrate chains or glycans are found covalently linked to glycoproteins by N-, O- or C-glycosidic
linkages. The carbohydrate moiety of a glycoprotein can have many different functions including
solubility, stability, resistance to proteolysis, folding, structure, aggregation, transport, recognition and
biological activity> The importance of appropriate glycosylation is demonstrated by the severe diseases
that result from aberrations in glycosylatiéi.he most common form of glycosylation of mammalian
proteins is N-linked glycosylation, in which glycans are attached to the amide N of a side chain of an
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asparagine, which always occurs in a sequence (sequon), AsnXThr/Ser, where X can be any amino acid
except proline. Although well over 100 different N-linked glycans have been identified, they fall into
three main classes, high mannose, hybrid and complex. An individual glycoprotein may contain different
types of glycans at different sequons, or even different glycans at the same site. Furthermore, not all the
sequons may be glycosylated.

It is important to know the state of glycosylation of a protein in terms of occupation of potential
N-glycosylation sites (macroheterogeneity) and type of glycosylation at that site (microheterogeneity)
to investigate the function of normal glycosylation or to understand the consequences of aberrant
glycosylation. It will also be necessary to define the glycosylation of recombinant glycoproteins for
therapeutic purposes.

N-linked glycans can be released from glycoproteins by the action of peptide N-glycanases or by
endoglycosidases and analysed by a variety of technidesthough this approach will identify the
types and relative proportions of glycans, it will not reveal the distribution of the glycans over the
possible glycosylation sites. This can be achieved, though, by proteolytic digestion of the glycoprotein,
separation of the resultant mixture of peptides and glycopeptides and release and analysis of the glycans
from each glycopeptid&l? Apart from the cost and time of the separation of the glycopeptides,
the main problems with this strategy are ensuring that a glycopeptide is resolved from peptides or
other glycopetides and the influence of the glycosylation itself on the proteolysis of the glycoprotein.
We have developed a strategy for identifying the occupancy and type of N-linked glycan at each
potential glycosylation site that does not necessitate separation of glycopeptides after proteolysis. The
peptide masses obtained by the theoretical proteolytic digestion of a glycoprotein (MS DIGEST-Protein
Prospector, SWISS-PROT) were compared with the experimental sequential digestion of the protein with
a protease followed by an endoglycosidase/peptide N-glycanase protocol or vice versa. The mixtures
of peptides and glycopeptides can be analysed directly by MALDI TOF MS because the N-linked
glycans have either been removed or are small and uncharged, obviating the need for pre-analysis
separation. Carbohydrate-containing peptide masses were calculated using ‘PAWS’ proteomics software
(http://proteomics.com/software/paws.htm). It was found that by using an array of digestion protocols
using three proteases and specific endoglycosidase/peptide N-glycanases all glycosylation sites could be
probed. For example, if the asparagine residue of a glycosylation sequon is glycosylated, cleavage of
the glycosylamino linkage by PNGase F will result in conversion of the asparagine to an aspartic acid.
Consequently, the Da/e of an ion corresponding to a deglycosylated peptide will be 1 Da greater than that
derived from the same unglycosylated peptide, thereby indicating whether the site is glycosylated or not.
The type of glycan attached to the asparagine can be deduced from the masses of the peptides obtained
with different endoglycosidases because of their precise specifititieleavage of high-mannose N-
linked glycans by endoglycosidase H will result in peptides with a siNgdeetylglucosamine attached
to the asparagine. The masses of deglycosylated peptide will be 203.1 Da/e greater than that observed
from the same unglycosylated peptide. Cleavage of a complex glycan with endoglycosidase F3 will leave
a fucosyIN-acetylglucosamine or a singieacetylglucosamine attached to the asparagine, depending on
whether the glycan is core-6-fucosylated or not. The mass of such a peptide will be 203.1 (or 349 with
fucose) Da greater than that derived from the same unglycosylated peptide.

This strategy has been applied to two serum glycoproteins of considerable diagnostic importance
for glycosylation defectsxl-antitrypsin and transferrin and a recombinant therapeutic glycoprotein,
B-glucosylceramidase (Cerezyme).
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2. Transferrin (Table 1a and Table 2a)

Human serum transferrin consists predominantly of a glycoform in which the two glycosylation sites at
asparagine residues, 413 and 611, are occupied by complex, non-core fucosylated, biantennarj?glycans,
which are susceptible to cleavage by both endoglycosidase F3 and PNGase F.

2.1. Proteolytic digestion alone

lons corresponding to the mass of peptides expected to be obtained on digestion of transferrin were
detected when the digestion mixtures for all three proteases were analysed by MALDI TOF MS. The %
of the amino acid sequence covered by the peptides detected was 48.7%, 48.3% and 42.4% for trypsin,
chymotrypsin and protease V8, respectively. Altogether 469 out of the 679 (69.1%) amino acids in the
sequence were detected using the three proteases. Different regions of the sequence were inaccessible
to the different proteases, illustrating the importance of using more than one protease. However, no
glycopeptides were detected with any of the proteases, indicating that sialylated glycopeptides cannot be
analysed directly using either the DHB or th€4HA matrix at the concentrations used in this study.

2.2. Proteolysis after predigestion with endoglycosidase F3

Transferrin was predigested with endoglycosidase F3 before digestion with the three proteases sep-
arately to see if any glycopeptides with truncated glycans could be detected. However, no masses
corresponding to peptides with an additional mass of 203.1 were detected and the overall coverage of
the amino acid sequence for the three proteases decreased from 69.1% to 57.0% (387 out of the 679
amino acids).

2.3. Proteolysis followed by digestion with endoglycosidase F3

Similarly, the digestion of transferrin with endoglycosidase F3 after proteolysis did not produce any
masses that could be designated as glycopeptides. The combined coverage of the amino acid sequence
remained at 69.1%.

2.4. Proteolysis after predigestion with PNGase F

The glycosylation site, asparagine 611, occurs in the tryptic peptide containing amino acids 603—-623.
The theoretical Da/e of this peptide is 4605.9 when a complex biantennary glycan is attached and 2498.1
Da/e if this sequon is not glycosylated. No peptide of 2498.1 Da/e was detected by MALDI TOF analysis
after tryptic digestion of transferrin (Fig. 1a), but when the transferrin was predigested with PNGase F
and then digested with trypsin a peptide of 2499.1 Da/e was observed (Fig. 1b). This corresponds to
the deglycosylated peptide in which asparagine 611 has been converted into aspartic acid by PNGase F,
indicating that this site is occupied by a complex glycan.

No peptides corresponding to the glycosylated or deglycosylated tryptic peptide containing asparagine
413 were detected with or without predigestion with PNGase F. However, digestion of deglycosylated
transferrin with protease V8 produced two peptides that covered the first glycosylation asparagine,
413, with masses of 1259.5 and 2572.3 Dal/e corresponding to amino acids 411-420 and 393—-416+1
Da, respectively. Chymotryptic digestion of transferrin, that had been predigested with PNGase F,
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Table 1

(a) Summary of results for transferrin

Digestion Coverage of the sequence (%) Total coverage of the
protocol Trypsin chymotrypsin V8 (DE) protein (%)
OPoese | 5o | o | awe | o
) oo ks 21.4% 21.8% 31.4% T57.0%
OPoeme |G | ame | ean
) orerase ¥ 59.9% 56.6% 41.7% 88.9%
O) e 53.0% 55.2% 44.3% "76.4%

(b) Summary of results for al-antitrypsin

Digestion Coverage of the sequence (%) Total coverage of the
protocol Trypsin Chymotrypsin V8 (DE) protein (%)
OPowss | 50 | e | ome | e
() oo ks 59.9% 57.9% 59.6% T89.6%
) e 40.9% 41.6% 50.3% "83.8%
) rapase ¥ 43.9% 62.9% 31.7% "86.5%
O roease 37.1% 35.3% 47.2% T718%

(c) Summary of results for Cerezyme®

Digestion Coverage of the sequence (%) Total coverage of the
protocol Trypsin_| Chymotrypsin | _ V8 (DE) protein (%)
OPoese | 0 | orew | e | akion
) e 31.6% 70.4% 46.3% “893%
O by 78.9% 67.0% 59.2% "56.4%
) orapase T 55.7% 67.4% 57.3% “88.5%
O) e 68.0% 67.6% 51.9% U87.5%
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Table 2
(a) Summary for transferrin analysis
Digestion Sequence
Protease (1) PNGase F (1) Protease (1) Endo F3 (1) Protease
(2) Protease (2) PNGase F (2) Protease (2) Endo F3
Trypsin X1z Yen Xaiz Yot X413 Xo11 Xa13 X1
Chymotrypsin YaisYen Xaiz Yol Xa13 Xo11 Xai3 Xe11
V8(DE) Y a13 Xelt Y 413 Xe11 Xa13 Xoni Xa13 Xei1
Summary All sites monitored.

Transferrin glycosylation sites are 413 and 611.

(b) Summary for alantitrypsin analysis

Digestion Sequence
Protease (1) PNGase F (1) Protease (1) Endo F3 (1) Protease
(2) Protease (2) PNGase F | (2) Protease (2) Endo F3
Trypsin Xas Y53 Xouz Xao Xg3 Xoa7 Xas Xs3 Vour X6 Xgs ¥ou7
Chymotrypsin Ve V83 Your Xao Xg3 Xoa7 Ve V83 Yo Va6 Xs3 Your
V8(DE) Xao V53 Xoar Xas Xgz Xog7 X6 Xs3 Xoa7 Xas V53 Xouz
Summary All sites monitored.

al-antitrypsin glycosylation sites are 46, 83 and 247.
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(¢) Summary for Cerezyme analysis
Digestion Sequence
Protease  |(1) PNGase F (1) Protease (1) Endo H (1) Endo H (1) Protease (1) Protease
(2) Protease (2) PNGase F (2) Protease (2) Protease (2) Endo H (2) Endo H
[ peptide+GlcNac] | [ peptide+GlcNac | [ peptide+GlcNac] | [ peptide+GlcNac
+ fucose] + fucose]
Trypsin Xi19¥'s0 V146 V210 | Xi19Xs59 X146 V220 | Xi10Xs0 Va6 Y220 X19Xs0 X146 V70 | X1o¥'s0 V136 Yor0 | Xi0¥ 50 Xias Xono
Chymotrypsin | X19¥'so v'146 Y270 | X10Xs0 V146 Xozo | X19X50 Yias ¥ 270 Xi19X50X1a6 Xor0 | X19Xs50 ¥ 146 X220 v 10Xs0 ¥ 146 X270
Vg(DE) X]‘)‘/S‘) ‘/146 ‘/270 xl‘)XS‘)XHG X270 ‘/l‘)XS‘) XH() X270 xl‘)XS‘) XH() x270 /I‘)XS‘) ‘/146 X270 XI‘)‘/SQXM() /270
Summary All sites monitored.
Protease Glycopeptide Glycopeptide
Detected (-fucose) Detected (+fucose)
Trypsin V16X s50 Xias Xaro X1 Xs0 Xiss ¥ 20
Chymotrypsin X16X50X 146 Xoro X19X 50 X146 Xano
Vg(DE) XI9X59 X|46 X270 XI()XS‘) XI46 X270
Cerezyme glycosylation sites are 19, 59, 146 and 270.
Key:
Y -indicates the detection of a peptide which covered a sequon
X - indicates the detection of a peptide which covered a sequon was not observed
Where n indicates the position of the asparagine in the glycosylation sequon in the amino acid
sequence

produced masses of 1747.7 and 1725.7 Dal/e, which correspond to the amino acid sequences 413-427

and 608-622+1 Da, containing the two glycosylation sites 413 and 611.
Thus, it was possible to show by deglycosylation with PNGase F prior to proteolysis that both
glycosylation sites of transferrin are occupied by complex glycans. Further, the overall coverage of the

amino acid sequence was increased from 69.1% to 88.9% (604/679 amino acids).
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2.5. Proteolysis followed by PNGase F digestion

The use of PNGase F after proteolysis of the protein also resulted in peptides being detected that
covered both sequons of the molecule. Both tryptic and chymotryptic digestion of transferrin, prior to
treatment with PNGase F, produced peptides in which asparagine 611 had been converted to aspartic
acid. Conversely, the use of protease V8 produced peptides covering the first sequon only. Digestion with
the three proteases followed by PNGase F treatment, increased the coverage of the amino acid sequence
to 76.4% (519/679 amino acids).

3. al-Antitrypsin (Table 1b and Table 2b)

Humanal-antitrypsin has three glycosylation sites at asparagine residues 46, 83 and 247, which are
occupied by biantennary disialylated complex glycihshich are not corex1—6 fucosylated.

3.1. Proteolytic digestion alone

No glycopeptides were detected in the mass spectrum afteantitrypsin was digested with any of
the three proteases using DHB®C4HA as the matrix. The peptides detected in the mass spectrum after
digestion with trypsin, chymotrypsin and protease V8 covered 37.1%, 35.3% and 47.2% of the amino
acid sequence, respectively.

3.2. Proteolysis after predigestion with endoglycosidase F3

This digestion protocol resulted in the detection of a glycopeptide with a mass of 1958.9 Da/e
corresponding to the amino acid sequence 244-259 +\eaeetylglucosaminyl unit (Fig. 2b). It was
not detected after digestion with trypsin alone (Fig. 2a). Such truncated glycopeptides were not detected
for the other two glycosylation sites. Glycopeptides with Muacetylglucosaminyl residue attached
to asparagine corresponding to all three glycosylation sites were detectedothantitrypsin was
predigested with endoglycosidase F3 prior to chymotryptic digestion. No truncated glycopeptides were
detected after successive digestion with endoglycosidase F3 and protease V8. The truncation of the
glycans, prior to proteolysis with the three proteases, resulted in an increase in coverage of the amino
acid sequence to 89.6% (353/394 amino acids) (Table 1b and Fig. 3b).

3.3. Digestion with endoglycosidase F3 after proteolysis

This digestion also resulted in the detection of truncated glycopeptides corresponding to all three
sequons with one or the other of the three proteases. Tryptic digestion ofitaatitrypsin resulted
in truncated glycopeptides being detected that covered asparagine 247 only. Chymotryptic digestion
produced truncated glycopeptides that covered the asparagines 46 and 247 but not 83, whilst digestion
with protease V8 produced truncated glycopeptides only covering asparagine 83. The combined coverage
of the amino acid sequence after successive digestion with a protease and endoglycosidase F3 was 83.8%
(330/394 amino acids) (Table 1b).
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3.4. Predigestion with PNGase F followed by proteolytic digestion

The enzymatic release of the intact glycans using PNGase F, prior to proteolysis with the three
proteases, allowed the detection of peptides covering all three sequons of the protein. Tryptic digestion of
the deglycosylated protein allowed the detection of the peptide that included asparagine 83 but peptides
containing asparagines 46 and 247 were not observed. Again, digestion with chymotrypsin resulted
in multiple peptides covering all three sequons in the molecule. The use of protease V8 produced a
peptide that covered asparagine 83. By deglycosylating the protein with PNGase F prior to proteolysis,
the combined coverage of the amino acid sequence with the three proteases increased to 86.5% (341/394)
(Table 1b and Fig. 3c).

3.5. Proteolysis followed by PNGase F digestion

No additional peptides were detected by deglycosylation with PNGase F after proteolysis with any
of the three proteases. Consequently, no information about the glycosylation sites was obtained nor any
gain in the coverage of the amino acid sequence (Table 1b).

4. Human B-glucosylceramidase (Table 1c and Table 2c)

Human recombinan-glucosylceramidase (Cerezyme, EC 3.2.1.45) has five potential glycosylation
sites at asparagine residues 19, 59, 146, 270 and 462. N-linked complex glycans have been truncated
enzymically to terminate in the core structure MailcNAc, + or —Fuc, making them susceptible to
cleavage by endoglycosidase H, as well as PNGase F. The recombinant enzyme differs from the modified
placental enzyme (Ceredase) in that the arginine residue at position 495 has been replaced by histidine
and the high mannose glycan attached to asparagine 19 has been replaced by the truncated glycan, Man
GIcNAc,-Fuc, which is also reported to be attached to asparaginé®146.

4.1. Proteolytic digestion alone

Intact glycopeptides containing MarGIcNAc,- and Many GIcNAc-Fuc attached to asparagines
19 and 270, respectively, were observed after digestiof-gfucosylceramidase with trypsin. The
glycopeptides were observed using both DHB ax@4HA as the matrix but the signals were much
weaker (decreased signal to noise ratio) vati4HA. Glycopeptides were not detected with the other
two proteases. Several peptides, covering the potential glycosylation site, 462, were detected and all
contained an unmodified asparagine, indicating that it was not glycosylated. Combining the results for
the three proteases it was possible to monitor 418 out of the 497 amino acids in the recombinant enzyme
by peptide mass analysis, significantly this excluded two of the reported glycosylation sites 59 and 146.

4.2. Detection of the substitution of arginine 495 to histidine in Cerezyme

Comparison of the tryptic digestions of the placental (Ceredase) and recombinant (Cerezyme) enzymes
confirmed that arginine 495 in the placental enzyme is replaced by a histidine in the recombinant form. It
was not possible to analyse Ceredase directly because a large concentration of albumin is added during
the manufacturing process. However, Ceredase and Cerezyme were purified by SDS-PAGE (to separate
the Ceredase from the albumin) and subjected to in-gel tryptic digestion. Fig. 4 shows the mass spectra
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obtained after the in-gel digestion of both proteins and analysis of the peptides by MALDI TOF MS. A
peptide of 2522.3 Da/e covering amino acids 474—-495 is observed with Ceredase (Fig. 4a) but is absent in
Cerezyme (Fig. 4b). Conversely, a peptide of 2659.3 Da/e is present in Cerezyme (Fig. 4b) but is absent
in Ceredase (Fig. 4a). This peptide corresponds to amino acids 474-496 in the sequence of Cerezyme,
in which arginine 495 has been replaced by histidine, abolishing the tryptic cleavage site, but with the
addition of arginine 496, which is the new cleavage point. The net gain in mass of the peptide observed
in the Cerezyme is 137.0 Da, which agrees with the theoretical value of 137.1 Da.

4.3. Proteolysis after predigestion with endoglycosidase H

This digestion protocol revealed glycopeptides wikacetylglucosamine attached to asparagine
residues 59, 146 and 270 (Table 2c). Peptides, corresponding to amino acids 263-2M™- with
acetylglucosamine (1834.9 Da/e) or fucoblhcetylglucosamine (1981.0 Da/e) attached to asparagine
270, were detected in the tryptic digestion (Fig. 5). The truncation of the glycans of the protein prior
to proteolysis increased the coverage of the amino acid sequence from 84.1% to 89.3% (444/497 amino
acids). Interestingly, the amino acid substitution of arginine 495 to histidine was not detected by this
protocol.

4.4. Digestion with endoglycosidase H after proteolysis

Information about all four glycosylation sites was obtained with this digestion protocol (Table
2c). Peptides containing asparagines wittacetylglucosamine and peptides containing fucadsyl
acetylglucosamine attached were observed for all four glycosylation sites, showing that the microhe-
terogeneity observed for asparagine 270 occurred at all four glycosylation sites. The combined coverage
of the amino acid sequence increased to 96.4% (479/497 amino acids).

4.5. Predigestion with PNGase F followed by proteolytic digestion

The use of PNGase F to remove the glycans prior to proteolysis confirmed that asparagines 59, 146
and 270 are glycosylated. The peptides covering these sites all contained aspartic acid residues and were
obtained with all three proteases (Table 2c¢). No peptides including asparagine 19 were detected with
any of the proteases. This digestion protocol increased coverage of the amino acid sequence to 88.5%
(440/497 amino acids).

4.6. Proteolysis followed by PNGase F digestion

The use of PNGase F after proteolysis with the three proteases only allowed detection of peptides
covering two of the occupied asparagines 146 and 270 (Table 2c). The coverage of the amino acid
sequence was 87.5% (435/497 amino acids), which is very similar to that obtained when the protein was
deglycosylated before proteolysis. However, the peptide containg glycosylation site 59 was not detected
using this protocaol.

In summary, the array of digestion protocols used showed that four (16, 59, 146 and 270) out
of five of the potential glycosylation sites in Cerezyme are occupied and that the fifth site, 462,
is not glycosylated. The glycans at all four sites occur both as odre6 fucosylated and non-
fucosylated forms. Truncated oligomannose glycans, MaltNAc,- and Man GIcNAc,-Fuc, were
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detected directly at asparagines 19 and 270, respectively, and it is probable that a mixture of both
structures occurs at all four glycosylation sites.

5. Discussion

The aim of this work was to develop a rapid and sensitive technique for identifying site-specific
glycosylation and amino acid substitutions in glycoproteins. Our strategy of using several digestion
protocols has allowed us to formulate guidelines for increasing the probability of observing specific
peptides and glycopeptides. However, it was not always possible to predict which peptides would be
observed on analysis of proteolytic digests by MALDI TOF MS. The use of MALDI TOF MS for the
analysis of proteolytic digests is appropriate because the optimal mass range for these instruments, in
terms of sensitivity, mass accuracy and mass resolution, is in the 750-2500 mass range. The use of a
panel of proteases and deglycosylating enzymes produces peptides that fall into this optimal range, and it
was possible to monitor all putative glycosylation sites and amino acid substitutions in the three proteins
studied. Over 99% of the amino acid sequence of hufighucosylceramidase andl-antitrypsin could
be observed using different permutations of the proteases and deglycosylating enzymes (Fig. 3). The
coverage for transferrin, using all combinations, is only 95.1% because there are two sequences, amino
acids 123-138 and 155-173, that are either resistant to digestion by any of the combinations of enzymes
or unsuited to analysis by MALDI TOF MS. It is not clear why some peptides are not susceptible to
MALDI TOF MS analysis but it is likely to be due to either poor ionisation or signal suppression by
co-analytes.

Although DHB was the better matrix for analysis of intact neutral glycopeptides as seen in the analysis
of Cerezyme, the glycopeptides tended to be too large (>3000 Da/e) for optimum analysis using MALDI
TOF MS operating in reflectron mode. No intact sialic acid-containing glycopeptides from transferrin
andal-antitrypsin were detected using either matrix. Removal of the glycans decreased the mass of the
glycopeptides to within the optimal range of MALDI TOF MS and allowed the use of the more sensitive
matrix xC4HA. The use of fucose as a co-matrix witlC4HA not only increased the sensitivity of the
analysis of peptides and truncated glycopeptides but it also concentrated the sample into the centre of the
target, eliminating the need to ‘search’ the target for sighal.

The proportion of the amino acid sequence detected after proteolysis alone varied with the three
proteases and for the different glycoproteins (Table 2a—c). The complete sequence was never observed
without deglycosylation and the only glycopeptides detected directly by proteolysis alone were some of
the neutral truncated glycans on asparagines 19 and 2peghfcosylceramidase. When the peptides
produced by proteolysis are deglycosylated (Table 2a—c), there is little or no difference in coverage
compared to proteolysis alone, although in some cases deglycosylated peptides become apparent (Table
la—c). When the proteins are deglycosylated prior to proteolysis there is, apart from the predigestion of
transferrin with endoglycosidaseg,fan increase in the sequence coverage, especially when the results for
the three proteases are combined (Table 1 and Figs. 3 and 6). The intensity of the proteolytic peptides also
increases because predigestion with PNGase F results in higher signal to noise values for the proteolytic
peptides. This effect not only increases the assay sensitivity but also may have implications for glycan
analysis, because PNGase F is often used to release the glycans for analysis after proteolysis. Our
observations indicate that enzymatic release of glycans by PNGase F is more efficient on the intact
denatured proteins. It has been demonstrated that PNGase F can release glycans from short peptides but
no information on the rate of release was givém contrast endoglycosidases F3 and H tend to cleave
the glycans more efficiently after proteolysis, indicating a preference for peptides over polypeptides.
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(a)
rear view
Asparagine?*’
Asparagine®3
(b)
rear view

Asparagine?¥’

Asparagine®?

trypsin

Fig. 6. Three-dimensional representation of the distribution of peptides detected after digestibamtitrypsin by different
protocols, showing the increase in proteolytic sequence coverage (a) before and (b) after truncation of the glycans with
endoglycosidase F3
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Glycosylation can also affect proteolytic sites remote from the glycosylation sites. For example, a
peptide, corresponding to amino acids 233—-254 with one missed cleavage site, was detected in the
tryptic digestion of transferrin (Fig. 1a) but not after predigestion with PNGase F. However, a peptide
1689.9 Dale (Fig. 1b), corresponding to the expected peptide amino acid sequence of 240-254, was
consistently found after predigestion with PNGase F. This new peptide corresponds to the sequence
generated by cleavage at the original missed cleavage site. Presumably this is due to removal of steric
hindrance by the glycan or to an alteration in the conformation of the protein. This effect produces smaller
peptides (Fig. 3c) and a more even distribution of peptides over the protein sequence (Fig. 3b) compared
to proteolysis alone or proteolysis followed by deglycosylation. This information should be taken into
account in peptide mapping studies using mass spectrometry. Apart from the action of endoglycosidase
F3 on transferrin, the prior deglycosylation of the three proteins made the glycosylation sites amenable
to analysis.

These results indicate that intact glycans on glycoproteins provide some protection against proteolysis
around the sequons and at other sites (Fig. 3a). The truncated glycans generated by the endoglycosidases
still seem to affect proteolysis as incomplete digestion is obtained in their presence (Fig. 3b). These
observations support the theory that one of the functions of glycosylation is protection against protease
activity in vivo.! The presence of glycans tends to direct proteolysis to particular regions of the molecule
(Fig. 6). Prior deglycosylation can be used to increase the proteolytic coverage but several proteases
may be needed to achieve full coverage. This is essential for mutation studies because single amino acid
changes can be picked up by both mass difference (with the excellent mass resolution of MALDI TOF
MS in this mass range) and changes in the pattern of proteolytic digestion (Fig. 4a, b).

The sites of glycosylation are clearly observed after deglycosylation by mass increments of 1 (PNGase
F), 203.1 (endoglycosidases F3 and H) or 349.1 (endoglycosidase H with fucosylation) in the putative
peptide covering the sequon. However, when a site is not occupied (see Section 4) then the predicted
mass of the unmodified amino acid sequence of the peptide is observed.

In summary this work provides a rapid and straightforward method for the detection of glycosylation
sites and the confirmation of changes in the amino acid sequence of glycoproteins using small amounts
of purified protein. The use of a panel of enzymes is essential for studies where the majority of the
protein sequence needs to be monitored. Once an informative digestion protocol has been established
for a specific glycoprotein it can be applied routinely for quality control or diagnosis. Currently we are
applying this strategy to the analysis of mutant glycoproteins in paediatric genetic diseases.

6. Experimental
6.1. Reagents

All chemical reagents used were research grade and obtained from Sigma—Aldrich Company (Poole,
Dorset, UK) unless stated otherwise. Repelcote VS was obtained from BDH (Poole, Dorset, UK).
Human serum transferrin andl-antitrypsin were obtained from Sigma—Aldrich Company (Poole,
Dorset, UK). Ceredase (human placenftaglucosylceramidase) and Cerezyme (recombinant human
B-glucosylceramidase) were a gift from the Genzyme Corporation (Cambridge, MA, USA). Sequence
grade endoproteinase Glu-C (protease V8), chymotrypsin and trypsin were obtained from Promega
Ltd (Southampton, UK). Peptide N-glycanase F (PNGase F) (EC 3.5.1.52), endoglycosidase H and
endoglycosidase F3 (EC 3.2.1.96) were obtained from Oxford GlycoSciences Ltd (Oxford, UK).
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6.2. Protein derivatisation

All proteins were reduced and alkylated before proteolysis. 5+i0f protein was dissolved in an
appropriate volume of 10 mM Tris—HCI buffer, pH 7.0, containing 0.1% (w/v) SDS and 0.15% (w/v)
dithioerythritol, to give a protein concentration ofut/pl. The solutions were incubated at 90°C for 60
s to reduce the proteins and left to cool to room temperatugg.dd 0.5 M iodoacetamide (an excess)
was added to the mixture, which was incubated at 37°C for 30 min in the dark to carboaminomethylate
the cysteine residues. Excess reagent and low molecular weight products were removed by ultrafiltration
through Microcon YM-30 filters (Millipore, Watford, UK) and the protein solution was reduced by rotary
evaporation.

6.3. Proteolytic digestion

The derivatised protein was reconstituted ipCHto 1 pg/ul and 5 ul was added to 19Qul of the
appropriate reaction buffer: for trypsin, 50 mM ammonium bicarbonate buffer, pH 8.5; for chymotrypsin,
100 mM Tris—HCI, pH 7.8; and for protease V8(DE), 50 mM sodium phosphate buffer, pH @l&f5
the proteases trypsin (0.Q/ul), chymotrypsin (0.05ug/ul) or protease V8 (0.Jug/ul) was added to
the reaction mixture. After incubation at 37°C for 16 h, the reactions were stopped by the addition of a
cocktail of serine protease inhibitors (Sigma) or by heating at 90°C for 30 s. The digestion mixtures were
desalted on silanised microcolumns, containing 5 mg of C18 stationary phase (Jones Chromatography,
UK), which had been primed by the stepwise addition of 1 ml of 90% acetonitrile containing 0.1% TFA,

1 ml of 10% acetonitrile containing 0.1% TFA and 1 ml of 0.1% aqueous TFA. The digestion mixture
was applied to the column, under gravity, and washed with @0f 0.1% aqueous TFA. The desalted
peptides/glycopeptides were eluted from the column with three volumes pf @650% acetonitrile
containing 0.1% TFA. The samples were concentrated and residual acetonitrile and TFA removed under
vacuum before reconstitution in 0.1% aqueous TFA for mass spectrometry or in buffer for digestion by
an endoglycosidase/peptide N-glycanase.

6.4. Digestions with endoglycosidases F3 and H and peptide N-glycanase F

All detergents were omitted from the endoglycosidase reactions because of the adverse affects
observed on any subsequent proteolytic reactions, clean up of digestion products and MALDI TOF MS
analysis. For digestion with endoglycosidase F3, 5{1§®f the derivatised protein was dissolved in
7 ul of H2O and added to 211 0.4 M sodium acetate buffer, pH 4.5. After thorough mixing 2 mU
of the enzyme in 1ul of the buffer was added and the mixture was incubated for 48 h at 37°C. For
digestion with endoglycosidase H, 5-10@ of the derivatised protein was dissolved in j250f H,O
and added to 2%l of 200 mM sodium citrate phosphate, pH 5.5. After thorough mixing 10 mU of
the enzyme in 1Qul of the buffer was added and the mixture was incubated for 48 h at 37°C. For
digestion with peptide N-glycanase F, 5-10§ of the derivatised protein was dissolved inj25f 20
mM sodium phosphate buffer, pH 7.5, containing 250 mM EDTA. After thorough mixing 2.5 mU of the
enzyme in 5ul of 20 mM Tris—HCI buffer, pH 7.5, was added and the mixture was incubated for 48 h
at 37°C. When the protein was deglycosylated after proteolysis, the proteolytic digestion mixtures were
desalted and excess proteases removed by chromatography on C18 microcolumns as described above.
When the deglycosylated protein was subjected to subsequent proteolytic digestion, the buffers used for
the endoglycosidase digestion and the released glycans were removed from deglycosylated proteins by
ultrafiltration through Microcon YM-30 filters (Millipore, Watford, UK). The residual endoglycosidase
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protein was not removed prior to proteolysis because the target proteins were always present in large
excess. As a control, each endoglycosidase was digested separately by each protease and the resultant
peptide mixtures analysed by MALDI TOF MS. This allowed any minor peptides derived from the
endoglycosidases to be excluded from the analysis of the target proteins.

6.5. MALDI TOF MS

Mass spectrometry was carried out on a matrix assisted laser desorption ionisation, time of flight
instrument, fitted with a reflectron and a 337 nm UV laser (TOF Spec E, MicroMass, Manchester, UK).
Analysis settings were performed at a source voltage of 20 kV, extraction 19 950 V, focus 16.5 kV and re-
flectron voltage of 25 kV. Spectra were acquired by averaging over a period of ten scans of highest signal.
Data were acquired in reflectron mode, operating over a mass range of 6000 Da/e with matrix suppression
set at 650 Da. Data analysis was carried out using MassLynx data analysis software, Protein Prospector
database software at the University of San Francisco (http://falcon.ludwig.ucl.ac.uk/mshome3.2.htm)
and PAWS proteomic analysis software (http://proteometrics.com/software/paws.htm). Protein structural
information and database searching were performed using the SWISS-PROT database (Geneva, Switzer-
land) (http://www.expasy.ch/cgi-bin/sprot-search-ful).

Markedly increased sensitivity and lower background signals were achieved using recrystallised
®C4HA as the matrix. CommerciakC4HA was purified by recrystallisation from an ammoniacal
solution by the stepwise addition of concentrated hydrochloric acid. Brilliant yellow crystals were
obtained after filtration and freeze drying. The matrix solution consisted of equal volumes of aqueous
50 mM fucose and acetonitrile:ethanol [50:50 v/v] containing 10 mgG#AHA. 1.5 ul of a desalted
digestion mixture reconstituted in 0.1% TFA was added tqd.d& matrix solution and mixed thoroughly
by aspiration. 1.2ul of the sample/matrix mixture was applied to the MALDI TOF target to form a
distinct droplet. The target was allowed to dry in air at room temperature for 30 min before being placed
into the mass spectrometer. With DHB as the matrix,}l.6f a desalted digestion mixture reconstituted
in 0.1% TFA was added to 18 of a solution of DHB (1 mg/ml) in acetonitrile. After mixing thoroughly,

1.2 pl of the sample/matrix solution was applied to the MALDI TOF target, which was allowed to dry
at room temperature. 048 of ethanol was added to the target, prior to mass spectrometry, to obtain a
more homogeneous distribution of crystals over the target sutfaiépeptides and glycopeptides were
reconstituted in 0.1% TFA at a concentration of 550 fmbbefore analysis by MALDI TOF MS.
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