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SUMMARY 

The combination of gel permeation chromatography and high-performance 
liquid chromatography proves to be very effective for the purification of high-mo- 
lecular-weight glycopeptides containing a single glycan, that have been difficult to 
separate by other procedures. In order to facilitate comparison of the chromato- 
graphic properties of glycopeptides derived from a variety of proteins and having 
different structures, identical procedures were used for their purification. The method 
was applied to a series of human plasma proteins, including immunoglobulin D, 
ceruloplasmin, hemopexin, /I-2-glycoprotein I, 3.1s a-Zleucine-rich glycoprotein, 
and a-1-B-glycoprotein. All the purified glycopeptides were placed in the protein 
structure of these plasma proteins. In several cases the carbohydrate structure has 
been determined by collaborating groups. Immunoglobulin D is the first example of 
a glycoprotein whose entire primary structure has been defined by utilizing a single 
protein source. Furthermore, hemopexin and 3.1s a-2-leucine-rich glycoprotein were 
both found to contain GalN oligosaccharide, which had not previously been iden- 
tified in these proteins. The method was also used to identify the oligosaccharide that 
is missing in a carbohydrate variant of ceruloplasmin. 

INTRODUCTION 

Human serum, in which about 100 proteins have been identified, is a particu- 
larly rich source of glycoproteins l. The carbohydrate moieties of glycoproteins are 
thought to have important biological roles, including stabilization of protein con- 
formation and regulation of the lifetime of glycoproteins in the circulatory system 
by governing their uptake by cells?. Two different kinds of linkage between carbo- 
hydrate moieties and protein have been recognized: (1) N-glycosidic linkage of glu- 
cosamine, where asparagine is involved in the carbohydratepeptide bond, and (2) 
0-glycosidic linkage of galactosamine, where serine and/or threonine as well as hy- 
droxylysine are involved in the carbohydratepeptide bond. Because many plasma 
proteins are glycosylated at multiple sites, for structural analysis of glycoproteins it 
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is necessary to isolate pure glycopeptides containing a single oligosaccharide. Most 
methods for the isolation of carbohydrate for structural analysis involve extensive 
digestion with non-specific protease, such as pronase, which results in a mixture of 
glycans with only one or two amino acids attached. However, it is obvious that 
isolation of glycopeptide with more than four or five amino acid residues is necessary 
for the identification of the attachment site in the protein structure. But, when gly- 
copeptides are produced by more specific cleavage methods, the purification of an 
individual glycopeptide is difficult for following reasons: (1) the heterogeneity of the 
carbohydrate chain; (2) the multiple forms of glycopeptides resulting from incomplete 
enzymatic digestion due to steric hindrance of the sugar chains; (3) high affinity to 
separation matrices that are used in conventional methods, such as paper electro- 
phoresis and ion-exchange chromatography. These problems affect the determination 
of the amino acid sequence of the polypeptide chain and of the sites of glycosylation, 
and also hinder elucidation of the oligosaccharide structure. 

In this report, we describe extensive application of a method involving a com- 
bination of gel permeation (GPC) and reversed-phase high-performance liquid chro- 
matography (HPLC) for the preparative isolation of glycopeptides. In order to fa- 
cilitate comparison of the chromatographic properties of glycopeptides derived from 
a variety of proteins and having different structures, identical procedures were used 
for purification. The method was applied to a series of human plasma proteins in- 
cluding immunoglobulin D (IgD), ceruloplasmin, hemopexin, /I-2-glycoprotein I, 
3.1s a-Zleucine-rich glycoprotein, and a-1-B-glycoprotein, and in each protein the 
peptide sequence has been established at each site. In several cases the carbohydrate 
structure has been determined by collaborating groups. It is of interest that one of 
these, immunoglobulin D, is the first example of a glycoprotein whose entire primary 
structure has been defined by utilizing a single protein source. Furthermore, hemo- 
pexin and 3.1s a-Zleucine-rich glycoprotein were both found to contain GalN oli- 
gosaccharide, which had not previously been identified in these proteins. The method 
was also used to identify the oligosaccharide that is missing in a carbohydrate variant 
of ceruloplasmin. The behavior of a glycopeptide in reversed-phase chromatography 
seems to be determined mainly by its amino acid composition, although some gly- 
copeptides may be separated into several components because of the heterogeneity 
of their carbohydrate structure. 

EXPERIMENTAL 

Material 
Immunoglobulin D (protein WAH) from the plasma of a patient with multiple 

myeloma was purified by the method of Lin and Putnam3. Ceruloplasmin was pre- 
pared from normal pooled human plasma, and the carbohydrate variants of the 
protein were separated by hydroxyapatite chromatography, as described by Noyer 
et aL4. Cohn fraction IV-4 of human plasma, provided by Dr. Harold Gallick of 
Michigan Department of Public Health (Lansing, MI, U.S.A.), was used for the 
purification of apohemopexin by a modified method of Tsutsui and Muellers. 
Heme-hemopexin, P-Zglycoprotein I, 3.1s a-Zleucine-rich glycoprotein, and a-l- 
B-glycoprotein were obtained from Behringwerke Laboratories (Marburg/Lahn, 
F.R.G.). All of these proteins were pure as judged by various criteria, such as ami- 
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no-terminal analysis and polyacrylamide gel electrophoresis with sodium dodecyl 
sulfate. 

The sources of enzymes, reagents and columns were: trypsin treated with L- 

(tosylamido-2-phenyl)ethyl chloromethyl ketone (TPCK), and chymotrypsin, Wor- 
thington (Freehold, NJ, U.S.A.); Staphylococcus aureu.s V8 protease, Miles (Elkhart, 
IN, U.S.A.); cyanogen bromide (CNBr) and trifluoroacetic acid (TFA), Pierce (Rock- 
ford, IL, U.S.A.); 1-propanol of chromatographic grade, Burdick & Jackson Labs. 
(Muskegon, MI, U.S.A.); Sephadex G-50 Superfine, Pharmacia (Uppsala, Sweden); 
reversed-phase Synchropak RP-P column (25 x 1.0 cm I.D.), Synchrom (Linden, 
IN, U.S.A.). 

Methods for enzymatic digestion and chemical cleavage, amino acid analysis, and se- 
quence determination 

The proteins (10-50 mg) were aminoethylated or carboxymethylated and were 
digested at an enzyme/substrate ratio of l/50 in 0.1 M ammonium hydrogen car- 
bonate at 37°C for 6 h. The alkylated proteins were also cleaved with CNBr in 70% 
formic acid6. Amino acid analysis was performed with the Beckman amino acid 
analyzer (Model 121M) and sequence determination with the Beckman sequencer 
(Model 89OC), as described7*8. 

Purijication of glycopeptides by combination of GPC and HPLC 
In order to facilitate comparison of the chromatographic properties of glyco- 

peptides a combination of GPC and HPLC was used. The lyophilized digest was 
dissolved in 0.1 ml of formic acid and diluted with 0.9 ml of distilled water. The 
sample was applied to a column (100 x 1.5 cm I.D.) of Sephadex G-50 and was 
eluted with 0.1% TFA, containing 10% 1-propanol at a flow-rate of 8 ml/min. The 
eluate fractions were pooled appropriately and were lyophilized. Each lyophilized 
fraction was dissolved in 0.1 ml of formic acid and diluted with 0.9 ml of distilled 
water. A 20-~1 volume, was taken from these fractions and was analyzed by the 
amino acid analyzer after hydrolysis with 4 M hydrochloric acid at 108°C for 6 h. 
The fraction containing GlcN or GalN was purified by HPLC. The HPLC system 
consists of a Beckman controller (Model 421) and pump (Model 1lOA) and a re- 
versed-phase Synchropak RP-P column (25 x 1 .O cm I.D.). Peptides were eluted at 
a flow-rate of 4.16 ml/min with a linear gradient from 0 to 30% of 1-propanol con- 
taining 0.1% TFA, during 75 min. 

RESULTS AND DISCUSSION 

PuriJication of GlcN-glycopeptides of ceruloplasmin (major form Type I) 
Human ceruloplasmin is one of the largest glycoproteins known and consists 

of a single polypeptide chain with 1046 amino acid residues (MW 132,000)g. Al- 
though Ryden and Eaker’ O purified only three glycopeptides from ceruloplasmin by 
a conventional method, four attachment sites for GlcN oligosaccharide were iden- 
tified in the molecule by the determination of the complete amino acid sequenceg. 
The purification of the glycopeptides from the MW 67,000 fragment by HPLC was 
described previously by Tetaert et al. l l. The method described here is modified from 
our previous method designed to isolate all four glycopeptides from the whole ce- 
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FRACTlON NUMBER 

Fig. 1. Initial separation of a tryptic digest of human ceruloplasmin on a Sephadex G-50 column: (A) 
tryptic digest of Type I; (B) tryptic digest of Type II. The GlcN-containing fractions are shaded. 
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ruloplasmin molecule, even though the peptide mixture obtained by enzymatic diges- 
tion is extremely complex. As was done previously, the first separation of the tryptic 
digest of the carboxymethylated protein (Type I) was performed by Sephadex G-50 
column chromatography to eliminate smaller peptides that lack sugars (Fig. IA). 
Although eight peaks were obtained by this method, GlcN was detected only in the 
first three peaks. The fractions containing GlcN (shown by shading) were purified 
further by HPLC on a Synchropak RP-P column (Fig. 2A) with a gradient from 0 
to 30% of 1-propanol during 75 min, which is a modification of the previous con- 
dition’ l designed to improve peptide separation. The column was also changed from 
analytical size (25 x 0.41 cm I.D.) to preparative size (25 x 1.0 cm I.D.), because 
more glycopeptide was necessary to analyze both the peptide and carbohydrate struc- 
tures. The profile of three chromatograms is shown in Fig. 2A as a three-dimensional 
visualization in order to aid recognition of the overlapping peaks. From the major 
form (Type I) ceruloplasmin, all four glycopeptides CPl, CP2, CP3 and CP4, were 
isolated in yields of 46%, 30%, 37% and 36%, respectively12. Two peptides, CPl 
and CP4, were separated into two and three peaks, respectively (Fig. 2A). The pres- 
ence of several forms of these peptides is probably due to heterogeneity in the car- 
bohydrate structure and/or to deamidation of glutamine residues during purification. 
In addition, the glycopeptide CP4 was obtained in two forms depending on whether 
or not trypsin cleaved after lysine-75 1 l*. Most of the CP4 peptide obtained had not 
been cleaved after this residue, probably due to the adjacent aspartic acid residue at 
position 750’*. The glycopeptide generated by the cleavage at lysine-751 is designated 
as *CP4 in Fig. 2A. After the sequence analysis of the glycopeptides, all of them were 
placed in the complete amino acid sequence of ceruloplasmin reported by Takahashi 
et ~1.~. Ceruloplasmin contains both di- and triantennary N-glycosidic glycans13, but 
only the triantennary glycan was suggested to be capable of mediating hepatocyte 
uptake in vivo . l4 However, it is not yet known what the structure of the oligosac- 
charide is at each of the four attachment sites. 

Projile comparison of carbohydrate variants (major form Type I and minor form Type 
II) of ceruloplasmin 

Human ceruloplasmin exists in two different forms that can be separated by 
hydroxylapatite chromatography’ 5, and the two forms were reported to differ only 
in carbohydrate content16. Nevertheless, Rydeni’, using a conventional method, 
isolated only three tryptic glycopeptides from both Type I and Type II in very low 
yield, and the corresponding peptides were identical in both Type I and Type II. 
Therefore, our method was also applied to compare the two carbohydrate variants. 
The two chromatograms of the first separation of the tryptic digests on a Sephadex 
G-50 column are shown in Fig. 1. Although there is a peak at void volume (fraction 
number 62) in the chromatogram of Type II, the two profiles are very similar to each 
other. In both chromatograms only three fractions were detected that contained 
GlcN by amino acid analysis, i.e. fractions 1, 2 and 3. The profile of the chromato- 
gram is shown in Fig. 2 as a three-dimensional visualization. When the two figures 
are compared, it is obvious that glycopeptide CP2 is missing in Type II. However, 
the other three glycopeptides are eluted at exactly the same positions and in the same 
forms by HPLC. In other words, for both Type I and Type II ceruloplasmin, peptides 
CPl and CP4 were found in two and three peaks, respectively. Peptide CP4 was 
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Fig. 2. Three-dimensional visualization of the chromatograms obtained by reversed-phase chromato- 
graphy on a Synchropak RP-P column of the fractions of Fig. 1 that contain GlcN. The glycopeptides 
are shaded. Corresponding peptides are connected by a dotted line. Peptide CP2 is cross-hatched in the 
chromatogram for Type I, but is missing in Type II. The number on the right side of each chromatogram 
gives the number of the fraction in Fig. 1. 
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Fig. 3. Separation of the tryptic digest of carboxymethylated citraconylated hemopexin on a Sephadex 
G-50 column. Fractions containing hexosamine are cross-hatched. 

obtained in two forms, depending on whether or not trypsin cleaved after lysine-751, 
the yield at this site being very similar for both Type I and Type II. The three gly- 
copeptides common to Type I and Type II, CPl, CP3, and CP4, were isolated from 
Type II in yields of 49%, 41%, and 38%, respectively, and their yields were very 
similar for Type I. Amino acid sequence analysis showed that the three corresponding 
peptides from both Type I and Type II had the same sequence12. Although the 
non-glycopeptide corresponding to glycopeptide CP2 has not yet been isolated, the 
results described, as well as data on other tryptic peptides from Type II, suggest that 
Type II is not glycosylated at position Asn-339, whereas Type I isl2. 

Purljication of hemopexin glycopeptides with a GalN oligosaccharide or with multiple 
sites for GlcN oligosaccharide 

Human hemopexin consists of a single polypeptide chain (MW 60,000) and 
contains about 20% carbohydrate, which is reported to be composed of mannose, 
galactose, glucosamine, and sialic acid la. Therefore, it was expected that all of the 
carbohydrate was attached to the protein only by N-glycosidic linkagels. 

Because a precipitate formed during tryptic digestion of the carboxymethylated 
citraconylated hemopexin, the supematant was applied to a column of Sephadex 
G-50 (Fig. 3). The peptides were separated into seven fractions, three of which (frac- 
tions 2, 3, and 4) contained GlcN. However, GalN was also detected in fraction 3, 
although GalN had not been identified previously in this protein’*. Fraction 3 was 
further purified by HPLC, and pure GalN-containing peptide was obtained as three 
peaks (Fig. 4B). The multiple peaks are probably due to heterogeneity in the car- 
bohydrate structure and/or to deamidation of glutamine during purification, just as 
in the case of ceruloplasmin . l2 After we identified GalN in this peptide by amino 
acid analysis following hydrolysis with 4 M hydrochloric acid at 108°C for 6 h, Dr. 
J. Baenziger of Washington University of St. Louis confirmed its presence and de- 
termined the GalN content of the peptide by gas chromatography. Sequence analysis 
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of hemopexin showed that the GalN-containing peptide is amino-terminal in the 
protein structure, and sequence and amino acid analysis of the peptide indicated that 
the GalN oligosaccharide is probably O-linked to the amino-terminal threoninelg. 
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Fig. 4. Purification by HPLC of glycopeptides with a GalN oligosaccharide and with multiple glycosylated 
sites for GlcN oligosaccharide from fractions of Fig. 3. The glycopeptides are shaded: (A) fraction 2 of 
Fig. 3; (B) fraction 3; (C) fraction 4. 

In addition, although GalN had not previously been identified in 3.1s a-2-leucine- 
rich glycoproteinzO, we also found a GalN-containing peptide in this protein by use 
of our method. 

The method described is also capable of purifying a glycopeptide with multiple 
GlcN oligosaccharides. In fact, peptide Hpx3-4, which has two GlcN oligosaccha- 
rides, was isolated in a 82% yield from fraction 2 of Fig. 3 by use of HPLC (Fig. 
4A). Although this peptide has only 17 amino acid residues, a peptide with 64 amino 
acid residues was eluted in the same fraction by GPC on a Sephadex G-50 column. 
Because the contribution of a GlcN oligosaccharide to the molecular weight is about 
3000 Daltons, a relatively small peptide with multiple sites for GlcN oligosaccharide 
such as Hpx3-4, behaves like a large polypeptide on GPC. However, this property 
is a key to separation of glycopeptides with multiple glycosylated sites from large 
non-glycosylated peptides, because the elution position of a glycopeptide in reversed- 
phase column chromatography is determined mainly by its amino acid composition, 
as described later. Therefore, a peptide glycosylated at multiple sites tends to be 
eluted early in reversed-phase chromatography, whereas a large non-glycosylated 
peptide tends to be eluted later, because the large peptide usually is highly hydro- 
phobic. The other hemopexin glycopeptides with a single attachment site for GlcN 
oligosaccharide were purified from fraction 4 of Fig. 3 (Hpx2 in Fig. 4C) and also 
from the precipitate (Hpxl and Hpx5, data not shown). Glycopeptides of hemopexin 
were also isolated successfully by this method from other digests of the alkylated 
protein made with S. aureus V8 protease, chymotrypsin, and trypsin19. The example 
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illustrated here shows the adaptability of the method to the purification of glyco- 
peptides, even from a peptide mixture obtained after chemical modification of pro- 
tein. By the same method, a glycopeptide with three GlcN oligosaccharides, produced 
by CNBr cleavage, was also purified easily from /SZglycoprotein 16. 

Pur$cation of IgD glycopeptides with multiple sites for GalN oligosaccharide, or with 
diflerent structural types of GlcN oligosaccharides 

The human IgD myeloma protein, designated WAH, for which we have re- 
ported the complete amino acid sequencezl, offered an excellent opportunity to test 
the efficacy of our method. It is the first example of a glycoprotein whose entire 
primary structure has been defined by using a single source, and it contains several 
different GalN oligosaccharide structures and several different GlcN structures, all 
of which were determined on the same protein by a collaborating group* 2~2 3. A series 
of four or five GalN oligosaccharides are clustered in the first half of a 64-residue 
polypeptide, called the hinge region. About 50% of these have the structure Gal/U 
+ 3 GalNAc, and the remainder also contain one or two residues of N-acetylneu- 
raminic acid. The first GlcN oligosaccharide in the Fc region (here designated Dl) 
is a virtually unprocessed structure of the high-mannose type, whereas the last two 
GlcN oligosaccharides (D2 and D3) are of the extensively processed complex type 
and are notable for their extreme degree of microheterogeneityZ2. We previously used 
HPLC to purify a series of chymotryptic GalN glycopeptidesz4 from IgD WAH, and 
earlier we used conventional methods to purify the GlcN glycopeptides that were 
used for carbohydrate structural study 22. In the present work we isolated all of the 
tryptic glycopeptides of this IgD protein by the new method and have also isolated 
a nonglycosylated peptide corresponding to D2. 

The tryptic digest of the Fc fragment, obtained by limited papain digestion of 
the IgD protein3, was separated into five fractions by initial GPC (Fig. 5). The first 

-- 
FRACTION NUMBER 

Fig. 5. Separation on a Sephadex G-50 column of a tryptic digest of Fc fragment obtained by limited 
papain digestion of IgD. Fractions containing hexosamine are cross-hatched; however, fraction 3 is shad- 
ed. because it contained less hexosamine. 
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Fig. 6. Purification by HPLC of glycopeptide glycosylated at multiple sites with GalN oligosaccharide and 
of glycopeptides with high-mannose or complex-type carbohydrate from fractions of fig. 5. The nongly- 
cosylated peptide of D2 is designated *D2. Peaks containing glycopeptide are shaded. 
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three fractions contained hexosamine. Fraction 1 had no glucosamine and was the 
pure hinge glycopeptide with all of the GalN oligosaccharides of the protein. The 
amino acid sequence of this peptide was identical to that of residue 237-266 in the 
&chain*l. A shorter hinge GalN glycopeptide was isolated from fraction 2 by a 
second purification step on a Synchropak RP-P column (Fig. 6A). This peptide (res- 
idue 249-266) contained three or four attachment sites for GalN oligosaccharides. 
In previous work24 the determination of the amino acid sequence of the hinge gly- 
copeptide was very difficult because of the presence of a series of GalN oligosac- 
charides and the resistance to proteolytic cleavage of the GalN-rich region. The se- 
quence of the tryptic hinge peptide, purified from the protein sample by the new 
method, was easier to determine; possibly because the protein sample was collected 
from the serum of the same patient on a different sampling date, the peptide lacked 
one GalN oligosaccharide (i.e. at position Ser-238). The hinge region of IgD seems 
also to have some heterogeneity in the number and location of attachment sites for 
GalN oligosaccharides from one protein to another, obtained from different patients 
with multiple myeloma* 5, and even from sample to sample obtained from a single 
patient on different days. The presence of a GalN glycan at Ser-238 seems to affect 
the cleavage by papain and also the sequence determination. 
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Fig. 7. Linear structural models of human plasma glycoproteins from which glycopeptides were purified. 
The attachment sites for GalN and GlcN oligosaccharides are indicated by GalN and GlcN. The oligo- 
saccharides for which the structures are known are also distinguished by I* for diantennary, ++* for 
triantennary, and 0 for a high-mannose type of GlcN oligosaccharide. If the carbohydrate is missing in 
some molecules, the site is marked by *. In the text and in Table I the GlcN-glycopeptides of each protein 
are numbered in their order from the amino terminus, e.g. CPl, CP2, CP3, CP4 in ceruloplasmin. The 
upper scale for the number of amino acid residues is used for the upper four proteins, and the lower scale 
is used for cerulonlasmin. 
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Three glycopeptides, Dl, D2 and D3, that contain GlcN oligosaccharide were 
isolated from fractions 2 and 3 of Fig. 5 by HPLC (Fig. 6). The yields of the purified 
peptides Dl and D3 were about 70%. The lower yield of D2 (25%) was explained 
by the isolation of a nonglycosylated peptide in a 25% yield (Fig. 6B). The difference 
in retention times of the glycosylated peptide (40.5 min) and the non-glycosylated 
peptide (43.0 min) was 2.5 min (Fig. 6). These peptides could be separated prepar- 
atively by GPC on the basis of the large size of the carbohydrate. 

CONCLUSIONS 

In order to facilitate amino acid sequence analysis of a series of human plasma 

TABLE I 

RETENTION TIME (tn), HYDROPHOBICITY, AMINO ACID SEQUENCE, AND CARBOHYDRATE 
STRUCTURE OF GLYCOPEPTIDES 

The hydrophobicity was calculated by the method of Sasagawa et al.*’ using their list of non-weighted retention 
constants. An asterisk (*) indicates the attachment site for GlcN oligosaccharide, and a plus sign (+) for GalN 
oligosaccharide. The amino acid sequence is given in the standard one-letter code. 

Peptide tR (min) Hydro- 
phobicity 

Sequence Carbohydrate 
structure 

Ceruloplasmin 
CPl 21.9 

23.1 
CP2 \ 37.8 

CP3 32.1 

CP4 35.1 

36.5 
37.5 

Hemopexin 
GalN-peptide 18.0 

18.6 
19.2 

Hpx2 25.5 

Hpx3-4 13.2 

&Glycoprotein I 

82 1 20.4 

Bz 5 25.5 

Immunoglobulin D 
GalN-peptide 9.6 

Dl 0 

D2 40.5 

D3 11.1 

114.8 

135.8 

138.9 

213.6 

126.6 

110.8 SWPAVGGCSSALR 

81.8 ~GTGHG~STHHGPEYMR 

38.2 

54.9 

75.6 

21.1 

249.3 

52.4 

EHEGAIYPDI&DFQR Complex 

AGLQAFFQVQECljK Complex 

ErjLTAPGSDSAVFFEQGTTR Complex 

ELHHLQEQrjVSNAFLDKGEFYIGSK Complex 

+PLPPTSAHGNVAEGETKPDPDVTER 

KPSAGANSLY 

LG&W 

Complex, trianten- 
nary 
Complex, diantennary 

GSLAKA+& APAGTRNTGR 

HShGSQSQHSR High mannose . 
EVNTSGFAPARPPPQPGSTTFWAWSVLR Complex, diantennary 

TLLAASR Complex, diantennary 
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glycoproteins, a method combining GPC and reversed-phase HPLC was developed 
and was used for the purification of the tryptic glycopeptides. Linear structural 
models of the plasma proteins are shown schematically in Fig. 7, in which the at- 
tachment sites for GalN and GlcN oligosaccharides are indicated for each protein. 
Where the carbohydrate structures are known, they are identified. The method de- 
scribed here was used successfully to purify: (1) glycopeptides with a single attach- 
ment site for GlcN or GalN oligosaccharide; (2) glycopeptides glycosylated at mul- 
tiple sites with either GlcN or GalN oligosaccharides; (3) glycopeptides with mi- 
croheterogeneity of carbohydrate structures; (4) glycopeptides with high-mannose or 
complex-type structures of GlcN oligosaccharide. In addition, we could isolate both 
nonglycosylated and glycosylated peptides from the same region in the 6 heavy chain 
of IgD, and we could identify the oligosaccharide that is missing in a carbohydrate 
variant of ceruloplasmin. These polymorphisms, which are due only to carbohydrate, 
were not identified previously by conventional methods. Thus, the heterogeneity in 
the number and location of attachment sites for both GalN and GlcN oligosaccha- 
rides in glycoproteins may be more common than has been recognized. 

The retention time (tR), hydrophobicity, amino acid sequence, and carbohy- 
drate structure of glycopeptides described here are summarized in Table I. Two gly- 
copeptides from /I-Zglycoprotein Iz6 are added to the table, because their carbohy- 
drate structures are now known. In order to learn about the behavior of glycopeptides 
in reversed-phase column chromatography, retention times of glycopeptides are plot- 
ted against In (1 + H) in Fig. 8B, in which H indicates the hydrophobicity of the 
peptide, calculated by the method of Sasagawa et ~1.~’ using their list of non-weighted 
retention constants. For reference purposes, the retention times of nonglycosylated 
peptides are also plotted against In (1 + H) in Fig. 8A. The conditions for reversed- 
phase chromatography differ from those of Sasagawa et al. In our method, a Syn- 
chropak RP-P column was used instead of a PBondapak C1 s column, and the mobile 
phase modifier was aqueous 1-propanol containing 0.1% TFA instead of aqueous 
acetonitrile containing 0.07% TFA. However, the retention times of both the non- 

4 5 6 7 

Fig. 8. Relationship between retention time (tR) and In (1 + H). The observed retention times are plotted 
against In (1 + H), where H indicates the hydrophobicity of the peptide calculated by~the method of 
Sasagawa et al.*’ using their list of non-weighted retention constants. (A) Data for nonglycopeptides; (B) 
data for glycopeptides. 0, Glycopeptides with a single GlcN oligosaccharide; q , glycopeptides with a 
single GalN oligosaccharide; 0, glycopeptides with two GlcN oligosaccharides; P, glycopeptide with a 
single GalN and a single GlcN oligosaccharide; 0, glycopeptide glycosylated at multiple sites for GalN 
oligosaccharide. 
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glycopeptides and the glycopeptides were linearly related to the natural logarithm of 
the sum of the retention constant of Sasagawa et al. 27 for the constituent amino acids 
(Fig. 8). The glycopeptides listed in Table I and the other glycopeptides discussed in 
the text were used for the graph in Fig. 8B, and the non-glycopeptides plotted in Fig. 
8A were also obtained from the plasma proteins described here in the process of their 
sequence analysis. 

The behavior of the glycopeptides in reversed-phase chromatography was very 
similar to that of non-glycosylated peptides, however, the glycopeptides with multiple 
attachment sites tend to be eluted earlier than expected from the hydrophobicity 
estimated only from their constituent amino acids (Fig. 8B). Glycopeptide D2 of IgD 
offers a good example for comparison of the behavior of glycopeptides in reversed- 
phase chromatography. Although glycopeptide D2 was eluted 2.5 min earlier than 
the non-glycopeptide *D2, the difference in the elution positions is far less than that 
expected from the large size of the carbohydrate structure, whose contribution to the 
molecular weight is about 50% of the total for the glycopeptide. However, even 
though the effect of the carbohydrate is considerably smaller than expected, it is still 
possible to use reversed-phase chromatography to separate two peptides that have 
the same polypeptide structure but differ by the presence or absence of carbohydrate. 
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