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ABSTRACT Statistical analysis was carried out to study the sequential aspects of amino acids around the O-glycosylated
Ser/Thr. 992 sequences containing O-glycosylated Ser/Thr were selected from the O-GLYCBASE database of O-glycosylated
proteins. The frequency of occurrence of amino acid residues around the glycosylated Ser/Thr revealed that there is an
increased number of proline residues around the O-glycosylation sites in comparison with the nonglycosylated serine and
threonine residues. The deviation parameter calculated as a measure of preferential and nonpreferential occurrence of amino
acid residues around the glycosylation site shows that Pro has the maximum preference around the O-glycosylation site. Pro
at 13 and/or 21 positions strongly favors glycosylation irrespective of single and multiple glycosylation sites. In addition,
serine and threonine are preferred around the multiple glycosylation sites due to the effect of clusters of closely spaced
glycosylated Ser/Thr. The preference of amino acids around the sites of mucin-type glycosylation is found likely to be similar
to that of the O-glycosylation sites when taken together, but the acidic amino acids are more preferred around Ser/Thr in
mucin-type glycosylation when compared totally. Aromatic amino acids hinder O-glycosylation in contrast to N-glycosylation.
Cysteine and amino acids with bulky side chains inhibit O-glycosylation. The preference of certain potential sequence motifs
of glycosylation has been discussed.

INTRODUCTION

Glycosylation is a common and highly diverse co- and post-
translational protein modification reaction, which occurs in
most eukaryotic cells. Such modifications can be divided
broadly into two categories,N-linked glycosylation andO-
linked glycosylation. InN-linked glycosylation the carbohy-
drate moiety is attached to the amide nitrogen of the side chain
of asparagine, when asparagine is part of the consensus se-
quence Asn-X-Ser/Thr (Marshall, 1972). This consensus se-
quence is a necessary but not a sufficient condition forN-
glycosylation to occur. A proline residue at X position prevents
N-glycosylation (Bause and Hettkamp, 1979; Bause, 1983) and
a proline residue in the sequence beyond Ser/Thr inhibits
N-glycosylation (Gavel and von Heijne, 1990).

In O-linked glycosylation the carbohydrate moiety is
covalently linked to the hydroxyl oxygen of the hydroxy-
amino acids serine and threonine. In addition,O-glycosyl-
ation also occurs as a primary modification of tyrosine and
as a secondary modification of 5-hydroxylysine and 4-hy-
droxyproline. O-linked glycosylation serves a variety of
functions such as ligands for selectins and resistance to
proteolysis of stem regions of membrane proteins (Jentoft,
1990; Hart, 1992) and are involved in recognition phenom-
ena (Fukuda, 1991). Seven different classes ofO-linked
glycosylation were identified: mucin type (Strous and Dek-
ker, 1992; Carraway and Hull, 1991), intracellular type
(Haltiwanger et al., 1992), xyloglycan type (Yanagishita
and Hascall, 1992), collagen type (Spiro, 1973), clotting
factor type (Nishimura et al., 1992), fungal type (Hausler et

al., 1992), and plant type (Allen et al., 1978). To date, a
consensus primary amino acid sequence forO-glycosylation
has not been identified. Different authors have proposed
different structural motifs forO-glycosylation (Young et al.,
1979; Muller et al., 1997; Yoshida et al., 1997; Gooley et
al., 1991). Lehle and Bause (1984) postulated that accessi-
bility of potential O-glycosylation sites rather than a spe-
cific sequence may be a prerequisite forO-glycosylation.

The primary, secondary, tertiary, and quaternary struc-
tures are important for efficientO-glycosylation (Aubert et
al., 1976; Fiat et al., 1980; Dahms and Hart, 1986; Wang et
al., 1993). It has been observed that in contrast toN-
glycosylation, proline residues are commonly found in the
sequence close to theO-glycosylated serine or threonine
(Young et al., 1979). Several predictive methods are avail-
able for estimating the relative propensity for a given Ser or
Thr to be glycosylated (Elhammer et al., 1993; Hansen et
al., 1995; Chou, 1995). Statistical studies by Wilson and his
co-workers (1991) have shown that proline has a high
frequency of occurrence at13 and21 positions relative to
the glycosylated Ser/Thr. It has also been proposed that
proline residues from24 to 14 positions are important for
O-glycosylation (Elhammer et al., 1993). A study on re-
combinant erythropoeitin (rEPO) shows that proline at21
and11 sites enhancesO-glycosylation (Elliott et al., 1994).
In vitro experiments done by Elhammer et al. (1993) using
bovine colostrum transferase and matrix statistics revealed
that not only proline, but also serine and threonine at all
positions from -4 to14 favoredO-glycosylation. Studies by
O’Connell and co-workers (1991) revealed that a proline,
alanine, serine, or threonine at13, 21, 26, and23 posi-
tions was associated with glycosylation whereas a charged
residue at these positions was associated with nonglycosy-
lation. Thus, the above theoretical and experimental inves-
tigations indicate that the proline from26 to 14 positions
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plays a vital role in the process of glycosylating the proteins.
Studies on the porcine submaxillary mucin suggest that
sequences with Gly at positions22 and12 are associated
with higher degree of glycosylation whereas Gly at23 and
13 positions may be associated with reduced glycosylation
(Gerken et al., 1997). Many authors suggested the impor-
tance of having amino acids with small side chains at the
12 and22 positions (Elhammer et al., 1993; Hansen et al.,
1995; O’Connell et al., 1991).

The sequences of a number ofO-glycosylated proteins
have been published in recent years. SWISSPROT, PIR,
PROSITE, PDB, EMBL, HSSP, LISTA, and MIM data-
bases containO-glycosylated entries and O-GLYCBASE is
an updated database of information on glycoproteins and
their O-linked glycosylation sites (Gupta et al., 1999). Here
we present the results of an attempt, based on an analysis of
amino acid sequence around the experimentally predicted
O-glycosylated sites from the O-GLYCBASE database. The
positional preference of amino acids around the site of
glycosylation has been investigated using statistical methods.

MATERIALS AND METHODS

O-GLYCBASE is a revised database ofO-glycosylated proteins (Hansen et
al., 1997, 1998; Gupta et al., 1999). Version 4.03 has 180 glycoprotein
entries. The database is nonredundant in the sense that it contains no identical
sequences, unless there are conflicting glycosylation data. The source of these
glycoproteins is mainly mammals, fish, birds, fungi, and plants. In this data-
base the sugars that are involved in linking the carbohydrate moiety to Ser/Thr
residues of the protein are GalNAc, Xyl, GlcNAc, Glc, Fuc, Man, and Gal.
Version 4.03 of this database is accessible via the Internet.

In this version of the O-GLYCBASE database, there are a total of 992
experimentally verifiedO-glycosylation sites, of which 339 are Ser and
653 are Thr sites. These 992 glycosylated sites were selected for the present
investigation. A sequence sub-database was prepared by considering the
central residue as the glycosylated Ser/Thr with a selection of 10 amino
acid residues on either side of it (i 2 10 to i 1 10; i is the position of
glycosylated Ser/Thr). Thus, the window size of the amino acid segments
selected for our analysis is 21.

The observed frequency of occurrence of amino acid residues at each
position in the selected window size is calculated as

Fobserved~X!P 5
ONobserved~X!P

m
,

whereNobserved(X)P is the observed count for the amino acid X at position
P and m is the total number of glycosylated sequence segments. The
expected frequency of occurrenceFexpected(X) and the expected count
Nexpected(X) are given by

Fexpected~X! 5
Oi51

n Ni~X!

Oi51
n Ti

,

Nexpected~X! 5 mFexpected~X!,

whereNi(X) is the number of amino acid residues of type X in proteini, Ti

is the total number of amino acids in proteini, andn is the total number of
proteins (in this case, 180).

To estimate the preferential occurrence of amino acid residues at par-
ticular positions around the glycosylated site, a quantity called deviation

parameter (DP) was calculated. This parameter is the normalized factor of
the difference between observed and expected frequencies and is expressed
as a percentage. The deviation parameter at position P for the amino acid
X is calculated as

DP(X)P 5
Fobserved~X!P 2 Fexpected~X!

Fexpected~X!
3 100.

A positive DP(X)P indicates positive preference for the type X amino acid
at position P and a negative DP(X)P indicates negative preference for the
type X amino acid at position P. The statistical significance of the given DP
values depends upon the difference between the observed and expected
counts (Nobserved(X)P ; Nexpected(X)) and thes values, where

s 5 ÎNobserved~X!P.

If the difference between the observed and expected counts (Nobserved;
Nexpected) is $2s at a particular position, the DP value at that position for
that amino acid is considered to be statistically significant.

The data set containing 992 glycosylation sites was subdivided into two
data sets with single glycosylation sites and multiple glycosylation sites,
because some proteins areO-glycosylated at one or a few isolated sites
whereas other proteins have clusters of closely spacedO-glycosylation
sites within the chosen window size. DP ands values were computed for
each of the 20 amino acids at each of the positions in the window size
selected for the sequences in these two groups. In addition, the computa-
tions were also carried out for the mucin-type glycosylation.

The unmodified serine and threonine residues of the same protein were
used to form a data set of nonglycosylated sequences. Nonglycosylated
Ser/Thr were selected based on the criterion that glycosylated Ser/Thr
should not occur within the chosen window size of 21 residues. For a
comparative study, the parameters computed for the glycosylated sites
were repeated for the nonglycosylated sites. To throw more light on the
positional preference of amino acids, the window size was varied from 7 to
21 amino acids in which the central amino acid is the glycosylated Ser/Thr.

RESULTS AND DISCUSSION

The database consists of 180 glycoproteins containing a
total of 992O-glycosylated sites. These glycoproteins also
contain 8952 nonglycosylated serine and threonine residues
that are used for the comparative study, based on the selec-
tion mentioned in Materials and Methods. Based on the
sugar unit attached to Ser/Thr, the seven types ofO-glyco-
sylation were separated out. In this database of 180 proteins,
in 97 proteins the sugar linked is GalNAc (mucin type, 644
sites), in 24 proteins the sugar linked is GlcNAc (intracel-
lular type, 87 sites), in 9 proteins it is Gal-Gal-Xyl attached
to Ser (xyloglycan type, 15 sites), in 11 proteins it is Man
(fungal type, 158 sites), in 13 proteins it is either Fuc or
Xyl-Glc or Xyl-Xyl-Glc (clotting factor type, 24 sites), in 1
protein it is Gal (plant type, 1 site), and in 25 proteins the
sugar linked is not known or unspecified or sialic acid.
Except mucin type, the other types of glycosylation suffer
from a lack of a sufficient number of glycosylation sites to
have reliable statistics for interpretation, and hence the
calculations are restricted to the whole database (992 gly-
cosylation sites) as such and to the mucin-type glycosyla-
tion (644 glycosylation sites).
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Frequency of occurrence of amino acids in the
whole database

The frequency of occurrence of each of the 20 amino acids
at each position around theO-glycosylated Ser/Thr was com-
puted. The frequency of amino acid residues differs around
glycosylated and nonglycosylated sites. There is a high fre-
quency of occurrence of proline, serine, threonine, and alanine
residues around the glycosylation sites (Fig. 1A). In addition to
this, glycine and valine residues also possess a high frequency
of occurrence around the glycosylation sites. On the other
hand, in the data set containing nonglycosylated sequence
segments, the frequency of occurrence of proline, serine, and
threonine residues are moderate (Fig. 1B).

Preference of amino acids around multiple and
single glycosylation sites

Multiple glycosylation sites contain clusters of closely
spacedO-glycosylation sites; i.e., adjacent and consecutive
serine and threonine residues are glycosylated and are found
in 98 glycoproteins of our data set. DP ands values were
calculated, and those that have statistically significant DP
values are shown by an asterisk in Table 1. Proline, serine,
threonine, and alanine are highly preferred around the glyco-
sylated Ser and Thr of this group. The DP value of proline is
maximal at the13 position (262) followed by the value at the
17 position (165) and is minimal at the28 position (29).
Proline is preferred from positions29 to 19 (except at68,
64, and22) around multiple glycosylation sites. The amino
acids serine and threonine have significant DP values due to
the fact that the serine and threonine within the window size is
also glycosylated in the multiple glycosylation sequences. Gly,
Ala, and Val are preferred, implying that amino acids with
small side chains are more favored around multiple glycosyl-
ation sites. In addition to this the amino acid Asp is preferred
at positions28, 23, and110; His at positions23 and15;
and Arg at position16, as indicated by the positive significant
DP values given in Table 1.

The same calculations were repeated for the isolated sites.
DP and their correspondings values revealed that in this
group also proline possesses statistically significant positive
DP values (Table 2). The DP value of proline varies from
216 to 354 having the maximum at the13 position (354)
followed by its value at the21 position (280). Proline is
preferred at positions from23 to 15 around isolated sites
and valine is preferred at the21 position. All other results
highlight the fact that proline is preferred near to the site of
glycosylation irrespective of whether the site is singly gly-
cosylated or multiply glycosylated. It is an interesting fea-
ture that Ser and Thr are preferred only around multiple
glycosylation sites due to the presence of clusters of glyco-
sylated Ser and Thr, but Ser and Thr are less preferred
around the single glycosylation sites (Table 2). On the other
hand, proline is preferred close to the glycosylated Ser/Thr

and it is highly preferred at the23, 21, 11, 12, 13, and
15 positions in both cases. Also valine is preferred at the
21 position in these two groups.

All other amino acids show negative DP values or insig-
nificant positive DP values for the multiple and single
glycosylation sequences. Cys possesses statistically signif-
icant negative DP values (Table 1 and 2). The ability of Cys
to form disulfide bonds may hinder glycosylation and thus
explain the low frequency of occurrence of Cys residues
close to the glycosylation site. The aromatic amino acids
Phe, Trp, and Tyr possess statistically significant negative
DP values implying aromatic amino acids are less preferred
near the site ofO-glycosylation. Lys, Leu, Gln, and Asn are
also selected against at various positions close to theO-
glycosylation site.

Positional preference of proline

As mentioned earlier, proline is largely preferred around the
O-glycosylation sites. To find out up to what position the
proline is preferred, the DP values were calculated for
various window sizes ranging from 7 to 21 excluding the
glycosylated Ser/Thr within the window size selected and
also three amino acids from the ends. DP values for serine
and threonine glycosylation were calculated separately. The
same calculations were repeated for the sequences of the
nonglycosylated data set, and the results are plotted in Fig.
2, A–D. From the figures it is seen that presence of proline
usually enhances threonine glycosylation rather than serine
glycosylation. Although proline favors Thr glycosylation,
the presence of proline at22 and12 positions favors Ser
glycosylation rather than Thr glycosylation irrespective of
the window size. Also there are a pronounced number of
proline residues at21 and 13 positions, which is not
altered even though the window size is changed. They show
smaller DP values when positioned farther away from the
glycosylation site and the preference of proline is reduced
beyond 63. This shows that proline may not have pro-
nounced effect beyond63. There is a general notion that
proline at 13 and 21 positions enhances glycosylation
(O’Connell et al., 1991, 1992; Elliott et al., 1994; Wilson et
al., 1991; Hansen et al., 1995), which is substantiated by
deviation parameter calculations. On the other hand, proline
is not preferred around the nonglycosylated Ser/Thr (Fig. 2),
which further provides evidence for the high significance of
proline near Ser/Thr in theO-glycosylation process.

Significance of sequence motifs
in O-glycosylation

Different types of sequence motifs were reported by various
authors (Yoshida et al., 1997; Young et al., 1979; Gooley et
al., 1991; Pisano et al., 1993) based on experimental studies
and in vitro and in vivo analyses. Most of the sequence motifs
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FIGURE 1 Frequency of occurrence of amino acids around glycosylated Ser/Thr (A) and nonglycosylated Ser/Thr (B). The frequency of each amino acid
is expressed as a percentage in this plot for positions210 to110. The shading at each location indicates the percentage frequency of a residue:,
.15; , 10–15; , 5–10; , 2–5; , ,2.
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contain a proline at the13 position. In our data set also, certain
sequence motifs are present repeatedly with proline at the13
position. From all the computations discussed earlier, it is
interesting to note that for both single and multiple glycosyl-
ation sequence segments, the presence of proline at the21

position and/or at the13 position is statistically significant:
29% of the total glycosylated sequences (992) contain proline
at the13 position, 16% contain proline at the21 position, and
9% contain proline at both21 and13 positions. A total of 287
sequences carry proline at the13 position, of which 16% of

TABLE 2 Deviation parameters for the amino acids at positions from 210 to 110 for the single glycosylation sequences using
the whole database

Amino
acid

DP values at positions

i 2 10 i 2 9 i 2 8 i 2 7 i 2 6 i 2 5 i 2 4 i 2 3 i 2 2 i 2 1 i 1 1 i 1 2 i 1 3 i 1 4 i 1 5 i 1 6 i 1 7 i 1 8 i 1 9 i 1 10

Ala 259* 1 20 250 8 211 212 16 73 41 70 41 214 23 4 224 214 233 214 252
Cys 24 225 226 46 21 93 0 0 65 276* 16 0 62 230 62 16 39 16 201 16
Asp 17 75 29 213 0 0 12 68 258 218 245 231 231 9 36 218 218 50 9 36
Glu 2 2 12 210 77 22 97 212 8 289* 27 268* 268* 225 225 24 236 257* 214 6
Phe 13 13 277* 211 211 255 213 256 256 236 215 257 215 257 236 215 132 278* 215 5
Gly 7 27 35 15 42 62 31243 21 37 18 55 235 254* 217 28 92 245 46 18
His 269 239 19 211 241 270 270 241 0 0 243 215 243 243 215 12 243 271* 215 125
Ile 222 94 261 242 25 224 262 30 85 281* 8 45 281* 227 29 29 45 245 8 26
Lys 16 1 29 28 271* 0 230 244 272* 272* 286* 218 272* 22 24 8 24 8 22 259*
Leu 85 27 216 233 234 14 22 21 219 276* 244 236 244 18 229 221 213 229 213 244
Met 28 28 255 210 77 0 256 0 0 0 0 0 215 27 69 215 215 69 215 27
Asn 35 222 242 13 262 224 262 27 27 0 263* 227 227 227 134 26 245 227 29 8
Pro 39 0 7 212 64 212 62 147* 89 280* 122* 122* 354* 141* 131* 48 48 66 216 39
Gln 231 19 1 249 216 16 96 47 14 27 43 27 236 75 11 11 220 27 24 43
Arg 222 222 22 82 29 50 4 270* 18 285* 15 227 227 271* 242 1 30 15 15 227
Ser 46 3 248 60 27 232 40 233 217 4 28 36 20 52 211 23 227 68 235 23
Thr 279* 269* 0 28 211 211 251 213 232 22 234 224 234 234 252* 25 224 22 243 215
Val 1 232 210 211 245 223 245 40 18 131* 25 36 226 226 257* 15 257* 36 26 26
Trp 0 63 60 246 111 58 247 56 0 249 0 249 0 0 0 249 1 249 249 0
Tyr 0 222 128 224 224 0 225 0 275* 275* 0 0 68 0 227 20 251 251 227 227

A DP value of 0 indicates that the particular amino acid is not present at the position in the selected data set.
*Statistically significant DP values.

TABLE 1 Deviation parameters for the amino acids at positions from 210 to 110 for the multiple glycosylation sequences
using the whole database

Amino
acid

DP values at positions

i 2 10 i 2 9 i 2 8 i 2 7 i 2 6 i 2 5 i 2 4 i 2 3 i 2 2 i 2 1 i 1 1 i 1 2 i 1 3 i 1 4 i 1 5 i 1 6 i 1 7 i 1 8 i 1 9 i 1 10

Ala 173* 41* 211 47* 55* 21 143* 211 93* 106* 61* 134* 99* 94* 212 230* 42* 49* 27 30
Cys 247* 255* 268* 264* 288* 252* 288* 288* 261* 288* 265* 281* 253* 273* 269* 265* 273* 273* 234 265*
Asp 244* 221 116* 4 224 263* 41 96* 7 282* 266* 246* 273* 42 30 17 260* 251* 28 127*
Glu 252* 241* 240* 246* 249* 219 244* 32 231* 273* 22 11 265* 243* 228 229* 251* 229* 21 17
Phe 262* 247* 243* 274* 262* 274* 263* 259* 267* 263* 278* 260* 260* 263* 267* 252* 256* 267* 245* 256*
Gly 26 3 18 38* 230* 24 12 243* 110* 237* 39* 239* 243* 18 15 74* 28 22 41* 27
His 240 230 241 226 266* 261* 227 175* 242* 247* 271* 243* 267* 228 182* 29 0 262* 252* 238
Ile 238* 213 28 236* 227 227 29 225 8 222 228 237* 240* 234 234 231 243* 243* 234 237*
Lys 240* 265* 231 248* 246* 249* 244* 259* 266* 273* 264* 259* 278* 254* 249* 245* 257* 240* 283* 261*
Leu 253* 249* 259* 271* 268* 249* 253* 259* 263* 274* 269* 265* 265* 257* 246* 247* 258* 261* 263* 265*
Met 255* 233 263* 212 25 213 213 1 221 271* 222 222 229 250* 214 264* 243 214 257* 257*
Asn 252* 256* 238* 225 250* 241* 245* 233 236* 251* 252* 233 252* 242* 236* 233 227 236* 236* 245*
Pro 26 97* 29 58* 112* 161* 4 113* 23 93* 55* 107* 262* 22 41* 61* 165* 26 86* 7
Gln 247* 244* 245* 242* 240* 256* 251* 219 243* 246* 233 265* 241* 233 228 257* 249* 252* 246* 246*
Arg 259* 252* 277* 247* 40 245* 258* 275* 278* 258* 266* 253* 280* 268* 246* 64* 256* 268* 251* 234*
Ser 93* 69* 37* 36* 62* 54* 52* 31 32 84* 122* 43* 67* 29 7 13 74* 71* 116* 60*
Thr 73* 98* 204* 131* 91* 95* 83 31 58* 109* 58* 78* 46* 145* 154* 100* 32 203* 40* 78*
Val 219 216 220 214 210 220 227 28 212 90* 21 213 221 213 216 233* 48* 216 226 229*
Trp 261* 222 290* 252 24 281* 253 253 272* 281* 281* 263* 263* 263* 281* 253* 253* 272* 272* 263*
Tyr 271* 263* 255* 242* 267* 243* 259* 247* 248* 252* 268* 240* 240* 272* 272* 224 260* 28 228 232

*Statistically significant DP values.
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the sequences contain Thr-Ala-Pro-Pro in which Thr is the
glycosylated one but Ser-Ala-Pro-Pro is not found. Also a
search was carried out in more than 500 nonhomologous
proteins, excluding O-glycosylated glycoproteins, from
Brookhaven Protein Data Bank for the sequence motif Thr-
Ala-Pro-Pro. It was found that no such sequence motif is
present in these nonglycosylated proteins. It was also found
that this sequence motif is part of a tandem repeat in a single
protein, human MUC1. Also among the proline-containing (at
13) sequence motifs, Thr-Val-X-Pro, Ser/Thr-Pro-X-Pro, and
Thr-Ser-Ala-Pro are preferred favorably (8%, 15%, and 15%),
where X can be any amino acid.

Mucin-type glycosylation

As discussed earlier, in 97 proteins (54%) mucin-type gly-
cosylation occurs, in which the carbohydrate moiety at-

tached to the hydroxyamino acids is GalNAc. There are 181
Ser glycosylation sites and 463 Thr glycosylation sites (65%
of the total glycosylation sites). The multiple and isolated
glycosylation sites were separated out, and it was found that
the number of isolated (single glycosylation) sites (76 gly-
cosylation sites) is much fewer than that of the multiple
glycosylation sites (588 glycosylation sites). This indicates
that multiple glycosylation is common in this type. The devi-
ation parameter calculations were carried out for multiple
glycosylation sequences (Table 3) as the single glycosylation
sequences lack sufficient data for statistical interpretation.

Around multiple glycosylation sites the amino acids pre-
ferred at various positions are Pro, Ala, Ser, Thr, Asp, Glu,
Gly, His, Arg, and Val. It is seen that proline is preferred at
various positions (29, 27, 26, 25, 23, 21, 12, 13, 16,
17, and19). The DP value of Pro is maximal at the13
position (289) followed by its value at25 (186),17 (172),

FIGURE 2 Positional preference of proline around theO-glycosylation site with different window sizes.f, DP value of Pro around glycosylated Thr;
F, DP value of Pro around nonglycosylated Thr;Œ, DP value of Pro around glycosylated Ser;�, DP value of Pro around nonglycosylated Ser. The window
size is varied from 7 to 21. Plots are for the preference of proline at positions from24 to 14 (A), 26 to 16 (B), 28 to 18 (C), and210 to 110 (D).
DP values of proline with respect to Ser and Thr glycosylation are calculated separately.
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26 (150), and12 (144) positions. It is noted that Pro is less
preferred at11 and15 positions when compared with the
computations carried out using the whole database. Ala and
Gly possess positive significant DP values at positions210,
27, 22, 14, and 18 in common (Table 3) and Val is
preferred at21 and17 positions. It is noted that amino
acids with small side chains are preferred around multiple
glycosylation sites. The hydroxyamino acids Ser and Thr
are also favored around multiple glycosylation sites at var-
ious positions (Table 3). It is interesting to note that the
acidic amino acids Asp and Glu are preferred at various
positions around the glycosylated Ser/Thr, a trend that is not
found when the glycosylation sites from the whole database
are considered. This clearly indicates that acidic amino
acids may have a structural role in mucin-type glycosyla-
tion. In addition, His is preferred at23 and15 positions
and Arg at positions26 and16 (Table 3).

O-glycosylation relative to N-glycosylation

In N-linked glycosylation, it is known that Asn-X-Ser/Thr is
the consensus sequence (Hunt and Dayhoff, 1970; Marshall,
1972), and it is an essential but not a sufficient condition for
N-glycosylation to occur. A proline residue at X position
preventsN-glycosylation and also a proline beyond Ser/Thr
(13 position) inhibits N-glycosylation (Gavel and von
Heijne, 1990), whereas our calculations show that inO-
glycosylation, proline residues are present close to theO-
glycosylated Ser/Thr and it enhancesO-glycosylation

whenever it is present nearer to Ser/Thr especially at21
and13 positions. It is also known that inN-glycosylation
adjacent and consecutive residues are glycosylated in low
numbers. It may be that steric hindrance prevents more
closely spaced sites from being glycosylated at the same
time (Gavel and von Heijne, 1990). InO-glycosylation,
consecutive and adjacent serine and threonine residues are
glycosylated, and clusters ofO-glycosylation sites were
noted in 98 glyco-proteins (of 180). It is also known that
Asn-X-Ser and Asn-X-Thr sequences in proteins are doubly
glycosylated. The Asn and the Ser or Thr in the tripeptide
are both glycosylated, for example, in human tissue kal-
likrein (Kellermann et al., 1989), human coagulation factor
(Iwanaga et al., 1990), glycoprotein in Friend murine leu-
kemia virus (Chen, 1982), and pig glycophorin (Tomita and
Marchesi, 1975). Aromatic amino acids are less preferred
near the site ofO-glycosylation (Tables 1–3). This also
contrasts with what is observed inN-glycosylation, where
the aromatic amino acids are preferred at X position and
close to the glycosylation site, and are believed to stabilize
the structure due to the stacking interactions of the aromatic
ring with the glycan (Christlet et al., 1999; Imberty and
Perez, 1995).

CONCLUSION

The data presented in the present work clearly indicate that
there is a pronounced positional preference for the amino
acids at various positions around theO-glycosylation site.

TABLE 3 Deviation parameters for the amino acids at positions from 210 to 110 for the multiple glycosylation sequences in
mucin-type glycosylation

Amino
acid

DP values at positions

i 2 10 i 2 9 i 2 8 i 2 7 i 2 6 i 2 5 i 2 4 i 2 3 i 2 2 i 2 1 i 1 1 i 1 2 i 1 3 i 1 4 i 1 5 i 1 6 i 1 7 i 1 8 i 1 9 i 1 10

Ala 254* 58* 28 95* 82* 22 224* 210 151* 158* 92* 197* 144* 155* 2 234* 62* 72* 225 67*
Cys 271* 288* 271* 277* 288* 288* 294* 294* 294* 0 294* 294* 283* 294* 289* 278* 278* 278* 262* 283*
Asp 260* 211 195* 47 240* 265* 82* 168* 33 293* 262* 245* 283* 79* 72* 55 262* 245* 69* 208*
Glu 233 240* 233 247* 231 7 231 90* 216 264* 97* 71* 277* 220 21 24 230 21 55* 74*
Phe 282* 258* 235 294* 259* 288* 265* 271* 265* 254* 283* 266* 254* 266* 288* 249* 266* 271* 232 260*
Gly 47* 23 34 68* 242* 32 27 254* 158* 253* 42 235* 259* 49* 29 124* 224 46* 46* 40
His 237 251* 237 238 272* 259* 245 250* 253* 260* 260* 227 266* 246* 251* 0 27 246* 260* 240
Ile 249* 29 235 260* 220 221 236 241 20 218 232 252* 252* 218 256* 242* 252* 252* 256* 223
Lys 240 277* 254* 246* 250* 242* 246* 255* 260* 278* 269* 265* 291* 252* 256* 252* 243* 239 0 269*
Leu 250* 253* 248* 281* 272* 258* 249* 259* 263* 282* 268* 262* 266* 250* 244* 255* 268* 262* 268* 270*
Met 275* 239 264* 228 25 241 5 230 27 253 242 231 219 265* 231 277* 242 3 242 265*
Asn 268* 278* 252* 242 268* 263* 258* 253* 248* 264* 279* 249* 254* 259* 259* 274* 254* 259* 244* 269*
Pro 210 92* 27 72* 150* 186* 6 98* 25 72* 28 144* 289* 24 8 73* 172*211 81* 12
Gln 238 243* 265* 226 244* 257* 266* 223 257* 262* 237 262* 254* 250* 225 254* 254* 250* 266* 254*
Arg 272* 268* 276* 268* 90* 261* 277* 284* 284* 262* 266* 243* 292* 266* 251* 110* 269* 273* 258* 236
Ser 95* 70* 2 2 64* 41* 52* 7 1 92* 135* 17 61*216 220 27 64* 47* 131* 32
Thr 11 91* 173* 123* 23 94* 5 1 218 83* 27 27 28 80* 156* 28 9 152* 17 3
Val 222 217 221 246* 226 242* 230 212 213 96* 226 236* 246* 228 238* 233* 69* 26 246* 241*
Trp 285* 256 285* 285* 256 271* 285* 285* 285* 286* 272* 272* 272* 272* 0 272* 0 258 258 286*
Tyr 280* 280* 273* 293* 287* 267* 287* 261* 268* 281* 281* 262* 249* 274* 281* 268* 262* 224 249* 243

A DP value of 0 indicates that the particular amino acid is not present at the position in the selected data set.
*Statistically significant DP values.
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Pro occurs preferentially at many positions close to the site
of glycosylation and, in particular, strongly favorsO-gly-
cosylation when it is in the21 and/or13 positions. This
may indicate that proline plays a structural role in directing
O-glycosylation in contrast to the negative role it plays in
N-glycosylation. Proline more frequently occurs at the22
and 12 positions when the site of glycosylation is a Ser
residue. In addition, Ser and Thr are preferred around the
multiple glycosylation sites probably due to the effect of
clusters of closely spacedO-glycosylation sites. Around
multiple glycosylation sites, the other amino acids preferred
favorably are Ala, Gly, Asp, His, and Val. Cysteine, in
positions close to the site of glycosylation, hampersO-
glycosylation. The aromatic amino acids and amino acids
with bulky side chains also hinderO-glycosylation. Some
potential sequence motifs such as Thr-Ala-Pro-Pro, Thr-
Val-X-Pro, Ser/Thr-Pro-X-Pro, and Thr-Ser-Ala-Pro occur
frequently in the data set. In mucin-type glycosylation, in
which the sugar attached to the hydroxyamino acids is
GalNAc, the same calculations show likely similar results
and also Asp and Glu residues are highly preferred, indi-
cating a structural role for these acidic amino acids. In
future it will be of much interest to investigate further the
possible structural and conformational implications of some
of these suggested positional preferences of the various
amino acids around the site of glycosylation. This is a
potentially important study, and such analyses will surely
contribute an important part of our knowledge base in the
future on O-glycosylation sites. These results will be of
interest to molecular biologists and protein engineers to
identify O-glycosylation sites important in molecular rec-
ognition processes.
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