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An analysis of the frequency of occurrence of various residues

at position X was carried out on the consensus glycosylating

sequence Asn-X-Ser/Thr using the PDB three-dimensional

database. 488 non-homologous proteins bearing 696

Asn-X-Ser/Thr (X 6� Pro) sequences were analysed. More

than 65% of Asn residues, when they occur as part of the

consensus sequence, lie on the surface of the protein, implying

a potentiality for glycosylation. A deviation parameter (DP)

was calculated as a measure of preferential (positive) or non-

preferential (negative) selection. At the X position in the

consensus-sequence segment, the amino acids Gly, Asn and

Phe have statistically signi®cant positive DP values. The high

value of DP for Asn is a consequence of the preferential

occurrence of homodoublets, while for Phe it may be a

consequence of the stacking interaction of the aromatic ring

with the glycan. Gly at the X position in the consensus

glycosylating sequence may be functionally signi®cant owing

to its preference and its high percentage of occurrence in

proteins. The Ramachandran (�,	) angles around Gly in the

consensus sequence show clustering in the region which is

disallowed for non-glycyl residues. In this region, a hydrogen

bond between the side chain of Asn and the peptide

backbone/side chain of Ser/Thr is possible, re¯ecting a

positional as well as a conformational role in the consensus

glycosylating sequence. For the 44 con®rmed N-glycosylating

sequences, an in-depth analysis of the (	N, �X, 	X, �S/T)

dihedral angles, which position the side chains of Asn and

Ser/Thr, shows that these can be grouped into nine

conformational states. In most cases, a direct or water-

mediated hydrogen bond between OD1 of Asn and OG of

Ser/Thr is possible, re¯ecting the possible importance of this

hydrogen bonding in the glycosylation process.
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1. Introduction

Glycosylation is a protein-modi®cation reaction. It generates

recognition structures for interaction with external ligands and

there is an intimate relation between glycosylation and protein

folding (Elbein, 1991; Li et al., 1993; Holst et al., 1996;

Gahmberg & Tolvanen, 1996). In N-linked glycosylation the

carbohydrate moiety is linked to the amino N atom of the side

chain of Asn, whereas in O-glycosylation carbohydrates are

linked to the hydroxyl O atom of the side chain of Ser or Thr.

A single glycoprotein may contain N-glycosides as well as O-

glycosides. N-glycans play an important role in intracellular

recognition, positioning of antigens on the cell surfaces,

immunoglobulin secretion, lysosomal targeting, immuno-

regulation etc. and have hence attracted special attention (see

review by Avanov, 1991).



The N-glycosylation site comprises an Asn-X-Ser/Thr

tripeptide sequence (Marshall, 1972), where X can be any

amino acid except Pro. The glycan is transferred by an

oligosaccharyltransferase to the Asn of the consensus

sequence. N-glycosylation is a co-translational process medi-

ated by the hydrogen-bonding interaction between the

GlcNAc residue and Asn (Hubbard & Ivatt, 1981; Abbadi et

al., 1986; Imperiali & Shannon, 1991). It has been shown that

the af®nity of the oligosaccharyltransferase increases with the

length of the acceptor peptide and with the amino acid at

position X (Ronin et al., 1978). A minimum chain length of a

pentapeptide is required for N-glycosylation (Bause & Hett-

kamp, 1979). Peptides in which Asn is at the free N-terminal

are not glycosylated. Inhibition studies and statistical analysis

have revealed that Pro in the X position prevents glycosyl-

ation (Bause, 1983; Roitsch & Lehle, 1989; Gavel & von

Heijine, 1990). Many workers have analyzed the consensus

sequence, and the results show that the X position is prefer-

entially occupied by non-bulky amino acids such as Gly

(Mononen & Karjalainen, 1984; Gavel & von Heijine, 1990;

Imberty & Perez, 1995). Subsequent studies have also shown

that glycosylation increases when X is Gly (Bause & Hett-

kamp, 1979), indicating the importance of Gly at the X posi-

tion. In proteins, not all Asn-X-Ser/Thr consensus sequences

are glycosylated (Bush, 1982; Abbadi et al., 1986).

A detailed analysis of the available consensus and

con®rmed N-glycosylating sequences in proteins of known

three-dimensional structure has been undertaken in an

attempt to throw more light on the N-glycosylation process,

which plays a dominant role in molecular recognition.

2. Method of calculation

2.1. Data set

The protein structures used in this analysis were taken from

the Protein Data Bank using the PDB_SELECT subdatabase

(November 1996; Hobohm et al., 1992). Proteins used for

analysis had less than 25% sequence identity. A total of 488

proteins, containing 130661 amino acids and bearing

696 Asn-X-Ser/Thr consensus glycosylating sequences in

which X 6� Pro and Asn is not at the free N-terminal, were

used for the analysis. The selected proteins are shown in Fig. 1.

2.2. Identi®cation of spatial neighbours of Asn

To separate those Asn in the consensus sequence which are

likely to be on the surface of the protein from those which are

buried, a method based on the number of spatial neighbours

of Asn was followed (Panjikar et al., 1997). C� atoms falling

within a sphere of radius 6.5 AÊ around each Asn (C�
i ) along

the chain, excluding the four sequential neighbours C�
i�1, C�

i�2,

C�
iÿ1 and C�

iÿ2 of C�
i , were identi®ed as spatial neighbours. For

proteins with more than one identical subunit, only one was

considered for computation. Asn residues with less than four

spatial neighbours were considered to be potential glycosyl-

ating sites, since these are the residues most likely to be on the

surface of the protein. The sequences containing Asn residues

satisfying the above criteria were grouped as set I and the

remaining sequences, in which Asn had more than three

spatial neighbours, were grouped as set II.

2.3. Deviation parameter (DP)

The expected frequency of occurrence of each amino-acid

residue in the data set (Fig. 1) was calculated as

Pexpected�A� �
P

Ni�A�=
P

Ti;

where Ni(A) is the number of residues of type A in protein i

and Ti is the total number of amino acids in the protein i,

where i ranges from 1 to n, n being the total number of

proteins.

The observed count Pobserved(A) was calculated by counting

the number of times each amino acid occurred at position X

for all the sequences in set I and set II.

Pobserved�A� � NX�A�=m;

where NX(A) is the number of amino-acid residues of type A

at position X in the consensus sequences of set I or set II and

m is the number of consensus sequences in set I or in set II.

The deviation parameter (DP), expressed as a percentage,

for each amino acid at position X was calculated as

DP�A� � 100 �Pobserved�A� ÿ Pexpected�A��=Pexpected�A�:
A positive value for DP is an indication of preferential

occurrence and a negative value is an indication of non-

preferential occurrence.

The frequency of occurrence follows counting statistics and

hence is associated with an error proportional to the square

root of the observed count.

Error in counting statistics � � �Pobserved�A��1=2:

If the difference between the actual count and the observed

count for a particular amino acid is equal to or greater than

twice the error level (2�), then the DP was assumed to be

statistically signi®cant.

2.4. Ramachandran angle calculation

It has been suggested that peptide conformation might

signal glycosylation (Davis et al., 1994). In many cases, the

glycosylated tripeptide forms a �-turn (Bush, 1982; Bause,
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Table 1
Percentage of Asn with various spatial neighbours in the Asn-X-Ser/Thr
consensus sequence.

Number of spatial neighbours Percentage of Asn

0 13.2
1 11.1
2 22.1
3 18.7
4 12.9
5 12.1
6 6.7
7 2.2
8 0.9
9 0.1
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1983; Imperiali & Rickert, 1995). The Ramachandran (	N,�X,

	X, �S/T) angles which dictate the orientation of the side chain

of Asn and Ser/Thr of the signal peptide are shown in Fig. 2.

These angles were computed for the 44 con®rmed N-gly-

cosylating sequences reported by Imberty & Perez (1995), in

order to obtain insight into the conformational aspects of the

glycosylating sequence. Ramachandran angles were also

calculated for the set I and set II glycosylating tripeptides

containing Gly at the X position.

3. Results and discussion

Using the protein data set (Fig. 1), the number of spatial

neighbours for Asn in the consensus sequences were calcu-

lated (Table 1). About 65% of Asn residues in the consensus

sequences have less than four neighbours. These sequences

are likely to be on the surface of the protein and were grouped

in set I. The remaining Asn residues with four or more spatial

neighbours were grouped as set II. These are the buried

sequences. An examination of 44 con®rmed glycosylating

sequences reported by Imberty & Perez (1995), shows that

more than 85% of the glycosylated Asn have three or fewer

spatial neighbours. The Pearson correlation coef®cient calcu-

lated for variation of the amino-acid residue at X in set I and

set II was 0.5, indicating poor correlation of the amino-acid

residues at position X in the two sets. This suggests a differ-

ence in preference for different residues at position X in set I

and set II.

The deviation parameters (DP) for the amino acids at

position X of the consensus sequences in set I and set II are

given in Tables 2 and 3, respectively. The DP for Pro is not

given, since sequences containing Pro at position X were

eliminated from the analysis. It is seen from Table 2 that in set

I sequences, the amino acids Gly, Asn, Phe and Trp have high

positive DP values. The difference

between the observed count and the

expected count is greater than 2� for

Gly and close to 2� for Asn, indicating

that the preference for Gly and Asn at

the X position might be signi®cant. For

Phe, the difference between the two

counts is close to the 1.5� level, indi-

cating a preferential trend. The high

DP for Phe probably re¯ects the plau-

sible stacking interaction between the

aromatic ring of this residue with the

glycan, as suggested previously

(Imberty & Perez, 1995). The positive

DP for Asn at position X may be an

indication of the preferential occur-

rence of homodoublets observed

previously (Veluraja & Mugilan, 1997).

The amino acid Gly, which also has a

high positive DP at the X position in

the consensus sequences of set I, also

occurs frequently in proteins. In set II

sequences, these amino acids do not

have high DP values: Gly has a signif-

icant (2�) negative DP value (Table 3),

indicating suppression of Gly at posi-

tion X in the buried sequences. An

analysis of the amino-acid sequences

from the SWISS-PROT database

carried out by Veluraja & Mugilan

(1997) revealed that the triplet

sequences Asn-Gly-Thr and Asn-Gly-

Ser occur more frequently than

expected. Thus, the conformational

features of Gly in the consensus

sequences of set I may be of impor-

tance in understanding the nature of

the recognition site for glycosylation.

Interestingly, Val and Ile are preferred

at the X position in the buried
Figure 1
Proteins used in the data set.



sequences (set II) because of their hydrophobicity.

To investigate this further, we extended our analysis to the

conformational features of Gly in the consensus sequences.

The Ramachandran (�G, 	G) angles were calculated at Gly in

each of the 52 available Gly-containing consensus sequences

from set I. These Gly residues frequently occur in the

conformational space which is disallowed for non-glycyl resi-

dues (Fig. 3). The ®gure shows that there is a clustering in the

region �G ' +60 to +110� and 	G ' ÿ30 to +30�. 50% of the

Gly residues in the consensus sequences from set I occur in

this region. Further conformational analysis on the eight

con®rmed Gly-containing glycosylated sequences revealed

that seven of the (�G, 	G) angles fall in this region (Fig. 3). A

similar analysis on the 12 available Gly-containing sequences

from set II shows that only three (25%) of the (�G, 	G) angles

fall in this region.

It has been proposed by earlier workers that the catalytic

function of the glycosyltransferases requires a hydrogen-

bonded interaction between the side chain of Asn and the

hydroxy amino acid (Bause & Legler, 1981). The peptide

backbone was shown to adopt a special Asx-turn conforma-

tion (Abbadi et al., 1991; Imperiali et al., 1992). Some of these

conformations fall in the speci®ed clustering region. An

analysis of possible hydrogen bonds based on the criteria of

hydrogen-donor to hydrogen-acceptor distance of 2.4±3.6 AÊ

was carried out for the 453 available Asn-X-Ser/Thr sequences

in set I. It was found that 33 sequences show a possible

hydrogen bond between OD1 of the Asn side chain and the

hydroxyl group of the Ser/Thr side chain (OG), 46 sequences

have a possible hydrogen bond between the OD1 of the Asn

side chain and the NÐH of the peptide backbone of the Ser/

Thr, and 18 sequences show a possible hydrogen bond

between ND2 of the Asn side chain and the hydroxyl group of

Ser/Thr. In some sequences more than one hydrogen bond was

found, whilst in others none were found. In the sequences

which do not exhibit the hydrogen-bonding pattern, the

distance between OD1 and OG is in the range 3.7±11 AÊ ,

indicating that there may be a possibility of water-mediated

hydrogen bonding between these two groups. It is known that

water interconnects the side chains of amino acids by linking

them through hydrogen bonds. Water-mediated hydrogen

bonds also stabilize the structure in carbohydrates (Veluraja &

Atkins, 1987). Hence, attempts were made to ®nd potential

water-mediated hydrogen bonds in the consensus sequences

which do not have direct hydrogen bonds. It was found that 11

sequences exhibit water-mediated hydrogen bonds between

OD1 of Asn and the hydroxyl O atom of the side chain of

Ser/Thr.

An in-depth analysis on the 52 Asn-Gly-Ser/Thr available

sequences in set I shows that nine sequences show a possible

hydrogen bond between OD1 and OG, ten sequences have a

possible hydrogen bond between OD1 of the Asn side chain

and the NÐH of the peptide backbone of the Ser/Thr, and six

sequences show a possible hydrogen bond between ND2 of

the Asn side chain and OG of Ser/Thr. It is interesting to note

that in the sequences where hydrogen bonding is possible, the
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Table 2
Deviation parameter (DP) for amino acids at position X in the consensus
sequence in set I data.

Amino
acid

Observed
count

Expected
count

Difference
in count

Error
� DP(A)

Ala 31 38.1 7.1 5.6 ÿ18.5
Leu 39 38.1 0.9 6.2 2.5
Gly 52 35.8 16.2 7.2 45.4
Val 33 31.4 1.6 5.8 5.0
Ser 19 27.9 8.9 4.4 ÿ31.9
Glu 25 27.6 2.6 5.0 ÿ9.5
Asp 23 26.9 3.9 4.8 ÿ14.6
Thr 26 26.9 0.9 5.1 ÿ3.2
Lys 25 26.2 1.2 5.0 ÿ4.7
Ile 27 25.2 1.8 5.2 7.1
Asn 32 21.4 10.6 5.7 49.2
Arg 15 21.2 6.2 3.9 ÿ29.1
Phe 27 18.4 8.6 5.2 46.7
Gln 20 17.2 2.8 4.5 16.5
Tyr 20 16.8 3.2 4.5 19.0
His 12 10.1 1.9 3.5 18.3
Met 8 9.5 1.5 2.8 ÿ16.1
Trp 11 6.8 4.2 3.3 61.6
Cys 8 6.4 1.6 2.8 25.7

Figure 2
Schematic representation of the Asn-X-Ser/Thr peptide fragment along
with the dihedral angles 	N, �X, 	X, �S/T which ®x the mutual
orientation of the side chains of Asn and Ser/Thr.

Table 3
Deviation parameter (DP) for amino acids at position X in the consensus
sequence in set II data.

Amino
acid

Observed
count

Expected
count

Difference
in count

Error
� DP(A)

Ala 20 20.4 0.4 4.5 ÿ2.0
Leu 22 20.4 1.6 4.7 7.8
Gly 12 19.2 7.2 3.5 ÿ37.5
Val 27 16.9 10.1 5.2 60.2
Ser 14 15.0 1.0 3.7 ÿ6.5
Glu 9 14.8 5.8 3.0 ÿ39.2
Asp 3 14.4 11.4 1.7 ÿ79.2
Thr 18 14.4 3.6 4.2 24.9
Lys 10 14.1 4.1 3.2 ÿ28.9
Ile 22 13.5 8.5 4.7 62.7
Asn 13 11.5 1.5 3.6 13.0
Arg 19 11.4 7.6 4.4 67.4
Phe 13 9.9 3.1 3.6 31.7
Gln 6 9.2 3.2 2.5 ÿ34.9
Tyr 10 9.0 1.0 3.2 10.9
His 7 5.4 1.6 2.7 28.6
Met 6 5.1 0.9 2.5 17.4
Trp 6 3.7 2.3 2.5 64.4
Cys 6 3.4 2.6 2.5 75.7
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backbone conformation of Gly tends to occur in the speci®ed

clustering region. A detailed analysis of the backbone

conformational angles for which hydrogen-bond formation

was possible revealed that the backbone dihedral angles 	N,

�G, 	G and �S/T take values around ÿ20, 85, 0 and ÿ100�,
respectively, with deviations of �30�. This indicates that the

backbone adopts a similar conformation in Gly-containing

consensus sequences and that hydrogen-bond formation is

possible. In these sequences, the side chains of Asn and

Ser/Thr may adopt two conformational orientations (ÿ135�45

or +135 � 45�). For the few sequences for which the (�G, 	G)

angles fall in the clustered region for which hydrogen-bond

formation is not possible, the backbone conformation differs

mainly in the value of 	N, which is around 25 � 30�. For the

Gly containing consensus sequences of set II, hydrogen-bond

formation is unlikely, indicating the possible importance of

hydrogen bonding in glycosylation. Thus, the presence of Gly

at the X position allows the backbone to take up a confor-

mation which would normally be disallowed for other amino

acids at this position, as seen in Fig. 3. These conformations

facilitate the formation of hydrogen bonds between the Asn

side chain and the Ser/Thr side chain.

In order to gain further insight into the conformational

aspect of the 44 con®rmed sequences for N-glycosylation, the

Ramachandran angles (	N, �X, 	X, �S/T) which are respon-

sible for orientating the side chains of Asn and Ser/Thr were

computed. Analysis of these dihedral angles shows that these

can be grouped into nine conformational states, with the

marginal deviation of �30�. These conformational states are

listed in Table 4, along with the PDB ®le name and the site of

Table 4
Direct and water-mediated hydrogen bonds between OD1 and OG observed in proteins with con®rmed N-glycosylating sequences.

The coordinates of water are given if there is a possibility of forming water-mediated hydrogen bonds.

Group
number

	N, �X, 	X, �S/T (�)
with deviation of �30�

Protein
code

Glycosylation
site

OD1±OG
distance (AÊ )

Hydrogen-bonding
pattern²

Coordinates of
water OW �S/T³ (�)

I ÿ20, 75, 0, ÿ90 1hge N154B 2.7 d
1lyb N70 2.9 d
2bat N86 2.9 d
2ren N75 2.3 d
1gly N395 3.5 d ÿ110 (ÿ117)
2aai N95 3.5 d ÿ60 (ÿ68)
2bat N234 7.6 w 89.5, 90.4, 34.8 0 (ÿ50)

II 85, ÿ90, ÿ30, ÿ60 1lga N257 3.3 d
1ova N298 3.3 d
2dnj N18 3.6 d
1gal N388 3.5 d ÿ30 (ÿ39)
1cel N270 3.5 d 0 (ÿ69)
3sc2 N291 5.5 w 59.1, 44.9, 94.6

III 30, ÿ100, 130, ÿ110 2aai N135 7.2 w 29.3, 48.2, 27.1 ÿ70 (ÿ89)
2ach N104 6.7 w 43.0, 73.7, 60.7
2bat N200 8.5 w 104.4, 79.0, 57.0 ÿ110 (151)
1gal N89 9.1
1gly N171 10.0
1hge N81 9.8
1l® N137 9.9

IV 90, ÿ110, 140, ÿ120 1hge N165 7.9 w 17.2, 85.5, 18.5 ÿ80 (ÿ170)
1tmt N60G 7.9 w 83.8, 21.8, 51.8 ÿ110 (91)
2fbj N156 3.9 w ÿ10.8, 6.0, 15.3
1ppf N159 9.3
1aoz N92 9.8

V 160, ÿ100, 130, ÿ90 1hge N38 7.2 w 34.4, 19.6, 35.5 ÿ120 (ÿ175)
2phl N228 6.4 w 10.2, 4.5, 73.6
1lyb N199 9.9
1tca N74 8.7
2fbj N59 10.3

VI ÿ25, ÿ100, 110, ÿ90 1arp N143 6.6 w 18.5, 23.2, 52.5
1lte N17 9.8
1thg N364 8.1
3sc2 N105 8.9

VII ÿ115, ÿ100, ÿ40, ÿ45 2spt N101 5.0 w 10.7, 55.5, 105.0 ÿ50 (ÿ111)
2ach N70 7.6

VIII ÿ25, ÿ100, ÿ50, ÿ90 1gal N355 8.7
1l® N478 9.4
1nsc N283 9.8
1ppf N109 9.6
1thg N283 7.3
3sc2 N113 9.1

IX 130, 70, 25, ÿ85 1led N18 7.6
2bat N146 7.0

² d, direct hydrogen bonding; w, water-mediated hydrogen bonding. ³ Crystallographic orientation is given in parentheses.



glycosylation. In group I, the amino acid favoured at the X

position is Gly, with the exception of 2bat where it is Trp. In

this conformational group, Gly falls in the clustered region

(Fig. 3). In most of these conformations, a direct hydrogen

bond between OD1 and OG is possible, as reported by

Imberty & Perez (1995), with the exceptions of 1gly and 2aai.

However, a direct hydrogen bond can be facilitated in 1gly and

2aai by a small change in the side-chain dihedral angle of

Ser/Thr, as indicated in Table 4. The group II conformational

state favours the allowed values (85, ÿ90, ÿ30, ÿ60�) of the

Ramachandran plot. However, in this conformational state

there is a direct hydrogen-bonding interaction between OD1

and OG in 1lga, 1ova and 2dnj, as indicated by Imberty &

Perez (1995). A direct hydrogen bond is also possible in 1gal

and 1cel with a small conformational change in the side chain

of Ser/Thr (Table 4). Some of the direct hydrogen bonds

occurring between OD1 and OG in group I and group II

sequences are illustrated in Fig. 4. Group III, IV, V and VI

conformations differ only in the 	N dihedral angle. For these

groups, the distance between OD1 and OG varies from 4 to

10 AÊ . In these structures, an attempt has been made to posi-

tion the water molecule at hydrogen-bonding distance

between OD1 and OG, keeping the main-chain conformation

intact. Care is also taken not to introduce steric congestion

between the position of the water molecule and the protein. It

is clear that in group III such a water-mediated hydrogen bond

is formed in three sequences, with a small change (if neces-

sary) in the side-chain orientation of Ser/Thr (as given in

Table 4). In 1gal, 1gly, 1hge and 1l®, the positioning of water

between OD1 and OG produces severe stereochemical

clashes. In groups IV, V and VI, the location of water at the

positions indicated in Table 4 facilitates the formation of

water-mediated hydrogen bonding with a small change in the

side chain of Ser/Thr. In the sequences numbered 2, 3 and 3 in

groups IV, V and VI, respectively, such water-mediated

hydrogen bonding is not possible. In most cases, this can be

recti®ed by a small perturbation of the side chain of Asn. Of

the two sequences from group VII, a water-mediated

hydrogen bond is formed in one of the sequences with a small

change in the side-chain orientation of Ser/Thr. Some exam-

ples of the possible water-mediated hydrogen bonds which

have been described are displayed in Fig. 5. For the sequences

of group VIII and IX, the conformational angles are entirely

different. The formation of direct and water-mediated

hydrogen bonds are unlikely in these sequences. This study

implies that the direct or water-mediated hydrogen bond

between the side chain of Asn and Ser/Thr may play a

dominant role in the process of glycosylation in addition to the

backbone conformation. This study also provides a method of
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Figure 4
Illustrations of the direct hydrogen bond between OD1 and OG in the
N-glycosylating sequences of (a) group I (1lyb) and (b) group II (1lga).

Figure 3
Ramachandran plot showing the clustered region for Gly in the
glycosylatable consensus sequences. The clustered region is marked as
a rectangular box. Dots and crosses represent consensus sequences from
set I and con®rmed glycosylated sequences, respectively.
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identifying the glycosylatable triplet sequences in globular

proteins of known three-dimensional structures based on the

number of spatial neighbours, conformational parameters and

direct or water-mediated hydrogen bonds, which can be

exploited by structural biologists and protein engineers.
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Figure 5
Figures representing the water-mediated hydrogen bond in (a) 2ach
(group III) and (b) 1hge (group V). The water molecule is located at this
position using the hydrogen-bond criteria; this water molecule did not
cause any stereochemical clash with the protein atoms. The side-chain
orientation of Ser/Thr is slightly altered in (b) in order to bring OG in the
hydrogen-bonding position.


