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N-linked glycosylation can profoundly affect protein expression
and function. N-linked glycosylation usually occurs at the sequon
Asn-Xaa-Ser/Thr, where Xaa is any amino acid residue except
Pro. However, many Asn-Xaa-Ser/Thr sequons are glycosylated
inefficiently or not at all for reasons that are poorly understood.
We have used a site-directed mutagenesis approach to examine
how the Xaa and hydroxy (Ser/Thr) amino acid residues in
sequons influence core-glycosylation efficiency. We recently
demonstrated that certain Xaa amino acids inhibit core glycosyl-
ation of the sequon, Asn®’-Xaa-Ser, in rabies virus glycoprotein
(RGP). Here we examine the impact of different Xaa residues on
core-glycosylation efficiency when the Ser residue in this sequon
is replaced with Thr. The core-glycosylation efficiencies of RGP

variants with different Asn®*’-Xaa-Ser/Thr sequons were com-
pared by using a cell-free translation/glycosylation system. Using
this approach we confirm that four Asn-Xaa-Ser sequons are
poor oligosaccharide acceptors: Asn-Trp-Ser, Asn-Asp-Ser, Asn-
Glu-Ser and Asn-Leu-Ser. In contrast, Asn-Xaa-Thr sequons are
efficiently glycosylated, even when Xaa = Trp, Asp, Glu or Leu.
A comparison of the glycosylation status of Asn-Xaa-Ser and
Asn-Xaa-Thr sequons in other glycoproteins confirms that
sequons with Xaa = Trp, Asp, Glu or Leu are rarely glycosylated
when Ser is the hydroxy amino acid residue, and that these
sequons are unlikely to serve as glycosylation sites when intro-
duced into proteins by site-directed mutagenesis.

INTRODUCTION

N-linked glycosylation is one of the most common forms of
protein processing in eukaryotes [1]. The pattern of N-linked
glycosylation in glycoproteins is important because the number
and position of N-linked oligosaccharides added to a protein can
have profound effects on protein expression, structure and
function [2-7]. N-linked glycosylation begins with the transfer of
the core oligosaccharide, Gle,Man,GIcNAc,, to an Asn residue
in the protein chain by the enzyme, oligosaccharyltransferase
[1,8,9]. Oligosaccharyltransferase is located in the endoplasmic
reticulum membrane, with the active site of the enzyme near the
endoplasmic reticulum membrane on the luminal side [9-11].
Core glycosylation usually occurs as the glycosylation site on a
nascent protein enters the endoplasmic reticulum lumen
[10,12—-14].

The tripeptide signal or sequon, Asn-Xaa-Ser/Thr, is generally
required for N-linked glycosylation [15]. It is clear, however, that
other factors also control core glycosylation, because many
sequons are not glycosylated [16] or are glycosylated inefficiently
[3,17-22]. These factors include the local amino acid sequence
(i.e. the residues near the Asn residue) and the accessibility of
the sequon for glycosylation [23]. A variety of experimental
approaches have been used to characterize the impact of local
amino acid residues on core glycosylation. These approaches
include comparisons of the amino acid sequences near
glycosylated and non-glycosylated sequons (protein surveys), the
use of peptides as oligosaccharide acceptors or inhibitors, and
the analysis of the co-translational glycosylation of sequons in
recombinant proteins [23]. Those studies reveal that Pro residues
usually block glycosylation when they occur at the Xaa position
or the position immediately after a sequon [16,24,25], and that
Asn-Xaa-Thr sequons are generally better oligosaccharide

acceptors than Asn-Xaa-Ser sequons [11,16,26-28]. Cys residues
near sequons can also inhibit glycosylation if they participate in
disulphide bonding [23]. Peptide studies also demonstrated an
inhibitory effect of an Asp residue at the Xaa position [29,30],
and some protein surveys have found that Cys, Trp [11], Asp [15]
and Glu [24] residues are uncommon at the Xaa position in
glycosylated sequons.

We have used rabies virus glycoprotein (RGP) as a model
system to examine systematically the impact of local amino acid
residues on core-glycosylation efficiency. For these studies RGP
variants were generated with a single sequon at Asn®’. Site-
directed mutagenesis was used to substitute different amino acid
residues near Asn®’ and the impact of each amino acid sub-
stitution on core glycosylation was directly quantified by ex-
pressing the variants in a cell-free translation/glycosylation
system [27,31]. Recently we compared the core-glycosylation
efficiencies of variants with each of the 20 common amino acids
substituted at the Xaa position of the sequon, Asn®*’-Xaa-Ser.
The core-glycosylation efficiency of those variants ranged from
no glycosylation to full glycosylation, demonstrating that the
Xaa residue is an important determinant of core-glycosylation
efficiency when Ser is present at the hydroxy (Ser/Thr) position
[31]. Here we compare the impact of the Xaa residue in Asn-Xaa-
Ser sequons with that of Asn-Xaa-Thr sequons to define further
the protein sequences that control N-linked core glycosylation.

MATERIALS AND METHODS

Construction of plasmids encoding RGP variants with amino acid
substitutions near Asn®’

RGP(1--)X38T39 variants with a Trp, Asp, Glu, Asn, Gly, Arg,
His or Ser residue at the Xaa position were generated using a

Abbreviations used: RGP: rabies virus glycoprotein.
1 To whom correspondence should be addressed.
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cassette mutagenesis approach described in detail previously [31].
[(1--) signifies deletion of sequons 2 and 3, leaving only sequon 1.]
The RGP(1--)X38T39 variant with a Leu residue at the Xaa
position was constructed previously by replacing Ser® in
RGP(1--) with Thr [27]. Successful mutagenesis was confirmed in
each variant by DNA sequencing.

Expression of RGP variants in a cell-free system

Methods for expression of RGP variants in a cell-free system
have been described previously [3,27,31]. Briefly, RNA encoding
RGP variants were generated by in vitro transcription and
translated with a rabbit reticulocyte lysate system supplemented
with [**S]methionine and canine pancreas microsomes. After
translation, the reactions were treated with proteinase K and
analysed by SDS/PAGE and autoradiography [31]. Densito-
metric analysis was performed with gel autoradiographs exposed
in the linear range.

Statistical analysis

Fisher’s Exact Test was used for data analysis.

RESULTS AND DISCUSSION

Construction of plasmids encoding RGP variants with amino acid
substitutions near Asn®’

Wild-type RGP contains three Asn-Xaa-Ser/Thr sequons at
Asn®’, Asn?**" and Asn®'® [33]. In previous studies we modified
RGP by site-directed mutagenesis to generate a variant with a
single glycosylation sequon, Asn®*’Leu®*Ser®® [Figure 1, RGP(1--)]
[3]. The sequon in RGP(1--) is glycosylated inefficiently in the
cell-free system described above and in transfected Chinese
hamster ovary cells [3,27,31]. We also generated RGP(1--)
variants in which the Xaa residue (Leu®®) was replaced with each
of the common 20 amino acids [Figure 1, RGP(1--)X38S39
variants] [31]. Analysis of RGP(1--)X38S39 variants in the cell-
free system revealed that the Xaa residue is an important
determinant of core-glycosylation efficiency when Ser is the
hydroxy amino acid [31].
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Figure 1  Structure of RGP and RGP variants

The extracellular domain of wild-type RGP contains three sequons at Asn® (sequon 1), Asn®*’

(sequon 2) and Asn®'® (sequon 3) [RGP(WT)]. RGP(1-) contains a single sequon with the
sequence Asn®’Leu*®Ser® (sequon 1). In RGP(1--), sequons 2 and 3 were deleted by site-
directed mutagenesis, replacing the Thr residue in each sequon with Ala. RGP(1--)X38S39 and
RGP(1--)X38T39 variants were derived from RGP(1--) by oligonucleotide cassette mutagenesis.
Each RGP(1--)X38S39 variant contains a single Asn-Xaa-Ser sequon with a different residue at
the Xaa position. Each RGP(1--)X38T39 variant contains a single Asn-Xaa-Thr sequon with a
different residue at the Xaa position. Abbreviation: X, Xaa.

In the present study we generated additional variants to
compare the effect of the Xaa residue in Asn-Xaa-Ser versus
Asn-Xaa-Thr sequons. These variants each contain a single
sequon at Asn®’ with Thr at the hydroxy position [Figure 1,
RGP(1--)X38T39 variants]. RGP(1--)X38T39 variants were con-
structed with a Trp, Glu, Asp, Leu, Asn, Gly, Arg, His or Ser
residue at the Xaa position. In a previous study, variants with
these Xaa residues were shown to range from inefficient to full
glycosylation when Ser is present at the hydroxy position [31].

Expression of RGP variants in a cell-free system

We compared the core-glycosylation efficiency of RGP variants
with Asn®’-X?%-Ser®® sequons [RGP(1--)X38S39 variants] and
Asn®-X*-Thr*® sequons [RGP(1--)X38T39 variants] in a rabbit
reticulocyte cell-free translation system supplemented with
[?*S]methionine and canine pancreas microsomes [34,35]. These
microsomes remove the N-terminal signal sequence from RGP
variants and add core oligosaccharides to Asn-Xaa-Ser/Thr
sequons [3]. Processing of core oligosaccharides is limited in
this system, simplifying the analysis of core glycosylation. Before
glycosylation analysis, the full set of variants was translated in
parallel in the absence of microsomes (without glycosylation)
and analysed by SDS/PAGE. This analysis confirmed that none
of the amino acid substitutions introduced near Asn®’ altered the
electrophoretic mobility of the protein (results not shown).
Translation of each variant was performed in the presence of
microsomes to examine core-glycosylation efficiency. In this
system the core-glycosylation efficiency of the sequon, Asn-Leu-
Ser in RGP, does not change significantly over a 50-fold range of
RNA concentration (results not shown).

To compare the core-glycosylation efficiency of RGP variants,
the full set of 18 variants (nine variants with Asn-Xaa-Ser
sequons and nine variants with Asn-Xaa-Thr sequons) were
translated in parallel. To ensure that RNA encoding each variant
was translated in the presence of an identical amount of
microsomes, the components of the in vitro translation system
were premixed with microsomes in a single batch and then
aliquots were added to tubes containing RNA. After in-
cubation, proteins that were not targeted to microsomes and
were therefore not exposed to the glycosylation apparatus were
removed from the reactions by proteinase K digestion, as
described [31]. Therefore the only RGP products included in the
determination of core-glycosylation efficiency were those that
entered the microsomal lumen. Proteinase K digestion also
removes the non-glycosylated cytoplasmic tail of these proteins,
which causes a shift in their electrophoretic mobility; this
provides a control for the completeness of proteinase K digestion.

Because each RGP variant contains a single sequon for
glycosylation, expression of the variants in this system produces
proteins that are either glycosylated with a single core oligo-
saccharide (G) or not glycosylated (N). The glycosylated and
non-glycosylated forms of each variant were separated by
SDS/PAGE and analysed by autoradiography, as described [31].
Gel autoradiographs showing the translation products of variants
with Asn-Xaa-Ser sequons (Figure 2A) and Asn-Xaa-Thr
sequons (Figure 2B) are shown. The residue at the Xaa position
of each variant is indicated above each lane, and the migration
positions of the glycosylated and non-glycosylated proteins are
shown.

To quantify core-glycosylation efficiency, each variant was
expressed in the cell-free system in three independent experiments.
The amount of protein produced in each translation reaction can
vary, reflecting differences in the amount of RNA added.
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Figure 2

Core glycosylation of RGP variants

RNA encoding each RGP variant was generated by /n vitro transcription and expressed in a cell-
free translation system in the presence of canine pancreas microsomes and [*S]methionine.
Translation products were treated with proteinase K and analysed by SDS/PAGE and
autoradiography. The residue at the Xaa position in each variant is indicated above each lane.
The migration positions of the non-glycosylated protein (N) and the protein glycosylated with
a single core-oligosaccharide (G) are indicated. (A) Translation of RGP(1--)X38S39 variants with
Asn-Xaa-Ser sequons; (B) translation of RGP(1--)X38T39 variants with Asn-Xaa-Thr sequons.
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Figure 3 Influence of the Xaa residue on the core-glycosylation efficiency
of Asn-Xaa-Thr sequons compared with Asn-Xaa-Ser sequons

RGP variants were analysed in the cell-free system as described in the legend to Figure 2 in
three independent experiments. Gel autoradiographs from each experiment were exposed in the
linear range and analysed by densitometric scanning. The core-glycosylation efficiency of each
variant was calculated as described in the text for each experiment, and the mean core-
glycosylation efficiency + 2 S.D. from the three experiments was plotted. Data from variants with
Asn-Xaa-Ser sequons (Q) and Asn-Xaa-Thr sequons (@) are shown. Abbreviation: X, Xaa.

Therefore the core-glycosylation efficiency of the sequon in each
variant was determined by comparing the relative amounts of
glycosylated and non-glycosylated protein in each translation
reaction. The amounts of glycosylated and non-glycosylated
products were quantified by densitometric scanning of gel
autoradiographs, and core-glycosylation efficiency was calculated
as 100[G]/[G+ N], as described [31,32]. For each variant, the
mean core-glycosylation efficiency +2S.D. was determined for
the three experiments (Figure 3). The core-glycosylation efficiency
observed for each RGP variant was highly reproducible in this
system. Results obtained for the RGP(1--)X38S39 variants agreed
closely with those reported previously [31].

We find that the presence of a Thr residue at the hydroxy
position minimizes the inhibitory effect of unfavourable Xaa
residues. When Xaa = Trp, Asp, Glu or Leu, the core-
glycosylation efficiency of Asn-Xaa-Ser sequons is markedly
inhibited (mean core-glycosylation efficiencies 11 9, 149, 259%,
and 379, respectively) (Figures 2A and 3). In contrast, the
corresponding Asn-Xaa-Thr sequons are more efficiently
glycosylated (mean core-glycosylation efficiencies 759%,, 80 9%,
899, and 92 9,, respectively) (Figures 2B and 3). The presence of
a Thr residue at the hydroxy position also enhanced the core-
glycosylation efficiency of sequons with other Xaa residues.
These results suggest that Asn-Xaa-Ser sequons are generally
more susceptible to inhibition by Xaa residues than are Asn-
Xaa-Thr sequons.

Influence of the Xaa residue on core-glycosylation efficiency in
Asn-Xaa-Ser compared with Asn-Xaa-Thr sequons in other
glycoproteins

To test whether our findings could be generalized to proteins
other than RGP, we compared the Xaa residues at Asn-Xaa-Ser
with Asn-Xaa-Thr sequons in a set of 38 well-characterized
glycoproteins for which the glycosylation status at each sequon
was known [16]. The proteins used to determine glycosylation
status in this data set were synthesized in vivo or in cultured cells.
In a previous study, the same sequons were analysed to identify
factors that influence glycosylation [16]. That study revealed that
sequons with Pro at the Xaa position or the position immediately
after a sequon were rarely glycosylated, that glycosylated sequons
were more likely to occur close to the N-terminus of proteins,
and that Asn-Xaa-Thr sequons were more likely to be
glycosylated than Asn-Xaa-Ser sequons. That study did not find
an association between the presence of specific amino acid
residues at the Xaa position (other than Pro) and glycosylation
status when Asn-Xaa-Thr and Asn-Xaa-Ser sequons were con-
sidered as a single group [16].

On the basis of results obtained with RGP as a model protein,
we postulated that Asn-Xaa-Ser sequons with Xaa = Trp, Asp,
Glu or Leu would be poor oligosaccharide acceptors, whereas
other Asn-Xaa-Ser/Thr sequons would be likely to be
glycosylated, provided that Xaa # Pro. To test this hypothesis
we analysed the same set of proteins evaluated previously [16].
As previously, sequons in cytoplasmic and transmembrane
domains of proteins were excluded from the analysis, as were
sequons in highly similar regions of closely related proteins. We
further excluded two non-standard sequons (Asn-Xaa-Cys, Asn-
Gly-Gly-Ser), and two sequons for which the amino acid sequence
was not clearly defined. This yielded a total of 148 sequons for
analysis, including 100 glycosylated sequons and 48 non-
glycosylated sequons. Twelve of these sequons had a Pro residue
at the Xaa position. Of the remaining 136 sequons, 23 had a Trp,
Asp, Glu or Leu residue at the Xaa position (Table 1).

The glycosylation status of sequons in this data set was
analysed to determine whether the findings obtained for sequons
in RGP could be generalized to other proteins. We first compared
the glycosylation of Asn-Xaa-Ser sequons with that of Asn-Xaa-
Thr sequons, with Xaa = Trp, Asp, Glu or Leu (Table 1). By
assuming that these Xaa residues would inhibit glycosylation of
Asn-Xaa-Ser sequons but not Asn-Xaa-Thr sequons, we correctly
predicted the glycosylation status of 20 out of 23 sequons; 13 out
of 15 Asn-Xaa-Thr sequons with these Xaa residues were
glycosylated (predictive value 87 %), compared with only 1 out
of 8 of the Asn-Xaa-Ser sequons (predictive value 88 9,). These
results demonstrate that sequons with Xaa = Trp, Asp, Glu or
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Table 1 Glycosylation status of Asn-Xaa-Thr and Asn-Xaa-Ser sequons
with a Trp, Asp, Glu or Leu residue in the Xaa position

Seventeen proteins in the data set contained sequons with Trp, Asp, Glu or Leu at the Xaa
position. The glycosylation status of 15 Asn-Xaa-Thr and eight Asn-Xaa-Ser sequons with Xaa
= Trp, Asp, Glu or Leu was compared (see text). The number of glycosylated and non-
glycosylated sequons with each Xaa residue is indicated. Glycosylation was observed for 13 out
of 15 of the Asn-Xaa-Thr sequons, but only for 1 out of 8 of the Asn-Xaa-Ser sequons. The
proteins analysed include alkaline extracellular protease (Yarrowia lipolytica), o,-antitrypsin
(human), «-lactalbumin (rabbit), aspartic proteinase (Rhizomucor miehei), ceruloplasmin
(human), cholinesterase (human serum), deoxyribonuclease (bovine pancreas), folate-binding
protein (cow's milk), immunoglobulin M heavy chain (myeloma, MOPC 104E), immuno-
globulin M heavy chain (human Ou, Waldenstroms), lactotransferrin (human), leucine-rich
a,-glycoprotein (human), ovalbumin (hen), pensinogen (hen), peroxidase (horseradish),
ribonuclease (hippopotamus pancreas) and von Willebrand factor (human) [16].

Asn-Xaa-Thr sequons Asn-Xaa-Ser sequons

Non- Non-
Xaa Glycosylated glycosylated Glycosylated glycosylated
Trp 2 0 0 0
Asp 1 0 0 4
Glu 3 1 0 1
Leu 7 1 1 2
Total 13 2 1 7

Leu are more likely to be glycosylated when Thr is present at the
hydroxy position (P < 0.05). The different glycosylation patterns
of the Asn-Xaa-Thr and Asn-Xaa-Ser sequons in Table 1 was
not explained by an inhibitory effect of Pro at the position after
a sequon, because only one of the nine non-glycosylated sequons
contained a Pro residue at that position. The proximity of the
sequons to the N-terminus also did not seem to influence our
findings. The position of the Asn residues in the 13 Asn-Xaa-Thr
glycosylated sequons in Table 1 ranged from 17 to 481, with a
mean distance from the N-terminus of 231 residues. The position
of the Asn residues in the seven Asn-Xaa-Ser non-glycosylated
sequons ranged from 21 to 569, with a mean distance from the N-
terminus of 225 residues.

The analysis described above was extended to compare the
glycosylation status of the eight sequons predicted to be poor
oligosaccharide acceptors (Asn-Xaa-Ser sequons with Xaa =
Trp, Asp, Glu or Leu) with that of 128 sequons in the data set
with favourable sequences; the latter group included Asn-Xaa-
Ser sequons with Xaa # Trp, Asp, Glu, Leu or Pro and Asn-
Xaa-Thr sequons with Xaa # Pro. Only 1 out of 8 sequons
predicted to be poor oligosaccharide acceptors was glycosylated,
compared with 98 out of 128 sequons predicted to be favourable.
This difference was highly significant (P < 0.001).

As a control for the analysis above, we compared the
glycosylation status of Asn-Xaa-Ser sequons with that of Asn-
Xaa-Thr sequons with Xaa residues that were predicted to be
favourable in either group. First, we compared the glycosylation
status of the 20 Asn-Xaa-Ser and 23 Asn-Xaa-Thr sequons in the
data set with Xaa = Asn, Gly, Arg, His or Ser; both Asn-Xaa-
Ser and Asn-Xaa-Thr sequons with those Xaa residues were
efficiently glycosylated in RGP (Figures 2 and 3). As expected,
we found no significant difference between these two groups (P
= 0.081). We also compared the glycosylation status of the 45
Asn-Xaa-Ser and 68 Asn-Xaa-Thr sequons in the data set with
any of the 15 Xaa residues predicted to be favourable with either
Ser or Thr at the hydroxy position (i.e. Xaa # Trp, Asp, Glu, Leu
or Pro). As predicted, no significant difference was observed
between these two groups (P = 0.087).

Novel Asn-Xaa-Ser/Thr sequons have been introduced into
recombinant proteins by genetic engineering to study the role of
glycosylation in protein folding, transport, stability and pro-
teolytic processing [23]. This approach has also been used to
study the topology of multispanning membrane proteins and to
modify the biological properties of glycoproteins [23]. Unfortu-
nately, many sequons introduced into proteins are not
glycosylated. The findings in the present study suggest that Asn-
Xaa-Ser sequons with Xaa = Trp, Asp, Glu or Leu should be
avoided when novel sequons are engineered into proteins by site-
directed mutagenesis. To address this issue we examined the
glycosylation status of 38 novel sequons engineered into nine
different recombinant proteins [4,5,7,36-41]. The studies cited
provided information about the Xaa and hydroxy amino acid
residues in each novel sequon, and determined whether or not
each novel sequon was glycosylated. One of the sequons con-
tained a Pro residue at the Xaa position, and one contained Pro
at the position after the sequon; neither of those sequons was
glycosylated. The 36 remaining sequons included three Asn-Xaa-
Ser sequons with Xaa = Trp, Asp, Glu or Leu, and four Asn-
Xaa-Thr sequons with these Xaa residues. None of the three
sequons with a Ser residue at the hydroxy position was
glycosylated, whereas all four sequons with Thr at the hydroxy
position were glycosylated. Of the remaining 29 sequons in these
proteins that were predicted to be favourable, 24 (83 9,) were
glycosylated. Although the data for analysis of novel sequons are
limited, these findings agree with the experimental results and
analysis of naturally occurring sequons in glycoproteins
presented above.

Our findings are consistent with those of previous studies that
suggest that Asn-Xaa-Thr sequons are generally better oligo-
saccharide acceptors than Asn-Xaa-Ser sequons [11,16,26-28].
The greater oligosaccharide acceptor activity of Asn-Xaa-Thr
sequons has been explained by a model in which the hydroxy
amino acid residue plays a direct catalytic role in the transfer of
the core oligosaccharide [26,28]. In this model, core glycosylation
involves a series of hydrogen bond transfer reactions between
oligosaccharyltransferase, the hydroxy amino acid side chain,
and the f-amide group of Asn [26,42]. The hydroxy amino acid
residue (or Cys, in Asn-Xaa-Cys sequences) is proposed to relay
a proton from the Asn residue to the active site of oligo-
saccharyltransferase, rendering the f-amide group of the Asn
residue more susceptible to nucleophilic attack on the dolichol-
oligosaccharide complex [26,28,42]. The basicity of the hydroxy
amino acid would therefore influence the efficiency of oligo-
saccharide transfer, with Thr > Ser > Cys [26,28]. Other investi-
gators suggest a related model, in which interactions between the
Asn residue and hydroxy amino acid residue involve the peptide
backbone as well [43,44]. The findings from the current study
demonstrate that the presence of a Thr residue at the hydroxy
position of a sequon exerts a dominant effect on core
glycosylation, minimizing the inhibitory effect of unfavourable
Xaa residues.

Our study identifies four Xaa residues as particularly un-
favourable (Trp, Asp, Glu and Leu) and demonstrates that Asn-
Xaa-Ser sequons with these Xaa residues are unlikely to be
glycosylated. Unfavourable Xaa residues might decrease the
efficiency of core glycosylation by lowering the affinity of a
sequon for oligosaccharyltransferase or by impairing hydrogen
bond transfer reactions required for core oligosaccharide trans-
fer. Because the spatial relationship of the Asn and hydroxy
amino acid residues in a sequon might be critical for oligo-
saccharide transfer [25,26,29,43-47], large, hydrophobic Xaa
residues (e.g. Trp, Leu, Phe and Tyr) might inhibit core
glycosylation by producing an unfavourable local protein con-
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formation [31]. In contrast, small Xaa residues that do not
constrain protein conformation, such as Gly, are associated with
efficient core glycosylation. Our studies also reveal that negatively
charged Xaa residues (Asp and Glu) inhibit glycosylation,
whereas positively charged Xaa residues (Lys, Arg and His) are
favourable [31]. The presence of a negatively charged amino acid
residue at the Xaa position might impair the ability of oligo-
saccharyltransferase to bind simultaneously to the sequon and
the negatively charged dolichol-PP-oligosaccharide precursor
[29-31]. Interestingly, sequons containing hydroxy amino acid
residues (Ser and Thr) or Cys at the Xaa position were found to
be excellent oligosaccharide acceptors, whereas those with amide
groups (Asn and Gln) at the Xaa position were glycosylated less
efficiently [31]. Further characterization of the structure and
enzymic mechanism of oligosaccharyltransferase will help to
clarify the role that individual amino acid residues play in
oligosaccharide addition.

The general relevance of our findings with RGP as a model
protein is supported by our analysis of other proteins synthesized
in vivo and in cultured cells. This information should improve
predictions of the glycosylation patterns of proteins from their
amino acid sequences and should facilitate the design of novel
recombinant glycoproteins. Because efficient core glycosylation
also requires that a sequon is accessible to oligosaccharyl-
transferase during protein synthesis, factors such as protein
folding and the position of a sequon in a protein should also be
considered in the design of recombinant proteins [23].

This work was supported in part by funds from the National Blood Foundation and
the Center for AIDS Research at Case Western Reserve University (NIH # Al36219).
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