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AbstractÐOligosaccharyltransferase (OST) catalyzes the transfer of a branched oligosaccharide from a dolichylpyrophosphate
oligosaccharide (Dol-PP-OS) to the asparagine of a nascent polypeptide chain in vivo and peptide substrates in vitro. Here we
report the isolation and puri®cation of Dol-PP-OS from bovine pancreas and thyroid. Steady-state kinetic parameters comparing
the two Dol-PP-OS to a shorter dolichylpyrophosphate disaccharide (DolPP-DS) previously synthesized in our laboratory are
reported. These were determined for Dol-PP-OS, Dol-PP-DS, and the tripeptide Bz-Asn-Leu-Thr-NH2 with solubilized OST and,
for the ®rst time, saturation kinetics were observed for all substrates. The kinetic data provide a basis for analyzing quantitatively
the individual contributions of oligosaccharide donor and peptide acceptor substrates to OST-catalyzed glycosylation. # 1999
Elsevier Science Ltd. All rights reserved.

Introduction

N-Linked glycosylation is a common type of protein
modi®cation in which complex oligosaccharides are
attached to speci®c asparagine residues.1±3 This cotrans-
lational process occurs in the rough endoplasmic
reticulum and is catalyzed by the enzyme oligosaccharyl-
transferase (OST, EC 2.4.1.119).4±7 The glycosylation
process catalyzed by OST occurs on the nascent poly-
peptide chain during translocation from the ribosome to
the lumenal face of the rough endoplasmic reticulum.

A sequon of three amino acids, Asn-X-Thr/Ser, where
X is any amino acid except for proline, is necessary but
not su�cient for glycosylation.8,9 The tripeptide sequon
itself is able to serve as a substrate for OST when both
the amino and carboxy termini are blocked.10 For the
lipidoligosaccharide there is a strict requirement for a
large polyisoprene (e.g. dolichol) as the lipid moiety.11

The in vivo lipidoligosaccharide substrate for OST,
dolichylpyrophosphate oligosaccharide (Dol-PP-OS),
contains a complex branched oligosaccharide consisting
of Glc3Man9(GlcNAc)2. However, OST will utilize
substrates with truncated oligosaccharide moieties.
The minimal substrate that the enzyme recognizes is
Dol-PP-(GlcNAc)2 (dolichylpyrophosphate disaccharide,
DolPPDS) whereas the monosaccharide, Dol-PP-

GlcNAc is not a substrate for OST.12 Due to the struc-
tural complexity of the lipidoligosaccharide, kinetic and
mechanistic studies of OST have used either Dol-PP-OS
that can be produced biosynthetically in very small
amounts12±16 or Dol-PP-DS which can be synthesized in
larger quantities.17±21 In this study, Dol-PP-OS was
isolated from bovine pancreas and thyroid in mg quan-
tities using modi®cations of published procedures.22±25

This isolation and puri®cation of Dol-PP-OS from
bovine tissue marks the ®rst time that su�cient quan-
tities of this substrate have been available for a com-
plete kinetic evaluation of the OST-catalyzed reaction.
As a result, the steady-state kinetic parameters for OST-
catalyzed glycosylation of the tripeptide, Bz-Asn-Leu-
Thr-NH2, by either bovine Dol-PP-OS or synthetic Dol-
PP-DS can be determined. The data provide, under
conditions where saturation can be observed for all
substrates, the most complete kinetic analysis to date of
the oligosaccharide donor substrate for this key step in
N-linked glycoprotein biosynthesis26 and set the stage
for future use of these donors in more extensive kinetic
studies.

Experimental

Materials

GDP-1-[3H]-mannose and 7-[14C]-benzoic acid were
purchased from American Radiolabeled Chemicals (St.
Louis). Mature bovine pancreas and thyroid were
obtained from Pel-Freeze Biologicals. DE-52 cellulose
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was from Whatman, concanavalin A (Con A)-Sephar-
ose from Sigma, and BioGel P-4 and P-6 from BioRad.
P40 yeast microsomes and biosynthetic [3H]-Dol-PP-OS
were prepared as described by Clark et al.16 Dol-PP-
DS11,19 was a gift of Mr. Xinggao Fang of this labora-
tory. Puri®ed biosynthetic [14C]Glc3Man9(GlcNAc)2
and [14C]Man9(GlcNAc)2 were generously provided by
Dr. Robert Trimble, New York Department of Health,
Albany, New York. All other reagents were of the
highest grade available.

Isolation of unlabeled Dol-PP-OS from bovine tissue

Dol-PP-OS was isolated from bovine pancreas or thyr-
oid by modi®cation of the procedure of Spiro et al.23

Frozen bovine pancreas or thyroid (240±300 g) were
thawed in 1000±1500mL of homogenization bu�er
(0.15M Tris, pH 7.4, 4mM MgCl2) for 1 h at 4 �C. The
tissue was homogenized in a blender for a total of 5min
in pulses of 1min on/o� at 4 �C. The homogenate
(40mL) was extracted with 175mL CHCl3:CH3OH (3:2,
v/v) via constant shaking at room temperature for
10min. The mixture was centrifuged at 500 g for 15min
at 10 �C and the upper and lower phases were carefully
removed by aspiration leaving the solid interface mate-
rial. The interface material was collected and when all
the homogenate had been extracted, the solid material
was divided equally between six Te¯on centrifuge bot-
tles. The interface material was extracted three more
times with CHCl3:CH3OH:H2O (3:2:1, v/v/v, 100mL/
bottle); the aqueous component of the ®rst extraction
solvent contained 4mM MgCl2. After each addition of
solvent, the samples were kept at room temperature for
10min with constant shaking and then centrifuged at
500 g for 15min at 10 �C. After each extraction the
upper and lower phases were carefully removed from
the solid material at the interface by aspiration. The
interface material was then placed under vacuum for 2 h.

The partially dried material was resuspended in CHCl3:
CH3OH (2:1, v/v; 720mL total) and kept at room tem-
perature with constant shaking for 10±20min. Follow-
ing centrifugation (as described above) the supernatant
was carefully removed by aspiration. After repeating the
2:1 wash, Dol-PP-OS was extracted from the pellet by
the addition of CHCl3:CH3OH:H2O (1:1:0.3, v/v/v;
720mL total) and shaking constantly at room tempera-
ture for 10±20min. The supernatant was isolated by
centrifugation and carefully removed to a clean ¯ask.
The pellet was extracted two more times and the
extracts pooled. The organic solvents were removed by
rotary evaporation at 30 �C and the remaining water
was removed by lyophilization. The sample was stored
at ÿ80 �C.

Puri®cation of bovine Dol-PP-OS

Dol-PP-OS from bovine pancreas or thyroid was pur-
i®ed by chromatography on DEAE cellulose (DE52,
4.8�30 cm Kontes Chroma¯ex column) employing a
stepwise washing and elution followed by lectin a�nity
chromatography using Con A-Sepharose.25 The DE52
column (acetate form, 150mL) was equilibrated with

1.5 L CH3OH, and 1.5 L CHCl3:CH3OH:H2O (1:1:0.3,
v/v/v). The isolated bovine Dol-PP-OS obtained from
1±3 extractions was dissolved in 50±100mL of CHCl3:
CH3OH:H2O (1:1:1, v/v/v) and [3H]-Dol-P-P-OS
(110 000±132 000 dpm) was added as a marker. The
sample was loaded onto the column and the column was
washed successively with 150mL CHCl3:CH3OH:H2O
(1:1:0.3, v/v/v), 150mL CH3OH, 1.5 L CHCl3:CH3OH
(2:1, v/v), and 1.5 L CHCl3:CH3OH (2:1, v/v) contain-
ing 30mM ammonium acetate. Dol-PP-OS was then
eluted from the column as a sharp peak with CHCl3:
CH3OH:H2O (1:1:0.3, v/v/v) containing 0.15 M ammo-
nium acetate. Fractions (�10±13mL) were collected and
the column monitored by absorbance at 260 nm. Ali-
quots (0.1mL) were removed and analyzed by scintilla-
tion counting. The fractions containing Dol-PP-OS
were pooled, the organic solvents were removed by rotary
evaporation, and the water removed by lyophilization.
The sample was dissolved in water and lyophilized sev-
eral times to remove residual ammonium acetate.

Dol-PP-OS isolated by DEAE ion exchange chromato-
graphy was further puri®ed by chromatography on a
Con A-Sepharose lectin a�nity column. A column of
Con A-Sepharose (15mL) was washed with 5±10 col-
umn volumes of equilibrating bu�er (1% nonidet P-40
(NP-40), 0.1 M NaCl, 0.01 M Tris, pH 7.5, 1mM
MgCl2, 1mM MnCl2 and 1mM CaCl2). The sample of
DEAE-puri®ed Dol-PP-OS was dissolved in 0.5±0.7
column volumes of equilibrating bu�er and applied to
the column. The sample was loaded onto the column,
the ¯ow was stopped, and the column and sample were
allowed to equilibrate for at least 1 h at 4 �C. The col-
umn was then washed with equilibrating bu�er and 3±
5mL fractions were collected. The wash was monitored
by absorbance at 295 nm and 50 mL aliquots were
removed for scintillation counting. When both the
absorbance and radioactivity had returned to baseline
values (approximately 3 column volumes), 0.7±0.8 col-
umn volumes of 8% a-methylmannoside in equilibrat-
ing bu�er was applied to the column. The ¯ow was
stopped and the column was allowed to equilibrate at
room temperature for 1 h, after which the Dol-PP-OS
was eluted from the column with additional a-methyl-
mannoside bu�er. Fractions were collected and ana-
lyzed by absorbance at 295 nm and 50 mL aliquots were
analyzed by scintillation counting. The eluent fractions
containing tritium were pooled and lyophilized.

To remove a-methylmannoside, the residue from the
Con A column was dissolved in 10±20mL of 1% NP-40
and loaded onto a Bio-Gel P-6 column (1.5�35 cm)
previously equilibrated in 1% NP-40. Fractions (1mL)
were collected and radioactivity determined on 50 mL
aliquots. a-Methylmannoside elution was monitored by
the phenol±H2SO4 reaction

27 carried out on 2mL aliquots
and absorbance was measured at 490 nm. Fractions
containing Dol-PP-OS were pooled and lyophilized.

To remove the NP-40 detergent the sample was dis-
solved in CHCl3:CH3OH:H2O (1:1:0.3, v/v/v) and
applied to a DE52 column (1.0�5.0 cm) equilibrated
with CH3OH followed by CHCl3:CH3OH:H2O (1:1:0.3,
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v/v/v). The column was washed with CHCl3:CH3OH:
H2O (1:1:0.3, v/v/v) and the Dol-PP-OS eluted with
CHCl3:CH3OH:H2O (1:1:1, v/v/v) containing 0.15 M
ammonium acetate. Fractions were collected and radio-
activity determined on 50 mL aliquots. The radioactive
fractions were pooled, concentrated by rotary evapora-
tion, and lyophilized. Ammonium acetate was removed
by repeated washings with water followed by lyophili-
zation. The ®nal yield of Dol-PP-OS was 1.75 nmol/g
tissue. The sample was stored at ÿ80 �C.

The concentration of bovine Dol-PP-OS (pancreas and
thyroid) was calculated by determining the concentra-
tion of N-acetylglucosamine (GlcNAc) in the sample,
assuming that each mole of Dol-PP-OS contains two
moles of GlcNAc. The GlcNAc concentration was
determined either by GC/MS28 at the Complex Carbo-
hydrate Research Center, University of Georgia, or by
high-pH anion-exchange chromatography.29 Hetero-
geneity in the oligosaccharide moiety of Dol-PP-OS
(pancreas and thyroid) was determined by mild acid
hydrolysis and analysis by gel permeation chromato-
graphy using BioGel P-4 as described previously.16

Synthesis of N�-[14C]-benzoyl-Asn-Leu-Thr-NH2

Benzoylation of the tripeptide, H-Asn-Leu-Thr-NH2
16

with 7-[14C]-benzoic acid was e�ected by EDC-mediated
coupling. An aliquot of 7-[14C]-benzoic acid (1.25mL,
2.2 mmol, 56mCi/mmol) in toluene was transferred to a
reaction ¯ask and the toluene was removed under a
gentle stream of nitrogen. The residue was dissolved in
2mL dry DMF and unlabeled benzoic acid (32mg,
0.26mmol), HOBt (36mg, 0.26mmol) and EDC (52mg,
0.26mmol) were added. The tripeptide, dissolved in
0.5mL of dry DMF and NMM (60 mL, 0.55mmol), was
added dropwise to the reaction ¯ask with constant stir-
ring. The reaction was allowed to proceed with constant
stirring overnight under nitrogen. After 15 h, the reac-
tion was checked by TLC and no starting materials
remained. A new spot which appeared at Rf=0.52 was
radioactive. The solvent was removed in vacuo and the
residue was washed with EtOAc. The insoluble desired
product was isolated by ®ltration, washed several times
with EtOAc, then ether and ®nally dried under vacuum.
This material was dissolved in a minimal volume of
MeOH (�5mL) and ether was added until an amor-
phous solid appeared. After remaining at 0 �C over-
night, the solid was isolated by ®ltration, washed several
times with ether, and dried under vacuum. The ®nal
yield was 54.1mg (44.4%) and was homogeneous by
TLC (Rf=0.52, silica gel, BuOH:HAc:H2O, 4:1:5, v/v/v,
upper phase). The speci®c radioactivity, based on the
weight of the product, was 0.35 mCi/mmol.

Solubilized P40 OST assay

P40 microsomes were solubilized by a modi®cation of
the method described by Chalifour and Spiro.30 Micro-
somes were diluted 1:1 (v/v) into a bu�er containing
0.05 M Tris, pH 7.5, 1.7% NP-40, 5mM MgCl2, and
5mM MnCl2 at 4 �C. After 10 strokes using a Dounce
homogenizer, the solubilized P40 was isolated by ultra-

centrifugation at 158 000 g for 1 h. The supernatant was
carefully removed and used immediately in the assay or
frozen in liquid N2 and stored at ÿ70 �C for up to 5
weeks. The same preparation of solubilized OST was
used for all assays.

The assay mixture contained 0.05 M Tris, pH 7.5, 5mM
MnCl2, 5mM MgCl2, 0.2% Triton X-100, 1mM egg
phosphatidylcholine, 0.4% NP-40, 5% DMSO and
solubilized P40 microsomes (3.7±4.0mg/mL) in a total
volume of 100 mL. For assays containing Dol-PP-OS,
either Na-[14C]-Bz-Asn-Leu-Thr-NH2 was kept constant
at 682 mM and Dol-PP-OS was varied from 0±236 mM
or Dol-PP-OS was kept constant at 118 mM and 50 mM,
for the pancreatic and thyroid tissue, respectively, and
the tripeptide was varied from 0±655 mM. For assays
with Dol-PP-DS, either Na-[14C]-Bz-Asn-Leu-Thr-NH2

was constant at 1250 mM and Dol-PP-DS was varied
from 0±990 mM or Dol-PP-DS was constant at 330 mM
and the tripeptide was varied from 0±1250 mM. The
assay mixture was kept at room temperature for 2 h
with constant shaking at 250 rpm. The reaction was
stopped by the addition of 3mL of CHCl3:CH3OH (3:2,
v/v). After incubating on ice for 30±60min, the product
was recovered by centrifugation at 1000 g for 15min.
The supernatant was removed, extracted with 1mL of
4mM MgCl2, and the layers separated by centrifuga-
tion. The top aqueous layer was carefully removed and
taken to dryness under vacuum (Savant Speed-Vac).
The pellet obtained from centrifugation of the original
quenched assay was washed with 3 mL of water,
centrifuged and the supernatant taken to dryness under
vacuum. Both of the dried samples were analyzed by
RP-HPLC (see below). This procedure is summarized in
Figure 1.

HPLC analysis of glycopeptide product

HPLC analysis of peptide substrates and glycopeptide
products was performed on either an Altex or Waters
liquid chromatography system (Vydac or Rainin C18

column, 4.6mm�25 cm, 5 mm). Samples taken to dry-
ness were resuspended in water containing 0.1% TFA.
The pH of each sample was checked and adjusted to
pH<7 if necessary. The mobile phase was 0.1% TFA in
H2O and the glycopeptide product was isolated utilizing
a gradient of 10±30% acetonitrile over 20min. Frac-
tions (0.5mL) were collected and analyzed for 14C by
scintillation counting. Routinely >90% of the radio-
activity applied to the column was recovered in the
various fractions collected. The amount of glycopeptide
formed was calculated from the radioactivity recovered
using a speci®c radioactivity of 0.35 mCi/mmol for the
labeled peptide. The kinetic data were analyzed using
the procedure of Lee and Wilson31 and ®t to the kinetic
programs of Cleland32 using programs adapted for use
on the Macintosh microcomputer (KinetAsyst, Intelli-
kinetics, Princeton, NJ).

Glycopeptide product inhibition studies

The [14C]-glycopeptide product was isolated by RP-
HPLC and was puri®ed to homogeneity. Product
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inhibition was determined using solubilized OST and
the assay mixture contained approximately 5 nM of bio-
synthetic [3H]-Dol-PP-OS, 180 mM of Bz-Asn-Leu-Thr-
NH2, solubilized OST (2.0±3.0mg/mL) and 0±2.3 mM of
[14C]-glycopeptide in 100 mL. The assay was conducted
and worked up as described above.

Results

Isolation and characterization of Dol-PP-OS

Dol-PP-OS was isolated from bovine pancreas and
thyroid by extraction with chloroform:methanol:water,
followed by chromatography on DEAE and Con A
lectin a�nity columns. This protocol yielded con-
siderably larger amounts (mg) of Dol-PP-OS than that
had been previously obtained (pg to ng) by biosynth-
esis.12,16 The approximate yield from four individual
isolations and puri®cations was 1.75 nmol/g tissue
resulting in almost 5mg of Dol-PP-OS. These results are
comparable to those reported previously in the litera-
ture; 1.0 nmol/g tissue for thyroid23 and 0.7 nmol/g tis-
sue for pancreas.25 Biosynthetically produced [3H]-Dol-
PP-OS was added as an internal standard prior to the
puri®cation of Dol-PP-OS from pancreas or thyroid
and a 50±60% yield of the radioactivity was recovered
in the ®nal product.

Saccharide analysis of Dol-PP-OS from both thyroid
and pancreas revealed a heterogeneous mixture of oli-
gosaccharides. The addition of glycosidase inhibitors
such as castanospermine and deoxynojirimycin to the
extraction and chromatography bu�ers was without
e�ect. It is possible that the freshly isolated tissue was
not frozen rapidly enough by the commercial vendor
(Pel-Freeze) to prevent partial hydrolytic degradation of
the oligosaccharide prior to storage. Gel ®ltration
chromatography (BioGel P4) of the oligosaccharide
after acid hydrolysis from the lipid showed multiple
species for pancreatic Dol-PP-OS and only three major

forms from thyroid (data not shown). The oligo-
saccharides obtained from pancreatic Dol-PP-OS were
truncated forms of the full oligosaccharide of
Glc3Man9(GlcNAc)2 with the predominate species esti-
mated to be Man5±6(GlcNAc)2. Carbohydrate analysis
con®rmed the gel ®ltration data with a maximum ratio
of 3:1 Man to GlcNAc. Gel ®ltration analysis also
shows that there is a signi®cant amount of free mannose
present, suggesting that the ratio of Man to GlcNAc in
the oligosaccharide hydrolysate is actually lower than
3:1. Dol-PP-OS from thyroid had only three species of
oligosaccharide with Glc3Man9(GlcNAc)2 and Man9-
(GlcNAc)2 predominating. Carbohydrate analysis of
the thyroid Dol-PP-OS showed a ratio of 4.6:1 of
Man to GlcNAc suggesting that the oligosaccharide
portion of thyroid Dol-PP-OS consists primarily of
Glc3Man9(GlcNAc)2 and Man9-(GlcNAc)2. This con-
clusion is supported by co-elution (BioGel P4) of the
two major oligosaccharides derived from thyroid Dol-
PP-OS with authentic [14C]Glc3Man9-(GlcNAc)2 and
[14C]Man9(GlcNAc)2 (data not shown).

OST assay with bovine Dol-PP-OS

Previous studies utilizing biosynthetic [3H]-Dol-P-P-OS
or -DS had established roughly which substrates and
products were found in which extraction layer in the
assay work up.16,19 In the present work, the use of [14C]-
Bz-Asn-Leu-Thr-NH2, combined with the higher levels
of Dol-PP-OS and HPLC analysis of the various frac-
tions, allowed for a more detailed analysis of the pro-
duct distribution (Fig. 1). When Dol-PP-OS or Dol-PP-
DS was the lipidoligosaccharide substrate with solubi-
lized OST, a majority of the glycopeptide product was
found in the supernatant after the CHCl3:CH3OH (3:2,
v/v) extraction. Both ®nal fractions containing product
were pooled before HPLC analysis. An alternative to
this method of product analysis involves isolation of
product by binding to an immobilized lectin such as
Con A.24,33 However, this method was found to be more
time consuming and less reproducible.

Figure 1. Isolation of the [14C]-glycopeptide product. See text for details.
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Kinetic constants for solubilized OST

To obtain the glycopeptide in product amounts that
could be detected with good reproducibility, it was
necessary to employ longer assay times and to accumu-
late product in concentrations greater than 10% of the
initial substrate concentration. As a result, the kinetic
parameters were determined using a modi®ed Michaelis±
Menton equation that takes into account the high con-
centration of product.31 The amount of product formed
was linear with respect to time for at least 2 h (data not
shown). Possible product inhibition was addressed by
isolating the glycopeptide product by HPLC and adding
it to the OST assay. The concentration of glycopeptide
ranged from 0.0 to 2.3 mM and the Dol-PP-OS was held
constant at 0.005 mM. No product inhibition was
observed under these conditions with a 600-fold excess
of glycopeptide over substrate. Both the linearity of the
assay with time and the lack of product inhibition allow
for longer assay times and the accumulation of su�cient
quantities of product to allow an accurate determina-
tion of the steady-state parameters. There was concern
that substrate depletion would occur at the lower con-
centrations. Although this was not a problem with a 2-h
assay, substrate depletion was observed at lower con-
centrations with a 3-h assay.

The velocity versus substrate concentration curves for
pancreatic Dol-PP-OS and tripeptide with solubilized
OST are shown in Figure 2. In both cases, saturating
substrate levels were achieved. The kinetic constants
derived from these data and comparable data from
three other sets of substrates are given in Table 1. Simi-
lar data were obtained for microsomal membrane-
bound OST (not shown). There was only a ca. twofold
di�erence in the Km between pancreatic Dol-PP-OS and
Dol-PP-DS and a similar di�erence in Km values of the
acceptor peptide when these two donor substrates were
used. Km for the peptide decreased up to eightfold with
an increase in the complexity of the oligosaccharide
moiety of the lipidoligosaccharide substrate. Vmax was
similar under all conditions. The lower Km for pancrea-
tic Dol-PP-OS compared to Dol-PP-DS suggests that
the Km for thyroid Dol-PP-OS, containing a more com-
plete complement of carbohydrates (vide supra), would
be similar to or even lower than that for the pancreatic
Dol-PP-OS.

Discussion

Prior to the research described herein, kinetic studies of
the OST-catalyzed reaction using the natural oligo-
saccharide donors have been limited by the amount of
Dol-PP-OS that can be produced biosynthetically. Sig-
ni®cant quantities of Dol-PP-DS can be obtained syn-
thetically19,34,35 and have been utilized to study the
mechanism of OST catalysis.18,20,21,36 In the present
study, Dol-PP-OS was isolated in mg quantities using
modi®cations of previously published protocols23,25 and
the steady-state kinetic constants determined for the
tripeptide, Bz-Asn-Leu-Thr-NH2, Dol-PP-OS and Dol-
PP-DS with solubilized OST. The OST-catalyzed reac-

tion has generally been analyzed by selectively extract-
ing the [3H]-glycopeptide product from the biosynthetic
[3H]-lipidoligosaccharide substrate.16,30 In the present
work with bovine Dol-PP-OS and synthetic Dol-PP-DS,
a radiolabelled peptide, [14C]-Bz-Asn-Leu-Thr-NH2,
was the second substrate. The extraction schemes
previously reported from this laboratory16,20 were not
adequate to completely separate the glycopeptide product
from the peptide substrate. Separation by HPLC and
analysis of the various fractions allowed for isolation of
pure glycopeptide product (Fig. 1).

Dol-PP-OS is a slightly better substrate compared to
Dol-PP-DS with solubilized OST. The values of Km

reported here (Table 1) represent an average for the
various Dol-PP-OS species that are present since the
sample is heterogeneous with respect to oligosaccharide
and it is evident that this moiety plays an important role
in substrate binding. It is assumed that OST recognizes
all of the species; it has been reported that Man9
(GlcNAc)2-PP-Dol is either not a substrate12 or a poor
substrate.37 However, Dol-PP-OS from pancreas lacks
any glucose and is e�ciently transferred to a peptide
substrate in situ suggesting that it is recognized by the
enzyme.38 Carbohydrate analysis of oligosaccharides
derived from Dol-PP-OS isolated from both bovine
pancreas and thyroid were predominantly Man5±6
(GlcNAc)2 and (Glc3)Man9(GlcNAc)2, respectively. It is

Figure 2. Velocity versus substrate concentration plots for solubilized
OST. (A) Tripeptide as the variable substrate and pancreatic Dol-PP-
OS kept constant at 118mM. (B) Dol-PP-OS as the variable substrate
and tripeptide kept constant at 682mM.

B. S. Gibbs, J. K. Coward / Bioorg. Med. Chem. 7 (1999) 441±447 445



possible that a minor component, Dol-PP-DS, of the
heterogeneous Dol-PP-OS isolated from bovine tissue
could be the active substrate in this mixture. However,
based on comparison of data using synthetic Dol-PP-
DS versus Dol-PP-OS (Table 1), this possibility seems
unlikely. In other kinetic studies, Km values for Dol-PP-
OS and Dol-PP-DS were reported for solubilized
OST.12,39 While the authors also found a twofold dif-
ference between the Km values, the numbers they report
are signi®cantly lower (ca. 1 mM) than those determined
in this study. There are several possibilities for the dis-
crepancy. Kinetic constants are usually determined at
concentrations of the varied substrate, [S]=0.1±10Km.
In the case of biosynthetic Dol-PP-OS and Dol-PP-DS
used in the earlier research, low concentrations (�1 mM)
of the donor substrate may have led to errors in the
determination of Km for that substrate. Determining the
concentration of the biosynthetic OST donor substrates
is often not done or is done indirectly, possibly leading
to erroneous results.40 In addition, the di�erence may be
due to the peptide substrate. The present study used a
small tripeptide substrate whereas larger hexa- and
heptapeptides were used in the previous work.12,39 As
discussed below, we have addressed the dependence of
the peptide Km on the lipidoligosaccharide substrate.
However, it is not known if the length and amino acid
composition of the peptide in¯uences the Km of the
lipidoligosaccharide.

The values of Km determined in this study for peptide
acceptor substrates (Table 1) are consistent with most of
those reported in the literature for similar peptides using
Dol-PP-DS as the donor substrate. The tripeptides Bz-
Asn-Leu-Thr-NHMe and Bz-Asn-Gly-Thr-NHMe have
Kms of 240 mM18 and 220 mM,21 in reasonable agreement
with the value of 341 mM reported here. However, the
peptide Km is dependent on the size of the lipidoligo-
saccharide present. As the average length of the oligo-
saccharide moiety increases (Dol-PP-DS versus pancreas
or thyroid Dol-PP-OS), the Km for the tripeptide
decreases up to eightfold. Previously reported values of
Km for acceptor peptides12,41 using Dol-PP-OS as the
donor substrate are di�cult to compare with the data
reported herein. The earlier work used biosynthetic
Dol-PP-OS, the concentration of which is di�cult to
determine with certainty.40 It has been suggested12 that
Vmax for the peptide is also dependent on the lipid-
oligosaccharide in contrast to the data presented in
Table 1. However, as noted above, the lipidoligo-
saccharides were calculated40 to be present at con-
centrations (�1 mM) well below the Km values reported

herein and saturating concentrations may not have been
achieved.

The isolation and puri®cation of Dol-PP-OS from
bovine tissue in quantities su�cient for its use in a
kinetic analysis of OST-catalyzed glycosylation is
reported in this paper. Several postulated mechanisms
reported to date for the OST-catalyzed glycosylation
reaction are based on kinetics experiments using Dol-
PP-DS as the oligosaccharide donor in order to obtain
acceptor peptide Km data.18,21,42 Non-kinetics experi-
ments using NMR techniques have called into question
mechanisms requiring a speci®c secondary structure
motif (e.g. Asx-turn18) for e�cient peptide glycosyla-
tion.43 The longer oligosaccharides evaluated in the
present research promote a stronger interaction of the
peptide substrate with the enzyme (Km), but apparently
are not necessary for placing or holding the peptide in
the correct conformation for e�cient transfer of the
oligosaccharide to the peptide (Vmax). Further applica-
tion of this approach should allow for more detailed
steady-state kinetics studies of OST-catalyzed glycosy-
lation utilizing the lipidoligosaccharide, Dol-PP-OS,
employed in vivo during the cotranslational glycosyla-
tion reaction that occurs in N-linked glycoprotein bio-
synthesis.

Acknowledgements

The authors thank Dr. Frank Maley for his constructive
criticism of this manuscript and encouragement of the
research e�ort. We gratefully acknowledge the analysis
of carbohydrate composition of Dol-PP-OS, carried out
by Dr. Roberta K. Merkle at the Complex Carbohy-
drate Research Center, University of Georgia, and Drs.
Kevin G. Rice and Hilary Stubbs, College of Pharmacy,
University of Michigan. We thank Mr. Xinggao Fang
of this laboratory for the synthesis of Dol-PP-DS and
Ms. Carol Capelle for careful preparation of the manu-
script. Supported by funds from the College of Phar-
macy, University of Michigan. The Protein and
Carbohydrate Core Facility at the University of Michi-
gan is supported by grants from the National Institutes
of Health, P30-CA46592 and P60-AR20557.

References and Notes

1. Kornfeld, R.; Kornfeld, S. Ann. Rev. Biochem. 1985, 54,
631.
2. Hirschberg, C. B.; Snider, M. D. Ann. Rev. Biochem. 1987,
56, 63.

Table 1. Kinetic constants for solubilized OST

Variable substratea Constant substratea [Constant substrate] (mM) Km (mM) Vmax (pmol/min) Vmax/Km (rel)

Bz-NLT-NH2 Dol-PP-DS 330 341.5�2.0 16.2�0.2 1.0
Bz-NLT-NH2 Dol-PP-OS 118 127.6�3.8 13.3�0.1 2.2
Bz-NLT-NH2 Dol-PP-OSb 50 45.1�2.0 8.8�0.1 4.2
Dol-PP-DS Bz-NLT-NH2 1250 64.8�7.1 12.0�0.2 3.9
Dol-PP-OS Bz-NLT-NH2 682 33.3�1.6 12.5�0.1 8.0

aDol-PP-OS was isolated from bovine pancreas unless otherwise noted (see Experimental for details).
bIsolated from bovine thyroid.

446 B. S. Gibbs, J. K. Coward / Bioorg. Med. Chem. 7 (1999) 441±447



3. Lis, H.; Sharon, N. Eur. J. Biochem. 1993, 218, 1.
4. Kaplan, H. A.; Welply, J. K.; Lennarz, W. J. Biochim.
Biophys. Acta 1987, 906, 161.
5. Abeijon, C.; Hirschberg, C. B. TIBS 1992, 32.
6. Imperiali, B.; Hendrickson, T. L. Bioorg. Med. Chem. 1995,
3, 1565.
7. Silberstein, S.; Gilmore, R. FASEB J. 1996, 10, 849.
8. Marshall, R. D. Ann. Rev. Biochem. 1972, 41, 673.
9. Gavel, Y.; von Heijne, G. Protein Eng. 1990, 3, 433.
10. Hart, G. W.; Brew, K.; Grant, G. A.; Bradshaw, R. A.;
Lennarz, W. J. J. Biol. Chem. 1979, 254, 9747.
11. Fang, X.; Gibbs, B. S.; Coward, J. K. Bioorg. Med. Chem.
Lett. 1995, 5, 2701.
12. Sharma, C. B.; Lehle, L.; Tanner, W. Eur. J. Biochem.
1981, 116, 101.
13. Bause, E.; Legler, G. Biochem. J. 1981, 195, 639.
14. Bause, E. Biochem. J. 1983, 209, 331.
15. Welply, J. K.; Shenbagamurthi, P.; Naider, F.; Park, H.
R.; Lennarz, W. J. J. Biol. Chem. 1985, 260, 6459.
16. Clark, R. S.; Banerjee, S.; Coward, J. K. J. Org. Chem.
1990, 55, 6275.
17. Imperiali, B.; Shannon, K. L. Biochemistry 1991, 30, 4374.
18. Imperiali, B.; Shannon, K. L.; Unno, M.; Rickert, K. W.
J. Am. Chem. Soc. 1992, 114, 7944.
19. Lee, J.; Coward, J. K. J. Org. Chem. 1992, 57, 4126.
20. Lee, J.; Coward, J. K. Biochemistry 1993, 32, 6794.
21. Bause, E.; Breuer, W.; Peters, S. Biochem J. 1995, 312, 979.
22. Spiro, M. J.; Spiro, R. G.; Bhoyroo, V. D. J. Biol. Chem
1976, 251, 6400.
23. Spiro, R. G.; Spiro, M. J.; Bhoyroo, V. D. J. Biol. Chem.
1976, 251, 6409.
24. Das, R. C.; Heath, E. C. Proc. Natl. Acad. Sci. USA 1980,
77, 3811.
25. Badet, J.; Jeanloz, R. W. Carbohydr. Res. 1988, 178, 49.
26. A preliminary account of this work has appeared in
abstract form: Coward, J. K.; Gibbs, B. S.; Liu, Y.-L.; Fang,
X. Biochemistry, 1996, 35, 9303.

27. Dubois, M.; Gilles, K. A.; Hamilton, J. K.; Rebers, P. A.;
Smith, F. Anal. Chem. 1956, 28, 350.
28. Merkle, R. K.; Poppe, I. Methods Enzymol. 1994, 230, 1.
29. Hardy, M. R.; Townsend, R. R. Methods Enzymol. 1994,
230, 208.
30. Chalifour, R. J.; Spiro, R. G. J. Biol. Chem. 1988, 263,
15673.
31. Segel, I. H. Enzyme Kinetics; Wiley: New York, 1975;
Chapter 9.
32. Cleland, W. W. Methods Enzymol. 1979, 63, 103.
33. Liu, Y.-L.; Hoops, G. C.; Coward, J. K. Bioorg. Med.
Chem. Lett. 1994, 2, 1133.
34. Warren, C. D.; Jeanloz, R. W. Methods Enzymol. 1978,
50, 122.
35. Imperiali, B.; Zimmerman, J. W. Tetrahedron Lett. 1990,
31, 6485.
36. Xu, T.; Coward, J. K. Biochemistry 1997, 36, 14683.
37. Trimble, R. B.; Byrd, J. C.; Maley, F. J. Biol. Chem. 1980,
255, 11892.
38. Spiro, M. J.; Spiro, R. G.; Bhoyroo, V. D. J. Biol. Chem.
1976, 251, 6420.
39. Franc, J.-L.; Bouchilloux, S. Biochim. Biophys. Acta 1984,
800, 166.
40. In general, the `speci®c activity' of biosynthetic [14C]Dol-
PP-OS has been determined by mild acid hydrolysis of the 14C-
labeled material to 14C-labeled oligosaccharide containing a
free reducing end that is then subjected to reduction by
[3H]NaBH4, thus giving a doubly labeled oligosaccharide.
Following extensive puri®cation, the `speci®c activity' of the
original [14C]Dol-PP-OS is obtained based on the speci®c
activity of the puri®ed [3H, 14C] oligosaccharide.12

41. Welply, J. K.; Shenbagamurthi, P.; Lennarz, W. J.; Nai-
der, F. J. Biol. Chem. 1983, 258, 11856.
42. Imperiali, B.; Shannon, K. L.; Rickert, K. W. J. Am.
Chem. Soc. 1992, 114, 7942.
43. Xu, T.; Werner, R. M.; Lee, K.-C.; Fettinger, J. C.; Davis,
J. T.; Coward, J. K. J. Org. Chem. 1998, 63, 4767.

B. S. Gibbs, J. K. Coward / Bioorg. Med. Chem. 7 (1999) 441±447 447


