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Scientific and commercial interest in oligosaccharides is increasing, but their availability is limited as production relies on
chemical or chemo-enzymatic synthesis. In search for a more economical, alternative procedure, we have investigated the
possibility of producing specific oligosaccharides in E. coli that express the appropriate glycosyltransferases. The Azorhi-
zobium chitin pentaose synthase NodC (a b(1,4)GlcNAc-oligosaccharide synthase), and the Neisseria b(1,4)galactosyltrans-
ferase LgtB, were co-expressed in E. coli. The major oligosaccharide isolated from the recombinant strain, was subjected
to LC-MS, FAB-MS and NMR analysis, and identified as bGal(1,4)[bGlcNAc(1,4)] 4GlcNAc. High cell density culture yielded
more than 1.0 gr of the hexasaccharide per liter of culture. The compound was found to be an acceptor in vitro for
bGal(1,4)GlcNAc a(1,3)galactosyltransferase, which suggests that the expression of additional glycosyltransferases in E.
coli will allow the production of more complex oligosaccharides.
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Introduction

Oligosaccharides, often as glycoconjugates, are involved in
biological recognition processes such as occur during fer-
tilization, embryogenesis, metastatis, inflammation, and
host pathogen adhesion. Therefore there is a large pharma-
ceutical interest in developing novel carbohydrate-based
therapeutic agents, and considerable effort has gone into
developing chemical or chemo-enzymatic syntheses [1].
Unfortunately chemical methods are laborious and time-
consuming, and because of the large number of steps in-
volved they are difficult to scale-up. On the other hand,
chemo-enzymatic approaches suffer from the relatively
poor availability of glycosyltransferases and the need to
regenerate in situ nucleotide sugars.

An alternative strategy is to produce the desired oli-
gosaccharides in recombinant organisms expressing the ap-
propriate glycosyltransferases. This method presents

several advantages when compared to chemo-enzymatic
methods. First, overproduction and purification of glycosyl-
transferase is not needed. A basal level of expression, that
can be reached using a weak promoter, could be enough to
produce catalytic amounts of enzyme. Second, the metabo-
lic pathway for the synthesis of most sugar nucleotides
donors is already present. Additionally, the culture medium
is inexpensive, and fermenter technology is well proven.
Therefore, only simple cloning methods, inexpensive cul-
ture media and fermenters are needed. Finally, as E. coli is
one of the best known living organisms, the technology for
modifying its metabolic pathways, by physiological or by
genetic means, is readily available.

The NodC protein is a chitin oligosaccharide synthase
from bacterial Rhizobium species [2] that was shown to be
functional in vitro and in vivo when expressed in E. coli
[2,3,4]. NodC has four transmembrane helices [5], and was
found to localize in a total membrane fraction [2]. The
globular domain was located in the cytoplasmic site of the
inner membrane. In high cell density culture of a recombi-
nant E. coli strain expressing both NodC and the chitin
oligosaccharide deacetylase NodB, the resulting NodBC
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metabolite (tetra N-acetyl  chitopentaose) was produced
with a yield of one gram per liter of culture [6]. If only
NodC is expressed, the non-reducing GlcNAc residue can
be used as an acceptor for the addition of new carbohy-
drate residues, leading to the synthesis of complex oligosac-
charides. For example, the co-expression of NodC and a
lactosamine synthase (UDP-galactose:N-acetyllactosa-
mine b(1,4)galactosyltransferase), is anticipated to lead to
the synthesis of a N-acetyllactosamine (LacNAc) moiety at
the non-reducing end. LacNAc is part of several oligosac-
charides of biological interest such as blood group sub-
stances and “complex-type” N-glycans (see Fig. 1A). This
disaccharide is also the core of several carbohydrate drugs
that are designed to prevent the recognition of specific

carbohydrate epitopes such as sialyl Lewisx (in inflamma-
tion processes) and aGal(1,3)bGal(1,4)bGlcNAc (in hy-
peracute rejection of xenografts).

The co-expression of NodC and b(1,4)galactosyltrans-
ferase may lead to the synthesis of a terminal N-acetyllac-
tosamine moiety. To test this hypothesis, we have
introduced the Neisseria meningitidis lgtB gene in an E. coli
strain expressing NodC. LgtB is a lactosamine synthase [7]
involved in the biosynthesis of lacto-N-neotetraose termi-
nal lipopolysaccharide structure. When produced in E. coli,
LgtB was found to be located mainly in the membrane, but
a significant amount is located in the cytoplasm [8]. In the
present work we report the production of a N-acetyllac-
tosamine-containing oligosaccharide Gal-(GlcNAc)5, by an

Figure 1. A) Oligosaccharides derived from LacNAc. B) Diagram of plasmids used with relevant restriction sites. R: EcoRI, B: BamHI, X:
XhoI; S: SphI, RBS: Ribosomal Binding Site.
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E. coli strain expressing both NodC and the b(1,4)galacto-
syltransferase LgtB, with yields close to 1 g/liter of culture.

Experimental Protocols
Bacterial strains, plasmids and growth conditions

E. coli XL-1Blue (Stratagene) was used for cloning proce-
dures, and E. coli JM109, DH1 or DH5a for production of
oligosaccharides. E. coli strains harbouring nodC were
grown at 348C. Low cell density cultures were performed in
10–100 ml of M9 medium supplemented with 2% glycerol.
High cell density cultures were performed as previously
described [6], but antibiotics were added at the following
concentrations: ampicillin (50 mg/l), chloramphenicol (34
mg/l). After consumption of the  initial glycerol (Fig. 2,
phase 1), the feeding of a concentrated glycerol solution
was started. After 6  hours of cultivation (phase 2), the
feeding rate was lowered and kept constant until the end of
the culture (phase 3).

Cloning procedures

The 853 bp BamHI-HindIII fragment derived from
pCWlgtB, containing the lgtB‘s ribosomal binding site and
open reading frame, was subcloned into BamHI/HindIII-
digested pLitmus28 (NEN Biolabs), to give pLitlgtB. The
0.9 kb XhoI-HindIII fragment containing lgtB was excised
from pLitlgtB, and cloned into pBBR1MCS [9], to give

pBBLgtB. PC51gtB was constructed by cloning the 0.95 kb
EcoRV fragment containing lgtB from pBBLgtB, into the
SphI site of pC5, downstream nodC.

Quantification of Gal-chitin oligosaccharide.

The Gal-(GlcNAc)5 was quantified using a differential en-
zymatic degradation method, based on the mechanism of
action of the b(1,4)galactosidase-free Serratia marcescens
chitobiase [10]. This enzyme starts releasing GlcNAc units
located at the non reducing end [11], thus it does not de-
grade chitin oligosaccharides substituted at the non reduc-
ing end. Total recombinant oligosaccharides was quantified
using an Aspergillus oryzae b(1,4)galactosidase contami-
nated with a chitobiase [12]. Between 75 ll and 3 ml of
culture sample was centrifuged (5 min. 12,000 g) in micro-
fuge tubes. The pellet was resuspended in 150 ll of distilled
water, boiled for 30 min to release oligosaccharides, and
centrifuged as above. 80 ll of the supernatant were di-
gested with S. marcescens chitobiase and/or A. oryzae en-
zymes for 3 h at 37 8C. The GlcNAc content was
determined [13] using chitin pentaose as standard.

Chromatographic methods

Pure bGal(1,4)[bGlcNAc(1,4)]4GlcNAc was obtained after
degradation of non-galactosylated oligosaccharide by chi-
tobiase and purified on a column (1.5 x 200 cm) of Bio-Gel

Figure 2. High-cell density culture of E. coli JM109 harbouring both pC5 and pBBLgtB. —m—: Total recombinant oligosaccharides, —d—:
chitin oligosaccharides, —j—: bacterial growth, ——: total glycerol added. Total oligosaccharides were quantified using A. oryzae b(1,4)galactosidase
and chitobiase, and chitin oligosaccharides using S. marcescens chitobiase.
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P2, equilibrated and run in deionized water at a flow rate
of 0.5 ml/min at 608C.

Spectroscopic analysis

The mass spectra of various compounds were obtained in
two ways: first, by Fast Atom Bombardment (FAB) on
quadripolar 1010C (NERMAG) version 2000 uma spec-
trometer, with glycerol matrix. Second, by coupling liquid
chromatography–mass spectrometry (LC/MS) on Platform
II (Micromass Instruments) spectrometer equiped with
electrospray source. 1H-NMR and 13C-NMR spectra were
recorded on a Bruker AC300 spectrometer at 300 MHz.

a(1,3)galactosyltransferase assay

Production, purification and  enzymatic assay  of  soluble
bovine a(1,3)galactosyltransferase were performed as de-
scribed previously [14,15]. Briefly, a reaction mixture (50ll)
containing acceptor substrate, 2.5 lmol Na-cacodylate

buffer pH6.5, 1.0 lmol MnCl2, 200 nmol ATP, 25ng BSA, 25
nmol UDP-[14C]Gal, and recombinant bovine a(1,3) galac-
tosyltransferase, was incubated for 60 min at 378C. The
acceptor was lactose (48 mM), LacNAc (7 mM), pure Gal-
(GlcNAc)5 (7 mM), or crude Gal-(GlcNAc)5 (130 lg/50 ll).
Reactions were stopped by the addition of 400 ll cold
water, unreacted UDP-Gal was removed by chromatogra-
phy on a column of DEAE-Sephacell (Pharmacia), and the
radioactivity in eluate and washes determined by liquid-
scintillation counting.

Results
Sub-cloning of lgtB and oligosaccharide production
in low cell density batch culture

Since the acceptor of LgtB is similar to the product of
NodC, and since E. coli has an internal pool of UDP-Gal,
we have hypothesized that co-expression of both genes in
E. coli will lead to the following reactions:

Since pC5 plasmid (expressing nodC) was already available
[6], the lgtB gene was cloned either in a compatible plas-
mid, or into pC5 downstream of nodC (Fig. 1B), to give
pBBLgtB and pC5LgtB respectively. In both cases these
genes were under the control of PLac a leaky promoter
allowing a low-level expression of the downstream genes.
Both the pC5 and pBBLgtB plasmids, or pC5LgtB alone
were introduced into E. coli JM109. This lacZ strain was
used to prevent degradation of the Gal-(GlcNAc)5 prod-
uct. Since the production of oligosaccharides was opti-
mized for the pC5 plasmid, lgtB was first provided in trans
to nodC. E. coli JM109 harbouring both pC5 and pBBLgtB
was grown in small scale culture and the oligosaccharides
were isolated and analyzed by FAB-MS. Two quasimolecu-
lar ions at m/z: 1196 ([M1H]1) and 1218 ([M1Na]1), cor-
responding to the expected hexosyl-(GlcNAc)5 were
detected.

Production of more complex or modified oligosaccha-
rides in E. coli will require expression of several additional
genes, making it necessary to clone more than one gene in
a single plasmid. The influence of lgtB localization on the
production of recombinant oligosaccharide was tested by
comparing the production of chitobiase resistant oligosac-
charides (see Experimental Protocols) either in E. coli
JM109 pC5 and pBBLgtB or E. coli JM109 pC5LgtB in low
cell density cultures. The strain harboring pC5 and
pBBLgtB produced 12 lg/ml, while strain harboring
pC5LgtB produced 15.8 lg/ml, indicating that the position
of lgtB has no major effect in the oligosaccharide produc-
tion.

Interestingly, E. coli DH1 (a LacZ1 strain) harbouring
pC5 and pBBLgtB, produced only S. marcesens chitobiase
sensitive oligosaccharides, indicating that in the presence of
endogenous b-galactosidase, the non-reducing end of chi-
tooligosaccharide is not substituted.

To establish the feasibility of large-scale production and
to obtain sufficient amounts of the hexasaccharide for
structural analysis, we proceeded to high cell density cul-
tures (HCDC).

Production of Gal-(GlcNAc)5 in high cell
density cultures

E. coli strain JM109 harboring pC5LgtB was grown  in
HCDC conditions, as described in Experimental Protocols.
After 40 hours of culture  (Fig. 2), the  total amount of
oligosaccharides produced was 1.35 g/l of culture. S. mar-
cescens chitobiase-sensitive oligosaccharides represented
only 20% of the total, suggesting that ~80% of the chitin
oligosaccharides are substituted at the non-reducing end.
The strain E. coli JM109 pC5 and pBBLgtB produced com-
parable amounts of oligosaccharides.

Characterization of recombinant oligosaccharides

The oligosaccharides were released from bacteria by boil-
ing the cells, adsorbed on charcoal, and eluted with 50%
ethanol as previously described [6]. To assess the complex-
ity of the oligosaccharide mixture, this fraction was submit-
ted to LC-MS analysis. Several peaks were resolved by
HPLC (data not shown). Peaks eluting at 18.89 min and
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13.56 min were attributed respectively to the b and a anom-
ers of a hexosyl-(GlcNAc)5 (quasimolecular ion at m/z
1196 [M 1 H]1, rupture ions of intersugar linkages at m/z
366, 569, 772 and 975). (GlcNAc)5 anomers elute at 11.03 (b
and 15.74 (a) min (quasimolecular ion at m/z 1034 [M 1
H]1, m/z 1056 [M 1 Na]1, rupture ions at m/z 204, 407, 610
and 813). Interestingly, a product eluting at 34.19 min cor-
responding to hexosyl-(GlcNAc)5-glycerol (m/z 1270 [M 1
H]1, m/z 635.7 [M12H/2]1, rupture ions at m/z 366, 569,
772, 975 and 1178) was detected. Products with lower reten-
tion time were difficult to identify, nevertheless, peaks at
5.7 and 7.27 min represent hexosyl-(GlcNAc)2 and hexosyl-
(GlcNAc)3 respectively. The fragmentation pattern of re-
combinant hexosyl-chitinoligosaccharides is consistent
with the presence of the hexose residue at the non-reducing
end. 1H-NMR analysis of the crude sample showed an H-
1(Gal):H(CH3 Acetate) ratio of 1:14, indicating a degree of
galactosylation higher than 90 %.

To estimate the purity of Gal-(GlcNAc)5, and for further
purification, the mixture was resolved by gel filtration chro-
matography on Bio-Gel P2 (Fig.3,A).Only one major peak,
eluting at 140 min (Fig. 3, A, peak I) was observed. This
product was analyzed by NMR and FAB-MS (see below)
and was concluded to be bGal(1,4)[bGlcNAc(1,4)]4GlcNAc
(Fig. 1A) The minor shoulder (Fig. 3, A, peak II) was as-
signed to (GlcNAc)5 by comparison with available stand-
ards, and its sensitivity to chitobiase treatment. The low
amounts of material in peak IV and another small peaks
precluded structural analysis.

Structural analysis of Gal-(GlcNAc)5

To obtain pure material for structural analysis, the crude
extract was digested with S. marcescens chitobiase, and sub-

mitted to Bio-Gel P2 chromatography (Fig. 3, B). The H-
1(Gal):H(CH3 Acetate) ratio of peak I was of 1:15 as ex-
pected for the pure product. The structure of peak I (Fig. 3,
A) was deduced from 1H-NMR, 13C-NMR, and MS spectra.
The 1D 1H NMR spectrum (data not shown) contains four
anomeric signals. By comparison with data obtained on chi-
tin oligosaccharides [16], the signals at d 5.07 (J1,2 1.8 Hz)
and 4.58 (J 1,2 7.5 Hz) ppm were assigned to the H-1 of the a
and b forms of the reducing GlcNAc residue.The large peak
at d 4.45–4.51 ppm (4 H) was attributed to the four protons
of the (1,4) linked bGlcNAc residues and the resonance at d
4.34 ppm (1 H, J1,2 7.6 Hz) corresponds to the H-1 of the
bgalactose residue at the non-reducing end. The high-field
signal at d 1.45 ppm (15 H), is consistent with the presence
of 5 N-acetyl groups. The assignment of the 13C-NMR spec-
trum (Fig. 4) was done on the basis of data from related
oligosaccharides [6,16,17]. These results are consistent with
a structure in which a bgalactosyl residue is 1–4 linked to
the non-reducing end of chitin pentaose (Fig. 1A).

Biochemical activity of
bGal(1,4)[b(GlcNAc)]4GlcNAc

Since the chitin tetrasaccharide located at the reducing end
of the recombinant LacNAc may interfere in recognition of
LacNAc by proteins, we have tested the Gal-(GlcNAc)5
compound as acceptor for bovine UDP-Gal:b(1,4)GlcNAc
a(1,3)galactosyltransferase, which uses either free or conju-
gated LacNAc as acceptor [14]. Lactose, LacNAc, crude
charcoal desorbed Gal-(GlcNAc)5 and pure Gal-
(GlcNAc)5 were compared in the assay. After incubation of
the oligosaccharides in the presence of a(1,3)galactosyl-
transferase and UDP[14C]Gal (see Experimental Proto-
cols) radioactivity was incorporated   into the neutral
fraction as a function of time and dependent on the pres-
ence of oligosaccharide (Table 1). These results indicate
that Gal-(GlcNAc)5 is recognized as an acceptor. The pres-
ence of chitin oligosaccharides either free, or linked to the
LacNAc, does not interfere with galactosyl transfer.

Discussion

A novel system for the production of complex oligosaccha-
rides in E. coli was developed. NMR and FAB-MS spectral
data firmly established that galactosyl-chitin pentaose was
produced. The oligosaccharide is sensitive to b-galactosi-
dase, consistent with its absence in a LacZ1 strain, and is an
acceptor for a(1,3)galactosyltransferase. Based on col-
orimetric data, Bio-Gel P2 chromatography, and 1H NMR,
the Gal-(GlcNAc)5 represents at least 90% of the total
“recombinant” oligosaccharides. Other minor products
were also detected: chitin pentaose, derivatives with a
lower degree of polymerization, and derivatives substituted
with glycerol. These compounds were also detected when
growing E. coli pC5 cells in batch culture (Geremia et al.,

Figure 3. Bio-Gel P2 Chromatography  of recombinant oligosac-
charides. A: Crude Gal-(GlcNAc)5, B: Gal-(GlcNAc)5 after S. marces-
cens chitobiase treatment. Eluting material was detected with a
refractometer. Peak I corresponds to Gal-(GlcNAc)5 compound, peak II
to (GlcNAc)5 and peak III to the chitobiase.
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unpublished results). Our results show that the metabolism
of E. coli can support the production of an heterologous
oligosaccharide in relevant amounts.

The production of sufficient amounts of biologically ac-
tive oligosaccharides is today a major challenge for the
progress of glycobiology. Unfortunately, chemical and
chemo-enzymatic methods do not yet meet the demand.
Production of the oligosaccharides by the native organism
renders tiny amounts of product. Here we have shown that

oligosaccharide production by recombinant E. coli is feasi-
ble. This method produces high yields (grams/liter of cul-
ture media), and in addition is time-efficient (one week
including culture of the bacteria and purification), inexpen-
sive, reproducible and technically simple. It is conceivable
that more complex oligosaccharides can be produced in
this system using the appropriate glycosyltransferases. Fur-
thermore, the presence of the chitin tail does not interfere
with further extension, as shown by the action of a1,3-
galactosyltransferase. In fact, the chitin tail may be used as
a reactive linker that will allow coupling to affinity matri-
ces, or to other moieties providing interesting pharma-
cological properties.

The  use  of  oligosaccharides as therapeutics  has been
proposed in the field of immunology. Hyperacute rejection
occurring in pig-to-primate organ transplantation has been
successfully suppressed in baboon by infusion of the oli-
gosaccharide aGal(1,3)bGal(1,4)GlcNAc , which neutral-
ises the pre-existing antibodies [18]. These antibodies could
also be immunoabsorbed on a column containing the same
carbohydrate epitope [19]. The sialyl Lewis3 structure is

Table 1. Enzymatic Activity of a(1-3) galactosyltransferase with
various acceptors.

Acceptor Activity (mU/ml)

Lactose 8.4
LacNAc 8.9
Crude Gal-(GlcNAc)5 5.8
Pure Gal-(GlcNAc)5 8.3

Figure 4. 13C-NMR spectra of Peak I showing relevant structural features. The spectrum was recorded at 208C using D2O as solvent, and H2O
as reference. j: reducing-end GlcNAc, d: Gal, r: GlcNAc linked to Gal, m: internal GlcNAc
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considered as a putative anti-inflammatory agent because
this epitope, present on the leukocytes surface, interacts
with endothelial selectins in the early step of recruitment to
sites of inflammation [20]. Furthermore, other sugars can
be added to the terminal galactose to produce epitopes of
pharmaceutical interest. Oligosaccharides are also in-
volved in adhesion of pathogenic bacteria, thus oligosac-
charides may be used as blocking agents to reduce the dose
or time of exposure to standard antibiotics [21]. For exam-
ple, the terminal aNeuAc(2,3)bGal-R structure inhibits the
adherence of Helicobacter pylori to gastric cells and is de-
veloped as a potential cure for peptic ulcer and gastritis
[22]. The synthesis of these and similar drugs can possibly
be accomplished in E. coli, when the proper glycosyltrans-
ferases are provided.

The production of such interesting oligosaccharides can
possibly be achieved using E. coli as a living factory. For
instance, for the production of the xenotransplantation an-
tigen, a supplementary a1-3 galactosyltransferase should
be introduced in E. coli. It is worth to mention that very
recently, the production of a cytosolic active form of the
bovine a1-3 galactosyltransferase in E. coli was reported
[23]. The stem region of this protein was removed by ge-
netic engineering, which led to a fully active enzyme. In
the case of Sialyl Lex, much more work is necessary. The
first problem is the production of GDP-fucose and CMP-
sialic acid. The GDP-fucose pathway is present in E. coli,
for the synthesis of colanic acid, but is only activated dur-
ing particular growth conditions [24,25], thus the adapta-
tion of the culture conditions may be sufficient to express
the corresponding genes. Regarding to the production of
CMP-sialic acid, recently the expression of a fusion protein
comprising the activity for the production of this molecule
has been reported [26]. Also certain pathogenic E. coli
strains produce CMP-sialic acid for the synthesis of
colominic acid. In both cases, the corresponding genes can
be introduced into the E. coli chromosome by genetic en-
gineering to achieve constitutive expression. In a second
instance, it will be necessary to add to the system both a
fucosyltransferase and a sialytransferase. The source of
these genes may be both eukaryotic or prokaryotic organ-
isms. If eukaryotic genes are used, removal of the stem
region will be recommended. Otherwise homologous bac-
terial sialyl- and fucosyltransferase genes (like 1st from N.
meningitidis of fucT gene from Helycobacter pylori) have
been described [27,28,29]. Obviously the prokaryotic genes
are preferable over the eukaryotic ones, and more effort
should be devoted for the search and study of novel bac-
terial glycosyltransferases.

In this report we have demonstrated the feasibility of the
production of galactosyl b(1,4)chitin pentaose by recombi-
nant E. coli. The production of more complex oligosaccha-
rides (like the drugs described above) will require the
expression of multiple glycosyltransferases. At least two
genes can be carried in the same plasmid and other com-

patible plasmids can be used to provide additional glycosyl-
transferases. Also the synthesis of other sugar nucleotides
such as GDP-fucose, or even the overproduction of the
already present sugar nucleotides [30] can be engineered in
E. coli. The production of more complex oligosaccharides
by expression of the appropriate glycosyltransferases in E.
coli is now under study.

Acknowledgments

This work was supported by Xenotransplantation Project
BIO4CT972242 of the  BIOTECH program from Euro-
pean Union, and a bilateral program CNRC  (Canada)-
CNRS (France). We thank Dr. C. Breton and Dr. A.
Lellouch for  careful  reading  of  the  manuscript and  for
helpful discussions. LCMS was performed at Biochimie C.
CHU with the help of Dr. Ducros and Dr. Ruffieux.

References

1 Kren V, Thiem J (1997) Chemical Society Reviews 26: 463–73.
2 Geremia RA, Mergaert P, Geelen D, Van Montagu M, Holsters M

(1994) Proc Natl Acad Sciences USA 91: 2669–73.
3 Mergaert P, D’Haeze W, Geelen D, Promé D, van Montagu M,

Geremia R, Promé JC, Holsters M (1995) J Biol Chem 270:
29217–23.

4 Spaink HP, Wijfjes AH, van der Drift KM, Haverkamp J, Thomas-
Oates JE, Lugtenberg BJ (1994) Mol Microbiol 13: 821–31.

5 Barny MA, Schoonejans E, Economou A, Johnston AW, Downie
JA (1996) Mol Microbiol 19: 443–53.

6 Samain E, Drouillard S, Heyraud A, Driguez H, Geremia RA
(1997) Carbohydr Res 302: 35–42.

7 Wakarchuk W, Martin A, Jennings MP, Moxon ER, Richards JC
(1996) J Biol Chem 271: 19166–73.

8 Wakarchuk WW, Cunningham A, Watson DC, Young NM (1998)
Protein Eng 11: 295–302.

9 Kovach ME, Elzre PH, Hill DS, Robertson GT, Rarris MA, Roop
II RM, Peterson KM (1995) Gene 166: 175–6.

10 Tews I, Vincentelli R, Vorgias CE (1996) Gene 170: 63–7.
11 Drouillard S, Armand S, Davies GJ, Vorgias CE, Henrissat B

(1997) Biochem J 328: 945–9.
12 Singh S Packwood J, Samuel CJ, Critchley P, Crout DHG (1995)

Carbohydr Res 279: 293–305.
13 Reissig JL, Strominger J L, Leloir LF (1955) J Biol Chem 217:

959–66.
14 Joziasse DH, Shaper NL, Salyer LS, Van den Eijnden DH, van der

Spoel AC, Shaper JH (1990) Eur J Biochem 191: 75–83.
15 Joziasse DH, Shaper JH, Van den Eijnden DH, Van Tunen AJ,

Shaper NL (1989) J Biol Chem 264: 14290–97.
16 Kren V, Dvorakova J, Gambert U, Sedmera P, Havlicek V, Thiem

J, Bezouska K (1997) Carbohydr Res 305: 517–23.
17 Saito T, Itoh T, Adachi S (1987) Carbohydr Res 165: 43–51.
18 Simon PM, Neethling FA, Taniguchi S, Goode PL, Zopf D, Han-

cock WW, Cooper DK (1998) Transplantation 65: 346–53.
19 Taniguchi S, Neethling FA, Korchagina EY, Bovin N, Ye Y, Ko-

bayashi T, Niekrasz M, Li S, Koren E, Oriol R, Cooper DK (1996)
Transplantation 62: 1379–84.

20 Rosen SD, Bertozzi CR (1994) Curr Opin Cell Biol 6: 663–73.

Recombinant oligosaccharides in E. coli 211



21 Zopf D and Roth S (1996) Lancet 347: 1017–21.
22 Simon PM, Goode PL, Mobasseri A, Zopf D (1997) Infect Immun

65: 750–7.
23 Fang J, Li J, Chen X, Zhang Y, Wang J, Guo Z, Zhang W, Yu L,

Brew K, Wang PG (1998) J Am Chem Soc 120: 6635.
24 Stevenson G, Andrianopoulos K, Hobbs M, Reeves PR (1996) J

Bacteriol 178: 4885–93.
25 Andrianopoulos K, Wang L, Reeves PR (1998) J Bacteriol 180:

998–1001.
26 Gilbert M, Bayer R, Cunningham AM, DeFrees S, Gao Y, Watson

DC, Young NM, Wakarchuk WW (1998) Nat Biotechnol 16:
769–72

27 Gilbert M, Watson DC, Cunningham AM, Jennings MP, Young
NM, Wakarchuk WW (1996) J Biol Chem 271: 28271–6.

28 Martin SL, Edbrooke MR, Hodgman TC, van den Eijnden DH,
Bird MI (1997) J Biol Chem 22: 21349–56.

29 Ge Z, Chan NW, Palcic MM, Taylor DE (1997) J Biol Chem 22:
21357–63.

30 Koziumi S, Endo T, Tabata K, Ozaki A (1998) Nat Biotechnol 16:
847–50.

Received 12 January 1999, revised 3 March 1999, accepted 31
March 1999

212 Bettler et al.


