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The kinetic basis of the donor substrate specificity of pi^N-acetylgiucosaminyltrans-
ferase HI (GnT-IQ) was investigated using a purified recombinant enzyme. The enzyme
also transfers GalNAc and Glc moieties from their respective UDP-sugars to an acceptor
at rates of 0.1-0.2% of that for GlcNAc, but Gal is not transferred at a detectable rate.
Kinetic analyses revealed that these inefficient transfers, which are associated with the
specificity of the enzyme, are due to the much lower V,^ values, whereas the Km values
for UDP-GalNAc and UDP-Glc differ only slightly from that for UDP-GlcNAc It was also
found that various other nucleotide-Glc derivatives bind to the enzyme with compara-
ble affinities to those of UDP-GlcNAc and UDP-Glc, although the derivatives do not
serve as giycosyl donors. Thus, GnT-HI does not appear to distinguish UDP-GlcNAc from
other structurally similar nucleotide-sugars by specific binding in the ground state.
These findings suggest that the specificity of GnT-III toward the nucleotide-sugar is de-
termined during the catalytic process. This type of specificity may be efficient in pre-
venting a possible mistransfer when other nucleotide-sugars are present in excess over
the true donor.

Key words: TV-acetylghicosaminyltransferase, bisecting GlcNAc, GnT-IQ, nucleotide-
sugar, substrate specificity.

iV-Acetylglucosaminyltransferase III (GnT-III) catalyzes the
transfer of an N-acetylglucosamine (GlcNAc) moiety from a
donor substrate, UDP-GlcNAc, to a core fj-mannosyl resi-
due of an TV-linked oligosaccharide via a (Jl,4 linkage, re-
sulting in the formation of a unique structure, a bisecting
GlcNAc (1). The resulting sugar chain, which is referred to
as a bisected oligosaccharide, does not serve as a substrate
for a-mannosidase II and GnTs-II, -IV, and -V, and, thus,
the formation of additional branches is inhibited {1-6).
Thus, it is generally thought that GnT-III and its product
play a regulatory role in the biosynthesis of complex and
hybrid types of iV-linked oligosaccharides. Since the addi-
tion of the bisecting GlcNAc also tends to prevent the elon-
gation of branches in the oligosaccharides, the size of N-
linked sugar chains is likely to be reduced in the case of a
cell which expresses GnT-III (7). In addition to its impor-
tance in the biosynthesis of sugar chains, the significance of
the bisecting GlcNAc has been implicated in a variety of
other biological events {8-16).

It is known that the activity and gene expression of GnT-
III are increased during hepatocarcinogenesis {17-22), and
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it has been suggested that this enhanced expression of
GnT-III leads to the elevation of levels of the bisecting
GlcNAc content in oligosaccharide moieties of glycoproteins
which are produced in the liver, such as transferrin (23,
24). The increase in the levels of the bisected sugar chain is
often considered to be one of the "cancer-associated alter-
ations" of sugar chains. GnT-III has been purified from rat
kidney {25), and the cDNAs for the rat and human en-
zymes have been cloned, in an attempt to investigate the
molecular basis of this structural alteration and the biologi-
cal significance of the bisecting GlcNAc (25, 26). The pri-
mary structure, which has been deduced from the cloned
cDNA, reveals that GnT-III is a typical type II membrane
protein, consisting of a short N-terminal cytoplasmic tail, a
transmembrane domain, a stem region and a large cata-
lytic domain. These structural features are quite similar to
those of a large number of glycosyltransferases (27). How-
ever, no significant sequence homology has been found be-
tween GnT-III and other known glycosyltransferases, even
though GnT-III shares either UDP-GlcNAc or acceptor oli-
gosaccharides in common with many other GlcNAc trans-
ferases.

Substrate specificity with respect to the acceptor has
been intensively examined in attempts to characterize the
enzymatic properties of GnT-III. These studies have shown
that: (a) high mannose type oligosaccharides are not active
as substrates, and pi,2GlcNAc linked to al,3Man, which is
a product of GnT-I, is required for the action of GnT-III; (b)
any agalacto form of the bi-, tri-, and tetra-antennary sugar
chains is capable of serving as the acceptor substrate for
GnT-III; (c) pl,4galactosylation of GlcNAc£l-2Manal-3
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branch inhibits the action of GnT-III; (d) an al,6fucosyl re-
sidue at the innermost GlcNAc has no effect on the enzyme
reaction (2). These characterizations of GnT-III in terms of
the acceptor substrate specificity have permitted the struc-
tural requirements for the acceptor to be denned. Studies
on the availability of the bisected sugar chains as the sub-
strate toward a-mannosidase-II and other glycosyltrans-
ferases such as GnT-IV, GnT-V, and pi,4galactosyltrans-
ferase have established the enzymatic basis for the regula-
tory roles of the bisecting GlcNAc in the biosynthesis of N-
glycans (2-6). It seems that the specificity toward acceptors
is broader than that toward the donor, because only the
products to which GlcNAc has been transferred have been
identified in naturally occurring oligosaccharides.

In contrast to the detailed investigations of acceptor spe-
cificity, the structural requirements of the donor nucleotdde-
sugar in the reaction catalyzed by GnT-III are not known,
since the substrate specificity of GnT-III toward the donor
has not been explored to any extent. Therefore, the under-
lying mechanism for the highly specific enzyme action, with
respect to GlcNAc still remains unclear. It is generally
known that the specific binding that leads to the formation
of the enzyme-substrate complex is one of the most critical
steps in distinguishing a substrate from other compounds
in the course of the enzyme reaction, and thus plays a criti-
cal role in substrate specificity. Although various nucleo-
tide-sugars serve as giycosyl donors in the biosynthesis of
oligosaccharides, many glycosyltransferases are capable of
exclusively utilizing their own unique donor nucleotide-sug-
ars, in spite of only subtle structural differences in the
monosaccharide portions. Glycosyltransferases appear to
strictly distinguish subtle structural differences, for exam-
ple, a different configuration at the C-4 position, Le., UDP-
GlcNAc vis-a-vis UDP-GalNAc An investigation into the
mechanism by which a particular nucleotide-sugar is dis-
criminated from others and utilized as a donor for the
transfer reaction represents one of the most important
issues in the elucidation of the nature of substrate specific-
ity, not only for GnT-III but for other glycosyltransferases
as well. Specificity toward both donor and acceptor sub-
strates represents a key factor in the strictly regulated con-
struction of oligosaccharides, because the ordered actions of
the glycosyltransferases, which collectively constitute the
biosynthetic pathway, are at least in part dependent on
their substrate specificity.

A comparison of kinetic parameters for a variety of nu-
cleotide-sugars would be highly desirable in terms of
understanding the mechanism that underlies the substrate
specificity toward the donor. An investigation of the struc-
tural requirements of the donor nucleotdde-sugar in terms
of facilitating the transfer reaction would provide useful
information relative to our understanding of the catalytic
mechanism of action of GnT-III, because the structural ele-
ments of the transferred monosaccharide should be closely
associated with the chemical basis of the reaction, hi this
study, we report on the preparation of a polyhistidine-
tagged soluble form of rat GnT-III using a baculovirus—
insect cell expression system and the kinetic characteriza-
tion of the purified enzyme. Kinetic analyses using a vari-
ety of nucleotide-sugars as the donor substrate were
carried out in order to elucidate the structural require-
ments of the transferred monosaccharides. The contribu-
tion of the nucleotide portion of the donor substrate was

also investigated using a series of nucleotide-Glcs which
contained different nucleotide moieties. Based on these ex-
perimental findings, we propose a possible mechanism for
the donor substrate specificity of GnT-III, in which the
donor is distinguished not via differences in binding affinity
at the binding step but, rather, on the basis of catalysis.

EXPERIMENTAL PROCEDURES

Materials—Restriction endonucleases and DNA modify-
ing enzymes were purchased from Takara or New England
Biolabs. Uridine S'-diphosphosugars and various nucle-
otdde-Glcs were obtained from Sigma. Oligonucleotide pri-
mers were synthesized by Greiner Japan. Other common
chemicals were from Wako Pure Chemicals or Nacalai
Tesque.

Site-Directed Mutagenesis—Site-directed mutagenesis
was carried out according to Kunkel (28), as described pre-
viously (29) for the creation of a poly-histidine tag (His x 6)
at the C-terminus of the GnT-III. The 3' HindlU-BamYO.
0.44 kb fragment of rat GnT-III cDNA was subcloned into a
pBluescript SK+ (Stratagene). The uracil-substituted sin-
gle-stranded template was prepared from Escherichia coli
CJ236, which had been transformed by the plasmid. The
uracil-template was used with a synthetic oligonucleotide
primer to replace the STOP codon by Gly and to extend the
C-terminal sequence by Gly-His-His-His-His-His-His-Gly-
Ala-Gly-(Stop). The oligonucleotide primer used in this
study was 5'-GAT ACA ACG GAG GGC GGG GGC CAT
CAC CAT CAC CAT CAC GGG GCC GGC TAG GAT GAT
GGC TAA GCC-3'. The resulting mutation was verified by
dideoxy sequencing using a DNA sequencer (Applied Bio-
systems, model 373A), as were the entire sequences which
had been subjected to mutagenesis.

Construction of the Transfer Plasmid—A 5' BspEl-Eagl
0.5 kb fragment from the open reading frame of the rat
GnT-III cDNA (25) was ligated to Xmal and Eagl sites of a
transfer vector, pAcGP67-c vector (PharMingen), which
produces a protein that is fused to a cleavable signal pep-
tide derived from baculoviral protein gp67. The 3' Hindlll—
BamHl fragment in which the tag sequence had been cre-
ated as described above was subcloned with its upstream
Eagl-Hindlll 0.62 kb fragment into a pBluescript. The
Eagl-BamYB. 1 kb fragment was excised from the resulting
plasmid and inserted into the Eagl and Bglll sites of the
pAcGP67-c containing 5' BspEl-Eagl fragment This plas-
mid was used to express the fusion protein in which a GnT-
III N-terminal sequence of about 60 residues was replaced
by the gp67 signal peptide, and was subjected to a transfec-
tion experiment after purification using a QIAGEN plas-
mid mini kit.

Cell Culture and General Manipulation of Viruses—
Spodoptera frugiperda (SO 21 cells were maintained at
27'C in Grace's insect media (GIBCO-BRL) supplemented
with 10% fetal bovine serum, 3.33 g/liter yeastolate, 3.33 g/
liter lactalbumin hydrolysate, and 100 mg/liter kanamy-
cine. Recombinant viruses were manipulated as described
(30).

Preparation of Recombinant Viruses—The purified trans-
fer plasmid (1 \ug) was co-transfected into 5 x 106 SSI cells
with 10 ng of BaculoGold DNA (PharMingen), which was
used as Autographa califbrnica nuclear polyhedrosis viral
genome. The transfection experiments were carried out by
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the Lipofectin (GIBCO-BRL) method (31), as described pre-
viously (32, 33). Medium containing the recombinant virus
generated by homologous recombinations was collected 6
days after transfectdon. The recombinant virus was further
amplified to more than 5 x 107 plaque forming units/ml
prior to use.

Expression of Soluble Recombinant Rat GnT-III in Insect
Cells—2 X 108 Sf21 cells were infected with the recombi-
nant virus at a multiplicity of infection of more than 8.
After incubation of the cells in the viral solution for 2 h, the
medium was exchanged with serum-free medium, SFM900
(GIBCO-BRL). The medium was collected about 100 h post
infection for purification of the secreted GnT-III.

Purification of the Recombinant Enzyme—One hundred
milMliters of the medium was dialyzed against 20 mM
sodium phosphate buffer, 0.1% Lubrol PX (pH 6.5). The dia-
lyzed medium was then subjected to CM-Sepharose on a
column pre-equilibrated with the same buffer as was used
for the dialysis. The CM-Sepharose column was thoroughly
washed with the buffer, and the bound proteins were eluted
with 50 mM sodium phosphate buffer, 0.1% Lubrol PX, 500
mM NaCl (pH 6.5). Subsequently, the eluted fractions were
applied to Ni2+-chelatdng Sepharose, then washed thor-
oughly with 50 mM sodium phosphate buffer, 0.1% Lubrol
PX, 500 mM NaCl, 80 mM imidazole (pH 6.5). The bound
enzyme was eluted by raising the imidazole concentration
in the buffer to 200 mM, then concentrated by Amicon YM-
10. The purified enzyme was dialyzed against 20 mM sodi-
um phosphate buffer, 0.1 mM EDTA, pH 6.5.

Electrophoresis—The purified enzymes were subjected to
SDS-PAGE analysis on 10% gels, according to Laemmli
(34), and the protein bands were visualized using a silver-
staining kit (Daiichi Pure Chemicals).

Immunoblot Analysis—The purified protein was sepa-
rated on SDS-PAGE, then electrophoretdcally transferred
onto a PVDF membrane (Millipore). The membrane was
blocked by treatment with 1% skim milk in PBS and re-
acted with antd GnT-III and antd-polyhistddine antibodies.
After washing, the membrane was incubated with the ap-
propriate second antibodies, which had been conjugated to
horseradish peroxidase. After washing again, the reactive
protein bands were visualized by chemiluminescence using
an ECL kit (Amersham).

Standard Assay for Enzyme Activity and Kinetic Analy-
sis—A standard assay for GnT-III activity was carried out
using a fluorescent oligosaccharide substrate, as described
previously (35, 36). An agalacto biantennary sugar chain
labeled with 2-aminopyridine (PA), GnGn-bi-PA, was used
as the acceptor. The enzyme was incubated at 37*C with 5
JJLM GnGn-bi-PA and 20 mM UDP-GlcNAc as a donor sub-
strate in 0.1 M MES-NaOH, 10 mM MnCL,, 1% Triton X-
100, 200 mM GlcNAc (pH 6.5). The reaction was termi-
nated by boiling for 2 min, then the mixture was centri-
fuged at 15,000 rpm in a microcentrifuge for 10 min. The
resulting supernatant was injected into a reversed phase
HPLC apparatus equipped with a TSKgel ODS 80TM (4.6
X 150, TOSOH). The acceptor substrate and the product
were separated isocratically using a 20 mM ammonium
acetate buffer (pH 4.0) containing 0.3% n-butanol. The fluo-
rescence of the eluate was monitored with a fluorescence
detector (Shimazu, RF-IOAXL) at excitation and emission
wavelengths of 320 nm and 400 nm, respectively. For ki-
netic analyses, the purified recombinant GnT-III was incu-

bated with various concentrations of GnGn-bi-PA and
sugar nudeotides in 100 mM HEPES-NaOH buffer, 10 mM
MnCLj, pH 7.0. The products were analyzed by reversed
phase HPLC under the same conditions as described for
the standard assay.

Electrospray Ionization Mass Spectrometry (ESI-MS)—
ESI-MS was carried out using an LCQ (Finnigan) quadru-
pole mass spectrometer equipped with an electrospray
atmospheric pressure ionization source. The oligosaccha-
ride-PA was dissolved in a 50% aqueous methanol solution
containing 1% acetic acid and introduced into the ion
source by a direct infusion at a flow rate of 3 uJ/min using a
syringe pump integrated into the system. ESI-MS spectra
were obtained using the positive ion mode. The ion spray
voltage and capillary voltage were 4.5 kV and 10 V, respec-
tively, and capillary temperature was 200"C. Full scan spec-
tra were obtained in the range of 600-2000.

Sugar Composition Analysis—Component sugars were
analyzed by the method of Hase et al. (37). The oligosaccha-
ride-PA was hydrolyzed by incubation with 4 M trifluoro-
acetic acid at 100'C for 3 h. The resulting monosaccharides
were subjected to re-7V-acetylation by acetic anhydride,
then pyridylaminated using a GlycoTAG (TAKARA) ac-
cording to the manufacturer's instructions. After removal of
excess reagents by use of a boronic acid—coupled polyacryla-
mide gel (Pierce), the PA-monosaccharides were analyzed
by ion exchange HPLC on a TSKgel sugar AXI column (4.6
X 150, TOSOH). The PA-sugars were eluted isocratically
with the solvent of 0.7 M boric acid-KOH (pH 9) and aceto-
nitrile (9:1) at a flow rate of 0.3 ml/min. The column was
heated at 73*C in a column oven. The eluted PA-sugars
were monitored by means of a fluorescence detector at an
excitation wavelength of 310 nm and an emission wave-

l I NWW1
Lgp67 signal-; ral GnT-III catalytic domain - -<-(His)6 - ' .

60-PCPGOPO

B
1 2 3 4 5

30-

Fig. 1. Expression of a soluble (His).-tagged form of GnT-ffl.
(A) A signal peptide derived from a baculoviral protein, gp67, and
some additional residues were fused at the Pro-60 position of rat
GnT-III. The fusion protein was also C-terminally tagged with a His
x 6 sequence. (B) Proteins were separated on 10% SDS-gel and vi-
sualized by silver staining; lanes 1 and 2 indicate a molecular size
marker and the purified recombinant GnT-III, respectively. GnT-III
proteins were detected by immunoblot analysis using an anti—GnT-
III antibody (lanes 3 and 4) or anti-(His^ antibody (lane 5). In lane
4, the protein was degiycosylated by PNGase-F.
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length of 380 nm. These chromatographic conditions were
also employed for the separation of a PA-sugar chain con-
taining GalNAc.

Protein Determination—Protein contents were deter-
mined using a BCA protein assay kit (Pierce). Bovine
serum albumin was used as a standard.

RESULTS

The recombinant rat GnT-in was expressed as a fusion
protein with a signal peptide derived from a baculoviral
protein, gp67, in order to permit the efficient secretion of
the GnT-III into the medium. When the full-length GnT-III
was expressed in a non-fused manner, a large amount of
protein accumulated in the infected insect cells. However,
since a major portion of the expressed protein appeared to
be inactive and could not be solubilized with detergent, it

I
I

None

UDP-GlcNAc

UDPGalNAc

UDP-GIc u
UDP-Gal

V. _

I .A

I I
1 1 1

10 12

Retention Time (mln)
Fig. 2. Detection of GoT-HI activities using various UDP-sug-
ars. The PA-labeled agalacto biantennary sugar chain was incu-
bated with purified GnT-III in the absence or presence of the in-
dicated UDP-sugara. The peak at an elution time of 4.9 min repre-
sents unreacted substrate. The peak at 8.2 min in the reaction with
UDP-GIc represents a product in which GlcNAc was transferred us-
ing a trace amount of UDP-GlcNAc contaminant in UDP-GIc De-
tails of the reaction conditions and chromatographic procedures are
described in the text.

was not possible to purify the active GnT-III from the cells.
On the other hand, a significant level of activity was found
in the culture medium of the infected insect cells, indicat-
ing that the secreted GnT-III was almost fully active. For a
more efficient expression and secretion of the GnT-III, the
N-terminal 60 amino acids were replaced by the viral pro-
tein signal sequence. Polyhistidine tag was also added to
the C-terminus of the enzyme to permit purification via
immobilized metal affinity chromatography, as shown in
Fig.lA.

The recombinant GnT-III, which was expressed in a solu-
ble and polyhistidine-tagged form, was purified from the
culture medium. The specific activity of the purified rat
GnT-III was determined to be 1.2 ujnol/h/mg under stan-

M395.4[MtH)*

/1417.6 |M*Na]+

1200 1300 1500
m/z

B
too

80

eo

40

20

1598.4 [M.H]*

0 " • "
1200

1700

- 1620.6 [Mt

1800

1500

m/z
1600

1620.6 [M+Na|*

1800

100

M
1557.5 |HMf l + '

60

40

1 "
, 1579.7 |M+Na]»

'200 1300 1500 1600 1800

Fig. 3. ESI-MS analysis of the oligosaccharide products from
the reactions with UDP-sugars. MS spectra of the products from
the reactions with UDP-GlcNAc (B), UDP-GalNAc (C), and UDP-GIc
(D) are shown with the spectrum of the substrate oligosaccharide
(A). Conditions are detailed under "EXPERIMENTAL PROCE-
DURES.'

J. Biochem.

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


dycosyl Donor Specificity ofGnT-III 613

dard assay conditions in which 10 mM UDP-GlcNAc and 5
(iM agalacto biantennary-PA were used as the donor and
acceptor substrates, respectively. Thirty to 40 ng of the
purified enzyme was obtained from 100 ml of the culture
medium, in a yield of approximately 20% and a 200-fold
purification. SDS-PAGE analysis of the purified protein
indicated two protein bands having molecular masses of 60
and 50 kDa, both of which were found to be the GnT-m
protein with an intact C-terminal His x 6 sequence, as
indicated by immunoblot analysis using a GnT-ITI-specific
antibody and an antd-polyhistddine antibody (Fig. IB). In
addition, PNGase-F digestion revealed that both species
were glycosylated to a similar extent. These findings indi-
cated that the difference in molecular mass was due to the
different proteolytic cleavage sites in the stem region.

To explore the substrate specificity toward donor nude-
otide-sugars, enzyme activities were assessed using various
UDP-sugars. The purified enzyme was incubated with 2
(xM acceptor and 2 mM UDP-sugars for 10 h, and the prod-
ucts were analyzed by reversed phase HPLC (Fig. 2). In the
chromatographic separation, the agalacto biantennary-PA
used as the acceptor substrate was eluted at 4.9 min,
whereas the peak for the corresponding usual bisected
sugar chain, to which GlcNAc had been transferred, was
found at 8.2 min. In the incubation with a natural donor,
UDP-GlcNAc, no unreacted substrate remained, due to the
much faster reaction rate. On the other hand, when the
enzyme was incubated with UDP-GalNAc and UDP-Glc,
the reactions gave products which had retention times of
about 8.0 min and 3.8 min, respectively. However, no prod-
uct was found as the result of incubation with UDP-Gal
under these conditions.

To confirm the transfers of GalNAc and Glc by GnT-III,

the reaction products were collected and analyzed by ESI-
MS. As shown in Fig. 3, mass spectrometric analyses
showed that the mlz values for (M+H)+ were 1,395.4 for
the substrate agalacto biantennary, 1,598.4 for the bisected
oligosaccharide to which GlcNAc had been transferred,
1,598.4 for the GalNAc-transferred product, and 1,557.5 for
the Glc-transferred product Thus, it was found that the
product obtained from the reaction with UDP-Glc contains
1 mol of Glc, suggesting that the recombinant GnT-III is
capable of transferring Glc from UDP-Glc to the acceptor
oligosaccharide. The product of the transfer of GalNAc gave
the same mlz as the GlcNAc-transferred product, the
bisected oligosaccharide-PA, as expected, and, in addition,
the GalNAc-transferred product was not separated from
the GlcNAc-product by the reversed phase HPLC. Thus, in
order to further confirm the transfer of GalNAc, the prod-
uct oligosaccharide from the reaction with UDP-GalNAc
was subjected to component sugar analysis and anion ex-
change chromatography using a borate buffer (Fig. 4, A and
B). The component sugar analysis showed that the product
contained GalNAc, and that this product was evidently sep-
arated from the usual GlcNAc-transferred bisected sugar
chain, probably because of the cis-diol of the GalNAc resi-
due in the anion exchange chromatography. hi addition, the
product obtained from the reaction with UDP-GalNAc con-
tained no detectable GlcNAc-transferred product

When the enzyme activity in the culture medium and the
purified enzyme was retrospectively determined using
UDP-GalNAc and UDP-Glc as well as UDP-GlcNAc, it was
found that the ratio of the specific activities of the purified
enzyme to those in the culture medium was the same for
all these donors, indicating that the activities with respect
to UDP-GalNAc and UDP-Glc were perfectly co-purified

B

20 40 60

Retention time (min)

80 10 20 30

Retention time (min)

Fig. 4. Identification of GalNAc
transfer by GnT-III. (A) Compo-
nent monosaccharide analysis. TFA-
hydrolyzed products were pyridy-
laminated and separated by ion-ex-
change HPLC. Traces a-c indicate
standard pyridyiaminated monosac-
charides, the product from the reac-
tion with UDP-GalNAc and GlcNAc-
transferred product, respectively.
Conditions are detailed under "EX-
PERIMENTAL PROCEDURES."
(B) Separation of the GalNAc-trans-
ferred product from the GlcNAc-
transferred one. Traces a and b indi-
cate the GalNAc- and GlcNAc-prod-
ucta, respectively. In trace c, a mix-
ture of both two products was in-
jected into the HPLC.
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with the usual GlcNAc-transferring activity. Furthermore,
enzyme activities with respect to transferring GalNAc and
Glc to the acceptor substrate were not detected in the cul-
ture medium of the SSI cells which were non-infected or
infected with the recombinant baculovirus, which contained
a cDNA for an unrelated glycosyltransferase, al,6fucosyl-
transferase (38). Therefore, it could be clearly demon-
strated that the GnT-III is able to transfer GalNAc and Glc
from the corresponding UDP-sugars, albeit at much slower
reaction rates than that of GlcNAc. Reaction rates, which
are based on the initial velocity under the same conditions,

were found to be 0.1% and 0.2% for UDP-GalNAc and
UDP-Glc, respectively, compared to the rate for UDP-
GlcNAc.

The elucidation of a kinetic factor associated with the
distinct transfer rates on which the donor substrate speci-
ficity of GnT-III may be based would be important in
understanding the mechanism underlying the specificity.
To explore the kinetic basis of the donor substrate specific-
ity of GnT-III, kinetic analyses of reactions involving UDP-
GalNAc and UDP-Glc as well as UDP-GlcNAc were carried
out. As shown in Fig. 5, the reciprocal plots obtained from

UDP-GlcNAc
1.0

- 3 - 2 - 1 0 1 2 3 4 5

1/IUDP-GlcNAc](mW1)

UDP-GalNAc

1,000

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

1/[UDP-GalNAc](mM-1)

UDP-Glc
1,000

Kg. 5. Kinetic analysis of the GnT-III reac-
tions involving UDP-GlcNAc, UDP-Gal-
NAc, and UDP-Glc Numbers beside the plot
in the left panels indicate acceptor concentra-
tions. The right panels are secondary plots of
1/appV,,^ as a function of reciprocal values of
acceptor concentrations.

-0.1 0.0 0.1 02 0.3 0.4 0.5

1/IAcceptor] (jiM"1)

-0.1

0 1 2 3 4 5
1/[UDP-Glc](mM-1)

0.0 0.1 0.2 0.3

1/lAcceptor](uM-1)

TABLE I. Kinetic parameters for the transfer reactions with UDP-GlcNAc, UDP-GalNAc, and UDP-Glc by GnT-IEL

UDPG 003 ()
•Agalacto biantennary oligosaccharide-PA was used as an acceptor substrate.

Donor

UDP-GlcNAc
UDP-GalNAc
UDP-Glc

30
0.058
0.031

i
(*) •

(100)
(0.19)
(0.10)

(mM)

0.42
3.6
1.0

Donor

(M-1 r1)
990

0.22
0.43

(%)
(100)

(0.022)
(0.043)

Acceptor*

(5)
21
24
23
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assays with various concentrations of donors and the accep-
tor indicated that plot sets for various concentrations of the
acceptor intersected the X-axis at the same point, suggest-
ing that the reaction mechanism for GnT-in is consistent
with a sequential mechanism, probably a rapid equilibrium
random mechanism. The K^ values for the donor and ac-
ceptor were mutually independent of the concentration of
the other substrate. These kinetic properties of GnT-IEI
were confirmed for all cases of donor UDP-sugars exam-
ined.

Table I summarizes the kinetic parameters for the reac-
tions with various donor substrates. While the K^ values
for the acceptor, which were determined using various
donors, were essentially the same, the K^ values for the
donors were slightly different. The K^ values for UDP-Gal-
NAc and UDP-Glc were only 8.6 and 2.4 times, respectively;
higher than the value for UDP-GlcNAc. This suggests that
the respective structural differences with respect to the
monosaccharides from GlcNAc, Le., the configuration of the
4-hydroxyl group and the presence of the 2-N-acetyl group,
do not significantly affect the binding of the donor in a
manner that would account for the distinct reaction rates.
On the other hand, the V ^ values found in analyses using
UDP-GalNAc and UDP-Glc as the donor are 530 and 970
times lower, respectively, than that for UDP-GlcNAc. These
much lower V^, values account for the much lower rates of
transfers of GalNAc and Glc, and suggest that the specific-
ity toward the donor is largely dependent on a catalytic
step, rather than the actual binding of the substrate. On
the basis of the catalytic efficiency ih^JK^ for the donor),
the specificity of GnT-in with respect to UDP-GlcNAc was
estimated to be at least 2,000 times higher than that of the
other two UDP-sugars examined.

The kinetic analyses indicate that the binding of the
donor is not dependent on the monosaccharide portion of
the donor substrate, since the replacement of the GlcNAc
moiety by GalNAc and Glc did not significantly affect the
K^ values. The inhibition of GnT-in activity by GlcNAc, a-
GlcNAc-1-phosphate and UDP also provides support for
this conclusion. Consistent with the results from the kinetic
analyses, only UDP markedly inhibited the enzyme activity
whereas the monosaccharide and its 1-phosphate deriva-
tive had only a negligible effect, as shown in Fig. 6. These
findings are consistent with the donor binding to the en-
zyme via the interaction of its nucleotide portion with the

Inhibitor (mM)
Fig. 6. Inhibition of GnT-III activity by substructure! compo-
nents of UDP-GlcNAc Closed circles denote UDP, open circles
GlcNAc, and open triangles a-GlcNAc-l-phosphate. The activity was
assayed in the presence of 1 mM UDP-GlcNAc and 5 pM acceptor.

enzyme, as is believed to occur for many glycosyltrans-
ferases (38-40). Other diphosphonucleotddes, ADP, CDP,
TDP, and GDP, also inhibited the activity of the enzyme,
probably by mimicking UDP (data not shown).

For a more detailed investigation of the involvement of
the nucleotide portion of the donor in the reaction, we
examined whether nucleotdde-sugars with a nucleotide por-
tion that differs from UDP could serve as a donor for GnT-
III. Since UDP-Glc is able to serve as a donor substrate for
GnT-III, an investigation using a variety of nucleotdde-Glcs
would allow the contribution of a nucleotide moiety to the
transfer reaction by this enzyme to be evaluated. As shown
in Fig. 7, the activity assay indicated that the incubation of
GnT-III with ADP-, CDP-, TDP-, and GDP-Glc yielded no
product, whereas Glc was transferred from UDP-Glc, sug-
gesting an absolute requirement for uridine diphosphate in
the GnT-III reaction. However, when these inactive nude-
otdde-Glc derivatives were added to a reaction in which
UDP-GlcNAc was used as the donor, the transfer of GlcNAc
was inhibited. Moreover, it was also found that ADP-, CDP,

Hi

S

I
6

None

UDP-Glc . |

III
CDP-GIc

TDP-GIc

ADP-Qlc

GDP-Glc

i i i

6 10 12

Retention Time (min)
Fig. 7. Reactions with various nucleotide-dc derivatives. The
purified GnT-III was incubated without or with various nudeotide-
Glc derivatives as a donor in the presence of acceptor. Concentra-
tions of the nucleotide-Glc were 2 mM.
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TABLE II. £, values of various nucleotide-Glcs in the com-
petitive inhibition against UDP-dcNAc.

-1.0 -0.5 0 0 0.5 10 15 2 0 2 5

CD

O
a.

0.8

0 6

0.4

0 2

0 0

CDP-Glc

4.0"

-1.0 -0 5 0.0 0.5 1.0 1.5 2.0 2.5

-1.0 -05 0.0 0.5 1.0 15 2.0 2.5

1/[UDP-GlcNAc](mM-1)
Fig. 8. Competitive inhibition of GnT-III activity by various
nucleotide-Glc. ADP-Glc and GDP-Glc were added to the reaction
at 0, 0.5, 1.0, 2.0 mM. Concentrations of CDP-Glc were 0, 1.0, 2.0,
4.0 mM. Acceptor substrate concentration was used at

and GDP-Glc inhibit the enzyme in a competitive manner
against UDP-GlcNAc (Fig. 8), indicating that these nucle-
otide-Glc derivatives bind to the subsite for the donor in
spite of their inability to serve as a donor substrate. Al-
though the enzyme was also inhibited by TDP-Glc, this
inhibition could not be classified. It might, have been a
more complicated inhibition involving multiple inhibition
mechanisms. The Kt values in the competitive inhibition by
those nucleotide-Glc derivatives, which were obtained from
the secondary plots, were comparable to the K^ for UDP-
Glc (Table II). This suggests that GnT-III binds various
nucleotide-sugars at the active site to form the complex
without discriminating between the different nucleotdde
portions. However, it seems likely that the chemical process
exclusively involves UDP as the nucleotdde moiety of the
donor substrate.

DISCUSSION

In this study, the purified recombinant GnT-III was kineti-
cally characterized, and the kinetic basis for the donor sub-

Nucleotide-Glc

UDP-Glc
TDP-Glc
ADP-Glc
CDP-Glc
GDP-Glc

K,(mM)

(1.0)*
n.d."
0.75
3.9
1.0

JS value. b/IQ value in the competitive inhibition was not deter-
mined because the inhibition by TDP-Glc could not be classified.

strate specificity was investigated by the use of a variety of
UDP-sugars and other nudeotide-sugar derivatives. Our
findings show that the enzyme binds various nudeotide-
sugars in the subsite for the donor with comparable affini-
ties to that for UDP-GlcNAc, as indicated by comparison of
the Km values from the kinetic analyses and the K^ values
for competitive inhibition against the natural donor. How-
ever, in the case of the en2yme-nudeotide-sugar complex
with the acceptor, the transfer of the monosaccharide from
the donor appears to be executed highly specifically for the
appropriate combination of nudeotide and monosaccharide,
namely, a combination of UDP and GlcNAc In contrast to
many other enzymes whose substrate specificity is believed
to depend to a large extent on the formation of an enzyme-
substrate complex, the substrate specificity of GnT-III
toward the donor does not appear to be conferred by the
formation of the enzyme-substrate complex which results
from the specific binding. It is more likely that the underly-
ing mechanism for donor specificity involves the subse-
quent catalytic process, which appears to be dependent on
the structural elements of the monosaccharide moiety, sudi
as the configuration at the 4-hydroxyl group and the pres-
ence of a 2-iV-acetyl group. It was also shown that uridine
plays an essential role in the chemical step but not in donor
binding. These results are consistent with the condusion
that the substrate specifidty of GnT-III toward the donor is
determined on a catalytic basis, rather than by specific
binding, in terms of distinguishing UDP-GlcNAc from vari-
ous structurally similar nudeotide-sugars that serve as the
donors for many other glycosyltransferasea

Differences in the kinetic parameters between UDP-
GlcNAc and UDP-GalNAc may be ascribed only to the
effect of the different configurations of the hydroxyl group
at the C-4 position. The K^ for the donor was only modestly
increased in the case of an axial hydroxyl group at the C-4
position (GalNAc) in the donor monosaccharide, as com-
pared to that of an equatorial hydroxyl (GlcNAc), suggest-
ing that the contribution of the 4-hydroxyl to the binding of
the nudeotide-sugar to the enzyme is not significant.
Regarding the K^ as a dissodation constant, the difference
in AG for the binding of the donor between UDP-GlcNAc
and UDP-GalNAc was calculated to be only 1.3 kcal/mol.
On the other hand, the replacement of the equatorial
hydroxyl by an axial one at the C-4 position led to a large
decrease in the value of V ^ , suggesting the importance of
an equatorial hydroxyl group in the catalysis (Table I). Cal-
culating from this decrease in Vmmx or k^, the destabiliza-
tdon of the transition state as the result of altering the
configuration at C-4 was estimated to be 3.9 kcal/mol. It
therefore appears that the 4-hydroxyl group plays a more
critical role in the catalysis than in the prior binding step
for the chemical process. It is possible that this value for
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destabilization might correspond to the loss of a critical
hydrogen bond involving the equatorial hydroxyl group at
C-4 position, which may be formed in the transition state.
Such a hydrogen bond could facilitate the conformatdonal
change of the donor monosaccharide, which would be
expected to occur in conjunction with the inversion of the
anomeric center during the transition state, thereby con-
tributing to the catalysis. Since the absence of a 2-7V-acetyl
group in the donor affects the kinetic parameters, which
are based on the difference in the parameters between
UDP-GlcNAc and UDP-Glc, in a similar way to the alter-
ation of the C-4 configuration, the 2-iV-acetyl group appears
to play a similar role to the equatorial C-4 hydroxyl group
in the reaction by GnT-III. In this case, while the replace-
ment of the 2-AT-acetyl group by a hydroxyl group caused a
destabilization of only 0.53 kcal/mol on binding, the
increase in the activation energy or the destabilization of
the transition state was estimated to be as large as 4.3
kcal/mol. Considering the additive effects of both structural
factors on the kinetic parameters, it seems reasonable that
UDP-Gal could actually no longer act as the donor. Destabi-
lization of the activation energy would be expected to be 8.2
kcal/mol, which corresponds to a value of 2.0 X 10"8 for the
V,^, compared to that for UDP-GlcNAc.

The present study has also shown that GnT-III has an
absolute requirement for UDP as the nucleotdde portion of
the donor in the transfer of monosaccharide, even though
the enzyme accommodates the binding of various nucle-
otide-Glcs to the subeite for the donor in the active site.
Thus, it is likely that GnT-III "non-specifically" binds a
nucleotide-sugar at the donor site via the interaction with
its nucleotdde moiety, even if it is not UDP, but the enzyme
specifically transfers a monosaccharide only from the UDP-
sugar derivatives. Although this suggests that the UDP
portion participates in the catalytic process during the re-
action catalyzed by GnT-m, the mechanism by which UDP
facilitates the transfer of the monosaccharide is not pres-
ently clear. Some glycosyltransferases display an obvious
preference for the specific nucleotdde of a donor in binding
(40), while others tolerate a variety of nucleotide moieties
in transferring the monosaccharide (41). Since even a TDP-
sugar, which differs from the corresponding UDP-sugar
only by virtue of a substitution of a 5-methyl group in the
pyrimidine ring, failed to serve as the donor in the reaction
catalyzed by GnT-III. The structural requirement for the
nucleotide base seems to be nearly absolute for this en-
zyme, in terms of catalysis.

The glycosyltransferases involved in the biosyntheses of
blood groups A and B are very homologous, and only four
amino acid residues differ between these two enzymes (42,
43). The A and B glycosyltransferases transfer GalNAc and
Gal from their UDP-conjugates, respectively. It has been
reported that these substrate specificities can be intercon-
verted by a single amino acid substitution (44). Kinetdc
analyses have shown that the alteration of the substrate
specificity is controlled by both the K^ value and k^ (45,
46), which is consistent with the proposal that the nucle-
otdde-sugar donor specificity of glycosyltransferases is also
controlled by the catalytic process.

Substantial dependence of the catalytic process on the
monosaccharide structural elements (and, in some cases, a
nucleotide portion), the combination of which is unique to
the particular nucleotide-sugar that is utilized as the donor,

would contribute to an ability to distinguish the donor from
various similar nucleotide-sugars which coexist in the Golgi
apparatus and which are available as substrates for other
glycosyltransferases. If the substrate specificity of glycosyl-
transferases were determined only by the specific binding,
as reflected by differences in K^ values, the strict regula-
tion of oligosaccharide construction would greatly be im-
paired; in the absence or presence of a considerably low
concentration of the "true" donor, one glycosyltransferase
might transfer a different sugar at a significant rate, using
a different nucleotide-sugar whose concentration is suffi-
ciently high. In contrast, if the specificity were based on the
catalytic process, the reaction rate for different donors
would remain very slow under the same conditions, leading
to the suppression of an unfavorable transfer that might
disturb or affect the subsequent reaction by another glyco-
syltransferase. Such a donor substrate specificity of one gly-
cosyltransferase would be relatively insensitive to variation
of the concentrations of the true donor and other nucle-
otide-sugars that might interfere with the action of the
enzyme. Therefore, this type of substrate specificity would
be preferred for a properly ordered, stepwise addition of
monosaccharides in oligosaccharide biosyntheses. We there-
fore emphasize that the donor substrate specificity which is
determined on the basis of catalysis constitutes an impor-
tant factor in the function of glycosyltransferases.

We thank Dr. Milton S. Feather for correcting this manuscript.
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