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Abstract

1,4-N-Acetylglucosaminyltransferase |11 (GnT-I11) is
known to be a key glycosyltransferase which plays an impor-
tant role in regulating the biosynthesis of Asn-linked oligosac-
charides on glycoproteins. The regulatory role of the enzymeis
based on effects of a reaction product, namely the bisecting
GlcNAc structure, on the biosynthetic process. Thisunique struc-
ture is not tolerated by other enzymes involved in the formation
of the core structures, and, as aresult, prevents further reactions
which are catalyzed by these enzymes. Thisinhibitory regula
tion is the result of the broad specificity of GnT-111, aswell as
the properties of the bisecting GIcNAc. The overexpression and
ectopic expression of GnT-l11 lead to a variety of significant
aterationsin the cellular functions. Although it isnot known,
except for afew cases, whether the direct involvement of the
bisecting GIcNAc residue or the inhibition of the synthesis of a
biologically important structure of the sugar chain resultsin these
alterations, it seems certain that marked structural changes by
GnT-111 catalysisresult in the biological alterationsin the cells.
These findings suggest that GnT-111 and the bisecting GIcCNAc
play an important rolein cellular functions and that N-glycans
are associated with a variety of biological events.
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A. Introduction

The formation of complex and hybrid types of Asn-linked
oligosaccharides involves the participation of a variety of
glycosyltransferases. In the biosynthesis, a series of the reac-
tions areinitiated by the addition of a 31,2GIcNAc residue to
a1,3Man by N-acetylglucosaminyltransferase | (GnT-I) (1, 2).
Subsequent modifications, such as the trimming of mannose
residues by a-mannosidase |1 and the transfer of 31,2GIcNAc
to al,6Man by GnT-II result in the formation of complex type
oligosaccharide. In addition, the absence of the action of the
mannosidase |eads to the hybrid type structure (1, 3). Complex
type sugar chains may also be further processed by other GICNAc
transferases, GnT-1V and GnT-V, which form a 31,4-branch at
al,3Man and a 31,6-branch at a1,6Man, respectively (1-5).
Thus, the relative abundance of hybrid type, bi-, tri- and tetra-
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Fig. 1. A reaction catalyzed by GnT-I11.

antennary sugar chains (complex type) depend, at least in part,
on the expression levels of these enzymes.

It is known that during the early stages of N-glycan bio-
synthesis, the formation of the core structures can be regulated
by the addition of a31,4-GlIcNAc residueto acore -Man resi-
due (1, 3). This reaction is catalyzed by [31,4-N-acetyl-
glucosaminyltransferase 111 (3-1,4-mannosyl-glycoprotein 31,4
N-acetylglucosaminyltransferase, GnT-I11: EC 2.4.1.144) (6)
(Fig. 1). Thetransferred 31,4GIcNAc residueisreferredto asa
bisecting GIcNAc (7, 8), and is known to have unique features.
Of the possible five GIcNAc residues linked to the trimannose
core, only the bisecting GIcNAc contains no antennae. Further-
more, the formation of the bisecting GICNAc residue prevents
o-mannosidase Il and GnTs-1, IV and V from acting on the
oligosaccharide (1-5). In addition to the effects on the forma-
tion of core structures, the presence of the bisecting GIcNAc
also affects the elongation of the antennae (9). Thereductionin
the extent of branching and elongation by the bisecting GICNAc
leads to a significant alteration in the sugar chains, both in terms
of their structure and size. Therefore, it has been suggested that
GnT-111l plays aregulatory role in the biosynthesis of N-gly-
cans. If thisistrue, then the enzyme would be expected to be a
key glycosyltransferase that may modulate the cellular functions
viaits effect on cell surface oligosaccharides.

In this paper, we would describe the enzymatic proper-
tiesof GnT-I11 and theroles of the product, the bisecting GIcNAc
residue.

B. General Featuresof GnT-l11

The activity of GnT-I11 wasfirst observed in hen oviduct
by Narasimhan (6). In mammals, the activity is abundant in
kidney and brain while being nearly undetectable in the normal
liver (10, 11). However, the activity and gene expression of
GnT-111 increase during hepatocarcinogenesis (11, 12), and it
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has been suggested that this enhanced expression of GnT-Il1

leads to an elevation in the levels of the bisecting GIcNAc con-
tent in the oligosaccharide moieties of glycoproteins which are
produced in the liver, such as transferrin (13). Anincreasein
the levels of the bisected sugar chain is often considered to be
one of the “cancer-associated alterations’ of sugar chains (14).

GnT-111 was purified from rat kidney to homogeneity, and the
cDNA for the rat enzyme was then cloned, in an attempt to in-
vestigate the molecular basis of this structural alteration and the
biological significance of the bisecting GICNAc (15). The pri-
mary structure, which has been deduced from the cloned cDNA,
indicates that GnT-I11 is atypical type |l membrane protein,
consisting of a short N-terminal cytoplasmic tail, atransmem-
brane domain, a stem region and a large catalytic domain (15,

16). These structural features are quite similar to those of a
large number of other glycosyltransferases (17). The enzyme
requires a divalent metal ion such as Mn? for activity, asisthe
case for many other glycosyltransferases. Genomic analysis
revealed that the coding region is encoded by a single exon, and
that the human geneislocalized at chromosome 22q.13.1 using
fluorescence in situ hybridization (16). An investigation of the
promoter region of the GnT-I11 gene has shawn that the enzyme
is expressed by multiple promoters, which appear to confer tis-
sue-specific expression (18).

C. Kinetic Properties and Substrate Specificity of GnT-111

In earlier studies, the enzymatic properties and the sub-
strate specificity of GnT-111 were investigated using crude or
partialy purified preparations. Apparent kinetic parameterswere
also determined using a crude preparation of the enzyme for the
donor and some acceptor oligosaccharides. The recombinant
rat GnT-11l was produced in a secretable soluble form via the
use of a baculovirus-insect cell expression system, and a ki-
netic analysis using the purified recombinant GnT-111 was car-
ried out in order to analyze its kinetic properties more accu-
rately (19). Thefindings revealed that the reaction catalyzed by
GnT-111 follows a sequential mechanism, consistent with the
fact that the reaction involves an inversion in the anomeric con-
figuration of the transferred monosaccharide, and a random or
partially random mechanism appears to be likely.

Substrate specificity, with respect to the acceptor, has
been intensively examined, in an attempt to characterize the en-
zymatic properties of GnT-I11 (1-6). These studies have shown
that: (i) High mannose type oligosaccharides are not active as
the substrate, and that 31,2GIcNAc linked to a1,3Man, which
isaproduct of GnT-I, isrequired for the action of GnT-111. (ii)
A [B1,2GIcNAc residue linked to a1,6Man is not required, and,
thus, a hybrid type oligosaccharide which is formed immedi-
ately after the action of GnT-I is able to serve as the substrate
for GnT-Il1. (iii) Any agalacto form of the bi-, tri- and tetra-
antennary sugar chainsis capable of serving as an acceptor sub-
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strate for GnT-111. (iv) B1,4Galactosylation of the GICNAcB1-
2Mana1-3 branch inhibits the action of GnT-IIl. (v) An
al1,6fucosyl residue at the innermost GIcNA ¢ has no effect on
theenzymereaction. These characterizationsof GnT-I11 interms
of acceptor substrate specificity have permitted the structural
requirements for the acceptor to be defined in areasonably pre-
cisemanner. A synthetic oligosaccharide acceptor has also been
developed, indicating that a pentasaccharide, which consists of
atri-mannose core, with 1,2GIcNAc residues linked to the a-
mannose residues is active as a substrate (20-22). It also ap-
pears that methylation of the 4-OH of a1,3-linked Man and the
6-OH of a1,6-Man to give methyl ethersistolerated by the en-
zyme, which is consistent with the ability of GnT-111 to act on
tri- and tetra-antennae.

The specificity of GnT-111 toward the donor had not been
investigated in great detail, probably because the purified en-
zyme was unavailable. A specificity study using the purified
enzyme has shown that the enzymeis aso capable of catalyzing
the transfer of Glc and GalNAc from the corresponding UDP-
sugars (19). Although these reactions proceed via the same re-
action mechanism as that for the natural donor, UDP-GIcNAC,
the maximal velocities of the reactions are much slower; 1 X 103
and 2 X 1073, respectively. When UDP-Gal was used as the do-
nor, no transfer was observed. On the other hand, Km values
for UDP-GIcNAc, UDP-Glc and UDP-GalNA ¢ were determined
to be 0.42 mM, 1.0 mM and 3.6 mM, suggesting that the differ-
ence in the monosaccharide moaiety of the donor nucleotide-sugar

(Transition state)

E: enzyme
D: donor
A: acceptor

AG

E-D-A
(Ternary complex)

Sugar:
-—— (Gal)
GalNAc

Reaction coordinate
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Fig. 2. Possible energy profilesfor thereactions
with UDP-sugars. It is assumed that the reactions
by GnT-111 follow atypical random mechanism.
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does not significantly affect the binding of the substrate. Thus,
the specificity toward the sugar moiety of the donor appearsto
be critically determined during the catal ytic process but not dur-
ing binding with the enzyme in the ground state (Fig. 2).

Contributions of the structural factors to the catalysis,
calculated based on the comparison of the kinetic parameters
obtained, are shown in Fig. 3. These effects of the configura-
tion at a C-4 position of the monosaccharide and the presence of
the 2-N-acetyl group would be explained, for example, by the
possible formation of a hydrogen bond and the induction of po-
larization of the amide of the acetyl group. Thisglycosyltrans-
ferase utilizestheseinteractionsfor stabilizing thetransition state,
rather than binding of the donor, and would thereby exert a strict
specificity toward the monosaccharide moiety of the donor. As
calculated from the kcat/Km values, specificity for UDP-GICNAC
was estimated to be more than 2,000 times higher, compared to
UDP-GIc and UDP-GaNAc.

On the other hand, GnT-111 excdusively prefersthe uridyl
nucleotide as an aglycon of the donor since ADP-, GDP-, CDP-
and TDP-sugars do not serve as substrates for the enzyme (19).
However, since these inactive nucleotide-sugars bind to the do-
nor subsite to a similar extent, the enzyme does not appear to
distinguish the nucleotide portion of its natural substrate from
that of other nucleotide-sugars at the binding step. Thus, al-
though GnT-111 indiscriminately binds various nucleotide-sug-
ars, the subsequent chemical step would involve several struc-
tural factorsand only the uridyl nucleotide, thus conferring speci-
ficity to the natural donor, UDP-GIcNAc.
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D. Reguirement of N-Glycosylation in the Function of GnT-
Il

Three potential sitesfor N-glycosylation, Asn-X-Thr/Ser,
exist in the amino acid sequence of rat GnT-I11, and it has been
shown that these sites are all fully glycosylated. Theloss of one
or two potential sites by site-directed mutagenesis led to a de-
crease in enzyme activity via the alteration of its kinetic proper-
ties. The elimination of N-glycans from all three sites by
tunicamycin treatment and mutagenesis led to the complete loss
of activity, and, thus, it can be concluded that glycosylation is
required for activity (23). In some glycosyltransferases, the N-
glycan plays no essential role in the formation of an active en-
zyme, asindicated by mutational analysis, experiments using
glycosylation inhibitors and successful expressioninE. coli (24
—26). Inthe case of GnT-I11, however, N-glycosylation must be
closely associated with the formation of fully active GnT-I11,
and this requirement for N-glycosylation may be one of the fac-
tors which prevents the bacterial production of the recombinant
enzyme. Furthermore, the removal of the N-glycans from GnT-
[l alterstheintracellular localization of the enzyme, suggesting
that the sugar chains are also involved in the retention of GnT-
[11 by the Golgi (23). N-glycosylation isessentia for the func-
tional expression of GnT-111, and allows the enzyme to partici-
pate in the biosynthesis of N-glycans.

E. Role of Bisecting GIcNAc, a Product of GnT-I11
Asdescribed above, the addition of the bisecting GIcNAc
by GnT-l1l prevents a-mannosidase 1, GnTsI, IV andV from
acting on the oligosaccharide substrates (1-6), and thus it has
been generally thought that GnT-111 plays arole in the regula-
tion of N-glycan biosynthesis. The action of GnT-I11 prior to -
mannosidase Il on the product of the reaction by GnT-I com-
mits the biosynthetic pathway to the hybrid type of oligosac-
charides because a-mannosidase |1, whose action is a prerequi-
site step for the formation of complex type sugar chains, cannot
act on the bisected oligosaccharide (Fig. 4). Therefore, therela-
tivelevelsof theactivitiesof GnT-111 and a-mannosidase |1 would
be predicted to direct the pathway toward the formation of com-
plex or hybrid types. GnT-l1l also shares oligosaccharide ac-
ceptor substrates with any of the GnT-Il, -1V and -V, and is able
to inhibit all reactions by these enzymes via the addition of the
bisecting GIcNAc (Fig. 4). If GnT-111 acts on the substrate oli-
gosaccharide before these GnTs, the resulting bisected oligosac-
charides are no longer able to serve as substrates for these GnTs,
thus leading to a reduction in the extent of branch formation.
Thus, it is conceivable that the relative dominance of GnT-111
against each of the a-mannosidase, GnTs-I1, -1V and -V affects
the assembly of the oligosaccharides. On the other hand, the
order of the actionsin the Golgi apparatusis aso an important
factor in determining the ultimate structure of the oligosaccha-
rides, and it is possible that sublocalization in the Golgi deter-
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Fig. 4. Biosynthetic pathways of the core structures of 'V'a”"l\eM .
Asn-linked sugar chains. The pathways from aprecursor, Man® - aN%ING
oligosaccharide, are shown. Closed boxesindicate the stepswhich Manpl-R
are inhibited by the presence of the bisecting GIcCNAc. -R repre- Mana1”
sents -4GIcNACcB1-4GIcNACB-Asn (in polypeptide).
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minesthe order of action. Although it has been suggested that a
cytoplasmic tail, a transmembrane domain and a stem region,
collectively referred to asthe CTS region, are involved in con-
trolling the order of actions of glycosyltransferasesin the Golgi
(27), the mechanism for regulating this is not known in suffi-
cient detail.

The relatively broad range of specificity of GnT-111 to-
ward oligosaccharide acceptors enables the enzyme to act on a
variety of intermediate oligosaccharidesin the formation of core
structures. In addition to these enzymatic properties of GnT-lll,
the bisecting GIcNACc per seisinvolved in the regulation of the
actions of a-mannosidase Il and GnT-s. NMR studies suggest
that the addition of the bisecting GIcNAc induces a conforma-
tional changein the oligosaccharide (28-30). It appearsthat the
inhibition of the action of GnT-V by the bisecting GIcNAc s, in
part, due to the induction of a conformational change in the oli-
gosaccharide, because the presence of the bisecting GIcNAc
more greatly affects the conformation of an a1,6-linked moiety
(32).

F. Biological Functionsof GnT-111 and Bisecting GIcNAc

As shown by DNA transfection experiments with GnT-
I11 cDNA, theincreasein thelevel of bisected sugar chains gives
rise to a variety of significant alterationsin cells. The 31,6-
branching structure in the core of the N-glycansis due to the
action of GnT-V and has been suggested to be associated with
metastatic potential (32, 33). Since the formation of this struc-
ture can be inhibited by the addition of the bisecting GIcNAc,
the issue of whether inhibition by GnT-I11 transfection affects
metastatic potential was examined. The overexpression of GnT-
[11 in highly metastatic melanoma cells led to a reduction in
B1,6-branchesin cell surface N-glycans, in parallel with thein-
crease in the bisecting GIcNAc, and suppressed lung metastasis
of the melanoma cells (34). It was also found that E-cadherin
accumulate on the cell surface in the GnT-111-transfected cells,
due to the inhibition of the release from the surface (35). Re-
cently, it was reported that aberrant glycosylation of E-cadherin
by GnT-111 down-regulates the tyrosine phosphorylation of -
catenin (36).

When K562 cellswere transfected with GnT-111, the cells
became resistant to the cytotoxicity of natural killer cells and
devel oped spleen colonization in athymic mice (37). It hasalso
been suggested that an overexpression of GnT-111 impairs the
functions for epidermal growth factor and nerve growth factor
receptors (38, 39). Furthermore, transgenic mice which express
GnT-I11 specifically in the liver were established, in order to
investigate the biological significance of the enzymein hepato-
cytes (40). Histological examination revealed that the hepato-
cytes in the transgenic mice adopted a swollen oval-like mor-
phology, and abnormal lipid accumulation was also observed
within the cells. This lipid storage appeared to be associated
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with an impaired apolipoprotein B secretion, as evidenced by
biochemical analyses. Asshown by these results, such “forced”
and “unphysiological” alterations in N-glycans by the
overexpression and ectopic expression of GnT-111 led to marked
alterations in the cellular functions.

In the analyses involving the GnT-111-knockout mice, on
the other hand, although no bisected sugar chainswere found in
the deficient mice, growth and devel opment of the GnT-I11-de-
ficient mice were normal (41). When treated with
diethylnitrosamine, however, the suppression of hepatocarcino-
genesis was observed in the deficient mice (42). It has also
been suggested that this suppression of carcinogenesis involves
aserum glycoprotein(s) which is biosynthesized in other tissues
and is possibly due to a structural alteration in the oligosaccha-
ride moiety of the responsible glycoprotein (43).

Although the physiological roles of GnT-11l remain un-
clear, it seemslikely that GnT-I11 plays animportant rolein dis-
eases, such as carcinogenesis and cancer metastasis. In order to
understand the role of GnT-111 in more detail, afurther analysis
and study of the phenotypes of the GnT-I11-deficient mice under
pathological conditions, such as infection and carcinogenesis,
rather than in a healthy state will be needed.

G. Concluding Remarks

As shown by the evidence that significant alterations are
caused in cells by the ectopic expression and overexpression of
GnT-l1l, it can be concluded that the enzyme plays akey rolein
the alteration of cellular functions. It is conceivable that the
structure of the bisecting GIcNAc per seisdirectly involved in
such alterations. However, sinceit is aso possible that the syn-
thesis of biologically active and functional structures of the sugar
chainsis regulated by the action of GnT-I11, some of the alter-
ations must be due to the loss or decrease of these important
oligosaccharide structures of some glycoproteins. To elucidate
the molecular basis for these alterations, identification of “tar-
get glycoproteins” whose functions can be regulated by the ad-
dition of the bisecting GIcNAc would also be important. Fur-
ther investigations of the mechanism by which the structural
change caused by GnT-111 alters the character of the cellsis
clearly caled for.
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