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Abstract

Poly-N-acetyllactosamine is a unique carbohydrate com-
posed of N-acetyllactosamine (LacNAC) repeats and provides
the backbone structure for additional modifications such assiayl
Lewis:. Itisattached to N-glycans, O-glycans, and glycolipids
and synthesized by the alternate addition of 31,3-linked N-
acetylglucosamine (GIcNAc) and [31,4-linked galactose (Gal)
by i-31,3-N-acetylglucosaminyltransferase (iGnT) and a mem-
ber of the B1,4-galactosyltransferase (f4Gal-T) gene family.
Poly-N-acetyllactosamines in mucin-type O-glycans can be
formed in core 2- and core 4-branched oligosaccharides, which
are synthesized by core 2 31,6-N-acetylglucosaminyltransferase
(C2GnT) and core 4 (1,6-N-acetylglucosaminyltransferase
(CAGNT), respectively.

B4Gal-TIV was found to be most efficient in the addi-
tion of asingle Gal residue to core 2-branched oligosaccharides
among the members of the B4Gal-T gene family and to synthe-
size poly-N-acetyllactosamine in core 2-branched O-glycans
together with iGnT. On the other hand, 34Gal-TI was shown to
be most efficient for poly-N-acetyllactosamine synthesisin N-
glycans. In contrast to f4Gal-Tl, the efficiency of p4Gal-TIV
decreases dramatically as the acceptors contain more LacNAc
repests, consistent with the fact that core 2-branched O-glycans
contain shorter poly-N-acetyllactosamines than N-glycansin
many cells. Poly-N-acetyllactosaminesin core 4-branched O-
glycans were found to be synthesized most efficiently by iGnT
and 4Gal-TI athough the synthesisin core 4 branches is less
efficient than in core 2 branches because of inefficient addition
of GIcNAc to core 4 branches by iGnT. Thus, poly-N-
acetyllactosamine extension in core 2- and core 4-branched O-
glycansisdifferentially controlled by iGnT and different mem-
bers of the B4Gal-T gene family.
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The abbreviations used are: iGnT, i-31,3-N-acetylglucosaminyltransferase; f4Gal-T, 31,4-galactosyltransferase; C2GnT, core 2 31,6-N-
acetylglucosaminyltransferase; CAGNT, core 4 31,6-N-acetylglucosaminyltransferase; 1GnT, I-branching 1,6-N-acetylglucosaminyltransferase;
GnTV, N-acetylglucosaminyltransferase V; pNP, p-nitrophenyl; HPLC, high performance liquid chromatography.
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A. Introduction

Poly-N-acetyllactosamines are unique glycans having
LacNAc repeats (Galf1 - 4GIcNAcB1- 3) in one side chain
(1) and attached to N-glycans (2—4), O-glycans (5-7) and gly-
colipids (8-10). Poly-N-acetyllactosamines are often modified
to express differentiation antigens and functional oligosaccha-
rides. One of these oligosaccharides is sialyl Lewis,
NeuNAca2 - 3Gal31 - 4(Fucal - 3)GIcNAc - R discovered in
human granulocytes and monocytes (11, 12). Sialyl Lewis* and
its sulfated forms, such as 6-sulfo sialyl Lewis*,
NeuNAca2 - 3Galf31 - 4[Fucal - 3(sulfo- 6)]GICNAC- R in
mucin-type glycoproteins, have been shown to be ligands for E-,
P-, and L-selectin (13-15).

Since O-glycans are present as clusters in mucin-type
glycoproteins, mucin-type glycoproteins can present multiple
ligandsto asdlectin. In mucin-type glycoproteins of blood cells,
siayl Lewis* can be found in core 2-branched oligosaccharides
(5, 6, 16). Similarly, 6-sulfo siayl Lewis‘in L-selectin ligands
found in high endothelial venules is synthesized in core 2-
branched oligosaccharides such as NeuNAca2 - 3Galpl -
4[Fucal - 3(sulfo— 6)]GIcNACBl - 6(Gapl- 3)GaNAca -
serine/ threonine (17-19).

The enzyme responsible for core 2 branching is called
core 2 31,6-N-acetylglucosaminyltransferase (C2GnT), and its
cDNA bas been cloned (20). When C2GnT isinactivated in
mice by gene targeting, leucocytes from those mutant mice ex-
hibit much reduced binding to P-, L-, and E-selectin, although
the effect on E-selectin binding isless severe than binding to P-
and L-selectin (21).

In the gastrointestinal tract, oligosaccharides with core
3, GIcNACcB1 - 3GaNAc, can befrequently found (22). Inthese
tissues, core 3 is converted to core 4 by core 4 31,6-N-acetyl-
glucosaminyltransferase (C4GnT), forming GIcNAcp1
- 6(GIcNACcB1 - 3)GalNACc (23, 24).

Recently, acDNA encoding CAGnT has been cloned (25,
26). Thisenzymeisuniguein having amajor C2GnT activity
and aminor |-branching 1,6-N-acetylglucosaminyltransferase
(IGNT) activity in addition to CAGNT activity. The expression
profile of this novel C2/C4/1GnT (termed C2GnT-mucin type
or C2GnT-2) isconsistent with the distribution of core 4 branches
in various tissues (22, 25), suggesting that C2GnT-mucin type
is probably the enzyme responsible for the formation of core 4-
branched oligosaccharides. Since core 4-branched oligosaccha
rides can be further modified to express sialyl Lewis® in poly-N-
acetyllactosaminyl side chains, the synthesis of core 4 and its
poly-N-acetyllactosaminyl extension aso provides a basis for
the formation of functional oligosaccharides.

These resultsindicate that it is crucial to understand the
synthesis of poly-N-acetyllactosamines in core 2- and core 4-
branched O-glycans aswell asin N-glycans. It has been dem-
onstrated (27) that poly-N-acetyllactosaminesin core 2-branched
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Fig. 1. B4Gal-T and iGnT activity in N- and O-glycansand HPL C analysis of poly-N-acetyllactosaminyl N- and O-glycans.
A, C, and D, N-glycan acceptor, GIcNAcf1 - 6Manal - 6Manp - octyl (A), core 2-branched acceptor, GIcNAcB1 - 6(GalBl — 3)GaNAca - pNP
(C), or core 4-branched acceptor, GICNACBL - 6(GIcNAcB1 - 3)GaNAca - octyl (D) was incubated with 34Gal-TI (dosed circle), -Tll (open
triangle), - Tl (open square), -TIV (open circle), or -TV (closed square). B, N-glycan acceptor, Gal1 - 4GIcNAcB1 - 6Manal - 6Manf3 - octyl
(closed circle), core 2 Gal31 - 4GIcNACcB1 - 6(Gal1 - 3)GalNAca - octyl (open circle), or core 4 Gal1 — 4GIcNAcB1 - 6(GIcNACB1 -
3)GalNAca - octyl (closed square) was incubated with iGnT. E, F, and G, N-glycan acceptor, Gal31 - 4GIcNAcB1 - 6Manal - 6Man - octyl
(E), core 2 Gal1- 4GIcNACcB1- 6(Galf1l - 3)GaNAca - pNP (F), or core 4 Galp1 - 4GIcNAcB1 - 6(GIcNAcB1 - 3)GalNAca - octyl (G)
was incubated with iGnT and f4Gal-T, and analyzed by HPLC. B4Gal-Tl (E and G) and 4Gal-TIV (F) were employed. Peaks 1-5 represent the
products containing one (1) to five (5) LacNAc units.
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O-glycans are synthesized with a member of the 31,4-
galactosyltransferase (B4Gal-T) gene family, p4Gal-TIV (28)
and i-1,3-N-acetylglucosaminyltransferase (iGnT) (29). It has
been also found that B4Gal-TI, iGnT, and IGnT areinvolved in
the synthesis of 1-branched poly-N-acetyllactosamines and the
addition of LacNAc repeststo linear LacNAc of |-branched poly-
N-acetyllactosaminesis preferred over the addition of LacNAc
to an | branch (30). It has been demonstrated that similar size
and amount of poly-N-acetyllactosamines are synthesized in both
side chains of GIcNAcB1l-6(GIcNAcBl-2)Manal
- 6Manp - R in N-glycans, which is preformed by the action of
N-acetylglucosaminyltransferase V (GnTV) (31). It has been
recently shown that poly-N-acetyllactosamines in core 4-
branched O-glycans are synthesized with 4Gal-Tl and iGnT
(32).

We discuss here how poly-N-acetyllactosamine synthe-
sisisregulaed in glycoproteins, especially mucin-type O-gly-
cans and describe that intricate interactions between glycan ac-
ceptors and specific glycosyltransferases play acritical rolein
glycan biosynthesis.

B. Poly-N-Acetyllactosamine Biosynthesisin N-Glycans

B-1. Galactosylation of N-Glycan Acceptors

Poly-N-acetyllactosamines are synthesized through the
alternate actions of iGnT (29) and 4Gal-T. Recently, it has
been demonstrated from several laboratories that there exist at
least six B4Gal-Tsin addition to B4Gal-TI (28, 33-39). First,
B4Gal-T1 was found to be most efficient in galactosylation of
N-glycan acceptors, GICNAcB1 - 6Mana 1 - 6Manp - octyl and
GIcNACcB1 - 2Manal - 6Manp - octyl among members of the
BAGal-T genefamily (Fig. 1A, Tablel) (27, 31, 32). Theseoli-
gosaccharide acceptors are synthetic analogues of the branches
in tetraantennary-type N-linked glycans, to which iGnT prefer-
entially adds GIcNAc. In contrast, B4Gd-TIV or -TV addsmuch
less Gal to the N-glycan acceptors and their K is much higher
than that for B4Gal-TI. B4Gal-Tll has much lower V__ than
B4Gal-Tl, althoughitsK islower than that of B4Gal-TI. Simi-
larly, K_for BAGal-Tlll islower than that of B4Gal-Tl, but B4Gal-
Tl has lower V__ than B4Gal-TI. These data indicate that
B4Gal-TII, -TlI, -TIV,and -TV areinefficient in galactosylation
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Tablel. Kinetic propertiesof iGnT and 34Gal-Ts.

iGnT p4Gal-Ti p4Gal-Til p4Gal-Till p4Gal-TIV p4Gal-TV
Substrate
Km Vmax Km Vmax Km Vmax Km Vmax Km Vmax Km Vmax
mM  Relative values (%) mM  Relative values (%) mM  Relative values (%) mM  Relative values (%) mM  Relative values (%) mM  Relative values (%)
GlcNAcB1-6Manal-6Man-octyl 0.88 100° 0.30 14 0.63 43 5.92 63 2.79 12
GIcNAcB1-2Manal-6Manp-octyl 0.91 96 0.32 13 0.70 46 5.78 65 271 11
Galp1-4GlcNAcB1-6Manal-6Manp-octyl 1.19 100°
Galp1-4GIcNAcB1-2Manal-6Manp-octyl 1.20 105
GlcNAcB1-3GalB1-4GlcNAcB1-6Manal-6Manf-octyl 114 109 0.37 13 0.66 46 4.76 35 2.65 10
Galp1-4GIcNACP1-3GalB1-4GlcNAcB1-6Mana1-6ManB-octyl 1.06 52
GIcNACcB1-3GalB1-4GIcNAcB1-3Galp1-4GlcNAcB1-6Manal-6Manp-octyl 1.08 103 0.38 14 0.72 9 4.98 5 2.68 11
GalB1-4GIcNACcB1-3Galp1-4GIcNAcB1-3GalB1-4GIcNAcB1-6Manal-6ManB-octyl 0.85 38

3 Vmax Of iGnT is compared with the Vi ax (97 .8 nmol/h/ ml) obtained using Gal1-4GIcNAcB1-6Manal-6ManB-octyl as an acceptor.
b Vmax for B4Gal-Ts is compared with the Viax (11 8.3 nmol/ h/ ml) obtained for p4Gal-Tl using GIcNAcB1-6Manal-6Manp-octyl as an acceptor.
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Tablell.
Enzymes involved  Efficiency
N-glycans
Galactosylation B4Gal-TI +++
Poly-N-acetyllactosamine synthesis B4Gal-Tl, iGnT +++
O-glycans
Core 2-branched O-glycans
Galactosylation B4Gal-TIV ++
Poly-N-acetyllactosamine synthesis B4Gal-TIV, iGnT +
Core 4-branched O-glycans
Galactosylation B4Gal-TI +++
Poly-N-acetyllactosamine synthesis B4Gal-TI, iGnT +

of N-glycan acceptors and f4Gal-Tl is most likely involved in
galactosylation in N-glycans (Table Il). 4Gal-TVI and -TVII
were not included in these studies, since 34Gal-TVI was shown
to synthesize Gal 31 - 4GIcp3 — ceramide from Glcf3 - ceramide
(37) and B4Gal-TVII was reported to attach the first Gal in the
proteoglycan linkage region, GIcAB1- 3GalBl-
3Gapl- 4Xylp - Ser (38, 39).
B-2. Poly-N-Acetyllactosamine Extension in N-Glycan Ac-
ceptors
It has been previously shown that iGnT and 4Gal-TI
efficiently form poly-N-acetyllactosamines in N-glycan accep-
torsinvitro (27, 31, 32). iGnT adds GIcNAc in almost identical
efficiency to Gal31 - 4GIcNAcB1 - 6Manal - 6Manp - octyl
and Gal31 - 4GIcNAcBl - 2Manal - 6Manf - octyl (Fig. 1B,
Tablel). These oligosaccharide acceptors are also synthetic ana-
logues of the branches in tetraantennary-type N-linked glycans,
to which iGnT preferentially adds GIcNAc. To determine if
other members of the 34Gal-T gene family may be also involved
in poly-N-acetyllactosamine formation in N-glycans, the N-gly-
can acceptors, Gal31 - 4GIcNAcB1 - 6Mana 1l - 6Manf - octyl
and Galf31 - 4GIcNACcB1 - 2Manal - 6Manf - octyl, were in-
cubated with iGnT and different members of the B4Gal-T gene
family (32). B4Gal-TI together with iGnT efficiently formed
poly-N-acetyllactosamines on both Gal 31 - 4GIcNAcB1-
6Manal - 6Manp - octyl and Galpl-4GIcNAcB1 -
2Manal-6Manp - octyl (Fig. 1E). Oneto five LacNAc units
were added to both N-glycan acceptors. In contrast, together
with iGnT, B4Gal-TIl and -T1l1 added two LacNAc unitsas a
maximum and B4Gd-TIV and -TV added only one LacNAc unit.
Moreover, the total amount of LacNAc incorporated by iGnT
and B4Ga-TIl, -TllI, -TIV, or -TV was less than a half of that
incorporated by iGnT and 4Gal-TI. These results can be ex-
plained by acceptor substrate specificity of members of the
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B4Gal-T gene family with N-glycan acceptors containing dif-
ferent numbers of LacNAc units (32).

As shown in Table |, B4Gal-Tl is very efficient in
galactosylation of the N-glycan acceptors and barely decreases
its gal actosylation efficiency when the acceptors contain increas-
ing numbers of LacNAc units. In contrast, 4Gal-TIV or -TV
adds much less Gal to the N-glycan acceptors because their K
is much higher than that for 4Gal-TI (Table ). Moreover,
BAGaA-TIV significantly decreasesitsV__ once the acceptor con-
tains more than one LacNAc unit, while B4Gal-TV has much
lowerV __ than B4Gal-Tl irrespective of the number of LacNAc
units present in the acceptors (Table I). These properties are
probably the reason why B4Gal-TIV or B4Ga-TV, together with
iGnT, adds only one LacNAc unit to Gal1 - 4GIcNAcpB1-
6Manal - 6Manf3 - octyl or Galf1 - 4GIcNACB1 - 2Manal -
6ManB - octyl. B4Gal-Tll hasaslow V__ valueas 4Ga-TV
dthoughitsK islower than that of B4Gal-Tl (Tablel). K _ of
B4Gal-TIl islower than that of 34Gal-Tl, and 4Gal-TllI has
relatively highV__ valuewith shorter acceptors (Tablel). How-
ever, B4Gal-TllI decreasesitsV__ significantly once the accep-
tor contains two LacNAc units. These properties are probably
the reason why B4Gal-TIl or f4Gal-TllI, together with iGnT,
manages to add two LacNAc units to Gal1- 4GIcNAcB1
- 6Manal - 6Manp - octyl or Galf31- 4GIcNACB1 - 2Manal
- 6Manp - octyl(32). These results, as awhole, indicate that
B4Gal-TI ismainly involved in poly-N-acetyllactosamine syn-
thesisin N-glycans (Table I1).

B-3. Regulation of Poly-N-Acetyllactosamine Synthesisin
N-glycans

The next question ishow poly-N-acetyllactosamine chain
elongation ceasesin N-glycans when sialylation or fucosylation
does not occur. To determineif the efficiency of iGnT changes
when the acceptors contain increasing numbers of LacNAc units,
the N-glycan acceptors containing diff erent numbers of LacNAc
units were incubated with iGnT. iGnT was found to become
less efficient as the acceptors become longer by having LacNAc
repeats, indicating that the termination of chain elongation is
dueto adecreasing activity of iGnT with increase of chain length
(Tablel) (32). In contrast, the efficiency of f4Gal-Tl is barely
affected by the increasing size of the acceptors as described
above. Furthermore, B4Gal-Tl is sufficiently present to form
poly-N-acetyllactosaminesin N-glycansin varioustissues. These
results, combined together, indicate that the action of iGnT is
probably arate-limiting step in poly-N-acetyllactosamine for-
mation in N-glycans. However, there are other factors that con-
trol poly-N-acetyllactosamine synthesisin N-glycans. For ex-
ample, it has been demonstrated that membrane glycoproteins
contain more and longer poly-N-acetyllactosamines than soluble,
secretory glycoproteins (40). Furthermore, it is necessary for
glycoproteins to move slowly through the Golgi apparatus for
poly-N-acetyllactosamine synthesis (41). Otherwise, the for-
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mation of LacNAc isimmediately followed by sialylation or
other modificationsthat prevent further addition of LacNAc. The
biosynthetic oligosaccharide products are a result of the bal-
ance between the amount of glycosyltransferases present and
the movement of glycoproteins in the Golgi apparatus during
glycan biosynthesis. It has been reported that only selected num-
bers of glycoproteins are enriched with poly-N-acetyl-
lactosamines. lamp-1 and lamp-2 are always the major carriers
for poly-N-acetyllactosamines in various cells (42—44). Itis
possible that lamp-1 and lamp-2 satisfy all of the criteria men-
tioned above.

C. Poly-N-Acetyllactosaminesin Core 2-Branched O-Glycans

Mucin-type O-glycans are present in awide variety of
cells and play variousrolesin different cells. Mucin-type gly-
coproteins are also present in the plasma membrane, and they
are often involved in cell-cell interaction (45). For example, O-
glycans present in eggs were shown to be a receptor for both
mouse and sea urchin sperm (46, 47). In granulocytes, mono-
cytes, and certain T lymphocytes, mucin-type O-glycans can
carry sialyl Lewis* at their termini (5, 6, 16). Sialyl Lewist and
its sulfated forms are ligands for E-, P-, and L-selectin (13-15).
Importantly, these selectins, in particular P- and L-selectin, pref-
erentially bind to sialyl Lewis*in alimited number of mucin-
type glycoproteins such as PSGL-1 (for P-selectin), GlyCAM-1
and CD34 (for L-selectin) (48-50). Asshown previoudly, sialyl
Lewis* and its derivatives on O-glycans in blood cells can be
only formed on core 2 branches, Galf31 - 4GIcNAcB1 -
6(GaB1l- 3)GaNAca - R (5, 16). Recent studies demonstrated
that sialyl Lewis and sialyl Lewis?in core 2 branches are highly
correlated to tumor invasion of colon carcinoma (51), probably
because tumor cells utilize selectin-carbohydrate interaction for
their adhesion.

In patients with immunodeficiency such as Wiskott-
Aldrich syndrome, AIDS, and leukemia, leukocytes in the pe-
ripheral blood express a substantial amount of core 2-branched
oligosaccharides, while leukocytes of normal individuals do not
express core 2-branched oligosaccharides (52-55). Most re-
cent studies employing transgenic mice demonstrated that the
overexpression of core 2-branched oligosaccharides weakensthe
interactions between T lymphocytes and antigen presenting cells
or B lymphocytes, resulting in reduced immune responses (56,
57). It has also been shown that AIDS patients produce anti-
bodies against leukosialin expressing core 2-branched oligosac-
charides, possibly causing T lymphocyte depletion in AIDS pa-
tients (58, 59). Moreover, the overexpression of a mucin-type
glycoprotein carrying core 2-branched oligosaccharides was
found to interfere with cell adhesion (60), while knockout of the
leukosiain genein miceresulted in hyperimmune responses most
likely due to the decrease in mucin-type O-glycans (61).

It has been also shown that poly-N-acetyllactosamine can

Trends in Glycoscience and Glycotechnology
Vol.13 No.70 (March 2001) pp.177-191

gobooobooboobooobboobobOoO0iDLacNAc
gboobooboooboboooboboobooboooboobo
gboboobooboobobooobobooboboooboabo
gbooobooboobooboooboboobooboooobo
gbooooboobooooboboobooboooboobo
go-NnOoobboobboobbooobboooboooboo
OOoO0O0O00OOlamp-10lamp-20 00000000000 0O0OO
O0-N-O00D0O0OD00OD00O000C00CO0OO0D0OODOO42-44)0O
lamp-10lamp-20 OO0 000000000 DOOOOOO0OOO
oo

c.00000000000000-N-0000000000
0000o-000000000000000000000
000000000000000000000000000
000000D00000000@5)00000000000O0-
0000000000000000000000000000
000000000000 @O047) 0000000000000
00TOOO0O0O0000000000000000000000
0DO0xO0000O0GO601600000000x00000000
O0O0xOE-OP-00D00L-0000000000000 (13-
150000000000000P-000L-000000PSGL-
I(P-0000000000)0GlCAM-1000CD34(L-0000
000000)0000000000000000000000
0000000O0x0000000000@8-500000000
0D000000-0000000000000x00000000
0 20 O (GalBl - 4GIcNACBL - 6(Galpl - 3)GalNAca — R)O 0 0 O
00000G016000000000002000000000
000000O0OxOOOOOOOO0adO00000000000
00000000000GYOO00000000N000NoNono
00000-00000000000000000000
Wiskott-Aldrich 0 000 0000000000000000
00000000000000000000000020000
00000000000000000002000000000
000@G2-550000000000000000000000
0000200000000000000T000000000
0D00000BOOOODOOOOOOOOOOOOOOONOOO
000000000000000@Ge057) 0000000000
00200000000000000000000000000
O00TOOOO0OODO0OO0O0O0O0O00O00O000000000
(5805900 00002000000000000000000
000000000000000000000000(60)000
0000000000000000000000000000
0000000000D0000000000(61L)0
00-N-00000000000002000000000

183 ©2001 FCCA (Forum: Carbohydrates Coming of Age)



be extended from core 2 branches, forming poly-N-
acetyllactosaminyl O-glycans (5, 6, 16, 62). Poly-N-
acetyllactosamines are susceptible to endo-3-galactosidase and
larger than typical N-glycans or O-glycans containing only one
LacNAcinasidechain. Poly-N-acetyllactosamines provide the
backbone structure for additional modifications, which are of -
ten cell-type specific oligosaccharides, such assialyl Lewis< (45).
Theseresults, asawhole, indicatethat poly-N-acetyllactosamines
in core 2-branched oligosaccharides play critical rolesin cell-
cell interaction. These data also suggest that it is crucial to un-
derstand the biosynthesis of poly-N-acetyllactosaminesin core
2-branched O-glycans.

D. Poly-N-Acetyllactosamine Biosynthesis in Core 2-
Branched O-Glycans
D-1. Galactosylation of Core 2-Branched Oligosaccharides
The synthesis of poly-N-acetyllactosamines in core 2-
branched O-glycansis regulated by C2GnT (20), iGnT (29),
and members of the B4Gal-T gene family (28, 33-39). Theter-
mini are formed by the addition of fucose, siaic acid, and sul-
fate. C2GnT forms core 2 branches, GIcNAcB1 - 6(Gal31
- 3)GaNAca - R from core 1, Gal31 - 3GalNAca - R and
iGnT forms poly-N-acetyllactosamines on core 2 branches to-
gether with membersof the 34Gal-T genefamily (Fig. 2). 4Gal-
TI, -TIl, and - Tl were reported to be capable of adding a Gal
residue to form LacNAc in both glycoproteins and glycolipids
(33). Except for B4Gal-TVI (37) and f4Gal-TV1I (38, 39), how-
ever, the roles of members of the B4Gal-T gene family have
been elusive. It has been recently found that B4Gal-TIV most
efficiently galactosylates a core 2 trisaccharide,
GlcNACB1 - 6(Galfl - 3)GaNAca — pNP among members of
the human B4Gal-T gene family when the same amount of re-
combinant soluble enzymesisused inthereaction (Fig. 1C, Table
1) (27). B4Gal-TI, -Tll, -Tlll, and -TV galactosylate the core
2 trisaccharideless efficiently due to substrate inhibition although
B4Gal-TI has arelatively high activity with core 2 structures.
This substrate inhibition occurs probably because -Gal residue
in the acceptor competeswith UDP-Gal. In contrast, the core 2
branch is efficiently galactosylated by 4Gal-TIV withaK  of
0.29 mM. B4Ga-TIV adds Gal much less efficiently to N-gly-
can acceptorsthan core 2-branched acceptors as described above.
Thisfinding is consistent with the previous report that f4Gal-
TIV adds very little Gal to asia oagal actotransferrin, which con-
tains only N-glycans (28). Theseresults are also consistent with
the report that B4Gal-TIV acts inefficiently on
asialoagal actofetuin, since O-glycans in fetuin lack core 2
branches (28). Thesedataindicate that 34Gal-TIV ismost likely
responsible for galactosylation of core 2 branches (Fig. 2, Teble
I1). Thisstudy isthe first report that a particular B4Gal-T is
exclusively responsible for forming specific oligosaccharide
structures among members of the B4Gal-T gene family cloned
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using expressed sequence tag (EST) data base or by PCR ho-
mology cloning.

D-2. Poly-N-Acetyllactosamine Extension in Core 2-
Branched Oligosaccharides

iGNT can add GIcNAc with almost equal efficiency to a
galactosylated core 2-branched oligosaccharide,
Galp1- 4GIcNACcB1 - 6(GalB1 - 3)GalNAca - octyl (Fig. 1B,
Table I1l) and an N-glycan acceptor, Gal1- 4GIcNAcB1
—6Manal-6Manp - octyl (Fig. 1B, Tablel) (32). Totest if
iGnT and B4Gal-TIV together can form poly-N-
acetyllactosamines on core 2-branched O-glycans, a
galactosylated core 2-branched oligosaccharide acceptor,
Gapl-4GIcNACB1 - 6(Gapl - 3)GalNAca - pNP, wasincu-
bated with iGnT and B4Gal-TIV (Fig. 1F) (27, 32). B4Ga-TIV
together with iGnT added two LacNAc units as a maximum to
the galactosylated core 2-branched oligosaccharide acceptor and
all of the reaction products contained Gal at the nonreducing
termini, as seen in many cells (63-67). In N-glycans, only one
LacNAc unit was added to N-glycan acceptors by p4Gal-TIV
and iGnT asdescribed above. Theseresultsindicatethat f4Gal-
TIV together with iGnT efficiently forms LacNAc repeats on
core 2-branched oligosaccharides but not on N-glycan accep-
tors.

In contrast, B4Gal-TI together with iGnT inefficiently
forms poly-N-acetyllactosamines on galactosylated core 2-
branched oligosaccharide acceptors (27, 32). From the
galactosylated core 2-branched oligosaccharide,
GalB1l - 4GIcNAcBl-6(GalpBl- 3)GalNAca - pNP,
GIcNAB1 - 3Ga Bl - 4GIcNACBL - 6(Gapl - 3)GaNAo - pNP
and Galpl-4GIcNAcB1l- 3Galpl-4GIcNAcBl-
6(Gal31- 3)GalNAca — pNP were produced, indicating that
only one LacNAc unit is added as amaximum by 4Gal-Tl and
iGNT. The structures of the reaction products can be elucidated
by endo-[3-galactosidase digestion. The total amount of the re-
action products by f4Gal-Tl and iGnT is less than half of the
reaction products by 34Gal-TIV and iGnT. In nature, core 2-
branched O-glycansrarely contain GICNAc at the nonreducing
termini and are almost exclusively terminated with Gal or
siadylated Gal (5, 6, 16). Sincethe majority of the reaction prod-
ucts contained GIcNACc at the nonreducing ends, inefficient
gaactosylation by 4Gal-Tl isalikely causefor thelack of poly-
N-acetyllactosamine formation in core 2 branches by 4Gal-Tl
and iGnT. This inefficient galactosylation in poly-N-
acetyllactosamine formation on core 2 branchesis probably due
to substrate inhibition of B4Gal-TI toward core 2-branched oli-
gosaccharides as described above.

B4Gal-TI together with iGnT adds five LacNAc units as
amaximum to N-glycan acceptors as described above (Fig. 1E).
It is noteworthy that the size of poly-N-acetyllactosaminein core
2-branched oligosaccharides was much smaller than that in N-
glycan acceptors, when the same amount of the enzymes was
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Fig. 2. Proposed biosynthetic pathway of core 2- and cor e 4-branched O-glycans. a-N-Acetylgalactosamineistransferred to serine
or threonine residues in a polypeptide by a-N-acetylgalactosaminyltransferase (aGalNAc-T). Thisisfollowed by the action of core 1 31,3-
galactosyltransferase (B3Gal-T), forming Gal1 - 3GalNAca - R (core 1). Core 1 is converted to GICNAcB1 - 6(Ga Bl - 3)GaNAca - R (core
2) by core 2 31,6-N-acetylglucosaminyltransferase (C2GnT) (left in the figure) and then to Galf1 - 4GIcNACcB1 - 6(Gal31 - 3)GalNAca - R by
B4Gal-TIV. Poly-N-acetyllactosamines are added to galactosylated core 2 O-glycans by the alternate actions of iGnT and p4Gal-TIV. Alterna
tively, GalNAca - R can be extended by core 3 31,3-N-acetylglucosaminyltransferase (B3GIcNAc-T), forming GIcNAcB1 - 3GalNAca - R
(core 3) (right in the figure). This is followed by the action of core 4 31,6-N-acetylglucosaminyltransferase (C4GnT) to form
GIcNACcB1l- 6(GIcNAcB1 - 3)GalNAca - R (core 4). Core 4 is galactosylated by B4Gal-Tl, resulting in Galpfl - 4GIcNAcB1 -
6(Galp1-4GIcNACcP1 - 3)GalNAca - R. Poly-N-acetyllactosamines are added to galactosylated core 4 O-glycans by the alternate actions of
iGnT and B4Gal-Tl. The cDNAs encoding core 1 forming 33Gal-T and core 3 forming B3GIcNAc-T have not yet been cloned.

used in both experiments (Fig. 1, E and F). These results are
consistent with the facts that poly-N-acetyllactosamines on core
2-branched O-glycans are shorter than those in N-glycans and
that the majority of poly-N-acetyllactosaminyl core 2-branched
O-glycans contains only one or two LacNAc units, while poly-
N-acetyllactosaminyl N-glycans contain three or more LacNAc
unitsin many cells (5, 6, 16, 64-69). Moreover, it has been
reported that core 2-branched O-glycans contain shorter and
fewer poly-N-acetyllactosamine chains than N-glycans when O-
glycans and N-glycans are analyzed in the same lamp molecules
(70)or the same Chinese hamster ovary (CHO) cells(67, 68, 70).
These results indicate that f4Gal-TIV isthe enzymein-
volved in poly-N-acetyllactosamine extension on core 2 branches
(Fig. 2, Tablell).
D-3. Regulation of Poly-N-Acetyllactosamine Synthesisin

Core 2-Branched O-Glycans

As described above, the galactosylation efficiency of
B4Ga-TI is barely affected by the increasing size of acceptors,
but B4Gal-T1V dramatically decreases its efficiency as an ac-
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0000000000000000000000000000
000020000
D-3.002000-0000000000-N-000000000
oooooo

OD000000R4Gal-TIDO D000 O0O0DOOONnOO
0000000000000000000000 p4Gal-TIvO O
000000LaNACD0O0O0000000000000000

186 ©2001 FCCA (Forum: Carbohydrates Coming of Age)



ceptor contains more LacNAc units. 4Gal-TIV was aso shown
to act less efficiently on longer lacto-series glycolipids than
shorter ones (28). These data suggest that B4Gal-TI and B4Gal-
TIV differ in efficiency for adding a Gal residue to acceptors
containing poly-N-acetyllactosamines.

These results, combined together, indicate that the in-
trinsic nature of B4Ga-TIV isalikely cause for shorter poly-N-
acetyllactosamines in core 2-branched O-glycans.

E. Poly-N-Acetyllactosamine Biosynthesis in Core 4-
Branched O-Glycans

Core 4 branch, GIcNAcP1 - 6(GIcNACcB1 - 3)GaNAca
- R isformed from core 3, GIcNAcfB1- 3GaNAca - R by
C4GnT (Fig. 2). Since core4 branch is galactosylated in nature
toform Gal 31— 4GIcNACB1 - 6(GIcNACB1 - 3)GalNAca - R,
core 4 branches can be also further modified to form functional
oligosaccharides such as sialyl Lewis* at their termini in addi-
tion to core 2 branches. It isthusimportant to determine how
poly-N-acetyllactosamine formation in core 4 branches is regu-
lated.

It was recently found that 34Gal-Tl is most efficient in
gaactosylation of core 4 branches among members of the 4Gal-
T gene family when a core 4-branched oligosaccharide,
GlcNACcB1 - 6(GIcNACcP1 - 3)GalNAca - octyl is used as an
acceptor (Fig. 1D, Tablelll) (32). Then, agalactosylated core 4
acceptor, Gal31 - 4GIcNAcB1 - 6(GIcNAcB1 - 3)GaNAca
- octyl was incubated with iGnT and B4Gal-Tl (Fig. 1G). The
core 4-branched acceptors were converted to those containing
one or two LacNAc units, although the amount of the reaction
products from the core 4-branched acceptor was less than half
of that derived from the core 2-branched acceptor (Fig. 1, F and
G).

To determine why the core 4-branched oligosaccharide
is aless favorable acceptor than the core 2-branched oligosac-
charide, the iGnT activity was tested on the core 4-branched
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Tablelll. Kinetic propertiesof iGNT and B4Gal-Ts.

Arrowheads and arrows indicate where GIcNAc and Gal are added, respectively.

iGnT B4Gal-TI
Substrate

B4Gal-Til B4Gal-Till B4AGal-TIV B4Gal-TV

Km Vimax Km Vmax

K

Vmax Km Vimax Km Vmax Km Vmax

mM  Relative values (%) mM  Relative values (%)

+GIcNAc[31‘6

Galp1-3GalNAca-pNP p

—GIcNACB1,
or 6

—»GlcNAcB1-3GalNAca-octyl 0.31 118

» GalBL-4GICNACBL

Galp1-3GalNAca-octyl 0.71 62

>Gal[31-4GIcNAc[31\6

GlcNAcB1-3GalNAca-octyl 0.82 31

mM

0.50

Relative values (%) mM  Relative values (%) mM  Relative values (%) mM  Relative values (%)

- - - 0.29 70 - -

38 0.71 46 181 66 0.98 29

8 Vmax of iGnT is compared with the Vinax (97 .8 nmol/ h/ ml) obtained using GalB1-4GIcNAcB1-6Manal-6Manp-octyl as an acceptor.

b These parameters could not be obtained due to substrate inhibition.

¢ Vmay for p4Gal-Ts is compared to the Vijgy (118. 3 nmol/h/m ) obtained for B4Gal-TI using GlcNAcB1-6Manal-6Manp-octyl as an acceptor.
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oligosaccharide acceptor, Galp1 - 4GIcNAcB1 - 6(GIcNAcP1
- 3)GaNAca - octyl. iGnT was shown to be less efficient to-
ward the core 4-branched acceptor, Gal1- 4GIcNAcB1
- 6(GIcNACcB1 - 3)GalNAca - octyl than the core 2-branched
acceptor, Gal31 - 4GIcNACcB1 - 6(Gal1 - 3)GalNAca - octyl
(Fig. 1B). Thisinefficient addition of GIcNAc to the core 4-
branched acceptor may be due to competition between the
nonreducing termina GlcNAc residue in the acceptor and UDP-
GIcNAc. Thisis most likely the reason why core 4-branched
oligosaccharides acquire a lesser amount of poly-N-
acetyllactosamine extension than core 2-branched oligosaccha-
rides.

These results indicate that iGnT and 4Gal-Tl arein-
volved in the synthesis of poly-N-acetyllactosaminyl core 4-
branched O-glycans and that iGnT is arate-limiting factor for
short poly-N-acetyllactosamine extension in core 4-branched O-
glycans (Fig. 2, Table 1I).

F. Conclusion

Biosynthesis of N- and O-glycansis regulated by many
specific glycosyltransferases. In N-glycans, iGnT and 4Gal-
TI cooperatively form poly-N-acetyllactosamines and the ac-
tion of iGNT isarate-limiting step in poly-N-acetyllactosamine
extension.

However, B4Gal-TI cannot efficiently galactosylate core
2-branched O-glycans. Instead of B4Gal-Tl, B4Gal-TIV isre-
sponsible for galactosylation of core 2 branches and, together
with iGnT, can form poly-N-acetyllactosamines in core 2-
branched O-glycans. It isaso demonstrated in vitro that poly-
N-acetyllactosamines formed in core 2-branched O-glycans are
shorter than those formed in N-glycans. 4Gal-TIV isrespon-
sible for short poly-N-acetyllactosaminesin core 2-branched O-
glycans, because the galactosylation efficiency of f4Gal-TIV
significantly decreases as acceptors contain more LacNAc units.

On the other hand, core 4-branched O-glycans are effi-
ciently galactosylated by B4Gal-TI but are even less efficient in
poly-N-acetyllactosamine formation than core 2-branched O-
glycans. Theinefficient addition of GICNAc by iGnT isarate-
limiting step for short poly-N-acetyllactosamine extensionin core
4-branched O-glycans.

It is noteworthy that substrate inhibition playsimportant
roles in various aspects of poly-N-acetyllactosamine synthesis
in O-glycans. These studies thus demonstrate that intricate in-
teractions between a specific glycosyltransferase and an accep-
tor molecule largely contribute to the control of poly-N-
acetyllactosamine biosynthesisin O-glycans.

G. Futur e Prospects

The formation of core 2-branched O-glycans has been
found to be critical in many biological processes. In order to
understand the regulation of poly-N-acetyllactosaminyl core 2-
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branched O-glycan biosynthesis, further studies are needed to
analyze the distribution and expression level of f4Gal-Ts and
other glycosyltransferases including sialyltransferases and
fucosyltransferases in various tissues. Inthisregard, itisalso
critical to determine specific roles of each member of different
C2GnTs, C2GnT-1 (leukocyte type) (20), C2GnT-2 (mucin type)
(25, 26), and most recently discovered C2GnT-3 (thymus type)
(72) in core 2 branch synthesis.

Mucin-type O-glycans also include LacNAc extension
from core 1 oligosaccharides, Gal31 - 3GaNAca - R (72, 73).
Thisformation is dependent on anovel iGNT yet to be identified
that adds GIcCNAc to Gal31 - 3GalNAc. Furthermore, the back-
bone of keratan sulfate is also poly-N-acetyllactosamine. Fu-
ture studies will be significant to identify such anovel iGnT by
cDNA cloning and to determine how the poly-N-
acetyllactosamine extension is regulated in core 1 oligosaccha
rides and keratan sulfate.
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