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Cells1

I. Brockhausen,2 W. Kulms.' H. Schachter, K. L. Matta, D. R. Sutherland, and M. A. Baker

Research Institute, The Hospital for Sick Children, Toronto, Ontario M5G 1X8, Canada [l. B., W. K., H. S.]; Department of Gynecologic Oncology; Roswell Park
Memorial Institute, Buffalo, New York 14263 [K. L. M.]; Department of Medicine, Toronto General Hospital and University of Toronto, Toronto, Ontario M5G 1L7,
Canada [D. R. S., M. A. B.]; and Department of Pathology, university of North Carolina, School of Medicine, Chapel Hill, North Carolina 27514 [W. K.J

ABSTRACT

We have studied the biosynthesis of altered 0-glycan structures on

leukocytes from patients with chronic myelogenous leukemia and with
acute myeloblastic leukemia (AML). It has been shown previously that
the activity of CMP-NeuAc:Gal01-3GalNAca-R (sialic acid to galac
tose) a(2-3)-sialyltransferase (EC 2.4.99.4) is increased in leukocytes

from patients with chronic myelogenous leukemia (M. A. Baker, A.
Kanani, I. Brockhausen, H. Schachter, A. Hindenburg, and R. N. Taub,
Cancer Res., 47: 2763-2766, 1987) and with AML (A. Kanani, D. R.

Sutherland, E. Fibach, K. L. Matta, A. Hindenburg, I. Brockhausen, W.
Kuhns, R. N. Taub, D. van den Eijnden and M. A. Baker, Cancer Res.,
50:5003-5007,1990). This increased activity may in part be responsible
for the hypersialylation observed in leukemic leukocytes; however, hy-
persialylation may also be due to changes in underlying 0-glycan struc
tures. To test this hypothesis, we have assayed in normal human granu-

locytes and leukemic leukocytes several glycosyltransferases involved in
the synthesis and elongation of the four common 0-glycan cores. 11)1'-

GlcNAc:Gal01-3GalNAc-R (GlcNAc to GalNAc) 0(l-6)-GlcNAc trans-
ferase (EC 2.4.1.102), which synthesizes 0-glycan core 2 (GlcNAc/31-
6|Gal/Sl-3]GalNAca), is significantly elevated in chronic myelogenous
leukemia (4-fold) and AML (18-fold) leukocytes relative to normal

human granulocytes. Neither normal nor leukemic cells show detectable
activities of GlcNAc transferases which synthesize O-glycan core 3
(GlcNAc01-3GalNAc-R) and core 4 (GlcNAc,81-6|GlcNAc01-3|
GalNAc-R) or the blood group I structure. The 03-GlcNAc transferase

which elongates core 1 and core 2 was found at low levels in normal
granulocytes but was not detectable in leukemic cells. The /93-GlcNAc
transferase and /34-Gal transferase involved in poly-/V-acetyllactosamine
synthesis, as well as the /83-Gal transferase synthesizing core 1 (Gal/33

GalNAc), were present in all samples but were significantly increased in
patients with AML. The observed changes are consistent with hypersi
alylation in leukemia.

INTRODUCTION

The biochemical and biological properties of leukocytes from
leukemia patients are altered relative to normal granulocytes
(1-4). Quantitative differences have been described in the struc
tures of O-glycan chains isolated from normal, CML,4 and
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AML glycoproteins (5), suggesting that the biosynthesis of O-
glycans in leukemia is abnormal and that O-glycans may be
responsible for some of the altered properties of these cells.

The cell surfaces of CML cells are more highly sialylated
than those of normal granulocytes (6). We have previously
reported a significant increase in the activity of CMP-
NeuAc:Gal/31-3GalNAca-R (sialic acid to Gal) a(2-3)-sialyl-
transferase (EC 2.4.99.4) in CML, AML, and other myeloblas-
toid cells (7-10). Although this increase may explain, at least
in part, the hypersialylation of leukemic cells, it is also possible
that hypersialylation may be due to increased synthesis of the
O-glycan core structures which serve as in vivo substrates for
sialylation. We have therefore investigated the biosynthesis of
the four common O-glycan core structures and some of the
glycosyltransferases which elongate these cores. We found a
dramatic increase in AML blast cells, in blast cells from CML
patients in blast crisis, and to a lesser extent in CML granulo
cytes of the enzyme activity that introduces an additional branch
into O-glycan core 1 to synthesize core 2, i.e., UDP-
GlcNAc:Gal,31-3GalNAca-R (GlcNAc to GalNAc) 06-
GlcNAc transferase (EC 2.4.1.102; core 2 06-GlcNAc transfer

ase).

MATERIALS AND METHODS
Materials. AG1-X8 (100-200 mesh, Cl~ form) was purchased from

Bio-Rad. Bovine serum albumin, Gal/31-4GlcNAc, AMP, Triton X-
100, GalNAca-pnp and GalNAca-Bn were purchased from Sigma.
Acetonitrile was from Fisher Scientific Co. Gal/3l-3GalNAca-pnp was
purchased from Toronto Research Chemicals. UDP-W-[l-uC]acetylglu-

cosamine was synthesized as described previously (11) and diluted with
UDP-GlcNAc from Sigma. UDP-[t/-'4C]galactose was purchased from
Amersham and diluted with UDP-galactose from Sigma. The following
oligosaccharides were synthesized as described previously: Gal/31-
3GalNAcÂ«-Bn (12); GlcNAc/31-3GalNAcÂ«-Bn (13); GlcNAc/31-
6(Gal/31-3)GalNAcÂ«-Bn (14); GlcNAc/31-6(GlcNAc/31-3)GalNAca-
Bn (15); GlcNAc/31-6(GlcNAc/31-3Gal/31-3)GaINAca-Bn (16); and
GlcNAcÃÂ¡l-3Gal0-methyl(17). All structures were verified by NMR
spectroscopy.

Preparations of Cell Homogenates. Normal and CML granulocytes
and AML and CML blast cells were isolated from patients' blood as

described (7). Cells were washed three times in 0.9% NaCl solution
followed by centrifugation. Pellets were frozen and thawed three times
and washed again three times. The pellets were suspended in a small
volume of 0.25 M sucrose, homogenized with a Potter-Elvehjem ho-
mogenizer, and stored at -70Â°C.

Protein Determinations. Protein was determined by the Bio-Rad
method using bovine serum albumin as the standard.

Nuclear Magnetic Resonance Spectroscopy. Samples were prepared
by exchanging twice with 99.8% D2O (Aldrich) and twice with 99.96%
D2O (Merck, Sharpe and Dohme). Samples were dissolved in 99.96%
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D2O with acetone as the internal standard. One dimensional and two
dimensional (COSY) proton NMR spectra were recorded at the To
ronto Carbohydrate Research Centre with a Bruker 500-MHz spec

trometer. The acetone signal was set at 2.225 ppm.
High Performance Liquid Chromatography. HPLC separations were

carried out with an LKB system as described (18) or with a Waters
system comprising an automated gradient controller, two model 510
pumps, and a 490 multiwavelength detector.

There were minor differences in the retention times between the
LKB and the Waters systems. Acetonitrile/water mixtures were used
as the mobile phase for all columns at a flow rate of 1 ml/min. The
optimal ratios of acetonitrile and water were determined according to
the state of the column. To separate enzyme products with benzyl- and
p-nitrophenyl groups, either a reverse phase C|8 column or a PAC
column (mixed cyano and amine) were used. Free reducing sugars or
methylglycosides were separated on a propylamine (NH2) column
(Waters carbohydrate analysis column). Elutions of compounds were
monitored by measuring the absorbance at 195 nm and counting the
radioactivity of collected fractions.

Assays for Core 2 UDP-GlcNAc:GaI01-3GalNAca-R (GlcNAc to
GalNAc) 0(l-6)-GlcNAc Transferase (EC 2.4.1.102). The standard
assay mixtures for the core 2 /36-GlcNAc transferase (Fig. 1) contained
the following in a total volume of 40 n\: 0.125 M GlcNAc; 0.125 M
MES, pH 7; 0.125% Triton X-100; 1.0 to 1.4 mivi UDP-yV-[l-14C]
acetylglucosamine (2209 to 3357 dpm/nmol); 2.0 mM Gal/31-
3GalNAcÂ«-pnp; and 20 n\ cell homogenate (0.1 to 0.6 mg protein).
Mixtures were incubated for 1 to 2 h at 37Â°C.Reactions were stopped

by the addition of 400 n\ 20 mM sodium tetraborate/1 mM EDTA and
were passed through Pasteur pipets filled with AG1-X8,100-200 mesh,
Cl" form, followed by washing with 2.6 ml water. Eluates were lyophi-
lized, taken up in 200 n\ water, and stored at -20'C. Aliquots of 100

n\ were used for HPLC analysis. Separations were achieved with a Ci8
column and 8 to 10% acetonitrile as the mobile phase at a flow rate of
1 ml/min. Fractions were collected every 2 min and were counted in
12 ml scintillation fluid (Redisolv from Beckman). The elution position
of enzyme product was determined by comparison with the appropriate
standard compound. Tissues previously shown to have high enzyme
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Fig. 1. Biosynthetic pathways to O-glycan cores and elongated structures
studied in this report. SA, sialic acid; 7",transferase; Gn, GlcNAc; G, galactose;

GA. GalNAc.

activity were assayed as a positive control. Kinetic parameters Kmand
Vma*were determined by double reciprocal Lineweaver-Burk plots at 2
mM UDP-GlcNAc and at 5 different substrate concentrations with l h
incubation time.

Assays for Core 3 UDP-GlcNAc:GalNAco-R /3(l-3)-GlcNAc Trans
ferase (EC 2.4.1.147); Core 4 UDP-GlcNAc:GlcNAc/81-3GalNAca-R
(GlcNAc to GalNAc) /3(l-6)-GlcNAc Transferase (EC 2.4.1.148); Elon
gation UDP-GlcNAc:Rr/Sl-6(Gal01-3)GalNAca-R2 (GlcNAc to Gal)
0(l-3)-GlcNAc Transferase (EC 2.4.1.146); Blood Group i UDP-
GlcNAc:Gal/31-4GlcNAc-R 0(l-3)-GlcNAc Transferase (EC 2.4.1.149);
and Blood Group I UDP-GlcNAc:GlcNAc/91-3GalÂ£-R (GlcNAc to Gal)
j8(l-6)-GlcNAc Transferase. The assays for core 3 /33-GlcNAc transfer
ase (Enzyme 1), core 4 /36-GlcNAc transferase (Enzyme 2), elongation
/33-GlcNAc transferase (Enzyme 3), blood group i 03-GlcNAc transfer
ase (Enzyme 4) and blood group I /36-GlcNAc transferase (Enzyme 5)
(Fig. 1) were carried out as described for the core 2 /36-GlcNAc
transferase, except that the assay mixture contained, for Enzyme 1, 4
mM GalNAca-Bn; for Enzyme 2, 4 mM GlcNAc/31-3GalNAcÂ«-Bn; for
Enzyme 3, 2 mM GlcNAc/31-6(Gal01-3)GalNAcÂ«-Bn; for Enzyme 4,
4 mM Gal/3l-4GlcNAc; or for Enzyme 5, 4 mM GlcNAc/31-3Gal/3-
methyl as substrate as indicated in Table 2. AMP, 2.5 mM, was added
to all assays and 12.5 mM MnCl2 were added to Enzymes 1, 3, and 4;
the incubation time was 1 h. HPLC separations were carried out using
the columns and mobile phase concentrations and flow rates indicated
in Table 2.

Assays for Core 1 UDP-Gal:GalNAco-R /3(l-3)-Gal Transferase (EC
2.4.1.122) and UDP-Gal:GlcNAc-R ,8(l-4)-Gal Transferase (EC
2.4.1.38; EC 2.4.1.90). The standard assay mixtures for the core 1 /33-
Gal transferase (Fig. 1) contained the following in a total volume of 40
Ml:0.125 M MES, pH 7; 2.5% Triton X-100; 12.5 mM MnCl2; 2.5 mM
AMP; 1.24 mM UDP-[i/-14C]galactose (1225 dpm/nmol); 2.0 mM
GalNAca-Bn; and 20 /Â¿Ihomogenate (0.1 to 0.6 mg protein). The assays
for /34-Gal transferase (Fig. 1) were carried out as described for the core
1 /33-Gal transferase, except that the assay mixture contained 4 mM
GlcNAc as substrate. Mixtures were incubated for l h at 37Â°C.Reac

tions were stopped by the addition of 400 n\ 20 mM sodium tetraborate/
1 mM EDTA and were passed through Pasteur pipets filled with AG1-
X8, 100-200 mesh, Cl~ form, followed by washing with 2.6 ml water.
Eluates were lyophilized, taken up in 200 n\ water, and stored at -20Â°C.

Aliquots of 100 M!were used for HPLC analysis as described in Table
2.

Large Scale Preparation of Core 2 06-GlcNAc Transferase Product.
The large scale incubation mixture contained in a total volume of 4.0
ml: 0.125 MGlcNAc; 2 HIMGal/3l-3GalNAcÂ«-pnp; 0.125 M MES, pH
7; 2 mM UDP-jV-[l-14C]acetylglucosamine (557 dpm/nmol); 2 ml en

zyme preparation from AML and CML cells (cell homogenate was
prepared in 0.9% NaCl; 5% sucrose; 1 mM EDTA; 10 mM MES, pH
7; and 0.5% Triton X-100 rather than in 0.25 M sucrose). The mixture
was incubated for 6 h at 37Â°C,diluted with 30 ml 1 mM EDTA/20 mM

sodium tetraborate and passed through a column (25 x 1.6 cm) Tilled
with AG1-X8, 100-200 mesh (Cl" form). The column was washed with

200 ml water. The eluate was lyophilized and radioactive products were
separated on a Bio-Gel P4 column, â€”¿�400mesh (86 x 1.6 cm), eluted in

water. Radioactive enzyme product was further purified by HPLC on a
dg column, eluted at 1 ml/min with acetonitrile/water (10/90). Purified
products obtained from AML were lyophilized and repurified by HPLC.

RESULTS

Core 2 /96-GlcNAc Transferase Activity. Normal granulocytes
and leukocytes from leukemia patients were assayed for core 2
06-GlcNAc transferase activity (Fig. 2; Tables 1 and 2). The
assays were carried out in the absence of exogenous MnCl2 to
prevent interference by elongation /33-GlcNAc transferase
which competes for the same substrate but requires Mn2+ for

activity. Granulocytes from normal donors have low activities
of the core 2 /36-GlcNAc transferase with an average activity of
0.29 nmol/h/mg (Table 1; Fig. 2A). Cells from CML patients
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Fig. 2. Core 2 fÂ¡6-GlcNActransferase activity. The enzyme was assayed with Gal/i3 GalNAc<Â»-pnpsubstrate (eluting at 35 min) by HPLC using a C,, column with
10% acetonitrile, as described in "Materials and Methods." in normal granulocytes (A), CML granulocytes (B). and AML cells (C). In some assays, two products.

PI (eluting at 35 min) and P2 (eluting at 45 min), were formed. The enzyme activities were calculated from the sum of PI plus P2.

Table I Biosynthesis ofmucin core 2: activities of core 2 ÃŸ6GlcNAc transferase
in normal and leukemic cells

The activ ities Â»eredetermined as described for the standard assay in "Materials
and Methods" with 2 h incubation time.

Type of cells
Activities

(nmol/h/mg)
Av. activities
(nmol/h/mg)

NormalgranulocytesNormal
1Normal
2Normal
3Normal
4Normal
5Normal

6CML

granulocytesPatient
7Patient
8Patient
9Patient

10Patient
110.09

0.29 Â±0.13Â°0.170.310.35*0.380.420.34

1.21 Â±1.23"1.081.231.16Â»1.442.02Â»

CML cells (patient 12 in
blast crisis)

6.12

AMI.cellsPatient
13Patient
14Patient
15Patient
16Patient

17
Patient 18
Patient19AM

L cells(treatedpatient
20)1.17

5.23Â±2.66Â°2.293.684.77

6.79'6.94

7.87'
8.32'0.02

" Mean Â±SD. Tested by a two-tailed Student's r test, the differences between

mean values from normal and CML, from normal and AML. and from CML
and AML are significant at P = 0.05.

*One-h incubation time; substrate was Gal/i3GalNAc(Â«-Bn.

showed a 4-fold increase (Table 1; Fig. IB). One sample from
a CML patient in blast crisis showed very high activity (6.12
nmol/h/mg). AML cell activities were increased 18-fold over
normal values (Table 1; Fig. 2C). Granulocytes from an AML
patient who had undergone chemotherapy were found to have
a very low level (0.02 nmol/h/mg).

Kinetic parameters were determined with cells from one
normal individual and from patients 8 (CML) and 15 (AML)
(Table 1). The apparent Vmaxvalues were, respectively, 4, 13,
and 33 nmol/h/mg and the apparent A"mvalues were, respec

tively, 1, 0.4, and 0.6 ITIMin the normal, CML, and AML
leukocytes.

Large Scale Preparation of Core 2 /36-GlcNAc Transferase
Product. To establish that the enzyme activity found to be
increased in leukemia leukocytes was indeed the core 2 #6-
GlcNAc transferase (Fig. 1), a large scale product preparation
was undertaken for the purpose of structural identification.
Only one radioactive peak eluted in the included fractions of
the Bio-Gel P4 column (see "Materials and Methods") for both

the CML sample (551 nmol) and the AML sample (597 nmol)
(data not shown). These peaks were shown to contain radioac
tive GlcNAc as well as radioactive product (see below). Enzyme
product was purified by reverse phase HPLC with acetonitrile/
water ratios varying from 6/94 to 10/90. GlcNAc (eluting at 4
min) represented 33% of the radioactivity in incubations with
AML extracts and 60% with CML extracts. At an acetonitrile/
water ratio of 8/92, two enzyme products (PI and P2) eluted
at 40 and 55 min, respectively. PI and P2 were present at a
ratio of about 2/1 in incubations with both CML and AML
extracts.

PI from AML was repurified by HPLC and identified by
500-MHz proton NMR spectroscopy as [14C]GlcNAc/31-
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Table 2 HPLC retention limes of enzyme substrates and products, using CitÂ°NH2, and PAC columns and acetonitrile /water mixtures as the mobile phase at a flow
rate of I ml/minb

EnzymeCore

2 06Gn-TCore

3 03Gn-TCore

4 06Gn-TElongation03

Gn-Ti

03Gn-TI

06Gn-TCore

1 03Gal-T04

Gal-TSubstrateG03GAÂ«-pnpG03GAÂ«-BnGAn-BnGn03GAtt-BnGn106G03GAn-BnG04GnGn03G0-methylGAa-BnGnProductGn106G03GAn-pnpGn106G03GAÂ«-BnGn03GAÂ«-BnGn106Gn03GAa-BnGn106Gn03

G03GAa-BnGn03G04GnGn106Gn03G0-methylG03GAÂ«-BnG04GnRetention

time(min)17225020241631252516IS292142154031281338ColumnPAC"C,.PACrC,.CÂ»CÂ»CÂ»C,.C,.C,.PACPACNH2NH2NH2NHjC,,C,,NH:NH;%ofAN8710871010101010IO1082828181818110IO8585

" Cu, silica-bound C,Â«;NHÂ¡,silica-bound propylamine: PAC. silica-bound mixed cyanoamine: AN, acetonitrile: G, Gal: T. transferase: GA, GalNAc; Gn, GlcNAc.
* Retention times may change according to the HPLC system and the age of the column.
' Flow rate was 0.7 ml/min.

6(Gal/31-3)GalNAca-pnp. The NMR spectra for substrate and

product PI are shown in Fig. 3 and the corresponding NMR
parameters are shown in Table 3. The NMR data indicate that
PI from the AM L incubations is free of substrate, GlcNAc,
and sucrose. Product PI from CML cells had the same NMR

parameters, but in addition contained some sucrose and free
GlcNAc (data not shown). The PI NMR spectrum shows two
doublets at 4.455 ppm (J,.2 = 8.5 Hz) and 4.540 ppm (J,.2 =
7.8 Hz) which are assigned to the 06-linked GlcNAc and /33-
linked Gal residues, respectively. A change in the aglycone

Fig. 3. The 500 MHz proton NMR spectra
of substrate Gal03 GalNAca-pnp (A) and the
enzyme product of the core 2 06-GlcNAc
transferase from AML cells (B). Asterisk, large
downfield shift of GalNAc H-5 from 4.024
ppm in the substrate to 4.180 ppm in the
product: GA, GalNAc: G, galactose; Gn,
GlcNAc.

Galp3GalNAca-p-nitrophenyl

substrate

B

Ml
GA

â€”¿�I 1 1â€”
4.6 4.4

HO H-1

G Gn

4.0 3.6
H Â»r

20 1.9

Nacel

GlcNAcÃŸ6GalNAca-p-nitrophanyl

I03
Od

|S6 GlcNAc-transferase product

40 30

ppm
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Table 3 Proton NMRchemicalshiftsand couplingconstantsrecordedat 500
MHz and 300'K

Chemical shifts (ppm) and coupling constants
(Hz) (in brackets]

Residue/ProtonGalNAcÂ«H-lH-2H-3H-4H-5H-6H-6'N-acetylGal03H-lH-2H-3H-4GlcNAc06H-lN-acetylSubstrate"G03GAa-pnp5.830

[3.6]4.581
[3.7,10.5)4.306(4.1.

14.7J4.3164.024

[4.5.3.3]-3.75-3.752.0144.549

[7.8]3.63.653.934

[4.4]Product

Gn06(G03)GAtt-
Pnp5.802

[3.6]4.564(5.6,
10.2]4.304.3074.1804.0162.005Â»4.540(7.8]3.932

[3.3]4.45518.5]1.904*

* The parameters were determined by one dimensional and two dimensional

(COSY) proton NMR spectroscopy.
b Assignments may be interchangeable.

group from p-nitrophenyl to benzyl results in significant chem
ical shifts of the H-l proton signals of both the Gal and GlcNAc
residues (19). Characteristic of the attachment of GlcNAc to
C-6 of GalNAc is the large downfield shift of GalNAc H-5
from 4.024 ppm in the substrate to 4.180 ppm in the product
(Fig. 3, asterisk). The H-4 resonance of Gal does not change
indicating that GlcNAc is not attached to the terminal Gal
residue.

Sufficient amounts of P2 were not available for structural
identification by NMR. This product was therefore identified
on the basis of HPLC elution times. Since benzylated standard
compounds were available, a small scale incubation was carried
out using GalÃŸl-3GalNAca-Bn as the acceptor and AM L
extract as the enzyme source. Products were separated on
HPLC using a C18 column with 9% acetonitrile as the mobile
phase at 1 ml/min (data not shown). Product PI eluted at 33
min at the position of a GlcNAc/31-6(Gal/31-3)GalNAcÂ«-Bn
standard. Product P2 eluted at 42 min at the position of
standard GlcNAc/31-6GalNAcÂ«-Bn indicating that P2 is a deg
radation product resulting from the action of ÃŸ-galactosidase
on PI during prolonged incubation.

The total yield of product (PI and P2 combined) was 155
nmol for CML extracts (1.9% conversion to product) and 346
nmol for AML extracts (4.3% conversion to product).

Core 1 /83-Gal Transferase and /34-Gal Transferase. Two Gal
transferases involved in 0-glycan biosynthesis (Fig. 1) were
found in all cell preparations. The HPLC elution times of
substrates and products are listed in Table 2. Table 4 shows
that the activities of both Gal transferases were higher in CML
cells than in normal cells and highest in cells from AML
patients.

Core 3 /83-GlcNAc Transferase, Elongation /33-GlcNAc Trans
ferase, and Core 4 (86-GlcNAc Transferase. Granulocytes from
normal and CML donors and AML blast cells were tested in
triplicate for the 03-GlcNAc transferase that elongates O-glycan
cores 1 and 2, the core 3 03-GlcNAc transferase, and the core
4 j36-GlcNAc transferase (Fig. 1). The HPLC elution conditions
are listed in Table 2. Core 3 03-GlcNAc transferase was not
detected in any of the samples, and only one of the AML

samples showed a very low activity of core 4 06-GlcNAc trans
ferase activity (Table 4). The elongation ÃŸ3-GlcNActransferase
was found at low levels in normal granulocytes, but the enzyme
activity was undetectable in leukemic cells.

Blood Group i #3-GlcNAc Transferase and Blood Group I 06-
GlcNAc Transferase. The activities of enzymes involved in the
synthesis of the blood group i and I antigenic determinants
(Fig. 1) were assayed in normal and leukemic cells (Table 4).
The HPLC elution times of substrates and products are listed
in Table 2. Low activity of the i 03-GlcNAc transferase was
detected in all cell preparations and this activity appeared to be
increased in AML cells (Table 4). The I 06-GlcNAc transferase
was not found in any of the preparations.

DISCUSSION

Normal human granulocytes and leukemic leukocytes are
rich in GlcNAc/3-Asn-linked carbohydrate (20, 21) and
GalNAca-Ser/Thr-linked (0-glycan) carbohydrate (5). The O-
glycan structures of a major cell surface glycoprotein, leukosi-
alin or CD 43 (22), differ significantly among various myeloid,
erythroid, and T-lymphoid cells (23). O-Glycans also show
structural differences between normal and leukemic cells and
between cells at different stages of differentiation (5). Thus, the
multitude of structural changes observed in leukemia may re
flect the different maturation stages of leukemic leukocytes.

The abnormal biological and lectin-binding properties of
CML granulocytes (1-4) are associated with higher sialylation
(6, 21). Sialic acid residues in O-glycans may be attached to

Table 4 O-Clycan biosynthesis in normal granulocytes and leukemic cells
Activities were determined as described in "Materials and Methods" with l h

incubation time. Each value represents results from one patient sample. Values
in horizontal lines express results carried out simultaneously. ND, not detectable
in duplicate assays of three samples.

Activities(nmol/h/mg)EnzymeCore

103Gal-TÃŸ4

Gal-TcCore

3 03GlcNAc-TCore
4 06ClcNAc-T*Elongation

03GlcNAc-T'i

03GlcNAc-T'I

06 GlcNAc-TÂ«Normal

granulocytes5.88Â°2.15*10.28.032.212.6NDND0.300.3900.040.070.16NDCMLgranulocytes5.77"5.21*9.310.114.79.618.3NDNDND0.080.240.43NDAMLblasts6.73Â°6.85*17.612.910.628.710161.9NDND0.03ND0.360.610.791.311.20ND0.09

" The incubation mixtures contained 1.25 miviAMP.
* No AMP was added.
' 04-Gal transferase in pig gastric mucosal microsomes exhibited an activity

of 159 nmol/h/mg under the same conditions.
* Rat colonie mucosal homogenate had an activity of 266 nmol/h/mg for core

4 06-GlcNAc transferase (11).
' Pig gastric mucosal microsomes (19) had an elongation 03-GlcNAc transfer

ase activity of 12 nmol/h/mg.
^Rat colonie mucosal homogenate (19) had a i 03-GlcNAc transferase activity

of 2.5 nmol/h/mg.
* Pig gastric mucosal microsomes had a I 06 GlcNAc transferase activity of

21 nmol/h/mg.
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GalNAcÂ«-R in Â«2-6linkage or to Gal/il-3R and to Gal/31-4R
residues in Â«2-3linkage. These linkages are found in O-glycans
of normal, CML, and AML cells (5). We have previously
studied the activities of a CMP-NeuAc:Gal/il-3GalNAcÂ«-R
(sialic acid to Gal) Â«3-sialyltransferase and found that there
was an increase in the activity of this enzyme in leukemic
leukocytes. This enzyme may in part be responsible for the
hypersialylation observed in leukemia.

To test the possibility that hypersialylation in leukemia may
be due to changes in the O-glycan core structures which serve
as sialyltransferase substrates, we have studied the enzymes that
build and elongate the four common O-glycan cores using

normal and leukemic leukocytes as enzyme sources.
A dramatic increase was found in the activity of core 2 06-

GlcNAc transferase (Fig. 1) (24-26) in leukemic cells. The
activity is relatively low in normal granulocytes but shows a 4-
fold increase in CML and an 18-fold increase in AML over
normal values. AML and CML blast cells show especially high
values whereas an AML patient in remission showed normal
levels in his granulocytes. This suggests that in leukemia the
enzyme may be activated at posttranslational level or that
synthesis of the enzyme may be increased due to the transcrip-
tional or translational control factors; the process is reversed
upon granulocyte maturation. Piller et al. (27) reported a dra
matic increase in core 2 06-GlcNAc transferase activity upon
activation of lymphocytes by anti-CD3 antibody or interleukin
2, indicating developmental regulation of this enzyme. The
differences in Km suggest that the activity may be subjected to
regulation at the posttranslational level or that different enzyme
species may be present in normal and leukemic leukocytes.

The core 2 /36-GlcNAc transferase may catalyze both core 2
and core 4 synthesis in pig gastric mucosa and other tissues
(28). Since we were unable to demonstrate significant core 4
(Fig. 1) synthesis in the presence of core 2 synthesis in this
study, the core 2 (36-GlcNAc transferase in normal granulocytes
and leukemic cells is likely to be different from the same enzyme
in mucin-secreting tissues (11, 28). The validity of this conclu
sion must await purification of the enzymes.

We have extended our earlier observations (10) that normal
and leukemic human granulocytes contain core 1 /33-Gal trans
ferase. Neither normal human granulocytes nor leukemic leu
kocytes are capable of synthesizing core 3 (GlcNAc/31-
3GalNAcÂ«-) (Fig. 1) and core 4 (GlcNAc/?l-6[GlcNAC|01-3]

GalNAcÂ«)(ll).
The /33-GlcNAc transferase that elongates cores 1 and 2(19)

(Fig. 1) was found at low levels in normal granulocytes but was
absent from leukemic cells. This finding is consistent with
hypersialylation in leukemia since a reduction in core 1 and 2
elongation would make more terminal Gal/31-3 residues avail
able for sialylation; this would in turn increase sialylation at C-
6 of core 1 GalNAc residues due to the action of an Â«6-
sialyltransferase which requires sialylÂ«2-3Galfil-3GalNAc-R

as a substrate (29, 30).
The enzymes involved in the synthesis of the repeating

(Gal|rfl-4GlcNAci31-3) backbone of linear poly-/V-acetyllacto-
saminoglycans (blood group i antigen) (31) were shown to be
present in normal and leukemic leukocytes but these cells lack
the 06-GlcNAc transferase (32) required to make the branched
blood group I antigen. This is consistent with structural data
showing the presence of i-antigen but the absence of I-antigen
in normal granulocytes and AML and CML cells (5).

The number of samples available for testing transferases, was
relatively small and considerable variations were noted; the

conclusions drawn here therefore should be verified by addi
tional enzyme studies. However, it is noteworthy that 14 of 15
leukemic samples tested for core 2 /36-GlcNAc transferase

showed activity well above the normal range.
Gal/31-3GalNAc-R is a substrate for both Â«3-sialyltransfer

ase and the core 2 /36-GlcNAc transferase (Fig. 1). If 06-GlcNAc
transferase acts first, core 2 can still be sialylated5 6; however,

if the Â«3-sialyltransferase acts first, branching of core 1 to form

core 2 will probably not take place (25) but another sialic acid
residue may be attached to the core in Â«(2-6) linkage to
GalNAc. Due to the dramatic increase in core 2 /36-GlcNAc
transferase in leukemic cells, one would predict that a major
proportion of leukemic O-glycans would contain the core 2
structure. To achieve higher sialylation in the presence of
increased core 2 synthesis, the cell must attach sialic acid
residues to either of the following core 2 positions: (a) terminal
Galiil-4GlcNAc residues, attached either directly to core 2 or
to poly-/V-acetyllactosaminoglycan chains, or (b) terminal
Gal/3l-3GalN Ac residues. An increased activity of the Â«3-
sialyltransferase acting on terminal Gal/31-4GlcNAc residues
is unlikely since asialo-Â«i-acid glycoprotein (with terminal
Gal|til-4GlcNAc residues) when tested as an acceptor does not

show increased sialyltransferase activity in CML cells (7). How
ever, leukemic cells may possess sufficient CMP-NeuAc:Gal/31-
4GlcNAc-R (sialic acid to Gal) a(2-3)-sialyltransferase to han
dle the increased synthesis of Gal/31-4GlcNAc/31-6(sialylÂ«2-
3Gal/31-3)GalNAcÂ«-R structures predicted by our enzyme data.

Fukuda et al. (5) reported that normal granulocytes contain
mainly sialylated core 2 structures. O-Glycans from CML were

similar but the proportion of sialylated core 2 oligosaccharides
was higher. These structures are compatible with our enzyme
data, as explained in the previous paragraph. Structural studies
on O-glycans from AML cells (5) indicate a shift from the
sialylated core 2 structures to sialylated core 1 structures. In
light of the dramatic increase in AML cells of the core 2 /36-
GlcNAc transferase (see above), this shift to core 1 structures
is difficult to explain. It is possible that AML cells also have
high levels of Â«6-sialyltransferases (29, 30), although the latter

enzymes have not yet been investigated in AML cells. The
structure sialyl-Â«2-6(Gal/31-3)GalNAc-R forms a major por

tion of the sialylated core 1 structures from AML cells. CML
granulocytes lack the Â«6-sialyltransferase responsible for the
synthesis of this structure since desialylated GalNAc-terminal

ovine submaxillary mucin was not an acceptor in normal and
CML granulocytes (7). Piller et al. (27) described this activity
in human lymphocytes but these data are preliminary since the
sialyltransferase acceptor (desialylated bovine submaxillary mu
cin) contains not only GalNAc termini but also other O-glycans.
The trisaccharide sialyl-Â«2-6(Gal/31-3)GalNAc-R found in
AML cells may be due to degradation by sialidase of the disialy-
lated structure sialyl-Â«2-6(sialyl-Â«2-3Gal/31-3) GalNAc-R.

In conclusion, we have shown a general increase in O-glycan

biosynthesis in leukemic cells with a specific stimulation of a
branching enzyme, the core 2 /36-GlcNAc transferase, and an
inhibition of the elongating /33-GlcNAc transferase. These en

zyme activities thus represent characteristic biochemical
changes in leukemic cells and may play a role in their altered
behavior.

5D. J. Handley, K. L. Matta M. S. Piver, and K. R. Diakun. J. Immol.

Commun, Â¡npress, 1991.
61. Brockhauscn and \v. Kuhns. unpublished observations.
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