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ABSTRACT The application of systems biology meth-
ods in the emerging field of glycomics requires the
collection and integration of glycosyltransferase data at
the gene and enzyme level for the purpose of hypoth-
esis generation. We systematically examined the rela-
tionship between gene expression, glycosyltransferase
activity, glycan expression, and selectin-binding func-
tion in different systems, including human neutrophils,
undifferentiated HL-60 (human promyelocytic cells),
differentiated HL-60, and HL-60 synchronized in spe-
cific growth phases. Results demonstrate that 1) the
sLeX (sialyl-Lewis-X) epitope is expressed in P-selectin
glycoprotein ligand-1 (PSGL-1) from neutrophils at
higher levels compared with HL-60. This variation may
be due to differences in the relative activities of
�1,3-fucosyltransferases and �2,3-sialyltransferases in
these two cell types. 2) HL-60 cell differentiation along
granulocyte lineage increased the activity of �1,4GalT and
�1,3GlcNAcT by 1.6- to 3.2-fold. This may contribute to
LacNAc chain extension as evidenced by the 1.7-fold
increase in DSA-lectin (lectin recognizing LacNAc) bind-
ing to cells after differentiation. 3) The activity of
enzymes contributing to sLeX formation in leukocytes
likely varies as ST3[Gal�1,4GlcNAc] < �1,3FT[sialyl-
LacNAc] < �1,3GlcNAcT. 4) O-glycan specific glyco-
syltransferase activity does not undergo periodic varia-
tion with cell cycle phases. Overall, gene expression
and enzyme activity data combined with knowledge of
biochemistry can predict the resulting glycan structures
and yield viable experimentally testable hypothesis.—
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Selectins are key adhesion molecules that contrib-
ute to inflammatory ailments and to certain types of
cardiovascular disorders (1). P-selectin glycoprotein
ligand-1 (PSGL-1), expressed on leukocytes, is a high
affinity ligand for all three selectins (E-, P-, and L-
selectin). This glycoprotein has 71 Ser/Thr sites for
O-linked glycosylation and 3 sites for N-glycans. During
disease, carbohydrate epitopes displayed on PSGL-1
bind selectins expressed on blood leukocytes, activated
platelets, and stimulated endothelial cells. This molec-
ular interaction enhances cell adhesion in the vascula-
ture. The major carbohydrate epitope of PSGL-1 that
recognizes selectins is O-linked, and it is located at the
N-terminal anionic polypeptide segment of the protein
in close proximity to the sulfated tyrosine residues (2).
Sialyl-Lewis-X (sLeX)-type structures expressed on
PSGL-1 represent the prototypic oligosaccharides that
bind selectins (3–5).

Human promyelocytic leukemia HL-60 cells are
often used as a model system to study leukocyte and
selectin function. The core-2 tetrasaccharide Gal�1,
4GlcNAc�1,6(Gal�1,3)GalNAc� (structure 1, Fig. 1)
is a prominent structural constituent of O-glycans in
granulocytes and promyelocytes, including PSGL-1 in
HL-60 cells (6 – 8). Nine to 14% of PSGL-1 O-glycans
are fucosylated, and of these only a minor fraction
(2– 4.5%) are thought to participate in selectin rec-
ognition. This minor structure is disialylated and
monofucosylated with a terminal sLeX epitope. Gly-
cosyltransferase enzymes involved in the construction
of such glycans include �2,3-sialyltransferases (sia-
lylTs); �1,3-fucosyltransferases (FTs); �1,3- and �1,4-
galactosyltransferases (GalTs); and �1,3- and �1,6-
GlcNActransferases (GlcNAcTs). The functional
importance of these enzymes is supported by studies
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with various knockout mice that demonstrate that the
lack of key enzymes like core-2 �1,6GlcNAcT-I,
ST3Gal-IV, FT-VII, and GalT-I can lead to partial or
complete lack of selectin-mediated leukocyte adhe-
sion (9).

This study quantitatively examines the role of
carbohydrate glycosylating enzymes in regulating the
formation of selectin ligands in human leukocytes. It
is significant for the emerging field of glycomics,
since it is among the first to take a “systems ap-
proach” in studies of cellular glycosylation. Although
traditional studies have focused individually on se-
lected classes of glycosyltransferases in HL-60 cells
and neutrophils (10 –18), no study has comprehen-
sively studied all enzymes contributing to O-linked
glycosylation simultaneously in a systematic manner.
We addressed this issue here by performing experi-
ments at multiple levels including the gene, protein,

glycan, and functional levels. Here, various hypothe-
ses are generated by monitoring the gene expression
and enzyme activity of a range of glycosyltransferases
in either primary human neutrophils or HL-60 cells
cultured under a variety of conditions. Enzymatic
studies are performed with methylated and fluori-
nated synthetic, carbohydrate acceptors that were
designed to discriminate a particular enzyme activity
in a complex mixture. These hypotheses are then
tested by examining selected glycan structures at the
whole-cell and individual-protein level using flow cytom-
etry. In the later case, PSGL-1 is immunoprecipitated onto
polystyrene beads. Glycan structures on the immobilized
protein are then quantitatively probed using carbohy-
drate-binding monoclonal antibodies and a lectin. The
studies demonstrate that gene expression and enzyme
activity data, when combined with knowledge of biochem-
istry, yield viable experimentally testable hypothesis.

Figure 1. Chemical structures of acceptors and schematic of potential O-linked glycosylation pathway in HL-60 cells.
A) Compounds 2 and 3 are methylated acceptors based on the core-2 tetrasaccharide, structure 1. B) Compound 1 can be
sialylated by at least 3 different enzyme activities, shown in blue above reaction arrows. Sialylated products formed can be assayed
by monitoring lectin binding to cells, DSA-lectin for Gal�1,4GlcNAc�/LacNAc and SNA-lectin for NeuAc�2,6Gal�.
ST3[Gal�1,3GalNAc] catalyzes �2,3-sialylation of Gal�1,3GalNAc�. ST3[Gal�1,4GlcNAc] and ST6[Gal�1,4GlcNAc] catalyze
�2,3/�2,6-sialylation of Gal�1,4GlcNAc. C) Schematic of biochemical pathway leading to sialyl Lewis-X (sLeX,
NeuAc�2,3Gal�1,4(Fuc�1,3)GlcNAc��) formation in HL-60 cells. Enzyme activities are shown in blue above reaction arrows;
candidate genes responsible for this activity are shown in green below the arrow. Red outline around selected monosaccharides
indicates molecules added in corresponding steps. Acceptor substrates used to assay specific enzyme activities are shown in gray.
Many of these acceptors are modified with fluoro (F) or methyl (Me) groups to distinguish between closely related enzyme
activities. They are also modified with Benzyl (Bn) groups at the anomeric position to simplify postreaction separation of
products. Red asterisk denotes fee reaction site available on the acceptor substrate. Monosaccharides in B and C are represented
using symbolic nomenclature shown in symbol legend.
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MATERIALS AND METHODS

HL-60 cell and neutrophil experiments

HL-60 cells were cultured in Iscove’s modified Dulbecco’s
media containing 20% fetal bovine serum as suggested by the
American Type Culture Collection (ATCC; Manassas, VA). In
some runs, these cells were differentiated along the granulo-
cytic lineage by addition of 1.25% dimethyl sulfoxide
(DMSO) to culture media (19). Differentiation was moni-
tored by measuring cell-surface Mac-1 (CD11b) expression
daily using anti-Mac-1 antibody (phycoerythrin conjugated
clone D11, BD Pharmingen, San Diego, CA, USA) and flow
cytometry (using FACSCalibur, BD Biosciences). Viability of
differentiated cells was �90% as determined by trypan blue.
Control runs did not contain DMSO.

In some studies, HL-60 cells were synchronized in the
G0/G1 phase by addition of 1 mM hydroxyurea (HU) for
13 h. Other cell cycle inhibitors tested (3 �g/ml aphidicoline,
400 ng/ml nocodazole) were not as effective at synchroniza-
tion. The Supplemental Materials describe cell cycle analysis
methods using propidium iodide. After synchronization, cells
were washed and resuspended in fresh media without HU. In
controls, HL-60 cells were grown in the absence of HU.

Human polymorphonuclear leukocytes were isolated from
freshly collected human blood obtained by venipuncture in
10 U/ml heparin (Elkins-Sinn, Cherry Hill, NJ, USA). After
gradient separation (4), erythrocytes were removed by hypo-
tonic lysis. Polymorphonuclear leukocytes were then stored in
Ca2�-free HEPES buffer at 4°C. Cell viability was �99%, and
�90% of the isolated leukocytes were neutrophils. Thus, we
term these isolated cells as neutrophils. For glycosyltrans-
ferase activity assays, �50 � 106 neutrophils were further
purified by sorting using a FACS-Vantage instrument. Here,
gating based on granulocyte characteristic forward side-scat-
ter profile along with differential staining using anti-CD16-
FITC (BD Biosciences) was used to distinguish neutrophils
from eosinophils and other residual leukocyte populations.

Live cell samples obtained at fixed time points were used
for flow cytometry analysis (described next). Alternatively,
cell samples were pelleted and stored frozen at �80°C for the
remaining assays.

Cell surface antigens, lectin, and P-selectin binding

Flow cytometry measurements were performed with HL-60
cells and neutrophils as described previously (4, 20), with
minor modifications. Briefly, cells obtained at fixed time
points were washed and resuspended in 30 mM HEPES buffer
(pH	7.2) containing 1.5 mM CaCl2 and 0.1% human serum
albumin at 0.5 � 106 cells/ml. In some runs, fluorescent
monoclonal antibodies (mAbs) or lectins were incubated with
these cells for 15 min at room temperature before reading in a
flow cytometer. mAbs used include reagents against Lewis-X/
LeX/CD15 (clone HI98-FITC), sialyl-Lewis-X/sLeX/CD15s
(HECA-452-FITC or purified CSLEX-1 along with appropriate
fluorescent secondary Ab), PSGL-1/CD162 (KPL-1-
phycoerythrin/purified) and CD45 (C11-FITC, Ancell, Bayport,
MN, USA). All mAbs including isotype control reagents were
from BD Pharmingen unless mentioned otherwise. FITC conju-
gated lectins used include DSA (Datura stramonium) and SNA
(Sambucus nigra) (EY Laboratories, San Mateo, CA, USA). In
other runs, P-selectin fusion protein with a mouse IgG2a tail was
incubated with 1:200 dilution of FITC-conjugated F(ab
)2 goat-
anti-mouse secondary antibody (Jackson ImmunoResearch,
West Grove, PA, USA) and cells for 30 min at room temperature.
Cells were washed before cytometry analysis in all studies per-
formed with mAbs. Samples were diluted in 20-fold excess buffer
before cytometry analysis in lectin binding assays. In control

runs, P-selectin binding could be abrogated by 10 �g/ml block-
ing antibodies against P-selectin, anti-PSGL-1, 5 mM EDTA, or 2
mM soluble sLeX (4).

In some cases, HL-60 cells were treated with 100 U/ml
chymotrypsin in HEPES buffer for 15 min at room tempera-
ture, washed twice, and resuspended at 0.4–1 � 106 cells/ml
before cytometry analysis. Control runs were performed with-
out chymotrypsin.

Quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis

Total RNA isolation from cells, quantitative RT-PCR, and
quantification of relative mRNA levels of glycosyltransferase
genes were performed as described elsewhere (see ref. 21 and
Supplemental Materials). Supplemental Table S1 lists individ-
ual primer pairs. PCR products for selected genes (indicated
in the table) were purified from agarose gel and sequenced to
confirm that the unique desired product was generated.

Cytometry beads and Western blotting

Glycan structures in PSGL-1 from HL-60 cells and neutrophils
were assessed by immunoprecipitating this protein from cell
lysate both for quantitative cytometry bead and qualitative
Western blot analysis. In both cases, HL-60/neutrophils were
lysed at 4°C in isotonic Tris-HCl lysis buffer containing 2%
Nonidet P-40, 2 mM EDTA, 2 mM PMSF, and complete mini
protease inhibitor cocktail (Roche, Indianapolis, IN, USA).
Protein concentration in lysate was determined by Bradford/
Coomassie assay kit (Pierce, Rockford, IL, USA).

For cytometry bead assays, carbodiimide chemistry was
used to covalently link anti-PSGL-1 mAb TB5 (mouse IgG1,
BioVendor, Candler, NC, USA) to 6 �m carboxyl polystyrene
beads (Polysciences, Warrington, PA, USA; ref. 22; see Sup-
plemental Materials). Beads thus obtained are termed TB5
beads. The density of Ab on these beads was �19,000/�m2.

In each cytometry bead experiment, 10–400 �g of protein
from cell lysate was incubated with 30,000–50,000 TB5 beads
for 1 h at room temperature with gentle agitation. After
washes with PBS containing 0.025% Tween-20, �7000–10,000
beads in separate vials were incubated with either 10–20
�g/ml of HECA-452-FITC (anti-sLeX), DSA-FITC lectin, or
unconjugated anti-PSGL-1 polyclonal antibody (H-300, Rab-
bit IgG, Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
20 min at room temperature. In the last case, 1:200 FITC-
conjugated F(ab
)2 mouse-anti-rabbit IgG (Jackson Immu-
noResearch) was subsequently added for 20 min after a
washing step. Samples were washed before flow cytometry
analysis. Flow cytometry geometric mean fluorescence inten-
sity data are presented after subtraction of TB5-bead back-
ground signal obtained in the absence of cell lysate. Compet-
itive binding assays and isotype-control beads described in
Results were used along with Western blotting to validate
these studies.

For the Western blots, 1–2 mg of protein from HL-60 and
neutrophil lysate was precleared using protein A/G beads.
PSGL-1 was then immunoprecipitated using 6 �g/ml of
anti-PSGL-1 mAb (KPL-1, mouse IgG) and protein A/G
beads. Immunoprecipitate equivalent to 300 �g lysate loaded
in each lane was separated using an 8% SDS-PAGE gel,
transferred onto nitrocellulose membrane, and probed using
either KPL-1 or anti-sLeX Ab (HECA-452, rat IgM). Appropri-
ate HRP-conjugated secondary Abs (Jackson Immuno-
Research) were subsequently added before developing signal
with Lumiglo chemiluminescent substrate (Cell Signaling,
Danvers, MA, USA).
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Glycosyltransferase assays

HL-60/neutrophil cell pellets were homogenized in 0.1 M
Tris-maleate buffer (pH 7.2) containing 2% Triton X-100
using a Dounce all-glass hand-operated grinder. The homog-
enate was centrifuged at 20,000 g for 1 h at 4°C. The protein
concentration in the supernatant, measured using the BCA
method (Pierce), was adjusted to 5–7.5 mg/ml by addition of
extraction buffer. Glycosyltransferase activity in the cell lysate
was determined by mixing the lysate (which contains the
enzyme) with acceptor and radiolabeled donor sugar nucle-
otide under the reaction conditions detailed in Supplemental
Materials for sialylTs (23), sulfotransferases (sulfoTs; ref. 24),
GalTs (25), ppGalNAcTs, GlcNAcTs, and FTs (10, 26). Previ-
ous studies and other rationale outlined in the Supplemental
Materials guided the choice of acceptors used in individual
assays.

Many of the carbohydrate acceptors used are based on the
core-2 tetrasaccharide structure (compound 1, Fig. 1A). Spe-
cific methyl modifications of this compound (compounds 2
and 3) were also applied to distinguish between closely
related enzyme activities that may act on compound 1 (Fig.
1A, B). For example, although �2,3-sialylation is possible at
the three position of Gal in both the Gal�1,3GalNAc and
Gal�1,4GlcNAc arms of compound 1, only one of the two
reactions is possible in each of the methyl analogs. Figure 1C
presents potential biochemical pathways that lead to sLeX

synthesis on PSGL-1 in leukocytes (23). Names of genes
(below individual reaction arrows, green) that most likely
catalyze specified enzymatic activity (above arrows, blue) are
listed here. The figure also presents structures of selected
acceptors (in gray) used to assay individual enzyme activities.

After reaction for 2- to 4-h (depending on assay design),
the radiolabeled product for each run was separated from
unreacted donor using either anionic (Dowex-1-Cl) or hydro-
phobic (Sep-Pak C18) chromatography or MagneHis Nickel
particles (Promega, Madison, WI, USA). For GalT, GlcNAcT,
FT, and sulfoT assays, the reaction mixture was diluted with 1
ml water and passed through a 1 ml Dowex-1-Cl column and
the column was washed twice with 1 ml water. The break-
through and the water wash contained the [14C]-galactosy-
lated or [14C]-fucosylated products from neutral acceptors.
Three milliliters of 0.2 M NaCl was used to elute [14C]-
fucosylated products of sialylated acceptor and [35S]-sulfated
compounds. For sialylT assays, the radioactive products from
benzylglycosides and monosialylated benzylglycosides were
separated on Sep-Pak C18 cartridges using elution of product
by 3 ml methanol. In the ppGalNAcT assay, Ni-particles were
used to isolate radioactive product, since PSGL-1 peptide with
a 6X-His tag was used as an acceptor substrate. The radioac-
tive content of isolated products was determined using Beck-
man LS9000 scintillation counter. Thin layer chromatogra-
phy was performed with products from all reactions for which
significant conclusions were drawn (Supplemental Fig. S1).
These validate that unique products were formed in individ-
ual experiments as anticipated by the experimental design.

Controls for each assay contained the reaction mixture
with everything except the exogenous acceptor. Radioactivity
of control was subtracted from that of product for the results
presented here. Radioactivity of controls was typically 50–100
counts per min (cpm)/assay, while efficient reactions result
in counts �103 cpm/assay. All samples were tested in dupli-
cate. Results from duplicate runs did not vary by more than
5%. Duplicate determination does not allow statistical analy-
sis. Product formation rate varied approximately linearly with
time during the course of our assays, with at most 12.7% of
the sugar nucleotide being consumed over the time course
(column 10 of Supplemental Table S2; Supplemental Fig.
S2). Control experiments with varying concentrations of

Triton-X (0.2–1%, Supplemental Fig. S3) show that product
formation is not affected by the presence of detergent (0.5–
0.66%) in our assays. The presence of glycosidases that can
affect our measurements was not evident.

First-order rate constant from biochemical data

In the enzymatic assays for sialylT, FT, and GlcNAcT, the
acceptor concentration exceeds monosaccharide concentra-
tion by �330-fold (column 4 vs. columns 7�9; Supplemental
Table S2). Thus, in the Michaelis-Menten rate expression, v 	
Vm[S]/(Km�[S]), both the limiting substrate [S] and equilib-
rium constant Km are calculated with respect to the monosac-
charide. Further, since typically Km � monosaccharide con-
centration ([S] for nucleotide-sugar donor) under our
experimental conditions (column 11 vs. 7�9; Supplemental
Table S2), the rate expression can be approximated to a
first-order rate expression v�k[S] (with k	Vm/Km, units of
time�1). This apparent first-order rate constant, k, can then
be calculated using reaction velocity (v) data obtained in the
above experiments [k	(dpm of product/volume/time)/
(specific activity of sugar nucleotide)/(sugar nucleotide con-
centration)]; k thus obtained is a measure of enzyme activity
under our assay conditions and it includes enzyme concen-
tration information.

A detailed derivation on how k measured in our experi-
ments is related to the rate constant in the Golgi/in vivo
(kvivo) is provided in Supplemental Materials.

Statistics

Student’s t test was performed for dual comparisons. P � 0.05
was considered significant.

RESULTS

Glycosyltransferase activity

Using a panel of unique, well-defined, chemically
synthesized carbohydrate acceptors, we compared
the glycosyltransferase activities of isolated human
neutrophils with those of undifferentiated HL-60
cells, and HL-60 differentiated along the granulo-
cytic lineage, (Table 1; Fig. 1). All data are normal-
ized on the basis of cellular protein mass. Assuming
that the protein concentration in cells (wt/vol) is
constant between different cell types, the results
effectively represent volume-averaged concentrations
of active glycosyltransferases.

ppGalNAcT activity, which initiates O-linked glycan
formation, was comparable in neutrophils and HL-60
cells. Differentiation increased ppGalNAcT activity in
HL-60 cells by �3.3-fold.

In the case of sialyltransferases, on comparing the
activity of neutrophil enzymes on compounds 2 and 3, we
observed that the sialylation of Gal�1,3GalNAc� in the
core-2 tetrasaccharide is more prominent over Gal�1,
4GlcNAc�. Compound 3 is an acceptor for both
ST3[Gal�1,4GlcNAc] and ST6[Gal�1,4GlcNAc] (23).
The specific methylated acceptor 4-O-MeGal�1,
4GlcNAc�-O-Bn was used to distinguish between these
two activities, since it is acted upon by ST3[Gal�1,
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TABLE 1. Glycosyltransferase activity in neutrophils, undifferentiated HL-60 cells, and differentiated HL-60 cells

Glycosyltransferase activity
(cpm � 10�3/mg protein)a

Glycosyltransferase
activity ratio

(differentiated HL-
60/undiff. HL-60)bEnzyme activity Probable genes Acceptor Neutrophils Undiff. HL-60

GalNAc transferase
ppGalNAcT

Truncated PSGL-1 N-terminal
sequence peptide

4.14 5.96 3.31

Sialyltransferase
ST3�Gal�1,3GalNAc ST3Gal-I/-II Gal�1,3(3-O-MeGal�1,

4GlcNAc�1,6)GalNAc�-O-
Bn (#2)

72.8 50.6 1.54

ST3�Gal�1,3GalNAc ST3Gal-I/-II Gal�1,3GalNAc�-O-Bn ND 68.5 0.69
ST3�Gal�1,4GlcNAc &

ST6�Gal�1,4GlcNAc
ST3Gal-IV/-VI &

ST6Gal-I
3-O-MeGal�1,3(Gal�1,

4GlcNAc�1,6)GalNAc�-O-
Bn (#3)

9.7 44.6 0.26

ST3�Gal�1,4GlcNAc &
ST6�Gal�1,4GlcNAc

ST3Gal-IV/-VI &
ST6Gal-I

Gal�1,4GlcNAc�-O-Bn ND 36.5 0.19

ST3�Gal�1,4GlcNAc ST3Gal-IV/-VI 4-O-MeGal�1,4GlcNAc�-O-Bn 1.7 7.9 1.01
ST3�Gal�1,3GlcNAc ST3Gal-III Gal�1,3GlcNAc�-O-Bn 1.9 17.0 0.27
ST3�Gal�1,3GlcNAc ST3Gal-III 2-O-MeGal�1,3GlcNAc�-O-Bn 0.9 9.3 0.65

Galactosyltransferase
�1,4GalT & �1,3GalT �1,4GalT-I/-IV

& core 1
�1,3GalT-I

GlcNAc�1,6GalNAc�-O-Bn 173.9 351.7 1.74

�1,3GalT core 1 �1,3GalT-
I

GalNAc�-O-Bn 75.8 41.3 0.92

�1,4GalT �1,4GalT-I/-IV Gal�1,3(GlcNAc�1,6)GalNAc�-
O-Al

ND 271.7 1.68

�1,4GalT �1,4GalT-I/-IV 3-O-MeGal�1,3(GlcNAc�1,6)
GalNAc�-O-Bn

103.1 291.4 1.59

GlcNAc transferase
LacNAc extension

�1,3GlcNAcT
�1,3GlcNAcT-

1/-2
3-O-MeGal�1,3(Gal�1,

4GlcNAc�1,6)GalNAc�-O-
Bn (#3)

35.7 196.9 3.03

LacNAc extension
�1,3GlcNAcT

�1,3GlcNAcT-
1/-2

Gal�1,4GlcNAc�-O-Bn 83.6 116.4 3.16

LacNAc extension
�1,3GlcNAcT

�1,3GlcNAcT-
1/-2

Gal�1,4GlcNAc�1,3Gal�1,
4GlcNAc�-O-Bn

ND 53.4 ND

Core 1 extension
�1,3GlcNAcT

�1,3GlcNAcT-3 Gal�1,3(3-O-MeGal�1,
4GlcNAc�1,6)GalNAc�-O-
Bn (#2)

2.2 2.5 ND

Globo H extension
GlcNAcT

Gal�1,3GalNAc�1,3Gal�-O-
Me

1.9 ND ND

�1,2GlcNAcT �1,2GlcNAcT-I Fetuin triantennary asialo
agalacto glycopeptide
devoid of terminal GlcNAc

15.1 258.4 ND

Fucosyltransferase
�1,3FT �1,3FT-IV/-IX 2-O-MeGal�1,4GlcNAc�-O-Bn 19.9 628.4 1.34
�1,3FT �1,3FT-IV/-IX GalNAc�1,4GlcNAc�-O-Bn ND 745.2 0.55
�1,3FT �1,3FT-IV/-IX Gal�1,4GlcNAc�1,3Gal�1,

4GlcNAc�-O-Bn
ND 820.6 1.12

�1,3FT�sialyl-LacNAc �1,3FT-VII NeuAc�2,3Gal�1,4GlcNAc�-
O-Bn

38.1 110.3 1.12

�1,3FT �1,3FT-VI GlcNAc�1,4GlcNAc�-O-Bn 0.3 ND ND
�1,4FT �1,3/4FT-III 2-O-MeGal�1,3GlcNAc�-O-Bn 0.4 0.20c ND
�1,2FT Gal�-O-Bn 0.7 0.15c ND
�1,6FT Fetuin triantennary asialo

agalacto glycopeptide
33.5 271.8 1.73

Enzyme activity measured using specific acceptors is listed along with likely candidate gene-products/enzymes that contribute to this activity
in HL-60 and neutrophils. Other enzymes not listed here may also contribute to this activity. ND, not done. a The cpm can be converted to dpm
by dividing these values by scintillation counter efficiency of 0.64 for 3H- and 0.97 for 14C-labeled sugars. Data are representative of 3
experiments. In the case of neutrophils, cells from 3 different, normal donors were used. bGlycosyltransferase activity ratio represents activity
of DMSO differentiated HL-60 cells divided by activity of undifferentiated control HL-60 cells. cData from Chandrasekaran et. al., 1996 (26).
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4GlcNAc] but not cloned mammalian ST6Gal-I (23).
SialylTs in neutrophil lysates were 17.5% active on this
acceptor (1700 cpm/mg) compared with compound 3
(9700 cpm/mg). Together, these studies suggest that
the activity of neutrophil sialyltransferases likely follow
the sequence: ST3[Gal�1,3GalNAc] � ST6[Gal�1,
4GlcNAc] � ST3[Gal�1,4GlcNAc]. The activity of these
three sialylTs in HL-60 cells decreased in the same se-
quence, only ST3[Gal�1,4GlcNAc] and ST6[Gal�1,
4GlcNAc] activities were 3- to 4.5-fold higher in this cell
line compared with the primary cells. ST3[Gal�1,
3GalNAc] activity was at similar levels in HL-60 cells
relative to neutrophils. HL-60 cell differentiation mark-
edly reduced the activity of ST3[Gal�1,3GlcNAc] and
cumulative activity of ST6[Gal�1,4GlcNAc] and
ST3[Gal�1,4GlcNAc], but it did not affect �2,3-sialylation
of either type II (Gal�1,4GlcNAc-) or type III
(Gal�1,3GalNAc-) chains.

We observed that �1,4GalTs were more active in
HL-60 cells compared with neutrophils. In contrast,
core-1 �1,3GalT activity was higher in neutrophils.
Differentiation of HL-60 cells moderately increased
�1,4GalT activity by 59–74%.

�1,3GlcNAcT activity assays reveal that neutrophils
and HL-60 cells have high activity for LacNAc extension
(i.e., extension of the Gal�1,4GlcNAc-chain). Core-1
extension by GlcNAcT on the Gal�1,3GalNAc chain
was low. �1,3GlcNAc addition to LacNAc occurred at
1.4- to 5.5-fold higher rates in HL-60 cells compared
with neutrophils. HL-60 cell differentiation further
increased �1,3GlcNAcT activity in the LacNAc chain by
�3-fold.

Among the fucosyltransferases, �1,3FT and �1,6FT
activities were observed in HL-60 cells and neutrophils,
while �1,2FT activity was absent. Among the �1,3FTs
(FT-IV, -IX, and -VII), the �1,3FT-VII prefers to fucosy-
late sialyl-LacNAc (NeuAc�2,3Gal�1,4GlcNAc) -based
substrates, whereas �1,3FT-IV and -IX preferentially
fucosylate nonsialylated LacNAc substrates. Using the
appropriate substrates, thus, we observed that fucosyla-
tion of sialyl-LacNAc (�1,3FT[sialyl-LacNAc]) mostly
brought about by �1,3FT-VII, was the dominant �1,3FT

activity in neutrophils. Conversely, �1,3FT activity in
nonsialylated LacNAc (mostly mediated by �1,3FT-IV)
was greater in HL-60 cells (Note: transcripts for FT-IX
are absent in HL-60 cells; ref. 12). Both �1,3FT activi-
ties were 2.8- to 30-fold greater in HL-60 cells compared
with neutrophils. Differentiation of HL-60 cells did not
result in alteration of �1,3FT[sialyl-LacNAc] activity.
Fucosylation activity on the nonsialylated LacNAc ac-
ceptor was still dominant after differentiation. Finally,
there was a 73% increase in �1,6FT activity upon HL-60
cell differentiation, consistent with observations by oth-
ers (27).

In sulfotransferase assays, we did not detect carbohy-
drate sulfotransferase activity in neutrophils using ei-
ther compound 2, compound 3, or 3-O-MeGal�1,
3(GlcNAc�1,6)GalNAc�-O-Bn as acceptors. This indi-
cates the absence of Gal:3-O- and GlcNAc:6-O-sulfo-
transferase activities in human neutrophils.

Overall, we observed that mature neutrophils display
similar enzyme activities as HL-60 cells, although the
absolute level of glycosyltransferase activity is markedly
different. HL-60 cell differentiation resulted in an
increase in �1,3GlcNAcT and ppGalNAcT activity, and
it decreased ST6[Gal�1,4GlcNAc]. The effects of cell
differentiation on �1,4GalT and �1,3FT activity were
only modest. On combination of the radioactivity mea-
surements of Table 1 with additional data from Supple-
mental Table S2, the apparent first order reaction rate
constants for selected enzymes can be computed
(Table 2). These calculations suggest that the in vitro
glycosyltransferase activity for human leukocytes (k)
follow the sequence: ST3[Gal�1,4GlcNAc] � �1,3FT-
[sialyl-LacNAc] � �1,3GlcNAcT.

Glycosyltransferase gene expression

Although the chemical substrates used in our assays are
designed to discriminate between closely related en-
zyme activities, they do not unambiguously reveal the
precise genes responsible for a given measured activity.
To determine the relation between gene expression

TABLE 2. Apparent first-order rate constant (k)

Enzyme activity Probable genes Acceptor

Apparent first-order rate constant � 103 (h�1)a

Neutrophils
Undifferentiated

HL-60
Differentiated

HL-60

Sialyltransferase
ST3�Gal�1,3GalNAc ST3Gal-I/-II Gal�1,3(3-O-MeGal�1,4GlcNAc�1,6)

GalNAc�-O-Bn (#2)
4.69 3.26 5.19

ST3�Gal�1,4GlcNAc ST3Gal-IV/-VI 4-O-MeGal�1,4 GlcNAc�-O-Bn 0.11 0.51 0.53
ST3�Gal�1,4GlcNAc &

ST6�Gal�1,4GlcNAc
ST3Gal-IV/-VI &

ST6Gal-I
3-O-MeGal�1,3(Gal�1,4GlcNAc�1,6)

GalNAc�-O-Bn (#3)
0.62 2.87 0.77

GlcNAc transferase
LacNAc extension

�1,3GlcNAcT
�1,3GlcNAcT-1/-2 3-O-MeGal�1,3(Gal�1,4GlcNAc�1,6)

GalNAc�-O-Bn (#3)
4.71 25.95 85.74

Fucosyltransferase
�1,3FT �1,3FT-IV/-IX 2-O-MeGal�1,4 GlcNAc�-O-Bn 2.14 67.72 96.25
�1,3FT�sialyl-LacNAc �1,3FT-VII NeuAc�2,3Gal�1,4 GlcNAc�-O-Bn 5.99 17.33 20.01

aReaction velocity (v) values used for these calculations are from Table 1.
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and enzyme activity, quantitative RT-PCR studies were
thus performed with RNA from neutrophils and undif-
ferentiated/differentiated HL-60 cells (Fig. 2). Figure 3
summarizes and compares glycosyltransferase gene ex-
pression data with enzyme activity measurements.

In agreement with results from the enzymology stud-
ies that demonstrate that enzymes contributing to the
addition of outer nonreducing residues in O-glycans
(ST3[Gal�1,4GlcNAc], �1,3FTs, and �1,4GalT) are
higher in HL-60 cells compared with neutrophils, we
also observed in RT-PCR runs that ST3Gal-IV, FT-VII,
FT-IV, and �1,4GalT-IV were higher in the former cells
(Fig. 2). Transcript levels of ST3Gal-I and -II, enzymes
that sialylate the Gal�1,3GalNAc� sequence, were ei-
ther equal to or lower in HL-60 cells compared with
neutrophils. This finding is consistent with the enzy-
matic studies. Transcript levels for �1,3GlcNAcT-1 and
-2, enzymes that contribute to the formation of poly-
LacNAc structures in O-glycans, were similar in neutro-
phils and HL-60 cells. In comparison, in enzymatic
studies, a 1.4- to 5.5-fold higher �1,3GlcNAcT enzyme
activity was noted for HL-60 cells. mRNA level of core-2
forming �1,6GlcNAcT was 6-fold higher, while PSGL-1
gene expression was 65-fold lower in undifferentiated
HL-60 cells compared with neutrophils. The enzymatic
activity of core-2 �1,6GlcNAcT was not measured in this
study. Overall, there is agreement between enzyme
activity and gene expression for many enzymes. Differ-
ences were observed in the activity of selected enzymes
in undifferentiated HL-60 cells vs. neutrophils, and

these may translate to differences in cellular glycan
expression.

On differentiation, the gene expression pattern of
HL-60 cells was altered to more closely resemble the
transcript levels in neutrophils. There was qualitative
agreement in gene expression of most enzymes, though
some quantitative differences were still evident. For
example, transcripts of several enzymes contributing to
the formation of sLeX (ST3Gal-IV, FT-VII, FT-IV, and
�1,4GalT-IV) were down-regulated on differentiation
and their gene expression was quantitatively similar to
that of neutrophils. Gene expression of PSGL-1 and
�1,4GalT-I were also up-regulated 6- to 24-fold to levels
similar to that of neutrophils. Although the gene
expression data of differentiated HL-60 cells resembled
that of terminally differentiated neutrophils for most
enzymes (Fig. 2), the enzyme/glycosyltransferase activ-
ities of differentiated HL-60 cells more closely resem-
bled the undifferentiated cells (Table 1). This last
observation is consistent with the proposition that while
gene expression changes rapidly to more closely resem-
ble the cell differentiation state, enzyme levels may take
longer times due to the slower turnover rates of pro-
teins.

Hypothesis testing at the cellular and molecular level

Gene expression and enzymatic studies together sug-
gest two hypotheses: 1) that glycan structures on HL-60
cells may differ from those on neutrophils. In this

Figure 2. RT-PCR analysis of glycosyltransferases:
Relative mRNA levels of glycosyltransferase gene
expression in isolated human neutrophils, undif-
ferentiated HL-60 cells, and DMSO differentiated
HL-60 using quantitative RT-PCR. Gene names
appear in bold fonts; their corresponding enzyme
activity is in plain font in an adjacent column.

4160 Vol. 22 December 2008 MARATHE ET AL.The FASEB Journal



regard, the enzymology studies show that activities
contributing to the formation of sLeX structure on
O-glycans are expressed at higher levels in HL-60 cells.
Thus, higher sLeX expression is expected in these cells. 2)
Differentiation of HL-60 cells along granulocytic lineage
does not make them more closely resemble neutrophils in
terms of their glycosyltransferase activities. However, cell
differentiation augmented �1,4GalT and �1,3GlcNAcT
activity, suggesting that extended LacNAc chains may be
more prevalent after HL-60 cell differentiation. The sup-
pression of ST6[Gal�1,4GlcNAc] and an increase in pp-
GalNAcT activity after differentiation were also noted.

We examined these hypotheses at the cell level by
monitoring selected antigens expressed on leukocyte
cell surface using standard flow cytometry (Fig. 4).
Quantitative molecular level measurements were also
performed by assaying O-linked glycans on PSGL-1
using a novel cytometry bead assay (Fig. 5). The later
studies use mAb bearing polystyrene beads to capture
PSGL-1 from cell lysates. Immunoprecipitated pro-
tein on beads was then probed with antibodies and
lectin to determine the following: PSGL-1 number,
sLeX epitope, and LacNAc expression on immobi-
lized proteins. Selected results were validated using
Western blot analysis.

Figure 5A demonstrates that the cytometry beads
specifically report on glycan structures on the captured
PSGL-1. In support of this, the anti-PSGL-1 beads (TB5
beads), but not the isotype control anti-CD18 mAb
beads (IB4 beads), captured PSGL-1 from lysate. The
former beads also bound Abs and lectins that recognize
glycan epitopes, while the control beads did not exhibit
this feature. In additional controls, the background
signal for anti-PSGL-1, anti-sLeX, and DSA-lectin bind-
ing to TB5 beads was low when the cell lysate was absent
(Fig. 5A, top panels). Finally, the specific binding
interactions could be competed away to background
levels by incubating the cell lysate with excess soluble
TB5 mAb, before TB5-bead addition (Fig. 5A, bottom
panels). Although data for neutrophils are presented in
Fig. 5A, similar specificity was also noted with HL-60 cell

lysate. Anti-LeX/CD15 mAb did not bind beads bearing
immobilized PSGL-1. Finally, increasing cell lysate con-
centration increases the amount of PSGL-1 captured on
TB5 beads (Fig. 5B).

Cell-level studies compared glycans on human neutro-
phils with undifferentiated HL-60 cells (Fig. 4A). Here,
flow cytometry reports on carbohydrate structures on
both glycoproteins and glycolipids without discrimination
(Fig. 4B). As seen, only a relatively small fraction of HL-60
cell CD15 and CD15s is expressed at the P-selectin bind-
ing site located at the N terminus of PSGL-1, since
treatment of these cells with protease chymotrypsin led to
an 80% excision of this site without dramatically reducing
overall cell surface CD15 or CD15s expression. In cytom-
etry studies (Fig. 4A), we observed that neutrophils ex-
press 14-fold higher Mac-1 (CD11b) and 24% greater
PSGL-1 levels compared with undifferentiated HL-60 cells
(Fig. 4A). The latter finding is reasonable since PSGL-1
mRNA is 60-fold higher in neutrophils, although a linear
relationship between RNA and protein expression is
absent. DSA (which binds Gal�1,4GlcNAc/LacNAc struc-
ture) binding to neutrophils was lower by 64% compared
with undifferentiated HL-60 cells, and this is in agreement
with the enzyme activity and gene expression measure-
ments that show that neutrophils have a lower activity of
enzymes contributing to LacNAc formation. CD15 (LeX)
was 3.8-fold higher in neutrophils, and this is an unex-
pected finding since enzyme activity data show that �1,3-
fucosylation activity on the nonsialylated substrate is 31-
fold lower in neutrophils compared with HL-60 cells
(Table 2). As elaborated in the Discussion, one possibility
is that the neutrophil CD15 detected in our assay were
formed during the early-myeloid stage before cell matu-
ration. Even though the overall cellular expression of
CD15s/sLeX was comparable in neutrophils vs. HL-60
cells, the ratio of CD15s to CD15 (i.e., sLeX/LeX) was
higher in the case of HL-60 cells. This is in agreement
with the higher levels of �2,3-sialylT activity
(ST3[Gal�1,4GlcNAc]) observed in HL-60 cells, which
may also sialylate terminal LeX structures on N-linked
glycans.

Figure 3. Glycosyltransferase activity and gene
expression. The expression of the sialyl lewis-X
epitope on the core-2 trisaccharide structure
Gal�1,3(GlcNAc�1,6GalNAc�) located at the N
terminus of PSGL-1 is thought to be critical for
selectin recognition. Enzyme activity (A, B) and
gene expression (C, D) studies were performed
to quantify levels of various glycosyltransferases
contributing to formation of this structure. In A
and C, enzyme (activity/gene expression) levels
in human neutrophils are quantified relative to
undifferentiated (undiff.) HL-60 cells (i.e., Neu-
tro/undiff HL-60). In B and D, enzymes that
were altered on differentiation (diff.) of HL-60
cells along granulocyte lineage are highlighted
(i.e., diff HL-60/undiff HL-60). �2-fold in-
crease and �50% decrease in enzyme activity or
gene expression are highlighted using under-
line and faded/gray notation, respectively.

Gene/enzyme levels that changed to a lesser extent are shown in italics. Gene/enzyme levels that were not measured appear
in plain font without any highlighting. In A, monosaccharides added by different enzyme activities are shown using the symbolic
notations of Fig. 1C.
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Cytometry bead assays were performed to discrimi-
nate between glycan structures on PSGL-1 in HL-60
cells vs. neutrophils. These studies reveal that neutro-
phil PSGL-1 exhibits 10-fold higher sLeX expression
and 3- to 5-fold higher DSA-lectin binding compared
with both undifferentiated and differentiated HL-60
cells (Fig. 5C, D). Immunoprecipitation followed by
Western blot analysis (Fig. 5E) supports the observation
that sLeX antigen associated with PSGL-1 is indeed
higher in neutrophils compared with HL-60 cells (Fig.
5E). This suggests the possibility that higher levels of
P-selectin may bind neutrophils compared with HL-60
cells. This proposition is in agreement with selectin
binding data (Fig. 4A), which show that neutrophils
bind P-selectin at 2.3-fold higher levels compared with
HL-60 cells even though their PSGL-1 expression is
comparable.

Differentiation of HL-60 cells resulted in a 9.5-fold
increase in the differentiation marker Mac-1 and a
2.3-fold increase in CD45 expression (Fig. 4A). A 68%
increase in DSA and 73% decrease in SNA lectin
binding of differentiated HL-60 cells over undifferenti-
ated cells was also observed. This is consistent with the
observed up-regulation of LacNAc extension enzyme
activity (�1,4GalT and �1,3GlcNAcT) and down-regu-
lation in ST6[Gal�1,4GlcNAc] activity upon HL-60 cell
differentiation. Cell surface CD15 was not altered on
differentiation, while there was a slight decrease in
cellular CD15s expression. Cell surface PSGL-1 protein
levels increased by 2.3-fold, and this is consistent with
increased mRNA expression. A proportional 1.9-fold
increase in P-selectin binding to cells was observed, and
this suggests only relatively minor alterations in the
PSGL-1 specific glycosylation on differentiation. This
last observation is consistent with molecular-level inves-
tigations (Fig. 5C, D) where the expression of sLeX and
DSA-lectin binding to PSGL-1 in differentiated HL-60
cells is similar to that in undifferentiated cells.

Overall, glycan structures and function measured at
the cell and molecule level are largely consistent with
hypothesis generated using enzymatic studies of HL-60
cells before and after differentiation.

Cell cycle regulation of glycosyltransferase activity,
glycan expression, and selectin binding function

Previous studies (28) suggest that the activity of N-glycan
specific glycosyltransferases, GlcNAcT-III and -V, vary with
cell cycle phases. We examined if a similar relationship
exists between the proliferating state of leukocytes and
O-glycan-specific enzymes. In particular, we determined if
the pattern of HL-60 cell glycosyltransferases in any par-
ticular growth phase more closely resembles neutrophils.
To this end, HL-60 cell growth was synchronized using
HU. Treatment with 1 mM HU was found to synchronize
84–89% of the cells in the G0/G1 phase (Table 3). After

Figure 4. Cell surface expression and selectin binding assay
for HL-60 cells and human neutrophils. A) SNA (binds
NeuAc�2,6Gal�-) and DSA (binds LacNAc) lectin binding to
cells, cell surface expression of Mac-1 (CD11b), CD15 (LeX),
CD15s (sLeX), CD45, and PSGL-1 (CD162), and binding of
P-selectin fusion protein to the cells was measured with
isolated human neutrophils, undifferentiated HL-60 cells and
DMSO differentiated HL-60 using flow cytometry. PSGL-1
expression was 24% higher in neutrophils compared with
HL-60 cells, while P-selectin binding was 2.3-fold higher. On
differentiation of HL-60 cells, PSGL-1 expression increased by
2.3-fold and this was accompanied by a 1.9-fold increase in
selectin binding. B) Undifferentiated HL-60 cells were
treated with 100U/ml chymotrypsin for 15 min at room
temperature before above measurements. Chymotrypsin
treatment drastically reduced cell-surface PSGL-1 expression
and P-selectin binding, but this did not affect sLeX (CD15s)

expression by �5%. In A and B, mean fluorescence intensity
was normalized with respect to undifferentiated HL-60 cells
without chymotrypsin. Data are means � se for 3–5 experi-
ments. *P � 0.05 vs. undifferentiated HL-60 cells.
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their release from G0/G1 arrest by removal of HU from
the media at 13 h, a majority of HL-60 cells were observed
in the S-phase, the G2/M phase, and back in the G1 phase
at 20, 24, and 31 h, respectively.

Periodic cycling of glycosyltransferase activities with cell
cycle phases was not evident in these experiments (Sup-
plemental Table S3). However, within 13 h of HU treat-
ment, there was a 25–45% decrease in several enzyme
activities that acted on the Gal�1,4GlcNAc arm of the
core-2 tetrasaccharide, including ST3[Gal�1,4GlcNAc],
�1,4GalT, and �1,3GlcNAcT. All the enzymes gradually
approached their baseline activity after removal of HU.
This increased activity of enzymes in the Gal�1,4GlcNAc
arm after HU removal is consistent with our observation
that HL-60 cell-surface sLeX expression increased by 2.5-
fold within 38 h of HU removal (Fig. 6). During this time,

LeX expression, PSGL-1 expression, and P-selectin bind-
ing were not altered.

DISCUSSION

There is growing interest in applying systems-level
knowledge to predict cellular glycan epitopes, since
such analysis complements more conventional struc-
tural investigations. Although structural studies are
typically complex and they do lead to the identification
of the more abundant glycans, functionally impor-
tant, less abundant epitopes may be missed. To this
end, in the area of systems biology, attempts have
been made to predict glycan structures based on

Figure 5. Glycan structures on PSGL-1 assayed using quantitative cytometry bead and qualitative Western blot analysis:
antigen-sandwich experiments were performed using flow cytometry (A–D). Here, PSGL-1 from undifferentiated/differentiated
HL-60 cell or neutrophil lysate was immunoprecipitated onto beads bearing anti-PSGL-1 mAb (TB5 beads). These beads were
then probed with anti-sLeX mAb (HECA-452), DSA-lectin (which binds LacNAc), or an anti-PSGL-1 rabbit Ab (H-300).
A) Representative cytometry histograms for neutrophil lysates. Top row: anti-sLeX, DSA-lectin, and anti-PSGL-1 binding were
observed when 25 �g cell lysate (100 �l vol) was incubated with TB5 beads (empty histogram with bold outline) but not when
isotype control beads (IB4 beads, empty histogram with plain outline) were used. Absence of cell lysate resulted in low Ab/lectin
binding to TB5 beads (filled gray histograms). Bottom row: binding of anti-sLeX, DSA-lectin and anti-PSGL-1 could be abolished
by preincubating lysates with excess TB5 Ab (27 �g/ml) for 15 min before addition of TB5 beads under conditions identical
to the studies described in the top row. Similar controls were performed with undifferentiated and differentiated HL-60 cells.
B) Flow cytometry geometric mean fluorescence intensity (MFI) corresponding to the amount of PSGL-1 captured by TB5 bead
when cell lysate amount was varied from 10–400 �g. C, D) sLeX (C; anti-CD15s/HECA-452) and LacNAc (D; DSA-lectin)
expression on PSGL-1 quantified on TB5 beads in the presence of varying amounts of cell lysate for the three cell types. Data
are plotted for sLeX and LacNAc structures vs. corresponding PSGL-1 bound to beads. Background fluorescence intensity
obtained in the absence of cell lysate was subtracted for all data in B–D. E) PSGL-1 from neutrophil and HL-60 cells was
immunoprecipitated using anti-PSGL-1 mAb (KPL-1). Western blots probed with either KPL-1 or HECA-452 support cytometry
bead experiments that suggest higher sLeX expression on neutrophil PSGL-1 compared with that from HL-60 cells. The IgG
heavy chain (IgGheavy) band shows that the same amount of immunoprecipitating Ab (KPL-1) was loaded in each lane. Error
bars in all plots are means � se for �3 experiments.
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glycosyltransferase microarray data (29) and using
mathematical models based on a reaction network
framework (30). Complementing such approaches,
in the current study, we examined the degree to
which knowledge of glycosyltransferase gene expres-
sion and enzyme activity allows both qualitative and
quantitative prediction of cell-level and protein-level
glycan structures. The focus was on enzymes modify-
ing the outer nonreducing residues of core-2 linked
O-glycans since these modifications play a key role in
regulating selectin-mediated cell adhesion.

Distinct pathways and enzymes with overlapping
specificity may contribute to the formation of glycans
in neutrophils vs. HL-60 cells

In studies that compared human neutrophils with
HL-60 cells, although similar mRNA and glycosyltrans-
ferase activities were identified in both cells, differences
were noted regarding the relative expression and activ-
ity of these enzymes. In both cell types, �1,4Gal attach-
ment to GlcNAc� proceeded at 1.4- to 7-fold greater
rates than �1,3Gal linkage to GalNAc�. Further, the
rates of �2,3 sialylation of the Gal�1,3GalNAc moiety in
the core-2 tetrasaccharide (Fig. 1B) occurred 6- to
43-fold more rapidly compared with the rates of
Gal�1,4GlcNAc sialylation. �1,3FT enzymes that fuco-
sylate the sialylated LacNAc structure (NeuAc�2,
3Gal�1,4GlcNAc) were the dominant �1,3FT in neu-
trophils, while fucosyltransferases acting on Gal�1,
4GlcNAc were greater in HL-60 cells. In agreement
with this, Northern blot analysis of RNA levels from
these two cell types (10) also suggests that FT-IV is
dominant in HL-60 cells, while FT-VII is more promi-
nent in neutrophils. Finally, the activity of enzymes
contributing to LacNAc extension �1,3GlcNAcT;
�1,3FT; and ST3[Gal�1,4GlcNAc] activity was consid-
erably lower in neutrophils compared with HL-60 cells.
Of the three members of the �2,3sialylT family that
contribute to ST3[Gal�1,4GlcNAc] activity (ST3Gal-III,
-IV, and -VI; ref. 13), mRNA levels of ST3Gal-III and -IV
were lower in neutrophils compared with HL-60 cells.
Thus, it is possible that although ST3Gal-VI is impor-
tant for sialylation in neutrophils, ST3Gal-III and -IV
play dominant roles in HL-60 cells.

Overall, our observations predict that both distinct
and overlapping pathways may result in sLeX formation
in HL-60 cells vs. neutrophils. Although FT-IV/-VII and
ST3Gal-III/IV contribute to the formation of sLeX

epitopes in HL-60 cells, FT-VII and ST3Gal-VI may be
more important in neutrophils. Functional/structural
data that measure P-selectin binding to PSGL-1 and
sLeX expression associated with PSGL-1 corroborate
enzymatic studies that suggest differences in the O-
linked glycan structure and/or their distribution in
neutrophils vs. HL-60 cells. In this regard, both the
expression of sLeX and P-selectin binding function are
higher in neutrophils compared with HL-60. That
changes in glycosyltransferase activity can result in
different glycan structures in PSGL-1 is also in agree-
ment with animal studies conducted with ST3Gal-IV
knockouts, where it is shown that knocking out this

TABLE 3. Cell cycle analysis

Cell phase

Time (h)

0 13 20 24 31 38

G0/G1 (%) 51.4 � 1.1 84.3 � 2.4 15.6 � 2.1 30.1 � 4.7 73.9 � 1.8 29.7 � 5.9
S (%) 28.2 � 1.1 9.4 � 2.0 80.7 � 2.7 9.8 � 1.2 15.5 � 1.3 56.4 � 6.3
G2/M (%) 20.4 � 0.9 6.2 � 0.6 3.7 � 1.5 60.2 � 5.1 10.6 � 1.3 13.9 � 3.5

HU (1 mM) was added at 0 h and removed at 13 h. Italic numbers highlight the cell phase in which a majority of cells are found at a given
time. Data represent percentage of nonapoptoic cells. Values are means � se; n � 4.

Figure 6. HU treatment of HL-60 cells. HL-60 cells were
incubated with 1 mM HU for 13 h to synchronize cells in the
G0/G1 phase. HU was then removed. CD15s (sLeX), CD15
(LeX) (A), and PSGL-1 expression levels (B) were monitored
for cells synchronized in different phases. P-selectin IgG
binding to cells was also measured (B). Data are presented as
the percentage of mean fluorescence intensity of control
HL-60 cells (without HU), which were cultured in parallel.
CD15s increased after HU removal. Data are means � se for
�3 experiments. *P � 0.05 vs. control without HU.
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enzyme results in PSGL-1 that binds P-selectin but not
L-selectin (31). All predicted differences in glycan
structures based on glycosyltransferase measurements
can be explained using glycan/function measurements
except for the high levels of LeX in neutrophils com-
pared with HL-60 cells. We speculate that this may be
due to the increased �1,3-fucosyltransferase activity
during neutrophil maturation. In support of this, Le
Marer et al. (32) show that �1,3-fucosyltransferase is 3-
to 10-fold higher during the promyelocytic/early-my-
eloid developmental stages compared with mature neu-
trophils. These authors also show that FT-IV is the
dominant �1,3-FT during the early-myeloid stage, while
FT-VII is dominant during the late-myeloid and neutro-
phil stages. Thus, the abundant LeX structures found in
neutrophils may have been formed early in the devel-
opmental process.

sLeX expression in leukocytes may be limited by low
�2,3-sialylT activity

A comparison of the first-order glycosyltransferase reac-
tion rate constants (Table 2) suggests that enzyme activity
in our in vitro assays follows the sequence ST3[Gal�1,
4GlcNAc] � �1,3FT[sialyl-LacNAc] � �1,3GlcNAcT. In
addition, a proportionality relation is suggested between
the rate constant measured in our assays, k, and that
expected in situ/in vivo in cells, kvivo. According to this,
kvivo varies in proportion to k � (Km,mono/Km,acc) (full
derivation in Supplemental Materials). Taking into ac-
count this relation, the results in Table 2, and Km data
(Supplemental Table S2), we conclude that enzyme
activities in situ in human leukocytes likely vary as
ST3[Gal�1,4GlcNAc] � �1,3FT[sialyl-LacNAc] � �1,
3GlcNAcT. Thus, �2,3-sialylation, and to a lesser extent
�1,3-fucosylation, may represent the rate-limiting step
that controls sLeX expression.

These above findings are in agreement with the
results of Wilkins et al. (8), who show that 52% of
O-linked glycans on PSGL-1 of HL-60 cells are the
nonfucosylated, nonsialylated core-2 tetrasaccharide.
Since �1,3 fucosylation is thought to follow �2,3 sialy-
lation during core-2 glycan biosynthesis (23), our find-
ings suggest that low levels of ST3[Gal�1,4GlcNAc] in
these cells may limit the formation of terminal struc-
tures on the core-2 tetrasaccharide. Further, higher
relative activity of �1,3FT[sialyl-LacNAc] over ST3[Gal�1,
4GlcNAc] in neutrophils (ratio of rate constants	54.5) as
compared with that in undifferentiated HL-60 cells (ra-
tio	34) may account for the greater prevalence of sLeX

structures expressed on PSGL-1 in the former cells.

Differentiation of HL-60 cells results in altered
glycosyltransferase activity and associated cell-surface
glycan structures

In studies that examined the effect of cell differentia-
tion on glycosyltransferases, we observed that although
the gene expression profile of differentiated HL-60
cells resembled that of human neutrophils, the glyco-
syltransferase activities of differentiated HL-60 cells
more closely resembled those of undifferentiated

HL-60 rather than mature neutrophils. In this regard,
both �2,3sialylT and �1,3FT activities remained high in
differentiated HL-60 cells, similar to undifferentiated
cells. This suggests slower turnover rates of enzymes
responsible for glycosylation compared with corre-
sponding transcripts.

On differentiation, ST6[Gal�1,4GlcNAc] activity de-
creased and this correlated well with the observed
decrease in ST6Gal-I mRNA levels and SNA lectin
binding to �2,6 sialylated epitopes on HL-60 cells on
differentiation. An increase in �1,4GalT and �1,
3GlcNAcT activity was also observed (Table 1), and this
suggests the presence of greater amounts of LacNAc
structures in differentiated cells. In agreement with
this, DSA-lectin binding was increased by 68% in differ-
entiated HL-60 cells. A 2.3-fold increase in PSGL-1
protein expression was noted along with an increase in
the corresponding mRNA levels. Accompanying this
change was a proportional 1.9-fold increase in P-selec-
tin binding to differentiated HL-60 cells. This increase
in selectin binding is consistent with a previous study
that DMSO-differentiated HL-60 cells have augmented
binding to human umbilical vein endothelial cells
bearing E- and P-selectin (33). The direct correlation
between PSGL-1 expression and P-selectin binding sug-
gests minimal alterations in PSGL-1 glycan structures
on differentiation. This prediction from cell-based as-
says is consistent with cytometry bead experimental
results (Fig. 5).

Transient HU treatment increases leukocyte
sLeX expression

HU is a common drug used for the treatment of sickle
cell anemia, chronic myeloid leukemia, and HIV. In
these diseases, HU is thought to have beneficial effects
due to its effect in inhibiting cell growth, reducing the
number of blood neutrophils in circulation, regulating
cell-surface L-selectin expression, inhibiting increased
H2O2 production, increasing fetal hemoglobin levels,
and reducing cell adhesion to subendothelial matrix
proteins (34, 35). Selectin-ligand recognition is known
to contribute to at least some of these pathologies, e.g.,
sickle cell anemia (34). In the current studies, the
addition of 1 mM HU to synchronize cells into a single
growth phase resulted in the reduced activity of en-
zymes that acted on the Gal�1,4GlcNAc arm of the
core-2 tetrasaccharide to form the sLeX epitope. The
treatment time for this study was short (13 h), and this
was insufficient to change the protein-specific glycan
structure, as evidenced by selectin binding measure-
ments. However, on removal of HU, the glycosyltrans-
ferase levels were observed to return to their base-
line level and this was accompanied by increased
ST3[Gal�1,4GlcNAc] activity and expression of sLeX

on HL-60 cells. In other experiments performed with
prolonged HU addition (data not shown), we observed
that HU reduced P-selectin binding by 50%. Together,
our studies with short- and long-term addition of HU
suggest a potential role of HU in altering selectin
binding function by altering cellular glycosyltransferase
activity/expression.
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Gene expression and glycosyltransferase activity
assays provide complementary information

Glycosyltransferase gene expression data complement
enzymatic assays. Although RT-PCR studies allow effi-
cient and quantitative comparison of a given gene
between different cell types (e.g., differences in FT-VII
mRNA levels between neutrophils and HL-60 cells),
they do not allow relative quantification of different
enzymes (e.g., FT-IV vs. FT-VII) within a single cell.
Glycosyltransferase assays allow the latter comparison,
although it is possible that multiple enzymes may act on
a given acceptor. Thus, specific acceptors for a given
enzyme have to be designed.

A comparison of results from these two assays reveals
that enzyme activities correlate well with gene expres-
sion, although their relation is not always linear. In an
example that demonstrates the superiority of the glyco-
syltransferase assays over gene expression, our enzy-
matic studies show that GlcNAc:6-O-sulfotransferase
activity is absent in neutrophils even though genes
encoding for this transferase have been reported in
neutrophils based on RNA measurements (17, 36). In
another example, although our RT-PCR studies predict
the presence of FT-VI in HL-60 cells (data not shown),
enzyme activity corresponding to this gene was negligi-
ble in our enzymatic study. As discussed elsewhere (37),
besides gene expression, other factors like correct
folding of enzymes, their appropriate post-translational
modification, and homo/hetero-dimerization are im-
portant features contributing to enzyme activity. De-
fects in any of these processes can lead to the absence
of enzyme activity despite the presence of RNA.

In an example highlighting the use of the RT-PCR
studies, we noted increased �1,4GalT activity after
HL-60 cell differentiation using the core-2 trisaccharide
acceptor GlcNAc�1,6(Gal�1,3)GalNAc�. This suggests
that the formation of polyLacNAc structures is likely to
be enhanced after leukocyte differentiation. The key
question then is to determine if such extension is
expected in O-glycans (by �1,4GalT-IV) or N-glycans
(by �1,4GalT-I). In this regard, the gene expression
data reveal a 500% increase in �1,4GalT-I and a 55%
decrease in �1,4GalT-IV expression. This suggests that
differentiation likely promotes polyLacNAc formation
in N-glycans rather than O-glycans. In agreement with
this proposition, data in the literature (38) show that
granulocytic differentiation of HL-60 cells increases
polyLacNAc structures in the N-linked glycans of the
lysosomal membrane glycoproteins lamp-1 and -2. Our
cytometry bead assay also demonstrated minimal
changes in LacNAc structures associated with the O-
glycans of PSGL-1, even though DSA-lectin binding
(LacNAc structure) was augmented at the whole-cell
level.

Predicting glycan structures based on enzyme activity
and transcript levels

In addition to enzyme activity and gene expression,
other features also contribute to glycan structures.
Foremost, the sequential spatial organization of en-

zymes in the Golgi regulates glycan formation. The
existence of multienzyme glycosyltransferase com-
plexes (39) and the competition between multiple
enzymes (like ST3Gal-I and C2GnT for the same sub-
strate; ref. 40) are additional parameters regulating in
vivo glycosyltransferase activity. Finally, the primary
structure of the peptide substrate regulates the func-
tion and activity of polypeptide GalNActransferases
(ppGalNAcTs), which initiate O-linked glycosylation
(41). This can subsequently affect glycan extension.
Due to this site-specific nature of glycosylation, a differ-
ent distribution of proteins in two cell types may result
in different densities of measured overall cell surface
glycan levels. Although comprehensive prediction of
cell-surface glycan structures must account for the
detailed features listed above, the current study sug-
gests that semiqualitative predictions are possible using
measurements of glycosyltransferase activity combined
with the existing knowledge of biochemical pathways.
Viable experimentally testable hypotheses that can be
validated at the whole-cell and single-protein levels can
also be generated using this approach. Such systems-
level measurements of glycosyltransferase enzyme and
gene activity may be helpful not only in the areas of
inflammation research as shown here but also in the
context of other diseases that are associated with aber-
rant glycosylation.
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