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Selectin-Mediated Cell Adhesion™

Received for publication, July 23,2012, and in revised form, September 17,2012 Published, JBC Papers in Press, September 27, 2012, DOI 10.1074/jbc.M112.403568

Wesley F. Zandberg®, Jayakanthan Kumarasamy®, B. Mario Pinto*, and David J. Vocadlo

+§1,2

From the *Departments of Chemistry and SMolecular Biology and Biochemistry, Simon Fraser University, 8888 University Dr.,

Burnaby V5A 156, Canada

Background: Sialyl-Lewis X (sLe¥) is a fucosylated oligosaccharide that plays critical roles in cell adhesion.
Results: 5-thiofucose is metabolized by cells to produce a new nucleotide sugar that impairs sLe® biosynthesis and cell

adhesiveness.

Conclusion: 5-thiofucose blocks fucose transfer within treated cells.
Significance: 5-thiofucose should be useful in further elucidating the biological roles of sLe*.

Sialyl-Lewis X (sLeX) is a tetrasaccharide that serves as a
ligand for the set of cell adhesion proteins known as selectins.
This interaction enables adhesion of leukocytes and cancer cells
to endothelial cells within capillaries, resulting in their extrava-
sation into tissues. The last step in sLeX biosynthesis is the a1,3-
fucosyltrasferase (FUT)-catalyzed transfer of an L-fucose resi-
due to carbohydrate acceptors. Impairing FUT activity
compromises leukocyte homing to sites of inflammation and
renders cancer cells less malignant. Inhibition of FUTs is, con-
sequently, of great interest, but efforts to generate glycosyl-
transferase inhibitors, including FUT inhibitors, has proven
challenging. Here we describe a metabolic engineering strategy
to inhibit the biosynthesis of sLe* in cancer cells using peracety-
lated 5-thio-L-fucose (5T-Fuc). We show that 5T-Fuc is taken
up by cancer cells and then converted into a sugar nucleotide
analog, GDP-5T-Fuc, that blocks FUT activity and limits sLe*
presentation on HepG2 cells with an EC;, in the low micromolar
range. GDP-5T-Fuc itself does not get transferred by either
FUT3 or FUT7 at a measurable rate. We further demonstrate
that treatment of cells with 5T-Fuc impaired their adhesive
properties to immobilized adhesion molecules and human
endothelial cells. 5T-Fuc, therefore, is a useful probe that can be
used to modulate sLe* levels in cells to evaluate the conse-
quences of inhibiting FUT-mediated sLe® formation. These
data also reveal the utility of using sugar analogues that lead to
formation of donor substrate analogues within cells as a general
approach to blocking glycosyltransferases in cells.

Variations in the levels and identities of cell-surface glycans
serve both to communicate the internal state of cells to adjacent
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tissues and to confer distinctive biochemical properties to cells.
One carbohydrate structure that has received considerable
attention because it was discovered as a ligand mediating cell-
cell adhesion during inflammation is sialyl-Lewis X (sLe*)?
(1, 2). sLe® is a tetrasaccharide comprised of Neu5Ac-
(a2-3)Gal(B1—-4)[Fuc(al-3)]GlcNAc (Fig. 1A) and is found
appended to both the N- and O-linked glycans of cell surface
proteins as well as on glycolipids. Both terminal sugars of sLe*,
neuraminic acid (Neu5Ac) and fucose (Fuc), are essential fea-
tures recognized by cell adhesion molecules, particularly those
belonging to the selectin family (3, 4). In this capacity, sLe™
enables homing of leukocytes to sites of inflammation (5). More
recently, sLe*-containing glycans have been shown to promote
selectin-mediated cell adhesion and thereby mediate tumor
metastasis. Indeed, many types of carcinomas (6-8) display
increased levels of sLe*, and, within tumors, sLe™ levels often
correlate with malignancy and patient survival rates (9-11).
This correlation presumably exists because to invade tissues,
metastasizing cells must first adhere to and subsequently pen-
etrate through the vascular endothelial layer.

Because sLe™ has been shown to play important roles in both
inflammation and cancer, there has been considerable effort
dedicated to validating approaches to disrupting selectin-sLe™
interactions. One strategy that has been pursued is to generate
sLe™ mimics as antagonists of the selectins (12). Another
approach has been to disrupt the biosynthesis of sLe* by using
compounds that block early steps in the biosynthesis of sLe*-
containing glycans (13). A promising alternative toward dis-
rupting sLe™ biosynthesis involves diverting the efforts of rele-
vant glycosyltransferases by using acceptor decoys (14, 15).
Finally, metabolic engineering of cells using modified sugar
analogues that get incorporated into the growing structure and
block completion of the biosynthesis of sLe™ have also shown
promise (16, 17). Such approaches to perturbing glycan struc-

3 The abbreviations used are: sLE*, sialyl-Lewis X; Neu5Ac, neuraminic acid;
Fuc, fucose; FUT, al,3-fucosyltransferases; FKP, L-fucokinase-GDP-L-fu-
cose pyrophosphorylase; HUVEC, human umbilical vein endothelial cell;
CE, capillary electrophoresis; AAL, Aleuria aurantia; LCA, Lens culinaris agglu-
tinin; TNF-¢, tumor necrosis factor o;; PGNaseF, peptide:N-glycanase F.
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ture at early stages or diverting glycosyltransferase activity,
however, can significantly alter the structures of glycans pro-
duced by cells (16) and, in some cases, induce other metabolic
side effects (17).

An alternate approach gaining current attention (18) is to use
small molecules to inhibit the last step in the biosynthesis of
sLe™, which is the transfer of fucose by one of five functionally
related al,3-fucosyltransferases (FUTS) to sialylated N-acetyl-
lactosamine-containing glycans (Fig. 14) (19). Because Fuc is
generally present as a terminal sugar residue within glycans,
including sLe*, these a1,3-specific FUTs are of interest because
their blockade may be less generally disruptive than targeting
early biosynthetic steps. Small molecule inhibitors would be
useful probes to propel our understanding of the functional role
of FUTs in diverse biological processes including, for example,
fertilization (20) and cell surface receptor signaling (21). Several
lines of evidence also support «1,3-specific FUTs as promising
targets for therapeutic intervention. Notable in this regard is
that genetic deficiencies in FUT activity lead to an inability to
mount a robust inflammatory response (22). Furthermore, sLe™
overexpressing tumors often exhibit increased transcription of
al1,3-FUTs (23-25), and the increased expression of FUTs is
linked to the metastatic ability of cancer cells (26, 27). Consist-
ent with a1,3-FUTs playing an important role in cancer, anti-
sense-mediated decreases in FUTs, including FUT3, impair
tumor growth (28) and limit metastasis (29).

The potential utility of small molecule FUT inhibitors as
research tools and therapeutics has stimulated identification of
inhibitors that act in vitro. However, none have been shown to
actin cells. FUTs, including FUT3 and FUT7 use a high-energy
nucleotide sugar substrate, GDP-fucose (GDP-Fuc), to form
glycosidic bonds. Several GDP-Fuc analogues are known that
inhibit these enzymes in vitro (30), but the charged nature of
these compounds limits their use in cells. Recently, we found a
solution to this problem for the glycosyltransferase known as
O-GlcNAc transferase. We found that peracetylated 5-thio-N-
acetylglucosamine was taken up by a wide variety of cells and
assimilated by the GIcNAc salvage pathway to form the nucle-
otide thiosugar analog of UDP-GIcNAc, which acted in cells to
inhibit O-GlcNAc-transferase (31). This result suggested to us
that a metabolic feeding approach might be more widely appli-
cable. Consistent with this view, in vitro studies with milk o1,3-
FUT showed that this enzyme transferred GDP-5-thiofucose
(GDP-5T-Fuc) at a very low rate when compared with GDP-
Fuc (33). On the basis of this observation and our previous
findings with 5T-GIcNAc, we hypothesized that feeding cells
with 5T-Fuc could lead to the formation of GDP-5T-Fuc via its
activation through the Fuc salvage pathway (Fig. 1B). Intracel-
lular GDP-5T-Fuc in turn could inhibit FUTs and thereby block
sLe™ biosynthesis and presentation. Here we show that this
metabolic Trojan horse approach to FUT blockade works effi-
ciently. 5T-Fuc does not become incorporated into glycans at
detectable levels but rather generates GDP-5T-Fuc, which in
turn leads to diminished sLe™ levels and cellular adhesiveness.
Following completion of the work we describe here, a related
strategy using a different Trojan horse inhibitor, 2-deoxy-2-
fluoro-fucopyranose, was reported independently (32), which
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demonstrates the validity of this approach to decreasing cell
surface sLe™ by blocking fucosyltransferases.

EXPERIMENTAL PROCEDURES

Synthesis of 5T-Fuc and GDP-5T-Fuc—5T-Fuc was synthe-
sized following an established procedure (34). Only peracety-
lated 5T-Fuc was tested in cells because previous work has
established that acetate-protected monosaccharides are more
amenable to cell uptake than the parent sugars (15, 31). GDP-
5T-Fuc was chemoenzymatically prepared from (deprotected)
5T-Fuc, ATP, and GTP with the enzyme L-fucokinase-GDP-L-
fucose pyrophosphorylase (FKP) (35), which was used accord-
ing to a procedure published previously (36), with some modi-
fications. GDP-5T-Fuc was purified by ion exchange and
ion-paired reverse-phase HPLC exactly as described previously
(31) and converted into its disodium salt with AG 50W-X8
(Na* form) ion exchange resin. GDP-Fuc was also prepared
using this procedure. See the supplemental data for complete
experimental details and compound characterization.

Cell Culture—HepG2 and CHO K1 cells were grown in
DMEM (Lonza) supplemented with 20% FBS (Invitrogen), and
DMEM:Ham’s F12 (Invitrogen) containing 10% FBS, respec-
tively. HL-60 cells were grown in RPMI 1640 medium (Invitro-
gen) containing 10% FBS, whereas HUVECs were grown on
collagen-coated plates (BD Biosciences) (5 ug/ml) in Endothe-
lial Cell Growth Media. (Lonza) medium containing Single-
Quot (Lonza) supplements. Cells were routinely subpassaged
twice per week using trypsin/EDTA (Sigma) or, in the case of
HL-60 cells, by resuspending cell pellets in fresh media. All
experiments involving HUVECs used cells at passage 4 or 5.
Except where indicated, cells were incubated in a humidified
atmosphere containing 5% CO, at 37 °C.

Nucleotide Sugar Extraction—HepG2 cells were treated with
varying doses (0—-100 um) of 5T-Fuc for 24 h before nucleotide
sugars were purified by solid-phase extraction exactly as
described previously (31).

Capillary Electrophoresis (CE) Analysis of Nucleotide Sugars—
HepG2-derived nucleotide sugars were analyzed by CE as
described previously (31). Optimal resolution between
UDP-GIcNAc and GDP-5T-Fuc or GDP-Man required an
applied voltage of —25 kV (37). To ensure correct peak deter-
mination and allow for the accurate measurement of GDP-5T-
Fuc in samples obtained from 5T-Fuc-treated cells, nucleotide
sugar extracts were sequentially treated with UDP-GlcNAc
pyrophosphorylase (AGX1) and FKP, each in the presence of
200 mMm pyrophosphate (Sigma). Please refer to the supplemen-
tal data for a more detailed description of the optimization and
use of these enzymes to simplify nucleotide sugar analysis.

List of Antibodies and Lectins—sLe™ was detected using the
mouse monoclonal [gM CSLEX-1 (BD Biosciences), which was
used at dilutions of 1:2500 and 1:300 in immunoblot and flow
cytometry experiments, respectively. An isotype-matched con-
trol antibody (for CSLEX-1) was also obtained from BD Biosci-
ences. The anti-sLe™ and anti-Le* antibodies SNH3 and FH-2,
respectively, were generous gifts from Sen-itiroh Hakomori.
SNH3 was used for immunoblot analysis at a dilution of 1:4000,
whereas FH-2 was used at concentration of 1.7 ug/ml in flow
cytometry experiments. Le™ was also detected with the mouse
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monoclonal IgM TG-1 (Santa Cruz Biotechnology), which was
used at a dilution of 1:25. Actin was detected with mouse IgM
JLA20 (Developmental Studies Hybridoma Bank), which was
diluted 1:4000 before use. The following biotinylated lectins
were purchased from Vector Laboratories: Aleuria aurantia
(AAL), Maackia amurensis 11, and Datura stramonium. These
were typically used at concentrations of 0.85, 5, and 3 ug/ml,
respectively. AAL was used at a concentration of 20 ug/ml for
flow cytometry. Biotinylated Sambucus nigra agglutinin, wheat
germ agglutinin, and Lens culinaris agglutinin (LCA) were pur-
chased from EY Laboratories, Inc. Sambucus nigra agglutinin
and wheat germ agglutinin were used at 0.12 ug/ml for immu-
noblotting, whereas LCA was used at a concentration of 20
png/ml for flow cytometry. The following secondary reagent
were used for detection: goat anti-mouse I[gM-HRP conjugate
(Santa Cruz Biotechnology) (1:20,000), streptavidin-HRP con-
jugate (Pierce) (1:20,000), goat anti-mouse IgM/G-FITC-con-
jugated (Jackson ImmunoResearch Laboratories, Inc.) (15
pg/ml), and streptavidin-FITC conjugate (Sigma) (2 pg/ml).
Lectin and Immunoblot Analysis of Cell Lysates—Cells were
grown in the presence or absence of peracetylated 5T-Fuc for
48 h before they were harvested. Several stock solutions of
5T-Fuc in dimethyl sulfoxide were prepared so that cells could
be exposed to varying amounts of the compound while main-
taining the concentration of dimethyl sulfoxide to which they
were exposed to 0.1% v/v. In all instances, cells were exposed to
5T-Fuc in the presence of FBS. When the analysis of secreted
glycoproteins was desired, FBS was omitted from the culture
medium. Cells were harvested by removing the media, washing
monolayers twice with cold PBS, and scraping them off the
culture plates in PBS containing 0.5% SDS. Cell lysates were
prepared by sonication (4 °C, 2 X 15-s blasts, 20% duty) using a
Sonic Dismembrator (Fisher Scientific), and cell debris was
removed by centrifugation (4 °C, 10 min, 14,000 X g). When
secreted glycoproteins were analyzed, the media from 5T-Fuc-
treated cells were saved, gently mixed with a protease inhibitor
mixture (Roche), and centrifuged (4 °C, 10 min, 100 X g) to
remove dead cells. The clarified medium was then concen-
trated using centrifugal filters (Millipore, nominal molecular
weight cut off 3000 Da). If samples were not to be used imme-
diately, they were quickly frozen and stored at —20 °C. For all
experiments, the protein concentrations of the samples were
measured using the DC protein assay (Bio-Rad) before they
were mixed with 5X SDS-PAGE loading buffer, boiled, and
resolved through 8% polyacrylamide gels. The volume of each
sample was adjusted so that an equal amount of protein was
added to each lane of a gel. Resolved proteins were electropho-
retically transferred to nitrocellulose membranes (Bio-Rad),
which were then blocked with 2.5% BSA in PBS containing 0.1%
Tween 20 (Sigma, PBS-T) at room temperature and incubated
overnight at 4 °C with primary antibodies that were diluted in
PBS-T + 2.5% BSA. Blotted membranes were washed with four
changes of PBS-T over 1 h, reblocked for 30 min with 1% BSA,
and probed for 1 h with an appropriate HRP-conjugated sec-
ondary antibody at room temperature. After further washing
with PBS-T (1 h), membranes were developed with ECL Prime
(GE Healthcare) and exposed to Amersham Biosciences Hyper-
film (GE Healthcare). Lectin blots were performed using the
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same procedure with the omission of BSA from all steps (38).
Biotinylated lectins were detected using HRP-conjugated
streptavidin. When blots were to be reprobed, they were first
stripped by incubating them with agitation at room tempera-
ture in 62.5 mMm Tris (pH 6.8) containing 2% SDS and 0.008%
B-mercaptoethanol for 1 h. Blots were washed extensively with
PBS-T before reprobing. Some samples were digested with
PNGaseF (New England Biolabs) before immunoblot analysis.
In these cases, cells were harvested as described above, and
lysates were mixed with DTT (to 40 mm) and boiled for 10 min
before the addition of NP-50 (Fluka, to 1%) and PNGaseF (50
mU/ml). Samples were digested overnight at 37 °C. For the
EC,, determination of 5T-Fuc by immunoblot/densitometry,
films were scanned and quantified using Scion Image (Scion
Corp.).

Flow Cytometry—HepG2 or HL-60 cells were grown in the
presence or absence of 50 uM 5T-Fuc for 3 or 4 days before they
were harvested, pelleted by centrifugation (4 °C, 5 min, 90 X g),
and resuspended in 100 ul cold PBS + 3% BSA + 0.5% NaN,
containing appropriate antibodies or lectins. Background stain-
ing was assessed using isotype-matched controls (for CSLEX-1,
FH-2, and TG-1 mAbs) or streptavidin-FITC alone (for AAL).
Typically, 5 X 10* HepG2 and 5 X 10° HL-60 cells were used for
each condition tested. After 30 min at 4 °C, primary reagents
were removed, and cells were incubated for an additional 30
min at 4 °C with FITC-conjugated secondary antibodies or
streptavidin before they were washed and analyzed using a
Guava easyCyte 8HT (Millipore) flow cytometer. Typically,
5000 or 7500 events (HepG2) and 10,000 events (HL-60) were
counted for each condition tested. Data were analyzed and
quantified using FlowJo Version 7.6.5 (TreeStar, Inc.) software,
and for each sample the mean fluorescent intensity of cells was
determined. For each condition, the mean fluorescent intensity
of three separate samples was determined, and the means *
S.E. were reported. Statistical significance was determined by
means of an unpaired, two-tailed Student’s ¢ test. In some
instances, cells were treated with neuraminidase to destroy
sLe™ antigens prior to analysis. These samples were incubated
with 0.3 mg/ml neuraminidase in 50 mm NaOAc (pH 5.5), for
30 min at 37 °C prior to the addition of primary mAbs. A test
reaction demonstrated that under these conditions, essentially
all cell surface Neu5Ac residues were cleaved.

Adhesion Assays—Cells were grown for 4 days in the pres-
ence or absence of 50 um 5T-Fuc before they were harvested
and labeled with 5 um calcein (Molecular Probes) for 20-30
min at 37 °C in phenol red-free DMEM (Invitrogen) containing
1% FBS. 100 ul of this cell suspension was added to each well
(HepG2, 5 X 10* cells/well; HL-60, 5 X 10° cells/well) of a
Nunc™ black 96-well plates (VWR International) that had
been coated for at least 18 h at 4 °C with 4 ug/ml E-selectin or 5
pg/ml P-selectin (both recombinant human proteins were
obtained from R&D Systems) and preblocked for 40 min with
1% BSA in PBS. Cells were allowed to settle for 25 min at room
temperature. In the case of E-selectin, plates were agitated
gently for the last 15 min of this period. The fluorescence inten-
sity (485/520 nm excitation/emission) for each well was meas-
ured using an fmax fluorimeter (Molecular Devices). Plates
were then washed. E-selectin plates were immersed upside-

JOURNAL OF BIOLOGICAL CHEMISTRY 40023



Metabolic Inhibition of Sialyl Lewis X Biosynthesis

A

HOm,, HO
AcHN OH
FUK

GDP-Fucose

a1,3-fucosyltransferase

OH GTP
HOun,,
AcHN OR GFPP

Sialyl-Lewis* (sLe¥) ¢ o
OH

OH

H,C X
OH
ATP
ADP
HsC X OPO?
OH
HO

NHAc

X =0, GDP-fucose
X =8, GDP-5-thiofucose

FIGURE 1. The biosynthesis of sLe* and GDP-Fuc. A, the last and usually rate-limiting step in sLe* biosynthesis is the transfer of a Fuc residue onto a sialylated
type 2 glycan precursor by FUTs. B, GDP-Fuc (X = O), the donor sugar for FUTSs, is biosynthesized by cells de novo from GDP-mannose in a process requiring the
sequential action of GDP-mannose 4,6-dehydratase (GMD) and GDP-keto-6-deoxymannose 3,5-epimerase (GDE). Alternatively, a salvage pathway converts
free cytosolic fucose into GDP-Fuc upon its phorphorylation by fucose kinase (FUK) followed by the reversible condensation of fucose-1-phosphate with GTP
by GDP-Fuc pyrophosphorylase (GFPP). The first steps of both pathways are subjected to feedback inhibition by GDP-Fuc. We hypothesize that 5T-Fuc (X = S)
will be activated as GDP-5T-Fuc by the fucose salvage pathway and, if it is a poor substrate for FUTs, such as those that make sLe*, it may lead to the feedback

inhibition of GDP-Fuc.

down in PBS for 10s, after which wells were aspirated and
washed with another 2 X 100 ul PBS. For P-selectin-coated
plates, the immersion step was omitted. 100 ul DMEM +1%
FBS was added back to each well, and the fluorescence was
measured a second time. For each well, the percentage of bound
cells was calculated on the basis of the fraction of the initial
fluorescence remaining after the wells were washed. Controls
included adding cells to blank wells to which no adhesion mol-
ecules had been adsorbed and cells in which surface sLe* moi-
eties had been degraded by neuraminidase digestion exactly as
described above. Quadruplicate wells were measured for each
condition, and the mean * S.E. was reported. Statistic signifi-
cance was determined by means of an unpaired, two-tailed Stu-
dent’s £ test.

The adhesion of 5T-Fuc-treated cells to activated human
endothelial cells was assessed by adding calcein-labeled cells to
the wells of black 96-well plates (Perkin-Elmer) in which
HUVEC cells (seeded at 3 X 10* cells/well) had been grown for
2 days. HUVEC cells were stimulated with 30 ng/ml tumor
necrosis factor-a (TNF-q, Sigma) for 4 h before the onset of the
adhesion assay. Cells were allowed to settle on to monolayers of
TNE-a-stimulated HUVECs at room temperature for 20 min
before wells were washed with 3 X 100 ul PBS. The fraction of
bound cells was determined as described for the E/P-selectin
adhesion assays. Controls included cells that had been treated
with neuraminidase or wells in which TNF- « had been
omitted.

Fucosyltransferase Assays—See the supplemental datafor
experimental details.

RESULTS AND DISCUSSION

Chemoenzymatic Synthesis of GDP-5T-Fuc—Despite the
potential utility of glycosyltransferase inhibitors as research
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tools and therapeutics, remarkably few compounds have been
identified that can permeate through cellular membranes to
inhibit intracellular targets such as a1,3-specific FUTSs. Previ-
ous studies, however, have shown that the Fuc salvage pathway
enables metabolic engineering of cells to display cell surface Fuc
residues bearing chemically reactive moieties (39). We specu-
lated that metabolic feeding of a Fuc analog in which the endo-
cyclic ring oxygen is replaced by sulfur (5T-Fuc) could lead to
the intracellular formation of GDP-5T-Fuc which, in turn,
could inhibit cellular FUTSs and thereby decrease sLe* levels.

As a first step toward evaluating this proposal, we chemoen-
zymatically prepared GDP-5T-Fuc using synthetic 5T-Fuc in
conjunction with recombinant bifunctional Bacteroides fragilis
fucose kinase:GDP-Fuc pyrophosphorylase (FKP) (supplemen-
tal Figs. S1A—-S4) (35). FUTs 7 and 3 are reported to be the
important FUTs catalyzing installation of «1,3-linked Fuc res-
idues onto glycoconjugates, including sLe, (Fig. 14) in both
HL-60 (40) and HepG2 (41) cells, respectively. We used CE with
laser-induced fluorescence detection as a sensitive analytical
method to evaluate the ability of these enzymes to use GDP-5T-
Fuc as a substrate in vitro to form a sulfur-containing sLe™
analog (supplemental Fig. S12 and S13). We found that neither
of these enzymes transferred 5T-Fuc to fluorescently labeled
glycans at detectable levels. These results indicate that if GDP-
5T-Fuc is formed within cells it should inhibit these enzymes
and thereby impede the biosynthesis of sLe™.

GDP-5T-Fuc Is Produced by the Fucose Salvage Pathway
within 5T-Fuc-treated Cells—As a next step, we set out to
determine whether5T-Fuc could be assimilated by cells to form
GDP-5T-Fuc. We elected to first study HepG2 cells because
this human hepatocellular carcinoma-derived cell line has been
shown to present sLe™ on glycoproteins (41, 42). We extracted
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FIGURE 2. 5T-Fuc is converted into GDP-5T-Fuc within HepG2 cells. A, nucleotide sugars were extracted from control and 5T-Fuc-treated cells and analyzed
by CE. All samples were spiked with GDP-Glc before extraction and further processed with UDP-GIcNAc pyrophosphorylase (AGX1) in the presence of
exogenous pyrophosphate (resulting in the elimination of this nucleotide sugar from electropherograms) to allow for the precise quantification of GDP-5T-Fuc.
Notice that in cells treated with 5T-Fuc a new peak appears that comigrates with chemoenzymatically prepared GDP-5T-Fuc (#). Concomitantly, treatment of
HepG2 cells with the thiosugar causes a dramatic reduction in GDP-Fuc levels. B, GDP-5T-Fuc and GDP-Man comigrate and therefore samples were treated with
FKP in the presence of pyrophosphate to convert GDP-Fuc/5T-Fuc into their corresponding sugar phosphates. The FKP sensitivity of the new nucleotide sugar
extracted from 5T-Fuc-treated cells establishes that it was indeed GDP-5T-Fuc and not an accumulation of the comigrating GDP-Man. C, GDP-5T-Fuc and
GDP-Man levels could be quantified by subtracting the peak areas obtained upon the CE analysis of samples before and after treatment with FKP. Averaged

peak areas are reported = S.E. (n = 3).

the nucleotide sugars from HepG2 cells grown in the presence
or absence of 100 um 5T-Fuc and analyzed them by CE. We
observed a newly prominent peak in electropherograms
obtained only from 5T-Fuc-treated cells (Fig. 2A). This species
comigrated with the synthetic GDP-5T-Fuc standard. Compli-
cating analysis, however, we found that endogenously occur-
ring GDP-mannose (GDP-Man) also comigrated with GDP-
5T-Fuc (supplemental Fig. S1B). We confirmed the identity of
this newly prominent peak as GDP-5T-Fuc by running FKP in
reverse to cleave GDP-5T-Fuc. After treating the extracts with
FKP we found that the prominent peak having a migration time
matching GDP-5T-Fuc was digested (Fig. 2B and supplemental
Fig. S5) and is therefore GDP-5T-Fuc and not GDP-Man, which
cannot be processed by FKP. Further, by comparing samples
before and after FKP digestion, we were able to quantify the
relative levels of GDP-Man and GDP-5T-Fuc (Fig. 2C). No sig-
nificant changes in GDP-Man levels were observed when cells
were treated with 5T-Fuc, although GDP-5T-Fuc was found to
accumulate at the expense of endogenous GDP-Fuc. These data
show that the human enzymes of the Fuc-salvage pathway
accept 5T-Fuc as a substrate to generate intracellular
GDP-5T-Fuc.

5T-Fuc Decreases the Levels of sLe® Found on N-linked
Glycoproteins— Having established that 5T-Fuc was tolerated
by the enzymes of the Fuc-salvage pathway, we next investi-
gated by immunoblotting the effects of this compound on the
biosynthesis of sLe™ on protein-linked glycans. The exposure of
HepG2 cells to 5T-Fuc for 24 h resulted in a dose-dependent
decrease in sLe™ immunoreactivity, observed when protein
blots were probed with sLe*-specific mAbs CSLEX-1 (6) and
SNH3 (8, 43) (Fig. 3A). Treating cell lysates with peptide:
N-glycanase F (PNGaseF) prior to immunoblotting reduced
their immunoreactivity, indicating that most glycoprotein-
borne sLe™ epitopes produced by HepG2 cells are present
within N-linked glycans (Fig. 3B). Time course studies (supple-
mental Fig. S7A) indicated a lag of more than 8 h between the
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addition of 5T-Fuc to cells and decreased expression of sLe*
epitopes on glycoproteins. In contrast, we observed that recov-
ery of sLe™ expression begins within 2 h after removing 5T-Fuc
(supplemental Fig. S7B). Using densitometry we established an
ECj, value for 5T-Fuc mediated decrease of sLe™ of 21 = 1 um
in HepG2 cells (supplemental Fig. S6).

Given our in vitro data, direct inhibition of cellular FUT's by
GDP-5T-Fuc is the most likely explanation for 5T-Fuc-induced
decreases in sLe™ presentation. However, it is worth consider-
ing alternative mechanisms by which 5T-Fuc could act in this
way through a FUT-independent processes. One mechanism
could involve depletion of GDP-Fuc (Fig. 3C) caused by
feedback inhibition (44) from GDP-5T-Fuc accumulation.
Although feedback inhibition of GDP-Fuc biosynthesis is cer-
tainly likely, this depletion scenario being the chief driver of
decreased FUT activity, however, seems less likely, given that at
5T-Fuc concentrations bracketing the EC,, value significant
GDP-Fuc remains present within cells and that core fucosyla-
tion appears unaffected by 5T-Fuc treatment. Regardless, at
this time we cannot conclude unambiguously which mecha-
nism is operative. Indeed, it is possible that both factors con-
tribute to the observed decreases in sLe* levels.

A second mechanism by which sLe* levels on proteins could
be indirectly decreased is by 5T-Fuc causing large changes in
the N-glycan structures (16, 17). To address this question, we
subjected both the intracellular and secreted (42) glycopro-
teins, which we also find show decreased sLe™ presentation
upon treatment with 5T-Fuc (Fig. 3D), to lectin blot analysis
(Fig. 3D and supplemental Fig. S8). We observe no decreases in
the extent of binding of any Neu5Ac- or GlcNAc-specific lec-
tins to glycoproteins obtained from 5T-Fuc-treated cells, indi-
cating that 5T-Fuc does not cause any gross changes in protein
glycosylation. The lack of a clear correlation between sLe* lev-
els and the binding of the terminal Fuc-specific AAL (45) was
surprising because we had expected that the AAL reactivity of
5T-Fuc-treated cells would decrease (Fig. 3D). AAL, however,
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FIGURE 3. 5T-Fuc prevents the formation of sLe* on glycoproteinsin HepG2 cells. A, theimmunoblot analysis of HepG2 lysates prepared from cells exposed
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glycoproteins secreted by HepG2 cells although glycoprotein fucosylation did not appear to be greatly affected when blots were probed with AAL. E, when cell
lysates were treated with PNGaseF (F), those derived from cells exposed to 50 um 5T-Fuc exhibited a reduced ability to bind to AAL.

detects the total pool of glycoproteins containing terminal Fuc,
of which the «1,3-linked Fuc residues contained within sLe*
structures may only be a small fraction. In support of this view,
we note a large decrease in AAL binding to proteins from
HepG2 cells lysates when they are treated with PNGaseF (Fig.
3E). PNGaseF removes all N-glycans, including those having
al,6-linked “core” Fuc residues, indicating that most Fuc is
contained within N-linked glycans. The further drop in AAL
binding to lysates from 5T-Fuc-treated cells digested with
PNGaseF suggests that 5T-Fuc also blocks a1,3-Fuc presenta-
tion on O-linked glycoproteins (Fig. 3E). We corroborated
these lectin blot data by the direct analysis of HepG2-derived
N-glycans by CE (supplemental Fig. S9), which revealed only
small changes in the glycans obtained from cells treated with
5T-Fuc, and these changes were limited solely to the terminal
sugars Fuc and Neu5Ac.

5T-Fuc Reduces Cell Surface sLe* Expression but Does Not
Affect Core Fucosylation—Because sLe* is also found on glyco-
lipids, which are not assayed by immunoblotting, we used flow
cytometry to assess the effects of 5T-Fuc on total cell surface
sLe™ levels. 5T-Fuc treatment of HepG2 cells leads to a 4-fold
decrease in sLe*-bearing glycoconjugates relative to untreated
controls (Fig. 4, A and B). Interestingly, in contrast to lectin blot
analysis (Fig. 3D), we observed that binding of AAL to 5T-Fuc-
treated cells was also decreased (Fig. 4, A and B). The basis for
the differences between immunoblotting and flow cytometry is
worth considering. We speculated that these differences stem
from 5T-Fuc affecting predominantly a1,3-linked Fuc, which is
the only form of Fuc present on glycolipids in these cells. To
assess this question, we probed HepG2 cells using the a1,6-Fuc-
specific lectin LCA and found no effect from 5T-Fuc treatment
(Fig. 4, A and B). Additionally, AAL-binding is also unaffected
in cell lines such as A549 or COS-7 that lack readily detectable
levels of al,3Fuc-containing structures such as sLeX or Le*
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(supplemental Fig. S8B). At the concentrations used here,
5T-Fuc therefore appears to have no great effect on core fuco-
sylation («1,6) but significantly reduces sLe™ («1,3) on both
protein (observed by immunoblot and flow cytometry) and gly-
colipids (observed by flow cytometry).

Given that HepG2 lysates show fucosyltransferase activity
toward non-sialylated acceptors (46), we investigated the effect
of 5T-Fuc treatment on cell surface Lewis™ (Le*) levels. We
found that Le* is indeed expressed on HepG2 cells and, using
the Le®-specific mAb FH-2 (47), we found that its levels are
reduced by 5T-Fuc treatment (Fig. 4B). Neuraminidase treat-
ment of cells, which abolished CSLEX-1 immunoreactivity
(supplemental Fig. S104) by converting sLe™ into Le* (48), also
showed 5T-Fuc treatment reduced Le* levels as measured
using the anti-Le® mAbs FH-2 and TG-1 (supplemental Fig.
S10B). The FH-2 mAb binds equally well to Le™ and a synthetic
Le* analog in which a sulfur is present in the pyranose ring of
fucose (49). The parallel drop in sLe* and Le* levels observed
on 5T-Fuc treatment is therefore in accord with the in vitro data
indicating that 5T-Fuc is not transferred by FUTs to form a
sulfur analog of Le* or sLe™. Variation in the changes of sLe*
observed on proteins upon 5T-Fuc treatment in immunoblots
as compared with overall cell surface sLe® measured by flow
cytometry likely stem from the presence of sLe™ on glycolipids,
which are not observed by immunoblotting but are detected
during flow cytometry. Furthermore, we found, using both CE
(supplemental Fig. S9) and flow cytometry (supplemental Fig.
S11), that N-glycans from both treated and untreated HepG2
cells were sensitive to a-fucosidase digestion. Because 5T-gly-
cosides are known to be resistant to glycosidase-catalyzed
digestion (50) these experiments further indicate that 5T-Fuc is
not transferred in cells at detectable levels.

Finally, to examine the generality of these observations, we
evaluated the effect of 5T-Fuc treatment on HL-60 cells, which
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Histograms for all conditions are reported in the supplemental information.

is a human leukocyte cell line expressing both Le™ (48) and sLe™
(15, 16). 5T-Fuc treatment of these cells also reduced their reac-
tivity toward Fuc (AAL)-, sLe® (CSLEX-1)-, and Le*-specific
(FH-2) lectins and mAbs (Fig. 4C), illustrating the general utility of
5T-Fuc as a probe for perturbing a1,3FUTs. Again, as observed
with HepG2 cells, we observed no effect on LCA binding in HL-60
cells treated with 5T-Fuc, further suggesting that at these doses
core fucosylation of N-glycans remained unaffected.

S5T-Fuc Inhibits the Adhesion of Cells to Selectins and Acti-
vated Endothelial Cells—Given the robust decreases observed
in both sLe™ levels on both glycoproteins and the cell surface,
we hypothesized that 5T-Fuc treatment would reduce cellular
adhesiveness. Consistent with this view, we find that 5T-Fuc
treatment significantly reduced adhesion of both HepG2 and
HL-60 cells to E-selectin-coated plates in static adhesion assays
(Fig. 5A). To evaluate whether some sialylated E-selectin
ligands remained on 5T-Fuc-treated HepG2 cells, we digested
these cells using neuraminidase. We found that neuraminidase
digestion leads to a greater loss of adhesiveness than 5T-Fuc-
treatment alone, indicating that some E-selectin ligands
remained after 5T-Fuc treatment. In contrast, HL-60 cells show
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no further loss of adhesiveness when treated with neuramini-
dase, suggesting that 5T-Fuc alone abrogated all sLe™-mediated
adhesion. We also observed a trend toward reduced adhesive-
ness of 5T-Fuc-treated HL-60 cells to P-selectin but no reduc-
tion for treated HepG2 cells (Fig. 5B) in accord with previous
reports that the latter do not significantly bind to P-selectin (41,
51). This finding suggests that P-selectin ligands are somewhat
more resistant to 5T-Fuc treatment, perhaps because they have
a slower cell surface turnover rate. The relative insensitivity of
P-selectin ligand levels in leukocytes to fucose availability as
compared with E-selectin ligand levels is also consistent with
these results (52), although other mechanisms may be opera-
tive. Furthermore, we note that others have also observed that
E-selectin adherence in HL-60 cells treated with Fuc analogues
is impaired to a greater extent than P-selectin binding (32). To
evaluate the effects of 5T-Fuc treatment in a traditional model
where E-selectin is presented at physiologically relevant levels,
we measured the adherence of HL-60 cells to TNF-a-activated
HUVECs. We found that 5T-Fuc treatment reduced adhesion
to a level comparable with that obtained when using non-stim-
ulated HUVECs (Fig. 5C).
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FIGURE 5. 5T-Fuc decreases the affinity of treated cells to adhesion mol-
ecules. A, both HepG2 and HL-60 cells exhibited an impaired ability to adhere
to E-selectin-coated plates when pretreated with 5T-Fuc ,whereas P-selectin
adhesion (B) was only slightly reduced for HL-60 cells. C, the ability of HL-60
cells to adhere to TNF-a-stimulated HUVECs was also significantly reduced by
5T-Fuc. For each assay, the number of calcein-labeled cells binding to 96-well
plates coated with adhesion molecules or activated endothelial cells was
expressed as a percentage of the total number of cells added per well. All data
were normalized to the values obtained for non-treated cells. In all assays,
cells in which sLe*-containing glycans were digested with neuraminidase (N)
were used as negative controls. Values reported (n = 4) are mean = S.E.*,p <
0.05; **, p < 0.01; ***p < 0.001).

CONCLUSIONS

To summarize, the conserved biosynthetic Fuc salvage path-
way tolerates replacement of the endocyclic ring oxygen of Fuc
with sulfur. The product of 5T-Fuc assimilation by this path-
way, GDP-5T-Fuc, is not transferred to generate sulfur-con-
taining Le™ or sLe™ analogues. Instead, accumulation of GDP-
5T-Fuc within cells leads to decreased levels of cell surface sLe™
and Le* in different cell lines, with no detectable changes in
core glycosylation. Notably, this GDP-5T-Fuc-mediated block-
ade of fucosyltransferases leads to functionally significant
impairment in sLe* levels, as assayed using static cell adhesion
models.

Because Fuc-containing glycans have been found to be
important players in various biological processes, FUT inhibi-
tors are a topic of significant interest. The ability to block FUT's
using small molecule inhibitors to alter cell surface glycosyla-
tion, in a dose- and time-dependent manner, within different
models should speed recognition and understanding of the bio-
logical roles played by this epitope (20). Small molecule inhib-
itors will also present the opportunity to validate FUTs as an
attractive therapeutic target given the roles played by fucosy-
lated glycoconjugates such as sLe™ in mediating processes like
tumor metastasis and chronic inflammation. FUT inhibitors
have been identified that act in vitro (18). Yet, to our knowledge,
none of these has been shown to be active within live cells. With
regard to sLe™, because its biosynthesis can occur by different
pathways and be catalyzed by different FUTs, its blockade in
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biological systems may require concomitant inhibition of mul-
tiple fucosyltransferases. In this regard it is interesting to note
that because GDP-5T-Fuc mimics the natural donor sugar
GDP-Fug, it s likely to inhibit multiple fucosyltransferases with
potencies paralleling dissociation constants of GDP-Fuc for
each FUT. The apparent pan-specificity of the Trojan horse
inhibitor 5T-Fuc for «1,3 fucosyltransferases responsible for
sLe™ biosynthesis consequently offers a significant potential
benefit for disrupting Le™ and sLe™ presentation. Thus, 5T-Fuc
should prove to be a useful tool to study sLe*, and further study
is merited to determine the inhibitory properties of GDP-5T-
Fuc against the repertoire of mammalian fucosyltransferases.

An interesting future line of inquiry is to rationally engineer
selective inhibitors of FUTs. Given that the fucose biosynthetic
pathway has been shown to tolerate groups appended to the
methyl group of fucose (39), one can also envision the potential
to generate allele-specific 5T-Fuc-based FUT inhibitors using a
bump and hole strategy. More generally, the findings reported
here in conjunction with earlier observations (31) indicate that
monosaccharide analogues in which the endocyclic ring oxygen
is replaced with sulfur, as well as other analogues that form
incompetent donor sugars, will be a general approach to inhi-
bition of other families of glycosyltransferases.
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