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Abstract
Despite the fundamental roles of sialyl- and fucosyltransferases in mammalian physiology, there
are few pharmacological tools to manipulate their function in a cellular setting. Although
fluorinated analogs of the donor substrates are well-established transition state inhibitors of these
enzymes, they are not membrane permeable. By exploiting promiscuous monosaccharide salvage
pathways, we show that fluorinated analogs of sialic acid and fucose can be taken up and
metabolized to the desired donor substrate-based inhibitors inside the cell. Due to the existence of
metabolic feedback loops, they also act to prevent the de novo synthesis of the natural substrates,
resulting in a global, family-wide shutdown of sialyl- and/or fucosyltransferases and remodeling
of cell surface glycans. As an example of the functional consequences, the inhibitors drastically
reduce expression of the sialylated and fucosylated ligand Sialyl Lewis X on myeloid cells,
resulting in loss of binding to selectins and impaired leukocyte rolling.

Introduction
Sialylated and fucosylated glycans play key roles in development, host-pathogen
interactions, cell signaling, and leukocyte trafficking1-3. Their synthesis is carried out in a
non-template mediated fashion by 20 sialyltransferase (ST) and 14 fucosyltransferase (FUT)
enzymes. While all members of a given family utilize the same donor substrate (CMP-
NeuAc or GDP-Fucose, respectively), the unique cellular expression pattern and acceptor
specificity of each enzyme allows an organism to achieve a diverse repertoire of cell-type
specific glycosylation patterns, which are functionally interpreted by glycan binding
proteins.

Much of the information regarding the importance of sialyl- and fucosyltransferase enzymes
has come from gene ablation studies in mice4-6. These studies have illuminated the basic
biology mediated by these biocatalysts, and documented the pharmacological potential of
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inhibiting these enzymes for the treatment of various leukocyte-mediated disorders. For
instance, unique sialyltransferases have been shown to modulate B-cell receptor signaling6

and reduce the number of peripheral CD-8 T-cells7 (ST6Gal I and ST3Gal I, respectively),
suggesting these enzymes as potential targets for the treatment of autoimmune diseases8.
Similarly, the fucosyltransferase FUT7 has been shown to play critical roles in the
biosynthesis of Sialyl Lewis X (SLeX; NeuAcα2,3Galβ1,4[Fucα1,3]GlcNAcβOR)5, a
ligand for selectins, which regulates the extravasation of leukocytes from blood vessels to
inflamed tissues. These mice are less susceptible to chronic inflammatory diseases such as
artherosclerosis, implicating these enzymes as drug targets9,10.

Despite the fundamental importance of sialylated and fucosylated glycans, biosynthetic
inhibitors to probe their function in a cellular setting are lacking. In one successful approach,
cell permeable acceptor decoys, small molecule disaccharides that can compete with
endogenous acceptor substrates, have been used to effectively reduce the cell surface
expression of Sialyl Lewis X both in vitro11,12 and in vivo13,14. These are, however, not
family-specific as they can be acted upon by multiple different enzymes, even enzymes from
different families. Analogs of the nucleotide-sugar donor substrates have also been
identified as potent in vitro inhibitors with selective and broad inhibition properties for both
sialyl -and fucosyltransferases15,16. In one aspect of this approach, fluorinated analogs,
where an electronegative fluorine atom has been placed proximal to the anomeric position,
have been identified as transition state inhibitors of both of these enzyme families17,18 due
to the fact that most glycosyl transfer reactions proceed through a flattened half-chair
conformation with a substantial oxocarbenium-ion character19,20. Unfortunately, the high
negative charge of nucleotide sugar analogs make these useful in vitro inhibitors ineffective
in a cellular setting since they are not membrane penetrable.

Herein we report the development of cell-permeable, family-specific inhibitors of the sialyl-
and fucosyltransferases. Taking advantage of the promiscuity of the sialic acid and fucose
salvage pathways in eukaryotic cells, we show that peracetylated analogs of sialic acid and
fucose bearing a fluorine atom proximal to the endocyclic oxygen are readily converted to
the corresponding donor substrate analogs intracellularly. These inhibitors then act to
effectively shut down the synthesis of a spectrum of sialylated and fucosylated glycan
epitopes, and remodel the cell surface glycome within days. Finally, we demonstrate that
these inhibitors alone or in combination dramatically inhibit the formation of the sialylated
and fucosylated tetrasaccharide SLex in a human myeloid cell line (HL-60 cells), abrogating
its interaction with E- and P- selectins that recruit effector cells to inflammatory sites.

Results
Strategy for the development of ST and FUT inhibitors

Our strategy was inspired by recent work of Vocadlo and colleagues who showed that a 5-
thio-GlcNAc analog could be metabolically converted to UDP-5-thio-GlcNAc inside the
cell, and selectively inhibit the activity of an O-linked GlcNAc transferase21. Since the
biosynthetic pathways for synthesis of the donor substrates of fucosyl- and sialyltransferases
are known to accommodate monosaccharides with artificial substituents22, we hypothesized
that protected, fluorinated analogs of fucose (2-3) or sialic acid (8-9) would be readily taken
into cells by passive diffusion, deacetylated, and converted into the corresponding donor
substrate analog of GDP-Fucose (5-6) or CMP-NeuAc (11-12) to form the desired inhibitor
inside the cell (Figure 1). Moreover, because of the structural similarity of these analogs to
the natural substrates and their accumulation due to lack of turnover, we proposed that these
would also act to shut down the de novo synthesis of GDP-Fucose (4) or CMP-NeuAc (10)
due to existing feedback loops in these pathways (Figure 1)23,24. As a result, this dual

Rillahan et al. Page 2

Nat Chem Biol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



action mechanism would make them broad, family specific inhibitors with greater potency
than simple competitive inhibitors.

Fluorinated analogs of fucose act as inhibitors of fucosylation in cells
For the fucosyltransferases it has been shown that both GDP-2F-Fuc (Figure 1, (5)) and
GDP-6F-Fuc (6) act as competitive inhibitors of FUTs 3, 5, 6, and 7 with Ki values in the
low micromolar range17,18. Using these results as the basis for the design of metabolic
inhibitors of fucosyltransferases, acetylated analogs of fucose bearing a fluorine atom at C2
(2) or C6 (3) were synthesized by modifying previously established procedures17,25 and
peracetylated to improve their cell permeability (Supplementary Methods). These were
then tested as inhibitors of fucosylation in cell lines using antibodies and lectins that detect
biologically important fucosylated epitopes (Figure 2).

Dramatic reduction in fucosylation was obtained with the 2F-Fuc analog (2). Treatment of
human HL-60 cells for 3 days led to almost complete abolition of Lewis X (LeX,
Galβ1,4[α1,3Fuc]GlcNAcβOR) and Sialyl Lewis X (SLex,
NeuAcα2,3Galβ1,4[α1,3Fuc]GlcNAcβOR), as assessed by flow cytometry with labeled
antibodies specific for these two epitopes (Figure 2a-b), which in this cell line are products
of the FUT4 and FUT7 enzymes, respectively26,27. Treatment of CHO cells, commonly used
to produce bio-therapeutic proteins, resulted in dramatic reduction of core fucosylation of N-
linked glycans, a product of FUT8, as probed by the AAL lectin (Figure 2c). At high
concentrations of 2F-Fuc (2), however, this is slightly reversed. This is likely due to the
depletion of GDP-Fucose (4) via feedback inhibition and the eventual utilization of
GDP-2F-Fuc (6), a poor substrate with a high KM, at high concentrations. This is supported
by experiments with the Lec13 CHO cell line, which express FUT8 but are deficient in the
de novo biosynthesis of GDP-Fuc (Supplementary Figure 1), so that the only source of
fucose is from the medium. Feeding cells high concentrations of 2F-Fuc (2) results in a
small amount of detectable cell surface core-fucosylation in comparison to the DMSO only
and Fuc (1) treated controls.

Treatment of cells with the 6F-Fuc analog (3) produced a more complex pattern of
inhibition. Significant reductions of Lex, SLex, and core fucose were observed, but in all
cases reduction was not complete (Figure 2a-c). For Lex, inhibiton was reversed at higher
concentrations of 6F-Fuc (3), a similar phenomenon as noted above for 2F-Fuc (2) and
FUT8. In contrast, the inhibition of SLex and core fucose plateaus at 20-40% of the control.
To investigate if this is due to the utilization of GDP-6F-Fuc as a slow substrate with a low
KM we assessed the activity of human FUT7 for its ability to utilize GDP-2F-Fuc and
GDP-6F-Fuc as donor substrates. While there was no transfer of 2F-Fuc, the 6F-analog was
transferred slowly as confirmed by TLC and mass spectrometry analysis (Supplementary
Figure 2b and 2c). Both analogs, however, compete effectively with transfer of GDP-Fuc,
with comparable IC50 values of ~2.5 μM (Supplementary Figure 2d). Thus, we suggest
that the incomplete inhibition of SLex by the 6F-Fuc analog is a result of slow steady-state
transfer onto glycoprotein glycans by FUT7. Using the Lec13 CHO cell line, we show that
FUT8 also transfers 6F-Fuc to glycoprotein glycans (Supplementary Figure 1) and
therefore the inability of (3) to fully suppress core fucosylation in CHO cells is due at least
in part to the ability of hamster FUT8 to use GDP-6F-Fuc as a slow substrate.

A fluorinated analog of sialic acid acts as an inhibitor of sialylation in cells
CMP-CMP-3Fax-NeuAc (11) has been shown to be a competitive inhibitor of the
mammalian sialyltransferase ST6Gal I17 as well as many bacterial sialyltransferases28,29. To
test applicability of the metabolic inhibitor approach to sialyltransferases, peracetylated
analogs of sialic acid bearing a fluorine substitutent at C3 in either an axial (8; 3Fax-NeuAc)
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or equatorial (9; 3Feq-NeuAc) position were synthesized25 (and Supplementary Methods).
Treatment of HL-60 cells for 3 days with (8) led to a drastic reduction in Sialyl T antigen
(NeuAcα2,3Galβ1,3GalNAcαSer/Thr), the product of ST3Gal I and/or ST3Gal II30, as
detected by the exposure of the underlying T antigen (Galβ1,3GalNAcαSer/Thr) with the
lectin PNA (Figure 3a). Moreover, SLeX staining was completely abolished with this
inhibitor, reflecting inhibition of ST3Gal IV and/or ST3Gal VI in this cell line (Figure
3b)30. Lastly, we assessed the effect on ST6Gal I, which produces high levels of
NeuAcα2,6Gal in the Ramos B-cell line, using the plant lectin Sambuccus nigra agglutinin
(SNA). Inhibition of this epitope was found to plateau at about ~30% of the control (Figure
3c). This is not due to utilization of (11) as a slow substrate, since no transfer is observed by
ST6Gal I in vitro (Supplementary Figure 3). Instead, this may either reflect the slow
turnover of glycoproteins in Ramos cells during the 3 day experiment, or that the cells can
efficiently salvage sialic acid from serum and serum glycoproteins in the culture media31,32.
Interestingly, in all cell lines and STs assessed, compound (9), which only differs in the
orientation of the fluorine at C3, had no inhibitory effect. Since the corresponding
nucleotide-sugar (12) is an inhibitor of ST6Gal I in vitro (Supplementary Figure 3), we
suggest that the 3Feq-NeuAc analog 9 is not accommodated at some step in the salvage
pathway.

Mass spectrometry profiling of glycans from inhibitor treated cells
We observed that treatment with the fucosyl- and sialyltransferase inhibitors (2) and (8),
respectively, did not compromise cell viability or doubling times of any of the cell lines
assessed (Supplementary Figure 4 and data not shown). This is not surprising since mutant
cell lines with deficiencies in sialic acid and fucose biosynthesis do not exhibit viability
defects33,34.

To further assess the consequences of the fucosylation inhibitor (2) and the sialylation
inhibitor (8) on cell surface glycans, MALDI-TOF MS was carried out on released N- and
O-glycans from HL-60 cells treated for 7 days with DMSO only, (2), (8), or both (2) and (8).
As illustrated for N-linked glycans in Figure 4a, control cells show an abundance of
sialylated and fucosylated epitopes in their N-glycans, reflecting the high staining of these
cells with both anti-Lex and anti-SLex antibodies. Upon treatment of the cells with the
fucosylation inhibitor (2), the MS data shows no loss of sialylated structures, but dramatic
reduction in fucosylated structures, with only a small amount of core fucosylation remaining
(Figure 4b). Flow cytometry analysis confirms a complete loss of Lex and SLex epitopes,
while core fucosylation detected by AAL is reduced to ~20% of the control (data not
shown). Treatment of the sialylation inhibitor (8) results in a complete loss of sialic acids
and a notable increase in overall fucosylation (Figure 4c and data not shown). This is likely
due to the fact that fucosyltransferases and sialyltransferases compete for the same acceptor
substrates, and therefore selective inhibition of sialic acid addition allows for greater
fucosylation35. Treatment with both inhibitors in concert leads to dramatic reduction of both
sialic acid and fucose, with only a small amount of core-fucosylation remaining (Figure 4d).
Interestingly, this dual treatment leads to elongation of the N-glycan antennae with extended
poly-N-acetyllactosamine repeats, a consequence of the fact that these glycans are not
‘capped’ by sialic acid or fucose.

The existence of the poly-N-acetyllactosamine chains in all samples were corroborated by
endo-β-galactosidase digestion experiments on the released N-linked glycans of control
HL-60 cells. This confirmed the presence of terminal sialylated and fucosylated structures in
the untreated cells, while cells treated with either 2F-Fuc (2), 3F-NeuAc (8), or both
inhibitors in concert, caused a corresponding dramatic reduction of fucosylated and
sialylated structures (Supplementary Figure 5). Notably, there was no incorporation of 2F-
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Fuc or 3Fax-NeuAc detected in the mass spectrometry profiles of the HL-60 glycans.
Although, slight incorporation of 2F-Fuc was seen in CHO Lec13 cells (Supplementary
Figure 1), the lack of incorporation in HL-60 cells may simply be due to a difference in the
human FUT8 and/or preferential use of residual GDP-Fuc present in these cells.

Analysis of the O-glycan profiles of the same inhibitor treated cells has many parallels, but
some notable differences. The untreated cells show predominantly sialylated and fucosylated
Core 1 and Core 2 O-glycans (Supplementary Figure 6a). Upon treatment with 2F-Fuc (2),
no fucose is detected on any of these structures (Supplementary Figure 6b). However,
while treatment with (8) leads to a dramatic reduction in the major disialylated branched
Core 2 structure, there is a corresponding increase in a monosialylated branched Core 2
structure (m/z = 1344). Moreover, there are a series of new, elongated and fucosylated O-
glycans (Supplementary Figure 6c). Treatment with both inhibitors leads to a simple
pattern of structures with no fucose and some residual sialic acid (Supplementary Figure
6d). The results suggest that at least one of the sialyltransferases that transfer to branched
Core 2 O-glycans is sensitive to inhibition by CMP-3Fax-NeuAc, resulting in increased
extension and fucosylation, while the other is resistant resulting in the scavenge of residual
CMP-NeuAc to produce the single sialylated O-linked glycans.

Taken together, the above MS data confirms the effect of the inhibitors on the biosynthesis
of sialylated and fucosylated glycans, and demonstrates that some members of the respective
glycosyltransferase families exhibit differential sensitivity in the context of whole cell
glycosylation. It is also evident that both the fucosylation (2) and sialylation (8) inhibitors
are specific for their respective families of glycosyltransferases, and have no apparent effect
on the GlcNAc-, Glucosyl-, Mannosyl-, Galactosyl, and GalNAc transferases involved in the
synthesis of the core N- and O-glycan structures.

Nucleotide sugar analysis of inhibitor treated cells
To definitively demonstrate the mechanism of feedback inhibition proposed for the
fucosylation inhibitor 2F-Fuc (2) and the sialyltransferase inhibitor 3Fax-NeuAc (8), treated
cells were subjected to nucleotide sugar analysis to quantify both the natural (4 and 10), and
unnatural (5 and 11) nucleotide sugars. HL-60 cells treated for 7 days with 2F-Fuc (2)
clearly produced the unnatural nucleotide sugar (5) (Table 1 and Supplementary Figure 7).
Moreover, as anticipated there was a decrease in natural GDP-Fuc (4) to undetectable levels,
consistent with feedback inhibition of the synthesis of GDP-Fuc. Similarly, treatment of
cells with the peracetylated 3Fax -NeuAc (8) led to a dramatic accumulation of CMP-3Fax-
NeuAc (11) inside the cells and a complete loss of CMP-NeuAc (10) (Table 1 and
Supplementary Figure 7). Notably, CMP-NeuAc levels were not appreciably altered upon
treatment with the fucosyltransferase inhibitor (2) nor were GDP-Fucose levels after
treatment with the sialyltransferase inhibitor (8), which further supports the family
specificity of these inhibitors.

Metabolic fucosyl- and sialyltransferase inhibitors impair selectin binding and leukocyte
rolling

To assess the functional consequences of the remodeling of HL-60 cell glycans, we
investigated the impact of the reduction in the fucosylated and sialylated SLeX

tetrasaccharide, which plays a critical role in the trafficking of white blood cells in innate
and adaptive immunity. Its expression on various leukocyte subsets imparts on these cells
the ability to roll on inflamed endothelium in blood vessels, the initial event in a cascade
which eventually leads to extravasation at sites of inflammation in order to fight
infection36,37. This process is mediated by the inducible expression of E-selectin on
endothelium and P-selectin on endothelium and platelets in response to inflammatory
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stimuli. In chronic inflammatory diseases such as arthritis, atherosclerosis, and sepsis,
however, an excess of leukocytes and platelets can cause tissue damage and even death38,39.

As shown in Figure 5a, treatment of cells with either (2) or (8) completely abolished
staining with anti-SLex and E-Selectin-Fc protein and led to significant decreases in P-
selectin binding. This residual P-selectin binding was entirely due to the known P-selectin
ligand on these cells, PSGL-1 (Supplementary Figure 8a) and is not due to slow cell
surface turnover (Supplementary Figure 8b-d). Since the functional epitope on PSGL-1
bearing SLex is a Core 2 O-glycan, the residual binding seen upon treatment with the ST
inhibitor is consistent with the residual expression of this epitope on O-glycans as shown in
the MS data (Supplementary Figure 6c). It is unclear, however, why the fucosyltransferase
inhibitor (2) does not lead to a full reduction in binding since the MS data shows a complete
loss of fucose on these structures (Supplementary Figure 6b) and it has been shown that
this monosaccharide is important for P-selectin binding40.

Functionally, treated cells were found to roll substantially faster on both E-selectin and P-
selectin coated surfaces (Figure 5b), due to reductions in selectin-SLex interactions, and
only a fraction of the inhibitor treated cells were found rolling on E- and P-selectin when
compared with the controls (Supplementary Videos 1-6). When analyzing the shear stress
required to disrupt rolling interactions and cause HL-60 cells to return the bulk flow, the
inhibitor treated cells were found to support E-selectin rolling only at low shear tress
(Figure 5c), while those for P-selectin were nearly equivalent to the control treated cells
(Figure 5c and Supplementary Videos 7-12). In summary, these results show that the
metabolic ST and FUT inhibitors described herein can functionally alter leukocyte rolling
properties.

Discussion
Glycosyltransferases represent the biosynthetic link between information encoded in the
genome and the cellular glycome. Thus, expanding the repertoire of tools to experimentally
modulate the function of the ~250 glycosyltransferases and glycan modifying enzymes
should be of high priority in order to aid in the elucidation of the functions of these complex
post-translational modifications. Although systematic efforts to screen for inhibitors has
begun16,41-45 few glycosyltransferase inhibitors have yet emerged46,47. As an alternative to
the traditional screening of small molecule inhibitors of glycosyltransferases, Vocadlo and
colleagues have demonstrated the potential of using unnatural monosaccharides, which are
metabolically converted to the corresponding nucleotide sugar donor analog by the cell, but
inhibit glycosylation since they are bound but not used as a substrate by the enzyme21.

As documented here, exemplary peracetylated derivatives of fucose (2F-Fuc (2)) and sialic
acid (3Fax-NeuAc (8)) are readily taken up by cultured cells and converted to their
corresponding nucleotide sugars, GDP-2F-Fuc (5) and CMP-3Fax-NeuAc (11), by the
endogenous salvage pathways. As they build up in the cell, they feedback inhibit the
synthesis of the natural GDP-Fuc (4) and CMP-NeuAc (10) substrates. The choice of
fluorinated monosaccharides was supported by the demonstration that the corresponding
nucleotide sugars are transition state inhibitors of the sialyl- and fucosyltransferases17,18, a
report that such fucose analogs could block core fucosylation of N-linked glycans of
recombinant antibodies in cells48, and that there were already robust methods for their
synthesis25. The fact that these inhibitors dramatically reduce sialylation of and fucosylation
of cell surface glycans in a cellular setting highlights their utility as global inhibitors of
sialyl- and fucosyltransferases. However, there were several notable caveats to this
generalization. Core fucosylation of N-linked glycans by FUT8 in HL-60 cells was reduced,
but not eliminated, and while sialylation of N-linked glycans was abolished, there was still
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some sialylation of O-linked glycans. In both cases the residual fucosylation and sialylation
resulted from incorporation of natural sugars, suggesting that in HL-60 cells FUT8 and at
least one sialyltransferase exhibits less sensitivity to these inhibitors, and/or preferentially
utilizes low levels of the natural nucleotide sugar that remain in the cell.

Differences in the sensitivity of glycosyltransferases to metabolic inhibitors was also seen in
the exemplary report of Gloster et al.21, who used 5-thio-GlcNAc as a precursor of UDP-5S-
GlcNAc, an analog of UDP-GlcNAc, the donor substrate for GlcNAc transferases. While
they demonstrated that it was a slow substrate for the cytoplasmic O-GlcNAc transferase
and blocked synthesis of O-GlcNAc on cytoplasmic and nuclear proteins, no change was
observed in glycan epitopes of cell surface glycans, which are products of other members of
the GlcNAc transferase family. At present the mechanisms for the selectivity are not
established, but even at the highest concentrations of 5-thio-GlcNAc used, there was still
significant levels (~25%) of UDP-GlcNAc pools remaining for normal synthesis of glycans
by enzymes that are not inhibited by the 5-thio-GlcNAc analog.

In principle, peracetylated fluorosugars used here for sialyl- and fucosyltransferases could
also be used as inhibitors of other families of glycosyltransferases. Indeed, fluoro-sugar
analogs of UDP-GlcNAc and UDP-Gal have been demonstrated to be inhibitors of both N-
acetylglucosamine-49 and galactosyltransferases17,50, respectively. In this regard, there is an
extensive literature on the use of peracetylated 4F-GlcNAc for reduction of the expression of
selectin ligands, namely SLeX, both in vitro51 and in vivo52,53. While this was initially
thought to be due to a chain termination effect (since 4F-GlcNAc incorporation would
abolish the key nucleophile for the β1,4Galactosyltransferase)52-54, it was recently shown
that this analog is not incorporated into N- or O-glycans51,55. However, it was readily made
into UDP-4F-GlcNAc intracellulary, which decreased cellular levels of the natural
nucleotide sugar UDP-GlcNAc51,55. This reduction is sufficient to selectively decrease the
branching of N-linked glycans51, which are elaborated by enzymes with a high KM for this
donor substrate56.

From the few reports to date, it is clear that metabolic inhibitors of glycosyltransferases have
the potential to modulate glycosylation in cultured cells and animals, and that significant
selectivity can be achieved for enzymes of a single family or even specific enzymes within a
family. Since peracetylated 4F-GlcNAc administration has already demonstrated in vivo
reduction of E- and P-selectin ligands52,53, it will be of interest to assess the ability of 2F-
Fuc (2) and 3Fax-NeuAc (8) for their potential to reduce SLex expression in in vivo models
of inflammation and cancer metastasis. Such studies will pave the way for the broader use of
these inhibitors to explore the roles of sialylated and fucosylated glycans in normal biology
and mechanisms of disease, and will stimulate further research into the use of
monosaccharide analog precursors of nucleotide sugars as a way to modulate glycosylation
pathways.

Methods
Synthesis of ST and FUT Inhibitors

Synthesis and characterization of the various inhibitors can be found in the Supporting
Information. Inhibitors were dissolved in DMSO at concentrations up to 500 mM (1-3) or
400 mM (7-9).

Antibodies and Lectins
The sources of the antibodies and lectins used in this study are as follows: Anti-Sialyl Lewis
X (BD Pharmingen - 551344), FITC-Anti Lewis X (Biolegend – 301904), Biotinylated-
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AAL (Vector Labs), FITC-PNA (Vector Labs), FITC-SNA (Vector Labs), Streptavidin
Alexa Fluor-488 (Invitrogen), human E-Selectin Fc (RnD Systems), human P-Selectin Fc
(RnD Systems), R-PE goat anti-human IgG Fcγ-Fragment Specific (Jackson
Immunoresearch), R-PE anti-mouse IgM (Jackson Immunoresearch),

Inhibitor Titrations
For all experiments, HL-60 and Ramos cells were grown in RPMI 1640 supplemented with
10% FBS, Penicillin/Streptomycin, and L-Glutamine. CHO-K1 cells were grown in DMEM/
F12 (1:1) supplemented with 10% FBS and Penicillin/Streptomycin. For titration analysis,
20,000 cells were added to each well of a 96-well plate, the media was aspirated, and 100 μl
of media containing the inhibitor at the desired concentration was added (0.1% final DMSO
concentration). Cells were allowed to grow for 72 hrs at 37°C, washed, and subjected to
flow cytometry analysis with various lectins or anti-glycan antibodies. Each inhibitor
concentration was done in triplicate and the data was normalized to the DMSO only treated
control cells (100%) and unstained cells (0%).

Flow Cytometry Analysis
Cells were washed with HBSS containing 5% BSA and resuspended to 2 × 106 cells/ml. All
staining is carried out in this buffer in a U-bottom 96-well plate on ice for 1hr. For directly
labeled antibodies/lectins, cells are then washed two times with cold HBSS/BSA (200 μl),
resuspended in this buffer (200 μl), and analyzed by flow cytometry. For indirect detections,
cells are washed once with HBSS/BSA (200 μl) prior to addition of the appropriate
secondary detection agent. Cells are then kept on ice for 30 minutes, washed two times with
buffer, and resuspended for flow cytometry. For Sialyl Lewis X detection, 0.1 μg/ml
primary antibody and 10 μg/ml R-PE anti-mouse IgM are used. For Lewis X detection, a
1:20 dilution is used. For AAL, 0.2 μg/ml AAL-biotin is used followed by 10 μg/ml
Streptavidin AF-488. FITC-PNA is used at 0.5 μg/ml and FITC-SNA at 2 μg/ml. For
selectin binding, HBSS/BSA containing 5 mM CaCl2 is used as the buffer. Moreover,
human E-Selectin Fc (10 μg/ml) is precomplexed with R-PE goat anti-human IgG Fcγ-
Fragment Specific (5 μg/ml) for 15 minutes on ice prior to diluting ten-fold and applying to
cells. P-Selectin binding is done analogously.

Mass Spectrometry of Inhibitor Treated Cells
HL-60 cells were seeded at 0.2 × 106 cells/ml in media containing DMSO, 200 μM (2), 200
μM (8), or 200 μM (2) and (8). The final DMSO concentration was 0.1% in all cases. After
72 hrs, cells were pelleted and the culture media removed. These were then seeded at 0.4 ×
106 cells/ml with fresh media containing the corresponding inhibitors (or DMSO only) and
grown for 48 more hours. This process was then repeated and on day 7, cells were pelleted,
washed three times with HBSS, counted, and ~2 × 108 cells for each condition were
lyophilized. The glycomic methods used here have been described previously51,57,58. Full
glycomic methods can be found in the Supplementary Methods

Nucleotide Sugar Analysis of Inhibitor Treated Cells
HL-60 cells were treated for 7 days with DMSO only, (2), or (8) as described above for the
mass spectrometry analysis. On day 7, cells were pelleted, washed three times with HBSS,
pelleted, and frozen. Full details for nucleotide sugar extraction and analysis can be found in
the Supplementary Methods.

HL-60 Rolling Assays
Rectangular (20mm × 200mm) glass capillary flow chambers (VitroCom) were cut to 2-cm
length and mounted on a glass microscope slide. Flow chambers were coated with either 40
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μg/ml recombinant human P-selectin (R&D Systems) or 15 μg/ml recombinant human E-
selectin (R&D Systems), and then blocked using 1% casein in PBS (Thermo Scientific).
Polyethylene tubing (size PE-10) filled with saline was attached to the flow chamber outlet
to control the shear stress, as previously described59. HL-60 cells treated with 200 μM of
(2), (8), or DMSO control, for 5 days were suspended in HBSS containing 1mM CaCl2 and
1mM MgCl2 and added to a reservoir at the flow chamber inlet.

For HL-60 cell rolling velocity measurements, a shear stress of 3 dynes/cm2 was maintained.
For HL-60 cell tethering analysis, cells were allowed to settle briefly (<10 sec) and then
flow was initiated at a shear stress of 1 dyne/cm2. The shear stress was then increased in 1
dyne/cm2 increments up to 6 dyne/cm2. The number of initially settled cells that continued
to roll were counted at each shear stress level. Imaging was performed using a Zeiss
Axiovert 100 microscope and captured with a Sensicam QE CCD camera (Cooke).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fluorinated Monosaccharide Analogs act as Metabolic Glycosyltransferase Inhibitors
Peracetylated Analogs of Fucose (1-3) or Sialic Acid (7-9) are taken up by cells and
converted into the corresponding nucleotide sugars (4-6 and 10-12) through salvage
pathways. The fluorinated analogs (5-6, 11-12) act as inhibitors of the corresponding
fucosyl- or sialyltransferases and, because they are not transferred, accumulate in the cell.
This accumulation then shuts down the de novo synthesis of GDP-Fucose (4) or CMP-
NeuAc (10) via a feedback loop, to further decrease fucose or sialic acid expression on the
cell surface.
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Figure 2. Fluorinated Fucose Analogs act as Fucosyltransferase Inhibitors in Cells
HL-60 or CHO cells were treated with various concentrations of the fucose analogs (1-3).
After 3 days, cells were harvested and various fucosylated epitopes were detected with anti-
glycan antibodies or lectins via flow cytometry. Inhibition of the FUT4 enzyme was
assessed in HL-60 cells with an anti-Lewis X antibody (a). Similarly, FUT7 inhibition was
assessed in this cell line, but utilizing the anti-Sialyl Lewis X antibody (b). To analyze
FUT8 inhibition, CHO cells and the lectin AAL were used (c). In all cases the data were
normalized to cells treated with DMSO only as 100% fucosylated epitope expression and
unstained cells as 0%. Data shown is representative of three independent experiments
carried out in triplicate.
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Figure 3. A Fluorinated Sialic Acid Analogs act as a Sialyltransferase Inhibitor in Cells
HL-60 or Ramos cells were treated with various concentrations of the sialic acid analogs
(7-9). After 3 days, cells were harvested and various sialylated epitopes were detected with
anti-glycan antibodies or lectins via flow cytometry. Inhibition of the ST3Gal I and/or
ST3Gal II enzymes was assessed in HL-60 cells by loss of the sialylated epitope
NeuAcα2,3Galβ1,3GalNAcαSer/Thr (Sialyl-T Antigen) and detection of the asialo
structure Galβ1,3GalNAcαSer/Thr (T Antigen) by the lectin PNA (a). Decreases in Sialyl
Lewis X formation were determined with HL-60 cells and an anti-Sialyl Lewis X antibody
reflecting inhibition of ST3Gal IV and/or ST3Gal VI in this cell line (b). Inhibition of
NeuAcα2,6Gal formation, the product of ST6Gal I and/or ST6Gal II, was assessed with
Ramos cells and the lectin SNA (c). In each case the data represents one of three
independent experiments carried out in triplicate. For (a) the expression of the T-antigen
was normalized to DMSO only as 0% and the maximum inhibitor treatement as 100%. From
this, Sialyl T antigen expression was expressed as 100% - (percent T-antigen expression).
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For (b,c) the data were normalized to cells treated with DMSO only as 100% sialylated
epitope expression and unstained cells as 0%.
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Figure 4. Mass spectrometry Analysis of N-glycans from Inhibitor treated cells
HL-60 cells were treated for 7 days with DMSO only, 200 μM (2), 200 μM (8), or 200 μM
each of (2) and (8). N-linked glycans from each sample were then isolated, permethylated
and analyzed by MALDI-TOF MS. The four spectra represent treatment of the cells with (a)
DMSO only, (b) the fucosyltransferase inhibitor (2), (c) the sialyltransferase inhibitor (8), or
(d) both inhibitors in concert. All molecular ions are [M+Na]+. Putative structures are based
on composition, tandem MS, and biosynthetic knowledge. Structures that show sugars
outside a bracket have not been unequivocally defined.
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Figure 5. Selectin Binding and Selectin-Mediated Leukocyte Rolling
(a) Flow cytometry analysis of HL-60 cells treated for 5 days with 200 μM each of (2) or (8)
leads to decreases in anti-Sialyl Lewis X antibody as well as recombinant E- and P-selectin
binding. This leads to higher rolling velocities (at 3 dynes/cm2) of these cells on selectin
coated surfaces (b) and a decreased shear resistance on E- but not P-selectin coated surfaces
(c). *** corresponds to p < 0.0001.
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Table 1

Quantification of nucleotide sugars in cell extracts (2.2 × 108 cells) as determined by HPLC

Treatment Nucleotide Sugar Amount (μg)

DMSO GDP-Fuc (4) 3.88 ± 0.05

CMP-NeuAc (10) 2.59 ± 0.05

2F-Fuc (2) GDP-Fuc (4) Not Detected

2F GDP-2F-Fuc (5) 62.46 ± 0.49

CMP-NeuAc (10) 2.20 ± 0.04

3F-NeuAc (8) GDP-Fuc (4) 4.39 ± 0.02

CMP-NeuAc (10) Not Detected

3F CMP-NeuAc (11) 65.18 ± 0.18
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