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Abstract

Leukocyte trafficking involves specific recognition between P-selectin and L-selectin and PSGL-1
containing core 2-based O-glycans expressing sialyl Lewis x (SLe*) antigen. However, the structural
identity of the glycan component(s) displayed by murine neutrophil PSGL-1 that contributes to its
P-selectin counter-receptor activity has been uncertain, since these cells express little if any SLe*
antigen, and because there have been no direct studies to examine murine PSGL-1 glycosylation. To
address this uncertainty, we studied PSGL-1 glycosylation in the murine cell line WEHI-3 using
metabolic-radiolabeling with 3H-monosaccharide precursors to detect low-abundance O-glycan
structures. We report that PSGL-1 from WEHI-3 cells expresses a di-sialylated core 2 O-glycan
containing the SLe* antigen. This fucosylated O-glycan is scarce on PSGL-1 and essentially
undetectable in total leukocyte glycoproteins from WEHI-3 cells. These results demonstrate that
WEHI-3 cells selectively fucosylate PSGL-1 to generate functionally important core 2-based O-
glycans containing the SLe* antigen.
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Introduction

Interactions of selectins with their ligands are pivotal to leukocyte recruitment to sites of
inflammation (Kobzdej et al. 2002; McEver 2002; Lowe 2003). The binding of human P- and
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L-selectins to their major leukocyte glycoprotein ligand PSGL-1 relies on the presence of a
sialyl Lewis x structure NeuAco2-3Galp1-4(Fucal-3)GIcNAc-R (SLeX) on a core 2 O-glycan
at the PSGL-1 N-terminus (Sako et al. 1993; Wilkins et al. 1996; McEver and Cummings
1997; Cummings 1999; Leppénen et al. 1999). The SLeX determinant is common to core 2 O-
glycans and complex-type N-glycans in human neutrophils and other myeloid cells. The
importance of SLe*-containing core 2 O-glycans was highlighted by genetic studies in mice,
demonstrating that its expression is required for murine leukocyte adhesion to P-selectin (Maly
et al. 1996; Sperandio et al. 2001).

Studies in mice have also raised questions about the nature of glycan determinants in murine
versus human leukocytes. Murine leukocytes and the model murine leukocytic cell line
WEHI-3, which has a functional PSGL-1 that is recognized by P-selectin (Yang et al. 1996),
express little if any SLe* antigen (Thorpe and Feizi 1984; Ito et al. 1994; Kobzdej et al.
2002; Julien et al. 2007). By contrast, human neutrophils and the model human leukocytic cell
line HL60 display high amounts of SLeX antigen (Fukuda et al. 1985; Phillips et al. 1990;
Wilkins et al. 1996). Preliminary mass spectrometry data from the Consortium for Functional
Glycomics show the absence of SLeX in the major N- or O-glycans from mouse neutrophils
and WEHI-3 cells (see http://www.functionalglycomics.org/). Such findings raise questions
about the nature of murine glycans on PSGL-1 and their recognition by P-selectin.

To explore murine PSGL-1 glycosylation, we performed detailed studies on O-glycans from
purified PSGL-1 and total cellular glycoproteins from WEHI-3 cells. To enhance the sensitivity
of detecting and analyzing glycans, we used metabolically radiolabeled glycans and
comparisons to synthetic standards. Our results indicate that WEHI-3 cells selectively modify
PSGL-1 with a SLeX-containing core 2 O-glycan and suggest that a.1-3 fucosylation may be
glycoprotein specific in murine cells.

Metabolic radiolabeling of WEHI-3 cells and O-glycan preparation

To aid in detecting rare O-glycan structures, we metabolically radiolabeled WEHI-3 cells
with 3H-monosaccharide precursors, using procedures that identified SLe* antigen in O-
glycans of human leukocytes (Wilkins et al. 1996). WEHI-3 cells were labeled with

either 3H-glucosamine, which is metabolized into N-acetylglucosamine (GIcNAc), N-
acetylgalactosamine (GalNAc), and sialic acid (NeuAc), and thus are incorporated into all
glycans, or 3H-fucose, which cannot be metabolized, and thus is incorporated only as fucose
into N- and O-glycans of fucosylated glycoproteins.

We purified PSGL-1 from extracts of metabolically radiolabeled WEHI-3 cells and recovered
the residual cellular glycoproteins, which we designated the total cellular glycoproteins. Flow
cytometry analyses show that PSGL-1 is expressed at similar low levels in both human and
murine leukocytes (Kobzdej et al. 2002), which contrasts to expression levels of many other
mucin-like glycoproteins, such as CD43, which are expressed at higher levels (Barclay et al.
1993). Autoradiography of purified 3H-fucose-labeled PSGL-1 (Figure 1A) showed a single
major glycoprotein of apparent size of ~120 kDa, which matches that predicted from studies
on murine PSGL-1 (Yang et al. 1996). We released the O-glycans from PSGL-1 and total
glycoproteins by p-elimination. Most radiolabeled O-glycans of PSGL-1 were recovered in
anionic, sialylated fractions (=1 and —2 charges), indicating the presence of 1 or 2 sialic acids
per O-glycan (Figure 1B), similar to human HL60 cell-derived O-glycans (Wilkins et al.
1996). Neuraminidase treatment caused the loss of all charged species (data not shown),
indicating that the glycans are sialylated and not sulfated. Since the di-sialylated species was
the major material from PSGL-1 for both radiolabeled samples, we concentrated our analyses
on that material.
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A portion of O-glycans released from 3H-fucose-labeled cellular WEHI-3 glycoproteins was
hydrolyzed and examined by high-pH anion-exchange chromatography (HPAEC). A single
radioactive peak was recovered coeluting with the fucose standard, confirming that the
incorporated 3H-fucose was restricted to fucose (Figure 1C).

Profiling of radiolabeled O-glycans from total glycoproteins of WEHI-3 compared to PSGL-1

Because PSGL-1 is such a minor glycoprotein in human and murine leukocytes, it was not
feasible to prepare enough for mass spectrometry analysis. Furthermore, even mass
spectrometry of small amounts of material might overlook rare glycans. Metabolic
radiolabeling enhances detection of minor glycan species (Varki 1994) and promotes structural
analysis when compared to known standards (Wilkins et al. 1996). To aid our analyses, we
synthesized several key 3H-labeled O-glycan standards containing a reduced GalNAc
(GalNAcol) residue (structures in Figure 2A). These included a di-sialylated core 2 O-glycan,
NeuAca2-3Galp1-4GIcNAcB1-6(NeuAca2-3Galpl-3)GalNAcol; a fucosylated, sialylated
core 2 O-glycan with the SLe* antigen, NeuAca2-3GalBl-4(Fucal-3)GIcNAcp1-6
(NeuAca2-3GalB1-3)GalNAcol; and two di-sialylated core 2 O-glycans containing the Sd?
blood group on one or two branches, NeuAca2-3(GalNAcB1-4)Galp1-4GIcNAcB1-6
(NeuAco2-3Galp1-3)GalNAcol or Neu Aca2-3(GalNAcB1-4)Galpl-4GIcNAcB1-6
(NeuAca2-3(GalNAcp1-4)GalB1-3)GalNAcol. Previous studies identified the presence of
sialylated O-glycans with this antigen in blood cells of humans and other mammals (Blanchard
etal. 1983; Morton et al. 1970). Since WEHI-3 O-glycans contained core 2 O-glycan structures,
we concentrated on these structures. We attempted to synthesize O-glycans with the SLe*
antigen in which the B1-4-linked Gal residues were modified by Sd® p1-4-N-
acetylgalactosaminyltransferase, but we were unsuccessful. Notably, such glycans have not
been reported, possibly due to enzymatic blocks in addition to either al1-3Fuc or f1-4-linked
GalNAc to the corresponding acceptor core 2 O-glycans.

When 3H-glucosamine was used for metabolic radiolabeling, the HPAEC profiles of the doubly
charged O-glycans of both PSGL-1 (Figure 2A) and total cellular glycoproteins (Figure 2B)
were similar. The major peak from both samples coeluted with the core 2 structure
NeuAca2-3Galp1-4GIcNAcP1-6(NeuAca2-3Galpl-3)GalNAcol. Neither chromatogram
contained an identifiable peak representing a core 2 with the SLeX antigen
(NeuAco2-3Galpl-4(Fucal-3)GIcNAcB1-6(NeuAca2-3Galpl-3)GalNAcol). From these
results we conclude that fucose-containing O-glycans in PSGL-1 are rare and based on the
recovery of 3H-glucosamine-derived radioactivity in the di-sialylated core 2 O-glycans, >90%
of these di-sialylated core 2 O-glycans lack fucose.

To determine whether PSGL-1 contained any fucosylated O-glycans, we prepared 3H-fucose-
labeled material and examined O-glycans from PSGL-1 and total glycoproteins. Importantly,
the major peak of 3H-fucose-labeled O-glycans in di-sialylated O-glycans from PSGL-1
coeluted with the core 2 structure with the SLe* antigen (NeuAca2-3Galp1-4(Fucal-3)
GIcNACcB1-6(NeuAca2-3Galpl-3)GalNAcol) (Figure 2C), whereas this glycan was not
detected in 3H-fucose-labeled O-glycans from total cellular glycoproteins (Figure 2D). We
observed a major late-eluting peak from the 3H-fucose-labeled sample of total cellular
glycoproteins (data not shown), but it represented N-glycans with a core al,6-linked fucose,
which probably arose by their partial release by B-elimination. These results demonstrate that
only a minority (<10%) of O-glycans in PSGL-1 contains the core 2 structure with fucosylated
SLeX antigen and that in total cellular glycoproteins this structure is not detectable.

Discussion

The SLe* antigen appears to be common on human neutrophils but expressed poorly on murine
neutrophils. Conventional SLe* antibodies bind well to human leukocytes, such as neutrophils
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and monocytes, but they bind poorly to murine leukocytes (Thorpe and Feizi 1984; Fukuda et
al. 1985; Phillips et al. 1990; Wilkins et al. 1996; Kobzdej et al. 2002; Julien et al. 2007). These
results are consistent with studies showing that human PSGL-1 has a1-3-linked fucose in both
N- and O-glycans (Wilkins et al. 1996; Aeed et al. 2001). However, there are no structural data
supporting the presence of the SLeX antigen or a.1-3-linked fucosylation in murine neutrophils.
Yet, genetic changes in glycosylation pathways in humans and mice support a role for al1-3-
linked fucosylation of PSGL-1 for functional recognition by selectins (Etzioni and Tonetti
2000). Mice lacking expression of myeloid a1-3-fucosyltransferase FucT-VII are deficient in
functional selectin ligands, and mice lacking both FucT-VII and FucT-IV exhibit no adhesion
to P- and E-selectins (Maly et al. 1996; Lowe 1997). FucT-VII is critical in synthesizing a key
determinant for selectin recognition, the SLe* antigen, which must be expressed on a core 2
O-glycan at the N-terminus of PSGL-1 for functional recognition by P- and L-selectins (Sako
et al. 1993; Wilkins et al. 1996; McEver and Cummings 1997; Cummings 1999; Leppéanen et
al. 1999). In addition, leukocytes from mice lacking expression of core 2 $1,6-N-
acetylglucosaminyltransferase bind poorly to P- and E-selectins (Sperandio et al. 2001). Thus,
genetic evidence raised expectation that murine leukocytes might express the SLe* antigen,
but there has been no structural evidence supporting its presence.

Our studies show that a major O-glycan in total cellular glycoproteins of WEHI-3 cells and in
PSGL-1 is a non-fucosylated di-sialylated core 2 O-glycan. However, PSGL-1 also contains a
di-sialylated core 2 O-glycan expressing the SLe* antigen, but we did not detect this structure
in total cellular glycoproteins. These findings suggest that PSGL-1 may preferentially be
modified by al-3-fucosyltransferases, which is consistent with some prior observations.
Zollner and Vestweber (1996) observed that recombinant E-selectin ligand ESL-1 in Chinese
hamster ovary cells expressing different fucosyltransferases contained SLeX. Studies in murine
neutrophils deficient in FucT-VII or FucT-1V suggested that FucT-VII may selectively modify
PSGL-1, whereas FucT-1V may selectively modify ESL-1 (Huang et al. 2000). The exact
mechanism for this specific glycan modification is unknown, but likely involves preferential
action of FucT-VII, expressed minutely by WEHI-3 cells (Kobzdej et al. 2002). It has been
observed that even very low levels of FucT-VII activity selectively modify PSGL-1 O-glycans,
producing core 2 SLe* structures (Prorok-Hamon et al. 2005).

The fact that different glycoproteins synthesized by the same cells, even different glycosylation
sites on the same glycoprotein, can contain distinct glycan structures clearly indicates that
glycan synthesis is controlled by protein-specific mechanisms, beyond the simple expression
level of various glycosyltransferases. Our results corroborate evidence that PSGL-1 may be a
special acceptor for certain glycosyltransferases, especially those involved in SLe* antigen
synthesis on core 2 O-glycans. Selective PSGL-1 modification with SLeX has recently been
demonstrated in human monocytes and dendritic cells (Julien et al. 2007), showing discordance
between chemical structural analysis and expression of the SLe* antigen. Some
glycosyltransferases, such as FucT-VII, may have special affinity for unique glycoprotein
acceptors such as PSGL-1. Protein acceptor specificity has been seen in a few
glycosyltransferases, including p1,4-N-acetylgalactosaminyltransferases (Miller et al. 2008),
and collagen UDP-glucose:5-hydroxylysine-collagen glucosyltransferase (Smith et al. 1977),
but this issue needs to be addressed in more detail in future studies using glycoprotein, rather
than free glycan, acceptors for glycosyltransferases.

Such findings coupled with ours suggest caution in speculating about the repertoire of glycan
structures present in specific cells or tissues based solely on general chemical analyses of the
glycans. The relatively rare core 2-based SLe* antigen we identified on PSGL-1 appears to be
absent in total glycan profiles from WEHI-3 cells, even after using metabolic-radiolabeling
strategies. Whenever possible, a comprehensive approach to defining cellular glycomes, using
function-based assays, immunochemistry, gene expression profiles, and chemical analyses
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should be utilized. Such approaches are being increasingly used (Comelli et al. 2006; Julien et
al. 2007) and will continue to highlight critical roles of minor glycan structures in cellular
functions.

Materials and methods

Cell culture and radiolabeling

WEHI-3 cells were cultured in Iscove’s modified Dulbecco’s medium with 10% FBS and 0.05
mM 2-mercaptoethanol at 37°C. For 3H-monosaccharide labeling, cells were grown as above,
but with a medium containing 20 uCi/mL 3H-fucose or 3H-glucosamine (MP Biomedicals,
Solon, OH) for 72 h. For O-glycan analysis, ~5 x 107 cells were harvested by centrifugation
at 1000 x g for 5 min and washed three times with Dulbecco’s PBS containing 25 mM EDTA.

3H-O-glycan standard preparation

We prepared core 2-based O-glycan standards (I-1V) (Figure 2A), using a glycopeptide
strategy, releasing each O-glycan from peptide by p-elimination. We synthesized O-glycans
containing SLeX on the core 2 branch and 3H-sialic acid 02,3-linked to the core 1 galactose
(Glycan I) using the glycopeptide GSP-6 as an acceptor. The synthesis of GSP-6 glycopeptide
was previously described (Leppénen et al. 1999), containing SLeX on the core 2 branch and
uncapped galactose on the core 1 branch. The synthesis reaction for Glycan | was performed
for 2 h at room temperature in 50 mM sodium cacodylate, pH 7.0, with 1 pnCi CMP-3H-sialic
acid (ARC), 3 ug GSP-6, and 1 mU a2,3-(0O)-sialyltransferase (ST3Gal Il, Calbiochem). The
reaction was diluted with water, purified using Sep-Pak C-18 cartridges (Waters), eluted in
60% acetonitrile, and dried. Glycan | was released by mild-base p-elimination (Cummings et
al. 1983) in 50 mM NaOH, 1 M NaBH,4 at 45°C for 16 h. The base was neutralized by glacial
acetic acid, and sodium was removed by an AG 50W-X8 column (BIO-RAD). Boric acid was
removed by repeated evaporation in methanol/acetic acid, and O-glycans were further purified
using a Carbograph-activated charcoal cartridge (Alltech) (Packer et al. 1998) and dissolved
in water. This mild-base B-elimination and purification procedure was applied to each synthetic
glycopeptide below.

A second core 2-based O-glycan standard (Glycan 1) was prepared as above with ST3Gal Il,
using the glycopeptide GSP-5 as an acceptor (Leppénen et al. 1999), containing sialyl N-
acetyllactosamine on the core 2 branch and uncapped galactose on the core 1 branch.

A third core 2-based O-glycan standard (Glycan Il) containing an Sd? structure on the core 2
branch and sialic acid a.2,3-linked to the core 1 galactose was prepared, using recombinant
Sda p1,4-N-acetylgalactosaminyltransferase to add 3H-N-acetylgalactosamine in a p1,4-
linkage to the galactose in the sialyl lactosamine unit on the core 2 branch of the GSP-5 O-
glycan. The synthesis reaction was performed for 2 h at 37°C in 50 mM sodium cacodylate,
pH 7.0, and 25 mM MnCl, with 1 uCi UDP-3H-N-acetylgalactosamine (ARC) and 3 ug GSP-5.
The product was purified using Sep-Pak C-18 cartridge. Non-radioactive sialic acid was added
in 0.2,3-linkage to the core 1 galactose of the latter product using 2 mU ST3Gal Il and 1 mM
CMP-NeuAc (Sigma) as the donor.

A fourth core 2-based O-glycan standard (Glycan I11) containing Sd? structures on both the
core 1 and core 2 branches was prepared using the same steps to synthesize Glycan I, followed
by the addition of nonradioactive N-acetylgalactosamine to galactose on the core 1 branch
using recombinant Sd? p1,4-N-acetylgalactosaminyltransferase as above and 1 mM UDP-
GalNAc (Sigma) as the donor.
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O-Glycan preparation from WEHI-3 cells

WEHI-3 cell pellets were prepared as above, lysed with 100 mM Tris—HCI, pH 8.0, 1 mM
CaCl,, 1 mM MgCls, 1.2% Triton X-100, 0.1% NaNs, and 1 x complete protease inhibitor
cocktail (Roche) for 5 min in a sonicating ice—water bath, and centrifuged at 1500 x g for 10
min. The supernatant was pre-cleared by applying it to a column of bovine IgG immobilized
on an UltraLink matrix (Pierce); PSGL-1 was affinity-purified by applying the flow-through
to a column of rabbit polyclonal antibodies raised against a mouse PSGL-1 peptide,
immobilized on an UltraLink matrix. These anti-PSGL-1 antibodies were prepared against a
synthetic N-terminal peptide of murine PSGL-1 containing the sequence DYTYNTDPPEL,
using techniques described previously (Moore et al. 1994). The antisera to this peptide were
specific to murine PSGL-1 as shown by immunoblotting and flow cytometry, whereas control
antisera showed no binding to PSGL-1 (data not shown). The anti-PSGL-1 column was rinsed
with 100 mM Tris—HCI, pH 8.0, 1 mM CaCl,, 1 mM MgCls, 0.1% Triton X-100, and 0.1%
NaN3, and bound PSGL-1 was eluted with 50 mM glycine, pH 2.5, 150 mM NacCl, and 0.05%
Triton X-100. Eluted PSGL-1 was concentrated and solution exchanged into water using a
Centricon centrifugal filter with a 10 kDa molecular weight cut-off (Millipore), and its O-
glycans were B-eliminated and purified as above.

The remaining cellular glycoproteins were precipitated from the anti-PSGL-1 column flow-
through by adjusting it to 10% trichloroacetic acid and 1% phosphotungstic acid and
centrifugation at 1500 x g for 10 min. The protein pellet was rinsed three times with 90%
ethanol and dried, and O-glycans were B-eliminated and purified as above.

O-Glycans released from PSGL-1 and total cellular glycoproteins were separated by charge
using a QAE ion-exchange column as described (Wilkins et al. 1996) and desalted using
Carbograph cartridges as above.

Monosaccharide analysis

Some O-glycans released from cellular glycoproteins of 3H-fucose-labeled WEHI-3 cells were
analyzed for 3H-monosaccharides following hydrolysis in 2 M TFA at 100°C for 4 h. After
TFA removal by evaporation in vacuo, monosaccharides were resolved by HPAEC as
described (Wilkins et al. 1996). Radiolabeled monosaccharides were detected by Radiomatic
610TR flow-scintillation detection (PerkinElmer).

HPAEC analysis of O-glycans

O-Glycan standards and doubly charged O-glycans from various samples were resolved by
HPAEC using a CarboPac PA-10 column and the following running salt gradient: 0-10 min,
100 mM NaOH/70 mM sodium acetate (constant); 10-26 min, linear gradient up to 100 mM
NaOH/110 mM sodium acetate; 26—-35 min, 100 mM NaOH/500 mM sodium acetate
(constant). The resolved O-glycans were detected by flow-scintillation detection.
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Abbreviations

Fuc
fucose
FucT IV
al,3-fucosyltransferase IV
FucT VII
al,3-fucosyltransferase VII
Gal
galactose
GalN
galactosamine
Glc
glucose
GlcN
glucosamine
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GSP
glycosulfopeptides
HPAEC
high-pH anion-exchange chromatography
Man
mannose
NeuAc
N-acetyl-o-neuraminic acid
PSGL-1
P-selectin glycoprotein ligand-1
Sd2
Cad blood group NeuAca2-3(GalNAcB1-4)Galp1-4GIcNAc-R
SLeX
sialyl Lewis x antigen NeuAca2-3Galp1-4(Fucal-3)GIcNAc-R
TFA

trifluoroacetic acid
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(A) SDS-PAGE and autoradiography of 3H-fucose-labeled PSGL-1 immunoaffinity purified
from WEHI-3 cells. (B) The B-eliminated O-glycans from radiolabeled PSGL-1 and total
cellular glycoproteins were separated and eluted to collect glycans of neutral structure (0
charge), 1 sialic acid (—1 charge), 2 sialic acids (—2 charge), or >2 sialic acids (—3 charge). The
distribution of total radioactivity as a percentage from individual samples in the four major
fractions is shown. (C) Monosaccharide analysis of O-glycans from 3H-fucose-labeled
WEHI-3 cells. Elution positions of standards are indicated. Fuc, fucose; GalN, galactosamine;

GIcN, glucosamine; Gal, galactose; Glc, glucose; Man, mannose.
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HPAEC-flow scintillation analysis of doubly charged radiolabeled O-glycans from PSGL-1
and total O-glycans from WEHI-3 cells. (A) 3H-glucosamine-labeled PSGL-1 O-glycans.
Structures and elution positions of O-glycan standards, labeled -1V, described in the text, are
indicated above the chromatogram. (B) 3H-glucosamine-labeled O-glycans from total
glycoproteins of WEHI-3 cells. (C) 3H-fucose-labeled PSGL-1 O-glycans. (D) 3H-fucose-
labeled O-glycans from total glycoproteins of WEHI-3 cells.
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