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Abstract

Cellular and molecular requirements for selectin binding

by

Richard E. Bruehl

L-, E- and P-selectin are a family of three calcium-dependent carbohydrate

binding intercellular adhesion molecules that mediate leukocyte tethering and rolling on

activated endothelium in inflamed tissues. L-selectin also mediates lymphocyte tethering

and rolling on high endothelial venules in peripheral lymph nodes, and leukocyte

tethering and rolling on adherent leukocytes in inflamed tissues. These selectin-mediated

processes are essential prerequisites for leukocyte extravasation during inflammation and

immune surveillance, thus defining the structural features of selectin ligands has

application in the design of novel anti-inflammatory drugs, and in understanding the

regulatory mechanisms that control leukocyte recruitment into tissues.

Immunogold labeling electron microscopy revealed that approximately 70% of L

selectin and 80% of PSGL-1 was localized to the tips of microvillion quiescent

leukocytes, and that on activated neutrophils, PSGL-1 was redistributed by surface

translocation to the planar cell surface of the uropod. Disruption of microvilli and

alteration of cell viscosity showed that microvilli were required for neutrophil tethering in

flow, but not for rolling, and suggested that the microvillous localization of L-selectin

and PSGL-1 may be important not only to facilitate access to endothelial ligands, but to

anchor these molecules to the cytoskeleton.
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While it is clear that versions of monosulfated sialyl Lewis (sLe’) are key

recognition determinants for L-selectin, the position of sulfation on SLe” that generates

the most adhesive ligand is unsettled. Furthermore, the contribution of carbohydrate

sulfation to the specificity of E- and P-selectin recognition determinants is not defined.

Using a panel of sulfated lactose derivatives, sulfo sLe’ mimetics, it was determined that

6’,6-dislufo lactose was the most adhesive L-selectin ligand. Surprisingly, this structure

failed to support binding of a carbohydrate- and sulfate-dependent monoclonal antibody,

MECA-79, that binds competitively to L-selectin ligands. The best substrate for MECA

79 was 6-sulfo lactose. Lactose-6-sulfate was also the best sulfated substrate for E

Selectin. P-selectin bound to the sulfated lactose derivatives with nearly equal affinity.

These results suggest that carbohydrate sulfation contributes to the specificity of L- and

E-selectin recognition determinants, and that in addition to the terminal sulfo sLe”

capping groups identified on L-selectin ligands, there are likely internal sulfated

Structures that form important L-selectin recognition determinants.

Abstract approved: Zxº~~ (2 /<-----~
Steven D. Rosen, Professor in charge
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Introduction

Project overview

L-selectin (CD62L) is a calcium-dependent, carbohydrate-binding

leukocyte-endothelial and leukocyte-leukocyte intercellular adhesion molecule that

mediates early adhesion events in a cascade of concerted binding interactions that direct

circulating leukocytes into diseased or damaged tissues and underlies lymphocyte

recirculation through peripheral lymph nodes. Originally, L-selectin was identified as a

lymphocyte homing receptor (1-4), but later, expression was demonstrated on all classes

of leukocytes (1,5-7) and it was established that L-selectin was also important for

mediating inflammatory leukocyte recruitment (7-14). The principal functions of L

selectin are to tether circulating leukocytes to activated endothelium in inflamed tissues

or to specialized high endothelial venules (HEV) in peripheral lymph nodes, and to

enable the tethered cells to roll along the vessel wall at a substantially reduced velocity

relative to freely flowing blood. This is an essential prerequisite for leukocyte

extravasation because it allows the cell to survey the local environment for cytokines and

chemoattractants that promote activation, arrest, firm adhesion and ultimately, emigration

into the surrounding tissue.

Four key structural features of L-selectin and its ligands facilitate the challenging

tasks of leukocyte tethering and rolling. First, L-selectin is localized to the tips of

leukocyte microvilli (15-18). Microvilli are pointed projections of the plasma membrane,

and localization of L-selectin to these structures facilitates access to carbohydrate ligands

on endothelial cell counter-receptors and serves to cluster the molecule which increases



its avidity. Additionally, clustering of L-selectin at the tips of microvilli may serve to

anchor the receptor to the cytoskeleton. Second, L-selectin ligands are multimeric. Like

other lectin–carbohydrate binding interactions with dissociation constants on the order of

10°M (19,20), monomeric L-selectin binding to monomeric oligosaccharides is

relatively weak. For example, soluble monomeric L-selectin binds to GlyCAM-1, a

secreted L-selectin ligand in peripheral lymph node, with a Kd of 10* M (21). Clustering

of L-selectin at the tips of microvilli and multimerization of L-selectin ligands, however,

enables multiple low affinity binding interactions to cooperate synergistically to tether

circulating leukocytes in flow and maintain endothelial adhesion despite shear forces in

the microvasculature. Third, L-selectin-mediated adhesion is transient and of high

mechanical strength. The combination of strong binding interactions with rapid on- and

off-rates (22) promotes temporary adhesive contacts that allow freely flowing cells to

engage endothelial ligands, then roll slowly along the vessel wall propelled by flowing

blood. Fourth, L-selectin ligands are sulfated (23-27). The inclusion of an electrostatic

component to the ligand recognition determinant increases both the strength and

specificity of the adhesive interaction.

The objectives of the studies described in this dissertation are to explore and

quantify some of the structural features of L-selectin and its ligands that are required for

high affinity binding. At the cellular level, the topology of the leukocyte surface is

surveyed, the plasma membrane distribution of L-selectin and one of its leukocyte

ligands, the P-selectin glycoprotein ligand 1 (PSGL-1), is investigated, and the functional

consequence of this distribution and of cell shape on neutrophil tethering and rolling are

evaluated. The hypothesis tested predicts that the microvillous localization of L-selectin



and PSGL-1 is necessary for efficient tethering and rolling in flow. At the molecular

level, the configurations of sulfate esters (OSO3) on synthetic carbohydrate ligand

mimetics that generate high affinity L-selectin ligands are determined. Additionally, the

positions of sulfate esters on carbohydrate ligands that define specific recognition

determinants for the endothelial E- and P-selectins and support binding of a

carbohydrate- and sulfate-dependent monoclonal antibody, MECA-79, that binds

competitively to L-selectin ligands is also pursued. The hypothesis tested predicts N

acetyl-D-glucosamine-6-sulfate (GlcNAc-6-OSO3), in the context of more elaborate

oligosaccharides, is an important recognition determinant for the selectins and MECA-79.

Although the configuration of sulfate esters on sulfated carbohydrate ligand mimetics that

define E- and P-selectin recognition determinants is addressed, the emphasis of this

dissertation is on L-selectin and its ligands.

To address these issues, a combination of approaches was utilized, including

immunogold labeling electron microscopy, organic carbohydrate synthesis and direct

binding assays employing sulfated carbohydrate ligand mimetics as substrates and

recombinant selectin-human IgM chimeras or L-selectin bearing Jurkat T-cells as

selectin probes. Because of the diverse nature of the techniques applied to achieve the

goals outlined above, this work was conducted in three laboratories. The topological

survey of the leukocyte plasma membrane and analysis of the distribution of L-selectin

and PSGL-1 was done in Dorothy Bainton’s laboratory at the University of California,

San Francisco (August, 1993 to February, 1996). The sulfated carbohydrates and

associated neoglycolipids were synthesized in Carolyn Bertozzi’s laboratory at the

University of California, Berkeley (February, 1996 to June, 1999). The selectin and



MECA-79 binding assays and peripheral molecular biological and biochemical work

were conducted in Steven Rosens's laboratory at the University of California, San

Francisco (March, 1995 to December, 1999).

Significance

Because L-selectin-mediated leukocyte-endothelial cell adhesion is of paramount

importance for inflammatory leukocyte recruitment, and is essential for lymphocyte

homing to peripheral lymph nodes, characterization of the structural features of L-selectin

and its ligands has been a focal point for understanding the regulatory mechanisms

underlying leukocyte migration into inflamed and secondary lymphoid tissues. The work
.

described here makes an original contribution to this field of study by first providing a

survey of the plasma membrane ultrastructure of human leukocytes, determining the

plasma membrane distribution of L-selectin and PSGL-1, and evaluating the consequence

of this distribution and of cell shape on neutrophil tethering and rolling. Second,

identification of the positions of sulfate esters on carbohydrate ligand mimetics that

generate high affinity L-selectin ligands reconciles differences in the field with respect to

which configuration of sulfate esters establishes the most adhesive L-selectin substrate.

Third, these studies are the first to systematically analyze E- and P-selectin binding to

carbohydrate sulfo■ orms, and to systematically decipher the elusive MECA-79 epitope

with respect to the relevant position of sulfation on carbohydrate ligands. Dissection of

selectin reactivity to different configurations of sulfate esters on carbohydrate recognition

determinants and characterization of the MECA-79 epitope with respect to carbohydrate

sulfation has useful application in elucidating some of the regulatory mechanisms



governing leukocyte trafficking and in providing fundamental structural leads for the

design of anti-inflammatory drugs aimed at inhibiting L-selectin-mediated

leukocyte-endothelial adhesion.

Background

The selectins and their ligands

The selectins are a family of three calcium-dependent, carbohydrate-binding

leukocyte-endothelial or leukocyte–leukocyte intercellular adhesion molecules, L-, E

and P-selectin. Their primary function is to mediate leukocyte tethering and rolling on

activated or specialized endothelium in inflamed or secondary lymphoid tissues, but in

some circumstances they also initiate intracellular signaling cascades. The importance of

the selectins is illustrated by the impaired leukocyte recruitment into inflammatory sites

and sever opportunistic infections suffered by individuals afflicted the human genetic

disease leukocyte adhesion deficiency II (28). The genetic defect in this disease is the

inability to synthesize fucose de novo and subsequent inability to elaborate selectin

ligands (29,30).

Selectin nomenclature is derived from the anatomical distribution of these

molecules. L-selectin is constitutively expressed on most circulating leukocytes (1,5-7),

but is shed upon cellular activation (31,32), and binds to sulfated carbohydrates on

endothelial cell ligands (23,24,33). E-selectin is synthesized de novo and is expressed on

activated endothelium in response to inflammatory cytokines (34,35). Downregulation of

E-selectin occurs by a combination of endocytosis and lysosomal degradation (36),

attenuation of gene transcription (35), and a short mRNA half-life (37). P-selectin exists



preformed in storage granules and is rapidly translocated to the surface of activated

platelets and endothelium during inflammation (38). Additionally, like E-selectin, P

selectin gene expression can be induced (39-41). P-selectin downregulation in

endothelium occurs by endocytosis. However, rather than being degraded, the receptor is

recycled to the Golgi complex, then stored in Weibel-Palade bodies (36). P-selectin can

be also shed from the cell surface (41). E- and P-selectin both bind to carbohydrate

ligands on leukocytes and platelets (42-44), and can cross react with HEV ligands for L

Selectin (45-47). Soluble forms of all three selectins can be found in serum (48).

In addition to binding endothelial ligands, L-selectin also engages ligands on

circulating leukocytes. The P-selectin glycoprotein ligand 1 is the best characterized

leukocyte ligand for L-selectin (49-51), however, the recent identification of a leukocyte

N-acetyl-D-glucosamine-6-O-sulfotransferase (52), suggests the existence of another

unidentified L-selectin recognition determinant(s) on circulating leukocytes. Indeed,

mucin-like L-selectin ligand activity distinct from PSGL-1 has been identified on

neutrophils and leukemic cell lines (53). In addition to binding PSGL-1 on leukocytes,

platelet P-selectin engages HEV ligands for L-selectin (45-47) and has been shown to

facilitate the delivery of L-selectin" memory T-cells to peripheral lymph nodes (54).

At the molecular level, the selectins share a unique mosaic structure consisting of

an extracellular N-terminal calcium dependent (C-type) lectin domain followed by an

epidermal growth factor-like domain, 2 to 9 short consensus repeats resembling domains

found in complement regulatory proteins, a transmembrane region, and a short

cytoplasmic tail (35,55-58). The lectin domain is highly conserved among the selectins

(59), and all three receptors can bind to the sialylated and fucosylated lactosamines sialyl



Lewis' (sLe”) (NeuAc{32—33Gal}1–4[Fuco 1–3]GlcNAc) and its isomersialyl Lewis"

(sLe") (NeuAc32—3Gal{}1–3|Fuco 1–4]GlcNAc)(60-62) in vitro. Detailed

biochemical analysis of physiological selectin ligands, however, has illustrated a much

more complicated composition of the molecules that bind to these receptors in vivo. For

example, L- and P-selectin ligands present a composite of carbohydrate and sulfate ester

binding determinants (27,63-65), and optimal L- and P-selectin binding is sulfate

dependent (23,24,66,67). While E-selectin binding is not sulfate dependent (68,69),

adhesion to 3'-sulfo Le" or 3'-sulfo Leº is well documented (70-72). Ligand sulfation is

important because it increases the on-rate, strength and specificity of these important,

unique and specialized binding interactions.
.

In the mouse, the HEV peripheral lymph node addressin (PNAd) is a complex of

four sulfated glycoprotein ligands for L-selectin (73), Sgp200 (24), CD34 (74,75), |
podocalyxin (76) and GlyCAM-1 (77). These ligands can be precipitated directly from |

lymph node detergent lysate by L-selectin (78) or the MECA-79 monoclonal antibody

(24,73,79). Of these ligands, glycosylation dependent cell adhesion molecule 1

(GlyCAM-1) is the most extensively characterized. GlyCAM-1 is a heavily O

glycosylated mucin-like glycoprotein that presents a polymeric array of densely clustered

carbohydrate side chains that was first identified as a secreted ligand for L-selectin

(78,80), but shown later to support a lesser degree of E- and P-selectin binding (46). As a

Secreted ligand, the function of GlyCAM-1 is not fully understood. It is tempting to

speculate that the C-terminal amphipathic helix can serve as an anchor motif to retain the

molecule in HEV allowing it to function as an adhesion ligand. The high serum

concentration of GlyCAM-1, approximately 1.5 pig■ mL (81), however, argues that a



significant portion of the molecule is not retained on HEV. Interestingly, GlyCAM-1 is

also expressed on HEV that are induced at sites of chronic inflammation (82). There is no

known human homologue of GlyCAM-1.

A non-adhesive function of GlyCAM-1 may be in signaling in lymphocytes.

Ligation of L-selectin with GlyCAM-1 in vitro has been shown to induce the

upregulation and functional activity of 31 and 32 integrins on naïve lymphocytes (83,84).

Interestingly, these effects are less pronounced on neutrophils which, under normal

circumstances do not traffic into lymph nodes. It is worthy of note, however, that

antibody mediated cross-linking of L-selectin on neutrophils does result in upregulation

of the adhesive activity of the 32 integrin Mac-1 (85).

Characterization of the O-linked glycans on GlyCAM-1 revealed 6'-sulfo sLe’,

containing galactose-6-sulfate (Gal-6-OSO3), and 6-sulfo sle", containing GlcNAc-6-

OSO3 , as novel and important oligosaccharide capping groups (25-27), Figure 1.1. These

structures fulfill all of the requirements of L-selectin recognition determinants necessary

for high affinity binding (sialylation, fucosylation and sulfation). Although 6',6-disulfo

sLe” was not definitively identified on GlyCAM-1, its presence among the O-linked

glycans is strongly suspected. Using an extensive panel of anti-sulfo sle monoclonal

antibodies, 6-sulfo sLe” has been identified on human lymph node HEV (86).

Interestingly, antibodies to 6'-sulfo and 6',6-disulfo sLe’ glycolipids failed stain human

lymph node HEV (87). In an effort to understand the regulatory mechanisms controlling

L-selectin-mediated adhesion with respect to ligand sulfation, and in pursuit of L-selectin

antagonists, versions of sulfo sle” and analogous structures have been evaluated for their

ability to bind to L-selectin. A major focus of this dissertation involves systematically

i
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Figure 1.1 Sialyl Lewis". Sulfation at R1,
the C-6 position of galactose (Gal) or R2,
the C-6 position of N-acetyl-D-glucos
amine (GlcNAc) generates 6'-sulfo or 6
sulfo sle”, respectively. These structures
are important L-selectin binding deter
minants, and were first identified on
GlyCAM-1. Sulfation at R1 and R2 gen
erates 6,6-disulfo sle”. Monoclonal anti
bodies to sulfo sle” have identified 6
sulfo sle” on HEV in human lymph node.
Interestingly, MAb to 6'-sulfo and 6',6-
disulfo sle” failed to stain human lymph
node HEV. The configuration of sulfate
esters on sulfo sle” that generates the
most adhesive ligand for L-selectin has
been a focus of research in many
laboratories. The N-acetyl-lactosamine
core is shown boxed. Abbreviations:
Fuc, fucose; Gal, galactose; GlcNAc, N
acetyl-D-glucosamine NeuAc, N-acetyl
neuraminic acid (sialic acid).

determining the configuration of sulfate esters on sulfo sLe” that generates the highest

affinity L-selectin ligand and defines the MECA-79 epitope, and identifying specific

recognition determinants for E-and P-selectin.

Two members of PNAd, CD34 (88,89) and podocalyxin (90-92), are broadly

expressed on vascular endothelium. On non-HEV or non-inflamed flat-walled

endothelium, these molecules do not stain with MECA-79 and are inactive for leukocyte

adhesion. During inflammation, however, CD34 and podocalyxin are candidates for the

engagement of leukocytes and support tethering and rolling. By implication from

acquisition of the MECA-79 epitope, this functionality likely is gained through

posttranslational modifications in the form of glycosylation and sulfation. Thus, L

Selectin-mediated leukocyte-endothelial adhesion and subsequent leukocyte

extravasation is governed in part at the level of ligand biosynthesis. Accordingly, the

glycosyltransferases and carbohydrate sulfotransferases that modify and activate



endothelial L-selectin counter receptors are important regulators of inflammatory

leukocyte recruitment and lymphocyte recirculation.

In appreciation of the requirement for carbohydrate sulfation for defining

oligosaccharide binding determinants for L-selectin, the carbohydrate sulfotransferases

that elaborate L-selectin ligands have gained significant attention over the last few years.

Five carbohydrate sulfotransferases that sulfate the C-6 position of galactose (Gal), N

acetyl-D-galactosamine (GalNAc) or GlcNAc have been cloned and classified as the GST

(Gal/GalNAc/GlcNAc) family of 6-O-sulfotransferases (52,93–98). Three of these

enzymes, KSGal6ST (keratan sulfate Gal-6-O-sulfotransferase) (93–95), GlcNAc6ST

(52,93,96) and HEC-GlcNAc6ST (high endothelial cell GlcNAc-6-O-sulfotransferase)

(95), also known as LSST (L-selectin ligand sulfotransferase) (97), are capable of

sulfating HEV-associated ligands for L-selectin. The ability of these enzymes to confer

L-selectin binding activity onto recombinant proteins in vitro (95,97,99) illustrates the

importance of Gal-6-OSO3 and/or GlcNAc-6-OSO3 as key components of L-selectin

binding determinants. Interestingly, only one of these enzymes, GlcNAc6ST, has been

able to reconstruct the MECA-79 epitope on transfected cells (99).

P-selectin glycoprotein ligand 1

The P-selectin glycoprotein ligand 1 (CD162) is the most extensively

characterized selectin ligand. Molecular cloning and biochemical analysis of PSGL-1 has

revealed a type-I dimeric mucin-like glycoprotein that bears a limited number of N-linked

glycans, and extensive clustered O-linked oligosaccharides that terminate with sialylated,

fucosylated N-acetyllactosamine glycans (66,68,100). Additionally, there are one to three
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sulfated tyrosine residues in the N-terminus that are required for P-selectin binding

(64,65). Although PSGL-1 accounts for only a small amount of the sLe” on neutrophils, it

accounts for virtually all of the P-selectin binding (66). Surprisingly, the sLeº capping

groups on PSGL-1 are not sulfated on HL-60 cells (101), a promyelocytic cell line. It is

possible that these cells lack the relevant glycosyl sulfotransferase(s) to assemble sulfo

SLeº. Alternatively, the carbohydrate side chains on PSGL-1 may not be sulfated, and the

requirement for ligand sulfation may be fulfilled entirely by the N-terminal tyrosine

sulfates. It is noteworthy that PSGL-1 does not stain with MECA-79, and that P-selectin

does not bind to recombinant PSGL-1 when it lacks tyrosine sulfate (65).

Although the name implies PSGL-1 is a P-selectin ligand, PSGL-1 is in fact an

important leukocyte ligand for all three selectins (49,50,69,102-105). As a ligand for the

endothelial E- and P-selectins, PSGL-1 maintains a significant function as a mediator of

leukocyte tethering and rolling on inflamed endothelium. As a ligand for platelet P

selectin, PSGL-1 participates in the formation of a leukocyte-platelet-HEV bridge that

may facilitate the delivery of L-selectin" memory T-cells to peripheral lymph nodes (54).

Additionally, engagement of PSGL-1 on monocytes by platelet P-selectin invokes

multiple monocyte functions (see below). As a ligand for L-selectin, PSGL-1 may be

important for sustaining leukocyte recruitment into inflamed tissues where the endothelial

Selectins and L-selectin ligands are obscured by a carpet of adherent leukocytes. Indeed

neutrophil rolling on adherent neutrophils has been shown to be mediated by L

selectin—PSGL-1 interaction in laminar flow assays (50,106).

The P-selectin glycoprotein ligand 1 is expressed on all stages of hematopoietic

myeloid precursors (Chapter 4 and (107)), as well as on all classes of mature leukocytes

.
.

11



(Chapter 4 and (108)), and cell surface expression is retained following extravasation

(107). Like L-selectin, the plasma membrane distribution of PSGL-1 is dynamic and

intriguing. On resting leukocytes, PSGL-1 is localized to the tips of microvilli (104,108),

however, on activated cells, PSGL-1 is redistributed to the planar cell surface of the

uropod (108-110). Knowing L-selectin—PSGL-1 interaction can mediate neutrophil

rolling on neutrophils, it is tempting to hypothesize that PSGL-1 redistribution on

activated cells provides an alternative substrate for tethering and rolling on endothelium

that is tiled with adherent leukocytes.

In addition to its role as an intercellular adhesion molecule, PSGL-1 has also been

established as a signaling molecule in monocytes. In inflamed tissues or sites of vascular

injury, P-selectin-dependent adhesion of platelets to monocytes via PSGL-1 induces or

amplifies a number of monocyte responses including superoxide anion release, platelet

activating factor synthesis, phagocytosis and tissue factor expression (111-113).

Additionally, P-selectin—PSGL-1 interaction costimulates secretion of monocyte

chemotactic protein 1 and tumor necrosis factor-o, and is associated with nuclear

translocation of NF-kB (114,115), an important transcription factor involved in the

expression of numerous inducible genes involved in inflammation (116,117).

MECA-79

MECA 79 is a rat IgM monoclonal antibody (79) that binds to shared

posttranslational modifications on endothelial ligands for L-selectin (24,73,118). Like L

selectin, MECA-79 binding is carbohydrate and sulfate dependent (24), however, unlike

L-selectin, MECA-79 binding does not require sialic acid (24) or fucose (119,120). In

.
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numerous species, MECA-79 stains HEV in peripheral lymph node, the portal of

lymphocyte entry into the parenchyma, and the MECA-79 epitope is upregulated on HEV

that are induced at sites of chronic inflammation (82,118,121-127). MECA-79 can

precipitate from murine lymph node and human tonsil detergent lysates the quartet of

HEV ligands that constitute PNAd (24,73,79). Furthermore, MECA-79 is competitive

with L-selectin and can block lymphocyte attachment to HEV in vitro and inhibit short

term homing of lymphocytes to lymph nodes in vivo (79,128). It is worthy of note,

however, that although MECA-79 inhibition of L-selectin staining and lymphocyte

attachment to peripheral lymph node HEV is substantial, it is only partial. MECA-79

staining of mucosal lymph node HEV is mosaic and abluminal, and absent in Peyer’s

patches. These observations suggest that MECA-79 recognizes only a subset of L-selectin

ligands. Nonetheless, because of the parallels in ligand recognition between L-selectin

and MECA-79, the overlapping structural requirements of their ligands, and the ability of

MECA-79 to attenuate L-selectin staining and lymphocyte attachment to HEV, it is likely

the MECA-79 epitope contains at least part of the L-selectin recognition determinant.

Consequently, the MECA-79 antibody is an important tool for studying L-selectin

ligands, and the molecular identification of its epitope is of significant interest.

Multistep model of inflammatory leukocyte recruitment

Leukocyte recruitment into diseased or damaged tissue is the hallmark of an

inflammatory response and can be described by the multistep paradigm illustrated in

Figure 1.2 (129,130). In the first step, circulating leukocytes are tethered to activated

endothelium by virtue of transient adhesion events involving the leukocyte L-selectin and

i
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endothelial cell ligands that are up-regulated in response to inflammatory stimuli

emanating from the endothelium, underlying tissue parenchyma or infiltrating

microorganisms. Adhesive interactions involving the endothelial E- and P-selectins and

counter structures constitutively present on circulating leukocytes also participate in this

initial step. Transient, selectin-mediated adhesion in combination with shear forces in the

microvasculature causes tethered leukocytes to roll along the vessel wall at a significantly

reduced velocity relative to freely flowing blood. This allows the tethered cells to survey

the local environment for cytokines and chemoattractants trapped in the endothelial

glycocalyx. If G-protein linked cytokine receptors are engaged, the leukocyte becomes

activated and polarized. This results in a shift in the distribution, expression and

functional activity of adhesion molecules on the cell surface. L-selectin is shed, the

expression and functional activity of 31 and 32 integrins are upregulated, and PSGL-1 is

redistributed to the uropod. Subsequent arrest, firm attachment to the vessel wall and

leukocyte spreading is mediated through interactions between leukocyte integrins and

endothelial ligands belonging to the immunoglobulin gene superfamily. Once the

endothelium is carpeted with leukocytes and the endothelial selectins and ligands for L

Selectin are no longer accessible, sustained and amplified recruitment of leukocytes is

mediated likely through leukocyte-leukocyte binding interactions involving PSGL-1 on

adherent leukocytes and L-selectin on circulating leukocytes. Finally, firmly adherent

cells traverse the endothelium and basement membrane in response to chemotactic

factors to complete their journey into the underlying tissue.

i

14



Blood flow —

Selectin-mediated tethering Cytokine-mediated
and rolling activation and polarization

v
l

L-selectin Integrin-mediated

AN SR § arrest, adhesion and transendothelial migration#. PsGl-w
L-selectin º

ºligand
P-selectin

E-selectin

■ chemoattractant”
& 2 º’ o

Figure 1.2 Multistep model of inflamatory leukocyte recruitment. Leukocyte recruitment into
inflamed tissues involves a series of concerted adhesion events mediated by the selectins,
leukocyte integrins and members of the immunoglobulin superfamily. See text for details.

Lymphocyte recirculation through peripheral and mesenteric lymph nodes

The constitutive recruitment of lymphocytes through secondary lymphoid tissues

is another central component of the immune response. Lymphocytes continuously

recirculate from the blood through the lymphoid organs and back to the blood by way of

the lymphatics patrolling the body for foreign antigen (131). Antigens carried by the

lymph or blood are concentrated in secondary lymphoid organs, thus this process

increases the probability of a specific clone coming in contact with an antigen presenting

cell displaying its cognate antigen (132). The process by which lymphocytes enter lymph

nodes follows the same sequence of adhesive steps observed in extra lymphoid leukocyte

inflammatory recruitment with two major differences. First, the endothelial E- and P
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selectins are not involved in lymphocyte tethering and rolling on HEV. Second, L

Selectin ligands are constitutively expressed on HEV. Although factors circulating in the

lymph are required for the maintenance of ligand expression (133,134), this situation is

different from that of inflamed endothelium where the expression of L-selectin ligands is

transient and dependent on the release of inflammatory cytokines. Like L-selectin ligands

expressed on inflamed endothelium, L-selectin ligands expressed in peripheral lymph

node HEV are MECA-79 reactive. MECA-79 can partially inhibit L-selectin-mediated

lymphocyte adhesion to HEV illustrating the importance of the MECA-79 epitope in

mediating leukocyte-endothelial cell adhesion (79). It is worthy of note that the high

endothelial cells that form HEV incorporate large amounts of inorganic sulfate in rats and

humans (135). The requirement for sulfation of L-selectin ligands may explain this

unique metabolic feature of this specialized vasculature.

Lymphocyte recruitment to mesenteric lymph nodes and Peyer’s patches involves

a series of adhesive events similar to recruitment into peripheral lymph nodes, with two

notable exceptions. First, in addition to L-selectin-mediated tethering and rolling,

engagement of the lymphocyte Oa■ 7 integrin with the endothelial mucosal lymph node

addressin (MAdCAM-1) contributes to lymphocyte rolling on HEV (136,137). For most

lymphocytes, selectin-mediated tethering and rolling precedes integrin-mediated tethering

and rolling. Interestingly, like L-selectin, OAB7 is localized to the tips of microvilli (137).

Second, MECA-79 staining of mesenteric lymph node HEV is mosaic and abluminal, and

MECA-79 only partially blocks lymphocyte adhesion to mesenteric HEV. MECA-79

does not stain Peyer's patch HEV and does not block lymphocyte adhesion to Peyer's

patch HEV (79).
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Biomedical relevance

Although leukocyte migration into inflamed tissues and lymphocyte recirculation

through secondary lymphoid tissues are essential processes for normal immune function,

they have also been associated with several disease states. Chronic leukocyte infiltration

results in tissue damage due to prolonged leukocyte activity and has been associated with

inflammatory disorders including juvenile diabetes, inflammatory bowel disease,

rheumatoid arthritis, asthma, multiple sclerosis and allograft rejection. Furthermore, the

mechanisms by which lymphocytes traffic through lymph nodes likely also direct the

metastasis of lymphomas throughout the lymphoid system (138). Thus, the essential

contributions of leukocyte adhesion to inflammation and tumor cell metastasis

underscores the importance of understanding the associated molecular interactions and

the mechanisms by which leukocyte-endothelial and leukocyte–leukocyte adhesion is

regulated.

The multistep model of inflammatory leukocyte recruitment described in Figure

1.2 illustrates multiple points of regulation governing this process, and suggests that there

are multiple targets for anti-inflammatory drugs aimed at inhibiting leukocyte

endothelial adhesion. Examples of these targets include the selectins, selectin ligands, e.g.

the enzymes that biosynthesize selectin ligands, the leukocyte integrins and their

endothelial ligands. Due to their essential contribution and early participation in the

cascade of adhesion events that culminates in leukocyte migration into inflamed and

secondary lymphoid tissues, the selectins and their ligands have attracted significant

attention as potential targets for new anti-inflammatory therapeutics. Of the three

selectins, L-selectin and its ligands may offer the greatest therapeutic potential because of

.
t
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their participation in a wide range of inflammatory disorders, and their postulated

involvement in the sustained recruitment of leukocytes into sites of fulminate

inflammation.

There are two clear approaches toward inhibiting L-selectin-mediated

leukocyte-endothelial cell adhesion. One involves direct antagonism of L-selectin itself,

while the other involves site-specific suppression of L-selectin ligand biosynthesis. Due

to the dual role of L-selectin in mediating inflammatory leukocyte recruitment and

lymphocyte recirculation, employment of L-selectin antagonists to manage inflammatory

disease risks iatrogenic immunodeficiency. An alternative, and likely more sustainable

strategy to control serious inflammatory disease, is site-specific suppression of ligand

biosynthesis. Since the expression of E-selectin or the vascular cell adhesion molecule 1

is inducible and is restricted to inflamed endothelium (34,139), these molecules offer

potential targets for the delivery of agents that could inhibit the expression, function, or

appropriate intracellular localization of the glycosyltransferases or carbohydrate

sulfotransferases involved in the assembly and elaboration of L-selectin recognition

determinants. For success in either strategy, L-selectin antagonism or inhibition of ligand

biosynthesis, defining the structural features of the molecules directly involved in the

adhesive interactions and their regulation is clearly important. The objectives of the

experiments described in this dissertation are to illuminate some of the structural and

molecular attributes of L-selectin and its ligands that are required for high affinity L

Selectin binding, and to identify patterns of carbohydrate sulfation that define specific

recognition determinants for E- and P-selectin and that define the MECA-79 epitope.

:
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PART ONE

Leukocyte surface topology and plasma membrane distribution of L-selectin and the

P-selectin glycoprotein ligand 1

.
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Survey of the surface topology of human leukocytes and
quantification of L-selectin distribution on microvilli

This work was conducted in Dorothy Bainton's laboratory at the University of California, San Francisco
(August, 1993 to March, 1994). The data and analysis discussed here have been published:

Bruehl, Richard E., Springer, Timothy A., Bainton, Dorothy F. Quantitation of L-selectin distribution on
human leukocyte microvilli by immunogold labeling and electron microscopy. J. Histochem. Cytochem. 44:835
844, 1996.

Summary

Localization of L-selectin to the tips of neutrophil (PMN) and lymphocyte

microvilli has been demonstrated, however, its distribution on these cells has not been

quantified, and its localization on other leukocytes and the morphometry of microvillion
.

different leukocyte subpopulations have not been previously examined. In this study,

PMN and mononuclear leukocytes were isolated from anticoagulated blood by dextran

sedimentation and density centrifugation, fixed in 2% paraformaldehyde, 0.05%

glutaraldehyde, immunogold labeled for L-selectin and embedded in Epon resin. The

distribution of L-selectin was determined by counting gold particles on the plasma

membrane of sectioned cells, and the surface microstructure of these cells was surveyed

on two-dimensional transmission electron micrographs. On average, 78% of PMN, 72%

of monocyte, and 71% of lymphocyte L-selectin was observed on the microvilli with

more variance on lymphocytes than the other cell types. Typical PMN and monocyte

sections had 26 microvilli while typical lymphocyte sections had 23. Quantification of

the distribution of L-selectin and leukocyte surface topology offers a foundation from

which to study the requirement of microvilli and microvillus-localized L-selectin for

leukocyte tethering and rolling in model systems that mimic microvascular environments

(Chapter 3).
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Introduction

L-selectin is constitutively expressed on all classes of leukocytes, except a

substantial population of memory T-cells, and a subset of natural killer cells (1,5-7). The

surface expression of L-selectin has been estimated by flow cytometry to occur at 65,000

sites per neutrophil (140) and at 50,000 to 100,000 sites per lymphocyte (141), and

localization to the tips of PMN and lymphocyte microvilli has been established by frozen

thin section (15) and scanning electron microscopy (16,17). Microvilli are pointed

projections of the plasma membrane, and are the initial points of contact between flowing

cells and the vascular endothelium (142). Localization of L-selectin to these structures

may facilitate leukocyte tethering under conditions of flow by concentrating the receptor

in order to increase its avidity for endothelial ligands, and by making it more accessible

to these ligands. It is worthy of note that the oa■ i integrin (137) and PSGL-1 (104),

which are other adhesion molecules involved in leukocyte tethering and rolling, are also

localized to the tips of microvilli.

In this study, the distribution of L-selectin was determined by counting gold

particles on the plasma membrane of immunogold labeled PMN, monocytes and

lymphocytes sectioned from Epon blocks, and the surface microstructure of these cells

was surveyed on two-dimensional transmission electron micrographs. The distribution of

L-selectin between the microvilli and the planar cell surface, the length of the plasma

membrane and microvilli, the number of microvilli per section, and the contribution of

microvilli to the total length of the plasma membrane were determined for leukocytes

isolated from anticoagulated blood by dextran sedimentation and density centrifugation.

Cells were prepared in this manner because this is how leukocytes typically are isolated
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for analysis in laminar flow assays. This quantification and comparison provides a

baseline from which to study the requirement of microvilli and the localization of L

selectin to microvilli for leukocyte tethering and rolling in flow chambers that mimic

microvascular environments (143,144).

Materials and methods

Leukocyte isolation and pre-embedding immunogold labeling

Approval for obtaining human blood by vein puncture was obtained from the

Human Subjects Committee at the University of California, San Francisco. Leukocytes

were isolated from venous blood drawn from consenting donors into syringes containing

0.14 mL acid-citrate-dextrose per mL blood by dextran sedimentation and Ficoll

Hypaque density centrifugation as previously described (145). Neutrophils were isolated

from the polymorphonuclear leukocyte band, and monocytes and lymphocytes were

isolated from the mononuclear leukocyte band. The isolated leukocytes were washed in

Hank's balanced saline solution (HBSS; Gibco Laboratories, Grand Island, NY)

supplemented with 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH 7.3, and allowed

to recover in suspension for 5 min at ambient temperature. The cells were then fixed in

2% paraformaldehyde, 0.05% glutaraldehyde, 100 mM sodium phosphate, pH 7.4 for 30

min, and labeled with an anti-L-selectin (DREG-200) (4) (10 pg/mL) monoclonal

antibody (MAb), a polyclonal rabbit anti-B2-microglobulin (A072, Dakopatts Ltd,

Glostrup, Denmark) (225 pig■ mL), or a control IgG1 (X63, 1:100 dilution of tissue culture

Supernatant) for 60 min. In order to amplify the gold labeling, a polyclonal rabbit anti

mouse antibody (Zymed Laboratories, Inc. South San Francisco, CA) was added at 10
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pug/mL to all samples except the 32-microglobulin for 60 min. To control for non-specific

binding of the rabbit anti-mouse antibody and the polyclonal rabbit anti-■ }2-

microglobulin, cells that did not receive primary antibody were incubated with normal

rabbit serum diluted 1:4 (250 pig■ mL antibody assuming an initial concentration of 1

mg/mL). Protein A-gold 5 nm (Laboratory of Cell Biology, Utrect, The Netherlands)

diluted 1:25 in 0.1% BSA PBS, pH 8.0 was added for 60 min. The immunogold-labeled

cells were re-fixed in 1.5% glutaraldehyde in 0.067 M sodium cacodylate, pH 7.4 with

1% sucrose, for 45 min. Some samples were further treated with diaminobenzidine and

hydrogen peroxide to stain cytoplasmic granules for peroxidase (146). All samples were

post-fixed in 2% OsO4 in veronal acetate buffer, stained with aqueous 1% uranyl acetate,

dehydrated in graded ethanol, and embedded in Epon (147).

Cell surface topology and L-selectin distribution

Measurements of the plasma membrane and microvilli were obtained by tracing

electron micrographs of sectioned leukocytes on a digital drawing tablet, and interpreting

the traces using morphometry software (Bioquant System IV, R & M Biometrics, Inc.,

Nashville, TN). In order to compare morphometric determinations among cell types, this

study was limited to equatorial sections. Therefore, only micrographs that included

Sections of the Golgi complex or multiple lobes of the nucleus were chosen for analysis.

Data were collected from 100 micrographs of whole PMN sections from 4 donors (25

each), and 50 micrographs of whole monocyte of lymphocyte sections from 2 donors (25

each); A total of 2551 PMN microvilli, 1298 monocyte microvilli, and 1165 lymphocyte

microvilli were measured. Cross sectional area and plasma membrane length

.
º
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measurements were obtained simultaneously by tracing the perimeter of the sectioned

cell. The diameter of the cells was determined by averaging the length and width of the

sections. Length measurements were obtained by measuring the longest axis that passed

through the center of the cell and width measurements were obtained by measuring the

longest axis perpendicular to the length axis. The measured axes spanned the sections

between flat regions of the plasma membrane and did not include microvilli.

Microvilli were defined as pointed projections of the plasma membrane extending

at least 50 nm from what would otherwise be a smooth contour of the cell surface (148).

Because of the two-dimensional nature of transmission electron micrographs it was not

possible to distinguish short broad microvilli from folds or ruffles in the plasma

membrane. Given this limitation, it is possible that plasma membrane extensions

exceeding 150 to 200 nm in width at the base may in fact be folds or ruffles rather than

true microvilli. Microvilli were measured along the central axis from the midpoint of the

tip to what would otherwise be the surface of the cell if there were no microvilli.

The intraobserver error associated with the morphometric determinations in this

study was determined by randomly selecting 20 micrographs and measuring of the

plasma membrane circumference, cross sectional area and diameter of the sections, and

counting the microvillion two separate occasions. To determine the intraobserver error

associated with measurements of microvillous length, 232 microvilli from 10 randomly

Selected micrographs were measured on two separate occasions. Linear regression

analysis of these determinations resulted in r values of 0.967, 0.999, 0.962, 0.991, and

0.978 for the plasma membrane circumference, cross sectional area, diameter, number of

microvilli per section, and microvillous length respectively (p<0.0001).
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The distribution of L-selectin was determined by counting gold particles on the

plasma membrane of immunogold labeled cells and distributing the counts into

microvillus or planar cell surface categories. Because fixation decreased the number of

functional epitopes and the reagents were multivalent, the number of gold particles

counted did not quantitatively define the number of L-selectin molecules present. It did,

however, provide a means of indexing the distribution of the receptor between the

microvillus and non-microvillus compartments of the plasma membrane. Fifty

micrographs of whole cell sections from two donors (25 each) were analyzed for each

cell type.

The intraobserver error associated with the distribution of gold particles was

determined by randomly selecting 20 micrographs and counting the gold particles on two

separate occasions. Linear regression analysis of the data generated r values of 0.995 and

0.999 for the percent of particles localized to microvilli and the total number of particles

per section, respectively (p<0.0001).

Statistics

Values cited are the arithmetic mean + one standard deviation (SD). One way

analysis of variance was used to compare the means of L-selectin distribution and

morphometric parameters among PMN, monocytes and lymphocytes for normally

distributed data with equal variance. In cases where the data was not normally distributed

or variance among samples was not equal, a Kruskal-Wallis one way analysis of variance

on ranks was used to compare medians. The statistical significance of differences

between means was evaluated using a Student-Newman-Keuls all pairwise multiple
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comparison procedure at a significance level of O. = 0.05. The statistical significance of

differences between medians was evaluated using Dunn's method for all pairwise

multiple comparisons at a significance level of O = 0.05. Correlation between the number

of gold particles per microvillus and microvillus length, and correlation between the

proportion of L-selectin localized to the microvilli and the number of microvilli or gold

particles per section were calculated using a Pearson product moment correlation. Data

for the correlation between the number of particles per microvillus and microvillus length

were obtained from 25 micrographs of each cell type from one donor; 758 PMN, 682

monocyte and 461 lymphocyte microvilli were evaluated. Data for the correlation

between the distribution of L-selectin and the number of microvilli or gold particles per
.

section were obtained from 50 micrographs of each cell type from 2 donors (25 each).

Statistical tests were performed using SigmaStat statistical software (SPSS, Inc., Chicago,

IL).

Results

Quantification of L-selectin Distribution

All classes of leukocytes were labeled with the anti-L-selectin MAb DREG-200,

although eosinophils were only lightly labeled and some lymphocytes were not labeled at

all. Gold particles were most frequently observed in clusters both at the tips of microvilli

and along the planar cell surface, however, occasionally single particles were

encountered on both compartments of the plasma membrane. The proportion of L

selectin localized to the microvilli of PMN, monocytes and lymphocytes was determined

by counting gold particles on the plasma membrane of sectioned cells and distributing the

26



counts into microvillus or planar cell surface categories. Although particles were also

observed on the tips of eosinophil and basophil microvilli, the distribution of L-selectin

on these cell types was not quantified due to insufficient sampling.

Neutrophil

Sectioned PMN presented numerous microvilli of varied length, width and

frequency (Figure 2.1), and on average, 78 + 9% of the gold particles labeling L-selectin

were counted on microvilli (Table 2.1) with most observed at the tips (Figure 2.2A). The

number of gold particles per microvillus was independent of microvillus length (Figure

2.3A) which is consistent with the observation that the majority of the receptor is

positioned at the tip. The partitioning of L-selectin to microvilli was independent of the

number of microvilli or gold particles per section (Figures 2.3B and C) which shows that

differences in the number of microvilli or particles per section among samples does not

distort the distribution analysis. The anti-L-selectin MAb did not label red blood cells or

platelets, and the class matched control did not label any blood cells (data not shown).

To demonstrate random cell surface labeling in contrast to microvillus

localization, leukocytes were also labeled with a polyclonal antibody against the invariant

HLA light chain fl2-microglobulin. This antibody labeled the entire plasma membrane

circumference of all leukocytes and platelets and was not preferentially localized to

microvilli (Figure 2.2B). The anti-■ 3-microglobulin antibody did not label red blood

cells, and the normal rabbit serum control did not label any cells.
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Figure 2.1 Transmission electron micrograph of a human neutrophil immunogold labeled with the DREG
200 anti-L-selectin antibody. Numerous microvilli (arrows) of varied length, width and shape, and irregular
spacing can be seen on the surface of this cell. This particular section shows 31 microvilli and has a plasma
membrane circumference of 42 pum. Although barely visible at this magnification, gold particles labeling L
selectin can be seen at the tips of most microvilli (black dots). A higher magnification view of the plasma
membrane with clearly visible gold particles is shown in Figure 2.2. Nu, nucleus. Original magnification x
17,900. Bar = 1 pim.
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Figure 2.2 High magnification of human PMN plasma membrane. (A) Microvillus positioning of L-selectin on
microvilli. A typical segment of PMN plasma membrane showing 7 microvilli with groups of gold particles
labeling L-selectin localized at the tips (arrows). Note that the number of particles per microvillus is inde
pendent of microvillus length. Gold particles on the planar cell surface can also be seen (arrow heads). Of
the 89 particles visible on this segment of plasma membrane, 80 (90%) can be seen on the microvilli. (B)
Random distribution of 32-microglobulin. B2-microglobulin is labeled as a contiguous series of single gold
particles without preferential partitioning to the microvilli or planar cell surface. Note that gold particles on
microvilli are not concentrated at the tip (arrows). Original magnification x 42,000. Bar = 0.5 p.m.
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Figure 2.3 Correlation between the number of gold particles per microvillus and microvillus length, and be
tween the distribution of L-selectin and the number of microvilli or gold particles per cell section. Data shown
is the mean number of gold particles per microvillus, or the mean percent of L-selectin localized to microvilli,
Error bars are one standard deviation. (A) The average number of gold particles per microvillus was 6.6 +
4.9, 4.3 + 3.7, or 4.9 + 3.7 for PMN, monocytes and lymphocytes, respectively, and was independent of mi
crovillus length (r = 0.038, 0.314, 0.339 for PMN, monocytes and lymphocytes, respectively). Microvilli with
out gold particles were excluded from the analysis. Of all microvilli sampled, 17% of PMN, 23% of monocyte
and 29% of lymphocyte microvilli were not labeled. (B) The percent of L-selectin localized to microvilli was
independent of the number of microvilli per section (r = 0.558, 0.586, 0.373 for PMN, monocytes and lym
phocytes, respectively. (C) The percent of L-selectin localized to microvilli was independent of the number of
gold particles per section (r = -0.054, 0.105, -0.050 for PMN, monocytes and lymphocytes, respectively.
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Table 2.1 L-selectin distribution on PMN, monocyte and lymphocyte microvilli

PMN Monocyte Lymphocyte
Mean + SD Range Mean + SD Range Mean + SD Range

Percent of gold particles
per compartment

Microvilli 78 + 9 51 – 95 72 + 10 53 – 89 71 + 14 24 – 92
Planar cell Surface 22 + 9 5 – 49 28 + 10 11 – 47 29 + 14 8 – 76

Number of gold particles
per compartment

Plasma membrane 209 + 76 60 – 448 120 + 45 30 — 212 106 + 56 41 – 296
Microvilli 163 + 63 51 – 354 87 it 35 19 — 159 75 + 39 11 – 203
Planar cell Surface 46 + 25 8 – 103 33 + 16 9 – 79 31 + 24 4 – 127

Neutrophils partitioned a greater proportion of L-selectin to the microvilli than monocytes or lymphocytes (p <
0.0001), while the difference in distribution between monocytes and lymphocytes was not statistically
significant (p = 0.8443). The difference in means between PMN and monocytes was 6 + 4% (+ 95%
confidence interval), and the difference in means between PMN and lymphocytes was 7 # 5% (+ 95%
confidence interval). A statistically significant difference in the distribution of L-selectin between donors was
not detected at a significance level of 0.05 for the lymphocyte data (p = 0.3187), however, there were
statistically significant differences in the distribution between donors for the PMN and monocyte data (p <
0.0001, p = 0.0108, respectively). The mean difference for the PMN data was 11 + 5% (95% confidence
interval), and the mean difference for the monocyte data was 7+ 5% (95% confidence interval).

Other cell types

L-selectin was also preferentially localized to the tips of monocyte (Figure 2.4A)

and lymphocyte microvilli (Figure 2.4B). On average, 72 + 10% of the gold particles

labeling L-selectin on monocytes, and 71 + 14% of the gold particles on lymphocytes

was counted on the microvilli (Table 2.1). As with PMN, the number of gold particles per

microvillus on both cell types was independent of microvillus length, and the percent of

L-selectin positioned on microvilli was independent of the number of microvilli or gold

particles per section (Figure 2.3A-C). Sections of immunogold labeled basophils (Figure

2.4C) and eosinophils (Figure 2.4D) also presented the majority of the gold particles on

the tips of microvilli.
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Figure 2.4 Human leukocytes immunogold labeled for L-selectin. (A) Monocyte, reacted for per
oxidase. (B) Lymphocyte. (C) Basophil. (D) Eosinophil. Gold particles can be seen primarily at the
tips of microvilli (arrows), but also on the sides and on the planar cell surface (arrow heads). Note
that monocyte microvilli are longer than microvilli on the other cells in panels B, C, and D, and in
Figures 2A and 2B. In this study, only 3 eosinophil and 3 basophil whole cell sections were quan
tified. Counting gold particles on these sections showed 76 + 8% of eosinophil, and 75 + 3% of
basophil gold particles were localized to the microvilli. While this sample size is too small to reach
definitive conclusions regarding the quantitative distribution of L-selectin on these cell types, they
suggest the receptor is preferentially positioned on microvilli. A distinctive basophil granule can
be seen at (b) in panel C, and eosinophil granules with crystalline content can be seen at (e) in
panel D. Original magnification x 42,000. Bar = 0.5 p.m.
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Quantification of Leukocyte Microvilli

Typical PMN sections had 26 + 5 microvilli at a frequency of 1 per 1.4 pum

plasma membrane. Monocyte sections had 26 + 6 microvilli per section at a frequency of

1 per 1.7 pum plasma membrane, and lymphocyte sections had 23 + 6 microvilli at a

frequency of 1 per 1.4 pum plasma membrane (Table 2.2). Microvilli were shortest on

PMN where the average length measured 290 + 170 nm, and 95% were less than 530 nm.

Monocyte microvilli were longest and most varied in length, and measured 390 + 280

nm, with 95% less than 780 nm. The average lymphocyte microvillus measured 340 +

190 nm with 95% less than 600 nm. The distribution of microvillus length on these cells

is shown in Figure 2.5

To estimate the percent of the plasma membrane circumference occupied by the

microvilli, the difference between the measured and the theoretical length of the plasma

membrane was compared to the measured length. The theoretical length approximated

the circumference of a cell without microvilli, and was calculated as the circumference of

an ellipse based on the length and width of the section. Using this calculation, we

estimated microvilli occupied 30 to 40% of the plasma membrane circumference of

PMN, monocytes and lymphocytes (Table 2.2). Using the length and width

determinations to calculate section diameter, we obtained values of 8 + 1 pum for PMN

and monocyte diameter, and 6 + 1 pum for lymphocyte diameter (Table 2.2). These values

are in good agreement with those obtained by others (149).
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Table 2.2 Survey of surface microstructure of sectioned PMN, monocytes and lymphocytes

PMN Monocyte Lymphocyte
Mean + SD Range Mean + SD Range Mean + SD Range

MV per section 26 + 5 14 – 39 26 + 6 9 — 36 23 + 6 7 – 39

Microvillus length (nm) 290 + 170 50 – 1900 390 + 280 50 – 3420 340 + 190 50 – 1500
Percent of PM 32 + 8 14 – 50 40 + 8 21 – 60 37+ 9 19 – 50

occupied by MV
PM circumference 35 + 4 28 – 47 44 + 6 34 – 60 32 + 5 20 – 45

(um)
Cross sectional area 47 it 6 31 – 62 57+ 6 40 – 70 34 + 5 18 – 67

(um”)
Diameter (um) 8 + 1 6 – 9 8 + 1 7 – 10 6 + 1 5 – 8

Morphometric determinations were obtained from 100 PMN sections from 4 donors (25 each), 50 monocyte
and 50 lymphocyte sections from 2 donors (25 each). Analysis of variance of mean values for PMN cross
sectional area and diameter did not detect significant differences among donors (p = 0.4777 and 0.1938,
respectively). Variations among donors were detected for PMN plasma membrane circumference, the
number of microvilli per section, and microvillus length (p < 0.0001 for all tests). The greatest difference in
PMN plasma membrane circumference was 7 pm, the greatest difference in the number of microvilli per
section was 8 microvilli, and the greatest difference in microvillus length was 100 nm. Comparison of the
mean number of microvilli per monocyte section by Student's t-test did not detect significant differences
between donors (p = 0.241). Statistically significant differences between donors were detected, however, for
the cross sectional area (4 um’, p = 0.0249), diameter (0.3 pm, p = 0.0454), plasma membrane
circumference (6 um, p = 0.0078) and microvillus length (80 nm, p < 0.0001). No differences were detected
in mean values for lymphocyte cross sectional area and diameter between donors (p = 0.263 and 0.367,
respectively) by Student's t-test, however, differences in mean values between donors were detected for
plasma membrane circumference (6 pm, p < 0.0001) and the number of microvilliper section (10 microvilli, p
< 0.0001), and the median values for microvillus length (140 nm, p < 0.0001).

* MV, microvilli; PM, plasma membrane

Discussion

This is the first attempt to quantify the distribution of L-selectin on the plasma

membrane of circulating human leukocytes by pre-embedding immunogold labeling, and

to determine the number and length of microvilli on two-dimensional electron

micrographs of sectioned PMN, monocytes and lymphocytes. Gold particles labeling L

selectin were typically observed in clusters both at the tips of microvilli, and on the

planar cell surface, and the number of particles counted on a microvillus was independent

of microvillus length. On average, 78% of PMN, 72% of monocyte, and 71% of

lymphocyte L-selectin partitioned to the microvilli. It is worthy of note that by the same
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techniques used here, approximately 90% of human L-selectin transfected into murine

pre-B cells was observed on microvilli (150,151). The more complete partitioning to

microvilli in transfection experiments could be due to intrinsic differences between

human leukocytes and murine lymphoblast cell lines. Localization of L-selectin to

microvillion rabbit PMN has also been observed (152), which, combined with the

observations of murine lymphoblasts, demonstrates partitioning of L-selectin to leukocyte

microvilli is not unique to humans. ~

While the data presented here quantitatively extend the observations of others that º

L-selectin is concentrated on the tips of PMN (15,16) and lymphocyte microvilli (17), :=
they also demonstrate that L-selectin is localized to the tips of monocyte, basophil and E.
eosinophil microvilli. Although a significant portion of L-selectin is localized to ---

microvilli, it should be noted that approximately 30% of this receptor is not localized to –
the microvilli. On the lymphocyte for example, L-selectin on the planar cell surface -
ranges from 8 to 76%. This distribution is independent of the labeling intensity of the C.

cells or the number of microvilli per section, and is much broader than that observed on --
PMN (5 to 49%), or monocytes (11 to 47%). This broad variability in planar surface

labeling may reflect the presence of a heterogeneous population of lymphocytes.

Gold particles labeling L-selectin on the planar surface may mark sites of budding

or receding microvilli, or auxiliary stores of the receptor. In PMN for example, L-selectin

is not stored in cytoplasmic granules (153), and is not found on granule membranes (15),

even though it is progressively lost from the surface during intravascular life by shedding

(154), and is rapidly cleaved following leukocyte activation (32,155,156). Alternatively,

planar surface L-selectin may be receptor that is not associated with the cytoskeleton (see
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below). Although a difference in the carbohydrate binding ability of L-selectin on the

microvilli or planar cell surface is unlikely, electron microscopic studies using labeled

carbohydrate have not been conducted to address this possibility.

L-selectin is anchored to the cytoskeleton through interactions between its

cytoplasmic tail and O-actinin (151). Truncation of the tail has no effect on the

microvillus positioning (151) or carbohydrate binding activity (157) of the receptor,

however, murine pre-B cells (300.19) transfected with truncated L-selectin do not roll in

laminar flow assays (157). Furthermore, cytochalasin B treatment of 300.19 cells

transfected with wild-type L-selectin blocks rolling in laminar flow assays, but does not

affect carbohydrate binding (157). Transfection of L1-2 cells, another murine pre-B cell

line, with wild-type L-selectin, or an L-selectin—CD44 chimera which does not localize to

microvilli showed microvillus localization significantly enhanced the ability of these cell

to adhere to a physiological ligand in flow (150). Combined, these data suggest

microvillus positioning of L-selectin is necessary, but not sufficient for leukocyte rolling,

and that the cytoplasmic tail regulates leukocyte binding to endothelium in flow

independent of ligand recognition.

Quantitative descriptions of the leukocyte surface in terms of plasma membrane

Specializations and the distribution of adhesion molecules are required to establish

references from which to study the roles of microvilli and the positioning of adhesion

molecules in transient intercellular adhesion, adhesion to extracellular matrix material,

and the dynamics of leukocyte-endothelial interaction in the microvasculature. Functional

studies of isolated leukocytes in laminar flow chambers (104,143), or exteriorized

mesentery (158,159), for example, can be performed to dissect the contribution of
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leukocyte or endothelial cell adhesion molecules in leukocyte tethering and rolling, and

to identify receptor-ligand pairs involved in these interactions.

Quantification of the surface microstructure also has application in the

development of mathematical models constructed to describe leukocyte-endothelial cell

interaction in flow. Models that can simulate adhesion under conditions of viscous flow

can be applied to explore the relationship between the molecular properties of leukocyte

adhesion molecules and the attachment of leukocytes to endothelial surfaces. Hammer

and Apte (160), for example, developed a model to describe a range of leukocyte

endothelial cell adhesive events such as rolling, tumbling, transient adhesion, and firm

attachment using dimensional parameters including the length and spring constants of

microvilli. The values for microvillus length (148) and the number of microvilli per cell

(161,162), however, were based on determinations from other cell types, and the average

length of PMN microvilli was assumed to be 500 nm. This is almost twice the measured

value of 290 nm determined here for the average neutrophil microvillus.

The work presented here was conducted to establish a foundation from which to

evaluate the physiological contributions of microvilli and receptor clustering on

leukocyte behavior in flow under a variety of conditions. The role of microvilli and the

distribution of L-selectin on PMN tethering and rolling on lipid bilayers containing P- or

E-selectin in flow are investigated in Chapter 3.
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3 A differential role for cell shape in neutrophil tethering and rolling on
endothelial selectins in flow

This work was conducted in Dorothy Bainton's laboratory at the University of California, San Francisco in
collaboration with Erik Finger in Tim Springer's laboratory at the Center for Blood Research, Harvard Medical
School (August, 1993 to March, 1995). The morphometric analysis and L-selectin distribution data were
generated at UCSF and are shown here. The laminar flow assays, flow cytometry and light microscopy were
conducted by Erik Finger at Harvard. The laminar flow data are discussed but not shown. The data and
analysis summarized in this chapter have been published:

Finger, Erik B., Bruehl, Richard E., Bainton, Dorothy F., Springer, Timothy A. A differential role for cell shape
in neutrophil tethering and rolling on endothelial selectins under flow. J. Immunol. 157:5085-5096, 1996.

Summary

The role of neutrophil microvilli in mediating tethering and rolling in flow was

investigated by disrupting microvilli with cytochalasin B, hypotonic swelling, or chilling

cells to 4°C and evaluating tethering and rolling behavior on the endothelial E- and P

selectins in laminar flow assays. Tethering was defined as the initial adhesive interaction

of the cell with the substrate, and rolling was defined as the tumbling motion of the

tethered cell as it was propelled along the substrate by flowing media at a substantially

reduced velocity relative to freely flowing cells. Cytochalasin B only marginally reduced

the number of microvilli per cell (from 30 + 6 to 16 + 6 per cell perimeter, p < 0.005) as

shown by electron microscopy, but completely disrupted tethering, increased the strength

of rolling adhesions, and increased cell deformability in shear flow with a likely increase

in the area of cell–substrate contact. Hypoosmotic swelling markedly reduced microvilli

number (to 6 + 5 per perimeter, p < 0.005), almost completely inhibited tethering, and

increased the strength of rolling adhesions on P-selectin but not on E-selectin. Chilling

the cells to 4 °C almost completely abolished microvilli (to 3 + 3 per perimeter, p <

0.005), but pseudopod-like structures were present, and had little effect on tethering in
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flow. Immunogold labeling of L-selectin, which is normally clustered at the tips of

microvilli, showed that even in the absence of microvilli it remained in small clusters.

These studies show that alterations in cell morphology and viscoelasticity can have

opposing effects on tethering and rolling, demonstrating that these processes can be

regulated independently. Furthermore, these results suggest that the localization of

adhesion molecules that mediate rolling to the tips of microvilli may be important not

only to enhance presentation, but for other functions such as to promote resistance to

extraction from the membrane or cooperative interactions among clustered receptors.

Introduction

The surface of resting neutrophils (PMN) contains numerous protuberances of the

plasma membrane that may be characterized as stubby microvilli (149). These structures

increase the overall surface area of the plasma membrane such that it is in a large excess

of the minimum required to contain the cell’s volume (163). Cell shape and the

maintenance of microvilli are determined by the microfilamentous structure of actin and

associated proteins, and both are altered when the leukocyte is activated (164,165). In

contrast to the much longer microvillion many epithelial cells, which serve to increase

surface area and absorptive capacity, the function of microvillion circulating leukocytes

is not fully described. L-selectin has been shown to cluster on PMN microvilli and

surface foldings, and is only minimally present on the planar cell surface, raising the

hypothesis that microvillous localization may facilitate selectin-mediated

leukocyte-endothelial cell interactions (Chapter 2, and (16,17,166)). Deletion of the L

selectin cytoplasmic tail and cytochalasin B treatment of intact cells has been shown to
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decrease rolling in vivo and to decrease attachment to high endothelial venules (HEV) in

vitro (157). Repositioning of L-selectin to the planar cell surface through cytoplasmic

domain substitution with nonmicrovillus protein has been shown to decrease the

attachment rate and rolling flux in vitro (150). PSGL-1 which also mediates leukocyte

tethering and rolling on P-selectin (104), has also been shown to localize to leukocyte

microvilli (Chapter 4, and (104,108)), but the role of leukocyte microvilli in rolling on

the endothelial E- and P-selectins has not been described.

Selectin-mediated rolling of neutrophils has been demonstrated for L-, E-, and P

selectin in laminar flow assays (143,167,168), where the functional components of

tethering and rolling can be dissected and studied independently. Tethering is the initial

interaction of a freely flowing cell with an endothelial substrate. It is measured as the

frequency with which leukocytes in flow adhere to the vessel wall, and is evidenced by a

dramatic reduction in velocity as the tethered cell rolls along the vessel wall propelled by

flowing blood. The strength of rolling adhesions can be measured by resistance to

detachment in incrementally increasing shear flow, which increases as selectin density

increases, and by rolling velocity, which decreases as selectin density increases

(143,144,168).

In this study, the hypothesis that neutrophil microvilli are important for tethering

and rolling on immobilized E- and P-selectin is tested. Cytochalasin B and hypoosmotic

Swelling partially and largely decrease the number of microvilli per cell, respectively,

dramatically decrease tethering efficiency to E- and P-selectin, and by contrast, do not

decrease the strength of rolling adhesions on E-selectin and actually increase the strength

of rolling adhesions on P-selectin. Chilling cells to 4°C almost completely disrupted
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microvilli, but did not decrease tethering efficiency. Using L-selectin as a marker for a

microvillus associated membrane protein, it was demonstrated that such treatments do not

affect expression or clustering. These results illustrate the independent regulation of

tethering and rolling by cellular properties, and a more complex association between

clustering on microvilli and selectin-mediated functions than previously appreciated.

Materials and Methods

Isolation of neutrophils

Neutrophils were isolated from citrate anti-coagulated blood by dextran

sedimentation and Ficoll-Hypaque density separation (145). Any remaining erythrocytes

were lysed in deionized water at 4 °C. The purified neutrophils were washed twice and

stored in HBSS, 0.25% HSA, 1 mM EDTA, 10 mM HEPES, pH 7.4, on ice. Cells were

allowed to warm fully to ambient temperature before use.

Cytochalasin B treatment

PMN were suspended in HBSS, 0.25% human serum albumin (HSA), 2 mM

CaCI2, 10 mM HEPES, pH 7.4, at 5 x 10°/mL. Cytochalasin B (Calbiochem, San Diego,

CA) was added to 2, 20, or 100 puM from a 25 mg/mL stock in DMSO. The cells were

incubated for 10 min at ambient temperature and used immediately in tethering or

detachment assays in the presence of cytochalasin B throughout. For TEM analysis, cells

Were fixed and immunogold labeled for L-selectin as described below.

*ºne
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Hypotonic cell swelling

PMN were resuspended in a solution of 80 mM NaCl, 60 mM KCl, 2 mM CaCl2,

0.25% HSA, 10 mM HEPES, pH 7.4, and diluted to the indicated osmolality with 2 mM

CaCl2, 0.25% HSA, 10 mM HEPES, pH 7.4, at 5 x 10° cells/mL. Osmolality was

confirmed by freezing point depression (Precision Systems, Inc., Natick, MA). Cells were

assayed for attachment or detachment within 5 min in the same medium, or were fixed

and immunogold labeled for L-selectin.

Cold treatment

PMN were isolated as described above and stored in HBSS, 0.25% HSA, 1 mM

EDTA, 10 mM HEPES, pH 7.4, on ice for at least 1 h. The cells were then assayed in the

laminar flow chamber, or prepared for TEM.

Electron microscopy and pre-embedding immunogold labeling

All of the following manipulations were conducted at ambient temperature. After

the various treatments described above, cells were immediately fixed in 2% p

formaldehyde, 0.05% glutaraldehyde in 0.1 M PBS, pH 7.4, for 30 min or in hypotonic

medium as indicated below. Neutrophils were then washed three times in HBSS, 1 mM

MgCl2, 2 mM CaCl2, 10 mM HEPES, pH 7.4, and incubated with the anti-L-selectin

MAb DREG-200 at 10 pg/mL in DMEM, 1% HAS for 30 min. The cells were then

washed as described above, and incubated in a 10 pig■ mL solution of rabbit anti-mouse Ig

(Zymed Laboratories, Inc., South San Francisco, CA) for 30 min, and washed three

times. The cells were next incubated with 5 nm gold particles conjugated to protein A

*º-sº
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(University of Utrecht, The Netherlands) at a 1:50 dilution in 0.1% BSA, PBS, pH 8.0 for

45 min. After washing, the cells were refixed in 1.5% glutaraldehyde in 0.1 M sodium

cacodylate buffer, plus 1% sucrose for 30 min. Subsequently, the cells were concentrated

into small pellets by centrifugation, post-fixed with OsO4, stained with aqueous uranyl

acetate, dehydrated in graded ethanol, embedded in Epon resin, sectioned, and stained

with uranyl acetate and lead citrate. Swollen cells were fixed in 0.5% glutaraldehyde in

hypoosmotic medium for morphometric analysis alone.

For morphometric determinations, photomicrographs of sectioned neutrophils

were traced using a SummaSketch Plus (Suramagraphics Corp., Fairfield, CT) digital

drawing tablet interfaced with a computer. The traces were analyzed using Bioquant

System IV morphometry software (R & M Biometrics, Inc., Nashville, TN). In order to

ensure that only equatorial sections were evaluated, measurements were made only on

those sections that contained sections of the Golgi complex or multiple lobes of the

nucleus. The length of plasma membrane and area of the sectioned cells were obtained

simultaneously by tracing the perimeter of the sectioned cells, and the diameter was

determined by averaging the length and width. Length measurements were taken by

measuring the longest axis that passed through the center of the cell and width

measurements were determined by measuring the longest axis perpendicular to the length

axis. The axes measured spanned the sectioned cells between flat portions of the plasma

membrane and did not include microvilli. The average of three tracings + one standard

deviation (SD) was reported for each data point.

Pointed projections of the plasma membrane extending at least 50 nm from what

would otherwise be a smooth continuous contour of the cell surface were considered a
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microvillus (148). Microvillus length was measured from the midpoint of the base

(determined as the line that would exist if the plasma membrane did not extend from the

cell surface as a microvillus) to the midpoint of the tip. Microvillus tip width was

measured perpendicular to the microvillus axis at a point 75 to 90% of the length out

from its origin at the cell body. Data are representative of two to four experiments for

each experimental condition with neutrophils obtained from at least two separate donors.

Statistics

Data are presented as mean + SD. Two-tailed Student's t-tests were performed at a

significance level of a -0.05 using SigmaStat statistical software (SPSS, Inc., Chicago,

IL).

Results

Cytochalasin B decreases the number of microvilli on neutrophils

To investigate the role of cell surface topology in cell adhesion, the morphologic

and functional effects of cytoskeletal disruption with cytochalasin B were investigated.

Cytochalasin B is a fungal metabolite that binds to the barbed end of actin filaments and

inhibits the association and dissociation of subunits from that end of the polymer (169).

Although the mechanism is still not entirely understood, the net effect is shortening of the

actin filament (8,170,171). Transmission electron microscopy (TEM) of resting PMN

revealed numerous microvilli extending from the cell surface (Figure 3.1A). On average

there were 30 + 6 microvilli per section at a mean frequency of 0.8 microvilli per micron

of plasma membrane (Table 3.1). The average microvillus measured 270 + 200 nm in
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length, and immunogold labeling for L-selectin showed localization of the receptor to the

tips of these structures (Figure 3.1B). L-selectin was almost entirely absent from the

interceding regions of plasma membrane.

Cytochalasin B caused a 47% reduction in the number of microvilli per PMN

section (p<0.005, Figure 3.1C, Table 3.1), but did not change the mean length of the

microvilli (p > 0.1). The average width of microvilli near the tip was 190 + 25 nm. The

sum of the widths of the tips of microvilli can be used as an approximation of the length ...tº
of plasma membrane in contact with the bilayer during rolling. This value was 3.04+ C.

0.98 pum per section for cytochalasin B-treated cells, compared with 3.70 + 0.70 pum per F
º-ºº:

section for control cells (p < 0.005). Cytochalasin B treatment also appears to polarize the º N.

cells by generating long segments of smooth plasma membrane without microvilli while –
preserving short segments of plasma membrane with microvilli appearing like those on !--
control cells (compare Figure 3.1, A and C). A 14% increase in average PMN diameter º
was also observed (p < 0.005, Table 3.1). The length of the plasma membrane and the S
area of the sectioned cell, however, remained nearly unchanged (Table 3.1). Reduction in

the number of microvilli was accompanied by an altered distribution of L-selectin to the

planar cell surface. L-selectin remained in clusters both on the cell body and on the few

persisting microvilli. Neutrophils remain unactivated following isolation and cytochalasin

B treatment as assayed by maintenance of L-selectin expression, little CD18 up

regulation, and absence of changes in gross cell morphology, all of which are indicators

of cellular activation (130,164,172). Similarly, cytochalasin B had no effect on

expression of CD63, a marker for primary (azurophilic) granule fusion with the cell

membrane (173) as measured by flow cytometry.
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FIGURE 3.1 Electron microscopy and immunogold localization of L-selectin on control and cytochalasin B
treated neutrophils. (A) Numerous microvilli (MV) are present on untreated resting human neutrophils. (B) At
higher magnification, immunogold labeling illustrates the preferred localization of L-selectin to the tips of the
microvillion quiescent neutrophils (arrows). (C) Treatment of PMN with 20 HM of cytochalasin B for 10 min
at 22 °C reduces the number of microvilli, generates long segments of flat plasma membrane, and polarizes
the cell. Several microvilli and vacuoles (V) can be seen in the upper left portion of the section (9 to 2
o'clock), and a marked decrease in the number of microvilli can be seen in the lower right (2 to 9 o'clock).
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Table 3.1 Morphologic analysis of electron photomicrographs of control, cytochalasin B-treated,
hypotonically swollen and cold-exposed neutrophils

Treatment

Control Cytochalasin B Hypotonic 4 °C
Parameter

Microvilliper section 30 + 6 16 + 6 6 + 5 3 + 3
Length of microvillus (nm) 270 + 200 280 + 150 180 + 90 620 + 430
Width of microvillus tip (nm) 120 + 71 190 + 25 160 + 26 230 + 94
Sum of microvillus tip widths per section 3.7 + 0.7 3.0 + 1.0 1.0 + 0.8 0.6 + 0.6

(um)
Length of PMN plasma membrane per 39 + 4 35 + 3 35 + 2 28 + 10

section (um)
PMN section diameter (um) 7-E 1 8 + 0 9 + 1 6 + 2
PMN Section area (um”) 47 it 7 51 + 6 71 + 7 39 + 15

Photomicrographs of sectioned PMN were traced with a drawing tablet interfaced with a computer as
described in Materials and Methods. Twenty-five neutrophil micrographs were sampled from each
experiment and 758, 406, 153, and 73 microvilli were surveyed from the control, cytochalasin B (20 AM)
treated, hypotonically swollen, and cold-treated PMN, respectively. Despite Inclusion of criteria for selection
of sections that bisect cells near their center (see Methods and Materials), sections will rarely intersect the
center, and thus average values for sections will be lower than for a section through the center. Values are
mean + SD.

Cytochalasin B treatment of neutrophils results in decreased tethering in flow, but

increases the strength of subsequent rolling adhesions

To determine the role of microvilli in tethering, rolling velocity, and resistance to

detachment in shear flow, neutrophil interactions with E- and P-selectin were studied in a

transparent parallel-wall flow apparatus in which a selectin-containing lipid bilayer

formed the floor of the chamber. Neutrophil suspensions were infused at a flow rate

controlled by a syringe pump attached to the outlet of the chamber, and the number of

cells that tethered at a wall shear stress of 1.8 to 3.6 dyn/cm3, which is within the range of

wall shear stresses (1 to 30 dyn/cm3) found in post-capillary venules in vivo, was

recorded. Treatment of neutrophils with cytochalasin B inhibited tethering to E-selectin

(D) Gold particles (arrows) can be seen still existing in groups on cytochalasin B-treated neutrophils but are
randomly distributed along a flat region of the plasma membrane. Cells were fixed in 2% paraformaldehyde,
0.05% glutaraldehyde, and 0.1 M sodium phosphate, pH 7.4, before immunogold labeling. Magnification: A,
x 9,000; B, x 39,000; C, x 9,000; D, x 39,000.
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by 89 to 95% (p<0.005), and inhibited tethering to P-selectin by 90% (p<0.01).

The strength of rolling adhesions was determined by measuring resistance to

detachment of cells that were allowed to settle onto the selectin-containing bilayer at

subphysiologic shear stresses (< 0.35 dyn/cm3). As the shear stress was increased by

increasing the flow rate of the infused medium, the percentage of cells that remained

adherent after 10 s at each shear stress was determined. Cytochalasin B-treated

neutrophils were able to sustain rolling interactions with the selectin bilayer as shear

stress was increased even into the upper physiologic range, and the resistance to

detachment of cytochalasin B-treated cells was significantly greater than that of control

cells at these higher shear forces. Thus, cytochalasin B treatment strengthened rolling

adhesions.

The effect of cytochalasin B on deformability of cells in shear flow was also

examined. Treated cells remained grossly round in stasis, and while tethered or rolling at

low wall shear stresses as shown by light microscopy. However, at wall shear stresses 2

14 dyn/cmº, cytochalasin B-treated but not control cells visibly deformed into a teardrop

shape, with the point of the drop at the upstream end of the cell. By determining the ratio

of the cell diameters parallel and perpendicular to the direction of flow, an index of cell

deformation was determined. At wall shear stresses above 2 dyn/cmº, cytochalasin B

treated cells increasingly deformed, whereas control cells and hypotonically swollen cells

tended to maintain their shape. Deformation is related to cortical and cytoplasmic

elasticity, and since the cytoplasm must flow to maintain a teardrop shape for a rolling

cell, deformation is also related to cytoplasmic viscosity (174,175). The increased

deformation of cytochalasin B-treated cells in shear flow may support increased shear
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resistance by allowing an increased contact area between the cell and the selectin

containing bilayer. These data on the effects of cytochalasin B suggest that leukocyte

microvilli are required for efficient tethering to endothelial selectins, but are not required

for subsequent rolling.

Tethering of hypotonically swollen neutrophils

To further test the hypothesis that microvilli are important for tethering cells in º
flow, but are not required for rolling, neutrophils were swollen in hypotonic media to {T}.

stretch the plasma membrane and smooth the surface. Leukocytes suspended in hypotonic :=
gº

media swelled as predicted by osmotic theory. Typically, hypoosmotically swollen : s
leukocytes undergo regulatory volume decrease (RVD) and return to normal size (176). ---.

-º-º:

The major mechanism of RVD is K' channel opening allowing efflux of K' accompanied
!--

by the passive efflux of freely diffusible Cl (176). By using an extracellular medium tº 4*º-sº

containing a product of K' and CI concentrations equal to the product of intracellular K" c.
and CI concentrations, RVD is predicted to be inhibited (176,177). In order to minimize º

RVD over the time course of these experiments (5-10 min), the hypoosmotic media

always contained 80 mM NaCl, 2 mM CaCl2 and 60 mM. NaCl; osmoality was decreased

by dilution with 2 mM CaCl2. Under these conditions, neutrophils visibly swelled from a

diameter of 8.1 pum in 295 mCsm (isoosmotic) medium to 9.0 pum in 105 mOsm medium

and to 10.0 pum in 75 mOsm medium. These sizes were stable longer than the 10 min

period used in experiments. Flow cytometry showed that hypotonic swelling did not a

affect the level of L-selectin or CD18 expression and that there was only a slight increase

in CD63 expression. indicating partial primary granule fusion.
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Hypotonically swollen neutrophils were fixed in hypotonic medium, immunogold

labeled for L-selectin, and analyzed by TEM (Figure 3.2). The average number of

microvilli per section was reduced by 80%, from 30 + 6 to 6 + 5 (p<0.005) and, unlike

the cytochalasin B-treated PMN, the mean length of the persistent microvillion swollen

cells was reduced 33% from 270 + 200 nm to 180+ 90 nm (p<0.005, Table 3.1). The

width of microvilli near the tip was 160 + 26 nm, and the sum of the tip widths was 1.0 +

0.8 pum per section, a reduction of 73% compared with control neutrophils (p < 0.005).

Despite the more pronounced effect on microvillus frequency and length compared with

cytochalasin B treatment, the flat regions of the plasma membrane of the swollen cells

were noticeably less smooth compared with the cytochalasin-treated cells (compare

Figures 3.1C and 3.2A). Similar to cytochalasin B-treated PMN, L-selectin on swollen

cells was present on flat regions of the plasma membrane and remained associated in

clusters (Figure 3.2). Swelling increased the average section diameter and area (Table

3.1). Other morphologic alterations induced by hypotonic swelling were dispersion of the

nuclear heterochromatin (Figure 3.2A), dilation of the Golgi cisternae (data not shown),

and generation of cytoplasmic vacuoles. Some cells also appeared hypogranular.

Hypotonically swollen PMN were assessed for tethering, rolling velocity, and

resistance to detachment on bilayers containing E-selectin. Tethering at 1.8 dynlcmº was

inhibited by 81 and 94% by hypotonic swelling in 105 and 75 mOsm medium,

respectively (p<0.05). There was, however, no significant difference in resistance to

detachment in shear between cells assayed in 295 mosm, 105 mCsm, and 75 mCsm

media. Thus, control and swollen cells were functionally different in their tethering effi

ciency and not in strength of rolling adhesions.

** *
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Similar experiments were conducted to examine interaction of hypotonically

swollen cells with P-selectin in shear flow. Hypoosmotic swelling abolished tethering to

P-selectin at 3.6 dyn/cm.” (p → 0.005). Swollen rolling cells on P-selectin were more

resistant to detachment than control cells.

Examination of rolling velocities confirmed differential effects of hypoosmotic

swelling on the behavior of rolling adhesions on E- and P-selectin. As shear stress was

increased, PMN rolling velocity on both E- and P-selectin increased. The rolling velocity

of PMN on E-selectin was affected only slightly by swelling, correlating with little effect

on resistance to detachment. By contrast, hypotonic swelling resulted in a marked

decrease in rolling velocity on P-selectin, correlating with the substantially greater

resistance to detachment of swollen cells. The parallel discrepancy between tethering

ability and subsequent rolling of cytochalasin B-treated and hypotonically swollen

neutrophils provides confirmatory evidence that microvilli are required for tethering but

not rolling.
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(a) toº, (b) . . . 65iº .
- - -

FIGURE 3.2 Electron microscopy and immunogold localization of L-selectin on hypotonically swollen neu
trophils. Neutrophils swollen in hypotonic medium (75 mCsm) for 5 mm at 22 °C were fixed in the same hy
potonic medium with 0.5% glutaraldehyde (A) or in 2% paraformaldehyde, 0.05% glutaraldehyde in phos
phate buffer (B). (A) Note the marked diminution of microvilli and the change in nuclear heterochromatin
(compare to Figures 3.1, A and C). (B) Gold particles are found in groups and appear randomly distributed
along the plasma membrane, which presents no well-formed microvilli. Magnification: A, x 9,000; B, x
39,000.
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Tethering and rolling of control, cytochalasin B-treated, and hypotonically swollen

neutrophils on HUVEC monolayers

To test these observations in a more physiologic system, HUVEC monolayers

were stimulated with TNF-0 to upregulate E-selectin (34). Tethering and shear resistance

were measured following cytochalasin B treatment and hypotonic cell swelling.

Cytochalasin B and hypotonic swelling decreased tethering at 2.7 dyn/cm by 85 and

95%, respectively (p<0.005 for both). Shear resistance was not affected by these

treatments. Similar findings were found for neutrophil tethering and shear resistance on

P-selectin expressing platelet layers. These data confirm the initial observations on

purified molecules.

Tethering and rolling behavior of neutrophils exposed to cold

Chilling lymphocytes to 4°C has been shown previously by immunofluorescence

to reduce the number and lengths of microvilli (162). To further confirm the role of

leukocyte microvilli in tethering to endothelial selectins, we tested the effect of chilling

PMN to 4°C on cell adhesion. Treatment of neutrophils at 4 °C for 60 min before

fixation resulted in dramatic changes in gross morphology and surface microstructure.

Electron micrographs revealed changes in the overall shape of the cells from round to

ovoid and irregular, and a 90% reduction in the number of microvilli per section (Table

3.1). There was a concomitant generation of pseudopod-like extensions of the cytoplasm

(Figure 3.3A) and blebbing of the plasma membrane (Figure 3.3B). These morphologic

features were absent in control cells. Cold-exposed PMN presented only 3 + 3 microvilli

per section compared with 30 + 6 microvillion control cells (p<0.005), and the average
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length of the persisting microvilli on these cells increased from 270 + 200 nm to 620 +

430 nm (p<0.005, Table 3.1). The tip width of microvillion cold-exposed PMN was

increased to 230 + 94 nm compared with 120 + 71 nm on control cells (p<0.005). The

sum of the microvillus tip widths on cold-exposed PMN was 0.6+ 0.6 pum, a reduction of

83% compared with control cells (p<0.005). Pseudopod-like structures on cold-treated

neutrophils were defined as broad irregular projections on the cytoplasm containing little

or no organelles (Figure 3.3A). Some of these cytoplasmic extensions were smooth along

their leading edge while others were serrated, and many were gold labeled. The average

cold-exposed PMN section presented 2.1 + 1.6 pseudopod-like structures averaging 890

+ 560 nm in length. These structures were highly irregular in shape and ranged from 100

to 2870 nm in width near the tip, with an average width of 860 + 600 nm. The sum of the

tip widths of the pseudopod-like structures averaged 2.3 + 1.8 pum per section. Ring-like

structures of the plasma membrane (Figure 3.3 inset) were seen both projecting from the

cell surface and disconnected from the main cell body and were gold labeled. The length

of plasma membrane per section including these rings was 29 + 11 pum, considerably less

than the length of control cell plasma membrane. This may reflect plasma membrane

blebbing and the loss of these ring structures in the supernatant during washing and

labeling procedures.

To test the hypothesis that chilled PMN that lack microvilli would behave

similarly to cells treated with cytochalasin B or hypoosmotic swelling to reduce

microvilli, PMN exposed to cold for 1 h were examined for tethering to E- and P-selectin

in an ice bath and compared with control cells held at 22 °C and tethered at 22 °C.

Despite greatly reduced numbers of microvilli, cold-treated PMN were unaffected in
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tethering efficiency on E- and P-selectin. As a positive control, cells treated with

cytochalasin B were assayed. As expected, treatment with cytochalasin B greatly reduced

tethering on the same substrates. Cold-exposed neutrophils had decreased shear

resistance and increased rolling velocity, but these measures are likely modified by

changes in cell membrane stiffness and intrinsic kinetic parameters. The observation that

the cold treated neutrophils tethered on E- and P-selectin is a contradiction to the results

showing an absolute necessity for microvilli for efficient tethering and suggests that the

function of these structures is more complex than solely increasing the accessibility of

selectin ligands.

Discussion

The neutrophil surface has significant fine-scale structural specializations that

cannot be seen by ordinary light microscopy. These protrusions and the cytoskeletal

elements that form them have been implicated in cellular processes such as shape change,

diapedesis, chemotaxis, secretion, and phagocytosis (164,178,179). The specific

functions of such microvillous structures on circulating leukocytes, however, have not yet

been fully described.

The role of microvilli in leukocyte adhesion is being only recently appreciated.

Three different adhesion molecules that mediate leukocyte rolling (L-selectin (15-18),

PSGL-1 (104), and the integrin oa■ ? (137)) are localized to the tips of microvilli. The

common microvillous localization of these receptors suggests that this anatomical

distribution plays an important role in tethering and rolling interactions. The tips of

leukocyte microvilli are in a highly accessible position such that they are the first portions
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FIGURE 3.3 Electron microscopy and immunogold localization of L-selectin on cold-treated neutrophils. { *
Transmission electron micrograph of an immunogold-labeled neutrophil incubated at 4 °C for 60 min before --
fixation. (A) Whole cell section, Note the change in surface microstructure relative to the control section
shown in Figure 3.1 A. The section shown here has only three microvilli (MV) and presents three pseudo- -º-º:
pod-like structures (P), which are absent in control cells. Note that despite these changes, the composition
and appearance of the cytoplasm with respect to granules and nuclear morphology (condensed peripheral
heterochromatin) is not changed relative to control cells (compare to Figure 3.1 A). (B) High magnification *- º
view of the plasma membrane. Note the random distribution of grouped gold particles (arrows), and the

* -

Smoothness of the plasma membrane. Inset Rings of plasma membrane blebbing from the cell surface. C _*
Note the presence of grouped gold particles (arrows). Neutrophils were incubated at 4 °C in HBSS, 0.25% -

HSA, 1 mM EDTA, 10 mM HEPES, pH 7.4, for 60 min before fixation in 2% paraformaldehyde, 0.05% gluta- C
raldehyde, 0.1 M sodium phosphate, pH 7.4, and then immunogold labeled for L-selectin. Magnification: A, x -º-º-º:

8,900; B, x 41,000; Inset, x 21,000. -
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of plasma membrane to interact with the endothelium as a cell comes into close contact

with the vessel wall before tethering and rolling (180).

Of the molecules involved in rolling, the functional importance of expression on

microvilli has thus far only been investigated for L-selectin. CD44 is excluded from

microvilli and domain substitution with the cytoplasmic domain of CD44 has been used

to exclude chimeric molecules with the extracellular domain of L-selectin from microvilli

(150). In this state, L-selectin maintains ligand binding activity, but in shear flow has a

decreased attachment rate and rolling flux on the peripheral node addressin, PNAd, a

complex of four L-selectin ligands in peripheral lymph node HEV. Cytochalasin B

treatment and L-selectin cytoplasmic domain deletion result in reduced rolling flux in

vivo and decreased binding to HEV in vitro (157). Cytoplasmic domain deletions result in

a lack of binding of L-selectin to the cytoskeletal protein O-actinin, but microvillous

localization is maintained (151). Those studies suggest that while localization of L

selectin to microvilli seems to be important for function in flow, microvillous

presentation is not sufficient to confer cell binding, even when ligand recognition is

intact. Those studies also do not, however, address the role of microvilli in the function of

the endothelial selectins, and fail to discriminate between leukocyte tethering and

subsequent rolling, which are two separable components of these initial adhesive events.

Although enhancement of rolling by receptor concentration on microvilli has been

assumed in previous studies to confer greater accessibility for presentation to ligands on

vessel walls, other factors may also be important, including greater resistance to

extraction from the membrane by the shear forces that are exerted on the engaged

receptor—ligand pair. These forces are greater than those required to extract hydrophobic
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anchors from the membrane (181). One of the purposes of this study is to investigate the

role of cell surface topology in neutrophil adhesion to E- and P-selectin. The effects of

cytochalasin B, hypoosmotic swelling, and chilling PMN to 4°C on cell morphology,

and how these treatments affect tethering and rolling behavior have been quantitatively

characterized, and the results are summarized in Table 3.2.

Although leukocyte tethering is a prerequisite for rolling, these two measures of

selectin-dependent adhesive functions that are important for the initiation and

maintenance of rolling in vivo were separated experimentally. Cytochalasin B markedly

decreased neutrophil tethering to both E- and P-selectin, but interestingly actually

increased the shear resistance of rolling cells. This underscores the distinction between

tethering and rolling and demonstrates their independent regulation by cellular

characteristics. Cytochalasin B only partially decreased the number of microvilli and the

sum of tip widths per section, by 47% and 18%, respectively. This incompleteness is in

agreement with the greater susceptibility of cytoplasmic than cortical actin filaments to

disruption by cytochalasin B (169). Hypotonic swelling of neutrophils resulted in

Table 3.2 Summary of results
Treatment

Cytochalasin B Hypotonic swelling Chilling to 4°C

Destabilizes Stretches plasma Destabilizes
cytoskeleton, membrane cytoskeleton
increases cell

Parameter viscosity
Reduction in microvilli 47% 80% 90%
Tethering to E-selectin J. 89-95% J.81-94%.” no change
Rolling velocity on E-selectin slight reduction increased
Resistance to detachment from E-selectin increased no change decreased

Tethering to P-selectin ! 90% J 100% no change
Rolling velocity on P-selectin decreased increased
Resistance to detachment from P-selectin increased increased decreased

* More swollen cells were less efficient at tethering.
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substantially greater obliteration of microvilli and decrease in the sum of microvillous tip

widths per section than cytochalasin B, and also dramatically decreased tethering on E

and P-selectin. Swelling stabilized rolling on E-selectin slightly and markedly stabilized

rolling on P-selectin. These results were confirmed by rolling velocity measurements

where greater shear resistance correlated well with slower rolling.

The observation that cytochalasin B-treated cells retain substantial microvilliyet

fail to tether suggests that microvilli are not sufficient for tethering. These findings with

E- and P-selectin correlate with the finding that L-selectin cytoplasmic deletion mutant

remain on microvilliyet are ineffective in cell adhesion assays (157). Thus, presentation

on microvilli, while possibly important for enhancing the probability of contact with

endothelial ligands in shear flow (150), may be an incomplete explanation for the finding

that receptors that mediate rolling are concentrated on tips of microvilli. Microvilli are

points of attachment of actin bundles to the plasma membrane, and concentration of

receptors on microvilli may reflect associations with the cytoskeleton that enable these

receptors to resist extraction from the membrane by the substantial force exerted on the

receptor and ligand by the shear force acting on the tethered cell in flow. Partial

disruption of the actin cytoskeleton by cytochalasin B, as appreciated here by the

substantial increase in cell deformability in shear flow, may render receptors more

susceptible to extraction.

Cytochalasin B and hypoosmotic swelling dramatically decreased tethering but

enhanced the stability of some rolling adhesions. Not only do the results described here

show that these functions are regulated independently, they also show that changes in

characteristics that include cell shape, elasticity, and viscosity have opposing effects on
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tethering and the stability of rolling. Both tethering and the maintenance of rolling

adhesions appear to be physiologically important for leukocyte accumulation at

inflammatory sites in vivo. There appears to be a trade-off between optimum tethering

and rolling. The fine structure and shape of the neutrophil cell surface, which is largely

affected by actin polymerization (164), cortical and cytoplasmic elasticity, and viscosity

of neutrophils, may be evolutionarily adjusted to balance the need for both efficient

tethering and rolling. Several factors may contribute to the greater shear resistance of

cytochalasin B-treated neutrophils. The microvilli are somewhat fewer in number and

would be expected to bend more readily when positioned between the neutrophil and the

substrate, allowing greater contact between the body of the cell and the substrate. The

greater elasticity of the cell is predicted to make a substantial contribution to increased

shear resistance by enabling a greater area of contact with the selectin-bearing surface.

This is because cortical tension that keeps a cell rounded and lowers its elasticity resists

the formation of a large area of cell-substrate contact (175).

Biomechanical factors are predicted to make small contributions to the decrease

in tethering efficiency of hypoosmotically swollen cytochalasin B and cold-treated cells.

The greater surface area of swollen cells increases the shear force on the cell by the

square of the ratio of cell diameters (182), or approximately 10.0°/8.1° = 1.52-fold higher

than the value for control cells. Another factor is the lever arm, the distance between the

tether point and the projection of the center of the neutrophil on the substrate. The lever

arm reflects the local geometry and determines the ratio between the shear force on the

cell and the force on the selectin–ligand bond at the tether point. Longer lever arms

moderate the force on the bond. Disruption of microvilli is predicted to decrease the lever

sº"
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arm distance. The lever-arm for hypotonically swollen neutrophils was not amenable to

measurement by these same assays, but would be predicted to be shorter than for control

cells. Shortening of the effective lever arm and increasing the shear force together

combine to create a greater disruptive force on the selectin bond. However, it should be

noted that swelling did not decrease the strength of rolling adhesions, despite the

increased force on the cells.

Cell swelling illustrated some differences between E- and P-selectin. Cell

Swelling resulted in increased shear resistance and decreased rolling velocity on P

selectin with little change on E-selectin. PMN interaction with P-selectin requires

glycoprotein ligands (183,184), of which only one high affinity P-selectin ligand, PSGL

1, has been identified on neutrophils (103). Several glycoproteins and glycolipids have

been shown to support E-selectin binding (15,183,185, 186). It is likely that the whole of

the cell surface displays potential ligands for E-selectin. While the microvillus-associated

molecules may direct tethering on E-selectin, it is possible that the other ligands are more

evenly distributed, and support rolling. Redistribution of E-selectin ligands to the body of

the cell may not enhance rolling since ligands are already present on the cell body. On the

other hand, PSGL-1 is present on microvilli, and after the cell membrane is swollen, will

be present on the body of the cell where more area is available for contact with the

surface. This may allow more P-selectin—PSGL-1 bonds to form, or it may shorten the

distance between successive bonds. Selectin ligands such as PSGL-1 that are on microvilli

may have an increased probability of initiating an adhesive interaction with the substrate.

On the other hand, excluding such molecules from the body of the cell may lower their

ability to support rolling.

ºr ºf
sºgº

*****
º

agºsº

62



The lack of effect of chilling on neutrophil tethering to E- and P-selectin despite

an almost complete loss of microvilli is intriguing. However, the observation that

pseudopod-like structures were present and that these structures presented an equivalent

sum of tip widths per section cannot be ignored. It is possible that these structures some

how rescue the effect of loss of microvilli as seen by the other treatments. Pseudopod-like

structures, however, were much fewer in number and wider than microvilli, and these

data suggest that microvilli per se are not required for tethering. In these studies, chilling *::::--
ar...º-

- - - - - -
*** as:

PMN to 4 °C resulted in marked decrease in the number of microvilli as assayed by ‘. ºt
tº:--"

TEM. This is supported by early results using fluorescence microscopy to quantify º ~
****

microvilli (162). Other groups have shown persistence of microvillion PMN and other {IX.
-
º

leukocytes that had been stored in cold temperatures (16,17,137), however, those studies *sº
tº-sºº

were performed with scanning electron microscopy in which the cells are dehydrated *- -º-
before observation. Although dehydration decreases cell volume, it does not affect & eº
surface area. Actin bundles that are attached to the membrane at microvilli appear to º

wº-ºº:

provide a skeleton over which the membrane is draped during dehydration, giving rise to assuº

microvillous processes that are much longer than those observed here by TEM.

While microvilli were not observed after chilling, actin bundles may nonetheless

have remained associated with the membrane at points where selectin ligands, e.g. PSGL

1 or L-selectin were concentrated, and this may have been an important contributor to the

maintenance of tethering. Increased bond lifetime or decreased effect of force on bond

lifetime (187) at the lower temperature might have increased the tethering efficiency. The

possibility that this could at least partially compensate for a loss in microvilli, however,

cannot be ruled out.
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These data with chilled, cytochalasin B-treated, or swollen cells point out the

complex relationship between expression of adhesion receptors on microvilli, the

efficiency with which they support tethering of a cell in shear flow, and the strength with

which they support rolling of a cell in shear flow. The results shown here demonstrate

that tethering and rolling are not only operationally separable experimentally, but can be

regulated independently by cellular characteristics such as shape and viscoelasticity.

Leukocyte microvilli are not required for efficient rolling interactions, but

disruption of microvilli with two of three cell morphology-altering treatments resulted in

near complete inhibition of tethering under shear flow in the physiologic range. The

effects of these three cell treatments on PMN tethering may be attributed to a

combination of changes in accessibility of leukocyte receptors, alteration in the

biomechanical translation of shear force to bond force, alteration in resistance of

receptors to extraction from the membrane and cytoskeleton, and alteration in cell

viscoelasticity. There appears to be an exchange between optimal tethering efficiency and

the strength of rolling adhesions. The biomechanical properties of leukocytes may be

evolutionarily adapted to achieve a balance that permits both to gracefully affect

leukocyte recruitment into tissues.
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Survey of PSGL-1 expression on myeloid stem cells, quantification of
PSGL-1 distribution on resting leukocyte microvilli and analysis of the
mechanism underlying PSGL-1 redistribution on activated neutrophils

This work was conducted in Dorothy Bainton's laboratory at the University of California, San Francisco in
collaboration with Kevin Moore in Rodger McEver's laboratory at the Oklahoma Medical Research
Foundation, Diane Lorant in Guy Zimmerman's laboratory at the University of Utah School of Medicine, and
Niels Borregaard at the Granulocyte Research Laboratory, Department of Hematology L, Rigshospitalet,
Copenhagen, Denmark (August, 1994 to February, 1996). Except for the survey of PSGL-1 expression on
bone marrow progenitor cells, the data and analysis discussed in this chapter have been published:

Moore, Kevin L., Patel, Kamala D., Bruehl, Richard E., Fugang, Li, Johnson, David A., Lichenstein, Henri
S., Cummings, Richard D., Bainton, Dorothy F., McEver, Rodger P. P-selectin glycoprotein ligand-1
mediates rolling of human neutrophils on P-selectin. J Cell Biol. 128:661-671, 1995.

Bruehl, Richard E., Moore, Kevin L., Lorant, Diane E., Borregaard, Niels, Zimmerman, Guy A., McEver,
Rodger P., Bainton, Dorothy F. Leukocyte activation induces surface redistribution of P-selectin
glycoprotein ligand-1. J. Leukocyte Biol. 61:489-499, 1997.

Summary

In collaboration with the leukocyte L-selectin and its endothelial cell ligands,

engagement of the endothelial E- and P-selectins with the P-selectin glycoprotein ligand

1 (PSGL-1) on circulating leukocytes contributes to leukocyte tethering and rolling on

activated endothelium in inflamed tissues. This is the first study to show PSGL-1 is

localized to the tips of microvilli. On resting leukocytes, microvilli are randomly and

uniformly distributed over the cell surface, however, upon activation leukocytes lose their

microvilli, become polarized and redistribute PSGL-1 to the uropod. The objectives of

this study are to first quantify the plasma membrane distribution of PSGL-1 on resting

leukocytes, and second to explore the mechanism driving PSGL-1 redistribution on

activated neutrophils (PMN). In order to quantify the plasma membrane distribution of

PSGL-1, human leukocytes were isolated by dextran sedimentation and Ficoll-Hypaque

density gradient centrifugation, immunogold labeled for PSGL-1 and examined by

electron microscopy. Approximately 80% of the gold particles labeling PSGL-1 was
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localized to the tips of microvillion all classes of resting leukocytes except basophils

where the microvillous distribution was only about 50%. On activated PMN, there was a

25% reduction in the number of gold particles per cell, and the remaining 75% was

restricted to a continuous segment of plasma membrane occupying only 40% of the total

plasma membrane circumference. It is unclear whether the activation-induced change in

the surface topography of PSGL-1 is due to surface translocation of the molecule,

shedding from the lamellapod, and/or movement from an intracellular compartment to the

uropod of the polarized cell. To investigate the mechanism driving PSGL-1 redistribution

on activated PMN, isolated cells were stimulated with fMLP prior to immunogold

labeling. Treatment of PMN with cytochalasin D prior to activation blocked polarization

and redistribution of PSGL-1 demonstrating a cytoskeletal dependence for this

phenomenon. Subcellular fractionation and immunogold labeling of frozen thin-sections

of PMN failed to detect PSGL-1 in any intracellular compartment, and histochemical

staining of human bone marrow smears showed PSGL-1 expression on developing

myelocytes from the myeloblast stage to the segmented PMN. Taken together, these data

argue that the activation-induced change in the surface topography of PSGL-1 is due to

surface translocation of the molecule, and show that PSGL-1 expression occurs prior to

the development of granules in developing myeloid cells. Redistribution of PSGL-1 on

the surface of activated PMN may facilitate sustained recruitment of PMN into sites of

fulminate inflammation by providing an alternative substrate for tethering and rolling

where endothelium is carpeted with adherent leukocytes and the endothelial E- and P

Selectins and L-selectin ligands are inaccessible.
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Introduction

The P-selectin glycoprotein ligand-1 (PSGL-1) is a predominant ligand for P

selectin on human leukocytes (104,105). PSGL-1 mediates neutrophil adhesion to P

selectin under static conditions and neutrophil rolling on P-selectin under flow conditions

in vitro and in vivo (104,188,189). PSGL-1 is also a ligand for E- and L-selectin (49

51,68,69,100,106). Using PSGL-1 derivatized to 10 pm latex beads, E-selectin mediated

attachment and rolling was demonstrated on TNFO stimulated endothelial monolayers

and CHO cells transfected with E-selectin cDNA in an in vitro parallel plate flow

chamber suggesting that the PSGL-1–E-selectin interaction can mediate leukocyte rolling

in vivo (69). As a ligand for L-selectin, PSGL-1 is required for optimal tethering of

flowing neutrophils to adherent neutrophils and for optimal agonist-induced homotypic

neutrophil aggregation in vitro (49,50). These data suggest that PSGL-1-L-selectin

mediated tethering and rolling may amplify and sustain leukocyte recruitment at sites of

fulminate inflammation where the endothelium is tiled with adherent leukocytes and the

endothelial selectins and L-selectin ligands are inaccessible.

Like other leukocyte adhesion molecules involved in tethering and rolling, e.g. L

selectin and the oa■ ;7 integrin, PSGL-1 is localized to the tips of microvilli (104). On

resting leukocytes microvilli are randomly and uniformly distributed over the cell

surface, however, following activation, most microvilli are lost and there is a gross

change in cell shape from spherical to elongate with a polarized distribution of the few

remaining microvilli. Using P-selectin-coated latex microbeads to visualize P-selectin

binding sites on activated neutrophils, it was shown that PSGL-1 is redistributed to the

uropod of stimulated cells (110). This pattern was also observed in a platelet-neutrophil
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rosetting assay. Platelets randomly bound to the surface of resting PMN but bound only

to the uropod of activated PMN (109). This agonist-induced change in the distribution of

P-selectin binding sites was prevented by pretreatment of the cells with cytochalasin D,

demonstrating that the change in the surface topography of the P-selectin binding sites

was dependent on an intact cytoskeleton. Neutrophil activation also resulted in

detachment of cells bound to P-selectin coated surfaces and was temporally associated

with the functional upregulation of 32 integrins (110). These observations together with

the observed shedding of L-selectin in response to cellular activation, inspired the

hypothesis that the redistribution of PSGL-1 may facilitate disengagement of bonds with

P-selectin and thereby both promote the transition from selectin-mediated to integrin

mediated adhesion and enhance transendothelial migration. The later discovery that

PSGL-1–L-selectin binding interactions are important for mediating neutrophil rolling on

neutrophils (49,50), however, suggests PSGL-1 redistribution may actually provide an

auxiliary substrate for leukocyte tethering and rolling on endothelium that is carpeted

with adherent leukocytes.

Whether the polar redistribution of P-selectin binding sites on activated neutrophils is

due to surface redistribution of PSGL-1, shedding of the ligand from the lamellapod,

and/or translocation of PSGL-1 from an intracellular compartment(s) to the uropod is

unclear. To address this question, the intracellular distribution and the surface topography

of PSGL-1 was investigated using a combination of immunogold electron microscopy,

subcellular fractionation, and bone marrow histocytochemistry. PSGL-1 was not

observed in any intracellular compartments of mature PMN as seen by immunogold

labeling and cell fractionation analysis, and PSGL-1 expression was observed on
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differentiating myeloid cells from the granule deficient myeloblast stage to the segmented

PMN. Taken together, these data argue that the activation-induced change in the surface

topography of PSGL-1 is due to surface translocation of PSGL-1.

Materials and methods

Pre-embedding immunogold labeling

Heparinized whole blood was obtained from healthy donors according to

protocols approved by the Human Subjects Committees of the University of California,

the University of Oklahoma Health Sciences Center, or the University of Utah.

Leukocytes were isolated by dextran sedimentation, hypotonic lysis, and Ficoll-Hypaque

density gradient centrifugation as previously described (190). Neutrophils and

eosinophils were concentrated in the granulocyte pellet and basophils, monocytes, and

lymphocytes were concentrated in the mononuclear cell layer. Cells were washed in

Hank's balanced salt solution (HBSS, Gibco, Laboratories, Grand Island, NY)

supplemented with 1 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH 7.3, and allowed

to stand in suspension for 5 min at ambient temperature. In certain experiments cells were

activated with N-formyl Met-Leu-Phe (fMLP, 107 M, 10 min, 37 °C), and/or pretreated

with cytochalasin D (2 puM, 10 min, 37 °C). The cells were fixed with 2%

paraformaldehyde, 0.05% glutaraldehyde in 100 mM sodium phosphate, pH 7.4, for 30

min at ambient temperature. The cells were incubated with a mixture of the anti-PSGL-1

monoclonal antibodies (MAbs) PL1 and PL2 (104) (each at 4 pig■ mL), a control IgG1

MAb (X63, 1:100 dilution of hybridoma supernatant), a rabbit anti-human [32

microglobulin polyclonal antibody (10 pg/mL, A072, Dakopatts LTD, Glostrup,
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Denmark), or a 1:100 dilution of normal rabbit serum in Dulbecco's modified Eagle's

media supplemented with 1% human serum albumin (1% HSA, DMEM) for 60 min.

After washing with 1% HSA, DMEM the cells were incubated with 10 pg/mL of rabbit

anti-mouse IgG (Zymed Laboratories, South San Francisco, CA) in 1% HSA, DMEM for

60 min. The latter step was omitted for the 32-microglobulin labeling. After washing with

1% HSA, DMEM, protein A-gold 5 nm (Laboratory of Cell Biology, University of

Utrecht, The Netherlands) diluted 1:25 in 0.1% bovine serum albumin in PBS, pH 8.0

was added and incubated for 60 min. The cells were washed and then refixed in 1.5%

glutaraldehyde, 1% sucrose in 0.067 M sodium cacodylate, pH 7.4 for 30 min and finally

washed in 3% sucrose in 0.1 M sodium cacodylate, pH 7.4. The cells were postfixed in

1% OsO4 in veronal acetate buffer, stained with 1% uranyl acetate, dehydrated in graded

ethanol, and embedded in Epon (153).

Frozen thin section immunogold labeling

In some experiments isolated cells were fixed in 2% paraformaldehyde, 0.05%

glutaraldehyde in 100 mM sodium phosphate, pH 7.4, for 30 min at ambient temperature

and embedded in 20% polyvinylpyrolidine (MW = 40,000), 2.1 M sucrose in PBS (191).

Frozen thin sections were then labeled with a mixture of PL1 and PL2 (each at 25

Hg/mL), or with X63 (1:100 dilution of hybridoma supernatant) for 2 h, followed by goat

anti-mouse IgG/IgM conjugated to 10 nm gold particles (Amersham, Arlington Heights,

IL) diluted 1:50 in PBS for 60 min.
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Bone marrow immunocytochemistry

Bone marrow and whole blood smears were fixed in acetone:methanol:formalin

(19:19:2) for 90 s at 4 °C, then washed with Tris buffered saline, pH 7.4 and stained with

the anti-PSGL-1 MAbs PL1 and PL2 for 60 min. Immobilized antibody was detected

with a biotinylated goat antimouse secondary antibody followed by a

streptavidin—alkaline phosphatase conjugate. After development of the alkaline

phosphatase substrate, the slides were counter stained with hematoxylin (Gills #3) for 60

s. An irrelevant class matched control MAb (X63) was used as a negative control.

Leukocyte morphometry

Measurement of the plasma membrane circumference and the distances between

clusters of gold particles were obtained by tracing electron micrographs of sectioned

immunogold labeled leukocytes using a digital drawing tablet and interpreting the traces

using Bioquant System IV morphometry software (R & M Biometrics, Inc., Nashville,

TN). For comparison of morphometric measurements, only equatorial sections which

included sections of the Golgi complex and/or multiple lobes of the nucleus were chosen

for analysis. The maximum distance between clusters of gold particles labeling PSGL-1

describes the longest contiguous segment of the plasma membrane devoid of PSGL-1,

and was determined in order to calculate the relative proportion of plasma membrane

containing PSGL-1 after PMN activation. The labeled segment of plasma membrane was

calculated as the difference between the total section circumference and the maximum

distance between clusters of gold particles. The microvillous distribution of PSGL-1 was

defined as the percentage of the gold particles present on microvilli versus the total
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number of gold particles on the plasma membrane. A microvillus was defined as a

pointed projection of the plasma membrane which extended at least 50 nm from what

would otherwise be a smooth contour of the cell surface (148). Because the reagents used

to detect PSGL-1 were multivalent, the number of gold particles does not directly reflect

the number of PSGL-1 molecules present. Nevertheless, they do provide a means of

indexing the distribution of the antigen on the cell surface. The intraobserver variation

associated with the morphometric measurements and the determination of the

microvillous distribution of gold particles has been previously determined by applying

these measurements to 20 randomly selected cells on two separate occasions by the same

observer (18). Linear regression analysis of paired data generated r values of greater than

0.96 for the length of the plasma membrane circumference, diameter of the sections, and

number of microvilli per section (p<0.0001).

Subcellular fractionation of neutrophils

This work was conducted by Niels Borregaard and Kevin Moore (165).

Human neutrophils were isolated as previously described (192). Cells were

resuspended to 3 x 10"/mL in Kreb's-Ringer-Phosphate (KRP, 130 mM NaCl, 5 mM KCl,

1.26 mM MgSO4, 0.95 mM CaCl2, 5 mM glucose, 10 mM NaH2PO4/Na2HPO4, pH 7.4).

After 15 min, 2 volumes of ice-cold KRP were added and the cells were pelleted by

centrifugation (200x g, 10 min). The cells were resuspended in saline at 3 x 10"/mL and

incubated for 10 min on ice with 5 mM diisopropylfluorophosphate. The cells were

pelleted again by centrifugation and resuspended in 12.5 mL of disruption buffer (100

mM KC1, 3 mM NaCl, 1 mM Na2ATP, 3.5 mM MgCl2, 0.5 mM PMSF, 10 mM
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piperazine N,N'-bis 2■ ethanesulfonic acid), pH 7.2) and disrupted by nitrogen cavitation.

Nuclei and unbroken cells were sedimented (400 x g, 15 min) and 10 mL of the post

nuclear supernatant was loaded onto a 28 mL 2-layer Percoll density gradient (1.05/1.12

g/mL), and centrifuged as described (192). Gradients were fractionated from the bottom

(1.4 mL/fraction). Azurophilic, specific, and gelatinase granules were identified by

enzyme-linked immunosorbent assays (ELISA) for myeloperoxidase (193), lactoferrin

(194), and gelatinase (195), respectively. Secretory vesicles were identified by the

presence of alkaline phosphatase activity that could be measured only in the presence of

0.2% (vol/vol) Triton X-100 (latent alkaline phosphatase) as described (196). Plasma

membranes were identified by HLA Class I antigen measured by a mixed ELISA (197).

The presence of PSGL-1 in the fraction was determined by western blot analysis.

Aliquots (0.45 mL) of each fraction were centrifuged in an Airfuge (Beckman) at 30 p.s.i.

for 20 min to pellet the Percoll. The membranous biological material was removed as a

disc and resuspended in 75 pull of saline and an equal volume of Laemmlisample buffer

without reducing agent was added. The samples were boiled for 5 min and stored at -80

°C until analysis. The samples were electrophoresed in 7.5% SDS polyacrylamide gels

and transferred to Immobilon P membranes. The membranes were probed with PL1 and

PL2 (each at 1 pig■ mL) and bound antibody was detected by enhanced

chemiluminescence using a horseradish peroxidase conjugated anti-mouse antibody. The

intensity of the 250-kD PSGL-1 bands was quantified by densitometry.

Distribution of PSGL-1 on neutrophils using microspheres

This work was conducted by Diane Lorant (165).
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Protein G (Sigma Chemical Co., St. Louis, MO) was covalently coupled to

carboxylate-modified latex microspheres (1 pum diameter, Molecular Probes, Inc.,

Eugene, OR) according to the instructions of the supplier. A 50 pull aliquot of beads was

combined with 50 pull of PL1 (10 pg/mL) and incubated at 37 °C for 30 min. The beads

were washed with PBS and then resuspended in 0.2 mL of PBS. PL1-coated beads were

then combined with neutrophil suspensions as previously described (110). The

distribution of the PL1-coated beads on the neutrophil surface was photographed with

Nomarski interference contrast optics using a Zeiss Axioplan light microscope (Carl

Zeiss, Inc., Thornwood, NY) and examined. In some experiments, neutrophils were

preincubated for 10 min at 37 °C with 27 pg/mL of the anti-PSGL-1 MAbs PL1 or PL2.

Flow cytometry

This work was conducted by Kevin Moore (165).

For indirect immunofluorescence staining, 10° neutrophils were incubated with

Saturating amounts of MAbs (50 pull, 10 pig■ mL). After washing, bound antibody was

detected with FITC-conjugated goat anti-mouse IgG/IgM F(ab')2. Each incubation was

for 30 min at 4 °C in HBSS supplemented with 1% human serum albumin and 0.1%

NaN3.

Statistics

Morphometric measurements were expressed as the arithmetic mean + one

standard deviation. One way analysis of variance was used to compare the means of

PSGL-1 distribution among leukocytes. Statistical differences between means were
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evaluated using a Student's t-test at a significance level of 0.05. Where the data were not

normally distributed or the variances were not equal, the statistical differences between

means were determined using a Mann-Whitney rank sum test at a significance level of

0.05. Correlation between the microvillous distribution and the labeling intensity of the

cells was calculated using a Pearson product moment correlation. These statistical tests

were performed using SigmaStat statistical software (SPSS, Inc., Chicago, IL).

Results

PSGL-1 is localized to the tips of microvillion all classes of leukocytes

Isolated peripheral blood leukocytes were fixed and immunogold labeled with the

anti-PSGL-1 MAbs PL1 and PL2. Gold particles labeling PSGL-1 were preferentially

localized to the tips of microvillion all classes of resting leukocytes (Figures 4.1 and

4.2), and as assessed by the number of gold particles per equatorial section (Table 4.1),

the highest labeling was on eosinophils, followed in decreasing order by neutrophils,

basophils, monocytes, and lymphocytes. The percentage of gold particles on microvilli

was approximately 70-80% on neutrophils, eosinophils, monocytes, and lymphocytes

with no significant difference among means (p = 0.084), but was significantly lower

(53%) on basophils (p < 0.000, Table 4.1). On leukocytes sectioned from Epon blocks,

the plasma membrane overlying microvilli account for 30-40% of the total plasma

membrane circumference of neutrophils, monocytes and lymphocytes (18). However, the

observation that most of the PSGL-1 labeling is restricted to the tips of microvilli

indicates that PSGL-1 expression is limited to a substantially smaller fraction of the total

plasma membrane surface. The microvillous distribution of PSGL-1 labeling was
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significantly lower on basophils than on other leukocytes (p < 0.0001). This may be a

reflection of the lower number of microvillion basophils relative to other types of

leukocytes. The reasons for this difference are unclear.

Differences in labeling intensity did not distort the analysis of microvillous

distribution because the preferential labeling of microvilli was independent of the

intensity of immunogold labeling (r = 0.04, 0.32, 0.05, 0.02, 0.44 for neutrophils,

eosinophils, basophils, monocytes, and lymphocytes, respectively). The anti-PSGL-1

MAbs did not label erythrocytes or platelets, and the isotype matched control MAb X63

did not label any blood cells (data not shown). Leukocytes were also labeled with an

antibody to the HLA-1 invariant chain, 32-microglobulin. In contrast to the anti-PSGL-1

MAbs, this antibody labeled the entire plasma membrane circumference without

preferential localization to microvilli (Figure 4.1B), confirming previous results (18).

Table 4.1 PSGL-1 immunogold labeling of quiescent human leukocytes

Neutrophil Eosinophil Basophil Monocyte Lymphocyte
Gold particles per section 127 it 4 152 + 63 106 + 86 105+ 42 22 + 14
Microvillous distribution (%) 82 + 13 72 + 18 53 + 18 80 + 9 80 + 14
Plasma membrane 35 + 4 32 + 3 28 + 4 44 + 6 32 + 5

circumference (um)
Sample size 50 25 20 27 26

These measurements were obtained from cells isolated from two to four different donors and are expressed
as the mean it SD derived from the indicated sample size.
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Figure 4.1 Immunogold labeling of human neutrophils for PSGL-1. Resting human neutrophils were isolated
and immunogold labeled with the anti-PSGL-1 MAbs PL1 and PL2 (A) or a rabbit polyclonal antibody to 32
microglobulin (B). Panel A shows a transmission electron micrograph of a representative segment of neu
trophil plasma membrane. Note the small clusters of 5 nm gold particles (black dots) labeling PSGL-1 on the
tips of microvilli (arrows). An occasional gold particle can also be observed on the cell body. Panel B shows
a transmission electron micrograph of a segment of neutrophil plasma membrane with 5 nm gold particles
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Figure 4.2 Immunogold labeling of human leukocytes for PSGL-1. Leukocytes were isolated and immu
nogold labeled with the anti-PSGL-1 MAbs PL1 and PL2. (A) Eosinophil. (B) Basophil. (C) Monocyte. (D)
Lymphocyte. Note the characteristic eosinophilic (e) and basophilic (b) granules in panels A and B, respec
tively. Original magnification x 43,000. Bar = 0.5 p.m.

labeling 32-microglobulin. Note that the gold particles are not preferentially localized to the tips of microvilli
(arrows). Original magnification x 43,000. Bar = 0.5 p.m.
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PSGL-1 is redistributed to one pole of activated, polarized neutrophils

Resting and activated leukocytes (10' M fMLP, 10 min 37 °C) were fixed and

surface labeled using the anti-PSGL-1 MAbs PL1 and PL2 and analyzed by immunogold

electron microscopy to assess the effects of activation on cell morphology and the surface

topography of PSGL-1. Figure 4.3 shows that PMN activation resulted in polarization of

the cell with the nucleus positioned at one pole and the majority of the granules

positioned toward the opposite pole. This morphological rearrangement was observed for

all classes of leukocytes, but was quantified only for PMN. Neutrophil activation resulted

in an 11% increase in the plasma membrane circumference (p<0.0001), probably due to

fusion of granule membranes with the plasma membrane (Table 4.2). The number of

microvilli decreased by approximately 50% (p<0.0001) (Table 4.2). The decrease in the

number of microvilli per section following cellular activation is due likely to a

combination of shape change from round to elongated and to the effects of fMLP on actin

depolymerization (164).

To quantitatively assess the effect of PMN activation on the surface topography of

PSGL-1, micrographs were analyzed to determine first, the total number of gold particles

per equatorial section, second, the length of the labeled segment of plasma membrane

expressed as a percentage of cell circumference, third, the maximum distance between

clusters of gold particles, and fourth, the percentage of gold particles present on

microvilli. The results of this analysis are summarized in Table 4.2. Activation resulted in

a 26% decrease (p = 0.001) in the number of gold particles labeling PSGL-1. Indirect

immunofluorescence analysis also showed that the mean fluorescence intensity of

neutrophils stained with PLl fell by approximately 23% as a consequence of activation.
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In contrast to this modest decline in PSGL-1 surface labeling, there was a dramatic effect

on the surface topography of PSGL-1. Figure 4.3 shows that gold particles labeling

PSGL-1 were confined to a limited contiguous segment of the plasma membrane that

covered the granular pole of activated PMN. The maximum segment of plasma

membrane devoid of PSGL-1, defined as the maximum distance between clusters of gold

particles per section, increased from 6.2 + 4.4 pum on resting cells to 22.6+ 8.7 pum on

activated cells (p<0.0001). Thus, on average, the labeled segment constituted only 42 +

18% of the plasma membrane circumference, leaving 58% of the plasma membrane

devoid of PSGL-1 labeling. Redistribution of PSGL-1 to the uropod of activated

monocytes and eosinophils was observed but not quantified.

Using the measurements of the number of gold particles per section and plasma

membrane circumference (Table 4.1), and the maximum distance between clusters of

gold particles (Table 4.2), an increase in the concentration of gold particles labeling

PSGL-1 can be seen on the labeled segment of the plasma membrane of activated cells

despite the modest decrease in PSGL-1 labeling. The mean number of gold particles per

micron of plasma membrane on resting PMN is 3.7 ± 1.4 compared to 7.5 + 5.1 on the

labeled segment of the plasma membrane on activated cells (p < 0.001). The percentage

of gold particles present on microvilli declined from 82 + 13% on resting neutrophils to

55 + 24% on fMLP-activated neutrophils (p<0.0001). Resting and activated neutrophils

were also labeled for the HLA-1 invariant chain, 32-microglobulin. Gold particles

labeling [2-microglobulin were randomly distributed on the cell body around the entire

plasma membrane circumference on both resting and activated PMN (data not shown).

This indicates that activation-induced redistribution of plasma membrane proteins is not a
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general phenomenon. Thus, gold particles labeling PSGL-1 were predominantly localized

to microvilli distributed uniformly around the cell circumference on resting neutrophils,

and relocalized to a limited segment of the plasma membrane on activated polarized cells,

with only a modest decrease in the total surface labeling.

As a complementary method to assess the localization of PSGL-1 on activated

neutrophils, Nomarski interference contrast optics were employed to examine the binding

of latex beads derivatized with the anti-PSGL-1 MAb PL1. Although this method is not

quantitative, it has the advantage that the whole cell can be viewed in three dimensions.

PL1-derivatized beads were bound to one pole of the polarized cells (Figure 4.4). Binding

of the PL1-derivatized beads to the cells was blocked by pretreatment of the neutrophils

with PL1, but not with the non-blocking anti-PSGL-1 MAb PL2 (data not shown). Beads

derivatized with protein G without MAb failed to bind to the cells.
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Figure 4.3 PSGL-1 is repositioned to one pole of polarized neutrophils following activation with fMLP. Iso
lated neutrophils were activated with 10’ M fMLP for 10 min at 37°C. The cells were then fixed and immu
nogold labeled with the anti-PSGL-1 MAbs PL1 and PL2. The Figure shows a higher magnification of a por
tion of the PSGL-1 expressing segment of the plasma membrane of the same neutrophil shown in the inset.
Note that the clusters of gold particles are more tightly spaced than on the resting neutrophil shown in Figure
4.1A. The boundaries of the PSGL-1 expressing segment of the plasma membrane which overlies the uro
pod (granular pole) are marked by black bars. Nu = nucleus. Original magnification x 43,000. Bar = 0.5 p.m.
(Inset original magnification x 6,200. Bar = 5 pm).
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Figure 4.4 Nomarski interference contrast image of fMLP-activated human neutrophils. Neutrophils at 5.5 x10°/ml were stimulated with 10" M fMLP for 5 min at 37°C, followed by 5 x 10° M fMLP for 10 min at 37°C.
Latex beads coated with the anti-PSGL-1 MAb PL1 were then incubated with the activated cells for 15 min
and then fixed in gluteraldehyde. Localization of the beads to the uropod can be seen (arrows). Original
magnification x 1800. Bar = 10 p.m. This work was done by Diane Lorant.
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Table 4.2 Effects of activation on neutrophil morphology and PSGL-1 surface expression
Agonist Relative

None fMLP change
Morphology

Plasma membrane circumference (um) 35 + 4 39 + 5 +11%"
Microvilliper section 26 + 5 13 + 5 -50%.”
Sample size 100 48

Flow cytometry”
PL1 (PSGL-1) 113 + 11 87 it 35 -23%
DREG-200 (L-selectin) 110 + 14 31 + 5 -72%”
IB4 (CD18) 155 + 13 620 + +400%.”

117
PSGL-1 immunogold labeling

Gold particles per section 127 it 4 94 + 2 –26%.”
Labeled segment of plasma membrane 82 + 4 42 + 18 -49%.”

(% of total circumference)
Maximum distance between gold clusters (um) 6.2 + 4.4 22.6 + +265%”

8.7
Microvillous distribution (%) 82 + 13 55 + 24 - 33%"
Sample size 50 48

These measurements were obtained from cells isolated from two different donors and are
expressed as the mean + SD derived from the indicated sample size. The maximum distance
between clusters of gold particles labeling PSGL-1 describes the longest contiguous segment
of the plasma membrane devoid of PSGL-1 and was determined in order to calculate the
relative proportion plasma membrane containing PSGL-1 after PMN activation. The PSGL-1
labeled segment of plasma membrane was calculated as the difference between the total
section circumference and the maximum distance between clusters of gold particles.

* Indicates a statistically significant change from quiescent cells at a significance level of a •
0.05.

* Results are expressed as mean fluorescence intensity + SD; this work was done by Kevin
Moore.
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PSGL-1 redistribution is dependent on an intact cytoskeleton

If PSGL-1 were indeed translocated over the surface of the cell in response to

activation, rather than being selectively delivered to the uropod from an intracellular

store, then destabilization of the cytoskeleton prior to activation should prevent

redistribution. To test this, PMN were treated with 2 puM cytochalasin D for 10 min at 37

°C prior to activation with fMLP and immunogold labeling. Cytochalasin D treatment

caused gross changes in morphology such that the cells became irregular in shape (Figure

4.5A), and were unable to polarize in response to fMLP (Figure 4.5B). Immunogold

labeling was attempted in order to show that in addition to the inability of the cells to

polarize, PSGL-1 remained randomly distributed over the cell surface. Gold labeling on

these cells, however, was minimal and insufficient for reliable quantification. Since

cytochalasin D treatment augments degranulation in response to cellular activation, it is

likely that this dual treatment resulted in liberation of proteolytic granule enzymes and

cleavage of PSGL-1 from the cell surface. The sparse gold label remaining, however,

appeared randomly distributed on the cell surface.
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Figure 4.5 Cytochalasin D treatment alters cell shape and blocks fMLP induced neutrophil polarization. (A)
Neutrophils were treated with 2 HM cytochalasin D for 10 min at 37 °C, then fixed in 2% paraformaldehyde,
0.05% glutaraldehyde in 100 mM sodium phosphate, pH 7.4, for 30 min at ambient temperature. This treat
ment resulted in gross changes in cell shape and a substantial loss of microvilli. Arrows denote the few re
maining microvilli. (B) Cytochalasin D treated neutrophils were stimulated with 10’’ M fMLP for 10 min at 37
°C, then fixed as described in B. Cytoskeletal destabilization prevented polarization in response to stimula
tion with fMLP.
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PSGL-1 is not present in an intracellular compartment in neutrophils

To look for PSGL-1 in specific intracellular compartment(s), resting neutrophils

were disrupted by nitrogen cavitation, and the post-nuclear supernatants were

fractionated on discontinuous Percoll gradients (Niels Borregaard). Percoll fractions were

assayed for PSGL-1 antigen as well as for myeloperoxidase, lactoferrin, gelatinase, latent

alkaline phosphatase, and HLA-1 antigen as specific markers for azurophilic, specific,

and gelatinase granules, secretory vesicles, and plasma membranes, respectively. Figure

4.6 shows that PSGL-1 antigen was colocalized only with the HLA-1 plasma membrane

marker and not with markers for azurophilic, specific, and gelatinase granules, or for

secretory vesicles.

50 gelatinase —-

g 40 lactoferrin — Figure 4.6 Subcellular fractionation of human
2 neutrophils. Resting neutrophils were isolated and
3 disrupted by nitrogen cavitation. The post-nuclear
35 30 supernatants of disrupted cells were then

wo - - - -

‘5 fractionated on discontinuous Percoll gradients.
E 20 Percoll fractions were assayed for myelo8 peroxidase (MPO, A), lactoferrin (O), gelatinase
5 ([]), latent alkaline phosphatase (latent AP, V),
C. 10 : HLA-1 antigen (II), and PSGL-1 antigen (O). This

work was done by Niels Borregaard and Kevin
Moore.
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As a complementary method, immunogold electron microscopy of frozen, thin

Sectioned resting neutrophils using the anti-PSGL-1 MAbs PL1 and PL2 was also

performed. Although prominent plasma membrane labeling was observed, specific

labeling on intracellular organelles or cytoplasmic components was not detected (Figure

4.7). Thus, using two independent and complementary methods, we found no evidence

that PSGL-1 is present in an intracellular compartment of resting neutrophils.
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To explore the possibility that PSGL-1 is sequestered in cytoplasmic granules or

storage vesicles during leukocyte development, human bone marrow smears were

histochemically stained with the PL1 and PL2 MAbs. PSGL-1 expression was detected

on agranular promyelocytes, myelocytes and segmented PMN. Thus, PSGL-1 expression

precedes granule development. This result corroborates the cell fractionation experiment

that failed to detect PSGL-1 in intracellular compartments despite being able to detect the

ligand on the plasma membrane fraction. PSGL-1 expression was not detected on

megakaryocytes, endothelium or erythroblasts (Figure 4.7). The X63 control antibody did

not label any cells (not shown).
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Figure 4.7. Frozen thin-sectioned resting neutrophil immunogold labeled with the anti-PSGL-1 MAbs PL1
and PL2. Note the positioning of the gold particles on the tips of microvilli (arrows) but the lack of labeling
inside the cell. The number of gold particles seen here is significantly lower than on the sections from Epon
embedded cells which were labeled prior to sectioning (Figures 4.1-4.3), because on frozen thin sections the
immunogold label can only achieve shallow penetration. Original magnification x 43,700. Bar = 0.5 p.m.
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Figure 4.8 PSGL-1 distribution on differentiating hematopoietic cells in human bone marrow. Bone marrow
smears were fixed in acetone:methanol:formalin (19:19:2) for 90 seconds at 4 °C, then washed with tris
buffered saline and stained with the anti-PSGL-1 mAbs PL1 and PL2 for 60 min. Immobilized antibody was
detected with a biotinylated goat antimouse secondary antibody followed by a streptavidin-alkaline phos
phatase conjugate. After development of the alkaline phosphatase substrate, the slides were counter
stained with hematoxylin (Gills No. 3). An irrelevant class matched mAb (X63) was used as a negative Con
trol (not shown). (A) Promyelocyte and myelocyte; (B) Segmented neutrophil (PMN), myelocyte, and PSGL
1 negative nucleated red blood cell (erythroblast); (C) PSGL-1 negative megakaryocyte; (D) PSGL-1 nega
tive endothelium.
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Discussion

The P-selectin glycoprotein ligand 1 is a sialomucin ligand for L-, E-, and P

selectin expressed on the cell surface of peripheral blood leukocytes. PSGL-1 participates

in leukocyte-endothelial, leukocyte-leukocyte, and leukocyte-platelet intercellular

adhesion (27,49-51,104,106,188), and is necessary for tethering and rolling of neutrophils

to P-selectin expressing cells under physiologically relevant shear stress in vitro and in

vivo (104,188). This function may be dependent upon its localization to the tips of

microvilli, which are the initial points of contact between flowing neutrophils and the

vascular endothelium (180). In this study immunogold labeling and electron microscopy

demonstrated that PSGL-1 was preferentially localized to the tips of microvillion all

classes of resting leukocytes, and that PSGL-1 is redistributed to the uropod of activated

neutrophils by surface translocation.

P-selectin binding sites were shown previously to be uniformly distributed around

the surface of resting PMN localized to the tips of microvilli. Neutrophil activation,

however, results in redistribution of P-selectin binding sites to the uropod of polarized

cells (110, 198). This agonist induced change in the distribution of P-selectin binding sites

was dependent on an intact cytoskeleton, because it was prevented by pretreatment of the

cells with cytochalasin D. However, it was unclear if the polar distribution of P-selectin

binding sites on activated PMN was due to surface translocation of PSGL-1, shedding of

PSGL-1 from the lamellapod, and/or mobilization of PSGL-1 from an intracellular

compartment(s) to the uropod. To address this question, a quantitative analysis of the

surface topography of PSGL-1 on resting and activated leukocytes using immunogold

electron microscopy was performed. Activation of leukocytes with fMLP resulted in the
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polarization of the cells with the nuclei positioned at one pole and the granules positioned

toward the opposite pole. Neutrophil polarization was accompanied by a modest increase

in the plasma membrane circumference and a 50% decrease in the number of microvilli.

This morphologic change was accompanied by a dramatic change in the surface

topography of PSGL-1. In contrast to the broader distribution on resting neutrophils, gold

particles labeling PSGL-1 were confined to a limited segment of the plasma membrane of

activated PMN which constituted approximately 42% of the plasma membrane

circumference. The percentage of gold particles present on microvilli declined from

approximately 82% on resting neutrophils to approximately 55% on activated cells.

Quantitation of the number of gold particles labeling PSGL-1 and indirect

immunofluorescence analysis with anti-PSGL-1 MAbs indicated only a modest

(approximately 25%) decline in cell surface PSGL-1 expression after activation.

Nomarski interference contrast optics showed PSGL-1 redistribution to the uropod in

three dimensions. While it appeared that a minor portion of PSGL-1 was shed or

internalized following activation, these observations support the conclusion that the

ligand was actively repositioned to the labeled segment rather than shed from the non

labeled segment of polarized cells.

To exclude the possibility that the change in surface topography was due to

mobilization of PSGL-1 from an intracellular compartment to the uropod, subcellular

fractionation and immunogold analysis of frozen thin sections were performed. Both

methods demonstrated that PSGL-1 was detectable only on the plasma membrane and not

in any intracellular compartment. Histochemical staining of bone marrow myelocytic

stem cells showed PSGL-1 expression was not dependent on the development of
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secretory granules. Taken together, these findings indicate that the activation-induced

change in the topography of PSGL-1 was due to its redistribution on the cell surface.

The emigration of leukocytes into inflamed tissues is achieved by a coordinated

series of adhesive interactions initiated by the selectins and their ligands. Selectin

mediated adhesion results in leukocyte tethering and rolling, and is critical for a

successful inflammatory response. During a fulminate inflammatory response, the

endothelium can become carpeted with adherent leukocytes and platelets, and the

endothelial selectins and L-selectin ligands can become inaccessible. Repositioning of

PSGL-1 on activated, adherent leukocytes may offer an alternative substrate for tethering

and rolling and allow the amplification and sustained recruitment of leukocytes into sites

of active inflammation. Alternatively (or additionally), PSGL-1 redistribution may serve

to facilitate the transition from selectin-mediated adhesion to integrin-mediated adhesion.

Although lateral redistribution and clustering of adhesion molecules are typically

associated with adhesion strengthening (199), PSGL-1 may differ from other adhesion

molecules such that agonist-induced redistribution may be in part responsible for the

disengagement of bonds between P-selectin and PSGL-1 thereby facilitating

transendothelial migration. In this study the redistribution of PSGL-1 was shown to be a

consequence of active surface translocation to the uropod.
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PART TWO

Molecular basis for ligand recognition by L-, E-, and P-selectin

****
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Synthesis of sulfated lactose derivatives and associated
neoglycolipids

The sulfated lactose derivatives and associated neoglycolipids described in this chapter were synthesized in
Carolyn Bertozzi's laboratory at the University of California, Berkeley (February, 1996 to June, 1999). A
summary of the synthesis of these derivatives and corresponding neoglycolipids will be submitted for
publication:

Bruehl, Richard E., Rosen, Steven D., Bertozzi, Carolyn R. Synthesis of sulfated lactose neoglycolipids:
substrates for systematically identifying high affinity configurations of sulfate esters on carbohydrate ligands for
the selectins and MECA-79. Biochemistry.

Introduction

The leukocyte—endothelial and leukocyte–leukocyte intercellular adhesion

molecules L-, E- and P-selectin all bind with modest affinity to the sialyl Lewis’

tetrasaccharide in vitro (60-62). These relatively weak binding interactions, however, do

not correlate with the high-affinity binding interactions witnessed in vivo, and they

cannot account for the specificity of selectin–ligand interactions observed in different

tissues and in different inflammatory conditions. Although physiological selectin ligands

present sLe’-like sialylated and fucosylated lactosaminoglycans, detailed biochemical

analysis of these ligands has revealed a much more complicated composition of the

molecules that bind to the selectins in the vasculature. For example, L- and P-selectin

ligands present a composite of carbohydrate and sulfate ester binding determinants

(27,63-65), and optimal binding of these selectins is sulfate dependent (24,66,67).

Although optimal E-selectin binding is not sulfate dependent (68), E-selectin adhesion to

3'-sulfo Lewis" and its isomer 3'-sulfo Lewis’ is well documented (70-72). While it is

clear that carbohydrate sulfation is important for L-selectin binding, the configuration of

sulfate esters on carbohydrate ligands that generates the most adhesive structure for L

selectin remains unsettled, and the contribution of sulfate esters to the specificity of E
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selectin remains unsettled, and the contribution of sulfate esters to the specificity of E

and P-selectin recognition determinants has not been explored. The purpose of the

synthetic approach described here is to construct a panel of sulfated lactose derivatives

(sulfo-sLe’ mimetics) with discretely placed sulfate esters in order to resolve

systematically the position(s) of sulfate esters on sulfo-sLe” that best support L-, E- and

P-selectin and MECA-79 binding.

Ligand sulfation serves two distinct and important purposes. First, the inclusion of

an electrostatic component in the ligand recognition determinant increases the on-rate and

strength of the adhesive interaction which would be mediated otherwise primarily by

weak hydrogen bonding (19,200). For example, the dissociation constant for monomeric

P-selectin binding to sle on PSGL-1 is on the order of 10° M, while the dissociation

constant of P-selectin binding to tyrosine sulfate and sle on PSGL-1 is four orders of

magnitude lower at 10' M (65). Second, ligand sulfation imparts an additional level of

specificity to the binding interaction. Although there is considerable structural

information in complex oligosaccharides such as sLe" and SLeº, these structures are not

unique and are present on numerous cell and tissue types including leukocytes and

endothelial cells. The sulfated versions, however, appear to be restricted to sites of

leukocyte migration into tissues. It is therefore likely that the configuration of sulfate

esters on selectin recognition determinants contributes to their specificity.

Based on a thorough biochemical evaluation of the sulfated carbohydrates on

GlyCAM-1 (25-27), there are two possible positions for sulfation in sLe’. These are the

C-6 position of galactose (Gal) or the C-6 position of N-acetylglucosamine (GlcNAc).

Sulfoesterification at either or both of these positions generates three versions of sulfated
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sLe” that could provide unique structural information to the recognition determinant of

selectin ligands. These are 6'-sulfo sLe’ (containing Gal-6-OSO3), 6-sulfo sle”

(containing GlcNAc-6-OSO3), or 6',6-disulfo sLe’ (containing Gal-6-OSO3 and

GlcNAc-6-OSO3).

In the design of synthetic carbohydrate selectin ligand mimetics, sulfation at the

C-3’ position of Gal in the Lewis’ trisaccharide has been explored as a substitute for the

C-3’ sialic acid on Gal in sLe” (201,202). Although 3'-sulfo Leº was not identified among

the sulfated oligosaccharides of GlyCAM-1 (25,27), 3'-sulfo Le” and 3'-sulfo Le" have

been shown to support L-, E-, and P-selectin binding better than Le” or Le" (203-205).

Interestingly, dissection of the sulfated and fucosylated lactosamines on some epithelial

and carcinoma cells has lead to the discovery of 3'-sulfo Lewis" as a naturally occurring

structure and recognition determinant for E-selectin (206).

In a previous study intended to provide structural leads for the design of anti

inflammatory drugs aimed at inhibiting L-selectin-mediated leukocyte-endothelial

adhesion, a panel of five sulfated lactose derivatives was synthesized, and its constituents

were assayed for their ability to inhibit L-selectin binding to GlyCAM-1 (207). These

derivatives were modeled after the sulfated N-acetyllactosamine core of the sulfated sle”

capping groups identified on GlyCAM-1 and had sulfate esters introduced into the C-3”,

C-6', and/or C-6 positions of 1-3-O-allyl lactose. All of the sulfated derivatives inhibited

L-selectin binding better than sLe”, and the 1-3-O-allyl lactose scaffold had no inhibitory

activity. These impressive results illustrate the dramatic and important effect of sulfation

in mediating L-selectin binding. Furthermore, these experiments showed that although

sialic acid and fucose are important for L-selectin-mediated adhesion, these
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disulfo lactose derivative was the most potent inhibitor with an IC50 of approximately 1

mM, however, discrimination among compounds in these experiments was subtle and the

largest difference in IC50 values among the sulfated derivatives was only 4-fold (6',6-

disulfo-1-3-O-allyl lactose vs. 6'-sulfo-1-3-O-allyl lactose).

The objectives of the synthetic approach described here are to extend the panel of

sulfated lactose derivatives described above to include 6-sulfo lactose, 3’,6-disulfo

lactose, and two sulfated monosaccharides, Gal-6-OSO3 and GlcNAc-6-OSO3 (Figure ****

- ***

5.1), and to incorporate these structures into neoglycolipids for use as substrates in direct º
****
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binding assays. Sulfation of the C-6 position of GlcNAc in sLe” has been implicated as an

important element of the L-selectin recognition determinant (25,52,97,208), and recently

GlcNAc-6-OSO3 has been suggested to define at least part of the MECA-79 epitope (99).

Furthermore, E- and P-selectin can cross react to L-selectin ligands in HEV, and a

recently cloned GlcNAc-6-O-sulfotransferase has been identified in leukocytes and

cancer cells. Thus, it is possible that GlcNAc-6-OSO3 is an important recognition

determinant for all three selectins. Accordingly, the synthesis of 6-sulfo lactose and

GlcNAc-6-OSO3 and exploration of their activity as selectin and MECA-79 ligands is

well merited.

The most challenging features of this synthetic enterprise were first ensuring that

the desired positional and stereochemistry was achieved, and second co-solubilizing the

charged, sulfated lactose derivatives with a saturated C18 alkane in order to synthesize

neoglycolipids. Regioselective installation of sulfate esters was accomplished using a

series of orthogonal protecting group manipulations. Since sulfate esters are stable in

alkaline environments, acid labile protecting groups were installed first onto the target

sites of sulfation. Base-labile protecting groups were then introduced into the remaining

hydroxyls, and the target sites for sulfation were liberated by treatment with acid. After

sulfoesterification, the remaining protecting groups were removed with base leaving the

sulfate esters intact. Reactions were monitored by thin layer chromatography (TLC), the

products were purified by flash silica gel chromatography, and the structures of the

compounds were verified by 'H and "C nuclear magnetic resonance (NMR) and mass

spectrometry (MS). The charged carbohydrates and non-polar lipids were dissolved in

aqueous dimethylformamide (DMF) for coupling in order to construct neoglycolipids.
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Sulfated lactose derivatives

The sulfated lactose derivatives described above (Figure. 5.1) were synthesized

from 1-3-O-allyl lactose. The allyl functionality at the anomeric position of lactose was

introduced for two reasons. First, it locked the terminal aldose in a stable closed-ring■

conformation. Second, it provided a convenient handle for incorporating the sulfated

derivatives into glycoconjugates. Lactose rather than N-acetyllactosamine was used as the

scaffold for these derivatives for reasons of cost. Previous work has shown that this

conservative alteration results in a negligible change in the reactivity of the

oligosaccharide with L-selectin (165,207).

The 1-3-O-allyl lactose (allyl lactose) starting material was synthesized in four

steps from commercially available lactose octaacetate (Scheme 5.1). To selectively

introduce sulfate esters into either or both of the C-6 positions of allyl lactose, and/or the

C-3’ position, acid labile silyl protecting groups were installed first onto either or both of

the C-6 hydroxyls, and an acid labile isopropylidene was formed between the C-3’ and C

4’ hydroxyls. Base labile benzoyl esters were used to protect the remaining hydroxyls and

the silyl groups and isopropylidene were removed in acid. Sulfate esters were then

introduced onto the liberated positions using sulfur trioxide trimethylamine as the sulfate

donor, and the remaining protecting groups were saponified in base (Schemes 5.2 through

5.6). The intermediate compounds were flash purified by silica gel chromatography, and

the final sulfated derivatives were purified using diethylaminoethyl (DEAE) ion

exchange chromatography.

Synthesis of the 6-sulfo lactose and 3’,6-disulfo lactose derivatives involved a

novel synthetic strategy (Schemes 5.4 and 5.5). The challenging aspect of these syntheses

º
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was to selectively sulfate the C-6 position without also sulfating the C-6’ position. To

accomplish this, silyl protecting groups of differing stability (209) were selectively

introduced into the C-6' and C-6 positions. First, a weak silyl protecting group, tert

butyldimethylsilyl ether (OTBDMS) was introduced onto the C-6’ position. Selective

silylation of the C-6’ position was achieved through the formation of a dibutyl stanylene

ketal across the C-4” and C-6’ hydroxyls. The ketal functioned as a pseudo protecting

group and served to activate the C-6’ position by formation of an alkoxide. Since

alkoxides are significantly more reactive than primary alcohols, the TBDMS ether could

be readily installed without the aid of an acyl transfer catalyst. Because of the bulkiness

of the silyl protecting group and steric hindrance at the C-4’ position, the silylether was

selectively formed at the C-6’ position. The more stable tert-butyldiphenylsilyl ether

(OTBDPS) was installed next onto the C-6 position using 4-dimethylaminopyridine

(DMAP) as an acyl transfer catalyst. Mild acid hydrolysis (80% aqueous acetic acid)

removed the C-6’ OTBDMS protecting group while leaving the C-6 OTBDPS ether in

tact. To make the 3’,6-disulfated derivative, the C-3’ and C-4” hydroxyls were protected

by formation of an acid labile isopropylidene. The remaining hydroxyls including the C

6’ hydroxyl were then protected with benzoyl esters. To make the C-6 monosulfated

derivative, formation of the isopropylidene was bypassed and the C-6 silylated compound

was perbenzoylated. The C-6 OTDBPS ether and C-3', C-4” isopropylidene were cleaved

using HF-pyridine and organic hydrochloric acid, respectively. Sulfate esters were

introduced to the C-6 position at ambient temperature, or into the C-6 and C-3’ positions

at 37°C. Because of steric hindrance, the C-4’ position was refractory to sulfation under
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these conditions. After cleavage of the benzoyl esters in aqueous ammonia, the sulfated

carbohydrates were purified by DEAE ion exchange chromatography.

ACO

ACO #ºvesC ■ º■ º, OAC
OAC OAC OAC

Scheme 5.1 1-3-O-Allyl lactose (4). De
acetylation at the anomeric position of lac
tose octaacetate was achieved by reaction
with 1.1 equivalents of hydrazine acetate in
dry acetonitrile to generate 2',2,3,3',4',6,6'-
heptaacetate lactose (1). The trichloroimidate
(2) was formed by reaction with 10 equ
ivalents of trichloroacetonitrile in dry meth
ylene chloride. Although a mixture of
anomers was produced, the dominant spec
ies was the 3-trichloroimidate. Participation of
the C-2 acetate and use of K2CO3 as the
base favored formation of the B isomer. Ex
change of the anomeric trichloroimidate with
an allyl ether (3) was achieved by reaction
with 1.1 equivalents of allyl alcohol in meth
ylene chloride using 0.05 mole percent tri
methylsilyl trifluoromethanesulfonate (TMS
OTf) as a Lewis acid to drive formation of the
intermediate carbocation. The acetate pro
tecting groups were removed with 100 mM
Sodium methoxide in MeOH, and the reaction
was quenched with Amberlite IRC-50 cation
exchange resin to yield the final product 1-3-
O-ally lactose (4).
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Scheme 5.2 3'-Sulfo-1-3-O-allyl lactose (8).
1-3-O-Allyl lactose (4) was dissolved in dry
acetone to 0.05 M and refluxed with 0.4
equivalents p-toluene sulfonic acid (TSOH) in
the presence of excess CaCO3. The resulting
isopropylidene (5) was perbenzoylated using
12 equivalents benzoyl chloride, 12 equ
ivalents diisopropylethylamine (iPrzEtn) and
24 equivalents pyridine (pyr) in methylene
chloride to yield the orthogonally protected
compound (6). The isopropylidene was re
moved in organic HCl, and the resulting
compound (7) was sulfated at 37 °C using
1.1 equivalents sulfur trioxide trimethylamine
complex. The benzoyl esters were removed
in 5 M aqueous ammonia. The final product
3'-sulfo-1-3-O-ally lactose (8) was purified by
DEAE chromatography, and the pyridinium
salt of the sulfate ester was exchanged for
sodium using Dowez resin (Na" form).

Compound 8 has been synthesized pre
viously from different precursors (207).
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6'-sulfo-1-3-O-ally lactose (14)
3',6'-disulfo-1-3-O-ally lactose (15)

Scheme 5.3 6'-Sulfo- and 3,6'-disulfo-1-■ 3-O-
allyl lactose (14, 15). The C-6' position of 1-3-
O-ally lactose (4) was protected with a tert
butyldiphenylsilyl (TBDPS) ether by first for
ming a stanylene ketal across the C-4' and
C-6' hydroxyls to generate reactive alcoxides
at these positions (9). Reaction of this un
stable intermediate with 1.1 equivalents
TBDPSC in tetrahydrofuran (THF) in the
absence of an acyl transfer catalyst resulted
in formation of the C-6' silylated compound
(10). The C-6' position was selectively pro
tected over the C-4' position due to the
bulkiness of the silyl protecting group and
steric hindrance at the C-4' position. Because
alcoxides are significantly more reactive than
primary alcohols, the silyl ether could be
installed in the absence of an acyl transfer
catalyst, thereby leaving the C-6 position
unprotected. An isopropylidene was formed
next across the C-3' and C-4' hydroxyls by
refluxing compound 10 in dry acetone with
0.4 equivalents TsCH to generate compound
11. The remaining hydroxyls were protected
by esterification with 10 equivalents benzoyl
chloride in methylene chloride using 18 equ
ivalents pyridine as an acyl transfer catalyst,
and 10 equivalents iPrzEtn as a base to
generate the orthogonally protected com
pound (12). The C-3', C-4' and C-6' positions
were liberated by reaction with HF-pyridine in
THF followed by organic HCl to yield com
pound 13. Sulfate esters were introduced into
the C-6' or C-6' and C-3' positions by reaction
of compound 13 with sulfur trioxide trimeth
ylamine complex in DMF. Sulfation at room
temperature resulted in sulfation at the C-6'
position alone, while sulfation at 37 °C
resulted in esterification at both the C-6' and
C-3' positions. The benzoyl esters were sap
onified with 5 M aqueous ammonia in MeOH
at 65 °C, and the sulfated compounds were
purified by DEAE chromatography. The pyr
idine salts of the sulfated products were
exchanged for sodium by stirring over Dower
cation exchange resin (Na’ form) to yield the
final products 6'-sulfo-1-3-O-ally lactose (14)
and 3',6'-disulfo-1-3-O-ally lactose (15).
Compounds 9 and 10 have been synthesized
previously, and compounds 14 and 15 have
been synthesized previously from different
precursors (207).
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Scheme 5.4 6-Sulfo-1-3-O-allyl lactose (21).
The C-6 position of 6-OTBDMS-1-3-O-allyl
lactose (16) was protected with a TBDPS ether
by reaction with 1.1 equivalents TBDPSC in
THF using a catalytic amount of DMAP as an
acyl transfer catalyst to yield compound 17.
The C-6 TBDMS ether was removed by mild
acid hydrolysis in 80% acetic acid to generate
6-OTBDPS-1-3-O-ally lactose (18). This com
pound was perbenzoylated by reaction with
esterification with 12 equivalents benzoyl chl
oride, 20 equivalents pyridine, and 12 equ
ivalents iPrzEtn in methylene chloride to gen
erate the orthogonally protected compound
(19). The C-6 silyl ether was cleaved by re
action with HF/pyridine in THF 20. Sulfate
esters were introduced into the C-6 position by
reaction of compound 20 with sulfur trioxide
trimethylamine complex in DMF at room
temperature. The benzoyl esters were sap
onified with 5 M aqueous ammonia in MeOH at
65 °C, and the sulfated compounds were pur
ified by DEAE chromatography. The pyridine
salts of the sulfated products were exchanged
for sodium by stirring over Dower cation ex
change resin (Na’ form) to yield the final
product 6-sulfo-1-3-O-ally lactose (21).
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Scheme 5.5 3',6-Disulfo-1-fl-O-allyl lactose
(25). The C-6' position of 6-OTBDMS-1-3-
O-ally lactose (16) was protected with a
TBDPS ether by reaction with 1.1 equ
ivalents TBDPSC in THF using a catalytic
amount of DMAP as an acyl transfer
catalyst to yield compound 17. The C-6'
TBDMS ether was removed by mild acid
hydrolysis in 80% acetic acid to generate 6
OTBDPS-1-3-O-ally lactose (18). To form
an isopropylidene across the C-3' and C-4'
hydroxyls, compound 18 was dissolved in
dry acetone and refluxed at 55 °C in the
presence of 0.4 equivalents TsCH and
excess CaCO3 to generate compound 22.
The remaining hydroxyls were protected by
esterification with 10 equivalents benzoyl
chloride, 18 equivalents pyridine, and 10
equivalents iPrzEtn in methylene chloride to
generate the orthogonally protected com
pound (23). The C-3', C-4' and C-6 pos
itions were liberated by reaction with
HF/pyridine in THF followed by organic HCI
in diethyl ether to yield compound 24.
Sulfate esters were introduced into the C-6
or C-6 and C-3' positions by reaction of
compound 24 with sulfur trioxide trimethyl
amine complex in DMF. Sulfation at room
temperature resulted in sulfation at the C-6
position alone, while sulfation at 37 °C
resulted in esterification at both the C-6 and
C-3' positions. The benzoyl esters were
saponified with 5 M aqueous ammonia in
MeOH at 65 °C, and the sulfated com
pounds were purified by DEAE chrom
atography. The pyridine salts of the sulfated
products were exchanged for sodium by
stirring over Dower cation exchange resin
(Na’ form) to yield the final product 3',6-
disulfo-1-3-O-ally lactose (25).

* ***

* : *
* -->

º ***
º

º

we arº
ºr ºres
tº ■ º.*-*
* ºresa
* *

* Isºlº

* x-rºº

- **

ºf ~ -->
º

****

lºw- *
º- ===

107



26

27

28

29

OH HO

O HO >''S
OH OH OH

TBDPSCI, DMAP
THF

TBDPSO

OH O
HO O O

O HO > S
OH OTBDPS OH

BzCl

iPrzEtn, DMAP
CH2Cl2

TBDPSO

Z O■ º S-23S
OBz OTBDPS OBz

HF-pyr
THF

OH

o–7-9% *~Bz OPº■ so S-ºsOB2 OH OBz

1. SO3-NMe3
DMF, 23 or 37 °C

2. NH4OH, 65 °C

"O3SO

Ho-7-9%º■ º■ . HO Osºs
OH OSO3. OH

6',6-disulfo-1-3-O-ally lactose

Scheme 5.6 6,6-Disulfo-1-3-O-allyl lactose
(29). The C-6' and C-6 positions of 1-3-O-ally
lactose (4) were protected with TBDPS ethers
by reaction with 2.2 equivalents TBDPSCI and
a catalytic amount of DMAP in THF to yield
compound 26. The remaining hydroxyls were
protected by esterification with 12 equivalents
benzoyl chloride, 24 equivalents pyridine, and
12 equivalents diisopropylethylamine in meth
ylene chloride to generate the orthogonally
protected compound (27). Formation of an
isopropydlidene across the C-3' and C-4'
hydroxyls was not necessary because the C-3'
position was not a target for sulfation in this
synthesis. While there is concern about pro
tecting group migration from the C-4' position
to the C-6' position, this is a phenomenon that
occurs primarily with acetate protecting
groups. The silyl ethers were removed with
HF/pyridine to generate compound 28. Sulfate
esters were introduced into the C-6' and C-6
positions by reaction of compound 26 with 2.2
equivalents sulfur trioxide trimethylamine com
plex in DMF. The benzoyl esters were re
moved with 5 M aqueous ammonia in MeOH at
65 °C, and the sulfated compounds were pur
ified by DEAE chromatography. The pyridine
salts of the sulfated products were exchanged
for sodium by stirring over Dower cation ex
change resin (Na’ form) to yield the final
product 6',6-disulfo-1-3-O-ally lactose (29).

Compound 26 has been previously
synthesized, and compound 29 has been
previously synthesized from different
precursors (207).
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Sulfated monosaccharides

In order to show that in addition to sulfation, the carbohydrate scaffold supporting

the sulfate ester is an important component of selectin recognition determinants or the

MECA-79 epitope, C-6 sulfated Gal and GlcNAc were synthesized. Construction of these

sulfated monosaccharides was straightforward starting with the 1-■ 3-O-allyl derivatized

carbohydrate. Scheme 5.7 describes the synthesis of 1-3-O-allyl-D-galactose.

Since there was only one primary hydroxyl on these monosaccharides, sulfate -º-º:

...-->

esters were installed without the benefit of protecting groups on the secondary alcohols º
º

by using limiting amounts of the sulfate donor and conducting the reactions at ambient ***
*-

temperature, Scheme 5.8. Monosulfated species were isolated by DEAE chromatography, {º
the positions of sulfation were verified by NMR, and their mass was confirmed by MS.
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Scheme 5.7 1-■ 3-O-Allyl D-galactose (34). D-Galactose was
dissolved and stirred in a solution of 1:2 Ac2O:pyridine to
yield 1,2,3,4,6-penta-O-acetyl-D-galactose (30). The
anomeric acetate was removed by reaction with 1.1
equivalents in dry acetonitrile to generate 2,3,4,6-tetra-O-
acetyl-D-galactose (31). The trichloroimidate (32) was formed
by reaction with 10 equivalents of trichloroacetonitrile in dry
methylene chloride. Exchange of the anomeric
trichloroimidate with an allyl ether (33) was achieved by
reaction with 1.1 equivalents of allyl alcohol in methylene
chloride using 0.05 mole percent TMS-OTf. The acetate
protecting groups were removed with 100 mM sodium
methoxide in methanol, and the reaction was quenched with
Amberlite IRC-50 cation exchange resin to yield the final
product 1-3-O-allyl D-galactose (34).
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Scheme 5.8 Sulfated monosaccharides (35, 36). Unprotected 1-3-O-allyl D-galactose (34) or 1-3-O-allyl D-N-
acetylglucosamine was dissolved in DMF and reacted with 1 equivalent of sulfur trioxide trimethylamine at
ambient temperature. Mono and multiply sulfated species were separated by DEAE chromatography. The
pyridine salts of the monosulfated compounds were exchanged for sodium by stirring over Dower resin
(Na' form), to yield the final products 6-sulfo-1-3-O-ally D-galactose (35) and 6-sulfo-1-3-O-ally, D-N-
ace lglucosamine (36). Monosulfation was confirmed by MS and sulfation at the C-6 position was verified
by ‘’C NMR.
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Structural confirmation

The configurations of sulfate esters on allyl lactose, Gal and GlcNAc were

confirmed by "C NMR. Sulfoesterification of primary carbons (C-6 and C-6) resulted in

a downfield chemical shift of 6-7 ppm, while sulfoesterification of secondary carbons (C-

3’ and C-4") resulted in an upfield chemical shift of 10-11 ppm (Table 5.1). Assignment

of carbon peaks was achieved through a series one- and two-dimensional NMR

experiments. First, the anomeric proton peaks of Gal and Glc in lactose were assigned by

comparing conventional 'HMNR spectra of lactose, lactose octaacetate and 1-3-O-allyl

lactose (Figure 5.2). Identification of the peaks corresponding to the anomeric protons

then allowed assignment of the ring protons in Gal of allyl lactose by total correlation

spectroscopy (TOCSY) (Figure 5.3). Identification of the primary carbons (C-6’ and C-6)

was determined next by distortionless enhancement by polarization transfer (DEPT)

spectroscopy (Figure 5.4). Finally, the C-3', C-4”, C-6' and C-6 carbon peaks were

assigned using heteronuclear multiple quantum correlation (HMQC) spectroscopy

(Figure 5.5).

Table 5.1 °C chemical shift (ppm) of synthetic lactose derivatives
C-3' C-4” C-6' C-6

ally lactose 80.89 71.05 63.53 62.58
3' OSO3 ally lactose 69.13 71.32 63.28 62.39
6' OSO3 ally lactose 81.97 70.79 69.85 62.74
6 OSO3 ally lactose 79.81 69.44 64.23 69.01
3',6' (OSO3)2 ally lactose 71.68 70.60 69.36 63.00
3',6 (OSO3)2 ally lactose 71.26 71.1.1 63.05 69.02
6',6 (OSO3)2 allyllactose 81.32 70.93 69.88 69.09

"c chemical shifts of the C-3', C-4, C-6 and C-6 positions of
sulfated lactose derivatives. Sulfation of primary carbons (C-6
and C-6) results in a 6-7 ppm shift downfield, while sulfation of
secondary carbons results in an upfield shift of 10-11 ppm.
Carbon peaks for sulfated carbons are shown in bold-face type,
compare to ally lactose. Spectra were obtained in D2O at 400
MHz.
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Figure 5.2 'H NMR of lactose, lactose octaacetate and 1-3-O-ally lactose. The anomeric proton
peaks of Gal (1) and Glc (1) were assigned by comparing 'H NMR spectra of (A) lactose, (B)
lactose 3-octaacetate and (C) 1-3-O-ally lactose. In lactose the anameric protons of Glc can be in
either the o or 3 conformation, thus there are two peaks. Acetylation results in a downfield shift
relative to free hydroxyls, and a significant downfield shift of the anameric peak of Glo (1) can be
seen in (B). Acylation also results in a downfield shift. In 1-3-O-ally lactose, the anameric peak of
Glc is acylated and shifted down field relative to its position in lactose (A). By comparison of these
spectra, it can be seen that the anameric proton peak of Gal (1') is downfield of the anomeric
peak of Glo (1).
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Figure 5.3 Proton assignment of galactose in 1-■ 3-O-allyl lactose by total correlation spectroscopy.
Assignment of the anomeric peaks of Gal and Glc in Figure 5.2 allows assignment of all of the Gal protons in
1-3-O-ally lactose by total correlation spectroscopy (TOCSY).
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Figure 5.4 laentification of primary carbons and methylenes in 1-6-O-allyl lactose by distortionless
enhancement by polarization transfer spectroscopy. The C-6' and C-6 carbon peaks (as well as the ally
methylene peaks) are inverted at a pulse angle of 135°, and eliminated at a pulse angle of 90°. Inversion of
the C-6' and C-6 peaks can be seen at the far right of the top spectrum, and their elimination can be seen in
the middle spectrum. The C-6' and C-6 peaks can be identified, but not assigned, in these spectra.
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Figure 5.5 Assignment of the C-3', C-4, C-6' and C-6 carbon peaks by heteronuclear multiple quantum
correlation spectroscopy. The Gal carbon peaks in 1-3-O-ally lactose can be assigned from the proton
spectrum by HMOC. Having assigned the C-3', C-4' and C-6' peaks in the proton spectrum, these peaks can
be assigned in the carbon spectrum. Because the C-6' and C-6 peaks are adjacent, assignment of the C-6'
peak allows assignment of the C-6 peak by elimination.
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Amine-terminated glycosylthiohexanes

In order to couple the sulfated lactose derivatives and monosaccharides to lipids

for selectin and MECA-79 direct binding assays, the anomericallyl group was extended

to a primary amine. Designing the compounds with a primary amine and a short linker

allowed facile conjugation to acid chlorides to make neoglycolipids. The allyl glycosides

were dissolved in deoxygenated water and photo cross-linked to 2-aminoethanethiol

hydrochloride using 254 nm short wave irradiation to drive the reaction, Scheme 5.9.

R3O
OH O

R1O O OO HO Svºs
OH OR2 OH

2-aminoethanethiol HCI

H2O
254 nm

R3O
OH O

R1O ****
S

37-47 O HO OH S^^^NH,
HÖHTOR2

Scheme 5.9 Amine-terminated glycosyl thiohexanes (37-47). 1-3-O-Allyl glycosides were
dissolved in deoxygenated water and 1.0 equivalents of 2-aminoethanethiol HCl were added. The
mixtures were placed under a short wave ultraviolet lamp and photo cross-linked at room
temperature without stirring. This reaction was quantitative. R = H unless otherwise indicated.
The starting materials and resultant amines are numbered as follows: 1-3-O-ally lactose (4) —
37; 3'-sulfo-1-3-O-ally lactose (8) → 38 (R1 = SO3); 6'-sulfo-1-3-O-ally lactose (14) → 39 (R2 =
SO3); 3',6'-disulfo-1-3-O-ally lactose (15) – 40 (R1 = R2 = SO3), 6-sulfo-1-3-O-ally lactose (21)
– 41 (R3 = SO3); 3',6-disulfo-1-3-O-ally lactose (25) — 42 (R1 = R3 = SO3); 6,6-disulfo-1-3-O-
ally lactose (29) – 43 (R2 = R3 = SO3), 1-O-3-allyl D-galactose (34) – 44; 6-sulfo-1-O-3-allyl D
galactose (35) → 45; 1-O-3-allyl D-N-acetylglucosamine — 46; 6-sulfo-1-O-B-allyl D-N-
acetylglucosamine (36) – 47.
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Neoglycolipids

The sulfo-sLe’ glycominetics described above were incorporated into long chain

(24 atom) neoglycolipids (Scheme 5.10) in order to assay direct binding of the selectins

and MECA-79. An advantage of direct binding assays over inhibition assays is that

binding to the test ligand can be measured directly. In inhibition assays, binding to the

test ligand must be compared to binding to a known (or unknown) substrate. If the

affinity of the solid phase substrate is significantly greater than the affinity of the test

ligand, binding measurements can be difficult to obtain. Furthermore, the data obtained,

typically IC50 values, are entirely dependent on the assay conditions employed. Thus,

behavior of a test ligand in one set of assay conditions may not reproduce under a

different set of conditions. A disadvantage of direct binding assays is that it is difficult to

be certain of how much of the input substrate is actually retained following blocking,

binding and washing steps. In order to maximize adhesion of the sulfated glycominetics

described here, long chain, saturated alkanes were used as the lipid component of these

neoglycolipids.

The neoglycolipids described here are distinct from glycolipids used by others for

similar purposes (70,204,210-213) for two reasons. First, the lipid portion of the molecule

contains only one saturated 24-atom hydrocarbon tail, rather than two nonsaturated 16- to

18-atom hydrocarbon tails. While this may reduce the coating efficiency of the lipid, it is

possible that the combination of a longer saturated hydrocarbon tail and use of carrier

lipids to immobilize these structures can compensate for any deficiency caused by having

only one lipid chain. Second, the molecules described here are neoglycolipids rather than

glycolipids. Glycolipids are molecules found in nature, and their modification through

conjugation of other saccharides produces glycolipids that bear carbohydrate moieties
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that may be extraneous to the oligosaccharide under investigation. Typically, glycolipid

foundations are versions of galactose ceramide (Gal [81-ceramide).

Another important feature of direct binding assays is the multimerized state of the

solid phase ligands. Although neoglycolipids are significantly more difficult to construct

than neoglycoproteins, they have an advantage over neoglycoproteins in that the degree

of multimerization in the assay can be controlled readily by varying the amount of

neoglycolipid coated. Multimerization of lectins and carbohydrates is a strategy used

repeatedly in nature to enhance both the affinity and specificity of lectin–carbohydrate

binding interactions (214), and is being utilized here for the same purpose.

R3O
OH O

R1O O O S
O HO >~~~~NH

OR OH 2OH 2

37-47 1. iPrzEtn
DMF/H2O

2. C18OC

R2O
OH "% O O

R1O O O S * -->~~~~
O HO >~~ ~~N ^

OH OR2 OH H

48-58

Scheme 5.10 Neoglycolipids (48–58). The amine derivatized sulfated lactose derivatives and
monosaccharides were free based with 2 equivalents of iPrzEtn in aqueous DMF, then coupled to
steroyl chloride. Addition of the acid chloride rapidly resulted in the formation of a white emulsion.
The neoglycolipids were purified by extraction in hexanes and water. Unreacted steroyl chloride
and iPrzEtn partitioned into the organic layer while unreacted carbohydrate partitioned into the
aqueous layer. The neoglycolipids (48-58) formed a white foam layer at the solvent interface. R =
H unless otherwise indicated. The starting materials and corresponding neoglycolipids were
numbered as follows: (37) – 48; (38) → 49 (R1 = SO3); (39) — 50 (R2 = SO3); (40) → 51 (R1 =
R2 = SO3); (41) → 52 (R3 = SO3); (42) → 53 (R1 = R3 = SO3); (43) — 54 (R2 = R3 = SO3), 1-O-B-
ally D-galactose (44) → 55; 6-sulfo-1-O-3-allyl D-galactose (45) — 56; 1-O-3-allyl D-N-
acetylglucosamine (46) → 57; 6-sulfo-1-O-3-ally, D-N-acetylglucosamine (47) → 58.

119



§

º

*
s

*A*-*

wºrwº

º



Materials and Methods

General

Lactose octaacetate and D-(+)-galactose were purchased from Sigma Chemical. ;

1-3-O-Allyl-D-N-acetylglucosamine was a generous gift from Josh Armstrong in the

Bertozzi laboratory. Benzoyl chloride was distilled onto 3 Å molecular sieves/K2CO3

prior to use, and anhydrous solvents were from Aldrich and Fisher, and were distilled

prior to use. All other reagents were from Aldrich and were used without further

purification. Thin layer chromatography was performed using Analtech (Newark, DE)

silica gel GHLF glass plates, and compounds were visualized using short wave ultra

violet irradiation, and/or ceric ammonium molybdate stain, 10% H2SO4 in methanol, or

Ninhydrin stain. 'H NMR spectra were recorded at 300 MHz on a Bruker AMX300 NMR

spectrometer, and "C spectra were recorded at 75 MHz on a Bruker AMX400 NMR

spectrometer at the university of California, Berkeley NMR facility. Spectral data are

tabulated as chemical shifts in ppm (6) downfield from tetramethylsilane, followed by

multiplicity (s, singlet; d, doublet; dd, doublet of doublets, t, triplet; app, apparent; br,

broad; m, multiplet), integration, and coupling constant(s) (J) in Hz. Liquid secondary ion

mass spectra (LSIMS), electrospray ionization (ESI) and Maldi spectra were obtained at

the University of California, San Francisco Mass Spectrometry Facility.

Sulfated lactose derivatives

2',2,3,3,4,6',6-Hepta-O-acetyl lactose (1). A solution of 20.40 g (30.1 mmol) of

lactose octaacetate and 3.14 g (33.11 mmol) of hydrazine acetate in 60 mL of anhydrous

acetylnitrile was stirred overnight at ambient temperature in the presence of 3Å sieves.
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The solution was filtered through celite and concentrated by rotary evaporation. The

resulting residue was suspended in chloroform and extracted with water then brine and

dried over Na2SO4. The solution was filtered through glass wool, concentrated and

purified by silica gel chromatography eluting with 1:1 hexanes:ethylacetate to yield 17.93

g (94%) of a white solid. 'H NMR (CDCl3) 61.93 (s, 3 H), 2.02 (s, 3 H), 2.03 (s, 3 H),

2.04 (s, 3 H), 2.09 (s, 3 H), 2.12 (s, 3 H), 3.71-3.79 (m, 1 H), 3.86 (t, 1 H, J = 13.4, 6.8),

4.02-4.15 (m, 3 H), 4.45 (d, 1 H, J = 4.7), 4.47 (d, 1 H, J = 3.9), 4.70 (d, 1 H, J = 8.0),

4.77 (dd, 1 H, J = 10.1, 3.4), 4.93 (dd, 1 H, J = 10.4, 3.5), 5.03-5.10 (m, 2 H), 5,32 (t, 1

H, J = 7.2, 3.7), 5.48 (t, 1 H, J = 19.4, 9.6).

2',2,3,3,4,6,6-Hepta-O-acetyl-1-O-trichloroimidate lactose (2). To a solution

of 7.84 g (12.3 mmol) of 2’,2,3’,3,4',6’,6-hepta-O-acetyl lactose (1) and 1.87 g (13.5

mmol) of K2CO3 in 25 mL of anhydrous methylene chloride in the presence of 3A sieves

was added 12.3 mL (17.76 g, 123 mmol) trichloroacetonitrile and stirred overnight under

an atmosphere of argon. The solution was filtered through celite and concentrated by

rotary evaporation. The resulting residue was suspended in chloroform and extracted with

water then brine and dried over Na2SO4. The solution was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with 1:1

hexanes:ethylacetate to yield 17.7 g (96%) of a white solid mixture of O. and 3 anomers.

'H NMR (CDCl3) 61.83 (s, 3 H), 1.91 (s, 3 H), 1.93 (s, 3 H), 1.94 (s, 3 H), 1.97 (s, 3 H),

2.02 (s, 3 H), 3.74 (d, 1 H, J = 9.7), 3.81 (t, 1 H, J = 15.4, 6.4), 3.95-4.04 (m, 3 H), 4.34

(d, 1 H, J = 10.2), 4.33 (d, 1 H, J = 7.9), 4.84 (dd, 1 H, J = 10.4, 3.4), 4.92 (dd, 1 H, J =

10.1, 3.8), 4.97 (d, 1 H, J = 7.9), 4.99 (d, 1 H, J = 7.9), 5.21 (d. 1 H, J = 3.3), 5.41 (t, 1H,

º º

: ººº:: º-
gº *
sº
º -

º *

121



* *

* * º

*
º

-*

*-ºs

*** *** -

**** *-i- s

º, see: it “

tºº. ***** * ****=-

*** ** -3. gaps tº

{...
-

**

******

zºº."

****

*…!



J– 19.4, 9.9), 5.73 (d, 0.13 H, J = 7.6), 6.34 (d, 0.87 H, J = 3.8), 8.62 (s, 0.87 H), 8.67 (s,

0.13 H).

2',2,3,3,4',6',6-Hepta-O-acetyl-1-■ 3-O-allyl lactose (3). To a solution of 3.6 g

(4.6 mmol) of 2’,2,3’,3,4',6’,6-hepta-O-acetyl-1-O-trichloroimidate lactose (2) in 10 mL

of anhydrous methylene chloride in the presence of 3A sieves was added 0.63 mL (0.53

g, 9.2 mmol) allyl alcohol by syringe under an atmosphere of argon. The solution was

cooled to -15°C and 0.044 mL (0.051 g, 0.23 mmol) of trimethylsilyl

trifluoromethanesulfonate (TMS-OTf) was added dropwise by syringe over 10 min, and

the mixture was stirred at -15°C for 60 min. The solution was filtered through celite,

then concentrated by rotary evaporation. The residue was suspended in chloroform and

washed sequentially in Saturated NaHCO3, water, and brine, and then dried over Na2SO4

for 60 min at ambient temperature. The solution was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with 1:1

hexanes:ethylacetate to yield 3.0 g (96%) of a white solid. 'H NMR (CDCl3) 61.55 (s, 3

H), 1.97 (s, 3 H), 2.05 (s, 6 H), 2.06 (s, 3 H), 2.13 (s, 3 H), 2.15 (s, 3 H), 3.55-3.62 (m, 1

H), 3.79 (d, 1 H, J = 9.1), 3.87 (t, 1 H, J = 16.8, 8.2), 4.05-4.18 (m, 4H), 4.30 (dd, 1 H, J

= 18.2, 4.4), 4.48 (d, 1 H, J = 7.8), 4.52 (d. 1 H, J = 7.8), 4.91 (d. 1 H, J = 9.5), 4.97 (d. 1

H, J = 3.4), 5.09 (d, 1 H, J = 7.9), 5.11 (d. 1 H, J = 7.8), 5.17–5.23 (m, 2 H) 5.29 (d. 1 H,

J = 4.8), 5.34 (d, 1 H, J = 3.3), 5.78-5.90 (m, 1 H).

1-■ 3-O-Allyl lactose (4). A solution of 2.64 g (3.4 mmol) of 2’,2,3’,3,4',6’,6-

heptaacetate-1-3-O-allyl lactose (3) in 34 mL 100 mM NaOCH3 in anhydrous methanol
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(MeOH) was stirred overnight at ambient temperature under an argon atmosphere. The

reaction was quenched by stirring over Dower cation exchange resin (H' form, washed in

50% aqueous methanol) for 30 min at ambient temperature. The solution was filtered

through glass wool and the volatiles were removed by rotary evaporation to yield 1.30 g

(100%) of a white solid. 'H NMR (CDSOD) 63.24 (t, 1 H, J = 17.3, 8.0), 3.46 (d. 1 H, J

= 7.7), 3.43 (d. 1 H, J = 7.7), 3.55 (dd, 1 H, J = 3.6, 1.5), 3.57 (d. 1 H, J = 1.9), 3.59 (d, 1

H, J = 3.4), 3.64 (d. 1 H, J = 2.9), 3.67 (d, 2 H, J = 2.9), 3.73 (dd, 1 H, 8.0, 5.0) 3.83 (d, 1

H, J = 3.21), 3.92 (dd, 1 H, J = 12.4, 2.0), 4.14 (dd, 1 H, J = 12.7, 6.4), 4.31 (dd, 1 H, J =

14.7, 7.6), 4.38 (d, 1 H, J = 7.7), 4.44 (d, 1 H, J = 8.0), 5.19 (d, 1 H, J = 10.4), 5.3 (d, 1

H, J = 17.3), 5.82-5.96 (m, 1 H); "C NMR 662.86, 63.84, 71.34, 73.49, 73.75, 75.30,

75.61, 77.22, 77.57, 78.16, 81.12, 103.82, 105.73, 121.60, 136.03; MS (ESI, positive

mode): calculated for Cish:601,382.15; found 383.2 (M+H)".

2',2,3,6',6-Penta-O-benzoyl-3',4'-Isopropylidene-1-■ 3-O-allyl lactose (6). A

solution of 0.29 g (0.75 mmol) of 1-3-O-allyl lactose (4) and 0.057 g (0.3 mmol)p-

toluene sulfonic acid (TsCH) in 375 mL acetone in the presence of excess CaCO3 was

refluxed for 4 h to generate 3',4'-isopropylidene-1-3-O-allyl lactose (5). The reaction

was quenched by the addition of Na2CO3, then filtered through celite. The filtrate was

concentrated by rotary evaporation, and the resulting residue was suspended in 6 mL

anhydrous tetrahydrofuran (THF) and added to 4 Å sieves. A catalytic amount of 4

dimethylaminopyridine (DMAP) was added followed by 1.3 mL (0.969 g, 7.5 mmol)

diisopropylethylamine (iPrzEtn). The flask was cooled to -15 °C, purged with argon gas

and 0.87 mL (0.917 g, 7.5 mmol) distilled benzoyl chloride was added dropwise by ---

-
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syringe over 20 min. The reaction was stirred overnight and warmed to room

temperature. The solution was filtered through celite, concentrated and the residue was

suspended in chloroform and washed sequentially with water, 1 M HCl, saturated

NaHCO3 and brine, then dried over Na2SO4 for 60 min. The solution was filtered through

glass wool, concentrated and purified by silica gel chromatography eluting with hexanes

followed by 4:1 hexanes:ethyl acetate to yield 0.282 g (40%) of a yellow syrup.'H NMR

(CDCl3) 61.35 (s, 3 H), 1.64 (s, 3 H), 3.26 (d, 2 H, J = 6.9), 3.60 (t, 1 H, J = 13.2, 6.5),

3.76 (d, 1 H, J = 9.47), 4.00-4.10 (m, 2 H), 4.20-4.26 (m, 3 H), 4.51 (dd, 3 H, J = 13.3,

4.9), 4.69 (d, 1 H, J = 7.8), 5.05 (d, 1 H, J = 10.4), 5.12 (d, 1 H, J = 7.26), 5.15 (d, 1 H, J

= 7.8), 5.40 (t, 1 H, J = 17.5, 7.9), 5.63 (t, 1 H, J = 15.0, 5.7), 5.66-5.78 (m, 1 H), 7.22

7.65 (m, 15 H),7,88 (d, 1 H, J = 1.5), 7.91-7.97 (m, 4 H), 8.00 (s, 2 H), 8.03 (s, 1 H) 8.06

(t, 1H, J = 3.1, 1.7), 8.07-8.15 (m, 2 H); "C NMR 626.73, 27.71, 63.01, 64.05, 70.10,

70.40, 71.68, 72.18, 72.39, 73.23, 73.36, 73.51, 73.79, 73.88, 73.99, 75.75, 76.99, 77.42,

77.62, 77.84, 99.63, 100.74, 110.21, 117.69, 128.53, 128.62, 128.72, 128.83, 129.11,

129.22, 129.42, 129.73, 129.82, 129.91, 130.04, 130.12, 130.13, 130.23, 130.39, 130.48,

133.31, 133.42, 133.62, 133.81, 133.83, 133.92, 165.01, 165.32, 165.53, 166.01; MS

(MALDI): calculated for Cs5H50016, 942.31; found 965.54 (M+Na)".

2',2,3,6,6-Penta-O-benzoyl-1-■ 3-O-allyl lactose (7). To 0.141 g of 2’,2,3,6’,6-

penta-O-benzoyl-3',4'-isopropylidene-1-3-O-allyl lactose (6) was added 5 mL diethyl

ether followed by 5 mL organic HCl (5 mL anhydrous MeOH, 0.40 mL acetylchloride).

The solution was stirred for 1 h at ambient temperature, then diluted with 20 mL diethyl

ether and quenched by washing with saturated NaHCO3. The solution was filtered
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through celite, dried over Na2SO4 for 60 min, then concentrated and purified by silica gel

chromatography eluting with hexanes followed by 4:1 hexanes:ethyl acetate to yield 0.69

g (51%) of a yellow syrup. "H NMR (CDCl3) 63.45 (d, 1 H, J = 8.6), 3.50 (d. 1 H, J =

8.0), 3.55 (t, 1 H, J = 11.1, 6.7), 3.81-3.83 (m, 1 H), 4.0–4.05 (m, 2 H), 4.11-4.17 (m, 2

H), 4.26 (dd, 1 H, J = 13.2, 4.8), 4.51 (dd, 1 H, J = 12.2, 4.6), 4.56 (s, 1 H), 4.59 (d, 1 H,

J = 7.8), 4.70 (d. 1 H, J = 7.8), 5.08 (d, 1 H, J = 10.5), 5.15 (d, 1 H, J = 17.3), 5.27 (t, 1

H, J = 17.5, 9.6), 5.45 (t, 1 H, J = 17.6, 9.7), 5.66 (t, 1 H, J = 14.6, 5.1), 5.63-5.79 (m, 1

H), 7.29-7.62 (m, 15 H), 7.90 (d. 1 H, J = 1.4), 7.93 (s, 1 H), 7.96 (d, 1 H, J = 6.8), 7.98

(s, 2 H), 8.00 (s, 2 H), 8.02 (s, 1 H), 8.04 (d. 1 H, J = 1.4), 8.07 (s, 1 H); "C NMR 6

62.69, 63.66, 68.89, 69.80, 72.10, 72.37, 72.99, 73.20, 73.53, 76.73, 77.05, 77.37, 82.00,

99.50, 101.79, 117.45, 128.29, 128.38, 128.47, 128.53, 128.70, 129.08, 129.59, 129.74,

129.85, 130.06, 132.97, 133.10, 133.33, 133.53, 133.60, 165.42, 165.63, 166.72, 166.77;

MS (MALDI): calculated for CsoHA6016,902.28; found 925.61 (M+Na)".

3'-Sulfo-1-■ 3-O-allyl lactose (8). To a solution of 0.054 g (0.06 mmol) of

2’,2,3,6’,6-penta-O-benzoyl-1-3-O-allyl lactose (7) in 0.2 mL dimethylformamide (DMF)

in the presence of 3 Å sieves was added 0.013 g (0.09 mmol) of sulfur trioxide

trimethylamine complex. The mixture was stirred at 37 °C for 12 h, then quenched by the

addition of 1 mL MeOH. An equal volume of 10 M NH4OH was added and the solution

was heated to 65 °C for 12 h. The solution was clarified by centrifugation, then filtered

through glass wool and the volatiles were removed by rotary evaporation. The resulting

residue was suspended in 25 mL water and purified by diethylaminoethyl (DEAE)

chromatography eluting with a gradient of 0 to 1 M pyridine acetate, pH 5.5. The
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fractions containing monosulfated carbohydrate were pooled and lyophilized from water

three times. The pyridine salt was then exchanged for sodium by passage over a Na'

cation exchange column, and the material was lyophilized again to yield 0.098 g (34%) of

a fluffy white powder. 'H NMR (CDCl3) 63.24, (t, 1 H, J = 17.2, 8.6), 3.48 (s, 1 H),

3.50-3.62 (m, 4 H), 3.68–3.75 (m, 4 H), 3.90 (dd, 1 H, J = 12.4, 2.2), 4.14, (dd, 1 H, J =

12.6, 6.4), 4.25-4.33 (m, 2 H), 4.41 (d, 1 H, J = 7.9), 4.47 (d. 1 H, J = 7.8), 5.19 (d. 1 H, J

= 10.4), 5.28 (d, 1 H, J = 17.3), 5.82-5.96 (m, 1 H); "C NMR 662.28, 63.16, 69.06,

71.33, 72.91, 75.01, 76.65, 76.84, 76.98, 77.16, 80.56, 103.29, 104.77, 121.00, 135.51;

MS (MALDI): calculated for CishzsNaO4S, 484.41; found 507.20 (M+Na)".

6'-O-tert-Butyldiphenylsilyl-1-■ 3-O-allyl lactose (10). A solution of 0.481 g (1.3

mmol) of 1-3-O-allyl lactose (4), and 0.342 g (1.4 mmol) of dibutyltin oxide in 10 mL

anhydrous methanol was heated at reflux for 6 hours in the presence of 3 Å molecular

sieves to generate the 4”,6’ stanylene ketal intermediate 9. The solution was concentrated

and dried under vacuum over night. The resulting residue was resuspended in 10 mL

anhydrous THF under an argon atmosphere and 0.378 g (1.4 mmol) of tert

butyldiphenylsilyl chloride was added by syringe. After 24 h, the solution was

concentrated and purified by silica gel chromatography eluting with 20:1 methylene

chloride:methanol to yield 0.529 g (68%) of a white solid. Only one regioisomer was

detected by NMR analysis; H NMR (CD,OD) 8 1.03 (s, 9 H), 3.24 (t, 1 H, J = 8.4), 3.38

(d, 1 H, J = 6.3), 3.44–3.59 (m, 4H), 3.64 (t, 1 H, J = 6.4), 3.78-3.89 (m, 5 H), 4.10 (dd,

1 H, J = 12.9, 6.0), 4.25-4.37 (m, 3 H), 5.13 (d, 1 H, J = 10.4), 5.30 (d. 1 H, J = 17.3),

5.87-6.00 (m, 1 H), 7.35-744 (m, 6 H), 7.65-7.70 (m, 4H); "C NMR 618.63, 26.00,

-
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60.43, 62.24, 68.34, 69.74, 71.09, 73.43, 74.80, 75,01, 75.29, 79.00, 101.90,

103.61,116.10, 127.48, 127.54, 129.56, 129.59, 133.03, 133.07, 134.29, 135.29, 135.35;

MS (LSIMS, positive mode): calculated for C3H44O11Si, 620.76; found 643.1 (M+Na)".

6'-O-tert-Butyldiphenylsilyl-3',4'-isopropylidene-1-■ 3-O-allyl lactose (11). A

solution of 0.245 g (0.39 mmol) of 6'-O-tert-butyldiphenylsilyl-1-3-O-allyl lactose (10)

and 0.030 g (0.16 mmol) TsCH in 40 mL acetone in the presence of excess CaCO3 was

refluxed for 5 h to generate 3',4'-isopropylidene-6'-O-tert-butyldiphenylsilyl-1-3-O-

allyl lactose (5). The reaction was quenched by the addition of Na2CO3, then filtered

through celite and concentrated by rotary evaporation. The resulting residue was

suspended in chloroform, washed sequentially with water, saturated NaHCO3 and brine,

then dried over Na2SO4 for 60 min. The material was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with hexanes followed by

1:2 hexanes:ethyl acetate to yield 0.098 g (38%) of a white solid. 'H NMR (CDCl3) 6

1.045 (s, 9 H), 1.29 (s, 3 H), 1.49 (s, 3 H), 3.42 (d, 2 H, J = 7.7), 3.56-3.59 (m, 4H), 3.87

(s, 2 H), 3.92 (d, 1 H, J = 6.6), 3.97 (d. 1 H, J = 6.9), 4.06 (t, 1 H, J = 12.2, 6.0), 4.14 (dd,

1 H, J = 16.9, 6.0), 4.14 (s, 1 H), 4.32 (d. 1 H, J = 8.2), 4.33 (s, 1 H), 4.39 (d. 1 H, J =

8.0), 5.21 (d, 1 H, J = 10.2), 5.31 (d. 1 H, J = 17.1), 5.89-5.96 (m, 1 H), 7.37-7.40 (m, 6

H), 7.66 (t, 4 H, J = 14.2, 7.0); "C NMR 619.18, 26.24, 26.78, 28.18, 62.27, 62.53,

70.47, 73.03, 73.29, 73.53, 73.93, 74.26, 74.82, 76.76, 77.07, 77.27, 77.39, 79.18, 81.42,

101.54, 103.17, 110.31, 118.05, 127.72, 127.82, 129.87, 132.98, 133.02, 133.73, 135,56,

135.65; MS (LSIMS, negative mode): calculated for C34H48O11Si, 660.30; found 659.6

(M-H).

-->
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2',2,3,6–Tetra-O-benzoyl-6'-O-tert-butyldiphenylsilyl-3',4'-isopropylidene-1-■ 3

O-allyl lactose (12). To a solution of 0.098 g (0.15 mmol) of 6'-O-tert

butyldiphenylsilyl-3',4'-isopropylidene-1-3-O-allyl lactose (11) in 1.5 mL anhydrous

methylene chloride in the presence of 4 A sieves was added a catalytic amount of DMAP

followed by 0.261 mL (0.19 g, 1.5 mmol) iPrzEtn. The flask was cooled to -15°C,

purged with argon gas and 0.174 mL (0.211 g, 1.5 mmol) distilled benzoyl chloride was

added dropwise by syringe over 20 min. The reaction was stirred overnight and warmed

to room temperature. The solution was filtered through celite, concentrated and the

residue was suspended in chloroform and washed sequentially with water, 1 M HCl,

saturated NaHCO3 and brine, then dried over Na2SO4 for 60 min. The solution was

filtered through glass wool, concentrated and purified by silica gel chromatography

eluting with hexanes followed by 9:1 hexanes:ethyl acetate to yield 0.115 g (71%) of a

yellow syrup. "H NMR (CDCl3) 60.98 (s, 9 H), 1.28 (s, 3 H), 1.54 (s, 3 H), 3.26 (d, 2 H,

J = 6.9), 3.60 (t, 1 H, J = 13.2, 6.5), 3.76 (d, 1 H, J = 9.47), 4.00-4.10 (m, 2 H), 4.20-4.26

(m, 3 H), 4.51 (dd, 3 H, J = 13.3, 4.9), 4.69 (d, 1 H, J = 7.8), 5.05 (d, 1 H, J = 10.4), 5.12

(d, 1 H, J = 7.26), 5.15 (d. 1 H, J = 7.8), 5.40 (t, 1 H, J = 17.5, 7.9), 5.63 (t, 1 H, J = 15.0,

5.7), 5.66-5.78 (m, 1 H), 6.84 (t, 1 H, J = 15.1, 7.7), 6.97 (t, 1 H, J = 14.7, 7.3), 7.29-7.50

(m, 12 H), 7.57-7.63 (m, 6 H), 7.75, (d, 2 H, J = 7.3), 7.92 (d, 2 H, J = 7.3), 8.03 (t, 4 H, J

= 15.8, 8.4), 8.12 (d, 2 H, J = 7.3); "C NMR 619.1, 26.3, 26.7, 27.7, 61.0, 62.8, 70.0,

71.8, 72.7, 72.9, 73.1, 74.0, 75.9, 76.8, 77.0, 77.1, 77.3, 77.4, 99.6, 100.7, 110.2, 117.7,

127.6, 127.8, 127.9, 128.3, 128.4, 128.5, 129.4, 129.7, 129.8, 129.8, 130.2, 133.1, 133.4,

s
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133.7, 135.5, 135.7, 165.0, 165.3, 165.5, 166; MS (ESI, positive mode): calculated for

C62H64O15Si, 1076.40; found 1099.5 (M+Na)".

2',2,3,6–Tetra-O-benzoyl-1-■ 3-O-allyl lactose (13). To a solution of 0.115 g (0.11

mmol) of 2’,2,3,6-tetra-O-benzoyl-6'-O-tert-butyldiphenylsilyl-3',4'-isopropylidene-1-3-

O-allyl lactose (12) in 1 mL anhydrous THF was added 1 mL 30% HF-pyridine (HF-pyr)

dropwise over 10 min. The mixture was left to stand for 5 h at ambient temperature and

was then quenched by the dropwise addition of saturated NaHCO3. Ten volumes of ethyl

acetate were added and the solution was washed sequentially with 0.1 M HCl, saturated

CuSO4, water and brine. The organic layer was concentrated by evaporation and the

crude residue was suspended in toluene and evaporated several times. The resulting

residue was suspended in 1 mL diethyl ether. An equal volume of organic HCl (1 mL

anhydrous methanol, 80 pull acetyl chloride) was added and the solution was stirred for 60

min. The volatiles were removed by rotary evaporation and the residue was suspended in

chloroform and washed sequentially with saturated NaHCO3, water and brine. The

solution was dried over Na2SO4 for 60 min, filtered through glass wool, concentrated by

rotary evaporation, then purified by silica gel chromatography eluting with hexanes

followed by 6:1 hexanes:ethyl acetate to yield 0.072 g (82%) of a yellow syrup. "H NMR

(CDCl3) 63.09-3.13 (m, 1 H), 3.23 (t, 2 H, J = 11.1, 5.6), 3.4 (d, 1 H, J = 7.9), 3.60 (d, 1

H, J = 11.3), 3.65 (m, 1 H), 3.80–3.84 (m, 1 H0, 3.88 (s, 1 H), 4.02 (d, 1 H, J = 6.3), 4.04

(dd, 1 H, J = 10.6, 3.6), 4.10 (t, 1 H, J = 15.9, 9.4), 4.25 (dd, 1 H, J = 13.2, 4.8), 4.47 (dd,

1 H, J = 12.0, 5.1), 4.57 (d, 1 H, J = 10.2), 4.59 (d, 1 H, J = 7.8), 4.72 (d, 1 H, J = 7.8),

5.08 (t, 1 H, J = 20.8, 10.4), 5.11 (s, 1 H), 5.28 (t, 1 H, J = 17.7, 7.9), 5.43 (t, 1 H, J =
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17.4, 9.6), 5.65 (t, 1 H, J = 12.6, 3.6), 5.66-5.79 (m, 1 H), 7.18 (d. 1 H, J = 7.4), 7.24 (d, 1

H, J = 2.3), 7.26 (s, 1 H), 7.30 (d. 1 H, J = 7.7), 7.35 (d, 1 H, J = 4.6), 7.37 (d, 2 H, J =

3.7), 7.40 (d. 1 H, J = 3.47), 7.44 (s, 1 H), 7.48 (d, 1 H, J = 7.8), 7.5 (t, 1 H, J = 10.9,

3.5), 7.60 (t, 2 H, J = 14.8, 7.4), 7.91 (d, 2 H, J = 8.5), 7.97 (d, 1 H, J = 3.5), 7.97 (d, 1 H,

J = 3.5), 7.99 (d. 1 H, J = 3.5), 8.01 (d. 1 H, J = 1.4), 8.04 (s, 1 H); "C NMR 668.87,

69.43, 69.97, 71.73, 72.72, 72.00, 73.60, 74.48, 76.74, 77.05, 77.37, 99.39, 101.24,

117.75, 125.32, 128.24, 128.36, 128.49, 128.63, 129.05, 129.33, 129.67, 129.80, 129.90,

133.29, 133.35, 166.29, 166,02, 166.41; MS (ESI, positive mode): calculated for

C43H42OIs, 798.25; found 821.3 (M+Na)".

6'-Sulfo-1-■ 3-O-allyl lactose (14). To a solution of 0.051 g (0.06 mmol) of

2’,2,3,6-tetra-O-benzoyl-1-3-O-allyl lactose (13) in 0.6 mL DMF in the presence of 3 A

sieves was added 0.017 g (0.11 mmol) of sulfur trioxide trimethylamine complex. The

mixture was stirred at ambient temperature for 12 h, then quenched by the addition of 0.2

mL MeOH. An equal volume of 10 M NH4OH was added and the solution was heated to

65 °C for 12 h. The solution was clarified by centrifugation, then filtered through glass

wool and the volatiles were removed by rotary evaporation. The resulting residue was

suspended in 50 mL water and purified by DEAE chromatography eluting with a gradient

of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing monosulfated carbohydrate

were pooled and lyophilized from water three times. The pyridine salt was then

exchanged for sodium by passage over a Na' cation exchange column, and the material

was lyophilized again to yield 0.015 g (50%) of a fluffy white powder. 'H NMR (D2O)6

3.26 (t, 1 H, J = 17.0, 8.1), 3.55 (d, 1 H, J = 3.6), 3.58 (d, 1 H, J = 2.6), 3.62 (s, 1 H), 3.72
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(dd, 1 H, J = 12.3, 4.7), 3.91 (d, 1 H, J = 19.5), 3.94 (d, 1 H, J = 12.7), 4.10-4.16 (m, 3

H), 4.25 (s, 1 H), 4.30 (dd, 1 H, J = 13.02, 5.5), 4.53 (d, 1 H, 6.5), 4.53 (d, 1 H, J = 16.3),

4.88 (s, 1 H), 5.19 (d. 1 H, J = 10.4), 5.29 (d. 1 H, J = 17.2), 5.81-5.95 (m, 1 H); "C

NMR 6 63.12, 70.06, 70.99, 73.43, 73.49, 75.06, 75.49, 75.61, 77.18, 77.42, 82.20,

103.67, 105.86, 121.57, 135.98; MS (ESI, negative mode): calculated for C15H26O14S,

462.10; found 461.1 (M-H).

3',6'-Disulfo-1-■ 3-O-allyl lactose (15). To a solution of 0.01.2 g (0.015 mmol) of

2’,2,3,6-tetra-O-benzoyl-1-3-O-allyl lactose (13) in 0.15 mL DMF in the presence of 3 A

sieves was added 0.004 g (0.03 mmol) of sulfur trioxide trimethylamine complex. The

mixture was stirred at 37 °C temperature for 24 h, then quenched by the addition of 0.1

mL MeOH. An equal volume of 10 M NH4OH was added and the solution was heated to

65 °C for 12 h. The solution was clarified by centrifugation, then filtered through glass

wool and the volatiles were removed by rotary evaporation. The resulting residue was

suspended in 25 mL water and purified by DEAE chromatography eluting with a gradient

of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing disulfated carbohydrate

were pooled and lyophilized from water three times. The pyridine salt was then

exchanged for sodium by passage over a Na' cation exchange column, and the material

was lyophilized again to yield 0.004 g (40%) of a fluffy white powder. 'H NMR (D2O)6

3.25 (t, 1 H, J = 14.3, 8.7), 3.47-3.62 (m, 3 H), 3.72 (dd, 1 H, J = 12.3, 4.7), 3.91 (d. 1 H,

J = 19.5), 3.94 (d, 1 H, J = 12.7), 4.10-4.16 (m, 3 H), 4.25 (s, 1 H), 4.30 (dd, 1 H, J =

13.02, 5.5), 4.53 (d, 1 H, 6.5), 4.53 (d, 1 H, J = 16.3), 4.61 (d, 1 H, J = 3.2), 4.88 (s, 1 H),

5.19 (d, 1 H, J = 10.4), 5.29 (d. 1 H, J = 17.2), 5.81-5.95 (m, 1 H); "C NMR 6 63.00,
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69.36, 70.60, 73.44, 74.15, 75.11, 75.29, 75.48, 77.18, 77.41, 71.68, 103.64, 105.48,

121.60, 136.00; MS (LSIMS, negative mode): calculated for C15H26O17S2, 542,06; found

563.1 (M-2H-Na).

6'-tert-Butyldimethylsilyl-1-■ 3-O-allyl lactose (16). A solution of 0.624 g (1.62

mmol) of 1-3-O-allyl lactose (4), and 0.441 g (1.77 mmol) of dibutyltin oxide in 20 mL

anhydrous methanol was heated at reflux for 6 hours in the presence of 3 A molecular

sieves to generate the 4”,6’ stanylene ketal intermediate 9. The solution was concentrated

and dried under vacuum over night. The resulting residue was resuspended in 20 mL

anhydrous THF under an argon atmosphere and 0.270 g (1.77 mmol) of tert

butyldimethylsilyl chloride was added by syringe. After 24 h, the solution was

concentrated and purified by silica gel chromatography eluting with 20:1 methylene

chloride:methanol to yield 0.705 g (88%) of a white solid. 'H NMR (CDSOD) 60.06 (s, 6

H), 0.83 (s, 9 H), 3.23 (t, 1 H, J = 16.3, 8.2), 3.46 (d, 1 H, J = 7.7), 3.43 (d, 1 H, J = 7.7),

3.54 (s, 1 H), 3.57 (s, 1 H), 3.6 (d, 1 H, J = 6.6), 3.66 (d, 1 H, 8.2), 3.67 (s, 1 H), 3.71 (d,

1 H, J = 8.1), 3.8 (d, 1 H, J = 6.2), 3.85 (d, 1 H, 2.3), 3.88 (s, 1 H), 4.14 (dd, 1 H, J =

12.7, 6.4), 4.31 (dd, 1 H, J = 14.7, 7.6), 4.38 (d, 1 H, J = 7.7), 4.44 (d, 1 H, J = 8.0), 5.19

(d, 1 H, J = 10.4), 5.3 (d. 1 H, J = 17.3), 5.82-5.96 (m, 1 H); "C NMR 6-5.50, 18.31,

25.82, 62.86, 63.84, 71.34, 73.49, 73.75, 75.30, 75.61, 77.22, 77.57, 78.16, 81.12, 103.82,

105.73, 121.60, 136.03; MS (LSIMS, negative mode): calculated for C2H40OilSi,

496.62; found 495.2 (M-H).

--

-->
-*

*-
sº
sº

º

º

-->
º
tº

º

-->

132



º

** *

*-**
-

- - - -:

***** *** -

* -------" "

- .* * *º
-- -- *** *

f :...sº -
*** -º
■ º
zºº-ºº:

*.…."*** *

* ...;“….”
saº**

º**s---sº
ºru■ ”

wºnº



6'-tert-Butyldimethylsilyl-6-O-tert-butyldiphenylsilyl-1-■ 3-O-allyl lactose (17). A

solution of 0.57 g (1.2 mmol) of 6'-tert-butyldimethylsilyl-1-3-O-allyl lactose (16).400

HL (0.31 g, 2.4 mmol) iPrºEtn, 0.03 g (0.2 mmol) DMAP and 336 pull (0.357 g, 1.3

mmol) tert-butyldiphenylsilyl chloride in 3 mL anhydrous DMF was stirred over 3 A

molecular sieves for 24 h. The solution was concentrated and the resulting residue was

suspended in chloroform and washed sequentially in 0.1 M HCl, saturated NaHCO3,

water and brine, then dried over Na2SO4 for 60 min. The solution was filtered through

glass wool, concentrated and purified by silica gel chromatography eluting with 1:4

hexanes:ethyl acetate to yield 0.34 g (40%) of a white solid; "H NMR (CDCl3) 60.02 (s,

6 H), 0.85 (s, 9 H), 1.03 (s, 9 H), 3.42 (t, 2 H, J = 7.21), 3.49 (t, 4 H, J = 7.5), 3.72 (d, 3

H, J = 7.5), 3.82 (d, 3 H, J = 6.1), 3.88 (s, 1 H), 3.95 (d, 2 H, J = 12.9), 4.04-4.11 (m, 3

H), 4.32 (d, 2 H, J = 7.74), 4.54 (br, 1 H), 5.16 (d. 1 H, J = 10.3), 5.3 (d, 1 H, J = 17.4),

5.86-5.99 (m, 1 H), 7.25-7.39 (m, 6 H), 7.73 (m, 4 H); "C NMR 6-5.19, 18.39, 19.63,

26.02, 26.11, 27.00, 27.06, 68.61, 70.05, 74.17, 74.78, 75.35, 76.91, 77.00, 77.23, 77.32,

77.54, 77.64, 101.36, 118.05, 127.81, 127.98, 128.06, 129.98, 133.12, 134.26, 135.82,

136.08, 136.19; MS (LSIMS, positive mode): calculated for C37H58O11Si2, 735.0; found

758.1 (M+Na)".

6-O-tert-Butyldiphenylsilyl-1-■ 3-O-allyl lactose (18). A solution of 0.45 g (0.6

mmol) of 6'-tert-butyldimethylsilyl-6-O-tert-butyldiphenylsilyl-1-3-O-allyl lactose (17)

in 10 mL 80% acetic acid was stirred for 8 h. The solution was concentrated and the

residue was suspended in chloroform, washed sequentially in saturated NaHCO3, water

and brine, then dried over Na2SO4 for 60 min. The solution was filtered through glass

*
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wool, concentrated and purified by silica gel chromatography eluting with 20:1 CH2Cl2

:CH3OH to yield 0.26 g (72%) of a white solid; "H NMR (CD3OH)6 1.04 (s, 9 H), 3.30

3.36 (m, 2 H), 3.40-3.54 (m, 4 H), 3.57 (d. 1 H, J = 9.6), 3.66 (dd, 1 H, J = 11.5, 4.6),

3.75-3.80 (m, 2 H)3.89 (d. 1 H, J = 9.3), 3.95 (d. 1 H, J = 12.0), 4.11 (dd, 1 H, J = 12.9,

6.0), 4.22 (dd, 1 H, J = 11.3, 3.0), 4.33 (d, 1 H, J = 7.6), 4.37 (d. 1 H, J = 5.0), 4.57 (d. 1

H, J = 7.6), 5.17 (d, 1 H, J = 10.5), 5.33 (d. 1 H, J = 17.3), 5.99 (m, 1 H), 7.36–742 (m, 6

H), 7.77-7.79 (m, 4H); "C NMR 6 1941, 26.84, 50.45, 69.73, 71.02, 74.61, 75.42,

76.78, 77.98, 77.42, 117.68, 127.63, 127.79, 129.67, 133.17, 133.67, 134.13, 135.58,

135.83; MS (LSIMS, positive mode): calculated for C31H44O11Si, 620.3; found 643.2 (M

+Na)".

2',2,3,3,4,6'-Hexa-O-benzoyl-6-O-tert-butyldiphenylsilyl-1-■ 3-O-allyl lactose

(19). To a solution of 0.981 g (1.58 mmol) of 6-O-tert-butyldiphenylsilyl-1-3-O-allyl

lactose (18) in 3 mL anhydrous methylene chloride in the presence of 4 Å sieves was

added a catalytic amount of DMAP followed by 3.3 mL (2.44 g, 18.94 mmol) iPr:Etn.

The flask was cooled to -15°C, purged with argon gas and 2.2 mL (2.32 g, 18.75 mmol)

distilled benzoyl chloride was added dropwise by syringe over 20 min. The reaction was

stirred overnight and warmed to temperature. The solution was filtered through celite,

concentrated and the residue was suspended in chloroform and washed sequentially with

water, 1 M HCl, saturated NaHCO3 and brine, then dried over Na2SO4 for 60 min. The

solution was filtered through glass wool, concentrated and purified by silica gel

chromatography eluting with hexanes followed by 9:1 hexanes:ethyl acetate to yield

1417 g (72%) of a yellow syrup. "H NMR (CDCl3)6 1.04 (s, 9 H), 3.45 (d. 1 H, J = 7.1),
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3.57-3.67 (m, 2 H), 3.97 (d. 1 H, J = 7.8), 4.00 (d, 1 H, J = 6.0), 4.07 (d, 1 H, J = 5.1),

4.11 (d, 1 H, J = 6.1), 4.28 (d, 1 H, J = 11.8), 4.37 (d, 1 H, J = 3.1), 4.42 (d, 1 H, 11.7),

4.49 (t, 1 H, J = 19.4, 9.9), 4.75 (d. 1 H, J = 7.9), 4.83 (d. 1 H, J = 7.7), 4.99 (dd, 1 H, J =

10.1, 3.3), 5.14 (dd, 1 H, J = 10.4, 1.5), 5.24 (dd, 1 H, J = 15.5, 1.6), 5.53 (t, 1 H, J =

17.9, 7.9), 5.72 (t, 1 H, J = 19.3, 9.7), 5.74-5.90 (m, 1 H) 7.36-7.55 (m, 14 H), 7.59 (t, 2

H, J = 2.6, 1.3), 7.61 (t, 2 H, J = 4.1, 2.0), 7.64 (t, 2 H, J = 2.7, 1.3), 7.76-7.84 (m, 6 H),

7.97 (d, 2 H, J = 1.4), 8.00 (s, 2 H), 8.02 (s, 2 H), 8.05 (d, 2 H, J = 1.5), 8.07 (s, 2 H),

8.10 (d, 2 H, 1.4), 8.13 (d, 2 H, J = 0.7); MS (LSIMS, positive mode): calculated for

C15H58O17Si, 1245.40; found 1188.3 (M-tert-butyl-H)".

2',2,3',3,4',6'-Hexa-O-benzoyl-1-■ 3-O-allyl lactose (20). To a solution of 0.906 g

(0.72 mmol) of 2’,2,3’,3,4',6'-hexa-O-benzoyl-6-O-tert-butyldiphenylsilyl-1-3-O-allyl

lactose (19) in 5 mL anhydrous THF was added 7 mL 30% HF-pyr dropwise over 10

min. The mixture was left to stand for 94 h at ambient temperature and was then

quenched by the dropwise addition of saturated NaHCO3. Ten volumes of ethyl acetate

were added and the solution was washed sequentially with 0.1 M HCl, saturated CuSO4,

water and brine. The organic layer was dried over Na2SO4 for 60 min, concentrated by

evaporation and the crude residue was suspended in toluene and evaporated several

times. The resulting residue was purified by silica gel chromatography eluting with

hexanes followed by 4:1 hexanes:ethyl acetate to yield 0.513 g (88%) of a yellow syrup.

'H NMR (CDCl3) 63.39 (dd, 1 H, J = 11.1, 5.7), 3.54 (t, 1 H, J = 13.7, 6.3), 3.63 (d. 1 H,

J = 9.4), 3.98-4.07 (m, 6 H), 4.11 (d, 1 H, J = 6.0), 4.23 (t, 1 H, J = 18.9, 9.5), 4.32 (dd, 1

H, J = 13.2, 4.8), 4.63 (d, 1 H, J = 7.6), 4.77 (d, 1 H, J = 7.9), 5.04-5.10 (m, 1 H), 5.19 (d,
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1 H, J = 17.2), 5.43 (t, 1 H, J = 17.9, 8.0), 5.63-5.82 (m, 2H), 7.23-7.55 (m, 16 H), 7.89

(d, 2 H, J = 9.3), 7.92 (s, 2 H), 7.93 (d, 2 H, J = 1.33), 7.96 (s, 2 H), 7.98 (d, 2 H, J = 1.2),

8.01 (s, 2 H), 8.04 (s, 2 H); "C NMR 661.50, 67.07, 70.01, 70.51, 72.28, 72.55,7429,

75.41, 75.87, 76.96, 77.38, 77.81, 100.31,014.63, 117.92, 128.68, 128.77, 128.79,

129.68, 129.82, 129.91, 130.02, 130.12, 130.23, 133.54, 133.64, 133.84, 165.62, 166.33,

166.43, 166.72; MS (MALDI): calculated for C■ 7H50017, 1006.30; found 1029.3

(M+Na)".

6-Sulfo-1-■ 3-O-allyl lactose (21). To a solution of 0.067 g (0.07 mmol) of

2’,2,3’,3,4',6'-hexa-O-benzoyl-1-3-O-allyl lactose (20) in 0.25 mL DMF in the presence

of 3 A sieves was added 0.019 g (0.14 mmol) of sulfur trioxide trimethylamine complex.

The mixture was stirred at ambient temperature for 18 h, then quenched by the addition

of 0.1 mL MeOH. An equal volume of 10 M NH4OH was added and the solution was

heated to 65 °C for 12 h. The solution was clarified by centrifugation, then filtered

through glass wool and the volatiles were removed by rotary evaporation. The resulting

residue was suspended in 60 mL water and purified by DEAE chromatography eluting

with a gradient of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing

monosulfated carbohydrate were pooled and lyophilized from water three times. The

pyridine salt was then exchanged for sodium by passage over a Na' cation exchange

column, and the material was lyophilized again to yield 0.021 g (62%) of a fluffy white

powder. 'H NMR (D2O)63.29 (t, 1H, J = 8.65), 3.48 (d. 1H, J = 7.83), 3.59-3.63 (m,

1H), 3.63 (d. 1H, J = 2.59), 3.68 (d, 2H, J = 0.79), 3.71 (s, 1H), 3.86 (d. 1H, J = 3.22),

4.13-4.20 (m, 1H), 4.22-4.27 (m, 1H), 4.31 (s, 1H), 4.34 (s, 1H), 4.42 (d. 1H, J = 12.62),
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4.47 (d. 1H, J = 3.57), 4.79 (s, 1H), 4.85 (d. 1H, J = 3.37), 5.22 (d, 1H, J = 10.39), 5.35

(d. 1H, J = 17.24), 5.85-5.96 (m, 1H); "C NMR 661.17, 64.00, 66.43, 68.77, 70.89,

71.09, 72.64, 72.85, 74.39, 75.47, 76.79, 77.46, 101.19, 102.68, 119.02, 133.43; MS

(LSIMS, negative mode): calculated for C15H23NaO4S, 462.10; found 461.1 (M-Ha).

6-O-tert-Butyldiphenylsilyl-3',4'-isopropylidine-1-■ 3-O-allyl lactose (22). A

solution of 0.973 g (1.57 mmol) of 6-O-tert-butyldiphenylsilyl-1-3-O-allyl lactose (18)

and 0.119 g (0.63 mmol) TsCH in 320 mL acetone in the presence of excess CaCO3 was

refluxed for 10 h. The reaction was quenched by the addition of Na2CO3, then filtered

through celite and concentrated by rotary evaporation. The resulting residue was

suspended in chloroform, washed sequentially with water, saturated NaHCO3 and brine,

then dried over Na2SO4 for 60 min. The material was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with hexanes followed by

1:2 hexanes:ethyl acetate to yield 0.741 g (71%) of a white solid. 'H NMR (CDCl3) 6

1.04 (s, 9 H), 1.29 (s, 3 H), 1.48 (s, 3 H), 3.40-3.43 (m, 2 H), 3.54-3.64 (m, 2 H), 3.86

3.89 (m, 2 H), 3.92 (d, 2 H, J = 6.6), 3.98 (d, 2 H, J = 7.7), 4.02-4.18 (m, 2 H), 4.32 (d, 1

H, J = 7.9), 4.33 (s, 2 H), 4.39 (d, 1 H, J = 7.8), 5.2 (d. 1 H, J = 10.41), 5.31 (d, 1 H, J =

17.4), 5.86-5.99 (m, 1 H), 7.34-7.45 (m, 6 H), 7.64-7.68 (m, 4H); "C NMR 618.65,

26.20, 26.74, 61.65, 63.21, 73.22, 73.47, 73.62, 74.98, 75.05, 76.96, 77.30, 77.60, 79.04,

80.95, 98.91, 101.18, 103.04, 110.21, 127.56, 127.69, 129.56, 129.65, 134.03, 135.56,

135.77, 139.60, 142.99; MS (LSIMS, positive mode): calculated for C34H48OilSi, 660.30;

found 661.2 (M+H)".
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2',2,3,6'-Tetra-O-benzoyl-6-O-tert-butyldiphenylsilyl-3',4'-isopropylidine-1-■ 3-O-

allyl lactose (23). To a solution of 0.741 g (1.11 mmol) of 6-O-tert-butyldiphenylsilyl

3',4'-isopropylidine-1-3-O-allyl lactose (22) in 3 mL anhydrous methylene chloride in

the presence of 4 A sieves was added a catalytic amount of DMAP followed by 1.54 mL

(1.14 g, 8.88 mmol) iPrzEtn. The flask was cooled to -15 °C, purged with argon gas and

1.03 mL (1.25 g, 8.88 mmol) distilled benzoyl chloride was added dropwise by syringe

over 20 min. The reaction was stirred overnight and warmed to room temperature. The

solution was filtered through celite, concentrated and the residue was suspended in

chloroform and washed sequentially with water, 1 M HCl, saturated NaHCO3 and brine,

then dried over Na2SO4 for 60 min. The solution was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with hexanes followed by

9:1 hexanes:ethyl acetate to yield 0.693 g (58%) of a yellow syrup. "H NMR (CDCl3) 6

0.95 (s, 9 H), 1.38 (s, 3 H), 1.66 (s, 3 H), 3.32 (d, 1 H, J = 9.0), 3.8 (s, 2 H), 3.98 (dd, 1

H, J = 14.0, 6.5), 4.03 (d, 2 H, J = 9.3), 4.20-4.26 (m, 2 H), 4.35 (d. 1 H, J = 4.6), 4.39 (d,

1 H, J = 5.1), 4.42-4.47 (m, 1 H), 4.54 (d, 1 H, J = 8.1), 4.83 (d. 1 H, J = 8.2), 4.95 (d. 1

H, J = 4.83), 5.06 (dd, 1 H, J = 10.4, 1.5), 5.15 (dd, 1 H, J = 17.3, 1.6), 5.26 (t, 1 H, J =

17.1, 8.5), 5.40 (t, 1 H, J = 15.3, 7.5), 5.68-5.81 (m, 1 H), 7.29-7.34 (m, 4 H), 7.34-7.46

(m, 10 H), 7.48-7.62 (m, 4 H, J = 3.8), 7.671, (s, 2 H), 7.69 (d, 2 H, J = 1.3), 7.91 (d, 2 H,

J = 7.2), 8.09-8.20 (m, 6 H); "C NMR 614.15, 1422, 1936, 21.06, 22.68, 25.30, 26.30,

26.73, 27.65, 31.61, 34.69, 60.44, 61.66, 63.35, 69.12, 72.00, 72.97, 73.02, 73.66, 73.79,

74.54, 76.79, 78.20, 79.06, 99.40, 100.40, 111.33, 117.09, 127.61, 127.80, 128.27,

128.46, 128.67, 128.91, 129.20, 129.42, 129.47, 129.75, 129.79, 129.84, 129.89, 129.98,
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130.17, 130.31, 130.59, 132.48, 132.87, 133.29, 133.43, 133.63, 133.81, 134.04, 135.43,

135.96, 165.12, 165.41, 166.62, 171.21.

2',2,3,6'-Tetra-O-benzoyl-1-■ 3-O-allyl lactose (24). To a solution of 0.154 g (0.14

mmol) of 2’,2,3,6'-tetra-O-benzoyl-6-O-tert-butyldiphenylsilyl-3',4'-isopropylidine-1-3-

O-allyl lactose (23) in 5 mL anhydrous THF was added 5 mL 30% HF-pyr dropwise over

10 min. The mixture was left to stand for 7 h at ambient temperature and was then

quenched by the dropwise addition of saturated NaHCO3. Ten volumes of ethyl acetate

were added and the solution was washed sequentially with 0.1 M HCl, saturated CuSO4,

water and brine. The organic layer was concentrated by evaporation and the crude residue

was suspended in toluene and evaporated several times. The resulting residue was

suspended in 5 mL diethyl ether. An equal volume of organic HCl (5 mL anhydrous

methanol, 400 pull acetyl chloride) was added and the solution was stirred for 60 min. The

volatiles were removed by rotary evaporation and the residue was suspended in

chloroform and washed sequentially with saturated NaHCO3, water and brine. The

solution was dried over Na2SO4 for 60 min, filtered through glass wool, concentrated by

rotary evaporation, then purified by silica gel chromatography eluting with hexanes

followed by 6:1 hexanes:ethyl acetate to yield 0.070 g (63%) of a yellow syrup, 'H NMR

(CDCl3/CD3OD) 63.29 (s, 1 H), 3.34 (d, 1 H, J = 9.3), 3.44 (d, 1 H, J = 9.3), 3.79 (t, 2 H,

J = 18.3, 9.3), 3.88 (d, 1 H, J = 12.7), 3.93 (d, 1 H, J = 8.9), 3.96-4.00 (m, 1 H), 4.03 (d, 1

H, J = 5.9), 4.23(dd, 1 H, J = 8.5, 3.1), 4.41 (t, 1 H, J = 20.2, 10.1), 4.56 (d, 1 H, J = 8.1),

4.76 (d, 1 H, J = 8.1), 4.80 (dd, 1 H, J = 12.2, 5.1), 5.05 (d. 1 H, J = 10.3), 5.12-5.20 (m,

2 H), 5.35 (t, 1 H, J = 17.8, 8.4), 5.67-5.72 (m, 1 H), 7.33 (t, 3 H, J = 14.9, 7.6), 7.38-748
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(m, 6H), 7.51-7.59 (m, 3 H), 8.03 (d, 5 H, J = 4.5), 8.10 (d, 3 H, J = 7.5); "C NMR 6

59.91, 63.90, 69.02, 69.97, 71.90, 72.68, 72.93, 73.46, 73.60, 74.53, 76.96, 77.28, 77.60,

80.36, 99.69, 101.73, 117.25, 128.29, 128.40, 128.48, 129.19, 129.40, 129.69, 129.72,

129.76, 133.07, 133.24, 133.35, 133.45, 165.80, 166.30, 167.01; MS (MALDI):

calculated for CA3H42OIs, 798.25; found 821.4 (M+Na)".

3',6-Disulfo-1-■ 3-O-allyl lactose (25). To a solution of 0.035 g (0.04 mmol) of

2’,2,3,6'-tetra-O-benzoyl-1-3-O-allyl lactose (24) in 0.3 mL DMF in the presence of 3 A

sieves was added 0.013 g (0.09 mmol) of sulfur trioxide trimethylamine complex. The

mixture was stirred at 37 °C temperature for 24 h, then quenched by the addition of 1 mL

MeOH. An equal volume of 10 M NH4OH was added and the solution was heated to 65

°C for 12 h. The solution was clarified by centrifugation, then filtered through glass wool

and the volatiles were removed by rotary evaporation. The resulting residue was

suspended in 60 mL water and purified by DEAE chromatography eluting with a gradient

of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing disulfated carbohydrate

were pooled and lyophilized from water three times. The pyridine salt was then

exchanged for sodium by passage over a Na' cation exchange column, and the material

was lyophilized again to yield 0.013 g (53%) of a fluffy white powder. 'H NMR (D2O)6

3.26 (t, 1 H, J = 17.3, 8.7), 3.54-3.62 (m, 2 H), 3.64-377 (m, 4H), 4.14 (dd, 1 H, J = 12.8,

6.5), 4.21 (d, 1 H, J = 3.2), 4.24 (t, 1 H, J = 6.3, 3.1), 4.27 (t, 1 H, J = 6.4, 3.2), 4.29-4.35

(m, 3 H), 4.47 (d, 1 H, J = 8.0), 4.53 (d, 1 H, J = 7.9), 5.20 (d, 1 H, J = 10.4), 5.29 (d. 1

H, J = 17.3), 5.81-5.96 (m, 1 H); "C NMR 6 63.05, 68.44, 69.02, 71.11, 72.85, 73.61,
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74.62, 76.39, 76.74, 79.29, 82.13, 103.11, 104.22, 121.00, 135.37; MS (LSIMS, negative

mode): calculated for C15H26O17S2, 542.06; found 542.2 (M-H).

6',6-Di-O-tert-butyldiphenylsilyl-1-■ 3-O-allyl lactose (26). A solution of 0.303 g

(0.79 mmol) of 1-3-O-allyl lactose (4), 0.550 mL (0.408 g, 3.2 mmol) iPrzEtn, 0.010 g

(0.08 mmol) DMAP and 0.704 mL (0.744 g, 2.7 mmol) tert-butyldiphenylsilyl chloride

in 1.6 mL anhydrous DMF was stirred over 4 Å molecular sieves for 24 h. The solution

was concentrated and the resulting residue was suspended in chloroform and washed

sequentially in 0.1 M HCl, saturated NaHCO3, water and brine, then dried over Na2SO4

for 60 min. The solution was filtered through glass wool, concentrated and purified by

silica gel chromatography eluting with neat hexanes followed by a gradient of 1:1, 2:3,

1:3 hexanes:ethyl acetate to yield 0.532 g (78%) of a white solid; 'H NMR (CDCl3) 8

1.04 (s, 9 H), 1.05 (s, 9 H), 3.36 (d, 1 H, J = 8.6), 3.44 (t, 1 H, 16.5, 8.0), 3.51 (s, 1 H)

3.56-3.70 (m, 4H), 3.82-3.94 (m, 4H), 4.0 (d, 2 H, J = 7.6), 4.08 (dd, 1 H, J = 12.7, 6.4),

4.30 (d, 1 H, J = 7.7), 4.37 (dd, 1 H, J = 20.7, 7.6), 5.21 (d. 1 H, J = 10.4), 5.30 (d, 1 H, J

= 17.2), 5.89-6.02 (m, 1 H), 7.37-7.45 (m, 8 H), 7.62 (d, 2 H, J = 1.5), 7.64 (s, 2 H), 7.67

(s, 2 H), 7.71-7.74 (m, 6 H); "C NMR 6 1947, 19.69, 26.92, 27.11, 27.16, 62.362,

62.722, 68.69, 70.09, 71.75, 74.26, 74.73, 75.35, 75.47, 77.00, 77.43, 77.85, 101.46,

103.44, 118.13, 127.94, 128.07, 128.16, 128.20, 130.09, 130.24, 133.16, 133.20, 133.93,

134.32, 135.17, 135.86, 136.26; MS (LSIMS, positive mode): calculated for

C47H62O11Si2, 858.38; found 881.1 (M+Na)".
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2',2,3,3,4'-Penta-O-benzoyl-6',6-di-O-tert-butyldiphenylsilyl-1-■ 3-O-allyl lactose

(27). To a solution of 0.532 g (0.62 mmol) of 6',6-di-O-tert-butyldiphenylsilyl-1-3-O-

allyl lactose (26) in 12 mL anhydrous methylene chloride in the presence of 4A sieves

was added a catalytic amount of DMAP followed by 0.16 mL (0.119 g, 12.4 mmol)

iPrzEtn. The flask was cooled to -15 °C, purged with argon gas and 0.720 mL (0.871 g,

6.2 mmol) distilled benzoyl chloride was added dropwise by syringe over 20 min. The

reaction was stirred overnight and warmed to room temperature. The solution was filtered

through celite, concentrated and the residue was suspended in chloroform and washed

sequentially with water, 1 M HCl, saturated NaHCO3 and brine, then dried over Na2SO4

for 60 min. The solution was filtered through glass wool, concentrated and purified by

silica gel chromatography eluting with hexanes followed by 9:1 hexanes:ethyl acetate to

yield 0.569 g (67%) of a yellow syrup. 'H NMR (CDCl3) 61.00 (s, 9 H), 1.27 (s, 9 H),

3.16 (t, 1 H, J = 19.3, 9.7), 3.38 (d. 1 H, J = 9.6), 3.58 (dd, 1 H, J = 9.6, 5.0), 3.97-4.03

(m, 3 H), 4.10 (dd, 1 H, J = 13.3, 6.0), 4.35 (dd, 1 H, J = 13.4, 4.6), 4.54 (t, 1 H, J = 19.0,

9.4), 4.70 (d, 1 H, J = 8.0), 5.12 (d. 1 H, J = 10.5), 5.19-5.26 (m, 2 H), 5.48 (t, 1 H, J =

17.9, 9.9), 5.59-5.87 (n, 4), 6.08 (d. 1 H, J = 2.6), 7.19-7.32 (m, 6 H), 7.36-7.57 (m, 16

H), 7.59-7.63 (m, 5 H), 7.71-7.46 (m, 4 H), 7.80 (d, 2 H, J = 7.3), 7.85 (d, 2 H, J = 7.3),

7.92 (d, 5 H, J = 7.4), 7.96-8.05 (m, 3 H), 8.16 (d, 2 H, J = 7.1); "C NMR 619.28, 1998,

21.08, 26.98, 27.47, 60.10, 61.50, 67.62, 69.66, 70.72, 72.36, 72.54, 73.38, 73.76, 75.59,

77.17, 77.60, 77.80, 78.02, 99.99, 100.58, 117.67, 128.02, 128.21, 128.24, 128.43,

128.64, 128.67, 128, 73, 128.80, 128.87, 128.91, 129.37, 129.45, 129.80, 129.86, 129.93,

129.97, 130.11, 130.21, 130.25, 130.40, 130.52, 130.58, 130.83, 132.70, 132.94, 133.18,

133.54, 133.96, 134.09, 135.85, 135.91, 136.47, 165.06, 165.64, 165.76, 165.94, 166.03,

s
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171.99; MS (LSIMS, positive mode): calculated for Cs2H82O16Si2, 1378.51; found 1322.2

(M-tbutyl-H)".

2',2,3,3,4'-Penta-O-benzoyl-1-■ 3-O-allyl lactose (28). To a solution of 0.665 g

(0.48 mmol) of 2’,2,3’,3,4'-penta-O-benzoyl-6’,6-di-O-tert-butyldiphenylsilyl-1-3-O-

allyl lactose (27) in 4 mL anhydrous THF was added x mL 30% HF-pyr dropwise over 10

min. The mixture was left to stand for 4 h at ambient temperature and was then quenched

by the dropwise addition of saturated NaHCO3. Ten volumes of ethyl acetate were added

and the solution was washed sequentially with 0.1 M HCl, saturated CuSO4, water and

brine. The organic layer was dried over Na2SO4 for 60 min, filtered through glass wool,

concentrated by rotary evaporation, then suspended in toluene and evaporated several

times. The resulting residue was purified by silica gel chromatography eluting with neat

hexanes followed by 4:1 hexanes:ethyl acetate to yield 0.248 g (81%) of a yellow syrup.

'H NMR (CDCl3) 62.74 (dd, 1 H, J = 12.0, 6.7), 2.93 (dd, 1 H, J = 12.0, 6.8), 3.45 (d. 1

H, J = 10.5), 3.74-3.84 (m, 3 H), 4.06 (dd, 1 H, J = 13.3, 6.1), 4.24-4.37 (m, 2 H), 4.72

(d, 1 H, J = 8.0), 4.97 (d, 1 H, J = 7.9), 5.09 (d, 1 H, J = 10.4), 5.18 (d, 1 H, J = 17.2),

5.37-5.48 (m, 2 H), 5.59 (d. 1 H, J =3.2), 5.64-5.78 (m, 2 H); "C NMR 660.18, 68.84,

70.55, 70.72, 72.00, 72.31, 73.63, 74.17, 75.05, 75.48, 77.03, 77.45, 77.87, 100.16,

101.03, 118.10, 128.53, 128.65, 128.70, 128.89, 128.98, 129.04, 129.39, 129.63, 129.81,

130.08, 130.46, 133.29, 133.54, 133.64, 133.77, 134.12, 165.26, 165.64, 165.84, 166.67;

MS (LSIMS, positive mode): calculated for CsoHA6016,902.28; found 925.2 (M+Na)".
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6',6-Disulfo-1-■ 3-O-allyl lactose (29). To a solution of 0.246 g (0.27 mmol) of

2’,2,3’,3,4'-penta-O-benzoyl-1-3-O-allyl lactose (28) in 2 mL DMF in the presence of 3

A sieves was added 0.15 g (1.08 mmol) of sulfur trioxide trimethylamine complex. The

mixture was stirred at ambient temperature for 12 h, then quenched by the addition of 1

mL MeOH. An equal volume of 10 MNH4OH was added and the solution was heated to

65 °C for 12 h. The solution was clarified by centrifugation, then filtered through glass

wool and the volatiles were removed by rotary evaporation. The resulting residue was

suspended in 100 mL water and purified by DEAE chromatography eluting with a

gradient of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing disulfated

carbohydrate were pooled and lyophilized from water three times. The pyridine salt was

then exchanged for sodium by passage over a Na' cation exchange column, and the

material was lyophilized again to yield 0.076 g (85%) of a fluffy white powder. "H NMR

(CDCl3) 63.31 (t, 1 H, J = 17.0, 8.1), 3.51-3.69 (m, 5 H), 3.37 (br, 1 H), 3.97 (dd, 1 H, J

= 12.1, 5.9), 4.16-4.20 (m, 3 H), 4.30-4.35 (m, 3 H), 4.50 (d. 1 H, J = 8.0), 4.57 (d. 1 H, J

= 7.9), 5.23 (d. 1 H, J = 10.4), 5.33 (d. 1 H, J = 17.3), 5.85-5.99 (m, 1 H); "C NMR 6

66.70, 67.22, 69.03, 70.84, 72.53, 72.72, 74.42, 78.93, 79.70, 101.05, 102.67,

118.98,133.36; MS (ESI, negative mode): calculated for C15H26O17S2, 542.06; found

563.1 (M-2H--Na).

1,2,3,4,6-Penta-O-acetyl D-galactose (30). A solution containing 13.68 g (75.9

mmol) D-(+)-galactose in 150 mL 2:1 pyridine:acetic anhydride was stirred for 18 h at

ambient temperature. The solvent was removed by evaporation and the crude residue was

suspended in toluene and evaporated several times. The residue was suspended in diethyl

s
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ether and washed sequentially with water and brine, then dried over Na2SO4 for 60 min.

The solution was filtered through glass wool and evaporated to yield a white solid which

was taken on crude to the next reaction. 'H NMR (CDCl3) 62.00 (s, 3 H), 2.02 (s, 3 H),

2.04 (s, 3 H), 2.12 (s, 3 H), 2.16 (s, 3 H), 5.08 (dd, 1 H, J = 10.1, 3.0), 5.33 (t, 3 H, J =

19.7, 8.9), 5.43 (d. 1 H, J =3.3), 5.50 (s, 1 H), 5.70 (d. 1 H, J = 8.3); "C NMR 620.96,

61.56, 66.75, 67.67, 69.07, 90.04, 170.46; MS (ESI, positive mode): calculated for

C16H22O11,390.34; found 413.2 (M+Na)".

2,3,4,6-Tetra-O-acetyl D-galactose (31). A solution of 29.63 g (75.6 mmol) of

1,2,3,4,6-penta-O-acetyl D-galactose (30) and 9.16 mL (8.95 g, 83.49 mmol) of

benzylamine in 380 mL anhydrous THF in the presence of 4 Å sieves was stirred for 12 h

at ambient temperature. The solution was filtered through celite, concentrated by rotary

evaporation, and purified by silica gel chromatography eluting with 3:2

hexanes:ethylacetate to yield 25.91 g (98%) of a white solid. 'H NMR (CDCl3) 61.97 (s,

3 H), 1.99 (s, 3 H), 2.03 (s, 3 H), 2.09 (s, 3 H), 4.70 (d, 1 H, J = 7.4), 4.99 (dd, 1 H, J =

9.9, 3.2), 5.08-5.16 (m, 1 H), 5.34 (d, 1 H, J = 2.8), 5.39 (d, 1 H, J = 3.2), 5.42 (s, 1 H),

5.47 (d. 1 H, J =3.3); "C NMR 620.91, 61.78, 66.01, 67.54, 68.61, 90.72, 170.72; MS

(ESI, positive mode): calculated for C14H20010, 348.30; found 371.2 (M+Na)".

2,3,4,6-Tetra-O-acetyl-1-O-trichlorimidate D-galactose (32). To a solution of

14.56 g (41.8 mmol) of 2,3,4,6-tetra-O-acetyl D-galactose (31) and 6.35 g (46.0 mmol) of

K2CO3 in 85 mL of anhydrous methylene chloride in the presence of 3Å sieves was

added 43 mL (60.35 g, 418 mmol) trichloroacetonitrile and stirred overnight under an

.
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atmosphere of argon. The solution was filtered through celite and concentrated by rotary

evaporation. The resulting residue was suspended in chloroform and extracted with water

then brine and dried over Na2SO4. The solution was filtered through glass wool,

concentrated and purified by silica gel chromatography eluting with 3:2

hexanes:ethylacetate to yield 13.39 g (65%) of a white solid. Mixture of O. and 3

anomers. 'H NMR (CDCl3) 8 1.92 (s, 3 H), 19.3 (s, 3 H), 1.93 (s, 3 H), 1.94 (s, 3 H), 1.97

(s, 3 H), 2.09 (s, 3 H), 2.10 (s, 3 H), 5.06 (dd, 1 H, J = 10.4, 3.4), 5.27 (dd, 1 H, J = 8.9,

3.4), 5.32 (d, 1 H, J = 3.0), 5.35-5.39 (m, 2 H), 5.46-5.48 (m, 1 H), 5.78 (d, 1 H, J = 8.2),

6.51 (d. 1 H, J =3.3), 8.82 (d, 2 H, J = 17.1); "C NMR 620.79, 20.85, 20.91, 21.7,

61.18, 61.54, 67.03, 67.18, 67.66, 67.78, 68.03, 69.29, 70.94, 17.96, 90.64, 91.04, 93.78,

96.27, 161.10, 161.19, 170.22, 170.26, 170.32, 170.38, 170.49, 170.54, 170.57; MS (ESI,

positive mode): calculated for C18H20Cl3NO0,491.02; found 516.2 (M+Na)".

2,3,4,6-Tetra-O-acetyl-1-■ 3-O-allyl D-galactose (33). To a solution of 5.9 g (11.87

mmol) of 2,3,4,6-tetra-O-acetyl-1-O-trichlorimidate D-galactose (32) in 50 mL of

anhydrous methylene chloride in the presence of 3A sieves was added 1.6 mL (1.38 g,

23.7 mmol) allyl alcohol by syringe under an atmosphere of argon. The solution was

cooled to -15°C and 0.115 mL (0.132 g, 0.59 mmol) of TMS-OTf was added dropwise

by Syringe over 10 min, and the mixture was stirred at -15°C for 60 min. The solution

was filtered through celite, then concentrated by rotary evaporation. The residue was

Suspended in chloroform and washed sequentially in saturated NaHCO3, water, and brine,

and then dried over Na2SO4 for 60 min at ambient temperature. The solution was filtered

through glass wool, concentrated and purified by silica gel chromatography eluting with

;
-
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1:1 hexanes:ethylacetate to yield 4.37 g (95%) of a white solid. "H NMR (CDCl3) 61.83

(s, 3 H), 1.89 (s, 3 H), 1.99 (s, 3 H), 2.20 (s, 3 H), 3.81, (t, 1 H, J = 12.8, 6.4), 3.94-4.03

(m, 3 H), 4.21 (dd, 1 H, J = 13.2, 4.1), 4.42 (d, 1 H, J = 7.9), 4.92 (dd, 1 H, J = 10.5, 3.0),

5.04 (d, 1 H, J = 5.1), 5.08 (s, 1 H), 5.14 (d, 1 H, J = 16.7), 5.25 (s, 1 H), 5.66-5.79 (m, 1

H); "C NMR 620.68, 20.75, 20.85, 21.55, 61.57, 67.41, 69.08, 70.08, 70.79, 71.13,

92.53, 100.24, 117.50, 133.73, 169.57, 170.23, 170.45, 17048; MS (ESI, positive mode):

calculated for C17H24O10, 388.14; found 411.3 (M+Na)".

1-■ 3-O-Allyl D-galactose (34). A solution of 4.37 g (11.25 mmol) of 2,3,4,6-tetra

O-acetyl-1-3-O-allyl D-galactose (33) in 35 mL 100 mM NaOCH3 in anhydrous MeOH

was stirred overnight at ambient temperature under an argon atmosphere. The reaction

was quenched by stirring over Dowek cation exchange resin (H' form, washed in 50%

aqueous methanol) for 30 min at ambient temperature. The solution was filtered through

glass wool and the volatiles were removed by rotary evaporation to yield 2.4 g (97%) of a

white solid. 'H NMR (D2O)63.43 (t, 1H, J = 19.9, 9.9), 3.54 (d. 1 H, J = 3.4), 3.56-3.64

(m, 2 H), 3.67 (d, 1 H, J = 3.2), 3.83 (d, 1 H, J = 3.4), 4.14 (dd, 1 H, J = 12.7, 6.4), 4.32

(d, 1 H, J = 6.0), 4.35 (d, 1 H, J = 11.0), 5.19 (d, 1 H, J = 10.4), 5.30 (d, 1 H, J = 18.8),

5,83-5.96 (m, 1 H); "C NMR 6 63.75, 71.44, 73.39, 73.55, 75.61, 77.93, 104.59, 121.51,

136.21; MS (ESI, positive mode): calculated for C9H16Os, 220.22; found 243.2 (M+Na)".

6-Sulfo-1-■ 3-O-allyl D-galactose (35). To a solution of 1.2 g (5.4 mmol) of 1-3-O-

allyl D-galactose (34) in 50 mL DMF in the presence of 3 Å sieves was added 0.540 g

(3.9 mmol) of sulfur trioxide trimethylamine complex. The mixture was stirred for 24 h at

:
*
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ambient temperature, then quenched by the addition of 5 mL MeOH. The material was

concentrated by rotary evaporation, and the resulting residue was suspended in 400 mL

water and purified by DEAE chromatography eluting with a gradient of 0 to 1 M pyridine

acetate, pH 5.5. The fractions containing monosulfated carbohydrate were pooled and

lyophilized from water three times. The pyridine salt was then exchanged for sodium by

passage over a Na' cation exchange column, and the material was lyophilized again to

yield 0.609 g (35%) of a fluffy white powder. 'H NMR (D2O)63.49 (t, 1 H, J = 17.9,

7.8), 3.77-3.81 (m, 1 H), 4.12 (d, 2 H, J = 12.5), 4.15-4.22 (m, 2 H), 4.26-4.38 (m, 2 H),

4.48 (d, 1 H, J = 7.63), 5.23 (d, 1 H, J = 11.3), 5.33 (d, 1 H, J = 17.3), 5.86-5.99 (m, 1 H);

”C NMR 669.50, 69.88, 71.53, 73.58, 75.16, 82.86, 104.07, 121.89, 136.02; MS (ESI,

negative mode): calculated for C9H16O2S,300.1; found 298.9 (M-H).

6-Sulfo-1-■ 3-O-allyl N-acetyl-D-glucosamine (36). To a solution of 1.016 g (3.7

mmol) of 1-3-O-allyl N-acetyl-D-glucosamine in 10 mL DMF in the presence of 3 A

sieves was added 0.360 g (2.6 mmol) of sulfur trioxide trimethylamine complex. The

mixture was stirred for 26 h at ambient temperature, then quenched by the addition of 1

mL MeOH. The material was concentrated by rotary evaporation, and the resulting

residue was suspended in 300 mL water and purified by DEAE chromatography eluting

with a gradient of 0 to 1 M pyridine acetate, pH 5.5. The fractions containing

monosulfated carbohydrate were pooled and lyophilized from water three times. The

pyridine salt was then exchanged for sodium by passage over a Na" cation exchange

column, and the material was lyophilized again to yield 0.656 g (47%) of a fluffy white

powder. 'H NMR (CDCl3) 8 1.91 (s, 3 H), 3.31-3.45 (m, 2 H), 3.51-3.54 (m, 1 H), 3.59

~
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(t, 1 H, J = 18.5, 9.8), 4.02 (dd, 1 H, J = 11.9, 5.2), 4.08 (dd, 1 H, J = 11.2, 6.0), 4.17

4.23 (m, 2 H), 4.6 (d, 1 H, J = 8.4), 5.08 (d, 1 H, J = 22.2), 5.17 (d, 1 H, J = 21.9), 5.72

5.82 (m, 1 H); "C NMR 622.19, 54.02, 55.54, 67.08, 69.62, 70.62, 73.73, 100.17,

118.36, 133.40, 174.72; MS (ESI, negative mode): calculated for C11 H19NO9S, 341.08;

found 340.1 (M-H).

Amine-terminated glycosides

The B-allyl glycosides were dissolved in deoxygenated water (prepared by

bubbling a stream of nitrogen gas through distilled water for 30 min) to 0.1 to 0.5M, and

combined with 1.05 equivalents of 2-aminoethanethiol hydrochloride. The solutions were

then transferred to wells of a 96-well microtiter plate and placed directly under a short

wave (254 nm) ultraviolet lamp for 6 - 8h. The reactions were typically complete after 6

hours of photolysis and yields were typically quantitative. The products were taken on

without purification.

HO

ºzºvº
(37) ■ º■ ■ o °ºsºnº,

OH OH OH

'H NMR (D2O)6 1.81 (dd, dd, 2 H, J = 27.1, 6.6), 2.58 (t, 2 H, J = 14.5, 72),

2.75 (t, 2 H, J = 13.2, 6.6), 3.13 (t, 2 H, J = 15.3, 8.7), 3.19 (t, 1 H, J = 14.6, 6.7), 3.42

(dd, 1 H, J = 10.0, 7.8), 3.52-3.57 (m, 4H), 3.62-3.72 (m, 6 H), 3.81-3.94 (m.2 H), 4.33

(d, 1 H, J = 7.7), 4.38 (d, 1 H, J = 8.0); "C NMR 627.13, 28.19, 28.71, 38.35, 60.15,

61.07, 68.59, 71.01, 72.58, 72.88, 74.46, 74.83, 75.41, 76.43, 78.48, 102.13, 102.98; MS

(ESI, positive mode): calculated for C17H33NOIS, 459.18; found 460.3 (M+H)".

:
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OH HO

(38) -O3So à-
SO HO >~~~NH 2

OH OH OH

MS (ESI, negative mode): calculated for C17H33NO14S2, 539.56; found 538.2 (M-

H).

OH HO

(39) Ho *-
SO HO S-TS-> >~NH

6H-OSO3 OH 2

'H NMR (D2O)6 1.83 (dd, dd, 2 H, J = 26.8, 6.6), 2.61 (t, 2 H, J = 14.5, 7.3),

2.71-2.80 (m, 2 H), 3.08-3.16 (m, 3 H), 3.31 (t, 2 H, J = 12.9, 6.5), 3.43-3.53 (m, 4H),

3.60 (dd, 2 H, J = 10.0, 3.4), 3.64-3.95 (m, 5H), 4.11 (d, 1 H, J = 6.1), 4.38 (d, 1 H, J =

7.8); MS (ESI, negative mode): calculated for C17H33NO14S2,539.6; found 538.2 (M-H).

HO
OH

- OO3SO O

OSO3." OH 2OH 3

'H NMR (D2O)6 1.81 (dd, dd, 2 H, J = 27.1, 6.6), 2.58 (t, 2 H, J = 14.5, 72),

2.70-2.77 (m, 2 H), 3.07-3.14 (m, 2 H), 3.21 (t, 1 H, J = 16.9, 8.5), 3.45 (dd, 1 H, J =

10.1, 7.9), 3.53-3.60 (m, 4 H), 3.65-3.74 (m, 2 H), 3.85 (s, 1 H), 3.88-3.94 (m, 2 H), 4.01

4.14 (m, 2 H), 4.23 (s, 1 H), 4.39 (d, 1 H, J = 8.0), 4.48 (d, 1 H, J = 7.9); MS (ESI,

negative mode): calculated for C17H33NOI7S3,619.09; found 618.0 (M-H).

:
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(41) HO O O

MS (MALDI): calculated for C17H34NO14S2,539.56; found 538.0 (M-H).

"O3S O

(0) -osozº *-23■ ■ o °s-ºs-ºs-SNP,
OHTOH OH

MS (MALDI): calculated for C17H31NNa2O3S3,663.05; found 507.20 (M+2Na)".

"O3SO
OHO O

OHTOSO3 OH

'H NMR (D2O)6 1.88 (dd, dd, 2 H, J = 27.1, 6.6), 2.65 (t, 2 H, J = 14.5, 7.2),

2.78-2.85 (m, 2 H), 2.99 (t, 2 H, J = 12.8, 6.5), 3.17 (t, 2 H, J = 13.5, 6.8), 3.37 (t, 1 H, J

= 13.0, 6.4), 3.51 (d, 2 H, J = 8.3), 3.59-3.68 (m, 5 H), 3.73-3.80 (m, 2 H), 3.94 (t, 2 H, J

= 124, 6.2), 4.16 (d. 1 H, J = 6.0), 4.48 (d. 1 H, J = 7.9); "C NMR 624,03, 29.86, 30.97,

31.59, 44.84, 69.30, 70.17, 71.14, 71.86, 73.58, 75.11, 75.24, 75.52, 75.66, 77.09, 81.45,

105.03, 105.72. MS (LSIMS, negative mode): calculated for C17H33NOI7S3,619.09;

found 618.1 (M-H).

OH

OHOH

'H NMR (CDCl3) 61.89 (dd, dd, 2 H, J = 28.6, 8.2), 2.66 (t, 2 H, J = 14.5, 72),

2.82 (dd, 2 H, J = 17.3, 6.6), 3.18 (dd, 2 H, J = 14.0, 7.1), 3.44 (t, 1 H, J = 17.8, 7.9), 3.59

i
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(d, 1 H, J = 3.5), 3.62-3.69 (m, 1 H), 3.71-3.80 (m, 3 H), 3.88 (d, 1 H, J = 3.4), 3.92-4.0

(m, 1 H), 4.36 (d, 1 H, J = 7.9); "C NMR 624.15, 29.95, 31.00, 41.21, 44.83, 63.84,

71.49, 73.60, 75.55, 78.00, 105.63; MS (ESI, positive mode): calculated for CIH23NOGS,

297.37; found 298.4 (M+H)".

OH

as cº-º-º:
OSO3:OH

'H NMR (CDCl3) 61.89 (m, 2 H), 2.63-2.69 (m, 2 H), 2.99 (t, 1 H, J = 12.9, 6.4),

3.13–3.21 (m, 2 H), 3.36 (t, 1 H, J = 10.5, 4.1), 3.61 (t, 1 H, J = 17.1, 9.2), 3.75-3.82 (m,

2 H), 3.94-3.98 (m, 2 H), 4.11-4.16 (m, 2 H), 4.29-4.31 (d, 1 H, J = 7.8), 4.48 (d, 1 H, J =

8.0); "C NMR 624.06, 29.89, 41.17, 44.78, 69.58, 70.09, 71.57, 71.82, 75.21, 82.86,

105.29; MS (LSIMS, negative mode): calculated for C11H23NO9S2, 377.08; found 376.1

(M-H).

HO

HO O

NHAC

'H NMR (CDCl3) 61.74-1.85 (m, 2 H), 1.97 (s, 3 H), 2.55 (t, 2 H, J = 14.3, 7.2),

2.74-2.80 (m, 2 H), 2.95 (t, 1 H, J = 12.9, 6.4), 3.11-3.17 (m, 2 H), 3.13-3.38 (m, 2 H),

3.47 (t, 1 H, J = 18.5, 8.4), 3.57-3.69 (m, 2 H), 3.85 (d, 1 H, 11.3), 3.89-3.94 (m, 1 H),

4.43 (d. 1 H, J = 8.4); "C NMR 622.33, 28.16, 33.38, 38.41, 42.03, 55.68, 60.82, 68.66,

70.01, 73.82, 75.92, 101.37, 174.57; MS (LSIMS, positive mode): calculated for

C13H26N2O6S, 338.15; found 339.1 (M+H)".
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- O3SO
HO O

(47) **º-
NHAC

'H NMR (CDCl3) 61.71 (m, 2 H), 1.96 (s, 3 H), 2.54 (t, 2 H, J = 9.7, 2.6), 2.73

2.80 (m, 2 H), 2.94 (t, 1 H, J = 12.9, 6.5), 3.10-3.16 (m, 2 H), 3.32 (t, 2 H, J = 12.9, 6.4),

3.41-3.50 (m, 1 H), 3.56-3.71 (m, 2 H), 3.80-3.89 (m, 1 H), 4.08-4.19 (m, 1 H), 4.44 (d, 1

H, J = 8.4); "C NMR 622.28, 28.17, 33.35, 37.80, 38.40, 41.99, 55.59, 67.12, 6.91,

69.62, 73.71, 101.45, 174.60; MS (LSIMS, negative mode): calculated for C13H26N2O3S2,

418.11; found 417.0 (M-H).

Neoglycolipids, general procedure

The amine-terminated glycosyl thiohexanes were dissolved to 0.2 to 0.5 M in

DMF containing 5% distilled water and free based with 2 equivalents of iPrzEtn for 20

min at ambient temperature. Two equivalents of steroyl chloride were dissolved in an

equal volume of DMF, and were added dropwise over 60 s. Reaction volumes ranged

from 300 to 1000 pil. The solution was stirred vigorously for 60 min, although within 60

S the solution became a viscous, opaque, white suspension. The reaction was quenched

with 0.1 volumes MeOH for 30 min.

The neoglycolipids were purified by extraction. The quenched reactions were

added to 8 to 10 volumes of a 1:1 mixture of hexanes and water, and shaken vigorously,

then centrifuged at high speed on a bench top microfuge for 3 min. The unreacted steroyl

chloride and iPrzEtn partitioned into the organic layer and the unreacted 6-amino-1-

glycosyl-3-thioether hexanes and iPr:EtnH' partitioned into the aqueous layer. The

neoglycolipids were excluded from both layers and were present in a packed white foam

;
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layer between the organic and aqueous layers. The foam layer was recovered and

extracted 4 more times in 1:1 hexanes: water, then transferred to a pre-weighed

eppendorph tube. A solution of 40% acetonitrile in distilled water was added to 1 to 1.5

mL, and the neoglycolipids were frozen, lyophilized and weighed. The resulting waxy

solid was suspended in 85% aqueous ethanol at 45 °C. Thin layer chromatography

revealed only one spot with a relative front of about 80% in 5:3:2 butanol:acetic

acid:water. Steroyl chloride migrated to the solvent front and the amine-terminated

glycosyl thiohexanes typically migrated with a relative front of 30 to 40%. This

purification methodology was inefficient and yields were typically 10%.The masses of

the resulting neoglycolipids were verified by negative mode ESI and LSIMS mass

spectrometry.

OH HO O

HO O O *s-s-s->~~~~(48) *%-3 #6 Osºs, SS-SN
OH OH HOH

'H NMR (CDCl3/CD3OD) 60.82 (s, 3 H), 1.12 (d, 2 H, J = 5.0), 1.20 (s, 28 H),

1.38 (t, 2 H, J = 14.3, 7.4), 1.54 (br, 2 H), 1.84 (t, 2 H, J = 13.2, 6.4), 2.12 (t, 2 H, J =

15.1, 7.5), 2.56-2.63 (m, 2 H), 3.28-3.32 (m, 8 H), 3.43 (d. 1 H, 3.2), 3.45-3.70 (m, 5 H),

3.76 (d. 1 H, 7.3), 3.80 (s, 3 H), 3.92 (d. 1 H, J = 9.8), 4.24 (d. 1 H, J = 7.8), 4.31 (d. 1 H,

J = 7.6); "C NMR 613.41, 1846, 22.32, 28.05, 25.57, 29.02, 29.07, 29.23, 29.33, 29.37,

31.20, 31.63, 36.16, 38.77, 61.38, 68.13, 71.16, 73.56, 75.50, 75.61, 76.99, 77.02, 77.25,

77.27, 77.51, 77.53, 80.09, 102.86, 103.72, 107.05; MS (LSIMS, negative mode):

calculated for C35H67NO2S, 725.44; found 724.5 (M-H).

:
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•osoz-9% * O(0°ºf Hºo-sºº's
MS (LSIMS, negative mode): calculated for C35H57NO15S2,805.40; found 804.4

(M-H).

HO

Hoz-9%-o \ O O(50) ■ º■ 86 os-Sºlsºn's-s-s->~~~~
OHTOSO3 OH H

MS (LSIMS, negative mode): calculated for C3sH66NO15S2,805.37; found 804.4

(M-H).

•osoz-9% * O(51) *3 ■ º■ Ho os-Sºlsºn's-s-s->~~~~
OHTOSO3 OH H

MS (ESI, negative mode): calculated for C35H67NO1&S3, 885.35; found 906.2 (M-

2H+Na).

gºvo O(52) Ho ■ -e--- *s-s-s->~~~~
OH OH H

MS (LSIMS, negative mode): calculated for C35H66NO15S2,805.37; found 804.5

(M-H).

:
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SQ3SO O
- O

(53) *º-ºº-º-º->~~~~~
OH OH H

MS (ESI, negative mode): calculated for Cash;7NOI8S3, 885.35; found 884.4 (M-

H).

§ºvo O

(54) ****** -º
ÓHTOSO3 O H

MS (LSIMS, negative mode): calculated for C35H67NOI8S3,885.35; found 884.5

(M-H).

OH O

(55) **o-vs-tº
OHTOH H

MS (ESI, positive mode): calculated for C39H57NO.S, 563.39; found 564.4

(M+H)".

H
OH N~~c > \,

-
OOHTOSO3

MS (ESI, negative mode): calculated for C39H57NOIOS2, 643.34; found

642.2 (M-H).

HO OO
(57) *º-º-º-º-

NHAC H

MS (ESI, positive mode): calculated for C31H60N2O7S, 604.41; found 605.4

(M+H)".
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-O3SOrº- 9. O(58) HO Osºs, Ssº N *s-s-s->~~~~
NHAC H

MS (LSIMS, negative mode): calculated for C3H60N2O10S2, 684.37; found 683.4

(M-H).

Lectin binding assays

Flat bottom polyvinylchloride 96-well microtiter plates (Falcon 3912) were

coated with serial dilutions of neoglycolipids in 85% aqueous ethanol supplemented with

5 pig■ mL cholesterol and 2.5 pig■ mL phosphatidylcholine at 40 pul/well and evaporated to

dryness at 37 °C. The lipid coated wells were washed once with distilled water then

blocked with 200 pull 3% BSA for 2 h at ambient temperature. The blocked wells were

washed once with PBS and biotinylated lectins (Vector Labs) diluted 1:500 in 1% BSA

were added at 100 pul/well. To ensure that the observed binding was lectin mediated,

lectins were incubated in 200 mM solutions of their cognate carbohydrate ligands in 1%

BSA for 30 min prior to addition to the lipid coated wells in control assays. After a 60

min ambient temperature incubation with the immobilized neoglycolipids, the wells were

washed twice with PBS. Streptavidin-alkaline phosphatase conjugate diluted 1:2,000 in

1% BSA was added next at 100 pul/well for 60 min at ambient temperature. The wells

were washed five times with PBS and alkaline phosphatase substrate (p-nitrophenyl

phosphate, 1 mg/mL in 10% diethanolamine, 0.1 mM MgCl2) was added at 100 pul/well.

Optical densities were recorded at 415 nm on a BioPad microplate reader.

.
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Direct binding assay

In order to evaluate the coating efficiency of the neoglycolipids, and to develop a

direct binding assay for the selectins and MECA-79, neoglycolipids were coated onto

microtiter plate wells and assayed for their ability to support binding of a variety of plant

lectins. A number of microtiter plates types including Nunc MaxiSorb and PolySorb,

Dynatech Immulon II and IV, and Falcon polyvinylchloride (PVC) plates were evaluated,

as were a number of solvent systems and variations in coating volumes.

Of the polystyrene plates, Dynatech Immulon II plates gave the best signal to

noise ratio; however, in general, the neoglycolipids did not bind well to polystyrene. The

maximum signals generated on PVC plates were greater than those generated on

polystyrene plates. Furthermore, the signal to noise ratio was lower on PVC plates than

on polystyrene plates. Therefore, flat bottom Falcon 3912 PVC plates were chosen for the

binding assays described here and in Chapters 6 and 7.

There were three principal requirements of the solvent system used for coating the

neoglycolipids. First, it had to accommodate a 24-atom alkane and a mono- or dianionic

carbohydrate. Second it had to be volatile. Third, it could not erode the plastic surface of

the plate. An optimal solvent was 85% aqueous ethanol. It was essential to coat minimal

volumes of neoglycolipid solution to keep the samples concentrated and retained on the

bottom of the well. Volumes in excess of 80 pull would wick up the side of the well which

in turn would increase the surface area coated and therefore decrease the density of the

ligand and its degree of multimerization. Because of the volatility of ethanol, volumes of

less than 40 pull were difficult to pipette consistently and accurately. A loading volume of

40 pull was thus chosen for these experiments.

.
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Finally, coating the neoglycolipids directly from 85% ethanol was not effective,

and the compounds did not stick to the wells after blocking and washing. Coating in a

solution of cholesterol and phosphatidylcholine, however, provided a layer of carrier

lipids for embedding the neoglycolipids and significantly amplified binding of the

relevant probes. An optimal concentration of carrier lipids for the neoglycolipids

described here was 5 pig■ mL cholesterol and 2.5 pig■ mL phosphatidylcholine in 85%

ethanol. This is almost double the amount of carrier lipid used by others when coating

dialkane glycolipids (86,87,204,212).

Figure 5.6 shows the reactivity of a panel of four plant lectins toward the

neoglycolipids. These results demonstrate that the neoglycolipids are coated effectively

and that they maintain adhesion to the microtiter wells throughout a series of incubation

and wash steps. -

;
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Figure 5.6 Lectin binding assay. Sulfated lactose neoglycolipids (lactose, 6'-sulfo, 6-sulfo and
6',6-disulfo lactose) were coated onto PVC microtiter plates in a bed of cholesterol and
phosphatidylcholine and assayed for their ability to function as solid supports for direct binding
assays. A panel of four plant lectins with differing specificities was used to develop a direct
binding assayed that would ultimately be used to evaluate selectin and MECA-79 binding
(Chapters 6 and 7). (A) Ricinus communis agglutinin II, binds Gal and GalNAc, (B) Sambucus
nigra agglutinin, binds NeuAco 2–6Gal, (C) Erythrina cristagalli agglutinin, binds Gal}1–4
GlcNAc, (D) Maackia amurensis agglutinin II, binds NeuAco.2–3Gal}1–4GlcNAc. In order to
ensure binding was specific, adhesion was inhibited in parallel assays by pre-incubating the
lectins with 200 mM lactose (grey bars). Bars marked none are carrier lipids only.
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6 L-selectin and MECA-79 recognize distinct carbohydrate sulfo■ orms
The L-selectin and MECA-79 binding assays described here and the associated molecular biology and
biochemistry were performed in Steven Rosen's lab at the University of California, San Francisco (June, 1999
to December, 1999). These data and analysis will be submitted for publication:

Bruehl, Richard E., Bertozzi, Carolyn R., Rosen, Steven D. L-, E- and P-selectin and MECA-79 recognize
distinct carbohydrate sulfo■ orms J. Biol. Chem.

Summary

L-selectin recognition of sulfated carbohydrates on endothelial counter-receptors

is one of the earliest events in a cascade of adhesive steps that drives lymphocyte

recirculation through peripheral lymph nodes and directs circulating leukocytes into

diseased and damaged tissues. Although versions of sulfated sialyl Lewis’ (sLe’) have

been identified as key recognition determinants for L-selectin, the configuration of sulfate

esters on the N-acetyllactosamine (Gal{}1–4GlcNAc) core of sulfo sLe” that generates

the most adhesive L-selectin ligand remains unsettled. In order to determine the positions

of sulfation on sulfo sLe” that generates the highest affinity L-selectin ligand,

recombinant L-selectin-human IgM chimeras or L-selectin bearing Jurkat T-cells were

assayed for binding to a panel of sulfated lactose (Gal{}1–4Glc) neoglycolipids. The best

substrate was disulfated with sulfate esters at both the C-6 positions of Gal and Glc (6',6-

disulfo lactose). Since the MECA-79 monoclonal antibody binds competitively to L

Selectin ligands and partially blocks lymphocyte attachment to HEV, MECA-79 binding

to the panel of sulfated lactose neoglycolipids was evaluated in order to characterize the

MECA-79 epitope with respect to carbohydrate sulfation. Surprisingly, 6',6-disulfo

lactose failed to support MECA-79 binding and the best ligand was monosulfated at the

C-6 position of Glc (6-sulfo lactose). The difference in reactivity between L-selectin and
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MECA-79 in these assays was unexpected and may explain why MECA-79 only partially

blocks lymphocyte attachment to high endothelial venules in peripheral lymph nodes.

Introduction

The molecular identification of L-selectin recognition determinants has been a

focal point for understanding the regulatory mechanisms underlying leukocyte migration

into inflamed and secondary lymphoid tissues, and has provided fundamental structural

leads for the design of anti-inflammatory drugs aimed at inhibiting L-selectin-mediated

leukocyte-endothelial adhesion. While it is clear that optimal L-selectin binding is sialic

acid (NeuAc), fucose (Fuc) and sulfate (OSOs) dependent (23,24,33,78,119,215), and

versions of sulfated sle” (NeuAc32—33Gal{}1–4[Fuco 1–3]GlcNAc) are well defined

recognition determinants (25-27), there is significant controversy regarding the

configuration of sulfate esters on sLe” that generates the most adhesive ligand. For

example, although there is general agreement that sulfation at the C-6 position of GlcNAc

in the context of 6-sulfo sLeº enhances L-selectin binding relative to sLe” (203,204),

there is at least one report that claims 6-sulfo sLe” does not support L-selectin binding

(216). The contribution of Gal-6-OSO3 in the context of 6'-sulfo sLe” is much less clear

and there is evidence for enhanced binding relative to sle“ (216,217), no significant

effect (203) and even reduced binding (204). There are also conflicting reports regarding

the effectiveness of 6',6-disulfo sLe” as a ligand for L-selectin. In inhibition assays, 6’,6-

disulfo lactose was shown to be a superior inhibitor of L-selectin binding to a

physiological ligand relative to sle” and monosulfated lactose (207). In a direct binding

study, however, 6',6-disulfo sle” was shown to be an inferior substrate for L-selectin
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relative to 6-sulfo sLe” (204). In yet another study, the simultaneous sulfation of Gal and

GlcNAc on recombinant ligands was shown to potentiate L-selectin binding

synergistically (95).

Reconstruction and identification of the MECA-79 epitope has been surprisingly

challenging. Although GlcNAc-6-OSO3 in the context of branched chain

oligosaccharides has been recently reported to support MECA-79 binding to epithelial

cells transfected with a GlcNAc-6-O-sulfotransferase, the signal generated was relatively

weak, and the molecular structure of the sulfated oligosaccharide(s) was not characterized

(99). Employment of an extensive panel of sulfated sle" glycolipids (86) failed to

identify the MECA-79 epitope in direct binding assays (R. Kannagi, presented Keystone

Symposium Molecular Mechanisms of Leukocyte Trafficking, Incline Village, Nevada,

1998).

The aim of the work described here is to resolve the controversy regarding the

configuration of sulfate esters required for optimal L-selectin binding, and to characterize

the MECA-79 epitope with respect to carbohydrate sulfation. To achieve these goals, a

panel of sulfated lactose derivatives with defined sulfate esters modeled after the sulfated

N-acetyllactosamine core of sulfo sle” was used as substrates in direct binding assays

(structures shown in Figure 5.1). These sulfated derivatives, which are sulfo sLe”

glycominetics, have the advantage of allowing evaluation of the contribution of sulfate

esters in spatially distinct positions to L-selectin and MECA-79 binding systematically

and in isolation of sialic acid and fucose. Although sialic acid and fucose are important

for high affinity L-selectin binding, they are not critical. It has been shown previously

that sulfated lactose derivatives and non-sialylated sulfo Lewis’ can inhibit L-selectin
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binding to GlyCAM-1 with IC50 values significantly lower than sLe” (203,207).

Furthermore, since sialic acid (24) and fucose (119,120) are dispensable for MECA-79

binding, these abbreviated structures are well suited for pursuing the MECA-79 epitope.

Using soluble L-selectin-IgM chimeras or L-selectin bearing Jurkat T-cells to

probe L-selectin binding, 6’,6-disulfo lactose was found to be the most adhesive ligand

among the structures tested. Interestingly, this molecule failed to support MECA-79

binding, and the best ligand for MECA-79 was 6-sulfo lactose. The difference in

reactivity between L-selectin and MECA-79 in these assays was unexpected and may

explain the inability of MECA-79 to completely block lymphocyte attachment to HEV in

vitro (79), or to abolish lymphocyte homing in vivo (128).

Materials and Methods º

}
General

}

Ninety-six well polyvinylchloride microtiter plates (Falcon 3912) were from }
Beckton Dickinson, and 96 well polystyrene plates (Immulon II) were from Dynatech

(Alexandria, VA). The sialyl Lewis’ analogue neoglycolipid, N-IO-(3-O-(2-acetic acid)-

[3-D-galactopyranosyl)-(1→4)-O-[(O-L-fucopyranosyl)-(1→3)]-O-(B-D-

glucopyranosyl)]-1-acetamido-6-(10,12-pentacosadiynamide)-3-thiohexane, was a gift of

Jon Nagy (Lawrence Berkeley National Laboratories, Berkeley, CA). Sulfated lactose

derivative neoglycolipids were synthesized and validated as described in Chapter 5.

Cholesterol, phosphatidylcholine, bovine serum albumin (BSA), ethylenediamine

tetraacetic acid tetrasodium salt (EDTA), and p-nitrophenyl phosphate (pNPP,

phosphatase substrate) were from Sigma (St. Louis, MO). Streptavidin alkaline
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phosphatase was from Caltag (Burlingame, CA). [2',7'-bis-(Carboxyethyl)-5(6)-

carboxyfluorescein acetoxymethyl ester] (BCEMF/AM) was from CalBiochem (La Jolla,

CA). Allylamine, diisopropylethylamine (iPrzEtn), dimethyl formamide (DFM), and

steroyl chloride were from Aldrich.

Sialyllactose neoglycolipid

The sialyllactose neoglycolipid was synthesized from 1-3-O-allyl lactose by first

forming an N-allyl glycosylamide (218), then coupling the activated compound to steroyl

chloride. A solution of 0.631 g (1.0 mmol) of sialyllactose (NeuAc32—33Gal{}1–4Glc)

(Neose) in 10 mL allylamine was stirred at room temperature for 72 hours. The solvent

was removed by rotary evaporation and the resulting residue was suspended in hexanes

and evaporated five times. The resulting N-allyl glycosylamide was suspended in 2.5 mL

of DMF and 0.675 mL of steroyl chloride (0.605 g, 2 mmol) in 1 mL of DMF containing

0.697 mL of iPrzEtn (0.517 g, 4 mmol) was added dropwise over 10 min and the solution

was stirred vigorously for 60 min. The reaction was quenched by the addition of 1 mL of

methanol, and extracted in a solution of 5 mL of hexanes and 5 mL of distilled water. The

Solution was centrifuged at high speed in a bench top microfuge. The unreacted steroyl

chloride and iPrzEtn partitioned into the organic layer, unreacted LMN and iPr:EtnH'

partitioned into the aqueous layer, and the neoglycolipid was trapped in a densely packed

foam layer at the interface between the two solvents. This extraction was repeated five

times and the recovered foam layer was suspended in 40% acetonitrile in water, frozen

and lyophilized to yield 0.056 g (6%) sialyllactose neoglycolipid. MS (LSIMS, positive

mode): calculated for C44H23N2O19,938.52; found 961.6 (M+Na)".
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L-selectin-human IgM chimeras

The recombinant murine L-selectin—human IgM chimera cDNA was a gift from

Lloyd Stoolman (University of Michigan School of Medicine) and has been previously

described (219). The recombinant human L-selectin-human IgM chimera was prepared

by Mark Singer in the Rosen laboratory by subcloning human L-selectin, a gift of

Thomas Tedder (Duke University Medical Center, Durham, NC) into the human IgM

vector used to make the murine L-selectin-human IgM chimera. Recombinant protein

was generated in transiently transfected COS-7 cells grown in OptiMEM serum free

medium (Gibco BRL, Grand Island, NY). The level of expression was determined by

enzyme-linked immunosorbent assay using immobilized goat anti-human IgM to capture

the chimera from the Supernatant and goat anti-human IgM-alkaline phosphatase (AP) to

probe immobilized chimera. The concentration of chimera was determined by comparing

optical density values to a standard curve prepared with human IgM. The chimeras were

used as crude tissue culture supernatant.

Antibodies

Purified MECA-79 (rat IgM) (79) and the control antibody OZ-42 (220) were

kindly provided by Stefan Hemmerich (Roche Biosciences, Palo Alto, CA). Human IgM

and the goat anti-human IgM-alkaline phosphatase (AP) conjugate were from Sigma

Aldrich. Rabbit antirat-IgM-AP was from Zymed Laboratories, Inc. (South San

Francisco, CA). The anti-murine L-selectin monoclonal antibody MEL-14 (rat IgG2a)(1)

was purified by ammonium sulfate precipitation from hybridoma cell culture supernatant.

The control for MEL-14 was an irrelevant rat IgG2a (Zymed Laboratories, Inc.). The anti

}
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human L-selectin MAb DREG-56 (murine IgG1) and control murine IgG1 were from

Caltag (Burlingame, CA). Goat anti-human Ig Fc F(abz)'-biotin was from Caltag.

L-selectin direct binding assay

Neoglycolipids or sulfatides were resuspended in 85% aqueous ethanol containing

5 pig■ mL cholesterol and 2.5 pig■ mL phosphatidylcholine. Serial dilutions were coated

onto microtiter plates at 40 pul/well, and the solvent was evaporated at 37 °C. The coated

wells were washed once with distilled water then blocked with 3% BSA in PBS for 2 h.

Tissue culture supernatant containing the selectin—IgM chimera was diluted 1:1 in 2%

BSA in PBS and incubated at 50 pul/well for 2 h. In parallel, human IgM diluted to 1

pig■ mL in 1% BSA was added at 50 pul/well as a control for non-specific adhesion. After

two washes in PBS, goat anti-human IgM-AP conjugate diluted 1:1,000 in 1% BSA was

added at 100 pul/well for 45 min. After five washes in PBS, bound selectin—IgM chimera

and human IgM were detected by the addition of phosphatase substrate (p-NPP 1 mg/mL

in 10% diethanolamine, 0.1 mM MgCl2), 100 pul/well. Optical densities were recorded at

405 nm on a BioPad (Richmond, CA) Model 3550 microplate reader. All incubations and

wash steps were at ambient temperature.

MECA-79 direct binding assay

Microtiter wells were coated with neoglycolipids and blocked with 3% BSA as

described for the L-selectin direct binding assay. MECA-79 and the OZ-42 control

antibody were diluted to 10 pg/mL in 1% BSA and incubated at 100 pul/well for 2 h. The

wells were washed twice with PBS and rabbit anti-rat IgM-AP diluted 1:1,000 in 1%
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BSA was added at 100 pul/well for 45 min. After five washes with PBS, bound antibody

was detected by the addition of pnPP at 100 pul/well. Optical densities were recorded at

405 nm. All incubations and wash steps were at ambient temperature.

Antibody inhibition assay

Microtiter plates were coated with 200 puM solutions of neoglycolipid in 85%

ethanol, 5 pig■ mL cholesterol and 2.5 pig■ mL phosphatidylcholine at 40 pul/well. The

solvent was evaporated at 37 °C and the wells were blocked with 3% BSA. Anti-L-

selectin or control MAb was diluted to 2 pg/mL in 2% BSA and added in equal volumes

to tissue culture supernatants containing the selectin-IgM chimera. The solutions were

incubated for 30 min then transferred to the neoglycolipid coated plates at 50 pul/well.

After a 2 h incubation, bound chimera was probed and detected as described for the direct

binding assay. All incubations and wash steps were at ambient temperature.

EDTA inhibition assay

Microtiter plates were coated with neoglycolipid and blocked as described for the

antibody inhibition assay. Serial dilutions of EDTA in 2% BSA were combined in equal

volume to undiluted L-selectin—IgM containing tissue culture supernatant, and added to

the neoglycolipid coated wells at 100 pul/well. After a 2 h incubation, bound chimera was

probed and detected as described for the direct binding assay. All incubations and wash

steps were at ambient temperature.
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Cell adhesion assay

L-selectin bearing Jurkat T-cells were obtained from the laboratory of Art Weiss

(University of California, San Francisco) and maintained in RPMI 1640 medium

supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin, 2 mM glutamine, and

5% heat-inactivated fetal calf serum (Hyclone, Logan, UT). Neoglycolipids were diluted

to 200 puM in 85% ethanol, 5 pig■ mL cholesterol, 2.5 pig■ mL phosphatidylcholine and

coated onto microtiter plates at 40 pul/well. After drying, the wells were blocked with 3%

BSA for 2 h. Jurkat cells were centrifuged and resuspended to 5 x 10"/mL in 0.1% BSA.

The fluorescent dye BCEMF/AM was added at a dilution of 1:1,000 from a 2 mM stock

solution in 2 mM dimethyl sulfoxide, and incubated with the cells for 20 min in the dark.

The labeled cells were centrifuged and resuspended to 2 x 10"/mL in 0.1% BSA and

transferred to the neoglycolipid coated plate at 100 pul/well. After 30 min, the plate was

washed twice with PBS and 0.1% BSA was added at 100 pul/well. Arbitrary fluorescence

intensity units were recorded at 485 nm excitation and 530 nm emission on a CytoFluor

II fluorescence multi-well plate reader (PerSeptive Biosystems, Foster City, CA). To

demonstrate L-selectin dependent binding, some cells were incubated with 10 mM EDTA

or DREG-56 or a class matched control antibody at 10 pg/mL for 20 min prior to

incubation with the immobilized neoglycolipids. All reactions, washes and centrifugation

steps were performed at ambient temperature.
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Results

6',6-disulfo lactose is the most adhesive substrate for recombinant L-selectin

In order to systematically explore the contribution of sulfate esters in spatially

distinct positions on carbohydrate ligands to L-selectin binding, serial dilutions of

sulfated lactose neoglycolipids were immobilized on microtiter plate wells and assayed

for their ability to support adhesion of human and murine L-selectin-human IgM

chimeras in direct binding assays. There were no significant differences in the reactivity

profiles between the human and murine chimeras, however, the murine chimera

consistently generated higher signals than the human chimera despite using equal

concentrations of the recombinant proteins in the assays. The most adhesive substrate

was 6',6-disulfo lactose which generated a signal 3-fold greater than 6-sulfo lactose, and

4-fold greater than 6'- and 3'-sulfo lactose at a coating concentration of 1.25 nmole

neoglycolipid per well (Figure 6.1A and B). These results are consistent with data

generated in inhibition assays using similar compounds (207), and they extend those data

by including 6-sulfo and 3’,6-disulfo lactose in the analysis. Surprisingly, the difference

in reactivity among compounds was not greater than it was in the inhibition assays

conducted previously (207). Although 3-sulfo Gal or 3'-sulfo N-acetyllactosamine were

not detected among the O-linked glycans on GlyCAM-1 (25,27), binding to 3'-sulfo

lactose was assayed here to show the specific position of sulfate esters was important for

L-selectin binding. Lactose, sialyllactose, and a sle analogue (3'-O-acetic acid

Gal■ 1–4[Fuco 1–3]Glc) were non-reactive in these assays demonstrating the profound

effect of sulfation on L-selectin binding (Figure 6.1C). The GlcNAc and NeuAc binding

lectin Triticum vulgaris (wheat germ agglutinin) was used to verify that the wells were
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coated with the non-reactive lactose, sialyllactose or sLe’-like neoglycolipids (Figure

6.1C). The anti-L-selectin MAbs DREG-56 and MEL-14 inhibited binding to the 6',6-

disulfo lactose derivative while isotype matched controls had no inhibitory effect.

Consistent with being a calcium-dependent lectin, L-selectin binding to the sulfated

lactose neoglycolipids was inhibited by calcium chelation using 10 mM EDTA (Figure

6.1D). There was no appreciable binding of the human IgM control (Figure 6.1D).

Collectively, the data in Figures 6.1D verify that the observed binding was mediated by

L-selectin.

To address the possibility that the greater reactivity of the 6',6 disulfated

derivative was due to an increase in negative charge rather than to a specific

configuration of sulfate esters, L-selectin binding to 3’,6’- and 3’,6-disulfo lactose was

also assayed. The addition of a sulfate ester to the C-3’ position of 6'-sulfo or 6-sulfo

lactose did not recapitulate the high affinity binding determinant generated by 6',6-

disulfo lactose (Figure 6.2). Furthermore, the addition of a C-3’ sulfate ester did not

enhance binding relative to the parent C-6’ or C-6 monosulfated lactose derivatives.

Therefore, the enhanced binding of L-selectin to 6’,6-disulfo lactose was due to the

reconstruction of a high affinity binding determinant defined by this configuration of

Sulfate esters, and was not due solely to an increase in negative charge.

To explore the contribution of the carbohydrate supporting the sulfate ester to the

Specificity of the L-selectin recognition determinant, monosulfated monosaccharides

were assayed for binding to the recombinant L-selectin—IgM chimeras. N-acetyl D

glucosamine-6-sulfate supported a greater degree of L-selectin binding than Gal-6-OSO3

at all dilution points suggesting that while carbohydrate sulfation is necessary for L
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selectin binding, the structure of the supporting carbohydrate can contribute to the

specificity or affinity of the recognition determinant (Figure 6.3).
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Figure 6.1 6,6-disulfo sle" is the most adhesive substrate for human and murine L-selectin. Serial dilutions
of sulfated lactose neoglycolipids were dried onto wells of microtiter plates and assayed for their ability to
Support human (A) and murine (B) L-selectin binding. Data shown are the average of duplicate wells after
Subtraction of background from a representative experiment. Background signal was defined as binding to
the carrier lipids only (OD405 = 0.25 + 0.01). Bars indicate the range in signal. 6,6-disulfo lactose (E.); 6'-
Sulfo lactose (O), 6-sulfo lactose (D); 3'-sulfo lactose (A). (C) A sialyl Lewis’ analogue, sialyllactose, and
lactose failed to support L-selectin binding (black bars human L-selectin-IgM). To verify that the wells were
Coated with these non-reactive substrates, the GlcNAc and NeuAc binding lectin Triticum vulgaris (wheat
9erm agglutinin) was assayed for binding to the sle” analogue, sialyllactose, and lactose. These lectins
bound to the non-sulfated neoglycolipids (grey bars), and binding was inhibited by including 200 mM GlcNAc
or 200 mM Gal in the reaction mixture (white bars). (D) The anti-human L-selectin MAb DREG-56 inhibited
bindi ng to 6,6-disulfo lactose while the isotype matched control had no inhibitory effect. Binding to 6',6-
disulfo lactose was calcium dependent, and there was no appreciable binding of the human IgM control.
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of background from a representative experiment. Background signal was defined as binding to the carrier
lipids only (OD405 = 0.24 + 0.01). Bars indicate the range in signal. 6,6-disulfo lactose was the most
adhesive disulfated lactose derivative. 6,6-disulfo lactose (E); 3',6'-disulfo lactose (O); 3',6-disulfo lactose
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Figure 6.3 Recombinant L-selectin—IgM discriminates between monosulfated monosaccharides. Serial
dilutions of monosulfated monosaccharide neoglycolipids were dried onto wells of microtiter plates and
assayed for their ability to support human (A) and murine (B) L-selectin binding. Data shown are the
average of duplicate wells after subtraction of background from a representative experiment, bars indicate
the range in signal. Background signal was defined as binding to the carrier lipids only (OD405 = 0.32 + 0.03,
human; 0.28 + 0.01, murine). Bars indicate the range in signal. GlcNAc-6-OSO3 (II); Gal-6-OSO3 (O).

174



6',6-disulfo lactose is the most adhesive substrate for L-selectin bearing Jurkat T-cells

In order to assay L-selectin binding in a cellular context, adhesion of fluorescently

labeled Jurkat T-cells to sulfated lactose neoglycolipids immobilized onto microtiter plate

wells was evaluated. Like the recombinant protein, Jurkat cells bound best to 6’,6-disulfo

lactose, and showed the same order of reactivity to these compounds as the L-selectin

IgM chimeras (Figure 6.4A). Jurkat cells also bound to GlcNAc-6-OSO3 , but unlike the

recombinant protein, failed to bind to Gal-6-OSO3- (Figure 6.4B). Jurkat cell binding to

the sulfated lactose neoglycolipids was inhibited by the DREG-56 anti-L-selectin MAb,

but not a class matched control, and by calcium withdrawal by EDTA (Figure 6.4C).

Thus, Jurkat cell binding to the sulfated lactose neoglycolipids was L-selectin mediated.

The corroborating results of the cell-based and recombinant L-selectin IgM-based assays

validate the use of the recombinant chimeras as legitimate probes for L-selectin ligands.
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Figure 6.4 L-selectin bearing
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lactose neoglycolipids with the
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L-selectin binding to sulfated lactose neoglycolipids is calcium dependent

A common structural feature of the selectins is an N-terminal C-type lectin

domain (221). Consistent with this, most selectin-mediated binding interactions are

calcium dependent, and calcium chelation using EDTA has become an accepted control

to verify selectin-mediated adhesion. To date, E-selectin is the only selectin to be

structurally characterized at the atomic level. Crystalographic analysis (222) coupled with

mutational studies (222,223), MAb analysis (223,224) and NMR spectroscopy of E

selectin bound to sLe” (225) has generated a model that predicts calcium forms

coordination bonds with the vicinal C-2 and C-3 hydroxyls of fucose and Glu 80, Asn 82,

Asp 105 and Asn 106 in the E-selectin carbohydrate recognition domain (226) (Figure

6.5A). Since these residues are perfectly conserved in L-, E- and P-selectin (226), and the

carbohydrate recognition domains (CRD) of the selectins are 52% identical within

Species (59), it is likely that calcium in the L-selectin CRD forms the same coordination

bonds with fucose.

In support of the model described above, it is noteworthy that calcium

independent selectin mediated-adhesion typically involves non-fucosylated ligands. For

example, L-selectin binding to lipopolysaccharide and lipid A, phosphorylated

glycolipids from Gram negative bacteria, is not inhibited by calcium chelation (personal

observations and (227)). L-selectin binding to cardiolipin, (diphosphatidylglycerol), is

also not affected by calcium chelation (personal observation and (228)). P-selectin

binding to the platelet glycoprotein Ibo, which lacks carbohydrate core-2 branching and

0.1-3 linked fucose, but expresses tyrosine sulfate is also not inhibited by calcium

withdrawal (229). Surprisingly, L-selectin binding to sulfatides (3-sulfo Gal}-1-
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ceramide) is calcium dependent. Although the model shown in Figure 6.5A predicts

calcium forms coordination bonds with the C-2 and C-3 hydroxyls of fucose, it also

predicts calcium forms coordination bonds with four amino acids in the CRD. Calcium

coordination of residues in the CRD may be important for stabilizing the binding pocket,

ensuring a properly folded lectin domain, or aligning positively charged residues in a

configuration that optimally accommodates adhesion to anionic ligands.

To see if L-selectin binding to the fucose-free sulfated lactose derivatives is

calcium dependent, L-selectin binding to GlyCAM-1 and 6’,6-disulfo lactose was

assayed in the presence of serial dilutions of EDTA. Despite the lack of fucose, a strong

reliance on calcium for binding to 6’,6-disulfo lactose was observed (Figure 6.5B). These

results suggest that the coordination bonds formed between calcium and residues in the

CRD may be equally important for stabilizing the carbohydrate binding site as they are

predicted to be for stabilizing adhesion to fucose. Alternatively, in lieu of fucose, calcium

may form coordination bonds with vicinal hydroxyls in Gal or Glc in lactose. To show

that EDTA did not strip the neoglycolipid from the microtiter wells, binding of non-C-

type lectins was assayed in the presence of EDTA. Adhesion of wheat germ agglutinin

and Ricin toxin agglutinin to lactose and 6'-sulfo lactose, respectively was not inhibited

by 20 mM EDTA demonstrating that EDTA did not elute the neoglycolipids from the

assay wells (Figure 6.5C). Lectin binding was inhibited by including a mixture of 200

mM Gal and GlcNAc in the assay buffer.
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Figure 6.5 L-selectin binding
to sulfated lactose neoglyco
lipids is calcium dependent.
(A) Model of sle” bound to
E-selectin showing calcium
coordination to the C-2 and
C-3 hydroxyls of fucose, and
to amino acid residues Glu
80, Asn 82, Asp 105 and
Asn 106 (222-225). (B) Ser
ial dilutions of EDTA show
calcium dependent L-selec
tin binding to GlyCAM (e)
and 6',6-disulfo lactose (O).
(C) Binding of the non-C-
type lectins Triticum vulgaris
(wheat germ agglutinin)
(black bars) and Ricinus
communis agglutinin (Ricin
toxin agglutinin) (grey bars)
to lactose or 6'-sulfo lactose,
respectively was not inhib
ited by 20 mM EDTA, which
indicates that EDTA does

Lys 111/113 not strip the neoglycolipid
Substrate from the microtiter
well. The lectins were, how
ever, inhibited by a mixture
of 200 mM Gal and GlcNAC.
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MECA-79 binding to sulfated lactose derivatives

To see where the MECA-79 epitope and L-selectin binding determinant may

overlap, MECA-79 adhesion to the sulfated lactose neoglycolipids was evaluated in

direct binding assays. Unexpectedly, 6',6-disulfo lactose failed to support MECA-79

adhesion, and the best ligand for MECA-79 was 6-sulfo lactose (Figure 6.6A). By

implication from the structure of 6-sulfo sLe”, GlcNAc-6-OSO3 may be an important

element of the MECA-79 epitope. This result may explain the inability of MECA-79 to

completely inhibit lymphocyte adhesion to HEV in vitro (79), or to abolish lymphocyte

homing in vivo (128).

Transfection of CHO cells that stably express the core-2 glycosyltransferase

(C2GnT) with cDNA for CD34, fucosyltransferase VII (FucTVII) and a GlcNAc-6-O-

sulfotransferase that sulfates the C-6 position of GlcNAc generates the G72 epitope (6-

sulfo SLeº) (87) on the surface of these cells, and confers L-selectin binding. Surprisingly,

these transfected cells do not stain with MECA-79 (Annette Bistrup, personal

communication). In light of this result, it is clear that there is more to the MECA-79

epitope than GlcNAc-6-OSO3, or 6-sulfo sLeº. It is likely that the MECA-79 epitope is a

three-dimensional surface composed of sulfate and carbohydrate moieties contributed by

multiple molecular species attached to a specific glycoprotein backbone. Additionally, it

is possible that the protein backbone itself contributes to the epitope. To see if the

carbohydrate scaffold supporting the sulfate ester was important for MECA-79

recognition, binding of MECA-79 to Gal-6-OSOs and GlcNAc-6-OSO3 was assayed. In

contrast to the differential binding to the monosulfated disaccharides, MECA-79 bound
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nearly equally to these sulfated monosaccharides. This result suggests that in addition to

sulfate, the carbohydrate scaffold is an important component of the epitope (Fig. 6.6B).
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Figure 6.6 6-sulfo lactose is the most adhesive ligand for MECA-79. (A) MECA-79 was assayed for binding
to serial dilutions of the sulfated lactose neoglycolipids. The 6-sulfo lactose derivative (containing Glo-6-
OSO3) was the most adhesive substrate. Surprisingly, 6',6-disulfo lactose was non-reactive toward MECA
79. 6-sulfo lactose ([]); 6'-sulfo lactose (O); 3'-sulfo lactose (A); 6',6-disulfo lactose (L); lactose (V). (B)
MECA-79 binding to sulfated monosaccharides was nearly equivocal. Although the antibody could
discriminate between 6'-sulfo lactose and 6-sulfo lactose, discrimination among Gal-6-OSO3- and GlcNAc-6-
OSO3- as monosaccharides was weak. 6-sulfo lactose (L.); 6'-sulfo lactose (C); Gal-6 sulfate (D); GlcNAc-6
sulfate (O). The control rat IgM OZ-42 was not reactive with any of the substrates tested (data not shown).
Data shown in (A) and (B) are the mean from duplicate wells after subtraction of background signal (carrier
lipids only, OD405 = 0.28 + 0.03). Bars indicate the range in signal.
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Discussion

In order to reconcile differences in the field with respect to the configuration of

sulfate esters on sulfo sLe’ that generates the most adhesive L-selectin ligand,

recombinant L-selectin-human IgM chimeras or L-selectin bearing Jurkat T-cells were

assayed for binding to a panel of sulfated lactose neoglycolipids. These derivatives which

had sulfate esters in defined and discrete positions were modeled after the N

acetyllactosamine core of sulfo sLe” and are sulfo sle’ mimetics. Although these

molecules are minimal structures, they allowed exploration of the effect of different

configurations of sulfate esters on L-selectin binding in isolation of sialic acid and fucose

in a systematic fashion. In the absence of contributions from sialic acid and fucose to L

selectin binding, changes in the reactivity of the receptor to molecules with subtle

differences in structure may be more readily detected. Because Gal and GlcNAc are the

only sulfated carbohydrates in sulfo sLe” on GlyCAM-1 (25), sulfated lactose derivatives

were well suited for this analysis. Although the C-2 N-acetate of GlcNAc in N

acetyllactosamine is missing in lactose (Gal■ 1– 4Glc), this conservative alteration has

been shown to have a minimal effect on L-selectin binding (165). If these molecules

interact with their cognate amino acids in the carbohydrate recognition domain of L

selectin as they would if they were sialylated and fucosylated, then the most adhesive

configuration of sulfate esters on sulfo sLe” can be determined from this analysis.

The most adhesive substrate for the recombinant L-selectin—IgM chimeras was

6',6-disulfo lactose, which supported binding 3-fold better than the next most adhesive

substrate, 6-sulfo lactose (containing Glc-6-OSO3). L-selectin bearing Jurkat T-cells also

adhered best to 6’,6-disulfo lactose, and bound to the other sulfated neoglycolipids with
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the same rank order of reactivity as the recombinant protein. These corroborating results

validate the use of the L-selectin—IgM chimeras as probes for L-selectin binding. Non

sulfated derivatives including sialyllactose and an sLeº analogue did not support

recombinant L-selectin or Jurkat cell binding demonstrating the dramatic effect of

sulfation on L-selectin binding, and requirement for both sialic acid and fucose on non

sulfated ligands. The binding data generated here are consistent with results from

previous inhibition assays (207), but disagree with data from direct binding assays

performed with sulfo sLe” pentasaccharide glycolipids (204). It is possible that the

sulfated lactose derivatives used here are emulating an internal sulfated oligosaccharide

that exists within the O-linked glycan side chains on selectin ligands rather than the

terminal sulfo sle capping group.

The 6',6-disulfo lactose derivative was a significantly more adhesive substrate

than 3”,6'- or 3’,6-disulfo lactose indicating that the enhanced binding to 6’,6-disulfo

lactose was due to the reconstruction of a high affinity configuration of sulfate esters

rather than solely to an increase in negative charge. It is important to note, however, that

L-selectin binding is salt dependent and the inability of the C-3’ disulfated derivatives to

bind as well as the 6',6-disulfated derivative may be due to the alignment of positively

charged residues in the carbohydrate recognition domain. The fact that the different

disulfated derivatives supported L-selectin binding with differing efficiency in

physiological salt demonstrates that the 6',6-disulfated derivative presents a relevant high

affinity configuration of sulfate esters.

Among the monosulfated derivatives, 6-sulfo lactose was the best substrate. This

result is consistent with data generated in other assays (203-205) and is gratifying in light
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of the recent identification of a GlcNAc-6-O-sulfotransferase that is expressed

constitutively and selectively in lymph node high endothelial cells (95). Accordingly, N

acetylglucosamine-6-OSO3 may be an important modification on L-selectin ligands

involved in the regulation of lymphocyte recruitment into lymph node. Given the

distribution of the Gal-6-O-sulfotransferase involved in elaborating L-selectin ligands is

ubiquitous (94), and that C-6'-monosulfated sle” and analogous structures are only

modest L-selectin ligands, activation of the GlcNAc-6-O-sulfotransferase in HEV or

inflamed endothelium may promote the generation of high affinity 6',6-disulfated

oligosaccharide recognition determinants for L-selectin. Since lymphocyte recruitment

into lymph nodes is constitutive, the constitutive expression of both the Gal-6 and

GlcNAc-6-O-sulofotransferases would ensure an ample supply of 6',6-disulfo sLe” or

related structures on HEV ligands. It is worthy of note that other non-HEV-restricted

GlcNAc-6-O-sulfotrasferases are broadly expressed. The induction or activation of non

HEV GlcNAc-6-O-sulfotransferases in response to inflammatory cytokines in inflamed

tissues is an intriguing possibility currently under investigation in the Rosen Laboratory.

The recent discovery of a GlcNAc-6-O-sulfotransferase in leukocytes (52) is also

provocative in this context. Neutrophil aggregation and neutrophil rolling on immobilized

neutrophils have been shown to be mediated by L-selectin. One L-selectin ligand clearly

involved in this process is PSGL-1 (50,51). Whether the -O-linked glycans on PSGL-1

are sulfated has not been determined. It is possible that GlcNAc-6-OSO3 is an important

modification of PSGL-1 that facilitates L-selectin adhesion. Alternatively, GlcNAc-6-

OSO3- may exist on other as of yet unidentified glycoprotein ligands on leukocytes.

183



Although Gal-6-OSO3 and GlcNAc-6-OSO3 were detected in equal levels on a

subset of the O-linked glycans on GlyCAM-1 (25), the contribution of Gal-6-OSO3 in

the context of sulfo sle“ to L-selectin binding is in debate. Chinese hamster ovary cells

expressing 6'-sulfo sLeº adhered to immobilized recombinant L-selectin better than CHO

cells expressing 6-sulfo sLe” (216), and CHO cells expressing the core-2 branching

enzyme C2GnT, and transfected with CD34, fucosyltransferase VII and a Gal-6-O-

sulfotransferase cDNA were able to support binding of an L-selectin—IgM chimera (95).

In other direct binding assays using a recombinant L-selectin—IgG chimera, however, 6'-

sulfo sLe” failed to support binding (204). In histochemical staining experiments, a

monoclonal antibodies raised against a 6'-sulfo and 6’,6-disulfo sle glycolipids failed to

stain human HEV in sectioned lymph node, while monoclonal antibodies raised against a

6-sulfo sLe’ glycolipid could stain human HEV and inhibit recombinant L-selectin

binding (87). These MAb results suggest that 6'-sulfo and 6’,6-disulfo sLeº do not exist

on human HEV. However, since these MAb were raised against glycolipids, it is possible

that the presentation of 6'-sulfo or 6',6-disulfo sLe” in the context of a mucin-like

glycoprotein ligand may fail to support binding. Since, 6'-sulfo N-acetyllactosamine was

identified among the O-linked glycans on GlyCAM-1, it is possible that 6'-sulfo or 6',6-

disulfo N-acetyllactosamine exists in a non-sLe” or non-capping oligosaccharide. The

ability of 6'-sulfo lactose to support L-selectin binding in the assays conducted here and

described above illustrates the important point that ligands identified for L-selectin in

vitro, may not be physiologically relevant in vivo. Furthermore, the ability of Gal-6-

OSO3 to confer L-selectin binding in some assays but not others illuminates the

confounding effects of assay conditions on experimental outcome (see below).
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L-selectin binding to the sulfated lactose derivatives was calcium dependent. This

result was unexpected for two reasons. First structural data and models involving E

selectin bound to sle” revealed a role for calcium in coordinating the C-2 and C-3

hydroxyls of fucose, in addition to four amino acids in the CRD. Second, calcium

independent L-selectin adhesion has been demonstrated on numerous non-fucosylated

anionic molecules, e.g. lipid A, lipopolysaccharide (LPS), and cardiolipin. Thus, it was

predicted that binding to these non-fucosylated neoglycolipids would be calcium

independent. It is possible that in addition to coordinating vicinal hydroxyls on fucose,

calcium is important for maintaining a properly folded lectin domain for optimal

engagement of sulfo sLe” and sulfo sLe’-like ligands. Indeed, the calcium-dependent

binding observed for the sulfated lactose derivatives invites re-evaluation of the role of

calcium in L-selectin binding and indicates that it would be worthwhile to carry out

mutational and structural analysis of the selectins bound to these fucose-free compounds.

Elucidation of the MECA-79 epitope has been a formidable task. Search for this

structure using an extensive panel of sulfated sle glycolipids presenting 6'-sulfo, 6-sulfo

and 6',6-disulfo sLeº has failed to support MECA-79 adhesion in direct binding assays.
-

Chinese hamster ovary cell transfection experiments using C2CnT, CD34, FucTVII and

Gal-6 and/or GlcNAc-6-O-sulfotranseferase cDNA have also failed to reconstruct the

MECA-79 epitope. Interestingly, transfection of ECV304 epithelial cells with C2GnT

and GlcNAc-6-O-sulfotransferase cDNA was able to elicit MECA-79 binding on these

cells, although the signals were weak (99). The differential outcome of these transfection

experiments suggests that in addition to GlcNAc-6-OSO3 there are other elements of the

MECA-79 epitope necessary for binding. It is likely that the MECA-79 epitope is
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discontinuous with carbohydrate and sulfate contributions coming from distinct

structures, for example surrounding oligosaccharides. The protein backbone of the

scaffold presenting the sulfated carbohydrate(s) may also contribute to the epitope.

MECA-79 was generated by immunizing rats with murine lymph node stroma and

screening antibody clones for their ability to stain HEV in sectioned lymph node (79).

In the experiments conducted here, the 6-sulfo lactose neoglycolipid supported

MECA-79 binding considerably better than the other derivatives. Unexpectedly, the 6',6-

disulfed derivative did not support MECA-79 binding. In light of the inability of MECA

79 to completely block lymphocyte attachment to HEV in vitro (79), or lymphocyte

homing in vivo (128), and lack of a requirement for fucose or sialic acid for MECA-79

binding (24,119,120), it is possible that MECA-79 recognizes immature or undersulfated

ligands. MECA-79 staining of HEV may mask GlcNAc-6-OSO3 containing

monosulfated oligosaccharides while leaving 6'-monosulfated and 6’,6-disulfated

oligosaccharides available for L-selectin binding and lymphocyte attachment. Since L

selectin can bind effectively to GlcNAc-6-OSO3 and Gal-6-OSO3 it is reasonable to see

a reduction in adhesion following MECA-79 binding, but not elimination of binding

because remaining 6'-sulfo or 6',6-disulfo sLe” or analogous oligosaccharides would still

Support L-selectin adhesion.

The sulfo sLe” containing oligosaccharides identified on GylCAM-1 were 31–36

linked to GalNAc in core-1 (Gal{}1–4GalNAcf}1—-serine or threonine). This linkage

may be an important part of the MECA-79 epitope and may explain the failure of the

sulfated sle glycolipids described above to bind to MECA-79. In those molecules, the

sulfo SLe oligosaccharides under investigation were B1–3 linked to Gal-ceramide. This
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“incorrect” linkage and/or lack of a C-2 N-acetate on Gal may abrogate MECA-79

binding.

Because assay conditions can have a strong influence on the nature of ligands that

are “identified” in vitro, it is important to acknowledge the distinction between structures

that can interact with L-selectin or MECA-79 in certain contexts and structures that

actually exist in vivo and interact with L-selectin and MECA-79 in a physiological

setting. Artificially high receptor or ligand concentrations, for example, can significantly

confound results by elevating the valency of the receptor and/or ligand compared to their

physical states in vivo. The registration of multiple binding determinants may also be

different in vitro than they might be on a defined protein scaffold in vivo. To achieve L

selectin and MECA-79 binding in the assays described here, coating of very high

concentrations (1-10 nmol per well) of lipid was required. Under these circumstances the

solid phase support may have been unnatural and not representative of the actual density

of carbohydrate ligands on physiological substrates. Although these concentrations are 1

to 2 orders of magnitude greater than the amount of glycolipid used by others for similar

assays (70,204), it is important to highlight the differences between the neoglycolipids

used here and the glycolipids used by others. First, the neoglycolipids used here have

only one hydrocarbon tail while the glycolipids used by others typically had two. This

difference may substantially reduce the coating efficiency of the neoglycolipid, which

would inherently necessitate coating a high concentration of material. Quantification of

the amount of neoglycolipid retained on the solid support relative to the amount of

neoglycolipid coated was not determined in these assays. Second, the binding
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determinants under investigation here are minimal structures relative to the

pentasaccharide binding determinants explored by others.

To address the possibility that the carbohydrate binding determinants explored in

these experiments were in an artificially high concentration, the neoglycolipids were

diluted serially for use in the assay. While the signals generated attenuated rapidly as a

function of substrate dilution, L-selectin binding was retained significantly farther on

6’,6-disulfo lactose than on the other substrates (Figure 6.1). Similarly, MECA-79

binding to 6-sulfo lactose survived neoglycolipid dilution significantly better than

binding to the other substrates (Figure 6.6A). Thus, the preference of L-selectin and

MECA-79 for the 6',6-disulfo and 6-sulfo lactose derivatives, respectively, is likely a

meaningful result.

Among the molecules tested here, 6',6-disulfo lactose was the most adhesive

ligand for L-selectin. By implication, 6’,6-disulfo sLe” may be a high affinity binding

determinant for L-selectin on HEV and endothelium in inflamed tissues. However, the

inability of anti-6’,6-disulfo sle” and anti-6'-sulfo sle” MAbs to stain HEV or block

adhesion of L-selectin bearing cells or recombinant L-selectin (86,87), suggests that 6',6-

disulfo lactose (or 6',6-disulfo N-acetyl lactosamine) does not exist in a terminal sulfo

sLe’ capping group. Since co-transfection of CHO cells with Gal- and GlcNAc-6-O-

sulfotransferase cDNA and the appropriate scaffold and glycosyltransferase cDNA

demonstrated a synergistic enhancement of L-selectin binding (95), and since Gal-6-

OSO3 and GlcNAc-6-OSO3 were detected in equal levels as components of the O-linked

glycans on GlyCAM-1 (25), it is possible that 6',6-disulfo lactose, or 6',6-disulfo N

acetyl lactosamine, exists as an important recognition determinant in an internal structure
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proximal to the protein backbone of glycoprotein ligands. Likewise, 6'-sulfo lactose of

Gal-6-OSO3 may form an important L-selectin recognition determinant in an internal

structure that is distinct from the sulfo sLeº capping group.

Whether 6',6-disulfo lactose is the most “appropriate” L-selectin binding

determinant in a physiological setting was not addressed by the experiments presented

here. L-selectin-mediated leukocyte tethering requires a rapid on-rate in order for the

receptor to effectively engage endothelial ligands in flow, however, rolling interactions

require a sufficiently high off-rate in order to prevent firm adhesion on contact. Thus, 6

sulfo or 6',6-disulfo sLe” may be optimal for tethering, but a less stringent ligand like 6'-

sulfo SLe’, or 6'- or 6-sulfo lactose may be optimal for rolling. A heterogeneous mixture

of 6-sulfo SLe” and disulfated oligosaccharides on HEV and endothelial cell ligands may

be an evolutionary adaptation to achieve both tethering and rolling using the same

leukocyte receptor. Because of the important contribution of GlcNAc-6-OSO3 to L

Selectin recognition determinants and the broad distribution of GlcNAc-6-O-

Sulfotransferases, inhibitors of GlcNAc sulfation may have application as a novel class of

anti-inflammatory drugs, and alternatives to steroid treatment.
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E- and P-selectin have distinct requirements for ligand sulfation

The E- and P-selectin binding assays described here were performed in Steve Rosen's lab at the University of
California, San Francisco (September, 1999 to December, 1999). These data and analysis will be submitted for
publication:

Bruehl, Richard E., Bertozzi, Carolyn R., Rosen, Steven D. L-, E- and P-selectin and MECA-79 recognize
distinct carbohydrate sulfo■ orms J. Biol. Chem.

Summary

Although L-, E- and P-selectin can recognize the sialyl Lewis’ tetrasaccharide in

vitro, the molecules the selectins engage in vivo are significantly more complicated. For

example, physiological selectin ligands typically present a combination of carbohydrate

and anionic recognition determinants, and N-acetyl D-gulcosamine-6-sulfate (GlcNAc-6-

OSO3) is rapidly emerging as an important component of selectin ligands. The discovery

of 6-sulfo sLe’ (containing GlcNAc-6-OSO3) on HEV ligands for L-selectin, combined

with the recent identification of a GlcNAc-6-O-sulfotransferase in leukocytes, and the

ability of E- and P-selectin to cross react with HEV ligands for L-selectin, suggests that

6-sulfo sLe” may be an important recognition determinant for all three selectins. E- and

P-selectin recognition of 6-sulfo sLe” on circulating leukocytes may complement PSGL

1-mediated leukocyte tethering and rolling on inflamed endothelium. P-selectin-mediated

adhesion of activated platelets to carcinoma cells can form microaggregates that may

facilitate vascular transport and metastasis. L-selectin recognition of the same or similar

structures on carcinoma cells may promote leukocyte–carcinoma adhesion and tumor

cell-leukocyte aggregation. To see if E- and P-selectin can discriminate among

carbohydrate sulfoforms, recombinant murine E- and P-selectin—human IgM chimeras

were assayed for binding to the sulfated lactose neoglycolipids described in Chapter 5.
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Among the sulfated compounds, 6-sulfo lactose was the best ligand for E-selectin,

followed by GlcNAc-6-OSO3 and 6’,6-disulfo lactose; 6'-sulfo lactose was non-reactive.

The most adhesive substrates for E-selectin, however, were a non-sulfated sle analogue

and recombinant human PSGL-1. Consistent with being a C-type lectin, E-selectin

binding was calcium dependent. In contrast to E-selectin, P-selectin binding was sulfate

dependent, but surprisingly, P-selectin did not discriminate between 6'-sulfo and 6-sulfo

lactose, and demonstrated only a slight preference for 6',6-disulfo lactose. Among the

monosulfated monosaccharides, however, P-selectin showed a clear preference for

GlcNAc-6-OSO3 over Gal-6-OSO3. These results suggest that ligand sulfation

contributes to the specificity of E-selectin binding interactions, while ligand sulfation

contributes to the avidity of P-selectin binding interactions. Calcium chelation failed to

abolish P-selectin binding to sulfated substrates. This result in combination with equal

binding to 6'-sulfo and 6-sulfo lactose supports the theory put forth by others that the P

selectin ligand recognition domain has distinct binding sites that accommodate

carbohydrate and sulfate esters independently. This is the first study to systematically

explore the contributions of different configurations of sulfate esters on carbohydrate

ligands to E- and P-selectin binding.

Introduction

In collaboration with the leukocyte L-selectin, the endothelial E- and P-selectins

participate in leukocyte tethering and rolling on activated endothelium in inflamed

tissues. Like L-selectin, E- and P-selectin are calcium-dependent lectins and can

recognize sialyl Lewis' (sLe’) and sulfo Lewis’ (Leº), although with differing affinities
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and differing requirements for calcium and sulfation. P-selectin binding is largely sulfate

dependent (66,67), but binding to sulfated ligands does not require calcium (shown here

and reference (229)). In contrast, E-selectin binding is not sulfate dependent (68), but

binding to sulfated ligands does require calcium. Since E- and P-selectin cross react with

HEV ligands for L-selectin (45-47), and most circulating leukocytes express a GlcNAc-6-

O-sulfotransferase (52) and stain with an anti-6-sulfo sLe MAb (R. Kannagi, presented

Keystone Symposium Molecular Mechanisms of Leukocyte Trafficking, Incline Village,

Nevada, 1998), GlcNAc-6-OSO3 or 6-sulfo sLe” may be relevant leukocyte binding

determinants for all three selectins.

The best characterized leukocyte ligand for all three selectins is the P-selectin

glycoprotein ligand 1 (PSGL-1) (69,102). PSGL-1 is a dimeric mucin-like molecule that

presents dense clusters of O-linked sialylated and fucosylated lactosaminoglycans, and

one to three N-terminal sulfated tyrosines (64,65,68,100,101). Although PSGL-1

accounts for only a small amount of the sLe” on neutrophils, it accounts for virtually all

of the P-selectin binding (66). Interestingly, the lactosaminoglycans on PSGL-1 are not

sulfated on HL-60 cells (101). It is possible that HL-60 cells lack the relevant glycosyl

sulfotransferase(s) to generate sulfo sle”. Alternatively, the carbohydrate side chains on

PSGL-1 may not be sulfated on leukocytes. The recent identification of a leukocyte N

acetyl-D-glucosamine-6-O-sulfotransferase (52), suggests the possibility of additional L

selectin recognition determinant(s) on circulating leukocytes. Indeed, mucin-like L

selectin ligand activity distinct from PSGL-1 has been identified on neutrophils and

leukemic cell lines (53).
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The spatial separation of carbohydrate and sulfate on PSGL-1 coupled to the

requirement for sulfation for P-selectin binding to PSGL-1 has inspired a theory that

there are distinct carbohydrate and sulfate ester binding sites in the ligand recognition

domain of P-selectin. Recent evidence in support of this model shows calcium

independent binding of P-selectin to the platelet glycoprotein Ibo which presents tyrosine

sulfate, but lacks branched chain, fucosylated oligosaccharides (229). This result in

association with the model of E-selectin bound to sle“ (Figure 6.5A) suggests that

calcium may be required to ensure a properly folded lectin domain to enable specific

carbohydrate recognition, but that calcium may not be required to stabilize the sulfate

binding site of the P-selectin ligand recognition domain.

A less well characterized leukocyte ligand for E-selectin is the E-selectin ligand 1

(ESL-1) (230,231). ESL-1 is a variant of the fibroblast growth factor receptor (186), and

is unique among selectin ligands in that it is not a mucin. It does, however, display sLe”

capping groups on N-linked glycans. Known sulfated oligosaccharide ligands for E

selectin include 3'-sulfo Leº and its isomer 3'-sulfo Lewis" (Le") (70,71,232), which has

been identified on a number of carcinoma cells and is thought to participate in E-selectin

mediated tumor cell metastasis (206).

E- and P-selectin can also engage HEV ligands for L-selectin in vitro (45–47).

These interactions are mediated likely through recognition of sLe” or sulfo sLe”

modifications on PNAd. Indeed P-selectin-mediated rolling of platelets on CD34 isolated

from PNAd has been demonstrated (47). The recently cloned CD34 family member

endoglycan (233), which is expressed on endothelium and has an extensive mucin

domain and potential sites for tyrosine sulfation in the N-terminus, however, suggests that
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in addition to sulfated carbohydrates, there may be sulfated tyrosines on HEV that can

support selectin binding in a fashion analogous to PSGL-1.

Although the functions of E- and P-selectin are largely overlapping, these

selectins each maintain unique binding interactions that are invoked in different

inflammatory conditions or in wound healing and hemostasis. Leukocyte recruitment in

skin, for example, is largely driven by E-selectin (234-239), while neutrophil recruitment

in lung is predominantly driven by P-selectin (240,241). Additionally, P-selectin on

activated platelets mediates platelet adhesion to monocytes, neutrophils, natural killer

cells and memory T-cells (242-245), which serves to amplify the recruitment of

leukocytes and platelets to sites of vascular injury. Adhesive interactions mediated by E

or P-selectin in different circumstances may be controlled in part by structural

information in their respective ligands that is coded in different patterns of sulfation, e.g.

different isomers of sulfated carbohydrates, tyrosine sulfation, or lack of sulfation.

Both E- and P-selectin have been implicated in tumor cell metastasis. E-selectin has

been shown to mediate adhesion of colon cancer cells to activated endothelium (42,246

252), and P-selectin has been shown to support rolling of breast carcinoma cells through

interaction with CD24, a mucin-like glycoprotein expressed on tumor cells (253,254).

Additionally, P-selectin can support adhesion of activated platelets to lung cancer and

neuroblastoma cells (255). In a fashion analogous to platelet-mediated delivery of L

selectin deficient memory T-cells to peripheral lymph node HEV, platelets bound to

cancer cells may facilitate tethering and rolling of these cells on endothelium, and

eventual extravasation (256). Since many carcinomas express sle", sLe" (257-263) and

mucin-like glycoproteins (264-268) on their surface, and a recently cloned GlcNAc-6-O-
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sulfotransferase has been identified in tumor cells (52), cancerous cells are well-equipped

to take advantage of the selectins to metastasize and colonize secondary tissues

(252,255,269-274). Indeed, sLe” and sle“ have been shown to be directly involved in

tumor cell adhesion to vascular endothelium (248,251,257,258,275), and sle has been

implicated in cancer metastasis (276) Accordingly, there is considerable interest in

identifying the recognition determinants on cancer cells involved in E- and P-selectin

mediated endothelial adhesion.

Due to the rapidly unfolding role of GlcNAc-6-OSO3 as an important recognition

determinant on selectin ligands, it is of interest to see whether E- and P-selectin can

discriminate among carbohydrate sulfoforms, and to see if they have a greater propensity

to bind to GlcNAc-6-OSO3 or 6-sulfo lactose than Gal-6-OSO3-, 6'-sulfo lactose or

6’,6'-disulfo lactose. Using the same direct binding assays used to probe L-selectin

binding in Chapter 6, recombinant murine E- and P-selectin-human IgM chimeras were

assayed for adhesion to the sulfated lactose derivatives described in Chapter 5. Among

the sulfated derivatives, 6-sulfo lactose was the best ligand for E-selectin followed by

GlcNAc-6-OSO3 and 6’,6-disulfo lactose; 6'-sulfo lactose failed to support E-selectin

binding. The best E-selectin substrates, however, were recombinant human PSGL-1 a

non-sulfated sLeº analogue. Lactose and sialyllactose failed to support E-selectin binding.

All E-selectin binding interactions were inhibited by calcium chelation. In contrast to E

Selectin, P-selectin binding was dependent on sulfation, and lactose, sialyllactose and the

sLeº analogue were non-reactive. Surprisingly, recombinant PSGL-1 was able to support

only weak P-selectin binding. Since the P-selectin—IgM chimera bound to native

GlyCAM (see below), the lack of reactivity toward recombinant PSGL-1 may have been
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due to a low level of tyrosine sulfation as a consequence of expression in COS-7 cells.

Unlike E- or L-selectin, P-selectin showed only modest discrimination in binding among

the sulfated lactose derivatives, and binding was only partially inhibited by calcium

chelation. Among the monosulfated monosaccharides, however, there was a clear

preference for P-selectin binding to GlcNAc-6-OSO3 over Gal-6-OSO3. These results

suggest that ligand sulfation contributes to the specificity of E- and L-selectin recognition

determinants but that for P-selectin ligand sulfation contributes to the avidity of the

binding interaction. Additionally, these data support the 2-site model of the P-selectin

ligand recognition domain.

Materials and Methods

General

Ninety-six well polyvinylchloride microtiter plates (Falcon 3912) were from

Beckton Dickinson, and 96 well polystyrene plates (Immulon II) were from Dynatech

(Alexandria, VA). The sialyl Lewis’ analogue neoglycolipid, N-(O-(3-O-(2-acetic acid)-

fl-D-galactopyranosyl)-(1→4)-O-[(O-L-fucopyranosyl)-(1→3)]-O-(B-D-

glucopyranosyl)]-1-acetamido-6-(10,12-pentacosadiynamide)-3-thiohexane, was a gift of

Jon Nagy (Lawrence Berkeley National Laboratories, Berkeley, CA). Sulfated lactose

derivative neoglycolipids were synthesized and validated as described in Chapter 5. The

sialyllactose neoglycolipid was synthesized and validated as described in Chapter 6.

Bovine serum albumin (BSA), ethylenediamine tetraacetic acid tetrasodium salt (EDTA),

and p-nitrophenyl phosphate (pNPP, phosphatase substrate) were from Sigma (St. Louis,

MO). Streptavidin alkaline phosphatase was from Caltag (Burlingame, CA).
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Preparation of GlyCAM-1

Semipure GlyCAM-1 was prepared as described previously (81). Briefly, mouse

serum from Pel-Freez (Rodgers, AR) was extracted with four volumes of 2:1

CHCl3:MeOH, and the layers were separated by centrifugation at 2,000 x g. The upper

aqueous layer was separated form the organic and precipitated protein layers,

concentrated to half of the original serum volume by boiling, and dialyzed against 20

volumes of PBS with two changes. This preparation was then diluted with PBS back to

the original serum volume and used as a semipure source of GlyCAM-1. The semipure

GlyCAM-1 was captured onto Immulon II microtiter plate wells using a purified anti

GlyCAM-1 peptide polyclonal rabbit antibody, CAM02 (277).

Recombinant E- and P-selectin-IgM and PSGL-1 IgG chimeras

The recombinant murine E- and P-selectin-human IgM chimeras were a gift from

Lloyd Stoolman (University of Michigan School of Medicine) and have been described

previously (219). Recombinant human PSGL-1—human IgG was prepared by Kirsten

Tangemann in the Rosen Laboratory by subcloning PSGL-1 cDNA, a gift from Geoffrey

Kansas (Northwestern Medical School, Chicago, IL) into the pig expression vector (278),

then co-transfecting COS-7 cells with plasmids encoding the core-2 galactosyltransferase

(C2GnT), and FT-VII, the fucosyltransferase involved in the assembly of sle”.

Recombinant protein was affinity purified from tissue culture supernatant on Protein

A—agarose (Repilgen, Cambridge, MA) according to the manufacturer’s protocol.

197



Antibodies

The anti-murine P-selectin MAb RB40.34 (rat IgG1) was from PharMingen (San

Diego, CA) and the control rat IgG1 was from Caltag. Purified rabbit anti-GlyCAM-1

peptide, CAM02, was generated as described previously (277). Human IgM and the goat

anti-human IgM-alkaline phosphatase (AP) conjugate were from Sigma-Aldrich. Rabbit

antirat-IgM-AP was from Zymed Laboratories, Inc. (South San Francisco, CA).

Selectin direct binding assay

Neoglycolipids were resuspended in 85% aqueous ethanol containing 5 pig■ mL

cholesterol and 2.5 pig■ mL phosphatidylcholine, and serial dilutions were coated onto

PVC microtiter plates at 40 pul/well, and the solvent was evaporated at 37 °C.

Recombinant PSGL-1–IgG was coated onto Immulon II microtiter plates at 100 ng/well

in 20 mM Tris, 150 mM NaCl, 1 mM CaCl2, pH 8.0, overnight at 4 °C. The coated wells

were washed once with distilled water then blocked with 3% BSA in PBS for 2 h. Tissue

culture supernatant containing the E- or P-selectin—IgM chimera was diluted 1:5 in 1%

BSA and incubated at 100 pul/well for 2 h. After two washes in PBS, goat anti-human

IgM-AP conjugate diluted 1:1,000 in 1% BSA was added at 100 pul/well for 45 min.

After five washes in PBS, bound selectin—IgM chimera and human IgM were detected by

the addition of phosphatase substrate (p-NPP 1 mg/mL in 10% diethanolamine, 0.1 mM

MgCl2), 100 pul/well. Optical densities were recorded at 405 nm on a BioFad

(Richmond, CA) Model 3550 microplate reader. All incubations and wash steps were at

ambient temperature.
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Antibody inhibition assay

Microtiter plates were coated with 200 puM solutions of neoglycolipid in 85%

ethanol, 5 pig■ mL cholesterol and 2.5 pig■ mL phosphatidylcholine at 40 pul/well. The

solvent was evaporated at 37 °C and the wells were blocked with 3% BSA. Anti-P-

Selectin or control MAb was diluted to 2 pg/mL in 1% BSA and added in equal volumes

to P-selectin-IgM tissue culture supernatant diluted 1:5 in 1% BSA. The solution was

incubated for 30 min then transferred to the neoglycolipid coated plates at 50 pul/well.

After a 2 h incubation, bound chimera was probed and detected as described for the direct

binding assay. All incubations and wash steps were at ambient temperature.

EDTA inhibition assay

Microtiter plates were coated with neoglycolipid and blocked as described for the

antibody inhibition assay. Serial dilutions of EDTA in 1% BSA were combined in equal

volume to E- or P-selectin-IgM tissue culture supernatant diluted 1:5 in 1% BSA, and

added to the neoglycolipid coated wells at 100 pul/well. After a 2 h incubation, bound

chimera was probed and detected as described for the direct binding assay. All

incubations and wash steps were at ambient temperature.

Results

6-sulfo lactose is the most adhesive sulfated lactose derivative for E-selectin

The most adhesive substrates for the E-selectin-human IgM chimera were the

non-sulfated SLeº analogue and recombinant PSGL-1. Sialyllactose and lactose were
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unable to support E-selectin binding which illustrates the important contribution of

fucose to the recognition determinant of non-sulfated ligands (Figure 7.1A).

Among the sulfated derivatives, 6-sulfo lactose (containing Glc-6-OSO3) was the

most adhesive E-selectin ligand followed by GlcNAc-6-OSO3 and 6’,6-disulfo lactose.

Interestingly, 6'-sulfo lactose failed to support E-selectin binding (Figure 7.1B). It is

noteworthy, that unlike L-selectin (or P-selectin, see below), E-selectin binding to the

sulfated derivatives attenuated rapidly as the amount of neoglycolipid coated diminished.

The inability of lower densities of sulfated lactose neoglycolipids to support E-selectin

binding relative to L- and P-selectin, combined with the observation that non-sulfated

substrates were better E-selectin ligands, suggests that while sulfation contributes to E

Selectin binding interactions, the supporting carbohydrate have a greater influence.

Despite the ability of E-selectin to bind to 3'-sulfo Le” and 3'-sulfo Le” (70,71,232), E

selectin did not bind to 3'-sulfo or 3’,6-disulfo lactose, and bound only weakly to 3’,6-

disulfo lactose in these assays (Figure 7.1C). E-selectin binding to all substrates was

completely inhibited by EDTA, and, as shown in Chapter 6, human IgM did not bind to

the neoglycolipid substrates. These results demonstrate that the observed binding was

mediated by E-selectin.

To see if GlcNAc-6-OSO; itself contained sufficient recognition information to

support E-selectin binding and distinguish it from other sulfated monosaccharides, E

selectin binding to GlcNAc-6-OSO3 and Gal-6-OSO3 were compared. These minimal

structures were able to support E-selectin binding nearly as well as 6-sulfo lactose.

However, in contrast to the differential reactivity toward 6-sulfo and 6'-sulfo lactose,
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with out additional surrounding carbohydrate, E-selectin binding to the sulfated

monosaccharides was nearly equal (Figure 7.1D).
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Figure 7.1 E-selectin recognizes distinct carbohydrate sulfo■ orms, although binding is not sulfate
dependent. Neoglycolipids were coated onto PVC plates at 8 nmol/well. (A) PSGL-1 and non-sulfated
neoglycolipids. E-selectin binds best to recombinant PSGL-1–IgG which presents genuine sle” in dense
polymeric array. The non-sulfated sle” analogue lacks sialic acid but still supports E-selectin adhesion. The
non-fucosylated, non-sulfated sialyllactose and lactose neoglycolipids do not support E-selectin binding. (B)
C-6 sulfated lactose derivatives. 6-Sulfo lactose is the most adhesive sulfated lactose neoglycolipid. (C)
Sulfatides and C-3' sulfated lactose derivatives. These structures are non-reactive or only weakly support E
selectin binding. (D) Sulfated monosaccharides. E-selectin binds nearly equivocally to GlenAc-6-OSO3 and
Gal-6-OSO3 , but not to non-sulfated GlcNAc or Gal. This result shows that sulfate esters make a
contribution to E-selectin binding determinants, but illustrate the dominant contribution of the carbohydrate
scaffold to defining ligand specificity. E-selectin binding to all substrates is calcium dependent (grey bars, 10
mM EDTA). Data shown is the average of duplicate wells from a representative experiment after subtraction
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P-selectin binds to the sulfated lactose derivatives with little discrimination among

compounds

In contrast to E-selectin, P-selectin binding was sulfate dependent, and the non

sulfated sle” analogue, sialyllactose and lactose failed to support P-selectin binding.

Unexpectedly, the P-selectin—IgM chimera only weakly bound to the recombinant PSGL

1–IgG chimera (Figure 7.2A). The P-selectin—IgM chimera, however, was able to bind to

native GlyCAM-1 (Figure 7.2A, inset) showing that it had activity. This result in

association with the ability of E-selectin to bind to the recombinant PSGL-1–IgG chimera

suggests that the recombinant protein may have been under or inappropriately sulfated.

Surprisingly, there were only narrow differences in P-selectin binding to the sulfated

lactose derivatives, and binding was only partially inhibited by EDTA (Figure 7.2B). In

contrast, P-selectin binding to the sulfated monosaccharides was not equal, and GlcNAc

6-OSO3 was a better ligand than Gal-6-OSO3 (Figure 7.2C). To verify that the binding

observed was mediated by P-selectin, the P-selectin—IgM chimera was incubated with an

anti-P-selectin MAb or a control MAb prior to incubation with the sulfated lactose

derivatives. In these assays, adhesion was completely inhibited by the anti-P-selectin

MAb, but not the control MAb (Figure 7.2D).

To further investigate P-selectin binding to the C-6 sulfated lactose derivatives,

and to verify that P-selectin could discriminate between GlcNAc-6-OSO3 and Gal-6-

OSO3 , P-selectin-IgM binding to serial dilutions of these substrates was assayed (Figure

of background signal (carrier lipids only, OD 405 nm = 0.22). Error bars denote the range in signal.
Abbreviations: 3’, 3'-sulfo lactose; 3',6, 3',6-disulfo lactose; 3',6', 3',6'-disulfo lactose; 6', 6'-sulfo lactose; 6,
6-sulfo lactose; 6',6, 6',6-disulfo lactose; Gl-6, Gal-6-OSO3 ; Gn-6, GlonAC-6-OSO3 ; Lac, lactose; slac,
sialyllactose; “sle”, sle” analogue.
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7.3). At lower densities of neoglycolipid, P-selectin demonstrated a slight (1.5-fold)

preference for binding to 6'6-dislfo lactose. Interestingly, at all densities of

neoglycolipids, P-selectin was unable to discriminate between 6-sulfo and 6'-sulfo

lactose while it showed a clear preference for GlcNAc-6-OSO3 over Gal-6-OSO3.
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Figure 7.2 P-selectin only weakly discriminates among carbohydrate sulfo■ oms. Neoglycolipids were
coated onto PVC plates at 8 mol/well. (A) PSGL-1 and non-sulfated neoglycolipids. Recombinant PSGL
1–IgG which presents genuine sle” in a dense polymeric array, only weakly supports P-selectin binding.
The recombinant PSGL-1 may be under or inappropriately sulfated. Binding to PSGL-1 is calcium
dependent (grey bar). The non-sulfated neoglycolipids fail to support P-selectin binding. (Inset) GlyCAM-1.
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Figure 7.3 Carbohydrate sulfation contributes to P-selectin binding interactions. (A) Serial dilutions of C-6
sulfated lactose neoglycolipids. At lower densities of neoglycolipid, P-selectin is able to discriminate between
mono- and disulfated lactose derivatives. At all densities of neoglycolipid, P-selectin binds equally to 6-sulfo
and 6'-sulfo lactose. 6'-sulfo lactose (O), 6-sulfo lactose (O), 6',6-disulfo lactose (V). (B) Serial dilutions of
sulfated monosaccharide neoglycolipids. At all densities of neoglycolipid, P-selectin binding favors GloWAc
6-OSO3 (O) over Gal-6-OSO3 (O). Data shown is the average of duplicate wells from a representative
experiment after subtraction of background signal (carrier lipids only, OD 405 nm = 0.22 (A), 0.24 (B)). Error
bars denote the range in signal.

The unexpected failure of recombinant PSGL-1 to support binding of the P-selectin-IgM chimera
necessitated validation of the recombinant P-selectin. The P-selectin—IgM chimera bound to GlyCAM-1,
which demonstrates that it the chimera is functional. (B) C-6 sulfated lactose derivatives. P-selectin binds
nearly equally to the C-6 sulfated lactose derivatives. (C) Sulfated monosaccharides. Despite the equivocal
binding of P-selectin to the C-6 sulfated lactose derivatives, GlonAC-6-OSO3 is a significantly better
substrate for P-selectin than Gal-6-OSO3. P-selectin binding to all sulfated carbohydrates is only partially
calcium dependent (grey bars A-C, 10 mM EDTA). (D) P-selectin binding to 6',6 is inhibited by an anti-P-
selectin MAb. Data shown is the average of duplicate wells from a representative experiment after
subtraction of background signal (carrier lipids only, OD 405 nm = 0.25). Error bars denote the range in
signal. Abbreviations: 6', 6'-sulfo lactose; 6, 6-sulfo lactose; 6',6, 6',6-disulfo lactose; Gl-6, Gal-6-OSO3 ; Gn
6. GlcNAc-6-OSOa’: Lac. lactose: slac. sialvilactose: “sle”. sle” analoque.
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Discussion

The observations that E- and P-selectin can bind to HEV ligands for L-selectin in

vitro (45-47), in combination with the recent identification of a GlcNAc-6-O-

sulfotransferase in leukocytes and tumor cells (52), and mucin-like L-selectin ligand

activity distinct from PSGL-1 on neutrophils and leukemic cell lines (53), indicated that it

would be interesting to assay E- and P-selectin binding to the sulfated lactose derivatives

used to identify high affinity L-selectin recognition determinants in chapter 6. The

hypothesis tested predicted that GlcNAc-6-OSO3 would be an important recognition

determinant for E- and P-selectin, and that GlcNAc-6-OSO3 or 6-sulfo lactose would

support binding better than the other sulfated derivatives.

This was the case for E-selectin with respect to the sulfated lactose derivatives.

Lactose-6-OSO3 was the most adhesive ligand followed by GlcNAc-6-OSO3 and 6',6-

disulfo lactose. Lactose-6'-OSO3 was non-reactive. These results suggest that 6-sulfo

sLe” may be an important recognition determinant for E-selectin; however, there is one

study that reports that 6-sulfo sLe” does not support E-selectin binding (216). Thus, it is

possible that GlcNAc-6-OSO3 is an E-selectin recognition determinant that is presented

in the context of other carbohydrate structures.

The sulfated monosaccharides GlcNAc-6-OSO3 and Gal-6-OSO3 were also able

to support E-selectin binding, however, unlike the sulfated lactose derivatives, binding to

each substrate was nearly equal. This result suggests that while sulfation does contribute

to the specificity of the E-selectin recognition determinant, the carbohydrate scaffold

Supporting the sulfate has a dominant influence.

Although lactose and sialyllactose failed to support E-selectin binding, the non

sulfated SLeº analogue and PSGL-1–IgG were significantly better ligands than the
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sulfated lactose derivatives. This result supports observations by others that E-selectin

binding is not sulfate dependent (68) and suggests that fucose makes a greater

contribution to the E-selectin recognition determinant than sulfate. Consistent with being

a C-type lectin, E-selectin binding to all substrates was calcium dependent.

Unlike E-selectin, P-selectin binding was sulfate dependent and none of the non

sulfated substrates supported adhesion. While all of the sulfated derivatives sustained P

selectin binding, discrimination among the monosulfated lactose derivatives was

minimal. There was, however, a slight (1.5-fold) preference for binding to 6’,6-disulfo

lactose. Interestingly, between the monosulfated monosaccharides GlcNAc-6-OSO3

supported P-selectin binding significantly better than Gal-6-OSO3. Combined, these data

argue that ligand sulfation serves predominantly to increase the avidity of P-selectin

binding interactions while the underlying carbohydrates contribute to ligand specificity.

The effect of ligand sulfation on enhancing avidity is demonstrated by comparison of the

dissociation constants of P-selectin binding to non-sulfated PSGL-1 and native, sulfated

PSGL-1 (10° and 10” mM, respectively) (65).

P-selectin binding to the sulfated neoglycolipids was only partially inhibited by

calcium withdrawal by EDTA. This is result in association with the recent observation

that P-selectin binds to platelet glycoprotein Ibo, which presents tyrosine sulfate but

lacks branched chain and O. 1-3 fucosylated carbohydrate, in a calcium independent

manner (229), supports the theory put forth by others that the P-selectin ligand

recognition domain is a complex of distinct binding sites that accommodate carbohydrate

and anionic binding determinants independently. If indeed there are discontinuous

binding sites in the P-selectin ligand recognition domain, it is likely that the carbohydrate
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binding site is calcium dependent, while the sulfate ester binding site is not. This would

explain the residual binding of P-selectin to the sulfated lactose derivatives and sulfated

monosaccharides in the presence of 10 mM EDTA, and the ability of EDTA to abolish

binding to the recombinant PSGL-1 which was possibly undersulfated.

The contributions of the endothelial selectins to tumor cell metastasis have been

appreciated for nearly a decade (255,270,273). Earlier work by others has identified 3'-

sulfo Le” and 3'-sulfo Leº as potential E-selectin recognition determinants on carcinoma

cell glycoproteins and glycolipids (206). The ability of E- and P-selectin to engage HEV

ligands for L-selectin coupled to the recent identification of a GlcNAc-6-O-

sulfotransferase in tumor cells (52), and the data generated here suggests that GlcNAc-6-

OSO3', or GlcNAc-6-OSO3 containing oligosaccharides offer additional recognition

determinants that may promote selectin-mediated tumor cell interactions. Accordingly, in

addition to their potential as novel anti-inflammatory therapeutics, GlcNAc-6-O-

sulfotransferase inhibitors may find application as novel anticancer chemotherapeutics.

An advantage of using sulfotransferase inhibitors to manage metastatic cancer is that the

debilitating side effects of traditional anti-proliferative chemotherapeutics may be

circumvented. However, since the cell surface is a mosaic of assorted carbohydrate

sulfo■ orms, deletion of GlcNAc-6-OSO3 may not significantly reduce the potential of E

or P-selectin to mediate carcinoma cell tethering and rolling.

An alternative approach to using sulfotransferase inhibitors to manage tumor cell

metastasis is to remodel the carcinoma surface with inhibitory carbohydrate sulfo■ orms,

for example, 6'-sulfo lactose. Although P-selectin effectively engages 6'-sulfo lactose, E

Selectin appears to be repelled by this structure, and this approach may have application
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in treating colon cancer. Pioneering work in cell surface remodeling has exploited the

sialic acid pathway to introduce ketones or azides onto the cell surface of tumor cell lines

in vitro (279-283). These electrophilic functional groups are abiotic and orthogonal to

other functional groups on the cell surface which are predominantly nucleophilic, and

provide a selective handle to decorate the cell surface with molecules of interest.

Extension of the allyl group on 6'-sulfo-1-3-O-allyl lactose to a hydrazide or

triarylphosphine could allow remodeling of tumor cells that present cell surface ketones

or azides with this anti-adhesive sulfo■ orm. Indeed, selective derivatization of the surface

of ketone bearing cells with biotin using biotin hydrazide is a well established (279,280)

and is proof of concept for cell surface remodeling.
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| 8 | Conclusion

This exploration of the cellular and molecular requirements for selectin binding

has revealed that leukocyte tethering and rolling are regulated in part by cell shape and

the surface distribution of L-selectin and the P-selectin glycoprotein ligand 1, and has

shown that patterns of carbohydrate sulfation contribute to the specificity of L- and E

selectin binding interactions. This work extends the work of others by showing that in

addition to the terminal 6-sulfo or 6'-sulfo sialyl Lewis’ glycan capping groups on

mucin-like L-selectin ligands (25-27), 6’,6-disulfo lactose, or an analogous structure,

within or terminating oligosaccharide side chains modifying L-selectin ligands may be an

important L-selectin recognition determinant. Furthermore, this is the first study to

evaluate E- and P-selectin binding to distinct carbohydrate sulfo■ orms. Although E

selectin binding is not sulfate dependent, of the structures tested, 6-sulfo lactose was the

dominant ligand for E-selectin. Surprisingly, P-selectin was less discriminating than L- or

E-selectin and bound to all sulfo■ orms with nearly equal affinity. Binding of all three

selectins to the sulfated lactose derivatives was calcium dependent.

The majority of L-selectin and PSGL-1 was shown to be localized to the tips of

microvillion all classes of resting leukocytes (Chapters 2 and 4, and references (15-17,

104). Disruption of microvilli by pharmacological or thermal destabilization of the

cytoskeleton or by cell swelling in hypotonic media inhibited the ability of neutrophils to

tether to E- or P-selectin monolayers in flow, but did not inhibit the ability of these cells

to roll. These results are in agreement of those of others who showed that relocalization

of recombinant L-selectin to the planar cell surface of transfected cells inhibited tethering
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but not rolling (150). In the experiments conducted here, neutrophils lacking microvilli

did not tether to E- or P-selectin monolayers in flow. However, if allowed to settle onto

these substrates in the absence of flow, neutrophils lacking microvilli rolled more slowly

than untreated cells when flow was introduced. Furthermore, these cells were more

resistant to detachment in response to increasing shear force. This effect was most

pronounced on cytochalasin B treated cells that not only had reduced numbers of

microvilli relative to control cells, but also had a more viscous cytoplasm as seen by the

distortion of their shape in flow. These data suggest that tethering and rolling can be

regulated independently. The decreased resistance to detachment of cold treated cells

suggested that in addition to enhancing presentation to endothelial counter receptors,

localization of L-selectin and PSGL-1 to microvilli may serve to anchor these molecules

to the cytoskeleton.

Like L-selectin, which is shed upon cellular activation, the cell surface

distribution of PSGL-1 is dynamic (110, 198). Leukocyte activation resulted in a change

in cell shape from round to elongate, and a substantial reduction in microvilli. Formyl

peptide activation of neutrophils resulted in cellular polarization and redistribution of

PSGL-1 from the tips of microvilli to the planar cell surface of the uropod. While cell

activation was accompanied by a 25% loss in PSGL-1, the remaining 75% was confined

to a continuous segment of plasma membrane that occupied only 48% of the cell

circumference. This redistribution was blocked by cytochalasin B treatment (Chapter 4

and reference (109)) demonstrating dependence on an intact cytoskeleton. Cell

fractionation experiments and frozen thin section electron microscopy failed to identify

PSGL-1 in intracellular compartments, and evaluation of bone marrow derived
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hematopoietic progenitor cells showed the presence of PSGL-1 on myeloid stem cells

prior to the formation of cytoplasmic granules (Chapter 4 and reference (108)).

Combined, these data suggest that PSGL-1 is actively translocated over the surface of

activated cells and is not mobilized to the uropod from intracellular stores or simply shed

from the lamellapod. Although it has not been definitively shown, it is likely that the

redistribution of PSGL-1 on activated leukocytes provides an alternative substrate for L

selectin-mediated leukocyte tethering and rolling on endothelium that is carpeted with

adherent leukocytes. Indeed, neutrophil rolling on adherent neutrophils, and neutrophil

aggregation have been shown to be mediated by PSGL-1–L-selectin interaction

(49,50,106,188).

While leukocyte tethering and rolling appear to be governed in part by cell shape

and the topological distribution of L-selectin and PSGL-1, the specificity of L-selectin

mediated adhesion is governed by patterns of carbohydrate sulfation. Although there is

general agreement that sulfo sle“ is an important recognition determinant on L-selectin

ligands, the configuration of sulfate esters on sulfo sLe” that generates the most adhesive

ligand is in debate. The majority of the evidence to date shows that 6-sulfo sLe”

(containing GlcNAc-6-sulfate) is a better ligand than 6'-sulfo sLe” (containing Gal-6-

sulfate) (203-205). However, in some systems, 6’,6-dislufo sLe” has been speculated to

be a better ligand than either 6'-sulfo or 6-sulfo sLe” (95,207). Using a panel of sulfated

lactose derivatives, sulfo sle’ mimetics, 6’,6-disulfo lactose was shown here to be a

better ligand for L-selectin than 3’, 6’, or 6-sulfo lactose, or 3’,6'- or 3’,6-disulfo lactose.

A detailed structural analysis of the O-linked glycans on GlyCAM-1 revealed the

existence of 6'-sulfo and 6-sulfo sLe” as novel and important capping groups (25-27).
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Since only monoanionic species were analyzed, 6',6-dislulfo sLe’ was not identified in

that analysis, however, its presence was strongly suspected. Unexpectedly, monoclonal

antibodies to 6’,6-disulfo sLe” failed to identify this structure on human lymph node high

endothelial venules (87). Since only a fraction of the sulfated glycans on GlyCAM-1

were evaluated in the analysis described above, and multiply sulfated oligosaccharides

were identified but not characterized, it is possible that versions of 6',6-disulfo lactose

(e.g. 6',6-disulfo Le” or 6',6-dilsulfo N-acetyllactosamine) exist in the internal structures

of the carbohydrate side chains that modify GlyCAM-1.

Among the sulfated lactose derivatives tested, 6-sulfo lactose was the best ligand

for MECA-79. Surprisingly, 6',6-disulfo lactose failed to support MECA-79 binding. The

ability of L-selectin but not MECA-79 to bind avidly to 6’,6-disulfo lactose may explain

the inability of MECA-79 to fully inhibit lymphocyte adhesion to HEV in vitro or

lymphocyte recruitment to lymph node in vivo (79,128). MECA-79 may be binding to

and blocking 6-sulfo sLe” while leaving some form of 6',6-disulfo lactose available for

L-selectin binding.

Lactose-6-sulfate was the best sulfated ligand for E-selection, although a non

sulfated sLeº analogue was the most adhesive substrate. This result in combination with

the recent identification of a leukocyte GlcNAc-6-O-sulfotransferase (52) suggests that 6

sulfo sLe may be an important leukocyte recognition determinant for E-selectin.

Surprisingly, in the experiments conducted here, P-selectin did not discriminate between

6’- and 6-sulfo lactose, and showed only a slight preference for 6’,6-disulfo lactose.

While a requirement for a specific configuration of sulfate esters on carbohydrate ligands

for P-selectin cannot be ruled out, these results in conjunction with the known
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requirement for tyrosine sulfation for P-selectin binding to PSGL-1 (64,65) suggest that

carbohydrate sulfation may play a greater role in augmenting the avidity of P-selectin

binding interactions than in defining the specificity of P-selectin recognition

determinants. Further characterization of P-selectin binding to these and other sulfated

carbohydrates, however, is required before such a conclusion can be fully substantiated.

L-, and E-, but not P-selectin binding to the sulfated carbohydrates tested here

was calcium dependent. The requirement for calcium was not expected based on models

of E-selectin bound to sLe” that show a role for calcium in forming coordination bonds to

fucose (222-225). Since the sulfated lactose derivatives assayed here lack fucose, it was

hypothesized that binding would be calcium independent. However, since calcium is also

predicted to form coordination bonds with Glu 80, Asn 82, Asp 105 and Asn 106 in the

carbohydrate recognition domain of E-selectin, it is possible that calcium plays an

important role in stabilizing the binding pocket or ensuring a properly folded lectin

domain. The partial inhibition of P-selectin binding following calcium withdrawal in

conjunction with the observations of others that show calcium independent binding of P

selectin to tyrosine sulfate (229) suggests that there are independent recognition sites for

carbohydrate and sulfate in the P-selectin lectin domain. This may explain the nearly

equal reactivity of P-selectin to the carbohydrate sulfoforms tested here, and the inability

of calcium withdrawal to completely inhibit binding.

In summary, selectin-mediated adhesion is governed in part at the cellular level

by cell shape and the plasma membrane distribution of L-selectin and PSGL-1, and at the

molecular level by patterns of carbohydrate sulfation (Table 8.1). The inability of HEV

derived L-selectin ligands, e.g. CD34 and podocalyxin (88,89,90,92), to support L
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selectin binding on flat walled endothelium in non-inflamed tissues, and the acquisition

of the MECA-79 epitope on these molecules in inflamed endothelium or HEV, suggests

that carbohydrate and/or sulfate modification of these molecules contributes to their

activation as leukocyte adhesion receptors. Accordingly, the glycosyl- and carbohydrate

sulfotransferases that elaborate selectin ligands are potential targets for a new classes of

anti-inflammatory drugs aimed at specifically inhibiting leukocyte-endothelial adhesion.

The data generated here provide structural leads for the development of L-selectin

antagonists and suggest that inhibition of both GlcNAc- and Gal-6-O-sulfotransferases

may be necessary to effectively inhibit the biosynthesis of functional L-selectin ligands.

Table 8.1 Relative order of reactivity of carbohydrate sulfo■ orms
Probe Rank order of reactivity

recombinant L-selectin 6',6 -, 6 = 3,6 × 6' = 3',6'> 3’
Jurkat T cells (L-selectin) 6',6 - 6 = 6'> 3’,6 = 3,6′ = 3'
MECA-79 6 > 6'> 3’; 6',6 non reactive
recombinant E-selectin 6 > 6',6; 6' non reactive
recombinant P-Selectin 6',6 > 6 = 6
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Abbreviations

3'-sulfo lactose
3’,6-disulfo

lactose
3’,6'-disulfo

lactose
6-sulfo lactose
6'-sulfo lactose
6',6-disulfo

lactose
Ac

allyl lactose
AP
BCEMF/AM

BSA
Bu
Bz
C2GnT
CHO
CLA-1
CRD
C-type
DEAE
DEPT
DMAP
DMEM
DMF
ECA
EDTA
ELISA
ESI
ESL-1
fMLP
Fuc
FuCT VII
Gal
Gal-6-sulfate
GalNAc
Glc
GlcNAc
GlcNAc-6-sulfate
GlyCAM-1
GST
HBSS

3-O-sulfo-Gal■ 1–4Glc
3-O-sulfo-Gal■ 1–4(6-O-sulfo)-Glc

3,6-Di-O-sulfo-Gal{}1–4Glc

Gal{}1–4(6-O-sulfo)-Glc
6-O-sulfo-Gal{}1–4Glc
6-O-sulfo-Gal{}1–4(6-O-sulfo)-Glc

aCetate

1-3-O-allyl lactose
alkaline phosphatase
[2',7'-bis-(Carboxyethyl)-5(6')-carboxyfluorescein acetoxymethyl
ester]
bovine serum albumin
butyl
benzoyl
core-2 N-acetylglucosaminyltransferase
Chinese hamster ovary fibroblast
cutaneous lymphocyte antigen 1
carbohydrate recognition domain
calcium dependent
diethylaminoethyl
distortionless enhancement by polarization transfer
4-dimethylaminopyridine
Dulbecco's modified eagle medium
dimethylformamide
Erythrina cristagalli agglutinin
ethylenediamine tetraacetic acid tetrasodium salt
enzyme linked immunosorbent assay
electrospray ionization
E-selectin ligand 1
N-formyl methionene-leucine-phenylalanine
fucose
fucosyltransferase VII
galactose
6-O-sulfo-D-galactose
N-acetyl-D-galactosamine
glucose
N-acetyl-D-glucosamine
6-O-sulfo-N-acetyl-D-glucosamine
glycosylation dependent cell adhesion molecule 1
Gal/GalNAc/GlcNAc-6-O-sulfotransferase
Hank’s balanced salt solution
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HEPES
HEV
HLA
HMQC
HSA
HUVEC

Ig
iPr2Etn
Le”
Le”
LFA-1
LSIMS
MAb
MAdCAM
Me
MeOH
MMA
MS
NAc
Neu/Ac
NMR
OBZ
OSO3
OTBDMS
OTBDPS
PBS
PMN
PNAd
pNPP
PSGL-1
PVC

pyr
RTA
RVD
SD
SEM
Sgp200
SLe”
sLe”
SNA
sulfate
TBDMS
TBDPS
TEM
THF
TLC

(N-(2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid])
high endothelial venule
human leukocyte antigen
heteronuclear multiple quantum correlation
human serum albumin
human umbilical vein endothelial cell
immunoglobulin
diisopropylethylamine
Lewis", Gal{}1–4(Fuco 1–3)GlcNAc
Lewis’, Gal{}1–3(Fuco 1–4)GlcNAc
leukocyte function antigen l (OL■ ?2, CD11a/CD18)
liquid secondary ion mass spectra
monoclonal antibody
mucosal node addressin
methyl
methanol
Maackia amurensis lectin II
mass spectrometry
N-acetyl
N-acetyl neuraminic acid, sialic acid
nuclear magnetic resonance
benzoyl ester
sulfate ester
tert-butyldimethylsilyl ether
tert-butyldiphenylsilyl ether
Dulbecco's phosphate buffered saline
polymorphonuclear leukocyte, neutrophil
peripheral lymph node addressin
p-nitrophenyl phosphate (phosphatase substrate)
P-selectin glycoprotein ligand 1 (CD162)
polyvinylchloride
pyridine
Ricinus communis agglutinin II
regulatory volume decrease
standard deviation
standard error of the mean
sulfated glycoprotein 200 kD MW
sialyl Lewis", NeuAc32—33Gal{}1–4(Fuco.1—3)GlcNAc
sialyl Lewis’, NeuAc32—33Gal{}1—3(Fuco 1–4)GlcNAc
Sambucus nigra agglutinin
OSO3.
tert-butyldimethylsilyl
tert-butyldiphenylsilyl
transmission electron microscopy
tetrahydrofuran
thin layer chromatography
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TMS-Otf trimethylsilyl trifluoromethanesulfonate
TOCSY total correlation spectroscopy
TSOH p-toluene sulfonic acid
WGA wheat germ agglutinin, Triticum vulgaris
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