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Abstract

 

The selectins are calcium-dependent C-type lectins that
bind certain sialylated, fucosylated, sulfated glycoprotein
ligands. L-selectin also recognizes endothelial proteoglycans
in a calcium-dependent manner, via heparan sulfate (HS)
glycosaminoglycan chains enriched in unsubstituted glu-
cosamine units. We now show that these HS chains can also
bind P-selectin, but not E-selectin. However, while L-selectin
binding requires micromolar levels of free calcium, P-selec-
tin recognition is largely divalent cation–independent. Despite
this, HS chains bound to P-selectin are eluted by ethylenedi-
amine tetraacetic acid (EDTA), but only at high concen-
trations. Porcine intestinal mucosal (mast cell–derived)
heparin (PIM-heparin) shows similar properties, with no
binding to E-selectin, calcium-dependent binding of a sub-
fraction to L-selectin and to P-selectin, and calcium-inde-
pendent binding of a larger fraction to P-selectin, the latter
being disrupted by high EDTA concentrations. Analysis of
defined heparin fragment pools shows a size dependence for
interaction, with tetradecasaccharides showing easily detec-
table binding to L- and P-selectin affinity columns. L-selec-
tin binding fragments include more heavily sulfated and
epimerized regions and, as with the endothelial HS chains,
they are enriched in free amino groups. The P-selectin bind-
ing component includes this fraction as well as some less
highly modified regions. Thus, endothelium-derived HS
chains and mast cell–derived heparins could play a role in
modulating the biology of selectins in vivo.

Notably, P- and L-selectin binding to sialyl-Lewis

 

x

 

 and to
HL-60 cells (which are known to carry the native ligand
PSGL-1) is inhibited by unfractionated pharmaceutical hep-
arin preparations at concentrations 12–50-fold lower than
those recommended for effective anticoagulation in vivo. In
contrast, two low molecular weight heparins currently con-
sidered as clinical replacements for unfractionated heparin
are much poorer inhibitors. Thus, patients undergoing hep-

arin therapy for other reasons may be experiencing clini-
cally significant inhibition of L- and P-selectin function, and
the current switchover to low-molecular weight heparins
may come at some loss of this effect. Low-dose unfraction-
ated heparin should be investigated as a treatment option
for acute and chronic diseases in which P- and L-selectin
play pathological roles. (

 

J. Clin. Invest.

 

 1998. 101:877–889.)
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Introduction

 

The selectins, L-, E-, and P-selectin, are a family of glycopro-
teins mediating the initial adhesive events directing the hom-
ing of lymphocytes into lymphoid organs, as well as the inter-
actions of leukocytes with endothelium in inflammation and
reperfusion injury states (1–20). Some evidence suggests that
selectin interactions may also be primary adhesive mecha-
nisms involved in the metastasis of certain epithelial cancers
(21–26). To date, almost all high-affinity interactions mediated
by the selectins seem to involve the calcium-dependent recog-
nition of specific carbohydrate structures on the opposing
cells. Because selectin interactions are implicated in many dis-
ease states, much work has been done to find small carbohy-
drate molecules for use as competitive inhibitors to block these
interactions. One oligosaccharide structure, sialyl-Lewis

 

x

 

[SLe

 

x

 

,

 

1

 

 Sia

 

a

 

2-3Gal

 

b

 

1-4(Fuc

 

a

 

1-3)GlcNAc], is being studied ex-
tensively for this purpose. This tetrasaccharide can be recog-
nized by all three selectins (3–8, 11, 13–15, 19, 27–34), and ge-
netic data indicate that this and related structures are required
for selectin function in vivo (35, 36). Indeed, SLe

 

x

 

 is a critical
component of many naturally occurring high-affinity selectin
ligands, e.g., the myeloid cell ligand for P-selectin, called
PSGL-1 (20, 37, 38). However, the interaction of selectins with
pure SLe

 

x

 

 is weak, and high-affinity recognition of sialylated
fucosylated ligands by the selectins seems to involve higher or-
der carbohydrate structures, perhaps generated by clustering
of sugar chains (5, 11, 19, 37). Thus, while SLe

 

x

 

 and related
structures appear promising for therapeutic use (2, 18, 39–44),
they have some drawbacks, being weak inhibitors, and being
very expensive to produce in the quantities required for treat-
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ment. Furthermore, they demonstrate relatively little selec-
tivity among the selectins. On the other hand, artificial mac-
romolecular ligands may have their own pharmacological
limitations (45, 46). Thus, a search for different classes of gly-
coconjugates that bind to the selectins is worthwhile.

Prior work has shown that L-selectin and P-selectin binding
are similar to each other (and different from E-selectin) in
their ability to be inhibited and/or bound by several com-
pounds containing sulfate groups (47–56). Included among the
compounds originally studied were porcine intestinal mucosal
heparin (PIM-heparin) and its fragments. However, because
so many natural and artificial sulfated compounds seemed to
have similar effects, the biological and clinical relevance of
heparin-binding by selectins was not pursued extensively. Sub-
sequently, we reported heparin-like molecules from calf pul-
monary artery endothelial (CPAE) cells which bind to L-selec-
tin in a calcium-dependent manner (57). In a follow-up study
(58), we further characterized the CPAE-derived ligand as
heparan sulfate (HS) proteoglycan(s), the released HS gly-
cosaminoglycan chains of which are able to bind specifically to
L-selectin. Surprisingly, these L-selectin binding chains were
found to have a significant amount of novel glucosamine resi-
dues, which are not substituted with either an acetyl group or a
sulfate group. Very recently, others have shown a sulfate- but
not sialic acid–dependent binding of L-selectin to coronary mi-
crovascular endothelium (59), and Giuffre and co-workers
have demonstrated directly that HS chains expressed on cul-
tured bovine aortic endothelial cells can act as functional
ligands for L-selectin (60).

In this work, we ask if these endothelial HS chains are able
to interact with the other two known members of this adhesion
receptor family (E- and P-selectin), and investigate the cal-
cium dependence of these interactions. We have also studied
the interactions of all three selectins with PIM-heparin and
with size-defined fragments derived from this polymer. Finally,
we have asked if inhibition of selectin binding can occur at
concentrations of heparin that are in the typical range for its
use as a therapeutic anticoagulant (61, 62). We find that this is
indeed the case, and note a striking difference between the ac-
tivity of the traditional pharmaceutical preparations of unfrac-
tionated heparin, and that of some of the currently popular
low molecular weight (LMW) heparins (61–71).

 

Methods

 

Materials.

 

Most of the materials used were obtained from the Sigma
Chemical Co. (St. Louis, MO). The following materials were obtained
from the sources indicated: 

 

Arthrobacter ureafaciens

 

 neuraminidase
(sialidase), Calbiochem Corp. (La Jolla, CA); proteinase K, GIBCO
BRL (Gaithersburg, MD); [

 

3

 

H]GlcNH

 

2

 

 (60 Ci/mmol), American Ra-
diolabeled Chemicals (St. Louis, MO); NaB[

 

3

 

H]

 

4 

 

(11.8 Ci/mmol),
New England Nuclear (Boston, MA); trypsin-TPCK, Worthington
Biochemical Corp. (Freehold, NJ); DFP, Aldrich Chemical Co. (Mil-
waukee, WI); and Centricon-3 concentrators, Amicon, Inc. (Beverly,
MA). All other chemicals were of reagent grade or better, and were
from commercial sources. Heparin lyases (I, II, and III) were either
purified to homogeneity (72), or purchased from Sigma Chemical Co.
Size-fragmented mixtures of PIM-heparin were prepared as de-
scribed previously (73). The recombinant L-selectin Ig-fusion chi-
meric protein was prepared as described (74), and the E- and P- selec-
tin Ig-fusion chimeric constructs were produced using vectors
originally prepared by Aruffo and colleagues (22, 75). Unfractionated
heparin formulated for clinical use (10,000 or 1,000 U/ml) was ob-

tained from Elkins-Sinn Inc. (Cherry Hill, NJ). The LMW heparins
Lovenox and Fragmin were gifts from Dr. Dzung Le (UCSD Depart-
ment of Pathology).

 

Cell lines.

 

CPAE cells were from American Type Culture Collec-
tion (Rockville, MD) (CCL 209) and were used at or before passage
23. Human umbilical vein endothelial cells (HUVECs) were from
Clonetics (San Diego, CA) (CC-2008), and were used within the first
three passages. Cells were grown to subconfluence (80%), and label-
ing with [

 

3

 

H]GlcNH

 

2

 

 was done as reported earlier (57, 76). HL-60
cells, a human promyelocytic leukemia cell line, were obtained from
American Type Culture Collection (CCL 240) and used at or before
passage 8. These cells were grown in RPMI 1640 media supplemented
with 20% FBS, 1% Pen-Strep, and 0.2% gentamycin, and labeled
with [

 

3

 

H]thymidine as described below.

 

Preparation of free HS chains from endothelial cells.

 

Free HS chains
were released from [

 

3

 

H]GlcNH

 

2

 

-labeled HUVEC or CPAE cell pro-
teoglycans and purified as described previously (58). The free HS
chains (which are able to interact with L-selectin) were then isolated
by application to an L-selectin affinity column as described below.

 

Preparation of [

 

3

 

H]heparin samples.

 

20–120 nmol of di- to tet-
radecasaccharide heparin samples was brought up to a volume of 100

 

m

 

l with 0.2 M sodium borate buffer, pH 10. A 5

 

3

 

 molar excess of
NaB[

 

3

 

H]

 

4

 

, 

 

z

 

 1.4–7 mCi of NaB[

 

3

 

H]

 

4

 

 (depending on the amount of
nanomoles per sample), was added to each sample and allowed to re-
act at room temperature (RT). After 4 h, 40 

 

m

 

l of 1 M NaBH

 

4

 

 was
added to the samples, and 1 h later, 40 

 

m

 

l of acetone was added to
quench the reaction. The next day, 150 

 

m

 

l of 1.0 M ammonium for-
mate pH 5 was added to the samples to lower the pH and dissociate
borate complexes. Samples were stored at 

 

2

 

80

 

8

 

C until desalting was
done on 6 ml Bio-Gel P-2 (150-4114; Bio-Rad Laboratories, Rich-
mond, CA), packed into 10-ml plastic pipet columns in 100 mM am-
monium formate buffer, pH 5. The void volume (Vo) and included
volume (Vi) were determined by loading 400 

 

m

 

l 0.1% blue dextran
(detected by color) in 100 mM ammonium formate buffer, pH 5, plus
200 mM NaCl (detected with AgNO

 

3

 

). The columns were eluted in
100 mM ammonium formate buffer, pH 5, and 500-

 

m

 

l fractions were
collected. Samples were loaded onto separate Bio-Gel P-2 columns,
and monitored by [

 

3

 

H] cpm counting 1% of each collection vial. Frac-
tions containing the Vo [

 

3

 

H] cpm were pooled, lyophilized, dissolved
in a small amount of H

 

2

 

O, and stored at 

 

2

 

20

 

8

 

C until further use. This
method does not completely clean up the di- and tetrasaccharides, so
Sephadex G-15 chromatography was used in addition (see below).

 

Selectin affinity chromatography of endothelial HS chains.

 

Affin-
ity columns of the three selectin receptor globulins (Rgs) were prepared
by immobilizing 0.5 mg of each on 0.5 ml of protein A–Sepharose
(PAS). The endothelial HS chains were bound to the selectin col-
umns in 100 mM NaCl, 20 mM Mops (pH 7.4), 1 mM CaCl

 

2

 

, 1 mM
MgCl

 

2

 

, and specifically eluted using the above binding buffer in which
the CaCl

 

2

 

 and MgCl

 

2

 

 were replaced with 5 mM EDTA. For P-selectin
only, the ligands were also eluted by increasing the EDTA concentra-
tion to 20 mM (see Results for rationale). For the PIM-heparin stud-
ies, we chose to work in more precisely physiological salt concentra-
tions (77). The binding buffer was 20 mM Hepes, 125 mM NaCl, 2 mM
CaCl

 

2

 

, 2 mM MgCl

 

2 

 

(pH 7.45). The first elution was carried out with
the same buffer containing 2 mM EDTA in place of 2 mM CaCl

 

2

 

 and
2 mM MgCl

 

2

 

; the second elution was with 20 mM Hepes (pH 7.45),
110 mM NaCl, 20 mM EDTA. Also, we made denser selectin affinity
columns, containing 1.7 mg selectin-Rg to 1 ml PAS. In experiments
exploring calcium dependency, the 2 mM CaCl

 

2

 

 and 2 mM MgCl

 

2

 

 in
either of the above buffers was replaced with 3 mM MgCl

 

2

 

 with 5 mM
EGTA; the NaCl concentration was adjusted so that the final osmo-
larity was 300 mosM, and the pH remained constant. Thus, the three
buffers used in eluting material from the columns that correspond to
the three described above consist of: (

 

a

 

) 20 mM Hepes (pH 7.45), 3 mM
MgCl

 

2

 

, 5 mM EGTA, 122 mM NaCl; (

 

b

 

) 20 mM Hepes (pH 7.45),
3 mM MgCl

 

2

 

, 5 mM EGTA, 117 mM NaCl, 5 mM EDTA; and (

 

c

 

) 20
mM Hepes (pH 7.45), 3 mM MgCl

 

2

 

, 5 mM EGTA, 102 mM NaCl, 20
mM EDTA.
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Isolation of [

 

3

 

H] tetradecasaccharides that bound or did not bind
to L- and P-selectin.

 

The [

 

3

 

H] tetradecasaccharides that bound to L-
and P-selectin to this sample were isolated on affinity columns. Ap-
proximately 500,000 cpm of [

 

3

 

H] tetradecasaccharide was loaded over
both L- and P-selectin affinity columns, and fractions were collected
as described above, except that only 0.5% of each fraction was moni-
tored for radioactivity. Centricon-3 (cat. No. 4203; Amicon, Inc.) con-
centrator units were used to concentrate and desalt the run-through
and eluted fractions. Overall recoveries ranged from 50 to 99%. The
isolated pools of [

 

3

 

H] tetradecasaccharides were stored in 

 

z 

 

250 

 

m

 

l
water at 4

 

8

 

C for use during the following experiments.

 

Rebinding and cross-binding experiments.

 

To determine whether
the [

 

3

 

H] tetradecasaccharides rebound to the selectin affinity col-
umns, 

 

z 

 

2,500 cpm of each pool was run over the same selectin affin-
ity column as in the first run, samples were collected, and [

 

3

 

H] radio-
activity was monitored as before. For the cross-binding experiments,
the same chromatography experiment was done as in the rebinding
experiments, except that the sample was placed over the second col-
umn. E-selectin was not used in these experiments since none of the
PIM-heparin samples originally bound to E-selectin.

 

Nitrous acid (HONO) degradation.

 

HONO degradation was per-
formed by the method of Conrad et al. (78). 100 

 

m

 

l of either the pH
1.5 or pH 4.0 HONO reagent was added to tubes containing 

 

z 

 

2,000
cpm of the [

 

3

 

H] tetradecasaccharide and each pooled fraction isolated
from the L- and P-selectin affinity columns. The reaction occurred for
10 min at RT and was quenched with 15 

 

m

 

l of 1 M Na

 

2

 

CO

 

3

 

 for the pH
4.0 reaction; and with 35 

 

m

 

l of 1 M Na

 

2

 

CO

 

3 

 

for the pH 1.5 reaction.
The final pH for all samples was 

 

z 

 

7.5. Controls for the pH of each
reaction were used for every experiment, and consisted of replacing
the sodium nitrite with sodium acetate for the pH 4.0 reaction, and
barium nitrite with barium acetate for the pH 1.5 reaction. Samples
were stored at 

 

2

 

20

 

8

 

C until FPLC analysis.

 

Heparin lyase treatments.

 

Approximately 2,000 cpm of the [

 

3

 

H]
tetradecasaccharide and each pooled fraction isolated from the L-
and P-selectin affinity columns was treated with either of the three
heparin lyases as described (72, 79–81), using 0.1–0.05 U of enzyme to
digest the [

 

3

 

H] tetradecasaccharide, and 0.05 U used to digest each of
the pools. Enzyme digestion occurred at 30

 

8

 

C for 8.5 h in sodium
phosphate/NaCl buffer, pH 7.1. 0.1 U of heparin lyase II was used to
digest all samples for 8 h at 35

 

8

 

C in sodium phosphate, buffer, pH 7.1.
0.2 U of heparin lyase III was used to digest all samples for 11 h at
35

 

8

 

C in sodium phosphate buffer, pH 7.6. All reactions were stopped
by boiling for 5 min; samples were stored at 

 

2

 

20

 

8

 

C until FPLC analy-
sis. Under these conditions, all digestions went to completion.

 

Superose-12 FPLC fractionation.

 

A Superose 12 HR 10/30 col-
umn (Pharmacia Biotech, Piscataway, NJ) was used exactly as de-
scribed earlier (58), both to analyze the size of the samples and to re-
move unreacted small products and reagents. The elution profile of
this column was highly reproducible from run to run, as determined
by the markers blue dextran (Vo), [

 

35

 

S]sodium sulfate (total volume),
and 

 

3

 

H-labeled heparin fragments (partially included).

 

Superdex 75 FPLC fractionation.

 

A Superdex 75 HR 10/30 col-
umn (Pharmacia Biotech) was used to analyze the size of the prod-
ucts from the enzymatic (heparin lyases I, II, and III) and chemical
treatments (HONO pH 1.5 and 4.0) of the [

 

3

 

H] tetradecasaccharide
starting mixture, and the L- and P-selectin binding and nonbinding
[

 

3

 

H] tetradecasaccharide pools. The column was run isocratically in
the same buffer used for the selectin-Rg-PAS columns: 20 mM Hepes
(pH 7.45), 125 mM NaCl, 2 mM MgCl

 

2

 

, 2 mM CaCl

 

2

 

. A FPLC system
(P-LKB-Pump P-500 and P-LKB-Controller LCC-500 Plus; Pharma-
cia Biotech) was used to elute the column at 1.0 ml/min flow rate with
an on-line LKB-Frac 100 fraction collector programmed to collect
0.25-min fractions after 6 min from the beginning of the run, to 21
min. The total number of fractions per run is 60. Fractions were col-
lected in scintillation vials, 3 ml of Liquiscint scintillation fluid was
added, and the radioactivity was determined. The elution profile of
this column was highly reproducible from run to run, as determined
by addition of markers: blue dextran (Vo) and PIM-heparin sized

mixtures ranging from di- to tetradecasaccharides, which were radio-
labeled on the reducing terminus with NaB[

 

3

 

H]

 

4

 

 as described above.
50 

 

m

 

l of 1% blue dextran was added to every sample before loading
onto the Superdex 75 FPLC column to confirm reproducibility from
run to run.

 

ELISA inhibition assays.

 

ELISA inhibition assays were done by
the method previously reported (45, 77). Sterile polystyrene 96-well
ELISA plates (No. 25801; Corning, Corning, NY) were coated with
200 ng of polyacrylamide-SLe

 

x

 

 (No. 18205PA; Glycotech, Rockville,
MD) by overnight incubation at 4

 

8

 

C in 100 

 

m

 

l of 50 mM sodium car-
bonate/bicarbonate buffer, pH 9.5. Plates were then blocked with 200

 

m

 

l/well of assay buffer: 20 mM Hepes (No. 16926; United States Bio-
chemical Corp., Cleveland, OH), 125 mM NaCl, 2 mM CaCl

 

2

 

, 2 mM
MgCl

 

2

 

, 1% protease-free BSA (No. 82-045-1; Pentex, Miles Inc.,
Kankakee, IL), pH 7.45 (osmolality 290 mosmol, determined with a
Vapor Pressure Osmometer, model 5500XR; Wescor Inc., Logan,
UT) for a minimum of 2 h at 4

 

8

 

C. During the blocking step, the selec-
tin chimeras were preincubated separately at 4

 

8

 

C with the secondary
antibody, peroxidase-conjugated goat anti–human IgG (No. 109-035-
098; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA)
in assay buffer for 

 

z

 

 1 h. Final selectin-Rg concentration was 20 nM,
and the optimal secondary antibody dilution was determined to be
1:1,000 for the particular serum used. Potential inhibitors were seri-
ally diluted in assay buffer at twice the final required concentration.
The selectin-Rg/secondary antibody stock was aliquoted into tubes
containing an equivalent volume of inhibitor solution; buffer alone
for the positive control, or buffer with 10 mM Na

 

2

 

EDTA, pH 7.5, for
the negative control (final concentration 5 mM EDTA). These tubes
were preincubated at 4

 

8

 

C for 30 min, and added to ELISA plates, in
duplicates, at final well volume of 100 

 

m

 

l. After 4 h of plate incuba-
tion at 4

 

8

 

C, plates were washed three times with 200 

 

m

 

l/well of assay
buffer at 4

 

8

 

C, followed by development with 150 

 

m

 

l/well of 

 

o

 

-phe-
nylenediamine dihydrochloride (OPD) solution at RT: 0.002 mg
OPD/ml in 50 mM sodium citrate, 50 mM disodium phosphate
buffer, pH 5.2 containing 1 

 

m

 

l/ml 30% H

 

2

 

O

 

2

 

. Using a timer, each well
was sequentially quenched with 40 

 

m

 

l of 4 M H

 

2

 

SO

 

4

 

 after a fixed time
of peroxidase reaction. Softmax software and a microplate reader
(Molecular Devices, Inc., Menlo Park, CA) determined and re-
corded absorbance at 492 nM. Before curve fitting, the data were
changed into percentages for comparative purposes, using the for-
mula: [(

 

average of duplicates

 

) 

 

2

 

 (

 

negative control

 

)]/[(

 

positive con-
trol

 

) 

 

2

 

 (

 

negative control)] 3 100, again with the Softmax software.
HL-60 cell-selectin binding inhibition assays. HL-60 cells were la-

beled with [3H]thymidine at a concentration of 1 mCi/ml media, be-
ginning 2 d before inhibition experiments. The labeled cells used for
inhibition experiments were at or below z 2 3 106 cells/ml. The cells
were collected by low speed centrifugation, washed three times with
20 ml of media, resuspended, and the cell count and radioactivity
were determined. Radioactivity ranged from 0.3 to 1.7 cpm/cell, and
the cells added ranged from 104 to 105 cells/well. L- and P-selectin-
Rgs (1 pmol/well) were immobilized onto 24-well tissue culture plates
(Costar Corp., Cambridge, MA) in 250 ml of 50 mM sodium carbon-
ate/bicarbonate buffer, pH 9.5, for 8–12 h at 48C. The plates were
blocked for 2 h at 48C with 500 ml/well with 20 mM Hepes, 125 mM
NaCl, 2 mM CaCl2, 2 mM MgCl2, and 1% protease-free BSA, pH
7.45. Serial dilutions of unfractionated and LMW heparins were pre-
pared in duplicate as described above for the ELISA experiments
and aliquots of [3H] HL-60 cells added for a final volume of 250 ml ap-
plied to each well. Positive control wells with [3H] HL-60 cells alone
and negative controls including 20 mM EDTA were analyzed in trip-
licate. After incubation for 3–4 h at 48C with gentle rotation on an
Orbital Rotor at 70 rpm, the wells were washed three times with cold
assay buffer minus the BSA at a volume of 500 ml/well. Bound cells
were solubilized at RT for 10 min in 1% Triton X-100 (United States
Biochemical Corp.), and the lysate was monitored for radioactivity.
IC50 values were expressed as a percentage of the positive control and
calculated exactly as described above for the ELISA inhibition exper-
iments.
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Results

Endothelial HS ligands for L-selectin also bind to P-selectin
but not to E-selectin. In a previous study (58), we showed that
a subset of metabolically labeled HS chains released from en-
dothelial cell HS proteoglycans was able to bind to L-selectin.
To determine if there was any cross-recognition of these HS
ligands by the other selectins, we used selectin-chimera affinity
columns in which each of the three selectin molecules were im-
mobilized on PAS beads at similar densities.2 Similar amounts
of [3H]GlcNH2-metabolically labeled L-selectin binding HS
chains from CPAE cells were applied to each column. As
shown in Fig. 1, most of this ligand rebound to the L-selectin
column and eluted with 5 mM EDTA. In contrast, none bound
to the E-selectin column (the E-selectin column is known to be
functional because it is capable of binding other ligands from
carcinoma cells in a calcium-dependent manner) (Kim, Y., and
A. Varki, unpublished results). While all of the ligand also
bound to the P-selectin column, it was eluted very poorly with
5 mM EDTA (see Fig. 1, bottom, inset). Similar results were
seen with [35S]sulfate-labeled material, and with labeled HS
chains from HUVEC cells (data not shown). Thus, a P-selectin
column of similar density completely bound the L-selectin HS
ligands from both the CPAE and the HUVEC cells, but
showed a very slow and partial elution with 5 mM EDTA. This
slow release stopped when the column was adjusted back into
the calcium-containing loading buffer (data not shown), indi-
cating that elution was specific for the inclusion of EDTA.
Subsequent elution with a higher concentration of EDTA (20
mM) resulted in recovery of all of the labeled ligand from both
cell sources (data not shown). This difference suggests that the
eluting effect of EDTA with P-selectin might not be strictly
based upon its calcium-chelating properties (see below).
Therefore, most further elutions of the P-selectin column were
done first with 2 mM EDTA, and then with 20 mM EDTA,
which allowed for recovery of all labeled ligands.

Comparison of calcium dependence of HS chain binding to
L- and P-selectin. Most previously reported high-affinity in-
teractions of the selectins have been dependent on calcium.
This fits well with the fact that the amino-terminal region of
the selectin molecules resembles C-type (or calcium-depen-
dent) lectin-binding domains, and with direct observations of
calcium ion interactions with the selectins (82, 83). In addition
to calcium, another divalent cation, magnesium, has been used
in all buffers used for selectin affinity chromatography, be-
cause it was reported that magnesium potentiated the effects
of the calcium in P-selectin binding (84). However, since the
HS ligands studied here are so different from the previously
described sialylated ligands (3–8, 11, 13–15, 19, 27–34, 85), it
was important to confirm whether the interactions we ob-
served were calcium dependent. Simply leaving out calcium
from the binding buffer did not change the results (data not
shown). However, there is a trace contamination of calcium
(z 50 mM) present in a 2 mM magnesium-containing buffer,
which could be sufficient to support L-selectin binding. In-

deed, as shown in Fig. 2, binding to L-selectin is abolished in
Mg21/EGTA buffers, in which calcium is lowered to negligible
amounts (effective Ca21 concentration 0.774 nM, Mg21 con-
centration z 3 mM). The calcium dependence of this interac-
tion is further indicated by the fact that as little as 0.5 mM EDTA
can efficiently elute the HS chains from an L-selectin column
(data not shown). In striking contrast to the observations with
L-selectin, binding of these same HS chains to P-selectin oc-
curred efficiently even in the magnesium/EGTA buffer (Fig. 2,
bottom), indicating that it does not require exogenously added
calcium. Since the binding of the HS chains to P-selectin oc-
curred in the presence of either calcium or magnesium, we
next asked if this required any exogenously added cations for
binding. Fig. 3 demonstrates that binding is supported by
P-selectin without any exogenously added cations; however,
the ligand was still eluted by using 20 mM EDTA. This raises
two possibilities: one is that there are trace amounts of calcium
which remain tightly bound to the selectin column from the
prior experiments; the other is that EDTA was eluting the
ligand from P-selectin by a mechanism unrelated to its divalent
cation chelating properties. The first possibility is somewhat
unlikely, based on the available data on the crystal structures
of E-selectin (83) and the related C-type lectin mannose bind-
ing protein (86) in both of which the calcium ion is exposed to
the solvent and does not lie deeply buried in the binding
pocket. In support of the second possibility, the elution of
P-selectin by high concentrations of EDTA is not due simply

2. The binding activity of columns for HS chains seems to be some-
what density dependent, and one column may not bind all of the
ligand which another one can. However, the amount capable of bind-
ing to a given column is very consistent from experiment to experi-
ment.

Figure 1. CPAE and 
HUVEC HS chains can 
bind to L- and P-selec-
tin, but not to E-selec-
tin. Aliquots of 
[3H]GlcNH2-labeled 
CPAE HS chains that 
originally bound to
L-selectin were desalted 
and reapplied to L-, E-, 
and P-selectin affinity 
columns in which each 
of the three selectin chi-
meras were immobi-
lized on PAS beads at 
similar densities (0.5 
mg/0.5 ml). After wash-
ing, the bound ligand 
was eluted with 5 mM 
EDTA, as described in 
Methods. Fractions 
were collected and 
monitored for radioac-
tivity. Similar results 
were obtained with 
the HS chains from 
HUVEC cells (data not 
shown). In both cases, 
the radioactivity eluted 
very slowly and in-
completely from the

P-selectin column (see bottom panel for an example). After both runs 
were completed, the P-selectin column was washed again with 20 mM 
EDTA, which caused elution of all of the bound radioactivity from 
both runs (data not shown).
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to its ionic strength, since an equivalent (80 mM) increase in
chloride concentration did not cause elution (data not shown).
Thus, we suggest that EDTA might be eluting the ligands by
virtue of its inherent polycarboxylate structure rather than its
ability to chelate cations, i.e., that it might mimic the high
charge density of HS chains. This hypothesis requires further
investigation.

 

PIM-heparin shows similar, but not identical, binding to the
selectins.

 

The endothelial HS chains are available in limited
quantities and are thus difficult to characterize further. There-
fore, we studied commercially available PIM (mast cell–derived)
heparin in a similar manner. Furthermore, the latter is also of
interest since it is used for therapeutic purposes in humans as
an anticoagulant. To monitor binding of PIM-heparin to the
selectins, we radiolabeled the reducing end of the large hep-
arin chains in this preparation by reduction with NaB[

 

3

 

H]

 

4

 

.
Based on our other recent studies, the salt concentrations in
the column buffer were also adjusted to more closely approxi-
mate physiological conditions (77). Also, based on the results
described above, bound material was eluted first with 2 mM
EDTA (divalent cation–dependent component), and then with
20 mM EDTA (divalent cation–independent component,
EDTA acting as a polycarboxylate). As shown in Fig. 4, none

of the PIM-heparin molecules bound to E-selectin. A signifi-
cant fraction of the molecules (58%) bound to L-selectin and
were partially eluted with 2 mM EDTA; the remainder (32%)
was eluted with the 20 mM EDTA. In contrast, while a similar
total fraction (79%) of the total heparin bound to P-selectin,
very little was eluted upon calcium chelation with 2 mM
EDTA. Instead, extensive washing with 20 mM EDTA was
required to elute all of the bound radioactive heparins from
P-selectin. Thus, the behavior of the PIM-heparin toward the
selectins appeared similar to that of the HS chains from endo-
thelial cells, except that a fraction of the heparin remained
bound to L-selectin after adding 2 mM EDTA.

We next investigated the Ca

 

2

 

1

 

 dependence of heparin
binding to L- and P-selectin. As shown in Fig. 5, the results
were again similar, but not identical, to those obtained with en-
dothelial HS chains. Binding to L-selectin is abolished in Mg

 

2

 

1

 

/
EGTA buffers, in which calcium is present in negligible
amounts, while a significant fraction continued to bind to
P-selectin under these conditions (Fig. 5, 

 

bottom

 

). However,
the actual fraction binding to P-selectin (45%) was signifi-
cantly lower than that seen under calcium-replete conditions
(see Fig. 4, 79%), indicating a partial calcium dependency of
the initial binding phenomenon. Of the fraction that did bind
in the absence of calcium, 20 mM EDTA was still required for
elution (Fig. 5, 

 

bottom

 

). Taken together, these data seem to in-
dicate that calcium occupancy in the lectin site may assist the
initial binding of some heparin fragments to P-selectin. How-
ever, once bound, calcium is no longer required to maintain
the interaction of the heparin chains to P-selectin.

 

Binding of size-defined heparin fragments to L- and P-selec-
tin.

 

The PIM-heparin chains are of large molecular masses
(average 

 

z

 

 20 kD, 

 

z 

 

38–40 disaccharide units) and are poly-

Figure 2. L-selectin binding of the HS-GAG chains is calcium depen-
dent while P-selectin binding is not. Aliquots of HS chains which pre-
viously bound to an L-selectin column were reapplied either to the 
same column, or to a column of P-selectin, either in the presence of 
5 mM calcium (filled triangles) or in a magnesium/EGTA buffer 
(open circles) giving a residual free calcium concentration of z 800 
pM. The columns were washed with the same buffers, and then eluted 
with either 5 mM EDTA for L-selectin or 20 mM EDTA for P-selec-
tin. Fractions were collected and radioactivity was monitored.

Figure 3. P-selectin binding of the HS-GAG chains does not require 
exogenously added cations. An aliquot of the HS-GAG ligand that 
had previously bound to an L-selectin column was extensively dia-
lyzed against water and then adjusted into buffer containing 100 mM 
NaCl, 20 mM Mops (pH 7.4). The P-selectin column was washed and 
allowed to sit in 20 mM EDTA overnight at 48C before extensive 
washing with the 100 mM NaCl, 20 mM Mops (pH 7.4). The HS-
GAG aliquot was then applied to the P-selectin column and again 
washed with the same buffer (thus, no exogenous cations were added 
or present in either the loading or washing of this column run). The 
column was then eluted with 20 mM EDTA. Fractions were collected 
and radioactivity was monitored.
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disperse in structure (73). Also, a variable fraction of commer-
cial heparin fragments still has an attached peptide at the re-
ducing terminus which would not have been labeled by
NaB[3H]4 reduction. Finally, it is possible that some of the
binding is due to multivalent interactions with many low-affin-
ity sites on the long heparin chain, involving multiple selectin
molecules. To explore a better definable interaction, we stud-
ied the binding of size-fractionated heparin fragments (73) to
the selectin columns. As before, the fractions were first labeled
by reduction with NaB[3H]4 to monitor the elution profiles
easily. As shown in Fig. 6 and Table I, the binding of these
[3H]heparin fragments to L- and P-selectin is size dependent,
with substantial binding only seen with tetradecasaccharides.
Others have previously reported interactions of heparin tet-
rasaccharides with L-selectin in blocking binding to immobi-
lized SLex (53), a well-known component of natural selectin

ligands. Under the conditions of affinity column chromatogra-
phy used here, binding constants in the low micromolar range
would be needed for detection of binding (87, 88). Indeed, as
shown in Table II, the tetradecasaccharides have IC50 values
for inhibition of L-and P-selectin interactions with SLex that
are in the low micromolar range. It is interesting to note that
this tetradecasaccharide mixture gave IC50 values that are
z 10-fold superior to those reported for SLex itself (tetra-
decasaccharides: 82 and 54 mM for P- and L-selectin, respec-
tively; and SLex, 520 and 600 for P- and L-selectin, respectively
[77]).

Given the size of the tetradecasaccharides relative to that
of the selectin lectin domain (83), these interactions are likely
to represent monovalent recognition by the selectin-Rg chime-
ras (note that the tetradecasaccharides were generated by par-
tial heparin lyase I degradation and reduced with borohydride,
thus, the first, or nonreducing monosaccharide unit has a non-
native C4-C5 double bond, and the last unit has an open ring).
The divalent cation dependence of this interaction was also
similar with that of intact heparin and the endothelial HS
chains. Again, the interactions with L-selectin are disrupted by
2 mM EDTA (divalent cation chelation); most of those with
P-selectin require 20 mM EDTA for elution (although a small
fraction is eluted with 2 mM EDTA in a reproducible fashion,

Figure 4. Fractions of PIM-heparin can bind to L- and P-selectin, but 
not to E-selectin. Aliquots of 3H-labeled PIM-heparin were applied 
to L-, E-, and P-selectin affinity columns in which each of the three 
selectin chimeras were immobilized on PAS beads at similar densities 
(0.5 mg/0.5 ml). After washing, the bound ligand was eluted first with 
2 mM EDTA, and then with 20 mM as described in Methods. Frac-
tions were collected and monitored for radioactivity. For the E-selec-
tin: 100% of the material ran through; for L-selectin: 10% ran 
through, 58% eluted with 2 mM EDTA, and 32% eluted with 20 mM 
EDTA; for P-selectin: 21% ran through, little to no material eluted 
with 2 mM EDTA, and 79% eluted with 20 mM EDTA. Percentages 
are the average of three to four chromatography experiments.

Figure 5. Binding of PIM-heparin to L-selectin is calcium dependent. 
Aliquots of 3H-labeled PIM-heparin were applied to L- and P-selec-
tin affinity columns in a magnesium/EGTA buffer that gives a resid-
ual free calcium concentration of z 800 pM. The columns were 
washed with the same buffer and eluted first with 2 mM EDTA, and 
then with 20 mM as described in Methods. Fractions were collected 
and monitored for radioactivity. For the L-selectin column, 100% of 
the material ran through the column; for P-selectin: 55% ran through, 
3% eluted with 2 mM EDTA, and 42% eluted with 20 mM EDTA. 
Percentages are the average of two chromatography experiments.
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see Table III). Also, studies with Mg21/EGTA buffers con-
firmed the calcium requirement for L-selectin binding only
(data not shown). The crystal structure of the closely related
molecule E-selectin (83) indicated that the putative carbohy-
drate-binding region of the lectin domain is located on the op-
posite face away from the EGF domain. Thus, despite the lack
of calcium dependence of binding of the tetradecasaccharides
to P-selectin, it is reasonable to suggest that these molecules
may be binding somewhere relatively close to the calcium-
dependent binding site for SLex.

With the availability of a size-defined fraction, the binding
of some molecules and the lack of binding of others become
more meaningful. Thus, we fractionated the tetradecasaccha-
ride fragments into bound and unbound fractions for both L-
and P-selectin (see Methods). As shown in Fig. 7 and Table III,
rechromatography of these fractions confirmed that their be-
havior is reproducible. This indicates that specific structural
features must determine the differential binding and that vari-
ous populations differ over a wide range in their ability to in-

teract with L-selectin. To pursue this matter further, we tried
cross-binding studies. As shown in Table III, of the tetra-
decasaccharides that bind to L-selectin, 100% bound to P-selec-
tin, and could only be eluted with 20 mM EDTA. In contrast
to those that bound to P-selectin, only a subfraction bound to
L-selectin: 22% of the 2 mM EDTA-eluted and 51% of the 20
mM EDTA-eluted material. Of the fraction that did not bind
to L-selectin, 12% rebound to P-selectin, again, eluting off of
the column only with 20 mM EDTA. Finally, the fraction that
did not bind P-selectin initially also did not bind to L-selectin.
These data indicate that while both selectins have some de-
gree of selectivity in recognizing heparin tetradecasaccharides,
P-selectin has a more permissive range of recognition.

Figure 6. Size dependence of PIM-heparin fragments in binding to an 
L-selectin affinity column. Aliquots of 3H-labeled PIM-heparin frag-
ments were applied to an L-selectin affinity column. After washing, 
the bound ligand was eluted first with 2 mM EDTA and then with 
20 mM (referred to as 2 and 20 in the figure, respectively) as de-
scribed in Methods. Fractions were collected and monitored for ra-
dioactivity. Examples are shown of studies with octa-, deca-, dodeca-, 
and tetradecasaccharides. More detailed results, as well as the results 
of similar studies with P-selectin, are reported in Table I.

Table I. Effect of Size on the Binding of Heparin Fragments to 
L- and P-selectin Affinity Columns

L-selectin bound,
eluted with

2 mM EDTA

P-selectin bound,
eluted with

2 mM EDTA

P-selectin bound,
eluted with

20 mM EDTA

Tetradecasaccharides 37% 14% 50%
Dodecasaccharides 10% 8% 2.3%
Decasaccharides 5% 4% 1%
Octasaccharides 3% 3% 1.4%

Sized mixtures of PIM-heparin fragments were 3H-labeled at the reduc-
ing end by NaB[3H]4 reduction, as described in Methods. About 3,000
cpm of each of the labeled mixtures was dissolved into 200 ml of the
loading buffer and subjected to selectin affinity chromatography as de-
scribed in Methods (see Fig. 6 for an example). None of the samples
bound to the E-selectin column. All of the label bound to the L-selectin
column eluted with 2 mM EDTA, whereas most that bound to the P-selec-
tin column required 20 mM EDTA for elution.

Table II. Heparin Fragment Mixtures as Inhibitors of L- and 
P-selectin binding to Immobilized SLex

IC50 value

L-selectin P-selectin

Tetradecasaccharides 54 mM 82 mM
Dodecasaccharides 159 mM 159 mM
Decasaccharides . 1900 mM . 1900 mM
Octasaccharides . 2400 mM . 2400 mM
SLex 600 mM 520 mM

Size-fractionated PIM-heparin mixtures were tested for their ability to
inhibit selectin binding to immobilized SLex in ELISA inhibition exper-
iments, as described in Methods. There was no inhibition of E-selectin,
even with the tetradecasaccharides, at concentrations as high as 5 mg/ml
(. 1,000 mM). IC50 values for L- and P-selectin inhibition were deter-
mined by the equation: [(average of duplicates) 2 (average of negative
controls)]/[(average of positive controls) 2 (average of negative con-
trols)] 3 100, where the positive controls were without inhibitors, and
the negative controls contained 5 mM EDTA. Experiments were per-
formed two to three times, and the averaged IC50 values are presented.
For calculation of concentration, the following average molecular
masses were assumed: tetradecasaccharide, 3,675 D; dodecasaccharide,
3,150 D; decasaccharide, 2,625 D; and octasaccharides, 2,100 D. The in-
hibitory potency of the tetrasaccharide SLEx under the same conditions
is shown for comparison.
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Analysis of the structural features on [3H] tetradecasaccha-
rides that determine binding behavior to P- and L-selectin.
These tetradecasaccharides are known to be a complex mix-
ture, containing many different structural variations and iso-
mers (73). Since size is not a variable, the differential binding
of these molecules is likely due to some of these structural dif-
ferences. To pursue this, aliquots of bound and unbound mate-
rial from the P- and L-selectin columns were subjected to
cleavage either with specific heparin lyases (I, II, and III), or
by HONO treatment at pH 1.5 or 4.0. Each of these treatments
can cleave heparin chains, depending upon specific structural
features or modifications (72, 78–81). The treated samples
were analyzed by FPLC as described in Methods to evaluate
the extent of cleavage (detailed data not shown). The conclu-
sion is that L-selectin binding fragments include the more
heavily sulfated and epimerized regions (sensitive to heparin
lyase I and HONO, pH 1.5). Furthermore, as with the endo-

thelial HS chains, these heparin tetradecasaccharide chains are
enriched in the small amounts of free amino groups present in
the mixture (sensitive to HONO, pH 4.0). The P-selectin bind-
ing component includes this fraction, as well as some less
heavily modified regions sensitive to heparin lyase III. Overall,
while distinct structural features seem to selectively enhance
interactions of P- and L-selectin with heparin tetradecasaccha-
rides, binding seems to represent a continuum of affinities, and
no single structural motif is clearly superior in its ability to be
recognized. Thus, we chose not to pursue a more detailed elu-
cidation of the precise structure of the various fractions, but in-
stead examined the clinical relevance of these observations.

Heparin inhibits L-and P-selectin binding at therapeutically
relevant concentrations. The commercially purchased PIM-
heparin studied above is very similar to the material com-
monly used as an anticoagulant in routine clinical practice (61,
62, 71). It is known that the plasma concentrations achieved
during therapeutic anticoagulation can be as high as 1–4 mg/ml
(61). We found that crude commercial PIM-heparin gave IC50

values of 2 and 18 mg/ml for SLex-binding of P- and L-selectin,
respectively (data not shown), indicating that inhibition may
be occurring at therapeutically relevant concentrations. To
more closely approximate the clinical situation, we studied the
inhibitory properties of pharmaceutical heparin samples as ac-
tually formulated for clinical use. The concentration in such
preparations is reported as protamine neutralization units,
which take into account the heterogeneity of individual hep-
arin lots. As shown in Fig. 8 and Table IV, two separate lots of
pharmaceutical unfractionated heparin gave significant inhibi-
tion of L- and P-selectin (but not E-selectin) at concentrations
well within the recommended therapeutic range for anticoagu-
lation (IC50 values of 0.01–0.02 and 0.07–0.08 U/ml toward
SLex-binding of P- and L-selectin, respectively). To more
closely approach the physiological situation in vivo, we next
studied the effects of heparin on the binding of HL-60 cells to
L- and P-selectin, which is known to be mediated by the natu-
ral ligand PSGL-1 (13–15, 18–20). As shown in Fig. 9 and Ta-
ble IV, unfractionated heparin is an excellent inhibitor of this
interaction, with IC50 values z 12- and 50-fold lower than the

Figure 7. Examples of rechromatography of PIM-heparin tetra-
decasaccharides on an L-selectin affinity column. Aliquots of
3H-labeled PIM-heparin tetradecasaccharides that were originally un-
bound (Pool A), slightly retarded (Pool B), retarded (Pool C), or 
eluted with EDTA (Pool D) from an L-selectin affinity column were 
desalted and restudied on the same column. After washing with 
buffer, the columns were eluted with 2 mM EDTA. Fractions were 
collected and monitored for radioactivity. The bar above each chro-
matogram indicates where the material originally eluted from the col-
umn. The results of cross-binding studies between P- and L-selectin 
bound and unbound fractions are also shown in Table III.

Table III. Rebinding and Cross-binding of 
Tetradecasaccharides to L- and P-selectin

Secondary binding

Original binding of sample

L-selectin
unbound

L-selectin
2 mM

EDTA
eluted

P-selectin
unbound

P-selectin
2 mM

EDTA
eluted

P-selectin
20 mM
EDTA
eluted

L-selectin
Unbound 98% 0% 100% 78% 49%
2 mM EDTA eluted 2% 100% 0% 22% 51%

P-selectin
Unbound 88% 0% 88% 0% 0%
2 mM EDTA eluted 0% 0% 5% 100% 0%
20 mM EDTA eluted 12% 100% 7% 0% 100%

[3H]-Labeled tetradecasaccharides were fractionationed by P- and L-selec-
tin affinity chromatography as descrinbed in Methods. After desalting,
aliquots of each fraction were reapplied to the same column, or to the
other selectin column (see Fig. 7 for an example of the results).
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recommended therapeutic range, for L- and P-selectin, respec-
tively.

Comparison of inhibitory potency of heparin with LMW
heparins. In recent years, clinical usage of unfractionated hep-
arin has partly given way to the use of various pharmaceutical

preparations of LMW heparins (61, 62, 67, 71, 89). These prep-
arations are characterized by enhanced bioavailability and
half-life as well as a somewhat decreased incidence of toxicities
(61, 71). In addition, their anticoagulant activity is measured in
anti-Xa units rather than as protamine neutralization units. As
shown in Fig. 8 and Table IV, two different types of clinical
grade LMW heparins (Fragmin and Lovenox) gave IC50 values
against L- and P-selectin that were at or higher than the rec-
ommended therapeutic levels, both in ELISA inhibition ex-
periments against immobilized SLex and in HL-60 cell binding
inhibition experiments. Thus, two LMW heparins that are cur-
rently considered appropriate clinical replacements for unfrac-

Figure 8. Inhibitory properties of clinical samples of unfractionated 
or LMW heparins on the binding of L- and P-selectin to immobilized 
SLex. Unfractionated heparin (filled triangles) or LMW heparins 
(Lovenox, open boxes, and Fragmin, filled circles) were tested for 
their ability to inhibit the binding of each of the recombinant selectins 
to immobilized SLex in ELISA inhibition experiments, as described 
in Methods. The IC50 values from such studies are presented in Ta-
ble IV.

Table IV. Unfractionated and LMW Heparins as Inhibitors of L- and P-selectin Binding to Immobilized SLex and to
[3H] HL-60 Cells

Clinical heparin
Therapeutic

range

IC50 U/ml*

Against immobilized SLex Against HL-60 cells

E-selectin L-selectin P-selectin L-selectin P-selectin

U/ml*

Unfractionated heparin 0.2–0.4 . 50 0.07–0.08 0.01–0.02 0.02–0.03 0.003–0.01
Lovenox (LMW heparin, enoxaparin) 0.6–1.0 . 50 0.8–1.5 0.8–1.0 1.5–3.0 0.7
Fragmin (LMW heparin, deltaparin) 0.6–1.0 . 50 0.7–2.0 1.5–2.0 4.0–7.0 1.0–4.0

Several clinical lots of unfractionated and LMW heparins were tested for their ability to inhibit selectin binding to immobilized SLex in ELISA inhibi-
tion experiments or HL-60 cells binding to immobilized selectins, as described in Methods. IC50 values were determined by the equation: [(average of
duplicates) 2 (average of negative controls)]/[(average of positive controls) 2 (average of negative controls)] 3 100, where the positive controls were
without inhibitors, and the negative controls contained 5 mM EDTA in the ELISA inhibition experiments, and 20 mM EDTA in the HL-60 cell inhi-
bition experiments. Experiments were performed two to three times, and the range of measured IC50 values is presented. Examples of the results can
be seen in Figs. 8 and 9. *Unfractionated heparin concentrations are reported in protamine neutralization units while LMW heparins are reported as
anti-Xa units (see text for discussion).

Figure 9. Inhibition of HL-60 cell binding to immobilized L-selectin 
(open boxes) and P-selectin (filled circles) with unfractionated hep-
arin. Unfractionated heparin was tested for its ability to inhibit the 
binding of 3H-labeled HL-60 cells to immobilized L- and P-selectin. 
The IC50 values from such studies are presented in Table IV, along 
with similar data for the LMW heparins. The black bar shows the rec-
ommended plasma concentration range for the therapeutic use of un-
fractionated heparin as an anticoagulant.
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tionated heparin are much poorer inhibitors of L- and P-selec-
tin binding to sialylated ligands, including PSGL-1.

Discussion

Prior work had shown that L- and P-selectin binding are simi-
lar to each other (and different from E-selectin) in their ability
to be inhibited by many compounds containing sulfate groups
(47–56). However, given the broad range of natural and artifi-
cial sulfated molecules that showed such effects, it was as-
sumed that there was relatively little specificity to these inter-
actions. Subsequently, we found that certain subfractions of
endothelial cell HS-GAG chains bind to L-selectin in a cal-
cium-dependent manner (57, 58), and suggested that these in-
teractions might be of biological relevance. Very recently, oth-
ers have shown directly that HS chains expressed on cultured
bovine aortic endothelial cells can indeed act as functional
ligands for L-selectin (60). We have demonstrated here that
these endothelial HS chains also bind to P-selectin, but not to
E-selectin. The results indicate that while there may be some
overlap in the binding specificities of P- and L-selectin for HS
chains, there are distinct differences. This is encouraging from
the point of view of trying to develop inhibitors that might se-
lectively interrupt the binding function of one selectin or the
other in various in vivo situations. It would also be of interest
to know if selectin interactions could explain previous reports
of specific interactions of heparin with neutrophils (90, 91), or
with platelets (92–95).

In previous studies involving P- and L-selectin, other inves-
tigators have observed “partial” effects of EDTA in blocking
interactions with certain ligands (52). Our observation that the
elution of the HS chain ligands from P-selectin column re-
quires high concentrations of EDTA falls in this category. One
possible explanation is that EDTA in this instance is function-
ing as a polycarboxylate rather than as a chelator of cations.
In keeping with this, the initial binding of these HS chains to
P-selectin does not appear to require calcium. However, direct
competition studies suggest that the heparin interaction may
involve a region of the P-selectin molecule very close to the
lectin-binding site for SLex. In this regard, others have shown
that heparin fragments as small as tetrasaccharides are capable
of specifically blocking the interactions of L- and P-selectin
with SLex-containing ligands (53). Taken together with the
reported crystal structure of the closely homologous protein
E-selectin (83) which indicates a lectin domain separated away
from the EGF domain, it is reasonable to suggest that the HS
and sialylated ligands might be both recognized in regions
close to the lectin-binding site.

Almost all of the other reported ligands for L- and P-selec-
tin are mucin-type glycoproteins (3, 13, 19, 20, 37, 38, 85, 96–
99). How can two such disparate carbohydrate structures as
mucins (bearing clustered O-GalNAc-linked oligosaccharides
with sialic acids, fucose and sulfates groups) and HS chains
(bearing uronic acids and sulfated glucosamine residues on
O-Xyl–linked proteins) be recognized by the same or similar
binding site? One possibility we have suggested is that the rec-
ognition involves not a linear defined oligosaccharide se-
quence but a “clustered saccharide patch” that can be gener-
ated in multiple different ways (3, 37). Thus, a clustered patch
with the appropriate arrangement of carboxyl groups, sulfate
esters, and hydroxyl groups (and perhaps unsubstituted amino
groups) might be generated either by the closely packed oli-

gosaccharides in the mucins, or by the densely modified HS-
GAG chain. The present data support, but do not prove, this
hypothesis.

Our results indicate that P-selectin binds a large range of
HS and heparin fragments, predominantly in a calcium-inde-
pendent manner. L-selectin seems less promiscuous and may
require a more specific sequence for recognition, since it re-
quires Ca21, and a significant fraction of the binding material
was degraded upon treatment with HONO, pH 4.0. This is
consistent with the previous finding of free amino groups on
the HS chains that bind L-selectin (58). Overall, it appears
that, while distinct structural features may selectively enhance
interactions of P- and L-selectin with heparin tetradecasaccha-
rides, binding represents a continuum of affinities, with no sin-
gle structural motif being clearly superior. Thus, we chose not
to pursue a more detailed elucidation of the precise structure
of the various fractions at this time, but instead focused on the
potential clinical relevance of these observations.

While SLex and related structures hold great promise for
therapeutic use in a variety of disease states (2, 18, 39–44), they
have a number of potential drawbacks. First, the apparent af-
finities of the selectins for SLex are quite weak (1, 3, 75). Sec-
ond, the small size of the molecules would give a short circulat-
ing half-life. Third, there is a very limited track record in the
use of sialylated oligosaccharides as intravenous therapeutic
agents. Finally, SLex is not expected to have much selectivity in
its ability to block interactions by one or the other of the se-
lectins. The ability of heparin chains to completely bind to an
L-selectin affinity column indicates that their affinity is higher
than that of oligosaccharides such as SLex, which do not show
detectable binding under these conditions. This is supported
by the IC50 values measured in in vitro assays. These facts,
along with its established record of heparin as a therapeutic
agent, encouraged us to consider if heparin is useful as a thera-
peutic for interfering with L- or P-selectin–based interactions.

Most prior studies of this type have used commercially
available heparin preparations and studied inhibitory proper-
ties on a per weight basis (47, 48, 50, 53). Perhaps because of
similar findings made with unnatural sulfated ligands such as
dextran sulfate and fucoidan, and the well-known danger of
bleeding from systemic anticoagulation, the effects of heparin
on selectins that were noted had not been considered to be of
practical importance. We decided to check if concentrations of
heparin that are routinely achieved during its clinical use as an
anticoagulant are capable of inhibiting selectin function. To be
certain of the significance of our studies we used actual lots of
heparin as formulated for clinical use. To our surprise, we
found that the recommended target level for anticoagulation
by unfractionated heparins is sufficient to cause essentially
complete inhibition of both L- and P-selectin in an in vitro as-
say involving binding to SLex. Indeed, the IC50 values for this
inhibition are z 10-fold less than the recommended levels for
anticoagulation. Furthermore, similar findings were obtained
in a HL-60 cell–binding assay which measures the interaction
of L- and P-selectin with the natural ligand, PSGL-1 (13–15,
18–20). In this case, we found the IC50 values for P-selectin to
be even lower (z 50-fold less than the recommended thera-
peutic level). Many of the reperfusion injury situations in
which inhibition of PSGL-1–based P- and L-selectin interac-
tions are considered to be of potential value (stroke, myocar-
dial ischemia, etc.) are already routinely treated with heparin,
with the assumption that it will be of therapeutic value as an
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anticoagulant (61, 62, 67, 95). Thus, researchers and clinicians
may have been already inadvertently achieving substantial de-
grees of partial selectin inhibition using a drug (heparin) that
was already approved for another indication (anticoagulation).
For example, it is interesting to note that the best effects of
thrombolytic therapy for acute myocardial infarction are seen
when heparin was included in the treatment regimen (100–
104). We wonder if, in such instances, heparin is working pri-
marily by providing protection from P- and L-selectin–medi-
ated reperfusion injury, rather than by its anticoagulant action.
This logic may also partly explain the highly variable results of
attempted selectin inhibition by SLex-related compounds in
various experimental and clinical situations (40, 43, 105–109).
Further attempts at clinical selectin inhibition should take into
account this practical reality.

Another finding of immediate practical relevance is that
the LMW heparins currently in vogue as preferred anticoagu-
lants over unfractionated heparins (61–71) may not be achiev-
ing the same degree of selectin inhibition at the levels cur-
rently recommended for their use. Indeed, the IC50 values of
these compounds against selectin–PSGL-1 interactions are so
close to or even above the recommended target range for anti-
coagulation that the degree of selectin inhibition in a given pa-
tient would be hard to predict. This difference between unfrac-
tionated and LMW heparins is best explained by our in vitro
finding that smaller sized fragments are less effective inhibi-
tors. Alternatively, critical regions required for recognition
may be disrupted during the various chemical and enzymatic
processes used for fragmentation. In either case, the currently
popular switchover from unfractionated to LMW heparins (66,
68, 71) may come at a loss of this selectin inhibition effect. A fi-
nal conclusion arising from this work is that low doses of un-
fractionated heparin should be explored as a treatment option
for acute and chronic diseases in which P- and L-selectin are
known to play pathophysiological roles such as bronchial
asthma, rheumatoid arthritis, etc.
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