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ABSTRACT: Platelet endothelial cell adhesion molecule 1 (PECAM-1) (CD31), a member of the
immunoglobulin (Ig) superfamily of cell adhesion molecules with six Ig-like domains, has a range of
functions, notably its contributions to leukocyte extravasation during inflammation and in maintaining
vascular endothelial integrity. Although PECAM-1 is known to mediate cell adhesion by homophilic
binding via domain 1, a number of PECAM-1 heterophilic ligands have been proposed. Here, the possibility
that heparin and heparan sulfate (HS) are ligands for PECAM-1 was reinvestigated. The extracellular
domain of PECAM-1 was expressed first as a fusion protein with the Fc region of human IgG1 fused to
domain 6 and second with an N-terminal Flag tag on domain 1 (Flag-PECAM-1). Both proteins bound
heparin immobilized on a biosensor chip in surface plasmon resonance (SPR) binding experiments. Binding
was pH-sensitive but is easily measured at slightly acidic pH. A series of PECAM-1 domain deletions,
prepared in both expression systems, were tested for heparin binding. This revealed that the main heparin-
binding site required both domains 2 and 3. Flag-PECAM-1 and a Flag protein containing domains 1-3
bound HS on melanoma cell surfaces, but a Flag protein containing domains 1-2 did not. Heparin
oligosaccharides inhibited Flag-PECAM-1 from binding immobilized heparin, with certain structures having
greater inhibitory activity than others. Molecular modeling similarly identified the junction of domains 2
and 3 as the heparin-binding site and further revealed the importance of the iduronic acid conformation
for binding. PECAM-1 does bind heparin/HS but by a site that is distinct from that required for homophilic
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binding.

Platelet endothelial cell adhesion molecule 1 (PECAM-1)"
(CD31) is a member of the cell adhesion molecule subgroup
of the immunoglobulin (Ig) superfamily of glycoproteins. It is
a heavily glycosylated protein of approximately 130 kDa of
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the following structure: an extracellular domain comprising
six C2-type Ig domains, followed by a short single trans-
membrane domain and a cytoplasmic tail of 118 amino
acids (/, 2). Its expression is confined to cells of the vascular
system, more particularly to endothelial cells, monocytes,
neutrophils, platelets, a subpopulation of circulating T-
lymphocytes (primarily CD8+, CD45RA naive lympho-
cytes), and CD43+ hemopoietic progenitor cells in the bone
marrow. The cytoplasmic tail is coded by eight exons, which
undergo alternative splicing to produce splice variants that
are expressed in a developmentally and tissue-specific
manner (3). Although the cytoplasmic tail does not possess
any catalytic activity, PECAM-1 mediates signal transduction
via the interactions of its tail with a series of adaptor proteins.
Central to many of these interactions are two tyrosine
residues, Y663 and Y686, each of which fall within an
immunoreceptor tyrosine inhibitory motif (ITIM). Phospho-
rylation of these two residues creates sites for the binding
and activation of signaling molecules containing Src homol-
ogy (SH2) domains (4). This association with various
cytosolic molecules contributes to the regulation of the
cellular localization and functions of PECAM-1.

PECAM-1 has a wide range of functions. Experimental
evidence from both in vitro and in vivo studies indicates
that PECAM-1 plays a role in the extravasation of monocytes
and neutrophils at sites of inflammation (/, 5). Initial studies
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using blocking anti-PECAM-1 antibodies suggested a role
in angiogenesis, and this conclusion has been supported by
the observation of reduced angiogenesis in mice deficient in
PECAM-1 expression (4). Other studies have described
PECAM-1 as potently suppressing apoptosis in a number of
cell systems (6). PECAM-1 has also been implicated in
hemostasis through its inhibitory effects on platelet aggrega-
tion and spreading and thrombosis formation (7). However,
these conclusions have recently been questioned (8). PE-
CAM-1 is required for normal megakaryocytokinesis because
it plays an essential role in the migration of megakaryocytes
within the bone marrow stroma, and in PECAM-1-deficient
mice recovery of the peripheral platelet count is impaired
following induced thrombocytopenia (9). Interestingly, PE-
CAM-1 is a marker of cells capable of early hemopoietic
potential in the human embryo (/0). To understand the
contribution of PECAM-1 to normal physiological processes
and to disease, it is essential to also understand what ligands
are involved in PECAM-1-mediated adhesion and signaling
to determine the range of cellular targets with which
PECAM-1 positive cells interact.

The interactions of PECAM-1 with its ligands are complex.
It is accepted that PECAM-1 mediates cell—cell adhesion
by binding PECAM-1 on adjacent cells (homophilic binding).
These trans homophilic interactions also trigger intracellular
signaling via the ITIM domains, and such signaling events
are important for many of the functional activities of
PECAM-1. The first Ig domain is critically important for
trans homophilic interactions (/7). A number of heterophilic
ligands have also been described for PECAM-1. These
include the integrin, oS3 (/2), CD38, which is widely
expressed on cell surfaces (/3), glycosaminoglycans (GAGs)
of the heparin/heparan sulfate family (/4, 15), and more
recently the neutrophil-specific glycoprotein CD177 (16). The
likelihood that PECAM-1 binds directly to a,/3; has been
questioned (/7), as well as the suggestion that heparan sulfate
(HS) acts as a PECAM-1 ligand (/8).

Some years ago, we published that PECAM-1 binds HS
(15). A number of publications from other groups supported
our findings. Indeed, it was believed that heparin bound to
domain 2 of PECAM-1, because peptides mimicking an
apparent GAG-binding consensus sequence inhibited activi-
ties attributed to PECAM-1—GAG binding events (/4, 19).
A similar amino acid motif was identified in the Ig super-
family neuronal cell adhesion molecule (NCAM), which has
been shown to bind HS. Other papers suggested that
alternative splicing of the cytoplasmic domain determined
whether PECAM-1 bound in a homo- or heterophilic fashion
to HS (20, 21). In these studies, the assays used to assess
PECAM-1-binding behavior were cell-based and complex,
and it was possible that other cell-surface molecules were
contributing to the reactions seen.

Another publication concluded that cell-surface GAGs are
not ligands for PECAM-1 (/8). Here, it was argued that
heparin affects PECAM-1 adhesion by indirect mechanisms
that are downstream of the engagement of PECAM-1 with
its ligands. Moreover, it was claimed that PECAM-1/IgG
chimeric proteins bound heparin because they included an
engineered amino acid sequence in the hinge region that
conferred GAG-binding properties that were not normally
present. In this study, we have reinvestigated PECAM-
1—heparin/HS binding and now report that the extracellular
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domain of PECAM-1 does bind heparin and HS in bio-
chemical experiments; it also binds HS on cell surfaces.
Binding is pH-sensitive, and stable binding occurs at a pH
that allows the protonation of histidines. Two expression
systems were used to express the extracellular domains of
PECAM-1, and both produced comparable data. Moreover,
domain-deletion experiments revealed that the heparin/HS-
binding regions of PECAM-1 are distinct from those involved
in homophilic binding.

MATERIALS AND METHODS

Materials. Chondroitin sulfate A from bovine trachea,
chondroitin sulfate B (dermatan sulfate) from porcine skin,
and chondroitin sulfate C from shark cartilage were from
Sigma (St. Louis, MO). Heparin and HS from porcine
mucosa was obtained from Celsus Laboratories (Cincinnati,
OH). Heparinase I, EC 4.2.2.7, was obtained from Grampian
Enzymes (Harray, Orkney, Scotland), and heparinase III, EC
4.2.2.8, was from Ibex Technologies, Inc. (Montreal, Canada).
The mouse anti-HS monoclonal antibody (mAb), HepSS-1,
was obtained from Seikagaku Corporation (Tokyo, Japan).
The anti-PECAM-1 polyclonal IgG antibody (sheep) was
obtained from R&D Systems, Inc. (Minneapolis, MN). The
anti-PECAM-1 polyclonal antibody (rabbit) was a generous
gift from Dr. Michael Berndt (then of the Baker Medical
Research Institute, Melbourne, Australia). The biotin-
conjugated anti-sheep Ig was from Zymed Laboratories (San
Francisco, CA). The control IgM antibody was from Serotec
Ltd. (Kidlington, Oxford, U.K.), and the FITC-conjugated
anti-mouse Ig and the FITC-conjugated anti-rabbit were from
Dako-Cytomation (Golstrup, Denmark).

Cell Culture. COS-7 cells (ECACC, Porton Down, U.K.)
were grown in RPMI/10% FCS and cultured using standard
methods, but immediately before transfection, the media was
replaced with RPMI/1% FCS depleted of immunoglobulin
by affinity chromatography on protein A Sepharose (Phar-
macia Corp., Skokie, IL). The human melanoma cell line
A2058 from the European Collection of Animal Cell Cultures
(ECACC) was maintained as described (22). Sulfated GAG-
deficient cells were prepared by culturing A2058 cells in
sulfate-free minimum Eagle’s medium (MEM, Sigma-
Aldrich, St Louis, MO) and 25 mM NaClO; for 48 h
essentially as described (22) but with the modification of
culturing the cells for 18 h in MEM medium with no sulfate
prior to the addition of 97.7 mg/L MgSO, (control) or
NaClOs. Cells for flow cytometry were harvested using
phosphate-buffered saline (PBS) containing 2.5 mM ethyl-
enediaminetetraacetic acid (EDTA), washed, and resuspended
in 10 mM Bis-Tris (pH 6.3) containing 150 mM NaCl and
0.5% BSA (Bis-Tris/BSA) or PBS containing 0.5% BSA.

Construction and Purification of PECAM-1-Fc Chimeric
Fusion Proteins. These constructs were a kind gift from Dr.
David Simmons (then of the Institute of Molecular Medicine,
Oxford, U.K.) and are described in detail elsewhere (23).
Briefly, the constructs were comprised of cDNA of the
various extracellular Ig domains of PECAM-1 fused to the
Fc portion of human IgG1. Constructs of a nested series of
domain deletions were produced as follows, all of which
contained NH,-terminal domain 1: domain 1-Fc (D1-Fc),
domains 1-2-Fc (D1-2-Fc), domains 1-3-Fc (D1-3-Fc), do-
mains 1-4-Fc (D1-4-Fc), domains 1-5-Fc¢ (D1-5-Fc),
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Table 1: Primers Used for PCR

Description

Sequence

5’end PECAM-1 (nt 58-78)
introducing HinDIII site

5’-CTGCTCTGTTCAAAGCTTATGs
HinDIII

3’ end PECAM-1 domain 2 (nt 684-
711) introducing “stop” codon.

5’-CTTGGGTGTCTAGAAGGATTCCGTCACGsz4

3’end PECAM-1 domain 3 (nt 970-
995) introducing “stop” codon.

5’-GATTCCAGTTCGGGCTAGGAAAATAGyy

3’ end PECAM-1 domain 6 (nt
1793 to introduced “stop”)

5’-GGGCTATGTTTTCTTCCATG 703

3’ end PECAM-1 domain 1 (nt 363-

5’-CATGAATTCCTTCCACCAACAGCTGGTACTCs¢3

390) introducing Eco R/ site EcoRl1

5’ end PECAM-1 domain 3 (nt 707- | 5’>~-ATGAATTCCCAAGTTCCACATCAGCCCCACCGGA 733
733) inc. Eco RI site EcoRl

5’ end PECAM-1 domain 4 (nt 982- | 5>~ ATGAATTCCCGAACTGGAATCTTCCTTCACA 1005

1005) inc. Eco RI site EcoRl

5’ end PECAM-1 domain 5 (nt 5’-ATGAATTCCCAGGATTTCTTATGATGCCCAGTTTG ;55
1231-1258) inc. EcoR1 site EcoRl1

5’ end PECAM-1 domain 6 (nt 5’-ATGAATTCCGGTGGATGAGGTCCAGATTTCT 55
1495-1518) inc. EcoR1 site EcoR1

and domains 1-6-Fc (D1-6-Fc). These were cloned into
pCDMS vector (Invitrogen, Carlsbad, CA) for expression in
COS-7 cells. The hinge region of these constructs was
sequenced and found to consist of the amino acids, P W K
K>TE<PKSCDKTHT C, which corresponds to
the four COOH-terminal amino acids of PECAM-1 D6 >
hinge < human IgG1 Cy2 domain. The PECAM-1-Fc fusion
plasmids were electroporated into COS-7 cells and allowed
to express for ~72 h. Cell supernatants containing the
secreted proteins were harvested, filtered, and affinity-purified
using protein A Sepharose and standard methods. Proteins
were concentrated, aliquoted, and stored at —20 °C. Sizes
of all expressed proteins were confirmed by appropriate gel
electrophoresis.

Construction and Purification of Flag-PECAM-1 Proteins.
pFlag-CMV 1 vector (Sigma-Aldrich) is designed to express
proteins with a preprotrypsin leader sequence fused to a NH,-
terminal Flag octapeptide (DYKDDDDK) for affinity puri-
fication. The human PECAM-1 ¢cDNA 5’ end was modified
by the polymerase chain reaction (PCR) to remove the native
PECAM-1 leader sequence and introduce a HinD III restric-
tion site. cDNAs for domains 1-2, 1-3, and 1-6 were
produced by PCR and subcloned into pGEM-T (Promega
Corp., Madison, WI) vector. These were digested from
pGEM with HinD III and Spe I and cloned into HinD III
and Xba 1 sites of pFlag. A NH,-terminal domain 1 (D1)
construct incorporating a 3"-end EcoR I site was also cloned
into pFlag. This was then used to make fusion constructs:
D1 fused to domain 3 (D1 plus D3), D1 fused to domains
3-6 (D1 plus D3-6), D1 fused to domains 4-6 (D1 plus
D4-6), D1 fused to domains 5-6 (D1 plus D5-6), and D1
fused to domain 6 (D1 plus D6) (Figure 4A).

The PCR strategy for obtaining these constructs was as
follows: PCR conditions were ~50 ng template, 1 uM
primers, 2.5 mM MgCl,, 150 uM dNTP mix, and 1 unit of
Taq polymerase per reaction. Cycles: denaturation at 92 °C
for 30 s, annealing at 63 °C first 3 cycles, then at 68 °C for
a subsequent 37 cycles for 60 s, and elongation at 74 °C for
60 s. The primers used are given in Table 1. All PCR
products were ligated into pGEM-T, then removed with the
appropriate restriction enzymes, and cloned into the pFlag-
domain 1 construct. All constructs were sequenced and found

to correspond to the published sequence. DNA was elec-
troporated into COS-7 cells and allowed to express for ~72
h. Supernatants were then harvested, filtered, and purified
using an anti-Flag agarose affinity column (Sigma-Aldrich)
and standard methods. Proteins were concentrated, aliquoted,
and stored at —20 °C. Sizes of all PCR products and
expressed proteins were confirmed by appropriate gel
electrophoresis.

Surface Plasmon Resonance (SPR) Analyses. SPR analyses
were performed on BIAcore 2000 (BIAcore AB, Uppsala,
Sweden). One flow cell of a streptavidin sensor chip
(BIAcore, Melbourne, Australia) was derivatized with hep-
arin (Celsus Laboratories, Cincinnati, OH) that had been
biotinylated at the reducing terminus, as previously described
(24). An increase of between 200 and 400 resonance units,
depending upon the experiment, indicated heparin had been
immobilized. A second flow cell was saturated with biotin
for use as a control surface. PECAM-1 proteins were
dissolved in 10 mM Bis-Tris, 150 mM NacCl, 0.005% Tween-
20, and 2 mM EDTA, which was adjusted to the designated
pH (usually 6.3) and injected over the heparinized and control
surfaces at a flow rate of 30 uL/min. After a 2.5 min
dissociation, the sensor surface was regenerated with 30 uLL
of 2 M NaCl. The response was monitored as a function of
time at 25 °C. For GAG or heparin oligosaccharide inhibition
experiments, Flag-PECAM-1 was mixed with the various
oligosaccharide preparations prior to injection over the
biosensor surface. Binding sensorgrams were obtained by
subtracting the response of control flow cells.

PECAM-1—Heparin Enzyme-Linked Immunosorbent Assay
(ELISA). Microtiter plates (Nunc Maxisorp, Roskilde, Den-
mark) were coated by incubation with Anti-FLAG (M2) mAb
(Sigma-Aldrich) in 100 mM NaHCOs; at pH 8.4 overnight
at 4 °C. Plates were then blocked in PBS, 0.05% Tween 20,
and 1% BSA (PBST/BSA). Flag-PECAM-1 proteins in
PBST/BSA were serially diluted across the plate (starting
concentration of 80 nM) and incubated 1 h at 37 °C.
Heparin—albumin—biotin (Sigma-Aldrich) at 50 4L (0.625
ug in 10 mM Bis-Tris at pH 6.3, 150 mM NaCl, 0.05%
Tween 20, and 1% BSA) was added to the wells, incubated
for 1 h at 37 °C and then washed with the same buffer.
Detection was by streptavidin—horseradish peroxidase (HRP)
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(Amersham Biosciences, Piscataway, NJ) in the Bis-Tris
buffer. After incubation for 1 h at 37 °C, TMB substrate
(KPL, Gaithersburg, MD) was applied, color was developed
for 30 min at room temperature and then stopped by the
addition of 1 M H3PO.4, and the plate was read at an
absorbance of 405 nM using a Wallac Victor 1420 Plate
Reader (Wallac, Turku, Finland). Controls were M2 mAb,
heparin—albumin—biotin, and streptavidin—HRP.

Flow Cytometry. A2058 cells were stained for HS using
the HepSS-1 mAb as described, except that 10 x 10* cells
per test were used (22). Cells (10 x 10*) were incubated
with Flag-PECAM-1(D1-6) or its truncations, Flag-(D1-2)
or Flag-(D1-3), at a concentration of 4.2 ug/test for 1 h at
room temperature in Bis-Tris/BSA (10 mM Bis-Tris at pH
6.3, 150 mM NaCl, and 1% BSA). Binding of the PECAM-1
proteins was visualized using an anti-PECAM-1 polyclonal
antibody (sheep), followed by biotin-conjugated anti-sheep
IgG, and streptavidin—Alexa 488. For inhibition experiments,
Flag-PECAM-1 or Flag-(D1-3) were mixed with HS or
chondroitin sulfate C (1-50 ug/test), incubated for 1 h at
room temperature, before adding to the cells and incubating
for 1 h at room temperature, and then stained as described.
Sulfated GAG-depleted cells were incubated with Flag-
PECAM-1 and stained using the rabbit anti-PECAM-1
polyclonal antibody followed by FITC-conjugated anti-rabbit
antibody. For heparinase I1I treatment, 10 x 10* cells were
incubated with 1 mIU heparinase III in RPMI/0.5% BSA
for 30 min at 37 °C before being washed with Bis-Tris/BSA,
incubated with Flag-PECAM-1, and then stained for chlorate-
treated cells. Appropriate controls were included. The
intensity of fluorescence was determined using a Coulter
EPICS XL flow cytometer (Coulter Electronics, High Wy-
combe, U.K)).

Preparation of Heparin and HS Oligosaccharides. The
enzymes heparinase I and III cleave at specific sites on the
heparin/HS chain: heparinase I at IdoA residues with
N-sulfated GlcN domains and heparinase IIT at GIcA residues
in unsulfated N-acetyl GlcN domains.

Heparin and HS were depolymerized in accordance with
the procedure described by Chai et al. (25). Briefly, heparin
or HS (5 g) and albumin (4 mg) were dissolved in 50 mL of
30 mM CH;CO;Na containing 3 mM CaCl, and adjusted to
pH 7 with 0.2 M NaHCO;. Heparinase I (2 TU) or heparinase
IIT (2 TU) was added, and the mixture was incubated at 30
°C for 16 h. The mixture was boiled for 3 min, aliquoted (5
mL), and frozen. Size-exclusion chromatography was per-
formed on two 90 x 1.5 cm glass columns connected in
series. The first column was packed with Bio-Gel P6 fine,
and the second column was packed with Bio-Gel P10 fine
(both from BioRad Laboratories, Inc., Hercules, CA). The
columns were eluted with 0.25 M NaCl at a flow rate of
0.25 mL/min using a Gilson HPLC (Middleton, WI), and
the effluent was monitored with a refractive index detector.
Data were acquired using Gilson Unipoint software. Fractions
(1 mL) adjacent to the peak maxima were pooled, lyophi-
lized, and desalted on a fast desalting column (10 x 100
mm, Amersham Biosciences) to give pools of oligosaccha-
rides of a uniform degree of polymerization (DP). The
desalted fragments were lyophilized, redissolved in water,
and stored at —20 °C. The concentration of each fragment
was determined spectrophotometrically at 232 nm in 30 mM
HCI using the extinction coefficient of 5500 mol™' cm™!.
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The size of the oligosaccharides were confirmed using
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI—MS) as described (26).

Strong anion exchange (SAX)—high-performance liquid
chromatography (HPLC) was performed on oligosaccharide
pools of uniform size. A Gilson HPLC and a 250 x 4.5 mm
Dionex (Sunnyvale, CA) Propac PA1 column were used and
maintained at 40 °C. The column was eluted at 1.0 mL/min
with a binary gradient formed from two buffers. Buffer A
was 10 mM Na,HPO, adjusted to pH 7.0. Buffer B was 10
mM Na,HPO, plus 2 M NaCl adjusted to pH 7.0. The
gradient was 10% initially for 3 min and increased linearly
to 40% at 6 min, 70% at 75 min, and 100% at 76 min, where
it was maintained for 4 min. The column was equilibrated
for 7 min between injections. The effluent was monitored at
232 nm. Fractions were pooled from several injections,
concentrated, and desalted prior to screening for Flag-
PECAM-1 binding activity. To concentrate, fractions were
diluted with water to decrease salt concentrations to below
0.4 M and passed over an anion-exchange cartridge (EconoQ,
5 mL, BioRad); after washing with 10 mL of water, the
retained oligosaccharides were eluted with 3 column volumes
of 2 M NaCl. The extracts from the cartridges were desalted
using a fast desalting column.

Rechromatography was performed at pH 3 on the ProPac
PA1 column. Buffer C was 10 mM H;PO, adjusted to pH
3, and buffer D was 10 mM H;PO, containing 2 M NaCl
and adjusted to pH 3. The gradient was varied to suit each
fraction. Fractions were desalted using the fast desalting
column.

Molecular Modeling. Molecular modeling was performed
using the homology model of PECAM-1 that was constructed
in the preceding paper (27). The docking of heparin
fragments was performed with AutoDock version 3.0 (28),
using the protocol as described in the preceding paper (27),
and the predicted free energies of binding were extracted.
Heparin fragments of DP5 and DP6 with different conforma-
tions of their iduronic acid residues were modeled. The
fragments modeled and the Protein Data Bank (PDB) codes
of the protein structures from which they were extracted are
given in Table 2. The hexasaccharide (referred to as construct
1) was built from the pentasaccharide (PDB code 2HYV)
by taking the structure of monosaccharide units B—E and
adding GIcNS6S(1 — 4)IdoA2S to the nonreducing terminus.
The GlcNS6S was in the *C; conformation, and IdoA2S was
in the !C, conformation. This disaccharide structure was
extracted from the pentasaccharide, PDB code 2HYV,
monosaccharide units B—C.

RESULTS

SPR Analysis of PECAM-1 Binding to Heparin. The six
Ig-like extracellular domains of PECAM-1 were expressed
as a Flag-tagged protein, with the Flag being placed on the
N terminus. Flag-PECAM-1 was purified by affinity chro-
matography using an anti-Flag antibody column, and purity
was checked using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS—PAGE) and silver staining. Vari-
ous concentrations of Flag-PECAM-1, at pH 6.3, were passed
over a biosensor chip, to which heparin molecules had been
coupled via their reducing termini. It is clear from Figure
1A that Flag-PECAM-1 binds well to immobilized heparin
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Table 2: Predicted Energies of Interaction of Heparin Oligosaccharides with Domains 2 and 3

Inter- Free
molecular | energy of
Oligosaccharide' PDB code energy binding
(kcal/mol) | (keal/mol)
1doA2S — GIeNS6S — 1doA2S — GIeNS6S — IdoA2S’ 1QQP .
1C4 4Cl ZSO 4Cl 25 93 -09
1doA2S® — GIeNS6S — 1doA2S — GIcNS6S — 1doA2S’ 2HYV A
'H, C, 'Cy ‘c, 'c, -19.7 -11.3
AUA2S — GIcNS6S — 1doA2S — GIcNS6S — 1doA2S — GIeNS6S* 1BFC
'H, ‘C, c, i, %, i, +4.5 +15.0
AUA2S — GIecNS6S — IdoA2S - GIeNS6S — 1doA2S — GIeNS6S’ XT3
IHZ 4C1 1c4 4CI 250 4CI -14.7 -4.1
GIeNS6S ~ 1doA2S — GIeNS6S — IdoA2S — GIeNS6S — Id(])AZSS Construct 1 184 -
Cl C4 C1 C4 C] C4 (ZHYV) -16.5 =/

’ Oligosaccharides structures are shown with the ring conformations of the monosaccharide units given below. > Monosaccharide units are identified
as A-E. 7 In the crystal structure, this residue is AUA2S. For modeling purposes, the double bond was removed but the 'H, conformation was retained.
#Monosaccharide units are identified as A-F. > Monosaccharide units are identified as A’ and A-E. The structure B—E is identical to the tetrasaccharide,

B—E, in the pentasaccharide extracted from 2HYV.

Response l
Units A.
990
790 1000 nM
590
390 500 nM
250 nM
190
125 nM

20 40 60 80 100 120 140 160 180
Time (Seconds)

Response

Units
1200
1000
800
600
400

200

0
-100

20 0 20 40 60 80 100 120 140 160 180

Time (Seconds)

FIGURE 1: PECAM-1 extracellular domains bind heparin. (A)
Various concentrations of Flag-PECAM-1 in a Bis-Tris saline buffer
at pH 6.3 were passed over the heparin-coupled biosensor surface,
and sensorgrams were generated. Arrows indicate the beginning
and end of the protein injection. (B) Flag-PECAM-1 (1 uM) binding
to immobilized heparin is blocked by HS. The protein is premixed
with HS prior to injection. Bold black curves, Flag-PECAM-1 with
no inhibitor; gray curve, Flag-PECAM-1 plus 2.5 uM HS; and
dotted curve, negative control, Flag-PECAM-1 on the control
surface with no immobilized heparin. Subtracted binding curves
are shown. Different heparin-coupled biosensor chips were used
for A and B.

under these conditions. Moreover, the binding of this
PECAM-1 protein to immobilized heparin is blocked by HS
when the protein is premixed with HS prior to injection over
the biosensor surface. No binding of the HS containing buffer
was detected (Figure 1B).

Some proteins have a pH optimum for binding GAGs that
is not neutral, but because of the local conditions in the
tissues, this is physiologically relevant and may serve to
regulate the activity of the GAG-binding protein (29).
Accordingly, the binding of Flag-PECAM-1 to immobilized
heparin was examined using buffers of different pH, but the
Flag-PECAM-1 sample tested and the heparin-coupled
biosensor chip remained the same. The data indicate that
Flag-PECAM-1 binds heparin well at a slightly acidic pH,
whereas binding at pH 7.4 is markedly reduced. Binding
curves obtained at pH 6.3 and 7.4 are shown for comparison
in Figure 2.

To confirm that Flag-PECAM-1 binding to heparin was
not an artifact of the expression system, the extracellular
domains of PECAM-1 were also expressed as a fusion
protein with the Fc and hinge region of human IgG1 fused
to domain 6 (PECAM-1-Fc). This protein was expressed in
COS-7 cells and purified by affinity chromatography on
protein A columns. In solution, these proteins dimerize via
the Fc tail. This has the effect of increasing the response
units recorded upon SPR analysis, and as expected, PECAM-
1-Fc bound well to the heparin-coupled biosensor chip at
pH 6.3 (Figure 3A).

Specific Domains of PECAM-1 Are Critical of Heparin
Binding. A series of domain deletions of PECAM-1 were
constructed and expressed in the Fc-tail expression system.
These proteins all contained the N-terminal domain 1, but
successive domains from the transmembrane region were
deleted to give proteins containing domains 1-5, 1-4, 1-3,
1-2, and 1. These proteins bind to immobilized heparin with
varying efficacy depending upon the domains expressed. In
particular, domain 1-Fc failed to bind (Figure 3C) and
domain 1-2-Fc bound poorly (data not shown), whereas all
of the other fusion proteins had binding activity. Binding
curves for domain 1-3-Fc are also shown in Figure 3B.

A second set of domain deletions was prepared in the Flag
expression system. Because the data indicated that domain
1 did not contain a heparin-binding region, most constructs
contained domain 1 to facilitate expression and export from
the COS-7 cells. A cartoon of the proteins expressed is given
in Figure 4A. The ability of these proteins to bind heparin
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FIGURE 2: PECAM-1 binding to heparin is pH-dependent. Various
concentrations of Flag-PECAM-1 in a Bis-Tris saline buffer
adjusted to (A) pH 6.3 or (B) pH 7.4 were passed over the heparin-
coupled biosensor surface, and sensorgrams were generated.

was examined using an ELISA, where an anti-Flag antibody
(M2) was used to immobilize the Flag-PECAM-1 proteins
to the wells of ELISA plates and the binding of excess
heparin—albumin—biotin (HAB) was determined. These data
suggested there are two regions on PECAM-1 that are
involved in heparin binding (Figure 4B). HAB binding to
Flag-domains 1-3 (D1-3) was comparable to the binding
observed when Flag-PECAM-1 (all 6 domains) was im-
mobilized. In contrast, Flag-domains 1-2 was unable to
support HAB binding, but Flag-domain 1 fused to domain 3
(D1 plus D3), supporting some binding. These data suggest
that one region of heparin binding involves both domains 2
and 3. There appears to be a second heparin-binding site,
which involves domains 5 and 6 as Flag-D1 fused to domains
5-6 (D1 plus D5-6) bound HAB, but not to the same extent
as Flag-PECAM-1, and Flag-D1 fused to domain 6 (D1 plus
D6) did not support binding. Flag-D4-6 also supported HAB
binding but less well than Flag-D1 plus D5-6 (Figure 4B).

PECAM-1 Binds Specifically to HS on Melanoma Cell
Surfaces. A2058 melanoma cells express high levels of HS
on their cell surfaces as revealed by the signal measured by
flow cytometry of cells stained with the anti-HS antibody,
HepSS-1. HS synthesis can be disrupted by treating cells
with chlorate, an inhibitor of ATP sulfurylase and, subse-
quently, the production of PAPS, the active donor for
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FIiGURE 3: PECAM-1-Fc fusion proteins bind heparin differently
depending upon the Ig domains expressed. Various Ig domains of
PECAM-1 were expressed with the Fc and hinge region of human
IgG1 fused to the carboxyl terminus. Proteins were purified and
tested for binding to heparin immobilized on a biosensor chip using
Bis-Tris saline buffer at pH 6.3. (A) D1-6-Fc, full-length extra-
cellular domains fused to the Fc region; (B) D1-3-Fc, domains 1-3
fused to the Fc region; and (C) D1-Fc, domain 1 fused to the Fc
region. The protein concentrations shown are from the top: 250,
125, 62.5, 31.3 (omitted for clarity in C), 15.6, and 7.8 nM.

sulfotransferases. Chlorate treatment decreased reactivity to
the HepSS-1 antibody by 81% (data not shown), indicating
that cells treated with chlorate do not have correctly sulfated
HS on their surfaces. The binding of Flag-PECAM-1 to
untreated and chlorate-treated A2058 cells was very different.
Flag-PECAM-1 produced a positive signal, well above that
of the negative control, when reacted with untreated cells,
but after chlorate treatment, the signal resembled that of the
negative control (Figure 5A). Heparinase III treatment of
melanoma cells similarly caused a very marked decrease in
Flag-PECAM-1 binding to these cells (Figure 5B). Mixing
Flag-PECAM-1 with HS prior to reacting it with A2058 cells
blocked its binding, and the extent of inhibition was
dependent upon the concentration of HS used. In contrast,
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FIGURE 4: Flag-PECAM-1 domains bind heparin differently. (A) Series of domain deletions in which a Flag tag was attached to the N
terminus (usually domain 1) that were expressed. (B) Binding to heparin was determined using an ELISA with Bis-Tris saline (pH 6.3) as
the binding buffer. Flag-domains were immobilized using the anti-Flag mAb M2. Flag-domains were serially diluted from 80 nM, and
HAB was in excess. Biotin was detected using streptavidin—HRP. Mean + standard errors of three independent experiments are shown.
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FIGURE 5: Flag-PECAM-1 binds to HS on melanoma cell surfaces. A2058 cells were treated with either (A) chlorate or (B) heparinase III,
and binding of Flag-PECAM-1 was visualized using an anti-PECAM-1 polyclonal antibody and FITC-anti-rabbit Ig antibody with detection
by flow cytometry. Negative control: no Flag-PECAM-1 but first and second antibodies. Untreated and treated cells are shown. (C) Flag-
PECAM-1 mixed with HS (10 ug/test) or chondroitin sulfate C (ChS) (10 ug/test) or without inhibitor was reacted with A2058 cells,
and PECAM-1 binding was detected using an anti-sheep polyclonal antibody, anti-sheep Ig-biotin, and streptavidin—Alexa 488. (D) Flag-
PECAM-1 (50 nM) was mixed with various GAGs prior to injection over the heparin-coupled biosensor surface. Response units taken at
the point when injection ceased are graphed. Means =+ standard errors of three replicates are shown. Chondroitin sulfate C (a), chondroitin
sulfate A (A), dermatan sulfate (<), heparin (@), and HS (O).

chondroitin sulfate C had little effect on Flag-PECAM-1
binding (Figure 5C).

Flag-D1-3 was seen to bind to A2058 cells in a fashion
resembling that of the protein containing the entire extra-
cellular region, Flag-PECAM-1. A clear positive signal,
approximately 5 times that of the negative control, was
obtained when Flag-D1-3 was reacted with A2058 cells; in
contrast, Flag-D1-2 bound very poorly (Figure 6A). The
binding of Flag-D1-3 to A2058 cells could be blocked by

soluble HS but not by an equal concentration of chondroitin
sulfate C (Figure 6B). A similar pattern of specificity was
obtained using SPR (Figure 5D). Chondroitin sulfate C did
not inhibit binding, even at high concentrations. Chondrotin
sulfate A was similar, and chondroitin sulfate B (dermatan
sulfate) had slight inhibitory activity at high concentrations.
In contrast, both heparin and HS were very effective
inhibitors of binding. Collectively, these data indicate that
PECAM-1 binds preferentially to heparin/HS-type GAGs.
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FIGURE 6: Flag-(D1-3) binding to melanoma cell surfaces is blocked
by HS. (A) Flag-(D1-3) and Flag-(D1-2), both at 4.2 ug/test were
reacted with A2058 cells, and (B) Flag-(D1-3) mixed with HS (50
ugltest) or chondroitin sulfate C (ChS) (50 ug/test) or without
inhibitor was reacted with A2058 cells. Binding was visualized
using an anti-sheep polyclonal antibody, anti-sheep Ig-biotin, and
streptavidin—Alexa 488, with detection by flow cytometry. Negative
control: no Flag-proteins but first and second antibodies. Shown
are representatives of three separate experiments.

Heparin Fragments DP12 in Length Contain Particular
Heparin Structures That Are Recognized by PECAM-1.
Heparin fragments were obtained by partial heparinase I
digestion of full-length heparin, and separation of the digested
products into pools of the same degree of polymerization
(DP) was achieved by gel-filtration chromatography. Pools
of fragments of size DP4, DP6, DP§, DP10, DP12, DP14,
DP16, DP18, and DP20 were obtained. The DP fragment
pools were each tested for their ability to inhibit Flag-
PECAM-1 binding to heparin immobilized on a biosensor
chip. These experiments indicated that the DP12 fragment
pool and fragment pools of longer oligosaccharides contain
sufficient heparin structures that are recognized by PECAM-1
to inhibit Flag-PECAM-1 from binding (data not shown).
The DP12 fragment pool was further fractionated by SAX
chromatography to reveal the structural heterogeneity of this
pool (Figure 7A). Various subfractions, as indicated in Figure
7A, were collected and tested for their ability to inhibit Flag-
PECAM-1—heparin binding in the SPR assay. The best
inhibitory activity was seen in subfractions DP12.2 and
DP12.8. These subfractions were subjected to a further round
of SAX chromatography but were eluted with a shallower
salt gradient. This revealed additional structural heterogeneity
(Figure 7B), and the fractions indicated in Figure 7B were
screened as before for their ability to inhibit Flag-PECAM-1
binding to immobilized heparin. From these data, two of the
fractions that had greater activity than their parent subfraction
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were selected for use in titration experiments. The results of
the titration experiments are shown in Figure 7C, and these
data indicate that, as the purity of the fractions increases,
the inhibitory activity of the fractions also increases. In both
cases, lower concentrations of the more pure fractions were
required to inhibit binding. Thus, it appears that particular
heparin structures are recognized by PECAM-1.

Heparinase Il Digestion of HS Produces Fragments That
Are Efficiently Recognized by PECAM-1. Because specific
structures were recognized by Flag-PECAM-1 from the
heparinase I heparin digest, it was argued that possibly a
heparinase III digest of HS would produce fragments that
contained sulfation motifs recognized by PECAM-1 given
that heparinase III cleaves at GIcA residues in unsulfated
N-acetyl GIcN domains. Indeed, a pool of DP12 HS
oligosaccharides prepared by heparinase III digestion was
found to inhibit Flag-PECAM-1 from binding to heparin
immobilized on a biosensor chip more efficiently than the
DP12 pool prepared by heparinase I digestion of heparin.
Sensorgrams comparing Flag-PECAM-1 binding in the
presence of the HS DP12 pool indicated that on a molar basis
this material inhibits as effectively the parent HS (Figure
8). Moreover, preliminary data are suggesting that a DP8
pool of this material is similarly effective (data not shown).

Modeling of the Binding of Heparin Fragments to Do-
mains 2 and 3 of PECAM-1. The preceding paper (27)
describes docking simulations of various GAG fragments to
the extracellular domains of PECAM-1. This work has
indicated that a heparin pentasaccharide binds most strongly
to a region that involves domains 2 and 3. Because particular
heparin/HS fragments were more effective than others at
blocking PECAM-1 from binding to immobilized heparin,
further modeling of the interactions with domains 2 and 3
of a number of DP5 and DP6 structures containing iduronic
acid residues in different conformations was performed.
Docking of oligosaccharides smaller than a pentasaccharide
suggested that these bound poorly to this region (data not
shown). Of the two pentasaccharides docked [extracted from
PDB structures 1QQP (30) and 2HYV (31)], the one from
2HYV, in which the iduronic acid, residue A, is in the 'H,
conformation and iduronic acids C and D are in the 'Cy4
conformation, had the lowest free energy of binding (Table
2). The pentasaccharide from 1QQP differs from that of
2HYV in that the IdoA2S in position C is in the 2S,
conformation, which leads to a different glycosidic torsion
angle, and consequently, this fragment lacks the significant
interactions between GIcNS6S in position B and the protein
surface seen with the pentasaccharide of 2HY'V [see preced-
ing paper (27)].

Modeling of the hexasaccharides also suggested that
structural features of the uronic acids were important for
binding. A hexasaccharide extracted from PDB structure
IBFC (32), having a AUA2S as residue A in the 'H,
conformation and an IdoA2S in a 2S, conformation as residue
E, failed to bind because none of the docked binding poses
showed a good fit between the sulfates and the basic amino
acids identified as the GAG-binding site in domains 2 and
3. The hydroxyl of the GIcNS6S, residue B, made a hydrogen
bond with the side chain of Lys 255, and the 6-O-sulfate
made electrostatic interactions with His 239; however, most
of the 2-O-sulfate groups on the IdoA2S residues protruded
away from the protein surface. Docking results using the
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FIGURE 8: DP12 fractions prepared by heparinase III cleavage of
HS are as effective as full-length HS in blocking Flag-PECAM-1
from binding to heparin coupled to a biosensor flow cell surface.
Flag-PECAM-1 (1 uM) in Bis-Tris saline buffer at pH 6.3 was
mixed with either DP12 HS fragments (2.5 uM) or full-length HS
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PECAM-1 plus full-length HS (black solid line), and negative
control of Flag-PECAM-1 interacting with a control flow cell
surface (solid gray line) are shown.

20 0 40

hexasaccharide structure from 1XT3 (33) indicated that it
had fewer electrostatic interactions and hydrogen bonds than
the pentasaccharide from 2HYV (37). This is reflected in
the predicted small free energy of binding of the top-ranking

binding pose (Table 2). In the hexasaccharide from 1XT3,
the IdoA2S in residue E is in the 2S, skew-boat conformation.
Construct 1 was a hexasaccharide made to include the
tetrasaccharide B—E from 2HY V. The docking of construct
1 was performed with restrained interglycosidic torsions but
flexible substituents. The free energy of binding was cor-
rected to account for the missing rotational entropy with
respect to the docking of saccharides with full conformational
freedom. The predicted binding mode of construct 1 was
similar to that of the pentasaccharide fragment from which
it was constructed, with a root-mean-square deviation (rmsd)
of 0.759 A. Interestingly, the systematic docking procedure
did not identify an energetically favored binding mode upon
flexible docking, although there is no steric hindrance to
construct 1 interacting with domains 2 and 3. Docking
calculations performed using both methods identified the
same binding mode but produced different internal energies
of interaction. Despite its greater length, construct 1 makes
the same interactions with domains 2 and 3 through its last
five residues (A-E) as the parent structure from 2HY'V [see
preceding paper (27)], with the N-sulfate of residue A’
establishing an electrostatic interaction with the protonated
N in His 253 (Figure 9). However, the 6-O-sulfate on
saccharide A’ points away from the protein surface and hence
does not produce any increase in binding affinity.
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FIGURE 9: Predicted binding mode of the heparin hexasaccharide
(construct 1) to Ig domains 2 and 3 of PECAM-1. The interactions
between the hexasaccharide fragment and the protein are similar
to those predicted to be important for the binding of the pentasac-
charide fragment extracted from 2HYV, with the additional
saccharide, A’, interacting with His 253. Amino acids involved in
the interaction are highlighted.

DISCUSSION

The aim of this study was to revisit whether PECAM-1 is
able to bind GAGs of the heparin/HS family in a way that
has physiological relevance. Here, we have used two quite
different protein expression systems to produce the extra-
cellular domains of PECAM-1, and the data obtained for
heparin/HS binding are comparable for both types of
PECAM-1 proteins. Our data clearly demonstrates that
PECAM-1 can bind to heparin and HS in biochemical
experiments and to HS on cell surfaces. Binding occurs
optimally at a pH that is slightly acidic, as is the case for a
number of other proteins that bind heparin/HS by a site that
includes one or more histidines (29). The data suggest that
PECAM-1 recognizes heparin/HS structures that have a
particular pattern of sulfation, and molecular modeling
studies highlight the importance of the conformation of IdoA
residues in the GAG structure that binds.

PECAM-1 joins a growing number of proteins that bind
heparin/HS under slightly acidic conditions, including avidin,
granulocyte-macrophage colony-stimulating factor (GM-
CSF), mast-cell tryptase, clusterin, histidine—proline-rich
glycoprotein, the nonfribrillar form of S-amyloid peptide,
and vascular endothelial growth factor (VEGF) (22, 34-39).
It is well-known that at sites of tissue damage or inflamma-
tion the local pH can drop well below neutral. This is
attributed to a local increase in lactic acid production, which
is caused by the anaerobic glycolysis of infiltrating neutro-
phils. The pH of fluids drained from inflammatory sites
indicates an extracellular pH as low as 6.1 (40). Hypoxia or
ischemia is also associated with local acidosis. The prefer-
ential binding of proteins to HS under acidic conditions may
have a regulatory role. The pH-dependent binding of VEGF
to HS in the extracellular matrix is believed to facilitate the
establishment of a VEGF gradient to direct and stimulate
the growth of new blood vessels into hypoxic or ischemic
regions in tissues (41).

It is likely that the pH dependency of the interaction of
PECAM-1 with HS also serves to regulate the function of
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the protein. It has been demonstrated that a deficiency in
endothelial HS impairs neutrophil trafficking in response to
inflammation (42). Similarly, the loss of the basement
membrane HS proteoglycan perlecan impairs early monocyte/
macrophage influx following renal ischemia and subsequent
reperfusion (43). Ischemia/reperfusion damages the endot-
helium, thereby exposing the microvascular basement mem-
brane. Although in both cases the contribution of HS was
explained in terms of its role as a chemokine and L-selectin
ligand, it is probable that the binding of HS to PECAM-1
on leukocytes also acts to regulate cellular infiltration of
inflamed sites. Tumor microenvironments are commonly
acidic, with pH values as low as 5.5 being recorded. The
demonstration that PECAM-1 can bind to HS on melanoma
cell surfaces suggests that endothelial PECAM-1 could
contribute to melanoma cell intra- and extravasation during
metastasis.

The literature on the possible interaction of PECAM-1 with
heparin/HS has been confused. The early studies supported
such an interaction (/4, 15), citing the motif in Ig domain 2,
LKREKN, which loosely resembles a GAG-binding con-
sensus sequence as proposed by Cardin and Weintraub (44).
A number of papers suggesting that the cytoplasmic tail
controls whether PECAM-1 engages in homo- or heterophilic
binding events followed. In these studies, deletions in exon
14 or alternative splicing events, which eliminated exon 14,
were seen to direct PECAM-1 to heparin-independent
homophilic adhesion as determined by aggregation assays
of transfected and nontransfected L cells (20, 21, 45). A
further study examined the adhesive properties of multivalent
(PECAM-1/Ig chimeric proteins and PECAM-1 proteolipo-
somes) and monovalent PECAM-1, and no evidence for
GAG binding was obtained. It was concluded that GAGs
indirectly affect PECAM-1-mediated cell—cell adhesion by
inhibition of events downstream of PECAM-1-binding events
198).

The present study clarifies the confusion. PECAM-1 does
bind GAGs of the heparin/HS family, but this binding is pH-
sensitive. Both the dimeric PECAM-1-Fc fusion protein and
Flag-PECAM-1 bound heparin in SPR assays and HS on
cell surfaces at a pH below 6.5. Our PECAM-1-Fc fusion
proteins do not contain the basic hinge region deemed
necessary for heparin binding by Sun et al. (/8). Moreover,
the Flag-tagged proteins terminate at the end of domain 6.
Thus, the heparin/HS binding described in this study is not
an artifact of the protein-expression systems used. The
domain deletion studies using both expression systems have
identified the prime GAG-binding site as requiring both
domains 2 and 3. The binding data indicate that domain 2
on its own is not sufficient for stable PECAM-1-heparin
binding, but when domain 2 and domain 3 are expressed
together, binding occurs. This conclusion is supported by
the modeling study described in the preceding paper (27).
The modeling suggests that the heparin-binding site involves
residues in and around the Cardin and Weintraub GAG-
binding consensus motif in domain 2, particularly, K176,
L177, and R179, but also the basic residues H239, K255,
and H253 of domain 3 (numbering system from Swiss-Prot
P16284). The involvement of two histidines in the GAG-
binding site detected by molecular modeling is in direct
agreement with the biochemical evidence regarding the pH
dependency of heparin binding. Data described in this present
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study and the modeling study also support a second, less
important heparin-binding region that involves domains 5
and 6, but more work needs to be performed to verify this.
Interestingly, both GAG-binding regions are distinct from
sites described as involved in PECAM-1 homophilic binding
1.

Heparin and HS are mixtures of linear chains that are
extremely structurally diverse. The chains differ in length,
in monosaccharide sequence, and in patterns of sulfation.
GAG:s of this family are composed of repeating disaccharide
units consisting of a hexuronic acid linked to a glucosamine;
the uronic acid is either a 5-D-glucuronic acid (GlcA) or an
a-L-iduronic acid (IdoA). All of these components can occur
as unmodified saccharides, or they may be sulfated at various
positions. It is the three-dimensional structure of the heparin
or HS chain and the pattern of the negative charge that is
presented that determines whether a particular heparin/HS
fragment will bind a protein (29). Some proteins bind very
particular motifs within heparin/HS chains, whereas others
are more promiscuous. The possibility that PECAM-1 may
bind to particular heparin/HS structures was explored.

Heparin fragments were produced by cleaving with he-
parinase 1. This enzyme cleaves at highly sulfated regions
of the GAG chain; therefore, the fragments are likely to have
highly sulfated termini, but internal saccharides may not be
fully sulfated. The screening analysis revealed that, within
a pool of DPI2 fragments, a small subpopulation of
fragments bound better to PECAM-1 than others and, as these
fragments were purified, the apparent activity of these
structures increased with purification. The fragments pro-
duced by heparinase III cleavage of HS should have a
structure whereby the internal saccharides are highly sulfated
(possibly consisting of repeats of the trisulfated disaccharide),
while the terminal saccharides carry less sulfates. It appears
that the HS fragments contain a greater PECAM-1-binding
activity within smaller fragments than that observed with
the heparin fragments. In particular, DP12 HS fragments
were as effective as full-length HS at blocking binding to
immobilized heparin, and preliminary experiments with DP8
fragments are indicating similar levels of activity for these
fragments. The need for a highly sulfated motif is supported
by the modeling studies. Collectively, these data suggest that
the PECAM-1-binding motif is highly sulfated, that certain
sulfation patterns are preferred for binding, and that the
natural binding motif is DP8 or smaller. Other heparin/HS-
binding proteins have also demonstrated a preference for
certain sulfation patterns while binding others with lower
affinities; for example, FGF-1 binds a number of structures
but with graded affinities (46). It is likely that the affinity of
PECAM-1 interactions with various heparin/HS structures
will also be graded.

Interestingly, chondroitin sulfates A and C failed to show
evidence of PECAM-1 reactivity in the SPR assay and the
melanoma cell binding assay. This pattern of reactivity is
consistent with that seen in our earlier study (/5) and with
the modeling described in the preceding paper (27). It appears
that chondroitin sulfate B (dermatan sulfate) fragments may
bind but markedly less well than heparinoid fragments. This
points to the importance of IdoA residues in the saccharide
structure, probably because of their flexibility.

In solution, the IdoA residues of heparin and HS oscillate
between the 'C, and the %S, conformations and the equilib-
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rium between these conformations is very rapid, indicating
a very low energy barrier between the two forms. The
equilibrium between these two IdoA forms lies toward the
'C4 when it occurs as an internal residue in a heparinoid
chain (47). Nevertheless, it may be expected that, when
interacting with a protein, the protein will cause this
equilibrium to be perturbed and therefore select the confor-
mation that is most energetically favored for a stable
interaction. Experimental evidence for this conclusion exists
for antithrombin III and FGF-2 interactions with heparin
structures (29). The modeling method used here does not
allow for any oscillation between the two IdoA forms, but
we have modeled structures where the IdoA residues have
been fixed in different conformations. These studies suggest
that uronic acid isomers of IdoA in the 'C, chair configu-
ration favor binding to domains 2 and 3 of PECAM-1.

The modeling also suggests that structures as small as a
pentasaccharide can bind to domains 2 and 3, but no
experimental evidence of this has been obtained. The
comparison between the pentasaccharide from 2HYV and
the hexasaccharide, construct 1, which includes the tetrasac-
charide from the 2HY'V structure, suggests that key interac-
tions occur between six sulfates in the 2HY'V structure, and
although saccharide A” of construct 1 established an ad-
ditional electrostatic interaction with His 253, no increase
in binding affinity was recorded. Clearly, the free energies
calculated from such a modeling study are an approximation
of the natural situation and are dependent upon the config-
uration of the PECAM-1 domains that have been constructed
in the model. These calculations assumed a closed config-
uration of domains 2 and 3 (27); it is likely that in nature
these two domains may not always be in such close
proximity.

This study clearly demonstrates that PECAM-1 does bind
heparin/HS structures under conditions of mild acidosis that
occur at sites of inflammation and in tumor microenviron-
ments or following prolonged ischemia. Further studies are
required to determine whether motifs more selective than
the repeating trisulfated disaccharides that were modeled are
recognized by PECAM-1 and whether these motifs are
located on specific cells or tissues. Nevertheless, it is likely
that the binding of PECAM-1 to HS in vivo is controlled by
both the local pH and the particular HS structures that bind
most favorably. Because the GAG-binding sites are distinct
and removed from those regions required for PECAM-1
homophilic interactions, it is possible that in vivo the two
types of binding, HS-PECAM-1 heterophilic binding and
PECAM-1 homophilic binding, could occur at tissue loca-
tions and under disease conditions, where local acidosis is
prevalent. Indeed, leukocyte infiltration of inflamed tissues
is likely to be regulated by both types of PECAM-1-binding
events. A review of the functions of PECAM-1 in the light
of these findings is desirable.
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