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Glycosaminoglycans: 1. Molecular Modeling Studies†
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ABSTRACT: Platelet endothelial cell adhesion molecule 1 (PECAM-1) has many functions, including its
roles in leukocyte extravasation as part of the inflammatory response and in the maintenance of vascular
integrity through its contribution to endothelial cell-cell adhesion. PECAM-1 has been shown to mediate
cell-cell adhesion through homophilic binding events that involve interactions between domain 1 of
PECAM-1 molecules on adjacent cells. However, various heterophilic ligands of PECAM-1 have also
been proposed. The possible interaction of PECAM-1 with glycosaminoglycans (GAGs) is the focus of
this study. The three-dimensional structure of the extracellular immunoglobulin (Ig) domains of PECAM-1
were constructed using homology modeling and threading methods. Potential heparin/heparan sulfate-
binding sites were predicted on the basis of their amino acid consensus sequences and a comparison with
known structures of sulfate-binding proteins. Heparin and other GAG fragments have been docked to
investigate the structural determinants of their protein-binding specificity and selectivity. The modeling
has predicted two regions in PECAM-1 that appear to bind heparin oligosaccharides. A high-affinity
binding site was located in Ig domains 2 and 3, and evidence for a low-affinity site in Ig domains 5 and
6 was obtained. These GAG-binding regions were distinct from regions involved in PECAM-1 homophilic
interactions.

Platelet endothelial cell adhesion molecule 1 (PECAM-
1)1/cluster determinant 31 (CD31) is a member of the cell
adhesion molecule (CAM) subgroup of the immunoglobulin
(Ig) superfamily and is expressed on the surface of circulating
platelets, monocytes, neutrophils, and certain T-cell subsets
(1). PECAM-1 is implicated in numerous functions, including
the transendothelial migration of leukocytes (diapedesis),
angiogenesis, integrin activation, suppression of apoptosis,

and platelet aggregation (1). PECAM-1 has been mapped to
region 17q23 on chromosome 17. Its mRNA is highly
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expressed in the kidney, lung, and trachea and, at lower
levels, in the brain, heart, and liver. It is not expressed by
fibroblasts, epithelial cells, or red blood cells (2). PECAM-1
is an important glycoprotein target in drug-induced immune
thrombocytopenia (3) and has clinical importance in patho-
logical disorders, such as cancer, thrombosis, and inflam-
matory and infectious diseases (4–6).

The 130 kD translated sequence of PECAM-1 contains
six extracellular C2-type Ig-like domains, one transmembrane
domain, and a 118 amino acid cytoplasmic domain (Figure
1) (1, 4, 5). PECAM-1 is differentially glycosylated, having
both N- and O-linked glycosylation sites (7). Other post-
translational modifications of PECAM-1 include palmitoy-
lation of Cys 595 (8) and phosphorylation of the cytoplasmic
tail (9). Its cytoplasmic tail becomes phosphorylated on serine
and tyrosine residues following cellular activation, creating
binding sites for SHP-2 (Src homology 2-containing tyrosine
phosphatases) and perhaps other cytosolic signaling mol-
ecules (9). There are several PECAM-1 variants, which arise
from alternative splicing of exons encoding either the
transmembrane or cytoplasmic domain (2). These PECAM-1
variants are expressed in a cell-type and species-specific
pattern in the human, rat, and mouse (2).

Five of the six C2-type Ig domains in PECAM-1 comprise
a �-sandwich made of seven antiparallel � strands joined
with a Greek key topology. Domain 5 is incomplete, having
� strands that form only one side of the sandwich (10). The
key feature of a C2 Ig fold is a core structure formed by
two � sheets packed face to face. This structure is the key
feature of cell adhesion molecules of the Ig superfamily, and
it has been shown to be involved in a variety of cell-cell
interactions (11). Six disulfide bridges are present in the Ig
domains of human PECAM-1, along with nine consensus
N-glycosylation sites; glycosylation accounts for about 20%
of the apparent molecular size of PECAM-1. The major
structural features of the Ig domains of human PECAM-1,
as described in Swiss-Prot (P16284), are given in Table S1
in the Supporting Information.

The interactions of PECAM-1 with its ligands are complex.
PECAM-1 engages in both homophilic (antiparallel inter-
digitation of opposing PECAM-1 molecules on adjacent
cells) (12) and heterophilic (binding to other ligands) binding
events, depending upon the conditions of the interaction and
the ligands available (1). PECAM-1-PECAM-1 interactions
can be both cis (interactions between adjacent PECAM-1
molecules in the same membrane) and trans (interactions
between two PECAM-1 molecules in distinct membranes)
associations (13, 14). PECAM-1 trans homophilic interac-
tions require Ig domain 1 (15) and residues Asp 38, Asp 60,
Lys 77, Asp 78, and Lys 116 (amino acid numbering from
SWISS-PROT)havebeenimplicatedinthisbinding(13,16,17).
Human-mouse chimeric studies have suggested that these
homophilic interactions of PECAM-1 are species-specific
(17). Moreover, antibodies that recognize the epitope
“CAVNEG” in Ig domain 6 have been shown to enhance
homophilic adhesion (18).

A number of heterophilic ligands have been proposed for
PECAM-1. These include the integrin Rv�3, CD38, a 120
kDa ligand on T cells, the neutrophil antigen CD177, and
heparan sulfate (HS) chains (19–22). These heterophilic
interactions may be the result of the direct binding of
PECAM-1 to another molecule or the result of secondary
interactions mediated by non-PECAM-1 molecules, whose
activation is PECAM-1-dependent. These molecules are
believed to bind regions encompassing Ig domains 1–3 of
PECAM-1 (19–23). PECAM-1 has been also reported to
have high-affinity binding sites for Mn2+ cations, involving
acidic residues in region 463–475 of Ig domain 5 and a
cluster of acidic residues in regions 512–522 and 561–576
(amino acids numbered according to SWISS-PROT) in Ig
domain 6 (24).

A number of studies have suggested that cell surface
glycosaminoglycans (GAGs) act as ligands for PECAM-1
(22) by binding to a GAG consensus binding sequence (L-
K-R-E-K-N) in Ig domain 2 (22). Interestingly, a similar
GAG recognition sequence (residues 131–148) is located in
loop 2 of Ig domain 2 of the neural cell adhesion molecule
(NCAM), a heparin, and HS-binding protein (22, 25). The
crystal structures of NCAM Ig domains forming zipper
adhesion complexes (a dimerization pattern where at least
two monomers are intertwined) reveal that heparin and HS-
binding sites are solvent-exposed, suggesting that the as-
sociation of NCAM with hetero- and homophilic ligands may
occur simultaneously (26, 27). Experimental data have
suggested that PECAM-1 could mediate L-cell aggregation
by binding in a heterophilic fashion to HS on cell surfaces.
Cell aggregation was blocked by iduronic acid-containing
GAGs, including heparin, HS, and dermatan sulfate (weakly
effective), but not by hyaluronic acid or the chondroitin
sulfates; it was concluded that PECAM-1 bound iduronic
acid containing GAGs (22, 28). However, others have argued
that cell-surface GAGs are not ligands for PECAM-1 (29).

In the past decade, extensive X-ray crystallography, site-
directed mutagenesis, and molecular modeling studies have
provided an accurate structural characterization of several
GAG fragments with biological activity, in either solution
or their bioactive conformations bound to their target
proteins (30–34). These studies have advanced the under-
standing of the molecular basis of GAG-protein interactions
in the regulation of various physiological processes. Given
the multiple activities of PECAM-1, an understanding of the
nature of its interactions with all of its possible ligands is
important because of the potential for PECAM-1 to become
a drug target. In contrast to other heparin-binding proteins,
the crystal structure of PECAM-1 has not yet been deter-
mined, either on its own or in a complex with heparin
fragments. Here, we report the construction of a structural
model of the extracellular domains of PECAM-1, the location
of predicted sulfate-binding regions in PECAM-1 domains,
and the modeling of various GAG fragments interacting with
PECAM-1 domains.

FIGURE 1: Structural organization of the domains of PECAM-1. The line indicates the relative positions of the amino acids with various
structural features of PECAM-1 located in Table S1 in the Supporting Information. Ig, Ig-like domains; TM, transmembrane domains;
ITIM, immunoreceptor tyrosine-based inhibitory motifs.

4852 Biochemistry, Vol. 47, No. 17, 2008 Gandhi et al.



MATERIALS AND METHODS

Homology Modeling of PECAM-1. Sequences of the
human, mouse, rat, and porcine PECAM-1 and alternatively
spliced PECAM-1 isoforms were retrieved from the SWISS-
PROT protein sequence database. Multiple sequence align-
ments were performed with ClustalW (35) using BLOSUM
matrices to quantify the sequence similarity between indi-
vidual subunits of PECAM-1 in different species and
isoforms. A PSI-BLAST (36) search against the Protein Data
Bank (PDB) was performed to find sequences that were
homologous with human PECAM-1 to identify proteins of
known structure that can be used as a global template for
homology modeling. Different sequence and secondary-
structure prediction algorithms [PredictProtein (37) and
PSIPRED (38)] were also used to predict the structure of
residues comprising the subunits. The Ig-domain sequences,
as classified by SWISS-PROT (see Table S1 in the Sup-
porting Information), were submitted to the fold-recognition
servers Phyre (39) (a successor algorithm of 3D-PSSM) and
CBS Meta Server (40).

Alignments of the Ig domains of PECAM-1 with crystal
structures of known Ig folds using LALIGN/PLALIGN (41)
and PAM 120 matrices were performed. This expands earlier
work using sequence-similarity searches only (10, 42, 43)
and allowed us to include new structural information
available from time to time in the subsequent stages of our
modeling studies. The statistical significance of an alignment
was computed by aligning the two sequences and then
shuffling the second sequence between 200 and 1000 times
using the PRSS module (41).

A preliminary sequence analysis with the sequences of
PECAM-1 and its relatives was performed to investigate
evolutionary relationships. The alignment between the PE-
CAM-1 sequence and the template obtained from Phyre (39)
was used to build the global alignment. The signal, trans-
membrane, and cytoplasmic regions were not modeled
because of a lack of proper protein folds. The amino acid
numbering from SWISS-PROT was used.

Structure construction, assignment of six disulfide bridges,
optimization, and visualization were performed using the
molecular-modeling package DS Modeling 1.7 (Accelrys,
Inc.). Loops were built using the loop-modeling protocol in
MODELLER (44, 45). Essential hydrogen and charges were
added to the structure. The metal coordination site in Ig
domain 6 was modeled using a manganese cation (Mn2+),
with a metal–oxygen distance of 2.15-2.25 Å, which is
characteristic of metals bound to proteins (46, 47). Energy
minimization of the modeled structure was carried out to
remove unfavorable interactions. The CHARMm forcefield
(48) was used with the smart minimizer method, which
begins with the steepest descent method and is followed by
the conjugate gradients method until the gradient reached a
value below 0.001 kcal/mol. This was followed by molecular
dynamics simulations (with a nonbonded cutoff of 10 Å and
a dielectric constant of 4, at a temperature of 300 K for 20
ps using a time step of 1 fs), with the backbone atoms of
the Ig domains kept fixed. The quality of the resultant protein
structure was tested using PROCHECK (49), Eval23D (40),
and Verify3D (40). Electrostatic potential calculations were
performed using the DELPHI program in DS Modeling 1.7
(Accelrys, Inc.) using the atomic partial charges assigned

by CHARMm, with a protein interior dielectric constant of
4, a solvent dielectric constant of 80, and an ionic strength
of 0.145 M.

The PDB was surveyed for sulfate-binding motifs using
BLAST searches. Briefly, the PECAM-1 Ig domains were
split into a set of overlapping fragments 15 amino acids long;
each overlap was 5 amino acids. For each fragment, a
sequence-similarity BLAST search was performed from the
PDB. Each hit was checked for a sulfate-binding motif in
PDBsum.

Docking of GAG Fragments. PatchDock (50, 51) was used
to dock heparin and other GAG fragments to the PECAM-1
model. PatchDock is a fast geometry-based molecular-
docking algorithm that works by optimizing shape comple-
mentarity (hence, it is not an energy grid-based method).
No constraints were used to define the binding site. This
allowed the program to explore the entire surface of
PECAM-1 and find appropriate interaction regions using
root-mean-square deviation (rmsd) clustering to reduce the
number of potential binding modes (50).

Most three-dimensional X-ray structures of GAG-protein
complexes determined thus far involve relatively small
oligosaccharides (from di- to hexasaccharides) of varying
affinity for their protein targets. Hence, to determine the
minimal length of the heparin fragments required for binding
to the Ig domains of PECAM-1, docking simulations with
di- and pentasaccharides were performed. The structure of
the heparin pentasaccharide was obtained from the crystal
structure of annexin A2 complexed with an unsaturated
hexasaccharide in PDB code 2HYV (52). Because no
electron density was observed for the sixth saccharide (53),
the pentasaccharide was extracted directly from the structure.
The residue at the nonreducing end was modified from the
unsaturated UA2S by the addition of hydrogen to the double
bond between C-4 and C-5 to create a 4-deoxy IdoA2S
residue (4dIdoA2S) (Figure 2). Hence, the sequence of this
modified pentasaccharide is 4dIdoA2S(1f 4)GlcNS6S(1f
4)IdoA2S(1 f 4)GlcNS6S(1 f 4)IdoA2S. The pyranose
rings of the glucosamine residues adopt a 4C1 chair confor-
mation, whereas iduronic acids can adopt either a 1C4 chair
or a 2So skew-boat conformation. The pentasaccharide has
been modeled with the iduronic acid at the nonreducing end
in a 1H2 conformation and the central and terminal iduronic
acids in the 1C4 conformation. The structure of the disac-
charide [IdoA2S(1 f 4)GlcNS6S] was extracted from the
reported NMR structures of a heparin dodecasaccharide
fragment (PDB code 1HPN) (33). We chose the iduronic
acid in the 1C4 chair conformation and the glucosamine in

FIGURE 2: Structure of the pentasaccharide
(4dIdoA2S-GlcNS6S-IdoA2S-GlcNS6S-IdoA2S) extracted from
the hexasaccharide, for which there is a crystal structure (53). The
unsaturated UA2S residue at the nonreducing terminus was modified
to create a 4-deoxy-IdoA2S (4dIdoA2S) for the docking simulations.
A-E refer to the labels of each of the residues of the pentamer.
Circled anionic groups are critical for high-affinity interactions with
Ig domains 2 and 3 of PECAM-1.
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the 4C1 chair conformation to compare the docking results
with those obtained for a similar conformation of the
pentasaccharide.

Docking of the dermatan sulfate (DS) tetrasaccharide (PDB
code 1HM2) (52) and a chondroitin-4-sulfate (CS) pentasac-
charide (PDB code 1C4S) (52) was also performed. There
is no crystal structure available for the DS pentasaccharide.
The modeled DS tetrasaccharide consisted of IdoA(1 f
3)GalNAc4S(1 f 4)IdoA(1 f 3)GalNAc4S, and the mod-
eled CS consisted of GlcA(1f 3)GalNAc4S(1f 4)GlcA(1
f 3)GalNAc4S(1 f 4)GlcA. Hydrogen atoms were added
to these oligosaccharides, and the resultant structures were
energy-minimized to optimize the orientation of rotatable
groups. The surface area, atomic contact energy, and the
binding score computed by PatchDock for the heparin
pentasaccharide were extracted.

Further docking simulations were performed using Au-
toDock 3.0 (54). This program allows for flexibility in the
ligand structure but uses a rigid-body approximation for
the protein receptor. Auto Dock Tools were used to prepare
the PECAM-1 molecule by adding appropriate hydrogens,
partial atomic charges, and solvation parameters. Ligand
rotatable bonds for all docked ligands were defined using
the AutoTors module of AutoDock. The ligands were atom-
typed manually to ensure that they complied with the
carbohydrate forcefield in AMBER (55). The ligands were
energy-minimized to optimize the orientation of their hy-
drogen atoms. A grid spacing of 0.37 Å and a distance-
dependent dielectric constant of 4.0 [as defined by Mehler
and Solmajer (56)] were used for the binding energy
calculations, covering the putative binding site surface. Using
AutoDock’s Lamarckian genetic algorithm, heparin frag-
ments were subjected to 200 search runs using a population
of 200 individuals. The grid box was defined with a constant
grid spacing of 0.37 Å around each heparin fragment using
the binding poses obtained from PatchDock with respect to
Ig domains 2 and 3, Ig domain 4, and Ig domains 5 and 6 of
PECAM-1.

Because of the flexibility and size of the di- and pentasac-
charides, the number of energy evaluations and the size of
the genetic population were optimized to ensure convergence
of the calculated energies, starting with a minimum of 5 ×
106 and a maximum of 50 × 106 energy evaluations. Cluster
analysis was performed on the resulting binding poses using
a rmsd tolerance of 1.0 Å. Because AutoDock cannot handle
more than 32 rotatable bonds, the docking of the heparin
fragments was performed, keeping the hydroxyl groups fixed.
The lowest docking energy binding scores of the disaccha-
rides with full rotational freedom of their hydroxyl groups
were similar to those obtained when the hydroxyl groups
were fixed, confirming that the initial orientation of the
hydroxyl groups was appropriate for interactions with
PECAM-1 (these interactions were more important for
nonheparin fragments, as discussed below).

RESULTS AND DISCUSSION

ComparatiVe Modeling. A standard homology-building
procedure was adopted to construct a three- dimensional
model of the extracellular domains of PECAM-1, starting
with similarity searches and followed by secondary-structure
predictions. The secondary structure as predicted by PSIPRED
can be found in Figure S1 in the Supporting Information,
and the percentage of secondary-structure type and solvent
accessibility can be found in Table S2 in the Supporting
Information. BLAST searches detected conserved Ig regions
in domains 1, 4, and 6. Proteins with the required sequence
similarity (>35%) were not found following a global search
using the entire extracellular region of PECAM-1 or when
individual PECAM-1 Ig domains were considered. In local
sequence-similarity searches, the identities of the aligned
sequences varied from 18 to 23%. The percentage identity
of various alignments was very low, as shown in Table 1.
Consequently, threading and comparative modeling tech-
niques were used to model the extracellular domains of
PECAM-1. The alignment of the PECAM-1 Ig-like domains

Table 1: Templates Used for Building the Initial Models of the Ig Domains of PECAM-1 Identified by LALIGN/PLALIGNa

amino acid range in PECAM-1

domain 1
(34–128)

domain 2
(139–234)

domain 3
(232–342)

domain 4
(328–414)

domain 5
(415–510)

domain 6
(499–604)

template crystal
structures

PDB
code

percent
identity

amino
acid

percent
identity

amino
acid

percent
identity

amino
acid

percent
identity

amino
acid

percent
identity

amino
acid

percent
identity

amino
acid

VCAM (I) - C2 set 1VCA 19.8 81 18.7 75 41.2 17 25.9 81 19 76 21.6 74
VCAM(II) - I set 1VCA 43.8 16 22.2 72 30.4 23 21 81 25 45 33.3 18
CD8 (I) - V set 1HNF 25 40 27.8 18 21.7 83 27 37 27.3 22
CD8 (II) - C2 set 1HNF 50 6 31.6 19 27 63 26.9 52 23.1 78
CEA (I) - V set 1L6Z

(mouse)
22.5 40 36.6 11 15.2 33 25.6 39 24.6 61

CEA (II) - I set 1L6Z 20.9 67 24.1 83 25 40 23.5 85 24.6 61
CD16/FcGR (I)

- I set
1FCG 23.7 76 50 6 33.3 36 27.7 65 20.7 58 50 12

CD16/FcGR (II)
- I set

1FCG 26.5 68 22.7 44 30.2 63 26.2 84 24.6 65 24.7 81

NCAM (I) - I set 1QZ1
(rat)

28.1 32 33.3 12 20.4 49 20.4 49 20 40 20 30

NCAM (II) - I set 1QZ1 20.7 82 40 10 35 40 21.2 66 38.1 21 31.2 64
NCAM (III) - I set 1QZ1 38.1 21 27.3 55 22.7 22 23.8 63 22.4 67 21.2 99
ICAM (I) - C2 set 1P53 37.5 24 31.2 32 25.3 79 25 88 31.8 22 21.4 28
ICAM (II) - I set 1P53 38.5 13 35.3 34 29.2 24 19.3 83 42.9 14 29.4 17
ICAM (III) - I set 1P53 29.2 24 36.4 11 25.8 31 23.8 42 33.3 33 38.5 13

a The data in the table report the percentage identity and the length of the amino acid aligned range that shares identity with the query sequence
(extracellular domains of PECAM-1) obtained by local sequence alignments.
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with other members of the Ig-CAM family performed with
LALIGN/PLALIGN suggests that PECAM-1 evolved through
gene duplication (10). Threading servers predicted various I
set topologies (57) for Ig folds with various templates,
including VCAM-1, NCAM, ICAM-1, CEA, and different
isoforms of FcγR. The crystal structures of VCAM-1,
NCAM, and ICAM-1 confirmed the I-type topology in these
molecules (26). We modeled extracellular domains 1 and 2
with multiple templates, including NCAM and VCAM, as
reported by others (13, 15).

The evolutionary analysis using ClustalW suggested that
NCAM, CEA, and FcγR are more closely related to human
PECAM-1; hence, we chose to derive the models with these
templates. The Ig domain 1 of PECAM-1 was modeled with
NCAM (Ig domain 2) and VCAM (Ig domain 1) as
templates. Ig domain 2 of PECAM-1 was modeled using
the structural features of NCAM (Ig domain 3) and VCAM
(Ig domains 1 and 2). The Ig I set topology in domain 3 of
PECAM-1 was modeled with multiple templates, including
CD8 and ICAM. Extracellular domains 4–6 of PECAM-1
showed a preference for various folds of FcγR, as predicted
by fold-recognition programs, such as Phyre (39).

The quality of the final model of the extracellular domains
of human PECAM-1 was evaluated using the PROCHECK
program (49) at a 2.5 Å resolution, which gives Ramachandran
plots and a quantitative distribution of the geometric parameters
within the allowed conformational space. The percentage of
residues in the most favored, allowed, and disallowed confor-
mations were 82.7, 13.7, and 1.0, respectively. The distribution
of the ψ/� angles of the model is within the allowed region,
and only five residues are in disallowed regions, as shown in
the Ramachandran plot in Figure S2 in the Supporting Informa-
tion. These residues were not further optimized because of the
extensive presence of loops and glycine and proline residues.
Eval23D (40) and Verify3D (40) also predicted a good model,
with 3D profile scores of 0.035 and 0.117, respectively. The
models of the various Ig domains of human PECAM-1 that
were derived are shown in Figure 3. The electrostatic potential
surface representation shows that Ig domains 2-6 have positive
electrostatic surfaces (colored blue in Figure 3), which may
constitute binding surfaces for anionic ligands, such as
GAGs.

Various approaches have been used to identify heparin/
GAG-binding sites on the surface of proteins. These have
been based on amino acid composition (58, 59), secondary
structure (60), spatial distribution of the basic amino acids
(61), and the surface properties of proteins (62). While
consensus sequences, such as XBBXBX and XBBBXXBX
(where B is a basic residue and X can be any residue), have
been suggested for heparin binding (63), they are neither
necessary nor sufficient to define a GAG-binding site. GAG-
binding sites generally consist of a cluster of basic residues
on the protein surface but not necessarily in a continuous
sequence. Consequently, a database search for sulfate-binding
structural motifs was performed. It has been observed that
arginine and lysine have the highest propensity to bind
GAGs. Interestingly, basic residues, such as arginine and
lysine, comprise approximately 13% of the total amino acids
present in the various domains of PECAM-1. The percentage
composition of amino acids was predicted using the PHD
module of PredictProtein (37) (Table S3 in the Supporting
Information).

A survey of sulfate-binding regions revealed several
positively charged regions in Ig domains 2-4 and 6.
Residues 177–182 in Ig domain 2 have a high sequence
identity with the sulfate-binding site in the bacterial protein
disulfide oxidoreductase (PDB code 2AYT). Other sulfate-
binding motifs were also found: (1) residues 207–223 in Ig
domain 2, which are homologous to sulfate-binding motifs
in bacterial protein SecA translocation ATPase (PDB codes
1M6N and 1M74); (2) residues 254–258 and 278–286 in Ig
domain 3, which are homologous to sulfate-binding motifs
in snake phospholipase A2 (MIPLA3) (PDB code 1OZY);
and (3) residues 330–342 in Ig domain 4, which are
homologous to sulfate-binding motifs in the multiple sugar-
binding transport ATP-binding protein (PDB code 2D62) and
ribosomal protein S6 kinase R 5 (PDB code 1VZO).
Interestingly, the region 563–571 in Ig domain 6 of PE-
CAM-1 showed homology to the sulfate-binding motifs in
the crystal structure of HIV-2 reverse transcriptase (PDB
code 1MU2). In our model of human PECAM-1, the relative
distance between the sulfate groups when modeled binding
to their binding motifs in Ig domain 2 was approximately
8–9 Å; similarly, the sulfates modeled as binding to their
motifs in Ig domain 3 are approximately 8–9 Å apart (Figure
3c). This spacing between sulfate-binding motifs is also
observed in the crystal structure of the heparin-binding
protein, artemin (PDB code 2ASK) (64). Two sulfate-binding
motifs were identified in Ig domain 4 (Figure 3a), placed at
a distance of 24 Å from each other. No sulfate-binding motif
was identified in Ig domain 5. A single sulfate-binding motif
was predicted by the survey in Ig domain 6. The clusters of
basic amino acids in Ig domains 2 and 3 are located
approximately 20 Å apart. A comparison of the spatial
distribution of basic amino acids in other heparin-binding
proteins that have a �-sheet topology (such as apolipoprotein
E, antithrombin III, and NCAM) suggests that a 20 Å long
region can accommodate a GAG pentasaccharide (61).

Ig domain 5 of PECAM-1 is connected to Ig domain 4
through a long flexible loop. Ig domain 5 forms only half of
the Ig fold because it lacks the characteristic � strands a, b,
d, and e, as reported earlier (10). We obtained the b strand
from the structure of the KK50.4 T-cell receptor � chain
(PBD code 2ESV: E). The region 449–507, including the d
and e strands in Ig domain 5, showed 49% homology with
monomeric isocitrate dehydrogenase complexed with isoci-
trate and Mn2+ (PDB code 1ITW) when a PSI-BLAST search
was performed. However, after 3D fragments of domain 5
were surveyed in the PBD, no sulfate-binding motifs were
detected.

Construction of Ig-like domains 1 and 2 of PECAM-1 was
carried out by modeling the side chains of specific surface-
exposed amino acids to facilitate interactions with known
homo- and heterophilic ligands. The side chains of the key
residues Asp 38, Asp 60, Lys 77, Asp 78, and Lys 116
(SWISS-PROT numbering) that mediate PECAM-1 ho-
mophilic binding were repositioned in Ig domain 1 (see
Figure 3b) on the basis of PECAM-1 models described earlier
based on the VCAM-1 structure (13, 15). A ClustalW (35)
sequence analysis of PECAM-1 shows that residues Asp 60,
Lys 77, Asp 78, and Lys 116 are highly conserved in the
human, bovine, pig, rat, and mouse, whereas Asp 38 in
human PECAM-1 is replaced by His 38 in other species.
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This is consistent with homophilic interactions of PECAM-1
mediated by Ig domain 1 being species-specific (15).

Ig domains 1–3 of PECAM-1 were said to participate in
Rv�3-mediated heterotypic binding. This binding was inferred

to be cation- and temperature-dependent (65); however, the
validity of Rv�3 as the PECAM-1 ligand has been challenged
(16). Our survey of structural motifs from the PBD indicated
that PECAM-1 Ig domains 1–3 lacked the integrin-binding

FIGURE 3: Modeling of the six extracellular domains of PECAM-1 and their predicted sulfate-binding regions. Three-dimensional models
of the Ig domains of human PECAM-1 are shown in a schematic representation according to secondary structure. The surface is represented
by electrostatic potential (negative potential in red and positive potential in blue) for extracellular domains 2-6. The sulfates are shown in
CPK. (a) Ribbon diagram of Ig domain 4 with the sulfate-binding motifs indicated by highlighted residues (in a stick representation). (b)
Homophilic binding sites reported by Newton et al. (13) in Ig domain 1 are shown in CPK representation. The disulfide bond between Cys
57 and Cys 109 is shown in a stick representation. (c) Ig domains 2 and 3 are shown in a toothpaste representation according to their
secondary structure. Numbers 1 and 2 indicate the disulfide bridges, as mentioned in Table S1 in the Supporting Information. The protonated
histidines are shown in a ball and stick representation, and the positive electrostatic potential (shown in blue) surface represents the regions
consisting of basic residues found by a survey of sulfate-binding motifs (in orange), which may constitute high-affinity binding sites for
GAGs. (d) The cation coordination site in Ig domains 5 and 6, as described by Jackson et al. (24), is represented by a yellow tube. Numbers
1 and 2 indicate the disulfide bridges, as mentioned in Table 1. The cation binding regions in Ig domains 5 and 6 are flanked by the 310
helix. The homophilic binding site identified in Ig domain 6 (18) is shown in orange. The regions of positive electrostatic potential (shown
in blue) may contribute to low-affinity binding sites for GAGs.
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motifs found in the members of the Ig superfamily (IgSF)
that have been described as integrin binding; these include
VCAM, ICAM-1, and ICAM-2. This suggests that the cell
adhesion attributed to direct PECAM-1-Rv�3 interactions
may occur by an indirect mechanism, which involves
PECAM-1 and Rv�3, as reported previously (16).

PECAM-1 has a large presence of charged residues on
the surface of Ig domains 1-3. Modeling of the protonated
and unprotonated states of these residues provided useful
information. Basic amino acids are clustered in our model
of PECAM-1, with histidine side chains from the � sheets
positioned within 3.0 to 5.0 Å of the sulfate-binding motifs.
Ig domains 2 and 3 are brought into close contact by a loop
of only three residues long. However, the flexibility of this
loop results in either an open or a closed conformation of
that portion of the PECAM-1 molecule. In our homology
model, the best-fit loop modeled connects Ig domains 2 and
3 in a closed conformation. In a closed conformation, it is
expected that a GAG fragment may be able to bind to
PECAM-1 in a way that involves domains 2 and 3. Modeling
of these domains (Figure 3c) showed the sulfates bound to
two clusters of residues: Q-A-R (207–209) and L-K-R-E-
K-N (177–182), with His 162 in close vicinity in Ig domain
2. The side chains of His 239 and His 253 are oriented toward
the region I-K-C-T-I (254–258), and His 281 and His 298
are in close vicinity of the region 278–286 in Ig domain 3
(Figure 3c). Histidines were modeled in a positively charged
form with both Nδ and Nε atoms protonated. Modeling of
surface-exposed histidines in Ig domains 2 and 3 in close
vicinity to the sulfate-binding motifs suggests that these
histidines may assist in the binding of PECAM-1 to heparin
or HS in a pH-dependent manner, as was observed for the
chemokine CXCL 12 (66), the cytokine VEGF (47), and the
mouse mast cell protease 7 (67). Modeling of a fully open
conformation was seen to result in the clusters of basic
residues in Ig domains 2 and 3 being too far apart to
constitute a GAG-binding site because of a twist in the
relative orientation of these domains.

We also modeled cation coordination sites in Ig domains
5 and 6 of PECAM-1. A survey of the PDB for metal-binding
sites in this region did not detect any metal-binding motifs.
The acidic residues in the region 463–475 are placed at a
distance of 8–9 Å, too far apart to constitute a metal
coordination site (Figure 3d). However, the presence of a
cluster of basic residues in the vicinity (second coordination
shell) of a cation-binding site could act as an electrostatic
anchor for a metal ion. In region 565–572 of Ig domain 6,
we found a canonical fold consisting of a � sheet followed
by a 310 helix (Figure 2d). Such folds have also been
described for the anti-HIV-1 V3 Fab 2219 structure (PDB
codes 2B0S: L and 2B1A: L) and the CD8 R ectodomain
fragment (PDB code 1BQH: G, H, I, and K).

A previously described cation-binding site in Ig domain
6 was shown to have higher affinity for Mn2+ than for Ca2+

or Zn2+ (24). Consequently, the conformation of the Ig-
domain 6 cation-coordination metal-ion-dependent adhesion
site (MIDAS) was modeled in the presence of Mn2+, as
previously described (68, 69). In those papers, the cell
adhesion molecules Mac-1(CD11b/CD18/RM�2), LFA-
1(RL�2), and CD2 had the metal ion coordinated to water
molecules as well as serine, aspartate, and glutamate residues.
In our model, Glu 514, Asp 518, and Glu 569 are located 6

Å from each other, and therefore, it is possible that these
residues may similarly coordinate to Mn2+ through water
molecules in the MIDAS site (68). Our model of Ig domain
6 differs in terms of the position of the metal coordination
site flanked by the 310 helix from that of the model described
by Jackson and co-workers (24). To validate our modeling
of the topology of the cation-binding site, searches were
performed in the Conserved Domain Dataset for Ig domains
5 and 6. These searches suggested structures with similar
folds to those that we derived in our model. The existence
of divalent cation-binding sites proximal to the protein
surface might allow Mn2+ to interact efficiently with histi-
dine-containing ligands (70). Interestingly, the neutrophil-
specific antigen CD177 was recently predicted to mediate a
heterophilic interaction with PECAM-1 through the cation-
coordination site present in Ig domain 6 (71).

Docking of GAGs. A heparin pentasaccharide (Figure 2)
was docked to all Ig domains of PECAM-1 on the basis of
shape complementarity using PatchDock in an effort to obtain
initial binding modes of the pentasaccharide with each
domain. The best binding mode of the pentasaccharide was
to Ig domains 2 and 3 and was determined to have an
approximate interaction surface area of 1200 Å2, an atomic
contact energy (ACE) (72) of 290, and a geometric shape
complementarity score of 9830. The second best binding
mode of the pentasaccharide was obtained with Ig domains
5 and 6, having an approximate interaction surface area of
865 Å2, an ACE of 152, and a geometric shape complemen-
tarity score of 7598. While there is no evidence of the
accuracy of these measures for carbohydrate-protein inter-
actions, the scores suggest the presence of a high- and low-
affinity GAG-binding site in Ig domains 2 and 3 and Ig
domains 5 and 6, respectively.

To obtain better estimates of the free energies of binding,
the AutoDock program was used. The top ranking binding
mode of heparin that was obtained resulted in an improved
fit between the negatively charged pentasaccharide and the
positively charged regions in Ig domains 2 and 3 (Figure
4a). Docking of disaccharides to Ig domains 5 and 6 of
PECAM-1 using AutoDock suggested a better fit and lower
free energies of binding on the electropositive surface of these
domains than that obtained with the pentasaccharide and
PATCHDOCK.

The results of the docking studies indicating that a heparin
pentasaccharide binds a region on Ig domains 2 and 3 are
consistent with the predicted location of the sulfate-binding
motifs. The key interactions of the heparin pentasaccharide
and Ig domains 2 and 3 identified by the docking simulations
involve Lys 176, Leu 177, Arg 179, His 239, Lys 255, Gln
259, and Ile 258 (Figure 4b). The protonated Nε2 in His 239
makes an electrostatic interaction with the 2-O-sulfate of the
central iduronic acid of the pentasaccharide (residue C Figure
2). Residues Ile 258 (main chain) and Lys 255 (side chain)
make hydrogen bonding and electrostatic contacts with the
2-O-sulfate in residue A and the 6-O-sulfate in residue–r-
esidue B, respectively (Figure 2). The side chain of Gln 259
makes a hydrogen bond with the N-sulfate in residue B in
the top-ranked binding mode obtained but makes a hydrogen
bond with the hydroxyl group of residue B in the second-
ranked binding mode. The O-sulfates in residues E and D
establish ionic interactions with the charged side chains of
Lys 176 and Arg 179, respectively. Furthermore, Arg 209
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in Ig domain 2 is in close proximity to the GAG consensus
region (“L-K-R-E-K-N”), and hence, it is possible that its
guanidine group may interact with the charged residues of
the pentasaccharide. However, this was not observed in the
docking simulations, because it would require a change in
the conformation of the main chain of residues 207–209 to
bring Arg 209 closer to this cluster of basic residues.

The docking calculations predicted the free energy of
binding and the dissociation constant (Ki) of the ligands with
the extracellular domains of PECAM-1 at slightly acidic pH.
The predicted free energy of binding and dissociation
constant of the best binding mode of the heparin pentasac-
charide with Ig domains 2 and 3 were computed to be –17.22
kcal/mol and 4.93 nM, respectively. The second-ranked
binding mode was predicted to have a free energy of binding
and a dissociation constant of –16.91 kcal/mol and 9.04 nM,
respectively. When these calculations were repeated at a
neutral pH (leaving the histidine residues unprotonated), the
free energy of binding increased to approximately –3 kcal/
mol, because of the loss of ionic interactions with His 239.

These calculations were made assuming a closed config-
uration of Ig domains 2 and 3 and the 1C4 chair conformation
of the IdoA2S. It is likely that in nature Ig domains 2 and 3
will not always be in such close proximity, hence allowing
longer fragments to interact with both domains. Moreover,
although IdoA residues exist in two conformations of nearly
equal energy (1C4 chair and 2So skew-boat conformations),
internal IdoA residues will favor the 2So skew-boat confor-
mation because in the 1C4 form the bulky carboxylate group
is equatorial and all other substituents are in axial positions
(73). Docking of the pentasaccharide with these alternative
IdoA conformations would likely result in a lower affinity
of binding, and hence, experimental determinations would
reflect an average lower binding affinity.

The docking simulations also predicted the binding of
heparin fragments to Ig domains 5 and 6. In this case,
docking of sulfated disaccharides resulted in two clusters
with significant numbers of related binding modes (Figure
4c). The disaccharides with the lowest energies of binding
in each cluster were seen to interact with the positively
charged accessible surfaces of Ig domains 5 and 6. However,
the interactions are predicted to be weak: the computed free
energies of binding in clusters 1 (Ig domain 5) and 2 (Ig
domain 6) were –6.54 and -6.23 kcal/mol, respectively,
resulting in dissociation constants of 15.4 and 26.9 µM,
respectively. The third lowest energy cluster was predicted
to have a free energy of binding and dissociation constant
of –6.13 kcal/mol and 32.2 µM, respectively. A number of
amino acids (Lys 423, Lys 446, Lys 449, Asn 467, Arg 577,
and His 580) in Ig domains 5 and 6 interact with the
disaccharides, mostly through ionic interactions with their
sulfates. In addition, the main chain of Phe 464 interacts
with the ionized carboxylate, and Thr 533 (main chain)
interacts with the 2-O-sulfate of the IdoA residue of the
disaccharide. The side chain of Glu 470 makes a hydrogen
bond with the amine group of glucosamine, whereas the main
chains of Gly 528 and Ser 529 make hydrogen bonds with
the hydroxyl groups of the disaccharides.

The binding of the disaccharides to Ig domains 5 and 6
did not involve the cation-binding region. The predicted
sulfate-binding motif (region 563–571) in Ig domain 6
partially overlaps with the cation-binding region (formed by
residues 512–522 and 560–572). Although the surface of this
region in Ig domain 6 is electropositive in nature, docking
simulations of disaccharides to this region (Figure 2d)
resulted in predicted positive free energies of binding;
therefore, no binding would be expected. Despite the sulfate-
binding region 563–571 in Ig domain 6 showing a high level
of identity and a similar structural topology with the template

FIGURE 4: Predicted binding modes for sulfated pentasaccharide
with various domains of human PECAM-1, which is represented
with an electrostatic potential surface (negative potential in red and
positive potential in blue). The electrostatic potential surfaces were
calculated and displayed using the DELPHI module in Discovery
Studio (Accelrys, Inc.). (a) Electrostatic potential surface repre-
sentation of Ig domains 2 and 3 of PECAM-1. The pentasaccharide
fragment is shown as sticks. (b) Predicted binding mode for a
sulfated pentasaccharide in Ig domains 2 and 3 of PECAM-1,
showing those amino acids (in purple) that interact with the
fragment. (c) Predicted binding modes for sulfated disaccharides
with Ig domains 5 and 6. The protein surface is colored according
to the sign of the electrostatic potential (blue for positive areas and
red for negative areas). Low binding energy clusters are depicted
for the disaccharides, showing that amino acids form basic
(positively charged) clusters on the surface of the protein.
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structure 1MU2 (HIV-2 reverse transcriptase), the presence
of Glu 569 in Ig domain 6 of PECAM-1, instead of histidine
(as in HIV-2 reverse transcriptase), eliminates the possibility
of favorable ionic interactions forming with a sulfate group.

In the case of Ig domain 4, docking of sulfated disaccha-
rides resulted in extremely low binding affinity (dissociation
constants in the molar range). A cluster of binding poses
for the disaccharides were found to interact with Ser 333,
Arg 342, and Asn 344, as predicted by the survey of sulfate-
binding motifs; however, no significant affinity was mea-
sured. It is likely that the lack of conservation of the protein
fold required to coordinate the sulfate on the surface of Ig
domain 4, as compared to the templates 2D62 (multiple
sugar-binding transport ATP-binding protein) and 1VZO
(ribosomal protein S6 kinase R 5), result in a lack of binding
affinity of GAGs to this region. The sulfates in the template
structures are also coordinated by additional residues from
neighboring structural folds. The fold in Ig domain 4 of
PECAM-1 lacks this coordination from the neighboring �
sheet.

The distribution of amino acids in the predicted sulfate-
binding regions of the Ig domains of PECAM-1 was
examined in other species. Multiple sequence alignment of
the human sequence with Bos taurus (bovine), Mus musculus
(mouse), Sus scrofa (pig), and Rattus norVegicus (rat)
suggests that the Ig domains in other species may bind GAGs
with different affinity because of differences in the sequence
conservation of sulfate-binding motifs in regions 177–182
and 207–209 in Ig domain 2 and regions 239, 254–258, and
278–286 in Ig domain 3 (Figure S3 in the Supporting
Information). The charged residue Arg 179, involved in the
interaction of Ig domain 2 of human PECAM-1 with the
GAG pentasaccharide, is replaced by Ile 179 in mouse. Arg
209 in the sulfate-binding motif 207–209 is mutated to Gly
209 in the mouse and Asn 209 in the pig. His 239 in human
PECAM-1, predicted to interact strongly with the GAG
pentasaccharide at slightly acidic pH, is replaced by the more
acidic residues Glu 239 in the mouse and Gln 239 in the
rat. His 281, found in the predicted sulfate-binding motif of
Ig domain 3 of human PECAM-1, is replaced by Thr 281 in
the mouse and rat.

A DS tetrasaccharide was docked to Ig domains 2 and 3.
The predicted binding mode showed that the hydroxyl groups
present in the DS tetrasaccharide contribute to hydrogen
bonding with Arg 179 and Gln 259, whereas these residues

make ionic interactions with the sulfate group of heparin/
HS oligosaccharide. The sulfate group of DS makes an ionic
interaction with Lys 255, resulting in a free energy of binding
and dissociation constant of –6.46 kcal/mol and 18 µM,
respectively. The binding modes of DS and heparin tetrasac-
charides are shown in Figure 5. It is important to note that
residue A at the nonreducing end of the heparin tetrasac-
charide is in the 1H2 form, residues B and D are in the 4C1

conformation, and residue C of IdoA2S adopts the 1C4 chair
formation, whereas the iduronic acids of DS are in the 1C4

conformation, resulting in different protein-oligosaccharide
interactions. This suggests that the biological activities of
heparin and DS are modulated not only by electrostatic
interactions but also by the flexibility of the iduronic acid
subunits and the presence of optimal van der Waals interac-
tions between the oligosaccharides and the protein.

Docking of a CS pentasaccharide to Ig domains 2 and 3
resulted in a predicted positive free energy of binding because
of the presence of a lower degree of sulfation and lower
flexibility of saccharide subunits compared to heparin/HS
and DS tetrasaccharides, giving rise to fewer interactions with
the electropositive regions found on the surface of Ig domains
2 and 3 of PECAM-1 (Figure 6) The charged sulfate and
carboxylate groups make ionic interactions with Lys 255 and
Lys 176, respectively, and hydrogen bonding is observed
between the hydroxyl of CS and the backbone of Ile 258.

These results support the experimental evidence that
PECAM-1 cannot bind CS but may bind DS with low affinity
(28). Our simulations suggest that GAG chains, such as
heparin and DS, which contain iduronic acids, can more
easily adopt a configuration appropriate for binding to the
Ig domains of PECAM-1 because of their greater flexibility,
compared to glucuronic acid-rich GAGs, such as CS. Our
results also indicate that Ig domains 2 and 3 of PECAM-1
are critical for heparin recognition and binding and are in
agreement with a study demonstrating that GAG consensus
“LKREKN” (177–182) in the Ig domain 2 of PECAM-1 is
involved in GAG binding (22).

We have predicted that heparin fragments may have direct
electrostatic interactions with positively charged residues
located in loops in Ig domains 2 and 3, providing the basis
for the existence of a high-affinity GAG-binding region in
PECAM-1 at slightly acidic pH. Our docking simulations
indicate that the GAG-binding region involves Ig domain 3,
residues His 239, Lys 255, and Gln 259, with further
contributions from Ig domain 2, residue Arg 179. An
additional low-affinity heparin-binding region appears to be
located in Ig domain 5, with contributions from Ig domain

FIGURE 5: Predicted binding mode for a dermatan sulfate tetrasac-
charide (shown in sticks and colored by atom type), superimposed
on a heparin tetrasaccharide (shown in blue) in Ig domains 2 and
3 of PECAM-1. The amino acids that interact with the fragment
are shown in purple.

FIGURE 6: Predicted binding modes for chondroitin sulfate pen-
tasaccharides with Ig domains 2 and 3 of PECAM-1. The amino
acids that interact with the fragment are shown in purple.
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6. Importantly, these two putative GAG-binding regions are
distinct from regions involved in homo- and heterophilic
interactions in Ig domains 1 and 6, as well as the cation-
binding sites in Ig domains 5 and 6.

Ligand-protein docking predictions of free energies of
binding and dissociation constants do not have the same
accuracy as experimental techniques and should be taken as
indicative. However, the main reasons behind the differences
between the predicted binding affinities and those determined
experimentally have to do with differences between what is
modeled and what is assayed experimentally. The docking
simulations use heparin fragments with IdoA residues in
defined ring conformations, while an experimental determi-
nation would be an average measure of interactions involving
different conformations. In addition, heparin fragments used
in experiments may have different patterns of sulfation than
the fragment modeled. Not all heparin fragments produced
experimentally will contain a pentasaccharide sequence of
the repeating trisulfated disaccharide structure that was
modeled, but many will because about 60% of heparin
consists of this disaccharide structure. Generally, in experi-
mental situations, a mixture of fragments is examined for
their ability to bind to proteins and it is unlikely that a
heterogeneous population of heparin fragments will give the
same binding affinities as a defined structure. Nevertheless,
it is expected that heparin fragments longer than those
modeled in this study, providing they contain the correct
structural motif, will bind to the high-affinity GAG-binding
region in Ig domains 2 and 3 of PECAM-1, as is reported in
the following paper (74).

PECAM-1 has an important role in the diapedesis step of
leukocyte extravasation in inflammation (1). Our work
suggests that PECAM-1 may be capable of mediating cell
aggregation through interactions with specific GAGs on
adjacent cells, as in the case of NCAM. Thus, it is possible
that the interactions of PECAM-1 with HS on the cell surface
contribute to the normal function of PECAM-1 during both
inflammation and angiogenesis.
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SUPPORTING INFORMATION AVAILABLE

Structural features of human PECAM-1 as described in
SWISS-PROT (P16284) (Table S1), predicted secondary-
structure and solvent-accessibility compositions (core/surface
ratio) for human PECAM-1 using PredictProtein (Table S2),
percentage residue composition for human PECAM-1 se-
quence (Table S3), secondary-structure predictions for the
aligned protein sequences of the subunits of human PE-
CAM-1 using PSIPRED (Figure S1), Ramachandran plot of
the derived model of PECAM-1 (Figure S2), and multiple
sequence alignment of PECAM-1 sequences from various
species, including Homo sapiens, Bos taurus, Mus musculus,
Sus scrofa, and Rattus norVegicus (Figure S3). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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