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Abstract

Objective: PECAM-1 is a 130-kDa member of the immunoglobulin (Ig) gene superfamily that
is expressed on the surfaces of platelets and leukocytes and concentrated at the intercellular
junctions of confluent endothelial cell monolayers. PECAM-1 Ig domains 1 and 2 (IgD1 and
IgD2) engage in homophilic interactions that support a host of vascular functions, including
support of leukocyte transendothelial migration and the maintenance of endothelial junctional
integrity. The recently solved crystal structure of PECAM-1 IgD1 and IgD2 revealed a number
of intermolecular interfaces predicted to play important roles in stabilizing PECAM-1/PECAM-1
homophilic interactions and in formation and maintenance of endothelial cell-cell contacts. We
sought to determine whether the protein interfaces implicated in the crystal structure reflect
physiologically-important interactions.

Approach and Results: We assessed the impact of single amino acid substitutions at the
interfaces between opposing PECAM-1 molecules on homophilic binding and endothelial cell
function. Substitution of key residues within the IgD1-IgD1 and 1gD1-1gD2 interfaces, but not
those within the smaller 1gD2-1gD2 interface, markedly disrupted PECAM-1 homophilic binding
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and its downstream effector functions, including the ability of PECAM-1 to localize at endothelial
cell-cell borders, mediate the formation of endothelial tubes, and restore endothelial barrier

integrity.

Conclusion: Taken together, these results validate the recently described PECAM-1 IgD1/
IgD2 crystal structure by demonstrating that specific residues visualized within the 1IgD1-IgD1
and IgD1-1gD2 interfaces of opposing molecules in the crystal are required for functionally
important homophilic interactions. This information can now be exploited to modulate functions
of PECAM-1 /n vivo.

Introduction

Platelet endothelial cell adhesion molecule-1 (PECAM-1) is a 130-kDa glycoprotein
member of the immunoglobulin (Ig) superfamily that is comprised of six extracellular
Ig-like homolog domains (IgD), a 19-residue transmembrane domain, and a 118 amino
acid cytoplasmic tail containing motifs that mediate interactions with cytosolic signaling
molecules.l: 2 PECAM-1 is widely expressed on most hematopoietic cells, including
neutrophils, monocytes, subsets of lymphocytes, and platelets.® In addition to its expression
in circulating blood cells, PECAM-1 is the most abundant component of the endothelial
cell-cell junction, where it plays a major role in angiogenesis,* ® maintenance of

vascular integrity under inflammatory and thrombotic stress,%-11, mechanosensation12-16,
and regulating leukocyte transendothelial migration.17-20

While it has been known for some time that amino-terminal Ig domains 1 and 2 are

required for PECAM-1/PECAM-1 homophilic interactions?1-23 and the functions that they
supportt0. 17. 18, 24-30 the stryctural basis for PECAM-1 homophilic binding was not clear
until the crystal structure of PECAM-1 lg domains 1 and 2 was determined.3! This structure
revealed how both IgD1 and IgD2 are aligned to form a set of frans homophilic-binding
interfaces with a total buried interface area of >2300 A2 that is comprised of a 1608 A2
interface between adjacent IgD1 molecules, a rigid intrachain interface between IgD1 and
IgD2 that governs the orientation of IgD1, a 550 A2 buried surface between IgD1 and IgD2,
and a small homophilic interface of uncertain significance between adjacent IgD2 domains.
Functional validation that the interfaces observed in the crystal structure are of physiological
importance, especially in endothelial cell biology, where PECAM-1 is known to play an
important role in junctional integrity, however, remain to be determined.

The purpose of the present investigation, therefore, was to validate the functional importance
of the interactions revealed by the Paddock et a/. crystal structure3!. To do so, we generated
a carefully selected series of mutations to form amino acid substitutions at key sites within
each of the proposed interfaces, and subjected the resulting mutant PECAM-1 species to

a series of well-characterized functional assays known to be dependent upon PECAM-1
homophilic binding, and that play a role in regulating endothelial cell barrier function. Our
results substantiate the proposed model and suggest a mechanism at the atomic-level of how
PECAM-1 homophilic interactions and adhesive properties mediate endothelial biology and
vascular homeostasis.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liao et al.

Page 3

Material and Methods

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Antibodies and fusion proteins

The mouse monoclonal antibody (mAb) specific for human PECAM-1 Ig domain 5
(PECAM-1.1) has been previously described.2’” Normal mouse IgG was purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). Normal human IgG was
purchased from Sigma-Aldrich (St. Louis, MO). A soluble PECAM-1/1gG fusion protein
was expressed in Chinese hamster ovary (CHO) cells and used for flow cytometric analysis
of PECAM-1 homophilic binding.28 Secondary antibodies used for flow cytometry and
confocal microscopy included Alexa Fluor 647-conjugated goat anti-mouse 1gG (AF647-
GAM-IgG; Thermo Fisher Scientific, Waltham, MA) and mouse anti-human 1gG (AF647-
MAH-IgG; Jackson Immuno Research Laboratories, West Grove, PA).

Cell lines, transfection, and transduction

Cell culture reagents were obtained from Mediatech (Manassas, VA) unless otherwise
specified. Immortalized wild-type human umbilical vein endothelial cells (WT-iHUVECS)
were generated by transducing HUVECs with recombinant retrovirus LXSN16 E6/E7

as previously described.32 PECAM-1-deficient iIHUVECs (KO-iHUVECS) were generated
from WT-iHUVECs using CRISPR/Cas9 technology as previously described.33 To generate
iHUVECs expressing variant forms of PECAM-1, KO-iHUVECs were seeded in 6-well
plates and grown to 70-80% confluence. On the day of transduction, fresh medium that
contained 8 pg/ml Polybrene was added to each well and lentiviral particles encoding single
amino acid-substituted forms of PECAM-1 were added (MOI = 5). After 18-20 hours at
37°C, the medium was replaced, and cells were expanded and maintained as previously
described.10

To generate human embryonic kidney 293 (HEK293) cells expressing WT and variant
forms of PECAM-1, cultured HEK293FT cells were lifted with 0.05% trypsin-EDTA and
108 cells/well were seeded in 6-well plates. Plasmids encoding WT or single amino acid-
substituted forms of PECAM-1 were added at 3 pg/well along with 6 ul of Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA). After 24-30 hours at 37°C, cells were
subjected to flow cytometric analysis for GFP expression. HEK293 cells were maintained
in RPMI 1640 medium containing 10% fetal bovine serum (FBS; Thermo Fisher Scientific,
Waltham, MA).

Plasmids and constructs

For transfection of HEK?293 cells, a cDNA encoding full-length human PECAM-1

was inserted between Safl and Spel of the pIRES2-EGFP-ET1 vector, which enables
expression of PECAM-1 and EGFP from one transcript. Point mutations encoding

single amino acid substitutions were introduced using QuickChange 11 site-directed
mutagenesis (Agilent Technologies, Santa Clara, CA) and primers listed in the
Supplementary Table. For transduction of KO-iHUVECS, the full-length human PECAM1
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cDNA was cloned into the lentiviral plasmid pLenti CMV/TO Neo (Addgene #

17485) and variant forms of PECAM-1 were made using the In-Fusion® HD

Cloning kit (Takara, Mountain View, CA). The primers for In-Fusion cloning

are: Fwd, 5’-ACTCGAGAT-ATCTAGAGCCACCATGCAGCCGAGGTGG-3’; Rev, 5’-
GAAAGCTGGGTCTAGACTAAG-TTCCATCAAGGGAG-3'. Since KO-iIHUVECs were
generated with CRISPR/Cas9 technology, the guide RNA (gRNA) that targets PECAM-1
for excision was incorporated into the genome of this cell line. To avoid excision

of the transduced sequences needed to rescue PECAM-1 expression in KO-iHUVECs,
two silent mutations were introduced into the region targeted by the PECAM-1-

targeting gRNA using QuickChange 1 site-directed mutagenesis and the following
primers: Fwd, 5’-GGTGGGCCCAAGGGGCGACCATGTGGCTT-GGAGTC-3’; Rev, 5’-
GACT-CCAAGCCACATGGTCGCCCCTTGGGCCCACC-3’ (silent mutation sites are
underlined). Point mutations encoding single amino acid substitutions were introduced as
described above for HEK293 cells. Lentiviruses were generated by the Viral Vector Core
facility of the Blood Research Institute.

Characterization of PECAM-1 expression and homophilic binding by flow cytometry

Transfected HEK293 cells were lifted with 0.05% trypsin-EDTA and resuspended in 100
pl of phosphate-buffered saline containing 2% FBS (PBS-FBS) at a density of 1x106
cells/ml. PECAM-1 expression was detected by staining with PECAM-1.1 mAb at a final
concentration of 35 pg/ml, using normal mouse 1gG as a negative control. PECAM-1
homophilic binding was detected by staining with PECAM-1/IgG at a final concentration
of 100 pg/ml, using normal human 1gG as a negative control. After incubating for 1

hour at 4°C, stained cells were suspended in 1 ml of 2% FBS-PBS, centrifuged, and
resuspended in 100 pl of 2% FBS-PBS that contained AF647-GAM-IgG for assessment
of PECAM-1 expression or AF647-MAH-1gG for assessment of PECAM-1 homophilic
binding. Following 30 minutes at 4°C, cells were washed, resuspended and subjected to flow
cytometric analysis using a Becton-Dickenson LSRII (BD Biosciences, San Jose, CA).

Sorting of IHUVECs expressing variant forms of PECAM-1

After lentivirus transduction and expansion, iIHUVECs were lifted with 0.05% trypsin-
EDTA, resuspended in 2% FBS-PBS that contained PECAM-1.1 mAb (35 pg/ml) and kept
on ice for 30 min. Cells were washed twice, resuspended in 2% FBS-PBS that contained
AF647-GAM-IgG, and kept on ice for 30 min. Cells were washed and resuspended in 5%
FBS-PBS with 25mM HEPES. iHUVECs expressing comparable levels of variant forms of
PECAM-1 (Online Figure 1) were obtained by fluorescence-activated cell sorting using an
Aria Illu (Becton Dickinson, San Jose, CA).

Assessment of PECAM-1 localization at cell-cell borders

Slide chambers (BD Biosciences, San Jose, CA) were treated with 0.2% gelatin (Invitrogen,
Waltham, MA) for 1 hour at 37°C. iHUVECs were plated on gelatin-coated slides at

a density of 2 x 105/well and grown to confluence. Confluent cells were rinsed with
Dulbecco’s phosphate-buffered saline (D-PBS), and fixed with 2% paraformaldehyde for
20 minutes. After permeabilization with ice-cold 0.5% Triton X-100 for 2 minutes, cells
were blocked with PBS that contained 3% bovine serum albumin. Monolayers were then
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incubated with PECAM-1.1 mAb (10 pg/ml) for 1 hour at room temperature followed by
AF647-GAM-IgG (2 pug/ml) for 30 minutes at room temperature. In some cases, monolayers
were also stained with FITC-Phalloidin and DAPI to visualize the cytoskeleton and nuclei,
respectively (Online Figure I11). Images were obtained with a FluoView FV1000 multi-
photon emission microscope (Olympus, Center Valley, PA). The reconstruction of cross
sections was accomplished using MetaMorph (Molecular Devices, Inc., Nashville, TN) and
the entire Z series was combined into a stacked projection.

Tube formation (in vitro angiogenesis)

Matrigel Matrix (Corning, Life Sciences, MA) was thawed overnight on ice at 4°C and
added to pre-cooled 24 well culture plates (0.3 ml/well). Matrigel-coated plates were
incubated at 37°C for 30-60 minutes before use. iIHUVECs were grown to at least 80%
confluence, trypsinized and resuspended in culture medium at a concentration of 4 x 10°
cells/ml. Cell suspensions (300 pl/well) were added to Matrigel-coated wells and incubated
at 37°C. After 18 hours, cells were stained with Corning Calcein AM dye following the
manufacturer’s protocol. Four random images from each well were taken with an EVOS FL
microscope (Thermo Fisher Scientific, Waltham, MA) and each experiment was repeated
three times. Images were analyzed by ImageJ (https://imagej.nih.gov/ij/index.html).

Measurements of endothelial barrier function

To measure endothelial barrier function, iIHUVECs were grown to confluence in 400

pl of human endothelial serum free medium on 8W10E+ electrode arrays (Applied
Biosystems, Troy, NY) that had been coated with 0.1% gelatin. Confluent monolayers

were stimulated with 1 unit of human thrombin (Sigma-Aldrich, St. Louis, MO) to disrupt
endothelial barriers, and restoration of barrier function was measured in real time by Electric
Cell-substrate Impedance Sensing (ECIS) using an ECIS Z-Theta instrument (Applied
Biophysics, Troy, NY).

Molecular modeling

Analyses of protein structures, domain interactions, and residue selection for mutational
analysis, were performed using Coot0.9.5.34 Protein structure figures were made using
PyMOL 2.4.35: 36

Statistical analysis

An ordinary one-way ANOVA was performed using the Kruskal-Wallis test with the Dunn’s
test for multiple comparisons to determine the statistical significance of differences between
groups. A non-parametric statistical test was used either because sample sizes (n = 3) were
too small for analysis by parametric statistical tests (Figure 2) or because the data associated
with at least one condition failed tests for normality. Statistical analysis was performed using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA). Actual p values are reported
unless p < 0.001.
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The two most membrane-distal 1g domains of PECAM-1 engage in homophilic interactions
that support endothelial vascular barrier integrity and mediate leukocyte transendothelial
migration; however, the precise residues that mediate homophilic binding have not yet been
structurally and functionally validated. The recently solved crystal structure of PECAM-1
Ig domains 1 and 2 revealed several interfaces that, while not functionally verified in the
context of endothelial cell biology in the original paper, appeared to offer a model of #rans
homophilic binding (Figure 1A & B) occurring between PECAM-1 ectodomains emanating
from opposing cell surfaces. These include a large 1608 AZ interface formed by the first

Ig domains of two opposing PECAM-1 molecules (IgD1-IgD1 interaction), a smaller but
substantial 550 A2 buried surface formed by domain 1 of one molecule and domain 2 of
the opposing molecule (IgD1-1gD2 interaction), and a much smaller homophilic interface
formed by IgD2-1gD2 interactions between adjacent molecules. As depicted in Figure 1C,
the side chains of residue D33 within IgD1 molecule 1 forms inter-chain hydrogen bonds
with Sgg and Qog of the adjacent IgD1 molecule 2, while Kg, bonds with Ago and Sgs.
Within the IgD1-1gD2 interface, the side and main chains of D5, and the side chain of R
form inter-chain hydrogen bonds with each other, while E;g5 bonds with R129 and R15»
within the same domain, creating a network of interactions between these residues (Figure
1D). Within the IgD2-1gD2 interface, the side chains of D15g and K131 form an inter-chain
hydrogen bond with each other, while P133 has the potential to ensure formation of a kink in
the loop that properly positions the K;31-D15g interaction (Figure 1E).

To validate the functional importance of these residues in supporting PECAM-1/PECAM-1
trans homophilic interactions, specific directed amino acid substitutions were made by
replacing existing wild-type residues with those having an opposite charge, specifically:
D33—R and Kg,—D at the IgD1-D1 interface; Ds,—R, R12o—D, and R15o—D within the
IgD1-1gD2 interface; and D15g—K, K131—D, and P133—G within the IgD2-1gD?2 interface,
the latter of which should enable but does not ensure formation of a kink. The effect of
these amino acid substitutions on homophilic binding was then assessed in HEK293 cells
that had been transiently transfected with plasmids encoding these WT and mutant forms of
full-length PECAM-1.

Cell surface expression of each mutant form of PECAM-1 was quantified (Figure 2A),

and the variant cell lines compared for their ability to support the homophilic binding

of PECAM-1/IgG — a well-characterized reagent used for semiquantitative assessment of
homophilic binding?8. As shown in Figure 2B, D33R substitution within the IgD1-1gD1
interface, as well as all the substitutions within the IgD1-1gD2 interface (D52R, R122D,
and R152D) dramatically reduced or abolished PECAM-1 homophilic binding. In contrast,
the K62D substitution within the IgD1-1gD1 interface and all of the substitutions within
the IgD2-1gD2 interface (K131D, P133G, and D158K) had little or no effect on PECAM-1
homophilic binding (Figure 2B). These results demonstrate that residues located within
the 1gD1-1gD1 (D33) and 1gD1-1gD2 (Dsy, R122, and Ry5») interfaces between opposing
molecules described in the recently described PECAM-1 IgD1/IgD2 crystal structure are in
fact required for PECAM-1 homophilic interactions.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 February 01.
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Previous studies have shown that PECAM-1-mediated homophilic binding is critical for its
concentration at endothelial cell intercellular junctions2®: 37, To functionally validate that
the homophilic binding residues identified on the basis of the PECAM-1 IgD1/IgD2 crystal
structure are important for the ability of PECAM-1 to concentrate at endothelial cell-cell
borders, mutations encoding single amino acid substitutions at a predicted representative
position within each interface (D33R for IgD1-1gD1, R152D for IgD1-1gD2, and K131D
for IgD2-1gD2) were introduced into a lentiviral construct that was used to reconstitute
PECAM-1 expression in PECAM-1-deficient immortalized human umbilical endothelial
cells (IHUVECs — described in reference 33). Following lentiviral transduction, iHUVECs
reconstituted with wild-type or mutant forms of PECAM-1 were grown to confluence, and
the ability of PECAM-1 to accumulate at cell-cell borders was visualized by confocal
microscopy. As has been shown previously in NIH 37338 and REN mesothelioma??

cells expressing recombinant WT PECAM-1, PECAM-1 accumulated normally at the
borders between iIHUVECSs expressing WT PECAM-1 (Figure 3A). Similarly, substitution
of a residue within the 1IgD2-1gD2 interface that did not affect PECAM-1 homophilic
binding (K131D) had no effect on PECAM-1 border localization (Figure 3D). In contrast,
substitution of D33R (Figure 3B) within the IgD1-1gD1 and K152D (Figure 3C) at the
IgD1-1gD2 interface both abolished PECAM-1 homophilic binding, as evidenced by the
diffuse distribution of PECAM-1 on the surface of iIHUVECS, indicative of the failure

of PECAM-1 to engage homophilically and concentrate at cell-cell borders. These results
demonstrate that residues predicted by the crystal structure to be important for formation of
the 1gD1-1gD1 (D33) and 1gD1-1gD2 (R155) interfaces are, in fact, functionally required for
PECAM-1 homophilic interactions and endothelial cell-cell junctional localization.

Endothelial cells are able to form organized tube structures resembling small capillaries
when cultured in a Matrigel matrix — an assay often used as a surrogate /17 vitro measure

of angiogenesis.3? Previous studies using blocking antibodies specific for PECAM-1 Ig
domains 1 and 2 have demonstrated that PECAM-1 homophilic interactions contribute
importantly to /n vitro endothelial tube formation.4%: 41 To determine whether the
homophilic binding residues identified on the basis of the PECAM-1 IgD1/IgD2 crystal
structure were also important for endothelial cell angiogenesis, iIHUVECs expressing
wild-type or mutant forms of PECAM-1 were grown in Matrigel and their ability to

form tube structures was assessed. As shown in Figure 4, iIHUVECs that do not express
PECAM-1 (KO-iHUVECs) formed poorly organized multicellular aggregates (Figure 4A)
and fragmented tubes (Figure 4B) with few nodes (Figure 4C) and meshes (Figure 4D).
Reconstitution of KO-iHUVECSs with either a WT or K131D form of PECAM-1, both

of which are capable of homophilic binding (see Figure 2), resulted in formation of well-
organized structures (Figure 4A) with significantly more tubes, nodes and meshes than
were observed in KO-iHUVECs (Figure 4B-D). In contrast, reconstitution of KO-iHUVECs
with either D33R or R152D forms of PECAM-1, neither of which support homophilic
binding, resulted in formation of fragmented structures (Figure 4A) with numbers of tubes,
nodes and meshes that were significantly fewer than were observed in iIHUVECSs expressing
WT PECAM-1 and that did not differ significantly from those observed in KO-iHUVECs
(Figure 4B-D). Based on these findings, we conclude that key residues found at the
IgD1-1gD1 (D33) and IgD1-1gD2 (R1sp) interfaces in the PECAM-1 IgD1/1gD2 crystal

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 February 01.
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structure that were predicted from the Paddock et al. crystal structure, and then proven to
be important for PECAM-1/PECAM-1 trans homophilic interactions, are also required for /n
vitro angiogenesis by endothelial cells.

Homophilic interactions mediated by the extracellular portion of PECAM-1 have been
shown to be important for maintenance of the vascular permeability barrier.10 To further
validate that key homophilic binding residues at the IgD1-IgD1 and IgD1-1gD2 interface
of the PECAM-1 1gD1/IgD2 crystal structure actually play an important functional

role, endothelial barrier function of iIHUVECSs expressing wild-type or mutant forms of
PECAM-1 was measured both before and after barrier disruption with thrombin (Figure
5A) using Electric Cell-substrate Impedance Sensing technology (ECIS). As shown in the
real-time barrier resistance tracings (Figure 5A), the steady state impedance supported by
iHUVECs expressing either WT or K131D mutant forms of PECAM-1 was similarly robust,
and both formed significantly stronger barriers than those formed by iHUVECS that either
did not express PECAM-1 (KO) or that expressed the D33R or R152D mutant forms of
PECAM-1 (quantified in Figure 5B). Figure 5C quantifies the relative rate of recovery of
barrier formation following thrombin challenge, and shows that iHUVECs expressing WT
PECAM-1 re-established its permeability barrier at a significantly faster rate than did cells
expressing either no PECAM-1 (KO) or the D33R and R152D mutant forms of PECAM-1.
The rate of barrier reformation of cells expressing K131D PECAM-1, while lower than
that of cells expressing WT PECAM-1, did not reach statistical significance. As was
observed with baseline barrier function, barrier restoration following thrombin challenge
was particularly slow for IHUVECs expressing the D33R mutant form of PECAM-1. These
results demonstrate that PECAM-1 homophilic interactions, particularly those involving
residue D33 within the IgD1-IgD1 interface, are critical for maintenance and restoration of
endothelial junctional integrity.

Discussion

As a major component of endothelial cells, and strategically concentrated at intercellular
junctions, PECAM-1 functions importantly in a number of biological functions,

including angiogenesis,* ® maintenance of vascular integrity under inflammatory and
thrombotic stress,5-10 and regulation of leukocyte transendothelial migration.17-20
PECAM-1/PECAM-1 homophilic interactions, mediated by IgD1 and IgD2, are necessary
for these activities.10: 17. 18, 24-30 However, the structural basis for how PECAM-1 interacts
homophilically was not clear until the crystal structure of PECAM-1 Ig domains 1 and

2 was determined.3! This structure revealed that IgD1-IgD1, IgD1-1gD2, and IgD2-1gD2
form buried surfaces with presumed functional significance for mediating PECAM-1 trans-
homophilic interactions. Functional validation that the three interfaces observed in the
crystal structure are of physiological importance, especially in endothelial cell biology,
where PECAM-1 is known to play an important role in junctional integrity, however,
remained to be determined.

The extracellular elements of PECAM-1 that are required for homophilic binding were
established decades ago, beginning with antibody blocking studies?”: 28: 30 and continuing
with domain-deletion and domain-swap analysis.2> 28 all of which implicated IgD1 as
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necessary for PECAM-1 self-association. Likewise, the importance of PECAM-1 IgD2 was
demonstrated when antibodies against it were shown to be equally efficient as anti-lgD1
antibodies in inhibiting homophilic binding using either PECAM-1-expressing cells28 or
purified PECAM-1.17 These experiments suggested that 1gD2 either acted as a structural
support for positioning IgD1 to mediate homophilic binding, or was directly involved in
binding. A robust mutational analysis of IgD1 and 1gD2 identified a series of residues in
IgD1 that were necessary for homophilic adhesion to occur.2® These residues were predicted
to be located on opposite faces of IgD1, suggesting the existence of multiple binding
interfaces. The first published structure of PECAM-1 IgD1/1gD2 confirmed this hypothesis
— demonstrating a large 1600 A2 1gD1-1gD1 trans interface, two IgD1-IgD2 frans interfaces
with a total buried area of >2300 A2, as well as a smaller 550 A2 trans IgD2-1gD2 interface.
Additionally, multiple intrachain interactions between 1gD1 and IgD2 demonstrated the
latter’s role in providing rigidity as a structural scaffold to IgD1. Importantly, mutations

at residues D33 and Ds;, which crippled homophilic interactions in the prior study,28 were
shown to be centrally located within the IgD1-IgD1 and IgD1-1gD2 interfaces, respectively.
In order to build upon these established biochemical data, the present study was designed
to elucidate the biological relevance of the interchain domain interfaces observed in the
PECAM-1 IgD1/IgD2 structure previously published by our group.3!

Based on an analysis of putative key residues found at these structural interfaces (Figure

1), we strategically selected an amino acid residue in each for mutagenesis, expressed these
PECAM-1 mutants in HEK293 cells, and subjected them to a series of PECAM-1-dependent
homophilic binding assays. Cells expressing PECAM-1 variants with mutations within the
IgD1-1gD1 and IgD1-1gD2 interfaces showed remarkably decreased levels of homophilic
binding, while the IgD2-1gD2 mutations had surprisingly little effect (Figure 2). Based on
the result of this homophilic binding assay, single-residue PECAM-1 mutants with the most
pronounced effects were introduced into iIHUVEC cells for further functional validation
using a series of cell biological assays previously shown to be reliant on PECAM-1/
PECAM-1 homophilic binding interactions. In the cell-cell border localization assay, the
PECAM-1 mutants predicted to disrupt IgD1-IgD1 and IgD1-IgD2 interactions resulted in
diffuse PECAM-1 staining over the surface of the cell, whereas the IgD2-1gD2 mutant

still localized to the cell junctions (Figure 3), consistent with our previously proposed

model of homophilic binding in which multiple protein interfaces are employed in the
process of PECAM-1 diffusion trapping at cell-cell junctions.3! Further support for the
functional importance of residues identified in the crystal structure was provided using an /n
vitro angiogenesis assay employing mutants targeting all three potential PECAM-1 binding
interfaces (Figure 4). In these studies, the D33R mutation at the IgD1-IgD1 interface,

and the R152D mutation at the 1gD1-1gD2 interface had significant effects on the ability

of endothelial cells to form tubes, nodes, and meshes, while mutation of K137 in the
IgD2-1gD2 interface had little effect. These studies are consistent with the findings of
DeL.isser and colleagues showing that antibodies against N-terminal domains 1 and 2 inhibit
endothelial tube formation in vitro, and tumor angiogenesis in vivo.# Finally, ECIS assays
revealed that both steady-state endothelial cell junctional integrity and barrier reformation
following thrombin challenge were affected by mutations within the IgD1-1gD1 and IgD1-
IgD2 interfaces to a much greater extent than was a mutation of K31, located within the
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IgD2-1gD2 interface. Taken together, these data strongly suggest that the IgD1-IgD1 and
IgD1-1gD2 interfaces revealed in the crystal structure of Paddock et al.3! are functionally
important for forming and supporting PECAM-1/PECAM-1 frans homophilic interactions,
while the smaller 1gD2-1gD2 interface is expendable.

Several months after the publication of the Paddock et al. structure of PECAM-1 1gD1/IgD2
and their associated homophilic molecular interactions31, a second structure of PECAM-1
IgD1/1gD2 was deposited in the PDB (PDB ID:5gni) by Hu ef a/*? While the individual
IgD1/IgD2 monomers are nearly identical to those in the Paddock et a/. structure (In

chain A, RMSD of 0.93 A for Ca 5-183. In chain B, RMSD of 0.64 A for Ca 4-184),

the interactions between monomers are substantially different (Figure 6). In the Hu et al.
structure (Figure 6B), the most extensive interface is between IgD1 and IgD2, and it lacks
the major IgD1-IgD1 trans interface as well as the smaller IgD2-1gD2 interface that were
observed in Paddock et al. (Figure 6A). A likely explanation for this difference is the
substitution by Hu et al., using site-directed mutagenesis, of three Asn residues with Gin
residues, resulting in the elimination of well-known N-linked glycosylation sites. Two of
these, N57Q and N124Q, are buried in the 1IgD1-1gD2 homophilic binding surface in their
structure, which, if left as wild type Asn residues with full glycosylation, would have caused
steric clashes with surrounding residues, and therefore could not likely occur in nature.

The third N-linked glycosylation site, Ns, is present at the cap of the IgD1-1gD1 interface
in the Paddock et a/. structure, and shown to be functionally important in the ability of
transfected REN cells to reestablish cell-cell contacts following thrombin challenge.*3 In
contrast, Nog is not located at a homophilic binding interface in the Hu et al. structure, and
is instead protruding into the surrounding solvent with no apparent functional or structural
interaction. Moreover, to validate their structure, Hu et al. expressed a single mutant form

of PECAM-1 containing four mutations (L47—E, Igs—E, F161—E, l163—E) located within
the homophilic binding interface of their crystal structure. Indeed, these mutations together
had a statistically significant impact on the ability of PECAM-1 to homophilically interact.
While we did not target the same group of residues for mutagenesis, two of those four
residues (F1g1 and 1143) are also present within the trans-homophilic interface in the Paddock
et al. structure (see Online Figure I). That being the case, the functional studies performed
by Hu et al., are unfortunately unable to functionally discriminate between the two published
structures.

In contrast, the functional analyses performed on point mutation variants of IgD1 and

IgD2 of PECAM-1 reported herein identify the minimal domain interactions necessary

for forming the PECAM-1/PECAM-1 homophilic binding interface of Paddock er a/31
These interacting residues by themselves, however, cannot totally account for the cell
adhesive properties of this receptor, as both antibodies?® 44 and the neutrophil-derived
NB1/PR3 complex#®, both of which target membrane proximal 1gD6 of PECAM-146, have
been shown to markedly increase homophilic binding mediated by PECAM-1 IgD1. This
phenomenon cannot be explained through the current model where PECAM-1 binding is
entirely dependent upon IgD1-1gD2 interactions. Interestingly, PECAM-1 IgD6 has recently
been implicated as the major receptor for Clostridium perfringens B-toxin, the virulence
factor responsible for fatal, necro-hemorrhagic enteritis in both animals and humans,*’ and
the pneumococcal adhesin RrgA also binds PECAM-1, mediating bacterial brain invasion.48
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It is tempting to speculate that the extracellular domains of PECAM-1 utilize a form of
affinity modulation, conceptually similar to what is observed in integrins, to regulate cell-
cell adhesion. Thus, while the current work validates the PECAM-1 homophilic interactions
observed in the published structure of Paddock et al., future studies that address higher-order
complex molecular interactions governing PECAM-1 homophilic binding need to focus

on the entire six-domain structure using both through x-ray crystallography and cryo-EM
imaging techniques. Incorporation of domain-specific anti-PECAM-1 antibodies into such
structural studies may allow for the elucidation of distinct conformational rearrangements
that are likely to be involved in regulating PECAM-1-mediated homophilic interactions in
the blood and vascular cells in which it is expressed.
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Cas9 CRISPR-associated protein 9

CHO Chinese hamster ovary cells

CRISPR clustered regularly interspaced short palindromic repeats
ECIS electric cell-substrate impedance sensing

FBS fetal bovine serum

GFP green fluorescent protein

HEK?293 human embryonic kidney 293 cells

HUVEC human umbilical vein endothelial cells

Ig immunoglobulin

IgD immunoglobulin-like homolog domain

iHUVEC immortalized human umbilical vein endothelial cells
PECAM-1 Platelet endothelial cell adhesion molecule-1
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Highlights

. Based on the PECAM-1 1gD1/IgD2 crystal structure, single amino acid
substitutions were inserted into PECAM-1 with the intent of disrupting
PECAM-1 homophilic binding.

. Mutations targeting the observed IgD1-1gD1 and IgD1-1gD2 interfaces
disrupted PECAM-1 homophilic binding.

. These mutations significantly decreased the ability of PECAM-1 to localize at
endothelial cell-cell borders, mediate the formation of endothelial tubes, and
restore endothelial barrier integrity.

. The results validate the physiological relevance of the PECAM-1 IgD1/IgD2
crystal structure determined by Paddock et a/. by demonstrating that specific
residues observed in the protein interfaces are required for functionally
important homophilic interactions.
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Figure 1. Homophilic binding interactions visualized in the crystal structure of PECAM-1.
(A) Ribbon model of the PECAM-1 Immunoglobulin Domain 1/Domain 2 (IgD1-1gD2)

crystal structure (PDB ID: 5C14). Residues 4-185 are shown for each subunit. Each chain

is uniquely colored blue, orange, and gray. IgD1-1gD1, IgD1-1gD2 and 1gD2-1gD2 interfaces
are labeled accordingly. (B) Schematic representation of the PECAM-1 IgD1-1gD1, IgD1-
IgD2, and IgD2-1gD2 interfaces seen in the crystal structure as they would appear in the
context of the full extracellular region (IgD1-1gD6) of PECAM-1. Colors of the IgD1/IgD2
subunits correspond with those shown in (A). Dotted lines represent IgD3-1gD6, which

are not present in the PECAM-1 1gD1/1gD2 crystal structure. (C-E) Atomic-level detail of
PECAM-1 inter-chain homophilic interactions within the (C) IgD1-1gD1, (D) IgD1-1gD2,
and (E) IgD2-1gD2 interfaces. Hydrogen bonds are shown as dashed lines. Residues that
were targeted for mutation include D33 and Kgp within the large IgD1-1gD1 interface (C),
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D5, in IgD1 and R127 and Rys5, in IgD2 at the 1gD1-1gD2 interface (D), and K131, P133 and
Djsg at the 1gD2-1gD2 interface (E).
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Figure 2. Residues within IgD1-1gD1 and 1gD1-1gD2, but not IgD2-1gD2, interfaces in the
PECAM-1 1gD1/1gD2 crystal structure are required for homophilic binding.

HEK?293 cells were transfected with wild-type (WT) or variant forms of PECAM-1

bearing amino acid substitutions at positions located within the IgD1-IgD1 (D33R, K62D),
IgD1-1gD2 (D52R, R122D, R152D), or IgD2-1gD2 (K131D, P133G, D158K) interface.

(A) PECAM-1 expression was analyzed by flow cytometry following staining with a
PECAM-1-specific primary antibody and a fluorescently tagged secondary antibody. Results
are expressed as the ratio of PECAM-1 median fluorescence intensity (MFI) observed in
transfectants expressing WT or variant forms of PECAM-1 relative to that observed in
transfectants expressing WT PECAM-1. Note that none of the substitutions dramatically
affected the level of PECAM-1 expression. (B) PECAM-1 homophilic binding was analyzed
by flow cytometry following staining with PECAM-1-1gG and a fluorescently-tagged
secondary antibody. PECAM-1-1gG MFI was normalized to PECAM-1 MFI for each
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variant. Note that the D33R substitution within the 1IgD1-IgD1 interface and D52R and
R152D substitutions within the IgD1-1gD2 interface, but not K131D, P133G or D158K
substitutions within the IgD2-1gD2 interface, dramatically decreased PECAM-1 homophilic
binding. Lines and error bars represent means + standard deviations calculated from three
independent experiments Statistically significant differences were determined by performing
an ordinary one-way ANOVA (p = 0.003 for expression, p = 0.002 for normalized binding)
using the Kruskal Wallis test with the Dunn’s test multiple comparisons.
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D33R-iHUVECs (D1-D1)

¢

Figure 3. Homophilic binding residues within the PECAM-1 1gD1-1gD1 and IgD1-1gD2
interfaces are required for localization of PECAM-1 at endothelial cell-cell junctions.

Wild-type (WT) immortalized human umbilical vein endothelial cells (iIHUVEC) or
PECAM-1-deficient iIHUVEC that were transduced with lentiviral vectors encoding variant
forms of PECAM-1 bearing amino acid substitutions at positions located within the
IgD1-1gD1 (D33R), IgD1-1gD2 (R152D), or IgD2-1gD2 (K131D) interface were grown
to confluence, stained with an antibody specific for PECAM-1 and a fluorescently tagged
secondary antibody, and imaged using confocal fluorescence microscopy. Representative
en face projections and cross-sectional images, the latter reconstructed in the Z-axis to
show border localization, are shown. Cross-section locations are indicated by vertical and
horizontal white lines in the en face image. The scale bar represents 20 um. Note that WT-
and K131D-PECAM-1 concentrated at endothelial cell-cell junctions, whereas D33R- and
R152D-PECAM-1 were diffusely distributed across the endothelial cell surface.
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Figure 4. Homophilic binding residues within the PECAM-1 1gD1-1gD1 and IgD1-1gD2
interfaces are required for in vitro sprouting and tube formation by endothelial cells.

Wild-type (WT) immortalized human umbilical vein endothelial cells (iIHUVEC),
PECAM-1-deficient iIHUVEC (KO), or KO iHUVEC that were transduced with lentiviral
vectors encoding variant forms of PECAM-1 bearing amino acid substitutions at positions
located within the 1IgD1-IgD1 (D33R), IgD1-1gD2 (R152D), or IgD2-1gD2 (K131D)
interface were seeded in Matrigel-coated plates for 18h and imaged following staining
with Calcein AM. (A) Representative bright-field (left) and fluorescent (right) images of
networks and interconnecting tube structures. The scale bar represents 2 mm. Note that
WT- and K131D-iHUVECs formed robust networks and interconnecting tube structures,
whereas KO-, D33R-, and R152D-iHUVECSs formed round aggregates with sprouts and
discontinuous tubes. The numbers of tubes (B), nodes (C), and meshes (D) formed in four
randomly chosen fields for each well were quantified using ImageJ software. Results are
expressed as means * standard deviations calculated from three independent experiments.
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Statistically significant differences were determined by performing an ordinary one-way
ANOVA (p < 0.001 for numbers of tubes, nodes and meshes) using the Kruskal Wallis test
with the Dunn’s test multiple comparisons. Note that the structures formed by KO-, D33R-,
and R152D-iHUVECSs had fewer tubes, nodes and meshes than those formed by WT and
K131D-iHUVECs.
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Figure 5. Homophilic binding residues within the PECAM-1 1gD1-1gD1 and IgD1-1gD2

interfaces are required for endothelial cell barrier function.
Confluent wild-type (WT) immortalized human umbilical vein endothelial cells (iHUVEC),

PECAM-1-deficient iIHUVEC (KO), or KO iHUVEC that were transduced with lentiviral
vectors encoding variant forms of PECAM-1 bearing amino acid substitutions at positions

located within the 1IgD1-IgD1 (D33R), IgD1-1gD2 (R152D), or IgD2-1gD2 (K131D)
interface were tested for their ability to impede the flow of an electrical current (4000
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Hz) by Electric Cell-substrate Impedance Sensing (ECIS). (A) Representative ECIS tracings
before and after disruption of inter-endothelial cell interactions by treatment with thrombin

(2.5 U/ml). Results are expressed as the mean + standard deviation of resistance values

in ohm/cm? (Q) over time. The arrow indicates the time of exposure to thrombin and the

dashed box represents the values used to calculate the initial rate of recovery of barrier
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resistance following thrombin challenge. (B) Baseline resistance of iHUVEC expressing

the indicated forms of PECAM-1. Results are expressed as means + standard deviations
calculated from 9-12 independent experiments. (C) Linear regression analysis of the rate of
recovery of barrier function after thrombin challenge, measuring the slope from the point

of lowest resistance following thrombin challenge (nadir) to 30 minutes after challenge.
Results are expressed as means * standard deviations calculated from 8-9 independent
experiments. Statistically significant differences were determined by performing an ordinary
one-way ANOVA (p < 0.001 for baseline and slope from nadir to 30 minutes) using the
Kruskal Wallis test with the Dunn’s test multiple comparisons. Note that KO-iHUVECSs and
iHUVECs expressing D33R and R152D variant forms of PECAM-1 had both lower baseline
barrier resistance and slower rates of barrier recovery following thrombin challenge relative
to WT-iHUVECs.
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A Paddock et al.
D1

Figure 6. Location of key mutated residues in PECAM-1 IgD1/1gD2 structures from Paddock et
al.and Hu et al.

In the Paddock et a/. structure (A), residues D52, R122, and R152 are clustered in the center
of the two IgD1-1gD2 interfaces, whereas in the Hu et a/. structure (B) the D52 and R152
sidechains project outward into the surrounding solvent, with R122 at the far boundary of
the IgD1-1gD2 interface. In the Paddock et al. structure, the largest interface occurs between
adjacent IgD1 domains in trans. D33 is prominently located in this interface, and mutation
of this residue significantly decreases homophilic binding. The Hu et a/. structure does not
contain a IgD1-1gD1 interface, and the D33 sidechain is directed outward into the solvent.
The residues targeted for mutation based on the Paddock et a/. structure are displayed as ball
and stick sidechains, and carbon atoms are shaded to match the domains in which they are
located. In (A), shaded areas encompass the portions of the domain interfaces targeted for
mutational studies. Mutated residues are labeled. In (B), labeled residues correspond to the
mutations made in the current work. The hydrophobic residues targeted by Hu et al. in their
lone mutant protein (L47E/I85E/F161E/I1163E) are shown with sidechains drawn as purple
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lines. Likewise, the N57Q and N124Q mutations are shown with gray sidechains. Protein
images were created using PyMOL.

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2023 February 01.



	Abstract
	Introduction
	Material and Methods
	Antibodies and fusion proteins
	Cell lines, transfection, and transduction
	Plasmids and constructs
	Characterization of PECAM-1 expression and homophilic binding by flow cytometry
	Sorting of iHUVECs expressing variant forms of PECAM-1
	Assessment of PECAM-1 localization at cell-cell borders
	Tube formation (in vitro angiogenesis)
	Measurements of endothelial barrier function
	Molecular modeling
	Statistical analysis

	Results
	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

