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ABSTRACT. We have employedCaC} binding studies, terbium (Pb) luminescence spectroscopy, and
electrospray mass spectroscopy (ESI-MS) to identify divalent metal binding properties of soluble
recombinant human PECAM-1 (srPECAM-1), and to define unique cation binding domains using short,
linear peptide sequences from the protein. PECAM-1 was found to directly interacd®@ith, binding

2.3 nmol of C&"/nmol of sSrPECAM-1 with aK4 of 1.17 nM. PECAM-1 was found to contain high-
affinity cation binding sites involving amino acids Asp Aspuas, and Gluse of Ig-domain 5 and residues
Glussz, Glusgo, ASpuo1, Glusss, Glussg, and Glys, of Ig-domain 6. The PECAM cation binding sites
demonstrated broad specificity for all divalent cations, with?Mhaving a higher affinity than Cé& or

Mg?*. Direct binding of TB" to these PECAM peptides was confirmed by ESI-MS. Modeling studies
predict that the six cation binding residues within Ig-domain 6 are proximal to each other in
three-dimensional space, and may form a single cation coordination site. The identification of cation
binding sites in PECAM-1 will direct further work in examining its cation-dependent roles in cellular
signaling.

Cell—cell interactions are mediated by distinct transmem-  Platelet endothelial cell adhesion molecule-1 (PECAM-
brane glycoproteins involving members of the integrin, 1/CD31) is a 130 kDa member of the 1g-CAM superfamily
selectin, cadherin, and Ig-superfamily cell adhesion molecule that is constitutively expressed on vascular endothelium,
(Ig-CAM)* gene families [for reviews, see Springer (1990) where it is localized to endothelial cell junctions (Newman
and Hynes (1992)]. Members of the immunoglobulin (Ig) & Albelda, 1992; Mulleret al., 1989). It is also present on
gene superfamily of C2 type cell adhesion receptors share athe surface of human platelets, neutrophils, monocytes, and
common structural similarity. These proteins have a variable various T cell subsets (Newman, 1994; Newneéal., 1990;
number of extracellular Ig-domains with conserved cysteine Tanakaet al,, 1992). PECAM-1 appears to play an important
residues that form disulfide bonds to stabilizstrands into role in vascular biology; in particular, it is an important
an antibody fold (Williams & Barclay, 1988). A number of mediator of leukocyte/endothelial cell interactions that take
members of the Ig-superfamily have been shown to partici- place during the process of transendothelial migration, and
pate in both homophilic and heterophilic cell adhesive may also be important in endothelial cedlell interactions,
interactions. Examples include neural cell adhesion moleculeangiogenesis, and the inflammatory response (Mettel.,
(NCAM), neuronr-glia cell adhesion molecule (Ng-CAM),  1993; Vaporiciaret al., 1993; Bogeret al., 1994; Albelda
and neuron-glia-related cell adhesion molecule (Nr-CAM) et al, 1990; Baldwinet al., 1994). The mechanisms by
(Cunninghanet al, 1987; Grumet & Edelman, 1988; Mauro  which PECAM-1 mediates cellular interactions appear to be
et al, 1992; Murrayet al, 1992; Racet al., 1992). complex. Several lines of evidence have suggestecdt& Ca

independent homophilic PECAM interaction: COS cells
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Ig-homology domains 1 and 2 (Sun, Q.-Ht,al, 1996; Sun,
J., et al, 1996).

PECAM-1 has also been implicated in heterophilic cell
interactions, as demonstrated by theGdependent interac-
tions of PECAM-1-transfected mouse L-cells with nontrans-
fected L-cells. This interaction can be blocked by anti-
PECAM antibodies which map to Ig-domains 2 and 6
(Albelda et al, 1991; Yanet al, 1994), cell surface

Jackson et al.

CA) to >85% purity on a G column (Vydac, Hesperia,
CA) using an aqueous trifluoroacetic acid (0.1%)/acetonitrile-
based mobile phase. All purified peptides were analyzed
by fast atom bombardment mass spectroscopy (Mass Spec-
troscopy Laboratory, Medical College of Wisconsin, Mil-
waukee, WI) to confirm the expected molecular mass.
Fluorescence Energy Transfer Spectroscopy*" lumi-
nescence measurements of PECAM peptides and srPE-

glycosaminoglycans (GAGS), and the hexapeptide sequenceCAM-1 were performed using an SLM MC400 monochro-

LKREKN, present in Ig-domain 2 that is partially homolo-

gous to a heparin binding consensus sequence (Delasser
al., 1993; Albeldaet al,, 1992). The requirement for divalent

cations in the aggregation of PECAM-1-transfected L-cells
has remained unexplained.
divalent cation dependency is related to PECAM-1 itself, or
is contributed by other receptors involved in cellular interac-

It is not clear whether this

mator spectrofluorometer (SLM-Aminco, Urbana, IL) equipped
with an on-line IBM computer running 8100 spectrofluo-
rometer software, and connected to an RTE-210 NESLAB
refrigerated waterbath at 2€. Emission spectra were taken
with excitation and emission band-passes of 2 nm and 4 nm,
respectively. The excitation wavelength was chosen at 290
nm with a TB* emission at 545 nm. All samples were

tions with PECAM-1. Two recent studies have suggested a diluted in 50 mM MOPS, pH 6.5, containing 0.1% CHAPS,

role for divalent cation-dependent association of PECAM-1
with an integrin counterreceptos,3; (Piali et al., 1995;

Buckley et al, 1996). Recent experimental evidence has
implicated a role for PECAM-1 as an agonist receptor in

which had been pretreated with Chelex-100 and analyzed
within 4 h after the addition of ™. In these experiments,
titrations were performed with a constant amount of/50
Th®* solution and increasing concentrations of PECAM

signal transduction pathways that requires integrin-mediatedpeptides or, alternatively, a constant amount of ;28

cell—cell contact as a secondary adhesion event (Sun, Q.-

H., et al, 1996; Jacksoet al,, 1997).

In this study, we have examined the divalent metal binding
properties of sS'tPECAM-1 and defined specific cation binding
regions in PECAM-1 using synthetic PECAM peptides. We
demonstrate that PECAM-1 contains high-affinity cation

peptide solution with increasing concentrations of*Th
solution. Results are expressed as luminesceR(tetfl)

— Fo(background without peptide)] expressed in arbitrary
units versus Peptide:Th ratio. The red-shifted harmonic

at 580 nm was monitored on all spectroscopic scans to ensure
that the peptideterbium complexes remained in solution,

coordination sites within Ig-domains 5 and 6. These results @nd that no peptide or protein aggregates had formed during
may assist our understanding of the effects of metal ions onthe incubation. Levels of Gain buffers and protein samples

the conformation of PECAM-1 necessary for it to mediate

were determined using a calcium Model 93-20 electrode

secondary adhesive events mediated by non-PECAM-1according to the manufacturer's instructions (Orion Research

receptors.

EXPERIMENTAL PROCEDURES
Materials EDTA, pure CaCGl, MgCl,, MnCl,, CHAPS,

Inc., Boston, MA). Specificity of divalent cation binding
was confirmed by displacement of by C&", Mg?*, and
Mn2* jons. The sequential reduction in emission intensity
at 545 nm was measured after addition ofidOaliquots of

50 mM CacC}, MgCl,, or MnCk. Binding constants were

MOPS, and bovine serum albumin were obtained from Sigma determined from these competition experiments for the

Chemical Co., St. Louis, MO. Chelex-100 was obtained
from Bio-Rad Laboratories (Richmond, CA). High-purity
terbium chloride was obtained from Aldrich Chemicals
(Milwaukee, WI). srPECAM-1 and a recombinant GPIllb
fragment encompassing amino acids 1449 were prepared
as previously described (Goldberggral., 1994; Jacksoet
al., 1996). Each protein was shown to b85% pure on a
Coomassie Blue stained SB®AGE gel. For experiments
requiring metal-free conditions, proteins were extensively
dialyzed at 4°C for 24 h in Chelex-treated 50 mM MOPS,
pH 6.5, containing 0.1% CHAPS.

Peptide SynthesisPECAM peptides were synthesized
using a Model 9050 Pepsynthesizer (Millipore, Bedford, MA)
with 9-fluoronylmethoxycarbonyl (FMOC) chemistry ac-

interaction of each divalent cation with each candidate
PECAM peptide using the following equationk, = /{(1

— v)(R — v)[P]}, whereR = ratio of [divalent cation}y/
[Th3]t at which a 50% reduction in fluoresence intensity
was obtained; and = Fso/Fior, Where v is the relative
change in fluorescence intensity at a given wavelength.
[Th3).o, [divalent cationy, and [P] are the final concentra-
tions of TB*, competing divalent cation, and PECAM
peptide used in the assay (Boetal., 1989).

Modifications of PECAM-1 Peptides for Fluorescence
Energy Transfer Spectroscapyror convenience, amino acid
substitutions are numbered according to their respective
position in the peptide sequence. The sequence of the
PECAM 534-549 loop 6 peptide was modified by the

cording to standard manufacturer’'s instructions. Peptides placement of a Trp residue instead of a Tyr residue at position

were deblocked using 25% piperidine. Amino acids were

11, while PECAM 485-495 loop 6 peptide sequence was

introduced as preformed active esters and activated with 0.3modified by placement of a Tyr residue instead of a Val

M 1-hydroxybenzotriazole hydrate in dimethylacetamide.

residue at position 2 and a Trp residue instead of a Leu

The peptides were then cleaved from the resin using aresidue at position 10. The PECAM 43848 loop 5 peptide

mixture of 87.5% trifluoroacetic acid/5% thioanisole/2.5%
ethanethiol/5% kD, precipitated with ether, washed exten-
sively with cold ether, dried under nitrogen, dissolved in
distilled water, and dried by lyophilization (Aldrich Chemi-

cals, Milwaukee, WI). Peptides were then purified by

was modified by placement of a Tyr residue at position 2
instead of a Phe residue and a Trp residue at position 12
instead of a Tyr residue. For the two Ig-domain 2 peptides,
PECAM 164-178 was modified by placement of a Tyr
residue at position 3 instead of a Phe residue and a Trp

reversed-phase HPLC (Beckman Instruments, San Ramonyesidue at position 14 instead of a Phe residue. The sequence
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of PECAM 135-148 peptide was modified by placement

of a Tyr residue in position 2 instead of a Phe residue and

a Trp residue at position 14 instead of a Val residue.
Circular dichroism (CD) measurements were performed

on a JASCO Model J-710 spectropolarimeter fitted with a

thermally regulated cell holder in 1 mm rectangular quartz , ] Ll

cuvettes The native and modified PECAM (Y,W) peptides o T pound o 50utl b LA

(0.2 mg/mL) were dissolved in 17% acetonitrile® and (x109)

analyzed by CD spectra analysis from 260 to 195 nm, every Ficure 1: Direct C&* binding to StPECAM-1. (A) Equilibrium

0.5 nm, with 2 s collection times. CD spectra for the Y,W- dialysis experiments were performed wittCaCh as described

substituted peptides showed slight differences from those ofg][‘ds"i")r( Eir’]‘geegg%”etg: Per)?;:r?r‘;fnst-s DaEth%resgi?]tte?sa; rz;\)llgzzrétag;/e

the native peptides. More pegatwe values of ellipticity were duplicate measurements. (B) Scatchard plot of the data generated

Observed fOI’ 436Y,W I’e|a'[|V€ to 436 and fOf 534W I’e|atlve by linear |east_squares regression ana|MB'5 €08579( + 2045'

to 534 from 195-220 nm, but especially in the 19200 R2 = 0.9808).

nm range, consistent with increased random-coil contribu- ) o o ]

tions to the structures of the substituted peptides. LessRadioactivity was quantified in a Pharmacia Wallac 1410

negative values of ellipticity were observed for 485Y,W liquid scintillation counter. Data were analyzed using Graph

relative to 485 from 195 to 250 nm. To confirm that these Pad Prism Version 2.0 and Microsoft Excel Version 5.0 to

differences did not affect the cation binding properties of 9enerate binding curves and Scatchard plots using least-

the modified PECAM (Y,W) peptides, we compared direct Sduares linear regression analysis. _

binding of T to both native and modified PECAM (Y,w)  Computer-Generated-Sheet Analysis/3-Sheet analysis

peptides by ESI-MS and found them to be identical. of PECAM-1's s_truct_ure was obt_alned using PC/Ger_1e release
Competition Inhibition AssaysrPECAM-1 was evaluated 6.70: the nucle_lc acid and protein sequence Qnalyss software

for its ability to bind divalent cations using a competition SyStém. Protein secondary structure analysis was performed

inhibition assay (Jackscet al., 1996). Briefly, a 14 amino  uSing the Novotny program (Novotrst al., 1984; Roseet

acid peptide comprising the first calcium binding domain of al., 1980).

platelet membrane glycoprotein (GP) IIb (GPIIb 24255) RESULTS

was used as a reporter peptide at a fixed concentration of

20 uM in the presence of 5@M Th®t. The peptide/TH" Ca&" Binding to sSrPECAM-1 To determine if SrPE-

mixture was excited at 290 nm, and the luminescence CAM-1 could directly interact with Cad, we measured the

resulting from energy transfer to bound®Ttwas recorded  binding of4*CaCl to StPECAM-1 using equilibrium dialysis.

at 545 nm. Addition of metal binding proteins in increasing In these experiments, srPECAM-1 was dialyzed against

w
>

3

~

bound per nM

M “°Cacl,
SPPECAM-1 (x 10
Bound/Free (x 107)

3
o

)

nanomolar concentrations to the reporter peptid&/ Tiix- increasing concentrations $CaCh (0—7 nM) as described
ture results in a dose-dependent decrease 1 Tmines- under Experimental Procedure?As shown in Figure 1,
cence. All results are expressed as percent inhibition versussrPECAM-1 directly binds®Ca&* with 2.3 nmol of C&"/

competitor concentration. nmol of sStPECAM-1 with aKq of 1.17 nM. In contrast,

Electrospray Mass Spectroscopy (ESI-MSJandidate parallel experiments using albumin as a non-calcium binding
PECAM-1 and control peptides (5M) were dissolved in protein showed no ability to binttCa* (data not shown).
distiled water and incubated overnight at°€ in the Divalent Metal Binding Properties of ssPECAM-1IThe
presence or absence of 2M TbCl;. Samples were dried  binding of divalent cations to sTrPECAM-1 may play an
using a Speedvac SC100 evaporator (Savant Instrumentsimportant role in maintaining the proper conformation and/
Farmingdale, NY). Peptide samples with and without BoCl or orientation of PECAM-1 necessary for it to mediate its
were rehydrated in 100% Millipore water and analyzed adhesive interactions. To show further evidence for a
immediately to minimize dimer formation. Samples were divalent cation interaction with PECAM-1, we compared the
delivered by continuous infusion atgd /min to a Vestec metal ion binding properties of sSrPECAM-1 with a recom-
201 quadrupole mass spectrometer (260@range). The binant GPIllb polypeptide encompassing all four calcium
Vestec electrospray ionization source did not require liquid binding domains using quantitative ¥b luminescence
sheath flow, Sk or nebulizing gas to spray 100% aqueous spectroscopy. T¥ can substitute for Ca with higher
solutions (Protein and Carbohydrate Structure Facility, affinity in functional ligand binding interactions of metal ion
University of Michigan, Ann Arbor, MI). binding proteins (Cierniewsket al, 1994). Since some

Equilibrium Dialysis of**CaCk. 4°CaCl binding studies metal binding proteins lack the required aromatic donor
were performed using 8-well dialysis modules (EMD101B residues (Trp, Tyr) in close proximity to cation binding
multi-sample microvolume dialyzer, MW cutoff 12 060 regions necessary to directly detect boun&Tiwve recently
14 000, 0.25 mL cell, Hoefer Scientific Instruments). A 0.25 developed a competition assay in which a metal binding
mL aliquot of SsPECAM-1 (0.65 mg/mL) in Chelex-treated protein is used as an inhibitor of Thbinding to a reporter
0.01 M PBS, pH 7.4, was placed in one side of the dialysis peptide that had been optimized for maximal energy transfer
membrane in chamber 1, while an equal volume of Chelex- (Jacksoret al., 1996). As shown in Figure 2, when used as
treated 0.01 M PBS, pH 7.4, containing various amounts of a competitive inhibitor, SsPECAM-1 could compete for*Th
45CaCh (Amersham, England) was added to the other side ions in a dose-dependent manner, and was nearly as effective
of the dialysis membrane in chamber 2. Equilibrium dialysis as a recombinant GPIIb 174149 polypeptide that contains
was performed for 24 h at room temperature. Following four well-characterized calcium binding domains (Jackson
incubation, 2QuL aliquots in duplicate were removed from et al, 1996). For example, at a concentration of 240 nM
each chamber and transferred into 5 mL of Aquasol. (10 ug/mL), the rGPIllb polypeptide inhibited b lumi-
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120

—e— rGPlIb 174-449 Table 1: Synthetic PECAM Peptides
—=&— Sol. rec. PECAM-1
100 + Albumin Ig Domains 5 and 6 PECAM peptides
PECAM 436-448 VFKDNPTEDVEYQ
80 -|
5 PECAM 436-448 (Y, W) VYKDNPTEDVEWQ
=
2 GOJ PECAM 436-448 (Y, W) EKPYDNTEQVDVW
E (scrambled)
ES
40 -| _
PECAM 485-495 VVESGEDIVLQ
20 PECAM 485-495 (Y, W) VYESGEDIVWQ
PECAM 485-495 (Y, W) EYQSEVGIVDW
AA/L__;\‘ (scrambled)
0 & T ‘A'i T T
0 50 100 150 200 250 PECAM 534-549 KASKEQEGEYYCTATFN
Protein concentration (nM)
PECAM 534-549 (W) KASKEQEGEYWCTAFN

Ficure 2: Divalent metal binding properties of srPECAM-1

demonstrated by Pt binding. StPECAM-1, recombinant GPIlb ~ P5ch 524-54% () SAEKQGTARCYWEKENE
fragment residues 17449 (encompassing four well-characterized

calcium binding domains), and albumin were each examined for
their ability to compete for T4 binding to a reporter peptide
comprising the first C& binding domain of GPIlb. Results are PECAM 135-148 HFTIEKLELNEKMYV
expressed as the mednstandard deviation of three independent  pgcan 135-148 (v, w HYTIEKLELNEKMFW
experiments. Note that stPECAM-1 competes fo*Thinding,

and is nearly as effective as the recombinant GPIIb polypeptide. frormsiog*® ™ EMEYKITNKLEHRMWL
Albumin, on the other hand, shows no ability to bind divalent

Ig Domain 2 PECAM peptides

cations. PECAM 164-178 LEFPVEEQDRVLSFR

nescence by greater than 95%, while StPECAM-1 achieved Fecat 164-178 (¥, LEYPVEEQDRVLSWER

90% inhibition. This could not be attributed to insolubility E(’ECAMmlljfflc-“NB (Y, PERYVSERLWLQDLE
scra e

or aggregation of stPECAM-1 protein, as the harmonic at
580 nm remained constant throughout the assay. Albumin ) ] o _ _
was included as a non-calcium binding protein, and displayed €Stablished by the following criteria: (1) The amino acids
no ability to compete for TH binding. Taken together, these ~ at these positions would not contribute hydrogen bonds to a
data indicate that PECAM-1 contains functional metal ion Ccation coordination site to stabilize the configuration of the
binding properties that can modulate the conformation of Peptide. (2) In most cases, direct substitutions of aromatic
the protein. amino acids were made to maximize energy transfer. For
Synthesis and Optimization of #& Candidate Cation  this purpose, the preferred aromatic amino acids in descend-
Binding Regions in PECAM-1 for Luminescence Spectros-ing order are Trp, Tyr and Phe residues. (3) CD spectral
copy. The precise location of cation binding regions within - analysis revealed that the modified PECAM-1 (Y,W) pep-
the extracellular Ig-domains of PECAM-1 is not known. tides assumed a relatively similar conformation compared
Examination of the primary amino acid sequence of PE- to the native PECAM-1 peptides (for details, see Experi-
CAM-1 revealed specific regions in Ig-domains 2, 5, and 6 mental Procedures). (4) Direct ¥bbinding to both native
rich in Asp and Glu residues. Peptides corresponding to and modified PECAM peptides was virtually identical, as
these candidate cation binding regions in PECAM-1, as well determined by ESI-MS (data not shown). As shown in
as scrambled versions of these peptides, were synthesizedfigure 3, whereas native candidate cation binding PECAM
and optimized for TH" luminescence energy transfer by peptides exhibited weak Fb luminescence, the modified
appropriate placement of aromatic Trp or Tyr residues as candidate PECAM peptides containing the substituted aro-
shown in Table 1. The validity of these substitutions was matic amino acids, Trp (W) and Tyr (Y), showed significant

A B

1000 12000 1000
~@- PECAM 436448 (Native) ~@- PECAM 485495 (Native) ~@- PECAM 534.549 (Native)
800 | % PECAMaHs W) 10000 —| —8- PECAM 485495 (Y, W) 800 | ™ PECAMSIsO W

8000 —|

600 —
6000 —|

4000 —
2000 —

00 05 10 15 20 25

Luminescence (F-Fo) Arbitrary Units

Peptide:Th°" ratio

FiGUre 3: Optimization of PECAM-1 Ig-domain 5 and 6 peptides foPThuminescence spectroscopy. Titration curves of the interaction

of Tbh3* with synthetic peptides encompassing unique regions in PECAM Ig-domains 5 (A) and 6 (B, C). The sequences of the three
peptides examined are provided in detail in Table 1, and include the native candidate PECAM se®uiandafodified candidate PECAM
peptides with appropriate placement of aromatic amino acids, Trp andl)yResults are expressed as the mgastandard deviation of

three independent experiments. Note that the modified peptides exhibited a greatly increased capacity to transfer energy t& bound Th
compared with native peptides.
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A B
1000 1000 3500 c
~@— PECAM 135-148 (Y. W) —@- PECAM 164178 (Y,W) ~@— PECAM 436-448 (Y, W)
—- PECAM 135-148 (Scrambled) —- PECAM 164-178 (Scrambled) 3000 | _m pECAM 436448 (Scrambled)
750 — 750 — L
2500
500 500 — 2000

1500

250 | 1000 -
500
T 0 | T { | I 0

00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25

250 -

Luminescence (F-Fo) Arbitrary Units

Peptide:Tb3+ ratio

25000 D 3000

—@- PECAM 485-495 (Y,w) —@— PECAM 534-548 (W)
20000 — M PECAM 485-495 (Scrambled) 2500 — —m- PECAM 534-549 (Scrambied)

2000 —
1500 —
1000 -
500 —

15000 —

10000 —

5000 —|

00 05 10 15 20 25 00 05 10 15 20 25

Luminescence (F-Fo) Arbitrary Units

Peptide:Tb3+ ratio

FiGure 4: Metal binding properties of candidate PECAM Ig-domain 2, 5, and 6 peptides. Titration curves of the interactiéh wititb

synthetic peptides of candidate sequences in PECAM Ig-domains 2 (A, B), 5 (C), and 6 (D, E). The sequences of the five peptides examined
are provided in detail in Table 1, and in each case include a modified wild-type PECAM sequence @ ,8d(a scrambled version of

each peptidel). Results are expressed as the meastandard deviation of three independent experiments: l[liminescence was excited

at 285 nm and measured at 545 nm. Note that the Ig-domain 5 and 6 peptides showed greatly enhanced luminescence compared to Ig-
domain 2 peptides.

3t . N . .
Th*" luminescence at 545 nm upon titration with peptide or Table 2: Binding Constants of Synthetic PECAM-1 Peptides with
TbCl;. Based upon these results, we used the (Y,W) cations

modified peptides in all subsequent experiments.

affinity constantsKz) (M~1 x 10%

Metal Binding Properties of PECAM Ig-Domain 2, 5, and _ PECAM - — —
6 Peptides To examine the metal binding properties of peptide lg-domain _ C4& Mg Mn
candidate PECAM Ig-domain 2, 5, and 6 (Y,W) peptides, PECAM 135-148 2 15 15 2.6
we performed titrations of each peptide with a fixed Eggﬁm 4112:1114713 g é'g é'g %g
concentration of ThGlor vice versa, and monitored cation  pecam 485-495 6 10.9 10.0 18.7
binding using TB" luminescence spectroscopy. The validity PECAM 534-549 6 3.7 3.0 5.3

of this approach has been verified by previous studies ™ apata represent mean value from three separate experiments.
demonstrating that the conformations of the synthetic peptide Standard deviations were less than 10%.

loops in solution with TB" fold the peptide into the same
three-dimensional structure that exists in the intact protein In order to demonstrate the specificity of the interaction
(Gariepyet al., 1985; Marsdert al., 1989). As shown in  of Tb*" with these peptides, we conducted displacement
Figure 4, when increasing amounts of each candidate studies using various divalent cations. As shown in Figure
PECAM peptide corresponding to Ig-domains 2 (panels A 5, sequential addition of €5 Mg?", and Mr#* ions resulted
and B), 5 (panel C), and 6 (panels D and E) were added toin displacement of prebound Tb from the candidate

a solution containing a constant amount of Thdumines- PECAM lg-domain 2 (panels A and B), 5 (panel C), and 6
cence increased in a dose-dependent manner, indicating thapanels D and E) (Y,W) peptide sequences, as demonstrated
these peptides are capable of binding metal ions. With eachby a dose-dependent reduction in®Thuminescence. To
peptide, saturation of peptide/¥bbinding was reached at  displace 50% of the receptor bound3Tha 60-70-fold

a (1.0-1.25)/1.0 molar ratio of peptide to Th The Ig- molar excess of G4 or Mg?" ions or a 36-40-fold molar
domain 5 and 6 (Y,W) peptides (43@48, 485-495, and excess of MA' ions was required. From these competition
534-549) showed greatly enhanced *Thluminescence, studies, we derived binding constants for the interaction of
while scrambled versions of these peptides containing theeach divalent cation with each region of the PECAM-1
same charged residues were much less effective in transfermolecule. As shown in Table 2, Ig-domain 2 peptides have
ring energy to TB", demonstrating sequence specificity. In relatively low affinity for divalent cations, as predicted by
contrast, the lg-domain 2 (Y,W) peptides (13648, 164- their relatively weak TH" luminescence (Figure 4A,B).
178) bound TB" with much less efficiency (Figure 4A,B). However, the Ig-domain 5 peptide and both Ig-domain 6
In fact, the PECAM 164178 Ig-domain 2 (Y,W) peptide  peptides exhibited a-35-fold higher affinity for each of the
showed slightly reduced terbium luminescence relative to divalent cations compared to the Ig-domain 2 peptides (for
that of the scrambled sequence (Figure 4B). The data suggestxample, affinity constants for competingCéon indicated
that the acidic amino acids in Ig-domains 5 and 6 comprise that the PECAM 485495 Ig-domain 6 peptide showed a
cation binding sites, while those present in Ig-domain 2 K,value of 10.9x 10* M~1 compared to 1.4 10* M~ for
should not be considered as potential cation binding sites.the PECAM 164-178 Ig-domain 2 peptide). These binding
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Ficure 5: Displacement of TH from candidate PECAM (Y,W) peptides with divalent cations2Calg?", and Mr#*. Displacement
curves for each of the candidate PECAM Ig-domain 2 (A, B), 5 (C), and 6 (D, E) (Y,W) peptides by sequential titration with each of the

divalent cations as described under Experimental Procedures. Note fHaufinescence was reduced by the addition of each divalent
cation in a dose-dependent manner for each candidate PECAM-1 (Y,W) peptide, demonstrating specificity of the interactions.

constants are comparable to those obtained for syntheticthe peptide sequence, conformation, solvent, and instrumental
peptide loops for calmodulin and troponin C (Boehal, parameters. It is very common for singly charged ions to
1989; Kanelliset al, 1983). These data suggest that be of low abundance or even absent in peptide spectra.
PECAM-1 contains up to two metal binding domains as Incubation of this peptide with 50M Th3* resulted in the
predicted by the equilibruim dialysis studies, although the appearance of five novel peaksatz741,m/z819,m/z1040,

one located in Ig-domain 6 may be functionally more m/z1480, andn/z1559. Each of these peaks corresponded
important due to the high-affinity interactions of the two with the attachment of T ions to different charge states
distinct Ig-domain 6 peptides for divalent cations. In of the peptide as indicated. Analysis of PECAM 5&49
addition, the cation binding sites demonstrate a broad (W) Ig-domain 6 peptide revealed a predominant peak at
specificity for all divalent cations, with Mt having a higher m/z 946 (Figure 6C). Addition of TH resulted in the
affinity than either C&" or Mg?t. Similar findings have also  attachment of three Pb ions as shown by the appearance
been described for the integrin family of cell surface receptors of m/z 1024, m/z 1103, andm/z 1416 peaks. From these
(Gailit & Ruoslahti, 1988; Altieri, 1991; Elicest al., 1991, results, we conclude that both PECAM Ig-domain 6 peptides
Dransfieldet al,, 1992; Kernet al., 1993; Sanchez-Aparicio  can form complexes with B involving a minimum of three

et al, 1993). cation coordination sites.

Formation of Binary Complexes between Terbium and The complex formation observed between3Thkand
PECAM Ig-Domain 5 and 6 Peptidesndependent evidence PECAM Ig-domain 5 and 6 peptides appears to be specific,
that PECAM Ig-domain 5 and 6 peptides bind cations was as no peptide Tb®" complexes were observed with control
obtained by ESI-MS. In initial studies, titration of Twith peptides derived from other regions of the PECAM-1
each PECAM peptide was performed to select the appropriatemolecule. Two different PECAM 516530 and 553567
Th3* to peptide ratios to obtain optimal Tbbinding by ESI- Ig-domain 6 peptides failed to bind Thions. In addition,

MS (data not shown). As shown in the lower panel of Figure other control peptides included RGDW and RGEW also
6A, in the absence of terbium, the PECAM 43648 (Y,W) failed to bind TB" ions (data not shown). Both control Ig-
Ig-domain 5 peptide had two major peaksnafz 823 and domain 6 peptides lacked candidate cation coordination Asp
m/z 1623 corresponding to charged statestdf and +2. or Glu residues; however, short RGDW and RGDW peptides
Incubation of this peptide with 50M Tb3* resulted in the  containing either an Asp or a Glu residue also failed to bind
appearance of three novel peaksrdiz 890, m/z 968, and Tb®** (data not shown), as previously described (D’Soetza
m/z1238. Them/z890 andm/z 968 peaks correspond to al., 1994).

the attachment of one and two %tons to the+2 charged The lower panels of Figures 6 show that dimers were not
peptide. Them/z 1238 peak was composed of a peptide observed in the absence of terbium. (Those charge state
dimer with three TB" ions bound to the-3 charged peptide.  assignments are readily confirmed by the spacing of the Na
These results provide direct physical evidence that PECAM adducts.) Dimerization appears to be enhanced in the
436—-448 can complex with T8 with involvement of three presence of the B ions, since the dimers are only observed
coordination sites. Similarly, in Figure 6B, the PECAM in the metal ion containing solutions. It is clear that not all
485-495 (Y,W) Ig-domain 6 peptide showed one predomi- of the terbium binding arises from dimers by closely
nantm/zpeak at 1325. This peak corresponds to a chargedexamining the peak spacings for the different charge states.
state of+1. Charge distributions in electrospray ionization For example, Figure 6AC shows dimer coordinating to
mass spectroscopy are governed by many factors includingthree terbiums in the 1200 (Figure 6A), 1000 (Figure 6B),
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FIGURE 6: Formation of complexes between PECAM Ig-domain 5 and 6 (Y,W) peptides and terbium as observed by ESI-MS. Candidate
PECAM Ig-domain 5 (436448) (panel A) and 6 (485495 and 534-549) (panels B and C) (Y,W) peptides (281) were dissolved in

distilled water and incubated overnight af@ in the presence (upper panel) and absence (lower panel) @M50bCl;. Samples were

dried and rehydrated in 100%8 just prior to ESI-MS analysis as described under Experimental Procedures. Other control peptides
included RGDW, RGEW, PECAM 516530 (KPFYQMTSNATQAFW), and PECAM 553567 (HASSVPRSKILTVV); all failed to bind

and 1400 (Figure 6Q)/zregions. The series of peaks from and Alaysy) all resulted in reduction in ™ luminescence.

As shown in panel A of Figure 7, substitution of Ala for
1100 (Figure 6Cjn/zhave a spacing consistent with doubly Asp at position 444 or Ala for Glu at position 443 resulted
charged ions. If they arose from a quadruply charged dimerin a 2-fold reduction, while substitution of Ala for Glu at
instead, it could then bind only even numbers of terbiums, position 446 resulted in a moderate 3-fold reduction if*Th
inconsistent with the previous data clearly showing three luminescence, indicating that these modified peptides have
lower affinity for Th*" than the wild-type PECAM 436

800-1000 (Figure 6A), 708900 (Figure 6B), and 900

terbiums binding to the dimer. Hence, the peaks in the-800
1000 (Figure 6A), 706900 (Figure 6B), and 9661100

448 (Y,W).

In contrast, substitution of Ala for Asp at

(Figure 6C)m/z regions are doubly charged. A second position 439 resulted in only a minor reduction in3Th
luminescence. Binding studies with the PECAM 4885
provided by the upper panel of Figure 6A, where if it was (Y,W) peptide showed that substitution of Ala for Glu at
asserted that only dimers were binding terbium, then dimers positions 487 and 490 resulted in a 2-fold reduction i#*Th
luminescence, while substitution of Ala for Asp at position
but not the 5 charge state. Since electrospray ionization 491 resulted in a moderate 3-fold reduction in3Th
does not “skip” charge states, such an explanation cannotluminescence (panel B, Figure 7). When Ala was substituted
for Glu residues at positions 538 or 540, a 2-fold reduction
was observed, while substitution of Ala for Glu at position
542 in the PECAM 534549 (W) peptide resulted in a 4-fold
reduction in TB" luminescence (panel C, Figure 7). The
most prominent (5-fold) decrease in energy transfer was
observed in peptides harboring double Ala substitutions,
including PECAM 436-448 (Y,W) (Alass3 449 and PECAM
luminescence spectroscopy (refer to Table 1 for peptide 485-495 (Y,W) (Alaygo 499 (data not shown), indicating that
sequences). As shown in Figure 7, single Ala substitutions these modified peptides have a much lower affinity fofTh
and that these Asp and Glu residues mediate cation binding
to PECAM-1. Direct TB' binding to peptides harboring
these Ala substitutions was also observed using ESI-MS, and

indication that terbium binding is not limited to dimers is

would be appearing in thed3 4+, and 6+ charge states,

be correct.

Identification of Candidate Asp and Glu Residues Impor-
tant for Coordinating Cation Binding in PECAM Ig-Domains
5 and 6 To identify critical residues involved in cation
coordination we substituted Ala residues in place of
candidate Asp or Glu residues in PECAM lg-domain 5 and
6 peptide sequences and monitored cation binding By Tb

in potential cation binding sites for PECAM 43848 (Y,W)
(A|a443, A|a444, and Alam(,), PECAM 485-495 (Y,W) (A|a437,
Alaygy, Alaser), and PECAM 534549 (W) (Alaszs, Alasag,
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Ficure 7: Metal binding properties of alanine-substituted cation coordination sites in PECAM Ig-domains 5 and 6. Titration curves of the
interaction of TB* with Ala-substituted synthetic peptides of candidate sequences in PECAM Ig-domains 5 (A) and 6 (B, C). The sequences
of the three peptides examined are provided in detail in Table 1, and in each case include a modified wild-type PECAM sequence (Y,W)
(®) and various Ala substitutions as indicated. Results are expressed as the-ratardard deviation of three independent experiments.

Tb** luminescence was excited at 285 nm and measured at 545 nm. Note that the Ala substitutions resulted in rédiwwath@scence

of the PECAM Ig-domain 5 and 6 peptides.

each candidate cation coordination site resulted in loss of amember of the Ig-gene superfamily, but has also been
peptide-Th®" complex (data not shown). Based on these demonstrated with a neurewlia cell adhesion molecule
results, we conclude that for Ig-domain 6, PECAM 534  (Ng-CAM) (Grumet & Edelman, 1988). In this study, we
549 (W) contains three cation coordination sites involving have used several independent approacd®&aClh binding,
residues Glsgs, Glusso, and Glus, and PECAM 485-495 fluorescence energy transfer, and mass spectroscopy analysis,
(Y,W) contains three cation coordination sites involving to provide clear evidence that PECAM-1 contains functional

residues Glisz, Glusge, and Aspe:. Additionally, in Ig- metal binding regions involving a high-affinity region (485
domain 5, PECAM 436448 (Y,W) also contains three 495 and 534-549) involving Ig-domain 6, which may be
cation coordination sites involving residues AspASpus, possibly linked to region 436448 in Ig-domain 5. Exami-
and Glugs nation of sStPECAM-1 protein demonstrated an ability to
directly bind*>*CaCl and compete for T4 binding (Figures
DISCUSSION 1and 2). Each of the candidate PECAM peptides could bind

In this study, we have employeCaCb binding studies, Tb" as assessed by fluorescence energy transfer (Figure 4).

Th** luminescence spectroscopy and ESI-MS to identify and This interaction could be displaced by divalent cationg,"Ca
characterize the interaction of metal ions with PECAM-1 Mg, and Mr¥" ions, indicating their ability to bind to these

and define unique cation binding domains using short, linear Metal binding regions in the PECAM-1 molecule (Figure
peptide sequences from the receptor. Our major findings 2)- Confirmatory evidence of metal ion binding was shown
are summarized as follows: First, PECAM-1 can directly PY the formation of PECAM peptideTh*" complexes using
interact with metal ions, demonstrated by 2.3 nmol o¥Ca  ESI-MS (Figure 6). Taken together, these data demonstrate
nmol of SPECAM-1. This interaction can be mimicked by that PECAM-1 contains functional metal binding regions
the calcium analog ™ (Figures 1 and 2). Second, localized to Ig-domains 5 and 6.
PECAM-1 contains high-affinity divalent cation binding sites  This study represents the first detailed report describing
involving lg-domains 5 and 6 (Figure 4, Table 2). Third, the identification and characterization of metal binding
the PECAM cation binding sites demonstrate broad specific- regions in a member of the Ig-gene superfamily. This is of
ity for all divalent cations with MA* conferring a higher  particular interest as divalent cations play an important role
affinity than either C& or Mg?* (Table 2). in a variety of important biological functions, which is often
Our study was initially prompted by the observation that accomplished through interactions with proteins. In cell-
PECAM-1 may have dual roles in both €andependent  mediated adhesion, divalent cations are known to have
homophilic and C&-dependent heterophilic cell interactions multiple effects on ligand interactions by influencing ligand
depending on the species and cell type examined (Albeldarecognition specificity and regulation of ligand binding
et al, 1991). This finding was somewhat unusual for a (Smithet al, 1994). The candidate PECAM cation binding
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Ficure 8: Hypothetical model of a high-affinity metal binding
region located in PECAM Ig-domain 6. Two linear regions within
Ig-domain 6, PECAM 485495 and 534549, are located close
to each other in three-dimensional space, and are proposed to for
a single divalent cation coordination region.

regions identified in this study contain clusters of acidic

Biochemistry, Vol. 36, No. 31, 1999403

also interesting that monoclonal antibodies which map to
Ig-domains 2 and 6 both inhibited L-cell aggregation of a
mixture of CD31-transfected and nontransfected cells (Al-
beldaet al., 1992). We predict that the positioning of a high-
affinity divalent cation binding region involving Ig-domain

6 immediately proximal to the cell surface may play an
important role in the maintenance of the local conformation
and stabilization of lg-homology domains involved in
downstream signaling events that emanate from PECAM-1
homophilic engagement.

In summary, the binding of divalent cations has been
shown to be critical in supporting the adhesive properties of
a number of cell surface receptors, including cadherins,
integrins, and selectins (Takeichi, 1991; Ruoslahti, 1991;
Yednocket al., 1987; Genget al,, 1991). In this study, we

"have demonstrated that PECAM-1 contains functional metal
binding regions involving lg-domains 5 and 6. Additional
studies will help clarify the role of divalent cations in

residues, but the spacing of these oxygenated residues andtabilizing the adhesive or signaling properties of PECAM-

the lack of flankingo-helices do not strictly conform to
conventional EF-hand motifs found in €abinding proteins
such as calmodulin and platelet glycoprotein llb or the
recently described MIDAS domain (DXSXS) found in A
domain superfamily members, which inclugesubunits of
integrins (Tuckwellet al., 1992; D’'Souzeet al,, 1994; Lee

et al, 1995). Homology alignment of EF-hand structures
in calcium binding proteins has shown a degree of hetero

1, and should provide an insight into the structural basis for
PECAM-1-mediated cellular interactions.
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