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ABSTRACT: Leukocyte rolling in the vasculature is mediated by the interaction of endothelial P-selectin
and leukocyte P-selectin glycoprotein ligand 1 (PSGL-1). Since-cell interaction mediated by P-selectin

and PSGL-1 is cooperative and complex, we have developed a model system to examine the binding of
P-selectin to PSGL-1 in a soluble system. Equilibrium binding analyses were performed with truncated
forms of soluble human P-selectin and dimeric PSGL-1, both lacking the transmembrane domain and
both produced in Chinese hamster ovary (CHO) cells. Soluble PSGL-1 (sPSGL-1), which contains no
tryptophan residues and exhibits no intrinsic fluorescence, was harvested from CHO cells cotransfected
with either fucosyltransferase Ill (sSPSGL-1/Fuc-TllI) or fucosyltransferase VII (sPSGL-1/Fuc-TVII). Both
fucosylation isoforms of SPSGL-1 bound to sP-selectin. The interaction of sP-selectin and sPSGL-1 was
studied by monitoring changes in the intrinsic fluorescence of sP-selectin upon binding to sPSGL-1.
Binding of sSPSGL-1 to sP-selectin in the presence of calcium caused an increase in tryptophan fluorescence
that could be reversed by the addition of ethylenediaminetetraacetic acid (EDTA). The fluorescence
enhancement of sP-selectin by sPSGL-1 was used to generate binding isotherms, and these data were
fitted to a bimolecular binding model. The binding constag, for the binding of sSPSGL-1/Fuc-TllI

and sPSGL-1/Fuc-TVII to sP-selectin wast32 nM and 80+ 44 nM, respectively. Monomeric sP-
selectin bound to dimeric SPSGL-1 with a 2:1 stoichiometry. In a system in which both protein species
are soluble and lack transmembrane domains, these results indicate high-affinity interaction between
P-selectin and PSGL-1. Furthermore, the fucosylation pattern of PSGL-1 can affect its affinity for
P-selectin. These binding constants can be used to explore models of cell adhesion in flow systems.

During inflammation, the adhesion of leukocytes to binding domain includes a C-type lectin domain and an epi-
vascular endothelium in flowing blood is controlled by a dermal growth factor (EGF) domaii®,(7). It is constitu-
multistep process involving distinct classes of transmembranetively expressed in platelets and endothelial cells, where it
adhesion moleculesl( 2). Initial tethering followed by is sequestered in the intracellular storage granules of resting
rolling of leukocytes along the endothelial cell lining of the cells @—10). Cell activation leads to rapid translocation of
vessel wall is mediated by members of the selectin family P-selectin to the cell surface and enables interaction with its
of adhesion molecules and their mucin-like ligan8s4). counterreceptor PSGL-8{12). Reflecting participation of
Within this context, the interaction of endothelial P-selectin a C-type lectin domain, P-selectin ligand recognition is
and leukocyte PSGLIs required for effective targeting of  calcium-dependentl@—14).

white blood cells to areas of inflammatio)( _ PSGL-1, the best-characterized ligand for P-selectin, is a
P-selectin is a member of the selectin family of adhesion highly glycosylated homodimer found on a number of
molecules, type | transmembrane proteins whose “ga”dleukocyte subtyped@, 15, 16). It lacks homology with any
. . . known protein and requires specific glycosylation, fucosy-
;
msti{j}';“g?ﬁ'jeﬁﬁﬁ ?Hufgi’ggg).'” part by a grant from the National lation, and tyrosine sulfation patterns in order to bind to
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1, soluble P-selectin glycoprotein ligand 1; sP-selectin, soluble P- are also of critical importance in determining whether cells

selectin; Fuc-TIIl, fucosyltransferase IlI; Fuc-TVII, fucosyltransferase ; : : e .
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enzyme-linked immunosorbent assay; DTT, dithiothreitol. fluence of shear force in flowing blood, the P-seleetin
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PSGL-1 bond has been proposed to have high moleculardone chemistry on an Applied Biosystems Model 430A
affinity and fast associationdissociation rates2( 27). To peptide synthesizer. After cleavage and deprotection, the
date, the complex nature of cell surfaces had hindered peptide was purified to homogeneity by reverse-phase high-
determination of the binding parameters that define P-selectinperformance liquid chromatography. The peptide was co-
and PSGL-1 interaction. Equilibrium binding analysis of valently coupled to keyhole limpet hemocyanin (KLH)
purified P-selectin to cells generated an apparent dissociationthrough the free cysteine, and then the conjugate was injected
constant of 70 nM but receptetigand density on the cell  intradermally (55Qug) in complete Freund’s adjuvant into
surface, homogeneity of ligand distribution on this surface, a New Zealand white rabbit (Rockland). Subsequent injec-
and cooperativity of binding complicate interpretation of tions of immunogen (25@9) were performed weekly for 2
these data2g). weeks and then monthly thereafter. Anti-peptide antibodies
An understanding of the molecular kinetic parameters for were purified from rabbit immune serum by immunoaffinity
adhesion molecule interactions is essential to determiningchromatography. The serum was applied to a KLH
the relative contribution of various receptor pairs to the Sepharose column to remove antibodies against KLH. The
rolling of leukocytes in the vasculature. The purpose of this Serum proteins that failed to bind to KL-+5epharose were
study was to determine the affinity of soluble P-selectin for then applied to a PSGL-1 (456)—Sepharose column in
soluble PSGL-1 in a simple, chemically defined system in which the peptide was covalently attached using Sulfo-Link
which the two components could be studied in the solution resin (Pierce). Bound antibodies were eluted with 6 M

phase. guanidine hydrochloride and dialyzed into PBS.
Immunoprecipitation and Western BlottingA 200 uL
MATERIAL AND METHODS solution of sP-selectin (100 nM) and sPSGL-1 (50 nM) was

. . . incubated at 27C for 45 min in 20 mM Tris-HCI, pH 7.6,
Materials. Cyanogen bromide-activated Sepharose was 100 mM NaCl, 0.005% Tween-80, and 1.0 mM CaCl

purch_ased from Pharmacia (Piscataway, NJ). A" other Following incubation, samples were immunoprecipitated for
chemicals were ACS grade or better and were obtained from30 min with 25uL of AC1.2—Sepharose. After removal of
Sigma Ch§m|cal Co. (_St' Louis, MO). , the beads by centrifugation, the AC+t.8epharose was twice
Recombinant Proteins Pure, soluble P-selectin (sP- \yashed with 30QuL of 20 mM Tris-HCI, pH 7.6, 100 mM
selectin) was purchased from R&D Systems (Minneapolis, nacl 0.01% Tween-80. and 1.0 mM CaCl Washed
MN). This recombinant form of human sP-selectin is precipitates were incubated for 3 min at 8D in 40 uL of
produced in Chinese hamster ovary (CHO) cells and containsog mm Tris, pH 6.8, 16% glycerol, 5% DTT, and 3.2% SDS,
the N-terminal 730 amino acids of the mature protein. It 5.4 5 30uL aliquot was applied to an SBS.5% poly-
lacks the transmembrane and cytoplasmic segments. Theycryjamide gel. Following electrophoresis, proteins on the
material eluted as a single peak by fast protein liquid ge|'ere transferred to Immobilon-P (Millipore, New Bed-
chromatography (FPLC) gel filtration, consistent with the ford, MA). Immobilon membranes were blocked with 1%
monomeric nature of sP-selectin in solution. The concentra- nonfat milk fo 1 h and then incubated with Ag/mL
tion of sP-selectin was determined by amino acid analysis. po|yclonal anti-PSGL-1 antibody followed by goat anti-rabbit
Pure soluble P-selectin glycoprotein ligand-1 (SPSGL-1) antibody conjugated to horseradish peroxidase. The blot was
was a generous glft of Genetics Institute (Andover, MA) de\/e]oped by enhanced chemiluminescence.
sPSGL-1 was produced in CHO DUKX cells by stable  production of Monomeric sPSGL-1Dimeric SPSGL-1/
cotransfection of the cells with vectors carrying the 1316 Eyc-TVII was reduced and alkylated to produce stable
construct of the cDNA for PSGL-1 terminating at isoleu- spSGL-1 monomer by a standard proto@9)( To reduce
cine 316, core-2-glycosyltransferase cDNA, and either fu- the disulfide bonds, 300L of sPSGL-1 (363ug) was
cosyltransferase I or fuposyltransferase VII cDNA3Y. incubated fo 2 h at 27°C with 38 L of 10% tributylphos-
sPSGL-1 was purified by ion-exchange chromatography andphine (final concentration 50 mM) dissolved in 2-propanol.
gel filtration. Fractions containing dimeric SPSGL-1 were Following incubation, the free cysteines were alkylated
used in these studies. The material ran as a single peak bythrough the addition of 4.5L of 1 M iodoacetic acid (final
FPLC gel flltratlon, consistent with the molecular Welght for concentration 13 mM)n 1 M NaOH. After incubation for
dimeric sSPSGL-1. The material produced in cells cotrans- 45 min., the protein was dialyzed overnight at@ against

fected with fucosyltransferase Il cDNA is designated 4 | of PBS. Immunoprecipitation experiments with this
SPSGL-l/FUC-Tl”, while that prOduced in cells cotransfected material were carried out as described above.

with fucosyltransferase VII cDNA is designated sPSGL-1/  Flyorescence Measurementssluorescence data were
FucT-VIl. The concentration of SPSGL-1 was determined gjlected with an SLM 8000C fluorescence spectrophotom-
by quantitative enzyme-linked immunosorbent assay (ELISA). eter. The sP-selectin contained in a1l cm fluorescence
Antibodies The nonblocking monoclonal anti-human cuvette was irradiated at 280 nm (slit width 4 nm) and the
P-selectin antibody AC1.2 was prepared as previously fluorescence emission was recorded at 340 nm (slit width 8
described12). For immunoprecipitation experiments, AC1.2 nm). Measurements were obtainediwi 5 sintegration.
was conjugated to cyanogen bromide-activated Sepharosan titration experiments, aliquots of SPSGL-1 (2Ml) were
at a concentration of 500g of antibody/mL of Sepharose. added to a 2.5 mL sample of sP-selectin in Tris-buffered
The polyclonal antibody to PSGL-1 was prepared against saline (TBS) (20 mM Tris-HCI, pH 7.6, 100 mM NacCl, and
a peptide representing residues—86 of the predicted  0.001% Tween 80) containing 1 mM Ca®r 1 mM EDTA.
sequence for human PSGL-1; a cysteine residue was addedP-selectin concentrations were 20 and 120 nM for titrations
at the C-terminus (QATEYEYLDYDFLPETEPPGC]J). with sSPSGL-1/Fuc-Tlll or SPSGL-1/Fuc-TVII, respectively.
The peptide was synthesized using FMQ@@hethylpyrroli- At each titration point, the samples were allowed to
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equilibrate for 1.5 min prior to fluorescence measurement. is the concentration of recepteligand complex as varying
Fluorescence measurements at each point were acquired foguantities, i, of SPSGL-1 are added to a constant amount of
2 min. The excitation shutter was closed between eachsP-selectin, and [fR]s is the concentration of recepter
titration in order to minimize photobleaching. The data are ligand complex at saturation of sP-selectin. Substituting eq
presented as total concentration of sP-selectin binding sites4 into eq 6, thus, yields the final equation
on sSPSGL-1 versusH(— Fg)/Fo] x 100, wherd~, is baseline
sP-selectin fluorescence in the absence of sPSGL-TFand F; = {FJ([R{] + [L{] + Ky
is sP-selectin fluorescence at the corresponding concentration >
of SPSGL-1. Fluorescence measurements performed in the \/([RT] + [L7] = Ko™ = (AIR{IIL DI} /2[R;] (7)
presence of EDTA were subtracted from those made in the ) o
presence of Caglto correct for dilution and minimal This relationship is analogous to the model used to evaluate
fluorescence contributed by SPSGL-1. factor VIII binding to phospholipid vesicles3(). _
Determination of the Equilibrium Binding Constarithe The parameter§s, andK,, were calculated by a best-fit
interaction between sP-selectin receptor and sPSGL-1 ligand@nalysis of the data using eq 7 and the curve-fitting function
was modeled as a simple bimolecular equilibrium with a in Sigma Plot for Windows version 4.0 (SPSS, Chicago, IL).
stoichiometry of 1:1 The Sigma Plot curve-fitter uses the Marquardévenberg
algorithm to find the coefficients of the independent variable
R-Lg R4 L that gives the best fit between the equation and the data.
Quality of fit was assessed by convergence of best-fit
where R and L represent free receptor and free ligand, Parameter values when higher or lower initial parameters
respectively; RL represents the recepteligand complex; ~ Were used and by visual examination of the residuals to the
andKy is the dissociation constant describing the interaction fitted line.
between receptor and ligand.

The equation can be written as a function of the dissocia- RESULTS
tion constantKy Characterization of Soluble PSGL-1 and Soluble P-
Selectin. Production of functional recombinant soluble
_ [RI[L] 1) PSGL-1 requires cotransfection with the cDNAs for three
d [R-L] components: the PSGL-1 1316 construct, core-2-glycosyl-

) ) ] ) transferase, and fucosyltransferase 11l or VI3, The
where [R] is the concentration of free sP-selectin, [L] is the pgg| -1 1316 construct encodes the N-terminal 275 amino
concentration of free SPSGL-1, andt[Ris the concentration  acids of mature PSGL-1 beginning with the furin/PACE
of the complex at equilibrium. The free concentrations of cleavage site at residue 41 and ending with the first eight

Rand L can be described by amino acids of the putative transmembrane domain at
_  o. isoleucine 316. sPSGL-1 lacks the majority of the trans-

[R]=[Ry] = [ReL] 2) membrane domain and the entire cytoplasmic tail of full-

[L] =[L] — [R-L] 3) length PSGL-1. Its amino acid sequence contains no tryp-

tophans and it retains one of three original cysteines near
the C-terminal end of the molecule (Figure 1). sPSGL-1
used for these studies was produced in stably transfected
CHO cells cotransfected with core-2-glycosyltransferase and
either fucosyltransferase 11l or VII. Both fucosylation
isoforms were utilized in our studies and are denoted as
[R-L] =[([R,] + [L{] + Ky sPSGL-1/Fuc-TIll or sPSGL-1/Fuc-TVII.
Because wild-type PSGL-1 exists as a disulfide-linked
x/([RT] + [L] + Kg* — @IR{ILDV2 (4) homodimer on the surface of neutrophils and monocytés (
31), we determined whether sPSGL-1 is monomeric or
in which only the subtraction operation can provide mean- dimeric. Purified SPSGL-1/Fuc-Tlll or Fuc-TVIl was sub-
ingful results. jected to electrophoresis on SBSolyacrylamide gels and
The following equation relates fluorescence measurementsy|otted with a polyclonal anti-human-PSGL-1 antibody
to the Simp|e bim0|ecu|ar equilibrium model Outlined above: (Figure 2A) Samp'es run in the presence Of reducing agent
F R migrated as monomers with molecular weights of 113 000
i i _ [ReL] (5) and 116 000 for sPSGL-1/Fuc-Tlll and sPSGL-1/Fuc-TVII,

[R1] and [Ly] represent the concentrations of total receptor
and total ligand, respectively. Substituting for free receptor
and free ligand and solving for the recepttipand complex
yields

Fs [R-Lly [R4] respectively. In the absence of reducing agent, greater than
95% of both sPSGL-1 species existed as dimers. These
or after rearrangement, results demonstrate that SPSGL-1 homodimerizes through
an intermolecular disulfide bond between cysteines located
o FJR-L] (6) at position 310. The difference in electrophoretic mobility
' [R;] observed for the SPSGL-1/Fuc-TIll and sSPSGL-1/Fuc-TVII

isoforms are likely due to differences in the extent of their
whereF; is the fluorescence change of sP-selectin producedfucosylation or in their fucosylation patterns. When sub-
by the binding of increasing quantities, i, of SPSGLHsis jected to gel filtration, the sPSGL-1/Fuc-TIIl and sPSGL-
the fluorescence change of sP-selectin at saturatiorl.][R  1/Fuc-TVII used in these studies chromatographed as single
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Lectin  EGF CR ™ cT FiGure 3: Precipitation of dimeric SPSGL-1 by sP-selectin. sP-
P-selectin [0 0 0T i T T T T selectin and dimeric sPSGL--] or sPSGL-1 alone-{) were
incubated for 30 min in the presence of 1 mM calcium. After
Lectin  EGF CcR incubation, the samples were immunoprecipitated with the non-
S L - function-blocking anti-P-selectin monoclonal antibody AC1.2 bound

o to Sepharose. Immunoprecipitated proteins were eluted from the
antibody-coated Sepharose by denaturation with gel loading buffer
containing DTT and subjected to electrophoresis and Western
Ficure 1: Recombinant soluble PSGL-1 and soluble P-selectin. blotting with anti-PSGL-1 polyclonal antibody.

sPSGL-1 was produced in CHO cells cotransfected with cDNA

for the PSGL-1 1316 construct, core-2-glycosyltransferase, and znd absence of reducing agent migrated as monomers with

fucosyltransferase Il or fucosyltransferase VII. SPSGL-1 terminates . :
eight residues within the transmembrane domain at isoleucine 316;mOIECUIar weights of 116 000 and 111 000 respectively,

it contains one cysteine and no tryptophans. SPSGL-1 has all of demonstrating that sP-selectin is not a dimer. sP-selectin
the posttranslational modifications necessary for binding to P- has previously been shown to be an extended rod-shaped
selectin. EC, extracellular region; TM, transmembrane region; CT, monomer in solution48).

eoplasnic tal, The Cerminal esidues are shown 1 e 91, Direct Binding Studies of Dimeric SPSGLL and sP-
cells through stable transfection. sP-selectin contains the N-terminal Selectin. The direct binding of sP-selectin to sPSGL-1 in
730 amino acids of P-selectin, truncating at alanine 771 just solution was assessed by immunoprecipitation experiments.
proximal to the transmembrane domain. It has 17 tryptophan Samples containing 50 nM dimeric SPSGL-1/Fuc-TIIl or
residues available for measurement ofmtrmsnc protelnquorescence.SpSGL_llFUC_Tw| were incubated in the presence or the
EGF, epidermal growth factor domain; CR, consensus repeat . ;i
domain. The C-terminal residues of sP-selectin are shown in the 2PS€nce of 100 nM sP-selectin and protein complexes were
one-letter code for amino acids. precipitated with the nonblocking monoclonal anti-P-selec-
tin antibody AC1.2 conjugated to Sepharose. This anti-
A R NR B body does not inhibit P-selectitreceptor interactionl1).

F-THI F-TVIl - F-TIIl F-TVII R NR Proteins in the immunopreciptates were separated by elec-
200 — trophoresis under reducing conditions and detected by
116 — . Western blot with purified polyclonal anti-PSGL-1 antibody.
18— gy e p . sPSGL-1 was precipitated by AC1.2 in the presence but
82 = not in the absence of P-selectin (Figure 3). As expected,
45 = sPSGL-1 binding to sP-selectin was dependent on the pres-
ence of calcium (data not shown). This experiment dem-
onstrates that the soluble recombinant forms of P-selectin

Ficure 2: Analysis of sPSGL-1 and sP-selectin by SBS and_PSGL_—l _b|nd effe_c'uvely in SOIUUO_”' . )
polyacrylamide gel electrophoresis. (A) Pure sPSGL-1/Fuc-Tllland ~ Direct Binding Studies of Monomeric and Dimeric sPS-
SPSGL-1/Fuc-TVII were subjected to electrophoresis on SDS GL-1 and sP-SelectinReduction and alkylation of SPSGL-1
polyacrylamide gels and blotted with polyclonal anti-human- \yas performed in order to prevent dimerization through the
PSGL-1 antibody. (B) Pure sp-selectin was subjected to electro-;iemgjecular disulfide bond occurring between the single
phoresis on SDSpolyacrylamide gels and protein was visualized . - -
by silver staining. R, in the presence of DTT; NR, in the absence CYStéine in the molecule at residue 310. Reduced and
of DTT. alkylated sPSGL-1 subjected to electrophoresis and immu-
noblotting with anti-human-PSGL-1 antibody in the absence
homogeneous peaks consistent with a molecular weight ofof reducing agents migrated with a molecular weight of
about 200 000. This is consistent with the dimeric form. 116 000, demonstrating that it is predominantly a monomer
No evidence of formation of higher molecular weight species (Figure 4). The 5% dimeric sSPSGL-1 remaining in this
was observed. sample is seen as a minor component migrating at a
The sP-selectin construct encodes the lectin, EGF, andmolecular weight of approximately 205 000. Reduced and
consensus repeat domains and is truncated at alanine 77lalkylated sPSGL-1/Fuc-TVII was then assayed for its ability
just proximal to the transmembrane domain (Figure 1). It to bind to sP-selectin by the coimmunoprecipitation proce-
contains 17 tryptophan residues which are useful fluoro- dure outlined in the experiments depicted in Figure 3.
phores for measurement of intrinsic fluorescence. sP-selectinReduced and alkylated sPSGL-1/Fuc-TVII (100 nM) was
eluted as a homogeneous peak when subjected to FPLC geincubated in the presence or the absence of 100 nM
filtration. sP-selectin and protein complexes were precipitated with the
To confirm that sP-selectin does not dimerize through nonblocking monoclonal anti-P-selectin antibody AC1.2
disulfide bonds, sP-selectin was subjected to electrophoresisonjugated to Sepharose. Immunoprecipitated proteins were
on SDS-polyacrylamide gels and proteins were visualized then separated under nonreducing conditions and detected
by silver staining (Figure 2B). Samples run in the presence by Western blot with purified anti-PSGL-1 antibody. Mon-

—
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Co-l.P. collected on 100 nM samples of sP-selectin. Irradiation of
RA + - P-selectin sP-selectin at 280 nm yielded an emission spectrum with

maximum intensity at 340 nm (Figure 5A). The excitation
spectrum of sP-selectin was maximal at 280 nm when
fluorescence emission was monitored at 340 nm (Figure 5B).

116 ~ i Monomer sP-selectin solutions containing 1 mM EDTA versus 1 mM
1 5 3 CaCl had similar emission and excitation spectra, showing

Ficure 4: Production of monomeric sPSGL-1 and binding of a mlnlmal. 1_2 nm blue shift and less than 1% d|ffgr_ence In
monomeric and dimeric SPSGL-1 to sP-selectin. A western blot of the emission intensity between the samples containing 1 mM

reduced and alkylated sPSGL-1/Fuc-TVIl is shown in lane 1. The calcium and 1 mM EDTA. The effect of dilution on the

dominant species is monomeric SPSGL-1 but some dimer sPSGL-1spP-selectin fluorescence signal by the addition of buffer was

is observed. sP-selectin and reduced and alkylated sPSGL-1/Fucy; ; T
TVII (4+) or reduced and alkylated SPSGL-1 alone) (were linear. A correction was made for the effect of dilution on

incubated for 30 min in the presence of 1 mM calcium. After fluorescence during titration. _ o
incubation, the samples were immunoprecipitated with the non- ~ Fluorescence Enhancement of sP-Selectin upon Binding
blocking anti-P-selectin monoclonal antibody AC1.2 bound to to sPSGL-1. Because sPSGL-1 showed no intrinsic fluo-
Sepharose. Immunoprecipitated proteins were eluted from the rescence while sP-selectin yields typical protein intrinsic

antibody-coated Sepharose by denaturation with nonreducing gel : C e
loading buffer and subjected to electrophoresis and Western blottingﬂuorescence’ we explored whether changes in the intrinsic

with anti-PSGL-1 polyclonal antibody (lanes 2 and 3). RA, reduced fluorescence of sP-selectin occur upon binding of SPSGL-1.

205 — - == Dimer

and alkylated. Addition of 50 nM dimeric sSPSGL-1/Fuc-Tlll to a 100 nM
solution of sP-selectin in 1 mM Cagfled to a 7% increase
5000 A B in sP-selectin fluorescence at 340 nm (Figure 6A). A

sPSGL-1 concentration of 75 nM was associated with an
additional 3% enhancement in sP-selectin fluorescence
attributed to binding of SPSGL-1 to sP-selectin (Figure 6B).
The enhancement of sP-selectin fluorescence was saturable
at high concentrations of sSPSGL-1 (see below). The addition
of EDTA reversed the fluorescence enhancement, demon-
strating the dependence of this increased sP-selectin fluo-
rescence on its calcium-dependent interaction with SPSGL-1
(Figure 6C). Taken together, these data demonstrate that
0 L Ty AAAANIRRASH sP-selectin undergoes an increase in intrinsic fluorescence
820 330 340 350 360 370 250 260 270 280 290 300 upon calcium-dependent binding to SPSGL-1. The emission
hom (nm) hex (nm) maximum was detected at 340 nm. Binding of SPSGL-1/

Ficure 5: Fluorescence emission and excitation spectra of sP- Fuc-TVII to sP-selectin also resulted in increased sP-selectin
selectin and SPSGL-1/Fuc-TlIl. Fluorescence spectra were collectedflyorescence in similar assays (see below).

on 100 nM samples of sP-selecti®)(and 50 nM dimeric SPSGL- s P S - )
1/Fuc-TIIl (¥). (A) sP-selectin and sPSGL-1/Fuc-TIIl were excited Detgrmmaﬂon of the Equilibrium Binding Affinity of SP.
at 280 nm. Emission was measured from 320 to 375 nM. (B) sP- Selectin for sPSGL-1.The enhancement of sP-selectin

selectin and sSPSGL-1 were excited between 250 and 300 nm andfluorescence upon binding to SPSGL-1 was used to monitor
emission was monitored at 340 nm. the interaction of the two proteins. In equilibrium binding
experiments, increasing amounts of dimeric sSPSGL-1/Fuc-
omeric sSPSGL-1/Fuc-TVII was not precipitated by P-selectin T|| or sPS6L-1/Fuc-TVII were added to a cuvette containing
under these conditions (Figure 4). The minor dimeric spP-selectin in TBS and 1 mM CaCand the fluorescence
fraction of sPSGL-1 did, however, bind to sP-selectin, was monitored. Equivalent titration experiments were
suggesting its divalent status is important for binding to sP- performed in 1 mM EDTA and the fluorescence values were
selectin. subtracted from the fluorescence observed at the same
Fluorescence Emission and Excitation Profiles of SPSGL- sPSGL-1 concentration in the presence of calcium to correct
1. To develop an equilibrium binding assay for the interac- for dilution and minor fluorescence of sPSGL-1. The
tion of SPSGL-1 and sP-selectin, we examined the fluorescentfluorescence change of sP-selectin upon binding to sPSGL-1
properties of these molecules. Fluorescence spectra weravas plotted as f — Fo)/Fo)] x 100, wherer, is initial sP-
obtained on a 50 nM sample of dimeric SPSGL-1/Fuc-TlIl. selectin fluorescence arfdis sP-selectin fluorescence in the
sPSGL-1/Fuc-TlIl showed no fluorescence emission betweenpresence of various concentrations of SPSGL-1. The intrinsic
320 and 375 nm when protein was irradiated at 280 nm fluorescence enhancement of sP-selectin upon binding to
(Figure 5A). The excitation spectrum of SPSGL-1/Fuc-Tlll sPSGL-1 was used to determine the equilibrium binding
also showed no fluorescence at 340 nm when the proteinconstant Kg) for the association of sP-selectin and sSPSGL-1
was excited between 250 and 300 nm (Figure 5B). This (Figure 7). Binding data were fit to a bimolecular model
lack of fluorescence is consistent with the absence of for receptor-ligand binding as described in Materials and
tryptophan residues in SPSGL-1. The addition of EDTA had Methods, where each dimeric PSGL-1 molecule was assumed
no effect on the emission or excitation spectra of SPSGL-1. to have two identical and noninteracting sites for the binding
The fluorescence emission and excitation spectra of SPSGL-of sP-selectin.
1/Fuc-TVII were identical to those of SPSGL-1/Fuc-TIII. The data in Figure 7A are representative of a series of
Fluorescence Emission and Excitation Profiles of sP- three experiments for sP-selectin (20 nM) binding to dimeric
Selectin. Fluorescence emission and excitation spectra weresPSGL-1/Fuc-Tlll. In these experiments the mé&anfor
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Ficure 6: Enhancement of intrinsic sP-selectin fluorescence upon binding to SPSGL-1. The fluorescence emission spectrum of sP-selectin
was determined in the absence and presence of SPSGL-1 with an excitation wavelength of 280 nm. (A) 100 nM sP-selectin and 1 mM
CaCl (®); 100 nM sP-selectin, 50 nM dimeric sPSGL-1/Fuc-TlIl, and 1 mM G&®€). (B) 100 nM sP-selectin and 1 mM Ca(#®); 100

nM sP-selectin, 75 nM dimeric SPSGL-1/Fuc-Tlll, and 1 mM Ga@). (C) 100 nM sP-selectin, 75 nM dimeric sSPSGL-1/Fuc-TllI, and

1 mM CaC} (H); 100 nM sP-selectin, 75 nM dimeric sPSGL-1/Fuc-TIIl, 1 mM CacCl, and 5 mM ED®A (

sPSGL-1/Fuc-Tlll binding to sP-selectin was43 2 nM and kinetic parameters for bond association/dissociaBigh (
(Table 1). sPSGL-1/Fuc-TVII demonstrated somewhat Adhesion of leukocytes to the endothelium in the vasculature
weaker affinity for sP-selectin. Figure 7B is a typical is also influenced by the rheology of flowing blood, which
isotherm for the binding of SPSGL-1/Fuc-TVII to sP-selectin places shear force on cells as they adhere to the blood vessel
(120 nM). The meaiKq for the binding of dimeric SPSGL-  wall (26). Over the past decade, there have been significant
1/Fuc-TVIlI to sP-selectin was 86t 44 nM in three advancements in the identification and characterization of
experiments (Table 1). Data from the binding isotherms fit the molecules responsible for leukocyte rolling and adhesion
the bimolecular model with greater than 95% confidence in (7, 34, 35). However, our understanding of the biophysical
all experiments. A graphical method was used to estimate parameters mediating the binding of these molecules is still
the stoichiometry of binding of SPSGL-1/Fuc-Tlll with sP- very limited since most work has been performed in cellular
selectin in which the fractional fluorescence saturation of systems. Measurement of proteiprotein affinities, life-
sP-selectin enhancement is plotted as a function of the ratiotimes, and strain responses of specific recegiigand bonds

of SPSGL-1 dimer to sP-selecti@?). Parallels to the curve  will allow further development of the current models for
are drawn in the linear portion and at saturation. The leukocyte-endothelial adhesion under flow conditions.

intersection of these two parallels denotes the StOiChiometry The interaction of PSGL-1 and P-selectin is important for
of the interaction when a perpendicular is drawn to xhe  |eukocyte homing in normal inflammatory and pathological
axis. Via this method, two sP-selectin molecules bind one processes 36—40). Previous attempts to determine the
sPSGL-1 dimer. Insufficient SPSGL-1/Fuc-TVIl was avail- affinity of P-selectin for PSGL-1 utilized equilibrium binding
sP-selectin. Because of the difficulty in assessing the extentang |ocalization and cell surface avidity issues complicate
of posttranslational modification of each PSGL-1 dimer pair, interpretation of the affinity values. An apparefyt of 70

it is possible that the recombinant material used in these n\v was determined for P-selectin binding to HL60 celig)(
experiments was less than 100% active, in which case theTo circumvent the complexities of cellular systems, we

measured affinities might be underestimated. For the sameexamined the interaction of soluble P-selectin and soluble
reason we must also be cautious when interpreting the psg|-1 in solution.

differences between the measured binding affinities of
SPSGL-1/Fuc-TlIl and Fuc-TVII for sP-selectin as the extent
of glycan modification of each isoform was not determined
directly.

The recombinant forms of P-selectin and PSGL-1 utilized
are soluble products of transfected cells that lack the
transmembrane and cytoplasmic portions of these proteins
but contain the complete extracellular regions of the proteins
DISCUSSION and all of the posttranslational modifications necessary for

receptor-ligand binding. The deleted portions of P-selectin

Cell adhesion mediated by reversible interaction betweenand PSGL-1 are not required for functional binding as
cell surfaces is dependent on the length and flexibility of demonstrated in a number of different assay systetfs (
bonds, density and localization of receptors, and the affinity 23, 41). Similar to wild-type PSGL-1, the sSPSGL-1 used in
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PSGL-1 depends on the core-2-glycosyltransferase, C2GnT,
which is essential for the production of GarF3(Gajs1l—
4GIcNAgs1-6)GalNAl on serine or threonine residues
(43). Fucosylation of these O-linked carbohydrates to create
functional PSGL-1 can be accomplished by thel,3-
fucosyltransferases, fucosyltransferase Il or fucosyltrans-
ferase VII (19).

Even though fucosyltransferase 1l can be used to create
functional sPSGL-1 in recombinant systems fucosyltrans-
ferase VIl is considered to be the major enzyme that modifies
PSGL-1 in vivo in myeloid cells. This fact is further
confirmed by murine gene deletion studies in which Fuc-
TVII-deficient mice show defects in leukocyte adhesion to
all members of the selectin famil{t7). More recent studies
have suggested an additional role for fucosyltransferase 1V
(Fuc-TIV) and Fuc-TVII in the comodification of carbohy-
drates to produce functional E-selectin ligandi4, @5). The
specifics of whether Fuc-TIV and Fuc-TVII cooperate to
produce PSGL-1 species that bind to E-selectin have not been
determined.

In recombinant systems, fucosyltransferase Il and fuco-
syltransferase VIl are able to produce sialyl Lewis x [sLe-
(X)] epitopes on transfected cells. However, the biochemical
activities of these two enzymes have not been fully charac-
terized. Transfection studies in HelLa cells suggest that
fucosyltransferase Il and fucosyltransferase VII have distinct
carbohydrate substrate specificities but the identity of their
respective substrates and their exact sites of fucosylation have
not been identified46). The differential mobility of PSGL-
1/Fuc-TlIl and Fuc-TVII by SDSPAGE suggests that
fucosyltransferase 1l and VII enzymes modify PSGL-1
glycans with differing specificity or to varying extents. Both
fucosyl isoforms of sSPSGL-1 (Fuc-TIll and Fuc-TVII) bound
to sP-selectin.

fluorescence enhancement of sP-selectin upon binding to SPSGL-1 | djrect binding studies only dimeric SPSGL-1 bound with

is plotted as a function of increasing concentration of SPSGL-1. In

these experiments, each molecule of dimeric PSGL-1 was assume

to have two identical and independent sites for the binding of
P-selectin. The concentration of SPSGL-1 on xkexis indicates
the concentration of total SPSGL-1 binding sites for sP-selectin.
The data from the above isotherms were fit to a model for
bimolecular binding. In all experiments, the data fit this model with
an R value demonstrating greater than 95% confidence. The
equilibrium binding constant, for the binding of sP-selectin to
sPSGL-1/Fuc-TIIl (panel A; Table 1, column 2, experiment 3) and
SPSGL-1/Fuc-TVII (panel B; Table 1, column 3, experiment 1) were
3 nM and 80 nM, respectively.

Table 1. Affinity of sSPSGL-1 Fuc-TIIl and Fuc-TVII for
sP-Selectin

Kqg (nM)

exp sPSGL-1 Fuc-TIlI sPSGL-1 Fuc-TVII
1 1 32

2 2 70

3 7 140

mean 3t2 80+ 44

this assay was greater than 95% homodimer as determinedyith PSGL-1.

n affinity high enough to support coimmunprecipitation. We

ave not ruled out the prospect that monomeric sPSGL-1
binds to sP-selectin with low affinity. However, we have
been unable to produce enough monomeric sPSGL-1 to
formally test this in our direct binding or fluorescence assay.
The importance of the dimerization of PSGL-1 in binding
to P-selectin has also been demonstrated in a recombinant
system where mutated monomeric PSGL-1 expressed on
transfected cells failed to bind to P-selectin under static
conditions and under physiologic flow conditioré?y.

PSGL-1, which lacks tryptophans, was not fluorescent
when excited at 280 nm. Since sPSGL-1 is transparent in
this system, this allowed us to monitor sP-selectin fluores-
cence as a function of PSGL-1 binding without the complex-
ity of determining alterations in fluorescence of both protein
species. The functional binding unit for P-selectin is
contained solely within the lectin and EGF domai3, @1).
The lectin domain of P-selectin contains seven of the 17
tryptophans in the molecule, so that 41% of these residues
lie within the domain of the protein that interacts directly
Interaction of dimeric SPSGL-1 with sP-

by electrophoresis and western blotting. The site of SPSGL-1 selectin resulted in 3013% enhancement of the intrinsic
dimerization occurs at cysteine 310 as it is the only cysteine protein fluorescence of sP-selectin. This increase in fluo-

found in this soluble form of the molecule.

It is well-established that PSGL-1 requires sialylated,
fucosylated O-linked glycans and tyrosine sulfate to bind
P-selectin 13, 17—22, 42). O-Linked glycosylation of

rescence is either due to changes in protein conformation
caused by ligand binding or by perturbation of the environ-

ment of one or more tryptophan residues in P-selectin by
SPSGL-1 itself.
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The intrinsic fluorescence enhancement of P-selectin upon
binding to PSGL-1 was used to monitor the formation of
the receptorligand complex. By this method we analyzed
the interaction between sP-selectin and both fucosyl isoforms
of dimeric SPSGL-1 under equilibrium conditions. In these
experiments, sSPSGL-1/Fuc-TIII and Fuc-TVII bound to sP-
selectin with dissociation constants of 3 nM and 80 nM,
respectively. We hypothesize that the differences in affinity
between these isoforms stem from variations in their fuco-
sylation patterns as suggested by their different migration
on SDS-PAGE. Because fucosyltransferase VIl is the
dominant fucosyltransferase in myeloid cells, it is likely that
the sPSGL-1/Fuc-TVII variant most closely mimics wild-
type PSGL-1, although we cannot be certain that our
recombinant and wild-type PSGL-1 have identical affinities
for P-selectin 17). This issue needs to be revisited when
adequate amounts of leukocyte PSGL-1 become available.
TheKq for the sSPSGL-1/Fuc-TVII interaction with sP-selectin
in our fluorescent studies (80 nM) was similar to the apparent
Kq4 determined for sP-selectin binding to the surface of HL60
cells (70 nM) @8). This similarity may arise from the fact
that the high-affinity binding sites on HL-60 cells may not
be present at a density sufficient to induce cooperative
binding effects. Alternately, the combination of several high-
affinity clustered sites may combine with lower affinity
individual sites to give an apparent cellular affinity similar
to that of the actuaK, for the two proteins in solution.

In summary, we have examined the interaction of P-
selectin and PSGL-1 in a simple soluble system that
eliminates the effects of ligand density and cell surface
clustering on recepterligand binding. These binding data
were fit to a simple bimolecular model and the binding affin-
ity and stoichiometry of binding were determined. Using
this system, we have shown that sP-selectin and sPSGL-1
interact with high affinity and that the affinity may in part
be affected by the fucosylation pattern of PSGL-1. This is
the first determination of the binding constardy, for
P-selectin and PSGL-1 in a cell-free system. The dissocia-
tion constants determined by these experiments will facilitate
the modeling of selectinligand interactions in more complex
systems and will lead to a better understanding of the
molecular dynamics of vascular cell adhesion under condi-
tions of flow.
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