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ABSTRACT. P-Selectin, expressed on activated endothelial cells and platelets, is a high kinetic adhesion
receptor involved in leukocyte rolling of the inflammatory response, or in tumor cell binding in the course
of metastasis. Thus, P-selectin inhibition is a promising therapeutic target. The anti-inflammatory and
anti-metastatic activities of heparin have partly been related to the inhibition of P-selectin binding. Here
we apply a quartz crystal microbalance (QCM) biosensor to determine the kinetic constants of heparin
and other sulfated polysaccharides binding to immobilized P-selectin. Binding kinetics of the derivatives
were correlated with their inhibitory capacity in a P-selectin cell rolling assay. Three commercial heparins
differ in cell rolling inhibition and display slightly different affinitie&k 1.21 x 10°°M to 5.86 x 10~/

M). Inhibitory capacity appears to be mainly driven by a slow off-rate from the receptor 21273 s1

to 1.23x 1073 s71). To correlate the impact of binding kinetics on inhibitory capacity structurally, we
analyzed six semisynthetic glucan sulfates. They display different degrees of sulfation (DS), which has a
strong influence on inhibitory activity. Kinetic data illustrate that the inhibitory capacity correlates
excellently with the off-rate of these polysaccharidBs< 0.99), while the association (on-rate) affects
activity to a lesser extent. In general, the consideration of binding kinetics sheds new light on the mechanism
of selectin inhibition. A much slower dissociation of the inhibitors from the receptor than the physiological
ligands is key for inhibitory capacity. Structurally, highly charged compounds with a slow off-rate, such
as heparin or glucan sulfates, appear as potent candidates for P-selectin inhibition.

The recruitment of leukocytes from the bloodstream into istics were also found for L-selectif@,(8) and explained as
tissues is a functional basis for maintaining the cellular key mechanism to control adhesive events physiologically.
immune response. Leukocyte adhesion and emigrationTwo recent studies reported on differences of unliganded
proceed in postcapillary venules of most organs in a cascadeversus liganded P- and L-selectin structures as basis for catch
like fashion (). Selectins are a family of three carbohydrate- bond behaviorg, 10).
binding receptors on both endothelium (E- and P-selectin)  Surface plasmon resonance was used to detect the kinetic
and leukocytes (L-selectin) that initiate such adhesive eventsbinding behavior of selectins. Nicholson et al. reported that
by mediating tethering and rolling of leukocytes along the soluble L-selectin binds to immobilized GlyCAM-1 with a
vessel wall 2). Selectins are transmembrane glycoproteins very fast on-rateky, >10° M~ s ™)) and off-rate ko >10
that share a highly conserved N-terminal lectin dom@)n ( s™1) and a moderat&p of 1.08 x 1074 M (11). P-Selectin

The selectins are unique receptors in terms of their that is especially important during the early phase of cell
dynamic bond formation. Early experiments that focused on capturing displays an even faster association and higher
the transient unstressed binding events on substrates wittbinding affinity to immobilized PSGL-1Kp 3.0 x 1077 M,
low densities of P- or E-selectin suggested very rapid Kot 1.4 S%, kon 4.4 x 10° M~1s7?) (12).
selectin-ligand bond dissociation rates (off-rates) of 1 s In general, the moderate binding affinity and rapid on-
for P-selectin 4) and 0.5 s! for E-selectin ). Force and off-rates of selectins were considered to be critically
spectroscopy experiments on single complexes of P-selectinrequired for leukocyte rolling under shear force. The kinetic
interacting with PSGL-1 have been performed to determine peculiarities of selectins complicate a potential inhibition of
rupture force dependence and bond lifeti®e i was shown these adhesion receptors. The use of selectin-deficient
that P-selectin displays a catch bond behavior. Due to theanimals has clearly proven that selectins are implicated in
catch-slip transitional bonds, the off-rates are a nonlinear the development of pathological inflammationk3,( 14),
biphasic function of applied force. These kinetic character- atherosclerosis, and cancer cell metastas$isi@). Therefore,
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the blocking of selectins has attracted much attention as aon its surface38), changes in mass can be detected in real
promising strategy for therapeutic interventions. time by monitoring the frequency shifts. The use of flow
The minimal binding structure recognized by all selectins, chamber equipment allows the calculation of kinetic binding
the tetrasaccharide sLeg7), displays certain anti-inflam-  constants of ligands to surface-immobilized receptors. Al-
matory activity (8—21). It was regarded as lead structure though the QCM method has already been established for
to design sLex mimetics, but the very low binding affinities several analytical approache39{-41), this technique has
of sLex (Kp 0.1-5.0 x 1073 M) (22) could not be improved  not yet been applied in selectin or heparin research.
fundamentally by structural modifications. Presently, only  We provide the first direct measurement of the affinity
few compounds are investigated in advanced preclinical or and kinetics of heparin and other sulfated polysaccharides
clinical trials 23). to P-selectin using QCM. The data give a general insight
An impact of binding kinetics on inhibitory potency has into the selectin inhibitor research. The direct correlation of
not been considered so far. A recent study by Beauharnoispinding kinetics with cell rolling inhibition emphasizes the
et al. reported on the binding kinetics of the drug candidate role of a slow off-rate for inhibitory capacity. Highly charged
TBC 1269 @4). The rapid off-rate of TBC 1269 from polysaccharides display much slower dissociation rates than
P-selectin of>3 s is similar to that of sLex and the natural ligands and, thus, appear to be excellent inhibitors.
physiological ligands. Whether the rapid off-rate is a limiting
factor for the inhibitory potency of sLex-based small EXPERIMENTAL PROCEDURES
molecules cannot be answered from the present data.
Since electrostatic interactions dominantly contribute to
P-selectin ligand binding26), interest focused on highly
charged, higher molecular weight (MW) structures as & ; -
potential inhibitors. This is in line with earlier studies fied anti-human CD62P and purified mouse ig@ere from

showing that sulfated polysaccharides, such as fucoidan OrBecton Dicki_nson GmbH, Heidglberg, _Germany. Bovine
heparin, bind to P-selectir2§, 27). serum albumin (BSA) and cyanuric chloride were purchased
Heparin belongs to the group of glycosaminoglycans and frlom Slgma,hDelsder}hofenlélerrmﬁny.Ljsl—Me(r;:aptohexan—(lj—
is a complex, highly sulfated polysaccharide mixture with a 0l was purchased from Fiuka, INeu-Uim, Sermany, an
MW between 3000 and 30 000. Heparins, i.e., unfractionated chloroform was from Riedel de-Haen, Seelze, Germany. Al

heparins (UFH) and various low molecular heparins, have salts and bufers were ,Of analytical grade. , .
been the antithrombotic drug of choice for more than 65 Sulfated Polysaccharidesow molecular weight fucoidan

years. The anti-inflammatory and antimetastatic effects of (from brown seaweed; average MW 8.2 kDa) was purchased
heparin are assumed to be at least partly due to theirffom Kraeber, Ellerbek, Germany.

P-selectin blocking capacityt$, 28). Initial studies indicated Three UFH products were included in the study: Calci-
that heparins can act as ligands for P- and L-selectin andParin (Sanofi-Synthelabo GmbH, Berlin, Germany, Ch.B.
interfere with sLex-related structure®6{ 27, 29, 30). 540234, 5000 IU, 0.2 mL), Liquemin N 5,000 (Hoffman-
Structure-activity relationships show that the selectin- La-Roche AG, Grenzach-Wyhlen, Germany, Ch.-B. F002611,
binding properties of heparins are independent of the 5000 IU, 0.5 mL), and Heparin-Natrium-5,000-ratiopharm
antithrombin binding site and can be varied by structural (Ratiopharm GmbH, Ulm, Germany; Ch.-B. F21916, 5000
modifications 80—34). However, the fact that heparins U, 0.2 mL). The concentration of Calciparin was assumed
represent highly complex molecule mixtures that may show a@s declared (5000 [U/0.2 mL). According to the analytical
batch-to-batch variability complicates the deduction of clear certificate, the concentration of the employed Liquemin N
structure-activity relationships. We recently applied a series Was 10 497 IU/mL, i.e., 105.0% of the declared concentra-
of well-defined glucan sulfates in a cell rolling ass@®p,(  tion, whereas that of Heparin-ratiopharm was 24 075 U/
36) to establish the structural requirements for P-selectin ML, i.e., 96.3%.

inhibitory capacity of sulfated polysaccharides. Semisynthetic linear glucan sulfates were produced by

Wang et al. investigated the binding kinetics of heparin sulfation of the natural polysaccharide phycarin (PhyS)
to P-selectin using surface plasmon resonard®. (They (Goemar Laboratories, St. Malo, France)sd,3 glucan
measured aKp of 1.15 x 107 M that supports the (degree of polymerization 2325) with SQ/pyridine in
experimentally found potency of heparin. They suggest that dimethylformamide as described2 43). The degree of
the slow off-rate (3.15¢< 103 s71) indicates that heparan  sulfation (DS, sulfate groups per glucose unit) of the phycarin
sulfate containing cells adhere firmly, in contrast to PSGL-1 sulfates (PhyS) was determined by ion chromatography on
containing cells that show a rolling movement. a HPLC system, and their molecular weight (MyY, i.e.,

In the present study, we emphasize the interest on heparintheir hydrodynamic volume, by gel permeation chroma-
and glucan sulfates as P-selectin inhibitors. To clarify the tography using neutral derivatives of defined MW as
role of binding kinetics for inhibitory potency, we determined standards. The PhyS have an average i\ about 18-
the kinetics of heparin and glucan sulfates binding to 19 kDa that corresponds to an average MW of 10 kDa (as
P-selectin using quartz crystal microbalance (QCM) and confirmed by ESI-MS). The sulfation pattern of the glucan
correlated the data with a cell rolling inhibition assay. sulfates was established by methylatiathylation analysis

QCM is the most prominent mass-sensitive biosensor with subsequent gadiquid chromatographymass spec-
technique. Itis based on the piezoelectric properties of quartztrometry of the resulting partially methylated, ethylated
crystals that enable an electrical excitation and oscillation alditol acetates44).
measurement of a thin quartz sensor. Since the resonance Preparation of the Quartz Crystal Surfac@uartz crystals
frequency of these oscillations correlates with the mass loadwere cleaned using piranha solution,(4 concentrated/-

Materials.Recombinant human P-selectifc chimera and
recombinant human PSGL-Fc chimera (rPSGL-1) were
purchased from R&D Systems, Wiesbaden, Germany. Puri-
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H,SO, concentrated 1/3) and subsequently rinsed with increase of frequency begirfss the frequency value at the
demineralized water. After repeating this procedure three point in timet. The ky/kon ratio yields the equilibrium
times, the quartz crystals were rinsed with ethanol (abs.) anddissociation constarkp (eq 3).

dried under a stream of synthetic air. The cleaned quartz Af = Af.e ko=t )
crystals were addedota 1 mM chloroform solution of 0

6-mercaptohexan-1-ol for about 12 h at rt to form a thiol- Kk,

functionalized monolayer. After rinsing the quartz crystals Kp = _off (3)
briefly with ethanol and drying them under a stream of Kon

synthetic air, the quartz crystals were put into a chloroform  Cell Cultivation. U937 cells, a human monocytic cell line
solution of cyanuric chloride (1% mass/volumey ®h at expressing PSGL-1, were cultivated at 37 and 5% CQ
rt, again followed by ethanol washing and drying. The in RPMI 1640 medium containing 10% fetal calf serum and
cyanuric chloride acts as a reactive linker onto the im- 1% penicillin—streptomycin solution (Sigma, Deisenhofen,
mobilized 6-mercaptohexan-1-ol for coupling the P-selectin - Germany). PSGL-1 expression was routinely analyzed by
Fc chimera. A solution of 2@L P-selectin-Fc chimera in FACS. The cells were used for the rolling experiments within
PBS (0.2ug/uL) and 20uL of borate buffer (pH 8.8) was 4 h after separation, centrifugation, and suspension into a
put on the upper gold surface of the quartz sensors. After 2serum free medium.
h at rt, the quartz crystals were rinsed once again with  Laminar Flow ExperimentsThe cell rolling experiments
demineralized water and dried under a stream of air. For and microscopic detection of inhibitory capacities were
blank experiments, a solution of 2. of BSA (20% mass/  performed in a plate flow chamber assay as described in
volume) in PBS was used instead of P-seleetie chimera. detail 36). For the flow experiments, ¥ 10° U937 cells in
QCM MeasurementQCM measurements were performed 100uL of pure medium (control experiment) or containing
with a LiquiLab21 quartz crystal microbalance (ifak e.V., the inhibitors (corresponding to 5@g/mL after dynamic
Barleben, Germany). Measurement chambers were made otlilution in the flow chamber) were injected into the streaming
polycarbonate. They had a chamber volume of Z00A medium and analyzed immediately. Cell rolling or adhesion
peristaltic pump assured both flow conditions and the onto immobilized P-selectin chimera was monitored for 10
transport of the substance solutions to the quartz crystals capturing 25 frames per second with a CSC 795 camera
surface. AT-cut quartz crystals with 10 MHz resonance using a long distance objective of 20magnification. The
frequency (14 mm diameter) were supplied by ifak e.V. video sequences were saved and analyzed by application of
The quartz crystals were inserted into the measurementappropriate software (Imagoquant Multitrack-AVI-2, Medi-
chambers. PBS buffer with €a(1 mM) and Mg* (1 mM) quant, Halle, Germany) resulting in detailed and automated
was used for the flow. The experiments were performed analysis of the experimental data. All cells (about 150) per
under a volume flow rate of 276L min~—?1, which roughly image were analyzed for the evaluations. Inhibition of cell
corresponds to a shear rate of §.sThe quartz crystals  rolling is expressed as cell numbertat 4 s, divided by the
were equilibrated under flow conditions for 30 min to number on the start image & 0 s). The results were
reach a constant resonance frequency. The indicated conillustrated as percentage adhesion related to the control
centrations of polysaccharides, PSGL-1, or antibodies wereexperiment.
added under constant flow conditions. The change of Coagulation AssaysThe coagulation assays were per-
frequency was monitored in real time using appropriate formed using citrated human platelet depleted pool plasma
software. prepared according to the guidelines for preparing citrated
Calculation of the Kinetic DataThe kinetic data were  plasma for hemostaseological analyses and stored7at
calculated from the monitored frequency curves. We checked°C until testing. The clotting times were measured with the
a pseudo-first-order kinetic behavior according to the findings Kugelcoagulometer KC 10 (Amelung, Lemgo, Germany).
of Minunni et al. @5). For this task we plottedffiit vs the To determine the concentration dependent anticoagulant
corresponding frequency changes in the descending part ofactivity of heparin, 9QuL of plasma, freshly thawed at 37
the curve applying different concentrations of the test °C, was mixed with 1Q:L of heparin dilution (0.9% mass/
compounds. We obtained straight lines for each experimentvolume in NacCl, or 1Q:L 0.9% mass/volume NaCl for the
and therefore assumed pseudo-first-order kinetics of P-baseline coagulation time, respectively). From each heparin,
selectin binding. The on-rate was calculated from the two dilution series were prepared by two persons.
descending part of the curve according to eqAf.is At the activated partial thromboplastin time (APTT), the
the measured frequency change at the time pRifA] is supplemented plasma was incubated for 60 s &C37hen,
the concentration of the injected compounds, &adis the 100uL of Pathromtin SL (Dade Behring, Bad Schwalbach,
maximum frequency change of the completely loaded quartz Germany) was added. After 120 s incubation at°’@7 the
crystal. to is the time when the decrease of the frequency coagulation was initiated by 100L of 0.025 M CaC}
begins. solution preheated at 37TC.
At the thrombin time, the supplemented plasma was
Af = — KorlAl + frax _ efkon[A]Jrkoﬁ(tfto)) ) incubated for 60 s at 37C. Then, the coagulation was
Kon[A] + Ko initiated by 200uL of Test-Thrombin-Reagenz (bovine)
(Behringwerke, Marburg, Germany) preheated t6@7Each
After the maximum change of frequency was achieved, sample of the two dilution series of each heparin was
rinsing with PBS led to a frequency increase that permitted measured between 2 and 6 times. Two repetitions of all
the calculation of the off-ratek4s), according to eq 2, where  the determinations resulted in day to day variations of less
fo is the frequency value &, wherety is the time when the  than 5%.
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Absolute frequency changes (meaitsSD, n = 3) induced by the
interaction with a 4x 10-6 M fucoidan solution with respect to
Ficure 1: Representative example of a frequency course illustrating four different amounts of immobilized P-selectifc chimera.

a kinetic binding process detected by the QCM biosensor.

time [s]

o ) As we were able to obtain similar relations using other
Statistical AnalysisData are represented as means of at concentrations of fucoidan (data not shown), the immobiliza-
Ieas_t three |dent|cal_and mdepend_ent experimgrggandard _tion of 4 ug of P-selectin was chosen for the following
deviation (SD). Statistical comparisons were performed with experiments.

the unpaired Studentistest. In order to confirm both functionality of the assay and
RESULTS binding specificity of immobilized P-selectir-c chimera,
we analyzed the binding characteristics of an anti P-selectin

Application of the Biosensor System for P-Selectin Binding antibody and rPSGL-1Fc chimera. Kinetic analysis of the
Kinetics.QCM is a mass sensitive biosensor technique. The antibody binding course displayed the typical affinity of a
binding of compounds from the flowing medium onto the specific 1IgG molecule, binding the antigen in the high
functionalized quartz surface can be observed with high picomolar range. This affinity results from a high on-rate
reproducibility in real time following the frequency shifts and a prominently slow off-rate. Since a binding could not
as illustrated in Figure 1. be observed using a control IgG, the functionality of the assay

After equilibrating the resonance frequency under flow of was confirmed.
pure medium, binding leads to a significant decrease in In comparison to the antibody, the rPSGL-1 has a lower
frequency to a minimum that represents the equilibrium of affinity in the high nanomolar range that is mainly induced
binding. Replacement of the medium by pure buffer il- by the much faster dissociation. Although the published data
lustrates the dissociation of bound compounds, manifestedrefer to the natural PSGL-1 in dimeric form, the affinity of
in a certain frequency increase. The course of frequencythe recombinant monomeric protein in our study is in a
change allows the calculation of the kinetic binding constants comparable range (5.59 107 M vs 3.0 x 1077 M) (46).
by an exponential curve fitting in the indicated areas Although no kinetic data were published for rPSGL-1 that
according to egs 1 to 3. In the area in between, equilibratedwould allow a validation of our assay, the higher affinity
association and dissociation can be assumed due to theof the dimer vs monomer is plausible and was recently
experimental setup. shown in binding force experiment8)( However, the on-

In order to focus on kinetic binding behavior, we did not and off-rate of the rPSGL-1 differ from the data found for
need to quantify absolute changes in frequency, but consid-natural PSGL-1 by a slower association and slower
ered frequency slopes only. Therefore, the amount of dissociation tendency. This might be related to structural
immobilized P-selectin at the quartz surface appeared to bedifferences, such as monomer vs dimer, the presence of the
a more important factor influencing the experiments than Fc moiety, or the experimental conditions of the assays used
the concentration of the inhibitors. Consequently, a certain (immobilized P-selectin vs immobilized PSGL-1). Neverthe-
amount of inhibitor within a concentration range covering a less, these data confirm that the biosensor is functionally
1:1 (inhibitor:selectin) binding ratio seemed sufficient, as active, and P-selectin is accessible for specific binding
long as it created significant frequency changes. reactions.

We chose fucoidan as a standard compound for P-selectin Binding Kinetics of Heparins on P-Selectihn the
binding. The fucoidan used has a comparable MW to established QCM system, we first examined the binding
unfractionated heparin (UFH) and was shown to bind kinetics of UFH. Due to the natural variability of their
P-selectin strongly 36). To optimize the P-selectin im-  structural composition, the biological activities may vary
mobilization, the amount of P-selectifrc chimera for between different UFH preparations. In the clinical applica-
reaction on the effective quartz surface was modified from tion as antithrombotics, UFH is therefore not dosed in
1 ug to 5ug, keeping a constant concentration ok410-% gravimetric concentrations, but in International Units (1U)
M fucoidan solution (corresponding to 33g/mL). The reflecting their respectivén uitro anticoagulant activity.
absolute frequency changes for the interaction are illustratedHowever, the anticoagulant activity was shown to be
in Figure 2. The immobilization of 4g of P-selectin-Fc uncorrelated to their further biological activities, especially
chimera represents the saturation of the binding reaction.with their P-selectin antagonizing effeetd). Consequently,



6160 Biochemistry, Vol. 46, No. 20, 2007 Simonis et al.

Table 1: Kinetic Constants of rPSGL-1 and Anti-P-Sel mAb Table 2: Kinetic Constants of Calciparin, Liqguemin N, and
Binding to Immobilized P-Selectin, Calculated from the Frequency  Heparin-ratiopharm Binding to Immobilized P-Selectin, Calculated
Slopes of the QCM Measurements (MeaitsSD, n > 3) from the Frequency Slopes of the QCM Measurements (Means,
KoMl knM'sT ks Sb.n=3)
rPSGL-1 5.59 1077 2.61x 10°  1.20x 102 Ko [M] kon[M72 S]] Koif [S7Y]
+1.07x 108 +£1.65x10° +£2.36x 103 Calciparin 1.21x 10°® 1.91x 10® 2.27x 103
anti P-Sel mAb  1.98 107 2.02x 1° 4.00x 10°° +142x 107 4337 +1.66x 10
+1.34x 1012 41938 +5.45x 1077 Liqguemin N 6.07x 1077 3.27x 10° 1.96x 103
+1.34x 107 +561 +1.62x 104
. . . . . Heparin-ratiopharm 5.8 1077 231x 10® 1.23x 103
identical anticoagulant doses of different UFH preparations +264x 107 +741 +2.70% 10

may exhibit different P-selectin inhibitory activities and
may differ in their overall therapeutic efficacy. In a previous
study, we accordingly found slight differences between the
P-selectin inhibitory potency of two UFH preparations,
Liguemin N and Heparin-ratiopharm, in a cell rolling
assay 86).

In order to investigate whether these natural variabilities
are reflected in binding kinetics, we selected three com-
mercially available UFHs for the present study, the two
mentioned products and Calciparin.

First, we verified that identical [U/mL concentrations have
the same anticoagulant effects. Therefore, we detected bot
the APTT and thrombin time of the products and correlated
them with the declared or indicated activity (data not shown).
Finally, we could conclude that identical IU/mL of the UFH

These data indicate that the heparin products, although
identical in their anticoagulant activity, show differences in
P-selectin binding.

P-Selectin Binding Kinetics of Chemically Defined Glucan
SulfatesThe heparin data give indications that the P-selectin
inhibition depends on the binding kinetics. However, the
data of the three heparins allow for detailed discussions
neither on the impact of on-rate and off-rate on the in-
hibition nor on their dependency on structure. The mean DS

f all the UFHs is 1.1 per monosaccharide (1102), and,

y definition, the degree of carboxylation is 0.5 per
monosaccharide. The absence of differences in the charge
density between the different UFH preparations suggests that

products used were confirmed to exhibit identical antico- other structural parameters are responsible for the different

agulant activities. Kinetics. _ _

In our previous investigations36), Heparin-ratiopharm _In_order_ to _denve cle_ar _cqrrelatlons l_)etween structures,
showed a slightly higher inhibitory capacity for P-selectin- Pinding kinetics, and inhibitory capacity, we applied a
mediated cell rolling than Liquemin N. The effects in this S€ries of cheml_cally defined sen_nsynthetlc glucan sulfates,
assay are, however, concentration-dependent so that anfS introduced in Table 3. The indicated members of the
conclusions about different activities generally depend on Phycarin sulfate (PhyS) family consist of an idential,3
the concentrations used for comparison. In this respect, thelinked glucan backbone of comparable size (10 kDa), but
QCM technigue has the clear advantage that the obtaineddiffér in charge density, as represented by their degree of
kinetic data are independent of the exact concentration, asSulfation (DS). The different PhyS were applied for the
long as one can ensure a 1:1 binding stochiometry accordingkin€tic binding detection at a similar amount as the UFHs
to a pseudo-first-order kinetic behavid]. In order to select ~ (33#@/mL, 2.78x 107° M, respectively). No interaction of
an optimal concentration for detection, we analyzed four the noncharged phycarin (PhyS 1) with P-selectin could be
different concentrations, ranging from 1.2810°6 M (17 observeq. _Thls C(_)nflrms the essential role of charge for
ug/mL) to 1.28x 1075 M (170 ug/mL) with respect to the P-selectin interaction. Thg othe_r g!ucan ;glfates (PhyS 210
kinetic binding behavior. Although we were able to obtain PhyS 6) displayed a distinct binding ability to P-selectin.
similar ko« values for all four concentrations, higher amounts The resulting binding kinetic constants are summarized in
than 5.12x 10°5 M and 67ug/mL, respectively, tended to ~ Table 3.
lower the ko The lowerk,, reflects that not all heparin When considering the binding affinity of the PhyS, a clear
molecules adequately bind to the immobilized selectin. But dependency on the charge density becomes evident. While
as it is considered by eq 1, the calculationkgfcannot be  the low charged PhyS 2 (DS 0.75) has an about 10-fold lower
applied properly. Based on these findings we choose 2.562affinity than the heparins, PhyS 3 is roughly comparable to
x 1076 M (33 ug/mL) for further heparin investigations. The heparin, while PhyS 4 to Phys 6 exceed the heparin affinities
kinetic binding data obtained for the UFHs are summarized strictly.
in Table 2. To evaluate the impact of the on-rate on the affinity, the

The Kp values from 1.21x 106 M to 5.86 x 107’ M data of PhyS 2 to PhyS 6 were considered with respect to
indicate that heparin binds P-selectin with high affinity. their structures. In general, one can assume that a charge
Although the data illustrate that the three heparin products increase should lead to higher association rates. This tendency
are comparable in binding, Calciparin differs remarkably is evident in Table 3. The significantly lower on-rate of PhyS
from the others, as it has the lowest association tendency5 compared to the very rapid association of PhyS 6 cannot
and a faster dissociation. Heparin-ratiopharm, which had abe explained properly.
higher inhibitory capacity for P-selectin-mediated cell rolling In order to derive the impact of the off-rate on binding
than Liquemin N in our previous investigatior&g], displays affinity and inhibition, we first considered the heparin data.
slightly higher affinity. Although Heparin-ratiopharm has a It is evident that the slightly more active inhibitor (Heparin-
lower on-rate than Liquemin N, the slower off-ratgg(1.23 ratiopharm) has a marginally slower off-rate compared to
x 102 st vs 1.96 x 102 s%) appears to contribute Liquemin N. To relate the off-rates to inhibitory capacity,
dominantly to affinity and inhibitory activity. we also detected the cell rolling inhibition of Calciparin and
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Table 3: Backbone Structure and Degree of Sulfation (DS) of PhyS 1 to PhyS 6 and Their Kinetic Constants of Binding to Immobilized
P-Selectin (Means: SD, n = 3), as Detected by QCM

OR
OR

o}

HO 3 O  HO 5 %
or oR degree of
R=H/SO;Na sulfation (DS) Kp [M] kon[M~1s7Y Koit [S71]
PhyS 1 0.00 not detectable
PhysS 2 0.75 9.16 10°® 522 2.06x 1072
+2.68x 10°® + 176 +9.20x 104
PhyS 3 1.48 5.0k 1077 1.72x 1C¢° 6.50x 104
+2.78x 1077 +1.11x 10° +9.84x 1075
Phys 4 1.80 15% 1077 247x 10 3.83x 104
+9.10x 10°8 +911 +2.66x 104
PhyS 5 221 1.7 1077 2.16x 10° 3.67x 104
+4.03x 10°8 + 39 +8.50x 1075
PhyS 6 2.80 4.3% 1078 6.64x 10° 2.87x 104
+2.54x 1078 +1.78x 10° +1.95x 104
120 B relative oell adhesion [X] afterds _ 5 gy I relative cell adhesion [%] after 45 |,
100 - K
| 7l — A
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Ficure 4: Comparison of the inhibitory capacity of PhyS 2 to PhyS

6 in a P-selectin induced cell rolling assay afles (left ordinate)

and the off-rate as detected by QCM (right ordinate): The number
of adhering and rolling U937 cells is expressed as a percentage of
the blank (meanst SD valuesn > 3). Both experimental lines
correlate excellentlyR = 0.99).

Ficure 3: Comparison of the inhibitory capacity in a P-selectin
induced cell rolling assay aftd s (left ordinate) and the off-rates
of Calciparin, Liquemin, and Heparin-ratiopharm as detected by
QCM (right ordinate): The number of adhering and rolling U937
cells is expressed as a percentage of the blank (mea®B, values,

n= 3).

illustrated the dependency in Figure 3. Inhibitory effects were DISCUSSION
selected Ba 4 stime point in an activity vs time slope, since

this represents the saturation of activity. attracted tremendous interest to interfere therapeutically with
Calciparin displayed no inhibitory activity in the cell various pathological situations, hardly any reports on kinetic
rolling assay. Although this is surprising, and should more binding data of inhibitors exist. Therefore it cannot be
be related to the sensitive restrictions of the cell rolling assay evaluated if the rapid binding kinetics of the selectins are
than to a binding inability of Calciparin, this finding fits well  responsible for the nonsatisfying situation and complications
to the 2-fold higher off-rate compared to Heparin-ratiopharm. in the selectin inhibitor search.
Although the data set of Only three different prOdUCtS does In the present Study we app“ed a QCM biosensor to
not allow a mathematical correlation, the off-rate is obviously quantify the kinetic binding of heparins and other sulfated
a decisive factor controlling the inhibitory characteristics of polysaccharides to surface-immobilized P-selectin. To in-
the derivatives. vestigate the relevance of these intrinsic binding character-
This hypothesis is strongly supported by considering the istics for the functional role in cell binding, we also detected
off-rates of the PhyS in Figure 4 (hatched bars, right the inhibitory activity of these derivatives in a P-selectin-
ordinate). An increase in charge from Phys 2 to Phys 6 leadsmediated cell rolling assay. To our knowledge, this is the
to a nonlinear decrease in off-rate, which implies that first time that the inhibitory capacity is correlated with
electrostatic interactions dominate the intensity of receptor binding kinetics for a series of compounds to give a general
occupation. In order to correlate the receptor binding with insight into the mechanisms of selectin inhibition.
the inhibitory efficiency of the compounds, the inhibition We could illustrate that heparin binds to P-selectin with
data of the PhyS, obtained from the cell rolling assay, were strong binding affinity. This confirms several approaches that
included in Figure 4 (dark bars, left ordinate). An excellent applied heparin as an attractive P-selectin inhibitor for anti-
correlation between the inhibitory capacity of the compounds inflammatory and antimetastatic reasof§, (28, 48). How-
and the off-rate becomes evidef € 0.99). ever, the three heparin products displayed deviations in

Although the inhibition of selectin binding function has
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affinity (5.80 x 107" M, 6.07 x 107" M, and 1.21x 10°® density and (ii) a general correlation of binding kinetics and
M) that reflect the structural variations of the heparin inhibition.
products. Nevertheless, the heparin affinity is consistent with The importance of a charge increase on binding affinity
the recent findings of Wang et al37), the only published could clearly be derived, considering tKg in Table 3. A
kinetic data of a heparin binding to P-selectin. They used charge increase induces higher binding affinities. The deriva-
heparin-conjugated BSA for immobilization on the chip tives with a DS> 1.8 exceed the affinity of the heparins.
sensor surface and analyzed the interaction with soluble PhyS 6 displays an outstanding affinity with<g of 4.39 x
P-selectin by surface plasmon resonance. While the affinity 1078 M that has not been described so far for an artificial
of 1.15x 1077 M and the off-rate of about 3.1% 10 3s! compound binding P-selectin. However, the impact of the
described by Wang et al. is close to our findings, they found on- and the off-rate on this affinity increase is different. An
a higher on-rate. This variation might be explained by increase in on-rate with increased charge density is evident,
differences in the experimental setup, i.e., the immobilization but does not show a correlation, as the relation of PhyS 4
of heparin by Wang et al. versus the use of immobilized (DS 1.80) to PhyS 5 (DS 2.21) and the rapid increase to
selectin in our approach. PhyS 6 (DS 2.80) underscores. In contrast, the off-rate
Wang et al. interpreted these kinetic findings with respect follows the increased affinity by charge density much better.
to cell adhesion phenomena. They postulated that the 10 investigate the impact of these kinetic findings on
moderately fast association of heparin and the much slowerinhibitory efficiency, we compared the reduction in cell
off-rate in relation to the physiological ligand PSGL-1 can Pinding by PhyS 2 to PhyS 6 in the cell rolling assay with
explain that tumor cells expressing heparan sulfates asthe k_lnetlc parameters. The slope in cell rolling |_nh|b|t|on
P-selectin ligands are not able to roll along the endothelium, that is illustrated in Figure 4 by the dark bars is barely
such as PSGL-1 expressing cells. We try to interpret the Correlated with the on-ratdi(= 0.67). In contrast, there is
heparin binding kinetics with respect to consequences for @1 €xcellent correlation with the off-rat® = 0.99). This
the selectin inhibitor search. A fast on-rate that is much cONfirms the hypothesis on the importance of the off-rate
higher for the natural PSGL-1 compared to heparin appearsfor inhibition, that we postulated from the heparin data.

to be an essential prerequisite for all binding processes to . More importantly, these data allow for the first time the
selectins under shear conditions. However, exceeding gderivation of a general interpretation on selectin inhibition

certain threshold level of association tendency, graduations®d the mechanisms and prerequisites for potential selectin

in the on-rate appear to have a lesser impact on the overallMniPitors. While cell binding or cell rolling assays represent
selectin binding characteristics. The off-rate directly controls a fun.ctlc_)ne.ll _end point n d|.m|.n|sh|ng thg cell _bmdmg by
the duration of the receptor occupation. Taking the off-rate certain |nh|b|tor'_5, our k_|net|c |nterp_retat|ons give a much
of PSGL-1 into consideration, heparin is able to occupy the deeper mechanistic insight. A certain fast on-rate that does
receptor 1000-fold longer, which appears as a dominant

not necessarily have to be faster than the on-rate of the
contribution to the binding process, and therefore important physiological selectin ligands appears as the basis for selectin
for inhibitory activity.

binding. Exceeding a threshold in binding rapidity, the on-
o ) rate has only a minor effect on the general affinity. In
_ Considering the structures, a slow off-rate might be .,nirast, the receptor occupation by a slowly dissociating
induced by the intensity of the charge interactions. The omnound controls the binding intensity and turns out to be
polysaccharide nature and the charge density of heparingey for inhibitors. We were able to show that a 1000-fold
appear to be predestined for inducing a slow dissociation. |o\ver off-rate of heparin and related polysaccharides com-
However, extended discussions on a structural impact ONpared to the physiological ligands or small molecule inhibi-

binding were limited by the fact that heparin is a complex o5 i the functional background for their excellent inhibitory
mixture of sulfated polysaccharides of animal origin that capacity.

leads to product variability. Identical anticoagulative activity  oyerall. these findings give general indications for the

of the three products in our study was shown to be not yesign and search of selectin inhibitors. Kinetic parameters,
indicative for other biological functions, such as selectin e.g., a slow off-rate, must ultimately be considered. Since
b'“g'nq-lThe three UFHs3d|ffir in the off-rate from 2.27 e were able to show that the binding kinetics are controlled
10 s to 1.23 x 107 s, and interestingly, these py certain structural parameters, i.e., charge density, highly

differences in the off-rate clearly reflect the graduation in charged polysaccharides appear as prospective inhibitory
the P-selectin inhibitory capacity found in the cell rolling compounds.

assay. This trend is not evident in the on-rates as Liquemin

N with the lowest inhibitory capacity has the highest on- ACKNOWLEDGMENT
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