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Summary 
Heparin possesses antimetastatic effects that were related to 
various molecular mechanisms beyond anticoagulant activities. 
The ability of heparin to interfere with the function of adhesion 
receptors in the metastatic course appears as a promising thera-
peutic approach. This refers to numerous findings that heparin 
attenuates metastasis in a selectin-dependent manner. We re-
cently demonstrated that heparin interferes with the integrin 
VLA-4 on murine melanoma cells binding to VCAM-1. To con-
firm this activity and to obtain further insight into molecular rec-
ognition of heparin by VLA-4, we investigated the inhibition of 
VLA-4 mediated binding of human melanoma MV3 cells to im-
mobilised VCAM-1 by different heparins. The size of heparin has 
an important impact on inhibition. Unfractionated heparin 
(UFH) and tinzaparin, a low-molecular-weight heparin (LMWH) 
representing a mean of about 18–20 monomers, displayed high 
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inhibitory activity. Fractionating tinzaparin to 14–18 monomers 
reduced inhibition slightly, while the pentasaccharide fondapari-
nux was without effects. To confirm molecular recognition of tin-
zaparin by VLA-4, a surface acoustic wave-biosensor was applied. 
A VLA-4 containing membrane preparation of MV3 cells was im-
mobilised at the sensors to allow for detection of kinetic bind-
ing constants of tinzaparin compared to VCAM-1. Tinzaparin 
binds to VLA-4 with affinity in the low micromolar range 
(4.61×10–6 M), which clearly indicates specific molecular recog-
nition. Furthermore, tinzaparin displays a nearly identical koff 
compared to VCAM-1 (5.13×10–3 s-1 versus 3.44×10–3 s-1) which 
is evident for interference with the ligand binding. The data pro-
vide evidence for a direct confirmation of heparin binding to 
VLA-4 and thus, contribute to understand the antimetastatic ac-
tivity of heparin. 
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Introduction 
Tumor cell metastasis may lead to serious complications in 
cancer. Thus, its effective treatment is required to inhibit tumor 
growth or to improve survival of cancer patients. The mech-
anisms of metastasis are complex and versatile including 
multiple steps that allow tumor cells to disseminate and to prolif-
erate. Cell adhesion molecules (CAMs) are crucially involved in 
the metastatic cascade promoting cell-cell, cell-endothelium, 
cell-platelet, and cell-extracellular matrix (ECM) interactions. 
Thus, anti-adhesion strategies appear as promising approaches 
in oncology (1). The selectins, a class of carbohydrate-binding 
proteins, recognise several structures on tumor cell surfaces, leu-
kocytes, platelets, and endothelial cells, thereby creating 
multiple binding possibilities. This leads to the formation of 
microemboli enabling the tumor cells to survive and to arrest in 
the microvasculature (2). Beside selectins, integrins and their li-

gands of the immunoglobulin superfamily participate in adhes-
ive interactions between tumor cells and the endothelium, such 
as the integrin α4β1 (very late activation antigen-4, VLA-4) and 
vascular cell adhesion molecule-1 (VCAM-1). Both, the selectin 
and the VLA-4 mediated binding pathway contribute to experi-
mental metastasis of tumor cells bearing the respective ligands/
receptors, such as malignant melanoma cells (3, 4), whereas their 
activities are even of clinical relevance (5). We and others were 
able to show that especially melanoma cells utilise the VLA-
4/VCAM-1 binding pathway to directly adhere to the endothe-
lium, whereas selectins are involved in forcing platelet-cell inter-
actions and in polymorphnuclear neurophils (PMNs)-facilitated 
extravasation (6, 7). 

For prophylaxis and treatment of thrombosis, heparin has 
been the drug of choice for several decades. With the findings 
that – in addition to the prevention of thromboembolism – hepa-
rin prolongs the survival of cancer patients (8), research is going 

© 2009 Schattauer GmbH, Stuttgart

816

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2012-05-26 | IP: 38.107.179.231



on to identify the molecular mechanisms. Currently assumed he-
parin actions beside anticoagulation are (i) inhibition of P- and 
L-selectin, (ii) inhibition of angiogenesis via stimulation of tis-
sue factor pathway inhibitor (TFPI)-release, (iii) modulation of 
growth factor binding, and (iv) inhibition of heparanase enzy-
matic activity (9–12). Taking into account that VLA-4 plays a 
dominant role in melanoma cell adhesion, its inhibition seems to 
be essential to decrease metastasis. In a recent study, we showed 
for the first time that the adhesion of murine B16F10 melanoma 
cells to VCAM-1 could be inhibited by heparin in vitro and sug-
gest VLA-4 as a novel heparin target (6). Although a com-
bination of different techniques was used, the final proof of a di-
rect binding between heparin and VLA-4 was lacking. Indeed, 
there are observations of others, who refer to the binding ability 
of heparin to the integrins αIIbβ3, αMβ2 (Mac-1), αXβ2 (gp 
150,95) (13–15) and to specific integrins on a transfected ery-
throleukemic cell line in dependence on the integrin β-subunit 
(16). However, none of these studies was associated with the 
antimetastatic properties of heparin. 

To strengthen our hypothesis of heparin/VLA-4 interactions, 
the present study investigates the inhibitory effects of different 
heparins on human MV3 melanoma cell adhesion to VCAM-1 
under flow conditions. Unfractionated heparin (UFH), low-mo-
lecular-weight heparin (LMWH) tinzaparin, a fraction of tinza-
parin representing a proportion of 14, 16, and 18 monosacchar-
ides as well as fondaparinux were included. The results show a 
clear dependence of the inhibitory capacity on the molecular 
weight of heparin. 

To detect heparin/VLA-4 binding on a molecular level, a sur-
face acoustic wave (SAW) biosensor was applied. On basis of the 
piezoelectric properties, mass changes on the surface of sensors 
can be detected as phase shift of an applied acoustic wave. For 
detailed principles of measurement, the underlying physical 
mechanisms, and the mathematical bases for determination of 
kinetic binding constants the reader is referred to (17) and for 
several applications to (18–20). SAW-based cell experiments 
have been applied mainly using bacteria, bacteriophages, and 
yeasts (21–23), but also mammalian cell interactions (24, 25). 

In the present study, the SAW method was applied for the 
first time at adhesion receptor mediated interactions, i.e. be-
tween VLA-4 expressing MV3 cells and VCAM-1. By immobi-
lising a membrane preparation of MV3 cells on the sensor sur-
face we were able to determine binding kinetics of VCAM-1 and 
tinzaparin to VLA-4 and thus, confirmed heparin binding to 
VLA-4. 

Therefore, VLA-4 is coming into light as an attractive target 
for the antimetastatic effects of heparin leading to a decrease of 
human melanoma cell adhesion. 

Materials and methods 
Cell culture 
All cell lines were cultured at 37°C in humidified atmosphere 
containing 5% CO2. 

The human melanoma cell line MV3 was grown in RPMI 
1640 supplemented with 10% (v/v) fetal calf serum (FCS). For 
subcultivation, MV3 were detached at 80–90% confluency using 
EDTA-solution (0.2 g/l EDTA × 4 Na) for 3 min at 37°C. All 

reagents were from Sigma-Aldrich Chemie GmbH (Tauf-
kirchen, Germany). 

Human umbilical vein endothelial cells (HUVECs) were cul-
tured in Endothelial Cell Growth Medium. Subcultivation was 
performed at 60–80% confluency using DetachKit in accord-
ance with the provided protocol. HUVECs and all reagents were 
obtained from PromoCell GmbH (Heidelberg, Germany). 

Antibodies and adhesion molecules 
The humanised anti-VLA-4 (α-chain) mAb natalizumab was 
kindly provided from Biogen Idec GmbH (Ismaning, Germany). 
Goat anti-human IgG-horseradish peroxidase (HRP) was pur-
chased from Antibody Online (Aachen, Germany). 

Function-blocking anti-human P-selectin mAb and recom-
binant human VCAM-1 Fc (human IgG1) chimera were obtained 
from R&D Systems GmbH (Wiesbaden-Nordenstadt, Ger-
many). 

Sulfated polysaccharides 
UFH 1 was kindly provided by Dr Annamaria Naggi (“G Ronzo-
ni” Institute for Chemical and Biochemical Research, Milan, 
Italy). UFH 2 (Heparin-Natrium 5000 ratiopharm®) was pur-
chased from Ratiopharm GmbH (Ulm, Germany), tinzaparin 
was from LEO Pharma GmbH (Neu-Isenburg, Germany) and 
fondaparinux from Sanofi-Aventis GmbH (Frankfurt/M, Ger-
many). The fraction of tinzaparin consisting of 14, 16, and 18 
monosaccharides was isolated by size-exclusion chroma-
tography on Biogel-P10 as described by Bisio et al. in the present 
issue of T.H. 

Flow chamber assay 
Adhesive interactions of MV3 cells with VCAM-1 Fc chimera or 
HUVECs were determined under physiological flow conditions. 
Glass slides containing 0.2 µg VCAM-1 or confluent HUVECs, 
stimulated with 50 ng/mL human tumor necrosis factor (TNF)-α 
(Sigma-Aldrich GmbH, Taufkirchen, Germany) for 4 to 6 hours, 
were incorporated into a parallel plate flow chamber as described 
in detail in our previous investigations (6, 26). Briefly, the flow 
chamber was mounted onto an inverted microscope. PBS (pH 
7.4) as flow medium was driven by hydrostatic pressure at a shear 
rate of about 200 s-1. Experiments were performed after treatment 
of 1×106 MV3 cells suspended in FCS-free RPMI 1640 with 1 
mM Mn2+ for 5 min at 37°C (stimulated cells) in comparison to 
untreated cells. To determine the contribution of P-selectin on 
MV3 cell interaction with HUVECs, 10 µg of a function-blocking 
anti-human P-selectin mAb were mixed with 1×106/100 µL MV3 
cell suspension and put into the flow chamber. 

For inhibition experiments, heparin preparations and natal-
izumab were used at 500 µg (according to 150 IU ≈ 1 mg) and 
5 µg, resp., and compared with the inhibitor-free control experi-
ment (cells in FCS-free medium only). The substances were 
added to 100 µL stimulated MV3 cells and incubated for 5 min at 
37°C prior to injection into the flow system. 

Adhesion behavior of the MV3 cells was monitored over a 
period of 5 s. Video sequences were captured with the camera 
CSC-795 (Pacific Corporation, Tokyo, Japan) and analysed with 
the software Imagoquant MultiTrack-AVI-2 (Mediquant GmbH, 
Lützen, Germany). 
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SAW biosensor measurements 
Biosensor investigations were performed using a S-Sens™ K5 
surface acoustic wave biosensor supplied by Biosensor GmbH, 
Bonn, Germany. 

Immobilisation of VCAM-1 and natalizumab on the 
SAW sensor 
Gold-coated sensors (Biosensor) were incubated in a solution of 
11-mercaptoundecanoic acid (10 mM) in ethanol abs. forming a 
self-assembled monolayer by binding of the sulfur headgroups to 
the gold surface. The carboxyl groups were activated with 200 
mM N-ethyl-N-(dimethylaminopropyl)-carbodiimide (EDC) 
and 50 mM N-hydroxysuccinimide (NHS) to bind 50 µg/mL na-
talizumab and VCAM-1, respectively, forming carboxylamides. 
An excess of activated unreacted NHS esters was blocked by 1 M 
ethanolamine (pH 8.5). The amount of bound protein was deter-
mined using the protocol described in (17). 

Cell binding experiments to VCAM-1 and natalizumab 
After immobilisation of VCAM-1 and natalizumab, respectively, 
a baseline equilibration in PBS containing 1 mM Ca2+ and Mg2+ 
was performed for 30 min. In that time, 5×106 MV3 cells were 
suspended in 1 mL running buffer containing 1 mM Mn2+. The 
number of injected cells was optimised based on the findings 
that 1×103 cells was the minimum to detect binding events, while 
numbers >1×106 did not lead to increased binding. The flow rate 
to ensure sufficient time for cell-ligand interaction and to pre-
vent unspecific binding due to sedimentation was 100 µL/min. 

For inhibition experiments, 500 µg tinzaparin in 10 µL buffer 
were added to 1×106 cells, injected into the biosensor system and 
rinsed either over immobilised VCAM-1 or natalizumab. Bind-
ing of cells with or without inhibition was measured as shift of 
phase. Since the penetration depth of a love wave sensor is re-
stricted to the near sensor surface, only mass changes caused by 
ligand-receptor/antibody interactions close to the sensor surface 
were detected without balancing the whole cell. 

Preparation of membrane vesicles 
MV3 cells were harvested from 80% confluently grown cell 
dishes. Cell membrane vesicles were prepared according to the 
protocol described in detail in (27). All steps were performed at 
4°C. Membrane vesicles were homogenised using a Potter-El-
vejhem homogenisator. The protein yield was determined in an 
amido black-protein assay (28). Presence of VLA-4 was deter-
mined applying a SDS-page under non-reducing conditions. 
Proteins from the gel were plotted on a polyvinyldifluoride 
membrane at 100 V, 350 mA for 60 min. Unspecific binding sites 
on the membrane were blocked using a solution of skim-milk 
protein (5%) in TBS with 0.2% Tween. VLA-4 was detected 
using natalizumab and anti-human IgG-HRP as secondary anti-
body. Chemoluminescence was detected after treating the mem-
brane with ImmobilonTM-Western Chemoluminescent Kit 
(Millipore Corporation, Billerica, USA) according to the manu-
facturer’s protocol. 

Immobilisation of membrane vesicles on SAW sensors 
Gold-coated SAW sensors were inserted into an aqueous sol-
ution of 1-β-thioglucose (10 mM) over night to form an adhesion 

layer for the membrane vesicles. After rinsing briefly with etha-
nol and drying under a stream of nitrogen, the sensor chips were 
inserted into the flow chamber of the SAW biosensor and a base-
line equilibration was performed for 30 min in PBS containing 
1 mM Ca2+ and Mg2+. The amount of injected membrane vesicles 
was defined by a dilution series of the membrane vesicles. A 
1:10-dilution of the membrane vesicles in running buffer was as-
sumed to be appropriate after detection experiments using 
VLA-4 binding antibody natalizumab. 

Determination of kinetic binding constants of VCAM-1, 
tinzaparin, and fondaparinux 
VCAM-1, tinzaparin, and fondaparinux, resp., were injected in 
dilution series between 10–12 M and 10–3 M to interact with the 
immobilised membrane vesicles. Association and dissociation 
events were detected as phase shifts indicating binding and un-
binding events at the membrane vesicle surface. Kinetic binding 
constants were calculated from the slopes of the obtained curves 
applying a 1:1-binding model. 

Statistics 
Data represent means ± standard deviations of at least three inde-
pendent experiments. Comparisons were performed by the un-
paired Student’s t-test (*p<0.05, **p<0.01, ***p<0.001). 

Results and discussion 
VLA-4-mediated binding of MV3 melanoma cells to 
VCAM-1 can be blocked by different heparins – Insight 
into structural requirements 
In order to simulate the situation of tumor cell adhesion to the en-
dothelium, the binding of MV3 cells to confluent, TNF-
α-treated HUVECs was determined under physiological flow 
conditions. TNF-α induces VCAM-1 expression on HUVECs in 
a time-dependent manner with near maximal expression being 
seen after 4 to 6 hours of stimulation (29). It can be noticed that 
Mn2+-treatment enhanced cell adhesion in a statistically signifi-
cant extent from 76.5% ± 6.9% up to 87.3% ± 5.8% at 4 s (Fig. 
1A). Beside chemokines, the treatment with Mn2+ is an experi-
mentally accepted way of activation of almost all integrins. Thus, 
the Mn2+-induced increased cell adhesion points to a contribu-
tion of integrin-mediated binding pathways. Since the VLA-
4-blocking mAb natalizumab was able to decrease cell binding 
(76.0% ± 4.2%) to the level of unstimulated cells, an explicit 
VLA-4 dependency can be assumed. VLA-4 positivity of MV3 
was ensured by flow cytometry (data not shown). 

In addition to VCAM-1, a variety of other cell adhesion mol-
ecules are expressed/induced on HUVECs, such as P-selectin. 
MV3 cells possess binding ability to P-selectin Fc chimera as in-
vestigated by flow cytometry (data not shown). To determine the 
contribution of P-selectin expressed at the cellular level to MV3 
cell binding, experiments on HUVECs were carried out using a 
function-blocking P-selectin mAb. A slight, statistically not sig-
nificant decrease in cell adhesion could be observed upon P-se-
lectin blockade, which indicates that P-selectin is of minor rel-
evance regarding the MV3/HUVEC interaction. This fact is of 
special importance for our inhibition studies on heparins, since 
endothelial P-selectin is another target of heparin action (3). 
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However, to rule out any P-selectin-mediated cell adhesion, in-
hibition studies on HUVECs were performed at concomitant ap-
plication of the P-selectin mAb. The effects of different heparin 
preparations were analysed after a preincubation period of 5 min 
with stimulated cells according to our previous investigations 
(6). Figure 1A illustrates that both UFH 2 and tinzaparin were 
able to reduce cell adhesion (74.3% ± 11.6% and 72.5% ± 9.7%, 
resp.) to the same extent as natalizumab in the presence of the 
P-selectin mAb. In contrast, fondaparinux failed to further de-
crease cell adhesion. These results reveal that heparin blocks 
VLA-4-mediated MV3 cell binding under physiological con-
ditions using an endothelial cell layer. However, the observed in-
hibitory effects are relatively weak and probably hindered by un-
specific binding events, which impede the determination of clear 
structure-activity relationships. 

Thus, further inhibition studies were performed on immobi-
lised VCAM-1 Fc chimera allowing to focus more closely on the 
involvement of VLA-4 (Fig. 1B). As observed for the adhesion 
experiments on HUVECs, Mn2+-treatment led to an increase of 
percentaged cell adhesion, which is much more pronounced on 
the isolated ligand. We initially used tinzaparin, which also dis-
played a high inhibition capacity regarding P- and L-selectin 
(30). Tinzaparin reduced the MV3 cell adhesion to isolated 

VCAM-1 in a statistically significant manner. It is known that 
tinzaparin contains more high molecular weight heparin frag-
ments than other LMWHs. In order to investigate whether mo-
lecular weight of heparin has an impact on the blocking capacity 
of VLA-4/VCAM-1 interaction, two UFHs and the penta -
saccharide fondaparinux have been applied. Preincubation of 
cells with each of the UFHs decreased cell adhesion stronger 
than tinzaparin, while fondaparinux revealed no inhibitory ef-
fect. Although it is not clear, which saccharide component is re-
sponsible for VLA-4 inhibition, a correlation between molecular 
size and inhibitory efficiency might be assumed. Moreover, ex-
ceeding a critical size appears as essential for inhibition. Since a 
smaller tinzaparin fraction (MW 5,600 Da compared to 6,500 Da 
of tinzaparin) representing only fragments of 14, 16, and 18 
monosaccharides displayed significant activity (slightly reduced 
compared to tinzaparin), the critical threshold of heparin size 
seems to be between five and 14 monosaccharides. In further in-
vestigations, even smaller heparin fractions should be applied to 
further focus on this aspect, as well as UFH derivatives differing 
in sulfation or N-acetylation to obtain more information on the 
heparin binding epitope to VLA-4. 

Our findings on size dependency correspond to others, who 
were able to show that only certain heparin fractions inhibit the 

Schlesinger et al. Heparin binding to VLA-4

819

Figure 1: Inhibition of VLA-4-mediated MV3 cell binding by he-
parin. A) Adhesion of 1×106 Mn2+-stimulated MV3 cells to confluent 
HUVECs under flow conditions was determined after preincubation of 
the cells with 500 µg of the indicated heparins and 5 µg natalizumab, 
resp., for 5 min. In some cases, the influence of a function-blocking P-se-
lectin mAb was investigated by adding 10 µg of the mAb to 1×106/100 
µL MV3 cell suspension prior to injection into the flow system. After 5 

min of sedimentation, the flow was started and the adhesion behavior 
was monitored over the indicated time range. B) Influence of different 
heparins and heparin fractions on MV3 cell adhesion to immobilised 
VCAM-1 under flow conditions was determined as described above. 
Data are presented as mean values ± SD (n³3; *p<0.05, **p<0.01, 
***p<0.001 with respect to stimulated MV3 cells). MS, monosaccharide; 
UFH, unfractionated heparin. 
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binding of integrin αXβ2 to complement fragment iC3b (15). 
These indications on heparin blockade of MV3 melanoma cell 
adhesion to a VCAM-1 substratum are in line with our previous 
suggestion of VLA-4 being a novel heparin target (6). However, 
other mechanisms might contribute to the observed heparin ef-
fects, such as inhibition of heparanase that is known to have 
multiple cellular effects beside ECM-degradation. For instance, 
Sotnikov et al. were able to demonstrate that the VLA-4-me-
diated binding of T-cells to ECM components and to VCAM-1 is 
increased in the presence of enzymatically quiescent heparanase. 

This appears to be due to synergistic effects with SDF-1α- 
induced phosphorylation of kinases implicated in integrin func-
tion (31). Consequently, inhibition of this process by heparin 
might result in opposed effects leading to impaired VLA-4 regu-
lation. Additionally, the functional heparin binding domain of 
heparanase was shown to facilitate cell adhesion and spreading 
by clustering of cell surface syndecan-1 and syndecan-4 on 
human tumor cells as a consequence of initiating different sig-
naling pathways (32). However, the influence of these hepara-
nase-dependent actions by heparin might be excluded for our 
discrete experimental conditions using the recombinant immobi-
lised ligand. Moreover, the integrin activation performed in the 
present study was chemokine-independent. Thus, our data point 
to a direct interaction between heparin and VLA-4. 

Biosensor-based investigation of MV3 binding 
To get a deeper insight into the molecular mechanisms of MV3 
binding, we applied a SAW biosensor. The principle of measure-
ment is schematically illustrated in Figure 2. VCAM-1 Fc chim-
era were immobilised on the sensor surface to investigate the 
binding of MV3 cells. Binding of 1×106 stimulated MV3 cells 
was measured versus binding of 1×106 MV3 cells under preincu-
bation with 500 µg tinzaparin. Figure 3A shows that tinzaparin 
effectively suppressed MV3 binding to VCAM-1 in agreement 
with the microscopic assay. 

Next, we immobilised the VLA-4 antibody natalizumab to 
the SAW sensor surface and detected the binding of 1×106 stimu-
lated MV3 cells as well as inhibition by tinzaparin (Fig. 3B). As-
suming that an interaction between cellular VLA-4 and natalizu-
mab is based on binding of the α-subunit of VLA-4, further in-
sight into heparin binding activity can be obtained. Thus, tinza-
parin may bind directly to the α-subunit of VLA-4 and cause a 
steric hindrance for natalizumab binding. Another possibility is 
the conformational change of VLA-4 after tinzaparin binding 
leading to a prevented binding to the α-subunit allosterically. 
However, the data strengthen our hypothesis of direct heparin/
VLA-4 interaction, since we could also exclude (i) binding of na-
talizumab and of tinzaparin to immobilised VCAM and (ii) bind-
ing of VCAM-1 and of tinzaparin to immobilised natalizumab. 
For concentrations between 1×10–9 M and 1×10–4 M neither in-
teraction nor even unspecific binding could be detected (data not 
shown). 

Detection of kinetic binding constants of tinzaparin 
and VCAM-1 using a VLA-4 membrane preparation 
In order to investigate the heparin/VLA-4 binding on a molecu-
lar level, a membrane preparation of MV3 cells was performed 
to obtain VLA-4-containing membrane fractions. The presence 
of VLA-4 in the membrane vesicles was confirmed by SDS-
PAGE and Western Blot leading to bands at 280 kDa for the 
VLA-4 heterodimer, at 150 kDa for the α-subunit and at 80 kDa, 
which could represent a N-terminal fragment of the α-subunit 
(33) (data not shown). Membrane vesicles were immobilised in 
situ on a SAW sensor chip that had been prepared with a layer of 
1-β-thioglucose. Injections of increasing concentrations of 
VCAM-1 and tinzaparin, respectively, led to binding events that 
were analysed by non-linear curve fitting based on a monomol-
ecular growth model. An exponential decay model for the deter-
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Figure 2: Detection of kinetic binding constants using a SAW 
biosensor. A) A VLA-4 containing membrane preparation was immobi-
lised on the surface of a SAW sensor chip. VCAM-1 was injected under 
flow to bind to VLA-4. B) The applied voltage induces an acoustic love 
wave in the guiding layer of the sensor chip. The phase of this wave de-
pends on the mass load on the sensor surface. Binding of VCAM-1 to 
VLA-4 led to a phase shift. Unbinding of VCAM-1 due to buffer rinsing 
led to returning of the initial phase. C) Phase shift versus time diagrams 
for increasing concentrations of injected VCAM-1 can be analysed using 
a non-linear curve fitting in area I for the concentration depending as-
sociation rate constant (kobs) and in area II for the dissociation rate con-
stant (koff). Kobs is a function of concentration and according to the 
equation kobs = kon c + koff, the association rate constant (kon) can be de-
termined via plotting kobs versus c and applying a best linear fit. The 
underlying mathematics are explained in detail in (17). The equilibrium 
dissociation rate constant (KD) is determined by KD = koff/kon. VCAM-1, 
vascular cell adhesion molecule-1; VLA-4, very late activation antigen-4. 
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Figure 3: Inhibition of MV3 
cell binding by tinzaparin 
in a SAW biosensor assay. 
A) VCAM-1 was immobilised 
to gold-coated SAW sensors 
by EDC/NHS chemistry. 1×106 
MV3 cells bound to VCAM-1 
after stimulation by 1 mM 
Mn2+ indicated by the phase 
shift due to a mass load at the 
sensor surface. Addition of 
500 µg tinzaparin inhibited 
binding of MV3 cells inducing a 
significant lower phase shift. 
B) In an identical experimental 
setting, natalizumab instead of 
VCAM-1 was immobilised. Na-
talizumab binds highly specific 
to the a-subunit of VLA-4. Tin-
zaparin induced a significant in-
hibition of MV3 cell binding to 
natalizumab, which might indi-
cate a specific interaction of 
tinzaparin with the a-subunit 
of VLA-4. Data are presented 
as means ± SD (n>3; *p<0.05, 
**p<0.01). SAW, surface 
acoustic wave; VCAM-1, vascu-
lar cell adhesion molecule-1; 
VLA-4, very late activation 
antigen-4. 

A 

B 
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mination of the corresponding binding kinetics was assumed 
(Table 1). 

We were able to detect kinetic constants of VCAM-1 binding 
to VLA-4 in a biosensor assay for the first time. The binding af-
finity in the mean nanomolar range is obvious for a cell adhesion 
receptor. The rapid association rate constant confirms the poten-
cy of this interaction as a mediator of leukocyte rolling in the pro-
cess of cellular immune response. The dissociation rate constant 
is slower than the koff of the selectins (e.g. koff = 1.4 s-1 for P-se-
lectin/PSGL-1 interaction (34)) and refers to the role of VLA-4 
to slow down the rolling and to initialise firm adhesion. The only 
data available for VLA-4/VCAM-1 interaction are published by 
Chigaev et al. (35). They determined KD values between 
3.31×10–8 M and 48.9×10–8 M depending on activation with 
Mn2+ and Ca2+ using VLA-4-positive U937 cells and fluor-
escently-labelled VCAM-1 in flow cytometry experiments. They 
postulated that affinity changes drive change of VLA-4 avidity 
most importantly and could also show that intracellular acti-
vation as well as shear forces mainly affected the dissociation 
rate leading to different affinities. Although our approach is 
neither cell-based nor can it be influenced by Mn2+, Ca2+ or shear 
forces due to lacking signaling pathways, the obtained data are in 
good accordance with these findings. Thus, the kinetic data of 
VLA-4/VCAM-1 interaction have to be regarded as affinity data 
for one single activation state of VLA-4 and have to be compared 
to the data of tinzaparin. 

Tinzaparin binds to VLA-4 with an affinity in the low micro-
molar range, which clearly indicates a specific molecular recog-
nition. The data underscore the potency of tinzaparin as an in-

hibitor of VLA-4-mediated interactions. Although tinzaparin 
binds VLA-4 with a hundredfold slower association rate constant 
than VCAM-1, it displays a nearly identical dissociation rate con-
stant. This appears as an important aspect with respect to in-
hibitory capacity, since the dissociation rate constant was shown 
to correlate with inhibition in case of the selectins (36). Since the 
pentasaccharide fondaparinux could neither show an effect in the 

Table 1: Kinetic binding constants of VCAM-1 and tinzaparin 
binding to VLA-4 in an immobilised membrane preparation. 
Data were extracted from sensor signals of injections of increasing con-
centrations of VCAM-1 and Tinzaparin using the monomolecular growth 
model. Binding kinetics were determined assuming an exponential decay 
model via non-linear curve fitting using Origin7.5TM (Additive, Frie-
drichsdorf, Germany). Kobs values extracted from the ascending part of 
the sensor signals for every concentration and were plotted versus con-
centrations of VCAM-1 and tinzaparin, resp. A linear best fit was applied 
to the data using the equation kobs = kon c + koff with kon = association 
rate constant (on-rate) and koff = dissociation rate constant (off-rate), c 
= concentration of the injected analyte. Data are presented as means ± 
SD (n>3). 

 KD [M] kon [M-1s-1] koff [s-1] 

VCAM-1 1.01 x 10–8 
± 0.90 x 10–8 

3.53 x 105 
± 0.57 x 105 

3.44 x 10–3 
± 2.95 x 10–3 

Tinzaparin 4.61 x 10–6 
± 2.68 x 10–6 

1.27 x 103 
± 0.58 x 103 

5.13 x 10–3 
± 1.56 x 10–3 

Fondaparinux n.d. n.d. n.d. 

Key: n.d., not detectable. 
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cell rolling assay nor binding could be detected in the SAW assay, 
the specific recognition of tinzaparin by VLA-4 is confirmed. 

In summary, following a recent hypothesis of inhibiting VLA-
4-mediated cell binding by heparin, this study provides the first 
clear indication that a LMWH binds directly to VLA-4 with an af-
finity in a low micromolar range. Although a clear size-depend-
ency could be obtained, further experiments using modified he-
parins are necessary to evaluate structural requirements of this 
recognition process. These results focus the interest on VLA-4 as 
a novel target for heparin in antimetastatic approaches and should 
be considered as worthwhile to continue research in this field. 
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tion rate constant (off-rate); kon, association rate constant (on-rate); 
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parin; VCAM-1, vascular cell adhesion molecule-1; VLA-4, very late 
activation antigen-4.
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