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ABSTRACT: Regulation of angiogenesis involves interactions between vascular endothelial growth factor
(VEGF) and components of the extracellular matrix, including fibronectin and heparan sulfate. In the
present study, we identified two classes of VEGF binding sites on fibronectin. One was constitutively
available whereas the availability of the other was modulated by the conformational state of fibronectin.
Atomic force microscopy studies revealed that heparin and hydrophilic substrates promoted the extended
conformation of fibronectin, leading to increased VEGF binding. The ability of heparin to enhance VEGF
binding to fibronectin was dependent on the chemical composition and chain length of heparin, since
long (>22 saccharides) heparin chains with sulfation on the 6-O andN positions of glucosamine units
were required for full activity. Treatment of the complex endothelial extracellular matrix with heparin
also increased VEGF binding, suggesting that heparin/heparan sulfate might regulate VEGF interactions
within the extracellular matrix by controlling the structure and organization of fibronectin matrices.

The extracellular matrix controls a variety of cellular
functions by regulating the activity of growth factors (1, 2).
Fibronectin is a major component of extracellular matrices
and is able to interact with a vast array of macromolecules,
exhibiting a wide range of activities (3-7). Fibronectin plays
important roles in angiogenesis, the process of new blood
vessel formation from preexisting vessels, yet the underlying
molecular mechanisms remain to be elucidated (8-11).
Vascular endothelial growth factor (VEGF),1 an endothelial
cell mitogen, is a major angiogenic factor (12, 13). Recent
studies have shown that fibronectin contains at least two
VEGF binding sites (14-16). Moreover, the interactions
between fibronectin and VEGF are enhanced at acidic
extracellular pH (15). Decreased extracellular pH, an indica-
tion of deficient vascularization, has been implicated in
regulating many aspects of endothelial cell function during
angiogenesis (17-22). It is possible that increased expression
and deposition of VEGF under acidic conditions create a
gradient of VEGF within the extracellular matrix that is used
to sustain vascular growth toward hypoxic and acidic tissue
regions (23). Binding of VEGF to fibronectin appears to be
required for many of the biological activities of VEGF,

including endothelial and breast cancer cell migration (14,
24) and differentiation of CD34+ cells to endothelial cells
(16). In the present study, we characterized VEGF-fibronec-
tin interactions and investigated how they are regulated by
heparin and heparan sulfate, additional components of the
extracellular matrix with important roles in angiogenesis
(25-27). We found that heparin/heparan sulfate alter fi-
bronectin structure exposing VEGF binding sites, thus
enhancing VEGF-fibronectin interactions. Our results sug-
gest a physical mechanism whereby heparan sulfate chains
in the extracellular matrix, under appropriate stimuli, lead
to the formation and/or remodeling of fibronectin-rich
matrices in order to regulate VEGF angiogenic activity.

MATERIALS AND METHODS

Materials. Human recombinant VEGF165 was obtained
from R&D Systems (Minneapolis, MN) and from the NCI
Bulk Cytokine and Monoclonal Antibody Preclinical Reposi-
tory (Frederick, MD).125I-VEGF165 was prepared using a
modified Bolton-Hunter procedure as previously described
(23). Heparin, desulfated derivatives, and fragments of
heparin, heparan sulfate, and chondroitin sulfate were from
Neoparin (San Leonardo, CA).3H-Heparin (0.413 mCi/mg)
was purchased from Perkin-Elmer (Boston, MA). Hepari-
nases I and III fromFlaVobacterium heparinumwere from
IBEX (Montreal, Canada). Purified human plasma fibronectin
was from Chemicon International (Temecula, CA). Phosphate-
buffered saline (PBS) andN-(2-hydroxyethyl)piperazine-N′-
2-ethanesulfonic acid (HEPES) buffer were purchased from
Invitrogen (Carlsbad, CA). Bradford protein assays were
conducted using the Bio-Rad protein assay (Bio-Rad, Her-
cules, CA). All other reagents used were purchased from
Sigma (St. Louis, MO).
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VEGF Binding.The 96-well hydrophobic or hydrophilic
polystyrene plates (BD Falcon, number 351172, and Corning,
number 3595) were coated overnight at 4°C with human
plasma fibronectin (40 nM, 6.2 pmol/cm2) in PBS containing
no Mg2+ or Ca2+ in the absence or presence of heparin. The
extent of fibronectin adsorption was very similar (∼50%)
on both surfaces, as determined by the Bradford protein assay
(28). Consistent with previous studies (29, 30), fibronectin
adsorption can be considered irreversible, since extensive
incubations with NaOH/SDS solutions released only a small
portion (1-2%) of the adsorbed protein.125I-VEGF165

binding assays were conducted in 25 mM HEPES, 0.15 M
NaCl, and 1 mg/mL BSA, pH 7.5 or 5.5, for 2 h at 4°C (50
µL per well). Bound VEGF was extracted by 1 h incubation
with 5 M NaCl and 25 mM HEPES, pH 7.5, followed by 1
h incubation with 1 N NaOH. The radioactivity released was
measured by a Cobra Auto-Gamma 5005 counter (Packard
Instruments, Meridian, CT).

Atomic Force Microscopy.Human plasma fibronectin was
adsorbed overnight on hydrophobic or hydrophilic polysty-
rene (40 nM in PBS) or for 1 min on mica (2 nM in 10 mM
ammonium acetate buffer, pH 7.0) in the absence or presence
of heparin, and the surfaces were washed to remove
nonadsorbed fibronectin and heparin. Tapping mode atomic
force microscopy (AFM) was performed with a Digital
Instruments nanoscope IIIa multimode system using silicon
tips (Digital Instruments, Woodbury, NY). Atomic flat mica
was purchased from Ted Pella (Redding, CA). Two types
of data were collected: height mode images, where thez-axis
position of the piezo scanner is monitored as the tip oscillates
with a fixed frequency, and amplitude mode images, where
the amplitude of the tip oscillation is monitored. Amplitude
mode images demonstrate more clearly the edges of objects
on the surface.

Roughness Analysis.The AFM images of fibronectin on
polystyrene surfaces were analyzed using the Roughness
Analysis commands of the Nanoscope 5.12b48 software.
Prior to the analysis, the images were modified by the
second-order Flatten command, which removes the Z offset
between scan lines as well as the tilt and bow in each scan
line, by calculating a second-order, least-squares fit for the
selected segment and then subtracting it from the scan line.
Subsequently, a number of roughness amplitude parameters
were calculated:

(1) Root-mean-square roughness,Rq:

wherer(x) denotes the roughness profile, a function giving
the distance from the center line of the surface profile, and
L is the evaluation length over which the integral is
calculated.

(2) Mean peak roughness,Rpm: average distance between
the five highest profile points and the mean data plane.

(3) Mean valley roughness,Rvm: average distance between
the five lowest profile points and the mean data plane.

Determination of Molecular Dimensions.The dimensions
of the molecules visualized in the single-molecule AFM
experiments were determined using the Section Analysis
commands of the Nanoscope 5.12b48 software. The mol-
ecules we identified contained one, two, or three spherical/

ellipsoid domains. We determined end-to-end distances of
the whole molecules as well as heights and diameters of the
individual domains. The end-to-end distances coincided, in
most cases, to the overall length of the molecule due to the
linear arrangement of the individual domains. Due to
limitations of the software, for ellipsoid domains, we were
able to determine only one diameter: the one perpendicular
to the long axis of the molecule.

After the dimensions of the individual domains were
obtained, the molecular volume (Vm) was calculated by
treating each domain as a segment of a sphere (31) using
the equation:

whereh and r denote the height and radius of the domain,
respectively. On the basis of the calculated molecular
volumes, the molecular mass for each individual domain was
determined using the equation:

whereM0 is the molecular mass,N0 is Avogadro’s number,
V1 andV2 are the specific volumes of the individual protein
and water, respectively, andd is the extent of protein
hydration. For the calculations we used standard values for
V1, V2, andd that are accurate for most proteins:V1 ) 0.74
cm3/g, V2 ) 1 cm3/g, andd ) 0.4 mol of H2O/mol of protein
(31).

The calculated molecular masses were very similar to the
known molecular mass of a fibronectin dimer (∼500 kDa),
supporting the hypothesis that the observed molecule rep-
resented single fibronectin dimers. Thus, the dimensions of
the ellipsoid molecules corresponded to a molecular mass
of 487( 154 kDa, the individual domains of the two-domain
category corresponded to 363( 63 and 152( 27 kDa,
respectively, which sum up to 515( 90 kDa, and the
individual domains of the three-domain category cor-
responded to 180( 57, 116 ( 45, and 128( 41 kDa,
respectively, which give a total molecular mass of 424(
143 kDa.

Statistical Analysis.Comparisons of the dimensions of
fibronectin molecules in the absence and in the presence of
heparin were made using multivariate analysis of variance.
The nonparametric Kolmogorov-Smirnov and Levene’s tests
suggested normal distribution and homogeneity of variance,
respectively, for all of the data sets, validating the use of
analysis of variance. All statistical tests were performed using
the Statistical Package for the Social Sciences (SPSS) 13.0
software. The data were presented in box plots, which
summarize the data using five numbers: the median, 25th
and 75th percentiles, and the minimum and maximum values
(not statistically outlying). The box length is the interquartile
range (from 25th to 75th percentile). Outliers (values between
1.5 and 3 box lengths from the upper or lower edge of the
box, denoted by circles) and extreme values (values more
than 3 box lengths from the upper or lower edge of the box,
denoted by stars) are also presented. On the basis of these
diagrams, the outliers and extreme values were omitted from
the statistical analysis.

Endothelial Cell Matrix Preparations.Bovine aortic
endothelial cell matrix coated dishes were prepared as

Rq ) x1
L∫0

L
r2(x) dx (1)

Vm ) (hπ/6)(3r2 + h2) (2)

Vm ) (M0/N0)(V1 + dV2) (3)
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previously described (23). Briefly, cells were plated into 24-
well plates (effective well surface area: 2.0 cm2) at an initial
density of 5.0× 104 per well, in low glucose DMEM
supplemented with 10% calf serum, 100 units/mL penicillin
G, and 100µg/mL streptomycin sulfate. Six days after the
cells reached confluence, the subendothelial extracellular
matrix was exposed by dissolving the cell layer with 0.5%
Triton and 20 mM NH4OH in PBS at 23°C for 3 min,
followed by three washes with PBS.

RESULTS

Binding of VEGF to Fibronectin.Interactions between
fibronectin and VEGF were studied with surface-immobilized
fibronectin at a concentration (20µg/mL; 40 nM) sufficient
to form a monolayer (29, 32). The hydrophobicity of the
surface greatly affected the interactions. VEGF binding to
fibronectin adsorbed on hydrophilic compared to hydropho-
bic polystyrene was significantly higher (Figure 1A), al-
though the amount of adsorbed fibronectin was the same for
both surfaces (data not shown). Moreover, a large fraction
of bound VEGF was released by high ionic strength (60-
70% of the bound VEGF was released by 5 M NaCl). On
the contrary, the majority (>90%) of the VEGF bound to

fibronectin adsorbed on hydrophobic polystyrene (Figure 1B)
was resistant to extraction by high ionic strength and was
released by NaOH, suggesting the existence of predominantly
hydrophobic interactions. In addition to surface hydrophobic-
ity, pH also affected VEGF binding to fibronectin. On the
hydrophilic surface, the ionic fraction of bound VEGF
increased at low pH, whereas the NaOH fraction was
unaffected by pH. Increased VEGF binding at low pH was
also observed on the hydrophobic surface, reflected in the
NaOH fraction, which represents the predominant fraction
of fibronectin-bound VEGF on this surface. The independent
modulation of the two categories of bound VEGF (based on
their selective extraction) indicates that they represent VEGF
bound to distinct classes of binding sites. Calculation of
equilibrium dissociation constant (Kd) values and number of
VEGF binding sites per fibronectin dimer (Table 1), based
on a simple hyperbolic model, revealed that the increase in
VEGF binding observed on hydrophilic polystyrene or at
low pH was the result of an increase in the number of
available binding sites rather than an increase in affinity.

Heparin Modulates VEGF-Fibronectin Interactions.Ad-
sorption of fibronectin on hydrophobic polystyrene in the
presence of heparin increased the ionic fraction to a much
greater extent than the NaOH fraction of bound VEGF,
especially at low pH (Figure 2B,D). The increased binding
resulted from a change in the number of available binding
sites (Table 1). Interestingly, heparin did not affect VEGF
binding to fibronectin adsorbed on hydrophilic polystyrene
(Figure 2A,C). Heparan sulfate also increased VEGF binding,
although to a lesser extent than heparin (Figure 3A).

FIGURE 1: Hydrophilic (A) or hydrophobic (B) 96-well polystyrene
plates were coated with human plasma fibronectin (40 nM).125I-
VEGF165 binding assays were conducted using a range of VEGF
concentrations (2-400 nM) at two pH values: 7.5 (O, 0) and 5.5
(b, 9). The fibronectin-bound VEGF was released with two
successive incubations with 25 mM HEPES, 5 M NaCl, pH 7.5
(O, b; solid lines), and 1 N NaOH (0, 9; dashed lines). Each data
point represents the mean of quadruplicate determinations( SE.
Similar results were observed in three separate experiments.

Table 1: Thermodynamic Parameters of VEGF-Fibronectin
Interactionsa

surface fraction pH
hep-
arin Kd (nM) N R

hydrophobic 5 M NaCl 7.5 - -b - -
polystyrene + 62 (16) 0.2 (0.02) 0.985

5.5 - 92 (67) 0.1 (0.02) 0.906
+ 620 (470) 1.9 (0.95) 0.977

NaOH 7.5 - 285 (58) 0.5 (0.06) 0.997
+ 79 (19) 1.0 (0.09) 0.988

5.5 - 543 (182) 1.7 (0.38) 0.995
+ 105 (28) 1.1 (0.12) 0.988

hydrophilic 5 M NaCl 7.5 - 91 (26) 1.7 (0.19) 0.986
polystyrene + 95 (25) 1.8 (0.18) 0.988

5.5 - 96 (30) 3.4 (0.40) 0.985
+ 110 (22) 3.7 (0.30) 0.994

NaOH 7.5 - 90 (25) 1.0 (0.10) 0.985
+ 79 (19) 1.0 (0.09) 0.988

5.5 - 113 (63) 1.2 (0.27) 0.950
+ 105 (28) 1.1 (0.12) 0.988

a Human plasma fibronectin (40 nM) was adsorbed on hydrophobic
or hydrophilic polystyrene in the absence or presence of heparin (1
µg/mL). Following adsorption125I-VEGF165 binding assays at pH 7.5
or 5.5 were conducted as described. Fibronectin-bound VEGF was
released into two successive fractions by 5 M NaCl and 1 N NaOH,
respectively.Kd values and the number of binding sites per fibronectin
dimer (N) were determined by fitting the experimental data presented
in Figures 1 and 2 to the following hyperbolic model: [bound VEGF]
) (N[free VEGF])/([free VEGF] + Kd). Nonlinear regression was
performed in KaleidaGraph v3.6.2 using the Levenberg-Marquardt
algorithm. In parentheses are shown the errors associated with the
calculatedKd andN values. Correlation coefficientR values are also
reported to show the goodness of fit.b There was no detectable binding
under these conditions.
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Chondroitin sulfate and heparin fragments up to 18 saccha-
rides in length as well asO- andN-desulfated derivatives of
heparin did not affect VEGF binding. Heparin preparations
with the 2-O- or 6-O-sulfate groups removed and 22
saccharide long heparin oligosaccharides enhanced binding
slightly (Figure 3A,B). In addition, pretreatment of heparin
and heparan sulfate with heparinase I or heparinase III,
enzymes that degrade heparin and heparan sulfate, respec-
tively, into their constituent disaccharide units, eliminated
the effect on VEGF binding (data not shown). To determine
if the effects of heparin on fibronectin potentially reflect an
ability of heparin/heparan sulfate to modulate the interactions
of VEGF with the extracellular matrix, we also conducted
experiments with the endothelial deposited matrix (Figure
3C). Treatment of the endothelial matrix with heparin caused
a dramatic increase in VEGF binding, while a small,
statistically significant, increase in binding was also noted
in matrices treated with heparan sulfate and heparin frag-
ments containing 22 saccharides, at the highest concentration
tested.

Given the fact that both fibronectin and VEGF can bind
heparin, the observed effect of heparin could be explained
by a mechanism whereby heparin chains bound to fibronectin
can also interact with VEGF, acting as molecular bridges.
However, heparin binding assays using either3H-heparin or
a dimethylmethylene blue dye binding assay to measure
heparin (33) showed that no detectable heparin was retained
on the fibronectin-coated surfaces after the initial incubation
and washes prior to initiating VEGF binding. This is

consistent with previous observations that the binding of
heparin to fibronectin is relatively weak and easily destabi-
lized under physiological ionic strength (34-36). Thus, the
ability of heparin to enhance VEGF binding to fibronectin
appears to involve a stable alteration in the fibronectin matrix
that is retained after heparin removal. As additional evidence
that the effect of heparin on VEGF binding does not require
heparin to be present after the fibronectin adsorption period,
treatment of fibronectin-coated surfaces generated in the
presence of heparin or heparan sulfate with heparinase I or
III did not alter VEGF binding (data not shown).

To determine if the new heparin-exposed VEGF binding
sites would function as general sites for other VEGF family
members, we compared the abilities of VEGF165, VEGF121,
and placental growth factor-2 (PlGF2) to compete for125I-
VEGF binding to heparin-treated fibronectin matrices. Both
VEGF121 and PlGF2, at the concentration tested, were as
effective as VEGF165 at competing for binding, while the
unrelated factors, epidermal growth factor (EGF) and fibro-
blast growth factor-2 (FGF-2) were ineffective (Figure 4).

AFM Studies.To determine if the increased availability
of VEGF binding sites on fibronectin adsorbed on hydro-
philic polystyrene or in the presence of heparin correlated
with conformational changes, the fibronectin layer was
visualized by atomic force microscopy (AFM). Fibronectin
adsorbed on hydrophobic polystyrene was randomly depos-
ited on the surface, forming aggregates (Figure 5E), whereas
the protein layer formed on the hydrophilic surface was more
organized (Figure 5B). A similar organization of the fi-

FIGURE 2: Hydrophilic (A, C) or hydrophobic (B, D) 96-well polystyrene plates were coated with human plasma fibronectin (40 nM), in
the absence (O, 0) or presence (b, 9) of 1 µg/mL heparin, and125I-VEGF165 binding assays were conducted using a range of VEGF
concentrations (2-400 nM) at two pH values: 7.5 (A, B) and 5.5 (C, D). The fibronectin-bound VEGF was released with two successive
incubations with 25 mM HEPES, 5 M NaCl, pH 7.5 (O, b; solid lines), and 1 N NaOH (0, 9; dashed lines). Each data point represents
the mean of quadruplicate determinations( SE.
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bronectin layer was observed on the hydrophobic polystyrene
when fibronectin was adsorbed in the presence of heparin
(Figure 5F). Roughness measurements (Table 2) suggest that
when fibronectin was adsorbed on hydrophilic surfaces or
in the presence of heparin, it formed a well-organized protein
layer that covered the surface in a very homogeneous way.
Thus, the roughness of the surface coated with fibronectin
was not significantly different than that in the absence of
protein. On the contrary, adsorption of fibronectin on the
hydrophobic surface in the absence of heparin caused the
formation of large aggregates, increasing the roughness of
the surface to a great extent (see Table 2). Single-molecule
AFM measurements performed on fibronectin adsorbed on
mica in the absence or presence of heparin revealed that
heparin promoted an extended fibronectin conformation
(Figure 6). After testing a variety of protein concentrations
and buffer compositions, we concluded that 2 nM fibronectin
in 10 mM ammonium acetate buffer, pH 7.0, was the
optimum condition for visualization of single molecules
(Figure 6A). Calculation of molecular masses, as described
in the Materials and Methods section, confirmed that the
molecules visualized were single fibronectin dimers and not
aggregates or fragments. On both surfaces, three structural
populations of fibronectin molecules were identified: com-
pact molecules of an ellipsoid shape and molecules of a more
extended configuration, containing either two or three distinct
domains (Figure 6B). Seventy percent of the molecules
belonged to the two-domain category, 20% of the molecules
were ellipsoid, and 10% had three domains. Whereas the
distribution of the molecules into the three structural popula-

FIGURE 3: Hydrophobic 96-well polystyrene plates coated with 40
nM human plasma fibronectin (A, B) or 24-well cell culture plates
coated with endothelial cell matrix (C) were treated with various
glycosaminoglycans (GAGs): heparin (b), heparan sulfate (9),
chondroitin sulfate (2), 2-O-desulfated heparin (2-DeO) (×), in
which most of theO-sulfate groups on C-2 of uronic acid residues
have been removed, 6-O-desulfated heparin (6-DeO), in which most
of theO-sulfate groups on C-6 of glucosamine residues have been
removed,O-desulfated heparin (DeO), in which allO-sulfate esters
of heparin have been removed,N-desulfated heparin (DeN) (O),
in which N-sulfate groups of theN-sulfated glucosamine residues
have been removed, or heparin fragments containing 4 (0), 8, 10
(4), 14, 18, or 22 (]) saccharide units, at a range of concentrations
(0.1, 1, 10, or 100µg/mL) for (A) and (C) or at a fixed concentration
(1 µg/mL) for (B). The ionic fraction of fibronectin-bound VEGF
was extracted with 25 mM HEPES and 5 M NaCl, pH 7.5. For (A)
and (C), the results were normalized to the control binding in the
absence of any oligosaccharide. Each data point represents the mean
of quadruplicate (A, B) or triplicate (C) determinations( SE. The
asterisks denote significant difference from control (p < 0.01) as
tested by ANOVA. The ability of heparin to enhance VEGF binding
to fibronectin was observed in more than 10 separate experiments.

FIGURE 4: Hydrophobic 96-well polystyrene plates were coated
with human plasma fibronectin (40 nM) in the presence of 1µg/
mL heparin.125I-VEGF165 binding assays were conducted using a
fixed VEGF concentration (6 nM) at pH 5.5 in the absence or
presence of 10µg/mL VEGF165, VEGF121, PlGF-2, EGF, or FGF-
2. The ionic fraction of fibronectin-bound VEGF was released with
25 mM HEPES and 5 M NaCl, pH 7.5. The results are presented
as percent inhibition of VEGF165 binding to fibronectin in the
absence of any additional growth factor. Each data point represents
the mean of quadruplicate determinations( SD.
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tions did not change with the addition of heparin, the
dimensions for each individual category were different (see
Supporting Information, Figure 1 and Table 1). In the absence
of heparin, the domains of the molecules belonging to the
two-domain category were not equivalent (p < 0.001); one
domain was similar in dimensions with the ellipsoid mol-
ecules whereas the other was similar to the domains of the
three-domain category (p > 0.1). Heparin increased the
length of the molecules of the two-domain category with a
concomitant decrease in the diameter and height of the
individual domains (p < 0.001) such that all of the domains

of the two- and three-domain categories became equivalent
(p > 0.1). The length of the molecules of the three-domain
category was increased by heparin, while the dimensions of
the individual domains decreased (p < 0.001). Thus, heparin
facilitated the separation of the individual domains.

DISCUSSION

The data presented in this study suggest a model whereby
VEGF binding sites become available when fibronectin
adopts its extended conformation through interactions with
a hydrophilic surface or in the presence of heparin/heparan
sulfate. Studies have shown that fibronectin can exist in two
different conformational states, one globular and one more
extended (37-39). Several factors mediate the transition from
the globular to the extended form, including adsorption of
fibronectin on hydrophilic surfaces (40). In this later case,
fibronectin can sustain cell adhesion, suggesting that it adopts
a conformation similar to the one found in the extracellular
matrix (32, 41-43).

We found that binding of VEGF to fibronectin adsorbed
on hydrophilic polystyrene was significantly increased
compared to hydrophobic polystyrene, due to an increase in
the number of available binding sites, rather than through a
change in affinity. We also noted that one class of VEGF
binding site was available only under acidic conditions. The
pH-dependent binding might be a reflection of pH-mediated
conformational changes in VEGF that expose fibronectin
binding sites on VEGF (unpublished data). Changes in
growth factor binding to nonreceptor sites in the extracellular
environment have been noted in other systems and have been

FIGURE 5: Square pieces (∼1 × 1 cm2) of hydrophilic (A-C) or hydrophobic (D-F) polystyrene were placed in 24-well plates and were
incubated overnight at 4°C with PBS (A, D) or with a solution of human plasma fibronectin (40 nM in PBS without Ca2+ or Mg2+; 1
mL/well) in the absence (B, E) or presence (C, F) of heparin (1µg/mL). Following fibronectin adsorption, the surface was washed extensively
with H2O, and tapping mode atomic force microscopy was performed with a Digital Instruments nanoscope IIIa multimode system using
silicon tips. Polystyrene surfaces without any protein adsorbed were examined in order to determine the background image (A, D).
Representative height and amplitude mode images are shown; image size) 2 × 2 µm.

Table 2: Roughness Analysis of the Polystyrene Surfaces Alone or
Coated with Fibronectin in the Presence or Absence of Heparina

surface FN
heparin
(µg/mL) Rq Rpm Rvm N

hydrophobic - 0 2.8 (1.2) 2.0 (0.4) 1.9 (0.3) 2
polystyrene + 0 9.0 (3.6) 5.2 (2.0) 4.4 (2.0) 8

+ 0.1 3.9 (0.9) 3.1 (0.4) 2.5 (0.1) 3
+ 1.0 3.7 (1.0) 2.7 (0.6) 2.3 (0.4) 11
+ 100 2.8 (0.9) 2.4 (0.1) 2.3 (0.2) 4

hydrophilic - 0 2.9 (1.4) 2.3 (0.7) 2.0 (0.4) 6
polystyrene + 0 3.4 (1.4) 2.3 (0.7) 2.7 (1.1) 11

+ 0.1 3.2 (1.6) 2.7 (1.0) 2.5 (0.6) 6
+ 1.0 2.6 (0.8) 2.4 (0.7) 2.7 (1.1) 8
+ 100 3.1 (1.0) 2.1 (0.4) 2.4 (0.4) 4

a Hydrophobic or hydrophilic polystyrene alone or coated with
fibronectin (40 nM) in the absence or presence of heparin (0.1, 1, or
100µg/mL) was analyzed by AFM as described. Roughness amplitude
parameters were calculated. Root-mean-square roughness (Rq), mean
peak roughness (Rpm), and mean valley roughness (Rvm) are displayed.
In parentheses, the standard deviations of measurements made fromN
images are shown.
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proposed to represent a component of biological control (44).
The differences between the levels of VEGF binding to
fibronectin on the two surfaces related to changes in
fibronectin conformation, as determined by AFM. Fibronec-
tin adsorbed on hydrophobic polystyrene formed random
aggregates, whereas on the hydrophilic surface it was more
organized, exhibiting significantly less roughness and cover-
ing the surface in a more homogeneous way. Fibronectin is
known to contain self-association sites, which play important
roles in matrix formation (45, 46). When in its extended
conformation, these self-association sites are exposed on the
surface of the molecule, thus promoting matrix formation
(47, 48). Consistent with this hypothesis, the observed
differences between hydrophobic and hydrophilic polystyrene

might reflect the fact that fibronectin adopts its extended
conformation on hydrophilic polystyrene. Interestingly,
adsorption of fibronectin on hydrophobic polystyrene in the
presence of heparin resulted in a similar organization of the
protein layer, suggesting that heparin promotes the extended
conformation of fibronectin. Indeed, analysis of single
fibronectin molecules by AFM revealed that heparin mediates
structural changes that lead to a more extended fibronectin
conformation. It is interesting to note that once such a
conformational change has occurred, the continued presence
of heparin was not necessary to maintain the effect.

Results showing that VEGF binding is significantly
enhanced by heparin suggest that the conformational changes
mediated by heparin expose VEGF binding sites on fi-
bronectin. While the ability of heparin and heparan sulfate
to enhance protein-protein interactions by binding both
proteins to create a stable ternary complex is a well-
characterized mechanism for modulation of growth factor-
receptor interactions (49, 50), the mechanism we describe
here indicates an additional function whereby heparin and
heparan sulfate modulate matrix protein structure as a means
to alter growth factor binding. Our analysis with other
glycosaminoglycans as well as with chemical derivatives and
fragments of heparin suggests that only heparin-like chains
of a particular chemical composition and size are able to
modulate the interactions between VEGF and fibronectin.
Thus, it is possible that this process is regulated by alterations
in the fine structure of the heparan sulfate synthesized by
cells in response to the state of their immediate tissue
environment (i.e., injury, inflammation).

Fibronectin contains at least two heparin binding sites (34,
35, 51, 52). Binding of heparin to each of these sites is
accompanied by conformational changes on the fibronectin
molecule, associated with an increase in theâ-sheet content
of the protein (53-55), which may promote fibronectin self-
association and fibrillogenesis. Moreover, several studies
suggest that interaction of fibronectin with heparin leads to
a partial unfolding event and/or triggers a more global
structural rearrangement of fibronectin, which exposes bind-
ing sites on the surface of the molecule (45, 47, 48, 56).
Indeed, it is known that heparin stimulates fibronectin
fibrillogenesis (57) and that cells deficient in heparan sulfate
synthesis show reduced fibronectin fibrillogenesis (58). Thus,
the exposure of VEGF binding sites that we report here is
likely reflective of more general process that modulates a
wide range of fibronectin-protein interactions.

It is interesting to note that treatment of the endothelial
extracellular matrix caused an increase in VEGF binding in
a similar fashion as observed with pure fibronectin. It is
known that the extracellular matrix isolated from endothelial
cell cultures (both aortic and corneal) is very rich in
fibronectin (59, 60). It has been reported that∼15% of the
protein deposited in the endothelial cell matrix is fibronectin
(59). It is therefore reasonable to speculate that the effect
we observed reflects a heparin-induced conformational
change in fibronectin within the endothelial extracellular
matrix. Preliminary AFM studies of the endothelial extra-
cellular matrix support this hypothesis (data not shown);
however, it is not clear to what extent this response is
attributed to fibronectin versus other components within the
matrix.

FIGURE 6: Mica surfaces were prepared by cleaving off the top
layer of a piece of mica with tape. Five microliters of human plasma
fibronectin (2 nM in 10 mM ammonium acetate buffer, pH 7.0) in
the absence or presence of heparin (1µg/mL) was added onto the
mica and then diluted with 50µL of H2O on the surface. The
solution was left on the surface for 1 min at room temperature.
Subsequently, the surface was washed extensively with H2O, and
tapping mode atomic force microscopy was performed with a
Digital Instruments nanoscope IIIa multimode system using silicon
tips. (A) Representative height mode images (2× 2 µm) of
fibronectin molecules on mica in the absence (left) or presence
(right) of 1µg/mL heparin. (B) Representative molecules belonging
to the three structural populations (image size 200× 200 nm). From
left to right: ellipsoid (1-D), two-domain (2-D), and three-domain
(3-D) categories. Upper row: fibronectin in the absence of heparin.
Lower row: fibronectin in the presence of 1µg/mL heparin. The
graph shows end-to-end distances (nm) of fibronectin molecules
belonging to 1-D, 2-D, or 3-D categories in the absence (white
bars) or presence (black bars) of 1µg/mL heparin.
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The similarities in the effects of heparin on fibronectin
and the more complex endothelial extracellular matrix are
intriguing; however, it is important to appreciate the com-
plexity of the extracellular matrix in interpreting these results.
In this regard, our data do not rule out the possibility that
heparin affects components of the matrix other than fi-
bronectin that might mediate VEGF binding. For example,
endothelial extracellular matrices also contain collagens (61-
63), and it is known that collagens interact with fibronectin
and heparan sulfate and can affect fibronectin matrix
assembly (64-66). Collagen I fragments bind fibronectin
and mediate a conformational change favoring the extended
fibronectin configuration and facilitate fibronectin matrix
assembly (38). On the other hand, recent studies have shown
that the shed collagen XIII ectodomain colocalizes with
fibronectin fibrils within the extracellular matrix and inter-
feres with matrix assembly (67). Additional components,
such as the heparan sulfate proteoglycans, perlecan, collagen
XVIII, the syndecans, and their various biologically active
fragments, are also likely to influence the various protein-
protein and protein-heparan sulfate interactions within the
extracellular matrix (58, 68-73). Hence, attempts to fully
understand fibronectin matrix remodeling within the context
of the extracellular matrix will need to consider the relative
interactions of all the factors present.

Our results indicate that the microenvironment within the
extracellular matrix, principally the composition of heparan
sulfate and pH, modulates VEGF interactions with fibronec-
tin. These findings suggest an additional mechanism for the
role of the extracellular matrix to modulate angiogenesis.
Understanding the nature of interactions between angiogenic
factors and extracellular matrix components will provide
valuable insight into the design of new therapies aimed at
stimulating or inhibiting angiogenesis to effectively treat a
wide range of pathological conditions.
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Supplementary Fig.1. Boxplots summarizing the dimensions of fibronectin molecules in the 

absence (upper row) or the presence (lower row) of 1 µg/ml heparin, as determined by single-

molecule AFM measurements. Molecules belong to one of three categories: ellipsoid (1-D), two-

domain (2-D), three-domain (3-D). The number in parentheses (1, 2, or 3) denote the first, 

second and third domain of the two- and three-domain categories respectively.  

The lower and upper edges of each box represent the 25th and 75th percentiles respectively and 

the line within the box marks the median. The two vertical lines outside the boxes extend to the 

minimum and maximum values (not statistically outlying) of the distribution. Extreme values 

(stars) and outliers (circles) are also presented (see Materials and Methods). The numbers next to 

the extreme values and outliers represent the actual numerical values for the points indicated. 

The overall lengths (end-to-end distances) of the molecules, and the diameters and heights of the 

individual domains are presented.  
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Supplementary table 1. Molecular dimensions of fibronectin dimers in the absence and 

presence of heparin. The dimensions of fibronectin molecules and individual domains in the 

absence or presence of 1 µg/ml heparin were determined by single-molecule AFM experiments 

as described in Fig.5. 1-D: molecules containing one domain, 2-D: molecules containing two 

distinct domains, 3-D: molecules containing three distinct domains. Mean values for each 

dimension, calculated without taking into account outliers and extreme values, as described in 

the statistical analysis, are presented. In parentheses, are shown standard errors of the mean. N 

denotes the number of molecules taken into consideration for the calculation of the mean and 

S.E. values for each dimension.  *N equaled 7 for height and diameter measurements for the 

three-domain molecules in the +heparin condition. For end-to-end distance measurements in this 

category, N equaled 4 since only molecules with their domains aligned in a straight line could be 

measured.   

 

 

 

 

 

 

 

 

 

 



 

 

 

Heparin Domain 
End-to-end 

distance (nm) 
Diameter (nm) Height (nm) N 

      

-              1-D 42.6  (2.8) 29.1  (1.5) 2.74  (0.25) 19 

- Domain 1 27.0  (0.7) 2.38  (0.07) 

- 
2-D 

Domain2 
51.4  (1.5) 

20.8  (0.5) 1.68  (0.05) 
79 

- Domain 1 21.0  (1.5) 1.95  (0.18) 

- Domain 2 19.6  (1.9) 1.44  (0.19) 

- 

3-D 

Domain 3 

73.7  (8.5) 

18.5  (1.4) 1.78  (0.17) 

12 

      

+              1-D 37.8  (1.2) 24.1  (1.8) 2.01  (0.09) 11 

+ Domain 1 19.6  (0.7) 1.54  (0.07) 

+ 
2-D 

Domain 2 
78.0  (3.6) 

18.1  (0.5) 1.28  (0.06) 
35 

+ Domain 1 20.5  (1.4) 1.36  (0.12) 

+ Domain 2 17.5  (0.6) 1.18  (0.13) 

+ 

3-D 

Domain 3 

113.0  (11.6) 

16.9  (1.1) 1.10  (0.14) 
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