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Insulin-like growth factor–binding protein-5 (IGFBP-5) has been shown to bind to
fibroblast extracellular matrix (ECM). Extracellular matrix binding of IGFBP-5 leads to a
decrease in its affinity for insulin-like growth factor-I (IGF-I), which allows IGF-I to better
equilibrate with IGF receptors. When the amount of IGFBP-5 that is bound to ECM is
increased by exogenous addition, IGF-I’s effect on fibroblast growth is enhanced. In this
study we identified the specific basic residues in IGFBP-5 that mediate its binding to
porcine smooth-muscle cell (pSMC) ECM. An IGFBP-5 mutant containing alterations of
basic residues at positions 211, 214, 217, and 218 had the greatest reduction in ECM
binding, although three other mutants, R214A, R207A/K211N, and K202A/R206N/
R207A, also had major decreases. In contrast, three other mutants, R201A/K202N/
R206N/R208A, and K217N/R218A and K211N, had only minimal reductions in ECM
binding. This suggested that residues R207 and R214 were the most important for
binding, whereas alterations in K211 and R218, which align near them, had minimal
effects. To determine the effect of a reduction in ECM binding on the cellular replication
response to IGF-I, pSMCs were transfected with the mutant cDNAs that encoded the
forms of IGFBPs with the greatest changes in ECM binding. The ECM content of IGFBP-5
from cultures expressing the K211N, R214A, R217A/R218A, and K202A/R206N/R207A
mutants was reduced by 79.6 and 71.7%, respectively, compared with cells expressing the
wild-type protein. In contrast, abundance of the R201A/K202N/R206N/R208A mutant
was reduced by only 14%. Cells expressing the two mutants with reduced ECM binding
had decreased DNA synthesis responses to IGF-I, but the cells expressing the R201A/
K202N/R206N/R208A mutant responded well to IGF-I. The findings suggest that spe-
cific basic amino acids at positions 207 and 214 mediate the binding of IGFBP-5 to
pSMC/ECM. Smooth-muscle cells that constitutively express the mutants that bind
weakly to ECM are less responsive to IGF-I, suggesting that ECM binding of IGFBP-5 is
an important variable that determines cellular responsiveness.

INTRODUCTION

The abundance of the insulin-like growth factors
(IGFs) in extracellular fluids and their capacity to bind

to cell surface receptors is determined by insulin-like
growth factor–binding proteins (IGFBPs) (Rechler,
1993; Jones and Clemmons, 1995). All extracellular
fluids that have been analyzed appear to have an
excess of IGF-binding capacity (McCusker et al., 1988).
These proteins each have a higher affinity for IGF-I* Corresponding author. E-mail address: dpm@med.unc.edu.
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and -II than the IGF-I receptor; therefore, their ability
to modulate cellular responses to the IGFs is depen-
dent on which specific forms of IGFBPs are present
and their M concentrations. The affinity of some forms
of IGFBPs for IGF-I and -II has been shown to be
lowered by either binding to extracellular matrix
(ECM) or by proteolytic cleavage (Guidice et al., 1990;
Jones et al., 1993a; Blat et al., 1994). Human fibroblasts
synthesize IGFBP-5, which is the predominant form of
IGFBP in their ECM (Camacho-Hubner et al., 1992;
Jones et al., 1993a). In contrast, other forms of IGFBPs
adhere weakly or not at all to ECM. Fibroblasts and
smooth-muscle cells (SMCs) release a protease that
cleaves IGFBP-5 into non-IGF–binding fragments,
thus allowing release of IGF-I to receptors (Nam et al.,
1994; Duan et al., 1996). In contrast, when IGFBP-5 is
associated with the ECM, its affinity for IGF-I and -II is
lowered 8- to 15-fold, and it is protected from prote-
olysis; therefore, ECM-associated IGFBP-5 can act as a
reservoir for the IGFs and can slow their clearance
from the pericellular microenvironment (Jones et al.,
1993a). Similarly, because of the reduction in IGFBP-5
affinity, the IGF-I that is bound to IGFBP-5 within the
ECM is in better equilibrium with receptors, and an
increase in ECM-associated IGFBP-5 has been shown
to result in potentiation of the fibroblast growth re-
sponse to IGF-I (Jones et al., 1993a).

In vitro mutagenesis has been used previously to
determine the amino acids within IGFBP-5 that are
required for it to bind to fibroblast ECM (Parker et al.,
1996). However, whether mutant forms of IGFBP-5
that are being synthesized constituitively will have
reduced ECM binding and whether this results in an
altered replication response of cells to IGF-I has not
been determined. We have recently reported that por-
cine aortic smooth-muscle cells (pSMCs) release a pro-
tease that cleaves IGFBP-5 and that its activity is so
abundant that no intact IGFBP-5 is detected in the
medium unless the activity of the protease is inhibited.
Because intact IGFBP-5, but not its 22-kDa fragment,
inhibits the cellular replication response to IGF-I (Imai
et al., 1997), we used this model system, which does
not have the confounding variable of intact IGFBP-5 in
interstitial fluid, to more clearly determine the effect of
lowering the amount of constituitively synthesized
IGFBP-5 in the ECM on the cellular replication re-
sponse to IGF-I. To test the hypothesis we initially
determined the residues in IGFBP-5 that were the
most important for binding to ECM then transfected
pSMC using two mutant cDNAs that encoded the
forms of IGFBP-5 with the greatest reduction in ECM
binding. We then compared the DNA synthesis re-
sponses of pSMC expressing those mutants to pSMC
expressing wild-type IGFBP-5 and a control mutant
form that had an equal number of amino acid substi-
tutions but no reduction in ECM binding.

MATERIALS AND METHODS

Cell Culture
Smooth-muscle cells were isolated from porcine aortas using a
previously described method (Ross, 1971). Cells that migrated from
explants were cultured in DMEM (Hazelton Systems, Danver, PA)
supplemented with 10% FBS (Life Technologies, Grand Island, NY).
The medium was also supplemented with penicillin, 100 U/ml, and
streptomycin, 100 mg/ml (Life Technologies). Cells were grown in
10-cm dishes (3001; Falcon, Becton Dickinson, Rutherford, NJ). For
experiments to test binding to the ECM, the cells were grown in
35-mm tissue culture dishes (Falcon 3010), and for DNA synthesis
experiments, they were grown in microtest plates (Falcon 3004).
Cells were seeded at a density of 5000 cells/cm2 and grown for 7–10
d until confluency was reached. The medium was changed every
third day.

Preparation of ECM and Measurement of IGFBP-5
Binding to ECM
In previous studies we had directly measured IGFBP-5 binding to
fibroblast ECM that was adherent to tissue culture plastic surfaces.
However, when this method was attempted using pSMC/ECM, the
nonspecific binding of IGFBP-5 to the plastic dishes was high (e.g.,
;50% of the total binding). Therefore, an extraction method was
devised to lower the nonspecific binding. Although this method
results in disruption of the ECM in order to focally concentrate it on
membranes, the known proteins that are present in the ECM that
bind to IGFBP-5, such as vitronectin and plasminogen activator
inhibitor-1, are completely extracted with SDS and rebind to the
membrane; therefore, assessment of binding to specific substituents
of the ECM is possible.

ECM was prepared as follows. Cells were grown to confluency for
at least 7 d and then washed three times with serum-free DMEM.
The cell monolayer was removed by exposure to 2.0 M urea for 10
min. This resulted in complete removal of nuclei and cytoskeletal
elements. The ECM was removed by adding 1.0 ml of 0.3 M Tris (pH
7.2) containing 3% SDS to each 10-cm dish. This extract (0.4 ml) was
added to a slot blotter apparatus (model 2643; Bethesda Research
Laboratories, Gaithersburg, MD) and concentrated on a polyvinyli-
dine diflouride (PVDF) membrane (Immobilon; Millipore, Bedford,
MA).

For competitive binding experiments, the ECM that was bound to
the PVDF filter was incubated with 125I-IGFBP-5 (specific activity, 63
mCi/mg; 80,000 cpm/ml) alone or with increasing concentrations
(10–10000 ng/ml) of unlabeled IGFBP-5 or the IGFBP-5 mutants for
14 h at 4°C. The incubation buffer was 0.02 M Na2PO4 containing
0.2% Triton X-100 (pH 7.2). Before adding the 125I-IGFBP-5, the
filters were blocked by incubating them with TBS (pH 7.2) and 3%
BSA for 5 h. After incubation, the filters were washed extensively
with 0.2 M Na2PO4 (pH 7.2), and then the bound 125I-IGFBP-5 was
counted directly using a gamma spectrometer. Nonspecific binding
was determined by subtracting the counts per minute bound in the
presence of 50 mg/ml unlabeled IGFBP-5. This was consistently
,15% of total binding. 125I-IGFBP-5 was prepared by adding 0.5
mCi of NaI and one iodobead (Pierce, Rockford, IL) for 10 min in 0.2
M Na2PO4 (pH 7.0). After 10 min at 22°C, the bead was removed,
and the mixture was purified by Sephadex G-100 chromatography.

To validate this assay, two types of experiments were performed.
To determine that similar amounts of ECM were loaded, duplicate
filters were immunoblotted for vitronectin. Anti-vitronectin anti-
serum (1:1500 dilution; Sigma, St. Louis, MO) was incubated with
the filters for 4 h, and the immune complexes were detected by
chemiluminescence using goat anti-rabbit–conjugated alkaline
phosphatase and the supersignal CL-H substrate system (Pierce) as
described previously (Parker et al., 1995). The signal intensities were
analyzed by PhosphorImager analysis using model 455 (Molecular
Dynamics, Sunnyvale, CA). Total ECM protein was determined by
the BCA assay (Pierce). When increasing concentrations of ECM
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extract were added over the range of 0.5–10 mg of total protein,
there was a linear increase in vitronectin band intensity. Further-
more, when reproducibility was assessed in four separate experi-
ments, the scanning units ranged from 56,000 to 63,000 units/mg of
matrix protein. The technique had an interexperimental variation of
610.1%, and the intraassay variability was 63.7%. To further vali-
date that the IGFBP-5 binding to the ECM on the filter was repro-
ducible, increasing amounts of ECM protein (0.5–10 mg) were
added to the filters, and the ECM-containing filters were incubated
with 125I-IGFBP-5 (specific activity, 84 mCi/mg; 200,000 cpm/ml) for
14 h at 4°C, and then the filters were washed, as previously de-
scribed. The filters were analyzed by autoradiography, which
showed no signal intensity outside the area that contained the ECM
proteins. The results were also quantified by PhosphorImager anal-
ysis. The increase in signal intensity was proportional to the amount
of ECM protein that was added to the incubation mixture. When
this experiment was repeated four times, the scanning units ranged
from 141,000 to 166,000 units/mg of ECM protein for an interex-
perimental variation of 69.6%. The intraexperimental variability
was 64.1%.

For Western ligand blotting and immunoblotting, the ECM pro-
teins were extracted in Laemmli sample buffer (250 ml/35-mm dish),
and the extract was heated to 60°C for 10 min. The proteins were
resolved on SDS-PAGE using a 12.5% gel and then transferred to
PVDF membranes. For Western ligand blotting, the filters were
probed using 125I-IGF-I (specific activity, 125 mCi/mg; 500,000 cpm/
ml). The membranes were washed as described previously (Hos-
senlopp et al., 1986). Signal intensity was determined by autoradiog-
raphy and PhosphorImager analysis. For immunoblotting, the
filters were probed with an anti-IGFBP-5 polyclonal antiserum us-
ing a 1:500 dilution (Camacho-Hubner et al., 1992). The antiserum
was incubated overnight at room temperature, as described previ-
ously (Camacho-Hubner et al., 1992), and the immunoblots were
developed using a sheep anti-guinea pig immunoglobulin G alka-
line phosphatase conjugate (Boehringer Mannheim, Indianapolis,
IN), following the manufacturer’s recommended procedure. This
antibody is specific for IGFBP-5 and has ,0.5% cross-reactivity with
other forms of IGFBPs.

Preparation of Human IGFBP-5
Human IGFBP-5 was purified to homogeneity from conditioned
media that was obtained from Chinese hamster ovary (CHO) cells
(American Type Culture Collection, Rockville, MD) that had been
stably transfected (Camacho-Hubner et al., 1992). Before transfec-
tion, the IGFBP-5 cDNA was inserted into the expression plasmid
pNUT obtained from Richard Palmiter (University of Washington,
Seattle, WA) as previously described (Jones et al., 1993b). Human
IGFBP-5 was purified using a previously described method (Cama-
cho-Hubner et al., 1992). The pure material was indistinguishable
from the native protein that had been purified from conditioned
medium from a human glioblastoma line (T98G, American Type
Culture Collection) as determined by size estimates by SDS-PAGE
with silver staining and by determination of its affinity for IGF-I
(Camacho-Hubner et al., 1992).

Preparation of IGFBP-5 Mutants
In vitro mutagenesis was conducted using the pRcRSV vector (In-
vitrogen, La Jolla, CA). The human IGFBP-5 cDNA had been ligated
into this vector using a previously described method (Arai et al.,
1996b). The method that was used for mutagenesis and the base
substitutions that were used to prepare each mutant have been
previously published (Arai et al., 1996b; Parker et al., 1996). The
mutant cDNAs were transfected into CHO K-1 cells obtained from
the Lineberger Cancer Center (Chapel Hill, NC) tissue culture facil-
ity. Transfection was conducted as previously described, using cal-
cium phosphate precipitation (Sambrook et al. 1989). The cells were
maintained in a-Minimum Essential Media (Life Technologies) sup-

plemented with G-418 (500 mg/ml) and 10% FBS. After clonal
selection, the clones were maintained in the same medium. Serum-
free conditioned medium containing the mutants was collected for
48 h and centrifuged to remove cellular debris, and the mutants
were then purified to homogeneity as previously described (Cama-
cho-Hubner et al., 1992). The amount of each mutant was quantified
by comparing its HPLC peak area to the peak area of a known
amount of wild-type IGFBP-5 that had been quantified by amino
acid composition analysis (Arai et al., 1996b). The affinity of each
mutant for 125I-IGF-I was determined using a solution binding assay
as previously described (Parker et al., 1995), and the results were
analyzed by the method of Scatchard.

Immunoprecipitation of IGFBP-5
Confluent quiescent cultures (35-mm dishes) were washed with
serum-free DMEM and then exposed to low-methionine (1027 M)
DMEM containing 50 mCi/ml [35S]methionine (56 Ci/mmol; Amer-
sham, Arlington Heights, IL) for 6 h. The medium also contained
heparin (100 U/ml) to prevent proteolysis. After 6 h, 1.0 cc of
medium was collected and incubated with a 1:500 dilution of IG-
FBP-5 antiserum, and the complexes were precipitated with protein
A-Sepharose (Duan et al., 1996). The precipitates were analyzed by
SDS-PAGE with flourography and autoradiography as described
previously (Duan et al., 1996).

Preparation of Transfected pSMC Cell Lysates and
ECM
The cDNAs encoding three of the IGFBP-5 mutants and the non-
mutated IGFBP-5 were ligated into the pMEP vector (Stratagene, La
Jolla, CA). This vector is episomal and contains a region of DNA
that permits extrachromosomal replication (Kingston, 1994). It also
contains a trans-activating factor encoding a DNA-binding protein
that permits stable plasmid expression, thereby allowing transfected
cells to stably retain 10–200 copies of plasmid DNA per cell. The
plasmid also contains a metallothionine promoter and hygromycin
resistance genes. The cDNAs were excised from the pRc plasmid
with xba-1 and filled in with T4 DNA polymerase. The resulting
DNAs were then digested with KPH, and the excised fragments
were separated by agarose gel purification. The pMEP vector was
prepared in a similar manner so that it contained a 59-KPH over-
hanging end and a 39 blunt end. The ligation was accomplished by
adding 50 ng of pMEP DNA, 1.5 U of T4 DNA ligase, and 50 ng of
each IGFBP-5 insert. This yielded a vector-to-insert ratio of 1:5. The
reaction proceeded overnight, and then competent XLT Blue bacte-
ria (Stratagene) were transformed. After selection, a large-scale plas-
mid preparation was isolated and purified (Sambrook et al., 1989).
Transfection was accomplished by growing the SMC cultures (third
or fourth passage) to 70–80% of confluent density. The cells were
washed with serum-free DMEM, and then 300 ml of media contain-
ing 5 mg/ml DNA, 1% FBS, and 10 ng/ml poly-l-ornithine (Dong et
al., 1993) (Sigma) were added to six-well plates (Falcon 3036). The
cells were incubated in this mixture for 6 h at 37°C. DMSO (25%)
was added for 4 min and then removed, and the cultures were
washed three times with 5 ml of serum-free DMEM. The cultures
were allowed to recover for 72 h in DMEM with 10% FBS. At that
time, they were trypsined and replated in selective media contain-
ing 100 mg/ml hygromycin and then maintained until discrete
colonies appeared (usually 8–10 d).

To prepare cell lysates, the transfected, confluent cultures were
washed three times with serum-free DMEM and then exposed to 2
M urea (1.0 ml/35-mm dish) for 10 min at room temperature. The
remaining ECM was extracted with Laemmli sample buffer as de-
scribed previously. The cellular extract was centrifuged at 400 3 g
for 10 min to remove the nuclei, and then the supernatant was
centrifuged at 40,000 3 g for 30 min. The resulting supernatant was
concentrated by placing 1 ml of extract in a filtration apparatus
(UFU 28 C10, Millipore) and centrifuged at 5000 3 g for 1 h, which
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concentrated it to 100 ml. The membrane has a molecular mass cutoff
of 10,000 Da. Forty microliters of the concentrate were analyzed by
Western ligand blotting (Hossenlopp et al., 1986) and immunoblot-
ting (Camacho-Hubner et al., 1992) for IGFBP-5. The relative abun-
dance of IGFBP-5 was determined using the PhosphorImager. Im-
age analysis was performed using ImageQuant software (Molecular
Dynamics, Sunnyvale, CA). ECM was prepared from confluent
cultures as described above. To determine the amount of IGFBP-5
that was present, between 15 and 32 ml of each extract were ana-
lyzed by SDS-PAGE followed by Western ligand blotting (Hossen-
lopp et al., 1986) and immunoblotting (Camacho-Hubner et al.,
1992). The amount of ECM that was loaded was determined by the
relative abundance of each protein in the cell lysate to correct for
differences in transfection efficiency and protein expression.

Cell Replication Assays
To determine the effect of ECM-associated IGFBP-5 on pSMC rep-
lication, transfected pSMCs were used. The cells were plated into
96-well microtest plates (Falcon 3004) at a density of 5000 cells per
well in DMEM supplemented with 10% FBS and hygromycin (400
mg/l). After 5 d, the medium was aspirated from the confluent
cultures, and increasing concentrations of IGF-I were added to
triplicate cultures in DMEM containing 0.2% human platelet-poor
plasma (PPP) (Clemmons et al., 1990) and 0.5 mCi of [3H]thymidine.
After 30 h, the amount of [3H]thymidine that had been incorporated
into DNA was quantified (Clemmons and Van Wyk, 1985). To
assess changes in cell number, the cells were plated at 3000 cells/
cm2 in 24-well plates (Falcon 3047) in DMEM with 0.2% FCS for 48 h
to induce quiescence. At that time fresh DMEM and 0.1% PPP were
added with 50 ng/ml IGF-I. After 48 h cell number was determined
using a particle data counter (model ZBI; Coulter Electronics, Hi-
aleah, FL).

RESULTS

The selection of specific residues for alteration by mu-
tagenesis was based on several observations. We had
reported previously that the region of IGFBP-5 be-
tween residues 201 and 218 was very important for
binding to fibroblast ECM (Parker et al., 1995). Within
that region 10 of 18 residues are basic; therefore, all of
the mutants that we selected contained substitutions
for charged residues in that region. Several of the
mutants that were prepared also contained multiple
substitutions. These were chosen if mutants contain-
ing single substitutions had no effect on ECM binding.
To determine that mutagenesis did not alter the affin-
ity of each mutant for IGF-I, Scatchard analysis was
performed. The affinity of some of the mutants for
IGF-I had been reported previously (Parker et al.,
1995). None of the mutants had a significant alteration
in its affinity for IGF-I (Table 1). The results indicate
that the region of IGFBP-5 between residues 201 and
218 is not involved in IGF-I binding.

To determine the relative affinity of each of the
IGFBP-5 mutants for ECM, increasing concentrations
of each mutant were incubated with the ECM-contain-
ing filters and 125I-IGFBP-5, and specific binding was
determined. As shown in Figure 1, wild-type IGFBP-5
inhibited the binding of the 125I-IGFBP-5, and half-
maximal inhibition occurred at 425 ng/ml. The two
mutant forms of IGFBP-5, K202A/K206A/R207A and

K211N/R214A/K217A/R218A, did not compete for
binding with the wild-type protein. The R207A/
K211N, and R214A mutants had major reductions in
their ability to compete for binding. The R201A/
K202N and K217A/R218A, and R201A/K202N/
K206N/K208N mutants competed for binding, but
their activities were reduced compared with native

Table 1. Affinity of IGFBP-5 mutants for IGF-I

Mutant
Ka of mutant/Ka of

native IGFBP-5

R214A 1.22
K211N 1.11
R201A/K202N 1.34
R207A/K211N 1.16
K217A/R218N 1.27
K202A/K206A/R207A 1.12
R201A/K202N/K206N/K208N 1.15
K211N/R214A/K217N/R218A 1.2

The association constant (Ka) of IGFBP-5 for IGF-I was determined
using Scatchard analysis. A single high-affinity binding site was
detected.

Figure 1. Competition for binding to the ECM between native
IGFBP-5 and IGFBP-5 mutants. The IGFBP-5 mutants listed in Table
1 were added in increasing concentrations with 125I-IGFBP-5 and
incubated with Immobilon membranes that contained the ECM
extracts. The binding reaction was carried out as described in MA-
TERIALS AND METHODS. Specific binding was determined by
subtracting the counts bound in the presence of 50 mg/ml IGFBP-5
from the total counts per minute bound. This was consistently
,15% of total binding. Each point represents the mean of quadru-
plicate determinations from three independent experiments. The
individual mutants that were added were as follows: K211N/
R214A/K217/R218A (Œ- - -Œ); K202A/K206A/R207N (Œ—Œ);
K201A/K202A/R206A/K208N (E- - -E); R217A/R218A (f—f);
R214A (3—3); native IGFBP-5 (3- - -3); K211N (M—M); R207A/
K211N (F—F); R201A/K202N (f- - -f).
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IGFBP-5. To determine the affinity of each mutant,
Scatchard analysis was performed. Competitive bind-
ing assays were repeated using unlabeled IGFBP-5
concentrations as high as 50 mg/ml. As can be seen
from the data in Table 2, the K211N and R201A/
K202N/K206N/K208N mutants had an affinity for
ECM that was similar to native IGFBP-5, and the
R201A/K202N and K217A/R218A mutants had two-
fold reductions. In contrast, R214A and R207A/
K211N mutants had 10-fold reductions, and the
K211N/R214A/K217N/R218A and K202A/R206A/
R207A mutants had .100 fold reductions in their
affinities.

To determine whether changing these basic residues
would alter the abundance of the IGFBP-5 mutants
within the ECM following ECM synthesis and assem-
bly, the wild type and three of the mutant cDNAs
were transfected into pSMC, and the abundance of the
expressed proteins in pSMC/ECM was determined.
Two mutants were selected because they had the
greatest reduction in ECM binding (Table 2). The con-
trol mutant was selected because it had substitutions
for four charged amino acids but no reduction in ECM
affinity. To adjust for differences in protein expression,
two types of analysis were performed, including li-
gand blotting of the cell lysates and [35S]methionine
labeling followed by immunoprecipitation. The cells
that were transfected with the wild-type IGFBP-5 and
the K202A/K206A/R207A mutant cDNAs had the
highest IGFBP-5 concentrations in their cellular lysates
(Figure 2A). PhosphorImager analysis of the cell lysate
signal intensities showed that there was no more than
a 2.1-fold difference between the lowest and highest
producing cultures. To confirm the accuracy of that

conclusion, we measured IGFBP-5 synthesis using
metabolic labeling and immunoprecipitation. As
shown in Figure 2B, the media samples from the trans-
fected cultures contained predominantly intact IG-
FBP-5 and a 22-kDa fragment. We have previously
reported that these cells synthesize and secrete IG-
FBP-5 in the intact form, but that after secretion that it
is nearly completely cleaved to a 22-kDa fragment by
a serine protease that is present in the culture medium
(Duan et al., 1996; Imai et al., 1997). To inhibit the
protease, heparin (100 U/ml) was included in the
medium. The amounts of IGFBP-5 that were detected
were similar to the results of the cell lysate analysis,
indicating that there were no major differences in the
amount of IGFBP-5 that was being synthesized and
secreted (Figure 2B).

Table 2. Affinity of IGFBP-5 mutants for ECM

Mutant Ka (M21)

Non-mutated IGFBP-5 1.8 3 109

K211N 1.8 3 109

R201A/K202N 1.0 3 109

R201A/K202N/K206N/K208N 8.4 3 108

K217A/R218A 6.1 3 108

R207A/K211N 1.7 3 108

R214A 1.6 3 108

K202A/K206A/R207A 1.1 3 107

K211N/R214A/K217N/R218A 1.4 3 107

The affinity constant (Ka) of IGFBP-5 for ECM was determined using
Scatchard analysis. Scatchard analysis showed two sites, a low-
affinity site (Ka 5 2.3 3 106 for intact IGFBP-5) and a high-affinity
site were present. The data are shown only for the high-affinity site.
Concentrations between 100 ng and 10 mg/ml of each form of
IGFBP-5 were used and the binding assays were performed as
described in MATERIALS AND METHODS. Nonspecific binding
was the counts per minute bound in the presence of 50 mg/ml
nonmutated IGFBP-5, and this value was substracted from each
experimental determination to calculate specific binding.

Figure 2. Relative abundance of IGFBP-5 in the cell lysates (A) and
conditioned medium (B) of pSMCs that are constitutively express-
ing IGFBP-5 or IGFBP-5 mutants. (A) pSMC cell lysates (50 ml) from
each cell line were electrophoresed and transferred to filters that
were analyzed by ligand blotting using 125I-IGF-I. Lane 1, R202A/
R206A/R207A; lane 2, wild-type IGFBP-5; lane 3, R201A/K202N/
R206A/R208A; lane 4, K211N/R214A/K217A/R218A; lane 5,
mock-transfected cells; lane 6, pure IGFBP-5 standard (10 ng). The
arrow denotes the position of intact, purified IGFBP-5. (B) Radiola-
beled conditioned medium was collected from the cultures express-
ing mutants shown in A for 6 h. One milliliter was analyzed by
immunoprecipitation using anti-IGFBP-5 antiserum. The lane posi-
tions are as follows: lane 1, K202A/R206A/R207A; lane 2, native
IGFBP-5; lane 3, K211N/R214A/K217A/R218A; lane 4, nontrans-
fected; lane 5, R201A/K202N/R206A/R208A; lane 6, mock trans-
fected. The arrow denotes the position of intact IGFBP-5. The 22-
kDa band represents an IGFBP-5 fragment.
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Using the results obtained in the experiments shown
in Figure 2 to correct for differences in IGFBP-5 ex-
pression, we analyzed the abundance of IGFBP-5 in
the ECM. Western ligand blotting showed that the
abundance of the K202A/K206A/R207A (Figure 3A,
lane 2) and K211N/R214A/K217A/R218A (Figure 3A,
lane 4) mutants was markedly reduced compared
with mock-transfected cells (Figure 3A, lane 5) or cells
transfected with the native IGFBP-5 cDNA (Figure 3A,
lane 1). In contrast, the R201A/K202N/K206N/
R208N (Figure 3A, lane 3) mutant showed a minimal

reduction in ECM binding compared with cells that
were expressing native IGFBP-5. PhosphorImager
analysis of the band intensities in the gel shown in
Figure 3A showed that the abundance of the K211N/
R214A/K217A/R218A mutant was reduced by 77%
and the R201A/K202N/K207A mutant was reduced
by 74% (Table 3). In contrast, the control mutant
R201A/K202N/K206N/R208N was reduced only 14%
compared with ECM from cultures that were express-
ing native IGFBP-5. To confirm that these reductions
in IGFBP-5 as estimated by Western ligand blotting
were indicative of a reduction in total ECM-associated
IGFBP-5, the ECM extracts were also analyzed by
immunoblotting (Figure 3B). The results were similar,
indicating that the reduction in IGFBP-5 band inten-
sity as determined by ligand blotting reflected a
change in the amount of intact, immunoreactive pro-
tein.

To determine whether decreased abundance of
IGFBP-5 mutants in the ECM resulted in an altered
response to IGF-I, the capacity of each transfected cell
line to synthesize DNA in response to IGF-I was ana-
lyzed. The cell lines expressing the mutants that had
the greatest changes in the abundance of IGFBP-5 in
the ECM were selected for analysis. Full IGF-I dose–
response curves showed that the cells expressing the
K211N/R214A/K217A/R218A mutant had marked
attenuation in their ability to increase their [3H]thymi-
dine incorporation in response to this growth factor
(Figure 4). Similarly, the cells that had been trans-
fected with the R202A/K206N/R207A mutant had a
substantially reduced response to IGF-I. In contrast,
the cells expressing native IGFBP-5 showed the great-
est response to IGF-I, and they responded better than
the cells that had been transfected with the vector
alone. Cultures expressing the R201A/K202N/
K206N/R208N mutant and the mock-transfected cul-
tures showed only a slight attenuation of IGF-I re-
sponsiveness compared with cells that had been
transfected with the native IGFBP-5 cDNA. Analysis
of the ECM after completion of the experiment
showed that the cells expressing the K211N/R214A/
K217A/R218A and R202A/K206N/R207A mutants
had less IGFBP-5 in the ECM as compared with the

Figure 3. (A) Ligand blot of IGFBPs in the ECM. The cultures that
were secreting the various forms of IGFBP-5 shown in Figure 2 were
used. ECM extracts were prepared from confluent cultures as de-
scribed previously and analyzed by SDS-PAGE followed by West-
ern ligand blotting. The amount of ECM that was loaded in each
lane was determined by the relative abundance of IGFBP-5 that was
produced by each cell line shown in Figure 2A. Lane 1, wild-type
IGFBP-5; lane 2, R201A/K202A/R207A; lane 3, R201A/K202A/
R206N/R208A; lane 4, K211N/R214A/K217A/R218A; lane 5, mock
transfected culture. The 31-kDa band that is shown represents intact
IGFBP-5. No fragment is detected because IGFBP-5 within ECM is
protected from proteolysis (Jones et al., 1993a). The experiment was
repeated three times with similar results. (B) Immunoblot of IG-
FBP-5 in the ECM. The cultures that were analyzed in A were also
analyzed by immunoblotting as described in MATERIALS AND
METHODS. Lane 1, wild-type IGFBP-5; lane 2, K211N/R214A/
K217A/R218A; lane 3, R201A/K202A/R207A; lane 4, mock trans-
fected; lane 5, R201A/K202A/R206N/R208A. The arrow denotes
the position of IGFBP-5.

Table 3. ECM abundance of constitutively expressed IGFBP-5 and
mutants

Form of IGFBP-5 PhosphorImager units

IGFBP-5 162,623
K211N/R214A/K217N/R218A 33,086
K202N/R206A/R207N 45,987
R201A/K202N/R206A/R208A 147,886
Mock transfected 149,480

The results represent the mean of three separate experiments.
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control cultures (our unpublished results). The growth
responses of two of the transfected cultures (those
expressing the R201A/K202N/K206N/R208N and the
K211N/R214A/K217A/R218A mutants) were also de-
termined. IGF-I (50 ng/ml) increased cell number
from 4908 6 611 (n 5 4) to 8166 6 885 cells in the
R201A/K202N/R206N/R208N-expressing cultures
and from 4891 6 869 (n 5 4) 5641 6 708 cells in the
K211N/R214A/K217A/R218A-expressing cultures.

DISCUSSION

These findings show that IGFBP-5 binds to pSMC/
ECM and that specific basic amino acids within the
region between amino acid positions 201 and 218 me-
diate ECM binding. This region of IGFBP-5 contains 10
basic amino acids, and several of these have been
shown to be important for its binding to fibroblast
ECM and to heparan sulfate–containing proteogly-
cans (Arai et al., 1996b; Parker et al., 1996). Our previ-
ous studies had shown that residues 206, 207, 214, 217,
and 218 appeared to be the most important for binding
to fibroblast ECM. Therefore, these studies focused on
the importance of those residues. The results show

that the basic amino acids R207 and R214 appear to be
very important for binding to pSMC ECM. Two mu-
tants that each contained substitutions at position 207
and a mutant that contained a single substitution at
214 had a significant reduction in ECM binding. In
contrast, mutants containing neutral substitutions at
positions 201, 202, 206, 208, and 211 had no decrease in
ECM binding, and a mutant with substitution for po-
sitions K217 and R218 showed a minimal reduction.
Taken together, the findings suggest that R207 and
R214 are the most important determinants of ECM
binding and that the other basic residues are not im-
portant or contribute minimally.

Analysis of IGFBP-5 abundance in ECM prepared
from transfected pSMCs that constitutively expressed
the IGFBP-5 mutants confirmed the importance of the
basic amino acids at positions 207 and 214. The two
mutants containing alterations in these residues
showed major reductions in IGFBP-5 content in the
ECM, whereas a mutant containing four substitutions
at positions 201, 202, 206, and 208 had only a 14%
reduction. This suggests that the presence of these
basic residues is important for IGFBP-5 incorporation
into the ECM as it is synthesized de novo.

Helical wheel analysis of the 201–218 region of
IGFBP-5 shows that the amino acids in positions 207,
211, 214, and 218 align asymmetrically on one side of
the helical wheel (Cardin and Weintraub, 1989; Pratt et
al., 1992) (Figure 5). Of note is the observation that the
amino acids in positions 207 and 214 are present in
this cluster. In contrast, none of the basic amino acids
in the four-point mutant with substitutions at posi-

Figure 4. DNA synthesis response of cells expressing mutant
forms of IGFBP-5. To determine whether the cells that were trans-
fected with mutant forms of IGFBP-5 that resulted in less IGFBP-5 in
their extracellular matrix would respond similarly to IGF-I, conflu-
ent, quiescent cultures were exposed to increasing concentrations of
IGF-I for 36 h in DMEM containing 0.2% PPP. After 36 h, [3H]thy-
midine incorporation into DNA was determined as described in
MATERIALS AND METHODS. Each point represents the mean of
triplicate determinations. The cultures expressing the wild-type IG-
FBP-5 (F—F) responded to IGF-I better than the mock-transfected
cultures (f—f). Those synthesizing the R201A/K202N/K206N/
K208N (E—E) mutant responded equally well. In contrast, the
cultures synthesizing the K202A/K206A/K207A (E- z -E) or
K211N/R214A/K217N/R218A (3- - -3) mutants had attenuated
responses to IGF-I. The experiment was repeated three times with
similar results.

Figure 5. Helical wheel alignment of the region of IGFBP-5 be-
tween amino acids 201 and 218. The basic residues are shown in
black.
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tions 201, 202, 206, and 208 are within this cluster, and
this mutant had a minimal alteration in ECM binding.
This suggests that the helical wheel analysis of the
spatial alignment of the basic residues that are re-
quired for binding may be predictive of the optimum
charged amino acid alignment that mediates the bind-
ing of IGFBP-5 to ECM. Our results do not definitively
prove that some residues outside this motif do not
contribute to binding, although the contribution of
residues such as K217 must be minimal.

Previously we showed that when IGFBP-5 is layered
onto fibroblast ECM, its affinity for IGF-I is markedly
reduced, and when fibroblasts are plated on a substra-
tum that has been enriched in IGFBP-5, their cellular
growth response to IGF-I is markedly enhanced (Jones
et al., 1993a). The results of this study extend that
observation in two important ways. First, using trans-
fected cultures that are constituitively synthesizing
IGFBP-5, we show that cultures expressing the mutant
forms that have reduced ECM affinity have less
IGFBP-5 deposited in the ECM. Second, we show that
these cultures have significantly reduced DNA syn-
thesis responses to IGF-I. In contrast, the cultures ex-
pressing the R201A/K202N/K206N/R208N mutant
have a minimal reduction in the amount of IGFBP-5 in
their ECM and respond to IGF-I in a manner similar to
the mock-transfected cells. The cultures that were ex-
pressing native IGFBP-5 constituitively had increased
IGFBP-5 in their ECM and an enhanced DNA synthe-
sis response to IGF-I. Therefore, there appears to be a
relationship between the amount of IGFBP-5 within
the ECM and the cellular DNA synthesis response to
IGF-I. Because mutagenesis does not result in a change
in the affinity in these mutants for IGF-I (Arai et al.,
1996b), we conclude that the reduction in IGFBP-5
binding to ECM results in a reduction in ECM-associ-
ated IGF-I (Parker et al., 1996) and that this reduction
in IGF-I and IGFBP-5 content leads to an attenuation
of IGF-I actions.

Resistance or sensitivity of IGFBP-5 to proteolysis is
also an important parameter of pSMC responsiveness
(Imai et al., 1997). IGFBP-5 in the ECM is resistant to
proteolysis and has a major reduction in its affinity for
IGF-I (Jones et al., 1993a). In contrast, intact IGFBP-5 in
extracellular fluids has a high affinity for IGF-I, and, if
a 4:1 molar excess of intact IGFBP-5 to IGF-I is present,
it can inhibit IGF-I interaction with its receptor and
cellular responsiveness to IGF-I (Imai et al., 1997).
However, IGFBP-5 is cleaved in both pSMC and fibro-
blast culture media (Nam et al., 1994; Duan et al., 1996),
and the fragments that are generated bind IGF-I with
very low affinity. Therefore, IGFBP-5 may function to
enhance IGF-I actions if there is a high concentration
of intact, low-affinity IGFBP-5 in the ECM and a min-
imal amount of intact, high-affinity IGFBP-5 in the
extracellular fluid. This suggests that proteolysis high-

affinity IGFBP-5 in the interstitial fluid is also a major
determinant of pSMC responsiveness.

IGFBP-5 is unique among members of the IGFBP
family for its capacity to adhere to ECM. When
IGFBP-1, -2, and -4 are added exogenously to fibro-
blast ECM, no binding can be detected (Jones et al.,
1993a). In the case of IGFBP-2, binding is detectable if
an excess of IGF-I is added simultaneously (Arai et al.,
1996a). IGFBP-3 binds to fibroblast ECM but with at
least 20-fold lower affinity compared with IGFBP-5
(Jones et al., 1993a; Imai et al., 1997). Because IGFBP-3
contains the same amino acid sequence that is present
in the 201–218 region of IGFBP-5, the presumed expla-
nation for this difference is that this region of IGFBP-3
is not surface exposed. IGFBP-3 also has a much lower
affinity for heparan sulfate–containing glycosamino-
glycans compared with IGFBP-5, and this may ac-
count for some of its reduced binding to ECM (Arai et
al., 1996b). Because ECM binding of IGFBP-5 appears
to be an important component of the cellular response
to IGF-I, and connective tissue cells, such as fibroblasts
and osteoblasts, have abundant IGFBP-5 within their
ECM, this may account for part of their IGF-I respon-
siveness compared with cell types that do not have
this property.

The specific components of pSMC ECM that bind to
IGFBP-5 have not been determined. For fibroblast
ECM we have shown that tenascin (Imai et al., 1997),
type IV collagen (Jones et al., 1993a), and plasminogen
activator inhibitor-1 all bind with IGFBP-5 high affin-
ity. Undoubtedly, other heparan sulfate–containing
proteoglycans that are present in fibroblast ECM will
be shown to bind this protein. Two specific compo-
nents of pSMC ECM (thrombospondin and osteopon-
tin) have been preliminarily reported to bind to
IGFBP-5. These proteins are abundant components of
the ECM within atherosclerotic lesions (Giachelli et al.,
1993; Borstein and Sage, 1994). Therefore, they have
the potential to focally concentrate IGF-I and IGFBP-5
within the lesion ECM.

Several other growth factors have been shown to
associate with ECM either by binding it directly or
indirectly through binding to other ECM proteins
(Gordon et al., 1987; Yayon et al., 1991; Gitay-Goren et
al., 1992; Nam et al., 1997). In several cases, this asso-
ciation is required for growth factor action or for po-
tentiating growth factor activity (Roberts et al., 1988;
Yayon et al., 1991; Lopez et al., 1993). Specific examples
that meet these criteria, but are not identical to the
IGF–IGFBP-5 system, include FGF association with
heparin sulfate proteoglycans in ECM and TGF-b as-
sociation with b-glycan, a cell surface–associated pro-
teoglycan. In both cases, growth factor association
with the proteoglycans facilitates receptor interaction
(Gordon et al., 1987; Yayon et al., 1991). Growth factors
that interact in this way with these types of extracel-
lular molecules have been termed crinopectins (Feige
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and Baird, 1995). Our data show that the IGF-I–
IGFBP-5 interaction fulfills the criteria to be termed
type I crinopectin interaction.

In summary, we have determined the specific amino
acids in IGFBP-5 that are necessary for IGFBP-5 bind-
ing to pSMC/ECM. Synthesis of IGFBP-5 needs to
remain high enough to maintain a critical level of
low-affinity IGFBP-5 in the ECM to act as a reservoir
for IGF-I, and a loss of ECM-associated IGFBP-5 re-
sults in reduced IGF-I response. In contrast, if a high
concentration of intact IGFBP-5 is present in the me-
dia, it inhibits IGF-I response (Imai et al., 1997). There-
fore, the factors that determine ECM association and
proteolysis of IGFBP-5 in interstitial fluids are impor-
tant determinants of IGF-I actions.
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