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Abstract

The relative contributions of type I and type II insulinlike growth
factor (IGF) receptors and IGF carrier proteins to the binding
of IGF-I tracer to cultured human fibroblasts were determined
in competitive binding experiments that used unlabeled insulin
and synthetic insulin-IGF-I hybrid molecules containing the A
chain of insulin and the B domain of IGF-I. Whereas insulin
binds only to type I IGF receptors, the B-IGF-I hybrids bind to
type I receptors and IGF carrier proteins but not to type II re-
ceptors. In suspended human fibroblasts, IGF-I tracer binds
predominantly to type I IGF receptors (inhibition by IGF-I > in-
sulin > B-IGF-I hybrid molecules). By contrast, in fibroblast
monolayers, IGF-I binding was minimally inhibited by insulin
or hybrid molecules, suggesting predominant binding to the type
II IGF receptor. The type I receptor appears to be masked on
fibroblast monolayers, and to require suspension or detergent
solubilization of the cells to be demonstrated.

In the course of the monolayer binding experiments, we noted
that low concentrations of unlabeled IGF-I (5-10 ng/ml) or B-
IGF-I hybrids (100 ng/ml) paradoxically increased IGF-I tracer
binding up to twofold. Wepostulated that during the binding
incubation (5 h, 150C), IGF-I tracer partitioned between binding
sites on the cell surface and IGF carrier proteins released to the
incubation media. Preferential occupancy of binding sites in the
media by unlabeled ligand increased the tracer available to bind
to the cells. In support of this hypothesis, carrier proteins were
demonstrated in the media at the end of the binding incubation
with fibroblast monolayers, and the concentration of unsaturated
binding sites in the media correlated inversely with tracer binding
to the cells. Thus carrier proteins released to the media during
the binding incubation modulate the binding of IGF-I tracer to
cell receptors, suggesting that the carrier proteins may play an
important role in regulating cellular responsiveness to the IGFs.

Introduction

The insulinlike growth factors (IGFs),' IGF-I and IGF-II, are
plasma polypeptides chemically related to insulin and possessing
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mitogenic activity (1). They exert their biological effects by in-
teracting with specific IGF receptors on the surface of target cells
(2-6). Two subtypes of IGF receptors have been identified. Type
I IGF receptors are structurally homologous to insulin receptors,
with disulfide-linked a-subunits (Mr - 130,000) that bind the
polypeptides and ,8-subunits (Mr - 90,000-100,000) that have
intrinsic tyrosine kinase activity. Type I receptors typically have
higher affinity for IGF-I than IGF-II, and also bind insulin with
lower affinity. By contrast, type II receptors consist of a single
Mr 260,000 protein that is not disulfide-linked to other mem-
brane proteins and appears to lack tyrosine kinase activity. Type
II IGF receptors bind IGF-II in preference to IGF-I, and do not
bind insulin.

Because IGF-I and IGF-II bind to both type I and type II
IGF receptors and also cross-react with insulin receptors, either
of these three receptors might mediate their biological actions
(5, 6). From dose-response curves and experiments using anti-
receptor antibodies to selectively block insulin receptors, it has
been possible to identify IGF-stimulated functions that are me-
diated by IGF receptors rather than by insulin receptors (5, 7).
It has been more difficult to resolve whether these effects are
mediated by type I, type II, or both receptors. Some cells (e.g.,
chick embryo fibroblasts) only possess type I IGF receptors
(2, 8), so it is quite likely that in these cells the type I receptor
mediates IGF-stimulated DNAsynthesis. Whether the type II
receptor mediates the same or different functions as the type I
receptor, or indeed whether it possesses any biological functions
(9) remains to be demonstrated. One difficulty in answering this
question has been the inability to unambiguously identify and
quantitate type I and type II IGF receptors in a given cell.

Wehave been interested in studying the actions of IGFs and
their receptors in cultured skin fibroblasts from normal donors
and ultimately in patients with possible inherited resistance to
the IGFs. IGF receptor-mediated stimulation of glucose uptake,
amino acid transport, and DNAsynthesis have been demon-
strated in fibroblast cultures (10, 1 1). The nature of the IGF
binding sites on cultured fibroblasts, however, remains unclear
because the receptor profile varies under different assay condi-
tions and in different laboratories. Wepreviously reported that
at steady state '251-IGF-I binds to insulin-inhibitable type I IGF
receptors on fibroblasts studied in suspension after treatment of
the cells with trypsin-EDTA (2, 12-14). Moreover, '25I-IGF-I
bound to human fibroblast monolayers could be chemically
cross-linked to the a-subunit of the type I receptor; formation
of this complex was inhibited in the presence of high concen-
trations of insulin (14). However, in these and similar cross-
linking experiments, we were surprised to note that the total
radioactivity bound to the fibroblast monolayer was inhibited
by IGF-I but not by insulin (Kasuga, M., and M. M. Rechler,
unpublished results). This specificity suggested that the predom-
inant IGF-I binding in intact fibroblast monolayers was not to
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a type I receptor, but rather to type II IGF receptors and/or to
IGF carrier proteins, because neither of these molecules bind
insulin. Indeed, a labeled protein of appropriate molecular weight
for an IGF-I-carrier protein complex had been observed on the
cross-linking gel described by Rechler (14). Evidence from our
laboratory and others suggested that both potential binding
macromolecules were present in human fibroblast cultures (4,
14-16; Romanus, J. A., and M. M. Rechler, unpublished results).
'25I-IGF-II was chemically cross-linked to an M, 260,000 type

II receptor in a 100,000 g membrane fraction prepared from
cultured fibroblasts, and containing plasma and microsomal
membranes (4). IGF carrier proteins have been demonstrated
indirectly (14, 15) and directly (16; Romanus, J. A., and M. M.
Rechler, unpublished results) in media conditioned by human
fibroblasts. Contrasting results were reported by Rosenfeld and
Dollar (17), who observed that the binding of 125I-somatomedin
C, presumably identical to IGF-I (18), to human fibroblast
monolayers was inhibited -60% by insulin, and presumably
represented predominantly binding to type I IGF receptors.

To determine the relative contributions of type I and type
II receptors and IGF carrier proteins to the IGF-I binding to
human fibroblasts observed under different experimental con-
ditions, we have taken advantage of the recent observation that
chemically synthesized hybrid molecules containing the A chain
of insulin and the B domain of IGF-I bind to type I IGF receptors
and IGF carrier proteins, but not to type II IGF receptors (19).
Thus, the pattern of binding inhibition by insulin and the
B-IGF-I hybrid molecules distinguishes the three binding mac-
romolecules (Table I): type I IGF receptors bind insulin and
BIGF-I hybrid molecules, IGF carrier proteins bind the hybrid
molecules but not insulin, and type II IGF receptors do not bind
either insulin or the hybrid molecules. Wefind that IGF-I binds
predominantly to type I IGF receptors in suspended fibroblasts,
and to type II receptors and possibly carrier proteins on fibroblast
monolayers. In addition, IGF carrier proteins are released to the
media during the binding incubation and appear to modulate
IGF-I binding to the type I receptor.

Methods

Insulin-IGF hybrid molecules. Three insulin-IGF hybrid molecules were
used in these studies: (a) Awffi,,BwF I, a hybrid molecule containing the
A chain of insulin and the B domain of IGF-I; (b) A27 insulin, in which
the B chain of insulin is combined with a 27-residue A chain containing
the 6-residue Ddomain of IGF-II as a COOH-terminal extension of the
2 1-residue A chain of insulin; and (c) A27i,,-BIGF I, in which the 27-
residue A chain is combined with the B domain of IGF-I. Synthesis of

Table I. Competitive Inhibition of '25I-IGF-I Binding

IGF
Type I Type II carrier

Peptide IGF receptor* IGF receptort proteins§

IGF-I + + +
Insulin + - -
Aisuihn-BIGF-I I

A27insaw-BIGF-I + +
A27 insulin +

* Relative potency: IGF-I > insulin > A27w > AiwSUfiD-BIGFI (20).
i: See DeVroede et al. (19).
§ Relative potency: IGF-I > AiDWjin-BIGF., (19).

A27 insulin (21) and Aj,,-BGF X (22) have been described. The detailed
synthesis of A27j,,9 -BwFj will be reported elsewhere. In brief, insulin
A and B chains were separated by oxidative sulfitolysis of bovine insulin
and purified by column chromatography. The 27-residue A chain and
the 30-residue B domain of IGF-I were synthesized from protected in-
termediate peptides using the fragment condensation method. The ho-
mogeneity of the synthetic chains was established by ion-exchange chro-
matography and thin-layer electrophoresis. Hybrids were constructed by
combination of the sulfhydryl forms of the A chain of insulin or A27
insulin with the S-sulfonated forms of the B chain of insulin or synthetic
IGF-I at pH 10.5 in the presence of thiols. The hybrid molecules were
homogeneous by isoelectric focusing and/or reverse phase high-perfor-
mance liquid chromatography (21, 22).

Other peptides. IGF-I (preparations 16SPII and 1/4), IGF-II (prepa-
ration 9SEIV), and partially purifid IGF-I (preparation 1932; 36 mU/
mg insulinlike activity, -20% pure IGF-I by radioimmunoassay) were
kind gifts of Prof. Rene Humbel (Zurich, Switzerland). Multiplication-
stimulating activity (MSA) 111-2 (Mr 7,100) was purified from serum-
free media conditioned by BRL-3A cells as previously described (23).
'25I-IGF-I (sp act 40-250 Ci/g) and '25I-MSA III-2 (sp act 150-468
Ci/g) were prepared by a modified chloramine T procedure (2, 13). (The
chloramine T concentration reported by Van Obberghen-Schilling et al.
(13) should have been given as 333 ng/10 Al). Porcine insulin was pur-
chased from Eli Lilly & Co., Elanco Div. (Indianapolis, IN).

Cultivation of fibroblasts. Skin fibroblasts from three normal vol-
unteers, male and female between 18 and 22 yr of age, were obtained
from forearm punch biopsies. The cells were cultured in Eagle's minimal
essential medium (MEM), supplemented with 10 mMHepes, nonessen-
tial amino acids, and 20% fetal calf serum. Fetal calf serum was obtained
from one of two sources: Rehatuin FS lot u 50303 (Reheis Chemical
Co., Armour Pharmaceutical Co., Phoenix, AZ) and HyClone lot 100382
(Sterile Systems Inc., Logan, UT). Stock cultures were grown as mono-
layers in 250-ml flasks (Falcon Labware, Becton Dickinson & Co., Ox-
nard, CA) at 37°C in 95%humidity and in a 95%air-5% CO2atmosphere.
The cells were routinely subcultured using 0.25% trypsin in Dulbecco's
phosphate-buffered saline (PBS) without Ca" and Mg", by a 1:3 or
1:4 split each week. Fibroblasts were used between passages 5 and 10
and were proven to be free of mycoplasma by culture assay (Microbio-
logical Associates, Bethesda, MD).

Binding of IGF-I to humanfibroblast monolayers cultivated in serum.
Fibroblasts were grown in 250-ml Falcon flasks in Dulbecco's modified
Eagle's medium containing 4.5 g/liter glucose or Eagle's MEM, supple-
mented with 20% fetal calf serum. Cells were plated at a density of 5,000-
10,000 cells/cm2 in 60-mm tissue culture dishes (Falcon), 35-mm wells
of six-well tissue culture plates (Falcon), or in 22-mm wells of 12-wel
tissue culture plates (Costar, Cambridge, MA) and grown to confluency.
Cultures were fed at day 3, and used for assays 3-5 d later (final cell
density 40,000-80,000 cells/cm2).

'251-IGF-I binding was performed as described by Rosenfeld and
Dollar (17). The culture medium was aspirated and the monolayer washed
with PBS and pH 8.0 Hepes binding buffer (HBB) (118 mMNaCl; 5
mMKCI; 1.2 mMMgS04; 8.8 mMdextrose; 100 mMHepes; albumin
[Sigma Chemical Co., radioimmunoassay grade], 10 mg/ml). Monolayers
were incubated with luI-IGF-I (-250 pg/ml) and various concentrations
of unlabeled peptides in HBBfor 4-5 h at 15°C in a final volume of 2
ml per 60-mm dish, 0.8 ml per 35-mm well, and 0.5 ml per 22-mm well.
At the end of the incubation, the medium was aspirated and the mono-
layers were washed with ice cold Hanks' buffer or PBS, solubilized in
1.5 ml of I NNaOH, and counted in a Beckman Instruments, Inc. (Palo
Alto, CA) gammacounter with 75% efficiency.

Binding of IGF-I to fibroblast monolayers cultivated in serum-free
media. Fibroblasts were plated at a density of 30,000-40,000 cells/cm2
in Dulbecco's modified Eagle's medium-0.2% fetal calf serum in 60-mm
dishes, 35-mm wells of six-well tissue culture plates, or 22-mm wells of
12-well tissue culture plates, and were used within 3 d after plating. In
some experiments, cells were washed after 48 h and the incubation me-
dium was changed to Eagle's MEMcontaining I mg/ml albumin for the
final 24 h before use. '"I-IGF-I binding was performed as described
above.

Modulation of Insulinlike Growth Factor I Binding to HumanFibroblasts 603



Binding of IGF-I to human fibroblasts in suspension. The binding
assay was carried out as published previously (13). Briefly, fibroblasts
were plated into 100-mm plastic dishes in Eagle's MEMcontaining 20%
fetal calf serum, fed till confluency, and used 6-7 d after the last feeding.
Fibroblasts were detached from the monolayer by washing with PBS
without Ca"+ and Mg", followed by incubation for 3-5 min at 370C
with 0.01% Trypsin-0.5 mMEDTA(Trypsin, 3,100 Na-benzoyl-L-ar-
ginine ethyl ester U/mg, Worthington Biochemical Corp., Freehold, NJ).
The reaction was terminated by adding an equal volume of 0.02% soybean
trypsin inhibitor (Sigma Chemical Co., St. Louis, MO). The cells were
collected, washed in Hepes binding buffer, sedimented, and resuspended
in HBB. The incubation mixture consisted of 1251I-labeled IGF-I, the
indicated concentrations of unlabeled peptides and 1-2 X 106 cells in a
total volume of 0.5 ml. After 3-4 h of incubation at 15'C, 0.2-ml aliquots
were pipetted in duplicate onto ice-cold buffer (0.2 ml of HBB). The
tubes were centrifuged in a Beckman microfuge for 1 min and the su-
pernate was aspirated. The tips containing the cell pellets were excised
and the associated radioactivity was quantitated in a gammacounter.

Precipitation of binding assay supernate with polyethylene glycol. In
some experiments, at the end of the binding incubation, the supernatant
was recovered and incubated with polyethylene glycol (PEG) to identify
1251-IGF-I bound to macromolecular components (24). To 0.5 ml of
medium was added 0.5 ml of human ey-globulin (2 mg/ml; Pentex, Miles
Laboratories, Inc., Elkhart, IN) and 1 ml of 25% (wt/vol) PEG(6,000-
8,000), and the mixture was incubated on ice for 15 min. After centrif-
ugation at 3,000 rpm for 20 min at 40C in a Beckman TJ6 centrifuge,
the supernate was aspirated and the precipitated radioactivity quantitated
in a Beckman gammacounter. Results were corrected for the "blank,"
i.e., the radioactivity precipitated by PEG-y-globulin from the same
amount of radioactive ligand in binding buffer that had not been incu-
bated with cells. Typically, this represented 10-15% of the input radio-
activity.

251I-IGF-I-carrier protein complexes are not completely precipitated
by 12.5% PEG. In a control experiment (not shown), '251I-IGF-I was
incubated with human fibroblast-conditioned media, and the per cent
of input radioactivity specifically complexed to carrier protein determined
by different methods: gel filtration (Sephadex G-50, neutral pH), 33.4%;
charcoal separation (19, 25), 20.3%; precipitation with 20%PEG, 24.5%;
and precipitation with 12.5% PEG, 8.7%. Thus, under the conditions
used in our experiments, a maximum of 25% of the total radioligand-
carrier protein complexes are precipitated.

Competitive binding protein assay. IGF-binding macromolecules in
media conditioned by 5 h of incubation with fibroblast monolayers at
15°C in binding assay buffer also were examined in a direct binding
assay using '251-labeled MSA(equivalent to rat IGF-II). Aliquots of media
were incubated with 1251I-MSA III-2 and the indicated concentrations of
unlabeled peptides in 0.4 ml of PBS containing 2 mg/ml fatty acid-free
bovine serum albumin (Sigma Chemical Co.) overnight at 4°C. Tracer
MSAnot complexed to binding protein was removed by adsorption with
activated charcoal as previously described (19, 25). Complexes of 125I-
MSAIII-2 with carrier protein remained in the charcoal supernate and
were quantitated. Radioactivity in the charcoal supernate in the absence
of added carrier protein has been subtracted from each point.

IGF-I binding to detergent-solubilized monolayer cultures. Solubi-
lization of fibroblasts with Triton X-100 was performed according to
Cuatrecasas (26). Each 22-mm well was washed with PBSand HBB, and
solubilized by addition of 50 gl of 1% (vol/vol) Triton X-100 (Research
Products International Corp., Elk Grove Village, IL) for 30 min on a
rocking platform at 40C. The mixture containing the dissolved cells was
diluted in 500 Al of pH 8.0 HBBcontaining the radioactive ligand and
the indicated concentrations of unlabeled peptides. The reaction was
stopped after S h at 150C (or 18 h at 40C) by adding 0.5 ml of -y-globulin
and I ml of 25%PEG; the mixture was kept on ice for 15 min, centrifuged
(20 min, 3,000 rpm) and radioactivity in the precipitate quantitated. All
values were corrected for the amount of radioactivity that is precipitated
by y-globulin and PEGin the absence of solubilized cells.

In some experiments (as specified), a solubilization buffer (modified
from Reference 27) containing 1% (wt/vol) Triton X-100 in 150 mM
NaCl, 5 mMEDTA, 1% (wt/vol) sodium deoxycholate (TES), and 0.1

MTris-HCl, pH 7.4, with or without 2%N-octylglucoside (Calbiochem-
Behring Corp., San Diego, CA) was used in the same manner.

Results

Inhibition of IGF-I tracer binding to suspendedfibroblasts and
to fibroblast monolayers by IGF-I and insulin. Fig. 1 C dem-
onstrates that 251I-IGF-I binds to a typical type I IGF receptor
on fibroblasts grown to confluence in serum-containing medium
and suspended by mild trypsinization. Tracer binding is inhibited
50% by 5.8±2.9 ng/ml (n = 8) of IGF-I. Insulin gave dose-de-
pendent inhibition of binding at higher concentrations: - 50%
inhibition at ~-550 ng/ml and -90% inhibition at 10 ,ug/ml. A
specificity profile consistent with binding to a type I receptor
also was observed in fibroblasts grown in serum-free medium
and studied after suspension (data not shown).

Markedly different results were obtained when binding was
performed in situ on fibroblasts cultivated in serum-containing
medium (Fig. 1 A). Binding of tracer IGF-I in the presence of
different concentrations of unlabeled IGF-I gave a biphasic curve:
at lower concentrations of IGF-I (< 10 ng/ml), binding increased
to a variable maximum (105-250% of control), whereas dose-
dependent inhibition was observed at IGF-I concentrations from
10 ng/ml to 1 Ag/ml. Insulin gave a partial inhibition at high
concentration (-30% at 10 Ag/ml), and did not increase IGF-
I tracer binding at lower concentrations (0.1 and 1 ,ug/ml). The
increased binding at low concentrations of IGF-I was observed
with cells grown under different cultivation conditions-in fetal
calf serum obtained from two sources, on culture plates of dif-
ferent size (22, 35, or 60 mm)obtained from different sources,
and with different feeding schedules (zero, one, or two feedings).
The two points with highest binding were obtained with fibro-
blasts plated in 60-mm dishes, and fed twice with media con-
taining serum from Reheis Chemical Co. The relative contri-
butions of these culture conditions to the increased binding have
not been determined.

Binding of IGF-I to cell monolayers also was examined in
cells plated in serum-poor medium (0.2% fetal calf serum) and
changed to serum-free medium prior to assay (Fig. 1 B). Under
these conditions, unlabeled IGF-I at low concentration increased
tracer IGF-I binding to a modest extent (- 1 15% of control) in
only 2 of 12 experiments, and did not increase binding in the
other 10 experiments. Insulin again gave negligible inhibition
of binding (- 10%) at 10 ,ug/ml.

The different effects of insulin on IGF-I binding to suspended
cells and in situ suggested that, although tracer IGF-I bound
predominantly to a type I IGF receptor in suspended cells, bind-
ing to this receptor constituted a minor portion of total binding
to cell monolayers irrespective of whether the cells had been
grown in serum-containing or serum-free media. Moreover, the
surprising increase in tracer IGF-I binding to fibroblast mono-
layers, especially in cells grown in the presence of serum, was
not observed when binding was performed with suspended fi-
broblasts.

Inhibition of tracer binding to suspended fibroblasts and to
fibroblast monolayers by insulin-IGF-I hybrid molecules. In an
attempt to clarify the nature of the binding sites for IGF-I in
cell monolayers, binding inhibition studies were performed using
insulin-IGF hybrid molecules (Fig. 2). The three hybrid mole-
cules gave extensive dose-dependent inhibition of tracer IGF-I
binding to suspended fibroblasts (Fig. 2 C). IGF-I, insulin, A27
insulin, AijSufiD-BIGF-X and A27inSuHII-BIGF-I inhibited binding in
the stated order of potency. Similar results were observed for
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Figure 1. Inhibition of '25I-IGF-I binding to human fibroblast mono-
layers cultivated in serum-containing (A) or serum-free (B) media, and
to human fibroblasts cultivated in serum-containing media and stud-
ied in suspension (C) by different concentrations of unlabeled IGF-I
(.) and insulin (o). In this and subsequent experiments, the points
plotted as 1,000 ng/ml IGF-I represent 5,000 ng/ml of partially puri-
fied IGF (36 mU/mg). (A) Human fibroblasts were plated in Eagle's
MEM-20%fetal calf serum and fed till confluence. Binding was per-
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formed as described in Methods. Results are expressed as percent
maximum specific binding. Results from eight experiments are plot-
ted. (B) Human fibroblasts were plated in Eagle's MEM-0.2% fetal calf
serum for 48 h and then incubated with Eagle's MEM-I mg/ml albu-
min for 24 h. The results of 12 experiments are shown. (C) Human
fibroblasts were grown to confluence in Eagle's MEM-20%fetal calf
serum and suspended by mild trypsinization as described in Methods.
The results of eight experiments are shown.
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Figure 2. Inhibition of '251-IGF-I binding to human fibroblast mono-
layers cultivated in serum-containing (A) or serum-free (B) media, and
to human fibroblasts cultivated in serum and studied in suspension
(C) by the indicated concentrations of unlabeled IGF-I (-), insulin (o),
A27 insulin (A), AsiallU ,BIGF l (a), and A27 ,,,i-BG1 (in). Incubations
were performed as described in Methods. (A) Binding in situ to fibro-
blasts grown to confluence in Eagle's MEM-20%fetal calf serum (Hy-
clone). Results are expressed as percent of maximum specific binding
and represent the mean+ 1 SD for three experiments in which the
range of maximum specific binding was 3.2-4.9% (0.6-1.2 X 106 cells
per point). (B) Binding to fibroblasts plated in Eagle's MEM-0.2% fetal
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calf serum for 48 h and then incubated with Eagle's MEM-I mg/ml
albumin for 24 h. Results are expressed as percent maximum specific
binding and represent the mean± I SDof three experiments, per-
formed in parallel with the experiments shown in the left panel. The
maximum specific binding was between 9.1 and 12.6% (230,000 cells
per point). (C) Binding to suspended fibroblasts obtained by gentle
trypsinization of monolayers grown to confluence in Eagle's MEM-
20% fetal calf serum. A representative experiment is shown. Results
are expressed as percent maximum specific binding (8.83% for 1.25
X 106 cells).
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inhibition of 125I-IGF-I binding to the type I IGF receptor of
chick embryo fibroblasts by these molecules (20).

Dramatically different results were observed when IGF-I
tracer binding to fibroblast monolayers was examined in the
presence of the hybrid molecules containing BIGF-I. With cells
cultivated in serum-containing medium (Fig. 2 A), 1251-IGF-I
binding in the presence of the hybrid molecules gave a more
pronounced biphasic curve than that observed with unlabeled
IGF-I. Whereas unlabeled IGF-I modestly increased IGF-I tracer
binding at concentrations of 1-5 ng/ml (reaching a maximum
of 1 2%of control), the BIGF-I hybrid molecules at concentrations
of 10-100 ng/ml increased IGF-I binding to a greater extent,
reaching maxima of 140% and 180% of control. At concentra-
tions from 100 ng/ml to 10 ,g/ml, the hybrid molecules gave
dose-dependent but partial inhibition of binding (i.e., <30% in-
hibition of the binding observed with IGF-I tracer alone).

The increased binding of IGF-I tracer in the presence of
optimal concentrations of B-IGF-I hybrid does not represent
protection of the tracer against proteolysis. IGF-I tracer recovered
from th supernate after 5 h of incubation with fibroblast mono-
layers in the absence or presence of unlabeled peptide was >95%
precipitable by 10% trichloroacetic acid, indicating that the tracer
had not been degraded to smaller fragments during the binding
incubation.

Qualitatively similar but quantitatively smaller increases were
observed in tracer IGF-I binding to monolayers incubated in
serum-free media (Fig. 2 B). The BIGF-I-containing hybrids in-
creased tracer IGF-I binding to a maximum of 115% of control
binding at - 100 ng/ml, and gave <20% inhibition of binding
at 10 jtg/ml.

Fig. 3 demonstrates that the specificity of inhibition of tracer
binding by different unlabeled peptides to human fibroblast
monolayers cultivated in serum-free media was the same whether
MSA111-2 (rat IGF-II) or IGF-I was used as radioligand. With
either radioligand, unlabeled IGF-I and IGF-II gave dose-de-
penent inhibition, with IGF-II two to four times more potent than
IGF-I. Insulin gave only 5-15% inhibition of binding at high
concentrations (10 ,ug/ml). The BIGF-I hybrid molecules gave a
biphasic curve, with tracer binding increasing at lower concen-
trations of hybrid (500-1,000 ng/ml) to - 120% of control, fol-
lowed by a decrease to 95-100% of control at 10 sg/ml. These
results indicate that '25I-IGF-I and '25I-MSA III-2 bind to the
same or similar sites on fibroblast monolayers cultivated in
serum-free medium. Because this binding is not inhibited by
the B-IGF-I hybrid molecules or insulin at high concentrations,
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Figure 3. Inhibition of binding
of '25I-IGF-I (A) or '251I-MSA-
III-2 (B) to human fibroblast
monolayers cultivated in
serum-free conditions by differ-
ent concentrations of unlabeled
IGF-II (A), IGF-I (-), insulin
(o), or Ai,.,-BIGF.x (a). Percent
maximum specific binding
(9.8% and 11.9% of input reac-
tivity, respectively) is plotted
against concentration of unla-
beled peptide.

we provisionally identify the major binding site as the type II
IGF receptor.2

Cells cultivated in serum-containing media release IGF car-
rier proteins to the incubation media during IGF-I binding to
monolayer cultures. Wenext examined the basis for the pro-
nounced effects of IGF-I and BIGF-1-containing hybrid molecules
on increasing tracer IGF-I binding to monolayers of fibroblasts
cultured in serum-containing media. Because fibroblasts syn-
thesize and secrete IGF carrier proteins into serum-free culture
media during prolonged incubation (16; Romanus, J. A., and
M. M. Rechler, unpublished results), we asked whether binding
macromolecules also were released to the incubation media dur-
ing the briefer binding incubation. Cell monolayers were incu-
bated with '251-IGF-I for 5 h at 15'C under standard binding
assay conditions, and binding to the cell monolayers was deter-
mined. In addition, at the end of the incubation, the media were
recovered and incubated with 12.5% PEGin the presence of y-
globulin carrier to precipitate higher molecular weight complexes.
PEGprecipitated 1.5% of the input radioactivity from the in-
cubation media, contrasted with only 3.6% that was bound to
the cells (Fig. 4 A).

In a parallel set of cultures, fibroblast monolayers were
preincubated in binding buffer for 5 h at 15'C, after which the
media were aspirated and the cells incubated with '25I-IGF-I in
fresh binding buffer (5 h, 150C); binding to cells and to PEG-
precipitable proteins in the media was determined (Fig. 4 A,
+ preincubation). After preincubation in buffer, '25I-IGF-I
binding to fibroblasts increased by 180%, whereas tracer binding
to media proteins decreased by approximately threefold.

These results suggested that macromolecules (presumably
proteins) capable of binding 1251-IGF-I were released from fi-
broblast monolayers during a 5-h preincubation in buffer. The
specificity of this binding was determined by incubating aliquots
of the recovered media with '251I-MSA-III-2 and different con-
centrations of unlabeled IGF-I or A27 insulin-BIGFI; radioligand
bound to macromolecules remains in the supernate after ad-
sorption of free radioligand with activated charcoal and was
quantitated. As seen in Fig. 4 B, the hybrid molecule effectively

2. Because type II IGF receptors have not been directly identified on the
surface of human fibroblast monolayers (e.g., by affinity cross-linking or
immunoprecipitation), this assignment must only be considered provi-
sional. Wecannot exclude the possibility that this binding represents an
atypical receptor or a cell-associated carrier protein that does not recognize
the B-IGF-I hybrid molecules.
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'25I-IGF-I binding to cells (C) and

10 i o100 media proteins (M). Fibroblast
> monolayers were grown to conflu-

EX- ence in Eagle's MEM-20%fetal
X 8 _80 calf serum. To one set of cultures
E X (-), '251-IGF-I binding to cellC
aRW\\z monolayers was determined after
O 6 60 incubation in HBBfor 5 h at 15'C
z as described in Methods. At the
0
O |0 M * \ | S a end of the incubation, the assay
E 4 - 40 a media were precipitated with
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*XW,- had not been incubated with cells.

Results are expressed as percent to-

O II' I I IIII I IilI I I II fill 0 tal input radioactivity. The solid
C M C M 1 10 100 1,000 bars (in) represent the cell-asso-

Preincubation: - + NANOGRAMS/mi ciated '25W-IGF-I binding, whereas
the hatched bars (a) represent the

'251-IGF-I binding precipitated by PEG-'y-globulin in the assay media at the end of the incubation. The second set of cultures (+) was preincu-
bated in HBBfor 5 h at 15'C, after which the buffer was aspirated, and fresh incubation buffer containing '251-IGF-I was added. Tracer radioactiv-
ity bound to the cell monolayers and to media proteins was determined as described above. (B) Specificity of '251-MSA-III-2 binding to media
macromolecules released after preincubation with fibroblast monolayers. Aliquots of media harvested from the second set of cultures (+) described
above were incubated with '251-MSA-III-2 tracer in the presence of unlabeled IGF-I (e) or A27inS,,lin-BJGF-I (i) as described in Methods (competitive
binding protein assay). Results are expressed as percent maximum specific binding (100%l1 corresponds to 13.43% of input radioactivity).

competed for '251I-MSA 111-2 binding at concentrations 100 times
greater than IGF-I. Insulin did not inhibit binding (not shown).
These results suggest that the IGF-binding macromolecules re-
leased from fibroblast monolayers after brief (5 h) incubation
in buffer have a binding specificity appropriate for IGF carrier
proteins.

The biphasic binding curves for '25I-IGF-I binding to fibro-
blast monolayers reflect saturation of the alternative binding sites
for radioligand in the culture media. The release of IGF carrier
proteins by fibroblast monolayers during the binding incubation
that were capable of interacting with IGF-I or BIGF-I hybrid mol-
ecules provided a possible explanation for the observed biphasic
binding curves. Carrier proteins in the incubation media bind
IGF-I tracer, decreasing the radioligand available for binding to
cell receptor sites. Unlabeled peptides (e.g., BIGF-I hybrid mole-
cules) having greater affinity for carrier proteins than for cell
receptors (especially the predominant type II receptor) should
preferentially bind to carrier proteins in the incubation media,
thereby presenting a higher concentration of IGF-I tracer to the
cells.

To test this hypothesis, fibroblast monolayers were incubated
with '25I-IGF-I tracer in the presence of different concentrations
of IGF-I, insulin, or A27 insulin-BIGF-I. Radioligand bound to
the cells and to the media binding proteins at the end of the
incubation was determined (Fig. 5). IGF-I tracer binding to cells
increased in the presence of 1-2 ng/ml of IGF-I or 20-100 ng/
ml of hybrid, and was inhibited completely or partially by higher
concentrations of IGF-I or hybrid molecule, respectively. Un-
labeled insulin gave a small (-20%) decrease in cell-associated
binding, and did not significantly inhibit IGF-I tracer binding
to carrier proteins in the media.

These results are consistent with the interpretation that tracer
IGF-I partitions between cell-associated binding sites and binding
sites in the media. Unlabeled IGF-I binds to both carrier proteins
in the media and IGF receptors on the cell surface. At low con-
centrations, it has some preference for binding to the carrier

protein rather than type II receptors on the cell, accounting for
the modest increase in cell-associated binding to fibroblast
monolayers at these concentrations. At higher concentrations
of unlabeled IGF-I, the binding sites in the media become sat-
urated, and further increases in unlabeled IGF-I concentration
competitively decrease radioligand binding to cell-associated re-
ceptors.

The greater enhancement of IGF-I tracer binding to fibroblast
monolayers by BIGF-I hybrid molecules reflects their selective
interaction with IGF carrier proteins. At concentrations <100
ng/ml, the hybrid molecule increased IGF-I binding in dose-
dependent fashion to a maximum of 190% of control. Over the
same concentration range, a reciprocal decrease in tracer IGF-
I binding to IGF carrier proteins in the media was observed (Fig.
5 B). At higher concentrations of the hybrid molecule (200-
10,000 ng/ml), IGF-I binding sites on carrier proteins in the
media became saturated, and cell-associated binding decreased
from 190% to 95% of the binding observed with IGF-I tracer
alone. The fraction of IGF-I tracer binding that is inhibited by
the hybrid molecule might represent type I IGF receptors or
cell-associated carrier protein. The residual binding of 1251I-IGF-
I to fibroblast monolayers in the presence of 10 gg/ml of BIGF-I
hybrid presumably represents binding to the type II IGF receptor,
although the possibility that this represents binding to a carrier
protein with very low affinity for the hybrid molecule cannot be
excluded.2

Fibroblast monolayers cultivated in serum-free media release
less IGF carrier protein to the incubation media. The preceding
results suggested that the upward limb of the biphasic compe-
tition curves observed for tracer IGF-I binding to fibroblast
monolayers grown in the presence of serum resulted in large
part from the presence of IGF carrier proteins in the incubation
media. Because a much smaller increase in tracer IGF-I binding
in the presence of low concentrations of IGF-I or BIGF-I hybrid
molecules was observed when fibroblasts were maintained in
serum-free media, it was anticipated that lower concentrations
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Figure 5. Inhibition of '25I-IGF-I binding to fibroblast monolayers (A)
and media proteins (B) by unlabeled IGF-I (-,e), A27iUSUD-BIGF-j (n,
i), or insulin (o, cz). Fibroblasts were grown to confluence in Eagle's
MEM-20%fetal calf serum. (A) '25I-IGF-I binding to fibroblast mono-
layers was determined in the presence of the indicated peptides. Per-
cent maximum specific binding (3.66% of input radioactivity) is plot-
ted. (B) At the end of the binding incubation, the medium was aspi-
rated, and precipitated with PEG-ey-globulin as described in Methods.
Radioactivity specifically precipitated (i.e., after correction for the
blank) is plotted as percent of maximum (9.89% of the radioactivity
initially incubated with the cell monolayer). No 25I-IGF-I was specifi-
cally precipitated in the presence of 2 10 ng/ml of unlabeled IGF-I or
2200 ng/ml of A27inv,,,,n-BIGFI (points not plotted).

of carrier protein would be present in incubation media from
cells cultivated under these conditions. This prediction is con-
firmed in the three paired experiments depicted in Fig. 6. For
cells cultivated in serum-free media, cell-associated radioactivity
was -3.5 times greater than radioactivity bound to IGF carrier
proteins in the media: i.e., 8.29±1% vs. 2.37±1.3%. By contrast,
for cells grown in the presence of serum, -2.25 times more
IGF-I radioactivity was bound to incubation media containing
IGF carrier proteins than to fibroblast monolayers (i.e.,
7.91±1.18% vs. 3.52±1.5%, respectively). Thus, in fibroblasts
cultivated in serum-free media, IGF-I tracer binding to media
proteins is reduced but not abolished.

Suspended fibroblasts do not release IGF carrier proteins to
the incubation media. In competitive binding experiments in
suspended fibroblasts, curves obtained with unlabeled IGF-I or
B-IGF-I hybrid molecules are monophasic; that is, no increase
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Figure 6. Distribution of '25I-IGF-I bound to cell monolayers and me-
dia proteins for fibroblasts cultivated in serum-containing (S) or
serum-free (SF) media. Fibroblasts (S) were plated in Eagle's MEM-
20% fetal calf serum (50,000 cells/22-mm well) and grown to conflu-
ence (350,000 cells, 72 ig of protein [Bio-Rad assay], per well). Fibro-
blasts (SF) were plated in Eagle's MEM-0.2% fetal calf serum (150,000
cells/22-mm well) for 48 h, followed by 24 h of incubation in Eagle's
MEM- mg/ml bovine serum albumin (final concentration 150,000
cells, 40 ,gg of protein, per well). In experiment 2, cells were plated in
60-mm dishes, resulting in somewhat higher final protein concentra-
tions (300 and 270 Ag/well for' serum and serum-free conditions, re-
spectively). '25I-IGF-I binding to cell monolayers (n) and to media
proteins (D) were determined as described in Fig. 5. The percent max-
imum specific 1251-IGF-I bound is shown for three paired experiments.

in IGF-I tracer binding is observed at lower concentrations of
unlabeled peptide. If the increased binding observed to fibroblast
monolayers reflects the presence of IGF carrier proteins in the
media as proposed, one would not expect carrier proteins to be
present in media conditioned by suspended fibroblasts. This is
demonstrated in Fig. 7. Duplicate fibroblast monolayer cultures
were grown to confluence in serum-containing media. Binding
was performed directly to the monolayer or after suspension of
the cells. Media recovered after incubation with cell monolayers,
but not the supernate recovered from incubations with suspended
cells, contained carrier proteins capable of specifically binding
IGF-I tracer.

IGF-I binding to detergent-solubilizedfibroblast monolayers
cultivated in serum-free or serum-containing media. Fibroblast
monolayers maintained in serum or serum-free media were sol-
ubilized with Triton X-100, and the binding of 1251I-IGF-I to the
solubilized extracts was compared. For cells grown in media
containing 20% fetal calf serum, IGF-I tracer binding to the
solubilized preparations was approximately seven times greater
than to the intact monolayer (Table II). Tracer IGF-I binding
to the solubilized preparations was inhibited by unlabeled
IGF-I and by BIGF-I hybrid molecules, but not by insulin or A27
insulin (Fig. 8 A), a specificity consistent with the predominant
binding molcule being an IGF carrier protein.

After preincubation of fibroblast monolayers in binding
buffer for 5 h at 1 5'C, binding of tracer IGF-I to the monolayer
increased and binding to carrier proteins released to the media
decreased (Fig. 4). Whenmonolayers that had been preincubated
were solubilized with Triton X-100, approximately fourfold
greater binding of IGF-I tracer to cell extracts (23.1% of input
radioactivity) than to cell monolayers (5.25% of input) was ob-
served (not shown). These values compare with 31.5% of IGF-
I tracer bound to Triton-solubilized extracts, and 3.98% bound
to monolayers of fibroblasts that had not been preincubated with
buffer in the same experiment (not shown). These results suggest
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Figure 7. IGF carrier protein is released to the incubation media by
fibroblast monolayers but not by suspended fibroblasts. Fibroblasts
were plated in 100-mm dishes and grown to confluence in media con-
taining 20% fetal calf serum as described in Methods. Cells from one
dish were suspended with trypsin-EDTA, washed, and incubated in
HBBfor 5 h at 150C (five tubes, 0.5 ml/tube). A second dish was
washed and incubated with 2.5 ml of HBBat the same time. Aliquots
of supernatant media from the suspension and monolayer incubations
were examined for presence of IGF carrier proteins by incubation with
'25I-IGF-I, and separation of IGF-carrier protein complexes using acti-
vated charcoal as described in Methods. A blank value (i.e., radioac-
tivity in the charcoal supernate in the absence of added carrier pro-
tein) of 6.5% of input radioactivity has been subtracted. The percent
input '251-IGF-I radioactivity specifically bound is plotted against the
microliters of supernate from fibroblast monolayers (-) or suspended
fibroblasts (o) added to the incubation. Incubation of '25I-IGF-I with
100 ul of supernate from the fibroblast monolayer incubation in the
presence of excess unlabeled IGF-I completely abolished the specific
binding to the carrier protein (not shown).

that even though appreciable quantities of carrier protein are
released from the monolayer to the media during preincubation,
even greater amounts of carrier protein remain associated with
the cell monolayer, possibly in internal or cryptic sites.

Quite different results were obtained when IGF-I binding
was examined using Triton extracts of fibroblasts that had been
maintained in serum-poor media. IGF-I tracer binding to sol-
ubilized fibroblast extracts was only 77% (range 53-113%) of
the binding observed to intact serum-poor monolayers (Table
II). IGF-I binding to these solubilized extracts was inhibited by
low concentrations of unlabeled IGF-I (ED50 1 ng/ml), in-
hibited - 80%by BIGF-I hybrid molecules at 10 Ag/ml, and - 50%
inhibited by insulin at 10 Atg/ml (Fig. 8 B). We interpret the
fraction of binding that is inhibitable by both the hybrid mol-
ecules and insulin as binding to type I IGF receptors, whereas
that fraction of the hybrid-inhibitable binding that is not inhibited
by insulin is thought to represent binding to IGF carrier proteins.

It is of interest that virtually all of the tracer IGF-I binding
to solubilized extracts of fibroblasts cultivated in serum or serum-

Table II. IGF-I Binding to Fibroblast Monolayers
before and after Solubilization with Triton X-100

'zI-IGF-I bound (% of input radioactivity)

20% serum 0.2% serum

Soluble/ Soluble/
Experiment Cells* Solublet cel§ Cells* Solublet cell§

1 3.66 30.0 8.2 9.07 4.92 0.54
2 6.16 39.9 6.5 10.84 9.13 0.84
3 4.91 41.7 8.5 11.40 9.44 0.83
4 4.62 34.5 7.5 10.83 5.76 0.53
5 5.65 27.4 4.9 8.72 9.81 1.13

Mean (n = 5) 5.00 34.7 6.9 10.17 7.81 0.77
(±SD) (±0.96) (±6.2) (± 1.20) (±2.28)

Fibroblasts were grown in 22-mm wells in Eagle's MEMcontaining
20% or 0.2% fetal calf serum. '25_-IGF-I binding to cell monolayers
was determined. Replicate culture wells were solubilized with Triton
X-100, and '251-IGF-I binding to soluble proteins determined by pre-
cipitation with PEG--y-globulin (and corrected for tracer binding to
0.1% Triton X-100 without cells). Cell numbers were - 300,000 (20%
serum) and - 160,000 (0.2% serum), except that -250,000 cells were
present at both serum concentrations in experiment 3.
* Percent input 1251-IGF-I bound to cell monolayers (per 22-mm well).
* Percent input '25I-IGF-I bound to proteins solubilized from the 22-
mmwell by Triton X-100.
§ Ratio of radioactivity bound to Triton-solubilized extract + radioac-
tivity bound to cell monolayer.

free media was inhibited in the presence of BIGF-I hybrid mole-
cules. This suggests that binding to type II IGF receptors was
not detected in the Triton-solubilized extracts, most likely be-
cause Triton failed to solubilize or inactivated the type H receptor.

Support for this interpretation comes from the observation
that a different solubilization buffer (TES), containing 1%Triton
X-100, 5 mMEDTA, 1% (wt/vol) sodium deoxycholate, ±2%
N-octylglucoside effectively solubilized type II IGF receptors and
carrier proteins, but not type I IGF receptors (results not shown).
Fibroblasts cultivated in serum-free media were extracted with
Triton X-100 or TES buffer. IGF-binding to the TES extracts
was - 140% of that to the Triton extracts. Binding to the TES
extracts was not significantly inhibited by 10 gg/ml of insulin
(indicating that type I IGF receptors were not present), and was
only 50-70% inhibited by 10 Ag/ml of BIGF-I hybrid (suggesting
that both IGF carrier proteins and type II receptors were present).

Discussion

Type I and type II IGF receptors and IGF carrier proteins differ
in their ability to bind insulin and hybrid molecules containing
the A chain of insulin and the B domain of IGF-I (19). In the
present study, we have used these hybrid molecules in compet-
itive binding studies to differentiate the binding sites for IGF-I
on cultured human fibroblasts studied after suspension and as
monolayer cultures.

Binding of IGF-I tracer to suspended fibroblasts is inhibited
by insulin and by B-IGF-I hybrids, a specificity similar to that
observed for the chick embryo fibroblast type I receptor (20)
and confirming that IGF-I binds predominantly to a type I IGF
receptor (2, 12-14). By contrast, IGF-I binding to fibroblast
monolayers is only minimally inhibited by high concentrations

Modulation of Insulinlike Growth Factor I Binding to HumanFibroblasts 609
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macromolecule complexes were precipitated with PEG--y-globulin. Precipitated radioactivity was corrected for 1251-IGF-I precipitated from a con-
trol incubation (i.e., tracer plus buffer containing 0.1% Triton X- 100). Results are expressed as percent maximum binding. The mean± 1 SDof
three experiments is plotted.

of insulin or B-IGF-I hybrids, suggesting predominant binding
to a type II IGF receptor. This is true both for cells grown in
serum-containing medium and for cells cultivated in serum-free
medium. IGF-II tracer appears to bind to sites with similar spec-
ificity on fibroblast monolayers. Identification of the binding
sites as type II IGF receptors will require independent confir-
mation by other means, inasmuch as we cannot exclude the
possibility that fibroblast monolayers possess binding sites for
IGF-I other than type II receptors that do not bind either insulin
or the B-IGF-I hybrid molecules.2

The presence of both type I and type II IGF receptors on
cultured human fibroblasts is consistent with results obtained
using other experimental approaches. Type I receptors have been
identified when IGF-I is cross-linked to fibroblast monolayers
(14), and in Triton-solubilized extracts. Type II IGF receptors
have been identifid in a membrane fraction containing both
plasma and microsomal membranes (4), and in Triton-EDTA-
deoxycholate-solubilized extracts of fibroblast monolayers. The
type I IGF receptor appears to be a minor binding site on fibro-
blast monolayers, and to require either solubilization of the cells
or suspension of the cells from the monolayer before they can
be identified.3 Although type II IGF receptors appear to be the
predominant binding site for IGF-I on fibroblast monolayers,
they are not effectively cross-linked to IGF-I tracer by disucci-
nimidyl suberate (14). Moreover, type II receptors are not re-
covered in Triton extracts of the cells, and are either inactivated

3. Preliminary experiments indicate that the extensive washing associated
with the cell suspension procedure rather than exposure to trypsin per
se is responsible for the unmasking of the type I receptors (Wigle, G.,
and M. M. Rechler, unpublished results). Fibroblasts were grown to con-
fluency in medium containing 20% fetal calf serum. Cells were suspended
from half of the dishes as described in Methods. The remaining cells
were treated identically except that the washed monolayer was incubated
with 0.5 mMEDTA rather than trypsin-EDTA, and the cells were de-
tached from the culture dish by mechanical scraping. I25I-IGF-I binding
to trypsin-suspended and mechanically suspended fibroblasts was inhib-
ited by IGF-I and by insulin. Dose-response curves obtained with cells
suspended by the two procedures were indistinguishable. Thus, me-
chanical detachment and extensive washing appear sufficient to unmask
type I receptors, and to remove or inactivate virtually all of the binding
to sites not inhibited by insulin.

or removed by the cell suspension procedure (i.e., mild trypsin
treatment and extensive washing). Thus, no single set of exper-
imental conditions (suspension, monolayer, cross-linking, sol-
ubilization) is sufficient to allow concurrent assessment of both
type I and type II receptors.

A clue to explaining the variability in IGF-I binding under
different experimental conditions came from the unexpected
observation of a biphasic dose-response curve for IGF-I tracer
binding to monolayer cultures of fibroblasts grown in serum-
containing medium. At low concentrations of unlabeled IGF-I,
IGF-tracer binding was increased to a small but significant extent.
A more dramatic increase in binding was observed with higher
(optimal) concentrations of B-IGF-I hybrid molecules. The in-
creased binding does not merely reflect protection of the tracer
against degradation, because no change in trichloroacetic acid
precipitability of the tracer was detected after 5 h of incubation
at 150C.

Because IGF-I tracer binding to fibroblast monolayers was
increased to a greater extent by B-IGF-I hybrids than by IGF-I
itself, and because B-IGF-I hybrids bind to IGF carrier proteins
but not to type II IGF receptors, we formulated the following
hypothesis: (a) IGF carrier proteins are released to the medium
during the binding incubation. (b) IGF-I tracer partitions between
binding sites on the cells and binding to carrier proteins in the
medium. (This presumes that complexes of 125I-IGF-I and carrier
protein do not effectively bind to receptors [5, 6].) (c) Preferential
saturation of potential IGF-I binding sites in the medium by
unlabeled ligand (e.g., B-IGF-I hybrid molecules) makes more
IGF-I tracer available to the cells and thereby increases binding
to the cells.

The following experimental results support this model:

(a) Media harvested after incubation with fibroblast monolayers
for 5 h at 15oC contained proteins that specifically bind IGF-I.
When IGF-I tracer was incubated with the recovered media,
complexes of tracer with media proteins could be demonstrated
by gel filtration at neutral pH (not shown), precipitation with
PEG, and after adsorption of unbound tracer with activated
charcoal. Binding to these proteins was inhibited by IGF-I and
by higher concentrations of B-IGF-I hybrids, but not by insulin,
a specificity suggesting that the predominant protein binding
IGF-I in the medium was an IGF carrier protein.
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(b) When fibroblast monolayers were incubated with 1251-IGF-
I, more radioactivity was associated with media proteins after 5
h of incubation than with the cells. Complexes in the media at
the end of the binding incubation have been demonstrated by
neutral gel filtration (not shown) and by PEGprecipitation.
(c) The level of unsaturated carrier protein in the incubation
media correlates inversely with IGF-I tracer binding to the cell
monolayer. That is, when fewer binding sites are available on
carrier proteins in the media, more tracer binds to the cells. (i)
Preincubation of fibroblast monolayers in binding buffer for 5
h at 150C decreased the unsaturated carrier protein in the media
after a second 5-h incubation, and concomitantly increased IGF-
I tracer binding to the cells. (ii) When fibroblast monolayers
were cultivated in serum-free rather than serum-containing me-
dium, cell-associated IGF-I tracer binding was increased whereas
binding to carrier proteins in the incubation medium was de-
creased. (iii) Suspended fibroblasts exhibit a simple monophasic
dose-response curve (i.e., no increase in tracer binding was ob-
served at any concentration of B-IGF-I hybrid). IGF carrier pro-
teins were not detected in media recovered after incubation with
suspended fibroblasts. (iv) Whencell-associated binding and IGF-
I tracer binding to media proteins were examined in the same
competitive binding experiment, maximal tracer binding to cell
receptors was observed at concentrations of unlabeled ligand
that saturate the potential binding sites for IGF-I tracer in the
media. This occurred at 5-10 ng/ml IGF-I and 100 ng/ml of B-
IGF-I hybrid, and reflects the affinity of fibroblast carrier proteins
for these ligands. The greater maximum binding observed with
the hybrid molecules relative to IGF-I results from the fact that
at its optimal concentration it has greater selectivity for binding
to carrier proteins than for cell receptors (especially type II re-
ceptors) than does IGF-I at its concentration optimum.

The preceding results demonstrate qualitatively that the
concentration of unsaturated binding sites for IGF-I on IGF
carrier proteins in the incubation media correlates inversely with
the magnitude of IGF-I tracer binding to the fibroblast mono-
layers. The question remained whether the number of possible
IGF-I binding sites in the media is sufficient to account quan-
titatively for the increase in free IGF-I tracer required to cause
the observed increase in cell-associated radioactivity. For ex-
ample, to account for a twofold increase in cell-associated ra-
dioactivity upon addition of optimal concentrations of B-IGF-
I hybrid, it would be necessary that half of the input IGF-I tracer
be bound to sites in the media in the absence of the hybrid.
Occupancy of the media sites by B-IGF-I hybrid would double
the "free" IGF-I tracer available to bind to the cell monolayer.
In the experiments presented, <15% of the input radioactivity
was precipitated from the incubation medium by 12.5% PEG.
However, under these conditions only -25% of the '251I-IGF-I-
carrier protein complexes in the media that are detected by neu-
tral gel filtration are precipitated. Thus, our experimental con-
ditions considerably underestimate the extent of IGF-I tracer
binding to carrier proteins in the media. The actual number of
these binding sites should be sufficient to account quantitatively
for the observed increases in tracer binding to the cell monolayer.

The IGF carrier proteins released by fibroblasts during the
binding incubation might represent carrier proteins synthesized
by the fibroblast cultures, or residual carrier proteins sequestered
from the fetal calf serum used in the initial culture media. Human
fibroblasts synthesize and secrete increasing quantities of carrier
protein to the media during prolonged (4-d) incubation in serum-

free media (Romanus, J. A., and M. M. Rechler, unpublished
results), and this release is abolished by the protein synthesis
inhibitor cycloheximide (16). Moreover, protein synthesis is de-
creased in fibroblasts maintained in serum-free media compared
to serum-containing media (Romanus, J. A., and M. M. Rechler,
unpublished results). Thus, although we favor the interpretation
that the carrier protein released to the media during the binding
incubation with fibroblast monolayers is synthesized de novo
by the fibroblasts, we cannot exclude the possibility that it rep-
resents carrier protein sequestered from the fetal calf serum.4

IGF carrier proteins appear to be present in fibroblast
monolayers in both readily releasable and slowly releasable (in-
ternal) pools. Carrier proteins are readily released from the cells
to the media after a 5-h incubation at 150C in binding buffer.
They also are removed/inactivated by the extensive wash pro-
cedure and trypsin treatment used to suspend cells from the
monolayer.3 However, considerable quantities of carrier proteins
also appear to be present intracellularly, because they are lib-
erated by extraction of fibroblast monolayers with Triton X- 100
even after 5 h of preincubation in buffer.

Although our model requires that IGF carrier proteins be
present in the media at the end of the binding incubation, further
studies are required to determine when during the incubation
the carrier proteins are released from the cell and when they
interact with IGF-I tracer. Carrier proteins are not present in
the media at the start of the incubation. They may be present
on the surface of the fibroblasts, possibly masking type I IGF
receptors on the intact monolayer. It is unknown whether the
IGF-I tracer partitions between cell receptors and carrier proteins
while the carrier proteins are on the cell surface or after they
are released to the media.

Undoubtedly, the previously unsuspected role of IGF-carrier
proteins in modulating IGF-I binding to fibroblasts has contrib-
uted to the variable results obtained under different experimental
conditions and in different laboratories. Variations in the amount
of carrier protein present in the cultures, the distribution of the
carrier protein between cells and media, and the relative affinities
of carrier proteins and receptors for labeled and unlabeled ligand
might contribute to this variability. For example, Rosenfeld and
Dollar (17) reported that somatomedin C/IGF-I tracer binding
to fibroblast monolayers was inhibited in a simple dose-response
curve by IGF-I, less potently by IGF-II, and 60% inhibited by
high concentrations of insulin, a specificity consistent with pre-
dominant binding to a type I IGF receptor. These studies used
cultures established from foreskin of a single newborn donor

4. Carrier proteins continue to be released to both incubation and culture
media even after prolonged cultivation in serum-free media. Fibroblast
monolayers were grown in serum-containing media, washed, and in-
cubated in Hepes binding buffer (5 h, 15'C), and the incubation media
recovered (as described in Fig. 4 B). The media was replaced with Eagle's
MEMfor 72 h at 37°C, the media were collected, and a second 5-h
incubation (5 h, 1 5°C) in fresh Hepes buffer was performed. The 72-h-
37°C-MEM and 5-h-I 5°C-Hepes binding buffer incubations were re-
peated two additional times. The four sequential 5-h media collections
and the three sequential 72-h collections were assayed for carrier protein
using the charcoal separation assay. The levels of carrier protein showed
only a minor decrease with prolonged cultivation in serum-free media
(Wigle, G., J.-F. Wang, and M. M. Rechler, unpublished results). These
results suggest either that the carrier protein is continuously synthesized
by fibroblast cultures in serum-free media, or that preexisting carrier
protein (of unknown origin) is slowly transferred to a releasable pool.
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(instead of forearm skin of 18-20-year-old volunteers). It is un-
clear whether somatomedin C purified in their laboratory or
IGF-I obtained from Humbel was used as radioligand.5 Other
potential variables (growth medium, feeding schedule, cell den-
sity) do not appear to be a factor, because our most pronounced
biphasic binding curves were observed in experiments performed
using their conditions (Fig. 1 A). Although the same authors also
described somatomedin C binding to fibroblast monolayers es-
tablished from adult forearm skin (28), they did not comment
on whether insulin inhibits this binding. Thus it is not possible
to determine whether this binding also was to a type I IGF re-
ceptor.

Recent results using antireceptor antibodies specific for type
I IGF receptors suggest that the IGFs stimulate DNAsynthesis
in cultured human fibroblasts via the type I IGF receptor (29).
It is curious that the type I receptors appear to be masked or in
a cryptic state in fibroblast monolayers, requiring suspension of
the cells before they become the predominant binding site for
IGF-I. IGF carrier proteins are synthesized by cultured fibro-
blasts, accumulate intracellularly, and are released to the media.
IGF-I binding to carrier proteins in the media and possibly on
the cell surface profoundly alters IGF-I binding to IGF receptors
on the fibroblast monolayer. These results suggest that carrier
proteins may play an important regulatory role in IGF-I binding
and action.
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