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Receptors for Bradykinin in Intact
Cultured Human Fibroblasts

IDENTIFICATION AND CHARACTERIZATION

BY DIRECT BINDING STUDY

ADELBERTA. ROSCHER,VINCENT C. MANGANIELLO, CAROLEL. JELSEMA, and JOEL
Moss, Laboratory of Cellular Metabolism, National Heart, Lung, and Blood
Institute, National Institutes of Health, Bethesda, Maryland 20205

A B S T R A C T Bradykinin receptors on cultured hu-
man fibroblasts were characterized using [2,3-prolyl-
3,4-3H(N)]bradykinin as radioligand. During incuba-
tion with intact fibroblasts, intact [3H]bradykinin was
lost much more rapidly at 370 than at 4°C as deter-
mined by bioassay, high-performance liquid chro-
matography, and ion-exchange chromatography, and
is likely to be degraded. At 40, but not at 37°C, bra-
dykinin remained intact in the presence of 2 mMbac-
itracin, but not in the presence of soybean trypsin in-
hibitor or SQ-20881, an inhibitor of kininase II. Spe-
cific binding at 4°C was saturable with a maximum
number of binding sites of 230±18 fmol/mg protein
(mean±SE, n = 4) and a dissociation constant of
4.6±0.5 nM (mean±SE, n = 4). Linear Scatchard plots,
Hill coefficients close to unity (0.95-1.06), and the fail-
ure of excess bradykinin to influence dissociation ki-
netics are consistent with a single component binding
system with no significant cooperativity. Na+ at phys-
iological concentrations and Ca++ or Mg++ at 3-10 mM
reduced binding by 25%. The relative potencies of
bradykinin analogues and unrelated peptides in com-
peting for [3H]bradykinin binding indicated a speci-
ficity of the binding sites consistent with that of a B2
type receptor. Potencies of the peptides in displacing
[3H]bradykinin correlated with their abilities to release
prostacyclin, determined as its metabolite 6-keto-
PGFia. This system, the first in which bradykinin re-
ceptors on human cells have been characterized,
should prove useful for investigation of the regulation
of bradykinin-influenced biological processes.
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INTRODUCTION

The nonapeptide bradykinin is involved in many im-
portant biological processes including inflammation
(1) and the regulation of blood pressure (2, 3), elec-
trolyte fluxes, and fluid balance (4, 5). Recent evidence
suggests that bradykinin might also have a role as a
central neurotransmitter (6). From indirect experi-
mental approaches (structure-activity relationships,
kinetic data), it has been concluded that bradykinin
exerts its characteristic effects by interacting with one
or more types of specific receptors on the cell surface
(7-9). Recently, using 1251-[Tyrl]kallidin (10) or
[3H]bradykinin (5, 11) as radioligands, bradykinin-
binding sites with properties of physiologic bradykinin
receptors have been identified in crude membrane
preparations from several mammalian tissues. In intact
tissues, bradykinin receptor stimulation appears to ini-
tiate a series of intracellular events, including acti-
vation of phospholipases A2 and C (12, 13), the release
of prostaglandins (PG)' (14-16), and accumulation of
cyclic (c)AMP and cyclic guanosine monophosphate
(16, 17). A variety of experimental manipulations, such
as treatment of intact cells and tissues with steroids
(12), PGE2 (18), serotonin (18), trypsin (19), neur-
aminidase (20), and thiol compounds (21), have been
shown to alter their responsiveness to bradykinin.
Proper interpretation of the events that regulate bra-
dykinin responsiveness, however, requires an under-
standing of the interaction between bradykinin and
its receptor, receptor-effector coupling systems, and
biological effects of bradykinin. This goal can best be
achieved in an intact cell system that retains receptor-

' Abbreviations used in this paper: HPLC, high-pressure
liquid chromatography; PG, prostaglandin(s); PGI2, pros-
tacyclin.
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mediated biological responses. Cultured human skin
fibroblasts have frequently been used to investigate
hormone effects and genetic defects. Human fibro-
blasts also have been proven to be a bradykinin-re-
sponsive target tissue (12, 16, 22). Therefore, in this
study, we undertook to assess bradykinin receptor
binding in human foreskin fibroblasts utilizing
[3H]bradykinin as a physiological receptor ligand.

METHODS

[2,3-Prolyl-3,4-3H(N)]bradykinin (52 Ci/mmol) and 6-
keto[3H]PGFIa (120 Ci/mmol) were obtained from New
England Nuclear (Boston, MA). [3H]bradykinin, stored in
0.05 N acetic acid, had to be purified on CM-Sephadex be-
fore use, whereas solutions in ethanol proved to be more
stable. Unlabeled bradykinin was purchased from Beckman
Instruments, Inc. (Palo Alto, CA); bradykinin analogues and
peptides from Peninsula Laboratories, Inc. (Belmont, CA);
culture medium, enzyme solutions, and additives for the
culture media from Gibco Laboratories (Grand Island, NY);
E-aminocaproic acid, 1-10 phenanthroline and N-methyl-D-
glucamine from Sigma Chemical Co. (St. Louis, MO); bac-
itracin from Calbiochem-Behring Corp., American Hoechst
Corp. (La Jolla, CA); soybean trypsin inhibitor from P. L.
Biochemicals, Inc. (Milwaukee, WI); bovine albumin from
Armour Pharmaceutical Co. (Phoenix, AZ); 6-keto-PGFI,a
antiserum and standard from Seragen Inc. (Boston, MA);
dextran T-70 and CM-Sephadex C-25 from Pharmacia Fine
Chemicals (Piscataway, NJ). SQ-20881 and captopril were
kindly provided by Squibb Pharmaceutical Inc. (Princeton,
NJ). All other reagents were of analytical grade and obtained
from commercial sources.

Cell culture. A single line of human fibroblasts (HF-15)
from foreskin of a healthy newborn male, established by
routine techniques, was used for all studies; cells were used
between the 8th and 15th passages. Stock cultures were
grown in Eagle's basal medium supplemented with Earle's
salts, 10% fetal calf serum, and 2 mMglutamine as previously
described (23). For experiments, subcultures were initiated
with 1 X 106 cells in 60-mm plastic dishes (Falcon Labware,
Div. of Becton, Dickinson & Co., Oxnard, CA). Medium was
changed on day 7, and experiments were performed on day
8. For assay of intact [3H]bradykinin remaining in medium
after exposure to cells, fibroblasts were grown in 6-well
multi-dish trays (Falcon Labware).

[3H]Bradykinin-binding studies. Unless otherwise noted,
all binding measurements were performed at 4°C with cell
monolayers in culture dishes supported on a porous stainless
steel platform covered with a film of ice water in an ice
bath. Growth medium was removed and cells were washed
twice with 4 ml of ice-cold Dulbecco's phosphate-buffered
saline. Cells were then equilibrated for 15 min on ice with
4 ml of chilled modified Hanks' balanced salt (HBSS) solution
(120 mMNaCl replaced with N-methyl-D-glucamine (24)
and concentrations of CaCl2, MgCl2, and MgSO4 reduced
by half) supplemented with 0.05% bovine albumin, minimal
essential medium amino acid mixture, 2 mMbacitracin, and
10 mMHlepes, pH 7.3. Binding was initiated by replacing
medium with 2 ml of fresh medium containing the appro-
priate concentrations of [3H]bradykinin with or without 3
MMunlabeled bradykinin. This concentration of bradykinin
was determined to be optimal for differentiating specific
from nonspecific binding (Fig. 6 B). At the indicated time
thereafter, the medium was removed and cells were rapidly

rinsed four times with a total of 20 ml of ice-cold modified
HBSScontaining 0.2% bovine albumin (pH 7.3). Cells were
then rinsed twice with Dulbecco's phosphate-buffered saline,
incubated with 2 ml of 0.1% trypsin (10 min, 37°C), and
quantitatively transferred to vials for radioassay after ad-
dition of 15 ml of Aquasol (New England Nuclear).

Specific binding of [3H]bradykinin, defined as the differ-
ence between total binding and binding in the presence of
3 MMbradykinin, usually represented >95% of the total
binding (Fig. 5 A). Although the protein content of different
subcultures varied (320-450 Mig protein/dish), in a single
experiment, the variation in protein per culture dish was
<5%. Protein was measured according to Lowry et al. (25).

Bioassay of intact [3H]bradykinin by binding to fibro-
blasts. The integrity of [3H]bradykinin in the incubation
medium after exposure to fibroblasts (used medium) was
tested by its ability to bind specifically to fresh fibroblasts.
Used media were transferred to chilled tubes and frozen
immediately. For each experimental condition, medium
containing the same amount of [3H]bradykinin was prepared
and treated identically but was not incubated with cells
(control medium). Fibroblasts grown in multi-dish trays
were used as a bioassay system. Media (control and used)
were thawed (at 0°-4°C) and kept on ice; samples containing
the same amounts of radioactivity were incubated with fi-
broblasts for 30 min at 4°C for determination of specific
[3H]bradykinin binding; the difference between specific
binding from control and used media was taken as the
amount of [3H]bradykinin degraded or altered in such a way
that precluded binding to fibroblasts.

Ion-exchange chromatography. To separate intact bra-
dykinin from degraded/altered products, a modification of
a previously described procedure was used (26). Samples of
medium containing [3H]bradykinin were supplemented with
an excess of unlabeled bradykinin and diluted to a final salt
concentration of <0.05 M. Samples were adjusted to pH 5.0
and applied to columns (0.2 X 0.6 cm) of CM-Sephadex C-
25 equilibrated with 0.05 M ammonium acetate. Altered
bradykinin products were eluted in stepwise fashion with 3
ml of 0.1 Mand 8 ml of 0.2 Mammonium acetate, pH 5.0;
[3H]bradykinin was then eluted with 0.5 Mammonium ac-
etate, pH 7.2.

High-performance liquid chromatography (HPLC).
Fractions eluted from CM-Sephadex were lyophilized and
reconstituted in 200 Ml acetonitrile. Aliquots (50 Ml) of the
radioactive material were coinjected with nonradioactive
standards (-2 Mg) of Lys-bradykinin and des-Arg9-brady-
kinin and chromatographed on a micro-Bondapack C18 col-
umn using a Varian model 5000 liquid chromatograph (Var-
ian Associates, Inc., Instrument Group, Palo Alto, CA) (flow
rate, 1 ml/min; isocratic elution for 50 min with a mixture
of 80% solvent A [0.05% trifluoroacetic acid, 0.25% trieth-
anolamine] and 20% solvent B [0.05% trifluoroacetic acid,
0.25% triethanolamine, 80% acetonitrile]). The UV absorp-
tion of the column effluent was monitored continuously with
a variable wavelength spectrophotometer at 210 nm. Por-
tions of each 1-ml fraction were assessed for radioactivity
by liquid scintillation counting.

Radioimmunoassay of 6-keto-PGFIa. Incubation me-
dium was assayed directly for 6-keto-PGFIa by a modifi-
cation of the radioimmunoassay of Yaffe et al. (27). Each
assay contained 100 MI of medium or standard (10-2,000 pg),
50 Ml of 6-keto-PGF1,< (7,000 cpm), 50 Ml of antiserum (di-
luted such that '40% of the radioligand was bound) and
0.1% of gelatin in a total volume of 400 Ml of 10 mMTris/
150 mMNaCl, pH 7.4. After incubation for 16 h at 4°C,
antibody-bound 6-keto-PGF<,, was separated from uncom-
plexed tracer by the addition of 500 MA of an ice-cold 0.5%
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charcoal/0.05% dextran mixture and tubes were centrifuged
(1,000 g, 10 min, 4°C). The supernatants were decanted into
scintillation vials for radioassay of antibody-bound 6-keto-
[3H]PGFI0 after addition of 10 ml of Aquasol.

RESULTS

Analysis of integrity of [3H]bradykinin
during incubation with fibroblasts

Binding assay for functional (intact) bradykinin.
Incubation of [3H]bradykinin for 2 h at 4°C in medium
without cells reduced by only 5% the amount of ra-
dioligand capable of binding to cells (data not shown).
After incubation of [3H]bradykinin with cells for 30
min at 37°C or 2 h at 4°C, the amount of radioligand
that remained intact in the incubation medium and
could bind to fresh fibroblasts was reduced by 50%,
suggesting that during the incubation [3H]bradykinin
was altered/degraded so as to preclude binding to fi-
broblasts (Fig. 1). After incubation with cells for 2 h
in the presence of bacitracin, the amount of radioli-
gand capable of binding to fresh cells was reduced by
only 10% (Fig. 1). Of the agents tested, only 2 mM
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m
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bacitracin almost completely prevented the loss of ap-
parently intact (functional) bradykinin, as measured
by subsequent bioassay (Table I). Neither E-aminoca-
proic acid, soybean trypsin inhibitor, nor SQ-20881
(an inhibitor of kininase II) affected the disappearance
of intact bradykinin (Table I). At concentrations that
reduced the loss of apparently intact bradykinin, 1,10-
phenanthroline (an inhibitor of metal-dependent kin-
inases) was cytotoxic.

Separation of intact [3H]bradykinin and altered
products on CM-Sephadex and HPLC. Authentic
[3H]bradykinin could be bound to and eluted from
CM-Sephadex with >90% recovery (Fig. 2). Identifi-
cation of this material as bradykinin was confirmed by
HPLC (Fig. 3). Of the radioactivity in medium after
incubation of [3H]bradykinin with cells for 2 h at 4°C
with bacitracin, 90% was capable of binding to fresh
fibroblasts and 86% eluted from CM-Sephadex as au-
thentic bradykinin (Fig. 2). After incubation with cells
for 1 h at 37°C, however, only 24% bound to fresh
fibroblasts and 30% eluted as authentic bradykinin
(Fig. 2). Most of the radioactivity was eluted with 0.2
Mammonium acetate, pH 5.0 (Fig. 2). As seen in Fig.
3, most of this material was eluited during HPLC as

10 20 30 60 120
Time (min)

FIGURE 1 Time course of disappearance of intact [3Hjbradykinin during incubation with fi-
broblasts. Cells were incubated with 15 nM [3H]bradykinin at 370 (@) and at 4°C (5) without
and at 4°C with 2 mMbacitracin (0). At the indicated time, medium was removed for bioassay
of [3H]bradykinin by the binding to a fresh set of fibroblasts at 4°C (Methods). Data are
expressed as percentage of controls as follows: % [3H]bradykinin remaining = (% [3H]bradykinin
specifically bound from used medium/% [3H]bradykinin specifically bound from control me-
dium) X 100. These data of a representative experiment are the means of values from duplicate
incubations that did not vary by more than 5%. Specific binding (100%) was 190 fmol/mg
protein.
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TABLE I
Effect of Peptidase Inhibitors on [HJBradykinin Degradationl

Alteration by Fibroblasts

Specifically bound [H]bradykinin

Control Used rH]Bradykinin
Peptidase inhibitor medium medium degraded

cpm/dish %

None 1,190±75 580±40 52
Bacitracin, 2 mM 1,770±40 1,640±50 7
EACA, 0.5 M 1,400±65 710±65 49
SQ-20881, 10 MM 1,460±110 740±30 50
SBTI, 0.01% 1,180±15 575±30 51

[3H]Bradykinin, 15 nM, in 2 ml of binding medium with or without
peptidase inhibitors was incubated for 120 min at 4°C without
(control medium) or with fibroblasts (used medium). Intact
[3H]bradykinin in medium samples was then determined by bind-
ing to a fresh set of fibroblasts as described in Methods. Specifically
bound [3H]bradykinin is reported as mean±SDof values from trip-
licate assays. EACA, e-aminocaproic acid; SBTI, soybean trypsin
inhibitor.

unidentified radioactive material (retention time of 3
min); only a small fraction of the applied radioactivity
eluted with authentic bradykinin (retention time 18
min). In these experiments (Fig. 3) or in others in
which fibroblasts were incubated at 370C with 1 AM
or 3 mM[3H]bradykinin (data not shown), no accu-

50

,40-
I

30

20

5 10 15
Fraction

mulation of des-Arg9-bradykinin was observed as mon-
itored by HPLC. Of the radioactivity specifically
bound to cells during incubation at 4°C for 2 h with
bacitracin, >90% could be released by a brief (10 mnin,
4°C) incubation with acetic acid (0.2 M, pH 2.5) and
presumably represented surface-bound material (28,
29). Virtually all of this acid-extracted 3H bound to
CM-Sephadex and eluted as authentic bradykinin
(data not shown). These data suggested that in the
presence of 2 inM bacitracin at 4°C [3H]bradykinin
was not appreciably altered, either in the incubation
medium or when bound to fibroblasts. Kininases I arid
II are not likely to be important in the formation of
the products which accumulate when [3H]bradykinin
is incubated with fibroblasts at 370C, since inhibitors
such as SQ-20881 did not prevent the disappearance
of intact (functional) bradykinin (Table I) and des-
Arg9-bradykinin did not apparently accumulate (data
not shown).

Effect of pH and ionic composition on
[3H]bradykinin binding to intact fibroblasts
Alteration of pH of the incubation medium between

6.5 and 8.0 did not affect either total or specific binding
of [3H]bradykinin to intact fibroblasts. Na+, at physi-
ological concentrations, and Ca++ and Mg++ (3-10
mM) reduced binding by .25% (Table II). For most
studies of [3H]bradykinin binding to intact fibroblasts,
a modified HBSS(pH 7.3) was used with 120 mMNa+

20 25 30

FIGURE 2 Elution from CM-Sephadex of authentic [3H]bradykinin and of [3H]bradykinin in-
cubated with fibroblasts. Medium containing 15 nM [3HJbradykinin was incubated with cells
for 60 min at 370C (0) or for 120 rmin at 4°C in presence of 2 mMbacitracin (0). Another
sample of medium was not incubated with cells (0). Products of bradykinin degradation and
authentic bradykinin were eluted as described in Methods. Recoveries of 3H were >85%. Frac-
tion volume = 1 ml.
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FIGURE3 HPLC profile of fractions eluted from CM-Se-
phadex. The material eluted with 8 ml of 0.2 Mammonium
acetate, pH 5.0 (O) and with 8 ml of 0.5 M ammonium
acetate, pH 7.2 (0) was collected, lyophilized, and subjected
to HPLC (Methods). Radioactivity is expressed relative to
total radioactivity recovered from the HPLCrun, which was
3.2 X 105 and 7.6 X 105 cpm, respectively. Typical retention
times for nonradioactive standards were 13 min for Lys-bra-
dykinin, 18 min for bradykinin, and 40 min for des-Arg9-
bradykinin.

replaced by equimolar N-methyl-D-glucamine (24)
and with the concentrations of Mg++ and Ca++ reduced
by half.

Characteristics and specificity of binding of
[3H]bradykinin to intact fibroblasts
Binding of [3H]bradykinin by fibroblasts reached

apparent equilibrium within 1 h at 4°C (Fig. 4). The
rate of association was faster with 20 nM [3H]bradykinin
(a saturating concentration) than with a 4 nM
[3H]bradykinin. At 370C, binding of [3H]bradykinin
rapidly reached a maximum and then declined pro-
gressively (data not shown).

At 4°C, [3H]bradykinin dissociated from fibroblasts
with a half-time of 90 min (Fig. 5). At 37°C, disso-
ciation was extremely rapid, displaying an upwardly
concave curve. Dissociation at either temperature was
unaffected by the addition of 3 uM unlabeled brady-
kinin. In the experiment presented in Fig. 5, >90% of
the cell-associated radioactivity at zero time and after
90 min at 4°C was extracted by brief treatment with

TABLE II
Effect of Cations on [3HlBradykinin Binding by Fibroblasts

Specifically bound [rH]bradykinin

Ion concentration Ca Mg

mM

0.3 102±2.1 96±2.4
1 96±1.4 92±1.2
3 84±0.9 84±4.2

10 74±2.1 73±2.8

Na

17.5 97±2.2
35 95±1.3
70 85±1.6

140 72±3.3

Cells were incubated with 15 nM [3H]bradykinin with and without
3 uM bradykinin for 60 min at 4'C (Methods). Medium compo-
sition was varied as indicated. Ions were added as the chloride salts
and osmolarity maintained by addition of N-methyl-D-glucamine.
Data are means±SD of values from triplicate determinations ex-
pressed relative to binding in the absence of the individual cation
= 100.

acetic acid. This procedure (28, 29) is reported to dis-
criminate between surface-bound and internalized li-
gands. Only 50% of the radioactivity remaining after
40 min at 37°C was extracted with acetic acid, sug-
gesting that some of the bound radioligand had shifted
to an acid-resistant compartment during incubation
at 370C (29).

Because apparent equilibrium of binding was not
attained at 370C and since [3H]bradykinin was exten-
sively altered/degraded and apparently transferred
from the cell surface to another cell-associated com-
partment at this temperature, most binding studies
were performed for 2 h at 40C, where alteration and
internalization of this radioligand were minimal. Spe-
cific binding (comprising >95% of total binding) was
saturated at 20 nM [3H]bradykinin (Fig. 6 A). Scat-
chard analysis (30) of these data (Fig. 6 B) indicated
that the equilibrium dissociation constant (Kd) of the
binding was 4.1 nM and the maximum binding ca-
pacity (Bmax), 266 fmol/mg protein. In three other ex-
periments, similar results were observed, giving a Kd
of 4.6±0.5 nMand Bmax of 230±18 fmol [3H]bradykinin
bound per milligram protein (mean±SE). Scatchard
plots were linear up to concentrations of 40 nM
[3H]bradykinin (Fig. 6 B), and Hill plots (31) of equi-
librium binding data (Fig. 6 B, inset) had slopes close
to unity (0.95-1.06). Such analyses indicate a single
category of binding sites with no cooperative inter-
actions.
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FIGURE 4 Time course of [3H]bradykinin ([3H]-BK) binding by fibroblasts at 4°C. Cells were
incubated for the indicated times with 4 nM (0) or 20 nM (0) [3H]bradykinin at 4°C for
determination of specific binding as described in Methods. Data are the means of values from
triplicate determinations. Standard deviations were <5%.
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FIGURE 5 Dissociation of [3H]bradykinin from fibroblasts at 40 and 370C. Cells were incubated
with 1.5 nM [3H]bradykinin for 120 min at 4°C. Medium was removed and cells were rinsed
at 4°C as for binding assays. Then (zero time), 6 ml of either ice-cold or prewarmed (37°C)
incubation medium without (0) or with (-0)33Munlabeled bradykinin was added. At indicated
times, cell-associated radioactivity was measured as described in Methods. Specifically bound
[3H]bradykinin is reported as a percentage of that at zero time. Points represent means of
duplicate determinations.
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FIGURE 6 Equilibrium binding of [3H]bradykinin ([3H]-BK) to fibroblasts as a function of
[3H]bradykinin concentration. (A) Cells were incubated for 2 h at 4°C with the indicated
concentration of [3H]bradykinin (1.5 to 50 nM) without (A) or with (0) 3 ,uM unlabeled bra-
dykinin. The difference between total (A) and nonspecific (0) binding is considered to be
specifically bound [3H]bradykinin (A). Each point represents the mean of triplicate determi-
nations. Standard deviations are within the size of the symbols. (B) Scatchard plot of data from
Fig. 5 A. Free (F) refers to the difference between added and bound (B) radioligand. The line
was computed by linear regression analysis (r = 0.99). The equilibrium dissociation constant
estimated from the slope (-1/KD) was 4.1 nM. Inset: Hill analysis of the same data. Bm rep-
resents specific binding at saturation as determined from Scatchard analysis. The Hill coefficient
is 0.95.

Correlation of [3H]bradykinin binding with
prostacyclin (PGI2) formation
Several bradykinin analogues and other peptides

were tested for their abilities to compete with
[3H]bradykinin binding (Fig. 7 B). Lys-bradykinin,
Met-Lys-bradykinin, Tyr-bradykinin, and [Tyr8]-
bradykinin were able to displace specifically bound
hormone to the same extent as bradykinin, provided
their concentrations were high enough. Des-Arg9-bra-
dykinin, the product of kininase I action, and the un-
related peptides antiotensin II, neurotensin, and his-
tamine failed to inhibit [3H]bradykinin binding sig-
nificantly.

The ability of the peptides to stimulate release of
PGI2 from fibroblasts was also assessed (Fig. 7 A, Table
III). The rank order of potency was the same for bind-
ing and PGI2 release (bradykinin > Lys-bradykinin
> Met-Lys-bradykinin _ Tyr-bradykinin > Tyr8-bra-
dykinin > Tyr5-bradykinin > angiotensin II _ des-
Arg9-bradykinin) (Table III).

As seen in these and other (unpublished) experi-
ments, the EC50 values for bradykinin and analogues
in stimulating production of PGI2 (i.e., the concentra-
tion of bradykinin and analogues that produces half-
maximal stimulation of prostaglandin formation) were
greater, by at least an order of magnitude, than the
Kd for bradykinin binding or concentrations of the

more potent analogues to displace [3H]bradykinin.
Although the reasons for this discrepancy are not com-
pletely understood, it should be emphasized that PGI2
production was measured at 370C in the absence of
bacitracin (in our hands, radioimmunoassay of 6-keto-
PGF2af was unreliable in the presence of bacitracin).

DISCUSSION

Bradykinin causes accumulation of cAMPin cultured
human fibroblasts apparently as a result of enhancing
PG production (16). Several experimental manipula-
tions (12, 18, 19, 21) can influence the magnitude of
these biological responses to bradykinin. To determine
whether alterations in specific bradykinin receptors are
involved in the changes in responsiveness, it was nec-
essary to establish conditions for assay of bradykinin
receptors on the intact cells that retain receptor-me-
diated biological responses. Before a quantitative anal-
ysis of bradykinin binding, it was necessary to evaluate
the integrity of bradykinin during incubation with the
fibroblasts. During incubation with fibroblasts, espe-
cially at 37°C, intact (functional) bradykinin was rap-
idly lost as assessed by several criteria. At 37°C, bra-
dykinin was rapidly altered so as to preclude binding
to fresh fibroblasts and to be readily separated from
authentic bradykinin during HPLCand ion-exchange
chromatography. Loss of intact (functional) bradyki-
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FIGURE 7 Effects of bradykinin analogues and other peptides on PGI2 release and [3H]bradykinin
([3H]-BK) binding. (A) Cells were incubated for 5 min at 37°C in HBSS with the indicated
addition. Medium was saved and assayed as described in Methods for 6-keto-PGFI., the me-

tabolite of PGI2, which accumulated in the incubation medium. One experiment with six
different compounds is shown. Relative potencies of other analogues are listed in Table III.
Values are the mean±SD of triplicate determinations. (B) Cells were incubated for 120 min
at 4°C with 15 nM [3H]bradykinin and the indicated addition. 100% inhibition refers to complete
inhibition of specific binding by 3 AMbradykinin. 0, bradykinin; *, Lys-bradykinin; A, Met-
Lys-bradykinin; O, Tyr-bradykinin; X, [Tyr8]bradykinin; [Tyr5]bradykinin; A, angiotensin
II; *, des-Arg9-bradykinin. Values are the means of duplicate determinations. The combined
results of three different experiments are depicted. Standard deviations are within the symbols.

nin at 4°C was almost completely inhibited by baci-
tracin, which was much less effective at 37°C. Al-
though we ascribe the loss in biological activity (ability
to bind to cells) and altered chromatographic prop-
erties to destruction of bradykinin, the definitive struc-
ture of the presumed degradation products accumu-

lated during incubation has not been identified. Since
des-Arg9-bradykinin did not accumulate during in-
cubation of fibroblasts with bradykinin, and since nei-
ther SQ-20881, an inhibitor of kininase II, nor soybean
trypsin inhibitor prevented the loss of intact brady-
kinin, these cells may lack both kinase I and kininase
II (angiotensin I-converting enzyme). The latter en-

zyme has been found in cultured endothelial cells but
not human fibroblasts or smooth muscle cells (33).
Since immunoreactive substance P also disappeared
during incubation with these fibroblasts,2 the pre-
sumed degradation process(es) are most likely not spe-
cific for bradykinin. Of the [3H]bradykinin bound to
fibroblasts at 4°C, virtually all remained intact and
could be released by brief exposure of cells to acetic
acid, a procedure that has been reported to extract
only surface-bound, not internalized, radioligands (28,
29). During incubation at 37°C, however, bradykinin

2 Saria, A. Unpublished observations.

was not only extensively altered/degraded but was also
transferred into a compartment resistant to extraction
with acetic acid, and binding of bradykinin to fibro-
blasts did not reach equilibrium. Therefore, bradyki-
nin binding to intact fibroblasts was assessed at 4°C
at apparent equilibrium under conditions where dis-
appearance of intact free and surface-bound brady-
kinin and internalization of the radioligand were min-
imized.

The binding of [3H]bradykinin exhibited the speci-
ficity, saturability, and kinetics typical of other pep-

tide-reactor interactions. The binding sites most likely
represent a single class without significant cooperative
interactions, since Scatchard plots (at least up to 40
nM [3H]bradykinin) were linear, Hill coefficients were

near unity, and the presence of excess bradykinin did
not affect the rate of dissociation of [3H]bradykinin
from the cells. The presence of a second class of sites
with higher affinity for bradykinin cannot, however,
be ruled out by these data. The bradykinin receptor
on the cultured human fibroblasts can be classified as

of the B2 subtype as defined by Regoli and Barabe (7,
8), since des-Arg9-bradykinin was ineffective both in
displacing [3H]bradykinin from binding sites and in
stimulating production of PGI2.

Despite the differences in assay systems and tissues,
comparison of our binding data in intact cells with
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TABLE III
Relative Potencies of Bradykinin Analogues in Stimulating

PCI2 Release and Inhibiting [3HlBradykinin
Binding by Fibroblasts

[3i]Bradykinin
Peptide PGI, release binding

Bradykinin 100 100
Lys-bradykinin 65 60
Met-Lys-bradykinin 44 43
Tyr-bradykinin 37 41
[Tyr8]bradykinin 18 12
[Tyr5]bradykinin 1.9 0.6
Des-Arg9-bradykinin <0.3 <0.03
Angiotensin II <0.3 <0.03

Potencies in competing with [3H]bradykinin binding were calcu-
lated by the equation outlined by Cheng and Prusoff (35). The
effects of the analogues on PGI2 release were compared by esti-
mating the ratio of Rmax/Ka for each analog relative to Rmax/Ka for
native bradykinin (= 100). Rm.x represents PGI2 released in response
to a maximally effective dose of analogue and Ka, the concentration
of analogue required to elicit a half-maximal response. To deter-
mine potencies, 5-8 concentrations of each peptide were assayed
in triplicate. Experimental conditions were as described in the leg-
end to Fig. 6.

(Table III) is consistent with the proposal that the
[3H]bradykinin-binding sites are identical to the bra-
dykinin receptors that mediate the release of PG. Our
studies demonstrate for the first time the feasibility of
using intact human cells to quantify and characterize
bradykinin receptors by direct radioligand-binding
studies. The intact cell system offers the possibility of
establishing directly relationships between bradykinin
receptor binding and biological phenomena such as
desensitization. In addition, with cultured fibroblasts
the interaction of bradykinin with a human bradykinin
receptor can be studied. Thus, this model may also be
suitable to investigate a possible role for bradykinin
receptors in genetically determined disease processes,
such as essential hypertension.
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