
ABBREVIATIONS: HPLC, high pressure liquid chromatography; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1 -propanesulfonate; HBSS,
Hank’s balanced salt solution; NC, nitrocellulose; PBS, phosphate-buffered saline; PAGE, polyacrylamide gel electrophoresis; PEG, polyethylene
glycol; PMSF, phenylmethylsulfonyl fluoride; SOS, sodium dodecyl sulfate; TFA, trifluoroacetic acid.
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SUMMARY

The cultured smooth muscle cell line DDT1MF-2 expresses a
large number (9.7 x 1 06 receptors/cell) of functional histamine
H1-type receptors [J. Cell. Physiol. 134:367-375 1 988]. Two
different binding assays, gel filtration and polyethylene glycol
precipitation, indicated that the [3H]pyrilamine binding activity
was solubilized by 1 % digitonin with binding characteristics
similar to those of intact cells. The solubilized proteins were then
purified by sequential gel filtration, chromatofocusing, and re-
verse phase high pressure liquid chromatography. The calculated
molecular weight of this purified pynlamine-binding protein was
38-40 kDa on sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. [3H}Pyrilamine binding to these 38-40-kDa proteins

indicated a single class of binding site with a Kd of 288 nr�i, which
is equivalent to that of intact cells and digitonin-solubilized pro-
teins. The computer analysis Scatht also indicated that one
molecule of [3H]pynlamine bound to one molecule of purified
protein. Furthermore, a polyclonal antibody raised against the
purified protein recognized the 38-40-kDa band by Western
blotting techniques, specifically bound to the cell surface of
DDT1MF-2 cells, and inhibited [3H]pyrilamine binding to these
cells in a dose-dependent manner. These data strongly suggest
that the purified 38-40-kDa protein is part of an antagonist
binding domain on the histamine H1 receptor on DDT1MF-2 cells.

Histamine stimulates a wide variety of activities in peripheral

tissues and also appears to serve as a neurotransmitter in the

brain (1, 2). The action of histamine is believed to be mediated
by specific cell surface receptors, which have been pharmaco-

logically classified into three distinct groups using highly spe-

cific chemical competitive agonists and antagonists (3, 4). Al-

though histamine receptors in the brain and peripheral tissues

have been extensively studied by many laboratories, the molec-

ular mechanisms of histamine receptor-mediated reactions are
not fully understood, mainly because none of these histamine

receptors has been fully characterized from the biochemical

point of view.
The analysis of histamine receptors in whole tissues is diffi-

cult to interpret because of the heterologous population of cell

types and the possible heterogeneity of histamine receptors (5).

The advantage of using an established cell line is that a ho-

mogeneous cell population can be studied directly. In our pre-

vious studies (6, 7), the histamine H1-specific receptor has been
identified on a cloned smooth muscle cell line, DDT1MF-2 (8),

using a radiolabeled ligand binding assay with the H1-specific
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antagonist [3H]pyrilamine. Furthermore, histamine binding re-

sults in distinct functional responses, such as increased cyto-

solic Ca2� followed by actin polymerization (6). Although [3H]

pyrilamine binding indicated that the affinity of pyrilamine

(Kd 219 nM) on DDT1-MF-2 cells is relatively lower than

that of other tissues/cells (5), DDT1MF-2 cells express a large

number ofbinding sites (9.7 x 106 binding sites/cell). Therefore,

the present study was designed to purify the H1 receptor pro-

tein(s) from DDT1MF-2 cells.

Materials

Experimental Procedures

DDT1MF-2 cells (American Type Culture Collection, Rockville,

MD), cell culture media (Cell Culture Facility, University of California,

San Francisco), [3H]pyrilamine (26 Ci/mmol) and ‘251-protein A (35
mCi/mg) (Amersham, Arlington Heights, IL), the materials for chro-
matofocusing and gel filtration (Pharmacia, Sweden), reagents for

polyacrylamide gel electrophoresis (Bio-Rad, Richmond, CA), and
HPLC grade solutions (EM Science, Cherry Hill, NJ) were obtained
from the designated suppliers. The stereoisomers of chlorpheniramine

(d- and 1-type) were kindly provided by Dr. W. Kreutner (Schering
Corp., Bloomfield, NJ). The H3-specific antagonist thioperamide was

a kind gift from Dr. Arrang (INSERM, Paris). Other chemicals were
purchased from Sigma Chemical Co. (St. Louis, MO).
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Cell Culture

DDT1MF-2 cells were grown in Dulbecco’s modified Eagle’s medium
with 1.0 g of glucose/liter that contained 100 units/ml penicillin, 100

sg/mI streptomycin, and 5% fetal calf serum, at 375 in 5% C02/95%
air, as previously described (6, 9). Cells were removed from flasks by

vigorous shaking and were subeultured twice weekly at a ratio of 1:20.

Cell viability was always more than 90%, as assessed by the exclusion
of trypan blue.

Solubilization

DDT1MF-2 cells were suspended, at a concentration of 2.0-3.8 x

108/ml, in HBSS and were mixed with 0.1-2.0% digitonin, Triton X-
100, CHAPS, and n-octyl-(1-D-glucopyranoside in the presence of 1 mM

PMSF. Solubilization was carried out by gentle stirring of the deter-
gent-protein mixture at 4’ for 60 mm and by vigorous mixing with a

syringe for 5 mm at 4’, following by centrifugation at 100,000 x g for

60 mm at 4’ (L8-m; Beckman, Palo Alto, CA) as previously described

(10). The supernatants were then used immediately to assess [3H]

pyrilamine binding. Protein concentration was determined by a flu-

orimetric method (1 1).

C4 Mini-column Procedure for Protein Concentration

wp, Butyl (C4) mini-columns (J. T. Baker, Phillipsburg, NJ) were

washed with 10 ml of 100% methanol and equilibrated with 20 ml of

0.1% TFA. Supernatants from 100,000 x g centrifugation of digitonin

cell lysates, the fractions from chromatofocusing, and the eluted pro-
teins from polyacrylamide gels were diluted 10-fold with 0.1% TFA and

applied to the columns. Unbound materials were washed out with 0.1%

TFA. Bound materials were eluted with 1.0-1.5 ml of 90% acetonitrile

that contained 0.1% TFA and were concentrated under vacuum rota-

tion (Speed Vac; Savant, Hicksville, NY).

[3HJPynlamine Binding Assays

Gel filtration. The pyrilamine-binding protein was first detected

by gel filtration using a procedure similar to that employed for the

study of soluble insulin (12) and substance P-receptor complexes (10).

One-half milligram of 100,000 X g supernatants of digitonin cell lysates
was incubated with 2 zM [3H]pyrilamine in the presence or absence of
1O-� M unlabeled pyrilamine in a final volume of 0.5 ml, at 4’ for 60

mm, then the mixture was applied to a column (1.1 x 60 cm) of

Sephadex G-75 (Pharmacia), equilibrated, and run at 4’ with PBS.
The flow rate was 40 ml/hr, 60 drops in each tube were collected, 100

Ml of each tube content were mixed with 3.5 ml of scintillation fluid
(Ecoscint; National Diagnostics, Somerville, NJ), and the 13-radioactiv-

ity was determined in a liquid scintillation counter (LS 5801; Beckman,

Irvine, CA).

PEG precipitation. In order to analyze the binding characteristics

of E:lHlpyrilamine, the soluble proteins were precipitated by PEG in

the presence of ‘y-globulin, according to the method previously de-
scribed for the soluble insulin receptor (12). In each experiment,
materials were suspended in HBSS that contained 5 mM histidine and
1 mg of human ‘y-globulin and were incubated with 3 to 1000 nM [3H]

pyrilamine in the presence or absence of iO� M unlabeled pyrilamine,

in a final volume of 0.2 ml, at 4� for a specified length of time. An

equal volume of 20% PEG was added to each tube and mixed for 7 mm

at 4’. The amount of radioactivity present in the PEG precipitates was

determined by filtering the content of each tube under reduced pressure

through Whatman GF/F glass fiber filters. To decrease the nonspecific
[3Hjpyrilamine binding component, the filters were pretreated with 5%
aqueous polyethylenimine for more than 2 hr at room temperature, as
previously described (6, 10). Each filter was washed six times with 2.0

ml of cold 10% PEG, and then the fl-radioactivity was determined. The

amount of radioactivity bound in the presence of unlabeled pyrilamine

determined the level of nonspecific binding. The amount of specifically

bound [:lHjpyrilamine was calculated by subtracting the nonspecific

binding from the total binding.
The data from saturation and competition binding experiments were

analyzed by weighted nonlinear least-squares curve fitting using the

computer program Scatfit, developed by DeLean and co-workers (13,

14). This method is based on the law of mass action and allows the

analysis of the binding of a radioligand to multiple classes of binding

sites. The data were fitted to one- and two-site models, and a two-site

model was accepted only when the fit of the data were significantly (p

< 0.05) improved, compared with the fit with a one-site model. Testing

for statistical differences between models was performed by comparing

the residual variance of the fits of the data according to the “extra sum

of squares” principle, using an F ratio test. The computer analysis also

yields the IC5,, affinity binding constant, and concentration for each

class of receptor.

Purification of the Pyrilamine-Binding Protein

Gel filtration. Supernatants (90-100 mg) from the 100,000 x g

centrifugation of digitonin-solubilized cell lysates were applied to a

column (26 x 100 cm) of Bio-Gel A-5m (Bio Rad, Richmond, CA),

which had been previously equilibrated and was eluted with PBS at 4�.

The column was eluted at 20 mI/hr and 2.5-ml fractions were collected.

This procedure was repeated six times using different batches of cell

lysates (total, 588 mg of protein). One hundred microliters of each

fraction were incubated with 200 nM [3H]pyrilamine in the presence or

absence of 10� M unlabeled pyrilamine, and the specific binding of

each fraction was determined using PEG precipitation in duplicate, as
described above. The protein concentration of each fraction was also

measured by a fluorimetric method (11).
Chromatofocusing. The active fractions from the Bio-Gel A-5m

(tubes 75-115; see Results) were pooled, concentrated by stirred ultra-

filtration (Amicon, Danvers, MA) to 80 ml in volume, and dialyzed

against 0.025 M 2-aminoethanol/acetic acid, pH 9.4 (starting buffer),

and then 20 ml of the fraction were applied to a chromatofocusing

column (1.1 x 60 cm, PBE 94; Pharmacia), as previously described by

Sluyterman and co-workers (15, 16). Unbound materials were removed

with 800 ml of starting buffer. The column was then eluted with a 1:10

dilution of Polybuffer 96/acetic acid, pH 5.5, at 20 ml/hr, and 2.5-mi

fractions were collected. The column was regenerated with starting

buffer and experiments were repeated four times. After the pH and

absorbance at 280 nM of each fraction were determined, 1.0 ml of each

fraction was concentrated using C4 mini-columns as described above.

The contents of each tube were resuspended in HBSS and were

incubated with 200 nM [1Hjpyrilamine, and the specific binding was

determined using PEG precipitation in duplicate, as described above.

Protein concentration was also determined by a fluorimetric method
(11).

Reverse phase HPLC. The pH 6.8-7.2 fractions, which demon-

strated the highest amount of the [3H]pyrilamine binding activity (see

Results), were pooled, diluted 10-fold with 0.1% TFA/5% acetonitrile

(starting buffer), and then injected onto an HPLC column (4.6 x 250

mm) of Vydac Protein C4, which was previously equilibrated with more

than 20 column volumes of starting buffer. Chromatography was per-
formed using a Beckman HPLC system (Model 450 data system/

controller, Model 114M solvent delivery module, Model 165 variable

wavelength detector; Beckman, Berkeley, CA). After UV absorbance at

both 220 and 280 nm had returned to base line, the column was eluted

with a 5-85% acetonitrile gradient, containing 0.1% TFA, over 80 mm

at a rate of 1 mi/mm and fractions of 1 ml/tube were collected. The

column was regenerated with more than 20 column volumes of starting

buffer and experiments were repeated three times. In order to identify

the peak that contained the specific [Hjpyrilamine binding activity,

every 10 tubes in the first experiment were pooled and concentrated
under vacuum rotation. Each tube was then resuspended in HBSS and
mixed with 200 nM [3H]pyrilamine and the specific binding was deter-

mined using PEG precipitation in triplicate, as described above. The

positive fractions (55-65% acetonitrile; see Results) were then further

purified with an analytical narrow bore C5 HPLC column (2.1 x 100

mm) of Brownlee Aquapore RP-300, which was previously equilibrated

with 0.1% TFA/40% acetonitrile. The gradient was 40-75% acetonitrile
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over 100 mm in 0.1% TFA, at a rate ofO.2 ml/min. The eluted fractions decrease the level of the nonspecific binding. The NC paper was then

were concentrated under vacuum rotation, resuspended in HBSS, and washed 10 times to remove unbound antisera and incubated with

incubated with 200 nM [‘Hjpyrilammne to detemine the degree of the 5,000,000 cpm of ‘2�I-protein A in reaction buffer at room temperature

specific binding in triplicate, as described above. for 30 mm. The NC paper was then washed 10 times with reaction

buffer and dried into filter paper. Autoradiography was conducted at

Analysis of the Purified Pyrilamine-Binding Protein -70’ with Kodak XAR-5 film and a DuPont Cronex intensifying screen

SDS-PAGE. The single active peak on C5 HPLC (see Results) was overnight.

dried using a Speed Vac concentrator and was suspended in 0.625 M

Tris.HC1, pH 6.8, that contained 2% SDS, 15% glycerol, 0.0025% RESULTS
bromophenol blue, and 2.5% 2-mercaptoethanol (sample buffer). Elec-

trophoresis was performed according to the method of Laemmli (17). Solubilization of the Pyrilamine-Binding Protein
The stacking gel was 5% acrylamide, 0.125 M Tris . HC1, pH 6.8, and
0.1% SDS. The separation gel was 10% acrylamide, 0.375 M Tris . HC1,
pH 8.8, and 0.1% SDS. The electrophoresis was carried out at 100 mA

constant current until the tracking dye was 0.5 cm from the bottom of

the gel. Gels were stained with a silver stain reagent (Bio-Rad) and
analyzed by a laser scanning densitometer (Biomed Instruments, Inc.,

Because the optimal detergents to solubilize membrane-

bound proteins are different in each experimental system, we

first tested the efficiency of four different detergents to solu-

bilize the pyrilamine-binding protein from DDT1MF-2 cells.

Sixty to 90% of cellular proteins were solubilized by a 1%

Fullerton, CA). Molecular weight standards (Bio-Rad) were also elec- solution of CHAPS, digitonin, and Triton X-100, and 40-60%

trophoresed on each gel for comparison purpose. of cellular proteins were solubilized by 1 % n-octyl-�-D-gluco-
Elution of the pyrilamine-binding protein from polyacryl- pyranoside, as assessed by a fluorimetric method (1 1) (data not

amide gels. After SDS-PAGE was completed, the 38-40 kDa band
was cut out and homogenized with a glass-Teflon homogenizer in 4 ml

of 50 mM Tris. HC1, pH 7.4, containing 5 mM MgC12, 0.1% digitonin,

and 1 mM PMSF, at 4’ overnight to elute proteins from the SDS gels,

as previously described for prostaglandin E1/prostacyclin receptors (18)

shown). However, the [1H]pyrilamine binding activity was not

detected in CHAPS-, Triton X-100-, and glucopyranoside-

solubilized proteins (Fig. 1). The [3H]pyrilamine binding activ-

ity was only solubilized by 0.75-2.0% digitonin.

and the H1 receptor protein on BC3H1 cells (19). Homogenates were

centrifuged at 3000 x g at 4’ for 10 mm, and supernatants were applied
[3HjPyrilamine Binding Assays

to the mini-columns of WP’Butyl (C4), as described above. The eluted Gel filtration. Pyrilamine binding to soluble proteins was
proteins were then assessed for saturation [3H]pyrilamine binding, first assessed by gel filtration (Fig. 2). As a result, two peaks of
using PEG precipitation. Part of the eluted protein was also analyzed radioactivity were detected, the high molecular weight fraction
on SDS-PAGE and stained with silver-staining reagents to determine

the protein concentration.
in the void volume (tubes 14-20) and free [4H]pyrilamine (tubes

42-70). [3H]Pyrilamine alone had only one peak around tube

Polyclonal Antibody Against the Pyrilamine-Binding Protein
50 (data not shown). The [:IH]pyrilammne peak that appeared

in the void volume was significantly reduced if digitonin-solu-
Preparation of polyclonal antibody against the pyrilamine-

binding protein. The dried 38-40-kDa band from the final silver-
stained gel (approximately 100 ng) was cut from the gel and implanted

subcutaneously in a rabbit in the presence of Freund’s adjuvant. This

same procedure was repeated every 2 weeks in order to boost the

antibody titers, and blood was withdrawn 10 days after each boost.

Inhibition of [3H]pyrilamine binding. DDT1MF-2 cells (1-2 x

bilized cell lysates were preincubated with 10� M unlabeled

pyrilamine for 1 hr at 4� before the addition of [:IH]pyrilammne

(Fig. 2).

PEG precipitation. In order to compare the binding char-

acteristics of 100,000 x g supernatants of digitonin-solubilized

cell lysates and the eluted proteins from C4 mini-columns with

10�) were suspended in HBSS and incubated with 100 nM [1H]pyrila-

mine in the presence or absence of various concentrations of control

and immune sera at 4’ for 1 hr. Cells were then harvested on Whatman

GF/C glass fiber filters and washed with 2 ml of PBS six times under

reduced pressure, and the bound radioactivity was measured as previ-
ously described (6, 7).

Recognition of cell surface molecules by the polyclonal anti-

body. DDT1MF-2 cells (1 x 106) were suspended in HBSS and incu-

bated with various concentrations of control and the pyrilamine-bind-
ing protein antisera at 4’ for 1 hr. Cells were washed with PBS to

remove unbound serum components and then incubated with fluoros-

cein isothiocyanate-labeled goat anti-rabbit immunoglobulin G (1:100

dilution) (Cappel, Cochranville, PA) at 4� for 1 hr. Cells were washed

with PBS, suspended in fresh HBSS, and analyzed in a fluorescence-

activated cell sorter (Becton Dickinson, Sunnyvale, CA) at 488 mm

excitation and 522 nm emission, as previously described (20).

Detection of proteins by Western blot. DDT1MF-2 cells (1 x
i0�) were suspended in sample buffer for SDS-PAGE analysis, in the

presence of 2-mercaptoethanol, and were separated on a 5% polyacryl-
amide stacking gel and 10% polyacrylamide separation gel, as described

above. After electrophoresis was completed, the gel was soaked in 20

mM Tris containing 150 mM glycine and 20% methanol (blotting buffer)

and was transblotted onto NC paper, as previously described (20). The

NC paper was then incubated with various concentations of control

and specific antisera at room temperature for 2 hr, in a solution of 5%

nonfat milk, 0.2% Nonidet P-40, and 2 mM CaCl2 (reaction buffer), to

.4

0.1 0.5 .0 .5 2 0

Detergent Concentration (%)

Fig. 1. Solubilization of the [3H]pynlamine binding activity from DDT1MF-
2 cells. DDT1MF-2 cells were suspended in HBSS and incubated with
various concentrations of digitonin (#{149}),Triton X-1 00 (Li), CHAPS (0), or
n-octyl-fl-D-glucopyranoside 4, in the presence of 1 m� PMSF at 4#{176}for
1 hr. After solubilization, 1 00,000 x g supematants of cell lysates were
then assessed for [3H]pyrilamine binding using PEG precipitation and for
protein concentration, as described under Experimental Procedures.
Each data point is the mean of duplicate determinations from a single
experiment.
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Fig. 2. Gel filtration pattems demonstrating the specific binding between

[3H]pyrilamine and digitonin-solubilized cell lysates. Supernatants
(1 00,000 x g) of digitonin-solubilized cell lysates were incubated with 2
�zM [3H�pyrilamine in the presence (0) or absence (#{149})of 1 0� M unlabeled

pyrilamine at 4#{176}for 1 hr. The mixtures were then applied to a column
(1 .1 x 60 cm) of Sephadex G-75, equilibrated, and run at 4#{176}with PBS.
The flow rate was 40 ml/hr; 60 drops (1 .0 ml) in each tube were collected,
and the fl-radioactivity of 100 jzl of each tube content was determined.

Time of Association (mm)

Fig. 3. Time course of [3H]pyrilamine binding. Protein (2.8 mg) from
digitonin-solubilized celllysates(A) and 0.1 mg of protein from C4 columns
(B) were suspended in HBSS that contained 5 m� histidine and 1 mg of
‘y-globulin and were incubated with 100 n�i [3H]pyrilamine, in the pres-
ence (#{149})or absence (0) of 1 0� M unlabeled pyrilamine, at 4#{176}for 2-60
mm. The binding of [3H]pynlamine was assessed by PEG precipitation,
as described in Experimental Procedures. Each data point was the mean
of duplicate determinations from two separate experiments. & Specific
binding.

those of intact cells, the soluble materials were co-precipitated

by PEG in the presence of y-globulin. Without fly-globulin, the

specific [3H]pyrilamine binding was not detected. The specific

binding of [3H]pyrilamine to both cell lysates (Fig. 3A) and the

eluted protein from C4 mini-columns (Fig. 3B) increased rapidly

and reached a steady state plateau after 15-20 mm. Further-

more, the specific binding of [�H]pyrilamine was reversibly

dissociated by addition of unlabeled pyrilamine (Fig. 4). The

specific binding of [3H]pyrilamine also increased in proportion

with the concentration of soluble proteins (data not shown).

[�H]Pyrilamine binding at equilibrium, under saturation con-

ditions, to both cell lysates and the eluted proteins from C4

mini-columns occurred at concentrations of 300 nM [3H]pyril-

amine or higher (Fig. 5). The computer program Scatfit mdi-

cates a single class of binding sites for both cell lysates and the

eluted proteins from C4 mini-columns and gives a mean (±SE)

Kd and density of binding sites of 172 ± 81 nM and 0.3 ± 0.03

pmol/mg of protein for cell lysates and 173 ± 47 nM and 29.9

± 1.7 pmol/mg of protein for C4 mini-columns, respectively

(Table 1).

To evaluate the structural specificity of [3H]pyrilamine bind-

ing, various ligands were assessed for their capacity to inhibit

the specific binding of [3H]pyrilamine to intact cells, cell ly-

sates, or the eluted proteins from C4 mini-columns (Table 2).

The specific [3H]pyrilamine binding was inhibited in a concen-

tration-dependent manner by various H1 receptor antagonists,

whereas the H2 and H3 antagonists and ligands for other

receptors were poorly effective. The stereoisomer d-chlorphen-

iramine was more potent than the 1-form.

Purification of the Pyrilamine-Binding Protein

Gel filtration. An initial attempt to separate the pyrila-
mine-binding protein from other proteins in digitonin-solubi-

lized cell lysates and to determine an approximate size of the

protein was carried out by subjecting the 100,000 x g superna-

025 0 15 20 3b

Add lO�4M Pyrilomine

L�.
II � � I I

025 10 15 20 30

Time of Dissociation (mm)

Fig. 4. Dissociation of [3H]pyrilamine binding. Cell lysate (A) and the
eluted proteins from C4 mini-columns (B) were previously incubated with
1 00 nM [3H]pyrilamine in the absence of unlabeled pyrilamine at 4#{176}for
60 mm (Fig. 3). At the end of incubation, 1 0� M unlabeled pyrilamine
was added to each tube and incubation was continued at 4#{176}for 1-30
mm. The binding of [3Hjpyrilamine was assessed by PEG precipitation.
as described in Experimental Procedures. Each data point was the mean
of duplicate determinations from two separate experiments.
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tants of digitonin-solubilized cell lysates to gel filtration, as

previously described for the brain membrane histamine H1

receptor (21). The peak representing the specific [3H]pyrila-

mine binding activity eluted from the column over a broad

range with an apparent molecular weight of 670,000 (Fig. 6).

Three separate experiments indicated that the specific binding

of tubes 80-110 (3.6-5.7 cpm/�ig of protein) was significantly

higher than that of other tubes.

Chromatofocusing. The active fractions from the gel filtra-
tion (tubes 75-115; Fig. 6) from six separate experiments were

Purification of Histamine H1 Receptor 755

Fig. 5. Saturation [3H]pyrilamine binding. Protein (0.2 mg) of digitonin-
solubilized cell lysates (A and B) and 2.8 �g of the eluted protein from
C4 mini-columns (C and D) were incubated with 3-600 nrvi [3H]pyrilamine
in the presence (#{149})or absence (0) of 1 0� M unlabeled pyrilamine at 4#{176}

for 1 hr. The binding of [3H]pyrilamine was assessed by PEG precipitation
as described in Experimental Procedures. i�i, Specific binding. A and C,
saturation curves; B and 0, Scatchard plots of the same data. Each data
point was the mean of duplicate determinations from a single represent-
ative experiment. Saturation [3H]pyrilamine binding was repeated 3-5
times and the values of the K,, and the number of binding sites were
summarized in Table 1.

TABLE 1

Summary of saturation [3H]pynlamine binding
The data of [3Hjpyrilamine binding to intact cells have been reported previously (6).

Methods of saturation binding to sonicated membranes were the same as those
for intact cells. Saturation binding of digitonin-solubilized cell lysates and the eluted
proteins from C� mini-columns was carried out using PEG precipitation, as de-
scribed in Experimental Procedures. The K,, and the number of binding sites were
calculated using the computer program Scatht (1 3) (1 4). Each data point is the
mean ± standard error of duplicate determinations from one to nine separate
experiments.

No of Kd Binding sites

experiments

riM pmol/mg of protein

lntactcells 9 219±40 16.2 ±3.2a

Sonicated membranes 3 1 61 ± 50 1 .7 ± 0.3
Digitonin-solubilized cell 3 1 72 ± 81 0.3 ± 0.03

lysates

Eluted proteins from C4 5 1 73 ± 47 29.9 ± 1.7

mini-columns
Purified 38-40-KDa pro- 1 288 31,300

tein

a pmol/1 06 cells.

Specificity of [3HJpyrllamlne bIndIng
[3HjPyrilamine (200-300 nM) was incubated with 1 -2 x 1 0’ cells, 0.8 mg of
digitonin-solubilized cell lysates. or 1 0 �g of eluted proteins from C4 mini-columns,
in the presence of various concentrations of ligands, to evaluate the structural

specificity. [3H]Pynlamine binding was performed using PEG precipitation as de-
scnbed in Experimental Procedures. The lCw was calculated using the computer
program Scaffit. Each data point is the mean of duplicate determinations from two
separate experiments.

IC50
Ugands

Cells Cell lysates C4 columns

MM

Histamine 316 170 269
H1 antagonists

Pyrilamine 2.0 1.0 0.9
Diphenhydramine 3.6 1.9 2.5
Triplolidine 3.8
Doxepine 0.9
d-Chlorpheniramine 1 .4 0.4
l-Chlorpheniramine 1 0.5 5.4

H2 antagonist, cimeti- >1 000 >1 000 >1000
dine

H3 antagonist thioper- 90 >100
amide

Others
Acetylcholine >1 000 >1 000 >1000
Epinephrine >1 000 >1 000 >1000
Isoproterenol >1 000 >1 000 >1000
Serotonin >1 000 >1 000 >1000
-y-Aminobutyric acid >1 000 >1 000 >1000
Histidine >1 000 >1 000 >1000

Tube No. (2.5 mI/tube)

Fig. 6. Gel filtration of the solubilized [3H]pyrilamine binding activity.
Supematants (1 00,000 x g of digitonin-solubilized cell lysates (approxi-
mately 1 00 mg of protein) were applied to a column (26 x 1 00 cm) of
Bio-Gel A-Sm, which had been previously equilibrated and was eluted
with PBS at 4#{176}.The flow rate was 20 mI/hr and 2.5-mI fractions were
collected. Gel filtration was repeated six times using separate prepara-
tions of cell lysates. The absorbance at 280 nm (-) is a representative
recording, and the bars indicate the mean of the specific [3H]pyrilamine
binding (cpm/�g of protein) from three separate experiments, as do-
scribed in Experimental Procedures. Molecular mass standards were
blue dextran 2000 (void volume), thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), and bovine serum albumin (67 kDa).

pooled, concentrated, dialyzed, and applied to a chromatofo-

cusing column, as described in Experimental Procedures. The

[3H]pyrilamine binding activity was eluted at pH 7.0 ± 0.07

(mean ± SE; four experiments) (Fig. 7). The specific binding

of tube 70 (480 cpm/�g of protein) was significantly higher

than that of other tubes.

Reverse phase HPLC. The active fractions identified by

chromatofocusing (tubes 66-78; Fig. 7) from four separate

experiments were pooled and applied to a Vydac protein C4

HPLC column, as described in Experimental Procedures. [3H]
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90

30 40 50 60 70 80 90 00 10 20 30

Tube No. (3.5 mI/tube)

Fig. 7. Chromatofocusing of the pyrilamine binding activity. The active
fractions of Bio-Gel A-5m (tubes 75-1 1 5; Fig. 6) were pooled, concen-
trated, dialyzed against 0.025 M 2-aminoethanol/acetic acid, pH 9.4, and
then applied to a chromatofocusing column (1 .1 x 60 cm). The column
was eluted with a 1 :1 0 dilution of Polybuffer 96/acetic acid, pH 5.5, at
20 ml/hr, and 2.5-mI fractions were collected. The absorbance at 280
nm (-) and pH (0) are representative recordings, and the bars indicate

the mean of the specific [3H]pyrilamine binding (cpm/,�g of protein) from
four different experiments, as described in Experimental Procedures.

Fig. 8. C4 reverse phase HPLC purification of the pyrilamine-binding
protein. The pH 6.8-7.2 fractions from chromatofocusing (Fig. 7) were
pooled, diluted 1 0-fold with 0.1 % TFA, and then injected onto a HPLC
column (4.6 x 250 mm) of Vydac protein C4. A, The column was eluted
with a 5-85% acetonitrile gradient, containing 0.1 % TFA, over 80 mm at
a rate of 1 mI/mm. The absorbance at 220 nm (-) and acetonitrile
gradient (- - -) are represenative recordings from one of three separate
experiments. B, For the identification of the peak of interest, every 10
tubes were mixed and assessed for [3H]pyrilamine binding in triplicate,
using PEG precipitation, as described in Experimental Procedures.

Pyrilamine binding of the collected fractions indicated that the

binding activity was eluted with 55-65% acetonitrile (Fig. 8).

This fraction was then further purified in an analytical narrow

bore C� HPLC column of Brownlee Aquapore RP-300, as de-

scribed in Experimental Procedures. As a result, the binding

activity eluted at 55-60% acetonitrile in a single peak on C8

reverse phase HPLC (Fig. 9).

Analyses of the Purified Pyrilamine-Binding Protein

SDS-PAGE. The single active peak on C8 HPLC (Fig. 9)
was then analyzed by SDS-PAGE and stained with silver stain

reagents (Fig. 10). Densitometry indicated that the purity of

this peak was not 100%, but the molecular weight of the most

distinct band, which represented the greatest proportion of the

total protein, was approximately 38-40 kDa.

Saturation binding of [3H]pyrilamine to the eluted 38-
40-kDa protein. In order to analyze whether the 38-40-kDa

Time (mm)

Fig. 9. C8 reverse phase HPLC purification of the pyrilamine-binding
protein. The 85-95-mm fraction from C4 reverse phase HPLC (Fig. 8)
was then further purified in an analytical narrow bore C8 HPLC column

(2.1 x 1 00 mm) of Brownlee Aquapore RP-300. A, The gradient was
40-75% acetonitrile, over 1 00 mm, in 0.1 % TFA, at a flow rate of 0.2
mI/mm (- - -). The absorbance at 220 nm was also monitored (-) and
0.2 mI/tube was collected. B, The eluted fractions were also assessed
for [3H]pyrilamine binding using PEG precipitation in triplicate, as do-
scribed in Experimental Procedures. Protein concentration was esti-
mated by comparing with a standard protein on SDS-PAGE.

I 6,25

�92,50

� 66,200

‘-45,000

� 3 I ,000

Fig. 10. SDS-PAGE assessment of the purified pyrilamine-binding pro-
tein. The single peak on C8 HPLC (Fig. 9) was dried using a Speed Vac
concentrator, suspended in sample buffer, and separated on SOS-PAGE
as described, in Experimental Procedures. The gel was stained with
silver stain reagents and analyzed with a densitometer (left). Molecular
weight standards were also electrophoresed for comparison (right).

protein exhibited pyrilamine binding activity with character-

istics similar to those of intact cells, the protein was eluted

from polyacrylamide gels as described in Experimental Proce-

dures and was assessed for [3H]pyrilamine binding. The protein

concentration in this band was estimated by comparing the

densitometric tracings with a protein standard (bovine serum

albumin) on a second SDS-PAGE. The computer program

Scatfit indicated a single class of binding sites with a Kd of 288

nM, which is a value similar to that of intact cells (Table 1).

The calculated number of binding sites was 31.3 pmol/�zg of

protein, which indicates an approximate 100,000-fold purifica-

tion from the original cell lysate (Table 1). Moreover, the

calculated receptor density suggests that one molecule of [3H]

pyrilamine binds to one molecule of the 38-40-kDa protein

(Table 1).

Immunological analysis of the pyrilamine-binding
protein. In order to further identify whether the 38-40-kDa
protein band was the pyrilamine-binding protein, a rabbit was

immunized with this protein and the resulting polyclonal anti-
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sera were tested. The immune serum 10 days after the second

boost (second bleed) significantly inhibited [1H]pyrilamine

binding to DDT1MF-2 cells in a dose-dependent manner,

whereas pre-bleed antiserum and first-bleed antiserum failed

to inhibit [1H]pyrilamine binding (Fig. 11).

We have also tested whether these antisera recognize the cell

surface of intact DDT,MF-2 cells, using a fluorescence-acti-

vated cell sorter as described in Experimental Procedures. As

shown in Fig. 12, the fluorescent intensity of labeled DDT1MF-

2 cells with antiserum from the second bleed is significantly

increased, compared with pre-bleed labeled cells. Labeling with

antiserum from the second bleed was dose dependent (data not

shown).

-J
0

0::

z
0
0

0

�NO

1:10 1:100 1:1,000 1:10,000

2

kDa
C

. -97.4

-66.2

. u*.57

� � -42.3

‘*‘#{149}39

LU

-J

LU
0
LU

I-

-J
LU

r4frJitVIkI
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SERUM DILUTION

Fig. 11. Polyclonal antibody inhibition of [3Hjpyrilamine binding. DDT1MF-
2 cells (1 -2 x 1 0�) were suspended in HBSS and incubated with 100 n�
[3H]pyrilamine, in the presence of various concentrations of immune sera,
at 4#{176}for 1 h. Cells were then harvested on Whatman GF/C glass fiber
filters and washed with 2 ml of PBS six times under reduced pressure,
and then the fl-radioactivity of each filter was determined as described
in Experimental Procedures. [J, �, and � indicate the data for the pre-
bleed, first bleed, and second bleed antiserum, respectively.

RELATIVE FLUORESCENCE
(log)

Fig. 12. Polyclonal antibody recognition of cell surface molecules.
DDT,MF-2 cells (1 x 1 06) were suspended in HBSS and incubated with
a 1 :1 00 dilution of the pro-bleed (. . . . ) or the second bleed (-)

antiserum at 4#{176}for 1 hr. Cells were washed with PBS to remove unbound
serum components and then incubated with fluoroscein isothiocyanate-
labeled goat anti-rabbit immunoglobulin G (1 :1 00 dilution) at 4#{176}for 1 hr.
Cells were washed with PBS, suspended in fresh HBSS, and analyzed
in a fluorescence-activated cell sorter at 488 nm excitation and 522 nm
emission, as described in Experimental Procedures.

In order to analyze further whether the polyclonal antibody

against the purified pyrilamine-binding protein recognizes the

38-40-kDa protein on intact DDT1MF-2 cells, total cellular

proteins were separated on SDS-PAGE, and a Western blot

was performed, as described in Experimental Procedures. As a

result, antiserum from the second bleed specifically recognized

a 57-kDa and the 38-40-kDa protein (Fig. 13).

Discussion

In the present study, the pyrilamine-binding protein from

the smooth muscle cell line DDTMF-2 was solubilized with

digitonin, with the resultant preservation of [1H]pyrilamine

binding characteristics, and was purified with gel filtration and

chromatofocusing, followed by reverse phase HPLC.

DDT1MF-2 cell membranes were first prepared by three

-31.0

-21.5

-14.4

Fig. 13. Western blot analysis of polyclonal antibody. DDT,MF-2 cells (1
x 1 08) were suspended in sample buffer for SOS-PAGE, in the presence

of 2-mercaptoethanol, and were separated on a 5% polyacrylamide
stacking gel and 1 0% polyacrylamide separation gel. After electropho-
resis was completed, the gel was transblotted onto NC paper. The NC
paper was incubated with a 1 :1 00 dilution of control serum (pro-bleed;

lane 1) or specific antiserum (second bleed; lane 2) at room temperature
for 2 hr, washed extensively to remove unbound antisera, and then

incubated with 5,000,000 cpm of 1251-protein A at room temperature for
30 mm. The NC paper was then washed extensively and dried onto filter
paper. Autoradiography was conducted at �70#{176}with Kodak XAR-5 film

and a DuPont Cronex intensifying screen overnight. Molecular weight
standards were also electrophoresed for comparison. The small arrows

indicate 57- and 39-kOa proteins specifically recognized by the antiserum
directed against the purified pyrilamine-binding protein.
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different methods, sonication (Sonifier, Branson, Danbury,

CT), cell disruption (Polytron, Kinematics, Switzerland), or
nitrogen cavitation, as previously described for the substance

P receptor (10). The [3H]pyrilamine binding activity was pres-

ent only in sonicated membranes, with a similar Kd to that

described for intact cells (Table 1). However, the recovery of

the [3H]pyrilamine binding activity in membranes was approx-

imately 1% of that seen in cells (data not shown). Therefore,

to avoid the loss of the pyrilamine binding activity during

membrane preparation, cells were directly solubilized. These

results demonstrate that the [3H]pyrilamine binding activity

was solubilized only by digitonin, but not by CHAPS, Triton
x-100, or glucopyranoside (Fig. 1). However, digitonin could

solubilize only approximately 20% of the total [3H]pyrilamine

binding activity from intact cells (data not shown). This low

recovery of the pyrilamine binding activity has also been re-

ported for the H1receptor in rat brain membranes (21). The

computer analysis of [3H]pyrilamine binding indicated the

presence of a single binding site for pyrilamine on both solu-

bilized proteins and intact cells, with similar binding charac-

teristics (Figs. 2-5; Table 1). Furthermore, both intact cells and

solubilized cells demonstrated similar H1 receptor specificity

(Table 3). Therefore, cligitonin-solubilized cell lysates contain

at least part of the pyrilamine-binding protein, although the

solubilization procedure is not efficient.

Before receptor purification, various methods of protein con-

centration without loss of the binding activity were evaluated.

The relative recovery of the binding activity was C4 mini-

column > freeze-dry > ultrafiltration (Amicon) >> methanol

precipitation (data not shown). C4 mini-columns are theoreti-

cally the same as reverse phase HPLC, but more rapid, and,

therefore, it is possible to analyze many samples simultaneously

using disposable mini-columns. Furthermore, because TFA and

acetonitrile are easily removed by Speed Vac concentration,

the [3Hjpyrilamine binding assay could be performed by resus-

pending the concentrated samples in HBSS. Moreover, the

pyrilamine binding activity was preserved after elution from C4

mini-columns with binding characteristics similar to those of

digitonin-solubilized cell lysates (Figs. 3B, 4B, and 5C, and 5D;

Tables 1 and 2) and to those of intact cells (6).

In the present study, the protein with the [:IH]pyrilamine

binding activity was purified by gel filtration and chromatofo-

cusing, followed by reverse phase HPLC. The final material

was a single peak on reverse phase HPLC and the molecular

weight was 38-40 kDa on SDS-PAGE. In order to identify

whether the 38-40-kDa protein has the pyrilamine binding

activity, the protein was eluted from the gel and [1H]pyrilamine

binding was assessed to estimate the Kd and the number of

binding sites. The computer analysis Scatfit indicated a single

class of binding sites, with a Kd of 288 nM which is equivalent

to that of intact cells and digitonin-solubilized cell lysates

(Table 1). Furthermore, the calculated number of binding sites

indicated that one molecule of [3Hjpyrilamine bound to one

molecule of the purified protein (Table 1). A detailed pharma-

cological binding analysis of the purified protein was not per-

formed because of the difficulty in purifying a large quantity of

this protein and the need to commit this material to sequencing

efforts. However, we have successfully raised a rabbit polyclonal

antibody against the 38-40-kDa protein by subcutaneous im-

plantation of silver-stained SDS gel pieces containing the band

of interest. Western blot analysis indicated that this polyclonal

antibody recognized the protein from whole cell lysates (Fig.

13). Although this polyclonal antibody was prepared by im-

munization of the denatured proteins, antiserum specifically

bound to the cell surface of DDT1MF-2 cells (Fig. 12) and

inhibited the specific pyrilamine binding (Fig. 11). These data

strongly suggest that the 38-40-kDa protein is a minimum

component of the antagonist binding domain of the histamine

H1 receptor.
The reported molecular size of membrane-bound H1 recep-

tors in both bovine and human cerebral cortex by target size

analysis has demonstrated an approximate size of 160 kDa (22).

However, in the present study, the molecular weight of the

soluble pyrilamine-binding protein from DDT1MF-2 cells was

shown to be approximately 670 kDa by gel filtration. The

difference in molecular weight is most likely due to the presence

of a large quantity of digitonin within solubilized proteins

forming micelles. Recently, Ruat et al. (23) have used irrevers-

ible photoaffinity labeling to specifically label H1-binding pro-

teins in guinea pig brain membranes. SDS-PAGE and autora-

diography indicated that the molecular weight of the H1 recep-

tors was 350-400 kDa in the absence of 2-mercaptoethanol,

and the molecular weight decreased to 56 and 47 kDa in the

presence of 2-mercaptoethanol. These data suggest that the H1

receptor protein may have multiple subunits, with one or more

disulfide bridges, resulting in a higher molecular weight com-

plex. Furthermore, in the presence of protease inhibitors, la-
beling of the 56-kDa peptide increased at the expense of the

47-kDa peptide. This also suggests that one of the subunits of

the H1 receptor proteins that includes an antagonist binding

domain may be the 56-kDa peptide, with the 47-kDa peptide

being a proteolytic product.

The molecular weight of the pyrilamine-binding protein from

DDT1MF-2 cells is 38-40 kDa, smaller than that of the 56-kDa

H1 receptors from guinea pig brain. However, this value is
similar to that of the reported low affinity H1 receptor on

BC3H1 smooth muscle cells (19). Moreover, we have recently

reported that the change in the molecular weight between the

low and high affinity H1 receptors on BC3H1 cells is mediated

by receptor glycosylation (19) and, therefore, part of the differ-

ence in the reported molecular weights might be due to receptor

glycosylation. In addition, according to our Western blot analy-

sis (Fig. 13), the antiserum against the 38-40-kDa protein also

recognizes a 57-kDa protein from whole DDT1MF-2 cell lysates,

a molecular weight similar to that of the brain histamine H1

receptor (23). In order to further analyze the biochemical and

pharmacological characteristics of the histamine H1 receptor,

it will be important to determine the amino acid sequence of

this purified pyrilamine-binding protein, followed by the don-

ing of the gene encoding this protein.
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