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Summary. Antibody raised in mice was used in attempting to
identify proteins responsible for the conductive chloride transport
that can be measured in porcine ileal brush border membrane
vesicles. Ileal brush-border membrane vesicle protein from pig
was separated into five different molecular mass fractions by
preparative SDS polyacrylamide disc gel electrophoresis. Sepa-
rated protein fractions were used to immunize mice. Antibody
was screened for reactivity with antigen by Western blotting, and
for effects on conductive chloride transport in ileal brush border
membrane vesicles. Immunization with brush-border protein
from fraction I proteins (=110 kDa) produced polyclonal antisera
which specifically inhibited the conductive component of chloride
uptake by ileal brush border vesicle preparations. Western blot-
ting of the antigen showed the presence of several protein species
of molecular mass >100 kDa that were recognized by immune
serum. Spleen cells from a mouse producing antiserum that inhib-
ited conductive chloride transport were fused with a myeloma
cell line. The resulting hybridoma colonies produced antibody
that reacted with at least seven distinct protein bands by Western
blot assay and inhibited chloride conductance in brush-border
membrane vesicles.
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Introduction

Specialized epithelial cells from a variety of exocrine
tissues are responsible for the transport of electro-
lytes and water across mucosal membranes [2]. The
rate of chloride ion efflux through an apical conduc-
tance channel may be the factor controlling the rate
of primary fluid secretion by these exocrine tissues.
Perturbation of the control systems for the chloride
conductance channel is implicated in disease condi-
tions such as cystic fibrosis and asiatic cholera [3,
14]. Characterization of this regulated ion transport
protein would contribute to knowledge of basic dis-
ease processes of exocrine tissues.

Several proteins with reported chloride channel
activity have been identified recently [4, 13, 15].
However no consensus exists as to which protein is

primarily responsible for regulated exocrine chloride
conductance. Precise identification of a specific reg-
ulated conductance protein in the enterocyte brush-
border membrane is complicated by the large num-
ber of protein species in this tissue. We have pre-
viously demonstrated the presence of conductive
chloride transport in porcine small intestinal brush-
border membrane vesicles [5]. The brush-border
membrane vesicle system lends itself to controlling
conditions for chloride transport, and responds to
inhibitors and physiological activators of this trans-
port process [6, 7). Ligand protection and differen-
tial labeling procedures have been used to indicate
the involvement of a protein with a molecular mass
of approximately 130 kDa in conductive chloride
transport in porcine ileal brush-border vesicles [8].
The isolation of inhibitory antibody could provide
definitive evidence for the involvement of a specific
protein in conductive chloride transport.

Preparative electrophoresis was used to sepa-
rate the total brush-border protein complement into
smaller antigen groups. The resulting antisera have
been screened for reaction with immunizing antigen
and for inhibitory activity toward chloride conduc-
tance.

Materials and Methods

PREPARATION OF BRUSH-BORDER
MEMBRANE VESICLES

Brush-border membrane vesicles were prepared as described pre-
viously [5]. Briefly, segments of porcine ileum were removed
surgically from anesthetized weanling pigs of mixed Landrace-
Yorkshire breeding. Mucosal scrapings were treated by a proce-
dure of homogenization, differential centrifugation, and divalent
cation precipitation. Apical membrane vesicles were used for
antigen preparation, or equilibrated in appropriate buffers for
transport studies.
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ANTIGEN PREPARATION

Brush-border membrane vesicle protein was separated according
to molecular mass using preparative sodium dodecyl sulfate-poly-
acrylamide gel gel electrophoresis (SDS-PAGE). Membrane vesi-
cle protein was electrophoresed on 7 x 10 cm 10% acrylamide
gels [10]. After electrophoresis, gels were sliced into horizontal
sections corresponding to the migration position of prestained
standards. Slices (including fractions of the following molecular
masses: I. >110 kDa, II. 84110 kDa, ITI. 47-84 kDa, IV. 33-47
kDa, and V. 24-33 kDa) were obtained from eight separations.
Corresponding slices were pooled, the protein was electroeluted
from the polyacrylamide gel using 50 mm NH,HCO, (pH 8.8) and
0.1% SDS, and concentrated to at least 2.0 mg per ml [12] by
vacuum centrifugation. Antigen fractions I-V were stored at
—20°C until used for immunizing mice.

IMMUNIZATION AND ANTISERA COLLECTION

Seventy-five ug of antigen fraction emulsfied in Freund’s com-
plete adjuvant was injected intraperitoneally to female Balb/c
mice. Secondary immunizations with 75 ug of antigen fraction
emulsified in Freund’s incomplete adjuvant were carried out at
three-week intervals. Antisera were collected, and stored at
—20°C until assayed by Western blotting [17] and examined for
effects on conductive chloride uptake [5].

WESTERN BLOTTING

Brush-border membrane vesicle protein (100 pg/lane) was sepa-
rated by SDS-PAGE as described above, and transferred from
the polyacrylamide gel to a nitrocellulose membrane by semi-dry
electrophoresis. Nitrocellulose strips corresponding to protein
lanes on the gel were cut and stored dry at 4°C until used for
probing by antisera.

The nitrocellulose strips with bound protein were blocked
with 3% bovine serum albumin, washed extensively with TBST
(20 mM Tris pH 7.5, 0.5 m NaCl, 0.1% Tween 20), and incubated
with primary antisera for 16 hr. The strips were subsequently
washed again with TBST and incubated for 1 hr with rabbit anti-
mouse IgG conjugated to alkaline phosphatase. The strips were
washed and exposed to p-nitro blue tetrazolium chloride (NBT)
and 5-bromo-4-chloro-3-indolyl phosphate (BCIP).

ANTISERA EFFECTS ON CHLORIDE UPTAKE

Brush-border membrane vesicles were prepared as described
above. Membrane vesicles were equilibrated in medium con-
taining either 100 mMm K* or 100 mMm tetramethylammonium
(TMA). Valinomycin (7 ug/mg protein) was added to all vesicle
suspensions S min prior to measuring Cl uptake. Ten or 20 ug
of vesicle protein was used in each uptake measurement.
Addition of uptake medium, consisting of 130 mm mannitol, 70
mM HEPES-tetramethylammonium (TMA) (pH 7.5), 100 mm
K-gluconate and 10 mM TMAXCl (1 wCi/ml), produced a
potassium gradent across the membrane of vesicles equilibrated
in medium lacking K* [5]. The transmembrane potential gener-
ated by this K* gradient caused an increase in the initial rate
of Cl uptake relative to initial uptake rates measured in vesicles
with equal internal and external K* concentration. This increase
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in the initial rate of Cl uptake occurring in response to the
transmembrane potential was defined as chloride conductance.
Chloride conductance was reported as nmol of Cl trapped
within the vesicles per mg of brush-border vesicle protein per
15 sec of exposure to conductance conditions. Antibody effects
on Cl conductance were determined by mixing and precincuba-
tion prior to conductance measurements. Five ul of diluted
antisera or hybridoma supernatant solution was mixed with 95
ub of brush-border vesicle suspension (200 ug of protein), and
incubated with vesicle suspensions for 15 min at 20°C prior to
measuring rates of Cl uptake. Uptakes were terminated after
10 sec by rapid filtration using 0.45 wm porosity mixed cellulose
ester membrane filters, followed by three washes with 250 mM
NaCl. ¥Cl was measured in a Beckman LS3800 8-counter.

HyBRIDOMA GENERATION

One mouse, producing antisera that reacted positively in Western
blot assays and inhibited chloride conductance, was given a final
injection of 100 ug of antigen emulsified in Freund's incomplete
adjuvant. Hybridomas were prepared using standard techniques
[9]. Dispersed spleen cells from this mouse were fused with Balb/
c cell line NS-1 cells by addition of 40% polyethylene glycol in
RPMI 1640 medium (Sigma). The resulting hybridoma cells were
grown in 96-well microtiter plates in complete medium including
100 u™M hypoxanthine, 4.0 uM aminopterine, and 15 uM thymi-
dine. Hybridoma supernatants were screened by a Western blot
assay and also screened in a functional assay for effects on con-
ductive chloride uptake into ileal brush border membrane ves-
icles.

Results

BRUSH-BORDER PROTEIN ANTIGENS

Porcine ileal brush-border protein was separated
into five antigen fractions based on molecular mass.
It was necessary to pool antigen fractions of the
same size from several electrophoretic separations
to obtain sufficient material for a complete immuni-
zation schedule. The protein composition of the
pooled antigen fractions was investigated by SDS-
PAGE and silver staining as shown in Fig 1. There
were large numbers of protein species within each
fraction, and there was some degree of overlap be-
tween fractions caused by the pooling procedure.

POLYCLONAL ANTISERA

Mice were immunized with each of the five antigen
fractions shown in Fig 1. After a primary and three
secondary immunizations, serum samples were col-
lected and tested for antibody production by West-
ern blotting. Total, unfractionated ileal brush-border
protein was blotted to nitrocellulose. The specificity
of polyclonal antisera for vesicle protein fractions
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Fig. 2. Western blot of polyclonal antisera raised against size-
fractionated brush-border vesicle protein. Total brush-border
membrane vesicle protein was blotted to nitrocellulose and the
blot screened with polyclonal antisera as described in Materials
and Methods. All antisera were diluted to 1:3200 for blotting.
Lane /. antisera to brush-border protein >110 kDa; lane 2, anti-
sera to brush-border protein 84—110 kDa; lane 3, to brush-border
protein 47-84 kDa; lane 4, to brush-border protein 33-47 kDa;
lane 3, to brush-border protein 24-33 kDa.

used in immunization is shown in Fig 2. Each of the
antigen pools was immunogenic by this test criterion
(Fig. 2). Specificity of the antisera was indicated by
the positive reactions obtained between the antisera
and the corresponding antigen fraction. There was
also some apparent cross-reactivity between frac-
tions. Antisera raised to fraction V cross-reacted
with a small number of proteins in fraction I (lanes
I and 5 in Fig. 2). Polyclonal antisera to the five
fractions of vesicle protein were all detectable at a
titre of 1/128000 in the Western blotting analysis;
antisera to fraction I was detectable even at
1/256000.
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Fig. 1. Silver staining of electroeluted brush-

110,000 border membrane vesicle proteins. Brush-
84 000 border membrane vesicle protein was
separated by SDS-PAGE, cut into regions
47.000 based on molecular mass, electroeluted from
! the gel and analyzed for protein size
distribution by SDS-PAGE and silver staining.
33,000 Lames and 70: molecular weight standards.
Lanes 2 and 9: 100 ug total vesicle protein.
24,000 Lane3:10 g vesicle protein >110 kDa; lane
2, 10 ug vesicle protein 84-110 kDa; lane 5,
16,000 10 ug of vesicle protein 47-84 kDa; lane 6, 10
ng protein 33-47 kDa; lane 7, 10 ug protein
24-33 kDa.
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Fig. 3. Inhibition of the initial rate of total chloride uptake into
ileal brush-border membrane vesicles by specific antisera. Vesi-
cles were preincubated for 15 min at 20°C with increasing dilutions
of antisera generated against ileal brush-border protein >110kDa.
After the preincubation and addition of valinomycin, initial rates
of Cl~ uptake were measured in the presence of 100 mm extrave-
sicular K* as described in Materials and Methods. Uptake rate
in the control condition is shown by the dotted line. Points are
means * SE of 12 observations.

ANTISERA EFFECT OoN CHLORIDE UPTAKE

Pre- and post-immune antisera from the five frac-
tions were tested for inhibitory properties against
chloride uptake by brush-border membrane vesi-
cles. All preimmune sera, and antisera fractions II
to V had no inhibitory effect against chloride uptake
occurring in response to the transmembrane poten-
tial generated by a 100 mm K * gradient. Antisera to
fraction I, however, caused a significant decrease in
the initial rate of chloride uptake in ileal brush-bor-
der membrane vesicles (Fig. 3). Uptake rates in the
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Fig. 4. The effect of specific antisera on chloride conductance
activity. Vesicles and polyclonal antisera generated against
brush-border protein >110 kDa were preincubated for 15 min
prior to the addition of valinomycin, then *Cl. Chloride conduc-
tance was measured as the increase in the rate of chloride uptake
driven by a K™ gradient above the basal rate of chloride uptake
occurring in the absence of a K* gradient (n = 12 = s of
the differences). The rate of chloride conductance was reduced
significantly in vesicles preincubated with antisera titres marked
with an asterisk. (P < 0.05).

control condition are shown by the dotted line. The
inhibition was detectable at an antiserum titre of
1/16000 and was maximal at a titre of 1/4000. Control
rates of chloride uptake were observed in the pres-
ence of titres of 1/32000 or greater.

Nonconductive chloride uptake measured in pig
ileal brush border vesicles in the absence of a K*
gradient may represent activity of the chloride-bicar-
bonate anion exchanger or other anion carriers [35,
6]. This nonconductive component of chloride trans-
port was not inhibited by any of the polyclonal anti-
sera raised to antigen fractions 1 to V (data not
shown). We have defined chloride conductance in
this vesicle system as the difference between the rate
of chloride uptake in the presence and the absence of
a K* gradient [6]. This difference was chosen as a
best approximation of conductive chloride transport
in the system. Considering the lack of effect of im-
mune antisera from fraction I (mass > 110 kDa) on
nonconductive Cl~ uptake, together with inhibtion
of the part of the chloride transport process that
depends on a K* gradient, the result can be ex-
pressed as an antiserum effect on chloride conduc-
tance (Fig. 4). Antiserum to group I protein inhibited
the conductive component of chloride uptake by as
much as 50%, from 1.4 down to 0.7 nmol per mg
protein per 15 sec at a titre of 1/2000. Exposure to
fraction I immune sera did not affect equilibrated
chloride space measured within the vesicles (data
not shown).
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HyBRIDOMA ANTIBODIES

The cell fusion experiment produced approximately
500 separate hybridoma colonies. There may be sev-
eral different cell lines within each hybridoma col-
ony prior to cloning, with each line producing dis-
tinct antibody. Supernatant solution from a selection
of the colonies was tested by Western blotting to
confirm the presence of antibody to the brush-border
protein antigens. A selection of hybridoma colony
supernatants reacted with at least seven unique pro-
tein species of molecular mass > 110 kDa on nitrocel-
Iulose blots of unfractionated brush-border vesicle
protein. Some representative banding patterns from
antibody from hybridoma supernatant reacting with
these protein blots are shown in Fig 5. At this stage,
prior to cloning, most hybridoma supernatants re-
acted with more than one protein band.

Many of the hybridoma colonies that produced
supernatant solution testing positive for antigen pro-
teins of molecular mass >110 kDa were tested for
inhibitory effects on chioride conductance. Preincu-
bation of brush-border vesicle protein with hybrid-
oma supernatant solution from colonies approaching
75% confluence in microtiter wells produced a range
of effects on conductive chloride uptake by the vesi-
cle suspensions. The control levels of conductance
in this series of experiments was 3.11 = 0.35 nmol of
conductive chloride uptake per mg of vesicle protein
per 15 sec (n = 12). Representative data from se-
lected hybridoma colonies are presented in Fig. 6.
The range of effects caused by preincubating hybrid-
oma supernatant solution with brush-border vesicles
varied from absent (well 5A2, bar I) to more than
90% inhibition of conductive chloride uptake (col-
ony 2G6, bar 6). Some strongly inhibitory colonies
are being used in an ongoing study for limiting dilu-
tion cloning.

DiscussioN

The decision to sort antigen fractions prior to immu-
nization was based on the complexity of the electro-
phoretic pattern obtained from separations of total
brush-border vesicle protein. Preparative SDS-
PAGE electrophoresis, followed by electroelution
of selected areas, provided a simplified, molecular-
size based grouping of brush-border proteins for use
as antigens. Denaturing the protein with heat and
SDS detergent prior to electrophoresis may have
contributed to an increased immunogenicity of at
Jeast some of the proteins present in the fractions.
High titres obtained with the antisera fractions in
the Western blot assay indicated that it was possible
to produce antibody with a reasonable affinity for at
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Fig. 5. Reaction of total brush-border vesicle protein with hybrid-
oma supernatant. Brush-border membrane protein was separated
by SDS-PAGE and blotted onto nitrocellulose. Hybridoma super-
natant was collected from microtiter wells and diluted 1:4 for
screening. Lanes I—4: four different well supernatants represent-
ing the full range of banding patterns. Lane 5: prestained molecu-
lar weight standards blotted to nitrocellulose.

least some of the proteins present in the pig ileal
brush-border preparation. Cross-reactivity detected
between antibody raised to groups IV and V protein
with group I antigen in Fig. 2 may have resulted from
common glycoprotein epitopes on brush-border pro-
teins of different size, or from limited proteolysis of
the sample before electrophoresis.

Antibodies raised against a chloride conduc-
tance molecule denatured by heating in the presence
of SDS could fail to recognize the native conforma-
tion of the molecule, or could bind to a part of the
protein that would not affect a transport function.
The finding of significant inhibition of conductive
chloride uptake by one group of antisera indicated
that important functional epitopes of the conduc-
tance protein were not irreversibly lost on prepara-
tive SDS-PAGE. The specificity of the immune sera
effect was supported by a lack of inhibitory effects
on chloride conductance by polyclonal antisera from
groups Il to V.

Several proteins have been associated with con-
ductive chloride transport. Finn et al. [4] reported
that monoclonal antibody raised to Necturus gall
bladder epithelial cells inhibited chloride channels
and reacted with proteins of molecular mass 219 and
69 kDa. The location of proteins identified by the
monoclonal antibody on both apical and basolateral
membranes by immunohistochemistry indicates a
probable transport function for these antigens, but
no further relationships to an apical conductance
activity have been established. Landry et al. [11]
used high affinity ligands for a chloride channels to

327

60 1

S

EaN
o
1

N
(=)

Cl conductance (% of control)

5A2 5A3 4F4
Well ID #

3A12 6H2 2G6

Fig. 6. Inhibition of conductive chloride uptake into ileal brush-
border vesicles by supernatant solution from representative hy-
bridoma colonies. Conductive chloride uptake was measured as
described in Materials and Methods after a 15 min preincubation
of hybridoma supernatant solution with ileal brush-border vesicle
suspensions. Adjacent bars represent screenings of inhibitory
activity of hybridoma supernatant from different passages of the
same hybridoma colony. Values are means * sk of the differences
for four replicates of each measurement.

identify and purify proteins which produced several
distinct chloride channels on insertion into planar
lipid bilayers. The resulting chloride channels did
not show the expected sensitivity to chloride chan-
nel blockers that is characteristic of native chloride
channels. More recently Ran and Benos [15] re-
ported the isolation of a 38 kDa chloride channel
protein from bovine tracheal membranes. The Kinet-
ics of '] transport in native bovine tracheal vesicles
and in reconstituted liposomes was reported to be
very slow (linear uptake for 10 min) in comparison
to rates of conductive chloride transport in vesicles
prepared from apical membrane of porcine small
intestine (linear uptake for 15-20 sec) [5, 8]. A pre-
liminary report of involvement of proteins of 58 and
62 kDa in chloride transport in the rabbit ileum has
also appeared [13]. At the current stage in this area
of research it is not clear whether there are several
different chloride conductance proteins with quite
different inhibitor sensitivities and conductance
properties in different tissues, or if some of the tech-
niques used to isolate and reconstitute putative ion
channel proteins may be inducing channel activity
in proteins that do not function in vivo as ion conduc-
tance channels.

The ability to produce complete inhibition of
conductive chloride uptake by supernatant solutions
of hybridoma colonies produced by fusion of spleen
cells from an immunized mouse with myeloma cells
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may be evidence for a limited number of chloride
channels producing the conductive activity that is
measurable in pig ileal brush-border vesicles. Varia-
tions in the degree of inhibition of the chloride con-
ductance could arise from varying proportions of a
strongly inhibitory cell line within the hybridoma
cell population of one microtiter well. It is also possi-
ble that different degrees of inhibition represent rec-
ognition of more than one epitope of a chloride con-
ductance protein, with corresponding differences in
functional inhibition. We hope to resolve this issue
by studying inhibitory activity of antibody produced
by cloned hybridoma cell lines.

One goal of this line of investigation is the identi-
fication of a specific protein that is responsible for
conductive chloride transport in exocrine tissues in-
cluding the small intestine. Gross similarities in size
of the pig ileal chloride conductance antigen and
the cystic fibrosis transmembrane regulator (CFTR)
anion channel [1, 16] make the CFTR one potentially
interesting candidate as an antigen in our system. It
may be possible to use monoclonal antibody with
Western blotting and cDNA library screening to
identify and determine the tissue and species distri-
bution of the protein responsible for conductive
chloride transport in the pig ileum.

References

1. Anderson, M.P., Gregory, R.J., Thompson, S., Souza,
D.W., Paul, S., Mulligan, R.C., Smith A.E., Welsh, M.J.
1991. Demonstration that CFTR is a chloride channel by
altering its selectivity. Science 253:202-205

2. Field, M. 1981. Secretion of electrolytes and water by mam-
malian small intestine. In: Physiology of the Gastrointestinal
Tract. L.R. Johnson, editor. pp. 963-982 Raven, New York

3. Field, M., Fromm, D., Al-Awqati, Q., Greenough, W.B.
1972. Effect of cholera enterotoxin on ion transport across
isolated ileal mucosa. J. Clin. Invest. 51:796-804

4. Finn, A.L., Tsai, L.-M., Falk, R.J. 1989. Monoclonal anti-

10.

11.

12.

14.

15.

S.E. Gabriel et al.: Antibody to Conductive Cl~ Transport

bodies to the apical chloride channel in Necturus gallbladder
inhibit the chloride conductance. Proc. Natl. Acad. Sci. USA
86:7649-7652

. Forsyth, G.W., Gabriel, S.E. 1988. Chloride uptake by pig

jejunal brush border vesicles: Absence of NaCl cotransport
and evidence for chloride conductance. J. Physiol.
402:555-564

. Forsyth, G.W., Gabriel, S.E. 1989. Inhibiting conductive

chloride uptake in membrane vesicles: Specificity of a-phe-
nylcinnamate. Biochim. Biophys. Acta 977:19-25

. Forsyth, G.W., Gabriel, S.E. 1989. Activation of chloride

conductance in pig jejunal brush border vesicles. J. Mem-
brane Biol. 107:137-144

. Gabriel, S.E., Forsyth, G.W. 1991. Candidate proteins for

conductive chloride transport in porcine ileal brush border
membrane. J. Biol. Chem. 266:17764—17769

. Kohler, G., Milstein, C. 1975. Continuous cultures of fused

cells secreting antibody of pre-defined specificity. Nature
256:495-497

Laemmli, U.K. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680-685

Landry, D.W., Akabos, M.H., Redhead, C., Edelman, A.,
Cragoe, E.J. Jr., Al-Awqati, Q. 1989. Purification and recon-
stitution of chloride channels from kidney and trachea. Sci-
ence 244:1469-1472

Lowry, O.H., Rosebrough, N.J., Farr, A.L., Randall, R.J.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265--275

. Peerce, B.E., Seifert, S., Clarke, R. 1991. Partial purification

and reconstitution of an anion conductance from rabbit intes-
tinal brush border membranes. FASEB J. 5:8078

Quinton, P.M. 1983. Chloride impermeability in cystic fibro-
sis. Nature 301:421-422

Ran, S., Benos, D.J. 1991. Isolation and functional reconsti-
tution of a 38-kDa chloride channel protein from bovine tra-
cheal membranes. J. Biol. Chem. 266:4782—-4788

. Rich, D.P., Gregory, R.J., Anderson, M.P., Manaralan, P.,

Smith, A.E., Welsh, M.J. 1991. Effect of deleting the R
domain on CFTR-generated chloride channels. Science
253:205-207

. Towbin, H., Staehelin, T., Gordon, J. 1979. Electrophoretic

transfer of protein from polyacrylamide gels to nitrocellulose
sheets: Procedure and some applications. Proc. Natl. Acad.
Sci. USA 76:4350-4354

Received 12 February 1992; revised 4 May 1992



