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Abstract

Prior studies have suggested that protein kinase A (PKA)-me-
diated inhibition of the rabbit renal brush border membrane
(BBM) Na'-H' exchanger involves a regulatory protein that
is distinct from the transporter. This putative regulatory pro-
tein was purified by column chromatography and SDS-PAGE,
and a partial primary amino acid sequence was determined. An
affinity-purified polyclonal antibody to a synthetic peptide rep-
resenting a sequence of the protein recognized a polypeptide of
55 kD in BBMbut not in basolateral membrane. The antibody
immunoprecipitated a PKA substrate of a similar molecular
mass from detergent-solubilized BBMproteins. Whenassayed
after reconstitution, PKAin the presence of ATPand Mg2+ did
not inhibit Na+-H+ exchange transport in a fraction of solubi-
lized BBMproteins eluting from an anion exchange column
between 0.2 and 0.4 MNaCI (fraction B). Coreconstitution of
fraction B with the immunoprecipitated 55-kD protein restored
the inhibitory effect of PKA (change = 42%, P < 0.05). By
contrast, Na+-H+ exchange transport in total solubilized BBM
proteins was inhibited 25% (P < 0.05) by PKA, ATP, and
Mg2 . This effect was abolished by immunodepletion of the
cAMP regulatory protein (change = +5%, P = NS). These
findings provide evidence that the regulation of renal BBM
Na+-H+ exchange transport by PKA is affected by repletion
and depletion of a specific protein. This suggests that PKA-me-
diated inhibition of the renal BBMNa+-H + exchanger requires
participation of a regulatory protein that is distinct from the
transporter itself. (J. Clin. Invest. 1993. 92:1781-1786.) Key
words: renal electrolyte transport * acid-base regulation * pro-
tein kinases * cAMP- rabbit kidney

Introduction

Parathyroid hormone (PTH)' decreases the secretion of hy-
drogen ions in the cells of the renal proximal convoluted tubule
by inhibiting the activity of the brush border membrane
(BBM) Na+ -H + exchanger ( 1-3). A major signal transduction
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pathway used by parathyroid hormone in the renal proximal
tubules involves the generation of cAMPand the subsequent
activation of a phosphorylation cascade mediated by cAMP-
dependent protein kinase (PKA). The cellular events that fol-
low the activation of PKAby PTHand result in a decrease in
the activity of the BBMNa+-H+ exchanger have been the sub-
ject of extensive study. Hensley et al. (4) reported that PTH
mediated the removal or retrieval of the transporter from its
apical membrane location. Others have speculated that the ac-
tivity of the BBMNa'-H+ exchanger might be modulated by
direct phosphorylation by PKA. The complete structure of the
renal BBMNa+ -H + exchanger has yet to be elucidated. A can-
didate cDNA, however, has been cloned recently and the pro-
posed amino acid structure of this antiporter protein contains
several consensus sequences for PKA (5).

Another mechanism by which PTHcould inhibit the BBM
Na'-H' exchanger involves PKA-mediated phosphorylation
of a regulatory component that is separable from the trans-
porter (6-8). Several lines of evidence have been advanced to
indicate that the activity of the Na+-H + exchanger can be dis-
sociated from its regulation by PKA (7, 8). Coreconstitution
experiments confirm that PKA-mediated regulation of the ac-
tivity of the Na+ -H + exchanger involved a protein with distinct
chromatographic properties from the exchanger itself. This
polypeptide is a necessary cofactor for the expression of the
inhibitory effect of PKAon the activity of the BBMNa+-H +
exchanger. This putative regulatory cofactor, however, has not
been purified to homogeneity.

The present experiments were undertaken to define further
the function of the proposed regulatory protein. The experi-
mental approach involved isolation of the putative polypeptide
by anion exchange chromatography and slab gel electrophore-
sis, determination of its partial amino acid sequence, and gener-
ation of a monospecific antibody to a synthetic peptide repre-
senting a sequence in this regulatory protein. The antipeptide
antibody was used to immunodeplete and immunoreplete total
and selected chromatographic fractions of solubilized BBM
proteins. These experiments provide the most compelling evi-
dence to date that PKA-mediated inhibition of the BBMNa+-
H+ exchanger involves participation of a regulatory cofactor
that is distinct from the exchanger itself.

Methods

BBMwere prepared from the rabbit kidney by a magnesium precipita-
tion method and membrane proteins were extracted by mixing one
part of the membrane preparation (5 mg/ml) with 1.25 parts of 8%
octyl glucoside at pH 6.0 for 15 min at 0°C (2, 9). The membrane-de-
tergent mixture was then centrifuged at 100,000 g for 30 min. The
solubilized membrane proteins were applied to a Mono Q HR 5/5
(Pharmacia Fine Chemicals, Piscataway, NJ) anion exchange column
and batch eluted sequentially with a two-step gradient using solutions
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containing 50 mMTris, 0.1 mMEDTA, 0.1 mMDTT, 2%octyl gluco-
side, and 0.2 MNaCl (fraction A) at a rate of t ml/min followed by the
same solution containing 0.4 MNaCl (fraction B) at the same rate (8).
Fraction B and aliquots of the unfractionated solubilized proteins were
desalted on a Sephadex-G25 column.

Initial solubilized proteins or fraction B proteins were mixed with
asolectin (35 mg/ ml; crude soybean phospholipid; Associated Concen-
trates, Woodside, NY), which had been sonicated to translucency for
10 min at 220C. Proteoliposomes were prepared by dialysis for 18 h at
4VC using l0-12-kD cutoff dialysis membranes. The dialysis buffer
contained 250 mMmannitol, 50 mMMES/Tris, and 30 mMpotas-
sium gluconate (pH 6.0).

Sodium uptake in reconstituted proteoliposomes was determined
by applying the reaction mixture to l-ml Dowex 50 x 8 (Tris), 100-
mesh columns, and eluting with vacuum suction with 1 ml of 300 mM
mannitol (pH 8.0) at 0°C. The internal pH of the proteoliposomes (pH
6.0) was set by the dialysis solution. Except where indicated otherwise,
the uptake solutions contained 1 mM22Na' (sp act, 2.5 mCi/,Mg so-
dium), 1 Mg/ml valinomycin, and either 250 mMmannitol, 50 mM
Tris/MES, 30 mMpotassium gluconate (pH 8.0), or 250 mMmanni-
tol, 50 mMMES/Tris, and 30 mMpotassium gluconate (pH 6.0). In
prior published studies and in preliminary studies, the difference be-
tween 22Na' uptake in the presence or absence of a pH gradient was
equal to the amiloride (2 mM)-inhibitable component of proton gra-
dient-stimulated 22Na' uptake in controls and after phosphorylation
of proteins with PKA( 10). In addition, prior preliminary experiments
indicated that neither the presence of glucose (5 mM)nor furosemide
( 10-3 M) affected the uptake of sodium under experimental conditions
identical to those of the present studies. Accordingly, in the present
experiments, the Na+-H+ exchange rate was taken as the proton gra-
dient-stimulated component of 22Na+ uptake under voltage-clamped
conditions. The adequacy of the voltage clamp was confirmed previ-
ously using Dis-C3-( 5) (7).

The putative regulatory protein was purified initially from a frac-
tion of solubilized renal BBMproteins eluting from an anion exchange
column between 0.05 and 0.1 MNaCl using SDS-PAGE( 11). The
polypeptide of interest, one of the major substrates for PKA in this
protein fraction, was excised from 10% polyacrylamide slab gels, elec-
troeluted, and incubated with cyanogen bromide (0.5 mg) in 70% for-
mic acid for 24 h at room temperature (7, 12). The solution was di-
luted 10-fold with water, dried, and redissolved in 0.1 %SDS. The pep-
tide digests were subjected to electrophoresis on a second 15%
polyacrylamide slab gel and electrophoretically transferred to PDVF
membranes for amino acid sequencing.

A synthetic peptide representing amino acids 2-10 of the amino-
terminal end of a 3 l-kD fragment of the putative regulatory cofactor
(see Fig. 1) was conjugated to keyhole limpet hemocyanin through a
terminal cysteine residue using m-maleimidobenzoyl-N-hydroxysuc-
cinimide ester as the coupling reagent and emulsified in complete
Freund's Adjuvant. Rabbits were immunized by intradermal injection
with additional booster injections of the antigen in incomplete
Freund's Adjuvant at regular intervals. The antiserum was partially
purified by two precipitations with 50% saturated ammonium sulfate,
and chromatography on DEAEAffi-Gel blue to remove residual serum
albumin and trace serum protease activity. Affinity-purified antibodies
were prepared by chromatography on Affi-Gel- 0 cross-linked with the
original synthetic peptide.

Western immunoblots were performed by the method of Towbin et
al. ( 13 ). The proteins were separated by SDS-PAGEand electrophoreti-
cally transferred to nitrocellulose. The nitrocellulose was blocked with
5% bovine serum albumin containing 0.1% Tween-20 for 6 h before
reacting with the generated antiserum overnight at 4°C. The filters
were washed briefly with phosphate-buffered saline (pH 7.5). Immune
complexes were detected by an enhanced chemical luminescence sys-
tem (Amersham Corp., Arlington Heights, IL).

To immunoprecipitate the putative regulatory polypeptide from
solubilized renal BBM proteins, the monospecific antiserum was
bound to protein A-Sepharose CL-4B beads (Pharmacia Fine Chemi-

cals). The solubilized BBMproteins were mixed with the bound beads
for 2 h at room temperature. The beads were removed by centrifuga-
tion and washed three times with phosphate-buffered saline. The im-
munopurified proteins were eluted from the beads and renatured using
3 Msodium thiocyanate ( 14, 15). The eluted sample was then desalted
using a Sephadex G-25 column.

The effects of phosphorylation by PKAwere examined by incubat-
ing the BBMproteins in solutions containing ATP( 50uMM) and magne-
sium (200MuM) in the absence or presence of punfied PKAfor 2 min at
30'C. The catalytic subunit of PKA was purified by the method of
Beavo et al. (16). Protein concentrations were estimated by the
method of Lowry et al. ( 17). Results of transport experiments are pre-
sented as the mean of means±SEMof duplicate or triplicate determina-
tions and analyzed using the paired t test or Peritz Analysis of Variance
( 18 ). Representative gels and autoradiographs are presented.

Results

Based on prior experiments, the putative target phosphopro-
tein accounting for PKA-mediated inhibition of the rabbit
renal BBMNa'-H+ exchanger had an apparent molecular
mass of > 42 kD and its abundance was enriched in a fraction
of solubilized BBMproteins that elutes from an anion ex-
change column between 0.05 and 0.1 MNaCl (7, 8, 19). This
protein was excised from SDS-PAGEslab gels of this fraction
of solubilized BBMproteins and electroeluted. Initially, it was
not possible to obtain a primary amino acid sequence of the
intact regulatory protein due, presumably, to a blocked amino-
terminal end. It also was not possible to obtain pure fragments
for sequence analysis using trypsin. Nonenzymatic cleavage of
the polypeptide using cyanogen bromide, however, resulted in
distinct cleavage products. Fig. 1 is the amino acid sequence of
a 31 -kD cyanogen bromide fragment of the putative regulatory
protein. Database search indicated that the sequence of this
peptide was unique. Someamino acid homology to the ,3-sub-
unit of human transducin, a retinal GTPbinding protein, was
observed. The possible structural relation between these pro-
teins is considered further in the discussion.

A synthetic peptide representing amino acids 2-10 was
used to immunize rabbits and develop a polyclonal antibody.
Fig. 2 is a Western immunoblot of rabbit renal BBM. The
affinity-purified antibody recognized a protein band at 55
kD (lane 1). As shown in Fig. 2, lane 2, preabsorption of the
antibody with the peptide antigen abolished completely recog-
nition of the indicated band. In addition, preimmune sera did
not react with the 55-kD polypeptide in the renal BBM. Fig. 3 is
a Western immunoblot of rabbit renal BBM, basolateral mem-
branes (BLM), and two separate protein fractions obtained by
anion exchange chromatography of octyl glucoside-solubilized
BBMproteins. The antibody recognized a broad protein band
at 55 kD in BBMbut not in BLM. The antibody recognized a
protein band of the same molecular mass and an additional
band at a somewhat lower apparent molecular mass in a pro-

31-kD Fragment K KGP NGYGFNLHSDKDAPWQFIV
. . . . . . . . . . . .

Transducin AF FPNGYAFTTGSDDATCRLFDL
beta-2 chain

Figure 1. Amino acid sequence of the 3 1-kD phosphoprotein frag-
ment of the putative regulatory cofactor. Also shown is the amino
acid sequence of the p3-subunit of transducin, a retinal GTPbinding
protein. Double dots denote amino acid identity; single dots indicate
conservative amino acid substitutions.
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-66 Figure 2. Representative West-
ern immunoblot of rabbit
renal BBMproteins using an
affinity-purified antipeptide

-42 polyclonal antibody to the pu-
tative regulatory protein (lane
1). Lane 2 is a Western immu-
noblot of the same BBMpro-

-31 teins in which the antibody was
preabsorbed with its peptide
antigen. Molecular mass stan-
dards (kD) are indicated.

tein fraction of solubilized rabbit renal BBMthat elutes from
an anion exchange column between 0.05 and 0.1 MNaCl (Fig.
3, lane 0.1 MNaCi). This is the protein fraction from which
the putative regulatory protein was purified initially. Preab-
sorption of the antibody with its peptide antigen prevented
recognition of both bands in this protein fraction. Fraction B is
the anionic protein fraction that elutes between 0.2 and 0.4 M
NaCl. This protein fraction has been demonstrated previously
to possess Na'-H+ exchange activity that is not regulated by
PKA(8). No immunoreactive proteins were recognized in this
protein fraction. The antibody also did not react with any pro-
teins in crude membrane fractions of rabbit brain or skeletal
muscle (data not shown). Fig. 4 is a representative protein
stain of an SDSgel indicating that the antibody immunopreci-
pitated a single protein. Fig. 5 is a composite showing protein
staining and a Western immunoblot (lanes I and 3, respec-
tively) of the protein precipitated by the antibody from solubi-
lized rabbit renal BBMproteins. Lane 2 is an autoradiograph of
the immunoprecipitated protein incubated in the phosphoryla-
tion solution containing --[32P]ATP and PKA. By all three
methods, the apparent molecular mass of the immunoprecipi-
tated polypeptide is similar to that identified by Western immu-
noblot analysis of rabbit renal BBM. These results indicate also
that the polypeptide recognized by the antibody is a substrate
for PKA.

To assay the function of the protein recognized by the anti-
peptide antibody, a series of transport experiments were per-
formed in reconstituted proteoliposomes. As summarized in
Table 1 and Fig. 6, Na'-H' exchange activity in fraction B
proteins incubated with ATP and Mg"2 averaged 10.5±1.3
nmol X mg protein-' X 2 min-' in the absence of PKAand
10.3±1.1 in the presence of PKA (P = NS). These findings

97-
66-

42-

31-

Figure 4. Representative protein stain of
SDSgel of the immunoprecipitate ob-
tained using solubilized rabbit renal BBM
and the antipeptide antibody to the puta-
tive regulatory cofactor. Molecular mass
standards (kD) are indicated.

confirm results of prior studies indicating that PKAdoes not
regulate the activity of the Na+-H+ exchanger in this protein
fraction (8). Coreconstitution of fraction B proteins with the
protein immunoprecipitated by the antibody resulted in a sig-
nificantly lower rate of Na+-H+ exchange activity of 6.1 ± 1.1
nmol X mg protein-' X 2 min-' after PKA-mediated phos-
phorylation. Denaturing of the putative regulatory factor by
heat treatment resulted in loss of PKA-mediated inhibition of
Na+-H+ exchange transport (change = -1+7%, P = NS). Ad-
ditional studies were performed to demonstrate that the inhibi-
tory effect of the regulatory factor required both ATP and
PKA. In the presence of PKAbut not ATP, the putative regula-
tory protein did not affect Na+-H+ exchange activity (change
= +3+6%, P = NS). In the presence of ATPbut not PKA, the
putative regulatory protein also did not affect Na+-H+ ex-
change activity (change = +4±8%, P = NS). The amount of
regulatory cofactor reconstituted could not be determined accu-
rately due to the low amounts of protein recovered by immu-
noprecipitation. To demonstrate that the renatured cofactor
affected Na+-H+ exchange transport in a concentration-de-
pendent manner, the cofactor was diluted serially before recon-
stitution with fraction B. As compared with controls contain-
ing no regulatory cofactor, PKAin the presence of ATP, Mg+2,
and undiluted regulatory protein inhibited Na+-H+ exchange
activity by 28%. Na+-H + exchange activity was 23%lower than
controls when the regulatory protein was diluted 1:10. Dilu-
tions of the immunoprecipitated protein by 1:100 or 1:1,000
abolished the inhibitory effect of PKAon the rate of transport.

In separate experiments (Table 2 and Fig. 7), Na+-H+ ex-
change activity was assayed in total solubilized BBMproteins.
PKA inhibited Na+-H+ exchange activity from 7.3±0.2 nmol

&s 4QP

0 a~~~~.

Figure 3. Representative West-
ern immunoblots of rabbit
renal BBMproteins, rabbit
BLMproteins, octyl gluco-
side-extracted BBMproteins
eluting from an anion ex-
change column between 0.05
and 0.l MNaCl (lane 0.J M
NaCI), or between 0.2 and 0.4
MNaCl (lane Fraction B).
Molecular mass standards are
indicated.

kD Figure 5. Representation of the
polypeptide immunoprecipi-
tated by the antipeptide anti-
body to the putative regulatory

55- cofactor. Lane I is a represen-
tative silver stain for protein of

2 3 the SDS-PAGEof the immu-
noprecipitated protein. Lane 2

is an SDS-PAGEautoradiograph of the immunoprecipitated protein
phosphorylated by PKA. Lane 3 is a Western immunoblot of the im-
munoprecipitated protein using the affinity-purified polyclonal anti-
body. Molecular mass standards are indicated.
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Table I. Effect of PKA on Na'-H' Exchange Activity
in Proteoliposomes Reconstituted with Fraction B

Fraction B Fraction B Fraction B + RF
(-PKA) (+PKA) (+PKA)

8/6 29.9±1.9 29.6±1.4 25.1±0.9*
6/6 19.4±1.6 19.3±1.7 19.0±1.8
Delta 10.5±1.3 10.3±1.1 6.1±1.1*

The uptake of 1 mMsodium was determined in reconstituted pro-
teoliposomes prepared using fraction B of solubilized BBMproteins.
Sodium uptake was measured under voltage clamped conditions in
the presence (8/6) or absence (6/6) of pH gradient. Delta is the differ-
ence between uptake at 8/6 vs. 6/6 and is taken as a measure of Na'-
H+ exchange. All protein samples were incubated in a phosphoryla-
tion solution containing ATP and Mg+2 in the absence (fraction B
minus PKA) or presence of PKA (fraction B plus PKA) before re-
constitution. Fraction B + RF samples contain fraction B proteins
plus the polypeptide immunoprecipitated by the affinity-purified
polyclonal antibody (RF). This protein sample was incubated in ATP,
Mg2 , and PKA before reconstitution. Values are mean of
means±SEMfor four preparations. Values are expressed as nmol X
mgprotein-' X 2 min-'.
* P< 0.05.

X mgprotein-' x 2 min-' to 5.5±0.4 (P < 0.5). This finding is
similar to prior reports from this laboratory (6). Immuno-
absorption of the putative regulatory cofactor from total solubi-
lized BBMproteins abolished the inhibitory effect of PKA.
Western immunoblots confirmed a significant decrease of the
55-kD protein.

Discussion

Prior studies from this laboratory have suggested that PKA
inhibits the activity of the renal BBMNa+-H+ exchanger and
that this inhibitory effect requires participation of a regulatory
cofactor that is distinct from the exchanger itself ( 1-3, 6-8).

Table II. Effect of PKA on Na'-H' Exchanger Activity
in Proteoliposomes Reconstituted with Solubilized BBMProteins

Control Control Immunodepletion
(-PKA) (+PKA) (+PKA)

8/6 15.8±1.8 13.6±1.9* 15.2±0.9
6/6 8.5±1.6 8.2±1.4 8.0±1.4
Delta 7.3±0.2 5.5±0.4* 7.2±0.7

The uptake of 1 mMsodium was determined in reconstituted pro-
teoliposomes prepared from solubilized BBMprotein. Sodium uptake
was measured under voltage clamped conditions in the presence
(8/6) or absence (6/6) of pH gradient. Delta is the difference between
uptake at 8/6 vs. 6/6 and is taken as a measure of Na+-H' exchange.
All protein samples were incubated in a phosphorylation solution
containing ATPand Mg2" in the absence (control minus PKA) or
presence of PKA(control plus PKA) before reconstitution. Immuno-
depletion was accomplished using the affinity-purified polyclonal
antibody. This protein sample was incubated in ATP, Mg2", and PKA
before reconstitution. Values are mean of means±SEM for four
preparations. Values are expressed as nmol X mgprotein-' x min-'.
*P<0.05.

Evidence supporting this thesis was derived from experiments
using solubilized BBMproteins subjected to limited proteolysis
with trypsin or fractionation of renal BBMproteins by anion
exchange chromatography. In both cases, Na+ -H + exchange
transport was demonstrated but the activity of the transporter
was no longer regulated by PKA. Coreconstitution of the tryp-
sin treated proteins or the anion exchanger column fraction
(fraction B) with selected other BBMprotein fractions restored
the inhibitory effect of PKAon the activity of the exchanger.
Based on SDS-PAGEand autoradiography, the BBMprotein
fractions that restored the regulatory response of the Na+-H+
exchanger to PKAcontained a PKAsubstrate polypeptide of
> 42 kD. In our prior studies, however, the regulatory cofactor
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Figure 6. Na'-H' exchange transport in proteoliposomes reconsti-
tuted with the anionic protein fraction B of solubilized rabbit renal
BBMproteins. Proteins were incubated in ATPand Mg"2 in the ab-
sence (BASAL) or presence of protein kinase A (PKA). RF is the
putative regulatory cofactor immunoprecipitated using the antibody
that was coreconstituted with fraction B proteins. Results are ex-
pressed as mean of means±SEM.

Figure 7. Na'-H+ exchange transport in proteoliposomes reconsti-
tuted with solubilized rabbit renal BBMproteins. Proteins were incu-
bated in ATPand Mg+2 in the absence (BASAL) or presence of pro-
tein kinase A (PKA). Immunodepleted sample represents solubilized
BBMproteins depleted of the putative regulatory cofactor by im-
munoprecipitation using the antibody before phosphorylation and
reconstitution. Results are expressed as mean of means±SEM.
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was not purified to homogeneity and, accordingly, questions
remained as to the physiologic role of this polypeptide. The
present experiments were designed to study this in greater de-
tail.

The putative regulatory protein was partially purified using
anion exchange chromatography. After separation of these
proteins by SDS-PAGE, the phosphoprotein of interest was
excised from the slab gels, electroeluted, and cleaved chemi-
cally using cyanogen bromide. A 23-amino acid sequence was
obtained and confirmed several times from a 31 -kD phospho-
peptide fragment of the 42-kD protein. Search of protein data
bases indicated that the peptide sequence was unique. The se-
quenced polypeptide bore no homology to any of the Na'-H +
exchangers cloned to date. This finding is consistent with prior
functional data that indicate that the putative cofactor itself
does not mediate proton gradient stimulated sodium uptake in
reconstituted proteoliposomes (7). The polypeptide, however,
showed an interesting homology to the /3 subunit of transducin,
a retinal GTPbinding protein. Amino acid identity between
the 23-amino acid sequence of the putative regulatory protein
and the 3-subunit of transducin was 44%but included a stretch
of 5 identical amino acids. If conservative substitutions were
considered, the overall homology could be increased to 77%.
While initially of interest, two-dimensional peptide maps of the
42-kD phosphoprotein from rabbit renal BBMdid not resem-
ble those of the subunits of any other known G proteins (S.
Shenolikar and E. J. Weinman, unpublished observations). At
the present time, the significance of the sequence homology
with transducin is unknown.

An affinity-purified polyclonal antibody to a synthetic pep-
tide representing nine amino acids of the putative regulatory
cofactor was generated in rabbits. This antibody recognized a
specific band on Western immunoblots of BBM. The ability of
the antibody to recognize this band was blocked completely by
preabsorption of the antibody with its peptide antigen. Preim-
mune sera contained no such reactive antibodies. These results
demonstrate the specificity of the antibody. The antibody did
not react with any proteins in rabbit renal BLM. The antibody
also did not recognize any proteins in crude membrane frac-
tions from rabbit skeletal muscle or brain. These latter findings
are of interest given that the Na+-H+ exchanger in muscle and
brain tissue is probably a different transporter than that found
in the renal BBMand that Na+-H + exchange transport in these
tissues is not regulated by PKA. In addition, Na+-H+ exchange
activity has not been demonstrated in BLM. By contrast, pre-
liminary studies indicate that the antibody recognizes a single
protein of - 55 kD in BBMfrom rabbit small intestine and in
BBMbut not BLM from LLCPKI cells. BBMof small intes-
tinal and LLCPKI cells demonstrate Na'-H' exchange activ-
ity that is regulated by PKA in a manner analogous to that in
the BBMof rabbit kidney proximal tubule cells. The antibody
identified a protein of the same apparent molecular mass as in
BBMin a detergent-solubilized fraction of BBMproteins elut-
ing from an anion exchange column between 0.05 and 0.1 M
NaCl. This is the fraction of solubilized BBMproteins that
restored the inhibitory effect of PKA on Na+-H+ exchange
activity in trypsinized BBMproteins and the fraction from
which the regulatory protein was initially isolated (7). A minor
band at a somewhat smaller molecular size was also observed.
Recognition of both the major and minor bands in this protein
fraction was prevented by preabsorption of the antibody with
its peptide antigen. The antibody did not recognize proteins in

an anionic fraction of BBMproteins (fraction B) that contains
Na'-H' exchange activity not regulated by PKA(8). Thus, to
a first approximation, the antibody appears to detect a polypep-
tide in renal BBMand detergent-solubilized BBMfractions
that correlates with the activity of the putative regulatory cofac-
tor determined from functional studies. The protein identified
by the antibody has an apparent molecular mass higher than
that estimated earlier by PKA-mediated phosphorylation of
BBMprotein fractions. Whether proteolysis accounts for the
generation of the minor immunoreactive band of slightly
smaller molecular size and the 42-kD phosphoprotein isolated
for protein sequencing has not been established at the present
time.

Functional studies were undertaken to establish a physio-
logic role for the polypeptide recognized by the antibody. The
present studies confirm our prior observations that the activity
of the Na+ -H + exchanger in fraction B is not regulated by PKA
(8). In addition, as noted above, the affinity-purified polyclo-
nal antibody did not react with any proteins in fraction B.
When fraction B was coreconstituted with the immunoprecipi-
tated polypeptide recognized by the antibody, the inhibitory
effect of PKA on the activity of the Na'-H' exchange was
restored. In the absence of ATP or PKA, the immunoreactive
regulatory protein did not affect the rate of Na'-H + exchange
transport significantly. To extend these observations, fresh solu-
bilized BBMproteins were depleted of the putative regulatory
cofactor by immunoabsorption. In contrast with control sam-
ples, solubilized BBMproteins reacted with the antibody failed
to demonstrate inhibition of Na'-H+ exchange activity in re-
sponse to ATP, Mg2+, and PKA. Western immunoblot analy-
ses confirmed that the antibody removed or decreased the
amount of the putative regulatory protein from the solubilized
protein sample. Taken together, these findings provide evi-
dence for a critical role of a specific BBMprotein in mediating
the regulation of the Na'-H+ exchange transporter by PKA
under the specific conditions of the experiments.

It is important to emphasize that the conclusion that PKA-
mediated inhibition of the Na+ -H + exchange requires a cofac-
tor distinct from the transporter is based solely on in vitro
studies using solubilized BBMproteins from the kidney of the
rabbit. Prior studies using phosphopeptide and radioiodinated
peptide maps have indicated that native rabbit renal BBMcon-
tains a PKAsubstrate protein that appears to be identical to the
putative regulatory cofactor isolated by chromatographic
methods ( 19 ). Nonetheless, the physiologic significance of this
polypeptide in the intact cell remains to be established. One
type of proof would be the demonstration of a relation between
phosphorylation of the regulatory cofactor and the activity of
the exchanger in intact cells or native membranes. In prelimi-
nary experiments, native rabbit renal BBMwere phosphory-
lated maximally using y-[32P]ATP, Mg+2, and purified PKA
in the presence of protein phosphatase inhibitors. The putative
regulatory cofactor was then immunoprecipitated after solubili-
zation of the membrane proteins with detergent. By protein
staining, a single protein of 55 kD was precipitated but radioac-
tivity was barely detectable on autoradiography even after 8 d
of exposure. Prior studies have indicated that native BBMcon-
tains both active protein kinases and protein phosphatases.
These studies indicated also that dephosphorylation occurred
rapidly (2-10 min) and was difficult to inhibit (8). It would be
postulated that the failure to detect radioactivity in the immun-
oprecipitated sample may relate to dephosphorylation of the
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target protein due to the time required for processing. By con-
trast, solubilized membrane preparations do not contain active
protein phosphatases (8). Thus, phosphorylation of total solu-
bilized proteins or the immunoprecipitated protein (as done in
the present studies) permits maximal phosphorylation with lit-
tle or no dephosphorylation. It is also possible that more poten-
tial phosphorylation sites are available in the solubilized form
of the protein compared with when the protein is membrane
bound. Whatever the correct explanation, these preliminary
experiments indicate that definition of the biologic effect of the
55-kD protein will require a different experimental approach.
In vivo studies of the hormonal control of the putative regula-
tory protein may require identification of an established kidney
proximal tubule cell line that not only expresses significant
levels of the protein but also demonstrates cAMP-mediated
inhibition of the Na'-H' exchange activity.

Acknowledaements

Weacknowledge the secretarial skills of Ms. Ann West.
These studies were supported by National Institutes of Health

grants DK-373 19 and DK-O1374, and by funds from Research Service,
Department of Veterans Affairs.

References

1. Kahn, A. M., G. M. Dolson, M. K. Hise, S. C. Bennett, and E. J. Weinman.
1985. Parathyroid hormone and dibutyryl cyclic AMPinhibit Na+/H' counter-
transport in brush border membrane vesicles isolated from a suspension of rabbit
proximal tubules. Am. J. Physiol. 248:F212-F28 1.

2. Weinman, E. J., S. Shenolikar, and A. M. Kahn. 1987. cAMP-associated
inhibition of Na'-H' exchanger in rabbit kidney brush-border membranes. Am.
J. Physiol. 252:F19-F25.

3. Dolson, G. M., M. K. Hise, and E. J. Weinman. 1985. Relationship among
parathyroid hormone, cAMP, and calcium on proximal tubule sodium transport.
Am. J. Physiol. 249:F409-F416.

4. Hensley, C. B., M. E. Bradley, and A. K. Mircheff. 1989. Parathyroid

hormone-induced translocation of Na-H antiporters in rat proximal tubules. Am.
J. Physiol. 257:C637-C645.

5. Tse, C-M, S. R. Brant, S. Walker, J. Pouyssegur, and M. Donowitz. 1992.
Cloning and sequencing of a rabbit cDNAencoding and intestinal and kidney-
specific Na+/H' exchanger isoform (NHE-3). J. Biol. Chem. 267:9340-9346.

6. Weinman, E. J., W. P. Dubinsky, and S. Shenolikar. 1988. Reconstitution
of cAMP-dependent protein kinase regulated renal Na'-H' exchanger. J.
Membr. Biol. 101: 11-18.

7. Weinman, E. J., W. P. Dubinsky, Q. Dinh, D. Steplock, and S. Shenolikar.
1989. The effect of limited trypsin digestion on the renal Na+-H + exchanger and

it regulation by cAMPdependent protein kinase. J. Membr. Biol. 109:233-241.
8. Weinman, E. J., D. Steplock, G. Bui, N. Yuan, and S. Shenolikar. 1990.

Regulation of the renal Na'-H+ exchanger by cAMPdependent protein kinase.
Am. J. Physiol. 258:F1254-F1258.

9. Weinman, E. J., S. Shenolikar, E. J., Cragoe, Jr., and W. P. Dubinsky. 1988.
Solubilization and reconstitution of renal brush border Na'-H' exchanger. J.
Membr. Biol. 101:1-9.

10. Weinman, E. J., R. M. Hanley, G. Morell, N. Yuan, D. Steplock, G. Bui,
and S. Shenolikar. 1992. Regulation of the renal Na'-H' exchanger by calcium
calmodulin dependent multifunctional protein kinase II. Miner. Electrolyte Me-
tab. 18:35-39.

11. Laemmli, V. K. 1970. Cleavage of structural proteins during assembly of
the head of bacteriophage T4. Nature (Lond.). 227:680-685.

12. Shenolikar, S., J. G. Foulkes, and P. Cohen. 1978. Isolation of an active
fragment of protein phosphatase inhibitor- from rabbit skeletal muscle. Bio-
chem. Soc. Trans. 6:935-937.

13. Towbin, H., T. Staehlein, and J. Gordon. 1979. Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: Procedure and some
applications. Proc. Natil. Acad. Sci. USA. 76:4350-4354.

14. Schneider, C., R. A. Newman, D. A. Southerland, U. Asser, and M.
Greeves. 1982. One step purification of membrane proteins using high efficiency
matrix. J. Biol. Chem. 257:10766-10769.

15. Updike, P. V., and G. L. Nicholson. 1986. Immunoaffinity isolation of
membrane antigens with biotinylated monoclonal antibodies with Streptococcus
viridans agarose. Methods Enzymol. 121:717-725.

16. Beavo, J. A., P. J. Bechtel, and E. G. Krebs. 1974. Preparation of homoge-
nous cyclic AMP-dependent protein kinase(s) and its subunits from rabbit skele-
tal muscle. Methods Enzymol. 38:299-308.

17. Lowry, 0. H., N. J. Rosenbrough, A. L. Farr, and R. J. Randall. 1951.
Protein measurement with the Folin phenol reagent. J. Biol. Chem. 193:265-
275.

18. Harper, J. F. 1984. Peritz' F test: Basic program of a robust multiple
comparison test for statistical analysis of all differences among group means.
Comput. Biol. Med. 14:437-445.

19. Morell, G., D. Steplock, S. Shenolikar, and E. J. Weinman. 1990. Identifi-
cation of a putative Na'-H' exchanger regulatory co-factor in rabbit renal apical
membranes. Am. J. Physiol. 259:F867-F87 1.

1786 E. J. Weinman, D. Steplock, and S. Shenolikar


