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in the Opossum Kidney (OK) Cell Line Prevents Parathyroid Hormone-induced
Inhibition of Na-phosphate Cotransport
A Protein Kinase-A-mediated Event

Jonathan H. Segal and Allan S. Pollock
Department of Medicine, Division of Nephrology, University of California, San Francisco,
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Abstract

Sodium-phosphate cotransport in the PTH-responsive opos-
sum kidney (OK) cell line is inhibited by PTH, cAMP, and
activators of protein kinasc C. In order to probe the role of
cAMP, we stably transfected OKcells with an expression vec-
tor for a cAMP-binding mutation of the murine protein kinase
A regulatory subunit. Two-dimensional electrophoresis of
cAMP-binding proteins from transfected cells indicated a 20-
fold overexpression of the mutant regulatory unit. Protein ki-
nase A from these cells had a 20-fold increase in the concen-
tration of cAMPrequired for half-maximal activation, 2.8 uMM
vs. 0.15 AM for wild type cells. In the transfected cells, Na-
phosphate cotransport was insensitive to up to 1 mM8-Br-
cAMPand 1 MMPTH, while these same agonists caused a
significant inhibition of transport in the wild type cells. The
effects on Na-phosphate cotransport of the protein kinase C
activators oleoyl-acetyl glycerol and tetradecanoyl-phorbol ac-
etate, which were marked in the wild type cells, were still
present, although attenuated, in the transfected mutants. With
prolonged passage, the cAMP-insensitive phenotype reverted
to wild type cAMPsensitivity despite continued selection for
the cotransfected neo marker. The revertant cells had a normal
cAMPrequirement for half-maximal activation of protein ki-
nase A, 0.13 MM, and the PTHand cAMP-sensitive inhibition
of Na-phosphate cotransport was restored. Wesuggest that an
intact and normally cAMP-sensitive protein kinase A pathway
is an absolute requirement for PTH inhibition of Na-phos-
phate cotransport in the OK cell. (J. Clin. Invest. 1990.
86:1442-1450.) Key words: cAMP- protein kinase A * OKcell
* transfection - parathyroid hormone

Introduction
The renal effects of parathyroid hormone on Na coupled-
phosphate transport and Na/H exchange have been exten-
sively studied in the proximal-tubule-like opossum kidney cell
line (OK' cells) (1, 2, 3). In this model, PTH and cAMPde-
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1. Abbreviations used in this paper: C, catalytic unit; DAG, diacylglyc-
erol; DDA, dideoxyadenosine; IP3, inositol Tris phosphate; OAG,
oleoyl-acetyl glycerol; OK, opossum kidney; OK-HL, OK cells co-
transfected with pHLREVand pSV2NEO; OK-wt, OKwild type cells;
pHLREV, an expression vector for the A or site I mutant of the mouse
R' unit under the control of the Harvey sarcoma virus LTR; PKAand
PKC, protein kinase A and C; PMA, phorbol myristate acetate; R,
regulatory subunit; RI*, mutant type I regulatory subunit of PKA.
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crease both Na/H antiporter activity and Na coupled-phos-
phate transport. cAMP-mediated pathways are clearly impor-
tant as effectors of PTH action, but several lines of evidence
have suggested the possibility of other intermediaries. First,
PTH increases intracellular calcium and causes phosphoinosi-
tide turnover in the OK cell (4). Although recent evidence
suggests that intracellular calcium is not a mediator of these
effects, protein kinase C (PKC) activation may be required for
the inhibition of transport (5-7). Second, there is a several log
order disparity between the concentrations of PTH required
for half-maximal transport inhibition versus those needed for
half-maximal cAMP generation (5, 6, 8). This dissociation
may, however, merely indicate that only a small increment in
cAMPconcentration is adequate to activate protein kinase A
(PKA) for PTH-induced effect on transport to be manifest (9,
10). Most studies of these relationships have used pharmaco-
logical inhibitors of cAMPgeneration (e.g., dideoxyadenosine)
or of protein kinase C activation (e.g., prolonged phorbol ester
incubation or staurosporine) to probe these mechanisms.

The effects of cAMPare known to be mediated through the
PKAsystem. PKAexists as a heterotetramer of two regulatory
subunits (R' or R"'), which on binding two cAMPmolecules
per R unit dissociate from two catalytic units (C) (1 1). The C
units, only active when dissociated from R, are then free to
phosphorylate their target substrates. R and C subunits form a
very high affinity tetramer and under normal circumstances
the bulk of the catalytic units are complexed to R in the form
R2C2, a state in which the catalytic C units are inactive (1 1).
Many somatic mutations which disrupt cell PKAactivity have
been described and have been found to affect R units (12-15).
Recently, McKnight et al. have cloned both the native mouse
R' unit and several mutant R isoforms which had been isolated
by Steinberg et al. ( 14, 16). These mutations are characterized
by decreased cAMPbinding affinity to one or both of the two
cAMPbinding sites of R and consequently, a marked increase
in the cAMPconcentration needed to dissociate R from Cand
activate PKA (17). Recent studies by McKnight et al. have
demonstrated that when cAMPbinding-defective R units are
overexpressed by DNA-mediated transfection, phenotypic
cAMPresistance occurs in the overexpressing cells. Therefore
expression of these mutant R units confers a dominant
cAMP-resistant phenotype on a variety of transfected cells
(16, 18).

Herein we report an approach to dissect the importance of
the PKA pathway in PTH action by DNA-mediated gene
transfer of dominant cAMPresistance in OKcells. By overex-
pressing a mutant type I regulatory subunit of PKA (RI*),
which is deficient in cAMPbinding, phenotypic cAMPresis-
tance was achieved in OKcells. The resulting 20-fold reduc-
tion in the sensitivity of the PKA system to cAMPabolished
the PTHand cAMPeffects on Na-phosphate transport. These
findings suggest that an intact and normally cAMP-sensitive
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PKA system is required for PTH to inhibit Na-phosphate co-
transport in the OKcell.

Methods
Cell culture. A single cell clone of OKcells which is responsive to PTH
was the starting material for all studies. They were maintained in
DME, 5% fetal bovine serum; 5%NuSerum (Collaborative Research,
Inc., Bedford, MA); glucose, 5 g/liter, NaHCO3, 24 mM; Hepes, 12.5
mM; glutamine, 2 mM; penicillin, 100 U/ml; streptomycin, 100
jg/ml; in 5%CO2:95% air. Cells were passed weekly.

Transfection and selection. OK cells were transfected with
pHLREV, an expression vector for the A or site I mutant of the mouse
R' unit under the control of the Harvey sarcoma virus long terminal
repeat (LTR), and pSV2NEO(100 and 5 zg, respectively). Transfec-
tion was done by electroporatior, as described by Chu (19), and cells
were selected in 800 ,g/ml of G418 (20). G418-resistant colonies were
expanded, pooled, and frozen. Thereafter, cells used for experiments
described were maintained in G418-free medium for at least three
passages before experiments. This plasmid was provided by Dr. G. S.
McKnight, Univ. of Washington, Seattle, WA, and was propagated,
prepared, and purified by standard techniques (21).

Protein kinase A measurement. Cells were grown to confluence in
150-cm2 tissue culture dishes, washed three times with iced PBS,
scraped from the plate, and centrifuged at 200 g for 3 min. The pellet
was disrupted by freeze-thawing in MES(pH 7.4), 10 mM; EDTA, 1
mM; DTT, 1 mM; 1,10 phenanthroline, 1 mM; benzamidine, 1
mg/ml; PMSF, 0.2 mM;acid-washed charcoal, 2 mg/ml. The homoge-
nate was centrifuged at 100,000 g for 1 h at 40C. PKAactivity in the
cytosolic supernatant was measured by the phosphorylation of the
synthetic substrate Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly; Penin-
sula Laboratories, Inc., Belmont, CA) (22, 23). The assay solution
contained Tris (pH 7.4), 25 mM; Mg-acetate, 12.5 mM; DTT, 12.5
mM; Kemptide, 37.5 uM; NaF, 0.5 mM; isobutyl methyl xanthine
(IBMX), 1 mM; ATP, 250 MM; [y32PJATP (10 Ci/mmol), 20 MCi/ml.
cAMPwas added to achieve concentrations ranging from 0.1 nM to
0.1 mM. 40 jd of homogenate was mixed with 160 ,d of assay solution
in microcentrifuge tubes and incubated at room temperature for 5
min. 50-,gl samples were then transferred to strips of phosphocellulose
paper (P81; Whatman Laboratory Products, Inc., Clifton, NJ). The
strips were washed four times in iced 75 mMphosphoric acid, dried,
and counted in Safety-Solve scintillation fluid (Research Products In-
ternational, Mount Prospect, IL). Proteins were measured by the
Lowry method or with BCA reagent (Pierce Chemical Co., Rockford,
IL). PKA activity was expressed as nanomoles 32P-incorporated/mg
protein per 5 min. Incorporation of 32p in samples without homoge-
nate was subtracted from all other values.

Column chromatography. Cells were grown to confluence on 550-
cm2 plates, washed 3 times with PBS, scraped, and centrifuged at 200 g
for 3 min at 40C. After resuspension in disruption buffer (MES [pH
7.4], 20 mM; EDTA, 1 mM; 1,10 phenanthroline, 1 mM; PMSF, 1
mM), cells were sonicated for 15 s on ice. Homogenate was cleared by
centrifugation at 5,000 g for 10 min and the supernatant loaded on a
DEAE-cellulose column (5 ml bed vol). The column was washed with
Na-free buffer and eluted with MES(pH 6.4), 20 mM; DTT, 1 mM;
EDTA, 1 mM; PMSF, 1 mM, using a linear NaCl gradient (0-0.4 M).
An aliquot of each fraction collected was assayed for PKAactivity.

Photoaffinity labeling and two-dimensional gel analysis of cAMP-
binding protein. Homogenate was obtained as described above and
concentrated with a centrifugal ultrafilter (Ultrafree-MC; Millipore/
Continental Water Systems, Bedford, MA, 30,000-D molecular mass
cutoff). Homogenate was incubated in the dark at 4°C with 10 uM
8-azido-32P-cAMP ( 50 Ci/mmol; ICN Radiochemicals, Costa Mesa,
CA) for I h followed by 10 min exposure to 254 nMUVlight (UVS 54
hand-held lamp at 10-cm illumination distance; UV Products). The
reaction mixture was concentrated and subjected to two-dimensional
gel electrophoresis followed by autoradiography. To specifically quan-
titate radioactivity over regions of interest, gels were directly quanti-

tated by counting with an AMBIS system 2-dimensional scintillation
scanner (AMBIS, Inc., San Diego, CA).

Na-dependent phosphate cotransport. Cells were grown to con-
fluence in multiwell clusters (Costar Data Packaging Corp., Cam-
bridge, MA, or Nunc, Roskilde, Denmark). They were incubated at
370C for 4 h following addition of medium containing 8-Br-cAMP,
PTH, the phorbol ester PMA(10-7M), or the diacylglycerol analogue
OAG(250 gg/ml). Previous studies had determined that this time
frame afforded maximal modulation of transport by all of these agents.
Uptake medium "A" contained Na, 144 mM;Hepes (pH 7.4), 24 mM;
Cl, 128 mM; Ca, 1 mM; Mg, I mM; K, 4.2 mM; P04, 0.12 mM;
[32P]orthophosphate, I MCi/ml. Uptake medium "B" was identical,
except for N-methyl-D-glucamine replacing Na. Cells were washed and
then incubated briefly at 370C on a heating pad with preuptake me-
dium "C" (equivalent to "B" without P04). After this, medium was
replaced with either solution A (+Na), or solution B (-Na). After 10
min, uptake was terminated by washing five times with 4°C MgCl2, 0.1
M; and Hepes (pH 7.4), 1 mM. The wells were aspirated and the
remaining contents were dissolved in 0.1% SDS overnight. Aliquots
were counted for 32P as well as protein measurement. The Na-indepen-
dent uptake was subtracted from all other values. Uptake was calcu-
lated as nanomoles phosphate/mg protein per unit time. Preliminary
experiments indicated that Na-phosphate cotransport was linear for
> 15 min using these protocols.

cAMP generation. Cells were grown to confluence in multiwell
clusters as previously described. They were incubated with DMEbuff-
ered with 25 mMHepes (pH 7.4) and containing I mg/ml bovine
serum albumin at 37°C in C02-free air for 1 h. The medium was then
replaced with PTH-containing medium (0.1-1,000 nM) also contain-
ing I mMIBMX. After 5 min incubation, cells were washed with iced
PBS, and I ml absolute ethanol was added. After 1 h at 4°C the ethanol
was transferred to microcentrifuge tubes and centrifuged at 43,000 g.
The supernatant was evaporated to dryness in a Speedvac (Savant
Instruments, Inc., Hicksville, NY). Dried samples were reconstituted
and cAMP was assayed by competitive protein binding using a kit
(Amersham Corp., Arlington Heights, IL).

Measurement of diacylglycerol content. Cells were grown in 150-
cm2 dishes to confluence and gently scraped from the plates, rinsed
three times in Hepes-buffered DMEcontaining I mg/ml fatty acid-free
bovine serum albumin, and resuspended in the same medium at the
approximate ratio of 150-cm2 growing area/0.5 ml. 200 Ml of cell sus-
pension was added to 100 Ml medium with or without 300 nMPTH in
a microcentrifuge tube at 37°C. After 10 s 200 Ml of this suspension was
removed and pipetted into 800 Ml of chloroform:methanol: 1 MHCI
(2:1:. 1). A parallel sample was centrifuged, the cell pellet dissolved in
0.1% SDS, and protein determined. Quantitative lipid extraction and
determination of diacylglycerol with Escherichia coli diacylglycerol
kinase was performed as described by Preis et al. (24). Results were
expressed as pmol/mg protein.

Phosphoinositide turnover. Cells were incubated for 72 h in inosi-
tol-free medium containing 10 MCi/ml of 3H-myo-inositol. The me-
dium was supplemented with 10% fetal bovine serum which had been
dialyzed against PBS. Cells were then exposed to 100 nMPTH for 45 s
or 5 min. The exposure was terminated by aspiration of medium and
addition of 10% TCA. After centrifugation for S min at 10,000 g, the
supernatant was extracted six times with diethyl ether. The resultant
solution was neutralized to pH 6-7 with 0. 15 MNH40H, and applied
to Dowex resin in the formate form in disposable columns. IP2 and IP3
were separated by eluting with increasing concentrations of ammo-
nium formate in 100 mMformic acid. Scintillation counting was per-
formed on all fractions. Proteins were measured from cell pellets dis-
solved ip 0.1% SDS using the BCAprotein assay reagent (Pierce).

Results

Characterization of transfected mutant R' unit of PKA in OK
cells. OKcells cotransfected with pHLREVand pSV2NEO

Induction of Phenotypic cAMPResistance in Renal Cells 1443
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Figure 1. Sensitivity of protein kinase A from OK-wt and OK-HL
cells to activation by cAMP. High-speed supernatants from OK-wt
and OK-HL cell homogenates were prepared as described in
Methods. Aliquots of homogenate were assayed for their ability to
phosphorylate the synthetic PKAsubstrate Kemptide as described.
The solid line and broken lines represent the calculated activation
curve of protein kinase A from OK-wt and OK-HL cells, respec-
tively, and was calculated using least-squares minimization of the
logarithmic transformation of the Hill equation. Points were derived
from two experiments per cell type.

(OK-HL) were selected in G418 and resistant colonies pooled
and frozen at early passage. Parallel cultures transfected with
only 100 ,ug of pSV2NEOacquired stable G418 resistance at a
frequency of - 5 X 10-4. Transfected cells displayed some
morphological differences under phase microscopy and grew
at a slower rate than wild type OKcells (OK-wt).

The cAMPsensitivity of PKA in OK-wt and OK-HL cells
was determined in order to demonstrate that phenotypic
cAMPresistance was achieved. The sensitivity of PKA in the
cytoplasmic fraction of wild type OKcells (OK-wt) and
OK-HL cell homogenates is shown in Fig. 1. PKA in OK-wt
cells displayed a half-maximal cAMPactivation of kinase ac-
tivity (EC.5) of 0.15 ,M cAMPwhich is characteristic of type I
PKA in most cells. In contrast, PKA in OK-HL cells had a
20-fold higher EC.5, 2.8 gMcAMP. The Vm. was only slightly
reduced in OK-HL cells as compared to OK-wt cells. It is
important that the Hill slopes2 calculated from the activation
curves were 1.29 and 0.68 in OK-wt and OK-HL cells, respec-
tively. The native R' subunit has two, nonequivalent, cAMP-
binding sites, and R21C2 is known to exhibit a > 1 Hill coeffi-
cient for cAMPactivation of PKA activity (17). In contrast,
the OK-HL cells whose phenotype should assume that of the
mutant R' (R'*) should reflect the fact that each R'* unit has
only one functional cAMP-binding site. The Hill slope of

0.7 is concordant; Hill slopes obtained using PKA reconsti-

2. The PKA activity was expressed as a function of the log10 of the
cAMPconcentration. It was fitted to the logarithmic transformation of
the Hill equation: activity = activity.,,/(1I^(-NH log [cAMPI-pK)+1),
where NH is the Hill coefficient and pK is the log of an arbitrary
coefficient. The log of the cAMPconcentration for half-maximal activ-
ity is given as -pK/NH. The data were fitted to this logarithmic trans-
formation of the Hill equation using the program MINSQ.

tuted in vitro from purified catalytic and either R' or RJ* units
have been determined to be 1.58 and 0.58, respectively (17).

To further characterize the difference in the bulk PKA
population, cell extracts from OK-wt and OK-HL cells were
chromatographed on DEAEcellulose and eluted with a NaCl
gradient. Under these conditions only the intact R2C2 tetramer
is recovered by salt elution (13, 25). It can resolve type I from
type II PKA, known mutants of R', and has been used to
resolve the partial cAMP-bound from cAMP-free PKA. Fig. 2
shows the elution profile of PKA activity. OK-wt cell PKA
activity eluted as a single broad peak between 0.13-0.2 M
NaCl. In contrast, OK-HL cell PKA eluted at a higher con-
centration (0.2-0.26 MNaCl). These findings are consistent
with a change in the ion exchange properties of the PKA
holoenzyme: virtually all of the intact PKA holoenzyme-
containing R subunits differed in ion exchange properties
from the wild type.

A direct demonstration of coexpression of normal and
mutant R' units was done by photoaffinity labeling RI subunits
with 8-azido-[32P]cAMP and resolving the labeled products by
two-dimensional gel electrophoresis (26, 27). RI, the dominant
species in the OKcell, represents the bulk of the cAMPbind-
ing activity in the OKcell. It can be visualized in two forms of
slightly differing isoelectric point in the upper panel of Fig. 3,
migrating at - 48 kD. These two forms represent the non and
autophosphorylated forms of R' (14, 15). In addition, two
lower molecular weight forms, - 31 kD, are present and prob-
ably represent a well defined proteolytic product of R (28).
This proteolytic fragment is characterized as retaining the two
cAMPbinding sites and is therefore labeled by the photoaffin-
ity probe. Photoaffinity labeling of an equal amount of
OK-HL extract is shown in the lower panel of Fig. 3. This gel
demonstrates the presence of R' and its phosphorylation prod-
uct, in addition to another set of labeled proteins, migrating
-_ 0.5-pH units more alkaline but at the same molecular
weight. This represents the mutant RI*. The alkaline pH shift
is comparable to that described by Steinberg et al., who devel-
oped the cAMP-resistant S49 lymphoma cells from which this
RI* was cloned (14). Direct two-dimensional surface scintilla-
tion counting over the dried gel with an AMBIS counter was

0
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Figure 2. Elution profile of OK-wt and OK-HL cell protein kinase A
holoenzyme from DEAEcellulose. Homogenates from OK-wt and
OK-HL cells were prepared as described, applied to a DEAEcellu-
lose column, and eluted with a 0-0.4 MNaCl gradient. Equal
amounts of each fraction were assayed directly for protein kinase A
activity as described. The solid and dotted lines represent elution
profiles for OK-wt and OK-HL cells, respectively.
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Figure 3. Demonstration of protein kinase A regulatory subunits in
OK-wt and OK-HL cells by 8-azido-32P-cAMP photoaffinity labeling
and two-dimensional electrophoresis. Extracts from OK-wt and
OK-HL cells were incubated with 10 AM8-azido-[32P]cAMP at
4°C followed by exposure to 254 nMultraviolet light, and subjected
to two-dimensional electrophoresis. (Top) 2-d autoradiographic ex-
posure of OK-wt extract. (Bottom) A 1 -d exposure of the same
amount of OK-HL extract. Molecular weights were determined from
known standards included in a parallel lane of the second dimension.
The nominal isoelectric point scale at the top of the figure was calcu-
lated from protein standards run in parallel lanes of the isoelectric
focusing dimension.

performed. The R'* area contained 9.8-fold the 32p counts as
the native R' area. Since the RI* has only one functional cAMP
binding site (12, 17), the other having been destroyed by mu-
tation, analysis of this gel indicates a 19.6-fold overexpression
of R'* compared to the native R'.

Finally, we measured the increase in PKAactivity ratio (9)
in both OK-wt and OK-HL cells with and without 100 nM
PTH. The PKA activity ratio is the ratio of kinase activity in
the absence of added cAMPdivided by that in the presence of
maximal cAMP. As such, when in the absence and presence of
an agonist, it gives an estimate of how much dissociation of
PKA has occurred as a result of addition of an agonist. The
PKA ratio in OK-wt cells increased 67% after 1 h of 100 nM
PTH exposure. In OK-HL cells, the activity ratio increased
only 11% after the same PTH treatment. Therefore, similar
PTH concentrations induced a much larger dissociation of
PKA in the OK-wt cells than the OK-HL line, supporting the
contention of relative cAMPresistance.

In summary, these data demonstrate that: (a) R'* was
20-fold overexpressed relative to the native R' unit; (b) the

overexpressing cells demonstrated intact PKA in which the
bulk ion-exchange properties were altered, indicating that al-
most all of the PKA contained a mutant RI* unit; (c) the
cAMP-dependence of activation of PKA was shifted to the
"right," 20-fold less sensitive to cAMPand less cooperative
with respect to cAMPbinding; and (d) the total PKAactivity
at maximal cAMP concentration was relatively preserved.
Therefore, the phenotype of the transfected OK-HL popula-
tion is that expected from dominant expression of the RI* unit.
In this sense dominant indicates that although a normally
cAMP-sensitive R' unit was present, the observed cAMPsensi-
tivity was that characteristic of the less cAMP-sensitive mutant

R'* unit. Therefore, the overexpression is phenotypically dom-
inant (15, 16). Having induced relative cAMPresistance, we
evaluated the effect of agonists on Na-phosphate cotransport.

Effects of cAMP-insensitive PKA on PTH- and cAMP-in-
duced inhibition of Na-phosphate cotransport. Preliminary ex-
periments indicated that the PTH effect to decrease Na-phos-
phate cotransport was maximal between 3 and 4 h, and there-
fore all experiments were done at 4 h. OK-wt and OK-HL cells
were exposed to PTH, 1 mMcAMP, 250 sg/ml oleoyl-acetyl
glycerol (OAG), or l-7 Mphorbol myristate acetate (PMA)
after which Na-phosphate cotransport was measured. Fig. 4
(top) shows the effect of these agonists on Na-phosphate co-
transport in OK-wt cells. PTH produced a dose-dependent
inhibition of Na-phosphate cotransport with maximal inhibi-
tion of 28% of transport occurring at 1,000 nM PTH and
half-maximal inhibition between 1 and 10 nM. The maximal
concentrations of cyclic AMP, OAG, and PMAused in these
studies each decreased Na-phosphate cotransport by over 50%.
In contrast, the responses of OK-HL cells to maximal concen-
trations of these agonists is shown in Fig. 4 (bottom). In these
cells, expressing a dominant cAMP-resistance mutation, there
was no effect of 1 mMcAMPor of 1,000 nM PTH. Lower
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Figure 4. (Top) Effect of agonists on Na-phosphate cotransport in
OK-wt cells. OKcells were incubated with 1-34 bPTH in the con-
centrations shown as well as 8-Br-cAMP, 1 mM; tetradecanoyl phor-
bol acetate (PMA), l0-7 M; and oleoyl acetyl glycerol (OAG), 250
gg/ml, for 4 h. The Na-dependent component of phosphate uptake
was determined as described in 24-well clusters. Data points repre-
sent three sets of 4-well uptakes. Error bars represent standard error.
(Bottom) Effect of agonists on Na-phosphate cotransport in OK-HL
cells. The experiments were performed as in the upper panel except
that OK-HL cells were used.
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concentrations of PTH (data not shown) also had no effect on
Na-phosphate cotransport. In other experiments OK-HL cells
were exposed to maximal concentrations of cAMPor PTHfor
6 h without an inhibition of Na-phosphate cotransport. OAG
and PMAdid decrease Na-phosphate cotransport signifi-
cantly, but with a smaller effect than in the OK-wt cells.

In postulating that we had interrupted PTH effect by ex-
pressing this mutation, it was necessary to demonstrate that
the OK-HL population had PTH receptor coupled to adenyl-
ate cyclase. Fig. 5 shows the cell cAMPcontent of OK-wt and
OK-HL cells 5 min after addition of increasing PTHconcen-
trations. The cAMP-generation curves of both populations are
comparable with a half-maximal cAMPproduction between 1
and 10 nM. The kinetics of Na-phosphate cotransport were
also determined. At 100 mMexternal Na, the Km for phos-
phate was 99 and 131 uMfor phosphate in OK-wt and OK-HL
cells, respectively; the Vm. was also comparable. Therefore,
the Na-phosphate cotransporter appeared to be similar in both
cell types with respect to external phosphate kinetics and
maximal transport activity.

Role of activators of PKCand Ca, in the PTH-induced
alterations in Na-phosphate cotransport. Both OAGand pro-
tein kinase C-activating phorbol esters have been shown to
decrease Na-phosphate cotransport in the OKcell suggesting
that activation of PKCcould play a role in this PTH action.
PTHexposure has been shown in some studies to increase the
release of labeled inositol Tris phosphate (IP3) and diacylglyc-
erol over a short (30 s-5 min) time course (4-6). In order to
determine whether these cells possessed a PTH-associated
pathway capable of activating protein kinase C, we measured
the total diacylglycerol content and 3H-IP3 release from OK-wt
and OK-HL cells after PITH exposure.

Total diacylglycerol (DAG) content of both OK-wt and
OK-HL cells was measured 10 s after addition to either a
control medium or 100 nMPTH. In five paired experiments
on OK-wt cells, the basal DAGcontent was 2,582±191 (SEM)
pmol/mg protein. PTH treatment increased measured DAG
by 27±6% (SEM) (P. 0.01; paired t test). Similarly, in OK-HL
cells (basal DAG1,972±207 pmol/mg protein, n, 3) 10 s of
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Figure 5. PTH-sensitive cAMPproduction from OK-wt and OK-HL
cells. OK-wt and OK-HL cells were grown in multiwell clusters and
exposed to the indicated concentrations of PTH for 5 min. The cells
were rinsed and intracellular cAMPwas recovered and determined as
described in Methods. The data points represent at least 8 wells per
point.

PTH exposure increased DAGby 20±2% (P, .002; paired t
test). Thus DAG, a potent activator of PKC, was released over
a rapid time course after PTH addition. Two groups have
reported increments in DAGrelease in the range of 40-100%
from OKcells in response to PTH (4, 5). These studies were
performed by evaluating the appearance of radiolabeled ara-
chidonate from prelabeled cells. It is not clear how the smaller
increment in total DAGmass we found relates to the larger
increment in the arachidonate-labeled pool which was found
by others.

Inositol phosphates were determined in OK-wt and
OK-HL cells metabolically labeled with 10 MCi/ml 3H-myo-
inositol for 72 h in inositol-free medium containing 10% dia-
lyzed fetal bovine serum. After labeling, cells were exposed to
PTH (1 gM) for 45 s and 5 min followed by inactivation with
trichloroacetic acid. The content of 3H activity coeluting with
IP2 and IP3 was determined by ion exchange chromatography.
In both the OK-wt and OK-HL cells, we were unable to deter-
mine a change in the 3H elution profile with PTHtreatment of
either 45 s or 5 min. In several experiments, we found no
PTH-induced increment in IP2 or IP3 release in either the
clonally derived OK-wt cells or in the OK-HL transfectants.

PTH has also been reported to be accompanied by a small
increase in intracellular calcium in the OKcell. This presum-
ably arises via an IP3-mediated mechanism. However, recent
evidence suggests that changes in Na-phosphate cotransport
occur independently of these fluxes. Even though we were
unable to measure an IP3 increment, we determined whether a
calcium flux was retained in these cells. OK-wt cells and
OK-HL cells were grown on glass coverslips and intracellular
calcium (Caj) was directly measured by fura II fluorescence
(29). In OK-wt cells addition of 100 nM PTH produced an
increment in Cai of 75-130 nM at 45 s, and slowly returned
towards baseline. In the OK-HL cells, a smaller increment in
Ca, occurred after a similar time course. However, this smaller
transient did not return to baseline during the observation
period. Thus in both OK-wt and OK-HL cells, 100 nM PTH
produced a small increment in intracellular calcium over a
brief time course; however, over a 2-min period, Ca, remained
elevated in the OK-HL cells. It is unclear whether the very
small Caj transient was the result of an IP3 transient we were
unable to measure, or to other mechanisms.

The transfection-mediated overexpression of the mutant
RI* subunit proved to be unstable over extended passages. We
initially elected not to isolate single cell subclones of trans-
fected cells because previous experiments (data not included)
involving expression of other exogenous genes in OKcells had
demonstrated that loss of expression occurred over a similar
number of passages when no selective pressure for expression
existed. This was found to be true both in whole populations
and single-cell subclones. In addition to loss of expression re-
lated to the instability of transfected genes, the cAMP-resistant
phenotype would seem to be disadvantaged because of a
slower growth rate than the wild type. The later passages of
revertant OK-HL cells remained resistant to G418, the selec-
tion for the cotransfected NEOmarker, yet expression of the
mutant phenotype was lost. This emphasizes that the overex-
pressed RI* phenotype was selectively disadvantaged over the
wild type, probably because of its slower growth rate. After

35 passages, the population of OK-HL cells reverted to the
parental phenotype; its growth rate accelerated and became
comparable to OK-wt cells, and the cAMPsensitivity of PKA
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Figure 6. Response of Na-phosphate cotransport in OK-HL cells
which had reverted to parental phenotype. Na-phosphate cotransport
was determined as described in the previous figures in OK-HL cells
whose PKA phenotype had reverted to parental cAMPsensitivity
after prolonged passage. The agonist concentrations and exposure
times are as described in Fig. 4.

reverted to the parental sensitivity, displaying half-maximal
activation at 0.13 MMcAMP. The sensitivity of Na-phosphate
cotransport to PTH and cAMPin these revertant cells is de-
picted in Fig. 6. Thus, expression of cAMPresistance of PKA
was associated with a loss of both cAMPand PTH sensitivity;
reversion of this mutation restoring cAMPsensitivity of PKA
restored the cAMPand PTH sensitivity of Na-phosphate co-
transport. This reversion persisted despite continued selection
in G418. This finding strongly supports the proposition that
the essential differences between the OK-HL population and
the parental OK-wt cells were expression of the R'* and cAMP
desensitization, and not other features which might have been
unknowingly selected for. The reversion we evaluated was for-
tuitous. We initially attempted to use the heavy metal induc-
ible metallothionein promoter construct reported by
McKnight et al. ( 16) and recently exploited by Bringhurst et al.
(30) in PTH-responsive osteosarcoma cells, to bring about a

rapid induction of cAMP resistance by adding the inducer
zinc. However, we found that in OKcells, the metallothionein
constructs expressed poorly. Therefore, this strategy could not
be used to define, over a short time course, the isolated role
of PKA.

Discussion

The essential observation of this study is that induction of
relative biological insensitivity to cAMP abolishes both the
PTHand cAMPinhibition of Na-phosphate cotransport in the
OKcell line. Our conclusion is that an intact and normally
cAMP-responsive PKA pathway is mandatory for the PTH
inhibition of Na-phosphate cotransport. A corollary is that if
non-cAMP-associated pathways, such as PKCor Ca1, are in-
volved in this process, their inhibition of Na-phosphate co-
transport requires PKAactivity normally responsive to cAMP.

The OKcell has been extensively investigated as a model
for hormone modulation of membrane transport in which
PTH and cAMP inhibit both Na/H exchange and Na-phos-
phate cotransport. Two general lines of evidence have been
cited to suggest that non-cAMP-mediated pathways may be
involved in the PTH effect. First, although cAMPmimics the
PTH inhibition of transport, a persistent observation is the

disparity between the dose response curves for PTH-associated
cAMPgeneration and PTH effects on transport; concentra-
tions of PTHwhich do not produce a measurable rise in cellu-
lar cAMP content may affect OK cell Na/H exchange and
Na-phosphate cotransport. In this vein, Cole et al. observed
that hormones such as vasoactive intestinal polypeptide raise
OK-cell cAMPbut do not, or only minimally, inhibit trans-
port (8). In another study, these same authors also identified
clonal lines of the OKcell with an intact PTH-coupled adenyl-
ate cyclase yet no alterations of Na-phosphate cotransport in
response to PTH or cAMP, leading them to conclude that
other signaling mechanisms must be involved in the PTH ef-
fect (31).

Martin et al. offer a rebuttal to arguments which center on
the disparity between the PTHdose response on cAMPgener-
ation and the inhibition of Na-phosphate cotransport (9).
These authors determined the relationship between inhibition
of Na-phosphate cotransport and the PKA activity ratio in
response to PTH and antagonists of PTH action. The PKA
activity ratio (the ratio between free catalytic C activity and
inactive but recruitable R2C2) is a measure of the degree of
"activation" of PKAby cAMP. They used 2',5'-dideoxyaden-
osine (DDA), an inhibitor of cAMP formation, and
3-34-[Nle8, Nle'8, Tyr34]bPTH amide (3-34-bPTH), a PTHan-
alogue that results in no measurable cAMPformation. These
authors determined that inhibition of Na-phosphate cotrans-
port was unrelated to the amount of intracellular cAMPgen-
erated in response to agonists but was proportional to the alter-
ation in PKA activity ratio, the degree of activation of PKA.
Using PTH plus DDAor 3-34-bPTH alone, PKAwas clearly
activated in the presence of reduced or unmeasurable incre-
ments of cAMPgeneration. The finding of this study was that
there was cAMP effect in the absence of large or detectable
changes in intracellular cAMP. In this setting, PKAactivation
is likely to be more reflective of the effect of intracellular
cAMPthan is the measurement of the cAMP level itself. Ac-
cordingly, these authors suggest that a PKA-independent
mechanism need not be invoked to explain the disparity be-
tween dose-response curves for cAMPgeneration and for inhi-
bition of Na-phosphate cotransport.

Protein kinase C or intracellular calcium mediation of
PTH effects has been suggested for several reasons. PTH pro-
duces a small, rapid turnover of IP3 and diacylglycerol release
in OKcells associated with a small intracellular calcium tran-
sient (4-7). Further, a brief activation of PKC, measured as a
partition from soluble to membrane-bound form, has been
reported to occur seconds after addition of PTH to OKcells
(32). In some studies, an increase in IP3 turnover and release of
diacylglycerol are evident at sub-nanomolar PTH concentra-
tions, below those at which an elevation of cAMPcontent is
present. (Although we found a significant increase in total
DAGafter PTH, it should be noted that we found no incre-
ment in IP3 release and that other laboratories have also had
difficulty in demonstrating this effect [Dr. R. A. Nissenson,
UCSF, personal communication]). Since partial inhibition of
Na-phosphate cotransport is evident at these low PTH con-
centrations, it has been suggested that PKC is the primary
mediator of PTH inhibition of Na-phosphate cotransport and
the role of PKAhas been questioned (5).

While there is no question that activators of protein kinase
C (phorbol esters and permeable diacyl glycerol) inhibit Na-
phosphate cotransport in the OKcell, the evidence that PKC
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activation is necessary for the PTH effect is based on two less
convincing observations. Quammeet al. (6) noted that stauro-
sporine, a fungal protein kinase inhibitor, abolished the PTH
effect on Na-phosphate cotransport in a dose-related manner
and attributed this to inhibition of PKC, based on staurospor-
ine's greater specificity for PKC. However, the primary data in
the literature suggest that staurosporine is a relatively nonse-
lective inhibitor of both PKAand PKC; the Ki of staurosporine
for PKAand PKCdiffers by less than an order of magnitude
(33, 34). At the concentrations reported, both PKAand PKC
would be inhibited. Therefore, staurosporine does not seem a
useful probe to differentiate the action of these two kinases.

In the same report, it was found that PKCdownregulation
by prolo~nged phorbol ester incubation rendered the OKcell
Na-phosphate cotransporter insensitive to all agonists includ-
ing PTH, cAMP, and phorbol ester rechallenge. This finding
indicates that an intact PKCpathway is needed for modula-
tion of Na-phosphate cotransport by PTH, cAMP, and, trivi-
ally, activators of PKC. However, rather than acting as a phar-
macological or kinetic inhibitor, phorbol ester downregulation
of PKC is associated with marked absolute loss of most PKC
activity and protein (35, 36). As noted by these authors, this
maneuver does not separate the necessity for PTH-induced
PKCactivation from the need for a basal level of PKCactivity.

The intervention described in this study is the induction of
a decrease in the cAMPsensitivity of PKAby expression of a
cAMP-insensitive PKA regulatory unit. Wepursued this ap-
proach to avoid some of the ambiguities inherent with the use
of pharmacological kinase inhibitors. The nature of the over-
expressed RI* subunit and the phenotype of the resultant PKA
reported herein was fortuitous; even though the mutant RI*
unit was overexpressed and the cAMP-sensitivity of PKA re-
duced, the total PKA activity (at maximal cAMP) was rela-
tively preserved. The mechanisms of cAMPinsensitivity pre-
sumably reflect several features of PKA biology. First, since
the mutant RI* was 20-fold overexpressed relative to wild
type R', it was likely that most of the R2C2 tetramers would
contain the mutant. This suggestion is borne out by the ion
exchange elution profile of intact PKAreported. This degree of
overexpression may not have been necessary to attain this
effect. S49 lymphoma mutants with allelic expression of equal
amounts of normal and defective R units also express de-
creased kinase activity (15). Second, this complex was more
stable, less likely to dissociate by virtue of a decreased cAMP
sensitivity; a 20-fold increase in the cAMP concentration
needed for half-maximal activation of PKA. This feature prob-
ably explains the greater recovery of intact PKA tetramers by
ion exchange chromatography in the OK-HL cells; PKA from
the mutants was less likely to dissociate during preparation
and more likely to be recovered from the ion exchange col-
umn. Finally, as evidenced by a decreased Hill coefficient for
cAMPactivation, lack of intrasubunit cooperativity results in
a smaller increment in PKAactivity for a given increment in
cAMPconcentration; a decrease in biological amplification of
cAMPeffect.

A potential question that arises is why no inhibition of
Na-phosphate cotransport was evident in OK-HL cells at very
high 8-Br-cAMP concentrations (1 mM) or 1,000 ,M PTH
even though the in vitro sensitivity of PKAwas decreased only
20-fold. Although this question is not directly answerable by
the experiments reported herein, several points should be con-
sidered. First, although PTH induces a dose-responsive incre-

ment in measured cell cAMP, these determinations are usually
made in the presence of phosphodiesterase inhibitors. In the
original description of the OKcell PTH-responsive adenylate
cyclase, Teitelbaum et al. (37) noted that in the absence of
phosphodiesterase inhibitors, only a very small, very transient
increment in cellular cAMPcontent could be measured even
with maximal PTHconcentrations. Given the increase in EC.5
for cAMPwe measured in vitro and the decrease in coopera-
tivity of activation, it is possible that even high concentrations
of PTHdid not induce a sufficient rise in cell cAMPto activate
the mutant PKA. Second, the degree of overexpression of RI*
relative to the native R' is estimated to be 20-fold. In nor-
mal cells R and C are expressed in roughly equal proportions.
In the OK-HL cell population reported here, the overexpres-
sion of RI* was unaccompanied by an overexpression of C as
evidenced by the roughly normal total PKAactivity measured
at maximal cAMPconcentrations. Therefore there was proba-
bly a large pool of free RI* units capable of reforming stable
complexes with C, making the release of free C (the cAMP
effector) less likely.3 Thus the mutant cells described herein
retained potential PKA activity while demonstrating relative
cAMPresistance. This is in contrast to the maneuver of PKC-
inhibition phorbol ester downregulation; a setting in which
almost all potential PKC activity is lost from the pool of re-
cruitable kinase.

There is a large literature dealing with interactions of the
PKA and PKC-signaling pathways and precedent is available
for virtually every permutation of interaction. Many of these
events involve PKA inhibition of PKC effect and vice versa
(38-40). More germane to the present studies are several ex-
amples in which activation of either PKAor PKCmay inde-
pendently produce the same or similar biological effect with-
out an absolute requirement for activation of the complemen-
tary pathway (41-46). PTH inhibition of Na-phosphate
cotransport in the OKcell may represent a situation in which
two distinctly controlled kinase activities produce the same
biological effect. In summary, exogenous agonists that directly
and specifically activate either PKAor PKCresult in an inhibi-
tion of OKcell Na-phosphate cotransport supporting the con-
tention that two potential mechanisms for this effect exist in
the OKcell. The finding that in transfected, cAMP-resistant
cells Na-phosphate cotransport is unresponsive to maximal
levels of cAMPand a range of PTH concentrations suggests
that an intact and normally cAMP-sensitive PKA pathway is
an absolute requirement for the PTH effect on Na-phosphate
cotransport. Loss of the cAMP-resistant phenotype with re-
peated passage was associated with a return of cAMPand PTH
sensitivity, strongly suggesting that the perturbation of the

3. This large pool of free R'* units would also have been present in the
in vitro assay mixture in which PKAactivation was measured. Opera-
tionally, given the previously determined intracellular vol/mg protein
of OKcells (2) and volumes used for cell disruption and the dilution
factor in the actual PKAassay, the R', R4*, and C units contained in a
cell monolayer would have been diluted 80-100-fold from their distri-
bution in total cell water, by the time of PKAassay. Although we do
not address the kinetic mechanism of association, the formation of an
R2C2 complex, a quaternary-molecular reaction, presumably shows a
greater than first order dependence on Rand C concentration. There-
fore, the degree of intracellular cAMP resistance, in which R and C
concentrations were higher, may have been greater than the 20-fold
decrease in PKA sensitivity measured in the diluted in vitro system.
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PKAsystem was responsible for these effects. Definition of the
independent role, if any, of PKCin the PTHaction on OKcell
Na-phosphate cotransport was not unequivocally determined
by these studies and must await the availability of more spe-
cific tools.
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