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A B S T R A C T Recent studies have established that
some patients with pseudohypoparathyroidism have
a deficiency of the adenylate cyclase regulatory pro-
tein (the G unit) in plasma membranes from eryth-
rocytes, platelets, and fibroblasts. We have directly
measured the activity of the G unit in renal mem-
branes from a patient with pseudohypoparathyroidism
who, in addition to parathyroid hormone resistance,
has resistance to thyrotropin and gonadotropins.
Erythrocyte membrane G unit activity was 57% that
of control erythrocyte membranes. Lubrol PX extracts
of renal membranes had only 30%of the Gunit activity
of control renal membrane extracts, whether assayed
with sodium fluoride or guanosine-5'-O-(3-thiotri-
phosphate) (GTP-'y-S). In cholate extracts, the G unit
activity was 37 and 48% of control with fluoride or
GTP-y-S, respectively. Cholera toxin-dependent in-
corporation of [32P]ADP-ribose into the 42,000-Mr sub-
unit of the G unit was decreased in renal membranes
from the patient compared with control renal mem-
branes. The data demonstrate that the membrane G
unit deficiency in pseudohypoparathyroidism extends
to the cells of a clinically relevant parathyroid hor-
mone target tissue.

INTRODUCTION

Pseudohypoparathyroidism (PHP)' is a genetic disor-
der characterized by target organ insensitivity to para-
thyroid hormone (PTH). Patients with this condition
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display the features of hypoparathyroidism, hypocal-
cemia, and hyperphosphatemia, despite circulating
levels of parathyroid hormone that are generally high.
In addition, they do not respond to exogenous PTH
with hypercalcemia or phosphaturia (1, 2). Chase and
Aurbach (3, 4) showed that the action of PTHon target
tissues, bone and kidney, is mediated by cyclic AMP,
and found that patients with PHP lack the normal
brisk rise in urinary cyclic AMP after infusion of
PTH(5). Their studies indicated that in PHP there is
a defect in the target organ adenylate cyclase system,
proximal to the generation of cyclic AMP.

Recent studies (reviewed in ref. 6) have shown that
the adenylate cyclase system is composed of at least
three separable components: a hormone-specific re-
ceptor; a catalytic unit; and a guanine nucleotide-bind-
ing regulatory protein, the G unit (also termed G/F
and N). The G unit interacts with hormone receptors
and with the catalytic unit, and mediates the activation
of adenylate cyclase by hormones, guanine nucleo-
tides, cholera toxin, and sodium fluoride. Drezner and
Burch (7) studied renal membranes from a patient with
PHP, obtained during a urologic surgical procedure.
They found that PTH-stimulated adenylate cyclase
activity was subnormal at low ATPconcentrations, and
was corrected with small concentrations of GTP, lead-
ing them to postulate a G unit abnormality in their
patient.

Studies by Farfel et al. (8) and by our group (9) have
now shown that some patients with PHP have a de-
crease in the number of functional G units present in
erythrocyte plasma membranes. Our studies indicate

1 Abbreviations used in this paper: G units, the adenylate
cyclase regulatory protein; GTP--y-S, guanosine 5'-O-(3-thio-
triphosphate); PHP, pseudohypoparathyroidism; PTH, para-
thyroid hormone.
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that the G unit deficiency is restricted to those with
PHPand the characteristic phenotype of short stature
and brachydactyly (Albright's hereditary osteodystro-
phy). Many of these patients are also resistant to other
hormones whose effects are mediated by cyclic
AMP(10). The G unit deficiency has been documented
in membranes from erythrocytes (8, 9), platelets (11)
and cultured fibroblasts (12) (Levine, M. A. Unpub-
lished observations.) using several assay methods.

No defect in erythrocyte, platelet, or fibroblast func-
tion has been reported in patients with PHP. Available
evidence suggests that the Gunit is similar in all tissues
(6), so it is assumed that the abnormality in these ac-
cessible cells reflects a comparable defect in tissues
clearly dependent on hormone-stimulated cyclic AMP
accumulation for normal function. Such a generalized
deficiency of G units could be the basis for resistance
to multiple hormones, including renal and skeletal re-
sistance to PTH. However, a deficiency of G unit ac-
tivity has yet to be demonstrated directly in mem-
branes from a clinically affected target organ. Wehave
used recently developed methods to directly examine
G unit activity in renal membranes from the patient
with PHP reported previously by Drezner and Burch
(7). We report here data that show that this patient
is resistant to multiple hormones and has a deficiency
of functional G units in membranes from kidney, a
target tissue for PTH. Although only a limited amount
of renal tissue from a single patient with PHP was
available for study, our observations significantly ex-
tend previous reports of G unit deficiency in other cell
types to a clinically relevant tissue.

METHODS
The preparation of renal cortical membranes from the pa-
tient with PHP and from three control subjects undergoing
urologic surgery was described previously (7). All mem-
branes had been stored in liquid nitrogen for the same period
of time. Frozen aliquots were removed, coded, and shipped
to Bethesda, MDon dry ice.

Cholera toxin-dependent G unit ADP-ribosylation. For
each coded sample, two sets of duplicate tubes containing
200 ug of membrane protein were centrifuged for 10 min
at 15,000 g. The membrane pellet was resuspended and in-
cubated for 20 min at 30'C in 0.1 ml 100 mMpotassium
phosphate, pH 7.5, containing 100 U/ml Trasylol, 20 mM
thymidine, 0.1 mMGTP, 25 MM[32P]NAD (sp act 10 Ci/
mmol), and 2 mMdithiothreitol, with or without 100 Mg/ml
cholera toxin (activated for 10 min at 30'C in 20 mMdi-
thiothreitol). The samples were then processed and 20 ug of
protein applied to each lane of SDS slab gels according to
the method of Laemmli (13). The gels were stained and dried
for autoradiography as previously described (14). The pat-
tern of stained protein bands was identical in all lanes.

G unit activity by adenylate cyclase complementation
assay. 300 ,g of membrane protein from each coded sample
were centrifuged for 10 min at 15,000 g and the membrane
pellet resuspended in 0.1 ml 10 mMTris-HCl, pH 7.5, con-
taining 0.25 Msucrose, 0.1 mMMgCl2, 1 mMdithiothreitol,
and 0.2% (wt/vol) Lubrol PX. The suspension was incubated

at 00C overnight, then centrifuged for 60 min at 50,000 g,
and the supernatant Lubrol extract recovered for G unit
assay.

500 Mg of membrane protein from each coded sample were
centrifuged 10 min at 15,000 g and the membrane pellet
resuspended in 100 Ml 30 mMTris-HCl, pH 8.0, containing
0.25 M sucrose, 0.1 mMMgCl2, 1 mMdithiothreitol, and 1%
(wt/vol) cholate. After an overnight incubation of 0WC, the
suspension was centrifuged for 60 min at 50,000 g and the
supernatant cholate extract recovered and diluted 10-fold
in buffer without cholate before G unit assay.

G unit activity was determined in Lubrol PX and cholate
extracts using a modification of the complementation assay
described by Kaslow et al. (15), which depends on activation
of adenylate cyclase by G units added to membranes from
the S49 lymphoma clone cyc , which lack functional Gunits.
5, 10, or 20 Mil of detergent extract was incubated for 20 min
at 30'C with 100 Mtg cyc- membranes in a final volume of
90 Ml containing 50 mMTris-HCl, pH 7.5, 5 mMMgCl2, 1
mMdithiothreitol, 1 mMcyclic AMP, 0.3 mMATP, 5 mM
creatine phosphate, and 0.2 mg/ml creatine phosphokinase,
with 10 mMsodium fluoride or 100 MMguanosine-5'-O-(3-
thiotriphosphate) (GTP-'y-S) as indicated. For volumes of
extract <20 Ml, an additional volume of the appropriate sol-
ubilizing buffer was included to keep the detergent concen-
tration constant. At the end of this incubation, 10 Ml con-
taining 2 MCi [32P]ATP was added and the incubation con-
tinued at 30°C for an additional 20 min. The [32P]cyclic AMP
accumulated during the second 20 min incubation was sep-
arated using the method of Salomon et al. (16). The assay
of G unit activity is linear with respect to the amount of
extract protein added (Fig. 1), and similar results are ob-
tained when either fluoride or GTP-y-S is used to activate
the donor G units.

Other methods. Protein was measured using the method
of Lowry et al. (17), with bovine serum albumin as standard.
Sodium dodecyl sulfate (SDS) (0.5% wt/vol) was included
in the alkaline copper solution to prevent the formation of
a precipitate in samples containing Lubrol PX. Cells from
the cyc- clone of S49 lymphoma cells (18) were grown and
membranes prepared as previously described (19).

GTP-y-S was obtained from Boehringer Mannheim Bio-
chemicals, Indianapolis, IN, [a-32P]NAD was from New En-
gland Nuclear, Boston, MAand [a-32P]ATP was from ICN
Chemical and Radioisotope Division, Plainview, NY, and
cholera toxin was purchased from Schwarz-Mann Div., Bec-
ton, Dickinson & Co., Orangeburg, NY. Other reagents were
of the best grade commercially available.

Case description
The patient was a 16-yr-old female. As reported previously

(7), she had multiple subeutaneous calcifications and uni-
formly short metacarpals. Serum calcium was 7.8 mg/dl,
and the serum phosphorus 5.1 mg/dl, with an elevated serum
PTH. Intravenous infusion of parathyroid extract caused no
increase in urinary cyclic AMPexcretion. These findings are
characteristic of PHP.

Additional data not previously reported include serum
thyroxine, 2.6 ,g/dl (normal, 3.0-7.0); resin uptake of triio-
dothyronine, 11.3% (normal, 10.0-14.6); and plasma thy-
rotropin, 20 MU/ml (normal, <10). Antithyroglobulin and
antithyroid microsomal antibody titers were <16 and <4,
respectively. The thyroid gland was not enlarged.

She had oligomenorrhea, and evaluation revealed a serum
estrogen of 66 pg/ml (normal follicular phase, 82±58 pg/
ml), progesterone, 0.159 pg/ml, luteinizing hormone, 41.0
mIU/ml (normal follicular phase, 6.5-24.2) and follicle-
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brol PX extracts of renal membranes from the patient
with PHP had only 30% of the G unit activity of ex-

, tracts from control and renal membranes, using either
fluoride or GTP-'y-S as the G unit activator (Fig. 1).
In similar studies with cholate extracts (Fig. 2), the G
unit activity of PHPextracts was 37 and 48% of normal
with fluoride and GTP-y-S activation, respectively.

Cholera toxin-catalyzed mono-ADP-ribosylation of
the G unit provides an independent means of mea-
suring the number of G units in a membrane prepa-
ration (8). With [32P]NAD as substrate cholera toxin
catalyzes [32P]ADP-ribosylation of the 42,000-M, sub-
unit of the G unit, which can then be detected by

30 polyacrylamide gel electrophoresis and autoradiogra-
phy (8, 20, 21). Renal membranes from the patient
with PHPhave a clear deficit of Gunits by this method
(Fig. 3, 42K arrow).
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FIGURE 1 G unit activity in Lubrol PX extracts of renal
membranes from controls (filled symbols) and from a patient
with PHP (open circles). Various amounts of extract were

assayed in triplicate with either sodium fluoride (A) or GTP-
'v-S (B) as described in Methods with cyc- membranes. For
the controls, each symbol represents a different membrane
preparation, and the mean (heavy dashed line) and the 95%
confidence limits (thin dashed line) are shown.

stimulating hormone 21.6 mIU/ml (normal follicular phase,
4.4-20.2). Vaginal cell maturation index was 0/90/10, in-
dicative of a poor estrogen effect. Laparoscopy revealed ova-

ries that appeared poorly stimulated, and ovarian biopsy
showed numerous primordial follicles and several larger
atretic follicles, consistent with poor gonadotropin stimula-
tion. Ovarian and peripheral leukocyte karyotypes were

both 46XX.
Her adrenal responsiveness to endogenous ACTHwas nor-

mal during a standard metyrapone test and after insulin-
induced hypoglycemia.

RESULTS

G unit activity was deficient in both erythrocyte and
renal membranes from the patient with PHP.

Erythrocyte membrane G unit activity determined
as previously described (9) was 57% of the activity of
a control pool of normal erythrocyte membranes. Lu-
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FIGURE 2 G unit activity in cholate extracts of renal mem-

branes from controls (filled symbols) and from a patient with
PHP (open circles). Various amounts of diluted extract were

assayed in triplicate with either sodium fluoride (A) or GTP-
'y-S (B) as described in Methods with cyc- membranes. For
the controls, each symbol represents a different membrane
preparation, and the mean (heavy dashed line) and the 95%
confidence limits (thin dashed line) are shown.
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FIGURE 3 Cholera toxin-dependent "P-ribosylation of the

42,000OMr subunit of the G unit in control renal membranes

and in renal membranes from a patient with PHP. Mem-

branes were treated as described in Methods, and after elec-

trophoresis an autoradiogram was prepared. The arrows in-

dicate the position of the 42,000-M, subunit of the G unit

(42K), and the position of the Al subunit of cholera toxin

(CT), which is auto-ADP-ribosylated (22). 32p incorporation
into the other bands was not dependent on cholera toxin.

The area of the 42,OOO-M peak, calculated from densito-
metric tracings of the autoradiogram, was 513, 493, and 413

(arbitrary units) for the three controls, and 221 for the pa-

tient with PHP. Values are for the peak caused by toxin

treatment minus the nontoxin lane background and repre-

sent the averages for duplicate determinations, which varied

<10% from the mean.

There were also differences in the radiolabeling of

other proteins of higher molecular weight. In control

membranes, a complex of high molecular weight pro-

teins is labeled (Fig. 3). This labeling occurred both

with and without cholera toxin (not shown). In the
PHP renal membranes the high molecular weight la-

beling is reduced. Since 32P incorporation into the high

molecular weight band in control membranes is in-

dependent of cholera toxin, there is no evidence to

indicate that this labeled band is related in any way

to the adenylate cyclase system or to the hormone re-

sistant state in patients with PHP. Instead, the high
molecular weight band might reflect slight contami-

nation of the membranes with nuclear proteins that
are readily ADP-ribosylated even without cholera

toxin (22). Others have observed that cholera toxin

independent 32P incorporation into high molecular

weight proteins is variable among membrane prepa-
rations, even from a single cultured cell line (23).

DISCUSSION

This patient showed, in addition to the typical features

of PHP and Albright's hereditary osteodystrophy, ev-

idence for resistance to thyrotropin and gonadotropins.
Serum thyroxine was reduced, and thyrotropin ele-
vated, compatible with primary hypothyroidism, but
there was neither a goiter nor elevation of antithyroid
antibodies. There was oligomenorrhea despite high
serum gonadotropins and biopsy of the ovaries pro-
vided histologic evidence for poor stimulation by go-
nadotropins. Previous reports (24, 25) of resistance to
multiple hormones in patients with PHPsuggested that
there might be a defect in a component of the ade-
nylate cyclase system, distal to the hormone-specific
receptor, and common to all tissues. Earlier studies of
renal membranes from the patient described here (7),
and a recent report (26) of abnormal adenylate cyclase
activity in thyroid membranes from a patient with
PHP and hypothyroidism, have indirectly implicated
the G unit as the site of the molecular defect in PHP.
We (9) and others (8) have shown that erythrocyte
membranes from many patients with PHP (particu-
larly those with the phenotypic features of Albright's
hereditary osteodystrophy) have an '50% reduction
in G unit activity. The patient described here has a
similar reduction in erythrocyte membrane G unit
activity. Her characteristic habitus and resistance to
multiple hormones make her typical of the patients
with PHP who have G unit deficiency.

A generalized deficiency of G units could be the
reason for resistance to multiple hormones in patients
with PHP and Albright's hereditary osteodystrophy
(10), but the biochemical results do not explain why
hormone-dependent responses are more sensitive to
the reduction in G units in some tissues than in others
(10). Other factors, such as the amount of cyclic AMP
required for protein kinase activation, the activity of
phosphodiesterases, and even the membrane lipid
composition, may influence the distal physiologic re-
sponse to hormone stimulation.

This study indicates that the plasma membrane G
unit deficiency extends to the cells of a classic PTH
target tissue, the kidney. Renal membrane G unit de-
ficiency was directly demonstrated by adenylate cy-
clase complementation assay, as well as by cholera
toxin-catalyzed ADP-ribosylation. Earlier studies sug-
gested that a subnormal response of the renal adenylate
cyclase system to PTH in PHP could be corrected by
small concentrations of GTP (7). Although insufficient
renal tissue is available to test the sensitivity of G unit
activity to guanine nucleotides, we have measured the
sensitivity of G unit activity to GTP-y-S in erythrocyte
membranes from this patient. In agreement with other
studies (9), the apparent affinity of the Gunit for GTP-
y-S was similar in erythrocyte membranes from con-
trols and the patient with PHP. Further studies of the
kinetics and stoichiometry of the receptor-cyclase cou-
pling process are necessary to learn whether GTPcan
recruit additional G units into the coupling reaction.
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Our data suggest that studies with easily accessible
cells, such as fibroblasts and circulating erythrocytes,
should validly reflect the defect present in other less
accessible tissues responsible for the clinical features
of gPHP.
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