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Pseudohypoparathyroidism type la (PHP-1a) results from the loss of
one allele of Gs,, causing resistance to parathyroid hormone and
other hormones that transduce signals via Gs. Most Gsomutations
cause the complete loss of protein expression, but some cause loss
of function only, and these have provided valuable insights into
the normal function of G proteins. Here we have analyzed a mutant
Gso (as-AVDT) harboring AVDT amino acid repeats within its
GDP/GTP binding site, which was identified in unique patients with
PHP-la accompanied by neonatal diarrhea. Biochemical and intact
cell analyses showed that as-AVDT is unstable but constitutively
active as a result of rapid GDP release and reduced GTP hydrolysis.
This instability underlies the PHP-la phenotype. as-AVDT is pre-
dominantly localized in the cytosol, but in rat and mouse small
intestine epithelial cells (IEC-6 and DIF-12 cells) as-AVDT was found
to be localized predominantly in the membrane where adenylyl
cyclase is present and constitutive increases in cAMP accumulation
occur in parallel. The likely cause of this membrane localization is
the inhibition of an activation-dependent decrease in as palmi-
toylation. Upon the overexpression of acyl-protein thioesterase 1,
however, as-AVDT translocates from the membrane to the cytosol,
and the constitutive accumulation of cAMP becomes attenuated.
These results suggest that PHP-la results from the instability of
as-AVDT and that the accompanying neonatal diarrhea may result
from its enhanced constitutive activity in the intestine. Hence,
palmitoylation may control the activity and localization of G, in a
cell-specific manner.
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protein diseases have revealed key pathways underlying
physiologic regulation and the molecular mechanisms in-
volved. Pseudohypoparathyroidism type Ia (PHP-Ia) is a classic
example of such a disease and results from the heterozygous loss
of function of Gy, (1-4). In most cases, the loss of G, function
results from a loss of protein expression due to insertions,
deletions, frameshift deletions, nonsense mutations, and splice
junction mutations. In some cases, however, PHP-Ia occurs in
the presence of G, protein expression, and analyses of the
corresponding mutations have greatly furthered our understand-
ing of how G proteins function normally (5).

The activity of G, is cyclically regulated via two unidirectional
steps, a GDP/GTP exchange and the hydrolysis of GTP (5-8).
The agonist-occupied receptor accelerates GDP release from
the afvy trimer, which allows GTP to bind to the empty guanine
nucleotide pocket of G, and thus induce a conformational
change that enables its dissociation from the receptor and By
subunit. The GTP-bound G, and By dimer transmit a signal until
GTP is hydrolyzed, which then allows the GDP-bound G,, to bind
and inactivate Gg,.

The defects resulting from G, mutations that do not prevent
protein expression but nevertheless result in the onset of PHP-Ia
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have now been elucidated at the molecular level and have
provided invaluable information regarding how G proteins
operate in this G, cycle. The as-R386H (9) and as-Y391X (10,
11) mutations result in a loss of Gy, function by preventing
receptor interactions. The as-A366S defect shows not only a loss
of function resulting from rapid denaturation of the Gy, protein
but also a gain of function resulting from its relative stabilization
at 33°C (12). Additional loss-of-function G, mutations include
as-R231H, which confers a conditionally defective activation
(13, 14), and as-R280K, which may be defective in G protein—
effector interactions (10). Moreover, some missense Gs, mutants
(S250R and R258W), which are not expressed in human cells but
can be generated by in vitro translation, have also contributed to
our understanding of the kinetics of GTPase in the G, cycle
(15, 16).

To identify instructive Gy, mutants, we predicted that it would
be useful to investigate atypical PHP-Ia patients who show (i) a
classic PHP-Ia phenotype and normal protein expression or (ii)
a phenotype other than the classic PHP-Ia phenotype. Such
mutants would be expected to provide further data regarding the
functions of G proteins. Here we have analyzed a unique case of
familial PHP-Ia accompanied by neonatal diarrhea and identi-
fied a mutant G, harboring AVDT amino acid repeats within its
B6/a5 loop (Fig. 1). This loop is responsible for the interaction
of the G protein with the guanine ring of GDP/GTP (17). Two
sibling patients, a female and a male, showed a PHP-Ia pheno-
type including hypocalcemia, resistance to parathyroid hormone,
and increased levels of thyroid-stimulating hormone. In addi-
tion, both of these patients uniquely presented with neonatal
diarrhea, which was transient and corrected itself spontaneously
after several months, suggesting that this phenotype may also
result from the AVDT mutant Gg, (17). Here we have analyzed
this mutant to clarify the molecular mechanisms underlying the
onset of PHP-Ia/neonatal diarrhea.

Results

The AVDT Mutant Is Constitutively Active but Unstable. To charac-
terize the as-AVDT mutant G protein, we purified both recom-
binant as-AVDT and as-WT from the cytosol of Sf9 cells by
using a baculovirus system (see Materials and Methods for
details). We then used these preparations in a guanosine 5'-[7y-
thio]triphosphate (GTP[vS]) binding assay, and found that the
apparent “on” rate of GTP[yS] (kapp) was 30-fold higher for
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Fig. 1. Carboxyl-terminal sequence of as-AVDT. The AVDT (366-369) amino
acid moiety that is present as a repeat sequence in the as-AVDT mutant is
boxed.

as-AVDT (7 min~ ') than for as-WT (0.22 min~1) (Fig. 24). In
a steady-state GTPase assay, we further found that the steady-
state GTPase rate (ks) for as-AVDT was 0.9 min~!, compared
with a rate of 0.22 min~! for as-W T (Fig. 2B). Moreover, the rate
constant for a single turnover of GTP hydrolysis (kca) for
as-AVDT was calculated to be ~1 min~! based on the following
approximation: l/kg ~ 1/Kkapp + 1/kcar (18). That of as-WT,
however, was measured at 3.4 min~! (data not shown). These
data indicate that in the presence of GTP, the rate-limiting step
in the G, cycle of as-WT is the release of GDP as reported
earlier, whereas in the case of as-AVDT this rate-limiting step
is the hydrolysis of GTP.

These results suggest that, compared with as-WT, as-AVDT
has two distinct characteristics in the as cycle: a rapid GDP
release and a slightly reduced rate of GTP hydrolysis. Hence, in
the presence of GTP, which is the major guanine nucleotide in
the cells, as-AVDT should predominate in its GTP-bound form

and be capable of activating adenylyl cyclase without receptor
stimulation, resulting in its constitutive activation. To confirm
that this is the case, we added recombinant as-WT or as-AVDT
to the membranes of S49 cyc™ lymphoma cells, which lack
endogenous es, in the presence of various guanine nucleotides.
In the presence of GTP[yS] or AIF,;~, both as-WT and as-
AVDT activated the adenylyl cyclase of the cyc™ membranes
equivalently (Fig. 2 C and D). When guanosine 5'-[B-
thio]diphosphate (GDP[BS]) was used, neither as-WT nor as-
AVDT promoted cAMP production. Significantly, however,
with GTP, as-AVDT activated adenylyl cyclase to the same
extent as it did in the presence of GTP[yS], whereas as-WT did
not show any activation. These results indicate that as-AVDT is
indeed constitutively active in the presence of GTP as predicted
(Fig. 2D).

In its guanine nucleotide-free form, as denatures more rapidly
than in its GDP/GTP bound form (12). Given that as-AVDT
harbors large mutations within its GDP/GTP binding site, we
speculated whether this mutant G protein might be impaired in
GDP/GTP binding, leading to an inherent instability (see also
Discussion). To test this possibility biochemically, we incubated
as-WT and as-AVDT with GTP[yS] or GTP and measured the
remaining levels of each protein by testing its ability to stimulate
adenylyl cyclase in the membranes of cyc™ cells or to bind
radioactive GTP[yS]. When incubated with GTP[yS], both
as-AVDT and as-WT were found to be stable. In contrast, when
incubated with GTP, as-AVDT showed an ~60-fold more rapid
denaturation at 22°C compared with as-WT, indicating that this
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Fig.2. Biochemical properties of recombinant WT (as-WT) and mutant (as-AVDT) as proteins. (A) Rates of GTP[yS] binding. Recombinant as-WT (triangles) and
as-AVDT (circles) proteins (each at 40 nM) were incubated at 22°C with 1 wM [35S]JGTP[yS] (2.2 X 10° cpm/pmol) in buffer A [20 mM Na-Hepes, pH 7.4/10 mM
MgS04/0.1 mM EDTA/3 mM 2-mercaptoethanol/0.025% polyoxyethylene (10) lauryl ether (Ci2E10)]. At the times indicated, the reaction was terminated, and
GTP[y5] binding was quantitated by filtration on nitrocellulose membranes. The apparent on rates of GTP[yS] binding (kapp) were then calculated by fitting the
data to the equation B = Beq (1 — ekt as described in Materials and Methods, where B is the concentration of bound GTP[4S], Beq is the equilibreated
concentration of binding sites, k is the constant describing the rate of approach of the reaction to Beg, and t is time. (B) Steady-state GTPase. Forty nanomolar
of recombinant as-WT (triangles) or as-AVDT (circles) was incubated for the indicated times at 22°C with 2 uM [y-32P]GTP (2 X 105 cpm/pmol~") in buffer A. At
the times indicated, the reactions were terminated, and phosphate release was quantified by charcoal adsorption. The steady-state GTPase rates (kss) were then
calculated. Pi, inorganic phosphate. (C) cAMP synthesis stimulated by different concentrations of as-WT or as-AVDT in the presence of GTP[yS]. Reactions were
performed at 20°C for 10 min in 75-ul volumes containing 22.5 ug of cyc™ cell membranes, as described previously (12, 47) apart from minor changes to the buffer
conditions. These included 50 mM Na-Hepes (pH 7.4), 6 mM MgCly, 0.01% C2E10, and 50 ug ml~" BSA. Before the assay, the as proteins were incubated with 100
M GTP[yS] for 30 min (as-WT) or 1 min (as-AVDT). (D) The effects of the indicated different guanine nucleotides on cAMP synthesis in the presence of 15 nM
as-WT or as-AVDT. Reactions were conducted at 20°C for 10 min as described in C. Before the assay commenced, the as proteins were incubated with GTP[yS],
GTP, or guanosine 5'-[B-thio]diphosphate (GDP[BS]), each at 100 M, or with 20 uM AICl; and 10 mM NaF for 30 min (as-WT) or 1 min (as-AVDT). (E) The protein
stability of as-WT or as-AVDT assessed in vitro by [3°S]GTP[yS] binding. Recombinant as-WT or as-AVDT (each at 30 nM) was incubated at 22°C with the indicated
concentrations of GTP or GTP[yS]. At the times indicated, 5-ul aliquots were withdrawn and assayed for GTP[yS] binding in 20-ul reaction mixtures. The values
represent the means = SD of triplicate determinations, and each set of results is representative of at least two additional experiments.
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Fig.3. cAMP accumulation and the expression of recombinant as proteinsin
S49 cyc™ stable clones expressing HA-tagged as-WT or HA-tagged as-AVDT.
(A) For each transfected cyc™ cell clone, the open bars and filled bars indicate
the cAMP accumulation levels after 30 min in cells without or with 10 uM
isoproterenol, respectively (see Materials and Methods). (Lower) For immu-
noblotting analysis, proteins from these clones were detected by using the
monoclonal antibody 12CA5 directed against the HA tag, after immunopre-
cipitation with the same antibody. (B) Two stable cyc™ clones expressing
as-AVDT were incubated without or with 200 ng/ml pertussis toxin (PTX) for
12 h. cAMP accumulation without or with 10 uM isoproterenol was then
assayed as described in the Materials and Methods. The values shown in these
analyses represent the means + SD of triplicate determinations. Each set of
results is representative of at least two additional experiments.

mutant is extremely unstable in the presence of GTP (Fig. 2E).
We found that as-AVDT activates adenylyl cyclase normally in
the presence of GTP[yS] (Fig. 2C) and interacts with By, as
assessed by the inhibition of the apparent on rate of GTP[yS]
binding to as-AVDT via By (data not shown).

From these biochemical analyses, we conclude that as-AVDT
is constitutively active but also unstable.

The Loss of Function of as-AVDT Underlies the Associated Onset of
PHP-la. We confirmed the constitutive activity and instability of
as-AVDT in intact cells by first stably expressing as-WT and
as-AVDT in cyc™ cells, which lack endogenous as, and then
analyzing the cAMP accumulation both in the resting state and
after receptor stimulation (Fig. 3). In the resting state, cyc™
clones expressing as-AVDT showed marginal levels of consti-
tutive activity. After B2 adrenergic receptor stimulation, the
cAMP levels in the cyc™ clones expressing as-WT increased, but
in those expressing as-AVDT these levels decreased (Fig. 3),
suggesting that as-AVDT is a loss-of-function mutant particu-
larly in the presence of receptor stimulation. Incubation of these
cells with pertussis toxin did not reverse this receptor-dependent
inhibition (Fig. 3B), thus excluding the alternative possibility that
the activation of Gj/G, was involved. The expression levels of
as-AVDT were far lower than those of as-WT in every clone (as
indicated by the immunoblot shown in Fig. 34 Lower), which was
in agreement with our biochemical data indicating that as-
AVDT is unstable in the presence of GTP. Hence, the instability
and paradoxical inactivation by receptor stimulation results in a

17426 | www.pnas.org/cgi/doi/10.1073/pnas.0708561104
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Fig. 4. Localization of recombinant as proteins and measurement of cAMP
accumulation. (A) The localization of recombinant as proteins in cells stably
expressing as-WT or as-AVDT. [EC-6 (2.0 X 107), DIF-12 (2.0 X 107), cyc™ (4.0 X 107),
®2 (2.0 X 107), or MDCK cells (2.0 X 107) stably expressing as-WT or as-AVDT,
derived from 40-ml culture volumes, were fractionated and HA-tagged as pro-
teins were then detected by immunoblotting with the monoclonal antibody
12CAS5 after immunoprecipitation with the same antibody, as described in Ma-
terials and Methods. (B) cAMP accumulation in cells stably expressing as-WT or
as-AVDT. cAMP accumulation of the stable cells expressing as-WT or as-AVDT
described in A was assayed as described in Materials and Methods. Briefly, cells
were seeded in 24-well plates at 1.5 X 10° (cyc™ cells) or at 0.75 X 105 (other cells)
cells per well and labeled with [3H]adenine (4 uCi/ml, Amersham Pharmacia) for
an additional 16 h. Cells were then washed once with DMEM and incubated in the
presence of 3-isobutyl-1-methylxanthine (IBMX) for 30 min. cAMP and ATP frac-
tions were resolved, and cAMP accumulation was estimated by the radioactivity
of CAMP and ATP. Values represent means = SD of triplicate determinations. (C)
Localization of recombinant as proteins in IEC-6 cells and cyc™ cells stably express-
ing as-R201C. The cells were fractionated, and HA-tagged as proteins were
detected by immunoblotting with 12CA5 after immunoprecipitation with that
same antibody. Each set of results is representative of at least two additional
experiments. Sup, supernatant.

loss of function for the as-AVDT mutant, which likely explains
the resulting PHP-Ia phenotype.

The Cell-Specific Localization and Palmitoylation of as-AVDT May
Explain the Associated Neonatal Diarrhea. Intriguingly, the familial
as-AVDT mutation is associated with neonatal diarrhea in
addition to PHP-Ia. We speculated that the enhanced constitu-
tive activity of as-AVDT in intestinal cells may be the underlying
cause of this association, in a similar manner to cholera toxin
(19). If this were indeed the case, we could then postulate at least
two (although not necessarily mutually exclusive) possible mech-
anisms. One mechanism would be that the expression of as-
AVDT is increased in intestinal epithelial cells because of some
stabilization mechanism. The other would be that as-AVDT is
specifically localized in the membrane where adenylyl cyclase is
also present. We favor this latter possibility as the more likely of
the two and thus analyzed the forced expression and localization
of as-WT and as-AVDT in various cell lines, including IEC-6
and DIF-12 cells derived from the epithelia of rat and mouse
small intestine, respectively.

We first examined the total expression levels of as-AVDT in
various cell types and found few differences among them. We
then assessed the localization of as (Fig. 44) and found that
as-WT, inactive in the resting state, was recovered in membrane
fractions from all of the cell types tested, which is consistent with

Makita et al.
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Fig.5. Effectsof activation by cholera toxin (CTX) on the localization (4) and
palmitoylation (B) of recombinant as proteins in cyc™ or IEC-6 cells expressing
HA-tagged as-WT. (A) cyc™ (1.0 X 107) or IEC-6 (0.5 X 107) cells derived from
10-ml culture volumes were fractionated, and HA-tagged as proteins were
detected by immunoblotting with monoclonal antibody 12CA5 after immu-
noprecipitation with the same antibody. Membrane fractions of these cells
were also prepared in which the as was [32P]JADP-ribosylated with a 50 ug/ml
concentration of activated cholera toxin. [3?P]JADP-ribosylated HA-tagged as
proteins were then visualized by autoradiography after immunoprecipitation
as described in Materials and Methods. Before fractionation, the cells were
incubated without or with 1 ug/ml cholera toxin for 4 h. (B) cyc™ (5.0 X 107) or
IEC-6 (2.5 X 107) cells derived from 50-ml culture volumes were incubated for
2 h in DMEM containing 10% dialyzed FBS, 5 mM sodium pyruvate, and 0.5
mCi/ml [9,10-3H]palmitic acid. After labeling, the cells were incubated without
or with cholera toxin for 4 h and fractionated. Palmitoylated HA-tagged as
proteins were visualized by fluorography (30-day exposure), and HA-tagged
as proteins were detected by immunoblotting after immunoprecipitation as
described in Materials and Methods. Arrows indicate as proteins that have
been ADP-ribosylated by cholera toxin. Each set of results is representative of
at least two additional experiments.

the findings of previous reports (20, 21). In contrast, as-AVDT,
which is constitutively active in the resting state, was found to be
predominantly localized in the membranes of the IEC-6 and
DIF-12 cells but in the cytosol of several of the other cell types
tested (cyc™ cells, @2 fibroblasts, and also MDCK cells that were
derived from renal epithelial cells involved in the PHP-Ia
phenotype). Moreover, the cAMP levels in the cell types stably
expressing as-AVDT tended to correlate with the as-AVDT
membrane expression levels (Fig. 4B). We speculated that the
emergence of this phenotype is not limited to as-AVDT but is
in fact common among constitutively active as mutants. Con-
sistent with this, as-R201C, another constitutively active as
mutant, also was found to be predominantly localized in the
membranes of IEC-6 cells (Fig. 4C) but in the cytosol of cyc™
cells (20).

As a further experiment, we used cholera toxin to assess the
activation-dependent translocation of as. When as-WT was
activated by cholera toxin-induced ADP ribosylation (arrows in
Fig. 54), it did not translocate to the cytosol in IEC-6 cells stably
expressing as-WT but did so in cyc™ cells (Fig. 54 Left). We
speculated that ~70% of the as-WT proteins were ADP-
ribosylated in both cell types, as assessed by the cholera toxin-
induced [*P]ADP ribosylation of as-WT that had not been
ADP-ribosylated in the cells after 4 h of incubation with cholera
toxin (Fig. 54 Right).

An important question that emerged from our current data is
why the as-AVDT mutant, which is active in the resting state,
localizes at the membrane in intestinal epithelial cells. We and
others have previously demonstrated that the localization and
activity of as are regulated by the palmitoylation/depalmitoyla-
tion cycle (22-24). Moreover, at rest, as is anchored at the
membranes by two mechanisms, interaction with Gg, and pal-

Makita et al.
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Fig. 6. Effects of APT1 or LacZ adenovirus infection on the localization of
HA-tagged as-AVDT (A) and on the accumulation of cAMP (B) in IEC-6 cells
expressing HA-tagged as-AVDT. (A) IEC-6 cells stably expressing as-AVDT
derived from a 40-ml culture volume were infected by recombinant APT1
adenovirus or LacZ adenovirus (at a multiplicity of infection of 50). After 48 h,
the cells were fractionated, and HA-tagged as-AVDT was detected by immu-
noblotting with the 12CA5 antibody. Each set of results is representative of at
least two additional experiments. Palm. esterase, palmitoyl esterase; Sup,
supernatant. (B) cAMP accumulation in stable cells in A was assayed as de-
scribed in Materials and Methods. Values represent the means = SE of three
independent experiments with triplicate determinations.

mitoylation. When activated by receptor stimulation or other
stimuli, as is released from Gg, and depalmitoylated by palmitoyl
esterase, leading to its translocation from the membrane to the
cytosol. The activation-dependent translocation of as has been
observed in some studies (20, 24-28) but has been unsubstan-
tiated in another study (29), suggesting that this translocation
may be regulated by a cell-specific mechanism.

We thus hypothesized that one possible reason that both
as-AVDT and activated as-WT localize at the membrane in
IEC-6 cells is because depalmitoylation is inhibited in these cells.
In support of this, our present data show that, after activation by
cholera toxin, as-WT harbors palmitate in IEC-6 cells (arrow in
Fig. 5B Left) but not in cyc™ cells (Fig. 5B). The incorporated
radioactivity (Fig. 5B) was shown to be linked to as-WT by a
thioester linkage, because it was removed by incubation with
hydroxylamine (data not shown). Moreover, Western blots of the
total as protein levels in parallel samples ruled out the alterna-
tive possibility that the decrease of palmitoylation simply reflects
a decrease of protein expression (Fig. 5B Right).

Given that the palmitoylation/depalmitoylation cycle may
indeed involved in as localization, we speculated that as-AVDT
may translocate from the membrane to the cytosol in IEC-6 cells
when a palmitoyl esterase (see also Discussion) was overex-
pressed. To test this, we introduced acyl-protein thioesterase 1
(APT1) (30) cDNA or LacZ cDNA into IEC-6 cells stably
expressing as-AVDT by adenovirus-mediated gene delivery. We
subsequently found that, when APT1 is overexpressed, ~50% of
the exogenous as-AVDT is indeed translocated from the mem-
brane to the cytosol (Fig. 64) and that cAMP accumulation in
the resting state is concomitantly reduced (Fig. 6B). These
results suggest that, even in IEC-6 cells, as-AVDT can translo-
cate to the cytosol if it is depalmitoylated.

Significantly, our current findings suggest that the unique
neonatal diarrhea phenotype associated with the familial as-
AVDT genotype may be caused by the enhanced constitutive
activity of as-AVDT in intestinal cells.

Discussion

Here we have elucidated that the principal molecular mechanism
underlying a unique syndrome, PHP-la/neonatal diarrhea, is
likely to be mediated via as-AVDT. We speculated that PHP-Ia
in this instance results from the instability and paradoxical
receptor-dependent inactivation of as-AVDT and also that
associated neonatal diarrhea may result from the enhanced
constitutive activity of as-AVDT in the intestine.

We discuss in detail below why the as-AVDT is a loss-of-
function mutant that leads to the onset of PHP-Ia and why this
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mutant may also cause neonatal diarrhea. Furthermore, we
discuss the potential role of palmitoylation in determining the
activity and localization of Gy, in a cell-specific manner.

The Mechanisms Underlying the Loss of Function of as-AVDT. The loss
of function of as-AVDT seems to result from a combination of
two mechanisms. First, a rapid GDP release from as-AVDT
results in its constitutive activity but also destabilizes the protein.
We and others have reported in this regard that as in its guanine
nucleotide-free form denatures more rapidly than in its GDP/
GTP binding form (12, 31). The instability of as-AVDT may thus
be due to a rapid denaturation from a guanine nucleotide-free
form of this protein, at least in part. In support of this, our
current data show that although as-AVDT is stable once it binds
GTP[vS], it is very unstable in the presence of GTP (Fig. 2E).
Second, as-AVDT can be additionally characterized by the
fact that receptor stimulation does not potentiate but in fact
inhibits its constitutive activity. This phenomenon may be ex-
plained by the fact that receptor stimulation has been shown to
confer a decreased affinity for G, for both GTP and GDP (5, 14,
32). The mutant as-AVDT protein itself has a low affinity for
guanine nucleotides, and, when this is further decreased by
receptor stimulation, its ability to bind guanine nucleotides may
be lost (5), and its constitutive activity may thus be impaired.

The Onset of Neonatal Diarrhea Resulting from the as-AVDT Mutation.
One of the most common mechanisms underlying the cause of
diarrhea is the irreversible activation of G, by the toxin pro-
duced by Vibrio cholerae, which ADP-ribosylates an arginine
residue in the switch II region of this G protein. In small
intestinal cells, cCAMP activates protein kinase A and thus
induces protein phosphorylation, which increases Cl secretion
and inhibits NaCl-coupled absorption (19). If as-AVDT is
localized at the membrane in intestinal cells, its constitutive
activity may be enhanced, resulting in excess signaling over
threshold even when the protein is expressed at very low levels.
Hence, cCAMP may accumulate in intestinal cells and cause
diarrhea.

We further speculated as to why the symptoms of diarrhea
caused by as-AVDT were observed only during the neonatal
period. This could be explained by adaptation mechanisms that
activate only at a later stage because the increased basal levels
of cAMP are in general very toxic to the cells (1, 33). One such
mechanism may be the up-regulation of palmitoyl esterase.
Alternatively, the constitutive activity of as-AVDT may be
attenuated by the development of G protein-coupled receptor
signaling because, as shown above, receptor stimulation some-
what paradoxically inhibits the constitutive activity of as-AVDT.

Palmitoylation May Regulate the Cell-Specific Activity and Localiza-
tion of Gs,. The regulation of receptor localization and activity is
one of the most common mechanisms that desensitize the cell in
the face of persistent stimulation. Second messenger-regulated
kinases, G protein-coupled receptor kinases, and the arrestins
play central roles in this process (34). In addition, regulatory
mechanisms at the level of G proteins may exist, as has previ-
ously been reported (22, 23, 28, 29, 35, 36).

A dynamic and reversible modification by palmitoylation is
thought to control the activity and localization of Gy, Gges
endothelial nitric oxide synthase (eNOS), and many other
signaling molecules (37). Gy, attaches to the plasma membrane
via two mechanisms: palmitate and its interaction with Gg,,.
Palmitoylation is dynamically regulated (22), and the activation
of G, by receptor or other stimuli accelerates depalmitoylation/
palmitoylation turnover and translocation. We and others have
proposed working models showing that activation causes accel-
erated depalmitoylation, leading to the translocation of G, to
the cytosol. One simple possibility that can be derived from this
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hypothesis is that, when activated and dissociated from Gg,, Gsa
becomes more susceptible to palmitoyl esterase: it has been
shown that the binding of Gg, protects G, from attack by such
esterases (22, 23).

The specific enzyme responsible for the depalmitoylation of
G, has not yet been identified in any cell type (38). However,
APT1I can cleave palmitate from Gg, or ras proteins in vitro (30).
In yeast, APT is more specific for the G protein « subunit,
Gpalp, compared with ras (39). In addition, a knockout of the
APT1 gene in yeast impairs yeast G, protein (Gpalp)-associated
thioacyl group turnover. However, APT1 does not remove
palmitate from all proteins, indicating that other enzymes must
be required to fulfill this role even in yeast. Another enzyme,
palmitoyl protein thioesterase 1, was found to be responsible for
lysosomal protein degradation (36, 38).

Our findings here indicate that the activation of G, causes its
depalmitoylation, which in turn causes a translocation of this
protein from the plasma membrane to the cytosol and a damp-
ening of the signal. Several lines of evidence support this
contention. () In small intestinal cells (IEC-6 and DIF-12 cells),
activated Gy, is predominantly localized at the membrane, but in
other cell types tested it accumulates mostly in the cytosol. (if)
as-AVDT is a constitutively active Gy, and seems to activate
adenylyl cyclase more strongly in IEC-6 and DIF-12 cells than in
several other cells tested. (iii) In IEC-6 cells, the activation of as
(by cholera toxin) does not seem to decrease the degree of
palmitoylation of Gy,, although it does so in cyc™ and other cells
(21, 22). (iv) The overexpression of APT1 reverses, at least in
part, the membrane localization and the constitutive activity of
as-AVDT.

The results of this study thus not only support the notion that
the palmitoylation cycle regulates the localization and activity of
Gy, but also suggests that this may occur in a cell-specific
manner. The interesting question of whether depalmitoylation
may possibly be another example of a signal-desensitization
mechanism working at the G protein level remains to be
addressed. However, if this notion proves to be correct, the
palmitoylation cycle itself would become a desirable target for
the development of novel treatments against human diseases
resulting from abnormal signal desensitization, including chronic
heart failure (40, 41) and hypertension (1, 42, 43).

Conclusions

The as-AVDT familial mutation causes PHP-Ia because of
instability and paradoxical inactivation by receptor stimulation.
The associated neonatal diarrhea that occurs may be caused by
the constitutive activity of as-AVDT, which is possibly enhanced
by the membrane localization of this protein in intestinal cells.
Moreover, our present study suggests that palmitoylation may
regulate the activity and localization of Gy, in a cell-specific
manner.

Materials and Methods

Purification of as Proteins. Recombinant as-WT and as-AVDT
were purified from the cytosol of Sf9 cells infected with bacu-
lovirus encoding the corresponding as protein constructs (14).
S19 cells (1.5 X 10° cells per ml) were maintained in Sf-900 II
medium (Invitrogen, Carlsbad, CA) at 27.5°C and infected with
the baculoviruses at a concentration of three plaque-forming
units per cell. After cell lysis by using nitrogen cavitation, the
supernatant fractions were sequentially chromatographed on
columns of HiTrap Q (Amersham Pharmacia, Uppsala, Sweden;
5-ml bed volume X 2) (12), Econo-Pac (Bio-Rad, Hercules, CA;
5-ml bed volume) with a potassium phosphate gradient (44), and
Resource Q (GE Healthcare, Piscataway, NJ; 1-ml bed volume)
(45) in the absence of detergents.
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GTP[yS] Binding and GTPase Assays. GTP[yS] binding and GTP
hydrolysis were quantitated as described previously (12, 45). The
apparent on rates (kapp) of GTP[yS] binding and the rate
constants for a single turnover of GTP hydrolysis were quanti-
tated also as earlier described (44, 45).

cAMP Assay. cCAMP accumulation in intact S49 cyc™ cells (12, 46)
and cAMP synthesis by recombinant as in membranes of the
same cells (12, 47) were assayed as described previously. Before
performing the latter assay, the as proteins were incubated with
100 uM guanine nucleotide for 30 min (WT) or 1 min (mutant).

Cell Culture and Transfection. S49 cyc™ cells, maintained in DMEM
containing 10% (vol/vol) horse serum, were transfected with a
retroviral pMV7 construct encoding HA-tagged as-WT or
as-AVDT, and stable clones were selected as described previ-
ously (12, 14, 20). Rat intestinal epithelial cells (IEC-6 cells) (48),
®2 fibroblasts (20), and MDCK cells (purchased from the
American Type Culture Collection, Manassas, VA) were main-
tained in DMEM containing 5-10% (vol/vol) FBS and were
transfected in the same manner as S49 cyc™ cells. Stable clones
in these cases were selected by using 0.4-1.0 mg/ml G418 in the
growth medium. Membrane fractions of S49 cyc™ cells were
prepared after nitrogen cavitation as described earlier (12, 49).
HEK 293 cells (50) were cotransfected by calcium phosphate
precipitation to obtain the desired recombinant adenoviruses, as
described previously (51). DIF-12 duodenal epithelial cell lines
were established from p53~/~ fetal mice (H.F. and Y.Y., un-
published data) by using techniques similar to those used for
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establishing gastric epithelial cell lines (52). As has been re-
ported for gastric epithelial cell lines (53), DIF-12 cells exhibited
polarity with occasional glandular structures in organ culture
(data not shown).

Palmitate Labeling. S49 cyc™ cells or IEC-6 cells expressing
HA-tagged as-WT were incubated for 2 h in DMEM containing
10% dialyzed serum and 0.5 mCi/ml [9,10-*H]palmitic acid (1
Ci = 37 GBq) as described previously (22).

Cell Fractionation. For the analysis of the subcellular distribution of
as, the cells were homogenized with a Dounce homogenizer, and
the supernatant fraction (cytosol fraction) and the pellet (mem-
brane fraction) were prepared as described previously (21, 22).

Immunoprecipitation, Western Blotting, and ADP Ribosylation. HA-
tagged as proteins were immunoprecipitated by using the 12CAS
monoclonal antibody as described earlier (12, 20). Western
blotting and fluorography were performed as described previ-
ously (22, 23). [3*>P]ADP ribosylation of as by cholera toxin was
performed as described (49).
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