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ABSTRACT In kidney epithelial cells, an angiotensin II
(Ang II) type 2 receptor subtype (AT,) is linked to a mem-
brane-associated phospholipase A, (PLA;) and the mitogen-
activated protein kinase (MAPK) superfamily. However, the
intervening steps in this linkage have not been determined.
The aim of this study was to determine whether arachidonic
acid mediates Ang II’s effect on p21ras and if so, to ascertain
the signaling mechanism(s). We observed that Ang II acti-
vated p21ras and that mepacrine, a phospholipase A, inhib-
itor, blocked this effect. This activation was also inhibited by
PD123319, an AT, receptor antagonist but not by losartan, an
AT, receptor antagonist. Furthermore, Ang II caused rapid
tyrosine phosphorylation of Shec and its association with Grb2.
Arachidonic acid and linoleic acid mimicked Ang II-induced
tyrosine phosphorylation of Shc and activation of p2lras.
Moreover, Ang II and arachidonic acid induced an association
between p2lras and Shc. We demonstrate that arachidonic
acid mediates linkage of a G protein-coupled receptor to
p21ras via Shc tyrosine phosphorylation and association with
Grb2/Sos. These observations have important implications
for other G protein-coupled receptors linked to a variety of
phospholipases.

Arachidonic acid release after activation of phospholipase A,
(PLA;) represents one signaling system whereby angiotensin 11
(Ang 1I) influences ion transport in renal proximal tubular
epithelial cells (1). A unique aspect relates to the fact that a
membrane-associated PLA; appears to be involved rather than
cytosolic PLA, frequently associated with receptor tyrosine
kinases (RTKs) and G protein-coupled receptors (GPCR) (2).
Recent studies from this laboratory have shown that Ang
II-induced arachidonic acid release in kidney epithelial cells
mediates extracellular signal-regulated kinase 1 and 2 and
c-Jun N-terminal kinase activation (3, 4). Thus, in this para-
digm, a GPCR-induced arachidonic acid release is upstream of
the mitogen-activated protein kinase (MAPK) superfamily in
contrast to the model wherein cPLA, phosphorylation by
MAPK causes activation and arachidonic acid release (5, 6).

Recently, p21ras has been documented to be involved in Gq
and phospholipase (PL) C mediated Ang I signaling in cardiac
myocytes (7) and vascular smooth muscle cells (8). However,
the sequential upstream events linking this GPCR to p2lras
were not delineated but seemed to involve the Shc-Grb2-Sos
adapter proteins in cardiac myocytes (7). We reasoned that
p2lras activation by Ang II in kidney epithelial cells and other
cell types may involve arachidonic acid as a critical mediator
because arachidonic acid release is common to many signaling
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pathways (PLA,, PLD, and PLC). Earlier studies indicated
that arachidonic acid, its metabolites, and other fatty acids
inhibited GTPase-activating proteins (GAPs) thereby allowing
p2lras to remain in its active GTP bound form (9, 10).

An alternative mechanism for activation of p21ras involves
stimulation of guanine nucleotide exchange activity by tyrosine
kinases after exposure to growth factors, cytokines, and/or
vasoactive agonists. The process involves the association of
SH2/SH3-containing adapter proteins, such as Shc and Grb2,
with the guanine nucleotide exchange factor mSos (11-14).
The current studies document that both Ang II and arachi-
donic acid induces GDP-GTP exchange on p2lras in renal
proximal tubular cells and provide a mechanism whereby Ang
II activated this small GTP binding protein. These studies have
important implications for other GPCRs as they establish an
important linkage.

METHODS

Materials. Ang II was obtained from Peninsula Laborato-
ries. Arachidonic acid, linoleic acid, and anti-rat IgG antibody
were obtained from Sigma. Losartan (DuP 753) was the
generous gift of Ronald D. Smith of DuPont-Merck.
PD123319 was purchased from Research Biochemicals Inter-
national (Natick, MA). Anti-vHras antibody and mepacrine
were obtained from Calbiochem, anti-Shc was obtained from
Transduction Laboratories (Lexington, KY), and anti-
phosphotyrosine was obtained from Santa Cruz Biotechnology
and Upstate Biotechnology (Lake Placid, NY).

Cell Culture. Primary cultures of renal proximal tubular
epithelial cells from rabbit were prepared as described previ-
ously (15). Briefly, the method involves homogenization of the
renal cortex and separation of fully dissociated cells on a
discontinuous 30-60% Percoll gradient. Cells with a density of
1.026 g/ml were removed and cultured on Costar tissue culture
flasks. The standard medium was a 50:50 mixture of DMEM
and Ham’s F-12 media supplemented with 15 mM Hepes
buffer, pH 7.35, 600 png/ml sodium bicarbonate, 100 units/ml
penicillin, 100 pg/ml streptomycin, 5 ug/ml insulin, 10 ng/ml
epithelial growth factor, 5 ug/ml human transferrin, 0.5 uM
hydrocortisone, and 5% fetal bovine serum. These cells have
been shown to be derived mainly from the proximal tubule
(15). Subconfluent cells were passaged after 2 weeks and
replated on 100-mm cell culture Petri dishes. They were used
in the experiment as subconfluent monolayers.
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Metabolic Labeling, Inmunoprecipitation, and Determina-
tion of Guanine Nucleotides Bound to p21ras. The monolayer
of renal proximal tubular cells was labeled with
[3?P]orthophosphate (NEN) at 0.1 mCi/ml (1 Ci = 37 GBq) in
phosphate-free DMEM (GIBCO) without serum for 14 hr.
After stimulation with Ang IT or fatty acids, cells were lysed (50
mM Tris, pH 7.4/150 mM NaCl/20 mM MgCl,/1% Triton
X-100/1 mM phenylmethanesulfonyl fluoride/1 mM Na or-
thovanadate/10 pg/ml leupeptin/10 pg/ml aprotinin) plus
anti-vHras antibody (10 ug per sample, Calbiochem) and they
were collected in microcentrifuge tubes. The cell lysate was
clarified by centrifugation at 14,000 rpm for 10 min. Immu-
noprecipitation was for 90 min in 4°C using anti-rat IgG
precoupled to protein A-Sepharose CL-4B (Pharmacia). Im-
munoprecipitates were washed three times with 1 ml of the
lysis buffer followed by 1 ml of PBS. Nucleotide was eluted
with 0.75 M KH,PO4 (pH 3.4), 0.2 mM GTP, and 0.2 mM GDP
at 90°C in heating block for 10 min. Separation of eluted
nucleotide was on polyethyleneimine (PEI)-cellulose flexible
plates (Fisher Scientific) run in 0.75 M KH,POy4 (pH 3.4). The
positions of GTP and GDP standards were determined under
UV light. Radiolabeled nucleotides were quantitated by col-
lecting the GTP and GDP from the plate and counting by a
liquid scintillation system (Beckman LS 5801). p21ras activity
is expressed by percentage of GTP bound ras in 5 GTP and
Y5 GDP bound ras [(¥s GTP/Ys GTP + % GDP) X 100%].

Immunoprecipitation and Immunoblot Analysis. The
monolayer of renal proximal tubular cells was deprived of
serum for 14 hr before initiating experiments. After stimula-
tion with Ang II or fatty acids, cells were lysed as previously
described. Antibodies were added to cell lysates and incubated
at 4°C for 60 min with gentle agitation. Immune complexes
were collected with protein A Sepharose 4B (Pharmacia) at
4°C for 30 min, washed gently in cold lysis buffer, and analyzed
by SDS/PAGE. For Western blot analysis, protein samples
separated on SDS/PAGE gels were blotted onto nitrocellulose
membrane (Schleicher & Schuell). The membranes were then
blocked with 5% milk in washing buffer (10 mM Tris, pH
7.4/150 mM NaCl/0.1% Tween 20) for 2 hr, incubated with
primary antibodies for 2 hr, washed six times for 1 hr, incubated
with secondary antibodies for 1 hr, and washed another six
times for 1 hr. Specific antibody signals were detected with an
enhanced chemiluminescence kit (Amersham).

RESULTS

Arachidonic Acid and Ang II Activate p2lras in Renal
Proximal Tubular Cells. To examine the roles of p2lras in
signaling, epithelial cells were stimulated with either arachi-
donic acid (20 uM) or Ang II (1 uM) for 5 and 15 min, and
cell lysates were subjected to immunoprecipitation with p21ras
antibody. Guanine nucleotides bound to the p21ras immuno-
precipitates were separated by TLC (Fig. 14). The basal level
of GTP-bound p2lras was the 8.6% that increased to 17.7%
and 16.5% after exposure to Ang IT (1 uM) and arachidonic
acid (20 uM) for 5 min, respectively. At 15 min, values for Ang
I and arachidonic acid decreased to 12.3% and 13.6%,
respectively (Fig. 1B) and were not significantly different from
control.

In subsequent experiments, cells were evaluated after 5-min
exposure to agonists. Linoleic acid at 30 uM had an effect
similar to 20 uM arachidonic acid (data not shown).

Ang II Stimulation of p2lras Was Blocked by the AT,-
Selective Antagonist PD123319 and the PLA, Inhibitor Me-
pacrine. To discriminate which ANG II receptor subtype was
involved in p21ras stimulation, both the AT, and AT, receptor
blockers were used. Losartan (an AT; blocker) and PD123319
(an AT, blocker) were added at a concentration of 100 uM for
20 min before the addition of 1 uM Ang II. The AT,-selective
antagonist PD123319, but not the AT;-selective antagonist
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F1G. 1. Activation of p2lras by arachidonic acid and Ang II in
rabbit renal proximal tubular epithelial cells. (4) The cells were
labeled with [3?PJorthophosphate and stimulated with arachidonic
acid (20 uM) and Ang II (1 uM) for 0 (control), 5, and 15 min. p21ras
was immunoprecipitated and bound guanine nucleotides were sepa-
rated by TLC. A very small amount of GTP bound ras was detected
in the control. (B) Quantitation of GTP and GDP bound ras by liquid
scintillation. The GTP and GDP of each sample on TLC plate were cut
out and placed in scintillation vials. Five milliliters of counting mixture
was added in each vial and counted in Beckman LS 5801 scintillation
system. p21ras activation was expressed as (1/3ras-GTP/1/3ras-GTP
+ 1/2ras GDP) X 100%. The results are expressed as mean *+ SE from
five experiments for control and 5-min stimulation with arachidonic
acid and Ang II and three experiments for 15-min stimulation with
arachidonic acid and Ang II. AA, arachidonic acid. #*, P < 0.01
compared with control.

losartan inhibited Ang II-induced stimulation of p21ras (Fig.
2). These results support a role for the AT, receptor as a
mediator of p21ras activation. To confirm a role of PLA; in this
paradigm, we used mepacrine, a PLA; inhibitor, and observed
that Ang IT activation of p21ras was abrogated by the inhibitor
(Fig. 34).

Arachidonic Acid and Ang II Stimulated Shc Tyrosine
Phosphorylation and Its Association with Grb2. Adapter
proteins containing the SH2 domain, such as She, link RTKs
and GPCRs to the guanine nucleotide exchange factor Sos for
activation of p21ras (11-14). Therefore, we examined whether
a similar mechanism is associated with arachidonic acid and
Ang II activation of p21ras. Cell lysates were immunoprecipi-
tated with Shc antibody, separated by SDS/PAGE, and trans-
ferred to nitrocellulose membrane. Blots were subsequently
probed with phosphotyrosine and Shc antibodies, respectively.
Fig. 4 illustrates that both arachidonic acid and Ang II caused
an increase in tyrosine phosphorylation of Shc. Moreover,
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Fic. 2. The effect of Ang II type 1 and 2 receptor antagonists on
p2lras activation in rabbit renal proximal epithelial cells. The proximal
tubular epithelial cells labeled with [32P]orthophosphate were pre-
treated with losartan (LSTN) or PD123319 (PD) at 100 uM for 20 min
before stimulation with Ang II (1 puM) for 5 min. p2lras was
immunoprecipitated and bound guanine nucleotides were separated
by TLC and quantitated by liquid scintillation. p21ras activation was
expressed as Fig. 1. The results are expressed as mean = SE illustrating
four experiments. *, P < 0.05; **, P < 0.01 compared with control.

arachidonic acid-induced tyrosine phosphorylation of p52 She
persisted longer than that by Ang II. Using photodensitometer
to quantitate Shc tyrosine phosphorylation in three individual
experiments, Ang II's effect peaked at 3 min 112% above the
basal and returned to control in 30 min (34% above basal).
Arachidonic acid stimulation peaked at 10 min 187% above
basal and persisted at 30 min (115% above basal) (data not
shown). Ang II-induced-tyrosine phosphorylation of Shc was
abrogated by the PLA; inhibitor mepacrine at a concentration
as low as 20 uM (Fig. 3B).

To determine whether arachidonic acid and Ang II-induced
She tyrosine phosphorylation leads to its association with
Grb2, cell lysates were immunoprecipitated with Grb2 anti-
body, separated by SDS/PAGE and transferred to nitrocellu-
lose membrane. Blots were probed with anti-Shc antibody and
demonstrated that not only was more Shc protein coimmuno-
precipitated with Grb2 protein, but a band shift was also
observed after stimulating the cells with arachidonic acid and
Ang II (Fig. 5). As observed previously, 20 uM arachidonic
acid exhibited a greater magnitude of effect than 1 uM Ang II
and persisted longer.

Arachidonic Acid and Ang II Induce Association of Shc with
p21ras. To examine whether Shc forms a complex with p21ras
after exposure to arachidonic acid and Ang II, lysates immu-
noprecipitated with p21ras were subjected to SDS/PAGE and
Western blot analysis followed by immunoblotting with the
anti-Shc antibody. Shc was immunoprecipitated with p21ras
after stimulation with both arachidonic acid and Ang II (Fig.
6). Arachidonic acid induced a phosphorylation shift of She
that lasted for 30 min, whereas Ang Il-induced shift dimin-
ished after 10 min. This pattern is the same as Shc tyrosine
phosphorylation stimulated by the two agents (Fig. 4).

DISCUSSION

Activation of p21ras was observed to be linked to RTKs (16,
17). A physical association occurs between the tyrosine kinase
insert of RTK and the adapter protein Shc that in turn
associates with Grb2 and Sos to initiate the exchange of GDP
for GTP on p2lras (13). It is now clear that a number of
GPCRs, such as the Ang II receptor, activate p21ras through
the Shc/Grb2/Sos complex (7). Our data demonstrate that
Ang II activates this complex and that leads to the exchange of
GDP for GTP on p2lras. The activation of PLA; and release
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F1G.3. Blockage of p21ras activation and tyrosine phosphorylation
of Shc by mepacrine in rabbit renal proximal tubular epithelial cells.
(A4) The proximal epithelial cells labeled with [3*P]orthophosphate
were pretreated for 5 min with mepacrine (100 uM) before stimulation
with Ang II (1 uM) for 5 additional min. p21ras was immunoprecipi-
tated and bound guanine nucleotides were separated by TLC and
quantitated by liquid scintillation. p21ras activation was expressed as
mean * SE (n = 3). #x, P < (.01 compared with control. (B) Cells were
stimulated with 1 uM Ang II for 5 min after pretreatment with
mepacrine (20 and 100 uM) or diluent for 5 min. The cell lysates were
immunoprecipitated with an anti-Shc polyclonal antibody. The immu-
noprecipitates were analyzed by SDS/PAGE and immunoblotting
using antibodies to phosphotyrosine (a) and Shc (b). I.P., immuno-
precipitation; ptyr, phosphotyrosine.

of arachidonic acid are critical because downstream signaling
is blocked by a PLA; inhibitor (Fig. 3 4 and B) and arachidonic
acid and linoleic acid mimic Ang IT’s effect. This represents an
unusual mechanism of cross-talk between a GPCR and RTK
through the release of arachidonic acid, an important lipid
mediator in many signaling systems (PLA, PLC, and PLD,
etc.). Moreover, our observations demonstrate the association
of p21ras with Shc after the epithelial cell challenge with either
Ang II or arachidonic acid. The time-course of this association
shows a striking parallel to the activation of p2lras. These
observations support the conclusion that formation of the
active complex of proteins that initiates the exchange of GDP
for GTP on p2lras is caused by a lipid second messenger.
However, it is not clear how arachidonic acid induces the
activation of the Shc-Grb2-Sos complex and its association
with p2lras. One possibility is that arachidonic acid may
activate a tyrosine kinase thereby inducing phosphorylation of
Shc. Alternatively, a RTK may be involved in this fatty acid-
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F1G. 4. Arachidonic acid and Ang II induced tyrosine phosphor-
ylation of Shc in renal proximal epithelial cells. The cells were
stimulated with either 20 uM arachidonic acid or 1 uM Ang II for the
indicated times. Cell lysates were immunoprecipitated with an anti-Shc
polyclonal antibody. The immunoprecipitates were analyzed by SDS/
PAGE and immunoblotting by using antibodies to phosphotyrosine
(A) and Shc (B) as indicated. I.P., immunoprecipitation; ptyr, phos-
photyrosine.

mediated signaling. These possibilities need to be addressed
further in future studies.

This study also demonstrates Ang II-mediated activation of
p2lras via an AT, receptor subtype because the effect was
blocked by the AT, antagonist, PD123319 but not by losartan,
the AT antagonist (Fig. 2). In general, AT, receptors repre-
sent about 14% of the Ang II receptor population in adult
kidney with the remainder being AT; subtype (18). The
distribution of renal AT, receptor subtypes has not been
precisely determined with the exception of the apical receptor
on proximal tubular epithelial cells and glomerular endothelial
cells (1, 19). Signaling linked to AT, receptor includes activa-
tion of MAPK phosphatase, NO, guanylate cyclase, and PLA,
(1,20, 21, 22). The current studies broaden our understanding
of AT,-mediated signaling and document modulation of
p2lras in proximal tubular epithelium.

It has been shown that the activity of p21ras is regulated
through binding of guanine nucleotides to p2lras. Active
p2lras is bound to GTP, whereas inactive p21ras is bound to
GDP (16). The ratio of GTP/GDP bound to p2lras is regu-
lated by both guanine nucleotide exchange factors, which
catalyze GDP release and GTP binding (11-13), and the
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F1G.5. Arachidonic acid and Ang II induced the association of Shc
with Grb2 in renal proximal tubular epithelial cells. The cells were
stimulated with either 20 uM arachidonic acid or 1 uM Ang II for
indicated times. The cell lysates were immunoprecipitated with an
anti-Grb2 polyclonal antibody. The immunoprecipitates were analyzed
by SDS/PAGE and immunoblotting using antibodies to Shc (4) and
Grb2 (B). I.P., immunoprecipitation; PTCL, positive control of total
cell lysate.
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F1G. 6. Arachidonic acid and Ang II induced association of Shc
with p21ras in renal proximal tubular epithelial cells. The cells were
stimulated with either 20 uM arachidonic acid or 1 uM Ang II for the
indicated times. The cell lysates were immunoprecipitated with an
anti-ras antibody. The immunoprecipitates were analyzed by SDS/
PAGE and immunoblotting used antibodies to Shc (4), and ras (B).
The positions of Shc and ras are indicated on the left. I.P., immuno-
precipitation; ptyr, phosphotyrosine.

GTPase-activating protein, which stimulates the intrinsic
p2lras GTPase activity (9, 10). It has been reported that
arachidonic acid and other fatty acids can activate ras by
inhibition of GTPase-activating proteins; however, this para-
digm has not been show to be a functional signaling model in
intact cells (9). Furthermore, the concentrations of arachi-
donic acid and other fatty acids used were significantly higher
than those used in the present study (9, 10).

Recent advances have shown that receptors coupled to
heterotrimeric guanine triphosphate-binding protein (G pro-
tein) stimulate p2lras through G Bvy subunits (23), but the
subsequent intervening molecules are still poorly defined.
Although there is a linkage of GPCRs to the MAPK signaling
pathway through phosphatidylinositol 3-kinase <y, signaling
appears to require a tyrosine kinase, She, Grb2, Sos, Ras, and
Raf (24). Several Src-related tyrosine kinases have been
proposed to link GPCRs to MAPK, including Lyn and Syk
(25). Our studies provide an alternative model with arachi-
donic acid as an essential element.

Studies from this laboratory have demonstrated that the
apical AT, receptor in renal proximal tubular epithelial cells
is linked to a membrane-associated PLA, that initiates ara-
chidonic acid release (1, 2). Arachidonic acid, in turn, has been
documented to activate extracellular signal-regulated kinase 1
an 2 and c-Jun N-terminal kinase (3, 4). Thus, this represents
a different model from earlier studies that have documented
that MAPK phosphorylates and activates cPLA; and mimics
agonist-mediated effects in a variety of cell types in vitro (5, 6).
We explored the alternative hypothesis that the Shc-Grb2-Sos
pathway links arachidonic acid to activation of p2lras. Our
results demonstrate that arachidonic acid activates p2lras
through tyrosine phosphorylation of Shc and its interaction
with Grb2 and p2lras (Fig. 4-6). Inhibition of PLA, by
mepacrine blocks arachidonic acid release in cells stimulated
with Ang IT (1) and abrogates Shc tyrosine phosphorylation
and p21ras activation (Fig. 3 4 and B). This is important as we
have established an alternative linkage in signal transduction
between GPCRs and activation of p21ras by arachidonic acid
and other fatty acids.

In conclusion, our finding demonstrates that Ang II’s acti-
vation of p2lras occurs via AT,-mediated signaling in renal
proximal tubular epithelial cells. Moreover, arachidonic acid
mediates Ang II-induced tyrosine phosphorylation of the Shc
and formation of Shc/Grb2/Sos complex and subsequent
association with, and activation of, p21ras. These observations
have significant implications for GPCR-medicated signaling in
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that arachidonic acid is an important lipid mediator linked to
a variety of signaling pathway.
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