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The ubiquitously expressed Na—H exchanger, NHE1,
acts downstream of RhoA in a pathway regulating
focal adhesion and actin stress fiber formation.
p1l60ROCK, a serine/threonine protein kinase, is a
direct RhoA target mediating RhoA-induced assembly
of focal adhesions and stress fibers. Here, stress fiber
formation induced by p160ROCK was inhibited by the
addition of a specific NHE1 inhibitor, ethylisopropyl-
amiloride, in CCL39 fibroblasts, and was absent in
PS120 mutant fibroblasts lacking NHE1. In CCL39
cells, NHE1 activity was stimulated by expression of
mutationally active p160ROCK, but not by mutation-
ally active protein kinase N, another RhoA target
kinase. Expression of a dominant interfering p160-
ROCK inhibited RhoA-, but not Cdc42- or Rac-activ-
ation of NEH1. In addition, the p160ROCK-specific
inhibitor Y-27632 inhibited increases in NHE1 activity
in response to RhoA, and to lysophosphatidic acid
(LPA), which stimulates RhoA, and it also inhib-
ited LPA-increased phosphorylation of NHE1l. A
C-terminal truncation of NHE1 abolished both
LPA-induced phosphorylation and activation of the
exchanger. Furthermore, mutationally active pl160-
ROCK phosphorylated an NHE1 C-terminal fusion
protein in vitro, and this was inhibited in the presence of
Y-27632. Phosphopeptide maps indicated that identical
residues in NHE1 were phosphorylated by p160ROCK
in vivo and in vitro. These findings identify pl60ROCK
as an upstream, possibly direct, activator of NHEZ1,
and suggest that NHE1 activity and phosphorylation
are necessary for actin stress fiber asssembly induced
by p160ROCK.
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Introduction

NHE1 is a ubiquitously expressed member of the Na—H
exchanger family that catalyzes the extrusion of intracellu-
lar proton (H") ions in exchange for extracellular sodium
(Na") ions, thereby regulating intracellular pH (pHand

hormones, mitogens, oncogenes and extracellular matrix
(ECM) proteins. This activation has been shown to be
associated with anchorage-dependent growth, cell motility,
cell transformation and cell adhesion and spreading
(Simchowitz and Cragoe, 1986; Ingletral., 1990; Krump

et al, 1997; Tominaga and Barber, 1998). Quite recently,
a defective mutation of the mous¢helgene was found
(Cox et al, 1997). The mutant mice show selective
neuronal death, and a unique epilepsy syndrome, sug-
gesting that NHEL is required for regulation of neuronal
excitability and survival. How NHEL is activated in a
particular signaling pathway and how this activation is
linked to cell behavior, however, remain largely unknown.

Low molecular weight GTPases of the Rho family
function as control points in regulating the organization
of the actin cytoskeleton. In cultured cells, RhoA links
mitogen activation to the assembly of focal adhesions and
stress fibers (Ridley and Hall, 1992), Rac controls the
dynamics of lamellipodia (Ridley and Hall, 1992), and
Cdc42 regulates the formation of filopodia (Kozetzal,
1995; Nobes and Hall, 1995). RhoA also regulates integrin-
induced cell adhesion (Tominaga al., 1993; Laudanna
et al, 1996) and contractility (Chrzanowska-Wodnicka
and Burridge, 1996), cell secretion (Prie¢ al., 1995),
cytokinesis (Kishiet al., 1993; Mabuchiet al, 1993),
proliferation (Yamamotcet al, 1993; Olsoret al., 1995)
and Ras-induced neoplastic transformation (@tual.,
1995b). We previously found that RhoA stimulates NHE1
activity and mediates NHEL1 activation by lysophosphatidic
acid (LPA) and the GTPased33, and that activation of
NHEL1 is necessary for RhoA-induced reorganization of
the actin cytoskeleton (Hoolest al., 1996; Vexleret al.,
1996). RhoA-mediated assembly of stress fibers and focal
adhesions is inhibited in NHE1-expressing cells treated
with NHE1-selective inhibitors. Furthermore, stress fiber
induction by RhoA is absent in NHE1-deficient fibroblasts
and is restored by expression of NHE1 (Vexktr al.,
1996; Tominaga and Barber, 1998). Interestingly, NHE1
activity is not required for Rac-induced lamellipodia
formation (Vexleret al, 1996), although Racl also acts
upstream of NHEL1 to stimulate exchanger activity (Hooley
et al., 1996). These findings suggest that NHE1 selectively
regulates cytoskeletal events induced by RhoA.

Several direct targets of RhoA have been identified
recently, including protein kinase N (PKN) (Amaebal.,
1996b; Watanabet al., 1996), rhophilin (Watanabet al.,
1996), rhotekin (Reicgkt al., 1996), p140mDia (Watanabe
et al, 1997) and a family of Rho-associated kinases,
p1l60ROCK (ROCK-I) (Ishizaket al., 1996) and ROK/
Rho-kinase/ROCK-Il (Leunget al, 1995; Matsuiet al,
1996; Nakagawat al., 1996). Although the functions of

cell volume (Noel and Pouyssegur, 1995). This exchanger most RhoA targets remain unknown, p140mDia and Rho-
not only operates under the basal conditions of cells but associated kinase isozymes mediate RhoA effects on the

also is activated by various extracellular stimuli such as
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actin cytoskeleton. p140mDia, a mammalian homolog of
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Drosophila diaphanous, controls actin polymerization by
binding and accumulating the actin-binding protein profilin
(Watanabeet al., 1997). The Rho-associated kinase iso-
zymes, pl60ROCK (Ishizaket al, 1997) and ROMK/
Rho-kinase/ROCK-II (Leunget al., 1996; Amancet al.,
1997), mediate RhoA-induced assembly of focal adhesions
and actin stress fibers. p160ROCK and RRho-kinase/
ROCK:-II are coiled-coil-forming serine/threonine kinases
sharing ~90% identity within the kinase domain. These
kinases are suggested to regulate cell contractility by
indirectly increasing phosphorylation of myosin light chain
through the inhibition of myosin phosphatase activity
(Kimura et al, 1996) or by directly phosphorylating
myosin light chain independently of myosin light chain
kinase (Amancet al, 1996a). The objective of the current
study was to determine whether pl60ROCK, which is
required for RhoA-induced stress fiber and focal adhesion
formation, regulates NHE1 activity. We found that
pP160ROCK specifically mediates activation of NHE1 by |
LPA, Gal3 and RhoA, and not by Cdc42 and Racl.
pl60ROCK mediates LPA-induced phosphorylation of
NHEL1 in vivo and directly phosphorylates NHEA vitro.
Furthermore, we have found that NHE1 phosphorylation
was necessary for activation of NHE1 in the LPA—RhoA-
p1l60ROCK pathway. These findings indicate that NHE1
is a downstream, possibly direct, target of pl60ROCK
and suggest that activation of NHE1 collaborates with
increased contractility via myosin to induce p160ROCK-
mediated changes in actin cytoskeleton reorganization.

Results

NHET1 activity is required for p160ROCK-induced

stress fiber formation

Focal adhesions and stress fibers are clustered structures
of, respectively, integrin complexes bound to ECM
proteins and actin filaments ligated to the complexes.
Such clustering is generated by the force of myosin-
based contractility (Chrzanowska-Wodnicka and Burridge,
1996). Because the RhoA-associated kinases such as
pl60ROCK and ROK/Rho-kinase have been suggested
to enhance phosphorylation of myosin light chain in cells
and to work downstream of Rho to induce focal adhesions &
and stress fibers, it is generally accepted that they induce ¥
cytoskeletal effects presumably by regulating myosin
contractility through phosphorylation of its light chain.
We previously determined that NHEL activity regulates a
RhoA pathway leading to stress fiber formation (Vexler
et al, 1996). The relationship between Rho-associated N
kinases and NHE1, however, remains unknown. To Fig. 1. NHE1 activity is necessary for pl60ROCK-induced cell
determine whether NHE1 activation is also prerequisite contraction and stress fiber assembly. Cells were transfected with

. . . ) . . Myc-tagged p160ROCK3 and double-stained with anti-Myc
for stress fiber induction by RhoA-associated kinases, antibodies and with rhodamine—phalloidin after 16 A.gndB)

we transiently expressed a mutationally activated ccisg cells; ¢ andD) CCL39 cells treated with 26M EIPA for
pl60ROCKA3 in CCL39 fibroblasts. p160RO@3 is a 16 h; E andF) PS120 cells;@ andH) HeLa cells; ( andJ) HelLa
mutant of pl60ROCK truncated at amino acid residue cells treated with EIPA for 16 h. F-actin was visualized by phalloidin
727, which results in deletion of the Rho-binding domain, St&ining (A, C, E, G and 1) and cells expressing p160R@GkKvere

! . . . . . ' visualized by Myc immunostaining (B, D, F, H and J). Bar, 1@
the pleckstrin homology domain and the cysteine-rich zinc (£) ">, im (3).
finger domain. The constitutive activity of th&8 mutant
was demonstrated previously (Ishizad al., 1997) and
confirmed by its ability to phosphorylate histoirevitro induction was abolished by the addition of ethylisopropyl-
(see Figure 6B). As it does in cultured HelLa cells (Ishizaki amiloride (EIPA; 25uM), an NHE1 inhibitor, suggesting
et al, 1997), this mutant induced stress fibers and focal that NHE1 activity was required for pl60ROCK-induced
adhesions in CCL39 cells (Figure 1A and B). This stress fiber formation (Figure 1C and D). This suggestion

g
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was supported in experiments using PS120 cells, which
are derived from parental CCL39 cells but lack Na—H
exchangers (Pouysseget al, 1984). No stress fibers
were induced by the expression of p160RQ3Kin these
NHE1-deficient cells (Figure 1E and F). We previously
determined that inhibition of NHE1, either in EIPA-treated
CCL39 cells or in PS120 cells, selectively inhibits RhoA-
mediated cytoskeletal remodeling, as it has no effect on
Rac-induced lamellipodia or membrane ruffling, or on
Cdc42-induced filopodia formation (Vexlet al., 1996;
Tominaga and Barber, 1998). To confirm that the effect
of NHE1 on stress fiber formation was not specific to
CCL39 cells, we demonstrated that induction of stress
fibers in HelLa cells expressing pl60RO&K was also
inhibited by EIPA (Figure 1G-J).

p160ROCK stimulates NHE1 activity

The above results demonstrate that NHE1 activity is
required for p160ROCK-induced stress fiber formation.
They do not, however, necessarily indicate that p1J60ROCK
lies upstream of NHE1 and activates it. To determine
whether p1l60ROCK couples to the regulation of NHE1
activity, we determined the activity of the exchanger in
CCL39 cells expressing th&3 mutant. The steady-state
intracellular pH (pH) in a HEPES buffer increased from
7.18+ 0.03 (meant SEM;n = 4 transfections) in vector
controls to 7.36x 0.01 g = 4) in the A3-expressing
cells. Additionally, NHE1 activity, determined as the rate
of pH; recovery (pH/dt) from an NH,Cl-induced acid
load, was increased in cells transfected wih) compared
with vector controls (Figure 2A and B). In two separate
cell transfections, expression of p160RO&K which is
constitutively active due to a truncation at amino acid
residue 1080 (Ishizalat al., 1997), also stimulated NHE1
activity (Figure 2B, inset). To determine the specificity of
pl60ROCK-induced activation of NHE1, we examined
the activity of the exchanger in CCL39 cells transfected
with a constitutively active PKN. Although PKN also
acts directly downstream of RhoA (Amar al., 1996;
Watanabet al., 1996) and recently was determined to bind
a-actinin (Mukaiet al., 1997), its functional importance in
RhoA-mediated signaling events remains unknown. Myc-
PKN, which is constitutively active due to the Myc epitope
at the N-terminus (G.Martin, personal communication),
was able to phosphorylate histoimevitro (see Figure 6B)
but had no effect on pH(data not shown) or NHE1
activity (Figure 2A and C) compared with vector controls
(Figure 2A and C). We also determined that another
constitutively active PKN allele, containing only the kinase
domain, had no effect on NHE1 activity when transfected
into CCL39 cells (data not shown).

p160ROCK selectively mediates activation of NHE1

by RhoA

NHEZ1 activity is stimulated by activation of RhoA, Cdc42
and Racl (Hooleyet al, 1996). To determine whether
pl60ROCK selectively mediates NHE1 activity by a
specific Rho family GTPase, we co-transfected CCL39
cells with KD-IA, a kinase-inactive p160ROCK. KD-IA,
which contains a K5, A substitution in the kinase
domain and an'P%_ A substitution in the Rho-binding
domain, functions as a dominant-interfering allele to block
RhoA-dependent assembly of actin stress fibers (Ishizaki
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Fig. 2. pl60ROCK stimulates NHE1 activity. Intracellular pH
recoveries were measured in CCL39 cells transiently transfected with
pcDNA3 (2 ug), p160ROCKA3 (2 pg), p160ROCKAL (2 pg) or PKN

(3 ug). (A) Representative tracings of pkecoveries from an NKCI-
induced acid load, determined in a nominally HEiGee HEPES

buffer. B andC) The rates of pHrecovery IpH;/dt) after an acute

acid load at the indicated phalues. Data represent the meanSEM

of four separate transfections for (B) and three separate transfections
for (C). (B, inset)dpHi/dt as a function of piHin CCL39 cells
transfected with pcDNA vector®) or pl60ROCK\1 (H).

etal., 1997). In CCL39 cells transfected with mutationally
active RhoAV14, steady-state plicreased from 7.23%
0.02 in vector controls to 7.44 0.01, and this increase
in pH, was reduced to 7.2% 0.03 by co-transfection
with KD-IA (n = 7 separate matched transfections).
Additionally, RhoA-induced increases in NHE1 activity
were completely inhibited by co-transfection with KD-IA
(Figure 3A). KD-IA had a small inhibitory effect on
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Fig. 3. pL60ROCK mediates activation of NHE1 by RhoA~C) The rates of pHrecovery from an NiCl-induced acid load were determined at
the indicated piHvalues in a HEPES buffer. CCL39 cells were transiently transfected either withd pcDNA vector (controls) or with 0.5g of
RhoAV14 (A), Cdc42V12 (B) or RaclV12 (C) in the absence and presenceugfd KD-IA. [(A), inset] Vector control in absence®) and
presencel) of KD-IA. (D) Immunoblot of Myc-tagged KD-IA expression and Myc-tagged GTPase expression in the absence and presence of
KD-IA. RhoAV14 (lane 1), RhoAvV14+ KD-IA (lane 2), Cdc42V12 (lane 3), Cdc42V12 KD-IA (lane 4), RaclV12 (lane 5) and RaclVi2

KD-IA (lane 6). ) The rates of pkrecovery at pt6.6 in CCL39 cells transfected with Oy of RhoAV14 or Cdc42V14 measured in the absence
and presence of Y-27632 (5M, 60 min incubation). Data represent the meanSEM of 3—7 separate transfections.

NHEL activity in vector control cells (Figure 3A, inset),

the Rho family of GTPases couple to the stimulation

suggesting that an upstream regulator of pLl60ROCK might of NHE1, p1l60ROCK selectively mediates only RhoA

be constitutively active in serum-starved CCL39 cells.
Co-transfection of KD-IA, however, had only a minor
inhibitory effect on NHE1 activity stimulated by muta-
tionally active Cdc42V12 (Figure 3B) or mutationally
active RaclV12 (Figure 3C). The magnitude of this
inhibition was similar to that observed in vector control
cells (Figure 3A, inset). Immunoblot analysis indicated
that KD-IA expression was similar in cells transfected
with RhoAV14, Cdc42V12 or RaclV12, and that co-
transfection of KD-IA had no effect on the expression of
mutationally active GTPases (Figure 3D). The ability of
pl60ROCK to mediate specifically RhoA activation of
NHE1 was confirmed further by treating cells with the
p1l60ROCK-selective inhibitor Y-27632. The compound

activation of the exchanger.

p160ROCK mediates activation of NHE1 by Go13

The a subunit of the heterotrimeric GTPase G13 couples
to the stimulation of NHE1 (Dhanasekarat al., 1994;
Voyno-Yasenetskayat al., 1994; Kitamuraet al., 1995).
Although previous findings indicated thato®3 acts
downstream of the LPA receptor to activate NHE1 through
both Cdc42- and RhoA-dependent signaling pathways
(Hooley et al., 1996), expression of mutationally active
Ga13QL in fibroblasts induces a RhoA-like phenotype of
increased stress fiber formation, but not a Cdc42-like
phenotype of filopodia extension (Buldt al, 1995;
Hooley et al, 1996). Hence, RhoA, and not Cdc42, may

Y-27632 is a novel pyridine derivative that suppresses be the preferred downstream effector ak 13 in vivo. To
RhoA- and p160ROCK-induced stress fiber assembly but determine whether p160ROCK mediates 3 activation
has no effect on Rac-induced membrane ruffling or Cdc42- of NHE1, we used co-transfections in CCL39 cells.

induced filopodia formation (Uehat al., 1997). In four

Transfection of mutationally active d@3QL alone

separate cell preparations, Y-27632 significantly inhibited increased the steady-state;dtdm 7.16+ 0.04 in vector

activation of NHE1 in cells transfected with RhoAvV14
(P =< 0.01), but not in those with Cdc42V12 (Figure 3E).

controls to 7.37+ 0.03, but co-transfection with KD-1A
completely inhibited @13QL-induced increases in pH

These findings indicate that although three members of resulting in a value of 7.14- 0.03 = 3 separate
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Fig. 4. p160ROCK mediates activation of NHE1 bya®3. The rates
of pH; recovery @pH;/dt) at the indicated pHvalues were determined
in CCL39 cells transfected with gg of pcDNA vector (control) or

0.5 g of a13QL and 0.5ug of a13QL plus 2ug of KD-IA. Data
represent the means SEM of three separate matched transfections.

matched transfections). Co-transfection of KD-IA also
completely inhibited the stimulation of NHE1 activity by
Gal13QL (Figure 4). Together with our previous findings
(Voyno-Yasenetskayat al, 1994; Hooleyet al., 1996;
Vexler et al., 1996), these results suggest that NHE1
activity is stimulated by a signaling cascade involving
LPA - Ga 13- RhoA- p1l60ROCK.

p160ROCK mediates LPA-induced phosphorylation
of NHE1 in vivo
Growth factor activation of NHE1 is associated with

A
LPA ==k P
Y-27632 R
2 2. LR |
MW (kD)
s MBBW < NHE1
56_
123 4
B

&% @8 sss= EE Immunoblot

Fig. 5. pl60ROCK mediates LPA-induced phosphorylation of NHE1

in vivo. Serum-starved?P-labeled PS120N cells were dissociated,
suspended in serum-free medium for 45 min in the absence or
presence of Y-27632, and stimulated by LPA) EE-tagged NHE1

was immunoprecipitated and its phosphorylation was analyzed on a
7.5% acrylamide SDS—PAGE gel. Lanes 1 and 2, no stimulation; lanes
3 and 4, stimulation by LPA (1M; 10 min); lanes 2 and 4, cells
pre-incubated with Y-27632 (30M; 30 min). 8) Immunoblot

analysis of immunoprecipitated NHE1 using EE antibodies.

mAb. Immunoprecipitates were then used far vitro
kinase assays with either histone or GST-NHE1 as a
substrate. The GST-NHEL1 fusion protein included amino
acid residues 638-815 of the C-terminal cytoplasmic
domain and contained all serine residues that are phos-
phorylatedn vivo (Sardetet al,, 1991; Wakabayaslet al.,

increased phosphorylation of the cytoplasmic domain of 1992; see Figure 8B). The abundance of kinases in the

the exchanger on serine residues (Saatfetl, 1991). To

determine whether p160ROCK regulates the phosphoryl-

ation of NHE1, we stably expressed full-length human
NHEL1, tagged at the C-terminus with an EE epitope, in

immunoprecipitates was determined by immunoblotting
with anti-Myc antibodies (Figure 6A). As previously
reported, botiA3 (Ishizakiet al., 1997) and PKN (Mukai

et al, 1997) phosphorylated histone (Figure 6B). In

NHE-deficient PS120 cells (PS120N cells). The transient contrast, onhA3 phosphorylated GST-NHEL1 (Figure 6B).

transfection efficiency of PS120 cells s10%, which
prevented us from studying the effects of mutationally
active or dominant-interfering pl60ROCK on NHE1l

This finding correlates with the ability of pl60ROCK, but
not PKN, to stimulate NHE1 activity (Figure 2). GST
alone was not phosphorylated by either kinase (data not

phosphorylation. We therefore determined whether an LPA shown). In the presence of Y-27632 (1QAM) added to

pathway involving pl60ROCK phosphorylated NHEL.
LPA, which activates RhoA (Ridley and Hall, 1992) and
stimulates NHE1 activity (Vexleet al., 1996), increased
the phosphorylation of NHE1 (Figure 5A, lane 3), a result
similar to the previously described effect of growth factors
(Sardetet al., 1991). In PS120N cells pre-treated with the
specific p160ROCK inhibitor Y-27632 (30M), however,
LPA-induced phosphorylation of NHE1 was reduced to
basal levels (Figure 5A, lane 4). Y-27632 had no effect
on basal NHE1 phosphorylation (Figure 5, lane 2).
Immunoblot analysis indicated that the amount of immuno-

the kinase reaction buffefA3-induced phosphorylation of
GST-NHE1 was completely inhibited (Figure 6B, lane
3), suggesting that pl60ROCK acts directly on the
exchanger. We also confirmed that the NHE inhibitor EIPA
had no effect on p160ROCK activity. Phosphorylation of
histone by immunoprecipitatefi3 was decreased in the
presence of Y-27632 in a dose-dependent manner, but
was unchanged in the presence of EIPA (3-300;
Figure 6C).

To assess further whether p160ROCK directly phos-
phorylates NHE1, two-dimensional phosphopeptide

precipitated NHE1 in the absence and presence of LPA mapping was performed to analyze the sites of NHE1
was similar (Figure 5B). These findings suggest that phosphorylatedn vivo and in vitro. EE-tagged NHE1

pl60ROCK mediates LPA-induced phosphorylation of
NHE1 and, as shown below (Figure 8C), LPA-stimulated
NHE1 activity.

p160ROCK directly phosphorylates NHE1 in vitro

We next investigated whether p160ROCK directly phos-
phorylates NHE1lin vitro. Mutationally activated Myc-
tagged p160ROCK3 and PKN were transiently expressed
in CCL39 cells and immunoprecipitated with anti-Myc
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phosphorylatedéh vivowas isolated by SDS—PAGE, trans-
ferred to nitrocellulose membranes and digested with
trypsin. Incorporation of?P into several phosphopeptides
increased in response to LPA (Figure 7A and B). Two
phosphopeptides fromin vivo-phosphorylated NHE1
(spots a and b in Figure 7B) appeared also to be generated
in GST-NHEZ1 phosphorylated by p160ROGK (Figure

7C). This was confirmed by mixing the two reactions
(Figure 7D). These findings suggest that identical residues
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A B ation of full-length NHE1 in quiescent PS120N cells
increased with serum (10% for 10 min; Figure 8B, lanes
1 and 2) or with LPA, as shown in Figure 5, lane 3. In
Figure 8B, the relatively high basal phosphorylation of
NHEL1 is probably due to constitutive integrin activation
66 - — GST-NHE1 ") of NHEL1 in adherent cells (Tominaga and Barber, 1998).
We were unable to detect basal or stimulated phosphoryl-
} B MY B ation of NHE1 in PS1208635 cells (Figure 8B, lanes
12 3 and 4), confirming the loss of phosphorylation of
NHEA635.
We next determined whether phosphorylation of NHE1
C is important for an increase in NHE1 activity induced by
an LPA—p160ROCK pathway. As explained above, the low
—O— V27832 (<10%) transfection efficign_cy o_f PS120 cells prevente_d us
‘_‘_’_i from studying NHE1 activity in response to transient
—@— EIPA . . . . . .
30000 + expression of mutationally active or dominant-interfering
RhoA or p160ROCK. We therefore used LPA to stimulate
the activity of full-length NHE1 expressed in PS120 cells,
as previously described (Vexlat al, 1996), and found
that this increase in activity was blocked by the p160ROCK
10000 inhibitor Y-27632 (Figure 8C). In PS12635 cells, quies-
cent NHE1 activity was greater than in PS120N cells
0 (Figure 8C), possibly due to the loss of an internal
001 01 1 10 100 1000 calmodulin-binding site at residues 636—656, which has
Concentration (uM) been suggested to function as an autoinhibitory domain
Fig. 6. p160ROCK directly phosphorylates NHE1 vitro. (A) Myc- !n qU'eS‘?em Ce”S_ (Wakabayasbt al' ! 1994b). Th? LPA-
tagged p160ROCKS (lane 1) and PKN (lane 2), transiently expressed  induced increase in exchanger activity observed in PS120N
in CCL39 cells, were immunoprecipitated and subjected to cells was reduced by 80% in PS¥ERB5 cells (Figure
!mmuz‘m'rom.”.gt "t"ith a”:i""'yc é’“%irbo.?rieﬁ These S o histon 8C), although the absolute activity of both exchangers in
e e oy s vt ey, the presence of LPA was smilar In contrast, the magnitude
lane 2, p160ROCKS; lane 3, p160ROCK3 in the presence of of serum-induced increases in NHE1 activity in
Y-27632; lane 5, PKN. Exposure time of lanes 1 and 2 is 30 minand PS12@635 cells, relative to PS120N cells, was reduced
that of lanes 3-5 is 4 hq)_Effects of Y-27632 and EIPAon by only 45% (Figure 8C). Hence, NHB635 almost
p160ROCHKA3 kinase activity were determined by phosphorylation of completely lost the ability to be stimulated by LPA, but

histone in the presence of the indicated concentrations of these | tially lost th biiity to be sti lated b
inhibitors. The results shown are representative of 2—3 determinations. only partially los € ability to be sumulated by serum.

=
G !- Histone Len) @B
—

40000

20000 -

Count (c.p.m.)

are phosphorylated by p160ROQK vivo and in vitro. Discussion

Phosphopeptides not shared by the two reactions may beln this study, NHE1 activity was stimulated by the
generated by the different tryptic digestion pattern of full- dominant active forms of pLl60ROCK, a RhoA-associated
length NHEL1 in thein vivo reaction and of the GST-C- kinase, and RhoA-induced stimulation of NHEL1 activity
terminal tail fusion in then vitro reaction, although we  was blocked by the dominant-negative form of this kinase.
could not exclude the possibility that LPA stimulation These findings suggest that pl60ROCK acts downstream
also induces phosphorylation of NHE1 by pathways other of RhoA and upstream of NHE1 to mediate RhoA activ-

than p160ROCK. ation of the exchanger. Furthermore, Y-27632, a specific
inhibitor of p160ROCK, not only inhibited NHE1 activ-

Increased phosphorylation of NHE1 is necessary ation by LPA but also suppressed phosphorylation of

for LPA-stimulated exchange activity NHEL induced by this stimulus. Consistently, no phos-

Our findings suggest that p160ROCK increases the phorylation and greatly reduced activation by LPA were
phosphorylation and activity of NHEL. Previous findings found with NHEJA635, in which all serine residues in the
indicate that NHE1 activity is regulated by both phos- cytoplasmic domain are deleted. These findings suggest
phorylation-dependent and -independent mechanismsthat increased phosphorylation of NHE1 may be necessary
(Grinsteinet al.,, 1992; Wakabayastet al., 1992, 1994a;  for a pl60ROCK-mediated pathway to stimulate exchange
Winkel et al,, 1993; Gosst al, 1994). To determine the activity. The importance of NHE1 phosphorylation in
functional importance of phosphorylation in pIl60ROCK- regulating exchange activity has been controversial. Dele-
mediated NHE1 activity, we stably expressed NY$B5- tion of the C-terminal phosphorylation sites in NHE1
EE in NHE-deficient PS120 cells (PS1%B5). All inhibits growth factor-induced increases in ;pby only
C-terminal serine residues are deleted in this truncated 50% (Wakabayastlet al., 1992, 1994a). However, micro-
exchanger. The expression of NA&35-EE was confirmed  injection of antibodies directed against the C-terminal
and compared with the expression of full-length NHE1 in phosphorylation domain completely inhibits activation of
PS120N cells (Figure 8A). Lysates from PS120 cells were NHE1 by thrombin and endothelin (Winket al., 1993).
used to confirm the specific immunoprecipitation of NHE1 On the other hand, activation of NHE1 by osmotic stress
(Figure 8A, lane 1 and Figure 8B, lane 1). The phosphoryl- (Grinsteinet al. 1992) and inhibition of NHE1 by ATP
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Fig. 7. Phosphopeptide mapping of NHE1 phosphorylated by irPRivo and by p160ROCKS3 in vitro. EE-tagged NHE1 immunoprecipitated from
3%p_|abeled quiescenA) and LPA-stimulatedB) PS120N cells, and GST-NHE1 phosphorylaieditro by pl60ROCKA3 (C). Phosphorylated

NHEL1 was isolated by SDS—-PAGE, digested with trypsin and samples were loaded onto thin-layer cellulose plates. Phosphopeptides were separated
by electrophoresis (horizontal dimension) and chromatography (vertical dimension), and visualized by Image Analyzer. Phosphopeptides derived

in vivo (B) andin vitro (C) were mixed and analyze®]. Identical radioactive spots observed withvivo andin vitro reactions are indicated by

arrows (a) and (b).

depletion (Gosset al, 1994) occur without detectable fiber formation (Vexlert al., 1996). A direct RhoA target
changes in phosphorylation of the exchanger. Our currentmolecule, p160ROCK, was shown previously to induce
finding that deletion of the C-terminal domain abolished stress fiber formation (Ishizakit al., 1996). Our current
most of the LPA stimulation of NHE1 but suppressed results show that pl60ROCK itself can activate NHE1
only 50% of serum stimulation indicates that, depending and selectively mediates activation of NHE1 by RhoA,
on the extracellular stimulus or intracellular signaling but not by Racl or Cdc42. We also found that activation
pathway, NHEL activity is regulated by phosphorylation- of NHEL is necessary for pl60ROCK-induced stress fiber
dependent and -independent mechanisms, and that thdormation. pl60ROCK (Uehatet al., 1997) and ROK/
LPA—-RhoA pathway utilizes only the phosphorylation- Rho-kinase (Kimuraet al., 1996) previously were shown
dependent mechanism to stimulate the exchanger. Ourto increase myosin light chain phosphorylation and to
findings that then vitro phosphorylation of a GST-NHE1 induce cell contractility, and this action on contractility
fusion protein by pl60ROCK is inhibited by Y-27632, has been suggested as a mechanism for RhoA-induced

and that identical sites on NHE1 are phosphorylatedvo stress fiber formation (Chrzanowska-Wodnicka and
andin vitro further suggest that pl60ROCK may regulate Burridge, 1996). Our current study indicates that activated
NHE1 by direct phosphorylation. NHE1 acts cooperatively with this myosin-based mechan-

We previously determined that NHE1 acts downstream ism to mediate the RhoA action. The NHE1 action may
of RhoA in a pathway regulating the actin cytoskeleton precede the action on myosin, because without activation
(Hooley et al, 1996; Vexleret al, 1996). Activation of of the exchanger, pl60ROCK cannot induce the assembly
NHE1 is necessary for RhoA-induced stress fiber form- of stress fibers (Figure 1). What is the NHE1 action in
ation but is not sufficient. Increased NHE1 activity in the this event? Our recent findings suggest that activation of
absence of a RhoA-mediated signal has no effect on stress;NHE1 is required for cell spreading on a fibronectin-
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Fig. 9. A proposed pathway of the LPA-RhoA—p160ROCK signaling
for induction of focal adhesions and stress fibers. MBS, myosin-
binding subunit of myosin phosphatase; MCL, myosin light chain.
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border of lamellipodia of spreading cells (Grinsteinal,
1993; Plopperet al, 1995). A proposed sequence of
events is depicted in Figure 9.

The specific signal that NHE1 is contributing to regulate
Rho-mediated cytoskeletal remodeling remains to be deter-
mined. The effects of NHE1 are likely to be mediated by

o
I

dpHi/dt X10-4 pH/s (at pHi 6.6)

PS120

L
PS120A635

Fig. 8. Increased phosphorylation of NHE1 is necessary for LPA-
stimulated exchange activityA] PS120 cells (lane 1) and PS120 cells
stably expressing the EE epitope-tagged full-length NHE1 (PS120N)

(lane 2) or the EE epitope-tagged C-terminally truncated NMEbH
(PS12@635) (lane 3) were labeled witl#38]methionine. Each
exchanger variant was then immunoprecipitated with anti-EE
antibodies and analyzed on a 7.5% acrylamide SDS—PAGE gel.
(B) Serum-starved anéP-labeled PS120 (lane 1), PS120N (lanes 2
and 3) and PS12®35 cells (lanes 4 and 5) were stimulated for 10

min with 10% serum. Phosphorylated NHE1 was immunoprecipitated
and analyzed. Black arrows indicate the position of wild-type NHEL1,

and white arrows indicate the position of truncated NHEX). The
rate of pH recovery from an acid load, determined at; @b in
PS120N and PS12®35 cells. Data are expressed as the mean
SEM of 4-6 separate cell preparations.

changes in intracellular concentrations of dr Na*, or

by changes in cell volume. The predominant localization
of NHEL1 at sites of focal contact (Grinstegt al., 1993;
Plopperet al, 1995) suggests that if His an important
signal, then perhaps localized pigradients might be
critical for the assembly of focal adhesions and the focal
attachment of actin stress fibers. If localized pkhdients

are an important signal, our findings suggest that these
are generated primarily by NHE1, as Hg@ependent
exchangers are unable to compensate for the loss of

NHE1 activity. An alternative possibility is that NHE1 is

structurally linked to the actin cytoskeleton, analogously
coated dish (Tominaga and Barber, 1998). Activation of to the role of the erythrocyte CI-HG@xchanger, AE1.
NHE1 was found previously to be associated with cell AE1 and NHE1 share a similar structural topology of 12
spreading, and this activation required integrin ligation of transmembrane domains and a long cytoplasmic domain,
ECM proteins (Ingbeet al., 1990; Schwartet al., 1991). and they share a similar function in regulating; pAE1,
Probably the initial attachment of integrins to ECM however, also functions to tether actin to the plasma
proteins triggers activation and recruitment of pl60ROCK membrane through the binding of its cytoplasmic domain
and NHEL1 to a particular site of the membrane, and the to the actin-associated proteins ankyrin (Datgl., 1996)
subsequent activation of NHE1 further strengthens the and protein 4.1 (Aret al., 1996).
integrin binding to facilitate cell spreading. Consistent ~ What are the functional consequences of the
with this idea is the report that both LPA activation and pl60ROCK-induced activation of NHE1? NHE1 has been
attachment to integrins are required for cell spreading and proposed to be involved in anchorage-dependent cell
stress fiber formation (Hotchin and Hall, 1995). It is proliferation and, paradoxically, cell transformation
interesting in this respect that p160ROCK is recruited to (Grinsteinet al., 1989; Malyet al,, 1989; Ingberet al.,
the cytoskeleton complexes in a manner dependent on1990; Kaplan and Boron, 1994). Similarly, RhoA has been
integrin ligation of ECM proteins (Fujitat al., 1998) and suggested to be involved in the-& progression and cell
that NHE1 molecules accumulate focally with cytoskeletal transformation. In the former process, RhoA is presumed,
proteins such as vinculin, talin and F-actin along the but has not been proved, to induce focal adhesions and to
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transmit the growth signal from these complexes
(Yamamotoet al., 1993; Schwartz, 1997). Quite recently,
RhoA has been shown to induce j§2¥ degradation,
which is essential in &-S progression (Hiragt al., 1997).
The p27 degradation is also dependent on cell adhesion

et al, 1985) and aBanHl site at the 3 end. TheHindlll-BarHlI
fragment from this PCR product was subcloned into pcDNAS3 (Invitrogen)
and sequenced. Aindlll-Ball fragment from the full-length NHE1
cDNA was then subcloned between tHandlll site in this plasmid and
the Ball site contained within the NHE1 coding region to restore the 5
.end of the NHE1 coding region (NHRB35-EE). A GST fusion protein

at least in some instances. On the other hand, RhoA comprising the 178 C-terminal amino acids of rabbit NHE1 was obtained

in collaboration with Raf induces cell transformation

from Dr L.Fliegel (University of Alberta, Edmonton) (Silet al., 1995)
and purified by glutathione—Sepharose 4B beads (Pharmacia) according

manifested as serum independence and anchorage-indey, the manufacturer's instructions. EIPA was obtained from Molecular

pendent growth. The transformed cells showed no sign of

Probes (Eugene, OR).

focal adhesions and stress fibers, although activated RhoA

is present (Qiwet al, 1995b), indicating that generation
of a growth signal is somehow dissociated from cell
adhesion. It would be interesting to test whether these

Cells

CCL39 cells, a Chinese hamster lung fibroblast line; PS120 cells, an
NHE-deficient clone derived from parental CCL39 cells (Pouyssegur
et al, 1984); and PS120 cells stably expressing NHE1-EE (PS120N)

processes are also sensitive to an NHEL inhibitor such aswere maintained in Dulbecco's modified Eagle’s medium (DMEM)

EIPA. NHE1 and RhoA may also be involved in cell
motility (Simchowitz and Cragoe, 1986; Stasi al.,
1991). Cell migration has been proposed to occur by
cycling the extension and adhesion in the front and the
de-adhesion and retraction in the rear (Mitchison and
Cramer, 1996). RhoA, if involved, is supposed to work
in the former process. It would be interesting to know
whether NHE1 inhibition and RhoA inactivation induce a
similar inhibitory phenotype of migrating cells.

In summary, we determined that NHEL1 is a downstream,
and possibly direct, target of p160ROCK, and that NHE1
activity and/or phosphorylation is necessary for actin stress
fiber assembly induced by p160ROCK. Together with our
previous studies (Hoolegt al., 1996; Vexleret al., 1996;
Tominaga and Barber, 1998), these findings suggest tha
NHEZ1 activity is a critical component of normal cytoskele-
tal functions regulated by a RhoA-p160ROCK-mediated
pathway, including cell adhesion and contractility. Addi-
tionally, a functional link between p160ROCK and NHE1
may be an important determinant in pathophysiological
conditions associated with abnormal cytoskeletal organiz-
ation. Recent experiments using Y-27632 implicate a role
for RhoA—p160ROCK in augmenting blood pressure in
hypertensive rats (Uehatat al, 1997). Although the
inhibitory effect of the Y-compound on hypertension has
been attributed solely to its inhibition of smooth muscle
contraction, it is quite likely that Y-27632 corrects high
blood pressure also by inhibiting enhanced NHE1 activity.
NHEL activity is increased in blood and vascular smooth

supplemented with 5% heat-inactivated fetal bovine serum (FBS). HeLa
cells were maintained in DMEM supplemented with 10% heat-inactivated
FBS. Full-length NHE1 and NHE¥635 were stably expressed in PS120
cells (PS120N and PS12635, respectively) by a calcium phosphate
method (Speciality Media Inc., NJ) with 20y of cDNA. Clones were
selected by geneticin and by sequential proton suicide incubations as
previously described (Pouyssegeat al, 1984). This latter selection
method eliminates cells not expressing NHE1 because in a HEPES
buffer they are unable to extrude protons after an,8IHnduced acid
load. Expression of NHE1 was confirmed by measuring the rate pf pH
recovery from an acid load in a HEPES buffer (Voyno-Yasenetskaya
et al, 1994) and by immunoprecipitating NHE1 fro?fS-labeled cells
using mouse anti-EE monoclonal antibody (Grussenmeyat., 1985).

For transient expressions, cells were plated at a density<d05 cells

per 6 cm dish. After 24 h, the cells were transfected using lipofectamine
(Gibco Life Technologies, Inc.) for 3—4 h with 248 of DNA in Opti-
MEM. pcDNA3 empty vector was used to maintain total transfected
tDNA constant. Cells were maintained in growth medium for 3—-4 h and
then in serum-free DMEM for 16-20 h prior to experiments. Transfection
efficiencies in CCL39 cells were routinely 30-35%, as determined by
staining for B-galactosidase expression. Phalloidin staining and myc
immunostaining were performed as previously described (Vestle.,
1996).

NHET1 activity and intracellular pH

To determine NHE1 activity and pHcells plated on glass coverslips
were serum-starved for 16—20 h, transferred to a nominally gift€2
HEPES buffer, and loaded for 10 min at 37°C witlul of the acetoxy
methyl ester of the pH-sensitive fluorescent dye BCECF. Cells were
placed in a thermostatically controlled (37°C) cuvette holder in a
Shimadzu RF5000 spectrofluorometer, and BCECF fluorescence was
measured at 530 nm by alternately exciting the dye at 500 and 440 nm.
The emission ratio was calibrated to pH for each determination using
10 pM nigericin as previously described (Thomas al, 1979). To
determine NHEL activity, cells were pulsed for 10 min with 30 mM
NH4CI and then transferred to a HEPES buffer (Boron and De Weer,

muscle cells of hypertensive patients and in animal models 1976). The rate of pHecovery gpHi/dt) from an acid load induced by

of genetic hypertension such as the spontaneously hyper
tensive rat (Aviv, 1996). Additionally, transgenic mice
overexpressing recombinant NHE1 have salt-sensitive
hypertension (Kuro-et al., 1995). We expect that similar
pathophysiological links between NHE1 and the Rho-
p1l60ROCK pathway will be found in other disease states.

Materials and methods

Expression plasmids

pCAG-myc-p160ROCK and related mutants (Ishizaki al, 1997),
pcDNA1-Ga13QL (Voyno-Yasenetskayat al, 1994), pEXV-myc-
RhoAV14 (Qiuet al, 1995b), pEXV-myc-Racl1V12 (Qiet al, 1995a)

and pCMV-myc-Cdc42V12 (Hoolegt al, 1996) constructs were pro-
duced as previously described. pCAN-myc-PKN was provided by Dr
G.Martin (ONYX Pharmaceuticals). Human NHE1 cDNA was provided
by Dr J.Poussegur (University of Nice, France) and subcloned into
pcDNAL1 (Invitrogen) with a Glu—Glu epitope (EE) tag at the C-terminus
(NHE1-EE). Using this plasmid as a template, a PCR product was
generated that contained residues 1545-1905 of the NHE1 cDNA along
with an in-frame sequence encoding an EE epitope tag (Grussenmeye
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-the rapid removal of NECI was calculated at pHntervals of 0.05 units
and used as an index of NHE1 activity. To study the effects of LPA and
serum, these agents were added in the,@lHpulse and in the HEPES
recovery buffer. The values for ptdnd dpH;/dt were expressed as the
mean+ SEM of the indicated number of matched separate transfections
or of separate cell preparations for LPA and serum treatment.

Phosphorylation of NHE1

Cells grown to sub-confluence in 100 mm dishes were serum deprived
for 22 h, then pre-incubated in a nominally phosphate-free, serum-free
medium fo 2 h and labeled for an additioh® h at 37°C with
[3?P]orthophosphate (100-200Ci/ml). For LPA stimulation, labeled
cells were first dissociated by dissociation buffer (Gibco), plated on
poly-L-lysine-coated dishes and incubated in serum-free medium for 45
min with or without Y-27632 (Uehatat al., 1997). LPA (10uM) was

then added for an additional 10 min. For serum stimulation, serum (10%
final) was added directly to adherent labeled cells for 10 min at 37°C.
After stimulation, the cells were washed with ice-cold phosphate-buffered
saline (PBS), frozen in liquid Nand resuspended in buffer A [50 mM
HEPES-NaOH (pH 7.4), 150 mM NacCl, 3 mM KCI, 12.5 mM sodium
pyrophosphate, 1 mM ATP, 5 mM EDTA supplemented with protease
inhibitors]. Samples were centrifuged for 15 min at 100 @P0The
rpellets were resuspended in 5@0 of ice-cold buffer B [buffer A



Na-H exchange and p160ROCK

containing 1% Brij 96 (Sigma)], sonicated for 40 s, and centrifugated Boron,W.F. and De Weer,P. (1976) Intracellular pH transients in squid
for 30 min at 100 00Qy. The supernatants were pre-cleared with anti- giant axons caused by GONH3 and metabolic inhibitorsJ. Gen.
mouse lgG—agarose (Sigma) and then incubated overnight at 4°C with  Physiol, 67, 91-112.

5 pg of mouse anti-EE monoclonal antibodies. Anti-mouse IgG—agarose Buhl,A.M., Johnson,N.L., Dhanasekara,N. and Johnson,G.L. (1995) G
was added for 1 h at 4°C and then washed five times with buffer B.  alpha 12 and G alpha 13 stimulate Rho-dependent stress fiber formation
Immunoprecipitated proteins were solubilized by boiling in Laemmli and focal adhesion assembly.Biol. Chem 270, 24631-24634.

sample buffer and separated by SDS-PAGE (8% polyacrylamide). The Chrzanowska-Wodnicka,M. and Burridge,K. (1996) Rho-stimulated
gel was dried and subjected to analysis using an Image Analyzer contractility drives the formation of stress fibers and focal adhesions.

(Molecular Dynamics). J. Cell Biol, 133 1403-1415.

. Cox,G.A., Lutz,C.M., Yang,C.L., Biemesderfer,D., Bronson,R.T., Fu,A.,
Kinase assays Aronson,P.S., Noebels,J.L. and Frankel, W.N. (1997) Sodium/hydrogen
Cells transiently expressing 2g of pCAG-myc-p160ROCKS, 3 pg exchanger gene defect in slow-wave epilepsy mutant nged, 91,
of pCAN-myc-PKN or 2ug of pcDNA3 were lysed with lysis buffer 139-148.

[10 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40,  phanasekaran,N., Prasad,M.V., Wadsworth,S.J., Dermott,J.M. and van
1 mM NagVO,; 1 mM phenylmethylsulfonyl fluoride (PMSF), Rossum,G. (1994) Protein kinase C-dependent and -independent

2 pg/ml leupeptin and 21g/ml aprotinin], and Myc-tagged kinases were activation of Na/H* exchanger by G alpha 12 class of G proteins.
immunoprecipitated with anti-Myc (9E10) antibody as described above.  j giq|. Chem. 269, 11802—11806.

@ﬂer immup]ot?rﬁcipitzegionmtgg b?jgs \/|\/_|er7e4sulspeMnd§gT\'/A/it%}€g/ﬁpr Ding,Y., Kobayashi,S. and Kopito,R. (1996). Mapping of ankyrin binding
inase wash buffer (20 mM Tris-HCI, pH 7.4, 1 m » D70 N determinations on the erythroid anion exchanger, AEBiol. Chem
40, 10% glycerol, 1 mM N&/O,4, 5 mM B-mercaptoethanol). A 100! 271 22494-22498

fraction of the sample was sedimentated and resuspended jih @0 - : L -
h e Fujita,A., Saito,Y., Ishizaki,T., Maekawa,M., Fujiwara,K. and
kinase buffer containing 25 mM HEPES-NaOH (pH 7.5), 1 mM Narumiya,S. (1998) Integrin-dependent translocation of p160ROCK

dithiothreitol, 10 mM MgC}, 3 mM MnClh, 1 uM NagVO,, 10 uM . s
ATP and 0.35.Ci of [32P]ATP. GST-NHEL1 (31g) or histone H1 (31g) ‘B",ong,iki'egfi'a (;%rgf;e?):s i thrombin-stimulated human platelets

was added as a substrate for kinase activity and the kinase mixture WaSGOSS,G.G., Woodside,M., Wakabayashi,S., Pouyssegur.J., WaddellT.,

incubated at 30°C for 20 min. The reaction was stopped by addjulg 5 . .
of 5X Laemmli’'s sample buffer. Samples were resolved by SDS-PAGE Do‘wn_ey,G.P.‘ and Grinstein, S. (1994)+ATP dppendence of N.HE'l’ the
ubiquitous isoform of the N&H* antiporter. Analysis of

(12% acrylamide) and incorporaton of radioactivity was determined ° e -
by autoradiography (Figure 6B) or scintillation counting of excised  Phosphorylation and subcellular localizatiod. Biol. Chem,. 269
radioactive bands (Figure 6C). Equal loading of immunoprecipitated _8741__8743- . .

kinases was confirmed by immunoblotting with anti-Myc polyclonal ~Grinstein,S., Rotin,D. and Mason,M.J. (1989) Md" exchange and
antibody (A-14, Santa Cruz Biotechnology) as described previously QFO\{Vth f'aCtOF'-Indl'Jced'cytosollc pH changes. Role in cellular
(Tominaga and Barber, 1998). The effects of EIPA and Y-27632 on _ proliferation.Biochim. Biophys. Acte988 73-97. _
p160ROCK activity were determined by including these inhibitors in ~ Grinstein,S., Woodside,M., Sardet,C., Pouyssegur,J. and Rotin,D. (1992)

thein vitro kinase reactions. Activation of the N&/H™ antiporter during cell volume regulation.
Evidence for a phosphorylation-independent mechanidmBiol.

Phosphopeptide mapping Chem, 267, 23823-23828.

NHE1 phosphorylateih vivo, and GST-C-terminal NHE$8-815phos- Grinstein,S., Woodside,M., Waddell, T.K., Downey,G.P., Orlowski,J.,

phorylated by pl160ROCK3 in vitro were isolated by SDS-PAGE, Pouyssegur,J., Wong, D.C. and Foskett,J.K. (1993) Focal localization

transferred to nitrocellulose membranes and identified by autoradio- of the NHE-1 isoform of the N&H™ antiport: assessment of effects

graphy. The immobilized proteins were digested twice withp@0of on intracellular pHEMBO J, 12, 5209-5218.

TPCK-trypsin (Promega) for 10-15 h with shaking at 37°C in 1% Grussenmeyer,T., Scheidtmann,K.H., Hutchinson,M.A., Eckhart,W. and
ammonium bicarbonate, pH 8.3. The resulting tryptic peptides were  Walter,G. (1985) Complexes of polyoma virus medium T antigen and
lyophilized and separated on thin-layer cellulose plates by electrophoresis  cellular proteinsProc. Natl Acad. Sci. US/82, 7952—7954.
in the first dimension and by chromatography in the second dimension, Hirai,A. et al. (1997) Geranylgeranylated rho small GTPase(s) are
as previously described (Sardet al, 1991). Phosphopeptides were essential for the degradation of p27Kip1 and facilitate the progression
visualized by Image Analyzer. from G1 to S phase in growth-stimulated rat FRTL-5 cellsBiol.
Chem, 272, 13-16.
Hooley,R., Yu, C-Y., Symons,M. and Barber,D.L. (1996) G alpha 13
ACknOWIedgements stimulates Na—H exchange through distinct Cdc42-dependent and
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