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Human RhoA'RhoGDI complex expressed in yeast:
GTP exchange is sufficient for translocation
of RhoA to liposomes
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Abstract

The human small GTPase, RhoA, expresse8accharomyces cerevisig post-translationally processed and, when
co-expressed with its cytosolic inhibitory protein, RhoGDI, spontaneously forms a heterodimer in vivo. Th¢ RhoA
RhoGDI complex, purified to greater than 98% at high yield from the yeast cytosolic fraction, could be stoichiomet-
rically ADP-ribosylated byClostridium botulinunC3 exoenzyme, contained stoichiometric GDP, and could be nucleotide
exchanged fully with[3H]GDP or partially with GTP in the presence of submicromolar?MgThe GTP-RhoA
RhoGDI complex hydrolyzed GTP with a rate constant of 45075 s™*, considerably slower than free RhoA.
Hydrolysis followed pseudo-first-order kinetics indicating that the RhoA hydrolyzing GTP was RhoGDI associated. The
constitutively active G14V-RhoA mutant expressed as a complex with RhoGDI and purified without added nucleotide
also bound stoichiometric guanine nucleotide: 95% contained GDP and 5% GTP. Microinjection of the GTP-bound
G14V-RhoA/RhoGDI complexbut not the GDP forminto serum-starved Swiss 3T3 cells elicited formation of stress
fibers and focal adhesions. In vitro, GTP-bound-RhoA spontaneously translocated from its complex with RhoGDI to
liposomes, whereas GDP-RhoA did not. These results show that GTP-triggered translocation of RhoA from RhoGDI to
a membrane, where it carries out its signaling function, is an intrinsic property of the fRi@&DI complex that does

not require other protein factors or membrane receptors.
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RhoA is a member of the Ras superfamily of small G-proteins thakt al., 1998, as well as transcriptional regulati¢Hill et al., 1995;
has been implicated in various actomyosin-dependent cell funcAlberts et al., 1998; Seasholtz et al., 1988d cell cycle progres-
tions: cell adhesion and motilityAbedi & Zachary, 1995; Nobes sion(Olson et al., 1995; Hirai et al., 1997; Noguchi et al., 1998
& Hall, 1995; Hotchin & Hall, 1996; Amano et al., 1997; Bobak Rho-kinase, one of the main RhoA downstream signal transduction
etal., 1997; Santos et al., 1997; Hall, 1998; Seasholtz et al.,)1998effectors(Leung et al., 1996; Matsui et al., 199®as been shown,
enhancement of vascular smooth muscle contractile resp@aes through the use of the Rho-kinase inhibitor, Y-27632, to be directly
cium sensitization(Gong et al., 1996, 1997a, 1997b; Otto et al., involved in some forms of hypertensigblehata et al., 1997and
1996; Fujihara et al., 1997; Kureishi et al., 1997; Uehata et al.metastatic progressiafitoh et al., 1999
1997; Fu et al., 1998; Van Eyk et al., 1998imor cell migration Rho family proteins undergo three carboxyl-terminal, post-
(Yoshioka et al., 1998; Itoh et al., 1999; Somlyo, 1999; Somlyotranslational modifications that are required for full functionality
et al.,, 1999, and cytokinesigAepfelbacher et al., 1995; Goto (Hori et al., 1991; Ando et al., 1992; Gong et al., 1896hese
modifications, which do not occur in prokaryotic cells, include
geranylgeranylation of the cysteine in the carboxyl terminal “CAAX”
Reprint requests to: Robert K. Nakamoto, Department of Molecularbox. via a.thioeSter linkage, pr0te0|y.tic cleavage of the final three
Physiology and Biological Physics, University of Virginia, P.O. Box 10011, amino acids, and carboxymethylation of the cysteinal carboxyl
Charlottesville, Virginia 22906-0011; e-mail: rkn3c@virginia.edu. group (Adamson et al., 1992; Backlund, 1997he most impor-
Abbreviations: EDTA, ethylenediaminetetraacetic acid; G14V-RhoA, tant modification, geranylgeranylation, is required for RhoA to
RhoA with the Glyl4 to Val mutation; GTyS, guanosine 50-(3-  pind to RhoGDI(GDP dissociation inhibitor; Hori et al., 1991;

thiotriphosphatg GAP, GTPase-activating protein; GEF, guanine nucleo- . . .
tide exchange factor; PCR, polymerase chain reaction; PBS, phosphatg!anCOCk & Hall, 1993, as well as for its association with the cell

buffered saline; RhoGDI, GDP dissociation inhibitor; SDS-PAGE, sodium Membrane upon agonist stimulatigori et al., 1991; Ando et al.,
dodecy! sulfate—polyacrylamide gel electrophoresis. 1992; Fujihara et al., 1997; Gong et al., 1997a
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The association of RhoA with RhoGDI also depends upon spefied RhoA/RhoGDI complex in a 1:1 stoichiometry and uncon-
cific protein—protein interactions. The crystal structure at 4.0 Ataminated by yeast homologues. This preparation was used in the
(Longenecker et al., 1999ndicates that, although the protein crystallization and X-ray structure determination of the complex to
contacts do not contribute as much to binding energy as the hy4 A resolution (Longenecker et al., 1999We also show that,
drophobic interactions with the geranylgeranyl moiety, the aminowhereas the wild-type RhoA in the complex exists as the GDP
terminus of RhoGDI interacts with the Switch | and Il regions of form, expression of the G14V, constitutively active mutant yields
RhoA. In particular, RhoGDI makes close contact with Thr37 of a complex that contains a small proportion of bound GTP. We
RhoA, a residue that is directly involved in coordination of ¥g  further show that the GTP-bound RhgRhoGDI complex is bi-

(Wei et al., 1997; Ihara et al., 1998; Longenecker et al., 1,99¢d ologically active and, unlike the GDP-RhgRhoGDI complex,
plays a key role in the nucleotide exchange mechanism of Dbl-likeallows translocation of RhoA to liposomes in vitro. Our results
guanine nucleotide exchange factors or GEE Zheng, 1997. suggest that nucleotide exchange may precede dissociation of RhoA
RhoGDl likely inhibits GEF function by shielding the side chain of from RhoGDlI, and that following nucleotidéSTP for GDP ex-
Thr37 in its complex with Rho GTPasésongenecker etal., 1999  change, no other protein is required for RhoA to dissociate and
Moreover, the crystal structure shows that the RhoA insert helixranslocate to a membrane.

(amino acids 124-136s distal to the RhoGDI binding regions
and does not participate in interactions with RhoGDI. Purified
native and recombinant Rhg/&RhoGDI complex can be immuno-
precipitated with an antibody to the insert lodmngenecker et al.,
1999. This finding suggests that the lack of immunoprecipitability
of the nonpurified native complex from the cytosolic fraction of The extent of purification, estimated to be greater than 98%, of
tissue(Fujihara et al., 199yis due to the presence of another, as FLAG-RhoA/Hiss-RhoGDI complex with sequential metal che-
yet unidentified proteis). late (lane § and anti-FLAG M2 antibody(lane 9 chromatogra-

Prenylated RhoA is hydrophobic, but is solubilized when boundphies is shown in Figure 1. There was no evidence of proteolysis.
to RhoGDI with the geranylgeranyl moiety inserted into the hy- Additionally, silver staining or immunoblotd_ongenecker et al.,
drophobic pocket of RhoGD(Gosser et al., 1997; Keep et al., 1999 also revealed only the single bands of RhoA and RhoGDI.
1997, Longenecker et al., 1999 fact, in unstimulated cells most The metal chelate chromatography provided the largest degree of
endogenous RhoA exists as a cytosolic GDP-RHRA0GDI com-  purification, but the subsequent anti-FLAG M2 chromatography
plex (Fukumoto et al., 1990; Gong et al., 1997agonist binding  resulted in the high level of purity. The final yield was routinely
to a membrane receptor causes stimulation of hetero-trimerid—5 mg of complex per 18 L culture, which represented 0.2% of
G-protein signaling and activates GEF function to exchange GTP
for GDP on RhoA(Kozasa et al., 1998; Klages et al., 1999
GTP-RhoA is translocated to the plasma membrane and activates
its downstream effectors, while RhoGDI remains cytos@Bong
etal., 1996; Fujihara et al., 1997hus, critical steps in RhoA and, 1 2 3 4 5 6 7 8 9
probably also, Ra¢Bokoch et al., 199/activation include nucle- ! o

Results

Expression of human RhgRhoGDI complex in yeast

otide exchange, dissociation of the Rhd2hoGDI complex and -88
translocation of GTP-RhoAGTP-Rag to the cell membrane. Be-
cause RhoGDI can extract RhoA from membrafsaki et al., _49

1990; Leonard et al., 1992; Lang et al., 1996 is thought that
completion of the Rho activation cycle includes conversion of
active GTP-Rho to GDP-Rho through intrinsic GTPase activity
facilitated by GTPase-activating proteif@APS and extraction of

membrane-bound GDP-Rho by RhoGDI. . - —-29
Nonprenylated RhoA, expressed as a recombinant protein in -20

Escherichia coljis unable to complex with RhoG@Hancock &

Hall, 1993; Santos et al., 199And, more important, does not

activate at least some of the Rho effectors, such as Rho-Kinase, as -7

indicated by its inability to induce Cd-sensitization in smooth
muscle(Gong et al., 1996 Previous efforts to produce recombi-
nant post-translationally modified RhoA have relied on the use of
a baculovirugSF9 systeme.g., Gong et al., 1996; Fauré et al.,
1999; however, production in the baculovisF9 system is costly.

In contrast, prokaryotic-derived RhoGDI is physiologically active Fig. 1. Purification of FLAG-RhoA/His6-RhoGDI complex from yeast.
(e.g., Matsui et al., 1990; Chuang et al., 1992; Leonard et al., 199 -ifteen percent Coomassie Blue stained SDS-PAGE analysis of the FLAG-
" -’ ’ v ’ v hoA/Hise-RhoGDI purification: lane 1, whole cell lysate of yeast that
Sheffield et al., 1999 _ o “have been galactose induced to express the human complex; lane 2, mem-
The purpose of the present study was to provide stoichiometri@rane fraction; lane 3, cytosolic fraction; lane 4, flow through from the
complexes of RhoA with RhoGDI in quantities sufficient for ex- metal affinity resin(Talon, Clonetechcolumn; lane 5, 5 mM imidazole

ploring its mechanism in signal transduction in eukaryotic celIs.‘é"(‘;’}lsjrr‘ng‘.c E‘Az”f‘;:gvn\j%gﬂ‘;h&fé?t?]‘;v';r’::iidlfl_z/g'g agtg’:ﬂgg&tsidﬁgn
We describe a co-expression system for dlﬁerentl_al_ly_tag_ged hu—ane 8, wash of the M2 column: lane 9, 14 of eluant from the M2
man RhoA and RhoGDI irSaccharomyces cerevisigeelding column with the FLAG peptide. Protein was prepared by addition to SDS

milligram quantities of highly purified, post-translationally modi- sample buffer and boiling for 5 min.
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the total cytosolic protein. We were also able to purify the Glyl4were not affected by the presence of thegdisFLAG affinity tags

to Val RhoA mutant, some in the GTP form, in complex with on either protein. A previous paper presented evidence that RhoA

RhoGDI, providing the first evidence that the constitutively active, RhoGDI complex expressed and isolated from the cytosolic frac-

GTPase-deficient mutant binds to RhoGDI in vivo. tion of SF9 insect cells was not a good substrate for the C3

The procedure used to isolate the complex assured that the pexoenzyme Fauré et al., 1999 We also found this to be true for

rified RhoA was prenylated. Binding to RhoGDI requires the ad-native complex in the cytosol of rabbit ileum smooth mus€lig. 2,

dition of a geranylgeranyl group to the carboxyl terminal CAAX lane 1. Upon partial purification, however, RhoA in complex with

motif (Hori et al., 1991; Hancock & Hall, 1993whereas proteo- RhoGDI became a substrate for ADP ribosylatitane 2, behav-

lytic removal of the final three amino acig¢d VL in human RhoA ior reminiscent to the partially purified complex from bovine neu-

is of only minor importancéHancock & Hall, 1993 Carboxy-  trophil cytosol (Bourmeyster et al., 1992Immunoblot analysis

methylation of the new carboxyl terminal cysteine is also not re-using anti-RhoA and anti-RhoGDI antibodigsig. 2, middle and

quired for complex formation with RhoGDI, but the activity is lower panels, respectivelyshowed that both RhoA and RhoGDI

present inS. cerevisiad¢Sapperstein et al., 1984Also consistent  were present in similar amounts on the gel. These results suggested

with its prenylation, a considerable portion of RhoA was found that the native complex interacts with another factor that blocks

membrane associated. When RhoA was expressed without RhoGDdccess to Asn4l from the C3 exoenzyme.

30-40% was found membrane associated. Of the RhoA in the

cytosolic fraction, most was believed not prenylated because it was

not associated with endogenous yeast RhoGlata not shown

The membrane-associated fraction was significantly decreased wh

RhoA was co-expressed with RhoGDI to a level simi{&r10%

to that observed in mammalian cells in vi{fGong et al., 1996 The only nucleotide associated with the wild-type FLAG-RHKHoA
Hisg-RhoGDI complex purified in the absence of exogenous nu-
cleotide was GDRFig. 3A) and, by comparison with internal

Purified RhoA'RhoGDI complex is a substrate standards, stoichiometrid:1) within experimental errof+10%).

for ADP ribosylation The GDP-RhoARhoGDI complex was extremely stable in 5 mM

The purified human complex expressed in yeast was an exceIIenMgz+: during incubation at 22C in the presence of 5 mM Mg
P . PIEX EXPres; Y o rﬁore than 97% of the complex retained nucleotide over a period of
substrate for ADP ribosylation and incorporated nearly stoichio-

. ; I days. Th little diff in stability if the t
metric amounts of32P]ADP from [?P|-labeled NAD' in the oo oro oy HEre Was e GIISTence in Stabiity 1 The fags were

. . switched(i.e., Hiss-RhoA/FLAG-RhoGDI). In contrast, one-third
presence of the C3 ADP-ribosyl transferd$eg. 2). The results of the purified free FLAG-RhoAnot in complex with RhoGDI

was nucleotide-free apoprotein while the remainder was also only
GDP bound(Fig. 3A). It is probable that a portion of this RhoA
contained GTP at the time of cell lysis, and hydrolysis and release
of nucleotide occurred during purification.

The bound GDP in the RhoARhoGDI complex could be ex-
changed with 3H]GDP in the presence of submicromolar g
(Fig. 3B), with a rate constant of 3.8 10% s~ *, which is two
orders of magnitude slower than that for free RH@Able 1. The

Human RhoA co-expressed with RhoGDI in yeast
& stoichiometrically the GDP form

32
P rate of GDP exchange in free RhoA expressed in yeast was similar
to that for RhoA expressed i&. coli, and both were similar to
values previously reporteelf & Hall, 1999. These results in-
a— dicated that all of the purified complex was competent to exchange
RhoA nucleotide, and that little or none of the protein was inactive.

Similar results were obtained with the affinity tags switched or

!!!! : with the tags removeata not shown which indicated that the
95

amino terminal tags did not interfere with nucleotide exchange.

GDI s S
17 77

Fig. 2. ADP-ribosylation of RhoAXRhoGDI complex. RhoA was ADP- . . PP
ribosylated by C3 exoenzyme wifi2P]NAD as described in Materials ~1he constitutively active FLAG-G14V-RhoA mutant purified in

and methods, separated by 15% SDS-PAGE and transferred to PVDF mersomplex with Hig-RhoGDI also contained stoichiometrically bound
branes. Top panel: autoradiogram{&iP]-labeled protein. The middle and dguanine nucleotide. However, in contrast to the wild-type, we re-

lower panels: Western blots using anti-RhoA monoclonal antibody and,qycibly found that 5 2% of bound nucleotide was GTP with
anti-RhoGDI polyclonal antibody, respectively. Immunoreactive proteins

were visualized using the ECL systefmersham Pharmacia Biotech ~ the remainder GDRFig. 3A). The GTP-bound RhoA remained in

Lane 1, native RhoA in the cytosolic fraction from rabbit ileum smooth complex with RhoGDI, as similar results were obtained with the
muscle; lane 2, partially purified Rho/&RhoGDI complex from the sample  affinity tags switched. In this case, the last step of purification was
in lane 1; and lane 3, pure RhgRhoGDI complex from yeast. Note that iz the FLAG tag on RhoGDI. The GTP bound G14V-RhoA was

the proteins from yeast are slightly larger due to the affinity tags. See_ ... .
Materials and methods for purification procedures. The numbers beIOV\Pu“f'ed via the RhoGDI tag and was, therefore, prenylated and

each lane indicate the percentage of RhoA that incorpof@f@JADP- associated. Furthermore, anion exchange chromatography did not
ribose (average of two trials resolve any free RhoGDI mixed with the purified complesee

G14V-RhoARhoGDI has some GTP bound
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1

FLAG-RhoA/ FLAG-G14V- FLAG-G14V-RhoA/
His,-RhoGDI RhoA Hisg-RhoGDI

detectable nucleotide exchange occurred in buffer with 5 mM™Mg
Only half of the GDP on the complex exchanged to GBPdue to
10% contamination of the GHS stock with GDP and a relatively
low GTPyS to protein ratio of 18:1. Between the contaminating
GDP and the GDP released from RhoA, we estimated that 15% of
total nucleotide in the exchange solution was GDP, sufficient to
prevent complete exchange to GJ¥

As reported previouslyLongenecker et al., 1999GTP could
also be exchanged onto the complex to a content of 60—70%, and
bound GTP was hydrolyzed at rates approximately seven times
slower than free FLAG-RhoA expressed in yeast cyt¢Fable 1.
Free FLAG-RhoA expressed in yeast had a similar GTP hydrolysis
rate as RhoA expressedH coli (Table 1; Self & Hall, 1995 The
slow hydrolysis rate by the complex was not due to GTP dissoci-
ating during the course of the measureminit to 36 h because,
as demonstrated above, the complex does not release nucleotide in
the presence of 5 mM Mg . Again, switching or removing the
affinity tags did not affect the rate of hydrolysis. GTP was hydro-
lyzed with pseudo-first-order kinetigglata not shown This re-
sult strongly indicated that RhoA remained bound to RhoGDI while
hydrolysis occurred. Had some RhoA been dissociated from
RhoGDI, hydrolysis would have occurred with kinetics character-
ized by fast and slow components. This was clearly not seen over
the complete time course of GTP hydrolysis. In addition, GTP was
not released from the complex because hydrolysis occurred at a
constant rate until no GTP remainag to 36 1), and no free GTP
was detected in the filtrates.

The hydrolysis and exchange rate constants of various com-
plexes, FLAG-RhoAHiss-RhoGDI, His-RhoA/FLAG-RhoGDI,
and RhoA’RhoGDI with the tags removed were very similar, in-
dicating that the amino-terminal tags did not interfere with either
Fig. 3. Properties of yeast expressed Rh@#hoGDI complexA: Nucle- the ability of RhoA to hydrolyze GTP or the GTPase inhibitory

otide content of cytosolic free RhoA and RhgRhoGDI complex. Nucle-  function of RhoGDI. We point out that GTP hydrolysis by Klis
otides were extracted, identified, and quantified as described in Material&14V-RhoA/FLAG-RhoGDI at £C was extremely slow, with a
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and methods. Values are the percent of complex occupied by (GREK

or GTP (gray), or unbound(unfilled). Error bars indicate the standard
deviation from a minimum of three determinatior8: Exchange of
[*H]GDP/GDP. At time 0, 1 mM[3H]GDP was added to 22M FLAG-
RhoA/Hisg-RhoGDI in Exchange Buffe62 mM Tris-HCI, 100 mM NacCl,

5 mM MgCl,, 10 mM EDTA, pH 7.6 and incubated at ZZ. Aliquots
were taken at the specified times and Mg@tided to 13 mM final con-
centration to stop the exchange reaction. The amount of protein-associat
[*H]GDP was determined by removing unbound nucleotide with a centri-
fuge desalting columtPenefsky, 197Requilibrated with Buffer A25 mM
Tris-HCI, 100 mM NacCl, and 5 mM MgG| pH 8.0 and measuring the
radioactivity remaining in the filtrate. Control experiments showed that
free nucleotide was completely removed. The per¢&iGDP/GDP ex-
change was calculated at each time point. The dotted line is a fit to a sing|
exponential rise to a maximum.

below). Free FLAG-G14V-RhoA, purified from yeast cytosolic
fraction without co-expression of RhoGDI, also contained a mix-
ture of bound nucleotides: 40% by GTP, 36% by GDP, while the
remaining protein was devoid of nucleotidleig. 3A).

Exchange of GTP and GHS into the complex

GTP or GTR'S was exchanged onto FLAG-RhgBiss-RhoGDI
complex in the same manner as {fel]GDP-GDP exchange de-
scribed above, at submicromolar concentrations of freé'Mglo

t;/» of approximately seven days. Therefore, we expect that very
little GTP hydrolysis occurred during the purification and concen-
tration protocol, most of which was performed atCGiover the
course of 12 h.

With respect to the exchange of G¥® or GTP onto the com-
c!ex, an important question is whether GDP-RhoA remains bound
0 RhoGDI in the presence of low Mg or after GTP has been
exchanged for GDP. We tested the stability of the heterodimer by
observing the behavior of the complex over an analytical anion
exchange column. FLAG-Rho/Adiss-RhoGDI consistently eluted
between 145 and 180 mM NaCl in the presence of 5 mM free
ﬁ/lg2+ . SDS-PAGE analysis showed that the peak represented FLAG-
RhoA and Hig-RhoGDI at a constant 1:1 rati&ig. 4Bl). After the
3 h exchange reaction to GDP, GTP, or no added nucleotide, a
small amount of dissociated Rhofever more than 5% of the
total) appeared as a peak at 95 mM NacCl just prior to the major
heterodimer peakFig. 4A,BII-V). The corresponding free His
RhoGDI peak eluted later at 210 mM NacCl. This small amount of
dissociated RhoA appeared only after incubation at room temper-
ature in the exchange buffer even without EDTA, and was not
related to the type of nucleotide exchanged. We note that separa-
tion of dissociated RhoA from the Rh¢g/RhoGDI complex re-
quired the use of the analytical Q anion exchange column, and a
clean separation was not obtained by other chromatography meth-
ods. The ability to resolve the complex from the dissociated pro-
teins provided additional evidence that the associated proteins are
in a stable 1:1 complex.



380 P.W. Read et al.

Table 1. Rate constants for nucleotide exchange and GTP hydrolysis 4t 22
by RhoA'RhoGDI complex and free Rh&A

kExchangeWith [SH]GDPb kGTP hydrolysisb
(s (s
FLAG-RhoA/Hisg-RhoGDI 3.3x 1074+ 0.3x 107* 0.45% 107* + 0.021x 107
RhoA fromE. coli >0.04C 21X 1074+ 0.13%x 107
FLAG-RhoA from yeast cytosol >0.04C¢ 3.2X 107* + 0.089% 1074

aValues are reportedt one standard deviation from at least three trials.
bSee Figure 3 caption for experimental conditions.
®This rate constant is a minimum value because the reaction was nearly finished at the first time point

(15 9.
Dissociation and translocation of GTP-RhoA sponse was similar to that described in published reports for free,
from the complex to liposomes unmodified RhoA, which when injected probably became prenyl-

. - ated by the endogenous geranylgeranyl transfdraselall, pers.
The highly purified RhoARhoGDI complex allowed us to assess comm.; Paterson et al., 1990; Ridley, 1994

the mechanism of translocation of the prenylated RhoA from its . .
. o Previously, we have shown that the GTP-loaded complex will
complex with RhoGDI to membranes. The purified complex was . . 4 o o
. . . N elicit Ca?"-sensitization of rabbit ileum smooth musdleonge-
incubated in the presence of liposomes made from purHiecbli - . . .
. . . necker et al., 1999 Similar to the stimulation of stress fiber and
phospholipids. Under conditions of submicromolar Mg the : . i
; . . ... focal adhesion formation described here, the GDP form of the
GTPyS (or GTP-FLAG-RhoA dissociated from its complex with : o .
. . o . complex did not cause Ga-sensitization, nor did unprenylated
Hise-RhoGDI and associated with liposomddg. 5. An average RhoA expressed ift. coli (Gong et al., 1996
of 54 + 5% (from four determinationsof the RhoA dissociated P ' g v
from RhoGDI and translocated to the liposomes. The translocation
also occurred when the complex was first loaded with gFP  Discussion
exchanged into a buffer containing 1 mM free #g then incu-
bated with liposomegdata not shown In contrast, little or no
translocation occurred whefl) the complex was occupied by

GDP; or (2) when GTRS was incubated with complex in the nucleotide bound in the presence of 5 mM #gwhereas all of

presence of 5 mM free Mg (left side of Fig. 5 WhiCh di_d NOL  the hound nucleotide could be exchanged at low?MgSecond,
allow nucleotide exchange. Immunoblot analysis with antl-RhoGDIbound GTP was hydrolyzed to completion at a rate considerably
antibody revealed that there was no significant amount of RhoGDgIower than that of free Rhof0.45X 104 vs. 2-3x 10 4 s ;
associated with the liposomédata not shown confirming that 5, see Self & Hall, 1995Third, we showed for the first time that
RhoA had dissociated from RhoGDI before becoming membrang,, GTP-RhoARhoGDI complex was competent in downstream
assouatrt]ad. ((ngp_sster;tﬂthh tk;e fl_ndlngs on l?j"_"(;:l of Bc_;koclh et al'signaling in eliciting the well-documented RhoA physiological re-
(199?’ k e_ a 't'(:]n 0 utt))roaet:mlnate, Ath, ! hnot stlmu atef sponse of formation of stress fibers and focal adhesions. Presum-
translocation to the membrargata not shown The absence of . the GTP-RhoA dissociated from RhoGDI upon injection into

any thecrj protelﬂs n th'fs assay Fhat_ empl_ogt‘eobol{fl_lposom_(as cells and membrane associated to carry out its signaling function.
precluded any chance of contamination with specific protein pre'Switching or removal of the affinity tags did not significantly

nyl receptors or GEFs. These results strongly suggested that t ange any of the characteristics or activities
GTP-bound form of RhoA is required and sufficient for transloca- A recent paper utilizing a purified Rho/RhoGDI complex

tion from RhoGD!I to the membranes. expressed and purified from insect cellkauré et al., 1999pre-
sented evidence suggesting that, unless incubated with high con-
centrations of phosphoinositides, the purified complex was not
accessible to modification by ti@ostridium botulinuntC3 ADP-
ribosyl transferase or significant nucleotide exchange. In contrast,
The physiological function of the yeast expressed FLAG-RhoA we found that the purified complex was an excellent substrate for
Hise-RhoGDI was tested by microinjection of nucleotide ex- ADP-ribosylation, having achieved stoichiometric labeling of the
changed compleXGTP-G14V-RhoA'RhoGDI) into Swiss 3T3  yeast expressed complex. Our finding is consistent with the crystal
cells. Only complex that contained GTP-RhoRigs. 6A,B), but structure in which the ADP-ribosylation site, Asn41 of RhoA, is
not the GDP-containing complg¥ig. 6C), stimulated the forma- not obscured by RhoGDI in the complékongenecker et al.,
tion of stress fibers and focal adhesions. Based on the translocatid®99 and with the ability to ADP-ribosylate partially purified

of GTP-bound RhoA to membranes shown above and the notiowomplex isolated from neutrophil cytos@ourmeyster et al., 1992
that RhoA must be membrane associated to carry outs it signalingr smooth muscle that was dependent upon the purity of the com-
function, it is likely that after injection into the cells, the complex plex (Fig. 2). These findings suggested that a cytosolic factor
dissociated and the RhoA translocated to the cell membranes wheremoved by extensive purification may obscure the ADP-ribosylation
it stimulated stress fiber and focal adhesion formation. This resite.

The functionality of the purified RhoARhoGDI complex, with or
without the amino-terminal affinity tags, was indicated by several
observations. First, all of the RhoA in the complex was stably

The RhoARhoGDI complex expressed in yeast
is signaling competent
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A No EDTA With EDTA

GDP
GTPyS
GDP

GTPyS

S

Absorbance (280 nm)

Fig. 5. GTP stimulation of RhoA translocation from RhoGDI to lipo-

¥ T y somes. Translocation of prenylated RhoA to liposomes made from purified
0 10 20 30 E. coli lipids was performed as described in the Material and methods.
B Time (min) Samples in which no EDTA was added had 5 mM Mgg@ksent during the
exchange with the indicated nucleotide, while samples with EDTA had

| :;:::’f Freshly made 10 mM EDTA present. This representative immunoblot shows the amount
complex of RhoA remaining solubldS) and associated with the lipid pell€P).
Immunoblot analysis detected a very small and consistent amount of RhoGDI
—— - 3 hr RT incubation carried over with the liposome pellet.

|l ~=@®sw- NG EDTA or nucleotide added

Il ==4=——  WithEDTA
B, . b No nucleotide added a much larger proportiofd0% of purified free cytosolic G14V-
RhoA was GTP bound. According to a recent review of the liter-
_""-:": 5 ature(Olofsson, 1999 ours appears to be the first observation of
IV come= With EDTA and GDP cytosolic GTP-RhoA complexed with RhoGDI. Bound GTP likely
did not hydrolyze during the course of preparing G14V-RioA
\VA wht e - With EDTA and GTP RhoGDI complex, because most of the purification occurs°&t 4
' where the GTP hydrolysis is extremely slow. It is interesting that,
1 2 3 despite the high GTP:GDP ratio in the cell, there was no detectable

GTP bound to the wild-type free RhoA or RhgRhoGDI, con-
Fig. 4. Stability of the FLAG-Rho(Hise-RhoGDI complex in exchange  sistent with prior findinggreviewed in Olofsson, 19990ur data
buffer or after storage. Purified complex was incubated3d atroom g ggest that the GTP-RhoA species is relatively short lived in vivo

temperature in exchange buffésee legend to Fig.)3in the following .
conditions: with or without 10 mM EDTA, and 10 mM EDTA plus 7.5 mm  @nd that, in the presence of membranes, the GTP-RRHGDI

GDP, or GTP. The samples were passed over desalting columns into 25 m@OMplex is less stable than the GDP bound complex. The GTP-
Tris-HCI plus 5 mM MgC}. Fifty microgram samples were then passed facilitated dissociation of the Rhg/&RhoGDI complex may be due
over a SMART mini-Q PC anion exchange colui@mersham Pharmacia  tg the known conformational change in the Switch | and Il regions
Biotech and eluted by a NaCl gradient. Fifty microliter fractions were of RhoA between the GDP and GTP-bound stdiésra et al
collected, the samples subjected to SDS-PAGE analysis, and visualized b]\_/ . . . . U
silver staining.A: Chromatogram(following absorbance at 280 Anof 998 that may result in a less favorable interaction with the amino
sample(ll) to indicate the peaks of free Rhaa), RhoA/RhoGDI(2) and  terminus of RhoGDI(amino acids 31-55(Longenecker et al.,
free RhoGDI(3). B: (1) SDS-PAGE analysis of fractions from chromatog- 1999. Effector proteins that bind to this region may also compete
raphy from freshly prepared Rhg/RhoGDI complex. Note that the rela-  \ith RhoGDI for binding GTP-RhoA. Clearly, the lipid bilayer

tive staining intensities of RhoGOLpper bangland RhoA(lower band rovides a thermodynamically more favorable environment than
remain constant, indicating that the proteins were stably bound to each Y y

other. Fractions from chromatographies of complex incubath atroom  RhoGDI for GTP-RhoA.
temperaturéll ) without EDTA or added nucleotidé|ll ) with EDTA and The GTP-induced dissociation of the complex may play a key

gOTSdgﬁd nuclgotid%l\ll) Wtirt1h EDlTA ZUd tG?rf’ ?r(Vt_) with EEt)TA_ a”??h AroIe in RhoA function. GTP and GHFS stimulate translocation of
e e o e mobareaRoA fiom RoGDI (0 protin-ree fposomes leaving RhoGD
peaks inA. behind, consistent with the translocation observed during physio-
logical activation of the RhoA-RhoKinase-induced?Casensiti-
zation(myosin phosphatase inhibitiphby GTP or GTR'S (Gong
et al., 1997a; Fujihara et al., 1997Similarly, microinjection of
The highly purified 1:1 complex of RhoA with RhoGDI allowed GTP (but not GDB-loaded complex elicited formation of stress
accurate determination of the kinetic constants of nucleotide exfibers and focal adhesions in serum starved Swiss 3T3 cells. It is
change and GTP hydrolysis and provided some new observatiortempting to speculate that if GEF-induced RhoA nucleotide ex-
about properties of RhoA(l) The constitutively active G14V- change can occur while RhoA is bound to RhoGDI, then the
RhoA can form a stable complex in vivo with RhoGDI, even in the subsequent dissociation of the Rhd2hoGDI complex and trans-
GTP bound form.(2) GTP can be exchanged onto RhoA while location of RhoA to the membrane may be thermodynamically
associated with RhoGDI3) GTP binding can precede transloca- driven. Our results obtained with the highly purified, functional
tion of RhoA from RhoGDI and binding to membrangse below. complex(Fig. 5 support this simple model of RhoA activation.
Interestingly, a small proportio5%) of the purified G14V- The RhoA/RhoGDI complex expressed iBaccharomyces
RhoA/RhoGDI complex retained GTP, rather than GDP, whereaserevisiaeand assembled in vivo allows the facile purification
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Fig. 6. The GTP-RhoARhoGDI complex elicits formation of stress fibers and focal adhesions. Swiss 3T3 cells were microinjected
as described in the Materials and methods. Stress filbgpsow) were visualized by reacting with FITC-conjugated phallicidin, and
focal adhesiongbottom row with anti-vinculin IgG. Representative samples are shown in these fram&. Two examples of cells
injected with RhoARhoGDI that had been exchanged to GH¥0% GTB; or (C) exchanged to GDP. The injected cells are indicated

by arrows. Note that cells injected with GTP-Rh&RhoGDI have considerably more stress fibers and focal adhesions than the
surrounding cells, whereas the cells injected with GDP-bound complex have similar numbers of both features.

and manipulation of prenylated RhoA. Without association with shuttle vectors YEplac18I1LEU2) and YEplac195URA3J) (Gietz
RhoGDI, handling prenylated RhoA is difficult due to solubility & Sugino, 1988. In addition, the 3 half of the yeasPMA1 gene
problems, nucleotide loss, and hydrolysis, and relatively low yieldsncluding its transcription termination signal was inserted between
obtained from membrane fractions of eukaryotic expression sysBanH| and Xba (Nakamoto et al., 1991 The PMA1 segment
tems. For this reason, much of the experimental work to date hamcluded axXhd site that was created by ligation of a linker in the
been conducted with RhoA overexpressed in prokaryotic expresSal site 260 bases upstream of tRMALtermination codon. This
sion systems, which lack the ability to carry out the post-translationatreated plasmid YEpREAL /tpmat-

modifications. Although these systems provide high yields of sol-

uble protein, the lack of prenylation required for membrane transgypression of human RhoA and RhoGDI cDNA

location and functionality limits their use in signal transduction

studies. GTP-RhoARhoGDI was capable of activating RhoA The RhoA cDNA in anE. coli expression plasmid, generously
pathways when introduced into mammalian systems, whereas GDProvided by Dr. Alan Hall of the Institute of Cancer Research,
RhoA/RhoGDI was not, confirming that dissociation and trans- London, contained the Phe25 to Ash mutatidtaterson et al.,
location of RhoA and subsequent activation of downstream effectord 990, which we restored to the wild-type sequence by site-
is dependent on GTP binding. The nucleoti@& P replacing GDP directed mutagenesis. A cDNA clone of human RhoGDI was gen-
exchanged complex provides a novel method for introducing GTFerously provided by Dr. Gary Bokoch of Scripps Instituan
loaded, post-translationally modified RhoA into mammalian syS_Diego, California. Modifications to the ends of the open reading
tems at high concentrations in a soluble form, overcoming thdrames of both cDNA were introduced on oligonucleotide primers
difficulties of introducing the hydrophobic, free prenylated RhoA, that were used in PCR amplificatiofilullis et al., 1994 with Pfu
that has higher GTP hydrolytic activity, or the unmodified RhoA, PolymerasgStratagene, Ja Jolla, Californido facilitate switch-
that requires in situ prenylation for activity. The nucleotide is iNg the amino-terminal affinity tags, aad restriction site was

easily exchanged in vitro, while the complex remains intact and@dded just prior to the second codon of RhoA and RhoGDI. For
RhoGDI renders the nucleotide state stable. this PCR amplification, the 'Soligonucleotide primer contained

theEad site and the overlap sequence of the cDNA. Therémer

was extended to incorporateXdd site downstream of the termi-
nation codon and &ad site for cloning. The PCR products were
digested withSad and Eadg and ligated into pBluescript [IK&t)
(Stratageng In all cases, the sequences of the entire DNA inserts
The Gall-10promoter region(Johnston & Davis, 1984was in-  were confirmed by automated DNA sequencing of both strands
serted between thEcoRl and BanHI sites of the yeast 2um performed at the University of Virginia Biomolecular Core Facility.

Materials and methods

Construction of the YEpR,/trma1 €Xpression vector
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For optimized expression in yeast, we used the sequences infhe suspension was subjected to two passes through a cooled
mediately upstream of the initiation codon and the first five codonsFrench press cell at 25,000 psi. After a 5-min centrifugation at
from the highly expressed yeaBMAL gene. This sequence was 13,0009 at 4°C, the supernatant was subjected to a 60 min cen-
immediately followed by the Hisor FLAG affinity tags and the trifugation at 240,00Q at 4°C. The supernataritytosolic frac-

Ead site. TheEad site added Arg-Pro between the tags and RhoAtion) was kept for isolation of the Rho/RhoGDI complex. The

or RhoGDI. These sequences were added by ligation of doublepellets were resuspended in Buffer A-a mg of proteirfmL and
stranded oligonucleotide cassettes betweenBieH| and Ead stored at—80°C.

sites in the RhoA or RhoGDI pBluescript clones described in the

previous paragraph. ThBanmH| and Xhd expression insert was
isolated and ligated into YERRL/tpmar-

When a protease site was desired for removal of the affinityPurification of Hig-RhoA/FLAG-RhoGDI or FLAG-RhoA/Hisg-
tags, the recognition sequence for the rTEV protdaS¥DIPTT RhoGDI followed the same procedure of passing the yeast cyto-
ENLYFQG-; GIBCO-BRL, Rockville, Marylanf was added to solic fraction over a metal chelate column followed by passage
the RhoA and RhoGDI cassettes,d the Ead site, by PCR with  over the anti-FLAG antibody colum(Fig. 1).

Purification of RhoARhoGDI complex

extended primers. Ten milliliters of Talon Metal Affinity resin(Clonetech, Palo
Complete DNA sequences and restriction maps are availabldlto, California), pre-equilibrated with Buffer A, was incubated
from the authors upon request. with the cytosolic fraction at room temperature for 30 min with

gentle agitation. After packing in a column, the resin was washed
with 10 bed volumes of Buffer A followed by 2 volumes of Buffer

A plus 5 mM imidazole. Bound protein was eluted with Buffer A
containing 100 mM imidazole. The fractions with the highest
Yeast strain SYIMATa, ura3-52 leu2—-3,112his4—619sec6—4  amounts of protein were pooled and the buffer adjusted to 50 mm
GAL; Nakamoto et al., 1991was transformed to leucine afat Tris-HCI, 150 mM NaCl, 5 mM Mgd], pH 7.4(M2 buffer). The
uracil independence with the desired expression plasmid by thprotein suspension was passed over a 7.5 mL anti-FLAG M2 mono-
lithium acetate metho@to et al., 1983 and grown on minimal SC  clonal antibody resin colum(Sigma Chemicals, St. Louis, Mis-
medium without leucine an@r uracil (Sherman, 1991 Two per-  sour), which was pre-equilibrated in M2 buffer. After washing
cent glucose or raffinose was used as the carbon source to represgh 10 bed volumes of M2 buffer, bound protein was eluted with
expression of the plasmid-borne RhoA and RhoGDI cDNA underM2 buffer plus 0.1 mgmL FLAG peptide (sequence DYKD-
control of theGALL1 promoter. Expression of RhoGDI is toxic in DDDK). Fractions containing complex were pooled and concen-
yeast(Masuda et al., 1994and yeast transformed with YEgR - trated in a 15 mL Amicon CentriplueMWCO 10 concentrator
RhoGDI-tppa1, With or without YEpR AL -RhOA-to\a1, did not (Millipore, Bedford, Massachusejts/NVhen the affinity tags were
form colonies on a galactose plate. In contrast, yeast transformemoved from a preparation of complex, 150 units of rTEV pro-
with the RhoA expression plasmid formed colonies on galactoséease(GIBCO-BRL, Gaithersburg, Marylandvas added and in-
medium although expression of the constitutively active Gly14 tocubated fo 4 h atroom temperature. After proteolysis, the protein
Val mutant (G14V) RhoA grew poorly(data not shown The  was passed over the metal chelate column to separate purified
toxicity of RhoGDI probably explains the slightly lower total yields complex from uncleaved material and rTEV protease, which also
of RhoA when co-expressed with RhoGDI than when expressedontained a Histag.

alone.

For production of recombinant protein, a 50 mL 2% glucose SC
medium culture was used to inoculate two 1 L cultures of 2%
raffinose SC medium, which in turn were used to inoculate 15 L of
the same medium. At optical density @a,m= 0.8-1.0, galactose RhoA was expressed without RhoGDI to obtain primarily unpre-
was added to 2% final concentration to induce expression. After 8 mylated protein from the cytosolic fraction. This expression was
the cells were harvested by centrifugation, resuspended in 4 mL afimilar to that done in SF9 cellMizuno et al., 1991; Gong et al.,

10 mM sodium azide per gram of cells, and stored 80°C. Sixty- 1996. Wild-type and FLAG-G14V-RhoA were purified from the
five to 80 g wet weight cell pellets were routinely obtained. yeast cytosolic fraction using the appropriate affinity chromatog-
raphy as described above. SDS-PAGE analysis showed that no
detectable endogenous yeast RhoGDI was associated with this
RhoA.

Cell suspensions from an 18 L culture were thawed at room tem-

perature and added to an equal volume of 0.¢'mg of activated
Zymolyase 20T(ICN Biochemicals, Costa Mesa, Califorpian
2.8 M sorbitol, 0.1 M potassium phosphate, 0.1a@vmercapto-
ethanol, and 10 mM sodium azide at pH 7.4. The suspension wabwenty-five grams of tissue were homogenized in 100 mL of a
incubated at room temperature for 45 min with gentle shaking. Théuffer containing 50 mM Tris-HCI, 50 mM NaCl, 5 mM Mgg&l
cells were sedimented at 2,8@0at 4°C for 10 min, and resus- 10% glycerol, pH 8.0, and a protease inhibitor cocktail, consisting
pended in the same volume in 25 mM Tris-HCI, 100 mM NaCl, of 2 ug/mL leupeptin, 4uM pepstatin, 0.1 mM phenylmethylsul-

5 mM MgCl, at pH 8.0(Buffer A) plus 10% glycerol. A protease fonyl fluoride, 2 ug/mL aprotinin, and 4Qug/mL benzamidine.
cocktail was added consisting ofig/mL leupeptin, 2uM pep- The cytosolic fraction was isolated by differential centrifugation
statin, 2 ug/mL aprotinin, 40ug/mL benzamidine, and 1 mM and dialyzed against Low Salt Buffé25 mM Tris-HCl and 5 mM
freshly diluted diisopropy! fluorophosphatfnal concentrations MgCl,, pH 8.0. The dialysate was passed over a DEAE Sephacel

Growth and expression of prenylated human RhoA
and RhoGDI in yeast

Purification of human free RhoA from the yeast
cytosolic fraction

Fractionation of yeast

Partial purification of native RhoARhoGDI complex
from rabbit ileum
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(Amersham Pharmacia Biotech, Piscataway, New Jg¢rs@ymn by the addition of MgG] to 13 mM final concentration. The sam-
(20 mL bed volumgequilibrated with Low Salt Buffer and eluted ples were passed over a desalting column equilibrated with Buffer
with a linear NaCl gradient upotl M in the same buffer. The A to remove unbound nucleotides and concentrated in a 3.5 mL
RhoA-containing fractions were pooled, dialyzed against Low SaltPalfiltron MWCO 10 concentrator. Bound nucleotide was deter-
Buffer, and the sample passed over a Waters Q8HR strong aniamined as described in Materials and methods. No nucleotide was
exchange colum(B8 mL bed volumgand again eluted with a NaCl detected in the concentrator filtrate, indicating that all measured
gradient. The RhoA-containing fractions were pooled, concennucleotide was bound to RhoA. Circles: exchange in the presence
trated to less than 1 mL, and the sample passed over a Superdex-@G6EDTA. Inverted triangles: exchange in the absence of EDTA.
Hi-Load 16/60 size exclusion columfAmersham Pharmacia Bio-

tech. Fractions containing RhoA and RhoGDI were pooled and

concentrated. The complex was approximately 5-10% of total proG TP hydrolysis

tein as estimated from Coomassie stained gels, protein assay, agfchange of GTP into RhoARhoGDI complex and removal of

quantitative immunoblots. free GTP were performed as described above using 2.5 mM GTP
) o incubated with 5QuM protein far 3 h at 22°C. After exchanging
Protein determinations to Buffer A (containing 5 mM MgCJ which stops the exchange of

Protein concentrations were determined using the Biokstcu-  hucleotide, the GTP-loaded complex was incubated at@2ali-

les, California Protein Assay with bovine serum albumin as a duots taken at specified time points, and the reaction quenched and
standard. Fifteen percent or 4—20% acrylamide SDS-PAGE wathe protein precipitated by addition of perchloric acid. Nucleotide
performed as previously describé@ong et al., 1997b For im- ~ bound was determined as described above.

munoblot analysis, an anti-RhoA mouse monoclonal (@anta
Cruz 26-C4, Santa Cruz Biotech, Santa Cruz, Califgroiaan - .
anti-RhoGDI rabbit polyclonal IgGSanta Cruz A-2pwere used. Stability of GDP bound to FL AG-Rholiss-RhoGDI
Immunoreactivity was visualized with a peroxidase-conjugated goathe amount of GDP bound to RhgRhoGDI complex was de-
anti-mouse(Goldmark Biologicals, Phillipsburg, New Jerseyr termined by incubating 10QM of complex at 22C in Buffer A.
donkey anti-rabbi(Amersham Pharmacia Bioteckecondary anti- At 24 h intervals, 20uL aliquots were taken and diluted into
body, respectively. For RhoA or RhoGDI immunoblot quantifica- 400 uL of the same buffer. The sample was concentrated in a
tion, internal standards were created on the gels by running &00 uL Microcon (Millipore) MWCO 10 concentratofwhich ef-
titration of known amounts of purified RhoA or RhoGDI on the fectively removes free nucleotifleand the amount of nucleotide
same gels. The amount of protein in the samples was quantifieend protein were determined as described above.

by comparing densitometry values to the standards; 47,750 DA

(23,060 DA for FLAG-RhoA and 24,690 DA for HjsRhoGDI)

was used as the molecular weight for the complex to calculatd"anslocation of RhoA from RhoGDI to liposomes

molar concentrations. FLAG-RhoA/Hiss-RhoGDI complex0.5 ug) was incubated with
) ) ) 100 M final concentration of GT#S or GDP in Buffer A, with
ADP-ribosylation of RhoA proteins or without 10 mM EDTA in a reaction volume of 4L for 2 h at

ADP-ribosylation of the RhoARhoGDI complex was carried out 22°C. In conditions with fluoroaluminate, the complex was incu-
as previously describeSong et al., 1996 A volume of protein bated in the same buffer with or without EDTA or added nucleo-
sample containing 100 ng of RhoA was incubated wiginglof C3  tides, and with 60uM AICI;5 plus 25 mM NaF for 2 h. One
exoenzyme fronC. botulinumand 100uM [32P]NAD * (25 uCi hundred micrograms of purified liposomes made from purified
from Amersham Pharmacia Biotecfor 30 min at room temper-  E- colilipids (Perozo et al., 1998vere added and incubated for an
ature. The protein associated radioactivity was determined by ligadditional 30 min. The samples were then centrifuged at 29@000

uid scintillation counting to quantify the ribosylation reaction. ~ for 30 min at #C to pellet the liposomes. The pellets were washed
twice with Buffer A, resuspended in 1Q€ of SDS sample buffer,

Determination of bound nucleotide separated by 15% acrylamide SDS-PAGE, and the proteins de-

) o ) tected by immunoblot for RhoA and RhoGDI.
Fifteen microliters of protein sample was added to ZL50f 1%

perchloric acid followed by 7.L of 0.28 M sodium acetate to
precipitate the protein and release the nucleotide. After addindvicroinjection of complex into Swiss 3T3 cells

30 uL of 1.4 M ammonium phosphate, pH 4.0, the sample WaSGTP-exchanged FLAG-Rho/Hise-RhoGDI or GDP-FLAG-RhoA

;egglfuLgZ(Iji To%\(/)v%@ref?crjgnm:g datb4 %olefr:?:esdengféz(;?]dg\slér a Hise-RhoGDI (1.2 mg/mL) along with Texas Red dextran marker
K d y 1Sopy P (Molecular Probes, Eugene, Oregovere injected into Swiss 3T3

Waters(Milford, Massachuseti8PSAX-1Q« column equilibrated ells (10% cell volume as previously describetNobes & Hall,

: - c
with 0'7. M ammonium phosph_ate, pH_4.0. The amounts of each.[995. After 1 h, the cells were fixed in 3% paraformaldehyde in
nucleotide were quantified by integration of the peaks and com-

. phosphate-buffered salif®BS for 30 min at room temperature,
E;T,?gnto standards of GDP, GTP, and G/Beluted from the same washed, permeabilized with 0.5% Triton X-100 in PBS for 2 min,

and washed again. The cells were then incubated with mouse anti-
vinculin 1gG (Sigma followed by TRITC-conjugated goat anti-
mouse secondary antibodackson ImmunoResearch, West Grove,
Complex was exchanged with 1 mM G¥8® final concentration. Pennsylvania for staining of focal adhesions, or with FITC-
Aliquots were taken at the specified times and the reaction stoppedonjugated phallicidinMolecular Probesfor staining of stress

Exchange of GTP or GT¥S into complex
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fibers. After washing and drying, the cells were observed in a Zeiss regulation of G-protein-mediated €asensitization in smooth musclelol

; ; Biol Cell 8:279-286.

AX|opan fluorescence microscope. Gong MC, lizuka K, Nixon G, Browne JP, Hall A, Eccleston JF, Sugai M,
Kobayashi S, Somlyo AV, Somlyo AP. 1996. Role of guanine nucleotide-
binding proteins—ras-family or trimeric proteins or both—in?Casensi-
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