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ABSTRACT. The small GTP-binding protein RhoA becomes inactivated by hydrolyzing bound GTP to
GDP through its intrinsic GTPase activity which is further stimulated by a family of Rho GTPase-activating
proteins (GAPs). Here we have compared the kinetics of interaction between recombinant RhoA and the
RhoGAP domains of p190, p50RhoGAP, Bcr, and 3BP-1. The intrinsic rate of GTP hydrolysis by RhoA
is relatively slow when compared to other Rho-family GTPases such as Cdc42 or Racl with a rate constant
of 0.022 mirr?, which can be further stimulated at least 4000-fold by p190 or p50RhoGAP. The RhoGAP
domains of Bcr and 3BP-1, which were thought to be inactive toward RhoA, are also found capable of
stimulating the GTPase activity of RhoA in a dose-dependent manner. The supreme catalytic activities
of p190 and p50RhoGAP toward RhoA reside mostly in their loWgrvalues (1.79 and 2.88M,
respectively) which correlate well with their binding affinity for GMP-PNP-bound RhoA (2.18 and 2.47
UM, respectively), in contrast with Bcr and 3BP-1 which interact with the activated RhoA with much
higherKm, (89 uM). However, the mechanisms of catalysis by p190 and p50RhoGAP are distinct in at
least three aspects: (1) p5SORhoGAP displays an effect of product inhibition by binding to the GDP-
bound form of RhoA with &y of 6 M in comparison with théy for p190 of 33uM; (2) the Ky, of p190
increases drastically upon the increase of salt and™Mgncentrations, conditions under which only
modest changes &, for pSORhoGAP are observed; and (3) p5SORhoGAP remains partially active toward
the effector domain mutants of RhoA, Y34K, and T37A, whereas p190 is completely inactive toward
Y34K and T37A. These results suggest that there exists a unique mechanism of functional interaction
between RhoA and individual RhoGAP which involves distinct structural determinants of the small
G-protein to cause the apparent differences in kinetic properties.

Members of the mammalian Rho GTPase family, including small GTP-binding proteins, RhoA cycles between the GTP-
RhoA, Racl, and Cdc42, appear to play key roles in bound active and the GDP-bound inactive states and becomes
controlling cell actin-cytoskeleton organization, gene tran- inactivated due to its intrinsic GTPase activity which is
scription, and cell proliferationl(-3). RhoA, in particular, further stimulated by the GTPase-activating proteins (GAPS)
has been shown to regulate the actin-dependent processed5). The GAPs specific for Rho-family GTPases include
such as platelet aggregatiofl),(lymphocyte adhesiorbj, over 10 mammalian proteins, many of which are large
cell motility (6, 7), and cytokinesisg). Microinjection of multifunctional signal transducers with a potential to serve
activated RhoA into fibroblast cells causes rapid formation as either negative regulators or downstream targets of Rho
of actin stress fibers and focal adhesions while inactivation GTPases through their ability to interact with specific Rho
of RhoA leads to reversion of these effec®, (indicating proteins and with additional cytosolic factors. They all share
that RhoA mediates the signal flow linking extracellular a homologous RhoGAP domain spannig00 amino acids
stimuli to reorganization of the actin cytoskeleton. Evidence responsible for the GAP activityL§, 17). Recently available
implicating RhoA as a regulator of cell growth control and crystallography data of GAP domains of the p85 regulatory
gene activation includes that a number of Rho-specific subunit of PI3-kinasel@) and p5SORhoGAP19) indicate
guanine exchange factors are potent oncogene prodidis (  that this domain adopts a highly conserved three-dimensional
that RhoA apparently is required for Ras-induced transfor- folding and suggest that a similar mechanism may be at work
mation (L1, 12) and is capable of activating serum response for RhoGAPs to utilize a few charged residues exposed at a
factors (L3), and that microinjection of the active form of putative G-protein-bindingi-helical pocket to catalyze the
RhoA into fibroblasts stimulates DNA synthesis4. GTPase activity of Rho proteins.

It is becoming clear that the biochemical activity of RhoA  To examine the mechanism of regulation of RhoA by
is highly regulated in these biological processes. Like other RhoGAPs, we set out in the present study to derive kinetic
parameters involved in the interaction between RhoA and
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GAP domains of four mammalian GAPs: the RasGAP- 410 of the native proteins, respectively, were also expressed
binding phosphoprotein p190, which is a Rho-specific GAP in E. coli using the pGEX system28). Production and
(20, 21); the p50RhoGAP (also known as Cdc42GAP), which purification of the GST fusions fronk. coli were carried
contains a rather broad spectrum of GAP activity for Rho- out as described by glutathione affinity chromotograptig.(
family GTPases but seems more active toward Cd@2 (  All proteins prepared for measurements were subjected to
23); the breakpoint cluster region gene product (Bcr), which sodium dodecyl sulfatepolyacrylamide gel electrophoresis
was shown to be a Rac-specific downregulagiy, 4); and and coomassie-blue staining analysis, and the contents of
the Abl-SH3 domain-binding protein 3BP-1, which represents each were judged at least 90% pure. Since it has been found
a GAP activity primarily toward Rac and Cdc425j. The that the GST moiety attached to the GAP domains does not
aim is to directly compare the kinetics of the GAP reactions affect on the catalytic efficiencies of the GAP28], all
of RhoA to provide clues to where some of the apparent kinetic measurements performed in this study utilized the
specificities of the interaction may arise and to reveal unique intact GSTF-GAP fusions. If necessary, the (Highoiety
mechanisms involved. Based upon a spectroscopic methodf the small G-protein fusions was cleaved by thrombin
developed by Webb2g), we were able to monitor the digestion followed by incubation with-aminobenzamidine
continuous release of-P from RhoA-GTP using a P immobilized on agarose beads (Sigma) to remove the
specific phosphorylase and to follow the proceedings of GTP thrombin @9). Concentrations of the recombinant GST
hydrolysis under single-turnover conditions. We found that GAPs were determined using the BCA protein assay reagents
while the RhoGAP domains of p190 and p50RhoGAP from Pierce with bovine serum albumin (BSA) as a standard,
contain comparable catalytic activity toward RhoA, Bcr, and and the effective concentration of RhoA was measured using
3BP-1, which were thought to be inactive toward Rh@A4, ( the MESG/phosphorylase system under single-turnover
25), are also capable of stimulating the GTPase activity of conditions as described below.
RhoA in a dose-dependent manner. The supreme catalytic GTPase Actiity Assays. The radioactive filter-binding
activities of p190 and p50RhoGAP toward RhoA reside assay measuring the retention gf¥P]GTP-bound RhoA
mostly in their lowerKy, values which correlate well with  was carried out as described7]. Briefly, recombinant
their binding affinities for GMP-PNP-bound RhoA. More- RhoA was preloaded withy[32P]GTP (104Ci, 6000Ci/
over, our results suggest that the distinctive mechanisms ofmmol, NEN) in a 10Q:L buffer containing 50 mM HEPES,
interaction between p190 and RhoA and between pSORhoGAPpH 7.6, 0.2 mg/mL BSA, and 0.5 mM EDTA for 10 min at
and RhoA displayed by the diverse properties of product ambient temperature before the addition of Mgila final
(Rho-GDP) inhibition and sensitivity to salt may be attributed concentration of 5 mM. An aliquot of the*?P]GTP-loaded
to different structural requirements of RhoA GTPase involved RhoA was mixed with a reaction buffer containing 50 mM
in the respective interactions. We conclude that there existsHEPES, pH 7.6, 0.2 mg/mL BSA, and 10 mM Mg@i the
a unigue mechanism for each specific interaction betweenpresence or absence of GAP. At different time points, the
RhoA and a RhoGAP. reaction was terminated by filtering the reaction mixture
through nitrocellulose filters followed by washing with 10
EXPERIMENTAL PROCEDURES mL of ice-cold buffer containing 50 mM HEPES, pH 7.6,
Materials. Guanylyl imidodiphosphate (GMP-PNP) was and 10 mM MgC}. The radioactivity retained on the filters
from Boehringer-Manheim. y£32P]GTP (6000 Ci/mmol)  was then subjected to quantitation by scintillation counting.
was obtained from NEN-DuPont. GDP, GTP, bacterial In the competition assays to determine the binding affinity
purine nucleoside phosphorylase, and the ingredients toof GAP domains to RhoA, GSTGAP domains at the
synthesize the phosphorylase substrate, 2-amino-6-mercaptoindicated concentrations together with the indicated amount
7-methylpurine ribonucleoside (MESG), were purchased of RhoA preloaded with GMP-PNP or GDP were present in
from Sigma. MESG was synthesized following the pub- the reaction mixture in addition to the components described
lished protocol 26) and was stored in a lyophilized form at  above and 20 nM RhoAyf3?P]GTP, and the reactions were
—20°C. The absorbance response of MESG at 360 nm for terminated aftea 5 min incubation at 20C.
measuring a range of Boncentrations from 1 to 80M in The MESG/phosphorylase system monitorjnf, release
a phosphate buffer (pH 7.6) was calibrated by using the from RhoA-GTP was based on the method described by
coupling reaction of purine nucleoside phosphoryld&. ( Webb and Hunter30) and has been applied to the measure-
Expression and Purification of Recombinant Proteins. ment of GTPase activity of the Rho-family small GTPase
Human RhoA protein was expressedbn coli as (His}- Cdc42 @8). Briefly, a 0.8 mL solution containing 50 mM
tagged fusion by using the pET expression system (Novagen)HEPES, pH 7.6, 0.1 mM EDTA, 0.2 mM MESG, 10 units
Briefly, the cDNA encoding RhoA was cloned into pET28a of purine nucleoside phosphorylase, 200 GTP, and the
vector at the in-fram&anHI—EcadRl sites, and the resulting  indicated amount of recombinant RhoA was mixed in a 4
construct was transformed into competent BL21 cells. The mm width, 10 mm path length cuvette, and the time courses
induction and purification of (Hig)tagged RhoA by isopro-  of the absorbance change at 360 nm were recorded. Single-
pyl B-thiogalactopyranoside and Nicharged agarose beads turnover GTPase reactions were initiated by the addition of
were carried out following the instructions provided by MgCI; to a final concentration of 5 mM. For measurement
Novagen. Mutant cDNAs of RhoA were generated by of GAP-catalyzed reactions,~%0 uL of stock solution
polymerase chain reactions as describ2d),(and were containing the indicated amount of GAP was added together
cloned into the pGEX-KG vector to be expressed as with MgCl; to the reaction mixtures. Control experiment
glutathioneStransferase (GST) fusions. The GAP domains in which RhoA was left out was carried out to provide a
of p190, p50RhoGAP, Bcr, and 3BP-1, which contain amino background of absorbance in each independent measurement
acid residues 12491513, 205-439, 1016-1271, and 185 to be subtracted from the sample signals. The concentration
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of B in the reaction solution is proportional to the net 10
absorbance change by a factor of extinction coefficiggt 2
am = 11000 M1 cm™! at pH 7.6 80), and was used to o . §
determine the concentration of RhoA after one round of £ S
single-turnover reaction. Because the phosphorylase cou- g ]
pling reaction is extremely fast with a rate constant of 40 < Ll g &
s1 (26), the slope of the absorbance in the time course is & | 3
treated as proportional to the rate of the GTPase activity of % °
RhoA: Y % 4 3
rate of RhoA-GTP hydrolysis: 2 oz
Uesgy qmx AACmM *min tM™* 3 2 »
Data Analysis. Kinetic data were analyzed by nonlinear 0 . - : . 0
regression with the program Enzfitter (Elsevier Biosoft) as o 10 20 30 40 50
described Z8). The rate constantk() of intrinsic GTP Time (min)

hydrolysis by RhoA was determined by fitting data obtained
by the MESG system or by filter-binding assay to a single-

Ficure 1: Comparison of the time courses for single-turnover GTP
hydrolysis by RhoA measured by the MESG system and by

exponential function. Since the amount of RhoA presentin yagioactive fiter binding assay. Recombinant RhoA (7.8 op@f)
the GAP reaction is in great excess of GAPs, a modified was preloaded with GTP opf32P]GTP at 2(°C and stabilized in
Michaelis—-Menten equation was used to derive kinetic 5 mM MgCl; at time 0. The GTPase reactions were conducted at

parameters assuming GAP is acting as the enzyme catalys

RhoA-GTP as the substrate, and RhoA-GDP andsPthe
products:
Vy = €V IRN0A]/(K,, + [RhOA]y) + eK [RhoA], (1)

whereV, is the initial rate of hydrolysis is the extinction

t20 °C under conditions described under Experimental Procedures,

and the absorbance change at 360 nm wavelength or the retention
of [y-32P]GTP bound to RhoA was recorded. Data were best fitted
into a single exponential to derive the intrinsic rate constant of
RhoA.

ylase assay (Figure 1). In the former assay, th&#P]GTP
remaining bound to RhoA was quantitated at discontinuous

coefficient at 360 nm for the phosphorylase reaction product, time points, while the latter assay monitored the absorbance

[RhoA], is the total RhoA concentratiork, is the rate
constant of intrinsic GTPase activity, and the tetgRhoA],

is a correction for the rate of intrinsic GTP hydrolysis by
RhoA. Kca is derived byVma/[GAP)]o with [GAP), repre-
senting total GAP concentration.

To determine the affinity of GAPs to RhoA, the competi-
tion assay involving RhoAsy-3?P]GTP, GSTGAP, and
competitor C (GMP-PNP- or GDP-bound RhoA) was
described by two simultaneous reactions:

GAP + [y-*P]GTP-RhoA=
[y->°P]GTP-RhoAGAP =
GAP + RhoA-GDP+ [y-*P]P

and
GAP + C= GAP-C; with K, = [GAP][CI/[GAP—C]

and the dissociation constantsgf were derived by fitting

trace at 360 nm wavelength continuously, which refleeB
release from RhoA-GTP by the phosphorylase coupling
reaction with MESG as a substrate. The time courses of
RhoA GTPase reaction at 2C measured by the two assays
showed excellent agreement, and fittings of the data to a
single-exponential function yielded an identical intrinsic rate
constant Kc) of 0.022 min* (Table 1) which is over 3-fold
slower than Cdc42 measured under similar conditi@&}. (
These results also further ensure that the MESG/phos-
phorylase assay is a reliable method for the measurement of
the GTPase activity of RhoA.

Figure 2A shows the absorbance traces for three different
reactions with the same amount of RhoA but by addition of
different amounts of p190GAP to initiate the reaction. The
initial rates of the reactions were linear with p190GAP
concentrations up to 80 nM (Figure 2A, insert), which
provide the window for determination of p190GAP-catalyzed
reaction kinetics. Similarly, the initial rates of pP50RhoGAP-
stimulated GTPase reaction of RhoA were also found to be

data to the following derived equation under the conditions linear with pPSORhoGAP concentration up to 80 nM (Figure
that the concentration of RhoA-*P]JGTP (20 nM) is orders 2B, insert). Interestingly, the kinetic traces of the
of magnitude smaller than the total concentration of competi- p50RhoGAP-catalyzed reaction displayed an early plateau
tor [C]o and reactiorky value: phase at higher concentrations of p5S0RhoGAP (Figure 2B)
which was not detected in the case for p190GAP. This
observation is consistent with the later finding of the unique
property of product inhibition for p5O0RhoGAP-catalyzed
reaction.
RESULTS As a comparison with p190GAP and p5S0RhoGAP, we also
Stimulation of the Intrinsic GTPase Aty of RhoA by examined the GAP domains of Bcr and 3BP-1, two of the
GAPs. To determine the rate of intrinsic GTP hydrolysis RhoGAP family members which previously have been shown
by RhoA, the time courses of GTPase reaction of RhoA to be inactive toward RhoA2¢, 25, 31), for their ability to
under single-turnover conditions were monitored by both the interact with RhoA. To our surprise, both Bcr and 3BP-1
[y-*?P]GTP filter-binding assay and the MESG/phosphor- demonstrated dose-dependent activities to stimylet&®|GTP

inhibition of GAP-catalyzed GTP hydrolysis %
1- KKy +[Clo) (2)
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Table 1: Kinetic Parameters of RhoA GTPase Regulated by GAPs under Single-Turnover Cohditions

GAP K&(min™) Vimax (uM/min) Kear(Min™?) Km («M) KealKm (Min™t uM 1)
- 0.022+ 0.008 - - - -
p190 3.514+ 0.06 96.6+ 1.8 1.79+£0.14 54.0+£ 0.9
p50RhoGAP 2.98 0.06 59.6+ 1.2 2.83£0.16 21.0+ 0.6
Ber 4,93+ 0.43 79.5+ 7.0 89.4+ 10.5 0.9+ 0.1
3BP-1 3.3 1.0 11.8+ 35 89.74+ 33.9 0.1+ 0.04

2 The Vmax andK, values were from nonlinear regression analysis using the modified Michdéddiaten equation (eq 1) as shown in Figure 4,
and Kca and Keaf K were derived thereon. Data were obtained by the MESG method unless otherwise indicated. GAP reactions were performed
under single-turnover conditions as described under Experimental Procedures with GAP domains of 35 nM for p190GAP, 50 nM for p50RhoGAP,
62 nM for Bcr, or 286 nM for 3BP-1 in a buffer containing 50 mM HEPES, pH 7.6, 5 mM MgZR mM MESG, 10 units/mL purine nucleotide
phosphorylase, and 2QM GTP. The concentrations of GAPs are within the linear range of absorbance change for GAP-stimulated RhoA-GTP
hydrolysis. Results are representative of at least two independent measurérRamésconstant for intrinsic GTP hydrolysis by RhoA determined
by the MESG/Prelease assay. The value 6 determined by the filter binding assay was 0.622.001 mir?.

A concentration of GAP, as shown for the case of p190GAP
in Figure 4A. Since the amount of RhoA is in large excess
of GAPs, the reaction can be treated by Michaehgenten
kinetics with the adjustment for the intrinsic rate of GTP
hydrolysis by RhoA (eq 1 of the Experimental Procedures).
Fitting of the data obtained for p190GAP, p5S0RhoGAP, Bcr,
and 3BP-1 yielded a range &f, and V.« values (Figure
4B, Table 1). While both p190GAP and p50RhoGAP gave
similar Kn, values at 1.792.83uM, Bcr and 3BP-1 shared

a Kn value of 89uM which is over an order of magnitude
larger. TheKyvalues were further derived frolax (Table

I | 1) assuming that all GAPs present were active, although this
. : . . = may lead to an underestimation if a fraction of the GAP was
° 5 10 15 20 25 30 rendered inactive during the preparation procedures. The
differences inKq Of various GAPs are less dramatic than
B in Kn, particularly when considering that Bcr, a rather weak
GAP for RhoA, presented a simil#t, value as p190GAP
and p5S0RhoGAP. To rule out the possibility that the amino-
terminal (Hisy-tag in the small GTPase might influence the
intrinsic or GAP-mediated GTPase reaction, additional
experiments were carried out with (Higag-cleaved RhoA
protein. Essentially identical results were obtained with the
tag-cleaved RhoA in both cases of the intrind{g Yalue at
0.0224- 0.006 min't) and p50RhoGAP-catalyzeH.{ value

at 3.014 0.41uM and K., at 54.04+ 2.0 mirr?!) reactions,
indicating that the amino portion of the fusion in RhoA does
not interfere with the RhoAGAP interaction. Overall, the
catalytic efficienciesKca/Knm) of these GAP domains are in
the order of p190GAP- p50RhoGAP> Bcr > 3BP-1, and

. o stimulati t the GTP ity of RhoA b the difference irk,, seems to be a major factor for the varied
ro0GAD aﬁgrggggﬁgz O the STF i aotivity of Rhoa ¢, ability of the GAPS to stimulate GTP hydrolysis of RhoA.

Time courses ofy P, release from RhoA-GTP (5.72M) in the RhoA Binding to GAPsThe affinity of RhoA binding to
presence of different doses of p190GAP. (B) Time courses of GTP GAPs at steady state was investigated by measuring the

Absorbance Change (360 nm) (10-2)

Time (min)

Absorbance Change (360 nm) (1072)

e

0 5 1¢ 15 20 25 30

Time (min)

hydrolysis by RhoA (5.72«M) stimulated by different doses of

p50RhoGAP. The reactions were initiated by adding the respective

GAPs at the indicated concentrations together with 5 mM MgCl
Inserts: initial rates of frelease from RhoA-GTP as a function of
the GAP concentrations fitted into a linear equation.

ability of GMP-PNP (a nonhydrolyzable GTP analogue)
bound RhoA to inhibit competitively the GAP-stimulated
hydrolysis of [-3?P]GTP-bound RhoA (Figure 5). The

concentration range in which RhoA-GMP-PNP inhibits GAP-

hydrolysis by RhoA (Figure 3A,B), albeit they occurred in mediated GTP hydrolysis is an indication of its affinitJ

the presence of much higher concentrations of the respectivdor GAP. By fitting the data to eq 2 described under
GAPs (in the micromolar range) than p190GAP or Experimental Procedures, we have determined that p190GAP
p50RhoGAP. We conclude that these two GAP domains bound to RhoA-GMP-PNP with &y of 2.18 uM and

are also capable of interacting with the GTP-bound RhoA p50RhoGAP bound with &4 of 2.47 uM whereas Bcr and

and possess weak GAP activity.
Kinetics of Interaction of RhoA-GTP with GAPsIo

3BP-1 bound with relatively low affinity of 21 and 1.6V,

respectively (Table 2). TheKy values of pl190 and

determine the kinetics of GAP-stimulated hydrolysis by p50RhoGAP compare well with th€, values obtained for

RhoA, the initial rate of Prelease by RhoA-GTP was

the GAPs (Tables 1 and 2), suggesting a rapid equilibrium

measured as a function of RhoA concentration at a fixed binding of these two GAPs to RhoA-GTP which is not a
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A

Bound [32P]GTP Remaining %

Absorbance Change (360 nm) (10-2)

0 T T T T T T
o 5 10 156 20 25 30 0
Time (min) 0 5 10 15 20
Time (min)
B
1005 B
3 o — 5
2 8o «
£ o
g c
§ s T
o 60 1 'E
& * g
& g
o m
. 40 . ﬁ
o o
: 2
2 20 1 g
L] [y
Q
2]
a
0 T L] T T ) 3
0 5 10 15 20 25 30 o
>
Time (min) 0 T . - .
Ficure 3: Dose-dependent activations of the GTPase activity of 0 10 20 30 40 50
RhoA by Bcr and 3BP-1. (A))}-32P]GTP-bound RhoA (100 nM) RhoAl uM
was assayed for the hydrolysis of GTP in the absence (open squares) [RhoA] 4

and presence of 0.44M (diamonds) or 2.6:M (closed squares)  Fgure 4: Determination of kinetic parameters of GAPs. (A)

Ber. (B) GTP hydrolysis of 100 nM RhoA was monitored over  apsorbance traces of different doses of RhoA in the presence of

time in the absence (open squares) or presence ofull9 30 nM p190GAP at 360 nm wavelength were monitored over time.
(diamonds) or 7.8M (closed squares) 3BP-1. Reaction conditions The reactions were carried out at 20 in a buffer containing 50

were as described under Experimental Procedures for filter binding mM HEPES, pH 7.6, 5 mM MgG) 200 uM GTP, 10 units/mL

assays. purine nucleoside phosphorylase, and 0.2 mM substrate MESG.
(B) Initial rate of GTP hydrolysis by RhoA as a function of RhoA
rate-limiting step in the GAP-catalyzed reactions. It has to concentration. 35 nM p190GAP (squares), 50 nM p50RhoGAP

be cautioned that the affinity between RhoA-GMP-PNP and (diamonds), 62 nM Bcr (triangles), or 287 nM 3BP-1 (circles) was

GAPs may be underestimated for the RhoA-GTP and GAP used in the measurements. The GAP-catalyzed GTPase rates were

. . . . "+ fitted to the modified Michealis-Menten equation (eq 1 described
interaction, since GMP-PNP was found to bind to Ras with nger Experimental Procedures) to yield #ig and V. values.

approximately 10-fold lower affinity relative to GTP;

therefore, RhoA-GMP-PNP may not truly represent the GTP-  The affinity of RhoA-GDP to various GAPs was also
bound state. Nonetheless, there is a correlation between theletermined by a similar assay (Figure 6A). While p190GAP,
catalytic efficiency KcafKm) and the binding affinity of the  Bcr, and 3BP-1 bound to RhoA-GDP withkg larger than
GAPs to RhoA, similar to the case of Cdc4B), suggesting 30 uM, p50RhoGAP was able to bind with relatively high
that tight binding of a GAP domain contributes to the affinity (Ky value of 6 uM) to RhoA-GDP (Table 2).
stabilization of a transition state of the small GTPase in Consistent with what we have observed in the time courses
facilitating GTP hydrolysis. of p50RhoGAP-catalyzed GTP hydrolysis of RhoA (Figure
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100 A
100

%

%

Inhibition
Inhibition

0 5 10 15 20 - r—"T""7"
0 5 10 15 20 25 30

[Rho-GMP-PNP] pM

Ficure 5: Binding of GAPs to the GMP-PNP-bound RhoA
measured by inhibition of GAP-stimulated RhoA-J2P]GTP
hydrolysis. 20 nM §-32P]GTP loaded RhoA together with 50 nM
p190GAP (squares), 77 nM p50RhoGAP (triangles), R Bcr
(open diamonds), or 48V 3BP-1 (filled diamonds) was incubated
in the assay buffer containing 50 mM HEPES, pH 7.6, 0.2 mg/mL
BSA, and 5 mM MgC} with increasing concentrations of GMP-
PNP-bound RhoA at 20C for 5 min before termination of the
reaction by filtration through nitrocellulose filters.

[RhoGDP] uM

Table 2: Affinity of GAPs for RhoA

Kg (M)

GAP GMP-PNP GDP
p190 2.18+0.08 33.2£ 0.5
p50RhoGAP 2.4% 0.41 6.15+ 0.10
p50RhoGAP 3.71+£0.35 8.36+ 0.80
Bcer 21.95+ 0.51 30.43+ 0.93
3BP-1 16.3+ 1.5 66.3+ 3.8

Bound [32P]GTP Remaining %

aThe dissociation constantKd{s) were derived by fitting the
competitive inhibition data shown in Figures 5 and 6 to eq 2. The
competition reactions were performed under conditions as described

in Figure 5 except in the case for p50RhoG#Pwhich an assay buffer 0 ! T T T

containing 50 mM HEPES, pH 7.6, 0.2 mg/mL BSA, 100 mM NaCl, 0 3 6 9 12 15
and 5 mM MgC} was used. Data are representative of results of two . .

independent experiments. Time (min)

o FiIGURE 6: Inhibition of the pP5S0RhoGAP-stimulated GTPase activity
2B), the effect of product (RhoA-GDP) inhibition for the ¢ Rhoa by RhoA-GDP. (A) Determination of the binding affinity

pSO0RhoGAP-catalyzed reaction was apparent when differentof GAPs to RhoA-GDP. 20 nMy[-32P]GTP-bound RhoA was
doses of RhoA-GDP at micromolar concentrations were incubated with 60 nM p190GAP (squares), 100 nM pS0RhoGAP
added to the GAP assay mixture containing3jP]GTP- (triangles), 1.e«M Bcr (open diamonds), or 7 4M 3BP-1 (filled

- diamonds) with increasing concentrations of RhoA-GDP at0
bound RhoA and p50RhoGAP (Figure 6B). Even atamore for 5 min. Reaction conditions were similar to those in Figure 5.

physiological salt concentration (100 mM NaCl), this effect () Time courses of intrinsic (squares) and p5SORhoGAP-catalyzed
of product inhibition remains obvious witKy values of [y-32P]GTP hydrolysis by RhoA in the presence qill (circles),
PROREIGAP o RHOACDP o1 904 ard RMGACP. 4 U)o At Camonc oS e Lo R,
PNP at 3.71uM (Table 2). This unique property of - was Incub ! utrer oywi
p50RhoGAP distinguishes itself from the mechanism of 20 nM pS0RNOGAP and various amounts of RhoA-GDP.
p190GAP-stimulated RhoA hydrolysis. NaCl and Mg concentrations as examplified in Figure 7.
Salt Dependence of p190GAP- and p5S0RhoGAP-CatalyzedWhile the K., of the p190GAP-catalyzed reaction of RhoA
GTP Hydrolysis of RhoA.The interaction of GAPs with  was not affected significantly by the increase of either NaCl
RhoA may involve specific pairs of charged residues such concentration (from 0 to 300 mM) or Mgg£toncentration
as the case for the Ras GTPase and RasGAP interad@pn ( (from 1 to 10 mM), theK,, values increased over 30-fold
To further distinguish the mechanisms employed by p190GAP when the NaCl concentration was raised from 0 to 300 mM
and p50RhoGAP in RhoA catalysis, we measured the kinetic (Table 3). In contrast, the same changes in reaction
parameters of the respective GAP reactions under variousconditions resulted in a less than 5-fold increase inKhe
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guanine nucleotide exchange factors represented by the Dbl
oncoprotein has been shown to catalyze the GDP/GTP
exchange activity and thus activate Rho®0), and the
transition from the GTP-bound form to the GDP-bound form
of Rho appears to be regulated by the RhoGAPs which
directly stimulate the intrinsic GTPase activity of Rhak6).

In addition to the GAPs characterized here, recently inden-
tified RhoGAPs include the 85 kDa regulatory subunit of
Pl 3-kinase 84, 35), the human brain-specific protein
n-chimaerin 86), the 95 kDa potential downstream target
of the Ras-related Ral GTPas¥), the PLCé activator p122
(38), the unconventional myosin myr 539), the SH3
domain-containing focal adhesion kinase partner G4€, (
and theBEM2 and BEM3 gene products of yeast bud-site
assembly41, 42). Each of these GAPs may have a role in
Rho family GTPase-mediated signaling pathways. Although
the nature of the enzymatic activity of GAPs suggests that
they may act as negative regulators of Rho GTPases, there
is also evidence that some of them may function as effector
targets 84, 35, 43). In the present study, we have attempted
to quatify some of the RhoAGAP interactions in order to
provide insights into the catalytic and binding properties of

Jndividual GAPs by directly comparing the kinetic parameters

of the interactions and looking for unique features of the

supplemented with NaCl at the indicated concentrations and 35 nM functional coupling involved, and, thus, to help clarify the

p1l90GAP. Data were fitted to eq 1 to derived the Michaelis
Menten parameters.

of the p50RhoGAP-catalyzed reaction whl,;: essentially
unchanged (Table 3). Thus, the p190GARNOA interaction

seems to be much more sensitive to changes in salt

concentration which primarily affects the reactiin and
probably the binding affinity of the interaction, suggesting

that one or more pairs of charged residues between RhoA

and p190GAP may be involved in specifying the reaction.

Sensitiity of RhoA Effector Domain Mutants to p190GAP
and p50RhoGAP.Given the differences of p190GAP and
p50RhoGAP in reaction with RhoA, i.e., the unique product
inhibition property by p50RhoGAP and extra sensitivity to
NaCl and M@" by p190GAP, we looked for differences in
the structural elements of RhoA involved in interaction with
the respective GAPs which may contribute to the kinetic
distinctions. Among the four effector domain mutants of
RhoA examined (Figure 8), Y34K, T37A, and F39E suffered
partial loss of responsiveness to p5SO0RhoGAP while Y42K
remained similar to wild-type RhoA, suggesting that this
region of RhoA is required for interaction with p50RhoGAP
and that the residues Y34, T37, and F39 are involved in
effective coupling with p5ORhoGAP. This is somewhat
different from what we have found in an earlier study for
the interaction of RhoA with p190GAP, in which the Y34K
and T37A mutants of RhoA were shown to be completely
insensitive to p190GAP stimulatiol3y). Therefore, there
appears to exist a structural basis for differences in kinetic
behaviors of the p190GAPRhoA and the pSORhoGAP
RhoA interactions.

DISCUSSION

The biochemical mechanism of Rho functions has been
under intensive study with increasing evidence pointing to
a highly regulated cycle of RhoA between the active GTP-
bound state and the inactive GDP-bound state: a family of

role of individual GAPs in RhoA signaling pathways.

Of the four mammalian RhoGAPs examined here
(p190GAP, p50RhoGAP, Bcr, and 3BP-1), we found that
while both p190GAP and p50RhoGAP represent excellent
catalytic activity toward RhoA, p190GAP containg-fold
higher catalytic efficiencyica/Km), which is consistent with
previous observations2{). However, Bcr and 3BP-1,
contrary to earlier reports that they might not be able to
catalyze RhoA GTPase activitpl, 25), are also found to
contain GAP activity for RhoA, although they are at least 1
order of magnitude weaker than p190GAP or p5SORhoGAP.
The apparent discrepancy may be due to the difference in
assay conditions employed, as in the previously reported
cases only low concentrations of RhoA and a substoichio-
metric amount of Bcr or 3BP-1 were used, which may not
result in significant binding and catalytic activities toward
RhoA. The supreme catalytic efficiencies of p190GAP and
p50RhoGAP appear to reside in their lowkgy values (1.79
and 2.83uM, respectively, compared with 8M for Ber
and 3BP-1), and thed€, values show excellent agreement
with the K4 values of binding to RhoA-GMP-PNP. Remi-
niscent of the Cdc42GAP interactions in this respe@8§),
the RhoA-p190GAP and RhoAp50RhoGAP interactions
suggest a mechanism of GAP-catalyzed GTP hydrolysis
which involves fast equilibrium binding to Rho GTPases
followed by a rate-limiting step of-P; cleavage of bound
GTP. This is similar to the well-characterized R&&asGAP
interaction in which it has been shown that a fast equilibrium
between Ras and RasGAP precedes the GAP-catalyzed bond
cleavage reactiordd). In the case of Ras-catalyzed GTP
hydrolysis, RasGAP appears to play a direct role by forming
a ternary complex and supplying residues for GTP hydrolysis
on Ras and thereby stabilizing the transition state of the
reaction 82, 45). In particular, a highly conserved Arg
residue of RasGAP, Arg789, which has been shown to be
critical for GAP activity and was found to point to the active
site of Ras in the tertiary structure, has been demonstrated
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Table 3: Effects of Salt and Mg Concentrations on GAP-Regulated Kinetics of RhoA GTPase

p190GAP p50Rh0GAP
[NaCll (mM) [MgCly] (mM) Keat (Min=?) Km (uM) Keat (Min™2) Km (uM)
0 5 96.6+ 1.8 1.79+0.14 59.6+ 1.2 2.83+0.1@
100 1 512415 3.48+0.22 27.24 0.5 4.40+ 0.07 100
100 5 52.5+ 3.2 7.38+0.97 28.8+ 1.5 4.814+0.22
100 10 82.0+ 12.6 28.5+ 4.5 24.8+1.0 10.4+ 0.7
300 5 82.7+8.1 51.7+7.9 17.0+£1.2 13.8+ 1.7
a GAP reactions and data treatments were carried out as in Table 1 except for variations in NaCl anddvig€itrations? Data are as listed
in Table 1.
100 the respective GAPs. Indeed, we found that mutations of
& certain amino acid residues of the effector domain region of
g RhoA, i.e., Y34K and T37A, demonstrated a discerning
£ 807 effect on p190GAP and p5SORhoGAP (partially responsive
£ to one while completely unresponsive to another). In another
E 60 - study mapping the sites of interaction between RhoA and
5 p190GAP 83), we have identified the unique residue Asp90
x of RhoA as an important determinant for specifying RRoA
“ 407 P190GAP interaction. Consistent with the sensitivity of p190
b catalysis of RhoA to NaCl and Mg observed here, it is
3 20 likely that the charged residue Asp90 of RhoA may form a
@ specific salt bridge with a basic residue on the surface of
p190GAP to make a major contribution to the relative tight
0- binding of RhoA to p190GAP and to facilitate the catalysis
pSORhOGAP - 4+ - &+ - + - 4+ - by p190GAP.

+
Y42K

WT Y34K  T37A F39E

Thein vivo functions of RhoGAPs are not clear. Micro-

FIGURE 8: GAP'responSiVeneSS of the effector domain mutants of |nject|0n expenments performed us|ng RhoGAP domains

RhoA toward p50RhoGAP. 1.@M wild-type (WT) RhoA or
effector domain mutants were preloaded witk*fP]GTP and were

suggest that while p190GAP and p50RhoGAP seem to be

then incubated in the presence or absence of 50 nM pSORhoGAPable to inhibit RhoA-regulated actin-stress fiber formation

in a HEPES buffer (pH 7.6) with 100 mM NaCl and 5 mM MgCl

in fibroblast cells, both Bcr and 3BP-1 can downregulate

for 5 min before the termination of reactions by nitrocellulose Rac1-mediated membrane ruffling (21, 25). Our observa-

filtration.

to participate in Ras catalysis by forming an arginine-finger

loop to bond with GIn61 of Ras, AlF, andS-phosphate of
GDP in the Ras-GDP, AlF, and RasGAP complex3p).

The role of RhoGAPs in RhoA GTP hydrolysis appears
similar in this regard given that a stable crystal complex

between RhoA-GDP, AlF, and p50RhoGAP has been
obtained recently46) which may mimic the transition state

of the RhoA GTPase reaction, and that the highly conserve

tions that the GAP domains of Bcr and 3BP-1 contain weak
GAP activity toward RhoA with &, of 89 uM but have
supreme catalytic efficiencies toward Rad¥)(are consistent
with the possibility that the Bcr and 3BP-1 GAP domains
are specific Rac downregulators. The-2 uM binding
affinity and high catalytic efficiency of p190GAP and
p50RhoGAP for RhoA are also consistent with a role of these
GAPs in downregulating RhoA function. Moreover, given

qthe even higher catalytic efficienciK¢/Km of ~700 mirr*

Arg85 residue of the GAP domains of both p190 and #M ) of pPSORhOGAP toward Cdc428), it is also likely

p50RhoGAP was found to be essential for catalysis while
dispensable for binding probably through stabilization of a
transition state of RhoA by interaction with the main chain

carbonyl of Arg85 of GAP 33). Additional residues of
p50RhoGAP found to be involved in interaction with RhoA
in the crystal structure of the complexX§) include the

that p50RhoGAP may have dual roles in the regulation of
both RhoA and Cdc42 GTPases.

Whether the observed effect of product (RhoA-GDP)
inhibition of pP5O0RhoGAP catalysis is relevant im vivo
situations is not clear at present. It is expected that a
potential effector target of RhoA should have a much higher

conserved Asn194 and Lys122 which may serve to provide affinity toward the GTP-bound state than the GDP-bound
structural elements of RnoGAPs to functionally interact with state if the case of Ras interaction with effectors can be

RhoA, as appears to be the case for p190Ga3¥. (

viewed as an analogy. In this regard, therefore, p50RhoGAP

In addition to these general features, we also observedmay not function as an effector candidate for RhoA signaling.
some unique properties of RhoA GTPase catalysis by On the other hand, it remains a possibility that the relatively
p190GAP and by p50RhoGAP: p50RhoGAP displays tight and selective binding of p190GAP to RhoA-GTP

comparable binding affinities to RhoA-GTP and to RhoA-
GDP (23), resulting in the kinetic property of product
inhibition, and the p190GAPRhOA interaction is much
more sensitive to the salt and Rigenvironment due to
perturbation of thé&,, and probably th&y of the interaction.

constitutes it as a candidate for transducing signals from the
activated RhoA during the course of coupling. It will be of
particular interests to examine this possibility using the full-
length form of the GAP in a cellular context since a RhoGAP
family member, n-chimearin, has recently been shown to act

These differences in kinetic properties suggest that different synergistically with Racl to induce lamellipodia formation
structural elements of RhoA are involved in interaction with in fibroblast cells 43). In addition, the specificity and GAP
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catalytic activity of full-length GAPs also warrant further

investigation due to the multifunctional domain feature of

the

RhoGAPs which may involve both inter- and intramo-

lecular regulations of the GAP domains.

In summary, the data presented here provide direct
comparison of the binding and catalytic activities of a panel
of mammalian RhoGAP domains to RhoA. The results
suggest that there exists a unique mechanism of functional

interaction between RhoA and individual RhoGAP which
may involve distinct structural determinants of the small

G-protein to cause the apparent differences in kinetic

properties.
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