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SYNOPSIS

rhoA p2l, a ras p2l-like small GTP-binding protein, purified
from bovine aortic smooth muscle is similarly modified at its C-
terminal region as described for ras p2ls. 1In this study, I exam-
ined the role of the post-translational modifications of the C-
terminal region of rhoA p2l1 by comparing bovine rhoA p2l with bac-
terially~produced rhoA p2l1 because the bacterial protein was not
modified. Bovine rhoA p2l bound to plasma membranes, but bacteri-
al rhoA p2l1 did not. Both the stimulatory and inhibitory GDP/GTP
exchange proteins for bovine rhoA p2l were inactive for bacterial
rhodA p2l. On the other hand, the GTPase activating protein for
bovine rhoA p2l was also active for bacterial rhoA p2l. These re-
sults indicate that the post-translational modifications of the C-
terminal region of bovine rhoA p2l, which are absent in bacterial
rhoA p2l, are essential for its interaction with membranes and the
stimulatory and inhibitory GDP/GTP exchange proteins but not with
the GTPase activating protein.
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INTRODUCTION

There is a family of the rho proteins which is composed of
three highly homologous members, A, B and C.3:/7417,23,26) ppop p21
was first purified from bovine brain membrane fraction as a member
of the superfamily of ras p2l/ras p2l-like small GTP-binding pro-
teins.11) The rho proteins are found widely from yeast to mam-

7,17,18,2¢€) The rho proteins have calculated Mr values of

mals.
about 22,000 and consensus amino acid sequences for GDP/GTP-bind-
ing and GTPase activities.’r17,18,26)

Although the functions of the rho proteins have not been de-
fined, several possible functions have been reported. Disruption
of the yeast RHO1 gene is lethal for this microorganism.la)
Overexpression of the rhoA gene in fibroblasts reduces serum de-
pendence for growth and its product is tumorigenic when innoculat-
ed into nude mice.?) Moreover, the rho proteins are ADP-ribosy-
lated by botulinum ADP-ribosyltransferase C3, which affects cy-
toskeletal systems in several types of cells.1r6,11,19,20,22)

The rho proteins have GDP-bound inactive and GTP-bound active
forms. The conversion from the GDP-bound form to the GTP-bound
form is regulated by its GDP/GTP exchange protein and its reverse
reaction is induced by GTPase activating protein
(Gap) .9/12,21,24,25)  rpho GDP dissociation stimulator (GDS) and rho
GDP dissociation inhibitor (GDI) were recently found as GDP/GTP
exchange proteins specific for the rho proteins, rho GDS stimu-
lates the dissociation of GDP from and the subsequent binding of
GTP to the rho proteins.lz) rho GDTI inhibits this reaction,?1r24)
On the other hand, rho GAP stimulates the GTPase activity of the

rho proteins.9'25) rho GDS and rho GAP were partially purified.9'
12,25) rho GDI was purified to near homogeneity and its cDNA was
cloned.8:21:24)  rpo GDI makes a complex with the GDP-bound form of

the rho proteins at a molar ratio of 1:1 but not with the GTP-
bound form.24)

The C-terminal cysteine residue of ras p2l has a lipid moi-
ety, which is essential to bind to membranes and to exert its.

transforming activity.s'lo'la

It was recently found by use of
bovine rhoA p2l that it is similarly modified at its C-terminal
region as described for ras p2ls: it is first geranylgeranylated

at the cysteine residue in the C-terminal region followed by re-
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moval of the three C-terminal amino acids and the subsequent car-
boxyl methylation of the revealed C-terminal cysteine residue, 14
Although the role of the post-translational modifications of rhoA
p21 has not been defined, it is suggested by analogy with ras p21l
to be essential for the binding to membranes.

In this study, I examined the role of the post-translational
modifications of the C-terminal region of rhoA p2l by comparing
bovine rhoA p2l1 with rhoA p21 produced in Escherichia coli (E.
coli) because the bacterial protein was not modified. This paper
describes that the post-translational modifications of the C-ter-
minal region of rhoA p2l are essential for its interaction with
membranes and the stimulatory and inhibitory GDP/GTP exchange pro-

teins.
MATERIALS AND METHODS

Materials and chemicals

rhoA p2l was purified from bovine aortic smooth muscle as de-
scribed.15) The [3H]GDP— and [3SS]guanosine 5/ -(3-0-thio)triphos-
phate (GTPYS)-bound forms of rhoA p2l were prepared by incubating
a pure sample of rhoA p2l with 1 uM [3H]GDP (0.9-1.6 x 104
cpm/pmol) and 1 UM [353]GTPYS (1.5-2.2 x 104 cpm/pmol), respec-
tively, in the presence of necessary ingredients for 20 min at
30°C as described.?%) rho GAP and rho GDS were partially purified
and rho GDI was purified to near homogeneity from bovine brain as
described.12,24,25) [3H]GDP (specific activity, 0.99 TBg/mmol) and
[3SS]GTPYS (specific activity, 40.7 TBg/mmol) were obtained from
Du Pont-New England Nuclear. S&S BA-85 nitrocellulose filters

(pore size:0.45 Um) were obtained from Schleicher & Schuell.

Assays and other procedures

The [3H]GDP- and [3°S]GTPYS-binding activities of rhoA p21
were assayed as specified.ll'ls) The GTPase activity of rhoA p21
was estimated by the liberation of 32pi from [7—32P]GTP as speci-
fied.11,13) The rho GDS activity was dssayed by measuring the
ability to stimulate the dissociation of [3HIGDP from rhoA p21.12)
The rho GDI activity was assayed by measuring the ability to in-
hibit the dissociation of [3H]GDP from rhoA p21.21'24) The rho GAP
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activity was assayed by measuring the ability to stimulate the
GTPase activity of rhoaA p21.2%

Production of rhoA p21 in E. coli

An expression plasmid, pKK223rhoA, was constructed by poly-
merase chain reaction for the production of rhoA p2l in E.coli.¥
An E.coli strain, JM109, transformed with pKK223rhoA, was cultured
and treated with isopropyl P-D-thiogalactoside to induce the pro-

duction of rhoA p2l as described.?!

Purification of rhoA p21 from E. coli

rhoA p2l-overexpressing E. coli cells (1.5 g of protein) were
suspended with 120 ml of 20 mM Tris/HCl at pH 8.0 containing 1 mM
EDTA, 1 mM dithiothreitol (DTT), 0.25 M sucrose, and 1 HUM (p-
amidinophenyl) methanesulfonyl fluoride. This suspension was son-
icated and centrifuged at 100,000 x g for 60 min. [3581GTPYS—
binding activity was mostly recovered in the supernatant. The su-
pernatant (128 ml, 360 mg of protein) was applied on a DE-52 col-
umn (4.4 x 9 cm) equilibrated with Buffer A (20 mM Tris/HCl at pH
8.0 containing 1 mM EDTA, 5 mM MgCl,, and 1 mM DTT). After the
column was washed with 250 ml of the same buffer, elution was per-
formed with a 350-ml linear gradient of NaCl (0-1 M) in Buffer A.
Fractions of 10 ml each were collected. When each fraction was
assayed for [3SS]GTPYS—binding activity, a single peak appeared in
fractions 15-23. This elution position was similar to that of the

15) The active frac-

rhoA p2l purified from bovine smooth muscle.
tions were collected and concentrated to 13 ml by an Amicon ultra-
filtration cell equipped with a YM-5 filter membrane. The concen-
trate (13 ml, 256 mg of protein) was applied on an Ultrogel AcA-44
column (2 x 64 cm) equilibrated with Buffer A containing 100 mM
NaCl and 1% sodium cholate and elution was performed with the same
buffer. Fractions of 2.2 ml each were collected. When each frac-
tion was assayed for [355]GTPYS—binding activity, a single peak
appeared in fractions 47-56. The active fractions (22 ml, 36 mg
of protein) were collected, diluted with 125 ml of 20 mM Tris/HCl
at pH 8.0 containing 0.53 mM EDTA, 2.7 mM MgCl,, 1 mM DTT, and
0.74% sodium cholate, and applied on a hydroxyapatite column (1.6
Xx 5.4 cm) equilibrated with Buffer B (20 mM Tris/HCl at pH 8.0
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containing 0.1 mM EDTA, 3 mM MgCl,, and 1lmM DTT) containing 10 mM
KH,PO4/KOH at pH 8.0. Elution was performed with 300 ml of Buffer
B containing 0.6% 3-[(3-cholamido-propyl)dimethylammonio]-1-
propanesulfonate (CHAPS) followed by 100 ml of Buffer B containing
0.6% CHAPS and 100 mM KH,PO,/KOH at pH 8.0. Fractions of 5.2 ml
each were collected. When each fraction was assayed for
[355]GTPYS—binding activity, one broad and one sharp peaks ap-
peared in fractions 16-23 and 61-62, respectively. The active
fractions of the first broad peak were collected and concentrated
to 4 ml as described above. The second sharp peak was not puri-
fied further here. The concentrate (4 ml, 1.7 mg of protein) was
applied on a Mono Q HR5/5 column (1 x 5 cm) equilibrated with
Buffer C (20 mM Tris/HCl at pH 8.0, 1 mM EDTA, 5 mM MgCl,, and 1
mM DTT) containing 0.6% CHAPS. After the column was washed with 5
ml of Buffer C containing 0.6% CHAPS, elution was performed with a
20-ml linear gradient of NaCl (0-0.3 M) in Buffer C containing
0.6% CHAPS. The linear gradient was followed by further elution
with 5 ml of 1 M NaCl in Buffer C containing 0.6% CHAPS.
Fractions of 0.5 ml each were collected. When each fraction was
assayed for [3SS]GTPys—binding activity, one minor and one major
peaks appeared in fractions 16-22 and 23-30, respectively. Both
peaks were recognized by the anti-rhoA p2l polyclonal antiserum
and were apparently pure as estimated by SDS-PAGE followed by pro-
tein staining with Coomassie Brilliant Blue. The active fractions
of the major peak (4 ml, 40 pg of protein) were collected and

used.
RESULTS

Physical and kinetic properties of bacterial rhoA p2l

The purified bacterial rhoA p2l showed a single protein band
on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) (Fig. 1). Bacterial rhoA p2l showed slightly larger than
bovine rhoA p2l on SDS-PAGE. When the sample extracted with pen-
tane from bovine rhoA p2l after the treatment with Raney nickel
was analyzed by gas chromatography/mass spectrometry as
described,ls) all trans-geranylgeranyl moilety was detected, but a

geranylgeranyl moiety was not detected for bacterial rhoA p2l
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Fig. 1. The analysis of bovine and bacterial rhoA p2ls on
SDS-PAGE. Bovine and bacterial rhoA p2ls (40 pmol each) were
subjected to SDS-PAGE (12% polyacrylamide) followed by pro-
tein staining with Coomassie Brilliant Blue. lane A, bovine
> - - rhoA p2l; lane B, bacterial rhoA p2l. Arrows indicate the po-
- sitions of the Mr markers. The protein markers used were

bovine serum albumin (Mr:66,000), ovalbumin

glyceraldehyde-3-phosphate dehydrogenase (Mr:36,000),
ic anhydrase (Mr:29,000), trypsin ihibitor (Mr:20,100),

B myoglobin (Mr:17,000).
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Blg: 2. Binding to synaptic plasma membranes. Various

amounts of the [3ss]GTPYS—bound form of bovine and bacterial
rhoA p2ls were prepared, mixed with either synaptic plasma
membranes (22 Ug of protein), and incubated for 5 min at 30°C
for synaptic plasma membranes. The mixtures of rhoA p21 with
the membranes were centrifuged at 200,000 x g for 1 h. The
radioactivity of both the precipitate and the supernatant was
counted after filtration through the nitrocellulose filters.
The reason why the radioactivity of the [3SS]GTP‘YS—bound form
of bovine rhoA p2l was lower than that of the bacterial pro-
tein in Fig. 2 was that the recovery of the [3SS]GTPys—bound
form of bovine rhoA p2l from the centrifugation was lower
than that of the bacterial protein. ppt.:the precipitate,

sup.:the supernatant.
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(data not shown).

The kinetic properties of bacterial rhoA p2l were compared
with those of bovine rhoA p21. [3H]GDP and [3°S]GTPYS bound to
bacterial and bovine rhoA p2ls with a similar time course and in a
similar dose-dependent manner (data not shown). The Kd values for
the [355]GTPYS binding of bacterial and bovine rhoA p2ls were sim-
ilar. Both bacterial and bovine rhoA p2ls showed GTPase activity

with the similar turnover numbers (Table 1).
Binding to membranes

When the [35S]GTPYS—bound form of bovine rhoA p2l was mixed
with synaptic plasma membranes and each mixture was centrifuged,
bovine rhoA p2l was mostly recovered in the precipitate (Fig. 2).

In contrast, bacterial rhoA p2l was mostly recovered in the super-

natant (Fig. 2). This result indicates that bacterial rhoA p21
does not bind to membranes.
1 42
- 41
z 8
b £
g s
Bo ' 0 g
a 1
& | E
g1 T3
41
90*‘ _Lb-eebee
° 10 20 -0

Fraction Number

Fig. 3. Complex formation with rho GDI. The (3H]GDP-bound
form of bovine and bacterial rhoA p2ls (25 pmol, 4.0 x 103
cpm each) were prepared. Each sample was mixed with rho GDI
(73 pmol) and incubated for 10 min at 4°C, Each mixture was
then subjected to sucrose density gradient ultracentrifuga-
tion as described.?!)  Bovine and bacterial rhoA p2ls were
detected by measuring the (3H]GDP bound to them. rho GDI was
detected by SDS-PAGE followed by protein staining with sil-
ver. A, bovine rhoA p2l: B, bacterial rhoA p2l. (o——e),
rhoh p21 in the presence of rho GDI; (0—=o0), rhoh p2l in the
absence of rho GDI; (e----e), zrho GDI in the presence of rhoh
p21; (0----0), rho GDI in the absence of rhoR p21. Arrows 1
and 2 indicate the positions of human hemoglobin (4.5S,
Mr:64,500) and horse myoglobin (1.9S, Mr:17,000), respective-

ly.
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Complex formation with rho GDI

rho GDI made a complex with the GDP-bound form of bovine rhoA
p2l (Fig. 34),2% put not with bacterial rhoA p2l (Fig. 3B).
Bovine rhoA p2ls which appeared at the positions with Mr values of
about 85,000 and 23,000 were oligomeric and monomeric forms, re-
spectively, as described. 24 In contrast, bacterial rhoA p2l ap-
peared at the position with a Mr value of about 38,000. This rhoA
p2l might be in a dimeric or monomeric form. The reason for the
difference between bovine and bacterial rhoA p2ls on the sucrose
density gradient ultracentrifugation is unknown, but may be relat-
ed to the C-terminal lipid.

Interaction with rho GDI

rho GDI inhibited the dissociation of [3H]GDP from bovine
rhoA p2l as described, but not that from bacterial rhoA p2l (Fig.
4) .

\
% -GDI § -GDl  4Gp
0 §§§ S:§

Fig. 4. Interaction with rho GDI. The activities of rho GDI
to inhibit the dissociation of [3H]GDP from bovine rhoA p21
and bacterial rhoA p21 were assayed for 10 min at 30°C in the
absence or presence of 20 pmol of rho GDI.
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Bovine Bacterial
rhoA p21 rhoA p21
ol .aps -GDS +GD§ |

+GD\\S
LT

Fig. 5. Interaction with rhe GDS. The GDS activity of rho
GDS to stimulate the dissociation of [3H]GDP from bovine rhoA
P21 and bacterial rhoA p2l was assayed for 60 min at 25°C in

77777777/

the absence or presence of 100 Ug of rho GDS.

Fig. 6. Interaction with rho GAP. The activity of rho GAP
to stimulate the GTPase activity of bovine and bacterial rhoA
p2ls was assayed for 15 min at 24°C in the absence or pres-
ence of 25 ug of rho GAP.
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Table 1 Comparison of the physical and kinetic
properties between bovine and bacterial rhoA p21s

P |
Kd for {*SS)GTPYS(nM) 2122 2022
GTPase activily (mhr) 0.0140.002 0.012.0.001

Membrane-binding activity + -

Complex lormation with o GO + -
Susceptbiity 1o rho GDI + -
Susceptibility to rho GOS + -
Susceptillty 10 rho GAP + +

Interaction with rho GDS

rho GDS has been partially purified.lz) rho GDS stimulated
the dissociation of [3H]GDP from bovine rhoA p2l, but not that
from bacterial rhoA p2l (Fig. 5).

Interaction with rho GAP

In contrast to the GDP/GTP exchange proteins, rho GAP stimu-
lated the GTPase activity of both bovine and bacterial rhoA p2ls
to the same extent (Fig. 6).

DISCUSSION

In this study, to examine the role of the post-translational
modifications of bovine rhoA p2l, I have compared its physical and
kinetic properties, its binding to membranes, and its interaction
with GDI and GDS with those of bacterial rhoA p21l because bacteri-
al rhoA p2l1 is not modified. A peptide map analysis shows that
the structural difference between bovine and bacterial rhoA p2l
lies only in their C-terminal region (data not shown). The prop-
erties of bovine and bacterial rhoA p2ls are summarized in Table
1. The post-translational modifications of rhoA p2l do not affect
the intrinsic properties of the GDP/GTP-binding and GTPase reac-
tions.

I have examined their binding to membranes. Bacterial rhoA
p2l does not bind to membranes under the conditions where bovine

rhoA p2l1 binds to them. Therefore, post-translational modifica-
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tions of rhoA p2l may be essential for its interaction with mem-
branes.

rho GDI and rho GDS are active on bovine rhoA p2l1l, but inac-
tive on bacterial rhoA p2l. rho GDI makes a complex with the GDP-
bound form of bovine rhoA p2l at a molar ratio of 1:1 but not with
the bacterial protein. These results indicate that the post-
translational modifications of the C-terminal region of bovine
rhoA p2l are essential for its interaction with these two types of
GDP/GTP exchange proteins. In contrast, rho GAP stimulates both
bovine and bacterial rhoA p2ls, suggesting those of rhoA p2l are
not essential for its interaction with GAP. Evidence thus far
available suggests that the post-translational modifications of
the C-terminal region of small GTP-binding proteins, particularly
the polyisoprenylation of the cysteine residue in the C-terminal
region, are essential for their interaction with both membranes
and their specific GDP/GTP exchange proteins but not with their
specific GAPs. Hence, further investigations are necessary to
clarify the role of the modification of the C-terminal region in

the regulation of cell proliferation and differentiation.
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