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Rat pheochromocytoma (PC12) cells differentiate to neuronal cells in response to nerve growth factor. It has
been shown that microinjection of oncogenic but not proto-oncogenic p21 protein induces morphological
differentiation in PC12 cells (D. Bar-Sagi and J. R. Feramisco, Cell 42:841-848, 1985). In this paper we
describe a recombinant human proto-oncogenic Ha-ras protein which can effectively induce neurite extension
of PC12 cells when microinjected as a complex with guanosine-5'-O-(3-thiotriphosphate). The protein was
found to be less effective when complexed with GTP. On the other hand, an oncogenic ras protein coinjected
with guanosine-5'-O-(2-thiodiphosphate) was entirely inactive. These results indicate that the binary p21-GTP
complex, but not the p21-GDP complex, is effective in inducing differentiation in PC12 cells, irrespective of the
oncogenic or the proto-oncogenic protein.

Several lines of evidence suggest that the protein products
(p21) of the ras gene family have a regulatory role in signal
transduction processes elicited by growth or differentiation
factors (2, 7, 14, 15, 21, 23, 26). Transfection of the onco-
genic ras gene or microinjection of its protein product
induces transformation and proliferation ofNIH 3T3 cells (8,
17, 24; see also reference 18 for a review). A line of rat
pheochromocytoma cells (PC12 cells) which differentiate to
neuronal cells in response to nerve growth factor (12) are
differentiated morphologically by infection with Kirsten
murine sarcoma virus (22), by transfection with the activated
N-ras gene (13), or by microinjection of oncogenic p21 (1).
On the other hand, the normal proto-oncogenic ras gene can
neither transform NIH 3T3 cells (3, 4) nor induce differen-
tiation of PC12 cells (13) unless it is expressed at elevated
levels. It has also been shown that microinjection of the
normal ras p21 into NIH 3T3 (8, 24) or PC12 (1) cells at an
amount comparable to its activated form does not cause any
biological effect.
From extensive genetic and biochemical studies, it has

been revealed that the guanine nucleotide-binding domains
are indispensable for transforming activity and that a single
amino acid substitution around position 12 or 61 activates
the transforming potential of ras p21 protein (see references
11 and 18 for reviews). Decreased in vitro GTPase activity
has been found to be associated with such ras p21 mutants
(10, 19, 20, 25).
Our previous studies on the role of GTP in protein

biosynthesis have indicated that GTP-binding proteins in-
volved in translational processes exist in two forms, i.e., a
GTP-bound form and a GDP-bound form. The GTP-bound
form is an active conformation which promotes the reaction,
and the cleavage ofGTP is required to shift the conformation
to an inactive, GDP-bound form (see reference 16 for a
review). An analogous scheme can be envisaged for the
possible reaction mechanism of the ras p21 protein. The
binary ras p21-GTP complex may be an active form,
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whereas the complex containing ras p21-GDP may be inac-
tive in promoting signal transduction. However, no direct
evidence for this hypothesis has yet been provided. In this
paper, we microinjected ras p21 proteins together with
guanosine-5'-O-(3-thiotriphosphate) (GTP-yS) or guanosine
5'-O-(2-thiodiphosphate) (GDP,3S) into PC12 cells to exam-
ine their effect on neuronal differentiation.
Both normal (Gly-12) and oncogenic (Val-12) p2ls were

expressed in Escherichia coli, and the proteins were purified
as described elsewhere (T. Satoh, S. Nakamura, M.
Nakafuku, and Y. Kaziro, Biochim. Biophys. Acta, in
press). The purified protein contained 1 mol of tightly bound
GDP per mol of protein. The dissociation constants (Kd) of
p21(Gly-12) and p21(Val-12) for guanine nucleotides were
determined (Table 1).

First, we injected p21 containing GDP (p21-GDP) into
PC12 cells (Fig. 1; see also Table 2). About 5 x 10-9 ,ul of
p21(Val-12)-GDP (3 mg/ml) was injected per cell, and after
24 h, 77 to 79% of the injected cells extended neurites (Fig.
1B). In a control experiment, a solution containing bovine
serum albumin (3 mg/ml) was injected, but no morphological
change was induced (Fig. 1C). p21(Gly-12)-GDP did not
induce neurite formation even at a higher concentration (5.6
mg/ml) (Fig. 1A), in agreement with the results of Bar-Sagi
and Feramisco (1).
Then we studied the effect of microinjection of p21

(Gly-12) complexed with GTP-yS. The binary p21-GTP-yS
complex was prepared by incubation of p21-GDP with an
excess of GTP-yS (see legend to Fig. 3). Under this condi-
tion, p21-GDP was stoichiometrically converted to the p21-
GTPyS complex within 5 min as shown in the experiment of
Fig. 2, in which the kinetics of formation of p21-[35S]GTP-yS
was followed by the nitrocellulose membrane filter assay.
The binding of GTP-yS to p21 is noncovalent, since washing
with 5% trichloroacetic acid released all the radioactivity
from the filter. The p21(Gly-12)-GTPyS complex was in-
jected into PC12 cells, and after 24 h we observed neurite
extension in 41 to 58% of the injected cells (Fig. 3A; Table
2). As controls, we injected p21(Gly-12)-GDP, preincubated

4553



MOL. CELL. BIOL.

A

I Q
r

ie

s;... *. >.w4. \..\

t';ff'4 X..e,4s."
/ M , |6 9 .n^- ds s

t 1 I | ZF:s-JS
*--,X#,'::" ' l | t^{

8^* }.
tl

v t s a a -s

^ 1Xv :"'-_
C h * h _

w ^ tv s x *.
r *. i- . ^ ;EW 1W * v

v + O { v
.. '. 5

w: :,,:;ilLc

qS $' .. ...
_'

,,' _. .iC #
... , \

{. * ^ ^ }D . s X ,>#\ , e I.-

A!g ..

\.I i
.ii

.; 4 Av

:. , A X
g.-

r _ ...

-.vl'
I

4
..;k

a,C Mk,%.-

U.,"

9.,49 f

.4e
.4

pi
4

jft i

C. +
,w 001'

AL.

4..

4. '44

C 4..444

4 a

TABLE 1. Dissociation constants (Kd) of p21(Gly-12) and
p21(Val-12) for GDP, GTP, and their derivativesa

Kd (M) of:
Compound

Gly-12 Val-12

GDP 1.2 x 10-8 3.1 x 10-9
GDP3S 2.8 x 10-8 1.1 x 10-8
GTP 2.1 x 10-9 1.3 x 10-9
GTPyS 1.2 x 10-9 2.1 x 10-9
a The Kd values for GDP were determined by Scatchard analysis; those for

GTP, GDPPS, and GTPyS were determined by competition assay described
elsewhere (Satoh et al., in press).

as described above but without GTP-yS, or the solution
*i'et containing GTP-yS alone without p21(Gly-12). In both cases,

04 no neurite extension was observed (data not shown). To
confirm that the observed neurite formation was due to the
injected p21(Gly-12)-GTPyS, we injected rat monoclonal
anti-p21 antibody Y13-259 (9) (10 mg/ml) immediately before

A*;t the injection of p21(Gly-12)-GTP-yS. The preinjection of the
antibody completely blocked neurite formation (Fig. 3B),
indicating a critical role of p21(Gly-12)-GTPyS. To exclude
the possibility that double injection by itself might disrupt
differentiation, we carried out a control experiment in which

.k \^inwe injected first bovine serum albumin and then p21(Gly-
12)-GTP-yS. The efficiency of neurite formation was about
the same as with the single injection of p21(Gly-12)-GTPyS
(data not shown).

Induction of morphological differentiation was also ob-
served upon injection of p21(Gly-12)-GTP. The p21(Gly-12)-
GTP was prepared in a manner similar to that for p21-GTP yS
(see the legend to Fig. 3) and injected into PC12 cells. The
cells were differentiated morphologically after 24 h (Fig. 3C),
although the efficiency (20 to 37% of the injected cells being
differentiated) was lower than when induced by p21(Gly-12)-
GTPyS (Table 2). This may be due to the hydrolysis of GTP
bound to p21 within the cells. The kinetics of morphological
differentiation with p21(Gly-12)-GTP-yS and p21(Gly-12)-
GTP were similar to those with p21(Val-12)-GDP (data not
shown). These results indicate that p21-GTP is an active
form that can induce morphological differentiation of PC12
cells.

Although p21(Gly-12)-GTP-yS and p21(Gly-12)-GTP were
able to induce differentiation of PC12 cells, the efficiency8a>to was lower than that with p21(Val-12)-GDP (Table 2). We

><;< observed that the ability of p21(Val-12)-GDP to induce
,a.* neurite extension was much decreased (to as low as 14 to

26%) by incubation for 10 min at 30°C (data not shown). This
indicates that the low efficiency of differentiation of
p21(Gly-12)-GTPyS or p21(Gly-12)-GTP may be due, at least

X j.. in part, to inactivation, during incubation to exchange the
bound GDP with GTP or GTP-yS, of the ability to induce
differentiation without causing a loss of the GDP-binding
activity of p21 protein.
We also studied the effect of GDP,S (5, 6) on differenti-

ation of the PC12 cells by injecting p21(Val-12)-GDP (3
mg/ml) along with GDP,S (156 mM) (Fig 4). Coinjection of

FIG. 1. Induction of the neuronal morphology of PC12 cells after
microinjection of p21-GDP. p21(Gly-12)-GDP and p21(Val-12)-GDP
were purified as described elsewhere (Satoh et al., in press). PC12
cells were grown in Dulbecco minimal essential medium supple-
mented with 10% fetal calf serum and 5% horse serum and incubated
at 37°C in 5% CO2. The cells were plated on 35-mm plastic petri

dishes and were microinjected 24 h after plating. p21(Gly-12)-GDP
(5.6 mg/ml) (A), p21(Val-12)-GDP (3 mg/ml) (B), and bovine serum
albumin (3 mg/ml) (C) were injected into the cells. We estimate that
about 5 x 10-9 ,ul was injected into each cell. The photographs were
taken with a phase-contrast microscope 24 h after microinjection
(magnification, x 1,500).
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FIG. 2. Kinetics of formation of the p21(Gly-12)-[35S]GTPyS
complex. p21(Gly-12)-GDP was incubated in 50 mM Tris hydrochlo-
ride (pH 7.5)-2.8 mM MgCl2-7.4 mM EDTA-148 mM NH4CI-10
mM 2-mercaptoethanol-0.5 mg of bovine serum albumin per ml-20
,uM [35S]GTP-yS (250 p.Ci/pmol) at 30°C. At the specified times,
samples containing 11 pmol of p21 were filtered through a nitrocel-
lulose membrane filter. The filter was washed once with (A) or
without (0) cold 5% trichloroacetic acid and then with 10 mM Tris
hydrochloride (pH 7.5) containing 10 mM MgCl2. The radioactivity
of [35S]GTP-yS retained on the filter was determined.

TABLE 2. Effects of microinjection of p21 complexes on
neurite extension in PC12 cells

No. of No. of cells

(concn) Expt cells extending Positive
(concn) ~~~injected neurites Pstv

Bovine serum albumin (3.0 mg/ml) 1 123 3 2.4
2 185 6 3.2

p21(Gly-12)-GDP (5.6 mg/ml) 1 137 4 2.9
2 169 7 4.1

p21(Val-12)-GDP (3.0 mg/ml) 1 156 123 79
2 127 98 77

p21(Gly-12)-GTP-yS (4.2 mg/ml) 1 131 62 47
2 239 97 41
3 310 179 58

p21(Gly-12)-GTP (4.2 mg/ml) 1 180 67 37
2 169 55 33
3 186 38 20

GDPOS (156 mM) + 1 324 0 0
p21(Val-12)-GDP (3.0 mg/ml) 2 227 5 2.2

3 279 4 1.4

FIG. 3. Induction of neuronal morphology of PC12 cells by
microinjection of p21(Gly-12)-GTPyS and p21(Gly-12)-GTP. Sam-
ples of 56 ,ug of p21(Gly-12)-GDP and 52.6 nmol (approximately
20-fold molar excess of p21) of GTP-yS or GTP were incubated in a
solution (13.5 ,ul) containing 50 mM Tris hydrochloride (pH 7.5), 2.8
mM MgCl2, 7.4 mM EDTA, and 148 mM NH4Cl at 30°C for 10 min.
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The resultant p21(Gly-12)-GTPyS (4.15 mg/ml) (A and B) or p21
(Gly-12)-GTP (4.15 mg/ml) (C) compound was microinjected. For
panel B, monoclonal antibody Y13-259 (10 mg/ml), dissolved in 50
mM Tris hydrochloride (pH 7.5) and 10 mg of bovine serum albumin
per ml, was injected into the same cells before the injection of
p21(Gly-12)-GTPyS. Photographs were taken as described for Fig. 1.
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FIG. 4. Effect of GDP,S on neurite extension of PC12 cells.
GDPIS (156 mM) was coinjected with p21(Val-12)-GDP (3 mg/ml)
into PC12 cells. The photograph was taken 24 h after the micro-
injection as described for Fig. 1.

GDPPS completely inhibited neurite formation in PC12 cells
induced by p21(Val-12)-GDP (Fig. 4; Table 2). The injection
of GDP,S decreases the population of p21(Val-12)-GTP,
resulting in inhibition of the induction of neurite formation.
This result suggests that p21-GDP is probably inactive in
promoting the signal transduction of differentiation.

In this report we present direct evidence that p21-GTP is
active whereas p21-GDP inactive in the induction of neurite
formation in PC12 cells.

We thank Mitsuru Furusawa and Akira Oda for their kind help
with microinjection of cells and for their valuable advice.
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