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Nerve Growth Factor Stimulation of the
Ras-Guanine Nucleotide Exchange Factor
and GAP Activities

Bao-Qun Li, David Kaplan, Hsiang-fu Kung, Tohru Kamata*

The biological activity of Ras proteins is thought to be controlled by the guanine nucleotide
exchange factor and the guanosine triphosphatase activating protein (GAP). Treatment of
rat pheochromocytoma PC-12 cells with nerve growth factor (NGF) increased the amount
of active Ras guanosine triphosphate complex and stimulated the activities of both the
guanine nucleotide exchange factor and GAP. In PC-12 cells that overexpressed the
tyrosine kinase encoded by the trk proto-oncogene (a component of the high-affinity NGF
receptor), the NGF-induced activation of the regulatory proteins was potentiated. These
results suggest that the NGF receptor system enhances the activities of both the guanine
nucleotide exchange factor and GAP and that the activation of Ras might be controlled by
the balance in activity between these two regulatory proteins.

The ras proto-oncogenes encode membrane-
bound proteins that bind guanine nucleotide
and have low intrinsic guanosine triphospha-
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tase (GTPase) activity (1). Binding of guano-
sine triphosphate (GTP) activates Ras pro-
teins, and subsequent hydrolysis of bound
GTP to guanosine diphosphate (GDP) inac-
tivates signaling by these proteins. In mam-
malian cells, the former process can be cata-
lyzed by the guanine nucleotide exchange
factor or GDP-dissociation stimulator for Ras
proteins (2, 3), and the latter process can be
accelerated by GAP (4). Although the bio-
chemical and biological activities of GAP
have been extensively studied, little is known
about the physiological role of the guanine
nucleotide exchange factor in growth factor—
stimulated signal transduction.
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Ras participates in NGF-induced differ-
entiation of rat pheochromocytoma (Amer-
ican Type Culture collection CRL 1721)
PC-12 cells. In the presence of NGF, PC-
12 cells extend neurites and differentiate
into cells resembling sympathetic neurons
(5). The expression of Ha-Ras oncogenic
proteins in PC-12 cells mimics some, if not
all, of the effects of NGF on the cells (6),
and the induction of morphological differ-
entiation of PC-12 cells by NGF is blocked
by the microinjection of neutralizing anti-
body to Ras into the cells (7). Normal
Ras-GTP can also induce neurite outgrowth
in PC-12 cells (8).

We labeled serum-starved PC-12 cells
with [*?Plorthophosphate and then incu-
bated them with or without NGF. Analysis
of the nucleotides bound to immunoprecip-
itated Ras showed that NGF rapidly (within
5 min) induced an increase in the ratio of
Ras-GTP to Ras-GDP (Fig. 1A). The mag-
nitude of the increase in the amount of
Ras-GTP complex was dependent on the
concentration of NGF (Fig. 1B), as is the
degree of neurite outgrowth induced by
NGF (9). Similar stimulatory effects of
NGF were observed by others (10). Dibu-
tyryl  adenosine  3’,5’-monophosphate
(cAMP) (1 mM) had no effect on the
amount of Ras-GTP (11), which is consis-
tent with the observation that the induc-
tion of morphological differentiation of PC-
12 cells by dibutyryl cAMP is not mediated
by Ras proteins (7). The effect of NGF on
the amount of Ras-GTP was transient, and
the amount of Ras-GTP in cells treated
with NGF for 20 min was similar to that in
untreated cells. Because the treatment of
cells with NGF for 20 min does not cause
neurite outgrowth (I11), it appears that the
increased amount of Ras-GTP is not suffi-
cient to promote differentiation.

We compared the effect of NGF on the
amount of Ras-GTP in normal PC-12 cells
to its effect in PC-12 cells transfected with
the human Trk proto-oncogene (Trk-PC-
12 cells). Trk proteins encode a 140-kD
membrane protein with tyrosine kinase ac-
tivity that is a component of the high-
affinity NGF receptor. The expression of
Trk is required for signal transduction by
NGEF (12). The Trk-PC-12 cells expressed
high levels of Trk protein compared to
parental PC-12 cells and increased amounts
of NGF-induced Ttk tyrosine kinase activ-
ity (13). After a 5-min incubation with
NGF, the ratio of Ras-GTP to total bound
nucleotides was higher in Trk—PC-12 cells
(34.5 £ 3.0%) than in untransfected PC-
12 cells (23.0 = 1.0%) (Fig. 1C). There
was no difference in the amount of Ras in
the two cell lines as detected by immuno-
blotting with the antibody to Ras (11).

Thus, these results suggest the involve-
ment of Ras in the signaling pathway acti-




vated by Trk. Modulation of binding of
GDP or GTP to Ras occurs in response to
growth stimulation. An increase in the
amount of Ras in the GTP-bound form has
been detected in cells stimulated to prolif-
erate by growth factors such as platelet-
derived growth factor (PDGF) and epider-
mal growth factor (EGF) (14), by cells
transformed by oncogenes such as src, erb-
B2, and abl (14, 15), and by lymphoid cells
activated by antibody to CD3 or lympho-
kines such as interleukin-2 and granulo-
cyte-macrophage colony-stimulating factor
(16). In contrast, our data indicate that the
increased amount of Ras-GTP was correlat-
ed with both growth change and differenti-
ation induced by NGF in PC-12 cells (8).

Because the guanine nucleotide ex-
change factor and GAP can mediate NGF
action on Ras, we examined the effect of
NGF on the activities of nucleotide ex-

change factor and GAP in both PC-12 cells
and Trk-PC-12 cells. After incubation of
the cells in the absence of serum, cells were
treated with NGF for 10 min. The cells
were lysed, and the soluble fraction (17)
was added to a solution that contained
H-Ras bound to [?’H]GDP in the presence of
excess unlabeled GTP. Ras was immuno-
precipitated, and the quantity of GDP re-
leased from the binary complex was deter-
mined. The amount of [PH]JGDP released in
the presence of extracts from NGF-treated
PC-12 cells (33.6 £ 3.8%) was twice that
released in the presence of extracts from
untreated PC-12 cells (17 = 0.8%) (18);
we observed further increases in the quan-
tity of PH]GDP released in the presence of
extracts from NGF-treated Trk—PC-12 cells
(52 + 4.0%) compared to that released in
the presence of extracts from untreated

Trk—PC-12 cells (21 = 1.8%).

Fig. 1. Effect of NGF on
the nucleotides bound
to Ras in PC-12 cells.
(A) Time course of Ras-
GTP formation. PC-12
cells (8 x 105 per 60-
mm dish) were cultured
in serum-free Dulbec-
co’'s modified Eagle's
medium for 18 hours i
(28) and labeled with 10
[32P]orthophosphate 5}
(0.2 to 0.5 mCi/ml; Am- 0 ,
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ersham) for 120 min. 0 5 1'0
After the cells were
treated with NGF (100

Time (min)

3

E-N

0 50 100 150 1 2
NGF (ng/ml)

16 20

ng/ml; Collaborative Research, Bedford, Massachusetts) for the indicated time intervals, they were
washed with phosphate-buffered saline (PBS) and lysed in the buffer [20 mM tris-HCI (pH 7.5), 5 mM
MgCl,, 150 mM NaCl, NP-40 (0.5%), leupeptin (1 pg/ml), and 0.2 mM PMSF]. The lysates were
centrifuged at 14,0009 for 10 min, and the supernatant was incubated with monoclonal antibody to
Ras (Y13-259; 40 ng) for 60 min at 4°C. The immune complexes were collected with rabbit antibody
to rat immunoglobulin G bound to Protein A-Sepharose (Pharmacia) and washed three times with
1 ml of ice-cold washing buffer [50 mM tris-HCI (pH 7.5) and 20 mM MgCl,]. Nucleotides were
eluted from Ras as described (74). The extracted samples were analyzed by TLC on polyethyl-
eneimine cellulose in 0.75 M KH,PO, (pH 3.5). Radioactivity was quantitated by scintillation
counting. (B) Dose response of formation of Ras-GTP. The %2P-labeled PC-12 cells were treated with
the indicated amounts of NGF for 5 min. Ras was immunoprecipitated, and nucleotides were
separated as in (A). (C) Comparison of NGF-induced Ras-GTP formation in PC-12 cells and
Trk—PC-12 cells. The 32P-labeled PC-12 (bars 1 and 2) and Trk-PC-12 (bars 3 and 4) cells were
treated with (hatched bars) or without (open bars) NGF (50 ng/ml) for 5 min. Ras was immunopre-
cipitated, and nucleotides were separated as in (A). In (A) through (C), the ratio of GTP to total
labeled nucleotides on Ras [(GTP/GTP + GDP) x 100] was calculated. The data in (A) through (C)
show the percentage of Ras in the GTP-bound form and represent means = SD (n = 3).

Fig. 2. Acceleration of release and exchange of GDP and
GTP-y-S in the presence of cell extracts from PC-12 and
Trk—PC-12 cells. Cell extracts were prepared as described
(18). Ras (0.25 pg) was incubated with 100 wM unlabeled
GDP at 37°C for 30 min and mixed with 18 mM MgCl,. The
Ras-GDP complex was incubated for 10 min at 37°C with 10
wCi of [BH]GDP in the presence of the control homogeniza-
tion buffer (a); with extract (3 pg) from PC-12 cells treated
without (b) or with (c) NGF; with GTP-y-S (1 mM) plus extract

w

< ; N
QNGO

o

[3HIGDP bound (cpm x 10-3)

(8 ng) from PC-12 cells treated without (d) or with (e) NGF;

with extract (3 wg) from Trk—PC-12 cells treated without (f) or with (g) NGF; or with GTP-y-S (1 mM)
plus extract (3 pg) from Trk—PC-12 cells treated without (h) or with (i) NGF. [*HJGDP bound to Ras
was immunoprecipitated and eluted (78). Data represent means + SD (n = 3).
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We tested whether the promotion of
PHIGDP release by cell extracts reflects
catalysis of exchange of GDP for GTP by
Ras or nonspecific degradation of bound
PH]JGDP. Unlabeled Ras-GDP complex
was incubated with PH]GDP in the pres-
ence of extracts from PC-12 or Trk-PC-12
cells or those extracts with 1 mM guano-
sine-5'-O-(3-thiotriphosphate) (GTP-vy-S)
and immunoprecipitated with antibody to
Ras (Fig. 2). In comparison to the control
buffer, the extracts of PC-12 or Trk—PC-12
cells increased the amount of [PH]JGDP
bound to Ras approximately fivefold. Treat-
ment of these cells with NGF further stim-
ulated the conversion of GDP to PH]GDP;
nucleotide exchange was stimulated 8- and
13.5-fold in PC-12 and Trk-PC-12 cells,
respectively. Moreover, the addition of
GTP-v-S abolished this effect. These results
indicate that NGF accelerated the guanine
nucleotide exchange reaction of Ras.

To further analyze activity promoting
GDP release, we partially purified cell extracts
with fast protein liquid chromatography
(FPLC) on a Mono Q anion exchange col-
umn (Pharmacia). Each fraction was tested
for the ability to stimulate the dissociation of
bound PH]GDP from Ras in the presence of
excess unlabeled GTP. The active fraction
that promoted release of [PHJGDP eluted at
~0.12 M NaCl (2, 3). The relative amount
of activity increased fourfold in PC-12 cells
and tenfold in Trk—PC-12 cells after stimula-
tion by NGF (Fig. 3). Trk from whole-cell
extracts was immunoprecipitated with anti-
body to Trk (12, 13) and reacted with Ras-
PHIGDP. Immunoprecipitated Trk or the
partially purified baculovirus recombinant Trk
had no effect on the GDP-releasing activity,
which suggests that the Trk protein itself did
not alter the nucleotide exchange activity of
Ras (19).

To determine whether GAP activity was
also altered by the addition of NGF to the
cells, we incubated Ras-[a-3?P]JGTP com-
plexes with cell extracts, and the amount of
guanine nucleotide bound to Ras was quan-
titated by immunoprecipitation and thin-
layer chromatography (TLC). The GAP ac-
tivity in PC-12 cells stimulated with NGF
was two times greater than that in unstimu-
lated cells, and the enhancement of GAP
activity by NGF was potentiated in Trk-PC-
12 cells (Fig. 4, A and B). Similar results
were obtained with GAP partially purified
from the cell extracts by chromatography on
a Mono Q column (Fig. 4, C and D). These
data indicate that NGF increased GAP ac-
tivity. The stimulatory effect of NGF on
GAP activity was maximal 10 min after
treatment of PC-12 cells with NGF and
remained constant after a 20-min incuba-
tion. The guanine nucleotide exchange fac-
tor activity was maximally stimulated by
NGF within 10 min and gradually decreased
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thereafter (11). We investigated whether
the GAP activation was accompanied by its
tyrosine phosphorylation; we detected no
increase in the tyrosine phosphorylation of
GAP in NGF-stimulated PC-12 cells (Fig.
4E), and GAP failed to associate with the

activated Trk (20). The GAP activity in
PC-12 cell extracts appeared as a result of
Ras-GAP rather than of neurofibromin
(NF1), because we could not detect NF1 by
immunoblotting in the extracts we assayed
for GAP activity (21).

Fig. 3. Anion exchange chroma-
tography of the GDP-releasing
activity. (A) Activity in PC-12 cells
treated with (@) or without (O)
NGF. (B) Activity in Trk—PC-12
cells treated with (@) or without
(O) NGF. Arrows show nucleotide
exchange activity eluted at ~0.12
M NaCl. Activity is given as the
percentage of bound [3H]GDP re-
leased. [3H]JGDP (20,000 cpm) was bound to the Ras proteins incubated with the equilibration
buffer. After treatment with NGF (50 ng/ml) for 10 min, serum-starved PC-12 or Trk—PC-12 cells (~5
x 107 per two x 150-mm-diameter dish) were homogenized in buffer [20 mM sodium phosphate (pH
7.5), 1 mM EGTA, 1 mM DTT, 0.5% NP-40, aprotinin (10 pg/ml), 0.2 mM PMSF, 1 mM sodium
orthovanadate, and 10 mM NaF] by sonication, and the homogenates were centrifuged at 100,000g
for 20 min at 4°C. The supernatants (600 ng) were loaded onto an FPLC Mono Q HR 5/5 column
(Pharmacia) equilibrated with buffer [25 mM sodium phosphate (pH 7.5), 1 MM EGTA, 1 mM DTT, 0.2
mM PMSF, and aprotinin (10 ng/ml)]. The proteins were eluted with a linear gradient of NaCl (0 to 0.3
M) in the above buffer, and 0.5 ml of fractions was collected. Each fraction (20 pl) and 0.4 mM GTP
were added to 50 ul of the reaction buffer that contained Ras-[?H]GDP (0.25 pg) at 37°C for 10 min.
The amount of [3H]GDP associated with Ras was quantitated by filtration on nitrocellulose (2).
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Fig. 4. Effect of NGF-treated cell
extracts on Ras GTPase activity
and effect of NGF on tyrosine
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for 10 min (Fig. 2). Ras (0.25 ng)
was incubated with 0.2 pCi of
[a-32P]GTP (3000 Ci/mmol; Amer-
sham) in 50 wl of the reaction
buffer for 3 min at 37°C (Fig. 2).
Ras-[a-*2P]GTP complexes were
incubated with the cell extracts (3
rg) or the homogenization buffer
at 37°C for 20 min. Ras was im- 5
munoprecipitated with the Y13- 20 30 40
259 antibody. After being washed Fraction number

three times with washing buffer,

the labeled nucleotides were eluted from Ras proteins and analyzed as E + - + -
described (Fig. 1). (A) Autoradiogram after TLC of the eluted nucleo-

b ¢ d e a b ¢ d
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200-
tides. (B) Ratio of GTP to total labeled nucleotides bound to Ras s T
proteins [(GTP/GTP + GDP) x 100]. Ras-[a-*?P]GTP was incubated GAP- (- & -GAP
with homogenization buffer (a), or with cell extract from PC-12 cells (b), 110-
NGF-treated PC-12 cells (c), Trk-PC-12 cells (d), or NGF-treated 68- TR
Trk—PC-12 cells (e). Data represent means = SD (n = 3). (C) and (D) -
Cell extracts (600 ng) were fractionated by a Mono Q HR 5/5 column ..

46-

with a linear gradient of NaCl (0 to 0.3 M) as described (Fig. 3). Ras
(0.25 pg) was incubated with 0.1 pM [y-*2P]GTP (10 Ci/mmol)
for 5 min at 37°C, and fractions (20 pl) were added for 10 min at 12 34

37°C to 50 pl of the reaction buffer that contained the binary complex. The amount of radioactivity
associated with Ras was quantitated as described (Fig. 3); activity in PC-12 cells (C) and Trk—PC-12

cells (D) is shown treated with (@) or without (O) NGF (50 ng/ml). Arrows show the peak of GAP |

activity. Activities are expressed as the percentage of [y-*?P]GTP bound to Ras that is hydrolyzed
relative to the buffer control; 18,000 cpm of GTP remained associated with Ras that was incubated
with equilibration buffer. (E) PC-12 cells were treated for 5 min with (lanes 1 and 3) or without (lanes
2 and 4) NGF (100 ng/ml) at 37°C. Cell lysates were immunoprecipitated with rabbit antibody to GAP
(20 pg) as described (24). Immunoprecipitates of GAP on immunoblots were probed with antibody
to phosphotyrosine (24) (lanes 3 and 4). In lanes 1 and 2, cell lysates were probed by
immunoblotting with antibody to GAP. The position of GAP is shown; molecular size markers are in
kilodaltons.
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Both the guanine nucleotide exchange
factor and GAP are activated by NGF. The
NGF-induced increase in the amount of
Ras-GTP may be a result of the dominance
of the guanine nucleotide exchange factor
activity over GAP activity. The small in-
crease in the amount of Ras-GTP by NGF
might reflect the increase in the activities of
both the exchange factor and GAP. The
accumulated Ras-GTP would be rapidly
converted to Ras-GDP by the stimulated
GAP activity after the signal transmission
to the downstream effector for Ras, which
could provide a tight regulation of the
Ras-GDP-Ras-GTP cycle in the transient
response of the cells to the growth factor.
The receptors for PDGF and EGF induce
tyrosine phosphorylation of GAP (22, 23),
and phosphatase inhibitors stabilize the ac-
tivity of the exchange factor in cell extracts
(3). In PC-12 cells, NGF induces the tyro-
sine kinase activity of Trk, which increases
the tyrosine phosphorylation of cellular
proteins (24) and activates several serine-
threonine kinases (25). Therefore, Trk ty-
rosine kinase, other nonreceptor kinases, or
phosphatases might modulate the exchange
factor or thé GAP activity. However, NGF
may affect GAP activity by inducing phos-
phorylation of GAP on serine or threonine
residues or by altering the interaction of
GAP with cellular components, such as
p190 and p62 (22), because tyrosine phos-
phorylation of GAP was not detectable in
NGF-treated PC-12 cells.
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tivity was quantitated as described (Fig. 1). Activity
is given as a percentage of bound [?H}GDP disso-
ciated. [®*H]GDP (15,000 cpm) was bound to Ras
incubated with the control homogenization buffer.
Data represent means + SD (n = 3).

T. Kamata, B.-Q. Li, H.-f. Kung, D. Kaplan, unpub-
lished data.

. D. Kaplan and S. Rabin, unpublished data.
21.

We fractionated PC-12 cell homogenates by spin-
ning them at 100,000g. By immunoblotting using
the antibody to a peptide derived from NF1 (NF1
GRD, serum 31) (provided by D. R. Lowy), we
detected NF1 protein in the particulate (P100)
fraction but not in the cytoplasmic (S100) fraction,
as reported (27). Because we used the cytoplas-
mic fraction (S100) for the GAP assay (Fig. 4), this
indicates that our cytoplasmic extract prepara-
tions do not contain NF1. The extracts contained
Ras-GAP as detected by immunoblotting. In an-
other set of experiments, the particulate fractions
(P100) from PC-12 cells were solubilized in lysis
buffer and immunoprecipitated by the NF1 anti-
body. Although the immunoprecipitated NF1 ex-
hibited the activity to stimulate Ras GTPase as
reported (27), treatment of PC-12 cells by NGF
did not enhance the GTPase-stimulating activity
of NF1.
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Cytochrome b?:&: The Flavin-Binding Component

of the

hagocyte NADPH Oxidase

Daniel Rotrosen,* Choh L. Yeung, Thomas L. Leto,
Harry L. Malech, Cheung H. Kwong

The phagocyte respiratory burst oxidase is a flavin-adenine dinucleotide (FAD)—-dependent
dehydrogenase and an electron transferase that reduces molecular oxygen to superoxide
anion, a precursor of microbicidal oxidants. Several proteins required for assembly of the
oxidase have been characterized, but the identity of its flavin-binding component has been
unclear. Oxidase activity was reconstituted in vitro with only the purified oxidase proteins
p47rhox, p67°Phx Rac-related guanine nucleotide (GTP)-binding proteins, and membrane-
bound cytochrome b,,. The reconstituted oxidase required added FAD, and FAD binding
was localized to cytochrome b,.,. Alignment of the amino acid sequence of the B subunit
of cytochrome b, (gp91P">) with other flavoproteins revealed similarities to the nico-
tinamide adenine dinucleotide phosphate (reduced) (NADPH)-binding domains. Thus
flavocytochrome b, is the only obligate electron transporting component of the NADPH

oxidase.

Phagocytic white blood cells contain a
multicomponent electron transfer chain
that is responsible for production of micro-
bicidal oxidants. To identify its proximal
flavin and NADPH-binding component we
explored the superoxide generating capacity
of a cell-free system comprised solely of
purified proteins. In this cell-free system,
complete reconstitution of the oxidase re-
quired the presence of the cytosolic factors
p47Ph%, p67Ph°*, and Rac-related GTP-
binding proteins (1-3), and the membrane
component cytochrome bssg (4-7) (Fig. 1).
In the optimally reconstituted purified pro-
tein system (8) the concentration of
NADPH required for half maximal activity
(30 to 40 uM, n = 2) was identical to that
observed with the enzyme reconstituted
from crude cytosol and membranes (30 to
40 uM, n = 3). This purified protein

system produced superoxide only in the

presence of added FAD (Fig. 2), the con-
centration of FAD required for half-maxi-
mal superoxide production was from 1 to 20
nM (n = 4). Neither p47Ph°* nor p67Phox
bind flavin (2) and, on the basis of struc-
tural data from the Ras superfamily of low
molecular weight GTP-binding proteins,
binding of flavin to members of the Rac/
G25K family also seemed unlikely. Accord-
ingly, we focused our attention on cy-
tochrome b,,.
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Relipidated cytochrome b was incu-
bated with FAD and subjected to gel filtra-
tion to separate bound from free flavin (Fig.
3A). A small peak of flavin fluorescence
coeluted with the purified cytochrome b,
which was well resolved from the major
peak of free flavin. The early eluting peak of
flavin was not detected when mixtures of
the purified cytosolic components plus FAD
or phospholipid vesicles, alone, plus FAD
were subjected to gel filtration.

A functional comparison of flavin-re-
constituted or unflavinated cytochrome
bsss was made in the cell-free assay with the
purified cytosolic components in the pres-

Fig. 1. Protein compo- kD

nents of the NADPH ox-  240-

idase [SDS-—polyacryl- o

amide gradientgel (8to  7o_

16%) stained with —
Coomassie Blue R250). 43~

Lane 1, Superdex-75
peak fraction (4 pl)
showing the 26-kD and
21-kD bands identified 1 2 34
by microsequencing as

rhoGDI and Rac-related GTP-binding proteins,
respectively (3); lane 2, recombinant p47phox
(1.5 pg); lane 3, recombinant p67°"° (1.5 pg);
and lane 4, cytochrome b, (2.7 pg; 74 pmol).
The specific content of peak cytochrome by o—
containing fractions (18 to 33 nmol of heme per
milligram of protein) and the molar ratio of FAD
to heme (<1:100) in three preparations of pu-
rified cytochrome b,,, were comparable to
reported values (4-6).
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