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Requirement of Ras-GTP-Raf Complexes for
Activation of Raf-1 by Protein Kinase C

Richard Marais, Yvonne Light, Clive Mason, Hugh Paterson,
Michael F. Olson, Christopher J. Marshall*

Receptor tyrosine kinase-mediated activation of the Raf-1 protein kinase is coupled to
the small guanosine triphosphate (GTP}-binding protein Ras. By contrast, protein kinase
C (PKC)-mediated activation of Raf-1 is thought to be Ras independent. Nevertheless,
stimulation of PKC in COS cells led to activation of Ras and formation of Ras-Raf-1
complexes containing active Raf-1. Raf-1 mutations that prevent its association with Ras
blocked activation of Raf-1 by PKC. However, the activation of Raf-1 by PKC was not
blocked by dominant negative Ras, indicating that PKC activates Ras by a mechanism
distinct from that initiated by activation of receptor tyrosine kinases.

The PKC family of lipid-dependent Ser-
Thr kinases has at least 11 members (1).
The typical and atypical PKC isozymes are
activated by diacylglycerol (DAG), which
is produced by the metabolism of phos-
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phatidyl inositols. In the case of 7-trans-
membrane (7-TM) receptors that are cou-
pled to the heterotrimeric guanosine nucle-
otide—binding protein (G protein) Gagq,
DAG is generated by the activation of
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phospholipase C-g (PLC-B) (2). Both the
typical and atypical PKCs are activated by
phorbol esters. Activation of PKC leads to
short-term responses such as altered meta-
bolic activity and to long-term responses
such as differentiation or effects'on prolif-
eration and apoptosis (I). The extracellular
signal-regulated kinases (ERKs) are mito-
gen-activated protein kinases (MAPKs),
which are activated by PKC (3-7) and ap-
pear to mediate the effects of PKC on dif-
ferentiation, secretion, proliferation, and
hypertrophy (8). Signaling. from receptor
tyrosine kinases to ERKs is dependent on
Ras proteins and the protein kinase Raf-1
(9). However, the role of Ras in transducing
signals from PKC to the ERKSs is unclear,
because expression of a dominant negative
Ras in which amino acid 17 is changed to
Asn (N17Ras) does not block ERK activa-
tion by PKC in a number of cell types (4,
5). This Ras mutant, which is thought to
function by inhibiting guanine nucleotide
exchange factors (10), blocks activation of
ERKs in response to stimulation of receptor
tyrosine kinases in many cell types (4-6).

To investigate whether PKC activates
the ERK MAPK pathway by a mechanism
independent of Ras, we used a monkey kid-
ney cell line (COS cells), because in these
cells, N17Ras does not block PKC-mediat-
ed ERK activation (4). We blocked Ras
signaling by microinjection of the Ras-neu-
tralizing monoclonal antibody Y13-259
(11). To detect ERK activation, we used an
antibody that recognizes only the dually
phosphorylated, active form of ERK. Acti-
vation of ERK in COS cells treated
with 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) was completely blocked by microin-
jection of Y13-259 (Fig. 1). This demon-
strates an essential role for Ras in activation
of the ERK MAPK cascade by PKC. These
data are consistent with studies on overex-
pression of Ras guanosine triphosphatase—
activating protein {(pl20Ras-GAP), which
blocks TPA-stimulated activation of ERKs,
although it is unclear in those studies
whether the pl20Ras-GAP was acting on
Ras or a related protein (7):

To further investigate whether Ras has
a role in activation of Raf-1 by PKC, we
used a mutant Raf-1 protein in which
Arg® is replaced with Leu (R89LRaf-1).
This mutant does not bind the GTP-
bound form of Ras (Ras-GTP) (12). Un-
like transiently expressed wild-type Raf-1
(mRaf-1), R89LRaf-1 was not activated in
cells treated with TPA (Fig. 2A). Exoge-

nous mRaf-1 was activated with similar
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kinetics to those of the endogenous protein
(13), and activation was blocked in cells
treated with the PKC inhibitor Ro 31-8220
(Fig. 2B) (14). Ro 31-8220 had only a small
effect on activation of mRaf-1 in cells treat-
ed with epidermal growth factor (EGF) (Fig.
2B). Expression of N17Ras, which has no
effect on ERK activation in COS cells treat-
ed with TPA (4), did not block activation of
mRaf-1 following TPA treatment, but did
block mRaf-1 activation in response to EGF
(Fig. 2B). To show that activation of Raf-1
by a physiological activator of PKC also de-
pends on Ras, we examined the activation of
mRaf-1 in cells expressing human muscarin-
ic type 1 receptor (Hml), which is coupled
to Gaq (I15). There was no activation of
R89LRaf-1 when the Hml receptor was ac-

Fig. 1. Requirement of Ras for
activation of ERK by PKC. COS
cells were microinjected with
an expression vector for myc-
tagged ERK2 together with ei-
ther control rat immunoblobulin
G (IgG) (top and middle panels)
or with Y13-259 (bottom pan-
els). The cells were deprived of
serum (Con) or stimulated with
TPA for 20 min as indicated.
Staining with the SE10 mono-
clonal antibody to myc (anti-
Myc) and with an antibody to rat
IgG (anti-Rat IgG) were used to
reveal the injected cells. Activat-
ed ERK was detected with an
antibody that recognizes dually-
phosphorylated ERK (phospho-
ERK; Promega, no. V6671). For

Con

TPA

Y13-259

tivated in cells treated with carbachol (Fig.
2A), whereas wild-type mRaf-1 was activat-
ed 8- to 10-fold in an Ro 31-8220-sensitive
but N17Ras-insensitive manner (Fig. 2B).
The inability of R89LRaf-1 to be activated
by tyrosine kinase signaling can be overcome
by targeting it to the plasma membrane with
a CAAX motif (16, 17). R8LRafCAAX
was activated in cells treated with TPA (Fig.
2C), which shows that activation of Raf-1 by
PKC requires Ras-GTP-mediated transloca-
tion to the plasma membrane, but that ad-
ditional events at the membrane are required
for full activation.

The requirement of Ras in the activa-
tion of Raf-1 is consistent with observation
that mutations in the Ras-binding domain

(RBD) and Cys-rich domain of Raf-1 affect

anti-Rat IG

anti-Rat IgG
e

each treatment, identical fields of cells are shown stained with the three antisera.

Fig. 2. Activation of
mRaf-1 by PKC. (A) Ac-
tivation of Raf-1 by PKC
requires Raf-1 interac-
tion with Ras. mRaf-1 or
R89LRaf-1 were ex-
pressed in COS cells
(17) alone or together
with Hm1 as indicated.
The cells were deprived
of serum for 24 hours
and stimulated for 20
min with EGF (10 ng/ml),
TPA (40 nM), or carba-
chol (Carb, 100 uM). The
activity of mRaf-1 was
measured from COS cell
extracts by immunopre-
cipitation with the 9E10
monoclonal antibody and

A
151

10 4

Raf-1 Activity (Fold)

H

mRaf
mRaf
+ RB9LRaf

Hmi -

il

kinase cascade assay, using GSTMek-1, GSTERK2, and myelin basic protein
as substrates (24). In the absence of added GSTMek-1, GSTERK2 was not
activated (73). The results shown are for a representative experiment assayed
in triplicate and are corrected for background counts (immunoprecipitations
done with control antibodies). Error bars show standard deviations. One unit
of activity represents mRaf-1 activity from cells deprived of serum. Similar
results were obtained in three independent experiments. (B) Requirement of
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its activation by EGF and TPA (18). How-
ever, our results differ from those showing
that R89LRaf-1 is activated by EGF and
TPA (19). To further examine the role of
Ras in Raf-1 activation by PKC, we inves-
tigated whether Ras—Raf-1 complexes form
in cells treated with TPA. Endogenous Ras
was immunoprecipitated from extracts of
TPA-treated cells, using the rat monoclonal
antibody Y13-238, which can immunopre-
cipitate Ras-GTP-Raf complexes from Ras-
transformed or EGF-stimulated cells (20).
The immunoprecipitates were analyzed for
association of endogenous Raf-1 by immu-
noblotting. We also performed a reciprocal
analysis by immunoprecipitating endoge-
nous Raf-1. In cells treated with TPA, com-
plexes were formed between Ras and Raf-1
(Fig. 3A).

To determine whether the Raf-1 associ-
ated with Ras from TPA-stimulated cells was
active, we tested whether the Y13-238 im-
munoprecipitates could activate a glutathio-
ne-S transferase (GST)-tagged version of
the kinase activator of ERK, Mek-1 (GST-
Mek-1). Ras immunoprecipitates from TPA-
stimulated cells activated GSTMek-1 (Fig.
3B). Approximately 65% of this activity
could be eluted by treating the immunopre-
cipitates with buffers containing high con-
centrations of salt; of this, 50% could be
reprecipitated with a monoclonal antibody
to Raf-1 (Fig. 3B). Thus, Raf-1 from TPA-
stimulated cells forms a complex with Ras
and is activated.

Formation of complexes between Ras
and Raf-1 requires that Ras be in the
GTP-bound form (20, 21). Therefore, we

examined whether activation of PKC leads
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PKC for activation of Raf-1 by TPA and Hm1. mRaf-1 was expressed in COS
cells alone or together with N17Ras and Hm1 as indicated. Where indicated,
the cells were pretreated with the PKC inhibitor Ro 31-8220 (10 uM for 10 min).
Similar results were obtained in four independent experiments. (C) Activation of
membrane-targeted Raf-1 by TPA. R89ILRaf and R89LRafCAAX (17) were
expressed in COS cells that were deprived of serum (Cont) or treated with
TPA (TPA). Similar results were obtained in two independent experiments.
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to increased amounts of Ras-GTP by moni-
toring association between Ras-GTP and the
Ras-binding domain of Raf-1 (22, 23). Small
amounts of Ras-GTP were detected in cells
deprived of serum (Fig. 4A). Treatment of

Fig. 3. Formation of Ras-Raf-1 complexes. Cells
deprived of serum (=) or treated with TPA (+) for
60 min were extracted in medium-salt buffers, and
endogenous Ras or Raf-1 was immunoprecipi-
tated (25). (A) Immunoblot analysis of Ras-Raf
complexes. Upper panels show immunoblots for
Raf-1, and lower panels show immunoblots for
Ras. Lanes 1 and 2: 0.5% of total cell extract;
lanes 3 and 4: immunoprecipitation of Ras; lanes

cells with TPA or EGF activated Ras to
similar extents, but the response was slower
with TPA, continuing to rise for 40 min after
stimulation (Fig. 4A). The activation of Ras
in response to TPA was blocked by the PKC

A 0.5% of
EXTRACT IPRas  IP Raf
TPA: - + - Eti
IMMUNO- 96
BLOT
Rat o IR * 68

5 and 6: immunoprecipitation of Raf-1. Molecular IMMUNO-
size markers (in kilodaltons) are shown to the right. B}"-iT _) e
(B) Association of Raf-1 activity with Ras. Y13-238
immunoprecipitates from cells deprived of serum
(-) or treated with TPA (+) were analyzed for Mek
activators in the kinase cascade assay (17). Lanes B
1 and 2: Ras-associated GSTMek activator. i
Lanes 3 and 4: Ras immunocomplexes treated sl
with high salt concentrations to elute the Mek ac- )
tivator (25); the amount of activator remaining as- E
sociated with the immunoprecipitated Ras after o
elution was measured by returning the beads to a 2
kinase assay. Lanes 5 through 8: reprecipitation of S 25000 4
the Mek activator from parallel samples with a °
monoclonal antibody to Raf-1 (lanes 5 and 6) or <
with the 9E10 monoclonal antibody as a control §
(lanes 7 and 8). The assays were done in triplicate, =
and similar results were observed in two indepen- 5
dent experiments. CPM, counts per minute. U=
TPA = + =+ =+ = +
Ras Beads re-IP re-IP
IP Post Raf-1 9E10
elution Eluted
Activity
A Ras.GTP B Ras.GTP
EGF A Cont EGF_ TPA Carb
Time(min): 0 2 5 10 204060 D 2 5 10 20 40 & e e '-'—_' SR
Ro 31-8220: + = 4 = 3 = =g
Ras -) —————— e e — | =31 —31
e Ras P —ama— _;, .
—31
—14
B P ————— - =31 ~31
s Ras J) e—_ | 1
-14
Fig. 4. Activation of Ras in cells treated with TPA or EGF. (A) Time C
course of Ras-GTP formation after exposure to TPA or EGF. Cells 5 -
deprived of serum were treated with TPA or EGF for the indicated times, I
and the amount of Ras-GTP was measured (23). Upper panels show ;;
Ras-GTP; lower panels show total amount of Ras in 10% of the extract. Z 10
(B) Inhibition of Ras activation by the PKC inhibitor Ro 31-8220. Cells E
deprived of serum (Cont) were stimulated with EGF or TPA, or cells .';
expressing HM1 were treated with carbachol (Carb); the amount of o
Ras-GTP was then determined. Where indicated, the cells were treated ' 0 2 60

with Ro 31-8220 before stimulation (10 pM for 10 min). The levels of

TPA treatment (min)

Ras-GTP are shown in the upper panels, and the total Ras levels in 10%

of the extracts are shown in the lower panels. Molecular size markers (in kilodaltons) are shown to the
right. (C) Activation of endogenous Raf-1 by TPA. Cells deprived of serum were treated with TPA (40 nM)
for the times indicated, and the stimulation of the endogenous Raf-1 activity was measured. Similar
results were seen in two independent experiments. Endogenous Raf-1 was immunoprecipitated with a

monoclonal antibody (Transduction Laboratories).
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inhibitor Ro 31-8220, whereas the activa-
tion in response to EGF was not (Fig. 4B).
Stimulation of the Hm1 receptor also ac-
tivated Ras in a PKC-dependent manner
(Fig. 4B). H-Ras, N-Ras, and K-Ras were
all activated in cells treated with TPA
(13). The kinetics of the increases in Ras-
GTP formation following TPA treatment
were similar to those of increases in Raf-1
activity (Fig. 4C).

Our data show that Raf-1 activation by
signals that activate PKC is a consequence
of Ras activation and the formation of Ras-
GTP-Raf-1 complexes. Although Raf-1
activation by PKC is mediated through
Ras activation, it differs from activation
by receptor tyrosine kinases in that it is
not blocked by N17Ras. This observation
emphasizes that the absence of an effect of
N17Ras expression cannot be used to con-
clude that Ras is not part of a signaling
pathway. Rather, our results indicate that
Ras activation is a component of PKC
signaling.
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Integration of Environmental, Agronomic, and
Economic Aspects of Fertilizer Management

Pamela A. Matson,” Rosamond Naylor, lvan Ortiz-Monasterio

Nitrogen fertilization is a substantial source of nitrogen-containing trace gases that have
both regional and global consequences. In the intensive wheat systems of Mexico,
typical fertilization practices lead to extremely high fluxes of nitrous oxide (N,O} and nitric
oxide (NO). In experiments, lower rates of nitrogen fertilizer, applied later in the crop cycle,
reduced the loss of nitrogen without affecting yield and grain quality. Economic analyses
projected this alternative practice to save 12 to 17 percent of after-tax profits. A knowl-
edge-intensive approach to fertilizer management can substitute for higher levels of
inputs, saving farmers money and reducing environmental costs.

Agricultural intensification through the
use of high-yielding crop varieties, chemical
fertilizers and pesticides, irrigation, and
mechanization—known as the “Green
Revolution”—has been responsible for dra-
matic increases in grain production in de-
veloping countries over the past three de-
cades. At the same time, intensification has
had environmental consequences such as
leaching of nitrate and pesticides, and emis-
sions of environmentally important trace
gases. We evaluated the economic and ag-
ronomic consequences, and the effects on N
trace gas, of fertilizer management in irri-
gated spring wheat systems in the Yaqui
Valley, Sonora, Mexico. This region is one
of Mexico’s major breadbaskets, so agricul-
tural production and its environmental
consequences are regionally important. In
addition, as the “home” of the Green Rev-
olution for wheat, the pattern of increasing
fertilizer use in the Yaqui Valley provides a
gauge of what is likely to occur in other
high-productivity irrigated cereal systems of
the developing world (I, 2).
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Globally, application of fertilizer nitro-
gen (N) has increased rapidly in the last
several decades, from 32 Tg N (32 million
metric tons) in 1970 to around 80 Tg in
1990 (1 Tg = 10" g); it is expected to
increase to 130 to 150 Tg year™! by 2050,
with two-thirds of that application in de-
veloping countries (3). Among the conse-
quences of this change are increased losses
of nitrate from soils to freshwater and ma-
rine systems and of N-containing gases to
the atmosphere (4). Fertilized agriculture is
the single most important anthropogenic
source of N,O, accounting for over 70% of
the anthropogenic sources of this accumu-
lating greenhouse gas (5, 6). Likewise, fer-
tilization results in elevated emissions of
NO, a chemically reactive gas that regulates
tropospheric ozone production and is a pre-
cursor to acid precipitation (7). Research in
industrialized countries has shown that
management practices can be used to con-
trol losses of N (6-9). However, integrated
assessments of management alternatives in
terms of their ability to reduce N trace gas
fluxes and yet be feasible agronomically and
attractive economically are wholly lacking.
We carried out such an evaluation in the
Yaqui Valley (10).

Using daily to weekly sampling frequen-
cies during the 1994/1995 and 1995/1996

cellular protein with either 10 wg of Y13-238 or 10 ug
of Raf-1 monoclonal antibody and probed by immu-
noblotting for Raf-1 or Ras. For assay of Ras-asso-
ciated GSTMek-1 activation, Ras was immunopre-
cipitated from ~3.5 mg of cellular protein with Y13-
238 (10 ng), washed four times with low-salt buffer,
and assayed as described (77, 24). Ras immunopre-
cipitates were eluted with extraction buffer (40 ul),
diluted with dilution buffer (160 wl) (77), and repre-
cipitated with Raf-1 monoclonal antibody (2 ng).
Measurements of Ras-GTP were done as described
(23). The cells were extracted in medium-salt buffer,
and proteins (~3 mg) were absorbed to bacterially
expressed GSTRBD. Ras proteins were revealed
by immunoblotting. In control experiments using
GSTR89LRBD, Ras-GTP was not detected (13).

28 August 1997; accepted 17 February 1998

wheat cycles, we evaluated changes in soil
nutrients and gas fluxes before and after fer-
tilizer additions in experimental plots at the
International Maize and Wheat Improve-
ment Center (CIMMYT) field station (11).
Several experimental conditions were stud-
ied: the conventional farmers’ practice for
the valley, as determined by farm survey
(12); three alternative practices that were
based on agronomist recommendations and
that added less fertilizer N or fertilizer later in
the crop cycle, or both (13); and a nonfer-
tilized control. In our treatment that simu-
lated the farmers’ practice, 187 kg N/ha of
urea were applied to dry soils I month beore
planting, followed by preplanting irrigation;
an additional 63 kg N/ha of anhydrous am-
monia were applied ~6 weeks after planting.

After the soil was wetted by preplanting
irrigation, ammonium (NH,) levels in-
creased markedly to over 600 pg/g (weight-
ed average of bed and furrow positions) and
then diminished to near zero as the micro-
bially mediated process of nitrification con-
verted NH, to nitrate (NO;) (14, 15). By
the 1994 planting date, 116 kg/ha of
NO;-N were left in the top 15 cm of soil,
with very little remaining in the NH, form.
A similar pattern of transformation and loss
was evident in the 1995/1996 wheat season.

Changes in N trace gas fluxes mirrored
changes in the soil pools of inorganic N.
The farmers’ practice resulted in very large
emissions of N,O and NO in both years
(Fig. 1), with preplanting gas fluxes sum-
ming to 5.6 and 4.6 kg N/ha in the 1994/
1995 and 1995/1996 wheat cycles, respec-
tively, and crop cycle fluxes summing to
6.61 and 11.3 kg N/ha, respectively (16,
17). In the 1994/1995 study, average fluxes
at midday in the bed positions (where most
of the fertilizer was located) ranged up to
650 ng cm™? hour ™! for N,O-N and 300 ng
em ™2 hour™! for NO-N in the period before
planting (15). In 1995/1996, which had less
rainfall during the preplanting period, aver-
age N,O and NO fluxes in the beds ranged

up to 100 and 550 ng cm ™2 hour ™!, respec-
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