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Plant cells produce reactive oxygen species (ROS) in response to many stimuli. However, the mechanism of ROS biosyn-
thesis remains unclear. We have explored the hypothesis that the superoxide burst in plants mechanistically resembles the
oxidative burst in neutrophils. First we have confirmed that ROS production, which occurs in suspension-cultured soybean
(Glycine max) cells in response to hypo-osmotic shock, is inhibited by diphenylene iodonium, an inhibitor of the flavin-
dependent oxidase of neutrophils. Because a Rac family G protein is an essential regulator of this NADPH oxidase, and
because many plant homologs of Rac have been cloned, we next examined whether Rac-like proteins might be involved in
the oxidative burst in the soybean cells. We identified a Rac-like 21-kD soybean protein that cross-reacts with antibodies to
human Rac and garden pea Rop and also binds [g-35S] GTP, a diagnostic trait of small G proteins. This Rac-related protein
translocated from the cytosol to microsomes during the oxidative burst. Moreover, soybean cells transiently transformed
with either a dominant negative (RacN17) or a dominant positive (RacV12) form of Rac1 showed the anticipated altered
responses to three different stimuli: hypo-osmotic shock, oligo-GalUA, and harpin. In response to these stimuli, cells
transformed with RacN17 produced less ROS and cells transformed with RacV12 generated more ROS than control cells.
These results strongly suggest that a Rac-related protein participates in the regulation of ROS production in soybean cells,
possibly via activation of an enzyme complex similar to the NADPH oxidase of phagocytes in animal systems.

Reactiveoxygen species (ROS) are produced in
plant cells in response to a broad range of biological
and physical stimuli, including elicitors, pathogen
infections, osmotic shock, and wounding (Doke,
1983; Apostol et al., 1989; Atkinson et al., 1990; Chan-
dra and Low, 1997; Stennis et al., 1998). The transient
burst of ROS production known as the oxidative
burst has a direct antimicrobial effect and is involved
in inducing many other defense responses (Keppler
et al., 1989; Peng and Kuc, 1992). Despite intensive
investigation, the mechanism of ROS production in
plant cells has yet to be clearly defined. Enzymes that
may be responsible for ROS production in plants
include peroxidase and NADPH oxidase, as well as
several other oxidases (Auh and Murphy, 1995; Desi-
kan et al., 1996; Dwyer et al., 1996; Kieffer et al., 1997;
Xing et al., 1997; Bestwick et al., 1998; Bolwell et al.,
1998). That NADPH oxidase may play a role in ROS
production in plant cells is indicated by two lines of
evidence. First, NADPH oxidase is responsible for
ROS formation in neutrophils, and the biochemical
characteristics of ROS production including maxi-
mum rate, rapid activation kinetics, desensitization,
and signal transduction pathways that trigger the

oxidative burst are similar in plant cells and neutro-
phils (Dwyer et al., 1996). Second, there exist plant
proteins that cross-react with antibodies that recog-
nize the subunits of NADPH oxidase from animal
cells (Desikan et al., 1996; Dwyer et al., 1996; Kieffer
et al., 1997; Xing et al., 1997). Together, these obser-
vations suggest that NADPH oxidase may be in-
volved in a mechanism of ROS production common
to the defense systems of both plant and animal cells.

In neutrophils, the low Mr G protein, Rac, plays
an essential role as a regulator of the NADPH oxi-
dase (Bokoch, 1994; Irani and Goldschmidt-Clermont,
1998). Translocation of Rac to the plasma membrane is
required for assembly and activation of the NADPH
oxidase complex (Han et al., 1998). Recent reports
suggest that Rac is also involved in ROS production in
some non-phagocytic cells in which the enzyme(s)
responsible for ROS production remain unknown
(Sundaresan et al., 1996; Irani et al., 1997; Kheradmand
et al., 1998; Yeh et al., 1999).

Rac proteins belong to the conserved RHO family
of small GTPases. In animals, RHO is divided into
several subfamilies, including Rho, Cdc42, and Rac.
Although orthologs of these RHO GTPases have not
been identified in plants, plants possess a unique
subfamily of Rho GTPases, termed Rop, that is most
closely related to the Rac (Yang and Watson, 1993;
Delmer et al., 1995; Xia et al., 1996; Winge et al., 1997;
Li et al., 1998). Rop1 and its close relative Rop5/Arac1
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play a role in the regulation of polarized growth of
pollen tubes in pea and Arabidopsis (Lin and Yang,
1997; Li et al., 1998, 1999; Kost et al., 1999). In addi-
tion, there is emerging evidence that Rop plays im-
portant roles in the regulation of ROS production.
Using an anti-Rac2 polyclonal antibody, Xing et al.
(1997) showed that a 21-kD Rac2-related protein from
tomato is translocated to the plasma membrane in
response to race-specific elicitors. Rac13 may also be
involved as a regulator of H2O2 production in sec-
ondary cell wall differentiation during cotton fiber
development (Potikha et al., 1999). In rice, OsRac1 is
involved in ROS production and cell death (Ka-
wasaki et al., 1999). These results, together with the
indirect evidence described above for the involve-
ment of NADPH oxidase in ROS production in plant
cells, suggest that a plant Rac homolog may be in-
volved in the regulation of a plant NADPH oxidase.
However, it is not known whether the Rac/Rop-like
proteins of plants are true functional equivalents of
Rac in the NADPH oxidase complex in animal cells.

In this report we show that a 21-kD GTP-binding
protein, which cross-reacts with Rop-specific and with
animal Rac1- and Rac2-specific antibodies, translo-
cates from the cytosol to the membrane during the
oxidative burst in suspension-cultured soybean (Gly-
cine max) cells. Furthermore, transient expression of
human Rac1 proteins in the soybean cells modulates
ROS production in response to osmotic stress and
elicitors. These results provide evidence for the exis-
tence of a soybean Rop-like GTPase, which functions
as a regulator of the plant NADPH oxidase, possibly
analogous to Rac in the NADPH oxidase complex in
animal cells.

RESULTS

Hypo-Osmotic Shock-Induced Superoxide
Anion (O2

2) Formation

To test the hypothesis that NADPH oxidase is in-
volved in ROS generation in soybean cells, we used a
stimulus that reliably induces O2

2 production, hypo-
osmotic shock, and a flavin-containing oxidase in-
hibitor, diphenylene iodonium (DPI; O’Donnell et
al., 1993; Dwyer et al., 1996; Murphy and Auh, 1996).
Production of O2

2, measured by monitoring the
formation of reduced Cyt c, was induced when sus-
pension-cultured soybean cells were subjected to
hypo-osmotic shock (dilution of the medium with
water in 1:1 ratio), and the induction was almost
completely inhibited in the presence of 30 mm DPI
(Fig. 1A), supporting our hypothesis. In addition, the
low amplitude of the response and the transient peak
suggested that superoxide produced by NADPH ox-
idase was rapidly converted to H2O2 by endogenous
SOD. Indeed, we observed that in the presence of
DDC, an inhibitor of SOD, the reduced Cyt c contin-
ued to accumulate (Fig. 1B). DDC alone without os-
motic shock did not induce oxidative burst (data not

shown). These results strongly suggest that hypo-
osmotic shock activates NADPH oxidase in soybean
cells.

Identification of a Rac-Related Protein in Suspension-
Cultured Soybean Cells

To test whether a Rac- or Rop-like protein might exist
in soybean cells, proteins extracted from suspension-

Figure 1. Production of superoxide anion (O2
2) in response to hypo-

osmotic shock. A, Inhibition by DPI of O2
2 production. The cells

were pretreated with or without 30 mM DPI for 30 min, then stimu-
lated by hypo-osmotic shock. Control cells were not subjected to the
stimulus. Dimethyl sulfoxide alone was added to the solvent control
of DPI, which was also stimulated by hypo-osmotic shock. B, Accu-
mulation of O2

2 in the presence of a superoxide dismutase (SOD)
inhibitor diethyldithiocarbamate (DDC). The cells were pretreated
with or without 1 mM DDC for 10 min, then stimulated by hypo-
osmotic shock. Control cells were not subjected to the stimulus.
Results shown are representatives from three (A) and two (B) similar
independent experiments.
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cultured soybean cells were tested for GTP binding
and cross-reaction with antibodies raised against
Rac1, Rac2, and Rac1(C189S) from human, and
Rop1Ps from garden pea. Rac1(C189S) is an
isoprenylation-deficient mutant of Rac1, and our
polyclonal antibody raised against the entire protein
cross-reacted with both Rac1 and Rac2 proteins (data
not shown). Figure 2 shows that a soybean protein
with an apparent molecular mass of 21 kD, about the
size of Rac and Rop, bound [g-35S] GTP as well as
cross-reacted with all the antibodies tested. This re-
sult suggests that a Rac/Rop-like GTP-binding pro-
tein exists in soybean cells. This protein was ex-
pressed at all growth stages of the cultured cells (data
not shown).

Translocation of the Endogenous Rac-Related
Protein during the Oxidative Burst

In neutrophils, Rac activation of NADPH oxidase
in response to stimulation with chemo-attractant or
phorbol ester is accompanied by Rac translocation
from the cytosol to the membrane (Quinn et al., 1993;
Nisimoto et al., 1997). If the Rac-related protein in
soybean cells has a role analogous to that of Rac of
neutrophils, similar membrane translocation of this
protein might be expected during the oxidative burst.
Therefore we examined the location of the Rac-
related soybean protein using anti-Rac1(C189S) anti-
body, since this antiserum exhibited the highest
cross-reactivity with this protein among the four an-
tisera tested. Examination of microsomal and cytoso-
lic fractions of soybean cells prepared before and
after hypo-osmotic shock showed that most of the
Rac-related protein was present in the cytosol before
the shock treatment, and that a considerable portion
was also found in the microsomal fraction at 5 min
after shock treatment (Fig. 3) when H2O2 production
was maximal. The Rac-related protein was present in
the microsome even after the oxidative burst ended
at 20 min after the shock (Fig. 3). There may be other
factors that inactivate NADPH oxidase before Rac pro-
teins return to the cytosol (Sathyamoorthy et al., 1997).

Altered Rates of Oxidative Burst in Mutant
Rac1-Expressing Cells

Since translocation of the endogenous Rac-related
protein suggested that soybean cells may have a
ROS-generating mechanism similar to that of animal
cells, we then examined whether Rac of animal origin
could modulate ROS generation by soybean cells.
Mutant human Rac1 genes were transiently ex-
pressed in suspension-cultured soybean cells and the
oxidative burst of the cells in response to mechanical
stress (osmotic shock) and elicitors (oligo-GalUA
[OGA] and harpin) that induce defense responses
were analyzed. OGA is a plant cell wall component
released during pathogen attack or wounding, and
harpin is a proteinaceous bacterial elicitor from Er-
winia amylovora (Chandra and Low, 1997). These
three stimuli induce the oxidative burst via distinct
signal transduction pathways, although the identities
of the intermediates in these pathways remain
largely unknown (Low and Merida, 1996). As seen in
Figure 4, osmotic shock and OGA induced an oxida-
tive burst within 2 to 3 min in cells transformed with
b-glucuronidase (GUS) only and a similar response
was stimulated by harpin about 5 min after elicita-
tion. To learn whether mammalian Rac might alter
this response, RacV12, a dominant positive Rac1 mu-
tant with constitutive activity (defective in its intrin-
sic GTPase activity; Diekmann et al., 1991) was trans-
formed into the soybean cells. For a similar purpose,
RacN17, a dominant negative Rac1 mutant that is
locked into its inactive state by its preferential affin-
ity for GDP (Farnsworth and Feig, 1991) was also
tested for its influence on the burst. Because RacN17
also competes for Rac’s guanine nucleotide exchange
factor (Farnsworth and Feig, 1991; Jung et al., 1994),
it might also be expected to reduce activation of any
endogenous plant Rac isoforms. As shown in the
inset to Figure 4A, expression of both mutant Rac1
genes could be demonstrated in the soybean cells by

Figure 2. Identification of a Rac/Rop-related protein in soybean cells
by immunoblotting and [g-35S] GTP-binding assay. Crude extracts
from suspension-cultured soybean cells were separated by 15% SDS-
PAGE, transferred to nitrocellulose membrane, and probed with
antibodies raised against Rac1(C189S) (lane 1), Rop (lane 2), Rac1
(lane 3), and Rac2 (lane 4). Nitrocellulose membrane prepared in the
same manner was also used in [g-35S] GTP-binding assay, the result
of which was visualized by autoradiography (lane 5). Representatives
from two independent experiments with similar results are shown.

Figure 3. Translocation of the Rac-related protein of soybean cells
from the cytosol to the microsome. Microsomal and cytosolic frac-
tions were prepared from suspension-cultured soybean cells before
and 5 and 20 min after hypo-osmotic shock treatment. The endoge-
nous Rac-related protein was detected by immunoblotting with an-
tibodies raised against Rac1(C189S). Seventy micrograms of protein
was loaded in each lane. Results shown are representatives from two
similar independent experiments.
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immunoblotting with anti-myc antibody. More im-
portantly, none of the soybean cells transformed with
RacN17, RacV12 together with GUS, or GUS alone
produced H2O2 in the absence of external stimuli in
normal culture medium. However, in response to
each of the above three stimuli, cells transformed
with RacN17 produced less H2O2, whereas cells
transformed with RacV12 produced more H2O2 than
control cells that were transformed with the GUS
construct only (Fig. 4). These data suggest that Rac-
related proteins can regulate the oxidative burst in
soybean cells.

Membrane Translocation of Human Rac during the
Oxidative Burst

Because animal Rac modified the oxidative burst
rate in soybean cells, we next examined whether
human Rac expressed in soybean cells might also
translocate in a manner similar to the endogenous
Rac-like soybean protein. Microsomal membrane and
cytosol were prepared from transformed cells before
and 5 min after osmotic shock. RacV12, identified by
anti-myc antibody, was found only in the cytosol in
the absence of stimulus, but was also located in the
microsomal fraction following osmotic shock (Fig. 5).

DISCUSSION

Our studies suggest that a 21-kD GTP-binding pro-
tein, which cross-reacts with both anti-Rop and anti-
Rac antibodies (Fig. 2), is associated with production
of ROS in suspension-cultured soybean cells. The
cross-reactivity of the 21-kD protein with the antibod-
ies suggested that this protein is likely a member of
the plant-specific Rop subfamily of RHO GTPases be-
cause Rop is most closely related to Rac, sharing 65%
amino acid sequence identity with each other (Li et al.,
1998). During the oxidative burst, this Rop-like protein
is translocated to the microsomal membrane (Fig. 3),
as is Rac, a regulatory component of the NADPH oxi-
dase complex in neutrophil cells (Bokoch, 1994; Irani
and Goldschmidt-Clermont, 1998). In a similar man-
ner, the subcellular location of a 21-kD protein of
tobacco and tomato cells changed in response to elic-
itor treatment (Kieffer et al., 1997; Xing et al., 1997).
However, in the latter studies, anti-Rac2, but not anti-
Rac1 antibody was found to recognize the cross-
reacting band at 21 kD, whereas in our experiments
both Rac1 and Rac2 antibodies cross-reacted with the
21-kD soybean protein. The reason for this discrep-
ancy is not clear. Because these antibodies were raised
against the C-terminal region of their respective Rac
proteins, it is possible that the C-terminal region for

Figure 4. Altered rates of H2O2 production by mutant Rac1-
transformed soybean cells. Oxidative burst assay of suspension-
cultured soybean cells transformed with RacN17 (b), RacV12 to-
gether with GUS (d), or GUS alone (c) in response to hypo-osmotic
shock (A), OGA (B), and harpin (C). a, A control showing RacV12-
transformed cells in the absence of any stimuli. Controls using all
other transformants showed similar response. The inset of A shows
western hybridization using anti-myc antibody to probe total protein
extracted from soybean cells transformed with myc-tagged RacV12

(lane 1), RacN17 (lane 2), and the GUS gene without an epitope tag
(lane 3). Results shown are representatives from four (osmotic shock),
five (OGA), and two (harpin) similar independent experiments. Each
experiment consisted of three replicates each for each sample type.
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the tomato and tobacco Rop-like proteins is quite dif-
ferent from that for the soybean Rop-like protein. Rop
is encoded by a large gene family in Arabidopsis and
probably in other plant species as well (Li et al., 1998).
Further studies are obviously needed to determine
which Rop-like protein is associated with the oxida-
tive burst.

We have shown that the constitutively active and
dominant negative forms of human Rac increased
and decreased, respectively, the rate of ROS produc-
tion induced in soybean cells by various stimuli (Fig.
4), similar to their effects in neutrophils (Irani et al.,
1997; Kheradmand et al., 1998). This result suggests
that a Rop-like protein may promote the oxidative
burst in soybean cells, as suggested for OsRac1 in rice
and Rac13 in cotton fiber cells (Kawasaki et al., 1999;
Potikha et al., 1999). O2

2 generation by soybean cells
exposed to hypo-osmotic shock and its inhibition by
DPI also suggest that NADPH oxidase is likely re-
sponsible for at least some part of the oxidative burst
of soybean cells (Fig. 1). Moreover, three different
stimuli, which act through different signaling cas-
cades, induced the same changes in the rates of ROS
production in Rac-transformed soybean cells, sug-
gesting that the Rac protein performs a common
function in diverse oxidative burst signaling path-
ways. Finally, the soybean Rac-related protein and
the heterologously expressed mammalian Rac both
translocated to the membrane from the cytosol dur-
ing ROS production (Figs. 3 and 5), as does Rac in the
NADPH oxidase complex of neutrophils (Bokoch,
1994; Irani and Goldschmidt-Clermont, 1998). Taken
together, these results indicate a conserved role for a
Rac-like G protein in regulation of ROS in soybean
cells and they suggest that soybean cells employ a
Rac/Rop-like protein to modulate an enzymatic sys-
tem similar to the NADPH oxidase of neutrophils.

We have also shown that the constitutively active
Rac mutant does not constitutively activate the oxi-
dative burst in soybean cells; instead, induction of
the oxidative burst by the dominant positive Rac
mutant was stimulus-dependent (Fig. 4). Stimulus-
dependence was also found in its translocation to the
microsomes (Fig. 5). These data suggest that the
stimulus-mediated activation of NADPH oxidase in

soybean cells involves at least two steps: one that
activates Rac and another that is independent of Rac
activation. The second step is most likely required for
the translocation of Rac to the plasma membrane, as
suggested by stimulus-activated Rac translocation to
membranes. The stimulus-dependent promotion of
the oxidative burst by activated human Rac in soy-
bean cells is different from the action of activated
Rop in rice or cotton fiber cells where constitutively
active Rop causes constitutive activation of H2O2
production (Kawasaki et al., 1999; Potikha et al.,
1999). Rop in these systems could have a function
distinct from that of the Rop-like protein in soybean.
On the other hand, the difference may be due to
different functions of plant Rop and heterologous
human Rac in plant cells; Rops may function both as
a regulatory component of NADPH oxidase and as
an upstream regulator of the signaling cascade that
eventually activates NADPH oxidase, whereas the
heterologous mammalian Rac may not have the latter
function in plant cells. Identification of the soybean
Rop protein involved in the regulation of NADPH
oxidase will help to address this problem.

As a final point, we should point out that although
we presented evidence for possible similarity be-
tween the ROS producing mechanisms of soybean
cells and neutrophils, our data do not exclude the
possibility that the Rac/Rop-like protein of soybean
or heterologously expressed Rac modulate oxidative
burst at a site different from the NADPH oxidase.
ROS has been recently shown to be produced in some
animal cells where existence of the components of the
NADPH oxidase is questionable, and there activated
Rac also enhances the rate of ROS production
(Sundaresan et al., 1996; Irani et al., 1997; Kherad-
mand et al., 1998; Yeh et al., 1999). Further studies are
necessary to understand the exact mechanism of
modulation of ROS production by Rac/Rop-like pro-
tein in soybean cells.

MATERIALS AND METHODS

Plant Cell Culture

Suspension-cultured soybean (Glycine max) cells were
maintained in Murashige and Skoog medium (Murashige
and Skoog, 1962) containing 0.1 mg kinetin, 3 mg 2,4-
dichlorophenoxyacetic acid, 1 g casein, and 0.5 g MES
[2-(N-morpholino)ethanesulfonic acid] per liter. Two mil-
liliters of cells was transferred to 25 mL of fresh Murashige
and Skoog medium every 7 d. The cells were grown in an
incubator at 23°C, with shaking at 80 to 90 rpm and 18-h
light/6-h dark cycles.

Rac Constructs

The plasmids including pEXV-RacV12 and pEXV-
RacN17 were gifts from Dr. Jae-Hong Kim (Kim and Kim,
1997; Kim et al., 1997). For particle bombardment, Rac
constructs were prepared by inserting the Rac1 coding

Figure 5. Translocation of the RacV12 of animal origin from the
cytosol to the microsome. Microsomal and cytosolic fractions were
prepared from suspension-cultured soybean cells transformed with
RacV12 before and 5 min after hypo-osmotic shock treatment.
RacV12 protein was detected by immunoblotting with anti-myc an-
tibody. Representatives from two independent experiments with sim-
ilar results are shown.

Rac-Related Protein in Reactive Oxygen Species Generation

Plant Physiol. Vol. 124, 2000 729



region into EcoRI site of the binary vector pGA748 (provid-
ed by Dr. Gynheung An) under 35S promoter, and all
constructs were tagged with an N-terminal 9E10 epitope.

Detection of H2O2 Production by
Fluorescence Quenching

H2O2 production in suspension-cultured soybean cells
was detected by monitoring the oxidative quenching of
the fluorescent dye, pyranine (8-hydroxypyrene-1,3,6-tri-
sulfonic acid trisodium salt: lex 405 nm, lem 512 nm, Mo-
lecular Probes, Eugene, OR) using a spectrofluorimeter (RF

5000, Shimadzu, Kyoto, Japan) as previously described
(Dwyer et al., 1996). Hypo-osmotic shock treatment was
performed by diluting the cell suspension with an equal
volume of distilled water. Elicitation with OGA and harpin
(kind gifts of Drs. Philip S. Low and Steven Beer, respec-
tively; Chandra and Low, 1997) was carried out by the
addition of 10 mg of OGA or 60 mg of harpin to 1.5 mL of
cell suspension. The cells were stirred gently in a quartz
cuvette during fluorescence measurements.

Superoxide Anion Determination by Cyt c
Reduction Assay

The amount of O2
2 accumulated in the soybean cell

suspension during the oxidative burst was measured by
monitoring the reduction of Cyt c, which displays a change
in absorbance when it accepts an electron from the super-
oxide anion. At time zero, Cyt c (type VI; horse heart,
Sigma, St. Louis) was added to 50 mL of cell suspension at
a final concentration of 50 mm, and the cells were subjected
to osmotic shock by the addition of an equal volume of
distilled water. Reduced Cyt c was quantified by monitor-
ing A550 in a bio-kinetics reader (EL 312e, BIO-TEK Instru-
ments, Denkendorf, Germany; Curnutte et al., 1989). To
assess whether the O2

2 accumulation involves NADPH
oxidase, DPI, an inhibitor of flavin oxidase, was dissolved
in dimethyl sulfoxide and added at a final concentration of
30 mm 30 min before the start of the Cyt c reduction assay.
To confirm the identity of the reducing agent of Cyt c as
superoxide, we used an inhibitor of SOD, DDC (Sigma).
DDC was added to 0.5 mL of cells at a final concentration
of 1 mm, 10 min before the start of the assay. The Cyt c
reduction assay was performed in the same manner as
described above, except in this case the reduced Cyt c was
quantified with a spectrophotometer (UV-160A, Shimadzu).

Preparation of Microsomal and Cytosolic Fractions

Cells were collected by filtration and homogenized in
grinding medium {100 mm KCl, 3 mm NaCl, 1 mm ATP, 3.5
mm MgCl2, 5 mm Suc, 1 mm phenylmethylsulfonyl fluo-
ride, 2 mm dithiothreitol, and 10 mm PIPES [piperazine-
N,N9-bis-(2-ethanesulfonic acid)], pH 7.3} using a mortar
and a pestle. The homogenate was centrifuged at 8,000g for
15 min. The supernatant was collected and centrifuged
again at 100,000g for 1 h. The resulting pellet was resus-
pended in grinding medium and used as the microsomal

fraction. The cytosolic fraction was prepared by concentrat-
ing the supernatant from the second centrifugation step
using Centricon filters (10-kD cut-off value; Millipore, Bed-
fold, MA), giving a final protein concentration of 3 to 4 mg
mL21. Protein concentrations were measured according to
the Bradford method (Bradford, 1976) using bovine serum
albumin as a standard.

Electrophoresis and Protein Immunoblotting

Protein extracts (100 mg) were subjected to 15% SDS-
PAGE and then electrophoretically transferred to a 0.22-mm
nitrocellulose membrane (Schleicher & Schuell, Keene, NH).
The membrane was blocked for 1 h in TTBS buffer {20 mm
Tris [Tris(hydroxymethyl)aminomethane], 130 mm NaCl,
0.05% [w/v] NaN3, and 0.05% [v/v] Tween 20, pH 7.4}
supplemented with 5% (w/v) non-fat milk powder. Primary
antibodies were then added at 1:500 dilution in TTBS. Anti-
Rac1(C189S) antiserum was prepared by immunizing rab-
bits with purified Rac1(C189S) protein (Kreck et al., 1994)
according to standard protocols as previously described
(Han et al., 1998). Anti-Rop antiserum was prepared as
previously described (Lin et al., 1996). Anti-myc (Invitrogen,
Carlsbad, CA), anti-Rac1, and anti-Rac2 antibodies (Santa
Cruz Biotechnology, Santa Cruz, CA) were purchased from
commercial suppliers as indicated. Horseradish peroxidase-
conjugated anti-mouse IgG antibody (Amersham, Bucking-
hamshire, UK) was used for detection of anti-myc antibody,
and alkaline phosphatase-conjugated anti-rabbit IgG anti-
body (Promega, Madison, WI) was used for detection of
anti-Rac1(C189S), anti-Rac1, anti-Rac2, and anti-Rop anti-
bodies. Secondary antibodies were diluted 1:2,000 in TTBS.
All primary antibodies except anti-myc antibody were poly-
clonal. Anti-Rac1(C189S) and anti-Rop antibodies were
raised against whole proteins, whereas Rac1- and Rac2-
specific antibodies were raised against the C-terminal 11
amino acids of the respective proteins.

[g-35S] GTP-Binding Assay

Soybean proteins were transferred onto a nitrocellulose
membrane as described above. The membrane was washed
with 100 mL of renaturation buffer (50 mm Tris-HCl, pH
7.5, 0.1% [w/v] bovine serum albumin, 5 mm MgCl2, 2 mm
dithiothreitol, and 0.1% [v/v] Triton X-100) for 90 min and
then incubated in 10 mL of fresh renaturation buffer con-
taining 2.7 nm [g-35S] GTP with gentle agitation for a
further 90 min. During the next 90 min, the membrane was
washed six times with renaturation buffer. All reactions
were performed at room temperature. The membrane was
air-dried and radioactive bands were visualized by
autoradiography.

Microprojectile Bombardment of Suspension-Cultured
Soybean Cells with Mutant Rac Genes

One milliliter of soybean cell suspension culture was
harvested 7 d after subculture. Cells were spread in a thin
layer over a filter paper moistened with a small amount of
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growth medium. M-10 tungsten particles (Bio-Rad, Her-
cules, CA) were coated with 30 mg of plasmid DNA (con-
taining equal amount of Rac and GUS constructs) and
used as the microprojectiles in the transfections. After
microprojectile bombardment (Biolistic PDS-1000/He
System, Bio-Rad) according to the manufacturer’s instruc-
tions, the cells were scraped from the filter paper and
transferred into 5 mL of fresh growth medium. The cells
were grown in a shaking incubator as described above for
24 h before measurement of the oxidative burst. The effi-
ciency of transformation was estimated by determining
the percentage of cells expressing GUS. GUS activity was
assayed by staining the cells with a substrate solution (100
mm sodium phosphate, pH 7.0, 1 mm EDTA, 5 mm potas-
sium ferrocyanide, 5 mm potassium ferricyanide, 1%
[v/v] Triton X-100, and 1 mg mL21 5-bromo-4-chloro-3-
indoyl-b-d-GlcUA cyclohexylamine salt from Rose Scien-
tific, Edmonton, AB, Canada; Citovsky et al., 1994). Trans-
formation efficiency normally reached 30% to 60%.
Expression of Rac proteins in the soybean cells was con-
firmed by western analysis using anti-myc antibody.

To optimize transformation efficiency, we sometimes
performed the osmotic treatment described by Vain et al.
(1993) by placing the filtered soybean cells onto an
osmoticum-containing solid medium for 4 h before and
16 h after bombardment. The osmoticum consisted of an
equimolar mixture of mannitol and sorbitol to give a final
concentration of 0.25 m.
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