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ABSTRACT

When Vicia faba guard cel protoplasts were treated with fusicoccin,
dark "4CO2 fixation rates increased by as much as 8-fokL Rate increase
was saturated with less than 1 micromolar fusicoccin. Even after 6 minutes
of dark 'CO2 fixation, more than 95% of the incorporated radioactivity
was in stable products derived from carboxylation of phosphoenolpyruvate
(about 50% and 30% in malate and aspartate, respectively). The relative
distribution of 'C among products and in the C4 position of malate
(initially more than 90% of I'4Clmalate) was independent of fusicoccin
concentration. After incubation in the dark, malate content was higher in
protoplasts treated with fusicoccin. A positive correlation was observed
between the amounts of 'CO2 fixed and malate content.

It was concluded that (a) fusicoccin causes an increase in the rate of
dark "CO2 fixation without alteration of the relative fluxes through
pathways by which it is metabolized, (b) fusicoccin causes an increase in
malate synthesis, and (c) dark "CO2 fixation and malate synthesis are
mediated by phosphoenolpyruvate carboxylase.

During stomatal opening, guard cells extrude protons (22) and
accumulate potassium (4). Cytoplasmic pH is stabilized, in part,
by the release of protons during the synthesis of organic anions
(cf. 2, 23; 13, 15). Anion synthesis is generally thought to result
from carboxylation of PEP' (14, 17; but see "Discussion"). If this
hypothesis is correct, a key and obligatory step in metabolism
during stomatal opening is catalyzed by PEP carboxylase. This
metabolic step is a convenient one by which to introduce 14C in
order to monitor guard cell carbon metabolism.

Fusicoccin causes an increase in stomatal aperture size (29, 30)
and accumulation of potassium by guard cells (28, 29). Presum-
ably, these phenomena are an indirect result of increased proton
extrusion (12). Guard cell protoplasts, which can be isolated in
quantity (19), exhibit correlates of these and other responses: in
the presence of potassium, they swell when incubated in light (34)
or with fusicoccin (24) and shrink when incubated with ABA (24).
We report here the effects of fusicoccin on the rate of dark "CO2
fixation by guard cell protoplasts and the distribution of "4C
among metabolites, the intramolecular labeling of malate, and the
amount of malate in these protoplasts.
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MATERIALS AND METHODS

Materials. Vicia faba L. 'Long Pod' was grown in a soil-sand
mixture in a greenhouse where the photoperiod was extended to
16 h using fluorescent bulbs. Na214CO3 (59.7 mCi/mmol),
NaH'4CO3 (18.2 mCi/mmol) and L-[14C]aspartic acid (10 mCi/
mmol) were from Amersham. Cellulose 6064 chromatography
sheets (20 x 20 cm) and radiographic supplies were from Eastman.
Cellulysin and Macerase were from Calbiochem; pectinase, malate
dehydrogenase (EC 1.1.1.37), PEP carboxylase (EC 4.1.1.31), and
malic enzyme (EC 1.1.1.40) were from Sigma; and glutamate
dehydrogenase (EC 1.4.1.3) and glutamate-oxaloacetate transam-
inase (EC 2.6.1.1) were from Boehringer-Mannheim.

Synthesis of 114CjMalate Standards. [4-14C]Malate was synthe-
sized in 5 ml of a reaction mixture consisting of 50 mm Tris-HCI
(pH 7.4), 1 mm DTT, 1 mM MgC12, 2.5 mm PEP, 0.5 mm NADH,
0.6 mm NaH'4C03 (60 ,uCi), 0.5 sg/ml malate dehydrogenase, and
0.6 mg/ml PEP carboxylase. After 2 h at 22°C, 0.1 ml acetic acid
was added. [U-14C]Malate was synthesized in 1 ml of a reaction
mixture consisting of 50 mm imidazole (pH 7.0), 2 mm a-ketoglu-
tarate, 0.16 mm NADH, 0.1 mMM [U-_4C]aspartic acid (1 ,uCi), 2.6
pg/ml malate dehydrogenase, and 20 ,ug/ml glutamate-oxaloace-
tate transaminase. After 20 min at 22°C, the reaction mixture was
quenched in liquid N2. Reaction mixtures were freeze-dried and
dissolved in 80% (v/v) ethanol. Synthesized ['4CJmalate was iso-
lated by two-dimensional TLC (3).
Guard Cell Protoplast Isolation. Guard cell protoplasts were

isolated essentially according to Outlaw et al. (19), except I mM
CaCl2 was used. Protoplasts (100 ,ug protein) were suspended in
500 pl assay medium (similar to Ref. 20: 0.55 mm mannitol, 20
mM Tes (pH 7.4), 0.5 mm KH2PO4, 2 mm EDTA, 1 mM MgSO4,
1 mm MnCl2, 1 mm CaCl2, and 0.5 ml/l Arnon's A4 micronutrient
solution). The potassium concentration in the assay medium was
0.5 mm which is nearly saturating for stomatal opening on Vicia
faba epidermal peels, but below the concentration at which ion
selectivity is lost (5). (Required potassium concentration for sto-
matal opening varies among species, e.g. Ref. 33.) Contamination
by other cell types was typically less than 0.2% on a cell basis as
determined by light microscopy.

Mesophyll Cell Isolation. Vicia leaf pieces, stripped of the lower
epidermis, were vacuum infiltrated with maceration medium. The
medium contained 0.7 M sorbitol, 15 mm K2S04, 1 mM KNO3, 0.2
mM KH2PO4, I mm CaC12, 0.5% (w/v) BSA, 1% (w/v) Macerase,
and 1% (w/v) pectinase at pH 5.8. After 3 h at 30°C on a shaker
(60 excursions/min), the medium was sieved (300- and 20-,um
screens); the cells were collected from the 20-jum screen. The cells
(15 mg protein) were washed and suspended in assay medium (as
above).
PEP Carboxylase Assay. A 25-p1 aliquot of guard cell proto-

plasts was added to 450 jil of assay mixture consisting of 10 mm
Tris-HCl (pH 8.1), 1 mm DTT, 1 mM MgCl2, 2 mM PEP, 0.15 mM
NADH, and 17 ,ug/ml malate dehydrogenase. The reaction, per-
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formed at 35°C, was initiated by adding Na2"CO3 (50,uCi) to a
final concentration of 1.7 mm. At various times, 75 Al were
removed and acidified with acetic acid to a final concentration of
4 N. Aliquots were transferred to scintillation vials, the vials heated
at 60°C until dry and counted.

14CO2 Fixation and Analysis of "4C-Products. Protoplasts or cell
suspensions (4-7 x 10' cells) were transferred to small tubes
containing fusicoccin. After a 10-min incubation period in a water
bath at 35°C, Na214CO3 (6 ,uCi) was added to a final concentration
of 2 mm. Incubation and "4CO2 fixation were in darkness. Metab-
olism was stopped by addition of 4 volumes of boiling ethanol
and transfer to a boiling water bath for 2 min. Extracts were dried
under N2 and dissolved in 150 ,ul water. Extracts were stored at
-800C.
The 14C in acid-stable products in the extracts was determined

by liquid scintillation spectrometry (3a70 cocktail, RPI). The 14C-
products were separated by two-dimensional TLC (3). Identifica-
tion was by co-chromatography with authentic compounds.

Decarboxylation of Malate. [14C]Malate isolated from proto-
plast extracts was enzymically decarboxylated in Warburg flasks.
The reaction mixture consisted of 100 mm Hepes (pH 7.2), 5 mm
MgCl2, I mm DTT, 2.5 mm malate, 0.5 mm NADP+, 5 mm a-

ketoglutarate, 0.1 mm ADP, and 75 itg/ml glutamate dehydroge-
nase. (The last three components, and enzymes added as
(NH4)2SO4 suspensions, kept NADP oxidized.) After the addition
of isolated [14C]malate from protoplast extracts, the reaction was
initiated by adding 18 ,ug/ml malic enzyme. After incubation for
1.5 h at 22°C, 100 ,ul of 2 N HCI was poured into the reaction
solution from the flask's side arm. Filter paper (1.5 x 2.5 cm),
which was wetted with 80 p1 of 20o (w/v) KOH, was placed in
the center well to trap released 14CO2. After an additional 1 h, the
alkali trap was transferred to a scintillation vial. Cocktail was
added, neutralized by addition of acid, and then radioactivity was
determined. Aliquots of the reaction mixture were added to scin-
tillation vials. The vials were heated to 60°C until dry, and the
remaining radioactivity determined. Decarboxylation of the [U-
"4C]malate standard and the [4-"4CJmalate standard resulted in
25% (SE = 1.1, n = 7) and 100%1o (SE = 0.4, n = 16) recoveries of
4C, respectively, in the alkali trap.
Malate Assay. Protoplast extracts were treated with charcoal

(1%, w/v), microfuged, and the supernatant collected. Aliquots
were added to tubes containing assay reagent (7) with 1 mM DTT
included. After the initial fluorescence was measured, 5 ,ug/ml
malate dehydrogenase was added and the increase in fluorescence
determined after 8 mn.

Other Methods. Protein and Chl were determined by the
methods of Lowry et al. (8) and Bruinsma (1), respectively.

RESULTS

Dark 14CO2 fixation by guard cell protoplasts proceeded linearly
for 10 min in the absence or presence of fusicoccin (10 ,UM). In the
absence of fusicoccin, dark 4CO2 fixation rates varied between
1.7 and 4.8 nmol/mg protein-min. Incubation with fusicoccin
increased these rates as much as 8-fold (Fig. 1). The maximum
rate observed at saturating fusicoccin concentrations (10 ,UM) was

33 nmol/mg protein-min (SE = 1.0, n = 5). Increasing fusicoccin
concentration as high as 100 ,lM produced no further effect (data
not shown). The fusicoccin concentration required for half-maxi-
mal increase in the fixation rate was 0.16 pM.
The dark "4CO2 fixation rate in mesophyll cells during a 10-min

labeling period was 0.4 nmol/mg protein-min; a change in the
rate was not detected in the presence of 10 ,uM fusicoccin. Similarly,.
a change in the rate of dark "CO2 by leaf slices (1 x 5 mm) that
were vacuum infiltrated with assay medium was not detected if
fusicoccin was present (data not shown).

In the absence of fusicoccin, malate and aspartate accounted
for 43% and 49%, respectively, of the "C in extracts of guard cell
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FIG. 1. Dark "CO2 fixation rates in Viciafaba guard cell protoplasts
which were incubated with fusicoccin for 10 min before addition of
Na2"CO3 to 2 mm. Metabolism was stopped after a 6-min labeling period.

Table I. Distribution of Radioactivity among Metabolites in Extracts of
Viciafaba L. Guard Cell Protoplasts that Had Been Incubated with "CO2

for 6 Minutes in Darkness
Incubation with fusicoccin as indicated was for 15 min prior to and

during the labeling period.

Radioactivity at Following Fusicoccin Concn. (uM)
Metabolite

0.00 0.05 0.20 0.50 0.80 4.00

Malate 54 49 52 54 56 55
Aspartate 30 33 31 28 28 29
Glutamate 7 8 8 8 8 8
Glutamine 5 5 5 5 5 4
Citrate 3 2 2 2 2 3
Othere 1 3 2 3 1 1

Total DPM 7,931 16,703 40,507 52,996 60,040 59,746
a Insoluble, fumarate and alanine.

Table II. Effect of Fusicoccin on the Rates of 14CO2 Fixation and Malate
Accumulation in Viciafaba Guard Cell Protoplasts

Guard cell protoplasts were incubated with fusicoccin for 10 to 20 min.
In the absence of fusicoccin, malate content was 500 nmol/mg protein and
4CO2 fixed was 10 nmol/mg protein in this experiment.

Rate of "C
Fusicoccin Rate of Malate Rate of 14C Accumulation
Concn. Accumulation Accumulation Rate of Malate

Accumulation

ILM nmol/mg protein min ratio
0.05 3.1 1.8 0.58
0.20 28.3 6.8 0.24
0.50 15.6 9.5 0.61
0.80 28.1 10.8 0.38
4.00 31.3 10.8 0.34

protoplasts which had been incubated with 14CO2 for short time
periods (3-10 s). When protoplasts were incubated with "'CO2 for
longer periods (30-120 s), malate contained 41% of the "C. Most
of the radioactivity in malate (of the latter extracts) was in the C-
4 position (87-100%o, mean = 92%, n = 5).
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The effect of fusicoccin on the distribution of radioactivity
among various compounds was determined in extracts of guard
cell protoplasts that had been incubated with "'CO2 for 6 (Table
I) or 10 min. Regardless of incubation with 0 to 100 AM fusicoccin,
more than 95% of the radioactivity was in stable products derived
from carboxylation of PEP (6-min labeling period; Table I).
Similar results (not shown) were obtained when guard cell proto-
plasts were labeled for 4, 5, and 10 min. Of the 14C in malate, 71%
to 77% was in the C-4 position. This last result was independent
of fusicoccin concentration (0-100 AM) and was similar for malate
in extracts taken from a 6-min and 10-min labeling period.
The malate content in extracts of guard cell protoplasts incu-

bated in the dark with fusicoccin was higher than in the absence
of fusicoccin (Table II and data not shown). In general, malate
content and 14C fixation increased in parallel with fusicoccin
concentration.
The PEP carboxylase activity in extracts of guard cell proto-

plasts was 151 nmol/mg protein -min.

DISCUSSION

The fusicoccin concentration required to cause response by
plant tissue is 0.01 to 0.1 sm; saturation of the response is observed
with 10 AM (6, 1 1). Our results on dark 14CO fixation by guard
cell protoplasts are consistent with these values. We detected an
increase in the rate at 0.05 AM and saturation of this response at
less than 1 ,UM. Our data, like those of others who studied different
responses (24, 28-30), indicate that fusicoccin acts directly on
guard cells. Although fusicoccin is thought not to be tissue specific
(12), we did not detect an effect of fusicoccin on dark 14CO2
fixation by mesophyll cells or leaf tissue cut into small pieces.
The primary effect of fusicoccin is considered to be an increase

in proton extrusion (12). A meclhanism to stabilize cytoplasmic pH
must exist. The commonly accepted view is that neutral precursors
(16) are catabolized to PEP which is carboxylated (14, 17, 21, 25,
31, 32). This metabolism would result in synthesis of organic
anions and release of protons. Therefore, if proton extrusion and
PEP carboxylation are obligatorilT coupled in this way, then
malate content and the rate of dark 'CO2 fixation should increase
in the presence of fusicoccin. We indeed observed an increase in
the malate content and rate of dark '4CO2 fixation in guard cell
protoplasts incubated with fusicoccin. However, the relative dis-
tribution of 14C among all products and in the C4 position of
malate were unchanged. Thus, fusicoccin had no qualitative effect
on dark 4CO2 fixation; i.e. fusicoccin increased 14C incorporation,
but its metabolism was unchanged.
To our knowledge, there have been only four studies on the

effect of fusicoccin on the rate of dark 14CO2 fixation by plant
tissue. Johnson and Rayle (6) reported a 3-fold increase in Avena
coleoptile. Lucchini (9) reported a 40o increase and Marre (10) a
2-fold increase in pea internode segments. None of the three
preceding reports related the rate of 1 CO2 fixation rate to the rate
of organic anion accumulation. Travis and Mansfield (27) ob-
served a 6-fold increase in dark 14CO2 fixation by Commelina
epidermal strips in the presence of fusicoccin. However, the ab-
solute rate of 4C incorporation was 100-fold too small to account
for malate accumulation. The interpretation (27) was that either
the bulk of the CO2 required for carboxylation of PEP must be
from an endogenous source or that carboxylation of PEP is not
mainly responsible for malate production in guard cells during
stomatal opening. The methods used (27) were insufficient to
justify the conclusions; the 3-h labeling of epidermal strips was
with 16 iLM NaH"CO3 in 10 mM Mes, pH 6.15 (i.e. below the pK
of C02), with 10 volumes ofair/min bubbled through the medium.
The tl/2 for 14CO2 loss from such an experiment system is less than
1 min (P. H. Brown, W. H. Outlaw, unreported results).

In four experiments, the rate of dark "'CO2 fixation by Vicia
guard cell protoplasts in the presence of saturating fusicoccin
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concentrations ranged between 13 and 33 nmol/mg protein.min
(0.25-0.64 pmol/guard cell pair-h; see Refs. 16, 18 for conversion
factors). These rates are similar to the maximum rate of malate
accumulation in Vicia guard cells in situ during stomatal opening
in light (0.7 pmol/guard cell pair.h; Ref. 14). In addition, fusicoc-
cin had parallel effects on the rate of malate accumulation and
14C accumulation (Table II). The rate of malate accumulation
exceeded the calculated rate of "4CO2 fixation. The discrepancy
between these two is likely a result of isotopic dilution of the
4CO2 (from exchange with air and endogenous CO2 production).
Much evidence has accumulated in support of the role of PEP

carboxylase in guard cell organic anion synthesis (13). Our present
results extend this evidence. They show the 14C to be incorporated
into aspartate and malate, the latter initially labeled almost exclu-
sively in the C-4 position. A similar labeling pattern for the C-4
position of aspartate has also been observed in extracts of isolated
epidermal strips of Commelina labeled with "4CO2 (26). These
results indicate that 14C was incorporated by PEP carboxylase
activity; sufficient activity in vitro was present to support the
maximum rates of 14CO2 incorporation observed in vivo. Further-
more, we have shown that malate content and the rate of "4CO2
incorporation (ie. PEP carboxylase activity in vivo) are higher in
the presence of fusicoccin, an agent that induces stomatal opening.
Thus, we have no doubt that malate accumulation in guard cells
is mediated by PEP carboxylase.
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