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ABSTRACT

The pathway of 4-aminobutyric acid (GABA) production and
efflux was investigated in suspensions of mesophyll cells isolated
from asparagus (Asparagus sprengeri Regel) cladophylls. Analy-
sis of free amino acids demonstrated that, on a molar basis,
GABA represented 11.4, 19, and 6.5% of the xylem sap, intact
cladophyll tissue, and isolated mesophyll cells, respectively. L-
Glu, a GABA precursor, was abundant in intact cladophylls and
isolated cells but not in xylem sap. When cells were incubated
with L-[U-14C]Glu, intracellular GABA contained less than 10% of
the radioactivity found in intracellular Glu. However, GABA in the
medium contained 78% of the radioactivity found in extracellular
L-Glu metabolites. Incubation with L-[1-14C]Glu resulted in the
appearance of unlabeled GABA, demonstrating its production
through decarboxylation at carbon 1. GABA released to the me-
dium from cells incubated with L-[U-14C]Glu had a specific activity
of 18 nanocuries per nanomole, whereas GABA remaining in the
cell had a specific activity of 2.25 x 10-' nanocuries per nanom-
ole. In the presence of exogenous L-Glu, amino acid analysis and
cell volume measurements indicated intracellular Ala and GABA
concentrations of 4.2 and 1.4 millimolar, respectively. In the
medium, however, the corresponding concentrations were 2 and
57 micromolar. The data indicate that L-GIu entering the cell is
decarboxylated to GABA, and that specific and passive efflux is
from this pool of recently synthesized GABA and not from a
previously synthesized unlabeled pool of GABA.

shown that GABA efflux is slower than that for other amino
acids, suggesting that it is sequestered in an organelle (19).
Although GABA is widely distributed and present at high
levels, its physiological role in plants has not been clearly
established (2, 18).
A H+/L-Glu cotransport system has been characterized at

the plasma membrane ofAsparagus sprengeri mesophyll cells
(1, 9, 10). Attempts to determine the stoichiometry of the
H+/L-G1u cotransport system by simultaneously measuring
the initial rate of L-Glu-dependent alkalinization and the
initial rate of L-[U-'4C]Glu uptake yielded unexpectedly high
stoichiometries ranging from 3.0 to 7.7:1. Further experi-
ments determined that a high proportion of the label entering
the cells as L-[U-14C]Glu was released to the medium as
labeled GABA and 14CO2 (1, 10). The efflux of GABA and
CO2 led to an underestimation of the rate of L-Glu entry
and, consequently, to an overestimation of the H+/L-Glu
stoichiometry.

This article addresses four questions: (a) what are the con-
centrations ofGABA in A. sprengeri; (b) what is the biochem-
ical pathway of GABA production; (c) could GABA efflux
occur through a passive mechanism; and (d) is the GABA
that is synthesized during the uptake of L-Glu sequestered
from previously existing GABA?

MATERIALS AND METHODS

The nonprotein amino acid, GABA3 appears to be ubiqui-
tous in the plant kingdom. In many of the plant species and
tissues studied, GABA concentrations exceed those of the free
protein amino acids. GABA synthesis results predominantly
from the decarboxylation of carbon-i of L-Glu in a reaction
catalyzed by GAD (EC 4.1.1.15), a cytosolic enzyme (2, 18).
GABA synthesis also occurs through the hydrolysis of 4-
guanidinobutyric acid to GABA and urea (8), and by the
conversion of putrescine via pyrroline to GABA (21). Com-
partmental analysis demonstrates that the cytosol is enriched
with GABA, suggesting that it may be the site ofboth synthesis
and storage of GABA (26, 29). Other studies, however, have
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Cell Isolation

Mechanically isolated asparagus (Asparagus sprengeri Re-
gel) mesophyll cells were prepared daily (3) and incubated in
5 mM Mes: 1 mm CaSO4 and adjusted to pH 6.0 with Ca(OH)2.
Depending on the experiment, the volume of the stirred cell
suspensions varied from 1 to 5 mL. The 5-mL suspensions
were aerated. The cell density varied from 4 to 6 x 106 cells-
mL-'. Cells were illuminated with a 200-W Sylvania lamp,
giving an irradiance of 4.6 x 10-4 mol.m-2.s-'.

Amino Acid Analysis of Xylem Sap, Intact Cladophylls,
Isolated Cells, and Incubation Medium

Xylem sap was collected from greenhouse-grown plants
between 11 AM and 12 noon. Sixty-cm-long stems were cut
near the base. The exudate was collected from the attached
stem into a small glass tube by a low vacuum device (Nalgene,
MitVac). The sap from five stems was pooled. This procedure
was employed on 3 separate days generating three samples,
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which were dried in a vacuum concentrator (Savant speed
vacuum).
Approximately 150 cladophylls were collected. Within 5 s

of detachment, each cladophyll was placed into 20 to 25 mL
of boiling 100% methanol to ensure a minimal time period
between excision and the boiling methanol treatment. At the
same time, another 150 cladophylls were collected for cell
isolation. After 30 min of boiling, the methanol plus clado-
phylls were ground in 4 mL of 5 mm Mes in 1 mm CaSO4
(pH 6.0). The slurry was mixed with 30 mL of chloroform
and 15 mL of water and agitated for 1 h. The upper aqueous
fraction was then separated from the lower chloroform frac-
tion by centrifugation at 2900g for 10 min and dried in a
filtered stream of air at 40°C.
Twenty to 30 x 106 isolated cells were incubated in 5 mL

of the cell suspension medium for 10 min. After incubation,
the cells were separated from the medium by centrifugation
at 2500g for 2 min. The incubation medium was dried. The
cell pellet was solubilized by sequential addition and shaking
with 2.5 mL of 100% methanol for 30 min, 5 mL of chloro-
form for 30 min, and 2.5 mL of distilled water for a further
30 min. The aqueous cell fraction was separated from the
chloroform fraction as indicated previously and dried.
The dried xylem sap and incubation medium, and the dried

aqueous fractions from intact cladophylls and isolated cells
were dissolved in 100 or 300 ,uL of deionized and filtered
water. Amino acids were derivatized with 2-mercaptoethanol/
o-phthalaldehyde and separated with a Waters HPLC gradient
system (Milford, MA) by reverse-phase chromatography (20).
Intracellular amino acid concentrations were calculated after
determining cell volumes (22).

Analysis of L-[U-14C]Glu or L-[1-14C] Glu Metabolites

To a 5-mL suspension of 2 x I07 cells was added 0.1 mM
L-[U-'4C]Glu (specific activity 22.5 nCi/nmol) or 0.1 mM L-
[I-_4C]Glu (specific activity 17.5 nCi/nmol). The cell suspen-
sions were incubated for 10 min. Cells were then separated
from the medium by centrifugation at 2400g for 2 min. The
medium was dried and prepared for HPLC analysis. The
pellet was immediately resuspended in 15 mL of4°C medium
and centrifuged at 2400g for 2 min. The pellet was fraction-
ated into an aqueous fraction and a chloroform fraction as
indicated previously. The aqueous phase was removed, dried,
and designated the cell fraction.
The dried aqueous fractions from the cells and the medium

were dissolved in 500 AL of deionized and filtered water. A
300-,uL aliquot of these dissolved fractions was mixed with
phenylisothiocyanate to derivatize the amino acids. Both the
derivatized amino acids and the nonderivatized organic acids
were separated on a Waters HPLC system, and radioactivity
was determined with an on-line Ramona Radiochromatog-
raphy Scintillation system (10, 11).

GABA Flux Measurements

Measurements of net GABA flux were initiated by sus-
pending 4.4 x 106 illuminated cells in 1.1 mL of medium. A
100-,uL aliquot was removed and washed with 1 x 5 mL
followed by 2 x 10 mL of 4°C cell suspension medium, and

the cells were collected on Millipore filters (HA type, 0.45
,um). This sample was used to determine the background for
flux measurements. To the remaining 1.0 mL of suspension
was added 25 ,L of 5 mm [U-'4C]GABA (final concentration
0.125 mM, specific activity 11.2 nCi/nmol). A 100-,uL aliquot
of the cell suspension was removed every 2 min for 6 min,
and the cells were washed and collected as above. At 6 min,
20 ,L of 50 mM L-Glu or 10 IAL of 1 mM CCCP was added to
the cell suspension to give final concentrations of 1.7 mM or
17 gM, respectively. Aliquots of 100 uL were then removed
every 2 min for 12 min. Cells were washed and collected as
described above. Filters with cells were transferred directly
into a vial containing 1 mL of 100% methanol. Subsequently,
14 mL of counting scintillant (ACS, Amersham) was added,
and radioactivity was determined in a Beckman LS 1800
scintillation system.
To measure the efflux of GABA, a similar procedure was

used. However, at 6 min the cells were washed for 6 min with
2 x 10 mL offresh cell suspension medium to remove external
radioactivity. Then 0.8 mL of fresh suspension medium was
added to the washed cells, and measurements of efflux were
initiated. A 100-ItL aliquot of cell suspension was removed
immediately, and then 16 ,L of 50 mM L-Glu (1.1 mM) or 8
,uL of 1 mM CCCP (11 LM) was added. Aliquots of cell
suspension were then removed every 2 min for 12 min, and
cells were washed and collected on filters prior to scintillation
counting.

RESULTS

HPLC analysis of the amino acid content of xylem sap,
intact cladophyll tissue, and isolated mesophyll cells was
performed to indicate the relative amounts ofGlu and GABA
in the respective amino acid pools (Fig. 1). In the xylem sap,
the most abundant amino acid was Asn, comprising 68% of
the total amino acid pool. GABA was the second most abun-
dant at 1 1.4%. However, Glu comprised only 1% of the pool.
The composition of xylem exudate obtained from the middle
or top of the Asparagus stem indicated similar values (data
not shown). In contrast, the most abundant amino acids in
the intact cladophyll were Glu and GABA, making up 19.7
and 18.8% of the pool, respectively. Asp and Ala comprised
13.6 and 13.0% ofthe pool, respectively. In isolated mesophyll
cells, Glu and Ala were the most abundant amino acids,
making up 29.2 and 22.7% of the pool. GABA was the third
most abundant amino acid, comprising 6.4% of the pool.
Thus, whereas GABA is a major component of all three
fractions, Glu is abundant in intact tissue and isolated cells
but not in xylem sap. The abundance ofGABA in cladophylls
transferred within seconds from the plant to boiling methanol
demonstrated that its presence is not a response to the cell
isolation procedures.
To investigate L-Glu metabolism, cells were incubated with

L-[U-'4C]Glu in the light for 10 min prior to HPLC analysis
of an aqueous extract of the washed cells and the cell suspen-
sion medium (Table I). Of the total L-Glu metabolites ana-
lyzed, 12.7% remained in the cell, whereas 87.3% was found
in the medium. In the cells, the most abundant radiolabeled
compound was L-Glu. The label in GABA was less than 10%
of that found in Glu. In the medium, however, the most
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Figure 1. A stack histogram of the relative amino acid content of
xylem sap exudate, intact cladophyll tissue, and isolated mesophyll
cells. Dried aqueous fractions from the three sources were analyzed
by HPLC. Standard amino acid solutions and corresponding integra-
tion values were used to convert sample amino acids into pmol units.
Individual amino acids are expressed as a percentage of the total
pmol in each fraction. The means from three separate samples are
indicated.

Table I. Percentage of 14C Distribution of L-[U-14C] Glu Metabolites
To 20 x 1 06 illuminated cells suspended in 5 mL of 5 mM Mes in

1 mM CaSO4 (pH 6.0) was added 0.1 mM L-[U_'4C]Glu (22.5 nCi/
nmol). Metabolites were separated and analyzed as indicated in
"Materials and Methods." Each metabolite is expressed as a per-
centage of the total metabolite radioactivity. Each value indicates the
percent mean (±SE) of three to eight trials.

Medium Cell
Metabolite

% Mean SE % Mean SE

a-Ketoglutarate 3.40 0.32 1.08 0.47
Succinate 4.64 2.94 0.40 0.07
L-Glu a 4.79 0.13
GABA 67.88 2.21 0.39 0.19
Minor constituents 0.00 0.00 5.31 2.13
Unknown 11.43 3.44 0.70 0.57
Sum 87.35 12.67

a L-[U-14C]Glu added to the medium; therefore, data not shown here.

abundant radiolabeled compound was GABA, which made
up 78% of the pool of L-[U-'4C]Glu metabolites. The data
demonstrate that GABA is the most abundant radiolabeled
metabolite of L-Glu and that most of it is released to the
medium. Similar results were obtained with nonilluminated
cells. GABA synthesis was shown to be a cell-dependent
process. It was not a contaminant of the stock of L-[U-'4C]
Glu, nor was it produced by the breakdown of L-[U-'4C]Glu
during incubation and sample preparation (data not shown).
The compartmentation and biochemical pathway ofGABA

production was investigated in cell suspensions incubated with
either L-[U-'4C]Glu or L-[l-'4C]Glu for 10 min. The specific
activity ofGABA was then calculated after HPLC analysis of
the aqueous cell fractions and the cell suspension medium. In
the medium, the specific activity of GABA after incubation
with L-[U-'4C]Glu was approximately 18 nCi/nmol, whereas
the specific activity of GABA for cells incubated with L-[1-
'4C]Glu was 0. Although the amount of GABA released to
the medium was similar in both cases, the cells incubated
with L-[ 1-'4C]Glu released nonlabeled GABA. This demon-
strates that GABA production involves the decarboxylation
of L-Glu at carbon 1. Similar results were obtained with
illuminated or nonilluminated cells (Table II). In addition,
the results with L-[U-'4C]Glu demonstrated that the specific
activity of the GABA released to the medium was at least 80
times greater than that of the endogenous GABA (Table II).
Thus, the sites ofGABA production and storage are separate.
This suggests that GABA efflux occurs from a pool of newly
synthesized GABA, and that the low specific activity for
endogenous GABA results during extraction when previously
synthesized unlabeled GABA is mixed with a pool of recently
synthesized labeled GABA.
GABA influx and equilibration were faster in illuminated

than in nonilluminated cells. Equilibration occurred after
approximately 6 min (Fig. 2B). The effect of L-Glu and CCCP
on the unidirectional and net efflux of['4C]GABA was studied
to investigate the possible presence of a Glu/GABA antiport
(Fig. 2). In both cases, 1 mM L-Glu had no effect on the rate
of efflux of ['4C]GABA, whereas 10 uM CCCP stimulated
efflux. The data do not support the presence of an antiport.
Addition of 10 mm K2SO4, 5 mM butyric acid, or 1 mg/mL
oligomycin also had no effect on GABA efflux (data not
shown).

Table II. The Specific Activity of GABA after Feeding L-[U-14C]Glu
or L-[1-14CJGlu to a Suspension of Mesophyll Cells

Conditions were the same as in Table I. The specific activity of
GABA was derived from HPLC analysis after L-[U-14C]Glu (22.5 nCi/
nmol) or L-[1 -14C]Glu (17.5 nCi/nmol) metabolism for 10 min. Each
value is the mean of three to six trials. L, Light; D, dark.

14C Label Specific Activity Specific Activity
in L-Glu in Medium in Cell

nCi/nmol

L U-14C 18.0 0.23
D U14C 19.4 0.14
L 1-14C 0 0.20
D 1-14C 0 0.06

U ISOLATED CELL

_ INTACT TISSUE
O XYLEM SAP

I I MIR _ M. mm
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0
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Figure 2. The effect of L-Glu and CCCP on unidirectional and net
GABA efflux. A, Cells (4 x 1 Q6) in a 1-mL suspension were incubated
with [U_14C]GABA for 6 min. Exogenous GABA was then removed
by washing, and L-Glu or CCCP was added as indicated to give final
concentrations of 1.1 mm and 11 ,M, respectively. Aliquots (100 ML)
of cell suspension were removed periodically to determine radioactiv-
ity inside the cell. The mean of three trials is indicated. B, Cells (4 x
106) in a 1-mL suspension were incubated with [U_14C]GABA. At 6
min, L-Glu or CCCP was added as indicated to give final concentra-
tions of 1.7 mm and 17 ,M, respectively. Aliquots (100 MiL) of the cell
suspension were removed periodically to determine radioactivity in-
side the cell. The mean of three trials is indicated.

Concentrations of amino acids in the cells and medium
were obtained to determine whether efflux was specific to
certain amino acids and whether efflux could occur through
passive diffusion down a concentration gradient. Cells were
suspended in the presence and absence of L-Glu for 10 min
in the light (Table III). In either case, Ala was the most
abundant amino acid in the cell. It was at least twofold higher
than the levels of Glu and GABA, which were the next most
abundant amino acids. However, when Glu was absent,
GABA concentrations in the medium were twice those ofAla.
When Glu was present, GABA was the only amino acid whose
concentration in the medium rose significantly. Its concentra-
tion was 28 times higher than that for Ala. These results
demonstrate a specificity for enhanced GABA efflux over the
more abundant Ala and other amino acids. In addition,
concentrations of GABA in the cells always exceeded those
in the medium by at least 20-fold, demonstrating that passive
diffusion could drive GABA efflux (Table III). Similar data
were obtained with nonilluminated cells. No evidence for a
H+/GABA symport was obtained when the medium pH was

monitored in response to GABA addition (data not shown).

DISCUSSION

GABA levels in plant tissues often increase in response to
various forms of stress (15, 24, 28). However, in this study,
the xylem sap was sampled immediately after cutting the
stem, and the detached cladophylls were placed within 5 s
into boiling methanol (Fig. 1). Thus, high GABA levels are

most probably not a response to the stress of experimental
manipulation. High levels of GABA in xylem have been
reported previously (12, 13). Compared with intact clado-
phylls, the level of GABA in isolated cells was relatively low
(Fig. 1). This result is most readily explained by GABA efflux
from isolated cells, a finding consistently obtained when cells
were incubated in the presence or absence of L-Glu (Fig. 2,
Table III).

It is not clear whether the high levels ofGABA in the intact
tissue (Fig. 1) are due to GABA delivery via the xylem or
conversion of xylem-delivered Glu to GABA in the cells.
These suggestions are not mutually exclusive. The conversion
of xylem Glu to GABA is dependent on (a) the delivery of
Glu to the cells, (b) the entry of Glu into the cell, and (c) Glu
decarboxylation. Although Glu levels are usually low in the
xylem sap (Fig. 1) (6, 14, 20), the specific delivery ofAsp and
Glu to mature mesophyll cells has been demonstrated (13,
25). In Asparagus, the cotransport of H+ and L-Glu into
mesophyll cells has been demonstrated (1, 9, 10), as has GAD
activity, which catalyzes the synthesis of GABA from Glu
(22). Alternatively, GABA may arise from Glu synthesized
within the cells.
The major product of L-[U-14C]Glu metabolism was GABA

(Table I). Nearly all of the newly synthesized GABA was

released into the medium. There is little or no published data
indicating that newly synthesized GABA leaves the cell. Pre-
vious determinations of GABA levels and rates of GABA
production from labeled Glu have been conducted with intact

Table Ill. Amino Acid Concentrations in Cells and Medium in the
Presence and Absence of L-Glu

Illuminated cells (30 x 106) were stirred and incubated in 5 mL of
incubation medium in the presence or absence of 1 mM L-Glu for 10
min. Concentrations in the cell were calculated by dividing the moles
of each amino acid per 106 cells by the cell volume (4.68 ML/1 06
cells). Concentrations in the medium were calculated by dividing the
moles of each amino acid per 106 cells by the volume of the surround-
ing medium (167 AL/1 06 cells). Values are the mean of two trials.

Cells Medium
Amino Acid

-L-Glu +L-GIu -L-Glu +L-Glu

mM

Asp 0.068 0.096 0.000 0.001
Glu 1.090 1.586 0.001 0.318a
Asn 0.269 0.387 0.000 0.000
Ser 0.299 0.346 0.000 0.000
Gin/His 0.413 0.406 0.000 0.000
Gly 0.419 0.366 0.000 0.001
Thr 0.265 0.344 0.000 0.000
Arg 0.152 0.086 0.000 0.000
Ala 2.800 4.252 0.001 0.002
GABA 1.225 1.362 0.002 0.057
Tyr 0.314 0.378 0.000 0.000
Met 0.026 0.006 0.000 0.000
Val/Trp 0.269 0.301 0.000 0.000
Phe 0.143 0.406 0.000 0.000
lie 0.118 0.355 0.000 0.000
Leu 0.173 0.199 0.000 0.000
Lys 0.389 0.413 0.001 0.000

a Glu added.
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tissues. These studies do not distinguish between an intracel-
lular (symplast) or an extracellular (apoplast) location of
GABA. Consequently, the occurrence or significance of
GABA efflux was not addressed (4, 7, 19, 27). Other labeled
L-Glu metabolites were Krebs cycle acids. Label could enter
the cycle through deamination of L-Glu to a-ketoglutarate or
conversion of GABA to succinate by the GABA shunt (17).
Entry was supported by an increase in 02 consumption and
CO2 evolution when cells were incubated with L-Glu (9).
The production of unlabeled GABA after feeding L-[ 1-'4C]

Glu clearly indicates that GABA production occurs via de-
carboxylation at carbon 1 (Table II) (18, 27). The data do not
support alternative pathways of GABA production (8, 21).
The production of GABA through L-Glu decarboxylation is
supported by the widespread occurrence of GAD and the in
vivo conversion of endogenous or exogenous Glu to GABA
(23, 24, 27, 28). However, the small amount of label found
in intracellular GABA after feeding L-[ I-'4C]Glu appears in-
consistent with decarboxylation at carbon 1. Because this
label was much greater when the cells were illuminated, the
result may be attributed to refixation of released CO2 (Table
II). In addition, the higher specific activity of labeled CO2
released from L-[ 1-4C]Glu will result in the fixation of more
label than with L-[U-'4C]Glu.

Studies have shown that 50% of Glu, GABA, and Ala may
be located outside of the vacuole (26, 29), a result consistent
with the cytosolic location ofGAD (16, 23, 24). Thus, GABA
production and GABA accumulation may occur in the cyto-
sol. However, in isolated soybean cells, GABA was a major
component of the amino acid pool, yet, compared with other
amino acids, it exhibited a slow net efflux. This suggested that
either GABA is sequestered within an organelle and not
available for efflux from the cytosol, or GABA efflux was
limited by a selective mechanism (19). In the present study,
the specific activity of the GABA released to the medium was
80 times greater than the intracellular GABA (Table II), and
GABA was the most abundant amino acid in the medium
(Table III). Thus, the newly synthesized GABA is readily
available for efflux and is not in equilibrium with a pool of
previously synthesized GABA. Consequently, for Asparagus
mesophyll cells, the same location for GABA production and
GABA accumulation appears highly unlikely.
The data in Figure 2 show that L-Glu had no effect on net

or unidirectional efflux of [U-_4C]GABA. This does not sup-
port the presence of a Glu/GABA antiport operating at the
plasma membrane. CCCP, however, stimulated the efflux of
GABA in both cases. Metabolism of labeled GABA was not
detected by amino acid or organic acid analyses after GABA
uptake (data not reported). Stimulation of amino acid efflux
by CCCP or a reduction in intracellular pH has been shown
with other tissues (5, 19). Incubation with p-chloromercuri-
benzyl sulfonic acid resulted in a specific stimulation of
GABA efflux from isolated soybean cells (19). Similarly,
GABA was the major amino acid released from Asparagus
cells even though it was not the most abundant amino acid
in the cell (Table III). Both these studies suggest that GABA
efflux may occur via specific mechanisms. In addition, efflux
appears to be passive because the overall intracellular concen-
tration of GABA was approximately 24 or 600 times its
external concentration in the presence or absence of L-Glu,

respectively (Table III). GABA efflux could indicate the oc-
currence of stress to adjacent cells.

It may be argued that the production and efflux ofGABA
is a nonphysiological and wasteful response to cell isolation.
However, it is clear that Asparagus cells in situ contain (a) a
H+/L-Glu cotransport system (1, 9, 10), (b) GAD (22), and
(c) high levels ofGABA (Fig. 1, Table III). Thus, in addition
to GABA, the cells possess prior to isolation the molecular
processes required for the influx and conversion of Glu to
GABA. Two recent reviews (2, 18) suggest that such an
abundant and ubiquitous compound will fulfill a significant
physiological role. Consequently, it is important to character-
ize the mechanisms regulating GABA production and efflux.
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