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Mobilisation of vacuolar amino acids in leaf cells as affected
by ATP and the level of cytosolic amino acids: ATP regulates
but appears not to energize vacuolar amino-acid release
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The vacuoles of mesophyll cells are capable of storing amino acids which are mobilized on demand. An amino-acid
carrier was characterized by studying the efflux of vacuolar amino acids from isolated mesophyll vacuoles using the
silicon oil layer centrifugation technique. Efflux was slow in the absence of ATP. It was stimulated by a factor of more
than 5 by the addition of ATP. A similar stimulation was brought about by adenylyl imidodiphosphate (Ado PPINH} P),
suggesting that efflux activation by ATP did not involve ATP hydrolysis. GTP, CTP, UTP and ADP were not effective,
or were much less effective than ATP, in ing the ami i port system. Neutral amino acids inhibited
ATP-stimulated amino-acid efflux by an allosteric mechanism. External leucine, valine, phenylalanine and methionine

were more effective in inhibiting efflux than alanine, arginine, lysine or glnlamnc acid when present outswle the vacuole.
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Introduction

In well-aerated soils, nitrogen is taken up by the
roots of plants mainly as nitrate. In plants such as
barley, it is transported to the leaves and either stored
in the vacuoles of mesophyll cells [1] or reduced in their
cytosol to nitrite, which is further reduced in the chloro-
plasts to ammonia. The latter is incorporated into keto
acids to form amino acxds from which proteins are

led. A i in leaves

of barley or spmach grown under

acid id efflux

led to an Il\hlbltlon Stimulation by ATP of ammo-acul expnrt from the
vacuole and inhibition by specific amino acids may be part of a h

to stabilize
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utilized in the cytoplasm for protein synthesis [3]. To be
stored in the vacuoles or to be released, they must cross
the biomembrane barrier of the tonoplast. For yeast
vacuoles, specific carricr systems have been described in
the last which ly port of basic amino
acids {4,5]. Inf is also available for ami id
transport into the vacuoles of eucaryotic micro-
organisms [6). However, little is known about amino-acid
transport into the vacuoles of leaf cells and no informa-
tion :s at hand on how amino acids stored in the
are mobilized on d d

may range from 40 to 60 mmol-1-'. When protein
synthesis is limited by the availability of i such

Naterial and Method

as S, concentrations of amino acids increase to levels as
high as 150 mmol-1-! [2]. After mineral deficiency is
relieved, amino acids are released from the vacuoles and

Abbreviations: AdoPPNH]P, adenyly: imidodiphosphate; NEM,
N. imi pCMBS‘ » ic acid:
Hepes, 4-(2- i ic acid.

Plant growth

Barley ( Hordeum vulgare, var. Gerbel) was grown in
a growth chamber; the light regime was 14 h light and
10 h dark. and the temperature was 18°C in the dark
and 20°C in the light. Primary leaves of 10-day-old
plants were harvested at the beginning of the light
period.

Isolation of P
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Protoplasts and vacuoles were isolated as described
by Martinoia et al. [1} and by Kaiser et al. [7}. Vacuoles
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were liberated from the protoplasts by mechamcal lysis.
For this, the p pl were ded in a sol of
400 mmol -1~ 1 sorbitol /30 mmol -1-1 Hepes/KOH (pH
7.8)/1 mmol -1~ MgCl,/1 mmol -1-! CaCl,/2 mmol
-1"! EDTA/30 mmol - I’1 KC1/0.2% (w/v) bovine
serum albumin/20% Percoll. The suspension was forced
through a needle (100 X 0.9 mm), whxch caused disrup-
tion of the p 1! Lib les were re-
covered by ﬂotation For this, 10 ml of lysate were first
overlayered with 8 ml of Percoll-free medium (as above)

i

located in the vacuole of barley mesophyli protoplasts
and was used to quantify the recovery of vacuoles
during silicon oil centrifugation {1,8).

Results

Vacuolar amino-acid composition
Vacuoles were isolated from barley mesophyll proto—
plasts and lyzed for i

Vacuoles which are isolated by mechanical lysxs of

and then with 2 ml of glycine betaine (

as above: glycine betaine substituted for sorbitol). After
centrifugation for 3 min at 100X g and 10 min at
1200 x g, vacuoles were recovered at the interphase
between sorbitol medium and glycine betaine medium.
Mech I lysis was d until all protoplasts had
been ruptured. Vacuoles were pooled, concentrated by
flotation into a solution and used for the experiments.

Efflux experiments

Efflux of amino acids was measured at 20°C by a
silicon oil centrifugation technique [8,9]. For each con-
dition and time point, five polypropylene microcentrifu-
gation tubes (400 pl capacity) were prepared as follows:
40 pl of vacuole suspension were added to 60 ul of
medium (350 mmol - 17! sorbitol /45 mmol - 17! potas-
sium gluconate,/30 mmol - 1-' Hepes-KOH (pH 7.5)/3.3
mmol-1-" dithiothreitol/0.3% (w/v) purified bovine
serum albumin and other solutes as indicated above, in
67% Percoll). The samples were overlayered with 150 pl
phenylmethyl silicone oil (AR 200, Wacker Chemie,
Miinchen, F.R.G.) and wnh 40 pl of H,0 on top of
that. Efflux was i d after di
umes by centrifugation at 10000 X g for 20 s. Intact
vacuoles floated through the silicone layer into the
aqueous phase, which was recovered and used for the
determination of amino-acid concentrations and a-
mannosidase activity. When ATP was added to the
bottom layer, 10 mmol -1~! magnesium gluconate was
also included.

Amino-acid determination

80 gl taken from the combined upper aqueous layers
were added to 20 pl of 12.5% (w/v) 5-sulfosalicylic acid
dihydrate, incubated at 0° C for 30 min and centrifuged
(10000 X g, 10 min). The supernatant was diluted with
buffer containing 9.4 g trilithium citrate 4-hydrate/7.4
g citric acid monohydrate/0.5% (v/v) 2,2’-thiodiethanol
in 1 litre.

Ammo-acnd concentrations were determined with an

id 1 (Bi ik, LC 5001, Maintal,

F.R.G.). The method was based on liquid ion-exchange
chromatography followed by detection with ninhydrin.

a-Mannosidase determinations

Two aliquots of 20 ul each were used 10 measure the
activity of is

ly

reveal very low contaminations with other
cellular material. The activity of chloroplastic and cyto-
solic marker enzymes is below 1% (cf. Refs. 10 and 11).
The total concentration of amino acids was 50 + 14
mmol - 171, Fig. 1A shows that under our growth condi-
tions, alanine was the dominant ammo acid, followed
by leucine, phenyl C

tions of all other amino aclds were below 3 mmol -17!,
In the ab: of ATP in the medi amino acids were
only slowly lost from the vacuoles. Thus, 98% of the
amino acids were recovered in the vacuoles after 20 min
of incubation at 20°C. Only efflux of asparagine (16%
of the initial concentration lost after 20 min of incuba-
tion) and arginine (11%) was considerable under these
conditions.

ATP-induced sti [ i id efflux

However, after addition of 10 mmol - 1-! ATP, efflux
of all amino acids was drastically stimulated (Fig. 1).
During incubation, some les break and endog
nous acid phosph are released into the medi
Therefore, a high of ATP was chosen to
prevent acid from
the added ATP. Efflux was somewhat dlfferent m d|f-

ferent preparations of les. The were 45%
and 80% (with an average of 60%) of the amino acids
d in the les after 20 min incubation in the

presence of ATP. The variability of amino-acid efflux
was not correlated with the initial amino-acid con-
centration in the vacuoles. This is illustrated by an
example. In two ex&remely dtfferent preparations of
v les, the initial were 80.4
and 39.9 mmol - 171, After a 20 min period of incuba-
tion in the presence of ATP, the concentrations had
dropped to 39.4 and 20.1 mmol-1~'. Although the
absolute rates of amino-acid efflux were different in
both experiments (330 and 160 nmol (107 vacuoles -
min~"), the percentage of amino acids lost was com-
parable (51 and 50% of the initial concentration). This
was also seen when specific amino acids were com-
pared. To compare the affinity of the transport system
for specific amino acids, the initial amino-acid contents
were standardized to 100%. Groups of amino acids
could be distinguished which exhibited different efflux
(Fig. 1B). Asparagine was released at the highest rate
from the vacuole. The basic amino acids lysine, arginine
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Fig. 1. Amino-acid concentrations in vacuoles isolated from barley mesophyli protoplasts (A). Vacuoles were incubated in the absence or presence

of ATP and floated by silicon oil centrifugation after 2 or 20 min incubation time. The first column of cach group shows the amino-acid

concentration in vacuoles incubated for 2 min in the absence of ATP (*initial concentration’). the second column gives the concentration after 20

min in the absence of ATP and the thirg column gives the value after 20 min in the presence of 10 mmol-1~! ATP. In (B). the concentrations of

amino acids after 20 min without (second column) or with ATP (third column) in the medium are shown as percent of the initial amino-acid

concentration (i.e., at 2 min in the absence of ATP. which was taken as 100%). This allows comparison of the efflux of the various amino acids.
although their initial concentrations were different (sce text). The data are those from (A).

and histidine behaved in a similar manner. Only 50-53%
were retained in the vacuoles after 20 min. With the
exception of glycine, all amino acids with nonpolar
side-chains exhibited comparable efflux rates. In the
average, 35-40% of their content was lost from the
vacuoles within an incubation period of 20 min. Aspartic
acid was only slowly released. Low efflux of an acidic
amino acid such as asparuc acid may be explained by
the ial. It is reported to
0 be in the range of 10-30 mV, inside the vacuole positive
{12]. At the vacuolar pH of barley mesophyli ce!ls (pH

5.5), the side-chain of aspartic acid is negatively charged

(oK = 3 86). This decreases efflux from the vacuole. The

ion of gl acid was too low for

efflux analysis. Fig. 2 shows the kinetics of amino-acid

. efflux of one particular experiment. Efflux was linear
between 2 and 40 min of incubation. In the following
experiments, incubation times of 2 and 20 min are
F routinely used, because amino-acid efflux was sufficient
(usually even larger than in this experiment) and re-
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0 10 20 30 40 50 60
time (min) Inhibition of ATP-induced efflux of amino acids by exter-

nal amino acids
The ATP-induced efflux of amino acids is inhibited
by the addition of leucine to the medium. Fig. 3A shows

Fig. 2. Time-dependent change of vacuolar amino-acid concentrations
in the presence of ATP (10 mmol-17"). In A, the change of arginine
(&) and alanine (O) concentration is shown in dependence of incuba-

non ume B shows dw time-dependent decrease in total vacuolar
‘The points. from th:
measured for the 12 dominant vacuolar amino acids. In this particular
experiment, the rate of efflux was 45 nmol amino acids/107 vacuoles
per min.

the effect of leucine on the efflux of alanine and iso-
leucine. Very low concentrations of external leucine
were ineffective in inhibiting efflux. For 50% inhibition
about 2 mmol - 17" leucine were required. In the pres-



60

A
100+
8 st
E]
3 0aol  of 1 10 mmol -1
2 B
®
5 1000
]
L
sor
| 0001 1 0 mmot 1!

Fig. 3. Inhibition of ATP-stimulated amino-acid efflux by leucine.

Leucine was added to the medium at concentrations of 0.03, 0.1, 0.3,

1. 3 and 10 mmol-1"1. In A, efflux of alamine (a7 and isoleucine (0)

was studied as a function of the leucine concentration in the medium.

In B, the mean efflux of 12 amino acids (Ala, Arg, Asn, Gln, His, He,

Lys. Phe, Ser, Thr, Tyr, Val) is shown as a function of ths leucine
concentration in the medium.

ence of 10 mmol 17" leucine, efflux of alanine and
isoleucine was reduced by more than 90%. It is im-
portant to notice that the intravacuolar concentration of
leucine in these experiments was above 5 mmol 171
Inhibition of efflux therefore cannot be explained on
the basis of competition for binding sites of an un-
specific amino acid transporter. As shown in Fig. 3B,
the inhibitory action of leucine on amino-acid efflux is
not limited to alaniiie and isoleucine. Although alanine
is the dominant vacuolar ammo acid. (an 1) the con-
centrations of 1 and
valine are also above 2.0 mmol- l‘ The inhibitory
effect of external leucine on the averaged efflux of 12
amino acids is not very different from the efflux of
alanine and isoleucine (Fig. 3B). Leucine is not the only
amino acid which can inhibit the release of vacuolar
amino acids when present outside the vacuoles. Fig. 4
compares inhibition of efflux of vacuolar amino acids
by different external amino acids. Nonpolar amino acids
were most effective in decreasing efflux; leucine, valine
and phenylalanine decreased the efflux more than
methionine, isoleucine or alanine. Acidic or basic amino
acids decreased the efflux to a much lesser extent than
nonpolar amino acids.

Nasolrotid:

ity of effiux

Table I summarizes the effects of various nucleotides
and of the ATP analog AdoPP[NH]P on amino-acid
efflux of isolated vacuoles. ADP and GTP had no, CTP

o
2

vacuolar amino acid concentration (%}

=ATP +ATP Leu Val Phe Met e Lys Ala Glu Arg

+ATP-
Fig. 4. Effect of different amino acids on ATP-stimulated amino-acid
efilux from the vacuoles as measured after 20 min of incubation. The
concentration of external amino acids was 10 mmol-1-", The first
column shows internal amino-acid concentration in the absence of
ATP (set to 100%), the second column in the presence of 10 mmol-1~!
ATP. In the latter case, the concentration is decreased owing to efflux.
In the presence of external amino acids, ATP-stimulated efflux was
between these values.

and UTP a small, stimulatory effect on i id
efflux. However, AdoPP[NH}P was almost as active as
ATP in stimulating amino-acid efflux. The imido group
between the B- and y-phosph residue p.
AdoPP[NH]P from being hydrolyzed by ATPases. The
stimulation by AdoPP[NH]P of amino-acid efflux indi-
cates that bmdmg of adenosme triphosphate is suffi-
cient for i P and that hy-
drolysis of ATP is not a necessary condition. ATP
appears to regulate rather than energize amino-acid
transport.

ity of ATP-stij i d efflux to protein
modifiers and proteinases
The results indi the exi of a port
system in l t of barley phyll
TABLE 1
specificity of of id efflux

Vacuoles were suspended in a medium containing 10 mmol-1~" of
GTP, CTP, UTP, ADP or AdoPP[NH]P. Amino-acid content of the
vacuoles was determined after 2 and 20 min of incubation at 20°C.
Content after 20 min of incubation is expressed as percent of content
after 2 min of incubation. Efflux of amino acids under these condi-
tions is compared to efflux in the presence or absence of ATP.

Efflux condition % amino acids retained

in the vacuoles

Without ATP 98+10
ATP 59+ 7
GTP 931 4
cTP 87+ §
uTp 87+ 3
ADP 93 4
AdoPP{NH)P 72+ 6




«ABLE II

Effects of p i ic acid, N
proteinases on amino-acid efflux of isolated vacuoles
Vacuoles were incubated for 2 and 20 min at 20 °C. Content after 20
min of incubation is expressed as percent of content after 2 min of
incubation. Proteinases were added at a concentration of 0.5 mg-m! !
in the presence of 10 mmol-1=' ATP. In the case of thermolysin, 1
mmol-1~" Caicium lactate was included into the medium. Amino-acid
efflux after protease treatment was calculated under omission of the
values for lysine and arginine (see text). DTT and BSA were omitted
from the incubation medium.

and of

Efflux condition % amino acids retained

in the vacuoles

Without ATP 97+ 7
ATP 58+ 5
ATP+NEM 43110
ATP+pCMBS 5311
NEM 74£12
pCMBS 64+14
Without ATP 97+ 5
ATP 7% 7
Papain + ATP 94+ 7
‘Thermolysin+ ATP 96410
Trypsin+ATP 99+ 7

cells which catalyzes export of amino acids from the
vacuole and is regulated by ATP and neutral amino
acids. pPCMBS and NEM modify thiol groups of pro-
teins. Whereas NEM irreversibly alkylates SH-groups,
binding of pCMBS is reversible. Table 11 shows that
both reagents increased amino-acid efflux not only in
the presence, but also in the absence of ATP. In the
latter case, sumulauon by pCMBS of ammo—acld efflux
was more p d than sti by
NEM. Thus, SH group modifiers could enhance
amino-acid efflux and thereby mimic the effect of ATP.
This result suggests that SH-groups are involved in
regulating amino-acid efflux from barley mesophyll
vacuoles.

The effect of three pmtemases with different sub—
strate specificity on d efflux was d
to further characterize the amino-acid carrier system.
Thermolysin hydrolyzes pepnde bonds involving amino
groups of id resid such as
leucine; trypsin hydrolyzes peptide bonds with carbonyl
groups from arginine or lysine; papain cleaves pepude
bonds which involve amino acids such as

61

less than 1 mmol - !~ '. However, more than 2 mmol - 1!
amino acids are requured to reduce amino-acid efﬂux
from les by 50%. ingly. efflux of argi
was not inhibited by protcinase action as was efflux of
the other amino acids, but was stimulated particularly
by thermolysin (40% retained after 20 min) and trypsin
(41%). To a lesser extent, similar observations were
made for lysine.

Discussion

Vacuoles of higher plants serve as storage compart-
ment for ions, carbohydrates. organic acids and amino
acids. All these compounds are not only deposited but
also mobilized on demand. The dual role of vacuoles as
sink and source compartment of plant cells requires

iati ol' port across the pl The results
t ize one such
transporter and its regulation. An increase in cytosolic
ATP concentration may activate the transport system,
whereas an increase in cytosolic concentrations of neu-
tral amino acids inhibits the transportzr even when
sufficient ATP is available for activation. The affinity of
the transporter for specific amino acids was different
from the speciicity of inhubition by external amino
acids. Alanine arginine and lysine were little effective in
inhibiting amino-acid efflux, whereas leucine, phenyl-
alanine and valine had a strong inhibitory activity.
However, there was only a minor difference in relative
efflux of these amino acids. Both processes had a differ-
ent dependence on substrate concentration: leucine was
ported with ble efficiency when the
leucine varied b 3and 11
mmol - 1. A concentration change of the same magni-
tude in the medium caused a large inhibition of the
transport. These observations indicate that cytosolic
amino acids regulate the efflux of vacuolar amino acids
by an allosteric mel.hamsm Efflux of amino acids was
also stimui by or oxid: (data not
shown) of thiol that the porter
protein may exist in conformational states which have
very different activities to transport amino acids.

When plant growth is not limited by nitrogen avail-
ability and when the carbon dioxide supply is sufficient,
mesophyil cells reduce carbon dioxide and nitrate in the
light, and amino acids are synthesized. Chloroplast [13]

sented in this communication

lysme, acid, histidine and i All three

reduced ATP- id efflux.
Efflux in the presence of trypsin, thermolysin and papain
was reduced to the rate without ATP. It is most unlikely
that the liberation of amino acids by proteinases caused
the decrease of efflux. The protein content of the
vacuoles is 0.4 mg per 107 vacuoles [10}. Complete
Ly ysis of all proteins would lead to an

and lic amino-acid are high under
these conditions, and efflux from the vacuole may be
i When nitrog: limiting, cytosoli
amino acids are consumed in protein synthesis. In the
presence of sufficient ATP, this decrease activates the
amino acid transporter, and vacuolar amino acids can
be mobilized. From work by Heber and Santarius [14],
Stitt et al. [15] and Gardestrom and Wigge [16] it is
known that cytosolic ATP to ADP ratios are high in

amino-acid concentration in the vacuole suspension of

P ic cells. Usually, the ratio is between 4 and
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framework of the Sonderforschungsbercich 176 of the
Bayerische Julms-Ma)umxluans-Umversnlal Wiirzburg.

9. depending on diti ATP may be
not far below 2 mmol - 1™, This is likely to activate the
carrier when cytosolic i id i are

low. The dependence of amino-acid efflux on ATP
concentrations could not be determined in this investi-
gauon, because some isolated vacuoles rupture during

bation and acid phosph are liberated into the
surrounding medium. Freed phosphatases hydrolyze the
ATP added to the medium. A reliable dependence of
amino-acid eflux on ATP concentration has therefore
not yet been obtained. In preliminary experiments,
amino-acid uptake has been studied using isolated
vacuoles from barley mesophyll cells. As amino acid
release. uptake of [*Clalanine and ["*CJleucine was also
stimulated by ATP in the absence of Mg?* ions and by
AdoPP[NH]P. Addition of protonophores or ATPasc
inhibitors such as carbonylcyanide m-chlorophenylhy-
drazone (CCCP) or NO; had little or no effect on
ATP-stimulated amino-acid uptake (results not shown).
These results suggest that indeed activation of amino-
acid transport across the tonoplast does not require
ATP hydrolysis. Recently, ATP has been described by
Katsuhara and Tazawa [17] to be an effector of Ca2*-
dependent salt tolerance in the green alga Nitellopsis.
However in their studies, ATP and AdoPP[NH]P re-
duced the permeability to Na* of the plasmamembrane,
whereas, in our experiments, ATP increased the
carri diated b ; bility of the tonop-
last to amino acids.
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