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Abstract. The lemon-fruit V-ATPase can exist in two
forms: nitrate-sensitive and nitrate-insensitive. Here
we report the results of measurements of H*/ATP
stoichiometries using two kinetic methods: one based
on steady-state ApH and one based on initial rates
of H'-pumping. Our findings indicate that the
nitrate-insensitive fruit V-ATPase has an H'/ATP
stoichiometry of ~1, while both the nitrate-sensitive
fruit V-ATPase and the epicotyl V-ATPase have
stoichiometries of 2, under zero-load conditions. As
ApH increases, the stoichiometry of the nitrate-sen-
sitive fruit V-ATPase decreases to 1. Under similar
conditions, the stoichiometry of the epicotyl enzyme
remains 2. Thus, the pH-dependent variable stoichi-
ometry of the lemon-fruit V-ATPase may represent a
key factor in juice sac vacuolar hyperacidification. On
the other hand, the H+/ATP stoichiometry of the
epicotyl V-ATPase can decrease from 2 to 1 in the
presence of a membrane potential. The low pH of the
fruit vacuole is not due solely to the lower H' JATP
stoichiometry of its pump. We show that lumenal
citrate and malate improve the coupling of both the
epicotyl and fruit V-ATPases and enhance their
ability to generate a pH gradient. Since citrate accu-
mulation is restricted to fruit vacuoles, it may be
another important determinant of vacuolar pH.

Key words: Citrus lemon — Organic acids —
Stoichiometry — Transmembrane electrical poten-
tial — V-ATPase

Introduction

The vacuolar H-ATPases (V-ATPases) are respon-
sible for the acidification of various endomembrane
compartments in eukaryotic cells, including the large
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central vacuoles of plant cells (Sze, 1985; Forgac,
1989; Nelson, 1991; Nelson & Taiz, 1991; Taiz, 1992;
Barkla & Pantoja, 1996; Bowman & Bowman, 1996;
Taiz & Nelson, 1996; Finbow & Harrison, 1997).
Structurally related to the ATP synthases, or F-ATP-
ases, of mitochondria and chloroplasts, V-ATPases
are organized into two large domains: a hydrophilic
catalytic complex, ¥, made up of 8 different sub-
units, and a hydrophobic transmembrane H" chan-
nel, V,, composed of 5 different subunits (Gluck et
al., 1996; Luttge & Ratajczak, 1997; Forgac, 1999).
The mechanochemistry of the V-ATPase proton
pumps is thought to be similar to that of the F-
ATPases. According to the current model, the hy-
drolysis of ATP by the }'; complex generates a rotary
torque in the ¥, complex that is used to drive proton
transport across the membrane (Elston, Wang &
Oster, 1998; Grabe, Wang & Oster, 2000).

Since V-ATPases have three ATP-hydrolyzing
catalytic sites and six proton-binding proteolipid
subunits, the theoretical H "/ATP stoichiometry of V-
ATPases is 2 (Cross & Taiz, 1990), which is in good
agreement with experimental measurements (Bennett
& Spanswick, 1984; Schmidt & Briskin, 1993). On the
other hand, intracellular compartments are rarely
acidified to the theoretical limit attainable by their
proton pumps. For a V-ATPase with a stoichiometry
of 2, the thermodynamic maximum corresponds to a
trans-tonoplast ApH of ~4.6, equivalent to a lumenal
pH of ~2.4 (Rea & Sanders, 1987; Davies, Poole &
Sanders, 1993). Yet, the typical lumenal pH for acidic
intracellular compartments is around 5.0. The lack of
correlation between theoretical maximum and actual
pH gradient across vacuolar membranes has led to
the hypothesis that the V-ATPase is under kinetic
regulation (Bennett & Spanswick, 1984). Several
mechanisms have been proposed to be involved in the
regulation of V-ATPases, including counter ion
conductance, oxidation, V7 dissociation, and slip
(Moriyama & Nelson, 1989; Tu, Nagahashi &
Brouillette, 1987; Miiller et al., 1996).
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Plant vacuoles provide useful experimental ma-
terial for studying V-ATPase regulation because of
the great diversity of their lumenal pHs. Although
typical plant vacuoles have an internal pH of 5.0 —
5.5, some vacuoles, such as those of Begonia lucerna,
can reach as low as pH 0.9 (Taiz & Zeiger, 1998). The
pH gradient across the Begonia leaf tonoplast exceeds
the theoretical limit for a pump with an H/ATP
stoichiometry of 2, raising the possibility that some
plant V-ATPases may have an H"/ATP stoichiome-
try of 1.

Organic acids may also play a role in regulating
vacuolar pH. Virtually all hyperacidifying plant cells
accumulate organic acids instead of chloride as
counter ions, and their vacuolar pH usually corre-
sponds to the lowest pK, of the accumulated acid.
However, since organic acids are thought to enter the
vacuole in the dissociated form, their role would be to
buffer the vacuolar lumen rather than to acidify it.

In lemon fruits, the vacuolar pH can reach as low
as 2.2. Thus, the trans-tonoplast pH gradient of juice
sac cells is close to the calculated maximum attaina-
ble by a V-ATPase with an H"/ATP stoichiometry of
2 (Miiller et al., 1996). ATP-driven H " -transport in
tonoplast-enriched juice sac vesicles is only margin-
ally sensitive to the V-ATPase inhibitor bafilomycin,
and is partially sensitive to high vanadate concen-
trations (50 — 300 pum) (Miiller et al. 1996; Miiller et
al., 1997). The lemon-fruit V-ATPase is also less
sensitive than typical V-ATPases to inactivation by
oxidation and N-ethylmaleimide (NEM) (Miiller et
al., 1996). Furthermore, cold dissociation of }/; sub-
units in the presence of nitrate completely inhibits
proton transport in lemon epicotyl membranes, but
has little effect on the H " -pumping activity of most
juice-sac vesicles, even though similar amounts of
catalytic subunits are released. A side effect of the 1
dissociation treatment is that the sensitivity of the
juice-sac H' -pumping activity to vanadate is in-
creased. In partially nitrate-sensitive fruit V-ATPas-
es, we found that the H"/ATP coupling ratio was
strongly reduced by the cold inactivation treatment
(Miiller et al., 1999).

We hypothesized that lemon fruit vacuoles con-
tain two interchangeable forms of the V-ATPase: a
nitrate-sensitive, vanadate-insensitive form and a ni-
trate-insensitive, vanadate-sensitive form. Evidence
for seasonal variation in the nitrate-sensitivity of the
fruit V-ATPase was obtained. The minimum nitrate
sensitivity occurs during the winter, and the maxi-
mum nitrate-sensitivity occurs during the spring and
early summer. The lower nitrate-sensitivity in the fall
and winter was correlated with a lower H/ATP
coupling ratio during these months (Miiller et al.,
1999).

What is the significance of the variable H /ATP
coupling ratio in lemon fruits? We have already
shown that a decrease in the initial rate coupling
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ratio, which is determined in the absence of a pH
gradient, is not an indicator of slip, which represents
pH-dependent intrinsic uncoupling of the pump
(Miiller et al., 1999). However, if the measured H ™/
ATP coupling ratio were to correspond to the H/
ATP stoichiometry of the enzyme, it would provide
evidence for regulation of vacuolar pH in lemon and
other plant vacuoles, by variable H*/ATP stoichi-
ometry, as previously proposed by Davies, Hunt &
Sanders (1994).

Here we present evidence, based on two inde-
pendent methods, that differences in the H/ATP
coupling ratios of nitrate-sensitive and nitrate-insen-
sitive lemon fruit V-ATPases do, indeed, correspond
to differences in their H/ATP stoichiometries.
However, the nitrate-sensitive fruit and epicotyl V-
ATPases both have the capacity to shift to an H/
ATP stoichiometry of 1, either in the presence of a
membrane potential (epicotyl), or when a pH gradi-
ent forms (fruit). While pH-dependent variable stoi-
chiometry undoubtedly represents a  distinct
advantage in the hyperacidification of juice-sac vac-
uoles, it is not the sole determining factor. We have
found that organic acids on the inside of the vesicles
improve the coupling of proton transport to ATP
hydrolysis and allow the generation of a steeper pH
gradient. Thus, organic-acid accumulation represents
another key factor in regulating vacuolar pH.

Materials and Methods

MATERIALS

Lemon seeds (Citrus limon L. var. Schaub Rough Lemon) for
growing seedling epicotyls were generously supplied by Willits &
Newcomb, Inc., Arvin, CA 93203. Lemon fruits (var. Eureka) were
harvested from a tree on the campus of the University of Califor-
nia, Santa Cruz. Reduced nicotinamide-adenine dinucleotide
(NADH) was from Boehringer (Mannheim, Germany). All other
chemicals were purchased from Sigma (St. Louis, MO) or Fisher
(Pittsburgh, PA).

MEMBRANE PREPARATION

Tonoplast-enriched membranes from lemon fruit juice sacs and
epicotyls were prepared as described previously (Miiller et al.,
1999). To avoid dissociation of the V-ATPase, fruit juice sacs were
homogenized in highly buffered HB¢ (1.5 M MOPS-KOH, pH 8.5,
2.25% polyvinylpyrrolidone-40, 0.75% bovine serum albumin,
7.5 mm EDTA, 2 mm DTT, and 0.1 mm PMSF) and epicotyls were
homogenized in HB. (0.5 m MOPS-KOH, pH 8.5, 1.5% polyvi-
nylpyrrolidone-40, 0.5% bovine serum albumin, 5 mm EDTA,
2 mMm DTT, and 0.1 mm PMSF). The homogenates were centri-
fuged for 20 min at 12,000 x g. The recovered supernatants were
subjected to ultracentrifugation for 60 min at 132,000 x g, and the
microsomal pellets obtained were purified on a 10%/35% sucrose
step gradient for 60 min at 132,000 x g. The 10%/35% interface
containing tonoplast-enriched membranes was recovered, diluted
with a buffer suitable for proton pumping experiments, RB (in mm:
10BTP-Mes pH 7.0, 20 KCI, 1 EDTA, 2 DTT, 0.1 PMSF) and
pelleted for 20 min at 174,000 x g. The tonoplast-enriched mem-
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branes were resuspended in RB at a final concentration of ~5 pg
membrane protein/pl.

STOICHIOMETRY MEASUREMENTS

Two kinetic methods were used to determine the H'/ATP stoi-
chiometries of lemon fruit and epicotyl V-ATPases. The first was
based on a steady-state model describing the establishment of a
proton gradient across membrane vesicles (Brauer et al., 1989;
Schmidt & Briskin, 1993). The second was derived from the initial-
rate continuous spectrophotometric assay of Palmgren (1990). In
both cases, proton pumping and ATP hydrolysis were measured
simultaneously (Miiller et al., 1999). Proton transport was mon-
itored by following the absorbance decrease of acridine orange at
495 nm. ATP hydrolysis was coupled to the oxidation of NADH
and followed as the NADH absorbance decrease at 340 nm. The
assay medium consisted of (in mm) 10 MOPS-BTP, pH 7.0, 2 ATP,
150 KCl, 1 sodium azide, 1 phosphoenolpyruvate, and 50 pum so-
dium vanadate, 0.5 pm valinomycin, 0.25 mm of freshly prepared
NADH, 25 pl/ml of a mixture of pyruvate kinase and lactate de-
hydrogenase (Sigma), and, unless stated differently, 20 um acridine
orange. The reaction was started with 4 mm MgCl, and the ab-
sorbance values at 340 nm and 495 nm were recorded in 15-sec
intervals with a Spectronic Genesis 5 spectrophotometer (Spec-
tronic, Rochester, NY) interfaced with a PC running the MultiWL
computer program (M. L. Miiller and A. Murphy). The results
were plotted after correction for mixing artefacts. All experiments
were done in the presence of 20-25 pg membrane protein, unless
stated differently.

STEADY-STATE MoDEL OF H " -TRANSPORT TIME
COURSE

In this model, a time course of the pH gradient formation is ex-
trapolated from the absorbance quenching of acridine orange at
steady state, as described by Schmidt and Briskin (1993). ApH at
steady state is multiplied by the internal buffering capacity of the
membrane vesicles (B;) and so converted to pmoles H "/mg protein
(Maloney, 1979; Brauer et al. 1989). The resulting value is multi-
plied by the leakage and slip rate constant (k;), which results in an
estimate of the net amount of protons transported per unit time.

pH GRADIENT AT STEADY STATE

To calibrate the pH gradient, membrane vesicles were resuspended
in RB adjusted with citrate to pH values between 4.4 and 6.9. The
vesicles were centrifuged for 15 min at 174,000 x g, resuspended in
the same buffer and “slow-frozen” by cooling to —70°C without
previous immersion in liquid nitrogen. “Slow-freezing” was aimed
at loading the vesicles with buffer while they were induced to go
through inversion cycles. Thawed, preloaded membrane vesicles
were added to complete but unbuffered reaction mix (containing
KCl, valinomycin and acridine orange) and the absorbance at 495
nm was continuously monitored. After one minute, 100 pl of 0.5 m
MOPS-BTP, pH 6.9 or 7.9, containing 17.5 pm acridine orange,
was added to the reaction mix to generate pH gradients ranging
from O to 3.5 pH units. The absorbance at 495 nm decreased, as
acridine orange was drawn into the acidic vesicular lumen. After
one further minute, the pH gradient was collapsed with 10 mm
NH,CI buffered to pH 6.9 or pH 7.9. The resulting absorbance
jump was used for the calibration of the pH gradient. Concentra-
tions of acridine orange inside and outside the vesicles were esti-
mated assuming a vesicular volume of 10 pul/mg protein (Poole,
Melhorn & Racker, 1985). Because calibration curves and proton-
pumping experiments were performed under similar conditions

211

with the same amount of membrane protein, the vesicular volume
does not affect the calculations and is therefore arbitrary.

INTRA-VESICULAR BUFFERING CAPACITY

The method described by Maloney (1979) was adapted to measure
the vesicles’ internal buffering capacity. The aim of the method is to
obtain a value specific to the vesicular membrane, rather than to
the buffer contained within. Therefore, the membrane vesicles were
washed three times with 100 mm KCI and resuspended in 150 mm
KCl, 10 pm valinomycin to a final concentration of 0.65 + 0.05
mg/ml. Washed vesicles (0.7 £ 0.1 mg) were degassed for 10 min
with nitrogen gas. Then, pH jumps were induced by adding 25, 50,
or 100 nmol H™ (HCI), under constant stirring and a flow of ni-
trogen. The change in pH was monitored with a standard pH meter
connected to a plotter. Outer buffering capacity (B,), total buffer-
ing capacity (B,) and internal buffering capacity (B; = B, — B))
were calculated according to Schmidt and Briskin (1993) in the
presence and absence of gramicidin D. The internal buffering
capacity values found for fruit and epicotyl tonoplast vesicles
were 0.198 £ 0.027 pmol H* - (pH unit)™ - mg™' and 0.203 +
0.023 yumol H* - (pH unit)™" - mg™", respectively. These values were
found to be relatively constant over the pH range used for their
determination (5.15 to 6.49). At low pH and in the absence of
gramicidin, B, tended to be underestimated, leading to an overes-
timated value for B; However, when B, was determined in the
presence of gramicidin, B; remained pH-independent.

SLiP AND LEAKAGE RATES

Membrane leakage and slip rate constants (k;) at any time during
the formation of a pH gradient were calculated according to the
model described by Tu et al. (1987) with the following equation:

_m(-d)

t

where 0 and J; represent the net value of protons transported at
time ¢ and at steady state, respectively (Miiller et al., 1997). The
rate constant k; was determined independently for each proton
pumping experiment used in the stoichiometry calculations.

CONTINUOUS SPECTROPHOTOMETRIC ASSAY

In the continuous spectrophotometric assay, the proton gradient at
steady state, as measured by acridine orange absorbance quench-
ing, was calibrated under dye-limiting conditions. When the pump
reached steady state, all dye molecules accumulated inside the
tonoplast vesicles and were quenched. A curve was constructed
where the quenching of acridine orange (AA4495) Was correlated to
the number of dye molecules transported (Fig. 4B). The slope of
the (AA49s) calibration curve at any of its points, described by its
first derivative, was used to measure the initial rate of proton
pumping. Provided the concentration of acridine orange was not
limiting under initial rate conditions, it can be assumed that a direct
relationship exists between protons and acridine orange trans-
ported (H " :acridine orange (1:1)) (Palmgren, 1990).

ATP HyproLyYsIS RATE

Under all conditions tested, the rate of ATP hydrolysis, coupled to
the oxidation of NADH, was found to be linear. ATPase activity (in
pmol Pi - mg™" - min™") was calculated according to the following
formula (Nerby, 1988):
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AA340/Z -103
(¢(NADH) — ¢(NAD)) - Protein

where AA340/t is the decrease in absorbance at 340 nm/min.
[e(NADH)-&(NAD)] equals 6.22 - 10*> cm™ M™' and represents the
difference in absorbance coefficients of NADH and NAD™ and
“Protein” is the amount of protein in the reaction mix in mg.

ELECcTRICAL TRANSMEMBRANE POTENTIAL

The electrical potential gradient built up across the tonoplast
membrane was measured according to Bennett and Spanswick
(1983) in conditions similar to the conditions used for measuring
proton pumping, but with 2.5 pm oxonol VI instead of acridine
orange in the reaction mix. The absorbance values of oxonol VI at
610 nm and 580 nm were measured every two seconds after starting
the H"-pumping reaction with Mg?". An electrical potential
across the membrane results in a shift in Ag19-Asg0. Forty micro-
grams of fruit or epicotyl tonoplast-enriched membranes were
found to be optimal for membrane potential measurements.

ORGANIC ACIDS AND ANIONS

To test the effect of organic acids and other anions on the V-
ATPase-driven pH-gradient formation, fruit and epicotyl vesicles
were preloaded with 50 or 75 mm Kj-citrate, 100 mm Kj-malate,
100 mm K,SOy, or 150 mm KCIl. Membrane vesicles were diluted
in RB containing the potassium salt of the anion to be loaded and
centrifuged for 15 min at 174,000 x g. The membrane pellet was
resuspended in the same buffer and slow-frozen to —70°C. Proton
pumping and ATP hydrolysis measurements were performed as
described above, except that the reactions were started by adding
the preloaded vesicles to a complete reaction mix. The preloading
concentrations were chosen so as to maintain a constant osmolarity
of 300 mosmol.

In experiments balanced for cationic and anionic charges,
sorbitol was used to balance osmolarity.

PrROTEIN CONCENTRATION

Estimates of protein concentrations were done routinely with
Amido Black (Popov, Schmitt & Matthies, 1975).

Results

As described in Material and Methods, H/ATP
stoichiometries of the lemon fruit and epicotyl V-
ATPases were determined by two kinetic methods in
which the proton transport rate was either
extrapolated from the pH gradient at steady state
(steady-state method), or was assessed directly from
the calibrated rate of acridine orange accumulation
(initial-rate method).

STEADY-STATE METHOD

In the steady-state model, to avoid underestimating
the pH gradient built up across the vesicular mem-
brane, it is critical to perform H ™ -pumping experi-
ments under dye-saturating conditions. With low

M.L. Miiller and L. Taiz: Stoichiometry of the Lemon V-ATPase

w Ll
LZ) 100 - zzzo 4100 %
Lu >
P25 9 6ug 80 OF
EE %E
oS L 1e0 27
S= 8o <s
LE 15 g B
£ 140 =%
Ws 70 30 ug E%
R {20 O'%
I 60 W.e
z zx
3 30 40 9
(€] 50 O 1 I L | . 5
0 20 40 60 80 X

TIME (min)

Fig. 1. Determination of the optimal amount of tonoplast-enriched
vesicles from lemon fruits to be used for proton-pumping experi-
ments. H " -transport was measured by acridine orange absorbance
(- - -) and quinacrine fluorescence (——) quenching. The indicated
amount of membrane protein was added to a reaction mix con-
taining 10 pMm quinacrine or 17.5 puMm acridine orange. Once estab-
lished, the pH gradient was collapsed with 0.25 pm gramicidin.

concentrations of membrane protein in the reaction
mix, proton pumping, as measured by acridine or-
ange-absorbance quenching or quinacrine-fluores-
cence quenching, exhibited identical curves (Fig. 1).
With 17.5 um acridine orange in the reaction mix, dye
became limiting when more than 15-20 ug fruit ton-
oplast vesicles were used. Under the same conditions,
10 um quinacrine did not become limiting until the
amount of membrane protein was >40 ug (data not
shown). All subsequent experiments were performed
with acridine orange, under dye-saturating condi-
tions.

Examples of the pH-jump experiments per-
formed to «calibrate acridine orange-absorbance
curves are shown in Fig. 2 4. The addition of vesicles,
preloaded with buffer adjusted to pH values ranging
from 4.4 to 6.9, into the unbuffered reaction mix re-
sulted in a spike in absorbance reflecting the turbidity
introduced with the vesicles. As acridine orange
equilibrated inside and outside the vesicles according
to vesicular pH, a new equilibrium was reached. The
addition of concentrated MOPS-BTP buffer (pH 6.9
or 7.9) generated the pH gradients used for calibra-
tion, and the concomitant acridine-orange-quenching
curves. At this point, the final concentrations of
buffer, KCI, valinomycin and acridine orange were
50 mm, 150 mm, 0.5 pm and 17.5 pm, respectively.
The pH gradients were collapsed with ammonium
chloride (last portion of the curves in Fig. 24) and the
measured change in absorbance (AA495) Was corre-
lated to the established ApH (Fig. 2B). The nonline-
arity of the pH calibration curves may be due to
proton leakage during the establishment of the pH
jump, or alternatively, to limited dimerization of the
dye. While decay of the pH gradient used for con-
structing the calibration curves would lead to an
overestimation of the pH gradient established during
the proton-pumping experiments, and therefore to an
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Fig. 2. Calibration of acridine orange accumulation in tonoplast-
enriched vesicles from lemon fruits and epicotyls, in response to
pre-imposed pH gradients. (A4): Vesicles preloaded with buffer at
pH 5.4 (o) and 5.9 () were diluted into unbuffered H* pumping
reaction mix containing 17.5 um acridine orange (+ V'Ms). Con-
centrated MOPS-BTP buffer, pH 7.9, containing 17.5 pm acridine
orange, was added to a final concentration of 50 mm (+ buffer).
10 mm ammonium chloride was used to collapse the membrane

overestimation of the stoichiometry, dimerization of
the dye would affect both the calibration and the
experiments similarly, and thus would not affect the
stoichiometry. The method fails at ApH > 2.5, pre-
sumably because the vesicles do not maintain their
integrity when resuspended in buffer with a pH sig-
nificantly lower than pH 5. This suggests that the
fruit tonoplast is asymmetric with respect to its pH
stability, since in vivo it is able to function at pH 2.2
on its lumenal face. The offset of the fruit calibration
curve relative to the epicotyl’s amounts to 0.35 units
of the log[AO];/[AO], scale. This indicates that, at
any ApH, 2.2 times as many acridine orange mole-
cules accumulate inside fruit vesicles than in epicotyl
vesicles. Since the calibration curves were normalized
for protein concentration, this suggests that epicotyl
vesicles bear about twice as much protein per unit
volume than fruit tonoplast vesicles.

Based on our findings, the internal buffering ca-
pacity of the vesicles was constant over a range of pH
going from 5.15 to 6.49. Briskin & Reynolds-Niesman
(1990) reported a constant value from pH 4.5 to 6.5
for red beet plasma membrane vesicles. Brauer et al.
(1989) found a value that was relatively constant from
pH 4.8 to 6.5 in maize root vesicles. Based on these
combined results, we decided to use a constant value
of B; for the calculation of the proton transport rate.

The steady-state ApH, internal buffering capaci-
ty, and slip-plus-leakage rate were combined as pre-
viously described (Brauer et al., 1989; Schmidt and
Briskin, 1993):

H™ transport rate = ApH - B; - k;;

and the lemon fruit and epicotyl pump stoichiome-
tries were calculated (Table 1). Note that, even
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potential (+NH4CIl). (B): Calibration curves obtained for artifi-
cially imposed pH gradients in tonoplast-enriched vesicles from
fruits (o) and epicotyls (). Results obtained for the fruit vesicles
represent the average of six independent experiments. The epicotyl
results are the average of three independent experiments. The cal-
ibration curves are described by the following equations:
y = 0212x> + 0.2360x — 0.2957 (Epicotyl, r: 0.999) and
y = 0.1818x%+ 0.1562x — 0.5044 (Fruit, r: 0.998).

though Table 1 presents averaged data, H'/ATP
stoichiometry values were determined independently
for each proton pumping/ATP hydrolysis experi-
ment, after extracting ApH, k; and ATP-hydrolysis
rate from individual proton-pumping and ATP-hy-
drolysis curves. The values shown for the fruit were
obtained with 70 to 90% bafilomycin-sensitive prep-
arations and in the calculation of the H " -transport
rate, it was thus assumed that 70 to 90% of the pH
gradient built up in the fruit was due to the balfilo-
mycin-sensitive pump. Proton transport by the ep-
icotyl preparations was 100% bafilomycin-sensitive.
For both, fruit and epicotyl vesicles, only the bafilo-
mycin-sensitive ATP hydrolysis rates are reported.
Under these conditions, the calculated H/ATP sto-
ichiometries of the epicotyl and fruit V-ATPases were
2.10 £ 0.26 and 0.87 £ 0.16, respectively. Under the
same conditions, the calculated H/ATP stoichiom-
etry for 30 to 50% bafilomycin-sensitive fruit prepa-
rations was 0.43 £ 0.03. The meaning of this result
is, however, questionable, because the pH gradient
attributed to the bafilomycin-sensitive activity is only
marginal. By assuming that the bafilomycin-sensitive
pump is capable of establishing 100% of the pH
gradient by itself, the calculated stoichiometry
amounts to 1.01 £+ 0.14.

To determine the possible effects of the electrical
transmembrane potential, similar experiments were
performed with epicotyl vesicles in the absence of
valinomycin. Under these conditions, the initial rate
of H" -pumping was about half the rate found with
the membrane potential collapsed by valinomycin
(data not shown). However, the ApH at steady state
remained unchanged (Table 1). The apparent stoi-
chiometry of the epicotyl V-ATPase in the absence of
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Table 1. H" /ATP stoichiometries of the V-ATPases from lemon fruits and epicotyls, as determined by the steady-state ApH method

Epicotyl

+ Valinomycin

—Valinomycin

Fruit

+ Valinomycin

2.97
0.203
0.199
0.120
0.112

1.11

+

+
+
+
+
+

0.31
0.023
0.078
0.052
0.033
0.32

2.48
0.198
0.111
0.055
0.063

0.87

+

+
+
+
+
+

0.10
0.027
0.025
0.012
0.009
0.16

ApH 2.86 £ 0.10
B; (umol H' - (pH unit)™" - mg™") 0.203 + 0.023
k; (min~") 0.424 + 0.113
H™ transport (umol - mg™" - min™") 0.247 £+ 0.072
ATP hydrolysis (umol - mg™'min™" 0.116 £ 0.025
Stoichiometry 2.10 £ 0.26

The H™* /ATP stoichiometries of the bafilomycin-sensitive H " -ATPases of lemon were determined based on the steady-state ApH established
in tonoplast-enriched vesicles. ApH, internal buffering capacity (B;), slip-plus-leakage rate (k;), proton transport and ATP hydrolysis were
calculated as described in Material and Methods. For epicotyl vesicles, measurements were performed in the presence or not of 0.5 um
valinomycin. ApH, k;, ATP hydrolysis and H” /ATP stoichiometries were determined independently for each experiment performed.

Average values are shown.

valinomycin was 1.11 £+ 0.32, about half the value
found in the presence of valinomycin. In summary,
based on steady-state measurements, the H/ATP
stoichiometry of the epicotyl V-ATPase is 2 in the
presence of valinomycin and 1 in the absence of va-
linomycin. The H"/ATP stoichiometry of the fruit V-
ATPase is 1 even in the presence of valinomycin.

ELECTRICAL TRANSMEMBRANE POTENTIAL

Since the apparent H/ATP stoichiometry for the
epicotyl V-ATPase was reduced in the absence of
valinomycin, presumably due to the build-up of a
membrane potential, we used oxonol VI absorbance
to measure the electrical potential difference across
tonoplast-enriched membranes from lemon fruits and
epicotyls (Fig. 3). Assays were conducted with or
without KCl and/or valinomycin. In the absence of
valinomycin and KCl in the reaction mix, an electri-
cal potential was built up within seconds across both
fruit and epicotyl membranes (Fig. 34). In the pres-
ence of 150 mm KCIl, this membrane potential ap-
peared to be only transient in epicotyl vesicles (Fig.
3B), as no recovery could be measured after addition
of gramicidin (Fig. 3C). In general, the electrical
transmembrane potential across fruit tonoplast
membranes was three to seven times higher than that
found in epicotyl vesicles, and was hardly affected by
chloride. In the presence of both KCIl and valino-
mycin, neither the fruit, nor the epicotyl tonoplast
showed an electrical potential. These results indicate
that the membrane potential of the fruit tonoplast is
relatively insensitive to chloride, but can be abolished
by valinomycin in the presence of potassium. Chlo-
ride has a much greater effect on the membrane po-
tential of the epicotyl tonoplast, reducing it by about
60%. Moreover, in the presence of chloride, the
membrane potential of the epicotyl tonoplast is only
transient. As in the case of the fruit, valinomycin plus
potassium completely abolishes the membrane po-
tential across the epicotyl tonoplast.
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Fig. 3. Measurement of the electrical membrane potential across
tonoplast-enriched vesicles from lemon fruits and epicotyls. 40 pug
of vesicles were used in H " -pumping reactions containing or not
containing 150 mm KCl and 0.5 pm valinomycin. 2.5 pm of oxonol
VI was used to monitor the membrane potential established during
proton pumping. The reaction was started with magnesium and
collapsed with 6 pm gramicidin. Absorbance changes of oxonol VI
at 580 and 610 nm were measured simultaneously and the differ-
ence (AAg10-580) 1s reported. (4): Typical curve obtained with fruit
tonoplast vesicles. (B and C): Magnesium- and gramicidin-induced
changes in AAg;¢.sg0 for fruit and epicotyl vesicles under described
conditions.

INITIAL-RATE METHOD

When steady-state pH gradients were investigated in
the presence of 25 pg epicotyl vesicles or 35 pg fruit
membranes, acridine orange remained limiting up to a
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Fig. 4. Calibration of acridine orange accumulation in tonoplast-
enriched vesicles from lemon fruits. 35 pg of fruit vesicles were
added to an ATP-regenerating proton pumping-reaction mix con-
taining 2.5 to 25 pm of acridine orange. The H" pumping reaction
was started with magnesium, and the decrease in acridine orange
absorbance at 495 nm was measured. (4) Initial acridine orange

215

0.001 0.6

0.0008 - 105
4104

0.0006 |- &
103 4

0.0004 | o
102 *”

0.0002 _,:f B 4 01

0 (}‘ 1 1 1 1 1 O
0 5 10 15 20 25 30

[ACRIDINE ORANGE] (uM)

absorbance before the start of the H™ pumping reaction (0); ab-
sorbance of quenched acridine orange at steady state (A) and dif-
ference between the previous two (vesicular acridine orange
content, d;) (e). (B) Initial rate of acridine orange quenching (e)
and total acridine orange quenching at steady state (d;) (o).

Table 2. H" /ATP stoichiometries of the V-ATPases from lemon fruits and epicotyls, as determined by the initial-rate method

Epicotyl Fruit

+ Valinomycin —Valinomycin Low-coupling prep. High-coupling prep.
H™ pumping (pmol - mg™" - min™") 0.325 £+ 0.055 0.215 + 0.076 0.215 + 0.076 0.169 £ 0.050
ATP hydrolysis (umol - mg™" - min™") 0.161 + 0.016 0.157 + 0.041 0.068 + 0.005 0.086 + 0.027
Stoichiometry 2.02 + 0.36 1.35 £ 0.13 0.94 + 0.19 2.00 + 0.22

20 pg and 35 pg of tonoplast-enriched vesicles from epicotyls and fruits, respectively were used in all measurements.
Measurements for epicotyl vesicles were done in the presence or not of 0.5 pm valinomycin, and fruit preparations with high and low initial-

rate coupling ratios (IRCR) were compared.

concentration of ~25 pum. On the other hand, as little
as 15 um were saturating when measuring initial rates
of proton pumping (Fig. 4B). Therefore, a concen-
tration of 17.5 um acridine orange was chosen to de-
termine the stoichiometries of the lemon fruit and
epicotyl V-ATPases by the initial rate method. Under
these conditions, the acridine orange quenching rate,
as determined from the J, curve in Fig. 4B, was found
to be 0.55 Adgs- pm ' - mg protein™' and 0.49
AAgos - uM - mg protein~! for epicotyl and fruit vesi-
cles respectively. The nonlinearity of the J; curve is
described in Fig. 44. Note that the A495 curve at time
zero follows the same nonlinearity as the curve de-
scribing ApH at steady state (J, curve). In contrast, the
quenched acridine orange curve (A495 at steady state)
is linear with respect to the concentration of acridine
orange used. The linearity of the steady-state curve
indicates that all of the acridine orange is quenched
inside the vesicles at steady state, whereas the non-
linearity of the d; curve is merely a consequence of the
nonlinearity of the 4495 curve at time zero. The latter
curve departs from linearity due to partial quenching
of acridine orange in the reaction mix at high con-
centrations, presumably as a consequence of dimeri-
zation of the dye. It is H" pumping-independent.

Table 2 shows the results of H¥/ATP-stoichi-
ometry calculations based on the initial-rate method.
Epicotyl tonoplast vesicles were compared with two
different types of lemon-fruit preparations: nitrate-
insensitive preparations with a low coupling ratio
(harvested between September and December) and
nitrate-sensitive preparations with a high coupling
ratio (harvested between January and April) (Miiller
et al., 1999). The nitrate-sensitive fruit preparations
exhibited ~70% inhibition of proton pumping by
bafilomycin. The results show that both the epicotyl
and the high-coupling-ratio fruit H "/ATPases have
an H'/ATP stoichiometry of 2, while the nitrate-
insensitive, low-coupling-ratio fruit preparations
have an H/ATP stoichiometry of ~1. When ep-
icotyl membranes were assayed in the absence of
valinomycin in the reaction mix, the resulting stoi-
chiometry was decreased to nearly half its value in
the presence of valinomycin. Thus, the absence of
valinomycin lowers the H/ATP stoichiometry of
the epicotyl V-ATPase from 2 to 1, whether meas-
ured by the steady-state or initial-rate methods.
Using the initial-rate method, the calculated H "/
ATP stoichiometry of the nitrate-sensitive, high-
coupling-ratio fruit V-ATPase was 2, while that
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Fig. 5. Effect of intra-vesicular organic acids on the pH gradient
established across the tonoplast of lemon-fruit vesicles. Vesicles
were preloaded with 150 mm potassium chloride ( ), 100 mm
potassium sulfate (—-—-) 100 mm potassium malate (— — —), or
75 mM potassium citrate (- ---). Osmolarity of the added salt was
constant at 300 mosmol. 11 pg vesicles were used in proton
pumping reactions monitored by the absorbance quenching of ac-
ridine orange as described in Material and Methods.

of the nitrate-insensitive, low-coupling-ratio fruit
V-ATPase was 1.

EFFECT OF ORGANIC ACIDS

In preliminary experiments it was established that
substituting Kj-citrate or K,-malate for KCI in the
H " -pumping reaction mix, thereby supplying an or-
ganic anion on the outside of the vesicles, affected
neither the rate of proton pumping, nor the pH gra-
dient at steady state (Miiller and Taiz, unpublished
data). To determine the effect of organic anions
supplied on the lumenal face of the vacuolar mem-
brane, thus mimicking the in vivo condition in or-
ganic acid-accumulating vacuoles, tonoplast-enriched
vesicles were preloaded with potassium malate, po-
tassium citrate, potassium sulfate, or potassium
chloride. To avoid an artifactual osmotic pressure
effect, the concentration of the salts were all adjusted
to 300 mosmolar. The ability of the preloaded
membranes to generate a MgATP-dependent pH
gradient was measured by recording the absorbance
quenching of acridine orange. In the presence of
equal amounts of protein (~11 mg), malate-, citrate-
and sulfate-loaded vesicles all generated a higher ApH
than chloride-loaded vesicles (Fig. 5). In these ex-
periments, the H " -pumping reaction was started with
the vesicles, with MgATP already present in the re-
action mix. Therefore the initial rate of proton
pumping can be determined less reliably than with
membranes pre-equilibrated in the reaction mix.
Nevertheless, the order of effectiveness of the tested
anions appeared to be citrate >malate > sul-
fate > chloride, based on the H " -pumping rates after
the first 5 minutes.
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Fig. 6. Effect of intra-vesicular citrate on the proton leakage rate
across the membrane of tonoplast-enriched lemon fruit vesicles.
Conditions were as described in the legend to Fig. 5, with vesicles
preloaded with potassium chloride (——), and potassium citrate
(----). Once a pH gradient was established, the reaction was stop-
ped by chelating the magnesium required for catalysis with 50 mm
EDTA, and the passive proton leakage across the vesicular mem-
brane was monitored. Eventually, the remaining proton gradient
was collapsed with nigericin.

To test whether the higher pH gradient built up
in citrate-loaded vesicles was due to reduced proton
leakage rather than to increased pumping, EDTA
was used to chelate Mg?" and inhibit the V-ATPase
after a pH gradient was established (Fig. 6). It was
found that the stimulatory effect of citrate was not
due to proton leakage.

To explore the mechanism of the stimulation of
H™ pumping by organic anions, the effect of lumenal
citrate on the slip rate was determined in both fruit
and epicotyl membranes (Tu et al., 1987, Miiller et al.
1997). The vesicles were loaded with 150 mm KCI, or
with 50 mm Kj;-citrate plus 100 mm sorbitol, in order
to balance both, cationic and anionic charges, and the
osmolarity. In both the fruit and the epicotyl vesicles,
the rate of ATP hydrolysis was unchanged by the
presence of citrate in the lumen (Fig. 7C-D). Note the
biphasic ATP-hydrolysis rate in fruit vesicles, a con-
sequence of the progressive coupling of the enzyme.
Although the initial rate of proton pumping in ci-
trate-loaded fruit vesicles was found to be ~14%
lower than in chloride-loaded vesicles (Fig. 74), the
initial slip rate was drastically lower in citrate-loaded
than in chloride-loaded fruit vesicles, resulting in
more efficient coupling of the pump when catalysis
proceeded (Fig. 8). In citrate-loaded epicotyl vesicles,
the rate of proton pumping was slightly increased
(~15%) and the slip-plus-leakage rate slightly de-
creased (less that 3% over the initial 10 minutes of
pumping) (Fig. 7B, Fig. 8). Lumenal citrate increased
the total quench by ~25% in both epicotyl and fruit
vesicles (Fig. 74—B). Therefore, in both the fruit and
the epicotyl vesicles, citrate on the inside of the ves-
icles resulted in tighter coupling of the V-ATPase and
allowed the generation of a steeper pH gradient.
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Fig. 7. Effect of intra-vesicular citrate on the proton-pumping and
ATP-hydrolysis activities of tonoplast-enriched vesicles from lem-
on fruits and epicotyls. Vesicles were preloaded with 150 mm po-
tassium chloride (——) or 50 mm potassium citrate plus 100 mm
sorbitol (— — — —), in order to maintain osmolarity and potassium
concentration constant at 300 mosmol and 150 mm respectively. (4
and B) Proton-pumping curves; (C and D) ATP-hydrolysis curves.
Results for fruit vesicles are reported in (4) and (C) and results for
epicotyl vesicles are reported in (B) and (D). 11 pg membrane
protein was used in all cases.

Discussion

Briskin & Reynolds-Niesman (1990) proposed that
H"/ATP stoichiometries of proton pumps should be
determined by more than one technique in order to
overcome the sources of error inherent to any given
method. We used two kinetic methods, one based on
initial rates of H™ -pumping and ATP hydrolysis and
one based on the mathematical analysis of the steady-
state ApH, to determine the H"/ATP stoichiometries
of the lemon-fruit and epicotyl V-ATPases. The
steady-state ApH method has previously been suc-
cessfully applied to stoichiometry determinations
(Brauer et al., 1989; Briskin & Reynolds-Niesman,
1990; Schmidt & Briskin, 1993), and its limitations
extensively described (Briskin & Reynolds-Niesman,
1990). The initial-rate method was developed by
Palmgren (1990) for the simultaneous measurement
of proton-pumping and ATP-hydrolysis rates for
studies on the plasma membrane H-ATPase of
Avena sativa. Since in his experimental system the
coupling of proton pumping to ATP hydrolysis was
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Fig. 8. Effect of intra-vesicular citrate on the slip-plus-leakage
rates of tonoplast-enriched vesicles from lemon fruits and epicotyls.
The slip-plus-leakage curves corresponding to the reactions de-
scribed in Fig. 7 were calculated according to Tu et al. (1987) for
epicotyl vesicles preloaded with chloride (A) or with citrate (A); or
for fruit vesicles preloaded with chloride (o) or citrate ().

lower than predicted, he concluded that the in-
travesicular accumulation of anions artificially am-
plified the quenching of acridine orange, thus making
the method unsuitable for quantifying proton trans-
port (Palmgren, 1990; 1991). In the present report, we
demonstrated that the method can be used success-
fully to determine the stoichiometry of the vacuolar
H"/ATPase, provided the influence of anions is re-
duced by the presence of valinomycin and excess
potassium, and that the hydrolytic activity of the V-
ATPase is isolated from other contaminating ATP-
ases by considering only the bafilomycin A;-sensitive
activity present on the vesicles.

We previously established that hyperacidification
of lemon juice-sac vacuoles is correlated with several
unique properties of the fruit tonoplast membrane
and V-ATPase. The tonoplast of fruit vacuoles is less
permeable to protons than that of the epicotyl, al-
lowing the vacuole to maintain a steeper pH gradient
(Miiller et al., 1996). The native fruit V-ATPase is
also less sensitive to a variety of V-ATPase inhibitors
than the epicotyl V-ATPase, including nitrate, ba-
filomycin A;, and oxidation (Miiller et al., 1996).
Insensitivity to inhibitors suggests that kinetic regu-
lation of the enzyme may be minimal, enabling the V-
ATPase to approach thermodynamic equilibrium.
Finally, we found that the fruit tonoplast V-ATPase
can exist in two states making up two sub-popula-
tions of V-ATPases, a nitrate-sensitive (normal) and a
nitrate-insensitive (altered) population (Miiller et al.,
1999). The two populations differ in their initial-rate
H"/ATP coupling ratios (IRCRs). Since low IRCR
and high IRCR fruit V-ATPases established equilib-
rium pH gradients of the same magnitude, we hy-
pothesized that the two sub-populations of V-
ATPases were probably characterized by equal H/
ATP stoichiometries (Miiller et al., 1999). While the
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two kinetic methods used in the present report re-
sulted in a stoichiometry of 2 for the epicotyl V-
ATPase, the findings were more ambiguous for the
fruit enzyme. Fruit preparations with a low IRCR
were found to have a stoichiometry of ~1 as deter-
mined by either method. In contrast, the stoichiom-
etry of fruit preparations with a high IRCR was
found to be 2 when measured by the initial rate
method, and ~1 when calculated by the steady-state
model. This apparent contradiction can be explained
if one considers how the stoichiometries were deter-
mined. In the initial-rate method, the pump operates
in the absence of an electrical potential (in the pres-
ence of valinomycin and KCl) and in the presence of
a limited pH gradient. In contrast, in the steady-state
method, the proton transport rate is extrapolated
from the pH gradient at steady state, taking into
account the pH-dependent slip-plus-leakage rate.
Combined, the stoichiometry results derived from the
two models suggest that the H"/ATP coupling ratio
of the high IRCR fruit V-ATPase is progressively
reduced during the establishment of a pH gradient.
Rather than undergo slip (the slip-plus-leakage rate
remains low), the fruit V-ATPase appears to be ca-
pable of variable stoichiometry. Since the maximum
steady-state ApH is inversely related to the pump’s
stoichiometry, a variable stoichiometry mechanism
may prove beneficial to the fruit V-ATPase, allowing
it to attain the extreme pH gradients that are present
across the tonoplast of ripe fruits. This confirms and
extends the findings of Davies et al. (1994) who,
based on patch-clamp studies, proposed a ApH-in-
duced variable stoichiometry, with values comprised
between 1.74 and 3.28, for the V-ATPase of red beet.
Recently, the results of Davies et al. have received
partial support from the patch-clamp studies of Yabe
et al. (1999) who found an H */ATP stoichiometry of
3.5 for the V-ATPase of yeast.

Since ApH induced a decrease in the stoichiom-
etry of the fruit V-ATPase, we examined whether the
presence of an electrical transmembrane potential
would also result in a reduction in H"/ATP stoichi-
ometry. The epicotyl V-ATPase is more sensitive to
electrical membrane potentials than the fruit V-ATP-
ase, which is hardly affected by the absence of vali-
nomycin (data not shown). In the absence of valino-
mycin (presence of a limited membrane potential), the
apparent stoichiometry of the epicotyl V-ATPase was
found to be 1.11 £ 0.32 when calculated by the
steady-state ApH method, and 1.35 + 0.13 when
calculated by the initial-rate method. Thus, in con-
trast to the ApH-induced variable stoichiometry
measured in the fruit V-ATPase, the reduction in
stoichiometry measured for the epicotyl V-ATPase in
the presence of a limited transmembrane potential
occurs as soon as catalysis proceeds. This can easily
be explained by the fact that the membrane potential
is built up during the initial seconds of proton
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pumping, in contrast to the pH gradient, which forms
over several minutes.

A surprising finding was that the steady-state
ApH generated by the epicotyl V-ATPase was the
same in the presence or the absence of valinomycin,
and under no conditions was the calculated ApH at-
tributed to the bafilomycin-sensitive fruit V-ATPase
larger than that built up in epicotyl vesicles. This was
particularly intriguing because, for a fixed protein
concentration, acridine orange-absorbance quench-
ing in fruit vesicles was usually double that observed
with epicotyl vesicles. From the ApH calibration
curves, however, it is evident that for a given pH
gradient and protein concentration, twice as many
protons accumulate in fruit tonoplast vesicles than in
epicotyl vesicles. If the fruit and the epicotyl vesicles
have the same size, this would indicate that fruit
vesicles bear two times less protein than epicotyl
vesicles. Moreover, it can be assumed, based on
western blotting, that fruit tonoplast vesicles bear
fewer V-ATPases/mg protein than epicotyl vesicles
(Miiller et al., 1996). Nevertheless, based on the lower
slip rate and the higher ApH that was attained with
purified V-ATPases reconstituted in artificial vesicles
(Miiller et al., 1997), the maximum ApH established
by the fruit V-ATPase was still predicted to be higher
than that built up by the epicotyl enzyme. As this was
not verified with the native tonoplast vesicles used in
the present study, we conclude that the limiting factor
in proton-pumping experiments with isolated tono-
plast vesicles is not the proton pump itself, but other
factors such as proton leakage and secondary trans-
port systems present on the native membrane.

In vivo, hyperacidification of plant vacuoles has
been correlated with organic acid accumulation, with
the pK, of the accumulated acid determining the pH
of the vacuolar lumen. Thus, increasingly acidic
vacuoles accumulate anions in the following order:
Cl -malate” citrate’™ oxalate’ . Acidic limes accu-
mulate much more citrate than sweet limes, further
suggesting that citrate accumulation plays a role in
acidification (Brune et al., 1998). We have shown
that, when compared to chloride, citrate on the
lumenal side of the vacuolar membrane decreases the
slip rate of the fruit V-ATPase. The rate of catalysis is
not significantly affected. From a mechanochemical
perspective, the resulting increase in the rate of pro-
ton pumping can be thought of as an increase in the
rate of rotation of the V, complex (Grabe et al.,
2000). Grabe et al. (2000) postulated the requirement
for a ““brake” subunit that prevents reverse rotation
of the rotor (and consequent proton leakage) when
the V; complex is dissociated from V. It is possible
that such a brake complex would exert drag on the
rotor even when V7 is attached, inducing slip in the
enzyme. The presence of organic acids on the lumenal
face of the V-ATPase may reduce that drag, resulting
in higher pump efficiency.
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Although organic acids may be required for
hyperacidification, V-ATPascs could not lower the
lumenal pH to 0.9, as in Begonia lucerna, unless the
stoichiometry of the pump is <2. Rastogi and Girvin
(1999) have shown that the proteolipid (¢ subunit)
has a different conformation at acidic pH than under
basic conditions, with the protonatable rotor site
buried within the rotor at pH ~5, but exposed at the
rotor periphery at pH ~8. Thus, at acidic pH, pro-
ton-binding sites could be withdrawn from partici-
pation in proton exchange. This would, in effect,
lower the H */ATP stoichiometry of the pump (Grabe
et al., 2000). According to our findings with the
lemon epicotyl and fruit enzymes, V-ATPases may
differ in their ability to modify the proteolipid con-
formation and thus their ability to use variable H"/
ATP stoichiometry.

In summary, our studies to date have established
the following factors as contributors to the phe-
nomenon of hyperacidification in lemon vacuoles: 1)
a proton-impermeant membrane; 2) a V-ATPase that
is refractory to various types of kinetic inhibition; 3)
a V-ATPase with a low slip rate; 4) a V-ATPase with
the ability to reduce its stoichiometry from 2 to 1 in
the presence of a pH gradient; 5) organic acids in the
lumen to reduce slip at low internal pH.

This research was supported by Grant No. DE-FG03-84ER 13245
from the U.S. Department of Energy to L. T.
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