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The nitrate-sensitive proton-translocating adenosine triphosphatase (H*-ATPase) of
tonoplast membranes plays an important role in regulating the flow of nutrients and
metabolic waste between the cytoplasm and vacuole in the cells of plant roots.
Relatively little information is available regarding the coupling between ATP hydro-
lysis and proton pumping by the nitrate-sensitive, tonoplast H*-ATPase. The coupling
may be achieved either directly, i.e. the two reaction pathways share at least one
common molecular step, or indirectly, i.e. the two reaction pathways do not share an
intermediate step. These coupling mechanisms may be differentiated by the responses
of the two events to external perturbation. The effects of the presence of nitrate in the
assay medium on the rates of ATP hydrolysis and proton transport catalyzed by the
tonoplast H*-ATPase from maize (Zea mays L. cv. FRB 73) were investigated. The
presence of nitrate inhibited proton transport activity of the tonoplast H*-ATPase to a
much greater degree than ATP hydrolysis. This differential response of the two
activities to nitrate is the basis for a proposed reaction model for the tonoplast
H*-ATPase that features an indirect coupling mechanism between ATP hydrolysis and
proton transport.
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Introduction

Membranes isolated from plant roots contain at least two
H*-ATPases (DeMichaelis et al. 1983, Sze 1984, 1985).
One of these enzymes is localized on the tonoplast mem-
brane and has sensitivities to nitrate and vanadate similar
to other vacuolar-type H*-ATPases (Nelson and Taiz
1989, Sze 1984, 1985). This enzyme is probably involved
in regulating the pH of the cytoplasm and mediating
secondary transport processes across the tonoplast. The
other enzyme is believed to be localized on the plasma
membrane and shares the characteristics of the E1-E2
type H*-ATPase in forming an aspartyl phosphate inter-
mediate, and being sensitive to vanadate (Nelson and

Taiz 1989, Sze 1984, 1985). The H*-ATPase of the
plasma membrane may also be involved in regulating
cytoplasmic pH, in addition to mediating transport into
and out of the cell. The proton gradients and membrane
potentials generated by these two types of H*-ATPases
are believed to serve as the thermodynamic driving force
for the movement of other ions and molecules in and out
of the cytoplasm and vacuolar lumen (Sze 1984, 1985).

By their actions, transport H*-ATPases are transducers
of free energy, interconverting the free energy available
in the chemical bonds of ATP and the free energy con-
served in electrochemical gradients across membranes.
The mechanism by which this free energy is transformed
by these proteins is still poorly understood, despite a



large volume of research. Conceptually, there are two
possible mechanisms by which ATPases may convert the
energy from ATP hydrolysis into an electrochemical gra-
dient: direct or indirect coupling. If the process leading to
proton transport shares part of the molecular pathway
responsible for ATP hydrolysis, then this is said to be
direct coupling. An example of direct coupling is the
redox-loop mechanism proposed for electron transfer-
coupled proton movement in mitochondria (Mitchell
1975). When proton transport is directly coupled to ATP
hydrolysis by an ATPase, experimental treatments will
affect proton transport to the same extent as ATP hydro-
lysis. Alternatively, the primary energy-releasing pro-
cess, i.e. ATP hydrolysis, may be only indirectly linked to
proton transport, so that certain intermediate steps are
required to couple ATP hydrolysis to the transport of
protons. If proton transport is indirectly coupled to ATP
hydrolysis, changes in proton transport may not be mani-
fested by changes in ATP hydrolysis; i.e. the two reac-
tions can maintain separate rates. Experimental condi-
tions that can evoke such differential changes in the
coupled activities of corn root tonoplast H*-ATPase have
been sought by this laboratory. Membranes from maize
roots of the cultivar FRB 73 were utilized because of the
ability to isolate tonoplast vesicles to a very high degree
of purity (Tu et al. 1987).

Assay to determine initial rates of proton influx

Proton transport by isolated membrane vesicles is typ-
ically followed in vitro by changes in the absorbance or
fluorescence of pH sensitive dyes like acridine orange or
quinacrine (Bennett and Spanswick 1983, Brauer et al.
1989). These assays measure net proton transport, not the
unidirectional flux of protons. Therefore, the first experi-
mental challenge was to devise a method for obtaining an
estimate of the initial unidirectional rate of proton trans-
port by the tonoplast H*-ATPase in vitro.

Our approach to solving this problem was to determine
a means of extracting the information from our current
assays for following net proton transport by changes in
the absorbance and fluorescence of acridine orange
(Brauer et al. 1989, Tu et al. 1987). A priori, the rate of
net proton transport to the interior of membrane vesicles
at a given time is the difference between influx catalyzed
by the proton pump and the sum of inhibitory pathways,
which lead to the efflux of protons from the lumen of the
membrane vesicle. Mathematically, this relationship can
be expressed as:

dd/dt = Ry — k; x 8 (1)

in which 8 is the net amount of protons transported across
the membrane at time t after the addition of ATP, and Ry
is the initial rate of ATP-supported proton pump. The rate
constant, k; represents the processes that lead to the efflux
of protons from vesicles. The quantity d can be directly
related to changes in absorbance of acridine orange

(Brauer et al. 1989, Perlin et al. 1986). The initial rate of
proton transport can be related to the rate of ATP hydro-
lysis by:

RH =mxX RATP (2)

where Ry is the initial rate of ATP hydrolysis and mis a
measure of the coupling between ATP hydrolysis and
proton transport. The average rate of ATP hydrolysis over
the time period of proton gradient build-up is approxi-
mately equal to R,rp (Brauer et al. 1989, Tu et al. 1987).
Alternatively, R rp may be determined by measuring the
formation of ADP by a coupled enzyme assay (Brauer et
al. 1989, Tu et al. 1987).

At steady state, the net rate of proton transport, do/dt,
approaches zero and therefore,

Ry = ki x 3, 3)

where the subscript s denotes the steady state level. Ap-
plication of the steady state approximation yields

dd/dt = k(3 — 3) 4
Upon integration of Eq. (4), the following is obtained
In(1 - 8/8,) = —-k;xt 5)

Therefore, Eq. (5) provides a convenient means of esti-
mating k; the rate constant that represents the loss of
protons from the vesicles during proton pumping. Thus,
the initial rate of proton influx into the vesicles (Ry) is
determined from Eq. (3).

This mathematical treatment of the proton transport
time course enables the researcher to quantify both the
initial rate of proton movement into the vesicles and rate
of proton loss from vesicles. Such treatment of the proton
transport data allows the investigator to determine if
changes in proton transport arise from direct treatment
effects on the proton transport processes of the H*-
ATPase or from changes in the rate of efflux from the
vesicles.

Application of assay to nitrate-sensitive proton
transport

When highly purified corn root tonoplast vesicles were
incubated in the presence of acridine orange, there was an
ATP-dependent decrease in absorbance at 492.5 nm. This
decrease in absorbance was consistent with the move-
ment of protons into the lumen of the vesicle (Fig. 1A). It
was apparent from the time course that the net rate of
proton transport into the vesicles decreased as the magni-
tude of the gradient increased. Eventually, the net rate of
proton transport became zero. It was also apparent from
Fig. 1A that nitrate had a negative effect on net proton
transport. .

When the data in Fig. 1A were fitted to the mathe-



higher inhibitor concentrations, the link between the two
domains is completely blocked. Consequently, the turn-
over of the enzyme cannot be completed, and the result is
an inhibition of ATP hydrolysis.

The possible implications of nitrate inhibition of pro-
ton transport by the H*-ATPase on the physiology of plant
cells in situ has not been resolved. Based on the analysis
of Granstedt and Huffaker (1982), the cytoplasm of plant
cells may contain millimolar levels of nitrate. Such levels
of nitrate could yield sufficiently high molar fractions of
nitrate in the cytoplasm to inhibit the nitrate-sensitive
proton pump of the tonoplast membrane, provided the
chloride concentration is less than 100 mM. Therefore,
nitrate-induced inhibition of the tonoplast H*-ATPase
may occur in situ.
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