Plant Physiol. (1984) 76, 490-497
0032-0889/84/76/0490/08/$01.00/0

Anion-Sensitive, H*-Pumping ATPase of Oat Roots’

DIRECT EFFECTS OF CI-, NOs-, AND A DISULFONIC STILBENE

"KATHLEEN A. CHURCHILL? AND HEVEN Sze*

Received for publication April 24, 1984 and in revised form June 27, 1984

Departments of Botany and Biochemistry, University of Kansas, Lawrence, Kansas 66045 (K. A. C.,, H. S);
and Department of Botany, University of Maryland, College Park, Maryland 20742 (H. S.)

ABSTRACT

To understand the mechanism and molecular properties of the tono-
plast-type H*-translocating ATPase, we have studied the effect of CI-,
NO;~, and 4,4’-diisothiocyano-2,2’-stilbene disulfonic acid (DIDS) on
the activity of the electrogenic H*-ATPase associated with low-density
microsomal vesicles from oat roots (4vena sativa cv Lang). The H*-
pumping ATPase generates a membrane potential (Ay) and a pH gradient
(ApH) that make up two interconvertible components of the proton
electrochemical gradient (Ajix+). A permeant anion (e.g. CI7), unlike an
impermeant anion (e.g. iminodiacetate), dissipated the membrane poten-
tial (“Cjthiocyanste distribution) and stimulated formation of a pH
gradient (“Cjmethylamine distribution). However, CI"-stimulated ATP-
ase activity was about 75% caused by a direct stimulation of the ATPase
by CTI" independent of the proton electrochemical gradient. Unlike the
plasma membrane H*-ATPase, the CI"-stimulated ATPase was inhibited
by NOs™ (a permeant anion) and by DIDS. In the absence of CI", NOy~
decreased membrane potential formation and did not stimulate pH gra-
dient formation. The inhibition by NO,~ of Cl™-stimulated pH gradient
formation and CI"-stimulated ATPase activity was noncompetitive. In
the absence of CI-, DIDS inhibited the basal Mg,ATPase activity and
membrane potential formation. DIDS also inhibited the Cl™-stimulated
ATPase activity and pH gradient formation. Direct inhibition of the
electrogenic H*-ATPase by NO;~ or DIDS suggest that the vanadate-
insensitive H*-pumping ATPase has anion-sensitive site(s) that regulate
the catalytic and vectorial activity. Whether the anion-sensitive H*-
ATPase has channels that conduct anions is yet to be established.

We have distinguished two types of electrogenic, H*-pumping
ATPases in nonmitochondrial membrane vesicles from oat roots
(9, 39) and tobacco callus (35, 36). One type is vanadate-insen-
sitive and enriched in low-density membranes, such as the ton-
oplast, and one type is vanadate-inhibited and enriched in the
plasma membrane fraction (9, 39, 40). Several other laboratories
initially could demonstrate only a vanadate-resistant proton-
pumping ATPase in microsomal vesicles (2, 14, 16, 24, 25, 30).
However, within the last year, the vanadate-sensitive H*-pump-
ing ATPase has also been demonstrated in various tissues (1, 13).
The properties of the two H*-ATPases are summarized in a
minireview (37).

The differential sensitivity to vanadate suggests that the mech-
anism of ATP hydrolysis, H* pumping, and the molecular prop-
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erties of the two ATPases may differ. For example, the plasma
membrane ATPase from corn roots forms a phosphorylated
enzyme complex. Since vanadate inhibits formation of a phos-
phoenzyme intermediate (7, 23), the reaction mechanism of the
vanadate-insensitive ATPase is apparently different from the
plasma membrane enzyme. Furthermore, unlike the vanadate-
sensitive ATPase, the vanadate-insensitive ATPase is stimulated
by CI- and inhibited by nitrate (2, 3, 11, 14, 16, 25, 27, 30, 32,
33). Our preliminary studies also showed that DIDS? preferen-
tially inhibited the anion-sensitive ATPase (9).

To understand the mechanism and molecular properties of
the vanadate-insensitive H*-pumping ATPase, we have exam-
ined in more detail the effect of Cl', nitrate, and DIDS on three
activities: (a) ATPase activity in the presence and absence of
gramicidin; (b) ATP-generated membrane potential; and ©
ATP-dependent pH gradient formation. We concluded previ-
ously that the vanadate-insensitive ATPase, ApH, and Ay activ-
ities are manifestations of an electrogenic H*-pumping ATPase
based on the parallel distributions of these activities on a linear
dextran gradient (9). The present results suggest that the H*-
ATPase has anion-sensitive site(s) which regulate its catalytic
and vectorial activities. Preliminary results of this study have
been reported (10, 39).

MATERIALS AND METHODS

Plant Material. Oat (4vena sativa L. var Lang) seedlings were
germinated in the dark over an aerated solution of 0.5 mMm
CaSO,. After 5 to 6 d of growth, the apical tips (3-4 cm) of the
roots were harvested. Lang oats were generously provided by the
Agronomy Department of the University of Maryland (College
Park) and Kansas State University (Manhattan).

Preparation of Sealed Microsomal Vesicles. Sealed micro-
somal vesicles were prepared as described by Churchill and Sze
(11) using a 6% dextran (mol wt 69,000, Sigma) cushion. Vesicles
containing the vanadate-insensitive ATPase are enriched in the
0/6% interface (9).

Determination of ATP-Generated ApH and Ay. A relative
measure of the pH gradient (ApH) generated by inward H*
pumping into vesicles was determined as ['“Clmethylamine (New
England Nuclear) accumulation using a filtration procedure (11).
Membrane potential (Ay) generation (inside positive) was deter-
mined as ATP-dependent SCN~ (“C from Amersham or 3§
from New England Nuclear) uptake into vesicles using a filtration
procedure described previously (38). We have shown that ['*C]

3 Abbreviations: DIDS, 4,4’-diisothiocyano-2,2’-stilbene disulfonic
acid; Ay, membrane potential; ApH, pH gradient; Ajy+, proton electro-
chemical gradient; CCCP, carbonyl cyanide m-chlorophenylhydrazone;
KIDA, potassium iminodiacetate; BTP, bis-tris propane (1,3-
bis[tris(hydroxymethyl)methylamino]propane).
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ANION-SENSITIVE H*-ATPase

methylamine accumulation is completely vanadate-resistant and
thus it reflects H*-pumping activity entirely from the vanadate-
insensitive (or tonoplast-type) ATPase (9, 11, 24, 25).

ATPase Activity. ATPase activity was determined by meas-
uring Pi release at 36°C according to the method described by
Hodges and Leonard (19) with some modifications (35). To
determine vanadate-insensitive ATPase activity specifically, re-
action mixtures included 100 um Na orthovanadate, 0.1 mM
ammonium molybdate, and 0.2 mM Na azide to inhibit the
plasma membrane ATPase, unspecific phosphatase, and mito-
chondrial ATPase, respectively (9, 15). The plasma membrane
ATPase activity could be specifically determined as either K*-
stimulated or vanadate-inhibited ATPase activity (9). K* stimu-
lation was determined as the difference in activity in the presence
and absence of 50 mM KIDA. Vanadate-sensitive ATPase activity
was determined as the difference between total (no vanadate)
and vanadate-resistant (plus 100 uM vanadate) ATPase activities,
both of which were determined in the presence of 0.1 mMm
ammonium molybdate and 0.2 mM azide. Protein concentration
was estimated by the Lowry method (22) after precipitation with
10% TCA using BSA as a standard.

Chemicals. Sodium ATP was purchased from Boehringer-
Mannheim and converted by Dowex ion exchange and bis-tris
propane titration to ATP-BTP at pH 6.8. DIDS, CCCP, and
gramicidin were obtained from Sigma.

RESULTS

Effect of C1- on ATPase Activity, ApH, and Ay Generation.
(a) CI Collapses Ay. Chloride stimulated formation of an ATP-
dependent pH gradient, as measured by ['*C]methylamine ac-
cumulation (11) while IDA had no effect (Fig. 1a). In contrast
membrane potential generation as measured by ATP-dependent
SCN- uptake, was maximum in the absence of Cl~ (37). ATP-
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FiG. 1. Effect of CI” or IDA (iminodiacetate) concentration on ATP-
dependent uptake of ['“C]methylamine or ['*C]thiocyanate into low-
density vesicles from oat roots. (a) Methylamine uptake (pH gradient
generation). Reaction mixture contained 175 mM mannitol, 25 mm
Hepes-BTP at pH 7.5, 1 mm MgSO,, 5 ug oligomycin, 20 uM ['“C]
methylamine, and = 1 mM ATP-Tris. (b) SCN™ uptake (membrane
potential generation). Reaction mixture consisted of 175 mM mannitol,
25 mM Hepes-BTP at pH 6.75, 3 mm MgSO,, 16 uM S'*CN-, 0.2 mM Na
orthovanadate, 5 ug oligomycin with or without 3 mM ATP-Tris. BTP-
Cl or BTP-IDA were prepared by titration of HCI or iminodiacetic acid
with BTP. Vesicles (0.2-0.3 mg protein/ml) from a 0/6% dextran inter-
face were used to start the reaction. Triplicate samples (usually 100 ul
each) were taken after 10 min incubation at 21°C. Results are the mean
of at least two experiments.
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dependent SCN™ uptake was decreased by increasing concentra-
tions of C1~ (Fig. 1b). Thiocyanate uptake was decreased 78% by
25 mM CI-, while iminodiacetate at 10 or 25 mM had no effect.

One interpretation for Cl~ stimulation of ApH formation is
that CI~, being a permeant anion, moved into the vesicles down
an electrical gradient generated by H* pumping (interior posi-
tive). Collapse of the electrical gradient by Cl~ entry permitted
more H* pumping by the ATPase resulting in formation of a
steep pH gradient (2, 11, 38). In the presence of IDA, an
impermeant anion, the electrical gradient was not dissipated and
thus the pH gradient remained low. Sulfate also behaved like an
impermeant anion. Sulfate did not dissipate the electrical poten-
tial (38) and did not stimulate formation of a pH gradient (11).

Although this interpretation is consistent with the idea that
the total free energy from a H*-pumping ATPase is made up of
two interconvertible components (Ay and ApH) (26), the kinetics
of CI” concentration dependence between ApH stimulation and
Ay decrease were not similar (Fig. 1, a and b). At 5 mMm CI,
when the membrane potential was partially (40%) dissipated,
ApH formation was maximal. These results suggested that stim-
ulation of ApH generation by Cl~ was not solely dependent on
dissipation of a membrane potential.

(b) Direct CI- Effect on ATPase. ATPase activity was also
differentially sensitive to anions. Chloride stimulated ATP hy-
drolysis in a concentration-dependent manner while impermeant
anions, such as sulfate or IDA (not shown), had a small stimu-
latory effect on Mg,ATPase activity (Fig. 2). However, the differ-
ential effect of CI- and IDA on membrane potential collapse
(Fig. 1b) was only partially responsible for CI~ stimulation of a
H*-pumping ATPase as indicated by other results.

It is important to recall that only tightly sealed vesicles can
show ApH or Ay generation while both sealed and leaky vesicles
hydrolyze ATP. Though 40% or less of the total vesicle popula-
tion is tightly sealed to K* and perhaps H* (34; KA Churchill,
unpublished), ATPase activities in the absence of gramicidin
may originate mostly from leaky vesicles as the enzymes are
uncoupled. ATPase activities in the presence of gramicidin re-
flects uncoupled activity from the total vesicle population. So
total ATPase activities cannot be compared quantitatively to
either ApH or Ay generation. Gramicidin-stimulated ATPase
activity (calculated from the difference in activity in the presence
and absence of gramicidin) more closely represents ATPase
activity from the sealed vesicles if they were made leaky.

Cl™ stimulation of ATPase activity in the presence of grami-
cidin (Fig. 3a) suggests that C1~ directly increases the rate of ATP
hydrolysis independent of the electrochemical gradient, as shown
previously (2, 33, 34). Gramicidin-stimulated ATPase activity
was also stimulated by C1~ (Fig. 3b). The increase in Mg,ATPase
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FiG. 2. Effect of CI” or SO~ concentration on Mg,ATPase activity
in low-density vesicles from oat roots. Reaction mixture consisted of 30
mM Hepes-BTP at pH 6.75, 3 mm MgSO,, 3 mM ATP-Trs, 5 ug
oligomycin, 0.2 mM Na orthovanadate, and vesicles from a 0/6% dextran
interface. ATPase activity that was stimulated by the presence of 5 to 50
mM KCl or K;SO; is shown. Results are the mean of two experiments.
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FiG. 3. Effect of CI~ concentration and gramicidin on ATPase activity
in low-density vesicles from oat roots. (a) ATPase activity in the presence
(O) or absence (®) of gramicidin. (b) Gramicidin-stimulated ATPase
activity calculated from the difference in activity in the presence and
absence of gramicidin. Reaction mixture included 30 mM Hepes-BTP at
pH 6.75, 3 mm MgSO,, 3 mM ATP-Tris, 0.2 mM Na azide, 0.2 mm Na
orthovanadate, 0. mM ammonium molybdate, vesicles from a 0/6%
dextran interface, +2.5 uM gramicidin, and 1 to 50 mM choline chloride.
Mean result of two experiments shown.
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activity of 1.1 (from 13.4 to 14.5) umol Pi/mg protein-h caused
by gramicidin in the absence of CI~ could be interpreted as
stimulation of the basal ATP hydrolysis due to membrane poten-
tial and ApH collapse. Additional increase of gramicidin-stimu-
lated ATPase activity from 1.2 to 6.3 umol Pi/mg protein-h was
dependent on an increase of CI- concentration from 1 to 50 mm
(Fig. 3b) which could be interpreted as a direct Cl~ activation of
ATPase associated with sealed vesicles.

Direct stimulation of ATPase activity by Cl~ appeared to be
related to Cl~ stimulation of ApH generation. Since ionophore-
stimulated ATPase activity reflects the uncoupled H* pumping
activity of the enzyme associated with sealed vesicles, the kinetics
of CI~ stimulation of H* pumping and of gramicidin-stimulated
ATPase activities were compared directly (Figs. 1a and 3b). The
kinetics between Cl~ stimulation of methylamine uptake (appar-
ent K, for CI = 1.5 mm) (Fig. 1a) and gramicidin-stimulated
ATPase activity (K, = 2.0 mM) (Fig. 3b) were strikingly similar.
These results suggested that Cl~ stimulation of ApH generation
could be due to specific CI~ stimulation of the enzyme, in
addition to dissipation of the membrane potential.

From the ATPase activities (Fig. 3), one can estimate that Cl—-
stimulated ApH formation was about 20% or less (1.1 out of 6.3
umol Pi/mg protein-h) due to dissipation of the membrane
potential and about 80% due to a direct Cl~ stimulation of
ATPase activity. In other experiments, gramicidin or CCCP has
little or no stimulatory effect on Mg,ATPase activity from oat
roots or tobacco callus (8, 9, 34), suggesting that collapse of a
membrane potential alone does not significantly stimulate ATP
hydrolysis. Other laboratories have also concluded that chloride
stimulated an ATPase (2, 14, 16, 25, 33), but no attempt was
made to separate the relative effect of CI~ on membrane potential
collapse and direct enzyme activation.
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Table 1. Anion Effect on ATPase Activity Associated with Low-Density
Vesicles of Oat Roots

Reaction mixtures were as described in Figure 6. The pH of the
reaction mixtures was maintained at pH 6.8 by 30 mm Hepes-BTP
buffer. Most salt solutions did not alter the pH of the reaction mixture.
KIDA, BTP-Cl, or BTP-NO; were buffered to pH 7.0. Hepes did not
stimulate the ATPase activity significantly. Salt-sensitive ATPase activity
is the difference between total and basal Mg,ATPase activity in the
absence of gramicidin. Gramicidin-stimulated ATPase is the difference
between activity in the presence and absence of gramicidin (Gram).
Results are the average of two to six experiments.

ATPase Activity
Salt Salt-sensitive .
—Gram +Gram (no Gram) Gram-stimulated
umol Pi/mg protein-h

None 10.5

10 mm KCl1 14.6 214 4.1 6.8
KBr 154 217 4.8 6.3
KI 124 186 1.9 6.2
KHCO; 11.0 172 04 6.2
KIDA 11.3 14.6 0.7 33
K,SO, 9.6 13.6 -0.9 4.0
KSCN 11.6 15.0 1.1 34
KNO; 7.0 6.9 =35 -0.1
BTP-NO; 8.2 8.4 -24 0.3
NH,Cl 235 233 13.0 -0.2
(NH,).S0, 13.7 13.5 32 -0.2

50 mm KCl 185  26.6 8.0 8.1
KBr 19.5 256 89 6.2
KI 16.2 222 5.7 6.0
KHCO, 152 234 4.6 8.2
KIDA 140 187 35 4.7
K,SO, 12.1 15.7 1.6 3.6
KSCN 14.1 14.9 3.6 0.8
KNO; 8.0 9.2 =25 1.2
BTP-NO; 7.6 79 =30 0.3
NH.Cl1 27.5 286 17.0 1.1
(NH,):S0, 19.1 18.2 8.6 -0.9

Effect of Various Cations and Anions. To determine whether
other ions directly altered H* pumping, the effect of several
cations and anions on gramicidin-stimulated ATPase activity
was examined and, when possible, compared to their effect on
membrane potential or pH gradient generation.

Using K™ as the cation, we found that C1~, Br~, I, and HCO;~
were similarly effective in stimulating gramicidin-dependent
ATPase activity (Table I). As with ClI~, Br~ appeared to stimulate
the ATPase directly, in addition to dissipating the membrane
potential. Bromide at 10 mM partially decreased the ATP-gen-
erated membrane potential (8) yet maximally stimulated H*
pumping (11). In the presence of IDA or sulfate, gramicidin-
stimulated ATPase activity was relatively low not because these
anions inhibited H* pumping or generation of a membrane
potential (Fig. 1; Ref. 11). Rather IDA or sulfate did not stimulate
the ATPase activity. Thus, the ATPase is mainly stimulated by
anions, such as CI-, Br~, or HCO;™. Apart from a few exceptions,
these results are similar to those observed in corn roots (27).

In the presence of NO;~, there was little or no gramicidin-
stimulated ATPase activity (Table I). These results are consistent
with the observations that NO,™ inhibited ATPase activity (Table
I) and H* pumping as shown below. SCN-, being a permeant
anion, will completely (98%) dissipate the membrane potential
at 10 mm (8) without apparently affecting gramicidin-stimulated
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Table 1. Cation Effect on ATPase Activity Associated with Low-
Density Vesicles from Oat Roots
Reaction mixtures were as described in Table I. Results are the average
of two to six experiments.

ATPase Activity
Cation-Cl —canciti
—~Gram +Gram Salt-sensitive Gram-stimulated
(no Gram)
umol Pi/mg protein-h
None 10.5
10 mm Choline-C1 158  21.7 5.3 59
KCl 146 213 4.1 6.8
RbCl1 14.5 214 4.0 7.0
CsCl 170 218 6.5 4.8
NaCl 166 22.1 6.1 5.5
LiCl 164 21.1 59 4.7
BTP-Cl 167 223 6.1 5.6
NH,C1 235 233 13.0 -0.2
50 mMm Choline-C1  20.1  26.9 9.6 6.8
KCl 185 26.6 8.0 8.1
RbCl1 19.6 26.2 9.1 6.6
CsCl 209 262 10.4 5.3
NaCl 227 276 12.2 49
LiCl 234 279 12.8 4.5
BTP-Cl 214 268 10.8 5.4
NH.C1 275 286 17.0 1.1
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FiG. 4. Effect of CI- or NO;™ concentration on ATP-dependent meth-
ylamine uptake into low-density vesicles from oat roots. Reaction mix-
ture was as described in legend to Figure 1a except BTP-Cl or BTP-NO;
concentrations ranged between 0.5 and 25 mM. Triplicate samples were
taken after 10 min incubation at 21°C. Results are the mean of five

experiments.

ATPase activity. However, 50 mM SCN~ appeared to inhibit
ATPase activity as gramicidin-stimulated activity was eliminated
(Table I).

Chloride was effective in stimulating gramicidin-dependent
ATPase activity regardless of whether the counterions were al-
kali-cations or organic cations (choline, bis tris propane) (Table
II). Though the ATPase was clearly more sensitive to anions than
cations, alkali-cations appeared to have little effect on the vana-
date-insensitive ATPase. It is not clear whether less stimulation
by K* than Li* of ATPase activity (in the absence of gramicidin)
was significant or not. Gramicidin-stimulated ATPase activity
was frequently higher in the presence of K* or Rb* than with
Choline, BTP, Cs*, Li*, or Na* (Table II), probably because of
the specificity of gramicidin for K* and Rb*.

One can estimate the relative contribution of direct Cl~ stim-
ulation of the ATPase from the differences between activities in
the presence of NH.Cl and (NH,).SO, (Table I). As NH,*
dissipates the pH gradient (11) and probably the membrane
potential, gramicidin had no stimulatory effect on ATPase activ-
ity as previously reported with tobacco callus (35). In the absence
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FiG. 5. Effect of NO;~ concentration on ATP-dependent generation
of a pH gradient and membrane potential in low-density microsomal
vesicles from oat roots. (a) ATP-dependent methylamine uptake. Reac-
tion conditions were as described in legend to Figure 1a except BTP-Cl
was 10 mM and BTP-NO; ranged from 1.0 to 10 mM. Methylamine
uptake in the absence of NO;~ (100%) was 585 pmol CH3;NH,/mg
protein. (b) ATP-dependent SCN™ uptake. Reaction conditions were as
described in legend to Figure 1b with 1 to 10 mM BTP-NO;. In the
absence of NO;™~, 178 pmol SCN~ was taken up per mg protein (100%).

of a proton electrochemical gradient, ATPase activity in the
presence of 10 mM NH,CI was 9.8 pmol Pi/mg protein-h higher
than activity in the presence of (NH,),SO,. pH gradient collapse
by (NH,),SO, accounted for an increase in ATP hydrolysis of
3.2 umol Pi/mg protein-h. Thus, NH,Cl stimulation of the
ATPase activity was approximately 75% (9.8 of 13) due to a
direct CI- effect rather than dissipation of an Aj+.

Inhibition by NOs~. Although NOs™ is frequently used as a
permeant anion and in several systems can dissipate membrane
potential and increase ApH more effectively than C1~ (29, 40),
NOs™ alone had little or no effect on ATP-dependent methyla-
mine uptake (Fig. 4). Increasing NO;~ concentrations (from 1 to
25 mm) slightly increased the level of methylamine accumula-
tion; however, at 25 mM, NO; -dependent methylamine accu-
mulation was only 20% of that dependent on ClI- (Fig. 4).

We had previously reported that NO;~ inhibited ApH forma-
tion and ATPase activities (11) but had not examined the con-
centration dependence. A few millimolar NO;~ (1 and 5 mM)
not only inhibited Cl -stimulated methylamine uptake (by 35
and 55%) (Fig. 5a), but also was more effective than CI- in
decreasing SCN™ uptake (membrane potential formation) (Fig.
5b and 1b). Though the decrease in membrane potential could
be interpreted as collapse of a membrane potential by a permeant
anion (NO;"), the inhibitory effects of NO;~ on Mg,ATPase
activity (Fig. 6) would suggest that NO;~ both dissipated and
inhibited formation of a membrane potential. In agreement with
this idea, we found that NO;~ also inhibited Cl -stimulated
ATPase activity in the presence or absence of gramicidin (Fig.
6b) and inhibited gramicidin-stimulated ATPase (Fig. 6¢). Fur-
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FiG. 6. Effect of NO,~ concentration on ATPase activity in low-
density microsomal vesicles from oat roots. Results are the mean of four
experiments. (a) Mg, ATPase activity. Reaction mixtures were as de-
scribed in legend to Figure 3 with 0 to 10 mm BTP-NO; (in the absence
of choline Cl and gramicidin). (b) Cl™-stimulated ATPase activity is the
increase in activity due to 50 mm BTP-Cl assayed in the presence (4) or
absence (O) of 2.5 uM gramicidin. (c) Gramicidin-stimulated CI™-
Mg, ATPase activity calculated from (b) as the difference in activity in
the presence and absence of gramicidin. (d) Relative Mg,ATPase (@) and

~-stimulated ATPase (O) activities in per cent from data in (a) and (b).

thermore, 1.0 mMm NO;~ effectively inhibited Cl--stimulated H*
pumping (Fig. 8a). The relative inhibition (%) of the various
ATPase activities by different NO;~ concentrations were similar,
suggesting that all these enzyme activities are properties of one
enzyme which is directly affected by NO;™.

We have previously shown that NO,~ inhibited ATPase activ-
ity associated wth low-density vesicles (1-4% dextran) but NO;~
had little or no effect on ATPase collected at 4 to 7% dextran
(9). The latter vesicles were enriched in plasma membrane-type
ATPase as the enzyme was vanadate-sensitive and showed K*
stimulation. Figure 7 shows clearly that K*-stimulated ATPase
activity was not inhibited by 1 to 10 mM NO;". In fact, NO;~
appeared to slightly stimulate the ATPase activity, supporting
the idea that NO;~ can act as a permeant anion that would
dissipate the membrane potential in plasma membrane-type
vesicles (29, 40).

We tested the possibility that NO;~ might be competing for a
common anion site with CI~. Figure 8a shows the effect of NO;~
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FiG. 7. Effect of NO;~ concentration on K*-stimulated or Cl™-stim-
ulated ATPase activity in low-density microsomal vesicles from oat roots.
Assay conditions were as described in legend to Figure 3 except Na
orthovanadate was excluded and 50 mm KIDA (O) or BTP-Cl (@) was
added. BTP-NO; concentration was varied from 0.5 to 10 mM. Activity
in the absence of NO;~ was set to 100%.

on pH gradient formation measured with various concentrations
of CI". A Lineweaver-Burk plot (Fig. 8b) or a direct linear plot
of Eisenthal and Cornish-Bowden (12) (not shown) of Figure 8a,
indicated that NO;~ was a noncompetitive inhibitor of the CI™-
stimulated H* pump. Though careful kinetic studies have not
been conducted on the ATPase activity, Figure 6¢ shows that
Cl~ may have a slight protective effect at low levels of NO;~ (1-
2 mM), as the relative inhibition by NO;~ of Cl -stimulated
ATPase activity is less than that of Mg, ATPase.

Inhibition by DIDS. When we showed that DIDS inhibited
ionophore-stimulated ATPase activity (35), membrane potential
(8), and pH gradient generation (11), we were uncertain about
the specificity of DIDS. Here we show that DIDS specifically
inhibited the vanadate-resistant ATPase with a K; of about 10
uM, but had little effect on the vanadate-sensitive ATPase activity
(Fig. 9). These results agree with our previous report that low
concentrations of DIDS preferentially inhibited the Cl™-stimu-
lated but not the K*-stimulated ATPase activity (9).

DIDS inhibited ATP-dependent methylamine accumulation
(Fig. 10) and ATP-dependent SCN~ uptake (Fig. 11) in the same
concentration range that inhibited ATPase activities (Fig. 12).
The presence of CI~ was not necessary for DIDS action. DIDS
inhibited Mg,ATPase activity (Fig. 12a) as well as Cl"-stimulated
ATPase and gramicidin-stimulated ATPase activities (Fig. 12c).
Though we have not tested whether DIDS competed for CI-
activation site(s) on the ATPase, the presence of Cl~ did confer
some protection from DIDS inhibition. At 2 to 10 uM DIDS,
Cl-stimulated ATPase activity (with or without gramicidin) was
relatively less inhibited than Mg,ATPase activity (Fig. 12d).

DISCUSSION

ClI"-Stimulated ATPase Activity and Dissipated Membrane
Potential. The vanadate-insensitive ATPase activity is stimulated
by anions, especially Cl-, but is largely unaffected by cations
(Table I and II) as previously reported (2, 8, 11, 14, 16, 25, 33).
Chloride stimulation of an ATPase could be caused by one or
more of the following reasons: (i) Cl~ dissipates an electrical
potential by moving into the vesicles via a lipid pathway or an
anion channel separate from the H*-ATPase; (i1) Cl~ directly
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FiG. 8. (a) Effect of NOs~ concentration on ATP-dependent methyl-

amine uptake into low-density microsomal vesicles from oat roots in the

presence of various CI~ concentrations. Assay conditions were as de-

scribed in legend to Figure 1a. BTP-NO; (0.5-5 mm) and BTP-Cl1 (0.5~

10 mm) were added as indicated. Triplicate samples were filtered after 3

min ificubation. Result shown is from one experiment. (b) Lineweaver-
analysis of the data shown in (a).

stimulates the H*-pumping ATPase activity without being trans-
ported by the ATPase; and (iii) Cl™ is transported by an anion
channel associated with the H*-ATPase as proposed by Bennett
and Spanswick (2). We have made a preliminary attempt to
distinguish between these possibilities.

Several observations suggested that collapse of a membrane
potential by CI- (Fig. 1) could not account completely for the
stimulation of ATPase activity (Fig. 2) and ApH formation (Fig.
1). (a) Using microsomal vesicles from tobacco callus, iono-
phores (CCCP or gramicidin) that collapse membrane potential
(38) had little or no effect on Mg,ATPase activity when measured
in the absence of ClI~ (34) as shown in this study with oat root
vesicles (Fig. 3) and other tissues (2, 33). Similarly, a membrane
potential built up by a H*-pumping ATPase in plasma mem-
brane vesicles of Neurospora could be completely collapsed by
CI” or NO;™, but these ions had essentially no stimulatory effect
on ATP hydrolysis (29). (b) SCN™ at 10 mMm collapses the
membrane potential but barely stimulated Mg, ATPase activity
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FiG. 9. (a) Effect of DIDS concentration on Mg, ATPase activity of
sealed microsomal vesicles from oat roots in the presence (@) or absence
(O) of Na orthovanadate (100 uM). Reaction conditions were as described
in Figure 6a. (b) DIDS effect on the relative activity of the vanadate-
sensitive (A) and vanadate-insensitive (@) ATPases.
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FiG. 10. Effect of DIDS concentration on ATP-dependent methyla-
mine uptake into low-density vesicles from oat roots. Assay conditions
were as described in Figure la with 10 mm BTP-Cl. In the absence of
DIDS, 729 pmol methylamine per mg protein was taken up (100%).
Results are the mean of two experiments.

in the absence of gramicidin (Table I). (c) Collapse of a pH
gradient by NH, salts caused some stimulation of ATPase activity
but additional stimulation is observed in the presence of 10 mMm
CI™ (Table I). (d) In the presence of gramicidin which dissipates
Ay and ApH, C1™ stimulated ATPase activity (Fig. 3). (e) Deter-
gent-solubilized and partially purified ATPase from oat roots is
stimulated by CI~ (31). These results and the similar dependence
on CI™ concentration (K, = 1.5-2.0 mM) of pH gradient gener-
ation (Fig. 1) and gramicidin-stimulated ATPase (Fig. 3) would
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FiG. 11. Effect of DIDS concentration on ATP-dependent SCN~
uptake into low-density vesicles from oat roots. Assay conditions were
as described in Figure 1b except BTP-Cl was absent. Results are the
mean of two experiments.

support the idea that the Cl--stimulated pH gradient generation
was mostly due to direct CI~ stimulation of the H*-pumping
ATPase. Taking together the ATPase results (Fig. 3; Table II)
and what we know about Ay and ApH under the various con-
ditions, we estimated by two independent ways that Cl~ stimu-
lation of the H*-pumping ATPase associated with sealed vesicles
is 75% or more attributed to a direct effect on the enzyme
activity (possibility ii) and 25% or less due to dissipation of the
AY (possibility i).

Direct Inhibition of the Vanadate-Insensitive ATPase by NO;~
and DIDS. The results from our previous (8-11) and present
studies (Figs. 6, 7, 9) clearly indicate that NO;~ and DIDS
preferentially inhibit the vanadate-insensitive, Cl~-stimulated
H*-ATPase. The vanadate-sensitive or K*-stimulated ATPase is
not inhibited (Figs. 7 and 9). Since all assays contained 0.2 mm
azide, residual mitochondrial ATPase activity was eliminated.
Nitrate has been shown by numerous investigators to inhibit an
anion-sensitive ATPase (6, 18, 27, 32) and a tonoplast ATPase
from red beets (1, 30, 41).

Nitrate inhibition of a Cl™-stimulated ATPase and generation
of a pH gradient would suggest that NO; -sensitive site(s) are
required for the catalytic as well as the vectorial activity of the
enzyme. Although the presence of Cl~ conferred slight protection
to the ATPase activity (Fig. 6d), the inhibition by NO;~ was
noncompetitive with C1~ (Fig. 8b). Nitrate inhibited Mg,ATPase
activity even in the absence of CI~ (Fig. 6a; Ref. 10). Since a few
millimolar NO;~ was effective in decreasing Cl"-dependent and

~-independent ATP hydrolysis as well as Cl"-dependent H*
pumping, NO;~ probably acts by directly altering enzyme activity
rather than by a chaotropic effect (17). The physiological signif-
icance of NO;™ regulation of a H*-pumping ATPase is not clear.

Our studies (Figs. 11 and 12) suggest that DIDS specifically
and directly inhibited the anion-sensitive, electrogenic H*-
ATPase activity. We have been interested in the effect of DIDS
(8-11, 35) because it is a specific anion channel blocker in red
blood cells (5), corn protoplasts (21), and Chara (20). Bennett
and Spanswick (2) have suggested that DIDS inhibited H* pump-
ing into vesicles by blocking Cl~ transport via an anion channel
because DIDS inhibited the saturable component of the ClI-
dependent H* pumping. A similar model was proposed by
Pazoles et al. (28) for an anion-activated Mg,ATPase activity
associated with chromaffin granules. However, we show that
DIDS inhibited Mg,ATPase activity as well as membrane poten-
tial generation which were measured in the absence of Cl~ (Figs.
9 and 11). Furthermore, Cl"-dependent ATPase activity and Cl™-
stimulated ApH generation were inhibited by similar concentra-
tions of DIDS as those needed to inhibit Mg,ATPase activity
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FIG. 12. Effect of DIDS concentration on ATPase activity in low-
density microsomal vesicles from oat roots. Reaction mixtures were as
described in Figure 6 in the presence of 0 to 20 uM DIDS. Results are
the mean of four experiments. (a) Mg,ATPase activity. (b) Cl"-stimulated
ATPase activity in the presence (A) or absence (O) of 2.5 uM gramicidin.
(c¢) Gramicidin-stimulated Cl"-Mg,ATPase calculated from (b) as the
difference in activity in the presence and absence of gramicidin. (d)
Relative Mg,ATPase (®) and Cl--stimulated ATPase (O) activities plotted
from data of (a) and (b).

indicating that the same enzyme was inactivated either in the
presence or absence of CI~ (Figs. 10 and 12c¢). If DIDS inhibited
CI” transport alone into vesicles, one would expect DIDS to
decrease membrane potential collapse by C1-. However, this was
not observed; instead DIDS decreased membrane potential for-
mation by Mg, ATP. A direct inhibition by DIDS of the anion-
sensitive H*-pumping ATPase would also result in inhibition of
Cl -dependent ApH formation (Fig. 10; Refs. 2 and 11) and
ATP-dependent, potential-driven 3Cl~ uptake into vesicles (24).

We interpret the present data as follows: DIDS directly inter-
acted with the H*-ATPase complex. This interaction results in
inhibition of the catalytic and vectorial activity without neces-
sarily invoking inhibition by DIDS of anion transport. This
conclusion is supported by our finding that octylglucoside-solu-
bilized ATPase is also DIDS-sensitive (31). Chloride uptake is



ANION-SENSITIVE H*-ATPase

probably driven by the electrical gradient (positive inside) gen-
erated by the electrogenic H*-ATPase. Chloride could move in
via a lipid pathway or a protein channel that may or may not be
sensitive to DIDS. It is interesting that a direct action of DIDS
on the H*-pumping ATPase in addition to an anion (Cl~ or Br™)
channel was also proposed in the chromaffin granules (28).
However, in clathrin-coated vesicles, DIDS inhibited an anion
channel separate from the H*-ATPase (42).

Anion-Binding Site(s) Regulate Catalytic and Vectorial Activ-
ity. Taken together, our results show that the vanadate-insensitive
ATPase is anion-sensitive in at least three ways: (a) Cl~ directly
stimulated ATPase activity; (b) NO;™ specifically inhibited ATP-
ase activity; and (c) DIDS inhibited directly the Mg, ATPase
activity. These three properties are characteristic of the vanadate-
insensitive ATPase but not the vanadate-sensitive H*-pumping
ATPase. All three compounds potentially associate with anion-
binding sites, though our results do not permit us to distinguish
whether CI~, NO;~, or DIDS acts at the same or separate site(s)
of the enzyme complex. DIDS will react with sulfhydryl as well
as amino groups (5), but it is less likely that the preferential
inhibition of the anion-sensitive ATPase is caused by interaction
with sulthydryl groups (42) as assays were conducted in the
presence of DTT.

How the interaction of anion-sensitive sites with CI-, NO;™,
or DIDS regulate the catalytic and vectorial H* pumping activity
of the ATPase is not clear. We propose a simple model. The
vanadate-insensitive ATPase complex has anion-binding sites
which are directly involved in catalysis and are important for
maintaining the conformation of the enzyme. In the presence of
SO~ or IDA, the enzyme is moderately active in ATP hydrolysis
and H* pumping. When CI~ is associated with the anion-binding
site(s), the enzyme is in an active configuration so H* pumping
is increased. However, binding of NO;~ or DIDS either prevents
catalysis or modifies the enzyme configuration resulting in less
activity. So far there is no evidence that the anion-sensitive site(s)
of the H*-ATPase are associated with channels that conduct
anions, though this possibility is considered. Until we understand
the molecular and transport properties of the anion-sensitive H*-
ATPase, the physiological significance of the anion-sensitive
site(s) will remain speculative.

Acknowledgments—We thank Drs. David Perlin and Emma Bowman for stim-
ulating discussions and Yanzhi Wang for expert technical assistance.

LITERATURE CITED

1. BENNETT AB, SD O’NEILL, RM Spanswick 1984 H*-ATPase activity from
storage tissue of Beta vulgaris. 1. Identification and characterization of an
anion-sensitive H*-ATPase. Plant Physiol 74: 538-544

2. BENNETT AB, RM Spanswick 1983 Optical measurements of ApH and Ay in
corn root membrane vesicles: Kinetic analysis of C1~ effects on a proton-
translocating ATPase. ] Membr Biol 71: 95-107

3. BENNETT AB, RM SPANsWICK 1983 Solubilization and reconstitution of an
anion-sensitive H*-ATPase from corn roots. J] Membr Biol 75: 21-31

4. BriskiN DP, RT LEONARD 1982 Partial characterization of a phosphorylated
intermediate associated with the plasma membrane ATPase of corn roots.
Proc Natl Acad Sci USA 79: 6922-6926

5. CABANTCHIK ZI, PA KNAUF, A ROTHSTEIN 1978 The anion transport system
of the red blood cell. The role of membrane protein evaluated by the use of
probes. Biochim Biophys Acta 515: 239-302

6. CAMBRAIA J, TK HoDGEs 1980 ATPases of plasma membranes of oat roots.
In RM Spanswick, WJ Lucas, J Dainty, eds, Plant Membrane Transport:
Current Conceptual Issues. Elsevier-North Holland, Amsterdam, pp 211-
222

7. CANTLEY LC, LG CANTLEY, L JOSEPHSON 1978 A characterization of vanadate
interaction with the (Na,K)-ATPase. Mechanistic and regulatory implica-
tions. J Biol Chem 253: 7361-7368

8. CHURCHILL KA 1983 Electrogenic, proton-translocating ATPases in membrane
vesicles from oat roots. PhD dissertation. University of Kansas, Lawrence

9. CHURCHILL KA, B HoLAWAY, H SzE 1983 Separation of two types of electro-
genic H*-pumping ATPases from oat roots. Plant Physiol 73: 921-928

10. CHURCHILL KA, SK RANDALL, Y WANG, H Szt 1984 Nitrate and DIDS
inhibition of an anion-sensitive H*-ATPase from oat roots. /n WJ Cram, K

11.
12.
13.

14,

15.

21.
22.
23.
24.

25.

26.
27.
28.

29.

31.
32.
33.

37.
38.
39.

41.

42,

497

Janagek, R Rybova, K Sigler, eds, Membrane Transport in Plants. Academia,
Praha, pp 546-547

CHURCHILL KA, H Szt 1983 Anion-sensitive, H*-pumping ATPase in mem-
brane vesicles from oat roots. Plant Physiol 71: 610-617

CORNISH-BOWDEN A 1979 Fundamentals of Enzyme Kinetics. Butterworth,
London

DEeMIcHELIS MI, MC PUGLIARELLO, F RAsI-CALDOGNO 1983 Two distinct
proton-translocating ATPases are present in membrane vesicles from radish
seedlings. FEBS Lett 162: 85-90

DuproNT FM, DL GIORGI, RM SPANswICK 1982 Characterization of a proton-
translocating ATPase in microsomal vesicles from corn roots. Plant Physiol
70: 1694-1699

GALLAGHER SR, RT LEONARD 1982 Effect of vanadate, molybdate and azide
on membrane-associated ATPase and soluble phosphatase activities of corn
roots. Plant Physiol 70: 1335-1340

. HAGER A, M HELMLE 1981 Properties of an ATP-fueled, Cl"-dependent proton

pump localized in membranes of microsomal vesicles from maize coleoptiles.
Z Naturforsch Sect C Biosci 36: 997-1008

. HATEF1 Y, WG HANSTEIN 1974 Destabilization of membranes with chaotropic

ions. Methods Enzymol 31: 770-790

. HENDRIX DL, WS PIERCE 1980 Preliminary characterization of an anion-

stimulated ATPase from Pisum plasma membrane. Plant Sci Lett 18: 365-
373

. HopGEs TK, RT LEONARD 1974 Purification of a plasma membrane-bound

adenosine triphosphatase from plant roots. Methods Enzymol 32: 392-406

. KEIFER DW, VR FRANCESCHI, WJ Lucas 1982 Plasmalemma chloride trans-

port in Chara corallina: inhibition by 4,4’-diisothiocyano-2,2’-disulfonic
stilbene. Plant Physiol 70: 1327-1334

LiN W 1981 Inhibition of anion transport in corn root protoplasts. Plant
Physiol 68: 435-438

Lowry OH, NJ ROSEBROUGH, AL FARR, RJ RANDALL 1951 Protein measure-
ment with the Folin phenol reagent. J Biol Chem 193: 265-275

MACARA IG 1980 Vanadium—an element in search of a role. Trends Biochem
Sci 5: 92-94

MANDALA S, IJ METTLER, L Taiz 1982 Localization of the proton pump of
corn coleoptile microsomal membranes by density gradient centrifugation.
Plant Physiol 70: 1743-1747

METTLER L, S MANDALA, L Taiz 1982 Characterization of in vitro proton
pumping by microsomal vesicles isolated from corn coleoptiles. Plant Physiol
70: 1738-1742

MitcHELL P 1961 Coupling of phosphorylation to electron and hydrogen
transfer by a chemi-osmotic type of mechanism. Nature 191: 144-148

O’NEILL SD, AB BENNETT, RM SPANswiICK 1983 Characterization of a NO;~
sensitive H*-ATPase from corn roots. Plant Physiol 72: 837-847

PazoLes CJ, CE Creutz, A Ramu, HB POLLARD 1980 Permeant anion
activation of MgATPase activity in chromaffin granules. Evidence for direct
coupling of proton and anion transport. J Biol Chem 255: 7863-7869

PErLIN DS, K Kasamo, RJ BROOKER, CW SLAYMAN 1984 Electrogenic H*
translocation by the plasma membrane ATPase of Neurospora. Studies on
plasma membrane vesicles and reconstituted enzymes. J Biol Chem 259:
7884-7892

. POOLE RJ, DP BRIsKIN, Z KRATKY, RM JOHNSTONE 1984 Density gradient

localization of plasma membrane and tonoplast from storage tissue of
growing and dormant red beet. Characterization of proton transport and
ATPase in tonoplast vesicles. Plant Physiol 74: 549-556

RANDALL SK, Y WANG, H Szt 1984 Solubilization and characterization of an
anion-sensitive H*-ATPase from oat roots. Plant Physiol 75: S-1

RUNGIE JM, JT WIsKICH 1973 Salt-stimulated adenosine triphosphatase from
smooth microsomes of turnip. Plant Physiol 51: 1064-1068

Stout RG, RE CLELAND 1982 Evidence for a Cl -stimulated Mg,ATPase
proton pump in oat root membranes. Plant Physiol 69: 798-803

. Sze H 1980 Nigericin-stimulated ATPase activity in microsomal vesicles of
35.
36.

tobacco callus. Proc Natl Acad Sci USA 77: 5904-5908

Sze H 1982 Characterization of nigericin-stimulated ATPase from sealed
microsomal vesicles of tobacco callus. Plant Physiol 70: 498-505

Szt H 1983 Proton-pumping adenosine triphosphatase in membrane vesicles
of tobacco callus: Sensitivity to vanadate and K*. Biochim Biophys Acta
732: 586-594

Szt H 1984 H*-translocating ATPases of the plasma membrane and tonoplast
of plant cells. Physiol Plant 61: 683-691

Sze H, KA CHURCHILL 1981 Mg/KCI-ATPase of plant plasma membranes is
an electrogenic pump. Proc Natl Acad Sci USA 78: 5578-5582

Sze H, KA CHURCHILL 1983 Electrogenic, H*-translocating ATPases of plant
microsomal membranes. /n D Randall, DG Blevins, BR Larson, eds, Current
Topics in Plant Biochemistry/Physiology, Vol 1. University of Missouri,
Columbia, pp 122-135

. VARA F, R SERRANO 1982 Purification and properties of the proton-translo-

cating ATPase of plant plasma membranes. J Biol Chem 257: 1282612830
WALKER RR, RA LEIGH 1981 Characterization of a salt-stimulated ATPase
activity associated with vacuoles isolated from storage roots of red beet (Beta
vulgaris L). Planta 153: 140-149
XiE X-S, DK STONE, E RACKER 1983 Determinants of clathrin-coated vesicle
acidification. J Biol Chem 258: 1483414838



