
Plant Physiol. (1972) 49, 436-440

Increased Membrane-bound Adenosine Triphosphatase Activity
Accompanying Development of Enhanced Solute Uptake in

Washed Corn Root Tissue'
Received for publication August 9, 1971

R. T. LEONARD2 AND J. B. HANSON
Department of Botany, Uniiversity of Illinois, Urbana, Illintois 61801

ABSTRACT

Washing of excised corn (Zea mays L., variety WF9xM14)
root tissue is accompanied by an increase in (Mg2+ + K+)-
stimulated adenosine triphosphatase. This is the adenosine
triphosphatase described by Fisher, Hansen, and Hodges as posi-
tively correlated with ion accumulation rates. The increase in
activity is confined to the microsomal fraction. A close parallel
exists between increases in adenosine triphosphatase and phos-
phate absorption, and they respond similarly to inhibitors of
RNA and protein synthesis. However, the amplitude of change
is much smaller in adenosine triphosphatase. Possible reasons
for this discrepancy are discussed.

In the preceding paper (25) we describe the increase in ab-
sorption rates of phosphate, and of some other ions and solutes,
which accompanies the washing of roots from seedlings grown
under highly aerobic conditions. After an inductive lag period
of about 30 min, there is a rapid development of phosphate
absorption rate without significant change in respiration rate.
Inhibitor studies indicate that RNA and protein synthesis are
involved. However, no increase in membranes with washing
could be found by electron microscopy or phospholipid anal-
ysis. Therefore, "transport" enzymes synthesized must be
added to existing membranes. Since the apparent Km values
for '2P and '6Rb absorption do not change, it would appear that
existing carrier systems must be augmented or activated.
One enzymatic system which is being explored for a possi-

ble role in ion transport is membrane-bound ATPase (1, 4,
5, 7-10, 12, 15, 17, 22, 29, 33). Fisher et al. (10) recently
reported a high correlation between a Mg`+-requiring, Rb+-
stimulated ATPase and Rb+ influx rates. We report here that
the K+-stimulated ATPase from the microsomal fraction of
corn roots increases in parallel with phosphate absorption
rates induced during washing of root tissue.

MATERIALS AND METHODS

The 0.5- to 2.5-cm section behind the tip of the primary
root of 3-day-etiolated corn seedlings (Zea mays L., variety
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WF9 X M14) was used throughout this study. Seedlings were
grown on toweling as described in the accompanying paper
(25). Inductive washing was by immersion of sections in
well aerated 0.2 mm CaCl2 solution. Increased transport rates
were assessed by measuring rates of 'P-labeled phosphate ab-
sorption from 0.2 mm CaC12 + 0.2 mm potassium phosphate,
pH 6. Both procedures are described in the preceding paper
(25).

Incorporation and Distribution of "4C-Leucine. Root seg-
ments were incubated in 500-mg lots for 15 min in 10 ml of
0.2 mM CaCi2 containing 0.1 ,uc/ml of uniformly labeled
4C-leucine (316 mc/mmole). After being rinsed for 30 sec in
ice-cold water and for 20 min in ice-cold unlabeled 1 mM
leucine, the tissue was ground with a conical glass homoge-
nizer in 0.2 M sucrose. The homogenate was successively
centrifuged at 2,000g for 10 min (cell wall and nuclei),
12,000g for 20 min (mitochondria), and 80,000g for 60 min.
The pellets were washed by resuspension and recentrifuga-
tion and were suspended in 0.2 M sucrose. Protein was pre-
cipitated from the supernatant, first in 50% saturated (NH4),-
SO4 and finally in 8% trichloroacetic acid. Each fraction was
washed by resuspension and centrifugation and finally was
suspended in 0.2 M sucrose. Aliquots of the pellets, precipi-
tates, and final supernatant were assayed for radioactivity.
Protein content was determined colorimetrically (27).

Incorporation and Distribution of 'P. Root segments were
incubated for 15 min in 30 ml of aerated 0.2 mm CaCl2 plus
5 /M potassium phosphate, pH 6.0, labeled with 0.05 ,uc/ml
carrier-free 32p. After being rinsed for 30 sec in ice-cold water
and for 30 min in ice-cold 2 mm potassium phosphate, pH 6.0,
the weighed tissue was homogenized with cold 0.2 N per-
chloric acid in a conical glass homogenizer. The phosphate-
containing fractions were extracted by the procedures of
Hall and Hodges (16). Organic and inorganic phosphate of the
acid-soluble fraction were separated by the isobutanol-ben-
zene extraction of phosphomolybdate (30), and total inorganic
phosphate was determined, as well as radioactivity. Radio-
activity of all fractions was determined by scintillation count-
ing.
ATPase Determinations. Root segments were ground with

a chilled mortar and pestle in 0.25 M sucrose plus 3 mM
EDTA adjusted to pH 7.8 with tris. The homogenate was
strained through cheesecloth and used directly, or successively
centrifuged at 1.500g for 10 min (cell wall-nuclei), 12,000g
for 20 min (mitochondria), and 80,000g for 60 min, or
80,000g for 60 min through a 0.4 M sucrose wash layer (micro-
somes). The supernatant was diluted with 0.25 M sucrose to
reduce the EDTA to 1 mM, and the washed particulate frac-
tions were suspended in 0.25 M sucrose plus 1 mm EDTA.

In later stages of experimentation. ATPase was assayed
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Table I. Effect of Washing on the Distribution of 4C-Labeled Leucinie in Various Cell Fractions of Corn Root Segments
Forty root segments were exposed to 14C-leucine for 15 min before and after washing for 105 min as indicated. See "Materials and

Methods" for details.

% of Total Recovered % of Total Incorporated/mg Protein

Fraction
Fresh Washed in Fresh Washed in 0.1
control Washed 0.1 m[ 2,4-D control Washed mm2,4-D

Cell wall-nuclear 3.9 9.6 12.7 9.1 18.1 26.0
Mitochondrial 5.4 5.2 4.7 40.8 33.6 30.7
Microsomal 4.2 4.0 3.7 31.9 27.1 22.3
50% NH4SO4ppt 2.1 2.3 2.3 7.4 9.8 9.7
8.2% trichloroacetic acid ppt 5.4 8.1 8.6 10.8 11.5 11.2
Soluble i 79.1 70.7 68.0

Total cpm recovered 159,113 465,561 349,922 71,565 277,506 j 215,413

on the microsome fraction only. Exploratory work showed
that a fraction sedimenting between 12,000g for 20 min and
46,000g for 30 min had the highest increase in specific ac-
tivity due to washing and was thus used as the microsome
fraction.
ATPase activity was assayed by measuring the release of

inorganic phosphate from ATP, according to the method of
Fisher et al. (10). The final reaction volume was 1.0 ml and
consisted of 3 mi ATP (tris salt, pH 6.8), 1.5 mm MgCl2
when added, 50 mm KC1 when added, and from 50 to 100
,tug of protein. The cell wall and mitochondrial fractions were
assayed at their pH optimum, pH 8.0 (9). After a 30-min
incubation period at 38 C in a shaking water bath, the reac-
tion was terminated by the addition of 1.0 ml of cold 10 N
H2SO,-5% ammonium molybdate-H20 (2:2:1). The inorganic
phosphate content was measured by the method of Fiske and
Subbarow (11). Protein was determined according to the
method of Lowry et al. (27).
The microsomal fraction collected for ATPase determi-

nation was assayed for NADH-cytochrome c reductase by
following the reduction of cytochrome c at 550 nm. The fi-
nal reaction volume was 3.0 ml and consisted of 25 [LM
NADH, 25 ltM cytochrome c, 0.167 mm KCN, and 50 mm
KH2PO4, pH 7.6. The reaction was run at room temperature,
about 24 C. Enzyme concentration was chosen to give an
optical density change of less than 0.1 unit/min (about 20
pg protein). The reaction was initiated by the addition of sub-
strate. and absorbance was recorded at 15-sec intervals for 2
min. The extinction coefficient of cytochrome c was taken
as 18.5 mM-1cm-'at 550 nm.

RESULTS

Labeling Studies. An investigation was made of "4C-leucine
and 3P incorporation to determine if membranous fractions
were preferentially labeled as a result of washing. After 1.75
hr of washing, when the rate of increase in absorption rate
was maximal (25), the tissue was exposed to "C-leucine or
'P for 15 min and then rinsed and homogenized, and the
homogenate was fractionated. Two controls were used; freshly
cut tissue and tissue washed a like period but in solution con-
taining 0.1 mM 2,4-D to suppress the enhancement of absorp-
tion rates. Results are given in Tables I and II.
Washing increased both the rate of leucine absorption and

percentage incorporation, but actually decreased the propor-
tionate incorporation into the mitochondrial or microsomal
fractions where one might expect to find fragments of plas-
malemma. The only dramatic increase with washing lay in
the relative incorporation into the cell wall-nuclear fraction.

Table II. Effect of Washing on 32p Incorporation into Corni Root
Segments

Root segments were exposed to 32P-labeled phosphate for 15
min before and after washing for 105 min as indicated. See "Ma-
terials and Methods" for details.

% of Total Absorbed

Fraction Washed
Fresh Wsecontrol Washed in 0.1 mm

2,4-D

Lipid 2.2 1.8 2.5
Nucleic acid 3.4 2.6 8.5
Protein 0.7 0.5 1.0
Residue 0.3 0.2 0.8
Acid soluble
Organic 86.8 86.1 79.3
Inorganic 6.6 8.7 7.9

Total 32p absorbed (nmoles/g fresh 6.7 19.1 11.8
wt 15 min)

Pi in tissue (jumoles/g fresh wt) 2.98 2.95 3.08

Increase here was largely at the expense of the acid-soluble
fraction which contains the free amino acid.

Addition of 2, 4-D depressed the increase in absorption
rate but still further increased the labeling of the cell wall-
nuclear fraction. Hence it is not clear that biosynthetic events
in this fraction have much to do with the increase in trans-
port upon washing.

Relative incorporation of "P into the lipid fraction was not
much altered by washing (Table II). As with the "C-leucine
pulse labeling, there is no evidence for major change in turn-
over of membrane constituents due to washing. There was a
trend for more of the entering 'P to enter the inorganic phos-
phate pool, but this was only a small fraction of the total
absorbed. No change in the concentration of inorganic phos-
phate resulted from washing, and it appears unlikely that the
pulse of 'P, equilibrated significantly with the inorganic
pools, since more than 90% of the pulse label appeared in
organic combination. The relatively trivial amount of enter-
ing 'P, was caught up in cytoplasmic phosphate turnover,
with less than 10% transferred to the major inorganic phos-
phate pool, presumably vacuolar.

Again, 2,4-D during washing suppressed the development
of increased transport rates, and this was accompanied by a
general increase of 'P labeling of cytoplasmic constituents
at the expense of soluble organic phosphates. As expected
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from previous work (21), the nucleic acids showed the greatest
relative increase. The proportion of label transferred to the
inorganic phosphate pools was slightly reduced.
ATPase Studies. It was evident from the labeling studies

that no pronounced turnover of membrane proteins or phos-
pholipids is involved in the washing response. Perhaps none
should be expected; a critical transport enzyme might well

Table III. Effect of Various Washing Tieatnzenits oni K+-Stimulated
ATPase Activity of Homogenates of Corni Root Tissue

Homogenates prepared from segments were washed as indi-
cated. See "Materials and Methods" for details. Homogenates
were diluted to give approximately 60,g protein per assay, which
contained 1.5 mM MgC12; 0.6 mm tris-ATP, pH 6.5; and 50 mm KCl
(when added).

ATPase Activity

WA'ashing Pretreatment +> ~~~~~~Difference
_K+ K+ (K+ stim-

ulation)

! molZeS Pi/'ntg protein-lsr
None 20.15 21.77 1.62
3 hr, 30 C 22.63 24.76 2.13
3hr,2C 20.86 22.43 1.57
3 hr, 30 C + cycloheximide (10 20.01 21.67 1.66
gg/ml)

3 hr, 30 C + 6-methylpurine (0.5 20.60 22.21 1.61
mM)

None 18.33 19.70 1.37
1 hr, 30 C 18.90 20.44 1.54
2 hr, 30 C 20.01 21.86 1.85

Table IV. ATPase Activity of Centrifutgally Fractionied Cornz Root
Homogenzates

For fractionation procedure see "Materials and Methods." In
this experiment, the fraction sedimenting between 12,000g for 20
min and 80,000g for 1 hr through 0.4 M sucrose wash layer is the
microsomal fraction. Reaction mixture contained 1.5 mM MgCl2
(when added), 50 mm KCI (when added), 3 msi tris-ATP, enzyme,
and water to give a final volume of 1 ml.

Washing Pretreatment
Fraction Ion Added

3 hlr, 2 C 3 hr, 30 C

Cell wall-nuclear

Mitochondrial

Microsomal

Soluble

None
Mg2+
Mg2+ + K+

None
Mg2+
Mg2+ + K1

None
Mg2+
Mg2+ + K+

None
Mg2+
Mg2+ + K+

Xio11les Pfi,,ng proteitn-hr

3.49 4.03
4.60 5.00
5.82 (1.22)' 5.79 (0.79)

3.34
12.21
17.35 (5.14)

3.29
6.91
9.01 (2.10)

47.32
45.42
45.42 (0.00)

3.48
13.12
16.85 (3.73)

3.57
8.17
10.77 (2.61)

51.66
48.29
50.23 (1.94)

be increased in quantity or activity without major changes in
membrane constituents. What is needed is direct determina-
tion of the activity of some enzymes known to be linked to
solute absorption. No such enzyme is known, but, as pointed
out above, membrane-bound ATPase requiring Mg2` and K+
shows high correlation with ion absorption rates (10). We
examined the activity of this enzyme for changes during tis-
sue washing.

Exploratory experiments with homogenates showed tissue
washing to produce higher ATPase both with and without
added K+ (Table III). Washing at ice temperature or with
cycloheximide or 6-methylpurine prevented the increase.

Centrifugal fractionation of the homogenates localized the
Mg2+-dependent, K+-stimulated ATPase in the particulate frac-
tions (Table IV). The ATPase of the soluble fraction was in-
hibited by Mg2+, and, although 50 mm K+ enhanced activity,
this was probably due to displacement of Mg2+ from the in-
hibitory sites, since activity never rose above that without
added ions. Thus the high level of soluble ATPase did not
exhibit properties of interest for this work.

In the particulate fractions, we confirmed the observation
of Fisher and Hodges (8) that K+ does not increase activity
unless Mg2+ is present (unreported). Only the microsomal
fraction showed an increase in K+-stimulated ATPase due
to washing at 30 C (Table IV). The mitochondrial ATPase
declined.
The increase in microsomal ATPase activity due to wash-

ing was small (Table IV). However, statistical analysis of data
from 12 experiments comparing microsome fractions from
fresh tissue and tissue washed for 3 hr shows that the in-
crease in ATPase activity is significant (Table V). Mg2+-re-
quiring, K+-stimulated ATPase activity showed the highest
percentage increase due to washing. ATPase activity with
Mg2+ alone or without added ions also increased significantly
as a result of washing. Thus even in a limited assay system
the enzyme showed augmented activity. Since we want to fol-
low that aspect of ATPase activity which is established to
correlate with uptake (10), primary attention was given in
subsequent work to the K+-stimulated activity.

Microsomes can be expected to contain a heterogeneous
mixture of membranous vesicles derived from fragmented
endoplasmic reticulum, dictyosomes, tonoplast, plasmalemma,
mitochondria, and plastids. In order to determine if there was
a general rise in membrane-linked activity rather than a spe-
cific increase in K+-stimulated ATPase, changes in the ATPase
and NADH-cytochrome c reductase were compared in time
(Fig. 1). The latter enzyme is cytochrome b, linked in animal
tissues and is variously attributed to endoplasmic reticulum

Table V. Microsomnal ATPase Activity of Corn Root Tissle
Numbers in table are means of 12 experiments comparing micro-

some fractions from fresh tissue washed in 0.2 mm CaCl, at 30 C for
3 hr.

Ion Added

A. None
B. Mg2+
C. Mg2+ + K+
B - A. Mg2+ stimula-

tion
C - B. K+ stimulation

Fresh WA'ashed W;

4.62
9.67
12.74
5.05

iunzoles Pi 'iig pP
2 4.96 0.
7 11.07 1 .

I 15.01 2.
5 6.11 1.

3.07 3.94 0.

Difference
ashed - Fresh Increase

>rotein hr ve

.34 4 0.14' 8

.40 0.432 14

.27 0.532 18

.0640.36'' 21

.87 0. 182 27

1 Figures in parentheses: differences between ATPase activity
with Mg2+ + K+ and with Mg2+ alone.

I Difference is significant at 5% level.
2 Difference is significant at 1% level.
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FIG. 1. Effect of washing time on ion-stimulated ATPase
activity of mitochondrial (12,000g for 20 min) and microsomal
(80,000g for 1 hr) fractions and on microsomal NADH-cytochrome
c reductase activity of corn root segments. ATPase assay per-
formed as described in Table IV. NADH-cytochrome c reductase
was determined by following the reduction of cytochrome c at
550 nm (see "Materials and Methods").

and outer mitochondrial membrane (23). If there is an energy
source alternative to ATP for respiration-linked ion uptake
by plant membranes, it is conceivable that an NADH-oxidiz-
ing flavoprotein might be involved. However, only the micro-
somal ATPase increased, and this after a lag period of 1 hr.
A more detailed time course experiment was run to de-

termine the degree of correlation between the development of
K+-stimulated ATPase of the microsomes and increased trans-
port capacity (Fig. 2). There is a correlation, but the ampli-
tudes of response to washing are quite different. If the in-
duction and development of K+-stimulated microsomal ATPase
underlie the enhanced transport capacity, there may be, in
addition, development of some unknown factor amplifying
enzyme activity.
A further correlative test was made by comparing the

washing response in the presence of inhibitors of RNA and
protein synthesis (Table VI). There was good correlation be-
tween the increase in phosphate absorption and K+-stimu-
lated ATPase, but again the amplitude of the latter response
is smaller. It is of interest that the correlation extended to the
negative response to cycloheximide.

Nucleotide specificity of the microsomal fraction was
checked. Only ATPase was enhanced by washing. Phosphate
release from CTP, GTP, and UTP declined 2, 5, and 9%,
respectively, after 3 hr of washing at 30 C.

DISCUSSION

A major barrier to understanding the mechanism of active
solute transport across cell membranes is identification of the
energy supply and the membrane-bound enzymes that utilize it.
The extensive work on the (Na+ + K+)-stimulated ATPase of
animal membranes has led to a search for similar ATPase in
plant membranes. Unfortunately, the specific Na+ + K+ pump

and ATPase inhibitor, ouabain, is not an inhibitor of ion ab-
sorption in plants (7, 18), and an early report on the sensitiv-
ity of plant ATPases to ouabain (4, 5) has not been con-

firmed. Only in the case of halophytic plants has it been
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FIG. 2. Time course for the increase in Mg'+-requiring, K+-
stimulated ATPase activity and in the rate of phosphate absorption
during washing of corn root tissue. The microsomal fraction sedi-
menting between 12,000g for 20 min and 46,000g for 30 min was
used for the ATPase assay, which was performed as described in
Table IV.

Table VI. Effect of Inihibitors ofRNA and Protein Syntthesis on the
Increase in Phosphate Absorption and on Microsomal ATPase

Activity during Washing of Corn Root Segments
Microsomes were sedimented between 12,000g for 20 min and

46,000g for 30 min. Fresh tissue absorbed 0.18 jAmole Pi/g fresh
wt- hr, and the K+-stimulated ATPase of fresh tissue was 5.07
umoles Pi released/mg protein. hr (see "Materials and Methods").

% Change from Fresh Tissue

Washing Pretreatment
Phosphate Kl+-stimulated
absorption ATPase

3 hr, 30 C 122 29
+ actinomycin D (20 Ag,/ml) 0 6
+ 6 methylpurine (0.5 mM) 11 4
+ cycloheximide (10 jug/ml) -39 -20

possible to isolate membrane preparations which show a (Na+
+ K+)-stimulated ATPase (17, 22).
With nonhalophytes it has been possible to demonstrate

salt-stimulated ATPases in homogenates (4, 5, 12, 17, 22)
and centrifugal fractions thereof (7, 8, 12, 15, 29). Histochem-
ical techniques have been used to localize ATPases at cell
membranes (13, 14, 26, 28, 32), and correlations between
salt-stimulated ATPase activity and ion absorption have been
established (8-10). Support for the view that ATP levels gov-

ern ion absorption by roots is found in several reports (3, 6,
18-20, 24). However, Atkinson and Polya (2) and Polya and
Atkinson (31) have found evidence to the contrary in beet
root tissue. These workers demonstrated that the bulk of solu-
ble ATPase is acid phosphatase (1), but they did not extensively
investigate membrane-bound ATPase.
Our experiments add one more piece to the correlative

evidence that ion-stimulated membrane-bound ATPase is im-
plicated in salt transport. The evidence is strengthened be-
cause the correlation can be followed during the rapid induc-
tion and development of enhanced transport capacity and
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during the inhibition of this development. Only the microsomal
membrane fraction responds, and present work in another
laboratory indicates that it may be possible to isolate the
microsome component responsible (R. T. Leonard and T. K.
Hodges, unpublished data).

However, correlations by no means establish that the
ATPase functions in transport, and there are troublesome
points to be cleared up. First, enhanced transport of several
solutes can be obtained by washing the root tissue. (Ref.
25; cf. leucine and phosphate, this paper). If ATP is the energy
source for transport, other ions and solutes in addition to K+
might be expected to activate the enzyme. In this connection
it should be pointed out that K+ is not needed to demonstrate
an enhanced ATPase with washing (Tables III and V).

There is also the disparity in the magnitude of response
of transport capacity and microsomal ATPase to washing.
Perhaps additional enzyme is only partially responsible for the
large increase in transport; there may, in addition, be shifts
in metabolism such that more ATP is available to the mem-
brane sites. This could provide the needed amplification.
However, there is no significant change in respiration (25) and,
judging from leucine incorporation (Table I), no diminution
in biosynthesis. An alternative is that only part of the K+-
stimulated ATPase represents transport enzyme associated
with the plasmalemma, thus putting relative increases on a
spuriously large base. Recent work in Hodges' laboratory sup-
ports this alternative: plasmalemma only represents a fraction
of the total salt-stimulated microsomal ATPase (personal com-
munication).

Questions of stoichiometry and specificity must abide
some purification of that microsome component which in-
creases in salt-stimulated ATPase activity during washing.
Concurrently, the component must be traced to its cytological
source. Should this prove to be plasmalemma the augmentation
of ATPase with tissue washing could be of considerable value
in studies of whether or not the enzyme has a function in
membrane transport mechanisms.
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