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The ability to change cytoplasmic Ca2+ levels ([Ca2+]) by cells has made

this cation a key regulator of many biologic_l processes. Cytoplasmic [CaZ+] is

determined by the coQrdination of passive CaZ+ fluxes which increase cytosolic
[CaZ+] and active CaZ+ transport systems that lower cytosolic [Caz ]. The

mechanisms by which plant cells achieve this is poorly understood. We have

initially used isolated vesicles from the plasma membrane or organellar membranes

to study CaZ+ transport systems in oat roots (a monocot) and carrot suspension
cells (a dicot). The objectives of the proposal (submitted in 5/86) were to

identify and characterize active (energy-dependent) and passive calcium transport

systems that work together to regulate calcium levels in the cytoplasm of plant
cells.

DETAILED PROGRESS REPORT

I. Calcium is accumulated into vacuoles via a H+/Oa 2+ antiport:

(a) Properties of the vacuolar caZ+/H + porter. [Schumaker & Sze (1986)]

Calcium is sequestered into vacuoles of oat root cells through a H+/Ca 2.

antiport system that is driven by the proton motive force of the tonoplast H+o

translocating ATPase (Schumaker & Sze, 85). Unique properties of a transporter
are needed in order to identify the protein. The characteristics of any H -

coupled transport system can be studied directly using _ . artificial DH mradient.
We have used artificial pH gradients to study the properties of a Ca2_/H _

antiport system from plant membranes. The pH gradient was imposed by diluting
K+-loaded vesicles into a K+-free medium. Nigericin induced a K+/H + exchange

resulting _ a pH gradient of _ (acid inside). The pH gradient was capable of
driving Ca Z @ccumulation. CaZ+ uptake was tightly coupled to H+ loss as
increasing Ca_+ levels progressively dissipated the steady state pH gradient. Ca

uptake displayed saturation kinetics with a Km for Ca Qf I0 uM. The [elativ_z+ z+ z+ z+ _+
affinity of the antiporter for divalent cations was Ca >Sr >Ba >Mg . La or

Mn 2+ blocked Ca 2+ uptake possibly by occupying the Ca2+ binding s!te.o+Ruthenium
red and N,N-dicyclohexylcarbodiimide specifically inhibited the HT/Ca _

antiporter. A stoichiometry of the antiporter of IH+/ICa 2+ and a pH gradient
of 2 would result in an accumulation ratio of I00:i; however a stoichiometry of 2

or 3H+ Der CaZ+ would result Sn a higher accumulation ratio. The antiporter thus

plays an important role in CaZ+ accumulation into the vacuole.

(b) Solubilization and reconstitution of the H+/Ca 2+ antiporter.

[Schumaker & Sze 1990]

Unlike transport ATPases, a cotransporter like the H+/Ca 2+ antiproter, does

not possess enzymatic activity and so it cannot be detected by enzymic activity
after solubilization with detergents. One way to detect the porter is to

functionally assay transport activity in a reconstituted system. Thus, the first
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step towards purification and identification of the H+/Ca 2+ antiporter is to

solubilize and reconstitute the transport activity in liposomes. The tonoplast

proteins were solubilized with octylglucoside in the presence of soybean

phospholipid and glycerol. After centrifugation, the soluble supernatant yielded
a preparation of the transporter which could be reconstituted into liposomes by

the detergent dilution method. A pH gradient (acid inside) was generated in

proteoliposomes with an NH4CI gradient. The proteoliposomes catalyzed calcium
uptake with a specific activity about 6 times higher than in native vesicles.

Properties of the pH gradient-dependent calcium uptake such as the Km for calcium

(about 15 uM) and the sensitivity to inhibitors such as N,N'-

dicyclohexylcarbodiimide, ruthenium red, and lanthanu_ were similar to those

found in membrane vesicles, indicating that the H+/Ca 2+ antiporter has been
reconstituted in active form.

The ability to reconstitute an active exchanger is an important and crucial
step towards the identification of the polypeptide(s) responsible for calcium

accumulation into higher plant vacuoles. This is oL_e of our future goals.

2. Ga2+ in the vacuole can be released into the cytosol via Inositol 1,4,5-

Trisphosphate (InsP3)-sensitive Ca2+ channels: InsP 3 releases Caz+ from
tonoplast vesicles. [Schumaker & Sze (1987a)]

This is one of the most exciting findings related to signal t_ansduction in
plant cells. We demonstrated the first example of InsP_-induced Ca _+ release

• o 45 2+
from vacuoles. Only InsP 3 caused a transient reductlon of Ca levels in
tonoplast vesicles, while inositol, 1,4-bisphosphate, myo-inositol l-phosphate or

fructose 2,6-bisphosphate did not. The decrease was dependent on InsP 3

coDcentration (Km _ 0.6 uM). The InsP3-induced Ca2+ release was blocked by the
Ca2+ antagonist, 8-(N,N-diechylamino)-octyl 3,4,5-trimethoxybenzoate-HCl. These

results suggest the vacuolar membrane is one target site for InsP 3 action and

that2+InsP3 may operate as a second messenger in" the mobilization of intracellualr

Ca in plan_+cells. We are now interested In" identifying the InsP 3 receptor and
the gated Ca channels that respond to InsP 3 on the vacuolar membrane from oat
roots.

3. H+-coupled anion transport on the vacuolar membrane: Decrease of pH

gradients in tonoplast vesicles by NO 3 and CI . [Schumaker & Sze, 1987b]

I! Anions, like nitrate and phosphate, are essential nutrients; however, their

transport and storage sites are poorly understood. We found that chloride orF_

nitrate decreased a pH gradient (measured as _ C-methylamine accumulation) in

tonoplast vesicles. The pH gradient decrease was dependent on the anion
concentration. These effects are independent of the anion-sensitive H+°ATPase of

the tonoplast, since the pH gradient (acid inside) was imposed artificially using

a K+ gradient aL_dnigericin. Two possible models to account for this anion-

dependent decrease of the pH gradient are" (i) H+ loss is accompanied by CI- or

NO 3" efflux via a H+/anion symport system and (ii) H+ loss is accompanied by CI

or NO3 ° uptake via a h+/anion antiport system. These anion transport systems
could serve to mobilize CI ° or NO 3 stored in the vacuole for use in the
cytoplasm or to drive anions into the vacuole. The CI ° transporter is sensitive

to 4,4'diisothiocyano-2,2-stilbene disulfonic acid which may be a good marker to

identify this porter.

[From these studies, we found that the relative uptake of Ca into tonoplast

vesicles directly reflected the relative magnitude of the pH gradient. This is a
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useful property since Ca gradient is relatively stable ,so its uptake is often
easier to measure than the pH gradient.]

4. Plasma membrane-type and Endoplasmic reticulum-type Ca2+-pumplng ATPases from
carrot cells. [Pierce & Sze (1987); Hsieh, Pierce & Sze (in prep)]

A Ca2+-ATPase on endoplasmic reticulum-enriched vesicles has been

previously identified and characterized (Bush and Sze, 1986. Plant Physiol. 80:
549). This transport system is inhibited by vanadate and has a high affinity for

Ca (Km[Ca] - I uM). We concluded this transport activity was associated with the
ER since it comigrated on sucrose density gradient with the ER marker, antimycin

A-insensitive NADH-dependent cytochrome c reductase and Ca transport was a_so

shifted by Mg in parallel with the ER marker. We later found that this Ca_+
transport activity is stimulated 2-4 fold by I uM calmodulin. To confirm the

membrane identity of this transport activity, the vesicles were separated with a

sucrose density gradient and then assayed for calmodulin-sensitive Ca _+

transport. A large part of the total calmodulin-stimulated activity was
associated with ER as shown by its comigration with the NADH-cytochrome c

reductase activity which peaked at 1.12 gm/ml. Calcium uptake into these

vesicles were also stimulated by oxalate. However, there was also a small peak
of calmodulin stimulated CaZ+ transport (expressed as specific activity) in

vesicles at a density of 1.17 gm/ml, these vesicles were less responsive to
oxalate (not shown). The results suggest that calmodulin-stimulated calcium

transport was associated with ER vesicles as well as plasma membrane vesicles.
Furthermore, an oxalate transport system appeared to be associated with the ER

but not with the plasma membrane.

We were initially uncertain about the significance of our findings. In
aninal cells, calmodulin stimulates the plasma membrane-type Ca-ATPase directly

and the SR/ER*type Ca-ATPase indirectly via protein phosphorylation of a

regulatory polypeptde. Similar modes of regulation m_ exist in plant cells.
One of our future goals is to identify the type of CaL--pumping ATPase in carrot
microsomes and determine the mode of regulation by calmodulin.

5. Calcium transport across the nuclear membrane.

The function of the nuclear membrane is very poorly understood and there

are indications it plays a role in regulating nuclear and cytoplasmic Ca 2+ levels

and stages of mitosis. We first attempted to isolate intact nuclei according to
a modified method of John Watson (in our department) and then to vesiculate the

membranes. After repeated trials and errors, we have been unable to observe ATP-

dependent Ca 2+ uptake consistently in the preparations. We tried ali the

approaches known to our laboratory to enhance calcium transport with no success.
Furthermore, examination of the isolated nuclei under light microscope revealed

contamination by other membraneous material (probably the endoplasmic reticulum

which can be contiguous with the nuclear membrane). For these reasons, we have

decided not to pursue these studies for the present time.
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6. Mode of Action of the Helminthosporium mavdis toxin: Dissipation of the

membrane potential and protection by dicyclohexylcarbodiimlde.

(Holden & Sze, 1987; Holden & Sze, 1989)

[This study was initially supported by a preceding DOE grant. The time needed

to complete the study overlapped partly with the present grant period.]

A toxin produced by the fungus, Helminchosporium maydis Race T (HmT),

causes symptons of leaf blight in corn with Texas male-sterile cytoplasm, while

corn with N cytoplasm is insensitive to the toxin. Both toxin sensitivity and

male sterility are maternally inherited, and mitochondrial gene products are

thought to be responsible for these traits. We are interested in understanding
the mode of toxin action and have shown that HmT toxin and various analogs induce

H+ leakage from T mitochondria. HmT toxin dissipated the steady state membrane

potential (as measured by safranine absorbance change) similar to a protonophore.

Synthetic toxin analogs (Cpd Xlll: C41H86012 and Cpd IV: C25H4406) as well as

reduced toxin (RT2C:C41H84OI3) and Pm toxin (C33H6008) produced by the fungus,

Phyllosticta maydis) were effective in dissipating the membrane potential or

decreasing Ca uptake. In contrast, the toxins and analogs had no effect on

membrane potenital formation in normal (N) mitochondria. The striking

similarities of the HmT toxin (C41H68013) and Cpd XIII on T mitochondrial

activities provide strong evidence supporting the currectness of the polyketol

structure assigned to the native toxin. Since the meh;brane potential in

energized mitochondria is caused by the electrogenic extrusion of H+, the results

support the idea that HmT toxin increases membrane permeability of T mitochondria
to H + .

The effect of Helminthosporium maydis Race T toxin on electron transport in

susceptible cytoplasmic male-sterile Texas corn mitochondria was investigated,

using dichlorophenol indophenol and ferricyanide as electron acceptors.

Succinate-dependent electron transport was stimulated by the toxin, consistent
with the well-described increase in membrane permeability induced by the toxin.

In contrast, malate-dependent electron transport was inhibited. Mitochondria

from normal-fertile corn were not affected by the toxin. Both the inhibition of

electron transport and the increase in ion permeability, such as dissipation of
the membrane potential and Ca L+ gradients, induced by the toxin in T corn was

prevented by N,N'-dicyclohexylcarbodiimide, a hydrophobic carbodiimide. A water-

soluble carbodiimide, l-ethyl-3-(3-dimethylaminopropyl) -carb°diimide was

ineffective in preventing dissipation of membrane potential by the toxin. These

results suggest that the various toxin actions are mediated via interaction of

the toxin with one target molecule, most probably a 13 kDa polypeptide unique to

T mitochondria. N,N'-dicyclohexylcarbodiimide (DCCD) may confer protection by

modifying an amino-acid residue in a hydrophobic portion of the receptor.

These results were helpful in subsequent identification of the toxin

receptor by C.S. Leving and colleagues. Our studies suggested the receptor
binds to DCCD which was later shown to bind the 13 kDa polypeptide. However we

still do not understand how the toxin induces an increase in membrane

permeability in T corn mitochondria.

7. Molecular Cloning and Sequencing of the cDNAs encoding the 16kDa proteollpid

of the vacuolar H+-ATPase



As a first step in understanding the molecular structure of transport

proteins, we have begun to clone and sequence one subunit of the H+-pumping

ATPase, specifically the 16 kda proteolipid. The techniques and procedures

currently used to obtain cDNAs to the vacuolar ATPase will be later applied to

cDNAs encoding calcium transport pumps or channels.

SUMMARY OF PROGRESS AND SIGNIFICANCE

Our studies show that plant vacuoles play a major role in regulating

cytosolic [CaZ+]. Ca 2+ can be accumulated into the vacuole using+the _roton
motive force generated by the tonoplast H+-pumping ATPase. The H /Ca 2

antiporter has been solubilized and reconstituted in active form. This is

significant as the reconstituted activity will now allow us to identify the

exchanger during purification• Unexpectedly, we discovered that the stored Ca
can be released from the vacuole by inositol 1,4,5-trisphosphate, a compound

which may be produced in response to environmental or hormonal signalS'ca_2is6,
was the first report that suggested the presence of an InsP3-sensitive
channel on the vacuolar membrane from plant cells. Given the role of _I

intermediates in signal transduction, our result has already caused much

excitement among plant biologists and has stimulated other laboratories to

detect, characterize and identify such Ca channels in other plant tissues.

We have also shown that two different Ca2+-pumping ATPases, one at the

plasma membrane and another on the endoplasmic reticulum, play important roles in
removal of cytoplasmic Ca2+. Surprisingly, both seem to be stimulated by
calmodulin. However the mode of regulation is unclear and needs to be further

investigated.

One of our significant findings to understand the mode of action of the

Helminthosporium maydis T toxin, is demonstrating the prevention of toxin effects

by DCCD. The implication that DCCD binds to the toxin receptor was used

subsequently by others to identify the receptor.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise do_ not necessarily constitute or .nply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
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