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date (Table IV), which is consistent with the activity of a 
Ca2+-ATPase. The partially purified PE activity was inhib- 
ited by erythrosin B (inhibitor concentration required for 
50% inhibition was approximately 2 PM) (Table 111) and did 
not require added Mg2+. The steady-state leve1 of PE was 
strongly enhanced by La3+ (Table IV), a property that is 
considered diagnostic for the animal PM-type Ca2+- 
ATPase (Carafoli, 1991). 

Association of a 120-kD Ca2+-ATPase with Severa1 
Membrane Fractions 

Immunostaining with an antibody to a cauliflower Ca2+- 
ATPase showed that a Ca2+-ATPase of 120 kD was distrib- 
uted broadly in endomembranes (25-32% SUC) from carrots 
(Fig. lO) ,  similar to the distribution of GTP-dependent PE 
(Fig. 5) and of CaM-binding activities (Fig. 6B). In the PM 
fraction another polypeptide of 127 kD was strongly im- 
munoreactive with anti-Ca2+-ATPase (Fig. 10). The ability 
to bind to CaM (Fig. 6B) suggested that the 127-kD protein 
could be an additional CaM-stimulated Ca2+ pump. Weak 
immunoreactivity of a 120-kD polypeptide in the vacuolar 
membrane fraction (15-24% SUC) and the appearance of an 
immunoreactive 64-kD protein could be due to proteolysis 
(Fig. l O ) ,  since material at the top of the gradient was 
directly exposed to soluble hydrolytic enzymes. In all other 
fractions, the antibody reacted most strongly with a major 
polypeptide of 120 kD in the endomembranes and with a 
127-kD protein in the PM. 

D I SCU SSI ON 

Discrimination between Two Major Types of Ca2+ Pumps: 
PM-Type and ER-Type 

Although two major types of Ca2+ pumps, the PM-type 
and the SER-type, are well documented in animals (Schatz- 
mann, 1989; Carafoli, 1991), the distinction between the 
different Ca2+ pumps in plants has been less certain (Evans 
et al., 1991). The major reasons are (a) the pumps are very 
similar as P-type ATPases; (b) there is a lack of distinguish- 
ing biochemical features; and (c) each pump type is not 
necessarily restricted to one particular organelle or mem- 

brane. Here we have demonstrated the distinction between 
the PM-type and ER-type Ca2+ pumps in one plant mate- 
rial, even when membrane fractions contain a mixture of 
pump types. 

Taking advantage of differential substrate specificities, 
differential CaM sensitivities, and inhibitor sensitivities, 
we were able to discriminate between two major classes of 
Ca2+ pumps in carrots (Table V): (a) PM-type Ca2+ pumps, 
which were characterized by the ability to hydrolyze GTP 
as well as ATP and by their sensitivity to CaM (Fig. l), and 
(b) an ER-type Ca2+ pump, which preferred ATP as a 
substrate, and was blocked by cyclopiazonic acid but was 
insensitive to CaM (Fig. 1C). The separation of these two 
pump types on the distinct membrane compartments was 
suggested by the selective stimulation of oxalate on the 
ER-type, but not the PM-type, Ca2' accumulation (Fig. 3; 
Table I). This simple model of two pump types is consistent 
with and extends the results from several laboratories 
(Briskin, 1990; Hsieh et al., 1991; Thomson et al., 1993; Bush 
and Wang, 1995). The differential sensitivities to erythrosin 
B (see refs. cited in Briskin, 1990) and differential affinities 
for Ca2+ (Bush and Wang, 1995) are additional, useful 
features that were not explored in this study. However, 
unlike animal PM-Ca2+-ATPases, GTP-dependent PM-type 
Ca2' pumping (e.g. a 120-kD pump) in plants was local- 
ized on several membranes, including the vacuole and PM. 
To our knowledge, we have demonstrated the first selec- 
tive inhibition by cyclopiazonic acid of an ER-type Ca2+ 
pump from plants (Fig. 3). Purified ER membranes from 
previous studies were either not tested for (Bush and 
Wang, 1995) or failed to show any cyclopiazonic acid sen- 
sitivity (Thomson et al., 1993). 

Because the two types of pumps were characterized by 
their biochemical features and not by their membrane 
location, the terms ER- and PM-type are used here to 
reflect their key biochemical properties (Table V). These 
terms are also useful in classifying plant gene products 
that are homologous to either animal SER- or PM-type 
Ca2+ pumps (Wimmers et al., 1992). Thus, the terms 
ER-type or PM-type do not necessarily imply an absolute 
association with either the ER or the PM, respectively. 
Furthermore, each type may be represented by several 

Table 111. Cazt dependence and erythrosin sensitivity of the PE activity from Cazt-ATPase partially purified by CaM-affinity chromatography 
PE activities were determined as steady-state PE levels for a 1 00-pL aliquot of the bound/EGTA-eluate fraction (no. 27 in Fig. 8A) by adding 

inhibitors/salts as indicated and then 2 n M  [32PIATP (1 pCi) to start the reaction (final volume 125 pL). Since EGTA-eluted fractions contained 
2 mM EGTA, 1 O mM CaCI, and 1 O0 p~ LaCI, were added to assay PE activities. Specific activities in fmol/mg were calculated using an estimate 
of 0.1 pLg/100 pL protein. Data are from one experiment that is representative of three. 

[32PlPE Activity 
Condition 

Total Ca2+-dependent 
cpm cpm fmol/mg % 

2 mM EGTA 1,816 O 
2 mM EGTA + 10 m M  CaCI, 10,567 8,751 3540 
Erythrosin B ( p ~ )  

O 10,567 8,751 3540 1 O0 

1 6,967 5,151 2030 59 
5 2,504 688 270 8 
10 1,61 O O O O 

0.1 11,869 10,053 3960 115 
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independent but related pumps. Thus, there are multiple
PM-type Ca2+ pumps in which one resided on the vacu-
olar membrane and another on the PM (Figs. 1 and 3),
although it was unclear whether the pumps were distinct
polypeptides encoded by separate genes or whether they
were products of one gene. As a step toward identifying
a PM-type Ca2+ pump, we have solubilized and partially
purified a CaM-binding Ca2+ pump.

Partial Purification of a 120-kD CaM-Binding Ca2+

Pump from Endomembranes

To purify a Ca2+-ATPase from endomembranes, we
monitored the enzyme by its ability to form a phosphory-
lated intermediate (PE). Using this sensitive assay, we had
characterized a Ca2+-ATPase in low-density membranes,
prior to any attempt at purification (Chen et al, 1993). We
had concluded that a 120-kD Ca2+-ATPase was like the
animal PM-type Ca2+-ATPase based on the following: (a)
PE formation is stimulated by La3+, (b) PE formation and
Ca2+ transport are stimulated by CaM, (c) PE formation is
not dependent on exogenous Mg2+, and (d) PE formation is
insensitive to thapsigargin or cyclopiazonic acid, inhibitors
of the SER-type Ca2+-ATPase. The Ca2+-ATPase that was
partially purified in the present study has properties sim-
ilar to that membrane-bound Ca2+-ATPase of 120 kD from
carrot: formation of PE is dependent on Ca2+, stimulated
by La3+, and sensitive to erythrosin B and does not require
added Mg2+ (Tables III and IV). However, the pump may
have been slightly modified during purification, hence, the
decreased sensitivity to erythrosin (inhibitor concentration
required for 50% inhibition of 2 versus <0.1 JU.M) and the
decreased effect of CaM on steady-state PE (no effect ver-
sus 25% stimulation). The purified fraction contained a
120-kD polypeptide that bound to CaM and reacted with
antibodies against a CaM-stimulated Ca2+ pump from cau-
liflower (Fig. 9). These results demonstrate that we have
partially purified a PM-type Ca2+ pump of 120 kD.

Weak Binding of a CaM-Stimulated Ca2+ Pump to
CaM and Presence of a CaM-lnsensitive Ca2"1"
Pump in Endomembranes

It is interesting that a majority of the Ca2+-ATPase PE
activity did not bind to the CaM-affinity column (Fig. 8A),

Table IV. PE formation of the partially purified Ca2+-ATPase was
stimulated by La3+ (WO JJ.M) and inhibited by vanadate

Activity in the EGTA-eluted fractions was assayed as in Table III.

Anti-Ca ATPase

% 45 36 32 29 27 24 21 17 13
Sucrose 41 33 30 28 25 22 19 15

Condition

No Mg
- LaCI3
+ LaCI3

1 mM Mg
- LaCI3
+ LaCI3
+ LaCI3 + 100 fiM vanadate

EBa-Sensitive

cpm

0
8957

0
7322
2636

PE

fmol/mg

0
3530

0
2890
1040

Activity

%

0
100

0
100
36

a EB, Erythrosin B.

4 6 8 10 12
FRACTION NO.

16

Figure 10. Distribution of a 120-kD Ca2 + -ATPase in several endo-
membranes from carrot cells. The post-mitochondrial supernatant
was separated with a linear Sue gradient as in Figure 6, and each
fraction was analyzed by SDS-PAGE. Blots were immunostained with
antibodies to a CaM-stimulated Ca2+-ATPase from cauliflower
(1:500).

in spite of our efforts to increase the binding by modifying
conditions. The presence of a large amount of activity
remaining unbound may be due to one or more of the
following possibilities: (a) insufficient CaM-binding sites
on the column; (b) weak binding due to low affinity of the
Ca2+-ATPase for CaM, endogenous CaM remaining bound
to the Ca2+-ATPase, and proteolysis of the CaM-binding
domain; and (c) the presence of other Ca2+-ATPases that
do not bind to CaM and that account for part of the PE
activity. Possibility (a) seemed unlikely, since the unbound
fraction did not bind to a second CaM-affinity column (not
shown). Weak binding between CaM and a carrot Ca2+

pump (possibility [b]) is suggested by the concentration of
CaM required for one-half maximal stimulation. The K05 of
Ca2+ transport in endomembrane vesicles is about 200 nM
CaM (Hsieh et al., 1991; Liss and Weiler, 1994), which is 40-
to 200-fold higher than the K05 of 1 to 5 nM of the eryth-
rocyte PM-type Ca2+-ATPase (Schatzmann, 1982; Carafoli,
1992). Furthermore, a 120-kD polypeptide that bound to
CaM and reacted with an antibody to a cauliflower CaM-
stimulated Ca2+-ATPase was detected in fractions that did
not bind to the CaM column (Fig. 9, B and C). Thus, weak
binding of a Ca2+ pump to CaM could account in part for
the unbound PE (Table II; Fig. 9A).

Compelling evidence supports the idea for another type
of Ca2+ pump in plant endomembranes, especially the ER.
First, an ER-type Ca2+ pump activity was CaM-insensitive,
preferred ATP as a substrate (Figs. 1C and 3A; Buckhout,
1984; Thomson et al., 1993; Bush and Wang, 1995), and was
inhibited by cyclopiazonic acid (Fig. 4), a specific inhibitor
of animal SERCa pumps (Siedler et al., 1989). Second, the
extent of La3+ stimulation of PE formation was much
higher in the purified fraction (absolute requirement; Table
IV) than in the membrane-bound enzyme (2- to 3-fold)
(Chen et al., 1993). If we assume that plant Ca2+ pumps are
similar to animal Ca2+ pumps, PE formation of the PM-
type, but not ER-type, pump is stimulated by La3+. Thus,
an increase in La3+ stimulation could indicate an enrich-
ment of the PM-type pump relative to the ER-type pump.
Third, like tobacco (Perez-Prat et al., 1992) and tomato
(Wimmers et al., 1992), carrot possessed a homolog of
animal SERCa pumps. Preliminary studies indicated that
the C terminus of the carrot SERCa homolog did not bind
to CaM (F. Liang, unpublished data). All of these results
support the notion that part of the unbound PE activity
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originated from plant ER-type Ca2+ pump(s). Thus, mon- 
itoring Ca2+ pump(s) by PE formation is extremely sensi- 
tive, although it could reflect activity from more than one 
type of Ca2+ pump. 

Surprisingly, the tomato Lycopersicon Ca’+-ATPase pro- 
tein was recently located on the tonoplast and the PM 
rather than the ER (Ferro1 and Bennett, 1996). It is possible 
that the antibody was not ER-type specific and was also 
recognized by a domain from PM-type Ca’+ pumps. Al- 
ternatively, unlike carrot, ER-type Ca’+ pumps could also 
reside on the PM and the vacuole of tomato. 

Role of a CaM-Stimulated 120-kD Ca2+ 
Pump in Endomembranes 

So far only a few CaM-stimulated Ca2+-ATPases (of 120 
and 111-115 kD) have been purified from low-density 
endomembranes of plants (this work; Askerlund and 
Evans, 1992; Askerlund, 1996); however, numerous re- 
ports of CaM-stimulated Ca2+ transport in endomem- 
branes (Brauer et al., 1990; Hsieh at al., 1991; Gilroy and 
Jones, 1993; Bush and Wang, 1995) illustrate that this is a 
common feature in plants. Recent studies in corn roots 
have attributed a low-density, CaM-stimulated Ca2+ 
pump to the vacuole alone (Gavin et al., 1993; Pfeiffer and 
Hager, 1993); however, in the tendrils of Bryonia, CaM- 
stimulated Ca’+ transport was found in purified ER after 
ribosomes had been stripped (Liss and Weiler, 1994). 
Thus, a PM-type Ca2+ pump can be associated with the 
ER of certain plant cells, although it is unclear whether 
this pump is resident on the ER or whether it is synthe- 
sized there and then destined for other membranes of the 
secretory system, or both. The possibility that a CaM- 
stimulated Ca2+ pump participates in secretion is sug- 
gested by the parallel distribution of a 120-kD Ca2+ pump 
and a secreted glycoprotein EP1 (van Engelen et al., 1991) 
in endomembranes (I. Hwang and H. Sze, unpublished 
data). Notably, endomembrane CaM-stimulated Ca2+ 
pumping is often found in actively proliferating or highly 
secretory cells or both, where the regulation of intralumi- 

na1 [Ca’+] and cytosolic [Ca’”] are critica1 for proper 
protein folding, secretion, and membrane fusion (Battey 
and Blackbourn, 1993). 

Are CaM-Stimulated Ca2+ Pump(s) on the PM 
Distinct from a 11 1 - to 120-kD Pump 
Purified from Endomembranes? 

Polypeptides of 125-127 kD visible in the PM fraction of 
carrot by CaM binding or by immunostaining with anti- 
Ca’+-ATPase (Figs. 6B and 10) are likely candidates for 
CaM-stimulated Ca’+ pump(s) in addition to a 120-kD 
Ca2+ pump on endomembranes (Figs. 6B and 10). The 
molecular mass of PM-bound Ca’+ pumps is usually larger 
than the 111- to 120-kD pump purified from endomem- 
branes (this study; Askerlund, 1996). In radish seedlings a 
CaM-binding Ca2+ pump localized only to the PM has a 
molecular mass of 124 to 133 kD, based on a PE formed 
with [32P]GTP and by labeling with fluorescein isothiocya- 
nate (Rasi-Caldogno et al., 1995). In red beets a 124-kD PE 
was associated with the PM, whereas a 119-kD PE was 
bound to ER (Thomson et al., 1993). In cauliflower a 116-kD 
polypeptide in a heavy-density fraction could be a PM- 
bound Ca2+ pump, judging by its reactivity with antibod- 
ies to the CaM-stimulated 111-kD Ca2+ pump from endo- 
membranes (Askerlund, 1996). These results from severa1 
laboratories suggest that a CaM-stimulated Ca’+ pump 
from the PM is distinct from a pump on low-density en- 
domembranes. The presence of PM-type Ca2+ pumps that 
do not bind directly to CaM (Cunningham and Fink, 1994; 
Liss and Weiler, 1994) is also considered. Multiple genes 
appear to encode the PM-type Ca’+ pump homologs from 
Arabidopsis (EST Database and J. Harper, personal com- 
munication); thus functional expression of individual 
genes is a critica1 step toward understanding their trans- 
port and regulatory properties. 

Summary 

The ability to distinguish between two types of Ca’+ 
pumps biochemically clarifies, in part, the apparent incon- 

Table V. Distinction between ER-type and PM-type Ca2* pumps from carrots and molecular masses of Ca2+ pumps from various plants 
Properties are mainly derived from this study and supported by earlier studies. 

Plant and Molecular Mass PM-Type ER-Type 

Carrot“zb*‘ 
Substrate preferred ATP 2 GTP ATP 
CaM (2 PM) 2- to 4-fold stimulationb Not stimulated 
Oxalate on Caz+ accumulation into native 

Cyclopiazonic acid No effect lnhibition (1 O0 nmol/mg) 
Membrane location (density gradient) 

No effect 4- to 10-fold stimula- 
vesicles tionb 

Endomembrane: e.g. ER, vacuolar, secretory vesicles; 
PM Golgi 

ER mostly 

Molecular mass of Ca2+ pumps from various plants 
Carrot (this study) 
CauIifIowerd 
Radish‘ PM: 124-1 33 kD 
Red beet‘ PM: 124 kD (PE) E R :  119 kD (PE) 

a Bush and Sze, 1986. Hsieh et al., 1991. Chen et al., 1993. Askerlund, 1996. e Rasi-Caldogno et al., 1995. Thom- 

Endomembrane: -120 kD (PE); PM: 127 KD 
Endomembrane: 11  1 kD; PM: 1 1  6 kD 

ER: -120 kD (PE) 

son et al., 1993. 
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sistencies and confusion about plant Ca2+-ATPases (see in- 
troduction). We suggest that a11 plant cells possess both 
types of pumps in varying proportions. The membrane dis- 
tribution and the relative activities of each Ca2+ pump 
change, depending on the stage of development and the 
functions of the cell, tissue, and organ. In carrot suspension 
cells a PM-type Ca2+ pump on the PM is especially promi- 
nent in cells at the stationary growth phase (not shown); 
whereas a PM-type pump on endomembranes is active in 
cells during exponential growth. The contribution of either 
ER- or PM-type pump activity can be determined in mem- 
branes containing a mixture of pumps using a set of criteria 
based on substrate preference, inhibitor sensitivity, and 
stimulation by CaM or oxalate. Importantly, these properties 
are essential for relating Ca2+ pump activities of plant genes 
that are expressed in yeast with native pump functions. 
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