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N a + / H  + exchange activity in plasma membrane preparations isolated from the unicellular halotolerant alga, Dunaliella 
salina, is shown to be competitively inhibited by amiloride or Li +, with K i values of 25 and 30 pM,  respectively. The 
activity can be followed by either the sodium-dependent change in transvesicular ZlpH, as monitored by absorbance 
changes of Acridine orange, or by the ZlpH-dependent uptake of ZZNa+ into the intravesicular space. The activity was 
solubilized, by extraction with Triton, and reconstituted into active proteoliposomes. The activity of the reconstituted 
proteoliposomes was strongly stimulated by the presence of valinomycin and KCI, suggesting that the exchanger is 
electrogenic, presumably exchanging more than one proton for each Na + ion. Partial purification of the Triton-ex- 
tracted exchanger was obtained by fraetionation on a DEAE-cellulose column. 

Introduction the N a + / H  ÷ exchanger of isolated plasma membranes 
from Dunaliella. 

N a + / H  ÷ antiporters have been described in many 
bacterial and animal plasma membranes, and pos- 
tulated to play a major role in intracellular pH and Na + 
concentration regulation [1,2]. There are only a few 
reports on a N a + / H  + antiporter within isolated plant 
membranes, mostly within the tonoplast which sep- 
arates the relatively Na+-rich and acidic vacuole from 
the Na+-poor and neutral cytoplasm [3,4]. We recently 
described the identification of a N a + / H  + antiporter 
within plasma membrane preparations isolated from the 
halotolerant alga Dunaliella [5]. The exchanger was 
highly specific to Na +, and inhibited by Li + and 
amiloride, It was suggested that the exchanger may play 
a role in the maintenance of the low intracellular Na + 
(below 100 raM) in these algae when grown in media 
containing 0.5 to 4 M NaCI [6-8]. 

Despite the extensive available knowledge on the 
properties and function of the animal and bacterial 
exchanger, only a few successful attempts were reported 
of solubilization, purification and reconstitution of the 
N a + / H  + antiport protein [9-12]. 

We report herein on the further characterization, 
solubilization, partial purification and reconstitution of 
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Materials and Methods 

Preparation of  plasma membrane. Plasma membranes 
were prepared as previously described [5]. Before sohi- 
bilization the plasma membranes were further purified 
by centrifugation through a 5-50% glycerol gradient for 
90 min at 250000 × g. The pellet was resuspended in 0.4 
M glycerol, 10 mM KCI, 2 mM MgCI 2, 10 mM Tris- 
Mops (pH 7.0) and hand homogenized. 

Electron microscopy. Electron microscopy of purified 
plasma membrane vesicles was performed as previously 
described [13]. 

Solubilization. To 0.25 ml of purified plasma mem- 
branes (containing 1 mg protein) in a medium contain- 
ing 2 M glycerol, 1 ram DTT, 2 mM MgCI 2. 10 mM 
Tris-Mops (pH 7.0) were added Triton X-100 to 0.8% 
and 0.4 mg phospholipids (prepared as described). In- 
cubation was for 15 min at 0 ° C  followed by centrifuga- 
tion for 10 min at 150000 × g. The supernatant was 
used for reconstitution. 

Preparation ofphospholipids. 30 mg of soybean phos- 
pholipids (Sigma phosphatidylcholine Type II-S) and 10 
mg cholesterol were solubilized in chloroform. The chlo- 
roform was evaporated by flushing with nitrogen, di- 
ethyl ether was added and a dry lipid film was formed 
by further flushing with nitrogen. 1 ml of 50 mM KCI, 
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0.1 mM EDTA, 1 mM DTT, 10 mM Tris-Mops (pH 
7.0) was added, the lipids mixed vigorously for 10 min, 
1.2% cholate added and the mixture sonieated in a 
bath-type sonicator to almost clarity. To remove the 
cholate and form liposomes, the mixture was then passed 
through a 10 ml Sephadex G-50 coarse column equi- 
librated and eluted with 0.25 M sucrose, 2 mM MgCI 2 
and 10 mM Tris-Mops (pH 7.0). About 1-1.5 ml of the 
turbid eluent was collected. 

Reconstitution. One volume of the Triton-soluble ex- 
tract was mixed with two volumes of liposomes. After 
incubation for 30 rain at 0 ° C  the mixture was dialyzed 
overnight against 0.25 M sucrose, 2 mM MgCI2,10 mM 
Tris-Mops (pH 7.0) and SM-4 Bio-Beads that absorb 
Triton, and kept under liquid nitrogen. The proteo- 
liposomes can be frozen and thawed several times, with 
no decrease in activity. 

Purification. The Triton-soluble extract (3 ml) was 
loaded on a 10 ml column of DEAE-cellulose (Fracto- 
geI-TSK, DEAE-650) that was preequilibrated with 20% 
Glycerol, 0.5 mM MgCI2, 0.2% Triton, 1 mM DTT, 
0.01% phospholipids, 2.5 mM Tris-Mops (pH 7.0). The 
column was washed with 20 ml of the same medium 
followed by a KCI gradient 0-150 mM in the same 
medium. Fractions were reconstituted and assayed as 
described. 

Measurement of  Na + / H  + exchange actioity. (1) 
Acridine orange assay. This assay monitors the changes 

Fig. 1. Electron micrographs of an isolated plasma membrane pre- 
paration. Purified plasma membranes were prepared and analysed as 

described under Materials and Methods. 
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Fig. 2. Competitive inhibition by amilorid¢ or Li + of the Na + 
dependent H + flux in plasma membrane vesicles. Na+/H + exchange 
was measured with the Acridine orange assay as desc,:bed under 

Materials and Methods. 
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Fig. 3. Effect of external pH on Na + dependent H + flux. Na*/H + 
exchange was measured with the Acridine orange assay, except for the 
amount of TMA.OH added which was varied to yield the indicated 
external pH. Each point represents the difference between the rate of 

H + flux in the presence of Na + and the rate in its absence. 

in transvesicular ApH and was employed essentially as 
described [5], except for the base used to create the 
mi,.ial transmembrane ApH which was tetramethyl am- 
monium hydroxide (TMA-OH). With proteoliposomes 
only 1 min preincubation in acid was employed. 

(2) 22Na+ uptake assay. Membrane vesicles or 
proteoliposomes containing about 0.4 mg protein were 



preincubated with 20 mM succinate (pH 5.2) for 10 rain 
or 1 min, respectively, at 10°C. A mixture containing 
premeasured amount of TMA-OH to reach a medium 
pH of 8.0 and 300 ,aM 22Na+ was added, followed by 
incubation for 5 min at 10°C and application to a 3 ml 
column of Dowex 50W-X8, (50-100 mesh) which was 
preequilibrated with Tris and prewashed with water [7]. 
Elution was with 2 ml 0.4 M glycerol, 5 mM Tris-Mops 
(pH 7.0) for the plasma membrane and 0.25 M sucrose, 
5 mM Tris-Mops (pH 7.0) for the proteoliposomes. The 
eluent was added to scintillation fluid and the radioac- 
tivity determined in a scintillation counter. 

Protein determination. Protein was measured by a 
modification of Lowry method [14]. Protein in the frac- 
tions eluted from the DEAE column was assayed with 
fluorescamine [15]. 

Polypeptide composition. The polypeptide composi- 
tion of the membranes was determined by SDS-PAGE 
following Laemmli with a 7%-155 gradient [161. 

Results 

Properties 
The plasma membrane fraction used in most of these 

studies is shown in Fig. 1. It consists of a heterogeneous 
mixture of mostly unilamellar vesicles with a diameter 
between 50 and 250 nm. Most of the vesicles appear 
devoid of any internal structure. 

It was previously reported [5] that the N a + / H  + 
exchange activity of this fraction was inhibited by Li + 
and amiloride. Fig. 2 shows a Lineweaver-Burk plot of 
these inhibitions, indicating that both are apparently 
competitive with Na  +. The apparent K i for Li + is 30 
,aM, and for amiloride, 25 ,aM. The K m for Na + was 
similar to that previously reported, around 20 mM [5]. 
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Fig. 4. Time course of 22Na* uptake into plasma membrane vesicles. 
Na+/H + exchange was measured by the 22Na+ uptake assay as 
described under Materials and Methods. The data marked -ApH 
were obtained by omitting succinat¢ from the acidic incubation and 

replacing TMA-OH by TMA-CI in the basic mixture. 
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Fig. 5. Effect of external sodium concentration on '"Na" uptake into 
plasma membrane vesicles. Assays a~ described under Fig. 4, except 
for the NaCI concentration which was varied as indicated. Also 
indicated are the effects of 1 mM amiloride or 5 mM LiCI in the 

presence of 300 txM NaCI. 

The effect of external pH on the rate of the Na ÷ / H  + 
exchange activity is shown in Fig. 3. Optimal activity 
occurred within a narrow range of external pH 7.8-8.3. 
This may be due to a rather strong dependence on 
external pH, or to a dependence on ApH coupled with 
an inhibition by external pH exceeding 8, since in this 
experiment both external pH and ApH are simulta- 
neously varied. 

N a + / H  + exchange could also be measured by fol- 
lowing the uptake of -'-'Na ÷ as described under Meth- 
ods. As can be seen in Fig. 4 a substantial uptake was 
observed also in the absence of an imposed ApH. This 
was subtracted in all subsequent experiments which 
report the ApH induced -'2Na+ uptake. 

Fig. 5 illustrates the dependence of '2Na "~ uptake on 
the external "2Na+ concentration. Clearly the rate of 
Na + uptake was linear up to around 300 ,aM Na ÷ and 
was inhibited by Li ~ and amiloride, as found with the 
Acidine orange assay. 

Solubilization, purification and reconstttation 
To assay a solubilized exchanger, it is necessary to 

first reconstitute it into a relatively impermeable lipo- 
some. It was found that such tight p~oteoliposomes 
could be prepared by employing a mixture of soybean 
phosphclipids and cholesterol at a ratio of 3 : 1. As can 
be seen in Fig. 6 such proteoiiposomes are less permea- 
ble to protons than the native plasma membrane vesicles. 
Proteoliposomes made from soybean phospholipids 
alone or E. coil phospholipids were found to exhibit 
considerable leakage to protons which made this type of 
assay unsuitable. 

Fig. 6 shows that proteoliposomes, prepared as de- 
scribed under Methods, exhibited easily measurable 
N a + / H  ÷ exchange activity indicating that the protein 
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Fig. 6. Na +/H ÷ exchange activity in plasma membrane vesicles and in reconstituted proteoliposomes. Na÷/H* exchange was measured with the 
Acridine orange assay as described under Materials and Methods. The plasma membrane preparation contained 80 #g protein and the 
proteoliposomes 45 #g protein. Additions: NaCI. 5O raM: LiCI. 50 raM; amiloride, 0.4 raM; NH,,CI, 25 raM: val refers to addition of valinomycin. 

0.4 #M and KCI, 30 raM. 

was indeed solubilized and  reconstituted. However, the 
activity in the proteoliposomes did not exhibit identical 
properties to that  in the native plasma membrane.  It 
was less inhibited by Li +, almost insensitive to amiloride, 
and highly stimulated by the presence of valinomycin 
+ K  ÷. It was previously shown [5] that  the N a + / H  + 
activity of the plasma membrane vesicles did not re- 
spond to the presence of valinomycin + K +, which was 
consistent with the notion that the exchanger may be 
electroneutral. Since the sohibilized and  reconstituted 
exchanger was highly stimulated by valinomycin + K  + 
(Fig. 6) it seems most reasonable to conclude that the 
exchanger is not electroneutral in nature, but  that  the 
native plasma membrane is sufficiently permeable to 
ions so as to make imperceptible the effects of the 
added permeability to K + induced by valinomycin. 

The successful solubilization and reconstitution of 
the N a + / H  ÷ exchange made it possible to at tempt to 
purify the sohibilized antiporter.  Fig. 7 illustrates the 
fractionation of the sohibilized exchanger on a DEAE- 
cellulose column. As can be seen the majority of the 
antiporter activity was eluted just  following the void 
volume, while most of the protein eluted much later 
(following the addit ion of 0.3 M KCI). This is further 
illustrated in the SDS-PAGE patterns of the various 
fractions (Fig. 8). Lane 1 represents the plasma mem- 
brane preparation, and lane 2 the same preparat ion 
following the glycerol gradient centrifugation (see 
Methods). Lane 3 contains the solubilized plasma mem- 
brane added to the column, and lane 4 a concentrate of 
the purified fractions eluted from the column following 
the void volume. Lane 5 contains a similar purified 

fraction, stained with silver ra ther  than Coomassie blue. 
Several bands  are still present but  the preparat ion has 
clearly been highly purified. 

Attempts  at further  purif ication proved difficult due 
to loss of activity of the purified fractions. 

Discuss ion  

The N a + / H  + ant iporter  of  the p lasma membrane  of 
Dunaliella is shown here to be competitively inhibited 
by Li + and  amiloride at relatively low concentrations.  

The ant iporter  was completely solubilized with Tri- 
ton and  actively reconstituted into artificial phospho-  
l ipid/cholesterol  liposomes. Solubilization was also ef- 
fective with cholate (not shown). One of the major  
difficulties in assaying the reconstituted activity was 
due to the relative proton permeabil i ty of reconstituted 
phospholipid liposomes. It was found that  addit ion of 
cholesterol to soybean phospholipids in a rat io of 1 : 3 
produced rather proton impermeable liposomes which 
were still active in reconstitution. 

The reconstituted ant iporter  was much less sensitive 
to inhibitions by amiloride or Li +. This may relate to its 
mode of association with the artificial phospho l ip id /  
cholesterol liposome, or  to the relative solubility of the 
inhibitors in the new matrix. On  the other hand,  it was 
highly stimulated by valinomycin + K +. It seems most 
reasonable to assume that  this represents the true elec- 
trogenic nature of the exchanger.  The fact that  this 
effect is not observed in the native p lasma-membrane  
vesicles may be due to sufficient permeabili ty to some 
other ionic species through the native membrane.  If the 
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Fig. 7. Elution profile of solubilized plasma membranes on a DEAE-cellulose column. Triton- .~luhilized plasma membranes (3 ml containing 12 
mg protein) were loaded on a tO ml column of DEAE-cellulose and eluted as described under Methods. 
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Fig. 8. SDS-PAGE of plasma membranes and purified fractions. 
Fractions were concentrated ,vith trichloroacetic acid and deoxy- 
cholate as previously described 1141 and fractionated on a 7.5-15~ 
SDS gradient gel [16]. Lane 1, crude plasma membrane, stained with 
Coomassie blue; lane 2, purified plasma membrane, stained with 
Coomassie blue; lane 3, Trilon-solubilized plasma membrane, stained 
with Coomassie blue; lane 4, active fractions from DEAE-cellulose 
column, stained with Coomassie blue; lane 5, As lane 4, but stained 

with silver [17]. 

exchanger  has  a funct ion in e l imina t ing  intracellular  
N a  ÷, it is indeed m o s :  likely to be electrogenic,  m o v i n g  
more  than one  pro ton  fc," each N a  +. In these a lgae  the 
rat io  of  extracellular  to i,atracellular N a *  concent ra t ions  
can exceed 100 [7], and  it is therefore  unlikely to fulfill a 
s ignif icant  funct ion in this respect if  d r iven  solely by the 
small  p H  gradient  which m a y  be expected to be present  
across  the p l a sma  membrane .  

The  pur i f ica t ion achieved thus  far, a l though signif i-  

cant ,  is insuff icient  to ident i fy the prote in  responsible  
for the exchange  activity. A s ignif icant  i m p r o v e m e n t  in 
the stabil izat ion of  the isolated prote in  will be required 
before  fur ther  pur i f ica t ion and  ident i f icat ion can be 
successfully a t tempted .  
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