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Purified NhaA, a Na%I’ antiporter from Escherichia coli, reconstituted into proteoliposomes was used to study partial reactions catalyzed by this 
protein. Homologous Na’Ma’ exchange as well as Na+/Li+ exchange via NhaA were detected by monitoring the effects of external Li+ and Na+ 
ions on the ApH-driven sodium uptake into NH, Cl-loaded vesicles. Furthermore, a sodium counterflow reaction was demonstrated in proteo- 
liposomes preloaded with non-radioactive Na+ and placed into the experimental buffer containing low amounts of *%a’ under experimental 
conditions when both components of protonmotive force generated by the antiporter. Av and ApH, were dissipated by corresponding ionophores. 
The apparent lu, for sodium counterflow is 1.1 mM, and V_ is 80 ~mol/min/mg of protein. External Na’ accelerates the downhill efLIux of *%a+ 

suggesting that the translocation of the Na’-loaded form of the carrier is faster than the rest of the catalytic cycle. 
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1. INTRODUCTION 

Exchange of Na’ and H’ is catalyzed in Escherichia 
coli by four different transport systems: NhaA, NhaB, 
ChaA and Kha [l]. Kha is a non-specific cation-proton 
exchanger which has been documented in membrane 
vesicles isolated from E. coli cells [2,3]. The affinity of 
this antiporter to K+ is higher than to Na+ suggesting 
that under most known physiological conditions, at 
which the intracellular K’ concentration is higher than 
that of Na+, its role in Na’ extrusion is nil. ChaA is a 
Ca*+/I-I’ antiporter which has a low affinity for Na+ but 
at high copy number can rather effectively transport 
Na’. NhaB displays the highest atfmity for Na+ ions 
reported by any antiporter thus far, 40 PM [4]. Its stoi- 
chiometry is still unknown and its activity seems to be 
important for the cell under conditions at which NhaA 
is the least active, i.e. low pH and low concentration of 
Na’ ions [5,6]. 

intracellular pH so that when the pH increases from 7.0 
to 8.5 the activity increases about 2000-fold [8,9]. A 
similar pH-sensor has been described for the non- 
erythroid Cl/HC03 exchanger in some cells [lo] while 
one with an opposite polarity (activation by acid PI-I) 
has been described in detail for the eukariotic Na+/I-I’ 
antiporter (see [l l] for a review). In all these cases, the 
activation by pH has been ascribed to the function of 
these proteins in extrusion of either base of acid from 
the cell in order to maintain a fixed intracellular pH. 

NhaA is an electrogenic antiporter, which exchanges 
2H+ per each Na+ translocated [7]. Its activity is regu- 
lated by a ‘pH-sensor’ in the molecule which senses 

NhaA has been purified to homogenity and reconsti- 
tuted in a functional form so that it can now be studied 
independently from other antiporters [7,8]. It is impor- 
tant therefore to characterize the partial reactions cata- 
lyzed by this protein so that the mechanism of exchange 
can be understood in more detail. Previous studies in 
intact cells [12], in right side-out [ 131, and inside-out 
membrane vesicles [14] have suggested the existence of 
possible gating mechanisms, including lack of activity 
in the absence of ApH +. Moreover, failure to detect ho- 
mologous sodium/sodium exchange has been pointed 
out [12,13] and, in addition, sodium had no detectable 
trans effect on the activity of the antiporter. 
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We now reevaluate these results in proteoliposomes 
reconstituted with purified NhaA, i.e. in a system where 
there are no other antiporters or leaks. In addition, the 
reconstituted system provides an easier way for manip- 
ulation of ion composition and gradients. We document 
and characterize for the first time the counterflow reac- 
tion catalyzed by NhaA. Efficient counterflow can be 
observed under conditions in which both components 
of A,&+ completely collapsed with the use of iono- 
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phores. The kinetic properties of the counterflow reac- 
tion are presented. 

2. MATERIALS AND METHODS 

Methods for the overproduction and purification of NhaA, as well 
as preparation of NhaA containing proteoliposomes by detergent 
dilution were described previously [8]. Proteoliposomes were formed 
in buffer containing 150 mM NH&l, 15 mM Tris-HCl, pH 7.5 for the, 
ApH-driven sodium uptake (NH&l-loaded proteoliposomes), or 100 
mM potassium acetate, 10 mM NaCl, 2.5 mM MgSO,, 10 mM Tris- 
HEPES, pH 8.6 for sodium counterflow and sodium etllux measure- 
ments (NaCl-loaded proteoliposomes). 

To monitor NH-driven sodium uptake, NH&l-loaded proteoli- 
posomes (4 ~1) containing 200 ng of protein were diluted into 0.5 ml 
of medium consisting of 150 mM choline chloride, 2.5 mM MgSO,, 
10 mM Tris-HEPES, pH 8.6, 50 PM NaCl, and 0.5 PCi *?Va+ (58 
Wmmol). The reaction was stopped at different times by the rapid 
addition of 2.5 ml of the same ice-cold isotope-free mixture, filtered 
on 0.2 p filters and washed with an additional 2.5 ml. Radioactivity 
on the filters was measured with a y-counter. 

Sodium counterllow reaction was initiated by dilution of NaCl- 
loaded proteoliposomes (4~1) containing 114 to 200 ng of protein into 
0.2 ml of medium containing 100 mM potassium acetate, 2.5 mM 
MgSO.,, 10 mM Tris-HEPES, pH 8.6, and 0.5pCi *%a’. The medium 
contained also 0.3 mM of sodium acetate because of impurity of 
potassium acetate used (calculated value). To stop the reaction, sam- 
ples were diluted with 2.5 ml of ice-cold acetate medium devoid of 
22Na+, filtered and washed with additional 2.5 ml. In part of the 
experiments, chloride was substituted for acetate in the external me- 
dium, as specified in the figure legends. 

For sodium efllux experiments, NaCl-loaded proteoliposomes were 
equilibrated with radioactive sodium by gentle sonication in the pres- 
ence of the isotope. Other conditions are given in the figure legends. 
Materials: **Na+ (carrier-free) was from DuPont-New England Nu- 
clear; 0.2 ,u filters were from Schleicher and Schuell. CCCP, SF6847, 
and nigericin were from Sigma. 

3. RESULTS AND DISCUSSION 

Purified NhaA reconstituted into proteoliposomes 
has provided an experimental system to study its activ- 
ity in various modes. Thus,. we have been able to show 
ApH-driven uptake of Na+ against its electrochemical 
gradient [8] as well as &,+-driven generation of ApH 
and Aly [7]. Also, the protein catalyzes downhill trans- 
port of Na’ at maximal rates which indicates a turnover 
number of about 103-lo4 s-i, one of the highest rates 
reported for transporters thus far [8]. We now demon- 
strate that NhaA also catalyzes partial reactions, i.e. 
Na’/Na’ and Na’/Li’ exchange. 

Na’/Na’ and Na’/Li’ exchange can be demonstrated 
in several experimental setups. The results in Fig. 1 
demonstrate an experiment in which dilution of NH,Cl- 
loaded proteoliposomes generates a pH gradient across 
the membrane which drives Na+ uptake against its elec- 
trochemical gradient. At this concentration of NhaA, 
uptake is almost linear for as long as 5 min and reaches 
equilibrium which is maintained for at least 75 min. 
These flndings demonstrate the intactness of the li- 
posomes obtained and they are consistent also with the 
fact that dv and ApH generated in these proteoli- 
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Fig. 1. ApH-driven sodium uptake by the NhaA proteoliposomes. 
NH&l-loaded proteoliposomes (200 ng of NhaA) were diluted into 
NH&l-free medium containing 22Na+, and the isotope uptake was 
monitored as described in section 2. CCCP and gramicidin (fmal 
concentrations 10 and 1 PM respectively) were added to the samples 
as indicated. LiCl(l0 mM) was added before starting the experiment 

(A) or at 10 min after zero time (0). 

posomes are also very stable [7]. As expected, addition 
of higher concentrations of NhaA will bring about a 
proportional faster uptake (not shown, see [8]) but the 
equilibrium is maintained for shorter periods. This sug- 
gests that the low permeability to ions of the proteo- 
liposomes used in Fig. 1 is due in part to the low protein 
concentrations used. This property allowed us to meas- 
ure the effect of various agents on the levels of preaccu- 
mulated Na’. 

Even though the Na’ in the proteoliposomes can be 
kept in the internal milieu for long times it rapidly leaves 
the liposomes once treated with an ionophore such as 
gramicidin, which makes the membrane permeable to 
small monovalent cations. Addition of Li’, a competi- 
tive inhibitor of Na’ at the onset of the experiment 
inhibits Na’ uptake almost completely. Moreover, 
when Li’ is added after substantial Na’ uptake has been 
achieved it induces a rapid e&x of intraliposomal Na+, 
a phenomenon which indicates Na+/Li+ exchange. Ad- 
dition of 10 mM Na’ has an effect almost identical to 
that of Li’ (data not shown). 

When Na’Ma+ exchange is measured directly in Na’- 
loaded proteoliposomes, by the addition of “Na+ from 
the outside at low concentration, no significant ex- 
change or counterflow are detected (not shown). Under 
these conditions a ApH+ is generated by the antiporter 
acid and positive inside, which prevents any measurable 
antiporter catalyzed e&x [7,8]. Only when A,&+ is 
completely collapsed by the addition of ionophores ef- 
flux is rapid. We therefore tested the effect of iono- 
phores on the counterflow reaction as depicted in Fig. 
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Fig. 2. Sodium counterflow in acetate medium. The process was 
started by the dilution of NaCl-loaded proteoliposomes (200 ng of 
NhaA) into acetate medium. Additions: 1 nM nigericin @I); 1 nM 
nigericin plus 0.1 PM SF6847 (A); SF6847 and nigericin in the presence 

of 10 mM NaCl (A). 

2. SF6847 at 0.1 ,uM electrogenically transports H+ ions 
across the membrane and it collapses the Ay/ generated 
by the antiporter activity [7]. Under these counterflow 
~nditions, addition of SF6847 induces a small and 
transient accumulation of Na’ which reaches equilib- 
rium within 30 s (not shown). On the other hand, addi- 
tion of nigericin, at a concentration at which it specifi- 
cally exchanges K+ for H+ ions, leads to the collapse of 
ApH but increases Av [7]. Under these conditions, a 
dramatic and rapid accumulation of 22Na+ against its 
electrochemical gradient occurs (Fig. 2). The accumula- 
tion of %a+ into the vesicles plateaus at about 30 s and 
remains relatively stable for a further 120 s, then slowly 
returning to the equilibrium value. We have previously 
shown that the activity of NhaA generates under these 
conditions a stable membrane potential suggesting that 
the %a’ accumulates as a result of a combination of 
counterflow and &-driven uptCake. In order to ana- 
lyze independently each component we have tested the 
effect of an agent that collapses dy, SF6847. When both 
nigericin and SF6847 are added, conditions at which 
A,&+ is equal to zero [7l, the uptake detected is smaller 
and more transient, reflecting solely the actual counter- 
flow activity of NhaA. The ~netrating weak base, 
methylamine of 20 mM, can replace nigericin as a ApH- 
dissipating agent in the sodium counterflow (data not 
shown). Valinomycin may also be used to discharge Ayf 
instead of SF6847 {not shown). From the results pre- 
sented in Fig. 2 we estimate that during counterflow a 
transient gradient of at least three-fold (Ir\ra+]JNa’],,J 
is generated. A membrane potential drives a larger ac- 
cumulation of about 6 to 7-fold. 

The activity of the electrogenic antiporter carrying 
Na+ downhill from the proteoliposome to the medium 
generates almost instantaneously a Aj&+ composed of 
Ayf and ApH [7l and the acidic intraliposomal pH @Hi) 

prevents NhaA from any massive uptake of 22Na+. Col- 
lapsing the pH gradient with 1 nM nigericin allows for 
the establishment of a slightly larger membrane poten- 
tial and, since pHi rises, it allows for the accumulation 
of 22Nae. Only upon collapse of both Aly and ApH we 
detected real counterfIow_ Data concerning the Na+ ef- 
flux (which drives the counterflow reaction) measured 
in parallel under the same conditions are in agreement 
with this scheme. Indeed, collapse of the membrane 
potential generated by the antiporter activity greatly 
accelerated efflux [7,8]. 

The experiments described thus far were performed 
in media containing high concentrations of acetate salts 
on both sides of the membrane. The protonated acetic 
acid rapidly permeates the membrane and is capable of 
equilibrating a proton gradient across the membrane. 
Its efficiency, however, is limited by the total flux that 
crosses the membrane relative to the rate of the divice 
generating the gradient. At pH 8.6, the pH at which 
these experiments were performed the concentration of 
the protonated acid is very low. From the results shown 
in Fig. 2 (see also [7]) only in the presence of 1 nM 
nigericin we see a complete collapse of the pH gradient, 
demonstrating again the high capacity of NhaA and its 
ability to change and regulate pH. 

Acetate salts of K+ contain contamination of Na+ 
equivalent to a concentration of 0.3 mM in 100 mM 
solution. In order to determine the kinetic parameters 
of the counte~ow reaction, we measured it in a medium 
where acetate has been replaced by chloride (Fig. 3). 
The results shown in Fig. 3 demonstrate counterllow in 
the presence of both nigericin and SF6847 at 50 yM 
=Na+ in the medium. If the vesicles are loaded only with 
30 PM Na’ inside, no counterflow is observed, as ex- 
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Fig. 3. Sodium CounterRow in chloride medium. 4 ~1 of proteoii- 
posomes (114 ng of protein) preloaded with 10 mM NaCl and treated 
with 1 nM nigericin and 0.1 FM SF6847 were diluted into 0.2 ml of 
chloride medium ~nt~~g 0.2 mM Na’ (0). For control experiment, 

the proteoliposomes were prepared ‘without’ NaCl (30 FM, A). 
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Fig. 4. Determination of the kinetic parameters of sodium counter- 
flow. (A) The initial rate of sodium accumulation into N&l-loaded 
proteoliposomes treated with a combination of nigericin and SF6847 
for 10 s was determined at different NaCl concentrations (0.2 to 
10 mM). Other experimental conditions were as in Fig. 3. (B) Linear 
regression of an Eadie-Hoffstee plot. (C) 7?un+acceleration of sodium 
efllux. Sodium efflux from proteoliposomes (114 ng of NhaA) loaded 
with 10 mM NaCl and equilibrated with *%a’ (30 @.Ziiml) was initi- 
ated by dilution of 4 ~1 of vesicles into 0.4 ml of the isotope-free 
chloride medium, pH 8.6 (0) or into 0.4 ml of the same medium 
supplemented with 10 mM NaCl (0). Nigericin and SF6847 were 

added to the vesicles as in Fig. 2. 

petted. Upon dilution of liposomes loaded with 10 mM 
Na+ a rapid accumulation is observed which peaks at 
around 50 s and slowly decreases to almost equilibrium 
values after 40 min. These experimental conditions were 
then used for determination of the kinetic parameters 
of the sodium counterflow reaction (Fig. 4). The initial 
rate of Na+ uptake in the presence of SF6847 and niger- 
icin was titrated by external NaCl in the concentration 
range of 0.2 to 10 mM (Fig. 4). An Eadie-Hoffstee plot 
gave the following values: apparent K, for sodium 
1.1 mM, and V_ 80 ~moYmin/mg of protein (Fig. 4B). 
This apparent &, is about tenfold higher than the app. 
K, for dpH-driven 22Na’ uptake [8]. The V,, of the 
counterflow reaction is also more than 20-fold higher 
than the respective V_ for the dpH-driven uptake. On 
the other hand, the V_ for downhill 22Na’ et&x at this 
pH is about 20-fold higher. 

NhaA displays a complex behaviour and its activity 
is tightly regulated by pH. The difference in the V,,, at 
the various catalytic modes may reflect different rate- 
limiting steps. An attempt to identify such a step is 
shown in Fig. 4C. When the downhill efflux of 22Na+ is 
measured in the presence of nigericin and SF6847, addi- 
tion of NaC (10 mM) to the reaction medium accelerates 
it severalfold: tX is less than 10 s in the presence of 22Na* 
as compared to about 120 s in the absence. These find- 
ings suggest that the Na’-loaded form of the transporter 
operates faster than the protonated form. In the latter 
statement we include of conrse not only the step respon- 
sible for the movement of the two H’ ions but also their 
binding and release during the catalytic cycle. We can- 
not thus far dissociate between the various steps mainly 
due to the steep pH dependence of NhaA activity [8]. 

The data reported here represent the first demonstra- 
tion of partial reactions catalyzed by NhaA and provide 
tools for a more detailed analysis which is required for 
understanding how NhaA performs its functions i.e. 
acidification of the cytoplasm to the homeostatic value 
[7-9,151. 
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