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Assaying P-Type ATPases Reconstituted in Liposomes

Hans-Jiirgen Apell and Bojana Damnjanovic

Abstract

Reconstitution of P-type ATPases in unilamellar liposomes is a useful technique to study functional prop-
erties of these active ion transporters. Experiments with such liposomes provide an easy access to substrate-
binding affinities of the ion pumps as well as to the lipid and temperature dependence of the pump current.
Here, we describe two reconstitution methods by dialysis and the use of potential-sensitive fluorescence
dyes to study transport properties of two P-type ATPases, the Na,K-ATPase from rabbit kidney and the
K*-transporting KdpFABC complex from E. coli. Several techniques are introduced how the measured
fluorescence signals may be analyzed to gain information on properties of the ion pumps.
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1 Introduction

Several P-type ATPases have been reconstituted functionally in
liposomes. This has become a well-established technique since
decades and is used to study the transport functions and kinetic
properties of several members of this family of ion pumps [1-9].
Various methods have been introduced to reconstitute P-type
ATPases in liposomes. It turned out that dialysis methods are
favorable because they are so mild that enzyme and transport activ-
ity of the reconstituted ion pumps are almost completely retained.
Dialysis may be performed using dialysis tubings or BioBeads.
Both methods are introduced in the following. Although each
method is applied to a specific ATPase in this chapter, each approach
may be used respectively also for other ATPases.

The advantage of the use of liposomes is on one hand that
purified ATPases are integrated in lipid bilayer membranes without
the background transport activity of other proteins. On the other
hand, the lipid composition of the membrane may be varied delib-
erately and is well defined during the experiments. The pump
activity can be triggered by addition of ATP, and the substrates in
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the aqueous compartments on both sides of the membrane can be
freely chosen.

The terms “liposomes” and “vesicles” have been used likewise
in the literature to refer to unilamellar structures in which trans-
port proteins are integrated into the lipid bilayer, typically in both
orientations, cytoplasmic side out and extracellular side out.

When ion pumping is induced by the addition of ATP to the lipo-
some suspension, those ATPases are activated whose cytoplasmic side
faces the liposome outside. Inversely reconstituted proteins remain
inactive because ATP is unable to permeate through the liposome
membrane. Therefore, the condition has to be kept in mind that in
experiments performed with liposomes the outside corresponds to the
cytoplasmic side of the membrane and the inner volume of the lipo-
somes corresponds to the extracellular phase of the cell.

A consequence of this condition is that in measurements per-
formed with reconstituted liposomes, the composition of the aque-
ous phase in which the liposomes are prepared represents the
extracellular medium. It cannot be easily changed during the
experiments. In contrast, the electrolyte solution to which the lipo-
somes are added represents the cytoplasm and it can be ad hoc
composed as desired.

To study and analyze ATPase-induced currents across the lipo-
somal membranes, various techniques have been applied. In the
beginning, radioactive isotopes, **Na* and **K* (or its congeners,
86Rb* and 1¥”Cs*) were used in the case of Na,K-ATPase to analyze
pump-mediated fluxes [6, 7, 10-13]. Depending on the transport
direction, uptake or release of the isotopes has been detected as
function of time and substrate concentrations. This allowed the
calculation of pump fluxes and the turnover rate, if the number of
active pumps reconstituted in a liposome was known.

Another important experimental technique introduced to
study electrogenic activities of the ATPases is the application of
potential-sensitive fluorescence dyes. The term electrogenic means
that the pump transfers net charge across the membrane while run-
ning through the pump cycle and thus modifies the electric poten-
tial difference across the membrane. For this purpose so-called
slow-response dyes are frequently used which have characteristic
time constants of 270 ms or longer [14] but produce fluorescence
changes in the order of 1 %/mV change of the membrane poten-
tial. Well established dyes in studies with P-type ATPases are: cat-
ionic carbocyanines, such as DilC,(5) [7] or DiSC3(5) [9, 13, 15],
and anionic oxonol dyes, especially Oxonol VI [16-18].

In the following paragraphs (1) the preparation of liposomes
with two different P-type ATPases, the Na,K-ATPase and the K*-
transporting KdpFABC complex from E. coli is presented, (2) the
execution of fluorescence experiments with potential sensitive dyes
is described, and (3) approaches of data analysis of the results of
fluorescence experiments are introduced.
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2 Materials

2.1 Solutions for
Experiments with
Na,K-ATPase
Liposomes

Prepare all solution with quartz double-distilled (DD) water.
Sterile filtration (pore size 0.2 pm) is performed with all solutions
used in fluorescence measurements to remove all contaminations
by dust particles and bacteria, and the filtrated solutions are
degassed. All solutions are kept at 4 °C unless indicated otherwise.
All reagents are of (at least) analytical grade. To reduce the leak
conductance of the liposome membranes, all salts are chosen to be
sulfates instead of chlorides because the permeability of the sulfate
anion is orders of magnitude lower than that of chloride. (Control
experiments were performed to show that the enzyme activity of
the ATPases was not affected when chloride was exchanged by
sulfate.)

1. For dialysis, a tubing of regenerated cellulose is used with a
molecular weight cut-oft of ~14,000 Da. It turned out that
Visking dialysis tubing 8,/32, MWCO 12,000-14,000 (Serva
Electrophoresis GmbH) is the most efficient choice.

2. Bio-Beads SM-2 (Bio-Rad) are used as adsorbent.

1. Standard buffer: 30 mM imidazole, 1 mM ethylenediaminetet-
raacetic acid (EDTA), 5 mM MgSO,, pH 7.2. To prepare 1 L
of buffer weigh 2.04 g imidazole, 0.29 g EDTA, 0.60 g
MgSO,, and transfer all components into a 1-L. beaker glass.
Add 950 mL DD water. Stir with a magnetic stirrer until all
components are dissolved. Adjust pH to 7.2 with 1 M H,SO.,.
(To check pH, immerse the pH electrode each time only for
periods as short as possible to avoid significant contaminations
by K* leaking through the ceramic junction of the reference
electrode.) Fill the pH-adjusted buffer into a 1-L graduated
flask and make up to 1 L with DD water. Store at 4 °C.

2. Buffer H: Standard buffer supplemented with 1 mM L-cyste-
ine. Prepare as described for the Standard bufter, and add 0.12 g
L-cysteine before dissolving all components in DD water.

3. Cholate buffer: Buffer H with 1 % (w/v) sodium cholate,
70 mM K,SO,, and 5 mM Na,SOy4, pH 7.2. Prepare as
Buffer H, to obtain 1 L add 10 g sodium cholate, 12.20 g
K,SO4 and 0.71 g Na,SO, before dissolving all compo-
nents in DD water.

4. Dialysis buffer 1: Standard buffer with 70 mM K,SO,, and 5 mM
Na,SO,, pH 7.2. Prepare as described for the Standard bufter,

add 12.20 g K;SO, and 0.71 g Na,SO, before dissolving all
components in 1 L DD water.

5. Dialysis buffer R: Standard buffer with 0.5 mM K,SO,, and
74.5 mM Na,SO,, pH 7.2. Prepare as described for the
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2.2 Solutions
for Experiments
with KdpFABC
Liposomes

Standard buffer, add 0.09 g K,SO,4 and 10.58 g Na,SO, before
dissolving all components in 1 L DD water.

. Cholate-containing lipid stock solution for liposome prepara-

tion: 20 mg lipid (e.g., dioleoyl phosphatidylcholine (PC 18:1)
as powder, not as chloroform solution, obtained from Avanti
Polar Lipids, Inc., Alabaster, AL) are dissolved in 1 mM ethanol
(spectroscopic quality). 10 mg sodium cholate are dissolved in
500 pL ethanol (spectroscopic quality). Both components are
mixed in a 50 mL round-bottom flask. (The flask has to be
extremely well cleaned and dried before use.) The ethanol has
to be removed completely by vacuum evaporation under rota-
tion in a water bath at 40 °C for at least 1 h. Finally, a faint, clear
film is formed on the flask wall. This film is dissolved in 1 mL
DD water by smooth shaking. (Do not vortex to avoid foam
formation!) The obtained clear solution is divided in 100 pL
aliquots in 0.5 mL Eppendorf vessels and stored frozen at
-24 °C. The samples may be stored for months before use. The
final concentrations are 20 mg/mL PC 18:1 and 10 mg/mL
sodium cholate. (The lipid contents may be checked with the
Phospholipids C test from Wako Diagnostics, Wako Life
Sciences, Inc. according to their provided protocol.)

. 25 mg/mL E. coli polar lipid extract dissolved in chloroform

(Avanti Polar Lipids, Alabaster, USA). Store contents of the
opened glass ampule in a tightly sealed glass vial at =24 °C up
to 3 months upon opening.

. Oxonol VI stock solution (1 mM): A small sample (1-2 mg) of

the dye Oxonol VI (Molecular Probes, Inc., Eugene, OR) is
weighed into a small glass flask and an appropriate volume of
ethanol (spectroscopic quality) is added to obtain a 1 mM
stock solution. The molar mass of Oxonol VI is 316.4 g. If
e.g., 1.5 mg of Oxonol VI are in the glass flask, 4.74 mL of
ethanol (spectroscopic quality) are added. The flask with the
stock solution is wrapped with aluminum foil to keep it dark.
It is tightly sealed and stored at —-24 °C (to avoid evaporation
of ethanol). Before withdrawal of aliquots from the stock solu-
tion, it has to be warmed up to room temperature before
opening to avoid condensation of water in the flask.

. Measurement buffer: Standard buffer with 70 mM Na,SO,,

and 5 mM K,SO,, pH 7.2 (unless the Na* or K* concentration
dependence is studied). Prepare as described for the Standard
bufter, add 0.87 g K,SO, and 9.94 g Na,SO, before dissolving
all components in 1 L DD water.

1. Working buffer: 25 mM imidazole, 1 mM ethylenediaminetet-

raacetic acid (EDTA), 5 mM MgSOy, pH 7.2. To prepare 1 L
of buffer weigh 1.70 g imidazole, 0.29 g EDTA, and 0.60 g
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MgSO,, and transfer all components into a 1 L beaker glass,
add 950 mL DD water and stir with a magnetic stirrer until all
components are completely dissolved. Adjust pH to 7.2 with
1 M H,SO,. (While adjusting pH, immerse the electrode only
for short periods of time to avoid K* leaking from the reference
electrode.) Transfer the pH-adjusted buffer into a 1 L gradu-
ated flask and fill up to 1 L with DD water. Store at 4 °C.

. Dialysis buffer 2: Working bufter with 70 mM K,SO,. Prepare

as described for the Working butffer, add 12.20 g K,SO, before
dissolving all components in DD water.

. Detergent stock solution mixture: 10 % p-DDM and 10 %

C),Es in Dialysis buffer 2. To prepare 1 mL of detergent mix-
ture solution measure 0.10 g f-DDM and 0.10 g of C,Eg and
add to 0.5 mL of the Dialysis buffer 2. Stir with a magnetic
stirrer until a clear solution is obtained, and fill up to 1 mL
with Dialysis buffer 2. Store at -24 °C.

. DiSC;(5) stock solution: To prepare a solution of 100 mM

DiSC;(5) (3,3'-dipropylthiadicarbocyanine iodide) weigh
0.055 g of DiSC5(5) and dissolve in 1 mL of DMSO. Store in
a black Eppendorfvessel tightly sealed with parafilm at 4 °C. For
fluorescence experiments prepare a 0.3 mM DiSC;(5) solution
by 300-fold dilution of the stock solution in DMSO. To pre-
pare the diluted solution, the stock solution has to be warmed
up to room temperature before opening to avoid condensation
of water in the flask. The eftective concentration of the
DiSC;(5) solution can be checked spectroscopically. The molar
extinction coefficient is 258,000 cm™! M-,

. Dialysis buffer R: Standard buffer with 0.5 mM K,SO,, and

74.5 mM Na,SO,, pH 7.2. Prepare as described for the
Standard buffer, add 0.087 g K,SO, and 10.58 g Na,SO,
before dissolving all components in 1 L DD water.

. Measurement buffer L: Working bufter with 0.14 mM K,SO,.

Prepare as described for the Working buffer, add 24 mg K,SO,
and 19.86 g Na,SO, before dissolving all components in 1 L
DD water. Use pH-indicator strips instead of a pH electrode to
avoid K* contaminations from the electrode.

Na,-ATP stock solution: To obtain a 1 M ATP solution, 0.551 g
of Na,-ATP are weighed into a 1 mL graduated flask and DD
water added up to 1 mL. ATP is rapidly dissolved. With a pL.
droplet on a paper strip pH indicator one can see that the pH is
extremely acidic. Additions of ATP in the order of 2.5 pL. do
not change significantly pH in a buffered solution. If, however,
pH adjustment is desired, add only 900 pL DD water to the dry
substance of ATP, add 5 pL aliquots of 1 M NaOH and check
pH after each addition by applying pL. samples on pH-indicator
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paper until you obtain a value in the range between 6 and 7.
Finally, add DD water to obtain 1 mL total volume. Split the
volume in aliquots of 10 pL in separate Eppendorf vessels and
keep them frozen at -24 °C until used. When thawed for use,
keep on ice and discard it at the end of the day. At pH > 6 auto-
hydrolysis of ATP is considerable after a day.

. Mg-ATP stock solution: To prepare a 0.5 M Mg-ATP stock

solution weigh 0.25 g of Mg-ATDP and dissolve in 1 mL of DD
water. Stir with a magnetic stirrer until the compound is dis-
solved. If the measurements require a constant pH in the
cuvette and traces of Na* ions are not perturbing, the pH of
the ATP solution should be adjusted to ~6-7. In this case, dis-
solve the salt in 900 pL. DD water, then add 5 pL aliquots of
1 M NaOH and check pH after each added drop using the
indicator paper. Finally, add DD water up to 1 mL. Distribute
the volume in aliquots of 10 pL in separate Eppendorf vessels
and keep them frozen at -24 °C until used. When thawed for
use, keep on ice and discard at the end of the day. At pH > 6
auto-hydrolysis of ATP is considerable.

. Sodium orthovanadate solution for P-type ATPase inhibition:

The substance and its solution are toxic! Apply every appropriate
precaution to avoid skin contact and ingestion! To prepare 2 mL
of'a 200 mM Na;VO, solution, weigh 109 mg of the dry sub-
stance into a small glass beaker and dissolve it in 1.9 mL DD
water. A clear solution is obtained. Add 40 pL of 10 M NaOH
to the solution to obtain pH ~12 (check with 3 pL solution
pipetted on a paper strip pH indicator). Warm up the solution
to 95 °C for 5 min and let it cool down to room temperature
afterwards. Then add about 80 pL 25 % HCI to obtain pH
~7.5. The solution becomes clear and of bright orange color.
Warm up the solution again to 95 °C for 10 min. During this
time the solution becomes colorless and its pH rises to ~8.
When cooled to room temperature, add approx. 8 pL 25 %
HCI to obtain pH 7.5. The solution becomes orange colored.
Warm up again to 95 °C for 10 min. The solution becomes
clear and colorless, and after cooling pH remains at 7.5. The
solution shall be divided in small aliquots of 50-100 pL. These
aliquots of stock solution can be kept frozen at -24 °C for long
times. Concentration of 0.1-2 mM o¢-vanadate in the cuvette
will inhibit P-type ATPases almost completely.

. Valinomycin stock solution: To prepare a 1 mM stock solution,

weigh 11.1 mg valinomycin dry substance (M=1111.3 g/mol)
into a 10 mL graduated flask and add ethanol (spectroscopic
quality) up to 10 mL. The stock solution is stored well sealed at
-24 °C to avoid evaporation of the ethanol. For use in the fluo-
rescence experiments diluted solutions may be used. For this
purpose, small aliquots are taken from the stock at room
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temperature and diluted by a factor of 20 to obtain a working
solution of 50 pM. Use e.g., a micropipette to transfer 5 pL. of
the stock solution into a small Eppendorf vessel and add 95 pL
ethanol (spectroscopic quality). Keep the vessel closed and on
ice during the experimental session to minimize evaporation.

. K,SO, stock solution for membrane-potential calibration: To

prepare 50 mL of a 3 M K,SO, solution weigh 26.14 g of
K,SO, and dissolve in 40 mL of DD water. Fill the solution
into a 50-mL graduated flask and make up to 50 mL with DD
water. pH adjustment is not necessary. Split the volume in ali-
quots of 1 mL in separate Eppendorf vessels and keep them
frozen at -24 °C until used.

3 Methods

3.1 Na,K-ATPase
Liposomes

. Enzyme preparation: Na,K-ATPase is prepared from outer

medulla of rabbit kidneys according to procedure C of
Jorgensen [19] (see also Chap. 2). This method yields purified
enzyme in the form of open membrane fragments that consist
of'about 0.6 mg phospholipids and 0.2 mg cholesterol per mg
protein [19, 20]. More than 98 % of the ATPase activity can be
inhibited by ouabain, and specific ATPase activity is between
1800 and 2300 pmol P; per hour and mg protein at 37 °C. The
ATPase activity is determined by the pyruvate/lactate dehy-
drogenase assay [21] or the Malachite green test [22] (see also
Chaps. 10-12), and the protein concentration by the Lowry
method [23]. Typical protein concentrations at the end of the
purification procedure are 3-5 mg,/mL.

. Determine the amount of enzyme to be solubilized: The

amount of Na,K-ATPase applied for reconstitution controls
the number of pump molecules reconstituted in the liposomes,
and thus, the magnitude of the ion flux. Using an enzyme with
a specific activity of 2000 pmol P; per hour and mg protein at
37 °C, a reasonable flux for Oxonol VI experiments is obtained
when one starts with an aliquot of purified membrane frag-
ments that contains 300 pg Na,K-ATPase.

. The enzyme suspension (about 100 pL) is centrifuged in an

appropriate centrifuge for small volumes at ~160,000 x 4 for
15 min.

. Aspirate the supernatant with a micropipette and discard it

(note the volume and calculate the volume of the pellet!).

. Add an aliquot of the cholate buffer to the pellet so that the

protein concentration is 2 mg/mkL (see Note 1).

. To homogenize the protein suspension, pipet the contents up

and down 10 times with a micropipette in the centrifuge tube.


http://dx.doi.org/10.1007/978-1-4939-3179-8_2
http://dx.doi.org/10.1007/978-1-4939-3179-8_3
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7.

10.

11.

12.

13.

14.

15.

16.

17.

Let the cholate react with the membrane fragment for 10 min
at room temperature in the centrifuge tube.

. Centrifuge the suspension again under the same conditions as

given above.

. After centrifugation, three phases are visible in the centrifuga-

tion tube: a pellet of undissolved membrane fragments, a
slightly turbid layer floating above the pellet, and a major clear
supernatant. Only both liquid layers are collected together
(~140-145 pL). They contain the solubilized Na,K-ATDPase.
The pellet has to be avoided and can be discarded.

Liposome formation: Mix all of the suspension of solubilized
Na,K-ATPase with 100 pL cholate-containing lipid stock solu-
tion, vortex the mixture for several seconds.

Transfer the mixture into a ca. 150 mm long pretreated dialysis
tubing (se¢ Note 2). The tubing is closed at both ends by a
clamp or a knot.

The tubing is immersed into at least 200 mL Dialysis buffer 1
and dialyzed for 72 h or longer under continuous gentle stir-
ring (magnetic stirrer) at 4 °C. Longer periods of dialysis or an
exchange of the Dialysis buffer 1 may slightly decrease the leak
conductance of the liposomes. The enzyme activity is not
affected by the duration once the liposomes are formed.

After dialysis, the suspension is removed from the tubing by a
micropipette with a long pipette tip.

The volume is measured to check possible concentration or
dilution of the liposome suspension. If the volume remained
constant, the lipid concentration in the liposome preparation is
~8 mg/mL. The liposome suspension is kept in a 500 pL
Eppendort vessel.

To determine the specific enzyme activity of the reconstituted
ion pumps, enzyme activity and protein concentration may be
determined (see Note 3). The specific activity of the reconsti-
tuted Na,K-ATPase is typically in the order of 500-600 pmol
P; per hour and mg protein at 37 °C when PC 18:1 is used as
lipid (see Note 4).

Keep the liposomes on ice for about 3 h before use. This treat-
ment decreases the leak conductance of the liposome
membrane.

Liposome suspensions are stored at 4 °C (or on ice) and may
be used for several days without significant loss of enzyme
activity. Never freeze liposome suspensions because the forma-
tion of'ice crystals affects the liposome suspension severely!
Detailed studies have shown that the liposome suspension
consists of liposomes of different diameter and different num-
ber of ATPases reconstituted per liposome. This liposome
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for Membrane-
Potential Calibration

3.3 KdpFABC
Liposomes
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heterogeneity affects the time course of the pump-induced
fluxes across the membrane [7, 24, 25], which has to be taken
into account for detailed discussion of the experiments. In the
mentioned references, explicit calculations for fluorescence exper-
iments are presented that may be used for further application.

. Perform steps 1-11 exactly as described in Subheading 3.1.
. The tubing is immersed into at least 200 mL Dialysis buffer R

and dialyzed for 72 h or longer under continuous gentle stir-
ring (magnetic stirrer) at 4 °C. Longer periods of dialysis or an
exchange of the Dialysis buffer 1 may slightly decrease the leak
conductance of the liposomes.

. Follow steps 13-17 as described in Subheading 3.1 (se¢ Note 5).

. Enzyme preparation: The C-terminally His,4-tagged KdpFABC

complex is expressed in E. coli as described previously [15].
The enzyme complexes are solubilized with f-DDM, and fur-
ther purified using affinity chromatography. Subunit composi-
tion is analyzed on 12.5 % SDS-PAGE gel. The protein
concentration is determined by the Lowry method [23], and
typical protein concentrations at the end of the purification
procedure are 2-5 mg/mL. ATPase activity is measured using
the Malachite-green assay [22], and the specific activity is typi-
cally ~0.53 pmol P; mg™ min! in the presence of saturating K
and ATP concentrations at 37 °C. The amount of protein
needed for a single measurement is ~1 pg.

. To produce a liposome suspension for 1 day of measurements,

take 120 pL of 25 mg/mL chloroform solution of E. col lipids
and vacuum-dry it under rotation in a glass flask.

. 240 pL Dialysis buffer 2 are mixed with 60 pL of the Detergent

stock solution mixture in an Eppendorf vessel to obtain 300
pL Dialysis buffer 2 supplemented with 2 % p-DDM and 2 %
Cleg.

. The thin lipid film obtained at the wall of the glass surface is

dissolved in the 300 pL supplemented Dialysis buffer 2 to a
final lipid concentration of 10 mg,/mL.

. The lipid/detergent mixture is sonicated under a nitrogen

atmosphere (to prevent lipid peroxidation) and kept at room
temperature until a clear solution is obtained, typically 2-3 h
are sufficient.

. Dilute the detergent-solubilized KdpFABC to a final concen-

tration of 2 mg/mL with Dialysis buffer 2.

. Mix 300 pL of 2 mg/mL KdpFABC and 300 pL of 10 mg/

mL lipid /detergent solution to obtain a protein/lipid ratio of
1:5 (w/w) (see Note 6).
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3.4 Choice
of the Fluorescent Dye

3.5 Oxonol VI
Experiments

8. Add to 200 mg of the pretreated Bio-Beads to remove the
detergent (see Note 7).

9. Leave the mixture in a sealed reaction vessel overnight under
constant rotation at 40 rpm at 4 °C.

10. Finally, the liposome suspension is separated from the sedi-
mented beads using capillary tips.

11. To minimize the leak conductance of the liposome membrane,
the liposome suspension is kept on ice for about 3 h before
starting the experiments. It is stored on ice during the experi-
ments and is used only during the same day, since already after
24 h a leak conductance of the E. coli-lipid membranes is sig-
nificantly increased.

The liposome diameter can be checked by dynamic light
scattering (see Note 8). The ATPase activity of the reconsti-
tuted KdpFABC can be determined in the absence of deter-
gents using, e.g., the malachite green assay. Under this
condition only the activity of the inside-out oriented fraction
of the KdpFABC complexes is measured due to the membrane
impermeability to ATP. A typical ATPase activity is ~0.28
pmol P; mg! min~! in the presence of 70 mM K,SO, and 5 mM
MgSO, at pH 7.2 and 37 °C. It has to be taken into account
that approximately 50 % of the reconstituted pumps is ori-
ented inside-out and contributes to the enzyme activity.
Therefore, the apparently reduced enzyme activity is in good
agreement with the twofold larger activity obtained from the
detergent-solubilized enzyme.

When ion fluxes across the liposome membrane have to be detected,
a choice of the fluorescent dye has to be made with respect to the
direction in which net charge is transported. If the liposome inte-
rior is charged up positively by the pump, as in the case of the
Na,K-ATPase, an anionic dye, e.g., Oxonol VI, has to be chosen.
If the interior is charged up negatively, as in the case of the
KdpFABC complex, a cationic dye is needed, e.g., DiSC;(5). Due
to the detection mechanism, the sensitivity of the dyes is rather low
when used for experiments in which the respective opposite mem-
brane potential is generated.

To minimize noise and disturbances of the fluorescence sig-
nals, the cuvettes and the micropipette tips have to be flushed prior
use carefully with compressed clean air to make sure that all fluff
and dust particles are removed that frequently adhere the surfaces
due to electrostatic attraction.

1. Experiments are performed in a fluorescence spectrophotom-
eter with a thermostatically controlled cuvette holder equipped
with a magnetic stirrer. Fluorescence cuvettes with a light-path
length of 1 cm are used. A typical temperature for the experiments
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is 20 °C. The excitation wavelength is set to 580 nm (slit width
20 nm) and the emission wavelength to 660 nm (slit width 20
nm) with an integration time of 1 s.

. Take a bucket, fill it with crunched ice and have in it ready for

use during the session:

(a) Na,K-ATPase containing liposomes prepared in Dialysis
buffer 1 (see Subheading 3.1).

(b) About 100 pL of the 30 pM Oxonol VI solution in etha-
nol, prepared daily from stock solution (se¢ Note 9).

(c) 40 pL Na,-ATP solution (250 mM). It is obtained by
thawing an Eppendorf vessel containing 10 pL. Na,-ATP

stock solution (1 M), add 30 pL. DD water and vortex the
mixture.

. Take about 50 mL of the Measurement buffer, perform sterile

filtration into a small glass flask that has been made dust free by
blowing it with compressed air before filling.

.1 mL of measurement buffer is filled into a fluorescence

cuvette together with a stirring magnet, placed into the
cuvette holder and thermally equilibrated. (Depending on the
thermal coupling between cuvette and cuvette holder this may
need 3-10 min.)

. Start fluorescence recording before addition of Oxonol VI.

6. Add 1 pL Oxonol VI solution and wait until a constant fluores-

10.

3.6 DiSC4(5) 1.

Experiments

cence signal is obtained (cf. Fig. 1).

. Add an appropriate amount of the Na,K-ATPase containing

liposome suspension to obtain ~20 ng lipid in the cuvette (at
8 mg/mL lipid concentration it would be 2.5 pl.). Wait until
a constant fluorescence signal is obtained.

. Add 1 pL of the ATP solution to the ion pumping (sec Note 10).

. This process is observable by a rapid increase of the fluores-

cence (Fig. 1). To obtain detailed information of the transport
properties of the Na,K-ATPase, such experiments can be
performed at varying substrate conditions such as the Na* and
K* concentrations in the measurement buffer (or inside the
liposome preparations), ATP concentration, buffer pH, and
temperature. Examples may be found in various publications,
e.g., [17, 18, 26].

Fluorescence recording may be stopped after the elevated fluo-
rescence level is constant for a few minutes.

Experiments are performed in a fluorescence spectrophotom-
eter with a thermostatically controlled cuvette holder equipped
with a magnetic stirrer. Fluorescence cuvettes with a light-
path length of 1 cm are used. A typical temperature for the
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fluorescence

liposomes
(20 ng lipid)

'

30 nM
oxonol VI

. t

2.5 mM ATP

100 s

time

Fig. 1 Oxonol VI experiment with Na,K-ATPase-containing liposomes. To the ther-
mally equilibrated 1 mL of measurement buffer, consecutively 1 pL Oxonol VI
solution and 3 pL liposome suspension were added. The resulting fluorescence
level is termed “F,” and used as reference to normalize the fluorescence which
is measured in arbitrary units. Pump activity was started by addition of 2.5 pL
Na,-ATP solution. After ~50 s a plateau level was reached that was stable for
~180 s before inset of a transition to a lower constant level that remained for at
least 30 min. This transition was the consequence of an intra-liposomal deple-
tion of K* ions which caused a change of the Na,K-ATPase function from the
normal Na-K mode to the so-called Na-only mode with a significantly lower
pump rate. In this experiment the time resolution was 1 s, i.e., the fluorescence
signal was averaged for 1 s per each point recorded. The temperature was 18 °C

experiments is 18 °C. The fluorescence is excited at 650 nm
(5 nm slit), and emission is detected at 675 nm (5 nm slit)
with an integration time of 1 s.

2. Take a bucket, fill it with crunched ice and have in it ready for
use during the session:

(a) KdpFABC containing liposome suspension prepared in
Dialysis bufter 2 (see Subheading 3.3).

(b) About 50 pL of the 300 pM DiSC;(5) solution in DMSO.

(c) 20 pL Na,-ATP solution (500 mM). It is obtained by
thawing an Eppendorf vessel containing 10 pL Na,-ATP
stock solution (1 M), add 10 pL DD water and vortex the
mixture.

(d) 20 pL valinomycin solution (1 mM in ethanol).
(e) 50 pL of the 200 mM Na;VO, solution.
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. Take about 50 mL of the Dialysis buffer 2, perform sterile
filtration into a small glass flask that has been made dust free
by blowing it with compressed air before filling.

. 1 mL of Dialysis buffer 2 is filled into a fluorescence cuvette
together with a stirring magnet, placed into the cuvette holder
and thermally equilibrated at 18.0 £ 0.1 °C. (Depending on
the thermal coupling between cuvette and cuvette holder this
may need 3-10 min.)

. Start fluorescence recording before addition of the liposome
suspension.

. Add an aliquot of the liposome suspension corresponding to
the final lipid concentration of 80 pg/mL.

. Shortly thereafter (~30 s) an aliquot of 1 mM DiSC;(5) is
added, to obtain a dye concentration of 300 nM in the cuvette
(see Note 11). After an initial, fast fluorescence increase a sta-
ble signal is achieved, typically within less than a minute.

.Add 1 pL of 0.5 M Mg-ATP solution to trigger the pump

activity.

Extrusion of positive charge by the enzyme complexes gen-
erates an inside-negative potential, reflected in a fluorescence
decrease (Fig. 2a), which approaches exponentially a steady-
state level at which the pump current is compensated by the
leak current due to the passive membrane conductance and
the electric-potential gradient. Follow the signal until a con-
stant fluorescence level is obtained.

. Add 1 pL of the valinomycin solution (final concentration is

1 pM) (see Note 12). This potassium ionophore causes a step-
wise fluorescence increase to a level that represents the Nernst
potential determined by the actual K* concentration inside and
outside the liposomes, according to Eq. 1.

Alternatively, add 5 pL of the o-vanadate solution to a final
concentration of 0.1 mM of the inhibitor. The result of the
pump inhibition is an exponential increase of the fluorescence
signal (Fig. 2b).

The time course can be used to evaluate the leak conduc-
tance of the liposome membrane. Extracting the time constant,
7, of the exponential increase allows the determination of the
specific leak conductance of the membrane (se¢ Equation 3 in
Subheading 3.9). The average value of the specific leak con-
ductance of E. cols-lipid membrane was determined to be 21 +
1 nS/cm? at pH 7.2. This parameter varied only insignificantly
between different liposome preparations, and different pH of
Dialysis buffer 2.

Fluorescence recording may be stopped after the fluorescence
level is constant for a few minutes.
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Fig. 2 Electrogenic pump activity of KdpFABC containing liposomes detected by the membrane-potential indi-
cator DiSC4(5). Recording of the fluorescence began after the equilibration of an aliquot of liposomes (80 pg/
mL) and 1 mM DiSC5(5) in 1 mL of Dialysis buffer 2. (a) The initial K* concentration was 140 mM inside and
outside. Addition of ATP triggers K* pumping out of the liposomes. The increasing inside-negative potential is
reflected by a fluorescence decrease. Addition of valinomycin induces a K*-selective conductance of the lipo-
some membrane that short-circuits the pump activity, and the resulting steady-state fluorescence level attains
to the Nernst potential (Eq. 1), which is controlled by the ratio of K* concentrations inside and outside the
liposomes. (b) When the ATP-induced steady state was reached, a non-saturating concentration of the inhibitor
o-vanadate was added, and the membrane potential was reduced to a new steady-state level according to the
reduced pump activity and the leak conductance of the membrane. Addition of valinomycin again leads to a
fluorescence level representing the Nernst potential

3.7 Calibration 1. Introductory remarks: The mechanism of the slow-response
of the Membrane dyes is a redistribution of the dye molecules between the inside
Potential and outside (or to be more precise: particularly between inner

and outer layer) of the lipid bilayer. Because of this fact the
fluorescence response of the dyes depends on various parame-
ters such as the total dye concentration, the ratio of lipid and
dye concentration in the cuvette, and the liposome size.
Therefore, it is not possible to use a fixed calibration curve that
relates fluorescence response and membrane potential for all
liposome preparations. A reliable method to calibrate the
membrane potential was introduced in 1974 by Hoffman and
Laris [27].

The principle exploited by their method is that liposomes
with a defined intravesicular K concentration, [ K*];,, are added
to a buffer of the K* concentration [K*],,. In the presence of
1 pM valinomycin within seconds an electric potential, V, arises
which corresponds to the K* equilibrium (or Nernst) potential,
Ey, calculated according to
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where R = 8.31 J/(mol K) is the gas constant, T'is the abso-
lute temperature, F= 96,485 C/mol the Faraday constant.

. Choice of the sign of voltage: When inside-negative potentials
shall be calibrated, liposomes should be prepared in 140 mM
K+, whereas for inside-positive potential liposomes should be
prepared in 1 mM K* plus 149 mM of an inert cation such as
Tris* to maintain the same ionic strength (se¢ Note 13). The
K+ concentration on the outside will be varied between 1 mM
and 140 mM.

To perform calibration experiments of inside-positive mem-
brane potentials with Oxonol VI, see below steps 3-12. To
perform calibration experiments of inside-negative membrane
potentials with DiSC;(5), see below steps 13—22. The analysis
of the calibration experiments is described in Subheading 3.9,
step 2.

. Oxonol experiments are performed according to Subheading
3.5. In detail:

. Take a bucket fill it with crunched ice and have in it ready for
use during the session:

(a) Na,K-ATPase containing liposomes are prepared for
membrane-potential calibration (see Subheading 3.2).

(b) About 100 pL of the 30 pM Oxonol VI solution in etha-
nol, prepared daily from stock solution (se¢ Note 9).

(c) 200 pL of a 50 pM valinomycin solution (take 10 pL of
the 1 mM stock solution transfer it into an Eppendorf ves-
sel and add 190 pL ethanol of spectroscopic quality).

(d) 1 mL of 3 M K,SO, solution.

() 1 mL of 300 mM K,SO, solution which is obtained by
transferring 100 pL of the 3 M K,SO, solution into an
Eppendorf vessel, adding 900 pL. DD water and vortexing
the solution.

. Take about 50 mL of the Dialysis buffer R, perform sterile
filtration into a small glass flask that has been made dust free
by blowing it with compressed air before filling.

. 1 mL of Dialysis buffer R is filled into a fluorescence cuvette
together with a stirring magnet, placed into the cuvette holder
and thermally equilibrated (3—10 min).

. Start fluorescence recording before addition of Oxonol VI.

. Add 1 pL Oxonol VI solution and wait until a constant fluo-
rescence signal is obtained.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Add an appropriate amount of the Na,K-ATPase containing
liposome suspension to obtain ~20 ng lipid in the cuvette (at
8 mg/mL lipid concentration it would be 2.5 pL.). Wait until
a constant fluorescence level is obtained.

Add 1 pL of the valinomycin solution. (In some cases the
addition of valinomycin causes a small change in the fluores-
cence intensity despite that fact that inside and outside elec-
trolytes of the liposomes have the same composition and the
membrane potential is 0. This is an artifact, and the F, level for
normalization has to be taken after addition of valinomycin.)

Aliquots of the K,SOy solutions are added which cause a rapid
fluorescence increase because, according to Eq. 1, the elevated K*
concentration induces an inside-positive potential (sec Note 14).
Between additions, an appropriate waiting time has to be chosen
to be able to determine resulting fluorescence level.

Fluorescence recording is stopped after the final fluorescence
level is obtained and remains stable.

DiSC;(5) experiments are performed accordingly to
Subheading 3.6. In detail:

Take a bucket fill it with crunched ice and have in it ready for
use during the session:

(a) KdpFABC containing liposomes (see Subheading 3.3).

(b) About 50 pL of the 300 pM DiSC;(5) solution in DMSO.
(¢) 50 pL valinomycin of the 1 mM stock solution.
(
(

~

d) 1 mL of 3 M K,SO, solution.

¢) 1 mL of 300 mM K,SO, solution which is obtained by
transferring 100 pL of the 3 M K,SO, solution into an
Eppendorf vessel, adding 900 pL. DD water and vortexing
the solution.

~

Take about 50 mL of the Measurement buffer L, perform
sterile filtration into a small glass flask that has been made dust
free by blowing it with compressed air before filling.

1 mL of Measurement buffer L is filled into a fluorescence
cuvette together with a stirring magnet, placed into the cuvette
holder and thermally equilibrated.

Start fluorescence recording before addition of the liposome
suspension.

Add an aliquot of the liposome suspension corresponding to
the final lipid concentration of 80 pg/mL.

Shortly thereafter (~30 s) an aliquot of 1 mM DiSCs(5) is
added, to obtain a dye concentration of 300 nM in the cuvette.
After an initial, fast fluorescence increase a stable signal is
achieved, typically within less than a minute.
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3.8 Inhibition 1.

of P-Type ATPases
by o-Vanadate
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Add 1 pL of the 1 mM valinomycin solution. Wait until a
steady-state fluorescence is reached (see Note 15).

Aliquots of the K,SO; solutions are added which cause a rapid
fluorescence increase because, according to Eq. 1, the elevated
K* concentration reduces the inside-negative potential.
Between additions, an appropriate waiting time has to be cho-
sen to be able to determine resulting fluorescence level (see
Note 16).

Fluorescence recording is stopped after the last fluorescence
level is obtained.

Introductory remarks: P-type ATPases can be effectively inhib-
ited from the cytoplasmic side by o-vanadate, which acts as a
transition-state analog of phosphate. o-Vanadate binds in the
presence of Mg?* to the dephosphorylated E, state with a high
affinity in the micromolar concentration range. Since in the
case of ATPases reconstituted in liposomes, only those pumps
that face the outside with their cytoplasmic side are activated
by ATP, they may be easily inhibited by o-vanadate. While the
binding affinity for o-vanadate in isolated enzyme preparations
is in the order of 1-10 pM, it was found that the (apparent)
binding affinity of the enzymes reconstituted in liposomes is
significantly lower. Therefore, it is important to determine the
precise half-inhibition constant, Kj, which can be derived from
the enzyme activity in the presence of various o-vanadate con-
centrations between 0 and 5 mM.

. Determine the ATPase activity by the pyruvate/lactate dehy-

drogenase assay for the Na,K-ATPase or the Malachite green
test for the KdpFABC in the presence of different o-vanadate
concentrations.

. Plot the enzyme activity against the applied o-vanadate
concentration.
. Fit the dependence of the enzyme activity, E,, on the o-

vanadate concentration, c,,, by a Michaelis—-Menten curve

which provides K; as half-inhibiting constant.

K
K +¢

van

EA<£vzm) = EX“"X (2)

. For the inhibition experiments with liposomes, a concentra-

tion of ~30 - K; should be chosen. Under this condition ~97 %
of the enzyme is inhibited and the residual pump activity is no
longer significant.

. Perform an Oxonol VI experiment as described in Subheading

3.5, steps 1-8. After a constant fluorescence level is obtained,
add a maximal-inhibiting amount of o-vanadate (e.g., 2 mM).
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3.9 Analysis
of Fluorescence
Experiments

The fluorescence signal will decay exponentially to V = 0.
When the fluorescence is constant, the recording is stopped.
An example is shown in Fig. 3.

. Normalization: The amplitude of the fluorescence signals is an

extensive state variable, i.e., it depends on the amount of dye
and liposomes added to the cuvette. Since the added volumes
are in the order of pL, small but nevertheless significant varia-
tions of the additions may occur between different experiments
and thus affect the fluorescence amplitude. Therefore, the flu-
orescence traces have to be normalized to allow a direct com-
parison between various experiments. This is achieved by
relating the fluorescence changes to the specific initial experi-
mental condition, when only the dye and the liposomes are in
the cuvette. The corresponding fluorescence level is termed F,
(see Fig. 1). The normalized fluorescence signal, K(2),om, 1S
then calculated by:

F(2) - K,

F <t>norm =
L

(3)

By this normalization method, the fluorescence level is 0 before
the addition of ATP (or any other substrate).

. Calibration of the membrane voltage: The fluorescence signals

in experiments obtained according to Subheading 3.7 are nor-
malized (see Eq. 3). The normalized fluorescence levels of each
K* concentration is plotted against the calculated respective
Nernst potential (Eq. 1). Examples of such a voltage calibra-
tion are shown for Oxonol VI in Fig. 4 and for DiSC;(5) in
Fig. 5. These plots allow the conversion of fluorescence into
voltage.

In the presence of a lipid concentration of 20 pg/mL and
30 nM Oxonol VI, the calibration curve is almost linear in the
voltage range between 0 and 100 mV [17]. With a linear cali-
bration curve the membrane potential has not to be read from
a best-fit curve through the experimental data but can be
directly calculated. For the experimental data of Fig. 4, it
would be (according to the equation of a line):

:AF/FO+O.02mV 4)
0.0115
Negative membrane potentials: In the case of the DiSC;(5)
experiments, linearity of the calibration curve is obtained in
the voltage range between —40 and -120 mV (Fig. 5). At low
voltages (V> -30 mV), the sensitivity of this dye is poor.

. Determination of the leak conductance: The leak conductance

of liposome membranes can be easily determined when the
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Fig. 3 Oxonol VI experiment with Na,K-ATPase-containing liposomes showing the
discharge of the membrane capacitor upon inactivation of the ion pumps by
o-vanadate as indicated by the decreasing fluorescence (i.e., membrane poten-
tial). The temperature was 12 °C
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Fig. 4 Fluorescence—voltage calibration of Na,K-ATPase containing liposomes
with Oxonol VI. Under the condition of 30 nM Oxonol VI and 20 pg/mL lipid, a
linear calibration line is obtained which allows a simple conversion of fluores-
cence into membrane voltage. The solid line represents a linear regression with
a slope of 0.0115 mV-" and an ordinate intercept of —0.02. For comparison, a
cubic regression line is added as dotted line to show that deviations from the
linearity are not significant. The results of three experiments with different intra-
lamellar K* concentrations are combined
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Fig. 5 Calibration of the fluorescence responses of DiSC4(5) dye. Lipid vesicles
without reconstituted KdpFABC pumps loaded with 140 mM K+ were added to
buffer containing 0.14 mM K*. After equilibration, 1 uM valinomycin and subse-
quently aliquots of K,S0, were added. The equilibrium potential, V, was calcu-
lated at each K* concentration according to Eq. 1 from both K* concentrations,
inside and outside, and the fluorescence levels were plotted against the respec-
tive value of V. The dashed regression line indicates the range of a linear volt-
age—fluorescence relation

pump activity has been started by ATP and the steady-state
membrane potential is obtained. In this state, the ion pumps
are completely inhibited by addition of 2 mM o-vanadate.
Under this condition only passive ion transport, namely the
leak current, preferentially of K* ions, is observed which will
degrade the membrane potential eventually to zero.

The fluorescence amplitude, which is proportional to the
membrane potential, decays exponentially and can be fitted by
the function, K)=AF,,,-exp(-t/7). The characteristic time
constant, 7, carries information on the specific leak conduc-
tance of the membrane. (The fact that the fluorescence ampli-
tude drops below the starting value may be the result of a
change of the interfacial potential of the membrane surface by
o-vanadate binding to the lipid head groups, as reflected by the
fast fluorescence step upon o-vanadate addition.) The calcula-
tion of the specific leak conductance is based on following con-
siderations. When the pumps are inhibited, the liposome
membrane can be treated as a parallel connection of the mem-
brane capacitance, C,, and the leak conductance, G,,. Since
the membrane potential, V,,, is different from zero, a discharge
of the membrane capacitor is observed, which is described,
according to physics textbooks, as:
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Vm (t) = I/vmax CXp[—E)’ T = m (5)

Since the specific membrane capacitance, C,, is a constant, com-
monly ~1 pF/cm?, without significant changes for all lipid mem-
branes, the specific leak conductance can be determined as
G, = C,, /7. With the characteristic time constant of ~200 s in the
experiment shown in Fig. 3, G,,is 1 (uF/cm?)/200 s=5 nS/cm?.

. Initial slope analysis: When the fluorescence signals are recorded
with a time resolution of 0.1 s (or faster), it is possible to obtain
detailed information on the pump currents, Ip, generated by the
ATPases in the liposome membrane. The following prescription
is given for the Na,K-ATPase, however, it can be applied also to
the KdpFABC complex in liposomes [28] or other reconsti-
tuted electrogenic ATPases. When ATP is added, the ATPases
start to pump simultaneously, and in the beginning, i.e., before
a considerable membrane potential is build up and the K* con-
centration in the liposomes becomes altered significantly, the
pump is controlled by the rate-limiting reaction step of the
pump cycle, which is Na* binding at low Na* concentrations,
and the conformation transition, (Na;)E;-P — P-E,Na; at satu-
rating Na* concentrations.

To study the substrate dependence of the pump current, the
following system properties have to be exploited. The equiva-
lent circuit diagram of the liposome membrane can be repre-
sented as shown in Scheme 1. The lipid bilayer has the
capacitance, C,, and the leak conductance, G,,. The ion pumps
are represented as current generator, Ip.

According to basic physics, these elements may be linked up in
the following way:

Q:Cm-V;I:d—Q:Cm-d—V, (6)

dz dz
where Q is the electric charge on the capacitor, V the electric
potential across the membrane, and I the current flowing across
the membrane. The net current, 7, is the sum of two components,
the pump current, Ip, and the leak current, I;, both flowing in
opposing directions,

I:IP_IL:”P'VP'ZP'CO_Gm'V (7)

where 7p is the number of Na,K-ATPases in the liposome mem-
brane, »p is the pump rate, zp is the number of charges trans-
terred per pump cycle (= 1 in the case of the Na,K-ATPase),
and ¢, is the elementary charge. G,, is the leak conductance of
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Scheme 1 Equivalent circuit of the liposome membrane. The membrane can be
represented by a parallel connection of the membrane capacitance, G, the
membrane conductance, G, and the current generator (ion pumps) that gener-
ates the current, /.

the liposome. Combining Eqs. 6 and 7 leads to an inhomoge-
neous differential equation,

v _1 G, )
dt Cl]"l Cﬂ]

It is solved with the boundary condition that at long times,
t — o0, I = 0. This leads to:

I=1,-1, =0 and 9)

Iy =G, -V, (10)

where V,, is the stationary voltage level at which the pump cur-

rent, I, is compensated by the leak current. The solution of the
differential equation is then:

V<r>=vw-<1—exp<—§>>;r= nop, =2 (1)

m m

It has been shown that the (normalized) fluorescence of Oxonol
VI in liposome experiments, AF/F,, is proportional to the
membrane potential built up by the Na,K-ATPase [17].
Therefore, the function in Eq. 11 may be used to fit the time
course of the fluorescence signal upon addition of ATP.

During the initial phase of the experiments the substrate
concentrations do not change significantly and the electric
potential across the membrane is still small so that v, may be
assumed to be constant, and the pump current, Ip, is then con-
stant too. Therefore, the initial slope of the fluorescence signal
contains information on the pump current,

dv 1 bV, 1
=y -y .= S | . R
R [

( IP,t:O (12)
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Both equations may be combined to obtain a conditional
equation for Ip:

Cc E,. F
I = n: ,_horm,®© _ I(# . _norm,» 14
P,t=0 K . —T ( )

The initial pump current, Ip.o, is therefore directly propor-
tional to the initial slope of the fluorescence signal, (dF,om/
dt),.o. The proportionality constant, K* in Eq. 14 depends on
the physical and chemical properties of the specific liposome
preparation and it is invariable within the same preparation.
Therefore, the results obtained from the same liposome prepa-
ration can be directly compared, at least within a time period
in which no aging processes modify the enzyme activity. A fit
of Eq. 11 to the ATP-induced fluorescence change of an exper-
iment similar to Fig. 1 is shown in Fig. 6. An application of this
method of analysis can be found in refs. 28, 29.

. Fluorescence—voltage transformation: This step of analysis is
exemplified for an experiment with Na,K-ATPase containing
liposomes with the Oxonol VI approach. The time course of the
fluorescence signal was recorded under the experimental condi-
tion of 20 pg,/mL lipid and 30 nM Oxonol VI after the addition
of 80 pM/mL Na,-ATP. The fluorescence signal was normal-
ized according to Eq. 3 and plotted against time (Fig. 7).

The experimental condition of Fig. 7 allowed the use of the
fluorescence—voltage relation shown in Fig. 4 and quantified in
Eq. 4 to calculate the membrane potential built up by the ion
pump across the liposome membrane. In this liposome prepara-
tion, the maximal potential, i.e., when pump and leak current
balance each other, was ~120 mV. During the first 2-3 s, a
delayed increase of the fluorescence can be observed which is
caused by the mixing process of the 4 pL of 20 mM ATP added
to the 1 mL solution in the fluorescence cuvette stirred by a
magnetic stirrer.

. Determination of the current—voltage curves: Current—voltage
(or I-V) curves of the ion pumps contain important informa-
tion on the mechanism of ion transporters. Those I-V curves
are typically measured by electrophysiological experiments
with whole cells. In native membranes, in which numerous ion
transporters are present, I-V curves have to be determined by
subtracting the current contribution of all other transporters.
Typically, this is obtained by performing the experiment with-
out and with a specific pump inhibitor. The pump-specific
action is calculated as the difference between both signals.
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Fig. 6 Analysis of the ATP-induced Oxonol VI fluorescence increase upon addition of ATP to the Na,K-ATPase-
containing liposome suspension. The fluorescence trace has been fitted with the function of Eq. 11, shown as
solid curve. The initial slope (dashed line) is indicated in addition
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Fig. 7 Fluorescence—voltage transformation of Oxonol VI fluorescence. The digitized fluorescence trace is plot-
ted against time. The left ordinate, AF/F,, represents the normalized fluorescence. The right ordinate repre-
sents the respective membrane potential calculated according to Eq. 4
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An experiment as shown in Fig. 7 can be used to determine
directly the I-V curve of the ion pump in the voltage range up to
the maximal voltage without having to deal with other ion trans-
porters. As has been discussed in detail in the literature, the num-
ber of pumps reconstituted in a single liposome varies around a
mean value, and this value has to be determined from electron
microscopic images [25]. Since, however, the number of ion
pumps per liposome and the membrane area of the liposome, A,
are voltage independent, a “mean” I-V curve can easily be calcu-
lated without knowing the number of active pumps reconstituted
per liposome, 7p. Based on Eqs. 6 and 7, one obtains an equation
that expresses the voltage dependence of the pump rate, »,( V), as
function of parameters provided by the experiment:

n, v (V)= 4 -(Cm-i—VﬂLGm-V) (15)

2Zp - €, t

Since the number of pumps, 7, is constant (although unknown),
the voltage dependence of the product 7, - v, is studied. A is the
area of the liposome membrane. For Na,K-ATPase-containing
liposomes produced by dialysis a typical radius is R=45 nm [7],
therefore A = 47-R? = 2.54 x 107'° cm?. The specific capaci-
tance is 1 pF/cm?; and the leak conductance G,, = 5 nS/cm? (see
step 3 in Subheading 3.9). The number of elementary charges,
¢, translocated per pump cycle is z, = 1. At each given data
point, 7, in Fig. 7 the voltage V7is known after the fluorescence—
voltage transformation, and the slope of the voltage, d V/dz, can
be calculated. To reduce the noise of the resulting data, the
mean of the slope before and after data point ¢ is taken

dv; =l|:I/i_I/iI+I/i+l_I/i:| (16)

dr 2 L=t Lim —F

Using the numbers of V; and (dV,/d¢), and the constants given
above, 7,- v, can be calculated for each V; according to Eq. 16
and plotted against V; (Fig. 8).

Due to the mixing period of ~3 s at the beginning of the
fluorescence experiment (Fig. 7), the I/V curve cannot be
determined for small voltages. However, in this voltage range
no significant voltage dependence is expected, and the value of
n,- v, can be extrapolated to V= 0.

4 Notes

1. Example: When you work with membrane fragments of 4 mg/
mL protein concentration, you have to take 75 pL to get 300 pg
protein. After centrifugation you remove with a micropipette
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Fig. 8 Current—voltage dependence of the Na,K-ATPase determined from the
fluorescence signal shown in Fig. 7. The grey line drawn through the data points
is included to guide the eye

say 70 pL not to disturb the pellet. To obtain a final protein
concentration of 2 mg/mL, the 300 pg protein have to be
dissolved in 150 pL cholate buffer. Since the pellet has already
5 pL, one has to add 145 pL cholate buftfer.

. The dialysis tubing has a nominal dry wall thickness of 50 pm

and a pore diameter of approximately 25 A. To prepare the
delivered dry and glycerol-treated tubing, a piece of ~1 m
length is boiled for 30 min in 10 mM EDTA at pH 7.5. Then
it is stored in 1 mM EDTA, pH 7.5, at 4 °C in a closed glass
flask. For a dialysis, pieces of appropriate lengths are cut off.
To avoid contamination of the remaining tubing, it is always
touched only with gloves.

. To determine the protein concentration of the Na,K-ATPase

reconstituted in liposomes the Markwell method has to be
used [30], which is a modified Lowry assay with sodium
dodecyl sulfate (SDS).

. The final activity depends significantly on the lipid composi-

tion of the membrane [31]. In addition, it has to be taken into
account that only half of the reconstituted pumps are oriented
cytoplasmic side out and the other half in opposite orienta-
tion. The latter is not accessible by ATP, and therefore, does
not contribute to the measured enzyme activity.

. The enzyme activity in this preparation cannot be determined

accurately because the pumps are unable to perform the Na,K-
mode due to the low internal K* concentration.

. The lipid /protein ratio affects the size of the formed proteoli-

posomes and the actual protein reconstitution, and it has to be
individually optimized. For the purposes of experiments per-
formed with reconstituted KdpFABC in our lab, the most
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suitable protein/lipid ratio was found to be 1:5 (w/w), which
results in high fluorescence responses and a stable enzyme
activity, lasting for about 1 day.

. To pre-equilibrate Bio-Beads add 600 pL Dialysis buffer 2 to

200 mg of Bio-Beads, incubate for 30 min at room tempera-
ture. The buffer above the sedimented beads is removed
before use by aspiration with a pipette and capillary tips.

Dynamic light scattering measurements are performed at
room temperature, using a DLS Viscotek 802 spectrometer.
Liposomes are diluted to achieve a final concentration of
approximately 0.1 mg of lipid/mL of butffer, filtered with a
0.45 pm PVDF centrifugal filter (Millipore), and transferred
to a 12 pL square cuvette (Viscotek, 802DLS quartz cell).
Distilled water and Dialysis buffer 2 are filtered with 0.02 pm
inorganic membrane filters (Whatman). Intensity distributions
of the scattered light are recorded and analyzed with the pro-
gram Omnisize (V. 2.0) to obtain the corresponding liposome
diameters distribution. Typical liposome diameters are
117 + 21 nm (SD) under the condition described.

To obtain the 30 pM working solution, 3 pL of the oxonol VI
stock solution are pipetted into a black 500 pL. Eppendorf ves-
sel to which 97 pL ethanol (spectroscopic quality) are added.
The eftective concentration can be checked spectroscopically.
The molar extinction coefficient is 136,000 cm™ M. The
vessel is kept on ice during the experimental session. It is dis-
carded at the end of the day. If no black Eppendorf vessel is
available, the used vessel has to be wrapped in aluminum foil
to prevent bleaching effects of the light in the lab.

A concentration of 250 pM in the cuvette is sufficient to make
sure that ATP does not become limiting even for experiments
lasting more than 30 min.

Both absorption and emission spectra of DiSC;(5) depend on
solvent, ionic strength, and concentration of the dye. Due to
the mechanism of the potential detection, the DiSC;(5) dye
should be added to the liposome suspension (and not vice
versa). In this manner, a constant fluorescence signal is reached
already after 50 s, and a slow redistribution of the dye between
non-fluorescent dye aggregates in the aqueous phase and the
membranes is avoided. To minimize dye aggregation, it is
essential to use the lowest amount of the dye that produces an
acceptably large and stable signal. This should be tested in the
used setup by checking various dye concentrations.

A limitation of the application of DiSC;(5) consists in the
interaction with a number of compounds commonly used as
ionophores, including CCCP and dinitrophenol, which tend
to produce non-fluorescent complexes with the dye [32, 33].
Valinomycin produces only minor artifacts.
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13. When the condition of very low K* concentration in the lipo-
somes is chosen, it has to be taken into account that the lipo-
some volume is in the order of 4x10-!¥ L, and therefore, the
number of K* ions is only in the order of a thousand or less.
When the K* equilibrium potential is generated, the uptake of
K* may increase significantly the K* concentration in the
liposomes and has to be considered. The prescription for a
correct calculation of very low initial K* concentrations at the
Nernst equilibrium is provided in ref. 17.

14. According to Eq. 1, the Nernst potential can be calculated
from the initial K* concentration in the liposomes and the
actual K* concentration in the external solution. The follow-
ing table provides some examples of K,SO, additions and the
calculated membrane potential. It is based on the initial condi-
tion of 1 mL buffer with 1 mM K* in the cuvette and lipo-
somes containing 1 mM K*.

Addition of Kot/ V!

K;S0, mM mV
1pL 0.3 M 1.6 11.9
2uL03M 22 19.9
3pL 0.3 M 2.8 26.0
4pL 0.3 M 3.4 30.9
5pL 0.3 M 4.0 35.0
1uL3 M 7.0 49.1
2puL3M 13.0 64.7
5pL3M 31.0 86.7
10 pL 3 M 61.0 103.7

15. This fluorescence level corresponds to the maximum inside-
negative membrane potential. According to Eq. 1, under the
initial condition of [K*];, = 140 mM and [K*],, = 0.14 mM, at
18 °C a Nernst potential, Ex, of —173 mV is obtained (Eq. 1).

16. To restrict the volume of K,SO, additions and avoid signifi-
cant dilution effects that would have to be corrected numeri-
cally, the experiments can be started also in buffers containing
initially, e.g., [K*]o=1.4 or 14 mM.
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