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Kinetics of pump currents generated by the 
Na + ,K +-ATPase 

K. Fendler,  E. Grell  and  E. Bamberg  

Max-Planck-lnstitut fiir Biophysik, Heinrich-Hoffrnann-Str. 7, D-6000 Franlffi~rt am Main, FRG 

Received 17 August 1987 

Purified Na+,K+-ATPase from pig kidney was attached to black lipid membranes. Pump currents of the 
enzyme could be measured with a time resolution of approx. 1 ms by releasing ATP from caged ATP with 
a UV laser flash. Analysis of the transient currents shows that a slow non-electrogenic step is followed by 
an electrogenic transition with a rate constant of 100 s -~ (22°C). The exponential components found in 

the transient currents are compared to transitions in the Albers-Post scheme. 
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1. INTRODUCTION 

The Na+,K+-ATPase from the plasma mem- 
brane is an electrogenic pump which exchanges 
three Na + for two K + per molecule of  ATP hydro- 
lysed. Although a considerable amount of  work 
was done on structure, steady state kinetics and 
transient kinetics (review [1]), much less data are 
available concerning the electrical properties of  the 
pump. Identification of the electrogenic steps and 
their kinetic investigation, however, is important 
for the understanding of  the ion translocation 
mechanism. 

The electrical properties of  the Na+,K+-ATPase 
were investigated in whole cells (review [2]), recon- 
stituted vesicles (e.g. [3,4]) and on black lipid 
membranes (BLM) [5,6]. Adsorption of  membrane 
fragments containing the purified Na +,K+-ATPase 
to a BLM offers the possibility to monitor directly 
the charge translocation taking place during the 
Na+,K+-ATPase pumping cycle. By improving the 
method described before [5] the currents generated 
by the Na+,K+-ATPase after an ATP concentra- 
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tion jump could be measured with a time resolu- 
tion of  1 ms. This provides at the same time 
information about the electrogenicity as well as the 
rate constants of partial reaction steps of the 
Na +,K+-ATPase. 

2. MATERIALS AND METHODS 

2.1. Preparation o f  caged A TP  and 
N a  +, K + -A TPase 

The triethylammonium salt of caged ATP 
(P3-1-(2-nitro)phenylethyladenosine 5 '-triphos- 
phate) was synthesized as reported [5]. 
Na+,K+-ATPase was prepared from the red outer 
medulla of pig kidneys according to Jorgensen [7]. 
Membrane fragments in the form of cup shaped 
discs of  0.1-0.6/zm diameter were obtained. The 
suspension contained - 2  mg/ml protein with a 
typical specific activity of 30/~mol Pi. mg-  ~ • min- 
at 37°C. 

2.2. Lipid  bilayer setup 
Optically black lipid membranes with an area of  

10 -2 cm 2 were formed in a thermostated teflon cell 
with 1.5 ml of  an appropriate electrolyte solution 
in each compartment. The temperature was kept at 
22°C. The membrane forming solution contained 
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1.5% (w/v) diphytanoyllecithin (Avanti Bio- 
chemicals, Birmingham, AL, USA) and 0.025% 
(w/v) octadecylamine (Riedel de Haen, Hannover ,  
FRG) in n-decane. The membrane was connected 
to an external measuring circuit via platinum elec- 
trodes. To avoid photoeffects,  the electrodes were 
separated f rom the aqueous compartments  of  the 
teflon cell by agar-agar salt bridges. The signals 
were amplified with a current amplifier (gain, 
107 V/A),  followed by a voltage amplifier (gain, 
100; bandwidth, 1 kHz) filtered at 500 Hz and 
recorded with a digital oscilloscope. For further 
details see [5]. 

The membrane bathing solution contained 
3 mM MgCI2, 25 mM imidazole-HC1, 130 mM 
NaC1 and 20 mM KCI if required. 15/A of the 
Na+,K÷-ATPase containing suspension together 
with different amounts of  caged ATP were added 
under stirring to one compar tment  of  the cuvette. 
To photolyse the caged ATP light pulses of  an ex- 
cimer laser (Lambda Physik, EMG 100) of  10 ns 
duration and a wavelength of  308 nm were at- 
tenuated and focused onto the membrane.  Care 
was taken that the membrane was uniformly il- 
luminated, and that only the BLM itself and 
neither the cuvette nor the torus of  the membrane  
were irradiated. The energy density of  the mem- 
brane was 120 m J / c m  2. Under these conditions 
each flash photolysed 10% of the caged ATP in the 
membrane  plane. 

3. RESULTS 

Purified Na+,K+-ATPase was added together 
with caged A T P  under stirring to one side of  the 
BLM (see fig.la) to allow adsorption of the en- 
zyme containing discs to the BLM. After 15 min a 
transient current could be induced by a UV light 
pulse indicating adsorption of the discs to the 
BLM. 

Fig.2 shows the current induced by a laser flash 
in the absence and presence of  20 mM K ÷. Also the 
results of  a fit with the function: 

I ( t )  = Ale- t /T1 + A2e-t /~2 - (A1 + Az)e- t /73 (1) 

were included in fig.2. The narrow peak at t = 0 is 
an artefact produced by the laser. It is independent 
of  the presence of  the protein and of caged ATP.  
To avoid distortion of the results by the artefact 

only data points with t > 1 0  ms were used for 
evaluation. 

In the absence and presence of  K + (fig.2I and 
2II), the transient current rises with the same time 
constant (rl = 16 ms). In both cases the decay is 
characterized by two time constants r2 and r3, 
which become larger by a factor of  2 and 4, respec- 
tively, when K + is added to the electrolyte. Note 
that the amplitude of  r3 is negative in the absence 
of  K +. 

A schematic representation of the disc-BLM 
configuration is given in f ig. lb.  The ion pumps 
located in the discs are capacitively coupled to the 
measuring circuit via the capacitance of  the BLM. 
The equivalent circuit of  this arrangement is shown 
in fig. lc. A current is measured if a relaxation pro- 
cess of  the ion pump is accompanied with a net 
charge movement  perpendicular to the membrane 
surface. The current Iv( t  ) of  the pump,  however, is 
distorted by the network formed by the disc-BLM 
compound membrane (fig.lc). In particular the 
characteristic time constant ro = (Crn + Cp) / (Gm + 
Gp) of  the network is introduced in the measured 
signal [8]. For purple membrane adsorbed to a 
BLM To is approx. 200 ms [9]. 

In the absence of K +, dephosphorylat ion is slow 
[10] and the pump is virtually stopped after the 
Na+-dependent steps. In contrast,  rapid turnover 
is possible if K + is present. This is clearly 
demonstrated by the stationary currents generated 
by the Na+,K+-ATPase in the presence of 
ionophores [6]. On a time scale longer than the 
relaxation times due to the enzyme the current Ip(t) 
can therefore be approximated by a short current 
pulse (mathematically described by a d-function) if 
K + is absent and by a step-function in the presence 
of  K +. Analysis of  the equivalent circuit (fig. lc) 
shows that the response of  the system to a 8- 
function is a fast current pulse followed by a 
negative current, which decays with r0. A step 
function yields a positive current decaying with a 
t ime constant r-< r0 [9], where r = r0 applies if the 
pump current Ip(t) is voltage independent and 
r < r o  if the current decreases with increasing 
voltage across the pump.  

Inspection of  the transient currents with and 
without K + (fig.2I and II) shows that the ex- 
perimental results are in qualitative agreement with 
the behaviour expected f rom circuit analysis if the 
fast events (r~ and ;"2) are neglected and r3 is as- 
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Fig.1. Schematic representation of the bilayer setup. (a) Teflon chamber with black lipid membrane (BLM) and ad- 
sorbed Na ÷,K+-ATPase discs. (b) Proposed sandwich-like arrangement of discs and underlying lipid membrane. The 
two membranes are capacitively coupled. (c) Equivalent circuit diagram of the two membranes in series. Gm and Go 
refer to the conductance of the BLM and the disc membrane, respectively, Cm and Cp to the capacitance of the underly- 

ing BLM and of the discs, respectively. Ip designates the current generator. 

signed to the characteristic time constant  o f  the 
network.  Following the arguments  given above the 
slow decay time (r3 = 339 ms without  K ÷) should 
remain  constant  or even decrease after addit ion o f  
K ÷. This is not  observed (r3 = 1440 ms with K÷). 
This inconsistency is not unders tood .  It may  be 
related to the fact that  the conductivities involved 
in the equivalent circuit are dependent  on the com- 
posi t ion o f  the electrolyte. 

Compar i son  o f  the time constants  summarized  
in fig.2 with data  available in the literature gives 
addit ional  evidence for  the assignment o f  r3. The 
turnover  o f  the Na  ÷ ,K+-ATPase  under  condit ions 
comparab le  to those o f  f ig.2II  (i.e. in presence o f  
Na  ÷ and K ÷) is approx.  7 s -1 [11]. Therefore  only 
t ime constants  up to roughly  150 ms can be a s -  

signed to the ATPase  reaction cycle, and 
7-3 = 1440 ms (fig.2II) has to be at tr ibuted to the 
electrical network connecting the pump and the 
measur ing circuit. 

Because o f  the slow dephosphory la t ion  in the 
absence o f  K ÷ the time constant  r3 = 339 ms may  
be alternatively explained by a slow electrogenic 
t ranspor t  o f  Na  ÷ to the intracellular side o f  the 
Na  ÷,K÷-ATPase.  However ,  the addit ion o f  
ionophores  completely abolishes componen t  3 o f  
the transient current [6]. This rules out  that  r3 is an 
intrinsic time constant  o f  the enzyme. 

It was shown that  both  in the absence and 
presence o f  K + r3 has to be assigned to the 
characteristic time ro o f  the equivalent circuit. 
Because r3 is much larger than rl and r2 it has a 
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Fig.2. Short circuit currents of the disk/BLM system in 
the absence (I) and presence (lI) of K +. At t = 0 the 
system was illuminated with a UV flash. The signal was 
recorded simultaneously with two different sample rates 
(left hand side and right hand side of the figure). Both 
traces were simultaneously fitted using eqn 1. Fitted 
curve (solid line) and data (dots) are compared in part 
(b) for each signal. For clarity only a reduced number of 
data points is displayed. Also the resulting fit parameters 

are included. 

c ompa ra t i ve ly  small  ampl i t ude  and only  sl ightly 
af fec ts  the  ampl i tudes  o f  the fast  c o m p o n o n e n t s  r~ 
and  r2. In  the fo l lowing r3 will the re fo re  be 
neglected.  

The  dependence  o f  the  t ime cons tan ts  on the 
A T P  concen t ra t ion  in the presence o f  N a  + and K + 
was measu red  at p H  6.2 and p H  7.7 by  add ing  ap-  
p r o p r i a t e  amoun t s  o f  caged A T P  to the  enzyme 
con ta in ing  c o m p a r t m e n t  o f  the cuvette.  As  
d iscussed above  only  r l  and  r2 have to  be t aken  in- 
to  account .  This was achieved by  selecting an ap-  
p r o p r i a t e  t ime range 10 ms < t >  400 ms for  f i t t ing 
o f  the  da ta .  

The  two intr insic  t ime cons tants  o f  the 
N a + , K + - A T P a s e  found  in the pho to induced  cur-  
rent  suggest a two-s tep  f i r s t -order  reac t ion  se- 
quence  with an electrosi lent  t rans i t ion  fo l lowed by  

an  e lectrogenic  one.  The la t ter  is conc luded  f rom 
the fact  that  the  current  rises f rom zero with a t ime 
cons tan t  much  slower than  the rise t ime o f  the  
measur ing  circuit  or  the release o f  A T P  (0.7 ms 
[12]). In add i t i on  it was assumed tha t  at d i f ferent  
A T P  concen t ra t ions  the same charge  is 
t r ans loca t ed  dur ing  the t rans i t ions  descr ibed  by zl 
and  r2 and  tha t  the second  step is i r reversible.  
U n d e r  these condi t ions  the current  t rans ient  is 
descr ibed  by:  

I ( t )  = A ( e - ( t - D ) r 2  _ c - ( t - D ) / r l )  (2) 

I -2--  Tl 

where  A has to be cons tan t  at  d i f ferent  A T P  con-  
cen t ra t ions .  In add i t i on  the de lay  t ime,  D,  was in- 
t r o d u c e d  to  account  for  the  kinetics o f  A T P  release 
f rom caged A T P .  

The  dependence  o f  the  resul t ing fit pa r ame te r s  
r~, r2 and  D on the A T P  concen t ra t ion  is shown in 
fig.3.  The  de lay  D and  the inverse o f  the re laxa t ion  
t ime 1/rl are a p p r o x i m a t e l y  cons tan t ,  while l/z2 
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Fig.3. ATP dependence of the inverse time constants 
1/r~ and 1/r2 and of the delay D (see eqn 2) of the UV 
flash induced current at pH 6.2 and pH 7.7. Different 
amounts of caged ATP were added. Each flash con- 
verted 10% of the caged ATP to ATP resulting in con- 
centrations of released ATP as given in the figure. For 
1/rz the solid line represents a fit of a Michaelis-Menten 
type concentration dependence 1/r2 = ( I / T 2 ) m a x ' A T P /  

(ATP +Ko.5) to the data. For 1/r~ and D the solid line 
is a horizontal line at the average value 1/n and D, 

respectively. 
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saturates with a K05 of 1 /~M (pH 7.7) and 3/~M 
(pH 6.2) ATP.  

4. DISCUSSION 

It was previously shown that the current tran- 
sient generated by the Na+,K+-ATPase after an 
A T P  concentration jump corresponds to early 
steps of  the enzymatic reaction cycle were Na + is 
bound and probably transported [5,6]. The 
measurements shown in fig.2, support  this idea 
because the time constants r~ and 72 of the enzyme 
are very similar in the presence and absence of  K +. 

Additional information can be drawn from the 
A T P  dependence of  the time constants. The 
saturating behaviour of  1/7-2 shows that substrate 
binding is involved in this step and that it conse- 
quently has to precede the reaction characterized 
by 7-1. The ATP dissociation rate constant of  20 s- 
[18] is of  the same order of  magnitude as (1/rz) . . . .  

Fitting the ATP dependence of 1/7-2 with a 
Michaelis-Menten type substrate dependence 
(fig.3) yields half saturation concentrations of  K05 
= 3/~M (pH 6.2) and K05 = 1/~M (pH 7.7). They 
agree well with the ATP binding constants of  2/~M 
as obtained previously from the concentration 
dependence of the peak currents [6]. The situation 
is, however, complicated by the fact that caged 
A T P  is a competitive inhibitor of  the 
Na+,K+-ATPase [19,6]. Since the dissociation rate 
constant of  caged ATP is not known binding and 
competi t ion of ATP  and caged ATP cannot be 
discussed quantitatively. 

The arguments given above support a kinetic 
model consisting of  a fast electrogenic step with 
rate constant 100 s-~ (pH 6.2) which is preceded by 
a non-electrogenic slow process which takes place 
in approximately 80 ms (at high ATP concentra- 
tions and pH 6.2) and involves binding of  the 
substrate. The speed of  both reactions is decreased 
when increasing the pH to 7.4. It is tempting to 
compare  these findings with the current model of  
the ATPase  reaction cycle, as first formulated by 
Albers and Post et al. [13,14]. The Na + dependent 
part  of  this reaction scheme is: 

E I A T P  --* E l '  ATP  ~ EIP --* EzP. (3) 

Rate constants for the different steps obtained 
by quenched flow experiments were reported 

previously. For the phosphorylat ion step 
E1 ~ ElP a rate constant of  180 s - l  was found 
[16] while for the conformational  transition 
EIP ~ EzP a value of 77 s -1 was reported [15]. 

As already discussed r2 is attributed to substrate 
binding, rt must then be due to reactions of  the 
phosphoenzymes which agrees with the recently 
reported electrogenicity of  E~P --~EzP [17]. No in- 
dication for a third reaction step of  the enzyme was 
found in the transient currents (fig.2). If, however, 
one of  the phosphoenzyme reactions is fast the 
two-step process would essentially look like a 
single transition. Simulations of  the transient cur- 
rent on the basis of  eqn 3 using the rate constants 
given in the literature (20 s -1, 180 s -I  and 77 s -1) 
were indeed consistent with the data presented in 
fig.2. Even so assignment of  the observed transi- 
tion by comparison with the rate constants 
reported in [15,16] is not possible because of dif- 
ferences of  in enzyme provenience and electrolyte 
composition. The decision of  which of the 
phosphoenzyme transitions is described by 7-1 has 
therefore to remain open. 

D was introduced to allow for the delayed 
release of  ATP from caged ATP.  As shown in 
fig.3, D is approximately constant at all ATP con- 
centrations. The average value of  D was 18 ms at 
pH 7.7 and 0.2 ms at pH 6.2. This is in agreement 
within the experimental error with the relaxation 
time for the release of  caged ATP determined in 
[12] (23 ms at pH 7.7 and 0.9 ms at pH 6.2). 

It was shown that quantitative kinetic informa- 
tion about  individual steps of  the Na+,K+-ATPase 
reaction cycle may be obtained by measuring the 
electrical current generated by a purified enzyme 
preparat ion adsorbed to a BLM. The experiments 
demonstrate  that the method which was developed 
for light driven ion pumps like bacteriorhodopsin 
may be applied to transport  proteins driven by 
chemical energy. 
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