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Summary. Nonstationary pump currents which have been ob- 
served in K+-free Na § media after activation of the Na,K- 
ATPase by an ATP-concentrationjump (see  the preceding paper) 
are analyzed on the basis of microscopic reaction models. It is 
shown that the behavior of the current signal at short times is 
governed by electrically silent reactions preceding phosphory- 
lation of the protein; accordingly, the main information on 
charge-translocating processes is contained in the declining 
phase of the pump current. The experimental results support the 
Albers-Post reaction scheme of the Na,K-pump, in which the 
translocation of Na + precedes translocation of K +. The transient 
pump current is represented as the sum of contributions of the 
individual transitions in the reaction cycle. Each term in the sum 
is the product of a net transition rate times a "dielectric coeffi- 
cient" describing the amount of charge translocated in a given 
reaction step. Charge translocation may result from the motion 
of ion-binding sites in the course of conformational changes, as 
well as from movement of ions in access channels connecting the 
binding sites to the aqueous media. A likely interpretation of the 
observed nonstationary currents consists in the assumption that 
the principal electrogenic step is the El-P/P-E2 conformational 
transition of the protein, followed by a release of Na + to the 
extracellular side. This conclusion is supported by kinetic data 
from the literature, as well as on the finding that chymotrypsin 
treatment which is known to block the El-P/P-E2 transition abol- 
ishes the current transient. By numerical simulation of the A1- 
bets-Post reaction cycle, the proposed mechanism of charge 
translocation has been shown to reproduce the experimentally 
observed time behavior of pump currents. 

Key Words Na,K-ATPase �9 ion pumps �9 electrogenic trans- 
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Introduction 

In the experiments described in the preceding paper 
(Borlinghaus, Apell & L~iuger, 1987) transient elec- 
trical signals have been recorded from a two-dimen- 
sional array of oriented Na,K-ATPase molecules 
after an ATP-concentration jump. In these experi- 
ments flat membrane fragments containing Na,K- 
ATPase were bound to a planar lipid bilayer mem- 
brane acting as a capacitive electrode. ATP was 

released within 1-10 msec from an inactive, photola- 
bile derivative ("caged" ATP) by an intense light 
flash. This resulted in a transient charge-transloca- 
tion within the membrane, which could be recorded 
as a current or voltage signal in the external measur- 
ing circuit. The electrical signals were dependent on 
Na + concentration in the medium but could be ob- 
served in the complete absence of K § This suggests 
that the observed charge displacements are associ- 
ated with the movement of sodium ions in the ATP- 
ase molecule. From the recorded current signals, 
the intrinsic electric current Ip(t) generated by the 
pump could be evaluated. In the following we ana- 
lyze the time course of pump current Ip on the basis 
of microscopic reaction models. 

Analysis of Nonstationary Pump Currents 

RELATION BETWEEN ELECTRIC CURRENT AND 

TRANSITION RATES 

The analysis of transient pump currents may be 
based on the assumption that sudden release of 
ATP initiates a sequence of transitions between dis- 
crete states P1, P2 . . . . .  P,  of the pump molecule: 

P I  ~ P 2  P 3  < > " " " ~ ~ P n .  (1) 

k} and k~ are the rate constants of the i-th elemen- 
tary reaction step in forward and backward direc- 
tion. When the pump performs a closed cycle, state 
P,  is identical with the initial state P1. Charge trans- 
locations associated with the individual transitions 
may be described by a set of (dimensionless) dielec- 
tric coefficients o~; (L/iuger et al., 1981). In the tran- 
sition P; ~ Pi+l the electric charge aieo is translo- 
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cated in the external measuring circuit (Co is the 
elementary charge). The coefficients a; are micro- 
scopic parameters describing the electrogenic prop- 
erties of the ion pump in a hypothetical system in 
which the Na,K-ATPase membrane is on both sides 
in direct contact with an aqueous electrolyte solu- 
tion. If in the transition P i  ""-> Pi+l a charge yie o 
moves over a distance ai in a homogeneous dielec- 
tric layer of thickness d, the coefficient o~; has the 
form 

Odi : "yiai/d. (2) 

Since in reality the protein layer is likely to be inho- 
mogeneous with respect to its dielectric properties, 
the quantity ai/d in Eq. (2) has to be replaced by an 
effective dielectric distance. 

When x/is  the fraction of pump molecules in 
state P i ,  the net rate ~i of transitions P i  "--> Pi+l  

(referred to a single pump molecule) is given by 

CI) i = Xi k } -  Xi+lk ~. (3) 

This equation may be applied to the case that the 
system is perturbed at time t = 0 by a sudden 
change of an external parameter (such as ATP con- 
centration) and thereafter relaxes toward a station- 
ary state. Since eoNai~Pi is the contribution of tran- 
sitions P;--> P/+1 to the total charge translocation (N 
is the number of pump molecules in the membrane), 
the pump current may be represented by 

Ip(t) =eoN ~ ~idPi(t). (4) 
i 

Equation (4) connects the experimental quantity 
Ip(t) with microscopic parameters (ai, k}, k~) of the 
pump. When the pump goes through a closed cycle 
(Pt - P,) in which v elementary charges are translo- 
cated from one to the other aqueous solution, the 
relation 

~] a i  = v ( 5 )  
i 

holds. This relation is obtained by applying Eq. (4) 
to the steady state (t ~ ~) in which all rates ~i 
become identical and equal to the stationary trans- 
port rate �9 = Ip(~)/ueo. 

TRANSPORT REACTIONS OF THE Na,K-PuMP IN 
THE ABSENCE OF POTASSIUM 

Before discussing possible microscopic interpreta- 
tions of the observed current transients, we briefly 
summarize previous studies of the kinetic behavior 
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Fig. 1. Transport reactions of the Na,K-pump in the absence of 
potassium, based on the Albers-Post scheme of the pumping 
cycle (adapted from Cantley et al., 1984). Ej and E2 are confor- 
mations of the enzyme with ion binding sites exposed to the 
cytoplasmic and to the extracellular side, respectively. In the 
"occluded" state (Na3)E~-P the bound ions are unable to ex- 
change with the aqueous solution. Dashes indicate covalent 
bonds and dots indicate noncovalent bonds, alcr ,  Pl ,  ls, rs and 
ab, pbco, Ib, rbce are rate constants for transitions in forward and 
backward direction, respectively, Cr, co and ce are the cytoplas- 
mic concentrations of ATP, ADP and P~ (inorganic phosphate). 
In the presence of intra- and extracellular Na + an additional 
pathway (not shown in the Figure) exists involving transitions 
between P-E2 �9 Na, and Nan �9 E~ (n -< 3). 

of the Na,K-pump in the absence of potassium 
ions. For this purpose we consider the transport 
cycle shown in Fig. 1, which is based on the Albers- 
Post reaction scheme of the Na,K-pump (Cantley et 
al., 1984; Glynn, 1985). In K+-free media the en- 
zyme is predominantly in conformation Ej, which 
has a high affinity for ATP; the equilibrium dissocia- 
tion constant of ATP is in the range of 0.1-1 /xM, 
virtually independent of Na + concentration (He- 
gyvary & Post, 1971; NCrby & Jensen, 1971). After 
binding of Na +, the enzyme becomes phosphory- 
lated, forming an "occluded" state (Na3)E1-P in 
which the bound Na + ions are unable to exchange 
with the aqueous phases (Glynn, 1985). After transi- 
tion to state P-E2" Na3 in which the ion-binding sites 
are facing outward, Na + ions are released to the 
extracellular side. In the absence of K +, the transi- 
tion back to the original state involving dephosphor- 
ylation of the enzyme (P-E2---> El) is extremely slow 
(Post, Hegyvary & Kume, 1972; M~rdh & Post, 
1977; Karlish & Yates, 1978; Kapakos & Steinberg, 
1986; Schuurmans-Stekhoven et al., 1986). This 
means that in K+-free media containing ATP, the 
enzyme is preferentially in state P-Ez under station- 
ary conditions. 

In the absence of K § and in the presence of 
intra- and extracellular Na § the pump promotes 
electroneutral, one-for-one exchange of sodium iso- 
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topes (Garrahan & Glynn, 1967a,c;  Sachs, 1970; 
Beaug6 & Ortiz, 1973; Kennedy & De Weer, 1976). 
This exchange reaction, which requires the simulta- 
neous presence of intracellular ATP and ADP, is 
assumed to proceed via transitions in the upper part 
of the reaction scheme of Fig. 1. 

When erythrocytes are suspended in Na +- and 
K+-free media, ATP hydrolysis drives uncoupled, 
ouabain-sensitive Na+-efflux (Garrahan & Glynn, 
1967a,b; Beaugd & Ortiz, 1973; Lew, Hardy & E1- 
lory, 1973; Karlish & Glynn, 1974; Glynn & Karl- 
ish, 1976). Similar results were obtained with Na,K- 
ATPase incorporated into artificial lipid vesicles 
(Forgac & Chin, 1982; Karlish & Kaplan, 1985). 
This transport mode of the Na,K-pump, which is 
poorly understood so far, appears to be associated 
with cotransport of anions such as C1- or SO 2- 
(Forgac & Chin, 1982; Dissing & Hoffman, 1983). 
The overall rate of uncoupled Na+-efflux is proba- 
bly limited by the rate of the dephosphorylation re- 
action P-E2 ~ E l .  

When millimolar concentrations of Na § are 
present in the extracellular medium, uncoupled Na 
efflux is inhibited (presumably by binding of sodium 
to a regulatory binding site), but under these condi- 
tions a small Na+-Na + exchange persists which is 
driven by ATP hydrolysis (Glynn & Karlish, 1976; 
Lee & Blostein, 1980; Forgac & Chin, 1981, 1982; 
Cornelius & Skou, 1985). This exchange reaction 
which proceeds at a rate that is only a small fraction 
of the normal turnover rate of the pump may result 
from a slight K+-like effect of Na § at the extracellu- 
lar side. In this way three Na § ions may move out- 
ward (as in the normal pumping mode) and one to 
three Na § ions occupying the K § sites may move 
inward via transitions P-E2 �9 Nan --~ Nan �9 E] (repre- 
senting a pathway parallel to the lower limb of the 
reaction cycle in Fig. 1). 

In experiments with right-side-out membrane 
vesicles derived from the outer medulla of dog kid- 
ney, Forbush (1984, 1985) has studied transient Na 
efflux stimulated by photolytic release of intravesi- 
cular (cytoplasmic) ATP. In these experiments 
which were carried out under single-turnover condi- 
tions, the Na efflux was found to be independent of 
extravesicular Na + or K +, indicating that sodium 
extrusion is an early step in the normal transport 
cycle. 

Transient, strophantidin-sensitive charge 
movements have recently been observed by Nakao 
and Gadsby (1986) in voltage-jump experiments 
with heart cells in the absence of extracellular K § 
These charge movements, which required the pres- 
ence of intra- and extracellular sodium and of intra- 
cellular ATP, are likely to be connected with a volt- 
age-dependent step of Na-Na exchange. 

cyto- ~ 
p[osm ~ 
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c e l l u l a r  
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Fig. 2. Na,K-ATPase molecule represented as a transmembrane 
protein with a water-filled access channel (or vestibule) having 
low electrical resistance. The length of the long axis of the mole- 
cule perpendicular to the membrane has been estimated to be 
about 11 nm (Nicolas, 1984). The inset depicts a hypothetical 
potential-energy profile for Na + along the high-resistance part of 
the ion pathway in conformation E~ of the enzyme 

MICROSCOPIC DESCRIPTION OF TRANSIENT 

CURRENTS GENERATED BY THE Na,K-PuMP 

According to Eq. (4) the transient pump current 
Ip( t )  is determined by the dielectric coefficients o~i of 
the individual reaction steps. In principle, any of 
the transitions in the reaction scheme of Fig. 1 can 
be associated with charge translocation, corre- 
sponding to a nonzero value of o~i. Obvious candi- 
dates for charge displacements are the reactions 
Na3 �9 E] �9 ATP ~ (Na3)E]-P ~ P-E2 �9 Na3 involving 
transitions of Na+-binding sites between inward- 
facing (El) and outward-facing (E2) configurations. 
Since it is unlikely that binding sites move over the 
entire transmembrane length of the protein in the 
E~/E2 transition, it is usually assumed that the pro- 
tein contains access channels connecting the bind- 
ing sites with the respective aqueous phases. Part of 
the access channel may consist of a wide, water- 
filled pore having a low electric resistance (Fig. 2). 
Ion movement within the low-resistance pore does 
not result in charge displacement in the external 
circuit. The gating part of the pump molecule may 
be represented by a narrow, high-resistance path- 
way consisting of a series of energy barriers and 
wells (Fig. 3). In state Na3 �9 E] �9 ATP the ion-binding 
site is connected with the cytoplasmic phase via a 
series of low barriers but separated from the extra- 
cellular side by a high barrier. In the "occluded" 
state (Na3)EI-P the energy barriers on either side 
are high. In state P-E2 �9 Na3 the binding sites are 
easily accessible from the extracellular phase. 
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Fig. 3. Hypothetical energy profile of a sodium ion along the 
transport pathway. The ion binding sites in state Na3 - E~ �9 ATP 
are connected with the cytoplasmic side by a series of low barri- 
ers, but separated from the extracellular medium by a high bar- 
rier. In the "occluded" state (Na3)ErP the energy barriers on 
either side are high. In state P-E2 �9 Na3 the binding sites are easily 
accessible from the extracellular phase, c~', a", fl' and /3" are 
dielectric distances [Eqs. (6)-(8)], depending on the location of 
the ion binding site in the protein and on the dielectric properties 
of the protein and the surrounding medium 

Since a N a  + ion migrating f rom the cytoplasm 
to the binding site has, in general,  to t raverse  part  of  
the dielectric (Figs. 2 and 3), the binding step may 
be associated with charge displacement  in the exter- 
nal circuit. The corresponding dielectric distance, 
a ' ,  is assumed to be the same for the three sodium- 
binding sites. In a completely  analogous way the 
release of  Na  + to the extracellular side is described 
by a dielectric distance o?' (Fig. 3). 

In the transition Na3 �9 El �9 ATP ~ (Na3)EwP 
the loaded binding sites move  over  a dielectric dis- 
t ance /3 '  (Fig. 3). I f  ZLeo is the charge of the ligand 
groups,  the dielectric coefficient associated with 
Na3 �9 E1 �9 ATP ~ (Na3)ErP (rate constant  p f )  is 
given by  

O~p = (3 + z D B '  + ~9'. (6) 

The pa ramete r  ~ '  accounts  for rotation of  dipolar 

groups and translocation of  intrinsic charges of  the 
protein other than charged ligands (L/iuger & Apell, 
1986). In an analogous way the transition (Na3)ErP 

P ' E 2  " Na3 (rate constant  !r) is described by a 
dielectric coefficient a~: 

at = (3 + zD/3" + ~0". (7) 

In the (hypothetical) process  Nac+yt + E1 �9 ATP 
�9 . . ~ P - E 2  + Nae+t (Fig. 1) a sodium ion is 

t ranslocated f rom the cytoplasm to the extracellular 
medium. This means  that the following relation 
must  hold: 

a ' + o # + / 3 ' + / 3 " =  1. (8) 

Fur thermore ,  combining Eqs. (5)-(8) yields: 

Ol a "}- ZL(/3 t -}- /3")  -} T~' + "0" -}- OCr --- O. (9) 

a ,  and O~r are the dielectric coefficients of  reactions 
E1 + ATP ~ Et �9 ATP (rate constant  aT) and P-E2--~  
E~ + P~ (rate constants  r f ) ,  respectively.  

According to Eq. (4) the transient pump current 
Ip( t )  is given by the sum of the transition rates % 
multiplied by the corresponding dielectric coeffi- 
cients ai. Denoting the fraction of pump molecules 
in state Pj by  x[Pj] ,  the net forward rates in the 
reaction cycle of  Fig. 1 may  be written as: 

~ a  ---- a f c r x [ E 1 ]  - abX[El �9 ATP] (10) 

op~ -- p[ C'NX[Nai-l  " E1 �9 ATP] - o-[x[Nai. El"  ATP] 

(i = 1,2,3) (11) 

�9 p = p f x [ N a 3  �9 El �9 ATP] - pbC~V[(Na)3El  " ATP]. 

(12) 

cr and CD are the concentrat ions of  ATP and ADP, 
respect ively,  c~v is the cytoplasmic concentrat ion of 
Na  +, and p[ and tr'; are concentrat ion-independent  
rate constants.  The net forward rates %,  q5'~, q~, qs~ 
and qb~ are obtained in a complete ly  analogous way.  
The pump current  l p ( t )  can thus be represented by 

I p / e o N  = a,flP, + o~'zcb; + a;Op; + o~;Op~ + %Opp 

+ o~1@l + o/[~'~ + a ~  + a~dp~ + a/Pr.  (13) 

In the following we assume that the three sodium 
binding sites are equivalent  (a~ -= a ' ,  a" ~ a") and 
that the rate constants  p[, p~', cr~ and o-i " are large, so 
that the associat ion and dissociation reactions of  
N a  + are always in equilibrium. This means that the 
mole fractions x[Nai �9 E1 �9 ATP] are given by the 
equilibrium dissociation constants  K~i: 



H.-J. Apell et al.: Kinetics of Na,K-Pump Currents 183 

I E 
pA 

1000 

500 

i i i I 

k 1 = 67 s -1 

k 2 = 24 s 4 

81 pA 

/ ......... r 

I I I I I 

0 100 200 300 400 
t/ms 

Fig. 4. Fit of Eq. (18) to the experimentally 
observed pump current lp(t). The 
experimental curve (solid line) has been taken 
from Fig. 11 of part I. The fitting curve 
(dashed line) has been calculated with kl = 
67.3 sec -1, k 2 = 24.2 sec -1, Ii = -2.54 nA,/2 
= 2.86 nA, I~ = 81 pA. The area of the black 
film was A = 0.75 mm 2 

x[Nai_] �9 E] " ATP] 
! ! 

Or i KNi 1 

x[Nai �9 E] �9 ATP] pitcN' CPN -- n[ 
(i = 1,2,3). (I4) 

Analogous relations hold for the extracellular side 
(equilibrium constants K~i). The rate constants and 
equilibrium constants are connected (at zero trans- 
membrane voltage) by the relation 

af p f  lf rf . K /vlK'N2K'N3 
- K ( 1 5 )  

abPblbrb K'N1K'N2K'N3 

which follows from the principle of  microscopic re- 
versibility (L/~uger & Apell, 1986). K - ?Dce/cr is 
the equilibrium constant  of ATP hydrolysis (?r, cD 
and {e are the equilibrium concentrations of ATP, 
ADP and Pi). 

SEMIEMPIRICAL REPRESENTATION OF THE 
EXPERIMENTAL PUMP CURRENT Ip(t) 

As shown in the preceding paper, the pump current 
Ip(t) in response to a light flash that releases ATP 
exhibits a biphasic behavior  consisting of a fast ris- 
ing phase and a slow decline towards a small quasi- 
stationary current  Ip(~). The shape of  Ip(t) could be 
approximately described by a sum of  two exponen- 
tial functions. Such a time behavior  of Ip may be 
expected when an electrogenic reaction step is pre- 
ceded by an electrically silent transition: 

P[ k, k2 
> P2 > P3. (16) 

~l  = 0  a 2 > 0  

In this case the current  is given by Ip = c~2eokzN2, 
where eo is the elementary charge, OL 2 the dielectric 
coefficient of  the transition P2 ~ P3, k~ the transi- 
tion f requency and Nz(t) the number of  pump mole- 
cules in state P2. By integration of the rate equa- 
tions corresponding to the reaction sequence (16) 
the current  is obtained in the form 

lp(t) = ot2eoN ~ [exp( -k] t )  - exp(-k2t)] .  

(17) 

N is the number  of  pump molecules which are in 
state PI prior to the flash. 

In the experiments Ip(t) is found to approach a 
small quasi-stationary current I~ at long times. This 
is accounted for by replacing Eq. (17) by the 
semiempirical relation 

co lp(t) = l ]exp ( -k l t )  + 12exp(-k2t) + lp (18) 

where I] and 12 are t ime-independent constants. 
Since Ip/a2 in Eq. (17) is invariant against an 

exchange of  k] and k2, it is impossible to decide 
from the form of  Ip(t) whether  the nonelectrogenic 
reaction P] ---> P2 represents the fast or the slow 
process.  However ,  from the finding that a change of 
the release rate of  ATP affects only the larger of the 
two rate constants,  the nonelectrogenic reaction 
may be assigned to the fast process.  

An example of  a fit of  Eq. (18) to the experimen- 
tally determined pump current  Ip(t) is given in Fig. 
4. It is seen that lp(t) can be adequately described 
by Eq. (18) when the rate constants are chosen to be 
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k I ~ 67 sec -1 and k2 -~ 24 sec -1. Average values of 
kl and k2, taken from 22 different experiments at T 
= 20~ are kl ~ 58.4 sec -1 and k2 ~ 23.8 sec -1. The 
rate constant for the decay of the current signal, k2 

24 sec -1, may be compared with the steady-state 
turnover rate of the pump. In the absence of K +, the 
maximum turnover rate v,~ of Na,K-ATPase from 
guinea-pig kidney in a Na + medium is about 3 sec -~ 
at 25~ which is about 5% of the maximum rate in 
the presence of both Na § and K + (M~trdh & Post, 
1977). A similar value of the maximum turnover 
rate, Vm ~ 5 sec -~, may be estimated for ATP-driven 
sodium extrusion from erythrocytes into Na +- and 
K+-free media (Glynn & Karlish, 1976). The finding 
tha t  k2 is larger than Vm means that the pump current 
in the ATP concentration-jump experiment decays 
to nearly zero before the pump has completed a full 
transport cycle. This is consistent with the view 
that the electrogenic processes giving rise to the 
observed current are early steps in the transport 
cycle. 

From the value o f lp  ~- 10 nA/cm z a rough esti- 
mate of the quasistationary turnover rate v~ may be 
obtained in the following way. In part I of the paper 
the total charge which is translocated in the course 
of the transient process has been determined to be 

Q = (Ip - I~)dt ~ 15 nC/cm 2. 

Assuming that this charge translocation results 
from the transfer of three sodium ions per pump, 
the average density of functionally oriented pump 
molecules attached to the planar bilayer becomes n 
= Q/3eo ~ 3 x l010 c m  -2. Assuming further that in 
the stationary mode of the pump a single net charge 
is transported per cycle (corresponding to a back- 
transport of two Na + ions), the quasistationary 

co 
turnover rate becomes vco = Ip/neo ~ 2 sec -~. This 
value approximately agrees with the maximum 
turnover rate Vm ~ 3 sec -~ of the Na,K-ATPase in 
K +- free media (see above).  

While the agreement between Eq. (18) and the 
experimentally determined Ip(t) is consistent with 
reaction sequence (16), it doe~ not exclude other 
possibilities. In particular, it is feasible that the rate- 
limiting reaction P2 ~ P3 is electrically silent (a2 = 
0), but is followed by a fast electrogenic process P3 

P4: 

slow fast ) 
P2 -----+ P3 P4. (19) 

~2 = 0 ol3 >" 0 

For instance, process P2 --~ P3 could represent the 
transition (Na3)E1-P --* P-E2 �9 Na3 and process P3 -~ 
P4 a fast movement of Na + ions from the binding 

sites across the access channel to the extracellular 
medium ( P - E 2  " Na3 ~ P-E2 + 3Na+t). In this case 
the rates of processes P2 --~ P3 and P3 ~ P4 become 
equal. This means that Ip(t) is again given by Eq. 
(17) if O: 2 is replaced by %. A more detailed discus- 
sion of the microscopic parameters influencing Ip(t) 
is possible on the basis of a numerical simulation of 
the reaction cycle of Fig. 1 (see below). 

KINETIC INTERPRETATION OF THE SHAPE OF Ip(t) 

Behavior at Short Times 

As mentioned above, a likely interpretation of the 
behavior of pump current Ip(t) at short times con- 
sists in the assumption that the rising phase of Ip(t) 
is governed by electrically silent processes, includ- 
ing photochemical release and binding of ATP to 
the protein. Consistent with this interpretation is 
the observation that the risetime of Ip decreases 
with decreasing pH of the medium, as predicted 
from the pH dependence of photolysis rate of 
"caged" ATP (McCray et al., 1980). An analysis of 
the reactions preceding phosphorylation of the pro- 
tein has to account for the possibility that ATP 
which is released in the aqueous solution competes 
with caged ATP bound at the ATP site of the en- 
zyme (Forbush, 1984; 1985). Furthermore, bound 
caged-ATP may be transformed into ATP in situ. 

The kinetic properties of the reaction system 
consisting of ATP, caged ATP and enzyme were 
studied by numerical analysis of the rate equations, 
using values of the kinetic parameters from the liter- 
ature, as described in Appendix A. The result is 
represented in Fig. 5 in which the half-time tl/2 for 
the formation of the enzyme-ATP complex (from 
which phosphorylation starts) is plotted as a func- 
tion of pH. The numerical simulation was carried 
out for an initial concentration, c} = 0.5 mM, of 
caged ATP (Borlinghaus et al., 1987) and for differ- 
ent values of the fraction 0 of caged ATP which is 
converted to ATP by the light flash. The dashed line 
in Fig. 5 represents the pH-dependent time con- 
stant (ln2)/)t of photochemical ATP release (Mc- 
Cray et al., 1980). It is seen that at low pH where 
ATP release is fast, the half-time tl/2 is larger than 
(ln2)/X (except for 0 = 1); in this pH range the rate 
of formation orE" ATP is limited by the rate of ATP 
binding. On the other hand, at high pH where ATP 
release is slow, tl/2 may be shorter than the photo- 
chemical time constant (ln2)/X. This results from 
the high rate and the high affinity of ATP binding. 

The dotted line in Fig. 5 represents the experi- 
mentally observed pH dependence of tl/2 where tl 
is the time required for the current signal to reach 
peak amplitude. The pH dependence of t~ approxi- 
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Fig. 5. Comparison between experimentally-observed rise 
time of the current signal and theoretical predictions. The experi- 
mental curve (dotted line) represents the pH dependence of  h/2, 
where t~ is the time required for the current signal to reach the 
peak value (taken from Fig. 7 of  part I). The theoretical curves 
(solid lines) have been obtained by numerical simulation of the 
reactions preceding phosphorylation of the protein, as described 
in Appendix A. By integration of  the rate equations correspond- 
ing to reactions (A1)-(A5), the concentration cer of the enzyme- 
ATP complex has been calculated as a function of  time t after the 
light flash, ti/2 is the time at which the half-maximal concentra- 
tion cer(~)/2 is reached, c} is the concentration of caged ATP 
prior to the flash, and 0 is the fraction of  caged ATP which, at 
time t = 0, is converted to the photochemical intermediate Y 
from which ATP release starts. (ln2)/X (dashed line) is the half- 
time of  decay of  Y into ATP. The following values of  the rate 
constants were used for the simulation (see Appendix A): ar  = 5 
X 1 0 7 M  ! s e c  - I ,  bT = 20 sec -l ,  ax = ar  = 5 x 1 0 6 M  -1 s e c  1, bx = 
br = 200 sec 1, ,k = hE = (2.2 • 109 M -1 sec 1) . [H+]. ax and bx 
were chosen such that the ratio bx/ax agreed with the experimen- 
tal value (~  40 ~M), assuming that bx is ten times larger than br. 

mately agrees with the theoretical curve (tl/2) for 0 
= 0.1 ; this value of 0 corresponds to the estimated 
photochemical conversion efficiency o f - 1 0 %  in 
the flash experiments. The qualitative agreement 
between the experimental and the predicted pH de- 
pendence of tl supports the notion that the rise time 
of the current signal is determined by electrically 
silent processes preceding phosphorylation. 

Elec t rogen ic  Transi t ions 

According to the kinetic scheme of Fig. 1, forma- 
tion of the enzyme-ATP complex Na3 �9 E~ �9 ATP 

initiates a sequence of reactions, viz., phosphory- 
lation, occlusion of Na +, transition to state P-E2 �9 

Na3, and release of Na + to the extracellular side. In 
principle, any of these reaction steps can be associ- 
ated with charge translocation. 

The possibility that the transition Na3 �9 Et �9 ATP 
--~ (Na3)E~-P is an electrogenic step may be ex- 
cluded on the basis of the experiments with chymo- 
trypsin-treated enzyme described in the preceding 
paper (Borlinghaus et al., 1987). Under the condi- 
tions of these experiments, chymotrypsin cleaves a 
single peptide bond in the c~-subunit of the protein, 
between Leu-266 and Ala-267 (JCrgensen & Collins, 
1986). In the chymotrypsin-modified enzyme the 
phosphorylation reaction and the formation of the 
"occluded" state (Na3)EI-P is preserved, but the 
transition (Na3)EI-P ~ P-E2 Na3 is blocked 
(Glynn, Hara & Richards, 1984; JCrgensen & Peter- 
sen, 1985). The finding (Borlinghaus et al., 1987) 
that in chymotrypsin-treated Na,K-ATPase mem- 
branes the photoresponse was abolished therefore 
indicates that the reactions preceding the transition 
(Na3)E1-P ~ P-E2 �9 Na3 are electrically silent. 

It is pertinent to note that the experiments de- 
scribed in the preceding paper (Borlinghaus et al., 
1987) have been carried out at high sodium concen- 
tration (150 mM) at which Na + is already bound to 
the cytoplasmic sites prior to ATP release. This 
means that charge translocation associated with 
binding of Na + would not contribute to the ob- 
served current transient. Such a "sodium-well" ef- 
fect (if present) could contribute, however, to the 
quasistationary current. 

The rate constant py of the phosphorylation re- 
action (Na3 �9 E1 �9 ATP ~ (Na3)E~-P) was found to be 
-220 sec ~ for enzyme from guinea-pig kidney at 
25~ (M~rdh & Post, 1977) and -180 sec -1 for bo- 
vine-brain enzyme at 21~ (M~rdh & Zetterquist, 
1974; Mgtrdh & Lindahl, 1977). Thus, phosphory- 
lation and formation of the occluded state are fast 
processes within the time scale of the current tran- 
sient (Fig. 4). 

A possible candidate for the reaction governing 
the slow decay of the current signal (rate constant k2 

20-30 sec -l) is the E~/E2 transition that is associ- 
ated with the deocclusion of sodium [(Na3)EI-P 
P-E2 �9 Na3]. From experiments with bovine-brain 
enzyme, Mgtrdh (1975) reported a value of ly --~ 80 
sec -~ at 21~ for the rate constant of the El~E2 tran- 
sition. Nakao and Gadsby (1986) recently described 
voltage-jump studies of ouabain-dependent Na + 
currents in heart cells under K+-free conditions and 
proposed that the transition (Na3)EFP-* P-E2 �9 Na3 
is a rate-limiting electrogenic step. Similarly, Karl- 
ish and Kaplan (1985) concluded that Na + deocclu- 
sion is a slow step which limits the rate of the tran- 
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sient (pre-steady state) sodium flux in uncoupled 
ATP-driven Na+-transport. 

The following reaction step, the release of Na + 
from the outside-facing binding sites (P-E2 �9 Na3 
P-E2 + 3Nae+xt) is likely to be much faster. This as- 
sumption is based on the low affinity of the extracel- 
lutar sites for sodium binding (Ko ~ 0.1 M) and on 
the fact that association-dissociation reactions of al- 
kali ions with ligands are generally very fast (Eigen 
& Maass, 1966). It is feasible, however, that a frac- 
tion of the observed charge displacement is associ- 
ated with the release of Na +, if Na + ions have to 
migrate through part of the membrane dielectric on 
their way from the binding sites to the extracellular 
medium (Fig. 3; o?' > 0). This is the situation de- 
scribed by reaction scheme (19) in which a rate- 
determining step is followed by a fast electrogenic 
process. 

Return  to the Init ial  S ta te  

The small quasistationary current Fp which is ob- 
served after the decline of the current transient is 
likely the result from pump molecules which return 
to the initial state El, bind ATP and enter the cycle 
again. The reaction from P-E2 to E~ may take place 
with unloaded ion-binding sites. This would corre- 
spond to "uncoupled Na + efflux" which was ob- 
served in experiments with erythrocytes when the 
extracellular medium was free of  Na + and K + 
(Glynn, 1985). It cannot be excluded, however, that 
Na § ions are already present in the gap between the 
membrane fragment and the planar bilayer at the 
start of the experiment. Extracellular Na § is known 
to inhibit ATP-driven sodium-efflux in the absence 
of K + (Glynn, 1985). A small Na + efflux, however, 
persists which is coupled to an influx of Na § In this 
transport mode (commonly referred to as "ATP- 
driven Na+-Na + exchange) one to three Na + ions 
presumably bind to the potassium sites and are 
translocated as if they were K § ions. It cannot be 
excluded that ATP-driven Na§ + exchange 
which is known to be electrogenic (Cornelius & 
Skou, 1985) is responsible for the quasistationary 
pump current Fp. 

COMPARISON WITH Na+-FLux STUDIES UNDER 
NONSTATIONARY CONDITIONS 

The interpretation of Ip(t) discussed above is sup- 
ported by recent studies of transient, ATP-driven 
sodium fluxes in membrane vesicles derived from 
canine kidney (Forbush, 1984; 1985). After photo- 
lytic release of ATP in the internal space of the 
right-side-out vesicles, an efflux of 22Na+ was ob- 

served which was independent of the presence of 
extravesicular K + or Na +. The efflux rate exhibited 
a biphasic behavior with a fast rising phase and a 
slower decline. The rate constants of the rising and 
falling phase (kl -~ 100 sec -1, k2 -~ 35 sec -I at 20~ 
may be compared with the rate constants describing 
the time course of lp(Kz  -~ 60 sec -l, k2 ~ 24 sec -J at 
20~ The similarity in the time course of isotope- 
flux rate and pump currents is consistent with the 
assumption that the observed charge-translocation 
is associated with the transfer of sodium ions across 
the membrane dielectric. This means that late steps 
in the transport cycle, i.e., transitions following the 
release of Na + to the extracellular side, are unlikely 
to contribute significantly to the current transient. 

NUMERICAL SIMULATION OF 
THE TRANSPORT CYCLE 

The mechanistic interpretation of the pump current 
Ip(t) discussed above may be substantiated by nu- 
merical simulation of the transport cycle of Fig. 1, 
using Eq. (13), as described in Appendix B. For this 
purpose the following assumptions are introduced: 
a) At time zero a fraction 0 of the initially present 

caged ATP (concentration c}) is transformed into 
ATP. For the pseudo-first-order rate constant 
a i c r  an effective value of 100 sec -~ is used that 
includes the finite rate of photolysis and the com- 
petition between ATP and caged ATP for the 
binding sites (Forbush, 1984). a f c r  has been esti- 
mated by numerical simulation of the reaction 
scheme (A1)-(A5) of Appendix A under the con- 
dition c} = 0.5 mM, 0 = 0.1, pH = 7.0 (Fig. 5). 
The dissociation constant of ATP is taken to be ao 
=- br  = 20 sec -I (Forbush, 1984). 

b) The equilibrium dissociation constants for Na + at 
the cytoplasmic side [Eq. (14)] are chosen to be 

r K'N1 = KN/3,  K~2 = K ~ ,  K~3 = 3K~;  K~ = 4 
mM (Lftuger & Apell, 1986). 

c) For the rate constant of phosphorylation a value 
of PI = 200 sec -1 is used (M~,rdh & Post, 1977). 
Furthermore,  since the concentrations of ADP 
and Pi are extremely small under the given exper- 
imental conditions, the rate constants pbCD and 
rbC P are set equal to zero. 

d) The sodium concentration at the extracellular 
side is assumed to be much smaller than the equi- 
librium dissociation constant of sodium at the re- 
lease sites (c} ~ K~r ~ 0.1 M). 

e) The values of If and r f are chosen such that an 
approximate fit to the decay phase of Ip(t) is ob- 
tained (k2 ~ 20 sec -1, l~ / Ip ,max  ~ 0.08). This yields 
If = 19 sec ~ and rf = 0.9 sec i. The backward- 
rate constant lo is estimated from lf/Ib ~- 12 
(Lfiuger & Apell, 1986). 
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Fig. 6. Numerica l  s imulat ion of  the t ransport  cycle represented 
in Fig. 1, using Eq. (13). The  t ransient  pump current  Ip is plotted 
as a funct ion of  t ime t. Ip is referred to a single pump molecule 
and is given in sec ~; eo is the e lementary  charge and N the 
number  of  pump  molecules  which are act ivated at t = 0. zLeo is 
the charge of the ligand sys tem,  and a ' ,  fl ' ,  and/3" are dielectric 
coefficients defined by Fig. 3. The simulation has  been carried 
out  us ing the following values of  the kinetic parameters  ( see  
text): af, cr  = 100 sec -1, ab = 20 sec ~, PC = 200 sec -~, pbCD = O, l/ 
= 19 sec -1, lb = 1.6 sec -1, rf = 0.9 sec 1, rbce = O, K'N = 4 raM, CN 
= 100 raM, C~ < K},  % = "q' = ~" = 0. These  values were chosen  
to give an approximate  fit to the observed  time behavior  of  the 
current  signal 

f) The effect of  voltage on the rate constants is ne- 
glected. 

g) The three sodium binding sites are assumed to be 
equivalent (a'l = a~ = a~ ~- a ' ;  o/[ = a~ = o~ -=- a"). 

h) Binding and release of  ATP at the cytoplasmic 
side are assumed to be electrically silent (aa = 0). 
Fur thermore ,  intrinsic charge displacements of  
the protein (other than movements  of the sodium- 
binding sites) are neglected (7' = */' = 0). 

According to Eqs.  (6), (7) and (13), together 
with assumptions (g) and (h), the pump current Ip(t) 
is determined by the dielectric coefficients a ' ,  ap = 
(3 + ZL)fl' and al = (3 + zL)fl" which can be fitted to 
the experimental  results by varying zL, /3' and /3"  
(Fig. 6). The coefficients a" and OL r are then obtained 
from Eqs. (8) and (9) as a" = 1-a'-/3'-ff' and ar = 
-zL(/3' + /3"). Since the experiments with chymo- 
trypsin-modified enzyme have shown that reactions 
preceding deocclusion of Na + are electrically silent, 
the dielectric coefficient ap = (3 + zD/3' must be 
very small. This means that either/3'  ~ 0 or zL = - 3  
(or both). 

According to these considerations, numerical 
simulations were carried out in order  to study the 
influence of  the dielectric parameters  zL, a ' , / 3 '  and 
/3" on the transient pump current.  In a first series of 
simulations, the charge of the ligand system was 
assumed to be zero (zL = 0). According to the rela- 
tion ap = (3 + zD/3' = 0, the coefficient/3' must then 
be z~ro. The results of the simulation for a '  = 0 and 
different values of~3" are shown in Fig. 6A. It is seen 
that the simulated pump current qualitatively agrees 
with the experimentally observed time course of Ip. 
Current signals calculated for different values of/3" 
exactly coincide. This is a consequence of the rela- 
tion a" +/3" = 1 (which follows from a '  = /3 '  = 0) 
and of  the assumption that release of Na § in state P- 
E2 �9 Na3 is a fast process following the rate-limiting 
transition (Na3)E1-P ---> P-E2 �9 Na3. The finding that 
for zL = 0 the current  transient is insensitive to the 
choice of  a" and/3" means that in this case it cannot  
be distinguished whether  the main electrogenic 
event  is the translocation of the positively-charged 
binding sites or the release of  Na + from the binding 
sites to the extracellular medium. 

The case zL = - 2  is analyzed in Fig. 6B. A 
model with a ligand system bearing two negative 
charges has been recently proposed by Karlish, 
Raphaeli and Stein (1985) as an explanation for the 
effect of t ransmembrane voltage on pumping rates. 
As seen from Fig. 6B, the amplitude of the current 
transient decreases with increasing values of  the di- 
electric coefficient/3". This results from the fact that 
for zL = - 2  the El~E2 transition is associated with 
translocation of a single net (positive) charge, 
whereas in the process P-E2 �9 Na3 ---* P-E2 + 3Na+xt 
which is described by the coefficient a" = 1-/3" three 



188 H.-J. Apell et aL: Kinetics of Na,K-Pump Currents 

charges are translocated. When/3" is increased, the 
relative contribution of the second process (release 
of 3 Na +) decreases. A qualitatively similar behav- 
ior may be expected under the assumption z t  = - 1 
(Lafaire & Schwarz, 1986). 

The signals shown in Fig. 6C have been calcu- 
lated for a ligand system bearing three negative 
charges (zL = -3).  In this case the loaded binding 
sites are electrically neutral, meaning that the only 
electrogenic step is the release of Na + to the extra- 
cellular side. Furthermore, the relation o~p = (3 + 
zD/3' = 0 can now be satisfied for arbitrary values of 
/3'. The simulation that has been carried out for a 
fixed value of/3" (/3" = 0.3) shows that the amplitude 
of the current signal decreases with increasing/3', 
as may be expected from the relation c~" = 1-cd-/3'- 
3??~ 

The results presented in Fig. 6 show that the 
observed time course of lp is consistent with the 
proposal (Karlish et al., 1985; Nakao & Gadsby, 
1986) that the ligand system for Na + bears two nega- 
tive charges ( z t  = -2). However, as a comparison 
of Fig. 6A, B and C shows, other values of zL, such 
as zL = 0 or zL = -3 ,  cannot be excluded from our 
experiments so far. 

Discussion 

In this paper the nonstationary pump currents 
which are observed in K+-free Na + media after acti- 
vation of the Na,K-ATPase by a ATP-concentra- 
tion jump have been analyzed in terms of micro- 
scopic reaction models. Evidence has been 
presented that the rise time of the current signal is 
determined by the rate of nonelectrogenic pro- 
cesses preceding phosphorylation of the,enzyme. 
Accordingly, the main information on charge-trans- 
locating processes is contained in the declining 
phase of the pump current. The analysis has been 
based on the model shown in Fig. 1 which is derived 
from the Albers-Post reaction-scheme of the Na,K- 
pump. The overall pump-current may be repre- 
sented as a sum of contributions of the individual 
transitions in the reaction cycle [Eq. (13)]. Each 
term in the sum is the product of a net transition 
rate times a "dielectric coefficient" describing the 
magnitude of charge translocated in the given reac- 
tion step. Charge translocation may result from the 
motion of ion binding sites in the course of confor- 
mational changes of the protein, as well as from 
movement of ions in narrow access channels con- 
necting the binding sites with the aqueous media. 

The observation that the transient pump current 
requires sodium but not potassium indicates that 

charge movement is associated with Na + transloca- 
tion and is thus in agreement with the Albers-Post 
reaction scheme in which translocation of Na + pre- 
cedes translocation of K +. A "simultaneous" 
model in which Na + and K + are translocated in the 
same step, would be difficult to reconcile with the 
experimental findings. 

From the kinetic scheme of Fig. 1 it is obvious 
that several transitions are potential candidates for 
charge-translocating steps. The number of possibili- 
ties is reduced, however, by the finding that chymo- 
trypsin treatment of the enzyme, which is known to 
block the P - E ~ / P - E 2  conformational change, abol- 
ishes the current transient. This indicates that phos- 
phorylation of the protein and occlusion of Na + are 
nonelectrogenic processes. An explanation of this 
finding could be that the total charge of the loaded 
Na+-binding sites is zero so that movement of the 
sites in the transition Na3 �9 El �9 ATP ~ (Na3)Ej-P is 
electrically silent. An alternative possibility would 
be that the loaded sites are charged but that the 
amplitude of motion is negligible. These two possi- 
bilities cannot be distinguished so far. 

From kinetic studies of the Na,K pump in 
erythrocytes it is known that the rate of the transi- 
tion P - E 2  ~ E1 is extremely low in potassium-free 
sodium-media, of the order of 5 sec -Z at 20~ 
(Glynn & Karlish, 1976). This rate is much smaller 
than the decay rate, k2 ~- 20-30 sec 1, of the nonsta- 
tionary pump current in the ATP-concentration 
jump experiments. It is therefore unlikely that the 
current signal results from the transition P - E z  

El.  
The most likely interpretation of the observed 

pump currents consists in the assumption that the 
principal electrogenic step is the transition (Na3)E1- 
P ~ P - E 2  �9 Na3, followed by release of Na + to the 
extracellular side. This interpretation agrees with 
recent proposals based on work with reconstituted 
vesicles (Karlish et al., 1985; Rephaeli, Richards & 
Karlish, 1986a,b; Goldschlegger et al., 1987) and 
with intact heart cells (Nakao & Gadsby, 1986). 
Since Na + ions migrating from the binding sites to 
the extracellular medium probably have to traverse 
part of the membrane dielectric, the release process 
may contribute to the overall charge translocation. 

A question that requires further study is the 
nature of the space between ATPase membrane and 
lipid bilayer. Little is known so far about ion con- 
centrations in the intermembrane space and about 
the change of concentration following activation of 
the pump. For this reason the analysis of the experi- 
ments has been restricted chiefly to the early events 
in the pumping cycle which are likely to be unaf- 
fected by the Na + (and K +) concentration on the 
extracellular side. 
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Appendix A 

Kinetic Analysis of Reactions Preceding 
Phosphorylation: Photolytic ATP-Release and 
ATP Binding to the Protein 

In part I of the paper it has been shown that the pump current 
lp(t) rises toward a peak within 10-30 msec after the light flash 
and thereafter declines to nearly zero. The finite rise-time of Ip(t) 
indicates that charge translocation by the pump is preceded by 
slow, electrically silent steps. From the results presented in Fig. 
7 of part I it may be concluded that at high pH (above pH 8.5) 
photochemical ATP release is rate determining. At low pH 
where ATP release is fast, the rise time oflp is likely to be limited 
by the rate of binding of the flash-generated ATP to the enzyme. 
The initial binding rate of ATP should be proportional to the 
solution concentration CT of released ATP. Increasing the con- 
centration of caged ATP increases the concentration of flash- 
released ATP.  The dependence of lp(t) on the concentration of 
caged ATP is complicated, however, by the fact that caged ATP 
competes with ATP for the ATP binding site involved in phos- 
phorylation (Forbush, 1984). 

In order to discuss the influence on Io(t) of the processes 
preceding phosphorylation more quantitatively, we consider the 
following reaction scheme in which E stands for the enzyme, T 
for ATP,  X for caged ATP, and Y for the photochemical interme- 
diate from which ATP is formed in a H+-catalyzed hydrolysis 
step (McCray et al., 1980): 

x l ~ t i  x* ~ r k 
> T (A1) 

light ,XE ) 
E X  ~ EX* ~ E Y  E T  (A2) 

aT 
E +  T � 9  ~ E T  (A3) 

bT 
a x  

E + X , " E X  (A4) 
bx 
au 

E +  Y ~ E Y .  (A5) 
by 

Light absorption generates an excited species X* which either 
decays back to the ground state X or forms g. The yield of ATP 
in reaction (A1) has been found to be independent of pH (Mc- 
Cray et al., 1980). Implicit in the reaction sequence (A1)-(A5) is 
the assumption that T, X and g compete for the same binding site 
on the enzyme E. Furthermore, it is assumed that caged ATP 
may be transformed to Ynot only in solution (X--* Y) but also in 
bound form (EX--* EY),  and that E T  may be formed in situ from 
EY. 

The influence of reactions (A1)-(A5) on the time course of 
pump current Ip may be analyzed by numerical simulation of the 
reaction sequence, using kinetic parameters taken from the liter- 
ature. The dissociation rate constant of E T  at 20~ may be esti- 
mated to be br ~ 20 sec -1 (M~dh  & Post, 1977; Karlish, Yates & 
Glynn, 1978). With an equilibrium dissociation constant briar 
0.4 ~M (Robinson & Flashner, 1979; Forbush, 1984), the associa- 
tion rate constant becomes ar ~ 5 x l07 M -1 sec -1. The equilib- 
rium dissociation constant of caged ATP has been determined by 
Forbush (1984) to be bx/ax ~ 40/zM. This means that caged ATP 
binds about one hundred times weaker than ATP; on the other 
hand, at the normal concentration of caged ATP in the photolysis 
experiments (Cx = 0.5 raM), most of the nucleotide binding sites 
of the enzyme are occupied by caged ATP prior to the flash. 
According to McCray et al. (1980) the pH-dependent rate con- 
stant of ATP release is given by h ~ (2.2 x 109 M -I s e c  - I )  �9 [ H  +] 

at 22~ For the numerical analysis the following additional as- 
sumptions are introduced: 
a) The  conversion of X into Y and of EX into E Y  after the light 

flash is virtually instantaneous. 
b) The rate of conversion of Y into T is the same in bound and in 

free form of Y (he ~ •). 
c) The association and dissociation rates of X and Yare identical 

(ax ~ at ,  bx ~ by). 
d) The concentration of ATP-binding sites (referred to total aque- 

ous volume) is much smaller than the concentration of X prior 
to the flash. 

e) Diffusion in the aqueous phase is  not rate limiting. 
By numerical integration of the rate equations [reactions 

(AI)-(A5)], the concentration Cer of the enzyme-ATP complex 
was evaluated as a function of time t after the light flash. From 
cer(t) the time tv2 was obtained at which the half-maximal con- 
centration, cer(~)/2, is reached. The result is shown in Fig. 5 for 
an initial concentration of caged ATP of c,~ = 0.5 mM and differ- 
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ent pH values;  0 is the fraction of  caged ATP which is converted 
into the  photochemical  intermediate  Y by the light flash. The 
dashed line in Fig. 5 represents  the pH-dependent  time constant  
(ln2)/h of  the decay  of  Y into ATP.  It is seen that at high pH 
where  the react ion Y---~ ATP is slow, the half-time tv2 f o r E .  ATP 
formation may  be shorter  than  the decay time of  Y. 

In the pH range in which photolysis  of  caged ATP is not  
rate limiting, a simple express ion  is obtained for the relaxation 
time r of  the ATP-binding reaction E + T ~ ET,  assuming  that  
binding and dissociat ion of  caged AT P  is fast: 

l O/T(' T 
- = b r  + - -  (A6) 
r 1 + cxlKx" 

K x  =- bx/ax is the  equil ibrium dissociation cons tan t  of  EX;  Cr = 
c~O and Cx = c~(1 - 0) are the  aqueous  concentrat ions  of  ATP 
and caged ATP after the flash. For  Cx >> K x  -~ 40/zM, the relaxa- 
tion t ime ~- is independent  of  the initial concentrat ion c~ of caged 
ATP.  As  d i scussed  above,  this resul ts  f rom the competi t ion be- 
tween ATP and caged ATP for the binding site. 

A p p e n d i x  B 

N u m e r i c a l  S i m u l a t i o n  o f  t h e  R e a c t i o n  C y c l e  o f  

F i g .  1 

For  the calculation o f  t ime-dependent  net  rates dPo(t), ~p(t) ,  

�9 . . [Eq. (3)] we denote  the fraction of  pump molecules in state 
A by x[A] and introduce the following variables: 

xl =-- x[EI] (B1) 

X2 - -=  x[E1 " ATP] + x[Na - El �9 ATP] + x[Na2 �9 El �9 ATP] 

+ x[Na3 �9 E1 �9 ATP] (B2) 

x3 -= x[(Na3) - El �9 ATP] (B3) 

x4 =- x[P-E2] + x[P-E2 �9 Na] + x[P-E2 �9 Na2] + x[P-E2 �9 Na3] 

(B4) 

Xl  + X2 + X 3 + X 4 : 1 .  (B5) 

Using  Eq. (14), the mole fractions x[P~] are obtained as 

x2 n~ 
x[El �9 ATP] = ff7 ; x [Na  - E1 " ATP] = x 2 p ' 7  (B6) 

t t # r t 
//1/'/2 / /1 / /2 / /3  

x[Na2 �9 El �9 ATP] = x2 ~ ; x[Na3 �9 E~ �9 ATP] = x2 p ,  

(BT) 

P' = 1 + n~ + n~n~ + nln'zn~. (B8) 

In an analogous way,  the mole fractions x[P-E2], x[P-E2 �9 Na], 
�9 . . may be expressed  by x4, n'/and P".  According to the reaction 
scheme  of  Fig. 1, the  t ime derivatives of  the variables xj are given 
by: 

1 
k2 = aycrxl - ff7 (ab + pfnln~n~)x2 + pbcz~x 3 (B10) 

Pi , , ,  lb . . . . . .  
k3 = if7 nlnzn3x2 - (pbcD + If)x3 + -~, nin2n3x4. (Bl l )  

x4 is obtained from Eq. (B5). Eqs.  (B9)-(Bll)  are numerically 
integrated with the initial condit ion x~(0) = 1, x2(0) = x3(0) = 0. 
The net  rates q~a, qbp, dpt, and q~, may  then be calculated from the 
relations 

~a = afcrx l  - abx2/P' (B12) 

cbp = pynln~n~x2/P' - pbCDX3 (B13) 

~t = Ifx3 - lbn'[n'~n~x4/P" (B14) 

dpr = rfx4/P" - rbcexl. (B15) 

Fur thermore ,  f rom the re la t ions  

qbo -,d~i = x[E~ �9 ATP] = x f lP '  = ((Pa - dpp)/p' (B16) 

~b' 1 - qb; = x[Na. EI �9 ATP] = xznl /P '  (BI7) 

@2 - ,I~; = x[Na2 �9 E1 �9 ATP] = xznln ' jP '  (BI8) 

one obtains 

@i = [ni(1 + n; + ns + q~p]lP' (B19) 

~bs = [nln;(1 + n;)~ba + (1 + nl)~p]IP' (B20) 

dp; = [nlnzn;Cb a + (1 + nl + nlnz)qbp]/P '. (B21) 

In an analogous way  one finds 

~b]' = [n'/(1 + n7 + n~n3)@r + ~b,]lP" (B22) 

r = [n'/nT(1 + n~)~r + (1 + n';)@~]/P" (B23) 

c~ = [n;n~n~dpr + (1 + n[ + n'~n~)dP~]/P". (B24) 

ab rf Introduct ion of  Eqs.  (B12)-(B15) and of  Eqs.  (B19)-(B24) into 
kl = - ( a f c r  + rbcp)xi + if7 x2 + ~ x4 (B9) Eq. (13) yields the pump current  Ip(t). 


