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Fast Transient Currents in Na,K-ATPase Induced by ATP Concentration
Jumps from the P3-[1-(3’,5'-Dimethoxyphenyl)-2-Phenyl-2-Oxo]ethyl Ester
of ATP
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ABSTRACT Electrogenic ion transport by Na,K-ATPase was investigated by analysis of transient currents in a model system
of protein-containing membrane fragments adsorbed to planar lipid bilayers. Sodium transport was triggered by ATP
concentration jumps in which ATP was released from an inactive precursor by an intense near-UV light flash. The method has
been used previously with the P3-1-(2-nitrophenyl)ethyl ester of ATP (NPE-caged ATP), from which the relatively slow rate of
ATP release limits analysis of processes in the pump mechanism controlled by rate constants greater than 100 s~ at
physiological pH. Here Na,K-ATPase was reinvestigated using the P3-[1-(3,5-dimethoxyphenyl)-2-phenyl-2-oxolethyl ester of
ATP (DMB-caged ATP), which has an ATP release rate of >10° s~ . Under otherwise identical conditions, photorelease of
ATP from DMB-caged ATP showed faster kinetics of the transient current compared to that from NPE-caged ATP. With
DMB-caged ATP, transient currents had rate profiles that were relatively insensitive to pH and the concentration of caged
compound. Rate constants of ATP binding and of the E, to E, conformational change were compatible with earlier studies.
Rate constants of enzyme phosphorylation and ADP-dependent dephosphorylation were 600 s~' and 1.5 X 10° M~' s 1,
respectively, at pH 7.2 and 22°C.

INTRODUCTION

Na,K-ATPase in the plasma membrane of animal cellscurrent movement (Lieger and Apell, 1986; Lisger, 1991).
carries out uphill transport of sodium and potassium ions aThe meaning of the brackets in the reaction sequence is
the expense of free energy of ATP hydrolysis (Glynn, 1985described in the legend to Fig. 1. The above Neanslo-
Lauger, 1991). The stoichiometry of three Na K* ions  cation sequence forms a component of a complete Na,K-
transported per ATP hydrolyzed leads to movement acros&TPase cycle in the absence of Kthe “Na-only” mode;
the membrane of one net charge per cycle. This indicates tHeig. 1), which has been modeled to describe the pump
existence of one or more electrogenic reaction steps. Imechanism with rate constants and other parameters listed
recent publications it has been shown that the major chargéa Table 1 (Wuddel and Apell, 1995).
translocating steps occur in the sodium-transporting branch A variety of methods have been applied to analyze the
of the pump cycle (Nakao and Gadsby, 1986; Borlinghaus ekinetics of the N& translocation and to determine the
al., 1987; Heyse et al., 1994, Sagar and Rakowski, 1994inetic constants of this partial reaction. Nakao and Gadsby
Hilgemann, 1994; Wuddel and Apell, 1995). In the reaction(1986) used the whole-cell clamp technique to measure the
sequence of Natranslocation, voltage dependence of the rate-limiting reaction step. In this
R N R electrophysiological method, the pump current was ob-
B = NaB, = Nagk, = NaEATP tained as the cardiac-glycoside-dependent component of the
= (Na)E,-P = P-E,(Na) = P-E,  total current. A recent development in this method is the
) ) o . iant-patch technique, which allowed a significantly higher
several nonzero dielectric coefficients have been obtainedime resolution (Hilgemann, 1994; Lu et al., 1995; Friedrich
1) for the binding of the third Naion, N&E; = NaE; gt 41, 1996). Another method is an optical approach using
(a = 0.25); 2) for the conformational transition, (§&,-P  f0rescent styryl dyes (such as RH421) to detect changes in
= P-Ey(Nag) (B = 0.1); 3) for the release of the first Na e |ocal electric field in pump-containing membranes pro-
ion on the extracellular side, PAfNag) = P-E(N&) (5% =  guced by electrogenic reactions (Klodos and Forbush, 1988;
0.65); and 4) for the subsequent release of the second af€ ., ,sh and Klodos, 1991; ‘Stuer et al., 1991; Heyse et
third ions, P-E(Na,) = P-E, (6; = 6, = 0.1). The Greek al., 1994).
letters represent the dielectric coefficients, which character- 5 jitferent approach to direct electric measurements is to

ize the contribution of the corresponding reaction step to th%\nalyze charge movements in purified membrane fragments

that contain a high concentration of Na,K-ATPase and are
Received for publication 21 April 1997 and in final form 23 January 1998. capaC|t|ve[y coupled to planar |Ip|d bllayers (Fendler etal,
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Fach M 635, D-78457 Konstanz, Germany. Tel.: 011-49-7531-88-2253th€se experiments the pump activity is triggered by an ATP
Fax: 011-49-7531-88-3183; E-mail: h-j.apell@uni-konstanz.de. concentration jump produced by photolytic release of ATP

from an inactive precursor called caged ATP. The electro-

genic steps of the Na,K-ATPase reaction sequence generate
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a:C 1 —— i i
NasE, ; To NayE ATP ppfc (Nag)E, P l; P-E,a; room temperature, is approximately equal to g, of
b b~D ~—~

Na,K-ATPase when measured under optimized conditions
NarCN|Nap  NarCh|Nap 9abCN | 9ar of ATP, Mg®", Na*, and K", because K promotes rapid
NayEq aCr, NayE ATP E,(Nay) dyCp, P-E, oy dephogphorylatiqn of P-HHeyse gt al., 1994).
3 e d Previous transient current studies have used the-@-
o SabCn | Gaf nitrophenyl)ethyl ester of ATP (NPE-caged ATP), for
Na<E1\a;i\Na-E1-ATP P-E,Na which the kinetics of ATP release upon photolysis are
b K dependent on pH, Mg concentration, and ionic strength
9ioCn| Gt (Walker et al., 1988; McCray and Trentham, 1989). The rate
E1\T—T\ E{ATP P-E, constant for ATP release at pH 7.1, 21°C, and ionic strength
NP M'oCp 4 0.18 M in the presence of 3 mM Mg is 86 s * (Walker et
It al., 1988), significantly slower thap;, the rate constant

controlling phosphorylation (i.e., NB,ATP — (Nag)E,-P),
FIGURE 1 Kinetic rea_ction cycles of Natransport in Na,K-ATPase which has been estimated to be in the range of 200-560 s
(*Na-only moder) according to Wuddel and Apell (1998).py. . . . anday, (Heyse et al., 1994; Keillor and Jencks, 1996). In addition
P - .. are the rate constants in the forward and backward directionsy” "~7 ! ! g R o
respectivelyc, 5, andc, represent the concentrations of ATP, ADP, and binding of NPE-caged ATP to the nucleotide binding site
P. ¢\ and c}, are the sodium concentrations on the cytoplasmic and(Forbush, 1984a; Nagel et al., 1987; Borlinghaus and Apell,
extracellular sides of the membrane. Transitions betweemMNBEE,, and 1988) had to be taken into account in the kinetic analyses.
NagE, and between EATP, Na,E,ATP, and NgE,ATP were assumed 10 Therefore, in the transient current experiments referred to
be fast compargd to the other reaction steps with equmbr‘lum condfants above. the phosphorylation kinetics and the photorelease of
and K, 5 respectively. In states (NiE;-P and E(N&,), the ions are oc- ! ;
cluded, i.e., they cannot exchange with either aqueous phase. The horizofs T P had to be deconvoluted, and the results of the analysis
tally placed brackets in the P,Btates are used in this reaction scheme to were inaccurate, especially in determinipg
indicate that the ion binding sites are situated inside an ion wéligen To overcome this difficulty, we have used thé-[&-
1991). These horizontal brackets are drawn vertically in the text. (3',5'-dimethoxyphenyl)-2-phenyl-2-oxoethyl  ester of
ATP (DMB-caged ATP) (Thirlwell et al., 1994), which
releases ATP on photolysis at a rate greater thans1,
a transient current that can be analyzed in terms of ghich is not detectably affected by changes in pH oPMg
reaction cycle as shown in Fig. 1 (Borlinghaus and Apell,concentration (Corrie et al., 1992). Thus it should be pos-
1988; Wuddel and Apell, 1995). Thus rapid release of ATPsible to determine rate constaatsandp; (Table 1) from the
initiates a sequence of transitions between the discretgansient currents without interference from slow release of
states, E N&E,, ... P-E, which are controlled by the ATP on caged ATP photolysis. Furthermore, the influence
forward and backward rate constants shown in Fig. 1. Fopf ADP on the transient currents using DMB-caged ATP
example, the net rat®,; of the transition NgE; = N&E;  should permit estimates @f,.
is given by®,,; = ng{Na"][Na,E,] — ng[NasE,]. Defining An abstract reporting some of this work has been pub-
corresponding rates for all transitions and their correspondtished (Sokolov et al., 1997).
ing dielectric coefficients,e;, the pump current(t) is
represented by
MATERIALS AND METHODS

Io(t) = &N 2 a®i(t)
[ Materials

whereeg, is the elementary charge aitis the number of  L-1,2-Diphytanoyl-3-phosphatidyicholine was obtained from Avanti Polar
pump molecules in the membrane (Apell et al., 1987; Wud_Llplds_(melngham, AL); sodium dodecyl sulfate (SDS) Was_from Pierce
del and Apell 1995) Chemical (Rockford, IL). Phosphoenolpyruvate, pyruvate kinase, lactate
. petl, " . . dehydrogenase, NADH, ATP (disodium salt, special quality), and the ATP

Thus in terms of Fig. 1 and th? data in Table 1, rapidgjguminescence Assay Kit HS Il were from Boehringer (Mannheim).
release of ATP from caged ATP in the presence of Na,K-Apyrase VI was purchased from Sigma (Munich), and tfRel#2-nitro-
ATPase and N&a (i_e_, Starting from N§El) would generate phenyl)ethyl ester of ATP (NPE—cageq ATP) was from Molecular Probes
a high concentration of (N3E,-P nonelectrogenically, and (Euge_ne, OR). NaCl (suprapure quality) and all other reagents (at least
thus transformation of (N@Efp to P-E,(Na3). o P-@ analytical grade) were from Merck (Darmstadt).
which involves electrogenic steps, would be reflected in a

. 71 . . .
high 1,(t) that decayed at-25 s (|.e.,'I|m|ted by rate Preparation and photochemistry of
constantl;) to a steady-state intermediate of BiEa,),

\ DMB-caged ATP

wherex = 0, 1, 2 or 3. In more general terms, a high value
of Ip(t) is compatible with the rapid build-up of intermediate DMB-caged ATP (potassium salt) was synthesized as described (_ThirIweII
state(s) through a series of nonelectrogenic steps and th@hal" 1994). Spontaneous hydrolysis of DMB-caged ATP, releasing ADP

transformation b rate-limitin r thr h on rand DMB-caged phosphate, occurs at a rate ob24 *h~*at pH 7 and
anstormatio y a rate g process ough one o 30°C (Thirlwell et al., 1994), and, as prepared, DMB-caged ATP was

more electrogenic steps. Itis alS'O noteworthy that the rate afontaminated with-1% ADP (mol/mol). ADP was removed as necessary
current decay, here measured in the absence’ofifd at by apyrase (see below). The photolysis by-product, 5,7-dimethoxy-2-phe-



TABLE 1 Kinetic and dielectric parameters of the electrogenic reaction steps in the Na-only mode of Na,K-ATPase

Reaction Parameter Equilibrium constant Value in forward direction Dielectric coefficient § Ref.
E, = Na,E, K, =3mM * 0 1
NaE; = NagE, Ng Kns =4 mM 2Xx 10°M st a=025 1
NaE, = NaE,ATP a K,=0.5uM 35x1°fM st 0 2
NagE,ATP = (Nay)E,-P p K, =25X10°M 1 600 s * 0 3
(Nay)E;-P = P-E,(Nay) [ K, =0.11 255t B=0.1 4
P-E,(Nay) = P-E,(Na,) s Kgzs=10M? 1.4x 10°s7* 8, = 0.65 4
P-E,(Na,) = P-E,(Na) % Kgo=0.65M 1 50X 10%°s? 5, =01 4
P-E,(Na)= P-E, o Kgr=11.1M1 70X 10%st 5,=0.1 4
P-E=F, r K,=43x10*M* 0.023s* y=18 5
P-E,(Na,) = E,(Na,) d # 145t 0 2
E,(Na,) = NaE, e Ke=5 50s? 0 2

The rate constantsif;, &, py, - . .) and the equilibrium constark(;, K, K, . . .) were determined at 22°C. These parameters were used in the numerical
simulations presented in this paper, according to the pump cycle of Fig. 1.

*Not determined, cytoplasmic Nabinding is fast compared to the reaction steps and therefore is treated as an equilibrium reaction contolled by
“Not determined, because,[P= 0.

SReferences are taken from 1: Schulz and Apell (1995). 2: Heyse et al. (1994). 3: This work. 4: Wuddel and Apell (1995). 5: Apell et al. (1996).

nylbenzofuran, was prepared as described (Sheehan et al., 1971). FpH > 7.5. Except when stated, transient current experiments were per-
experiments in which the by-product was added to membrane preparationfgrmed in the absence of K(apart from any added as the counterion to
it was dissolved in ethanol to form a stock solution at a concentration ofDMB-caged ATP), which restricted the ion pump to its Na-only mode. The
8 mM. effect of K" counterion at the concentrations added with the DMB-caged
ATP would have a negligible effect on transient amplitudes and kinetics
. . L. (Borlinghaus et al., 1987). The potential across the bilayer was detected
Na,K-ATPase preparation and specific activity with Ag/AgCl electrodes; we shielded these against stray-light artifacts by

Na,K-ATPase was prepared from the outer medulla of rabbit kidneys byembeddlng them in agar gel stained black with ink. Light from a flash lamp

procedure C of Jgrgensen (1974). This method yielded purified enzyme irgmOdeI 5M-3; EG&G Electro Optics, Salem, MA) was transmitted through

the form of membrane fragments, which consisted of flat sheets with £ 1-mm-pathlength bandpass.ﬁlter (270-380 nm; Schott UG 11) and
diameter of 0.2-1um, and contained-0.8 mg phospholipid and 0.2 mg focused on the m_embram_e. This compartme_nt, vyhlch had a vqlume of
cholesterol/mg protein (Buer et al., 1991). The suspension of membrane ~300 I, was equipped with a small magnetic stirrer. After a bilayer was
fragments containing Na,K-ATPase 8 mg total protein/ml) in buffer (25 formed, caged ATP, 0.4 units (manufacturer’s speuflcat_lon)_ of apyrase,
mM imidazole sulfate, pH 7.5, 1 mM EDTA, 10 mg/ml sucrose) was and 40-50pg/ml membrane fragments were added to tfeside, fol-
frozen in 100! aliquots; in this form the preparation could be stored for owed by 1 min of smooth stirring. Apyrase was added to remove ATP and
several months at70°C without significant loss of activity. Storage of ADP efficiently (Borlinghaus et al., 1987) unless otherwise stated. Mem-
thawed preparations at4°C for up to 4 weeks did not affect the activity. bPrane fragments adsorbed to the lipid bilayer with a time constant of
The protein concentration was determined by the Lowry method (Lowry etseveral minutes (Borlinghaus et al., 1987). Neither DMB-caged ATP nor
al., 1951), using bovine serum albumin as a standard. The Na,K-ATPastlPE-caged ATP affected the membrane resistance or capacitance of the
specific activity was determined by the pyruvate kinase/lactate dehydropreparation.
genase linked assay (Schwartz et al., 1971). For all preparations, the Transient currents were triggered by a light flash that photolyzed caged
specific activity was in the range of 1900-23@@nol P, formed/h/mg ATP and produced an ATP concentration jump in the close vicinity of the
protein at 37°C and pH 7.5. This corresponds tQaof 72-86 s*, based  membrane fragments adsorbed in the bilayer. Experiments were performed
on two active sites, and a molecular mass of 270 kDa for the ATPase dimeaifter an equilibration period of at least 10 min after the addition of the
(Jorgensen, 1974). At 22°C the specific activity was @8l P, formed/ fragments. Typical lifetimes of the coupled membrane systems were 120—
h/mg protein, which corresponds tdg,of 24 s *. Between pH 6 and 8.25 240 min. During this time the maximum amplitude of the transient currents
the specific activity-pH profile was approximately bell shaped (see dataslowly decreased, but their kinetics were unaltered. The currents detected
plotted in Fig. 5b, and Apell and Marcus, 1986). For measurements at pHafter an ATP-concentration jump are directly proportional to the number of
values other than 7.5, control experiments were performed to ensure th@brticipaﬁng pump molecules. This number varied significantly between
the linked-assay enzymes were not rate limiting. various membranes under otherwise constant conditions, because of the
different extents of membrane fragment adsorption (see text below asso-
ciated with Fig. 4).

Charge movements within the ion pumps in the membrane fragments

The apparatus was described previously (Borlinghaus et al., 1987 Wudd&l"_“'d_ be detected_e_ls changgs in the t_ransmembran_e electric vc_)ltage by the
and Apell, 1995); Fig. 2 summarizes essentials of the two-compartment principle of capacitive coupling, as discussed previously (Borlinghaus et
cell. The cell made of Teflon 228 was mounted in a thermostatted alumi@-» 1987; Wuddel and Apell, 1995). Thus charge movements were re-
num block in a Faraday cage. Planar lipid bilayers were formed from 19.corded either as voltage changes by a voltage amplifier on the basis of an
diphytanoylphosphatidylcholine in-decane across a hole of 1-mm diam- ©operational amplifier with an input impedance of'1@ (Burr Brown

eter in the wall between the frortrgns) and back ¢is) compartments and 3528, Tucson, AZ), or as current changes by a current amplifier with a gain
were illuminated and observed through quartz windows irttaescom-  of 10° V/A and a signal rise time set at 1-3 ms (model 427; Keithley,
partment. The area of the optically black bilayers was typically 0.58.mm Cleveland, OH). Signals recorded in the latter way had a lower signal-to-
The standard buffer composition between pH 6 and pH 7.5 was 30 mMnoise ratio at the same cutoff frequency compared to the voltage traces, but
imidazole, 10 mM MgCJ, and 1 mM EDTA, with specified concentrations could be analyzed directly. Current and voltage signals were fully compa-
of NaCl, and the temperature was 22°C. The buffer agent was- 2-( rable (Wuddel and Apell, 1995). The output signal was recorded by a
morpholino)ethanesulfonic acid (30 mM) at pEl 6 and Tris (30 mM) at  digital oscilloscope (model 4094A; Nicolet, Madison, WI) after the trigger

Membrane experiments
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of a 40us near-UV flash. For more details refer to Wuddel and Apell
(1995).

Data analysis

Unless otherwise stated, errors are recorded as SEM and are derived from
at least four trials at the recorded concentration or pH. Data were analyzed
on a personal computer. The recorded voltage signals were transformed
into current)(t), and according to a published formalism into pump-current
signals,l(t) (Borlinghaus and Apell, 1988). The transients obtained were
compared to the results of a kinetic simulation of the model shown in Fig.
1, based on the rate constants (Table 1) and programs of Wuddel and Apell
(1995), but with modifications that became necessary because of revised
values forA (see Appendix) and the experimental findings presented in this
paper. Under standard conditions (pH 7.5, 22°C), only the rate constants of
enzyme phosphorylation by ATRy, and enzyme dephosphorylation by
ADP, p,, had to be modified.

RESULTS

Comparison of transient currents induced by
photolysis of NPE- and DMB-caged ATP

The membrane fragments containing Na,K-ATPase ad-
sorbed to the lipid bilayer are shown schematically in Fig. 2
a. Fig. 2b shows the results of experiments in the standard
buffer at pH 7.5, which contained 150 mM NacCl. In both
experiments, 4Qug/ml Na,K-ATPase in the form of mem-
brane fragments and the indicated amount of caged ATP (1
mM NPE-caged ATP or 1.6 mM DMB-caged ATP) were
added to thecis side. Transient voltage changes were re-
corded after a 4Qes light flash at timet = 0. Numerical
differentiation of the voltage signal according to the proce-
dure of Borlinghaus and Apell (1988) gave the current
transients shown. The currents rose to a maximum within 10
ms (DMB-caged ATP) and 60 ms (NPE-caged ATP) and
thereafter declined, reversing their sigrt at 150 ms or>
250 ms, respectively. In the representation of Fidn the
pump-current trace of the NPE-caged ATP has been scaled
up 4.5-fold to make the different time courses more readily
visible.

The vyield of photoreleased ATR), from caged ATP in
the experimental setup was determined by photolyzind 5-
droplets placed at the position of the hole spanned by the
membrane. The droplet contained standard buffer and 1 mM
NPE-caged ATP or 1.6 mM DMB-caged ATP. Different

fragments (Borlinghaus and Apell, 1988; Wuddel and Apell, 19%5)Tke
currents were triggered by ATP concentration jumps generated by flash
photolysis of two caged ATP compounds, DMB-caged ATP and NPE-
caged ATP. Experiments were performed in standard buffer containing 150
mM NacCl and the indicated concentration of the caged compound (pH 7.5,
22°C). ATP at 100uM and 80uM was released from DMB-caged ATP
and NPE-caged ATP, respectively. The lines plotted through the data are
simulations of the experiments according the reaction scheme of Fig. 1, the
experimental conditions, and the parameters listed in Table CTuyrrents
following 100 uM ATP concentration jumps generated by flash photolysis

FIGURE 2 Comparison of ATP-induced current transients produced byy¢ DMB-caged ATP in standard buffer at 22°C containing 100 mM NaCl
Na,K-ATPase. § The two-compartment cell for current measurements plus 50 mM KCl in the N4,K* mode and 150 mM NaCl in the Naonly
expanded at planar bilayer to show the capacitively coupled membrangode. In bothb andc the light flash is at time 0 on the abscissa.



settings of the flash-lamp voltage gaWevalues up to 0.07 ran, a concentration higher than any liberated in the DMB-
for DMB-caged ATP. The concentration of released ATPcaged ATP experiments. Control experiments were per-
was determined by a luciferase bioluminescence assay. Ttiermed with bilayers in the presence of benzofuran but in
ratio of ATP released from NPE-caged ATP to that fromthe absence of DMB-caged ATP. Under these conditions the
DMB-caged ATP was 1.2 0.2 over a 0.1-1.6 mM con- spike artifact mentioned above was observed, and its time
centration range of caged compound. The concentrations a@burse and size corresponded to those in the experiments
ATP released in the Na,K-ATPase studies that follow werewith membrane fragments containing Na,K-ATPase and
calculated from these data. DMB-caged ATP. Thus the spike artifact was attributable to
The influence of K on the current measured using the by-product; its amplitude was variable, being barely
NPE-caged ATP has been described (Fendler et al., 1988letectable in most experiments. Consequently, measure-
1987; Borlinghaus et al., 1987). Fig.c2shows a compari- ments with membranes that showed a large light-induced
son of currents observed after photolysis of DMB-cagedartifact were discarded. The mechanism giving rise to the
ATP with and without 50 mM KCI. In the presence of KCI, artifact has not been further studied.
a steady-state current occurs because of cycling of the To investigate further the effect of the different rates of
Na,K-ATPase. Additional ATP released in the presence ofATP release, the dependence of the transient currents on the
K* by a second flash did not increase the steady-stateoncentration of the two caged compounds was determined
current (data not shown), indicating that ATP was not(Figs. 3 and 4). Fig. 3 shows transients from trials with
limiting. The current declined to zero by 1.5 s. The addi-0.2—-2.4 mM DMB-caged ATP. To characterize the tran-
tional current contributions arose from turnovers in thesients, two parameters, the maximum curréps,, and the
Na-K mode of the pump until the small aqueous volumetime between the light flash and the maximum currépt,,
between lipid bilayer and membrane fragments was dewere determined (sei@setin Fig. 3). They were obtained
pleted of K" ions. This extended pump activity is in agree- from a fitting routine, in which the transient current was
ment with previously published findings for NPE-caged reduced to two exponentials:
ATP (Fendler et al., 1985, 1987; Borlinghaus et al., 1987).
The early part of the current response to photolysis of lo(t) = lo(exp(—kot) — exp(—kit)) @)

DMB-caged ATP was little affected by K a result com- |k, andk, are fitted parameters, is proportional to the

parable to that of experiments in which NPE-caged ATPnymber of activated ion pumps (see Eq. 4). As expected

was used. from the multistep reaction, Eq. 1 is an oversimplification,
Several controls were performed to ensure that the trarhecause the rising phase was not a single exponential pro-

sient currents were exclusively produced by the ion-transcess (as illustrated in tHasetof Fig. 3), either experimen-

locating action of the Na,K-ATPase. First, experiments Us+ally or when simulated as in Fig. B (according to the

ing DMB-caged ATP were performed in the absence ofmethod of Wuddel and Apell, 1995). Nevertheless, Eq. 1

Mg?" (which is required for phosphorylation of the en- provides a convenient parameterization both of experimen-
zyme). Under these conditions, no flash-induced signal was
observed, apart from a negative current spike artifact of less
than 3 ms duration (see below); subsequent addition of 10
mM Mg?" to the cis buffer restored the photolytically
induced response with normal kinetics (data not shown),
although the signal amplitudes were smaller than in exper- 92 [
iments with Mg@" present from the beginning. This differ-
ence probably originates from the less effective adsorption
of membrane fragments to the lipid bilayer in the absence ofg
divalent ions; these ions may produce an electrostatic at= 44 L
traction between fragment and bilayer (Wuddel, 1994).

To test whether binding of DMB-caged ATP to the nu-
cleotide binding site inhibits Na,K-ATPase, the specific
enzymatic activity was measured in the presence of increas-
ing amounts of the caged compound. There was no signif- 9 [
icant decrease in the enzyme activity up to 0.75 mM DMB-
caged ATP, the highest concentration used (0.2 mM ATP in
the assay).

On photolysis of DMB-caged ATP, the by-product, 5,7- FIGURE 3 Transient currents in response to a light flash in the presence
dimethoxy-2-phenylbenzofuran, was expected to becomef different concentrations of DMB-caged ATP. The aqueous solution
rapidly incorporated into the membrane because of its hyt_:ontained standard buffer With 1_50 mM NacCl, mgmbrane fragments (40
drophobicity and to possibly interfere with protein function. £ g/m Na‘K'ATP?SE)’ and the indicated concentration of DMB-caged ATP

- o at pH 7.2 and 22°C. The time of the light flash is zero on the absdisga.
The specific activity of the Na,K-ATPase was unaffected byangt_ . were determined from the transients as characteristic parameters
the presence of 20@M 5,7-dimethoxy-2-phenylbenzofu- (seeinse).




BT T T T T T tal data and of simulated transients derived from the model
a scheme (Fig. 1), andl ., may be expressed in terms of
k, andk, as follows:

tax = IN(K/K)/ (K — ky) 2
Imax = Io : ((kllkz)_kZ/(kl_kz) - (kllkz)_kll(kl_kZ)) (3)

where

DMB-caged ATP
02

oy / NA

> 1o = N kikl(ky — ko). (4)

1 The dependence df,,, on the concentration of released
ATP is shown in Fig. 4a. These experiments were per-
e formed for a sequence of caged ATP concentrations by
2 Al " ) A9 150 180  gyccessive additions of caged compound to the same mem-
brane. As noted in Materials and Methods, this procedure
{55 . . . . . . . . . was necessary for internal consistency of the data set, be-
i b 1 cause variation of .., between different membranes can be
large because of a variable amount of adsorbed membrane
fragments (i.e., the number of activated pumps; see Eqgs. 3
and 4). Thereford, ., at any particular concentration of
released ATP is not reproducible unless it is recorded from
the same bilayer experiment. Saturatiori Qf, occurred on
NPE-caged ATP photolysis with half-saturating amplitude
1mM on release of M ATP (Fig. 4a). With DMB-caged ATP

40 r a . .
| ogzmM i concentrations, there was only a tendency toward saturation

i ‘\\I’g"” e | of 1,2 With half-saturating amplitude on release ©f70
| 2 TE— el uM ATP. In contrastt,,,,was constant within experimental
0 L 1 L . L . : error over the range of applied concentrations of DMB-
0.2 0.4 0.6 0.8 caged ATP (20QuM to 2.46 mM), with an average value of
relative light intensity 11.1* 0.1 ms, derived from fits of Eq. 1 to the data of Fig.
3 and calculations using Eqg. 2. In parallel experiments using
200 —g— 1T " T T T NPE-caged ATP%,,,, was weakly dependent on the con-
& i | centration of caged compound decreasing from+76 ms
E L to 45+ 4 ms between 33M and 1 mM NPE-caged ATP,
F 100 - { 1 respectively (data not shown; see also data in Fig).4
i = } 2 }

NPE-caged ATP

100

NPE-caged ATP
80

60

10 f TS

= -

“decay | Changes i, might be expected if the association of
. photoreleased ATP with Na,K-ATPase was inhibited by
1 binding of DMB-caged ATP to the nucleotide site, a process
known to occur with NPE-caged ATP (Forbush, 1984a).
Borlinghaus and Apell (1988) have shown that the yield of
E photoreleased ATP is proportional to the intensity of the
light flash, so the light flash intensity was varied fivefold
over a range of caged ATP concentrations, §pgd, was
o b plotted against the relative light intensity (Figb¥ Binding
0 30 60 90 120 150 180 of NPE-caged ATP to the Na,K-ATPase influenced the
[ATP1/ M kinetics because,,,, observed at 1 mM NPE-caged ATP
and relative light intensity 0.2 was twice that at 2001 and

FIGURE 4 @) Dependence of.,, on concentration of released ATP Jight intensity 1. Similar experiments performed with DMB-
from DMB-caged ATP @) and NPE-caged ATR) at constant light-flash
intensity ( = 0.07 for DMB-caged ATP and = 0.082 for NPE-caged
ATP). The DMB-caged ATP data are averaged from transients as shown in
Fig. 3. The error bars are SEM derived from several transients at a constafttensity of 1 corresponded to the same light intensity Anpalysis of the
caged ATP concentration in a single membrane experiment. The lines areurrent transientd(t), by fits with Eq. 1. The fit parametet,;s. and ey
drawn to guide the eyeb) Dependence df,,,, on concentration of caged are plotted against the concentration of ATP released from various DMB-
ATP and the relative intensity of the light flash. DMB-caged AT &, caged ATP concentrations and light intensities ashinThe lines are

V) and NPE-caged ATP, A, V) data are compared under otherwise derived from simulated current transients at different ATP concentrations
identical conditions (as described in legend of Fig. 3). The light-flashaccording to the model described in the Appendix, which were then fitted
intensity was varied to generate yields of released ATP between 1.6% ankly Eq. 1. Large errors imye, are related to the low current amplitudes at
8% of the concentration of caged compounds. In each case a relative lighess than 6QuM ATP seen ina.




caged ATP demonstrated less influence of its concentration ————r—r——
on t,... The average,,, value (with the exception of a pH 8 DMB - caged ATP
experiments at 0.82 mM and relative intensity0.4) was 0.2
12.0£ 0.28 ms. Thus putative binding of DMB-caged ATP
to the ATP site did not significantly influenadg,,, values.
Values oft,,,, for the transient currents upon photorelease L
of ATP from DMB-caged ATP were at least 3.5-fold less £ g, v i
thant,, ., values observed on photolysis of NPE-caged ATP-& ’
at each light intensity. Furthermore, with NPE-caged ATP, | | Aa, ™ N i
the average ratios of thte,,, values at each light intensity I VNG
were 1.22:1.15:1 for 0.2, 0.4, and 1 mM NPE-caged ATP, 0
respectively, confirming that the transients were signifi-
cantly affected by the kinetics and/or amount of ATP re- N
lease and not just by binding of NPE-caged ATP to the 0 0.05 0.10 0.15
nucleotide site of the ATPase. t/s

The current transients were also recorded in terms of the

time constants, e, (= 1/K;) andryeca,(= 1/k,) of the rising b NPE-caged ATP
and falling phase (Fig. £). Both parameters show an  so [ . ! { 0.0015
increase for concentrations of released ATP below.#0 | (enzyme ;

activity)” ™,

- 0.001
Dependence of transient currents on pH T
E

Transient currents were compared after flash photolysis of
DMB-caged ATP in the presence of 150 mM NaCl at
various pH values (Fig. 8). Between pH 5.3 and pH 8.0,
no marked changes were observed,jg, when ATP was
released from DMB-caged ATP; however, a threefold in- © .
crease irn,,,, occurred between pH 8 and pH 9 (Fighp pH

Similar experiments have been performed with NPE-caged

ATP (Borlinghaus et al., 1987), and those results are ShOWR|IGURE 5 Dependence of transient currents on pH after flash photolysis
for comparison in Fig. . Values oft,,,,, coincided for both  of 0.8 mM DMB-caged ATP.4) Transient currents at pH 6, 7, and 8 on
compounds at pHs 6, where the photolysis rate of NPE- release of 55uM ATP. Apart from pH, other conditions were as described

Caged ATP is greater than 200013(Walker et al 1988) in the legend of Fig. 3. The smooth lines drawn through the experimental
" ' traces are simulations derived as described in the AppeniliX,(, is

whereas as eXpeCted"aX values dlverged above pH 6 for plotted as a function of pH®). The line has been drawn to guide the eye.
the two caged compounds. Because the pH dependence @fsuits obtained from similar experiments with NPE-caged ATP, which
the Na,K-ATPase activity (recorded in Materials and Meth-are reproduced from Borlinghaus and Apell (1988), are shown for com-
ods) is relevant to the discussion of the transient currentgarison @ashed ling The pH dependence of the enzyme activity has been
reciprocal enzyme activities are also plotted in Fi@. ﬁnax determlned. (see Materials an_d Methods), and the reciprocal values, Whl_ch
. d by a factor of 4 between pH 6 and bH 8 (FI@) 5 are proportional to the cycle time of the Na,K-ATPase, are plotted as solid
Increased by : . P p ! squares (and asdpotted lineto guide the eye).

an effect that is most likely due to the more than twofold

increase in enzyme activity and variation with pH in the
adsorption of membrane fragments to the lipid bilayer. the earlier work, the transients were not influenced by ionic

strength (up to 250 mM), so no compensation for changing
D d ft ient t ionic strength was made here in the DMB-caged ATP
ependence ot transient currents on experiments. In Fig. 6b and c, the effects of the N&

sodium concentration concentration onyse and 74ec5yare shown. Between 2 mM

As considered in the Introduction, the characteristics of theand 150 mM NaCl ;s varied by more than factor of 10,

transient currents are likely to be influenced by the initialwhereasrye.,, (60 = 8 ms) did not change significantly.

concentration of NgkE,. Therefore transient currents after

DMB-caged ATP photolysis were analyzed as a function of .
+ : M . Dependence of transient currents on

Na“® concentration.t,,,, decreased with increasing Na ADP concentration

concentration from 73 ms (1 mM Nato 8.6 ms (50 mM

Na") and increased at higher Ng35 ms at 400 mM)t,.., ~ The phosphorylation N&,ATP = (Nag)E;-P + ADP may

is plotted as 1/, in Fig. 6 a to allow direct comparison be affected by the presence of ADP, and the contribution of

with data obtained using NPE-caged ATP under otherwis¢he back-reaction to the reaction flux allows an estimate of

comparable conditions (Borlinghaus and Apell, 1988). Inthe corresponding rate constgnt Therefore experiments

20 | - 0.0005
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FIGURE 7 Dependence of transient currents on concentration of added
FIGURE 6 Dependence of transient currents on” Mancentration. &) ADP. Transients triggered by release of p ATP from 0.8 mM
1/t,ais plotted against Naconcentration®) after release of 5aM ATP DMB-caged ATP were recorded in the presence of the indicated concen-
from 0.8 mM DMB-caged ATP ttace 1). All other conditions are as trations of ADP and analyzed by fits of the time course with the function
described in the legend of Fig. 3. For comparison the results obtained fromf Eq. 1. Other conditions were as described in the legend to Fig. 3. It was
similar experiments with NPE-caged ATP (195M ATP released; estimated that less than M ADP was present as a contaminant in the
Borlinghaus and Apell, 1988) are shown as a dashed tiaed 2. (b, ¢) DMB-caged ATP, and thus it was ignored. The characteristic parameters of
Transients were fitted according to Eq. 1, and the derived rate condtants, current transients area)( the maximum current amplitude normalized
andk,, were used to calculate the characteristic time constant of the risingo that at zero [ADP]) s {lmax (0); (0) tmax @Nd Tise (= 1/Ky); (C) Tgecay
phase s = 1/k;, and of the falling phasere..y = 1/k,. The solid lines (= 1/k). The solid lines in all three panels were obtained as in Fig. 6,
in all three panels derive from simulated transients at different sodiumexcept that ADP rather than Naconcentrations were varied to obtain the
concentrations according to the model described in the Appendix, whictplotted | ;,,/1max0), tmax Trise @NdTyecay The dashed line im represents
were then fitted by Eq. 1 to obtain the plotted, L}, Tise aNdTyecay a calculated inhibition for the hypothetical case that the phosphorylation

rate constanty, is slow and the conformational change rate constans,

fast (see Discussion).

were performed with release of 5aM ATP from DMB-

caged ATP in the presence of various concentrations 0£995). To obtain quantitative information on rate constants
ADP, without apyrase. The dependence of the transieref the Na'-translocating reaction cycle, Wuddel and Apell
currents on ADP was analyzed and represented in the p41995) fitted data from a wide range of experiments to the
rametersl o, thaw Trise @Nd Tgecay (Fig. 7). In a series of Na-only mode of Na,K-ATPase (Fig. 1 and Table 1). In
experiments with the same membrane preparations (to maguch experiments the system was perturbed from its steady
imize reproducibility),l .., measured in the presence of 300 state by a sudden change in an external parameter, such as
wM ADP was 15% of its value with no added ADP. Over temperature, voltage, or a substrate concentration, and the
the range 0—30QM ADP t,. Tise @Nd Tyecqyincreased — time evolution of the system toward a new steady state was

2.5-, 1.8-, and 2.6-fold, respectively. followed (Lauger, 1991). Most of the experiments presented
in this paper (when [N&] > 20 mM) relate to the following
steps:

DISCUSSION

. . . NasE;, = NasE;ATP = (N&)E;-P = P-E(Na;) = P-E
A variety of Na,K-ATPase preparations and experimental = > e (N&s)Ey «(N&) ”

techniques have been used to analyze the kinetics of eledhe application of NPE-caged ATP has been a powerful
trogenic N& transport in Na,K-ATPase (Forbush, 1984b; tool for determining kinetic properties of Naransport in
Fendler et al., 1985, 1987, 1993; Nakao and Gadsby, 198&a,K-ATPase. However, the time course of ATP release
1989; Borlinghaus et al., 1987; Borlinghaus and Apell,must explicitly be taken into account when transient cur-
1988; Rakowski et al., 1991; Stuer et al., 1991, Vasilets rents are analyzed (Borlinghaus and Apell, 1988; Wuddel
et al., 1991; Gadsby et al., 1993; Heyse et al., 1994; Hilgeand Apell, 1995). Possible distortion of the transients can be
mann, 1994; Sagar and Rakowski, 1994; Wuddel and Apellminimized by use of DMB-caged ATP, which photolyzes at



least three orders of magnitude more rapidly than NPE=>13 ms for valuess 5 mM, suggesting that this is a lower
caged ATP at physiological pH. The various control experdimit for the dissociation constant. It is noteworthy that
iments established that DMB-caged ATP and its photolysidDMB-caged ATP and NPE-caged ATP have comparable
by-product were innocuous with respect to the electricakffinities for the myosin ATP binding site (Thirlwell et al.,
properties of the Na,K-ATPase capacitively coupled to a1995). We conclude that the principal cause for the different
bilayer. Significantly, when ATP was released from DMB- kinetics of the transient currents is the slower ATP release
caged ATP in the absence of Kig no transient currents from NPE-caged ATP.
were observed. Upon addition of ¥ig, the pump-induced When an activation energy of 100 kJ/mol (Linder and
transient was restored. Likewise, the effect of kin the  Apell, manuscript in preparation) is applied for the rate-
steady-state current after photolysis of DMB-caged ATP Jimiting process, for comparison the rate constants at 22°C
together with its lack of effect on the kinetics and amplitudecan be estimated from published data. They vary between
of the transient current, is compatible with the expected200 s * (Fendler et al., 1987), 70°$ (Hilgemann, 1994), 40
properties of K in the Na,K-ATPase mechanism. Theses * (Gadsby et al., 1991), and 25%5(Heyse et al., 1994;
observations on the influence of Kgand K" agree with  Wuddel and Apell, 1995; this work). Friedrich and Nagel
data from NPE-caged ATP (Fendler et al., 1985, 1987(1997) recently published transient current experiments per-
Borlinghaus et al., 1987). formed with giant patches from myocytes. They observed
transient kinetics similar to those presented hefe.(= 6
MS, Tyecay = 25 Ms at 20°C, 5uM ATP released); how-
ever, they assigned the slow falling phase of the current to
binding/dissociation of ATP/caged ATP to/from the en-
Fig. 2b demonstrates that the shape of the transient currentgyme. The origin of the discrepancies in the rate-limiting
in experiments is different for the two caged ATP analogsstep still has to be resolved. When the effect of the slow
Overall the transient was faster and the maximum currenphotolysis of NPE-caged ATP is excluded (as in the pre-
amplitude,l ., much greater with DMB-caged ATP. The sented data), two other factors may contribute to reduce the
latter follows from the former, because the integral of thelimiting rate: caged ATP (NPE- or DMB-caged ATP) has a
current, other things being equal, will be the same. Howkind of “allosteric” inhibition effect on our preparation,
ever, we found variations if,,,, and the current integral, which slows down the rate-limiting conformational change.
because both are proportional to the number of contributingf so, one would expect to detect a concentration depen-
ion pumps (i.e., the density of adsorbed membrane fragdence of the inhibition, which was not found in the concen-
ments), and this is known to vary from experiment totration range of the caged compound between 0.2 mM and
experiment and over time within a single membrane. 2.4 mM by electric measurements (Figb} or at concen-
The faster transient currents with DMB-caged ATP aretrations lower than 0.75 mM in the overall enzymatic ac-
most likely to arise from its more rapid photolysis. How- tivity. From the absence of any observed concentration
ever, we also have to consider the extent to which bindinglependence it may be excluded that this process produced a
of the caged ATP compounds to the ATP site on the pumghange of the limiting rate in the order of a factor of 10. The
influences the kinetics. For NPE-caged ATP, competitionsecond factor may be the difference between native mem-
between ATP and the caged compound has been shown, abdanes (as used by Hilgemann, 1994, or Gadsby et al., 1991)
dissociation constants for NPE-caged ATP in the rangeand our purified microsomal preparations in which the lipid
40-500 uM have been determined (Forbush, 1984a;composition is significantly altered. This could easily ac-
Borlinghaus and Apell, 1988). Nevertheless,, is only  count for the observation of a factor on the order of 2
twice as large when fivefold greater NPE-caged ATP isbetween Hilgemann’s, Gadsby'’s, or Friedrich’s results and
present for the same amount of released ATP (cf. data adurs. However, this cannot explain the difference of a factor
200 uM and 1 mM caged ATP in Fig. 4). Part of this  of 10.
relative insensitivity probably arises because of the nonlin-
ear relation betweef),,, and 1k; (or 1k;) (Eq. 2). Thus
suppose thak, >> k,, andk; was proportional to [caged
ATP]J; then thet,,,, would not have a linear dependence on
1/[caged ATP], becausg ., > In(k,)/k;. Furthermore, phos- From Fig. 2b it can be seen that both the rising and falling
phorylation may be partially rate limiting in steps leading upphases of the transient current are affected by the ATP-
to the formation of (NgE,-P. In the case of DMB-caged release kinetics. To quantify the differences in the current
ATP, even less effect om,,,, was found when the same traces, fits were performed of the time course of the signals
amount of ATP was released from varying concentrations oficcording to the function given in Egs. 1 and 2 to determine
caged ATP with correspondingly adjusted flash intensity.the parameter, , tmax Trise (= 1K), and7yecay (= 1/ky).
This result is still compatible with weak binding of DMB- These fits were acceptable in most cases, although in ex-
caged ATP to the ATP site. We simulated transient currentperiments with high time resolution, it could be seen that the
to estimate the effect of the DMB-caged ATP dissociationrising phase of the current deviated considerably from the
constant ont,,,,. The simulations indicated that,, was fitted curve for experiments with DMB-caged ATP. This is

Shape of the transient current

Simulations of the Na-only mode of Na,K-ATPase



not surprising, because the underlying transport proces@ot shown), with the slower ATP release kinetics of NPE-
from NaE, to P-E, in Na,K-ATPase is at least a four-step caged ATP (see Appendix), led to a comparable result, with
reaction, so reduction of the kinetic scheme to two ratethe only difference that,, and 74ecoy increased, as ob-
constants is an oversimplificatiok; andk, are necessarily served experimentally (Fig. B). The apparent biphasic
complex functions of all rate constants. dependence 0f;.,,in Fig. 8aand the decreasingeq,,for

To demonstrate the influence of the rate constants of themallp; in Fig. 8b are the consequence of inadequacy of the
reaction scheme on the rising and falling phases of théunction in Eqg. 1 discussed above.
transient currents, we performed numerical simulations with In summary, the slow release of ATP from NPE-caged
the reaction scheme of Fig. 1 and the parameters of Table ATP reduced the overall rate of the transient current com-
in the way presented in the Appendix for DMB-caged ATP.pared to DMB-caged ATP. The kinetics of the rising phase
The reaction steps of the pump cycle that are not part of thef the transient current cannot easily be attributed to a single
linear sequence from NB, to P-E, did not contribute reaction step of the pump cycle. The kinetics of the falling
significantly to the simulations of the whole cycle at 150 phase are dominated by the rate-limiting conformational
mM Na*. Just as for the measured transient currents, thehange, (N§E;-P — P-E,(Nay), the rate of which is in the
simulated time courses of the scheme in Fig. 1 were fittedange ofk_,; derived from the specific activity of the AT-
with Eg. 1 to determine the apparent time constantsand Pase (see Materials and Methods) (Heyse et al., 1994).
Tqecay 1hESE parameters were then plotted as functions dflowever, even the rate of the falling phase is slower with
three rate constants of the reaction scheme (Fig. 8). The ratéPE-caged ATP than with DMB-caged ATP. Only the
constantsy; andp; may be varied by a factor of 2 to either latter compound can be assumed to generate an instanta-
side of their values in Table Jafrows in Fig. 8) without  neous ATP concentration jump, because its release kinetics
modifying Tise and Tqecqy Significantly. Similar twofold — are fast compared with the other rate constants involved
variations in the rate constahthave no effect om,;but  (a X [ATP] ~ 100—600 s*, p; = 600 s %, I, = 25 s %).
significantly affectry..,, Repetition of these simulations

Dependence of the transients on pH

o ka ' : ;f ' ] The pH dependence of the kinetics of elementary steps of
NazE, + ATP — > NayE,ATP A the Na"-only mode of the ATPase was clarified when
g 60 — DMB-caged ATP was used instead of NPE-caged ATP (Fig.
©40 | deony ] 5, aandb). The simulationsgmooth line tracésin Fig. 5a
20 ] indicated that the rate constants of the steps that determine
0 —— the transient currents are virtually independent of pH be-
75 80 tween pH 6 and pH 8. The rate of the falling phase is
predominantly controlled by, and one might expect that
40 Tdecay 1 phase to be faster at pH 7 than at pH 6 or pH 8, because the
» 30 i specific activity of the enzyme is almost twice as large at pH
ET L Na,EATP —0o (NaE,P 7 (Fig. 5b). The deceleration of the transient currents at pH
=20 fk 1 values above 8 can be ascribed only in part to the decrease
10 | A Uise ] in the specific activity of the ATPase as pH increases. To
o, p pro pr 000 illustrate, supposk, decreases from 25$to 12.5 s * and
pils" k, is 200 s'*; thent,,., increases from 11.9 ms to 14.8 ms.
: . : . : , The actual increase it above pH 8 is larger than is
80 - C , ] predicted by this calculation, suggesting that the rate con-
0 60 L (NaE,-P —T> P-E,(Na,) | stants of steps leading to the formation of (N&-P are
\540 [ ] smaller above pH 8. These complexities in the pH depen-
- dence are in line with the report that the rate of the-&£P-E,
2T e ¥ conformational transition decreases above pH 7.5 (Forbush
0 — and Klodos, 1991) and will require further investigation.

FIGURE 8 Effect of varying the kinetics of selected reaction steps onATP concentration dependence

Trise @Nd Tyecqy OF transient currents. First numerical simulations were

performed in which successively one af, p;, or I, was continuously ~ The question of whether the step involving ATP binding to
varied, according to Fig. 1 and its mathematical description in the Appen-ATPase is associated with the rising or falling phase of the
dix. The resulting transients were fitted by Eq. 1 o obtaigs and7eecay  transient current has been controversial (Fendler et al.,

which are plotted against the varied rate constant. The arrows indicate th . . .
value of the pertinent rate constant in Table 1 that was used throughout thi985’ 1987, 1993 Borllnghaus and Apell, 1988)' Evidence

rest of this paper.a) a = 3.6 X 1P M s % (b)p, = 600s % () I, =  that it is associated with the falling phase comes predomi-
25sL nantly from considerations of the effect on the transients of



the slow rate of NPE-caged ATP photolysis and the binding In principle it would be attractive to analyzg, and the

of NPE-caged ATP to the ATP site of the pump. When thetotal charge movement as a function of Neoncentration,
experiments were performed with DMB-caged ATP, anal-but the variability of the number of adsorbed Na,K-ATPase
ysis using Eq. 1 showed that both phases of the curremnolecules in the successive experiments rendered such
transients were affected by the ATP concentration-deperanalysis unreliable.

dent reaction step (Fig. @), a result consistent with Fig. 1
and rate constant assignments in Table 1.

On photolysis of DMB-caged ATP,,,, remained ap-
proximately constant (Fig. B) and increased only below a
released ATP concentration of 20M (an estimated 23M In analyses of transient currents from experiments with
ATP was released from 0.82 mM DMB-caged ATP at NPE-caged ATP (Borlinghaus et al., 1987; Borlinghaus and
relative light intensity 0.4). The ATP concentration depen-Apell, 1988; Wuddel and Apell, 1995), the rate constants
dence ofr,, behaved similarly and can be explained from controlling NgE,ATP — (Nag)E;-P could not be deter-
the data in Table 1. Thus & is 3.6 X 10° M~ *s *when  mined unambiguously because of the slow release kinetics
ATP is <20 uM, the rate constara[ATP] < 72 s *and of NPE-caged ATP. The rate constapt was therefore
becomes comparable o The equivalent effect is plotted in  estimated to be=200 s %, the lower limit being defined by
Fig. 8 a. Because in the simulatiorss occurs always ag;  the experiments. Fast release of ATP from DMB-caged
X [ATP], a variation ina; by a given factor generates the ATP circumvents the problem and permits estimates to be
same response as variation in [ATP] by the same factor wittmade of botlp; andp, (Fig. 1). Numerical simulations were
a invariant. As can be seem,g. increases at low. In our  performed in whichp; andp, were varied to reproduce the
experiments,r,se and 74ecoy Were also influenced by the ADP concentration dependence of the transients (Fig. 7);
ATP concentration, with significant increase at low concen-other parameters of Table 1 were kept constant. The solid
trations 40 uM ATP released; Fig. &), in agreement lines in Fig. 7 were obtained fqs, = 600 s * andp, =
with the simulations (Fig. &). This increase is probably 1.5x 10°M~*s *. The equilibrium association constant of
due to a limiting reaction flux through the reaction stepthis reaction isK, = py/p; = 2.5 X 10°* M~ 1. The kinetic
NasE, + ATP — NagE,ATP for the transient currents. parameters showed an almost linear dependence on ADP
concentration, and the numerical simulations satisfactorily
reproduced the experimental findings (Fig. I¥,and c).
However, the calculated values Igf,/| ,2{0), when based
on a half-saturating concentration of 4M (= 1/K,), lie
The kinetics of the transient currents exhibited a complexabove the solid line in Fig. & This discrepancy could be
dependence on the (cytoplasmic) Naoncentration (Fig. corrected by taking into account the fact that ADP affects
6). Numerical simulations of the reaction scheme (Fig. 1)another step of the reaction sequence, vizBa—
following DMB-caged ATP photolysis reproduced the ex- Na;E,ATP, by competition with ATP binding with a half-
periments in a qualitative way by using the parameters ofaturating concentration of 104M ADP (Apell et al.,
Table 1. The decrease of}/, below 50 mM N& is caused 1986). When this additional effect, which hardly influenced
by the relatively low binding affinity of Na ions for E.  the kinetic parameters of the transient (Figb&ndc), was
The decrease of 4., above 50 mM is also qualitatively included in the simulations, an excellent reproduction of the
reproduced by the simulations, but we do not have a mechexperimental data could be obtainealfd linein Fig. 7 a).
anistic explanation for this effect, becaugsg, is a complex This is expected because the combination of ADP inter-
function of k; and k, (Eq. 2) and, subsequently, of ion- acting with NgE; and (Ng)E;-P should lead to a small&g;
binding and release steps. The difference between expenalue than I, or the 100uM K, for ADP at the ATP
mental and calculated values at 400 mM ‘Nanay be binding site. However, although the transient current kinet-
caused by a decrease in the Na,K-ATPase-specific activitics are consistent with the model of Wuddel and Apell
at high ionic strength (Heyse et al., 1994). (1995), they are also compatible with more complex

The slow photolysis of NPE-caged ATP and its possibleschemes such as that introduced by Keillor and Jencks
binding to the ATP site distorted the pump kinetidaghed (1996). Their data showed that phosphorylation offEa
line in Fig. 6 a; data from Borlinghaus and Apell, 1988). could be described by a two-step transformation of the
Fig. 6, b andc, reveal that both time constants;, and  NagE,ATP to (N&)E,-P. Although they consider the effect
Tdecay @re functions of the Naconcentration, with a rea- of ADP binding to NgE, in competition with ATP, as we
sonable fit between the model and the data obtained usinigave done, they do not postulate that this interaction could
DMB-caged ATP. Whereas,..,, Changed by less than a be an alternative explanation for the two-step phosphorylation.
factor of 2 between 2 mM and 150 mM Nar,,, varied The data from the ADP-dependent measurements also
15-fold in the same concentration range. An explanation idear on the electrogenicity of the steps in the Na-only mode
the influence of the relatively weak binding for Navith a  of the ATPase. The experiments were performed in the
dissociation constant in the range 5-10 mM for statgEjla  presence of 150 mM NaCl; therefore the cytoplasmic ion
so less NgE, is available for phosphorylation by ATP. sites are occupied before ATP release and the reaction

ADP concentration dependence

Sodium concentration dependence



sequence from Ng&,; to P-E, (Fig. 1) is valid for these shown that the much faster ATP release from DMB-caged
experiments. Only the steps involving Nadissociation ~ATP allows more direct analysis of the transients in terms of
from P-E, P-E(Nay) = P-E, contribute to the current the Na-only mode of the Na,K-ATPase. ATP association
because of their positive dielectric coefficients (Table 1). Inand enzyme phosphorylation affect both the rising and
addition, the major electrogenic step is fagg (= 1400s *;  falling phases of the transient current, whereas the rate-
Wuddel and Apell, 1995) and follows the rate-limiting limiting (Nag)E;-P to P-E(Nag) conformational change
conformational change, (NJE;-P = P-E,(Nag), with [ =  dominates the kinetics of the falling phase. Rate constants of
251, ATP associationg (= 3.5 x 10° M~* s7%), and of the
Because the steps leading to phosphorylation are signifate-limiting conformational changd; (= 25 s), are
icantly faster than the conformational change (controlled byconsistent with earlier estimates. The rate constant of en-
a;, a,, pr, andp, and byl,, respectively; Table 1), the states Zyme phosphorylationp; (= 600 s*), needs correction
Na;E,ATP and (N)E,-P will be in an ADP-dependent from the value of 200 s* previously assigned (Mardh and
pseudo-steady state. During this steady-state phase tH&tterquist, 1974; Heyse et al., 1994). Experiments in the
higher the ADP concentration, the lower the population ofPresence of various concentrations of ADP permit evalua-
state (N@)E,-P and so the smaller the observed electriction of the rate constant of the ADP-dependent dephosphor-

current, because it is controlled mainly by the flux throughY/ation, p, (= 1.5 X 10° M~* s™%). The influence of Na
the rate-limiting step®, = I, [(Nag)E,-P] — I, [P-Ex(Nay)]. ~ concentration and pH on the transients is broadly consistent

Becausel,. is an approximation for the reaction flux With earlier studies (Heyse et al., 1994; Wuddel and Apell,
through the rate-limiting step (see Introduction), the data of-999) @nd with the pH dependence of the specific activity of

Fig. 7 a support this interpretation. Na,K-ATPase.
An alternative model of the Natranslocation has been
discussed by Fendler et al. (1987, 1993), who proposed that
enzyme phosphorylation is rate-limiting and is followed byAPPENDlX: NUMERICAL ANALYSIS OF THE
a fast conformational change. In the absence of ADP, JRANSIENT PUMP CURRENT
sequence of a fast and a slow reaction step cannot bg, simulate current transients mediated by the ion pump, a detailed
discriminated from the reverse order sequence, because thethematical model was formulated on the basis of the reaction scheme of
current signals are produced from subsequent ion releaddg- 1 (Wuddel and Apell, 1995). In a FORTRAN program, a system of 10

steps. However, the ADP concentration dependence of thguPled differential equations as a formalized representation of the pump
cycle in Fig. 1 were solved with rate constants and dielectric coefficients

ﬁ_VSt step allows an insight into the order. If in numerical jigteq in Table 1 and with appropriate boundary conditions corresponding
simulations the values gf; andl; are exchanged and the to the experimental conditions of the respective experiments. The principal
equilibrium constantst and K; are kept constant, the difference from the model is that release of ATP from DMB-caged ATP is
current transients at [ADP—} 0 are equal, as expected. With much faster than any pther rate constant m the reaction sequ@ne‘_a E.
. . . . . . — P-E, and therefore is assumed to occur instantaneously at the time of the
increasing ADP concentrations, the reductionljn,, is light flash. Therefore we introduced
significantly less pronounced (Fig. & dashed ling than
found experimentally, and if the competitive binding of ¢.(t) = [ATP] = 9{DMB-caged ATRexp(—t/7,)
ADP to state NgE, is abolished] ., is found to be virtu-
ally concentration independent up to 3@® ADP (not fort>0
shown). A mechanistic explanation for this finding is the

. o . and
low population of state (NAE;-P, which is always drained
by the fast conformational change. Hence only extremely () =0 fort=0
high ADP concentrations would affect the reaction flux. The T '
experimentally determined ADP concentration dependencg s the yield of ATP released from DMB-caged ATP, and the value of 3 s
of I,ax IS therefore evidence in favor of a model in which for 7, is an empirically determined constant, which depends on diffusion of

the ADP-dependent reaction is followed by a rate-limiting ATP out of the vicinity of the membrane and on ATP hydrolysis by apyrase
and Na,K-ATPase (Wuddel and Apell, 1995).

step. Experiments with NPE-caged ATP were analyzed as presented by
Wuddel and Apell (1995), with
=|ATP
CONCLUSIONS crlt) = [ATP]
The major advantage of the use of DMB-caged ATP in = J[NPE-caged ATR1 — exp(—At)lexp(—t/7,)

electrical measurements with Na,K-ATPase in purified v
membrane fragments is that the release rate from the caged A = 8.6 X 10° X 10"s™,
precursor is faster than rates of the protein kinetics over all herex describes the bH-dependent kinetics of the ohotolvsis of NPE

. . wnere escribes the pH-aependent Kinetics 0 € photolysis o -
pH Valu.es' We have confirmed that the relatively Slqwcaged ATP (Borlinghaus and Apell, 1988; Walker et al., 1988).
photolysis of NPE-caged ATP affects the shape of transient The rate constants and dielectric coefficients used in the simulations as

currents triggered by photolytic release of ATP, and haveresented in Figs. 2,85and 68 are given in Table 1.



Note added in proofRecently Kane et al. (199Biochemistry36:13406—  Gadsby, D. C., R. F. Rakowski, and P. De Weer. 1993. Extracellular access
13420) reported a rate of the phosphorylation reaction measured by to the Na,K pump: pathway similar to ion chann&cience.260:
stopped flow and quenched-flow techniques of 196 and suggested a 100-103.
very fast conformational change=(600 S?). Glynn, I. M. 1985. The Na,K™"-transporting adenosine triphosphatdse.
The Enzymes of Biological Membranes, Vol. 3, 2nd Ed. A. N. Mar-
tonosi, editor. Plenum, New York. 35-114.
Heyse, S., |. Wuddel, H.-J. Apell, and W."8&ter. 1994. Partial reactions

of the Na,K-ATPase: determination of rate constadtsGen. Physiol.
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