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Rate Determination in Phosphorylation of Shark Rectal Na,K-ATPase by
ATP: Temperature Sensitivity and Effects of ADP

Flemming Cornelius
Department of Biophysics, University of Aarhus, DK-8000 Aarhus C, Denmark

ABSTRACT Phosphorylation of shark rectal Na,K-ATPase by ATP in the presence of Na* was characterized by chemical
quench experiments and by stopped-flow RH421 fluorescence. The appearance of acid-stable phosphoenzyme was faster
than the rate of fluorescence increase, suggesting that of the two acid-stable phosphoenzymes formed, RH421 exclusively
detects formation of E,-P, which follows formation of E,-P. The stopped-flow RH421 fluorescence response to ATP
phosphorylation was biphasic, with a major fast phase with k.. ~90 s~ and a minor slow phase with a k., of ~9 s~ (20°C,
pH 7.4). The observed rate constants for both the slow and the fast phase could be fitted with identical second-degree
functions of the ATP concentration with apparent binding constants of ~3.1 x 10° M~ " and 1.8 X 10° M7, respectively.
Increasing [ADP] decreased k.. for the rate of the RH421 fluorescence response to ATP phosphorylation. This could be
accounted for by the reaction of ADP with the initially formed E,-P followed by a conformational change to E,-P. The biphasic
stopped-flow RH421 responses to ATP phosphorylation could be simulated, assuming that in the absence of K* the highly
fluorescent E,-P is slowly transformed into the “K*-insensitive” E,-P subconformation forming a side branch of the main

cycle.

INTRODUCTION

The Na™ , K"-ATPase is the membrane bound protein found
in all higher animal cells that maintains the ion gradients for
Na* and K™ across the cell membrane at the expenditure of
energy derived from the splitting of ATP (Skou, 1992;
Cornelius, 1996). It belongs to the P-type ATPases charac-
terized by a phosphoryl transfer reaction in which the
v-phosphate from ATP is reacting with a B-carboxyl group
of an aspartyl residue (Asp-369) at a high-affinity ATP
substrate site on the protein (Albers, 1967; Post et al., 1969).
The phosphoenzyme initially produced contains a covalent
“high-energy” acyl-phosphate bond and is denoted E,-P (or
just E,P) and can donate its phosphate group in a reversible
reaction to ADP. This phosphoform is spontaneously trans-
formed into the “low-energy” E,-P phosphoenzyme that can
only donate its phosphate to water in a dephosphorylation
reaction strongly activated by K*. The phosphorylation/
dephosphorylation reactions of the Na*,K*-ATPase are
obligatorily coupled to vectorial transports of 3 Na™* out of
the cell and 2 K™ into the cell (Jencks, 1983) as depicted in
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In the absence of K the dephosphorylation of E,P is slow,
~1.1 s~ (Cornelius et al., 1998) and as a side reaction of
the main cycle a transition to the K *-insensitive phosphoen-
zyme, E;P could become significant (Cornelius et al., 1998;
Post et al., 1975; Fedosova et al., 1998). This E;P subcon-
formation is the main phosphoenzyme formed when the
enzyme is phosphorylated from P;.

In the present paper the styryl dye RH421 that partitions
into the lipid membrane and exhibits a high fluorescence
when associated with Na* K*-ATPase phosphoforms in
either E,P or E;P conformations (Forbush and Klodos,
1991; Stiirmer et al., 1991; Fedosova et al., 1995; Kane et
al., 1997; Clarke et al., 1998) is used to monitor the kinetics
of the phosphorylation reaction of Na* K"-ATPase by ATP
in the presence of Na™.

The detailed kinetics of Na™,K*"-ATPase phosphoryla-
tion by ATP are still discussed in the literature. One point of
controversy concerns which step in the phosphorylation
reaction is rate-limiting. On the basis of comparisons be-
tween stopped-flow RH421 fluorescence measurements and
quenched-flow measurements, Kane et al. (1997, 1998)
suggested that for pig kidney Na*,K*-ATPase at pH 7.4
and 24°C the phosphorylation reaction is rate-limiting at
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saturating ATP, and Na™ followed by a rapid conforma-
tional change: E,Na; + ATP — E,P(Na;) — E,P(Na,).
More specifically, Keillor and Jencks (1996) presented ev-
idence from ADP effects on transient measurements of
acid-stable phosphoenzyme production in the phosphoryla-
tion reaction, which indicated that the phosphoryl transfer is
unlikely to be the rate-limiting step in the phosphorylation
reaction. They suggested that the rate-limiting step for phos-
phorylation is a conformational transition between the ini-
tially formed E, - ATP and a new enzyme species, E* - ATP,
in the Albers-Post scheme (Albers, 1967; Post et al., 1969),
which catalyses phosphoryl transfer at a very fast rate
(Keillor and Jencks, 1996). Another controversial point
concerns the biphasic time course of the ATP phosphory-
lation reaction: is it an artefact arising from a dye-protein
interaction (Heyse et al., 1994), or is it an intrinsic kinetic
property of the protein-substrate interaction (Kane et al.,
1997; Clarke et al., 1998)?

In the present investigation these questions concerning
the phosphorylation reaction with ATP in the presence of
Na® were addressed using shark rectal gland Na* K-
ATPase, which is five times more sensitive to phosphory-
lation measured by RH421 than pig kidney enzyme (Klodos
et al.,, 1997). This enabled a direct comparison of rapid
mixing stopped-flow RH421 fluorescence with chemical
quenched-flow data, and unambiguously demonstrated that
under certain temperature conditions the fast phosphoryl
transfer reaction is followed by a slower rate-determining
conformational change. Also, the apparent controversial
findings in the literature can probably be explained by a
difference in the temperature sensitivity of the two reac-
tions. Furthermore, the effects of ADP could be adequately
accounted for by its interaction with the E,-P phosphoen-
zyme in the classical Albers-Post model (Albers, 1967; Post
et al., 1969). Finally, the slow phase in the stopped-flow
RH421 fluorescence responses after ATP phosphorylation
was found to be an intrinsic kinetic property of the protein-
substrate interaction and could be modeled by a slow for-
mation of E4P in the absence of K.

EXPERIMENTAL PROCEDURES
Enzyme preparation

Na,K-ATPase (EC 3.6.1.37) from shark rectal glands was purified as
previously described (Skou and Esmann, 1988). The specific hydrolytic
activity measured at 37°C and under standard conditions according to
Ottolenghi (1975) was 30-33 U/mg protein. The protein content was
determined according to Lowry et al. (1951), using bovine serum albumin
as standard.

Materials

ATP was purchased as the sodium salt from Boehringer Mannheim, Ger-
many, and purified and converted to the Tris salt by chromatography on a
Dowex 1 column (Sigma Chemical Co., St. Louis, MO). [y**P]ATP was
from Amersham, U.K. RH421 was purchased from Molecular Probes, Inc.,
Eugene, OR, and dissolved in dimethyl sulfoxide. HEPES, MES, and
N-methyl-D-glucamine were purchased from Sigma. All other reagents
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were reagent grade. Quenched-flow phosphorylation of Na,K-ATPase
from [y-**P]JATP (25 uM) was performed as previously described by
Cornelius (1995) in a medium containing 1 mM MgCl,, 16 mM NacCl, and
30 mM imidazole, pH 7.4.

Steady-state and transient fluorescence
measurements

Steady-state levels of RH421 fluorescence after the addition of ATP were
measured using 50 mg/ml Na,K-ATPase in the presence of 16 mM NaCl,
4 mM MgCl, in 10 mM HEPES, 10 mM MES, or 30 mM imidazole,
adjusted with N-methyl-D-glucamine acid to pH 7.5. The responses were
measured on a SPEX Fluorolog fluorometer in a cuvette (1-cm lightpath)
with continuous stirring. The RH421 concentration was 260 nM.

Initial measurements of the RH421 fluorescence responses were per-
formed using an SX.17MV rapid mixing stopped-flow spectrofluorometer
(Applied Photophysics, U.K.). The flow volume was 100-300 wul. The
excitation wavelength was 546 nm (using a combined xenon/mercury
lamp) and fluorescence was measured at emissions =630 nm using a cutoff
filter. The dead time for the stopped-flow apparatus was ~1.5 ms.

Data analysis

The kinetic data were fitted with either monoexponential or double-expo-
nential functions and the goodness of the fits were quantified using an
F-test and a 5% confidence level. Biphasic kinetics can result from several
different models and neither the observed rate constants nor the magnitude
of the fast and slow phases in such fits can be ascribed to any single rate
constant or pool-size in a kinetic model.

The fits of rate constants in kinetic models to stopped-flow RH421
fluorescence data were performed using the program DYNAFIT (Kuzmic,
1996). Simulation of kinetic models was performed with the program
Chemical Kinetics Simulator (IBM Corporation, Armonk, NY).

RESULTS AND DISCUSSION

It has previously been demonstrated that shark rectal
Na*,K"-ATPase responds to ATP phosphorylation with an
RH421 fluorescence change (AF/F,;) which is ~5 times
larger than for pig renal enzyme (Klodos et al., 1997). Shark
rectal enzyme was, therefore, used to study the ATP phos-
phorylation kinetics in further detail comparing transient
stopped-flow fluorescence response of RH421 with tran-
sient quenched-flow techniques.

RH421 fluorescence associated with ATP
phosphorylation

In Fig. 1 rapid mixing stopped-flow responses at 20°C to the
addition of a saturating ATP concentration (300 uM) and 4
mM Mg?* in the presence of 16 or 130 mM Na™ are shown.
The concentration of RH421 (260 nM) used in these exper-
iments was below the value (=1 uM) where a dye inhibi-
tion of steady-state enzyme activity can be observed (Frank
et al., 1996). The fluorescence responses were significantly
better fitted with double-exponential time functions with a
large fast phase followed by a smaller slow phase than with
monoexponentials, as also previously noted (Kane, 1997;
Clarke et al., 1998; Heyse et al., 1994). As indicated, the
observed rate constants for the fluorescence increase at 130
mM Na™ slightly exceed those calculated at 16 mM Na™,
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FIGURE 1 Rapid mixing stopped-flow RH421 fluorescence response of
shark rectal gland Na* ,K"-ATPase membrane fragments to ATP phos-
phorylation at 16 mM Na™ (4) or 130 mM Na* (B). One syringe contained
shark enzyme (0.067 mg/ml after mixing) in 16 mM or 130 mM NaCl, 4
mM MgCl,, 10 mM HEPES/MES (pH 7.5), and 260 nM RH421. The other
syringe contained the same solution plus 2 mM ATP (final concentration 1
mM). T = 20.2°C. The traces show the increase in relative fluorescence
compared to the initial fluorescence level and are the average of five
stopped-flow experiments, each collecting 4000 data points. The RH421
fluorescence was measured using an excitation wavelength of 550 nm at
emission wavelengths =630 nm. The curves represent double exponential
fits to the data with observed rate constants (k; and k) and the fractions of
slow and fast phases indicated.

indicating that 16 mM Na™ is subsaturating, as previously
observed (Cornelius et al., 1998; Stiirmer et al., 1991,
Clarke et al., 1998) and as seen from Fig. 5 below. In nine
experiments performed at 300 uM ATP, 16 mM Na*, 4
mM Mg?", 10 mM HEPES/MES, pH 7.5 the faster phase
comprised a fraction of 0.83 = 0.05 with an observed rate
constant of 90.2 + 2.1 s~ ! whereas the slower phase
amounted to 0.17 £ 0.01 with an observed rate constant of
8.8 = 0.8 s~ '. At identical conditions except for a higher
Na™ concentration of 130 mM, the faster phase comprised
a fraction of 0.85 * 0.02 with an observed rate constant of
107 + 2 s~ !, whereas the slower phase amounted to 0.15 +
0.02 with an observed rate constant of 9.8 *= 1.0 s™'. The
measured rate constant for the major fast phase is compa-
rable to previous values found using stopped-flow RH421
fluorescence measurements. Kane et al. (1997) found 160
s~ ! for pig kidney enzyme at 24°C and Clarke et al. (1998)
found 200 s~ ! for rabbit enzyme, also at 24°C. Others,
however, have found appreciably lower values of 18-30
s~ ! using photochemical release of caged ATP (Stiirmer et
al., 1991; Heyse et al., 1994; Biihler et al., 1991; Sokolov et
al., 1998), which are apparently due to inhibition by unpho-
tolysed caged ATP (Clarke et al., 1998).

Clarke et al. (1998) attributed the faster phase of the
biphasic response of stopped-flow RH421 fluorescence af-
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ter ATP phosphorylation to the phosphorylation of the en-
zyme and the subsequent conformational change with re-
lease of 3 Na™: E,ATP(Na;) — E,P(Na;) — E,P, whereas
the slow phase was assigned to the relaxation of the dephos-
phorylation/rephosphorylation equilibrium: E,P — E, —
E, + 3 Na* — E,(Nay) + ATP — E,P(Na;) = E,P + 3
Na™. The latter assumes that the fluorescence level of
RH421 associated with E, is as high as or higher than that
of dye associated with E,P. We have previously analyzed
RH421 fluorescence results associated with phosphoryla-
tion from P; and found that development of the fluorescent
response corresponds to the formation of phosphoforms in
E, conformation (Cornelius et al., 1998; Fedosova et al.,
1998). This is also in accord with experiments with chymo-
trypsin- or oligomycin-treated enzyme—both stabilizing
E,-P—that compared to control enzyme showed a decrease
in the RH421 fluorescence level after the addition of ATP
(Stiirmer et al., 1991; Klodos, 1994; Pratap and Robinson,
1993).

Quenched-flow experiments with
ATP phosphorylation

In Fig. 2 quenched-flow experiments with ATP phosphor-
ylation of shark Na®,K*-ATPase performed at 5, 10, and
15°C are shown and compared to stopped-flow RH421
fluorescence experiments performed under exactly identical
conditions (25 uM ATP, 16 mM Na*, 1 mM Mg**, 30 mM
imidazole, pH 7.4). At higher temperatures the quenched-
flow responses were too fast to be accurately resolved.
Although monoexponential time functions were adequate to
fit the quenched-flow data, the observed rate constants
should, therefore, only be regarded as lower limits. The
observed rate constants adjusted to 20°C using an activation
energy of 52 kJ/mol (see Fig. 3) give ~170 s~ ', much the
same as previously found by Kane et al. (1997). As clearly
seen from Fig. 2, however, the initial rate of formation of
acid-stable phosphoenzyme after ATP addition is much
faster than the appearance of RH421 fluorescence measured
by stopped-flow, as also previously found (Cornelius et al.,
1998). It should be noted, also, that the difference in rates
detected by RH421 fluorescence and quenched-flow mea-
surement decreased progressively at increasing tempera-
tures. Another feature noted from Fig. 2 is the presence of
a clear lag phase in the RH421 fluorescence when phos-
phorylation is induced by a low ATP concentration, espe-
cially at low temperatures. These results indicate that the
formation of the non- or low-fluorescent but acid-stable
phosphoenzyme E,-P is faster than formation of the high-
fluorescent E,P. The fact that both the time delay between
formation of acid-stable phosphoenzyme and fluorescence
and the lag-phase in RH421 fluorescence become more
pronounced at lower temperatures indicate that the latter
conformational change E,-P = E,P is more temperature-
sensitive than the phosphoryl transfer reaction. Fig. 2
clearly demonstrates that phosphorylation is not the main
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FIGURE 2 Comparison of ATP phosphorylation transients measured by
either quenched-flow (O) or stopped-flow RH421 fluorescence at different
temperatures (5, 10, and 15°C). The conditions were identical in the two
experiments: 25 uM ATP, 130 mM NaCl, 1 mM MgCl,, 30 mM imida-
zole, pH 7.5. The responses were normalized. The curves are monoexpo-
nential fits to the quenched-flow data with observed rate constants: 5°C,
418 = 2.1 57 % 10°C, 77.4 = 3.4 s7'; and 15°C, 79.4 = 1.7 s~ . For
quenched-flow, duplicate determinations of acid-stable phosphoenzyme
are shown.

rate-determining step over the complete temperature range
in the reaction of this enzyme species: at decreasing tem-
perature the following conformational transition E,P — E,P
is progressively contributing to rate determination of the
formation of E,P. This temperature effect could probably
resolve the apparent disagreements found in the literature
concerning rate determination of phosphorylation (Kane et
al., 1997; Clarke et al., 1998; Keillor and Jencks, 1996).

Activation energy for ATP phosphorylation

In a series of experiments stopped-flow RH421 fluores-
cence after ATP addition phosphorylation was monitored at
temperatures between 5-30°C. All fluorescence responses
were fitted with double-exponential time functions. As
shown in Fig. 3 Arrhenius plots of the observed rate con-
stants for the slow and fast phases in the stopped-flow
fluorescence responses give significantly different slopes
corresponding to activation energies £, = 52.6 = 2.7 kJ/
mol for the fast phase and about half, 25.3 = 6.2 kJ/mol, for

the slow phase. The different activation energies indicate
that the two phases represent different reaction steps in the
reaction mechanism.

Effects of ATP and Na* concentration

The observed rate constants of both the slow and the fast
phase in the double exponential fits to the stopped-flow
RH421 fluorescence measurements increased with the ATP
concentration at fixed Na™ concentrations (Fig. 4, 4 and B).
For both the slow phase and the fast phase the ATP-
substrate curves were significantly better fitted with second-
degree equations than with simple hyperbolic equations, as
clearly indicated by the curved Eadie plots given as insets to
Fig. 4, A and B. The curves in Fig. 4 represent second-
degree equations equivalent to the sum of two Michaelis-
Menten-type equations (Cornelius and Skou, 1987):

[ATP]
mal Katpy + [ATP]

[ATP]

ko s = max2 ¥ 1 [ATP]"
> . Katpo + [ATP]

For the fast phase the two apparent dissociation constants
for ATP (K ,1p) calculated from the fit were Kppp; = 5.4 *
0.3 uM and K,rp, = 32 = 11 nM. The higher calculated
apparent dissociation constant is in the same range as pre-
viously found for ATP phosphorylations using stopped-flow
RH421 fluorescent transients analyzed by simple hyperbolic
binding curves that yielded dissociation constants of ~7
uM for pig kidney Na,K-ATPase (Kane et al., 1997) and 8
uM for rabbit kidney Na,K-ATPase at 130 mM Na*
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FIGURE 4 Dependence of observed rate constants (k) for the fast and
slow phases in stopped-flow RH421 fluorescence on the concentration of
ATP at 16 mM Na™; T = 20°C. Each point represents the mean of 12
experiments, each representing the average of five stopped-flow measure-
ments containing 4000 data points each. (4) Fit to the observed rate
constants for the fast phase (O) as shown by the solid curve using an
equation equivalent to the sum of two Michaelis-Menten equations (Cor-
nelius and Skou, 1987; see Results and Discussion). The fitted apparent
dissociation constants for ATP were 5.4 * 0.3 uM and 23 = 11 nM,
respectively. K., and kp.., were 81 = 1 s™' and 8.7 + 0.7 s™',
respectively. The inset to (4) shows an Eadie plot of the data with the fitted
equation indicated. Also shown are the two lines with negative slopes
equivalent to the two apparent ATP dissociation constants. (B) The ob-
served rate constant of the minor slow phase in the fluorescence response
(©). The substrate curve could be fitted with the same relation and fitting
parameters as found for the fast phase indicated by the curve.

(Clarke et al., 1998). The lower K ,1p value is comparable to
values previously found from steady-state measurements of
Na*-ATPase activity of shark enzyme under comparable
experimental conditions that gave linear Eadie plots at
[ATP] up to 50 uM with apparent dissociation constants of
80-230 nM depending on [Na*] (Cornelius and Skou,
1987). This is a little lower than the predicted true ATP
affinity for the catalytic site calculated from the proper ratio
of measured rate constants (cf. Campos and Beaugé, 1994).
The appearance of two ATP binding affinities could indi-
cate that the E,-E, transitions without and with ATP bound
proceed with different rate constants also in the absence of
K™ (Post et al., 1975, Campos and Beaugé, 1994).

Values of £, for the minor slow phase in the fluores-
cence responses (Fig. 4 B) could be satisfactory scaled to fit
the same function of [ATP] as the fast phase (Fig. 4 A)
making it unlikely that the slow fluorescence phase is
caused by nonspecific dye effects, as suggested by Heyse et
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al. (1994). More important, the fact that &, increases with
[ATP] also seems to exclude that the slow phase is caused
by a slow, rate-determining E, i‘b E, transition preceding
the phosphorylation reaction: if a significant E, fraction was
responsible for the slow phase in the stopped-flow RH421
fluorescence, then the observed rate constant would de-
crease with increasing [ATP], since at low [ATP] k,,, —
k¢ + ky, whereas at high [ATP] £, would approach k. This
apparently excludes that pre-formed E, is the major course
of the slow phase at [Na™] = 16 mM and limits the
explanations for the slow phase to processes following the
phosphorylation reactions.

Another indication that the slow phase is related to an
intrinsic kinetic property of the enzyme comes from Na™*
titration experiments at a constant ATP concentration. In
Fig. 5 A the observed rate constants for the fast and slow
phases of stopped-flow RH421 fluorescence responses to
300 uM ATP are shown at increasing [Na™]. The ionic
strength is held constant with choline chloride. The ob-
served rate constant for the fast phase in the double-expo-
nential fluorescence response is clearly a sigmoidal function
on the [Na*]. The Hill coefficient for the fit is 2.2 and
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FIGURE 5 (4) Dependence of observed rate constants (k) for the fast
(O) and slow (<) phases in stopped-flow RH421 fluorescence after ATP
addition on the concentration of Na™. The inset is an enlarged figure of the
slow phase. The curves are Hill equation fits to the data. The following
parameters were used in the fits: for the fast phase ny; = 2.15 = 0.05 and
Kys = 13.1 £ 1.0 mM; for the slow phase n; = 1.2 = 0.2 and K5 =
8.7 £ 1.2 mM. (B) Relative amplitudes of the two phases in the double-
exponential fits to the stopped-flow RH421 fluorescence responses up to
500 mM Na™. In both panels the ion strength was kept constant with
choline chloride. T = 20°C.
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Ky, s = 13 mM. The slow phase of the stopped-flow fluo-
rescence response is also a saturating function of the Na™
concentration as seen from the inset to Fig. 5 4. Due to the
larger variation in the evaluation of the rate constant for the
small slow phase it is not possible to discriminate between
a sigmoidal and a hyperbolic fit to the data. The shown
sigmoidal fit has a Hill coefficient of 1.2 and a K, 5 = 8.7
mM. The results are compatible with the cooperative bind-
ing of 3 Na™ ions to the E, form, before phosphorylation by
ATP. The results for the fast phase are in accord with
previous results obtained by stopped-flow RH421 fluores-
cence using pig or rabbit kidney Na* ,K-ATPase (Kane et
al., 1997; Clarke et al., 1998), and with results analyzing
Na-ATPase activity from reconstituted shark enzyme (Cor-
nelius and Skou, 1988). The results for the slow phase
support the notion that this phase represents reactions fol-
lowing the phosphorylation step.

In Fig. 5 B the relative contributions of the fast and slow
phases to the total fluorescence response are depicted as a
function of the Na™ ion concentration. As indicated, the
proportion of the slow phase decreases at increasing [Na "]
and then attains a constant value of ~20% at [Na*] > 10
mM. The increase in the proportion of the slow phase at
very low Na™ ion concentrations could indicate that the
reaction E, 2 E,; becomes progressively important due to a
shift toward E, at low [Na™]. This is in accord with previous
results where an E,/E, ratio of ~1/5 in the absence of Na™
is found (Cornelius et al., 1998). An increase in the E,
proportion at decreasing [Na™] will appear as a relative
increase of the slow phase in the double-exponential fits due
to the increasing weight of the slow E, — E, transition.

The effects of ADP

As seen from Fig. 6 increasing [ADP] progressively de-
creased the observed rate constant in the stopped-flow

fluorescence

1 2
[ADPYmM
T

00 01 02 03 04 05
time/s

FIGURE 6 Stopped-flow RH421 fluorescence transients induced by
rapid mixing of enzyme with 1 mM ATP and increasing concentrations of
ADP. The upper trace is without ADP followed by 0.5, 1.0, 2.0, and 3.0
mM ADP. The steady-state fluorescence levels were measured using a
Spex spectroflurometer. All experiments were performed with 16 mM
NaCl, 4 mM MgCl,, 10 mM HEPES/MES, pH 7.5. T' = 20°C. The solid
curves represent double-exponential fits to the data, and the inset shows the
calculated rate constant for the major fast phase in the double-exponential
fits as a function of [ADP].
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FIGURE 7 Model progress curve computed using the program DY-
NAFIT (16) to simulate the stopped-flow RH421 fluorescence response of
shark Na*,K*-ATPase to the addition of 1 mM ATP in the presence of 16
mM Na™. In the program simulation the model given in Scheme 2 is used
with the following constants fixed: #_, = 0.18 s~ ! and K, 1p = 4.5 X 10°
M. The fitted constant were: k, = 57 + 8s™ ', ks = 527 = 425" ' k, =
984 =06s Lk ,=300=x04s" ks =300=05s",andk_ s~ 0.

RH421 fluorescence after ATP addition. As pointed out by
Keillor and Jencks (1996) this is not to be expected from a
simplified reaction scheme suchas E + ATP=2E - ATP =
EP, because the observed rate constant for the phosphory-
lation reaction would be the sum of the first-order rate
constant k, and the pseudo-first-order rate constant
k_,[ADP], assuming the second step to be rate-limiting. As
[ADP] increases k., should also increase, which was
clearly not the case (Fig. 6). Rather, it indicated that ADP
increases the back reaction rate of a step before production
of the high-fluorescent E,-P form. It is tempting to identify
this precursor as the ADP-sensitive E,-P phosphoform. An-
other possibility would be a competitive inhibition of ADP
on ATP binding to E,. However, in order to simulate the
significant decrease in k, vs. [ADP] shown in the inset to
Fig. 6 by competitive binding of ATP and ADP an associ-
ation constant for ADP binding to E; (K,pp) as high as 1.3 -
108 M~ " would have to be assumed. To investigate whether
the presence of E,-P alone, without proposing a new inter-
mediate like E* - ATP (Keillor and Jencks, 1996) in the
Albers-Post scheme is adequate to explain the kinetic data,
model simulations were performed as described below.

Model simulations

In the following the question of the origin of the slow phase
in the RH421 fluorescence response to ATP was addressed.
In the reaction sequence normally assumed for the ATP
phosphorylation a slow E, 2 E,; step could not account for
the slow phase observed in the stopped-flow experiments,
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since k,,, for this phase increases with [ATP] (Fig. 4 B).
Therefore, at the Na* concentrations used (16 mM and 130
mM) pre-formed E, need not be considered. In the follow-
ing it was investigated whether a slow formation of a
K" -insensitive phosphoenzyme, E;P, formed from E,P in
the absence of K* and with a similar high fluorescence
(Klodos et al., 1997) could account for the biphasic stopped-
flow RH421 fluorescence responses. This K™ -insensitive
E4P phosphoenzyme is distinct from the K" -sensitive E,P
phosphoform and was previously demonstrated in P; phos-
phorylation studies (Cornelius et al., 1998; Post et al., 1975;
Fedosova et al., 1998; Klodos et al., 1997). The idea is that
phosphorylation of E; and production of E,P give rise to the
fast phase, whereas the slow phase is produced by the
slower E,P — E/P transition. The activation energies (Fig.
3) characteristic for the fast and slow phases, respectively,
could then reflect the temperature sensitivity of these two
reactions. To test this hypothesis, the fluorescence data were
fitted with a reaction sequence incorporating the three phos-
phoforms and the two major conformations E, and E,:
ki

E, + 3Na® == E|Na,
k-1

k' ATP ks ky ks
+ATP =—=ENa;;ATP =——=E ,P(Na;) == E,P == E;P
k-2 k-3*ADP k-4 k—s
Scheme 2

In the model, binding and occlusion of 3 Na™ are assumed.

Volume 77 August 1999

The program DYNAFIT (Kuzmic, 1996) was used to fit
rate constants using the kinetic model in Scheme 2 to the
stopped-flow RH421 fluorescence data after ATP phosphor-
ylation in the absence of ADP. The following parameters
were fixed: k_5 = 0.18 s~ ' (Cornelius et al., 1998), K 1p =
k_,/k, = 4.5 X 10° M~" (Cornelius and Skou, 1987), and
[ADP] = 0. The low-affinity ATP reaction E, 2 E,ATP
E,ATP (Post et al., 1975; Campos and Beaugé, 1994) was
not included in the simulation because an initial presence of
a major E, fraction could be ignored, as described above.

As shown in Fig. 7 an excellent fit of the model in
Scheme 2 to the data could be obtained with the following
rate constants: k, = 57 + 8 s~ ', ky =527 £ 4257k, =
98 +0.6s 'andk_,=30*+04s ', andks =30+ 055",
k_5 ~ 0 (actually, equally good fit to the RH421 fluorescence
data could be obtained with &_s values up to ~12 s~ ).

The fitted values for &, and k; are within the range
previously found: Skou and Esmann (1983) estimated &, to
be ~14 s~ at 6°C (=70 s~ ! at 20°C) and saturating [Na*]
using eosin, and Clarke et al. (1998) estimated %, to be
below 39 s~ ! at 24°C for rabbit kidney Na™ ,K*-ATPase.
The calculated phosphorylation constant (k3) is also in ac-
cordance with previous findings. Keillor and Jencks (1996)
found a phosphorylation constant of ~460 s~ ' and Sokolov
et al. (1998) found it to be ~600 s~ !, both values measured
at 20°C.

It should be emphasized that this explanation of the slow
phase does not assume E;P to be an intermediate in the

- ADP 0.5 mM . ADP 1 mM
3 700 = 700
& s
§ 600 § 600
e e
g g
= 5004 & 5001
. : 2 - 2 0.005
FIGURE 8 Simulations of stopped-flow RH421 [ 0.004+ s
fluorescence responses after the addition of 1 mM :g 0.000 % 0.0001
ATP in the presence of 16 mM Na™ together with ® 0004 @
either 0.5, 1, 2, or 3 mM ADP to shark Na™ K- ’ 0 100 200 300 400 '0-0050 100 200 300 400
ATPase. The only variable constant was k_5; all time/ms time/ms
other constants were fixed to the values calculated
from the fit to the data without ADP as given in Fig.
7. The fitted rate constants were 1.62 (£0.01) X 10° - ADP 2 mM - ADP 3 mM
M~ s 095 (£0.01) X 10° M' s, 1.09 3 7001 3700
(£0.01) X 10° M~! 57!, and 1.4 (%0.01) X 10° o by
M~! s7!, respectively, when ADP increased from g 2
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g 2
-] o
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»
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-0.005 T " T -0.005+ T T "
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physiological reaction cycle of the Na* K *-ATPase. First,
in the presence of K the main reaction route would be via
dephosphorylation of E,P = E,(K,) + P;, which has a
forward rate constant of ~300 s ! (Kane et al., 1998;
Mardh and Zetterqvist, 1974; Hobbs et al., 1980) and the
much slower E,P = EJP transition would be effectively
bypassed. Second, in the absence of K* where the dephos-
phorylation reaction is rate-limiting, no deviations from
previous schemes would result because the spontaneous
dephosphorylation rate for the two E,P phosphoenzymes
has been found to be identical (Cornelius et al., 1998) and
~1.1s~ ! at 20°C. Finally, very slow phases, which could be
indicative of the K" -insensitive E4P, have previously been
identified in K™ -supported dephosphorylation at both 21°C
(Froehlich and Fendler, 1991) and 0°C (Cornelius, 1995)
after ATP phosphorylation in the absence of K. Clarke et
al. (1998) offer another model, which is also compatible
with biphasic fluorescence responses. In this, the fast fluo-
rescence phase is associated with the rapid Na™ dissociation
from E,P (rate-limited by a combination of the phosphory-
lation step and the E,P — E,P conformational step) and the
slow phase is due to the relaxation of the dephosphoryla-
tion/phosphorylation equilibrium (limited by the E, — E,
transition). This model, furthermore, assumes that fluores-
cence of RH421 associated with E, and E,P states is equally
high. However, attempts to use this model gave poor fits to
the present data for shark enzyme with unrealistic fitted rate
constants unless >10% pre-formed E, was assumed, which
is considered unlikely, at least at [Na™] =16 mM.

A third alternative explanation for the biphasic fluores-
cence responses could be the assignment of different fluo-
rescence levels to E,P species depending on their relative
saturation with Na™ and assuming one of the Na™ release
steps to be slow. However, such a model assuming one of
the Na™ release steps to be slow compared to the E,P —
E,P conformational transition is unlikely, since the release
of Na* from E,P is found to be very fast (700-5000 s~ '
(Wuddel and Apell, 1995; Wagg et al., 1997)).

The next step was to confirm that using the fitted rate
constants of the reaction model described by Scheme 2 in
the absence of ADP, the stopped-flow RH421 fluorescence
results obtained at varying [ADP] could be satisfactorily
fitted with k_5 as the only variable fit parameter. The results
are shown in Fig. 8, and as seen this is actually possible. In
these fits k_ varied insignificantly between 0.95 X 10° and
1.6 X 10° M~ ' s7', giving an intrinsic site constant for
ADP of ~2.5 X 10° M. This value is identical to the one
found by Sokolov et al. (1998) from transient current mea-
surements induced by photochemically released caged ATP in
rabbit kidney enzyme capacitatively coupled to planar bilayers.

Finally, in Fig. 9 the fitted rate constants in Scheme 2
were used to simulate both the stopped-flow RH421 fluo-
rescence responses assuming AF/F, to be proportional to
(E,P + EjP) (Fig. 9 4) and the quenched-flow responses
assuming EP = (E,P + E,P + E;P) (Fig. 9 B). As seen, it
was possible with this model to accurately simulate the
observed ADP inhibition patterns given in Fig. 6 with a
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FIGURE 9 Model simulations of phosphoenzyme levels using the reac-
tion given in Scheme 2 with [ATP] = 1 mM and the rate constants given
in Fig. 7, and a k_5 value as found in Fig. 8. In (4) simulated levels of
(E,P + E;P), which are both assumed to be highly fluorescent, are shown
at increasing ADP concentrations of 0, 0.5, 1, 2, and 3 mM. The inset
shows the calculated rate constants for the fast phase in double-exponential
fits to the curves vs. [ADP]. In (B) calculated levels of phosphoenzyme
combinations (E,P + E}P), E,P, and (E,P + E,P + E;}P) are shown using
Scheme 2 and the fitted rate constants. (E,P + E}P) reflects the stopped-
flow RH421 fluorescence responses, whereas (E,P + E,P + E.P) is the
acid-stable phosphoenzymes measured in the quenched-flow experiments.
The program Chemical Kinetic Simulator (IBM) was used to simulate the
enzyme species in the model.

decrease in k¢ at increasing [ADP]. Also, the qualitative
difference in the rate of RH421 fluorescence and production
of acid-stable EP after ATP phosphorylation where the
appearance of acid-stable phosphoenzyme precedes RH421
fluorescence, as shown in Fig. 2, could be simulated.

To conclude, the present results are compatible with a
model in which the phosphorylation by ATP of shark rectal
gland enzyme as detected by the stopped-flow RH421 flu-
orescence is caused by a high fluorescence of RH421 asso-
ciated with the E,P and E,P conformations, whereas RH421
associated with other enzyme conformations are low or
nonfluorescent. The biphasic fluorescence response to ATP
phosphorylation was found to be an intrinsic kinetic prop-
erty of the protein-substrate interaction. It could be ex-
plained assuming phosphorylation of E, and subsequent
formation of E,P to cause the major fast phase in the
fluorescence response, whereas the minor slow phase in the
fluorescence response is attributed to the slow E,P = EP
transition. The two reactions have different activation ener-
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gies of 53 kJ/mol and 25 kJ/mol, respectively. The two
phases in the fluorescence response were identical saturat-
ing functions of [ATP] with both low and high apparent
ATP affinities excluding that the slow phase could be due to
a preceding E, — E, transition. Over the temperature range
5-15°C the quenched-flow responses to ATP phosphoryla-
tion are appreciably faster than the stopped-flow RH421
fluorescence responses, demonstrating that over this tem-
perature range the phosphorylation and the subsequent
E,P — E,P conformational transition contribute to rate
determination of the formation of E,P. The reaction of ADP
with the fast initially formed E,-P explains the kinetics of
RH421 fluorescence in the simultaneous presence of both
ATP and ADP within the classical Albers-Post scheme.

Hanne R. Z. Christensen and Henriette R. Petersen are greatly acknowl-
edged for excellent technical assistance and Drs K. Fendler, 1. Klodos and
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