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ABSTRACT. The kinetics of the E— E; conformational change of unphosphorylatedt¥a -ATPase

from rabbit kidney and shark rectal gland were investigated via the stopped-flow technique using the
fluorescent label RH421 (pH 7.4, 2€). The enzyme was pre-equilibrated in a solution containing 25
mM histidine and 0.1 mM EDTA to stabilize initially the;EEonformation. When rabbit kidney enzyme

was mixed with NaCl alone, tris ATP alone or NaCl, and tris ATP simultaneously, a fluorescence decrease
was observed. The reciprocal relaxation time, df the fluorescent transient was found to increase with
increasing NaCl concentration and reached a saturating value in the presence of 1 mM tris ATP of 54

3 stin the case of rabbit kidney enzyme. The experimental behavior could be described by a binding of
Na' to the enzyme in the Estate with a dissociation constant of 217 mM, which induces a subsequent
rate-limiting conformational change to thg Etate. Similar behavior, but with a decreased saturating
value of 1z, was found when NaCl was replaced by choline chloride. Analogous experiments performed
with enzyme from shark rectal gland showed similar effects, but with a significantly lower amplitude of
the fluorescence change and a higher saturating valuerdfod/both the NaCl and choline chloride
titrations. The results suggest that™Ni@ns or salt in general play a regulatory role, similar to that of
ATP, in enhancing the rate of the rate-limiting & E; conformational transition by interaction with the

E, state.

The Na ,K™-ATPase is known to play a fundamental role INa+ 2K+
in numerous physiological processes, e.g., nerve, kidney, and
heart function. Its activity in the cell must, therefore, be under Ex(K+), E{(Na*t);ATP
tight metabolic control. A major site of regulation of the ATP
enzyme at the molecular level must be at its rate-determining 3Nat Py
steps, since only changes in the rates of these steps will result j/ F/ ADP
in any significant change in the overall turnover number of 2K+
the enzyme. ExP(Nat)3
The kinetics of the NgK™-ATPase are generally de-
scribed in terms of the AlbersPost modell, 2), a simplified

version of which is shown in Figure 1. This simple model mechanism of Naand K" ion transport across the mem-
considers two conformations of the enzymeahd E, which brane, whereby Naions normally bind from the cytoplasm
can be either in a phosphorylated or an unphosphorylatedand K+ ions from the extracellular fluid. The location of the
state. The model, furthermore, describes a consecutiverate-determining steps within this cycle and the determination
of rate constants for the various steps have been the subject
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E|P(Na*);
Ficure 1: Albers-Post cycle.
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experiments were first carried out by Karlish and Yaf}s (  mational transition is only allowed when no N#ons are

who used changes in the intrinsic tryptophan protein bound and in the induced-fit model it is only allowed when
fluorescence to monitor the kinetics of the conformational Na' is bound. For the purposes of the introduction, however,
change. They found that the rate of the transition was very we shall consider first these extreme models. It is worthwhile

dependent on the presence or absence of ATP, increasindhere also to point out that in both mechanisms’Nauced

from 0.29 s at zero ATP to approximately 18 5at 100
uM ATP. Unfortunately, they could not extend their mea-

stimulation of the £ — E; transition does not necessarily
mean that the Naions are binding to the ion transport sites.

surements to higher ATP concentrations, either because ofThe possibility of regulatory Nasites cannot be excluded.

a limitation in the time resolution of their instrument or

Now let us consider the expected kinetic behavior for the

because ATP at high concentrations quenches tryptophartwo mechanisms. For simplicity, to demonstrate the predicted

fluorescence. A further difficulty encountered in their

dependence of the observed rate constants for the two

measurements was the small amplitude of the fluorescencemechanisms on the Naconcentration, let us at this stage
change observed. For this reason, many researchers havgnore ATP binding to the enzyme and consider the simplest

turned to using extrinsic fluorescent probes.
Consistent with the earlier findings of Karlish and Yates
(5), using dog kidney enzyme covalently labeled with the

fluorescent probe 5-iodoacetamidofluorescein (IAF), Stein-

berg and Karlish 14) found that the rate of the B~ E;

case of a single Naion binding to the enzyme. Furthermore,
we shall assume that the actual ion binding steps are much
faster than the conformational change and can so be
considered to be in equilibrium on the time-scale of the
conformational change. The two mechanisms can be sche-

transition reached a saturating value at high ATP concentra-matically represented as follows:

tions. At pH 7.0 and 20C, they determined a maximum
rate of between 15.9 and 28.8'sdepending on the buffer

composition, and a half-saturating ATP concentration of 196

uM. Similar accelerations of the rate of the-& E; transition
by ATP have also been found by Pratap et &b)(using
IAF-labeled dog kidney enzyme and by Kane et &6)(@nd
Clarke et al. 17) using the fluorescent probe RH421 on pig
and rabbit kidney enzyme, respectively.

Another interesting kinetic approach which has been

kO + I‘<NI +
Lock-and-key model ﬁEl + Na'=—E;Na" (a)

K k
Induced-fit model B+ Na'==E,Na'<==E;Na’ (b)
—1

Kn andKy' represent here equilibrium dissociation constants
for Na* binding site on the and the E enzyme conforma-
tion, respectively,ky and k_o represent the forward and

applied by several research groups is to monitor the releasenackward rate constants of the conformational transition

of K™ or Rb" ions from the E state of the enzyme which

when no N4 ions are bound, whereds andk-; represent

occurs as a consequence of its conformational change to E the forward and backward rate constants when the enzyme
The rate of this process has been determined using radio-has bound N& Applying relaxation kinetics theor2(), it

active detection with the isotopé¥ and Rb. Consistent

can be shown that the reciprocal relaxation times (or observed

with the findings using fluorescence probes, it has been rate constants) following a Naconcentration jump for the

observed that ATP enhances the rate of release of both K
and RE (18, 19). Forbush 18) found that*’K was released
with a saturating rate of 45 §and that ATP acted thereby
at a low-affinity site with a dissociation constant of approxi-
mately 300uM.

In all of these experiments in which the effect of ATP on
the rate of the E— E; transition was studied, Mg ions
were omitted or removed from solution to prevent phos-
phorylation of the enzyme. As well as its role in phos-
phorylating the enzyme and providing the energy to drive
Na" transport, ATP must therefore also play a regulatory
role in stimulating the E— E; transition and thus in
increasing the overall pumping rate. If this is the case for
ATP, the question can be asked whether" lms may also
stimulate the E— E; transition. In the experiments described
above, mixing with N& ions initiates the conformational
transition. This could, however, occur in two ways:

(a) binding of Nd ions to the k state and perturbing an
E,—E; equilibrium in the favor of &, or
(b) binding of N& ions to the & state and stimulating a
transition of the enzyme to the, Btate.

The first mechanism could be described as a “lock-and-

key” model of N& binding because the Naons do not

two mechanisms are given by

1 Ky
Lock-and-key model ==k,+k o——— (1
y T kO 0 KN, + [Na+] ( )
N —+
Induced-fit model L= kl-[#h K, (@
Ky + [Na']

From these two equations, it can be seen that the two
mechanisms predict very different dependencies of the rate
of relaxation of the N&-induced & — E; transition on the
Na* concentration. If the lock-and-key mechanism applies,
then the rate of relaxation into equilibrium following mixing
with Nat must decrease hyperbolically with increasingNa
concentration. If, on the other hand, the induced-fit mech-
anism applies, the rate of the relaxation may increase
hyperbolically with increasing Naconcentration. In prin-
ciple, therefore, the Nlaconcentration dependence of the
rate should allow a distinction between the mechanisms. Such
an approach has been followed by a number of research
groups. Conflicting results have, however, been obtained.
In his studies of the E— E; transition with enzyme

themselves directly induce any conformational change of the covalently labeled with fluoresceiri-sothiocyanate (FITC),
enzyme molecules to which they bind. The second mecha-Karlish (6) observed no effect of Nain the range 106750

nism can be termed an “induced-fit" model of Nainding.

mM on the rate of the transition. The observed rate constants

The two mechanisms described here must be considereche measured were 0.73, 0.81, and 0.6%7a¢ 100, 250, and
extreme cases, since in the lock-and-key model the confor-750 mM NacCl. The lack of any Naeffect could, however,
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possibly be explained by saturation of the"Nmnding sites dissociation constants of the cations were found to be in the
within this concentration range. It should be noted that the range 16-20 mM.

low values of the observed rate constants measured by Very different results have, however, been reported by
Karlish (6) are due to the blockage of the ATP binding site Faller and co-workers28—32). Using FITC-modified en-
by the FITC label 21-23), so their measurements were zyme @8-30), enzyme noncovalently labeled with eosin
limited to unphysiological concentrations of zero ATP. (31), and fluorescence resonance energy transfer between
Using the probe eosin, Skou and Esmaindbserved a  |AF-labeled enzyme and trinitrophenyl-ATP bound to the
decrease in the half-time of the, B~ E; transition with  active site 82), they observed that the reciprocal relaxation
increasing Na concentration from 5.2 s at 50 mM Nao time (or observed rate constant) decreased with increasing
1.25 s at 300 mM Na If one assumes first-order kinetics, Na'" concentration. Their results are, therefore, more con-
these half-times correspond to observed rate constants of 0.13istent with the lock-and-key mechanism a above, i.e., a
s1 (50 mM Na') and 0.6 s* (300 mM Na). This result binding of N& to the B conformation which shifts an &
would suggest an induced-fit mechanism (b), i.e., that Na E,; equilibrium to the side of E They explained 31) the
ions bind directly to the EK*), state and stimulate its  apparent discrepancy of their results with those of the studies
conversion to ENa")s. Interestingly, Skou and Esmanf)( of other workers by an ionic strength effect on the rate
also found that choline cations were also capable of stimulat- constants of the conformational change and the dissociation
ing the transition. They attributed this to a Nkke effect constants for K and Na&, which they suggested was
of choline rather than an ionic strength effect. From their responsible for the Nainduced increase in the rate observed
data, however, it is not possible to conclude anything elsewhere. They therefore stressed the importance of main-
concerning the relative effectiveness of Nand choliné taining a constant ionic strength when performing such
in stimulating the transition. Similar to the case of the measurements. Their explanation of a nonspecific ionic
experiments of Karlish ), however, the observed rate strength effect would not appear to apply, however, to the
constants found by Skou and Esmaifpdre very low, due  results of Forbushi@), who did in fact control the ionic
to a blockage of the ATP binding site by eosi¥{-27). strength usingN-methylglucamine and still observed an
From rapid filtration studies oPK and®Rb release from increase in the rate dfK andRb release with increasing
unphosphorylated enzyme, Forbusi8)(also observed an  Na' concentration. Forbust.®) also observed that various
increase in the observed rate constant with increasing cationcations had a different effectiveness in inductg or 8Rb
concentration. UsingN-methylglucamine to maintain a release, which would seem to imply binding to specific sites
constant ionic strength, he observed that within the precision rather than a nonspecific ionic strength effect.
of his experiments the apparent affinities of the various  gecause of the disagreement in the literature concerning
cations were not substantially different from one another {he mechanism of the E— E; transition, we decided to
(20—40 mM). The magnitude of increase in the rate constant rejnvestigate the Naconcentration dependence of its rate
at saturating cation concentrations was found, however, t0of relaxation using the voltage-sensitive fluorescent probe
increase in the order Li < choline” = tris" = N- RH421. This probe has advantages over other commonly
methylglucamine< Cs" < Rb" < Na* < K. Forbush (8) used probes. First, it inserts itself noncovalently intd -
thus concluded that other cation sites can be occupied at th%TPase-containing membrane fragments so that no covalent
same time as the Kocclusion sites, i.e., direct binding of  yodification of the enzyme is necessaBp(34). Second, it
cations to B(K™), stimulates the transition to,Fconsistent  qoes not interfere with the ATP binding site of the enzyme,
with the induced-fit mechanism (b) above. Hasenauer et al. 55 s the case with FITC and eosin, so that measurements
(19) similarly found that N& increased the rate of spontane- .30 pe made in the presence of ATP, i.e., closer to
ous release of Rbfrom the enzyme, which they noted as physiological conditions. The detection of the E- E;
“clearly indicating the simultaneous bindings omed Rb transition using RH421 was first reported by Kane et#8)
to the enzyme.” Hasenauer et dl9 have hypothesized that  sing enzyme from pig kidney, and it was subsequently also
Na' binding at a regulatory site causes aW|de_n|ng of anion gpserved using enzyme from rabbit kidnéy), In both of
access channel, thus allowing the more rapid dissociationyese studies, the effect of ATP on the rate of the transition
of Rb". On the basis of these results, therefore, in addition 55 investigated. In agreement with previous investigations
to the alternate binding of Naand K" to transport sites  sing other methods, a hyperbolic increase in the rate with
described by the Albers-Post model, one must considerincreasing ATP concentration was found. The effect of Na

simultaneous cation binding, i.e.,"lor Rb" to transport sites  ¢oncentration on the transition observed using RH421 has,
and at the same time Ndo regulatory sites. however, not yet been investigated.

Results consistent with those described above have also
been reported by Esmang€), who observed both a Na MATERIALS AND METHODS
induced increase in the rate of Rbelease as well as an
increase in the rate of the,E~ E; transition as measured N-(4-Sulfobutyl)-4-(4-(p-(dipentylamino)phenyl)butadienyl)-
using the fluorescence probe eosin. Esmaﬁ) a|so noted pyrldlnlum inner salt (RH421) was obtained from Molecular
that these effects must be due to*Nainding to sites other ~ Probes (Eugene, OR) and was used without further purifica-
than the Rb occlusion sites. In the absence of both &d  tion. It was added to NaK*-ATPase-containing membrane
Rbt*, an acceleration of a conformational change of unphos- fragments from an ethanolic stock solution. The dye is
phorylated enzyme by various cations, including*Na Spontaneously incorporated into the membrane fragments.
choline”, and guanidinium was, furthermore, detected by Na",KT-ATPase-containing membrane fragments from the
Doludda et al. 12) via stopped-flow measurements using red outer medulla of rabbit kidney were prepared and purified
the covalently labeled fluorescence probe FITC. The apparentaccording to procedure C of Jgrgensah, 86). The specific
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ATPase activity was measured by the pyruvate kinase/lactateby inserting neutral density filters in the light beam to reduce

dehydrogenase ass&/7}, and the protein concentration was
determined by the Lowry metho®8®) using bovine serum
albumin as a standard. The specific activity of the"¥a -
ATPase preparations used were in the range 12300
umol Pi/h per mg protein at 37TC. The protein concentration
was in the range 2:62.7 mg/mL.

Na",K*-ATPase-containing membrane fragments from

the excitation light intensity.

Analogous stopped-flow experiments were also performed
on Na',K*-ATPase from shark rectal gland. These were
carried out using an SX.17MV rapid mixing stopped-flow
spectrofluorometer (Applied Photophysics, U.K.). The flow
volume was 106300 uL. The excitation wavelength was
546 nm (using a combined xenon/mercury lamp), and the

shark rectal glands were purified as described by Skou andfluorescence was measured at emission wavelerg@s0

Esmann 89). The specific ATPase activity at 3 and pH
7.4 was measured according to Ottolengtt)) (o be~1800
umol ATP hydrolyzed h' (mg of protein)?, and the protein

nm using a cutoff filter. The dead time of the stopped-flow
apparatus was-1.5 ms.

Each data set, in which the concentration of*Naas

concentration was 2.9 mg/mL. The protein concentration was,4ried. was collected using a single NI&*-ATPase prepa-

determined according to Lowry38) using bovine serum
albumin as a standard.

Stopped-flow experiments on rabbit kidney N&a*-ATP-

ration. All solutions were prepared using deionized water.
The nominally K-free buffers were analyzed by total-
reflection X-ray fluorescence spectroscopy, atomic absorption

ase were carried out using an SF-61 stopped-flow spectro-spectroscopy, or ion chromatography and found to contain

fluorimeter from Hi-Tech Scientific (Salisbury, England).

not more than 2M K™ ions.

Details of the experimental setup have been described A 75 mM stock solution of sodium orthovanadate was

elsewhere16, 17). Each kinetic trace consisted of 1024 data

points. To improve the signal-to-noise ratio, we averaged
typically between 6 and 20 experimental traces before the

prepared for control inhibition experiments by titrating an
aqueous solution of the compound to pH 7.4 with HCI and
then boiling the resultant yellow-colored solution until it

remproc_al relaxatlon time was evaluated. The error bars jyocome colorless, to remove polymerized vanadate species
shown in the figures correspond to the standard error of a(42)

fit of an exponential function to the averaged experimental

traces. Nonlinear least-squares fits of the reciprocal relaxation
times to appropriate kinetic models were performed using

the commercially available program ENZFITTER. To take

into account the greater absolute errors of the higher values

The origins of the various reagents used were as follows:
tris((hydroxymethyl)amino)methane (99.9%, Sigmalis-
tidine (= 99.5%, Fluka), choline chloride (996, 3x
crystallized, Sigma), EDTA (99%, Sigma), HCI (1.0 M

of the reciprocal relaxation times, we weighted the individual Utrisol solution, Merck), ethanol (analytical grade, Merck),

points according to the reciprocal of their value. The errors

guoted for the parameters determined (rate and equilibrium
constants) correspond to the standard errors derived from

the fits.
The kinetics of the conformational change of unphospho-

rylated enzyme were investigated in the stopped-flow ap-

paratus by mixing 2@g/mL of Na",K*-ATPase labeled with
150 nM RH421 with an equal volume of 2 mM trisATP and
varying concentrations of NaCl in the range-®0 mM.

ATP tris salt1.5H,0 (98%, Sigma), ATP magnesium salt
3H,O (97%, Sigma), NaCl (Suprapur, Merck), ouabain
7.5H0 (=95%, Sigma), sodium orthovanadate 90%,
Sigma), and MgGt6H,0 (analytical grade, Merck).

RESULTS

Na*-Induced Stopped-Flow Fluorescence Trac®
investigate the kinetics of the ,E—~ E; conformational
transition of unphosphorylated N&*-ATPase, we have

Both the enzyme suspension and the trisATP/NaCl mixtures carried out experiments in which rabbit kidney enzyme is

were prepared in a solution containing 25 mM histidine and
0.1 mM EDTA. The pH of this solution was adjusted to pH
7.4 with HCI. Because the solution is weakly buffered in
this pH range, the pH of the trisATP/NaCl mixtures was
readjusted to 7.4 after the addition of the acidic trisATP by
adding a small amount of tris. Mgions were excluded from
the solutions to prevent phosphorylation of the enzyme
occurring.

The solutions in the drive syringes were equilibrated to a
temperature of 24°C before each experiment. Because
RH421 concentrations aboveuM are known to inhibit the
steady-state hydrolytic activityt{) and the transient kinetics
of Na-dependent partial reactions of the N&"-ATPase
(16), a noninhibitory RH421 concentration of 150 nM was
used in the enzyme solution. The dead-time of the mixing
cell was determined to be 14# 0.2 ms. The electrical time

initially equilibrated in a solution containing 25 mM histidine
and 0.1 mM EDTA and is subsequently rapidly mixed with
tris ATP and NaCl. The composition of the initial equilibrat-
ing solution was chosen so as to minimize the presence of
any cations in solution, which via a Ndke effect can
convert the enzyme into an Eonformation 8, 6—13). The
conformational equilibrium of the enzyme was thus initially
poised toward the Econformation. It was furthermore
noncovalently labeled with the fluorescence probe RH421
to allow for fluorescence detection of the kinetics. On mixing
with tris ATP alone, NaCl alone, or tris ATP and NaCl
together in the absence of MgCh decrease in fluorescence
is observed (see Figure 2, curve a, and Figure 3), which
indicates that the fluorescence intensity of dye associated
with enzyme in the Econformation is higher than that of
dye associated with enzyme which has bound ATP, bla

constant of the fluorescence detection system was set at &oth ATP and N&. In the case of experiments in which the
value of not less than 10 times faster than the relaxation timeenzyme was mixed with ATP or with ATP and NacCl
of the fastest enzyme-related transient. Interference of simultaneously, the kinetics of the fluorescence decrease

photochemical reactions of RH421 with the kinetics of

could be closely approximated with a single-exponential time

Na',K*-ATPase-related fluorescence transients was avoidedfunction. When the enzyme was mixed with NaCl alone, a
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0.04 r T . T more relevance to the functioning of the enzyme under
physiological conditions.
0.00 Before proceeding to investigate the Neoncentration
dependence of the observed fluorescence change, we per-
0.04 formed two control experiments to establish that the effect
) observed is actually arising from a reaction specific to the
W Na",K*-ATPase. First of all, 1.5 mM of sodium orthovana-
< -0.08 date was added to the drive syringe containing th&, K&
ATPase membrane fragments. This resulted in the complete
-0.12 disappearance of the fluorescence decrease (see Figure 2,
curve b). In fact, a slight increasing trend in the fluorescence
016 ) . ) . . ) was then observed. Such an increase in fluorescence is also
0.00 0.05 0.10 0.15 0.20 observed for RH421 bound to lipid vesicles in the absence
Time/s of protein. This effect can, therefore, be attributed to a
FiGURE 2: Stopped-flow fluorescence transients of rabbit kidney Photochemical reaction of membrane-bound dy&).(Since
Naf,K*-ATPase. Curve a: 40g/mL (before mixing) of N&,K*- it is believed that vanadate inhibits the enzyme by binding

ATPase labeled with 150 nM RH421 was mixed simultaneously at the phosphate discharge site and stabilizing the enzyme
with the same volume of a solution containing 100 mM NacCl and in the B state #3), this suggests that the fluorescence

2 mM tris ATP (pH 7.4, 24C). Both the enzyme suspension and d is d - inq f f
the NaCl/tris ATP solution were prepared in a solution containing decrease is due to a reaction starting from thedaforma-

25 mM histidine and 0.1 mM EDTA. The fluorescence of tion.
membrane-bound RH421 was measured at an excitation wavelength A second control experiment was performed by pre-
of 577 nm at emission wavelengths a665 nm (RG665 glass  equilibrating the enzyme with 1.5 mM ouabain, a specific

cutoff filter). The calculated reciprocal relaxation time wasi32 P ) . )
s, Curve b: The same as curve a, except that the enzyme Was|nh|b|tor of the Na,K*-ATPase. In this case, the fluores

equilibrated with 1.5 mM sodium orthovanadate prior to mixing CENCE change was not entirely abolished, but the reciprocal

with NaCl and tris ATP. relaxation time of the change decreased dramatically, from
a value of 514 1 st after mixing with 200 mM NaCl and
0.00 ' ' L 1 mM tris ATP (concentrations after mixing) in the absence

of ouabain to 2.9 0.3 st in its presence. There was also
a small reduction in the amplitude of the change\{/F,),
from ~0.13 in the absence of ouabain t00.11 in its
presence. Ouabain is thought to inhibit the enzyme reversibly
by binding to the &P or, in this case, theEonformation
(43). As in the case of vanadate, the inhibition of the signal
is consistent with it arising from a reaction beginning in the
E, conformation. The absence of complete inhibition may
be due to the lack of Mg ions in the buffer, which are
known to significantly enhance ouabain bindirgfl);
—_— To investigate the Na specificity of the fluorescence

0.0 0.1 0.2 0.3 0.4 0.5 ) . .

Time /s changg, exp(.anment.s were performed in which the enzyme

was mixed with choline chloride rather than NaCl. Tris ATP

Ficure 3: Stopped-flow fluorescence transient of rabbit kidney \yas omitted in this case. since tris ATP alone causes a
Na",K*t-ATPase on mixing with NaCl alone. 4@g/mL (before ’ .. .
mixing) of Na*,K+-ATPase labeled with 150 "M RH421 was mixed fluorescence decrease. It was found that mixing with 600

simultaneously with the same volume of a solution containing 600 MM choline chloride also produced a fluprescence_decrease.
mM NaCl (pH 7.4, 2#C). Both the enzyme and the NaCl solution In contrast to the measurements carried out using NacCl,
were prepared in a solution containi.ng.25 mM hi;tid!ne and 0.1 however, the fluorescence change induced by choline
mM EDTA. The wavelengths for excitation and emission were as chloride did not appear to show biexponential behavior. A

specified in Figure 2. A fit of a biexponential time function to the S . .
data yielded reciprocal relaxation times of 202 s1 (38% of the monoexponential time function was found to adequately fit

total amplitude) and 5.2 0.5 s (62% of the total amplitude).  the data. The amplitude of the changeNF/F,) was in this
case~0.07, and the reciprocal relaxation time was#1
double-exponential time function was necessary to describes™, which is on the same order of magnitude as the values
the data, with both phases causing a fluorescence decreasebserved (20 and 5°% for the fast and slow phases,
(see Figure 3). This is in agreement with a previous report respectively) on mixing with NaCl alone. The fact that a
(17), in which it was furthermore found that the double signal was observed under these conditions is consistent with
exponential kinetic behavior disappeared on increasing thethe frequently reported Nalike effect of a variety of cations,
ATP concentration above a concentration of approximately including choline 8, 6—13). The choline-induced fluores-
50 uM. The double exponential behavior could perhaps be cence change was completely abolished if the enzyme was
attributed to the presence of more than one conformationalpre-equilibrated with 1.5 mM sodium orthovanadate.
state prior to mixing or to the presence of more than one Effect of Nd& ConcentrationThe reciprocal relaxation time
class of N4a sites, e.g., allosteric sites and transport sites. for the ATP and N&-induced RH421 fluorescence change,
Further investigations of the kinetics in the absence of ATP 1/, was found to be dependent on the"Nian concentration.
are planned. Here we shall concentrate, however, on mea-1/r increased with increasing Ndrom a value of approxi-
surements at saturating ATP concentrations, since this is ofmately 10 s on mixing with tris ATP alone to a saturating

-0.04

-0.16
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60 —— r — previously been found that the RH421 fluorescence change
also shows an increase intltb a similar saturating value

J on increasing the ATP concentratiak6( 17), it would seem
that the conformational change also occurs after ATP
- binding. The results are thus consistent with both ldad
ATP binding to enzyme in the Estate and stimulating either

] independently or together the transition to theskate. As

50 |-

40 -

30

s’

) shown by the experiments of Forbush8), in which the
20 8 Choline Chioride | enzyme was initially in the K ™), state, the conformational
change also results in the release ofighs from the enzyme.
10 A 4 In the experiments reported here, the buffer solutions were

nominally K*-free, i.e., the background "Kconcentration
" L P T T was <25 uM. Whether this low K ion concentration is

0 S0 100 150 200 250 300 350 sufficient to stabilize the enzyme initially in the(®*), state
[Salt] / mM is not entirely clear. Grell et al.18) and Matsui and
—_— — : : Homareda45) have reported apparent dissociation constants
020 NaCl 7 of the enzyme for K ions in the absence of Neaof 8 and
0.18 . 6 uM, respectively. On the basis of these values, it is possible

] that a significant proportion of the enzyme in our experiments
may have had boundKions prior to mixing with NaCl. It
¢ Choline Chioride is, however, very unlikely that the stimulation of the-t6-
i E; conformational transition is due to a competition between
] Na" and K ions for the same sites, since, as discussed in
- the Introduction, the results of Forbust8| and Hasenauer
i et al. (L9) indicate that Na and K" or its analogue Rb
B bind simultaneously to the enzyme. It appears more likely,
as suggested by Hasenauer et B) (that N& is binding at
! L ' L ! a regulatory site on the enyzme.

0 5 100 15 200 250 300 350 A generalized reaction scheme allowing all sequences of

[Salt] / mM Na* and ATP binding as well as the conformational change

FiGURE 4: Effect of varying salt concentration, i.e., NaCl (filled occurring either before or after Naand ATP binding is
circles) and choline chloride (open circles), on the reciprocal shown in Figure 5. The derivation of the dependence of the
relaxation time (1) (panel A) and the relative fluorescence change reciprocal relaxation time, &/ on the Nd and ATP

(—AF/F,) (panel B) of RH421 fluorescence transients of rabbit trati for thi hani is d ibed in th
kidney Na ,K*-ATPase induced by mixing simultaneously witn ~concentrations for this-mechanism 1s described in ine

salt plus 2 mM of tris ATP. The salt concentrations given are those A_ppg_ndix (Se? eq _A8)-_ This equati_on can, however, be
after mixing. All other experimental conditions were the same as significantly simplified if one considers the results of

those given in Figure 2. The solid lines represent nonlinear least- previous investigations as well as those presented here.
squares fits of eq 4 (reciprocal relaxation times) and eq 5 (relative Stopped-flow measurements on rabbit kidney enzyh (
fluorescence changes) to the data. . . -
at varying ATP concentrations previously suggested that the

value of approximately 50$ at Na" concentrations 200 sum of the forward and backward rate constants for the
mM (see Figure 4A). The total relative fluorescence change, conformational transition at saturating Naoncentrations
—AF/F,, also increased with increasing Naoncentration, but in the absence of ATR; + k-4, is 0.8+ 0.2 st at 24
from a value of~0.05 in the absence of NaCl to a saturating °C and pH 7.4. Because of the biexponential nature of the
value of ~0.18 (see Figure 4B). There was no obvious fluorescence transients observed on mixing with NaCl alone,
sigmoidicity apparent in the dependence of eitherot/AF/ however, a completely reliable estimation of values Kor
Fo on the NaCl concentration. In both cases, the increaseandk-; is difficult and still necessitates further investigation.
appeared to be hyperbolic, suggesting the lack of any Here reciprocal relaxation times of 5 and 20! svere
cooperativity. determined on mixing enzyme with 600 mM NaCl. On the

The fact that the reciprocal relaxation time reaches a basis of the present data available, therefore, one can only
maximum value indicates that the process being observed isconclude thak; andk_; have values not greater than 26.s
not simply the binding of Na to the enzyme, since this More precise values are available for the rate constants
would be expected to show a linear dependence of thewhen both N& and ATP are absent. In this case, the rate
reciprocal relaxation time on the N&oncentration. Satura-  constants of the conformational change have been determined
tion of 1/r implies that Na binding is coupled to a slower by experiments in which the conformational equilibrium was
conformational change. The data cannot, however, beperturbed by the addition of inorganic phosphaté—<48).
explained by the simple lock-and-key mechanism described Measurements on rabbit kidne46) yielded values of 0.023
in the Introduction, which involves binding of Nao the =+ 0.001 s* for ky and 0.059+ 0.003 s*? for k¢ at 21°C
E; conformation alone, since this mechanism predicts a and pH 7.1. Similar measurements carried out on enzyme
decrease in I/ with increasing Na concentration. The  from shark rectal gland yielded values of 0.93 §47; 20
simplest explanation is, therefore, that the observed procesSC and pH 7.5) and 0.47$ (48; 24 °C and pH 7.4) fork
is a conformational change of the enzyme occurring after and values of 0.1873 (47, 20 °C and pH 7.5) and 0.3°%
Na" binding, i.e., an induced-fit mechanism. Since it has (48; 24 °C and pH 7.4) fork_o. Values ofKx andK,' are

0.16
0.14

0.12
0.10
0.08
0.06
0.04
0.02

-AF/F,
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ko E Equation 3 describes in principle a two-phase hyperbolic
! increase in I. The first term describes the saturation of'Na
binding to & and saturates at the value kf The second

.9

1
]
:/ Ky ATP Na* term describes the saturation of Nainding to & and

saturates at the value &f3. The experimental data show,
however, no evidence for a biphasic increase in This
could be due to two factors. First, the rate constants for the
backward reactions (EATP — E,-ATP and B-Na'-ATP
— E»*Nat-ATP), k—, andk_3, could be significantly smaller
than the rate constant for the forward reactiopf5P —
E;ATP and B-Na™ATP — E;*Na™ATP), k; andks, when
Na" and ATP are bound. This is, however, certainly not the
case in the absence of Nand ATP #6—48). Second, if

- o Na® bound with comparable strengths to both enzyme
E;Na"ATP PR E;Na'ATP conformations, i.e.Ky =~ Ky/', then only one phase might

FicURE 5: Generalized reaction scheme for the conformational D€ resolvable. This might seem unlikely, since it is generally
change, Na binding and ATP binding of unphosphorylated believed that Na binds much more strongly to the;E
Na",K*-ATPase. Th.e scheme allows all possible sequences of theconformation than to the Fconformation. However, it is
EiZn;’ngElTChoe”fch&ﬁg”ai'sﬁ':naé‘sg‘t"h ;“%esgﬁzgaggmgingggps ,important to note that the Naions which are responsible
in equilibrium on the time scale of the conformational change and for the §tlmulat|on of the E_', E .transmon are not
are characterized by equilibrium dissociation constantéoénd necessarily the same Naons which bind to the transport
Ka for the binding of N& and ATP, respectively, to the,Etate sites. The enzyme may have allosteric'Ndtes which are
and dissociation constants Kf' andKa' for the binding of the completely independent of the transport sites and whose

same substrates to the &ate. The rate constarks ki, kp, andks S : - i
refer to the first-order rate constants for the conformational change binding constant is not significantly affected by the confor

bound k;), one ATP is boundk), and both one Naand one ATP therefore, approximated eq 3 by assuming tatand Ky'

are boundKz). The rate constants o, k-1, k2, andk_3 are defined are equal. In this case, eq 3 reduces to

in the same way, but they refer to the reverse reaction, iye E

E,. Note that the sites to which the Néons bind in this scheme +

are not necessarily transport sites. 1 k, + k_, + (ks + k_g)[Na'l/Ky

T 1+ ([Na'J/Ky)

Ky

/{,

4)
also known from previous kinetic studie$7j. For rabbit
kidney enzymeKa andK,' were determined at pH 7.4 and o
24°C to be 71+ 7 and 8.0+ 0.7 uM, respectively. Applying Fitting of eq 4 to the data for rabbit kidney enzyme shown
these values at the high ATP concentration used here of 1in Figure 4A yields the following parameters:

mM after mixing, [ATP]Ka = 14.1 and [ATPKA' = 125,

i.e., both much greater than 1. Equation A8 can, therefore, k,+k ,~11+1s*
be simplified by approximating the terms {1 [ATP])/Ka)

d (1+ [ATP])/KA") by [ATPI/K d [ATP]KA', - ~ -~
and (1+ [ 1/KA") by [ J/Ka and [ 1Ka', respec k3+k_3~54:|:351

tively. Furthermore, using the values &f and k; given
above, the terms/([ATP)/Ka) and ki/([ATP]/Ka), with
values 0f<0.07 and<1.4 s'%, are both much smaller than
the smallest reciprocal relaxation time measured hefe(
s ). Similarly, the termsk_o/([ATP)/KA') and k_o/([ATP]/ Note that in the measurements in which enzyme was mixed
Ka'), with values of<0.002 and<0.16 s?, are also much  With tris ATP in the absence of NaCl, the solution contained

less than 10 €. Under saturating ATP concentrations, the 2.5 MM tris (2.5 mol tris/mol ATP). Tris itself has been

Ky~31l+7mM

terms in equation A8 containinky, ko, ki, andk_; can, shown @) to induce a transition to an,Hike state, but only
therefore, be neglected, and the equation describing theat significantly higher concentrations. The fluorescent tran-
dependence of t/on the N& concentration reduces to sient observed at zero NaCl concentrations can, thus, be
attributed to an ATP-induced conformational change.
1 ko + (k[NaKy) ko, + (k_[Na'VKy") Now let us consider the dependence of the relative change
T n TR 3) in fluorescence AF/F,, on the Na concentration. If one
1+ ([Na'}/Ky) 1+ (INa'J/Ky) applies a simple noncooperative model for one-site" Na

The meanings of the various parameters are defined in Figurepy
Na"
presence of bound Neaaccelerates or retards the conforma- — —) + (E) - (ﬁ) ][—]Jr (5)
Fo min I:o max Fo min, Ka,\llpp"f— [Na ]
Figure 4A), however, that 2increases with increasing Na

binding, AF/F, should be related to the Naconcentration
5 and its caption. In principle, this equation could explain

an increase or a decrease in,depending on whether the AF _ (AF

tional transition. Experimentally, it has been observed (see Fo

concentration, which means that bound™Naust accelerate ~ where AF/Fo)min and (AF/Fo)max are the relative fluorescence
the conformational transition. changes on mixing with ATP alone in the absence of Na
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and on mixing with saturating concentrations of fiNa 110 T " T T . r
respectivelyK{Pis an apparent dissociation constant of the 100
enzyme for N4. Its value is not necessarily the samekas
in eq 4 becausk’includes additional Nabinding which [
may occur after the conformational change toaid may 80
possibly perturb the conformational equilibrium. Fitting of
eq 5 to the data for rabbit kidney enzyme shown in Figure
4B yields the following values of the parameters:

90

70

1is

60

50 Choline Chloride

(AF/F —0.048+£ 0.002

o)min =
40 b

—0.182+ 0.002 30 P L
0 50 100 150 200

[Salt] / mM

(AFIF

o)max =

app _
KN 9.1+ 0.6 mM FiGure 6: Effect of varying salt concentration, i.e., NaCl (filled

circles) and choline chloride (open circles), on the reciprocal
The lack of any obvious sigmoidicity apparent in the relaxation time (1) of RH421 fluorescence transients of shark

: ; rectal gland N& K*-ATPase induced by mixing simultaneously
dependence of eitherdér AF/F, on the NaCl concentration with salt plus 2 mM of tris ATP. The salt concentrations given are

(see Figure 4A,B) is in marked contrast to the behavior those after mixing. All other experimental conditions were the same
observed in studies of the kinetics of phosphorylation of the as those given in Figure 2. The solid lines represent nonlinear least-

enzyme by ATP 16, 17). There the dependence ofridn squares fits of eq 4 to the data.
the NaCl concentration was clearly sigmoid, indicating that

) ) values of the parameters derived were as follows:
more than one Nasite must be occupied before phospho-

rylation can occur. In fact, the data were fitted by a positive k, + K, 1342 s!
cooperative model involving the binding of three™Nians.

This is in agreement with the Alber$ost model, in which ks+k s~27+2s

the binding of three Naions is considered to be necessary

to allow ATP hydrolysis to proceed. In the case of the & Kg~ 11+ 9 mM

E: conformational change investigated here, however, the

data could be adequately described by a model in which only (AF/F)min = — 0.034+ 0.012

a single Na ion is necessary to stimulate the reaction.

(AF/F —0.144+ 0.010

The fact that the value d€3"is only a factor of less than oJmax =

4 smaller tharKy would imply either that the perturbation
in the equilibrium binding of Na due to the conformational
transition is not very great, i.eks and k-3 have similar
v_alues, or that the _di:;sociation constants of these enzymeKf}”pimplies either that the values &f andk_s have similar
sites for Nd have similar values in theEand g states. magnitudes or that the strengths of binding of chdlite
Effect of Choline ConcentratioiThe reciprocal relaxation  the B and B states are similar.
time for the ATP and cholineinduced RH421 fluorescence Na" and Choline-Induced Stopped-Flow Results with
change, I, was found to be dependent on the chatifen Shark EnzymeFor comparison, experiments were also
concentration. ¥/increased from a value of approximately performed using enzyme derived from shark rectal gland.
10 st on mixing with tris ATP alone to a saturating value The approach used was analogous to that applied to the rabbit
of approximately 25 & at choline concentrations= 100 kidney Na ,K*-ATPase. The enzyme was pre-equilibrated
mM (see Figure 4A). The total relative fluorescence change, in a solution containing 25 mM histidine and 0.1 mM EDTA
—AF/F,, also increased with increasing cholineoncentra- and noncovalently labeled with RH421. It was subsequently

tion, from a value 0f~0.03 in the absence of choline chloride Mixed with a solution containing, in addition to 25 mM
to a saturating value 0f0.14 (see Figure 4B). Both the histidine and 0.1 mM EDTA, 2 mM tris ATP and different

reciprocal relaxation time and the relative fluorescence concentrations of either NaCl or choline chloride (between

change observed at saturating choline chioride concentrationd @nd 400 mM). Upon mixing, a fluorescence decrease was
are significantly lower than those observed at saturating observed in all cases. The transients could be fitted with

sodium chloride concentrations. It seems, therefore, that Na monoexponential time functions. The relative fluorescence
is significantly more effective in stimulating the rate of the changes {AF/Fo) were alyvays between 0.025 and 0.05.
E, — E, transition than choling This is in agreement with Because of the small amplitudes of the fluorescence changes,

o . the signal-to-noise ratio is relatively high. The reciprocal
the rapid filiration studies of ForbusAg). relaxa?ion times, I are, therefore, gnly%pproximater.) The
As in the case of the sodium chloride titration data, the reciprocal relaxation time was found to increase with
reciprocal relaxation times and the relative fluorescence increasing Na concentration, from a value of 4%0 st
changes obtained for the rabbit kidney enzyme at varying on mixing with 2 mM tris ATP alone up to a value of
choline chloride concentrations were fitted to eqs 4 and 5, approximately 90 st on mixing with 2 mM tris ATP plus
respectively, replacing [Nd by [choline'] in each case. The 400 mM NacCl (see Figure 6). In the case of the experiments

K3PP=9+ 5mM

As in the case of Nj the similarity of the values dfy and
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where the enzyme was mixed with choline chloride solution, mational change in this preparation, perhaps due to a different
a slight increase in the reciprocal relaxation was also apparentipid composition b2, 53).

but it was far less pronounced than with NaCl. On mixing

with 400 mM choline chloride solution, the reciprocal DISCUSSION
relaxation time was found to have a value of approximately — The kinetics of the rate-determining E- E; conforma-
60—70 s tional transition of rabbit kidney NaK*-ATPase have been

Fitting of the experimental data shown in Figure 6 with investigated via the stopped-flow technique by mixing

eq 4 or its equivalent for choline yields the following €nzyme fluorescently labeled with RH421 simultaneously
parameters: with NaCl and ATP in the absence of [fgions (to prevent

From the NaCl titration phosphorylation and halt turnover). A decrease in fluores-
cence was observed, whose time course could be fitted by a
~ —1 single-exponential time function. At a constant ATP con-
ket ke 48£ 25 centration of 1 mM ATP after mixing, the reciprocal
relaxation time was found to increase hyperbolically with
ky+ ks~ 88+2s" increasing NaCl concentration to a saturating value of56
2 s, Previous studies on enzyme from the same soure (
Ky~ 7+2mM showed that the reciprocal relaxation time also increases
hyperbolically with increasing ATP concentration. These
results suggest that the conformational change can occur with
both Na and ATP bound to the enzyme and that the
conformational change is stimulated by binding of"Nand
ATP to the E form of the enzyme. The results are thus
consistent with an induced-fit model of Naand ATP

From the choline chloride titration

k,+k,~46+2s"

ks +k;~ 65+ 125" binding, as described in the Introduction, whereby a relax-
ation of the protein conformation occurs after substrate
Ky~ 62+ 104 mM binding. Both Na and ATP would seem, therefore, in

addition to their roles as transported ions and in protein
) ] ~ phosphorylation, respectively, to act in a regulatory fashion
The behavior observed with shark rectal gland enzyme is py stimulating the rate of conversion of the protein into the

qualitatively similar to that found with the rabbit enzyme. g, conformation and thus enhancing the overall turnover
In both cases, the reciprocal relaxation time increases with n\ymper of the enzyme.

increasing Na concentration. The amplitudes of the fluo-  The degree to which the stimulation of the conformational
than those observed for rabbit kidney enzyme (0-6838),  the enzyme turnover under physiological conditions depends

and the reciprocal relaxation times for shark enzyme~40  on where they bind, i.e., intra- or extracellularly. The results
~90 st in the case of the NaCl mixing experiments) are shown in Figure 4A indicate that significant stimulations of
higher than those of the rabbit enzyme {B3} s). The  the E, — E, transition and the overall turnover can only be
higher reciprocal relaxation times of the shark enzyme are expected at Naconcentrations up to approximately 200 mM,
consistent with its higher steady-state turnover number, which gfter which saturation of the Nabinding sites occurs. The
was recently calculated®) on the basis of data of Cornelius  degree to which fluctuations in the Naoncentration could
(49 to be 70 s* at 23°C and pH 7.0, in comparison to a  mogify the turnover number via an effect on the € E;
value of 43 st for rabbit kidney enzyme under similar  gransition, therefore, decreases as the" Mancentration
experimental conditions (22C and pH 7.4). increases. According to electron microprobe results of Thurau
The fluorescence changes observed for the shark enzyme54), the typical intracellular Na concentration of kidney
can be explained in the same fashion as that of the rabbittubule cells is approximately 16 mM, whereas that of the
enzyme, i.e., the enzyme is at least partially in the E extracellular fluid is approximately 160 mM. If the Né&ns
conformation when equilibrated in histidine/EDTA solution which stimulate the E— E; transition bind from the
and undergoes a transition to theNa"ATP form on mixing intracellular side, small variations in the intracellularNa
with NaCl and tris ATP. The lower amplitudes of the shark concentration would, thus, be expected to have a significant
enzyme might possibly be explained by the enzyme initially effect on the rate of the £~ E; transition and hence on the
not totally being in the Econformation. Even in the absence turnover number. On the other hand, if the*Nians bind
of Na' ions perhaps some of the enzyme is already in an from the extracellular side, only small effects on the turnover
E:-like conformation. The differences in behavior observed number would be expected because the extracelluldr Na
here between rabbit kidney enzyme and shark rectal glandconcentration is already approaching the saturating level (see
enzyme may be related to the different Na+t-ATPase Figure 4A). From a regulatory point of view, becausetNa
isoforms present. Whereas rabbit kidney consists ofathe  ions are pumped out of the cell, stimulation of the turnover
isoform, shark rectal gland enzyme is@glike isoform (0, by intracellular N& would make more physiological sense
51). It is possible that the £or an B-like conformation is for the enzyme, since this would increase its pumping rate
more stable in enzyme of thg-isoform even at low cation ~ and remove Naions from the cytoplasm if the intracellular
concentrations. Another possible explanation for the lower Na" concentration increased above the desired level.
amplitudes observed with the shark enzyme could be that Since the experiments described here were performed on
the fluorescent probe RH421 is less sensitive to the confor- open membrane fragments with both sides of the enzyme
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accessible to Na ions, it is not possible from these kidney enzyme and 65 &for pig kidney enzyme3). The
experiments alone to decide whether the ias are binding slightly higher values measured under phosphorylating
to the enzyme from the cytoplasmic or the extracellular face. conditions may be due to a further slight stimulation of the
Thus, it is also not possible to make any further conclusions rate of the conformational transition by Kfgions, which
about the degree to which Natimulation of the E— E; were omitted in the present studies so that the transition could
transition would modify the turnover number in an intact be uncoupled from subsequent phosphorylation.

cell. Some light may be shed on these questions, however, Interestingly, it has been found that the conformational
by considering results obtained from other studies. On the transition is also observed on mixing with choline chloride.
basis of steady-state activity studies of the effect of sodium This is in accord with kinetic studies of Skou and Esmann
ion concentration on vanadate inhibition, SachS) (con- (7) and Esmann2p) using the probe eosin in the absence
cluded that intracellular Nadoes not bind to the enzyme of ATP, with similar studies of Doludda et all%) using

prior to the release of K On the basis of his results, it would enzyme covalently labeled with FITC and witfK deoc-
seem, therefore, unlikely that Nainding to the cytoplasmic  clusion experiments of Forbush8). Acceleration of the E

face of the enzyme is responsible for acceleration of the E — E; transition and stabilization of the; Eonformation by

— E; transition. Particularly interesting results have been choline chloride and buffer cations has generally been
observed using sided preparations of enzyme reconstitutednterpreted as a Nalike action @, 6—13). Any increase in

into lipid vesicles. Using reconstituted pig kidney enzyme, the cation concentration must, however, be accompanied by
Karlish and Stein §6) found that the sigmoidicity of  an increase in the anion concentration in order to maintain
cytoplasmic N& activation of the enzyme’s steady-state charge neutrality in the solution. Therefore, since other salts
activity decreased with an increase in the extracellular Na can replace sodium chloride in stimulating the transition, one
concentration. On the basis of their results, they concluded might wonder whether the effect is actually due to cation
that “allosteric” Nd sites on the extracellular surface of the binding to a site on the enzyme or whether instead it may
enzyme were occupied simultaneously with*Neansport be an ionic strength effect, as has been suggested by
sites on the cytoplasmic surface. Similar to the"Ndfect Smirnova and Faller31). A change in ionic strength could,

on the B — E; transition studied here, Karlish and Stein for example, easily lead to a change in enzyme conformation
found that the effect they observed was not specific t6 Na without direct ion binding via a charge screening effect
but could also be induced to a lesser extent by and tris according to DebyeHuckel theory. If the positive and
ions. They estimated an apparent affinity of the allosteric negative charges of a salt bridge, e.g., between a carboxylate
Na' sites of roughly 50 mM. This value is of the same order residue and a protonated amino residue, are shielded by
of magnitude as that found here for the dissociation constantintervening ions, the resultant weakening of the interaction
of Na* ions interacting with the Eform of rabbit kidney could lead to a conformational change. Evidence for a salt
enzyme, i.e., 3 7 mM. The reasonable agreement in the bridge between transmembrane segments of the yeast plasma
values may, however, be fortuitous because agreementmembrane H-ATPase, a P-type ATPase related to the
between values derived from transient kinetic measurementsNa’,K*-ATPase, was in fact recently reported by Gupta et
and steady-state is not necessarily expected, if in the steadyal. (59) on the basis of steady-state kinetic measurements
state Nd binding is followed by further reactions which on site-directed mutants. According to their measurements
perturb the N& binding equilibrium. Further support for the putative salt bridge of the 'H-ATPase is not directly
allosteric extracellular Nabinding can be found in measure- involved in H™-pumping, but it is essential for the correct
ments of Cornelius and Sko67) using reconstituted shark  folding of the protein and its insertion into the plasma
rectal gland enzyme. They found that extracellulartNa membrane.

enhanced the ATP hydrolytic activity of the enzyme with a  Grell et al. (L1), on the other hand, favor a model whereby
high affinity of about 2 mM. This is also in accord with the it is the cation alone, e.g., Naor choline", which induces
higher Na dissociation constant found here for the shark the conformational change. They have suggested a mecha-
rectal gland enzyme of Z 2 mM. Very interesting and  nism in which the cations coordinate electrostatically to two
relevant are also the results of van der Hijden and de Pontnegatively charged carboxylate amino acid side-chains of the
(58) on reconstituted rabbit kidney enzyme. They found that protein. As a consequence of the electrostatic interaction the
the steady-state phosphorylation level of the enzyme wastwo side chains could be drawn closer together, thus
enhanced by extracellular Négons and amine buffers (e.g., triggering the rearrangement from  E;.

tris). In their interpretation of this effect, they considered At this stage, it is not possible to clearly distinguish
that the most likely explanation was that extracellular ligands between these two possible mechanisms, i.e., an electrostatic
induce a transition to the ;Fconformation of the enzyme, cation coordination or an ionic strength charge screening.
which binds ATP and can be subsequently phosphorylated.To do this, both a truly inert cation and a truly inert anion
The stopped-flow results reported here would certainly would have to be found. If such ions cannot be found, this
support such an interpretation. On the basis of all of thesewould tend to lend support to the ionic strength screening
results, it appears very likely, therefore, that the Naduced mechanism. Nevertheless, the fact that NaCl induces a higher
stimulation of the & — E; transition found here is in fact maximum rate of the transition than choline chloride (see

due to N& binding to extracellular sites. Figure 4A) suggests at least some cation selectivity is present,
Now let us compare the reciprocal relaxation time i.e., Na" ions provide a greater acceleration than choline ions.
measured at saturating NaCl and ATP of58 s ' to recent Irrespective of the exact molecular mechanism of the

estimates of the rate of the,E~ E; transition under  conformational change, itis, however, clear from the results
phosphorylating conditions (i.e. saturating concentrations of presented here that the rate-determining-EE; transition
Na*, ATP, and Md@", pH 7.4, 24°C) of 90 s for rabbit is stimulated by the interaction of Nar Na" and CI with
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the enzyme in the Estate, thus inducing a protein confor- The reaction scheme shown in Figure 5 can now be
mational relaxation into the jEstate (i.e. an induced-fit  simplified to an overall reaction between thedhd g states:
mechanism). The results are not explicable by an alternative

model, whereby Naor Na" and CF interact preferentially ZEZ = ZEl

with the B conformation alone and shift the conformational

equilibrium in favor of E. Similar to the regulatory role ~ The rate of change of the deviation of the total concentration

played by ATP, it thus appears that salt or'Nans also in the & states from its final equilibrium value is given by
help to regulate the enzyme by stimulating kelease and
its conversion to the £conformation, in which further Na dAZ =

ions can be bound and the enzyme can undergo phospho— = kAE, — k_,AE, + k,AE,Na" —
rylation. Since the E— E; transition is the rate-determining
step, the Naor salt effect on its rate will increase the overall k_,AE;Na" 4+ kAE,ATP — k_,AE,ATP+
turnover number of the enzyme. + . +

Whether or not the Naion, which stimulates the con- KABEN'ATP = K_;AENa'ATP (A3)

formational transition, is binding to one of the Naansport

ites is still. h " on the basi fTo integrate this differential equation and derive an expres-
SIes 1S s It’ ;)\I/:ve\ger, f;m opt(ajanues on. tn Ile tﬁs's %" 'sion for the reciprocal relaxation time, we must first derive
experiments of Forbusil§) and Hasenauer et all, the o avions relating\E,, AE;, AE;Nat, AE:Na", AEATP,

Na' ions stimulating the E— E; transition bind prior to AEATP, AE,Na*ATP, andAE;Na*ATP to ASE,. For this
s H H H il . y
the release of K or Rb", so they cannot be binding to at we make use of the assumption that the*Nand ATP

least two of the transport sites, which are already occupied. ;. ; . o .
! . _ " inding steps are all independently in equilibrium on the time
Since in the ATP-dependent NaNa" exchange mode of scale of the relaxation of the conformational change. The

the enzyme, three Naions are transported ffom the dissociation constants for the Bnd g states for Na and
cytoplasm to the extracellular fluid and only two Ni&ns ATP are defined as follows:

are transported in the opposite direction, Cornelius and Skou

(57) considered that it was reasonable to assume that it is E-Na* EATP-Na"
one of the three Natransport sites exposed to the extra- V= =2 (A4)
cellular fluid which causes the allosteric effect. Although ENa" ENa'ATP
this is an attractive explanation, further experimental support
would be necessary. ENa" EATP-Na"
Ky' = = - (A5)
APPENDIX E,Na" E;Na’ATP
Reciprocal Relaxation Time for NaCl Mixing Experiments. n
To describe the regulatory Naand ATP concentration — EZATP= ENa'-ATP (A6)
dependence of the reciprocal relaxation time, We have A EATP EzNa+ATP
used the general reaction scheme shown in Figure 5. The
reaction scheme incorporates the following essential points: ] +,
(1) both Na and ATP can bind to enzyme in both the E N = Ey ATP: E.Na -ATP (A7)
and B conformations; (2) the Naand ATP binding steps EATP  ENa"ATP

are always in equilibrium on the time scale of the confor-

mational change; (3) the dissociation constants of the enzymeAt excess concentrations of Nand ATP over enzyme, it

for Nat and ATP in each conformation are assumed to be can be assumed that the free concentrations ofasa ATP

independent of whether ATP and Nare bound, respec- are constant for the duration of the stopped-flow experiment.

tively; (4) all possible sequences of substrate binding and Under these conditions, one can derive from eqs A4-A7 and

conformational change are allowed. the laws of conservation of mass (eqs Al and A2) expres-
To derive an equation for 4/containing the equilibrium  sions for the deviations of the various enzyme species from

and rate constants for the various steps as well as the totatheir equilibrium values in terms &XE,. Substituting these

Na* and ATP concentrations, we have applied the theory of expressions into eq A3 and integrating, it can be shown that

relaxation kinetics, as developed by Eigé&@)(and applied  the reciprocal relaxation time is given by

by Kirschner and co-worker$1—63) to the kinetics of the . .

allosteric enzyme glyceraldehyde-3-phosphate dehydroge-1 _ Ko T KilNa VK + KIATPI/K, + kgNaTJIATPI/(KWKA)

nase. Normally this theory is applied to systems close to 7 (1+ [NaVK (@ + [ATPY/K,)

equilibrium, e.g., as in a temperature jump experiment. Under e . + e

pseudo-first-order conditions, however, i.e., in our case Koot kalNa WKy + K JATPYK, + k gNa JIATPI(KVK,)

excess of both Naand ATP over enzyme, the theory is also (1+ [Na'V/Ky)(L + [ATPVK,)

applicable to stopped-flow data. (A8)
The total concentrations of enzyme in thedd g states

are given by

This equation describes in principle the dependence wof 1/
on [Na'] and [ATP] for any sequence of substrate binding
n n and conformational change. The equation can, however, be
Y E;=E, T ENa’ + EATP+ ENa ATP (A1) significantly simplified if one considers particular conditions,

. + 4 e.g., saturating [N or saturating [ATP]. An equation for
251 =E T ENa" + EATP+ ENa'ATP (A2) any more restricted mechanism, e.g., no binding of ka
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E, or no conformational change with bound Naan also
be derived from it by setting the appropriate equilibrium

dissociation constants to infinity or rate constants to zero.
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