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ABSTRACT: In this investigation the effects of alkali cations on the transient kinetics of Na,K-ATPase
phosphoenzyme formation from either ATP.EE or R (E'2P) were characterized by chemical quench
methods as well as by stopped-flow RH421 fluorescence experiments. By combining the two methods
it was possible to characterize the kinetics of Na,K-ATPase from two sources, shark rectal glands and pig
kidney. The rate of the spontaneous dephosphorylation®fiad EP was identical with a rate constant

of about 1.1 st at 20°C. However, whereas dephosphorylation gPEormed from ATP was strongly
stimulated by K, dephosphorylation of 'BP formed from Pin the absence of alkali cations wasK
insensitive, although in pig renal enzyme' Kinding to E,P could be demonstrated with RH421
fluorescence. It appears, therefore, that in pig kidney enzyme the rapid bindingtof#P was followed

by a slow transition to a nonfluorescent form. For shark enzyme thénduced decrease of RH421
fluorescence of Pphosphorylated enzyme was due td Kinding to the dephosphoenzyme;)Ethus

shifting the equilibrium away from'eBP. When Pphosphorylation was performed with enzyme equilibrated
with KT or its congeners Tl Rb", and C¢ but not with Na or Li*, both the phosphorylation and the
dephosphorylation rates were considerably increased. This indicates that binding of cations modifies the
substrate site in a cation-specific way, suggesting an allosteric interaction between the conformation of
the cation-binding sites and the phosphorylation site of the enzyme.

The phosphoforms formed from ATP of*fhave been  to an intrinsic feature of the subconformatiolfE implying
regarded as chemically identicdH8). However, over the  that the phosphoforms produced by the two routes of
years evidence has accumulated showing that the twophosphorylation differ in the structure of the substrate site
phosphoenzyme forms are kinetically different, especially which, in turn, induces an altered organization of the cation-
regarding the different K sensitivity of the dephosphoryl-  binding site.

ation reactions as shown by Post et 8). (Post et al. , 9) In the present paper we compare the different kinetic
suggested that the observed differencesirsénsitivity were properties of the phosphoenzymes formed from ATP and P
due to the binding of a second Ffgto the MgEP phos- measured by transient chemical and RH421 fluorescence

phoform. More recently, we have showh(j that the two methods. Fluorescence experiments are advantageous by
phosphointermediates differ in their interaction with vana- easily allowing both transient and equilibrium measurements;
date, in their susceptibility thl-methyl hydroxylamine, and  however, a main problem can be the proper assignment of
in the phosphorylation-induced fluorescence response withhigh- and low-fluorescence levels to known intermediate
the fluorophore RH421. On the basis of these differences aenzyme forms. In the preceding pap&@), we demonstrate
subconformation of the P form with the notation &P was that RH421 detects the formation of acid-stable phospho-
proposed for the phosphoenzyme formed fronilB). We enzyme formed from jRcf. Apell et al. (L1)), and in the
ascribe the different properties of the two phosphoenzymespresent paper, we show that binding of alkali cations to this
phosphoform induces states that are low-fluorescent. To-
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NOVO foundation. compare two enzyme preparations, shark rectal and pig renal
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Fax: +45 86129599, E-mail- fc@biophys.au.dk. Na,K-ATPase, which has previously been shown to be phos

1 Abbreviations: & Na,K-ATPase form with high affinity toward ~ Phorylated by Pto different levels (10).
ATP and N&; E,, Na,K-ATPase form with high affinity toward K The cations studied were the following: (1) Nand Li"
and low affinity t,?EA}LP; EP, PhosphoenzymeifE ADF-sensitive  which are known to mainly stabilize the; Eonformation
phosphoenzyme; £, K*-sensitive phosphoenzyme',E, K*-insensi- o P e .
tive phosphoenzyme formed from B the absence of monovalent by Shlftlng the equilibrium, E— E; E_lNae’ and (2) K
cations; BV, enzyme-vanadate complex; Fnorganic phosphate; v, ~ and its congeners Rb TI*, and C$ which are known to
vanadateKe; andKos py dissociation constant and apparent dissocia- stabilize the k& conformation by increasing the rate of the
tion constant characterizing binding of Rk andKos «, dissociation E: — Ex(K») transition
constant and apparent dissociation constant characterizing the interac- 1 —2AN2 ’ . .
tion with K*; Kos the concentrations which yield half-maximum Preliminary results have previously been presented in
response. abstract form 12).

10.1021/bi981571v CCC: $15.00 © 1998 American Chemical Society
Published on Web 11/10/1998



Cation Interaction with the Na,K-ATPase Phosphoforms

EXPERIMENTAL PROCEDURES

Enzyme PreparationNa,K-ATPase (EC 3.6.1.37) from
shark rectal glands and pig kidney was purified as previously
described 13, 14, 15). The specific hydrolytic activity
measured at 37C and under standard conditiors) was
30—33 units/mg of protein for shark enzyme and about 25
units/mg of protein for pig kidney enzyme. The protein
content was determined according to Lowry et &l)( as
described by Jensen & Ottolenghigj, using bovine serum
albumin as standard.

Phosphorylation.Phosphorylation of Na,K-ATPase from
[y-32P]JATP (10uM- 1 mM) was performed as previously
described by Corneliugl@) in a medium containing 4 mM
MgCl,, 16 mM NaCl, and 30 mM imidazole, pH 7.4.
Phosphorylation of the enzyme frofiP, (1 mM) was
performed according to Corneliu9) in 4 mM MgCl,, 10
mM HEPES/10 mM MES, or 30 mM imidazole, pH 7.5.

Dephosphorylation.Dephosphorylation of Na,K-ATPase
after ATP phosphorylation was measured by chasing with
unlabeled ATP (1 mM) followed by the addition of an acid
stopping solution in the presence of 10 mM MgGs
previously describedl@). Dephosphorylation of the phos-
phoenzyme afteriphosphorylation (1 mM) was measured
either after a fifty times dilution of thé?P or by chasing
with 50 mM unlabeled Pfollowed by addition of the
stopping solution containing 10% trichloracetic acid and 2
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Ficure 1: Chemical quench measurements of phosphorylation of
Na,K-ATPase from pig kidney) and shark ©) by [y-32P]ATP

(1 mM) in the presence of 16 mM NaA) or 1 mM 3P in the
absence of alkali cations (B). All experiments were performed at 0
°C. The points represents the meaA8BEM of two determinations.
The curves are fits to the data using a biexponential funcon,

fo+ f2(1 — e 4t) + f5(1 — e *!) (4 are the observed rate constants
andf the steady-state phases), which fit the data significantly better
than monoexponential functions as judged by F tests. For shark
enzyme the fitted rate constants for ATP phosphorylation were
(phases given as % in parentheses) 3243 s! (38%) and 11.6

+ 0.4 s (62%) and for Pphosphorylation were 0.24 0.05 s'!
(57%) and 0.023: 0.007 s (43%). For pig kidney the fitted rate
constants for ATP phosphorylation were 405 s™! (47%) and
6.1+ 0.8 s1 (53%) and for Pphosphorylation were 0.4% 0.07
s71(53%) and 0.019t 0.004 s (47%).
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andN-methyl-b-glucamine were purchased from Sigma. All
other reagents were reagent grade.

mM sodium pyrophosphate. No differences between the two RESULTS

methods were noted. For fast reactions a rapid mixing
quenched-flow apparatus was used.
RH421 Fluorescence MeasurementSteady-state and

Chemical Quench Experiments

Phosphorylation and Dephosphorylation ReactioShark

transient RH421 fluorescence was measured as described imectal or pig renal Na,K-ATPase were phosphorylated either

the preceding papefd() using 50ug/mL Na,K-ATPase in
the presence of 4 mM Mggin 10 mM HEPES/10 mM MES
or in 30 mM imidazole, adjusted with-methylp-glucamine
to pH 7.5.

Data Analysis. Monoexponential and double-exponential

functions were used to fit the phosphorylation and dephos-

phorylation data. The goodness of the fits was quantified
using an F-test and a 5% confidence level. If double-
exponential time functions fitted the data significantly better

from ATP at [Na] = 16 mM or from R in the nominal
absence of alkali cations. Phosphorylation of both enzyme
species from 1 mM ATP followed double-exponential time
functions at all temperatures tested. AfO (Figure 1A)

the rapid and slow phases were almost equal with observed
rate constants of120 and~10 s for shark enzyme and
~40 and~6 s* for pig enzyme, as previously found9).
Biphasic phosphorylation from ATP has previously been
reported (see, e.g., referen@)).

than monoexponential equations the observed rate constants P, phosphorylation was 466600 times slower than the

(A1, 42) and the values for the rapid and slow phadgs)
are given. For double-exponential time functions the initial
rates were calculated as = A;f; + 4,f, (19). Two points

ATP phosphorylation. At OC the phosphorylation of shark
rectal and pig renal enzyme from 1 mM Bould be
reasonably well fitted with a monoexponential time function

should be emphasized regarding biphasic kinetics: (1) it can(R2 > 0.96) with and identical observed rate constant of
result from several different models, not necessarily a two- 0.084 s! for both enzyme preparations. However, the
pool model, and (2) neither the observed rate constants norphosphorylation was better fitted by double-exponential time
the fast and slow phases in such fits can be ascribed to anyfunctions with observed rate constants of the fast and slow
single rate constant or pool size in a kinetic mod)( phases as given in the legend to Figure 1B. At°20R

The time course of stopped-flow RH421 fluorescence phosphorylation was better fitted with monoexponential than
associated withphosphorylation of the enzyme was fitted  with double-exponential time functions and an observed rate
to model reaction schemes using the program DYNAFIT constant of 0.26 $ was found for shark enzyme (Table 1).
(21). We cannot say at present why the biphasic behavior in P

Materials. ATP, purchased as the sodium salt from phosphorylation was more pronounced &00than at higher
Boehringer Mannheim, Germany, was converted to the Tris temperatures; however, extraordinary phosphoenzyme tran-
salt by chromatography on a Dowex 1 column (from Sigma sient kinetics has previously been observed 4t @ompared
Chemicals Co., St. Louis, MO)y3?P-ATP and3?P, were to physiological temperatureg3). It could indicate that the
from Amersham. RH421 was purchased from Molecular rate constant for the slower reaction has a temperature
Probes, INC, Eugene, OR, and dissolved in dimethyl coefficient exceeding that of the fast reaction.
sulfoxide. N-2-Hydroxyethylpiperazind¥'-ethanesulfonic For pig kidney enzyme the steady-state EP level after P
acid (HEPES), 2N-morpholinoethanesulfonic acid (MES), phosphorylation was almost two times higher than that found
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Table 1: Comparison of Relative Initial Velocities of Phosphorylatiagspf Shark Enzyme Calculated from Double-Exponential Fit to Data
from ATP Phosphorylatichand from Monoexponential Fits to Phosphorylation Reactions fRfnMeasured Either by Rapid Mixing
Quenched-Flow or by Rapid Mixing Stopped-Flow RH 421 Fluorescence at 15 af@d 20

fluorescence chemical
ATP (1 mM) R (1 mM) ATP (1 mM) R (1 mM)
15°C 20°C 20°C 15°C 20°C 20°C
30.7+ 0.6 72.3+0.7 0.119+ 0.002 79.6+ 1.5 168 0.13240.018

2y = Mfy + Aoz, 1 + f2 = 1. Py = Af, wheref, the relative level of EP, is half of that found from ATP phosphorylatiéiihis value given
at 20°C is calculated from measured values at 0 and@@&nd an activation energy of 59.8 kJ/m@h§ = 2.5).
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Ficure 2: K*-activated dephosphorylation of shark Na,K-ATPase 0.000 : . . . .
after phosphorylation from either ATP (A) of @8). The enzyme 0 2 4 6 8 10
was phosphorylated as described in Figure 1. In the experiments [K*)mM

depicted in A, 0.5 mM K (final) was added with the chase solution
at 0 time in a rapid mixing quenched-flow setup. In the experiments Ficure 3: Observed rate constantg) for the dephosphorylation
depicted in B, the dephosphorylation was performed by hand either of E',P as a function of [K] in the chase solution for shark enzyme

in the nominal absence of alkali catior8)(or with 5 mM (final) (O) and for pig kidney enzymel). The experiments were

K* (a), TI* (O), or Cs" (¢) added with the chase solution at 0  performed, and the observed rate constants were calculated from
time. Note the difference in time scales. The curves are exponentialmonoexponential fits to the data as described in Figure 2B.

fits to the data. A a biexponential functiony = fy + fie~4t +

f,e=% (), are the observed rate constants atite relative steady- A B.

state fractions indicated in parentheses), Witk 38.7+ 4.6 s** 15
(40%) andi, = 6.3+ 0.7 s'* (60%) was used. In B monoexpo-
nential functions fitted the data with the observed rate constants;
control, 0.066+ 0.003 s%; K*, 0.049+4 0.003 s%; TIt, 0.047+
0.004 s1; and Cg, 0.070+ 0.006 s. The latter four rate constants
are not significantly different by an F test.
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for shark enzyme and about the same as that for ATP 7 . . . .
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In agreement with prewou; report8, (19) the rate of Ficure 4: Effect of alkali cations on;Rlependent phosphorylation
spontaneous dephosphorylation of botiPEformed from ot shark Na,K-ATPase. All experiments were performed 4C0
ATP) and E;P (formed from B was identical and calculated  with 4 mM Mg2+ and 1 mM Rand in the absence (control) or in

from monoexponential fits to ber0.07 s* at 0°C (Figure the presence 5 mM alkali cations indicated in the figure. In the
2B) increasing tov1.1 st at 20°C (not shown). However, experiments showmiB a rapid mixing quenched-flow apparatus

; o : : . _was employed. All curves are best exponential fits to the data as
as depicted in Figure 2 there is a tremendous difference iNoyaluated by F tests. Except for Nawhich could be fitted

the K" sensitivities of these two phosphoforms: Addition  adequately by a monoexponential time function, the data were better
of 0.5 mM K* increased the dephosphorylation rate PE fitted with biexponential time functions. The fitted constants, with
by a factor of more than 300 (Figure 2A) whereas the absolute values for the slow and rapid phases in parentheses, for

; " ; e the curves in A were the following: in the nominal absence of
dephosphorylation of & was insensitive to 0.5 mM K alkali cations (control)A; = 0.2414 0.049 s! (0.68 nmol/mg)

as also previously desc_ribed by Post et 3).9), as well as andi, = 0.023+ 0.007 s* (0.51 nmolimg); with LT, A, = 0.91
to 0.5 mM Cs or TI" (Figure 2B). The same results were 1 0.25 s (0.38 nmol/mg) and, = 0.037-+ 0.004 s (0.95 nmol/
obtained with pig kidney Na,K-ATPase (not shown). As mg); with Na', 1 = 0.087 + 0.004 s (0. 74 nmol/mg). In B:
demonstrated in Figure 3 the dephosphorylation'g® Erom with K*, 1, = 116.4+ 9.3 s %(0.47 nmol/mg) and, = 3.4+ 1.1
either shark rectal glands or pig kidney was found to be K~ S * (0-11 nmol/mg); and with Cs 1, = 64.7£ 5.7 s (0.51 nmol/
. . . . mg) andi, = 4.2+ 1.0 s* (0.22 nmol/mg).

insensitive over a substantial"'kconcentration range.

Phosphoenzyme Formed fromiPthe Presence of Alkali ~ TI* (not shown) increased the rate gfdRosphorylation very
Cations. Up to now the described phosphoenzyme was significantly, making the estimation of the observed rate
formed from Rin the nominal absence of alkali cations. In constant using a rapid mixing quenched-flow device uncer-
the following, phosphoenzymes formed from iR the tain even at @C. In contrast, Na and Li* were without
presence of various alkali cations are characterized. In Figuregross effects on the phosphorylation rate (Figure 4A).

4 the R phosphorylation of shark enzyme pre-equilibrated  The equilibrium EP level was also dependent on the cation
with 5 mM of either K, Cs, Na', or Li* is shown and present during phosphorylation. In the presence of 5 mM
compared to enzyme phosphorylated in the absence of alkaliof either N&, Csf, or K*, the steady-state phosphorylation
cations. K and its congeners CqFigure 4B), Rb, and level decreased to about half, whereas in the presence of
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Ficure 5: Dephosphorylation of phosphoenzyme formed fram P
in the presence of alkali cations. All experiments were performed
at 0°C with shark Na,K-ATPase. The indicated cations were present
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both during the phosphorylation and the subsequent dephosphoryl-

ation at a concentration of 5 mM except for Kvhich was present

at concentrations of{) 0.5 mM, ) 1 mM, and ©) 5 mM (B).

As seen the steady-state phosphoenzyme level in the presence of
mM Cs' is identical to the level obtained with 0.5 mM*KIn the
experiments showmiB a rapid mixing quenched-flow apparatus

Ficure 6: K*-dependent dephosphorylation of phosphoenzyme
formed from Rin the presence of 5 mM NaK™* (5 mM) (final)

Was added in the chasing solutiod)( The dephosphorylation is
clearly biphasic with a rapid phase depicted on an expanded time
scale in the inset showing the initial 650 ms of the dephosphoryl-

was employed. The dephosphorylations could all be adequately ation in a rapid mixing quenched-flow experiment. The calculated
described by monoexponential functions. The fitted observed rate observed rate constants &are= 6.9+ 0.9 s andi, = 0.033+

constants were (i) control, 0.09% 0.006 s?; (ii)) Na*, 0.0644+
0.004 s%; (i) Li ¥, 0.0964 0.005 s?; (iv) Cs', 13.94+ 1.0 s'%;
(V) KT 0.5 mM, 33.74+ 3.0 s; (vi) KT 1.0 mM, 43.24+ 3.7 s%;
and (vii) K 5 mM, 20.34+ 1.8 s'1.

Li* it was slightly increased. Similar effects were obtained

0.002 s. For comparison the decay of the phosphoenzyme formed
under identical conditions but with 5 mM Napresent during
dephosphorylation is showij. In this case the decay could be
fitted with a monoexponential time function with an observed rate
constant of 0.064 0.004 s1.

with pig kidney enzyme except that the steady-state EP levelcontrary to what was observed with the phosphoenzyme
did not decrease when phosphorylation was performed informed in the presence of Nand ATP (0).

the presence of 5 mM Na(not shown). In Na,K-ATPase
from dog or guinea pig kidney Post et al. (r&sand9 and
personal communication) found that low concentrations of
Na' (<10 mM) abolished completely phosphorylation from
P. Apart from species differences this is probably due to
the use of different [Mg'] which in the present investigation
was found to affect the cation affinity of phosphoenzyme
(see Figure 10 and the Discussion).

The effect of the different cations (all in concentrations 5
mM) on the rate of Pphosphorylation was difficult to

When the phosphoenzyme was formed and dephospho-
rylated in the presence of 5 mM*Kor Cs™ the rate of the
dephosphorylation increased dramatically (Figure 5B): the
observed rate constant in the presence of 5 mMt#lculated
for the monoexponential phase of decay increased from 0.07
to about 30 st, more than 400-fold. Rband TI" had effects
similar to those of K in accelerating dephosphorylation (not
shown). C% was less efficient and, in contrast to 5 mM
K™, the residual EP level (B reached after 300 ms was
significantly higher than 0, an effect that was also observed

compare quantitatively because the phosphorylation reactiongvhen a lower concentration ofkduring the phosphorylation

were double-exponential time functions where the slow and

reaction was used (Figure 5B). The series of effectiveness

fast phases and their individual observed rate constantsin accelerating the rate of dephosphorylation of the phos-

differed for the different cations. Accordingly, the initial
rates of phosphorylatiorvg) were compared as explained

phoenzyme formed from;fn the presence of cations was
the same as for phosphorylations by Ra" < control <

in Experimental Procedures. Using the fitting parameters Li™ < Cs™ < KT = Rb* = TI*. And again the differences

in Figure 4, the following series of ion effectiveness in
enhancing the rate of phosphorylation from inorganic
phosphate was found: Na< control < Li* < Cst < K*

= Rb" = TI*. The differences in efficiencies of the cations

in efficiencies of the cations could be due to differences in

their affinities, or differences in the maximal rate of

dephosphorylation of cation-bound phosphoforms, or both.
The dephosphorylation characteristics were dependent not

observed at 5 mM concentrations could be caused either byonly on the cation species present during the phosphorylation

differences in their affinities or by different effects of the
bound ions on the maximal rate of phosphorylation, or both.
Dephosphorylation of Phosphoenzyme Formed froin P
the Presence of CationsDephosphorylation experiments
were performed with shark Na,K-ATPase with 5 mM either
K*, Csf, Na", or Lit*, present both during phosphorylation

reaction but also on the cation composition of the dephos-
phorylation medium. The dephosphorylation of phospho-
enzyme formed in the presence of 5 mM Kas instanta-
neously slowed by a dilution of K(to 0.1 mM) in the
dephosphorylation medium. In this casgs was 0.25 st

(not shown), only a little faster than in experiments where

and dephosphorylation, and compared to controls in the phosphorylation was performed in the absence 0f(ks

absence of alkali cations (Figure 5).
Neither Li* nor Na' affected significantly the rate of

= 0.07 s%).
When the enzyme was phosphorylated in the presence of

dephosphorylation. The observed rate constants in theses mM Na' and then dephosphorylated in the presence of 5
experiments were in the same range as for the phosphoenmM K* about half of the phosphoenzyme was-Eensitive
zymes formed and dephosphorylated in the absence of alkaliand decayed rapidlykf,s ~ 7 s°%) while the other half de-
cations, as seen from Figure 5A. The dephosphorylation of cayed with a rate similar to that in controls without added

the phosphoenzyme formed fromiR the presence of Na
was not accelerated ty-methyl hydroxylamine (not shown),

alkali cations or with N& alone (Figure 6). In a similar
experiment performed with 5 mM tiinstead of Na no
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FiGURe 7: Rapid mixing stopped-flow experiments demonstrating rcure 8: The observed rate constant,) for the RH421

the fluorescence response of RH421 to phosphorylation of sharkqrescence increase associated witiplbsphorylation of shark
Na,K-ATPase either from ATP in the presence of 16 mM'N&) Na,K-ATPase as a function of the ncentration. The observed

or from R in the nominal absence of alkali cations (B). In the a6 constants were estimated from a monoexponential fit to the
experiment W'frh ATP one syringe contained the enzyme, RH421 g, e5cence increase of RH421 of shark enzyme phosphorylated
(240 nM), Mg* (4 mM), imidazole buffer (30 mM), pH 7.5, and . "increasing the concentration of inorganic phosphate in the

16 mM NaCl. ATP (1.0 mM final) was added from the second 4psence of alkali cations. The curve represents a fit of the equation
syringe containing, in addition, the same medium as the first syringe ;" the data. as explained in the Results:

except for enzyme and RH421. In the experiment witthE first

syringe contained the enzyme, RH421 (240 nM),2M@ mM), — k4

and Hepes/Mes (10 mM), pH 7.5, and the second syringe 4.45 mM Kobs = Ky P11 + ky/k_s)

P, (final). In each experiment 1QL of solution from each syringe I S

was mixed. The traces are averages-618 experiments consisting Kpi

of 4000 data points each. All experiments were performed at 20 In the fit Kp; = Kosp(1 + ka/k_3)/(1 + k_1/k;) whereKqspi = 330
°C. With ATP the fluorescence changkg)(was described by a  uM (10) was fixed ands = k_3. The calculated rate constants were
double-exponential functioffs, = fo + fi(1 — e74t) + f,(1 — e ). k; = 0.18724 0.0001 s* andk_; = 0.948+ 0.006 s. The inset
The fit parameters (observed rate constaiks(d phases)) were shows a model simulation (full curve) to data from a stopped-flow
A1 =104 4+ 3 51 (70%) andA, = 19.7 & 0.6 s! (30%). This RH421 fluorescence response t@Rosphorylation at 4.45 mM; P
corresponds to a relative initial velocity = A,f; + A,f, = 78.7 using Scheme 1 in the Results and the program DYNART) (

s 1. For R phosphorylation a monoexponential time function fit with the constantk; = 0.18 s, k_; = 0.95 s, andKg spi = 330
the data adequately with an observed rate constant of @&1®602 uM fixed.

sL

flow experiments (Figure 1A). The same difference in the

acceleration of dephosphorylation induced by 5 miMwas rates determined from quenched-flow experiments compared
observed. This was the case for both pig kidney and sharkto stopped-flow RH421 experiments was found at all temper-
enzyme. atures employed, two of which are shown in Table 1, and is
most probably caused by the fact that in the chemical quench
experiments the acid-stable phosphoenzymes measured in-
clude both EP and EP, whereas in the fluorescence
‘measurements only,E is detected as discussed later.

For R phosphorylation at 4.45 mM; Bhe data could be
satisfactorily described by a monoexponential time function
with an observed rate constant 0.240.006 s! (means of

RH421 Fluorescence Experiments

Phosphoenzyme Characterization by RH421 Fluorescence
In the presence of Mg, addition of ATP (1 mM and with
16 mM Na' in the medium) to shark enzyme induced a rapid
fluorescence increase (Figure 7A), whereas addition; of P

(Figure 7B) or vanadate (not shown) resulted in a consider- 8 experiments at 26C). This is the same as that found for

al:_)l)_/ slower response (cf._réjO). As seen from the rapid the observed rate constant in the quenched-flow experiments
mixing stopped-flow experiments the fluorescence responses

to ATP followed a double-exponential time course, as also at 1 mM R which is near-saturating (10) (Table 1).
. w - doul xp ialt N urse, To explore the Rphosphorylation reaction in further detail
found in the chemical quench measurements°& (Figure

1A). This is also In concert with previous reports using we investigated the_ilélependence on the rate of the fluores-
RH421 fluorescence associated with ATP phosphorylation cence response (F|g_ure 8)'. AS sgen_the observed rate con-
(24) whereas the slow phase was not reported in the stant decreased with increasing jRdicating that a rate—det.er—
investigations of Pratap and Robins@3), In 6 experiments :n ining ste% (hetrhe asr? umﬁd tol rf pre;fent tgeéﬂzﬁ transl|-.

with ATP phosphorylation (1.0 mM) of shark enzyme at 20 lon) precedes the phosphorylation of iy R (Scheme 1):

°C the rapid phase comprised 84867% with an observed  scheme 1

rate constant of 82 2 s and a slow phase (18% 2%) Kk ks

with observed rate constant of 1& 3 s' This is Es 2 E, 2 ExP 2 EQP

significantly slower than found in the rapid mixing quenched- ki k2 ks
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Ficure 9: Effect of Kt on the R phosphorylation-dependent (A)
or vanadylation-dependent (B) RH421 fluorescence level. All
experiments were performed with shark enzyme at@0The [F]
was 4.45 mM and the vanadate concentration 20D The K*
concentration was 2 mM for vanadylated enzyme and 1 mM for P

phosphorylated enzyme. For both experiments the relative decrease

in the fluorescence caused by KAF/Fnax in %) is calculated as
the decrease in fluorescence caused byadition compared to
the maximum fluorescence prior to the addition of. K

The analytical expression for the observed rate constant usin
this scheme can be calculated by the determinantal metho

(26) to give the following:
=k, + =
Kobs = Ky P11 + ko/k_3)
1+ ——
Kpi

(1)

whereKp; = k_o/k; is the dissociation constant for. P

As indicated by eq 1 at saturating €ncentration the
observed rate constant approackesvhereas at zero; R
approachesk{ + k-;). For shark rectal enzyme it can be
assumed that; = k_3 since the acid-stable phosphoenzyme
level obtained afterfphosphorylation is half of that found
after maximum phosphorylation from ATRQ). Kpgiis given
by the previously determinelospi = 330 uM (10) by the
following relation:

k

L4,

—= )
Ky

g

Kpi = Ko.spi

Fitting of eq 1 to the data shown in Figure 8 gavé; e~
0.18 st and ak-; ~ 0.95 s*. The values fok; andk—;
show that initially the enzyme was mainly in the Brm.
The calculated dissociation constant foroecomeKp; ~
110uM for shark rectal Na,K-ATPase. The inset in Figure

8 shows a model simulation using these calculated kinetic
constants compared to the stopped-flow RH421 fluorescence

response at 4.45 mM;.P

Biochemistry, Vol. 37, No. 47, 19986691

1 2 3 4 5 6
[K'}mM

Mg?* 1 mM:
© Kos=11.9mM

Kos= 189 mM N

ny=07

Mg?* 4 mM:

Kos=30.1mM
HRS ny=17
0 04
0 10 20 30 40 50 [} 25 50 75
[Cs*)mM [Na*}imMm

3:IGURE 10: Alkali cation-dependent decrease in the equilibrium

evel of RH421 fluorescenceAF/Fmax Where AF and Frax were
determined as shown in Figure 9) aftepRosphorylation of shark
rectal enzyme. All curves were fitted using the Hill equation with
Ko.s and Hill coefficients,ny, indicated on the figure. The points
are means=SEM (n = 3). For N& the experiments were performed
both at 4 mM Mg+ (O) as with the other cations, and with 1 mM
Mg+ (O).
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Ficure 11: Kt-dependent decrease in the equilibrium level of
RH421 fluorescenceNF/Fmax WhereAF andFa Were determined
as shown in Figure 9) after, Phosphorylation of pig renal enzyme.
The broken curve shows a sigmoidal fit to the data with a Hill
coefficientny = 1.7 & 0.2 andKgs = 0.23 & 0.01 mM. The
continuos curve was drawn using the equation

ks
+—
AF _ K ]k5+k—5

K s
“ks+ ks
in which ks/lk_s = 6.3 andKx = 0.9 mM as calculated in Figure

max

K]+ K

RH421 Response to Additions of Cations to Phosphoen-12A. The points are meansSEM (n = 3).

zyme. When enzyme was phosphorylated fromd? reacted
with vanadate, subsequent addition of tesulted in a slow

decay of the fluorescence to a new equilibrium level (Figure (Figure 10A), and N&a (Figure 10D).

coefficient>1.5 was found with both K (Figure 10B), Tt
The respective

9). The experiments could not be performed with vanady- apparentys values were calculated to about 1 mM*(K
lated pig kidney enzyme since no fluorescent response0.1 mM (TI"), and 30 mM (N&). For Cs (Figure 10C) a
accompanied the vanadylation reaction (cf. 16f. Kos value of 18.9 mM was found and the Hill coefficient
The difference in the equilibrium levels of phosphoryl- was 0.7. For pig enzyme a hyperbolic dependencAfef
ation-induced fluorescence (expressed\&3Fmq.x, as indi- Fmaxon [K™] was adequate to describe the results, as shown
cated in Figure 9) with and without addition of'Ks shown in Figure 11. With all cations studied the apparent affinity
in Figure 10B for shark rectal enzyme and in Figure 11 for was increased by a decrease in the?Mgoncentration in
pig kidney enzyme as a function of the'Kkoncentration.  the reaction medium (shown for Nan Figure 10D). This
For shark enzyme a sigmoidal dependence with a Hill result could in part explain why Post et al. (9) using 1 mM
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B The intermediate formed in the initial fast reaction with K
0.39 © 0.50 MM Pi A .
o 150 WP (here denoted 'BP-K) must be a high-fluorescent form since
% os @ 445 mM P no rapid phase in the decrease of fluorescence was observed
3 after K addition. This step is followed by a slow transition
o1 Mﬁ? to a nonfluorescent form which could be either the dephos-
& phorylation of the K-bound EP form itself or a slow
— 00f transition to another phosphoform. The specigPIK [(the
[K'imM (Kl/mM notation[lis used to indicate a “loosely occluded” cation,

FiGURE 12: Observed rate constante for a K+-dependent for reasons despnbed in the Discussion) m.ust be low-
decrease in Pphosphorylation- (or vanadylation-) induced fluo- ~ fluorescent as discussed below. In the reaction sequence
rescence (cf. Figure 9) as a function of thé &ncentration. The (Scheme 2) where Kbinds directly to &P we have not
observed rate constants were estimated from monoexponential fitsaddressed the question of the stoichiometry oftinding

to the time course of the kinduced decrease in RH421 fluores- _: - ;
cence as shown in Figure 9. In A data from two independent experi- since our data are not sufficiently precise at the lower][K

the lower curve{) for vanadylated shark enzyme. These data were one K it is possible to simulate the results given in Figure
fitted with a hyperbolic function:kess = ks[K*]/(Kx + [K*]) + 12A using the following expression:

k_s with the following constants for jFphosphorylation of pig

kidney enzyme:ks = 0.035+ 0.004 s andk_s = 0.0064 0.004

s 1; and a dissociation constant forrKKx = 0.9+ 0.5 mM. For k5[K+]
vanadylated shark enzyme the following constants were obtained: Kops = I K_s 3)
ks = 0.043+ 0.03 s, K_s = 0.0047+ 0.0006 s?, andKy ~ 14 K + K]

mM. B shows the observed rate constant for shark enzyme as a
function of [K*] at three different Pconcentrations (0.5, 1.5, and ; _ ; ; ot
4.45 mM). The points on the ordinate are read from the curve given n Wh!ch Kk = k-dky is the dISS.OC'a.tlon constant for'K

in Figure 8. The curves are computed according to the equation 1N fit is shown as the curve in Figure 12A and gave a

K K calculated K dissociation constant&, = 0.9 mM, and the
Kyps = — - 2 rate constantsks = 0.035 s* andk_s = 0.006 s*. The
[PI(L + kyfk o) [K'1)? dissociati forKfound here is i ith
48 s (B ssociation constant for Kfound here is in accordance wit
Kpi Kos the estimated, s for the K* binding to E,P (0.13 mM)

as given in the Results. In the fit&; andk, values calculated  found from equilibrium measurements of RH421 fluores-
from Figure 8 were fixed at 0.18 and 0.95 srespectivelyKp; = cence amplitudes in pig kidney enzyme shown in Figure 11

K 1 + ka/k—3)/(1 + k_1/k;) whereK i330uM (10) was fixed . .
a?néplé _ ki. l%r(o.s m,lw 15,)’ Ko.cp, ar?dsizlo.sx a/ﬁe fgurzd t0 3524 sinceKk will be larger thanK s by a factor of (14 ks/k_s)

10 uM and 0.21+ 0.03 mM; for 1.5 mM R 581+ 23 uM and ~ 7. Moreover, the relation ofAF/Fua vs [K*] in
0.17 + 0.02 mM; and for P4.45 mM, 986+ 32 uM and 0.16+ equilibrium measurements could be satisfactorily fitted with

0.02 mM. the model given in Scheme 2 using thg k_s, and Kg
R . constants calculated from the stopped-flow RH421 experi-
MgCl; found complete inhibition of Fohosphorylation by yant (Figure 12 A) as shown by the continuos curve in
Na" at concentrations much lower than those observed in £igre 11, although the better sigmoidal fit indicated by the
the present paper, where the experiments were performed, ,1en curve could be taken to indicate the binding of two

with 4 mM Mg*". K* rather than one. The relation betwe&R and [K'] for
In Figure 12A the observed rate constants for the K binding of one K using Scheme 2 is given b2 T):

induced decay of the fluorescendg,f of phosphorylated

pig renal enzyme and vanadylated shark enzyme are shown. Ke

In all casesky,s increased with increasing [K. In Figure [K+] —

12B the results of the same experiments are shown for shark AF ks + K_s 4
rectal enzyme at three differentncentrations. As seen, max_ N s 4)
for P, phosphorylated shark enzymie,s decreased at [K™] + Ky Tk,

increasing K concentrations.
The differences between the two enzyme sources (pig renal .

and shark rectal enzyme) in response todéuld be related  Yanadylated shark rectal enzyme using the same Scheme 2

to the significant difference in the equilibrium distribution  for binding of one K’ to E;V gave a dissociation constant

of phosphate(vanadate)-enzyme forms at saturating substrat@f ~14 mM (lower curve in Figure 12 A).

concentrations in the two enzymes. In the case; gh®s- With shark enzymépsfor the fluorescence decrease after

phorylation of kidney enzyme or vanadylation of the shark K* addition to P phosphorylated shark enzyme decreased

enzyme the equilibrium at saturating substrate is heavily at increasing [K] (Figure 12B). This indicates that it is

poised toward EP or BV, respectively 10). In this case not induced by K binding to E,P (which would result in a

the increase okgps at increasing [K] must reflect a rapid hyperbolic increase d;sVvs [K*] as with pig renal enzyme).

binding of K™ directly to E,P (step 4 below) or £/ followed Instead, K must preferentially react with some other inter-

by a slow transformation to nonfluorescent forms (step 5): mediates, like E shifting the equilibrium away from the
high-fluorescent EP form. This is in accordance with an

Scheme 2 E',P level of only 50% of the maximum sites at saturating
ki ke ks ks ks P, in shark enzyme showing the existence of substantial
E ;«—*Eszz-F’ «‘—k’E’zP f E'2P-K T;'E’z"(K) dephosphoenzyme species here compared to pig kidney
1 -2 -3 -4 -5

enzyme. The reaction is demonstrated in Scheme 3 below:
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Scheme 3
ki k2 Ks
Ei 2 E; 2 ExP&2 EP
k4 ko ks
Kosk ¥1
E2(K2)

In this scheme binding of two Kis indicated as usually
presumed. When it is assumed that the=EE; transition
step is rate-determining,ssfor the K+ effect on fluorescence
can be calculated by the determinantal meth2g) @s the
following:

_ Kk, n Ky .
ons = PG T ([K‘Ll)z ®)
KPi K0.5

in which Ko sk is the apparent constant of half-saturation for

the binding of 2 K to E,.
Equation 5 predicts that, for [ — 0O,

K_g
— +
Kabs [P1(1 + ky/k_,)
14— > =
Kepi

K,

in accordance with eq 1 and, for fK— oo,
K.y
kobs_b
[PI(1 + kylk_g)
1+—————
Kepi

The latter anticipates that at saturating*[Kkos should
decrease with increasing [P As seen from Figure 12B,
this is confirmed experimentally.

In Figure 12B the data fdtpsare shown for three different

concentrations ofiRnd are each fitted with eq 5 using values

for k; (0.18 s1) andk_; (0.95 s?) identical to those found
previously from the data given in Figure 8. Moreover=
k_sz andKp; = Kosp(1l + ks/k_3)/(1 + k-4/k;) as described
before for eq 1. In principle, the calculat&g spi should be
330 uM (10) for all three curves anéys¢ should also be
identical in the three fits Ko sk varied insignificantly between
0.16 and 0.21 mM, where#&s spiincreased from 352 to 986

uM when the [F] concentration increased from 0.5 to 4.45

mM (see legend to Figure 12B). This variation kg .sp;

calculated from the three fits in Figure 12B is probably

caused by the use of the totak][ih the calculations rather
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Therefore, with both pig renal and shark rectal enzymes
the final fluorescence level afterfkaddition can be explained
as being due to a decrease in the equilibrium fraction of the
high-fluorescent BEP form. The kinetics, however, are
different: with pig Na,K-ATPase the fluorescence decreases
in response to K binding directly to EP with a dissociation
constantKg, of about 0.9 mM assuming binding of oneg K
(Figures 11 and 12A). With shark Na,K-ATPase the
fluorescence decrease reflects mainly binding oftl E;
followed by the occlusion of K with a Ko sk of about 0.2
mM (Figures 10B and 12B).

RH421 Response to Phosphorylation in the Presence of
Alkali Cations. Addition of R to kidney or shark enzymes
pre-equilibrated with alkali ions resulted in a fluorescence
increase with an amplitud&\F/Fmay) Which varied with the
concentration of the cation as indicated in Figure 10: at 1
mM K* only 50% of the fluorescence response in the absence
of cations is obtained, whereas the fluorescence response is
unchanged with 1 mM Csor Na', but completely abolished
with 1 mM TI*.

DISCUSSION

In the present investigation biochemical and fluorescent
methods were applied to study the formation and the
properties of phosphoenzymes formed from inorganic phos-
phate in the absence and in the presence of alkali cations
and compared with the properties of phosphoenzymes formed
from ATP. The study was performed with Na,K-ATPase
from two sources, pig kidney and shark rectal glands, and
the fluorescence measurements were performed with the
membrane-embedded styryl dye RH421. The model used
to analyze the response to the@osphorylation and the
effects of alkali cations is summarized in Scheme 4:

Scheme 4
o @ ©)
Ei 2 E; 2 E;P2FELP
® i1 ite
Kosx,» E2(K2) E,P-K Kosk~
0.2 mM @I e 0.13 mM
E2P(K2) E'2P(K)

Phosphorylation from An the Absence of Alkali Cations.
Chemical and Fluorescence Measuremerf®r phospho-
rylation from R there is now ample evidence that the increase
in RH421 fluorescence (Figure 7) reflects the formation of
the acid-stable phosphoenzymé;H=(10). For ATP phos-
phorylation it has previously been demonstrated that RH421

than the concentration of its Mg complex which is presum- fluorescence detects the formation of-Kensitive EP but
ably the true substrate. In accordance with this the closestnot of ADP-sensitive BP. This was shown by experiments

fit of Kospito the expected value of 330M is derived at

the lowest [} where the total Rconcentration is nearly equal

to the concentration of its Mg complex. THkg sk of about
0.2 mM evaluated from the relation df,s vs [KT] in

using enzyme treated with chymotrypsi@8( 29) which
blocks the EP == E,P transition or with oligomycin (25)
which also stabilizes #. In both cases the RH421
fluorescence response to ATP addition was either completely

stopped-flow RH421 fluorescence measurements in theor partially inhibited. This also explains the difference in

presence of 4.45 mM;RFigure 12B) matched thKg s of

shark enzyme between the observed rates of ATP phospho-

about 1 mM estimated from the fluorescence amplitude vs rylation evaluated from chemical experiments, where the total
[K*] in equilibrium RH421 measurements at 4.45 mM P amount of phosphoenzyme fE+ E,P) is measured, and

given in Figure 10B. TheKys found in equilibrium
measurements will be larger than tKgsx from transient
measurements by a factor 1 + (1 + [Pi](1 + k_3/ks)/

RH421 fluorescence experiments, which only deteg® E
(Table 1), assuming that thefE== E,P transition is the rate-
determining step. In contrast to the present results with shark

Kpi)ki/k—1} 2 which with the present rate constants is about enzyme the phosphorylation reaction in mammal preparations

4.

has been found to be rate-determining, at least 8C2@4).
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Table 2: Assignment of Rate Constants and Cation Affinities to
the Reaction Schemes 2 and 4 of Shark Rectal and Pig Kidney
Na,K-ATPase Using RH421 Fluorescence

Cornelius et al.

The apparent affinities for K and its congeners found
here are within the same range as that found in other
investigations. Nagel et al31) foundKgsfor K™ to be 0.7

reaction calculated value reference mM in experiments with pig kidney membranes adsorbed
to planar bilayer membranes. Gropp et a@2)( found
Shark Enzyme Rt i e
E,=E, ki~ 0.18 st Figure 8 between 2 and 5 mM for the intrinsic dissociation constant
k.;y~0.95s? _ of K* to phosphoenzyme produced by ATP,RE using
E2iE_T<’E2’P E’i ~ 11(‘)”2"\" " 'IZ:'Qure 8108 4108 reconstituted shark rectal Na,K-ATPase adsorbed to planar
1= BolK2) P?.Sr('d ' :: gures oE an bilayer membranes. Gache et é3), using axonal Na,K-
ig Kidney Enzyme +
EP=E,PK Ky ~ 0.9 mM Figures 11 and 12A '?]TP?Se' E’un?‘ Ko forhK fc;f 0.8 mM rr]r_wuﬁh tfhe;ame as
EPK=FEPKO ke~ 0.04s? Figure 12A that for Rb", whereas the affinity was higher forT(0.25
ks~ 0.006 s* mM) and much lower for Cs(7 mM).

It should be noted that for any given cation concentration
. . (up to 5 mM) the decrease in the level of fluorescence was
In experiments with shark rectal Na,K-ATPase, where more pronounced than could be accounted for by the

RHA21 is used to detect the phosphorylation reaction in - yecreased level of acid-stable phosphoenzyme measured with
the absence of alkali cations, the observed rate constantzp i the presence of cations (compare Figures 9, 10, and

decreased with increasing[RFigure 8), which indicates 17 with Figure 4 and the initial values in Figure 5). This

that a slow transition of Eto E; (step 1 in Scheme 4)  jyicates that the cation-bound acid-stable phosphoenzyme

precedes a fast reaction with Btep 2 in Scheme 4). The  gqjes (or cation-bound vanadylated enzyme species) are
analysis of the dependency of the observed rate constantsy, or nonfluorescent in accord with the notion that the

deterrrrlinedl from”stopperc]i-flow .RH4.21 flufor(ra]scedr)ce qh [.P decrease in the fluorescence is due to the slow establishment
(see Results) allows the estimation of the dissociation of a new equilibrium within the pool of acid-stabile phos-

constant for P(Kp;i &~ 110u4M) as well as the rate constants .
= . . phoenzyme forms, or vanadylated enzyme species, between
for the B = E; transition (Figure 8 and Table 2). The latter species with and without bound cations.

indicates that the #; ratio before phosphorylation is about ) )
5/1 at the experimental conditions used. The predominance_ Properties of the Phosphoenzyme Formed frormRhe
Presence of Alkali Cations. Chemical Measuremeiitéhen

of E; over B is in accordance with previous results by i ;

Fedosova and Klodos3() using pig kidney enzyme at the enzyme is phosphorylated byif the presence of K

comparable buffer conditions. or its congeners the measured equilibrium level of acid-stable
phosphoenzymes is lower than that found in the absence of

Apell et al. (1), using rabbit kidney Na,K-ATPase and _ ; roul] - -
caged P observed biphasic responses of RH421,tpH®s- the cations and the phosphorylation kinetics become biphasic

phorylation in the absence of cations. They analyzed the (Figure 4). In the presence of'ithe observed rate constant
data using a simple mode} E> E, + P, = E,-P and ascribed ~ for the rapid phase~120 _sl) is more than 1000 times faster
the fast phase to the phosphorylation of thef@m of the  than in the phosphorylation reaction without Kk.ns~0.09
enzyme, since the rate for this phase was a linear functionS ). both measured at 1 mM; Bnd 0°C. The effect is
of [P] up to 60uM. The slow phase was assigned to the E probably mediated by an accelgratlon of thé &cclusion
= E, transition, and from the ratio of the slow and fast Step, B-Kz — Ex(Ky) (34, 35). This observed rate constant
phases, they evaluated the ratio offz = Y/,. In the present for phosphorylation is of the same order of magnitude as
experiments the;Phosphorylation, measured with bR that suggested by Apell et all1) for P phosphorylation of
and RH421 at 20C, was monoexponential, in accordance the E form, taking into account that our experiments are
with the predominant presence of. EAt present we do not ~ Performed at 0C while the studies of Apell et al1() were
know if the discrepancy between our data and those of Apell done at 20°C (assuming &Qio of 2.5 the rate constant
etal. (L1) is due to the use of enzymes from different sources, suggested by Apell et al1(), 1.5 x 10° M~* s7%, corre-
or experimental conditions, or to the use of caged substrate.Sponds to~110 s* at 0 °C and 4.45 mM B. The
Effects of K and its Congeners on'fP. The dephos- phosphorylation in the two cases leads, however, to formation
phorylation rate of phosphoenzyme formed fromirPthe of different phosphoforms, akinsensitive EP form in the
absence of cations is, as described earlier by Post éd)al. ( absence of cations and a#ensitive EPIK,form in the
virtually independent of the presence of K This is in presence of K or its congeners, Figure 5B. The last form
agreement with the results of the present investigation, wheredephosphorylates at 5 mM*Kvith an observed rate constant
the dephosphorylation 8fP-E was not affected by [K < between 20 and 40°% compared to an observed rate
10 mM (Figures 2B and 3). constant of~0.07 s for the E,P form, both measured at 0
When K", 6 mM or less, was added to phosphoenzyme °C. With 5 mM K" present before and during phospho-
formed from Ra slow decrease in the RH421 fluorescence rylation the equilibrium is poised toward&) and thus
was observed with both pig kidney and shark rectal gland EPK:[s the only phosphoenzyme formed as shown by the
enzymes (Figure 9). The measuréds for K* from absence of the slow phase in the subsequent dephosphory-
equilibrium experiments of thé\F/Fna.« vs [K] relation lation (Figure 5B, lower curve). The fact that the initial
(Figures 10 and 11) was in agreement with transient velocity of dephosphorylation of the phosphoenzyme formed
measurements dps for the fluorescence decrease vs' K and dephosphorylated in the presence of Ssabout three
(Figure 12), assuming that in shark thé &ffects are exerted  times lower than in the presence offkshows that the
through binding to the dephosphoform;Evhereas in pig phosphoenzyme form which dephosphorylates is the cation-
enzyme it is through binding to the phosphoenzymeRE bound phosphoenzyme and not the empty phosphoenzyme.
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The rapid dephosphorylation of the™kensitive phos- A B. C.
phoenzyme was instantaneously slowed by dlution in E,P E,P[Ko] E-P[Nay]
the dephosphorylation medium, indicating that phosphoryl- [ "‘\\ If“'

T/
ation leads to a rapid deocclusion of Khis is the reason
we indicate the form by fPIK,(Jto emphasize that Kis O A
not occluded as in the;&K;) form. The fact that the apparent P BG;
rate constant of dephosphorylation even at very low [K a
(0.1 mM) is about 4 times higher than the dephosphorylation g re 13: A sketch showing the proposed two subconformations
of E',P could indicate either that only one*Keaves the  of E,P. The figure illustrates how the cation occupancy in the
cation-binding site and/or that the rate of Kebinding is occlusion pocket could determine the accessibility or the reactivity
very high compared to the transition rate ofensitve &P 2L 8 R e B reacts with hydroxyi
to K*-insensitive &P. There is experimental eV|den_ce N amine or water. When Nais occluded instead of Kthe acyl-
favor of a phosphoform with only one bound Krom studies  phosphate bond is partially shielded, and without cations in the
of Forbush 86), who has shown that at lowKconcentration occlusion pocket, the access to the acyl-phosphate bond is very
the release of one of the two occluded ks very fast, restricted.
whereas the second'Heaves the cation-binding site slowly. _ N _

When the phosphoenzyme was formed at lowet JKor hydroxylamine {0). (2) An ability to bind at least 1 K
with some of the K congeners, a substantial fraction did (RH421 fluorescence experiments) followed by a slow
not decay within the millisecond time range (Figure 5B). transformation to a low-fluorescent form which we denoted
This fraction appears to represent the slowly decaying cation- E'2PIKUto make the signature comparable to that used for
free E,P form, and thus, the amount of the slowly dephos- the species formed from; Rohosphorylation of enzyme
phorylating phase could reflect the cations’ affinity toward Preincubated with K (see Il below). K binding to EoP
the enzyme and their ability to promote formation ef¥%) does not induce an “open” conformation of the substrate site.
and the subsequently formed*ensitive phosphoform.  This is shown by only a slight increase in the dephospho-
With 5 mM Cs' the level reached after 240 ms is equal to rylation rate at high K concentrations (presgnt paper anql
the level reached with 0.5 mM Kindicating an affinity 10 ~ Post (personal communication)), but the maximal rate of this
times lower of Cs$ than of K" for E; (Figure 5B, upper  dephosphorylation was much lower than that observed for
curve) in accordance with the apparent affinities measuredthe phosphoenzyme formed and dephosphorylated in the

by the fluorescence method and depicted in Figure 10.
Contrary to K" and its congeners, 5 mM Naor Lit was

presence of 5 mM K
() In the presence of alkali cations (Figure 13B) likeé K

able neither to increase the rate of phosphorylation nor to and its congeners (T] Rb*, and C¢ indicated as X) in

stimulate the dephosphorylation. While the lack of effect
of Li™ could be due to a rather low affinity of the enzyme
toward Li" (~100 mM, not shown) and therefore the
predominance of &P even in the presence off,ithe effect

of Na* was more complex. Although dephosphorylation in
the presence of Nawas slow, it increased significantly when
Na" in the dephosphorylation medium was replaced with
K*, indicating that N& could prevent the formation of &
insensitive BP. However, even with 5 mM Kin the

the phosphorylation medium the cations become occluded
prior to phosphorylation (steps 6 and 7 in Scheme 4). The
occlusion affects the subsequent phosphorylation inducing
an “open” conformation of the phosphorylation site, as shown
by a very high rate of the phosphorylation. This phospho-
enzyme dephosphorylates very rapidly in the presence of K
(or its congeners X) and is, therefore, denoted as asPE
conformation. Moreover, the phosphorylation of thé-K
bound enzyme leads to an opening of the cation-binding site

dephosphorylation medium the dephosphorylation rate of the (indicated with(I}), as shown by an instantaneous decrease

Na'-induced phosphoform was 4 times lower than for the
phosphoenzyme induced by'K It has to be stressed that
the phosphoenzymes formed in the presence df &tal R
and those formed in the presence offNMg?", and ATP
are kinetically different. They vary not only with respect to
the rate of K-induced dephosphorylation (Figures 2 and 6)
but also in their reaction wittiN-methyl hydroxylamine,

of the dephosphorylation rate upor Kilution (not shown).

(I Nat has a dual effect. It shifts the equilibrium toward
E,, thus competing with Hor the enzyme. Although both
the phosphoenzyme formation and the dephosphorylation are
slow in the presence of Nathe phosphoenzyme is, however,
sensitive to K. This indicates an “open” conformation of
the cation-binding sites where at least one€ an exchange

which accelerated the dephosphorylation of the phosphoen-rapidly for K* (Figure 13C). Moreover, the fast dephos-

zyme formed from ATP by a factor of 40Q@) but had no

phorylation in the presence of'Ksuggests that Nahas a

effect on the dephosphorylation of the phosphoenzyme K*-like effect: being occludegrior to the formation of &P

formed from Rin the presence of Na
Model. The described interactions between the cation-

it prevents the formation of Kiinsensitive BP. Such a K-
like effect of Na has previously been suggested fortiNa

binding sites and the substrate-binding site are summarizedNa" exchange associated with ATP hydrolys3§)(and for

in the model presented in Figure 13.
() In the absence of cations phosphorylation by inorganic

the phosphorylation of the enzyme in the absence™of38).
The fact that K binding increased the rate constant of

phosphate (steps-* 5 in Scheme 4) results in the formation dephosphorylation to a value which is 4 times lower than
of a phosphoenzyme (Figure 13A) characterized by the for the enzyme phosphorylated and dephosphorylated in the
following: (1) An inaccessible acyl-phosphate bond, that is, presence of K alone indicates that the substrate-binding site
the substrate-binding site in4P is in a “closed” conforma-  of the phosphoenzyme formed in the presence of Nanly

tion as shown by a low rate of hydrolysis of the acyl- partially “open”. This notion is supported by a lack of
phosphate bond and by the absence of effedi-ofiethyl N-methyl hydroxylamine (100 mM) effect on the decay of
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this form, which could suggest that the phosphate bond of 12. Cornelius, F., Fedosova, N. U., and Klodos, I. (1987h

this form is “shielded”, unlike that of £2 formed from ATP
or of E;PIK,formed from Rin the presence of K(or its
congeners).

The difference observed in the reactivity inphospho-

rylation/dephosphorylation (Figures 4 and 5) toward a series

of alkali cations could indicate that binding of the cations

affects the structure of the substrate site by some allosteric 1.

N.Y. Acad. Sci. 834390-393.

Skou, J. C., and Esmann, M. (198pchim. Biophys. Acta

567, 436-444.

14. Jargensen, P. L. (197Bjochim. Biophys. Acta 35@86—52.

15. Jensen, J., Ngrby, J. G., and Ottolenghi, P. (1988hysiol.
(London) 346219-241.

16. Ottolenghi, P. (1975Biochem. J. 15161—-66.

7. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R.

J. (1951)J. Biol. Chem. 193265-275.

13.

mechanism. Alternatively, the cations could have different 18 jensen, J., and Ottolenghi, P. (19B&)chim. Biophys. Acta

abilities to increase the water disorder near the substrate site,

731, 282—289.

thereby destabilizing the acyl-phosphate bond to a different 19. Cornelius, F. (1993iochim. Biophys. Acta 123397-204.

degree. The effective ions all have “structure-breaking
entropies” around 14 cal dey mol™, whereas for the
ineffective Li" and Nd it is much smaller, 1.1 and 4.0 cal
deg* mol™?, respectively 89).
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