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Direct evidence for the occurrence of an ADP-sensitive phosphoenzyme of (K*+ H *)-ATPase, the
proton-pumping system of the gastric parietal cell is presented. The enzyme is phosphorylated with 5 pM
[y-**P]JATP in 50 mM imidazole-HCl (pH 7.0) and in the presence of 7-15 M Mg>*. Addition of 5 mM
ADP to this preparation greatly accelerates its hydrolysis We have been able to establish this by stopping the
phosphorylation with radioactive ATP, by adding 1 mM non-radioactive ATP, which leads to a slow
monoexponential process of dephosphorylation of *’P-labeled enzyme. The relative proportion of the
ADP-sensitive phosphoenzyme is 22% of the total phosphoenzyme Values for the rate constants of
breakdown and interconversion of the two phosphoenzyme forms have been determined.

Introduction

The (K" + H")-ATPase system of the gastric
parietal cell generates the acid secretion in the
stomach by means of an electroneutral, transmem-
brane exchange transport of H* and K* [1] In
many respects, the enzyme resembles the (Na™ +
K*)-ATPase Na*-transport system of the animal
cell membrane In one respect there was still a
discrepancy direct evidence was lacking for the
existence of two forms of the phosphoenzyme in-
termediate of (K*+ H*)-ATPase, an ADP-sensi-
tive, K -insensitive one (E,P), and an ADP-mnsen-
sitive, K -sensitive one (E,P) There were only
suggestive findings (1) the occurrence of a K *-in-
sensitive fraction of the phosphoenzyme [2], (2) the
occurrence of an ATP-ADP exchange reaction
[3,4], (3) the formation of phosphoenzyme from

Abbreviations  Pipes, 1 4-piperazinediethanesulfonic acid
CDTA trans-1 2-diaminocyclohexane tetraacetic acid

the DTNB modified enzyme which 1s less sensitive
to K" [5] and more sensitive to ADP [3] than the
normal phosphoenzyme

In a study of the effects of Mg** on the mecha-
nism of the enzyme, we have obtained direct evi-
dence for the occurrence of an ADP-sensitive
phosphoenzyme Subsequently, we have de-
termined the rate constants for interconversion
and breakdown of the two phosphointermediates
by means of a model, employed by Klodos et al
i6] for (Na*+ K*)-ATPase, which described the
time dependence of E,P and E,P

Materials and Methods

Isolation of a membranous (K *+ H * )-ATPase
preparation (K*+ H™)-ATPase 1s purified from
porcine gastric mucosa according to Schrijen et al
{7] and 1s stored at —20°C 1n 0 25 M sucrose The
specific activity of the preparations ranges from 70
to 110 pmol per mg protein per h The steady-state
level of phosphorylation with 5 uM ATP ranges
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from 10 to 14 nmol “P, mcorporated per mg
protein This level 1s not further increased when
the ATP concentration 1s raised to 50 p M, suggest-
ing that 5 uM 1s a saturating concentration to get
maximal phosphorylation

Formation and determination of the phosphoen-
zymes Phosphorylation with ATP 1s carried out by
adding 50 ul membrane suspension (10 pg pro-
temn) to 50 pl phosphorylation medium The final
mixture contains 50 mM 1midazole-HC1 (pH 7 0),
7-15 uM Mg"* (including 5 uM added Mg?*)
and 5 uM [y-**PJATP After 10 s at 20°C the
reaction 1s stopped by adding 5 ml 5% trichloro-
acetic aaid/01 M H,PO, Further processing 1s
carried out as described by Schuurmans Stekhoven
et al [8]

The steady-state phosphorylation level 1s re-
ached within 3 s and remains constant for at least
30 s The endogenous concentration of Mg>" in
the enzyme preparation (20-100 nmol per mg
protemn) 1s sufficient to obtain maximal phosphor-
ylation with 5 uM ATP, but we added routinely 5
pM Mg?" to the incubation muxture Dephos-
phorylation of the **P-labeled enzyme preparation
1s imtiated by adding 11 ul of a non radioactive 10
mM ATP solution to the phosphorylation mixture
The residual amount of radioactive phosphoen-
zyme 1s determined 1n all cases by adding trichlo-
roacetic acid as described above Other cond:tions
are mentioned n the text, with the final concentra-
tions indicated Phosphorylation blanks are pre-
pared by adding the enzyme to the stopping re-
agent, after which the phosphorylation medium 1s
added The steady-state level of phosphorylation
that 1s reached after dephosphorylation 1s de-
termuned as follows enzyme 1s added to a mixture
of 50 ul phosphorylation medium and 10 ul de-
phosphorylation medium After 20 s reaction the
phosphorylation 1s terminated as described above

Reagents [y-**P]ATP (specific activity 3 C1 per
mmol) 1s purchased from the Radiochemical Centre
(Amersham, U K ) ATP and ADP are purchased
from Boehringer (Mannheim, F R G) All other
chemicals are of reagent grade The maximal con-
centrations of contaminating ADP and of K*
during dephosphorylation are 7 uM and 5 uM
respectively

Kinetic calculations Rate constants and con-
centrations of the phosphoenzymes are calculated

from the experimental data by means of a
mathematic model for the dephosphorylation of
the (Na®+ K" )-ATPase, elaborated by Klodos et
al [6] The model 1s described by the following
scheme for dephosphorylation and interconversion
of the two phosphoenzymes

A I A
—~ E,P < E.P
A

Scheme 1

In the presence of ADP, k_, would be in-
creased, whereas K* would lead to enhancement
of k; The scheme assumes that there is no phos-
phorylation from P, Ata K, value of 60 uM for
P, in the presence of 1 mM Mg?* [9] and an ATP
concentration of only 5 uM, phosphorylation by P,
could not occur to a sigmficant degree The rate of
formation of EP from [y-**PJATP after dilution
with ATP 1s not zero, but Klodos et al [6] show
that this does not prohibit the application of the
model

The breakdown of phosphorylated intermediate
can be followed as a function of time Taking the
symbols as used by Klodos et al [6}, the break-
down and mterconversion of E,P and E,P can be
described as

[EP] = [E\P]+[EsP]=H e ¥ +G e ¥

H, G. a and B are experimental parameters de-
scribing the observed biphasic time-dependence of
[EP], H and a the slow phase of dephosphoryla-
tion and G and B the fast phase The four param-
eters correlate 1n a certain way with the kinetic
constants & _, k,, k_,, k3, and the phosphoen-
zyme concentrations [E,P], and [E,P}, (see Ap-
pendix) Only under special conditions are H and
G equal to [E,P], and [E,P], [EP] is defined as
the total concentration of acid-stable radioactive
phosphoenzyme, corrected for the blank The sum
of G and H 1s equal to [EP], Since in our
defimtion a < B (see Appendix), H can be ob-
tamed as the intercept on the ordinate, by ex-
trapolating the slow phase of dephosphorylation to
t=10 In order to make H and G dimensionless,
the relative phosphoenzyme concentration [EP],.,
= [EP]/[EP], 1s used When the decomposition of
phosphoenzyme 1s monoexponential, H 1s equal to
1 and G 1s zero



Results

Ternunation of phosphorylation

Exact measurement of the dephosphorylation
rate requires fast and complete termiation of
phosphorylation, either by removing Mg** through
chelation with EDTA or CDTA [2], or by diluting
the remaining radioacive ATP with an excess of
non-radioactive ATP [10] Dephosphorylation can
then be studied by measuring the amount of re-
maining radioactive phosphoenzyme at various
times In the present experiment we have studied
the dephosphorylation after addition of 1 mM
ATP, 1 mM ATP + 5 mM ADP, 10 mM CDTA,
and 10 mM CDTA + 5 mM ADP

Effect of ADP on dephosphorylation

Fig 1 shows our imtial observation of a stimu-
lating effect of ADP on dephosphorylation In this
expeniment phosphoenzyme is generated at a mi-
cromolar Mg?" concentration When the Mg?*
concentration 1s kept low during subsequent de-
phosphorylation and this process 1s mitiated by
the addition of 1 mM non-radioactive ATP, then
the presence of 5 mM ADP clearly stimulates the
dephosphorylation process (Fig 1) This 1s the first
direct evidence of the existence of an ADP-sensi-
tive phosphoenzyme of (K*+ H*)-ATPase

This observation has led us to investigate 1n
more detail the kinetics of the dephosphorylation
process 1n the absence and presence of ADP (Fig
2) This has permutted us to calculate the relative
concentrations of the two phosphoenzyme forms
((E,P} and [E,PJ) and the reaction rates for their
dephosphorylation (k_, and k;) and their inter-
conversion (k, and k_,) Furthermore we have

TABLE 1
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Fig 1 Effects of ATP and ADP on the phosphorylation rate
Steady-state phosphorylation levels are generated by treating
the enzyme preparation for 10 s at 20°C in a medium contain-
ng 5 pM Mg?2*, 5 pM [y-*?PJATP and 50 mM midazole-HCl
(pH 70) Dephosphorylation 1s started by addition of 1 mM
ATP (O O)or 1 mM ATP plus 5 mM ADP (@ o)
After the desired length of time (2-60 s) dephosphorylation 1s
terminated by the addition of the stopping solution Typical
experiment out of three

tried to elucidate why other investigators have not
been able to observe an effect of ADP on dephos-
phorylation

Dephosphorylation after addition of excess un-
labelled ATP

Addition of 1 mM ATP (final concentration)
decreases the specific radioacuvity of ATP by a
factor 200 The new steady-state level of radioac-
tive phosphoenzyme, normally reached after ap-
prox 15 mun (Fig 2), 1s approx 05% of that
before ATP addition and 1s indistinguishable from
that of the blanks prepared with acid-denatured
enzyme

PARAMETERS FOR THE SLOW MONOEXPONENTIAL DEPHOSPHORYLATION OF THE PHOSPHOENZYME

Average values for the ordinate intercept H.,.,. the rate constants a, and the calculated value of G, are derived as shown in Fig 2 by
means of the equation [EP], = H,,, e~ Average values with S E and number of experiments (n) between parentheses are given

H., a(mm ) G
1 mM ATP 094+ 0006 (5) 03540006 (5) -
1 mM ATP+1 mM EDTA 094+001 (4) 0404007 (4) -

1 mM ATP+5 mM ADP 07840005 (3)

036+0003(3) 02240005 (3)
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Fig 2 Effects of ATP and ADP on the dephosphorylation rate
Steady-state phosphorylation levels are generated as described
in the legend of Fig 1 Dephosphorylation 1s started by ad-
dition of 1 mM ATP (O O)or 1 mM ATP plus 5 mM
ADP (@ ®) After the desired length of time (0 5-8 mun)
dephosphorylation 1s terminated by the addition of stopping
solution Typical expenment out of three Lines are calculated
by means of unweighted linear regression analysis

Fig 2 shows a representative experiment, in
which 1 mM ATP 1s added to initiate the dephos-
phorylation process After a small mmitial decrease
of about 6% (see also Fig 1), [EP},, declines in a
monoexponential way according to the function
(EP],,=H e~ * We calculate average values of
a=035 min"' (SE =0006, n=35) and H, =
094 (SE =0006, n=35) The same kinetic be-
haviour 1s observed when 1 mM ATP plus 1 mM
EDTA are added (Table I) A monoexponential
dephosphorylation curve 1s compatible with the
model 1n Scheme 1 when k_, = k; [6] The model
1s then equivalent to a one-nool model with a net
rate constant a = k,, wrrespective of the propor-
tions of [E,P] and [E,P] Under these conditions
the dephosphorylation of the two phosphoenzymes
would be equal As H,, =094, the model 1s not
exactly a one-pool model and therefore k_; and
k , are not exactly equal

Dephosphorylation after addition of ATP + ADP
When 5 mM ADP is included 1n the dephos-
phorylation mixture, a biphasic dephosphorylation

curve 15 obtamned (Fig 1) There 1s now a much
larger mmitial rapid decrease in [EP],,;, followed by
a slow further decrease This indicates that part of
the phosphoenzyme pool (approx 20%) 15 ADP-
sensitive The slow phase in the decomposition of
[EP}.., 15 nearly parallel to the dephosphorylation
curve with 1 mM ATP alone Values ot H,, =078
and of & =036 min~ ' are obtamned (Table I) Due
to the small quantity of EP, 1t 1s not possible to
establish unequivocally whether the 1itial fast drop
in [EP] . calculated as G,,=1— H_,, 1s a func-
tion of the ADP concentration The concentration
of 5 mM ADP appears to be saturating, since
increasing it to 10 mM does not change the values
for H, and « This 1s understandable as the K
for ADP 1n the ATP-ADP exchange reaction 15
055 mM [4]

Estimation of the rate constants

In the absence of ADP, [EP]., 1s a monoex-
ponential function of the reaction time virtually
from t=0 (Fig 1),1e H,, 1s close to 1 (Table I)
When ADP 1s added, the dephosphorylation curve
becomes biphasic, and H, decreases from 0 94 to
0 78 (Table I) Addition of ADP increases the rate
of the exchange reaction, hence will increase & _,
An analysis of the expression for H (see Appen-
dix) shows that H,,, always decreases with increas-
mg k_, and that dH,/dk_, approaches zero
when k_, — oo With increasing k_,, H, will
approach a plateau value, which 1s equal to the
mnitial concentration of the second phosphoenzyme
[E,P], .. as has been pornted out by Klodos et al
[6] As 5 mM ADP appears to be saturating, the
value of 022 for G, (Table I) must be maximal

rel

TABLE II

RATE CONSTANTS FOR THE PHOSPHOENZYME CON-
VERSIONS

The kinetic model and the methods used 1n the calculation are
described in the text

Constant Value (mun~")
K 035

k" -

ks 128

ks 001

ks 035




and equal to [E,P], ., This gives us the value for
the ratio [ElP]o rel/[EZP]o.rel = (k—2 + k3)/k2 =
028 When k_, 1s increased in the presence of
ADP, a changes very little When k_, 1s much
larger than k,, k_, and k_j, 1t 15 easily under-
standable that a =k _, + k;

These considerations lead to the following val-
ues for « and the rate constants

(1) «a=035 min~! in the dephosphorylation
expenment with ATP alone (Fig 1) and 1s very
close to k;, as 1n this case H =094, which 1s
close to 1 [6}

(2) From the paired difference between a = k;
and a,,, = k_, + k; (dephosphorylation with
ATP and ADP), a maximal value of k_, =001
min "~ can be estimated

(3) k, can be calculated from the equation

[E,P), _ k_y+k;
[EZP]o ko

1

=028,giving k5 =128 min~

The values for the rate constants thus obtained are
listed 1in Table 11

In the experiments in which ATP and no ADP
1s added, there 1s a contaminating concentration of
ADP and K* of 7 uM and 5 pM, respectively,
which could explain the small imtial drop 1n [EP]
This suggests that hike for (Na*+ K*)-ATPase [6],
dephosphorylation occurs 1n two ways (a) sponta-
neous hydrolysis to E, and P, and (b) ADP-depen-
dent dephosphorylation resulting in ATP forma-
tion (Scheme 2) The relationship of the rate con-
stants would then be k_,=k", +k”, [ADP]

Scheme 2

Although 1in principle it should be possible to
obtain a value for k” by studying dephosphoryla-
tion 1 the presence of various ADP concentra-
tions this proved techmically dafficult Hence, we
can offer no proof that Scheme 2 1s vahd for
(K*+ H")-ATPase
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Fig 3 Effect of CDTA and ADP on the dephosphorylation
rate at pH 75 Steady-state phosphorylation levels are gener-
ated by treated the enzyme preparation for 10 s in a medium
contammng 2 mM Mg2*, 5 uM [y-*2PJATP and 40 mM Tris-
HCI (pH 75) Dephosphorylation 1s started by addition of 10
mM CDTA (e ®) or 10 mM CDTA plus S mM ADP
© Q) After the destred length of time (2-50 s) dephos-
phorylation 1s termunated as descrnibed 1 the legend of Fig 1
Average values of three experiments are presented

Dephosphorylation after addition of CDTA

Other 1nvestigators were unable to observe an
effect of ADP on the dephosphorylation of the
(K*+ H*)-ATPase phosphoenzyme They used
erther a too low ADP concentration (0 3 mM, Ref
11), or they used another buffer (Tris-HCl or
Tns-Pipes (pH 7 5)) and 1-2 mM Mg?* and they
termunated phosphorylation by addition of 10 mM
CDTA [2,3,10] In repeating these experiments we
confirm that under these conditions there 1s no
stumulating effect of ADP on the 1mitial phase of
dephosphorylation

In Fig 3 we show an experiment in which
dephosphorylation 1s studied using CDTA to stop
phosphorylation The dephosphorylation curve 1s
now biphasic with an imtial fast phase (rate con-
stant 14 mun~') Ths rate constant for the fast
phase, uncorrected for the subsequent slow phase
corresponds to the value reported by Stewart et al
[12], who do not mention the biphasic behaviour
In the presence of CDTA and ADP, no significant
stitmulation 1s observed 1n the first 3 seconds of the
dephosphorylation process In the slow phase of
the dephosphorylation process we even observe an
inhibition (Fig 3)
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Discussion

We have been able to observe a stimulating
effect of ADP on the dephosphorylation of (K" +
H*)-ATPase phosphoenzyme, which 1s direct evi-
dence for the existence of an ADP-sensitive phos-
phoenzyme form (E,P) However, this observation
can only be made under certain conditions

When phosphorylation with [y-¥PJATP 1s
stopped in 1mdazole (pH 7 0) by the addition of
unlabeled ATP alone, the ensuing dephosphoryla-
tion 1s monoexponential We have concluded that
thus single-pool behaviour reflects a spontaneous
dephosphorylation of the phosphoenzyme with the
rate constant k_, for dephosphorylation of E,P
being approximately equal to the rate constant k,
for dephosphorylation of E,P A monoexponential
dephosphorylation would also be obtained, when
there 1s a rapid shift in the equilibnium between
E,P and E,P However, 1n that case addition of
saturating ADP would dephosphorylate all EP im-
mediately, which 1s clearly not the case here

After addition of ADP a fast imtial decrease in
[EP] ., 1s observed, followed by a slow phase which
has about the same rate constant as in the absence
of ADP (k”,) Thus leads us to the conclusion that
ky>k_,, 1e the backward reaction E,P — E,P
1s very slow Although k& _, 1s small, the conversion
of E,P to E,P cannot be neghgible, when the
synthests of ATP from ADP and P, occurs through
this pathway Since we were unable to study the
dependence of H,, on the ADP concentration, we
cannot exclude the possibility that the two inter-
mediates are formed m parallel rather than in
consecutive reactions, as assumed in the model
However, dephosphorylation expertments in the
presence of K* by Wallmark et al [2] indicate that
the consecutive model 1s nght

We have calculated values of 22% and 78% of
the total phosphoenzyme for E,P and E,, respec-
tively These values are also observed by us in
dephosphorylation experiments 1n the presence of
saturating K* (not shown in this paper), but are
lower than the values reported by Wallmark et al
[2] Ths discrepancy may be due to the way of
determining the precentage of E,P, which 1s done
by extrapolating the slow phase of dephosphoryla-
tton to t=0 This slow phase 1s not continued
beyond 180 ms, which may be too short for a

correct extrapolation Moreover, the difference
may be due to different conditions during phos-
phorylation, since Wallmark et al [2] use nulli-
molar Mg*" during phosphorylation, which may
have an effect on the ratio of E,P and E,P con-
centrations

Our findings are in contrast with results of
other nvestigators [2,3,10,11] who found no
stimulating effect by ADP on the dephosphoryla-
tion process However, they used other cir-
cumstances to study the dephosphorylation pro-
cess When dephosphorylation 1s mitiated with
CDTA, we found even an inhibitory effect of
ADP

It cannot easily be explained why the stimula-
tory effect of ADP 1s only observed under special
circumstances One speculative explanation 1s that,
as for (Na*+ K*)-ATPase, nucleotides have ef-
fects on the dephosphorylation process through
low-affimity binding [13,14] In that way inhibitory
nucleotide effects might obscure stimulatory ef-
fects of ADP

In summary we may state that we have been
able to show direct evidence for an ADP-sensitive
phosphoenzyme form of the (K*+ H™*)-ATPase
We only observe this under special conditions
where the dephosphorylation process 1s a slow and
monoexponential process This occurs in the pres-
ence of millimolar ATP and micromolar Mg?*
concentrations

Appendix

The following equations, defining the parame-
ters for the dephosphorylation of E,P and E, P are
denived from Klodos et al [6]

_ (h—u+2ky) [E\P} +(h+u+2k_,) [E,P],

H 5 (A1)

G=(h+u—2k2) [E,P},+(h—u—2k_,) [E,P], (A2)
2h

u= (k_y+ky)+(k_y+ky) (A-3)

h=\u?+ak,k_, (A-4)

a=3(k_ 1tk +k_,+ks—h) (A-5)

B=2(k_|+kitk +ki+h)=8>a (A-6)



In addition we have derived from Eqns A-1, A-3
and A-4 an expression for dH,/dk_,,

_dHu  k(kau+2k_ikoy)

= = A-7
dk_, ki(k,+k_5+ky) (A7)

H

H ., will decrease with increasing k_,, when H’ 1s
negative, which 1s the case when the numerator 1s
positive The numerator 1s k,[k _ (k; +2k_,)+
ky(k,— (k_,+ k3)] and 1s posiive when k_, > &,
when [EP], <[E,P],, as 1s the case in Figs 1 and
2, then (k_, + k3) < k, and thus the numerator 1s
postitive for all k_; values
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