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ABBREVIATIONS

ADP

adenosine diphosphate

AMP

adenosine monophosphate
adenosine triphosphate
[r- 32 p]ATP .

ATPase

. adenosine triphosphatase
octaethyleneglycol mono-n-dodecylether
creatine kinase
creatine phosphate
dithiothreitol

EDTA

ethylenediamine tetraacetate

EGTA

ethyleneglycol bis C{3-aminoethylether) -N ,N ,N' ,N'.- .
tetraacetate

EP

phosphorylated intermediate

FSR

fragmented sarcoplasmic reticulum

MalNEt

N-ethylmaleimide

PL

phospholipid

SR

sarcoplasmic reticulum

SSR

solubilized sarcoplasmic reticulum

TeA

trichloroacetic acid

TES

N-Tris Chydroxymethyl) methyl- 2- aminoethanesulfonic acid
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INTRODUCTION

The sarcoplasmic reticulum (SR) , a highly differentiated endoplasmic reticulum in

m~~c~e

cells, consists of continuous vesicles,

tubules, and cisternae that forms a network surrounding the myo.

fibrils.

.

.

.

.

The tubular structure rimning transversely to the fiber

axis is called the transverse tub1e or T-system which" is

found

to be continuous with the surface membrane,(sarco1emma).

These

membrane systems play an important role in controlling muscle
contraction.
When the sarcolemma is excited, the T-system mediates the
transmission of the action potential to the interior of the fiber-,---"
2+
thus causing localized activation of the SR. In turn, Ca
is
released from SR, in which Ca 2+ is normally stored in resting
muscle, and thus induces mus"cle contraction. The subsequent re2+
accumulation of Ca
by the SR coupled with ATP hydrolysis (active
2+ ) causes the relaxation of muscle (1).
trans~ort of Ca
The active transport of Ca 2+ across the SR membrane has been
studied widely using fragmented SR (FSR) isolated from muscle
homogenates as a microsomal fraction.

Hasse1bach and Makinose (2)

and Ebashi and Lipmann (3) first demonstrated that the microsomal
fraction was capable of removing a significant amount of Ca 2+
from the medium in the presence of ATP and Mg2+.

Hasse1bach and
Makinose (2,4,5) also reported that FSR shows Ca 2+ ,Mg 2+ -dependent
ATPase activity. Furthermore, they demonstrated that 2 moles of
Ca 2+ were transported into the vesicles lv-hen 1 mol of ATP was
hydro1yzed, and FSR could produce a 1000- to sOOO-fo1d Ca 2+
gradient across the membrane.

·

..
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FSR isolated from skeletal muscle show·s empty vesicles about
80-100 nm in diameter.

The surface of the vesicle is covered with

particles about 4 nm in diameter which are considered to be a part.
of the ATPase molecule.s (6,7).

MacLennan (8) and MacLennan et al.

(9) purified the ATPase of FSR solubilized with deoxycholate by

stepwise fractionation with ammon·fum acetate.

The purified ATPase

preparation consists of a major protein of the ATPase with a
molecular 'veight of about 100,000 daltons and
phospho1ipids.
detergent.

var~ous

kinds of

This preparation reforms membrane on removal of

Electron-microscopic observations revea1ed.that the

reformed membrane exhibited structure similar to the intact membrane.
2+
2+ .
The purified ATPase cata1yzed a Ca ,Mg -dependent ATP hydrolysis.
However, the reformed membrane from the purified ATPase is incapable
.
2+
of accumulating Ca
Recently, reconstitution of functional
vesicles from purified ATPase and phospholipids: was

achi~ved

by

many investigators (6,7); These findings indicate that the active
2+
transport of.Ca
through the SR membrane requires only two
components, the ATPase protein and phospho1ipids.
FSR have been proved suitable material for studying molecular
mechanism of active cation transport, because of its many distinct
characteristics: (1) Easy preparation of FSR and a high content
of the ATPase; (2) Tightly coupled ATP hydrolysis and Ca 2+
transport; (3) A clear distinction of the sidedness of the FSR
membrane; (4) Easy control of the Ca 2+ and Mg2+ concentration in
the medium by the use of the che1ating agents like EGTA and EDTA;
(5) Easy destruction of the membrane structure without loss of the
ATPase activity by some detergents, and (6) Complete reversibility
of the active transport process .. These favorab1e features of this
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system have led, in recent years, to rapid and detailed developments
in studies on the molecular mechanism of coupling between Ca 2 +
transport and the ATPase reaction.
Hasselbach and Makinose (4,5) and Ebashi and Lipmann (3) found
that FSR catalyzed a rapid phosphate exchange between ADP and ATP
which exhibited similar Ca 2+ -dependency as found in the case of
ATP hydrolysis and Ca 2+ uptake by FSR. Thus, the existence of a
high-energy phosphorylated intermediate was proposed as a component
-of the reaction mechanism.

Yamamoto and Tonom1:lra (10,11) and

Mak~nose

(12) found that a protein of FSR was phosphorylated when
2+
2+
the Ca ,Mg -dependent ATPase reaction of this membrane with
[1'- 32p ]ATP (AT 32 p) was quenched by trichioroacetic acid (TCA).

This finding was confirmed by Martonosi (13,14), Inesi and
Almendares (15), and Inesi et al.(16).

The maximum amount of

phosphate incorporated was found about 1 mole per mole of the
ATPase protein (9,17). Phosphoprotein levels at the steady state
2+
depended on the concentrations of Ca
and ATP and paralleled \vi th
2+
the Ca -dependent ATPase activity (10,14,16). These results
strongly suggested that the phosphorylated protein is a true
intermediate of the Ca 2+, Mg 2+-dependent ATPase reaction. This
assumption \vas later proved when EP formation and its decomposition
into E

+

Pi were analyzed extensively.

The time course of Pi

liberation agreed well with that calculated from the observed time
course of EPformation, assuming that EP was an intermediate in
the reaction with a specific turnover rate (18).
The phosphoprotein isolated after quenching by TCA is stable
at acidic pH, but unstable at alkaline pH (10,11,12).

It is hydro-

lyzed by treatment with hydroxylamine (10,12), resul ting in the
formation of hydroxamate (19).

These stability characteristics
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indicate that this phosphoprotein

1S

similar to the

acilphospho~

protein intermediate of Na+~ K+-dependent ATPase (20,21).
Bastide et al. (22) examined the chemical and electrophoretic
32 "
.
properties of
P-labeled phosphoryl peptide produced after proteolysi,s of phosphorylated intermediates of Ca 2+, Ng 2+ -dependent ATPase
of FSR and Na + , K+ -dependent ATPase of kidney microsomes, and
found that 'the aspartyl residue w'as phosphorylated and the probable
active site tripeptide sequence for both ATPases was (SeT or Thr)Asp-Lys.

Degani and Boyer' (23) reported that the reductive cleavage

i-

of the acylphosphate bond of the phosphoprotein by sodium [3H

borohydride yielded [3H]homoserine after acid hydrolysis of the
pr~tein,

confirming that the phosphoryl group was covalently bound

to the p-carboxyl group of aspartate.
Since the formation and decomposition of the EP intermediate
can be measured kinetically, these tlvO reaction steps hav"e been
studied extensively by many investigators.

Kanazalva et al. (18)

first measured the reaction of FSR in the presteady state using
a simple rapid mixing apparatus, and shDlved that the time course
of P.1 liberation
consisted of a lag phase, a burst phase and a
"
steady phase, whereas EP was formed without a lag phase and its
amount rapidly reached the steady-state level after the start of
the reaction.

More recently, Froehlich and Taylor (24) measured

the time course of EP formation
and p.1 liberation using a rapid
"
quenching method in detail.

They observed an overshoot in the

phosphorylation reaction and the P.1 burst which coincided \vi th
the transient decay of EP \vhen the reaction was started by adding
ATP.

They explained these observations by assuming that EP was

rapidly hydrolyzed to an acid-labile phosphate intermediate (E·P)
\vhich was in equilibrium with EP.

They also observed the initial
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burst of Pi liberation by FSR ATPase even in the absence ofCa 2 +
Since the time course of the P.1 burst in the absence of
+
· similar to that of the Pi b urst of the C~ 2+ , Mg 2+
Ca 2was
very
dependent ATPase reaction, they assumed the Ca 2+-independent reac(25) •

tion to. be an alternate pathl'lay of the enzyme.

Th~y

proposed a

flip-flop model in which the enzyme functions as a dimer for
2+
2+
coupled transport of Ca
and Mg
2+
.
2+
The Ca -dependent hydrolysis of ATP by FSR requires both Ca
and Mg2+ for full activation .. The requirements of these divalent
cations for each reaction steps

!.~.

the

form~tion

and decomposition

,

of EP, have been studied by many investigators and it has been
shm'ln that the phosphorylation of the ATPase by Mg2+ -ATP requi res
2
Ca + and the decomposition of EP requires Mg2+ (6,7,26).
Kanazawa et al. (18) and Sumida and Tonomura (27) proposed the
following reaction scheme which contains two kinds of EP, based
on their kinetic studies of partial reactions of ATPase and also
·
. . . 1 p h ase 0 f Ca 2+ accumu1
o f t h e lnltla
atl0n:

+ P. + Mg2+
1

Their kinetic studies were conducted in the presence of sufficient
I

amounts of KCl.

However, Shigekawa et al. (28) and Shigeka\'la and

Dougherty (29,30) recently reported the existence of two kinds of
EP in the reaction of purified SR ATPase in the absence of added
alkali metal salts.

One kind of EP could react with ADP to form

ATP (ADP-sensitive EP) and the other could not (ADP-insensitive EP).
They also reported that all the EP formed in the presence of
sufficient amounts of added alkali metal salts could react with
ADP to form ATP.

At present, the relationship between two kinds
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of EP proposed by Kanazmva et al. (18) and Sumida and Tonomura (27)
and those reported by ShigekalVa and cO-lvorkers (28,29,30) is not
knmvn~

The present thesis consists of Part I and 11.
f·
.
W1. t h f ac t ors a f ect1ng
t h e· tranS1ent
p h ase

0

Part I deals

f t.h e .Ca 2+ , Mg 2+ -

dependent ATPase reaction of FSR.

Froehlich and Taylor (24) proposed the existence of E·P as a new reaction intermediate in Ca 2+,.
2+
Mg -dependent ATPase reaction. Hmvever, the possibility that an
appreciable amount. of E·P exists in equilibrium with EP has recently
been excluded by Sumida et al. (31).

More recently, Kurzmack and

Inesi (32) confirmed the existence of the initial Pi

bur~tof

the

2+
ATPase reaction both in the presence and absence of Ca . According
to them, the burst size of the Ca 2+-independent ATPase reaction
at saturating substrate concentrations was about three times greater
than the number of available enzymatic sites. This finding also
shows clearly that the P. burst of the Ca 2+-independent ATPase
1

reaction is not caused by the formation of E·P as assumed by
Froehlich and Taylor.

In order to clarify the follmving tlvO problems,
I studied the reaction of Ca 2
+,2
Mg+ -dependent ATPase of FSR in
the presteady state: (i) The discrepancy between the work of

Kanazawa et al. (18) and Froehlich and

Tayl~r

(24) on Pi burst,

and (ii) the possibility of the existence of E·P during the presteady state.

I found that the p.1 burst observed by Froehlich and

Taylor (24) was due to a mechanism different from that of the P.1
burst observed by Kanazmva et al. (18).

My findings on marked

changes in the reaction profiles during the transient phase Hi th
changes in the conditions for starting the reaction were difficult
to explainlVi th the Froehlich-Taylor mechanism, and could be
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attributed to the heterogeneity of the initial enzyme state in
the membrane.

The latter conclusion 'vas supported by the result

obtained using solubilized ATPase, lvhich showed nei the'r the EP
overshoot nor the p, burst.
1

Kan~zalva

et al. (18), .Sumida and Tonomura (27). and Shigekawa
and co-workers (28,29,30) studied the reaction of Ca 2+, Mg2+_
dependent ATPase using the memrnane preparation of FSR or purified
2+
2+
ATPase. Hmvever, Ca , Mg -dependent ATPase in the SR membrane
shmvs much more complicated kinetic properties than those of
solubilized SR ATPase as described in Part·I. Therefore, I studied
.
2+
2+
the kinetic properties of Ca , Mg -dependent ATPase of solubilized
SR (SSR), especially with the properties of two kinds of EP to
clarify whether the two kinds of EP reported by Shigekalva' and coworkers (28,29,30) exist in the presence of sufficient amounts of
KCl or not, and hmv the t,vo kinds of EP proposed by Shigekawa and
co-workers (28,29,30) is' related with those proposed by Kanazawa
et al. (18) and Sumida and Tonomura (27).

Part 11 of my thesis

deals with work on this line.
I found that tHO kinds of EP differing in reactivity ,vith
ADP are formed in the reaction of SSR ATPase even in the presence
of sufficient amounts of KCl, and that ADP-sensitive EP binds 2
mol of Ca 2+ and ADP-insensitive EP binds 2 mol of Mg2+ per mol 6f
EP.

ADP-sensitive EP is formed first, then converted into ADP-

insensitive EP.

The conversion is inhibited by modifying the

ATPase ,vi th MalNEt.

Furthermore, the kinetic properties of the

conversion of the two kinds of EP indicated the existence of at
least two different conformational states of both ADP-sensitive
and -insensitive EP.
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PART

I

Factors Affecting the Transient Phase of the
Ca

2+

, Mg 2+ -Dependent ATPase Reaction of

Sarcoplasmic Reticulum from Skeletal Muscle

11

EXPERIMENTAL PROCEDURE

FSR was prepared from rabbit skeletal muscle as described previously
(1).

The solubilized ATPa,se was prepared by the method of le Maire

CK [EC 2. 7.3.2] '\vas prepared from rabbit skeletal
32
.
muscle by the method of Nodaetal. (3). ['(- P]ATP was synthesized
enzymatica1ly by the method of Glynn and Chappe:q. (4).
[U_ 14 C]ATP
et al. (2).

was obtained from New England Nuclear Co. (Boston, Mass.) a~d
purified by the method of Cohn and Carter (S).
A 'Durrum D-133 mu1 ti-mixing apparatu.s was used to follow the
rapid reaction.

The performance of the instrument was evaluated

by following the hydrolysis of 2,4-dinitrophenylacetate with sodium
hydroxide at 19°C, as described by Barman and Gutfreund (6).
~hown

As

in Fig. 1, the pseudo first-order rate constants at 0.1,

0.2 and 0.3 M NaOH were 3.7,· 7.0 and 11.7 s-l, respectively.

The

-1 -1
second-order rate constant, 37 M
s , was consistent with the

value previously obtained by Barman and Gutfreund (6), using a
stopped-flow method.

The ATPase reaction of FSR was started by

mixing the enzyme solution in syringe A with the substrate solution
in syringe B.

At intervals, the reaction was quenched with 1 N

HCl from syringe C.

The mixing ratio of syringes A:B:C was 1:1:2.

The protein concentration in the enzyme soiution was 0.3 mg/ml and
the ATP concentration in the substrate solution was 20

~1.

Both

the enzyme and substrate solutions contained 0.1 M KCl, 1 mM }.IgC1 Z'
0.1 mlvl CaC1 2 , 0.1 mM EGTA, and 20 mM Tris-maleate at pH 7.0 and
20°C, unless otherwise stated.
The amount of EP and the ATPase activity in the steady state
,,,ere measured on the solubilized SR.

The reaction was started by

12

. 1. 5

-.....«

~
I

I

~~

1.0

-t9

0
-'

0.5

50

100

150

REACTION TI ME (msec)
Fig. 1.

First-order plot of alkaline hydrolysis of 2,4-dinitro-

phenyl acetate measured using a multi-mixing apparatus.

2,4-

Dini tropheny1 acetate (0.5 mM) was hydro1yzed in 0.1 (D),. 0.2
(et), and 0.3 M (0) NaOH at 19°C, respectively.

The absorbance

of 2,4-dinitropheno1 liberated ",as measured at 360 nm.
sents the maximum absorbance change for the reaction.

AoorepreAt and Ao

represent the absorbance at time t and that at time o. after the
start of the reaction, respectively.
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adding ATP to the reaction mixture to give the final concentrations
of 0.1 M KCl, 1 mM MgCl Z ' 0.1 mM CaCl Z' 0.1 mg/ml T\Veen 80, and
20 ~1·Tris-maleate at pH 7.0 and ZO°C. The reaction was stopped
by adding 6% TCA.
Next, a l-ml portion of the quenched suspension \Vas added to
1 ml of 4% TCA containing 0.1 mM unlabeled ATP and O.Z

carriers.

~~

P.1 as

The suspension Has centrifuged at 1,000 x g for ZO min, .

then 3Z p . ln the supernatant \Vas extracted by the method of Martin
1

and Doty (7) and its radioactivity \Vas measured as described
pre~iously

(8).

The denatured SR protein was washed on a Millipore
filter and the amount of E3Z p \Vas measured as described previously
(9) •

The amount of ADP bound to the solubilized enzyme during the
ATPase reaction 'vas determined by measuring the amount of ADP
remaining in the SR ATPase-ATP system coupled ,.,i th sufficient
amounts of CK and CP (10).

The reaction \Vas started by adding

[14 C]ATP to the reaction mixture to give the final concentrations

of 0.055 mg/ml SR protein, 5 mg/ml CK, 0.5 pM ATP, 10 mM CP, 50 mM
KCl, 50 pM CaCl Z ' 10 rn}.I MgCl Z" 0.05 mg/ml Tlveen 80, and 0.1 M
Tris-HCl at pH 9.0 and ZO°C. After the reaction had been stopped,
the amounts of nucleotides \Vere measured using polyethyleneimine
cellulose TLC, as described previously

(10)~

The amount of EP
'vas measured under the same conditions, except that AT 3Z p 'vas
used instead of [14 C]ATP and CP 'vas omitted.
Protein concentration \Vas determined by the biuret reaction,
calibrated by nitrogen determination.
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RESULTS

Time Courses of Pi Liberat"ioIian"dEPFormatioIi "ofFSR in the
Presteady State - - As discussed in the "INTRODUCTION." the ATPase
reaction of the FSR prepar'ation shm-red an initial burst of P.
1
2
liberation even" in the absence of Ca + ions. This complicated
the analysis of the Ca 2+, Mg 2+-dependent ATPase reaction during
I found that the size of t~e· Pi burst of the
ATPase reaction in" the absence of Ca 2+ ions varied among FSR
the initial

phase~

preparations.

Therefore, to avoid complication due to the P.1
burst of the Ca 2+-independent ATPase reaction, I performed the
following experiments using FSR preparations which showed low
acti vi ty in the absence of Ca 2+. ions, and also using 10l-r ATP
concentrations where the Ca 2+-independent ATPase activity was low.
Figure 2 shows the time course of P. liberation and EP formal
2
tion in the initial phase of the Ca +, Mg 2+-dependent ATPase
reaction.

The reaction was performed under the standard conditions,

except that the enzyme solution contained 0.2 mg/ml SR protein.
The amount of EP increased rapidly after the reaction had been
started by adding ATP, then decreased slightly after reaching a
maximum value (6pmol/g protein) at 50 ms.

Then 0.1 i after the

reaction had been started, the amount of EP began to increase
gradually and reached a steady-state level (about 6 pmol/g protein)
at 1 s.

The amount of P. liberated increased rapidly after a short
1

lag, and the rate of P. liberation decreased markedly with time
1

during the first 1 s of the reaction.

During the first 1 s,

24 pmol/g protein of Pi was liberated, whereas the amount liberated
1 to 2 s after the start of the reaction was only 5 pmol/g protein.
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Fig. 2.

Time courses of EP formation and Pi liberation during the

initial two seconds of the reaction.

Both the enzyme and the

substrate solutions contained 0.1 M KCl, 1 mM MgCl 2 , 0.1 mM CaCl Z '
0.1 mM EGTA, and 20 rnJvl Tris-maleate at pH 7.0 and 20°C. The final
concentrations of FSR protein and ATP were 0.1 mg/ml and 10 pM,
respectively.

The reaction was performed as described in the

"EXPERHlENTAL PROCEDURE."

The amounts of Pi liberated (0) and

EP formed (0) were measured.
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Comparison o'fthe Time' Co"tir's'esin 'the'Pre's'teady State of
Reactions St'a:rted by Addition of ATPand ATP' +,' 'ca: 2+ ' - Figure 3
shows "the differences between the initial phases of ATPase reactions
",
,2+
started by addition o£ ATP and, ATP + Ca . The former reaction

.

'

was performed under the standard conditions, the latter under
conditions under which the enzyme solution contained 0.2 mM EGTA
instead of 0.1 mM EGTA + 0.1 mM CaC1 2 and the final reagent con, centrations w'ere the same as those of the former'. When the reaction was started by ATP, the EP overshoot 'vas observed:

the amounts

of EP \~ere 3.2 and 2.8 pmol/g protein, respectively, at the maximum
level and in the steady state.

The time' course of P. liberation
1

showed a lag phase of about 20-30 ms, and the amount of P. liberated
1

lvas very small, even when the amount of EP approached the maximum
value.

After the lag phase, the P. burst was observed, and its
1

time course coincided lvi th that of the transient decay in EP.
On the other hand, when the reaction was started by addition of
Ca 2 + + ATP, the EP overshoot 'vas not observed, and the amount of
P. increased almost linearly with time after a lag phase.
1

The

amount of EP in the steady state \vas 2.2 pmol/g protein, which
was slightly less than that of the ATP start (2.8 ymol/g protein).
The steady-state rate of P. liberation with the Ca 2+ + ATP start
1

was 21 pmol/(g protein.s), which was slightly

lower than that

with the ATP start [25 pmol/(g protein·s)].
Effect of Preloading FSR with Ca 2+ Ions on the Presteady State
Reaction - FSR accumulates Ca 2+'ions inside the vesicle coupled
with ATP hydrOlysis, and accumulated Ca

2+

ions leak out gradually,

reaching equilibrium in a fmv hours after complete hydrolysis of
ATP

(

-t=
C.1...

)
re f
. 11 and
12.

.
b atlng
.
FSR \vas loaded lVl. t h Ca 2+ b y prelncu
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Absence of the EP overshoot and the Pi burst after
starting the reaction by addition of ATP together with Ca 2+. ions.
The reaction started by addi tion of ATP (0,0) lV'as performed
under the standard conditions.
of ATP + Ca

2+

The reaction started by addition

. (.6. ,A) was performed under the standard condi tions~

except that the enzyme solution contained 0.2 mM EGTA instead of
0.1 JIl1'.! CaC1 2 and 0.1 mM EGTA. The amounts. of Pi liberated (0 ,.6. )
and EP formed (0, lA) were measured.
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the enzyme solution (0.3 mg/ml SR protein) with 10

pM

unlabeled

.~IgC12'

0.1 mM CaC1 2 , and 0.1 mM EGTA. After l-min
. preincubation, the reaction ,,,as started by adding AT32p under the
ATP in 1 mM

standard conditions.

A control reaction was performed under the

.

.

same conditions, except that the enzyme solution was preincubated
wi th 10 FM ADP instead of ATP.

Figure 4 shmvs that in the control

experiment, the EP overshoot was observed and the maximal amount
of EP 'vas 2.4 ymol/g protein, ,,,hile the amount in the steady state
was 2. o Fmol/ g protein.

The time course of P. liberation showed
1

a lag . phase, and the amount of P.1 liberated was very small, even
when the amount of EP approached the maxlmum value.

After the

lag phase, a typical Pi burst was also observed (cf. Fig. 3).
On the other hand, when the FSR was preloaded with Ca 2+, the EP
overshoot and the P. burst did not occur.
1

The rate of P. liberation
1

in the steady state was 12.5 pmol/(g protein·s), which was slightly
lm<[er than that of the control [18.2 pmol Pi/(g protein·s)].

The

amount of EP in the steady state was 3 }lmol/g protein, ,<[hich \vas
larger than that of the control.

Thus, the apparent rate constant
-1

of EP decomposition, v/[EP], decreased from 9.1 to 6.1 s
with
the Ca 2+ preloading. The decrease in v/[EP] may be due to the
inhibition of EP decomposition by Ca 2+ accumulated inside the
vesicle (cf. ref. 11).
To confirm that these changes in the ATPase reaction were caused
by

Ca 2+ inside the vesicle, the reaction was started by adding

AT32p after FSR had been preincubated with unlabeled ATP for
various time intervals (Fig. 5).

When the reaction ,,,as started

by adding AT32p after 10-min preincubation wi th unlabeled ATP,
neither the EP overshoot nor the P. burst were observed.
1

However,
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0.2

Effect of preloading of Ca 2 + ions on the presteady state

of the ATPase reaction.

FSR (0.3 mg/ml SR protein) was suspended

ln 0.1 M KCl, 1 mM MgC1 2 , 0.1 mM CaC1 2 , 0.1 mM EGTA and 20 mM
Tris-maleate at pH 7 ,and preincubated 'vi th 10 Jli"I unlabeled ATP
(0,0) or ADP (~,A) at 20°C for 1 min.

After preincubation,
the reaction was started by adding 10 pM [T_ 32 pIATP to FSR under
the standard condi tions.

The amount of 32pi liberated (O,~)

and E32p formed (0, A) \-lere measured.
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0.2

Appearance of the EP overshoot and the Pi burst of the

2
first type after long preincubation of Ca + -preloaded FSR ,vith
EGTA.

The enzyme solution was preincubated with 10

ATP as described in Fig. 4.

pM unlabeled

The preincubation times lv-ere 10 (0,0),

100 (0 ,C) and 200 min (.b., A) , respec ti vely.

After a long

preincuba tion, the unlabeled ATP added ,,,as hydrolyzed completely
2
and Ca + ions preloaded into FSR had almost completely leaked out,
as the outside solution contained 0.1 mM EGTA.
started by adding 10

The reaction ,\\ras

pM AT32p to FSR, and the amounts of 32pi

liberated (0,0 ,.b.) and E32p formed (0 ,Cl ,A) were measured
under the standard conditions.
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lvhen the preincubation time was longer than 100 min," they occurred.
The reaction profile of the ATPase after 200-min preincubation
lvi th unlabeled ATP was very similar to that of the control show"n
in Fig. 3.

According to Yamadaetal. (13), after 100-200 min
incubation of FSR, the concentration of Ca 2+ ions ·reaches an

equilibrium

across the FSR membrane ..

"Time Course of Pi Liberation and EP Formation of FSR ATPas"e
at 4°C -

To clarify the relationship betlveen the rate of Pi

liberation and the amount of EP in the initial phase of the reaction, I performed the ATPase reaction under the standard conditions
at a low temperature;
As shown in

Fi~.

a lag phase

i.~.,

4°C, to lmver the ATPase activity.

6, the amount of EP increased with time without

and reached a maximum value (5.4 pmol/g protein)

0.4 s after the reaction had been started.

The time course of

P. liberation consisted of a long lag phase, a burst phase and a
1

steady phase.

Figure 7 shows the change in the apparent rate

constant of EP decomposition (kd = v/rEP]) lvith time after the
start of the reaction.

The value of v at time t was calculated

as A Pi/~t, where A Pi is the amount of Pi liberated during .6.t
around the time t.

The kd value was 0.5 s-l in the initial phase,

increased to a maximum of 1.8 s-l after 1.3 s of reaction, then
decreased rapidly to the steady value (0.1 s-l) 2 s after the
reaction start.

Changes in kd with time similar to those observed

at 4°C also occurred at 20°C, although the kd value during this
initial phase could not be determined accurately.
Time Course of Pi Liberation and EP Formation of Solubilized
ATPase in the Presteady State

To investigate whether the EP

overshoot and the P. burst in the initial phase of the FSR ATPase
1
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Time courses of EP formation and Pi liberation during

the initial phase at

4°e.

The time courses of Pi liberation (0)

and EP formation (0) were measured under the standard condi tions ,
except that the SR protein concentration was 0.14 mg/m1 and the
temperature was

4°e instead of 20 o e.
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(5)

Time course of change in the kd value during the initial

phase at 4°C.

The kd value was obtained by dividing v by [EP] at

time t given in Fig. 6.

The value of v at

as hPi/.1t as described in the text.

time t was estimated
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reaction are related to the membrane structure, the reaction of
the ATPase solubilized by the method of le Maire 'et' ·al. (2) 'vas
studied in 0.1 M KCI, 1 mM MgCI 2 , and 0.1 mM CaCl 2 inthe.presence
of 0.1 mg/ml of Tween SO at pH 7:0 and 20°C. Figure S shows the
time course of the EP formation and P. liberation in the presteady.
1

state after 10

pM

ATP had been added to 0.125 mg/ml SR.

The amount

of EP increased rapidly with time and reached the steady-state
level, 2.S3 pmol/g protein, within 0.06 s;
not observed.

the EP overshoot was

The' Pi liberatipn showed a definite presteady state

'vhich . closely corresponded to the period when the amount of EP
was increasing.

The observed time course of P. liberation agreed
1

well with that calculated from the observed. time course of EP
formation on the assumption that EP was an intermediate in the
reaction and its specific turnover rate was 7.1 s -1 .
Dependence on ATP Concentration of the Rate of Pi Liberation
and the Amount of EP of Solubilized ATPase in the Steady State
The dependence on the ATP concentration of the ATPase activity
and the amount of EP of the solubilized ATPase in the steady state
'vas measured under the standard conditions (Fig. 9).

The double

reciprocal plots of the ATPase activity and the amount of EP
against the ATP concentration gave straight lines, and the
Michaelis constants both for the ATPase activity and the EP formation were 1 pM, which were almost equal to the values obtained
on FSR (S).

The maximum rate of Pi liberation was 14.5 pmol P i /
(g protein·s), which was much higher than the 2.2 pmol Pi/(g pro-

tein·s) obtained on FSR (S).

On the other hand, the maximum

amount of EP was 3 pmol/g protein, which 'vas smaller than the
6 pmol/g protein of FSR (S).

Therefore, the value of v/rEP] of
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Time courses of EP formation and Pi liberation of the

solubilized ATPase during the initial phase of the reaction.

The

ATPase reaction of the solubilized SR 'vas perfolrmed in 0.1 M KCl,
1 mM MgCl

Z'

0.1 mM CaC1 2 , and 0.1 mg/ml Tween 80, and 20 mM Trismaleate at pH 7.0 and 20°C. The reaction was started by adding
10 yM ATP to 0.125 mg/ml SR, and the amounts of Pi liberated (0)
and EP formed (Q) were measured.

The line for Pi liberation was

calculated by assuming that the rate constant for EP decomposition
.

'vas 7.1 s
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Double reciprocal plots of the rate of the ATPase reaction

and the amount of EP of the solubilized ATPase in the steady state
against the ATP concentration.

The rate of ATPase (0) and the

amount of EP (0) ,,,ere measured in the presence of 7 (0) or 40
((9) JIg/ml SR protein in 0.1 M KCl, 1 mM MgCl z ' 0.1 mM CaCl Z '

0.1 mg/ml THeen 80, and 10 m!'>'! Tris-maleate at pH 7.0 and ZO°C.
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solubilized ATPase (4.2 s-l) was about ten times larger ,than that
of FSR.

Acceleration of the ATPase

a~tivity

by dissolving FSR

has already been reported by many investigators (14,15).
ADP Binding toSR ATPase' dtiringthe ATPase' Reaction -

I

measured the amount of ADP' bound to the solubilized ATPase during
the ATPase reaction by the method described in the "EXPERIMENTAL
PROCEDURE."

Figure 10 shmvs the time courses of increase in the

amount of EP and that of ADP remaining after starting the reaction
with ATP under the' standard conditions.

The amount of EP in the

steady state Has 1.8 pmol/g protein, Hhich was equivalent to the
concentration of 0.1 pM in the experimen"tal conditions used, as
shoHn in the figure.

The [14C]ATP preparation used in this ex-

periment Has contaminated by a trace amount of AMP, and the amount
of AMP increased slightly during the ATPase reaction, probably
due to the presence of membrane-bound adenylate kinase activity
[EC 2.7.4.3] 1 .

No ADP was observed in this reaction system, and

the amount of ATP remained at 0.48 yM.

I

thus concluded that the

main reaction intermediates in the steady state do not contain
bound ADP.

DISCUSSION

The EP overshoot reported by Froehlich and Taylor (16) was observed
at about 50 ms after the start of the reaction, and the P .liber1

ation also showed a burst phase which coincided with the transient
decay of EP (see Figs. 2. & 3).

Hmvever, the' transi tion of the kd

value (v/[EP]) continued for longer than 1 s after the EP overshoot
had been completed, and the burst size of P. liberation due to
1

1

Watanabe, K., Itakura, K., and Kubo, S., personal communication

28

-

:2:

4.

............

()
............

~

D-

W

--<l. 0.1 0
0:: .
:2:

«

..

..-...

0

............

10

5
REACTION TIME (sec)

Fig. 10.

Evidence for lack of ADP binding to EP.

The amounts of

ATP (6), ADP (0) and A:tvlP (A) ,,,ere measured in 55 yg/ml SR
protein, 0.5 yM ATP, SO mM KCl, 50 pM CaC1 2 , 10 mJ..I MgC1 2 , 0.05 mg/ml
Ti1een 80, and 0.1 M Tris-HCl at pH 9.0 and 20°C.

The ATPase

reaction was coupled with 5 mg/ml CK and 10 mJ..I CP to convert free
ADP completely to ATP.
absence of CP.

The amount of EP (0) was measured in the
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the vi [EP] transition was about 20 pmol/g protein (Fig.· 2).
Since the time range of the P. burst related to the transient
1

.

decay' of EP and that of the kd transition ,,,ere di fferen t, and
since the burst size of Pi liberation due to the kd transition
was

muc~

larger than thea'cti ve site concentration ; it is reason-

able to assume that the reaction mechanisms for these t,,,o kinds
of Pi burst are different.

Hereafter, I will call the Pi burst

observed by Froehlich and Taylor (16) the Pi burst of the first
type, and that observed by Kanazawaetal. (8) the Pi burst of
the second type.
Froehlich and Taylor (16) asserted that the P.1 burst of the
first type is caused by the formation of an acid-labile intermediate (E·P) formed by rapid hydrolysis of EP.

Although thepossi-

bility of an appreciable amount of E·P existing in equilibrium
with EP in the steady state could be excluded, the possibility of
E·P existing in the transient phase could not (9).

However,

Boyer et al. (17) conducted kinetic analyses of the reverse reaction, that is, the P.;=::: HOH exchange reaction and the EP formation
1

from medium Pi' and showed that the Michaelis complex (E·Pi) is
in rapid equilibrium wi th medium p.1 (the rate constant of decomposition of E.P i into E + Pi calculated by me from Boyers' results
was higher than 200 s -1 while the value assumed by Froehlich and
Taylor (16) was 10 s-l).

Thus, the E·P of Froehlich and Tay10r

can not be considered the Michaelis complex (E.Pi) formed in the
reverse reaction.

Furthermore, the complicated kinetic behavior

of theini tial phase could not be explained by the mechanism of
Froehlich and Taylor. When the reaction ,,,as started by adding
2
Ca + + ATP, neither the EP overshoot nor the Pi burst of the
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first type occurred (Fig. 3), although both the rate of Pi liberation and the amount of EP in the steady state were almost equal
to those obtained when the reaction ,,{as started with ATP.

These'

great differences between the reaction profile in the initial
phase oJ the ATP start and that of the Ca
be due to a slmv binding of Ca

2+.

2+

.
+ ATP start can not

.

lons to the ATPase, because Ca
ions bind very rapidly with the SR ATPase (18) and Ca 2+ and ATP

. bind with the ATPase in a random sequence (8).

~he

2+

EP overshoot

and the P.1 burst of the first type l,vere also eliminated when SR
was preloaded with a small amount of Ca 2+ ions (Figs. 4 and 5),
although the rate of Pi liberation and the amount of EP in the
steady state were affected only slightly.
The complicated relationship betl.veen the rate of P. liberation
1

and the amount of EP in the presteady state was clearly evident
when the ATPase reaction was performed at 4°C.

The plot of the

"apparent" rate constant of EP decomposition (v/[EP]) versus time
sh01ved a bell-shaped profile (Fig. 7).

Neither the mechanism

proposed by Kanazawa et al. (8) nor that by Froehlich and Taylor
(16) can explain this complicated. time course of the v/[EP] value.
The long lag phase of P.1 liberation may be explained if I assume
that the acid-labile P. is formed through at least tl,vO TCA-stable
1

EP intermediates.

Ikemoto (19) also proposed the sequential

2
formation of two acid-stable EP intermediates differing inCa +
affinity.
Since the existence of an acid-labile intermediate (E'P)

is:~

doubtful under my experimental conditions, I must consider other
possibilities to explain the kinetics of the ATPase reaction in
the initial phase.

One way is to propose a complicated reaction
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scheme 'vi th an increased numb er of intermediates.

For' example,

the possibility exists that P.1 is liberated not only from the EP
intermediate but also from other intermediates such as EATP, as
suggeste d b y L mve et

( 2 0)
1
~..

·
. b ase d on ana 1YS1S

0

f t h e N a+ , K+ -

dependent ATPase [EC 3.1. 6.3] reaction in the pre·s·teady state.
Another possibility is that two EP intermediates exist and they
have different rate constants for decomposition, ,vhich was proposed
by Nakamura and Tonomura(2l) to explain the presteady-state and
steady-state kinetic behaviors of the SR p-ni trophenylphosphatase
reaction.

A second ''lay is to assume that '.'apparent" rate constants

of several steps change with the reaction time.

Sumida et al.(9)

have already shown that the P. burst of the second type is due to
1

the change of the "apparent" rate constant of EP decomposition
with time.

A third way is to assume interaction between ATPase

molecules.

For example, Fig. 11 shmvs an attempt to explain the

bell-shaped profile of the time course of v/[EP], on the assumption
that two EP intermediates interact 'vi th each other and the rate
constant of decomposition of one EP is proportional to the amount
of decomposition of the other EP.
In the above analyses, I tacitly assumed that the physicochemical state of ATPase is homogeneous at the start of the reaction.

Hmvever, Yamamoto and Tonomura (22) shmveCl that the number

of lysine residues in various subfragments of SR ATPase, which
are modified by 2,4,6- trini trobenzEmesulfonate., is not integral.
Therefore, they suggested the possibility that the state of the
ATPase in the membrane is somewhat heterogeneous (22).

Thus, it

is essential to know whether the interactions between the ATPase
molecule and PL are the same for all the ATPase molecules in the
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membrane.

When the ATPase reaction was performed on solubilized

ATPase in the presence of Tween 80', both the EP overshoot and the
P.1 burst of the first type did not occur (Fig. 8), and the lag
phase in the P.1 liberation corresponded closely to the period ''lhen
the EP concentration was increasing, as already reported by
Yamada et al. (15) using Triton X-lOO treated SR ATPase.
I

Thus,

suggest that the complicated reaction profile of the initial

. phase in the FSR ATPase is attributable to the heterogeneity in
interactions betw'een the ATPase molecules and PL.
The acceleration of the FSR ATPase activity by ATP itself was
first reported by Yamamoto and Tonomura {14) and later confirmed
by many investigators (12).

Kanazmva et al. (8) indicated that

this phenomenon is due to the acceleration of EP formation.

But

when the solubilized ATPase \Vas used, no acceleration of the
ATPase reaction by ATP Ivas observed (Fig. 9) and the value v/rEP]
of the solubilized enzyme Ivas much larger than that of FSR, as
already reported by Yamada et al. (15) using FSR in the presence
of Tri ton X-lOO.
Kanazawa et al. (8) found that lvhen the ATPase reaction \Vas
stopped by adding sufficient amounts of EGTA and ADP, EP disappeared
completely and ATP Ivas formed in an amount equal to the amount of
EP\Vhich had disappeared at an alkaline pH.
that EP does not contain bound ADP.

Thus, they concluded

On the other hand, Yates et

al. (23) recently measured the binding of ADP and ATP to the
purified ATPase by a flow-dialysis method, and suggested the
existence of EP \Vith bound ADP from the result that the affinity
for ADP was similar to that for ATP.

Figure 10 clearly indicates

that the amount of ADP bound to ATPase during the ATPase reaction
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lvas negligibly small at least in the steady state and in the
presence of CK and CP, thus supporting Kanazal-vas' conclusion.

*

*

*

*

*

This investigation '\-vas published in 1.978, and it appears in
"J.Biochem.

Fig. 11.

~,

1275-1284."

Analog computer simulation of the time courses of EP

formation and Pi liberation during the initial phase.

I assumed

that two distinct populations of ATPase CE and E*) exist in a
molar ratio of E to *E of 3:1 before addition of ATP, and that
the ATPase reactions of *E and E occur as follows:
*EATP-4 ":EP +ADP~ °E + Pi +

~ EP + ADP~ E+ P.1 + ADP.

The simulation represents phosphory-

a Hitachi analog computer ALS-200X.

k2

= kZ'

2 s-l.

=

~.

+ ADP; E + ATP~EATP

lation and Pi liberation at 10 yM ATP.

constants was used.

*E + ATP-L

kl = k , = 10
l

7

Simulation was done lvi th

The following set of rate
-1 -1

Ms

-1 .

,k_l=k_l,=200s,

150 s-l, k3 = 400 [APiJ/f: s -1 ,k3' = 10 s -1 ,and k4

r;::
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SUMMARY
.
. 2+
2+
.
The reactl0n of Ca ,Mg -dependent ATPase [EC 3.6.1.3] of
fragmented sarcoplasmic reticulum (FSR) was studied in the

pre~

steady state, and the following results were obtained.
1.

The Pi burst reported by Kanazawa: et al. [J. Biochem. 70, 95-

123 (1971)] was caused by the transition of v/rEP] after the EP
overshoot and the P.1 burst observed by Froehlich' and Taylor [J.
BioI. Chem. 250, 2013 ... 2021 (1975)] had occurred.
2. When the reaction was started by adding Ca 2+ and AT32p to FSR
'or AT 3·Zp to FSR preloaded ,vi th Ca 2+, neither the E 32 p overshoot
nor the 32p. burst were observed.
1

3.

The time course of P. liberation showed a lag phase and a burst
1

phase, and the apparent rate constant of EP decomposition (v/[EP])
showed a very complicated pattern during the initial phase of the
reaction.

It increased from the initial value, reached a maximum,

then decreased to the steady-state level.

This phenomenon \Vas

observed more clearly at 4°C than at 20°C.
I also studied the kinetics of solubilized SR ATPase, and
obtained the following results.
1.

The SR ATPase in the solubilized state showed neither the EP

overshoot nor the P.1 burst.
2.

The double reciprocal plots of the ATPase activity and the

amount of EP in the steady state against the ATP concentration
gave straight lines over a 'vide ATP concentration range.
3.

The amount of ADP bound to the enzyme during the ATPase

reaction was estimated by measuring the amount of ADP remaining
in the SR ATPase-ATP system coupled 'vi th creatine kinase (CK)
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[EC 2.7.3.2] and creatine phosphate (CP).
ADP was found

The amount of bound

to be negligibly small.

I. thus concluded that the EP overshoot and
the P.1 burst which
..
coincided \Vi th the transient decay of EP during the initial phase
are not caused by the formation of an acid-labile' intermediate
(E·P) as Froehlich and Taylor suggested, but depend on the enzyme
state in the membrane, probably on the interactions of the ATPase·
with phospholipids (PL).

Furthermore, the acceleration of the

ATPase reaction by ATP also depends on the enzyme state in the
membrane, and the EP intermediate does not contain bound ADP at
least in the steady state of the ATPase reaction.
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PART

II

ADP-Sensitive and -Insensitive Phosphorylated
Intermediates of Solubilized Ca 2+, Mg 2+-Dependent
ATPase of the Sarcoplasmic Reticulum from
Skeletal Muscle

40

EXPERIMENTAL PROCEDURE

FSR was prepared from rabbit skeletal muscle, as described previously (1).

SSRATPase lvas prepared as follmvs:

FSR (120 mg

protein) in 20 ml of sucrose buffer containing.0.25 M sucrose,
0.1 M KCl, 0.1 mM CaC1 2 , and 20 mM Tris-TES at pH· 7.0 was
solubilized with 240 mg of octaethyleneglycol mono-n-dodecylether .
(C 12 E S) (2).

The solution was diluted to 120

m~

by addition of

sucrose-Tlveen buffer containing 0.25 M srcrose, 50 mM KCl, 0.1 mM
CaCi 2 , 0.1 mg/ml Tween SO, and 20 mM Tris-HCl (pH S.O) at 10°C,
then centrifuged at 100,000 x g for 40 min to remove insoluble
materials.

The clear supernatant was applied to a column (1 x

30 cm) of Whatman DE 52, equilibrated lvi th the sucrose-Tlveen
buffer to remove C12 E . ATPase was eluted with 600 ml of a linear
S
gradient of 50 to 550 mM KCl in the sucrose-Tlveen buffer (Fig. 1).
ATPase activity of each fraction was measured in the presence of
5 mM ATP, 90 mM KCl, 5 mM MgC1 2 , 50 pM CaC1 2 , and 50 mM imidazoleHCl at pH 7.0 and 20°C. ATPase [specific activity
about 10
pmol Pi/(g protein·s); maximum amount of EP = 2 mo1/l0 6 g protein]

=

was eluted at about 0.2 M KCl, and 55,000 dalton protein lvhich
did not shmv ATPase acti vi ty lvas eluted at about 0.4 M KCl.

The

ATPase fractions (no. 2S-4l) were essentially free of other proteins according to gel electrophoresis (3), and w·ere stable at
least for a week at O°C.

The lipid content of the preparation,
determined as inorganic phosphate· (4), '"as about 30 mol per 10 5 g

of protein.

["0- 32 p ]ATP was synthesized enzymatically by the

method of Glynn and Chappell (5).
The amount of EP and the ATPase activity in the steady state
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DEAE-ce11u1ose column chromatography of solubilized

sarcoplasmic reticulum.

The proteins were eluted with the linear

gradient of KC1, indicated by the conductivity (-----).

Fractions

containing ATPase i.e., those indicated by the horizontal bar,
were pooled.

For details see text.
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were measured, as described previously (6).

A Durrum D-133

multi-mixing apparatus (6) and a simple mixing apparatus (7)
were used to follOlv rapid reactions.

Various procedures for

estimating the amounts of ADP-sensitive and -insensitive EP are
outlined in Fig. 2.

In th'e simple methods a, band

c, SSR

ATPase was phosphorylated by adding 1 pM AT32p to· the reaction
mixture containing SSR, KCl, sucrose, MgC1 2 , CaC1 2 , 0.1 mg/ml
Tween 80, and 100 mM Tris-HCl at pH 9.0 and 10°C. After appropriate intervals, a solution containing unlabeled ATP and ADP (
final concentrations, 1 mM) 'vas added to the reaction mixture (
simple method a).
addition of 4% TCA.

The reaction was terminated 5 s later by the
The amounts of E32p remaining and 32pi

liberated after the addi tion of ATP

+

ADP 'vere considered to

represent the amount of ADP-insensitive EP.

The amount of ADP-

sensi ti ve EP was obtained by subtracting the amount of ADPinsensitive EP from the total amount of EP just before the
addi tion of ATP + ADP or by measuring the amount of AT32p formed
after the addition of ATP + ADP (8).
values.

Both methods gave similar

In the case of the simple method b, a solution containing

CaC1 2 or MgC1 2 was added 10-s after the reaction had been started
by adding AT 32 p, then 2 slater ATP + ADP 'vas added to es tima te
the amounts of the two kinds of EP.

In the simple method c, 20 s
after the reaction had been started by adding AT 32 p, a solution
containing 1 mM EGTA, 1 rn1vI ATP, and 1 mM ADP Has added instead of

1 mM ATP and 1 rn1vl ADP. In the kinetic method, 20 s after the
addition of AT 32 p, a solution containing 1 mM ATP and 1 mM ADP
was added to the reaction mixture.

After appropriate intervals,

4% TCA 'vas added to terminate the reaction, and the amount of
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1.. Simple method
(a)

SSR

ATP+ADP

__~i____~_r~e~a~c~t~io~n__ti_m_e~l______- r_______>t

5St

AT 32 p
(b)

TCA

Ca 2+or Mg2+

SSR

i

105

I

2S
o

(c )

t

TCA·

55!
t;-

ATP+ADP

SSR
EGTA+ATP+ADP
__~!__~___2_0_S____J~~-.

______~

t

. AT32p

5s

t
TeA

2. Kinetic method

SSR
ATP+ADP
__~I__~~__2_0_S__~!
~

t 32

AT

Fig. 2.

____ __.-_~
var. ti me

p

t

TeA

Various procedures for estimating the amounts of ADP-

sensitive and -insensitive EP.

For explanation, see text.
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AT32p formed after the addition of 1 mM ATP + 1 mM ADP was measured·
as described above.

From the time course of AT32p formation, the

amount of AT32p i'lhich formed rapidly upon addition of ADP 'vas
estimated.
ATPase (1. 6 mg protein/ml) lvas modified with l' mM MalNEt in
0.25 M sucrose, 0.35 M KCl, 0.1 mM CaC1 2 , 0.1 mg/ml Tween SO, and
20 mM Tris-HCl at pH 7.S and 20°C. After appropriate intervals,
the reaction was stopped by adding 10 mM DTT ~
Radioacti vi ty 'was me asured 'vi th a Beckman L8-l50 scintillation·
counter using 7 ml of liquid scintillation mixture containing
2,5-diphenyloxazole (6 g/liter), 1,4-bis·CS-phenyloxazolyl)benzene
(0.1 g/liter), and xylene to bring the volume to 1 liter.

Protein

concentration was determined by the biuret reaction, calibrated.
by nitrogen determination.

The protein concentration of 8SR was
calculated using the factor, A2S0 = 1.4 mg- l , that was determined
by the biuret method.
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RESULTS

Kinetic Properties of SSR ATPase -- The time courses of EP
formation and P. liberation in the initial phase of the ATPase
1.

reaction were measured.

When the reaction was .started by adding

ATP, the amount of EP increased rapidly ,vi th time ,vi thout a lag
phase and reached a steady-state level, while P. liberation shmved
1.

a definite pre-steady state which closely corresponded to the
period when the amount of EP was increasing (data not shown).
After the lag phase, P.1. was liberated linearly
with time.
.

The

dependence on ATP concentration of the rate of ATPase reaction
(v o ) and the amount of EP ([EP]) in the steady state 'vere measured
in the presence of 0.1 M KCl, 0.1 M sucrose, 1 mM MgC1 2 , 0.1 mM
CaC1 2 , 0.1 mg/ml Tween 80, and 50 mM Tris-maleate at pH 7.0 and
10°C.

As shown in Fig. 3A, the double reciprocal plots of Vo

and [EP] against [ATP] gave straight lines, and the Michaelis
constants for both Vo and [EP] were 0.4 pM.
The dependence on ATP toncentration of the initial velocity
of EP formation (v f ) was also measured under the same conditions
as for vo. Since the time course of EP formation showed ~ short
lag phase (about 20 ms) ,vhen the ATP concentration was lower
than 2 pM (see Fig. 8), the value of v f '-las measured under the
condi tions where the amount of EP increased linearly 'vi th time.
As shmvn in Fig. 3B, the doub le reciprocal plot of v f versus
[ATP] gave a straight line, and the maximum rate of EP formation
and the Michaelis constant (Kf) were 20 )lmol/ (g protein. s) and
7.6 pM, respectively.
These results can be explained by a simple mechanism:
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of SO }lg/m1 SSR, 0.1 M KC1, 0.1 M sucrose, 1 inM MgC1 , '50 pM CaC1
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Fig. 4.

Initial phase of the SSR ATPase reaction in the presence

of ADP.

The reaction \Vas started by adding 0.1 mM AT32p to SSR

(0.2 mg/m1) in the presence of 1 mM ADP, 0.1 M KC1, 0.1 M sucrose,
2 m1'-1 MgC1 2 , SO pM CaC1 2 , 0.1 mg/m1 T\Veen 80, and SO mM Tris -maleate
at pH 7.0 and 10°C, and the amounts of Pi liberated (0) and EP
formed (0) were measured.
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E + ATP,

' E·ATP
Kf

kf

} EP--.~> E + P.
kd
1

since the amount of ADP bound to the enzyme during the ATPase
reaction is negligibly

sm~ll

(see Part I).

as vo/[EP] was about 0.4 s-l.

The

v~lue

of kd obtained

The rate of EP formation was much

higher than that of its decomposition, and the value of k f was
obtained by dividing the maximum rate of EP formation by the
active site concentration·which was equal to EP.in the presence
of sufficient amounts of ATP.
assumed

The k f value was about 11 s -1.. If it is
that the reaction between E + ATP ·and E·ATP is in rapid

equilibrium, Km is given by

The value of Km thus calculated ivas about 0.3 pM, ivhich was almos t
equal to the experimental value, 0.4 pM.
Inhibition of ATPase Activity by ADP

Analysis of the mode

of product inhibition is very useful in clarifying the mechanism
of an enzyme reaction (9).

The effects of ADP on the time courses

of EP formation and P.1 liberation were measured. The reaction was
started by addition of 0.1 Illi\I AT 3Z p in the presence· of 1 mM ADP,
0.1 M KCl, 0.1 M sucrose, Z mM MgCl z ' and 50 pM CaCl Z at pH 7.0
and 10°C. As shown in Fig. 4, the amount of EP reached the steadystate level at about la s after the addition of ATP, and the time
course of Pi liberation showed a definite lag phase.

I measured

the dependence on the ATP concentration of the rate of the ATPase
reaction (v o ) and the amount of EP in the steady state. The reaction was started by addition of 100 or 50 )1M ATP in the presence
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of 0 to 0.2 mM ADP, 0.1 M KCl, 0.1 M sucrose, 1 mM MgC1 2 ,and SO
pM CaC1 2 at' pH 7.0 and 10°C. As:'showni,in Fig. 5A, the reciprocal
plots' of Vo and [EP] against [ADP] at different ATP concentrations
gave straight lines, lvhich intersected at the same point of the

.

horizontal axis, and the Ki value for the non-competitive inhibition was 0.21 mM.

However, ADP did not inhibit the decomposition

of EP, since the reciprocal plots of both Vo and [EP] against
[ADP] gave the same value ofK.,
as shown in Fig. SA.
1

This was

confirmed by the iesults of Fig. 5B, which showed that the value
of vo/[EP] was independent of ADP concentration.

These results

indicated the existence of an EP interme"diate which 'vas decreased
by the reaction with ADP.
ADP-Sensitive and -Insensitive EP -

To clarify lvhether ATP

was formed by the reaction of EP with ADP or not, I performed the
follmving experiments in the presence of 100 mM Tris -HCl at pH
9.0 and 10°C, where EP decomposed very slmvly.

The phosphorylation

reaction was started by addition of 1 )1M AT32p to 0.5 mg/ml SSR
in the presence of 0.35 M KCl, 0.25 M sucrose, 1 mM MgC1 2 , and
0.1 mM CaC1 (Fig. 6). The amount of E32p reached about 1.13
2
pmol/g protein 5 s later, and further formation of E32p '\Vas stopped
by the addition of 1 mM unlabeled ATP or 1 mM EGTA.

When 1 mM

ADP 'vas added simultaneously ,vi th ATP (.}.) ,the amount of E32p
rapidly decreased and reached the lmv level of 0 .16)1l11ol/g protein'
in 10 s.

The AT32p concentration in the medium changed inversely

with the E32p concentration.

After addition of AT32p to SSR, the

AT32p concentration rapidly decreased to 0.6 from 2.0 pmol/g protein.
On subsequent addi tion of ADP together wi th unlabeled ATP, the
concentration of AT32p began to increase with a corresponding'
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Dependence

on ADP concentration of the rate of ATPase

the amount of EP in the steady state, and the value of
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SI

Fig. S.

Dependece on ADP concentration of the rate of ATPase

(v o ); the amount of EP in the steady state, and the value of v o / [EP].
A: Reciprocal plots of the values of Vo and [EP] against the ADP
concentration.

The values of Vo (O,ll) and [EP] "(0,4) 'vere

measured in the presence of 0.1 mg/nil SSR, SO (0,0) or 100 pM
(ll ,A) AT32p, various concentraions of ADP, 0.1 M KCl, 0.1 M
sucrose, 1 mM MgC1 2 , SO pM CaC1 2 , 0.1 mg/ml Ttve€m 80, and SO mM
Tris-ma1eate at pH 7.0 and 10°C.

B: Dependence of vo/[EP] on

ADP concentration.

The v o / [EP] value in the steady state 'vas
measured in the presence of 0.2 mg/ml SSR, 100 pM AT 32 p, various
concentrations of ADP, 0.1 M KCl, 0.1 M sucrose, 2.5 mM MgC12,
SO JIM CaC1 2 , 0.1 mg/m1 T'veen 80, and SO mM Tris-maleate at pH 7.0
and 10°C.

Fig. 6.

ATP formation from EP and added ADP both in the presence

and absence of Ca

2+

.

SSR (0.5 mg/ml) 'vas phosphorylated 'tvi th

1 ]JM AT32p in the presence of 0.35 M KC1, 0.25 M sucrose, 1 mM
MgC1 2 , 0.1 mM CaC1 2 , 0.1 mg/ml Tween 80, and 100 mM Tris-HCl at
pH 7.0 and 10°C.

After 5 s, the formation of E32p 'vas stopped

by the addition of 1 mM unlabeled ATP or 1 mM EGTA (.!,).

Wi th

unlabeled ATP, 1 mM ADP (0, b. , D) or 1 mM ADP + 1 mM EGTA (j),

A , rn) was added simu1 taneous ly, while 1 mM ATP + 1 mM ADP was
added 5 s later when the phosphorylation 'vas stopped by EGTA (0,
A ,0).

At intervals after the start of the reaction, the reaction

\Vas stopped by adding TCA and the amounts of 32pi (O,(J),O) E32p
(b. ,A ,A), and AT32p (0,

at , D) 'tvere measured.
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ATP formation from EP and added ADP both in the presence
and absence of Ca 2+.
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decrease in E

32

p, and reached 1. 55 pmol/g protein.

When 1 mM

EGTA '\vas added simultaneously '\vith ATP + ADP, the amount of E32p
decreased more slowly than

wh~n

the reaction was stopped with

ATP + ADP and the amount of AT32p formed was only about 30% of
that formed upon addition of ATP and ADP.

When the phosphorylation

reaction '\vas stopped by addition of EGTA and ATP + ADP was added
to the reaction mixture 5 s later, no AT32p 'vas formed, and E32p
(about 0.7 pmol/ g protein) was decomposed into_ 32p i and E. - Thus,
- 32
2
the reactivity of E Pfor ADP was reduced by removing Ca + ,vi th
EGTA,.and in the absence of Ca 2 + all the EP '\vas ADP-insensitive.
Figure 7 shows the effect of Ca
EP.
1

pM

2+

.

on the ADP sensitivity of

The phosphorylation reaction was started by addition of
AT32p to SSR under the same conditions as for Fig. 6.

When

2 mM CaC1 2 'vas added s imul taneous ly 'vi th 1 mM ATP and 1 mM ADP
(-¥), almost all the E32p formed reacted wi th ADP to form AT32p.

On the other hand, '\vhen 1 mM EGTA was added simultaneously with
ATP + ADP, only 40% of E32p '\vas converted into AT32p.
Figure 8 shows the effects of pH and hydroxylamine on the
stability of two kinds of phosphoprotein isolated by TeA treatment
(10) .

SSR '\vas phosphorylated by adding 1 pM AT32p in: the presence

of 0.1 M KCl, 2 mM CaC1 2 , and 100 mM Tris-HCl at pH 9.0 and 10°C.
The reaction was stopped by addition of 4% TCA, and phosphoprotein
thus obtained 1vas used as ADP-sensitive EP (c£.

Fig. 7).

To

prepare ADP- insensi ti ve EP, SSR was phosphorylated '\vi th 1 JIM AT32p
in the presence of 0.1 M KCl, 0.1 mM CaC1 , and 100 mM Tris-HCl
2
at pH 9.0 and 10°C.

After 20 s of reaction, 2 mM EGTA was added,

then the reaction was stopped 5 s later by adding 4% TCA (cf. Fig.
6).

These t1vO kinds of EP shOlved the same pH-stabili ty character-
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Effect of Ca

2+

on the reaction of EP with ADP.

SSR

(0.5 mg/ml) was phosphorylated '''ith 1 pM AT32p under the same
conditions as described for Fig. 6.

After 3 s, the formation of

E32p was stopped by addition of 1 mM ATP + 1 mM ADP + 2 mM CaCI Z

(0 ,0 ,A) or 1 mM ATP + 1 mM ADP + 1 mM EGTA (@ ,Q) ,A) ( t

J.

At intervals, the reaction 'vas stopped by addition of TCA, and the
amounts of 32p i

(0 ,<D ), E32p' (0 ,q)) and AT32p (6. ,A) were measured.

ss
istics; both 'vere unstable at alkaline pH (Fig. 8A).

Furthermore,

both rapidly decomposed in the presence of 0.5 M hydro.xylamine /
(Fig. 8B).

Thus, it was concluded that the phosphate bonds of

the two kinds ofEP, which had different reactivities with ADP,
were both the acyl phosphate type (10), at least after denaturation
with TeA.
Sequential Formation of Two Kinds of EP -

Figure 9 sholvs

that the formation of E32p from AT32p was rapidly and completely
stoJ?ped but the Pi -exchange reaction between E32p and ATP 'vas
not induced by the addition of sufficient amounts of unlabeled
.
32
32
ATP. The sum of the amounts of E P and
P. obtained by stopping
1

the reaction with 1 N Hel (exptl. 1) was equal to the sum of the
amounts of E32p and 32p. measured by adding TeA at 15 s after the
1

formation of E32p had been stopped with 1 mM unlabeled ATP at the
time indicated as the reaction time (exptl. 2).

The E32p forma-

tion measured after the Hel stop showed a short lag phase within
20 ms after the start of the reaction, then proceeded linearly
,vi th time.

After 0.2 s of reaction, the amounts of EP formed and

Pi liberated were 0.31 and 0.04 pmol/g protein, respectively.
As shOlvn in Fi g. 10, during the steady state about 30% of
E32p (exptl. 1) was recovered as the sum of E32p and 32p. when
1
the reaction was stopped by adding 4% TeA at 15 s after the
formation of E32p had been stopped by adding 1 mM unlabeled ATP
and 1 mM ADP at the time indicated as the reaction time (exptl. 2).
Thus, most of the E32p could react 'vith ADP to form AT32p.
Furthermore, the time course of formation of E32p and 32p.

1

obtained by stopping the reaction with TeA 15 s after adding ATP
+ ADP showed a definite lag phase.

This indicated that during

56

100

A
.--.

~

-

Cl

w
Cl)

«
w

50

....J

W

c::
0.

6
pH

8

10

B
20
..........

-w
?fl

Cl

Cl)

«

10

w

....J

W

~

.-

c..

2

4

REACTION TIME (min)
Fig. 8.

Chemical characteristics of phosphate bonds of ADP-sensitive

and -insensitive EP isolated by TCA treatment.
of the stability of the

"t\vO

kinds of EP.

A: pH-dependence

ADP-sensitive (0) and
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-insensitive EP (0) were obtained as described in the text, and
the amount of P.1 released was measured 30 min after incubation of
t,vo kinds of EP in 50 mM pH buffer at 20°C.
hydroxy1am~ne

B: Acceleration by

of the decomposition of the t,vo kinds of EP.

ADP-

sensitive (0,6.) and -insensitive EP (0,4) were- incubated with
0.5 M hydroxylamine

CO, (») or 0.5 M" KC1

(.6 ,4) in the presence

of SO mM Tris-maleate . at pH 5.5 and 20°C:.

Fig.

g;

Time courses of E3Z p formation an~ 3Z p . liberation during
"

1

the initial phase when the reaction was stopped with 1 NHC1 or
1 mM unlabe1ed ATP.

SSR (0.15 mg/m1) was phosphorylated 'vi th

0.5 pM AT 3Z p in the presence of 0.1 M KC1, 0.1 M sucrose, 1 mM
MgC1 2 , 50 pM CaCl Z ' 0.1. mg/ml T'veen 80, and 50 nuvI Tris-ma1eate
at pH 7.0 and 10°C.

After appropriate intervals, the formation of

E32p was stopped ,vith 1 N HCl (0,0).

It was also stopped with

1 mM unlabe1ed ATP (A ,4 ), then the reaction 'vas stopped 15 s
later \Vi th 4 96 TCA.

The amounts of 3Z Pi liberated (0 ,A) and

E32p formed (0 ,A) were measured.
Fig. 10.

Time courses of E32p formation and 3Z Pi liberation during

the initial phase \Vhen the reaction was stopped with 1 N HCl or
1 mM unlabeled ATP + 1 mM ADP.
with 0.5 pM AT
9.

32

SSR (0.15 mg/ml) 'vas phosphorylated

P under the same conditions as described for Fig.

After appropriate intervals, the formation of E32p 'vas stopped

with 1 N HCl (0,0).

It was also stopped 'vith 1 rnl-.I unlabe1ed

ATP + 1 mM ADP (A ,& ), then the reaction was stopped 15 slater
32
.
.
32
with 4% TCA. The amounts of
Pi llberated (0 ,A) and E P formed
(Q ,A) were measured.
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the initial phase, ADP-sensitive EP 'vas produced, then ADP-insensitive EPwas formed.

.

The time courses of formation of the two kinds of EP were
measured in 100 mM Tris-HCl at pH 9.0 and 10cC, where the EP
decomposition 'vas very slo\v (Fig. 11).

The reaction 'vas started

by adding 1 )1M AT32p to SSR (0.4 mg/ml) in 0.3 M KCl, 0.2 M sucrose,
10 mM MgC1 2 , and 0.1 mM CaCl Z. After appropriate intervals, the
reaction was stopped by addition of 4% TCA, and the total amount
of E 3Z p was measured. The amount of ADP-insensitive EP at each
time 'vas measured by the simple method a described in "EXPERIMENTAL
PROCEDURE."

As ·shown in Fig.-ll, the total amount of EP increased

'vi th time and reached the steady-state level (about 0.8 pmol/g
protein) within 3 s after the start of the reaction.

On the other

hand, the time course of formation of ADP- insensfti ve EP shOlved
a definite lag phase (about 0.5 s), and the amount of ADP-insensitive EP reached the steady-state level about 3 s after the start
of the reaction.

The amount of ADP-sensitive EP, which was

obtained by subtracting the ADP-insensitive EP from the total EP,
increased with time, and reached the steady state level (60% of
total EP) within 1 s after the start of the reaction.

These

results indicate that ADP-sensitive EP is formed first then
converted into ADP-insensitive EP.

Simulation on a Hitachi analog

computer ALS-ZOOX of the formation of the two kinds of EP also
supported the idea of their sequential formation.

I

assumed the

following reaction steps for their formation:

k
E.ATP

k
1 ;>ADP-sensitive EP \

Z 'ADP-insensitive EP.
k_2

The kl value was found to be 1.1 s -1 from the time course of
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EP.

Time courses of formation of ADP-sensitive and -insensitive
SSR (0.4 mg/ml) was phosphorylated with 1 pM AT 3Z p in the

presence of 0.3 M KCl, O. Z M sucrose, la nu\1 MgCl z , 0.1 mM CaCl Z '
0.1 mg/ml Tween 80, and 100 mM Tris-HCl at pH 9.0 and 10°C. After
appropriate intervals, the reaction was stopped by the addition
of 4% TCA, and the total amount of EP (0) was measured.

The

amount of ADP-insensitive EP (+) at each time was measured by
the simple method a, and the time course of formation of ADPsensitive EP (----) was obtained by subtracting the ADP-insensitive
EP from the total EP at each time.
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formation of total EP in Fig. 11.
(cf.

Fig. 18).

The k Z value was 0.5 s-l
The best fit to the time courses of formation of

the t1vO kinds of EP obtained
0.& s

~y

computer simulation, was \vhen a

-1

was used as k_ Z'
Conversion of Two Kinds of EP by Divalent Cations -

Figure

lZ shows the dependence of the ratio of ADP-sensitive EP to total
EP on CaCl Z and MgCl Z concentrations. In the experiments shown
in Fig. lZA, SSR (0.4 mg/ml) was phosphorylated with AT 3Z p in the
pre~ence

of ZO mM MgCl Z and 0.1 mM CaCl Z ' and 10 s later appropriate
amounts of CaCl Z were added to the reaction mixture, then the
amount of ADP-sensitive EP was estimated by the simple method b

described in "EXPERIMENTAL PROCEDURE."

The ratio increased with

an increase in the CaCl Z concentration, while ihe total amount of
EP at steady state \vas unaffected by CaCl and was about 1.6
Z
pmol EP/g protein. In the experiments shmvn in Fig. lZB, SSR
(0.4 mg/ml) was phosphorylated with AT32p in the presence of 1
mM MgC1 2 and 0.1 mM CaC1 2 , and 10 s later appropriate amounts of
MgCl Z were. added to the reaction mixture, then the amount of
ADP-sensitive EP \vas estimated by the simple method b.

The ratio

of ADP-sensitive EP to total EP decreased when the MgCl Z concentration
was increased. The amount of EP at steady state was unaffected
by MgC1 2 and \vas about 1.7 pmol/g protein. These results indicated
that ADP-sensitive EP \Vas a complex of EP with Ca 2+and ADP-insensitive EP was a complex of EP with Mg2+.
Figure 13 shows the Hill plots of {[total EP] / [ADP- insensitive
l
.
.
2+
2+
EP] - 1 Jagalnst [Ca ] and [Mg ]. Both Hill coefficients for
2
Ca + and Mg2+ were 2. The value of KMg/KCa obtained fiom the
Hill plot agains t [Mg2+] ·was 5 Z. 7, which agreed well \vi th the
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EP on CaC1 2 and MgCI Z concentrations.
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Hill plots of{C[total EP]/[ADP-insensitive EP]) - I}
2
against [Ca +] and [Mg 2+]. The value of [total EP]/[ADP-insensitive
EP] was calculated from the results given in Fig, 12.

64

Fig. 12.

Dependence of the ratio of ADP-sensitive EP to total

EP on CaC1 2 and MgC1 2 concentrations. A: Dependence of the ratio
on CaC1 2 concentration. SSR (0.4 mg/ml) was phosphorylated with
1 pM AT32p in the presence of 0.3 MKCl, 0.2 M sucrose, 20 mM

mM

MgCl z , 0.1 mM CaC1 2 , 0.1 mg/ml Tween 80, and 100
Tris-HCl at
pH 9.0 and 10°C. Ten· seconds later, . appropriate amounts ·of CaC1 2
were added, then the amount of

ADP~sensitive

EP was estimated by .

the simple method b.
tration.

B: Dependence of the ratio on MgCl Z concenSSR (0.4 mg/ml) was phosphorylated ,vi th 1 pM AT32p under

the same conditions described for Fig. l2A, except that the MgC1 2
concentration 'vas 1 mM. Ten seconds lat·er, appropriate amounts.
of MgC1 2 were added, then the amount of ADP-sensitive EP was
estimated.
Fig. 14.

Effects of CaC1 2 concentration on the time course of
AT32p formation from E32p and ADP and the value of v / [EP] . A:
o
Time course of AT32p formation by the reaction of E32p with ADP
in the presence of various concentrations of CaC1 2 . The reaction
'vas started by adding 1 pM AT32p to SSR (0.4 mg/ml) in 0.15 M KCl,
0.1 M sucrose, 1 mM MgC1 2 , various concentrations of CaC1 2 , 0.1
mg/ml T,,,een 80, and 100 mM Tris-HCl at pH 9.0 and 10°C, and 20 s
32 P was . stoppe dWlt
· h 1 mM un 1 abId
.
1 ater, t h e f ormatlon
0f E
e e ATP +
1 mM ADP, and the time courses of AT32p formation in the presence
of 5 (X), 30 (V), SS (El), 85 (A) and 155 (0) p1'.l CaC1 2 were
measured. B: Dependence of the value of vo/[EP] and the amount
of ADP-insensitive EP on CaC1 2 concentration. The reaction was
performed under the same conditions described for Fig. l4A. The
values of Vo and [EP] were measured by adding 4% TCA instead of
ATP + ADP 20 s after the start of the reaction, and the amount of
ADP-insensitive EP was measured by the kinetic method.
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valu~ of 50.2 obtained from the Hill plot against [Ca 2+).
In the above experiments, the amount of ADP-insensitive EP
32
32 .
P. liberated
was estimated as the amount of E P remaining and
1

5 s after the addition of ATP

+

ADP.

However, as shmvn in Fig.

14A, the time course of AT32p formation upon adding ATP + ADP to
E32p consisted of fast and slmv phases.

Therefore, the amount of

AT32p formed in the fast phase 'vas' taken as the amount of ADPsensi ti ve EP in the following experiments.

Thus', in the exper-

iments shown in Fig. 14A, SSR (0.4 mg/ml) was phosphorylated with
,
32
1 Jti'I AT P in the presence of 1 mM MgCl 2 and various concentrations
of CaC1 2 , then I mM ATP + 1 mM ADP 'vas a'dded 20 s after the
addition of AT32p and the time course of AT32p formation was
measured.' The amounts of EP and the ATPase activity at steady
state were also measured by stopping the reaction with TCA instead
of ATP

+

ADP.

As shown in Fig. l4B, the apparent rate constant

of EP decomposi tion (v 0/ [EP]) decreased 'vi th an increase in CaC1 2
concentration. The amount of ADP-insensitive EP obtained by the
kinetic method was proportional to vo/[EP] over the whole range
of CaC1 2 concentrations tested. In this figure, the amount of
ADP-insensitive EP is given as a percentage, sin~e the amount of
total EP was independent of CaC1 2
above.

concentration~

as mentioned

In the experiments shmVll in Fig. l5A, SSR (0.4 mg/ml) 'vas
phosphorylated ,vi th I pM AT32p in the presence of 0.1 mM CaC1 2
and various concentrations (1 - 5 mM) of MgC1 2 , then 1. mH ATP +
1 mM ADP was added to the reaction mixture 20 s later.

The ATPase

activity at steady state decreased slightly with an increase in
the concentration of MgC1 2 , while the amount of total EP was
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3Z
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2
formation from E32p and ADP and the value of vo/[EP]. A: Time
course of AT 3Z p formation by the reaction of E32p with ADP in the

Fig. 15.

Effect of MgC1

presence of various concentrations of MgC1 2 . The reaction was
started by adding 1 pM AT32p to SSR (0.4 mg/ml) in 0.1.5 M KCl,
0.1 M sucrose, 0.1 mM CaC1 2 , various concentrations of !lIgCl Z ' 0.1
mg/ml Tween 80, and 100 mM Tris-HCl at pH 9.0 and 10cC, then the
32
.
formation of E P was stopped 20 s later with 1 mM unlabeled ATP +

68
1 mM ADP, and the time courses of AT32p formation in the presence
of 1 ((1)), 2 (A), 3 (rn), 4 (V), S (X) mM MgCl Z were' nieasured.
B: Dependence of the value of vo/[EP] and the amount of ADPinsensitive 'EP on MgC1 2 concentration. The reaction Was performed
under the same conditions described for Fig. lSA. The values of
Vo and .[EP] were

measured~y

adding 4% TCA,

instea~

of ATP + ADP,

20 s after the start of the reaction, and the amount of ADPinsensitive EP was measured by the kinetic method.
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0

Dependence of the Vo value, [EP] and the amount of ADP-

insensitive EP on MgC1 2 concentration. The reaction was started
by adding 1 pM AT32p to SSR (0.3 mg/ml) in 0.1 M KCl, 0.1 M sucrose,
0.1 mM CaCl Z' various concentrations of MgCl Z' 0.1 mg/ml Tween 80,
and 100 mM Tris-HCl at pH 9.0 and 10cC, then the reaction was
stopped ZO slater wi th 4% TCA, and the total amount of EP (0)
and the value of v 0 (0). Ivere measured.

The amount of ADP-

insensitive EP was measured by the simple method c.
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unaffected by [MgZ+], as mentioned above.

Thus, the value of

vo/ [EP] decreased slightly 'vi th an increase in MgCl Z concentration
(Fig.' l5B). On the other hand, the amount of ADP-insensitive EP
obtained by the kinetic method increased with an increase in MgCl Z
concentration, and about 9'0% of the total EP was ADP-insensitive
in the presence of 5 mM MgCl Z.
Kanazawa et al .. (11) reported that the decomposition of EP
was accelerated by the addition of a low conceniration of MgCl Z
(below 0.1 mM). Figure 16 shmvs the dependence of the ATPase
activ~ty,

the total amount of EP, and the amount of ADP-insensitive

EP at steady state on the concentration 'of added MgCl Z in the
range of 0 to Z50 pM. The ATPase activity increased with an
increase in the concentration of added MgCl Z. It 'vas about O. OOlZ
}l1Ilol/(g protein·s) when no MgCl Z was added, and reached the maximum
value, 0.0096 }lmol/(g protein·s), at MgCl z higher than ZOO JlM.
The total amount of EP at steady state was co·nstant over the whole
range of MgCl Z concentrations tested. The amount of ADP-insensitive
EP increased from 0.18 to 0.56 }lmol/g protein as the MgCl Z increased
from 0 to Z50 pM. Therefore, the apparent rate constant of the
decomposition of ADP-insensitive EP increased 'vith an increase in
the MgCl Z concentration, and reached the maximum value (0.OZ6 s-l)
at 0.1 m1vI MgCl Z ' then decreased 'vith a further increase of MgCl z'
as already shown in Fig. 15B.
Rate of Conversion of ADP-Sensitive EP into ADP-Insensitive
EP -- The formation of AT 3Z p from E32p by addition of ATP + ADP
showed

a biphasic time course, and it 'vas rather troublesome to

determine the AT32p formed in the fast phase by extrapolating the
slow phase to zero time.

Therefore, I devised the simple method c.

70

Th~

rationale for this method is given in Fig. 17.

SSR (0.35 mg/ml)

was phosphorylated with 1 pM AT32p in 1 mM MgC1 2 and 40 pM CaC1 2 ,
then 1 mM ATP + 1 rn1>I ADP wi th or ,vi thout 2 mM EGTA lvas added 20 s
later. The time courses of the decrease of E 32 p, 32p. liberation,
1

and AT32p formation 'vere measured.
addi tion of ATP

+

ADP (+)

.
.
32
The formation of AT P after

shmved a biphasic time course, while

the amount of AT32p formed after the addition of ATP + ADP + EGTA
(X) did not change ,vi th time and the amount could be easily

estimated by extrapolating to zero time.

The amount of ADP!:"sensi--··

ti ve EP obtained by the simple method c, i .e.·, by adding ATP +
ADP

+

EGTA, ",as usually 20% less than that obtained by the kinetic

method.

It should be added that the rate of 32p. liberation after
1

the addition of ATP + ADP + EGTA or ATP + ADP lvas several times
that at steady state (0.018 pmol/g protein·s).

This indicates

that high concentrations of ATP accelerate the decomposition of
ADP-insensitive EP.
Figure 18 shows the time course of formation of ADP-insensitive
EP from ADP-sensitive EP by removal of Ca 2+ with EGTA. SSR was
phosphorylated with 1 )1M AT32p in 1 mM MgC1 2 and 1 mM CaCl Z ' then
5 rn1>1 EGTA 'vas added to stop the phosphorylation reaction 20 s
later.

After appropri ate intervals, 4% TCA or 1 rn1>1 ATP + 1 mM
ADP 'vas added, and the amounts of total E32 p, 32p. liberated, and
1

ADP-insensitive EP were measured.

The amount of total E32p

decreased from 1.1 to 0.73 pmol/g protein 5 s after addition of
EGTA.

The amount of 32p. liberated during 5 s (0.22 Junol/ g protein)
1

was less than the decrease in E32p.

This indicates that ADP

derived by ATP hydrolysis reacted with E32p to form AT32p.

On the

other hand, the amount of ADP-insensitive EP increased rapidly
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Time courses of the decrease in [E 32 p], 32pi liberation

and AT32p formation.caused by the addition of 1 mM un1abeled ATP +
1

l1L~f

ADP with or Hi thout 2 mM EGTA.

SSR (0.35 mg/ml) ,,,as

phosphorylated with 1.pM AT32p in the presence of 0.15 M KCl, 0.1
M sucrose, 1 mM MgC1 , 40 pM CaC1 , 0.1 mg/m1 T,,,een 80, and 100
2
2
mM Tris-HCl at pH 9.0 and 10cC, then 20 slater, 1 m1vI ATP + 1 mM
ADP (0, CD ,
added.

+)

or 1 mM ATP + 1 mM ADP + 2 mM EGTA (0, I:I , X) lvas

After appropriate intervals, the amounts of 32pi (0,0),

E32p (C) ,Cl) and AT32p (+,X) ,,,ere measured.
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Time course of formation of ADP-insensitive EP from
Z
ADP-sensitive EP by removal of Ca + ions with EGTA.
SSR (0.4 mg/ml)
was phosphorylated 'vi th 1 jlM AT

3Z

p in the presence of 0.1 M KCl,

0.1 M sucrose, 1 mM MgCl Z ' 1 mM CaCl Z ' 0.1 mg/ml Tween 80, and
100 mM Tris-HCl at pH 9.0 and 10cC, then 5 mM EGTA 'vas added ZO
later.

After appropriate intervals, the amounts of Pi liberated

(0), total EP (0) and ADP-insensitive EP (A)

were measured.

5
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after addition of EGTA.

assumed the fo llowing reaction scheme

I

for the conversion of ADP-sensitive EP to ADP-insensitive EP:
k

E.ATP < r

k
·k
d+) E + P.
ADP-sensitive EP __~c~) ADP-insensitive EP----

1

.

The sum' of k c + k r was obtained as the first-order' rate constant
of the decrease of ADP-sensitive EP. I tentatively assumed that
the value of k r "{as equal to the first-order rate constant of
total EP decomposition, and obtained 0.5 s-l as. the k c value.
Figure 19 shows that the conversion of ADP-sensitive EP into
-insel).sitive EP by removal of Ca 2+ was unaffected by the addition
of MgC1 2 . SSR \vas phosphorylated in the p~resence of various
concentrations of MgC1 2 . The phosphorylation reaction was stopped
by addition of 5 mM EGTA, and the time course of the formation
of ADP-insensitive EP \vas measured.

The amount of ADP-insensitive

EP at zero time increased with an increase in MgC1 2 concentration,
as mentioned above, while the rate of the conversion was almost
constant over the entire concentration range tested.
Rate of Conversion of ADP-Sensitive EPinto an Enzyme-ATP
Complex -

In the experiments Sh01'ln in Fig. 20, SSR was

phosphorylated with 1

pM

AT32p in 1 mM MgC1 2 and 1 mM CaC1 2 , where
almost all the EP formed was ADP-sensitive. Twenty seconds later,
the formation of E32p was stopped by addition of 0.1 mM unlabeled

ATP with various concentrations of ADP.

The amount of E32p

decreased \vi th the addition of ATP + ADP, \vhile only a small
32
amount of
P.1 was liberated within 2 s after the addition of
ATP

+

ADP (data not shmvn).

Thus, the amount of decrease ln

E32p was almost equal to the amount of AT32p formed.

The decrease

in E32p observed wi th addi tion of unlabeled ATP alone 'vas
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Fig. 19.

Effect of MgC1 2 concentration on the rate of conversion
of ADP-sensitive EP into ADP-insensitive EP. SSR (0.35 mg/m1) was

phosphorylated 'vith 1 pM AT32p under the same conditions described
for Fig. 18, except that the concentrations of MgC12 were 0 (O,~),
0.1

(+, X), 2 (0, 0 ), 3 (0, E'J ), 5 (6., A ), and 10 C\1 , V)

mM.

The reaction 'vas stopped with 5 mM EGTA 20 s after its start, and
the amounts of total EP C(?,X,O,Cl ,A,V) and ADP-insensitive
EP

CO, +, 0,

0 ,.6 , \1) were measured.
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Time course of decrease in the amount of ADP-sensitive

EP by the reaction with ADP.

SSR CO.4 mg/ml) was phosphorylated

with 1 JlM AT32p in the presence of 0.1 M KCl, 0.1 M sucrose, 1 mM
MgC1 , 1 mM CaC1 , 0.1 mg/m1 Tiveen 80, and 100 mM Tris-HC1 at pH
2
2
9.0 and 10°C. The formation of E32p ivas stopped by adding 0.1 mM
un1abeled ATP ivith 0 (0), 10'CC), 15 CA), 20 CV), 40 C~),
and 100 CX)

FM ADP.
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attributed to the contamination of unlabeled ATP preparation with
a small amount of ADP. The rate of AT 3Z p formation increased
with increase in the concentration of ADP added together with
ATP. The time course of AT 3Z p formation did not follow simple
first-order kinetics, indicating the existence 'of at least two
kinds of ADP-sensitive EP;

one could react with ADP rapidly and

the other rather slowly.
Rate of Conversion of ADP-InsensitiveEP into ADP-Sensitive
EP -

In the experiments shown in Fig. Zl, SSR was phosphorylated
with ~ pM AT 3Z p in 1 mM MgCl Z and 10 pM CaCl Z ' where almost all
the EP 'vas ADP-insensitive. T,,,enty seconds later, various concentrations of CaCl Z were added, and the time course of conversion
of ADP-insensitive EP into-sensitive EP was measured. The amount
of ADP-insensitive EP after addition of CaCl Z was represented as
the percent of the amount just before the addition of CaCl Z. The
time course of decrease in the amount of ADP-insensitive EP after
adding CaCl Z consisted of fast and slow phases. When a high
concentration of CaCl Z was added to the reaction mixture, the
total amount of EP decreased very slowly, and its rate was almost
equal to that of the slow phase of decrease in ADP-.insensitive
EP.

Therefore, it was concluded that the slow phase was due to

a decrease in the total amount of EP by the reaction of EP with
a small amount of ADP derived from AT 3Z p hydrolysis to form an
enzyme-ATP complex.
Inhibition of Conversion of ADP-Sensitive EP into ADPInsensi ti ve EP by Modification with J'.lalNEt -

Figure ZZ shows the

time courses of changes in the ATPase activity, the total amount
of EP, and the amowlt of ADP-insensitive EP, when SSR (1.5 mg/ml)
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Time course of conversion of ADP-insensitive EP into

ADP-sensitive EP by addition of CaC1 2 . SSR (0~6 mg/ml) was
phosphorylated with 1 pM AT32p in the presence of 0.1 M KCl, 0.1
M sucrose, 1 mM MgC1 2 , la JiM CaC1 2 , 0.1 mg/ml Tween 80, and 100
mM Tris-HCl at pH 9.0 and 10oe. The time courses of the decrease
in ADP-insensitive EP due to addition of 30 (0), 60 (El), 90 (A),
120 (V), 200 (+), 500 (X), 1000 (<D), 2000 (A), and 5000 (m)

pM CaC1 2 were measured.
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Fig. 22.

Time courses of changes in the ATPase activity, the total

amount of EP, and the amount of ADP- in"sensi ti ve EP by the reaction
of SSR \Vi th MalNEt.

SSR (1. 5mg/ml) \Vas reacted lvi th 1 mM Ma1NEt

in the presence of 0.35 M KCl, 0.25 M sucrose, 0.1 mM CaC1 , 0.1
2
mg/ml T\Veen 80, and 30 mM Tris-HCl at pH 7.8 and 20°C, and the
reaction lvas stopped lvi th 10 mM DTT.

MalNEt- treated SSR (0.3 mg/ml)

\Vas phosphorylated lvith 1 pM AT32p in the presence of 0.1 M KC1,
0.1 M sucrose, 10 mM MgC1 2 , 0.1

IJl.t\1

CaC1 , 0.1 mg/m1 T\Veen 80 and
2

100 m1>'1 Tris-HCl at pH 9.0 and 10°C, and the Vo value (0), the
amounts of total EP (0) and ADP-insensitive EP (A) lvere measured.
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reacted lvith 1 mM MalNEt, as described in "EXPERIlvlENTAL' PROCEDURE'."
The reaction with MalNEt lvas stopped by addition of 10 mM DTT,
,

and the ATPase activity and the total amount of EP lvere measured
in the presence of 10 mM MgCl~ arid 0.1 mM CaC1 2 • The amount of
ADP-insensitive EP was measured by the simple method c. The
ATPase activity, the total amount of'EP, and the amount of ADPinsensitive EP decreased with the time of the MalNEt treatment.
lfuen the ratio of ADP-insensitive EP to total EP'was plotted against
the incubation time with MalNEt, the ratio decreased from 75% to
~in.

below 10% by the reaction with MalNEt for 10

Figure 23 shows the rate of conversion of ADP-sensitive EP
into -insensitive EP by removal of Ca 2+ using SSR treated with
MalNEt for 10 min.

The modified SSR (0.38 mg/~l) was phosphorylated

with 1 }IM AT32p in the presence of 1 mM MgClz-and 1 mM CaC1 2 , and
the rate of conversion lvas measured as described in Fig. 18.
The total amount of EP decreased slowly from 0.91 to 0.58 pmol/
g protein in 5 s lvhen 5 mM EGTA lvas added.

The amount of Pi

liberated during 5 s was 0.04 pmol/g protein.

Thus, the reverse

reaction of EP formation occurred on addition of EGTA.

The amount

of ADP-insensitive EP increased very slowly on addition of EGTA,
and the rate constant of conversion of ADP-sensitive EP into
-insensitive EP calculated from the results shown in Fig. 23 was
about 0.1 s-l, which was about fivefold smaller than that of
intact SSR, 0.5 s -1 (cf. Fig. 18).
The inhibition of the conversion by MalNEt treatment is also
shown in Fig. 24.

SSR treated with MalNEt for 10 min (0.38 mg/ml)

lvas phosphorylated with 1 pM AT32p in the presence of various
concentrations of MgC1 2 and 0.1 mM CaCl 2 , and the total amount of
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Inhibition of conversion of ADP-sensitive EP into ADP-

insensitive EP by modification of ATPase with MalNEt..

SSR treated

wi th MalNEt for 10 min (0.38 mg/ml) ,vas phosphorylated with 1 pM
AT32p in the presence of 0.1 M KCl, 0.1 M sucrose, 1 mM MgC1 2 ,
1 mM CaC1 2 , 0.1 mg/ml Tween 80, and 100 mM Tris-HCl at pH ·9.0
and 10°C, then 5 mM EGTA was added 20 s later.

After. appropriate

intervals, the amounts of Pi liberated (0), total EP ((;)), and
ADP-insensitive EP (A) were measured.
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Fig. 24.

Effect of MgC1

Z

concentration on the conversion of ADP

-sensitive EP into ADP-insensitive EP of Ma1NEt-treated SSR.

SSR

treated with 1 mM Ma1NEt for 10 min (0.58 mg/m1) \'las phosphorylated
\'li th 1 pM AT

3Z

p in the presence of 0.1 M KC1, 0.1 M sucrose,

various concentrations of MgC1 Z ' 0.1 mM CaC1 Z ' 0.1 mg/m1 Tween 80,
3Z
and 100 ml-l Tris-HC1 at pH 9.0 and 10°C. The formation of E p
was stopped with 4% TCA or 1 mM ATP + 1 ml-I ADP + Z ml-I EGTA, and
the amounts of total EP (0) and ADP-insensitive EP (A) were
measured.
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EP and the amount of ADP-insensitive EP were measured 20 s after
the reaction had been started.

The amount of total EP and that

.

of ADP-insensitive EP were almost constant over the whole range
of MgC1 2 concentrations tested. The ratio of ADP-insensitive EP
to totat EP was less than 10 % 'vhich was much smaller than the
value of intact SSR,

i.~.,

75% in the presence of 10 mM MgC1 2

(c£. Fig. l3B).

DISCUSSION

When FSR was solubilized 'vi th detergent, nei ther the EP overshoot
nor the Pi burst in the initial phase of the reaction were observed,
and the ATPase reaction could be easily analyzed (6,12) (see Part
I) .

SSR ATPase used in this study also shmved neither the EP

overshoot nor the P.1 burst.

The dependence on ATP concentration

of the rate of the SSR ATPase reaction and the amount of EP in
the steady state as well as the initial velocity 6f EP formation
followed the simple Michaelis-Menten equation (Fig. 3). The
maximum amount of EP formed was about 2 mol/l0 6 g protein, and
lvas considerably less than 10 mol/l0 6 g protein lvhich lvas obtained
by assuming the molecular weight per ATPase active site to be 10 5 g
(13-15).

There are two explanations for the small amount of EP.

One is that only 20% of our SSR ATPase preparation was active.
The other is that the maximum concentration of EP is smaller than
the active site concentration, because the enzyme assumes a new
state after EP decomposi tion, 'vhich cannot bind ATP, and the rate
of conversion from this state to the original one is of the same
order of magnitude as the rate of EP decomposition.

However, the
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second mechanism seems unlikely, because EP overshoot w'as not
observed in the initial phase of the reaction.
The first interesting finding in this study obtained with
SSR ATPase, 'vhere the problem of the production of Ca 2+ gradient
during the ATPase reaction could be avoided, was that ADP-sensitive
EP is a true reaction intermediate.

Thus, I found that the ATPase

activity and the amount of EP at steady state were non-competitively
inhibi ted by ADP and the rate constant of EP decomposition .evo/ [EP])
'vas constant over a 'vide range of ADP concentrations (Fig. 5).
Furthermore, the reaction of EP with ADP was measured both in the
presence and absence of CaC1 2 at alkaline pH'vhere EP decomposed
very slowly, and two kinds of EP (ADP-sensitive and -insensitive
EP) were found in the presence of sufficient amounts of added
alkali metal salts (see Fig. 6

& 7).

The existence of the two

kinds of EP was previously reported for purified ATPase by Shigekalva
et al. (16-18), who performed the experiments in the absence of
~dded

alkali metal salts.

They also reported that all the EP

formed in the presence of a sufficient amount of alkali metal
salts 'vas ADP-sensitive (see INTRODUCTION).

Kanazawa et al. (11)

also reported that the extent of AT32p formation from E32p of
FSR and added ADP decreased gradually with time after the addition
of EGTA, and that ATP formation from EP and ADP was instantaneously
inhibited by the addition of EGTA when FSR was pre-treated with
2
Triton X-lOO. Thus, they concluded that Ca + ions inside the
vesicle are essential for the AT32p formation fromE 32 p and ADP.
Therefore, the discrepancy behTeen Shigekmva's and my results may
be due to the difference of ATPase preparations used:

Shigekawa

et al. used purified ATPase lvhich retained the membrane structure,
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v/hile I used solubilized ATPase.
The second finding was that the two kinds of EP are formed
sequentially:

ADP-sensitive EP is formed first, then converted

into ADP-insensitive EP (see Figs. 10

& 11).

Shigekawa and

Dougherty (18) also reported the sequential formatlon of tlvO kinds
of EP.

The rate of conversion of ADP-sensitive EP into -insensitive

EP was faster than the rate of decomposition of ADP-insensitive
EP.

For example, at pH 9.0 and 10° C, the rate of conversion lvas

about 0.5 s-l

while the rate of decomposition was less than 0.01

s -1 (fig. 11).

Hmvever, the amount of ADP-sensitive EP lvas larger

than that of ADP-insensitive EP under these conditions.
I concluded that ADP-sensitive
rium.

Therefore,

and -insensitive EP are in equilib-

In spite of rapid conversion between ADP-sensitive and

-insensitive EP, they could be distinguished by
in their reactivities with ADP.

th~

difference

These results indicated that the

rate of conversion of ADP-insensitive EP into -sensitive EP with
bound ADP 'vas considerably slmver than the rate in the absence of
ADP.

This conclusion was supported by the finding that the time

courses of AT32p formation from E32p and ADP consisted of fast
and slmv phases (Figs. l4A and l5A).
The third finding was that the ratio of the two kinds of EP
is dependent on the concentrations of MgCl Z and CaCl Z ' as previously
reported by Shigekawa and Dougherty (18) for purified ATPase in
the absence of added alkali metal salts.

As shown in Fig. 13,

the dependences were given by
[ADP-insensitive EP]

1
=

[total EP]

1 +

{

K~I [ea + 1
--.-&
KCa [Mg2+]
2

r
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Tis indicates that ADP-sensitive EP binds tlVO moles o{ Ca 2+ and
ADP-insensitive EP binds two moles of Mg2+ per mole of EP.

This
result was consistent with the mechanism that two moles of Ca 2+
are transported coupled with a mole of ATP-hydrolysis (13-15).

The value of KMg/KCa for EP was about SO (see Fig; 13), which
was 600 times smaller than that of KMg/Kca for E obtainerrby Yamada
2
"""
an d Tonomura (19) . Th us, the a ff lnltles
0 f t h e enzyme for Ca +
and Mg2+ change dramatically with the EP formation.
Since the ADP-insensitive EP is considered to be the terminal
intermediate, the effects of Ca 2+ and Mg2+ on its decomposition
were measured.

It was unaffected by CaC1 2 (Fig. 14) and seemed
to be accelerated by low concentrations of MgC1 2 (Fig. 16), but
it was inhibited by a high concentration of MgC1 2 (Fig. 17).
All these results could be easily explained by assuming two
forms (Ca and Mg forms) of EP, which are formed sequentially:
ADP

2Mg2+
E + ATP + 2Ca 2+:;.:=: CaZ E
- L Ca 2E P , \..'2+"Mg2E P~
E + Plo + 2Mg2+
ATP~
~
ZCa
:
affected by Mg2+
The existence of two forms of SSR ATPase has directly been shown
by Nakamura and Tonomura (20) from the change in the DV spectrum
of SSR ATPase induced by Ca Z+ removal.
The time course of the conversion between ADP-sensitive and
-insensitive EP and that of the formation of E'ATP complex from
ADP-sensitive EP and ADP could be explained, assuming the existence
of two conformational states both in ADP-sensitive and -insensitive
EP:
ADP-sensiti ve Ep~ADP-sensi ti ve *Ep~ ADP-i nsensiti ve *Ep~ADP-i nsensi ti ve Ep.
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As shown in Fig. 16, the conversion of ADP-sensitive EP into
-insensitive EP followed first-order kinetics.
const'ant was independent of [Mg2+] (Fig. 17).

However, the rate
Therefore, the

increase in ADP-insensitive EP due to the addition of Mg2+ was
concluded to be caused by'the reaction of Mg 2+-with ADP-insensitive
*Ep to form ADP-insensitive Ep.

Theobiphasic time course of

conversion of ADP-insensitive EP into -sensitive EP by addition
2+
of Ca
also supported the above conclusion. Furthermore, the
biphasic time course of conversion of ADP-sensitive EP into
compl~x

E~ATP

indicated the existence of two different conformational

states of ADP-sensitive EP.
The fourth finding was that the conversion of ADP-sensitive
EP into -insensitive EP is inhibited by the modification of ATPase
with MalNEt.

It is well known that in the reaction of Na+, K+-

dependent ATPase, ADP-sensitive and -insensitive EP are formed
sequentially (21), and that the conversion of ADP-sensitive EP into
-insensitive EP is inhibited by the modification of ATPase with
MalNEt (22).

Thus, the kinetic properties of the two kinds of
EP in the reaction of Ca 2+, Mg 2+-dependentATPase are very similar
to those of Na + , K+ - dependent ATPase.

However, Kan.aza1"la et al.

(7) and Fukushima and Tonomura (23) found the existence of E~DP
and Yamaguchi and Tonomura (24) found the existence of EADP
+

+

intermediates in the reaction of Na , K -dependent ATPase, and
+

Hexum et al. (25) found that the mode of ADP inhibition of Na ,
K+ -dependent ATPase activity is the competitive type.
other hand, I found that o
EP .lnterme d·lates

0

On the

f Ca 2+ ,Pg
~1 2+ - d epen d ent

ATPase of SR do not contain bound ADP (6), and that SR ATPase is
non-competitively inhibited by ADP (cf. Fig. 5).

Thus, these

87

results strongly suggest that

+"

th~

+

"

main route of the Na , K -dependent
ATPase reaction is the decomposition of E~DP into EADP + Pi, while
2+"
2+
.
ADP
that o-f Ca ,J-.lg -dependent ATPase is the decomposition of Ep
into Ep + ADP.

*

*

*

*

*

A part of this investigation will be published in Cation Flux
Across Bi6me"mhranes (Mukohata, Y., and Packer, L ~, eds.), Academic
Press, San Francisco.
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SUMMARY
Solubilized'Ca 2+, Mg 2+-dependent ATPase with stable activity was
prepared from sarcoplasmic reticulum of skeletal muscle by a
modifie.d method of le Maire et al. (1976)
2342).

(Bio~hemistry

15, 2336-

The dependence on ATP concentration of the ATPase activity

(v o ) and the amount of EP in the steady state.and the initial
rate of EP formation followed the Michaelis-Menten equation.
ADP inhibited .the ATPase activity non-competitively and the
val~e

of vo/[EP] was constant over a wide range of ADP concen-

trations.

These results indicated the existence of EP ~hich

decreased with the addition of ADP.

The amount of two kinds of

EP, one of which could react ,vi th ADP to form ATP and the other
'''hich could not, ,,,ere measured at alkaline pH ,,,here the EP decomposition was very slow.
1.

The following results were obtained.
2+
In the presence of a sufficient amount of Ca ,almost all

the EP formed reacted with ADP to form ATP (ADP-sensitive), while
2+
in the absence of Ca ,all the EP formed could not react ,vi th
ADP (ADP-insensitive).
2.

When the reaction was started by adding ATP to the ATPase,

ADP-sensitive· EP was formed first, then converted into ADPinsensitive EP.
3.

The dependence on Mg

2+

and Ca

2+

concentrations of the amounts

of the two kinds of EP indicated that ADP-sensitive EP binds t,,,o
mol of Ca 2+ Cca2Ep) and ADP-insensitive EP binds two mol of Mg2+
per mol of EP CMg2E p ). Furthermore, the affinities of the enzyme
for Ca 2+ and Mg2+ changed markedly ,,,i th the phosphorylation
reaction.
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4.

The decomposition of ADP-insensitive EP was accelerated by

the addition of a low concentration of Mg2+ and inhib~ted by a
2+
.
2+
high concentration of Mg . It was unaffected by Ca
ions.
5.

The conversion of ADP-sensitive EP into -insensitive EP

followed first-order kinetics

ek

= 0.5 s

-1

and lv-as unaffected by the addition of Mg2+ .

'

at pH 9.0 and lDCC),
Both the time course

of the conversion of ADP-insensitive EP into -sensitive EP and
that of the formation of E;ATP complex from ADP-sensitive EP and
ADP,were biphasic.

These results indicated that'both ADP-sensitive

and -insensitive EP have at least two different conformational
states.
6.

The conversion of ADP-sensitive EP into -insensitive EP was

inhibited by the modification of ATPase with MalNEt.
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