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INTRODUCTION

The sarcoplasmiclreticulum (SR), a highly differentiated endo-
"blasmic‘reticulum in musélé cells, consists of continuous vesicles,
"rtubuleé, and ciStéfnae fhéf forms a network surrounding the myo-
fibrils. The'tuﬂular structure fuﬂning transvefsely.to the fiber
axis is called the transverse tuble Or,T-system which' is found

to be continuous with the surface membrane~(sarc61emma). These
membrane systems play an imporfant role in controlling muscle
contraction.

When the sarcolemma is excited, the T-system mediates the
transmission of the action potentiai to the interior of the fibery— -
thus causing localized activation of the SR. In turn, Ca2+ is
released from SR, in which Ca2+ is normally stored in resting
muScle, and»thus induées.muscle.contraction. The subsequent re-
accumulation of Caz+ by the SR coupled with ATP hydrolysis (active
transport of Ca2+) causes the relaxation of muscle (1).

The active transport of ca’® across the SR membrane has been
studied widely using fragmented SR (FSR) isolated from muscle |
homogenates as a microsomal fraction. Hasselbach and Makinose (2)
and Ebashi and Lipmann (3) first demonstrated that the microsomal
fraction was capable of removing a significant amount of Ca2+

from the medium in the presence of ATP and Mg2+.' Hasselbach and
. -

Makinose (2,4,5) also reported that FSR shows Ca™ , Mg2+-dependent
ATPase activity. Furthermore, they demonstrated that 2 moles of
Ca2+ were transported into the vesicles when 1 mol of ATP was

hydrolyzed, and FSR could produce a 1000- to 5000-fold Ca2+

gradient across the membrane.



FSR isolated frOﬁvskeietal muécle shows-empty vesicles about
80-100 nm in diameter. The sﬁrface of the vesicle is covered with
partiéles about 4 nm in diameterAwhich,are considered to be a part.
of the ATPase molecules (6;7). MacLennan (8) and MacLennan gt al.
(9) purified the'ATPase of FSR solubilized with deoxycholate by
stepwise fracﬁionation with ammoniﬁm acetaté. The ﬁurified ATPase
. preparation consists of a major proteiﬁ of the ATPase with a
molecular weight of about 100,000 &altons and Vérious kinds of
phospholipids. This preparation reforms membrane on removal of
detergent. Electroﬁ-microséopic observations revealed:that the
reformed membrane exhibited structure similar to the intact membrane.

The purified ATPase catalyzed a Ca2+

R Mg2+;dependent ATP hydrolysis,
However, the reformed membrane from the purified ATPase is incapable
of accumulating Ca2+. Recently, reconstitution of functidnal
Vesicles.from pﬁrified ATPase and phospholipidS’was achieved by
many investigators (6,7). These findings indicate that the active
transport of.Ca2+ through the SR membrane requires only two |
components, the ATPase protein and phospholipids.

FSR have been proved suitable material for studying molecular
mechanism of active cation transport, because of itsbmany distinct
chafacteristics: (1) Easy preparation of FSR and a high content
- of the ATPase; (2) Tightly coupled ATP hydrolysis and Cazf
transport; (3) A clear distinction of the éidedness'of the FSR

2+ and Mg2+ concentration in

membrane; (4) Easy control of the Ca
the medium by the use of the chelating 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 favorable features of this



systeﬁ have led, in recent years, to rapid and detailed.deve10pments
in studies on the molecular mechanism of coupling between Ca2+ |
transport and the ATPase reaction. .

Hésselbach and Makinose (4,5) and Ebashi and'Lipmanh (3) found
‘that FSR catalyzed a rapid phosphéfe exchange 5etween ADP and ATP
which exhibited similar Ca2+-dependency.a$ found iﬁ the case of
ATP hydrolysis and Ca.z-+ ﬁptake by FSﬁ. ~Thus, the existence of a
~high-energy phosphorylated intermediate was prbposed as a componeﬁt
"of the reaction méchanism.. Yamamoto and Tonomuré (10,11) and
Makinose (12) found that a protein.of FSR was phosphorylated when
the Ca2+, Mngfdependent ATPase reaction of'fhis membrane with
[T-SZP]ATP (ATSZP) was quenched by trichloroacetic 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
depended on the concentrations of ca’* and ATP and paralleled with

2

the Ca +-dependent ATPase activity (10,14,16). These results

- strongly suggested that the phosphorylated protein is a true

2+, Mg2+-dependent ATPase reaction. This

intermediate of the Ca
assumption was later proved when EP formation and its decomposition
into E + Pi wére analyzed extensively. The time course of ?i
liberation agreed well with that calculated from the observed time
course of EP formation, 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), resulting in the

formation of hydroxamate (19). These stability characteristics



indicate that this phosphoprotein is similar to theAacylphospho~
protein intermediate of Na+; K+-dependent ATPase (20;21).

'Bastide et é;. t22) examined the chemiéal and electrqﬁhoretic
properties of 32P-iabeled phosphoryl peptide produced after pro-
teolysi§ of phosphorylated interﬁediates of.Cazi'Mng-dépendent ATPase
of FSR and Na+, K+-dependent ATPase of kidney micfosbmes, and

found that the aspartyl residue was phosphorylated and the probable

. active site tripeptide sequence for both ATPases was (Sef-orrThr)- |
Asp-Lys. Degani and Boyer (23) reported that.the reductive cleavage.
of the acylphosphate bond of the phosphoprotein by sodium [SHj—v
boroh&dride yiélded [3H]homoserine after acid hydrolysié of the
protein, confirming that the phosphéryl group was'cbvalently'bound
to the f-carboxyl group of aspartate.

Since the formation and decomposition of the EP intermediate
can be measured kinetically, these two reaction steps have been
studied extensively by many investigators. Kanazawa et al. (18)
first measured the reaction of FSR in the presteady state using
a simple rapid mixing apparatus, and showed that the time course
of Pi 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 1ibération using a rapid
quenching method in detail. They observed an overshoot in the
phosphorylation reaction and the P, burst which coincided with
the transient decay of EP when thebreaction was started by adding
ATP. They explained these observations by assuming that EP was
rapidly hydrolyzed to an acid-labile phosphate intermediate (E-P)

which was in equilibrium with EP. They also observed the initial



burst of Pi_liberation by FSR ATPase even in the absence of'Ca2+

(25). Since the time course of the P, burst in the absence of
2+

'Ca2+ was very similar to that of the Pi burst of the Ca” | Mg2+_

dependent ATPase reaction, they assumed the Ca2+-independént reac-
tion to be an alternate pathway of the enzyme. They proposed a

flip-flop model in which theAenzyme functions as a dimer for

coupled transport of Ca2+ and Mg2+.

The Ca2 2+

and Mgz+

+-depénde_nt hydrolysis of ATP by FSR requires both Ca
for full activation.. The requirements of these di&alent

- cations for each reaction steps i.g. the formation and decomposition
of EP; have been studied by many investigators and it has beén

shown that the phosphorylation of the ATPase by Mg2+-ATP requires
Ca2+ and the decomposition of EP requires Mgz+ (6,7,26).

1. (18) and Sumida and Tonomura (27) proposed the

—

Kanazawa et
following reaction scheme which contains two kinds of.EP, based
on their kinetic studies of partial reactions of ATPase and also

of the initial phase of Ca2+ accumulation:

ﬂ vg

A 2+._.aCay Caz A s Mg 2+

E + ATP + 2Ca” «==— E - E. < E.,—E + P. + Mg
ATP P ;Ea2+ P 1

Their kinetic studies were conducted in the presence of sufficient
amounts of KC1. However, Shigekawa et _1.1(28) and Shigekawa 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



of EP proposed by Kanazawa et al. (18) and Sumida and Tonomura (27)
and those reported by Shigekawa and co-workers (28,29,30) is ntiA

known.

The present thesis consists of Part I and II. Part I deals

2+

with factors affecting the:transient phase of t_he‘Caz+ Mg® -

’
dependent ATPase reaction of FSR. Froehlich and Taylor (24) pro-
2+

posed the existence of E.P as a new reaction intermediate in Ca“® ,

_ Mg2+-dependent ATPase reaction. However, the possibility that an
rappreciable amount. of E-P exists in equilibrium with EP hasirecently
been excluded by Sumida et gl.'(Sl). ~More recently, Kurzmack and
Inesi (32) confirmed the existence of the iﬁitial Py burst of the

2% According

ATPase reaction both in the presence and absence of Ca
to them, the burst size of the Ca2+—independent ATPase reaction

at saturating substrate concentrations was about three times greater
than the number of availabie enzymatic sites. This finding also
shows clearly that the Pi burst of the Ca2+-independent ATPase
reaction is not caused by the formation of E-P as assumed by
Froehlich and Taylor. In order to clarify the following two problems,

2+, Mg2+-dependent ATPase of FSR in

I studied the reaction of Ca
the presteady state: (i) The discrepancy between the work of
Kanazawa et al. (18) and Froehlich and Tayldr (24) on Pi burst,
'and (ii) the possibility of the existence oi E-P during the pre-
steady state. I found that the P, burst observed by Froehlich and
Téylor (24) was due to a mechanism different from that of the Pi
burst observed by Kanazawa et al. (18). My findings on marked
changes in the reaction profiles during the transient phase with

changes in the conditions for stérting the reaction were difficult

to explain with the Froehlich-Taylor mechanism, and‘could be



attributed to the heterogeneity of the initial enzyme state in
the membrane. The latter conclusion was supported by the result
obtained using solubilized ATPase, which showed neither the EP
overshoot nor the P. burst. |
Kanazawa et al. (18), Sumida and Tonomura (27) and Shigekawa

2+ 2+

and co-workers (28,29,30) studied the reaction of Ca” , Mg" -

dependent ATPase using the membmne preparation of FSR or purified-

2+—dependen’c ATPase in the SR membrane

- ATPase. However, Ca2+, Mg
shows much more complicated kinetic properties than those of
solubilized SR ATPase as described in Part I. Therefore, I studied

2+, Mg2+—dependent ATPase of solubilized

the kinetic properties of Ca
SR (SSR), especially with the properties of two kinds of EP to
clarify whether the two kinds of EP reported by Shigekawa and co-
workers (28,29,30) exist in the presence of sufficient émqunts of
KC1l or not, and how the two 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 II of my thesis
deals with work on this 1line. .

I found that two kinds of EP differing in reactivity with
ADP are formed in the reaction of SSR ATPase even in thé presence
of sufficient amounts of KCl, and that ADP-sensitive EP binds 2

2* and ADP-insensitive EP binds 2 mol of Mg2+ per mol of

mol of Ca
EP. ADP-sensitive EP is formed first, then converted into ADP-
insensitive EP. The conversion is inhibited by modifying the

ATPase with MalNEt. Furthermore, the kineticApfoperties of the
conversion of the two kinds of EP indicated the existence 6f 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

2+

Ca”™ , Mg2+—Dependent ATPase Reaction of

Sarcoplasmic Reticulum from Skeletal Muscle
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EXPERIMENTAL PROCEDURE

FSR was prepared from rabbit skeletal muscle as described previously
(1). The solubilized ATPase was preparéd by the mgthod of le Mairé
et al. (2); CK [EC 2.7.3.2] was prepared from~rabbit skeletal
muscle by the method of Noda et al. (3). [T—sZP]ATP was synthesized
enzymatically by fhe method of Glynn and Chaﬁpe11(4). [U—14C]ATP
was obtained from New England Nuclear Co. (Bostoh, Mass.) and
purified by the method of Cohn and Carter (5). | |

A Durrum D-133 multi-mixing apparatus 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 Gut freund (6). As
shown 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 11.5 s_;, respectiveiy. The
second-order rate constant, 37 M1 s_l, was consistent with the
- value previously obtained by Barman and»Cutfreund (6), using a
stopped-flow method. The ATPase reaction of FSR was started by
mixing.the enzyme solutioﬁ in syringe A with the substrate solution
in syringe B. At intervals, the reaction was quenched with 1 N
"HC1 from syringe C. The mixing ratio of syringes A:B:C was 1:1:2.
The protein concentration in the enzyme solution was 0.3 mg/ml and
the ATP concentration in the substrate solution was 20 pM. Both
the enzyme and substrate solutions contained 0.1 M KC1, 1 mM MgClz,

2’
20°C, unless otherwise stated. -

0.1 mM CaCl 0.1 mM EGTA, and 20 mM Tris-maleate at pH 7.0 and

‘The amount of EP and the ATPase activity in the steady state

were measured on the seolubilized SR. The reaction was started by
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0.5F

Sb - 160 1%0
REACTION TIME (msec)

Fig. 1. First-order plot of alkaline hydrolysis of 2;4-dinitro—
phenyl acetate measured using a multi-mixing apparatus. 2,4-
Dinitrophenyl acetater(O.S mM) was hydrolyzed in 0.1 (L]),,O{Z
(@), and 0.3 M (QO) NaOH at 19°C, respectively. The absorbance
of 2,4-dinitrophenol liberated was measuréd at 360 ﬁm. Ago Tepre-
sents the maximum absorbance change for the reaction. At aﬁd A

répresent 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 MKC1l, 1 mM MgClz, 0.1 mM CaClZ, 0.1 mg/ml Tween 80, and
20 mM-Tris;maleété at pH 7.0 and 20°C. The reaction ﬁas stoppéd
by adding 6% TCA.

Next, a 1-m1 portion of the quenched suspension was added to
1 ml of 4% TCA contaiping 0.1 mM unlabeled ATP and 0.2 mM P. as
carriers. The suspension was centrifuged at 1000 x g for 20 min, -

then 52

Pi in the supernatant was extracted‘by the method of Martiﬁ
and Doty (7) and its fadioactivity was measured as describea
previously (8). The denatured SR protein wéé washed on a Millipore
filter and the amount of E°’P was measured as described previously
9). |

The amount of ADP bound to the solubilized enzyme during the
ATPase reaction was determined by measuring the amount of ADP |
femaining in the SR ATPase-ATP system coupled with sufficient
amounts of CK and CP (10). The reaction was started by adding
[14

of 0.055 mg/ml_SR protein, 5 mg/ml CX, 0.5 pM ATP, 10 mM CP, 50 mM

CJATP to the reaction mixture to give the final concentrations

KC1, 50 pM CaCl 10 mM MgC1l 0.05 mg/ml Tween 80, and 0.1 M

2?2 27
Tris-HC1 at pH 9.0 and 20°C. After the reaction had been stopped,
' the amounts of nucleotides were measured using polyethyleneimine
cellulose TLC, as described previously (10). The amount of EP
was measured under the same conditions, exéept that ATSZP was
used instead of [14C]ATP and CP was omitted.

Protein concentration was determined by the biuret reaction,

calibrated by nitrogen determination.
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RESULTS

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

reaction of the FSR preparation showed an initial'bUrst of P, -
liberation even in the absence of Ca’® ions. Thié complicated
the analysis of the Ca2+, Mg2+-dependent ATPase reaction duriﬁg
_the initial phase. I found that the size of the'Pi burst of the.
ATPase reaction in the absence of Ca’® ions Vafied among FSR
preba?ations. Therefore, to avoid complication due to the Pi
~ burst of the Ca2+-independent ATPase reaction, I performed the
foliowing experiments using FSR preparations which showed low
activity in the absence of Ca2+’ions, and also using low ATP
concentrations where the Ca2+-independent ATPasé activity was low.
AFigure 2 shoWs the time course of Pi liberation and EP forma-
tion in the initial phase of the Ca2+, Mg2+-dependent ATPase
‘reaction. The reaction was performéd 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 ar
maximum value (6 pmol/g protein) at 50 ms. Then 0.1 s 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 ofvPi liberated increased rapidly after a short
lag, and the rate of Pi liberation decreased markedly with time
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 Pj liberation during thé
initial two seconds of the reaction. Both the enzyme and the
substrate solutions contained 0.1 M KC1, 1 mM MgClz, 0.1 mM CaClz,.
0.1 mM EGTA, and 20 mM Tris-maleate at pH 7.0 and 20°C. The final
concentrations of FSR protein and ATP were 0.1 mg/ml and 10 uM,
respectively. The reaction was performed as described in the
"EXPERIMENTAL PROCEﬁURE.” The amounts of P; liberated (®) and

EP formed (Q) were measured.
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.....................

Comparison of the Time Courses in the'PresteadY'Stafe of
' 2+

‘Reactions Started by Addition of ATP and ATP + Ca — Figure 3

shows the differences between the initial phases bf ATPase reactions

2+ The former reaction

started by addition of ATP an&AATP + Ca
was performed under the sténdard conditions, the iétter under
conditions under which the enzyme soiution'contaiﬁed 0.2 mM EGTA
instead of 0.1 mM EGTA + 0.1 mM CaCl, and the final reagent con-
.centrations were the same as those of the formerl When the reac-
tion was started by ATP, the EP overshoot was ébserved: the amounts
of ﬁPhwere 3.2 and 2.8 umol/g protein, respectively, at the maximum
1eve1_and in the steady state. The time course of P, liberation
showed a lag phase of about 20-30 ms, and the amount of P.l liberated
was very small even when the amount of EP approached the maximum
value. After the lag phase, the P, burst was observed, and its

time course coincided with that of the transient decay in EP.

On the other hand, when the reaction was started by addition of

C52+ + ATP, the EP overshoot was not observed, and the amount of

Pi increased almost 1ineariy with time after a lag phase. The
amount of EP in the steady state was 2.2 pmol/g protein, which

was slightly less than that of the ATP start (Z.S‘pmol/g protein).
The steady-state rate of Pi liberation with the Ca2+ + ATP stért

was 21 pmol/(g protein.s), which was slightly 1lower than that

with the ATP start [25 pumol/(g protein-s)].

Effect of Preloading FSR with ca’* Tons on the Presteady State

Reaction — FSR accumulates Ca2+'ions inside the vesicle coupled
with ATP hydrolysis, and accumulated Ca2+ ions leak out gradually,
reaching equilibrium in a few hours after complete hydrolysis of

ATP (cf. ref. 11 and 12). FSR was loaded with ca?” by preincubating
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Fig. 3. Absence of the EP overshoot and the Pj burst after
~starting the reaction by addition of ATP together with Ca2+.ions.
The reaction started by addition of ATP (O, 0) wés performed
under the standard conditions. The reaction started by addition

of ATP + Ca’*

(A ,A) was performed under the standard conditions,
except that the enzyme solution contained 0.2 mM EGTA instead of
0.1 mM CaCl, and 0.1 mM EGTA. The amounts. of Pj liberated (O,A)

and EP formed (Q ,A) were measured.
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the enzyme solution (0.3 mg/ml SR protein) with 10 pM unlabeled

ATP in 1 mM MgCl 0.1 mM CaCl and 0.1 mM EGTA. After 1-min

2 2° .
‘preincubation, the reaction was started by adding ATSZP under the

standard conditions. A contrél reaction was performed under the
Asame-conditions, except that the enzyme solution Qés preihcubated
with 10 pM ADP instead of ATP. Figufe'4 éhows that in the control
experiment, the EP overshoot was observed and’fhe maximal amount
_of EP was 2.4.pm01/g protein, while the amount.ih the steédy state
was 2.0 pmol/g protein. The time course of P, liberation showed

a 1ég‘phase, and the amount of Pi liberated was very small, even
when the amount of EP approached the maximum value. After the

lag phase, a typical P.1 burst was also observed (cf. Fig. 3).

2+

On the other hand, when the FSR was preloaded with Ca™ , the EP

overshoot and the Pi burst did not occur. The rate of Pi liberation
in the steady state was 12.5 ymol/(g protein-s), which was slightly
lower than that of the control [18.2 pmol Pi/(g protein-s)]. The
amount of EP in the steady state was 3 pmol/g protein, which was

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

2+

the Ca” preloading. The decrease in v/ [EP] may be due to the

inhibition of EP decomposition by Caz+ accunulated inside the
vesicle (cf. ref. 11).
‘To confirm that these changes in the ATPase reaction were caused

2+

by Ca
32

inside the vesicle, the reaction was started by adding

AT "P after FSR had been preincubated with unlabeled ATP for

various time intervals (Fig. 5). When the reaction was started

32

by adding AT “P after 10-min preincubation with unlabeled ATP,

neither the EP overshoot nor the Pi burst were observed. However,



19
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Fig. 4. Effect of preloading of Ca2+ ions on the presteady state
of the ATPase reaction. FSR (0.3 mg/ml SR protein) was suspended

~in 0.1-M KC1, 1 mM MgCl 0.1 mM CaCl 0.1 mM EGTA and 20 mM

27 27
Tris-maleate at pH 7, and preincubated with 10 JM unlabeled ATP

" (0,®) or ADP (A ,A) at 20°C for 1 min. After preincubation,

the reaction was started by adding 10 uM [T—SZP]ATP to FSR under

the standard conditions. The amount of 52

32

P; liberated (0O ,A)

and E”°P formed (©,A) were measured.
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Fig. 5. Appearance of the EP overshoot and the P; burst of the
first type after long preincubation of Ca2+—preloaded FSR with
EGTA. The enzyme solution was preincubated with 10 pM unlabeled
ATP as described in Fig. 4. The preincubation times were 10 (O ,9Q),
100 (O, ) and 200 min (A ,4A), respectively. After a long
preincubation, the unlabeled ATP added was hydrolyzed completely
and Ca2+ ions preloaded into FSR had almost completely leaked out,
as the outside solution contained 0.1 mM EGTA. The reaction was
started byradding 10 pM AT3?p to FSR, and the amounts of 32Pi
liberated (O ,00,A) and E32p formed (o ,H ,'A) were measured

under the standard conditions.
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when the pfeincubation time was longer than 100 min, they occurred,
The reaction profile of the ATPase after 200-min preihcubation
with unlabeled ATP was very similar to that of the contrql shown
in Fig. 3. According to Yamada et al. (13), after 100-200 min
incubation of FSR, the concentration of Ca2+ ions 'xreaches an
equilibrium across the FSR membrane.

- Time Course of Pi Liberation and EP Formation of FSR ATPase

- at 4°C — To clarify the relationship between the rate of P,
liberation and the. amount of EP in the initial phase of the-reac¥
tion, I performed the ATPase reaction underrthe standard conditions
at a low temperature, i.e., 4°C, to lower the ATPase activity.

As shown in Fig. 6, the amount of EP increased with time without
a lag phase and reached a maximum value (5.4 pmol/g protein)

0.4 s after the reaction had been starfed. The»timé course of

P. liberation consisted of a long lég phasé, a burst bhase and a
steady phase. Figure 7 shows the change in the apparent rate
constant of EP decomposition (kd = v/[EP]) with time after the
start of the reaction. The value of v at time t was calcﬁlated
as;APi/At, where APi is the amount of Pi liberated during At

around the time t. The k4 value was 0.5 g1

1

in the initial phase,

after 1.3 s of reaction, then
1

increased to a maximum of 1.8 s~
decreased rapidly to the steady value (0.1 s =) 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 Solubiiiied

ATPase in the Presteady State — To investigate whether the EP

overshoot and the Pi burst in the initial phase of the FSR ATPase
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Fig. 6. Time courses of EP formation and P; liberation during
the initial phase at 4°C. The time courses of Pi liberation (Q)
and EP formation (Q) were measured under the standard conditions,

except that the SR protein concentration was 0.14 mg/ml and the

temperature was 4°C instead of 20°C.
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kg (sec™1)
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REACTION TIME (S)

Fig. 7. Time course of change in the kg value during the initial
phase at 4°C. The kg value was obtained by dividing v by [EP] at
time t given in Fig. 6. The value of v at time t was estimated

as AP;/at as described in the text.
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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) was

studied in 0.1 M KC1, 1 mM MgCl,, and 0.1 mM CaCl, in the presence

2’
of 0.1 mg/ml of Tween 80 at pH 7.0 and 20°C. Figure 8 shows the

time course of the EP formation and P, 1iberationtin the presteady.
state after 10.pM ATPAhad been added.to 0.125 mg/ml SR. The amount
of EP increased rapidly with time and reached the steady-state .
- level, 2.83 pmol/g protein, within 0.06 s; the EP overshoot was
not'observed. The'Pi liberation showed a definite presteady state
which closely corresponded to the period when the amount of EP

was increasing. The observed time course of Pi liberation»agreed
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_l.

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
was measured under the standard conditions (Fig. 9). The double
reciprocal plots of the ATPase ectivity and the amount oflEP
‘against the ATP concentrationvgave straight lines, and the
Michaelis constants both for the ATPase activity and the EP for¥
metion were 1 pM, which were almost equal to the values obtained
on FSR (8). The maximum rate of Pi 1iberatibn was 14.5 pmol Pi/
(g protein-s), which was much higher than the 2.2 pmol Pi/(g pro-
tein-s) obtained on FSR (8). On the other hand, the maximum
amount of EP was 3 umol/g protein, which was smaller than the

6 pmol/g protein of FSR (8). Therefore, the value of v/[EP] of
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Fig. 8. Time courses of EP formation and P; liberation of the
solubilizéd ATPase during the initial phase of the reaction. The
ATPase reaction of the soiubiiized SR was performed in 0.1 M KC1,
1 mM MgClé, 0.1 mM CaClZ, and 0.1 mg/ml Tween 80, and 20 mM Tris-
maleate at pH 7.0 and 20°C. The reaction was started by adding

10 pM ATP to 0.125 mg/ml SR, and the amounts of P. liberated (O)
and EP formed (@) were measured. The line for Pi liberation was
calculated by assuming that the rate constant for EP decomposition

was 7.1 s1,
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Fig. 9. Double reciprocal plots of the rate of the ATPase reaction
and the amount Qf EP of the Solubilizéd ATPase in the steady state
against the ATP concentration. The rate of ATPase (O) and the
amount of EP (©®) were measured in the presence of 7 (Q) or 40
(®) pg/ml SR protein in 0.1 M KC1, 1 mM MgCl,, 0.1 mM CaCl,,
0.1 mg/ml Tween 80, and ‘10 mM Tris-maleate at pH 7.0 and 20°C.
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solubilized ATPase (4.2 s-l) was about ten- times 1arger than that
of FSR. Acceleration of the ATPase adtivity'by-dissolving FSR
has already been reported by many investigators (14,15).

ADP Binding_to'SR'ATPaSé>3Ur1ng the ATPase Reaction — I

measured the amount of ADP'boundvto the solubilizéd ATPase during
the ATPase reaction byvthe method described in thé "EXPERIMENTAL
PROCEDURE." Figure 10 shows 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 aﬁount of EP in;thg
steédx state was 1.8 pmol/g protein, which was equivalént to the
concentration of 0.1 pM in the experimental'conditions ﬁéed, as
shown in the figure. The [14C]ATP prepafation used in this ex-
periment was contaminated by a trace amount of AMP, and the amount
of AMP iﬁcreased 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 O.48_pM. I thus concluded that the
main reaction intermediates in the steady state do not contaih

bound ADP.
DISCUSSION

The EP overshoot reported by Froehlich and Ta&lor (16) was.observed
at about 50 ms after the start of the reaction, and the Pi'liber—

ation also showed a burst phase which coincided with fhe transient
decay of EP (see Figs. 2 § 3). However, the transition of the ky

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

1Watanabe,~K., Itakura, K., and Kubo, S., personal communication
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Fig. 10. Evidence for lack of ADP binding to EP. The amounts of
ATP (A), ADP (O) and AMP (A) were measured in 55 pg/ml SR
protein, 0.5 pM ATP, 50 mM KC1, 50 pM CaCl,, 10 mM MgClz, 0.05 mg/ml
Tween 80, and 0.1 M Tris-HC1 at pH 9.0 and 20°C. The ATPase |
reaction was coupled with 5 mg/ml CK and 10 mM CP to convert free
ADP completely to ATP. The amount of EP (©) was measured in the

absence of CP.
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the v/[EP] transition was about 20 pmol/g protein (Fig. 2).
Since the time range of the Pi burst related to the fransient
decay "of EP.and that of the kd transition wére differeht, and .-
since the burst.size of Pi liberation dué'to the kd transition
was much larger than the active site concentration; it is reason-
able to assume that the reaction mechanisms for these two kinds
of P burst are different. Hereafter, I will call the Pi burst
_obsefved by Froehlich and Taylor (16) the Pj burst of the first
type, and that observed by Kanazawa et al. (8)‘the P; burst of
the second type.

Féoehlich and Taylor (16) asserted that the Pi burst of the
first type is caused by the formation of an acid-labile intermedi-
ate (E-P) formed by rapid hydrolysis of EP. Although the possi-
bility of an appreciable'amount of E-P existing in equilibrium
with EP in the steady state could be excluded, the poésibilify of
E+P existing in the transient phase could not (9). However, |
Boyer et al. (17) conducted kinetic analyses of the reverse reac-
tion, that is, the ﬁi;zﬂHOH exchange reaction and the EP formation
from medium P;, and showed that the Michaelis cdmplex (E-P3;) is
in rapid equilibrium with medium Pi (the rate constant of decompo-
sition of E-Pi into E + P calculated by»me from Boyers' results
was higher than- 200 s—l, while the value assumed by Froehlich and

Taylor (16) was 10 s71

). Thus, the E.P of Froehlich and Taylor
can not be considered.the Michaelis complex (E-Pj) formed in the‘
reverse reaction. Furthermore, the complicated kinetic behavior:
of the initial phase could not be éxplained by the mechanism of
Froehlich and Taylor. When the reaction was started by adding

2+

Ca™ + ATP, neither the EP overshoot nor the P; burst of the
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first type occurred (Fig. 3), although both thé rate_of‘Pi liber-
ation and the amount of EP in fhe steady state were almost equal
to those obtainedbwhen the reaction was started with ATP. ‘These’
greét differences between theireéction profile iﬁ the initial

2+

phase of the ATP start and that of the Ca** + ATP start can not

be due to a slow binding of Ca2+ ions to the ATPase, because ca®?

2+

ions bind Very rapidly with the SR ATPase (18) and Ca and ATP

. bind with the ATPase in a random sequence (8). The E? overshoot
and the Pi burst of the first type were also éliminated when SR
was'pfeloaded with a small amount of Ca2+ 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 between the rate of Pi liberation
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
showed 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/tEP] value.
The long lag phase of Pi liberation may be explained if I assume
that the acid-labile Pi is formed through at least two TCA-stable
EP intermediates. Ikemoto (19) also proposed the sequential
formation of two acid-stable EP intermediates differing in Ca2+
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 with an increased number of intermediates. For example,
the possibility exists that Pi is liberated not only from the EP
'intermediate but also from other intermediates such aé EATP, as

+

suggested by Lowe et al. (20) based on analysis of the Na', K'-

>
dependent ATPése [EC 3.1.6.3] reaction in the presteady state. .
Another possibility is that two EP intermediates exist and they
have different rate constants for decomposition, which was propoéed
by NakamﬁraAand Tonomura(21) to explain the presteady-statg and
steady-state kinetic behaviors of the SR p-nifrophenjlphosphatase
reaction. A second way is to assume that "apparent" rate conétants
of se&eral steps change with the reaction time. Sumida‘gz gl.(Qj
have already shown that the P burst of the second type is due to
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 shows an attempt to explain the
bell-shaped profile of the time course of v/[EP], on the assumption
that two EP intermediates interact with each other and the rate
constant of decomposition of one EP is proﬁortional to the amount
of decomposition of the other EP. |

In the above analyses, I tacitly assumed that the physico- -
chemicai state of ATPase is homogeneous at the start of the reac-
tion. However, Yamamoto and Tonomura (22) showed that the number
of lysine residues in various subfragments of SR ATPase, which
are modified by 2,4,6-trinitrobenzenesulfonate -, 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 mdlecules 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 ahd the
Pi burst of-the fifst type did not occur (Fig. 8), andﬁthevlag

. phase 1in the Pi liberation cofrespbnded‘closely to the pefiod-when
‘the EP concentration was increasing, as already reported by
Yamada et al. (15) using Tfitbn X-100 treated SR ATPase. Thus,

I suggest that the compiicated reaction profile of the initial
_phase in the FSR ATPase is attributable to the héterogeneity in
interactions between the ATPase molecules and ?L. 7

"The acceleration of the FSR ATPase activity by ATP itself was
first reported by Yamamoto and Tonomura (14) and later éonfirmed
by many investigators (12). Kanazawa et al. (8) indicated that
this phenomenon is due to the acceleration of EP formation. But
when'the solubilized ATPase was used, no acceleration of the
ATPase reaction by ATP was observed (Fig. 9) and the value v/[EP]
of the solubilized enzyme was much larger than that of FSR, as
already reported by Yamada et al. (15) using FSR in the presence
of Triton X-100,

Kanazawa et al. (8) found that when the ATPase reaction was
stopped by adding sufficient amounts of EGTA and ADP,iEP disappeared
completely and ATP was formed in an amount equal to the amount of
EP which had disappeared at an alkaline pH. AThus, they concluded
that EP does not contain bound ADP. On the other hand, Yates gi
al. (23) recently measured the binding of ADP and ATP to tﬁe
purified ATPase by a»flow—diaiysis method, and suggested the
existence of EP with bound ADP from the result that the affinity
for ADP was similar to that for ATP. Figure 10 clearly indicafes

that the amount of ADP bound to ATPase during the ATPase reaction
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Fig. 11. Analog computer simulation of the time courses of EP

formation and P. liberation during the initial phase.
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was negligibly small at least in the'steady state and in the

presence of CK and CP, thus supporting Kanazawas' conclusion.

This investigation wés published in 1978, and it appears in

"J.Biochem. 83, 1275-1284."

Fig. 11. Analog computer simulation of the time courseé of EP
formation and P, liberation during the initial phase. I assumed
‘that two distinct populations of ATPase (E 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: *E + ATP ;éti

*EATP~%>#EP + ADP-S>°E + P; + ADP—bE + Pj + ADP; E + ATP=SEATP

1 ? .
-z—aEP + ADP-§L9E+ Pi + ADP. The simulation represents phosphory-

-lation and Pi liberation at 10 pM ATP. Simulation was done wifh

a Hitachi analog computer ALS-200X. The following set of rate

constants was used. k., = k., = 107 M—ls'l, k, = k_1{>= 200 s_l;

1 1'
1 1

k, = kpy = 150 s™1, ko = 400 [aP;]1/e s, kg, = 10 571, and k, =
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SUMMARY

The reaction.of Ca2+

s Mg2+-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 P; burst reported by Kanazawa et al. [J. Biochem. 70, 95-

123 (1971)] was caused by the transition of v/[EP] after the EP
~overshoot and the Pi burst observed by Froehlich and Taylor [J.

'Biol. Chem. 250, 2013-2021 (1975)] had occurred.

2. When the reaction was started by adding"Ca2+ and ATSZP to FSR
or AT3?p to FSR preloaded with Ca2+, neither the ES2P overshoot
nor the 32

P, burst were observed.
3. The time course of P, liberation showed a lag phase and a burst
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 was
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 Pi burst. -
2. The double reciprocal plots of the ATPase activity and the
amount of EP in the steady state against the ATP concentrdtion
gave straight lines over a wide 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 with creatine kinase (CK)
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[EC 2.7.3.2] and creatine phosphate (CP). The aﬁount of bound
ADP was found to be negligibly small. | A»

I.thus concluded that the EP overshoot and the Pivburét which
coincided with the transient decay of EP during the initial phaée
are not caused by the formation of an acid—labi1e~intermédiaté
(E-P) aé Frbehlich 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 fhe
membrane, and the EP intermediate does not cbntain bound ADP at

least in the steady state of the ATPase reaction.
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PART II
ADP-Sensitive and jInsensitiveﬂPhosphorylated»
Intermediééesiof Solubilized Ca2+, Mg2+-Dependent.
ATPase of the Sarcoplasmic Reticulum from

Skeletal Muscle
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EXPERIMENTAL PROCEDURE

FSR was prepared from rabbit skeletal muscle, as;described pfe-
viously (1). SSR ATPase was prepared as follows: FSR (120 mg
protein)uin>20 ml 6f sucrose buffer containing 0.25 M sucrose,

0.1 M KC1, 0.1 mM CaCl,, and 20 mM TfiszES aﬁ pH 7.0 was
solubilized with 240 mg of ocfaethYleneglycol mono-nfdodecylether-
'  (C12E8) (2). The solution was diluted to 120 ml by additiop of
sucrose-Tween buffer containing 0.25 M srcrose; 50 mM KC1, 0.1 mM
CaCiZ, 0.1 mg/ml Tween 80, and 20VmM Tris-HCi (pH 8.b) at 10°C,
then éentrifuged 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 with the sucrose-Tween ‘
buffer to remove Ci,Eg- ATPase was eluted with 600 ml of a linear
gradient of 50 to 550 mM KC1 in the sucrose-Tween buffer (Fig. 1).
ATPase activity of each fraction was measured in the presence of

5 mM ATP, 90 mM KC1, 5 mM MgC1,, 50 pM CaCl and 50 mM imidazole-

29
HC1 at pH 7.0 and 20°C. ATPase [specific activity = about 10
pmol Pi/(g protein-s); maximum amount of EP = 2 mol/lO6 g protein]
was eluted at about 0.2 M KC1, and 55,000 dalton protein Which
did not show ATPase activity was eluted at about 0.4 M KCI. The_
ATPése fractions (no. 28-41) were essentially freé of other pro-
teins according to gel electrophoresis (3), and were stable at
least for a ﬁeek at 0°C. The lipid content of the preparation,
determined as inorganic’phosphate'(4), was about 30 mol per 105-g
of protein. [¥V- P]ATP was synthesized enzymatlcally by the
method of Glynn and Chappell (5).

The amount of EP and the ATPase activity in the steady state
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Fig. 1. DEAE-cellulose column chromatography of solubilized
sarcoplasmic reticulum. The proteins were eluted with the linear
gradient of KCl1, indicated by the conductivity (--——?). Fractions
- containing ATPase i.e., those indicated by the horizdntal'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 td follow rapid reactions. Various procedufes for
estimating the émbunts of ADP;sensitiVe and';insensitive'EP-are
- outlined in Fig. 2, In the simple methods a, b and c, SSR

32P to the reaction

ATPase was phosphorylated by adding 1 pM AT
mixture containing SSR, KC1, sucrose, MgCl,, CaCl,, 0.1 mg/ml

Tween 80, and 100 mM Tris-HC1 at pH 9.0 and 10°C. After appro-
priate intervals, a solution containing unlabeled ATP and ADP (

final concentrations, 1 mM) was added to the reaction mixture (

simple method a). The reaction was terminated 5 s later by the

32 32P.
1

liberated after the addition of ATP + ADP were considered to

addition of 4% TCA. The amounts of E”"P remaining and
represent the amount of ADP-insensitive EP. The amount of ADP-
sensitive EP was obtained by subtracting the amount of ADP-
insensitive EP from the total amount of EP just before the

32P formed

addition of ATP + ADP or by measuring the amount of AT
after the addition of ATP + ADP (8). Both methods gave similar
values. In the case of the simple method b, a solution containing
CaCl, or MgCl, was added 10 s after the reaction had been started
by adding ATSZP, theh 2 s later ATP + ADP was added to estimate
the amounts of the two kinds of EP.. In the simple method c, 20 s
after the reaction had been started by adding ATSZP, a solution
containing 1 mM EGTA, 1 mM ATP, and 1 mM ADP was added instead of
1 mM ATP and 1 mM ADP. In the kinetic method, 20 s after the

addition of ATSZ

P, a solution containing 1 mM ATP and 1 mM ADP
was added to the reaction mixture. After appropriate intervals,

4% TCA was added to terminate the reaction, and the amount of
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1..Simple method

(a) ssR ~ ATP+AD
: ! _reaction time | - o
-_ N 55 |} |
AT32p TCA
(b) ssr CazrorMg2*  TCA
R 10s | 55}
25
AT32p "~ ATP+ADP
(c) ssrR EGTA+ATP+ADP
! 208 o
55
AT32p - TCA
2. Kinetic method
SS ATP+ADP
{ 20S .
A var. time |
AT32p | TCA

Fig. 2. Various procedures for estimating the amounts of ADP-

sensitive and -insensitive EP. For explanation, see text.
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ATSZP formed after the addition of 1 mM ATP + 1 mM ADP was measured

as described abpve. From the time .course of AT32

P_formation,.the
32 '

amount of Af P wﬁich formed rapidly upon addition of ADP was
estimated. -

ATPase (1.6 mg'proteiﬁ/ml) was modified with 1 mM MalNEt in
0.25 M sucrose, 0.35 M KC1, 0.1 mM CéClz, 0.1 mg/ml Tween 80, and
20 mM Tris-HC1 at pH 7.8 and 20°C. After appropriéte ihﬁervals,
~the reaction was stopped by adding 10 mM DTT.

Radioactivity was measured with a Beckman LS-lSO scintillation
couﬁtgr using 7 ml of liquid scintillation mixture containing
2,5-diphenyloxazole (6 g/liter), 1,4-bis(5-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 SSR was

1

calculated using the factor, A280 = 1.4 mg ~, that was determined

by the biuret method.
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~ RESULTS

Kinetic Properties of SSR ATPase — The time courses of EP

formation and Pi 1iberation,iﬁ the initial phase of the ATPase
reaction were measured. When the reaction was started by adding
ATP, the amount of EP increased rapidly with time without a lag
phase and reached a steady-state level, while Pivliberafion showed
~a definite pre-steady state which closely corresponded to the
period when the amount of EP was increasing'(déta not shown).
After the lag phase, Pi was liberated linearly with time. The
depenéence on ATP concentration of the rate of ATPase reaction
(vg) and the amount of EP ([EP]) in the steady state were measured

in the presence of 0.1 M KC1, 0.1 M sucrose, 1 mM MgCl,, 0.1 mM

2’
CaCl,, 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 vg
and [EP] against [ATP] gave straight lines, and the Michaelis
constants for both vy and [EP] were 0.4 pM.. .

The dependence on ATP concentration of the initial velocity
of EP formation (Vf) ﬁas also measured under the same conditions

as for v Since the time course of EP formation showed a short

o
lag phase (about 20 ms) when the ATP concentration was lower
than 2 uM (see Fig. 8), the value of Ve was measured under the
conditions where the amount of EP increased linearly with time.
As shown in Fig.3B, the double reciprocal. plot of Vg versus
[ATP] gave a straight line, and the maximum rate of EP formation
and the Michaelis constant (K.) were 20 ymol/(g protein-s) and
7.6 pbM, respéctively.

These results can be explained by a simple mechanism:
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[EP] (@) (umol/g prote"in)

Vo1 (O) [pmcl Pi/(g prqtein;s)] |

| - | S | :
0 1 - 2 3
(ATP)™ ()T

vg=t [umol EP/(gprotein-s)]

0 T 5 3
[ATP]™! (M)

Fig. 3. Dependence on ATP concentration of the ATPase reaction
A: Double reciprocal plots of the rate of P; liberation (VO) and
the amount of EP in the steady state against the ATP concentration,

The values of v, (O) and [EP] (©) were measured in the presence



of 50 pg/ml SSR, 0.1 M KC1,

0.1 M sucrose, 1 mM MgClz, 50 J_IM CaCl
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2 .

0.1 mg/ml Tween 80, and 50 mM Tris- maleate at pH 7.0 and 10°C.

B: Double rec1procal plot of the initial rate of EP formatlon (ve)

against- the ATP concentration.

The Ve value was measured under

the same conditions described for Fig. 3A, except that the protein

concentration was 0.1 mg/ml.

. :3
,EO.Z : E
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2 44 >
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Fig. 4. 1Initial phase of the SSR ATPase reaction in the vpresence

of ADP. The reaction was started by adding 0.1 mM AT32P to SSR

(0.2 mg/ml) in the presence of 1 mM ADP, 0.1 M KC1, 0.1 M sucrose, |

2 mM MgClZ, 50 pM CaClz, 0.1 mg/ml Tween 80, and 50 mM Tris-maleate

at pH 7.0 and 10°C, and the amounts of Pj liberated (QO) and EP

formed (®) were measured.
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E + ATP;::#:EE'ATP —>» EP —>E + Pi
Ke ke k

since‘the amount of ADP bound to the enzyme durihg the ATPase
reaction is negligibly smgll (see Part I). The value of ky obtained A
as Vo/[EP] was about 9.4‘5'1. The rate of EP formétion was much
higher than that of its decomposition, and the value of kf was
obtained By dividing the maximum rate of EP fdrmation by the
" active site concentration which was equal to EP.in the presence
of sufficient amouﬁ&;of ATP. The kf value was about 11 s—l.‘rIf.it is
assumed that the reaction between E + ATP and E-ATP is in rapid
equilibrium, Ko is given by ,

kg

Ky = Kf ———— .
ke * Ky

The value of Ky thus calculated was about 0.3 pM, which was almost
equal to the experimental value, 0.4 pM.

Inhibifion 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 Pi liberation were measured. The reaction was

32

started by addition of 0.1 mM AT"“P in the presence of 1 mM ADP,

0.1 M KC1, 0.1 M sucrose, 2 mM MgCl and 50 pM CaCl2 at pH 7.0

29
and 10°C. As shown in Fig. 4, the amount of EP reached the steady-
state level at about 10 s after the addition of ATP, and the time
course of P, liberation showed a definite lag phase. I measured

the dependence on the ATP concentration of the rate of the ATPase

reaction (vo) and the amount of EP in the steady state. The reac-

tion was started by addition of 100 or 50 pM ATP in the presence
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of 0 to 0.2 mM ADP, 0.1 M KC1, 0.1 M sucrose,rnl mM Mgciz, and 50
pM CaCl, at pH 7.0 and 10°C. As:showniin Fig. 5A, thg reciprocai '
plots of Vo and_[EP] against [ADP] at different ATP concenfrdtions
gave straight lines, which in£er$ected ét the same point of the
horizontal axis, and the Ki value for the non—comﬁétitive inhi-
bition was 0.21 mM, However, ADP did not inhibit the decomposition
of EP, since the reciprocal plots of both vy and [EP] against |
[ADP] gave the same value of K;, as shown in Fig. 5A. This was
confirmed by the results of Fig. 5B, which showed that the value
of &6[[EP] was independent of ADP concentration. These results
indicated the existence of an EP intermeﬂiate which was decreased

by the reaction with ADP.

ADP-Sensitive and -Insensitive EP — To clarify whether ATP

was formed by the reaction of EP with ADP or not, I performed the
following experiments in the presence of 100 mM Tris-HC1 at pH

9.0 and 10°C, where EP decomposed very slowly. The phosphorylation

32

reaction was started by addition of 1 uM AT "P to 0.5 mg/ml SSR

in the presence of 0.35 M KC1, 0.25 M sucrose, 1 mM MgCl and

32

2’
P reached about 1.13
32

0.1 mM CaCl, (Fig. 6). The amount of E

pmol/g protein 5 s later, and further formation of E”"P was stopped

by the addition of 1 mM unlabeled ATP or 1 mM EGTA. When 1 mM

ADP was added simultaneously with ATP (J} ), the amount of £3%p

rapidly decreaéed and reached the low level of 0.16 ymol/g protein

in 10 s. The ATSZP concentration in the medium changed inversely

with the ESZP concentration. After addition of ATSZP to SSR, the

ATSZP concentration rapidly decreased to 0.6 from 2.0 pmol/g protein.

On subsequent addition of ADP together with unlabeled ATP, the

32

concentration of AT P began to increase with a corresponding’
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Fig. 5. Dependence on ADP concentratibn of the rate of ATPase

CVO), the amount of EP in the steady state, and the value of VO/[EP]'
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Fig. 5. Dependece on ADP concentration of the rate of ATPase ‘
(vo) , the amount of EP in the steady state, and tﬁe vélue of vo/[EP].
A: Reciprocal plots of the Vélues of v, and [EP] against the ADP
concentration. The values of vo (O,A) and [E.P]'l‘(g A ) were
measured. in the presence of 0.1 mg/ml SSR, 50 (O ,®) or 100 M
(A L,A) ATszP, various concentraions of ADP, 0.1 M KC1, 0.1 M
sucrose, 1 mM MgCl,, 50 uM CaCl,, 0.1 mg/ml Tween 80,-and 50 mM
Tris-maleate at pH 7.0 and 10°C. B: Dependence of v/ [EP] on
ADP ;pncentratioﬁ. The VO/[EP] value in the steady state was

32

measured in the presence of 0.2 mg/ml SSR, 100 pM AT °P, various

concentrations of ADP, 0.1 M KC1, 0.1 M sucrose, 2.5 mM MgCl,,
50 pM CaClZ, 0.1 mg/ml Tween 80, and 50 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 Ca2+.

1 pM AT?p in the presence of 0.35 M KC1, 0.25 M sucrose, 1 mM

SSR (0.5 mg/ml) was phosphorylated with

MgClz, 0.1 mM CaClz,' 0.1 mg/ml Tween 80, and IOOImM‘ Tris-HC1 at

pH 7.0 and 10°C. After 5 s, the formation of ESZP was stopped

by the addition of 1 mM unlabeled ATP or 1 mM EGTA (). With
unlabeled ATP, 1 mM ADP (O ,A,0) or 1 mM ADP + 1 mM EGTA (O,

A , @) was added simuitaneously, while 1 mM ATP + 1 mM ADP was
added 5 s later when the phosphorylation was stopped by EGTA (O,

A , ). At intervals after the start of the reaction, the 'reaction.

was stopped by adding TCA and the amounts of 32

32 :

(A,A,A), and AT “P (O, ,H0) were measured.
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Fig. 6. ATP formation from EP and added ADP both in the presence

and absence of CaZ+.
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decrease in ESZP, and reached 1.55 pmol/g protein. When 1 mM

EGTA was added simultaneously with ATP + ADP, the amount of £32p

decreased more slowly than when the reaction was stopped with

32

ATP + ADP and the amount of AT “P formed was only about 30% of

that formed upon addition of ATP and ADP. When the phosphorylatién

reaction was stopped by addition of EGTA and ATP + ADP was added

to the reaction mixture 5 s later, no ATSZP was formed, and ESZP

"~ (about 0.7 pmol/g protein) was decomposed into 32Pi and E. - Thus,

2+

the_reactivity of ESZP-for ADP was reduced by removing Ca”™ with

2+

EGTA,-and in the absence of Ca all the EP was ADP-insensitive.

2+

Figure 7 shows the effect of Ca“’ on the ADP sensitivity of

'EP. The phosphorylation feaction was started by addition of

1 pM ATSZP to SSR under the same conditions as for Fig. 6. When

2 mM CaCl, was added simultaneously with 1 mM ATP and 1 mM ADP

32 32

(¥), almost all the E”“P formed reacted with ADP to form AT "P.

On the other hand, when 1 mM EGTA was added simultaneously with

32 32

ATP + ADP, only 40% of E”"P was converted into AT""P.

Figure 8 shows the effects of pH and hydroxylamine on the

stability of two kinds of phosphoprotein isolated by TCA treatment

32

(10). SSR was phosphorylated by adding 1 pM AT”"P in the presence

of 0.1 M KC1, 2 mM CaCl and 100 mM Tris-HC1 at pH 9.0 and 10°C.

2
The reaction was stopped by addition of 4% TCA, and phosphoprotein

thus obtained was used as ADP-sensitive EP (cf. Fig. 7). To

prepare ADP-insensitive EP, SSR was phosphorylated with 1 uM AT3?p

in the presence of 0.1 M KC1, 0.1 mM CaCl,, and 100 mM Tris-HC1

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 two kinds of EP showed the same pH-stability character-
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Fig. 7. Effect of Ca2+ on the reaction of EP with ADP. SSR
32

(0.5 mg/ml) was phosphorylated with 1 pM AT”"P 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 CaCl,
(O,0,A) or 1 mM ATP + 1 mM ADP + 1 mM EGTA (@, ,A) ().

At intervals, the reaction was stopped by addition of TCA, and the

3

amounts of 32Pi (0O,®0), E 2P'(G‘.) ,®) and AT3?p (A ,A‘) were measured,
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istics; both were unstable at alkaiine pH (Fig. 8A). Furthermore,k
both rapidly decomposed in the presence of 0.5 M hydroxylamine
(Fig.‘SB). Thus, it was concluded that the phosphate:bonds‘of
the two kinds of EP, which had different reactivities with AbP,

were both the acyl phosphate type (10), at least dfter denaturation

with TCA.
Sequential Formation of Two Kinds of EP — Figure 9 shows
- that the formation of E3%p from ATSZP was rapidly and completely

32

stopped but the Pieexchange reaction between E“ P and ATP was

not induced by the addition of sufficient amounts of unlabeled

32 32

ATP. The sum of the amounts of E“P and Pi obtained by stopping

the reaction with 1 N HC1 (exptl. 1) was equal to the sum of the

2

amounts of E3 P and 32Pi measured by adding TCA at 15 s after the

32p had been stopped with 1 mM unlabeled ATP at the

32

formation of E

time indicated as the reaction time (exptl. 2). The E”"P forma-

tion measured after the HC1 stop showed a short 1eg phase within
20 ms after the start of the reaction, then proceeded 1inear1y
with time. -After 0.2 s of reaction, the amounts of EP formed and
Pi liberated were 0.31 and 0.04 ymol/g protein, respectively.

As shown in Fig. 10, during the steady state about 30% of

3 32

E 2P (exptl. 1) was recovered as the sum of E°°P and 32Pi when

the reaction was stopped by adding 4% TCA at 15 s after the
formation of E3?P had been stopped by adding 1 mM unlabeled ATP

and 1 mM ADP at the time indicated as the reaction time (exptl. 2).

32P could react with ADP to form ATSZP.
Furthermore, the time course of formation of ESZP and 32

Thus, most of the E
p.

i
obtained by stopping the reaction with TCA 15 s after adding ATP

+ ADP showed a definite lag phase. This indicated that during
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Fig. 8. Chemical characteristics of phosphate bonds of ADP-sensitive
and -insensitive EP isolated by TCA treatment. A: pH-dependence

of the stability of the two kinds of EP. ADP-sensitive (O) and
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-insensitive EP (Q®) were obtained as described in the 'text, and
the amount of Pi released was measured 30 min after incubation bf
two kinds of EP in 50 mM pH buffer at 20°C. B: Accelération by
hydroxylamine of the decomposition of the two kinds of EP-. ADP—
sensitive (QO,A) and -insensitive EP (©,A) were:incubated with
0.5 M hydroxylamine (O,®) or 0.5 M'Kél (A ,A) in the presence

of 50 mM Tris-maleate .at pH 5.5 and 20°C.

32

Fig. 9. Time courses of E““P formation and 32Pi liberation during

the initial phase when the reaction was stopped with 1 N HC1 or

1 mM unlabeled ATP. SSR (0.15 mg/ml) was phosphorylated with

0.5 pM ATSZP in the presence of 0.1 M KC1, 0.1 M sucrose, 1 mM

MgC1 50 pM CaClZ, 0.1 mg/ml Tween 80, and 50 mM Tris-maleate

2? :
at pH 7.0 and 10°C. After appropriate intervals, the formation of

E3%p was stopped with 1 N HC1 (O,®). It was also stopped with

‘1 mM unlabeled ATP (A ,A ), then the reaction was stopped 15 s

later with 4% TCA. The amounts of 32

E32p formed (©,A) were measured.

P; liberated (O ,A) and

Fig. 10. Time courses of E32P formation and 32Pi liberation during

the initial phase when the reaction was stopped with 1 N HC1l or

1 mM unlabeled ATP + 1 mM ADP. SSR (0.15 mg/ml) was phosphorylated

32

-with 0.5 pM AT”"P under the same conditions as described for Fig.

9. After appropriate intervals, the formation of E3%P was stopped
with 1 N HC1 (O,®). It was also stopped with 1 mM unlabeled

ATP + 1 mM ADP (A ,A ), then the reaction was stopped 15 s later

with 4% TCA. The amounts of 32 32P formed

P; liberated (O ,A) and E

(© ,A) were measur_ed.
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the initial phase, ADP-sensitive EP was produced, then ADP-insen-
sitive EP was formed.

The time céurées of formation of the two kihds of EP were
measured in 100 mM Tris-HC1 at pH 9.0 and 10°C, where the EP
decomposition was very slow (Fig. 11). The reaction wasrstarted

32

by adding 1 pM AT 2P to SSR (0.4 mg/ml) in 0.3 M KC1, 0.2 M sucrose,

10 mM MgClz, and 0.1 mM CaCl,. After appropriate intervals, the
~reaction was stopped by addition of 4% TCA, and the total amount
of ESZP was measured. The amount of ADP-inSenéitive EP at each
time was measured by the simple method a described in “EXPERIMENTAL
PROCEﬁURE." As ‘shown in Fig. 11, the total amount of EP increased
with 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-insensitive EP showed

a definite lag phase (about 0.5 s), and the amount of ADPfinsen-
sitive EP reached the steady-state level about 3 s after the start
of the reaction. The amountvof ADP-sensitive EP, which was
oBtained by subtracting the ADP—insenéitive 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 réaction. These
results indicate that ADP-sensitive EP is formed first then
converted into ADP-insensitive EP. Simulation on a Hitachi analog
computer ALS-200X of thé 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 k :

E-ATP ——l;aADP-sensitive EP;::%:%ADP-insensitive EP.
k2
1

The k., value was found to be 1.1 s~ from the time course of

1
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Fig. 11. Time courses of formation of ADP-sensitive and -insensitive

32

EP. SSR (0.4 mg/ml) was phosphorylated with 1 pM AT "P in the

presence of 0.3 M KC1, 0.2 M sucrose, 10 mM MgClz, 0.1 mM CaClz,
0.1 mg/ml Tween 80, and 100 mM Tris-HC1 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 (@) was measured. The
amount of ADP-insensitive EP (+) at eaéh time was measured by

~ the simple method a, and the time course of formation of ADP-
sensitive 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. The k2 value was 0.5 s 1

(cf£. Fig. 18). The best fit to the time courses of formation of
the two kinds of EP obtained by computer simulation, was when a
0.6 s ~% was used as k_,.

Conversion of Two Kinds of EP by Divalent Cations — Figure

12 shows the dependence of the ratio of ADP-sensitive EP to total
EP on CaCl, and MgCl2 concentrations. In thé>experiments shown

32P in the

“in Fig. 12A, SSR (0.4 mg/ml) was phos?horylated_with AT
presence of 20 mM MgClz‘and 0.1 mM CaCl,, and 10:5 later appropriate
amounts of CaCl2 were added to the reaction mixture, then thé

amount of ADP—sensitivevEP was estimated.by the simple method b
described in "EXPERIMENTAL PROCEDURE." The ratio increased with

an increase in the CaC1, concentration, while the total amount of

" EP at steady state was unaffected by CaCl2 and was about 1;6

pmol EP/g protein. In the experiments shown in Fig. 12B, SSR

2

(0.4 mg/ml) was phosphorylated with AT3?P in the presence of 1

mM MgCl, and 0.1 mM CaCl and 10 s later appropriate amounts of

2 2?
MgC1, were,added_to the reaction mixture, then the amount of
ADP-sensitive EP was estimatéd by the simple method b. The ratio
of ADP-sensitive EP to total EP decreased when the MgCl2 concentration
was increased. The amount of EP at steady state was unaffected

By MgCl2 and was about 1.7 pmol/g ?rotein. These results indicated

2

that ADP-sensitive EP was a complex of EP with Ca "and ADP-insen-

sitive EP was a complex of EP with Mgz+
' Figufe 13 shows the Hill plots of {[totai EP]/[ADP-insensitive

EP] - 1 }against-[Ca2+] and [Mg2+]. Both Hillréoefficients for

ca’? and Mg2+ wére 2. The value of KMg/KCa obtained from the

Hill plot against [Mg2+]'was 52.7, which agreed well with the
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‘Fig. 12. Dependence of the ratio of ADP-sensitive EP to total

~ EP on CaCl, and MgC1, concentrations.
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EP] was calculated from the results given in Fig, 12.
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Fig. 12. Dependence of the ratio of ADP-sensitive EP to total
EP on CaCl2 and MgCl2 concentrations. A: Dependence of the ratio
on CaCl, concentration. SSR (0.4 mg/ml) was phosphorylated with

32p in the presence of 0.3 M KC1, 0.2 M sucrose, 20 mM

1 pM AT
MgCl,, 0.1 mM CaCl,, 0.1 mg/ml Tween 80, and 100 mM Tris-HCl at
pH 9.0 and 10°C. Ten'seconds»later,'appropriate emountS'of CaCl,
‘were added, then the amount of ADP-sensitive EP was estimated by
~ the simple method b. B: Dependence of the ratio on MgClz,tpncen-

tration. SSR (0.4 mg/ml) was'phosphorylated with 1 pM AT?

P under
the'seme conditions described for Fig. 12A, except that the Mgbl2
concentration was 1 mM. Ten seconds later, appropriate amounts.
of MgCl, were added, then the amount of ADP-sensitive EP was
estimated. | |

Fig. 14. Effects of CaCl, concentration on the time course of

AT32P formation from E32

32

P and ADP and the value of v,/[EP]. A:

32

Time course of AT P formation by the reaction of E %P with ADP

in the presence of various concentrations of CaClz. The reaction

52p to SSR (0.4 mg/ml) in 0.15 M KC1,

was started by adding 1 pM AT
0.1 M sucrose, 1 mM MgClz, various concentrations of CaClz, 0.1
mg/ml Tween 80, and 100 mM Tris-HC1 at pH 9.0 and 10°C, and 20 s

32

later, the formation of E““P was stopped with 1 mM unlabeled ATP =+

1 mM ADP, and the time courses of AT32

P formation in the presence
of 5 (X), 30 (¥), 55 (@), 85 (A) and 155 (©) pM CaCl, were
Vmeasured. B: Dependence of the value of vy/[EP] and the amount
of ADP—insensitive EP on CaCl, concentration. The reaction was
performed under the same conditions described for Fig. 14A. The
values of vy 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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Fig. 14. Effects of CaCl2 concentration on the time course of

ATSZP formation from ESZP and ADP and the value of vo/[EP].
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value of 50.2 obtained from the Hill plot against [Cazf].

In the above experiments, the amount of ADP-insensitive EP

32 32"

was$ estimated as the amount of E”“P remaining and P, liberated

§ s after the addition of ATP + ADP. However, as shown in Fig.

32

v14A, the time course of AT "P formation upon addihg ATP + ADP to

32P consisted of fast and slow phasés. Therefore, the amount of

32

AT®?P formed in the fast phase was taken as the amount of ADP-

_sensitive EP in the following experiments. Thus, in the experé

iments shown in Fig. 14A, SSR (0.4 mg/ml) was phosphorylated with

1 pM_ATSZP in the presence of 1 mM MgCl, and various concentrations

of CaClz, then 1 mM ATP + 1 mM ADP was added 20 s after”the
32 32

addition of AT®“P and the time coursé of AT""P formation was
measuréd.’ 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. 14B, the apparent rate constant
of EP decomposition (VO/[EP]) decreased with én increase in CaCl2
concentration. The amount of ADP-insensitive EP obtained by the
kinetic method was proportional to v,/[EP] over the whole rangé
of CaCl2 concentrations tested. In this figure, the amount of
ADP-insensitive EP is given as a percentage, since the amount of
total EP was independent of CaCl2 concentration, as mentioned
above.

‘ In the experiments shown inAFig; 15A, SSR (0.4 mg/ml) was
phosphorylated with 1 uM ATSZP_in the presence of 0.1 mM CaCl2
and various concentrations (1 - 5 mM) of MgClz, then 1. mM 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 MgCl,, while the amount of total EP was
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Fig. 15. Effect of MgCl2 concentration on the time course of AT™ 7P

32P and ADP and the value of vo/[EP]. A: Time

32

formation from E

32

coursevof AT “P formation by the reaction of E”"P with ADP in the

presence of various concentrations of MgClz. The reaction was

32

started by adding 1 pM AT P to SSR (0.4 mg/ml) in 0.15 M KC1,

0.1 M sucrose, 0.1 mM CaCl various concentrations of MgCl,, 0.1

2’
mg/ml Tween 80, and 100 mM Tris-HC1l at pH 9.0 and 10°C, then the

formation of ESZP was stopped 20 s later with 1 mM unlabeled ATP +
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32p formation in the presence

1 mM ADP, and the time courses bf AT
of 1 ()-, 2 (A),3 @), 4 (V), 5(Xx) M MgCl, were measured.
B: Dependehce of the value of Vo/[EP] and the amount of ADP-
insensitive EP on MgCl, concentration. The reaction was performed
under the same.Conditions described for Fig. 15A. Thé 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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Fig. 16. Dependence of the v, value, [EP] and the amount of ADP-
insensitive EP on MgCl, concentration. The reaction was started

32p to SSR (0.3 mg/ml) in 0.1 M KC1, 0.1 M sucrose,

by adding 1 pM AT
0.1 mM CaCl,, various concentrations of MgCl,, 0.1 mg/ml Tween 80,
and 100 mM Tris-HC1l at pHA9.0 and 10°C, then the reaction was
stopped 20 s later with 4% TCA, and the total amount of EP (Q)

and the value of v, (O) were measured. The amount of ADP-

insensitive EP was measured by the simple method c.
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unaffected by [Mg2+], as mentioned above. -Thﬁs, thevvaiue of
vo/[EP] decreased slightly with an increase in MgClz‘concentratiOn'
(Fig. 15B). On the other hand, the amount of ADP-insénsitive EP |
obtained by the kinetic methoa increased with én_inérease-in MgCl2
concentration, and about 90% of the total EP was ADP-inseﬁsitivev
in the presence of 5 mM MgCl1,. |
Kanazéwa et al. (11) reported that the decomposition of EP

. was accelerated by the addition of a low concentration of MgCl,
(below 0.1 mM). Figure 16 shows 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 MgC1, in the

range of 0 to 250 uM. The ATPase activity increased with an
increase in the concentration of added MgCl,. It waé about 0.0012
pmol/ (g protein.s) when no MgCl2 was added, and reached the maxinum |
value, 0.0096 pmol/(g protein-s), at MgCl, higher than 200 pM.

The totél amount of EP at steady state was constant over the whole
range of MgCl2 concentrations tested.b The amount of ADP-insensitive
EP increased from 0.18 to 0.56.pm01/g>protein as the MgCl2 increased -
from 0 to 250 pM. Therefore, the apparent rate constant of the
decomposition of ADP-insensitive EP increased with an increase in
the MgCl, concentration, and reached the maximﬁm value (0.026 s—l)
at 0.1 mM MgClz; then decreased with a further increase of MgCl,,
~as already shown in Fig. 15B.

Rate of Conversion of ADP-Sensitive EP into ADP-Insensitive

Eg — The formation of AT32P from E32

P by addition of ATP + ADP
showed a biphasic time course, and it was rather troublesome to
determine the AT %P formed in the fast phase by extrapolatingbthe

slow phase to zero time. Therefore, I devised the simple method c.
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The rationale for this method is given in Fig. 17. SSR (0.35 mg/ml)

32

was phosphorylated with 1 pM AT""P in 1 mM MgCl2 and 40 pM CaCl,,

then 1 mM ATP + 1 mM ADP with or without 2 mM EGTA was added 20 s

later. The time courses of the decrease of E32 32

32

P, Pi liberation,

32

and AT

P formation were measured. The formation of AT “P after

addition of ATP + ADP (4 ) showed a biphasic time course, while

32

the amount of AT “P formed after the addition of ATP + ADP + EGTA

()()'did not change with time and the amount coﬁld be easily
estimated by extrépolating to zero time. The amount of ADPrsensi-"
tive EP obtained by the simple method c, i.g.; by adding ATP +
ADP + EGTA, was usually 20% less than tﬁat obtained by the kinetic
method. It should be added that the rate of 32Pi liberation after
the addition of ATP + ADP + EGTA or ATP + ADP was seVeral.times
fhat at steady state (0.018 umol/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 Ca2+ with EGTA. SSR was

32

phosphorylated with 1 pM AT P in 1 mM MgCl, and 1 mM CaCl,, then

. 5 mM EGTA was added to stop the phosphorylation reaction 20 s

later. After appropriate intervals, 4% TCA or 1 mM ATP + 1 mM

32 32

ADP was added, and the amounts of total E”"P, Pi liberated, and

32

ADP-insensitive EP were measured. The amount of total ET°P

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

32

EGTA. The amount of P, liberated during 5 s (0.22 pmol/g protein)

was less than the decrease in ES2P. This indicates that'ADP

2 32

derived by ATP hydrolysis reacted with E3 P to form AT “P. On the

other hand, the amount of ADP-insensitive EP increased rapidly
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Fig. 17. Time courses of the decrease in [ESZP], 3 P; liberation

1 mM ADP with or without 2 mM EGTA. SSR (0.35 mg/ml) was

phosphorylated with 1 pM ATSZP in the presence of 0.15 M KC1, 0.1

M sucrose, 1 mM MgCl,, 40 pM CaCl,, 0.1 mg/ml Tween 80, and 100

2
mM Tris-HC1 at pH 9.0 and 10°C, then 20 s later, 1 mM ATP + 1 mM

ADP (O,O,4) or 1 mM ATP + 1 mM ADP + 2 mM EGTA (O,3,X) was

added. After appropriate intervals, the amounts of 32Pi (o,3),

32

g32p (©,0) and AT “P (4 ,%) were measured.
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Fig. 18. Time course of formation of ADP-insensitive EP from

ADP-sensitive EP by removal of Ca2+ ions with EGTA. SSR (0.4 mg/ml)

was phosphorylated with 1 puM AT32P in the presence of 0.1 M KCI,

0.1 M sucrose, 1 mM MgCl 1 mM CaCl,, 0.1 mg/ml Tween 80, and

2°
100 mM Tris-HC1l at pH 9.0 and 10°C, then 5 mM EGTA was added 20 s
later. After appropriate intervals, the amounts of Pi liberated

(O), total EP (©) and ADP-insensitive EP (A) were measured.
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after addition of EGTA. I assumed the following reaction scheme
for the conversion of ADP-sensitive EP to ADP-insensitive EP:

k : X | X
E+ATP <—X- ADP-sensitive EP —S»> ADP-insensitive EP—39%5 E + P,

The sum of kC + kr'was obtained as the first-order rate constant
of the decrease of ADP-sensitive EP. I tentatively assumed that
the value of kr was equal to the first-order rate constant of

- total EP decomposition, and obtained 0.5 s71

a§'the kc value.
Figure 19 shows that the conversion of ADP-sensitive EP into
-insensitive EP by removal of Ca2+ was unaffected by the addition
of MgCl,. SSR was phosphorylated in thé‘p?esence of various
concentfations of MgCl,. The phosphorylation reaction ﬁas stopped
by addition of 5 mM EGTA, and the time course of the formation
| of ADP-insensitive EP was measured. The amount of ADP-insensitive
EP af zero time increased with an increase in MgCi2 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 EP:into an Enzyme-ATP

Complex — ‘In the experiments shown in Fig. 20, SSR was

32

phosphorylated with 1 uM AT "P in 1 mM MgCl2 and 1 mM CaCl,, where

almost all the EP formed was ADP-sensitive. Twenty seconds later,

2

the formation of E3 P was stopped by addition of 0.1 mM unlabeled

.32

ATP with various concentrations of ADP. The amount of E"P

decreased with the addition of ATP + ADP; while only a small
amount of 32Pi was liberated within 2 s after the addition bf.

ATP + ADP (data not shown). Thus, the amount of decrease in °

AESZP was almost equal to the amount of AT3?P formed. The decrease

in ESZP observed with addition of unlabeled ATP alone was
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Fig. 19. Effect of MgCl2 concentration on the rate of conversion
of ADP-sensitive EP into ADP-insensitive EP. SSR (0.35 mg/ml) was

32P under the Same conditions described

phbsphorylated with 1 pM AT
for Fig. 18, except that the concentrations .of MgCl, were 0 ,¥),
0.1 (+,%X), 2 (0,0), 3 (0,0), 5 (A,A), and 10 (Vy,V) mM.
The reaction was stopped with 5 mM EGTA 20 s after its start, and
the amounts of total EP (& ,X,0,0d,4,7) and ADP-insensitive

EP (O,+,0,0,A,V) were measured.
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Fig. 20. Time course of decrease in the amount of ADP-sensitive

EP by the reaction with ADP. SSR (0.4 mg/ml) was phosphorylated

32

with 1 WM AT “P in the presence of 0.1 M KCl, 0.1 M sucrose, 1 mM -

0.1 mg/ml Tween 80, and 100 mM Tris-HC1 at pH
32

2,
9.0 and 10°C. The formation of E

MgCl,, 1 mM CaCl
‘ P was stopped by adding 0.1 mM
unlabeled ATP with 0 (©), 10 (1), 15 (A), 20 (¥), 40 (),
and 100 (X) pM ADP.
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attributed to the contamination of unlabeled ATP preparation with

32

a small amount of ADP. The rate of AT™"P formation increased

with increase'in the concentration of ADP added together with

ATP. The time course of AT32

P formation did not follow simple
first-order kinetics, indikating 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-Insensitive EP into ADP-Sensitive

EP — In the experiments shown in Fig. 21, SSR was phosphorylated
32, . , :

Pin 1 mM MgCl2 29

the EP was ADP-insensitive. Twenty seconds later, various concen-

with 1 pM AT and 10 pM CaCl where almost all
trations of CaCl2 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 ofVCaCl2 was represented as

the percent of the amount just before the addition of CaCl The

9
time course of decrease in the amount of ADP-insensitive EP after
adding CaCl2 consisted of fast and slow phasés. When a high
concentration of CéCl2 was added to the reaction mixture, the
tbtal 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 5low 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 AT32

P hydrolysis to form an
enzyme-ATP complex.

Inhibition of Conversion of ADP-Sensitive EP into ADP-

Insensitive EP by Modification with MalNEt — Figure 22 shows the

time courses of changes in the ATPase activity, the total amount

of EP, and the amount of ADP-insensitive EP, when SSR (1.5 mg/ml)
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Fig. 21. Time course of conversion of ADP-insensitive EP into
ADP-sensitive EP by addition. of CaCl,. © SSR (0.6. mg/ml) was
phosphorylated with 1 M ATSZP in the presence of 0.1 M KC1, 0.1
‘M sucrose, 1 mM MgCl,, 10 pM CaCl,, 0.1 mg/ml Tween 80, and 100
mM Tris-HC1 at pH 9.0 and 10°C. The time courses of the decrease
in ADP-insensitive EP due to addition of 30 (@), 60' (77), 90 (A), |
120 (¥), 200 (4), 500 (Xx), 1000 (@®), 2000 (A), and 5000 (@)

M CaCl2 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-insensitive EP by the reaction
of SSR with MalNEt. SSR (1.5 mg/ml) was reacted with 1 mM MalNEt
in the presence of 0,35 M KC1, 0.25 M sucrosé, 0.1 mM CaClz, 0.1
mg/ml Tween 80, and 30 mM Tris-HCl1l at pH 7;8 and 20°C, and the

reaction was stopped with 10 mM DTT. MalNEt-treated SSR (0.3 mg/ml)

32

was phosphorylated with 1 pM AT “P in the presence of 0.1 M KC1,

0.1 M sucrose, 10 mM MgClz, 0.1 mM CaCl 0.1 mg/ml Tween 80 and

2’

100 mM Tris-HC1 at pH 9.0 and 10°C, and the v, value (C)), the

amounts of total EP (®) and ADP-insensitive EP (A ) were measured.
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reactéd with 1 mM MalNEt, as described in "EXPERIMENTAL PROCEDURE."
The reaction with MalNEt was stopped by addition of 10 mM DTT,
and the ATPase'activity and the total amount of EP were measured

in the presence-of 10 mM MgC1, and 0.1 mM CaCl,. The amount of
ADP-insensitive EP was measured by the simple method c. The
ATPase activity, the total amount of'EP,'ahd the amount Qf ADP-
insensitivé EP decreased with the time of the MalNEt treatment.
When the ratio of ADP-insensitive EP to total EP was plotted against
the incubation time with MalNEt, the ratio décfeased from 75% to
below 103 by the reaction with MalNEt for‘10 min,

éigure 23 shows the rate of conversion of APP-sensitive EP
into -insensitive EP by removal of Ca2+ using SSR treated with
MalNEt for 10 min. ‘The modified SSR (0;38 mg/ml) was phosphorylated

32

with 1 pM AT and

P in the presence of 1 mM MgCl,-and 1 mM CaCl,,
the rate of conversion was measured as described in Fig.>18.
The total amount of EP decreased sldwly from 0.91 to 0.58 pmol/

g protein in 5 s when 5 mM EGTA was 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 intb |
-insensitive EP calculated from the results shown in Fig. 23 was

- about 0.1 s-l, which was about fivefold smaller than that of

-1

intact SSR, 0.5 s (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)

32

was phosphorylated with 1 pM AT"P in the presence of various

concentrations of MgC1, and 0.1 mM CaC12, and the total amount of
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Fig. 23. Inhibition of conversion of ADP-sensitive EP into ADP-
insénsitive EP by modification of ATPase with MalNEt. SSR.treated
with MalNEt for 10 min (0.38 mg/ml) was phosphorylated with 1 pM
AT®?p in the presence of 0.1 M KC1, 0.1 M sucrose, 1 mM MgCl,,

1 mM CaCl,, 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_appropriéte
intervals, the amounts of P; liberated (O), total EP (@), and

"ADP-insensitive EP (A) were measured.
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Fig. 24. Effect of MgCl2 concentration on the conversion of ADP
-sensitive EP into ADP-insensitive EP of MalNEt-treated SSR. SSR
treated with 1 mM MalNEt for 10 min (0.58 mg/ml) was phosphorylated

32

with 1 pM ATY"P in the presence of 0.1 M KC1l, 0.1 M sucrose,

various concentrations of MgCl,, 0.1 mM CaCl,, 0.1 mg/ml Tween 80,

and 100 mM Tris-HC1 at pH 9.0 and 10°C. The formation of E°2

P
was stopped with 4% TCA or 1 mM ATP + 1 mM ADP + 2 mM EGTA, and
the amounts of total EP () and ADP-insensitive EP (A) were

measured.



82

EP and the amount of ADP-insensitive EP were meésured 20 s after
the reaction had been started. The amount of total EE and that
of ADP-insensitive EP were almost constant over the whole“range
of MgCl2 concentrations tested. ‘The ratio of ADP-insensitive_EP
to total EP was less than'IO% which was much smaliér than the
value of intact SSR, i.g., 75%‘in thé presence of 10 mM MgCl2
(cf. Fig. 13B).

DISCUSSION

When FSR was solubilized with detergent,.neither the EP overshoot
nor the Pi burst in the initial phase of the reaction were QbserVed,
and the ATPase reaction could be easily analyzed (6,12) (see Part
I). SSR ATPase used in this study also showed neither the EP
ovefshoot nor the P, burst. The dependence on ATP concentration

of the rate of the SSR ATPase reaction and thevamount of EP in

the steady state as well as the initial velocity of EP formation
followed the simple Michaelis-Menten equation (Fig.FS). The
maximum amount of EP formed was about 2 mol/lO6 g protein, and

was considerably less than 10 m01/106 g protein which was obtained
by assuming the moiecular weight per ATPase active site to be 10° g ‘
(13-15). There are two cxplanations 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
fhe active site concentration, because the enzyme assumes a new -
state after EP decomposition, which 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



83
second mechanism seems unlikely, because EP overshoot wés not
observed in the_initial phase of the reaction.

The fifst inferesting finding in this study obtained with
VSSR‘ATPase, where thé problem.of'the productioh of ca®? gfadient'
during the ATPase reaction could be avoided, wés fhat 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
_ inhibited by ADP.and the rate constant of EP decomposition (vo/[EP])
was constant over a wide range of ADP concentrations (Fig. 5). |
Fur£h§rmore, the reaction of EP with ADP was measured both in the
presence and absence of CaClziat alkaline pH where EP decomposed
very slowly, and two kinds of EP (ADP-sensitive and -iﬁsensitivev ‘
EP) were found in the presence of sufficient amounts of added
‘alkali metai salts (see Fig. 6 & 7). The existenée'of the two
kinds of EP was previously feported for purified ATPase by Shigekawa
et al. (16-18), who performed the experiments in the absence of
added alkali metal salts. They also reported that all the EP
formed in the presence of a sufficient amount of alkali metal
salts was ADP-sensitive (see INTRODUCTION). Kanazawa et al. (11)

also reported that the extent of AT32 32

P formation from E P 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
Triton X-100. Thus, they concluded that Ca2+ ions inside the
vesicle are essential for the AT32P formation from-EszP and ADP.
Therefore, the discrepancy between Shigekawa's and my results may
be due to the difference of ATPase pfeparations used: Shigekawa

et al. used purified ATPase which retained the membrane structure,
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while I used solubilized ATPase.

| The second finding was that the two kinds of EP are formed
sequehtially: ADP-sensitive EP is formed first, then~conyérted
into ADP-insensitive EP (see figé. 1Q & 11). VShigekawa and
Dougherty (18) also reporéed the sequential formafion of two kinds .
of EP. The rate of éonversion of ADP-sensitiﬁe EP into -insensitive
EP was faster than the rafe of -decomposition of ADP-insensitive

EP. For example, at pH 9.0 and 10°C, the rate of conversion was
abqut 0.5 s—l, while the rate of decomposition was less thanVO.Ol
st (Fig. 11). However, the amount of ADP-sensitive EP was larger
than that of ADP-insensitive EP under these conditions. Therefore,
I concluded that ADP-sensitive and -insensitive EP are in equilib-
rium. In spite of rapid conversion between ADP-sensitive and
-insensitive EP, they could be dis£inguishéd by the difference

in their reactivities with ADP. These results indicated that the
rate of conversion of ADP-insensitive EP intd -sensitive EP with
bound ADP was considerably slower than the rate in the absence of
ADP. This conclusion was supported by the finding that the time

32P formation from ESZP and ADP consisted of fast

courses of AT
and slow phases (Figs. 14A and 15A).

The third finding was that the ratio of the two kinds of EP
is dependent on the concentrations of MgCl2 and CaClz, asrpreviously
reported by Shigekawa and Dougherty (18) for purified ATPase in

the absence of added alkali metal salts. As shown in Fig. 13;5

the dependences were given by

[ADP-insensitive EP] S 1

[total EP] ‘ K, .[ca2*]])2
1 + Mg

Kea mg?*y
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Tis indicates that ADP-sensitive EP binds two moles of'Ca2+ aﬁd
ADP-insensitive EPrbinds two moles of Mg2+ per mole of EP. This
result was éonsistent with the mechanism that two molés of Ca2+
afé transported coupled with a mole of ATP-hydrolysis (13-15).
The vélue of KMg/KCa for EP was about 50 (see Fig. 13),.which B
vwas 600 times smaller than that of KMg/KCa for E:obtained*by;Yamada'
and Tonomura (19). Thus, the affinities of the enzyme for Cazf
and Mgz+ change dramatically with the EP formation.

Since the ADP-insensitive EP is consideréd to be the terminal

2% and Mg2+,on its decomposition

infermediate, the effects of Ca
were‘measured. It was unaffected by CaCl2 (Fig. 14) and seemed
to be accelerated by low concentrations of MgCl2 (Fig. 16){ but
it was inhibited by a high concentration of MgCl, (Fig. 17).

All these results could be easily explained by assuming two

forms (Ca and Mg forms) of EP, which are formed sequentially:

ADP Mg ?

2+ __~Cajp I sCazr _\_\ Mg

affected by Mg

| "
—E ¢ Py o+ 2MgT .

2+
The existence of fwo forms of SSR ATPase has directly been shown
by Nakamura and Tonomura (20) from the change in the UV spectrum
of SSR ATPase induced by ca’t 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, assumingAthe existence

of two confofmational states both in ADP-sensitive and -insensitive

EP:

ADP-sensitive EP;fADP-sensitive *EP:EADP-insensitive *EP;3ADP—insensitivé EP.
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As shown in Fig. 16, the conversion of ADP-sensitive EP into
-insensitive EP followed first-order kinetics. However, the rate

2+

constant was independent of [Mg“ ] (Fig. 17). Therefore, the

increase in ADP-insensitive EP due to the addition ofMg2+ was

2+

concluded to be caused by the reaction of Mg “with ADP-insensitive

*Ep to form ADP-insensitive Ep. The biphasic time course of
conversion.of ADP-insensitive EP into -sensitive EP by-addition
of Ca2+'also supported the above conclusion. Furthermore,Athe
biphasic time course of conversion of ADP-sensitive EP into E:ATP
coﬁplgx 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 mbdification of ATPase
wifh_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

2+

EP in the reaction of Ca®", Mg2+—dependent.ATPase are very similar

to those of Na+, K+—dependent ATPase. However, Kanazawa et al.

ADP

(7) and Fukushima and Tonomura (23) found the existence of EP

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 df Naf,
K+-dependent ATPase activity is the competitive type. On the

2+, Mg2+-dependent

other hand, I found that EP intermediates of Ca
ATPase of SR do not contain bound ADP (6), and that SR ATPase is

non-competitively inhibited by ADP (cf. Fig. 5). Thus, these
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results'stroﬁgly suggest that the'main.route of the Naf; K+-dependent

ATPase reaction is the decomposition of ESDP into EADP 4 P;, while
that of Ca2+, Mg2+-dependent ATPase is the decompositién of EéDP

into Ep + ADP.

A part of this investigation will be published in Cation Flux

Across Biomembranes (Mukohata, Y., and Packer, L., eds.), Academic

Press, San Francisco.
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SUMMARY

Solubilized'Ca2+,'Mg2+-dependent ATPase with stable aétivity was
prepared from sércoplasmic reticulum of skeletal muscle by a
modified method of le Maire et al. (1976) (Biochemistry 15, 2336-
2342) . The dependence on ATP concentration,of'the ATPase activity
(v,) and the amount‘of EP in the steady sﬁaté_and the initial

rate of EP formation followed the Michaelis-Menten equation.

ADP inhibited .the ATPase activity non-comﬁetitively andlthe
value of vo/[EP] was constant over a wide faﬁge of ADP ;oncenQ
tratiéns. These.results indicated the existence of EP which
decreased with the addition of ADP. The amount of two kinds of
EP, one of ﬁhich could react with ADP to form ATP and thé other
which could not, were measured at alkaline pH where the EP de-
composition was very slow. The following results were obtained.

2+, almost all

1. In the presence of a sufficient amount of Ca
the EP formed reacted with ADP to form ATP (ADP-sensitive), while
in the absence of Ca2+, all the EP formed could not react with:
ADP (ADP-insensitive).

2. When the reaction was started by adding ATP to the ATPase,
ADP-sensitive EP was formed first, then converted into ADP-
insensitive EP. |

3. The dependence on Mgz+ and Ca2+ concenérationé of the amounts
of the two kinds of EP indicated that ADP-sensitive EP binds two

2+ 2+

mol of Ca (CaZEP) and ADP-insensitive EP binds two mol of Mg

per mol of EP (MgZEP). Furthermore, the affinities of the enzyme
for Ca2+ and Mgz+ changed markedly with 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 inhibited by a

2+

high concentration of Mg It was unaffected by Ca2+ ioms.

5. The conversion of ADP—sensitive EP into -insensitive EP

followed first-order kinetics (k = O.S s’1 at ﬁH 9.0 and 10°C),

and was unaffected by the addition of Mg2

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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