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GENERAL  INTRODUCT10N

In oxidative phosphorylation and photophosphorylation, exergonic

oxidation-reduction reactions are coupled to the endergonic synthesis

of ATP. The chemiosmotic hypothesis of Peter Mitchell(1) best

describes the manner in which energy is conserved during ATP

synthesis; that is, a transmembrane electrochemical gradient

serves as a required intermediate in the following energy conversion

processes (Reaction I & 2).

A - + B - -----.sA + B - + AuH+ 1req ox - ox rect t

ADP * Pi + a/rH+ T- are + HZO 2

The vectorj-al- transport of protons across the membrane associated

with electron transport gives rise to a electrochemical gradient,
_+apH (Reaction 1). The energy stored in this gradient is used by

membrane-bound coupling factors, Ff-Fo, to drive the net synthesis

of ATP(Reaction 2). As this reaction 
1= 

reversible, bhd.piotcirn

gradient is a.lso formed during the net hydrolysis of ATP(1).

The complex of coupling factors that catalyzed Reaction 2

has two empirically d-efined components. Fo is an integral

membrane complex of three distinct subunits, and has shown to
play an essential role in the translocation of protons(3). Fl

can be detached from the membrane as a water soluble complex of,

five subunits, ( to €, Q). The enzyme, FI, contains catalytic

site for ATP synthesi-s and hydrolysis. However, the major question

still to be answered is, How does the Fl-Fo complex catalyze

the synthesis of ATP? When physically separated from membrane,

soluble Fl is only capable of catalyzing the net hydrolysis of

ATP. However, if we assume the mechanism of ATP syntnesis is the
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reversal of that of ATP hydrolysis, we can elucidate the mechanism

of ATP synthesis from the detailed analysis on the mechanism of

ATP hydrolysis catalyzed by solubl-e Fl. Thus, the reaction

mechanism of Fr-ATPase is the subject of this thesis.
r ar-*amnted to clarify the reaction mechanism of F., -ATpasetats9rlqtll Dltt v! 

r

using a fluorescent analog of ATP. Thus, 2,-(5-dimethylamino-

naphthalene-l-suIfonyl) amino-2'-deoxyATP (DNS-ATP) was synthesized

by Watanabe and coworkers ( 3 ) . DNS-ATP has the following advantages

for the present purpose. (1) The fluorescence intensity of DNS-ATp

incneases ma::kedly on its bunding to Fl, and it reflects the

environment of nucleotide binding siLe of Fl. (2) DNS-ATP is

hydrolyzed by F, very slowly, rnaking kinetic measurements easier

than with ATP. (3) DI.{S-AT32p can be easily synthesi zed enzymaticatrly.

In this thesis, following conclusions were drawn from the

analys j-s of the reactions of DNS-ATP with F, ( j-solated f rom beef

heart mitochondria) and EF, (isolated from E. coli plasma membrane):

(1) F, contains two identical DNS-ATP binding sites. The affinity

of the sites for DNS-ATP is very high, and the*DNS-ATP bound to

this site is hydrolyzed according to the following reaction scheme:

DNS-ATP

E E… E E P  E
(v)DNS―

ADP
(I)    (I)    (IEE)

This scheme 1s quite resembles that of myosin ATPase. (2 ) High

concentrations of nucleotide, such as ATP, accelerate the steps

(E), (1V), and (V) in the above scheme. Thus, the low affinity

regulatory site(s) is suggested to exist, besides the high affinity

catalytic sites. (3) DNS-ATP binds to d.subunit of EFI with very

high affinity and not to B subunit. The chemical modification of
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fl subunit of EFl with DCCD does not change the binding of DNs-ATp

to EF, (steps (I) and (JI)), and does not inhibit the single

turnover of DNS-ATP cleavage (step (flr) ). However, this modifi=

, cation leads to the inhibition of accelerating effect of ATP on the
o

DNS-nucleotide release from EF, (step 
lVl L and leads to the

inhibition of EFr-ATPase activj-ty at steady state. Therefore,

it, is suggested that the high affinity catalytic site and low

affinity regulatory site exist in the ( subunit and p subunit,

respectively.

■。. Mitchell′  P. (1977)Ann. Rev. Biochem. 46′  996… ■005

2.  Kagawa′  Y. (1978)Biochim. Blophys. Acta 505, 45-93

3.  Watanabe′  T.′  Inoue′  A.′  TOnomura′  Y.′  Uesugi′  S.′  & Ikehara′

M。  (■ 98■ )」 . B■ OChem. 90′  957-965
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ATP

ADP

AT32P

DNS― ATP and
DNS― ADP

DNS― AT32P

CTP

GTP

ITP

NTP and NDP

AMPPNP

Fl

EFl

EDTA

DCCD

PEP

SDS

TCA

Tris ‐

P.
■

PP.
■

ABBREVIATIONS

aden os ine triphosphate

adenos inediphosphate
2.,

I Y -"P ]ATP

2' - (5- dimethylaninonaphthalene- 1-su1fony1) arnino-
2 | -deoxyATP and -deoxyADP

I F-""P ] DNS - ATP

cyt idinetr iphosphate

guano s inetripho sphat e

inos inetriphosphate

nucleoside tri- and diphosphate

adenylyl - 5' - inidodiphosphate

coupling factor 1 (so1ub1e rnitochondrial ATPase)

F1 of E. coli

ethylenediaminetetraacet ic acid

d i cyc 1 ohexyl carbodi inido

phosphoenolpyruvate

sodiurn dodecyl sulfate

trichloroacetic acid

tr i s (hydroxyne thyl ) aminorne thane

inorganic phosphate

inorganic pyrophosphate
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PART I.

Reaction Mechanism of the ATPase Activity of Mitochondrial F1,

o Studied by Using a Fluorescent ATP Analog , 2'- (5-Dimethylamino-
o

naphthalene-1-Sulfony1) Arnino-2' -DeoxyATP : Its Striking

Resenblance to That of Mvosin ATPase.
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SUMMARY

The reaction mechanism of beef heart nitochondrial Fr-ATPase was

a stud.ied by using a fluorescent ATP analog, Z'- (s-dinethylamino=
o

naphthalene-1-sulfonyl)anino -2t -deoxyATP (DIIS-ATP) , 4s a substrate.

The following results were obtained

l. In the presence of Mgz*, 2 rnol of DNS-ATP bind to 1mo1

of F, with an apparent dissociation constant of 0.44 pM. Upon

binding, the fluorescence emission spectrum of DNS-ATP shifted

to shorter wavelengths, and the fluorescence intensity at 520 nn

increased 4.8 fold. On the other hand, in the absence of MgZ*,
o

the apparent dissociation constant of Fr-DNS-ATP was 16 ;rM, and

the extent of fluorescence enhancement was 1.3- to 1.9-fold.

Z. The initial rate of f.luorescence enhancernent, vgr .upon

addition of Mgz+ to a nixture of F, and DNS-ATP was given by

the following equation:

Vg

r K1

●
(1 +

●

IDNS-ArPl

where Vr = 0.34 s-l and Kf = 5.3,pM. Following the fluorescenceI

enhancernent, TCA-Pi and free Pi'were liberated consecutively.

The fluorescence intensity rnaintained its enhanced level

even after the free P1 liberation and, oD addition of an

excess amount of EDTA, decreased slowly to the original leve1

From these findings, the following reaction mechanism for

Fr -DNS-ATPase was proposed:
l-

a_
o

-7-
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EttDNS― ATPで主 EDNS―
ATP_→>EDNS―ATP来 てき E3)S~lDPttTT:El):~ADPL_百

雨百T天3Ъ E

rapido eq.      fast        fast        slow         Very slow

where an aster■ sk indicates the state of bound DNS― nucleot■ de w■ th

enhanced fluorescence and E3NS― ADPtt is a TCA― unstable reaction

■ntermediate.  This reaction mechan■ sm resembles that of myos■ n

ATPase.  In accordance with the reaction mechanism and the

stoichiometry of DNS― ATP binding, an initial burst of TCA― Pi

liberatioi of 2 mo1/m01 Fl was observed.

5.  The addition of an excess of ATP to FI DNS― nucleolide

.     in the presence of Mg2+ accelerated markedly the liberation of

・       both TCA― Pi and fFee Pio  ATP also accelerated the fluorescence

deCFease of Fl DNS nucleot■ de.  Direct measurenents of released

free DNS‐ nucleotide indicated that the fluorescence decrease

was due to the release 6f DNS― ADP from Fl.  ADP, AYPPNP, ITP,

and GTP accelerated the FI DNS― ATPase react■ on ■n a s■m■ lar

manner.  On addition of these NTP, the Felease of DNS― ADP

.      rom Fl proceeded in rapid and slow stepso  CTP and PPi largely
or completely fa■ led to accelerate the conversion of EDNS―

ATP大

・       into EBNS― ADP大 。  Furthermore, CTP and PPi induced only the

slow release of DNS―ADP,  Therefore, we concluded that several

nucleotides including ATP bind to the regulatOry site(s)on

Fl to induce a conformational change at thel catalytic sites

and accelerate each of the following stepst EDNS―
ATPX 
ぎ

E3)S~AlttEDNS― ADPI_百
爵百TIjЪ E.  On the

other hand, PPi and

cTP mainly accelerate the release of DNS― ADP From EDNS―
ADPtt by

●
~ ‐~~~~~~~― ―一―・

● .   displaceiento  AMP did not affect the Fl― DNS― ATPase reaction.
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4. The steady-state rate of Fl-DNS-ATPase, vo, increased

lineartry with increase in the concentration of DNS-ATP

and was 1 s-1 at 200 pM DNS-ATP exceeding than V, (0.34 s-1)-
a
a The time course of ATP hydrolysis after addition of ATP to

Fr-DNS-nucleotide showed no 1ag phase which corresponds to the

release of DNS-ADP. These two findings indicate that Ft-NTPase

can also occur through a reaction path in which uloo is not

formed.

5. Pi enhanced the fluorescence of Ft-DNS-nucleotide

and inhibited the displacement of bound DNS-ADP with ATP or PP:..

o The extent of fluorescence enhancement by Pi was maximal at
o

1 mol DNS-ATP/noI F1. This finding inplies that the two DNS-ATP

binding sites on F1 are heterogenous at least with respect.to

the interaction with P1

I
o

●

●
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TNTRODUCTTON

It is widely accepted. that a rnitochondrial F1-Fo cornplex catalyzes

the ATP synthesis in oxidative phosphorylation (for reviens see

a L,Z). lfhen isolated frorn mernbrane, F1 catalyzes only the

hydrolysis of ATP, although the reaction c'enter of ATP synthesis

is supposed to be remaining in the isolated enzyme.

Recently important infornation has been accumulated on the

structure and function of each subunit in Fr-ATPase IEC 3.6.1.3]

from thermophilic bacteria (4 and E. coli (1) by use of a

reconsti.tution technique. Furthernore, nany features of nucleotide
o binding to Fl were reported by Slater (1) and others (for

review see 5). Boyer and coworkers (6) investigated the reaction

mechanism of Fr-ATPase rnainly utilizing the oxygen exchange reaction,

and Slater and coworkers (7) analyzed kinetic properties of

the presteady state of ATP hydrolysis. Several authors (q-fO)

suggested regulatory e.ffects of ATP and ADP on the reaction

rate, nucleotide binding, and P, binding to F1. Boyer and

I coworkers (11) have proposed a possible catalytic cooperativity

a among subunits in the reaction of Fr-ATPase.

Boyer and coworkers (11) suggested that there was a sinilarity
between Fr-ATPase and rnyosin ATPase in their reaction mechanisms.

In myosin ATPase, each reaction step is identified and conformational

change of -the enzyme induced by :rucleotiile binding.-is'clirectly :--

rneasured (lZ-fS). On the other hand, details of the reaction

mechanism of Fr-ATPase are not known despite numerous efforts

as mentioned above. Therefore, w€ atteinpted to cTarify the
o'a reaction mechanism of Fa-ATPase by using the nethods developed

-10-
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in the research of myosin ATPase (12-15).  One Of them was to

use a fluoreSCent analog of ATP, 2'― (5-dinethylaninonaphtalene―

1-sulfOnyl) aninO-2'― deoxyATP 〔DNS―ATP)whiCh Was synthesized

by substituting the 21-hydroxy grOup of ATP with an anino group

and introducing a dimethyl anino naphtalene sulfonyl group (16〕 .

DNS― ATP has the f0110wing advantattes serVing the present purpose:

〔l〕  The fluOrescence intensity of DNS―ATP increaoes markedly

on its binding ito  Fl, and tle extent of enhancenent depends

on  ・expeir inental   conditions。  (2)DNS‐ ATP is hydrolyzed by

Fl very Sl°lVly, enabling easier kinetic measurements than using

ATP。   (3)DNS=AT32P can be easily synthesized enzymatically.

●

●

●

●

●
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МATERttALS AND METHODS

I{aterials 
- 

DNS-ATP and DNS-ADP hrere synthesized as

descri-bed previously (16). DNS-AT32P was synthesized by the

same enzynatic method as described by Glynn and Chapell for
<?

ATrzP synthesis (17). Specific radioactivity of DNS-AT32P ras

about 2 ycilnmol. Adequate purity of DNS-ATP, DNS-ADP, and

niVS-Rt32p was confirned by paper electrophoresis run in 50 rnM

triethylamine bicarbonate at pH 7.6 (16).

Pyruvate kinase IEC 2.7.I.40] was prepared according to

the rnethod of Tietz and Ochoa (18) . Luciferase IEC 1.13 .L2.7]

h'as prepared fron firefly lantern as described. previously (19).

ATP, ADP, and AMP were purchased frorn Khojin Ltd.(Tokyo).

AlvlPPNP, ITP, GTP, PEP, and luciferin were purchased from Signa

Chernicals Co. (St. Louis) . [3H] Cfrr.ose was purchased f rom New

England Nuclear Co. (London). All other chernicals were of
reagent grade purity

Purification of F, Submitochondrial particles were

prepared from beef heart mitochondria as described by Beyer

(20). F, was extracted fron subrnitochondrial particles with

chloroforn as described by Beechy et a1. (2I). After 30-602

ammoniumsu1fatefractionation,theconcentratedextract

subjected to ge1 filtration on a Sephacryl S-500 Superfine

column (3.2x75 crn) equilibrated, with 100 rnM Tris-HCl , 5mM EDTA,

and 50% glycerol at pH 8.0 and 20"C. The eluted enzyme was

concentrated by ultrafiltration on an Anicon Diaflo XI{-100A

membrane, and stored at 0.oC. Thd prdtein concentration of nurlfied
'a

Fl was determined by the biuret method (L) with bovine serum

-12-
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alburnin (AZlg 
rr,n = 0.66 7 cm?'tg-1; ", 

a standard. The concentration

of F, was calculated by using a rnolecular weight of 360,000 (l).

The purified enzFme was subjected to SDS-ge1 electrophoresis on

1O% polyacrylanide gel according to the method of Weber and

Osborne (23).

The nucleotide content of purifi.ed F, was measured as follows:

To 0.5 m1 of F, solution at ZZ rng/nl, 0.5 ml of 8% HC1O4 was

added. After centrifugation at 2000 x g for 20 rnin, the

supernatant was neutral:-zed to pH 7'.6 with 4 N KOH. Total

nucleotide content rtras determined spectrophotonetrically by

using € ZSg nm = 15.4 mM-1cin-1 fot adenine nucleotides, since

the UV absorption spectrurn of the supernatant was the same as

that for adenine nucleotides. The contents of ATP and ADP were

determined by the firefly luciferase system, BS .described by

Furukawa et a1. (19), after convertion of ADP to ATP by 0.1 ng/rn1

pyruvate kinase and 4 nM PEP.

Fluorescence Measurement
- 

Usually measurement solutions

were prepared by addition of reagents in 5-20 pl portions to

2.0 rn1 of 50 nM Tris-HCl, pH 8.0 containing 2 mM EDTA. The

measurements were perforrned at 30oC. To initiate a reaction,

a reagent was stirred into a cuvette containing the rest of a

reaction mixture with the aid. of a magnetic stirrer (nixing

tirne ! 0.2 s). Fluorescence intensity was measured on a Hitachi

MPF-4 spectrofluororneter equipped with a thermostated cuvette

hodl€r:-__ The slit widths on the excitation and emission

monochrometers were 6 and 8 nm, respectively. The fluorescence

intensity at 520 nn of DNS-ATP and DNS ADP was measured with

excitation at 340 nm.

●

●

●

●

●
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Partial Reaction of Fr-DNS-ATPase 
- 

A11 the concentrations

were expressed in terms of final concentrations, unless otherwise

stated, throughout the text and figure legends. The composition

of a reaction mixture was 5 nM MgC12, 2 mN{ EDTA, 50 mM Tris-HCl

at pH 8.0 and appropriate concentrations of DNS-ATP and Fr. After

adding 0.1 mI of F, solution to 0.85 nl of a solution containing

EDTA and DNS -nf32p in Tris-FIC1, it was incubated for 30 s at 30oC.

The Fl-DNS-ATPase reaction was started by addition of 0.05 ml of

100 rnlr{ MgC1r. At appropriate intervals the reaction was siopped

●

by add.ition of 1 m1 of I0% TCA. After centrifugation, t'Or, in
a the supernatant (TCA- t'rr) was measured as described by Nakamura

and Tonourura (24) .

The concentration of total free 32p (free t'n, + free

DNS-ATPrzP) was measured by a double membrane filtration rnethod

developed by Yarnaguchi and Tonomura (25). By using a set of two

membrane filters (upper Amicon Diaflo XIr{-100A membrane; lower

Millipore filter, pore size 0.8 pn), this technique enabled the

separation of free 32P t"^^ining on the Millipore filter from

the Fr-bound form on the Anicon rnembrane. The diameter of both

membranes was 10 rnn. The reaction mixture was the same as used

in the TCA-t'r, measurement, except that 10 nM J3Hlgtucose was

added to measure the volune of a f:-ltrate. At appropriate times,

50 y1 of the reaction rnixture was withdrawn and applied on the

upper membrane and filtrated by vacuum sucking for 4 s. A small

volurne (Q.5-3 yI) of filtrate renained on the Millipore filter
was dried, and the residues were solubilized in I rnl of dimethyl

formamid.e. The concentration of total free 32p in the filtrate
was determined frorn the ratio of rad.ioactivities , ='n/t* (25).

●

●

．
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The reaction mittture fOr m6asur6ment ofl thさ  c6五 centriti6n

O「  free DNS,IICleotide wll tiき  ζ,me as tllt‐  lol ,|, TCA―  :li

measurement, except that lo hM i'HigitcoSe lls iddと d ald

●    DNS― ATP Was usёd instead of DNS― AT521。     The diameter Of

the membranes was 25 mm, and the volume of a reactiOn mixture

applied on‐ the membranes was 500 μl, 19aving 10-,O μ1 0■
‐the Millipofё  filter after suCkingo    Th9‐ dried Millilo,e

filter was solubilized by 2 ml of dimё thyl formanide.

The amount of free DNS-nucleotide in the filtrate was determined

by measuring the fluorescence intensity at 5j0 nm after
a

correcting the fluorescence due to lrlillipore filter solubil ized

by dimethyl formanide. The volume of the filtrate was deterrnined

from the radioactivity of 13H1gfucose.

ATPase Activity 
- 

The ATPase activitl of F, was measured

in the presence of a pyruvate kinase systen (0.1 ng/inl pyruvate

kinase and 4 nNI PEP) as a feeder, and the amount of P, liberated
rras measured by the rnethod of Fiske and Subbarow (26).

o

●

●
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RESULTS

Propert■ es of Pur■ fied Fl    The spec■ fic act■ v■ ty o「  i

purified Fl measured in the presence Of 5 mV ATP at pH 8.O and

・   1    30 
°C was 120-150 U/mg, Whici lvas similar to that already reported

(工 )・   lfhen kept i五  50% glycerol; Fl waヽ  quite st,bleo  At O 
°C

the activity did n9t change at all for more than three month5。

As ■s w■ dely accёpted, purified Fl was ,Omp9se1 0f 5 subun■ ts

(Fig。  1), and the intrinsic inhibitor protein which is usually

seen betrveen $ and € subunits in SDS-ge1 electrophoresis (?7)

o lvas completely renoved by gel filtration on Sephacryl 5-300.

The adenine nucleotide content calculated from AA at 25g nm

was 2.4 mo1-/no1 Ft. The ATP content of the sample measured by

the luciferin-luciferase method was 2.3 mo1-/mol F1. The ADP -"'.

content was less than 0.3 rnol/inol Fl.

Fluorescence Change of DNS-ATP on Its Bind.ing to Fl 
-

Figure 2 shows that the addition of 1.5 pM F, to 3.2 pM DNS-ATP

in the presence of 2 nM EDTA increased the fluorescence intensity

at 520 nm 242 fron the 1evel of free DNS-ATP, and that thls
increase consisted of an initial rapid change and the following

slow one. This fluorescence increase was completely reversed

by addition of A.2 mtr{ ATP, 0.2 mlt{ ADP, 1 mlr{ PP, or 1 rnM P,

(data not shown) . 0n further addition of 5 nlr,l MgCl Z ta the

above mixture of F, and DNS-ATP, the fluorescence was narkedly

enhanced with 
" 

t"iftir" of about 10 s, and reached a plateau

within about 1 niin. The MgZ*-dependent fluorescence enhancement

was observed only in the presence of Fl. Subsequent addition

of P, s1ow1y enhanced the fluorescence intensity as will be

●

●

●
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5.0

LENGTH(cm)

Fig. 1. SDS-ge1 electrophoretic pattern of purified Fr-ATPase.

The arnount of the applied protein rntas 5 Ig. The length is the

rnigration distance frorn the ori.gin. The ge1 was stained by

Coornassie Brilliant BIue, and scanned at 550 nn at 0.05 nn

slit width.

●

●
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REACT10N TIME

Fig. 2.  Fluorescence intensity change of

binding to Fl.  To nixture containing 3.2

EDTA in 50 mM Tris― llCl, pH 8.0, following

a,1.5型 Fl;b,5 mM MgC12;C'4 mM K‐ Pi;

DNS―ATP on its

が4 DNS― ATP and 2 1nM

additions were nade:

d, 0.2 mM ATP.

●

卜 l min―
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detailed 1ater. During this series of reaction, fluorescence

enission spectra were recorded at .. various stages as shown

in Fig. 3. DNS-ATP in 2 rnM EDTA had an ernission peak at around

555 nm (traCe a) (16), whiCh Shifted to 545 nm with a slight

increase in fluorescence intensity by ,ddition of Fl (traCe b).

Addition of 5 1rvI Mgc12 1arkedly enhanced the flむ orescence il、 _ l i

the maximun shifting to 525 nm (traCe c).  Finally by addition

of 2mM Pi, the fluorescence maximun shifted to 520 nm with an

intensity increase (traCe d)。   AS reported previously (12)J

addit■ on of dioxane to an aqueous solution of DNS「 ATP enhanced

■ts fluorescence and caused a blue shift reflecting a hydrophobic

interaction.  Therefore hydrophobicity of the DNS― ATP binding

site in Fl was suggested to be vё ry high (see Table l in DISCUSS10N)

●

Ithen

at pH 6.5

ｌ

　

ｒ

口
■
　

　

０

was added to DNS-ATP in the presence of 2 mM EDTA

7.5 (Fig. 4, arrorv a), the fluorescence intensity

●

increased rapidly followed by a slow decrease (Fig. 4) . The

fluorescence intensities at 1 rnin after addition of Ft were 1.8-

and 2.I-fold greater than those of free DNS-ATP at pH 7.5, and

6.5, respectively. At pH 8.0 this increase was 1.3-fo1d. The

extent and tine course of the fluorescence enhancement on

addition of 5 rnlr{ MgCl, (arrow b) were alrnost the same at these

pHs. A11 the following experirnents were carried out at pH 8.0,

where the fluorescence of DNS-ATP changed only slightly on
1t

addition of Fl in the absence of l'{g'' .

The- stoi.chionetry of DNS-ATP binding to F, was deterrnined

by fluorometric titration of o.75 or 1.5 uivl F, with DNS-ATP in

the presence of Mgz* (fig. 5.). The data were analyzed based

on the quadratic equation:
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Fig. 5. Fluoronetric titration of Fl by DNS-ATP in the presence

of MgClr. The extent of fluorescence enhancernent 2 rnin after
addition of 5. nl,i llgC1t was plotted against the anount of DNS-ATP

aildecl. The reaction rnixture contained 0.75 (a ) or 1-S IM (o)
F, in 2 nM EDTA, 50 nM Tris-HCl at pH 8.0. The so1id lines are

the theoretical curves (see text). The. upper is for l..5,pM Ff,
and tbe lower for 0.75 IM F1.
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DNS― ATP

also

during

in Fig。  5

φDNS― ATP 〒

r.

■n adVance, the

decreased

ёsultS Is7ere

explained by a cOmpetitivё  bindi,g‐ Of PPi tO the DNS―ATP binding

lite 01 Fi:

●
IPP; l

d'oxs-ATp = dDNS-ATP (1 ., --'-)
'PPi

(2)

●

●

．

Ilere φ'DNSLAを P iS the app,rent di359,iati° n ,Onstant fOf rl

DNS― nucleotide ■n the presence ?: IPi 
・ ld 
φpPi iS tl:

di,so,lati°n con,tarl' f° r Fi「 pli:   Tlle datl ェn Fig. o ドere

analyzed base1 0n‐ Eq■ 。 1,l w卜 ere φもNs_ATP IaS I.eplilCeCi by

φ
tDNS,ATP °f Eqn. 2.  ThO cuFVe in Fig。  6 is the beSt fit t6

the data obtained witl ィpPi‐ = 39 '1)1:

DNS― ADP was alSo bound to Fi lnd bFOught ab911t Simil,T

fluorescence changes as‐ DNS― ATPo  ln Fig。  7i the eXtelits 6f
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Fig. 6。   Competitive binding of PPi to the DNS‐ ATP binding site

on Fl.  The extent of fluorescence enhancement Of DNS― ATP after

addition of 5 mM MgC12 Was plotted againSt the concentration of

PPi.  The reactioP mittture contained 3.2 ノM DNS―ATP and 0175 ノM

Fl.  The '° lid line iS the theoretical curve (see teXt).
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Fig. 7. FLuoronetric titration of Fl with DNS-ADP in the presence

of MgClr. The extent of fluorescence enhancenent 2 rnin after

addition of 5 mM MgC1, was plotted against the amormt of DNS-ADP

adiled. The reaction mixture contained 1.5 IM Fl. The solid line

is the teoretj.cal curve (see text).
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●

f1uor:escenceenhancementonadditionof5ni\,IMgC1"tomixtuTes

containing 1.5 pM F, and various amounts of DNS-ADP were

plotted against the amounts of DNS-ADP add.ed. The theoretical
'e parameters for DNS-ATP

were taken as those for DNS-ADP, with n = Z and dnNS_ADp = 0.a pM.

Hotvever, the measured values deviated somewhat from the curve.

Reaction Sequence of Fr-DNS-ATPaSe 
- 

I{e measured the

initial rates of fluorescence enhancementr vg, on addition
of 5 nuv lr{gcl z to mixtures containing 1. 5 p}4 F, and various

concentrations of DNS-ATP. The doublё  reCェprё Call plot

On€r'
'v!vt

. . against the concentration of DNS-ATP gave a straight
line as shorvn in Fig. B. This result may be explained

by the following reaction scheme,

E + DNS-ATP : E. DNS -ATP .--?E..O'\I'-O'NO 
.

●

Kr V.I
By assuming that the first step is in rapid equilibriun (see

DISCUSSION), 1^re obtain

V.I
● (3)

K."
1+ *

IDNS -ArPl

where Kr is the dissociation constant of E-DNS-ATP, V, is theIt

rate constant of the fluorescence enhancement, and an asterisk
indicates a complex tvith an enhanced fluorescence intensity.

-'lThe values of K. and V. were estimated as 3.3 pM and 0.34 s',IT

respectively, from the results in Fig. 8.

In Fig. 9, the initial phase of fluorescence enhancement

7?on addition of 5 ml4 lrgCl Z to a rnixture of 4.28 ul''l DNS-AT""P

and 6 .7 B uM F, is compared r,,,,ith the TCA- t', , liberation

V.I

●

o
o

-25-



Q

●

o

I

●

● o.5 1.O

iDNS-ATP]-1
1.5

(yM )-1●

)
o

Fig. 8. Double reciprocal plot of the initial rate of fluorescence

enhancernent against DNS-ATP concentration. The reciprocal of the

initial rate of fluorescence enhancement of DNS-ATP on addition

of 5 nlr{ MgCL, Vf, was plotted against the reciprocal of the

concentration of DNS-ATP added. The concentration of F' rrtas
I

1.5 uM.
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1

TIME AFTER ADDITION OF5mMMsCl2 (min)

Fi.g. 9. Tine course of fluorescence enhancenena, lcl-32fi liberation

and total ft..32P liberation in tile initiaf ubase of the reaction

of pllS-At3zp.Iitb Fl" The reacEion rnixrure.ona"rn"U 4.ZS pj.{

DNS-AT32P, 6.78 P', FI and to nt, l3H]elucose in.2 n]', IDTA aDd

50 nM Ttis-HCl at pH 8.0. The teaction uas started'ny adriition

of 5 nM UgCl?, aDd stopped by addition of 5* TCA {tcl-3zPr) or

fittrarion ti:roug} an Xl't-t00A nenbrane (total free 52P1 at th"

indicated ti.ne. The tine course of fluorescence enhancenent

was neasured separaleLy under the sme conditions-

-27-
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and release of total 32p into the filtrate of the reaction

mixture (see MATERIALS and Ir{ETHODS). The percentages of

DNS-AT32P bou,id to F1 j-mmed.iately after addition of Mgz* and at
aL'
o the steady state were calculated by using (f = 3.3;rM [Eqn. (3)]

snd dpNS_ATp.= 0.44 .pM [Eqn. (1)] to be 73% and 95?, respectively.

Even if the initial concentration of free ltrlS-Rt32p is 27%, this

is expected to decrease rapidly correspond.ing to an initial

rapid increase in the fluorescence intensity. Therefore, we

concluded that the amount of total 32p in the filtrate was

alrnost equal to or slightly higher than the amount of free 32P,
-1

o released frorn F, to the nediurn. Thus, after the addition of
o 

llac1 tha 
^tt 

rr. ra f i on of TCA -32, .5 nM MgC1, tlne fluorescence enhancement, liberation of TCA - 1

d.ue to hydrolysis of DNS-ATP, and liberation of free t'nr. seem

to occur sequentially in this order. Since the.fluorescence

intensity rnaintained its enhanced level for 's most of

the reaction, it is clear that DNS-ADP forrned by hydrolysis

of DNS-AT32P ,rt sti1l bound to F, and that the release of
J-

o DNS-ADP from F, was very slow

Figure 10A shows the tine courses of TCA -"rr liberation

after addition of 2.83, 5.65 or 11.3 rnol DNS- AT32P/mo1 Ft to

0.75 pM Ff. In Fig. 10B, the logarithm of the remaining

fraction of DNS-AT3'nr([total t'rJ - [TCA- 
t'rrD / ttotal t'o] 

,
was plotted against tirne after addition of 5 nrM MgC1r. At all

INS-lf32p concentrations exaninedrthe tirne course of TCA-='r,

liberation deviated from a single exponential curve, exhibiting
77

rapid and subsequent slow phases. The amount of TCA--"Pi liberated
ta during the rapid phase was estimated by extrapolating the second

-28-
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Fig. 10. lnitial phase of TC.l-32n, liberation fron DNs-AT32p

by Ff. A: The reaction nixture con-,ained 2.83 (o ), S.65 (o)
or 11.3 (x) nol DNS-AT32P/^o\ F, and 0.75 IM F1. The reaction
was started by addition of 5 nM MgC1r. B: The data in A rirere

plotted as the logarithrn of the fraction of remaining anount of
*"^.-32-DNS-AT--P versus react'ion tirne. The P1-burst size was obtained
by extrapolating the linear portion of a slow change to tine
0 (broken line).

TIME AFTER ADDITION OF 5 mM MgCl2 (s )

TIME AFTER ADDITION OF 5 mM MgCl2 ( s )
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●

SユёlV linear part tO tin9 0.  It Was independent of the DNS「 ATP

cёndentratiOn used, aid was about 2 ■olィ平91 Fl・       ‐     ‐
When thё  fluOrescence ■ntens■ ty tteachё d a‐ plateau after

addition of 5 mM MttC12' an‐ excess anount of EDTA was added to

rem6ve free Mg2+ (Fig。  11).  The fluOrescenこ e intensity then

deCFeased v?ry sl° Wlγ
 (t1/2夕じ6 min)。            1

When , m14 caC12 Was adoё d tO a reactェ。n miXture COntaining

l.l μM DNS-4TP and l.l μY Fl, the fluorescence intensity increased

rapidly and reached the maximal level within 20 s (Fig。  12),

followedlby a spontaneous decreaseo  This result suggests

spont,neouS dec?平pOS・ ti9■  Of Fl DNS=ADP in the presence of Ca t・

AcceleratiOn of TCA― PiTand_Free_Pi_LiberatiOn by Aoditi。 ■

of High Concentration of Nucleotides ―一 Figure 13 shows the effect

of ATP on the time cOurse of TCA-32Pi liberation in a rё actiOn

mixtur9 containing 4.28 
μM DNS― AT32P Ond 6.78 μM Fio  When O。 2

mlI ATP wa5 added 2 min after addition of 5 mv Mg912' all lh9     ‐
remaining DNS― AT52P was immediately FecO↓ gied as T9A- 2Pi ana :

as free  2Pi as sholvtt in Fig。  15.  ハt thiS mOment, more than

95% of D‐ NS―Ai32P added was estimated to be′ bound to Fl ls

DNS― AT32P and DNS― ADP on the ちasis of ¢DNS― ATP   O・ 44 )lM:

In the experinents ShO☆ 五 In Fig。  14,「  mM‐ MgClゥ
ーWas ,dCed

to a mixture of 1.8;rM nnS-et32p and 1.2 P{ Ff follortred. by addition

of 0.2 nl,l ATP 15 s or 30 s later. The rate of TCA -='rr liberation
after the ATP addition nas faster in the latter case than in the

former. The total amount of fCR-32pi liberated. after addition

of 0.2 ml'I ATP was 1.06 mo1/mol Ft in the latter case, and this

value r',as equal to the amount of DNS-RTS2p bound to Fl 
"s

●

●

●

●

●

●
一
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Fig. 13. Acceleralion by ATP of TCA-32P, lib"t"tion fron the

F1-DNS-AT"'P system. The reaction rnixture contained 4.28 Pl
DNS-ATszP and 6.78 pM F1. The reaction was started by addition

of 5 rnM l,lgCJZ. At tbe arrow (2 nin) 0.2 nM ATP was added. The

broken line shows the leveL of 4.28 
1:f"/l-. 
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Fig. 14. Acceleration by various phosphate compounds of TCR-3211

liberation fron the Fl-DNS-AT32P system. The reaction mixture

contained 1.8 pM OXS-nf3Zp and 1. Z? yl'4 Ft The reaction was

started by addition of 5 nM MgClr. At the arrow a (15 s) 0.2

mM ATP (.1) was added. At the arrow b (30 s) 0.2 nM ATP (,a.),

0.2 nM AMPPNP (r), 0.2 rnM ADP (O) or l nM PPi (y.) r^ras added.

The control ( O) is also indicated.
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●

calculated by using dtUS-nfp = 0. aa yM. The rate of TCA-='r,

liberation also j.ncreased by addition of 0.2 n0.{ ADP or 0.2 inM

AMPPNP but to a lesser extent. Addition of 0.2 nM PPi shorved

no effect. The results in Figs. 15-15 clearly demonstrate that
DNS- AT32P bound to F1 is hydro Tyzed very rapidly on addition
of 0.2 mM ATP, and tiut W-32e1phorphory1 group is rapidly

7')
released as free "'Pi.

Acceleration Of DNS― ADP Release_三 rom_El ―DNS― Nucleotide

Complex by Addition of High Concentration of ATP 
- 

A decrease

in fluorescence intensity and release of DNS-nucleotide ociurred
a

concomitantly on addition of 0.2 nM ATP to a rnixture of 8.6 ;ilt{

DNs,ATP,9。 2_PI Fl,and 5 mNI ttg2t,lhictt had been inと ubated f6子

2 min (Fig。  16).  The fluOrescencel intenSity decFeased rapidly

to about 50% of th1 6riginal level within the response‐ tine of

‐    an apparatu。  (,10.5 s), fol10Wed by a Slow 4eCrease approaching

a leVel of free DNS― ATP.  Since Fl― pNS― ATP was readily 90nVerted

‐     into Fl DNS― APP 十IPi by addェ tiOn of ATP as mentioned above, the

・   .    obsさrサ ed changes corrё spond to thё  rё leaSe Of DNS― ADP fr6m

●       Fl― DNS― ApP.

Whёn increasing conCentratiOns 6f ATP was added to

Fl― DNS― nu91eotid9, the etttent Of the first rapid decrease of

the fluorё scё nce increased acco■ panying an incFease in the Fate

of slow change (Fig。  17), but did nOt reach loo% even on

addition of O。 2 mM ATP.

Accelerat■ On of DNS― ADP Release from F.― DNS― Nucleot■ de

●

●

ウ

●

⊆Ompユ IX bz AdditiOn ёf vari9uS PloSphate comp9unds ―― ATP, ADP,

AMPPNP, ITP, and GTP, 0.2 mン l ea,卜 , ldd9d t? Fl― PNo― nuc190tide l

■nduced a fluorescence decrease cons■ st■ng 6f rapid and slow
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Fig. 16,  Conparison Of the tilne course of a decreasL in

fl,oresce,ce with that of relea,e of DNS‐
"ucleotide on addition

of ATP to Fl‐ DNS‐ ATP.  A nixture contゴ ini18 8・ 6〃N DNS‐ ATP,

・
    ‐         9.2〃 M Fl,:nd lo洲 15H〕 81。 CoSe w■ inlulatea witi s tt MgC12

for 90 s, and then O.2 nNI ATP was added.  The reactlon Tas stopped

●                                            by filtration thァ ough an XM‐ 100A Inembrane at the tilne  indicated.

The extent of a decrease in flつ orescence i,tensity,ハ Fl, is

plotted as relatiV●  tO difference betWeen the intensity before

addition of o.2 1nヽ  ATP (1.0) and that Of free DNS‐ ADP (0).
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a
a

phases (Fig. 18). CTP at 0.2 mI{ Iielded only a slow phase, and

its rate was of the same order of rnagnitude as the second slow

phase observed with 0.2 nM ATP. At the same time, the rate of

TCA.-t'r, liberation from F1-DNS-nucleotide (Fig. 19) was

accelerated s1ightly.

On addition of 7 mM EDTA to F1-DNs-nucleotide in the presence

4 nM Mgcl2, the fluorescence intensity decreased very s1ow1y as

previously shown in Fig. 11 (Fig. z0). Further addition of 0.1 ntrl

ATP or 0.1mlt{ ADP markedly increased the rate of the fluorescence
decrease. The time course of the fluorescence d.ecrease induced

by 0.1 nl'{ ADP f ollowed sirnple kinetics, rvhereas that induced by

0.1 mM ATP showed both rapid and slorv phases as in the presence
a,

of Mg'' (Fie. 17).

As previously described, ppi binds to Ft competitively rvith
DNS-ATP but with a much lorver affinity than that of DNS-ATp.

As shown in Fig. 21, the fluorescence intensity of F1-DNS-nucleotide

decreased on addition of ppi rith; single slow phase, and the
extent of the fluorescence change. increased rvith increasing
concentration of PP. . The rate of the fluorescence decrease

in the presence of 10 nM PP, was almost equal to that ind.uced

by 0.2 nlt{ ATP in its slow phase. Furthermore, 1nM ppi did not
accelerate TCA-t'r, liberation from F1-DNS-nucleotide (see Fig. r4).
AI'IP at 0.2 mlvl had no effect on the f luorescence intensity of
F1-DNS-nucleotide in the presence of t,tg2* (pig. ZZ) , d.id. not
change the rate of lcR-321, liberation frorn Fl-DNS-nucleotide

(Fie. 1e) .
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●

F-0.5 rflir't +

Fig. 18. Fluorescence decay on addition of

to Fl-DNS-nucleotide. A nixture containing

1.5 ,;:M F, was incubated in the presence of

and then (at the arrorv) following additions

ATP (a) i 0.2 nM ADP (b); 0.2 mlrl AMPPNP (c).

(a) ; 0.19 n1r{ cTP (b) i 0.22 rnM ITP (c) ; 0.18

various nucleotides

2.1 )m DNS-ATP and

5 nM MgCl , for 2 rnin,

were made. A: 0.2 nM

B: 0.2 mM ATP

nM CTP (d).
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Fig。  19。   Effect of CTP and AMP on TCA‐ 32Pi liberation fron the

Fl― DNS‐ AT62P syslem.  The reaction mixture cOntained l.8 
ノ
M

DNS‐ AT32P and l.2メM Fl in 2型 EDTA,50 mM Tris‐HCl at pH 8.0.

The reaction was started by additiOn of 5 mM MgC12・   At the

arroW (30 s), 0.2 mM CTP (o〕 or O.2 mM Ap4P (メ 〕 Was addedo  The

control (0) iS also indicated.
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of ATP or

2 nM EDTA

were made;

7 mM EDTA

REACT10N TIME

Fluorescence decay of Fr-DNS-nucleotide on addition

ADP in the presence of EDTA. To a nixture containing

and 50 mlrl Tris-HCl at pll 8.0, follorving aclditions

a, 2.7 yM DNS-ATP; b, 1.4 lM Fl; c, 4 mM MgC12i d,

(final concentration)i e, 0.1 ml*l ATP; f ,0.1 nM ADP.
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●

Deoendence of the Stead ―State Rate of Fl― DNS― ATPase on

Substrate Concentration---As shom in Fig. 23, the steady-state

rate, vo, i.ncreased in proportion to the OllS-Rf32p concentration

up to 200 plr{, rr,here the vo value was 1.0 s-l accounting for
about 0.5% of that of Fr-ATPase reaction at 200 pM ATP (cf.

Fig. 24). If rve assume that the F1-DNS-ATPase reaction at the

steady state follows a sinple ltlichaelis-Menten kinetics, this
result indicates that the values of K* for DNS-ATP and V*.* are

rnuch larger than 200 yM and 1 s
-1, respectively.

Comparison of Time Course of ATP Hydrolysis with That of

of ATP ―一 DNS― ATP (6.42 ノM)waS al10wed to react with Fl (o.3 メM)

in the presence of Mgz*, PEP, and pyruvate kinase for 90 s. It

Tr'aS corfirmed that ADP but not DNS-ADP can be converted into NTP

by pyruvate kinase (16). Then 0.2 nM ATP was added, and both

fluorescence decrease and TCA-Pi liberation were followed in
para11e1 experiments. Under the condition used., ahnost all

TCA-Pi rvas derived. by ATP hydrolysis. At the moment of the ATP

addition, more then 952 of F, added was estinated to have bound

DNs-nucleotide on the basis of dnNS_ATp = 0.44 liM. As shown in

Fig. 24, the fluorescence intensity decreased in two phases.

If r"e assume t.hat ATP is mainly hydrolyzed at the same site (s)

r'here DNS-nucleotides bind to F' the TCA-Pi liberation should

have a lag phase corresponding to the release of DNS-ADP

(about 3. 5 rnin) . However, no such 1ag phas€ b'BS ob served.

Effect of P, on Fluorescence of F1-DNS-Nucleotide Cornplex 
-')+

As already shown in Fig. 2, the fluorescence of Ft-Mg''-DNS-

nucleotide was further enhanced. by addition of Pi. Figure 25A

●

●

●

●

●

●

．

DNS― ADP Release from F.― DNS― Nucleotide Complex after Addition
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rate οf Fl DNS― ATPase reaction.  The reaction nixture cOn,ained
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Fig. 24. Conparison of the tirne course of ATP hydrolysis with

that of the DNS-ADP release frorn Fr-DNS-nucleotide after addition

of ATP. A rnixture containing 6.42 yiq DNS-ATP, 0.31 /M Fl, 0.48

nglnl pyruvate kinase, and 4 nM PEP in 2 nM EDTA, 50 nl'l Tris-HCl

at pH 8.0 rrras incubated with 5 mNl MgC1, for 90 s, and 0.2 nl.t ATP

was added.. The reaction $as stopped by addition of 5? TCA at
the time indicated. The ti. J course of the DNS-ADP release was

measured separately as a fluorescence change under the sane

conditions (inset). The arrow in the inset shows the tirne of
addition of 0-2 ltl"U ATP.
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Fig。  25.  FluOrescence enhancement Of Fl― DNS― nucleotide on

addition of Pi.  The concentr,Fi° n of DNS― ATP added was 3.2ノロM・

A: Following additions ttlere lnade; a, 1.5ノ M Fl; b, S mM MgC12;

c, K‐ Pi at COncentrations of O (1), 40 
メM (2), 0.l nM (3),

0.2 nM(1),0・ 4嗣 (5),1副 (6),4 mM(7),10揃 (8).B:

The reciproca1 0f the extent of fluorescence enhanこ ement at

2 min after K‐ Pi addition にFl)was plotted against tle

reciproca1 0f the concentration of K‐ Pi added.
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shows the tine courses of the fluorescence enhancement of

Ft-DNS-nucleotide on addition of various concentrations of Pi at
pH 8.0. lfith increasing concentrations of Pi, the extent of the

fluorescence enhancement increased, and rvas saturated at abouto
4 mM Pi. Figure 258 shows a double reciprocal plot of the extent

of the fluorescence enhancement at 2 nin after Pi addition and

the Pi concentration. A single straight line enabled an

estimation of an apparent dissociation constant of Pi fron Fr-

DNS― nucleotide 〔φPi)as 195メ M.  The affinity Of Fl― DNS― nucleotide

for Pi increased with decreasing pH (Fig. 4) . At pH 6.5 the

a fluorescence enhancernent was saturated at least with 50 IM Pi
o (data not shorvn). The rate of DNS-AT52p hydtolysis in the

presence of 4.3 N INS-AT3ZP, 1.7 ;rM F1, and S mM MgCIZ rrras

unaffected by the addition of l mM Pi (data nOt Shown)。

We also exanined effects of various anions on the

fluorescence intensity of Fl― DNS―nucleotide (Fig。  26).  TheSe

anions are known to accelerale the Fl―ATP,se aCtiVity (28).

The fluorescence intensity was al面 ost unaffectё d by 5 mM HC03‐
●

or 2 mM maleate, and slightly increased on addition of O.5 mM
●
‐        HS03 .  The effect of HS03  was maXimal at 2 mM.

]ユ理 ing of DNS― Nucleotide to Fl in the Presence of Pi ―

The fluorescence intensity of DNS-ATP after addition of F1,

MgCI2, Pi, and ATP, &s added in this order, was measured in the

presence of different concentrations of DNS-ATP (see Fig. Z),

and the fluorescence intensities at each step were plotted
against the DNS-ATP concentration (Fig. 27A). The extent of

t^ the fluorescence enhancement induced by P., r{?s replotted inO -'-/ -1
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Fig。  27.  Fluorometric titration Of Fl by DNS― ATP in the

presence of Pi.  A: The fluOrescence intensity was measured

sequentially as folloIIs: DNS‐ ATP alone (o); l min aft,Υ

addition of l.5 ノM Fl (o); 2 min after additiOn Of 5 mNI MgC12

(△ ); 2 min after addition of 8 mM K‐ Pi (A); the level

decreased rapidly on addition of O.2 mM ATP (メ ).  B: The

extent of fluorescence enhancement after addition of 8 mM K‐ Pi

〔A minus∠ゝ)WaS Plotted against the concOntration Of DNS― ATP

added.
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Fig. 278. l\'ith an equimolar concentration of DNS-ATP to Ft

(1. 5 pM) , the enhancement was saturated.

Figure 28 shows the effect of 4 mlr{ Pi on the release of

DNS-nucleotide fron F, induced by PP:. (A) or ATP (B). The

fluorescence decrease on addition of 1 rnM PPi showed only a

slow phase, as already mentioned (cf. Fig. 2I), and its rate

was renarkably reduced by addition of 4 rnlV Pi. Pi also inhibited
the second slor+ change of the DNS-ADP release on addition of

ATP. After the fluorescence intensity of Fr-DNS-nucleotide

was enhanced by addition of 4 mM Pi, 0.2 nM ATP was added.

The fluorescence decreased in two phases as observed in the

absence of Pi. Horvever, the extent of the rapid phase was

larger and the rate of the second slow phase was much srnaller

than those in the absence of Pi,

●

●

●

●

●

I
o

-52-



ｅ

ｌ
Ｉ
）
７

０

　

　

　

　

０

　

　

　

　

０

６

　

　

　

　

４

　

　

　

　

２

（
〓
Ｅ
コ

、
」
ｏ
」
〓
０
」
”
）

Ш
０
２
Ш
Ｏ
∽
Ш
∝
０

⊃
Ｊ
Ｌ

（
〓

Ｅ
コ

、
」
ｏ
」
〓

０
」
”
）
Ш
Ｏ
Ｚ
Ш
Ｏ
∽
Ш
匡
〇

⊃
Ｊ
Ｌ

●

●

ｅ

ｌ
‥
▼
１

●

100

60

40

20

80

●

REACTION TIME

REACT10N TIME

Fig。  28.  Tine course of a decrease in fluOrescence of Fl,DNS―

nucleotide in the presence and absence Of Pi on addition 9f

PPi or ATP.  The concentration of DNS― ATP added was 3.2 〃M.

A: Following additions were made; a, 1.5 FM F13 b, 5 mN MgC12;

c, l luNI PPi' d' 4 mM K― Pi; e' l lnM PPi.  B: Following additions

were made; a, 1.5″ M Fl; b, 5 mM MgC12; C' 0° 2 洲  今TP; d, 4 ■M

K‐ Pi; e' 0・ 2 mM ATP.

●

●

●

●

卜 l min―

t-1min*

-53‐



●

DISCUSS10N

Recently, Slater et al. reported. that purified F1 contains

2 mol of unexchangeable ATP/mol Ft and proposed that these ATP

are indispensable in maintaining the conformation of F1 (4).

The arnount of ATP tightly bound to our purified F, preparation

was 2.3 nol/mol Ft. In this paper, w€ assumed that these tightly
bound ATP were not directly involved in the F1-DNS-ATPase

reaction (1). Our purified F, preparation contained no intrinsic
ATPase inhibitor protein (Fig. 1, ?'/) .

So far there are several reports that the nucleotide

binding sites on energy-transducing ATPases form hydrophobic

clefts (!l-St1. Upon binding to F' DNS-ATP showed a sinilar

change in fluorescence ernission spectrun as when it was brought

into dioxane (see Fig. 3 and also Table I). This change was

reversed by adding several nucleotides inclu.ding ATP. Therefore,

we concluded that the nucleotide binding site of F1 was in a

hydrophobic cleft. The present fluorometric titration studies

of F, by DNS-ATP in the presence of lvtgz+ ind.icated that 2 mo1

of DNS-ATP r{er.e bound to 1mol of F, with an apparent dissociation

constant of 0.aa ;rM (Fig. 5). This finding is consistent with

the{ zbZ stoichiometry of F, subunits reported by Vershoor et

aI. (32). However, w€ cannot deny the possibility that our

purified F, preparation was partially inactivated, so that the

dS 0 g stoichiometry (€l cannot be ruled out.

Binding of various phOsphate compounds to Fl are affected

markedly by divalent cations and pH (34,35). The properties of

flUorescence emission spectra of various complexes of DNS-ATP

0

●

●

●

●

０

．
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with F, are summartzed in Table
J.

constant of DNS=ATP bound to Fl

The apparent dissociation

the absence of I'rlg2* was about

I.

■n

●

●

●

●

●

●

a
o

16 plt{ (Fig. 15), rvhich was much higher than the 6 value of

0.44 FM in the presence of Mgz*. In Table I, the dioxane

concentrations giving the same fluorescence emission

peak and intensity at 520 nm that were obtained with free DNS-ATP

and F1-DNS-ATP in aqueous solution are also included. Thus, the

hydrophobicity of environment arouncl the DNS group in E.DNS-ATP
)+

and E.Mg"'.DNS-ATP was equivalent to that of ZA-30 and 58-76%

dioxane, respectively. It is also suggested that Mgz* increases

both the af f inity of Ft for DIiIS -nucleotide and the hyd.rophobicity

of the DNs-nucleotide binding site on Fr. A further increase

in the extent of the fluorescence enhancement of DNS-ATP by
ntreaction rvith Ft in the absence of it{g'' by lowering the pH

(Fig. a) suggests that the conformation around the nucleotide

binding site on Fl is altered by changing pH.

DNS-ADP rvas also bound to Ff with a high affinity in the

presence of l"'lg2+, but the titration curve showed some heterogeneity
(Fig. 7). One possibility is that two molecules of DNS-ADP

bound to Ft are not equivalent in terms of fluorescence intensity
even if there is no interaction between thern.

In this study, various elementary steps in the F1-DNS-ATPase

reaction were identified. The initial rate of fluorescence

enhancement on addition of Mg2* to Fr increased. with increasing

concentration of DNS-ATP, following typical lr{ichaelis -Menten

kinetics (Fig. 8). Thus, we assumed the following reaction

scheme to explain the formation of a complex of DNS-ATP and

F1 having enhanced fluorescence intensity (EDNs-ATP*l:
l"
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Table I.

and Fl.

DNS― ATP.

Properties of fluorescence emission

A11 the indicated values are for the

various complexes of DNS-ATP

of DNS-ATP except for free

spectra of

bound forms

Comp 1 ex
Fluoro Max.

(nm)

Fluor. Intensity at
520 nm (relative)

φ          Dioxane

(μM) POSition O― f Pёak

(vlv t)b
Intensity at 520 nm

‐
い
０
‐

Freё DNS‐ ATP

E・ DNSLATPa

EoMg2+。 DNS― ATP

Pi。 1・ Mg2+.DNS‐ ATP

555

545

525

520

0

20

58

66

0

30

76

100

1。 0

1.3-1.9

4.8`

5。 8

16a

O.44

The 6 value was calculated from

was calculated from the data of

Concentration of dioxane which

free DNS-ATP as that induced by

the data of Fig。  15。

Figs. 2 and 15。

induces the same change in

formation of complex with

Fluorescence intensity at 520 nm

fluorescence properties of

'1'
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E + DNS― ATP l事
==主
:EPNS―ハTP_EDNS― ATP,

Kf          Vf           l l

On addition 6f Mg2+ to a li‐ tur9 C9ntailing DNS「 ATP an4 Fl

the enhancement of fluorescence intensity Of DNS― ATP, liberation

of TCA-32Pi and free 32Pi 。,curred consecutively (Fig。  9).

Even after that the fluorescence intensity still maintained its

enhanced level.  All these findings are easily explained by the

proposed reaction schene shown in Fig。  29。   E3)S~ADPl is a

TCA-unstable intermediate, and its formation is measured as

TCA-P1. The rate of liberation of DNS-ADP from EDNS-ADP* is

assumed to be very sma11, since the enhanced fluorescence 1eve1

t\ras naintained even after the release of free Pi.

The rnechanism is supported by the following findings.

(1) TCA-Pi burst of 2 mol/mol F, was observed with various

concentrations of DNS-ATP (Fig, 10). The burst size agteed

rvith the binding stoichionetry of 2 mol- DNS-ATP/no1 Fr' obtained

from the fluorometric titration of F, (Fig. 5). (Z) Boyer and

coworkers (6) found 180/P ratio of more than three for Pi forrned

during ATP hydrolysis by F ! ^t 1ow concentrations of ATP, suggesting

a rapid equilibriunr of EATP3tiDn. Notably the present reaction

schene resembles strikingly that of myosin ATPase (12-!5). This

sirnilarity rvas originally pointed out by Boyer and coivorkers

〔36)。 l{hen C,aZ* was used as a divalent cation instead of Mgz+,

the release of DNS-ADP was accelerated (Fig. 72). This is also

found with myosin ATPase.

There are several pieces of evidence to indicate the

regulatory effect of ATP on ATP hydrolysis by F1 (g-10). Boyer

and coworkers (6) found that an increase in the ATP concentration

-57-
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DNS‐ATP

E _~EPtt EPNo‐ ATP・ _ EPNlゴ翌ェ≧墓
==EPNS         EP; onts-app

rapid slow very s low

ADDIT:ON OF ATP

打PEP｀墜型LJFEBNュ型理翠rEPN翠 lTPEP― L ―TTヽ 玉 菫

‐
“
∞
‥

Pi

very rapid very rapid

Fig. 29. The reaction nechanisn of Fl-DNS-ATPase. Although

trvo identical catalytic sites are postulated on F' only one

of them is indicated here.

DNS‐ADP
rapid
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during ATP ,ydr01ySis by Fl decreased the extent of water oxygen

incorporated into each Pi formed, as if ADP and Pi w9re released

at one site when ATP was bound to another.  In this studソ , we

found that ATP accelerated markedly the foFmation of EBNS― ApPよ

from EDNS― ATPX (Fig。  13), release Of Pi frol E3NS―
ADP大
 (Fig。  15),

and also release of DNS― ADP from EDNS― ADPお  (Fig。  16).  This

acceleration will be explained by a.rnechanisrn that a conformational

change is induced by binding of ATP to regulatory site(s)
which are different frorn the catalytic site(s) binding DNS-ATP.

Itlhen ATP was added to F1-DNS-nucleotide under conditions

where most of the DNSLATP was bound to Fl, all the DNS― ATP was

liberetOd rapidly as TCA=Pi (Fig。  13).  HolVever, when ATP was

added at the ■■■tial phase of the Fl DNS― ATPase react■ on, the

TCA― Pi liberatiOn was only slightly accelerated, and then Stopped

(Fig。  14).  TheSe findingS indicate that the rate of the reverse

reaction, EDNS― ATP大_→〉EDNS―
ATP, .s very small:

The rapid fluorescence decrease observed on addition of ATP,

ADP, AMPPNP, ITP, or GTP to the reaction mixture containing DNS-ATP,
1tF' and lr{g'' (Fig. 18) is-suggested to be derived by the release

of DNS-ADP induced by a conformational change of the catalytic
site on Fr. The second slow phase will be due to the displacement

of bound DNS-ADP by other nucleotides. ADP and AMPPNP also

accelerated the TCA-Pi liberation, although the extent of the

acceleration was snaller than that by ATP. Thus, the effects

of nucleotides to accelerate the TCA-P1 liberation and to

release DNS-ADP in the first rapid phase can be summarized as

follows in the decreasing order of their efficiency:

ATPた,ADP欠l ITPた GTP`声多AMPPNP

●

●

●

●

●

●

●
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CTP acce■erated slightly thё  step′  EPN:―,TP★― E:NS―
ADP★

(Fig. 19), and induced only a slow release of DNS-ADP from F,

(Fig. 188). These findings suggest that the affinity of the
t
O regulatory site for CTP is very 1ow or a conformatj-onal change

of the catalytic site is not induced by the CTP binding to the

regulatory site. AIvIP accelerated neither the TCA-Pi liberation

(Fig. 19) nor the DNS-ADP release (Fig. 22).

Recently, interactions of nucl-eotides with isolated subunits

of Fr-ATPase from thermophil-ic bacteria were i-nvestigated by.

Kagawa and coworkers (37). They found that ATP were bound to

both d, andp, the affinity of the former being higher than that

of the latter. They also found that CTP was bound to C( subunit
lt l"but not to p subunit t or that the conformational change of F

subunit was not induced by CTP. Neith"r d ""t p. subunit bound

AMP. If we assume that beef heart Fl and thermophilic bacterial

Ft have essentially the same structure and function, our results

strongly suggest that the catalytic site and the regulatory si-te

exist on d, ana p subunits, respectively. This propose is

apparently contrast to a widely accepted view that the catalytic

site and the non-catalytic nucleotide binding site of Fr-ATPase

are located "" p and (subunitsrrespectively (38-42). However,

it should be noted that this hypothesis was derived mainly by

analyzing the effects of chemical modifications of FI only on the

over-alI reaction of Fr-ATPase. But this discrepancy will be

removed by postulating that the hydrolysis of NTP try Ft occurs

at different catalytic sites.

●

●
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If we assune that hydrolysis of DNS― ATP 9ccur5 only through

ti9 pathway v■ a E:NS―
ADPX il th9 Steady―

,lat?, Vmax 卜,S tO be 
‐

5mallё r than or equal tO thё  maximum rate, Vf, foF fOrmation of

ll‐      EDI)SIATPホ 。  H6wever, ↓f was O.54 ζ
~1 (Fi」

: 8), whiと h iζ  much

smaller lhan Vmax t)>l s「 1) (Fig。  25).  TherefOre, a,o,her       ‐

pathway is also suggeSted for hydrolysis Of pNS― ATP.  Furthermore,

when ATP was added under the cOnditi?ns where mOSt Of Fl 'as
‐
   in the form of EPNS― ADP■ , ATP hydroユ ysiS OcCurred WithOut a lag

phase (Fi蒼 . 24).  If ATP iS mainly hydroiyzed v.a EADP, a lag

phase corresponding tO the relё ase of DNS― ADP should be ObServed

も
'     C°

ntraly tl thと  Prlgeit finding.  Thus, it is highly probeble

that hydr01ysis of NTP oCCurs via different catalytiC PathwayS

and at different catalytic SiteS ェ■ Fl as ■s obPerV9d W・ th myos■ n

ATPase (12,13)。

EttPP iS Widely accept91 as a key in,ermediatё  in thι    l
.      energy― transducing proce,s of myOSin ATPase, and the present

investigation 91early demonstrated that this type of intermediate

,     is inv。lved in the Fl,ATPa,9 reacti6no  TherefOre, it is

.       speculated that the reverse p± 6cess of thё  present ieactio■

mechanism functions in the ATP synthesis.  Differential effects

of inhibitors on ATP syithesis on hソ droly,is have been interpreted

by S,V9ral lVOrkeFS (45,44)aO shOWing that the catalytiC rOute

for ATP syntheζ is is separatё  fr6m that invё lved in ATP hydrolysis,

although this view has been disluted by BO,er (11) from Several

lines of cons■ derat■ on.

The fluorescence enhancement of Fl・ DN,― lucleotid? induCed

・●      by Pi I五  the preseice of Mg21 suggestS that the environment of

the nucleotide― binding Sites On Fl becOmeS moFe hydrOphobi, bγ
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the action of Pi, thus dininishing the rate of the DNS-ADP

release (Tab1e I, Fig. Z8). An apparent dissociation constant

of thi-s complex at pH 8 was 195 JrM (Fig . zs) and this value
,rr

a decreased on lowering the pH. These results are in good agreement

rvith those of Kasahara and Penefsky (45) who obtained the

dissociation constant of ZB5 ;:M. Another interesting feature of

the Pi effect is the distinction of the two DNS-ATP binding
sit.es on F, which otherwise seem to be equivalent; that
is, the satur.ation of the fluorescence enhancement induced by

ni at 1mo1 DNS-ATP/no1 Ft implies the heterogeneity of the tr,ro

a binding sitesrat least with respect to the interaction with pi.

●
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PART II.

Reactions of a Fluorescent ATP Analog, 21-(5-Dimethylanino―
●

.       naphthllene― 手
―Sulfonyl)Anino-2'― DeoxyATP, with 

…

 Fl―
ATPase

and lts Subunits:  Evidё nce Suggesting the High Affinity Catalytic

Site in O〔 Subunit and Low Affinity RegllatOry Site in β Subunit・

●

●

●

●

‐66-



●

SUMMARY

We performed kinetic studies on the reactions of fluorescent ATP

analog, 2' - (5 -di-methyl - aminonaphthalene- 1-su1f onyl) arnino -2' -

deoxyATP (DNS-ATP), rvith E. coli Fr-ATPase IEF1) and its subunits, to

clarify the role of each subunit in the ATPase reaction. The

following results were obtained.

1. In the presence of Mgz*, 3 mo1 of DNS-ATP binds to 1 mol of EF,

with an apparent dissociation constant of 0.23 pii't. Upon binding, the

fluorescence intensity of DNS-ATP at 520 nm increased exponentially

with t.., ," of 35 s and reached 5. 5 times the original f luorescence 1eve1.
I/ L

Following the fluorescence increase, DNS-ATP was hydrolyzed, and the

fluorescence intensity maintained its enhanced 1eve1.

Z. The additj-on of an excess of ATP over EF1-DNS-nucleotide complex

in the presence of lulg2* decreased the fluorescence intensity rapidly,

indicating the acceleration of DNS-nucleotide release from EFt.

ADP and GTP also decreased the fluorescence intensity.

3. DCCD inhibited markeclly the accelerating effect of ATP on DNS-

nucleotide release from EF, and t.he EF'-ATPase activity at steady

state. On the other hand, DCCD inhibited only slightly the

fluorescence increase of DNS-ATP due to its binding to EFf and the

rate of single turnover of DNS-ATP hydrolysis catalyzed by EFt.

4^ Tn the Dresence of MgZ*,0.65-0.82 mo1 of, DNS-ATP binds to 1 mol
Y'-"

of isolated C( subunit of EF, rn'ith an apparent dissociati,on constant

of 0.06-0,07 yN|. Upon binding, the fluorescence intensity of

DNS-ATP at 520 nm increased 1.55 fold very rapidly (tt,r<,1 s).

The fluorescence

addition of the i

of DNS -ATP was unaffected bY the

subunit.
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5. The kinetic properties of the fluorescence change of DNS-ATP's

reaction with EFr-ATPase reconstituted frorn {, ? and f subunits were

qui te s irni lar t o that of natiye EFt .

These findings strongly support the previous proposal that the

high affinity catalytic site and 1ow affinity regulatory site exist
in the d and B subunit, respectively

●

●
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●

●
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INTRODUCTION

Fa-ATPase IEC 3.6.1.3] is composed of five subunits, designated d
through t in order of decreasing molecular weight tI,a). The

stoichiometry of either d r?sT or dz?rT is oroposed for the major

subunits of FI(1-!). Recent reconstitution studies on Fl't from

thermophilic bacterium PS3 (TFl) (6,7) and E. g:1! (EFr) (g,g) shed

light on the role of each subunit of Fr. The complex of d with p and

'f subunits possesses thb ATPase activity, and the f, and E subunits

are essential for the binding of ttredp f cornplex to the menbranous-l
component, Fo. The d and p subunits each have nucleotide-binding

sites, which are different in their affinity and specificity for
nucleotid.es (9,10), and. the total number of nucleotide-binding site
in Ft is 4-7 (11,12). The different nucleotide-binding sites in Ft

have been revealed by steady-state kinetics of th'e ATPase reaction
(13), binding measurements (11,14), and the.affinity 1abe11ing of

nucleotide-binding sites [15-17). The Fr-ATPase activity was found

to be inhibited by the modification of the p subunit which has a

low affinity binding site for nucleotides (15,16,18-21). This

finding suggests that the low affinity binding site in p subunit is
the calatytic site. This suggestion is supported by the finding that
the steady-state Fr-ATPase activity has a high K, value for ATP

(t3,24) .

RecentJ-y, we have synthesized a fluorescent ATP analog DNS-ATP,

Z' - (5-dinethyl-aminonaphthalene-1-su1fonyl) arnino -2t -deoxyATP (ZS) ,

and studied the mechanisrn of the DNS-ATPase reaction of beef heart

Ft (26). We found that the reaction mechanism of Fr-ATPase is very

Similar to that of myosin ATPase, and that the nucleotide at high

●

●

●

●

●

●

●
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concentrations accelerate the rates of three elernentary steps in Fr-

ATPase (26). These findings were interpreted as showing the existence

of 1ow affinity regulatory site(s) as well as high affinity catalytic
sites t2!). Together with the results on the direct nucleotidea
binding measurements of the isolated fl, and p subunit (g,lgt, this
vi-ew can be extended to the subunit localization of the high affinity
catalytic site in the d subunit and the 1ow affinity regulatory site
in the p subunit. However, this yiew is quite opposite to the widely

accepted hypothesis as mentioned above.

To determine whether the catalytic site exists in the d, or P
o subunit, we performed kinetic studies on the reactions of DNS-ATP

' with EF, and isolated active subunits. The results obtained. strongly
supported our hypothesis that the high affinity catalytic site and

1ow affinity regulatory site exist in the ( and p.subunits,
respect ively .

●

●
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IVTATERIALS AND METHODS

lvlateri.als 
- 

DNS-ATP, DNS-ADp and ,6-32plDNS-ATp (DNS-nf 32e;
●

●
were synthesized as desc

2.7.I.401 was prepared a

ATP, ADP and AI4P were pu

ITP, GTP, CTP and phosph

Chemicals Co. (St. Louis

grade purity.

Preparation of EF.,

ribed previously (25). Pyruvate kinase IEC

ccording to the method of Tietz and Ochoa (ZT)

rchased from Khojin Ltd. (Tokyo). AIvIPPNP,

oenolpvruvate h,etre pi:rchased from Sigma

, M0). A11 other chemicals were of reagenr

妖 and β subun■ t, and Reconst■ tuted

●

● ATPase 一― EFl was purified as described preViOusly (28) froln Eo coli

KY7485 (Ias.n -5) after thermoinduction of the transduci-ng phage

carrying a set of structural genes for the proton translocating ATPase

(29) . 'Purif ied EFt was precipitated by 55% arnmonium sulf ate and

dissolved in 5OmM Tris-acetate (pH 7.0) and 2mM EDTA, &t a concentration

of 5 -10' ng/n1 . The EFt solution was dialyzed against the same bi:f f er

solution at 20"C f,or 20 h before use. The d ,0 andT subunits were
t

purified fron EF, as described previously (g). Reconstituted EFf-

ATPase was prepared frorn a mixture of the d , p and f subunits as

described previously (.8), and concentrated to 2 mg/ml by Diaflo XM-

100A membrane purchased from Amicon Ltd. (Lexington, MA). The

concentrated enzyme was dialyzed against the above buffer solution at

Z0"C for Z0 h before use. The protein concentration was deternined

by biuret method C![) or by the method of Bradford (51) with bovine

serum albumin as a standard. The rnolecular weights of EF1, d' , P

subunits, and reconstituted EF,-ATPase were taken as 376,000, 58,000,

52,000, and 364,000, respectively (9,28) .

●

●
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Fluorescence Measurements ―一 Measurement solutions were prepared

by addition of reagents in 5-20 p1 portions to 2 mI of 2 mM EDTA,

100 mlvl NaCl and 50 nM Tirs-acetate at pH 7.0 and 30'C. The

o
a fluorescence intensity of DNS-ATP at 520 nn with excitation at

340 nm was measured as described previously (26).

DNS-ATPase and ATPase Activity 
- 

EFr at 0. 87 -1 .6 ;:luI was allowed
I

to react with 2.8 pM nus-Rr52p in 2 mM EDTA, 100 nuV NaCl and 50 mM

Tris-acetate at pH 7.0 and 50"C for 1 min. Then, the hydrolysis was

started by the addition of 5 nuV MgClr. The amount of ttn, liberated

when the reaction was terminated. by TCA (TCA -"nr) was measured as1'

o described previously (?9). The steady-state ATPase activity of EF,
a

was measured in the presence of an ATP-feeder system [0.1 ng/n1

pyruvate kinase and 5 n}'l phosphoenolpyruyate) at pH 8.0 and 30"C (?Sl .

The amount of TCA-Pi liberated was measured by the method of Fiske

and Subbarow (.32) .

2.,
Binding of DNS-ATJ'P to O( Subunit : Js measure the binding of

Oi.lS-ef 32p to O( subunit, the esuilibriurn di.alysis was performed at room

^ temperatuTe using chambers consisting of two we11s separated by a
o

layer of dialysis membrane (g). One side of the charnber contained
o

subunit and both wel1s contained 2 inM EDTA, 100 rur.{ NaCl and 50 nM

Tris-acetate at DH 7.0.
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RESULTS

Fluorescence change of DNS― ATP on I,s B二 塁生ing 19_]Fl

●

- 
Figure

1(A)showS a typical time course of change in the fluorescence

intensity Of DNS― ATP at 520 nn during ■ts reaction with EFi in the

presence of 5 1Ⅳi free Mg2キ .  The fluorescence intensity of l.l μM

DNS― ATP in the presence Of 2 mM EDTA increa,ed Only slightly on

addition Of O。 99 μM EFl [arrOW ュ in Fig。  1(A〕 ; compare curves ュ and ュ

in Fig。  2].  On further addition of 5 mM MgC12 [arroW ュ in Fig。  1(A)],

the fluorescence increased exponenti,1ly With a t1/2 °f 55 s, and

reached a plateu level, which was 3.2 fold the fluorescence intensity

of free DNS― ATP.  Being obServed only in the Pr9senCe Of EFl, the

Mg21_dependent fluoreζ ceAと e inこrease Of DNS― ATP reflects the binding

of DNS― ATP to the nucleotide― binding sites in DFl (cf. DISCUSS10N)。

Oi a further adoitiOn of 2 コⅣI Pi [arrof ⊆L in Fig。  l cA)], the fluO=

rescence intensity increased rapidly to the level of 5。 l fold that

of free DNS― ATP.  lVhen 2 iM ATP was added to the reaction mixture

[arrOW tt in Fig。  1(A)], thё  fluOrescence intenSity cecreased rapidly

to about 50% of the Original lёvel, then decreased slowlyo  When a

small amount of DNS― ATP was addё d to EFl 

“

0.5 mo1/m01 EFl), the

fluoresoence intensity decreased to a levё l almost identical to that

of free DNS― ATP within 5 min after the addition of ATP.  However,

When a large anount of DNS― ATP was used, the second phase of the

decrease occurred very s16wly, and even 10 min after the addition of

ATP, the fluorescence intensity was not the same as that of free

DNS― ATP.

Figure l(B)shOWS a time course of change in the fluorescё nce

iltenζ itγ  °f DNS― ATP in the:preseice Of 5 コ戯I Ca2+.  Ivhさ 1 5 mM 9ac12

●
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Fig。  ■.  Time course of fluorescence intensity change of DNS‐ ATP

in the presence of EFl.  To a lnixture containing l.l μM DNS― ATP,

2 nM EDTA, 0.l M NaCl and 50 mM Tris‐ acetate at pH 3・ O and 30° C,

the followiig additions were made at tine indicated by arr6ws (a‐ a).

〔A〕 : a, 0,99 PM EFl; b, 5 mM Mg912; C' 2 1nII K‐ Pi; d, 2 mM ATP.

(■ ): a, 0。 94 PM EFl, b, 5 mM CaC12; C' 2 mM K‐ Pi; d, 2 mM ATP.  The

clnission and excitatiOn wavelengths W`re 520 and 340 nn, Tespective■ y.
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was added to a reaction mixture containing l・ l μM DNS― ATP, 0。 94 μM

EFl and 2 mM FDTA (b), the fluorescence intensity Of DNS― ATP increased

exponentlally with almost the same value of t1/2 as that in the ,ase

of 5 mM MgC12 additiono  The plateu level of fluorescence in the

presence of Ca2+ was 2 fold that of free DNS― ATP,  Further addition

of l mM Pi (c) did nOt cause anソ  fluOrescence increase, but caused

a sloW decrease.  On‐ further addition of 2 ΠさI ATP (d), the fluorescencё

intensity decreased rapidly by ebOut 10と , then apprOached slowly to

the level of free DNS― ATP.

Figure 2 shows the fluorescence emission Spё ctra of free DNS― ATP

and various complexes of DNS― ATP with EFl.  As previously described

(25), DNS― ATP had an emission peak at 555 nm (traCe a).  On addition

of EFl, the emission peak shifted to around 550‐ nm with a slェ ghl

increase in the fluorescence intensity (trace b).  Addition of 5 mM

MgC12 markedlr inCreased the fluorescence intensity, and the maxinum

shifted to 530 nm (trace c).  Further additiOn of 2 ΠⅣI Pi Caused a

further increase of the fluorescence and the Shift of the maximun tO

around 520 ni (trace d)。   Addition Of 2 五M ATP reversed these

fluorescence changes almost backward to the state of free DNS― ATP

(traCe c).  These fluorescence changes of DNS― ATP on its reactions

w■ th EFl are almost equal to thOse ObServed for beef heart Fl.

Sto■ chiometry of DNS― ATP Binding_to_EFl    The sto■ chiometry of

DNS― ATP binding to EFi was determ■ ned by fluorometr■ c titration of

l.l μⅣI DNS― ATP with EFl in the presence 6f 5 mM fiee Mg2+ 〔Fig. 3).

Several kindS Of react■ on ■ntermediates are produced by the react■ on

of EFl wittt DNS― ATP, att will be mentioned in 'lDISCUSS10N。
い  HoWever,

we (26)previOusly found that in the ca,9 of beef heart Fl, t,e

fluoresこence intensity of one intermediate is only slightly higher

●
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●
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Fig. 2. Fluorescence.enission spectra recorded during the course of
reaction of DNS-ATP with EFr. Spectra vrere recorded in the following
order; curve a, 1.1-p1,1 DNS-ATP alone; curve b, 1 nin after addition
of 1.6 pM EFr; curve c,2 min after addition of 5 nr,V MgClr; curve d,

I mi.n after addition of 2 nM K-Pi; curve e, 1 rnin after addition
of 2 nM ATP. Other conditions were tbe sane as described in Fig. 1

or in the text.
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Fig. 3. Fluorometric titration of DNS-ATP with EFt in the

of. MgCIr. The eitent of fluorescence increase 2 min after

of 5 mM MgC1, was plotted against the atnount'of EFt added'

reac-'ion mixture contained 1.1 ltM DNS-ATP i.n 2 nM EDTA, 0.

and 50 rnM Tris-acetate at pH 7.0 and 30oC. The solid line

theoretical curve (see the text).
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than that of free DNS-ATP and the intensities of other intermediates

are much higher than that of free DNS-ATP and are equal to each

other. Therefore, the data were analyzed based on the quadratic

equation:
●
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●

where AF is the extent of fluorescence increase, and is assuned to

be proportional to the anount of EFl― DNS― nu91eotide c?mp19X・

ハFmatt iS the naximum valve Of AF, and is Obtained when all the
DNS「 ATP binds to EFl.  Both the AF andム Fmax Values ,re expressed

as plerCentage of the fluorescence intensity of free DNS― ATP in the

absence 9f Mg7+。   Eo inl So ar9 七五さ total conCentrations of EFl and

DNS― ATP, respectivelyi  n is the nulnber of independёnt and equiva19nt

binding sites of DNS― ATP in EFl, and φ
DttS‐1lP iS theiT oiSSOCiation

constant.  The solid line ■n Fig. 3 is the best fit of,■he data to

●

●

Eq. 1 with otr.* = 250%, n = 3, and doius-ATp = Q.23 1tM- i\iith n values

other than 3, the fit was Poor.
o

Hydroltssis of DNS-ATP by EFl 
- 

We found that in the absence-of
')+

free lqg"*, DNS-ATP is not hydrolyzed by EFr. Therefore, we neasured

the time course of TCA -32p. liberation after addition of 5 mM MgC1,
Le

to a reaction mixture containing 2.8 1:'lvl Dttls-At52e, 1.6 pM EF, and

Z nM EDTA [Fig. 4) . The amount of TCA- ='n, liberated at 120 s was
]-

0.47 nol/inol O( The amount of DNS-nucleotide bound to EFt under the

conditions used was estiinated to be 0.53 mo1/no1 d by using n - 3 and

d = o 23 pM. Under these conditions the fluorescence increase
'DNS -ATP

was found to be almost completed after LZI s of reaction. When ATP

at 2 rnM was added 60 s after starting the reaction (arrow in Fig. 4) ,

●
．
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Fig. 4. Initiar phase of Tce-32P, liberation fron DNS-AT32P

catalyzed by EF, or purified d subunit. The reaction nixture

contained 2.8 pM DNS-AT3zP and 1.6 pM EF, (O, a) or 2.3;rM d subunit

(A,A) in 2 nM EDTA, 0.1 M NaCl and S0 mM Tris-acetate at PH 7.0 and

30"C. The reaction was started by the addition of 5 mM MgClt. .At the

tjne indicated by an arrow (60 s after addition of il'tgClt), 2 nM ATP

was added (O,A).
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the tCR-32e' liberation ceased immediately, showing

such as obrlt',r"a on beef heart F; (26) .i'-

Acceleration of DNS-Nucleotide Release from EF,
a'

Complex by Addition of Nucleotides and Pyrophosrrhate 
- 

The fluorescence

intensity of EF1-DNS-nucleotide complex maintained its enhanceci

1eve1 after liberation of TCA-t'rr. Because of a very srnall rate of

release of DNS-ADP irom the conpfl*, it is clear that DNS-ADP forned

by hydrolysis of DNS-ATSZP *^, stil1 bound to EF.,. In the presence
' ?*of 3 nM Mg- , DNS-ATP at 1.1 pM was allowed to react with 0.98 prM EF,

for 2 min. Then, various nucleotides (0.2 mM) of pyrophosphate (2 mM)

were added, and the following decrease in the fluorescence intensity
was neasured iFig. 5). The addition of ATP caused a fluorescence

decrease with first rapid and second's1ow phases (.trace a). In the

case of beef heart F1, we found that the time course of the

fluorescence decrease after addition of ATP was identical to that of

the release of DNS-ADP from Fl-DNS-nucleotide in both rapi'd and slow

phases . (?q) . Therefore, we assumed that the fluorescence decrease

after addition of ATP corresponds to the release of DNS-nucleotide

frorn EF1-DNs-nucleotide in the case of EF, as we11. ADP (.trace bl

and GTP (trace c) also induced a fluorescence decrease, but the rates

of the decrease were smaller than that induced by ATP. The rates of

the f luorescence decrease on addition of MPPNP (trace d) , PPi

(trace e), and CTP (trace f) became smaller in this order. AMP

(trace g) had no effect on the fluorescence i-ntensity of EFr-DNS-

nucleotide . -

Effect3 of DCCD on the Reaction of DNS― ATP with EF - 
Figure 6

shows the time course Of the change in the fluorescence intensity of

no acceleration

-Nucleotide

●
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Fig. 5. Fluorescence decrease on addition of various phosphate

compounds to EFl-DNS-nucleotide conplex. DNS-ATP at 7.1 pM was allowed

to react with 0.98 pM EF, in the presence of l rnM Mgz* for 2 min,

then at the tine indicated by an arrow, the following additions were

rnadel a, 0.2 nM ATP; b, 0.2 nM ADP; c, 0.2 nrM GTP; d, 0.2 nM AMPPNP;

e,,2 nM PPil f ,0.2 rM CTP; B, 0.2 nM,a.rVP. Other conditions r{rere the

same as described in Fig. l.
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Fig. 6. Inhibition by DCCD‐ treatment of decrease in the fluorescence

intensity of EFl― DNS―nucleolide upon addition of ATP.  After incubatiOn

of O.98 μM EFl without (A) o, with (B) 0.2 nM DCCD in 2 mM EDTA, 100

mM NaCi and 50 mM Tris‐ acetate at pH 7.O aFd う9° C fOr 20 min, the

following additions were made at the time indicated by arrolvs(a・ C)

a, 1.l FM DNS‐ ATP; b, 5 mM Mgc12; C' 2 mM ATP.
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l。 l μM DNS― ATP during its reaction with O。 98 μM EFl, Which was

preincubated with O (A)or O.2 mNI DCCD (B)at pH 7.O and 50° C for

20 min.  The time course of increase in the fluorescence intensity

after addition of 5 Ⅱ癬l MgCl, (b)Was almOst unaffected by the DCCD―

treatment.  On the other hand, the decrease of the fluorescence

intensitソ  upOn subsequent additiOn of 2 mM ATP (c)Was inhibited

markedly by the DCCD― treatment (Fig. 6B).

Figure 7 shows the effects of DCCD on the stё ady― state rate of

EFi― ATPase and the ■n■ t■ al rate ?f EFI DNS―ハTPaSe.  The steadソ ーstate

rate of the Mg tATPase reaction of EFl was inhiblted almost completely

by the DCCD― tFeatment [Fig。  7(A)], as already re,Orted by Satre et al.

(21)l  ihe initi五 l rate of TCA― 12Pi liberatiOn in the presence of a

low concentration of DNS,ATP was only slightly inhibited by the DCCD―

treatment Of EFl [Fig。  7〔B)].  It must be notё d that in both experiments

EFl of the sane concentrOtiOn range was prein9ubご ted with DCCD _    ‐

〔legend 6fi Fig。  7).

Fluorescё nce Change of DNS― ATP on ltS Binding to(X Subunit of

EFf 
- 

Fig. 8(A) shows a typical time course of change in the

fluorescence intensity of DNS-ATP at 520 nm during its reaction with

d, subunit of EFr. The fluorescence intensity of 1.1 pir{ DNS-ATP in
the presence of 2 mM EDTA did not change on addition of 0.8 pM d
subunit [arrow a in Fig. 8tA), cf.FiS. 9]. On further addition of

5 nlvl MgC12 larrow b in Fig. 8(A)], the fluorescence intensity increased

very rapidly (tt/Z < L s) by L9eo. No fluorescence increase was

observed in the absence of thi.s subunit or in the presence of an excess

arnount of ATP with the subunit. On further addition of 2 mM P, [arrow

c in Fig. 8[A)], the fluorescence intensity changed only slightly and

maintained its 1eve1. When 2 mM ATP was finally added [arrow d in
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Ei' '? EFEae+e of DCCD-treat'nent of .EFt on its steady-state ATPase

and singtre turnover of DNS-ATP hyd.rolysis. (A) EF.l at 0. 87 pM was

preincubated with (a) or without (O) 0.2 nM DCCD in 2 nM EDTA and

50 nM Tris-acetate at pH 7.0 and 30"C for 20 nin. Then; EF, solution
was dil-uteil to 0.087 pM in 5 nM phosphoenol.pyruvate, 0.11 ng/n1

\-pyruvate kin'ase, 2.5 mM MgC12, 0.2 nM EDTA and 50 nM Tris-HCl at
pH 8.0 and 30"C. The reaction was started by addition of 5 nM ATP.

(B) EF1 at 1.6;rM was preincubated with (O) or without (Q) 0.2 nrv

DCCD under the same conditions as A, then allowbd to react with 2.8

FM DNS-AT-'P for L nin, The reaction was started by additj-on of 3 nM

Mg- .
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Fig. 8. Time course of fluorescence inrensity change of DNS-ATp

in the presence of d subunit. (A) To a reaction rnixture containing
0.8 pM d subunit in a buffer solution (2 lrrrl EDTA, 0.1 M NaCl ancl

50 nM Tris-acetate at pH 7.0 and 30oC), the following additions
reere rnacle at the tirne indi.cated by arrows (a-d); a, 1.1 plr,l Drr-S-ATp;

b, 5 rnM t'lgClr; c, 2 mM K-Pi i dr 2 nM ATP. (B) To a reaction rnixture

containing 4 pM d subunit in the buffer solution, the following
additions were nade at the tine indicated by arrows (a-d); a, 1.1

,pM DNS-ATP; b, 5 nM MgCl ,i c, 0.2 nM AMP; d, 0.2 rruV ATP.
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Fig. 0.  Fluorescence enission sPectra recorded during the cOurseり Of

reaction of DNS‐ ATP with a Subunュ t.  Spectra "ere recOrded in the

folloWing order; curve a, l min after addition Of 4 ルM a Subunit to

l.l μM DNS― ATP; curve b, l min after additioh of 5 nM Mgc12; Curve c,

l min after addition of 2 nM ATP.  The flooresctnce emission spectra

of l.l FM DNS‐ ATP alone in 2 mM EDTA and in 2 mM EDTA 1 5 mM MgC12

were the sane as the curve a and c, respectively.  Other cOnditions

are the same as descr■ bed in Fig. 8.
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Fig。  8(A)], the fluOrescencё  intёn,ity decreased exponentially with

a t1/2 °
1 8 s tO a leVel w,ic, wl, lb°

ut 5% lower than that before

the addition of 5 mlI MgC12・   The fin,1 level waS fbund 10 be equal

to that Of free DNS― ATP in thё  presence Of frge lv:』 :十 :

Essentially the same experiment was carried Olt With 4.O llM

di subuniti as shown ュ五 Fig。  8〔B) the fluOrё scence intensity increased

very rapidly by 50% upon addition Of 5 mM MgC12 10rrolW ュ ニ, Fig。  8(B)].

Addit10n of o:2 mM AMPI[arrOw c in Fig. 8〔 B〕 ]had nO effect on th9

fユuorescence intensity, whさ reas subsequent additiO, Of O。 2 コ山I ATPt

[arrOW tt in Fig。  3〔B)]deこreased the intensity as 6bserved in Fig。  8〔 A)。

Whe1 5 m卜 I CaCl,, inStea4 of Mg912' Was added to the FeaCti6n mixture, ‐

no change of the fluorescence ェntenSity was observed (data nOt Sh6wn).

Fluorescence enission ,pectra were recorded dtring the cOurse

of reaction of DNS― ATP with α
`subunit (Fig。

 9):  AdditiOn 6f 4.O llM

ヽ Sub●nit t。  1.1 ,M DNo― ATP in the づreSence of 2 mM EDTA did not

Chanige the fluOrescence emission spectrum of thё  free DNS「 ATP (traCe a)`

Flr,her additlon of 5 m卜 4 MgC12 increased the fluorescenc9 ■ntensity,

and the emission maximun shifted to around 530 nm 〔trace b).  Addition

of 2 mM ATP decreased the flu6rescence intensity to the level of

frё ё DNS― ATP in the pttesと nc8 0f 卜Ig 2+ 〔traCe こ), wlich wどs Llightlソ

lower than that in the absence of Mg2+ (traと 6 よ)。 |                     ‐

Stoichiometry Of DNS― ATP Binding to a Subuni, _― The stoichiOmetry

of DNS-ATP binding to d subunit was deterrnined by fluorometric

titration of 1.1 pM DNS-ATP withd subunit in the presence of 3 nM

Mg"' at 4o or 30oC (Fig. 10). Data were analyzed based on Eq. 1,

where the parameters for -EFt were taken as those for d subunit. The

solid lines in Fig. 10 are the best fits of the data of the DNS-ATP

titration wittr d subunit at 4o (a) and 30oC (O). The parameters
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Fig. 10. Fiuorescence titration of DNS-ATP with d subunit in the

presence of Mg- . The extent of fluorescence increase of 1.1.pM

DNS-ATP after addition of 3 nM Mgz* r+as plotted against the amount of
g{subunit at 30o (O) or 4'C (O). Other conditions are the same as

described in Fig. 8. The extent of fluorescence decrease of, free

DNS-ATP in the presence of free Mgz* 1cf. Fig. 9, curve c) was corrected.

The solid lines are the theoretical curves (see the text). lrthen 1.1 pM

DNS-ATP was alLowed to react witb p subunit in the Presence of Mg2*

at 30oC, no fluorescence change r,'as observed (A).

●

●

-88-



●

obtained from the data are n = 0.82, and dnUS-ATp = Q.06;:M at 4"C,

and n = 0.65 and dlUS-ATp = 0.07;rM at 30oC. The value of aF*"* t",
55% at both temperatures. When,psubunit up to 4 pM was added to 1.1

;.rM DNS-ATP, oo lulg2*-dependent fluorescence increase was observed (A ).
The DNS-ATP binding to d subunit was also measured at room

temperature by the equilibriun dialysis. lie found that even in the

absence of Mgz*, DNS-ATP can bind to d subunit with an apparent

dissociation constant of about 5 tines higher than that in the presence
?+

of lulg"'. However, during the equilibration we noticed some

denaturation of d subunit, and therefore could not analyze the data

quantitative 1y .

Effects of Nucleotides and Pyrorrhosphate on DNS-ATP Bound to d

Subunit 
- 

The fluorescence intensity of DNS-ATP increased by addition

of 5 nM MgCl Z to the mixture containing 1.1 ;-rM DNS=ATP, 0.8 PM d subunit

and 2 nM EDTA. Then, ADP, AMPPNP, GTP, ITP, CTP a\ 0.2 nM or PP1 at

2 nM .. Was added. A11 these conpounds decreased the fluorescence

intensity exponentially with tt/Z = 7-8 s to a level almost equal to

o that of free DNS-ATP (data not shown), 4s was observed upon the

. addition of 0.2 nM ATP (Fig. 8) .

DCCD inhibited the steady-state rate of EFr-ATPase activity at

high ATP concentrations, but did not inhibit EF1-DNS-ATPase activity

at 1ow DNS-ATP concentrations, ds mentioned above (Fig . 7) . On the

contrary we found that DCCD at 2 rn}{ did not affect.the Mg2*-d"p"rrdent

fluorescence increase and the ATP-dependent fluorescence decrease of

QNS-ATP in the presence of d subunit (data not show"n), suggesting that

the results obtained above (Figs. 6 q 7) were not due to the reaction

of DCCD to this subunit
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Inability of d Subunit to Hydrolyze DNS-ATP and ATP 
- 

\is TCA-

"'P. liberation was observed on. either addition of 5 nM MeCl-, to the-1 - L

reaction mixture containing 2.8 pM DNS -AT32P, 2.3 yM d subunit and

I
. 2 mM EDTA (A), or subsequent addition of 2 nur't ATP (A) (Fig. 4).

Even when 5 nM Ir{gC1 Z was added to the mixture contai-ning 7 .6 pM Rf 32p

and l.6 11M O(or l.8 μ卜1 , subunit in 2 mM EDTA, no TCA-52Pi liberation

was observed (data nOt shown).  These results are in agreenent with

the previous finding that the isolated Or , , 。r7・ Subunit did n9t have

ATPase activity (7,8).

Fluorescence Change of DNS― ATP on lts Binding to Reconstituted

EFl ATPatte ~~ TO determile w'at kin4 0f Subun.t interactions are needed

for the EFl ATPase eCtiVity, We ifurther‐ inヤest■ gated th9 reactiOnl of

DNS― ATP w■ th the reconslituted EFl,今TPaSe.  Figure ll Shows the time

course of change in the fluorescence intensity of DNS― ATP at 520 nm

during its reaction with reconstituted EFl― ATPase.  The fluorescence

intensity of l。 l llM DNS― ATP in the preseice of 2 mM EDTA increased

slightly on addition of O。 36 pg/ml recOIStituted EFl― ATPase [arroW 三

in Fig。 11, compare‐ ctives ュand ュ in Fig. 12]. .On further addition

of 5 nM MgCl2 Iarrow b in Fig. 111, the fluorescence intensity

increased very rapidly (tt/21 I s), then s1ow1y with tt/Z of about

30 s. The plateu 1eve1 rvas 1.83 fold the intensity of free DNS-ATP.

0n further addition of 2 n]'l P.' larrow e in Fig. 11], the fluorescence

increased rapidly to a levef "f 2.4 fold that of free DNS-ATP. On

addition of 2 nM ATP farrow I ir Fie. 11], the fluorescence intensity

decreased-.to the leve1 of free DNS-ATP.

I{then 5 mM CaCl Z was added to the mixture containing f .1 pl{

DNS-ATP and 0.36 mg/n\ reconstituted EFr-ATPase in the presence of

2 nM EDTA, the fluorescence intensity increased exponentially with
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Fig. 11. Tine course of fluorescence intensity change of DNS-ATP

in the presence of recons-Lituled EFI-.ATPase. To a rnixture containing

0.36 ng/nl reconstituted EFr-ATPase in 2 tnM EDTA, 100 nM NaCl and 50 nM

Tris-acetate at pH 7.0 and 30oC, the following additions were rnade

at the time indicated by arrows (a-d); a, 1.1 pM DNS-ATP; b, 5 nM

MgClr; c, 2 rnM K-Pi; d, 2 nM ATP. Specific activity of the reconstituted

EFr-ATPase was 30 U/rng protein. The concentrat.ion of the reconstituted

EFr-ATPase was shown by the protein coDcentration, because the recon=

stitution was not conplete [note that the specific activity of purified
EF, is about 100 U/rng protein (28)1.
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t,,n of 40 s to reach a plateu.trevel, which was 1.5 fold the intensity
L/ z

of free DNS-ATP. Further additi.on of 2 rnM P, induced a small increase

(6%) in the fluorescence intensity (data not shown).

Figure 12 shows the fluorescence emission spectra of free

DNS-ATP (trace a) and cornplexes of DNS-ATP with reconstituted EFf-

ATPase. lrthen 0.53 ng/n1 reconstituted EFl-Af,Pase was added to 1.1 pM

DNS-ATP in the presence of 2 nI'! EDTA, the fluorescence intensity

increased slightly with a shift of the emission maximum from 555 to

550 nrn (trace b). Further addition of 5 nlvl lvtgCl, narkedly increased

the fluorescence intens ity , and the maxirnun shifted to 535 nm (trace c) .

The addition of 2 nI{ ATP reversed these fluorescence changes backward

to the state of free DNS-ATP [trace d).

Figure 13 shows the result of fluorescence titration of DNS-ATP

with reconstituted EF, -ATPase in the presence of 3. nir{ Mg2*.

The extent of the lvt.ez*-d"p"nd.ent fluorescence increase of 1.1 pM DNS-

-. ATP increased with increase in the amount of reconstituted EFr-ATpase

added. When the amount of reconstituted EFr-ATPase added was 1.S plr{

o (0.54 ng/m1), the extent of the Mgz+-dependent fluorescence increase

- was 88% of the intensity of free DNS-ATP. However, we could not obtaint --/
a good fit to the data based on Eq. 1, since we could not measure the
saturation: 1eve1 of the fluorescence increase

Accgleration of DNS-Nucleotide Release fron Reconstituted EFr-

ATPase-DNS-Nucleotide Cornplex by Nutleotides and Pyrophosphate 
-

DNS-ATP at 1.1 pM was allowed to react with 0.42 mg,/ml reconstituted
EFr-ATPase.-for 2 inin in the presence of 3 mM Mgz*. Then , 0.2 nlr{ of
nucleotide or 2 nrv pyrophosphate was added [arrow c in tt.*. 14], and

the following decrease in the fluorescence intensity was measured
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Fig. 12. -Fluorescence ernissioh sPectra recorded during the iourse

of reaction of DNS-ATP with reconstituted EFr-ATPase. Spectra were

reco.rded in the following order; curve a, 1.1 PM DNS-ATP; curve b-,

] rnin after addition of 0.53 rng/rnl reconstituted EFt; curve c, 2 rnin

after addition of 3 nM Mgz*; iurve d, 1 rnin after addition of 2 nM

ATP. Other condi.ti6ns are the satne as described in Fig. 11.
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Fig. 13. Fluorornetric titration of DNS-ATP with reconstitured

EFr-ATPase in the presence of Mg2*. The extent of fluorescence

enhancernent of 1.1 pM DNS-ATP 2 min after addition of 3 nuv i'1g2* was

plott'ed against ihe ano,rnt of reconstituteil EFt-ATPase acided.

Other conditions are the sarne as described in Fig. 11.
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Fig. 14. Fluorescence decrease on addition of various phosphate

cornpounds to recons tituted EFr-ATPase-DNS-nucleotide. DNS-ATP at

f.1 FM was added to 0.42 nglml reconstituted EFr-ATPase (indicated by

611erv a), then 3 rnlvl lrtgz+ rvas. added (indicated by arrorv b) . At the

tinre indicated by arrow c, the follorving additions were rnacle; 0.2 mM

ATP (I), 0.2 mM ADP (2), 2 nfil PPi (3), 0.2 nrM CTP (4) or 0.7 urM AIvIP

(5). Other conditions are the sane as described in Fig. 11.



●

(Fig。  14).  The addition of ATP cauSeO a fluOrescenCe deこ re ase, ‐

fi rS, rapi dly (t1/2“ l` S) ,1l tlen slowly, and thё  final level was

l l   almost ёqual to that of free DNS― ATP (traCe l)。   When ADP (tracё  2),

.    PPi (trace 3) or CTP (treCe 4)was add.ed, the fluorё Scence decreased

almost exponentially.  The rate Of the fluoirescence change decreased

in the oro?r Of ATP  ADP  PPi  CTP°   AMP (traCe 5)had nO effect

l     on the fluorescence ■ntensity of the reconstituted EFl ATPase―

DNS,nucleotide.
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DISCUSS10N

a We have previously performed kinetic studies on the single turnover

of DNS=ATPase of beef heart Fl (26), and proposed the following

reaction scheme for the F1=DNS=ATPase reaction:

E + DNS-ATp F+ EDNS=ATP-+ EDNS =ATP*€= t|*t=ADPn -T+ EDNS-ADP* -tt_Pi DNS-ADP

The asterisk designates the reaction interrnediate with enhanced

fluorescence intens-ity of DNS-nucleoti-de. In the presence of Mg?*,

DNS-ATP bind.s to the high affinity site of F, to form a loose cornplex
orr.-nNs=ATP.

a without enhanced fluorescence (E""" "" ). The loose complex is

converted. to a tight complex with enhanced fluorescence (gDNs-ATP*;,

then bound DNS-ATP is cleaved on the enzyme (r|*t=ADP*). The

apparent affinity of DNS-Otl to the enzyme is yery.high. Nucleotides

such as ATP at high concentrations rnarkedly accelerate the following

three steps in the reaction sequence:

-DNS-ATP:t --\ -DNS=ADPx . -DNS-ADP*E-"- 'tr- E;"" ""' 
-f 

E-"- 

- 

E

o Pi DNS-ADP

Therefore, w€ suggested that there are 1ow affinity regulatory site(s)
o

as well as the high affinity catalytic sites in Fl. The purified

EFl co■ tained 2 1nol ATP and O.5 mol ADp per mol enzymё  〔33)。   Th eSe

bound adenine nucleotides were found to be nonexchangeable with

nucleotides in the medium (.lll. Therefore, in analyzing the

results on the reaction of EF, with DNS-ATP, we neglected the effect

of these tightly bound adenine nucleotides.

The first issue'investigated in this study is the sinilarLty
, of the reaction mechanism of EFt-DNS-ATPase to that of Fl=DNS.ATPase.
o ')tIn the presence of I4g'', DNS-ATP reacted with EFl to induce a
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fluorescence increase sinilar to that observed on beef heart Ft

(Figs. 1 e, D. This finding suggests that the environrnent of DNS-ATP

I binding sites in EFr is hydrophobic as is the case for F1. The

a fluorescence intensity of EF1-DNS-nucleotide complex increased on

further addition of Pi, again as is the case for F1-DNs-nucleotide

complex. The fluorescence increase by Pi was observed even in

the presence of excess amounts of DNS-ATP to EF.,. Furthernore, we

(26) previously found that in the case of beef heart F.', the affinity

of DNS― ATP was unaffected by the addition of Pi.  TheSe findings

indicate that the DNS― ATP binding site in EFl is made more hydrophobic

by the action of Pi.  The fluOrOmetric titration of DNS― ATP with

EFl in the pFesence 9f vL2+ indicated that 5 ■61 of DNS― ATP weS

bound to l mol of EFl with an apparent dissociation constant of

O.23 pM (Fig. 3).  Using the.same method of fluorometric titration,

we previously found that 2 mol of DNS― ATP binds to l mol of beef

heert Fl ■ith an apParent dissociatユ On cOnstant of O.44 11M (26)。

The stoichionetry of 3 mol DNS― ATP bound/mol EFl is consist9nt with

the d二  '3■ √E StoiChiometry Of lFl subunitS (34〕 。  lVhen Mg2+ w as

added to a reaction mixture containing EFl and a low concentration

of DNS― ATP, the fluorescence intensity was 
・

increased (EDNS― ATP来 ;

Fig。  1), and the increase was fol10wed by lib9ra,iOn Of Pi on

terminetiOn Of the FeactiO, With TCA (E:N,― 今PPI G EDNS―
ADP士
; Fig。  4〕 .

The fluorescence intensity maintained its increased level after

liberation Of TcA― Pi, indiCating that the rate of liberation of

●

●

●

DNS― ADP from EDNS― ADPtt is very small。

sinilar to those of beef heart F1 (26).

The mechanisrn of acceleration of EFt -DNS-ATPase by high

These findings are quite

一
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concentrations of nucleotide was investigated vsing the same prOcedures

as in the case of be9f heartiFi・   A biphasic decrease in the fluorescence

intensity of EFl― DNS― nucleotide complex was observed upOn additio■  of

high concentrations of ATP (Fig. 5).  TherefOre, it was suggested

that ATP binding to loW affinity regulatory Site(s) in EFl induced a    ´

conformational change around the catalytic sites and accelerated the

releaSe Of DNS― nucleotide, as in the c,se 6f le,f heart Fl l(26).  The

rapid phase of the fluorescёnce decrease observed on addition of ATP,

ADP, or GTP to EFl― DNS― nucleolide complex (Fig. 5) is suggested tO bё
~~~~

due tO the release of DNS― nucleotide induced by a conformational

change of catalytic site on EFl.  The second slow phase will be due

to the displacement of bound DNS‐ nu91eOtide by other nucleOtide。

This s10w release of DNS― nucleotide was also observed in the case of

addition of PPi or CTP・   Thvs, the ability Of phosphate cOmpounds to

release DNS― nucleotide from EFl was f°und to follow in the Order of

ATP>ADP～ GTP>mぼ PNPン PPi～ CTP>AMP~

This order was sinilar to that observed on be9f heart Fi 〔26):

ATPた ADP≧ GTP tt AMPPドP>PPi tt CTP≫ AIIP

In the case Of beef heart Fl, ATP al high cOncentrations accelerated

mark?dly the TCA― Pi liberation from EDNS― ATP来  〔26), wh8reas n。

acceleration of the TCA― P。  liberation by ATP was observed in the Case
■                                   ″

of EFl― DNS,ATPase (Fig: 4):  ThiS may Suggests that the reaction

mechanism of EFl― DNS― ATPase is essentially different from that Of Fl―

DNS― ATPase.  However, if we assume the reaction mechanisms of these

ATPases areヽ essentially the same, we can explain the discrepancy

between the results of the two enzymes as due to the larger rate

c6nstint Of the clettvage step 〔EDNSIATPl _二→いEPNS―
ADP,〕
 than the rtttes

of the following steps in the case of EFI DNS― ATPasё .  Then, the
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acceleration of TCA-P,

step is not observed,

sna11 .

liberat■ on due to acceleration Of the cleavage

s■nce the amOunt of EDNS― ATPtt at steady state ■s

●

I The second issue is the subunit localization of the high affinity
catalytic site and low affinity regulatory site. It'e previously

suggested that the high affinity catalytic site and 1ow affinity
regul atory site exist in the d and Q subunit, respectively (?6).

This suggesti.on is based on the infornation that the isolated d subunit

of thernophilic Ft or EFf and p subunit of therrnophilic Ft have high

affinity and low affinity nucleotide=binding site, respectively (9,10).

oln this study, w€ found that the fluoiescence intensity of DNS-ATP
t

incieased rnarkedly on its reaction with d subunit but not wiah P subunit

of EF, in the presence of Mg2* (Figs. 8-10). The fluorometric titration
6t O}IS-ATP with o( subunit in the presence of MgZ* indicated that 0.65-

0.82 rnol of DNS-ATP bound to 1 mol of d subunit very tightly (Fig. 10).

This'finding suggests that ptop"rii"t of DNS-ATP binding to 4 subunit

are yery similar. to those of DNS-ATP binding to EFt.

o We investigaied the possibility of the existence of a 1ow affinity

^ regulatory siie rn I subunit by using DCCD, a potent inhibitor of Fr-ATPasear
activity specific ao P subunit (20-'23_). DCCD had no effect on the

binding of DNS-ATP with C{ subunit. It inhibited only slightly the

fluorescence increase of DNS-ATP by its binding to EFt (Fig. 6) and the

single turnover of DNS‐ ATP hydrolysis by EFl [Fig. 7(B)].  DCCD inhibited

markedly both the accelerating effect of ATP 6n DNS― nucleOtide release

from EFl 〔Fiミ. 6) and the EFl― ATPase activity in the steady state [Fig.

7(A)].  TheSe ‐finding indiこ ate that the modificatio1 9f r Subunit by

DCCD blocks the function of the low affinity regulatory site, without

affecting the binding of DNS― ATP tO the high affinity catalytic site.

●
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Thus, our findings strongly suggest that the high affinity catalytic

site and the 1ow affini.ty regul atory site exist in d ancl p subunits,

respectively. This concept is apparently opposite to a wi-dely accepted

view that the catalytic s ite and the non- catalyti-c nucleotide binding

site are located in p and l, subunits, respectively (15,16,18-?g) .

It should be mentioned that the latter view.has been derirred nainly

from the inhibition of Fr-ATPase activity in the steddy state by

chenical rnodification of f subunit. However, w€ cannot deterrnirie the

subunit localization of the catalytic site and regulatory site by

measuring the effect of the nod.ification of d ot P subunit on the

steady-state ATPase. This is because the 1ow affinity nucleotide-

binding to the regulatory site accelerates markedly the release of

product bound to the cataTyttc site (.1), and the Fr-ATPase activity

in the steady state is markedly inhibited by the modification of the

regulatory site as well

In the previous paper, it was suggested that hydrolysis of
nucleosidetri.phosphate in the steady state occurs via different
catalytic pathways and at different catalytrc sites in F, because of

1the following two reasons'(26). (a) The value of V, (0.34 s-') for
the forrnation of EDNS-ATP* was.smaller than that of Vr.* (>I s) for
the steady-state rate of F1-DNS-ATPase. (b) When ATP was added under

conditions where most of Ft was in the form of EDNS-ADP*, ATP hyd.rolysis

occurred without Iag phase. For EFl, the modiftcation of P subunit

by DCCD blocks both catalytic pathways, because DCCD inhibited the

EFr-ATPase in the steady state almost completely IFig. 7(A)].

The third issue investigated in this paper is the difference

between the structure and function of the isolated d, subunit and

those of integrated { in EF., . Recently, Dunn and Futai (7) , and Dunn

●
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(重ユ)repOrted that the isolatedcX subunit of EFl bindS ATp in the

absence of lulgz+ with very hi.gh affinity (Ka = 0.1 ;:M at 4'C). In this
study, we found that the structure and function of tfre d subunit are

altered when isolated fron EF., in the following two resDects: (a)
I-

In the presence of CaZ*, DNS-ATP shorved the fluorescence increase on

its reaction with EF, [Fig. 1(B)J, but not with isolated d subunit.

The apparent dissociation constant of i.solated d subunit for DNS-ATP

j-n the presence of it'lg2* was 0.07 pI{, which was about I/S of the value

found with EFt (Figs. 3 q 10) . The extent of the fluorescence increase

of DNS-ATP bound to the isolated d subunit in the presence of Mgz*

was 55% of the fluorescence intensity of free DNS-ATP, which was about

I/5 of the value found with EFt (Figs. 3 & 10) . These differences

suggest that on isolation of d subunit, its affinity for DNS-ATP

increased and the environment of the nucleotide=binding site became

less hydrophobic. (q) Pi had no effect on the fluorescence intensity
of DNS-ATP bound to the isolated d subunit [Fig. 8(A)], wherease Pi

enhanced rnarkedly the fluorescence intensity in the case of EF,

[Fig. 1 (A) ] . This finding is consistent with the report lhat the Pi

binding site exists in the subunit (36), and it also suggests an

interaction between tfre d and p subunits in EFl.
1

We found that the properties of the reaction of DNS-ATP with the

isolated d subunit was unaffected by the addition of the p subunit,
t

and that the fluorescence changes of DNS-ATP on its reaction with

EFr-ATPase reconstituted from /, p and T subunit were O"t:: similar to

those on its reaction with native EFl. On addition of lt{ga* to a

reaction mixture containing DNS-ATP and the reconstituted EFt-ATPase,

the fluorescence intensity increased in two phases (Fig. 11). The
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rapid phase (tt/Z1L s) of the increase was suggested to be due to

the contamination by free O( subunit, since the rapid phase was not

observed on addition of'Ca?* irrrt""d of Mgz*. It is suggested that

the hydrophobicity of the nucleotide binding site i-s recovered to the

1eve1 of native EF1, s j.nce the extent of the I,'1g2*- dependent fluorescence

increase was larger than 88% of the intensity of free DNS-ATP (Fig. 13).

Furthermore, the decrease in the fluorescence intensity of reconstituted

EF. -DNS-nucleotide cornplex after adding a phosphate compound showed.
I-

a specificity quite airnilar to thb.t of native EFt: which is ATP > ADP

F ppi ) CTP > AMP (Fig. 14) . These findings clearly indicate that

the subunit interactions in reconstituted EFr-ATPase are sinilar to

those in the native EFt.
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