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ABSTRACT: The role of metal ions for the activity of the mitochondrial Fi-ATPase was studied.
Removal of non-heme iron ion from the mitochondria by dialysis against chelating agents, 10 mM
ethylenediaminetetraacetic acid(EDTA) and 10 mM o-phenanthroline(o-Phe), led to 56% and 49%
inactivation of the enzyme, respectively. The enzyme dialyzed against EDTA was reactivated 81%
by the addition of 0.5 mM Fe’* and 70% by 0.5 mM Mg**. But, Fe’* did not reactivate the
enzyme. Coexistence of 0.5 mM Fe’* and 0.5 mM Mg** resulted in 95% reactivation of the enzyme,
while Fe’** with 0.5 mM Mg’* did not reactivate the enzyme like the effect of Fe** alone. The
enzyme dialyzed against o-Phe showed the similar results. These data showed that Fe’* is predomi-
nantly required for the activity of the mitochondrial F,-ATPase in Lentinus edodes and stimulated
the activity of it by Mg**. Fe’* and Mg** increased enzyme’s affinity for substrate, decreasing

the Km value 1.67 mM to 0.65 mM.
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ATPase(EC 3.6.1.3)= F,F-ATPase9} F,-AT-
Pase®] &4 2 24 FF;-ATPase(ATP synthase):=
ATPE 343k 842 71A|m, F-ATPase(AT-
Pasej= ATPE #3|3tes &AL vepdich AT-
Paset bacteria®] Alx=}, ¢&A9] thylakoid 1},
e a25AEZY AE9 9 mitochondria®) W 2te
EA%e). o) Eoe P} Fo] F XEos 74
o] glon, o]5L oligomycin sensitive confer-
ring protein(OSCP)ol| 2]3le] dA=o] glrHRac-
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ker, 1976). F; }5-& 84 2u89=2 1 ATPE
ADP<} <qlite]-2(Pi)ox 7]—-’?—.%} H*]?]ﬂ%(Greeser
et al., 1982), &5 AARAQ F, $3L& F, +
#3} 37 mitochondria®] W%& 53 H*«] +
& vo)slH A (Wang, 1983) o] i W&Es= A
$ energy 2 o]-&3le] ADPe} Pig-¢| ATPS] &
A& Zv|| 3= ATP synthase®] &&-& 3ci(Cross,
1981). F,Fi-ATPase complex2] subunits =
2 7)s T 2 F 98 R AEARYEH
A1=le] gtHAmzel and Pederson, 1983; Walker

x4,

et al., 1984).
2 AFLAAE TF P Sk B4
o) ATPase® +53) 2eAAs] E0d 54
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J-7 R3} i Min and Park, 1991%; 1991°: Min
ef al., 1992). =3}, Min & SAAEQ Fam A
%-2] mitochondrial ATP synthase(Min et al., 1989%;
1989%) = ATPase(Min et al., 19874 1987%)7} z+z+
470 nme] AAF % 630 nme] HMGd] 2)3}e]
gAo] Z718b, ATP synthase®] 432 {4
3= 470 nme] F<4-A+= mitochondria el &
sk flavinA 33HEY-¢ R wslgrhPark and
Min, 1991). WA F5o =& ¥ 34 &A9E
723} 7] ¢15te] =ele] B)A] mitochondrial ATP
synthase(Lee and Min, 1989%; Min and Lee, 1991)
Y ATPase(Lee and Min, 1989%)o] w3} =}xpa
BEAL APE § A3, 480nm ¥ 580 nme] W-g
52 2 10& FoF 242 AL o] F &40 #Ado)
72y 27t o2 ZaM A2 mitochondrial ATP
synthase ¥ ATPase®] #&43 I3} A=z 2
el o8 #AEE o4 & ek

ATPase: metalloenzymed)| <35l E4 84, o)
BB ATPaser Mgt*o)ut Na*, K¥, Ca?t 29
TEo| el sl FFHE Aor Buse] g
i Nakamura, 1988; Caubergs et al., 1986). Lz},
£ A7 e A 59 37H8-A mitochon-
drial F.Fi-ATPase % Fi-ATPase?} Z+7}F Fe?t
Fe'*ell &J3le] 1 &Ade] 71 =4 &Astge
Lo g Huslgdom(Min ef al, 1989° 19872,
T 2 A4 v Fe*t, Fe't, ¥ Mg 9
#4& A tHMin ef al., 19937 1993%). Park
2 ZawAle]l mitochondria® <% chelating
agent?l ethylenediaminetetraacetic acid(EDTA) &=
+ o-phenanthroline(o-Phe) 2.2 FA] g3t 4
)22 AA3lE W mitochondrial F.Fi-ATPase
(metal-free enzyme)?] TAE7}L AAEH, FAL
A g Fe?' & 713lE o] f40) 840
3 E-58e s o 24 mitochondrial F.Fi-ATPase
=Y A ol a7AE FrslgicHPark et dl,
1993).

B ol A= M A2 mitochondriaZ EDTA
I o-Phe® FA Azl P& metal-free mito-
chondrial F;-ATPase?] A EE ZA3lo] FAx]
g5 A ¢S A e} vastd e, me-
tal-free enzymeol o] &4 9 A3} o] B
a5 Fe* 2 Mg & 715ke wo) #8435 &

[y

S #aAstedch Eah, Fedt 3l Mgito]l das}
7147ke] A vlAE EFHE AR,
EHAIS mitochondrial Fi-ATPase®] &4%o
T A o9 874L A

Mz N

Nz

B AYe AlgE AVE oAFoA] A Fa
W X (Lentinus edodes)s ~H&3 ). Bovine albu-
min(BA), tristhydroxymethyl)aminomethane(Tris),
adenosine-5"-triphosphate(ATP), ethylenediamine-
tetraacetic acid(EDTA), o-phenanthroline(o-Phe),
ferrous chloride(FeCly), ferric chloride(FeCls), ma-
gnesium chloride(MgCly), sodium acetate, batho-
phenanthroline, sodium dithionite ¥ dialyzing tu-
bing-$ Sigma #%-&, Ammonium molybdate(AM),
1-amino-2-naphtol-4-sulfonic acid(ANSA)<= Merck
AES AHgsldon, 19e] BE Ak Wako
AF2 EFAFE AHE3kdh

Mitochondria2| 2| & x|

E 7 A2 mitochondria®] £ A A+ Douce %
(1972)2] ¥hH-E 14 W33t £ A7 Wy
(Min, 1987922 @AY Adedx 7|&7] A%
2ol of3ted Aasleict

Mitochondria®| Q!

Mitochondria®] A A=+ Singer(1973) 2 Rubin
5(1978)2] HH$ Q143 Park $(Park and Min,
1991)2] ¥hH © & mitochondria®] marker enzyme
2] succinate dehydrogenase(EC 1.3.99.1)¢} cytoch-
rome oxidase(EC 1.9.3.1)8 FAEE &R 3lo] &
L Ekdch

Mitochondria2| £41

Vallee $(1960)2] ¥b¢]| w2l mitochondria W<}
F&0] 28 A7 5)7] $5}led mitochondrias dialy-
zing tubingell #3}3, F% chelating agentel 10
mM EDTA 2 10mM o-Pher} E£3¥ 10mM
Tris-HCl $H54-(pH 7.5) Sl dAAI7HO-484]
7hH Ao g FAXY gk o]F 10mM Tris-
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HCI 458N (pH 75) Fofl A A543t A8 59
chelating agent® H4d3] A3 &, freeze dry-
inge 2 &3] ado FHEE ZAsY) ofuf
AAA7F Fob 4223l metal-free enzyme 3
457t 7P el AEE B APy aae
22 At

Mitochondria tH2| nen-heme H 0]2 Xz

Doeg 5(1962)2] 1H-8 al43led mitochondria
el EA3l= non-heme?] A o]29] gk =
Astdh01l m/®] A8} 0.2% sodium dithionite
48 0.1 m/9} 95% ethanol 0.7 m/E 7}3ke] wulgt
o] E389Ye) 02% bathophenanthroline £
0.05m/ % 1M sodium acetate +38-4(pH 4.6)
0.05 miE 7}8te] 38T oA 58 Fqb ubx|slelch
o] WAReld F 535mmelA FFEE =Hs]
k.

4 $4x £H

Mitochondrial F;-ATPase] #A4 %+ Rorive 5
(1972)2] ¥pbH-2 W33 Min 5(19879)2] vl el
w2} 24t} 10 mM Tris-HCl 2484 (pH 7.5)
0.65 mioll &4 01 miE 7}stod 37C oA 3%
L EH9EAR F V1A 8§92 15mM ATP
49 0.25 ml S 7}8te] 37C o A 104 59k wk-A17)
¥ 10% TCA 49 2mig 7}sle] uhg-2 A
A1Zit} o]& syringe o] ZHpore size 0.45 um, Milli-
pore Co.)dte] AAE-S A)A3 oJ Aol 10 mM Tris-
HCl $+=-8-A9(pH75) 5ml, 25% AM &% 2m/
2 0.25% ANSA 749 04m/E 7}3lo] 3048 B2t
A7l F 660 nmell A FHREZ HAsA &
A9 AT 9 37T oA o B Fa
1mgo) ATPZRE 1pmold Qitel(P)E 5=
A7l 240 4% 1492 shdch Wl Aeke
Lowry 5(1951)9] #hg-& o]&sle] SAslye
BAE °|-&3 EF HFFAldl oste] whlad ok
AFE3lsich

350|20f 2l$t enzyme2| i g3}

48|17t 5ok £ 32l sl P& metal-free mito-
chondria®ll mitochondrial F,-ATPase2] &43l o}
Lo 2 3y Fe?*, Fe’™ 9 Mg®' & 217 g

b F Exe] PAE WAT FAsgon), 94
3 ol este) ABYE e siste] APFEe
Mgt ool F&sholA Fer* 2 Fe'" & Fu2

ZhE F 2z M= HEE FAs.

Enzyme Kkinetics

B F4e 71l ATPS ¥ 1mMeiA 20
mM7HA] SR A B BAEE AT F Li-
neweaver-Burk double plot 8§22 Km #-2 4+
Zalgiry. =3 o] mie I3 o249l 05mM
Fe’* 2 005 mM Mg** 9] F&slolA ztz<] 714
Fxol ool WIRE 2T F e Py
mez—z H —‘:—1 o] Exel 714 A%

GAE dREE 7]3/' VHETE 3] &
2] &t mitochondria®) AAE5 =usty| 59! mi-
tochondria ¥l gk whia F3=9} marker
enzyme? succinate dehydrogenase % cytochrome
oxidase?] AL E FAAste 1 ANE Husgt)
(Park and Min, 1991).

Chelating agent2] FAI%{2]o| 2|8t mitochondria
iiol non-heme & 0|2 H|AH

Mitochondriag 10 mM EDTA % 10 mM o-Phe
Lolo] x3E 10mM Tris-HCl 2+4-(pH 7.5)
Zol| A 48417t E<t T4 x2] 3199 W mitochond-
ria W] A o] &g A A= Table 1o e}
Wit FAA=E 844 ¢ mitochondria®] &

Table 1. The amount of non-heme iron ion in the
mitochondria before and after dialysis agai-
nst chelating agents for 48 hours

Iron ion Amounts

Conditions (nmol/mg protein)
before dialysis 4.00
after dialysis against 10 mM EDTA 1.04
after dialysis against 10 mM o-Phe 1.28
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o] & ke whilal mgd 4.00 nmolo]giont 10
mM EDTA % 10 mM o-Phe &40 =2 7tz} 243}
mitochondria®] & ol 3teke 747t 104 nmol %
128 nmol 24 F4{x2]E 3}x] 92 mitochondria
o wlgle] 74% L 68%2] A o]-o] A A=Y
#galsisiet. ol F <4 chelating agent”} wmito-
chondria W] non-heme # o]2& AAX|7 7
L2 7Rk

Chelating agent®] FAx{Z|oll 2/3F metal-free
enzymeS| FMET B3

Mitochondriag 10 mM EDTA % 10 mM o-Phe
fHo] 2315 10mM Tris-HCl H58-(pH 7.5)
FollA Az AR FAXZ F BHEES
%43 A= Table 29} Fig 19 vehigdch 10
mM EDTA % 10 mM o-Phe 402 EX3t me-

Table 2. The activity of the mitochondrial F;-ATPase
by dialysis against 10 mM Tris-HC] buffer
(pH 7.5) containing 10 mM EDTA or o-phe
for various times

. EDTA o-phe
Time(hr)
RAY SA RA
0 283 100 283 100
12 19.8 0 207 73
2 147 52 161 57
48 125 M 144 51

2SA(Specific activity): UnitX 1072
"RA(Relative activity): %
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Fig. 1. The loss of the activity of mitochondrial F;-
ATPase by dialysis against 10 mM Tris-HCl
buffer(pH 7.5) containing 10 mM EDTA or
10 mM o-Phe for 48 hours.

tal-free mitochondrial F;-ATPase?] &A= F4
8 A2 F7kel whet B =T AR FrnEkglon
48217 B FAEE WY BH5EE A0 4%
% 51%=A) B B4e) A MRS &
gl o5 ZA#Z ¥ ¥, mitochondria &) Fe?*
3 Fe’t 5.0 A o] 2o} EDTA ¥ o-Phe®) ¥ 34
chelating agentol] 2js}e] Aoz 91sted mito-
chondrial Fi-ATPase #A4%x7t 34 AdEe 72

Table 3. Activity change of the metal-free mitochon-
drial Fi-ATPase by addition of each metal
ions after dialysis againt 10 mM Tris-HCl
buffer(pH 7.5) containing 10 mM EDTA for
48 hours

Relative Activity (%)

Concentration (mM)
FeZ + FeS+ Mgz +

Control* 100.0 100.0 100.0
Control® 44.0 40 440
0.05 475 63.6 55.8
0.10 485 72.6 66.4
0.50 54.8 80.7 70.2
1.00 4.7 64.7 58.3
5.00 4.7 55.8 58.3

2Control: native enzyme
®Control: metal-free enzyme

Table 4. Activity change of the metal-free mitochon-
drial F-ATPase by addition of each metal
ions after dialysis againt 10 mM Tris-HCI
buffer(pH 7.5) containing 10 mM o-Phe for
48 hours

Relative Activity (%)
Fe?* Fes+ M gz +

Concentration (mM)

Control® 100.0 100.0 100.0
Control® 51.0 51.0 51.0
0.05 51.0 53.3 81.2
0.10 51.0 59.0 72.6
0.50 515 858 70.2
1.00 433 72.2 68.7
5.00 35.0 52.0 59.0

2Control: native enzyme
>Control: metal-free enzyme
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Fig. 2. Reactivation of the metal-free mitochondrial
Fi-ATPase with various concentrations of fer-
rous, ferric and magnesium ions after dialysis
against 10 mM Tris-HCl buffer(pH 7.5) con-
taining 10 mM EDTA and 10 mM o-Phe for
48 hours.

-@- Fe**, -m- Fe’*, ~a- Mg**

2 Ay,

20|20 2|# metal-free enzymeS} A 2|2

10 mM EDTA % 10 mM o-Phe $4o 2 FA43k
metal-free enzymeo| Fe®*, Fe*™ 3 Mg?*& ¥%
HE 713t $ 540 Ix HIE A% A
Table 3, 49} Fig. 2o v}ejfisic}. Table 3%} Fig. 2
oA B nle} zro] EDTAS] 54 &3 8549
5= FAAEE 3R &2 2Tl vlEte] 4
%oldent, 05mM Fet*& 71e o dizol
njsle] 81%9 AL viehle, 05mM Mg &
71¢ we dzTel HEted 70%2] #A4E et
W& B 4 itk =37, Table 49} Fig 2414 10

mM o-Phe §d°o2 F43 5o Sz o
ZFe vste] 51%0]gl v} 0.5 mM Fe?t 2 0.05
mM Mg* ol 93le] 747t o Histe] 86%
% 81%°] A& vehgo 2y EDTA F4 2%
Fr9t fA1R A 38 Beich e, Feft e
540 BAE 3 BAT)A Zagh o] AFHRTH,
E 81X 9] mitochondria W) Fe¥* ¢} Mg*"¢] mi-
tochondrial F;-ATPase& 43} sh=d] 7|3}
2w, Mg?* Brh= Fet o] a7A4o] v& & AR
Alg®lch Park 58 Za#A U9 mitochondrial
FFi-ATPase’} 2 #Ale vehllEdl& Fe?t 8+
Aol 2 7o 2 H sl tHPark ef al., 1993). | &
Ao}l vy o Firw A2 mitochondrial AT-
Pase complext mitochondria Wel| ZAlsl= A
oj- ol ojsle] 1 #Ao] fAIHEH, H o] 1
2¥skAke) o wle} mitochondrial ATPase complex”}
HeRE F 240 AR drHer Abske A
28 FA=L

29 xigMdslel njxl= @43t oj2e ek

Mg?* o] Fe?t L= Fe’t 3} zhzt 328 o] mito-
chondrial F;-ATPase?] Ao v|x= F o]29]
E9E B} ¢6to] metal-free enzymeo]| Mg?*
o) AHEAE &3 F FAL M ZA Hdske
05mM Mgt &AjslellA] Feft E= Fe¥' & 5%
wz 71gk & 549 FE H3E AT A
Table 5, 63} Fig. 3o vJelligich EDTAR FA43%)F
29 FAEE 05mM Mgt ZA8tol) A 0.5 mM
Fettoll 2)sle] izte] A x] 95%F P43}
Al71E g, Fe'*e Mgt'e]l &A% @& 9
Zro] w49 A BA B} 7101814 43t Table 6%
Fig. 3¢]4 10mM o-Phe $jeoz A3 &9
FATE 005mM Mg>™ 2&slelA 0.5 mM Fe*'
o] 9)8}ed native enzyme FAES] 108%E AN E
Aalr g o), Fel* = Mgito]l EAI31A] ob& w2}
fAHt AE B o]ZH o] Be] B3t
A4 Fet*& Mgt 4aieg e 7oz
Hol} Fe?'+ Mg 3} #3224 o]+ mito-
chondrial Fi-ATPase?] &Addl| Feltol $Axo
a3l Aoz Azgch 2, Park 5(1993)¢]
B osla, T A 4] mitochondrial F.F-
ATPase7} Fe** o 93le] 84-& vjehd of Mg* =
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Table 5. Activity change of the metal-free mitochon-
drial Fi-ATPase by addition of ferrous and
ferric ion with 0.5 mM magnesium ion after
dialysis against 10 mM Tris-HCI buffer(pH
7.5) containing 10 mM EDTA for 48 hours

) Relative Activity (%)
Concentration (mM)

Fe** 4050 Fe®* 4050

mM Mg?* mM Mg
Control® 100.0 100.0
Control® 44.0 440
0.05 46.5 60.1
0.10 53.0 638.9
0.50 53.9 94.7
1.00 41.0 65.4
5.00 435 61.1

2Control: native enzyme
>Control: metal-free enzyme

Table 6. Activity change of the metal-free mitochon-
drial F-ATPase by addition of ferrous and
ferric ion with 0.05 mM magnesium ion af-
ter dialysis against 10 mM Tris-HCl buffer
(pH 7.5) containing 10 mM o-Phe for 48
hours

) Relative Activity (%)
Concentration (mM)

Fe?* +0.05  Fe’™ +0.05

mM Mg** mM Mg?*
Control? 100.0 100.0
Control® 51.0 51.0
0.05 75.8 57.5
0.10 60.4 65.1
0.50 534 108.3
1.00 52.0 80.6
5.00 50.4 65.1

*Control: native enzyme
"Control: metal-free enzyme

W oodaks wiARA Fslgich o)& B A7 Ane)
Al o, 3379 412} mitochondrial ATPase com-
plex & ATPe} Bsi&4) wbe] ©}& organism9)
ATPase®} 7ro] Mgt' 9] %F& W 72 AR

120
EDTA ~r——— ferrous
1o
—
Q L —*—— ferric
Sy
=y
2
o 60
<
[ f o
2z 40 L >-— ®
s |
[¥]
o 20 |

Relative Activity (%)

o I n i " i ' i i

¢ 1 2 3 4 5
Concentration (mM)

Fig. 3. Reactivation of the metal-free mitochondrial
F;-ATPase with various concentrations of fer-
rous and ferric ion in the presence of 0.5
mM or 0.05 mM magnesium ion after dialysis
against 10 mM Tris-HCI buffer(pH 7.5) con-
taining 10 mM EDTA and 10 mM o-Phe for
48 hours.
-@— Fe*, —m— Fe¥*

Enzyme kinetics

NA9 FE W3] wE aie] HE HIAE
ZA5to] 71 A gk Km 3% $3% F3= Fig
4¢) Jelfsdct 714 ATPol| th3}ed mitochondrial
Fi-ATPase®] Km #-& 167mMeo|glen, a4%
744 =ZA A34)7)€ 05 mM Fe** 3 0.05 mM
Mg¥to] 2 o 7]Alel gt o] E4-29] Km b
0.65 MMEA, 49 @43} o]0 EXNT o] &
29 71ARA3A o] SUEHE 5 glgdch

18] 4| £ mitochondriasll AAHALAE 71A]H
o]2 Eale] ATPE AAsH: dAe & o4&l

ApAlele}. AR EA o]+ non-heme & o] & co-
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2
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'glo-
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32101 2 3 4 5 6 7 8 910
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Fig. 4. Lineweaver-Burk double reciprocal plot of

the mitochondrial F;-ATPase with(a) and wi-

thout(®) of 0.5 mM ferric ion and 0.05 mM
magnesium ion.

factor® ¥3+sl= metalloflavoproteingo] =413}
t}. Mitochondria Wol| 4] ¢)% non-heme A o]-2-&
Ab31gke kel @ik Aoz RausEe] g}
(Miura et al., 1988). o]l 2 AFZ Eslo], Iz}
5ol 43k 28 A9 mitochondrial FF;-AT-
Pases FzpA2A| oA Alg#he] whgol Fojsh=
Akslg el Aol 2ol oste] 1 o] FAlslE R
L2 FAEY, A o] 3t metalloenzyme o 2
A8l 7ol AA =R e, FF E o e
ATE %3l & WAFY mitochondrial AT-
Pase complex® F w843} & AL 7l= 25
AT-ste] FA7F-¢] mitochondrial ATPase comp-
lex®] BA3 EAE T3k, oldl oigh A
mechanism2 #33o} & e )

= 2

FEaHA e mitochondriacl F<4  chelating
agent?l 10 mM EDTA % 10 mM o-Phe& ¥ §3}=
10 mM Tris-HCl 2+3-4-2(pH 7.5)2. 5 4847} %9}
77y A A2 31932 o mitochondria We] & o}
Fhefo) T A E 1A o2 ) 2Tol nlste] bzt
74% 2 68% 7}4-%", mitochondrial F;-ATPase$)
A= dxTel vlste] 247 56% U 49%9] ¥
A& AAEdcl. EDTA F4o) osle] &g 4

A3} metal-free mitochondrial Fi-ATPase= 0.5
mM Feo* 3 05 mM Mg ol 23te] 747 81% %
70%<] #Ao] IEEglen, Fe’ o e &
Aol 3| EER sk} =Z o] EAE 05mM
Fe* 2} 0.05 mM Mgtto] &8 of 95%<] &4
32 Jehligler, Fe?'st Mgte] 3& ade
gigdch o-Pheo & F4{3 B4 % 7} o] Lo tidle]
EDTAZ A3 A4 AR 235 vepisich
aeje 2, FyHA W] mitochondrial Fi-ATPase
£ 2 344 velie b 9loA Fe't @ Mg &
Hag 32 dotel 71" ATPe] dlgk §49 Km
Ze 167 mMolY, a4 J1A ZA A F=
0.5 mM Fe’* ¢} 0.05 mM Mg o] &A1& w2] Km
e 065 mMEA 714 AspAe] FrbE

HAlel HE

B oo FE 19919 % &8 3 AddTA 2y
A2 FHEAFUC
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