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B THEET S BIZRAND ATP MARGTEFEE R L Na,
K-ATPase {EM & L iEN 5. —H, Na© k M T OAHH
L, KTAHEL LB EIC b Na, K-ATPase {H1E0 10
% FRED ATP IR GREREA T, ZOREFETED
O Na-ATPase & X 527Y, AWzETIE, F O Na,
K-ATPase [HEFEIE DL & HEYIZ, F 9 Na, K-ATPase
G O Na-ATPase {HEICHF 2 FOEH2BE L, XK
WO FI2E 5 Na, K-ATPase {G1ED HE VAT %22
2@ ALR 2 flifE A A DR & FRII AT L A2

M e HE

1, 3 70v—4k Ng K-ATPase OFFH

Jorgensen @ HHE I ko T, BERESHRINEEERTY
HLZz0b 2 BORECTHIRIFEIToTI 70V — L%
f=. 2602, 2 rov—24% Hayvashi' & K 0F Taniguehi'®
SOHEI o TFA %3 3— MVEEIREIZ I 2 b+ by
LAUFRATT Vs, 58 Na, K-ATPase & 3 TERIZHEH L 72

2. ATPase {GPEDI5E

Na. K-ATPase FE DT 13, Na, K-ATPase &, i
HEBE 25 mM sucrose, 0.1 mMethylenediaminetetraacetic
acid (EDTA), 50 mM tris-HClL (pH7.4), 160 mM NaCl,
16 mMEKCIL, 5 mMMgClax &6 RISBHIIZ, RIEEES
mM E&Bh ATP # N2 TS &ML, 37C T305H A
YHFaN— a3 LIzRIZ 12 % SDS AL TS % (%
B L7, BEREIGOMEEE L) &% Chifflet 1% %
HuTEEL ATPase {iE x5 L7z, Na, K-ATPase @
BRI LEEATH S 1 mMouvabain fFE FTHE 25
iz 75w LTH#ELF W, Na, K-ATPase {&1EHE
O RS2 5 16 mM KCL & B\ TSR IZ ATPase iG1E%
WAL 4 R% Na-ATPase i1 L7

ATPase {fE(- 8§ % NaF $ 5 WL KF OER%#HS
EETIE, RISICEERED NaF & 5 3 KF 25
L, 00T 7A vFa—zr L 212, EED
FiLET ATPase {FHEEME L7 £/, AlOWREARD
,;&bt_ziﬁ;»:z@zﬁrﬁ@ AlCLBE Al DX L—4—THha
deferoxamine % {0 LT, B4 ATPase 0G4+ 5 L 7=
3. TfREER

NaF ROV KF (2 K & [HEAARAGII% B &ML b 7
S OFHREREIZ, 370V —4 L 25 mM sucrose, 0.1 mM
EDTA, 50mM tris-HCl (pH 7.4), 160 mM NaCl, 16 mM
KCl &5 mMMgClZz &0 EM T ERELL LTITo
Pz, 2y bO—nk, BRBREBR TG Y Fax—
Yarik 10FIHEFRLTrsEED 2 TRkl E )|

LGZRTE L 72 Na, K-ATPase {GTEOHIH] 45

Na, K-ATPase [GHEFHIE L 7=, Al ORI FFH~5FEHIL,
HAAREWIZ 2.5 mMNaF 2 2.5 mMKF, BRUEMEEE®
AlCIs#: deferoxamine &R0 L THEBIZIT- 72, 72, 2
W@Efﬁkﬂﬁ%%ﬂ&%ﬁﬁ‘wadﬁﬁ@ﬁﬁ

LS mMNaF # 2.5 mMKF, & OSEMEE® MgCls, CaCls
%%uwi MnClZ it L7z, [k, ) > B (PI) ©#FE
FRRDERIZBVWTIL, 2.5mMNaF 4 2.5 mMKF, &
UEHTERE O KHPOFETCTA > F 2= a3 ¥ L2k
2, WFEHMLTH6 EEo 2 TEBELAZ L9 I2 Na,
K-ATPase % ill5=E L7z,

ATP (3 ATP- (tris)s (SIGMA, St. Louis, MO)
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Student's t~test |2 & D Tvy, 2 ¥ bo—bizwt LTHENR
#Ep <0.05 %, p <0.01 FxxTo L7,
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1. 7 »FBE I RTFE L 72 ATPase IGEOEF

Na, K-ATPase {G1EIfFFET S NaF & KF ORI i
LTHESN, 50% HEEE (Kios Evdiidild
mM T o/ (1), 0.25 mM TIEHEMEL 90 % BIEREL

2.5mM T 90 % TR EOEMEAHIH sS4, Na-ATPase
FEHCR LT, NaF 3\m%EE+25uM I TEITY
ATPase {FlE %2 HIH L2 Ao 72 u 2). —HKFI, 1.5
mM i'fii*%l%rfﬁeiﬁ T Na-ATDPase {fitE % 10fF FE &
In&E2% 2.0 mM Tlddlziz 2 (®2).

2. 72EIZLB KipsEDOT I3

g

B4 BED AL TEAE T Na, K-ATPase [FHEEEZED
NaF (H3) & KF (F4) OBEREEEHALL, o
s s, HEO Kipsid ALIEFENOH L 4nM 25
100 uM @ Al FEET @45 0.2 mM if-}mf%rﬁ*t'ffﬂqii,f
B L7275, 400uM T Al ORIEF EVFTS 100aM @
Al LEFENFERT eﬁf:f_. —7, 1 mM® deferoxamine
FETTIE NaF ROKF & & Kig o8 XML - (#ERI
RERWY), INGOERETERNICHNTT 272912 Hill
Fay b LrziERe, #IRLA NaF LU KFwho
AE b, KipsEIZHYT % [Sos) fEE AIFFETO LS
~1.4mM B 5 Al DEEICKE L TR L, 100uM ELE
T2 0.2 M TIRIZ—E I o 4. Hill REE, Al OFE
LUz, SEELIREEEEIR ST

= ABEEIRTE LT
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E.1 Na K-ATPase {#1%® NaF R UF KF 2B KEE

7 v FIZL D Na, K-ATPase BEF RO HEESIL, L
72 Na, K-ATPase (I, W#HFiEE 25mM sucrose, 0.1mM
ethylenediaminetetraacetic acid (EDTAJ, 50 mM tris-HCI {(pH
7.47, 160 mM NaCl, 16 mM KCl, 5 mM MeCls% & o BIGHE
IEMEREO NAF () »AWIEKF () #iIML 0T TIS
STV, »Fark—2a LR aMATP DREMIZEUR
IGEEEL, 37000 A rFanx—arLi-Bio12%
SDS AL THRIEEEILL /2. BERILOFRE LB
1) ¥ & Chifflet ® k& v TRISEL 7. 1 mM ouabain {77F
FofEze73> 4 &L T#ELEW, NaF & KF idndhd &
DR IRTE LT Na, K-ATPase ([HHE2 6] L, #FEO 50 %
[HE B (Kigs) 138 1.3~1.4mM Th-7:.

1000 B
2 ."' e
S S -
= 800 E
5 =
< 600 - % A
& A
=) /
< 400 A
7 &
g
200

Fluoride (mh)
®.2 Na ATPase {0 Nalf RO KPP RERER
M. 1 XRBOFET, RIGEOHE A5 KC By -Cils
L72iEME% Na-ATPase iG1EE L7, 7o RIZE D EMASE

BRIE, FIGHICAFEBEED NaF (&) $A T KF (A) TiF
MU T = 7. NaF 122.56mM F TEEH FIFT

Na-ATPase iGTE&IHI L Zedpo 7205, KF 12 1.5mM £ TIHiE
BIZIRFL T Na-ATPase T IGE L, 2.6 mM DL ETIEH
TEIGHERE TR L TICF L7

MaK-ATPase Activity (Yo}

NaF (b

®.3 Na K-ATPase{fit4® NaF (2L % [HE#
a3t
NaF |2 X % Na, K-ATPase EHEQME %, FEEED
AlCly 0gM (), 2uM (), 10paM (&), 100peM (X,
200pM (%), 400puM (O) 2FLRIEGHET, B 1LFEH
DHTETIT> 7. Kigsld AIClgﬂLf.ﬂ][JfT)ﬁfU 1.4mM 7 & 100
M D AICLFEETOMH0.2mM T, FOEBEICHKREL TH

A 7,

I2ft 3 AICl®

MaK-ATPase Activity (%)
o
[=3

KF (M)

.4 Na K-ATPasei&TED KF (2
{EH

KF % F T4 & AICI:

L HEEIZHTE AICID

0 M (0D, 2pM (O), 10
aM (), 100 M (X, 200pM k), 400 M (O) FITF
T, B 8 & RMEEOESEYITS 72 Kiosld AICLERNOH 1.3
mM A6 100 oM @ AICTFETOE 0.2mM £T, TOREIC
WE LTy L7

. Hill 7a v |k

3, H4 mé%‘\/; B Hill 835 (n) E50%HERE [Sy.s] #F
=1 L?Ef-:r\ L
NaF KF
Hill 52 () [So.s] | Hill %L (0)  [Sosl
0 2.04 142 2.09 1.34
2 2.99 0.74 3.05 0.88
10 3.29 0.48 291 0.51
Al (2N
100 3.54 0.2 1.65 0.19
200 3.1 0.23 2.65 0.24
400 2.8 018 2.64 0.22
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3. 7URIZLAARTHMMNL Na, K-ATPase {EHEEED T
W3 =y MR

2.5mM @ NaF FE T € Na, K-ATPase # 7V £ > F =2
N—og v Les, ATCED Nal O 0.25 mM
ISR THEEERNEST L L, BE2ALLFEREZI 2 b
LDFEIE0% THo7 (F3)., VA rFa— 3
OFEFIZ A0 M @ Al FHE T A L AREOFRE IR 10 %
T 1) 4990 % OFFPEATRIE (P S 07225, defero-
xamine AT A L T b — L EEEBEOF LIS

o 100 { & 'I' _I_
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é 50
4
* 5 M
contral  NaF NaF WaF NaF
- “+ +

AlCly deferoxamine  deferox amine
1 mM 1.6mM
Bl.5 NaF (2& % Na, K-ATPase {0 R A 5 5 4 [ 2
B AlCly & deferoxamine DE

I 793V —4%25mM sucrose, 0.1mM EDTA, 50mM
tris-HCl (pH 7.4), 160 mM NaCl, 16 mM KCl, 5 mM MgCl
TFAETT, 2.5mM NaF, 0.05mM AlIClg, 13 2AvE 1.6 mM
@ deferoxamine DF ETER TG A »Fa—-3 25, 10

ffiz@mIML7, Fok H1OHBEIZERB L0 LFERHIZ
Na, K-ATPase fEMEEWIE L/ NaF ZFML TR Wih» o
Vi control ¥ L7z 2.5mM NaF FFETF TA > FaR—=2 3
PRERT AL, IR 50 % L o7 2.5 mM NaF £0.05
mM D AICILA3EFFES 5 & 00 % ORI o72, =
FLIZHF L C deleroxamine A1 A 5 AR A9 HE XTI R

L7, #kp<0.0L

100 —F ‘[
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E
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control XF K= KF KF
+ + +
AlCEs deferoxamine  deferoxarine
1mM 1 6mM

B.6 KFI|ZXA Na K-ATPase ififEOAT 000 7 JHE (2 6h 4
%4 AlCIzE deferoxamine O{FH

M.5 *FEHEOEHEZ2.5mMEF #f T =7. Na,
K-ATPase iSO RO ATIEL 13 KF BT 40 %, AlCl,
BMAA LN % Th-=7z deleroxamine 73 ﬁFT?.@'/;: EAva]
WA RHE S IR 5 LA, #kp<0.01

B ([5), NaFofth D) IZKF 2EHL T4 22
FOFERPELNZ (H6) ZX A Na, K-ATPase i
P2 AN A 235 Al DIEEA L7201, Al
BEAEZCHS R G & [FEOERTIT-72 (H7).
EOFER, 50uM D AL THZRMBEFGLNDE Z L
Sl ol NaF I LT, 8012 Al ORETLLE
ATHRALEIA, 7.5MD Al THEORERTTTH
ofz FERIEETESRV).

O ‘F I waF
g - -
2 Il xr
B
5
< -

8 50 Hox
g
M
=
0 = =T (-] ey
contral @ 50 100 200 0 50 100
AlCls (UMD

.7 NaF & KF 2L ARA#E 7% Na, K-ATPase {F1&HE
@ MCliE AT

B, 53 UM, 6 LEBOERE AICLIEELILC(ERA T2

fz. NaF, KF %O AICLIFEIET @ control %% 100 % &

TAHE, NaF 5\ 3 KF @A THIHEIZ60 % L EIIHI S 1

72, 2 5Z30pM U E® AICATET & BT
A Bd o, #xp<<0.01

AR - T N U Na, K-ATPase (f1ERLE D 2

HLE A+ > Bkt

TE R FESICB T, F &AL BRI A
Na, K-ATPasc {FIEAE 2L, =742 Y4 (Mg) ALE
ThhHI LT RWELAEOT, MgitETIL £ ’Eif 2.5
mM NaF Ei 0.1 mM AICLLFTE F TO/RIMERzIT2 7%
(H8). FOiEHE MgIFET TIEFENE U)E}‘[“L:;t:
yhu—kEREETH -2, LT 5 Mg iEEO N
o THFEEIREESN, 0.5mM ELETiE 00 % LlEm
EEAS AN o R HTE 2 7, ST S0 % A el EE
BB HD Mg BIEIL#7 0.05 mM TH -7z, Mg D
o 2 MEeBTHRATRELEAEAL DI, 5
mM M TF0.05 mM @ MgClo, CaClo2 T8 MnCLEHET TO
E:*F%Ew%ﬁof (9). FOHERE, Ca, Mn b Mg &
Al 12 & ALIZ L 3 Na, K-ATPase {f EIEE # A ]
t:ioﬁﬂﬂ EETHZEAVRENT

5. 79 ELTNIZ G AL LR MAL Na, K-
ATPase aﬁ‘]ﬁ{ﬁﬂﬁ.—%t KT A LEEORE
Robinson HiZ F & AL 2 £ 2 F#EAY7%: Na, K-ATPase
EHHEEE P Lo TIB 2 ha e 8ELEY, 22T,
MWD Pi OFFE T T, #RERLITa2 (K0, £



48 a ol

100
£
=
B
©
&
é 50
<
X
=z
fz]
0 - T T T T T
0 1 2 3 4 5

MgCly (mM)

.8 NaF RI¥ AICITEE T ORI Na, K-ATPase iF14EH
=0 Mg B ff(?—?—i
T4y —54 E£25mM sucrose, 0.1mM EDTA, 50mM
tris-HCI (pH 7.4), 160 mM NaCl, 16 mM KCl, 2.5 mM NaF,
0.1 mM mcm}w“n 0005 75 5 mM MgCloZ HL RIS £
MT00A »Fa—2a3rfk, 10fEICHRLL H105HH
&R, Na. K-ATPase FIEZHEIE L7 5 mM MgClLTFTE
T. NaF RS AICEEEToEREOFES 100% 23 42
&, NaF & AICI R U5 mM &5\ 12 0.5 mM MgClLFEfET @
TR 0% PUF < v E TRIGES 20 24072, MeClad
EEAT0.25, 0, oq 0,005, 0.0005 mM ¥4+ 5 LRk
L TRt I EE L7z,

00- % *

50

Ma K-ATPase Activity (%)

5 = [ ]

control 5 005 5 005 5 005
MeCly (mbD) CaCly (mD) MnCly (mh)

.9 7vRICLLATHENEED 2 MeEERE
Iy v—4 #25mM suerose, 0.lmMEDTA, 50mM
tris=HCI (pH 7.4), 160 mM NaCl, 16 mM KCI, 2.5 mM Nal,
0.1l mM AICIETLEF0.05 &AW T 5 mM @ MeCls, CaClaB ¥
MnCl D HECER TGS > Fa~N—3 a2 - 10BIZHAR
LETHE Na K-ATPase i 2MZE L7, 5 mM MgClLTEHE
T, NalP B OF AICIFEFE L FoAREOFEE 100% L5252 &
5 mM MgCls, NaF & AICl; FE FOIEEL 10 % LT E TR
iz s, Ll Mg iBEEA0.05mM (285 &if
PR EEIL 40 % BIETH o /2. RHEOGRIL, CaCLR
MnClalZ BV THEEZ 17, #p<0.05, %p<0.01

@iE R, Robinson & O & R4V, PiANEERTEN
AT HEN R EEZREET L V) EREIESN L2
#

BB (EH
100 A
g
B
B
g
é 50 4
s
2
[ = )
4] T T T T T
0 k3 10 15 20 25
KHZPO, (uM)
B1.10 7w FIZ LA AMLERAEEI N TS8R - DER

28— A% 50mM tris-HCL (pH7.4), 160 mM NaCl, 16
mM KCl, 5 mM MgCl,, 2.5 mM NaF, 0.1mM AICly, RT¥2
6 25 M KHoPO O HETHIRTITT » Fa~—2 3 &
ORI L TS Na, K-ATPase i{§HEAME L. 7y HIZ
L ARG A EEEED, LFETLH) L OREIZEEL-E
(AR (B Lo T A

Z =

1. 7v#H#IZL B Na, K-ATPase @ ATP N7k MigiE 140

EIZHIT B T LFRE

NaF (3 KT IEAETE F T Na-ATPase i1 4 48] L %7
o7 (M2) #5, K BHEETTO Na, K-ATPase G % KF
& !‘Jﬁ‘w;ﬁr‘ REMETISI LA (H1), F72, KFIE1.6
mM % T2 Na-ATPase ‘ﬁl*t%»lo{ihaf@ﬁu“ﬁn 2.5
mM T iiﬂ?l WAZER L7, ZORRE, 1.5 mM T,
FIZZARMUMEEI NG, KESREL TA A RKTI2L
A Na, K-ATPase itk & L T @ ATP 0k 5 & %
(ATPase i) fREAEMAZE, 25mM 205 E KT
I2 L% ATPasc {FTEOIEEDHE FRIZEL, Frl2k 2
ATPase ifENHIEI B ATAE 22 A Z LR mIEdTE2, 2h

oA EIE, FIiE Na K-ATPase 2L 2 K OB5 7%

Na, K-ATPase {Fi4 (2400615 2 4%, Na-ATPase iF {2 H0H
Lnzk %TFUZTE) F {1 Na, K-ATPase ? ATP Al
GHRIGHEO K A% & L2 RIGHME IS L T Na,
K-ATPase ‘(’ﬁ‘l‘ﬂi’r?lﬂﬂi! 954D EHEMZ41%, Robinson
54 FIZE B Na, K-ATPase @ ATP Hizk G PEHE 2
K ALETHE LHRELTWEY,

2. 7vHIZEAH Na, E-ATPase if M fHED 7 L I = 4

NaF BUFKF |25 B Na, K-ATPase i ME[EE® Kip ;14
BHFTHADBEIKFELT 2 pM 25 1004M £ T
A L A2A%, 100 oM Tl ah R 280 L T 400 oM i T
Al BE# EIFTY Kig sfEI2IZIT—ETH-7> (M3 k
RUFE)., ZOREIE, Al Na. K-ATPase D F t_?\'ﬁ“é
MMM ATAIL#ERTE. —FH, AVEFIZLE
Na, K-ATPase (FIEMHE 2RI T 5 ETHEMTH -

J— 147
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(s —=7). £/, AlOFL—%—Tdh 5 deferox-
amine @FLAFIZ L O AT L HEITBREIN L7

(B3, 6). THodsFRiE, FIZALE#EELT, T4
bH, ZvibThI=v 4 (AlFy & LTEWEMET
Na, K-ATPase |Zf& L, CEURET I EMEELICL
VPN GEAY IS Na, K-ATPase S84+ 2, &L T
AT A EATHHES. Missiaen & (E Na, K-ATPase & [
L PE ATPase THATEPBLD Ca-ATPase 221 T E
FHEOHFEL LTwa ™, Robinson 51Z, AIFsDILERE
EIEPiOMEBEICELL THB Y, AlF;iE Na,
K-ATPase DEEHIZIER 2415 U ¥ LSRR P
DEPHEEL LTRETALEELTVEY, 3k, ZOK
B2 Y Y EERIS R E RO TR OB E & B Mg OFF
EALETHL L RELEY, KFfRICBLTS, FEA
(L AR 2HE I Mg OFAPUETH Y, L
b FOBEERENE (F8) (3 Na, K-ATPase ® 1) ¥ FE{LK
ARSI BT S Mg REELEULTY 2o
Mg OEEEABECEBED Ca Mol - TEEER
MAEETH -7 (BF9)., LAL, FED Na, K-ATPase
) Y EALRIG B ARTER & 5 Ui Na. K-ATPase {§7%i2
HBITA Mg OfFENL, HAMICLrCaR MalzdoTHE
EMZBIEETEY, BEIZL -T2 Ca® Mnld Mg
OVEH LR 27, F7:, Robinson 5129, AIFA%Pi
EFMRICERET AL 2RTIERMELLT F LA
L A ARE[ 8 7 Na, K-ATPase (SO IHAH PL &S
ToTHESMNBEREL TWAH, Fer DFEERTIE P
OFRMNE AT M2 S HEEE 52 2o (H10),
A ikt % < OB T Robinson OHE &~ 478
HhAEb% ¢, Na, K-ATPase DRI HELEIZ L%
BOMENVLETH L.

NaF @ % 2 KF @ Na, K-ATPase (& HEFERIZ BV
T (®1—4), BBEIZIZA 2FEMLTVAVWDIZF
O IRAELZHEEORTAEEs R Zhig, 773
AfeE, HHEARCHEL EBRATA A O{EH L
LTEZALZENEHEL. LAL, deferoxamine f£4E T
bIEFEAT A R I R I S 2 5 2 B sk
s (BRIZBOWTLETHR). deferoxamine (FEERL TS
AlDFL—F—LERATWVLE, FrOEFRIZET,
RBAT2AO) 5 EORENEE N ELTHEETSD
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Aluminium-dependent inhibition of Na, K-ATPase activity by fluoride

Ichirou Ishikawa, Yoshiaki Deyama, Yoshitaka Yoshimura and Kuniaki Suzuki

ABSTRACT ; The effects of NaF and KF on Na, K-ATPase and Na-ATPase activities and the effects of aluminum and di-
valent cations on the irreversible inhibition of Na. K-ATPasc¢ activity by NaF and KF was examined to clucidate the inhibi-
tion mechanism of Na, K-ATPase by fluoride. The ATP hydrolytic activity of microsomes from pig kidneys and Na,
K-ATPase purilied [rom microsomes was determined by measuring Lthe inorganic phosphale released [rom ATP by the Chilflet
method. 1) NaF and KF inhibited Na, K-ATPase activity depending on concentrations investigated, and the concentration of
half the maximal inhibition was about 1.3 to 1.4 mM; NaF at less than 2.5 mM of final concentration did not inhihit
Na-ATPase activity: KF at less than 1.5 mM increased the Na-ATPase activity, but decreased the activity at higher than 2.5
mM concentrations. These results suggest that [luoride inhibits Na, K-ATPase activity by binding to the K ~hound reaction
intermediate of the Na, K-ATPase enzyme, while it does not inhibit the Na-ATPase activity. It was also found that aluminum
ions increased the inhibition of ATPase activity by fluoride depending on the Al ion concentration. 2) Na, K-ATPase was
preincubated in the presence of 2.5 mM NaF or KF, and with or without aluminum, divalent cations, inorganic phosphate, and
the aluminum chelater deferoxamine, After preincubation, the enzvme solution was diluted ten times and the Na, K-ATPase
activity was measured to test the reversibility of the inhibition. After the enzyme pretreated with fluoride was diluted, almost
50 % of the activity was inhibited. The inhibition increased to 90 % when preincubation was performed with {luoride plus
more than 7.5 gM of aluminum ions, but no inhibition by fluoride was observed in the presence of deferoxamine, The irrev-
ersible inhibition requires ng =, depending on the ng+ concentration, and the effect of Mg2+ was achiered when replaced
with Mn®™ or Ca® ™. The presence of orthophosphate did not affect the irreversible inhibition by fluoride, inconsistent with
the report by Robinson et al. These results suggest that irreversible inhibition by fluoride requires aluminum and divalent

cations and that the complex of fluoride and aluminum hinds to Na, K-ATPase irreversibly in the presence of divalent cations.

Key Words: Na, K-ATPase, fluoride, aluminum, inhibition of enzyme activity
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