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Adenosine Triphosphatase and p-Nitrophenyl
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SUMMARY

Phlorizin stimnulated time K+_dependent phosphatase activity (um’ieasured with p-nitro-

phen)’i phosphate) but inhibited the (Nat + Kj-dependemit adeitosiute triphosphatase
activity in an euizymmme pm’epara.tion o)btaiumed from rat brain. The concentration of phiorizium

required for half-mmmaxiummal stimmmulatio)n o.)f the phosphatase was 0.05 m�, whereas the K1 for
the ATPase was 0.06 hiM. Of a series of hydroxylated am’omnatic compounds, phloretin alone
also stimulated the phosphata.se.

With the phosphatase, 0.03 m�m phlorizin decreased the concentrationi of KCI u’equired

fo)r half-um’iaximmmal velocity (K05) from 1.92 to 1.17 hiM but had little effect ott Vax. Xa�

inhibited the phosphatase, amid phlorizin increased the K1 for XaC1, from 6 to 12 nm�i. With
the ATPase, 0.1 umni phiorizin simiuilarlv decreased the K05 for KC1, frommm 0.74 to 0.48 imm�i,

and increased the K0.5 for NaCl, from 3.0 to 10.5 umm�i. The positive cooperative allostem’ic-
response to Na±, as imidicated by the lull plot with n > I, was also converted to a negative
cooperative response. Jut additions, phiom’izin inhibited time Na�’�depenidenit �)hmosphoryiationi

of the eiizvme.
These data indicate thiat phlorizin reacts sinmsilarly with the cation-dependent ATPase

and phosphata.se, serving as a heteu’otropic allost.erio’ immoidifier to incm’ease t.he appareust

affinity toward K+ but to decrease it tow’ard Na+. These fluidings fumm’them’ imply that the

phospliatase represemit.s an aspect o.)f the over-all ATPase reactions. Fiusally, t.ime data raise

the possibility that, time inihibitio.iui o.)f sugar tm’auispo)rt by phorizini amid phlou’etimi may he

mediated imi pam’t thm’ough ant effeet out the Na+_dependeumt aspects oif timat trauuspoi’t systemim.

INTRODUCTION

Phlorizimm, a potemit inhibitor of Na�-

depemidc-mit glucose traiisport (1), was shown
by Wheeler amid Whittam (2) to iiihibit
(Nat + K�) -dependent ATPase activity in

kidney cortex. Subsequently Fuujita et at.

(3) reported thmat altimoumghm phlom’izimm inhib-
ited the Nmv� + K�) -depcndemmt ATPase

activity in a bn’aium preParatioum it also stim-

ulated the K�-depeimden’ut p-nitu’ophenyl

phosphat.ase activity. Timese disparate ef-

This work was support{’d by United States
Public Healthm Service Grant NB-05430.

fects of phmiorizin nmighmt appear paradoxical,

lou’ considerable evidcmmce has accunmulateol

imm(licatimig that time K�-depemideumt phiospima-

tasc represeumts t.he tc-m’mmmiumal hydm’olytic step

of time ATPase, followinmg a Na�-depcnmc1ent

phosphon’ylation of time eumzymne (fom’ m’e-
view’s ano.l summaries, see rcfs. 4-6)

To explou’e thus apparemmt immcouisistcnmcy,

time effects of phmiou’izimm and sonic related

compounds on both time ATPase amid time

pimosphatas(’ w’ere stuolied: time expen’imeumts
simow that, for 1)0th activities, pimlom’izin

incu’eased time appai’enmt affimmity for K� w’imile

olecu’easimmg it fom’ Na. Thiese results mmot only



‘4

2

t0

-� 6

4

,�6
,

,
/

,
/

,
,

2

20 40 60 80 00

ii [PHLORIZIN] (mM)

PHLORIZ1N AND ATPASE ACTIVITY 585

Mo!. Pimarmacol. 5, 584-592 (1969)

are consistent with the observed stimula-

tiomm and inhibition of the two processes,
respectively, but also provide further evi-

dence for their fundammmemmtal relationship.
It appears unlikely that the inhibition of

glucose transport by phlorizin involves a

direct effect on the (Na� + K�) -dependent
ATPase ; however, the immhibition of Na�-
dependent glucose trammsport by the agly-

cone of pimlorizium, pimloretin, suggests that
the drugs might influence glucose transport

through an alteration in the catioum-associ-
ated aspects of transport. In this respect

the phlorizin-induced decrease in affinity of
the ATPase for Na� may reflect an analo-

gous process between phiorizin or phloretin
amid the sugar traumsport apparatus.

METHODS

Time tNa� + K�) -depenmdemmt. transpom’t

ATPase was obtaimmed fromn a rat brainm
microsomal I.)reparation by treatment with

deoxychmolat.e and then Nal, as described
previousiy (7), except timat the preparatiomm
was finally suspended mm 0.01 M Tris-HC1

(1)11 7.8).
(Na� + K�) -dcpendemmt ATPasc activity

was measured in termus of the production of

P as previously described (7). Time stan-
dai’d medium commtained 50 umi�u Tris-HC1

(pH 7.8), 3 mn�i MgCl5, 3 ruM ATP (as time
Tris salt), 90 m�i NaCl, 10 mimi KC1, arid

the enzymmme preparatiomm (0.2 immg of prot.eium
per milliliter). Incubation was conducted

for 5-10 mimi at 30#{176};activity was linear
with time (luring this period. Activity in

the absence of added Na� amid K� (“Mg-

ATPase”) was measiured concurremmt.ly; such

activity averaged oumiy a small percentage

of time (Xa� + K�) -dependent activity wider

opt imal conmdit.ions (7), amid was subtracted
fi’om time total activity in the presence of

Na� arid K#{247}to give the (Na� + K�) -depen-
dent activity.

K�-depelmdent pimosphatase activity was
measured in terumis of the production of p-

nitrophenol after incubation with p-nitro-

phenyl phosphate, as described previously
(6). The standard medium contained 50 m�r

Tris-HC1 (pH 7.8), 3 m�r MgC12, 3 m�m

p-nitronlv’nvl pho�nhate (as the Tris salt),
10 mM KC1, and time enzyme preparatioum

(0.2 mug of protein per milliliter). Immcuba-

t.iomm was carried out for 10-20 mm at 30#{176};
activity was limmear with timue (luring this

period. Activity in the abseumee of added K�

was mneasured coumcurrently; such activity
averaged only a small perceumtage of time K�-
dependent p-nitrophmemmyl phosphatase activ-

ity under optimal conditions t6(, amid was

subtracted from the total activity mm time

iresence of K#{247}to give time K�-depemmdcnt
activity.

Na�-dependemmt phmospimorylatiomm of the
enzyme was measured after incubat.ion witim
y-32P-labeled ATP, by a modification of
the Pu’ocechunm’es of Post et at. (8) and Gibbs

Ito. 1. EJ/’ects of plm/orm:mn o,m K “-th’po’,m(lelit J)/mo.s-

p/mala.se activity

The eluzyme plc-pa rat iotm Was itl(’I tI mat (‘ii iti a

nieditnin contaituitig 50 ms� Tris-HC1 (p11 7Mm,

3 mit p-tuitrophmenvl phosphate, 3 m� \Ig(’l2, mitiol

either 10mM KC1 (�-----�, 311151 NC! (0- - -0),
1 mit KCI (S-S), or 10 mn NC! plums 10 mM

NaCl (�- - -[�), with and without various con-

centn’at ions of phlot’izitu. Fhe ituo’remise in veloo’ity (line
to phlo.)rizin (r - v�) was calcu.nlated :ital 1)1(11 ted in

the (lo)uh)le-reciprocal Litteweaver-Bmtrk form. \‘e-

locitv is expres.sed in unnits relative to) the K’�’-

depetudent p-ttitropluenyl phospluatase mmclivity (if

controls incubated coticu rren t lv itt the standard

me(liulm, defined as 1.0.



TABlE 1
Siilmmnmar!, of 1/u (fTects of p/mom’i:’mn on 1/me kinetic paranm.clmrs for K+ (mmmd .Va�

Tluis table smumniarizes t lie valunes if I he kituet ic pan’ameters for K4 atul NaO iii F’igs. 2, 3, 6, auuil 7. 1,,�
for I hue variahule iunoler cmnusimlo’t’atuouu was est niateol graphicmully front Litueweaver-Burk j)lots, anti K1 fu’oni

Dixmmum PlOI 5, :111(1K0 auuui mm\�‘(‘n’C Calo’lnlate(l fn’onm Iii!! l)lotS by I hue nmet hod of least squmtn’es. The �t atistical

sigtuificauuce of vau’ial ii ins in K �,‘tnol mmwas calculated mis dc-scot ci! pn’evimmslv (7 ; the sigtuificanceof varia-
Iiiiums itu 1’� antI K was ummmto’�tini:utcil.

Niuiet it

K ‘-depentdeut t phi iSt)humt t muse

(Na” -4-K+)_depeuudent

ATPase

PhuliirizitmPlulou’iziuu

it iimum pa tumid em (‘miuutuI (0.03 mie Cont mo! (0.1 mit)

K� K05 (nmi)

�

mm

1.92

1.10

1.44

1.17”

1.2(1

1.74a

0.74

1.03

1.40

0.48a

0.73

1.54

Na K0., (mui�

V,X1

mm

5.0

1 .02

1.28

10.

1 .00

046’

+ 10 mit KC1

K1 (mit� 6 12

Ni’ K0.5 (tnM�

nI

32
1.46

32
1.07a

Nmm#{176}’+ 3 mit KC1 K_5., (mit)

I’d

16

0.96

26a

1.01

a Significantly different from control (p < 0.05).
Relative units (see the text).
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et al. (9). Time standard immcimbation medium
conitained 50 mimi Tm’is-HCl (pH 7.8), 0.1

nm�i MgCl2, 0.01 nmi ATP coumtaimming tracer

arnoummmts of P-ATP, 30 mimi NaC1, and the

eumzyme pm’epam’ation (0.4 mug of Pm’Otcimm per
milhilitem’) . Time eumzymne ��‘as equmilibm’ated at

0#{176}\Vitim time imicubatiomi ummediunm (in time

abscumce of ATP), amid time m’caction was
immitimited by addinmg ATP; incubatioim ��‘as

commdmneted fon’ 20 soc at 00. flue l’eact ioum

was stopped by aoiolinmg t n’iciiloi’acctic acid

(to a final commceumtu’ation of 5%) containing

unmlabcleo�l ATP, anul time mixtumm’e w’as centri-

fuged. Tue pu’ecipitate was w’asimed w’ith
tm’icimloracetic acid auuol migainm cemmtrifugcd

aften’ time smnpem’natamit nimmmten’immlhad been
du’aiuied off and the insides of time tubes
(ih’ieil with cottomi swabs, time precipitate

was dissolve(I inn 2 N ROil. Finally, the

cleam’ KOH solutionm, diluted to I N with

wateu’, was added to Bray’s solution (10),

amid time ra(lioaetivitv w’as rmieasure(I w’itim a
hqumid sciumtillatioum couutten’; qumenching was

monitored by the eimauiumels ratio method.

Na�-dependenmt pimospimom’ylat iomm was con-
sidei’cd to be the diffem’eumce in activity be-

tweeni inicubation in tue stammdam’d nmediunm
with NaU1 amid that of a comicuu’m’emmt imicuba-
tion w’itimout NaC1 (values w’cre com’rected

fom’ time ;�p commtcmmt of zem’o timmie imicuba-

tiomis).

p-Nitm’ophenvl pimospimate anid ATP were

pui’ciiaso’d fm’ommmSignia as time sodium salts,

msuid wcm’e convem’ted to time Tm’is salts. �P-

ATP was syntimesized emmzyuimatically (11)

was pum’cimased fu’ouum New’ Englammd

Nueleam’ Cou’pom’at ion. Pm’ot ciii ��‘mms nmcasum’ed

by tIme humnu’et method, umsiuig bovine sei’unm

aibummmiui as a staumdau’oI. All solutionms w’ere

uiiaole mm w’miteu’ thmat had beeni redistilled in

ant all-glass still.
Pimlou’iziuu i�’as pimu’chascol from Caibio-

eheumi aut(l on’diumam’ilv was umseol frommi fu’eshly

opemmed hot ties w’ithouut fui’timem’ i)urification;
however, several series of n’epu’esentative

experumients w’eu’e pem’formmmed w’itim phiorizin

that iia(i been n’ccu’vstaihzed aftem’ treatment

with activated charcoal, anti no difference

ium results wits apparent. Phlon’etinm aumd other

coumipouniols w’ere fu’esimiy O1)tailme(i from

Numtritiouial Biocheumuicals Cou’pou’ation and

��‘erc museui ivithout fumrther Pum’ificat ionm.



PHLOItIZIN AND ATPASE ACTIVITY 587

20 -

0
.5- /

.0

6

5

4

-...

2.0

.5

(.0

�05

0
-J

0

-0.5

0 20 30 40 50

[NoC] (mM)

0 0.5 0 .5 2.0

Log [No C)]

‘11mm!. P/mar,,macol. 5, 5S4-5�.)2 (1969)

-(5 I I I

“LKcI] (mM) 20 -05 Log LKcIJ

11G. 2. Effects of p/mlorizin on t/ie re.oponsc of the phosp/mata.oe to KC1

The enzyme prepmiration was incubated in a medium containitig 50 mit Tris-IICl (pIT 7.8), 3 mit p-

nitrophenyl phmosphmste, 3 mit MgCl2, time cotmcetutrationi of KC1 indicateol, and eitluer no phlorizinu (�-��)

or 0.03 mM phlorizin (0- --0). Velocities are expressed in u’elmstive unmits, atui!are presented in the left-

hand pammel in the form of a Litiewemiver-Burk plot, and in the right-hatid 1)mutuelas a lull plot with straighut
lines drawn by the met hod of least squares.

FIG. 3. Effects of pimlorizin on time response of t/iep/iosphata.s’e to .\‘aCl

The enzyme preparation wa.s iticubated itu a medium cotmtmuituing 50 mit Tris-1ICI (p11 7.8), 3 tnM p-nutro-

plmenyl phosphate, 3 mit MgC12, the conucentration of NaCl imidicateol, and either 10 nut KCI �

10 mM KCI plus 0.03 mit phlorizin (0- --0), 3 mit KC1 (U-U�, or 3 riM KC1 plus 0.03 mit phlorizin

- -fl). In the left-hand panel relative velocities are presented mis mi 1)ixorm plot, and in the right-Imand

patiel as a Hill plot in terms of v0, time velocity in the absence of XaC’l.
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Experimemmtal poimmts au’e time averages of

five om’ mou’e experimimemits performed imi

duplicate.

RESULTS

Effects of phiorizin on pluosphatase ac-

tivity. K’-depcmmdeumt p-nitm’opiienyl pimos-

pimatase activity averaged 0.048 ��mole of
p-nit i’opheumyl pimospimatc hydm’olyzed per

nmilligm’am of proteimi pd’ mmmimmute in the pm’es-

emice of 10 m�i KC1. Because of variatiomms ium

the absolute activities of diffem’emmt enzyme

preparations and a slow dccliume imi activity
dimriumg stom’age, emizymmie velocities are cx-

pressed hereafter m’elative to time K�-dcpend-

emit. activity of comicum’remmt control incuba-

tions in time standard mmmediunm, defiumed as 1.0.

Pimiorizin, oven’ time i’aumgc 0.003-0.2 IflM,

imad no effect out time p-nmitrophenvl pimospima-

tase activity mm time absemmce of K#{247},but

st iimmimlated K�-dependemut activity. The
u’elative incm’emmmcnmt in activity depended on

tue coumceumtratioum of KCI in time nmeciiiummm;

0.03 mimi imhlorizimi in time pm’cseumce of 1 mM

KC1 stimulated activity by 64% while with

10 m�i KCI it stimulated by ommlv 17%. The

coumcentration of time half-maximal iumcre-
memmt imm velocity at. all commcentrationis of
KC1 was 0.05 umi (Fig. 1).

Phlorizimi, 0.03 mimi, increased time appar-

emmt affinity of tue emizyme for K�, changing

time conceumtratiomm of KC1 required to pro-

cluce half-mmmaximimal velocity (K05) from 1.92

mmmi to 1.17 nmi, wimem’eas time Vn,ax iimcreased

oumly fu’oun 1.1 to 1.2 relative units (Fig. 2

amid Table 1 . Time slope of time Hill plot, 11,

wimich is a nicasure of time cooperative ailo-

steric m’cspOmmse, immcreascd with phlorizium
from 1.44 to 1.74 (Fig. 2 amid Table 1).

NaC1, in time pu’esemmce of optinmal concenm-
tm’atiomms of KC1, inmimibited time K�-dependertt

phosphatase, and the respommse to Na� de-
pemmded out the coumceumt rat iomi of K#{247}(6
With 0.03 m�i pimlou’izin the K1 fom’ NaC1,

estimated gu’apimically from Dixoum plots

(12), imicreased fm’oni 6 mimi to 12 mmmi (Fig.

3 and Table 1). Furtherniore, time coopera-

tive response to Na� measured in the pres-
emmce of 10 m�i KC1 was i’educed by timis

concemitratioum of pimlorizin, with n� decreas-

immg from 1.46 to 1.07 (Fig. 3 and Table 1),
whereas time conmcenmtu’ationm of NaCl m’equired

to decrease time uninhibited velocity by one-

CONCENTRATION (mM)

1’to. 4. Effects’ of various coin pomimmils on K�-dcpcndent phosphatase activity

The etuzynme preparation was itucul)ated in a medium containing 50 mit Tris-HC1 (pH 7.8), 3 mit p-niti’o-
phuenyi phuosphuate, 3 mit MgCl2, atud 1 mit KCI, with amid without the compounds indicated. Velocities are

expressed iti relative units.
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half (K_�.5) was iimcreased jIm the presence

of 3 m�r KC1 fmommm16 to 26 mmmi.
The commcentration of pimlou’izin giviumg a

half-mmmaximimal immcreniiemmt in velocity mm time
prcseumce of both 10 nmr NaC1 aumd 10 mn�i

KC1 was also 0.05 mimi I Fig. I �.

Effects of related drugs on pliosphatase

activity. Plmioretimm also stiunulated the K#{247}-
dependeumt p-nitu’opimenyl pimosphatase activ-

ity; the conceumtm’ation that produced a half-

maximuial immcreumieumt in activity ‘5�#{231}� 0.01

mM. At commcemmtn’atioums ai)ove 0.1 ummi, how-

ever, pimloretium iniiibiteoi time pimosphatase

(Fig. 4. A umumber of related hydroxylated
aromatic compounmds haol little effect imm this

coumcemmtrat ion ranmge, wimeu’cas phenolpimtima-
lein and oinabainm wem’c immhii)itou’y (Fig. 4)

The data prescmmted an’e fon’ exl)erimenits

with 1 mimi KC1; similar n’esiults ii’ere ob-
tained witlm 10 mimi KC1 and withm 10 mM

KC1 plus 10 nmi NaCl.

Effect.’� of phlom’izin on ATPase actin’ity.

(Na� + K�) -dependent ATPasc activity

averaged 0.60 p.mole of P1 liberated pem’
milligranmm of jroteinm jcu’ mmmimmutc mi time pu’es-

ence of 90 mimi XaC1 plus 10 nmi KCI (as

with time p-nitrophenyi piiosphatase, enzy-
matic velocities are hereafter expressed rela-
tive to the (Na� + K�) -dependent activity

of concurrent control inmcui)ations iii the

standan’d medium, defined as 1.0).

Phiorizium inhibited the ATPase, the in-

TABLE 2
Effect of .Va�K� ratio on inhibition of

A TPase by p/iloriz’in

(Na+ + K4)-dependetut ATPase activity was

measured duritmg incunbatiorms itu the standard

medium (see METUODS) atu(I in media con taituitig the

concermtrations of NaCl and KC1 shown. Time per-

centage inhihitioum caused by 0. 1 mit phlorizin is

listed for the various Xmr�:K� ratios.

NaCl

concetutra-

tiomu

I’��Ch

concetitra-

tiotu

Nai:K+

ratio

Ituhihition
}�\,

phhurizitu

mit mit %
90 1 90 S
20 1 20 16
10 1 10 26
90 10 9 28
10 10 1 39

imibitiomi bcitig gi’eatem’ at low’ Na� : K� m’atios

(Table 2) . Time K1 for piiloi’izin inmhibitioum,
estimimated grapimically fm’oumm 1)ixomm plots,

was about 0.06 mimi (Fig. 5), imm close agm’ee-

umment with time concenmtm’atiomm giving a imaif-

nmaximimal immcn’enmemtt mi velocity with the p-

nit rophemmvl pimospimatase )Fig. 1) . Phlou’etin

also inhibited the (Na� -4- K� -dcpeuiilemmt

0 0.)

[PHLORIZIN] (mM)

1”u;, ii. LJJ’(cts’ of p/mlorizmmm 0,i .\‘a� + A.’”

(iepemmde?m t .1 7’/�i.’oe (l(Iimil!,

The enzyme pneparmitiotu wmis ituounbmited itu mu rue-

ilium (‘otutmuituitug 50 omit Tu’is-IICl (p11 7.8), 3 omit

ATI�, 3 mit MgCl5, atud either 9() mit NmiCl l)ltis

10 nit NC! (� --� or 10 mit NaCI plus 10 mmiii

KC1 ) 0- - -0 I, with Ihe eotucetut rat ioitu of plilorizinu
itudicated. \eliieities mite expressed itu ultuits relative

to) the ( Nmi” + N (-depetmolent ATPmise mid ivity of

cotut oils imucunbateol ci itucurretuthv itu the st atudard

mediuum, defined as 1 .0, mltu(l I he (lilt 11 mine pt’esetuIcot

in Ilue fiirm of mi l)ixotu plot.

ATPase, witim a K1 near 0.01 mmmi. Neither

I)imlorizinm imom’ phlom’et in mmmeasimrably affected
the (Na� + K ) -indepemidcnt ATPase.

As with time p-mmitrophenyl phospimatase,

phlorizinm iumcm’eased time apparemmt affinity for
K�: with 0.1 mmmi pimlorizin the Kmi.i for K�
decreased fn’oin 0.74 to 0.48 m�, although
Vrnax also decm’eased from 1.03 to 0.73 rela-

tive unmits (Fig. 6 anm(l Table 1). The slope of
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time Hill plot, n, was also slightly increased,

from 1.40 to 1.54.
The K, fom’ Na- was mitmmnkemlly iumcreased

fm’omn 5.0 to IO.�J �iiM, by time mtd(lition of 0.1

mimi i )it iomizinm, mult houghi 1 ,x was scarcely

affect cot (Fig. 7 antil Table I ) . Tue slope of

time Hill l)10t was mtn’asticahly nedmmceo:l, n

deeu’oasimmg fuommm 1 .28 to 0.46.

Effect of phiorizin on Na’�-dependent

phosphoi’ylation. Na�-dependent phos-

phorylation of the enzyme was decreased

by 0.1 mM I:)hiorizin to 79 ± 8% of control
values, iii accom’daiice with the degree of

immimibitiomm of time ATPase by this concen-
tration of pimlorizin.

Reversibility of the effects of phiorizin.

20 -

‘5

0

Os

E
>

0’

-J

01 ��c)] �m3M) 0.4 05 3 � �og�oc;�’5 20

Mo!. Pharnuacol. 5, 584-592 (1969)

I”io. 6. Effects of pimIoim�mmi 0,1 time i�m.spoim.se of time ATPase to KG!

Thue enzyme preparation was iticubate(l in a medium containitug 50 mit Tris-HCI (pH 7.s, 3 � .�TP,

3 mm�it MgCl2, 90 mit NaCI, the cotuceuitration of KC1 indicated, an(1 eithter no Phlorizin (S- #{149}‘) on’ C. I mit

pimlorizin (0- --0). \elocities ate expressed mmrelmitive units, amid ate presented iii thue form of a Linewemivcr-

Burk plot (left) amid a lull plot (might).

Fin. 7. Effects of philorm:mmm oim limo’ response of time A ‘I’Pase to .VaC1

The enzyme preparatiotu was itucubated in a medium containing 50 mit Tris-IICI (pIt 7.8), 3 mit ATP,
3 IUM MgCh, 10 mit KC1, the concentration of NaCl indicated, and either umo phloriziti (�-S) or 0.1 mit

phlorizin (0- --0). Velocities are expressed in relative units, and are presetuted in thie form of a Limueweavem’-

Burk plot (left) amid a I-lilt plot. (‘tight).
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r1�� determine whether phlorizimm was a re-

versible or irreversible modifieu’ of the

enzyme activities , experiments weu’e per-

fornmcd to see if time effects of pimlomizin
would be removed by washimig. Immcubations
were performed for 10 and 20 mm at 0#{176}

and at 30#{176}in the standard medium with-
out subtrate (p-nitrophenyl phosphate or
ATP) in time presence and absence of
phlorizin (0.1 mmmMfor time ATPasc and 0.03

mM for the phospimatase) . Time incubation
mmmixtures were timen diluted w’itlm 10 vol-

umes of 0.01 M Tm’is-HCl (p1-I 7.8) , and
the nmixtures w’ere centrifuged. The sedi-

ummemmtcd cnzynme preparations were again

washed with the sammie volume of buffer,

cemmtm’ifuged, and timeum resuspemmdcd. On

incubation of these preparations under the
standard conditiomis, imo discem’nihle effect

of time prior incubation with phmlom’izin was

apparent on time ATPase or phosphatase

activities whether pimlorizin was present or
ahsemmt during the fiumal incubation.

Fum’timermore, pu’ioi’ incubatioum of phlori-
zin lot’ 10 or 20 mmmi at 00 and mit 300 with

the enzynme in time standard mediuumm (with-
out substrate) (lid not alter time inimihition

of the ATPase or time stimulation of time
phosphatase measureol aft en’ subsequent ad-
dition of substrate. Thus. no time dcpeum-

dence for time effects of pimiou’iZinm was ap-

parent.

DISCUSSION

Previous kinetic studies (7, 13, 14) of the

effects of unommovalenmt catioims oum time
(Na� + K�)-dcpendeuit ATPase have been

inten’preted ium terms of ahlosteric processes
by which Na� and K� are both cooperative
homotropic ahlosteu’ic activators (15) of the
enzyme. In addition, K�-dependent phos-

phiatase activity, which appears to represent
the tei’nmmiumal K�-dependemut hydrolytic step

for time ATPase (5, 6L also exhibits allo-

sten’ic effects with mommovahent eations: K�

is a cooperative aliosteric activator, but

Na� is a cooperative ahlosteric inhibitor

(6). Time kinetic const-aimts for time activa-

tors of time ATPase and time phosphatase
differ, but the variationm probably reflects
the lmeten’otropic ahlosten’ic effects (15) of

time substrate, fon’ incmnbationm of mneleotides

with the phospimatase can decrease the K0,5

for K� markedly (6, 16).
Altimough pimlou’iziim stimulated time phos-

pimatase but inhibited time ATPase, it ap-

pcared to imave a sinmilar effect on both
enzymmiatic activities: phmhom’izimm mnay be

intem’preted as a hmeterotropic allostcric

mmmodificm’, (lecm’easinmg time Is�..0.5 fom’ I’� but
iimcreasiuig time Km,.5 (or K_0.5 om’ K1) for Na.

Pimlorizium also appeau’ed to affect time co-

operative m’espommse to Na� (botim as mini acti-

vator ammol as ant immimibiton’) as immeasurcd by

(lie’ slope of time lull 1)hOt, amid! for the

�V1�Pase it conven’ted Na� from a positive to

it imegative (17 ) (‘oopem’ative allosteu’ic acti-

vaton’. �fi aummulogous (‘ffects on time imp-

pam’(’nut catioim affimmit ies of both emmZvmmuatic
activities. as well as time sinmihar comucemttra-

tioums i’o’quiu’ed for itaif-umaximal efficacy of
stiummmnlat iomm om’ immhihitiomi, also stn’eumgtimen

time au’gunmeumt i’eiatimmg time two activities

(time immimibitiomm of time Na�-depenolent l)imos-

pimoryiatioum by philom’izimm is also commsistent
with tluis intei’pm’et at iomi)

Of a sem’ies of u’ehmiteol commmpoummds, piulom’e-

titm alonne stimulated time i)iiosl)iiatmuse, im-

phyinig a ceu’taium specificity fom’ time imutem’-

actioum. Fonmmmbv antol Claiusemm (18) u’ecemmt lv
n’eported thumit higim commeenmtn’atioums (1-10
mmmi) of olopanmmimue aumd miom’epinepimn’iume stiumm-
ulated time muetivitv of a i)u’aium phospiuatase

prepam’atioui unmder sommmewimat diffcn’eumt cx-

periummetmt al coum(lit.ionms. The inmimibit ionm by

l)imeuiohl)imtimmuho’imm of amm ATPase Prel)al’atioum
obtainmeil fmotmm inmtestinme was nmot associated

with mmchanmge mm K,, fom’ Na� (19).

Furtimeu’nimon’e, time effects of phlorizinm on

the appam’emmt miffinmities of time ATPase toward

catiomms ummav be u’elevmmmit to its effect on
sugam’ tm’anuspom’t. Phmlon’izinm is mm conmmpetitive

inhihiton’ of glucose tranmspoi’t. mm cen’taium
tissues (20, 21), immmplvimmg mimi interact ioum
hetweemm thu(’ giyeoside pom’tionm of the mole-
cule amid tiit’ sugar tn’anmspou’t site. However,

phhoretinm. time aglycoume of j)imlou’izimm, also
iumhihits singan’ tu’anispon’t I :iltiuougli it is far

less pot emit ‘I , and is not mu couimi)etiti\’e mm-

imihiton’ (20, 21 , �immee time sut!au’ tu’anspon’t

inhiluteil by pimlom’izium is Na�-depemmolemmt 1’)

the lattem’ ohsen’vatioums suggest timat both

phlorizinm amid phmioi’et mm may iumtei’fere with
sugar tn’anspon’t. by affeetinig eatiomm-assoei-
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ati’oI aspects of time nmeclmanismn (time far

greaten’ potency of plmot’izin would reflect

its adolitionial immten’aetiomm tlmi’ougim the gly-

COsi(Ie gm’oup,).

Mommod et a!. t15) suggested that allo-

stem’ic enzyummes nmav imave arisen ium evolu-

tionmau’v devclopmemit timm’ough time associa-

tion of origimmahly (tistimict cuitities into
polvnmeric coumiplexes of catalytic subummits

amid rcgulatou’v subunuits, the hatter comitaimi-

inmg m’eceptor sites for the ahlostemic unodi-

fiem’s. This forummuhatiomm mumigimt he extenmded

to tiue vam’ious Na�-depenoiemmt systemmms in-

volved itt tn’anslocation of a miuiimber of

diffen’enut solutes: thus time Na�-u’egulatory

sites immvolveot imm Na�-depcnidemmt traumsport

at \‘mmn’ious cellulam’ loci mmmigimt represent

sinmtilmin’submnimits having a coummummon ammces-

tom’. Thenm reageumts (sucim as pimlom’izimm) timat

immfluemmce Na’ affiniitv at omie site (e.g., time
n’eguiatou’y smniiummit of time sootiunn pummip)

mimight be expected to influeumce its homo-

logue at aumot her site (e.g., time i’egtmlaton’y
siuinnmmit of the sugmim’ pump)
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