
MOLECU L:i li P1l.�HMACO1.OGY, 7, 238-246

238

Effects of Oligomycin on the (Nat + K�)-Dependent

Adenosine Triphosphatase

JOsEPH D. ROBINSON

Department of Pharmnacologg�, State University of New York, Upstate Medical Center,

1Syracuse, New York 13210

(Heceived January 4, 1971)

SUMMARY

Oligomycin inhibited a rat brain (Xa� + K�)-dependenit ATPase (ATP phosphohydrolase,
EC 3.6.1.3) preparation, but the inhiibilioli was incomplete even at high oligomycin concen-
trations, and I)ixon plots were concave downward. Inhibition increased as the incubation
temperature was lowered. Elevated MgCI2 coniceiitrations antagonized the inhibition, and
relative inhibition w�as less at low (1 MM) than at high (1-3 m�i) ATP concentrations. In
the presence of outtbain, which also inhibited the enzyme, the relative efficacy of oligo-
mxciii decreased. Ohigomycin influenced the kinetics of cation activation, diminishing

‘max and n (the slope of the Hill plot, an index of cooperativity) for both XaCl and KCI,
and also reducing K0.5 (the concentration for half-maximal activation) for NaCI. Inhibition
of the associated K�-depeiident phosphatase activity could be demonstrated in tiie presence
of NaCl, and oligomycin reduced V,,,1� and it for KCI activation in this case also. The data
suggest that ohigomycin decreases ATPase activity by affecting time equilibria between

alternative allosteric forms of time enzyme, ohigomycin favoring a form with a lower �
and a higher Qio , and wit hi n for cation activation near 1.0; this shift in equilibria would be
opposed by MgCI2 alid temperature. It is prOpose(l that both forms, reminiscent of E1 and

L2 , catalyze (Xa� + K�)-depemmderit hydrolysis and cation transport, since inhibition of
transport bx oligomycimi is also reported to be incomplete.

INTRODUCTION

lmihiibitiomi of the (Xa� + K�)-dependenit
ATPase (ATP phospliohydrolase, EC

3.6.1.3) by ohgomycin has been documented
extensively (1-13), yet a number of peculiar

aspects of this inhibition remain ill-defined
and unexplained. Thus, although oligomycin
inhibits the enzyme, this inhibition does not

appear to reach completion (3, 4, 7-11), and
stimulation occurs under certain circum-

stances (7, 14, 15). This study was under-

taken to explore some of these issues ill terms

both of tIme reaction schemes for the ATPase

This work was stipported by United States

Public Ilealth Service Uraiit NS-05430.

amid of the models for cation transport base

on these schemes.

METHODS

TIme enzyme was obtained from a rat brain
microsomal preparation by treatment with

deoxycholate and then Nal, as described
previously (16, 17).

(Nat + K�)-dependent ATPase activity
was measured routinely in terms of the Iwo-
duction of P�, as described previously (17).
The standard medium contained 50 m�i
Tris-HC1 (pH 7.8), 3 m�i MgCl2 , 3 m�n ATP
(as the Tris salt), 90 m�n XaCl, 10 m�n KC1,
! MI/rnl of ethanol (as a solvent for the oligo-
mvcimi whieni it was present), and the enzyme
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preparation (0.1 mg of protein per milliliter).
The reactions was started by adding the ens-

zyme, and incubation was carried out for 4-S
mm at 37#{176};P� productions was linear with
time during this period. Activity in
I lie absence of added Na+ and K+
(“MgATPase”) was measured concurrently;
such activity averaged only a small per-

centage of the (Nat + Kj-dependenit ac-
tivity under standard conditions (17), and
was subtracted from the total activity in the

presence of Xa� and K+ to give the (Na+ +
Kj-dependent activity.

In some experiments ATPase activity was
measured in terms of the liberation of �P1

from [y-32P]-ATP. Experiments were per-
formed similarly, but with tracer amounts
of �2P-ATP added; the liberated 32p1 was

extracted by a slight modification of the
method of Neufeld and Levy (18), and the
radioactivity was measured with a liquid
scintillation counter.

K+_dependent I)hiosPhmt ase activity was

measured in terms of time production of p-

nitrophenol after incubation with p-nitro-

phenyl phosphate, as described previously
(19). The standard medium contained 50 mM
Tris-HC1 (pH 7.S), 3 m�i MgCl2, 3 mi�n

p-nitrophenyl phosphate (as the Tris salt), 10
m�t Nd, 2 MI/mI of ethanol, and the enzyme
preparation (0.1 mg of protein per milliliter).
Incubation was carried out for 8-15 mm at
37#{176};p-nitrophenol production was linsear with

time during this period. Activity in the
absence of added K+ was measured con-
currently; such activity averaged only a
small percentage of the K+�dependent activ-

ity under standard conditions (19), and was

subtracted from the total activity in the
presence of K+ to give the K+�dependent

activity.

To assess the reversibility of the oligo-
mvcin inhibition of the ATPase, incubations

w-ere performed in the presence and absenice
of oligomycin (5 �g/ml) in the standard

medium scaled to 5.0 ml. After incubation
for 5 mini at 37#{176},an aliquot was removed to

measure the production of P1 , and 30 ml of

ice-cold 0.1 M Tris-HC1 (pH 7.8) containing

0.2 % ethanol (v/v) were added to the reac-

tion mixture, which then was centrifuged at

2#{176}for 25 mims at 32,000 X q. The pellets ob-

tamed were mixed with 35 ml of Tris-
ethanol and again centrifuged. Finally, tIme

seconid pellets were resuspended in small
volumes of 0.01 M Tris-HC1 (pH 7.8) and
assayed for ATPase activity, in terms of the

proteins content. The reversibility of the
inhibition of the ATPase by ouabaini �

assessed similarly. Incubationss ins the stand-
ard medium scaled to 5 ml, in the presenice
and absence of 0.1 m�t ouabain, were carried
out for 5 mm at 37#{176},and ahiquots were re-
moved to measure P� production. The mix-
ture was theni diluted with 30 ml of 0.1 u
Tris-HCI (pH 7.8) at room temperature
(22-25#{176}) anid centrifuged at room tempera-
ture as above. The I)ellets obtained were
mixed with 35 ml of the Tris buffer, ccii-
trifuged again, and finally suspended in

small volumes of ice-cold 0.01 M Tris-HC1
(pH 7.8) for subsequent assay.

ATP and p-nutrophenvl phosphate were
purchased from Sigma Chemical Company

as the sodium salts and were converted to tIme

Tris salts; oligomycini is-as also purchased

from Sigma. k’-32P}-ATP, 22.8 Ci mmole,
was purchased from New England Nuclear
Corporations. All solutions were made ins
water redistihled ins an all-glass still. Protein
was measured by the biuret method, using

bovine serum albumins as a standard.
Experimental points are time averages of

five or more experiments performed in dupli-
cate (for �P experiments in triplicate), and
the data are presented with standard errors
of the means where appropriate.

RESULTS

Inhibition by ol-i�jcnnycin. ()higomvcin, at a

concentrations of 2.5 pg/mI, inhibited the
(Nat + K�)-depensdenst ATPase 64 � ; prior
incubations of the enzyme with oligomycin

under various conditions had little additional
effect (Table 1). Moreover, the percentage
inhibition ���‘is not detectablv different after

2, 4, and S mins of incubation. To assess the

reversibility of the inhibition by ohgomycin,
the enzyme was incubated with 5 �g/ml of
oligomycin and thiens washed (see METHODs);

this procedure restored activity from 2S �Z of
constrol (uiswashed) to 71 ‘�‘� (washed). From

these observationms it svt� concluded that
conventional kinetic ansalvses of the inhibi-
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The enzyme preparation was first incubated

for the tinse specified at 37#{176}ims the standard me-

dium (see METHODS), minus the substances listed,

in the presence amid absemice of 2.5 ,.�g/ml of oligo-

mycin; the reaction was then initiated by adding

the omitted substance. Activity in the presence of

oligomycins is presented as a percentage of the
concurrent coat rol without oligomycin.

Prior incubation conditions
- Activity

Omission lime

elm � control

ATP 5 31±4

10 31±3

2() 29±5

KC1 5 30±5

NaCl 5 32±2

KC1 and NaCl 5 32 ± 4

No prior i nctibat ion 36 ± 3

tion occurring during brief ilscubatiOnS were

appropriate.
Although imshibition increased with the

coiscentration of ohigomycins, it appeared to
approach a maximal level before total inhibi-
tions was achieved (Fig. 1). Furthermore,

inhibit ioni ���tts greater at lower inscubation
temperatures (Fig. 1), aisd thus the Qmo for

the ATPase activity ins the presence of oligo-
mycin was greater than in its absence (Table
2); similar data have been reported by

Gruelsor ansd Avi-Dor (7). This diminsishing
effect of added increments of ohigomycins is

particularly apparenst ins Dixons plots (Fig. 1,
inset), where, instead of a linear relationship

between the inhibitor concenstrations and 1/v,
the curves are concave downward for all
temperat tires.

Oligom yc in and cat ion act ivat ion. Act iva-

tion by monovalent cations was affected by
oligomycins, and for XaCl the concentration
for half-maximal activation, K0.5 , w-as

halved under conditions in whicis � w-as

reduced markedly (Fig. 2). Reductiomss in
both K0.5 ansd V,� were also found by In-
turrisi ansd Titus (10). In additions, the degree
of sigmoidicity of the affector-velocity plot,
as indicated by thse slope of the Hill plot, n,
was reduced (Fig. 2). This reduction in

FIG. 1. Inhibition of .4TPase by oligomycin

(Na� + K�)-dependemit ATPase activity was

measured in the presence and absence of oligo-
mycin in the standard medium (see METHODS) at

37#{176}(S-#{149}), 20#{176}(0- - -0), and 10#{176}�

Reaction velocities are presented relative to that
of control inicubatioris at 37#{176},defined as 1.0. In the
inset, data are replotted in the form of a Dixon

plot, with velocities expressed, for each tempera-

ture, relative to that. in the absence of oligomycin,
defined as 1.0.

TulLE 2

Effects of oligomycin and ouabain on Qio of
(.Va� + K�)-dependent A TPase

The � was calculated from incubations at

30#{176}and 20#{176}in the standard medium, in the presence
and absemmce of oligonsycin amid ouabain, as in-

dicated.

Additions Qia

None 3.1

Oligomycin, 5 �g/ml 3.7
Duabain, 0.01 mst 2.8

sigmoidicity ins the presence of oligomycin
reflects an alterations in the response of the

ATPa.se to low concentrations of NaCl, such
that oligomycin could stimulate at low NaC1
concenstrations (Fig. 2).

For NC1 (Fig. 3) oligomycin had little

effect on K0.5 , although the value of n was
decreased as it was for NaCl. Int.urrisi and
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FIG. 2. Effects of oligomycin on activation of

ATPase by NaCI

(Na� + K�)-depemident ATPase activity was

measured in incubations at 37#{176}in the standard

medium modified to contain the concentrations of

NaCI indicated, amid contaimmimig either no oligo-

mycins (S-�), 1.tg.’ml of oligomycin (0---0),

or 5 pg/mI of oligomycin (-.-�. Data are

presented in the left-hand panel in the form of a

Linseweaver-Burk plot, with velocities expressed

relative to that in the standard medium, defused

as 1.0. Ins the right-hand panel data are presented
in the form of a Hill plot, with values for n and

K0.5 derived from the equations of the lines fitted

by the method of least squares.

L1
LOG [KcI]

FIG. 3. Effects of oligomycin on activation of

A 7’Pase by KC1

Experiments were performed and the data are
expressed as in Fig. 2, except that KC1 was varied
in the absence (�-�) or presence of oligo-

mycin: 0- - -0, 1 pg/mI; --�, 5 pg/ml.
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Titus (10) also found a reduction ins �
w-ith a negligible change ins K0.5.

Inhibition by oligomycils was far greater
at low than at high concentrations of MgCI2

(Table 3).

Inhibition at low A TP concentration. The
relative inhibitions by 10 Mg/mi of oligomycin

was less with 1 MM ATP thans with 1 m�i ATP
at equimolar MgCl2 conscemstrations (Table
4); moreover, the inhibitions in the presensce

of 1 MM ATP could be prevented by 1 mM

MgCl2.

TABLE 3

Effect of MgC12 on inhibition of A TPase by

oligomycin

Incubation was carried out in the standard

medium, but with the MgCl2 concentrations in-

dicated, in the presence amid absence of oligo-

mycin. Activity in the presence of oligonnycims is

presented as a percentage of the coiscurrent con-

trol without oligomyci us.

MgCls

concentration

;�ctivitv

- With 0.5 With 25
pg/ml of pg/ml of

oligomvcin oligomycnn

0.1 40±4 19±3

0.3 46±2 19±4

1.0 70±2 34±2

3.0 68±3 37±3

6.0 83±5 53±5

ATPase activity was measured in terms of the
liberatioms of EP1 from k’-32P-]ATP (see METHODS)

durinig incubations in the standard medium, but

with the concemmtrations of ATP and MgCl2 listed,

in the presence and absence of 10 pg/mi of oligo-

mycin. Activity in the presence of oligomycin is

presemited as a percentage of the activity of the

conctnrremmt control without oligomycimi. mi the

presence of 1 mst MgCI2 the control activity with

1 pM ATP was only 44� of that with 1 pM MgC1,.

ATP
concentration

MgCI2

concentration
Activity

pt! p.t! #{182}�control

1 1 65±5

1 1000 110±8

1000 1000 20±4
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Inhibition by ouabain. Under certain cir-

cumst anices ouabain inshibi t ions has beens
shown to be time-dependent (20-22), and an

essenstially irreversible inhibition of the

ATPase cans occur (20, 21, 23; but. see ref.
24). How-ever, in the experiments reported

here, in which the reactiols ivas started by

adding thic erszyme to the inscubation mix-
ture, the percentage inhibition is� not meas-
urably different at 2, 4, and S mini. Ins addi-

tion, such inshibition w�as reversible to the
extent that the 86% inhibition in the pres-

ensce of 0.1 m� ouaba.ins could be diminished

by washing (see METHODS) to 22 %.

Under these conditions the concentration

(K.0.5) of ouabain required to inshibit thse

(Xa� + K�)-depensdemit ATPase by 50%,

was 3 MM. However, its the presence of oh-

gomycin (2.5 �g/ml) the K.0.5 for ouabain
was increased to 18 MM. Similarly, the K.0.5

for oligomycin was successively increased as

the concent ration of ouabain was raised (Fig.
4).

Ins contrast to the inshsibition with oligo-

mvcin, inshibitions witis ouabain was, if ansy-
thing, diminished as the temperature for

inscubations � lowered (Table 2).

6

[OLIGOMYCIN tug/mI

FIG. 4. Effects of ouabain on inhibition of

A TPase by oligomycin

Experiments were performed as in Fig. 1, but

in the absence #{149}-�) or presence of ouabain:

0---0, 1pM; � 3pM;D-D, 100pM.

Under t.hese conditions the K_0.5 for oligomycin

rose from 1 pg/mi in the absence of ouabain to

2.6, 4.1, amid 9.2 pg/mI, respectively.

L:gects of oliqoinycin on K+�dependent phos-
phatase activity. Phosphatase act.ivity meas-

ured in the standard medium was only
slightly affected by high concentrations of

oligomycins, evens at lowered temperatures
(Fig. 5), but ins the presensce of NaC1 (which

itself can inshibit the K�-dependent phos-

phatase activity) oligomycin inhibited ap-
preciably (Fig. 5). Most. earlier reports de-

scribe little or no inhibitions of the phospisa-

tase by oligomycin (8-11, 14, 15); the
experiments by Gruenor and Avi-Dor (7)
showing inshibition appear to have been per-

formed in the presence of Na+ (from the
sodium salt. of p-nsitrophenyl phosphate),

and are thus ins accord with these data.
The kinsetic response of the phosphatase

activity to KC1 is quite sensitive to NaC1

30

0 5 10 0 10 20

{OLIGOMYCIN]�g/mI [NaCI] mM

FIG. 5. Ejjects of oligoinycin on K�-dependent

p-nitrophenyl phosphatase activity

A. Results of experiments in which K+�depen�
deiit phosphatase activity was measured at 370

and at. 20#{176}ins the standard medium (see METHODS)

(#{149},U) amid imi media containing in addition 20 mM

NaCl (0, 0), in the presence and absence of
oiigomycins. React ion velocities are expressed
relative to that of control incubations at 370,

defined as 1.0. B. Effects of NaC1 on inhibition due
to oligomycin. In these experiments phosphatase

activity was measured at 37#{176}in the standard
medium in the presemice amid absence of 10 pg/mi of

oligomycin and in the presence and absence of

NaCl. The percentage imihibition on the ordinsat.e

refers to the increment in inhibition due to oligo-

mycin as a function of the NaC1 conscentration,

calculated as follows:
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1.5

Foa. 6. Effects of oligomycin on activation of p-

nitrophenyl phosphatase by KCI

K4-depemsdent phosphatase activity was incas -

tired iii i ucubat iomis at 37#{176}in media comitaini mig

50 mM Tris-IICl (1)11 7.8), 3 mao p-nitrophenyl

phosphate, 3 mao MgC1,, 3 mao NaCI, the comicen-

tration of KC1 indicated, and in the absence

(S-S) amid presence (0- - -0) of oligomnycin,

10 pg/nil. l)ata are presented as in Fig. 3.

(15, 19, 25). amid the effects of ohigomycins ons

K� kinsetics are therefore difficult, to

decipher. However, in thse presensce of a low

conscenit rations (3 m�n) of NaCI, which itself
has only a small effect on the response to
KC1, ohigomvcins cans be shown to affect I lie

I)h5o5Phttt0�e as it did the ATPase: K05 was
affected only slighitly, but n was diminished
(Fig. 6).

I)ISCUSSION

A strikinig feature of the insfluensce of oligo-
mvcins ons the (Nat + K�)-dependenst
ATPase is its diminishing efficacy as the cons-
centrations is raised, coupled with its seeming
imsabihity to effect complete inhibitions (Fig.
1). Althiough residual (Xa� + K�)-depensd-

emit ATPase activity in the presence of very
high comscenstrationss of ohigomycins has beems
isoted repeatedly (3, 4, 7-il), the conse-

quences of this inshibitory responsse have beens
largely ignsored. Incomplete inhibition withs a
Dixon plot concave downward cans occur
from three types of interactionis. (a) The

enzyme-inshibitor complex retains some cata-
lytic activity even thoughs totally saturated
with thse inhibitor; however, such “partial

imshsibitiois” (26) is rare. (b) If two or more

enzyme forms exist with differinsg affinity for
the imshibitor, suds a kinsetic response cans

occur, but only if there are no equilibria
between the forms, for, if the forms are inter-
comivertible, additions of ans inihsibitor shifts
thse equilibrium to the form with greater
affimsit, ansd a straight-hose I)ixon plot re-
suits. (c) With alternsative enszyme forms ins

e()tnihibrium, a compoumsd may inshsibit by
shsiftinsg the equilibrium toward a form ins-

hseremstlv less active, and, without altering
the catalytic activity of that form, decrease
the total velocity. Ins view of the conssiderable
evidensce insdicatinsg the ahlosteric nature of
the ATPase (16, 17, 19, 20, 25, 27-31) amid
the occurrence of multiple emizyme consforma-
tiomss that such a formulations implies, the

comssequenices of this last mansifestations of
imicomplete inhibitions, case (c), may be con-
sidered.

The comiventiomsal formulatiomi (6, 32) of
the reactions sequence of the ATPase, i.e.,

Na�, MgH angH

E1+ATP�
K�

7’ TI � �4 7’ I 1)
‘ �- #{163}i� -�- i

PrOPOses a consformationsal chamsge of the
phosphorylat ed enzyme (Em -P to E2-P) that
is sensitive to the \lgS+ concenstrations and
that appears to be the point of action of
oligomycims [reactiomss to the left are stimu-

lated by ohigomycins (6, 12) while the over-all
reactions is insisibited]. With this scheme it is
improbable that ohgomycins inshsibits by form-

inig an insactive or poorly active enzyme-
ohigomycins complex: under case (b), inscom-

plete inshibit ions occurs by preferential binid-
ing to one of several alternsative forms, but
the forms must niot be insterconvertible or a
straight-line Dixon plot results; unsder case
(a), ins which binsdimsg of the inhibitor forms a
partially inshibited complex, there should be

at high ohigomycins conscent rations essentially
nso .E1 form remaininsg if E1 ansd E2 are inter-
convertible; yet ins the presence of highs con-
centrationis of ohigomycins an “E1 activity,”

the ADP-ATP exchansge, is stimulated. The
remaining possibility, case (c), that oligo-

mycin inhibits by shiftinsg the equilibrium

toward an insherenstly less active form (with-
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out insfluenscing the catalytic activity of that

form), is supported by the apparenit antago-

nsism betweens the 1\1g21 conceustrations and

ohigomycins inhibitions (Table 3) ansd betweens
ouabains ansd oligomycins ( i’ig. 4) . Conisidera-

ble evidensce has accumulated that is consist-

emit. with ouabain inshibitinsg the �tfPa� by
binsding to the E2 form of the enzyme (24,
32). Ins such a scheme ounbains would be cx-

jected to diminsishi the inihibitory efficacy of
oligomycins (as mansifested in K.0.5) if ohigo-
mvcimi were bounsd to a different enzyme

form ins equilibrium with that to which oua-

bains binsds (E1.oligomycins �± E� �± E2 �±

E2� ouabains).
Although a reactions pathway through E1

to E2 has beens shsowns to occur (32), the data
do not require that this inideed be thse normal
route in the presence of nsonhimiting MgS+
conceustrationss ausd/or ins the absence of
inhibitors. The persistence of hydrolytic ac-
tivity ins the presensce of highs ohigomycin

concenstrationss suggests that the E1-P of the

consvenstiomsal scheme is hydrolyzed at a slow

but signsificant rate, and K�-depeisdent hy-
drolysis under E1 conditionss (low MgS+ con-
ccitt rat ionss) has been demonstrated (32).
F’urthsermore, no data indicate that E2-P
(i.e., a form with poor or absent ADP-ATP

exchaisge activity) cansmsot be formed directly
from the enszvme and ATP. Hence an alter-

nsative reactions scheme, with coexisting miter-
convertible forms, would be compatible with

these data:

Na�, Mg’� K�

E1+ATP��- #{176}E1-P �T�ii3E1+Pn

.1:1’
Na�, Mg2�

Enj + ATP4 ‘E11-P � � E11 + P1

(Romans nsumerals are used to suggest forms

ansahogous to thsose of the conventional
schieme; thse possibility of additional miter-
mediate forms of E should be recognized.)
For this scheme interconsversion betweens E1
and E11 should be possible at all steps; ohigo-

mycins would act by shifting the equlibrium
from E11-P to E1-P (aisd perhaps betweens all
states of E17 amid E1 : E11 � E1 + E1.ohigo-

mvcin). Such a formulation is consisteust w-ith
ahlosteric mechanisms ansd the actionss of
allosteric effectors to modify enzymatic ac-

tivity, ansd permits a characterizations of the
extreme forms, E1 anid Eon (Table 5); n, the
slope of the Hill plot for cations activations, is
a fuisction of the nsumber of sites for the
cation and the interactioms betweens the sites

(17).

Ins contrast to the effects of ohigomycins, the

equilibria would be shifted tow-ard E� by
inicreased MgI+ concenstrations (6, 32)
(Tables 3 ansd 4) ansd higher temperatures

[oligomycin sensitivity decreases (Fig. 1), the

Qio decreases (7, 33), the K01 for ATP in-
creases (17), and K0.5 and n for Xa+ aisd K+
increase (17) as the temperature is raised].
\ loreover, substrate-velocity plots for the

ATPase indicate two distinct K0, values for
ATP (18, 34), and such data fit a model in
which the low-K01 form (E1) contributes a
signsificant. fractions of the hydrolytic activity
at low ATP concentrations (approximately

1 MM) whereas the high-Km form (Em), with a
much higher V0,� , overwhelmingly predom-

inates at. hugh ATP concentrations

(approximately 1 mao). Ins such circum-
stances oligomycin would have less effect in

the presence of 1 MM ATP than with 1 mao
ATP; additions of 1 m�i MgCl9 with 1 �

ATP would itself inhibit somewhat (shifting

TAJIL1-: 5

Comparison of enzymatic properties of the two

forms of (Na+ + K4)-dependent .4 TPase

The characteristics of the two extreme forms of

the ATPase, En and Emi , are listed ims terms of (a)

propert.ies described forE1 and E2 and/or (b) prop-

erties with low ATP, Na�, or K� concemit rat ions for

the ATPase, and with low nucleotide or oligonsycimi

concentrations for the phosphatase, taken to

represent Em conditionis.

Property Em Emi

ATP hydrolysis:

Vmax Low high

Quo high Low

K,,, for ATP Low high

K0.5 for Nat, K� Low High

n for Na�, KF 1 >1

A1)P-ATP exchamige:

ln,ax High Low ?

Phosphatase activity:

Vmax Moderate high

K0.5 for K� Low Thigh

nforK� 1 >1
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the equilibriunis to the E11 form withu high
K ,� and I � but would also compete
againsst the effects of ohigomycins (Table 4).

1”or thse K�-depensdemst phuosphatase act iv-

itv, which reflects some aspects of the ternsi-
isa! hydrolytic steps (11, 19), the formula-

tiomss are less clear, ansd alternative reaction

pathways may be available (15) ins addition
to the occurrensce of multiple enszyme forms.

“Activation” of the phosphatase, ins terms of

a decreased K05 for K�, occurs ins the pres-

ensce of Na+ together withs low conscenstrationss
of either certain niucleotides (19, 35, 36) or

ohigomycimi (14, 15), although the V,,� may

be somewhat diminsishsed in these circum-
stansces. However, higher concentrationss of

either msucleotides or oligomycins, or both

together, abolish this “activation” (14, 15,

19).

Thus the phsosphatase activity may pro-

ceed fairly well with eithser form of the ens-

zyme, whereas the reduction in K0.5 anid n

(19) may reflect the shift toward an E1 form;

thse biphsasic response would thus represenst

the opposimsg insfluensces on � timid K0.5

Thse role of Na+ in ohigomycin interactions is

umsciear, and with the ATPase such a require-

menut may go unnoticed; for the phosphiatase,

however, Na+ may be osecessary for oligo-

mycins binuding or for allosteric chansges (cf.
ref. 10), or merely to permit operations of the

Xa+_K+ pathway of thie phosphatase (15), so

that the oligomycin effect is made manifest.
Finsally, thse implicationss for the tranusport

models of the inscomplete inshibitions by oligo-

mycin should be considered, sinsce oligomycins

also does not block active cation transport

completely (37). Thus, ins constrast to some

models for the ATPase (20, 24), the E5-P to

E2-P coniversioni may nsot be an essenstial part

of the translocat ions scheme; moreover,

nseither may the previously proposed (17)

allosteric chansges of the E1 to E11 form play
such a role, althoughs such transformationss

should play a vital role ins regulating rates of

cations transsport (35). Imsdeed, oligomycini

hunts beens reported to reduce the number of

potassium ionis transported per ATP mole-

cule hsvdrolyzed (5), conssistenst with this
schueme.
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