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This work '"ras prompted by the suggestion of others that

mitochondria of some tissues, including heart, contain an

oligomycin-resistant ATPase (OR-ATPase) activity that may be

involved in mitochondrial calcium efflux. CycIic AMP has

also been imp1i..t"à Í; the efflux of mitocr,ondrial calcium.

Accordingly. beef heart rnitochondria I¡/ere fractionated by

tl+o different methods and the comporrent parts exatnltred for

OR-ATPase and cyclic ÀMP-dependent protein kinase

activities. Fractions enriched in the outer membrane

marker, monoanrine oxidase, were also enriched in oR-ÀTPase

when combined light and heavy mitochondria were used. These

fractions were, however, also enriched in acid phosphatase.

Thus, this resistant ATPase was probably lysosomal in

origin; it was not present in outer membranes of heavy

mitochondria" Àbout l7eo of the ÀTPase activity of enriched

inner membrane preparations v/as resistant to oligomycin.

However, oligomycin and azide in combination htere found to

inhibit as much as 9'leo of the inner membrane ATPase

activity. This effect, and results obtained from

electrophoresis and gel staining for ÀTPase activity,

suggest that most of the resistant ÀTPase activity of the

inner membrane results from incomplete inhibition of the

mitochondrial energy-transducing ATPase.
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Hltochondrlal soluble fractlons, although not enriched

in resistant ATPase activity, did yield two cyclic ÀMP-

dependent protein kinases, designated Type I-m and

Type II-m. Protein kinase activity was found to exist in

mitochondrial soluble fractions and enrichment of

mitochondrial protein kinase activity in membrane fractions

suggests that at least a portion of the activity exists in a

membrane-bound state. Sonication or treatment of

mitochondrial preparations with Triton X-l-00 resulted in a

2-foId activation of mi'tochondrial protein kinase activity.

Type I-m eluted from DEAE-cellulose at concentrations of

less than 0.1 M NaCl and was a minor component of

mitochondrial soluble fractions. Type II-m eluted at salt

concentrations greater than 0.1- M NaCI and was further

purified 74-fo1d from mitochondria. Both protein kinase

preparations exhibit cyclic ÀMP-stimulated ÀTPase activity.

Kinase and ÀTPase activities of both enzymes exhibit similar

pH and Mg2+ optima suggesting that observed ÀTPase

activities result from reactions involving the catalytic

subunit of cyclic AMP-dependent protein kinase'

Mitochondrial oligomycin-resistant ATPase. however, does not

always co-localize with cyclic ÀMP-dependent protein kinase

activity in mitochondrial fractionation schemes. It is

unl-ikeIy that ÀTPase activity of the free catalytic subunit

of cyclic AMP-dependent protein kinase can account soleIy,

if at a1L, for oligomycin-resistant ÀTPase activity of

mitochondria. The possibility exists that cyclic AMP-
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dependent phosphorylation of mitocilondrial proteins

regulates the transport of calcium across heart

nritochondr iaI rnembratres .



r NTRODUCTÏ ON



I Mitochondrial Calcium and Heart Function

Calcium and ATP are the two principaÌ substances

involved in active contraction-relaxation cycles of the

heart. The normally functioning heart derives essentially
aI1 of its energy (ATP) from mitochondrial- oxidative
phosphorylation. Calcium is known to play ãn inpórtant Ío1e

in the regulation of oxidative phosphorylation (1. 2, 3) and

of key intramitochondrial enzymes (4). In the ischemic

myocardium, calcium overloading of the mit-ochondria results

in an uncoupling of oxidative phosphorylation with a

resulting decrease of cytoplasmic ATP l-eveIs and loss of

ceIlular viability (5. 6). The study of mitochondrial

calcium influx and efflux may further understanding of the

nechanlsnrs causir¡g Ìreart failure in tire ischemic myocardium,

-LL---I!Ltcs.h-gn-d@nsps-r-!-
Mitochondria will take up calcium when supplied with a

suitable oxidation substrate or ATP ( 7 ) . The uptake is
mediated by the electrophoretic calcium uniporter (8, 9) and

is powered by the proton gradient generated by substrate

oxidation or ÀTP hydrolysis. The process of mitochondrial

calcium efflux is poorly understood at present. In heart

the major mechanism is the Na+,/Ca2+ antiport system (10)

which couples the entry of sodium to the efflux of calcium.

It has been proposed that phosphate ions are important in

the efflux of calcium from mitochondria (11). The role of

phospLrate irr this process is uncerta irr äs, under d iverse

experimental conditions. phosphate has been reported to
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stirnulate (12) , inhibit ( 13 ) or ef f lux in parallel with

c.lIcium ef f Iux (li- ) . Cycl ic AHP has been reported to

stimulate the eÊf 1ux of calcium f rom kidney (74) , l-iver (L4,

15, l-6), adrenal cortex (16) and heart mitochondria (14).

These early results, however, \sere not readily duplicated by

other investigators (L7,18). More recent work with liver
mitochondria has suggested that the cyclic ÀMP-mediated

release of calcium is reproducible but is a very labile
process (l-5). The effect is not observed when aged

preparations of mitochondria are used. It has been

suggested that mitochondrial oligomycin-resistant ÀTPase

(OR-ATPase) activity may be involved in mitochondrial

calcium ef f lux ( l-9 ) .

J._I_I_¡rr__\{ i t_ !_q¡_qnd r i a I OR -ÀTPa s e Àc t_i v i_$,_

OR-ATPase activity has been localized to the outer

membrane of rat kidney cortex (19) and spleen (20r21-)

mitochondrÍa. This activity has also been reported in

rabbit bone marro!{ (22) and rat heart mitochondria t20);

however¡ ho precise intramitochondrial location or function

was suggested. The importance of cal-cium in myocardial

homeostasis and a potential role for OR-ATPase activity in

mitochondrial calcium efflux suggested that this enzyme

should Ìrc stud ied in heart tissue .
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OR -ÀTPa s e À.c_t_i_¡¿j_Ð¿

a L__c_o_¡ t a¡ui¡ gt i -o¡_ls_ilh__A_theI-_Uel0[arl e._ ÐLs_l_q$Þ_

Early reports of the outer membrane oR-ATPase in

mitochondria !ùere complete in ruling out the possibilíty

that the activity resul-ted from plasmalemmal or endoplasmic

reticular contamination (L9, 20, 2:.) . The activity was also

insensitve to azide, äh inhibitor of the free form of the

mitochondri,rl ener:gy-transducing .A,TPase (21), Ltnfortunately

these early studies were performed before the finding that

lysosomes exhibit ÀTPase activity (23-26) that is

insensitive to inhibition by oligomycin ån¿ azide (25).

Consequently, the possibility that the outer membrane

OR-ATPase activity may result from lysosomal contamination

was ignored. Lysosomes are a common contaminant of

mitochondrial preparations but can be effectively separated

from mitochondria by a number of different techniques

(23, 25, 26, 27). Bovine heart mitochorrdria, which are used

in the present study, exhibit heavy and light layers of

mitochondria. Lysosomal contamination can be effectively

reduced by removal of the light mitochondrial layer (27).

FoIIowing this simple manipulation, OR-ÀTPase activities and

distributions amongst the various mitochondrial components

can be compared for both heavy and light mitochondria. This

form of analysis should differentiate lysosomal from

mitochondrial oR-ATPase activity,
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Studies of OR-ATPase activity in the outer or inner

membranes of mitochondria would be complicated by the

presence of the energy-transducing ATPase. This enzyme also

known as oligomycin-sensitive ATPase (28), Fo-Fl- complex

(29) or the H*-translocating ATPase (30) is a multimeric

enzyme complex, capable of utilizing the transmembrane

proton gradient to synthesize ÀTP. The complex consists of

an extrinsic sector F1 that hydrolyses ATP and a membrane-

bound sector designated Fo forming the proton channel-. The

membrane-bound form of the enzyme is sensitive to inhibition
by oligomycin or azide; however inhibition of ATPase

activit;r by either inhibitor alone is not complete

(for review see 31 and 32). In beef heart mitochondria. the

residual ÀTPase activity seen in the presence of oligomycin

is susceptible to inhibition by azide (33)¿ suggesting that

more complete inhibition of the energy-transducing ATPase

can be achieved by using a combination of these inhibitors.

The extrinsic sector of the energy-transducing ÀTPase can

also exist in a soluble form that is resistant to

oligomycin, but is sensitive to azide (32). Therefore, used

in combination, these inhibitors may provide a superior

measure to assess mitochondrial ATPase activities that are

distinct from the energy-transducing ÀTPase.
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The existence of a putative outer membrane mediator of

calcium efflux poses a problem when the properties of the

outer mitochondrial- membrane are considered, It is

generally accepted that this membrane system is freely

permeable to calcium, most metabolites, and quite high

molecular weight compounds (34, 35). In contrast, the inner

membrane is a highly selective permeability barrier

suggesting that this would bc a logical emplacement for

calcium efflux effectors. Àccordingly, mitochondrial

OR-ÀTPase activity should be examined in both the outer and

inner membrane.

Unlike in other tissues, the outer and inner

mitochondrial membranes of heart are joined together by

proteinaceous cross-bridges ( 36 ) . For this reason,

fractionation procedures designed to separate out the

various components of heart mitochondria are rather severe.

During these procedures, inner membrane rupture often occurs

with a resulting contamination of mitochondrial components

with matrix material (37-40). Outer and inner membrane

preparations are usuaJ-1y heavily contaminated with each

other (35-38); probably the result of cross-bridging between

these components. Some of these fractionation methods

involve the use of proteinases, for example trypsin, to aid

in breaking the cross-1inks between the outer and inner

membrane system and inproving yields and purity of these two

com¡ronerrts ( 36. 38 ) . However. Þroteolytlc alteratlons of
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the enzymes under investigation may also occur. These

problems have often resulted in the erroneous association of

an enzymatic activity with a specific mitochondrial

compartment that could not be duplicated when a different

fractionation procedure was used. Therefore locaLizatÍon

data derived from one method should always be verified by a

second fractionation scheme.

V___Y_._!_A.c_b_q¡drlà1__Lr_o_!e_in_KineÞ.e*Àc_tr_yrly

Two casein kinases, designated MPKI- and MPK2, have been

identified and purified from bovine heart mitochondria (41).

Similar enzymes have been noted in yeast mitochondria and

localized to the inner mitochondrial membrane (42, 43).

CycIic nucleotide-independent protein kinase with a

preference for mixed histones as substrate has also been

l-ocalized to the inner membranes of mouse heart and liver

mitochondria (44). Several reports in the literature

describe cyclic AMP-dependent protein kinase activity in rat

liver (45, 46) and ovarian tissue mitochondria (47-50 ) . L_n-

viv_o_ phosphorylation of mitochondrial membrane vras observed

in rat liver and this activity was stimulated by glucagon

/ tr1 \(JII.

Y.J____Ç:cI ic AMP-Depen{e_¡t P-r ote i n K inases

Cyclic AMP has been implicated in the release of

calcium from mitochondria (L4-i-5) . Cyclic AMP-dependent

protein kinase activity has been demonstrated in

mitochondria from various tissues (45-50) but not in heart

(44). It is possible that cyclic AMP provokes the reJease
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of mitochondrial calcium through the cyclic AMP-dependent

protein phosphorylation of mÍtochondrial proteins. The

description of cyclic AMP-dependent protein kinase activity

in heart mitochondria may suggest a mechanism for the cyclic

AMP-mediated regulatiorr of rnitochondrial calcium transport

in this tissue.

Studies of cytosolic fractions of cel1s have revealed

that two forms, designated Types I and II. of cyclic AMP-

dependent protein kinases exist. The inactive holoenzyme

form of these enzymes is tetrameric structure. composed of

and two cyclic ÀMP-binding

Binding of cyclic Àl"fP to the R

subunits results Ín the dissociation of C and R and a

resulting activation of the phosphorylatÍng activity of c.

It is generally accepted that the C subunit of Types I and

II cyclic ÀMP-dependent protein kinases is identical; the

differences between the isozymes residing in the R subunit

a

c)two catalytic subunits (

regulatory subunits (R).

(f or review see r.ef.

III_ PrqÞIe.ms_èE-q.o.c

52 and 53).

fe$S_q__V¡j_th the Studv of Mitochondrial_

Protein KinÐses

a.) Cvtosolic Protein Kinases

The major problem associated with research in this

field resides in the fact that all the protein kinases so

far described in mitochondria also exist in the cytoplasm of

the ce11. Compounding this problem are findings that

protein kin,rses nìay exist in a membrane-bound state in the

cell. For example, in bovine heart as much as 30% of the
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cel1ular cyclic AMP-dependent protein kinase activity is

membrane bound (54). Therefore protein kinase activity may

appear to be mitochondrial when it is actually cytosolic in

origin but bound to the outer surface of the mitochondria.

Usually the only criterÍa availabl-e to label a protein

kinase activityr?intramitochondrial" is the ability of

membrane disruptive agents, such as sonication or detergent

treatment, to activate that activity (47, 44, 45, 47). Such

techniques act by e1Íminating membrane barriers that
separate exogenously applied phosphorylation substrates from

the enzymatic activity within mitochondria.

þl__llilpç¡_qnqr ial ATPase act ivi tv

Heart mitochondria exhibit substantial hydrolysis of

ATP even in the presence of oligomycin (33). this is 1ikeIy

to create problems in assays designed to measure protein

phosphorylation in mitochondrial fractions. Maximum

inhibition of the mitochondrial energy-transducing ATPase

with a combination of oligomycin and azide (39) should

overcome this problem.

_c_L__Lp_qê_Låza t í o n o f M i t oc h ond r i a 1 Pr of e i n

K¿nese*èsËl¿¿ly

Localization of the cyclic AMP-dependent protein kinase

activity to a specific mitochondrial compartment is like1y
to prove difficult. Problems may result from the use of

trypsin and soybean trypsin inhibitor in some mitochondrial

fractionation schemes. Trypsin has no effect on enzymatic

activity; however, it can result in the release of the



10

holoenzynre from membranes ( 54 ) , The end result would be the

appearance of cyclic ÀMP-dependent protein kinase activity

irr soluble nritochondrial fractions. Although the mechanism

is currently unknown, soybean trypsin inhibitor has an

inhibitory effect on protein phosphorylation catal-yzed by

the C subunit of protein kinase (55, 55). Therefore at

least one fractionation technique that does not use trypsin

and soybean trypsin inhibitor should be used in the

localization of cyclic AMP-dependent protein kinases in

mi tochondr ia .

!f_!I_ Researc_h Ai_ms

The ability of mitochondria to take up calcium far

exceeds calcium release through the Na+/Ca2+ antiport system

( 57 ) . This has led to the proposal that other calcium

efflux mechanisms may exist in mitochondria. In heart.

elucidation of other effectors of mitochondrial calcium

efflux may further understanding of mitochondrial

dysfunction in the ischemic myocardium. The suggestion that

mitochondrÍa1 OR-ATPase is involved in calcium efflux (19)

prompted us to study this enzymatic activity in bovine heart

mitochondria. Emphasis placed in the current study has been

on examining the possibility that lysosomal ATPase or

incomplete inhibition of the energy-transducing ÀTPase by

o1Ígomycin are factors contributing to mitochondrial

OR-ATPase activity. It has been demonstrated that ÀTPase

actívity (defined as the phosphoryl transfer to water) is an

lrrtegral irart rsf. tl'ie cãtalytlc nieclianlsnr r-¡f cycL lc AHP-
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dependent protein kinases (58-61-). ATPase activities of

protein kinases could influence results for mitochondrial

OR-Ä.TPase activity" It was the intent to unravel the

complex origins of mitochondrial OR-ATPase activity first so

that Ímplications v¡ith regard to mitochondrial calcium

efflux could be studied later.

Phosphorylation of proteins catalyzed by protein

kinases has been recognized as a major regulatory mechanism

of biological processes (52, 53). Mitochondrial protein

kinase activity is poorly characterized at present and

cyclic AMP, possibly acting through cyclic AMP-dependent

protein kinases, has been implicated in mitochondrial

calcium efflux (14-15). Previous studies (44) have been

unable to demonstrate cyclic ÀMP-dependent proteÍn kinase

activity in heart mitochondria¿ suggesting a study of this

enzyme r^tAS W.rrranted .
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MATERIÀLS

Cyclic AMP, cyclic GMP¿ casein, phosvitin, trypsin,
protarnine, phosphatidylserine. diolein, oligomycin. azide,

calmodulin (P2277), vanadate, ouabain, EGTA¿ NADH and whole

calf thymus histones (H2-À, No. 92-50) were purchased from

Signra. Soybean trypsin inhibitor was obtained f ronr

Calbiochem, and fÚ-¡Zp ¡ ATP from New England Nuclear.

Histones H2À and HZB from trout testis were gifts from

Dr. J.R. Davie of this department. !ùhatman 3 MM filter

disks (1.9 cm) \^rere obtained from Mcleester Research

Equipment.
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Preparatlon of Bovlne Heart Mltocho4dffa

Freshty exclsed bovine hearts wele obtained from EasL-

tlest Packers of llinniPeg and stored on ice during transport.

Mitochondria vJere prepared by the method of Azzone, Colonna

and Ziche (621 with the exception that the number of washing

steps ( including the removal of the light mitochondrial

layer ) was increased to four "

In some experiments, Iight mitochondria (washed twice)

h'ere further purified by density gradient centrifugation on

PercolI gradients. Mitochondria were suspended in 30%

Percoll and 0.25 M sucrose and centrifuged at 78'500 g for

l- hour (Beckman 60 Ti rotor) at 4 oC. Gradient bands vtere

aspirated with a J-shaped hypodermic syringe and centrifuged

at 105,000 g for l- hour (Beckman 60 Ti rotor)' Gentle

swlrllng of the centrlfuge tubes was sufflclent to separate

the overtying mitochondrial material from the PercoIl

pe1lets. Mitochondrial material Þ¡as then collected by

stmply decantlng off the supernatant.

fI Mitochondrial Marker Enzvme Àssavs

Monoamine oxidaser äñ established outer membrane

marker, was assayed according to Schnaitmann and Greenawalt

(63) after a modification of the procedure of Tabor et al

(64). Cytochrome c oxidaser ãh inner membrane marker¿ was

assayed by the method of Yonetani (55). Adenylate kinase

activity, assayed by the method of Schnaitmann and

Greenawalt (63), was used as a marker for the mitochondrial

intermembrane space. Malate dehydrogenase, a marker for the
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mitochondrial matrix/ was assayed by the method of. ochoa

(65). Àcid phosphatase activity, assessed according to

Lindhart ar¡d !,talters (67 ) was used to determine the extent

of lysosomal contamination. 5r-Nucleotidase, a marker for

sarcolemmal contamination was assayed by the method of

Ä,rkesteijn (58). All marker enzyme assays \^tere carried out

under conditions in which the reaction velocities wcre

constant with respect to time and proportional to enzyme

concentrat i on .

.l_IJ___alner Enzyme Àssays

ÀTPase activity was measured by three methods 
"

Method 1_

The sodium dodecyl sulfate termination method of Monk

and KeIlerman (69) as modified by Yamada, Schiffman and

HuzeI (1) was employed. The reaction mixture. containing 50

mH Tris/sulfate buffer (pH 7.7). 0.36 M mannitol as well as

1.67 Fg of antimycin. 2 mM phosphoenolpyruvate. B.5 units of

pyruvate kinase, L5 units of lactate dehydrogenase. 2 mM

MgÀTP, and 0.205 ¡mol of NADH, in a total volume of l- Inl,

was equilibrated for l-0 min at 30 oc. The reaction was

started by the addition of enzyme. Incubation was for l-0

min at 30 oC. The reaction was terminated by sodium dodecyl

sulf ate to a f inal concentration of 0,33e. (w/v) .

Control tubes lacked enzyme which was added after the

addition of sodium dodecyl sulfate. Reaction blanks were

prepared contairring the complete reaction mixture but with

NADH ornlttecl, .Ç,arrìples were read ag,riä::t the blank at
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340 nm. Oligomycin-resistant ATPase activity was

determined in the presence of i-0 ¡g oligomycin,/mg prote

Oligomycin v¡as preincubated with enzyme f.or 5 min at 30

before the reaction was initiated as described before (

All other inhibitors were added directly to the assay,

Method 2

In some experiments it \,r'as convenient to follow the

ATPase reaction irr a continuous fashion under conditions

identical to those used in method l-. In this case the

assays v¡ere performed at 30 og in thermostatted

spectrophometer cuvettes, and the reaction r/tras started

the addition of enzyme after a l0 minute preincubation

the assay mixture with ÀTP. Reaction blanks lacked ATP, and

control rates ( in the absence of enzyme ) were used to assess

the non-enzymatic breakdown of ATP during the course of the

react i on .

I!_elhod 3

The ATPase activity of partially purified preparations

of protein kinase (measured in the absence of phosphoryl-

ation substrate ) h¡as determined at 30 9C try ttre release of

L32PJ inorganic phosphate from fð-S2PlATP. Reaction

conditions,rdere identical to those used to measure protein

phosphorylation in partially purified mitochondrial protein

kinase fractions. The reaction lvas terminated by the

addition of l-75 ¡f of ice-col-d 30% trichloroacetic acid.

l32P llnorganic phosphate was quantitated by the method of

Racker (70).

in.
O¡

?t

by

of
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protein Phosphorylation Assay

Protein kinase activity of mitochondrial fractions was

assessed by a modification of the method of Vardanis (44);

the reaction mixture included 5 mM sodium azide, 20 Fg

oligomycin,zmg of enzyme protein, l-0 mM 2-mercaptoethanol.

20 mM NaF, 5 mM MgSO4, 10 mM Tris-HCL buffer, pH 8.0, 250 Fg

of histone substr.tu, 0.2s *¡t f ð-¡2PlATP (B¿000-i0,000

cprn,/nrnol ) and enzyrïe in a total volunre of 75 pI, Àssays

were carried out at 30 oç in the presence and absence of

0.5 ¡:M cyclic AMP. Protein substrates were heated for 5 min

at B0 oC prior to use. The reaction was initiated by the

addition of ATP.

Conditions used to assay partially purified

preparations of mitochondrial protein kinases were slightly

modified, Type I-m preparations were assayed with 4 mM

MgSO4 and i-0 mM imidazole-HC1 buf fer. pH 7 ,0. Type II-m

kinase preparations v/ere assayed at 2.5 mM MgSo4 and l-0 mì'I

Tris-HC1 buffer. pH 7,5. AII other reaction conditions h¡ere

identÍca1 to those described for the assay of mitochondrial

fractions. Reactions were allowed to proceed Í.or 20 min at

30.oc and were terminated by spotting a 40 pf aliquot onto

Ithatman 3 MM filter disks and immediately immersing in ice-

cold 10u" trichloroacetic acid-20 mM sodium pyrophosphate.

Disks were further r.¡ashed in the trichloracetic acid-sodium

pyrophosphate solution according to Vardanis (44), Heat-

inactivated enzyme (100 oç for 4 min) was added to control

tubes ,
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Unlts for proteln klnase activiby (both protein

phosphorylation or ATPase as measured by method 3) are

defined as the quantity that resulted in the incorporation

or release of one pmol of phosphate per min. Enzyme units

for all other enzymes are defined as the guantity that

resulted in the formation of one ¡mo1 of product per minute.

Protein was determined by the method of Hess and Lewin (71)

with the exception that fractions solubilized with Triton

X-100 were assayed by the method of Wang and Smith (72).

Tv F ract ì onat i on of Mitochondr ia .

In agreement with the results of Scholte ( 36 ), when

digitonin hras used to prepare outer membranes from heart

mitochondria very poor recoveries Írere found. Several other

methods (Smoly et aI., 38), (I{hereat et â1., 73), (Hayashi

and Capaldi, 74) proved to be Iess satisfactory on the basis

of purity and yields of membranes than those described

be Iow.

a ) Procedure 1

This was an abbreviated version of the method of Comte

and Gautheron (40), no attempts r¡rere made to fractionate the

mitoplast fraction (inner membrane and matrix). In brief.

mitochondria were allowed to sweIl in 10 mM potassium

phosphate buffer, pH 7.4 at l- mg protein,/mI, for 20 min on

ice. Àf ter light homogenization, the suspension l"as

centrifuged at 1051000 g for one hour in a Beckman 60 Ti

rotor. The supernatant was saved and designated C-int

fraction. The pellet $¡as suspended in 0.25 M sucrose, 10 mM
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Tris-HCI buffer, ÞH 7.4 and mitoplasts (C-rnitoplast

fraction) sedimented at li-,500 q for 15 minutes. The

resulting supernatant fraction was centrifuged at 105,000 g

for one hour to pellet the crude outer membrane fraction.

This peIlet was suspended in the sucrose-Tris buffer and

layered in 2 mI aliquots onto a discontinuous sucrose

density gradient consisting "f 3 mI each of 5L7%, 3L.7e" and

25 "2e, sucrose (w/v) . Centrif ugation was at l-65r 000 q f or 45

minutes in a Beckman sll 40 Ti rotor at 4 oc, The three

resulting bands, designated CBI-, CBz and CB3 (from the top)

were aspirated, diluted with buffer. and pelleted at

105,000 g for one hour at 4 oc. The pellets were suspended

in 0.25 M sucrose and stored at -70 oC.

b ) Pr ocedrlre 2

To prepare outer and inner membrane fractions the

method of Scholte (36) was modified to process larger

amounts of mitochondrÍa1 protein. Mitochondria hrere

suspended in l-0 mM Tris-phosphate buf fer, pH 7.5 (7.32 mI/

50 mg protein) to which was added L.7 mg of trypsin. The

suspension was mixed in a centrifuge tube with a loose-

fitting pestle. After 5 seconds, one-third volume of l-.8 M

sucrose¿ 2 mM MgSO4 and 2 mM ÀTP \,/as added to the suspension

with continuous mixing. One minute after the addition of

trypsin, the suspension hras sonicated on ice in 10 ml

aliquots with four 5 second bursts at a setting of 6.5

(Heat-Systems Ultrasonic sonifier, model W 185). Each burst

of sonication was followed by a 15 second cooling period.
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Six minutes after the addition of trypsin, soybean trypsin

inhibitor in 0 " 45 M sucrose was added to give a ratio of

soybean trypsin inhibitor to trypsin of 1.5 pg to 1.0 pg.

The suspension was then layered in 5 m1 aliquots onto

sucrose density gradients composed of 2 ml each of 3-.2 Mf

l-"0 M and 0.5 M sucrose¿ and centrifuged at 249,000 g for

one hour in a Beckman Sw 40 ti rotor ul q oC. Band 1 (top

of gradient), designated SB1, included the supernatant and

material located at the 0.45 14/0.60 M sucrose Ínterface.

SBZ rá¡as material found at the 0.6 M/1.0 M sucrose interface;

SB3 v/as mater iaI at 1 . 0 l4/I.2 14 sucrose interf ace and

S-mitoplast fraction was the pe11et. The gradient bands

hrere aspirated with a J-shaped hypodermic syringe and

S-mitoplast pellets vrere removed with a glass stirring rod

and lightly homogenized to resuspend this material. À11

fractions were diluted with 0.25 M sucrose and pelleted at

l-05r000 g for one hour in ä Beckman 70 Ti rotor at 4 oC.

The pellets were then suspended in O.25 M suc.rose and stored

at -70 og.

c) Analvsis of the Fractionation Data

Oligomycin-resistant ATPase activity is defined as that

activity observed in the presence of l-0 Fg of oligomycin,/mg

protein. Oligomycin-sensitive ÀTPase activity is the

difference between activities derived in the absence of

oligomycin and those observed in the presence of oligomycin.

Cyclic nucleotide-independent histone kinase activity has

been described in bovine heart mitochondria (44).
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Consequently, protein kinase activities derived from

IocaLLzation studies have been broken down into basal

activities (derived in the absence of cyclic ÀMP) and cyclic

ÀMP-dependent activities (derived in the presence of cyclic

ÀMP minus basal activities ) .

v !.fSpC¡CËion and Analvsis of Histone Phosphorylation

quþEËEel_q

Whole calf thyrnus iristones ( Sigma Hz-At No. 92-50) were

resolved intr-' four peaks by chromatography on Bio-GeI P-30

columns as described by Davie (75). The third histone peak

eluting from the column was routinely used as the

phosphorylation substrate. Histone preparations v/ere

analyzed by electrophoresis by the acetic acid,/urea/Tr.iton

X-l-00 mini slab gel system of Davie ( 75 ) .

vI_, EiectroÞhoresis and Staininq for--ÀIP-êË-e-Àg!i-vil-y

Electrophoresis in polyacrylamide tube gels was carried

out as described by Apps and Glover (76) with the exception

that Triton X-100 (0.1e" v/v) vÍas present in the gels and

electrophoresis buffers. The gels !ùere subjected to pre-

electrophoresis for 20 min prior to addition of sample as

suggested by Dulaney and Touster (77 ) . Samples for

electrophoresis were solubilized in Zeo Triton X-100 by the

method of Barbero et al (78) and then preincubated at 25 og

in 50 mM 2-mercaptoethanol for 2 hrr. Samples \,rere then

diluted with an equal volume of two times concentrated

electrophoresis buffer and aliquots containing 70 Fg of

protein were loaded on geIs. ATPase activity (in the
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presence and absence of 5 ml'f azide) was stained in gels by

the methods of Apps and Glover (76).

VII Partial Purif ication of Mitochondrial P¡A.l_e_¿n_Kinases-

a) S_g.nication atrd Ultra ntrifuqation

The following procedure is based on the enzyme

purification from 9.1- g of heavy mitochondrial protein. All

procedures were performed at 0-4 og. Mitochondria were

suspended to 20 mg protein,/ml in 5 mM Tris-HCI. l- ml'l EDTA

and 5 mM 2-mercaptoethanol, pH 7.5 (purification buffer) and

sonicated on ice in 10 ml aliquots at maximum amperage

(Bronwill sonif ier, model l-51-0 ) with three l- min bursts

interspersed with 30 second cooling periods. The sonicated

suspension was centrifuged at 105r000 g for t hr (Beckman 70

Ti rotor ) . The pelleted membranes were washed again in half

the volume of buffer and the two supernatant fractions were

poo 1ed

Æg--chr¿oJnatoqraphy
Mitochondrial supernatant fractions (2.1- g in 750 ml)

\^rere processed in three batches. À 250 ml sample of the

supernatant fraction was dialyzed against 20 volumes of

purification buffer overnight and loaded onto a 1.6 cm x

32 cm column of DEAE-cellu1ose (tJhatman DE-52), previously

equilibrated with purification buffer. The column was

washed at a flow rate of 2.5 ml,/min until no further protein

was detected in the eluate. Protein kinase inras then eluted

with a linear salt gradient running from 0 to 0.4 M NaCl in

a total volume of l-000 ml. Fractions of l-5 mI hrere
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collected, and kinase activity was determined by adding 10

¡,r1 aliquots of each fraction to the phosphorylation assay.

Indlvidual peak fractions, containing Type I-m and Type II-m

protein kinases vrere collected and concentrated by

precipitation with 70% arnmonium sulfate, redissolved and

dialyzed overnight against purification buffer.

c I Sephacrvl- S-200 CoIumn Chromatoqraphy

Concentrated preparations of Type I-m (205 mg in LZ mI)

and Type II-m (1?0 mg in 11.5 ml) from the previous step

were loaded on a column'of Sephacryl S-200 (2.5 cm X 77 cm)

previously equilibrated v¡ith purification buffer. Each

kinase was processed by two separate runs through the

column. The column was eluted with the same buffer at a

f low rate of 1-.8 rnl,/min and 3.6 mI f ractions were saved and

analyzed for the presence of protein kinase activity. Peak

fractions v/ere collected and concentrated by disposable

Minicon l-0 concentrator units (Àmicon).

d ) Sephacrvl S-300 Column Chromatoqraphv

Samples from the previous step were loaded onto a

column of Sephacryl s-300 (1.6 cm x 60 cm) previously

eguilibrated with purification buffer and run at a flow rate

of 0.75 ml,/min. Protein loads in the column never exceeded

LZ mg. Fractions of 1.5 mI were collected, analyzed for

protein kinase activity and the peak fractions concentrated

on Minicon 10 units.
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e ) Hvdroxylapatite Column Chromatoqraphv

Samples from the Sephacryl S-300 step \dere dialyzed

overnight against 100 volumes of 50 mM potassium phosphate,

5 mM 2-mercaptoethanot buf f.er, pH 7 ,0, then loaded onto a

column (2.6 cm x L4 cm) of hydroxylapatite (Biogel HTP)"

The column vtas washed in step-wise f ashion with 50 mM¡ 0.l-0

M, 0.l-5 M and 0.25 M potassium phosphate solutions, PH 7 .0,

containing 5 mH 2-mercaptoethanol. Each concentration of

potassium phosphate l'.¡as run through the column until no

further protein was detected in the eluate. Types I-m and

II-m eluted r¿ith the 0.1-5 M potassium phosphate step, were

concentrated on Minicon 10 units and dialyzed against

purification buffer.

steps for purification of protein kinase Type II-m v/ere

performed in the order presented. For the purif ication of

Type I-m the order of the last two steps was reversed:

hydroxylapatite column chromatography was performed first,

followed by application to the Sephacryl S-300 column.

Samples were boiled for 90 seconds just prior to

electrophoresis in 0.063 M Tris-HCl buffer, PH 6.8, /eo SDS¿

10% glycerol and 5% 2-mercaptoethanol. Electrophoresls \^/äs

performed in a mini slab gel electrophoresis unit (Ideal

Scientific) by the method of Laemmli (79). The stacking ge}

had a total monomer content of 4.$ts and the proportion of

Nt rN' -methylene bisacrylamide \,Ías 2.7%. Corresponding

values for the separating gel v¡ere L0.0% and 2.7%
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respectively. Both gels contained 1.0% SDS and the geI

buffers were 0.125 M Tris-HCl, pH 5.8" and 0"375 M Tris-HCI/

pH B.B, respectively for the stacking and separatíng geIs.

Electrophoresis was carried out ät a constant voltage of

200 mV/gel until the visible phenol red front reached the

bottom (usual1y 50 min). GeIs were stained overnight in

0.L25uo Coomassie blue (R-250 ), 5Oeo methanol and j_Oeo acetic

acid. They v/ere destained f ox 30 min in 50e" methanol and

1Oeo acetic ecid, and then overnight in Seo methanol and 1eo

acetic acid.
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i _98*-èTP_a_s_e_ Àc_t_il¿_i_t_y_._q_f_g9t¿l¡e__H_esrl__}1ilpc¡_Ðqr_¿ê

Fig. I shows the effect of varying concentrations of

oligomycin on the ATPase activity of heavy mitochondria. It
is apparent that the concentration of oligomycin must be

raised to B-10 pS/nS of protein in order that a plateau of

inhibitÍon be reached. Consequently, a concentration of

l-0 pg of oligomycin/mg of protein was used routinely to

determine the activity of OR-ATPase. The rates of the

ÃTPase reaction (method l-) in the absence of oligomycin were

constant for the l-0 minute time interval used and were

directly proportional to enzyme concentration up to l-5 pg of

mitochondrial protein. Fractions with higher specific
ÄTPase activities (SB3 of Table l-l-) were linear for the same

time interval with 5 ¡rg of protein (Fig. 2). In the

presence of crligomycin, rates lüere. constant for the 10

minute time interval used and were directly proportional to

enzyme concentration up to 20 Fg of enzyme protein (Fig. 3).

Mitochondrial pellets derived from bovine heart are

characteristically made up of two distinct layers; the

upper, light brown Iayer contains light mitochondria. and

the darker brown layer heavy mitochondria. Table l- shows

the effect of oligomycin on different mitochondrial

preparations. In four separate experiments, inhibition of

light mitochondrial ATPase activity by oligomycin ranged

from 7Auo to B2-or' (average of 79o+). These light mitochondrial

preparations also exhibited the highest OR-ATPase

activities. Heavy mitochondrial preparations \^/ere f ound to
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FÍgure 1 Meg¿y
activity by oligomr¡cin

oligomycin was preincubated for 5 min at 30 oC

l'¡ith l-00 Fg of mitochondrial protein in 5.5 mM

Tris-sulfate buffer. ÞH 7.5, in a volume of

0.76 ml. 76 ¡tI of the preincubated enzyme

(l-0 pg ) was then added to the standard ATPase

assay mixture (method 1) to start the reaction.

Controls were preincubated without oligomycin

which was added after termination of the ATPase

reaction. Each value is the mean of two

exper iments .
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Figure 2 Ras-po ns e o f mi t ocho nd_E:a_1_AfPa_ce__e s.t:!y_i-!¡¿-_!.q

incubation tine-. and en?yme qonge[tfation

ATPase ãssay rnethod 1 v¡as used arrd aII values

were determined in the absence of. oligomycin.

Heavy mitochondrial protein (e-@), SB3 derived

from fractionation procedure 2 (@--Æl) . Time

points \^/ere obtained with l-0 ¡rg of mitochondrial

protein oy 2"5 pg of SB3. Activities at various

enzyme concentrations were determined over an

assay interval of l-0 minutes. Each point

represents the mean of two experiments.
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Figure 3 Le_ç_p_A_nÞe___al nritochondr ia1 OR-ÀTPase activity

!o incuba'Þ_ion _l!_me and enzvme cgncentration

. ÀTPase assay method l- l'tas used and all values

were determined in the presence of l-0 Fg

oligomycin / mg of protein. Heavy mitochondrial

protein (@-@) , sB3 derived from f ractionation

procedure 2 (ffi) . Time points were obtained

with 20 pg of enzyme protein and activities

at each enzyme concentration were determined over

an assay interval of l-0 minutes , Each po int is

the mean of two experiments,
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TAsLE 1.

Heavy and 1lght mltochondrla were separated by the ¡nethod

of Azzone et al (62) " 10 pg ollgomycln/ne proteln was used in

each experlment and ATPase assays were done by method 1. The

number of experlments ls indicated ln brackets,

Mltochondrlal

type

0R-ATPase

unlts/mg

+ S.E.l'f.

ø lnhlbttlon of

mltochondrlal ATPase actlvlty

by ollgomycln

Heavy

Lleht

111xed.

0.08 + 0.01

0,2Ç + 0.0Ç

0"1J + 0.04

(6)

(4)

G)

90.5

?8.7

8? "?
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be more sensitive to oligomycin, ç¿ith inhibitions ranging

from B8g to 92% (average of 90.5%) over six experiments.

Heavy mitochondrial preparatlons were associated wlth much

lower ATPase activlties in the presence of oligomycln'

Results for rnixed populations of heavy and light

mitochondria are intermédTate bètwèen the two separate

populations in terms of specific activities for OR-ÀTPase.

Percoll gradients were used to examine the nature of

the OR-ÀTPase activity in light mitochondrial preparations.

Light mitochondrial material resolved into four bands on

these gradients and the distributions of lysosomal acid

phosphatase, mitochondrial cytochrome c oxidase and

OR-ATPase were examined by De Duvers (80) plots (Fig. 4).

The results of two experiments demonstrate that OR-ATPase

activity was most enriched in gradient band 2 (specific

activity of 0 . 46 t 0 .10 ¡rmo1,/min,/mg ) . Acid phosphatase v/as

also most enriched in gradient band 2 (specific activity of

0 .027 t 0. 006 ¡mol,/min,/mg ) and to a lesser extent in

gradient band 1. In contrast, cytochrome c oxidase activity

lúås not enriched in gradient band 2 and the distribution of

this mitochondrial enzyme in the gradient fractions varied

noticeably from that of the other enzymes. These results

suggested that the OR-ATPase activity of Iight mitochondrial

preparations was largely of lysosomal origin. Further work

attempted to differentiate between lysosomal and mitochond-

rial OR-ÀTPases in heavy and mixed mitochondrial samples.
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Figure 4 The partition of cytochrome oxidase, OR-ATpase

and acid phosphatase of liqht mitochondria in

Percoll gradients

Ir2t3and4

gradient from

activity (R. S.

activity in a

that fraction.

exper iments .

re f er to bands in the Percol_ 1

the top. Relative specific

A. ) is def ined as the eo recovered

fraction / ea recovered protein in

A1l data are the means of two
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II Mltochondrlal Proteln Klnase Actlvltv

In this section a series of preliminary experiments is

described which demonstrate that cyclic nucl-eotide-

dependent protein kinase occurs in mitochondria and which

establish suitable experimental conditions for the study of

the enzyme.

a) Phosphorvlation Substrate and Assav Conditions

Protein kinase activity of both heavy mitochondrial

particulate and soluble fractions Þ/as found to phosphorylate

protamine. casein and phosvitin poorly. Table 2

demonstrates that activity was greater with crude calf

thymus histone preparations (Histone IIÀ. Sigma). Fractions

of trout testis histones complised mainly of H2B were found

to be very good substrates (data not shown). Fractionation

of the crude calf thymus histone preparations by eio-Ge1

P-30 column chromatography resolved histones into four

peaks; the third peak eluting from the column \¡tas found to

be a superior substrate (Table 2), Ge1 electrophoresis of

the histone column fractions and densitometric tracing of

the stained gels (see Fig.5) demonstrated that HzB was the

predominant species in Peak III. This histone fraction v/as

used 1n aII subsequent assays as the phosphorylation

substrate.

Initially intact mitochondria and membranous

subfractions were found to exhibit little protein kinase

activity (specific activity < 2 pmo1./min/mg protein) in

assays lacktng 2-mercaptoethanol and containlng only
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ñ r-rñ ô
L l\-ó t'r, a

of the Proteln Kinase From Bovlne Hearb I'iitochondriaSubstrate Specificit

C-int f::action (tatte !) was used o The hlstone

deslgnated. as d.escribed in the legend for Figure J"

in the absence of eAMP. Values are the mean of two

fractions are

Activtty was assaYed

experinents,

Substrate Proteln klnase actlvltY

(unlts/ng of proteln)

Protamlne

Caseln

Phesvitln

i{lstone fls (Sre¡ra)

Histone H1 (Peak 1)

Hlstones H?A + H3 (Peak II)

Hlstone llZB (Peak III)

Htstone H4 (Peak Iv)

3"t

7,9

5,2

27,3

L2.3

22,4

24),9

?n6
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Electrophoresis of histone fractions

VJhole calf thymus histones were separated into

four peaks by gel filtration on Bio-Gel P-30.

Aliquots of each were applied to acetic actd/

urea/Triton X-1-00 mini slab gels (75); electro-

phoresis was in one dimension. The lanes are

numbered from left to right. Lane L, LZ pg of

unfractionated histones; Lane 2t 6 Fg of peak f;

Lane 3, 6 Fg of peak ÍÍ; Lane 4 | 5 pg of peak I I I

Lane 5t 7.4 pg of peak IV. Densitometer tracings

of the stained gels gave the following: peak 1l

10. L , 48 .2, 29 .4 and t2.4e" respectively of HzAr

H1, H3 and H4; peak II, 29.1eo of H2A and 70.2e"

of H3; peak III, 53e" H2B with the remainder

distributed among H2At H1 and H3; peak lY, B9eo

H4. The variants of each histone type are

included in the values.
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ollgomycln (20 ltglnq proteln) äs the lnh1b1tor of

mltochondrlal ATPase actlvity. vlith thls assay system the

units of protein kinase activity recovered in soluble

mitochondrial fractions far exceeded the total units in

mitochondrial starting material. Inclusion of 5 mH azide,

in addition to oligomycin, was found to greatly stimulate

protein kinase activity in mitochondrial membranous

fractions, and to a lesser extent in mitochondrial soluble

fractions (see Table 3). Protein kinase activity was

reduced approximately 60â '¡rhen 2-mercaptoethanol was omitted

from the complete reaction mixture; however preincubation of

enzyme mixtures with this reducing agent (as described in

the legend to Fig. 1-0) had no additional effect over simple

lnclusion in the assay.

Protein kinase activity in non-disrupted mitochondrial

preparations exhibited a 1.9-fold activation following

disruption by sonic vibration, or treatment with 0.lt

Triton X-100 (Table 4).

b) Effect of Modulators on Protein Kinase Activity

Mitochondrial protein kinase activity was activated

approximately 2-f old by the inclusion of 0.5 ¡:M cyclic ÀIlP

(TabLe 5). concentratlons of cyclic AHP exceeding this

value had no additional stimulating effect (Fig. 5). CycIic

GMP (0.5 ¡M) had 1ittle effect on mitochondrial protein

kinase activity (Tab1e 5). Calmodulin (Sigma P2277) or

phosphatidylserine-diolein had negligible effect in the
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A\:LE 3

Effect of .iziC.e and. 2-nercapioethanol- cn

i'lit cchonCria l- Prot ein Kinase r\ c*"iv;!!y

t-¡?actrons to be assayeC. for protein kinase ac'uivity were preincul:a'"ed-

'¿iih O.I% Tri'uan X-]OO for 20 nin on i-ce prior to a.ddition to the assay.

i,litochonCrial soluble fractions were C-int (tatfe 6) . Assa,vs were Cone

in,rhe absence of cyclic;\i'iP. The nuilber of experinents is indica+"ed in

r^* ^f.^+^uj-ét¡AE uÞ ¡

iissa.v sys+"elt: i'iltochond.rial i'litochond-rial

/_
\see axDerrrnentai l'lethcds) sonicates sc]uble fracti-on

pmol/min/mg Pnol,/nin/nrg

with a.ziCe (5 mi"i) ana
2-rnercaptoethanol (10 :ld'i)

wi'uhout azi-Ce

'*ithout 2 -rnercapt oethanol

withou+- aziCe anc1

2 -merca¡t oethanol-

??,s (6)

15.c (1)

,?5.0 (1)

2,0 ())

?43,0 (3)

:r n lr IÉ).v \¿,/

114,8 (1)

11.e (2)
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TASLE 4

Actlvatlon of Mitochondrlal Proteln Kinase Actlvlty

By Membrane Disruptlve Agents

Mitochondrla Proteln kinase activlty

pnol/rnf n/ng

+ S.EOMO

ïntact

Sonlcated

+ 0.7% Trlton x-100

39,9

77 "8

7t.o

5r (5)

27.2 (6)

9,? @)

+

t
+

Sonicatlon lras performed as descrlbed under sectlon VII a) ln
¡ExperJ-mental Methods'o Trlton X-l00 uras preincubated with

the enzyne preparatlon for 20 mln on ice prtor to addltlon to

the assay" The nu¡nber of experl¡nents ls lndlcat,ed ln brackets,

Àssays were performed ln the absenee of cyel1c Al{p"
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TA3I,E 5

Effect of ModuÞtors on Hlstone Klnase Actlvlty

0f Bovlne Heart Mltochondrla

C-int fractlon ( tatte 9 ) r+as used wlth hlstone H2ts (peak III) as

substrate" Phosphatldylserlne and d.ioleln were sonlcated ln a ratlo

of 10 ngfO.? ng respectively, before use. Values are the mean of

two experlnents.

Concent::atlon¡dd.ltlons to

reactlon med.lun

Actlvlty

(pmol/mrn/m6')

None

Cyclic al'F

Cycllc GMP

Cal¡nodulln

Ph osphatld ylserlne-di oleln

n^2+ud.

+ calmodulln

+ phosphatld.yls erlne-dl oleln

0.5 Fll

0.5 ¡$1

20 ps/nt

O"04 mg/m1

0"5 ml'I

20 ye/nt

0.01r mg/mI

243,9

435,6

297 "7

224,)

?76 "5

118.1'

t3?.L

162 "?
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Figure 6 Response of mitochondrial protein kinase

activity to cyclic Al"lP

The enzyme was 10 Fg of the C-int fraction

derived from heavy bovine heart mitochondria by

fractionation procedure l- (Tab1e 9). The assay

was performed as described for mitochondrial

subfractions under'Experimental Methodst. Each

point is the mean of two experiments.
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presence or absence of 0,5 mM Caz+. Calcium itself was

found to be inhibitory at concentrations exceeding 10-5 M.

The pH optimum for histone phosphorylation v¿as

estimated to be 8.0 in the presence or absence of cyclic AMP

¡¿¿ith optimal activity at a magnesium concentration of 5 mM

(Fig. 7). At this pH and magnesium concentration, rates

were constant for 30 minutes and \Àrere directly proportional

to enzyme concentration up to l-0 pg of soluble mitochondrial

protein (Fig, 8). Cyclic AMP-dependent histone

phosphorylation was maximal with 250 pg of phosphorylation

substrate (Fig. 9).

.L-t ¿__l,pe.elizat ion of OR-ATPase and Cycl ic AMP:_Ð.ç_pS.ndC¡!

Protein Kinase by Fractionation Procedg¡.e_!

a ) OR-ATPase

Table 6 demonstrates the specific activities and

recoveries of mitochondrial marker enzymes and oligomycin-

resistant and sensitive ÀTPases derived from heavy bovine

heart mitochondria by fractionation method l-. The inner

membrane enzymes (cytochrome c oxidase and oligomycin-

sensitive ATPase) were largely associated with the

C-mitoplast fraction. This fraction accounted for 9L.3r, of

the starting mitochondrial protein and approximately BTeo of

the monoamine oxidase activity. C-int fractions, accounting

f or 7.Soa of the mitochondrial protein, were enriched in the

soluble mitochondrial enzymes adenylate kinase and malate

dehydrogenase (3,7 and 5.2-foId respectively from heavy

mitochondria) and lacked detectable amounts of outer and



49

Figure 7 Response of mitochondrial protein kinase

to pH and maqnesium

The enzyme was l0 Pg of the C-int fraction

derived from heavy mitochondria by fractionation

procedure 1 (TabIe 9). Protein kinase activity

in the presence (ffi) and in the absence ({lH)

of cyclic ÀMP. Protein kinase activity was

determined as described in 'Experimental Methods'

with the exception that the buffers used were

imidazole-HC1 f or pH 6. 0 7 .0 , Tr is-HCl f'or pH

7,5 - 8.5, and glycine-KOH for pH 9.0 - 10.0.

Each point is the mean of two experiments.
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Figure B Response of mitochondrial protein kinase

activity to incubation time and enzyme

concentrat i on

The enzyme used h¡as the C-int fraction of

fractionation procedure 1 (Table 9). The assay

I¡Jas performed as described in'Experimental_

Methods I in the presence of 0 . 5 ¡lt of cycl ic A.ì4p.

Each point is the mean of two experiments.
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Figure 9 Response of mitochondrial protein kinase to

substrate concentration

The enzyme was 10 ¡g of C-int fraction prepared

from heavy mitochondria by fractionation

procedure 1. The substrate wäs peak f II from a

Bio-Gel P-30 column (see Figure 5 and Table 2).

Each point is the mean of. two experiments done

in the presence of 0.5 ¡U cyclic AMP.



54

50

40

To
x30
E)

Ê
ìtfl
(J

Eè

10

o
30050 100 150 200 250

Histone Fg f¡sl



E
nz

¡r
ne

M
on

oa
m

ln
e 

ox
ld

as
e

C
yb

oc
hr

on
e 

ox
ld

as
e

M
al

at
e 

de
hy

dr
og

en
as

e

A
de

ny
la

te
 k

ln
as

e

0R
-A

T
P

as
e

G
-A

T
P

as
e

A
cl

d 
ph

os
ph

at
as

e

Jo
 n

uc
le

ot
ld

as
e

T
A

B
IE

 é

S
pe

cl
f-

lc
 A

ct
1v

itl
gs

 o
f 

E
gz

ym
es

 ln
 F

ra
ct

lo
ns

 P
re

pa
re

d

[T
o¡

n 
i{e

g.
vy

 Þ
llt

oc
ho

nd
rig

 o
f 

B
ov

ln
e 

H
ea

rt
 b

v 
P

ro
ce

du
re

 I

M
lto

ch
on

dr
La

?"
0 

+
 o

"7

3"
1 

+
 o

n8

2"
2 

+
 O

.2

0"
1 

+
 0

"1

0.
07

 +
 0

.0
2

O
.J

J 
+

 O
.7

J

0.
00

5 
+

 0
"0

01

0.
01

8 
+

 0
"0

05

S
pe

cl
flc

 A
ct

lv
lti

es
 

(¡
m

ol
/n

ln
/m

g 
pr

ot
el

n 
+

 S
.E

.ll
.)

C
-m

lto
pl

as
t 

C
-ln

t 
C

B
1 

82

N
ot

er
 A

ll 
da

ta
 a

re
 t

he
 m

ea
ns

 fo
r 

th
re

e 
pr

ep
ar

at
lo

ns
.

m
lto

ch
on

dr
la

 (
10

0)
, 

C
-n

l-t
op

la
"t

 (
9f

 .1
),

 C
-ln

t

1.
9 

+
 0

.8

4"
4 

+
 1

"0

1"
0 

+
 0

.2

0.
19

 +
 0

.1
0

0.
07

 t 
0"

02

0"
69

 +
 0

.2
0

0.
00

5 
+

 0
.0

01

0"
01

5 
+

 0
.0

05

0.
0

o.
o

11
.4

 +
 1

.8

1"
1 

+
 0

,3

0.
0J

 +
 0

.0
1

0.
02

 +
 0

.0
0

0o
0

0.
0

?9
.6

 +
 ?

"0

0"
8 

+
 0

.2

0.
ó 

+
 0

"1

0"
05

 +
 0

.0
2

0"
0ó

 +
 0

.0
1

0"
19

 +
 0

"0
9

0.
0d

+
 +

 0
"0

01

0"
01

5 
t 

0.
00

6

I?
,?

 +
 2

,5

ó.
8 

+
 1

"4

0.
6 

+
 0

.1

0.
13

 +
 0

"0
7

0.
19

 t 
0"

05

0"
8?

 +
 o

,?
J

0"
00

5 
+

 0
"0

02

0,
01

? 
+

 0
"0

06

T
he

 r
ne

an
 p

ro
te

ln
 (

Ø
)

Q
,j)

o 
cB

t 
$.

2)
u 

B
z

cB
3

6,
3 

! 
r"

5 
94

"0

4"
8 

+
 1

,0
 I

U
,o

0"
1+

 +
 0

.1
 

81
,0

O
" 
1l

 +
 0

" 
0l

+
 8

6.
0

0,
35

 +
 0

"1
0 

10
0"

ó

1.
82

 t 
0,

60
 II

? 
"O

0"
0d

+
 +

 0
"0

01
 8

?.
8

0"
01

? 
+

 0
"0

09
 ?

?.
2

R
ec

ov
er

y

%

ln
 t

he
 fr

ac
tlo

ns
 w

as
:

(0
.4

)u
 a

nd
 c

nf
 (

0"
5)

"

\^ \^



J/)o

inner membrane marker enzymes. Crude outer membrane

fractions, fxom which are derived the gradient fractions
CB1, CBz and CB3, accounted f or 1.5e" of the or iginal
mitochondrial protein and B.0eo of the mitochondrial

monoamine oxidase activity. In agreement with the findings

of Comte and Gautheron (40) CBI-. the uppermost band obtained

by sucrose density gradient centrifugation, r¡/as the most

purified preparation of outer membranes obtained. Àlthough

this fraction accounted for only 0.2e" of the total
mitochondrial protein, it was enriched 14.8-fold in

monoamine oxidase activity from mitochondria and

represented approximately 3.0eo of the original mitochondrial

monoamine oxidase activity. In contrast to the results of

others using rat tissue mitochondria (19-2I), the outer

membrane fractions of heavy bovine heart mitochondria were

not enriched in OR-ATPase activity. CB3 t têpresenting only

0.5eo of the starting mitochondrial protein, exhibits the

best enrichments for both OR-ATPase and oligomycin-sensitive

ATPase activities (5.0 and 3.3-fold respectively from heavy

mitochondria). Lysosomal acid phosphatase and sarcolemmal

5f -nucleotidase activities represented only 0.Zeo and L.5ro

respectively of the total units of beef heart homogenate in

our heavy mitochondrial preparations. These contaminants

were not significantly enriched in any of the sub-

mitochondrial fractions.

Initial experiments with this fractionation scheme used

mixed and light preparations of bovine heart mitochondria.
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As dernonstrated earlier these mitochondrial Breparations

exhibit much higher specific activities for OR-ATPase than

do heavy mitochondrial preparations (see Table l-). Table 7

shows that OR-ATPase activity is approximately 2-fold

enriched in outer membrane fractions (CB1) when mixed and

tight populations of mitochondria were used as the starting

material. The ATPase activity of cB1 from mixed

mitochondrial populations was inhibited equally as well by

,1Eidtr,=rì }iy oligrririy.lir, i,i-1,1{Ërtlng t}i;rt t}.te reslstant A.TPase

of these outer membrane fractions v.las not a different form

of the energy-transducing ATPase. lte11-known inhibitors of

ÀTPases of sarcolemma and sarcoplasmic reticulum ( Bl--84 ) had

negligible effects on the OR-ATPase activity of outer

membrane fractions of mixed mitochondria (Table B).

Monoamine oxidase activity in CB1 v/as enriched L0.3-fold

from mixed mitochondrial populations and 8.0-foId from light

mitochondria. These mitochondrial preparations, however,

were heavily contaminated with lysosomal material; light

mitochondria accounted for l-,0% of the units of acid

phosphatase in the bovine heart homogenates and mixed

populations for as much as l-.8eo. Acid phosphatase activi
was also enri.ched in outer membrane f ractions (5.2 and Lz

fold from mixed and light mitochondria). That OR-ATPase

activity enriches with acid phosphatase activity in CBI- when

mixed and light populations of rnitochondria are the starting

material suggests a lysosomal origin fox the OR-ÀTPase

ty
1_
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TABIE 7

Speclflc Actlvltles of Enzymes in Outer Membrane FÏactlons

0f I'fixed. and Llght Populatlons of Mltochondrla

Procedqre 1 ¡¡as used to prepare outer membrane fractlons (ctsl ) o Values

for nlxed r¡itochondrla are the means of three experlnentso Values for
Ught nltochondrla are the ¡neans of trso experinents"

* Recovery of acld. phosphatase ln nlxed and. llght populatlons frorn

bovlne hearb homogenate lras 1,"W anà !"M respectlvely"

Enzyme

Speclflc

lftxed
mltochond.rla

A,ctlvltles

Outer
nenbranes

(¡nol/nfn/w ZS.E.M.)

Llght
¡nltochondrta

Outer
-menbranes

Monoanlne oxldase 2"4

Acld phosphatase 0,009

OR-ATPase 0"15

CyLoehrone oxldase 3.6

+

+

+

+

+

t
+

+

t
+

t
+

1,0

0" 002*

0.01+

007

24,9

0,04?

0"36

0"8

7,2 2,7

0"013 0"017

0.o? 0.24

0"1. 4"1

0".|+ 16,8 + 4,1

0.005* 0.2!6 + 0.0J0

0.0ó 0"48 + 0"10

1..0 1."0 + 0"30
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TASTE B

Effqct of Inhlbltors on ATPase Actlvlty of Ogler [embranes

Eron Mlxed Heavy and Light Mltochondrla

Inhlbitor Concentratlon ATPase actlvlty Inhlbltlon

¡nol/nLn/ng protein fr

+ S.E.H.

None

Sodlun azide

0llgonycln

Olf.gomycln x

5.0 nl't

0.88 + 0"08 0

0.38 t 0.10 57,4

0,37 + 0.07 58.3

+ '¡anadate 10.0 nl'f 0.37 + 0.0? 58.0

+ ECTA 1"0 mrY 0,37 + 0,07 58"0

+ ouabain 0,1 nI'{ 0.16 + 0"0f 59.j.

Note: Results are the neans of three experlnentso

* Enzyne fractlon uas prelncubated wlth ollgonycJ-n and. then the other

lnhlbitors l¡ere added separately to the fj-nal lncubatlon nedlum.

10 ¡re/rng of proteln

Io ys/w of proteln
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activity in these outer membrane fractions' Therefore,

further work on mitochondrial OR-ATPase activity used

heavy mitochondrial preparations to avoid problems with

contaminating lysosomal ATPase activity.

b) _ÇVqlfç, AME:De"Lendent Prote in Ki.n-e.ee

TabIe 9 sho,.¿s the specific activities and recoveries of

cyclic nucleotide-dependent and independent (basa1) protein

kinase activities in fractions derived by fractionation

procedure L from heavy bovine heart mitochondria. The

protein kinase activity of all fractions exhibits an

activation of approximately 2-fold by cyclic AMP. The

C-mitoplast fraction is not enriched in protein kinase

activity although it does account for approximately 63e" of

the starting mitochondrial units of cycLic nucleotide-

dependent protein kinase and 62"t of the basal protein kinase

activities. This fraction is not enriched in adenylate

kinase or malate dehydrogenase (Tab1e 6) although it does

account for 5B% and 42eo of the heavy mitochondrial units of

these soluble mitochondrial marker enzymes.

Mitochondrial protein kinase activity may exist in

soluble forms as evidenced by the enrichment of basal

protein kinase (4.1-f oId ) and cyclic AI'IP-dependent protein

kinase (2.5-fo1d) in C-int fractions (Tab1e 9). Of the

original protein kinase activity in mitochondr ia. 30. B% of

the basal activity and L9.1-,o of the cyclic nucleotide-

dependent activity are found in these fractions. C-int

fractions are enriched 3.7-fold in adenylate kinase and
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represent ZÙeo of the recoverable units of this enzyme

activity (Table 6). The 5.2-fo1d enrichment of malate

dehydrogenase in this fraction suggests that damage to the

inner membrane occurs during this fractionation procedure.

Basal and cyclic nucleotide-dependent protein kinases

äre enriched in all gradient fractions, most notably CB2

(7.0-f oId f or basal activity and B. B-f oId f.or cyclic AMP-

dependent activity) and to a lesser extent in CB3

(Table 9). CBZ and CB3 are rnixed outer and inner membrane

fractions, enriched in monoamine oxidase (6.4 and 3.2-fo1d,

respectively) and to a lesser extent in cytochrome oxidase

activities (2.2 and l-.5-f o1d. respectively) . Adenylate

kinase and malate dehydrogenase were not enriched in any of

the gradient fractions (Tab1e 5).

IV L_ocal:_aatj_Sn of OR-_AIP_ese and Cvclic AMP-D ent

Protein Kinase by Fractionation Procedure 2

a ) oR-ATPase

The inclusion of trypsin to mitochondrial fractionation

methods may increase outer membrane yields by cleaving the

putative connections that exist between the outer and inner

membranes of heart mitochondria (36). TabIe I0 shows

mitochondrial- marker enzymes and ATPase activities in

fractions derived by procedure 2 using heavy bovine heart

mitochondria. SBl- was the most enriched outer mernbrane

fraction (4,9-foId enrichment in monoamine oxidase activity

from mitochondria). OR-ATPase was most enriched in SB3 and

SB2 (2.3-fold in terms of specific activities from
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mitochondria). In agreement with fractionation scheme L,

OR-ÀTPase activity did not co-IocaIize with outer membrane

fractions when heavy bovine heart mitochondria \âiere used as

the starting material for the fractionation methods.

It is apparent that no clear correlation between OR-

ATPase activity and the mitochondrial marker enzymes exists.

oligomycin-sensitive ATPase activity also exhibits the best

enrichments in S82 (2.3-fold from mitochondria) and to a

lesser extent in SB3, Cytochrome c oxidase activJ.ty is

marginally enriched in sB3 (f.3-fold from mitochondria) but

not in SB2. Comparison of Table 5 and Table l-0 suggests

that the specific activities for oligomycin-sensitive and

-resistant ÀTPase activities are somewhat elevated

(1.6 and 7.7-fold respectively) following treatment of

heavy mitochondria with trypsin in this procedure. Acid

phosphatase and 5'-nucleotidase are not enriched in SB2 or

SB3 suggesting that lysosomal- and saïco1emma1 contamination

are not contributing to the enrichment of mitochondrial

OR-ÀTPase activity in these fractions.

þ) CycIic ÀMP-Ðependent Protein Kinase Àctivity.

Treatment of heavy mitochondria with trypsin and

soybean trypsin inhibitor containing solutions

(fractionation procedure 2) resulted in a 60e" loss in both

basal and cyclic AMP-dependent protein kinase activities.

In three experiments, basal protein kinase activities in

heavy mitochondria (72"0 + 15 pmol/min/mg) were found to

decrease following treatment with trypsin-antitrypsin



contraining solutions. to 30,

AlfP-dependent prote in k inase

atfected; activities of 74.0

31.3 t 8.0 pmol,/min,/mg.

6S

5 1_5.0 pmol /rnin/mg. Cyclic

act ivity was s imi lar1y

1 l-5 pmol/mín/mg decreasing to

Table Ll- demonstrates the specific activities of

protein kinases in fractions prepared from heavy

mitochondria of bovine heart by procedure 2, Basal and

cyclic AMP- dependent protein kinase activities exhibit the

best enrichment in SB2 (2.6 and 3.5-fold respectively from

mitochondria). Comparison of Tables 10 and j-L demonstrates

that there is no obvious correlation between the

distribution of the mitochondrial protein kinases and the

mitochondrial marker enzymes employed in these studies.

Monoamine oxidase is the only marker enzyme enriched in SB2

(3.L-fo1d from mitochondria), although greater enrichments

of this outer membrane marker are obtained in SBI- (Table 10)

From the starting mitochondrial material¿ recoveries of

cyclic ÀMP-dependent protein kinase activity were 56.5eo.

This closely parallels the 54.7ro recovery of malate

dehydrogenase from mitochondria (TabIe l-0). The recovery of

adenylate kinase lras found to be substantially lower than

these values (22.5r. from mitochondria). It is like1y that

during this procedure, a portion of the mitochondrial cyclic
AMP-dependent protein kinase activity was lost with matrix

or intermembrane space material.

S-mitoplast fractions, älthough not significantly

enrlched in rnalate dehydrogenase activity, retain
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approximately 50eo of this enzymatic activity from the

original mitochondrial material. These fractions, however,

account for only L|eo of the cyclic AMP-dependent protein

kinase activity in the starting rnitochondrial preparations.

S-mitoplast fractions rvere not enriched in adenylate kinase

and recover j-es of adenylate k inase in these f ràctions ( 11.5t"

from mitochondria) more closely paralleled the recovery ot

cyclic AMP-dependent protein kinase. It is evident from

these results that no conclusions regarding a matrix oy,

intermembrane space Iocalization for mÍtochondrial cyclic

AMP-dependent protein kinase activities can be rcached. It

is possible that, like liver mitochondria (45), this

enzymatic activity exists in both of these compartments. It

is like1y that a portion of the cyclic AMP-dependent protein

kinase activity exists in a membrane-bound state as

suggested by the enrichments in CBZ and CB3 of fractionation
procedure 1 (TabIe 9).

y----Ebêracterization of MitochondriAl OB1$T!ase Activit)r..

It was decided that SB3 (Tab1e 10) was a convenient

fraction in which to study mitochondrial OR-ATPase activity.

Starting with heavy mitochondrial material, this fraction

exhibited a 2-fold enrichment in OR-ATPase activity and

protein yields of LSe". CB3 (Tab1e 5) although more

enrichedt ycpresented only 0.5eo of the starting

mitochondrial protein. Outer membrane fractions (CBL)

prepared from light mitochondria by fractionation method l-

(Table 7) were also examined to compare the OR-ÀTPase
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activity of lysosomal enriched material to that of SB3.

This was necessary to rule out the possibility that the

OR-ATPase activity in SB3 \¡/as the resu,l t of lysosomal

contami nat i on .

ÈJ___s!-ëÞititv and Activation bv 2-MercaptoetLên_Ai

The resistant ATPase activity of SB3 was found to be

unstable even after storage at -70 og in EDTA-containing

sucrose. Addition of 1-5 mÌ,f 2-mercaptoethanol to the

reaction mixture increased resistant ATPase activity by

about L.3-foId. SB3 was then preincubated in the presence

of 50 mM 2-mercaptoethanol at 25 og. There was a 2-fold
increase in SB3 resistant ATPase after 2 hours of pre-

incubation (Fig. l-0 ) . Preincubated controls lacking

2-mercaptoethanol were not activated. In contrast,

resistant ATPase activity of CBL of light mitochondria

(probably representing lysosomal ATPase) was not stimulated

by preincubation with 2-mercaptoethanol. Oligomycin-

sensitive ATPase activity of SB3 was not affected by

preincubation with 2-mercaptoethanol .

b) Solubilization of SB3 Azide-Resistant ATPase Activitv
Solubilization of mitochondrial protein with

Triton X-L00 was found to eliminate the inhibitory effects
of oligomycin on mitochondrial ATPase activity (see Fig. 13,

paneL 2). Consequently, in results dealing with Triton
X-100 solubilized preparations¿ resistant ATPase refers to

that activity seen in the presence of 5 mì,f sodium äzide.

Fig. 11 detnonstrates that recovery of azide-sensitive ATPase
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Figure l-0 Activation of oligomycin-resistant ATPase of

membrane fractions of bovine heart mitochondria

by preincubation with 2-mercaptoethanol

Samples were preincubated in 0.25 M sucrose 20 mM

Tris-HC1 buffer, l- mM EDTA (pH 7.5) containing

50 mì,f 2-mercaptoethanol. Aliquots were withdrawn

as specified for assay of ATPase activity in the

presence of 10 Fg oligomycin / mg protein.

fnner membranes (SB3) of heavy mitochondria were

prepared by procedure 2 ((9-4); outer membranes

(CBl-) of light mitochondria were prepared by

procedure I (æ). Each point represents the

mean of two experiments.
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Figure 1l- Solubilization by Triton X-l_00 of SB3 ÀTpase

from heavv bovine heart mitochondriè

Procedure 2 r¡/as used

then diluted to 1 mg

Tris-HCI, pH 7.5, and

(o,o t v /v ) was added as

to prepare SB3 which \^¡äs

protein / mI with 20 ml"l

1 mM EDTA. Triton X-100

specified. Fracti ons

andr¡ùere then incubated at 20o C f or 30 min

centrif uged at l-05,000 q f or t hour.

Supernatant and pellets were analyzed for

ÀTPase activity. Solubilized azide-sensitive

ÀTPase (O-O) ; solubilized t dzide-resistant

ATPase (F-D), azide-sensitive ATPase of the

insoluble f ract i on (@æ) ; azide-res istant

ÀTPase of the insoluble f raction (W-@).
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activity in the extract solubilized with Triton X-100 was

about l-30%, with littIe change in the specif ic ATPase

activity as compared to unsolubilized SB3. In contrast,
recovery of azide-resistant ATPase averaged about B0eo

(varied f rom 7Oe" 84e" in f our experiments ) when

solubilized with 2.0çt Triton X-L00. Azide-resistant ATPase

activity of SB3 (0.234 t 0.065 pmol /min/mg ) dropped

approximately 3Seo after solubilization. The activity of

resistant ATPase of. solubilized samples of SB3 was

stimulated about 2-fold upon preincubation with 50 mì,f

2-mercaptoethanol as was described for the original SB3

fractions (Fig. L0).

g_)____Ef_eg_llo_pfu>res is of_ SoluÞi lized Extracts of SB.3

Fig. L2 shows three major bands in SB3 from heavy

rnitochondria that stained for ATPase activity in the absence

of sodium azide (lane A). Band 1 was present, but staining

\däs much less intense when sodium azide was added to the

staining mixture (lane D). Band 2 and band 3 did not stain
in the presence of sodium azide. Azide-resistant ATPase

staining was unaffected by the inclusion of ouabain, EGTA or

sodium orthovanadate (results not shown). CB1 derived from

light mitochondria by fractionation scheme 1 was also

stained for ATPase in the absence and presence of sodium

azide (lanes B and E respectively). A band of resistant
ATPase activity, migrating further than the resistant ÀTPase

of SB3/ was noted in thÍs lysosomal enriched fraction
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Figure 12 Electrophoresis of solubilized membrane

fractions of bovine heart mitochondria

The gels contained 5e" (w/v) acrylamide and

0.le" Triton X-100. Trís/glycine buf f er

(pH 8.3 ) of the upper chamber contained 0.1e"

Tr iton X-100 . Pre-electrophores is !./as f or

20 min at 20 og at 2 mA,ztube ( internal

diameter, 5 mm, 75 rnm in length). Samples

were applied and electrophoresis rrras at

2 mA,/tube at 20 og f or 20 min f ollowed by l- h

and 15 min at 3 mÀ/tube. The, staining

solution contained 5 m¡,f magnesium acetate,

1 ml'l lead nitrate, 0 . 1 M Tr is /acetate buf f er

(pH 7.5) and 3 mM ATP. Gels s/ere stained for

2 h at 30 oC. Sodium azide (5 mM) vlas added

to the staining solution as specified.

TD tracking dye

Lane A: 70 /rg of SB3 fraction from heavy

mi tochondr ia; Lane B: 7 0 pg o f CBI- f ract i on

from tight mitochondria; Lane C: combined CB1

and SB3 fractions, '10 pg of each; Lanes D, E

and F: same as Lanes A, B and Ct respectively

but stained with azide present. The major

bands of Lane A are marked Ir 2 and 3.
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(lane E). The tr,'¡o azide-resistant bands were discernible

when CBI- f rom l ight mitochondr ia and SB3 v/ere added together

and then stained with azide present (lane F). rn the

absence of azide/ CBI as well as CBI plus SB3 gave v¡ide

bands of. ATPase activity in which there was no discernible

separation of band 1 and band 2 ATPase staining bands (lanes

B and C respectively).

d) Effect of Inhibitors on SB3 ATPas-e ActÚity

Table 12 shows that azide-resistant ATPase activity of

SB3 !ì/as unaf f ected by vanadate, ouabain and EGTA indicating

that saïco1emma1 and sarcoplasmic reticulum contamination

t¿eïe not a contributing factor to this activity. SB3 ATPase

activity was inhibited equally by azide oY. oligomycin.

suggesting that resistant ATPase of. this fraction was not

the result of soluble F1-ATPase derived from the inner

mitochondrial membrane . It was noted, however, that the low

ATPase activity in the presence of azide was mostly

susceptible to inhibition by oligomycin; in this sense the

two inhibitors act almost additively. With both inhibitors

present, inhibition of SB3 ATPase was 97.4e" complete.

e ) Investiqation of the Àdditive Effects of oliqomycin

and Azide

To investigate the additive effects of oligomycin and

azide on SB3 ATPase activity method 2 was used so that the

ti.me course of the ATPase reaction could be followed

continuously. sB3 ATPase activity in the absence or

plesÉnce of oIlgt-rmycln 1g 11ne.rr wlth respect to tlrne wlth



77

TAslE 1.2

Effect of Inhlbltgr-s on SB3 ATPase Activlty

Enzyme fractions were preincubated wlth oligomycln as d.escrlbed

el'laterials and, Iiethods". À11 other inhlbitors were ad"rLed dlrectly to

aSsáy. ÀTPáSe ásaat néthod t h;ás uséd_. Válues áie thé rnetns of thiee

experlments o

in

the

Additlon Concentratlon SaÀ,

(Hnor/nrn/rns¡

+ s.EoMn

Ø rnhlultton

N0tûe

Azlde

0llgomycln

Azlde + ollgonycln

Azlile + vanadate

AzLd.e + ouataln

Azlde + EGTA

1nM

1"773 + 0.2?6

0.234 I 0.065

0,213 + 0u0J3

O.dtó + 0"007

0,273 + 0.025

0,2L) + 0"030

0"209 + 0.029

0

96.8

88,0

9?,4

88"0

88.0

88.2

L rù'1 +

1t¡M+

l. ¡nM +

10 )r¡1

1 nl'f

1mM

10 ps/ms

1 nÞl + to ys/ne
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specif ic activities of 1.99 and 0,209 ¡:moI/min/mg
respectively, in agreement with activities derived from the

set time (10 min) assäy (Fig. 13, panel l-).

of azide, however, a biphasÍc time course,

slow phases of ATP hydrolysis is evident.

\¿rI I

-Lf

In the presence

th fast and

is notable

intervaJ- assay would give approximately the same activities
in the presence of oligomycin or azide. preincubation of.

SB3 with azide (5 min at 30 oC) had no effect on the time

course of the ATPase reaction suggesting that interaction of

the enzyme with azide occurs after the ATpase reaction has

started, I{hen used in combination. oligomycin and azide

produce a slightly biphasic time course. It is apparent

from the inhibition curves that oligomycin has littre effect

on the azide-induced slow phase of ATPase hydrolysis as

reaction rates are very similar whether azide or a

combination of azide and oligomycin are used. The azide-

i'hduced fast phase is largely inhibited by oligomycin and

this may account for the much lor+er specific activities seen

in the timed interval assay when these inhibitors are used

together.

Fig. 13 (panel 2) shows the effects of oligomycin and

azide on the time course of the ÀTPase reaction when

Triton X-l-00 solubilized preparations of SB3 are used.

Oligomycin has litt1e effect on ÀTPase activity following
solubilization, and time courses in the presence and absence

of this inhibitor are linear. Àzide again induces a
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Figure 13 Effec!_of oliqomycin and azide on the time

course of the ATPase reaction

Methdd 2 WaS ùSed to détermine ATPÀSé

activity. No inhibitor (o{); L0 pg

oligomycin / mg protein preincubated with

sample prior to addition to the assay (&-á);

5 mM azide added directly to the assay (Wrul);

10 lrg oligomycin / mg protein and 5 mM azide

in combination (@*_-@).
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biphasic time curve, with complete inhibition of ATPase

activÍty in the latter portions of the time course.

The azide sensitivity of OR-ATPase activity and the

complete inhibition of ATPase activity seen in the azide-

induced slow phase of ATP hydrolysis suggest that OR-ATPase

mitochondrial energy-transducing ATPase. I have found no

evidence suggesting the existence of an unique oligomycin-

resistant ATPase activity in bovine heart mitochondria.

Accordingly, flo further attempts were made to study this

enzymatic activity or to implicate Ít in calcium efflux from

heart mitochondria.

IIL_P_a¡tåef pur i f icat i on of two Mito_ghondr ial CJ_g_I,ic__ÀU!_:

Depen_dS_tt Prote in KinAses

Table 13 shor¿s the separation and purification of two

cyclic AMP-dependent protein kinases from bovine heart

mitochondrial supernatant fractions following DEÀE-ceIlulose

chromatography. Ultracentrifugation (105,000 g for i- hour)

of mitochondrial sonicates resulted in a 4-fold purification

of kinase activity in the supernatant fraction with

recoveries of B5eo. Àlthough recovery is good, it \¡/as noted

that as much as 97od of the activity (3-fold enriched) could

be recovered at this step if higher ionic strength buffers
(50 mM Tris-HCl, 10 mM NaC1. 5 mM 2-mercaptoethanol. pH 7.5)

were used as the sonication medium. Fig. 14 shows that two

peaks of protein kinase activity were obtained upon DEAE-

cel1u1ose chromatography of the soluble mitochondrial
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TASIE t3

Puriflcatlon of Mltochond.rlal Cycl_lc AMPllepen4ent ProtSln Klnasee

Steþ TótâI

Proteln
(rne)

Speclflc

Actlvlty
pnot/nLn/ng;

Recovery

d/o

lotal

Unlts

Sonlcated mltochondrla

Ultracentrlfugatlon

XEAE-cellulose PK I
PK 11

T¡re I-m* purlflcatlon

Sephacryl 5-200

Hydroxylapatite

Sephacryl S-300

Î¡le ff-nx purlflcation

Sephacryl S-200

Sephacryl S-300

Hyd.roxylaptlte

907?

2022

238

26

88.3

11" 1

4.3

83"3

41,4

?,0

158

601

a3x

25?0

368

524

?15

t42g8o0

1,21,5830

46586

5291þ20

32459

581,2

3075

420332

253tzo

u515

100

85

3.4

37,0

2,3

0,4

0,2

5d+6

6t74

t1645

29,4

7? "7

5,7

Note: x See text for

0,5 ¡fl| cycllc

clarlflcatlon of

AliP nas present

these d.eslgnatlons.

ln all assays,
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Figure L4 Separation of isozvmes of mitochondrial_

prLtein kinase on DEAE-ce1lulosç

The column vùas run and the fractions

analyzed for protein kinase activity as

described under'Experlrnental- Methods t,
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ëxtracts. Both peaks were actlvated by cyclic AMp to

extents found in other tissues and el-uted at positions

the NaCI gradient expected for Type I and II enzymes (5

For this reason the bovine heart mitochondrial isozymes

be referred to as Type I-m and Type II-m.

before (52, 53) to have similar catalytic subunits but

different regulatory subunits. The heptapeptide, Kemptide

(leu-arg-.rrg-a1a-ser-1eu-gIy) was shown to be a substrate of

high af f inity f.or the f ree catalytic subunit (85, 86 ) . It
is apparent from Table 74 that KemptÍde inhibited the

phosphorylation of our histone substrate by both isozymes

from bovine heart mitochondria.

Chromatography on Sephacryl columns in the absence of

EDTÀ-containing solutions resuLted in multiple elution peaks

for both kinases. This effect s¡as not noted when EDTA-

containing buffers were used. Chromatography of Type II-m

kinase on Sephacryl 5-200 resulted in a kinase peak with a

shoulclcr corresponding to the peak elution fraction of

Type I-m (Fig. L5).

It is evident from the ion-exchange elution profile

that the peak corresponding to cyclic ÀMP-dependent protein

kinase Type I-m is a relatively minor component of

mitochondrial supernatant fractions. The most purified
preparations of Type f-m were 3.1--fold enriched from the

DEAE-celluIose chromatography step. Further purification of

Type II-m resulted in an enzyme preparation that was 74-fold

1n

3).

wi 11
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TABI,E 1.1+

Effect of Kemptld.e on Phosphorvlatign of Hlstone H2ts

By Isozynes From Bovlne Hearb lrlltochondrla

Fractlon Kemptld.e

(r 
'm¡

Klnase .ctrlriiy
(pnoL/mln/ms)

Inhlbitlon
d
/o

Peak I

Peak II

+

+

23I.0

6,5

25?0,0

100"0

97,3

0

97,8

Note: The peak fractlons were pooled fractlons frorn

assay mixture contalned 0,5 ¡d cyclic A}fP and.

wlth or without kenptide as specified.

Flg 14" the

hlstone HZB
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Figure 15 Sephacryl S-200 chromatography of Type I-m

and Type II-m protein kinases

The column was run and the fractions

analyzed in the presence of cyclic AMp as

described under'Experimental Methods I .

Type I -m (e --+) ; Type I I -m (ru) .
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enriched from mitochondria with a yield of 5.7eo of the total

mitochondrial histone kinase activity (Tab1e i-3).

VII Properties of Type I-m and Type II-m Preparations

a ) Pur ity

SDS-gel electrophoresis of the isozyme preparations at

most purified preparations of Type I-m (lane 7) and

Type II-m (lane 11) are not pure, but do exhibit a Coomassie

blue staining band in the 40,000-42,000 dalton range/

corresponding to reported molecular weights of the catalytic

subunit (52, 53). Type I-m preparations show two intensely

stained bands with molecular weights of about 44/000 and

46r000 dal-tons that approximate reported values for the R I

subunit (53). lt is not known at this time if bands in the

34r000 and 44t000 dalton region represent degradation

products of the 46,000 dalton band. Impurities with

mol-ecuLar weights of approximately 53r000 and 59,000 are

also present in Type I-m preparations. Type II-m

preparations (lane l-l- ) show several poorly stained bands in

the 50r000-55r000 dalton region, which could represent

different isoforms of the R II-m subunit (87) although

proteolytic degradation of one form can not be ruled out.

Poorly resolved bands in the 44,000-45,000 dalton range in

Type II-m fractions may represent contaminating amounts of

R I. Several other unidentified bands are evident

suggesting the impurity of Type II-m preparations.
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Figure 16 SDS-ge1 electroplroresls of mitocnoAdfi¡l_

p.r.-q

The purification fractions Iisted in TabIe L4

\dere analyzed in L0e" polyacrylamide mini slab

Lane L, molecular weight marker proteins from top

to bottom; albumin (67,000 Da), ovalbumin

( 45,000 Da ). chymotrypsinogen ( 25,000 Da ),

myoglobin (17,800 Oa)i Lane 2, l-5 Fg of sonicated

mitochondrial protein; Lane 3, 8.5 Fg of the

105r000 g supernatant. Lanes 4 to 7 represent

further purification fractions of Type I-m

protein kinase from the l-05/000 g supernatant.

Lane 4, 9.0 pg from the DE-52 step; Lane 5l

5.6 ¡lg f rom the Sephacryl S-200 step; Lane 6,

4.3 Fg from the hydroxylapatite step; Lane 7 |

l-.8 )ig f rom the Sephacryl S-30p step. Lanes 8 to

1l- represent further purification steps of

Type II-m protein kinase from the 105r000 g

supernatant. Lane B, 7.7 Fg from the DE-52 step;

Lane 9, 4.9 ¡lg f rom the Sephacryl S-200 step;

Lane 10, 4 -2 )tg f rom the Sephacryt S-300 step;

Lane L7, 3.4 Fg from the hydroxylapatite step.
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b) stabl1ltv

.Activities of both isozymes measured in the presence of

cycl ic Aì,tP were stable over prolonged per iods when the

preparations vtere stored in 5 mM Tris-HCl, 1 mM EDTA and

5 mì,Í 2-mercaptoethanol, pH 7.5 at -70 oc with protein

concentrations greater than 3 mg/ml. Activities of both

isozyme preparations, measured in the absence of cyclic Al"{P'

as much aS doubled over a one month period. This suggested

that the regulatory subunits of both isozyme preparations

were unstable when stored under these conditions.

c) ATPase Activities

The most purified preparations of Type I-m and II-m

exhtbited cycllc ÀHP-dependent ÀTPase activity' In the

presence of cyclic AMP, rates for the ATPase reaction

(method 3) t'rere constant for 45 minutes with 50 Fg of

Type I-m or L0 pg of Type II-m (Fig. 17). Histone

phosphorylation and ATPase activities of Type I-m were

activated 2.s-fold by the inclusion of cyclic ÀMP to assaysi

activation of Type II-m activities were 3.3-fold (Fig. 18).

.A,TPase activities represented only a smal-1 fraction of the

protein phosphorylation activities ( f2.0% and 1.9% for Types

I-m and II-m respectively). Maximum kinase activation for

both enzymes was at 0.5 ¡rM cyclic AMP when 10 Fg of Type I-m

and 0.2 pg of Type II-m were used in the assays. Increased

amounts of enzyme were needed to readily detect ÀTPase

activities and for this reason considerably higher
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Figure 17 $-e-_ç_p_o:-qg_e-__A._f_ATpeEe activi_ty o--f_ Type I:.n__ej.d_

TJpg_ I ï -m prote in k=À¡rêÞs_s-lo _incubati_ on t ime

All values aie the mean of two experiments done

. in the presence of cyclic Aì,IP. ATPase activity

of Type I-m (,ffi) and Type II-m (æ) . Time

points were determined with 10 pg of Type II-m

(in the presence of 27.5 ¡:l,t cAMP) or 50 ,ig of

Type I-m (in the presence of 2.5 yM cAMp).
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F igure 1B Cycl ic Aì,tP-dependent ATpase and prote in k inase

activities of the mitochondrial iso_zymes

Protein kinase activity (ffi) and ATpase

activity (&-ør) of Type I-m. Protein kinase

activity (<þ) and ÀTPase activity (¿\-â)

of Type TI-m. Protein kinase activity was

assayed as described in 'Experimental Methods'

with 10 ¡g of Type I-m and 0.2 pq of Type II-m.

ÀTPase activity was assayed by method 3 with

50 pq of Type I-m and 10 ;rg of Type II-m.1' I
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concentrations of cyclic AMP were needed to maximally

activate this activity in both isozyme preparations.

d ) p-H Character istics

In the presence of cyclic AMP the pH for maximal

protein phosphorylation acti.vity was estimated to be 7,0 for

Type I-m (Fig. 19), and 7.5 for Type II-m (Fig. 20). In the

absence of cyclic AMP protein phosphorylation activity of

isozyme Type II-m exhibited a broad pH-activity profile with

an optimum range between pH 7 ,0 ancl pH L 0. The protein

kinase activity of Type I-m exhibited a more basic pH

optimum of 7,5 in the absence of cyclic AMP. ATPase

activities for both isozyme preparations demonstrated

optimal pH values similar to those described for kinase

activities (Fig. L9 and Fig. 20). Type II-m exhibited

optimal ATPase activity at pH 7.5 in the presence of

cyclic AMP, and at pH 8.0 in the absence of cyclic AMP. The

shift to a more basic pH optimum in the absence of cyclic

AMP suggests that the association between the catalytic and

regulatory subunits of rnitochondr iaI prote in k inase is

pH-sensitive. Unfortunately a similar analysis of Type I-m

ATPase activity in the absence of cyclic AMP v/as not

possible due to limiting amounts of this preparation.

e) Effects of Maqnesium

The kinase and ATPase activ
\^/ere absolutely dependent on the

ions to assäys and demonstrated

l"lg2+ (Fiq. 2L). Protein kinase

ities of isozyme Type II-m

presence of added magnesium

maximal activities at 2.5 mM

activity of Type I-m was
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Figure 1-9 Response of protein kinase and ÀTPase

activities of Type l-m to pH

Each point represents the mean of two

experiments. Protein kinase activity in the

presence (ffi) and in the absence ({lH) of

cyclic AMP. ATPase activities in the presence

(&-'À) of cyclic AMP. Protein kinase and ÀTPase

activities were determined as described in the

Iegend to Figure LB with the exception that the

buf f ers used v/ere imidazole-HC1 f.or. pH 6.5 and

7.0, Tris-Hcl for pH 7,5 - 8.5, and glycine-KOH

fox pH 9"0 10"0"
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Figure 20 Response of protein kinase and ÀTpase

activities of Type II-m to pH

Each point represents the mean of two

experiments. Pxotein kinase activities in the

presence (ffi) and absence (9-Q) of cyclic AMP.

ATPase activities in the presence (¿s_1b) and

absence (¿\_7\) of cyclic AMP. Protein kinase and

ATPase activities v/ere de!ermined as described in

the legend to Figure 18. Assay buf f ers \,,¡ere as

described in the legend to Figure l_9.
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Figure 2I Ef fect of maclnes 1 um concentration on

k i nase and ãññ--^¿!t Hdbe activit ies of T e II-m

rote in

Protein kinase

activities were

the legend to F

the mean of two

of cyclic AMP.

(æ) and ATPase (ffi)

determined as described in

igure l-8. Each point represents

experiments in the presence
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Figur e 22 åff_egl of mAqnes iltiß_ c.o.nee.pEa!_ip.n A.ß_T.yæe_L -._E

gE_A.!ej_L k i ng5_e_eç t i v_i ty

Protein kinase activity was determined as

described in the legend to Figure 18. Each point

represents the mean of two experi.ments in the

presence of cyclic AMP.
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optimal at 4 mM l1g2+ (Fig. 22). The ef f ects of magnesium on

the ATPase activity of Type f-m were not examined.

f) Effects of Inhibitors on Isozyme ATPase ActÍvity

oligomycin (20 lg/ng proteÍn) or azide (5 mM) alone or

in combination had no effect on the ÀTPase activity of the

most purified preparations of Type I-m and II-m. This

suggests that mitochondrial energy-transducing ÀTPase v/as

not contributing to isozyme ATPase activity. Inhibitors of

sarcolemmal ATPase activity (l-.0 mM ouabain or L0 ¡:U

vanadate), or sarcoplasmic reticulum ATPase activity (0.5 mM

EGTA) were also without effect (data not shown).

VIII Can Oliqomvcin-Azide-Resistant ÀTPase Àctivity

Se.rve As a Marker f o_r Cycl ic AMP-Dependent Prote in

@
It was of interest to determine if the distribution of

protein kinase activity in mitochondrial fractions

correlated with ÀTPase activity that v/as resistant to a

combination of ol igomycin and azide. Table l-5 shows the

distributions of oligomycin-azide-resistant ATPase and basal

and cyclic AMP-dependent protein kinase activities in

fractions derived from procedures 1 and 2. C-fractions

derived from fractionation procedure I show very poor

correlation between the ATPase and protein kinase activities

in all fractions other than the C-mitoplast fraction.

Protein kinase activity is much more enriched in CBZ and CB3

- than is ATPase activity. There is much better correlation

in the S-fractions of procedure 2, however it was noted that
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TABIE 15

CLlgomycln-azlde reslstgnt ATPase and Proteln Klnase Actlvlties

0f 9actlons Flom Sovlne Heart Mltochondrla

These resul-ts are the means of three experlnents. ÀlPase activlty

Lras neasured ln the presence of 10 pg ollgomyclnfng proLeln and J mlú azlde,

Proteln klnase actlvlty was measured 1n the presence of Trlton X-100,

The C-fractlons were produced by procedure 1 and the S-fractlons by

proced.ure 2. Relatlve speclflc actlvlty (n.S.l.) ls the /o recoverú.

ae+.tv1,Ly/fi recovered proteln ln each fractlon.

Flactlon 011gonyc1n-azld.e-

reslstant ATPase

R.S.A.

Proteln Klnase

cAl{P-dependent

R.S.A 
"

Actlvlty

basal

R.S .A.

C-nltoplast

C-lnt

cB1

Çts?

æ3

S-nltopìast

sB1

SB2

SB3

0"8

0.8

),4

3"2

2"4

0,7

4"6

6.0

10Le)

0"8

2,4

4.9

1.4.1.

1.2,!

0"4

1,5

5,3

2.5

0.7

4,2

5.2

6"9

6.2

0,7

r"3

'll)or

7.6
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inclusion of either 0.5 FM or 25 FM cyclic AMP to the assay

had no stimulating effect on the ATPase activity of these

fractions. This suggests that ATPase activity in the

presence of oligomycin and azide is not the result of the

ÀTPase activity resulting from mitochondrial protein

k inases .
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DISCUSSION



110

_@ctivitv of t-he Outer Mltochondrlal ttenrÞr_g¡g

Earlier reports have described the existence of a

mitochondrial oR-ATPase activity that $/as localized to the

outer membrane of rat kidney cortex (l-9) and spleen

mitochondria (20t 2L). OR-ATPase activity was also

described in rat heart mitochondria (20). rt v/as suggested

that outer membrane oR-ATPase activity may act as a mediator

of mitochondriaL calcium efflux (19).

In the present studies OR-ATPase r¡¿as found to exhibit
the highest specific activities in bovine heart mixed (heavy

and light) and light mitochondrial preparations. These

mitochondrial preparations were found to be heavily
contaminated with lysosomal material. Lysosomal ATpase

activity, that is resistant to oligomycin and azide, has

recently been described (23-26). I have found that
following fractionation of lysosomal contaminated

mitochondrial preparatÍons, OR-ATPase as well as acid

phosphatase co-locaLized with outer membrane fractions.
Heavy mitochondria were much less contaminated with

lysosomal material and when used as the starting material

for either fractionation method, OR-ATPase activity did not

localize to the outer mitochondrial membrane. This

suggested that in outer membrane fractions derived from

mixed populaLions of bovine heart mitochondria, much of the

observed OR-ATPase activity resul-ted from lysosomal

contamination. It should be noted that previous reports

detailing the existence of an outer membrane OR-ATpase
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actlvlty ln rnltochondrla frorn rat tlssues tnade Tìo

attempts to assess the lysosomal contamination of their

mitochondria or subrnitochondrial fractions.

II OR-ATPase Activitv in Subfractions of-Heavy

[.i_tochondr ia

g_l_ Evidence that OR-ATPase Àc_tivity Rgsul-ts fro-m

lncomplete lnhibition of the Ene_rqrz-transducing ATPase

Fractionation of heavy bovine heart mitochondria by

either of the procedures employed in these studies have

demonstrated that OR-ÀTPase activity enriches in fractions

that are not enriched in outer membrane material. The

findings from several different experiments suggest that

this mitochondrial OR-ATPase activity (at least in bovine

heart tissue) results from incomplete inhibition of the

energy-transducing ATPase. It \^Ias noted in both

fractionation techniques employed in these studies that

f ractions enri.ched in OR-ÀTPase activity (CB3 of

fractionation method 1 and SB2 and SB3 of fractionation

method 2) v/ere also enriched in oligomycin-sensitive

activity. Àdditional evidence resul-ts from a comparison of

Tables 6 and 10 which demonstrate that treatment of heavy

mitochondria with trypsin resulted in a co-activation of the

oligomycin-sensitive and resistant ATPase activities. It

v/as reported that the F1-ÀTPase inhibitor protein is

sensitive to proteolytic degradation by trypsin (31-, BB).

This could readily explain the co-activation of resistant

and sensitive activities by trypsin assuming that both
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derive from the energy-transducing ATPase. In agreement

with the results of others (33), oligomycin and azide r¿hen

used in combination result in almost complete inhibition of

mitochondrial ATPase activity. This suggests that
mitochondrial oR-ATPase activity is sensitive to the effects
of a second specific inhibitor of the energy-transducing

ÀTPase. Electrophoresis in a non-denaturing system of

Triton X-1-00 solubilized mitochondrial subfractions enriched

in OR-ATPase activity demonstrated that azide-resistant
ATPase activity co-migrates with a band of azide-sensitive

ÀTPase activity. Azide-resistant ÀTPase activity from

fractions enriched in the lysosomar marker acid phosphatase,

did not co-migrate with azide-resistant or -sensitive ATPase

activity derived from heavy mitochondria. This suggests

that lysosomal ATPase activity was not contributing to

azide-resistant ATPase activity in subfractions from heavy

mi tochondr ia .

Azide inhibition of bovine heart mitochondrial ATpase

activity was non-linear with respect to timei an initial
fast phase followed by a slow and almost completely

inhibited phase of ÀTP hydrolysis. Similar findings have

previously been described (89) and have led to the

suggestion that azide stabilizes the inactive Ex-ADp complex

formed during ATP hydrolysis. 1f the slow phase is
considered to represent maximal inhibition of mitochondrial

ATP hydrolysis by azide (98-10Oeo of the ATPase activity is
inhibited in this phase) then very 1ittle activity is left
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to account for an ATPase activity that could be involved in
mitochondrÍal- calcium ef f 1ux.

þ) gffects of 2-Mercaptoethanol on MiEgchondrial

OR-ATPase Activity

Preincubation of enzyme preparations with 2-mercapto-

ethanol resulted in a 2-fold activation of ATPase activities
in the presence of oligomycin. These results are puzzling

in that no activation of the oligomycin-sensitive ATpase

activity was observed. The ATPase activity of fractions
enriched in lysosomal material v/as not activated by

preincubation with 2-mercaptoethanol suggesting that
contamination of SB3 with lysosomal ATPase is an unlikely
explanation for the observed effect. Thiol reagents, such

as pCMB, do inhibit the ATPase activity of submitochondrial

particles but have no effect on the activity of soluble F1

(28, 90, 9l-). These findings have Ied to the suggestion

that thiol- groups may be important in proton translocation
by the Fo subunit of the energy-transducing ATPase (9f). It
is possible that reduction of thiol groups by

2-mercaptoethanol alters the binding of oligomycin to the

oligomycin sensitivity conferring protein of thc Fo complex.

It has been reported that trypsin (used in the prepaïation

of SB3) results in proteolytic alterations of the Fo complex

(BB, 92). This may also affect the inhibition of the

energy-transducing ATPase by oligomycin. Therefore,

activation of mitochondrial OR-ATPase activity by reducing
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agents does not necessarily suggest an enzymatic activity

distinct from the energ'y-transducing ATPase.

III Mitochondrial Cyclic AMP-Depende_¡rt _Protein Kinase

Ê_L

èqt i.-v.r"t_y

Evidence for an fntramitochondrial Location

The present study has described the separation of two

cyclic AMP-dependent protein kinases from mitochondrial

soluble fractions. Sonication or treatment of mitochondrial

preparations with Triton X-l00 results in lmost 2-fold

activation of the protein kinase activity, suggesting an

intramitochondrial localization for this activity. Cyclic

ÀMP-dependent protein kinase of the Type I variety has not

previously been described in soluble or particulate

fractions of bovine heart (54). It is possible that

mitochondrial membranes in these studies v/ere simply too

contaminated to allow the detection of the Type I

mitochondrial isozyme .

þl_ Subslrate Specificitv and Cyclic AMP DeÞendence

The protein kinases of bovine heart mitochondria

described in these studies are unique among the

mitochondrial protein kinases studied so far in their
dependence for cyclic-AMP and substrate preference.

Protamine which rdas the substrate preferred over histones

for the protein kinases of rat llver mitochondria (45). waS

a very poor substrate Í.or the kinase of heart mitochondria.

The acidic proteins, casein and phosvitin, rdere also poor

substrates '¡hich, along with their cyclic ÀMp-dependence,
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distinguish the kinases of present studies from the

mitochondrial protein kinases studied by others (41-43).

Kemptide, a substrate of high affinity for the free

catalytic subunit of cyclic Aì,tp-dependent protein kinases

( BL, 82) , inhibited the phosphorylation of our histone

substrate by both isozymes from bovine heart mitochondria.

In this case, phosphorylation of Kemptide itself would not

be detected since the peptide is not retained on !ühatman

3 MM disks and special methods are requÍred for its recovery
(81, B2) " These results suggest that the isozymes of bovine

heart mitochondria have catalytic subunits similar to those

of protein kinases studied earlier (85, B6). However, until
the regulatory subunits of the mitochondrial isozymes are

character.Lzed further, the mitochondrial isozymes are

tentatively called Type I-m and Type II-m.

It is pozzling that these kinases have not previously

been clescribed in bovine heart mitochondria. vardanis (44)

has described a cyclic nucleotide-independent histone kinase

in mouse liver and heart as well as in bovine heart

mitochondria. This enzyme exhibited optimal activity at pH

8.5. My studies on partially purified preparations of

bovine heart mitochondrial isozymes suggest that at this pH

much of the cyclic AMP-dependence would be lost. The

exclusion of azide from assays for the cyclic nucleotide-

independent activity may also be a contributing factor. I

have found that mitochondrial membranous fractions exhibited

little protein phosphorylation ability in assays containing
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only oligomycin as the inhibitor of mitochondrial ATPase

activity. I felt a like1y explanation Í.or this observation

'rouLd be substrate depletion since ÀTP can be readily

hydrolyzed by mitochondrial preparations even in the

presence of oligomycin. Inclusion of azide, in addition to

oligomycin, greatly stimulated protein kinase activity in

mitochondrial membrane fractions. This effect is most

likely mediated by a more complete inhibition of the

mitochondrial energy-transducing ATPase. The lack of

2-mercaptoethanol, and the use of different phosphorylation

substrates in mitochondrial protein kinase àssays of

previous reports (4l-, 44) may also explain why cyclic AMP-

dependent protein kinases have not previously been described

in heart mitochondria.

c ) Intramitochondrial Location

In fractionation scheme Lt basal and cyclic AMP-

dependent protein kinase activities utere enriched in C-int

fractions, These fractions lacked detectable amounts of

inner and outer membrane marker enzymes but were enriched in

intermembrane space material- as suggested by the enrichment

of adenylate kinase. Cyclic AMP-dependent protein kinase

activity eluting as a Type II enzyme from DEÀE-cellulose has

been described in rat liver mitochondria (45). Of the total

activity in these mitochondria ¿ 90o.o v/as Iocalized to the

intermembrane space and the remainder to the matrix. It is

not unusual for mitochondrial enzymes to be distributed to

more than one mitochondrial compartment (93). Unfortunately
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damage to the inner membrane occurred during fractionation

method I, resulting in the contamination of C-int fractions
with matrix material as suggested by the enrichment of

malate dehydrogenase. It \,/as theref ore not possible to
assign an intermembrane space or matrix localization to

cyclic AMP-dependent protein kinase activity in bovine heart

mi.tochondria.

Localization of mitochondrial protein kinase activity
by fractionation procedure 2 was complicated by the finding
that treatment of heavy mitochondria with trypsin and

soybean trypsin inhibitor resulted in a 60eo loss of both

basal and cyclic AMP-dependent protein kinase activities. A

possible expì.anation for this loss of activity derives from

the finding that soybean trypsin inhibitor is capable of

inhibiting the catalytic subunit of cyclic AMP-dependent

protein kinases (55, 55). It has been reported that
trypsin, although it has no apparent effect on enzymatic

activity (47, 54), promotes solubilization of membrane-bound

forms of cyclic ÀHP-dependent protein kinases (54). This

ma.y complicate the localization of these enzymes in heart

mitochondria when trypsin-utilizing fractionation methods

are employed.

Protein and enzyme recoveries in fractionation scheme 2

,ire somewhat lower than those descr ibed by Scholte ( 36 ) .

This probably results from differences in harvesting the

sucrose gradient fractions. we drew off the gradient bands

with a J-shaped hypodermic needle, pelleted the membranous
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material by centrifugation and discarded the supernatant

material. This would explain the poor recoveries of

adenylate k lnase {22 .5Þ, f rom the start ing rnitochondr iaI

nraterial) and other intermembrane space material following

removal of the outer mitochondrial membrane. The recoveries

of malate dehydrogenase (54.7e") and cyclic AMP-dependent

protein kinase from mitochondria (57.5e") are also relatively

1ow suggesting that a portion of the cyclic ÀMP-dependent

protein kinase activity may be lost with soluble matrix or

intermembrane space material. An al-ternative explanation

could involve the loss of membrane-bound cyclic ÀMP-

dependent protein kinase following trypsin solubilization.

A good percentage of the heart mitochondrial protein

kinase activity probably exists in a membrane-bound state.
During fractionation procedur€ 1, approximately 3l-e, of the

mitochondrial basal protein kinase activity and L9.Leo of the

cyclic AMP-dependent protein kinase activity associated with

a soluble fraction (C-int); the remainder may be associated

with mitochondrial membranes. Cyclic AÌ,fP-dependent prote in

kinases bind to membranes via the regulatory sub-unit. v¿hich

may remain membrane-bound following release of the catalytic

subunit (54). It is notable that enrichment of cyclic

nucleotide-independent kinase activity (presumably

representing free catalytic sub-unit) was greater in C-int

fractions than was cyclic-ÀMP dependent activity. This

suggests disproportionate amounts of free catalytic subunit

,1nd the hr-,Ioenzyme ln srrlr-rble fractlr-rltÍi soiTre öf the
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holoenzyme may rernain membrane-bound, Basal and cyclic AMP-

dependent activities are most enriched in the gradient

fractions of both fractionation methods, most notably CB2

and SB2. These gradient bands are mixed outer and inner

membrane fractionsf enriched in monoamine oxidase and to a

lesser extent in cytochrome c oxidase. Adenylate kinase and

malate dehydrogenase are not enriched in these gradient

fractions, suggesting that vesicul-ar entrapment of soluble

mitochondrial enzymes is an unlikely explanation for the

enrichment of protein kinase activity in these fractions.

It is more likely that at least a portion of the cyclic

AMP-dependent activity exists in a membrane-bound form.

Apparently sonication can resuLt in the release of membrane-

bound holoenzyme as evidenced during the first step of the

purification procedure. It v/as also noted that use of a

higher ionic strength sonication buffer can improve the

yield of protein kinase activity in the 105,000 q

supernatant.

d) Purification of the MitochondriaL lsozymes

The purification scheme described in the present study

results in the partial purification of the mitochondrial

isozymes. Type II-m was purified approximately 74-foId from

mitochondria. Type I-m was found to be a minor component of

the kinase activity in mitochondrial soluble fractions.

SDS-gel- electrophoresis suggests that Coomassie-bIue

staining bandst corresponding to the reported molecular

weights of the C and R subunits of the cytosolic enzymes¿
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are components of the mitochonrlrjal isozyme preparations.

In the absence of cyclic.AMP, activities of both isozyme

preparations increased substantially with prolonged storage

suggesting an instability of the regulatory subunits.

Several features have emerged during the partial
purification of the mitochondrial isozymes which may prove

useful in subsequent purification attempts. Chromatography

on Sephacryl columns in the absence of EDTÀ-containing

solutions resulted in multiple elution peaks for both

isozymes. This effect was not observed when EDTÀ-containing

buf f ers were used. Tt \^/as previously noted that prolonged

storage of cyclic AMP-dependent protein kinases may result

in their conversion to multiple mol-ecular forms but that

this conversion can be minimized by storing the enzymes in

EDTA-containing buffers (94). this may explain the multiple

elution peaks noted in the absence of EDTA. Chromatography

of Type II-m on Sephacryl resulted in a kinase peak with a

shoulder corresponding to the peak elution fraction of

Type I-m. Co-elution of Type I with Type II cyclic AMP-

dependent protein kinase during DEAE-cellulose

chromatography has been noted (95), and may explain the

shoulder on Type II-rn elution profiles. Alternatively,

different isoforms of the R II subunit, differing in

molecular weights, have been described (87) and could

explaín the shoulder on elution profiles of Type II-m.

Since Type I-m and Type II-m both elute v¡ith 0.1-5 M

potassium phosphate during chromatography on hydroxylapatÍte
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1t 1s Lloss ible th.rt Type I I -nr preparat l,lns äre cotrtatninaterl

to some extent by Type I-m.

e) ATPase Àctivity of the Mitochondrial Isozymes

Type I-m and Type II-m isozyme preparations exhibit

ATPase activity that is unaffected by the inclusion in

assays of inhibitors of the mitochondrial energy-transducing

ATPase, sarcolemmal ATPase oL the sarcoplasmic reticulum

ATPase. That this activity is cyclic AMP-dependent and

shares similar properties with the protein phosphorylation

ability of both isozyme preparations suggests that both

activities derive from the C subunit. It is unlikely that

cyclic AMP-dependent protein kinases account for any

significant amount of mitochondrial OR-ATPase activity.

The ATPase activity of the isozyme preparations is several

orders of .magnitude 
lower than mitochondr ial- activities even

when oligomycin and azide are both included in the assay.

There is also little correlation between ÀTPase and kinase

distributions in the mitochondrial fractionation procedures.

Like the cytosolic enzymes (59, 6l-) it is possible that

ÀTPase activities of the mitochondrial isozymes be used in

future to help elucidate the catalytic mechanisms of these

enzymes.

f) Poss_i b1e Ro Jes For-_ N.i.tgç-h_a_O_@

Dependent PLotein Ki.naseå

There are several potential roles for these

mitochondria. Many membrane-associated processes

mitochondria. including the transport of calcium

enzymes rn

in liver

and
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phosphate (96-l0l-), oXidative phosphorylation and electron

transport (97, L02t f03) and ATPase activity (100, LOL,

103 ) , are affected by pre-treatment with hormones. It is
possible that some of these effects dre rnediated by

mitochondrial protein phosphorylation. Cyclic AMP-dependent

phosphorylation of the b-subunit of the mitochondrial

F1-ATPase enhances proteolytic degradation of the protein in

the cytosol of S49 mouse lymphoma cells (L04). In

mitochondria phosphorylated proteins could be eliminated,

possibly by the ATP-dependent protease that has been

implicated in the rapid degradation of incomplete

mitochondrial proteins ( L05, 105 ) : Other possibilities stem

from the finding that the mitochondrial Fl-ATPase inhibitor
prote in can be phosphorylated by cycl ic AI"IP-dependent

protein kinase activity (31). ATP hydrolysis by the FL-

ATPase can power mitochondrial Ca2+ uptake through the

electrogenic uniport system (l-07). It is possible that

phosphorylation-dephosphorylation of the inhibitor protein

could indirectLy regulate mitochondrial Ca2+ uptake by

affecting the activity of the F1-ATPase.
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