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‘l‘he enexgy coupling system (A‘l.'hee - m eyathetue) o! pes cotyledon

nitochondtie has been etudied in both.soluble and -eﬂnne-bound fone.

‘ ilith a pettielly purified soludble A'rPeee. 1 wu able to lhav sany
"similarities o t_he F)-ATPase of mammalian mitochondria. The enzyme was
found to be extrhely cold labile. Inhibition patterns with Nar lpd Nally
and stimulation by 2,4-dinitrophenol were also typical of P-;-A'l'!fuu from
Wammalisn sources. The enzyms hydrolysed GTP, ITP, and ATP, but mot CTP,
UTP, ADP, or IDP. A‘I'Pue.ea‘ ITPase activities were strongly inhibited dy

ADP, and to a lesser extent by IDP. Distinctive pr

‘

rties of the pea
mitochondrial ATPase were its high rate of Ca-ATPase, end the stimulation
of ATPue activity caused by NICI.
The stimulation by NaCl was investigated further. The ‘effect of
chlaride salts was independent of the type of cdtion in the salt. With'
.8odium salts I found that the degree of at:lmulation depended on the nature
of the anion preeent. Stimulatory gnions included oxyenione sugh as bi-
cerbonatebut anions such as chloride and bromide were also effective, as
were anions of organic acids.” My experiments cleerly demonstrated that
eelt stimulations were caused or regulated by anions. v'l'he enzyne was not
‘timleted by trypein treatments, which are known.to destroy the specific
polypeptide inhibitor of ATPase in eubgitdcho_ndrial particles. These res-
ults showed that the inhibitor was not present in the preparation and there-
fore the etinuletiom of the engyme by the anions were not caused by diss- .
ociation or deetru‘céion of the 1nhib1tor.’,1 found that the enion-eti-uhCed

ectiv:lty was A’I'P-epecific. It was less sensitive to inhibition by uidp

-~

than was activity without added enionl. The relatively high GCTPase ~ect#~

iv
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vity. of the suryns vas not mtoa—.ttqﬁtd and was relatively 1u-ui-\ '
tivc to azide. The anion ou-\lhuoao vers very similar to those reported

with oth.r 71~-ATPases: froq yagst and shemalian tissues, except that oxy-
4

.

.nua cpoctuéity vas not. obnrnd with the pea enzyme.
lubnitochondrul particlu froohly propu.d by sonication from pea

3 ® -
botylpdon -1tochoh‘t’1¢ showed 16v ollguyctn-ocn“tive ATPase sctivity

vhich incressed lo-fold on exposure to trypein, a trut-cut known to

. dutt;oy the specific A_True inhibitor polypeptide. Pea .ubnltochomﬁ!r‘id

-particle ATPase was sctivated to s similer extent ‘by *aging® 1a vitro.

At pH.7.0 1 oy m preventgd the "a;in proco&l. Freshly prepared
tublitqchondrial particles shoVud a lubu:rnte .pccificity similar to thn
of the soluble pea nitochondrial ATPase, with GTPase>ATPase. "Aged" or
‘trypsin-truted .subni‘tochondtial particles showed equal activity with the
two substrates. NaCl and NaH003, which stimulated the ATPase activity
of the soluble pea enzyme, were also stinulatory to the GTPase and ATPase
activity of frenhly prepared submitochondrial particles, and only to the
ATPase activity of trypsin-treated or "agcd'; submi tochondrial particles.
The ATPase activity of rat liver .ubnitocho;xd}'ial barticle- was stimula-.
ted By'HOOS. but inhibited by Ci-. I conclude that Cl1~ stimulation is an
intrinsic property of the pea mitochondrial ATPase. / ”.,
Submitochondrial particles were also shown to catalyse ATP uyn.theoh
coupled to substrate oxidation. ATP -yntiteuil was sensitive to' the elct;t-
ron trangport inhibitor KCN, the uncoupler QCCP. and the coupling factor |
inin;bitor oligomycin. The itinct.jtca of ATP synthesis indicated a high

affinity for phosphate (Km = 0.18 aM). AIP kinetics showed negative

' cooperativity, with Km values of 0.01 and 0.1 mM. A curve of pH effects

on oxygen uptake, ATP synthesis and ATPase did not indicate a clear
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reliélbnihip between ATPI.J’I d ATP syntResis. The effects of chloride

) activities also failed to 1nh1cntc
anf clea{ relationg drial partiﬁ}es also cntlly.cd.
an ATP-P{ e'xchange ’ ‘ ‘ % .

A‘more highly purifiled preparation of tﬁé“iGInble ATPase was obtained
from submitochondrial p;xticlel. The purification nethod: emﬁloying _DEA.!~
cellulose ;hromatograéhy. is described. ‘Tha enzfme obtained was over 90X
pure on gel electrophoresis. On SDS gels the enzyme showed subunit
composition typical of r,-AIP{anu except that a and 8 subunits were not
resolved. Electrophoresis in 8 M urea resolved the two major subunits,
however. Kinetic analysea indicated Vmax for ihe ATPase reaction was
about 18 units/mg protein, with a Km of 0.29 mM. Negative cboperativity
wag obgerved in Lineweaver-Burke p&ots. Kineticvbarametefs are also

4
given for the high rates of GTPase and anion-stimulated ATPase activity.

Submi tochondrial particles also showed negafive cooperativity in Lineweav- '

er-Burke plots. The aging-activation of submi tochondrial particle ATPase
was shown to be;éimilar kinetically to removal of a noncomp?titive inhibi-
tion, such as that ca;led‘by the ATPase inhibiter.

I was also able to s‘ow, in a brief Appendix, that corn- submitochon-
drial paréicles also possess an ATPase éctgvity that is senaitive‘to-
oligomycin. This result contradicts receﬂ% reports that monocotyledonous

plants possess an unique oligomycin-insensitive enerdy-coupling ATPase.

v
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. INTRODUCTION

' The mitochondrial synthesis of ATP by phosphorylation of ADP hai
been the subject of intense study for the last twenty to thirty years.
Many advances héve been made in this field, including the crucial dis-
covery by Mitchell ('soger.EE.gl.,1977) that the ATP s&nthesis reaction
1s linked to substrate oxidation by way of energy-rich proton gradients.
The actual mechanism by which this energy is used. to phosphorylaée ADP
remains largely unknown, however.

A step in the elucidation of this mechanism was made in 1960 when
the group of Racker was able to solubilize and purify a protein factor
(F;) from beef heart mitochondria which, when added to F;-depleted sub-
mitochondrial particles,was able to restore their ability to phosphory-
late ADP (Pullman et al., 1960, Penefsky et al., 1960). In its soluble
form F; was also found to be a highly active ATPase, although 1t could
not catalyse any other partial reactions of oxidative phosphorylation
unless bound to its native site on the inner mitochondrial membrane.
Since this time many researchers have followed the assumption that
studying Ehe ATPase reaction catalysed by F) provides a valid approach
toward understanding the mechanism of ATP synthesis. Intensive research
has thus gone 1into discovering the catalytic, ligand-binding, and physical
properties of F,-ATPase, all of which apé;ar to indicate that the F;-
ATPase is a very complex enzyme; perhaps, in its membrane form, "the
most complex enzyme gystem known to man" (Pédersen, 1975).

Following the lead of Racker and his co-workers, other groups
have isolated F|-type ATPases from membranes of bacteria, yeast mito-

chondria, and higher plant chloroplasts (see Nelson, 1976; Pedersen,
L 4



1975; Penefsky, 1974), indicating that the ®nzyme is basic td? ;h"e énergy
mgtabolism of most organisms. Very little restarch has been d:me on

the ATPase of plant initochondria., however, and aside from a few brief
reports (Malhotra and Spencer, 1974a, b; Nagaraja and Patwardhan, 1974;
Peterson and Heisler, 1963; Yo_shida and Takeuchi, 1970) no one has
attempted to solubilize, purify and characterize the F1-ATPase of mj..to-
chondria from a higher plant. Not only would such a study be useful

for understanding the bioenergetics of pPlant mitochondria, but it might
also advance our understanding of the basic mechanism of Fi-type

ATPases.



QHAPTER I | .

. LITERATURE REVIEW

The energy-coupling ATPase systems of mitochondria, chloroplasts,
and Bhacteria have been the subject of an {mmense literature in recent
&e s. Fortunately, éany excellent reviews exist that form a coherent
pictu}e from the variety of results in the literature. TFor F,-ATPases
from mitochondria, the rdﬁaér 18 referred to the réviews by’Pederaen
(1975) and Penefsky (1974)ﬁ§)The review by Senior (1973) is also of
value. Chloroplast ATPase is well-discussed by Nelson (1976); a less
current review on bacterial F;-ATPase 1s that of Abrams and~Smith (1974).
Reviews on ;nergy-coupling are also available; of particular interest is
a recent multi-section review by leaders in the field of oxidative
phosphorylatioq.(Boyef et al., 1977). A review on photophosphorylation
appeared recently (Jagendorf, 1977). Also of interest 18 a review by
Kozlov and Schulachev (1977) that attempts to devise a mechanism for
F,-ATPases, and one by Harris (1978) that attempts to reso}ve the res- ‘
earch on roles for nucleotides bound to coupling factors. v

With this complete review literature readily available there appears
to be littlé purpose in attempting a broad review of the field here. I
have, rather, attempted in the discussion section of each chapter to
compare my results with those in the literature, and to draw these compari-
sons together in a final discussion chapter. There are, hoWever, two
areas which seem worthy of discussion here because they are not well-
reviewed, and are only touched on during my discussion sections. .These
topics are the controllof F,-ATPase activit&, and the current state of

plant mitochondrial ATPase research.



A. ntrol of Fi- tiv

A major function of the mitochondrion, and a central focus of the

4

cell's bioenergetics network, is the synthesis of ATP by phoaphorylatiop

~ of ADP, using the energy of substrate oxidation. Thus the ability of

the coupling factér F) to hydrolyse ATP at a very high rate comes as a
shock. As dis;usqed by Racker (1976), however, most workers resolve this
conflict by considering the ATPase activity as an ;berration (as opposed
to a simple revers#l) of a norma} ATP synthesizing bystem. Commonly held
theories, for examplé that ATPase involves a separate catalytic site from
ATP synthesis (Pedersen, 1975, 1;76; Penefsky, 1974b) or that ATPase 1is
expressed only after a damaging conformational change has occurred

(Warshaw et al., 1967), express a general feeling that ATPase activity is
" more an artifact of isolation_than 8 natural activity. Av;ore interesting
approacﬁ, which appears to lead to further experimentatioﬁ, is that F,-
ATPase 18 simply a well-controlled enzyme in vivo, that it is quite
capable of hydrolysing ATP in its native stite, but is kept from doing so
at high rates by a battery of control systems., This seems a worthvhilgw
hypothesis because it leads to predictions that can be tested, and may
help to close the conceptual gap between a large body of work on AIPasef
and an even larger body of work'ég oxidstive phosphotylation. |

What are the possible mechanisms for cont;ol? It seems possible to
identify at least four: 'céntrol by product inhibition, control by ATP

export, control by the inhibitor polypeptide, and control through the

0
kinetic properties of the enzyme. \wg

1. Control by Product Inhibition



‘if one accepts the hypothe;il of Mitchell that ATP synthesis and
electron tr;n-port are linked by an cncrgy—riéh prdtbn gradient the
reaction of ATP hydrol?ais catalysed by intact mitochon?ria or submito-
chonﬁrinl particles is:

ATP&===ADP + P{ + H' gradient

"ADP has éeen found to be a relgﬁively efSective inhibitor of membrane-
bound F,~ATPase with a K¥ of 80 uM in beef heart ndbnitocﬁondrial part-
icles (Hammes and'Hilborn, 1971), although very wide discrepanciel in
Ki values do exist in the literature (Pedersen, 1975). Internal ADP
levels in intact mitochondria would nomally be under control\o;.the
adenine nucleotide transporter, which under conditiops of membrane energ-
ization would increase the internal ADP/ATP ratio, 1ntepsify1ng the inhi-
bition by added ADP. '

Free Pi 18 apparently‘a rather weak inhibitor of the ATPase reaction.
For example Pullman et al. (1960) reported that 40 mM Pi w“ without
effect on ATPase activity of beef heart F,-ATPase in the presence of
6 mM ATP.

The most interesting of the three possible product inhibitors is
the proton gradient.shown to be produced by the reaction (Moyle and
Mitchell, 1973). The potency of this inhibition has not been directly
meagured, and 1t is not clear what the critical experimept would be. 1In
the presence of an ATP-regenerating system (Pyllman et al., 1960) to
remove ADP, and using the H* release assay (see Van de Stadt, 1973) or
the NADB-linied assay of Pullman et al. (1960), the rate of ATPase activi-
tf should slow as an H' gradient is built up. This should hold true when

. well-coupled submitochondrial particles are used; uncoupler should

Telease this inhibition. This experiment has been done by Van de Stadt
i .

’
l4

\



-

n‘l (1973,  Fig. 4) who found that particles with ‘or vithout uncoupler
ehWed a liniler slow rate of the ATPase reagfdon. The authors ingerpreted
thie to indicate thlt the ATPase was not active enough to deVQlop a proton
gredient sufficient to 1nhibit the reaction.‘ The ATPase of those particlee,
however, was shown to be under control of the 1nhib1tor‘ polypeptide (dis-
cussed below). During ATP hydrolysis, as the inhibitor di-oocieted- from
the ATPase becaun of the incren;in; proton gradient, uncowler bec-e
effective 'in producin! an eno‘ ous activation of ATPase activity. The
authors concluded that ATPase activity could be q:tectly regulated by
the rate of dissipation of a high energy state (ﬁ+ gradient) but that ’
this regulatory mechanism would be important only when the ATPase was not
being controlled by the 1nhibitor polypeptide. These experinente coulo
be extended, but this would require a system in which inhibitor-free
ATPase was used, and H‘ gradients cou!h be directly measured or known.

It should be pointed out that the potency of product inhibition
(K7 values) is not related to the poairion of the final equilibriom of
the rea:;ion. ' The pouig;.-‘of this equilibrium is, of course, also of
iptereet, since products of the ATPasge reecs‘Pn are also the substrates
of the ATP synthesis reaction. Considering only ADP and P{ as products
(as they are in a well-buffered assay using F;-ATPase or a membrane-bound
system with uncoupler) the equilibrium cooeta;t for -ATP hydrolysis is .
about 2 x 105 M (assuming a standard free energy of ATP hydrolysis of
-7.3 kcal (Lehninger, 1970)). 1In other words, ATP is nog,expected to be
‘;easuxable at equilibrium. When the nt gradiegpt }a present however, this
equilibrium can be shifted completely toward ATP syﬁtheail, 30 that no

net ATPase reaction is observed when ATP is added to respiring mitochon-

dria (e.g. ‘.uchi, 1975) and isolated respiring nitochondria can

-



maintain a high ATP level in state 1V. This does not mean that respir-

ing well-coupled mitéchondril are not capable of ATPase activity, only

that the net equilibrium will favor ATP synthesis. The potency of prod-

uct inhibition will'be reflected in how quickly the y—phosphate of ATP ~
becomes labelled when unlabelled ATP is added to reapiring.aubmitochon—

drial particles with 32p{. This ATP-Pi exchange (with respiration)
appears‘wotthy of more investigation for determining th; effect of the

PrQton gradient on ATPase kinetics, and on KZ values for product

inhibition.

2. ‘Control by ATP Export

The inner mitochondrial membrane is not permeable to charged sub-
stanées, and special ¥ransporter systems exist for the charged substrates
of oxidation and phosphorylation to move across the inner membrane (see
Wiskich, 1977). With ATP, the transport system is of special interest for
two reasons: it will only ;xchénge’internal adenine nucleotides with
eétérnal adenine nucleotides (no net nucleotide tramnsport is catalysed)
and it is normally electrogenic, importing an ADP?” and exporting an
AIP“-,~thue requiring that one H+ be exported by electron transport or
ATPase fVignais. 1976). Thus, mitochondria have a nucleotide pool of .
fairly fixed size whose composition will be determined by the relative
concentration of the mucleotides present (ADP and ATP), but also by the
energetic state of the membrane. In Atber,vords, in conditions favoring
net oxidative phosphorylafion. ADP wiliube taken up preferentially over
ATP, while ATP will be préferentially exported. In this way mitochondria
respiring in a mixture of ADP and ATP without P7{ will concentrate ADP

inside the mitochondria and ATP outside. Similarly, mitochondria



hydrolysing ATP in the absence of oxidizable substrate should é;port

ATP and concgntraté ADP, inhibiting the hydrolysis reaction. The degree
to which this occurs with whole mitochondria could be determined to
investigate how effectively the adenine nucleotide translocator does
inhibit ATPase. Under normal ATPase experimental conditions, where ADP
is kept very low, the translocaton\may not be important as a controlling

influence.

3. Control by Inhibitor Polypeptide

Probably the most important mechanism by which the ATPase reaction
is controlled is by the specific ATPase inhibitor polypeptide, discovered
in 1963 by Pullman and Monroy (1963). These workers found that they
could %solate, from whole mitochondria, a low molecular weight protein
(mol wt 15,000) which could inhibit the ATPase activity of either F,
or submitochondrial particles. The inhibitor conferred cold-stability
o the F)-ATPase. The inhibitor has since been purified from rat-liver
(Chan and Barbour, 1976) and also occurs in chloroplast F,-ATPase (see
Nelson, 1976). Some debate centers on whether the inhibitor is identi-
cal with subunit ¢ of thé F)-ATPase, or is a sixth subunit (Pedersen,
1975). The most detailed work, that of Knowles and Penefsky (1972a, b),
definitely supports the former possibility, since they were able to show
that subunit ¢ and the Pullman and Monroy inhibitor co-electrophoresed
on SDS gels. They showed that amounts of subunit ¢ were proportional
to inhibitor content with their F;-ATPase preparation (which was low in
inhibitor) and ghe preparation of Pullman et al. (1960) (which contained
a large amount of inhibitor).

In discussing the regulation of ATPase activity, however, the



important point is what factors control the interaction between the
inhibitor an, the F)-ATPase. Pullman and Monroy (1963) found that
high pH (over 7.0) prevented the inhibitor from inhibiting the F,;-
ATPase. Later work (Horstman and Racker, 1970) showed that low lov;ll
of ATP and H32+ (20-10Q uM) were required for the inhibitor to inhibit
the ATPase activity of inhibitor-deplete submi tochondrial pnrtleo..
ADP could not replace Af?. ‘From these data (Pullman and Hontu!. 2963;
Horstman and Racker, 1970) possible regulatory properties coul&\bg
foreseen: the high internal pH and the low ATP/ADP concentration ratio
during oxidative phosphorylation by mitochondria would favor non-associa-
" tion of the inhibitor with the ATPase, while the high ATP/ADP ratio of
state IV would favor association of the inhibitor.

More experiments on the regulatory properties of the inhibitor
polypeptide were reported by Asami et al. (1971) who'fOund the inhibitor
was effective against all ATP-driven énergy linked reactions of submito-
chondrial'particlea. including the NADH—NADP+ transhydrogenase, reverse
electron transport, and membrane energization by ATP (measured as an
enha’cement of ANS fluorescence). None of these reactions was inhibited
by the inhibitor when driven by succinate instead of ATP. When the
inhibitor was present ATP synthesis by the submitochondrial particles
was stimulated in a manner that mimicked the effect of an ATP trapping
system. The authors suggested that the inhibitor polypeptide is a
"directional regulator" of the coupling systen.

Following the lead of Asami et al. (1971), Van de Stadt et al.
(1973) investigated the regulatory function of the inhibitor in beef
heart submitochondrial particles. These workers determined that the

inhibitor was noncompetitive versus ATP in the ATPase assay and did not



affect the Ki of ADP. More importantly, they showed that tha extent
of inhibition caused by a set amount of inhibitor was proportional to
the ATP/ADP ratio in the incubation medium, not merely the concantration
of ATP.. In addition the oxidation of NAIH also reduced the extent of the
inhibition. The presence of Phosphate had no effect. When inhibited
particles were allowed to hydrply:.e ATP the rate wvas low and not stisula-
ted by the simul taneous additidp of an anouplcr. If hydrolysis wvas
allowed to proceed several minutes before uncoupler vas gddod. however,
ATPase was greatly stimulgted by the uncoupler. The same uncoupler
stimulation of ATPase also occurred when particles were allowed to oxid-
ize NAIH for a short period bcfore\ uncoupler addition. The authors
concluded that membran;\:>§rgization by either substrate oxidation or
ATP hydrolysis weakens the interaction between the inhibitor and the
ATPase. They hypotheaizé a regulatory scheme in which the AfPale is
inhibited by the inhibitor whenever the ATP/ADP ratio increases, or the
energization of the membrane ceases. This is clearly an ideal situation
for regulating ATPase pctivity. Van de Stadt et al. (1973) also Proposed
the existence of a bound, noninhibitory state for the inhibitor. This
was based on experiments in which partialiy 1npibited particles were.
incubated with Mg-ATP causing a further inhibition. The physiological
significance of the bound-noninhibited versus the }ully digsociated
state is not known. |

.

In a later paper Van de Stadt and Van Dam (1974) showed that inté;-
action between the inhibitor and the ATPase was wveakened by high ionic
strength, causing dissociation of the inhibitor, with some anion .?ocif-
icity being shown for this effect. Théy also showed that submitochondrial

particles l?u in inhibitor showed little change in the Km for ATP or

’
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the K{ for ADP in the ATPase reaction, but when these particles vori
assayed wvith uncoupler present, the Km ATP dropped from 193 1M to 50
UM, and the K{ for ADP dropped from 132 uM to 70 uM. Using this data ™
and the finding that the presence of inhibitor caused a change in the
bin\ing and fluorescence propcrt;.co of the ligand aurovertin (Van da
Stadt™wt al., 1974; Van de Stadt and Van Dam, 1974) the authors proposed
that inhibitor binding causes a conformational change in the aeibrame-
bound F;-ATPase. ’

A subject of some debate is the role of the inhibitor during the
forward reaction of ATP synthesis. No effect on ATP synthesis was
noted in thé experiments of Pullman and Monroy (1963) or Asami gt al.
(1971), suggesting that ATPase may occur through a separate, inhibitor-
regulated site. It is clear from the work of Van de Stadt gt al. (1973)
however, that the conditions of oxidative phosphorylation (membrane
energization with ADP) are those that cause inhibitor dissociation,
so that no effect on ATP synthesis should be expected in normal assays.
A unique approach to this problem has been taken by Harris and Crofts
(1978) who used nillioecong 11ght flashes to activate photophosphoryla-
tion in chloroplasts. They were able to show that the rate at which ATP
synthesis ability .pp‘eared coincided with the rate at which inhibitor
was displaced from the F;-complex, u judged by the activation of ATPase.
Although the chloroplast results may not be directly related to the

situation in mitochondria, it does appear likely that inhibitor must

be removed for either ATPase or ATP synthesizing activity.
AN t rol of

A final mechanism through which some control over ATPase activity
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1s exerted 1s by the kinetic properties of the onln\lmu. Theese

control pronrtiu are more evideat vtth the soludle 7,-4TPase than with
-ublitochoadrul particles, raising some question as to their impertance
in the mitochondrion.

Early experiments by Lardy's group (Lambeth and Lardy, 1971) showed
that the rat liver enzyme was stimulated by certain anions (bdicardonste,
chromate, sulfite and maleate) b.ut not by others (chloride, sulfate). o
Purther vork (Ebel and Lardy, 1973) examined the l:uottu of the snion
stimulations. It was found that the saluble rat liver ensyms displayed
pronounced negstive coopcrntivity“ vhen no stimulatory anions were preseat
in the assay mixture. .A'ddiuon of a stimulatory anion could completely
remove the‘ negative cooperativity and also increase the Vmax of the nzyme.
These workers m'euuud "fold-activation" and Ka for a variety of anions
and found values of 1-9.4 for fold-activation and 0.06-33 sM for Ka
values. There was no spparent correlation between these two seasurements
vhen anions were ranked in order of effectiveness. In addition Ebel
and Lardy showed that azide and thiocyanate anions, vhich strongly inhibi-
ted Vmax, csused increased negative®cooperativity in Lineweaver-Burke
pPlots when ATP was the substrate. licarbonaﬁc and other stimulatory snioms
competed with inhibitory anions to exert their effects, leading Ebel and
Lardy (1975) to hypothesize a regulatory anion binding site that could
bind either -ti-ulntox;y or inhibitory anions. The ATPase activity of
rat liv;t submitochondrial particles also showed ;:ooporutivity, although
much less so than the soluble enzyme, and anions could stimulate ATPsse
activity of this preparation only 2-fold. Interestingly, the very high
GTPase and ITPase activities of the soluble¢ enzyme showed linear kfnotiu.
and anions were without substantial effect. This led Ebel and Lardy ‘

s ’
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(197%) to propese that thou\ were either two types of catalytic sites.

or that the easyme possessed s nuslestide-binding regulatory site; im
either case the regulation of cooperativity ..ppcard to involve both
anions and mucleotides. Pedersen (1976), usimg rat liver submitochom—
drial particles and F,-ATPase, obtained results similar te those of Ebel
and Lardy (1973) vith respect to effects of emions, nucleotides, and’
sesbrane binding. Ue alee showed that Ghe ATP-drivea tramshydrogenasse
reaction and the ATP-P{ exchange ¥eactiom were not at all similar in
their k‘inottca. substrate specificity, or anion sensitivity to the ATPase
reaction. These results on ATP-driven reactions were interpreted to
indicate multiple catqutlc sites on the ATPase, each responsidle for
separate activities. Close examination of the data indicates this inter-
pretation was not warranted, however.

Purther renear}%’by Lardy's group (Schuster gt al., 1973; Schueter
et al., 1976) e');slo{cf’ﬂ'\c regulation of ATPase kinetics further, using
the nonhydroly/lble nucleotide analogs AMP-PNP, GMP-PNP, and IMP-PNP.
The results fax from clearing up the nucleotide specificity and function
of the various sites, resulted in the rejection of any simples system of
nucleotide and anion regulation (Schuster gt al., 1976). .

The group of Hees, working on soluble yesst F)~ATPase have also

red the effects of anions. They were able to IY;QU (Takeshige gt al-,

mat\lfnount anions had clearly different effects on the negative
cooperativity of the enzyme. In the presence of sulfate, for cx;h.
the enzyme showed no cooperativity, and a Km ATP (0.2 sM) eimilar to the
low affinity pite wvhen no anion was present. With sulfite, no coopera-
tivity was noted and the Km ATP was 0.04 =, identical to that of the

" high affinity site for ATP when no anion was present. Neither anion had
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a aubstantial'stimulatory éffect on Vmax. Bicarbon;te, which did stimulate
Vmax, had no effect on cooperativity or Km values. From further re;earch
on the effects of sulfite and sulfate (Recktenwald and Hess, 1977), Hess
proposed that yeast F,-ATPase has three aB pairs of subunits.' Each pair
possesses a catalytic site which binds MgATP and an allosteric regulatory
site which binds MgATP or anions. Binding at this sité would resulg in

an increased Km (when ATP or sulfate is bound) or no effect on Km (sulfite).
Sulfite would effectively compete with ATP at the regulatory site so that
no ATP-induced curvature of kinetic plots would be noted when sulfite was
present. This model requires no interaction between catalytic siées (no
true cooperativity) but is perhaps overly convenient in ignoring Vmax
effects of bicarbonate and azide, and the interesting lack of effects

of anions on GTPase.

t al., 1977) that anion effects

A recent report (Lopez-Moratalla
can be completely absent when ATPase is isolated from the liver of
fasted rats is interesting and may eventually provide a clue as to the
mechanism and significance of anion effects. This report was on whole
mitochonarial ATPase, however, sc that data may reflect the effects of
other regulatory systems.

Another report that has not been adequately followed up is that of
Moyle and Mitchell (1975) who showed that the ATPase could exist in in-
éctive or active states. Magnesium ions were able to induce the inactive
state in a time-linked manner, while some anions could reverse the )&2+
effect, again in a time-linked manner. No kinetic plots were shown,
but the authors falt that the kinetic effects of anions (stimulation of
the apparent Vmax) were best congidered as an increase in-‘the proportion

bf active catalytic sites. The significance of this report remains to be
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evaluated. ?
Finally, one must ask what the physioldfical significance of the
anion stimulations and cooperativity is. With anions, bicarbonate is
ﬁthe most interesting, since it is a product of the Krebs-cycle. It -
ﬁould thus serve to activate the ATPase when respiration is active." This
is of no use at all, of course, unless bicarbonate also stimulates the
Vmax for oxidative phosphorylation, an effect which has not been carefully

searched for in mammalian s;pfgg;j——;;:\hhysiological significance of

cooperativity toward ATP remains a mystery.

B. Plant Mitochondrial ATPase

1. ATPase in Intact Plant Mitochondria

In plants, the ATPase activity of intact mitochondria has frequent-
ly been studied. Forti (1957) found that pea mitochondrfa showed an ATPase
that was stimulated by 2,4-dinitrophenol or aging of the preparation for
several hours. Forti (1957) accepted the concépt of Lardy and Wellman |
(1953) that ATPase activity does not represent a specialized ATP-hydrolysing
enzyme, but is a reversal of oxidative phosphorylation. Another early
report on plant mitochondrial ATPase is that of Aloni and Poljakoff-~
Mayber (1962).who studied lettuce mitochondria. On the basis of pH
profiles these authors hypothesized the existence.of 2 or 3 separate
enzymes hydrolyzing ATP.

A major source of controversy in much of the more Tecent research
on plant mitochondrial ATPase concerns the effect of 2,4-dinitrophenol.
Following the early report of Forti (1957) that 2,4-dinitrophenol stimula-
ted the ATPase activity of pea mitochondra by 100X, work by Reid et al.

(1964) showed that cauliflower mit?7hondrial,AIPase was not stimulated

]
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by 2,4-dinitrophenol. Blackmon and Moreland (1971), working with mung

bean mitochondria reported results slmilar to those aof Forti (1957).

Blackmon and Moreland (1971; found that 2,4-dinitrophenol at 0.08 mM was
sufficient to uncoup{e mitochondria and to activate ATPase 4-fold.

Oligomycin inhibited this sti;ula;ion. Interestingly, substrate oxida- .

tion also inhibited the 2,4-dinitrophenol-stimulated ATPase activity

although the inhibition varied from 36-74%, depending on. the respiratory

substrate. Destruction of mitochondrial structure by sonication activa-

ted the ATPase by about 4-fold, and sonfcated mitochondria were not
stimulated by 2,4-dinitrophenol. Blackmon and Moreland (1971) also

found that the 2,4-dinitrophenol stimulation of whole mitochondria ATP.ase
was eliminated by 0.4 ﬁ sucrose, which was routinely present in the
assays of Reid et al. (1964). This was not.the cause of the failure of.

2,4~dinitrophenol to stimulate cauliflower mitochondrial ATPase, however,

as Reid et al. (1964) showed that at lower (0.2 M) sucrose, 2,4-dinitro-

phenol was actually inhibitory. Passam and Palmer (1973), working with
Jerusalem artichoke mitochondria, found that ATPase activity in 0.3 M
sucrose was only stimulated 33 by addition of 2,4-dinitrophenol, CCCP,
or FCCP in concentrations sufficient to uncouple respiration. Changing
the sucrose concentration had no effect. These authors found, however,
that succinate oxidation in the presence of CCCP released a high rate of
ATPase, a finding similar to that of Van de Stadt et al. (1973) with
beef heart submitochondrial particles. An anomalous finding in the ;ork
qf Pagssam and Palmer {1973) was that the respiration-releaséa A*Pése !
‘akt;vity was not inhibited by oligomycin. This may be.,related to the

author's earlier finding (Passam and Palmetr; 1971) that the coupling

actiyity of Jerusalem artichoke mitochondria is very eaaily solubilized
, ‘ gy

—~—



in the'absence of ng+. Other findings on 2,4~d1initrophenol effects

are th#t the ATPage acti;ity of mitochondria from potato tubers (Jung

and Laties, 1976), from bean cotyledons (0lson and Spencer, 1968) and

from QiSSI arietinum seeds (Nagaraja and Patardhan, 1974) is only slightly
stimulated by 2.4-dinittophenol, and that the ATPase of mitochondria from
Sweet potato (Carmeli and Biale, 1970) and corn (Bottrill and Hanson,
1969) ig substantially stimulated. '

/This problem has been attacked by Jung and Hanson (1973, 1975), who
showed that a short period of respiration before the addition of 2,4~
dinf%rophenol caused the release of a high rate of ATPase activity 1n
either corn mitochondria, which are normally 2,4-dinitrophenol stimﬁlated,
or cauliflower mitochondria, which are not (Jung and Hanson, 1973).
Evidence was given that this "respiratory priming" involved the genera-
tion of a membrane potential, which in turn might have activated the
ATP transporter to provide substrate for the ATPage reaction. Thus "the-
lack of 2,4—dinitrophenol—stimulated ATPase activity appears to be a
problem of ATP transport and not a characteristic of the F,-ATPase
Per se" (Jung and Hanson, 1973). a later ﬁaper showed that respiratory
pPriming or cauliflower mitochondria could be replaced by incubation with
ATP (Jung and Hanson, 1975). Analysis of Mg2+ and nucleotide content
indicated that unprimed corn mitochondria had higher levelsg of these
components than“did unprimed cauliflower ﬁitochondria. After priming, the
cauli%lowér mitochondria had accumulated M32+ to the level ;Lown by corp
mitochondria, and were also able to accumulate adenine nucleotides
through an atractyloside-ingensitive site. “These ;ccumulations vere

believed to be responsible for the Priming effects. Another possibility,

which appears likely, is that priming represents a buildup of membrane
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potential that resulza in dissociation of the ATPase inhibitor polypep-
tide, as proposed by Van de Stadt et al. (1975).

Further work on activation of plant mitochondri;l ATPase has been
‘ done by Jung and Laties (1976) , who were able to show thatltrypdin treat-
ments tould activate the ATPase of sonicated potato mitochondria. This
1mplicates~the inhibitor po;ypeptide of Pullﬁan and Monroy (1963) in the
regulation of plant mitochondriai ATPase. Work on castor bean mitochon-
drial ATPase (Takeuchi, 1975) was also interpreted to show the presence
of the inhibitor polypeptide. Mitochondria of castor bean showed low
ATPase and little stimulation by the uncoupler FCCP. Wheﬁ.the mitochom-
dria were oxidizing succinate, no ATPase activity was detectable, but
addition of FCCP with succinate released 'a high ratg of ATPase activity.
Submitochondrial particles showed a.lo—}old stimﬁiated rate of ATPase.
activity, which was not inhibited by succinate and only slightly stimula-
ted by succinate plus FCCP. Trypsin or pH 9.2 treatments to remove the
inhibitor from submitochondrial particies stimulated ATPase activity
10-fold further. The au;hor concluded that ATPase is normally regulated
by the inhibitor polypeptide. The situation with respect to how associa-
tion between the inhibitor and the ATPase is controlled appears complex
however, since respiratory priming to activate ATPase can be not requ;red
(corn), required (cauliflower, castor beaﬁ) or not effective (potato).
Further research may resolve these differences.

An additional minor point concerns the effect of oligomycin, a
specific inhibitor of the membrane-bound F;-ATPase. Two groups have
shown that the ATPase activity of sohicated corn mitochondria is rela-
tively insensitive to oligémycin (Jung and Hanson, 1973; Sperk and

Tﬁppy, 1977). This was interpreted by the latter authors to indicate
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the presence of a unique oiigomycin—inaensitive ATPase. These studies
are discussgd further in the Appendix.

Work in this laboratory (Phillipsr 1971) showed that whole pea
mitochondria possessed low rates of ATPase activity which was not stimula-
ted by 2,4-dinitrophenol in 0.3'M a;crose, and was slightly stimulated
in 0.3 M mannitél. The actiﬁity was ;nhibited by oligomycid and NaNé,
and was found to be stimulated by Nn+ and i+ ions. Activity was also

increased by the growth regulator ethylene.

'
2. Soluble Preparations of Plant F1-ATPases

The soluble form of the F;~ATPase has not been extensively studied
by agy‘grpuﬁ. In a short communication, Peterson and Heisler (1963)

descrtbed the isolatioﬁ of a soluble ATPase from acetone extracts of

cauliflgwer mitochondfia. The enzyme was not cold labile, but was stimula-
ted by Z,A-dinitropheﬁol. No other properties were given. Similarly, in
a more complefe report, Yoshida and Takeuchi (1970) purified and partially
characterized a soluble ATPase from castor bean mitochondria. The enzyme
was cold labile, showed ATPase activiiy that was stimulat?d by 2,4-dini-
trophenol, and a high rate of ITPase activity that was not stimulated by
2,4-dinitrophenol. Another report on a soluble plant mitochondrial ATPase
is that of Nagaraja and Patwardhan (1974) who isolated the enzyme from
Cicer arietinum seeds. The enzyme was cold labile, but no other properties
were described.

Work in this laboratoly resulted previously in the isolation of a
soluble ATPase from pea cotyledon mitochond:ia (Malhotra and Spencer, 1974a,
b). The method used was that of Horstman and Racker (1970), with minor

changes. The preparation was used to study the earlier finding with in-
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tact pea mitochondria (Phillips, 1971) that Na+ and K+ ions, added as

their C1~ salts, stimulated ATPase. This stimulation was also obuerved

\
4

with the soluble enzyme (Malhotra and Spencer, 1974a). In addition,
the e;zyme was stimulated by mixtﬁrea of ethylene and carbon dioxide
(Malhotra and Spencer, 1974b). Thefenzyme requitfd Mgz+ for activation
(Malhotra and Spencer, 1974a). |

A recent r;pdrt qQn a soluble ATPaaeﬂiron plant mitochandria is tha&
of Sperk and Tuppy (1977), who used sonication to solubilize the ATPase
from mitochondria of a variety of mohocotyledonous and dicqtyledonoﬁa
plants. The ATPase activity remaining in the supernatant after the
membrane fraction had been removed by centrifugation was cold labile in
the case qﬁ dicotyledons and cold-stable in the case of monpcotyledons.
When the-ATPas; activity was chromatographed on Sephadex the monocotyledon
mitochondrial ATPase ran with an apparent molecular weight of 50,000 dal-
tons. The dicot ATPases ran as molecules larger than 200,000 daltons,
in keeping with the molecular’veight of 347,000 proposed by Knowles and
Penefsky (1972a, b) for beef heart F;-ATPase. Using the data on molecular
weight and cold lability, Qnd the oligomycin-insensitivity of monocot
mitochondrial sonicates noted earlier, the authors concluded that mono-
cotyledonous plants possess an unique energy-transducing ATPase system.
This interpretation seems unwarranted, ﬁovever. in view of the almost
universal occurence of the Fl-gype structare (Penefsky, 1974). PFurther
research may be warranted to determine whether monocots possess an F,-

ATPase that is capable of a rapid association-dissociation in the cold
. .

or on Sephadex. §



CHAPTER 11
METHODS AND MATERIALS

A. Tissue Used

Pea seeds (Pisum gsativum L. cv. Homesteader) were soaked in water

for 6 hr then planted in trays of vermiculite. Seeds were germinated
for four days in the dark at 27°C and cotyledons were harvested. Al-
though Phillips (1971) found that ATPase activity of imtact pea cotyledon
mitochondria was highest after five days of germination, I found five:
day-old peas were more likely to be diseased and their more extensive
roots made them harder to work with. |

For the work in the Appendix, corn seeds (Zea mays L. cv. Earli-
King) were washed in 3% sodium hypochlorite solution for 15 min, then
rinsed extensively and soaked in water for 6 hr. Seeds were planted in
trays of vermiculite and grown in the dark at 27°C for three days. Shoots

-

were then harvested.

B. Isolation of Mitochondria

Mitochondria were isolated following a previously published method
(Solomos _¢_§ al., 1972) with the following minor variations. Gr1n~

was done for 5 min and the homogenate strained with a single lav~« of

"miracloth" (Calbiochem). The homogenate was then centrifug
x g for 7 min. The supernatant layer was then centrifuged for
at 20,000 x g. The pellet layer was dark brown with a rim of light-
colored material. The light material was removed by suction with a

pasteur pipette, as was a floating layer of 1lipid-like material. The

\
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ﬁelleta were resuspended in 40 ml of 0.25 M uucroue‘and centrifuged at
20,000 x g for 7 min. The light layer was again removed by suction.
Mitochondria prepared by this method showed good respiratory control,
as discussed in Chapter VI. 500 ml of dry pea seeds gave about 1200 ml
of cotyledéné and 250 mg :f mitochondrial protein.

Mitochondria from com epicotyls were i1solated following exactly
the same method, except that the dark brown pellet was surrounded by a
green layer, which was removéd.

Mitbéhondria from rat liver were isolated using exactly the same
method as for pea;, except th;t the low-speed pellet was resuspended
and recentrifuged three times and the supernatants pooled for high
speed centrifugation. Grinding was done in a Potter-Elvehejm homo-

genizer for 1 min.

C. 1Isolation of Enzyme

[N

The ATPase preparation used in Chapters III and IV was prepared by
the method of Horstman and Racker (1970) modified as described by Malhotra
and Spencer (1974a). This method is reprinted here with minor changes.
All steps were carried out at room temperature unless otherwise stated.

To about 250 mg of mitochondrial protein, 150 ml of 0.15 M sucrose,

2 ml of 0.2 M solution of tris-ATP (PH 7.4), and 2 ml of 0.2M EDTA solu-

kdded, and the mitochondria were sonically disrupted

\

tion (pH 7.4) were
with a Branson sonifier (model J—3é). The temperature was allowed to
rise to 45°C during the first 10 min and to 52-55°C during the second
10 min. The preparation was allowed to cool to Koom temperature and
centrifuged at 100,000 x g for 90 min.

The pH of the supernatant layer was adjusted to 5.4 with 1 N acetic

L4
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acid (isoelectric precipitation). The white suspension obtained was .e
centrifuged for 5 min at 16.00q x g. The supernatant layer.was decanted
from the precipitate and adjusted to a pH of 6.7 with 2 M tris. The
v?lume of the clear supernatant layer was made to 160 ml by the addition
of 0.15 M sucrose, and 4 ml of 0.5% protamine sulfate solution was then
added to At. The precipitate thus formed was discarded after centrifuga-
tion at 20,000 x g for 5 min and to each 100 ml1 of the supernatant layer,
40 ml of 0.5% protamine sulfate solution was added. After 5 min, the
suspension was centrifuged at 15,000 x g for 10 min. After removal of
the supernatant layer, the precipitate was dissolved in 10 ml of the
following buffer: 0.4 M ammonium sulfate, 0.25 M sucrose, 10 mM tris,
and 2 oM EDTA, made to pH 7.5 at 25°C with sulfuric acid. To this solution,
an equal volume of saturated ammonium sulfate (pH 7.2) was added slowly
with stirring at room temperature. The suspension was placed on ice for
10 min and was then centrifuged at 15,000 x g for 10 min at 4°C. The
precipitate obtained was warmed to room temperature and was dissolved

in 10 ml of the following buffer: 0.25 M sucrose, 10 mMytris, 2 mM EDTA,
and 4 mM ATP (pH 7.5 with sulfuric acid). An equal volume of saturated
ammonium sulfate solution (pH 7.2) was added drquise with ;tirring and
the preparation was stored overnight at 4°C.

The entire preparation was centrifuged at 15,000 * g for 5 min at
4°C. The precipitate was warmed to room temperature and dissolved in the
buffer (0.25 M sucrose, 10 mM tris, 2 mM EDTA, and 30 mM ATP, made to
pH 7.4 at 25°C with sulfuric acid) to give a final concentiation of 4
mg/ml. The solution was transferred to a test tube that w:s placed in a
72°C bath to allow the temperature to rise to 64°C while continuously

stirring with the thermometer. The solution was then heid at 64°C for



4 min by quickly transferring it to 64°C bath. The suspension was allowed
to'cool to 30°C and then centrifuged at 20,000 x g for 10 min to dinc;rd
the residue. An equal volume @f saturated amoninnxlulfnto solution
(pH 7.2) was added to the supernatant layer and the mixture was kept in
ice for 10 min. The suspension was centrifuged at 20,000 x g for 5 min
at 4°C. The precipitate thus obtained was warmed to room temperature
and dissolved in an appropriate amount of the follo;ing buffer: 0.25 M
sucroge, 10 mM tris, and 2 mM EDTA, pH 8.0 at 25°C. Aliquots of this
solution containing 100 ug of protein were transferred to small test
tubes and mixed with an equal volume of saturated ammonium gulfate solu-
tion (pH 8.0). The suspensions were then stored at -30°C. These prep-
arations were stable for 2-3 months. .

Before an assay, a tube containing the enzyme ;as thawed at 30°C
and centrifuged for 10 min at 20,000 x g. The pellet was dissolved in
1 ml of the following buffer: 0.25 M sucrose, 10 mM tris and 2 mM EDTA

adjusted to pH 7.2 with HC1 at 20°C. Solution containing ATPase was

kept at room temperature.

D. Preparation of Submitochondrial Particles

For preparation of sybmitochondrial particles the mitochondria were
suspended in 10 ml of 0.25 M sucrose and either frozen at fZO'C or used
immediately (all experiments in Chapter VI were done with mitochondtia
that were used immediately). The fresh or thawed mitochondrial suspen-
sion was diluted with 50 ml éf “"submitochondrial particle buffer" (0.25
M sucrose and 50 mM TES, brought to pH 7.0 with tris at 20°C). The mito-
chondria were sonicated in a 100 ml beaker at 0°C for two 1 min bursts

at 90X full power on the Artek Sonic Dismembrator (Model 300), using



the full-size tip. The sonicate was centrifuged at 20,000 x g for 10

min to remove unbroken mitochondria, and the supernatant centrifuged

at 100,000 x g for 60 min at 4°C. The pellet (submitochondrial particles)
was suspended on 0.25 M sucrose, diluted to a protein concentration of

6 mg/ml, divided into 0.5 ml portions in glass tubes, énd frozen at -40°C.
The submitochondrial particles contained abaut 25-40% of the total
protein of the sonicated mitochondria.

To assay ATPase, a tube of submitochondrial partiéicc was thaved,
diluted 1/5 in aubmitochondrili particle buffer. and assayed {mmediately.
Freezing and storage had no effect on ATPase activity, and frozen sub-
mitochondrial particles are referred to as "freshly prepared".

Trypsin-treated submitochondrial particles were prepared by diluting
9 mg of submitochondrial particles in 10 ml of aubmitochondtial'paitiéfe
buffer, adding 0.5 mg pancreatic trypsin and reacting 15 min at 30°C.

2.5 mg lima bean trypsin inhibitor was added, and reacted 5 min. .The
preparation was stable to freezing at -40°C.

Aged pgrticlec were prepared by diluting frozen submitochondrial
particles 1/5 in submitochondrial particle buffer and allowing them to
stand in test tubes in a water bath. For the most convenient and repeat-
able aging procedure, I allowed submitochondrial particles to stand

3-5 hr at 30°C.

E. ATPase Assay Without ATP Regeneration

The ATPase assay used in Chapters III-VI wvas that of Malhotra and
Spencer (1974a) which sensitively measures phosphate release in the
absence of ATP regeneration. Asgay medium, in a final volume of 2.00
ml, was 0.3 M sucrose, 25 mM TES, 3 mM MgCl, and 3 mM ATP, brought to

-
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pH 8.0 with tries at 20°C. The assay, at 30°C, vas started by the addi-
tion of enzyme or submitochondrial particles.

’l:hc assay vas usually run for 10 min and was terminated by the
addition of 1 ml of an ice-cold mixture of 0.12 M glycine, 1.8 M NaCl0,,
and 0.3 N HC1l. Tubes were then pln‘cod in ice for 6 min. When fresh sub-
mitochondrial particles were used the precipitated protein was removed
by centrifugation. This was not nrulary with soluble enzyme or more
active submitochondrial particle pr}autiom.

To assay phosphate released, 2:}1' of the qu'cnchcd reaction mixture

was added to 2 ml of the Mozersky et gl. (1966) molybdate rcagcnt/(_gllj_. .-

e

H,S0,, 0.6 M NaCl1l0,, and 12.5 =M ate) . this was added

e

_ a——tmtot Tsobutanol:benzene (1:1) and tubes were capped and shaken 15 sec.

After a 2 min centrifugation to separate aqueous and non-aqueous layers,
the absorbance of the non-aqueous layer was measured at 313 nam.

In Chapter VI ATPase was measured using the phosphate release pro-
cedure, but assay medium was 0.3 M sucrose, 4 mM MgCl,, 50 sM TES, 20 =M
glucose, and 3 aM ATP, brought to pH 7.2 with tris at 20°C. The reaction

was run for 10 min at 25°C.

F. ATPase Assay With ATP Regemeration

For the kinetic assays described in Chapter VII an ATP regenerating
system was added as suggested elsevhere (Pullman ¢t al., 1960). Assay
medium was 0.3 M sucrose, 25 =M TES, 1 mM MgSO,, 2 mM phosphoenol pyruvate,
and 50 ug pyruvate kinase, brought to pH 8.0 with KOH at 20°C. Mg-ATP
was added to the desired concentration from stock solutions Qquimlit in
MgSO, and ATP. (Mg-ATP concentration was determined by absorbance at

259 nm at pH 7.0 assuming a millimolar extinction coefficient of 15.4

*
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(Rbel and Lardy, 1973)). The tubes were placed in a water bath at 3o‘c
and’ allowed to incubate S min. Submi tochondrial particles or A‘I‘Puo}pro-
tein was added to start the reaction which wvas allowed to run for 1S
#a. The Teaction was quenched as described sarlier and protein was

removed by centrifugast ion. Phosphate was measured as described earlter.

C. Aasavy for ATP Svnthesis

The aseay for ATP synthesis in Chapter VI measured esterification
of 32P-orthophosphate. The medium for the assay, in a final volume of
lml was 0.3 M sucrose, 4 mM MgCl,, 20 mM glucose, 4 mM K,HPO, (contain-
ing approximately 200,000 cpm 32p0,), 50 mM TES, S units of hexokinase,
2 mM An;. and either 0.88 mM NAIH or 8 mM succinate, brought to pR 7.2
with"'t.ril.‘ Minor changes in this assay ICdiul!l vere as noted in the
figures and tables. The Teaction was started by the addi.tion of sub-
mitochondrial particles (100-200 g protein), and was allowed to proceed
for 6-15 min at 25°C. To stop the reaction, 1 ml of quench solution
(0.3 M HC1, 0.12 M glycine, and 1.\8 M NaCl0,) was added and the tubes
Placed on ice for 5 min. After a4 6 min centrifugation to remove precipi-
tated protein, the Supernatants were transferred to clean test tubes,

2.0 ml of the Mozersky gt al. (1966) molybdate reagent (2.1 N H,S0,,
0.6 M NaC10,, and 12.5":1 ‘ammonium molybdate) was added, and the tubes
allowed to ;1: at room !e-pcflturo for 2-6 min. The phospho-molybdate
complex formed was rmn:by three extractions with & ml portions of-
isobutanol:benzene (1:1). The esterified 32po, vas then measured dy
adding a 1 ml portion of the Aquecus residue to 10 al of Aquasol, and
counting by 1liquid scintillatiom. Blank tubes contained all assay

components plus 1 ug of oligamycin. One unit of activity is defined as

27



the amount required to esterify 1 umole of PO, /min under the above

assay conditions.

H. Assay of Oxygen Uptake

’

Assay of 02 uptake used the same medium as ATP synthesis, except
that no 32P0¢, or hexokinase were present, and the final volume was 3 ml.
The oxygen electrode was used to follow O2 consumption. Three ml of

assay medium at 25°C contained 675 n mole of 02.

1. Protein Assays

Protein was assayed using the method of Lowry et al. (1951) for
all experiments in Chapters III and IV. For experiments in Chapters
V-VII the coomassie blue G-250 binding méthod of Sedmak and Grossberg
(1977) was used. The method is sensitive, very repeatable and requires
about 5 min to complete. When BSA was used as the protein standard,
the method of Lowry et al]. (1951) or Sedmak and Grossberg (1977) gave
i1dentical estimates of the protein of soluble ATPase or submitochondrial

particles. A nearly identical method (Bradford, 1976), available

commercially from Calbiochem, was not as accurate.

J. Definition of Units

Units of ATPase or ATP synthesis were defined as the amount of
enzyme or submitochondrial particle protein required to catalyse the
conversion of 1 umole of substrate to product in 1 min, under the

specified conditions.

v K. Electrophoresis
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Electrophoresis Af the soluble enzyme in Chapter III1 was carried
out according to Dévis (1964) on 5%.acrylamide gels. For the work des-—
cribed in Chapter VII, ié was found that optimal purity'was observed
when ATPase aseay meifum th used for the sample solution, gel buffer,
aﬁa electrode buffer. The gels (5% acrylamide) were run at 4 m /
tube for 2 hr. ai

Gels were stained with three different stains t; visualize protein
bands. Amido‘black (0.5%) in 20% ethanol and 7% acetic acid, was not
very sensitive but was easily destained using electrophoresis. Coomassie
blue G-250 was used in 3.4% HC10,. The stain was taken up over a 24 hr
period and dest;ining was not required. Coomassie blue R-250 (0.25%)
was dissolved in 50%Z methanol and 7% acetic acid. Staining was carried
out for 5-10 hr at 40°C. Destaining was carried in 20% methanol, 7%
acetic acid by diffusion at 20-40°C.

ATPase activity was localized on polyacrylamide gels using the
method of Horak (1972). Gels were immersed in 10 ml of ATPase stain
medium (0.3 M sucrose, 25 mM TES, 5 mM ATP and 50 mM CaCl, brought to
pH 8.0 with tris) at 30°C and gently shaken for 30-60 min. A white band
éf (Ca);(PO,)» precipitate indicated AI'P hydrolysis activity.

SDS gel electrophoresis was carried out exactly according to Weber
and Osborn (1969). Protein standards were BSA (68,000), catalase (60,
000), pyruvate kinase (57,000), enoclase (41,000), lactic dehydrogenase
(36,000) and cytochrome c¢ (11,700). Samples of protein standards or
ATPase were dissolved in 10 mM phosphate buffer, to which was added 1%
SDS and 1X mercaptoethanol. Solutions were heate& at 98-100°C for 5 min.

Glycerol and bromophenol blue were added and the samples layered onte

102 acrylamide gels. Electrophoresis was done at 10 mamp/tube for 3-6
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hr,'ggd the gels stained with amido black or coomassie blue R-250.
SZ\;é%E}lmide gels containing 8 M urea were run exactly according
to Knowles and Penefsky (19Z?a). ATPase protein was dissolved in ele-
ctrode buffer containing 8 M urg;. Iﬁﬁediately before use a drop of
bromophenol blue and a few extra crystals of urea wére added and the
samples were layered onto gels. Electyode buffer above the sample

also contained 8 M urea. Electrophoresis was carried out for 2 hr at

5 mamp/tube. Gels were stained with coomassie blue R-250.

L. Materials

Protamine sulfate used for ATPase purification was from E11 Lilly
Co. Bovine pancreatic trypsin was from Calbiochem Inc. All other
biochemicals were from Sigma Chemical Co., Inc. Baker's yeast hexokinase
was Sigma product H-4502 (200-300 units}mg protein). Rabbit muscle ¢
Pyruvate kinase was Sigma product P-1506 (2 times recrystallized pre-
cipitate in (NH,), SO; 465 units/mg protein). It was centrifuged for
5 min at 20,000 x g and the pellet was“dissolved in 20 mM tris buffer
(brought to pH 8.0 with H;S50, at 20°C) to a protein concentratioq of
2.5 mg/ml. Aquasol and 32P-orthophosphate in 20 mM HC]l were from
New England Nuclear Co. Thqli?P-or:hophosphate was used without further
purification; however, no pyrophosphate contamination was noted, and

the oligomycin blanks described in Chapter VI insured that pyrophosphate

contamination was not a problem.

M. Variation #g Results

For the results in this thesis, no standard errorgs or measure of

variation were formally calculated. All the experiments reported, how-
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ever, were done at least two separate times, often by two different

experimenters. Each experiment contained duplicates or, in most cases,

triplicates of every level of .treatment. The result actually reported

is in most cases the median value of a representative assay. When an
effect varied between two assays a third‘or fourth assay was done.
Care was taken to includi‘pxpper controls for each treat;ent and to
arrange the assay so that any change in the activity of the enzyme
during an assay was not crucial (for example age-activation of sub-
mitochondrial particles). The method of handling variation in two
speclal cases 18 gdven in more det;il below.

For submitochondrial particles there were several sources of varla-
tion. Between batches, the ATPase activity of "fresh" particles varied
considerably, as noted in Chapter V. All iments on effects of
inhibitor or stimulators wexe thus done many¥times on separate batches.
If the tube containing fresh gubmitochondrial particles for assay was

kept in the hand or in the waipr bath at 30°C a gradual increase in

activity resulted in replicate tubes at the end of an assay having higher

o

activity than those at the beginning. In contrast, if the tube contain-
ing fresh or aged submitochondrial particles was kept in ice and the
syringe used was not carefully wiped after injecting particles into the
assay medium, the stoék solution of particles quickly lost up to 30Z of
its activity, resulting im replicate assay tubes with lower activity at
the end of an assay. The best solution to these problems was to keep the
submitochondrial particles in ice but to carefully clean the syringe
after each injection. Assays were arranged so that the entire series

of treatments was done three times in sequence so that age-activation

or cold-inactivation could be easily detected.
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For the kinetic assays reported in Chapter VII all points on
Lin;weaver—Burke plots vere medians of triplicates. The lines on
Lineweaver-Burke plots were plotted by eye. Leastrsquares methods }or
plotting lines would be more accurate with most enzymes, and methods
exist for weighting points u;ing the reciprocal of the variance at each
substrate concentration. These methods do not seem suited to an analysis ///
of data showing negative cooperativity, however, and so they were not

used.



CHAPTER III
-

PARTIAL CHARACTERIZARION OF THE SOLUBLE ATPage
)

My init1al work on the partially purified enzyme attempted to
characterize the ATPase enzyme isolated by the Malhotra and Spencer
(1974a) method. Comparisons made between the pea ATPase and Fy-

ATPases from other tissues showed they were similar in many respects.

A. Enzyme Assay System and Specific Activity

To establish optimal conditions for the ATPase assay, I tested
the effects of enzyme concentration and reaction time. Between 0.5
and 10 ug ATPése ptotgin the phosphate released was directly propor-
tioﬁal to the enzyme concentration. With 2 Hg enzyme the reaction
time course ;as line;r to at least 30 min, the maximum time tested.

‘In most experiments repo;ted here the standard assay was run with
2 ug protein for 10 min.

& The enzyme I obtained had a specific activity of 3.8 ymole phos-
phate liberated/min/mg protein when assayed as described. This is
lbwer.than current literature values for mammalian F1-ATPases (Pedersen,
l9f5; Penefsky, 1974). Treatments with trypsin or 50 mM dithiothreitol
(Nelson et al., 1972) did not increase the specific activity of the pea
enzyme (not shown),

The presence of protéin impurities was partially responsible for
the low observed activity. Gel electrophoresis (Fig.1l ) showed that
t#e enzyme contained approximately 40Z% protein impurities. Specific
staining showed, however, that all ATPase and GTPase activity was

associated with the major protein band.

o
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Figure 1. Polyacrylamide gel eleétrophoresis of pea mitochondrial
ATPase. The system of Davis ()1964) was used. The gel
concentration was 5% and gels were run 1 h at 1.5-2.0 mA/
tube. A: gel stained for protein with coomassie blue
R-250. B: stained for ATPase using 5 mM ATP and 50 mM
CaCl; in normal assay medium, 30°C for 20 min. C: stained

for GTPase using conditions.as in B, but with 5 mM GTP

replacing ATP. 50 ug protein was applied.
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B. Cold Lability and lon Stimulations

The pea mitochondrial ATPase showed pronounced cold lability when
di;solved in the tris-sucrose-EDTA medium (Table 1). After 20 min at
0° most of the ATPase activity wag lost. Inclusion of 4 mM tris-ATP
in the incubation medium resulted in only a slight protective effect.
When 102 methanol was added to the incubation medium cold lability was
considerably slowed. The enzyme was stable for up to 8 hr at 0° when
kept as a precipitate in the tris-sucrose-EDTA me&ium containing 502
saturated (NH,),S0,. Solutions at -40° were stable for several months.

Table 1 also shows, in agreement with previous results (Malhotra
and Spencer, 1974a), that the activity of the untreated enzyme was
stimulated to about 245X of the normal rate by inclusion of 100 mM
NaCl in the assay medium. Inclusion of 20 mM NaHCO ; gave actiQity of
320% of the basal rate. NaCl-stimulated activity was also cold labile,

suggesting that it was not catalysed ﬁy a separate enzyme.

C. Nucleotide Specificity

The pea mitochondrial ATPase was able to hydrolyse several
triphosphonucleotides, although only ATP, GTP, and ITP gave high rates
of activity (Table 2). With CTP and UTP as substrates the activity
was barely detectable under standard assay conditions. Table 2 also
shows that ADP and IDP were not hydrolysed by the enzyme preparation,
ruling out a nonspecif}; phosphatase activity. The addition of NaCl

stimulated the ATPasg, but not GTPase or ITPase, activity of the enzyme.

I
D. ADP Inhibition
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Table 1. Cold lability of purified ATPase from pea cotyledon

mitochondria.
20 min pre-assay ATPase Activity
treatment (ymole Pi/min/mg protein)
No added With
NaCl 100 mM NaCl
25° 3.7 9.1
o° 0.4 2.3
0° + 4 mM tris-ATP 0.7 3.0
0° + 10X methanol 2.6 7.7
0° + 50% saturated (NH,),SO (8 hr) 3.8 9.1

Note: The standard assay mixture (in 2 ml final volume) was 0.3 M
sucrose, 3 mM MgCl,, 3 mM tris-ATP and 25 mM TES brought to pH 8.0
with tris at 25°C. The reaction was carried out for 10 min at 30°C
and contained 2 ug enzyme protein. Before agsay the ATPase solution
(0.20 mg protein in 1 ml of 0.25 M sucrose, 2 mM EDTA and 10 mM tris,
PH 7.4 at 25°C) was preincubated at 25°C or 0°C (in ice). Where noted
the preincubation mixture also contained 4 mM tris-ATP, 10% methanol,
or 502 saturated (NH,),SO,. The slight carry over of P1 and ATP from

ATP in the preincubation mixture was compensated for by suitable
Y

blanks.



Table 2. .Nucleotide specificity of pea mitochondrial ATPase.

Enzymatic activity
(vmole Pi/min/mg protein)

Nucleotide No added NaCl + 100 mM NaCl
ATP 3.8 9.3
ITP 9.9 8.5
GTP 18.9 17.0
UTP 0.8 0.8
CTP 0.3 ‘ 0.9
ADP 0 0
1DP 0 0

Note: Assay conditions as in Table 1, except that 3 mM ATP was
replaced by the indicated nucleotides at a concentration of 3 mM.
GTP, UTP, ITP, and IDP were used as sodium salts; ATP, ADP, and

CTP were used as tris salts. Where indicated the assay mixture

also contained 100 mM NaCl.
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ADP vas found to inhibit the pea mitochondrial ATPase (Table 3).

At an ATP concentration of 3 mM, 50X inhibition occurred at 0.4 oM
ADP. 1ITPase activity was more strongly inhibited by 0.5 mM ADP than
was ATPase activity. Both ITPase and ATPase activities were inhibited

by IDP, which was a less effective inhibitor than ADP.

E. Divalent Cation Requirements
'

Pea mitochondrial ATPase was previously shown to require a diva-
lent cation for full activity (Malhotra and Spencer, 1974a). Fig. 2
shows that maximal activation by MgCl; occurred when it was equimolar
with ATP, in agreement with previous feaults (Malhotra and Spencer,
1974a). At MgCl; concentrations up to three times greater than the
ATP concentration ATPase activity remained high.

When 3 mM MgCl, was replaced by 3 mM CoCl; ATPase activity fell to
752 of ﬁhe MgCl,-activated rate (Fig. 2). At concentrations of CoCl,
of 6 mM or 9 mM the activity decreased. With 3 mM CoCl;, inclusion of
100 mM NacCl gave a 123% stimulation of activity. CaCl, at 6 mM or
9 mM gave 264X of the rate with 3 mM MgCl,. With 3 mwM CaCl,, inclusion
of 100 mM NaCl resulted in a 45% inhibition of activity.

In order to test whether the accompanying anion had any effect on
M32+ activation, MgSO“‘and Mg(CH3C00), salts were also tested. Fig.
3 shows that both salts gave 75% of the MgCl,; activity at 3 mM. At

higher concentrations MgS0, and Mg(CH3C00), were inhibitory.

F. Inhibitors

P
NaNj wvas found to be a potent inhibitor of pea mitochondrial ATP-

ase (Fig. 4). A concentration of 3.5 x 10 °M NaN; was required for 50%



Table 3.

Substrate Inhibitor
(3 mM) -
ATP -

ATP ADP (0.25 mM)
ATP ADP (0.50 mM)
ATP ADP (1.00 mM)
ATP -

ATP ADP (0.50 mM)
ATP IDP (0.50 mM)
ITP -

ITP ADP (0.50 mM)
ITP IDP (0.50 mM)

Note:

ADP and IDP inhibition of pea aitochondrial ATPage.

Enzymatic activity

(ymole Pi[min[mg protein) % Inhibition
3.8 0
2.4 372
1.5 612
0.8 792
3.9 0
2.2 447
3.3 152

11.8 0
2.6 782
7.9 332

Reaction conditions as in Table 1, except that 3 mM ATP was

replaced by 3 mM ITP where noted. ADP or IDP were added as noted.

*
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Figure 2. Divalent ion requirements of pea mitochondrial ATPase.

. i Assay able 1, except that in this expcrimeng
JmM M replaced by the indicated concentrations

s
of MgCl3(0), CoCl,( ), or CaCl,(4). \
/
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Figure 3.

Effects of anion on Mg2+ activation of pea mitochondrial
ATPase. Assay conditions as 1in Fig. 2, except that
3 mM MgCl, was replaced by the indicated concentrations

of MgCl,(0), MgSO,( ), or Mg (CH3C00), ()~

2
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inhibition of ATPase activity in the absence of NaCl. When 100 mM NaCl
was present ATPase activity was less sensitive to azide), 507 inhibition
occurring at 1.6 x 10 °M NaN,.

KCN at 0.5 or 5 mM had no effect on the ATPase from pea mitochondria.

- .

Sodium fluoridg produced a partial inhibition of activity. At

'S

20 mM Naf thsi h was approximately 29%.

p-Chloro echribE;zéne sulfonic acid, which binds to free sulf-
hydryl groups, inhibited ATPase activity. A concentration of 5 x 10 M
PCMBS gave a 31X inhibition.

2,4-Dinitrophenol, which stimul tes the ATPase activity of mito-

»

N

chondria and some preparations of P led F;-ATPase (Pullman*‘a_l.,
1960; &oshida and Takeuchi, 1970),,was'also found to stimuléte the 4
activity of pea mitochondrial ATPase. A concentration of 5 x 10 "M
DNP stimulated activity by 128%. Thg activity of the NaCl-stimulated
;nzyme was not further increased b P.

A specific inhibitor of F|-ATPase in submitochondrial particles,
oligomycin (1-10 ug), added in 10-100 Ul of ethanol, did not inhibit
ATPase activity beyond an inhibition found to be caused by the ethanol

alone.
G. Discussion

The assay method used in these experiments gave repeatable results,
with linearity toward both time and énzyme concentration. Other F,-
ATPase assay methods require auxiliary enzyme systems to rephosphory-
late ADP in order to obtain a linear time course (Pullman et al., 1960).
The sensitivity of the phosphate test employed here means that only a

small fraction of the available substrate need be used (0.05 - 0.2

A



Figure 4.

Azide inhibition of pea mi;gchondrigl ATPase. Assdy

conditions as in Table 1, with the addition of the

%

indicated concentrations of NaN;. NaCl (100 mM) was
preseni/where noted. Scale for azide concentration is

logarithmic.
L4
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umole of the 6_umole ATP available) and a correspondingly small concen-
tration of the inhibitory p;oduct ADP 1s formed, lessening the need for
. auxiliary enzyme systems.

The specific activity values reported for the pea enzyme are about
twice as high as those previously reported for the same enzyme preparation
[(Malhotra and Spencer, 1974a). This likely arises from differences in
the assay technique. In the present.work enzyme, instead of ATP, was
added to étart the reaction, and the dissolved enzyme was not exposed to
cold temperatures.

The specific activity of the pea enzyme was lower than current
‘literature values for ma;;alian F,-ATPases, which range from 60-100
umoles phosphate/min/mg protein (Pedersen, 1975; Penefsky, 1974). This
discrepancy could indicate that the pea enzyme was isolgted in a latent
state. However, when treatments that release the latency of chloroplast
ol mammalian F|-ATPases were tried on the pea enzyme, including trypsin
treatments, and preincubation with 50 mM dithiothreitol (Nelson et al.,
1972) they were ineffective. A heat-activation step, already included
in the method, caused only slight activation((Malhotra and Spencer,
1974a) . Another possible reason for the low activity of the pea enzyme
18 that the asgay medium does‘hot include chloride or bicarbonate anions,
used in some other assay methods. These anions were found to stimulate
the-pea enzyme 3-fold, as discuqled later.

Cold lability is an unu.‘,nzjme property that has always been
found with purified mammalian F)-ATPases since 1ts original observation
by Pullman et al. (1960; Penefsky, 1974). Yoshida and Takeuchi (1970)

have shown that a preparation of castor bean mitochondrial ATPase was

also inactivated by cold treatments, as is the chloroplast F,-ATPase



—1 involved in photophosphoryla!&on (Nelson et al., 1972). The property
has been studied with bee; heart mitochondrial F,-ATPase by Penefsky
and Warner (1965), who foupd that a variet; of alcohols afforded cold
protection. Their report that the enzyme at 0° loses 50X of its act-
ivity in 6 min when kept at a protein concentration of 0.1 mg/ml is 1in
keeping with the results reported here.

Pullman et al. (1960) noted that ATP, which stabilized their beef
[}
heart mitochondrial ATPase against a slow inactivation at room tempera-
ture, was not effective as a cold protective agent. A similar lack of
-ATP effect was nﬁted here. This is in contrast to results with the
yeast mitochondrial ATPase, which is cold-protected by 2 mM ATP or ADP
(Ryrie, 1975).

In the experiments reported by Penefsky and Warner (1965) as well

as the work of othﬁr-grbups (Pullman et al., 1960; EBel and Lardy, 1975)

PREIN

no stimulation of activity was, found to occur when NaCl or KCl was
included in the assay medium. The salt stimulation found (Table 1)
with the pea mitochandrial enzyme will be described in detail in Chapter
v,

The résults reported in Table 2 indicated that the pea enzyme has
a broader nucleotide specificity than was earlier suspected (Malhotra
L
and Spencer, 1974a). Beef heart F1-ATPase results reported by Pullman
et al. (1960), indicated that ATPase, GTPase, and ITPase activities were
approximately equal. UTP gave 60 of the&?ase rate, while CTP was not
hydrolysed by their preparation. However, the specifity of soluble rat
liver R -ATPase appears very different, since Vmax values for the GTPase

of that enzyme are 2 and 4-fold greater than the Vmax values for ATPase

activity (Pedersen, 1976). The only report on the subsgtrate specificity
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of a soluble plant mitochondrial ATPase is that of Yoshiaa and Takeuchi
(1970) who showed ITPase activities 100% higher than ATPase values, in
complete agreement with the results reported here.

Further support for the similarity between the pea enzyme and the
F)-ATPase of rat liver is that only ATPage activity,‘and not GTPase or
ITPase activities, was affected by the addition of NaCl. This closely
resembles the kinetic effects of bicarbonate anion on the rat liver
enzyme (Pedersen, 1976).

The high rates of GTPase activity reported here may seem to merit
Tenaming the enzyme nucleoside triphosphatase rather than ATPase. It
should be pointed out, however, that in intact mitochondria the aden-
ine-specific nucleotide trangporter enzyme imposes an ATP specificity
on the ATPase reaction. For example Phillips (1971), using intact éea
mitochondria isolated and assayed by the methods used here, found that
GTPase activity was considerably less than ATPase activity. However,
in experiments reported 1in Chapter V, I found that submitochondrial
particles freshly prepared from pea mitochondria showed substrate
specificity similar to that of the i1solated enzyme, with GTPase>ATPase.
These particles, in which ATPase activity could be completely inhibited

‘/by oligomycin, demonstrate that GTPase activity is likely not caused
by denaturation during the enzyme purification procedure.

In addition, 1t should be noted that the anionic composition of
the assay medium has a dramatic effect on the relative rates of GTPase
and ATPase activity. In the presence of 20 mM NaHCO;, when ATPase was
stimulated to 12.0 pumole Pi/min/mg protein, and GTPase activity was
unaffected at 18.9 pymole Pi/min/mg protein, the ratio of activities

was resuced from 5:1 to 3:2. A eimilar effect occurs 1in 100 mM NaCl
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(Table 2), where the GTPase: ITPase:ATPase ratio ig reduced from 5:3:1
to 2:1:1.

ADP was found to be a strong inhibitor of the pea cotyledon mito-
chondrial ATPase. Early ;ork with beef heart mitochondria F)-ATPase
(Pullman et al., 1960) indicated that an ADP:ATP ratio of 1:2 gave 50%

inhibition of ATPase activity. Other workers have reported a wide range
of.values for the inhibitory power of ADP. Pedersen (1975) has reviewed
the discrepancies in the literature and finds that variations in anionic
composition of the assay medium or purity of the nucleotide solutions
used may account for the disagreenment.

The finding that IDP is 1nhibiiory to the pea mitochondrial ATPase
1s in contrast to the lack of inhibition observed with beef heart mito-
chondrial F;-ATPase (Pullman et al., 1960). The same workers found that
ADP was a more powerful inhibitor of ITPase activity than ATPase activ-
ity. This finding agrees with the results presented here.

The divalent cation requirements of the pea enzyme were somewhat
surprising in that free Mgz+ did not seem to inhibit tﬁe enzyme (Fig.

2 ). In contrast, excess Mé2+ has been found to inhibit many ATPases,
such as the Na+ - K+ ATPase frop crab nerve (Skou, 1960), a cell wall
ATPase of barley (Hall and Butt, 1969) and the F;-ATPase from chloropl-
asts (Nelson et al., 1972). However, Pullman et al. (1960) found that
a 3-fold excess of Mgz+ caused only very minor inhibition of their pre-
paration of beef heart mitochondrial F1-ATPase.

The high CaCl,-#ctivated rate of ATPase activity is unusual for
mitochondrial ATPases. Selwyn (1967), detailing the specific cation
requirements of purified F)~-ATPase from beef heart mitochondria, found

highest activation with MgSO, as the activator; CoCl; and CaCl, gave
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96X and 7% of the MgSO, rate respectively. Tzagoloff

t al. (1968)
found with their preparations of F)-complexes from beef heart mitochond-
ria that the CaCl,-activat@d rate varied between 31 and 83X of the
MgCl,-activated rate, depending on the stage of purification. With the
spinach chloroplast F;-ATPase the MgCl,-activated rate 1is only 3% of the
CaCl,-activated rate under normal assay conditions (Nelson et al., 1972).

The cation Activation curves with MgSO, and Mg (1 3000), were
puzzling, in that with these salts a clear optimum was seen at 3 mM ‘
Mgz+, in contrast to the curve with MgCl,. A possible explanation for
this finding is that high ng+ concentratjions do inhibit the enzyme,
bué a stimulatory effect of chloride is capable of m;sking this behav-
ior. Alternatively, sulfate and acetate could be inhibitors. This
hypothesis is tested in the next chapter.

The pea*cotyledon enzyme was shown to be typical of Fy-ATPases 1in
its inhibitor sensitivities.

NaN; was a very potent inhibitor, causing a 50% inhibition at 3.5
x 10°°M. Pullman et al. (1960) showed that NaNj is a potent inhibitor
of beef heart mitochondrial F|-ATPase. A concentration of 4 x 10 °M
resulted in 802 inhibition. Other workers, using rat liver F;—ATPage,
have found that NaN; is a less effective inhibitor when the ATPase

'activity is stimull/‘ted by bicarbonate anion (Ebel and Lardy, 1975).

With the pea enzyme NaN3; lost effectiveness when NaCl was present.

The pea ATPase was insensitive to KN, which is normally inhibi-
tory to the same metalio—enzymes inhibited by NaNj. A similar lack of
cyanide inhibition has been shown with purified rat liver F,-ATPase,

although the ATPase activity of intact mitochondria or submi tochondri al

particles was inhibited by cyanide (Weiner and Lardy, 1974).

> A



NaF ®as a relatively weak inhibitor of pea mitochondrial ATPase.
This result compares with the 20% inhibition by 20 mM “? 1nlnxpor1ment‘!w.
with F)-ATPase reported by Pullman et al. (1960).

The PCMBS inhibition was found to be quite potent. Them#sresult.
differs from those reported from many F,-ATPases, which were not inh{ibi-
ted by mercurials (Pedersen, 1975; Senior, 1973). However, Pullman et
al. (1960) found that 5 x 10 “M PCMB completely inhibited the DNP stimuy-
lation of purified beef heart mitochondrial F1-ATPage. Iodoacetamide at
5 x 10 *M failed to inhibit the activity of the pea mitochondrial ATPase.

The lack of an oligomycin inhibition is in keeping with the find-
_ing that the protein required for oligomycin seusttivity of F;-ATPase
is destroyeq by the heat treatments used to purify the enzyme (see
Pede;sen,(l975).

" The many similarities between pea mitochondrial ATPase and solu-
bilized mammalian F;-ATPase, including cold lability, substrate specif-
ity for purine nucleotides, stimulation by NaHCO 3, inhibition patterns
by ADP, 1DP, NaF, KON, NaNj3, and divalent cation requirements, all
point to these two enzymes being closely related. The novei features
of the pea enzyme, especially high relative GTPase activity, may be
partially caused by the assay buffer employed,which did not contain

chloride, bicarbonate or other stimulatory anioms. -




SHAPTER 1V ,

IONIC STIMULATION E i .

A. Natyre of the Sslt Stimulations

Previous work in this 1‘%drlt0ty shoved that 1solated pea mito-
chondrial ATPase was stimulated by NaCl and KC1 (Malhotra and Spencer,
1974a, b). To further characterize this stimulation I initially did
experiments to determine the roles of the cation and anion. When I
tested Cl salts of a variety of cntionrc all gave patterns of utim;la-
tion similar tq that produced by NaCl (Fig. 5). The curves showed
similar effects of salt concentrations of 5 to 40 mM. Above 40 mM,
rates of ATPase activity with NH,Cl and CsCl dropped, while activities
in the presence of NaCl, LiCl, and KC1 remained high. High concentra-

tions of CsCl (80-160 mM) resulted in the formation of a precipitate

N ¢
e 3
during the assay. The cause of the NH,C1 inhibition wﬂ. umi"nt In i;e b
N tow g
the cases of all cations tested the lowest conuntrﬂ’.inn lt M }'a " : *f?.‘-:

. :‘»‘ ;;:»’4.
found maximal activity was 40-80 mM. The magnitule af té‘. mﬁu ¢ % W

k]

activity varied between 221X and 2592 oﬁ%bc balal rq" dgpen?g . ﬁ* 7
'?' |
upon the salt added. The similarity of re-ult, obta#p&d with the vn*tee, .f“"'?&’{"' .

of salts used appeared to rule out a selectivé ¢
WA

o;n stimfation.

LI i
When a variety of anions were added as tie,, l+‘laltl‘(rig 6),
I found that the stimulations of ATPase activia’ riod uidely, even

);“

‘t\:h?’ absence of added

Bagsal rate refers to the activity measured

3

W
(non-buffer) salts. _Stimulated rate refe _~ . &he full activity

measured in the presence of the added salf 3
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Figure 5. Effects of cation-Cl gsalts on activity of solubilized ATPase
"\ from pea mitochondria. The assay was done as in Table 1,

except that salts were present in the indicated concentrations. (:

’
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at concentrations as low as 5-10 mM, su ng a specific anionic ,

effect. The most stimulatory anion , followed by €1~ and Br ; -

a less active anion was SOZ:, while N as inhibitory. When I tested

h 3

Nat salts of three organic acids, the effect again varied with the anion

(Fig. 7). Acetate and formate were both stimulatory, although formate

’

only mildly so, while citrate was inhibitory.
]
Since some of the salts tested in Figs.57 were inhibitory at
higher concentratioﬁs, I tested the effects of NaCl concentrations

above 160 mM, to determine 1f NaCl could inhibit also. Fig. 8 shows

that NaCl concentrations of 0.2 M and higher were inhibitory.

B. Properties of NaCl-Stimulated Activity

Having established thé anionic nature of the stimulations I carried
out experiments to determine whether th%.p;operties of the NaCl-gtimula-
ted activity were similar to thos'e of the basal activity.

When I examined the divaient cation specifity of the NaCl stimula-
tions (Table 4), I found that thi#d stimulation was most prohounced ;ith

Mg2+ as the divalent cation; in the presence of\C02+, less NaCl stimuip-

.

tion was observed (Parf A). In part B, with C.?f‘as divalent caxion,

A )

the basal rate was high and NaCl inhibited actigity. Mgz+ added with

. SOA as counterion supported a'high rate of activity in the presence of

NaCl (Part C).
Fig. 9 shows that in the pyresence of 0.1 M NaCl the ng+ optimum

of the enzyme was sharpened slightly. Maximal activity occurred at

L

1.5-3.0 mM Mg?t. e
I tested the effects of sexfral inhibitors on both the basal and

NaCl-stimulated rates of agtivity Table 5 shows the PCMBS inhibition

.
’ »
N
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Figure 6. Effects of Na-anion salts on activity of pea mitochondrial

ATPase. Assay conditions as in Table 1. Salts were present

in the indicated concentrations.
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fyfigure 7. Effects of Na+ salts of organic acids on activity of pea |,

mitochondrial ATPase. Assay conditions as in Table 1.

Salts were present as noted.
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Figure 8.

Effect of high NaCl concentrations on activity of pea

v

mitochondrial ATPase. Assay conditions as in Table 1.

NaCl was present as noted.
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Table 4. Effect of 100 mM NaCl on ATPase activity.

ATPase activity .
Cation No added NaCl + 100 mM NaCl % Stimulation by NaCl

A. MgCl, 3 mM 3.8 9.3 ' 145
CoCl,; 3 mM 1.7 3.8 123

[ ]

B. MgCl, 3 mM 3.8 9.4 147
CaCl, 3 mM 7.7 4.3 -44
MgCl, 6 mM 3.6 7.4 105
CaCl, 6 mM 11.8 7.7 -35

C. MgSO, 3 mM 2.8 10.6 278

'

Note: Reaction conditions as in Fig. 1, except that 3 mM MgCl, was
replaced by 3 mM or 6 mM concentrations of the indicated salts. Where
noted 100 mM NaCl was present in the assay medfum. Activity4&9«in

v

units/mg protein.



Figure 9. Effect of NaCl on the Mgz+ requirements of pea mitochondrial
ATPase. Assay conditions asg in Table 1, except that MgCl,
concenttation was varied and NaCl (100 mM) was present as

noted.
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of the basal rate of activity noted in the last chapter; the PCMBS
effect was enhanced by NaCl at all tested concentrations of PCMBS.
}odoacetamide. which had little effect on the basal rate, was slightly
inhibitory in the presence of NaCl. The inhibition by 0.5 mM ADP was
not substantially changed by the addition of 100 mM NaCl. I also found
that 5% ethanol in the assay medium reduced basal activity and severely
inhibited the &aCl-stfrulated rate.

To test whether';he stimulation by NaCl might actually be the res-
ult of release of the enzyme from an inhibited state, such as that
caused by the specific ATPase inhibitor polyPep;ide (Horstman and Racker,
1970; Pullman and Monroy, 1963; Van de Stadt and Van Dam, 1974), 1 pre-
incubated the enzyme with 0.1 M NaCl. Table 6 shows that this preincuba-
tion treatment had no effect. A variety of trypsin treatments, known
to destroy the specific polypeptide inhibitor of mitoghondrial ATPase
(Horstman and Racker, 1970; Jung and Laties, 1976; Takeuchi, 1975),
failed to stimulate the activity of the pea mitochondrial ATPase
(Table 6).

One of the characteristicsvsf the direct anion stimulations report-
ed for rat liver F|-ATPase and SMP by Ebel and Lardy (1975), and Pedersen
(1976) is that anions stimulate ATPase activity more than GTPase or
ITPase activities. These workers alsoc found that N_

3
inhibited ATPase over other subgtrates, and that the N

preferentially

3

reduced by the presence of stimulatory anions. I thus investigated

inhibition was

. - s

substrate #pecificity and azide inhibition of the C1 stimulated acti-
Y&

vity. Table 7 shows that the NaCl stimulation of enzyme activity was

specific for ATP among the nucleotides tested. GTPase and ITPase

activities, which were high in the absence 6f NaCl, were not increased

67
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Table 5. Effects of inhibitors on NlCl—ltimlutod"activlty\ol ATPas
from pea cotyledon mitochondria. ! .

v

.

- No added NaCl 100 mM NaCl
Treatpent Activity I Inhibition Activity X Inhibition
Control 3.7 0x 9.3 0x
5 x 10" °M PCMBS 0.9 7% 0.6 94X
5 x 10" °M PcMBS 0.8 78% 1.3 872
5 x 107 M PCMBS 1.8 522 2.1 77%

5 x 10" M PCMBS 3.0 ., 202 5.3 432
5 x 107 'M Iodoacetamide 4.0 -5% 7.6 18%
5 x 107 °M Iodoacetamide 4.0 -5% 7.5 19%
5 x 107 'M ADP 1.5 60% 4.5 522
Control 3.8 0% 9.3 (1) 4
100 u1 Ethanol 2.7 297 3.4 642

Note: Assay was performed as in Fig. 1, with inhibitors added as noted.

Activity is in units/mg protein.
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Table 6. Effects of treatments designed to release the polypeptide
P inhibitor from the ATPase from pea cotyledon mitochondria.

v

]

4)

> e

ATPase Activity S

Treatment Units/mg Protein X Control
’
Control (preincubated 3.8 1002
without NaCl)
Preincubated with 3.7 97X
100 mM NaCl
. Ao
" " sontrol 3.8 100%
V.2 ug trypsin 4.2 111%
2.0 ug trypsin 4.1 ’ 1082
25 ug trypsin 3.0 802

1
Note: 'Nacl preincubation was for 25 min in a medium of 0.25 M sucrose,
o : ‘

2 mM EDTA, and 10 mM Tris, at pH 8.0, with or without 100 mM NaCl. For
trypsin trca‘t-‘&:t.. the indicated amounts of trypsin were incorporated
into assay medium without ATP. 2 Mg e'nzyne was added and allowed to
react 6 min.at 30°C. The reaction was stdpped by the addition of a 10-
, fold excc;: (by weight) of lima bean trypsin inhibitor, and after .5 ain
Tris-ATP was added to start the reaction. In blank tubes trypsin and

trypsin inhibitor were both added before ATPase.
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by addition of the salt. 1In addition, Table 7 shows that the Cl anion
© ~

was antagonistic to the inhibition of ATPase activity caused by N;.
GTPase activity, which was not Cl stimulated, was also not severely
inhibited by N;. ‘Inclusion of C1  appeared to reduce the N; inhibition

in thig case also.

C. Discgssion

StimulatiOns of enzyme activity by univalent cations have been
reported for many enzymes and are well documented for mammaliad Na+4k
ATPases (Skou, 1965). 1In addition, several plant ATPases have been
reported to be cation-stimulated (Dodds and Ellis, 1969; Hall and Butt,
1969; Karlsson and Kylin, 1974; Lin et al., 1977). Based on eviden;e
similar to that presented in Fig. 5 of this chapter, Adqlfsen and
Moudrianakis (1973) concluded that a non-specifi&)cation activation
occurred 1; their preparations of beef heart and bacterial coupling
factors. A univalent cation stimulation of the 2,4-dinitrophenol-
induced ATPase activity of intact rat liver mitochondria has also been
noted (Amons et al., 1968). Early work on the‘isolaéed pea cotyledon
mitochondrial ATPase (Malhotra and Spencer, 1974a) indicated tHat the
enzyme was stigulated by N§+ and K+ ions (added as their Cl1 salts).
Somewhat similar results were found wifﬂ?the ATPase activity of intact
ui tochondria from pea cotyledons (Phillips, 1971). The resultsg of
Fig. 6 and 7 of thi; paper, However, demonstrate that if any cation
nti.nlation of pea -itochondrial ATPase occurl. it is relatively non-
selective. 'l'hc vari-tion among the !h /lllt‘ that stimulated nctivity

(-100! - +313X) !,A/-uch ®oTe pronomd thm tlut between the teoted

a” lllt. (221-259%). This suggests ﬂut the stfmulations are prixuruy

L4
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Table 7. Substrate specificity of anion effects on activity of ATPase
from pea cotyledon mitochondria.

. -
. ¥ o
Nucleoside t’ripho&pytaad ctivity
Without NaCl 100_MENaCl added .
Substrate NaN, Activity % Inhibition Activity X Inhibition
ATP - 3.7 - 9.3 -
ATP 5 x 10 °M 1.6 577 6.7 28% ,
GTP - 18.1 - 16.2 -
GTP 5x 100°M  13.9 23% 14,8 9%
It , | - : 9.9 - 8.5 -
. ) \ »I ' *
L R : ot
N )
Note: Assay was as in Fig. 1, except that 3 mM ATP, GTP, or ITP was ’

Present as noted. Activity is given in units/mg protein.

' L4
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anionic.
The Mg2+ optiﬁum of the NaCl-stimulated activity was sharper than

was the Mg2+ optimum of the basal activity. The probable cause of this .

!’~r

ch '{e is that the Cl-'normally prééent in the basal assay mixture as

the counterion of ng+ stimulate; the enzyme at high H32+ concentrations,
masking the slight inhibition by free Mgz+. This conclusion is support-
ed by the finding in Chapte; 111 that MgSO, used as the activator shows

a curve with a clear optimum.at 3 mM Mgz+.

The anions that are stimulatory do not show any trends of size,
valency ;r other properties that might suggest a mode of action. How-
ever, the anions testgd may not ;11 work by the same mechanism; citrate
for example, has been found to inhibit bacterial and Egef heart coupling
factors, probably by chelating an énzyme—boynd Mgz+ ion (Adolfsen and
Moudrianakis, 1973). At high concentrations many of the salts showed
an inhibitory effect that may not share the samé mgchanism as thé stim-
ulations. Other workers hav: found that high salt concentrations causge
subunit dissociation of soluble F,-ATPase (Penefsky and Warner, 1965),
and this may explain the inhibition by high NaCl concentration shown.
in Fig. 8.

Three types of mechanisms could be considered for the anion stim-

.
-

ulations: In the first of these a contaminating or denatured ATPase
could be present, which could be Cl -activated. The enzyme.used .in ’
tﬁeee experiments was about 60 pure. Bowevgf. I showed in the pre-:,ls
ceding chapter by specific staining of eleétrophoresis gels that only -~
one band of nucleoside‘1“phosphatase activity wvas present in the’;;ep—
aration when ATP or GTP vere used as subsirates in thcbpr!a’nce of 100

RH Clé."I vas also able to show (Appendix I) that the ;i@;:-ycin- -
“h

i ) ) A
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sengitive ATPase activity of corn Jhbmitochondrial p‘fticles was also
stimulated by NaCl, indicating that denaturation during the purification \
of the soluble enzyme was not a likely cause for the NaCl stimulations.
Two other possible explanations of anion sé&mulation that were
considered in detail were dissociation of an inhibitor polypeptide,
or alternatively, a direct effect of anibns on the enzyme. 1In the
eiperiment shown in Table 6 I attempted to find out whether the anion "
stimulations resulted from dissociation of the naturally occurring in-
hibitor polypeptide (Pullman and Monroy, 1963). Jhe polypeptide can be“
caused to di ate from the beef heart F)-ATPase by ions (Horstman

é
and Racker, Van de Stadt and Van Dam, 1974) and some anion spec-

b4

1ficity fo:/;his effect is shown, with effectiveness ranked acetate>Cl >

N6~ (Vaufaé Stadt and Van Dam, 1974). However, pre-assay incubation of

“Athé/pea enzyme with NaCl, which might have been expected to release the
/

/’//inhibition, did not affect activity (Table 6). The inhibitor from beef

l.*‘

heart is extremely sensitive to trypsin (Horstman and Racker, 1970;
Pullman and Monroy, 1963). Trypsin treatments have been found to stimu-
late the ATPase activity of castor bean submitochondrial particles abolt
I0-fold, indicating that plant mitochondria do possess a trypsfh-sensi-
tive ATPase inhibitor (Takeuchi, 1975)." I Have also found that corn éMP
are trypaik sfimulated (Appendix I). However, none of the trypsin treat-
ments used here with the soluble enzyme (Table 6) was effective in stimy-
lating activity or in changing the effect of added NaCl. I conclude

that the anion stimula:/yns of the soluble enzyme reported here are not

caufed by dissociation of an inhibitor polypeptide.

1,

A direct effect of~anions on the enzyme,pimilar to that found

with mammalian and yeast ATPases (Ebel and Lgfgy, 1975; Retktenwald and

d
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Hess, 1977) seems a more likely hypothesis, mainly because of the ATP
specificity and ﬁaNg-anion interaction (Table 7).

The NaCl stimulation of activity was found to be specific for Mg-
ATP as a substrate (Tables 4 and 7). Among the nucleotides tested,
the high GTP and ITP hydrolysing activities were not further increased
by NaCl, while among the divalent cations only Mgz+ and Coz* supported
a NaCl-stimulated rate. In the l._chapter I showed that the soluble
pea ATPase had a high Ca—-ATPase activity, which 1s rare among mitocl®dnd-
gial ﬁTPases The decrease in Ca—ATPase{éhused by NaCl (Table 4) is
thus intrigu{a% « It is possible that free Ca 2+ hasg a qigect gtimulatory
effect on the enl’JL, and that this effect is inhibited by‘kaCl This
possibility is-eupported by the fi‘éing that maximal activity with Ca2+ .
was found at concentrations (dé9 mM) beyond tﬂ&.,required t

“
3 mM ATP present. Sone et al. (1969) have reported that t

complex the .
»

A

soluble &
-ATPase
3
activity in normal (Tris—acetate) assay medium. Mg-ATPase activity of

mitochondrial ATPase from Endomyces yeast shows substantial

the Endomyces enzyme was stimulated 4- to 5-fold by 2,4-dinitrophenolape

LN
or maleate

iong, but Ca-ATPase activity was only slightly stimulated.
The ATP \sp€cifity of the anion stimulations reported here parallel-
ed the ATP speécificity for the effects of HCOS, and other oxyanions on

the V Km of soluble rat liver F)-ATPase (Ebel and Lardy, 1975;

Pedersen, 1976). For example, the rat liver F)-ATPase preparation of

.

Pedersen (1976) showed a substrate specificity similar to that of the
4n *

pea enzyme YGTPlse>ITPasq?ATPase) under normal assay conditidéns; the
4 4

addition of 20 mM H(D;

but had no effect on GTPase or ITPase activities. The rat liver F)- -~

stimulated the vnax of ATPase activity 5-fold, .,

~ -
ATPase preparation of Ebel and Lardy (1975) showed substrate specifi- |



v

’

city of ITPase>GTPase=ATPase; in the presence of H00;. ATPase was stimu-
latelt 3-fold, while GIPase and ITPase were stimulated only 1.6-fold.
Similarly, the soluple castor bean mitochondrial ATP:se showed ITPaae>'
ATPase activity. I,ddition of 2,4-dinitrophenol atimulatéd ATPase by

88Z, but only stfuulated ITPase slightly S.Eishid and Takeuchi, 1970).

3
comparable to the antagonism between NiNRaE A" un‘ith soluble

q A _
mgmmali an F,~ATPages (Ebel and Lardy‘ apprerreth and Lardy, 1971).

Ebel and Lardy (19

The finding tRat the N inhibitiqp 4R % edsddl) by NaCl 1s directly

that addition of 10 mM4HC0-3- causes a S5-fold

decrease in the 1 f ATPase activity by NaN;. ITPase activity,

4

which was relatively neit e to Hm3 stimulation, was also less

*

affected by NaNj. Addition of HCO3 decreased the N3 inhibition of
ITPase sctivity. These results (Ebel and Lardy, 1975) wer; analogous
to those reported by other groupwyle and Mitchell, 1975; Sone et al.,
1969), as well as to those repo'rt{;l for the pea enzyme in Table 7

The PCMBS inhibition of the basal r:te 1s'rlare for soluble F)-ATP-
ases, although the Endogz.:es mitochondria\ ATPases (Sone et al., 1969)
was also inhibited by mercurials, and was not inhibited by 1odoacetate.

The increased senlltivity to -SH reagents in the presence of NaCl may

. indicate that NaCl helps to expose a sulfhydryl group. Other workers

have also reported a PCMB sensitivity of anion-stimulated ATPage acti--
. i '

vity (Pul"ll_un et al., 1960).

In trast to"NaNg, whose effectiveness as an inhdbitor was de-
creased by NaCl, ethanol was a very effective inhibitor of the NaCl-
stimulated acti'vity and a poor inhibitor of the basal rate. Ethanol
has been found to stimulate beef heart F1-ATPase (Peqef.ky and Warner,

1965). : . .
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ADP vas an equally effective inhibitor of basal and anion-

stimulated activities. 4

The stimulations of soluble pea mitochondrial ATPase reported here

.

are sé&eyhat similar to the oxyanion stimulations reported :with other

' L]
'
F|-ATPases. Similarities occur in substrate specificity, nnion—N3 -
. .
antagonism, and in the case of HCOS, in the concentration of snion . ?'
. "’ '

required. An important difference, however, is in the anion specifi-
city: Cl anion has been tested and found to have no stimulatory effects
on beef heart and rat liver FI-AT!EQS.preparntioné (Lambeth and Lardy,
1971; Penefsky, 1965). On thg baﬁa' of the oxyanion specificity observed
with mammalian F;-ATPases, a specifié;oxyanion binding site on the enzyme
has been proposed (Ebel and Lardy, 1975; Reck;enyald and Hess, 1977).

.

Such a w:e, if present on the pea enzyme, doeog show an absolute

oxyanion specifity.



CHAPTER 'V
~

TP CTIVITY 0 MITO ‘ s

The low activity of the soluble enzyme, and the fact that it vas

v

impure, indicated tfjat a new puflficntioﬂ method should be devised,
starting with submitochondrial particles rather than whole mitochondria.

Tbe ATPase of the particlesg, however, was interesting enough to merit

o
¥

investigation.

v

A. ATPage Activity of Freshly Prepared Submitochondrial Particles

r

Using pea cotyledsk submitochondrial particles prepared as described
in Chapter 11, Ilfound that between batches ATPase activity varied from
0.07 to 0.29 units/mg protein (Table 8 » controls), with m;st batches
in the range of 0.07-0.10 units/mg protein. The activity required a
inalent cation (Table 8 , expt. 1). With Mgz+ the optimal concentra-
tion was 3 mM; at this concentration Cazf was only 28 as effective.

I found that oligomycin, a specific inhibitor of membrane-bound wmito-
chondrial ATPases, inhibited the ATPase activity of submitochondrial
partfcles by more than 90X in most batches (expt. 2). SubmitochonQ(ial

-
particles that were not 90 or more sensitive to oligomycin were not

used in these studies. To insure that only oiigomycin-sensitive ATPage
was being measured, each assay included blanks that contained every asuy"r
component plus 1 pg of oligomycin. ’
To test for possible contaminafion by adenylate kinase and non-spe-
cific phosphatase'acfivity I tested the hydrolysis of ADP and 8-glycero
pﬁoaphate. Neither of the-? substrates vas hydrolysed at a detectable

rate.
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I found tHht NaN3, a potent inhibitor of soluble mammalian F,-
ATPases (Ebel and Lardy, 1975; Pullmen et al., 1960) and of the soluble
pea mitochondrial ATPase (Chapter III), was also effective against the
ATPase activity of submitochondrial particles (Table 8, expt. 3).

. 4The respiratory and phosphorylative properties of pea submitochon-

“ dt1;¥ g:rtiéle- are reported in Chapter VI. However, to insure that

lﬁhgh.+ gradient prdduced by the ATPase reaction in submitogkondrial

’ pirticieg%‘Hoyle”and Mitchell, 1973) was not inhibiting the rate of ATP
hydtq&}ois. I tested the effect of addition of an uncoupler and an
el “ transport substrate on the ATPase reaction. Table 8, (expt.
6).9§Rys that addition of 16 uM CCCP had no effect on the ATPase activ-
ity of .ubnitoéhondrial particles, with or without added succinate.
This concentration of CCCP completely uncoypled respiration from phos-
phorylation in both mitochondria and submitochondrial particles of peas
(see Chapéér VI). It thus appears unlikely that a proton gradient
sufficient to inhibit ATPase was formed under these assay conditions.
The stimulation by succinate is intriguing and may be caused by inhibi-
‘tor dissgciltion, as noted with beef heart submitochondrial particles
(Van de Stadt et al., 1973).

Addition of an ATP regénerating system (Pullman et al., 1960)
had no stimulatory effect on ATPase activity, showing the reaction was
not being inhibited by buildup of ADP (not shown). Table 8, (expt. 5)

shows that ADP was a weak inhibitor of the ATPase reaction of submito-

chondrial particles, compared to its effect on the soluble ensyme where

0.5 mM ADP caysed 61X inhibition under the same conditions (Chapter III,

Table 3.
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Atractyloside (20 uM), a specific inhibitor of adenine nucleotide
transport (Vignais, 1976; Wigkich, 1977), was only slightly inhibitory
(Table Q. expt. 6), indicating that the submitochondrial partfcle.
'were nearly completely in the "ingide-out" conformation.

I found that submitochondrial particles could be stored in 0.25 M
sucroge at -40 C for up to several months with no change in rateg of

ATPage activity.

B. Presence of the Inhibitor Polypeptide

Since the ATPase activity of fresh submitochendrial particles was
relatively l;L (0.1 unit/mg protein, compared to 2-10 unit/mg protein
for mammalian preparations) (Bruni and Bigon, 1974; Racker and HotatnAh,
1967), it appeared likely that the preparations contained the naturally
occurring ATPase inhibitor polypeptide. Sine: the inhibitor 1s known
to be easily destroyed by trypsin (Jung and Laties, 1976; Pullman and
Monroy, 1963; Racker and Horstman, 1967), I tried-treating fresh sub-
mitochondrial particles with trypsin. Table 9 shows trypsin treatments
did induce an approximately 20-fold 1np§ease in ATPase activity of

submitochondrial particles with low jinitial activity. The ATPase acti-

vity of trypsin-treated submitochénd{ial*pa les re
- _ S .

to oligomycin, and all activity was found in th pellet a

centrifugation at 100{000 x g, indicating that the enzyme was sfil]l

memb rane~bound.

C. Activation of ATPase by Aging

Early in my work I found that when fresh submitochondrial particles

were kept at room temperature or'highcr ATPase activity increased dzama-

rd
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9
Table 8. Characterization of ATPas? activity of fresh submitochondrial
particles. o

Assay as in Table 1. 1In treatments marked *, the blank contained all
4ssay components except subamitochondrial particles. 1In all other expts.,
blanks contained all 4ssay components plus 1 ug oligomycin. For values
marked "nil". detection limit was below 52 of control value.

ATPage Activity

Expt. Treatment units/mg protein X Codrol
1. no cation nil 0
3 mM MgCl, 0.29 100
3 oM CaCl, , 0.08 28
2% control 0.26 100
+ 1 ug oligomycin . 4 ‘
3 control ,% 0.16 Y100 .
+ 5 .M NaN, p-12 75
: + 50 UM NaNj 0.06 T8
+ 100 uM NaN, 0.04 25
4 control 0.09 100
+ 1.5 uM Ccccp 0.09 100
+ 8 mM guccinate 0.13 140
+ CCCP + succinate 0.13 140
5 control 0.07 100
+ 1 oM ADP ' 0.03 43
6 control 0.08 100
+ 20 uM atractyloside 0.07 88



tically. This response, which I called "aging", was studied in more
detail. A variety of analogous temperature activation phenomena have
been reported, both with plant (Jung and Hanson, 1976) and aninll‘:dto-
chondrial systems (Pul lman et al., 1960; Harsh‘_e_g al., 1968).

Table 9 shows that the rate of aging depended on the pH of the
incubation medium. At pH'6.6 the rate was slowed compared to pH 7.0.

At pH 7.4 and 8.0 aging was initially fast, but this was followed by
lower rates. All further experiments on aging were done at pH' 7.0.

The aging response was also directly related to the temperature of 1.
the incubation (Fig.10, A-C). At 0°C aging wvas barely detectable, -
(Fig. 10A), while at 50°C maximal activity was achiéved in 10 min
(Fig. 10C). At room.bémperature (20°C) maximal activity was found at
20-24 hr. 1 was unable to achieve significant activation at 60°C, with
or without addition of 1 gM ATP, in contrast to other workers (Jung and
Laties, 1976; Warshaw et al., 196§). At all temperatures tested, ATPase
. Teached a maximal level, then decteased (Fig. 10C; decline not shown
for 10°C, 20°C, 30°C). The rate o activiy loss w’s greatest at high
temperatures.

The sulfhydryl reducing agent dithiothreitol (DTT) (50 mM) increased
the rate of aging at 30°C (10B), but did not érotect the activated sub-
mjitochondrial particles against loss of activity. Dithiothreitol also
activates the ATPase of plastid membranes (Nelson, 1976).

I found that at 20°C aging was prevented by 1ncluaion'pf 1 uM ATP

QS “
(Pig. 10D). When 1 mM MgClZ was added in addition to ATF
aging-activation was reduced compared to controls, but was not Prevented,
perhaps becsuse of hydrolysis of the added ATP. Addition of 1 mM EDTA "
[ 4

with 1 oM ATP completely reversed the ATP effect (not shown), suggesting .

\
'



Table 9. Trypsin and aging sctivations of pea subaitochondrial ™
particle ATPase.

For trypsin activation, 3 ug submjtochondrial partiéles ia
at 30°C was treated with 2.5 ug trypsin for 6 min, thea 15
inhibitor wvas added. After 5 min, ATP vas added to start ¢t
For aging activation, submitochondrial particles in sucros
vith submitochondrial particle buffer at the indicated pR
immediately or allowed to age at 20°C for the indicated ¢t
were done as described in Table 1.

diluted
sssayed
Assays

\
. ATPase activity
Pre-assay Treatment (units/mg protein)
Nisp ( 0.07
Tiypein, 6 sin ) 1.40
“
PH 6.6, assayed immediately 0.09
pH 6.6, ‘aged 3 hr - 0.46 o
pH 6.6, aged 8 h;' 0.90
pH 7.0, assayed immediately 0.09 )
pH 7.0, aged 3 hr 0.58
pd 7.0, aged 8 hr 1.10 .
PH 7.4, assayed immediately 0.09
pH 7.4, aged 3 hr 0.68
PH 7.4, aged 8 hr . 0.96‘
. | . “ .
PH 8.0, assayed idmediately 0.32
pH 8.0, aged 3 hr ; 0.75 )
pH 8.0:';.0d 8 hr 0.92



» [
.

N
that an endogenous cation ’” be required for the ATP effect. EDTA
alone incrsased the rate of aging. At higher temperatures ATP delayed
;the onlct‘of aging but once uuu;md did not inhibit its rate (Fig.
108). o / S

The ATPase of aged particles was still completely sensitive to
oligomycin, and all activity Qa..found in the pellet after 1 hr. of
centrifugation at 100,000 x g at 4°C.

I found that trypsin-treated particles were not futthcr activ;tcd
by aging (not shown), suggesting that aging, like trypsin treatment,

stimulates via release or destruction of the inhibitor.

D. Other Activatiog Treatments

»

. .
! tried two other methods of releasing the inhibitor, but neither

was successful. 1 found that aon1;ation at pH 9.2, used to release

the inhibitor with beef heart (Knowles and Penefsky, 1972a) and castor
bean submitochondrial particles (Takeuchi, 1975) produced only a slight
activation compared to trypsin or aging (Table 10, expt. 1). Passing
submi tochondria through Sephadex G-50 Coar;e in the presence Pf 0.25 M
KCl, which yields low-iﬁhibitot beef heart submitochondrial particles
(Racker and Horstman, 1967), resulted in co-piotc loss of ATPase acti-

8
vity with pea submitochondrial particles (Table 10, expt. 2). [ B

E. Attempts to Reverse Aging

If aging is the result of inhibitor dissoclaticm, them it should be
possible upder the proper conditioms to re-inhibit aged swbaitochosdrial
.plrticln. With sammaliam systems 1t has been foumd that -n’i‘l Ssesche-
tion of the 1nl;1bitor with the enzyms occurs at pil 7.°r‘.t balew, wt lew

1

83

|



.cauxsowﬂﬂo 81 1 snTd sjuauodwod AeS8® [I® PIUIBIUOD
$juR]q pue | 2[qel U] PaqJidosap ev sem L¥SSY ‘PIIOU BB PIPPR 2I9M JIVEK WU I .+NwF

WU T ‘dlV Wwa T ‘U pue g1 °*814 ul .vm.uﬂu ai1aym pappe sem (LId) TOITIIYIOTYITP

W@ 06 €1 ‘874 ul .Ha\cﬂuuoua 8w Q-7 JO SUOTIBRIJU3DUOD 2[OF3Iied TEIIpuOYDdOIFWQNS

J® JUOp d18M 63UIWIRIII UOTIBATIOE [TV ‘BujyBe jo 93181 uo ainjeaaddwal jo 322333 .
. ﬁ_ )

\ 4

B

‘0T @an!



85-

a?ao.: wz_w< 40 3IWIL

ol 3 o .

£

8]
\ div-ew T
o~ wul's 5, 67 =

<._5m Wwi+>, 6,020
. DJ,0C0 a _

dlV Wul+D, 02 @ -

!

Uo Om_u:ul
5, OV ©

O,

11gwwos
+D,0€ @

dlv Wwi{
+ D, 0t 0

J, 0t o

(uteioid Buysjun) ALIAILDV 950d1V



‘

ionic strength, and in- the presence of low (100 uM) concéntrations of
Mg-ATP (Horstman and Racker, 1970; Pullman and Monroy, 1963); I per-
formed yevernl experiments in which aged pea éotyledon nub-itochondriul
B.rticlen were exposed to these conditions, but at no ttnetvql aging )
;evetled. Coy
When the submitochondrial particles were kept at 0 C, however, 1
found that an ATP-dependent 1;05 of activity occurred in both fresh and
agéd particles (Table 10, expt. 3-5). While the effect was small (10-
30%) it was reproducibly detected in over 5 batches of fresh and aged
aubmitochondriil particles. This effect may represent a partial rever-
sal of aging, but it is important to note that when a preparation of
particles/was aged to give two different levels of activity, both lost
approximately the same amount of activity on ATP-cold treatment (Table:
10, expt. 4 & 5). A similar ATP-dependent cold inactivationvhas been
noted with beef heart submitochondrial particles (Bruni et al., 1977),
and was thought to represent a dissociation of the inhibitor-free enzyme
when ATP was bpund. Howeyer, when'I ttied to repeat the ATP-deﬁendent
cold inactivation with trypsin-treated submitochondrial particles, no

effect was noted (Table 1(’, expt. 6), suggesting that the effect requirel.

the presence of inhibitor.
F. Substrate Specificity an Eff 8 chondr

‘Fresh, aged and trypsin-treated submitochondrfal particles provide
a good comparison system for investigating the significance of the sub-
strate specificity and anion stimulations observed earlier with the )

soluble enzyme. . !

Studies on the soluble enzyme in Chapter III showed that GIP was



87

96¢°0 dlV + 34 T ‘0,0 sa1073IRd :
10°1 Iy 1 ‘0,0 TETIpPUOYOOITWQNS pa3waxa-uredlay _ -9
) | . 96°0 dIV + 14 T ‘2,0 14 7 “3,0€
i1°1 Iy 1 ‘0,0 pe8e 837073a1ed TRIIpPUOYOOITHMQNG ‘S
- Ve .
. 6%°0 dlv + un‘a ‘0,0 '
. . 19°0 : 1 ‘0,0 b n iy 1 ‘D,0€
29°0 dIV + I¥' T ‘0,Z7 P?%v 8370131wd T¥IxpuoyoolI FuQNg y
. 01°0 dlV-3 + utm ¢ ‘0,0 X
ot°0 dlVv + uym ¢ ‘0,0
10 “4,5H + UTR G ‘D0 , :
M 1o L UTm ¢ ‘0,0 saToT13revd TeTIpuOYdOITWQNS YsIay 't
N 1FU ) : xopeydas/Tox 827973avd TeJIpuoyd03lTEGNS YsIIg ‘'z
81°0 Juou 83T1o131wd
) : - TeTIpuoyd203ITmGNS pIaIwoTuUos ¢ ¢ Rd ‘L
— /
. (ure3oxd $m/s3Fun) Juswlval] Aessv-3lg Hu«wouq: *3dxg

L3ITATIDY asely

-~

*I 9Iqe]l U} PIQIIOEIP S® IJUOP IIIA

siegse 1TV .-vo&uot U} PIQIIVEIP v 1A SJuIWIBII] uysdLxy pue BuyBy Wi Q07 I® I13m 4IV 20 +,5H ‘Pappe
‘uagy - *1933nq 279TIawd [PIIPUOYDOITWGNS UT JUOP IIIM SIUSWIEBIII UOTIBAFIOC-2P .Aessv-azd ayy .onm *3dxa uj
. *ay T Ul wmyod 3Yy3 /y8noiyi seed o3 pamoT® i9a sITOFIawd WYL ‘0°g Hd

)

‘339 INS-STII HW (¢ PUV ‘98630ON8 KW G/ ‘TOY WW 0SZ ‘VIAZ W@ 7 Y3ITA poileiqyrynbe ueaq pey Jeys (wo ¢ x §'7)

Ws1w0) (S-H XIpeydag’jo vmniod v 03 paridde sem $a1d73iied TETIpPuUOYIOITENS ysaij jo 8w Q1 °‘z °-adxe uj
. , "AlTvmaou papsaadoxd uoy3IeTOST 3 3o 3’1 Y] *HO"HN Y37A €°6 Rd
03 Jy8noxq udIq pEY IBY3 1933NnQ ITOTIxed [ETIPUOYOOIFWQNS UT PIIEdFuos 919m piIpuoydolim wad ‘1 -3dxs uj

.aﬂao«mu-n TPT1ApUOYo03ITUGNS UOpITL3I00 ®wad 3o A3JATI0® 3seJIV
a . ‘ v

- L

JO UOTIBATIOE-IP pu® UOTIRATIOY (0T ATqeL



. | e .
by far the most active lubltrate. folloLed by ITR, with ATP the ieabt

« active purine nuclebtide. ‘Using fresh submitochondriel particles I

ob-etved that \GTP wns hydrolyued at about twice the rate of ATP (Tablo

1{). This specificity was not pre-erved aftet aging or trypoin~treatnent.
however. when ATP and GTP were’hydrolyaed at about equal rates.

~

r Chapter IV showed that Cl ’ H003 and other anions ntinulated ATP. ',

hydrolysing activity of the solugle pea ATPase. but had little effect

on GTPase or ITPase activity. :Pis effect was thought to result fron

a direct interaction of the anions with the enzyme. but could alsprhlve

been the result of 1nh1bitor dissociation or* an artifact caused by golu-

bilization~of the enzyme. With submitochondrial -particles,.I found

(Table 11) that HCD3 ‘anion was stimulatory to the APPase activigy of

fresh, aged, and trypsin—treated particles, indicating that HC03 stimu-
- lations are not an artifact of enzyme solubilization, and are not caused

-only hy the presence of the inhibitor.

- k]

With Cl™ as” the anion, where 100 mM concentrations were required
fot maximal activation, the situltion changed ;lightly I found.that
with f‘Fsh subm}tochondrial particlea, NaCl stimulated ATPase by about -
1.7-fold, slightly greatex, than the stimulation caused by ﬁco; With
aged‘or trypsin-treated particles the stimulation was 1.3 fold, less
than that caused by HCO3. This suggests that 100 mM NaCl can cause
some inhibitor dissociation with fresh submi tochondrial particles, and
perhaps also gause seme fnzyme dissociation tow}Ewer activity with

trypsin-treat particles.

Other inves igators have found with mammalian F-ATPases that C1~
anion has no effect on the kinetics of F)-ATPase, while HCO is a;imula—

tory (Ebel’and Laxdy, 19Z§ Lambeth and Lardy, 1971; Peder'en, 1976).



3m nd u.Jn (1976) vbo found a C1~ aceivation o: deef heart -ub—
( lltoehondtul puticlu. uttﬂbutqd it to 18ss of 1“151:9:. To test
whether this was tﬁo cuc vith pes mbutochohdrid particles, 1 exa-

{

ltnod the’ .ffoct 6! -ubnl thmgh the .nuro time course of trypsin
~¢ct1vition. ‘Mg. 11 udic;u. that lldl and ldlw,‘b‘th retained their
ltlﬂl.toty of!oct. even vhea ATPase activity had puhd. .
Bffect. of anionc became more clear vhen thoy vere examined with
" am d.tmatin -ulntrato. | Vhen I tested ctypou-tmtod -ﬁttoebﬂrld
.patticlu I found that qn'u. activity was not otimht‘d by 20 M nco:,
(Table 11), ad vas slightly inhibited by 100 mM C1~, again suggesting
a de.t:ructive' effect of Cl . With fresh submitochondrial particles I
foun;l ‘that’ GrPl'ae vas ltipul;ted t?y Cl~ and by ng, indicating that
either can partially release the inhibition. ' . . : a
In Chapter IV, I showed that 10% ethanoL severely inhibits the
anion stimulations with the soluble pea enzyme but has less effect on
the buni‘ activity. - I found this.was true with tryptini.od .ubnitochon—
drial plrticl'ea when ATPT vujuaed as the oubotrlt;.g and Bw3 \u. the
activating anion (Table 11). I found that with ATPase the substr ,
trypsin-treated submitochendrial particles were inhibited bythl in
the presence of 102 eth;nol. Table 11)also shows that 0.1 mM R;
‘anion was an effective inhibitor of trypsin-treated submitochondrigl
particls; ] . * ‘.
Tq insure that C1~ uthul‘-tionq ‘were not \an artifact of the u;ay
system, I aloo-t‘elted the' .Al'Pne actﬁrity of rat-liver onb-:ltochonﬂL
partic Rat liver F)~ATPase has been reported to be B(X); stimulated

and inhibited by C1~ (Ebel and Lardy, 1975; Lambeth and Lardy, 1971).

Table 11 shows this wvas also the case with rat liver submitochondrial

.
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Figure 11. Time course of trypsin activation. Trypsin treatment

was as described in Methods. Assay was done as degcribed

in Table 1.
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particles in the present assay systes.@ a ' .
G. Discussivn .

The experiments described in this chapter explore the properties of
~ the pea cotyledon ATPase in its native, mesbrane-bound, olip;yqin-nm-
itive state. Both inhibited (fresh) and activated (trypoin-trutd or
aged) preparations were investigated. It is important to note that in
these experiments the submitochondrial particle propau'tinn was relat-
ively uncontaminated by ATPase activities fhat were not sensitive to'
oligomycin. The small amount of oligomycin - insensitive activity found
remained in the -upefnatmt layer after a second centrifugation at

100,000 x g and was noE likely menbrane-bound; it was probably F,-ATPase
that had been solubilized by sonication. 'I'h:prepnra_tic'm was also oub-‘
stantially free of adenylate kinase and non-specific phosphatase.

The ATPase activity of freshly preparew submitochondrial part-
icles showed several differences from the solubilized enzyme described
in Chapter III. The soluble enzyme from peas catalysed a high rate of
Ca-ATPase (300X of Mg-ATPase), while the submitochondrial particles
showed low Ca-ATPase; typ'1c11 of -a;-alim submitochondrial particles
and F,;-ATPases (Penefsky, 1974). As with nammalian systems (Ebel and
Lardy, 1975) pea.submitochondrial particles showed less inhibition by
NaN3 (Table 9, expt. 5; Table 11) than did the soluble pea enxyme,
which required 3.5 uM NaNj for 501 inhibition ‘(Chq;tor I11, Pi1g. 4).

It may be that &nfonnt:lo.ml changes required for NaN; 'action are
restricted when the enzyme is bound to fhe membrane.

The ATPase of freshly-isolated submitochondrial particles q;poarod

to be associated with the ATPase inhibitor polypeptide, since trypsin

9
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treatments caused & 10-fold or grester increase in ATPase activiety. '

The 1inhibitor has t.non found with other F),~ATPase and subaitochondrial

particle preparations from mitochondris of plants (Jung and th}:l.

1976), mammals (Horstman and Racker, 1970; Pullmen and Monroy, 1963),

yeast (Satre .ﬁ..li-- 1973) and from chloroplaste (see Nelson, 1976).

Using ca‘ptor bean submitochondrial particles, Twkeuchi (19735) has shown

a 10-‘1514 increase iri ATPase on trypsin treatment, and Jung and Laties

_ (1976) have found thet the ATPase activity ef ponicated petato mitochon-

dria is also trypsin-activated, although 1t was unclear in the latter

work vhat proportion of the Activity va; mesbrane bownd.

The discovery of a more gentle method than trypsin for removing
the inhibitor (aging), allowed me to investigate some of the c;nditiono
that might control association of the inhibitor with the A‘i’?uc. These
conditions are similar to those noted with mammalian gsubmitochondrial
particles and F;-ATPases: high pH, elevated temperature, absence of
ATP, and absence of divalent cations favor loss of inhibitor.

Pullman and Hontoi (1963) and other voJ\tor- (Horstman and hckc;:.
1970) have shown that pH values of 7.0 or lower give rise to maximal
uoocia/tum of the inhibitor with the F;-ATPase of beef heart. Simil-
frly;ghe initial rate of aging of pea submitochondrial particles was
lowest at pH 6.6, and rose steadily with higher pH values. |

The loss of inhibition with heat treatment 1is also \nl'l known 1in
-—a‘li.n ATPases and is the basis for a heat activatfon step in some
of the purification proccdur_u (Horstman and Racker, 1970; Pullmen gt

al-, 1960). It should be noted that the heat activation reported here
is different than that reported b_y Warshaw ¢t gl. (1968), in which

oligomycin sensitivity of submitochondrial particles was lost and the

Ld
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7,-ATPase apparently soludbilised. I was sot sble to wee th ¢0%c
activation tl‘.‘nmtl of Jung and Laties (1976), sinee loes of ssti-
vity generally occurred, with or without ._“d ATP.

For gssociation o? the polypopt“; tahiditor with beef-heart -
AR ase, lov levels of ATP and Mg2* have been shown to be required
(Horetman and Racker, 1970; Pullman and Yonroy, 1963). Im & eimiler
tn‘hton. ATP slowed th.‘o aging of pea P“tochndtid particles. The
divalent cation Yequifement appeared complax: EDTA imcressed the Jnt‘o
of aging, and negated the effect of m:'ht with NgATP, aging pyecceded
at n appreciasble rate. This may resylt from hydrolysis of the added
ATP when lﬁz" is grouﬁt. ‘

It appears that pea oublitochc;ndtul partislu from wvhich the in-
hibitor has been removed are somewhat uutal;lo under the conditions
that cause inhibitor release. Aging for prolonged periods, the pres-
ence of DTT, or elevated pH vduul all resulted in o;rcntual loss of
activity. The \instability of the activated ATPase may cxpip!.n why more
drastic treatments such as 60°C heat, Scphadcx. chro-ato.rapgy in 0.235 M
KC1, ‘or sonication at pH 9.2 all failed to activate the pea cotyledon
submitochondrial patticlolo. ‘ '

The work on the pea ATPase inliibitor has been hampered by an in-
ability to revarse aging (that is, to.‘ro—u-ochto the inhibitor with
the ATPase), although I tried acidic pH, ATP, Mg, and IMt‘ iomic
strength in a variety of combinations. Initially I thought that the
ATP-dependent cold inactivation of fresh and aged submitochoamdrial

particles shown in Table 10, was a poesible "aging reversal” techuique.

However, after co'nnidernblo effort, I wvas unable to obtain sore tham the

10-20% inhibition shown in Table 10. I believe that the cold-inactive-
\

~
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tion repressnts 1nkibitien by o portion of the sabdbiter vhieh 1o fa o
"Sound new~fuhdbitory” state, ss peeposed by.Vem de Stadt gt al. Jw. .
That the insctivatien 1o wot em effect of ASP Vdnding to tahiditer-free
ATPase molecules -‘ mmu. to diseesiate, 88 propesed clsevhere
(3rwmi g% al., 1977), is shown by the !,e: that iasreasiag the preper-
tion of inhibiter-free ATPase moleeules (aging) does #st increase the
smoumt of cold il.cttiutoa. and by Bhe fast chn\_cmua-uuu‘ pnr‘- .
1cles, 1o vhich the imhibiter 1 destroyed, are met puseeptidle to cold-)
insctivation (Table 10, axpt. 6). | '

The substrate specificity of the pes subaitochondrial particles ¥
vas tntﬂmin.. since it ves altered from that of the soludble eansyme,
vhich shows approximately 5-fold higher activity vith GTP thaa ATP
‘(Q.pt“q iu. Table 2 ). With activatod (aged or uy’otrtr.utul)
oubniécboodtial particles, activity vas nearly equal with the two
oubot;;tu. Lower relative CTP hydrolyeing activity with mesbrane
bound A‘l'ruo’ wag fouui by Pedersen (1976) when he compared soluble rat
liver F)-ATPase to rat liver spbaitochondrial particle ATPase. It is
difficult to account for the difference in substrate specificity bet-
veen activated and fresh pep nt‘itochﬂdrfd particles, however. It
may be that the high relative (o'l'h;o activity is caused by a slight
1nh1§1tor di-‘ociatioa. It appesrs clear from the results with sctive-
ted submitochondrial particles tl\at. the high GCTPase seem with the sole-
ble anzyme 1s not an fntrinsic property of the mesbrane-bound ensyms.

One the purposes of wy resesrch with p;a svbui tochendrial
particles was to show that the C1  sand lco; stimulations noted with the
soluble enzyme in Chapter IV wvere not artifacts of fselatiom or a

£y

result of inhibitor dissocistion. The data ia Table 11 aad Pig. 11
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show that with trypsin-treated or aged submitochondrial particles, where
the inhibitor has been removed, the anion effects remain, and are spec-
ifi; for ATPase activity, as they are witg\the soluble enzyme (Table
-11). Interpretation of the results with fresh submitdchondtial parti-
tles 18 more difficult, and requireé that NaCl and NaHCO; act to release
the polypeptide ingibitor, %hereby'stiﬁulating both ATPase and ®¥TPase
activities, as well as specifically stimulating the ATPase activ%ty via

a direct interaction wiih fhe enzyme. ¢

The effect of anions on the ATPase of submitochondrial particles 1is

much reduced over that noted with the soluble enzyme in Chapter IV.

This has also Been observéd with rat liver submitochondrial particles
fand F,-ATPase (Ebel and Lardy, 1975; Pedersen, 1976). However, from
this work it appeared quite definite that anion stimulations are an
intrinsic property of the pea enzyme, and that Cl-, in addition to HCOE,
}s stimulatory. This may be important in determining what shapé (Ebel

—~—

and Lardy, 1975) or chemical (Lardy et al., 1975) properties determine

if an anion 1s stimulatory. : N—er
It should be pointed out that the experiments described in this cha-

pter did not directly prove the existence of the polypeptide inhibitor

. . ' -

in.:he particle preparation, and it" is possible that the activations

; noted here are not the result of inhibitor dissociation. However, the
many similaritiés between the aging and trypsin actlivations reported here,
and those in the literature make a strong case for the presence of the

D,

< inhibitor.

.
3
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CHAPTER VI .
/ -
OJIDATIVE PHOSPHORYLATIQN BY SUBMITQCHONDRIAL PARTICLES
: . 7

In order to characterize the pea submitochondrial particles more
fully, and also in the hope of exploring the relationship of ATPase to
ATP synthesis, I also carried out a series of experiments to measure

oxidative phosphorylation by pea submitochondrial particles.

A. Oxygen Uptake by Mitochondria and Submitochondrial Particles

I found that mitochondria and submitochondrial particles prepared
as described in Chaptef IT showed typical behavior in the assay for 02
uptake (Table 12). Mitochondria showed RCR values of 2-3 with succinate
and 3-4 with the NADH-1linked substrate malate plus TPP (not éhown).
State IV respiration of t%e mitochondria was not inhibited by oligomycin,
a gpecific inhibitor of the ATPase-ATP synthetase complex, but this
inhibitor prevented the {ncrease of respiration observed when ADP was

added. In the presence of an uncoupler (16 uM CCCP) the rate of 02

uptake was only slightly greater than the rate in state Irfv—\A({actylo-

side (20 M), which competitively inhibits ADP transport into the mito-
chondrion (Vignais, 1976) produced a one-third inhibition of the state
I1] rate when 1 mM ADP was present. Mersalyl (10 uM), a sul fhydryl
blocking reagent that inhigits phosphate transport in mitochondria
(Wiskich, 1977), blocked the state IIIl increase in respiration.

When submitochondrial particles were oxidizing NADH or succinate,
ADP produced a slight to moderafe stimulation of 02 uptake (Table 12)

&®
(between batches ADP response with NADH as substrate varied from 10-
7

40%) . No state III to state IV transition was obsertij’ijjfjéhown).
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U;on addition of uricoupler, respiration was 1ncr8ased'sub;tantia11y {/"
beyond atateJIII rates. Oligomycin inhibited the initial state IV
rate‘sligﬂ&&y. and prevented any increase in respirat;on on addition

of ADP. Oligomycin had no effect on the rate of uncoupled respiration.
With NADH as substrate I found that rates were stimulated by additioé

of 10 pg of oxidized cytochrome c to the submitschondrial particles.
Mersalyl (10 uM) completely blocked the increase in regpiration observed
on addition of ADP plus Pi. Mersalyl had no effect on uncoupled rates
of respiration. Atractyloside (20 uM) had no effect on respiration of
submitochondrial particles (not shown).

B. Oxidative Phosphorylation bx,Mitochondria and Submitochondrial
Particles . *

. I found that both mitochondria and submitochondrial particlis were
capable of good rates of oxidative phosphorylation, as measured by 32py
esterification (Table 13). The assay was linear with respect to time
and concentration of mitochondria or Qubmitochondrial particles up to
the point of 02 depletion (result not shown). The assay was usually run
to use 40-60% of the available 02. With submitochondrial partig}es the
assay required hexokinase for maximal activity (Table 13), since pea
submi tochondrial particles catalyse an active ATPase reaction which was
stimulated by the pyesence of oxidizable substrate (Chapter V, Table
8).

Oxidative phosphorylation by mitochondria or submitochondrial par-
ticles was stopped completely by either uncoupler or oligomycin (Table

13). In all further experiments I used blanks containing all assay com-

ponents plus 1 ug oligomycin, so that treatmentg that affected 32py
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carryover, pyrophésphate formation, or non-enzymatic phoéphltc ester
hydrglysis would not give erroneouf results. Atractyloside (20 uM)
:nhibited mitochondrial oxidative phosphorylation by 30%, but had no
ef}ect when used against submitochondrial particles, indicating that
the adenine nuclsotiée transporter plays no role in oxidative phﬁ(phory-
lation in this preparation. When the phosphate transport inhibitor
mersalyl was present (10 uM), phosphorylation by either mitochondria or
« submitochondrial particles was nearly completely stopped, at both‘low
(0.1 mM) and high (4.0 LM) phosphate concentrations. Since a transport
inhibitor should not inhibit inside-out particles, and respiration was
N
neither inhibited nor uncoupled, I also tested the effect of 10 uM
mersalyl on the ATPase reaction of submitochondrial particles. It was
inhibited 100%, indicating that mersalyl is a direct inhibitor of the ‘
ATPase-ATP synthetase complex. KCN (0.2 mM) nearly completely atopped °
phosphate uptake. Addition of oxidized cytochrome ¢ resulted in a 302
increase in oxidative phosphorylation when submitochondrial particles
We;e oxidizing NADH. |
For submitochondrial particles, P/O ratios with NADH as substrate
were 0.5 to 1.4, and with succinate they ranged from 0.2 to 0.5. For
most experiments I used NAIH as substrate.
When submitochondrial particles were stored in sucrose for several
weeks at -40°C, their ability to phosphorylate gradually decreased. All

experiments were done with submitochondrial particles that were gtored

less than three weeks.

0

C. Kinetics of Oxidative Phosphorylation by Suﬁmitochondtial Particles

I found that the P1 kinetics of oxidative phosphorylation by sub-
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Table 13. Oxidative phosphorylation by“itocidndria and submitochondrial
particles. g

Assay medium (in a final volume of 1 ml) was 0.3 M sucrose, 4 mM MgCl,,
20 mM glucose, 4 mM KHPO, (containing approximately 200,000 cpm 34P-
orthophospfiate), 50 mM TES, 5 units of hexokinase, 2 mM ADP and oxidiz-
‘able substrate (8 mM malate with10 uM P, 8 mM succinate or 0.88 mM
NADH) brought to pH 7.2 with tris at 25/C. Assay was run at 25°C for 6
min. Esterified PO, was det&¥nined ag described in.Methods.

ATP Synthesis
(units/mg protein)

Preparation Substrate Treatment Control Tregted
Mitochondria Malate none ‘ 0.194 -
Succinate 16 uM CCCP 0.364 0.001
1 yg oligomycin e 0.327 0.015
20 uM atractyloside 0.128 0.083
10 uM mersalyl 0.30% 0.034
Submitochondrial Succinate none - 0.081 - -
Particles
NADH no hexokinase 0.256 0.212
16 uM CCCP 0.358  0.005
1 ug oligomycin 0.316 0.012
20 uM atractyloside 0.172 0.161
10 uﬁ mersalyl 0.233 0.010
0.2 mM KCN 0.174 0.002
10 ug cytochrome ¢ 0.196 0.281
20 uM atractyloside* 0.022 _0.024
p 20 uM atractyloside** 0.059 0.050
: 20 pM atractyloside*** 0.119 0.114

* ADP at 2 uM, ** ADP at 20 uM, *** ADP at 200 wM ‘

~ S

¢
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mitochondrial particles were different from those of several animal
submitochondrial p;rtiéle prepara- ons. The Km for P{ was found to be
0.18 mM (Fig. 12), 20-50 fold lower than vdlues for rat liver and beef
heart sﬁbmitochondrial particles (Bygrave and.Lehninger} 1967; Schuster
et al., ]1977). The positive cooperativity toward Pi, noted by Schustgr

et al. (1977) with rat liver submitochondrial particles, was not detect-

ed in my experiments. Simce the ras liver experiments were conducted

at concentratiﬁns of ADP below 200 uM, I also tried repeating the Pi
kinetics experiments at 50 uM ADP, and again found linear kinetics (not
shown). To be certain that the low Km observed here was not éaused by
some component of the a;say me&ium, I tried an experiment using rat liver
submitochondrial particles. I found that freshly prepared rat liver
submitochondrial particles showed a Km@t least 10-fold higher than that
found with pea submitochondrial particles.

The ADP kinetics of phosphorylation (Fig. 13) were not as simple as
the Pi kinetics. 1In repeated attempts I consistently observed negative
cooperativity, with Km values of 10 uM, and 100 uM,., This could have been
.thé result of two populations of particles, one inside-out and one.right-
side-in. The kinetics of right-side-in particles éould Be governed by
.an adenine nucleotide transporter with a high affinity for ADP, while
the inside-out particles»could give a higher Km. To test this, I tried
inhibiting oxidative phosphorylation‘at,low levels of ADP by adding 20 uM

a!&actyloside. Table 13 shows th;t even at very low ADP levels, atract-

yloside had very little effect.

D. ATPase and Oxidative Phosphorylation

Since the ase reaction and substrate oxidation can occur at the

ks
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same time (Chapter V), I undertook experiments to determine vhat, 1f
any, relationship existed between rates of ATPase, ATP -yntholio.';nd
02 uptake. .

When 1 perforncd a pH curve for the three reactions (Table 14), I
found they each behl§cd différently. As expected from earlier work on
the soluble pea -1to§hondr1¢1 ATPase (Malhotra and Spencer, 1974a), ATP-
ase activity of submitochondrial particles increased steadily over the
pH range 6.8-8.0. The rate of phosphorylation, however, showed .a ;cnk
at pH 7.6. 02 uptake in the presence of ADP and Pi, or with uncOupler.”
vas maximal at pH 7.6. P/O ratios were highest at pH 7.2.

The stimulations of ATPase by C1 and HCD; provided another test
system for the relationship between ATPase and ATP synthesis. 1 found
that in the pH 7.2 ATP synthesis buffer, the stimulation of oligomycin-
sensitive ATPase by anions was reduced from that observed at pH 8.0
(Table 15). Pholphoyylation. however,Jvas not‘stinullted by anions but
slightly reduced. To show fhat this reduction was not caused by the
increased ATPase competing with hexokinase for the ATP 1 added extra
hexokinaBe,which had no effect. Results with the O2 electrode 1ndic‘—
ted that both NaHCO; and NaCl were iqhibitora of 02 uptake by submito-
chondrial particles. ' \J

Submitochondriallparticles vere also found to catalyse an ATP-Pi
exchange reaction (Table 16). I found éhat exchange rates with 4 =M
Pi and lgmH ATP were increased by the addition of either I mM ADP or

NAIH.
E. Discussion

Submitochondrial particles with properties ni-ilar to those report-

4
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Table 16. ATP-32p4 exchange by pea cotyledon submitochondrial
particles.

Assay was done as depcribed for ATP synthesis (Table 13) except
that assay medium contained 2 mM ATP, and or NADH were only
present where noted. -

ATP-32P{ Exchange
(units/mg protein)

Conditions no ADP 2 mM ADP
No substrate 0.011 0.021
1 mM NADH 0.040 0.075
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ed here have been prepared from plant mitochondria %y several workers.

Wilson and Bonner (1970a) used osmotic shock to prepare mung bean sub-
mitochondrial particles that showed NAIH an‘d succinate oxidatioﬁ rates
similar to thqgg}reported here. The submitochondrial particles also
catalysed energy-linked reactions (ATP-driven revers; electron transport

and NADH-NADP transhydrogenase) (Wilson and Bonner, 1970b) but oxidative
phosphorylation was not reported. Mung bean submitochondrial particiés

.prepared by sonication (Beyer et al., 1968) yere also shown to catalyse

NADH and succinate oxidation. Passam and Palher (1971) have found that
submitochondrial particles from sonicated Jerusalem artichoke mitochon-

dria were capable of phosphorylating ADP at rates of 0.1 unit/mg protein

with NADH as substrate. A rate of 0.029 unit/mg protéin was observed

with succinate as substrate.

By using inhibitors I was abie to slfow that the reactions we were
studying were those of oxidative phosphq¢rylation: an electrpn transport
inhibitor (kCN), an uncoupler (CCCP) and an ATPase-ATP synghetase inhibi-
tor (oligomycin), were each individually able to completely inhibit the
uptake of 32p§ 1nto organ{E phosphate esters. Throughout the remainder
of the experiments the use of blépks containing oligomycin insured that
no other Pi esgerifying system was interfering, while the addition of
excess hexokinase kept ATPasgse interference to a minimum.

A series of experiments with atractyloside ‘showed that the pea
submitochondrial particles were indeed inside-out, and thus not gineti-
cally governed by transporter systems. To insure the pea ADP transport-
er was not insensitive to atractyloside I also perf;;med the experiments

with whole mitochondria in Tables 12 and 13, which showed clear inhibi-

tions of 02 uptake and phosphorylation. The experiments with mersalyl
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were thus somewhat surprising, as this compound is an imhibitor of Pi .
transport and direct effects on oxidative phosphorylation have not been
observed (De Santis_g;lgl.. 1975; Wiskich, 1977). However, the ATPase ’

activity of pea submitochondrial particles, which does not require Pi

transport, was also completely stopped by mersalyl, and Chapter III

showed that the soluble ATPase of peas was inhibited by the su}fhydryl

blocking compound PCMBS. It 18 known that the coupliné factor CF,

of chloroplasts is poisoned by sulfhydryl agents when the‘enzyme is in

its energized state (see Schmid et al., 1977).

Storage of subq}tochondrial particles has been shown by sever;l
workers to result in a‘slow loss of oxidative phosphorylation (Passam
and Palmer, lg}l) and energy-linked funcgkons (Wilson and Bonner, 1970b).

——#:>In work with the ATPase activity of pea submitochondrial particles, I
found that it is very stable toward prolonged storage time in 0.25 M
sucrose at -40 C. Thug the loss of phosphorylating ability with time -
may be attributed to a parallel loss of membrane integrity leading to
uncoupling.

The kinetics of oxidative phosphorylation were somewhat surprising,
since the pea submitochondrial particles appear to have much stronger
affinity for P1{ than do any of the reported animal preparations. For
example, Bygrave and Lehninéer (196 7), who investigated the Pi kinetics
of intact and broken rat liver mitochondria, found that the conéentra-
tion of Pi required for 1/2 maximal velocity increased from 0.25 mM for
whole mitochondria, to 3.0 mM and 6.0 mM with digitonin-treated and
sonicated mitochondria, respectively. Similarly, Schatz and Racker

(1966) found Km values of 1-6 mM Pi, with Km inversely proportional to

the.rate of respiration. Schuster et al. (1977), although not report-
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ing a Km value,. show data ingdcating a Km for P1 of over 10 mM for beef
heart submitochondrial particl(es. My own experiment 1nd1cateti ’
of over 2 mM with rat liver submitochondrial particles. It thus appears
that pea submitochondrial particles have an intrinsically higher affinity
for Pi than do mammalian preparations. Whegger this ie a basic propert&
of the pea enzyme system, or indicates that the pho;phorylation system
of mammalian submitochondriml particles is more easily damaged by sonica-
tion 18 not clear. In addition, the work of Schuster et al. (1977)
indicated strong positive cooperativity towards Pi as a substrate with
most pronounced co§perativity observed at 10-50 yM ADP. When I perf-
: \

prmed experiments af 50 uM ADP with pea submitochondrial'pafticles, plots
were still linear.

ADP kinetics of pea submitochondrial particles showed strong nega-
tive cooperatiyity, with Km values of 10 and 100 yM. With mammalian
submitochpndrial particles a wide range of values have been reported.

.

A rat liver mitochondria, Bygrave and Lehninger (1967)

With sohica
found a Km fg DP of 300 uM, although Lineweaver-Burke plots were not
shown, and the data of Schuster et al. (1977) suggest a Km of below 30
uM (at 10 mM Pi) for beef heart submitochondrial particles, with linear,
non-cooperative kinetics. Catterall and Pedersen (1972) found a Km of
3.8 uM for phosphorylatio; of ADP by "inner membrane vesicles'" prepared
by digitonin treatment of rat liver mitochondria. No cooperativity was
noted.

During my experiments I was interested in trying to discover what
factors regulated the rate of oxidative phosphorylation. Several factors

were definitely ruled out: Concentrations of ADP, P1, and electron

transport substrates were well above Km values, and since the submit-
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chondrial particles were determined to be inside-out, substrate transport
was also not limiting. Since 02-:9take was- stimulated cohsiderably by
uncoupler, I judged that under normal\isaay conditions (fresh submitochon-
.drial particles, NADH ag substrate) O2 uptake must be limited by the rate
at which the high-energy state can be dissipated. Since in cohditions
of phosphorylation (ADP present)'the dissipation of the high-energy state_
is through ATP synthesis, I concluded that the ATP-synthetase reaction is
normally rate-limiting in pea submitochondrial particles.

The pH curves for 02 uptake, oxidative phosphorylai}on, and ATPag
attempted to explore the relatlonship, if any, among these reactions.
Interpretation of the results was not clear, however. The 02 uptake
showed a maximum at pH 7.6, which was also the maximum for ATP synthesis.
The P/O ratios, however, indicated tﬁat oxidative phosphorylation was
most efficient at pH 7.2. There appeared to be no relationshig between
ATP synthesis and ATPase rates in this case;:;ince A?Pase activity-was
<highest at pH 8.0. However, lowered ATP synthesis at this pH could be
a result of poor 02 co&sumption. aihce P/O ratios stayed the same.

The experiments with NaCl and NaHCO; attempted to determine if
control mechanisms of the ATPase also apply to the ATP synthesis reaction
catalysed by the same enzyme. - The exﬁeriment could be successful onli
1f the ATP synthesis reaction, and not substrpté‘oxidation, vas rate -
limiting. The stimulatory effect of uncoupler on NADH oxidation in the
presence of ADP indicates that state III respiration is normally limited
by ATP formation. The actual effect of the salts on AYP formation
however, was 1nh1pitory. not stimulatory as with ATPase. It id.doubt-
ful whether this represents a direct effect on the ATP synté?aia system,

or more likely, is the result of the inhibition of uubatratL oxidation.
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- ngh ionic strength (I;O.l) has been-shown to inhibit pea cotyledon
.
cytochrome oxidase (Bomhoff and Spencer, 1977), and similar effects
of NaCl and NaHCO; on mitochondrial substrate oxidation have been noted
(Béndall et al., 1960; Miller and Hsu, 1565). It 1s inteéeating. how-
ever, that with HCO, the irhibition of ATP synthesis was slight compared
to the effect on 02 uptake, resulting in an increase in P/0 ratios.

The ATP-32p4 exchange reaction proceeded at a rate well below that
of oxidative phdsphorylation. At leagt thr;; factors could be rate-
limiting with this reaction: interference by ATPase, low membrane pot-
ential, and low levels of ADP. It is hard to judge how much, if any,
interference is caused by the hydrolysis of the radioactive ATP formed
by the reaction. Assuming that radioactiﬁ% ATP is an equilibrium with
the-ﬁedium ATP, EE: very small amounts of radioactive ATP formed }1—62
of the amount of ATP added) would make intérference by hydrolysis insig-
nificant. That low membrane potential and lack of available ADP foﬁ‘ire
phosphorf\ative portion of the exchange might be limiting is auggegced
by the finding that addition of either oxidizable substrate (NADH) or

ADP increased exchange rates considerably.



CHAPTER VII

- PURIFICATION, SUBUNIT STRUCTURE AND KINETICS OF
HIGHLY PURIFIED PEA F1-ATPase

A. Preliminary Attempts at Purificgtion , “

To devise a more rigorous putification method, I investigated a
numbe: of possible steps. I found that the optimum sonication time
was 5 min. With shorter periods, little of the enzyme was'solubi;ized,
as judged by oligomycin sensitivity, while with longer sonication times
there was a éradual loss of activity. Temperature during sonication
was also important: below 45°C, I found that little of the enzyme was
solubilized_in‘a 5 min sonication, while at temperatures above 52°C
activity was’quickly lost. Activity of the soluble fraction was higber
after sonication at pH 7.0 rather than 7.4 (the pH of tﬁe medium for
DEAE chromatography). In order to obtain the most active soluble pPrep—
aration I also ﬁried age—activating the submitochondrial particles for
" 4 hr at 30°C before sonication. This resulted in lower ATPase activity
in the soluble fraction however, and the activation step was abandoned.

After removal of the membrane f;action by centrifugatipn at 100,000
x g for 90 min, several different methods were tried for further purifi-
cation. The pH 5.4 isoelectric precipitation step used previously was
found to produce almost no precipitate when submitochondrial particles
were the starting material, so this step was not used. I tried perform—
ing precipitation with (NH;) ;S04 directly on the supernatant layer after
the high speed centr:fugation step. I found,.however, that precipita-

tion with 60X (NH“)ZSOQ followed by centrifugation at 20,000 x g for
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10 min gave rise to a pellet which disintegrated easily and floated in
the solution. It was not poassible to solubilize the pellet and over
90X of the ATPase activity was lost. Following the finding that the

enzyme would bind to DEAE cellulose, the following method was developed.
B. Method

A typical protocol for the purification method is given in Table

17.
\

Submitochondrial particles that had been stored at -20°C in 10 ml
of 0.25 M sucrose were thawed in 50 ml of "DEAE buffer" (0.15 M sucrose,
20 oM tris, 2 mM ATP and 2 mM EDTA, brought to pH 7.4 at 20°C with
H,S0,). The pH was then adjusted to 7.0 with 2 M HpSO,. The 100 91
beaker containing the preparation was placed in a small water bath at
40°C and allowed to equilibrate for several minutes. The full-size tip
of the sonicator apparatus was also heated to 40°C in the water bath.
Sonication was then carried out at full power on the Artek Sonic Dismem-
brator (Model 300) in the‘40°c water bath, and the temperature of the
sonicate was monitored. When the temperature reached 47°C (approximately
30 sec) timing was started and sonication continued for 5 min. The
temperature was kept at 47-50°C by adding ice cautiously to the bath. ‘...

After sonication, the sonicate was immediately placed in 10 ml

centrifuge tubes and centrifuged for 90 min at 100,000 x g, with ti.

‘

rotor temperature held at 22°C.

While the sonicate was being centrifuged a 1.5 x 20 cm column of
DEAE cellulose was prepared. Twenty g of Whatman pre-swollen DE-52
microcrystalline cellulose was added to 100 ml of DEAE buffer. The

suspension, in an Erlenmeyer flask, was deaerated for 2-3 min under



aspirator vacuum. The pH of the cellulose was then adjusted to 7.4
using 2 M H,S0, and the cellulose was slowly poured into a glass colum.
The column was then washed with 50 ml of DEAE buffer at a flow rate of
1 ml/min using a peristaltic pump.

The yellow supernatanghlayer from the centrifugation step (the
intensity of the yellow color varied considerably between batches, but
this appeared to be unrelated to ATPase activity) was brought to pH 7.4
with 2 M tris. The supernatant layer gradually lost ATPase activity so
it was quickly pumped onto the column'at 2 ml/min, where it formed a
pronounced yellow layer 1;2 cm thick. The column was washed using 50
ml of DEAE buffer, pumped at 1 ml/min. Elution was carried out using a
200 ml linear gradient of 0-0.2 M KéSwain DEAE-buffer. A flowrate of
0.5-0.8 ml/min was tsed. Fractions of 2 ml were collected and protein
content and ATPase activity were monitored (Fig. 14). Three major -
peaks emerged, with all ATPase activity in the middle peak (no ATPase

activity was detectable in the effluents during sample application or

" column washing). Extending the gradient up to 0.3 M K,S0, produced no
AN

-

additional protein peaks. If 1 M NaCl was then pumped through the col-
umn a sharp proteiﬁ peak with no ATPase actjivity emerged. The yellow
color remained on the C°1‘En after the 1 M NaCl wash.

All fractions containing 30% or more of the ATPase activity of the
most aé;ive fraction were pooled and solid (NH,),SO, was added to 60X
of saturation and mixed sloviy until dissolved. After 10-15 min at
room temperature the cloudy solution was centrifuged for 15 min at
30,000 x g. The pellet layer, which contained all ATPase activity, wvas

dissolved in 1 ml of DEAE buffer and solid (NH,),SO, was again added

to 60% of saturation. The suspension was divided into 0.1 ml portions
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in plastic centrifuge tubes and frozen at -20°C. Before an aBsayy a
tube was thawed at 37°c, centr%fuged 7 min at 20,000 x g and the pellet -
wap dissolved in 1-3 ml of DEAE buffer. The enzyme activity of the
frozen precipitate was stable for about a month, then activity began

t; decline.

The enzyme preparation obtained had a specific activity of 12 units/
mg protein using the ATPase assay with no regenerating system.- Activity
was increased to 18-20 units/mg by inclusion of the ATP regenerating
system described in Chapter II. The enzyme was cold-labile and oligomy-

cin-insensitive (not shown) .

N
C. Enzyme Purity

Using gel electrophoresis, I found that the enzyme preparation was
over 907 pure (Fig. 15A). When I tested for ATPase activity, using the
specific staining method of Horak (1972), a1l activity was found.in the
same location as the major protein band (not shown). The gels stained
for protein appeared to contain two contaminating protein bands: g
slowly moving component which barely entered the 5% acrylamide gels, and
a faster moving very dif;use band. A 10 min cold treatment (0°C) before
electrophoresis (at 0-5°C) intensified the fast-moving band (Fig. 158),

in agreement with the results of Knowles and Penefsky (1972a) with

beef heart F,-ATPase.

D. Subunit Composition

On SDS gels (102 acrylamide) the enzyme gave rise to one major

protein band (Mol. wt=58,000) and three visible minor bands (Mol. wt=

65,000, 36,000 and 22,000) (Fig. 15A). Since some workers have found
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Table 17. Purification of soluble pea mitochondrial ATPase.

Purification steps are described i the text. The non=tegenerating
ATPagse assay described in Table 1 was used.

-

ATPase Activity

Material Protein (mg) Total units Units/mg Protein
Submitochondrial particles 80 3.2 0.04

Whole sonicate 80 35.7 0.45
Pellet after centrifugation 64 4.5 0.07
Supernatant layerl' 16.5 21.5 1.30

DEAE effluentz' 1.5 15.0 10.0

First (NH,),SO, precipitate 1.2 12.1 10.1

Second (NH,),S0, precipitate3' 0.7 8.4 12.0

1.

ATPase activity was not inhibited by oligomycin. The ATPase activity
of the pellet layer was 60X inhibited by 1 ug of oligomycin.

Fractions containing 30% or more of the activity of the peak fraction
were pooled for this determination.

~
Vmax in the ATP-regenerating agsay of Fig. 17 was 18.0 units/mg protein.

<

~
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Figure 15.

Gel electrophoresis of soluble pea F|-ATPase. 35X acrylamide
gela contained ATPase assay medium. Assay medium was also
used for sample and electrode buffer. Gels were run for

90 min at 4 mA/tube. In A, 50 ug of ATPase protein was
applied, and gels were run at 25'C: In B, 50 ug of ATPase
protein was applied after a 10 min incubation at 0°C. GCels
were Tun at 0-5°C for 90 min at 4 wA/tube. Staining was

done with Coomassie blue R-250 ss described in Methods.
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that SDS gels fail to resolve the a and B subunits well (Knowles and
Penefsky, 1972a; Yoshida et al., 1977), I also tried the 8 M urea system
employed by Knowles and Penefsky (1972a), which they found gave rise

to a slow band composed of a and y subunits, and a faster band of 8 sub-
units. Fig. 16B shows that urea gels of the pea enzyme contained two .
major protein bands in the approximate positions noted by Knowles and
Penefsky (lQiZa) and by Yoshida et al. (1977). The proportion of stain
was greater in the faster band. 1In addition, urea gels contained a
third, more slowly migrating band. At high protein concentrations

the protein precipated on the gel surface.

SDS gels of submitochondrial particles (Fig. 16C) gave rise to
numerous bands, one of which appeared to coincide with the major band
noted with the pure enzyme. Urea gels of submitochondrial particles
failed, as all protein precipitated on the gel surface.

I tried several times to test for homogeneity and measure the
molecular weight of the enzyme by chromatography on a column of 10%
agarose gel (Bio-gel A-0.5 m) using the DEAE medium. This technique

failed, however, as no enzyme activity was recovered in the column

effluent.

(]
E. Kinetics of the ATPage Reaction

The kinetics of the purified ATPase were examined using the ATP
regenerating system described in Chapter II. Activities of the pure
enzyme measured in this system were consistently about 503 higher than
in the non-regenerating assay buffer, even though assays in both systems
were linear with respect to time course.

Fig. 17 ghows typical Lineweaver-Burke plots obtained with the purg



Figure 16.

N— "

Gel electrophoresis of soluble pea F)-ATPase in dissociating
systems. In A and C, 10X acrylamide gels contained 1% SDS.
Protein samples were treated with SDS and mercaptoethanol
and gels were run as described by Weber and Osborn (1969,
see Methods). 1In B, 5% acrylamide gels containing 8 M urea
were run as described by Knowles and Penefsky (1972a, see
Methods). 1In A, 10 and 50 ug of ATPase protein was applied.
In B, 20 ug ATPase protein was :pplied. In C, 100 pg of

submitochondrial particles was applied. All gels were stained

with coomassie blue 550.
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enzyme. Kinetic parameters are summarized in Table 18. It can be seen

that the enzyme displays pronounced negative cooperativity. However,

data points above 0.2 mM Mg-ATP fell on a straight line with a Km of*
0.17 mM and a Vmax of 17.8 units[mg protein. Fig. 17 also shows that
either 100 mM NaCl or 20 mM NaHCO; Ancreased Vmax dramatically, but had
little effect on ;he curvature of the Lineweaver-Burke plots, in contrast
to the results reported by other workers (Ebel and Lardy, 1975; Pedersen,
1976). In the presence of 100 mM NaCl the Km for Mg-ATP rose to 0.31 mM,
while with 20 mM NaHCO3, the Km was 0.20 mM.

When Mg-GTP was used as substrate Vmax was 118 units/mg protein.

The Km for Mg-GTP was 1.3 mM, and negative cooperativity was observed.

I also examined the kinetics of Mg-ATP hydrolysis by submitochondrial

\barticles. Fig. 18 (and Table 18) shows that the Km for the ATPase

reaction was 0.07 mM. Curvature of the Lineweaver-Burke plots was much
less than that noted with the soluble enzyme. . Fig. 18 also shows that
aging the submitochondrial particles for 5 hr at 30°C fesulted in a 5-
fold enhancement of Vmax in this case, but there was no change in the
Km toward Mg-ATP. Table 18 also shows that 100 mM NaCl or 30 mM NaHCO;
both raised the Km of the enzymé slightly, while increasing Vmax.

With Mg-GTP the Km was 0.29 mM.

F. Discussion

The purification method described in this chapter was a considerable
improvement over that used previously, as judged by the purity and spe-
cific activity of the final preparation.

The identity of ,the two contaminating protein bands could not be

established; however several findings provide evidence that they are
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related to the main peak. Qhen 1 tried precipitating all fractions
along the ATPase peak after DEAE chromatography, I found that the

N
proportion of protein in each of the bands remained the same, indica-
ting that all three proteins co-chromatograph on DEAE cellulose. Cold
treatment of the enzyme before electrophoresis appeared to increase the
amount of protein in the faster moving band, although this was difficult
to judge. This may indicate the the fast band was a dissociated subunit.
The diffuse nature of the fast band may also indicate that it waa diss-
ociating from the main band during the electrophoresis run. When the
pea enzyme was electrophoresed with the pH 9.5 tris—-glycine electrode
buffer of Davis (1964) both the fast and slow bands were present in lar-
ger quantities. While it is not possible to conclude that the enzyme is
homogenous, it does séem likely that the impurities are a dimer or
multimer of the main band, and a dissociated subunit.

Many other workers have reported that electrophoresis of pure F;-
ATPases gives rise to more than a single g;nd. Knowles and Penefsky
(1972a) noted that pure F,-ATPase of beef heart gave one pronounéed
protein band, but a faster moving band was often present and increased
in intensity when the ATPags was electrophoresed at S°C. Warshaw et
al. (1968) found their preparations of pure “"factor A" (a latent F;-
ATPase) gave rise to several bands when electrophoresed at pH 9.5, but
a single band when run at a lower pH. Azocar and Munoz (1977) found
that the solubilized F;-ATPase of E. coli k/2 was unstable in a variety
of electrophoresis systems, and purity could only be demonstrated in
one buffer system.

F, -ATPases from many sources have been shown to have five types of

subunits (here referred to as a, B,y , &, and €). This has been found
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with bacteria (e.g. Yoshida et al., 1977), yeast mitochondrias
(Tzagé?gff and Meager, 1971), beef heart mitochondria (Knowles and
Penefsky, 1972a) and chloroplasts (Nelson, 1976). In mammalian Fi-
ATPases the subunit stoichiometry is probably a383v8e, judged by mole-
cuiar weight and stain intensity in SDS gels (Catterall and Pedetsen,
1971). / The two largest subunits, a and 8 (Mol. wt 54,000 and 49,000
from beef heart mitochondria (Knowles and Penefsky, 1972a, b) and
62,500 and 57,000 from rat liver (Catterall and Pedersen, 1971)), are

often not clearly resolved on SDS gels (Knowles and Penefsky, 1972a;

Senior and Brooks » 1971; Yoshida et al., 1977). They are, however,

well resolved on 52 acrylamide gels containing 8 M urea (Knowles and

Penefsky, 1972a; Yoshida et al., 1977). The minor subunits (y, mol. wt=

33,000; 6, mol. wt=16,000; ¢, mol. wt=5,850 (Knowles and Penefsky, 1972a,
b)) are well resolved on SDS gels. Subunit Y co-electrophoresed with
@ on 8 M urea gels (Knowles and Penefsky, 1972a, b).

The results with the pea enzyme indicated a similar subunit struc-
ture, with one major band (mol. wt=58,000) which probably contains both
@ and 8 subunits. That there are two distinct polypeptides in this
major band was shown by electrophoresis in 8 M urea, where two major
bands were visible. SDS gels also showed two less intensely staining
protein bands (mol. wtw=36,000, mol. wt=22,000) that roughly corresponded
to weights reported for v and 6subunits (Knowles and Penefsky, 1972a,
b). The other faint band visible on SDS gels corresponded to molecular
welght of 65,000. The significance of this band is not known. The band
appears to be present as a major component on SDS gels of submitochon-

drial particles, and is thus possibly a contaminant of the soluble enzyme.

On very heavily loaded gels (200 ug protein) a diffuse band was noted at
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a mobility fa‘tcr than that of cytochrome ¢ (-ol. wt=11,700). This lay~d
have been -ub;nit €; however the gels were too heavily stained to be
reliable.

The kinetics of Mg-ATP hydrolysis by the pure enzyme wercllililﬁk
to those of rat?liver and beef heart F)-ATPases. Negative cooperativity
has been reported for these enzymes by Ebel and Lardy (1975), Schuut.f
et al. (1976) and by Pedersen”(1976). Those authors found, however,
that negative cooperativity was relieved by those anions which also
increased Vmax of the ATPase activity. Tﬁi- is in contrast to the re-
sults with the pea enzyme, which showed that Cl1~ lnd,HCOE did not reﬁ;;e.
the curvature of Lineweaver-Burke plots. This raises the interesting
possibility that ?nion effects on Vmax and cooperativity noted with
mammalian F;-ATPases may be separate phenomena, although Ebel and Lardy
(1975), in a rather complete survey of anions as effectors of the -
ATPase of rat liver, did not report any anions that increased Vmax but
had no effect on cooperativity.

Results of the kinetic studies on ATPase activity éf the pure enzyme
failed to disclose any major difference between HCOS and C1 as stisula-
tory anions. Both appear to exert ;heir major effect on Vmax, while

slightly increasing Km. It is likely therefore, that they have their

stimulatory effect on catalysis rather than og substrate binding. This

1s discussed further in the next chapter.

Using the lfl'P—regeueratir;g assay I was ‘alno able to investigate
the kinetics of the ATPase activity of subaitochondrial particles. In <
agreement with literature'on mampalian F,-ATPases (Hammes and Hilbomn,
1971; Ebel ‘and Fardy, 1975; Pederqen, 1976), thé membrane-bound enzyme

had a significantly lower Km for Mg-ATP than did the pure enzyme (0.07

4 .
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aM, compared to 0.17 mM for the soluble enzyme) and less curvatnrc' in
the Lineweaver-Burke plots. In common with the soluble enzyme, the major
effect of anions was on Vmax; no major change in Km values was noted.

1 was also able to show_ (Fig. 18) that the aging-activation discuseed

in Chapter V appeared kinetically to be reli_."’of a non-competitive
inhibition (Vmax 1ncuu-'¢d. vwhile Km remained constant). Van de Stadt
et al. (1973, have shown that the ATPase inhibitor pOIyP‘ptid.cis a.non-
competitive inhibitor versus Mg~ATP. This helps to confirm the lypo-

thesis of Chapter V that aging-activation represents release of inhibi-

tor. : wi '
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\ ' CHAPTER VIII

CONCLUSIONS AND A PERSPECTIVE

A. Similarities to Other F)1-ATPaseg

-

This study represents the first detailed characterization of the-
F|-ATPase complex from mitochondria of a higher plant, The picture of
the ATPase complex that emerges is one that is similar in many respects
to that of mammalian mitochondrial F,-ATPases. Similarities were first
shodn to occur in cold lability, a rare property among enzymes, bLut
found with all soluble mitochondrial F,-ATPases (Penefsky, 1974). I
was also able to show similarities in the broad purine substrate specif-
icity of the doluble enzyme, in the anion stimulations and their ATP
specifi{city (Ebel and Lardy, 1975; Pedersen, 1976) and in sensitivity to
inhibitors such as NaN;, ADP, and NaF (Pullman et al., 1960). With
subuitochondrial particles I was able to demonstrate that both ATPase
andATP synthegisare sensitive tO oligomycin, a feature of all mitochon-
drial F)-ATPases bound to their native site on the cristal membrane.
Freshly prepared submitochondrial particles also appeared to poaaiss an
ATPase inhibitor polypeptide, similar to that of beef heart F1-ATPase
(Hfrstman and Racker, i970; Jullman and Monroy, 1963). The.patticles
were able to catalyse oxidative -phosphorylation thaws t&-pical in its -
sensitivity to iﬁhibitors of electron transport, energy coupling, and
ADP phosphoryiation. A more highly purified preparation of the soluble
enzyme showed subunit structure similar to that of Fi-ATPases on SDS
gels, except that there was no resolution of a and B subunits. These

appeared to be resolved, however, on the urea gel system of Knowles and
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Penefsky (1972a), indicating a subunit structure t$pical of mi tochondrial
F|-ATPasges (Pedersen, 1975). Similarly, the kinetics of the soluble
enzyme indicated negative cooperativity similar to that observed for
rat liver F;-ATPase by Ebel and Lardy (1975) and Pedersen (1976).

It 18 not unexpect;d that there should be so many similarities
between pea and mammalian F)-ATPases, since the enzyme 1s basic to
energy metabolism and is already known to be similar among bacteria
(Abrams and Smith, 1974; Yoshida et al., 1977), yeast and mammalian mito-
chondria (Penefsky, 1974), and chloroplasts of higher plants (Nelson,
1976). Some of the unique features of the pea Fi-ATPase (high Ca-ATPase,

sensitivity to PCMBS, and stimulation by c1 ion) will be diseussed later

as they relate to future research.

B. -Soluble and Membrane-bound Forms of the Enzyme

Each of the two different forms of the F;-ATPase (soluble and
mémbrane—boundl‘dealt with {in my work has some validity in the siudy of
the energy coupling system of bea mitochondria. The soluble form has
as its main advaptage the fact that it can be relatively easily purified
away from all contaminating activities that could give misleading res-
ults. The membrane-bound system (submitochondrial ﬁarticles), on the
ofher hand, allows the study of the modification or control of catalytic
activity that might occur through interaction with other membrape compo-

nents or energization of the membrane. Each system algso has a r
, .

‘\.

drawback, however: the particulate system 18 impure and the soluble ‘“~§
enzymé exhibits some properties that may be a product of solubilization.”
With the pea enzyme, 1like those from mammals, the catalytic acti- N

vities of the enzyme were definitely altered by solubilization. I found



that sensitivities to ADP, stimulatory anions, and NaN; were all reduced
with the memhrane-bound enzyme, as was the amount of Ca-ATPase activity,
the relative GTPase activity, the Km values for nuclentides, and the
curvature of Lineweaver-Burke plots. These results are similnr to those
reported with the rat live! F1-ATPase complex (Ebel and Lardy, 1975;
Pedersen, 1976). The cold labiliyy of the soluble preparation also
represents an alteration in properties from the membrane-bound enzyme.
The likeliest explanation for these results is that membrane binding
in some way alters the conformation of the F; molecule or modifies
conformational changes that may occur on catalysis or effector binding.
This modification would most likely be a restriction of conformational
changes in.the membrane-bound enzyme form. This would explain, for
example ;how anions that are very stimulatory with the soluble form of
the enzyme have less effect with the membrane-bound form. Similarly,
cold lability which has been shown to proceed by waylof an initial
conformational change (Rgping et al., 1975), may be lessened when the

conformation of the enzyme is restrained.
LJ

Future research on the pea enzyme will thus have to be based on the

fact that neither of the .yutems currently available (the soluble enzyme
and the aub‘ftozﬁondriﬂl patticlea) gives a completely reliable picture
pf the enzyme. Only by continuing to work with both preparations or
attempfing to purify the oligomycin-sensitive ATPase with all its

associated membrane proteins (Soper and Pedersen, 1976; Serrano

£
et al., 1976) can a complete knowledge of the éq;éne be obtained.

C. Control of the ATPase

0f the comtrol mechanisms discussed in Chapter I, two were directly

4.
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addressed in my work: control by the inhibitor polypeptide and kinetic
control by anions. Clearly, control by the inhibitor polypeptide is the

more important of the two with the membrane-bound enzyme. The freshly
50

isolated submitoéth ticles had very low ATPase activity unless

they were exposed t ll“is that removed or destroyed the inhibitor.
In isolated mitochondria under state IV conditions (no ADP present) it is
likely the presence of the inhibigor which prevents ATP hydrolysis. The
high internal ATP level would favor the maintenance of the inhibition,
in the same way it inhibits the aging response with submitochondrial
particles. In the case where unavailability of oxidizable substra*s
limiting oxidative phosphorylation, And both ADP and ATP were present; the
interaction between the inhibitor and the ATPase might gradually wgaken
(the ATPase would become activated), but inhibition of the ATPase reaction
might then occur by the ADP inhibition and unavailability of ATP that
would be imposed by the ademine nucleotide translocator. While further
work on the control of ATPase in intact mitochondria would be of interest,
the complexity of the control system makes design of rigorous experiments
difficult. It is also difficult to design further experiments on the
role of the inhibitor polypepélde, since 1 was unable to develop any
system in which activated submitochondrial partic;es could be inhibited.
It is possible, however, ghat the highly purified enzyme might be more
sengitive or reactive toward inhibitor and could be used as an assay
system. Thia would allow for purification of the inhibitor and further
studies on its status in aging, and in oxidative phosphorylation.

A question that-was approached, but not answered, in my work was
the mpehanism of the kinetic control by anioﬁs. Two mechanisms were

Jthiniiely discarded: studies with fresh, aged, and trypsin-treated
» v
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submitochondrial particles indicated anion stimulations were not com-
pletely an artifact of solubilization, and were also not likely a res-
ult of inhibitor dissociation. After discarding these possibilities,
several hypotheses remain that require a direct interaction of anions
with the enzyme: anions could directly assist catalysis at the catalytic
site, they could cause a conformational change that increases tﬁe number

. >
of catalytic sites, or they could cause a conformational change that in

turn ass{sts catalysis.

The first possibility, a direct role 1n-:ssis£ing catalysis, does
not seem to explain why the xIPase of submitochondrial particles is less
stimulated by anions thaQ the soluble enzyme, although if the shape of
the catalytic sitée was a;;ered during solubilization an anion require-
ment might be developed.: In addition, howevzx, it seems difficult to
imagine a catalytic step in which such a vafiety of sizes, shap‘ﬁ, and
charges of anions could paFticipate. This is less of a problem with the
rat liver F;-ATPase preparatiogvpf Ebel and Lardy (1975) where a good
deal of specificity was shown toward oxyanions of only certain shapes.
The fact that with the pea enzyme only ATPase, andA;ot GTPase, was stimu-
lated by anions also argueg against participation at the catalytic site,
since the hydroiytic mechanism should be similar for the two substrates,
and interaction of the anions with the purine b;se portion of the nucleo-
tide would seem unlikely to change Vmax.

Either of the other two mechanisms would work if there was a regula-
tory anion binding site on the enzyme. Binding of a stimulatory anion

could cause a conformational change that could in turn make available

a previously blocked catalytic site, or increase Vmax at a catalytic



site that was previously available. Either of these two mechanisms
would result in a stimulation of the observed Vmax. Km effects could
not be predicted. It is not clear how either of these two hypotheses
could be verified, however.‘>An interesting first step would be to meas-
ure anion binding, and to’ determine whether the anion binding constants
- compare tqQ the Ka values for activation of Vmax. An easy technique for
studying ligand binding has been recently developed (Penefsky, 1977)
and used'to me;sure phosphate binding to the beef heart enzyme.

The idea of opening a blocked catalytic site agrees well with the
abolition'of negatiQe cooperativity noﬁed during anion stimulations by
Ebel and Lardy (1975) agd Pedersen (1976). It is relatively easy to
imagine the F;-ATPase as having three copies of a catalytic site. Sub-
strate binding to one site might make the other two less available, and
anion binding might release this cooperativity. 1In a closely related
mechanism, an ATP-binding allosteric site might be inducing cooperativity
which aniop binding might release. If GIP could not bind at this regul a~
tory site it would not induce coooperativity and thus anions would have
no effect on GTPase. This hypothesis, in either of its two versions,
does not completely fit my data, however, since the anion stimulations
cou1d7;ot be explained as release of cooperativity and Vmax stimulations
of 4.5-fold would reguire a large number of cgtalytic sites. A third
version of the blocked-site hypothesis could be put forward in which each
catalytic site has a separate regulatory site through which it can be
activated by some anions and inactivated by other anions or compounds.
In other words, anions would control the proportion of active to inactive

sites. This idea of active and inactive states has been proposed by

Moyle and Mitchell (1975), while the idea of each catalytic site having

[y
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site that was previously available. Either of these two mechaﬁiama
would result in a stimulation of the observed Vmax. Km effects could
not be predicted. It is not élear how either of these two hypotheses
could be verified, however. An interesting first step would be to meas-
ure anion binding, and to determine whether the anion binding constants
compare to the Ka values for activation ;f Vmax. An easy technique for
studying 1ligand bindings has been recently developed (Penefsky, 1977)
and used to measure phosphate binding to .the beef heart enzyme.

The idea of opening a blocked catalytic site agrees well with the
abolition of negative cooperati;lty noted during anion stimulations by
Ebel and Lardy (1975) and Pedersen (1976). 1t is relatively easy to
imagine the F,-ATPase as having three copies of a catalytic‘site. Sub-
strate binding to one site might make the other two less available, and
anion binding might release this cooperativity. In a closely related
mechanism, an ATP-binding allosteric site might be inducing cooperativity
which anion binding might release. If GTP could not bind at this regula-
tory dite it would not induce coooperativity and thus anions would have
no effect on GTPase. This hypothesis, in either_of its two versions,
does not completely fit my data, hoﬁgver, since the anion stimulations
could not be explained as release of EBoPeTativit;’and Vmax stimulations
of 4.5-fold would require a large nqugr\pfvcatalytic sites. A third
version of the blocked-site hypotheii'i!?hyd be put forward in which each
catalytic site has a separate regulatory~;;te through which it can be
activated by some anions and inactivated by other anions or compounds.
In other words, anions would control the proportion of active to inactive

sites. This idea of active and inactive states has been proposed by

Mo}le and Mitchell (1975), while the idea of each catalytic site having
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a separate anion-binding regulatory site was brought for;ard by Reckten-
wald and Hess (1977). 1If one accepts the latter authors' idea that the
regulatory site also binds ATP then cooperativity in kinetics can be
explained as allostery. It is not clear in this version, however, why

a certain proportion of sites is not active without stimulatory anions
being present, and why this propo}tion should be repeatable among enzyme
batches. . ’

An anion-induced conformational change that stimulates Vmax at a
previously available catalytic site could be developed from the same
assumptions as the last discussed hypofhesis. If each catalytic site
had a low activity with ATP as substrate and Vmax was increased by anion-
binding at a regulatory site the most important effect of anions, 1in-
creasing Vmax of ATPase, ig gxplainéd. If this regulatory site ;lso
bound ATP then cooperatiVfity in kinetics might be an allosteric stimula-
tion of activity when ATP 1s bound, with anion binding being more active
at producing the conformational change involved (giving rise to a higher
Vmax). If both ATP and anion binding were required for the anion effect
and the regulatory site was specigic for ATP, then th; lack of anion
effects on GTPase activity is explainable.

L]
All of these hypotheses, however, are too complex to receive any

direét support from my data,aand it 18 not clear what evidence could

be obtained that would support or defeat any of tln, The kinetic
app?oach, used in conjunction with nucleotide analogs by Lardy's group
(Schuster et al., 1975; Schuster et al., 1976) seems to have only
confirmed that a final statement of nucleotide and anion-related regula-

tory properties will be complex. This is also supported by recent studies

showing multiple nucleotide-binding sites (Penefsky et al., 1976).

b



D. Further Research on Pea F1-ATPase

.

In comparison with other F)-ATPases, work on the pea enzyme may
be hampered by the relatively low amount of the enzyme available from
a typical purification (1 mg) and also by the relative instability of
the enzyme toward gel chromatography and electrophoresis. Assuming
these problems to be perhaps limiting, but not a cause for hopelessness,
the key question is which properties of.the pea enzyme merit continued
research. There are two ways of looking at this question. One could
answer that plant mitochondrial ATPase merits study just because it is
from a plant tissue. Thus research could continue to be comparative
or descriptive. The other approach, however, would be to admit that pea
F|-ATPase 1s fairly similar to other F;-ATPases in its essential proper-
tiés and to search for special areas where the pea enzymé offers a chance,

to advance ATPase research. The second approach gseems more interesting

N\,
AY

and productive. ~

One feature which may be offered by the soluble pea enzyme is that
of its high relative Ca-ATPase activity. While this is different from
Qther F)-ATPases (Pedersen, 1975), the findings that make Ca-ATPase of
special interest are that it is inhibited by Cl1  anion and is highest
when the concentration of Ca?‘ is above that of the ATP present. These
may indicate a role for Ca’' di fferent from that of M82+. It is poss-
ible that free Ca’t can induce a change in enzyme properties similar to -
that caused by anions. Purther work on the kinetics, substrate specifi-
city and anion sensitivity of Ca-ATPase may provide some valuable inform-
ation on aq}on effects and alternativg roles for divalent cations in

addition to substrate activation. A further point of interest concerning
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the Ca-ATPasge activity of the enzyme is that it was low (relative to
Mg-ATPase) 1in submitochondrial particles. This resembles the situation
with CF;-ATPase, in which the soluble form has high Ca-ATPase in the
absence of activating anions, while with light-activated plastid frag-

ments Ca-ATPase 18 low compared to Mg-ATPase (Nelson et al., 1972).

»

The PCMBS inhibition of the soluble pea enzyme may also provide
an opportunity for futther ﬁ:search on the pea enzyme. It has not
generally been found that compounds which react with sulfhydryl groups
are inhibitors of F|-ATPases (Pedersen, 1975), although Pullman et al.
(1960) found that PCMB inhibited the stimulatory effect of 2,4-dinitro-
phenol on beef heart F|-ATPase. In addition, the soluble ATPase of
Endomyces yeast mitochondria was also inhibited by PCMBS. The finding
that iodoacetamide did not inhibit the pea enzyme may indicate that the
reactive sulfhydryl groups is not involved in catalysis. The bulky
PCMBS group may block substrate binding or interfere with a conformational
change needed in catalysis. It is intriguing that PCMBS was a somewhat
more effective’inhibitof of aﬁion—stimulated activity than basal acti-
vity. A broad screening of sulfhydryl group reagents might disclose
what structure is needed for maximal inhibition of ATPase in the pre-
sence and absenc; of anions. A kinetic study of enzyme previously
reacted with an appropriate sulfhydryl reagent to produce a partial
inhibition might show changes in substrate specificity or Km expected
by blocking access to the catalytic site, or changes in anion effects
or cooperativity if a conformational change is blocked. Using submito-

4

chondrial particles as a comparison system may provide additional

information, although the fact that mammalian submitochondrial particles

are inhibited by mercurials (Pedersen, 1975) may indicate that the
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membrane portion may contain a catalytically essential sulfhydryl group.
A final line of research on the pea enzyme and submitochondrial particles
concerns the role of theAinhibitor polypeptide. This area has received
little attention since a few early studies (Pullman and Monroy, 1963;
Horstman and Racker, 1970) 1n.apite of some extremely interesting experi-
ments in the labs of Ernster and Van Dam (Asami et al., 1973; Van de
Stadt et al., 1973, 1974). The role of the inhibitér in the forward
reaction of oxidative phosphorylation is extremely interesting. For
the mom?nt, however, this research is stalled, pend£ng an ability to
re-inhibit activated ATPase, and thus assay for the inhibitor.

These lines of research area, of courge, only a few of the possible

directions work on the pea enzyme could take.
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APPENDI X

OLIGOMYCIN-SENSITIVE ATPase OF SUBMITdCHONDRIAL .
PARTICLES FROM CORN

A. AbstPact

-

To test the hypothesis (Sperk and Tuppy, 1977) that mono-cotyledons
contain a unique oligomycin-insensitive ATPase, I prepared submito-
chondrial particles and a soluble fraction from sonicated corn mito-
chondria (Zea mays L. cv. Earl4King). Although the ATPasge activity
of the whole sonicate was relatively ingensitiVe to oligomycin, the corn
submitochondrial particles possessed an ATPase activity that was nearly
completely inhibited by oligomycin, and was activated by trypsin. This
ATPase 1s similar to thafpfrom other sources (plants, animals, and
ﬁicroorganisms). The soluble fraction also contained an active ATPase,
which was inhibited by azide and stimulated by sodium chloride and
trypsin. The soluble fraction differed from other F1-ATPases ip that

it was cold-stable.

B. Introduction

Regearch into the mechaniazr pf’bxidative and photosynthetic phos-
phorylation has shown that thefeneréy-transducing ATPases (ATP: phos-
’phohydrolase EC 3.6.1.3) from a wide variety of organisms #re extrepely
similar. Well-studied preparations from§§hloroplasts, from yeast and
mammalian mitochondria (Penefsky, 1974), from bacteria (Abrams and Smith,
1974), and from pea mitochondria (Chapter III-VII) show similarities
in many'catalytic and structural properties. In particular, the mito-
chondrial ATPases in their membrane-bound state are noted for thci; «
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sengitivity to the antibiotic oligomycin (Pedersen, 1975; Penefsky,
1974). This sensitivity, conferred upon the F)-ATPase by integral

.

membrane components, is lost when the F)-ATPase i1s solubilized (Peder-

sen, 1975). The soluble enzZyme 18 noted for extreme cold lability

a -

(Penefsky and Warner, 1965) and a high molecular weight (380,000 daltons)

(Pedersen, 1975).

Recently, workers from two laboratories have reported that the ATP-
age activipy:of sonicated corn mitochondria is not inhibited by oligo-
mcyin (gdné and Hanson, 1973; Sperk and Tuppy, 1977). 1In addition, the
solubilized form of the corn ATPase was shown to be stable in the cold,
and of low molecular welight (40,000 to 60,060 daltons) as demonstrated
by gel filtration (Sperk and Tuppy, 1977). The workers suggested that
.mitochondria of corn, and of the other monocétyledons tested, may possess
a unique energy-transducing ATPase system (Sperk and Tuppy, 1977).% -

In this Appendix I report on the results of experiments design;d to
test this hypoth;sia. Submitochondrial particles, which aré low in con-
taminating soluble enzyme®, were prepared from sonicated corn mitochon-
dria and were shown to.be inhibited by oligomycin in the normal fashion;

the remaining soluble fraction contained an ATPase that resembled Fp-

ATPase. ~

-

C; Resultss; and Discussion
4

\}
The whole sonicate from corn mitochondria showed an ATPasge activity

that was only partially inhibited by oligomycin (Table19, expt. 1). How-
A S

ever, the particulate fractfon (submitochondrial particles) prepared from

the sonicate showed an ATPase activity that was more -than 95% inhibitq'

by low levels of oligomycin. Since the mitochondrial ATPases are genera-
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lly associated with a trypsin-sensitive inhibitor polypeptide (Penefsky,
1974) ,-1 tried treéting corn submitochondrial particles with trypsin.
The treatment produced a 3-fold activation of the ATPase, which remained
sensitive to oligomycin. My experiments with submifochondria} particles
prepared from peas (Chapter V) showed that they were also very similar
to typical submitochondrial particles from rat liver and yeast mitochon-
dria, and to those from corn. They were inhibited by oligomycin.when
fully separated from soluble proteins and whote mitochondria, and they
were activated by trypsin.

The soluble fﬁection remaining as a supernatant layer after the high-
speed centrifugation was also found to contain an ATPase activity. This
activity could be a nonspecific phosphatase, an F,-ATPase that was sol-
ubilized during sonication, or the novel low molecular weight ATPase ob-
served by Sperk and Tuppy (1977). With a 3 mM B-glycerophosphate as a
substrate I was unable to detect any hydrolysis activity with the-
soluble fraction. This ruled out a typical nonspecific phosphatase as a
component of the ;oluble fraction. I found that the ATPage activity of
the soluble fraction was stimulated 2-fold by 0.1 M NaCl; this stimulation
was similar to that for the soluble ATPgse of pea mitochondria (Chapter
I11), To further determine whether the fraction was actually solubilized
F,-ATPase, I addeq 0.5 mM NaN, to the assay medium. Azide, w}d"wrma—
l1ly inhibits metallo-enzymes (Dixeon and Webb, 1962), is also an inhibitor
of F,-ATPases (Pedersen, 1975) including that from peas (Chapter III).

The soluble fraction was about iﬂ? inhibit 0.5 mM NaN3 in the presence
- Iy

of 0.1 M NaCl; this inhibition ig’simila the soluble pea
N " ’

LA

enzyme under the same conditions (Chapter

The soluble fraction was found to be stable to freezing at -40°C, and
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to prolm@exposure to cold treatments at 0°C. This finding is in

direct contrast to that observed with the purified ATPase from pea

”~
mitochondria and with other soluble F;-ATPases (Penefsky, 1974), but

it confirmeq the experiments of Sperk and Tuppy (1977) with the part-
ially purified corn enzyme. A variety of compounds have been found to
stabilize the mammalian F;-ATPases to low temperature, including the
F)-ATPase inhibitor polypeptide, the protein-phospholipid complex Fo,
and mitochondrial phospholipids (Penefsky and Warner, 1965): The i
partial inhibition by oligomycin of the ATPase activity of the soluble
fraction suggests that some of the F;-ATPase might have complexed with
an Fo—type protein-phospholipid.

If inhibitor polypeptide was stagil%zing th*\enzyme, then trypsin
treatment should result in increased activity and the appearance of
cold—lability; My results show that trypsin did increaze ATPase acti-
vity, but did not enhance cold lability (Tablel9, Expt. 2). In this
experiment I carried out sonication and cenW®rifugation at 20°C to mini-
mize any loss of F;-ATPase caused by cold. Th: high activity of the
whole sonicate-and soluble fractions is in agreement with my findings on
pea submitochondrial particles that ATPase activify of submitochondrial
particles was stimulated by being kept at tempzzizk}el above 0°C (Chapter
V). ' . v

The soluble fractiqgl’plthOugh it pepsessed some catalytic proper;

.

ties that were similar t&.Fl—ATPaaes, can not be definitely clas
While it may be found to’8! a completely separate ATPase enzyme
Likely either a complek of FI—AIP;:é)with npm!hcold-proiectipg
or a depolymeriged form ;f the enzyme which :Iﬂlither capable of rapid )

reassociation under assay conditions, ogpuhich has catalytically active
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subunits.

Finally, I would like to comment on the widespread use of whole
sonicate preparations to investigate plant mitochondrial ATPase (Black-
mon and Moreland, 1971; Jdng and Hanson, 1973; Jung and Laties, 1976;
Sperk and Tuppy, 1977). These preparations can be misleading since
they not only contain two distinct forms of the ATPase (soluble and
membrane-bound), but also contain adenylate and nucleotide kinases,
which confuse the results of substrate.specificity studies. 1In addition
they may contain other enzymes that react with nucleotides or assay
components. Submitochondrial particles, which require little additional
effort to prepare, are less subject to €ntamination and provide more

informative results.
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