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ABSTRACT

The adenosine triphosphate-~hydrolysing activities of

Escherichia coll NRC 482 were investigated. These activities

could be accounted for by two enzymes, one of which was
5'~nucleotidase and the other was a Gaz*ior Mgz+-act1vated
ATP phosphohydrolase (ATPase). The 5'-nucleotidase and the
ca?teor Mg2+-act1vated ATPase could be readily distinguished
on the basis of their properties and could be separated

from each other by lon exchange chromatography. Bqth soluble

2+ 2+~activated ATPase activities

and membrane-bound Ca“"-or Mg
were present in cell extracts., The membrane-bound ATPase,
though firmly attached to the membrane, could be solubilized
under conditions in which the membranes were depleted of
divalent metal ions. This solubilized ATPase was identical
to the ATPase found in the soluble fractlon,

2+-or Mgz+-activated ATPase was partially

The Ca
purified after solubilization from E. coli membranes by
gel filtration and lon exchange chromatography. The ATPase
activity was shown to correépond to a single protein band
after polyacrylamide gel electrophoresis., The enzyme had a
molecular welght of 375,000, It was activated by divalent
but not by monovalent cations., Optimal activity occured at
PH 9.5 and at lon to substrate ratios of 2:5 and 2:3 with
Mg?* and Ca?*, respectively, ADP inhibited the ATPase

reaction. The ATPase was stable at 22°- 24° but was rapidly
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inactivated at 4°, Glycerol stabliliged the enzyme at both
temperatures. In these, and in other respects, the Caz+-
or Mg®¥-activated ATPase of E. coll resembled the ATPase
activities of other bacterial strains, which in turn have
a resemblance to the mitochondrial and chloroplast ATPases.

To help establish the function of the Ca’t-or Mg™-
activated ATPase the levels of the enzyme were measured in
E. coll grown under a variety of conditions., The level of
the enzyme in the cell was not affected by the carbon
source, phase of growth, aeration of the culture or the
extent of catabolite repression, although these are
conditions under which the efficliency of oxidative phos-
phorylation is known to vary in vivo. These findings can
be reconciled with the current hypothesls regarding the

function of the ATPase in E. coll,
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"It is interesting, though, that as time
has gone by and the technical developments have
become more and more interlocked with one another,
the pure exploratory urge has also invaded the
scilentific sphere. Sclentific research - the very
name 're-search' gives the game away (and I mean
game) - operates very much on the play-principles
mentioned earlier. In 'pure’ research, the scientist
uses his imagination in virtually the same way as
the artist. He talks of a beautiful experiment
rather than of an expedient one. Like the artist,
he is concerned with exploration for exploration's
sake, If the results of the studles prove to be
useful in the context of some specific survival goal,
all to the good, but this is secondary.”

Desmond Morris

"The Naked Ape"



INTRODUCTION

Among the many bacterial enzymes that hydrolyze phosphate
(Pi) from adenosine-5'-triphosphate (ATP) is ATP phosphohydrolase
(EC 3.6.1.4). This enzyme can be distinguished from phosphatases
and 5'-nucleotidase in that it degradeé ATP only as far as
adenosine- 5'-diphosphaté (ADP). The ATP phosphohydrolases (ATPases)
from a number of bacterial strains have been well characterized
in terms of their properties (1-4), The similarity of this
enzyme from unrelated strains is striking, as is 1ts ubiquity.
Though the function of this ATPase is not yet established, the
enzyme has been implicated in oxidative phosphorylation (5), active
transport (6, 7) and energy-dependent transhydrogenation (8). These
roles can be reconciled with the current theories on energy conser-
vation by analogy with the mitochondrial ATP phosphohydrolase
(9).

Lack of specificity in the ATPase assay

ATPase activity is normally assayed by measuring the
release of inorganic phosphate from ATP, Occasionally the
increase in acidity that accompanies this hydrolysis is measured
or the loss of label from KBZP-ATP. Thus the distinction between
ATPase and other enzymes or groups of enzymes that hydrolyze

phosphate from ATP is not immediately apparent from these assay



procedures, Many blosynthetic processes in the cell undoubtedly
result in a net hydrolysis of ATP to ADP with the release of
inorganic phosphate., However during the fractionation of cell
extracts the contribution that they make to the total ATPase
activity is minimal due to the loss of cellular organiéation.
This is not true of the degradative enzymes such as alkaline
phosphatase and 5'-nucleotidase, However these enzymes lack
the specificity of an ATP phosphohydrolase and can be distin-
guished by this and other propertles.

The early pait of this thesls 1s concerned with evaluating

contributions to the total ATPase activity of Escherichia coli.

Engymes of the periplasmic space

Formation of ATP from ADP in the cell rerpresents an
investment of energy. From a teleologlcal outlook this energy
store must be protected from dissipation by purely degradative
enzymes, One of the ways in which such futile cycles are avoided
in the cell is by compartmentafion. The possibilities for compart-
mentation in prokaryotic organisms are somewhat less than for
eukaryotes, However it does seem that bacteria are organized
such that many of the degradative engymes are compartmented in
the periplasmic space (10). In this way they are separated from
the cytoplasm by the inner cell membrane, When E. coli is
converted to a spheroplast form by use of ethylenediamine tetra-

acetate (EDTA) and lysozyme, enzymes of the periplasmic space



are quantitatively released from the cells (11, 12). The

same result occurs when the bacteria are osmotically shocked
(11). Heppel (13) has 1isted some enzymes which are released

by this method and others that are not. Those that are released
include alkaline phosphatase, 5'-nucleotidase, nonspecific

. acid phosphatase, ribonuclease I and 2',3'-cyclic phospho-
diesterase (14, 15). On the other hand A-galactosidase, glucose-
6-phosphate dehydrogenase and polynucleotide phosphorylase are
retained inslde the cell.

Another difference between these two groups‘of engynmes
becomes apparent when whole cells are assayed for the enzyme
activities. Enzymes of tﬁe periplasmic space are able to show
their activity (11, 16) whereas those inside the cell membrane
are noi. Of the ATPase aciivity observed during the aséay of
whole E. coli, up to 100% can be displaéed-into the osmotic
shock fluid, which demonstrates its periplasmic nature. Among
the periplaémic enzymes that show ATPasQ activity are acild
phosphatase (17), alkaline phosphatase (18) and 5'-nﬁéleot1dase
(19).

Phosphatases

The acid phosphatase 1s relatively nonspeclific with
respect to its substrates which include para-nitrophenyl
phosphate (p~NPP) and ATP, However the latter is hydrolysed

at only 3% of the rate at which the former is hydrolysed. The



pH optimum for p-NPP hydrdlysis lies between pH (&.5 - 5.0)
and there is no activity at alkaline pH values (17). Since
ATP phosphohydrolase is routinely assayed under alkaline pH
conditions (Tablés I -IV) the nonspecific acid phosphatase is
unlikely to 1nterfer§ significantly with its assay,

_This cannot be said for alkaline phosphatase which has
optimal activity between pH (8.0 - 9.0) (16, 20). This enzyme
is also nonspécifid with respect to its subétrates. of which
p-NPP is the most often used. ATP 1s hydrolysed at 75% of the
rate at which p-NPP is hydrolysed. Alkaline phosphatase is not
a constitutive enzyme. It is synthésizéd in E. coli only when
phosphate 1s 1imiting in the growth medium (16, 21),

5'=Nucleotidase

5'-Nuc1§otidase (19) on the othér hand is a constitutive
enzyme, It is more specific thﬁn the phosphatases being active
against 5'-nucleotides but not against 2'- or 3'-nucleotides.
The enzyme hydrolyses phosphate from both ribonucleotides and
deoxyribonucleotlides inithe mono, 41 or triphosphate fornm,
Activity does not vary greatly with the nature of the base, The
pH optimum of the enzyme was reported by Neu (19) to be 5.7 - 6.1
for the hydrolysis of adenosine-5'-monorhosphate (4MP) and
6.7 - 7.1 for the hydrolysis of ATP, Both_activities were éssayed'
in the presence of 5mM CoCl, together with 10 or 20mM CaCl,. ‘

Glaser et al., (22, 23) have investigated a uridine
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diphoaphate.sugar h&drdlase from the periplasmic spaée of

E. coli, This enzyme appears to be identical to 5'-nucleotidase
(22, 24). The pH optima of the enzyme varied somewhat according
" to the nature of the divalent metal ion (22). When Mg2+ was
used over the range pH 5.1 to 8.0, most activity occurred at

pH 8.0, However whén Co?* or Hn2+ were used there was m@st_
activity at pH 7.0,

Of further help in identifying the 5'-nucleotidase is
its tendency to complex with a protein inhibitor (23, 24). The
activity of the complex is less than 1% of the fininhibited
value, This inhibitor is located in the cytopiasm sﬁch that
the engyme is not inhibited in the intact cell, However
5'-nucleotidase activity usually decreases after sonication
of the whole cell since enszyme and inhibitor can then come into
contact . This inhibition can be reversed by heat treatment
between 50° and 60° in the presence of divalent metal ions like
co?*, Mg?t or ca?* (19, 22). The protein inhibitor is very
heat-labile while the 5!-nucleotidase is more stable and is
protected by the divalent metal ions. Inhibition can also be
reversed by the addition of urea to a final concentration of
M - 6M (24, 25),

The ubiquity of ATP phosphohydrolase in bacteria

| ATPase activities yith greater specificity than the

degradative enzymes listed above have been observed in many



bacteria. These sources include both Gram-positive (26-29) and
Gram-negative (30-32) organisms. ATPase activity has been found
in photosynthetic bacteria (33, 34), halophilic bacteria (35),
chemoautotrophic bacteria (32), and thermophilic bacteria (36, 37)

among otheré.

Cellular location of the ATPases

Much of the earlier work on the bacterial ATPases
originated from investigations done on the cell membranes.
Weibull et al. (38) prepared protoplasts of Bacillus megaterium
with the ;id of lysozyme. After osmotic lysis of the protoplasts
they measured the dlstribution of various enzymes between the
protoplasm and the membranes (28). They found that 73% of the
ATPase activitj present in the lysate remained in the soluble
fraction after removing the membranes by centrifugation at
78,000 x g for 25 min (28), After the protoplast membranes had
been washed once they retained 29% of the ATPase activity of the
lysate. Total recovery of activity was 109%,

Abrams et al. (26) prepared protoplasts of Streptococcus

faecalis in a similar manner, These were then disrupted either
by osmotic lysis or by metabolic lysls which resulted frém
the uptake and metabolism of glucose., In a series of eight
preparations the cell membranes retained an average of 82%
of the ATPase actiivity while the remaining 18% occurred in the

soluble "cytoplasmic” fraction. The specific activity of the



ATPase associated with the membranes remained the same through
two washing steps which indicated that it was tightly bound.
During the formation of spheroplast membranes from

Lactdbacillus fermentii (39, 40) 60% - 80% of the ATPase activity

remained in the soluble fraction. In these experiments various
proteases were used to make the cells lysozyme-sensitive. These
may have had an effect on the overall distribution of ATPase,
elther releasing the enzyme from the membrane or destroying
some of its activity, Comparative experiments with 3, faecalis
‘showed that the membrane-bound ATPase was susceptible to the
proteases under these conditlions, Despite the large proportion
of ATPases in the soluble fraction the specific activity of the
membrane-bound ATPase in L. fermentil was higher than that of
the soluble ATPase. The same result was obtained with E. ggli
as will be described later.

Most of the ATPase activity was still membrane-bound
after sonic disruption of protoplast membranes of Micrococcus
lysodeikticus (27). However high speed centrifugation was

required to sediment the enzyme because the membranes had been

fragmented by the éonication step. In Bacillqs sterothermophilus
(41) the bulk of the ATPase activity remained bound to membrane
particles after extraction of the protoplast membranes with ~
organic solvents. Whereas inorganic pyrophosphatase stayed
almost entirely in the soluble fraction.

In general, the evidence obtained from cell fractionation

indicates that the ATPase can be considered as a membrane-bound



enzyme with the provision that there may be more than one type

of ATPase present.

Localization of ATPase by electron microscopy

Evidence to confirm that thé ATPase 1s located in the
cytoplasmic membrane has come from electron microscopy. Voelz
(42) fixed.E. ggl;.cells in glutaraldehyde, sectioned them,
and stained for ATPase activity by following the deposition
of lead phosphate in areas where Pi was released from ATP., The
staln appeared in the cell wall area and around the cytoplasnie
membrane, Kushnarev et al. (43) have also attempted to locate
ATPase activity in E. coll using similar technlques. When
sections of E. géi; B were incubated with ATP most of the phosphate
inclusions were observed in, and under, the cytoplasmic membrane,
and in the cell wall., However 1f the substrate was ADP instead
of ATP the phosphate granules were located in the cell wall only.
They felt that the activity seen in the cell wall was due to
5'-nucleotidase.

These cytochemical experiments confirm that the cell
membrane is a major site of ATPase activity., Attempts have
been made.to further pin down the location of the enzyme within
the membrane. In mitochondria, knob-like projections have
been observed on the inner surface of the cristae (44-47),

These have been shown to contain ATPase activity.(48). Similar

knob-like projections have been seen in electron micrographs of



bacterial membranes, noteably those of B, sterothermdphilns

(49), Bhodospirillum rubrum (50), and those of M, lysodeikticus
(51). Mufioz et al. (52) have solubilized ATPase activity from
membranes of M, lysodeikticus. In these solubilized preparations
of the enzyme they have 6bserved spherical particiés of
approximately 100 K diameter which show a régular subunit structure.
S8imilar particles were seen in association with the cell membranes.
Simakova et g;; (53), also working with M, lysodeikticus, have
‘tried to determine if the membrane ﬁrojections'céntiin the

ATPase activity, They found that treatment of sﬁheroplast nembranes
with subtilopeptidase removed 60% of the prdjections but did

not change the ATPase activity. (Under these conditions of
proteolysis no latent ATPase was detected.) Consequently the

idea that the membrane rojections in bacteria contain ATPase
activity as they do in the mitbchondria has yet to be proved

conclusively.

Properties of the membrane-bound enzyme

In many bacterial systems the properties of the membrane-
bound énzyme have been studied as a preliminary to‘solubilization.
and purification, These properties may give the best idea of
the capabilities of the enzyme in vivo since the enzyme may be
closer to its native state wheﬁ.memhrane-bound. |

Details of some of the better characterized membrane-

bound ATPases are presented in Tables I and II,.Particular attention



Tablel .

Properties of membrane-bound ATPases in

bacteria, (Activities measured in the

presence of Mg2t,)

Organism Streptococcus Bacillus
faecalls megaterium
Reference. (26) (28, 55, 56)
M52+.activation present present
Activatlion by other ca?t equivalent
divalent cations to Mg2t
Optimum Mg2t 1 ATP ratio 111 1:2
pH optimum more active at
alkaline pH
Substrate specificity 1003331 100:0:0
ATP:ADPsAMP
Stimulation by Ra‘ none
Stimulation by k¥ none

Escherichia Bacillus
coll sterothermophlilus
(57) (58) (36, 37)
present present present
Mg2t: ca?t  ca2t |
>Mnet =
y ©
1:12.5 112 122
9.0  pH 7.5 P 8.5
100:18:0 1003010
slight slight
inhibition inhibition
slight none none

inhibition




Table II, Properties of membrane-bound ATPases in
bacteria. (Activities measured in the
presence of Mg2t,)

Organism

Reference
H32+ activation

Activation by other
divalent cations

Staphylococcus Vibrio Pseudomonas
aureus parahaemolyticus aeruginosa
(5#) (35) (59)
present present present
Mg2t ) ca2? slight activatien Mg2* > Mn2t » ca2t
by Mn2* and Go2 H

Ca2% ineffective

Optimum Mg2t t ATP ratio 111 211 and 10031 1110

pH optimum

Reaction products of
ATPase

Hydrolysis of other
substrates relative
to ATP

Stimulation by Na‘t

Stimulation by K*

M 5.9 to 6.1 pH 7.2 to 8.5 pH 9.0
(dependent on
M concentration)

ADP + P1 Adenosine + 3 Pi ADP + P4
GTP ) UTP » CTP ITP > GTP ) UTP) CTP
70% 7% 4% 306 29% 5% 0%
65% at 0,1M 750% at 1.4M none; slight

inhibition at

Lactobacillus

‘arabinosus

(29)
present

H 6.0

ADP hydrolysed-
rate 20%-30% with
respect to ATP

none

higher concentration

10% at 0,1M 1200% at 1.4M nones slight

inhibition at

none

higher concentration

17
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has been pald to these ATPases which have subsequently been
solubilized and furilher characterized. These are listed together
in Table I. The format of the tables is based on that of Gross
and Coles (54).

Some generalizations can be made on the basis of the
data in Tables I and.Il, All of the ATPases are activated by
H32+. Some of them are also active with other divalent metal
ions, notably Ca2+, Mn2+, and 602+, though these ions are not
as effective as Mg2*, The optimum ion (Mg2*) to substrate (ATP)
ratios vary widely from 10011 to 1110 but most lie in the
range 231 to 112, With the exceptions of Staphylococcus gggggg
and liactobacillus arabinosus the ATPases all bave a pH optimum
in the alkaline reglon. The products of the ATPase reaction
(ATP —> ADP + Pi) are produced in a 13131 shoichiometry. A
small amount of hydrolysis of ADP 1s observed in §;ffaecalis,

E. coli, and L. arabinosus. However the ATPase of Vibrio para- |

~ haemolyticus appears to degrade ATP to adenosine and P1 according
to the equation ATP — Adenosine + 3 Pi, Where tested, the
ATPases attack other nuclsoﬁide triphosphafes in the order
guanosine-5'~triphosphate > uridine;‘- 5'-triphosphate > cytosine-
5'~triphosphate (GTP)> UTP ) CTP). The effect of Nat and X* on

the ATPases is of interest for the bearing it might have on the
functions of these enzymes., In most of these organisms there

is either a slight inhibition due to these cations or no effect
at all, with the exceptions of S. aureus and V. parahaemdlyticus,

Of these two bactetrlia the latter 1s most strongly activated.



13

However it should be noted that this organism is halophiliec.
Other membrane-bound ATPases, about which information

is more fragmentary (32, 60-62), seem to fit the general pattern

described above, However the ATPase of R:.rubrum (60) which is

localized in the cytoplasmic membrane and its intracytoplasmic

extendions (37) was reported to be more active with Mn2+ than

Mg2+. The ATPase of Streptococcus pyogenes (61) was more active

with GTP (158%) as substrate than ATP (100%). Also CTP (41%)

was hydrolyzed faster than UTP (34%).

Bacterial membrane preparations that contain more than one

type of ATPase

Marunouchi and Mori have investigated the ATPase
activity of Thiobacillus thiooxidans (32), a Gram-negative,
chemautotrophic bacterium which is capable of oxidising elementary
sulphur to sulphate. This activity required tha presence of Mg2+
or Ca®*, It could be stimulated by S03” (3 - & fold) but not by
Nat or k¥, The PH optimum was in the alkaline pH region, There
was also a small amount of ADP hydrolysis detectable. However
this activity was not affected by SOB_. Further investigation
showed that the enzyme activity was made up of two different
components, One component was activated by Mg2+ alone and had

a pH optimum of 9.0, The other required 303 in addition to

2

Mg * and had a PH optimum at pH 7.5 - 8.0, In a subsequent paper

Marunouchi (62) reported the separation of the sulphite-dependent
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ATPase.from the other ATPase activity by ammonium sulphate
precipitation, The fractioh that they used for this precipitation
was solubiliged from the membrane’by trypsin treétment and |
contained 50% of the total sulphite-dependent ATPase,

Hafkensheid and Bonting (63) have investigated the ATPase
activity of E. coli K12, They found that it required Mg?' and
was optimally active at a Hg2+: ATP ratio of 1311, They resolved
the ATPase.activity into two components, one which was activated
by Nat plus Kt (Naf;K*—activated ATPase) and one which was not,
(Mg2+-activated ATPase). The former had oﬁtimal activity at
pH 8.9_and the latter at pH 7.7. The Na+;K*héct1vated ATPase was
ouabain-sensitive and was aétive with ADP as subétr#te. In order
to measure the Nat-K*-activated ATPase activity, Hafkensheld and
Bonting routinely measured the total ATPase activity in the
presence of Nat Plus K* and subtracted from it the value obtained
for the Mg?t-activated ATPase assayed in the presence of Nat
and 10-¥M ouabain. The activity of the Nat-Kt-ATPase was very
small in comparison to the Mg?*-ATPase. In order to increase the
sensitivity of the subtractive assay the freeze-dried bacteria
were routinely pretreated with 1.5M urea which lowered the Mgz+-
ATPase activity but did not affect the Nat-K*-ATPase,

Gunter and Dorn (64), and Bragg and Hou (65) also reported
on the propertles of ATPases from E. coll, They were unable to

find a Nat-K*-activated ATPase. In the light of this work Hafkensheid

=2

and Bonting (66) re-evaluated their results and confirmed the

existence of the two ATPases., They pointed out that the assays
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were performed on freeze-dried bacteria since the Nat-Kt-activated
ATPase was not detectable in sonic extracts or in spheroplasts
rrepared by either the penicillin method or the lysoszyme~EDTA

method., Under these conditions only the Mg2*-ATPase was observed,

Substrate specificity

The substrate specificity of the membrane-bound ATPase
varlies a lot between organisms, This may reflect a difference in
the bacterlal species or the way in which the fractions were
prepared, Protoplast membranes of S, faecalls hydrolysed ADP
at 4%, and AMP at less than 1%, of the rate at ﬁhich ATP was
hydrolysed (26). Proﬁoplast menbranes of B, megaterium were
reported to have no activity with ADP or AMP and only slight
activity towards pyrophosphate. Sokawa (61) reported on the
substrate specificity of a protoplast membrane fraction from
S. pyogenes., AMP was not hydrolysed but ADP.uas attacked a£ 31%
of the rate at which ATP was hydrolysed. Nucleoside triphosphates
were attacked at rates of 158% (GTP), 41% (CTP) and W% (UTP),
These flgures are representative of many of the membrane fractions
which have been characteriged. The limitations of studying the
membrane-btound enzyme become apparent in these cases since it is
difficult to know if these activities reside in the one enzyme
or are the sum of several enzymes. In E. coli, for example, the
membrane ghost fraction isolated by Evans (57) is specific for

ATP among ths adenins ibonucleotides when Ca?t is the activating
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ion, However in the presence of Mgzt ADP is hydrolysed at 18% of
the rate at which ATP 1s attacked, Are there two ATPAses, one
activated by Ca®t and one, less specific, activated by Mg2t, or
is the ADPase activity that of a contaminating enzyme? These,
and other problems, have provided the stimulus to solubilisze

the enzymes from the membranes and to purify them.

Solubilization of membrane-bound ATPase

Various treatments of spheroplast membranes such as
extraction with.organic solvents (41), addition of urea to a
final conceatration of 2M (53) or sonication (67) result in
the fragmentation of the membranes, Under these. conditions much
of the ATPase activity can still be sedimented albeit at higher
gravitational forces (100,000 x g) than used to sediment the
menbranes before treatment. This indicates that the enzyme has
not been solubilized. Less drastic conditions have, surprisingly,
bgen more succesgful in solubilizing'the ATPase. Ishlkawa and
Léhninger (67) subjected sonic fragments of M, lysodelktlcus
protoplast membranes to an "osmotic éhock" by resuspending
theﬁ in cold, distilled wate?. This was sufficient to release
the ATPase from the membrane,

Abrams (1) has investigated the conditlons necessary
for the release of active ATPase from membrane ghosts of S.
faecalis. When the membrane'ghosts were prepared in the presence

of imM Hg2+ and were washed many times, also in the presence of
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imM Mg2*, the ATPase remained membrane-bound (26), If these |
washed membranes were then washed further in Tris-(hydroxymethyl)-
aminomethane-HC1 (Tris-HC1l) (pH 7.5) which contained no multi-
valent cations, then the bulk of the ATPase was eventually
released several washing steps later. In the step where 55% of
the enzyme was released the specific activity of the ATPase
increased 16-fold whiech illustrates the specificity of the release
process, The ionic strength of the Tris-HC1l buffer used in this
step was 33mM, Abrams ruled out a simple electrostatic interaction
as an explanation for the binding of the enzyme to the membrane
since the inclusion of 2M LiCl in the washing steps with Tris-HC1l
buffer failed to dislodge the ATPase., Instead he suggested that
multivalant cations were involved in the binding, and that these
were slowly leached from the membranes by repeated washing until
a threshold level was reached at which the ATPase was released.
Thus merely leaving the Mgz+-washed membranes in Tris-HC1 buffer
for sevéral days did not fulfil these requirements and consequently
no ATPase was released. Similarly the use of smaller volumes
in the washing steps was less effective in releasing the enzyme.
The substantial release of ATPase in the later steps of
the washing procedure could be blocked by the inclusion of Mg2+
in the Tris-HC1l buffer, The extent to which the release of the
engyme was blodked was dependent on the ion concentration, At

2mM M32+ it was nearly complete and at 0,1mM it was still

detectable. This effect was not specific for Mg2t gince Ca2t,
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¥n?* and spermidine also blocked the dlssociation of ATPase from
the membranes.

These studies with S, faecalis have provided a model for
the release of ATPases in other bacteria (&, 68, 69). Muhoz et al.
(69) subjected protoplast membranes of M, lysodeikticus to various
washing procedures and compared the release of ATPase with that
of polynucleotide phosphorylase, an enzyme which is also assocliated
with membranes in S. faecalis (?0). Washing membranes, that had
been prepared in SmM MgCl,, six times with 0,1M Tris-HC1l buffer
(pH 7.4) did not release much ATPase. If the first four washing
steps were done with 30mM Tris-HC1 (pH 7.5) and the last two
with 3mM Tris-HC1 (pH 7.5), then a substantial release of ATPase
occurred on the fifth step. A partial release:of ATPase occurred
prematurely if the chelating agent EDTA (1mM) was included in the
first four washing steps. Ca2* and Mg?* each suppressed the |
release of the ATPase at a concentration of 50mM. The patterns
of release of polynucleotide phosphorylase and of protein do
not correspond closely to those of the ATPase, Consequently
the release of ATPase 1s selective and is not the result of
a sudden disaggregation of the membrane.

The reaults obtained with M. lysodelkticus hear out the
conclusions arrived at by Abrams, It is of interest that EDTA,
which has a strong chelating effect oﬁ divalent metal ions,

hastens the release of the ATPase. In addition 1t seems that
lowering the lonic strength of the medium achieves the same 50&1;

Despite the high specific activities obtainable with these
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washing techniques other workers have preferred simpler procedures
that will release the bulk of the ATPase in oﬁe or two steps.
Ishida and Mizushida (56) were able to solubilize much of the
ATPase from B. megaterium protoplast membranes. They did this by
adjusting the pH of the membrane suspension to pH 8.5 after it
had been dialyzed overnight against 10mM Tris-HC1 (pH 7.5) and
for a further 2 h agéinst distilled water.

H#lf of the membrane-bound ATPase in L. fermentii was
released from protoplast membranes by extensive washing with
water or 50mM Tris-HCl (pH 7.5) (40), Total release was obtained
if the washing was done in the presence of imM EDTA,

These gentle washing procedures have been successful
in releasing the ATPase in nearly all bacteria; (one exception
being S. aureus (54) where the enzyme was not_released'from the
membraneé by repeated washing with dilute.buffer). The ease of
release of the enzyme suggests that it has a peripheral location
on the membrane rather than being a part of the stroma as
indicated by Simakova et al. (53). Indeed Mufioz et al. (52)
reported that M. lysodeikticus membranes that have been depleted
of ATPase by EDTA treatment also lose the structured particles
and appear as smooth shéets. _

Other techniques have been used to solublilize ATPése
from bacterial membianes. Bragg and Hou (65) used a variety
of methods to obtain ATPase fractions from E. coli. These included

extraction with EDTA or the chelating resin Chelex 100, treatment

with the detergent sodium dodecyl sulphate (SDS) or a combination
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of both approaches.,

Evans (71) also used SDS to release the ATPase from
E. coll spheroplast membranes. He reported complete solubilization
of the ATPase after treatment at 37° for 10 min with 0.04% SDS,

Purification of the ATPase

Purification of an enzyme is the usual preliminary to
a thorough determinatlion of its properties, Since the ATPases
described previously have been membrane~bound the 1solatlon of
a membrane fraction by differential centrifugation gives a -
starting material with a higher specific activity than if the
unfractionated cell extract is used. A second purification step
occurs when the ATPase is selectively solubllized from the
membrane. Some workers heve studied the properties of the soluble
engyme at this stage of partial purification (56) while others
have gone on to further purify the ATPase (2), in some cases,
to homogeneity (4, 72.-74),
| The. criteria for homogenelty were the formation of a
single peak in the analytical ultracentrifuge‘and the appearance
of a single protein band aftef polyacrylamide gel electrophoresis,
This protein band was shown to be colncident with ATPase
activity (72).

The ATPase from B, megaterium (72) was purified by
ammonium sulphate precipitation and glycerol gradient centrifugation.

The enzymes from.§. faecalis (74) and B. sterothermophilus (4)
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were put through more rigorous procedures which included gel
filtration, repeated chromatography on DEAE-cellulose and elther

a heat treatment (74) or chromatography on hydroxyapatite (4).

Properties of the solubilized ATPases

It 1s of interest to compare the properties of the
ATPases before and after solubilization to see if release from
the membrane has changed the enzymes in any way (Tables I and III),
The comparison reveals essenfially no change in the
fundamental properties of the enzymes on solubilization, Optimum
ion to substrate ratlos, pH optima and cation effects remained
the same during the transition from the membrane-bound state
to the soluble state., This may be due to the fact that gentle
conditions were sufficlent to solubilize the enzymes. Furthermore
it suggests that study of the purified ATPase 1s relevant to

the ATPase in vivo and that reconstitution could be successful.

Allotopy

A more detaliled study of the soluble ATPases indicates
that some of their properties do change on solubilization, "Allotopy”
was the term used by Racker (75) to describe the change in the
properties of the mitochondrlal ATPase on going from the mémbrane-
bound state to the soluble state. Subsequently it has been applied

to the bacterial ATPases (71). One of the allotopic properties

shown by the mitochondrial ATPase was cold lability, While the



Table III. Properties of the soluble ATPase from
bacteria. (Act Iities measured in the
presence of M

Organism

References
Mgt activation

Activation by other
divalent cations

Optinum Mg?*1ATP ratio

pH optimum

Substrate specificity

ATP:ADP1AMP
‘Stimulation by Nat

Stimulation by Kt

Hydrolysis of other

substrates relative

to ATP

Streptococcus

faecalis
(1, 73, 74)

present
Mn2+

M 8.0

1003010
slight stimulation
slight stimulation

GTP > UTP ) CTP
60% 6% 0%

Bacillus
negaterium

(3, 56, 72)

present

caZty ug2t

1:12,5 at pH 7.2
G

tH (7.2-7.8)
100:030
none
none

GTP ) CTP > UTP
72% 9% 3.5%

Micrococcus Bacillus
lysodeikticus Sterothermophilus
(2) (4)
present present
ga?t)y Mgt Mn2+, ca?t
and other divalent
metal ions
1:2 1:2
pH (8.0-8,5)
100:<130 1003030

slight inhibition

slight inhibition’,

ITP ) CTP
% 15%

none no stimu-
lation when
none added together

GTP > UTP > CTP
90% 30% 16%

(44
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enzyme was membrane-bound it was stable over a wide temperature
range. However once it was released from the membrane it became
labile in the cold (0°-MP), though 1t remained stable at room

temperature (76 - 78).

Cold lability of bacterial ATPases

Among the bacterial ATPases cold lability is the commonest
allotopic property described (1, 56, 71, 79). Ishida and Misushima
(56) reported that the solubilized ATPase of B, meggterium»lost
70% of its activity after 21 h at 4°, whereas the membrane-bound
enzyme was stable for at least 2 days at this temperature., ADP,
ATP, and ATP in the presence of Ca 2+ or M32+ increased the
lability of the eﬁzyme. Ammonium sulphate at 70% saturation.
and methanol (20%) were able to prevent loss of ac£ivity. The
solubllized ATPase of S. faecalis was labile in the cold only
if incubated with ADP, ATP in the presence of M52+ also inactivated
the enzyme in the cold. This was thought to be duelto ADP formation,
since neither Mgz+ nor ATP alone induced the céld lability. Evans
(71) has reported on the cold lability of the solubilized ATPase
from E. coli. He showed that the ATPase extracted from the
membranes with SDS was far more stable at 37° than at 4°, Contrary
to these findings Mulioz et al. (2) were unable to find evidence
ofléold lability in the soluble enzyme of M. lysodeikticus,
although they noted that further purification of the ATPase was
acgompanied by 1ncreasing instabllity of the enzyme during

storage in the cold.
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Other allotopic properties found in the bacterial ATPases

Many differences have been observed in the effects of
inhiblitors and uncouplers on the soluble ATPase as compared to
the membrane-bound enzyme., However the action of inhibitors will
be discussed in more detail later,

Differing requirements for M32+.and Ca2t in the two
states of the ATPase have been réported (2, 56) though these
do not appear to be major differences,

A more interesting allotopic property 1s latency. Ishikawa
(79) observed that the membrane-bound ATPase of M, lysodeikticus
was not very active unless the membranes were exposed to trypsin.
This finding was confirmed by MuRoz et al. (2). These workers
also investigated the soluble ATPase to see 1f it too could
be activated by trypsin, They found the converse, that is the
soluble engyme was rapidly inactivated by trypsin unless the
constituents of the ATPase assay were also present, ATP (8mM).

together with CaCl, (8mM) or MgClp (4mM) gave complete protection
to the ATPase.

Molecular weights of the bacterial ATPases

Molecular weight determinations on the soluble ATPases
indicate that they are nearly all large enzymes., That of
S. faecalis has a molecular weight of 385,000 as deteimined
in the analytical ultracentrifuge by the sedimentation equilibrium

method (80). The sedimentation coefficient Sgo’“ was 13.4 s,
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The molecular weight of the ATPase from M, lysodeikticus has
not been reported but the sedimentation coefficient Sgo;“ was
quoted by Muloz et al. (2) to lie between 14 - 15 8. Hachimori
et al. reported that the molecular weight of the ATPase of B.

sterothermophilus was 280,000 and its sedimentatlon coefficient

was 11,9 s (4), The sedimentation coefficient of the ATPase
from B. megaterium (72) was very close at 13.6 s to the value
obtained for the S. faecalis ATPase.

 There is some uhiformity in these molecular welghts
and sedimentation coefficients, This is an addition to the list
of similarities which have been observed in the propertiés of
the bacterial ATPases from unrelated organisms. However an
exception to the large-size ATPases is the enzyme solubiligzed
by Evans (71) from E. coli membranes with the aid of the detergent
SDS. The molecular weight of this enzyme was estimated to be

100,000 by gel filtration on Bio-Gel A O.5m agarose.

Amino acld composition of the purified ATPases

Amino acid compositlons have been reported on only two
of the ATPases., These are the enzymes from S. faecalis (80)
and B, sterothermophilus (4). In both cases there was no evidence
of other components like caibohydrate, lipid or prosthetic groups
being present in addition to the amino acids. Nor.was there
anything unusual about the amino aclid compositions, such as a

high proportion of hydrophobic amino acids which might be expected
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of a membrane-associated protein,

Subunit compositions of the ATPases

Several of the bacterial ATPases have been broken
down into subunits by denaturing conditions, The enzyme'best
characterized in this respect is that from S. faecalis (80).
The molecular weight of the subunits was found to be 33,000
by the sedimentation equilibrium method done in the presence
of &M guanidine hydrochloride and 0.1M mercaptoethanol. This
value for the molecular welght agreed very well with the minimal
molecular weight value of 32,800 calculated on the basis of the
amnino acid composition. Although the subunits all seémed to
have the same or very simlilar molecular weights, gelyelectro-
phoresis in the presence of dithiothreitol and 8M urea gave
rise to two protein bvands which Shnebli et al. designated «xand
/3 + They proposed a model of the enzyme in which the ATPase
consists of a hexagonal arrangement of 6 subunits each made up
of one « and one /3 chain, This model was supported by electron
micrographs of the purified ATPase which showed uniform, 120 )
diameter particles in thé form of hexagonal clusters of globnlar
subunits (diameter 40 k),

The subunit structure of the ATPase from M. lysodeikticus
(52) as seen by electron microscopy also has a hexagonal arrange-
ment, but in this case there is a central subunit surrounded

by six others. SDS caused dissoclation of this ATPase, Subsequent
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polyacrylamide gel electrophoresis of the detergent-treated
enzyme in the presence of 0.1% SDS gave rise to two major

protein bands, A sedimentatlon coeffliclent of 3.5 & was obtained
for the subunits by analytical ultracentrifugation, Gel electro-
phoresis of the ATPase in the presence of urea gave a more
complex pattern which included at least 5 protein bands. A more
recent report by Salton and Schor (81) confirmed the presence

of two major subunits in the ATPase and assigned to them molecular
welights of 62,000 and 60,000, In addition to these large subunits
there were 1 - 3 smaller proteins associated with the enzyme,

The ATPase from B. megaterium has also been subjected to electro-
phoresis in the presence of 0.1% SDS (3), Under these conditions
only one major protein band was seen which corresponded to a
molecular weight of 69,000, However gels run in 8M urea gave
rise to two bands which suggests that although the subunits

may be of the same size there may be at least two kinds which
differ in their net charge. This is similar to the situation

in S, faecalis. When the ATPgse of B. meggterihm was inactivated
by incubation at 4° the slow-moving enzyme was converted to

a faster moving component, This conversion was partial after

8 h at 4° but was complete after 48 h at this temperature,

Rebinding of solubiliged ATPase to membranes

The breakdown and reconstitution of a blological system

is often an aid to elucidating the function of the components
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of the system. The ease with which the bacterial ATPases have
been released from the membrane has prompted sevéral workers
to attempt the rebinding of the enzyme to the membrane. A
simple reversal of the conditions that caused release has had
a variable amount of success,

Mirsky and Barlow (3) obtained a soluble ATPase that
had been released from protoplast membranes of B, megaterium
by washing the membranes with dilute buffer in the absence of
divalent metal ions. They then added the enzyme back to the
depleted membranes in the presence of 10mM CaCl,, Under these
conditions most of the soluble ATPase sedimented with the membrane
fraction, They demonstrated the specificity of this rebinding
process by repeating the experiment with undepleted membranes
in place of the depleted membranes, whereupon increased binding
of ATPase was scarcely detectable.

Similar results with B. megaterium were reported in an
earlier paper by Ishida and Mizushima (67). Recombination of
soluble enzyme tq @epleted membranes was achieved in the presence

2+

of 5mM MgZ¥ or smM Ca?'. However if the soluble ATPase was

first purified the extent of rebinding was lower especially
in the presence of Mg2+.

Abrams achleved limited success in rebvinding solubiliged
ATPase to depleted membranes in S. faecélisu(i). A variety of
cations at 1mM concentration were each able to rebind about

30% of the soluble enzyme. A more detailed study (82) showed

that the membrane-bound ATPase could be fully reconstituted,
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at which point the ATPase accounted for about 2% of the total
membrane protein, The binding of ATPase to the membrane was
shown by differential centrifugation, sucrose density gradient
centrifugation and electrophoresis. At the same time it was
shown that the spluble ATPase, an acidic protein, did not bind
to ribosomes even in the presence of 20mM Mgz+. The binding
of the soluble ATPase to the @epleted membrane apparently did

not require Mgz+

provided that there was an excess of the soluble
enzyme, Under these conditions the recdmblnation was reversible,
The addition of Mgz+ enhanced the binding of ATPase to the membrane
either by, or in addition to, preventing the dissociation of

the complex. Thus in the presence of Mgz+

a lower level of soluble
ATPase was sufficient to achieve the same amount of reconsiitution.
At a non-saturating level of soluble ATPase the optimum Mgt
concentration for reconstitution was reached at 10mM, The specificity
of the rebinding process was again demonstrated by the faillure

of undepleted membranes to bind soluble ATPase. Furthermore the
depleted membranes did not bindvmore ATPase than in the original
undepleied state of the membrane, This indicates that there are
specific binding sites on the membrane for the ATPase, Also

the fact that the orlginal specific activities can be equalled
after reconstitution argues that the ATPase has been restored

to its native state,

A closer scrutiny of the rebinding process in S, faecalis
(202)indicated that an additional protein factor was required

for the reconstitution of membrane-bound ATPase, Baron and Abranms
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named this factor nectin and demonstrated that it was a protein

' with a molecular weight of 37,000. They reported that nectin was
released from the membranes at the same time and under the same
conditions used to solubllize the ATPase., Consequently when the
soluble ATPase fraction was added back to the depleted membranes
it also contained nectin. However it was possible to separate
the ATPase from nectin by gel filtration on Blo-Gel A 1.5 m
because of thelr widely different molecular welghts, This separation
could only be achieved in the absence of Mg2+. If 10mM Mg2+ were
present in the eluting solution nectin remalned with the ATPase.
The nectin-free ATPase did not reassociate with the depleted
membranes even in the presence of Mg2+ unless nectin was also
added, Under these conditions the extent of the binding of the
enzyme'was directly proportional to the amount of nectin present
until all the binding sites for the ATPase had been occupied.
Also the rebinding was temperature-dependent occurring at 38°
but not at 0°, In contrast to this the unresolved soluble ATPase
bound equally well at 0° and 38°. From this finding Baron and
Abrams concluded that:the assoclation of nectin to the soluble
ATPase was the temperature-dependent step.

The existence of a nectin protein in B. megaterium
might explain why the partially purified ATPase bound less
effectlvely to depleted membranes than did the unfractionated
soluble ATPase (67),

Clearly the physical reassociation of ATPase to the

membrane has been well substantiated in these examples of recons-
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titutién, but how close is the rebound enzyme to its original
functional state? Studies with B. megaterium (67) and S. faecalis
(82) suggest that the reassociation returns the ATPase to its
original state. Not only can full ATPase activity be restored
(82) but the allotopic properties that changed on gbing from

the membrane-bound state to the soluble state were reversed

on reconstitution, Thus, in B, megaterium (67) 10% - 40% of the
rebound ATPase activity could be protected from cold inactivation
compared to 0% protection of the unboundAenzyme. Similarly the
recombined ATPase in S, faecalls (82) became sensitive again

to inhibition by dicyclohexylcarbodiimide (DCCD), whereas the

soluble enzyme was unaffected (83),

Minor ATPase activitlies in bacteria

The discussion up to how has dwelt on the membrane-bound

- ATPases of bacteria since they are quantitatively the most important,
they are ubiquitous and they show remarkable simlilarities between
specles, Other, minor ATPases have been detected usually in

the cytoplasmic fraction, In mentioning them attention will be

focussed én reports from E. coli.

Deoxyribonucleic acid (DNA)-dependent ATPases

A DNA-dependent ATPase in M. lysodeiktlcus has been well
characterized by Anai et al. (84, 85), It appears to be an endo-

nuclease which hydrolyses three molecules of ATP to ADP and Pi
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for every phosphodiester bond broken. In assays of the soluble

form of the membrane-bouﬁd ATPase of M. lysodeikticus, Ishikawa
(86) found it necessary to add DNase to crude supernatant fractloens
in order to inhibit DNA-dependent ATPases (87).

In E, coli K12, Oishi et al, (88) observed an ATPase
which was completely dependent on DNA for its activity, During
the characterization of thls enzyme Nobrega et al. found that it
was closely associated with an ATP-dependent DNAse (89), Since
the two activities cozelectrophoresed on polyacrylamide gels and
had very similar heat-inactivation profiles, these workers
concluded that they were physically and functionally assoclated.
The ATPase activity required Mg2+ or Mnt and converted ATP
to ADP and Pi, For each phosphodiester bond cleaved 8 - 9 ATP
molecules were hydrolysed. Of the oﬁher nucleoside triphosphates
tested dATP was also hydrolysed., The pH optimum extended from
PH 7.5 - 9.5 and the preference of the enzyme was for double~
stranded DNA. Its molecular welght was estimated to be 300,000
- 350,000, Since the ATP-dependent DNAse could not be detected
in the recombination—deficiént mutant strains recB and recC
(90-92) it is thought that both the ATPase and the DNAse
activities are involved in genetic recombination,

' A different DNA-dependent ATPase has been isolated from
E. coli which were infected with the bacteriophage T (93).
It also cleaved ATP to ADP and Pi in the presence of DNA but
the ATPase activity was not dependent on the hydrolysis of phos-

phodiester bonds; in fact no exo- or endonucleolytic activity
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was detectable with the enzyme. CTP and deoxyadenosine-5'-triphosphate
(dATP) were also cleaved, but at a slower rate than ATP, The ATPase
required Mg2+ for activity as well as DNA, Of the types of' DNA

tested, native DNA from calf thymus or E. ggl;. and heat-denatured
DNA from the bacteriophages T“ and T7 were successful in stimulating
the enzymes the native DNA of the bacterlophages was ineffective,

The molecular weight of the enzyme was found by gel filtration

to be 15,000, Its function is unknown, but since the enzyme was

not detectable in uninfected E. coli it is probably not of general
importance,

Paetkau and Coy (94) reported the removal of an ATPase
activity from DNA-dependent RNA polymerase during the purification
of the latter enzyme from the cytoplasmic fractlion of E, coli.

Under the denaturing conditions of SDS gel electrophoresis the
molecular weight of the ATPase protein was 68,000. The ATPase had

a tendency to aggregate during centrifugation in a glycerol gradient
and during dialysis against SOmM'Tris-HCI buffer (pH 8.0). Analytical
ultracentrifugation of the aggregated ATPase protéin gave a sedi-
mentation coefficlent of 22,2 g for the major protein peak; Its
nolecular weight was estimated by gel filtration to lie between
400,000 and 490,000, The enzyme hydrolysed CTP, UTP, and GTP

at 2.6%, 0.57% and 0.16% respectively of the rate at which ATP

was hydrolysed. From the results that Paetkau and Coy obtained

they were unable to say whether the ATPase was normally in

association with itself of with the RNA polymerase.
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Functions of the bacterlal ATPases

The study of the properties of bacterial ATPases has
progressed faster than the determination of the function(s)
of the engyme(s)., For many enzymes their role in catalysing a
spec¢lfic chemical reaction is their function in the cell.

However the likelihood 6f the bactérial ATPase existing solely
to break down ATP to ADP and Pi 4s reﬁote. It is more likely
that the ATPase reaction either normally acts in a reverse
direciion to bring about the synthesis of ATP or it is used
to drive an endergonic process. In line with this reasoning
the ATPase has most frequently been linked to oxldative phos-
phorylation or ion transport.

In assigning a role to the ATPase activity, investigators
have tried to draw analogles with the better characterized ATPases
from eukaryotes. Thus the exlistence in eukaryotes of a (Na++K+)-
activated ATPase which is responsible for active transport of
Na* and k* (95-97) has prompted many workers to look at the
effects of Nat and K* on the bacterial ATPases. Similarly, many
of the properties of the mitochondrial and chloroplast ATPases,
such as cold-lability (76-78) have been looked for in bacterial
ATPases.

From these studies it has become obvious that the membrane-
bound bacterial ATPases show a marked resemblance to the mito-
chondrial ATPase. In order to compare these enzymes it is

necessary to briefly outline some of the properties of the mito-
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chondrial ATPase., Several more detalled reviews are avallable

(9, 75, 98, 99).

The properties of the mitochondrial ATPase

The best characterized mitochondrial ATPases arz from
beef heart and rat liver. The properties listed in Table ¥ are
those of the bedf heart enzyme, though often no distinction
is made between the two enzymes since they are so similar to
each other, The ATPase of the mitochondrion is ﬁound to the
inner membrane. The particles seen on the inner surface of this
membrane after negative staining (44-47) have been shown to be
the ATPase itself (100-102), These 85 & dlameter particles are
usually released from the membrane by sonication, Catteral and
Pedersen (103) found that sonication of rat liver mitochondrial
membranes alone gave a low yleld of solubilized ATPase (less
than 0.5%). However if the membranes were washed thoroughly in
a buffer of low lonic strength, followed by incubation with
ATP and ethylene glycol fbr 16 h and then sonicated, 30% - 55%
of the ATPase was solublliged.

The purified, solubiliged enzyme from beef heart mito-
chondria was activated by Mg>', Co?t, MnZ¥, Fe2*, or Ca?¥ (104).
The greatest activation was seen with Mgz+. The products of
the reaction were ADP and Pi only., Other nucleoside triphosphates
were attacked. Their rates of hydrolysis compared to a 100%

value for ATP were: Inosine-5'-triphosphate (ITP) (125%),



Table IV, Comparison of the propertles of ATPases
-~ from a variety of sources. (Activities
measured in the presence of Mg<t.)

B, stero-

Source S. faecalis B. megaterlum M. lysodeik-
ticus thermophilus

References (10 73, 7") (3’ 56, 72) (2) (l})

Mgz* activation present. presentf present present

Activation by other Mn2+ Ca2ty Mgt cah Mgt Mn2*, ca??t,
divalent catlons ete.

Optimun Mg iATP ratio 11 2.5 132 12

pH optimum pH 8.0 pH (7.2 - 7.8) : pH (8 - 8.5)

Substrate specificity 100:0:0 100: 010 100:<1:0 1001010
ATP1ADPtAMP

Effect of Nat and K* slight stimulation none slight inhibition none

Hydrolysis of other GTPHUTP>CTP GTP»CTP>UTP ITP)CTP GTP)UTP)CTP
substrates relative 60%s 6%s 0% 72%s 9%33. 5% W%i15% 90%330%116%
to ATP (%)

Molecular weight or 385,000 280,000
sedimentation 0 0 0
coefficient 820' =13.4 8 Szo’w=13.6‘§ szo"=1u - S20 =119 s

15s

Mitochondria
(beef heart)

(104, 105)
present

c°2+, Mn2+
F32+ ca2+

13 1.5

PH (8.5 = 903)

100:030

‘none

ITP)GTP)UTP>CTP
125%:75%:63%s 0%

360,000
(105)

9¢
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GTP (75%), UTP (63%), and CTP (0%). Nucleoside diphosphates
and monophosphates were not hydrolyzed. ADP alone among the
nucleoside diphosphates was inhibitory to the ATPase reaction,
There was no inhibition by nucleoside monophosphates, The
optimum lon to substrate ratio (Mg?'iATP) was 111.5, and the
optimum pH lay between pH 8.5 and 9.3. These properties of the
solubilized enzyme are very simlilar to those of the membrane-
bound engyme (106-108). In this respect and in regard to the
other properties listed the mitochondrial ATPase bears a close.
resemblance to the bacterial ATPases (Table IV).

Further similarities include molecular weight values
and amino acid compositions of the engymes. Initially the
molecular welght of the ATPase from beef heart mitochondria was
put at 284,000 by Penefsky and Warner (109). A similar value
was obtained by Forrest and Edelstein (110). This figure has
been re-evaluated by Lambeth et al. (105) who gave 360,000 as
the molecular weight. The molecular weight of the ATPase from
rat liver mitochondria was found to be 384,000 by Catterall
and Pedersen (103) and 360,000 by Lambeth and Lardy (111), while
the yeast mitochondrial ATPase had a molecular weight of 340,000
(112). These molecular weight values for the various mitochondrial
ATPases are all very simllar to the values obtained for the
bacterial ATPases as listed in Table IV,

The amino acid composition of the ATPase from S. faecalis
is quite similar to those of rat liver and bovine heart mito-

chondrial ATPases (103). It is even more like that of spinach
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chloroplast ATPase (113, 114),.an enzyme which bears a very
close physical and functional resemblance to the mitochondrial

ATPases (99).

Function of the mitochondrial ATPase

The function of the mitochondrial ATPase has been well
established. Besides having a structural role to play in the
inner mitochondrial membrane (75, 98), the enzyme catalyzes
the terminal reaction of dxidative phosphorylation in which
ATP is synthesized from ADP and Pi (115). The energy to drive
this reaction comes from the oxidation of substrates in the
electron transport chain, At thé present time the mechanism
by which the energy is eonserved is not fully understood., There
are two mﬁjorvhypotheses which attempt to explain the process.
One is the chemical hypothesis of Slater (116), the other is
the chemiosmotic hypothesis of Mitchell (117, 118), In the
former hypothesis, "high energy intermedlates” are generated
at specific coupling sites dnrihg the transfer of electrons
between certain carriers of the electron transport chain, These
high energy intermediates can then be used in turn to generate
ATP by way of the ATPase. In the chemlosmotic hypothesis electron
transfer down the respiratory chain is used to extrude protons
on the outer or C-side (98) of the membrane, The resulting

proton gradient exerts a force known as the "proton motive force”

which can bring about the syntheslis of ATP again by way of the
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ATPase. Fortunately in discussing the funétion of the mito-
chondrial ATPase it is not important to know thich mechanism
is the correct one since both mechanisms require an ATPase and
since the net results are the same,

The energy;dependent synthesis of ATP can be reversed.
In this way ATP hydrolysis can generate "high-energy intermediates”
or a "proton motive force” which can be uséd to drive various
endergonic processes assoclated with the inner mitochondrial
membrane, These processes ineclude active transport, energy-
dependent transhydrogenation and the reversal of the direction
of oxidation in the respiratory chain.

When the ATPase is detached from the membrane it is not
possible to drive the above processes with ATP, nor is it
possible to generate ATP by oxlidative phosphorylation. However,
under these circumstances, respiration can continue and can
still generate a "proton motive force" or "high-energy intermediates”.
These can then be used directly to drive active transport, energy-
dependent transhydrogenation or the reversal of the direction
of odxldation in the resplratory chain. Under the right conditlons
the ATPase can be rebound to the membrane to restore the ATP-
driven functions. Thus the ATPase is one of several “coupling
factors” from the soluble fraction which are needed for the

reconstitution of oxidative phosphorylation.

Inhibitor studies

Inhibitors have played a major part in working out the
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details of energy conservation in the mitochondtion, One type
of inhibitor is the "unceupler”, a corpound which abolishes&
phosphorylation without inhibiting respiration, This loss of
phosphorylation is accompanied by an increase in ATPase activity.
In the chemical hypothesis the uncoupler might dissipate the
“high-energy intermediates” by promoting their hydrolysis (9).
In the chemiosmotlie hypothesis the uncouplers are postulated
to dissipate the "proton motive force"” by conducting protons
across the membrane (119). Frequently used uncouplers include
dinitrophenol (DNP), carbonylcyanide m-chlorophenylhydrazone
(CCCP) and gramicidin,

Other inhibitors have a more specific effect on the
ATPase, Oligomycin and rutamycin both inhibit the'ATPase (120,
121) either when the én;fme is membrane-bound, or after solu;
bilization when the engyme is associated with other membrane
proteins, one of which 1s the "oligomycintsensitivityiconferring-
protein” (OSCP) (122, 123). This inhibition of the ATPase also
blocks respiration. DCCH has a similar effect to oligomycin
(124), It binds irreversibly to the oligomycin-sensitive
ATPase complex, This fact has been made use of by Strekhoven
et al. (125) who isolated the DCCD-binding protein from bovine
heart mitochondrial ATPase., Dio 9 is an effective inhibitor of
the mitochondrial ATPase though 1ts mode of action is not well

characterized (126 -128),
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The effects of inhibitors on bacterial ATPases

Many workers have tested bacterial ATPases with the
same compounds that give activation or inhibition of the mito-
chondrial ATPase, Amengst the uncoupling réagents, DNP, which
stimulates the mitochondrial ATPase, also stimulated the ATPase

of Desulphovibrio gigas (129) though in most organisms it

either had no effect or was mildly inhibitory (4, 55-59)., CCCP
stimulated the ATPase of R, rubrum (60) but not that of E. coli
(58). Gramicidin S showed allotopia properties with respect to

its effect on the ATPase of B. megaterium (56). It stimulated

the soluble engzyme but inhibited the membrane-bound form. Oligomycin
had little, if any, effect when tested (55, 56, 59) though it

did inhibit the membrane-bound ATPase of R. rubrum (60),

The most potent and most universal inhibitor of bacterial
ATPases is azide (4, 52, 56, 57, 59). In B. megaterium (56) 5mM
Na agide gave 93% inhibition of the membrane-bound ATPase and
89% inhibition of the soluble ATPase, In B, sterothermophilus
82% inhibition of the soluble ATPase was obtained with 0, 5mM
sodiun azide. Iodine at the same concentration inhibited the
enzyme activity by 87%. Agide and iodine are both strong inhibitors
of the mitochondrial ATPase (104, 130).

Several of the ATPases were inhibited by sulphydryl
reagents (59, 60, 131) but others (4, 52, 54) like the mito-
chondrial ATPase (104) were not affected, Dithionite stimulated
the ATPases of B, megaterium (55, 56), and R. rubrum (60) but

not the ATPase of E. coli (57). Dio 9, an inhibitor of the mito-
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chondrial ATPase, also inhibited the ATPases of E. coli (58)
and S. faecalis (132), DCCE inhibits the membrane-bound, mito-
chondrial ATPase by reacting with a component in the membrane.
The soluble enzyme is not inhibited. The same effect was observed
with the ATPase of S. faecalis (6, 132, 133) and the éoupling
factor ATPase of M. phlei (134). DCCD inhibited both enszymes
when they were bound to the membrane but not after they had
been solubilized. However in E. coli, inhiblitlon with DCCD has
been reported for both the membrane-bound (58, 71) and the
soluble ATPases (71).

Clearly then there are many simlilarities between mito-
chondrial and bacterial ATPases with regards to the way in
which they respond to inhibitors., This might be because they

fulfil the same functions in their respective systenms.

ATPase as a coupling factor for bacterial oxidative phosphorylation

The extensive similaritles in respiration and energy
conservation between bacteria and the mitochondria have been
reviewed (9, 51, 135). Early attempts to demonstrate oxidative
phosphorylation in cell-free extracts of micro-organisms produced
very low P/O ratios, perhaps as a result of the harsher conditions
needed to produce a cell-free extract in bvacteria., These studies
were confused by contributions from substrate-level phosphorylation
via glycolysis, Pinchot (136) avoided the latter problem by

looking at oxldatlve phosphorylation in Alcaligenes faecalis,
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an organism which i1s deficlent in the glycolytie pathway. He
obtained P/O ratios of 0,1 to 0.3 which were sensitive to DNP
only at concentrations somewhat higher than those used to
inhibit mitochondrial oxidative phosphorylation. (Generally,
bacterial phosphorylation is iess sensitive tq the inhibitors
of mitochondrial phosphorylation.) |

Subsequently oxidative phosphorylation has been looked
at in a variety of bacteria (27, 137-139) including E. coli
(140). The P/O ratios found in E. coli ieﬁd to be low (140)
whereas values approaching 2 have been obtained in cell extracts
of Mycobactérium phlei (137, 141),

When bacterial cell extracts which are capable of
oxidative phosphoryiation have been separated by centrifugation
into soluble and particulate fractions, the phosphorylation
efficilency of the particles #ends to be lower than that of the
cell extract. However, as ih the mitochondria this efficiency
can often be increased by the addition to the particles of
factors from the soluble fraction (27, 136, 141), These factors
are frequently classified into heat-labile and heat-stablé factors.
Some of these soluble, heat-labile factors appear to have ATPase
activity associated with them (27, 142, 143) though often it
is latent and requires activation by trypsin, heat treatment
or éulphydryl reagents (79, 86, 142, 143), On the other hand,
Ota (144), working with E, gglg and Asano and Brodie (145) using
E. phlel found no parallel between the ATPase of the soluble

fraction and coupling factor activity. However Bogin et al.



(146) observed in M. phlei a particulate-bound coupling factor
with ATPase activity which after solubilization could act at
all coupling sites to stimulate oxidative phosphorylation., This
ATPase actlivity was also latent,

The latenéy of the bacterial coupling factors has its
farallels with the ATPase of M. lysodeikticus (2, 79) and with
the chloroplast (114) and mitochondrial ATPases (75). Submito-
chondrial particles from beef .heart have varlable ATPase activity,
However if they are subjected to proteolysis by trypsin (147)
or passed through Sephadex, the activity increases 4 - 10 times
(75). This activation is thought to be due to the destruction
or removal of a small molecular weight protein inhibitor (148),
which normally masks the ATPase activity and also protects it
from cold inactivatilon.

In addition to latency the bacterial coupling factors
have many other properties in common with the bacterial and
mitochondrial ATPases. In A, faecalis (142) the coupling factor
ATPase activity was Mg?'- or Ca?*-dependent, with Mg2t being
the better activator., It had a sedimentation coefficlent of
13 s and after purification appeared as a 90 X diameter particle
that was indistinguishable by electron microscopy from the mito-
chondrial ATPase,

In the heat~labile coupling fhctér fraction of M, lyso-
deikticus, Ishikawa etzal. (87) observed a DNA-stimulated
ATPase activity. Total ATPase activity was reduced by 90% in

the absence of DNA, Sucrose density gradient centrifugation
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of the coupling factor fraction gave 3 peaks of ATPase activity
with sedimentation .coefficients of 13 s, 9.8 s, and 4,5 s,
respectively, The latter two activities required DNA while the
13 s component was DNA-independent. Of the three ATPases only
the 13 s enzyme also had coupling factor activity, Since its
ATPase activity could be markedly increased by trypsin, latency
probably accounts for its activity being overshadowed by the
DNA-dependent ATPases, The coupling factor ATPase appears to
be very simlilar to the ATPase of M. lysodelkticus as described
by Salton's group (2, 52, 69). It was activated by Ca®' and
Mg?t and inhibited by ADP, The coupling factor ATPase showed
allotopic behaviour (86), For example, Gramicidin A stimulated
the soluble ATPase but inhibited the membrane-bound engyme.
The effect of arsenate was just the opposite. The reconstitution
of oxidative phosphorylation in M, lysodeikticus (86) involved
the rebinding of the coupling factor ATPase to the depleted
membranes., Once the ATPase was rebonnd it became sensitive
again to inhibition by Gramicldin A,

Like the soluble ATPase of S. faecalis (1) the coupling
factor ATPase of M. lysodeikticus was cold-labile in the presence
of ADP,

In Azotobacter vinelandii (143) the coupling factor

ATPase activity was Mg?'- or Ca?t-dependent, with Mgt being
the better activator. The optimum Mg?' to ATP ratio was 1. The
reaction was inhibited by ADP but not by AMP, The ATPase was

affected by inhibitors in the same manner as the mitochondrilal
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ATPase, being stimulated by uncouplers like CCCP and inhibited
by Dio 9.

Similarities in properties between the bhacterial
coupling factors and the bacterial and mitochondrial ATPases
extend to the way in which these proteins are bound to the
membrane, Catteral and Pedersen (103) were able to increase
the solubllization of the mitochondrial ATPase by a pretreatment
which included washing the membranes exhaustively with low
ionic strength buffer,. In A, faecalis (142) the coupling factor
was bound less strongly in a medium of low lonic strength. The
coupling factor of M, lysodeikticus was solubilized by washing
the membrane with distilled water (27). Divalent metal ions
were required for its reattachment (86). In membrane particles
of the photosynthetlc bacterium Rhodopseudomonas capsulata
(149) the loss of photophosphorylation after various treatments
parallels the loss of ATPase., This loss was greatest when EDTA
was present during sonication of the membranes but could be
largely prevented or reversed by the addition of Mgz+. Similar
results were obtained with R. rubrum (150).

The coupling factor which was responsible for the
réstoration of photophosphorylation in R, capsulata has been
partially characteriged (151). Like the other coupling factors
described previously it had ATPase activity which could be
activated by Mng, un?* or Cazf. This enzyme activity was
stimulated by DNP and by p-trifluoromethoxyphenylhydrazone

(FCCP). FCCP, which is structurally similar to CCCP, is an
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even stronger uncoupler of oxidative phogphorylation in the
mitochondria than is CCCP (152). The molecular weight of the
ATPase coupling factor was estimated to be 280,000 by gel
filtration, However the most interesting point about this
coupling factor is the observation that it will restore oxidative
phosphorylation as well as photophosphorylation (153, 154), In
view of this dual role of the coupling factor ATPase in a photo-
synthetlc bacterium it is not so surprising that the coupling
factor ATPases of the chloroplast and the mitochondria are so
alike (99, 103, 104, 113-115), Indeed it is possible that all
the enzymes that conserve energy from a respiratory chain in
the form of ATP have a common origin and perhaps a common
mechanism, For this reason the bacterlal coupling factor ATPases
would be similar to each other and to those of the mitochondria
and chloroplast. |

Evidence that the mitochondrial and bacterial coupling
factor ATPases fulfil the same role in thelr respective systems
is supported by the work of‘Bogin et al, (155). These workers
were able to interchange coupling factors from the bacterium
M. phlel and beef heart mitochondria and still reconstitute
oxidative phosphorylation in either system. Although the P/0
ratlios obtained with the foreigh cqupling factors were lower
than with native coupling factors the phosphorylation reconstituted

was sensitive to the uncoupling agents Gramicidin A and DNP,
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Use of mutants deficient in ATPase

Clearly there is a wealth of evidence that points to
the common identity of the bacterial ATPases and the bacterial
coupling factor ATPase, and indicates a common fundtion for |
the bacterial and mitochondrial ATPases., However much of this
evidence was circumstantial and it is only very recently that
these postulates have been proven,

In much biochemiéal research bacterlal systems have
been investigated first and the results obﬁained have aided
the study of eukaryotic systems. One mﬁjor reason why this is
s0, 18 the ease with which mutant straiﬁs of bacteria can be
isolated. However in energy conservatlion the study of the
eukaryotic system has led the way. Perhaps this is because
there has been little work done with mutants in this area of
biochemistry. Recently, however, mutants of E. coli were
isolated which were deficient in electron transport or
oxldative phosphorylation. These mutants were able to grow on
glucose, though with a lower growth yield, but were not able
to grow on lactate or intermediates of the tricarboxylic acid
cycle.‘The latter prope:ty provided a basis for the initial
sélection of colonies of the mutants, Amongst the strailns isolated
were two that iacked the Ca2+, M32+-activated ATPase (5)
(designated unc A”), The unciA™ allele was transduced into
another strain which was subsequently compared to the parent

strain, The comparison showed that the lesion in the ATPase gene

abolished oxidative phosphorylation. A subsequent study (156)
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showed that this mutation‘had also abolished the ATP-driven,
energy-dependent transhydrogenase without diminishing the
non-énergy—linked transhydrogenase activity.

A simlilar mutant was isolated by Kanner and Gutnick
(157). They substantiated the findings of Cox et al. with respect
to the transhydrogenase activities (8). In addition, they showed
that although the energy-dépendent transhydrogenase could not
be driven by ATP, it was present, and could derive the necessary
energy from respiration, DCCD, which could inhibit the ATP-driven,
energy-dependent transhydrogenase in the parent strain, had no

effect on the respiration-driven, energy-dependent transhjdrogenase.

The role of ATPase in active transport

From‘these results it can be seen that the ATPase of
E. Qg;; is the terminal coupling factor in éxidative phosphorylation
and fulfils the same role as the mitochondrial ATPase, There
is good reason to believe that the same is true in other bacterla,
However S, faecalls is essentlally a fermehtative organism desplte
the demonstration that it can to a limited éxtent couple NADH
oxidation to ATP synthesis (158), Consequently it relles 6n
substrate-level phosphorylatlion for ATP generation. In view
of this the role of the ATPase in active transport has been
examined more closely in this organism,

Harold et al. (6) found that the addition of DCCD to

intact cells inhibited active transport processes such as
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the uptake of alanine and phosphate and the exchange of wt

and Na+ for K+. Since DCCD also inhibited the degradation of
ATP in vivo it was inferred that the ATPase mediated the active
transport using ATP generated by substrate-level phosphorylation,
Similar findings were obtained with the ATPase inhibitors Dio 9
and chlorhexidine (132). Abrams et al. (159) have isolated a
mutant of S, faecalis in which the ATPase is 100 times more
reslstant to DCCD inhibition than the wild type. They found
that the active transport processes were similarly resistant
to DCCD, At the adme time they ldentified the membrane as the
slte of action of the inhibitor, since reconstituted membrane-
bound ATPase made up of ATPase and nectin from the mutant, and
ATPase~depleted membranes from the wild type, was sensitive

to DCCD, Whereas if the ATPase and nectin came from the wild
type and the membranes from the mutant then the reconstituted
membrane-bound ATPase was no longer sénsitive to DCCD,

Further evidence to link the ATPase to actiQe transport
was obtained by Abrams and Smith (160). They grew S. faecalis
on limiting amounts of K* and found that the bacteria produced
1.5 & 2,1 times more ATPase per cell. Redwood et al. noticed
an increased conductance across a lipid bllayer after the
addition of ATPase from S. faecalis (161). This increased
conductance was dependent on M32+, ATP and the concentrations
of Na* and Kf, It was abolished after treatment of the ATPase
with pronase.,

The bacterial ATPases are very different from the Nat+kK*-
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activated ATPases of mammalian plasma membranes which are lnvolved
in Nat and X* transport (9). The mammalian engyme is difficult
to solubilize from the membrane, it has a requirement for phos-
pholipid and is stimulated by Nat+kt, The enzyme 1s strongly
inhibited by the steroid glycoside ouabain, but not by DCCD,
Apart from a very minor amount of ATPase activity in E; colt
which was sensitive to the inhibitor ouabain (63), this compotnd
has not been found to inhibit bacterial ATPases (4, 35, 52,
5%, 57, 129). The bacterial ATPases are not markedly stimulated
by monovalent cations apart from the ATPases of V. parahaemolyticus
which may be a special example since the organism is halophilic
(35).

The demonstration that the ATPase of S, faecalls mediates
active transport is timely since there does not appear to be
an alternative enzyme for these processes. This 1s probably true
for all bacteria., In E. coli Ki2 another unc A” mutant has been
isolated and tested for its ability to carry out acfive transport
of thiomethyl-3-D galactoside (TMG) (7). The rate of accumulation
of this compouﬁd was the same in the willd type and the unc A™
mutant, However if respiration was inhibited by cyanide the
transport was abolished in the mutant but only decreased by
35% in the wild type. Schairer and Haddock conclude that the
uptake of TMG is driven elther by respiration or by hydrolysis
of ATP by the ATPase. So that if kespiration is inhibited the
ATPase is the only remalning route by which energy can bve

generated for the active transport of TMG.
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Summarxy

In summary, these findings indicate that the bacterial
ATPase, like the mitochondrial ATPase, catalyzes the terminal
reaction of energy conservation in which ATP is synthesized
from ADP and Pi., During the complete combustion of carbon
sources such as glucose, lactate and succinate, oxidative
phosphorylation supplies a large portion of the cell's require-
ment for ATP, However ATP synthesis is just one possible use
for the "high-energy intermediates" or "proton motive force"
that are generated during substrate oxlidation via the electron
transport chain, Other uses are active transport and energy-
dependent transhydrogenation. These processes can be driven
directly by the energy of respiration without having to first
generate_ATP..Since the oxidative phosphorylation process is
reversible, ATP hydrolysis via the ATPase will generate the
“high-energy intermediate” or "proton motive force" that is
necessary to drive active transport or transhydrogenation of
nicotinamide adenige dinucleotide phosphate from'the oxidized
(NAD?)‘to the reduced (NADPH) form. This reverse reaction
wouid be important during glyecolysis for example, and particulariy
in én organism like S, faecalls which does not appear to conserve

energy by way of respiration.
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METHODS AND MATERIALS

Reagents

All chemicals used were of reagent-grade purity.
Crystalline bovine serum albumin, bovine catalase, yeast
hexokinase, yeast alcohol dehydrogenase, yeast glucose-6-phosphate
dehydrogenase, equine hemoglobin and soybean trypsin inhibitor
were dbtained from Calblochem, Porcine thyroglobulin and equine
apoferritin were products of Mann Research Laboratories. Deoxy-
ribonuclease was obtained from Nutritional Biochemicals
Corporation, trypsin frpm Boehringer (Mannheim, Germany). and
Glucostat reagents from Horthmngtbn Biochemical Corporation.,
Egg-white lysozyme was obtained from bvoth Worthington Bgoehemical
Corporation and Calblochem.

Nucleotides were purchased from P.L. Biochemicals Ltd,.,
or from Calbiochem with the exceptions of the Tris salt of ATP,
which came from Sigma Chemlcal Company and tritiated ADP
(20 uCi/ml) which came from Schwarz, NAD(H), NADP(H), p-NPP,
bis-p-NPP and peniéillin G (potassium salt) were from Calbiochenm.
Glucose-b-phosphate came from Boehringer (Mannheim, Germany),
2-methyl-1,4-napthoquinone from Nutritional Biochemicals
Corporation, N,N,N',N',tetramethylethylenediamine (TMED) from
Eastman Kodak Company and adenine trinucleotide from Miles

Laboratories.
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Treatment of diethylaminoethyl-cellulose (DEAE-cellulose)

prior to use

DEAE-cellulose (40 g of Cellex D) was mixed with O, SN
hydrochloric acid (3.5 1.) and allowed to settle for 30 min,
-The supernatant was removed by suction, and the sediment was
resuspended in distilled water to a volume of 4 1, After 30 - 60
min the supernatanf was again removed by suction. This washing
step was repeated several times until the pH of the supernatant
was 4, At this stage 0.5N NaOH (3.5 1.) was added with stirring
to the DEAE-cellulose and a similar cycle of sedimentation and
washing with distilled water was contiﬁued until the pH of the
supernatant reached 8., The exchanger used for nucleotide chroma-

tography was freshly prepared by this method,

Paper chromatography of nucleotides

Preparations of ATP and ADP were examined after paper
chromatography on Whatman #40 paper for ﬁltra violet (UV) 1light-
- absorbing impuritles. The solvent system used was a mixture
of M ammonium hydroxide (30 ml), isobutyrié acid (50 ml) and
0.2M disodium EDTA (0.4 ml). Chromatograms were run in the
descending manner for 22 h, The nucleotide samples and standards
were converted to the ammonium ion form prior to chromatography.
This was done by mixing a 0,1M solution of the nucleotide
(1 ml) with wet DOWEX 50WX2 (0.5 ml) that had previously been

converted to the ammonium ion form. Spots were seen when the



55

dried paper was examined under the short wavelength UV 1light,
To quantitate the results strips of paper, each containing
one of the spots, were cut out and eluted as described by
Heppel (162).

Chromatography of commercial ADP

ADP (sodium salt) supplied by P.L. Biochemicals Inec.
was freed from traces of ATP and glucose-6-phosphate by fon
exchange chromatography on freshly precycled DEAE-cellulose
(40 g). The exchanger was converted to the carbonate form by
the addition of 2M ammonium carbonate (700 ml), and by packing
and washing the column in more of the same solution. The
column of bed volume 2.5 cm x 38 cm was then washed with water
until the effluent was neutral to pH indicator paper, ADP
from 3 different batches was combined (Lots #s 632, 634.and:
635) to give a total weight of 856 mg. Lot # 632 (307 mg) was
reported by P,L. Biochemicals Inc. to contain 1% - 2% by weight
of glucose-6-phosphate as an impurity, The sample was dissolved
in water (210 ml) and applied to the column at a flow rate of
30 ml per h, This was followed by water until 490 ml of effluent
had been collected.

The sample was eluted by application of a linear
gradient of ammonium bicarbonate. This was set up by having
0.25M ammonium bicarbonate (2 1.) in the salt chamber and

water (2 1,) in the mixing chamber. Fractions (10 ml) were
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collected at the rate of 5 - 6 per h and their absorbance at

260 nm determined. ADP in the ammonium ion form was recovered

from pooled fractions by evaporation in the presence of 20%
ethanol under reduced pressure at 37° in a rotatory evaporator.
The residue in the flask was taken up in fresh 20% ethanol

and again evaporated to dryness. This procedure was repeated
several times until the ammonium bicarbonate (white residue)

had volatilized, Finally the nucleotide was dissolved in distilled

water and lyophllized.,

Determination of protein

Protein concentrations were determined by the method
of Lowry et al. (163), over the range 0 - 500 mg/ml. Crystalline

bovine serum albumin was used as a standard.

Determination of glucose

Glucose was determined by the "Glucostat" method.
Immediately prior to use, one vial of lyophilized enzyme pre-
paration (Glucostat) and one vial of Glucostat chromagen were
dissolved together in less than 50 ml of water, The pH was
measured and, if necessary, was adjusted to 7;0 with 0,1M
potassiun phosphate buffer (pH 7.0). The volume was then made
up t6 50 ml with water. Two and a half ml of 0.1M potassium

phosphate buffer (pH 7.0) were added to a 0.5 ml sample followed

by 2.0 ml of Glucostat reagent. The samples were incubated fbi
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30 min in the dark at 3?°. At the end of this perioed 2 drops

of 6N HCl were added to each tube, followed by 5.0 ml of water.
The samples were mixed rapldly on a Vortex mixer and were kept
at 22° for 5 min before reading the absorbance of the solutions
at 420 nm., The glucose concentrations in the samples were
determined from a standard curve ranging from 0 - 250 ug glucose

per ml,

Determination of inorganic phosphate

In the earlier work described here phosph;te was
measured bysa modification of Sumner's method (164). The assay
mixture contdined 6.6% ammonium molybdates# H,0 (0,3 ml),
7.5 HyS0y (0.3 ml), water (2.4 ml) and FeSOy17 H,0 (25 mg)
to which was added 0.15 ml of the phosphate sample (0-0.75 umoles).
After 5 min at 22° the absorbance at 660 nm was recorded and
the phosphate content of the sample was read off from a
cadlibration curve, Most of the phosphate determinations were
done by the method of Chen et al. (165) as modified by Ames (166),
in which the phospho-molybdate complex is reduced by asdcorbdic
acid rather than FeSO,. Stock solutions of ascorbic acid (10%)
and ammonium molybdate tetrahydrate (4.2 g plus 28.6 ml of
36N suiphuric acid/1.) were mixed in the ratio of 1 part of
ascorbic acid reagent to 6 parts of ammonium molybdate reagent.
This assay solution was kept in ice and discarded after 24 h,

while the ascorbic acid stock solution could be képt at 4° for
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1 month, To a 0.9 ml sample (0-0.3 umoles) was added 2,1 ml

of the assay solution. The resulting mixture was heated at ﬁ5°
for 20 min then cooled to 22°, before the absorbance was read
at 660 nm, The phosphate content of the sample was determined

from a calibration curve,

Determination of glucose-6-phosphate

The assay for glucose-6-phosphate was done in:a volume
of 3,0 ml which included 600 umoles of glycylglycine-NaOH buffer
(pH 7.6), 1.25 pmoles of NADP, 2,5 ml of a crystalline suspension
of glucose-6-phosphate debydrogenase in 3M ammonium sulphate
(0.5 IU at 30°) and the glucose-6-phosphate sample. The reaction
was followed to completion at which point there was no further
increase in the absorbance at 340 nm, The overall increase in
absorbance at 340 nm during the assay was used as a measure

of glucose-6-phosphate content.

Determination ef cytochrome by

The height of the Soret band at 427 nm relative to
410 nm in the reduced minus oxidized difference spectrum was

used to determine the cytochrome b, content in various cell

1
extracts, An extinction coefficient of 1.53‘x 105 l.mole:-:*"i.cm'1
was used for the Soret band (167). The determinations were done
in a Cary 15 spectrophotometer at 22° with 1 ml of cell extract

in both the reference and sample cuvettes, After scanning between
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600 nm and 400 nm to obtain a baseline one drop of 0,3% hydrogen
peroxide was added to the reference cuvette while excess sodium
dithionite was added to the sample cuvette. The spectrum was

rescanned over the baseline between 600 nm and 400 nm,
Enzyme assay procedures

One unit of enzyme activity is defined as the reaction
of 1 mumole of substrate per min at 37°. Specific activity is
defined as the reaction of 1 umole of substrate per minute per
mg of protein at 37°., When enzyme activity was used to determine
the elution position of the enzyme from a column then the
acti&ity was not quantitated. The assays for ATPase, ADPase,
AMPase, 5'-nucleotidase, alkaline phosphatase, polynucleotide
phosphorylase and (Ca2*-Mg?t) ATPase were done at 37° unless
otherwise stated. The other assays were routinely done at 22°,
In every assay the initial reaction rate was used to determine

enzyme activity,

Enzymezassays on whole cells

When intact cells were assayed for an enzyme activity
precautions were taken to prevent cold shock (168-170) by
doing all manipulations, subsequent to harvesting the cells
and prior to the assay incubation, at 22°, The cells were

routinely suspended in 10 mM glycylglycine-NaOH buffer (pH 8,0)
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containing 10 mM Mgﬂlz and 0,2M sucrose. The latter was added to

prevent osmotic shock of the cells,

Catalase

This assay procedure is based on that described by
Beers and Sizer (171). The assay mixture contained 1,2 ml of
3% hydrogen peroxide and 5 ml Qf 0.2M potassium phosphate
buffer (pH 7.1) to which was added 15 ml of water., Of this
mixture 1.2 ml were plpetted into a cuvette followed by the
enzyme sample plus water to a final voiume of 2 ml. The engzyme
sample was added last, and the change in absorbance at 240 nm
with respect to time was followed. In each assay the initlal
reaction rates were measured. Since this activity was used to
determine the elution position of catalase during gel filtration

or to monitor the lyslis of spheroplasts it was not quantitated,

Hexokinase

This assay was done in a final volume of 1 ml which
contained 0.18 pmoles of NADP, 3.3 mmoles ATP, 10 mmoles of
glucose, 6.6 pmoles of MgCl,, 66 mmoles of Tris-HC1l buffer
(pH 7.4) and 5 pl of a crystalline suspension of glucose-6-phosphate
dehydrogenase in 3M ammonium sulphate (1 IU at 30°). The reaction
was started by the addition of the enzyme sample, The change in

absorbance at 340 nm was recorded as a function of time and

the initlial reaction rate was found for each assay.,
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Alcohol dehydrogenase

Alcohol dehydrogenase was assayed in a final volume
of 1 ml that contained 1.4 ymoles of NAD, 1,14% v/v ethanol
and 50 pmoles of sédium pyrophosphate-HC1l buffer (pH 8.8).
After addition of the enzyme the rate of change of absorbance

at 340 nm was monitored.

Glucosez6-phosphate dehydrogenase

The assay method of Coukell and Polglase (172) was
used with the modification that the pH of the glycylglycine-
NaOH buffer was 8,0 and not 7.5. Contained in a final volume
of 1 ml were 5 pmoles of glucose-6-phosphate, 10 pmoles of
MgCl,, 0.14 pmoles of NADP and 50 umoles of glycylglycine-
NaOH buffer (pH 8.0). The change in absorbance at 340 nm with
respect to time was followed after the additlon of the enzyme

sample,

Adenylate kinase

The basis of the adenylate kinase assay is the deter-
mination of the rate of ATP production with ADP as the substrate,
ATP was determined in a coupled assay system similar to that
used in the hexokinase assay described above, where the net
result is an increase in absorbance at 340 nm due to NADPH

formation, The assay components were present in excess so that
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the reaction was only limited by ATP production and hence
adenylate kinase activity. This was verified by experiment.
The order of addition of the reagents was critical since the
commercial ADP contained small amounts of ATP (about 2%) which
gave an endogenous reaction, This endogenous reactlon was
allowed to go to completion before the adenylate kinase sample
was added, The components of the assay and their order of
addition to the cuvette were as follows: 115 umoles of glycyl-
glycine-NaOH buffer (pH 7.6), 5.8 pmoles of MgCl,, 58 umoles
of glucose, 5 ul of a hexokinase suspension in 3.3M ammonium
sulphate (2.5 IU at BOF), 5 pl of a crystalline suspenslon

of glucose-6-§hosphate dehydrogenase in 3M ammonium sulphate
(1 IU at 30°) and 1.2 pmoles of NADP, At this point the
mixture in the cuvette (volume 2.35 ml) was scanned at 340 nm
to obtaln a baseline. Then 2,9 pmoles of ADP were added in
0.15 ml of water and the endogenous reaction followed at the
same wavelength, When there was no further change with time

in the absortance at 340 nm the adenylate kinase sample plus
water was added to give a final volume of 2.6 ml. The reaction
rate of the enzyme at 32° was determined and the activity
expressed a8 umoles of ADP changed per min per mg of protein

at this temperature,

Polynucleotide phosphorylase

The method for determining polynucleotide phosphorylase
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activity was based on the incorporation of labelled nucleotide
into acid insoluble material. A series of conical test tubes

(12 m1).were set up each containing 10 pl of adenine trinucleotide
solution (5 mg/ml), 10 jumoles of Tris-HC1 buffer (pH 8.0),
1 pmole_of MgCl, and 1 umole of ADP which included 0.4 uCi
of JH-ADP, The reaction was started by the addition of 30 pul
‘of enzyme plus distilled water to give a final volume of 100 pl.
The mixtures were incubated for 2.5 h at 37°, At the end of
this period 2 ml of 5% trichloroacetic acid (TCA) (0°) were
added to each tube followed by 250 mg of bovine serum albumin,
The assay mixtures, which were faintly turbid at this point,
were filtered on millipore filters (0.45 M pore size) that
had been presoaked in 5% TCA and placed on Whatman paper supports,
Each sample was washed three times on the filter with 5 ml of
5% TCA and finally with 5 ml of ethanol, The filters were
dried and then placed in scintillation vials together with

5 ml of toluene plus "omnifluor” (New England Nuclear) (4 g
per 1, of toluene). The radioactivity of the samples was measured
in a Nuclear Chicago MK 1 1liquid scintillation counter with
25% efficiency for two 10 min periods., The counts per min were
averaged after correcting for blank vialues (assay done without

enzyme present) and for background radiocactivity.

Determination of NAD(P)H oxidase and NAD(P)H—K3 reductase

These assays were performed as described by Bragg and
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the enzyme with the assay mixture was done at 22°, The standard
assay contained 50 umoles of glycylglycine-NaOH buffer (pH 8.0),
10 pmoles of Mgﬂla and the enzyme sample in a volume of 0,95 ml.
After preincubating this mixture for 5 min at 22° the reaction
was started by the addition of 0.32 umoles of NADH or NADPH

(50 pl). The oxidase activity was given by the rate of change
in absorbance #t 30 nm, When sufficient reaction had occurred
to establish the oxidase activity, 50 nmoles of 2-methyl-i,4,
naphthoquinone (menadione) in 5 ul of ethanol were added and
the rate of chinge in absorbance at 340 nm was again measured.
The difference between the reaétion rates before and after the
addition of menadione (K3) was taken to be a measure of the
NAD(P)H-K3 reductase activity, Both the oxidase and reductase
activities were expressed as specific activitiles at 22°, using
a molar extinction coeffiéient for NAD(P)H of 6.22 x 10311.

mole'i.cmfl.

5'=Nucleotidase

The assays for 5'-nucleotidase were derived from
those described by Neu (19). The standard assay mixture
contained 2.5 pmoles of AMP, 50 umoles of sodium acetate buffer
(pH 6.0), 2.5 pmoles of CoCl,, 50 pg of bovine serum albumin
and the enzyme sample in a volume of 0,5 ml., The reaction was

started by the addition of the enzyme sample, When necessary
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the enzyme was diluted in a solution of bovine serum albumin
(100 pg/ml). After 30 - 60 min at 37° the reaction was stopped
by the addition of 10% TCA to each tube, The resulting
prec;pitate was pelleted by centrifugation at 14,500 x g for
10 mih at 2°- 5%, Samples of the supernatant were assayed

for phosphate as described elsewhere in METHODS AND MATERIALS,

Variations in 5'-nucleotidase assay

Variations In the assay were made as follows, Divalent

2+, Zn2+, and Mn2+ sometimes replaced

metal lons like Mg2+, Ca
Co®* at the same final concentration of 5mM. All were used in
the chloride form, When the assays were done at pH 8.0,
glycylglycine-NaOH buffer (pH 8,0) replaced the sodium acetate
buffer again at the same final concentration., When the substrate
was ATP rather than AMP the assay mlxture contained 2,5 umoles
of ATP and 50 pmoles of Tris-maleic acid buffer (pH 7.0) in

0.5 ml.

The fractlons obtained from hydroxylapatite by elution
with a gradient of potassium phosphate during the purification
of 5'-nucleotidase were assayed using bis-p-nitrophenyl phosphate
(bis-piNPP) as the substrate. The hydrolysis product p-nitrophenol
was measured by its absorbance at 410 nm in alkaline solution,
The assay volume of 0,5 ml contained 1.5 pmoles of bis-pNFP,

50 umoles of Tris-maleic acid buffer (pH 7.0) and the enzyme

sample, After a 30 - 60 min incubation at 37° the reaction was
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stopped by addition of 2.5 ml of 0,1N NaOH and the absorbance
at 410 nm was recorded., When using bis-pNPP as the substrate
the enzyme activity was not quantitated; with AMP and ATP,

specific activities and units were calculated as defined.

Assay for 'masked' 5'-nicleotidase

Where 5'-nucleotidase inhibitor was suspected of
masking the full enzyme activity samples weré pretreated at
50° for 10 min, Gooled to 22°, and then assayed for 5'-nucleotidase
or AMPase activity as described in "Enzyme assay procedures”,
The enzyme activities before and after heat treatment were

compared.,

AMPase, ADPase and ATPase

Assays for the hydrolysis of these three nucleotide
substrates were done in the presence of 100mM¥glycylglycine-
NaOH buffer (pH 8,0) and 5mM MgCl,. The nucleotides were all
used at a final concentration of 5mM. The samples were routinely
assayed at 37° for 30 - 60 min in a final volume of 0.5 ml.

The reaction was stopped by the addition of 10% TCA (0.25 ml)
as described in the 5'-nucleotidase assay. However when there
was‘not enough protein in the assay to give a precipitate, the
phosphate assay reagent was added with the 10% TCA, Specificliy

activity and units were calculated aé defined.
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Alkaline phosphatase

The subétrate used in the alkaline phosphatase assay
was p~NPP, The release of phosphate was measured rather than
the formation of p-nitrophenol. The assay conditlons were
the same as those described above for the AMPase, ADPase and
ATPase assays with p-NPP also at 5mM concentration.

Ca2+- or Mgz+-activated ATPase

2t or Mgai- activated

Once the properties of the Ca
ATPase had been elucidated the ATPase assay was modified to
make the assay conditions more specific for this engyme.
Cac12 at 5mM final concentration was used in place of tﬁe
Mgll,, and 100mM Tris-HC1l (pH 9.0) replaced the 100mM glycyl-

glycine-NaOH buffer (pH 8.0),

Variations in the (Ca2t-Mg®)-ATPase assay

When the effects of monovalent cations on the
(Ca2+-Mgz+)-ATPase were fested the Tris salt of ATP was used
instead of the disodium salt. When the optimum ion to substrate
ratio was investigated the concentration of substrate was held
at 5mM while the concentrations of ca?t and Mg2+ were varied
from 0 to 10 mM, For studies on the pH optimum of the enzyme
the Tris-HC1l buffer (pH 9.0) was replaced by 100mM Tris-acetate

buffers of pH values ranging from 4.5 to 9,0. Solutions of M 9.5
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and 10.0 were obtained by using 100mM glycine adjusted to the
required pH with NaOH., For studlies on the substrate specificity
of the enzyme, ATP was replaced by other substrates at the

same concentration of 5mM, Other variations of the assay

are mentioned as they occur in the legends to tables and

figures.

Column chromatography

& Column chromatography was routinely done at 0°- 4

2t o w2t

However once the cold lability of Ca -activated ATPase
was established the chromatography of this enzyme was done
at 22° unless 10% v/v glycerol was included in the eluting

solutlons to stabilize the ATPase,

Adsorption chromatography on hydroxylapatite

Hydroxylapatite powder (Bio-gel HTP) was a Bio-Rad
product supplied by Calblochem, After presoaking the powder
in 0,01M potassium phosphate buffer (pH 7.1), a column of
dimensions 1.4 cm x 14,5 cm was packed and washed with 200 ml
of the phosphate buffer. The sample (3 mg protéin) in 0,01M
potassium phosphate buffer (pH 7.1) (38 ml) was applied to
the column and washed in with more buffer intil 70 ml of
eluate had been collected. The sample was eluted by a linear

gradient of phosphate. This was set up by having 50 ml of 0.01M
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potassium phosphate buffer (pH 7.1) in the mixing chamber
and 50 ml of 0,2M potassium phosphate buffer (pH 7.1) in
the salt chamber. One ml fractions were collected at a flow

rate of 25 ml/h,

Ion~exchange chromatography of proteln on DEAE-cellulose

DEAE-celluilose from Calblochem (Cellex D) was either
freshly treated as described in METHODS AND MATERIALS or
was reused after storage at 4° in the presence of 0.1% butanol.
Butanol was removed from the exchanger by washing with several
volumes of the equilibrating buffer. The DEAE-cellulose was
uded in the chloride lon form and prior to use was equilibrated
with 2 - 1OmM Tris-HC1 buffer (pH 7 - 8) until the eluate
had the same pH as the buffer. Samples were applied in Tris-HCl
buffer of the same pH and molarity.»Eiution was by stepwise
increases in NaCl concentration or by a linear gradient of
increasing NaCl concentration. DEAE-cellulose (DE52) from
Whatman was sometimes used to obtain better resolution of
protein components. It was not pretreated with 0,5N HC1l and

0.5N NaOH but other manipulations were done as described abdove,

Gel filtration

Gel filtration through Sepharose 4B or 6B (Pharmacia)
was done in Pharmacia columns (2.5 cm x 45 cm). Prior to

packing the column the pre-swollen gel was brought to the



70

temperature at which the chromatography was to be carried out

and then diluted with an equal volume of the solution that

would be used to elute the sample., After packing the column

to the desired helight the gel was equilibrated by washing with

at least two column volumes of the eluting solution before the
Asample was applied. Elution was by dowhuard flow at a rate-of

15 - 30 ml per h, The total volume (V.) of the column was found
by including 0.1 ml of 0.2M phosphate buffer (pH ?51) in the
sample and subgequently testing the fractions collected for
inorganic phosphate. When not in use the Sepharose gels were
stored in the presence of 0.02% sodium azide at 4°, Packed columns
were preserved from bacterial attack by equilibrating thenm

with the 0,02% sodium azide solution at the temperature previously

used for the chromatography.

Determination of molecular weight by gel filtration

A column of Sepharose 6B (2.5 cm x 38 cm) was prepared
for calibration with molecular weight markers, A buffer containing
0.28M disodium EDTA in 50mM Tris-HC1 (pH 7.4) was used for
equilibration and elution of the column. Fractions (1.7 ml)
were collected at a flow rate of 30 ml per h. Yeast hexokinase
(mol, wt, 102,000 (174)), yeast alcohol dehydrogenase (mol, wt.
150,000 (174)), bovine catalase (true mol. wt. 248,000 (175);
apparent mol. wt. 195,000 (175)), equine apoferritin (mol. wt.

480,000 (174)), equine hemoglobin (mol. wt. 64,500 (174)),



71

and porcine thyroglobulin (mol. wt. 670,000 (174)) were used

as molecular welght markers, The elution positions (Ve) of the
last three proteins were measured by their absorbance (apoferritin
and thyroglobulin at 280 nm or 230 nm and hemoglobin at 415 nm)
while the other proteins were estimated by the enzyme activities.
The void volume (Vo) of the column was determined with blue
dextran (10 mg in 2 ml sample) by reading the absorbance at

256 nm of the fractions collected. The calibration curve was
obtained by plotting the 1°310 (molecular weight) against

K where
av’
Ve-vo

K = (176).

av
vt'vo

Polyacrylamide gel electrophoresis

' Routine analysis of the purity of fractions containing
the Ca?*- or Mgz+-act1vated ATPase was done by electrophoresis

on 5% polyacrylamide gels at pH 8,.7.

Preparation of disc gels

The gel mixture was prepared by dissolving cyanogum
(0.5 g) (E-C apparatus Corporation) in 10 ml of 50mM Tris-glycine
buffer (pH 8.7). This solution was de-aerated by suction and
then 10 pl of TMED were added followed by ammonium persulphate

(10 mg). After the latter had been dissolved the gel mixture
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was quickly dispensed into glass tubes (7.5 cm x 0.5 cm or

8.5 cm x 0,6 cm) which were held vertically in:a rack and

which had thelr ends sealed with parafilm. The tubes were filled
to a uniform height (80% - 90% full). A flat gel surface was
obtained by gently layering de-aerated Trié-glyeina buffer on
top of the gel mixture as soon as it had been introduced into
the tube., At this stage the gels were left to polymerize for

2 h at 37°,

Electrophoresis

‘Electrophoresis was carried out in a Shandon disc
-electrophoresis apparatus with the 50mM Tris-glycine buffer
{pH 8.7) in the upper and lower reservoirs. The parafilm
covering was removed from the bottom of the gel tube and

fresh Tris-glycine buffer was placed on top., After putting the
requisite number of gels into the apparatus, charged impurities
we