426

In a separate and identical experiment, without radio-
active phosphate, Ca2+ determination was also performed.

Results and discussion. The antibiotic X-537A is a
carboxilic ionophore which interacts with Ca?+ forming a
lipophilic complex 2. It has been demonstrated that such
a complex promotes a rapid Ca2+ efflux from Ca?* Joaded
SR vesicles, and a subsequent disruption of the Ca2+
gradient created by the pump4-17,

In Figure 1, it is shown that after the addition of
X-337A in the presence of EGTA there still remains
about 1.2 nmoles of E~P/mg of protein although all
Ca?+ has been released. This observation is consistent
with results of other investigators, who have demonstrated
that phosphorylation of the ATPase of SR may occur
in the absence of a Ca?+ gradient, and that the E~P
formed under these conditions is inhibited by Ca2+, but
requires Mg?+ 21-22 whereas the presence of acetyl phos-
phate abolishes the Ca?t inhibition?2. It has been sug-
gested that this phosphorylation takes place at the
external surface of the membrane and that another E~P
is also formed at the internal face as soon as Ca?t gra-
dient inside-outside is increased 21.

The addition of EGTA before X-537A (Figure 1)
increases the level of E~P, probably due to the increase
of the Ca?t gradient and also due to the decrease of Ca2+
concentration outside. Once the ionophore is added, the
Ca?+ gradient is completely destroyed and the E~P
decreases to about 1.2 nmoles/mg protein. This level of
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E ~P corresponds to the phosphorylated form which is
Ca?* gradient independent. As the presence of EGTA
removes external Ca?+, the remaining level of E~P is
supposed to be the form which is Mg?+ dependent and is
inhibited by outside Ca?t. ADP discharges this form
which is in accordance with results of other workers 22,

If X-537A is added before EGTA, the E~P is nearly
all destroyed (Figure 2). In this case, the E ~P which is
dependent on the Ca?t gradient is depressed because
X-537A abolishes the gradient, and the E~P which is
Mg?+ dependent is depressed by the extravesicular Ca2+.
Acetyl phosphate, which could prevent this inhibition,
is in low concentration, since it was hydrolyzed during
the previous Ca?+ uptake. The further addition of EGTA,
on the other hand, decreases the outside free Ca%+ con-
centration and allows the rapid phosphorylation of the
external sites to form the Mg2+-dependent E ~P which is
inhibited by Ca?+.

We conclude -that X-537A abolishes the E ~P which
depends on the Ca2?+ gradient, but has no effect on the
E ~P which is Mg2+ dependent and inhibited by outside
Ca2+,

20 B. C. Pressman, Fedn. Proc. 32, 1698 (1973).
2 T, Kanazawa and P. D. Bover, J. biol. Chem. 248, 3163 {1973).
2 1. pe Meris and H. Masupa, Biochemistry 73, 2057 (1974).

Regulatory Properties of the Citrate Synthase from Rhodospirillum rubrum
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Summary. Citrate synthase, purified 600-fold from Rhodospivillum rubrum, is activated by KCl and inhibited by ATP
and NADH ; the effect of the latter inhibitor is completely counteracted by AMP and partially counteracted by KCl.

Rhodospivillum rubrum, a Gram negative, facultatively
photosynthetic bacterium, contained citrate synthase
(EC 4.1.3.7) both when grown anaerobically in the light
or heterotrophically in the dark? The enzyme in cell-free
extracts was reported to be inhibited by NADH and
deinhibited by AMP?2, as is the case for most citrate
synthases from Gram negative bacteria which do not
ferment glucose®, including photosynthetic microorgan-
isms like Rhodopseudomonas capsulata® and Rhodo-
pseudomonas  sphevoides®. However, FLECHTNER and
Hanson’ reported that their partially purified enzyme
preparation from R. yubrum was not inhibited by NADH,
but was inhibited by ATP; they stated that the enzyme
regulatory properties were similar to those of the citrate
synthase from the Gram positive Bacillus subtilis®:®.
Although a few possible exceptions to the regulatory pat-
tern proposed by WEeIrzMaN and JonNEs® are known®$,
we decided to re-examine the regulatory properties of the
citrate synthase from R. rubrum, particularly with re-
spect to the effect of NADH.

Materials and methods. The blue-green, carotenoid-less,
mutant strain BG-1 of R. rubrum?® was grown anaero-
bically in the light at 30°C on succinate as carbon source.
The cells (41 g wet weight) were disrupted by sonic
disintegration, and a cell-free extract obtained by ultra-
centrifugation of the homogenate® The crude extract
was fractionated with ammonium sulphate; the 50-66%,

saturation fraction, dissolved in 0.05 M Twis HCI buffer
(pH 7.6) -1 mM EDTA - 0.4 M KCI, was subjected to gel
filtration on a Sephadex G-200 column (50.5%1.8 cm)
equilibrated with the same buiffer. The elution volume of
the citrate synthase was 39 ml; the void volume of the
column, determined with Blue Dextran 2000, was 34.5 ml.
The fractions with the higher specific activities were
pooled and fractionated again with ammonium sulphate.
The 50-66%, saturation fraction was dissolved in 0.01 M

1 This work was supported by grants from the Consejo Nacional de
Investigaciones Cientificas y Técnicas de la Republica Argentina
and the Consejo de Investigaciones de la Universidad Nacional
de Rosario. JJC, and EM and AIH, are members of the Carrera
del Investigador Cientifico of the former and the latter institu-
tions, respectively.

2 L. EipeLs and J. PrEiss, J. biol. Chem. 246, 2937 (1970).

& P, D. J. Werrzman and D. Jones, Nature, Lond. 279, 270 (1968).

4 R. Borriss and E. OumaNN, Biochem. Physiol. Pflanzen 763,
328 (1972).
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Table I. Purification of the citrate synthase from Rhodospirillum rubrum

Step Total volume Total activity Recovery Total protein Specific activity Purification (fold)
(ml) (units) (%) (mg) (units/mg)
Crude extract 128 61.2 100 1152 0.05 1
Ammonium sulphate 1.35 51.6 84 146 0.35 7
Sephadex G-200 5.0 27.2 44 5 5.43 109
Ammonium sulphate 1.0 17.6 29 2 8.80 176
1st hydroxylapatite 6.0 7.0 11 0.32 21.87 437
2nd hydroxylapatite 3.1 2.8 4.6 0.09 31.11 622

Citrate synthase was purified from 41 g (wet wt.) of cells of R. rubrum, and assayed, as described in the Methods section. The concentration
of acetyl-CoA in the standard reaction mixture was non-saturating; the specific activity of the highly purified enzyme at saturating con-
centrations of both substrates (Table II) was about 120 pmoles/min/mg protein.

potassium phosphate buffer (pH 7.0)- 0.1 mM EDTA,
dialyzed against the same buffer solution, and applied to
a hydroxylapatite column (0.7 x0.8 cm), which was
eluted stepwise with buffer solutions of similar composition
and increasing phosphate concentration. The bulk of the
enzyme activity was eluted by the 0.09 M potassium
phosphate buffer. The active fractions were pooled and
re-chromatographed on hydroxylapatite under essen-
tially identical conditions. The enzyme activity was as-
sayed as previously described®, in the presence of 0.1 M
KCl. Other experimental conditions are given in the
legends to the Tables. The chemicals and reagents were
the same as previously described .11,

Results and discussion. The 600-fold purified enzyme
preparations obtained by the method outlined in Table I
were nearly homogeneous when subjected to polyacryl-

Table II. Effect of KCI on the kinetic parameters of the reaction
catalyzed by the citrate synthase from Rhodospirillum rubrum

Without KCl 105 mM
KCl
K m Acetyl-CoA (M) 780 - 210 112 +4
K m Oxaloacetate (uM) 1324 26 10.94-0.6
Vmaz (umoles/min/mg protein) 724 4+ 13.9 117.2 4+ 6.9

The enzyme activity was assayed in the presence of acetyl-CoA
concentrations from 50 to 200 wM, and oxaloacetate concentra-
tions from 5 to 50 wM, in the absence or in the presence of 105 mM
KCL The true K and Vames values (4 SE, #n = 5) were calculated
from secondary plots of intercepts as a function of the reciprocal
concentrations of the fixed substrate!’, by the method of WiLKIN-
SON18,

amide gel electrophoresis!?; the protein band correspond-
ing to citrate synthase was estimated to account for at
least 909, of the total protein in the gels.

The enzyme was activated by monovalent cations.
Under standard assay conditions'® KCl was the best
activator (6-fold stimulation at 0.1 M), whereas NH,Cl
and NaCl, at the same concentration, elicited 3.4-fold
and 3-fold activation, respectively. The greater effective-
ness of KCl has been reported for other bacterial citrate
synthases4: 1011, The activation was attained mainly
through a decrease in the K, value for acetyl-CoA,
although there was also some increase in the Viqz; the
K for oxaloacetate was not changed by the activator
(Table II). The double-reciprocal plots obtained for
each substrate at several concentrations of the co-sub-
strate, in the absence or in the presence of KCl, inter-
sected at the abcissa, showing that the K, values were
independent of the concentration of the co-substrate.
The same kinetic pattern has been reported for citrate
synthases from other sources, among them bacterialtt, 13,

The highly purified citrate synthase from R. rubrum
was, inhibited by ATP, either in the absence or in the
presence of KCl. The inhibition was strictly competitive
towards acetyl-CoA and non-competitive towards ox-
aloacetate (Table III), as previously demonstrated for
citrate synthases from other sources415. The citrate

10 B. Massarint and J. J. Cazzuro, FEBS Lett. 39, 252 (1974).

1A, I. Higa and J. J. Cazzuro, Biochem. J. 747, 267 (1975).

12 B. J. Davis, Ann. N. Y. Acad. Sci. 727, 404 (1964).

13 D, E. Jounsox and R. S. Haxson, Biochim. biophys. Acta 350,
336 (1974).

14 D. SuepuerDd and P. B. GARLAND, Biochem. J. 774, 597 (1969).

15 H. P. KLeBER and H. TaucHERT, Acta biol. med. germ. 32, 575
(1974).

Table III. Inhibition of the citrate synthase from Ruodospirillum rubrum by ATP

Concentration of ATP Variable acetyl-CoA

Variable oxaloacetate

(mM)
Apparent Kmn Apparent Vinae Apparent Kn Apparent Vs
(M) (wmoles/min/ml enzyme) (M) (wmoles/min/ml enzyme)
0 109 + 3 2.25 L 0.03 10.6 - 0.7 1.13 & 0.02
2 202 4 22 2.46 4- 0.16 9.24-0.8 0.75 4- 0.02
5 368 4 35 2.73 4 0.20 10.1 +1.2 0.57 + 0.06

The enzyme activity was assayed in the presence of 105 mM KCI. When used as the fixed substrate, the concentration of oxaloacetate was
50 M and that of acetyl-CoA was 0.1 mM. The apparent K= and Vimas values (& SE, # = 4) were determined according to WiLkINsoN18.
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Table IV. Effect of KCl and AMP on the inhibition of the citrate
synthase from Rhodospirillum rubrum by NADH

Concentration of KC1 (mM) (Do, (WM) Apparent »n
0 4.7 — 2.25 4-0.07
35 6.1 — 2374+ 0.24
105 9.6 — 1.79 4+ 0.19
210 23.0 — 1.70 4+ 0.04
Concentration of AMP (M)
0 6.1 — 2.3740.24
2.5 16.8 — 2,034 0.13
5.0 21.5 — 2.34+0.20
7.5 31.0 —2.2240.10
10.0 36.0 — 2.14 4+ 0.17

The assay conditions were as previously described!!, except for the
concentrations of AMP and KCl which were as stated in the Table,
and that of NADH, which was varied from 0 to 70 uM. The concen-
tration of KClin the experiments related to the effect of AMP was
kept constant at 35 mM. 0.3 pug of purified enzyme were used per
assay. The apparent # values (- probable EM; n = 5) and (I),.;
values for NADH (NADH concentration for half-maximal inhibition)
were calculated as previously described?®.

Table V. Deinhibition of the citrate synthase from Rhodospirillum
rubrum by AMP

Concentration of NADH (uM) (A)g.s (LM) Apparent »n

6.4 1.6 1.66 - 0.05
16.1 4.3 1.84 +0.26
32.0 10.4 2.17 4+ 0.07
64.0 17.5 2.79 4 0.11

The experimental conditions were similar to those given in the
legend to Table IV, except for the fixed NADH concentrations stated,
the concentrations of AMP, which were varied between 0 and 20 u.M,
and that of KCl, which was kept constant at 105 mM. The apparent
# values (- probable EM; # = 5) and (A),,5 values for AMP (AMP
concentration for half-maximal stimulation of enzyme activity)
were calculated from Hill plots considering only the portion of the
enzyme activity due to the AMP effect, as previously described?®.

16 P, D. J. Werrzman and P. Dunuore, FEBS Lett. 3, 265 (1969).
17 W, W, CLELAND, The Enzymes (Ed. P. D. BovyERr; Academic Press,
New York 1970), vol. 2, p. 1.
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synthase from R. spheroides has also been reported to be
inhibited by ATP, although in the latter case the inhibi-
tion was non-competitive towards both substrates<.
The enzyme from R. capsulata was reported not to be
inhibited by ATP2.

The R. rubrum citrate synthase, like the enzymes from
R. capsulata® and R. spheroides?®, was strongly inhibited
by NADH (Table IV); the kinetics of inhibition was
sigmoidal. The effect of NADH was counteracted by
KCl, which increased the (I),.; for NADH with some
decrease in the apparent #, and by AMP, which also
caused an increase in the (I)y ; without significant varia-
tion in the apparent # (Table IV). The curves of enzyme
de-inhibition by AMP were also sigmoidal; both the
(A)e.s for AMP and the apparent # increased with the
concentration of NADH (Table V). The inhibition by
NADH was non-competitive towards oxaloacetate; the
kinetic pattern for acetyl-CoA became sigmoidal in the
presence of the inhibitor. The apparent = value for acetyl-
CoA increased from 1.08 4 0.01 in the absence of NADH
to 1.73 4 0.04 in the presence of 6 uM NADH; the cor-
responding (S}, values (concentration of acetyl-CoA
required for half-maximal velocity) were 0.6 and 1.1 mM,
respectively. The enzyme was not inhibited by «-oxo-
glutarate at concentrations up to 10 mA/, either in the
absence or in the presence of KCIl. Therefore, the citrate
synthase from R. rubrum shows the properties to be
expected from similar enzymes from Gram negative
bacteria which do not ferment glucose® ', being dis-
tinctly different from those of Gram positive bacteria.
The effects of NADH and AMP are similar to those de-
scribed for the enzymes from R. capsulata® and R. sphe-
roides®. There are some differences, however, in the effect
of ATP; the activation by KCI has not been reported for
the Rhodopseudomonas enzymes? 4,

The inhibitory response of the R. vubrum enzyme to
NADH and ATP suggests that it will be strongly inhibited
under photosynthetic conditions, where both the con-
centration of NADH and the adenylate energy charge can
be expected to be high?4. Although the effects reported
have been studied in vitro, it is possible that they are
involved in the enzyme regulation in vivo, since they were
evident at rather high concentrations of KCl, which
might be present inside living bacterial cells.

18 G. N. WiLkINsoON, Biochem. J. 80, 324 (1961).
1 7, J. Cazzuro and A. O. M. Stoppani, Arch. Biochem. Biophys.
727, 563 (1968).

Effect of Heat Treatment on the ATPase Activity of Various Sarcoplasmic Reticulum Preparations
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Summary. Ca2+-stimulated ATPase activity of sarcoplasmic reticulum (SR) preparations is activated after a short
period of preincubation at temperatures between 40 and 45°C, but for temperatures higher than 48°C pronounced
denaturation is observed. Heat denaturation is decreased if Mg?+ or K+ are present during heat treatment.

Leaky sarcoplasmic reticulum (SR) vesicles can be
prepared by treatment with various agents such as
phospholipase A2, diethylether?, EDTA#% and X-537A5,
a Ca?* jonophore. After each of these treatments, the
membrane vesicles lose the ability to accumulate Ca?*,
although they retain the ATPase activity in some form,
and have been utilized by several investigators to study
phenomena related to the enzyme?-7.

In this work we studied the behaviour of SR prepara-
tions previously treated with diethylether, EDTA and
X-537A with respect to heat denaturation of the ATPase
enzyme and its stabilization by cations.

Materials and methods. Sarcoplasmic reticulum mem-
branes were isolated from rabbit skeletal muscle as
described previously®. Immediatly after isolation, sam-
ples of SR were treated with 89, (v/v) diethylether ac-



