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1. Introduction

The regulatory properties of bacterial citrate syn-
thases are related to the taxonomical position of the
microorganism [1—3]. The enzyme from Enterobac-
teriaceae are inhibited by NADH, whereas those from
other Gram negative bacteria, like the Pseudomona-
daceae, are in addition deinhibited by AMP [1]. The
citrate synthases from different bacteria are affected
by salts to a different extent; the enzyme from E. coli
is desensitized against NADH by 0.2 M KCl [4], and
that of Azotobacter vinelandii is strongly activated
by KCl [5]. The latter enzyme, in addition, is acti-
vated by 5 mM AMP [5] . A psychrophilic, slightly
halophilic, marine Pseudomonad contains an NADH-
inhibited, AMP-reactivated citrate synthase [6]. We
show in this communication that, in addition to
possessing these properties which might be expected
from the taxonomical position of the microorganism,
the enzyme was strongly activated by KCl (7-fold, at

50 mM) and by very low concentrations of AMP (8-fold,
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at 10 uM), in both cases in the absence of NADH. The
activators affected both the apparent V. and Ky
values for the substrates acetyl-CoA and oxalacetate.

2. Materials and methods

The microorganism, the conditions for the culture,
harvesting and washing of the cells, the preparation
of cell-free extracts by sonication and the DNAase
treatment were as previously described [7]. The crude
extract was fractionated with ammonium sulphate
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and chromatographed on a DEAE-cellulose column,
with a linear gradient of KCl (0—500 mM), as de-
scribed for the purification of the malic enzyme from
the same microorganism [7]. Citrate synthase activity
was eluted between 160 and 220 mM K*, as deter-
mined by flame photometry. The active fractions
were pooled and fractionated again with ammonium
sulphate. The 66—100% saturation fraction, dissolved
in 0.05 M Tris—Cl buffer, pH 7.6, containing 1 mM
EDTA, and dialysed against the same buffer for 12 hr
at 4°C, was used for the experiments described. The
specific activity of the partially purified enzyme was
0.4 (in the absence of effectors) or 14.3 (in the pre-
sence of 50 mM KCl and 10 uM AMP) umoles of CoA
liberated/min/mg of protein; this means a 52-fold
purification with respect to the crude extract.

The chemicals used were the same as previously
described [6], with the exception of CoA, which was
purchased from Sigma Chemical Co., St. Louis, Mo.,
USA. Acetyl-CoA was prepared by acetylation of CoA
with acetic anhydride [8], using NaHCOj instead of
KHCO3, in order to minimize the K* concentration
in the reagents. The concentrations of acetyl-CoA and
oxalactate were determined with commercial pigheart
citrate synthase (obtained from Boehringer, Mannheim),
in the presence of an excess of the other substrate and
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB).

The small amounts of ADP and ATP free from
AMP required to test for a possible activation by the
former nucleotides were obtained by paper chroma-
tography [9], followed by elution in 0.05 M Tris—Cl
buffer, pH 7.6, containing 1 mM EDTA.
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Fig. 1. Effect of KCI and NaCl on the activity of citrate syn-
thase from Pseudomonas. The reaction mixtures contained
(in umoles) in a final volume of 1 ml: Tris—Cl buffer, pH 7.6,
45; EDTA, 0.9; acetyl-CoA, 0.044; oxalacetate, 0.14; DTNB,
0.1; enzyme, 13.5 ug; and KCl (e) or NaCl (o) as stated on
the abscissa. The reaction was started by the addition of the
enzyme to the otherwise complete reaction mixture, and
followed as the increase in absorbance at 412 nm in a
Beckman DB-G recording spectrophotometer, at 30°C. The
reaction velocity (v) is expressed as nmoles of CoA liberated/
min.

3. Results and discussion

In a previous study on the citrate synthase from
an extreme halophile [6], we used the enzyme from
the marine Pseudomonad for comparative purposes.
It became evident that AMP and KCl were able to ac-
tivate the latter enzyme by themselves, in the absence
of the inhibitor NADH.

The effect of KCl, in the presence of a low concen-
tration of acetyl-CoA and a nearly saturating concen-
tration of oxalacetate, is shown in fig. 1. Relatively
low concentrations of KCl were able to activate the
enzyme, with a maximal activation of about 7-fold at
50 mM. Higher concentrations caused a relative inhibi-
tion. NaCl was less effective as an activator, giving a
maximal activation of 2.5-fold at 100 mM. The citrate
synthase from A. vinelandii has been previously re-
ported as activated by KCl and NaCl, with the same
order of effectiveness. The enzyme from Pseudomonas
fluorescens was less affected by the salts |5].

Fig. 2 shows the effect of increasing concentra-
tions of AMP (up to 10 uM), in the absence of KCl or
in the presence of the salt (10 or SO mM). The curves
were sigmoidal, and although apparently the sigmoidi-
city was diminished by KCl, the apparent n values,
obtained from Hill plots considering only the portion
of activity due to AMP stimulation [10]}, were 3
irrespectively of the presence or absence of KCi. The
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Fig. 2. Effect of AMP on the activity of citrate synthase from
Pseudomonas. The experimental conditions were as described
in the legend to fig. 1, except for the concentration of oxal-
acetate (0.21 mM), the amount of enzyme (4.5 ug), and the
concentration of KCl, which was 0 mM (o), 10 mM (A) or

50 mM (o). The concentration of AMP varied as stated on
the abscissa.

(A)g 5 values obtained from these plots were 1.7, 0.9
and 0.8 uM AMP, in the absence of added KCl or in
the presence of 10 or 50 mM KCl, respectively. The
main effects of KCl with respect to the activation by
AMP were, therefore, a decrease in the (4) 5 value
and an increase in the V.. , although the relative
extent of the stimulation by AMP slightly decreased

as the concentration of KC| was raised (from 8-fold

in the absence of added salt, to 7-fold and 6-fold, in
the presence of 10 mM and 50 mM KCl, respectively).

ADP and ATP, at concentrations up to 10 uM,
were not effective as activators.

In control experiments with pig heart citrate syn-
thase, this enzyme was very little affected by salts
and AMP within the same concentration ranges. The
enzyme from A. vinelandii required for half-maximal
stimulation a considerably higher AMP concentration,
namely 0.3 mM (5); that from Ps. fluorescens was not
stimulated by AMP [5].

Table 1 summarizes the results of kinetic experi-
ments on the effect of the activators, alone or together,
on the apparent Ky and V.. values for both sub-
strates. KCl and AMP, particularly when both of them
were together, caused increases in the V.. and de-
creases in the K, values. Thus the ¥ ,, obtained
from the experiments with oxalacetate as the variable
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Table 1
Effect of the activators KCl and AMP on kinetic parameters of citrate synthase from Pseudomonas.
Additions Variable oxalacetate Variable acetyl-CoA
Ky (uM) Vmax Ky (mM) Vmax

None 50 0.5 0.40 5.7

50 mM KClI 24 2.6 0.33 20.4

10 uM AMP 7 4.4 0.20 35.1

50 mM KCI + 10 uM AMP 1 18.3 0.03 38.3

The experimental conditions were as described in the legend to fig. 1, except for the concentrations of acetyl-CoA, which was
0.044 mM in the experiments with oxalacetate as the variable substrate, and oxalacetate, which was 0.24 mM in the experiments
with acetyl-CoA variable. For the experiments in the absence of AMP, the concentration of acetyl-CoA was varied in the range
0.0044—0.044 mM; under these conditions, Michaelis—Menten kinetics were obtained. At higher acetyl-CoA concentrations, de-
viations from linearity of the double reciprocal plots were observed, presumably due to very small amounts of AMP present as a

contaminant; attempts to eliminate this contamination by chromatography [7] were unsuccessful. This lack of linearity at the
higher acetyl-CoA concentrations was not observed when the experiments were performed in the presence of 10 uM AMP.

The apparent V.. values are expressed as umoles of CoA liberated/min/mg of protein. The kinetic constants were obtained
from the slopes and intercepts of double reciprocal plots, calculated by the least squares method.

substrate, in the presence of a low concentration of
acetyl-CoA, was increased by 36-fold in the simulta-
neous presence of 50 mM KCI and 10 uM AMP; the
Vinax obtained from acetyl-CoA plots was increased
by 6.7-fold under similar conditions. In addition, the
apparent K values for oxalacetate and acetyl-CoA
were decreased by about 12-fold, in the presence of
the two activators together. In the case of the 4. vine-
landii enzyme [5], the Ky for acetyl-CoA was de-
creased to a similar extent in the presence of the
activators, but the Ky, for oxalacetate was decreased
only by 2-fold. The effects on V., were not reported.
The activation of the citrate synthase from the
marine Pseudomonad by very low concentrations of
AMP suggests that the enzyme would be in an activated
state under physiological conditions, and that the re-
gulation in vivo could be accomplished through the
inhibition of the AMP-activated citrate synthase by
NADH. Preliminary experiments suggest that the ac-
tivation by AMP and the inhibition by NADH depend
on the concentration of the other modifier. In the pre-
sence of a high concentration of NADH, the (4) 5
for AMP might rise to a value high enough to allow
the enzyme regulation through fluctuations in the
concentrations of the adenylates.
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