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Abstract—The purification of citrate synthase and malate dehydrogenase from tomato fruit is described. Citrate
synthase has a total M, of approximately 104000 and a subunit M, of approximately 50000, indicating a dimer of
similar sized subunits. K,, values for oxaloacetate and acetyl-CoA are 19 and 18 uM respectively. 5,5-Dithiobis-(2-
nitrobenzoic acid) is a potent inhibitor of enzyme activity; indole acetic acid neither enhances or inhibits activity.
Thermal inactivation studies suggest the absence of isoenzymes; one substrate, oxaloacetate, confers complete
protection against inactivation whereas the other, acetyl-CoA, affords none. The product, citrate, confers limited
protection but only at high concentrations ( > 100 mM). Isoelectric focussing studies of MDH revealed four
isoenzymes with isoelectric points of 4.17, 4.35, 4.50 and 4.70. Isoenzymes from the cytosol were separated from the
mitochondrial form by Percoll fractionation and required completely different conditions for elution from matrex gel
orange A. The enzyme consists of two subunits of similar M, 76 000.

INTRODUCTION

Tomato fruit ripening involves de novo synthesis of
enzymes, probably controlled by ethylene [1-3] in ad-
dition to the reduction of specific chloroplast mRNA
species [4-6]. Concurrently, large changes occur in the
specific activities of several citric acid cycle and related
cytosolic enzymes. These changes, not mediated by et-
hylene, involve an increase in the specific activity of
NADP-linked malic enzyme concomitant with decreases
in the specific activities of cytosolic malate dehydrogenase
and mitochondrial citrate synthase, NAD-linked iso-
citrate dehydrogenase and malate dehydrogenase. The
specific activities of these enzymes fall by 609, during
ripening and then stabilize at this new level. As discussed
elsewhere [7], one method of determining whether modi-
fication or proteolytic breakdown is involved in these
changes is to quantify the amount of enzyme protein
(independent of activity measurements) present at dif-
ferent stages of ripening, using antibodies raised against
purified citric acid cycle enzymes. As a step towards that
goal we here report the purification of tomato fruit citrate
synthase (CS) and malate dehydrogenase together with
some properties of the enzymes.

RESULTS
Purification of citrase synthase

Citrate synthase (EC 4.1.3.7) from a microbial source
has been purified successfully using matrex gels [8]. The
binding efficiency of several of these gels for CS from
tomato fruit is shown in Table 1 which indicates that red A
is the matrex of choice, although, if yield is sacrificed,
orange A is suitable. Citrate synthase from tomato fruit
could not be eluted specifically using CoA and
oxaloacetate from any of the matrex gels. lon-exchange
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Table 1. The binding efficiency of Amicon matrex gels for citrate
synthase from Lycopersicon esculentum

% of total protein
loaded that was
eluted using
0.5MKClI in 50 mM

9, of total activity loaded
that was eluted using
0.5M KCl in 50 mM

Matrex gel Mops, pH 7.8 Mops, pH 7.8
Green A 35 40
Blue A 80 27
Blue B 7 11
Red A 85 15
Orange A 40 4

1 mg of protein in a volume of 1 ml of crude supernatant was
applied to each column. Protein was eluted as described.

using DEAE-cellulose and affinity chromatography on
ATP-Sepharose proved ineffective methods for purifying
CS. In the former case, the enzyme bound but no activity was
eluted and in the latter, no binding occurred although CS
from pigeon breast bound to the same column. Citric
synthase from tomato fruit was purified by a combination of
ammonium sulphate fractionation and chromatography
using matrex gel red A and Sephacryl $-200. The purifi-
cation is summarized in Table 2. Gel permeation chromato-
graphy of the purified enzyme in the presence of markers of
known M, yielded a total M, for CS of approximately
104000 and SDS polyacrylamide gel electrophoresis
indicated that the protein was a dimer with similar size
sub-units of M, 50000. In a previous paper [9] we
reported the 609 fall in specific activity of CS from
ripening tomato fruit, and in an attempt to determine
whether this fall was due to the loss of one or more
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Table 2.

Purification scheme for citrate synthase

Protein - Volume

Stage gl {ml}
Crude extract 2101 3820
Ammontum sulphate
3707, 337 96
saturation
Matrex gel red A 24 24

K7 4

Sephuacryl 5-200

remaining octivity

l()g;(l

2 4 g 8 18]

Time {min}

Fig. 1. Thermal mnactivation of purifted  citrate  synthase.
Inactivation of citrate synthase from 7., escuwientum incubated at
P b U U I L4758 -

~ < 8 and o the presence of | mM OAN (#-— #1475 and
PO mM acetvl-CoA (@ ), &7

the followtng temperatures: {

isoenzymes. thermal inactivation studics were performed
on the purified CS. Figure I shows that all the semi-log
plots were monophasic indicating the probable lack of
isoenzymes and. in addition, that | mM oxaloacetate
protected the enzyme against thermal inactivation, while
10mM acetyl-CoA enhanced the rate of activation
compared with the conirol The data {rom an identical
experiment using crude tomato homogenate gave similar
results, suggesting that soenzymes had not been lost
during purification.

Sarkissian [ 10] reported that 'S from bean hypocaotyl
was activated and modified in molecular size by the plant
growth substance {AA. We examined the etfect of IAA on
CS from tomato frutt at two concentrations and found no
evidence of enhancement or inhibition of activity, The
mactivation of €S by 5.5 -dithiobis-i 2-nitrobenzoic acid)
(DTNB) is shown m Fig. 20 An identical amount of pig
heart C'S showed no inhibition i the presence of DTNB.
The activity of S from tomato fruit was ihibited by
ATP competiively with respect to acetyl-CoA and non-
competitively  with respect to oxaloacetate. NADH
(0.1 mM-1.0mM i did not imhibat the acinity of €S from
tomate {ruit,
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Fig. 2. Inhibition of citrate synthase by DTNB (O - O Citrate
synthase from /. esculentum in the presence of S0 mM Mops plus
SmMUDTNB (@ @i mthe presence of an 30 mM Mops (-
~ nopig heart citrate synthase i the prosence of 20 mM Mops
M I ENH

Purification of malate debvdrogenas

Malate dehvdrogenase was separated trom contaminat-
ing malic enzyme (EC L1140 actvity by ammonium
sulphate fractionation, MDH precipitating i the 50-70
fraction and maic enzyme n the 30-30 7, fraction. In
addition, MPH was cluted from matrex gel red A i two
distinet fractions: 3 ofthe activity apphed was eluted at
a KClconcentration of 130 mM, while the remaining 207,
Ihis latier fraction co-eluted
iy MEPH was further purified
Mono (\)

with citrute synthase act:
by anion-exchange chromatography on a
column. All activity was recove in three vonsecutive
fractions.  [hese ctions were poeoled. ditlvsed and
applied to a column contamming matrey gel blue A which
has been cquilibrated with 20 mM Mops, pH 8.0, Atrer
elution the fractions contaring MIDH were concentrated
and loaded onio an SDS-polvacrsianude gel. The results
mdicated @ single band with an ostinated M, of 40000
Samples were run on « & nen-denaturing polyacrvl-
amide gel and tour prowin bands comerded with four
bands which could be stamed tor M DM achivity No other
protein bands were visible

Malate dehydrogenuse which way dralvsed und sob-

S

jected to soelectric fuvussing (HEEF on an LK B column
H
1

gave four peaks of activity with plvslues o 417, 435450
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Fig. 3. Resolution of malate dehydrogenase isoenzymes by iso-
electric focussing. Elution profile of malate dehydrogenase
isoenzymes from an LK B iso-electric focussing column (100 ml).
The pH gradient is shown by the open circles and malate
dehydrogenase activity by the closed circles. Twenty-four
thousand units were added in a total of 2 ml and 22 780 units were
recovered. Intially, 500 V were applied to the column; this was
gradually increased to 2000 V. Focussing was completed when
the current stabilized at its lowest level.

and 4.70 (Fig. 3). During isoelectric focussing, 95 %; of the
contaminating CS activity was lost but 90 %, of the MDH
activity was retained. The peak at 4.70 was relatively small
compared to the other peaks. The M, of MDH was
estimated by gel filtration on Sephadex G-100 to be
approximately 76 000.

DISCUSSION

On the basis of the absence of a biphasic inactivation
curve, the thermal inactivation studies suggest that only
one isoenzyme of CS is present in tomato fruit. Zehler et
al. [11] showed that the glyoxysomal and mitochondrial
isoenzymes of CS from Ricinus communis have different
thermal inactivation characteristics. The mitochondrial
isoenzyme lost 50 % activity within 10 min at 45° whereas
the glyoxysomal isoenzyme was completely stable at 47°,
Thus the thermal inactivation profile of CS from
Lycopersicon esculentum is similar to that of the mito-
chondrial form of CS from Ricinus communis but differs
from that of the glyoxysomal isoenzyme. Some plant CS
enzymes are inactivated by DTNB as is CS from
Lycopersicon esculentum. Although the same concentra-
tion of DTNB had no effect on pig heart CS, there was a
rapid inactivation of CS from tomato fruit. The inacti-
vation was slow for 30 min and then, within a short
period, there was complete loss of activity. The inactiv-
ation of CS from Phaseolus vulgaris [12] followed a
similar trend; complete inactivation in the presence of
0.1 mM DTNB took 90 min, while similar concentrations
of mercuric acetate and silver nitrate inactivated the
enzyme complete within 5 min. In the presence of excess
dithiothreitol (DTT), 60 ¢, reactivation occurred in the

case of mercuric acetate and silver nitrate; however, DTT
failed to reactivate the enzyme that had been treated with
DTNB. Srere et al. [13] found that CS from mango fruit
was inhibited by several sulphydryl-blocking reagents
including DTNB, Hg?* and paramercuri-benzoate, but
that excess DTT only reactivated enzyme which had been
treated with the latter two inactivators. This may be
because the slow inactivation by DTNB causes a confor-
mational change such that the enzyme dissociates into its
subunits or steric hindrance may prevent DTT reducing
the disulphide bridges. Sarkissian [10] reported the
inactivation and modification of CS from bean shoot and
cauliflower mitochondria. However, Brock and Fletcher
[14] could find no activation when they repeated the
work. In the present study there was no evidence of
activation by IAA. In contrast to the findings of Sakamoto
et al. [15], using castor bean tissue, no inhibition of CS by
citrate or malate was detected. However, the concentra-
tions of citrate and malate used by Sakamoto et al. were
high (20 mM and 84 mM respectively) and probably not
physiological. The protection afforded by oxaloacetate
against thermal inactivation was almost complete. Srere
[16] proposed that the binding of oxaloacetate to CS
induces a conformational change which increases the
stability of the enzyme and aids proton abstraction from
acetyl-CoA.

All eukaryotic citrate synthases examined to date have
been found to be inhibited by adenine nucleotides,
normally in the order ATP ADP AMP. Similar findings
were made in the case of tomato CS. However, there are
strong arguments against the idea that the modulation of
CS activity by adenine nucleotides is of any physiological
significance [17].

The M, and subunit composition of CS from tomato
fruit closely resemble those of other eukaryotic citrate
synthases, with the exception of the enzyme from mango
fruit [13] which has a total M, of 60000. The enzyme is
therefore small and distinct from the ‘large’ enzyme found
in certain prokaryotes [ 18]. Citrate synthase from tomato
fruit appears similar in its physical and chemical charac-
teristics to the enzyme from many other sources. In its
sensitivity to sulphydryl-blocking reagents, it resembles
several other plant citrate synthases which in this respect
differ from their animal counterparts. The four iso-
enzymes of MDH found in the isoelectric focussing study
are in agreement with the work of Hobson {19]. One of
these isoenzymes was mitochondrial and could be sep-
arated from the others by Percoll fractionation. Elution of
the mitochondrial isoenzyme from matrex gel orange A
was by salt only; in contrast, the cytosolic isoenzymes
could be eluted specifically from the same gel by 1 mM
malate plus 1 mM NADH.

The homogeneous MDH from L. esculentum hasan M,
of approximately 76 000 and is a dimer of similar sized
sub-units. This compares with a size of 76000 for the
mitochondrial enzyme from the cotyledons of Citrullis
vulgaris, which has also been shown to be a dimer of
identical sub-unit sizes [20].

EXPERIMENTAL

Materials. Fruit were supplied by Long Ashton Research
Station, Tanyard Nurseries, Lower Weare, Somerset and
Stourbank Nurseries, Wimborne, Dorset. Matrex gels were
supplied by Amicon and Mono Q and Sephacryl $-200 by
Pharmacia. All other chemicals were from Sigma Chemical Co.
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Extraction of enzyme. To extract fruit with a considerable
amount of free organic acid, an extraction bufter was used which
contained 100 mM 3-(N-Morpholinojpropane sulphonic acid
(Mops) and 100 mM NN-bis(2-hydroxyethyhglycine {Bicine)
with 3mM EDTA to maintain the pH at 80; 1 7, solid poly-
vinylpyrrolidone was added after maceration. All extractions
were held at 40" and all glassware and centrifuge tubes were pre-
cooled. Washed samples of tomato fTuit were cut into small pieces
and homogenised at full speed for 13 sec in a Waring blender
containing the extraction buffer at & i:1 ratio {w.vi The
homogenate was strained through four fayers of muslin and
centrifuged at 20000 g for 15 min. The supernatant was used {or

FUMIE 1CCVE
NZYMC d554Y5.

Enzyme assays. Citrate synthase was assayed by the method of
ref.[217. The assay mixt. contained 50 mM Mops, 0.2 mM acetyl-
CoA, 0.1 mMDTNB and 50 xl ot extract, ali at pH 7.9 The
reaction was started by the addition of oxaloacetate (1o 0.2 mMj
to make a total vol. of 1.0 ml. The change in 4
412 nm and a molar absorpuon coefficient of 136 < 10" mol.cm
was used to calc. activity, One unit of activity was taken as that

was foltowed at

amount of enzyme catalysing the liberation of LO umol of

CoA/min under assay condittons. Malate dehydrogenase was
assayed spectrophotometrically at 340 nm. The assay mixture

contained 50 mM Mops, pH 8.0, 0.4 mM NADH and 10 ul of

extract. The reaction was started by the addition of oxaloacetate

togivea finalconcn of 0.2 mM inatotal vol. of 1O mi. One unit of

activity was tuken as the amount of enzyme catalysing the
oxidation of 1 gmol of NADH per min under assay conditions.
Protein was determined by the method of refl {22].

Molecular mass estimation using gel filtration. Gel fltration was
performed on 4 column of Sephacryl 5-200 (2.5 « 100 emy or G-
100 (2.5 x 100 cm). The S-200 column was equilibrated with
50 mM Bicine at pH 7.9 and a peristaltic pump was used to
provide a flow rate of $ ml/h. The G- 100 column was equilibrated
with the same buffer at pH 8.0 at a flow rate of 7 mi‘hr. Fractions
(1 ml)y were collected and the M, calibration standards used were:
ferritin (450 000), catalase (124 000), aldclase 1155 00), bovine
serum albumin (68 000), chymotrypsinogen 125000} and cyto-
chrome ¢ {12 500). In later experiments ribonuclease (13400) was
substituted for Cvtochrome . as the tatier protein given anomal-
ous resulits,

Electrophoresis. SDS polyacrylamide gel electrophoresis was
used to give an estimate of the relative M, of the sub-units of CS.
The method of ref. [23] was used to produce a 7.5, gel in slabs
(14 x 16 x 1.5 ¢m). Protein markers and their A, values were
trypsin inhibitor (21 500;, RNA polvmerase (39000). bovine
serum atbumin (68000) and the mean of RNA polymerase B
{155000) and B’ {165000). Gels were run at 3 mA well, Native
gels were run as described previously {247, Activity
MDH in native gels was by the method of refl {25].

Matrex gel affinity chromatography. Gels were washed with
6 M urea and 0.5 M sodium hydroxide and equilibrated with
50 mM Mops. pH 7.8, Protein was washed with the same buller
after application and eluted with U5 M KCT or 100 uM CoA
+ 100 mM oxaloacetate, in 50 mM Mops, pH 7.8, Gel red A was
washed with {a) 100. 200 or 500 M of both oxaloacetate and
CoA together, {b) 100 1M of both acetyl-CoA and citrate, and {¢)
100 uM  oxaloactate  + 100 uM CoA + 100 gM IAA. Only
0.5 MKCl was successful in eluting CS.

Fust protein liquid chromatography. After dialysis against the
start buffer (1,3-bis[tristhydroxymethylimethyiamino ] propane;

;staining of

{bis tris propane). pH 7.5, MDH was apphed to a mono Q column
HRS5/'S and eluted with o linear sodium chloride gradient,
- 500 mM over 45 mi, at @ flow rate of LS mlmin

Thermal stability studies. At cach temperature. 16 ug ol enzyme
were withdrawn and assayed for citrate synthase activity after

74.6%and 10 min. Citrate wus used at final concentrations ol
1(50 10 and T mM, exaloncetine w10 and | mM and scetvi-CoA
at 10 mM

Activation and inhibition TAA was used at final
concentrations of 40 4M and 4 n®™M with substrate concentrations
U0« K, - 05~ K, DTNB was used at o final concentration
of SmM. K, values were determined by varving ane substrate

non from 200 A “-\ 281 whilst Leening the other at
Lon irom E witist Reeping it

studdies.
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