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The specific malonylesterase from chickpea (Cicer arietinum L.), hydrolyzing biochanin A 7-O-
glucoside-6"-O-malonate (BGM), has been purified to apparent homogeneity and characterized
recently (Hinderer ez al., Arch. Biochem. Biophys. 248, 570—578 [1986]). Its substrate specificity
as well as the high molecular mass of the native enzyme were further investigated. The 5-deoxy-
isoflavone conjugate corresponding to BGM, the formononetin 7-O-glucoside-6"-O-malonate
(FGM), was shown to be a substrate of the malonylesterase essentially as BGM. By contrast,
methyl-BGM, a diester of malonic acid was a poor substrate. The purified enzyme completely
lacked thioesterase activity with malonyl-CoA as substrate. The inability of the malonylesterase
to hydrolyze synthetic acetyl or propionyl esters was further demonstrated with a highly sensitive
fluorometric assay using esters of 4-methylumbelliferone. The enzyme-catalyzed hydrolysis of
BGM was stimulated in the presence of dissociated carboxylic acids like citrate which was most
effective at 30 mm and pH 7.5-8.0.

The purified malonylesterase as well as the enzyme activity in crude extracts were totally
excluded in gelchromatography with Ultrogel AcA 22. The enrichment of the enzyme activity in
microsomal fractions gave strong evidence that the malonylesterase is membrane-bound in vivo.
Stimulation of the enzyme activity in vitro by detergents indicates the presence of lipid material in
the enzyme and the activity profiles obtained after sedimentation analyses suggest that purifica-
tion of a distinct membrane-protein complex had been achieved.

Introduction

Among the plant esterases only a few have been
found to possess a pronounced substrate specificity
for endogenous acylated compounds [1—4]. In con-
trast, the majority of plant acyl hydrolases (ester-
ases, lipases, peptide hydrolases) are considered to
be non-specific. These enzymes which occur in multi-
ple forms are often characterized using artificial sub-
strates like a-naphthylacetate (ANA) or 4-nitro-
phenylacetate. Wheat cells, for example, contain at
least 12 of such non-specific, soluble ANA esterases
[5]. Some of these esterases may also be active using
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malonyl conjugates of plants as substrates. Thus,
parsley cells contain four different acylhydrolases
which act on flavonoid malonylglucosides. These
enzymes were described as three aryl and one acetyl-
esterase, because ANA was the preferred substrate
[6].

Recently we reported the occurrence of a specific
malonylesterase in roots of chickpea (Cicer arietinum
L.) which greatly differs from other known esterases
[4]. This enzyme deacylated isoflavone 7-O-gluco-
side-6"-O-malonates (Fig. 1) and it showed no activi-
ty with synthetic esterase substrates such as ANA.
The isolation of this malonylesterase has only been
successful by exclusive use of the natural substrate
biochanin A 7-O-glucoside-6"-O-malonate (BGM).
This isoflavone conjugate accumulates in large
amounts in roots of chickpea. Three aspects of the
malonylesterase have now been investigated in more
detail: I) The substrate specificity with regard to
formononetin 7-O-glucoside-6"-O-malonate (FGM)
which has a substantial metabolic activity and co-
accumulates in vivo [7]. II) The high molecular mass
of the native enzyme (> 2,000 kDa) with only a sin-
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gle protein subunit of 32 kDa. III) The in vitro stimu-
lation of the enzyme activity by carboxylic acids.

Studies on the enzymatic hydrolysis of malonyl
compounds could be of increasing importance with
respect to the widespread occurrence of this type of
conjugation in the plant kingdom [8].

Materials and Methods
Chemicals

BGM was isolated from roots and FGM from
suspension cultured cells of C. arietinum. The iso-
flavone conjugates were purified as described previ-
ously [9]. BGM-CHj; was prepared by methylation of
BGM with diazomethan in 80% methanol. The prep-
aration contained 5% residual BGM. 4-MUF, its es-
ters, ANA, malonyl-CoA, and antimycin A were ob-
tained from Sigma (Miinchen, FRG). Cytochrome ¢
and NADH came from Boehringer (Mannheim,
FRG), NADPH and Polyclar AT from Serva (Hei-
delberg, FRG). Ultrogel AcA 22 was a product of
LKB (Grifelfing, FRG).

Plant material

Seeds of C. arietinum were purchased from Kiiper
(Oberhausen, FRG) and they were germinated on
wet filter paper under gently running tap water at
20 °C. For enzyme preparation 5 d old roots were
used.

Buffers

The following buffer systems were used: A)
100 mm KH,PO/K,HPO,, pH 7.5, containing
400 mMm sucrose; B) 100 mm KH,POy/K,HPO,, pH
7.5; C) mm KH,PO/K,HPO,, pH 7.5, containing
0.02% NaN;; D) 20 mm KH,PO/K,HPO,, pH 7.5;
E) 50 mm KH,PO/K,HPO,, pH 7.5.

Enzyme preparations

Crude protein extracts were prepared as follows:
A 5 g-sample of roots was pulverized in a mortar in
the presence of liquid nitrogen. After thawing in
10 ml of buffer B the cell fragments were further ho-
mogenized in a Potter-Elvehjem glass homogenizer.
The homogenate was stirred with 0.5 g Polyclar AT
for 10 min and centrifuged at 10,000 X g for 15 min.
The resulting supernatant was either passed through
Sephadex G-25 (coarse) PD-10 columns (Pharmacia,

Freiburg, FRG) using buffer C, and subsequently
assayed for enzyme activities, or directly subjected to
gelchromatography on Ultrogel AcA 22 (1.6 x50 cm
column). For this chromatography, a 2 ml portion
(4—5 mg protein) was separated with a flow rate of
5 ml/h using buffer C, and fractions of 2 ml each
were collected. The preparation of microsomes was
started with 20 g root material. The root tissue was
ground in a mortar with 30 ml of buffer A, 5 g quartz
sand, and 2 g Polyclar AT. The homogenate was fil-
tered through a 0.1 mm nylon net and the eluate was
centrifuged at 5,000 x g for 10 min. The supernatant
was adjusted to S0 mm MgCl, using a 1 m MgCl, solu-
tion, stirred for 10 min, and then centrifuged at
40,000 x g for 30 min. The microsomal pellet was re-
suspended in a Potter-Elvehjem glass homogenizer
with 3 ml of buffer A. An aliquot of the correspond-
ing supernatant (2.5 ml) was desalted on a PD-10
column before using for enzyme assays. The proce-
dures for enzyme purification and sedimentation
analyses were described previously [4].

Enzyme assays

The assay of malonylesterase with BGM, FGM, or
BGM-CH; was performed as previously described
[4] using HPLC procedures according to Koster et al.
[9].

Esterase activity with esters of 4-MUF as sub-
strates was determined by a fluorometric assay. The
reaction mixture contained 0.98 ml buffer D, 0.01 ml
substrate solution (4-MUF-acetate or -propionate,
20 mMm in acetone), and 0.01 ml enzyme preparation.
The release of 4-MUF was directly monitored with a
ISA spectrofluo JY 3D fluorometer (Jobin, Yvon,
France) at 20 °C. The excitation wavelength was
340 nm and the emission was measured at 450 nm.
The emission intensity was linear up to 0.2 mm 4-
MUF. Quantitation was performed using a standard
curve obtained under assay conditions. The enzyme
activities were corrected for non-enzymatic hydroly-
sis determined in controls without enzyme extracts.

The determination of esterase activity with ANA
as substrate has already been described [4].

Acyl-CoA thioesterase activity was determined
with malonyl-CoA as substrate. The assay mixture
contained 0.17 ml buffer D, 0.01 ml enzyme prepa-
ration, and 0.02 ml malonyl-CoA (1 mm in 10 mm
NaH,PO,). The mixture was incubated at 30 °C for
30 min, stopped by adding 0.2 ml 50 mm NaH,PO,
(pH shift from 7.5 to 6) and stored on ice until it was
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subjected to HPLC analysis. The HPLC method for
quantitation of malonyl-CoA and CoA-SH was
based on [10]. The separation was carried out with a
Latek P 400 chromatograph (Heidelberg, FRG)
using a LiChrosorb RP 18 column (250 x4 mm,
Merck, Darmstadt, FRG) and a flow of 0.8 ml/min.
A linear gradient of 20% B to 50% B in A within
30 min was applied (solvent A = 40 mm NaH,PO,,
solvent B = 50 mm NaH,PO,:CH3CN = 4:1 v/v).
Quantitation was performed at 260 nm by external
standardization.

Cytochrome ¢ reductase (CCR) was measured
either with NADPH or with NADH in presence of
antimycin A. The assay was based on [11] and con-
tained in a final volume of 0.8 ml: 0.025 ml enzyme
preparation, 22.5 nmol cytochrome ¢, 75 nmol
NADH with 8 nmol antimycin A or 75 nmol
NADPH, and 1,250 nmol KCN in buffer E. The re-
duction of cytochrome ¢ was monitored at 550 nm
and 25 °C.

Protein determination

Protein concentrations were determined according
to Bradford [12] with bovine serum albumin as refer-
ence.

Results
Substrate specificity

It was previously shown that the purified malonyl-
esterase was not able to hydrolyze acetyl or pro-
pionyl esters of a-naphthol or 4-nitrophenol to any
significant extent, although the crude protein extract
contained appreciable activities for all these sub-
strates [4]. This is further confirmed with a highly
sensitive fluorometric assay using 4-MUF-acetate
and 4-MUF-propionate as substrates. The activity of
the purified enzyme for 4-MUF-acetate was four or-
ders of magnitude lower than for BGM (Table I) and
with 4-MUF-propionate as substrate the activity was
below the limit of determination. In contrast, the
activities obtained with crude extracts were similar
for all these esters. Likewise the purified enzyme
lacked thioesterase activity with malonyl-CoA as
substrate, whereas the crude extract contained
considerable hydrolytic activities for malonyl-CoA
(Table I).

A second endogenous isoflavone malonylglucoside
in chickpea, FGM (Fig. 1), was hydrolyzed with
rates equal to BGM (Table I). Assays including both
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Table I. Hydrolysis of various esters by crude protein ex-
tracts and by purified malonylesterase.

Substrate Relative specific enzyme activity [%)]
Crude protein Purified malonyl-
extract esterase

BGM 100* 100°

FGM n.d. 100

BGM-CH;, n.d. 7.0

malonyl-CoA 2.0 <0.01

4-MUF-acetate 22.9 0.03

4-MUF-propionate  35.9 <0.01

* 100% = 6.93 mkat/kg.
® 100% = 4.80 kat/kg.
¢ n.d. = not determined.

substrates, FGM and BGM, showed no discrimina-
tion for one of the two malonates by the malonyl-
esterase. The K, value for FGM was determined to
be 0.93 mmM, which is somewhat higher than the K,
for BGM (0.42 mmMm). Therefore the malonylesterase
has no preferential affinity to FGM.

The role of carboxy groups

The natural substrates of the malonylesterase,
BGM and FGM, are hemiesters of malonic acid and
contain a terminal, dissociable carboxyl moiety
(Fig. 1). Methylation of the carboxy group of BGM
results in the diester BGM-CH; (Fig. 1) which is a
poor substrate for the malonylesterase (Table I). On
the other hand, the enzymatic hydrolysis of BGM
was stimulated in vitro in presence of di- or tricar-
boxylic acids of which citrate was most effective [4].

R,, R, = H

: Formononetin 7-O-glucoside-6"-O-
malonate (FGM).

: Biochanin A 7-O-glucoside-6"-O-
malonate (BGM).

R, = OH, R, = CHj: Biochanin A 7-O-glucoside-6"-O-

malonic acid methylester (BGM-

CHs).

Fig. 1. Natural (BGM, FGM) and synthetic (BGM-CH;)
substrates of chickpea malonylesterase.

R, = OH,R, = H
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Fig. 2 shows the dependence of this stimulation on
the concentration of citrate (Fig. 2a) and on pH
(Fig. 2b). Maximum increase of enzyme activity was
observed at about 30 mm citrate (at pH 7.5). The
stimulation clearly depended on the pH value of the
assay. Thus, no effect was observed at pH 7 and
below, whereas between pH 7 and pH 8.5 a marked
enhancement of the enzyme activity was measured
under the influence of 10 mm citric acid. The pH
optimum of the enzyme also shifted from 7.5 to 8.0.
The activity of the malonylesterase at pH 6 and be-
low was practically zero (Fig. 2b, controls). In con-
clusion, these data suggest that dissociated (charged)
carboxy groups, including the carboxy group of the
substrate, play an important role in the hydrolysis of
malonic acid hemiesters catalyzed by chickpea
malonylesterase.

Structure of the malonylesterase

As already mentioned [4] the purified malonyl-
esterase has an unusually high molecular mass of at
least 2,000 kDa as observed in gelchromatography
and ultracentrifugation. In contrast, gelelectro-
phoresis under denaturing conditions revealed one
single protein of 32 kDa. One explanation for this
discrepancy could be a polymerization process of the
enzyme during purification, possibly induced by
ammonium sulfate precipitation, or concentration by
ultrafiltration. Experiments were now carried out to
solve this problem. Exclusion from Ultrogel AcA 22
(exclusion limit 2,000 kDa) should clearly indicate
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Fig. 2. Effect of citric acid on malonylesterase activity in
vitro. a) Dependence on the concentration of citric acid at
pH 7.5. b) pH-Dependence of the stimulation by 10 mm
citric acid.

the high molecular structure of the enzyme. Fig. 3
demonstrates that the malonylesterase as found in
the crude protein extracts was totally excluded from
the gel. No activity appeared within the fractionation
range of the gel. ANA esterase activity, however,
was detected within the fractionation range and
not in the void volume (Fig. 3). When different
homogenization methods for preparation of crude
protein extracts were applied the same result as
shown in Fig. 3 was obtained.

Analyses of microsomes, precipitated with MgCl,
indicated that the BGM malonylesterase is mem-
brane-bound. The increase of the specific enzyme
activity in the membrane fraction (Table II) and the
distribution of total enzyme activity between pellet
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Table II. Enzyme activities in microsomal fractions and corresponding

supernatants.

Enzyme Specific activity [mkat/kg]

Microsomes Supernatant Microsomes

Distribution [%]*

Supernatant

BGM-esterase
ANA-esterase
CCR (NADH)
CCR (NADPH)

24.1
3.4
8.6
1.7

29 69
1.1 9
1.2 67
0.3 58

* 100% = Sum of activities in microsomes and supernatant.

® Part of activity insensitiv to antimycin A.

and supernatant was similar to CCR (NADH). The
latter enzyme has been chosen as a general marker
for membranes of the endoplasmic reticulum [11].
On the contrary, the bulk of the ANA esterase activ-
ity, remained in the soluble fraction (Table II). The
relative distribution of malonylesterase during dif-
ferential centrifugation parallels those of CCRs
(NADH and NADPH) except for a lower amount
of activity of the malonylesterase in the final
100,000 x g supernatant (data not shown).

Finally, investigations with the purified enzyme
suggested that purification of a membrane-protein
complex had been achieved. The pronounced stimu-
lation of the enzyme activity by Triton X-100 and
digitonin (Fig. 4) is best explained by presence of
lipid material. The activity profiles obtained in
sucrose gradients after ultracentrifugation showed
the rapid migration of the enzyme and point to a
relatively distinct particle size (Fig. 5).

Malonylesterase activity
(% of control)

ol 03
Digitonin (%W/yv)

05 Qs

Triton X-100 (% Vv)

Fig. 4. Effect of increasing detergent concentrations on the
activity of purified malonylesterase.

Discussion

According to our recent report, roots from young
chickpea plants contain one specific malonylesterase
besides various non-specific (ANA active) esterases
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Fig. 5. Sedimentation analysis of purified malonylesterase.
Migration in isokinetic sucrose gradients (5—20%) during
ultracentrifugation.

[4]. This specific enzyme was isolated and purified
like a soluble enzyme without solubilization, e.g.
ammonium sulfate precipitation and ionexchange
chromatography were the initial steps. The purifica-
tion yielded a preparation which consisted of one
single protein subunit. We now present additional
results which strongly suggest that the high molecular
mass of the enzyme is due to the presence of mem-
branes. As outlined in this paper the malonylesterase
appears to be membrane-bound in vivo so that a
membrane-protein complex had been isolated.
Membrane-bound plant esterases are rarely ob-
served. Red radish contains a sinapoylesterase re-
ported to be membrane-bound [13] which also be-
longs to phenylpropanoid metabolism.

The chickpea malonylesterase showed a distribu-
tion behaviour between microsomes and supernatant
like CCR (NADH), which was used as an indicator
for membranes. In a simplified purification proce-
dure, i.e. ammonium sulfate fractionation (0—35%)
and subsequent Ultrogel AcA 22 chromatography,
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CCR parallels malonylesterase activity and was thus
enriched about 30-fold. As suggested previously the
32 kDa protein of the malonylesterase occurs in rel-
atively high amounts in the roots. Nevertheless, this
cannot explain the isolation of a complex of this large
size containing only one type of protein. Although
traces of other proteins had been visualized by silver
staining in polyacrylamide gels [4], we do not con-
sider this to be of any significance.

Using detergents the enzyme activity in vitro could
be enhanced by 50—100% at low concentrations
though the effect was reversed at higher concentra-
tions. Chromatography of partially purified esterase
enzyme after treatment with Triton X-100 resulted in
a complete loss of activity most likely due to a then
decreased stability of the enzyme. So far, we have no
data on the structural organization of the malonyl-
esterase complex and its localization in vivo.

With monoaryl malonates as model substances it
was shown that hydrolysis of such compounds in-
volves intramolecular catalysis by the ionised car-
boxy group. Such data are possibly of significance to
explain hydrolysis involved in enzyme catalysis [14].

The pH-dependence of the malonylesterase with
BGM as substrate suggests that the anion is the true
substrate. Uncharged substrates, such as the diester
BGM-CHs;, are converted with much lower rates. In-
terestingly, the enzyme catalyzed the hydrolysis of
BGM at a remarkably increased rate in the presence
of dissociated carboxy groups, for example provided
by citric acid. Non-enzymatic hydrolysis was how-
ever, not significantly influenced. The increase of
Vmax Was accompanied by a decrease of K,,. This ef-
fect occurs in a concentration range of 10—100 mm
(Fig. 2a) and therefore it seems questionable if this
phenomenon can play a role in vivo. But it should be
mentioned that the malonylesterase would be stimu-
lated by one of its products, malonate, if the sub-
strate concentration were sufficiently high. Thus,
quantitative conversion of malonylesters to the glu-
cosides even at very high substrate concentrations
appears to be possible.

BGM-CH; was found to be a poor substrate, and
therefore it is not surprising that uncharged acetyl or

propionyl esters of various alcohols are no substrates
of the malonylesterase. On the other hand, charged
esters are poor substrates for acetyl-, carboxyl- or
arylesterases [15].

In parsley cell cultures flavonoid malonylgluco-
sides are exclusively located in vacuoles [16]. It was
recently shown that malonylation is a prerequisite for
the transport of these compounds into the vacuole.
The glucosides themselves were not transported [17].
However, conjugation must not be a one way reac-
tion. In chickpea roots FGM exhibited substantial
metabolic activity in vivo and it is turned over with
significant rates, whereas BGM appears to be meta-
bolically rather inert [6]. This differential turnover
cannot be explained at the level of the malonylester-
ase because the enzyme possesses similar kinetic data
in vitro for both endogenous substrates. Future in-
vestigations on this differential turnover should espe-
cially deal with both the pattern of cellular compar-
timentation of biosynthetic and catabolic reactions
and the localization of the enzymes involved in
metabolism of isoflavone conjugates in chickpea.

Undoubtedly, the malonylesterase catalyzes the
first step in the degradation of the chickpea
malonylglucosides followed by hydrolysis of the
glucosides caused by specific (-glucosidases [18].
Both catabolic reactions also occurred during the de-
gradation of BGM by the fungus Fusarium javani-
cum, which transiently accumulated the aglycone
[19]. In plants a further example of a demalonylation
step has recently been demonstrated in the recycling
of the ethylene precursor l-aminocyclopropane-1-
carboxylic acid (ACC) from its widely occurring N-
malonyl conjugate (MACC) [20]. In addition to a
metabolism of MACC in vivo [20] also MACC
hydrolase (amidase) was detected in peanut [21] and
watercress [20].
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