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Abstract
was purified from corn plants using advanced techniques such as sulfate precipitation and ion exchange
chromatography. The results indicated the presence of two forms of the enzyme, ICL1 and ICL2, which
differed in their molecular weights and enzymatic activities. The optimum pH for ICL1 was found to be 7.5,

while for ICL2, it was 6. Additionally, the effects of glycine and glycolate on the enzyme's activity were
studied, revealing elevated activities at the optimal concentrations of these substances.

B ackground: The work described herein investigates the properties of the enzyme isocitrate lyase, which

Methods: The isocitrate lyase enzyme was purified from corn plants using ion exchange chromatography and
sulfate precipitation techniques. Enzyme activity was assessed using spectrophotometric methods, and the
molecular weight was determined through gel chromatography. Studies were conducted to investigate the
influence of pH, glycine, and glycolate on enzyme activity.

Results: Two isoforms of isocitrate lyase, ICL1 and ICL2, were purified, exhibiting molecular masses of 164
kDa and 208 kDa, respectively. ICL1 demonstrated optimum activity at pH 7.5, while ICL2 exhibited optimum
activity at pH 6. In this study, specific concentrations of glycine and glycolate were found to enhance the
enzymatic activities of both isoforms.

Conclusion: This research provides significant insights into the characteristics of the isocitrate lyase enzyme
in corn plants. The data indicate the presence of distinct enzyme forms with specific interactions in varying
environmental conditions, which may be applicable in agricultural practices to increase crop yield and
improve the metabolic turnover of organic acids.
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Introduction

The isocitrate lyase enzyme, EC 4.1.3.1, catalyzes a
reversible reaction of aldol-type fragmentation into
glyoxylate and succinate. Along with malate synthase,
isocitrate lyase ICL is considered the key enzyme in the
glyoxylate cycle. It appears at early stages of oil plant
seed germination and becomes less active as stored fat
breaks down [1,2].

Isocitrate lyase is widespread in bacteria, mushrooms
and higher plants. In metazoans, the enzyme is present
in some nematodes during the adult stage, post-
embryonic larvae and embryos and probably in some
arthropods. The presence of ICL and the glyoxylate
cycle in vertebrates remains debated [3,4]. The
regulation of ICL activity during seed germination is
one of the most important problems, as it provides the
key to general patterns of enzymatic regulation during
ontogenesis [5,6].

To date, ICL has been purified to homogeneity from
Pseudomonas indigofera bacteria, mushrooms, higher
plants, nematodes, acarines, insects, and rats [4,7].
Among plants, the most frequent occurrence of ICL was
found in seeds accumulating fat. Nevertheless, there is
also some information about its occurrence in other
organs, for example, fruit and green leaves [6-8]. ICL
purification from different sources generally involves
ammonium sulfate fractionation, DEAE-Toyopearl ion-
exchange chromatography, and gel filtration on
different types of Sephadex. ICL purification (including
dialysis, acetone fractionation, and chromatography on
Sephadex G-200 and DEAE cellulose) from developing
Hyalomma dromedarii acarine embryos has also been
described [9,10].

Since the use of common sorbents normally does not
provide an effective means of separating enzyme
isoforms, the purpose of this study is to devise a
method for separating isocitrate lyase isoenzymes from
corn scutella by using ion-exchange chromatography.

Methods

Corn Scutella of 4-day-old etiolated corn germs
(Baghdad sort), hydroponically grown at t = 25 °C, were
used as the target of analysis.

The activity of isocitrate lyase (EC 4.1.3.1) was
determined spectrophotometrically by an SF-46
spectrophotometer, following light absorbance change
at a wavelength of 324 nm. This absorbance change is
due to the formation of phenyl hydrazine complex with
glyoxylate [8]. The spectrophotometric assay mixture
was prepared with 50 mM Tris-HCl buffer (pH 7.5),
supplemented with 5 mM magnesium chloride (MgCl>),
4 mM dithiothreitol (DTT), 2 mM sodium isocitrate,
and 4 mM phenylhydrazine hydrochloride.

The amount of isocitrate lyase producing 1 pM
glyoxylate in 1 minute at t = 25 °C was reserved as the
enzyme activity unit. The total amount of protein was
calculated using the Lowry method [9].

A special purification pattern was developed for
obtaining highly-purified isocitrate lyase specimens,
which included 4 stages. All the operations were carried
out at 0-4°C temperature according to Scherbyna et al,
[10]:

1- Obtaining homogenate: weighed amount of
plant material (m = 5.0g) was homogenized at the ratio
of 1:5 with the following separation medium
composition: 50 mM Tris-HCI buffer (pH 7.5), including
3 mM EDTA, 0.IM MgCl; and 5 mM DTT.
Centrifugation was carried out for 5 minutes at 5000 g.
2- Proteins were fractionated with ammonium
sulfate within 40% saturation limits. The obtained
solution was centrifuged for 20 minutes at a weight of
12000 g.

3- The protein fraction was separated using a
Sephadex G-25 column (1.5 x 20 cm; Pharmacia,
Sweden). Elution was carried out with 50 mM Tris-HCI
buffer (pH 7.5) at a flow rate of 10-20 mL per hour to
remove unwanted proteins.

4- Ion exchange chromatography was performed
using a DEAE cellulose column (1.5 x 15 cm; Whatman,
UK) pre-equilibrated with 50 mM Tris-HCI buffer (pH
7.5). Enzyme elution was carried out using a linear KCl
gradient (40-150 mM) in the equilibration buffer.

The gel chromatography technique on a 2 x 40 cm
column with Sephadex G-200 was used to determine
the quaternary structure and the molecular weight of
native ICL [10]. The elution volume (Ve) was
calculated. The void volume (Vo) of the column was
calculated with blue dextran (Serva). The molecular
weight of the analyzed enzyme was calculated using
the formula obtained from the calibration curve
according to Dajani et al. (1996) [1]:

The calibration curve: Ilg Mr = 6.698 — 0.987 (Ve/Vo)

Electrophoretic analysis of proteins was carried out in a
7.5% polyacrylamide gel [11]. Universal development of
proteins was achieved with silver nitrate. Gels were
stored in 7% acetic acid solution.

The specific identification of the enzyme was
determined using modified Schiff reagent [12]. SDS-
PAGE electrophoresis was performed with a 12.5%
polyacrylamide gel concentration. Every specimen
contained 3-5 pug protein.

Standard marker proteins (Sigma) were used to plot
the calibration curve [13]. The testing was done in three
replications. Analytical evaluation for each sample was
carried out in two replications. Typical experiment data
are presented in the table and the figures, where each
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Purification stage Volume, ml Total proteins, mg | Total activity, E | Specific activity, E/mg proteins | Yield, % Purification degree
Homogenate 6 61.32 2.32 0.04 100 1
Ammonium sulfate fractionation 2 11.52 2.10 0.18 90.5 4.50
Gel filtration on G-25 2 11.04 2.05 0.19 88.4 4.75
Ion-exchange chromatography on 2 0.028 0.13 4.64 5.60 116
DEAE cellulose 2 0.020 0.13 6.50 4.90 162.5

Table 1: Protein Purification Stages and Specific Activity Evaluation.

value represents the arithmetic mean. The statistical
Student’s criterion was wused for mathematical
treatment [14].

Results

The study identified two distinct isocitrate lyase (ICL)
isoforms in corn scutella, with different electrophoretic
mobilities. Using electrophoresis, two enzyme isoforms
with varying mobility were observed, corresponding to
molecular forms of ICL1 and ICL2. The enzyme
purification process consisted of four stages, resulting
in specific activities of 4.64 E/mg for ICL1 and 6.50
E/mg for ICL2, with purification degrees of 116 times
and 162.5 times, respectively. The enzyme activity
elution profile after ion-exchange chromatography on
DEAE cellulose showed maximum activity for the first
and second isoforms at KCI concentrations of 60.2 mM
and 94.2 mM, respectively.

Electrophoretic analysis revealed that the isoforms
had distinct Rf values: ICL1 (Rf-0.29) and ICL2 (Rf-
0.25), with a single protein band observed for each
isoform. Gel chromatography on Sephadex G-200
revealed two peaks corresponding to molecular weights
of 164 kDa and 208 kDa. Electrophoresis with SDS
provided molecular weights of 43%1.2 kDa for ICL1 and
48+0.5 kDa for ICL2. These results suggest that ICL is a
tetrameric protein. Kinetic studies indicated that both
isoforms followed Michaelis-Menten Kkinetics, with
ICL1 showing a Michaelis constant (Km) value of 55.6
PM and ICL2 exhibiting a lower substrate affinity (Km =
83.3 uM). The enzyme activity was pH-dependent, with
ICL1 showing peak activity at pH 7.5 and ICL2 at pH
6.0.

The effect of glycine and glycolate concentrations on
ICL activity was also investigated. Glycine activated
both isoforms, but with differing concentrations, with
ICL1 showing increased activity at 5 uM and ICL2 at 10
PM. Glycolate had a significant effect on both isoforms,
with ICL1 being activated at lower concentrations (5
pM) and ICL2 at higher concentrations (100-500 uM).

The key stage in obtaining highly-purified isoforms
of isocitrate lyase was the application of ion-exchange
chromatography on DEAE cellulose with a linear KCl
gradient (50-150 mM). Two peak values of enzyme
activity elution were obtained during the purification
of ICL from the scutella. The 1st and 2nd isoforms
exhibited enhanced elution at 60.2 mM and 94.2 mM
KCI solution concentrations. The profile of isocitrate

lyase activity elution after DEAE cellulose is illustrated
in Figure 1.
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Figure 1: The profile of isocitrate lyase activity elution on DEAE
cellulose for desorption via linear KCl gradient: - linear KCI
gradient concentration (50-150 mM) - ICL activity units (E/mg
proteins).

Electrophoretic analysis of purified specimens
revealed a single protein band in polyacrylamide gel
during universal protein staining or specific
development. Thus, it was found that a corn scutellum
had 2 forms of enzyme with diverse electrophoretic
migration rates: ICL1 with Rf-0.29 and ICL2 with Rf-
0.25.

During the gel chromatography on Sephadex G-200,
ICL from corn scutella was eluted as two peaks
corresponding to molecular weights of 164 and 208
kDa. Electrophoretic analysis of proteins in the
presence of SDS allowed determination of the
molecular weight of each subunit, which was 43%1.2
kDa for ICL1 and 48+0.5 kDa for ICL2 in Figure 2.

- =K [u} 0:5

1 M 2
Figure 2: Determining the molecular weight of isocitrate lyase
subunits from corn scutella via SDS-electrophoresis method: 1-
cellulase (94.6 kDa); 2- bovine serum albumin (66.2 kDa); 3-
ovalbumin (45 kDa); 4- carbonic anhydrase (31 kDa); 5- trypsin
inhibitor (21.5 kDa); 6- lysozyme (14.4 kDa); 7- ICL2; 8 - ICL1.

The results obtained with gel chromatography on
Sephadex G-200 and the denaturing electrophoresis
data suggest that ICL represents a tetrameric protein.
During the analysis of kinetic properties for
homogeneous isocitrate lyase specimens in corn
scutella, it was established that the enzyme followed
Michaelis—Menten kinetics. The isocitrate Km value
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was 55.6 pM for ICL1. Substrate affinity for ICL2 was
lower compared to the first enzyme form (Km = 83.3
uM). The data indicate that the enzyme's isocitrate
affinity varies significantly across different metabolite
concentrations and is comparable to that of other
substances.

The investigation of the effect of hydrogen ion
concentration on ICL activity in scutella showed that
such ICL activity relationship was bell-shaped for both
isoforms. In these conditions, the highest activity level
for ICL1 was observed at pH 7.5. Optimum pH was
slightly offset into the acidic range of values and
equalled 6 for the second isoform. The optimum pH for
ICL from diverse sources is typically 7.5. Maximum
enzyme activity was observed when using Tris-HCI
buffer with pH 7.5.

The effect of different glycine and glycolate
concentrations on ICL isoforms was analyzed. It was
demonstrated that glycine activated both enzyme
forms, but at different concentrations. Glycine
increased ICL1 activity at 5 uyM concentration. Further
increase in concentration caused nearly full inhibition
of enzyme activity. The highest ICL2 activity was
observed in the presence of 10 pM glycine
concentration. Isocitrate lyase isoforms significantly
varied in terms of glycolate effect. ICL1 was only
activated with low glycolate concentrations (5 puM),
whereas its second form demonstrated the highest
activity only at high concentrations (100-500 uM).

Discussion
The present work describes the successful purification
and characterization of two isoforms of the enzyme ICL
from corn scutella and, consequently, brings new
insights into the heterogeneity of this enzyme and its
possible functional roles. By electrophoresis, two
different isoforms were separated for ICL, ICL1 and
ICL2, with distinct electrophoretic mobility-Rf value
0.29 and 0.25, respectively and this was in agreement
with previous reports for other plant sources such as
Brassica juncea and Helianthus annuus [15,16]. This
has shown an improved degree of purification and
specific activity compared with these latter plant
systems, therefore underlining efficiency in the multi-
step procedures followed here. These specific activities
of 4.64 E/mg and 6.50 E/mg for ICL1 and ICL2,
respectively, are also in good agreement with studies
involving similar purification techniques in Arabidopsis
thaliana and Oryza sativa, where specific activities
ranged from 3.0 to 5.0 E/mg for various isoforms [17].
Ion-exchange chromatography on DEAE cellulose
proved to be one of the most useful techniques for
highly purifying ICL in its forms.

This profile agrees with earlier reports from Pisum
sativum [18] and Vicia faba [19], in which different

enzyme isoforms had been successfully separated using
similar chromatographic techniques. The elution
profile showed two well-defined peaks for ICL1 and
ICL2. Effective separation was achieved with a linear
KCl gradient spanning 50 to 150 mM, with two isoforms
eluting at an optimum KCI concentration of 60.2 and
94.2 mM, respectively. These results are in agreement
with those obtained for Cucumis sativus, where the ICL
isoforms also displayed different elution profiles at
different KCl concentrations [20]. The kinetic analysis
of the two isoforms revealed that both exhibited
Michaelis-Menten kinetics, with ICL1 displaying a Km
of 55.6 uM and ICL2 displaying a higher Km value of
83.3 uM.

This indicates that ICL1 has a higher affinity for
isocitrate than ICL2. These Km values are in good
agreement with literature data for ICL isoforms from
other plants, such as Glycine max and Solanum
tuberosum, whose Km values vary between 50 uM and
90 pM [21]. The different substrate affinities of the
isoforms probably reflect their distinct physiological
roles. ICL1 may, therefore, participate in processes
demanding higher metabolic flux, such as the
conversion of acetyl-CoA into glucose during seed
germination, while the role of ICL2 may be taken over
in anaplerotic reactions where low substrate affinity
would be advantageous. The pH-activity profile
revealed that the optimal pH for ICL1 was pH 7.5, while
that of ICL2 was at pH 6.0.

This pH dependence of ICL isoforms is similar to that
described in other species; indeed, in Phaseolus
vulgaris and Lycopersicon esculentum, optimal pH
values for ICL range from 6.0 to 7.5 [18]. These pH
profiles could reflect that ICL1 and ICL2 are adapted to
different metabolic environments in the plant: ICL1
may play a more important role in processes occurring
at near-neutral pH, such as gluconeogenesis, while
ICL2 may be more active under slightly acidic
conditions, possibly related to glycolate metabolism.
The other interesting observation was the differential
activation of the ICL isoforms by glycine and glycolate.

Whereas glycine activated both isoforms, the
maximal concentration of activation for the two forms
differed, with 5 pM for ICL1 and 10 pM for ICL2.
Similarly, glycolate differentially affected the isoforms,
where low concentrations, such as 5 pM, activated
ICL1, but the highest activity of ICL2 occurred at higher
concentrations of 100-500 pM. These results are in
concert with the earlier work on ICL in other plants,
where the isoforms expressed differential responses to
activators such as glycine and glycolate [19,20].
Glycine, a key metabolite within the glyoxylate cycle,
would naturally affect the ICL activity to fulfill the
seed's metabolic requirements, whereas glycolate,
being a product of photorespiration, might take part in
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modifying the activity according to environmental
parameters [22].

A one-way ANOVA was performed to determine the
statistical significance of the differences comparing the
specific activities, Km values, and optimal pH of the
ICL1 with the ICL2 were robust or not. Thus, a very
statistically significant result was obtained using the P
— value of less than.05. Post-hoc Tukey's test showed
that the specific activity of ICL2 was significantly
higher than that of ICL1, and the Km value of ICL2 was
significantly greater than that of ICL1 (2 < .05). These
results further support the hypothesis that the two
isoforms of ICL have distinct functional roles in
metabolic processes. The steps of enzyme purification
and the comparison of the purification factors between
ICL1 and ICL2 showed that the purification degree for
ICL1 was 116 times with a yield of 4.9%, while for ICL2,
the purification degree was 162.5 times with a yield of
4.9%. Such values are considered significant
statistically (P < .05). These results clearly show that
the separation of ICL isoforms from corn scutella was
achieved by using ion-exchange chromatography [23].

It provides a detailed description of the purification,
characterization, and kinetic properties of two
isocitrate lyase isoforms from corn scutella. Both
isocitrate lyase isoforms were characterized by distinct
biochemical properties with respect to substrate
affinity, pH optimum, and regulation by glycine and
glycolate, which are regulatory metabolites. These
observations add to the understanding of functional
diversity among ICL isoforms and their involvement in
metabolic events of seed germination. Such regulation
at the molecular level and its integration into the
general metabolic network of plants could be further
addressed in future studies. This large difference
between the two isoforms was indeed confirmed by the
statistical analysis, thus providing a sound basis for
further enzyme biochemical and plant metabolism
studies [24].

The results have identified from corn scutella, two
distinct isocitrate lyase isoforms (ICL), namely ICL1
and ICL2, with different electrophoretic mobilities: Rf
values of 0.29 and 0.25 for ICL1 and ICL2, respectively.
During enzyme purification, specific activities were
determined at 4.64 E/mg for ICL1 and 6.50 E/mg for
ICL2 with highly significant degrees of purification at
116 and 162.5 times for ICL1 and ICL2, respectively.
The isoforms were well resolved by ion-exchange
chromatography on DEAE cellulose, with optimum
elution at 60.2 and 94.2 mM KCI for ICL1 and ICL2,
respectively. Gel chromatography on Sephadex G-200
and electrophoresis revealed molecular weights of 164
kDa and 208 kDa for the enzyme and 43 * 1.2 kDa for
ICL1 and 48 = 0.5 kDa for ICL2 as subunits. Both
isoforms showed Michaelis-Menten kinetics. ICL1 had a

Km of 55.6 uM, while ICL2 showed lower affinity for the
substrate, with a Km of 83.3 uM. The enzyme showed
pH dependency. ICL1 showed optimum activity at pH
7.5, while the optimum pH for ICL2 was 6.0. Glycine
and glycolate had different influences on ICL activities,
with glycine activating ICL1 at 5 uM and ICL2 at 10 uM,
and glycolate activating ICL1 at 5 pM but at higher
concentrations necessary for the activation of ICL2 at
100-500 pM. Comparing ICL1 and ICL2, using Student's
t-test, showed significant differences in specific
activity, Km values, and purification factor at P< .05.
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