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Characterization of Recombinant Drosophila melanogaster
Myo-inositol-1-phosphate Synthase Expressed in Escherichia coli
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Cloned myo-inositol-1-phpsphate synthase (INOS) of Drosophila melanogaster was expressed in Escherichia
coli, and purified using a His-affinity column. The purified INOS required NAD" for the conversion of
glucose-6-phosphate to inositol-1-phosphate. The optimum pH for myo-inositol-1-phosphate synthase is
7.5, and the maximum activity was measured at 40°C. The molecular weight of the native enzyme, as
determined by gel filtration, was approximately M 271,000+15,000. A single subunit of approximately
M, 62,000+5,000 was detected upon SDS-polyacrylamide gel electrophoresis. The Michaelis (K ) and dis-
sociation constants for glucose-6-phosphate were 3.5 and 3.7 mM, whereas for the cofactor NAD" these

were 0.42 and 0.4 mM, respectively.
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Inositol is a precursor of essential macromolecules, such as
membrane phospholipids. L-myo-inositol-1-phosphate syn-
thase (INOS) catalyzes the conversion of D-glucose 6-
phosphate to L-myo-inositol-1-phosphate, the first commit-
ted step in the production of all inositol-containing com-
pounds, including phospholipids. The enzyme catalyzes the
primary reaction for the synthesis of inositol, and exists in
the cytoplasmic form in a wide range of plants, animals,
and fungi (Majerus ef al., 1988). It has also been detected
in several bacteria, and a chloroplast form is observed in
alga and higher plants (Bachhawat and Mande, 2000). The
enzyme has been purified from a wide range of organisms,
with its active form being a multimer of identical subunits,
with molecular weights ranging from 58,000 to 67,000
(Majumder et al, 1997). The activity of the synthase is
stimulated by NH,Cl, and inhibited by glucitol 6-phosphate
and 2-deoxyglucose 6-phosphate. The primary structure of
this enzyme shows remarkable conservation across species.
The structural gene (INO1), encoding the L-myo-inositol-
1-phosphate synthase subunit, was first identified and
cloned in yeast (Hirsch and Henry, 1986). Subsequently,
homologues of this gene have been cloned from several
prokaryotic (Bachhawat and Mande, 1999; 2000) and
eukaryotic microorganisms (Ingavale and Bachhawat,
1999), and higher plants (Stein and Geiger, 2002). In
baker's yeast, Saccharomyces cerevisiae, the transcriptional
regulation of the INO! gene has been studied in detail, and
its expression found to be sensitive to the availability of
phospholipid precursors as well as the growth phase
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(Graves and Henry, 2000).

The enzyme reaction for the conversion of glucose-6-
phosphate to inositol requires NAD* (Fig. 1). The first step
of the reaction mechanism is an oxidation. During this
step, the NAD" serves as a hydrogen acceptor, followed by
its condensation to a cyclic product and a subsequent
reduction step, with NADH acting as the hydrogen donor.
Therefore, NAD" is definitely required (Stein and Geiger,
2002). In this study, the INOS was cloned from D. mela-
nogaster. The gene product, expressed in Escherichia coli,
was purified by affinity column chromatography, and the
enzyme was characterized using specific enzyme assays.

Materials and Methods

Expression of the INOS

The pET15b containing cDNA of INOS was transformed
into E. coli BL21 (DE3) pLysS. The transformed cells were
coltured in Luria-Bertani media (LB: 1% Trypton, 0.5%
Yeast extract, 1% NaCl) with ampicillin (50 pg/ml) and
chloramphenicol (34 pg/ml), and cultured at 37°C, with vig-
orous shaking, until the OD()00 of the culture reached to (.5.
IPTG was then added to the culture to final concentration of
1 mM for induction of the INOS. The culture was then incu-
bated for a further 3 h, at 28°C, with vigorous shaking.

Purification of the INOS

The IPTG induced cell culture was harvested by centrif-
ugation (6,000 rpm) at 4°C, for 10 min. The cell mass was
resuspended in binding buffer [20 mM Tris-HCI (pH 7.9),
500 mM NaCl, and 5 mM imidazole] and disrupted by
freezing-thawing. The lysate was sonicated until completely
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Fig. 1. Proposed chemical reaction mechanism of the conversion of glu-
cose-6-P to inositol-1-P by INOS.

soluble. After centrifugation (12,000 rpm) at 4°C for 20 min,
the supernatant was loaded onto the His-affinity column.
The His-affinity column was charged with 0.1 M NiCl, and
equilibrated with binding buffer. The column was washed
with 5 volumes of binding buffer containing 0.1 M imida-
zole, and eluted with 5 volumes of binding buffer containing
0.2 M imidazole. The eluted fractions were dialyzed against
20 mM Tris-HCI (pH 7.0) and stored at -20°C.

Gel electrophoresis

The purified protein was analyzed on 10 and 5% SDS-
polyacrylamide gel for separating and stacking, respec-
tively. The sample was boiled in sample buffer (60 mM
Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, 144 mM 2-
mercaptoethanol, 0.1% bromophenol blue) for 5 min. The
separating and stacking gels were run at 120 V and 15
mA. The gel was stained with Coomassie blue R250 for
1 h, and destained completely overnight.

Protein concentration determination
The protein concentration was determined by the Brad-
ford assay, using bovine serum albumin as the standard.

Enzyme assay

The enzyme activity was assayed colorimetrically using the
periodate oxidation method of Barnett ef al. (1970), which
was further corroborated by the inositol 1-phosphate phos-
phatase assay. The amount of Pi released from the INOS
product on periodate oxidation, or inositol [-phosphate
hydrolysis, was estimated by the method of Eisenberg and
Parthasarathy (1987), which measures the quantitative
release of inorganic phosphate from inositol-1-phosphate.
The standard reaction mixtures (0.3 ml) contained 5 mM
glucose-6-phosphate, 1 mM NAD", 0.2 mM dithiothreitol,
2 mM NH,CI, 50 mM Tris-HCI (pH 7.5) and the enzyme.
The enzyme activity was determined at 37°C, and the reac-
tion stopped by the addition of 20% trichloroacetic acid
(0.05 ml) and the mixture was then centrifuged (12,000
rpmy) at 4°C, for 15 min, and supernatant (0.1 ml) was incu-
bated with 0.1 ml of 0.2 M NalO,, at 37°C for 1 h. The
excess periodate was destroyed by the addition of Na,SO,
(1M, 0.1 ml), followed by the addition of 0.2 ml water.
Ammonium molybdate-malachite green reagent (2.5 mi)
was added, followed by 0.1 ml of 0.5% Tween 20. The
absorbance was measured at 660 nm, and compared with a
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KH,PO, standard curve. The standard curve for released
PO, was prepared using various concentrations of KH,PO,.
The ammonium molybdate-malachite green reagent was pre-
pared by dissolving 0.42 g of (NH,); MoO,,-4H,0 to a final
volume of 10 ml in 5 M HCI. The malachite green oxalate
(0.015g) was dissolved in 20ml of water. The (NH,),
Mo0,,-4H,0 solution was mixed with the malachite green
oxalate solution, and after 30 min at room temperature was
filtered through a 0.2 um filter, and stored at room temper-
ature in the dark.

Gel filtration

A Sephacryl S-300 column (1.5x60 cm) was equilibrated
with 20 mM Tris-HCl (pH 7.0). Gel filtration column
chromatography was performed with a flow rate of 15 ml/
h, and 0.25 ml fractions collected. The void volume was
determined with Blue dextran (2,000,000). The molecular
weight standards used were bovine serum albumin
(66,000), alcohol dehydrogenase (150,000), B-amylase
(200,000), and apoferritin (443,000).

Results and Discussion

Purification of INOS

The cultured cells (2 L) were harvested by centrifugation
at 6,000 rpm for 10 min, and resuspended in binding
buffer. The cells were disrupted by sonication, and the
clear lysate was obtained by centrifugation at 12,000 rpm
for 20 min. The supernatant was applied to a His-affinity
column. The column was washed with binding buffer con-
taining 0.1 M imidazole and eluted with the binding
buffer containing 0.2 M imidazole. The apparent yield (8
mg) for the preparation of INOS was obtained by a single
chromatographic procedure. Examination of the enzyme
by SDS-PAGE revealed a highly purified preparation con-
taining only a single protein band (Fig. 2).

Molecular weight determination and subunit composition
of native enzyme
The molecular weight of the purified enzyme was deter-
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Fig. 2. SDS-PAGE of the purification steps. The electrophoresis was
performed using 10% gel. Lane 1, molecular weight markers, Lane 2,
total protein before induction, Lane 3, total protein after induction, Lane
4, purified recombinant protein.
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mined on a 10% SDS-polyacrylamide gel. The calculated
relative mobility of the INOS indicated that this protein
had an approximate M, of 62,000+5,000 Da (Fig. 3). The
native molecular weight of the purified enzyme was deter-
mined on a calibrated column of Sephacryl S-300. Com-
pared with a standard mixture of proteins of known
molecular weight (albumin, alcohol dehydrogenase, amy-
lase and apoferritin), the molecular weight, derived from
gel filtration of the native D. melanogaster INOS for
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Fig. 3. Molecular weight determination of the enzyme subunit by SDS-
PAGE. The relative mobility of the purified enzyme was compared to
known proteins. Purified enzyme was resolved on a slab 10% polyacry-
lamide gel containing SDS under fully dissociating conditions. Molecular
weight marker, phosphorylase B (97,400 Da), bovine serum albumin
(66,200 Da), aldolase (39,200 Da), and triose phosphate isomerase
(26,600 Da), and recombinant INOS (O) were co-electrophoresed.
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Fig. 4. Determination of molecular weight of the native enzyme. An
estimate of the molecular weight of the native enzyme was performed
by gel filtration with Sephacryl $-300 HR. The molecular weight stan-
dard proteins used were bovine serum atbumin (66,000), alcohol dehy-
drogenase (150,000), amylase (200,000), apoferritin (443,000) and
recombinant INOS (O).
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recombinant protein, was 271,000£15,000 Da (Fig. 4).
Taking the subunit molecular weight into account, this
suggests a tetrameric protein structure, as with most other
chloroplastic INOS similar to the fungal enzymes. The
cytosolic form of the enzyme reportedly has a trimeric
association, with the exception of S. cerevisiae, while the
chloroplastic one has a tetrameric structure similar to that
of fungal enzymes (Majumder er al., 1997). The other
preparation of inositol-1-phosphate synthase, purified to
varying degrees from a variety of sources, suggests a tet-
rameric or trimeric structure, with a molecular weight in
excess of 200,000 Da. The INOS of S. cerevisiae.
(Donahue and Henry, 1981) has a tetrameric structure.
The purified inositol-1-phosphate synthase from Neuro-
spora (Escamilla et al., 1982), Glycine max (Hegeman et
al., 2001), and bovine testes (Mauck et al, 1980} also have
tetrameric structures. Conversely, the INOS isolated from
rat testes (Meada and Eisenberg, 1980) has a trimeric
structure. The INOS from Spirodela polyrrhiza, Entam-
oeba histolyca, Oryza sativa, Lemna gibba, and Lilium
longifolium have trimeric structures.

Effect of pH on enzyme activity

The pH dependence of the purified recombinant enzyme
was measured by assaying at various pH values, ranging
from 5 to 11, with 50 mM buffers of MES-NaOH (pH 5 and
6), Tris-HCl (pH 7, 8 and 9), and CAPS-NaOH (pH 10 and
11). The enzyme was active over the pH range 5 to 10, with
maximal activity between pH 7 and 8. Approximately 34%
of the maximal activity was observed at pH 9, but little
activity was seen at, or below pH 5, with no activity
observed over pH 11 (Fig. 5). The optimal pH of the purified
recombinant enzyme was 7.5, which was comparable to the
enzymes purified from different sources, that operate within
a broad pH range from 7.0 to 8.4 (Majumder et al., 1997).

Effect of temperature

To determine the effect of temperature on the enzyme activ-
ity, reactions were measured at various temperatures, rang-
ing from 20°C to 60°C. The enzymatic activity increased
with increasing temperature, between 20°C and 40°C. The
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Fig. 5. Effect of pH on enzyme activity. Reaction mixtures were incu-
bated at 37°C for 10 min in standard reaction mixtures at various pH
values.
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maximum enzyme activity was obtained at 40°C. The
enzyme activity decreased at temperatures over 40°C, and
was abruptly lost above 50°C due to thermal inactivation
(Fig. 6).

Heat stability of INOS

To examine the thermal stability of enzyme, the enzyme
was preincubated at 50 or 60°C, for the indicated times, and
the remaining activities were assayed as described in the
Materials and Methods section. The relative stabilities are
shown in Fig. 7. The enzyme activity was stable when
heated at 50°C for 10 min, but after 60 min incubation at
50°C, 60% of the activity was lost, and completely
destroyed with further incubation at 50°C. The enzyme was
sensitive to heat treatment at 60°C, with immediate
decrease in the enzyme activity. More than 60% of the
activity was lost by treatment at 60°C for 5 min. From the
data for the heat stability, the recombinant enzyme was
judged to exhibit low thermostability. This could be a gen-
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Fig. 6. Effect of temperature on enzyme activity. The enzyme was
assayed in standard reaction mixtures at various temperatures for 10
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Fig. 7. Heat stability of INOS. The recombinant enzyme was preincu-
bated at 50°C (@) or 60°C (M) and then assayed in standard reaction
mixtures at 37°C for 10 min.
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eral feature of the thermosensitivty of INOS. Eisenberg Jr.
(1987) reported the stability of the INOS activity at 60°C.
The biochemical characterization of the INOS from amoe-
bae showed little difference between the native and recom-
binant proteins (Lohia ef al., 1999). Both the proteins have
optimum activity within the pH and temperature ranges 7.4
to 7.6 and 35°C to 37°C, respectively. Both the recombinant
and native proteins were stabilized with 20% (v/v) glycerol,
2 mM PMSF and 1 mM E-64, throughout most of the puri-
fication procedure. The purified protein could be stored at
-20°C, in 20% (v/v) glycerol for several weeks with no
noticeable loss in activity. The specific activity of the native
INOS from amoebae was approximately double that of the
specific activity of the recombinant protein from E. coli.

Kinetic parameter

The determination of the kinetic characteristics of the
INOS was carried out by measuring the initial velocity of
the reaction at various concentrations of one substrate
(glucose-6-phosphate), keeping the concentrations of the
other substrate (NAD™) fixed. The kinetic parameters for
the enzymatic conversion of glucose-6-phosphate to inos-
itol were estimated by analysis of Lineweaver-Burk plots
for each reaction performed with a fixed NAD" concen-
tration. The velocity increased with increasing NAD* con-
centration. Replots of the slopes and the intercepts of the
curves for each reaction, were linear, with finite intercepts
(Fig. 8). To calculate the kinetic parameters the data were
fitted, according to a Cleland analysis (Kuby, 1991), into
the equation shown below:

VIAILB]
K K +K [BHK[A]+A][B]

where v is the initial velocity, V is the maximum velocity,
[A] and [B] are the concentrations of glucose-6-phosphate
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Fig. 8. Kinetics of INOS with glucose-6-phosphate at various NAD*
concentrations. Enzyme (1 ug) was incubated with 1 (a), 2 (@), and
5mM (@) NAD" and the indicated concentration of glucose-6-phos-
phate at 37°C for 10 min.
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and NAD", respectively, K and K, are the Michaelis con-
stants for the substrates, glucose-6-phosphate and NAD",
respectively, with K. (the dissociation constant for glucose-
6-phosphate) and K, (the dissociation constant for NAD*)
being calculated from the symmetrical relationship, Kia
Kb=K,, K. From this analysis, the K s for glucose-6-phos-
phate and NAD* were estimated to be 3.45 and 0.43 mM,
respectively. The dissociation constant for glucose-6-phos-
phate and NAD" were 3.71 and 0.4 mM, respectively. Com-
pared to the enzyme from other sources, Majumder et al.
(1997) reported that the substrate affinities of the rat brain
and human fetal brain synthase had very similar K (4.4
and 4.47 mM, respectively). Maeda and Eisenberg (1980)
also reported a similar value (3.8 mM). Others have
reported lower values, with the enzymes from rat and
bovine testis having values of 0.05 (Barnett ef al., 1973)
and 0.012 mM (Pittner and Hoffrmann-Ostenhof, 1976),
respectively. There are significant differences between the
K values for glucose 6-phosphate of native and recombi-
nant INOS. The lower K value for glucose 6-phosphate for
the native INOS suggests a higher substrate specificity
compared to the recombinant protein. A four-fold stimula-
tion of the synthase activity was observed on treating both
the recombinant and native proteins with NH,ClI (10 to 14
mM) (Lohia ef al., 1999).
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