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Abstract. The acid phosphatases (EC 3. 1. 3. 2.) of rice seedlings consisted of four groups of isozymes. The group
111 isozyme was purified through ammonium sulfate, DEAE-Sepharose, Con A-Sepharose, and chromatofocusing. A
198-fold enhancement of activity was attained. This isozyme showed only one band in native-polyacryamide gel
electrophoresis. However, gel filtration revealed two peaks of enzyme activity. Their molecular weights were 130
kDa and 100 kDa. The purified isozyme showed a pH optimum of 5. Its Km for p-nitrophenyl phosphate (p-NPP)
hydrolysis was 0.33 mM. Its activity was inhibited non-competitively by sodium fluoride. Mercuric chloride, sodium
molybdate, and copper sulfate strongly inhibited the enzyme activity. The isozyme actively hydrolyzed adenosine
triphosphate and p-NPP, and partially utilized fructose-1,6-diphosphate. It did not utilize fructose-6-phosphate, glu-
cose-1-phosphate, glucose-6-phosphate, glycerophosphate, or adenosine monophosphate.
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Introduction

Acid phosphatases (EC 3. 1. 3. 2.) occur ubiquitously
among plants and animals (Hollander, 1971; Panara et al.,
1990); however, their functional significance in plants is
still relatively little known. Studying acid phosphatases is
difficult due to their multiform occurrence in organisms,
their relative nonspecificity, their small quantity, and their
instability in dilute solution (Park and van Etten, 1986).
Their study is also complicated by wide variations in the
activity and property of isozymes between species—and
between different stages in each plant’s development
(Alves et al., 1994; Baes and Van Cutasem, 1993). There
is also some inconsistency in nomenclature between dif-
ferent isozyme systems (Arnold et al., 1987; Moore et al.,
1987). Only limited information is available on their speci-
ficity, localization, and physiological function (Baker and
Tadakazu, 1973; Charvat and Esau, 1974; Mizuta and
Suda, 1980; Chen et al., 1992).

Recent development of chromatographic methods has
facilitated purification of individual isozymes of acid phos-
phatase. By using a combination of DEAE-Cellulose chro-
matography and cell fractionation, Mizuta and Suda (1980)
were able to isolate twelve isozymes from bean hypocotyl.
Acid phosphatase purified by a sequence of DEAE-Cel-
lulose and/or Con A-Sepharose chromatography was also
reported for tomato cultivars (Paul and Williamson, 1987),
sunflower seeds (Park and Van Etten, 1986) and wheat
germ (Waymack and Van Etten, 1991).

In this study, several different chromatographic meth-
ods were employed to purify one acid phosphatase
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isozyme from rice seedlings, and its properties were ex-
amined.

Materials and Methods

Plant Materials

Rice (Oryza sativa Tainung 67) seeds were surface ster-
ilized in 6% calcium hypochlorite, soaked in water for
three days, and sown on plastic net moistened with nutri-
ent solution. After germination, seedlings were transferred
to the greenhouse of the Department of Horticulture, Na-
tional Taiwan University. Ten-day-old seedlings were col-
lected for enzyme extraction.

Enzyme Extraction and Purification

Rice leaves (500 g) were rapidly frozen in liquid N,
ground into powder with a mill, then soaked in 1000 ml
of 50 mM buffer A (Tris-HCI, pH 7.6, 1| mM [-
mercaptoethanol). The mixture was homogenized with a
Polytron, filtered through four layers of cheesecloth, and
centrifuged at 16,000 g for 20 min. Proteins were precipi-
tated from the supernatant with a 40-70% saturation of
ammonium sulfate, and the precipitate was dialyzed
against buffer A overnight. The dialysate was loaded on
to a DEAE-Sepharose Fast Flow column (Pharmacia, 26
x 700 mm) and eluted with 1000 ml of 0-1 M NaCl in a
linear gradient at a flow rate of 200 ml/h. Fractions show-
ing enzyme activity were pooled, concentrated through a
YM 10 membrane (Amicon), and dialyzed against buffer
B (25 mM Tris-HCI, pH=7.6, 50 ml NaCl). The dialysate
was then loaded on to a Con A-Sepharose column (Bio-
Rad, 12 x 40 ml). The loosely bound proteins were washed
with buffer B, and the bound glycoproteins were eluted
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with 1% a-D-methylglucoside in buffer B at a flow rate
of 10 ml/h. Enzymatically active fractions of acid phos-
phatase were pooled and concentrated through a YM 10
membrane to about 5 ml, dialyzed against buffer C (25
ml histidine-HCI, pH = 6.2), and applied to a PBE 94
chromatofocusing column (9 x 300 mm). The column had
been pre-equilibrated with buffer C and post-equilibrated
with 4 ml buffer D (9-fold diluted Polybuffer 74
(Pharmacia), pH = 4.0) to create a pH gradient from 4 to
7 in the column and eluted with buffer D at a flow rate of
20 ml/h. Fractions with high acid phosphatase activity were
assayed with p-nitrophenyl phosphate (p-NPP) and
repooled. The purified enzyme was electrophoretically
analyzed with 7.5% polyacrylamide gel as described be-
low. The molecular weight was determined by comparing
the mobility with those of protein markers (Sigma).

Acid Phosphatase Assay

Acid phosphatase activity was based on conversion of
5 mM p-NPP into p-nitrophenol in 25 mM sodium acetate
at pH 5.0 (Hooley, 1984). One ml of reaction solution was
incubated at 37°C for 10 min; 4 ml of stop solution con-
taining 0.1 M NaOH and 0.6 M Na,CO, were then added
and absorbency at 400 nm was measured. One unit of en-
zyme activity represented the amount of enzyme required
to liberate 1 pmol p-nitrophenol per min. When substrates
other than p-NPP were used in the assay, the liberated
inorgnic phosphate was determined by the method of
Taussky and Shorr (1953). Protein content was determined
by Bradford’s method (1976).

Polyacrylamide Gel Electrophoresis (PAGE)

Native-PAGE and sodium dodecyl sulfate (SDS)-PAGE
were performed following the method described by Hames
and Rickwood (1981). After electrophoresis, the gel was
incubated in a staining solution containing 0.2 M sodium
acetate (pH = 5.0), 0.1% fast red TR salt, 0.1% a-naphthyl
phosphate, and 5 mM MgCl, for 3 h. Proteins separated
by SDS-PAGE were silver-stained according to Merril et
al. (1984).

Enzyme Characterization

Gel filtration characterization of the isozyme III was
run on an Ultra gel AcA 44 column. Pooled active frac-
tions of about 1/20 gel volume were loaded on to the col-
umn, eluted with buffer D at a flow rate of 1 ml/min and
assayed.

Three buffers at pH values ranging from 1 to 9 were
used for determining pH optimum. These buffers were
hydrochloride (1-3), acetate (4—6) and Tris (6.5-10). The
incubation medium contained 1 unit of purified isozyme,
0.5 mM phosphoric ester, and 50 mM buffer.

For substrate specificity studies, eight phosphoric es-
ters (all in 0.5 mM) were incubated with the isolated en-
zyme at 35°C for 15 min and the released inorganic
phosphate was measured. The incubation medium con-
tained 1 unit of purified isozyme, 0.5 mM phosphoric es-
ter, and 50 mM sodium acetate buffer (pH 5.0).
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Enzyme kinetic studies were performed at room tem-
perature using p-NPP in concentrations of 0.1, 0.2, 0.5, 5,
and 10 mM. The incubation medium contained 1 unit of
purified enzyme, 50 mM acetate buffer (pH 5.0), and p-
NPP. Extrapolated plot of 1/v_against 1/(S ) was used to
determine the values of Kmand V. The Ki value of NaF
was detected with the same p-NPP concentrations and
adding NaF to a final concentration of 1 mM.

The effects of twelve different mineral salts on enzyme
activity were tested. Assays were carried out at 37°C for
30 min with 5 mM p-NPP as substrate and 50 mM so-
dium acetate buffer (pH 5.0) in the incubation mixture.

Results

Four groups of acid phosphatase isozyme were elec-
trophoretically detected in rice seedlings (Figure 1). Our
previous study showed that group III isozyme occurred in
various tissues of rice seedlings, showed more consistency
of stainablity in gel with assay staining, and was more sen-
sitive to sodium fluoride inhibition than that of I, II, or IV
(Wang et al., 1995). Thus, this isozyme group was chosen
for detailed analysis.

As shown in Table 1, the yields of group III isozyme
during purification were relatively low. However, the use
of Con A-Sepharose affinity chromatography was helpful
in purifying the isozyme; it enhanced enzyme activity as
much as 18-fold. A 198-fold increment in specific activ-
ity of acid phosphatase was obtained following purifica-
tion in sequence with (NH,),SO, precipitation,
DEAE-Sepharose, Con A-Sepharose, and chromato-
focusing column chromatography. Percentage of the
purified group III isozyme of acid phosphatase was 8.5%;
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Figure 1. Native-PAGE zymograms of crude enzyme solution
and purified isozyme III. Lanes 1 and 2 were crude enzyme so-
lution. Lanes 3—6 were peaks I and II isozyme purified from
Ultra gel AcA 44 gel filtration. Lanes 3 (10x) and 4 (1x) were
obtained from peak 1 and lanes 5 (10x) and 6 (1x) were from
peak II. Samples applied on lane 3 and lane 5 were concentrated
with Speed-vac to a 10 fold concentration.
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Table 1. Purification steps for a group III acid phosphatase in rice*.
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Protein
(mg)

Activity
(unit)

Specific activity
(unit/mg)

Recovery

(%) Purification-fold

3255

1428

244
8.3
1.3

1190
831
622
387
101

Crude extract
(NH,),SO, ppt
DEAE-Sepharose
Con A-Sepharose
Chromatofocusing

0.4
0.6
2.6
46.8
79.0

100.0
69.8
523
325

8.5

1.0

1.5

6.5
117
198

*Measured in triplicate.

the preparation showed a specific activity of 79 unit/mg.
The isoelectric point of the isozyme was 5.5 on
chromatofocusing.

Two active peaks were separated by the Ultra gel AcA
44 column, with molecular weights of 100 kDa and 130
kDa (Figure 2). However, the two fractions produced only
one band on Native-PAGE (Figure 1). Meanwhile, it was
difficult to observe a protein band corresponding to the
purified isozyme in silver-stained gel of SDS-PAGE.

The purified acid phosphatase showed an optimal pH
of around 5 (Figure 3). Enzyme kinetic study showed that
its Kmand V _ were 0.33 mM and 0.34 umol/min, re-
spectively, when p-NPP was used as the substrate (Figure
4). Meanwhile, sodium fluoride was a non-competitive
inhibitor of the isozyme and the Ki value for NaF was
about 0.23 mM.

The rates of hydrolysis of several phosphorylated sub-
strates are shown in Table 2. The acid phosphatase was a
rather nonspecific enzyme. p-NPP was a good substrate.
However, the dephosphorylation rate of ATP y-phosphate
(143.5%) was about 50% higher than that of p-NPP. The
other phosphoric esters were poor substrates. The purified
isozyme was unable to hydrolyze fructose-1, 6-diphos-
phate, glucose-1-phosphate, glucose-6-phosphate, or ad-
enosine monophosphate. PB-Glycerophosphate, a
traditional reagent for acid phosphatase cytochemical lo-
calization, was also a distinctly poor substrate (4.2%).
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Figure 2. Ultra gel separation profile of acid phosphatase en-
zyme activity.
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Figure 3. Effect of pH on the enzyme activity of isozyme III.
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Figure 4. Lineweaver-Burk plot for NaF effect on purified acid
phosphatase showing simple non-competitive inhibition.
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Table 2. Substrate specificity for a group Il acid phosphatase
in rice*.

Substrates (0.5 mM) Relative activity (%)

p-Nitrophenyl phosphate 100.0
Fructose 1,6-diphosphate 463+ 0.5
Fructose-6-phosphate 0
Glucose-1-phosphate 0
Glucose-6-phosphate 0
Glycerophosphate 42+27
Adenosine triphosphate 1435+ 1.5
Adenosine monophosphate 0

*Measured in triplicate.

Table 3. Effect of salts on the activity of a group III acid
phosphatase in rice*.

Salts (0.5 mM) Relative activity (%)

Control 100.0 £ 3.9
CaCl, 103.7+ 0.3
MgCl, 104.8+5.4
CuSO, 244+22
HgCl, 1.9+£0.3
KH,PO, 90.3+3.3
NaF 423+£3.6
(Na),MoO, 2.1+0.7
NH,NO, 79.5+3.9
CoCl, 94.0+5.8
ZnSO, 53.8+1.9
MnSO, 103.5+3.5
FeSO, 669+ 54

*Measured in triplicate.

The effects of mineral salts on the activity of acid phos-
phatase are shown in Table 3. The activity of the purified
isozyme was not significantly influenced by CaCl,
(103.7%), MgCl, (104.8%), or MnSO4 (103.5%). How-
ever, HgCl, and Na,MoO, were strong inhibitors, stopping
almost all enzyme activity within a short period of incu-
bation. The enzyme activity was also suppressed by CuSO,
(24.4% remained). ZnSO, and FeSO, lowered enzyme
activity to 53.8% and 66.9% of the initial activity, respec-
tively. KH,PO,, NH,NO,, and CoCl, were less-active
inhibitors.

Discussion

Group III isozymes of acid phosphatase universally oc-
cur in the leaves, stems, and roots of rice plants. It is more
sensitive to NaF inhibition than the other isozyme groups
(Wang et al., 1995). In this study, chromatofocusing and
Con A-Sepharose affinity columns proved useful in iso-
lating a single isozyme of acid phosphatase.

The purified isozyme of acid phosphatase showed an
optimum pH of 5, which was similar to that of the acid
phosphatase of tobacco (Bentwood and Cronshaw, 1975).
However, the constitutive and repressible acid phosphata-
ses of baker’s yeast had pH optima of 3.6 and 4.3, respec-
tively. Also, a broader optimum pH range of 3.5-5.0 was

bot 384- 04. p65 248

Botanical Bulletin of Academia Sinica, Vol. 38, 1997

observed for acid phosphatase-1 of tomato (Paul and
Williamson, 1987).

Kinetic study of the acid phosphatase of Baker’s yeast
showed a linear Lineweaver-Burk plot, with a Km of 0.45
mM for p-NPP (Schurr and Yagil, 1971). A Km of 0.30
mM was found for the acid phosphatase of yeast-like cells
of Sperothrix chenchii. The Km of the S, acid phosphatase
of barley roots was pH dependent; at pH 5.5 it was about
0.3 mM (Arnold et al., 1987). The Km values of acid phos-
phatases from different sources were close to 0.33 mM of
those found for rice group I1I isozyme.

Fluoride is a non-competitive inhibitor of acid
phosphatase, and its inhibitory activity is highly revers-
ible (NagDas and Bhattacharyya, 1984). However, the in-
hibitory effect of NaF on acid phosphatase activity was
only partial, and the degree of inhibition varied according
to plant source of the enzyme (Hall, 1978; Moore et al.,
1987). Meanwhile, isozymes of acid phosphatases from
several plant species were also shown to be inhibited dif-
ferently by NaF (Arnold et al., 1987; Chen et al., 1992;
Mizuta and Suda, 1980). Sodium fluoride was also a non-
competitive inhibitor of rice acid phosphatase and its Ki
value was 0.23 mM (Wang et al., 1995). Moreover, its
reversibility and the effectiveness of its inhibition has var-
ied from one isozyme to another (NagDas and
Bhattacharyya, 1984; Arnold et al., 1987).

The requirement of metallic ions for acid phosphatase
activity has also varied according to plant species, devel-
opmental stage, and isozyme heterogeneity (Scandalois,
1974; Panara et al., 1990). A cofactor role of Mn?" has
been reported in soybean (Fujimoto et al., 1977) and yeast
(Mizunaga, 1979). However, our study with the purified
isozyme from rice seedlings showed no effect by CaCl,
or MnSO,. The inhibition of rice acid phosphatase by cop-
per, zinc, molybdate, and fluoride ions has been previously
reported in other species, e.g., pea (Mizuta and Suda, 1980)
and tobacco (Pan et al., 1987). Rice acid phosphatase ac-
tivity was also inhibited by ferrous ion. Phosphate ion has
been commonly recognized as a competitive inhibitor of
acid phosphatase in many plant species (Park and Van
Etten, 1986; Arnold et al., 1987).

The purified isozyme of rice acid phosphatase was more
substrate-specific than those of other plant species
(Hasegawa et al., 1976; Panara et al., 1990). A higher rate
of ATP hydrolysis by acid phosphatase was also observed
in tobacco cells (Pan and Chen, 1988). A low rate of sugar-
phosphate hydrolysis is a significant character of this
isozyme. Meanwhile, glycerophosphate was nearly
unreacted by the purified enzyme, indicating that the hy-
drolysis of glycerophosphate was acid phosphatase
isozyme-dependent.

One problem that needs to be solved is the discrepancy
between the one band in native-PAGE zymogram and two
bands apparent by gel filtration. Also needed is further
study on the function of the group III isozyme.
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