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Abstract. Two phosphatase isoforms from roots of the common bean
(Phaseolus vulgaris L.) showed an increase in activity in response
to phosphate deficiency. One of them (APIII) was chosen for further
purification through ionic exchange chromatography and preparative
electrophoresis. The estimated molecular mass of APIII was 35 kDa
by both SDS-PAGE and gel filtration analyses, suggesting a mono-
meric form of the active enzyme. The phosphatase was classified as an
alkaline phosphatase based on the requirement of pH 8 for optimum
catalysis. It not only exhibited broad substrate specificity, with the
most activity against pyrophosphate, but also effectively catalyzed the
hydrolysis of polyphosphate, glucose-1-phosphate and phosphoenol-
pyruvate. Activity was completely inhibited by molybdate, vanadate
and phosphate but was only partially inhibited by fluoride. Although
divalent cations were not essential for the pyrophosphatase activity of
this enzyme, the hydrolysis of pyrophosphate increased substantially
in the presence of Mg2*.

Key words: Alkaline phosphatase, Phaseolus vulgaris, phosphate de-
ficiency, pyrophosphate, purification.

Resumen. Dos isoformas de fosfatasas obtenidas de raiz de frijol
(Phaseolus vulgaris L.) mostraron un incremento en la actividad en
respuesta a la deficiencia de fosfato. Una de ellas (APIII) se purifico a
través de una cromatografia de intercambio i6nico y una electroforesis
preparativa. La masa molecular estimada para APIII fue de 35 kDa
tanto por SDS-PAGE como por filtracion molecular, sugiriendo que la
enzima activa es monomérica. APIII se clasifico como una fosfatasa
alcalina basada en sus requerimientos de pH 8 para catalisis. Esta en-
zima es activa sobre un amplio espectro de sustratos como polifosfato,
glucose 1-fosfato y fosfoenolpiruvato, aunque muestra preferencia
por pirofosfato. Su actividad se inhibe completamente por molibdato,
vanadato y fosfato, aunque es inhibida parcialmente por fluoruro. Atn
cuando los cationes divalentes no fueron escenciales para su actividad,
la hidrolisis de pirofosfato se incrementd notablemente en presencia
de Mg?".

Palabras clave: Fosfatasa alcalina, Phaseolus vulgaris, deficiencia de
fosfato, pirofosfato, purificacion.

Introduction

Phosphorus (P) is one of the major elements found in plants.
The available phosphate concentration in many soils is rather
low, in part because it is commonly bound to many soil con-
stituents [1]. As the sources of P run out, improvements in the
absorption and/or use-efficiency of phosphorus become neces-
sary. Plants have developed several mechanisms to overcome P
deficiency, such as induction of extracellular and intracellular
phosphatases (ortophosphoric-monoester phosphohydrolase,
EC 3.1.3.2) [2, 3 4, 5, 6,7]. Considering that the organic phos-
phorus content can reach up to 80% in some soils, extracellular
acid phosphatases (ACP) are thought to play an important role
in scavenging phosphate (Pi) from organic soil constituents.
Similarly, intracellular phosphatases may be involved in regu-
lating the supply of Pi from intracellular organic sources [8,
9]. Phosphatases have been traditionally classified as being
alkaline or acid according to their optimal pH for catalysis
[10]. Plant alkaline phosphatases generally display substrate
specificity and play defined roles in metabolism. In contrast,
acid phosphatases generally are nonspecific with the excep-
tion of PEP phosphatase [11]. Most studies on the relationship
between Pi deprivation and phosphatases have focused on acid
phosphatases.

The common bean (Phaseolus vulgaris) is a major food
leguminous crop, mainly cultivated in P-deficient soils in the

tropics [12]. Several groups have elucidated the morphologi-
cal, physiological and genetic mechanisms underlying P-de-
ficiency responses [13, 14, 15,16]. Phosphatase secretion has
been related to the capacity to tolerate P deficiency in several
plant species including P. vulgaris [17,18,19, 20]. In an effort
to elucidate the importance of these phosphatases, we further
purified and characterized one of the root isoforms induced by
Pi starvation.

Results and Discussion

The common bean, like other plant species, responds to Pi
starvation with an increase in the activity of acid phosphatases
in roots and leaves [6, 20, 21]. Although it seems that leaf
isoforms are not advantageous in low-phosphorus availability
[22], the importance of root phosphatases has not been docu-
mented. In this study, we further characterized one of the root
isoforms, an essential step in understanding its possible role
in the Pi-deficiency response. Our results revealed two new
phosphatase isoforms after a Pi-deficiency treatment (Fig. 1).
The de novo synthesis of phosphohydrolases has been dem-
onstrated in cells of Brassica nigra [9], in tomato seedlings
[23] and white lupin roots [4], but the increase in phosphatase
activity could also be due to the activation of pre-existing
protein.
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Fig. 1. Phosphatase activity of protein extracted from roots grown in
the presence (+Pi) or in the absence (—Pi) of phosphate. The amount
of protein loaded was 5 pg.

The protocol for the purification of root phosphatases con-
sisted of two steps. The root extract was first loaded onto a
DEAE-Sephacel column, and the proteins were eluted with a
pH gradient from 4 to 8. The API isoform did not bind to the
column (data not shown). The APII and APIII phosphatases
eluted within the pH range of 4 to 5. Fractions with activity
were pooled, concentrated and loaded onto a mini-prepara-
tive cell. A single peak of activity was eluted from the gel in
fractions 24 to 30 (Fig. 2A). In-gel activity of these fractions
showed that only APIII was present (Fig. 2B). SDS-PAGE
analysis of APIII indicated that this enzyme is a protein com-
posed of a single 35-kDa subunit (Fig. 3A). The molecular
mass, estimated by gel filtration, of APIII was also 35 kDa, sug-
gesting that the enzyme is active as a monomer (Fig. 3B). Thus
far, most of the acid phosphatases that respond to Pi-deficiency
are enzymes composed of 1 or 2 subunits with native molecular
masses ranging between 50 kDa and 200 kDa [2, 3, 6, 24].

The optimum pH for catalysis by the purified phosphatase
was 8, which classified it as an alkaline phosphatase (Fig.
4). To examine the pH stability of the enzyme, the purified
phosphatase was incubated for 10 min at different pHs. No
significant loss of activity was observed at pH 6-7, but 50% of
the activity was lost at pH 5 and 9 (data not shown). With the
exception of fructose 1,6 bi-phosphatase, sucrose 6- phosphate
phosphatase [5] and an inducible alkaline phosphatase from
Spirodela oligorrhiza [24], very few alkaline phosphatases are
induced by Pi-deficiency. Plant alkaline phosphatases generally
display rather strict substrate specificity and play defined roles
in metabolism [10].

APIII activity strongly increased with temperature from
20 °C to 37 °C (Fig. 5). The presence of 20 mM of p-NPP
reinforced enzyme thermal stability, with no loss of activity
observed after 10 minutes, even at 70 °C (data not shown). Heat
stable acid phosphatases have been reported in some plant spe-
cies [25, 26], but to the best of our knowledge, the stability of
plant alkaline phosphatases has not been documented.
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Fig. 2. A) Phosphatase activity profile with fractions obtained after mi-
ni-prep cell purification. B) Fractions with high activity were separated
by PAGE and stained for activity. 1) crude extract; 2) APIII.
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Fig. 3. A) SDS-PAGE of APIII detected by silver staining. Lane 1,
crude extract (2 pg); lane 2, APIII (2 pg). B) Molecular mass estima-
tion of APIII by gel filtration.

Although the alkaline phosphatase reported here showed
relatively broad substrate specificity, the highest specificity
constant was found with PPi as substrate (Table I and II). This
enzyme, however, is not a typical pyrophosphatase because
Mg?* is not essential for its activity. Additionally, Km values
for PPi are in the micromolar range for typical pyrophospha-
tases [24, 27], whereas the value found in this work for APIII is
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Fig. 4. Effect of pH on APIII activity. Activity of the purified phos-
phatase was assayed from pH 3 to 10 as indicated in the Materials
and Methods.
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Fig. 5. Effect of temperature on APIII activity. Activity of purified
phosphatase was assayed at temperatures ranging from 4 °C to 70
°C.

in the order of millimolar. In plant cells, during Pi-deficiency,
levels of cytoplasmic Pi as well as of nucleoside phosphates,
such as ATP and ADP, decrease. In contrast, levels of pyro-
phosphate appear to remain more constant and may serve as a
substitute energy donor [5]. Thus, this alkaline phosphatase,
which exhibits high specificity toward PPi hydrolysis, might
be an important intracellular enzyme to increase levels of Pi
during Pi-deficiency.

Molybdate, vanadate and phosphate are potent inhibitors
of acid and alkaline phosphatases [2, 3]. In contrast, fluoride
strongly inhibits the acid forms [3], but has a variable effect
on alkaline phosphatases [25]. In agreement with the above,
molybdate, vanadate and phosphate were strong inhibitors of
APIII activity, but fluoride inhibited its activity only 40% (Ta-
ble III). In the case of the S. oligorrhiza alkaline phosphatase,
EDTA and EGTA do not inhibit its activity, suggesting that the
enzyme does not depend on divalent metal ions [24]. The ac-
tivity of the common bean APIII was enhanced 30% by Mg?",
whereas Ca®" showed a slight inhibition.

Lorena Morales et al.

Table 1. Substrate specificity of purified alkaline phosphatase from
Phaseolus vulgaris. Enzymatic hydrolysis of the listed substrates was
performed as described in the Material and Methods. Rates of hydro-
lysis are given relative to the rate of p-NPP cleavage set to 100%.
Rate for p-NPP was 91.7 Units/mg protein. Values are expressed as
means + SE, n = 3.

Substrates Relative activity (%)

ATP 75 +£0.01

PPi 659 £ 0.04
ADP 69 + 0.03

G6P 4 +0.02

PEP 143 +0.03
GI1P 406 £ 0.1

16P 110 £ 0.2
PolyP 449 + 0.6

Table 2. Kinetic properties of Phaseolus vulgaris alkaline phosphatase.
Kinetic constants were determined using 0.5 pg of purified protein.

Substrates km (mM)  Vmax (U/mg prot)  Vmax/km
PolyP 1.4 120 83
PPi 1.2 121 109
G1P 1.8 66 37
ATP 1.6 40 25
p-NPP 7.7 162 21

Table 3. Effect of anions and metal ions on the activity of Phaseolus
vulgaris alkaline phosphatase. Each anion and metal ion was used at
a concentration of 10 mM. Only sodium salts of anions and chloride
salts of cations were used to avoid non-specific counter-ion effects.
Activity was calculated using p-NPP as substrates and expressed as
a percentage of the activity measured with no added effectors (100
%). Values are expressed as means + SE, n = 3. *Value using PPi as
substrate.

Effectors Relative activity (%)
Molybdate 3+0.09
Nitrate 46 +0.02
Sulphate 22 +0.03
Phosphate 0
Fluoride 60 + 0.01
Vanadate 0
Tartrate 75 +0.01
Calcium 67 +0.01
Magnesium 105 + 0.01
Magnesium* 130 + 0.05

Despite having shown that APIII can dephosphorylate im-
portant intracellular metabolites, additional work needs to be
done to evaluate the relevance of this enzyme in the Pi-defi-
ciency adaptation.
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Experimental section
Plant materials

Phaseolus vulgaris L. var. MAR1 seeds were disinfected for 1
min in a 10% (v/v) solution of NaOCl and thoroughly washed
with distilled water. After 5 d of germination on wet paper, they
were transferred to agrolite and watered daily with a complete
nutritive Hoagland II solution (3 mM KNO3, 2 mM Ca (NOs),,
1 mM MgSO,, 0.004 mM MnCl,, 0.023 mM H;BO;, 0.004
mM ZnSOy,, 0.00015 mM CuSO,, 0.00005 mM H,Mo00, and
1 g/200 mL Fe (IIT) EDTA). The nutritive solutions differed
only in the concentrations of Pi: for the Pi sufficiency (+Pi)
treatments, a concentration of 500 uM ammonium phosphate
was used, and for the Pi absence (—Pi) treatments, a solution
with 500 pM ammonium sulfate was utilized. The plants were
maintained in a greenhouse with cycles of 26 °C during the
day and 15 °C at night with constant light. The relative humid-
ity was maintained at 70%. The plants were watered with the
Hoagland II complete nutritive solution for 10 d; at the two
leaves stage, they were divided and treated with the respective
nutritive solution, with or without Pi, for three more weeks.

Enzymatic extraction

To measure the enzymatic activities in root extracts, samples
(5 g) were homogenized in a mortar at 4 °C with 1 vol of buf-
fer containing 20 mM Tris-HCI pH 8.8, 150 mM NaCI, 1 mM
EDTA, 20% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1 ug/ml leupeptin and 1 mM benzamidine. The
homogenized sample was centrifuged at 6,000 x g for 15 min,
and the supernatant was used as an enzyme source.

Enzymatic assays

The acid phosphatase activity was measured using p-nitrophe-
nyl phosphate (p-NPP, Sigma) as a substrate [3]. The enzyme
was incubated with 20 mM p-NPP in a final volume of 0.5 ml,
for 10 min at 37 °C, with a buffer containing 100 mM sodium
acetate pH 4.8 or 100 mM Tris-HCI pH 8, 3 mM MgCl,, 1
mM EDTA and 10% (v/v) glycerol. The reaction was stopped
by adding 1 ml of NaOH 1 M. The liberation of p-nitrophenol
was measured by determining the absorption of the mixture at
410 nm in an Ultrospec 2000 (Pharmacia Biotech) spectropho-
tometer. The amount of p-nitrophenol produced was calculated
using a molar extinction coefficient of 20,000 M'cm™. A unit
of phosphatase activity is defined as the amount of enzyme
that liberates 1 mmol of Pi per minute. The optimum pH was
measured with acetate buffer (0.1 M) in the pH range of 3-5,
Mes-NaOH (0.1 M) in the range of 6-7 and Tris-HCI (0.1 M)
in the range of 8-9.

With other substrates, enzyme activity was assayed by the
amount of phosphate released [28]. After 10 min at 37°C with
the corresponding substrate, the reaction was terminated by
adding 0.7 ml of reagent A (1.4% ascorbic acid, 0.36% am-
monium molybdate in 1 N H,SO,), followed by incubation for

20 min at 45 °C. The absorbance was measured at 829 nm. A
standard curve was constructed for 0.05 mM to 1 mM KH,PO,
range.

For determination of catalytic parameters such as Km and
Vmax for various substrates, the concentration ranging from
0.05 to 3 mM was used for PPi, G1P, and polyP, ADP. Ad-
ditionally, p-NPP was used from 0.5 to 60 mM. When the
influence of various substrates as activators or inhibitors was
evaluated, the assay conditions did not include magnesium.

Analysis of the isoforms of acid phosphatase

The proteins were separated in a non-denaturing polyacryl-
amide gel (PAGE) at 4 °C [29]. When the electrophoresis was
completed, the gels were washed three times in 100 mM of
sodium acetate, pH 5.0. The activity was visualized by means
of the Fast Garnet method using 1 mM a-naphthyl phosphate
as a substrate and 1 mM Fast Garnet as a dye in 100 mM of
sodium acetate, pH 5 [3]. A dark colored precipitate indicated
phosphatase activity. The reaction finished and the gels were
fixed in a 1:5:5 ratio of acetic acid: methanol: water.

Protein purification

To isolate the phosphatase, crude extract from root plants, ob-
tained as described before, was loaded onto a DEAE-Sephacel
column (30 cm X 2 cm), previously equilibrated in buffer A
(20 mM Tris-HCI pH 8, 1 mM EDTA, 3 mM MgCl, and 10%
glycerol (v/v)). Proteins were eluted using a pH gradient with
buffer B (20 mM acetate pH 4, | mM EDTA, 3 mM MgCl, and
10% glycerol (v/v)) and buffer A. Fractions with phosphatase
activity were pooled, concentrated and loaded onto a mini-pre-
parative cell (BIORAD). A 10% polyacrylamide resolving gel
and a 4% polyacrylamide stacking gel were cast in the 7-mm
gel tube of the mini prep cell. Non-denaturing PAGE was car-
ried out in a discontinuous electrophoresis buffer system. The
gel ran for 12 h at 1 W constant. Proteins were eluted with 10
mM Tris-HCl pH 8, and fractions of 1 mL were collected. Frac-
tions with phosphatase activity were analyzed by SDS-PAGE
and used for further characterization.

Molecular mass calculation

To estimate the molecular mass of the phosphatase, a Superdex-
200 HR 10/30 column was used. The column was equilibrated
with buffer containing 20 mM Tris-HCI pH 8, 3 mM MgCl,,
1 mM EDTA and 10% (v/v) glycerol. Proteins were eluted
with the same buffer. Molecular markers used for the calibra-
tion were thyroglobulin (670 kDa), bovine IgG (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa) and vitamin B12
(1.35 kDa).

Determination of protein

Protein content was quantified by means of the Bradford meth-
od [30] using bovine serum albumin for the standard curve.
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