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Abstract

A 62 kDa Zn>*-dependent acid phosphatase has been purified from bovine brain. The protein was carboxymethylated and then
cleaved by endoproteinase Glu-C, trypsin and CNBr. Several fragments were subjected to structural analysis either by using mass
spectrometry or automated peptide sequencing. The four sequenced peptides were compared with the known protein sequences contained
in the EMBL Data Bank. All four peptide sequences were identical to the corresponding amino-acid sequences present in myo-inositol
1-phosphatase from bovine brain. Furthermore we found that the amino-acid composition of Zn?*-dependent acid phosphatase purified in
our laboratory is very similar to that of myo-inositol 1-phosphatase, and that several peptide fragments have molecular weights (measured
by mass spectrometry techniques) identical to those expected for cleavage-fragments originated from the authentic myo-inositol
1-phosphatase. This is one of the key enzymes in the receptor-stimulated inositol phospholipid metabolism and it has been considered as
the probable target of Li* ion during LiCl therapy in manic-depressive patients. The comparison of the Zn>*-dependent acid phosphatase
and the Mg?*-dependent myo-inositol-1-phosphatase activities, measured at different purification steps, shows that the ratio between the
two activities was remarkably constant during enzyme purification. We also demonstrated that in the presence of Mg”™ this enzyme
efficiently catalyses the hydrolysis of myo-inositol 1-phosphate, and that the Li* ion inhibits this activity. Furthermore, the thermal
treatment of the enzyme causes a time-dependent parallel decrease of both Zn-dependent p-nitrophenyl phosphatase (assayed at pH 5.5)
and Mg?*-dependent myo-inositol-1-phosphatase (assayed at pH 8.0) activities, suggesting the hypothesis that the same protein possesses
both these activities.

Keywords: Zinc ion-dependent acid phosphatase; myo-Inositol 1-phosphatase; Phosphatase; (Bovine brain)

1. Introduction els of tyrosine phosphorylated proteins involved in mito-
genic signalling and other processes. All phosphotyrosine
protein phosphatases form a covalent thiol-phosphate inter-
mediate during catalysis [2]. Also non-specific phospha-
tases, such as alkaline and the true acid phosphatases (i.e.,
those of lysosomal and bacterial origin), form covalent
phospho-enzyme intermediate during catalysis; alkaline
phosphatases form O-phospho-serine, and acid phospha-
tases form N-phosphohistidine [1]. The phospho-

The different phosphomonohydrolases present in bio-
logical systems have different catalytic strategies [1]. Some
catalytic mechanisms are common to enzymes that act on
specific phosphorylated substrates. This is the case of
phosphotyrosine protein phosphatases that control the lev-
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susceptibility to inhibitors. There is also a particular class
of acid phosphatases that require metal ions for activity
[4-7). The Zn>*-dependent acid phosphatase has been
detected in several animal tissues and species [7]; two
main molecular forms, differing in tissue distribution, have
been found. Brain, heart, skeletal muscle, erythrocytes.
lung, spleen, and stomach contain a 62 kDa molecular
form of the Zn’*-dependent acid phosphatase, whereas
liver contains a higher molecular weight form of the
enzyme. The small intestine and kidney contain both high
and low molecular weight forms [7]. Fujimoto et al. [7]
purified the bovine brain low molecular weight form and
found that the enzyme is a dimeric protein. Vesicles
containing millimolar concentrations of the zinc ion have
been detected in particular brain structures (Frafsto da
Silva and Williams [8]). These authors suggested that these
particular zinc stores, like those of calcium, are the results
of special zinc ion pump activity, and may be involved in
signalling processes. Since phosphatases are involved in
the balancing of the kinase activity in several signalling
processes, we think that it is important to enhance the
information on the zinc-dependent acid phosphatase from
the bovine brain. This paper reports a new purification
procedure of the zinc-dependent acid phosphatase and a
study on its molecular properties. Surprisingly, structural
and kinetic studies on this enzyme preparation reveal that
the zinc-dependent acid phosphatase and myo-inositol 1-
phosphatase are present in the same protein.
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2. Materials and methods

Bovine brain was purchased from the local slaughter-
house. D-myo-Inositol 1-phosphate, p-nitrophenyl phos-
phate, and L-phosphotyrosine were obtained from Sigma.
SP-Trisacryl (LKB) and Superdex-200 columns were pur-
chased from Pharmacia. HPLC columns: Bio-Sil PEG
300-10 (10 X 150 mm) was from Bio-Rad; Protein and
Peptide C18 (4.6 X 250 mm) was from Vydac. All other
reagents were the purest commercially available.

2.1. Purification of the Zn" *-dependent acid phosphatase

Step 1. Bovine brain (2 kg) was minced and ho-
mogenised in a Waring blender with 3 vols. of 0.05 M
sodium acetate buffer (pH 5.5), containing 1| mM EDTA, 2
mM 2-mercaptoethanol, and 0.1 mM PMSF. The ho-
mogenate was stirred for 90 min, and then centrifuged at
7000 X g for 50 min. The precipitate was discarded.

Step 2. Ammonium sulfate was slowly added to the
supernatant (40% saturation). The precipitate was dis-
carded, and ammonium sulfate (80% saturation) was added
in order to precipitate the enzyme. After standing for 30
min, the precipitate was collected by centrifugation at
15000 X g for 30 min, dissolved in 700 mi of 0.025 M
Tris-HCI buffer (pH 7.0), containing 1 mM EDTA, 2 mM
2-mercaptoethanol and 0.1 mM PMSF, and then dialysed
against the same buffer.
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Fig. 1. (A) DEAE-cellulose chromatography. The column (8 X 45 c¢cm) was eluted with 0.025 M Tris-HCI buffer (pH 7.0) containing | mM EDTA, 2 mM
2-mercaptoethanol, 0.1 mM PMSF and 0.4 M NaCl at a flow rate of 120 ml/h and 20 ml fractions were collected. (B) SP-trisacryl chromatography. The
column (2.6 X 50 cm) was eluted with a linear NaCl gradient in 50 mM sodium acetate buffer (pH 4.5) containing | mM EDTA and 2 mM
2-mercaptoethanol, at a flow rate of 60 ml/h and 10 m! fractions were collected. (C) Superdex 200 chromatography. The column (2.6 X 60 cm) was eluted
with 0.025 M Tris-HCI buffer (pH 7.0) containing | mM EDTA and 2 mM 2-mercaptoethanol, at a flow rate of 120 ml/h and 2 ml fractions were
collected. (D) Bio-Sil PEG 300-10 HPLC. The column (10 X 150 mm) was equilibrated with 0.025 M Tris-HClI buffer (pH 7.0) containing 2 M ammonium
sulfate and eluted with a decreasing ammonium sulfate gradient as indicated. Flow rate was 2 ml/min. Only peak 2 contains the phosphatase activity. The

symbols used are: (

) protein concentration; (- --)} Zn®*-dependent acid phosphatase activity; (- - —) salt gradient.
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Step 3. The precipitate formed during dialysis was
discarded by centrifugation, and the supernatant was ap-
plied to a DEAE-cellulose column (8 X 45 cm) equili-
brated with the dialysis buffer. The column was washed
with 2 volumes of the same buffer, and the proteins were
eluted with 0.4 M NaCl. Fig. 1A reports the elution profile
of the DEAE-cellulose chromatography. The active frac-
tions were pooled and the enzyme was precipitated by
adding 70% saturation ammonium sulfate.

Step 4. The above precipitate was collected by centrif-
ugation at 15000 X g for 40 min, dissolved in 100 ml of
25 mM Tris-HCI buffer (pH 7.0) containing 1 mM EDTA,
2 mM 2-mercaptoethanol, 0.1 mM PMSF and then dial-
ysed against 100 vols. of 50 mM sodium acetate buffer
(pH 4.5) containing 1 mM EDTA, 2 mM 2-mercapto-
ethanol, and 0.1 mM PMSF. Foreign proteins precipitated
during dialysis were discarded by centrifugation, thus in-
creasing the specific activity.

Step 5. The supernatant was applied to a cation ex-
change column (SP-Trisacryl, 2.6 X 50 cm) previously
equilibrated with 50 mM sodium acetate buffer (pH 4.5)
containing 1 mM EDTA and 2 mM 2-mercaptoethanol.
The column was washed with 7 vols. of the same buffer,
and the proteins were eluted by a salt gradient (from 0 to
0.5 M NaCl dissolved in the same buffer). Fig. 1B reports
the elution profile of SP-Trisacryl chromatography. The
active fractions were pooled and the enzyme was precipi-
tated by adding ammonium sulfate (70% saturation). The
precipitate was collected by centrifugation at 20,000g, and
dissolved in 15 ml of 0.025 M Tris-HCI buffer (pH 7.0),
containing 1 mM EDTA and 2 mM 2-mercaptoethanol.

Step 6. The above solution (in 5 ml batches) was
applied to a Superdex-200 column (2.6 X 60 cm), equili-
brated with 0.025 M Tris-HC] buffer (pH 7.0) containing 1
mM EDTA and 2 mM 2-mercapto-ethanol, and then the
column was eluted with the same buffer. Fig. 1C shows
the elution profile. Compared with the elution volumes of
the standard proteins used to calibrate the column, the
enzyme activity peak was eluted at a volume that corre-
sponds to a molecular weight of about 60 000.

Step 7. The pooled active fractions were concentrated
by ultrafiltration using Centricon-30 (Amicon) membranes,
and then several portions were applied to a Bio-Sil PEG
300-10 HPLC column to perform hydrophobic chromatog-
raphy. Fig. 1D shows the elution profile.

2.2. Polyacrylamide gel electrophoresis

SDS-PAGE was carried out by the method of Laemmli
[9] with a 15% gel.

2.3. Enzyme assays

Zn>*-dependent acid phosphatase activity was deter-
mined at 37°C using 2.5 mM p-nitrophenyl phosphate

dissolved in 0.1 M Mes-NaOH buffer (pH 5.5) containing
5 mM ZnCl, in a final volume of 1 ml. The reaction was
stopped by the addition of 4 ml of 0.1 M KOH. The
absorbance of the released p-nitrophenolate was read at
400 nm using a molar absorbance coefficient of 18000
M~! cm™!. The unit is defined as the amount of the
enzyme that catalyzes the hydrolysis of 1 pwmol of sub-
strate per min at 37°C. L-Phosphotyrosine and phenyl
phosphate phosphatase activities were assayed at 37°C
using L-phosphotyrosine and phenyl phosphate as sub-
strates; they were dissolved in 0.1 M Mes-NaOH buffer
(pH 5.5) containing 5 mM ZnCl,, and the reaction was
stopped by adding 1 ml 1 M NaOH. The phenols produced
were measured spectrophotometrically using the extinction
coefficients €,5; =2560 M~ cm™' for phenol and &, 5
=2330 M~ cm™! for tyrosine, all in alkaline solution.
The myo-inositol-1-phosphatase activity was determined at
37°C using 1 mM myo-inositol-1-phosphate as substrate
dissolved in 0.04 M Tris-HC] buffer (pH 8.0) containing 2
mM MgCl, in a final volume of 0.3 ml. The reaction was
stopped by adding 20 wl of 50% trichloroacetic acid and
then centrifuged at 12500 X g for 10 min. Aliquots of the
supernatant (10-20 pl) were withdrawn, diluted to 300 w1
with distilled water and then 75 w1 of the Malachite green
reagent [10] were added in order to determine the released
inorganic phosphate. A P, calibration curve was deter-
mined by using standard solutions of potassium dihydro-
genphosphate. The developed colour was read at 600 nm
using an EIA reading photometer. The release of P, from
D-myo-inositol 1,4-bisphosphate, D-myo-inositol 1,4,5-tri-
phosphate, B-glycerophosphate, 2'-AMP, and 2'-GMP was
assayed by the Malachite green reagent [10], as described
for myo-inositol 1-phosphate. The determination of K
and V.. on myo-inositol 1-phosphate was performed by
measuring the initial hydrolysis rates by the method de-
scribed by Gee et al. [11]. This method was used in order
to compare our apparent kinetic parameter values relative
to myo-inositol 1-phosphate with those previously found
by other authors for the authentic myo-inositol 1-phos-
phatase [11].

2.4. Protein determination

Protein concentration was determined using the BCA-1
kit (bicinchoninic acid) for protein determination (Sigma).
Alternatively, the chromatographic fractions were assayed
for protein concentration by reading the absorbance at 280
nm.

2.5. Enzyme cleavages

The enzyme was first carboxymethylated and then
cleaved by endoproteinase Glu-C, trypsin and CNBr. The
carboxymethylation and cleavages were carried out as
previously described [12].
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Table |

Summary of the purification procedure starting from bovine brain (2 kg)

Step Volume Total protein  Total activity Activity ratio Specific activity Purification on  Yield (%)
(ml) (mg) (pmol /min) (myo-IPIPNPP)  (wmol /min per mg) PNPP factor on PNPP

on mvo-IP on PNPP on myo-IP  on PNPP

1. Crude extract 4500 43650 2700 810 3.30 0.06 0.02 1 100

2.(NH,), S0, (40%40%) 1000 19800 193 1106 0.17 0.01 0.06 30 136

3. DEAE-cellulose 820 7585 186 1058 0.18 0.02 0.14 7.0 130

4. Dialysis at pH 4.5 235 2432 153 799 0.19 0.06 0.33 16.5 99

5. SP-Trisacryl 91 313 108 491 0.22 345 157 785 61

6. Superdex 200 1.2 8.5 47.4 200 0.23 5.58 235 1175 25

7. Bio-Sil PEG 300-10 1.2 2.1 248 139 0.18 11.8 66.2 3310 17

2.6. Peptide purification

Peptides from the endoproteinase Glu-C digestion were
separated by HPLC using the Protein and Peptide C18
reverse-phase column (4.6 X 250 mm, 5 pm). The elution
was performed using the solvent system and gradient as
indicated in Fig. 3 legend.

2.7. Peptide sequence analysis

Amino-acid sequence analyses of some peptides ob-
tained by proteolytic digestion were performed by using
the Protein Sequencer from Miiligen. First the peptides
were covalently immobilised on arylamine-PVDF mem-
branes (Sequelon-AA, Milligen) and then the sequencer
runs were performed.

2.8. Mass spectrometry

The sequence assignments of tryptic fragments were
performed by continuous HPLC-ion-spray mass spectrom-
etry. Electrospray mass spectra were acquired on a Plat-
form mass spectrometer (Fisons Instruments, Manchester,
UK). The HPLC-electrospray spectra of the tryptic digest
in positive ion mode were obtained under the following
conditions: HPLC on the Protein and Peptide C18 column
(4.6 X 250 mm, 5 wm) at a flow rate 1 ml /min; solvent A:
10 mM TFA in water; solvent B: 10 mM TFA in aceto-
nitrile; the solvent B gradient was as follows: 0-20% in 20
min, 20-40% in 30 min, 40-90% in 30 min; 1/10 of the
column eluent was split to the electrospray source; ion
spray voltage 5 kV; orifice voltage 40 V; scan range m /
550-1800; scan rate 3 ms/atomic mass unit; resolution
> 1 atomic mass unit. The spectra were acquired in cen-
troid mode.

The sequence assignments of a number of CNBr and
endoproteinase Glu-C fragments were carried out by
analysing the cleavage mixtures, without peptide separa-
tions, with MALDI-TOF mass spectrometry. The measure-
ments were performed on a REFLEX™ time-of-flight in-
strument equipped with a SCOUT™ ion source (Bruker-
Franzen Analytik, Bremen, Germany), operating in posi-

tive reflectron mode. lons formed by a pulsed UV laser
beam (nitrogen laser, A = 337 nm) were accelerated at 20
keV. Samples were dissolved in acetonitrile / water (50 /50
v/v) to obtain a final concentration of 2.5-5 pmol/pl.
Aliquots of 5 pl of analyte solution were added to 5 .l of
matrix solution. 0.5 wl of the resulting mixture were
deposited on the stainless steel sample holder and allowed
to dry at room temperature before introduction into the
mass spectrometer. The matrix used was 2.5-dihydroxy-
benzoic acid, dissolved in acetonitrile / water (50 /50, v /v)
at a concentration of 1 mg/ml. Mass spectra were ob-
tained averaging 100-200 shots. External calibration was
made using the [M+H*]" and [M+2H"]** ions of
bovine insulin at 5734.56 and 2867.78 Da, respectively.

Table 2
The amino-acid composition of the zinc ion-dependent acid phosphatase

Amino acid myo-IP phosphatase

(from sequence data) *

Zinc ion-dependent acid
phosphatase ( + S.E.)

Aspartic acid 25 251406
Threonine 17 16.6 +0.7
Serine 17 17.5+0.8
Glutamic acid 28 30.3+0.8
Proline 10 nd.
Glycine 24 239+04
Alanine 24 233405
Valine 23 19.8+0.6
Methionine 10 78404
Isoleucine 24 21.5+0.7
Leucine 21 21.340.2
Tyrosine 6.1+02
Phenylalanine 8 8.1+0.3
Lysine 16 155404
Histidine 5 57403
Arginine 10 10.0+0.3
Cysteine 6 n.d.
Tryptophan 3 n.d.

Protein hydrolysis was carried out in vacuum-sealed vials with 6 M HCI
at 110°C for 24 h in triplicate. Serine, threonine and tyrosine data were
corrected for loss during hydrolysis. The analyses were performed using a
3A29-Carlo Erba amino-acid analyzer equipped with a computing inte-
grator: amino acids were revealed fluorimetrically with the o-
phthaldialdehyde reagent.

 Taken from [17}. n.d., not determined.
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3. Results
3.1. Enzyme purification

Table 1 reports a summary of the purification proce-
dure. At the final step, the enzyme had a specific activity
(measured with p-nitrophenyl phosphate as substrate and
pH 5.5 in the presence of 5 mM ZnCl,) of 66.2 units per
mg of protein. This value is about twice higher than that
obtained by other authors [7]. The increased PNPP activity
at Step 2 compared to that of Step 1 of the purification
procedure was probably due to the removal of inhibitors
during ammonium sulfate fractionation. The SDS-PAGE
analysis of the preparation is shown in Fig. 2: a single
band of 31 kDa is present.

3.2. Structural studies

Table 2 shows the amino-acid composition of the car-
boxymethylated enzyme, whereas Fig. 3 reports the profile
of HPLC separation of the fragments obtained by endopro-
teinase Glu-C digestion. Four peaks, named sp32, sp38,
sp42, and sp48 in the HPLC chromatogram, have been
sequenced. Table 3 summarises the results. The four pep-
tide sequences were compared with the protein sequences
contained in the EMBL Data Bank using the QGSEARCH
program (PC/GENE software, IntelliGenetics). All four
sequenced peptides revealed 100% amino-acid sequence
identity to the corresponding sequences contained in the

245
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Fig. 2. SDS-PAGE analysis of the purified protein. Lane 1: Zn-dependent
acid phosphatase; lane 2: standard proteins. The standard proteins are:
bovine a-lactalbumin (14200 daltons), bovine B-lactoglobulin (18400),
bovine carbonic anhydrase (29000), porcine fumarase (48500), bovine
albumin (66 000). Proteins were stained with Coomassie brilliant blue.

myo-inositol 1-phosphatase. This is one of the key en-
zymes of the receptor-stimulated inositol phospholipid
metabolism. It has been considered the target of Li* action
in the treatment of humans affected by manic-depressive
disease [13,14]. The findings till now obtained induced us
to consider the hypothesis that a single protein possesses
both Zn?*-dependent acid phosphatase and myo-inositol
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Fig. 3. Reverse-phase HPLC separation of endoproteinase Glu-C peptides obtained from Zn?*-dependent acid phosphatase. Column: peptide and protein

C18, 4.6 X 250 mm, 5 p.m. Solvent A, 10 mM TFA in water; solvent B, 10 mM TFA in acetonitrile. Flow rate, 0.8 ml/min. (

) absorbance.

The elution gradient was as follows: 0-20% solvent B in 30 min; 20-30% solvent B in 20 min; 30-50% solvent B in 25 min; 50-60% solvent B in 10

min.
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1-phosphatase activities. Thus, we performed additional
analyses to compare the structure and the properties of the
Zn’*-dependent acid phosphatase, purified by the method
described in this paper, with those of the authentic myo-in-
ositol-1-phosphatase. Aliquots of the CM-enzyme were
digested with trypsin and endoproteinase Glu-C, respec-
tively. The tryptic hydrolysate was analysed using a con-
tinuous flow HPLC/ES-MS apparatus as described in
Section 2. Table 3 reports the masses found for a number
of tryptic fragments. These agree very well with the masses
of fragments predicted for tryptic hydrolysis of the authen-
tic myo-inositol 1-phosphatase from bovine brain [15], by
using the CLEAVAGE program (PCGENE, IntelliGenetics).
Table 3 reports also the results of mass-analyses performed
on endoproteinase Glu-C and CNBr fragments with a
MALDI-TOF /MS apparatus. These analyses were directly
carried out on the non-purified mixtures of peptides ob-
tained by the protein cleavages described above, since this
apparatus is able to give the mass values of molecular
mixtures, without the need to separate the compounds
included in a mixture. It can be seen that several peptides
have masses that correspond to those predicted by the
CLEAVAGE program set for endoproteinase Glu-C and CNBr
cleavage sites, respectively. With the exception of the

Table 3

amino-terminal fragment (from the residue 1 to residue 9),
we obtained fragments representative of the entire se-
quence of the myo-inositol 1-phosphatase.

3.3. Kinetic properties of the Zn’*-dependent acid phos-
phatase

In the absence of divalent metal ions, the enzyme does
not catalyse the hydrolysis of p-nitrophenyl phosphate at
pH 5.5. Fujimoto et al. [7] demonstrated that, among
divalent metal ions, Zn’* is the stronger activator. The
kinetic parameters, K and V_,. , relative to three aromatic
substrates (i.e.. p-nitrophenyl phosphate, phenyl phosphate
and L-phosphotyrosine) were measured in the presence of
Zn"* ion at pH 5.5 and 37°C, while those relative to
myo-inositol 1-phosphate were measured in the presence of
Mg>" ion at pH 8.0 and 37°C. The non-linear fittings in
the Michaelis equation of the initial rate data measured in
triplicate at different substrate concentrations were per-
formed with the FiG.P program (Biosoft). Table 4 reports
the K, and V. values. It can be noted that the Zn>*-de-
pendent acid phosphatase activity shows a K value for
L-phosphotyrosine that is lower than those found for p-
nitropheny! phosphate and phenyl phosphate. This may be

Correspondence between peptide from the zinc ion-dependent acid phosphatase and myo-inositol I-phosphatase structure *

Peptide position * Type of cleavage Molecular weight
ptide p yp! 4

Assignment method

calculated * found

10-31 CNBr 2334.6 2335 MALDI-TOFIMS

31-51 EP-GluC 22773 2299 ¢ MALDI-TOFIMS

35-53 CNBr 2017.4 2018 MALDI-TOFIMS

37-49 Trypsin 13324 13324+ 0.2 HPLCI1ES-MS

62-78 Trypsin 1807.9 1806.4 + 1.1 HPLCIES-MS

78-118 EP-GluC 4549.3 4550 MALDI-TOFIMS

118-130 CNBr 1561.7 1562 MALDI-TOFIMS

128-152 EP-GluC 2869.2 2869 MALDI-TOFIMS

131-200 CNBr 7677.8 7678 MALDI-TOFIMS

146-156 Trypsin 1297.4 1297 £ 0.0 HPLCIES-MS

157-167 Trypsin 1161.3 1160.9 + 0.4 HPLCIES-MS

181-213 EP-GIuC 3520.1 3520 MALDI-TOFIMS

201-214 CNBr 1475.6 1498 - MALDI-TOFIMS

215-246 CNBr 32126 3234 MALDI-TOFiMS

231-260 EP-GluC 3075.5 3076 MALDI-TOFIMS

247~ 277 CNBr 3566.0 3567 MALDI-TOFIMS

265-273 Trypsin 1109.3 1108.8 + 0.] HPLCIES-MS

Position * Peptide name ° Sequence results (automatic Edman degradation)

52-60 sp42 Lys -Met -Leu -Ile -Thr -Ser -lle -Lys -Glu
- — — — - - — - —

61-71 sp38 Lys -Tyr -Pro -Ser -His -Ser -Phe  -lle -Gly -Glu -Glu
— - — - - - - — — - -

231-237 sp32 Ala -Gly -Gly -Val  -Leu -Leu -Asp
— — — - - - —

266-276 5p48 fle -Gin -lle -lle -Pro -Leu -Gln -Arg -Asp -Asp-Glu
— — — - - — — — — - -

* From the amino-acid sequence of bovine brain myvo-inositol 1-phosphatase [17].

® See Fig. 2.
" Sodium adduct.
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due to the amino and carboxyl groups that are present
exclusively in the L-phosphotyrosine and that probably
increase the substrate binding. On the other hand, the V.
value relative to the Zn?*-dependent enzyme for p-
nitrophenyl phosphate is about one order of magnitude
higher than that found for L-phosphotyrosine. Table 4
reports also the K, and V., values relative to the Mg?*-
dependent myo-inositol-1-phosphatase activity of our en-
zyme preparation. The comparison of these values with
those previously determined by Gee et al. [11] with the
authentic bovine brain myo-inositol 1-phosphatase reveals
that our findings are similar to those reported by these
authors. In particular, our K value is practically the
same, while our V. value is about 1.5-fold higher than
that found by Gee et al. [11]. We think that this experimen-
tal difference in the V_,  value is justified considering the
findings of other authors [16]. In fact, Meek et al. [16],
which used a purification procedure different from both
those of Gee et al. [11] and our, found different final
myo-inositol 1-phosphatase specific activity in 8 different
preparations. These ranged from 2.9 to 6.7 yumol /min per
mg protein at 37°C using B-glycerophosphate as substrate.
Thus, we think that the kinetic properties of our enzyme
preparation with respect to the myo-inositol 1-phosphatase
activity are not substantially different from those reported
by other laboratories. Furthermore, we observe that the
ratio between the Zn**-dependent acid phosphatase and
the Mg?*-dependent myo-inositol 1-phosphatase activities
measured at different purification steps (Table 1) are quite
constant during step [2-7]. The very high ratio between
Mg?*-dependent myo-inositol 1-phosphatase activity and
Zn’"-dependent p-nitrophenyl phosphatase activity in the
tissue extract is certainly due to additional non-specific
phosphatases (such as acid and alkaline phosphatases and
other enzymes acting on phosphorylated inositols) present
in this particular fraction. These data indicate that the
Zn?*-dependent acid phosphatase and the Mg?*-dependent
myo-inositol-1-phosphatase activities co-purify. We stud-
ied also the Mg?*-dependent phosphatase activity on some
phosphorylated substrates. The data reported in Table 5
demonstrate that our results are similar to those reported
by Gee et al. [11], suggesting that the Mg?*-dependent
phosphatase substrate specificity of our enzyme prepara-
tion agrees well with that of the authentic myo-inositol

Table 4
Kinetic parameters
K, Vinax (pmol /min per
(mM +S.E) mg protein +S.E.)
p-Nitrophenyl phosphate * 1.004+0.12 95.0+4.0
Phenyl phosphate * 0.7210.03 723123
L-Phosphotyrosine * 0.45+0.06 11.6+0.5
myo-Inositol 1-phosphate ®  0.17 £0.02 212410

* Measured at 37°C and pH 5.5 in the presence of 5 mM Zn**.
® Measured at 37°C and pH 8.0 in the presence of 3 mM Mg?*.

Table 5
Substrate specificity of the Mg?*-dependent phosphatase activity and
Li*-inhibition

Substrate Relative
activity (%)
D-myo-Inositol I-phosphate 100
D-myo-Inositol 1,4-bis-phosphate <0.7
D-myo-Inositol 1,4,8-triphosphate <1
B-Glycerophosphate 34
2'-AMP 52
2'-GMP 40
D-myo-Inositol 1-phosphate +0.8 mM LiCl 71
D-myo-Inositol 1-phosphate + 1 mM LiCl 53
D-myo-Inositol 1-phosphate +5 mM LiCl 17
D-myo Inositol 1-phosphate + 10 mM LiCl 12
D-myo-Inositol 1-phosphate +20 mM LiCl 11

Rates with D-myo-inositol 1,4-bis-phosphate and D-myo-inositol 1,4,5-tri-
phosphate were determined at 0.1 mM substrate concentrations. Rates
with D-myo-inositol 1-phosphate, B-glycerophosphate, 2’-AMP, and 2'-
GMP at 2 mM substrate concentrations. The assays were performed at
37°C in 0.04 M Tris-HC1 buffer (pH 8.0) containing 2 mM MgCl,, and
the reaction was started by adding catalytic amount of enzyme.

1-phosphatase. Table 5 reports also the Li* ion inhibition
of the Mg?*-dependent myo-inositol-1-phosphatase activ-
ity of our enzyme preparation. All structural and Kinetic
data suggest that the same protein possesses both Zn?*-de-
pendent and myo-inositol-1-phosphate phosphatase activi-
ties.

3.4. Thermal stability

In order to achieve additional information, we tested the
thermal stability of both activities. This test was performed
as follows: the enzyme (50 pg), dissolved in 25 mM
Tris-HCI buffer (pH 7.0) containing 2 mM 2-mercapto-
ethanol and 1 mM EDTA, was incubated at 88°C in a
screw-cap vial. At increasing times, aliquots were with-
drawn and both Zn”*-dependent acid phosphatase and
myo-inositol-1-phosphatase activities were assayed. Fig. 4
reports the results; it can be seen that the time-dependent
loss of both activities was quite similar, suggesting that the
same protein catalyses the hydrolysis of both substrates.

3.5. Other features of the enzyme preparation

We studied the effect of pH on both activities; Fig. 5 (A
and B) shows the results. In the presence of Mg?* ions,
the enzyme shows a pH-optimum in the range 6.5-8.0 for
myo-inositol-1-phosphatase activity. Also Mg?*-dependent
p-nitrophenyl phosphatase activity increased to pH 8 and
then remained quite constant. On the other hand, both
pH-optima shifted to a more acidic zone in the presence of
Zn?" ions: with p-nitrophenyl phosphate as substrate, the
pH-optimum was around 5.5, whereas the pH-optimum
with myo-inositol 1-phosphate as substrate was around 6.7.
It can be noted that the Zn®*-dependent p-nitrophenyl
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Fig. 4. Thermal stability of Zn**-dependent acid phosphatase and Mg” ' -
myo-inositol 1-phosphatase activities. The enzyme preparation was incu-
bated at 88°C, and the activities were tested at the indicated times.
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Fig. 5. pH optima of the p-nitrophenyl phosphatase (A) and myvo-inositol
1-phosphatase (B) in the presence of 5 mM Zn** and 2 mM Mg>™ ions.
The symbols are as follows: (@) Zn”>*-dependent, and ( 4 ) Mg”*-depen-
dent activities. The buffers used were: pH 4.2-7.1, 25 mM sodium
3,3-dimethylglutarate; pH 7.6-8.6, 50 mM Tris-HCL. The substrate con-
centrations were 4 mM p-nitropheny! phosphate, and 0.1 mM p-myo-in-
ositol 1-phosphate.

phosphatase specific activity is higher than that of the
Mg?*-dependent myo-inositol 1-phosphatase (see Table
1). These data indicate that the pH value changes the
enzyme substrate and ion requirement specificity.

4. Discussion

The Zn>"-dependent acid phosphatase was prepared as
a pure protein. About 2 mg of enzyme, starting from 2 kg
of bovine brain were obtained. At pH 5.5, the zinc ion is
an essential activator, since the enzyme shows no activity
in the absence of this ion. Also other metal ions are able to
replace zinc ion as activator, but their activation ability is
lower if compared to that of the Zn’* ion. The enzyme is
eluted from the Superdex 200 column at a volume that
indicate a molecular weight of about 60000, whereas
SDS-PAGE analysis gives a molecular weight of about
31000. This suggests that this enzyme is a dimer com-
posed by two subunits of identical molecular weights. A
number of structural analyses, which include the determi-
nation of the molecular mass of CNBr, trypsin and endo-
proteinase Glu-C fragments as well as the determination of
the amino-acid sequences of four endoproteinase Glu-C
peptides, reveal that the Zn**-dependent acid phosphatase
activity is an intrinsic property of a previously described
enzyme, i.e. myo-inositol-1-phosphatase. In fact, we also
demonstrated that, in the presence of Mg?" ions, the
enzyme efficiently catalyses the hydrolysis of myo-inositol
1-phosphate, and that the Li* ion inhibits this activity, as
expected. The molecular features, such as the dimeric
nature and the similarity of the apparent molecular weights
of the monomers and of the dimer, as well as the substrate
specificity of our preparation with respect to a number of
substrates previously tested with the authentic myo-inositol
1-phosphatase from bovine brain [11], together with the
similar thermal sensitivity of both activities, all support the
hypothesis that an unique protein possesses both Zn>*-de-
pendent acid phosphatase and Mg’*-dependent myo-in-
ositol 1-phosphatase activities.

Finally, we underline that the protein we purified shows
higher Zn*"*-dependent p-nitrophenyl phosphatase activity
(in slightly acidic medium) than Mg?*-dependent myo-in-
ositol 1-phosphatase activity (in neutral or slightly alkaline
media), suggesting that the enzyme acts in vivo also as an
aromatic Zn’*-dependent acid phosphatase. Since low M,
aromatic aryl phosphates are not present in cells, the
possible in vivo target of the Zn’"-enzyme activity is the
phosphotyrosine contained in proteins.

We do not exclude that the two different activities in
the same protein may work in different cell compartment
and that they are regulated by pH or metal ion species
concentrations. Fratsto da Silva and Williams [8] proposed
that the zinc stores found in vesicles of particular brain
structures are involved in zinc-dependent signalling pro-
cesses. These vesicles contain millimolar zinc ion concen-
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trations, suggesting that brain contains special zinc pumps
(unknown to date) that concentrate this ion. These authors
highlighted also the similarity of some chemical properties
that both calcium and zinc posses, suggesting the idea that
the zinc ion, like calcium, participates in particular biologi-
cal signalling processes.
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