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Phosphodiesterase activity is a novel property of alkaline phosphatase

from osseous plate

Adriana A. REZENDE, Jodo M. PIZAURO,* Pietro CIANCAGLINI and Francisco A. LEONET
Departamento de Quimica, Faculdade de Filosofia Ciéncias e Letras, USP, 14040-901 Ribeirdo Preto, SP, Brazil

Phosphodiesterase activity is a novel property of the still-
enigmatic alkaline phosphatase from osseous plate. Bis-(p-
nitrophenyl) phosphate was hydrolysed at both pH 7.5 and 9.4
with an apparent dissociation constant (K, ,) of 1.9 mM and
3.9 mM respectively. The hydrolysis of p-nitrophenyl-5'-
thymidine phosphate followed hyberbolic kinetics with a K ; of
500 uM. For p-nitrophenyl phenylphosphonate, sitesite inter-
actions [Hill coefficient (h) = 1.3] were observed in the range
between 0.2 and 100 M, and K| ; was 32.8 mM. The hydrolysis
of cyclic AMP by the enzyme followed more complex kinetics,
showing site-site interactions (4 = 1.7) and K, , = 300 uM for
high-affinity sites. The low-affinity sites, representing 859, of
total activity, also showed site—site interactions (h = 3.8) and a
K, ; of about 22 mM. ATP and cyclic AMP were competitive
inhibitors of bis-(p-nitrophenyl) phosphatase activity of the
enzyme and K values (25 mM and 0.6 mM for cyclic AMP and
ATP respectively) very close to those of the K, , (22 mM and

0.7 mM for cyclic AMP and ATP respectively), determined by
direct assay, indicated that a single catalytic site was responsible
for the hydrolysis of both substrates. Non-denaturing PAGE of
detergent-solubilized enzyme showed coincident bands on the gel
for phosphomonohydrolase and phosphodiesterase activities.
Additional evidence for a single catalytic site was the similar pK,
values (8.5 and 9.7) found for the two ionizing groups partici-
pating in the hydrolysis of bis-(p-nitrophenyl) phosphate and
p-nitrophenyl phosphate. The alkaline apparent pH optima, the
requirement for bivalent metal ions and the inhibition by
methylxanthines, amrinone and amiloride demonstrated that rat
osseous-plate alkaline phosphatase was a type I phospho-
diesterase. Considering that there is still confusion as to which is
the physiological substrate for the enzyme, the present results
describing a novel property for this enzyme could be of relevance
in understanding the mineralization process.

INTRODUCTION

Although several lines of evidence suggest diverse substrates for
alkaline phosphatase during biological calcification of tissues,
the physiological substrate of this ubiquitous enzyme still remains
elusive [14]. Alkaline phosphatase from cartilage and bone
have been considered a non-specific phosphomonohydrolase
which hydrolyses a variety of substrates including ATP and
pyrophosphate [5-12]. Although phosphodiesters have not been
considered to be substrates for alkaline phosphatases [13], it has
been reported that phosphodiesterases of different origins have
properties similar to those of alkaline phosphatases [14,15].
These include an alkaline apparent pH optimum, requirement
for bivalent metal ions and inhibition by phosphate ions,
methylxanthines and structural analogues. Mg?** and Mn?* are
effective activators of phosphodiesterases. Furthermore, as re-
ported for alkaline phosphatases, Zn?* exerts a strong inhibitory
effect on the phosphodiesterases [14,16-18]. This led to the
suggestion that a single molecule might be responsible for these
two activities [15-17].

Although it is claimed that a possible function as a phospho-
diesterase for cartilage and bone alkaline phosphatases is unlikely
in vivo [19], bone-metabolism studies show that increasing levels
of cyclic AMP stimulate not only collagen synthesis but also
alkaline phosphatase activity [20-24]. Furthermore, calmodulin,
a known activator of cyclic nucleotide phosphodiesterases [25],
was recently shown to activate chick alkaline phosphatase [26].

Although physiologically relevant, there is no evidence as yet
that this result is related to biomineralization.

Rat osseous-plate alkaline phosphatase is a membrane-bound
metalloenzyme made up of two apparently identical subunits of
M, 65000 which require Zn** and Mg?** for maximal activity
[10,27]. This enzyme is multifunctional, showing non-specific
phosphomonohydrolase, pyrophosphatase, ATPase and
phosphotransferase activities stemming from a single protein
molecule [10-12,27].

Here we characterize the phosphodiesterase activity of rat
osseous-plate alkaline phosphatase as well as the effects of some
inhibitors on its catalytic activity. Kinetic evidence is presented
showing that both mono- and di-esters of phosphate are
hydrolysed at the same site on the enzyme molecule. Additional
kinetic evidence also showed that the enzyme is a type I
phosphosphodiesterase.

MATERIALS AND METHODS
Materials

All solutions were made up with glass-distilled deionized water.
Naja Naja (Indian cobra) venom, Bis-(p-nitrophenyl) phosphate
(BIS-PNPP), p-nitrophenyl phenylphosphonate (PNPP-PP),
2-amino-2-methylpropan-1-ol (AMPOL), theophylline, Hepes,
p-naphthyl phenylphosphonate, cyclic AMP, levamisole and
p-nitrophenyl phosphate (PNPP) were from Sigma. p-Nitro-
phenylthymidine 5-phosphate (PNP-T-5-P) was from Merck.

Abbreviations used: BIS-PNPP, Bis-( p-nitrophenyl) phosphate; PNPP, p-nitrophenyl phosphate; PNPP-PP, p-nitrophenyl phenylphosphonate; PNP-
T-5’-P, p-nitrophenyl thymidine-5"-phosphate; AMPOL, 2-amino-2-methylpropan-1-ol; K, 5, apparent dissociation constant; h (sitesite interaction), Hill

coefficient; LBK, liver/bone/kidney.
1t To whom correspondence should be sent.
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Amiloride and amrinone were a gift from Merck Sharp and
Dohme and The Sidney Ross Co. respectively.

Preparation of purified rat osseous-plate alkaline phosphatase

Purified rat osseous-plate alkaline phosphatase was prepared as
described elsewhere by Curti et al. [28]. Briefly, 1020 mg of
demineralized matrix were introduced through a small incision
on to the dorsal subcutaneous tissue of ether-anaesthetized
young male Wistar rats (50-60 g body wt.). At 14 days after the
implantation (the period of maximal alkaline phosphatase ac-
tivity) the plaques formed were removed, rinsed in ice-cold 0.9 %,
(w/v) NaCl and homogenized with 10 mM Tris/HCI buffer,
pH 7.5, containing 0.15 M NaCl (3 ml of buffer/g of plaque) in
a high-speed shearing Superohm homogenizer for 5 min. The
homogenate was centrifuged at 15000 g for 20 min, and the
supernatant was dialysed overnight against 5mM Tris/HCl
buffer, pH 7.5, containing 2 mM MgCl, and 0.15 M NaCl. The
dialysed homogenate was applied to a Sepharose 4B column
(3 cm x 83 cm) equilibrated and eluted in the same buffer. The
purified enzyme was layered into a continuous sucrose density
gradient (10-50 %, w/v, in Tris/HCI buffer, pH 7.5, containing
2 mM MgCl,) and the centrifugation was carried out for 5h at
38000 g using a Sorvall SV-288 vertical rotor at 4 °C. Active
fractions were pooled and dialysed overnight at 4 °C against
5 mM Tris/HCI, containing 2 mM MgCl,, with several changes
of the buffer. Finally, 1.0 ml aliquots were frozen in liquid N,
and stored at —20 °C for 1 month without appreciable loss of
activity.

Enzymic-activity measurements

Phosphodiesterase activity was assayed continuously at 37 °C
by monitoring the liberation of p-nitrophenolate ion (E}m »Ho4
17600 M*-cm™) in a Varian DMS-80 spectrophotometer
equipped with thermostated cell holders, using BIS-PNPP as
substrate. Standard assay conditions were 50 mM Hepes, pH 7.5
(or 50 mM AMPOL, pH 9.4), containing 2 mM MgCl, in a final
volume of 1.0 ml. The hydrolysis of PNP-PP and PNP-T-5"-P
were assayed as described above. For PNPP, the activity was
measured as described by Ciancaglini et al. [27].

For cyclic AMP the activity was assayed discontinuously at
37 °C by measuring the amount of P, liberated as described by
Heinonen and Lahti [29). The reaction was initiated by the
addition of alkaline phosphatase and, at appropriate time
intervals, the reaction was stopped by placing the stoppered
tubes on a boiling-water bath for 15 min. Aliquots of 5'-
nucleotidase (50 ug of Naja Naja venom in 100 xl of 50 mM
Hepes buffer, pH 7.5) were added to each tube. After 15 min
incubation at 37 °C, the reaction was stopped by the addition of
0.5 mlof 30 % (w/v) trichloroacetic acid. The precipitated protein
was removed by centrifugation at 4000 g just before phosphate
determination. Standard assay conditions were the same as
described above for BIS-PNPP.

The initial velocities were constant for at least 90 min, provided
that less than 59, of substrate was hydrolysed. Controls without
added enzyme were included in each experiment to allow for the
non-enzymic hydrolysis of substrate. One enzyme unit was
defined as the amount of enzyme hydrolysing 1.0 nmol of
substrate/minute at 37 °C.

pH-sensitivity of catalysis

Attempts to identify catalytic groups were made by using the
method of Tipton and Dixon [30] to analyse data obtained for

the effect of pH on enzyme activity. BIS-PNPP and PNPP were
used as substrates, and the activities were assayed over the pH
range 7.0-10.5. Hepes was used as a buffer over the range
pH 7.0-9.0 and AMPOL from pH 9.0 to 10.5. The assays were
carried out in 20 mM buffer containing 2 mM MgCl,. The pH of
the reaction mixture was measured both before and after the
assay, and it did not vary more than 0.05 unit.

Determination of protein concentration

Protein concentrations were determined as described by Hartree
[31], using BSA as standard.

PAGE

Gel electrophoresis of detergent-solubilized enzyme was
carried out in a 79 gel as described by Davis [32].
Phosphomonohydrolase activity on the gel was detected in
50 mM AMPOL buffer, pH 9.4, containing 2 mM MgCl,, 0.12 %
a-naphthyl phosphate and 0.129, Fast Blue RR at 37 °C.
Phosphodiesterase activity on the gel was assayed as above by
using 0.129%, S-naphthyl phenylphosphonate as substrate. The
solubilization of the membrane enzyme was carried out as
described by Ciancaglini et al. [11]. A sample containing 0.2 mg
of the membrane enzyme (final concn)/ml was solubilized with
1% polidocanol (final concn.) for 2 h at room temperature.
After centrifugation at 40000 g for 2 h, the solubilized enzyme
was concentrated by using CF25 Centriflo-Amicon cones and
used without further purification.

Estimation of kinetic parameters

Kinetic parameters K, V... K,;, K, and n obtained from
substrate hydrolysis were fitted on an IBM/PC microcomputer
by using SIGRAF [33]. Data are reported as the mean of
duplicate determinations which differed by less than 5%,.

RESULTS

Figure 1 shows the effect of increasing concentrations of BIS-
PNPP on phosphodiesterase activity of membrane-bound rat
osseous-plate enzyme at pH 7.5 and 9.4. Despite the simple curve
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Figure 1 Effect of BIS-PNPP concentration on phosphodiesterase activity
of rat osseous-plate alkaline phosphatase at pH 7.5 (O) or 9.4 (@)

The protein concentration used was 16 xg. Enzymic activity was assayed in 50 mM Hepes
buffer pH 7.5 (or 50 mM AMPOL buffer, pH 9.4) containing 2 mM MgCl,. Inset A, Hill plot
for the data obtained at pH 7.5. Inset B, Hill plot for the data obtained at pH 9.4.
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Figure 2 Effect of chromogenic phosphodiesters concentration on
phosphodiesterase activity of rat osseous-plate alkaline phosphatase

The amount of protein used was 17 #g and 31 ug for (@) PNP-T-5"-P and (b) PNP-PP
respectively. Enzymic activity was assayed in 50 mM AMPOL buffer, pH 9.4, containing 2 mM
MgCl,. Insets: Hill plots for the above results: (a) PNP-T-5"-P; (b) PNP-PP.
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Figure 3 Effect of cyclic AMP concentration on phosphodiesterase activity
of rat osseous-plate alkaline phosphatase

The amount of protein used was 24 xg, and the enzymic activity was assayed in 50 mM Hepes
buffer, pH 7.5, containing 2 mM MgCl,. The inset shows a high-affinity-hydrolysing-sites curve
for cyclic AMP.

obtained, the kinetics of hydrolysis of this substrate at each pH
were quite different. While at pH 7.5 the substrate was hydrolysed
with hyperbolic kinetics, site-site interactions (n = 1.3) were
observed at pH 9.4. The K, ; value for the hydrolysis of BIS-
PNPP was 2-fold greater at pH 9.4 (K, ; = 3.9 mM) when com-
pared with that obtained at pH 7.5 (K, ; = 1.9 mM).

Table 1 Kinetic parameters for the hydrolysis of several phosphodiesters
by rat osseous-plate alkaline phosphatase

Standard assay conditions for the hydrolysis of substrates were 50 mM Hepes buffer, pH 7.5
(or 50 mM AMPOL buffer, pH 9.4), containing 2 mM MgCl,, as described in the Materials and
methods section. Results are means of duplicate determinations and differed by less than 5%.

KO.S or Vmax

Substrate pH K, (mM) (units/mg) n

BIS-PNPP 7.5 1.9 48

BIS-PNPP 9.4 3.9 170

PNP-T-5"-P 9.4 0.5 7110 .

PNP-PP 9.4 32 1616 1.3

Cyclic AMP 7.5 0.3* 13 1.7

221 84 3.8
* High-affinity sites.
T Low-affinity sites.
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Figure 4 Effect of substrate concentration on the apparent pH optima of
PNPP and BIS-PNPP hydrolysis by rat osseous-plate alkaline phosphatase

The concentrations of substrate used were 0.2 mM (A, A),2 MM (@, O)and 20 mM ().
Hepes was used as buffer over the pH range of 7—9 and AMPOL from 9 to 10.5. The assays
were carried out in 50 mM buffer, containing 2 mM MgCl,, and using 16 g of protein. Closed
and open symbols represent values obtained for BIS-PNPPase and PNPPase activities
respectively.

Chromogenic substrates other than BIS-PNPP were also
hydrolysed by the enzyme at pH 9.4 (Figure 2). The hydrolysis of
PNP-T-5-P proceeded through a single class of substrate-
hydrolysing sites following hyperbolic kinetics with a K of
0.5mM (Figure 2a). For PNPP-PP, site-site interactions
(n = 1.3) were observed in the range of concentrations between
0.2 and 100 mM and X, , was 32.8 mM (Figure 2b). Interestingly,
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Figure 5 Effect of bivalent metal ions on bis-(p-nitrophenyl) phosphatase
activity of rat osseous-plate alkaline phosphatase

The assays were carried out in 50 mM AMPOL buffer, pH 9.4, containing 2 mM MgCl,, and
using 16 ug of protein. (a) Stimulatory effect of Mg?*. Inset: stimulatory effect of Mn?*.
(b) Inhibitory effect of Zn?*. Inset: reciprocal plot of 1/v versus BIS-PNPP concentration using
0.2 mM ZnCl, (H). 0.1 mM ZnCl, (O) or no ZnCl, added (@).

only 809, of maximal activity of the enzyme was achieved for
concentrations of PNP-PP up to 100 mM.

The hydrolysis of cyclic AMP by the enzyme at pH 7.5 is
shown in Figure 3. Two species of substrate-hydrolysing sites
were observed for cyclic AMP concentrations varying from
10 kM to 100 mM. The high-affinity sites (inset to Figure 3)
showed site-site interactions (n = 1.7), and K, ; of about 300 xM.
The low-affinity sites, which represented 859, of total activity,
showed sitesite interactions (n = 3.8) with a K, of 22 mM.
Table 1 summarizes the kinetic parameters obtained for the
hydrolysis of several phosphodiesters at pH 7.5 and 9.4.

The apparent optimum pH for the hydrolysis of PNPP and
BIS-PNPP by the purified enzyme was affected in a similar way
by the concentration of substrate (Figure 4). As substrate
concentration decreased, the apparent optimum pH became
more acidic. Furthermore, the analysis of log V., as a function
of pH revealed that two ionizing groups with pK, of 8.5 and 9.7
were involved in the hydrolysis of both PNPP and BIS-PNPP.

Site-site interactions (n = 0.8) were observed for the 209,
stimulation by Mg** with a K,; =870 uM (Figure 5a). For
Mn?*, site-site interactions (n = 2.4) were also observed (inset to
Figure 5a) and K, , of about 0.35 mM was similar to that obtained
for Mg2*. On the other hand, concentrations of Zn®* higher than
50 nM were inhibitory (Fig. 5b). This inhibition was non-

Table 2 Kinetic characteristics of several reversible inhibitors of bis-(p-
nitro';;I;enyI) phosphatase activity of rat osseous-plate alkaline phosphatase
atpH9.4

The activity was assayed in 50 mM AMPOL buffer, pH 9.4, containing 2 mM MgCl,, 20 mM
BIS-PNPP and the indicated concentration of inhibitor in a final volume of 1 mi, as described
in the Materials and methods section. Results are means of duplicate determinations and
differed by less than 5%.

Inhibitor Type K (mM)
Sodium metavanadate Competitive 0.02
Sodium arsenate Competitive 0.06
InCl, Non-competitive 0.21
Theophylline Uncompetitive 0.37
Levamisole Uncompetitive 0.50
ATP Competitive 0.60
Amrinone Competitive 0.90
Sodium phosphate Competitive 2.25
Amiloride Non-competitive 4.55
Cyclic AMP Competitive 25.0

Table 3 Hydrolysis of BIS-PNPP in the presence of several phosphate
monoesters by purified alkaline phosphatase from osseous plate at pH 9.4

The activity was assayed in 50 mM AMPOL buffer, pH 9.4, containing 2 mM MgCl,, 20 mM
BIS-PNPP and the indicated concentration of phosphate monoester in a final volume of 1 ml,
as described in the Materials and methods section. Data are reported as the mean of duplicate
determinations which differed by less than 5%.

Concn. Activity
Substrate (mM) (%)
BIS-PNPP 20.0 100
Glucose 1-phosphate 10.0 59
Glucose 6-phosphate 40.0 62
ATP 2.0 36
ADP 2.0 36
AMP 0.5 31
[-Glycerophosphate 2.0 66

competitive and plots of 1/V,, ~versus [Zn?**] were linear,
yielding a K, value of 0.21 mM.

The kinetic effects of several inhibitors on the hydrolysis of
BIS-PNPP by the enzyme are given in Table 2. Sodium phosphate
was a competitive inhibitor of the enzyme (K| 2.25 mM), as were
sodium arsenate (K; 0.06 mM) and sodium metavanadate (K,
0.02 mM). Cyclic AMP was a competitive inhibitor of the
hydrolysis of BIS-PNPP, and the K| value of about 25 mM is in
excellent agreement with the K, value of about 22 mM deter-
mined by direct assay (Table 1 and Figure 3). ATP was also a true
competitor of BIS-PNPP for the active site of the enzyme, and
the K| value, 0.6 mM, was in good agreement with K ; value of
about 0.7 mM, determined by direct assay. Amiloride was a non-
competitive inhibitor, yielding a K| of 4.55 mM. Theophylline
was an uncompetitive inhibitor (K; 0.37 mM), and amrinone was
a competitive inhibitor (K, 0.9 mM). All secondary plots of
1/V,.... (or 1/K_) versus inhibitor concentration were linear.

Interestingly, besides cyclic AMP and ATP, several other
physiological phosphate monoesters were also inhibitors of
phosphodiesterase activity of the enzyme (Table 3) indicating
that mono- and di-esters of phosphate were hydrolysed at the
same site.

ax.
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Figure 6 Time course of BIS-PNPP and PNPP hydrolysis by alkaline
phosphatase from osseous plate

The assays were carried out in 50 mM AMPOL buffer, pH 9.4, containing 2 mM MgCl,, using
30 ug of protein. @, 20 mM BIS-PNPP; [, 1 mM PNPP; O, 20 mM BIS-PNPP plus
1.0 mM PNPP; ——, theoretical value for the hydrolysis of a mixture of 20 mM BIS-PNPP
plus 1 mM PNPP, assuming two independent catalytic sites.
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Figure 7 PAGE of polidocanol-solubilized alkaline phosphatase

The direction of migration was from cathode to anode and 200 g of polidocanol-solubilized
enzyme were used without further purification. Lane A, phosphodiesterase activity; lane B,
phosphomonohydrolase activity.

Data from Figure 6 show unequivocally that PNPP and BIS-
PNPP were hydrolysed by a single common site on the enzyme
molecule. This interpretation came from the fact that, in any
mixture containing given concentrations of PNPP and BIS-
PNPP, total velocity fell between the velocities obtained for each
substrate assayed separately at the same concentration used in
the mixture.

Finally, as expected from the kinetic data shown, non-
denaturating PAGE (Figure 7) of detergent-solubilized enzyme
revealed that phosphodiesterase activity of the enzyme (Figure
7a) was coincident with phosphomonohydrolase activity (Figure
7b) on the gel. This result provides additional direct evidence
that both activities stem from the same protein molecule.

DISCUSSION

It has been reported that alkaline phosphatases do not hydrolyse
phosphate diesters [13,34,35]. However, in the present study we
demonstrate that rat osseous-plate alkaline phosphatase could
hydrolyse BIS-PNPP at both pH 9.4 (170 units/mg) and pH 7.5

(48 units/mg). At pH 9.4, phosphodiesterase activity represented
one-third of that obtained for p-nitrophenyl phosphatase activity
[27,28].

Interestingly, this enzyme also hydrolysed cAMP at pH 7.5
(Table 1 and Figure 3). This evidence and the fact that the
enzyme also hydrolysed PNP-T-5"-P and PNP-PP (Figure 2),
two chromogenic substrates widely used for the characterization
of several phosphodiesterases [15,17,36-38], demonstrate that
this enzyme can function as a phosphodiesterase.

The effects of Mg?* and Mn?* on bis-(p-nitrophenyl)
phosphatase activity (Figure 5) were similar to those reported
for p-nitrophenyl phosphatase activity [39], suggesting, again, a
possible role as a phosphodiesterase for osseous-plate enzyme.
Although some controversy has been reported for the role of
bivalent ions on phosphodiesterase activity [16,17], the inhibition
of phosphodiesterase activity by Zn** was apparently due to the
displacement of Mg?* by Zn?**, as we reported elsewhere for non-
specific phosphohydrolase activity of the enzyme [27,39].

The fact that p-nitrophenyl phosphatase [10] and
phosphodiesterase activities (Table 2) were competitively
inhibited by phosphate ions and analogues, suggests a similar
mechanism for the hydrolysis of PNPP, BIS-PNPP and cyclic
AMP. It has been suggested that vanadate ions form a trigonal
bipyramidal transition state at the active site of alkaline
phosphatase, which bears some resemblance to the metastable
intermediate occurring during the hydrolysis of phosphate esters
[40]. A similar suggestion has been used to explain the hydrolysis
of cyclic AMP by phosphodiesterases [41]. The uncompetitive
inhibition of phosphodiesterase activity of osseous-plate enzyme
by levamisole suggests the formation of a ternary complex during
the catalytic cycle of the enzyme. Similar results were reported
for p-nitrophenyl phosphate activity of cartilage and bone
alkaline phosphatases [7,42,43].

Theophylline, a non-specific competitive inhibitor of cyclic
nucleotide phosphodiesterases [14], has been often used for
kinetic characterization of alkaline phosphatases [13]. However,
for cartilage and bone enzymes, p-nitrophenyl phosphatase
activity has been reported to be uncompetitively inhibited by this
drug [19,42,43]. In addition to the fact that the inhibition of
osseous-plate enzyme was independent of the nature of the
substrate used, the uncompetitive inhibition of phosphodiesterase
activity by either theophylline (K, 0.37 mM) or levamisole (X,
0.50 mM) reinforces the view that osseous-plate enzyme is also a
phosphodiesterase. Moreover, the inhibitory effects observed for
amiloride and amrinone were similar to those reported for
several phosphodiesterases [44,45].

Owing to the lability of the membrane-bound enzyme to SDS,
the membrane-bound enzyme was solubilized with 19,
polidocanol. The electrophoretic results (see Figure 7) are
direct evidence that both activities stem from the same protein
molecule. It must be recalled that 200 ug of solubilized enzyme
were used without further purification.

In addition to this direct result, the question of whether the
activity of osseous-plate enzyme towards both phosphate mono-
and di-esters was an intrinsic property of this enzyme, and not
due to a contaminant membrane-bound phosphodiesterase that
co-purifies, has been answered by kinetic evidence. First,
phosphomonohydrolase and phosphodiesterase activities were
competitively inhibited by phosphate ions and analogues (Table
2), suggesting a similar mechanism for the hydrolysis of both
substrates.

The loss of phosphodiesterase activity towards several
phosphate monoesters (Table 3) also reinforces the interpretation
that phosphomonohydrolase and phosphodiesterase activities
are related to a unique protein molecule. Furthermore, the
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ionizing groups showing apparent pK, values of 8.5 and 9.7,
which are involved in the catalytic cycle of the enzyme in-
dependent of a mono- or a phosphate di-ester being used, were
additional evidence that both activities stem from the same
protein molecule.

ATP and cyclic AMP, two naturally occurring substrates,
were competitive inhibitors of phosphodiesterase activity, show-
ing K, values (25mM and 0.6 mM for cyclic AMP and ATP
respectively) very close to the K| ; values (23 mM and 0.7 mM for
cyclic AMP and ATP respectively) determined by direct assay.
These results suggest that both substrates were hydrolysed by the
same molecule. Skeletal alkaline phosphatase has been also
reported to be competitively inhibited by cyclic AMP with K|
23 mM [19].

Data from Figure 6 provided more evidence that PNPP and
BIS-PNPP were unequivocally hydrolysed by a common catalytic
site on the enzyme molecule. According to Dixon and Webb [46],
Cornish-Bowden [47], Segel [48] and Keleti et al. [49], these
results are a consequence of the action of a unique enzyme on
two substrates simultaneously. If we consider, for instance, that
the enzyme had two catalytic sites (one for each substrate) or, if
the enzyme was contaminated with phosphodiesterase that co-
purified, then the total velocity would be necessarily the sum of
p-nitrophenyl phosphatase and phosphodiesterase activities
(theoretical value given in Figure 6), which was not the case.

Finally, it must be emphasized that phosphodiesterases are not
present in the membranes of matrix vesicles among other
phosphohydrolases which hydrolyse naturally occurring
substrates [2].

Taken together, the similar electrophoretic pattern for
phosphohydrolytic and phosphodiesterase activities and the
kinetic results reported herein support the view that rat osseous-
plate alkaline phosphatase has the kinetic properties of type I
phosphodiesterases.

Alkaline phosphatase is a multigene-controlled enzyme [50].
Although three isoforms of this enzyme are widespread in humans
and higher-primate tissues, the liver/bone/kidney (LBK)
isoenzyme is found at a much higher level in bone-forming
osteoblast cells [S1]. The fact that osteoblasts and osteosarcomas
express very high levels of LBK alkaline phosphatase [52,53] is
consistent with the possibility that the LBK isoform could be
involved in bone mineralization [1]. Considering this evidence
and the structural and functional properties of osseous plate
enzyme reported elsewhere [10-12,28,33,39,43], it seems likely
that it is a product of the LBK gene. However, in spite of such
circumstantial evidence, only after cloning and expressing the
enzyme gene can we confirm this view.
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