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Human erythrocyte Mn?*-dependent (C'A’) and -independent (CA) protein-serine/threo-
nine phosphatase (PP) 2A are composed of 34-kDa catalytic C’' and C subunits, in which the
metal dependency resides, and 63-kDa regulatory A’ and A subunits, respectively. Each
catalytic and regulatory subunit gave the same V8- and papain-peptide maps, respectively.
Stoichiometric zinc and substoichiometric iron were detected in CA but not in C'A’ [Nishito
et al. (1999) FEBS Lett. 447, 29-33). The Mn?*-dependent protein-tyrosine phosphatase
(PTP) activity of C' A" was about 70-fold higher than that of CA. Pre-incubation of CA with
256 mM NaF changed CA to a Mn?*-dependent form with higher PTP activity. The same NaF
treatment had no effect on C'A’. Pre-incubation of C'A’ with ZnCl,, zinc-metallothionein, or
FeCl, activated the Mn?*-independent PP activity, but pre-incubation with FeCl; did not.
Ascorbate in the pre-incubation and assay mixture significantly stimulated the effect of
FeCl,. Pre-incubation of C'A’ with 5 uM ZnCl, and 16 uM FeCl, in the presence of 1 mM
ascorbate synergistically stimulated the Mn?*-independent PP activity, with concomitant
suppression of the Mn?*-dependent PP and PTP activities. The PP and PTP activities of CA
were unaffected by the same zinc and/or iron treatment. Micromolar concentrations of
vanadate strongly inhibited the Mn?*-dependent PP activity of C'A’ but only slightly
inhibited the PP activity of CA. Using the distinct effect of vanadate as an indicator, the
interconversion between CA and C'A’ with the above mentioned treatments was proved.
These results support the notion that Mn?*-independent CA is a Zn?*- and Fe**-metalloen-
zyme, whose apoenzyme is Mn?*-dependent C'A’.

Key words: fluoride, protein phosphatase 2A, vanadate, zinc- and iron-metalloenzyme,

zinc-metallothionein.

Protein-serine/threonine phosphatase (PP) 2A, one of the
four major PPs (1, 2A, 2B, and 2C), is found in all
eukaryotic cells (1) and plays a key role in the regulation of
many cellular events, including metabolism, the cell cycle,
cell proliferation, replication, transcription, translation,
and viral transformation (2). Holoenzymes of PP2A have
either a heterodimeric or heterotrimeric subunit structure.
The heterodimeric structure is composed of a 32-41-kDa
catalytic C subunit complexed to a 60-69-kDa regulatory A
subunit. The dimeric structure of CA is common to all
PP2A holoenzymes. The heterotrimeric structure contains
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an additional subunit, either 51-58-kDa B (1), 54-74-kDa
B’/B” (1, 3), or 59-130-kDa PR59/PR72 (4).

Previously, we purified three forms of PP2A from human
erythrocyte cytosol, whose subunit structures are CA
(a1$3,), CAB (a18,%), and CAB” (a,8,6,), where C (o) is a
34-kDa catalytic subunit, and A (8), B (y), and B” (&) are
63-, 53-, and 74-kDa regulatory subunits, respectively (3).
Recent molecular cloning of B” (8) (5) revealed that this
subunit exhibits strong sequence similarity in the central
400-amino-acid region of 54-kDa B’ (6-8), and is a member
of the B’ family. In addition to the three Mn**-independent
forms of PP2A, a Mn?*.dependent form of PP2A was
purified from human erythrocyte cytosol (9). The Mn**-
dependent form is composed of a 34-kDa catalytic C’
subunit and a 63-kDa regulatory A’ subunit. The Mn**
dependency resides in catalytic subunit C' but not in
regulatory subunit A" (9). The V8- and papain-peptide
maps of C’' and A’ were indistinguishable from those of C
and A, respectively (9). Direct metal analysis by means of
atomic absorption spectrophotometry revealed stoichio-
metric zinc and substoichiometric iron in CA, but no such
metals in C’'A’ (9).

In this paper, the micromolar concentration of vanadate
is shown to strongly inhibit the Mn?*-dependent PP activity
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of C’A’ but to only slightly inhibit the PP activity of CA.
Using the distinct effect of vanadate as an indicator, the
interconversion between CA and C’A’ with the NaF treat-
ment of CA or with the pre-incubation of C'A” with Zn** and
Fe?* was proved. These results further support the notion
that the conventional Mn?*-independent PP2A, CA, is a
Zn**. and Fe?*-metalloenzyme, whose apoenzyme is Mn®*-
dependent C'A’.

EXPERIMENTAL PROCEDURES

Materials— Calf thymus H2B histone, rabbit skeletal
muscle phosphorylase b and phosphorylase kinase b, and
pig heart PKA and its catalytic subunits were prepared as
described previously (3). c-Yes was prepared from a rat
liver plasma membrane fraction (10). [y-**P]JATP was
obtained from Amersham. BSA, Tyr-Glu (1:4) copolymers
(M. =49,100), rabbit liver zinc-metallothionein (Zn-MT) [T
[contains 7.2% (w/w) Zn?* and 0.1% (w/w) Cd**], and
sodium orthovanadate were obtained from Sigma. Ascor-
bate, NaF, and metal chlorides were obtained from Wako
Pure Chemical Industries. Other chemicals were obtained
from various commercial sources.

Preparation of Substrates—3"P-H2B histone and 3?P-
phosphorylase a were prepared as described previously
(3). **P-Tyr-Glu copolymers (123 nmol of bound 3?P/mg
Tyr-Glu copolymers) were prepared as follows: A mixture
(630 u1) containing 0.1 mg/ml Tyr-Glu copolymers, 20
mM Hepes-NaOH, pH 7.4, 20 mM Mg(CH,COO),, 0.5 mM
DTT, 30 uM Na,VO,, 0.2% (v/v) Triton X-100, 94 units/
ml ¢-Yes, and 30 uM [y-3*P]JATP (1-2X% 107 cpm/nmol)
was incubated for 15 h at 30°C. The reaction was stopped by
adding 100% (w/v) trichloroacetic acid to a final concentra-
tion of 10%. After standing for 30 min on ice, the *P-
Tyr-Glu copolymers were precipitated by centrifugation at
12,000 X g for 10 min at 4°C, washed twice with 0.7 ml of
ice-cold 10% trichloroacetic acid and three times with 0.7
ml of ice-cold acetone, and then dried. The **P-Tyr-Glu
copolymers were dissolved in 0.5 ml of 20 mM Hepes-
NaOH, pH 7.4. All substrate concentrations represent the
concentrations of bound *?P in the substrates.

Phosphatase Assay and Protein Determination— Unless
otherwise stated, PP activity was measured in a 50-xl
mixture containing 50 mM Hepes-NaOH, pH 7.4, 0.5 mM
DTT, 0.01% Triton X-100, 25 mM MnCl;, 250 mM NaCl,
100 4 M *?P-H2B histone, and an enzyme preparation
(standard assay conditions). PTP activity was measured in
a 50-ul mixture containing 50 mM Hepes-NaOH, pH 7.4,
0.5 mM DTT, 0.01% Triton X-100, 7 mM MnCl,, 0.5 uM
32P.Tyr-Glu copolymers, and an enzyme preparation. The
reaction was carried out at 30°C for 5 min and terminated
by the addition of 1 ml of either 5 mM silicotungstic acid
and 2.5 mM sulfuric acid (PP activity) or the same reagent
containing 10% trichloroacetic acid (PTP activity). The
[>?P]P; released was measured as described previously (3).
One unit of enzyme was defined as the amount of enzyme
which catalyzed the release of 1 nmol of [**P] P, per minute.
Protein was determined by the method of Bradford (11).

Purification of Mn**-Dependent (C’A’) and -Indepen-
dent (CA) PP2A —Purification of C'A’” and CA from human
erythrocyte cytosol was performed as described before (9).
The purified C'A’ and CA exhibited specific activities of
5,340-6,220 and 1,030-1,630 units/mg, respectively,

Vol. 126, No. 3, 1999

633

under the standard assay conditions.

NaF Treatment of CA and C'A’—CA (147-235 units/
ml) or C'A’ (561-898 units/ml) was pre-incubated at 30°C
for 10 min with or without 25 mM NaF in 10 gl of 50 mM
Hepes-NaOH, pH 7.4, 0.5 mM DTT, 0.005% Triton X-100,
and 10% glycerol. The NaF concentration was adjusted to
0.1 mM by dilution with the same buffer, and then phos-
phorylase phosphatase activity was measured at 30°C for 5
min in a 50-ul mixture containing 50 mM Hepes-NaOH,
pH 7.4, 0.5 mM DTT, 0.01% Triton X-100, 10 xM 3%P-
phosphorylase a, the indicated concentration of MgCl, or
MnCl,, and 5 y1 of the diluted pre-incubation mixture. NaF
at less than 0.01 and 0.05 mM had no effect on PP activity
toward phosphorylase a and P-H2B histone, respectively.
The PTP activity of 5 ¢l of a pre-incubation mixture whose
NaF concentration was adjusted to 0.5 mM by dilution with
the same buffer was measured as described under “Phos-
phatase Assay” except that 7mM MnCl; was replaced by
the indicated concentration of MgCl; or MnCl,. NaF at less
than 0.05 mM had no effect on the PTP activity.

Zinc and Iron Treatment of CA and C'A’—CA or C'A’
(4.3-28.3 units/ml) was pre-incubated at 30°C for 15 min
with the indicated concentrations of Zn-MT or ZnCl; and/
or iron chlorides in a 8-48-xl mixture containing 50 mM
MOPS-NaOH, pH 7.0, 0.5 mM DTT, 160 mM KCl, and 0.5
mg/ml BSA (the pre-incubation buffer), in the presence or
absence of 1 mM ascorbate. The concentrations of Zn-MT
represent those of the bound metal in the metalloprotein.
The pre-incubated mixture was diluted if necessary as
described in the legends and was assayed for PP or PTP
activity. The assay for phosphorylase phosphatase activity
was carried out at 30°C for 10 min in a 50-xl mixture
containing 45 mM imidazole-HCl, pH 7.4, 1 mM DTT, 6
mM theophylline, 0.5 mg/ml BSA, 2 4M 3?P-phosphory-
lase a, and 5 gl of the pre-incubation mixture, in the
presence or absence of 1 mM ascorbate. P-H2B histone
phosphatase activity was measured at 30°C for 10 min in a
50- 4] mixture containing 50 mM Hepes-NaOH, pH 7.4,0.5
mM DTT, 0.01% Triton X-100, 150 mM KCl, 0.2 or 1 mM
ascorbate, 100 4 M **P-H2B histone, and 5 ] of the pre-
incubation mixture, with or without 25 mM MgCl, or 25
mM MnC]l,. The PTP activity of 5 «l of the pre-incubation
mixture was measured as described under “Phosphatase
Assay” in the presence of 1 mM ascorbate.

RESULTS

Effect of NaF on the Mn** and Mg** Requirement of CA
and C’A’—Since PP2A has been suggested to be a metal-
loenzyme and is known to be inhibited by NaF, which can
react with metals in the enzyme, the effect of NaF on the
Mn?* and Mg** requirement of CA and C'A” was investi-
gated (Figs. 1 and 2). CA was pre-incubated with 25 mM
NaF at 30°C for 10 min and then assayed for PP activity
toward phosphorylase a. In the assay mixture, the NaF
concentration was diluted to 0.01 mM, at which NaF had no
effect on the enzyme activity. The NaF treatment com-
pletely inhibited the CA activity in the absence of Mn?* and
Mg?* (Fig. 1, upper panel). The inactivated CA could be
partially reactivated by Mn?* (Fig. 1, upper panel). Mg** at
concentrations from 2.5 to 30 mM slightly reactivated the
inactivated CA (Fig. 1, upper panel). On the other hand, the
same NaF treatment of C’A’ did not change the Mn?*
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Fig. 1. Effect of NaF treatment of CA and C'A’ on the Mn** and

Mg®* requirement for their PP activity. CA (147 units/ml) and
C’A’ (561 units/ml) were pre-incubated with (@, a) or without (T, A)
26 mM NaF, and then diluted 250-fold with the pre-incubation
buffer. The PP activity toward phosphorylase a of the diluted pre-
incubation mixture was measured at the indicated concentrations of
MnCl, (@, ".) or MgCl, (a, A). The NaF concentration in the reaction
was adjusted to 0.01 mM. The details of the pre-incubation and the
assay are given under “NaF Treatment of CA and C'A’” under
“EXPERIMENTAL PROCEDURES.”

dependency (Fig. 1, lower panel). The NaF-treated CA
showed similar Mg?** and Mn?* curves to those of C'A’
rather than those of untreated CA (Fig. 1). These results
indicate that the NaF treatment led to the conversion of CA
to a Mn?*-dependent form similar to C’'A’, suggesting the
participation of metals in the enzyme catalysis of CA.
Effect of NaF' on PTP Activity of CA and C'A’—1t has
been shown that PP2A has Mn?**-dependent PTP activity
(12-14). PTP activity of CA and C’'A’ towards P-Tyr-Glu
copolymers was completely dependent on Mn?*, which
could not be replaced by Mg®** (Fig. 2). The molecular
activity of C’'A’ (M, =103,000) towards P-Tyr-Glu copoly-
mers in the presence of 7 mM Mn?* was determined to be
6.21+0.32 (mean+SE, n=8) mol P, release/min/mol
C’A’, i.e. 70-fold higher than that of CA (M, =104,000),
which was 0.090+ 0.003 (mean+ SE, n=_8) mol P, release/
min/mol CA. The K, values of C'A’” and CA for P-Tyr-Glu
copolymers were 3.10+0.44 and 1.28+0.05 4 M, respec-
tively. However, the pre-incubation of CA with 25 mM NaF
caused a 10-fold increase in PTP activity (Fig. 2, upper
panel). The Mn?* curve of NaF-treated CA was similar to
that of C’'A” (Fig. 2). On the other hand, the same NaF
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Fig. 2. Effect of NaF treatment of CA and C'A’ on the Mn** and
Mg** requirement for their PTP activity. CA (235 units/ml) and
C’A’ (898 units/ml) were pre-incubated with (@, a) or without (0, A)
25 mM NaF, and then diluted 50-fold with the pre-incubation buffer.
The PTP activity of the diluted pre-incubation mixture was measured
at the indicated concentrations of MnCl, (@, ©) or MgCl; (&, A). The
NaF concentration in the reaction was adjusted to 0.06 mM. The
details of the pre-incubation and the assay are given under *NaF
Treatment of CA and C’A’”” under “EXPERIMENTAL PROCE-
DURES.”

treatment of C’'A” had no effect on the PTP activity (Fig. 2,
lower panel). These results indicate that the NaF treatment
led to the conversion of CA to a higher PTP activity form
similar to C’A’, suggesting the possibility that C’'A’ could be
an apoenzyme of CA.

Effect of Zinc and Iron Pre-Incubation on PP Activity of
C’'A’ and CA—Since Mn**-dependent C'A’ did not contain
zinc and iron, which were detected in CA (9), the effects of
these metals on the Mn?*-independent PP activity of C’'A’
and CA were investigated to determine whether or not C’A’
is an apoenzyme of CA. C'A’ was pre-incubated with 0.25-
1,000 M ZnCl,, FeCl,, or FeCl, at 30°C for 15 min in the
buffer containing BSA and 150 mM KCI. An aliquot of the
pre-incubation mixture was taken, diluted if necessary, and
assayed for phosphorylase phosphatase activity in the
absence of Mn?* (Fig. 3). Pre-incubation of C'A’ with 1-150
#M ZnCl, stimulated the Mn?*-independent PP activity 4-
5-fold (Fig. 3). Zn-MT, a ubiquitously distributed possible
zinc donor for zinc-apometallo proteins (15), was as equally
effective as ZnCl, in activating the C’A’ activity (Fig. 3). On
the other hand, the PP activity of C’A’ was slightly stimu-
lated by pre-incubation with 50-750 M FeCl, (Fig. 3), but
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not affected by pre-incubation with 1-500 M FeCl, (Fig.
3). The presence of 50 yM FeCl, during the pre-incubation
of C'A’ with 0.5-50 uM ZnCl, rather suppressed the
stimulatory effect of ZnCl, on the Mn**-independent PP
activity (data not shown). Neither an additive nor a syner-
gistic stimulatory effect of pre-incubation of C’'A” with 5
uM ZnCl, and 1-1,000 £ M each iron chloride was observed
on the Mn?*-independent PP activity (data not shown).
However, the maximal Mn?*-independent activity of C'A’
stimulated by Zn** was about 9% of that of CA (269 pmol/
min/ug enzyme). Since 1 mM ascorbate significantly en-
hanced the stimulatory effect of Fe?* on the Mn?*-inde-
pendent PP activity of Mn?*/Co?*-dependent PP2A (16),
the effect of ascorbate on the pre-incubation of C’'A” with
ZnCl, and FeCl, was investigated (Table I). The presence of
1 mM ascorbate during the pre-incubation slightly en-
hanced the stimulatory effect of FeCl, but not that of ZnCl,
(Table I). Ascorbate at 1 mM in the assay mixture stimu-
lated the Mn?*-independent PP activity of C'A’ pre-incu-
bated with FeCl; more than 10-fold, and slightly stimulated
the activity of C’A’ pre-incubated with ZnCl, (Table I).
When 1 mM ascorbate was present throughout the pre-
incubation and assaying of C’A’, the pre-incubation of C’'A’
with 2 4 M ZnCl; and 15 M FeCl, synergistically stimulat-
ed the Mn?*-independent PP activity up to about 50% of
that of CA (167 pmol/min/xg enzyme) (Table I). The
synergistic stimulatory effect of ZnCl, and FeCl, on the
Mn?*.independent PP activity of C'A” was also observed
when P-H2B histone was used as the substrate (Table II),
indicating that the stimulatory effect of these metals was
attributable to a direct effect on C’A’” but not on the
substrate. The Mn?*-independent PP activity of C'A’ pre-
incubated with ZnCl; and FeCl, was 20% of that of CA
(Table II). Such a synergistic stimulatory effect was not
observed with ZnCl, or FeCl; (Table IT). On the other hand,

o=

%" 1 10 100 1000

Metal Chioride or Zn-MT (uM)
Fig. 3. Effect of zinc and iron pre-incubation on the Mn?*-
independent PP activity of C'A’. C’'A’ (28.3 units/ml) was pre-in-
cubated with the indicated concentrations of Zn-MT (Z), ZnCl, (@),
FeCl, (a), or FeCl, (A). The pre-incubated mixture was diluted, and
5 ul of the diluted pre-incubation mixture was used for the assaying
of phosphorylase phosphatase activity in a 50-u] reaction mixture.
Zn-MT, ZnCl,, FeCl;, and FeCl, were diluted to concentrations lower
than 2.3, 3, 7.5, and 8.3 M, respectively, at which these metals had
no effect on the assay. The details of the pre-incubation and the assay
are given under “Zinc and Iron Treatment of CA and C’A’™ under
“EXPERIMENTAL PROCEDURES.”
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the same pre-incubation of CA with these metal chlorides
had no effect on the PP activity in the presence of ascorbate
(Table II). Furthermore, the ratio of PP activity of C’'A’ in
the absence and presence of 256 mM Mg?* or Mn?* changed
with the pre-incubation from 1.00:10.5:268 to 1.00:1.23:
0.84, which is very similar to the ratio, 1.00:1.27:0.97, of
CA (Table II), indicating the conversion of C'A’ to CA with
pre-incubation with Zn?* and Fe?*. Since FeCl, was par-
tially reduced to FeC), by ascorbate during the pre-incuba-
tion (data not shown), the slight stimulation of the Mn?*-
independent PP activity of C'A’ on pre-incubation with
FeCl,; is probably due to the effect of FeCl, (Table II).
Effect of Zinc and Iron Pre-Incubation on PTP Actuvity
of C’A’—The PTP activity of C'A” was dependent on Mn?*
but not on Co?*, Zn?**, or Fe?* (data not shown). The pre-
incubation of C'A’ with 5 4M ZnCl, and/or 15 uM FeCl,
suppressed more than 95% of the PTP activity (Table II),
suggesting the conversion of C'A’ to CA. The pre-incuba-

TABLE I. Effect of ascorbate on the pre-incubation of C'A’
with ZnCl, and FeCl,. C’'A’ (28.3 units/ml) was pre-incubated with
2 uM ZnCl, and/or 15 uM FeCl, in the presence or absence of 1 mM
ascorbate. After 3-fold dilution with the pre-incubation buffer, 5 41 of
the pre-incubation mixture was used for the assaying of Mn®*-
independent phosphorylase phosphatase activity in the presence or
absence of 1 mM ascorbate in a 50-u1 reaction mixture. ZnCl, and
FeCl, in the diluted pre-incubation mixture had no effect on the assay
for PP activity. The details are given under “Zinc and Iron Treatment
of CA and C’'A’” under “EXPERIMENTAL PROCEDURES.”

PP activity (pmol P,/min/ug enzyme)

Pre-incubated

with Ascorbate in the presence of
None Ascorbate
None - 6.3 11.3
ZnCl, - 22.2 30.56
FeCl, - 6.9 70.7
ZnCl,+FeCl, - 14.3 78.9
None + 6.0 9.4
ZnCl, + 20.3 27.4
FeCl, + 12.1 49.9
ZnCl,+FeCl, + 24.0 83.2

TABLE II. Effect of zinc and iron pre-incubation on the Mg**
and Mn?* requirement for PP and PTP activities of C'A’ and CA.
C’A’ and CA (4.3 units/ml each) were pre-incubated with 5 uM zinc
and/or 15 uM iron chlorides, and then their PP activities toward
P-H2B histone in the presence or absence of 256 mM divalent cations
and PTP activity were measured, as described under “Zinc and Iron
Treatment of CA and C’A’" under “EXPERIMENTAL PROCE-
DURES.” Ascorbate, at 1 mM, was present throughout the experi-
ments.

Phos.  Pre-incu ) PP activity (pmol P;/min/ug  PTP activity

N enzyme) in the presence of (fmol P,/min/

phatase with None  Mgl® _ Mn' _ ug enzyme)
CA’” None 25 263 6,690 2,140
CA’” Zn(Cl, 128 190 168 38.0
C'A” FeCl, 220 458 650 72.8
CA” FeCl, 65 325 1,430 322
CA’ ZnCl,+FeCl, 558 685 470 36.5
CA” ZInCl,+FeCl, 140 218 193 41.0
CA None 2,740 3,480 2,660 12.9
CA ZnCl, 2,860 3,620 2,470 11.4
CA FeCl, 2,970 3,620 2,600 10.6
CA FeCl, 2,980 3,590 2,650 12.1
CA ZnCl,+FeCl, 2,780 3,610 2,640 9.8
CA ZnCl,+FeCl, 2,990 3,740 2,480 9.8
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TABLE III. Effect of vanadate on PP activity of NaF-treated
CA, and Zn**- and Fe**-pre-incubated C'A’. Treatment of CA (235
units/ml) with 256 mM NaF, and pre-incubation of C'A’ (5.9 units/ml)
with 5 uM ZnCl; and 15 yuM FeCl, were carried out as described
under “EXPERIMENTAL PROCEDURES.” After 50-fold dilution of
the treated CA mixture, the PP activity of the treated CA was
measured at 30°C for 10 min in a 50-x| mixture containing 50 mM
Hepes-NaOH, pH 7.4, 0.5 mM DTT, 0.01% Triton X-100, 160 mM
KCl, 25 mM MnCl,, 100 M **P-H2B histone, and 5 ] of the treated
enzyme solution, with or without 5 xM Na,VO,. The assay mixture
for the treated C'A’ contained 0.2 mM ascorbate.

CA
10 PP/Mn2+
1 PP/None
759\
\
\
\
5 sof &
= AY
= \
8 Q pTP/Moee
S 25T ~
& Yoo
> | T T TTTme—a
s 0
g
1 1
2 CA
=10
(3
=
&
o
£ 75

Treated PP activity Effect of
Phosphatase s Vanadate (pmol P;/min/ vanadate
with

428 enzyme) (%)
— 2,140 100
CA None 4 2110 99
- 1,940 100
CA NaF + 526 27
’ - 5,040 100
cA None + 1,290 26
" — 418 100
CA ZnCl,+FeCl, 4 364 87

R ..
0 10 20 30 40 50
Na;VO, (M)

Fig. 4. Effect of vanadate on the PP and PTP activities of CA
and C'A’. The PP activity toward P-H2B histone in the presence (@)
or absence (A) of 25 mM MnCl, was measured under the standard
assay conditions except that 250 mM NaCl was replaced by 160 mM
KCl, and the indicated concentration of Na,VO, was included. The
PTP activity (C) was measured as described under “ Phosphatase As-
say and Protein Determination” under “EXPERIMENTAL PROCE-
DURES” except that the indicated concentration of Na,VO, was
included. CA (0.34 unit/ml, upper panel) or C'A’ (0.43 unit/ml, lower
panel) was used.

tion of C’'A” with 15 uM FeCl; also suppressed the PTP
activity, but FeCl, was less effective than FeCl, (Table II).
However, the PTP activity of CA was only slightly sup-
pressed by pre-incubation with these metal chlorides
(Table IT). These results also suggest that Zn?* and Fe?* in
CA suppress PTP activity.

Effect of Vanadate on PP Activity of CA, C'A’, and
Their Modified Forms—It has been shown that vanadate at
micromolar concentrations strongly inhibits PTPs and
DSPs but not PPs (17). The Mn?*-dependent PTP activity
of CA was inhibited by vanadate with an IC,, value of 5.3
#M, but the PP activity of CA in the presence or absence of
25 mM MnCl, was only slightly inhibited by 1-50 4 M
vanadate (Fig. 4, upper panel). On the other hand, the
Mn?*-dependent PP and PTP activities of C'A’ were strong-
ly inhibited by vanadate with ICy, values of 0.4 and 1.2 uM,
respectively (Fig. 4, lower panel). Using the distinct effect
of vanadate on the PP activity of CA and C'A’ as an
indicator, the possible interconversion between CA and
C’A’ with the above mentioned treatments was proved
(Table III). NaF treatment changed CA to a Mn?*-depen-
dent form similar to C’'A’ (Figs. 1 and 2). The Mn**-depen-

dent PP activity of the NaF-treated CA was strongly
inhibited by 5 M vanadate (Table III). On the other hand,
pre-incubation of C'A” with 5 ¢M ZnCl; and 15 4 M FeCl; in
the presence of 1 mM ascorbate changed C’'A” to a Mn?**-
independent form similar to CA (Table IT). The PP activity
in the presence of 25 mM MnCl, of the Zn**- and Fe?*-
treated C'A” was rather resistant to 5 uM vanadate (Table
ITI). These results further support the theory that CA and
C’A’ are interconvertible, and that C’'A’ is an apoenzyme of
CA, a Zn**- and Fe’*-metalloenzyme.

DISCUSSION

Previously, a Mn?*-dependent form (C'A’) and a Mn?*-
independent conventional form (CA) of PP2A were purified
from human erythrocyte cytosol to electrophoretic homo-
geneity (9, 18). Cross hybridization of the catalytic (C and
C’) and regulatory (A and A’) subunits of Mn®*.dependent
C’A” and Mn**-independent CA revealed that the Mn?**
dependency resides in catalytic subunit C’ but not in
regulatory subunit A’ (9). The Mn**-dependent catalytic C’
subunit was suggested to be an apoenzyme of the Mn?*-
independent catalytic C subunit for the following reasons
(9); (i) C and C’ comigrated on SDS-PAGE; (ii) the V8- and
papain-peptide maps of C' were indistinguishable from
those of C; (iii) C and C’ could cross hybridize with A and
A’ to form CA’ and C’A; (iv) stoichiometric zinc and
substoichiometric iron were detected in CA but not in C’'A’;
(v) when 1 mM EDTA was added to the buffers for C’'A’
purification, the C’A’/CA ratio in the DEAE-Toyopearl
elution profile (9) changed significantly from 8.1:100 to
13.2:100; and (vi) the pre-incubation with Zn?* and Fe?* in
the presence of 1 mM ascorbate irreversibly changed C’ to
a Mn?*.independent form similar to C, but had no effect on
C. In this study, this notion was further confirmed by the
following evidence; (i) incubation of CA with NaF, which
can react with metals in the enzyme, changed CA to a
Mn?**-dependent form similar to C’A’, but NaF had no
effect on C’'A’ (Figs. 1 and 2); (ii) the pre-incubation of C'A’
with Zn** and Fe?* in the presence of 1 mM ascorbate
increased the Mn®*-independent activity up to 20-50% of
that of CA, with concomitant decreases in the Mn?**-de-
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pendent PP and PTP activities (Tables I and II); and (iii)
the interconversion between C'A’ and CA was proved by
the differential effects of vanadate on the PP activities of
C’A’ and CA (Table II).

Pre-incubation of C'A’ with Fe?* in the presence of
ascorbate significantly stimulated the Mn®*-independent
PP activity (Tables I and II). Since Fe?* was stabilized in
its +2 state by DTT during the pre-incubation with C'A’
(data not shown), ascorbate, as a reducing agent, may not
only stabilize the valency state of Fe?*, but also may allow
Fe?* to fit properly on C’. In fact, the presence of ascorbate
during the pre-incubation of C’'A’ was essential to obtain
the synergistic stimulatory effect of Fe?* and Zn** on the
Mn?*-independent PP activity (Table I).

The crystal structures of the catalytic subunits of PP1
(19, 20) and PP2B (21, 22) revealed a common motif
containing a dinuclear metal ion center located at the active
site. Every active site residue of PP1 and PP2B involved in
metal coordination or implicated in catalysis is strictly
conserved in PP2A. The catalytic subunits of PP1 have also
been shown to exist in two forms: an active form and an
inactive or latent form which requires Co?* or Mn?* for
activity (23, 24). The bacterially expressed catalytic
subunit of PP1 requires exogenous Mn?* or Co?* for its
activity, whereas the enzyme freshly purified from mam-
malian tissues does not (25, 26). The Mn?*. or Co**-de-
pendent recombinant PP1 was also activated by a combina-
tion of Fe?*/Zn**, but not by the individual metals (27).
PP2B has been shown to be protected by superoxide
dismutase and ascorbate, suggesting that Fe?*-Zn?**-PP2B
is the active form of the enzyme (28). Yu (16) obtained
Mn?*- and Co**-dependent PP2A after prolonged storage of
spontaneously active PP2A and observed the activation of
the latent form of PP2A on the addition of Fe?* and
reducing agents such as ascorbate or DTT to the reaction
mixture, suggesting that Fe** could be a biologically impor-
tant cofactor responsible for PP2A activation. The crystal
structures of PP1 and PP2B (19-22) also showed the
presence of a dinuclear metal center with a coordination
environment identical to the PAP active site, except for the
absence of the tyrosinate ligated to Fe®* that gives the PAPs
their characteristic purple color. Although the active state
of the mammalian PAPs is clearly the Fe** Fe?* oxidation
state (29), the metal content and active oxidation state of
the PPs are still the subject of some debate. In this study,
C’A’ of human erythrocyte PP2A was activated by Zn**
and/or Fe**. The specific activity of Fe?*- or Zn?*-activated
C’A’ was about 20-50% of that of CA, suggesting that
Fe?*.Zn**-PP2A 1s the active form of the enzyme.

The irreversible activation of C'A’ on pre-incubation
with Zn-MT (Fig. 3) is consistent with the notion that C’'A’
is an apoenzyme of CA in which stoichiometric zinc was
detected (9). It has been shown that rat hepatic Zn-MT
successfully reactivated apoenzymes prepared from yeast
aldolase, thermolysin, Escherichia coli alkaline phos-
phatase, and bovine erythrocyte carbonic anhydrase (15).
This activation was as good as, or better than, that obtained
with simple zinc salts. Reversible zinc exchange between
Zn-MT and the estrogen receptor, a zinc finger-containing
transcription factor, has also been observed in vitro (30).

PP2A has been shown to possess Mn?*-dependent PTP
activity, although the activity is less than one percent of
that of authentic PTPs (12-14). A protein factor which
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stimulates the PTP activity of PP2A has been reported
(14), but the physiological importance of the PTP activity
remains controversial. The Mn**-dependent PTP activity
of C’A” was much higher than that of CA, and was suppress-
ed by pre-incubation of C'A’” with ZnCl, and FeCl, (Table
I). On the other hand, the PTP activity of CA increased
significantly on pre-incubation of CA with NaF, which can
react with metals in the enzyme (Fig. 2). These results
suggest that zinc and/or iron in CA may suppress the
intrinsic Mn**-dependent PTP activity. Unlike PP1, PP2A,
and PP2B, PTP is insensitive to NaF, is inhibited by
micromolar concentrations of zinc (31) or vanadate (32,
33), does not require metal ions but uses a cysteine
nucleophile for catalysis, and forms a phosphoenzyme
intermediate (34). The Mn?*-dependent PP and PTP
activities of C’'A” were also strongly inhibited by micro-
molar concentrations of zinc (Table IT) and vanadate (Fig.
4), while the PP activity of CA was not significantly
inhibited by 1-50 uM vanadate (Fig. 4). These results
suggest that the Mn?*-dependent PP and PTP activities of
C’A’ may be catalyzed by a mechanism, possibly through a
phosphoenzyme intermediate, different from the mecha-
nism of CA catalysis, which may proceed through the direct
attack of an metal-activated water molecule at the phos-
phorus center of the substrate, without phosphoryl transfer
to the enzyme (20). The physiological significance of the
Mn?*-dependent form of PP2A remains to be explored.
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