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Summary

The diverse metal requirements for activity of the phosphoprotein phos-
phatases (EC 3.1.3.16) concerned with glycogen metabolism in rat liver were
postulated to reflect the diverse binding intensities of their essential metal(s).
After inactivation by fluoride, three of these phosphatases had similar metal
requirements in contrast to a fourth phosphatase. Further similarities led to a
grouping of these enzymes into two general types.

Phosphatases designated type 1 consisted of three enzymes which had the
following properties: (1) preference for glycogen phosphorylase a as a sub-
strate; (2) molecular weights in excess of 100 000; (3) conversion to an active
30 000 dalton ‘subunit’ form upon selective denaturation by 80% ethanol; (4)
diverse degrees of stimulation by metals (Mg?* and Mn?*); and (5) changes to
an absolute dependence upon added Mn?* (but not Mg?*) for activity of both
the holoenzyme and the subunit after a demetallating treatment with fluoride
in EDTA.

The phosphatase designated type 2 exhibited the following properties; (1)
preference for glycogen synthase D as a substrate; (2) molecular weight of -
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50000; (3) no conversion to an active, 30 000 dalton subunit form upon selec-
tive denaturation by 80% ethanol; (4) complete metal-dependence upon either
Mg?* or Mn?*; and (5) no change to an absolute dependence on added Mn?* for
activity after a demetallating treatment with fluoride in EDTA.

Introduction

Multiple species of phosphoprotein phosphatases (EC 3.1.3.16) have been
isolated from a number of mammalian tissues, including liver [1—3], skeletal
muscle [4,5], cerebral cortex [6] and brown fat cells [7]. While these species
show differences in substrate specificity and metal requirements, collectively
they are thought to have a common active ‘catalytic subunit’ [1,8].

The proteins which bind the catalytic subunit(s) to form the ‘holoenzyme’
are thought to confer substrate specificity by inhibiting, or regulating, the
catalytic subunit activity [9,10]. These proteins share a number of properties:
(1) denaturation by 80% ethanol at room temperature [11—13] or by high con-
centrations of 2-mercaptoethanol [14]; (2) trypsin sensitivity {11,14]; but may
be heat-labile [10]. In addition other heat-stable, phosphatase-inhibitor
proteins have been isolated [11,15—21], some of which show an enhancement
[20,21] or a reduction [20] of inhibitory activity after phosphorylation by
cyclic AMP-dependent protein kinase. One example of such an inhibitor, is
specifically inactivated (dephosphorylated) by a manganese-requiring phos-
phatase [16,19].

Compared to the stimulation by metals of some holoenzyme phosphatases,
the lack of metal dependence of the catalytic subunit [22] might suggest that
the primary role of metals is to interact with the regulatory subunit proteins
which inhibit certain activities of the catalytic subunit. However, evidence has
recently been presented suggesting that the catalytic subunit itself may contain
essential metal [23].

The objective of the present study was to define further the metal require-
ments of glycogen-related phosphoprotein phosphatases both in their holo-
enzyme and their catalytic subunit forms, in order to establish new criteria for
their classification. For this study we used the property of fluoride (in EDTA)
which inactivates glycogen phosphorylase a phosphatases [24] by demetalla-
tion [25]. It was found that three of the four phosphatases studied from rat
liver cytosol could be classified together because of similar metal requirements
after fluoride/EDTA ftreatment. Also, fluoride inactivation of the more
abundant type 1 enzymes unmasked and so helped to identify the presence of
the type 2, a glycogen synthase-specific phosphatase among proteins of the
crude cytosol.

Methods

Preparation of substrates

Rabbit skeletal muscle phosphorylase a, 3?P-labeled, was prepared [26]
from five-times crystallized phosphorylase b, [ 27], using phosphorylafe b kinase
[28] and [y-*?P]ATP [29]. Glycogen synthase D was purified as the glycogen-
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protein complex from rabbit skeletal muscle by the method of Smith et al.
[30] and from dog liver by a method to be described in detail elsewhere. The
latter method was similar to the one used previously for the I-form [31], but
several modifications were made to minimize phosphatase contamination and
to obtain native synthase in the D-form without an incubation step with ATP.
The liver enzyme had an activity ratio of 0.07 (activity minus glucose-6-P/activ-
ity plus glucose-6-P) and was contaminated with less than 25 munits of Mn?*-
dependent synthase phosphatase per unit of synthase.

Enzyme analysis

Phosphorylase a phosphatase activity was measured by the rate of release of
32p, from 3?P-labeled muscle phosphorylase a essentially by the method of Kato
et al. [14], except that this substrate was used at 4—8 uM as judged by *?P con-
cer})tration. 1 unit of activity was defined as 1 nmol of 3?P; released per min at
30°C.

Glycogen synthase D phosphatase activity, using liver glycogen synthase D
from dog at a concentration of 0.5 units/ml, was measured essentially by the
method of Kikuchi et al. [32], with 0.1% bovine serum albumin/0.1% glycogen
and the indicated metal or EDTA supplements in the reaction mixture. Muscle
synthase D was used at 2 units/ml in imidazole buffer, as previously described
[33]. Glycogen synthase was assayed according to Smith et al. [30]. 1 unit of
activity here was defined as conversion of 1 unit of synthase D to the I-form
per min at 30°C.

Preparation of the phosphatase fractions

The phosphoprotein phosphatases from rat liver cytosol were resolved by
ion-exchange chromatography on DEAE-cellulose (Whatman DE-52) followed
by gel filtration, essentially as described by Kobayashi et al. [1] using the
buffers of Kikuchi et al. [32]. All procedures were carried out at 4°C, except
where otherwise stated. Livers from fed Sprague Dawley male rats (300 g) were
homogenized by a Dounce procedure at 0°C in 4 vols of buffer (62.5 mM
glycyl-glycine, pH 7.4/62.5 mM EDTA/500 mM sucrose). The low speed
extract (17500 Xg, 10 min) was recentrifuged at 113 000 X g, 60 min. The
proteins of the supernatant cytosol were fractionated by addition of solid
(NH,),S0,. The precipitate obtained between 30 and 60% saturation of this
salt was dissolved in buffer 2 (10 mM glycyl-glycine, pH 7.4/5 mM 2-mercapto-
ethanol/20% glycerol) and applied to a Sephadex G-25 column equilibrated
with buffer 2.

The desalted phosphatases, in a portion equivalent to 8 g of liver, were
resolved into three fractions by DEAE-cellulose chromatography, using 3 vols
DE-52 mixed with 2 vols Sephadex G-25, as described in the legend to Fig. 1.
Each fraction was concentrated by ultrafiltration (Amicon) and was individu-
ally applied to a calibrated column of Sephacryl S-200, equilibrated with
buffer 3 (20 mM Tris-HCl, pH 7.4/1 mM EDTA/2 mM MgCl,/10 mM 2-mercap-
toethanol/20% glyceral). Gel filtration, as described in the legend to Fig. 2,
resolved the activity of fractionsI and II into two phosphatases of different
molecular size; those greater than 100 000 daltons (fractions IA and IIA) were
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distinct from those of about 50 000 daltons (fractions IB and IIB). However,
fraction IB, which was unstable, was not studied further; and fraction IA was
studied without the gel filtration of fraction I. Fraction III contained a single
phosphatase of about 105000 daltons (fraction IIIA). The individual phos-
phatases were concentrated by ultrafiltration (Amicon), dialyzed for 48 h
against buffer 2 and stored at —70°C.

To study the metal requirements of the catalytic subunits generated from
fractions IA, IIA, and IITA, a separate resolution of the phosphatases was made
on a larger scale. For this preparation, 5.7 g of protein was applied to DEAE-
cellulose (2.2 X 37 cm) and eluted with 800 ml gradient (0—0.5 M NaCl). The
separate treatment of each fraction, with 80% ethanol at room temperature was
performed essentially as described by Brandt et al. [11]. The crude catalytic
subunits derived from fractions ITA and IIIA were less metal-dependent than
their respective holoenzymes (data not shown), as described by Kato et al.
[14]. Following gel filtration, over 90% of the recovered activity from each
fraction was found in a discrete peak of lower molecular weight (29 000—
31 000) (data not shown) and could be stimulated 3- to 8-fold by manganese.
However, fraction IIB appeared different from the others, since the activity
surviving the ethanol treatment (about 20%) remained at 50 000 daltons (data
not shown). Therefore fraction IIB, after ethanol treatment, was not studied
further.

The usefulness of an acidification step to fractionate cytosol proteins before
chromatography, reported by Kikuchi et al. [32] was tested. An aliquot of the
supernatant cytosol (113000 X g) was adjusted to pH 5.2 with 1 N acetic acid.
After 20 min at 0° one half of the sample was centrifuged (10 min at
12000 X g). Both the pH 5.2 supernatant fraction and the uncentrifuged
sample were neutralized prior to using the same (NH,),SO, concentration and
chromatography steps that were described above for the untreated cytosol.

Fluoride/EDTA pre-treatment of phosphatases

It was found that exposure to fluoride, or EDTA, or both agents together,
resulted in varying degrees of a time-temperature dependent inactivation of
these phosphatases, which was similar to that reported for inorganic pyro-
phosphate and EDTA by others [23]. Based on these studies (data not shown),
a standard procedure was adopted for inactivation of the fractionated and the
unfractionated phosphatases by overnight dialysis at 4°C against buffer 2 to
which 50 mM KF and 1 mM EDTA had been added. The fluoride/EDTA was
then removed by exhaustive dialysis against buffer 2. The dialyzed enzymes
were diluted at least 20-fold and assayed immediately without freezing. The
catalytic subunits were supplemented with bovine serum albumin (1 mg/ml) for
stability during this procedure.

Materials

Uridine diphospho-[U-*C]glucose (250 mCi/nmol) was obtained from ICN
and inorganic [3*?P]phosphate (70 Ci/mg) was obtained from Amersham.
Sephacryl S-200, ultrafine, and Sephadex G-25, medium, were obtained from
Pharmacia, DEAE-cellulose (DE-52) from Whatman and ultrafiltration mem-
branes (PM-10) from Amicon. All other supplies were obtained from commer-
cial sources in the highest purity available.
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Results

The metal requirements of some phosphorylase a phosphatases partially
resolved from rat liver cytosol changed markedly following further steps in
partial purification. Following initial resolution by DEAE-cellulose chromatog-
raphy (Fig. 1la), as was first shown by Kobayashi et al. with enzymes from
rabbit liver, the activities of these phosphatases were characteristically
modulated by manganese [1]. The extent of the manganese modulation was
expressed as the ratio of +Mn?* activity to +EDTA activity. The ratios of the
initial fractions (I, I, and III) were about 0.25, 1.2, and 2.0 (Fig. 1a).

Gel filtration resolved fraction I (Fig. 2a) into two subfractions: (IA), a high
molecular weight, manganese-independent species (ratio, 1.0); and (IB), a more
labile, low molecular weight species which, like the unresolved fraction I (Table
Ia, fraction I-before), was more active with EDTA than with manganese (ratio,

0.25).
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Fig. 1. Metal stimulation of liver phosphoprotein phosphatases. Cytosol protein (229 mg), equivalent to
8 g of rat liver, was applied to a DEAE-cellulose column (2.0 X 25 ¢m) equilibrated with buffer 2. Elution
was with 400 ml of buffer 2, containing 0—400 mM NaCl as the indicated linear gradient. Fractions of 4.4
ml were collected. Protein concentration was monitored by absorbance at 280 nM (- ---- - ). (a) phos-
phorylase a phosphatase with 5 mM MnCly (------ ) or 5 mM EDTA (c———0). (b) liver glycogen
synthase D phosphatase with 5 mM MgCl, ( ). Three enzyme fractions (I, II, and IIl), with peak
activities eluting at 0.10, 0.16, and 0.24 M NaCl, respectively, were collected as indicated. They were con-
centrated by Amicon ultrafiltration and dialyzed against buffer 2 before gel filtration (Fig. 2).

Fig. 2. Gel filtration chromatography of phosphoprotein phosphatase fractions. Fractions of phospho-
protein phosphatase from rat liver cytosol resolved by DEAE-cellulose chromatography (Fig.1) were
applied to a column (2.6 X 90 cm) of Sephacryl S-200, superfine, which was equilibrated and eluted with
buffer 3, in 2.2 ml fractions. (a) Fraction I (28 mg protein); (b) fraction II (14 mg protein); (¢c) fraction
IIT (9 mg protein). Assays as in Fig. 1. Synthase phosphatase activity of fraction I was undetectable after
chromatography. The indicated calibration standards were used: BSA (bovine serum albumin: 68 000
daltons); oval (ovalbumin: 45000 daltons); and CA (carbonic anhydrase: 30 000 daltons). The indicated
fractions, with activity peaks A and B, were collected as pools.
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Fraction II (fig. 2b) also contained two species (IIA, IIB) both of which were
manganese-stimulated (data minus Mn?' not shown). The smaller species
(fraction IIB) had selective activity as a glycogen synthase phosphatase. Frac-
tion III (Fig. 2c) had only a high molecular weight, manganese-dependent
species (IIIA) (data minus Mn2* not shown). After fractions II and III had been
subjected to gel filtration, in the presence of Mg2?*-EDTA, the ratios of
manganese stimulation (+5 mM Mn?*/+5 mM EDTA) had increased by 4-fold
and 16-fold to become 4.8 and 36.0 respectively (Table Ia, fractions IIA,
before; and IITA, before). Based on the recently accepted premise that phos-
phoprotein phosphatases are metalloenzymes, the working hypothesis was that
three phosphatase fractions (IA, IIA, IITA) differed primarily in the strength
with which they bound the same intrinsic essential metal. The next step was
to compare the metal requirements for total reactivation with manganese or
magnesium of these individual enzymes from their same metal-free state.

Metal requirements after fluoride demetallation of type 1 phosphatases

All three of these phosphorylase a fractions (IA, IIA, and IIIa) had the same
kind of metal requirements in the metal-free state, and so they were designated
typel enzymes. Thus, after fluoride/EDTA treatment, the three fractions were
inactive not only in the presence of EDTA but also in the presence of mag-
nesium (Table Ia). However, they were reactivated with manganese (K, < 100
uM, data not shown). Such reversible inactivation constituted the indirect
evidence in this study that these three phosphatases were metalloenzymes. Of
the metals tested besides Mn?*, only Co?* (not shown) was also able to
reactivate the enzymes; Mg?*, Ca?*, Fe?*, Zn?*, Cd?**, Cu?* and Ni’* were
ineffective (data not shown). Next, the three catalytic subunits from each of
the three type 1 enzymes were treated with fluoride/EDTA. These subunits had
become essentially inactive in assays containing EDTA or magnesium, but were
fully reactivated by manganese (Table Ib). This result indicated that the
catalytic subunit contained the binding site for the intrinsic essential metal of
these phosphatases.

Metal requirements of type 1 synthase phosphatase activity

The synthase phosphatase activity of type 1 enzymes had a complete depen-
dence upon metal, since this activity was not seen in the absence of metal
either during chromatography (data not shown) or as isolated, concentrated
fractions (Table Ia, except for fraction I). This dependence was satisfied by
magnesium except when these enzymes had been completely demetallated,
whether by purification (fraction IIIA, before), or by fluoride/EDTA (fractions
I and IIA, after). However, not withstanding the above observations, manganese
could reactivate both their phosphorylase and their synthase phosphatase
activities, thereby substituting for magnesium. These data indicate that binding
of metal at a second site, which is substrate-specific and distinct from that of
essential metal, is required for the synthase phosphatase activity of the type 1
enzymes. Further evidence for this second site was provided by complex
modulations of synthase phosphatase activity at saturating concentrations of
metal (Table Ia). For instance, while magnesium stimulated the synthase phos-
phatase activity only slightly in the presence of 1 mM manganese with fractions
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I and IITA, the two metals acted synergistically for fraction IIA. This synergism
was not seen with this enzyme when phosphorylase ¢ was substrate. Also,
whereas an increase in the manganese concentration from 1—5 mM inhibited
the phosphatase activity of fraction IIIA with liver glycogen synthase, such an
increase in manganese concentration caused only slight further activation with
phosphorylase a and also with glycogen syntase from a different organ (muscle)
(data not shown). It is impossible to conclude from the present data where
the second metal binding site required for synthase phosphatase activity was
located, whether at a second site on the phosphatase molecule or at a separate
site on the substrate molecule, or both.

Identification of type 2, Mg**/Mn?**-requiring synthase-specific phosphatase

In contrast to the type 1 phosphatases described above, fraction IIB (Fig.
2b) was of a different type. This 50 000 (x3000, n = 11) dalton enzyme was
not converted to an active 30000 dalton subunit upon treatment with 80%
ethanol at room temperature (not shown). Although essentially inactive
without metal, it was equally activated with either magnesium or manganese
(Table Ia). These metal requirements were not changed to a specific manganese-
dependence even by intensive efforts to demetallate it, as by prolonged dialysis
(7 days) against either fluoride/EDTA or 0.5 mM 1,10-orthophenanthroline.
Failure to affect the magnesium reactivation indicated that the enzyme had not
contained a very tightly-bound intrinsic metal. It displayed a preference for
glycogen synthase as substrate, having a substrate activity ratio (synthase phos-
phatase/phosphorylase phosphatase) 10-fold greater than that for the other
phosphatase fractions. However, this specificity was 5-fold greater for synthase
from liver than from muscle (data not shown). The properties, being different
from those of type 1, are the basis for classifying fraction IIB as a type 2 phos-
phatase. It was concluded that this type 2 phosphatase resembled the Mg3*-
requiring synthase-specific phosphatase reported by Kikuchi et al. [32].

Uselfulness of the pH 5.2 precipitation step for purification of the synthase-
specific phosphatase

It next became of interest to show why these results (Fig. 1) differed from
those of Kikuchi et al. [32] who reported less phosphorylase a phosphatase in
fractions I and II, and less synthase phosphatase in fraction III. Except for the
use of G-25 Sephadex mixed with DE-52 (2 : 3, v/v) for improved flow charac-
teristics, and omission of the on-line, counter-current dialysis of eluate from
the DE-52 column, the chromatographic conditions reported here closely
followed those published [32]. It was reasoned that the differences were due to
either (1) use of an extra, acid precipitation step to fractionate the cytosol (at
pH 5.2); or (2) failure to detect type 1 phosphorylase a phosphatases which
had become demetallated during purification, or to both explanations.

To study the value of the pH 5.2 step, we compared DE-52 chromatograms
of the cytosolic phosphatases with and without removal of the acid-insoluble
cytosolic proteins. Most of the phosphorylase phosphatase activity in frac-
tionsI and II was removed by pH 5.2 isoelectric precipitation, while the
magnesium-dependent synthase phosphatase activity in fractions II and III
appeared unchanged (Fig.3). However, because fraction III was especially
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Fig. 3. Effect of pH 5.2 precipitation step on DEAE-cellulose chromatography of liver phosphoprotein
phosphatases. Cytosol proteins, equivalent to 8 g rat liver, were chromatographed, after acidification of
cytosol (pH 5.2) and after either a: No centrifugation or b: removal of precipitated proteins by centrifu-
gation. The cytosol proteins were then neutralized and prepared for parallel chromatographies on DEAE-
cellulose as in Fig. 1. Assays: phosphorylase a (Pa) phosphatase with 5 mM MnCl, (- -----); glycogen
synthase D (GS-D) phosphatase with 5 mM MgCl; ( ); protein Aygg (+ -+ -~ ).

susceptible to demetallation (inactivation) during resolution (Fig. 1a), only one
fourth of its actual synthase phosphatase activity was recognized if assayed in
the presence of only Mg?*, without added Mn?* (Fig. 4a, a'). Thus, the
differences between this work and that of Kikuchi et al. [32] are explained on
both counts. Furthermore, the acidification step did not appear to change the
sizes of the phosphatases, since the gel filtration chromatography profiles of
the phosphatase fractions of the acidified aliquot which was not centrifuged
(data not shown) were the same as those of the untreated extract (Fig. 2).

Quantitation of type 1 and type 2 synthase phosphatases in activity profiles
The stability of these enzyme activities (+Mn?*) throughout fluoride/EDTA
inactivation suggested that, if the type 1 phosphatases were demetallated
before chromatography, the relative amounts of both type 2 and total synthase
phosphatases could be estimated by assaying with magnesium or with
magnesium plus manganese, respectively. For this study, an aliquot of the
extract equal to that used in Fig. 3a was pretreated with fluoride/EDTA prior
to chromatography on a DEAE-cellulose column of identical size to those used
before (Figs. 1, 3). Phosphorylase a phosphatase was detected in fractions II
and III in Mn?*-containing assays (Fig. 4a’), but no activity was detectable
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Fig. 4. Metal reactivation of fluoride/EDTA treated phosphoprotein phosphatases of liver cytosol. Acidi-
fied, non-centrifuged, cytosol proteins equivalent to 8 g rat liver, as in Fig. 3a, were treated with fluoride/
EDTA (see Methods) and chromatographed as in Fig. 1 on DEAE-cellulose (a and a'). Fraction II from
this chromatogram was further resolved by gel filtration as in Fig. 2 (b and b'). Assays: a and b: glycogen
synthase D (GS-D) phosphatase with 5 mM MgCl; ( ) and protein Aggg (- ).a' and b': glyco-
gen synthase D (GS-D) phosphatase with 5 mM MgCl,; plus 1 mM MnCl; ( ), and phosphorylase a
(Pa) phosphatase with 5 mM MnCl; (------ ).

without manganese (data not shown). When type 2 synthase phosphatase was
assayed using only magnesium (Fig. 4a), only a single peak was observed
located in fraction II. When total synthase phosphatase was assayed using
magnesium plus manganese the activity in fraction II increased 4-fold (Fig. 4a’).
Gel filtration of fraction II confirmed that the Mg?*-requiring synthase phos-
phatase was entirely of a small size (Fig. 4b). On the other hand, the Mn?*-
dependent activity was 3-times more abundant and was present as the large-
sized, type 1 phosphatase (Fig. 4b’). Fraction III had about as much synthase
phosphatase activity as fraction II (Fig. 4a’), whereas fraction I had negligible
activity. By this rough chromatographic analysis it appeared that the type 2
synthase phosphatase accounted for about 12% of the total synthase phos-
phatase activity in the liver cytosol.

Discussion

These studies used the recently described action of fluoride to reversibly
inactivate or demetallate, a metalloenzyme. This new action involved a reason-
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able extension of the known property of fluoride to interact strongly with
transition metals because of the high intensity of its negative charge. The
greater effectiveness of fluoride compared to EDTA may be explained since
the smaller F~ can more easily reach a metal located at a poorly accessible
binding site. However, this role of fluoride is different from its conventional
role as a reversible inhibitor of the metal requirements of a variety of phos-
phohydrolases [34] and other enzymes such as enolase and phosphogluco-
mutase [35] through formation of a fluoro-metallo-substrate complex.

The phosphoprotein phosphatases related to glycogen metabolism exist as
several species with similar substrate capabilities. This multiplicity has made the
search difficult for the most relevant enzymes suited to evaluate possible
regulated pathways for hormone action. This report indicates a preliminary
basis for grouping as type 1 enzymes the three major species of phosphorylase a
phosphatase (fraction IA, ITA, IITA) found in rat liver cytosol. Despite their
original diversity, these enzymes after demetallation had similar metal require-
ments, both as the holoenzyme form and as the individually derived, 30 000
dalton, active catalytic subunit form. The restoration of their activity by metal
ion (manganese) provided the necessary indirect evidence that each form was a
metalloenzyme, which substantiated our working hypothesis. This work
complements recent similar results from other laboratories, exemplified by a
synthase phosphatase from muscle [25] and by the catalytic subunit phos-
phatase derived from the crude, unresolved, phosphorylase a phosphatases of
skeletal muscle [23] or heart muscle [36]. These enzymes were thought to be
metalloenzymes on the basis of similar indirect evidence after being inactivated
by incubation with various agents such as fluoride [25], inorganic pyrophos-
phate [23,26], or nucleotide polyphosphates [23,25,36]. Although manganese
(and also cobalt, unpublished data) reactivated each of these enzymes, the
essential metal of the common catalytic subunit is not identifiable without
direct evidence.

Besides the binding site for the essential metal, a second site for metal inter-
action was indicated because of a modulation of synthase phosphatase (rather
than phosphorylase) phosphatase activity of the type 1 enzymes by saturating
concentrations of either magnesium or manganese. These data could indicate
metal interaction at a second site on the phosphatase molecule, as is known for
magnesium in Zn%* -Mg?*-alkaline phosphatase from E. coli [37]. Alternatively,
the site for this substrate-specific effect could have been the synthase mole-
cule, since the reactivity of synthase itself, as a glucosyltransferase, is known to
be modulated by these two metals [38].

In contrast to the type 1l phosphatases which were not reactivated by
magnesium, fraction IIB was classified type 2 because of its different properties
including a complete requirement for either magnesium or manganese and a
selective activity as a synthase phosphatase. In these regards, fraction IIB
seemed to resemble other recently reported enzymes: both the Mg?*-requiring
synthase-specific phosphatase of liver, Kikuchi et al. [32] and the Mg2*/Mn?2*-
dependent casein (or synthase) phosphatase of heart muscle, Li and co-workers
[13,39]. Since the demetallating procedures effective for the type 1 enzymes
failed to change the metal requirements of the type 2 enzyme, type 2 might
not contain metal. Alternatively, since magnesium satisfied the absolute metal
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requirements of the isolated enzyme, the original native enzyme could have
contained loosely bound magnesium which was removed during chromatog-
raphy.
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