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Two inositol phosphoglycans (IPG) isolated from
beef liver and designated as putative insulin media-
tors were demonstrated to reciprocally enhance the
dephosphorylation of inhibitor-1 (INH-1) and DARPP-
32, thus directly activating phosphatase 2C and disin-
hibiting phosphatase 1 in a potential protein phospha-
tase 2C — phosphatase 1 cascade mechanism. One IPG
termed pH 2.0, containing Dchiro-inositol and galac-
tosamine, stimulated the dephosphorylation of INH-1
and DARPP-32 in a dose-dependent manner in the low
micromolar range. A second, termed pH 1.3, contain-
ing myo-inositol glucosamine and mannose acted re-
ciprocally to inhibit the cAMP-dependent protein Ki-
nase phosphorylation of INH-1 and DARPP-32 in a
dose-dependent manner in the low micromolar range.
These model experiments are discussed in terms of the
observed dephosphorylation of INH-1 with insulin ac-
tion documented in the literature and the activation of
both phosphatase 1 and 2C described in intact cells

and in vivo with insulin action. © 1999 Academic Press

Following up on the early work of Hizukuri and
Larner demonstrating a Mg "+ S0, = activated con-
version of rat liver glycogen synthase D to form I, (1),
Bishop and coworkers (2) importantly demonstrated a
metal (Mg*", Mn"") requirement for the dephosphory-
lation and activation of glycogen synthase in EDTA-
and fluoride-treated (“demetallated”) phosphatase
preparations. Tsuiki et al. next purified a glycogen
synthase “specific” phosphatase from rat liver, inactive
on phosphorylase, which required metal, Mg™ or
Mn**, for activity (3). Tamura et al. subsequently
cloned the enzyme, expressed it in E. coli and termed it
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2C, since by sequence analysis, it proved unrelated to
phosphatases 1,2A and 2B (4). Subsequent cloning of
PDH phosphatase catalytic subunit by L. Reed and
coworkers (5) demonstrated 22% amino acid identity
and both enzymes are now recognized as members of a
separate phosphatase family termed PPM (6). Recent
cloning has established «, B(1-5) and vy isoforms of
phosphatase 2C (7). The x-ray crystal structure of the «
isoform containing two Mn*" coordination sites has
been determined (8). Substrates preferentially dephos-
phorylated by phosphatase 2C have been identified
and include AMP-dependent protein kinase (9) and
CAM Kkinase Il (10). From these studies a sequence
incorporating a sensitive threonine P site with up-
stream N-terminal basic amino acids has been de-
duced. Studies with model peptides including RRAT-
PVA again demonstrate a clear preference for
threonine phosphate over serine phosphate (11).

Both INH-1 and DARPP-32 have a single threonine
with basic residues on the N-terminal side. Thus, the
sequences in INH-1 (RRRRPTPA) and in DARPP-32
(RRRPTPAML) are almost identical and both are po-
tential substrates for phosphatase 2C. Both are known
potent inhibitors of PP1 only when phosphorylated.
Recent evidence has shown that both PP1 and PP2C
are both activated with insulin action (12,13,14). A
model mechanism to explain the activation of the two
phosphatases via the allosteric actions of two inositol
glycan (IPG) putative insulin mediators to promote the
dephosphorylation of INH-1 and DARPP-32 and thus
activate phosphatase 1 subsequent to activating phos-
phatase 2C, is demonstrated in the present experi-
ments.

MATERIALS AND METHODS

Preparation of putative mediators. The pH 2.0 and 1.3 putative
mediators were isolated from bovine liver as previously described
(15). Typically, one kilogram of frozen liver was homogenized in 50
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mM formic acid, 1 mM EDTA and 1 mM mercaptoethanol. After
boiling and charcoal treatment, the clear homogenate was adjusted
to pH 6.0, diluted with water and 700 ml of AG1 X8 (formate form)
added. After standing overnight with occasional stirring, the resin
was packed into a column, the column was washed with water and
then eluted with 0.015M HC1 (pH 2.0) followed by 0.1N HCI (pH 1.3).

The pH 2.0 eluate was then further purified by chelex column
chromatography eluting with 0.1-0.2 M HCI to remove excess metals,
silica gel column chromatography eluting with pyridine:propanol:
acetic acid:water (8:8:1:4) to remove contaminating peptides and gel
filtration over a column of Bio-gel P-4 to achieve further purification
(TLC-single spot purity). The putative mediator activity was moni-
tored by its stimulatory effect on pyruvate dehydrogenase phospha-
tase. The quantity of putative mediator was determined by its
D-chiro-inositol content after hydrolysis in 6N HCI for 48 h. D-chiro-
inositol was estimated by Dionex HPLC chromatography as de-
scribed (16). Both IPGs were sensitive to HNO, deamination, and
neutralized with selective antibodies.

The pH 1.3 eluate was first neutralized to pH 5 with NaOH, and
then rotary evaporated to a small volume (4-5 ml). After desalting
over a Sephadex G-10 column (2.6 cm X 85 cm), the aqueous eluate
was passed through a C-18 column (2 cm X 14 cm) to remove
contaminating peptides. The column pass-through and water wash
were combined and lyophilized to dryness. The residue was dissolved
in 1.0 ml H,0 and applied onto a Bio-gel P-4 column (1.6 cm X 85 cm)
equilibrated with water. Fractions of 25 drops were collected and
inhibitory effects on cAMP-dependent protein kinase were assayed.
The inhibitory fractions were combined and lyophilized. The quan-
tity of the putative mediator was determined by its myo-inositol
content after hydrolysis in 6 N HCI as described (16).

Phosphorylation of INH-1 and DARPP-32 by cAMP-dependent pro-
tein kinase. 20 wul of INH-1 (1.6 mg/ml) Kindly supplied by Dr.
Shenolikar or DARPP-32 (2.2 mg/ml) kindly supplied by Dr. Nairn
was incubated with [*P]ATP, catalytic subunit of cAMP-dependent
protein kinase (from Promega 200 p), 10 mM MgCl,, and 50 mM
MES buffer, pH 7.1, at 37°C for 2 h. The unreacted ATP was removed
by chromatography on a Sephadex G-25 column (1 cm X 60 cm)
equilibrated with 20 mM imidazole, pH 7.4, containing 10% glycerol.
The protein concentration in the [*P]-labeled inhibitor fraction was
determined by the modified method of Lowry (17).

Assay of phosphatase 2C activity. Phosphatase 2Ca was ex-
pressed in E coli and kindly supplied by Dr. Roger Nolan at
Insmed Pharmaceuticals, Richmond, Va. and purified by the
method of Tamura et al. (4) using the plasmid kindly provided by
Dr. Tamura. To assay the effects of putative mediator, phospha-
tase 2C (0.05 ng), 20 mM imidazole, pH 7.4, 1. mM DTT, 0.5 mg
BSA and indicated amounts of putative mediator were incubated
at 37°C with [*P]-INH-1 or [**P]-DARPP-32 in a total volume of
100 pl. After 10 min of incubation, the reaction was terminated by
the addition of 100 ul 50% TCA and 50 ul 5 mg/ml BSA. The
precipitated protein was removed by centrifugation, and aliquots
of the supernatant fluids counted.

Assay of cAMP-dependent protein Kkinase activity. cAMP-
dependent protein Kinase (type 1) was isolated from rabbit skeletal
muscle as described (18). To assay the effects of putative mediator on
the kinase activity, histone lla, INH-1 or DARPP-32, MES buffer, pH
7.0, 300 mM; MgCl,, 10 mM; cAMP, 1 uM; [**P]ATP, 0.03 mM and pH
1.3 putative mediator as indicated were incubated with cAMP-
dependent protein kinase (3n.g) in a total volume of 100ul. Reactions
were started by the addition of enzyme and incubations were carried
out for 10 min at 30°C. Reactions were terminated by spotting 75ul
aliquots of the reaction mixtures on to pieces of Whatman 3MM
paper which were then dropped in 10% TCA and washed as described
earlier (19). All assays were done in duplicate and experiments were
performed at least twice to assure reproducibility.
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RESULTS

Effects of pH 2.0 putative mediator on the dephos-
phorylation of INH-1 and DARPP-32. Fig. 1A demon-
strates the dose dependence of added pH 2.0 putative
mediator to stimulate the dephosphorylation of [*P]
INH-1 in the low umolar dose range. At a substrate
concentration of 0.3 uM, a 50 fold stimulation was
observed. It is important to note that a thirteen fold
stimulation was observed in the presence of saturating
10 mM MgCl, (Fig. 1A). Thus the pH 2.0 putative
mediator exerts a stimulatory effect over the range of
magnesium concentrations indicating that the stimu-
latory action of the putative mediator occurs in the
presence of maximal metal ion. It is also of interest
that [**P] DARPP-32 (Fig. 1B) phosphorylated by the
cAMP-dependent protein kinase is also dephosphory-
lated by PP2C. Importantly this dephosphorylation is
also stimulated by the pH 2.0 putative mediator in a
dose-dependent manner in the low umolar dose range.
The extent of the stimulatory effect of the putative
mediator was similar with both INH-1 and DARPP-32.
It was recently reported that dephosphorylation of
serine 137 on DARPP-32 phosphorylated by casein ki-
nase 2 is also dephosphorylated by PP2C (20). Here, we
demonstrate that in the presence of pH 2.0 putative
mediator the site phosphorylated by the cAMP-
dependent protein kinase (presumably threonine 34) is
also efficiently dephosphorylated by PP2C.

Effects of magnesium ion on the activity of PP2C. It
is well established that PP2C is a magnesium (and
manganese)-dependent phosphatase (3). Fig. 2 again
demonstrates that in the absence of putative mediator,
Mg ™" stimulates the dephosphorylation of [**P] INH-1
by PP2C with a maximal effect at about 3 mM. In the
presence of 24 pmoles (determined as D-chiro-inositol
after acid hydrolysis) of the pH 2.0 putative mediator,
the enzyme is fully activated in the absence of Mg**. In
fact, in the presence of the putative pH 2.0 mediator,
10 mM Mg™" is slightly inhibitory. The same stimula-
tory effect of the pH 2.0 putative mediator in the pres-
ence of increasing Mg* " concentrations is observed us-
ing [**P] DARPP-32 as substrate (data not shown).

Previously we reported that the pH 2.0 putative me-
diator leftshifted and upshifted the Mg"" dose-
response curve of pyruvate dehydrogenase phospha-
tase acting on myosin light chains (21). In addition, we
showed that the putative mediator abolished the Mg™"
requirement of PP2C when phosphocasein was used as
substrate phosphorylated by casein kinase Il (unpub-
lished experiments). Thus the action of this putative
mediator on PDH phosphatase and on phosphatase
PP2C to sensitize the enzyme to Mg*" appears to be a
general phenomenon independent of substrate.

Effects of pH 1.3 putative mediator on the phosphor-
ylation of INH-1 and DARPP-32. We next examined
the action of the pH 1.3 putative mediator on the phos-
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FIG. 1. A. Effect of pH 2.0 inositol glycan putative mediator on the dephosphorylation of inhibitor 1 (INH-1) catalyzed by PP2C. INH-1
was phosphorylated by cAMP-dependent protein kinase with [*?P]JATP. PP2C was incubated with [**P] INH-1 under conditions described in
the text. The pH 2.0 putative mediator was added as indicated. Putative mediator added, ¢. 10 mM MgCl, added, - - -. B. Effect of pH 2.0
inositol glycan putative mediator on the dephosphorylation of DARPP-32 catalyzed by PP2C. DARPP-32 was phosphorylated by cAMP-
dependent protein kinase with [*P]JATP. PP2C was incubated with DARPP-32 under conditions described in the text. pH 2.0 putative
mediator was added as indicated. Putative mediator added, ¢. 10 mM MgCl, added, - - - .
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FIG. 2.

Effect of MgCl, on the stimulatory action of pH 2.0 inositol glycan putative mediator. [**P] INH-1 was incubated with PP2C under

conditions described in the text except that the MgCl, concentrations were as indicated. No putative mediator was added, 4. 24 pmole of pH

2.0 putative mediator was added, m.

phorylation of INH-1 and DARPP-32 by the cAMP-
kinase. The pH 1.3 putative mediator has been shown
to inhibit cAMP-dependent protein kinase using his-
tone lla as substrate (22). Fig. 3A demonstrates that
with INH-1 as substrate, inhibition of phosphorylation
of INH-1 was dose-dependent and essentially complete
in the presence of added pH 1.3 putative mediator at
low uM concentrations. Unlike the experiments with
PP2C and the pH 2.0 putative mediator, (Fig. 3) this
inhibition was not affected by the Mg*" concentration,
(data not shown). Fig. 3B also demonstrates that the
phosphorylation of DARPP-32 by the cAMP-dependent
kinase is again inhibited by the pH 1.3 putative medi-
ator to the extent of 70% in a dose-dependent manner
at the low umolar range. Since DARPP-32 was phos-
phorylated to a lesser extent than INH-1 (25%), the
efficacy of the pH 1.3 putative mediator to inhibit the
phosphorylation was somewhat decreased over that
observed with INH-1. In fact, the same inhibitory effi-
cacy of the pH 1.3 putative mediator was also observed
with histone as substrate (data not shown) and (22).
Thus, we conclude that the pH 1.3 putative mediator
acts by blocking the phosphorylation reaction cata-
lyzed by cAMP-dependent protein kinase independent
of substrate.

DISCUSSION

Evidence for at least five regulatory inputs involving
specific kinase inhibition and phosphatase activation
to explain insulin-stimulated glycogen synthase multi-
site (9 sites) dephosphorylation has appeared
(23,24,12). (A) Insulin mediated cAMP-kinase inhibi-
tion via maintenance as a holoenzyme was initially
demonstrated in sensitive tissues including muscle,
liver and fat by several laboratories thus potentially
explaining the dephosphorylation of sites 1, 2A and 2B
(25,26,27,28). Most recently, (B) inhibition of GSK3 via
covalent phosphorylation by PKB with upstream phos-
phorylation by PDK activated by P13K was elegantly
demonstrated, potentially explaining dephosphoryla-
tion of sites 3A, B and C (29). Protein phosphatase 1
(PP1) (C) and most recently PP2C (D) have both been
shown to be activated by insulin in adipocytes (12,13)
and liver (14), with PP2C activation most recently
demonstrated in liver biopsy samples of monkeys dur-
ing an in vivo insulin infusion clamp procedure (14). In
rat adipocytes (E) two separate pathways of glycogen
synthase activation in the absence of glucose in the
medium and in its presence were originally demon-
strated (30). In the presence of glucose, a requirement
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FIG. 3. A. Effect of pH 1.3 inositol glycan putative mediator on the phosphorylation of INH-1 catalyzed by cAMP-dependent protein
kinase. INH-1 was incubated with cAMP-dependent protein and [**P]ATP as described in the text. pH 1.3 putative mediator was added as
indicated. B. Effect of pH 1.3 inositol glycan putative mediator on the phosphorylation of DARPP-32 catalyzed by cAMP-dependent protein

kinase. DARPP-32 was incubated with cAMP-dependent protein kinase and [**P]JATP under conditions described in the text. pH 1.3 putative
mediator was added as indicated.

for both a hexose and its phosphorylation on the 6 separate mechanism and mediator was proposed
position (i.e., glucose 6-P) was shown to be required for (32,33).

GS activation by insulin. The actions of glucose-6- We have separated, purified and partially deter-
phosphate have been reviewed recently by Villar- mined the structures of two inositol glycan (IPG) pu-
Palasi and Guinovart (31). In the absence of glucose, a tative mediators of insulin action (33). They were iden-
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tified by their separate actions to stimulate Mg* " and
Mn™"" sensitive PDH phosphatase and phosphatase 2C
in a kinetic manner similar to insulin (21) and to in-
hibit cAMP-kinase and adenylate cyclase (22). The
former termed pH 2.0 (pH of elution from anion ex-
change column) was shown to be composed of D-chiro-
inositol and galactosamine (33), and the latter termed
pH 1.3 to contain myo-inositol-P, glucosamine and
mannose (33). The complete structures will be the sub-
ject of future publications. They both are released with
insulin in vitro from cell and cell membrane precursor
lipids and/or proteins (34,35) and are also released in
muscle tissue (36) and into the circulation with insulin
action in vivo in humans (37). When injected in vivo
they reduce hyperglycemia in STZ diabetic rats in a
dose-dependent manner at low nanomolar doses com-
parable to insulin (38,15). The evidence for their con-
sideration as putative mediators of insulin action has
been summarized (39). To explain the activations of
both phosphatase 1 and 2C with insulin observed in
the literature (12,13,14) we studied the actions of both
putative mediators to control the phosphorylation
state of inhibitor-1 (INH-1) and DARPP-32.

In the present experiments we determined the effect
of the pH 1.3 putative mediator to inhibit the action of
cAMP-kinase to phosphorylate both INH-1 and
DARPP-32. From the literature it is clear that under
these conditions only the sensitive threonine in both
inhibitors is phosphorylated (40,41). We further stud-
ied the effect of the pH 2.0 putative mediator to stim-
ulate the dephosphorylation by phosphatase 2C of
INH-1 and DARPP-32 phosphorylated by the cAMP-
kinase. A mutually reinforcing dual action of both the
pH 2.0 inositol glycan to stimulate phosphatase 2C to
dephosphorylate and of the pH 1.3 inositol glycan to
inhibit the phosphorylation by cAMP-kinase was
shown, thus leading to a dual allosteric control of the
dephosphorylation of both INH-1 and DARPP-32 in a
potential phosphatase 2C — phosphatase 1 activation
cascade mechanism. This mechanism is discussd in
terms of the previously observed dephosphorylation of
INH-1 with insulin in fat and muscle in the literature
(42,43).

PP2C is clearly activated in a dose-dependent man-
ner by the pH 2.0 putative mediator in the low umolar
dose range, to dephosphorylate INH-1 (Fig. 1A) and
DARPP-32 (Fig. 1B). This occurs via a sensitization
i.e., a leftshifting and upshifting of the enzyme’s dose-
response to Mg'" (Fig. 2). Similar results have been
previously reported from this laboratory with PP2C
and other substrates and with PDH phosphatase de-
phosphorylating PDH and myosin light chains (21).
Thus the kinetic effect of the pH 2.0 putative mediator
appears independent of substrate. Of considerable
physiological importance are the experiments of Den-
ton and coworkers (44) whose careful studies have
documented a similar kinetic effect of insulin itself
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acting on fat segments. Following insulin action on fat
segments, the Mg*" dose response of PDH phosphatase
was also left-shifted (44).

As shown in Fig. 3A and 3B, the phosphorylation of
INH-1 and DARPP-32 are both strongly inhibited by
the pH 1.3 IPG putative mediator in a dose-dependent
manner again in the low pmolar dose range. As previ-
ously shown, both pH 2.0 and pH 1.3 putative media-
tors are increased with insulin action in vitro (34,35)
and in vivo in muscle biopsy samples during an insulin
clamp procedure (36). Further, both putative media-
tors lowered elevated hyperglycemia in STZ diabetic
rats in the low nanomolar dose range (15,38), and
stimulate [**C]glucose incorporation into diaphragm in
normal rats similar to insulin (38).

Since this is an in vitro model set of experiments, it
is of interest to review earlier literature reports that
demonstrated that INH-1 is in fact dephosphorylated
with insulin action. Nemenoff et al. (42) studied rat
epididymal adipocytes and demonstrated with [*P]
prelabeled cells, a 30% decreased phosphorylation
state of INH-1 with insulin coincident with a 50%
decrease in INH-1 bioactivity (42). Conversely, isopro-
terenol increased the phosphorylation state of INH-1
by 35% coincident with an increase of 25% in INH-1
bioactivity. Foulkes et al. (43), using a perfused rat
hemicorpus muscle preparation, demonstrated a de-
creased phosphorylation state of INH-1 with insulin
compared to control (28 = 11 versus 52 *= 12) and an
increased phosphorylation state with isoproterenol
(73 = 11) in keeping with the results of Nemenoff et al.
(42). In a perfused hindlimb rat muscle preparation,
Khatra et al. (45) were only able to demonstrate the
effects of epinephrine to increase INH-1 bioactivity;
however, they were not able to detect an insulin effect.
In a subsequent report Foulkes et al. (46) using the
perfused rat muscle hemicorpus preparation reexam-
ined the question of insulin action on INH-1 phosphor-
ylation state carefully controlling the effects of endog-
enous epinephrine release. They again demonstrated
both an action of insulin alone as well as an action of
insulin to counteract the effect of submaximal epineph-
rine to decrease INH-1 phosphorylation state. Further
they were able to explain the previous failure of Khatra
et al. (45) to detect an effect of insulin to dephosphor-
ylate INH-1 as due to differences in perfusion condi-
tions resulting in very low (5-10%) basal phosphoryla-
tion state of INH-1 not seen in the other studies
(42,43,46). Thus, in three clear published reports, the
action of insulin alone and the opposing actions of
insulin and of epinephrine to control the phosphoryla-
tion state and bioactivity of INH-1 in insulin sensitive
tissues were clearly demonstrated. Recent experiments
suggest that in fat cells, DARPP-32 is present in
3T3-LI adipocytes and may play an analogous role to
INH-1 (47).
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In summary, this model system demonstrates that
two insulin-regulated inositol glycan putative media-
tor species act synergistically to control the dephos-
phorylation of INH-1 and DARPP-32. The resulting
cascade model of activation of two phosphatases may
help explain the activation with insulin of both phos-
phatase 1 and 2C reported in the literature (12,13,14)
as well as the dephosphorylation with insulin of INH-1
reported by several investigators (42,43,46).
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