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Is enzyme inactivation caused by dephosphorylation?
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1. Introduction

Hepatic microsomal glucose 6~phosphatase isan
1mp0nam ENzZyme which pmya a m:y role in the main-
tenance of blood glucose concentration within a nar-
row range [1]. The enzyme activity can be increased
by administration of steroids, by starvation and in
some diabetic conditions and those increased activi-
ties have often been attributed to changes in protein
turnover [2].

Stadtman [3] has pointed out that regulation of
glucose 6-phosphatase is ‘mandatory’. However, the

maolacular machaniemes involvad in the raonlation of
maoieluiar mecianisms invoivea in i réguiation ol

this enzyme are unknown. Zakim has proposed that
this enzyme is completely controlled by the mem-
brane phospholipid environment [4], whereas Cater
et al. [5] concluded that glucose 6-phosphatase was
only partially phospholipid-dependent.

The extreme lability of ‘solubilised’ glucose
6- puospu&tase [U /J is uuuuuutcmy the major reason
for repeated failure to purify the enzyme and has
also confused attempts to study the mechanisms con-
trolling this enzyme.

Here we demonstrate that the rapid time-depen-
dent inactivation of partially purified glucose 6-phos-
phatase is completely abolished by fluoride, molyb-
date and glutathione disulphide. Glucose 6-phospha-
tase can also be slightly reactivated in the presence of
ATP-Mg?* The possible regulation of glucose 6-phos-
phatase by a phosphorylation/dephosphorylation
mechanism is discussed.

2. Materials and methods

Glucose 6-phosphate, sodium cholate, octyl glu-
coside, dithiothreitol; glutathione, glutathione disul-

tIONICILOL, sRtatinlone, I
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phide and phenyl methylsulphonylfluoride were from
Sigma (London). Benzamidine hydrochloride was
obtained from Aldrich Chemical Co. and egg lecithin,
Bladu 1, was purchased from I Llplu Products, South
Nutﬁeld, Surrey. Polyethylene glycol 6000, sodium
fluoride, sodium molybdate and ATP were from BDH
Ltd, Poole, Dorset. Purified B. cereus phospholipase C
was a kind gift from Dr R. Zwaal, Department of

Biochemistry, University of Maastricht.

2.1. Assays
Glucose 6-phosphatase activity was assayed at 37°C

in 2 0.1 m! reaction mixture asin [R] QOne unit of

ml reaction mixture as in [8)]. One unit of

activity represents 1.0 umol P; refeased/min. Non-spe-
cific hydrolysis of glucose 6-phosphate by acid phos-
phatases other than glucose 6-phosphatase was assayed
by preincubating enzyme preparations for 10 min at
37°C and pH 5 prior to addition of 30 mM glucose

6-phosphate in cacodylate buffer (pH 6.5) [5,9]. It
averaged <3% of total glucose 6-phosphatase activity
in either enzyme preparation. Phosphorylase phos-
phatase was assayed using y->2P-labelled phospho-
rylase @ by the method in [10]. Protein concentra-
tions were determined as in [11].

2.2. Partial purification of glucose 6-phosphatase
Glucose 6-phosphatase was partially purified from

fresh adult New Zealand white rabbit liver microso-

mal fraction by solubilisation with 1% sodium cholate

and polyethylene glycol fractionation [8].

3. Results and discussion

3.1. Prevention of time-dependent inactivation of
glucose 6-phosphatase by fluroride, molybdate
and glutathione disulphide
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Glucose 6-phosphatase activity in freshly prepared
hepatic microsomal suspensions in 0.1 M Tris—acetate,
20% glycerol (pH 7.0) buffer (buffer A) was com-
pletely stable during incubation at 25°C for =90 min,
as in [5,9]. However, after solubilisation of glucose
6-phosphatase with 1% cholate in buffer A (see sec-
tion 2), the enzyme can be rapidly inactivated by
incubation at 25°C prior to assay (fig.1). This inacti-
vation of glucose 6-phosphatase occurs slightly more
rapidly after partial purification of the enzyme by
polyethylene glycol fractionation (fig.1). The rate of
inactivation of glucose 6-phosphatase can be increased
by the presence of 10 mM EDTA during preincuba-
tion of either cholate soluble or polyethylene glycol
preparations.

It should be noted here that the preincubation
mixtures were diluted 125-fold in the assay of glucose
6-phosphatase activity. After dilution no further inac-
tivation of the glucose 6-phosphatase occurred and
hydrolysis of glucose 6-phosphate was linear for
>20 min at 37°C in control and experimental samples.

The time-dependent inactivation of glucose
6-phosphatase can be completely prevented by the
presence of 50 mM sodium fluoride or 10 mM sodium
molybdate during preincubation (fig.1). Sodium fluo-
ride (50 mM) and 10 mM sodium molybdate would
in fact inhibit the assay of glucose 6-phosphatase [9]
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Fig.1. Prevention of the inactivation of partially purified
glucose 6-phosphatase by fluoride and molybdate. (A) Rat
liver microsomal cholate-soluble fraction (13 mg protein/ml)
or (B) polyethylene glycol fractions (15 mg protein/ml) were
incubated at 25°C in the presence of 10 mM sodium molyb-
date (=), 50 mM sodium fluoride (a), 10 mM EDTA (=) or
buffer alone (). Results shown are av. 5 expt + SEM (where
bars are indicated) or >3 expt (without bars). Glucose
6-phosphatase activity was: (A) 0.29 + 0.05 units/mg protein;
(B) 0.68 + 0.1 units/mg protein.
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but both the preincubation medium and inhibitory
ions are diluted 125-fold prior to assay of glucose
6-phosphatase and thus they do not inhibit enzyme
activity during assay.

Molybdate inhibits the action of a variety of
phosphatases [12] and Leach et al. [13] have pro-
posed that molybdate prevents inactivation of gluco-
corticoid receptors by inhibition of a protein phos-
phatase. Fluoride is also a well known inhibitor of
protein phosphatases [14]. Thus our results suggest
that 20—50 mM sodium fluroride or 10 mM molyb-
date may inhibit a protein phosphatase and thereby
prevent inactivation of glucose 6-phosphatase by
dephosphorylation of the enzyme. A single large
dose of fluoride injected into rats caused a 3—4-fold
increase of hepatic microsomal glucose 6-phosphatase
activity [15]. This increase of glucose 6-phosphatase
activity is not likely to be caused by the presence of
fluroride in the microsomal preparations because
fluoride inhibits the hydrolysis of glucose 6-phos-
phate [5,15].

These changes in glucose 6-phosphatase may be
due to increased synthesis of glucose 6-phosphatase
[15] but attempts to suppress increases of glucose
6-phosphatase by simultaneous administration of cyclo-
heximide or actinomycin D were not effective [15].

Glutathione disulphide (100 mM GSSG) also pre-
vents the inactivation of glucose 6-phosphatase
(table 1) and does not inhibit assay of glucose 6-phos-
phatase. GSSG has been shown to be an inhibitor of
phosphorylase phosphatase [16].

Fluroride (50 mM), molybdate (10 mM) and
GSSG (100 mM) all completely inhibited the endoge-
neous phosphorylase phosphatase activity present in
cholate solubilised microsomal preparations. Thus our
results imply that glucose 6-phosphatase may exist as
an active phosphorylated form or as an inactive
dephosphorylated form.

3.2. Search for non-specific inactivation of glucose
6-phosphatase

As inactivation of glucose 6-phosphatase does not
occur until after solubilisation of the enzyme by 1%
cholate in buffer A, we have considered the possibil-
ity that this effect may be due to the cholate alone or
a contaminant present within the cholate preparation.

Microsomal fraction (13.5 mg protein/ml) was
treated with either 1% cholate or 1% octylglucoside
and the inactivation of glucose 6-phosphatase in the
treated microsomes was compared after incubation
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Table 1

nhosphatase in the vresence of salts
saits,

Inactivation of glucose 6
¢ose O-phosphatase 1n the presence of

afaciivaluion o1 giu

protease inhibitors, reducmg agents and other compounds
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at 25°C
Additions? Glucose 6-phosphatase
activity remainingb (%)
None, 0°C 100
None, 25°C 30
Benzamidine (0.1 mM) 31
Phenyimethyisulphonyi
fluroride (0.1 mM) 28
Cysteine (50 mM) 20
Dithiothreitol (50 mM) 28
Glutathione (20 mM) 14

Glutathione disulphide (100 mM) 90

Sodium fluoride (10 mM) 91
Sodijum fluoride (20 mM) 100
Sodium chloride (50 mm) 28
Calcium chloride (10 mM) 32
Manganese chloride (§ mM) 27
Magnesium acetate (10 mM) 31
EGTA (10 mM) 32

Lecithin (1 mg phospholipid/mg

nrotain) 21
preiemn) 31

4 Incubation for 30 min at 0°C does not inactivate glucose
6-phosphatase. Glucose 6-phosphatase in the polyethyiene
glycol fractions was spec. act. 0.68 + 0.1 units/mg protein
A variety of compounds were added to polyethylene glycol
fractions (15--18 mg protein/ml) at concentrations indi-
cated. These mixtures were then incubated for 30 min at
25°C. The results shown are av. >3 expt and are expressed
as % of enzyme activity remaining after this incubation

at 25°C for 60 min. In both cases 93% of glucose
6-phosphatase activity was destroyed after the pre-
incubation period. Thus enzyme inactivation can also
occur after octylglucoside treatment of microsomes,
and is not an artifact due to cholate alone.

It is also important to show that this inactivation

ic not an artefact common to all ﬂpfnrnpnfo thue we
15 NNot an grieiadtl commeoen 1O ail gotergents, i us

have used a completely different treatment to obtain
a thermally unstable form of glucose 6-phosphatase,
using phospholipase C. Pre-treatment of microsomes
with 10 units/ml of pure B. cereus phospholipase C

for 60 min at 5°C hydrolysed up to 97% of the phos-
phatidylcholine present and thereby reduced glucose

6-phosphatase activity by 80% [ﬁ] The remaining

v paalspilaiast alliVity 9y OV/0 |2 ). 140 ILaiiain
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glucose 6-phosphatase activity could be further inac-
tivated by incubation at 20°C for 60 min {5]. Our
work has confirmed these results, but in addition we
have observed that the inactivation by incubation at
25°C can be prevented by the presence of 50 mM
sodium fluoride or 10—20 mM sodium molybdate in
the pre-assay incubation mixture. This result indicates
that glucose 6-phosphatase is also unstable after
microsomes have been severely phospholipid depieted
and that this inactivation is not an artefactual prop-

3.3. A search for other agents which might prevent
inactivation of glucose 6-phosphatase

Solubilised and partially-purified preparations of
glucose 6-phosphatase may still be contaminated by
degradative enzymes and thus a number of control
cxpcumclub were UUllC lll an dltefﬂpl 1o CXLIUUC UlC
following possibilities:

(i) Non specific proteolytic inactivation of glucose
6-phosphatase: This problem cannot be easily
studied until proteolysis of the purified enzyme
has been examined. However, we have deter-
mined that addition of two commonly used
protease inhibitors, 0.1 mM benzamidine and
0.1 mM phenylmethylsulphonylﬂuoride (suffi-
cient to inactivate serine proteases [17]) did not
affect the rate of inactivation of glucose 6-phos-
phatase (table 1).

(ii) Inactivation of glucose 6-phosphatase by thiol—
disulphide interchange: The activity of a number
of enzymes are now known to be altered by
thiol-—- disulphide interchange catalysed by micro-
somal [18,19] and cytosolic [20] thiol—protein
disulphide oxidoreductases.

Glucose 6-phosphatase may be inactivated by oxi-
dation of exposed thiol groups. However, the inacti-
vation of glucose 6-phosphatase could not be pre-
vented by preincubation with 50 mM dithiothreitol,
50 mM cysteine or 20 mM glutathione (table 1). Fur-
ther, giucose 6-phosphatase cannot be reactivated by
dithiothreitol after removal of cholate.

Glucose 6-phosphatase may be inactivated by
reduction of an exposed disulphide group. GSSG
(100 mM) does prevent inactivation of glucose
6-phosphatase (table 1), although 100 mM GSSG
does not reactivate pre-inactivated glucose 6-phos-
phatase.

Thus it seems unlikely that glucose 6- hosphatase
is inactivated hv thiol—disulphide interchange

in tivatcd Dy 1ol GISUIPNICE INLETCNANZe
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although we cannot judge from the literature whether

the relevant oxido—reductase might be activated or

inhibited by the presence of 1% (w/v) cholate [18,19].

It is important to note here that we have con-
firmed that the solubilised partially purified glucose
6-phosphatase activity is not inhibited or stabilised by

10 mM N-ethylmaleimide indicating that free thiol

groups are not important enzyme-active site compo-

nents [21].

(iii) Phospholipid hydrolysis: Treatment of micro-
somes with detergents may promote breakdown
of phospholipids by endogeneous phospholipases
resulting in reduced glucose 6-phosphatase activ-
ity. However, addition of phosphatidylcholine
(1 mg/1 mg protein) did not decrease the rate of
inactivation of glucose 6-phosphatase (table 1).
Further, the presence of 10 mM Ca®* an activa-
tor, or alternatively 10 mM EGTA, an inhibitor
of phospholipase [5] did not affect the rate of
glucose 6-phosphatase inactivation (table 1).
Even after phospholipase C treatment of micro-
omes, further inactivation of glucose 6-phospha-
tase was observed at 25°C after inhibition of the
added phospholipase C (see section 3.2).

(iv) The effect of salts and metal ions: Table 1 shows
that 10 mM sodium fluoride almost completely
prevented enzyme inactivation and 20—50 mM
sodium fluoride completely protect against time-
dependent inactivation of glucose 6-phosphatase.
Sodium chloride (50 mM) or 10 mM calcium
chloride did not prevent glucose 6-phosphatase
inactivation. Manganese chloride (5 mM) and
magnesium acetate (10 mM) also did not affect
the rate of enzyme inactivation. Thus the stabili-
sation of partially purified glucose 6-phosphatase
does appear to require specific elements.

Glucose 6-phosphatase does not appear to be inac-
tivated by proteolysis, thiol—disulphide interchange,
or phospholipid hydrolysis, although none of these
possibilities can be completely dismissed.

3.4. Reactivation of glucose 6-phosphatase activity by
protein phosphorylation

In order to prove that glucose 6-phosphatase is
regulated by a phosphorylation/dephosphorylation
mechanism it is necessary to show its inactivation can
be reversed by a protein kinase.

Addition of 1 mM ATP—10 mM Mg?* to cholate
soluble or polyethylene glycol fractions did not pre-
vent the inactivation of glucose 6-phosphatase during
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preincubation at 25°C. However, if inactivated glu-
cose 6-phosphatase was incubated with 1 mM ATP—-
10 mM Mg?* in the presence of 20 mM NaF a 10%
(5—20%) reactivation was observed. Addition of liver
cytosol did not improve this recovery (even if cyclic
AMP was also added). A major problem is that a
membrane bound protein kinase(s) may be essential
and if these are already present they may be inacti-
vated by 1% (w/v) sodium cholate which is also pres-
ent [22].

Thus the possible regulation of glucose 6-phos-
phatase activity by a phosphorylation/dephosphoryla-
tion mechanism is far from proven. We must realise
that similar observations have been recorded during
studies of muscle phosphofructokinase [23] and
although the purified enzyme contains phosphate
[24] regulation of muscle phosphofructokinase by
phosphorylation has not been proven, but the corre-
sponding liver enzyme activity is modulated by this
type of regulatory mechanism [25,26].
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