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Abstract

Phosphotyrosine phosphatase (PTPase) activity in rat liver
was measured using a phosphopeptide substrate containing se-

quence identity to the major site of insulin receptor autophos-
phorylation. PTPase activity was detected in both cytosolic
and particulate fractions of rat liver and produced linear de-
phosphorylation over a 15-min time course. In rats made insu-
lin-deficient diabetic by streptozotocin treatment (STZ), cyto-
solic PTPase activity increased to 180% of the control values
after 2 d of diabetes and remained elevated at 30 d (P < 0.02).
Gel filtration on Sephadex-75 revealed a single peak of activity
in the cytosol in both control and diabetic animals and con-

firmed the increased levels. In BB diabetic rats, another model
of insulin deficiency, the PTPase activity in the cytosolic frac-
tion was increased to 230% of control values. PTPase activ-

ity in the particulate fraction of liver was also increased by 30
and 80% after 2 and 8 d of STZ diabetes, respectively. How-
ever, this increase was not sustained and after 30 d of STZ
diabetes, PTPase activity associated with the particulate frac-
tion in the BB diabetic rat was reduced to - 70%of the control
levels. Treatment of STZ diabetic rats with subcutaneous in-
sulin or vanadate in their drinking water for 3 d reduced tyro-
sine PTPase activity in the particulate, but not in the cytosolic
fraction. This was associated with a change in blood glucose
toward normal. These data indicate insulin deficient diabetes is
accompanied by significant changes in hepatic PTPase activ-
ity. Since tyrosine phosphorylation plays a central role in the
cellular action of insulin receptor, an increase in PTPase activ-
ity may be an important factor in the altered insulin action
associated with these diabetic states.

Introduction

Phosphorylation of tyrosine residues in cellular proteins is an

important regulatory process (1). The insulin receptor and the
receptors for several other hormones and growth factors pos-

sess intrinsic tyrosine protein kinase activity (2-5). Further-
more, an increasing body of evidence suggests that tyrosine
phosphorylation plays a central role in the cellular action of
growth factors receptors and oncogene products (6-8). By
contrast, the physiological role of dephosphorylation of tyro-
sine residues by specific phosphotyrosine protein phosphatases
(PTPases)I has not been well elucidated. Specific PTPases were
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first described in preparations of membranes in 1981 by Brau-
tigan et al. (9) and Gallis et al. (10). Simultaneously, cytosolic
forms of PTPase were identified in extracts of muscle and liver
by Folkes et al. (1 1). In subsequent studies, PTPase activity has
been detected in a variety of tissues and cell lines, both in the
soluble and particulate fractions (12-18). These enzymes are
distinct from phosphoserine phosphatases based on their spec-
ificity for substrates containing phosphotyrosine residues, ac-
tivity in the presence of EDTA, and selective inhibition by
micromolar concentration of zinc.

Little is known about the role of PTPases in physiologic
and in disease states. Two lines of evidence drew our attention
to the possible role of altered PTPase in diabetes. The first is
the observation that in most (19, 20), but not all (22, 23)
studies, insulin receptor autophosphorylation and kinase ac-
tivity is decreased in animal models of type I diabetes such as
streptozotocin (STZ) rats (19, 20) and BB diabetic rats (20) in
spite of increases in insulin receptor concentration. An insulin
receptor defect is also one component of peripheral resistance
to insulin in patients with type II diabetes. In liver, Caro et al.
(24) reported defects in both insulin receptor number and tyro-
sine kinase activity in hepatocytes isolated from obese type II
diabetics. Three recent studies have demonstrated defects in
the tyrosine kinase activity of the insulin receptor in adipose
tissue (25-27) and in human skeletal muscle tissue (28). Such
alterations in tyrosine phosphorylation could result from a
decrease in the intrinsic activity of the insulin receptor kinase
or from an increase in the rate of dephosphorylation of phos-
photyrosine residues. The second is the fact that vanadium, a
potent tyrosine PTPase inhibitor, mimics insulin effects in
isolated cells (reviewed in 29) and in STZ diabetic rats (30, 31).
This insulin-like effect of vanadate may be due to inhibition of
PTPases (32, 33) or a direct stimulation of the insulin receptor
autophosphorylation (34).

In light of these findings, we measured PTPase activity in
the liver, an important insulin responsive tissue, in two models
of insulin deficient diabetes. Since cells may contain multiple
PTPase activities that differ in their substrate specificity (35),
we have focused our attention on the PTPase activity which
may be involved in insulin receptor dephosphorylation by uti-
lizing a synthetic substrate containing sequence identity to the
major site of insulin receptor autophosphorylation, residues
1142-1153 in the insulin receptor sequence (3). Using this
approach we have measured PTPase in both the cytosolic and
particulate fractions of liver from STZ and BB diabetic rats.
Furthermore, we have evaluated the effect of treatment with
insulin and vanadate on diabetes-related changes in PTPase
activity.

Methods

Materials
A[32P]ATP (3,000 Ci/mmol) was obtained from NewEngland Nuclear
(Boston, MA); ['25l]monoiodo-A'4 insulin was purchased from Amer-
sham Corp. (Arlington Heights, IL); and wheat germ agglutinin
(WGA) agarose was from Vector Laboratories (Burlingame, CA); so-
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dium orthovanadate was from Aldrich Chemical Co., Inc. (Milwaukee,
WI). Streptozotocin, Hepes, PMSF, aprotinin, leupeptin, benzami-
dine, N-acetyl-D-glucosamine were from Sigma Chemical Co., (St.
Louis, MO); porcine insulin was from Calbiochem (La Jolla, CA).
Reagents for NaDSO4/polyacrylamide gel electrophoresis, Bio-gel P-6,
dithiothreitol, Coomassie blue G250 and Triton X-100 were pur-
chased from Bio-Rad Laboratories (Richmond, CA). Sephadex G-75
superfine was purchased from Pharmacia Fine Chemicals (Piscataway,
NJ). The synthetic peptide, Thr-Arg-Asp-Ile-Tyr-Glu-Thr-Asp-Tyr-
Tyr-Arg-Lys, which contains the amino acid sequence between resi-
dues 1142-1153 of the ,B-subunit of the insulin receptor, was purchased
from Dr. David Coy, Tulane University, NewOrleans, LA.

Animals
Male Sprague-Dawley rats weighing 180-200 g were purchased from
Charles River Laboratories (Wilmington, MA). STZ-induced diabetes
was induced in the rats by injecting 65 mg/kg streptozotocin in citrate
buffer (pH 4.5) via the vein tail. The rats were killed at the indicated
times after induction of diabetes by cervical dislocation.

Chronic diabetic male BB rats and control diabetes-resistant rats
were purchased from BB/Worcester Project, University of Massachu-
setts Medical School (Worcester, MA). Diabetes was diagnosed on the
basis of glucosuria using TES-TAPE (Eli Lilly & Co., Indianapolis, IN)
and plasma glucose in excess of 250 mg/dl.

Diabetic BB rats were treated with NPH insulin. The dose was
adjusted so that the rats were hyperglycemic but nonketotic. All ani-
mals were fed ad lib. until sacrifice (between 8 and 10 a.m.).

Procedures
32P-labeling of synthetic peptide substrate. WGA-purified insulin re-
ceptor preparations isolated from rat liver were prepared as previously
described (39) and diluted in 50 mMHepes, pH 7.0, 0.1% Triton
X-100 to a final protein concentration of 0.1-0.2 mg/ml. The receptor
was incubated for 30 min at 4°C in the presence of 100 nM insulin
after which 100 MMy[32P]ATP (140 MCi/ml) and 5 mMMn2" were
added. Phosphorylation of the 1142-1153 peptide with [32P]ATP was
carried out overnight at 4°C to give a specific activity of - 7,000
cpm/pmol of peptide.

Tissue extraction. All tissue extractions were performed at 4°C.
Rats were killed by cervical dislocation, and livers were rapidly re-
moved. Livers were homogenized in 25 mMHepes, pH 7.0, 1 mM
EDTA, 1 mMDTT PMSF(0.0025% wt/vol) and aprotinin (I U/ml)
for 30 s using a Polytron (Brinkmann Instrument Co., Westbury, NY),
followed by 15 strokes of loose-fitting Dounce homogenizer. Homoge-
nates were centrifuged at 600 g for 10 min and the supernatants were
centrifuged at 10,000 g for 20 min to remove mitochondria. The post-
mitochondrial supernatant was then centrifuged 45 min at 100,000 g.
The final supernatant was designated the cytosolic fraction, and the
pellet was designated the particulate fraction. The particulate fraction
was solubilized before assay by stirring at 4°C for 45 min in 25 mM
Hepes, pH 7.0, 2.5% PMSF(0.0025% wt/vol) and 1% Triton X-100.
All preparations were stored at -70°C before use. Samples were as-
sayed directly or after gel filtration chromatography on Sephadex G-75
superfine (1.6 X 72 cm) eluted with 25 mMHepes, pH 7.0, 100 mM
NaCl, 1 mMEDTA, 1 mMDTT, and PMSF(0.0025% wt/vol).

'25l-insulin binding to solubilized insulin receptors. Aliquots (2 ug
protein) of WGAeluate were incubated with '25I-insulin (0.1 ng/ml,
2,000 Ci/mmol), in the absence or presence of I Mmol unlabeled insu-
lin at 4°C for 10 h in a medium of 150 mMNaCl and 50 mMHepes at
pH 7.4 containing 0.1% bovine serum albumin. Separation of free
from receptor-bound insulin was then performed by the polyethylene
glycol method (38) using bovine gammaglobulin as carrier protein.

Phosphorylation with solubilized receptors. Phosphorylation was
studied with slight modification of the method of Kasuga et al. (39).
Solubilized, lectin-purified insulin receptor (2.5 Mg protein for the
control group, equal amount of binding from STZ-treated rats, 8 d
duration) was diluted to 50 Ml, in a final concentration of 50 mM
Hepes (pH 7.4), 5 mMMn2+, 0.1% Triton X-100, with or without

insulin (1,000 ng/ml). These mixtures were incubated at 22°C for 10
min. The phosphorylation reaction was initiated by adding 'y[32P]ATP
and terminated by adding fivefold concentrated Laemmli sample
buffer. The mixture was heated immediately in boiling water for 3 min.
The proteins were separated in 7.5% polyacrylamide gel electrophore-
sis according to Laemmli (40). The gels were stained with Coomassie
blue in 50% TCA, destained in 7% acetic acid, dried, and subjected to
autoradiography. The incorporation of 32p into the 95-kD ,8-subunit
band was quantified by scanning densitometry.

Dephosphorylation of the 95-kD protein by cytosolic fractions from
livers of control and STZ-treated rats. Aliquots of WGAeluate (I 00Mg
protein) in 200 M1 of 50 mMHepes buffer, pH 7.4, 5 mMMn2+, 0.1%
Triton X-100 were incubated with insulin (1 MM) for 1 h at 4°C.
Phosphorylation was initiated by adding 25 MMATP containing 200
MCi y[32P]ATP for 1 h at 4°C. The reaction mixture was desalted by gel
filtration chromatography using Bio-rad P-6. The dephosphorylation
of the partially purified insulin receptor was assayed in the presence of
2 mMEDTA, 1 mMDTT, PMSF(0.0025% wt/vol), 0.5 mMbenz-
amidine, 25 Mg/ml leupeptin, and 5 Mg/ml aprotinin. After incubation
at 30°C with buffer or with equal amounts of tissue extract from
control or STZ-treated rats for the indicated periods of time, the reac-
tion was stopped by boiling in Laemmli buffer containing 100 mM
DTT and proteins were separated by 7.5% polyacrylamide gel electro-
phoresis (40). The gel was stained and were subjected to autoradiogra-
phy. The incorporation of 32p into the 95-kD ,B-subunit band was
quantified by scanning densitometry.

PTPase assay. The mixture of WGA-purified insulin receptor and
phosphorylated peptide substrate was heated at 55°C for 10 min to
inactivate any kinase or phosphatase activity in the mixture (36).
Phosphotyrosine phosphatase activity in tissue extracts was assayed by
incubation with 40 Ml of tissue extract diluted in 25 mMHepes, pH 7.0,
1 mMEDTA, 1 mMDTT and 0.0025% wt/vol PMSFwith 10 Ml
substrate mixture. The dephosphorylation reaction was carried out at
30°C and was terminated by the addition of 50 Ml ice-cold 5%TCAand
20 Ml 1% BSA. After incubation at 0°C and centrifugation to remove
precipitated proteins, the supernatant containing the soluble peptide
was applied to phosphocellulose paper and subjected to four 1 5-min
washes in 75 mMphosphoric acid. The radioactivity remaining in the
paper-bound peptide was determined by Cherenkov radiation (37).
The activity of the enzyme sample was calculated by comparing the
dephosphorylation of the peptide substrate by tissue extracts to that
observed with buffer alone. 1 U of PTPase activity was defined as the
amount of enzyme releasing 1 pmol [32p]pi per min. The reaction was
linear with respect to time (Fig. 1), substrate concentration and en-
zyme concentration up to 50% of substrate hydrolysis. In subsequent
experiments, the dephosphorylation assay was conducted for 10 min.

Analytic methods. Blood glucose levels were determined using
ACCU-CHECII (Boehringer Mannheim Diagnostics Division, In-
dianapolis, IN). Plasma immunoreactive insulin concentration was
determined by the polyethylene glycol method using rat insulin as a
standard (38). Protein concentrations were determined by the methods
of Coomassie and Bradford (41) using IgG immunoglobulin as a stan-
dard.

Statistics. Data were presented as mean±SEM. The Student's t test
was used to compare two groups, and analysis of variance was used to
compare more than two groups.

Results

Physiology of the diabetic animal. Data concerning blood glu-
cose, body weight, and liver weight in STZ- and BB-diabetic
rats and the effects of vanadate and insulin treatment are sum-
marized in Tables I and II. Liver weights were lower after 2 d of
STZ diabetes, but the differences were not statistically signifi-
cant. Both body weights and liver weights were significantly
lower after 30 d of STZ diabetes and in the BB-diabetic rats as
compared to matched control rats. Blood glucose levels were
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Figure 1. Time course of PTPase,activity. PTPase activity was as-
sayed in cytosolic and in particulate fractions. Peptide substrate (2
mM)was incubated overnight with WGA-purified insulin receptor
from rat liver (final protein concentration 0.1-0.2 mg/ml) in the pres-
ence of insulin 100 mM, 5 mMMn2+ and 100 IMM y[32P]ATP at 4°C
in 50 mMHepes and 0.1% Triton X- 100. The mixture was heated to
550 for 10 min to inactivate the receptor kinase and any phospha-
tases (23). 40 Mul of tissue extract diluted in 25 mMHepes pH 7.0, 1
mMEDTA, 1 mMDTTand 0.0025% wt/vol PMSF, were incubated
with 10 ul of the substrate mixture. The dephosphorylation reaction
was carried out at 300C and was terminated by the addition of 50 ,l
5%TCAand 20 ,ul BSA 1%wt/vol at the indicated times. 32P-labeled
peptide was collected by filtration in phosphocellulose paper and in-
corporation of phosphate into the substrate was determined by Ceren-
kov radiation (37). The enzyme activity was calculated by comparing
32p content after incubation with the tissue extracts with the 32p con-
tent after incubation with the buffer alone.

markedly increased, while the ratio of serum insulin concen-
tration to blood glucose levels was markedly decreased in both
models of insulin-deficient diabetes (Table I). 3 d of treatment
with vanadate or insulin normalized blood glucose levels, but
liver weight and body weight remained decreased in the vana-
date-treated STZ-diabetic rats (Table I).

Effect of STZdiabetes on receptor autophosphorylation. An
autoradiogram showing in vitro phosphorylation of WGApu-
rified extracts derived from the livers of STZ-diabetic rats (8 d

duration) and control rats is presented in Fig. 2 A and quanti-
fied in B. For each group, both basal and insulin stimulated
incorporation of 32p into the 95-kD 13-subunit of the insulin
receptor was examined. Insulin stimulation of solubilized in-
sulin receptor autophosphorylation was decreased to 55%
of the control values, similar to previous studies from our
laboratory and others ( 19, 20).

Effect of diabetes on tyrosine PTPase activity in STZ-dia-
betic rats. Cytosolic fractions from livers of STZ-diabetic rats
and their matched control were assayed for specific PTPase
activity in the presence of EDTA(I mM)and with or without
0.2 mMZnCl2. The results in all assays are expressed as zinc-
inhibitable PTPase activity per milligram protein. 2 d after
induction of STZ diabetes, the PTPase activity in liver cytosol
increased from 1.3±0.3 to 2.3±0.2 U/mg protein, a 180% in-
crease above control values (P < 0.02), and after 30 d of STZ
diabetes, the cytosolic PTPase increased from 1.2±0.5 to
2.0±0.2 U/mg protein (Fig. 3). To determine if the increase in
activity was associated with a new species of PTPase, cytosolic
samples from 30-d STZ-diabetic rats and their controls were
analyzed by gel-filtration chromatography on G-75 Sephadex.
PTPase activity from both extracts eluted as a single peak of
activity at Mr = 20-25 kD (data not shown). Whenthe column
fractions were assayed, peak activity derived from diabetic
sample was 4.9-fold higher than control (14.1 vs. 2.9 U/mg
protein).

To determine if this increase in PTPase activity could af-
fect insulin receptor autophosphorylation in STZ-diabetic rats,
we assayed PTPase activity directly using the WGA-purified
insulin receptors which had undergone autophosphorylation
in vitro. When equal amounts of cytosolic protein were used
from control and STZ-diabetic rats (8 d duration), the prepara-
tion from diabetic rats dephosphorylated the insulin receptor
13-subunit at about twice the rate of the control (Fig. 4, A
and B).

Particulate fractions obtained from STZ diabetic rats and
controls were also assayed for tyrosyl-specific PTPase activity
after solubilization in 1%Triton X-100 (Fig. 5). PTPase activ-
ity in the particulate fraction toward the peptide substrate in-
creased from 2.2±0.2 to 2.9±0.2 U/mg protein after 2 d of
diabetes. However, after 30 d of diabetes, PTPase activity as-

Table I. Characteristics of Diabetic Rats

Groups Duration of diabetes Body weight Liver weight Blood glucose Insulin Insulin/glucose ratio

d g g mg/dl /l U/ml

STZ-diabetic rats
Control 199±3 9.1±0.2 90±5 21.2±0.2 0.187±0.014
Diabetic 2 183±2* 8.4±0.5 347±26t 18.0±0.6 0.054±0.005§

STZ-diabetic rats
Control 357±15 11.2±0.2 130±8 ND ND
Diabetic 30 187±45* 8.3±0.1 518±62*

BB rats
Control 387±27 10.6±16 113±23 18.8±0.4 0.150±0.013§
Diabetic 34±16 327±1711 9.9±0.7 333±48$ 22.7±0.4 0.050±0.009§

The results represent the mean±SEMof five rats in each group assay in duplicate in three separate experiments. * P < 0.005 compared to
control. t P < 0.0005 compared to control. § P < 0.02 compared to control. II P < 0.01 compared to control.

978 J. Meyerovitch, J. M. Backer, and C. R. Kahn



Table II. Effects of Vanadate and Insulin Treatment
on STZ-induced Diabetic Rats

Treatment Blood glucose Liver weight

mg/dl g

Control
None 72±4 12±0.2
Vanadate 66±3 11.1±0.6

Diabetic rats
None 393+53* 10.3±0.6t
Vanadate 114±48 9.6±0.2t
Insulin 65±12 12.0±0.5

* P < 0.0005
t P < 0.05.
The number of rats in each group was five. The results represent the
mean±SEMof five rats in each group assay in duplicate in three ex-
periments. The duration of the STZ diabetes was 8 d.

sociated with the particulate fraction decreased to 2.8±0.4
compared to 4.1±0.7 U/mg protein of the control values.
While the difference in control levels of PTPase activity re-

flects differences in the length of sample storage, the changes in
particulate PTPase activity relative to control after 30 d are

significant (P < 0.02).
Changes of PTPase activity in BB-diabetic rats. PTPase

activity was assayed in BB rats after 30 d duration of diabetes
(Fig. 6). The cytosolic PTPase activity increased to 1.86±0.18
U/mg protein in the BB rats as compared to 0.82±0.14 U/mg
protein in matched controls (P < 0.01). The PTPase activity of
the particulate fraction decreased by - 30% (from 7.2±1.7 to
5.4±1.3 U/mg protein [0.05 < P]), a finding similar to the
result seen after 30 d of STZ diabetes.

Effect of treatment on PTPase activity. Weexamined the
effects of two types of treatment on PTPase activity in the liver
of STZ-diabetic rats. 5 d after induction of STZ diabetes rats
were treated with insulin (14 U/rat per d, two-thirds of the
dose in the morning and one-third in the afternoon) or with
vanadate (0.6 mg/ml) included in the drinking water. In the
vanadate-treated rats and their controls 75 mMNaCl was in-
cluded in the drinking water to reduce vanadate toxicity, as

previously described (30, 31). In these experiments, specific
PTPase activity almost doubled in the particulate fraction
from the untreated STZ-diabetic rats [3.3±0.3 U/mg protein
as compared to controls 1.8±0.25 U/mg protein, (P < 0.05)],
(Fig. 7). After 3 d of treatment with vanadate or insulin,
PTPase activity in STZ rats was reduced to very low levels
(0.2-0.4 U/mg). A similar decrease was observed in control
rats treated with vanadate. Neither insulin nor vanadate had
any effect on cytosolic PTPase activity (data not shown).

Discussion
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Figure 2. (A) Autoradiogram showing phosphorylation of 95 kD (.-

subunit of insulin receptor and the 170 kD EGFreceptor in liver
from streptozotocin diabetic and control rats. Aliquots of WGA
eluate in 50 IAl of buffer were incubated with or without insulin (1
,tg/ml) for 10 min at 22°C. The phosphorylation reaction was initi-
ated by adding 20 ,M ATPand 20 gCi/tube of y[32P]ATP. After
stopping the reaction, the mixture was reduced with DTT, separated
by SDS-PAGEand subjected to autoradiography. In each pair, the
left lane is without insulin and the right lane is insulin stimulated.
(B) 32p incorporation into the 95-kD protein, control and STZ rat.
These data were derived from A by densitometry scanning and are

represented in arbitrary units. In each pair, the open column is with-
out insulin and the cross hatched column is from insulin-stimulated
rats (I uM).

Insulin-deficient diabetes in STZ-induced or BB diabetic rats
is associated with a blunted response to insulin stimulation of
glucose transport, glucose oxidation, and lipogenesis in several
tissues including skeletal and heart muscle (42), adipose tissue
(44-46), and liver (47, 48), despite increased insulin binding
(44, 45, 48). The decrease in insulin action is associated with
decreases in both receptor autophosphorylation and activity of

the receptor tyrosine kinase (19, 20). Although these alter-
ations in the metabolic responses to insulin may result from a

decrease in the intrinsic activity of the insulin receptor kinase,
changes in the activity of enzymes responsible for phosphoty-
rosine dephosphorylation may also contribute to the blunting
of insulin bioeffects.
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3 Figure 3. Effect of STZ
e Control rats diabetes on PTPase ac-

oL > STZ rats tivity in cytosolic frac-
olE ~~~~~~~~~~tionsfrom rat liver. A

EE 2 - | | | cytosolic preparation
E ~~~~~~~~~~fromlivers of STZ-

treated rats and their
matched controls were
assayed for PTPase ac-
tivity in the presence of

o _ ' i _ EDTA 1 mMand with
day 2 day 30 or without 0.2 mM

Zn2+ for 10 min at
300C with 0.12 ,uM 32p peptide as described in the legend to Fig. 1.
The results are expressed as the PTPase activity inhibited by zinc per
milligram protein. The left two bars represent the PTPase activity
after 2 d of diabetes and the right two bars after 30 d of STZ dia-
betes. The results represent the mean±SEMof five rats in each group
assayed in duplicate in three separate experiments. * P < 0.02.

In the present study, we have assayed cytosolic and mem-
brane-associated phosphotyrosine phosphatase activity in liver
utilizing a synthetic phosphopeptide substrate which contains
sequence identify to the major site of insulin receptor auto-
phosphorylation (3). We find that in two different animal
models of type I diabetes mellitus there is an early increase in
cytosolic and membrane PTPase activity. In the case of mem-
brane PTPase activity, these changes are time dependent and
can be affected by treatment with insulin or vanadate. Al-
though a synthetic substrate was used in these studies for im-
proved quantitation, the tissue preparations were also active in
dephosphorylation of the autophosphorylated insulin receptor
itself under the same assay conditions. Thus, an increase in
PTPase activity may contribute to a decrease in insulin recep-
tor activation through a reduced level of tyrosine autophos-
phorylation. In addition, the increased PTPase activity may
decrease the phosphotyrosine content of endogenous sub-
strates of the insulin receptor kinase. Identification of such
substrate(s) will facilitate the studying of the relevant tyrosine
PTPase.

Although the exact relationship between the cytosolic and
membrane PTPase activities is uncertain, some differences
were noted when we compared diabetes-related changes in the
two compartments. First, after 30 d of diabetes we observed an
increase in the cytosolic PTPase activity both in the STZ and
BB diabetic rats, whereas the PTPase activity associated with
the particulate fraction was slightly decreased in these animals
at the same time. In addition, we observed that 3 d of treat-
ment of STZ diabetic rat with insulin or vanadate markedly
reduced the PTPase activity in the particulate fraction, but had
no effect on the PTPase activity of the cytosolic fraction.

Previous work (17) has suggested that in the kidney, a
membrane-bound PTPase can be distinguished from its cyto-
solic counterpart based on differential elution from DEAE-
Sepharose, thermal lability and sensitivity to dodecyl sulfate.
On the other hand, Tonks et al. ( 15) reported that little differ-
ence could be detected between the cytosolic and particulate
forms of the enzyme purified from human placenta. Since our
data indicate that PTPase activity of the two fractions are af-
fected differently by type I diabetes and its treatment, more
detailed studies of the relationship of these two forms of the
enzymes are warranted.

A

95 kD _ * *

TIME (nmin) ki

'A

Figure 4. (A) Dephosphorylation of a 95-kD (3-subunit of the insulin
receptor by cytosolic fractions from livers of control and STZ-treated
rats. Aliquots of WGAeluate (100 jig) from STZ-treated (8 d dura-
tion) and control rats were incubated with insulin (1 gM) for 1 h in a
volume of 200 ul. The phosphorylation reaction was initiated by
adding 25 MMATP containing 200 MCi y[32PJATP and incubated for
1 h at 4°C. The reaction mixture was desalted using a Bio-rad P-6
column. The dephosphorylation of the partially purified insulin re-
ceptor was assayed in the presence of 2 mMEDTA, 1 mMDTT,
and protease inhibitors: PMSF(0.0025% wt/vol), 0.5 mMbenzami-
dine, 25 Mg/ml leupeptin and 5 Ag/ml aprotinin. After incubation at
30°C for the indicated periods of time the reaction was stopped by
boiling for 3 min in Laemmli buffer containing 100 mMDTT. Pro-
teins were separated by 7.5% SDS-PAGEand subjected to autoradi-
ography. The left lane is the WGAeluate after a 40-min incubation
with buffer alone. In the other lanes, the WGAeluate was incubated
with equal amounts of cytosolic protein from control (lanes 3, 4)
and STZ-treated rats (65 mg/kg, 8 d duration, lanes 5, 6). Lanes 3
and 5 represent 10 min of reaction; lanes 4 and 6 represent 20 min
of reaction. (B) The data were quantified by densitometric scanning
of A; 32P labeling of the 95-kD protein is expressed as percentage of
the value after incubation with the buffer alone. The solid line repre-
sents dephosphorylation using cytosolic fraction from control rats
and the dashed line represents incubation with cytosolic fraction
from STZ rats.

The specific factors regulating PTPase activity and their
mechanisms of action are unknown. The insulin receptor is an
insulin-activated tyrosine-specific protein kinase (2-5). Insulin
may stimulate a cascade of tyrosine and serine phosphoryla-
tions that ultimately affect the phosphorylation state of
PTPases, similar to that observed for other insulin regulated
enzymes (reviewed in 1). Alternatively, a hormonally stimu-
lated translocation of the PTPase might provide a regulatory
mechanism, in a manner analogous to the translocation of
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E _ i | E3 [ Particulate fractions
E T R 0 > from livers of STZ rats

.4 2 _ | | | and their matched con-
trols were prepared and
solubilized in 1%Triton
X- 100 as described in
Methods. The extracts

Day 2 Day 30 were assayed for
PTPase activity and the

results expressed as described in the legend to Fig. 2. The left two
bars describe the PTPase in the particulate fraction activity after 2 d
and the right two bars after 30 d of STZ-induced diabetes. The re-
sults represent the mean±SEMof five rats in each group assayed in
duplicate in three separate experiments. * P < 0.02.

protein kinase C (49-51). An insulin stimulated redistribution
of the Mg ATP-dependent multifunctional protein phospha-
tase activator has also been demonstrated in human platelets
(54, 55). Change in the activation state of a PTPase inhibitor
(52, 53) could provide a third possible mechanism. Protein
inhibitors of serine phosphoprotein phosphatases have been
well documented (reviewed in 1), and some preliminary stud-
ies suggest the presence of PTPase inhibitors as well ( 15).

The treatment of the STZ-diabetic rats either with insulin
or with vanadate significantly decreases the membrane-asso-
ciated PTPase activity. While any of the above mechanisms
could potentially mediate the insulin effect, vanadate has been
shown to be a strong inhibitor of PTPase activity at concen-
trations that do not inhibit phosphoserine and phos-
phothreonine phosphatases (55, 56). Somegroups have found
that vanadate also directly stimulates ,8-subunit tyrosine auto-
phosphorylation and in vitro phosphotransferase activity of
purified insulin receptors (34), but this has not been observed
in all studies (33). Based on previous studies, treatment with
vanadate at the concentrations used here should produce a
vanadate serum concentration of -77,M (31). This vanadate
concentration will inhibit the PTPase activity in both of the
cytosol and particulate fractions of the liver preparation al-
most completely in vitro (data not shown). This concentration

c 10 Figure 6. PTPase activ-
0 W Control rats ity in livers of BB dia-
E 8 betic rats and their

11-1 matched control. Cyto-
- 6 solic and Triton X- 100
E solubilized particulate
D 4 - fractions were prepared

from rat liver as de-
2 scribed in Methods.

The extracts were as-

o ~~~~~~~~~sayedfor PTPase activ-
Cytosol Membrane ity as described in the

legend to Fig. 2. The
left two bars represent the PTPase activity in the cytosolic fraction
and the right two bars in the particulate fraction of the BB rats and
their controls. The results represent mean±SEMof five rats in each
group assayed in duplicate in three separate experiments. * P < 0.02.

4 T * Figure 7. Effects of
2

*
treatment on PTPase

f 3 - activity in particulate
E - fractions from rats liver.

-E 2 5 d after induction of
E ^ * STZ diabetes, rats wereE

+Van +Van +Ins treated with insulin (14
*""-* Uperday perrat, 2/3of

o - X - 1^ & the dose in the morning
Control STZ-Diabetic and l/3 at 5 p.m.), vana-

date (0.6 mg/ml with 75
mMNaCI) or with drinking water with 75 mMNaCl alone. PTPase
activity from the rat livers was assayed as described in Fig. 2. The left
panel describes the PTPase activity in the particulate fractions de-
rived from control rats and the right panel the particulate fraction
derived from STldiabetic rats with and without treatment. The re-
sults represent mean±SEMof five rats in each group assayed in du-
plicate in three separate experiments. * P < 0.05.

is significantly lower than the vanadate concentration report-
edly effective in stimulating insulin receptor autophosphory-
lation in vitro (34). This suggests that the normalization of
serum glucose levels by vanadate in STZ-diabetic rats is more
likely due to its inhibitory effects on PTPase rather than a
direct stimulation of insulin receptor kinase activity. Thus, the
modulation of PTPase activity with vanadate may prove to be
an additional tool in the treatment of insulin resistance states.
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