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CELESTINO DA SILVAb, EULÁZIO MIKIO TAGAc, PEDRO LUIZ ONOFRE VOLPEa and HIROSHI AOYAMAb,†

aDepartamento de Fı́sico-Quı́mica, IQ; bDepartamento de Bioquı́mica, Instituto de Biologia, UNICAMP, Cidade Universitária,
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Uric acid inhibited 50% of the activity of bovine kidney
low molecular mass phosphotyrosine protein phospha-
tase at concentrations of 1.0, 0.4, 1.3, and 0.2 mM,
respectively for p-nitrophenyl phosphate ( p-NPP), fla-
vine mononucleotide, b-naphthyl phosphate and tyro-
sine phosphate (Tyr-P) as substrates. The mixed type
inhibition of p-NPP hydrolysis was fully reversible, with
Kic and Kiu values of 0.4 and 1.1 mM, respectively; the
inhibition by uric acid shifted the pH optimum from 5.0
to 6.5. When Tyr-P was the substrate, competitive
inhibition was observed with a Ki value of 0.05 mM.
Inhibition studies by uric acid in the presence of thiol
compounds, and preincubation studies in the presence of
inorganic phosphate suggest that the interaction of uric
acid with the enzyme occurred at the active site, but did
not involve SH residues, and that the mechanism of
inhibition depended on the structure of the substrates.
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INTRODUCTION

Low molecular mass phosphotyrosine protein phos-
phatases (E.C. 3.1.3.48) are basic and cytosolic
proteins which, generally, consist of 157 amino
acid residues, having very similar kinetic proper-
ties and a highly conserved primary structure,
especially in the active site.1 – 4 LMr phosphotyrosyl
protein phosphatases, originally known as LMr acid
phosphatases, are members of a PTP superfamily

that act in conjunction with protein tyrosine kinases
to regulate a variety of cellular functions by
controlling the tyrosine phosphorylation state of
different proteins.5 – 8 The family of PTP also includes
the specific tyrosine phosphatases, and dual speci-
ficity protein phosphatases VH1-like and cdc25.
Despite significant diversity in their primary
sequences, these proteins share a signature motif,
(H/V)CxAGxxR(S/T)G, which includes catalytically
essential cysteine and arginine residues.8

LMr PTPs have an absolute requirement for free
sulfhydryl groups for full enzymatic activity.9,10

Zhang et al.11 reported the crystal structure of bovine
heart LMr PTP in which they confirmed the position
and role of Cys-12, Arg-18 and Asp-129 in the active
site.

Two distinct isoforms of LMr PTP (IF1 and IF2)
have been identified in mammalian cells and differ
in their sequence of amino acid residues in the region
between 40 – 73, in their sensitivity to purine
compounds,12 – 15 to pyridoxal-5-phosphate,16 and
in their substrate specificity.17 Mutagenic studies of
IF2 have identified the molecular site that determines
the kinetic characteristics of each isoform. Residues
49 and 50 are involved in the strong activation of IF2
LMr PTP with residue 50 being the main determinant
of substrate specificity.15 Human PTP isoforms IF1
and IF2, expressed in E. coli, and purified, showed
kinetic parameters very similar to those previously
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determined for the enzymes purified by classical
procedures.18

The exact biological function of these small
cytoplasmic PTPs is still unknown, although they
readily hydrolyze phosphotyrosine residues present
in autophosphorylated epidermal growth factor19

and platelet derived growth factor20 receptors.
Flavine mononucleotide21,22 and tyrosine-phos-
phorylated caveolin23 are also efficiently dephos-
phorylated by LMr PTP.

Ioshida and Tamiya24 reported the inhibition of
HMr acid phosphatase activity by adenosine,
guanosine and cytidine. On the other hand, LMr

PTP could be activated by purine compounds, such
as guanosine, adenine, adenosine and hypo-
xanthine.2,25,26 Distinct effects by purine compounds
have been described, depending on the PTP IF1 and
IF2 isoforms used. In avian pectoral muscle two
distinct LMr acid phosphatase isoforms differed in
relation to the isoelectric point, specificity to
substrates, and susceptibility to guanosine, where
only one isoform was activated.13

At least two mechanisms for modulation of LMr

acid phosphatases by purine analogs have been
proposed. One involving the binding of the purine to
free enzyme,12 and the other involving binding
either to the free enzyme or to the enzyme-substrate
complex.14

The metabolism of purine nucleotides, nucleo-
sides, and bases involve a common pathway in
which hypoxanthine, xanthine and uric acid are the
most important products.

The effects of such compounds on the acid
phosphatase activities are only scarcely related.
Differential effects by hypoxanthine and adenine
were observed depending on the human LMr acid
phosphatase isoforms used.14 In contrast to the
effect of hypoxanthine and xanthine on red cell
acid phosphatases, uric acid inhibited these
enzymes.27

In order to contribute to the mechanism of
modulation by purine compounds, we studied in
detail the effect of uric acid on bovine kidney LMr

PTP, including the influence of substrates and pH as
well as inhibition constants determination, thermal
stability and reversibility of inhibition.

MATERIAL AND METHODS

Enzyme and Other Reagents

Bovine kidneys were obtained from a local slaughter-
house. All the chemicals were obtained from
Sigma Chemical Co. (St Louis, MO, U.S.A.). The
chromatographic medium was purchased from
Pharmacia (Sweden). LMr PTP was purified from
bovine kidney as previously described.28

Methods

Phosphotyrosine Protein Phosphatase Assay

PTP activity was determined, as previously
described,29 in a final volume of 1 mL, containing
100 mM acetate buffer (pH 5.0) and 5 mM
substrate, by measuring the p-nitrophenol (with
p-NPP as substrate) or inorganic phosphate
(with FMN as substrate) released.22 The molar
extinction coefficients used to determine the enzyme
activities for the other substrates were: tyrosine,
j293 ¼ 2; 411 M21 cm21; and b-naphthol, j346 ¼

2; 780 M21 cm21 in alkaline solution.30 One unit of
activity was defined as the amount of enzyme that
catalyzes the formation of 1mmol of product per
minute. All determinations were done at least in
quadruplicate.

Effect of Uric Acid on the pH Profile

PTP activity was determined as described above
using 5 mM p-NPP or Tyr-P as the substrate in
100 mM glycine (pH 2.5, 3.0 and 9.0), acetate (pH
3.5–5.5), Bis-Tris (pH 6.0 and 6.5), Hepes (pH 7.0 and
8.0) buffers. Enzyme activity was determined in the
absence or presence of 1 mM uric acid.

Determination of Inhibition Constants

Lineweaver-Burk plots31 of the inhibition of LMr PTP
were obtained for the hydrolysis of p-NPP or Tyr-P.
The Dixon plot was used to determine the
competitive inhibition constant. The competitive
and uncompetitive inhibition constants (Kic and Kiu,
respectively) were calculated using the Cornish-
Bowden plots.32

Effect of Uric Acid on the Stability of LMr PTP

LMr PTP (1.5mg/mL) was preincubated without or
with uric acid (0.1, 0.25, 0.5 or 1.0 mM) in 100 mM
acetate buffer (pH 5.0), at 378C. At different times, a
50mL aliquot was withdrawn from this mixture and
used to start the hydrolysis of p-NPP as described
above.

Protective Effects of Inorganic Phosphate (Pi)

LMr PTP (2.3mg/mL) was preincubated at 458C in
100 mM acetate buffer (pH 5.0), containing 5 mM uric
acid, 10 mM Pi, 5 mM uric acid plus 10 mM Pi. At
different times, a 500mL aliquot was withdrawn
from this mixture and stored on ice. The residual
enzyme activity was determined as described above
using p-NPP as substrate.
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RESULTS AND DISCUSSION

Previous studies of the effects of purine analogs on
the activity of LMr PTP suggest that modulation by
these compounds probably play an important role
in the regulation of the two isoforms of these
enzymes. Thus, guanosine (1 mM) increased the
relative enzyme activity by 3-fold whereas the same
concentration of uric acid and guanine inhibited
this activity by 50 and 20%, respectively (Fig. 1).
Activation by guanosine in the p-nitrophenol
formation have been reported by Tanizaki et al.12

and Cirri et al.15

We studied the inhibitory effect of uric acid in
more detail. Besides p-NPP, the inhibition by this
purine compound was dose-dependent with respect
to FMN, b-naphthyl-P and Tyr-P as substrates
(Fig. 2); the uric acid concentrations that produced
50% inhibition of activity (I50) were 1.0, 0.4, 1.3 and
0.2 mM, respectively. The I50 values were lowest for
physiological substrates, FMN and Tyr-P, when
compared with the synthetic substrates p-NPP and
b-naphthyl-P. The hydrolysis of Tyr-P was almost
completely (90%) inhibited by 1 mM uric acid.

The variable region between residues 40–73 of
PTP seems to be involved in the modulation of
purine compounds and in determining substrate
specificity.15

The inhibition of p-NPP hydrolysis by uric acid
was pH-dependent as shown by the shift in
optimum pH from 5.0 to 6.5 (Fig. 3). A comparison
of the two curves in the absence or presence of

uric acid showed that the inhibitory effect was
greater below pH 7.0 with a maximal effect (greatest
difference between the curves) at pH 5.0, near
the pKa (5.4) of the hydroxyl group of uric acid. In
contrast, uric acid did not affect the pH profile for
Tyr-P hydrolysis. Zhang et al.11 proposed that His-72
ðpKa ¼ 7:2Þ located near the active site, was part of a

FIGURE 2 Effect of uric acid on bovine kidney LMr PTP activity
using different substrates. The enzyme activity was determined as
described in “Methods”, using p-NPP (B), FMN (O), Tyr-P (W), or
b-naphthyl-P (P). 100% corresponds to the activity in the absence
of uric acid. Bars represent the s.e. of quadruplicate
determinations.

FIGURE 3 pH dependence of LMr PTP activity. The enzyme
activity was determined in the absence (open symbols) and in the
presence of 1 mM or 0.1 mM uric acid (closed symbols) using,
respectively, p-NPP (B) or Tyr-P (O) as substrate. Bars represent
the s.e. of quadruplicate determinations.

FIGURE 1 Effect of purine compounds on the hydrolysis of
p-NPP by bovine kidney LMr PTP. The assay was performed as
described in “Methods”, in the absence (V0) and in the presence
(V) of 1 mM of guanosine (B), adenosine (O), uric acid (W),
or guanine (P). Bars represent the s.e. of quadruplicate
determinations.
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tight network of hydrogen bonds allowing the active
site to adopt the most favorable geometry. Thus, at
pH 5.0 (reaction medium), there could be electro-
static interactions between uric acid (partially
ionized) and histidine/arginine residues. However
above pH 7.0, the His residue lost its positive charge,
decreasing the effect of uric acid.

A Lineweaver–Burk plot indicated a mixed type
inhibition for the hydrolysis of p-NPP (Fig. 4a), with
both specific and catalytic effects being present,
i.e. both Vapp/Kmapp and Vapp varied with the uric
acid concentration. According to Cornish-Bowden,32

the simplest mechanism for this behavior is one in
which the inhibitor (I) can bind to the free enzyme
to produce an enzyme-inhibitor (EI) complex
(dissociation constant ¼ Kic) and to the enzyme-
substrate complex to form an enzyme-substrate-
inhibitor (ESI) complex (dissociation constant ¼ Kiu),
as in the following scheme:

The values of Kic (0.4 mM) and Kiu (1.1 mM)
can be obtained from plots of 1/V versus inhibitor
concentration [I], and S/V versus [I], respectively
(Fig. 4b, c).32,33 In contrast, the inhibition of Tyr-P

hydrolysis by uric acid was of the competitive type
(Fig. 5) with a Ki value of 0.05 mM, calculated from
the plot of slope versus [I] (inset). The existence of
two models of inhibition could occur since the two
PTP isoforms have distinct susceptibilities to purine
compounds. In IF2, Trp-49 and Asn-50 are involved
in the purine-enzyme interaction, while in IF1, Tyr-49
and Glu-50 are involved.15 Since these amino acid
residues modulate substrate specificity, and purine
compounds can bind to the ES complex, the
conformational structure of the enzyme will be
dependent on both the purine and substrate bound
to the enzyme. This observation strongly supports
our findings that the type of inhibition varied with
the substrate and purine used.

Our results also allow us to correlate the inhibition
mechanism by uric acid with the two activation
mechanisms proposed for purine modulation of
phosphatase activities. In this context, Tanizaki et al.12

suggested that purine compounds interacted with
the enzyme-substrate (ES) complex via uncompeti-
tive activation and more recently, Cirri et al.15 have
shown that guanosine and cGMP interacted with the
free enzyme, as well as with the enzyme-substrate
complex.

The inhibition of LMr PTP by uric acid was
reversible. Dilution of the uric acid-enzyme mixture
to a non-inhibitory concentration of uric acid led to
the recovery of enzyme activity after a 12 min
incubation on ice; about 80% recovery was observed
at zero time (results not shown).

FIGURE 4 Inhibition of p-NPP hydrolysis by uric acid. (a) p-NPP hydrolysis was determined in the absence (B) and in the presence of 0.2
(O), 0.4 (W), 0.6 (P), or 1.0 mM (V) of uric acid. (b) and (c) Replots of 1/V and S/V, respectively, as a function of uric acid concentration, in
the presence of 0.1 (B), 0.5 (W), or 1.0 mM (P) of p-NPP.
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The inclusion of 1 mM dithiothreitol or reduced
glutathione in the reaction medium did not prevent
the inhibitory effect of uric acid (results not shown).
It is worthwhile mentioning that the uric acid itself
can act as an antioxidant.34,35

Heating LMr PTP to 458C reduced enzyme activity
by 60% after 10 minutes, and by 95% in the presence
of 1 mM uric acid (Fig. 6). Inorganic phosphate, a
classical competitive inhibitor of LMr PTP, protected
the enzyme against thermal inactivation and against
uric acid inhibition, suggesting that this interaction
of the purine analog with the enzyme occurred at
the active site.

We concluded that uric acid inhibition was
reversible, and depended on the substrates, with
mixed and competitive types inhibitions when
p-NPP and Tyr-P were used as substrates, respec-
tively. Our results suggested also that the interaction
of the enzyme with uric acid occurred at the active
site, but did not involve SH residues. However, the
mechanism of interaction of purine compounds with
the active site of acid phosphatases has been well
established only recently by Wang et al.,36 through a
crystal structure of yeast LMr PTP complexed with

FIGURE 6 Effect of inorganic phosphate on the thermal
inactivation of LMr PTP. The enzyme was preincubated at 458C
in the absence (B) or presence of 5 mM of uric acid (W), 10 mM of Pi
(O), or 5 mM of uric acid plus 10 mM of Pi (P). At different times,
the residual activity was measured taking 50mL of preincubated
enzyme and using p-NPP as substrate. Bars represent the s.e. of
quadruplicate determinations.

FIGURE 5 Double reciprocal plot of the effect of uric acid on the rate of Tyr-P hydrolysis. Tyr-P hydrolysis was determined in the absence
(B) and in the presence of 0.025 (W), 0.05 (O), 0.1 mM (P) of uric acid as indicated. Inset: Dixon plot.
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adenine. In this crystal structure, adenine molecule
was found to be bound in the active site cavity,
between the side chains of two large hydrophobic
residues. These authors also observed that an
ordered water molecule found in the proximity to
the bound phosphate ion, present in the active site,
was the nucleophile that participated in the dephos-
phorylation of the phosphoenzyme intermediate.
This last observation could explain the differential
effect of the purine compound depending on the
substrate, considering that, in each case, distinct
water organization could be occurring in the active
site.

Finally, considering that the hydrolyses of the
physiological substrates Tyr-P and FMN were almost
completely inhibited by uric acid, we can suggest
that this inhibition could represent a regulatory
pathway for this family of phosphotyrosine protein
phosphatases.
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de Amparo à Pesquisa do Estado de São Paulo,
Conselho Nacional de Desenvolvimento Cientı́fico e
Tecnológico, Fundo de Apoio ao Ensino e à
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