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Abstract The low molecular weight phosphotyrosine protein
phosphatase (LMW-PTP) is a 18 kDa cytosolic enzyme,
involved in the negative regulation of cell proliferation. In
different mammalian species LMW-PTPs are expressed in two
molecular forms produced from a single primary transcript
through an alternative splicing mechanism. In this paper we
report the cloning, expression and characterization of mouse
isoforms of LMW-PTPs (called m-IF1 and m-IF2), very similar
to the corresponding rat and human isoenzymes. Moreover we
have identified a third cDNA encoding a protein (m-IF2P) that
presents three substitutions compared to m-IF2. This new
isoform is still active on pNPP, although to a lower extent:
this reduction is mainly due to the leucine to proline substitution
in position 13, within the catalytic loop. The mRINA expression
level of this isoform is comparable to those of m-IF1 and m-IF2.
It is likely that a gene duplication process followed by mutations
has generated this new gene.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Protein phosphorylation on tyrosine residues is one of the
main eukaryotic cell signalling mechanisms and plays a crucial
role in cell proliferation and differentiation [1]. Protein tyro-
sine phosphorylation is transient and is reversibly regulated by
the antagonist effects of protein tyrosine kinases (PTKs) and
protein tyrosine phosphatases (PTPs) [2]. The PTP family in-
cludes more than 70 enzymes, different in molecular weight
and subcellular localization.

The low molecular weight protein tyrosine phosphatase
(LMW-PTP) subfamily is composed of 18 kDa cytosolic en-
zymes showing a three-dimensionally folded phosphate loop
[3]. LMW-PTPs present the CXXXXXR active site motif,
common to all PTPases [4]. It has been demonstrated that
both cysteine and arginine are essential for catalysis [2,4].
Since there are no other sequence homologies between
LMW-PTPs and the other PTPs, it is very likely that the
active site structure common to all PTPs may have originated
through convergent evolution of different genes [5,6]. In mam-
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malians (as far as we know) LMW-PTPs are expressed in two
molecular forms, termed IF1 and IF2, differing only in the
sequence of residues 40-73 [7] and showing different substrate
specificity and distinct sensitivity to activating modulators:
type 1 (IF1) includes human PTP fast and rat ACPI1, while
type 2 (IF2) includes human PTP slow, rat ACP2 and bovine
LMW-PTP [8]. In man it has been demonstrated that the two
isoforms are the product of a single gene through an alterna-
tive splicing mechanism [9]. Recently a further human splicing
variant (SV3) of LMW-PTP has been characterized, originat-
ing from alternative splicing of the same primary transcript
[10].

It has been reported that the overexpression of the LMW-
PTP in NIH3T3 cells causes a reduction of cell proliferation
[11]; this fact indicates that the enzyme plays a role in the
control of cell proliferation. In particular LMW-PTP is in-
volved in the regulation of PDGF-dependent mitogenesis
[12]. Recently we have demonstrated that LMW-PTP is in-
volved in the regulation of Myc expression dependent on
Src activation, and in the regulation of Fos through an
ERK-independent pathway mediated by the STAT proteins
[13].

In this paper we report the identification of two cDNAs
encoding the IF1 and IF2 mouse LMW-PTPs and the isola-
tion of a third cDNA species encoding a new isoform which
presents an amino acid substitution in the catalytic loop.

2. Materials and methods

2.1. Isolation of mouse LMW-PTPase cDNAs

The search for DNA sequences encoding mouse LMW-PTP was
performed using the human LMW-PTPs as the query sequence in
the GenBank and dbEST databases with the BLAST program. Total
RNA was purified by the guanidinium isothiocyanate method [14].
First strand cDNA was synthesized using random hexamer primers.
DNA amplification was performed by PCR, using two primers (Dir/
BamHI 5'-CGCGTGGATCCGCAGAGGTTGGGTCCAAG and
Rev/EcoRI 5'-GCGCTGAATTCCTGATGAGTGAGCTGCTC) de-
signed on the basis of 5’ and 3’ regions of the mouse LMW-PTP
cDNAs identified by the accession numbers W98119 and AA00119
respectively. PCR products were cloned into PCR II tailing vector
using the TA cloning kit (Invitrogen). Recombinant clones were
screened with 3?P-labeled ¢cDNA probes encoding human LMW-
PTP, under low stringency conditions (4XSET, 0.1% SDS and
5X Denhardt’s solution, at 40°C overnight). Positive clones were se-
quenced by the dideoxy chain termination method using Sequenase 11
polymerase (USB). For the RACE technique, performed according to
Frohman and al. [15], primers 2R (5'-CTGTGGATCATAGCA-
TAGCTCCCAAG) and 1R (5'-CCATACATAGTATATAATCG)
were used for the first amplification and for the nested PCR respec-
tively.

2.2. Northern blot analysis
Northern blot analysis on total RNA was performed as already
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described [13]. Filters were subjected to autoradiography at —70°C
with Kodak films and intensifying screens. Films with appropriate
exposure times (in order to have non-saturated signals) were scanned
in a Cybertech Image Analyzer for quantitation. The values were
normalized to the signals obtained by reprobing the same filters
with actin cDNA.

2.3. Determination of LMW-PTP isoform mRNA relative amounts

The RT-PCR products obtained using the primers Dir/BamH1 and
Rev/EcoRI (see Section 2.1) were separated in an agarose gel, blotted
on nylon membrane filters (Hybond-N*) and separately hybridized to
32P.labeled oligonucleotides, specific for each cDNA species, namely
1F-Dir (5'-CGGCTACATCCACCTATG) for m-IF1, 1S-Rev (5’-GC-
AGCTGACAGCTCTTGG) for m-IF2 and Prol3 (5-GTTC-
GTGTGTCCTGGTAACAT) for m-IF1P or m-IF2P. Each hybrid-
ization was carried out in standard conditions, 2°C below the specific
Ty The efficiency of each hybridization was checked using equal
amounts of specific cDNAs spotted on nitrocellulose. The probed
nitrocellulose filters were exposed to X-ray films and the positive
bands were counted in a B-counter liquid scintillator for quantifica-
tion. In the attempt to evaluate the level of expression of the m-IF1P
form, a RT-PCR experiment specific for the amplification of the m-
IF1 isoforms was performed using the IF1-specific fast-Rev primer
(5'-CATAGGTGGATGTAGCCGCAC) together with primer Dir/
BamHI. The PCR products, after separation on agarose gel, were first
hybridized using primer Prol3 as a probe; the same PCR products
were then cloned in the PCR 1I tailing vector (see Section 2.1). The
resulting colonies (about 100) were hybridized either with primer
Prol3 or with primer 1F-Dir as control. In order to evaluate the
concomitant presence of m-IF and m-IFP transcripts in mouse liver,
primers Leul3 (5'-GTTCGTGTGTCTCGGTAACAT) and Prol3
were used.

2.4. Site-directed mutagenesis

The Pro'*Leu mutant was obtained using the USE mutagenesis kit
(Pharmacia), according to Deng and Nickoloff [16]. Mutation was
confirmed by DNA sequencing.

2.5. Overexpression, purification and kinetics assays of the proteins
All cDNAs were cloned in frame with glutathione S-transferase in
the pGEX-2T bacterial expression vector. Recombinant proteins were
purified as previously described [17] and analyzed by SDS-polyacryl-
amide gel electrophoresis [18]. The activities on p-nitrophenyl phos-
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phate (pNPP) and the activation of cGMP were determined as pre-
viously described [17].

3. Results and discussion

3.1. Isolation and characterization of LMW-PTP ¢DNAs
Sequence homology analysis on mouse Expressed Sequence
Tags databases (dbEST) using the human LMW-PTP cDNA
sequence resulted in the individuation of several clones show-
ing a very high degree of identity (more than 90% of the
deduced amino acid sequence), very likely representing partial
cDNA sequences encoding the mouse LMW-PTP. On the
basis of the 5’ (accession number W98119) and 3’ regions
(accession number AA00199) of the putative murine LMW-
PTP cDNA sequence, two primers (Dir/BamH1 and Rev/
EcoR1) were synthesized and used in RT-PCR amplification
in order to obtain the complete cDNA. Three cDNA sequen-
ces encoding different murine LMW-PTPs (which we named
m-IF1, m-IF2 and m-IF2P respectively) were obtained. The
deduced amino acid sequences of the three cDNAs are pre-
sented in Fig. 1 compared with other mammalian isoforms:
m-IF1 and m-IF2 clearly represent the mouse counterparts of
the IF1 and IF2 isoforms already characterized in other mam-
malians, while m-IF2P could represent a new isoform (see
below). m-IF1 and m-IF2 most likely originate from an alter-
native splicing process, in analogy with what has been already
demonstrated for the human gene [8]: the two sequences, in
fact, present a diverging amino acid sequence in residues 40—
72 and complete identity in the rest of the sequence. More-
over, 260 bases of the 5’ end of the cDNA, upstream of the
AUG start codon, were obtained with the RACE-PCR tech-
nique using mouse NIH-3T3 fibroblast total RNA. This se-
quence (m-IF2, accession number Y17344), together with m-
IF1 (accession number Y17345) and m-IF2P (accession num-
ber Y17343) were submitted to the EMBL Nucleotide Se-
quence Database. Human and murine cDNA show a very
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Fig. 1. LMW-PTP amino acid sequence alignment of m-IF2 against m-IF2P, m-IF1 and other mammalian isoforms. ACP1 and ACP2 are
from rat, B-fast and B-slow are from man. The amino acids of the catalytic loop are boxed, those of the variable region spanning residues

40-73 are in italics.
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high degree of identity (85% and 87% for IF1 and IF2 cDNAs
respectively) in the coding sequences. The degree of identity
drops to about 36% when the two 5" untranslated regions are
compared. Deduced murine amino acid sequences were com-
pared to the human isoforms: the degree of identity is very
high (90.5% and 87.3% for IF1 and IF2 respectively). Re-
markably, all the residues known to be important for the
catalytic activity, namely Cys'2, Arg!® and Asp'® ([19,20]),
are conserved in both sequences. In addition, residues Tyr'!
and Tyr'32, which are known to play a role in the phospho-
rylation-dependent activation of the enzyme [21], are also
present in the murine sequences.

Unexpectedly a third cDNA species was isolated, encoding
an isoform presenting three base substitutions compared to
the m-IF2 cDNA sequence, leading to three amino acid sub-
stitutions in the protein; this isoform, which we have named
m-IF2P, presents a proline in position 13 instead of leucine,
an arginine in position 66 instead of histidine and a proline in
position 156 instead of threonine (Fig. 1). In order to verify
whether this cDNA was peculiar to the NIH3T3 cells or
whether it may be due to a PCR artefact, RT-PCR was also
performed on mouse liver total RNA; this experiment con-
firmed the presence of the m-IF2P isoform also in the animal
tissue.

3.2. Northern blot analysis

Northern blot analysis was performed on total RNA from
different adult mouse tissues and from NIH-3T3 fibroblasts. A
mixture of m-IF1 and m-IF2 cDNAs was used as probe; with
these experiments a single transcript of about 1500 bases in
length was always identified. The relative amounts of LMW-
PTP mRNA were also evaluated; the results, shown in Fig. 2,
demonstrate that LMW-PTP is always expressed, although at
very different levels, with a minimum in muscular tissues and
a maximum in brain liver.

3.3. Determination of relative amounts of LMW-PTP isoform
mRNA levels

In order to evaluate the relative amounts of the different

LMW-PTP isoform mRNAs, RT-PCR was performed on to-

tal RNA from NIH3T3 cells and from mouse liver, using

primers Dir/BamH1 and Rev/EcoR1 for the amplification.

20 -
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LMW-PTP mRNA
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Fig. 2. Relative amounts of murine LMW-PTP in different mouse
tissues. The level of mRNA is expressed in arbitrary units, with the
value referred to muscle equal to 1. A mixture of m-IF1 and m-1F2
cDNAs was used as a probe. For quantification filters were sub-
jected to autoradiography at —70°C with Kodak films and intensify-
ing screens. Films were scanned in a Cybertech Image Analyser and
the values were normalized to the signals obtained by reprobing the
same filters with actin cDNA. Mu: skeletel muscle; He: heart; Sp:
spleen; Ti: thymus; Ki: kidney; Fi: NIH-3T3 mouse fibroblasts;
Li: liver; Br: brain.

265
0,
100% H m-iF1
m-IF2
Om-IF2P
50%

LIVER NIH3T3

Fig. 3. Determination of the specific mRNA level of each LMW-
PTP isoform. Southern blot analysis was performed on the RT-
PCR products obtained with primers complementary to sequences
common to all the isoforms. Hybridization was performed using, in
separate experiments, oligonucleotides specific for each isoform as
probes. Quantitation was obtained by counting nitrocellulose bands
in a B-scintillator. Quantities are expressed as percentages of the to-
tal LMW-PTP transcript.

Since the sequences of these two primers are common to all
the LMW-PTP cDNAs previously isolated, the amplification
of each sequence should be proportional to the relative
amount of mRNA present in the cells. The PCR products
were then separately hybridized to 3?P-labeled oligonucleo-
tides specific for each isoform cDNA. The results are shown
in Fig. 3. The relative mRNA percentages in liver were about
25% for m-IF1, 50% for m-IF2 and 25% for m-IF2P, with
very little difference with respect to NIH-3T3 cells. We have
to underline that making these calculations is possible only on
the basis of another observation: theoretically, as a result of
an alternative splicing mechanism, it was reasonable to expect
also the existence of the m-IF1P isoform, in addition to the m-
IF2P one that we have isolated (it should be noticed that the
m-IF1P isoform, if it exists, should contribute to the positive
signal obtained using the Prol3 primer as a probe in the
previous experiment). In order to assess this point, an RT-
PCR experiment was performed on total RNA from NIH3T3
cells and mouse liver with primers BamHI/Dir, complementa-
ry to the 5’ end of the murine LMW-PTP mRNA, and fast-
Rev, specific for IF1; in this way only the IF1 mRNA species
should be amplified. Hybridization of the PCR products with
primer Prol3 (specific for the presence of a proline codon in
position 13) gave a positive signal, indicating the presence of
the m-IF1P mRNA species. Attempts to clone this particular
sequence gave negative results: among about 100 m-IF1
clones obtained from either NIH3T3 or liver, no m-IF1P
cDNA was isolated. On these basis we conclude that the level
of the m-IF1P isoform should be very low in comparison to
the other isoforms, making possible the calculation we report
above. The fact that m-IF1P is very rare compared to the m-
IF2P isoform leads to the hypothesis that additional muta-
tions in this gene (very likely in the introns) could affect the
mechanism of splicing, so that the IF1 mRNA is much less
abundant than the IF2 one.

The m-IF2P isoform (and possibly also the alternative splic-
ing product m-IF1P) very likely represents the product of a
new gene probably derived from duplication of the gene en-
coding m-IF1 and m-IF2 LMW-PTP. These isoforms could
either be the expression of an allelic variant of the m-IF2 gene
(as it has been observed in man, where three allelic variants of
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Table 1
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Kinetic constants and cGMP dependent activation of mouse LMW-PTP isoforms and mutant m-IF2P13L. The parameters were determined us-
ing pNPP as substrate and P; as competitive inhibitor. cGMP activation is expressed as Vy,.x fold increase with respect to the negative control.

keat (571 K, (mM) keat/K (s78 mM™1) K; (mM) Maximum cGMP activation
m-IF1 12.3 0.08 154 0.49 1.3
m-1F2 27.3 0.19 143 0.43 9.0
m-IF2P 3.2 15.5 20.8 21.7 1.1
m-1F2P13L 19.3 0.20 96.5 0.29 9.0

LMW-PTP exist) or represent the product of a separate locus.
In order to obtain a preliminary indication about this ques-
tion we performed RT-PCR with the primers Dir/BamH1 and
Rev/EcoR1 on total RNA from livers of six outbred mice.
Each PCR was separately hybridized with primers Prol3
and Leul3, specific for m-IFP and m-IF forms respectively,
in the presence of positive and negative controls. In all cases
we obtained a positive signal with both primers, confirming
the presence of the two different cDNAs. Since the probability
that all six outbred mice were heterozygotes is 1/128, we can
hypothesize that the two mRNAs (presenting either proline or
leucine in position 13) are the products of two different genes
rather than allelic variants of a single gene. In addition the
same result was also obtained using total RNA from NIH3T3
cells.

3.4. Expression and characterization of isolated sequences

All isolated sequences were separately expressed in Esche-
richia coli. The main kinetic parameters were measured for the
three isoforms and the results are shown in Table 1. The m-
IF1 and m-IF2 isoenzymes show kinetic parameter values on
pNPP very similar to those of the IF1 and IF2 isoforms [17].
The differences in ¢cGMP-dependent activation between the
two mouse isoforms are also very similar to those between
the human IF1 and IF2 forms. These results confirm that
the m-IF1 and m-IF2 isoforms represent the mouse counter-
part of the isoforms already characterized in other mamma-
lians. In contrast the m-IF2P isoform shows, in comparison to
the m-IF2 form, a drastically reduced k... (lower than 12%
compared to m-1F2), and enhanced K,,. In addition it has lost
the ability to be activated by cGMP. These kinetic differences
are probably due to the presence of a proline residue in posi-
tion 13 in place of a leucine. This amino acid is within the
catalytic loop spanning positions 12-18. In order to verify this
hypothesis a mutant of the m-IF2P isoform was produced (m-
IF2P13L) presenting a leucine in position 13 instead of pro-
line. This mutant showed catalytic properties very similar to
those of the m-IF2 isoform (Table 1). These findings confirm
that the reduction of enzymatic activity is mainly due to the
leucine to proline substitution. The two other differences in
the protein sequence do not show any marked influence on the
enzymatic activity.

The peculiarity of the fact that in position 13 of m-IF2P an
inactivating mutation took place should also be underlined.
This position, even if it represents the second residue of the
well characterized CXXXXXR catalytic loop, can locate
many different amino acids, as observed in many different

members of the PTP family; it cannot be excluded that this
mutated protein could play a role in the cell, different from
that of the two other fully active isoforms.
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