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Bacterial and viral protein tyrosine phosphatases

Kun-Liang Guan* and Jack E. Dixon'

Unrestricted protein tyrosine phosphatase (PT Pase) activity
may play a role in pathogenesis. For instance, the virulence
determinant gene, yopH, of Yersinia pseudotuberculosis
encodes a PTFase. The phosphatase activity of the YopH
protein is essential for the pathogenesis of Y. pseudotuberculosis.
Yersinia pestis, the bactertum which causes the bubonic
plague, also contains a gene closely related to yopH. The
action of YopH on host proteins appears to break down signal
transduction mechanisms in many cell types including those
of the immune system. This may contribute to the ability of
the bactertum to escape effective surveillance by the immune
system. The vaccinia virus VHI gene, like yopH tn the
Yersinia bacteria, encodes a protein phosphatase. The VHI
PTPase defines a new class of phosphatases capable of
dephosphorylating both phosphoserine/threontne and tyrostne
containing substrates. Proteins sharing sequence identity to
this dual-specificity phosphatase have been identified
from other viruses, yeast and man. Although a complete
understanding of the funclion of these dual-specificity
phosphatases is not presently available, they clearly play
important roles tn cell cycle regulation, growth conirol and
milogenic signaling mechanisms. The unique catalytic
properties of the dual specificity phosphatases suggest
that these catalysts constitute a distinct subfamily of
phosphatases.
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PROTEIN PHOSPHORYLATION is a widely used
mechanism in cellular regulation. The enzymes
which control the phosphorylation status of a cell are
protein kinases and phosphatases. Protein kinases are
typically classified into two families, serine/threonine
kinases and tyrosine kinases, based on their substrate
specificity.! Protein kinases having a dual-specificity
for both serine/threonine and tyrosine residues have
also recently been described.!”* Similar criteria have
been used to classify protein phosphatases.*?
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There are protein phosphatases (PP) which
preferentially dephosphorylate phosphoserine and
threonine residues (for review see ref 4). Protein
tyrosine phosphatases (PTPases) are enzymes which
dephosphorylate phosphotyrosine residues.>7 The
superfamily of protein kinases (i.e. tyrosine as well
as Ser/Thr kinases) all share amino acid sequence
identity. In contrast, PTPases show no sequence identity
to the protein serine/threonine phosphatases.

The PTPases comprise a diverse family of enzymes
which can be structurally divided into two groups,
receptor-like and non-receptor PTPases (refs 5-7; H.
Saito, this issue, pp379-387). The receptor-like
PTPases have an extracellular domain of variable
length, a transmembrane domain, and usually two,
tandemly repeated intracellular phosphatase domains.
The non-receptor PTPascs have a single phosphatase
domain with divergent N-terminal or C-terminal
amino acid extensions.5’ These N- and C-terminal
extensions may include sequence motifs such as src
homology 2 (SH2) domains, intracellular localization
signals, signals regulating protein stability, or
sequences which have amino acid identity to cyto-
skeletal proteins.

The purpose of this review is to discuss two unique
phosphatases. First we will discuss a PTPase found
in the pathogenic bactenal genus Yersinia which plays
an essential role in the virulence of this micro-
organism. Then, we will devote our attention to a
virus-encoded phosphatase which can efficiently
dephosphorylate both phosphoserine/threonine and
phosphotyrosine residues. Cellular homologs of the
vira} phosphatase will also be addressed.

Phosphatase and the bubonic plague

A result which underscores the importance of PTPase
regulation in normal cellular function was uncovered
by identifying a PTPase in the pathogenic bacterial
genus Yersinia.® The genus Yersinia is comprised of
three species, Y. pestis, Y. pseudotuberculosis, and
Y. enterocolttica. Yersinia is a causative agent in human
disease ranging from gastrointestinal syndromes to the
bubonic plague.? Although a complete understanding
of the pathogenic process in any of these diseases is
not available, several of the bacterial virulence
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factors have been located on a naturally occurring
70 kb plasmid.!? Bacteria without this 70 kb plasmid
are avirulent but grow normally in pitro. The
expression of a set of proteins encoded on the
virulence plasmid is correlated with the capacity of
the bacterium to avoid host defense mechanisms.
These proteins, also known as YOPs (for Yersinia
outer membrane proteins), are secreted into the
bacterial periplasmic space. The yop51 gene (encoding
51 kDa protein) of Y. enterocolitica has been defined
as a key viruleince determinant, and mutation in this
gene alters the virulence of Yersinia.!!

We have demonstrated that the C-terminal regton
of the Yersinia 51 kDa protein shares amino acid
sequence identity to the catalytic domain of several
PTPases.® A number of invariant residues conserved
in the eukaryotic PTPases are also conserved in
Yop51 (Figure 1). This unexpected observation
raised a number of interesting questions: (1) does the
Yop51 gene encode a PTPase? (2) is the phosphatase
activity required for virulence? (3) what are the
substrates of the phosphatases? The latter question is
particularly intriguing because bacteria are generally
believed to contain no tyrosine phosphorylated
protein.

The first question was addressed by using
recombinant Yop5! protein produced in Escherichia
¢oli. The recombinant Yop5! protein was capable
of dephosphorylating tyrosine phosphorylated sub-
strates.® Like all the other mammalian PTPases, the
Yersinia phosphatase had an absolute specificity for
phosphotyrosine and did not hydrolyze phosphoserine
or phosphothreonine-containing substrates. Further-
more, a rautation of the cysteine residue which is
absolutely conserved in all PTPases completely
abolished the phosphatase activity of Yop51. These
experiments unequivocally demonstrated that Yop5t
has tyrosine phosphatase activity. Recombinant
Yop5! has been purified from E. coli in large
quantities.!? Recombinant Yop51 has the highest
catalytic activity among all of the PTPases character-
ized to date,!? with a k., value 102 to 105 higher
than any of the other PTPases (Table 1). This has
made it possible to define further residues important
in binding or catalysis. Crystals of the catalytic
domain of Yop51 have been obtained and an X-ray
structure of the protein 1s in progress (M. Saper éf a/,
unpublished data). Yop51 serves as a good model
for kinetic and functional studies of the PTPase
family of proteins.

All three species of Yersinia contain the highly
related 70 kb virulence plasmid.'? The yop57 homolog

of Y. pseudotuberculosis is the yopH gene, which encodes
a protein having 99% amino acid sequence identity
to Yop51.!1? Genetic evidence has demonstrated that
the yopH gene is also important for virulence. Bliska
et al have conducted an elegant experiment to
determine the relationship between the phosphatase
activity and virulence.!* The catalytically essential
cysteine residue was mutated to an alanine in the
yopH gene by site-directed mutagenesis. This PTPase
deficient yopH gene was used to replace the wild-type
yopH gene by homologous recombination. Two
Y. pseudotuberculosts strains, one with an active yopH
protein and the other phosphatase-deficient, were
used to Infect mice. The mice infected with the active
yopH gene were moribund 5 days after infection. In
contrast, mice infected with the catalytically-inactive
yopH gene survived after day 7, and had only mild
disease symptoms. These observations indicated that
the intrinsic PTPase activity of YopH is essential for
Yersinia to cause disease in the mouse model. The
mice infected with the wild-type bacterium had 10
to 100 times more bacteria in their spleen than those
infected with the PTPase-deficient bacterium. In
culture, Yersinia with the catalytically-inactive yopH
gene had a doubling time identical to bacteria
harboring the wild-type gene. This suggested that
the growth of P'TPase-deficient Yersinia in the infected
mice was suppressed by the host, while the wild-type
bacterium was able to escape the host immune
system and grew efficiently.

Y. pestis is the causative agent of the plague or the
‘black death’. The bubonic plague has been one of
the world’s most devastating pandemics. In the 14th
century, the eruption of the plague in Europe killed
about one quarter of the continental population.?
The most recent pandemics of the plague occurred in
Asia, with more than 10 million deaths. ¥. pestis also
contains a 70 kb plasmid, similar in composition to the
plasmid found in the other species of Yersinia. The
amino acid sequence of the yop51/vopH equivalent
gene in Y. pestis has not been determined, however,
Southern hybridization using the yopF gene as a probe
has demonstrated that a yopH/yop51-related gene is
highly conserved in Y. pestis. 19 It is likely that the
PTPase also plays a critical role in this devastating
disease which has altered the course of human history.

Substrates for Yersinia PTPase

In bacteria phosphotyrosine-containing proteins are
rare, suggesting that the substrates of the yopH gene
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Figure 1. Amino acid sequence alignment

of the catalytic domain of the PTPases. Amino

acid identities are shown in black. The positions of ‘conserved’ amino acid substitutions are
shown in gray. The figure was reproduced from a paper by Zhang and Dixon.**

are most likely host proteins. A clue regarding
potential substrates of YopH came from studies with
macrophages.'®!3 By examining the phosphotyrosine
content of cellular proteins in macrophages infected
with Yersinia, two prominent proteins (120 kDa and
a 33 kDa) were found to be dephosphorylated upon
infection. Dephosphorylation of these proteins was

due to the activity of the yopH gene because infection
by Yersinia with a catalytically-inactive yopH gene did
not cause tyrosine dephosphorylation. When Yersinia-
containing the catalytically-inactive yopH gene was
used to infect the J774A.1 line of macrophage cells,
the inactive YopH protein tightly associated with the
120kDa and 55 kDa proteins. These two proteins
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Table 1. Comparison of the k., of various PTPases”
{p-nitrophenyl phosphatase was the substrate used in each
of the studies)

PTPase k.., (sec™1)
Yop5l 1234
PTPU323 48

rLar 6.1

YPTP! 1.6

VHI 0.3

cdc25 0.75

*Data are from Zhang e al.'?

could be isolated by immunoprecipitation with a
YopH- SPECIﬁC’ antibody. Interestingly, an in vitro
kinase assay demonstrated that the 120 and 55 kDa
proteins possessed protein tyrosine kinase activity. 1
Therefore, YopH phosphatase may regulate host
protein tyrosiné kinase activity by dephosphorylation.
Activation of ﬁrotein tyrosine kinases is an essential
signaling mechanism in many cells, including
macrophages. The ability of Yersinia to suppress the
immune system appears to be directly related to the
ability of the YopH PTPase to inactivate the host
defense system by destroying its ability to carry out
effective signal transduction. Interaction of YopH
with p120 and p535 may underly this process.
Microscopic examination of infected macrophages
has indicared that Yersinia physically resides inside
the host cells. Entry of Yersinia into macrophages is
probably mediated by phagocytosis.'* A model has
been proposed - which incorporates the pathogenesis
and intracellular location of the bacterium. In the
model, the bactena secrete the phosphatase following
phagocytosis. ‘The phosphatase, in turn, crosses a
eukaryotic cell membrane and enters the cytoplasm
where it dephosphorylates important regulatory
proteins. This model suggests that the bacterium
must first eater the cell before the phosphatase can
dephosphorylate intracellular proteins. However,
recent experiments suggest that the bacterium may
nat have to enter the cell. Entry of Yersinia into
epithelial cells requires the function of invasin, a
cell surface bacterial protein.!® Experiments with
invasin-negative Yersinia have demonstrated that
significant tyresine dephosphorylation occurs even
though more than 90% of Yersinia entry into the
cell is bloc ked 1* These data suggest that YopH
protein can be functionally expressed by bacteria
residing outside of the host cell. The PTPase then
finds its way into the host cells. It appears that

bacterial-macrophage cell-cell contact is not necessary
for entry of the PTPase into the mammalian cell, Tt
should also be recalled that the YopH phosphatase has
an extremely high PTPase activity. A small number
of bacteria entering epithelial cells may produce
enough PTPase to dephosphorylate host proteins.

A viral dual specificity phosphatase which
dephosphorylates Ser/Thr and Tyr
phosphoproteins

Protein phosphatases have generally been divided into
serine/threonine or tyrosine-specific subfamilies based
upon their substrate specificity. Some of the serine/
threonine phosphatases appear to have low levels of
tyrosine phosphatase activity.* The significance of
the tyrosine phosphatasé activity is unclear. Recently,
an open reading frame, H1, encoded by the vaccinia
virus genome, was shown to have a low but
significant amino acid sequence identity with
the PTPases.!” VHI1 (for vaccinia virus H1 open
reading frame) encodes a 171 residue polypeptide
which is smaller than the catalytic domain of most
PTPases (PTPase catalytic domains are usually
approximately 250 arnino acid residues in length).37
The sequence identity between the PTPases and
VH1 is restricted to the active-site region (Figure 2)
raising the question: is VH1 a tyrosine phosphatase?

Expression and purification of the VHI1 protein
allowed demonstration that it can dephosphorylate
p-nitrophenyl phosphate as well as tyrosine phos-
phorylated peptides and proteins.!? Serine phos-
phorylated casein was also rapidly dephosphorylated
by the vaccinia phosphatase. When serine phosphatase
and tyrosine phosphatase activities were compared
using serine or tyrosine phosphorylated casein as
artificial substrates, VH1 hydrolyzed phosphoserine
approximately seven times more efficiently than
phosphotyrosine. The phosphatase activity of VH1
did not require divalent cations and was not
inhibited by okadaic acid, a type 1 and 2A
serine/threonine phosphatase inhibitor. In contrast,
the VH1 phosphatase was very sensitive to vanadate,
a potent PTPase inhibitor. Mutation of the conserved
cysteine residue completely abolished both tyrosine
and serine/threonine phosphatase activity of VHI,
suggesting the same catalytic mechanism was being
employed for both substrates.

VHI related phosphatases are highly conserved
in the viruses of the orthopoxvirus family.!8 This
observation suggests that the phosphatase is important
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Figure 2. A. Schematic alignment of VH1 related phosphatases. Hatched bars represent
the phosphatase domains whose sequences are aligned in 2B. Filled bars denote the
highly conserved active site region of the protein surrounding the active site Cys residue.
Sequences unrelated to the phosphatase domain are indicated by open bars. The numbers
above VH1 denote the first and last residues of the protein. All other proteins are drawn
to scale. B. Sequence alignment of the phosphatase domain of VHI related proteins.
Identical residues (5 out of 7) are indicated by black. Conserved residues are shown
in gray. C. Comparison of the conserved residues near the active site of VH! related
phosphatases (VH1} and P'T'Pases (PTP). The letters X represent conserved but not invariant

residues,
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in viral replication or pathogenesis. VH1 is expressed
in the late stages of viral infection,!® yet the
biological role of VH1 in vaccinia virus pathogenesis
is unclear. In addition to the ‘“VH1’ protein of the
pox viruses, a dual specificity phosphatase, BVH (for
baculoviral VH1 homolog) or BVP (for baculoviral
PTPase), sharing sequence identity to VHI has
recently been described in baculovirus. 820 A sequence
alignment of VH1-related phosphatases is shown
in Figure 2. Direct biochemical evidence has
demonstrated that BVP dephosphorylates phospho-
serine/threonine and phosphotyrosine-containing
substrates. VH1 and BVP are both small proteins
compared with other PTPases and share limited
sequence identity (Figure 2). The dual specificity of
the VH1-related phosphatases and the low level of
sequence identity between VH1-related phosphatases
and the tyrosine specific PTPases suggests that the
VHI1 family is likely to represent a distinct group
of phosphatases.

Cellular homologs of dual specificity
phosphatases

Some viral genes appear to have originated from host
genomes. 'The most famous case is the v-s7c oncogene
which has a closely related cellular homolog, c-sr.
We anticipated that closely related cellular homologs
of VH1 might also exist. Attempts to isolate cellular
equivalents of VH1 using a VH1 ¢DNA probe
proved to be unsuccessful. However, computer-based
search of amino acid sequence data bases for
VHi1-related cellular phosphatases identified the cell
cycle regulator cdc25. Both VH1! and c¢dc25 share
sequence identity at their putative active sites.?! The
cde25 protein was subsequently demonstrated to be
a cdc2- spec1ﬁc phosphatase (22,25). This work is
reviewed in this issue by S. Atherton-Fessler et al
(pp 433-442).

Distantly related cellular proteins homologous to
VHI1 have been isolated from yeast and human
sources. A Saccharomyces cerevisiae cell division cycle
(cdc) gene, CDCI4, was recently isolated and
cloned.?® The predlcted amino acid sequence contains
the conserved PTPase active site sequence {Figure 2).
However, no s1gmﬁcant sequence identity outside
of the active site exists between PTPase and CDC14.
Sequence comparison shows that CDC14 is more
closely related to BVP than to VHI1. The sequence
identity between CDC14 and BVP suggests that
CDC14 may be a dual specificity phosphatase,

although this has not been demonstrated, CDCI4 s
an essential gene for cell growth as determined by
gene deletion experiments.?® A possible function of
CDCI4 in the cell cycle was suggested by studies
using a temperature sensitive mutant. At restrictive
temperature, CDCI4% arrested cells at late nuclear
division. The CDC14-arrested cells were single-budded,
unnucleated and contained G2 amounts of DNA.
The arrested celis also had long spindles, suggesting
that CDCIi4 may be involved in chromosomal
segregation. Furthermore, the expression of CDC14
mRNA is cell cycle dependent.

Another yeast VHlI-related gene, YVHI (for
yeast VH1 homolog), has also been isolated and
characterized. YVH] is closely linked to a yeast gene,
DAL]I, which encodes the yeast nitrogen metabolism
enzyme?’-?8 allantoinase. YVHI encodes a 41 kDa
protein in which the putative phosphatase domain
is located in the N-termina) half of the polypeptide
(Figure 2). Expression of YVHI demonstrated that
YVHI1 protein can hydrolyze p-nitrophenyl phosphate
with a specific activity similar to that of cdc25.
Interestingly, the recombinant YVH1 hydrolyzed
tyrosine-phosphorylated casein but not serine-
phosphorylated casein. We believe that YVH1 may be
substrate specific and the lack of serine phosphatase
activity could result from using ‘artificial substrates’.
Deletion of YVH1 significantly affected the growth
rate of yeast. The slow growth phenotype was even
more dramatic at elevated temperature. Identification
of YVHI substrates will help us to understand its
biological function. The mRNA encoding YVH1 is
significantly induced upon nitrogen starvation,
suggesting that YVVHI may have a role in yeast
nutrient regulation. It is worth noting that the
translation initiation site of YVHI is only 355
nucleotides distant from the stop codon of DALI,

A family of mammalian, VH1-related proteins can
be induced by serum and mitogenic growth factors.??
Charles ¢t al have isolated an immediate early gene,
3CHI134, from serum-stimulated mouse fibroblast
cells.® The mRNA of 3CH134 is transiently induced
by growth factors. The 3CH134 mRNA encodes a
367 residue polypeptide in which the C-terminus has
sequence identity to VH1 (Figure 2). Inducers of
3CH134 include serum, growth factors and phorbol
esters. Interestingly, the human homolog of 3CH134,
CL100, is an immediate early gene which appears
to function in oxidative stress and heat shock.3? The
tightly regulated expression of immediate early
response genes which have phosphatase activity is
likely to be important in growth regulation. In fact
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both 3CH 134 and CL100 possess intrinsic activity
dephosphorylating both tyrosyl and threonyl residues
in MAP kinase.3538 In addition evidence has been
presented to indicate that 3CH134 dephosphorylates
MAP kinase specifically in vivo.3

Activation of quiescent T cells by mitogens induces
IL-2 production and cell proliferation.?! An mRNA
encoding PAC-1 (for phosphatase of activated
cells) was isolated as an immediate early gene in
this process.*” Amino acid sequence comparison
revealed that PAC-1 is highly related to 3CH134/
CL100. PAC1 is mainly expressed in hematopoietic
tissues, with the highest mRINA levels seen in spleen
and thymus. Indirect immunofluorescence has shown
that PAC1 is predominantly localized in the
nucleus.? No direct biochemical data has been
presented to demonstrate the dual specificity of
PAC1 phosphatase activity.

Ishibashi ef a/ have isolated a human dual
specificity phosphatase using an elegant expression
screening strategy.3? VHR (for VH1-related) encodes
a 185 amino acid protein which has limited sequence
identity to VHI1. It is worth noting that VHR and
VHI1 have similar sizes, 22kDa and 21kDa
respectively. VHR effectively dephosphorylates both
tyrosine and serine phosphorylated substrates. In vitro
VHR has been shown to dephosphorylate tyrosine
kinase receptors including EGF receptor, PDGF
receptor, insulin receptor and keratinocyte growth
factor receptor.3?

VHI1-related phosphatases appear to fall into
two groups, based on their molecular size. The
low molecular weight phosphatases include VHI,
BVP and VHR.17.18.20.33 They contain only the
catalytic phosphatase domain (Figure 2). All three
phosphatases dephosphorylate artificial substrates and
display dual specificity in vitro. The high molecular
weight group of phosphatases includes CDCI4,
cde25, YVHI, 3CH134 and PACL 23-26,28-30,31 Euch
of these enzymes has a catalytic domain with unique
sequences flanking the phosphatase domain. The
cdc25 phosphatase is extremely substrate-specific.
Interestingly, the only known substrate is cdc2.
cdc2d appears to dephosphorylate both threonine
and tyrosine residues of cde2 (8. Atherton-Fessler
et al, this issue, pp 433-442). 3CH134 is also highly
substrate specific. It is a dual specificity phosphatase
that dephosphorylates both tyrosyl and threonyl
restdues in MAP kinase. 3% These data suggest that
the low molecular weight, VH1 related phosphatases
may have a broader substrate specificity than the
corresponding high molecular weight phosphatases.
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