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Abstract Dual-specificity phosphatases (DSPs) consti-

tute a large protein tyrosine phosphatase (PTP) family, with

examples in distant evolutive phyla. PFA-DSPs (Plant and

Fungi Atypical DSPs) are a group of atypical DSPs present

in plants, fungi, kinetoplastids, and slime molds, the

members of which share structural similarity with atypical-

and lipid phosphatase DSPs from mammals. The analysis

of the PFA-DSPs from the plant Arabidopsis thaliana

(AtPFA-DSPs) showed differential tissue mRNA

expression, substrate specificity, and catalytic activity for

these proteins, suggesting different functional roles among

plant PFA-DSPs. Bioinformatic analysis revealed the

existence of novel PFA-DSP-related proteins in fungi

(Oca1, Oca2, Oca4 and Oca6 in Saccharomyces cerevisiae)

and protozoa, which were segregated from plant PFA-

DSPs. The closest yeast homolog for these proteins was the

PFA-DSP from S. cerevisiae ScPFA-DSP1/Siw14/Oca3.

Oca1, Oca2, Siw14/Oca3, Oca4, and Oca6 were involved

in the yeast response to caffeine and rapamycin stresses.

Siw14/Oca3 was an active phosphatase in vitro, whereas

no phosphatase activity could be detected for Oca1.

Remarkably, overexpression of Siw14/Oca3 suppressed the

caffeine sensitivity of oca1, oca2, oca4, and oca6 deleted

strains, indicating a genetic linkage and suggesting a
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Instituto de Biologia Molecular y Celular de Plantas
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functional relationship for these proteins. Functional stud-

ies on mutations targeting putative catalytic residues from

the A. thaliana AtPFA-DSP1/At1g05000 protein indicated

the absence of canonical amino acids acting as the general

acid/base in the phosphor-ester hydrolysis, which suggests

a specific mechanism of reaction for PFA-DSPs and related

enzymes. Our studies demonstrate the existence of novel

phosphatase protein families in fungi and protozoa, with

active and inactive enzymes linked in common signaling

pathways. This illustrates the catalytic and functional

complexity of the expanding family of atypical dual-

specificity phosphatases in non-metazoans, including par-

asite organisms responsible for infectious human diseases.

Keywords Phosphatase � Phosphorylation

Introduction

The protein tyrosine phosphatase (PTP) superfamily con-

stitutes a large group of enzymes, evolutionarily related,

with a conserved catalytic PTP domain and a common

Cys-based mechanism of catalysis (Alonso et al. 2004a).

Although in higher metazoans, such as mammals, the

complete repertoire of PTPs and their basic functional

properties are well established, the knowledge of the PTP

members from evolutionarily distant organisms is less

complete. Comprehensive studies on the existence of PTPs

in organisms from different phyla have revealed that the

dual-specificity phosphatase (DSP) subfamily of PTPs is the

one more widely represented, with examples in all the life

kingdoms (Kennelly 2001; Brenchley et al. 2007; Pincus

et al. 2008; Moorhead et al. 2009). In mammals, more than

60 distinct DSPs exist, clustered in subfamilies that show a

relatively high degree of structural and functional diversity,

including monomeric and oligomeric enzymes that

dephosphorylate a wide variety of protein-, lipid-, RNA-,

and carbohydrate-substrates. Major subfamilies of mam-

malian DSPs include: the MKP (MAP kinase phosphatase)

family, the members of which display specificity toward

MAP kinases; the MKP-like low molecular weight atypical

DSP family (DUSP3/VHR being the prototype); and the

lipid-phosphatase families represented by myotubularins,

PTEN, and PTEN-related proteins (Maehama et al. 2001;

Alonso et al. 2004b; Owens and Keyse 2007). Interestingly,

both the classical PTP and DSP subfamilies contain inactive

enzymes, the functions of which have been proposed to be

related to the regulation of active PTPs (Wishart and Dixon

1998). The functional properties and the physiological roles

of DSPs in organisms from non-metazoan kingdoms have

been scarcely studied. In fungi and plants, MKP-like DSPs

have been identified that are involved in the dephosphoryl-

ation and inactivation of MAP kinases in these organisms

(Luan 2003; Martin et al. 2005). The Arabidopsis thaliana

AtMKP1 is involved in the defense to genotoxic stress,

including abiotic and salinity stresses (Ulm et al. 2001,

2002; Bartels et al. 2009). In the yeast Saccharomyces ce-

revisiae, the MKP-like Msg5 and Sdp1 are key regulators of

the pheromone and the cell wall integrity-pathways (Doi

et al. 1994; Hahn and Thiele 2002; Flandez et al. 2004).

Interestingly, Msg5 and Sdp1 have been proposed to belong

to a unique group of fungal phosphatases, on the basis of

substrate recognition mediated by oxidation (Fox et al.

2007). MKP-like DSP sequences are also present in kine-

toplastid and Apicomplexa parasites, such as species of

Trypanosoma, Leishmania, and Plasmodium, which cause

severe human diseases. Also, DSPs with predicted protein-

and lipid-phosphatase activity have been found in these

phyla and in bacteria, although their physiological substrates

remain uncertain in most of the cases (Brenchley et al. 2007;

Andreeva and Kutuzov 2008; Wilkes and Doerig 2008;

Beresford et al. 2010). Using bioinformatics, modeling

analysis, and biochemical tools, we have defined a novel

family of DSPs with members belonging to species of plants,

fungi, kinetoplastids, and slime molds (PFA-DSPs) (Romá-

Mateo et al. 2007). PFA-DSPs share the presence of four

common amino acid motifs (PF1–PF4 fingerprint motifs;

average side, 16 residues), which segregates this family

from other DSP families (Attwood and Findlay 1993;

Nordle et al. 2007) (http://www.bioinf.manchester.ac.uk/

dbbrowser/PRINTS/index.php). The catalytic domains of

PFA-DSPs do not have significant homology at the amino

acid level with DSP catalytic domains from animals (with

the exception of the signature catalytic motif), but the

three-dimensional folding of the PFA-DSP AtPFA-DSP1/

At1g05000 resembles that of mammalian DSPs (Aceti

et al. 2008). The A. thaliana AtPFA-DSP1, -2, and -3 are

active phosphatases in vitro, and AtPFA-DSP1 does not

complement the activity of the mammalian DUSP3/VHR

or PTEN (Romá-Mateo et al. 2007) (and our unpublished

results), suggesting specific physiological functions for

the AtPFA-DSP proteins. On the other hand, there are no

published data on the physiological function of PFA-

DSPs, with the exception of the PFA-DSP from the yeast

S. cerevisiae, Siw14/Oca3, which has been reported to

control cell cycle arrest in response to nutrient depriva-

tion, as well as the intracellular location of the tran-

scriptional activator Gln3 (Care et al. 2004; Hirasaki et al.

2008). Oca1, which is identified in the present study as a

yeast PFA-DSP-related protein, has also been involved

in the cell cycle arrest response to oxidative stress

(Alic et al. 2001). Here, we report the existence of novel

PFA-DSP-related proteins in fungi and protozoa. Our

results indicate that PFA-DSPs and related proteins have

wider species distribution than previously described,

and provide insights into the gene expression patterns,
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catalytic mechanism, and genetic linkages of these pro-

teins in non-metazoan organisms.

Methods

Bioinformatics

Sequences were obtained by BLASTP searches using

AtPFA-DSP1, Siw14/Oca3, TbPFA-DSP1, and DdPFA-

DSP1, and limiting the search to Viridiplantae, Fungi, and

Protozoa taxa in NCBI databases. A second round of

BLASTP searches was performed using the sequences of

Oca1, Oca2, and Oca6 from S. cerevisiae in the same taxa.

Finally, a third round of searches was performed with all

the set of sequences in metazoan organisms, not finding

significant similarities (e value limit = 1 9 10-13 for all

BLASTP searches). All the sequences obtained by the

different searches were aligned using CLUSTALX and

those not containing the catalytic consensus site for DSPs

were removed from the alignment, with the exception of

Oca4 from S. cerevisiae. This multiple alignment was

edited to contain only the catalytic domain of the proteins,

and a maximum-likelihood phylogenetic tree with 100

bootstrap replicates was created using PhyML software

(Guindon and Gascuel 2003). A consensus dendrogram

was calculated using Phylip package (Felsentein 1989), and

the final tree was visualized using TreeView software

(Page 1996). Structural models were created using the

structure of AtPFA-DSP1 (PDB:1xri) as a template and

the Esypred3D on-line server (Lambert et al. 2002). The

models were visualized using PyMOL (http://www.pymol.

org) and images were created with a PyMOL plug-in that

utilizes the APBS electrostatic surface evaluation tool

(Baker et al. 2001).

Semi-quantitative and quantitative real-time PCR

analysis

Total RNA samples from root, stem, leaf, flower, and

silique were purified from A. thaliana adult plants using

TriReagent and GenElute for Mammalian total RNA kit

(Sigma). For semi-quantitative PCR analysis, in which the

amount of final PCR product is measured, 10 ng of total

RNA was used as the template in one-step RT-PCR reac-

tions using Titan One tube RTPCR System (Roche). For

quantitative real-time PCR, 1–1.5 lg of total RNA was

used in RT reactions using commercial RevertAid H Minus

M-MuLV Reverse transcriptase (Fermentas). As much as

100 ng of each resulting cDNA was used as the template in

qRT-PCR reactions with specific primers designed using

Probe Design Software 2.0 (Roche) (with efficiencies

ranging from 1.9 to 2.2). Reactions were carried out in

Roche LightCycler 480 Real-Time PCR System using

SYBR green dye. Ct values obtained for each gene were

normalized (Pfaffl 2001) using AtPFA-DSP2 expression,

and relative abundance of AtPFA-DSP mRNAs in each

tissue was calculated (100%, maximum value). The

sequences of the primers are available upon request.

Plasmids and mutagenesis

pGEX-4T-AtPFA-DSP1, -2, and -3 (encoding the corre-

sponding GST-fusion proteins) have been described

(Romá-Mateo et al. 2007). pYES2-AtPFA-DSP1 was

obtained by subcloning from pGEX-4T-AtPFA-DSP1.

pGEX-4T-AtPFA-DSP5 was obtained by PCR subcloning

from pUni51-At5g16480 (ABRC DNA Stock Center).

pGEX-4T-Siw14 and pGEX-4T-Oca1 were obtained by

PCR subcloning from pYES-Siw14 (provided by P. Sud-

bery, The University of Sheffield, UK) and pYCG-Oca1p

(provided by J.L. Revuelta, Universidad de Salamanca,

Spain), respectively. The different yeast OCA genes were

overexpressed under the control of the GAL1 promoter,

from the corresponding plasmids based on the vector

BG1805 (C-terminal tags: poly-His, hemagglutinin, and

protein A) obtained from Open-Biosystems. AtPFA-DSP1

was overexpressed from the same promoter by using

plasmid pYES2-AtPFA-DSP1 (no tagging). pYES2

(Invitrogen) was used as a control empty vector. Mutations

were made by PCR oligonucleotide site-directed muta-

genesis. All constructs and mutations were confirmed by

DNA sequencing.

In vitro phosphatase assays

Recombinant GST-fusion proteins containing the full-

length phosphatases were affinity purified from E. coli

using gluthatione-Sepharose beads and dialyzed in the

appropriate phosphatase reaction buffer. For pNPP hydro-

lysis, purified proteins were incubated with pNPP (10 mM,

Sigma) in 0.1 M Tris–HCl of pH 8.0, 40 mM NaCl and

10 mM DTT (reaction buffer A) for 90 min at 37�C, fol-

lowed by measurement of absorbance at 405 nm. For

OMFP hydrolysis, purified proteins were incubated with

OMFP (0.5 mM, Sigma) in reaction buffer A, followed by

measurement of absorbance at 490 nm. To determine the

kinetic parameters for pNPP, the initial velocities were

measured at different pNPP concentrations ranging from

0.1 to 60 mM, and the data were fitted to the Michaelis–

Menten equations by nonlinear regression and the program

GraphPad Prism (http://www.graphpad.com). The hydro-

lysis of pTyr (5 mM, Sigma), and water-soluble diC8-

PI(3,5)P2 and diC8-PI(3,4,5)P3 (100 lM, Echelon) was

performed in 0.1 M Tris–HCl of pH 8.0 and 10 mM DTT

(reaction buffer B). The phosphate released was measured
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by absorbance at 580/620 nm by the malachite green sys-

tem (Sigma). Absorbance was measured in a WALLAC

1420 multiplate reader (PerkinElmer).

Yeast growth assays

The following isogenic yeast strains were used: S. cerevisiae

BY4741 (MATa; his3D1; leu2D0; lys2D0; ura3D0), Y03702

(ptc1/YDL006WD::kanMX4) Y07235 (oca1/YNL099cD::

kanMX4), Y07211 (oca2/YNL056wD::kanMX4), Y05358

(siw14/oca3/YNL032wD::kanMX4), Y06962 (oca4/YCR

095cD::kanMX4), Y04002 (oca6/YDR067cD::kanMX4)

(EUROSCARF, Frankfurt, Alemania). Yeast cells were

grown during 16 h at 30�C in YPD (complete glucose-based

medium) and then diluted to an OD600 value of 0.150. Five

microliters of serial 1/10 dilutions was plated onto YPD and

incubated for 3 days, in the absence or in the presence of the

indicated concentrations of caffeine or rapamycin (Sigma).

Yeast transformants were assayed as above except that they

were grown in SD-Ura- medium and plated onto both YPD

and YPG (complete galactose-based medium).

Results

PFA-DSP-related proteins from non-metazoan

organisms

PFA-DSPs are present in species of plants, fungi, kine-

toplastids, and slime molds, and are absent in mammals or

any other metazoan organisms. Interestingly, plants are the

only group of multicellular organisms in which PFA-DSPs

are present. However, a comprehensive analysis of the

presence and functional role of proteins related to PFA-

DSPs on these and other taxa is lacking. To analyze the

existence and species distribution of PFA-DSP and PFA-

DSP-related sequences (as indicated by amino acid

sequence similarity), we performed a series of BLASTP

searches using the five A. thaliana proteins and each one of

the yeast, kinetoplastid and Dyctiostelium orthologs as

queries. The first round of searches returned, as expected,

many other plant and yeast sequences together with several

protozoan sequences. We repeated the searches limiting the

BLASTs to taxon-specific databases; in this way, we found

that many sequences appearing in the fungal genomes,

although showing high scores with the query sequences and

possessing the consensus catalytic site for DSPs, were not

positive for the fingerprint PFA-DSP-motifs (only one or

two motifs, out of the four fingerprint motifs, were present,

and none of them produced the required e value of 0.0001

for being considered as a positive hit), as previously

defined (Romá-Mateo et al. 2007). Fingerprint technology

is a bioinformatic tool for defining very closely related

protein families, which are grouped together by the pres-

ence of a set of conserved motifs (Attwood and Findlay

1994). Sequences with similarity, but which lack more than

one of the motifs, are hence named as family-related pro-

teins. Thus, we identified a series of amino acid sequences

in yeast, related with the PFA-DSPs by sequence similarity,

which had been annotated as Ocas in the yeast S. cerevisiae

[Oca1, Oca2, and Oca6; note that Siw14/Oca3 was named

as ScPFA-DSP1 in our former study (Romá-Mateo et al.

2007)], as well as a group of sequences (named here as

Oca-like sequences) that were present in Euascomycota

species, but not in S. cerevisiae. Next, we used the S. ce-

revisiae Oca1, Oca2, and Oca6 sequences to perform new

BLAST searches and repeated this process until recipro-

cally finding the PFA-DSP sequences used in the first

round, as indicated. The complete set of sequences result-

ing from all searches was then used for a multiple sequence

alignment that permitted deletion of sequences not con-

taining the consensus catalytic site for DSPs. Oca4 protein

and orthologs, although lacking the consensus catalytic

motif, were included in the final set of sequences due to

their putative functional relation with the rest of Oca pro-

teins (see below). The final set of sequences was then used

as the seed for a maximum likelihood tree. As a result of

this analysis, more precise orthologies were established

between PFA-DSPs and PFA-DSP-related sequences in the

distinct taxa, and plant PFA-DSPs were clustered together

(Fig. 1). The same alignment was used for creation of a

neighbor-joining tree, obtaining the same topology and

similar bootstrap values (not shown). PFA-DSPs from

plants and Siw14/Oca3 proteins from fungi and protozoa

grouped close in the tree, confirming their previous defi-

nition as PFA-DSPs. The clade of Oca-like sequences, not

represented in S. cerevisiae, was separated from the rest.

Nodes including the PFA-DSP-related Oca proteins display

a high bootstrap support, indicating that the sequences

from protozoa that cluster with them represent putative

orthologs. Remarkably, most of these sequences had not

been previously reported, the majority of them belonging

to protozoan species from the infrakingdom Excavata

[including parasite organisms from phylum Eugleno-

zoa (kinetoplastids from genera Trypanosoma and

Fig. 1 Phylogenetic dendrogram of PFA-DSPs and related proteins.

Maximum likelihood tree showing phylogenetic relationships

between PFA-DSP and PFA-DSP-related proteins (left). PFA-DSPs

are represented as an outgroup (colored triangles; plants, green;

fungi, blue; protozoan organisms, red). Boxes mark high bootstrap

values (black, higher than 70; white, higher than 50). Arrows mark the

situation of S. cerevisiae Oca proteins. On the right side a detailed

expanded tree of PFA-DSPs is shown. Plants, green; fungi, blue;

protozoan organisms, red. Only bootstrap values for the most relevant

clusters of sequences are shown. Proteins are denoted by UniProt

accession numbers

c
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Leishmania), phylum Metamonada (Trichomonas vaginal-

is), phylum Percolozoa (Naegleria gruberi)], and the

supergroup of Amoebozoa (D. discoideum and Polysp-

hondylium pallidum). Finally, some PFA-DSP-related

sequences belonged to the kingdom Chromista (Phytoph-

thora infestans) (Figs. 1, 2; and Supplementary Table 1).

Although all of the protein sequences are represented in

fungi species, we could not identify Oca1 orthologs in fully

sequenced genomes from Euglenozoa or Metamonada.

Also, Oca2 is restricted to fungi species. On the other hand,

Siw14/Oca3 and Oca6 putative orthologs can be found

in all the aforementioned taxa (with the exception of

N. gruberi, which did not display Oca6 ortholog). In some

parasite kinetoplastid species (T. brucei, L. major), the

orthologs of Siw14/Oca3 and Oca6 had been previously

annotated as lipid-like or atypical DSPs, respectively

(Brenchley et al. 2007). Given the high bootstrap support

for the majority of the nodes clustering PFA-DSPs or PFA-

DSP-related proteins and non-annotated proteins, it is

likely that the absence of some orthologs is due to gene

losses in particular taxa. This outlines the wide diversity of

PFA-DSP-related genes in other kingdoms besides plants

and fungi. Further BLASTP searches limited to specific

eukaryotic taxa confirmed their absence in green algae,

metazoans, or evolutionarily related organisms such as

cnidarians or choanoflagellates. Also, PFA-DSP-related

sequences were absent in bacteria species. A complete list

of PFA-DSP and PFA-DSP-related sequences is given in

Supplementary Table 1.

Molecular properties of PFA-DSPs

The PTP active site signature motif for PTPs (CX5R;

P-loop) is conserved in the majority of PFA-DSP and PFA-

DSP-related proteins, although the catalytic Cys or Arg are

absent in a few cases, including Oca2 and Oca6 in S. ce-

revisiae. In addition, Oca4 displays a different sequence at

its catalytic loop that is likely to impair catalysis (Fig. 2),

in line with the exclusion of Oca4 from the initial set of

PFA-DSP-related sequences. This suggests that most of

PFA-DSP and related proteins may be active enzymes and

that non-catalytic proteins may also exist (see below). The

P-loop sequences from PFA-DSP and PFA-DSP-related

proteins are rich in basic residues (Lys and Arg), although

variations exist that may be relevant to differences in

catalysis and/or substrate specificity. Interestingly, most of

the proteins lacking the essential Cys and/or Arg catalytic

residues also lack basic residues at the P-loop, suggesting a

functional divergence toward non-catalytic functions. The

other catalytically relevant feature of PTPs, the WPD-loop,

is particularly different in PFA-DSP and PFA-DSP-related

proteins from distinct species (Fig 2). Some sequences

AtPFA-DSP1       IRLFQFGIEGNKEPFVNI------//------NHPVLIHCKRGKHRTG
DUSP3/VHR        ITYL--GIKANDTQEFNL------//------NGRVLVHCREGYSRSP
PTEN             CRVAQYPFEDHNPPQLEL------//------NHVAAIHCKAGKGRTG

WPD-loop P-loop

WPD-loop P-loop

Glu117 His155

B

A

AtPFA-DSP1(At1g05000) IRLFQFG-----------IEGNK----------------DEKNHPVLIHCKRG-KHRTGCLVGCLRK
AtPFA-DSP2(At2g32960) ISLFQFG-----------IEGSKS---------------DEKNHPLLIHCKRG-KHRTGCLVGCMRK
AtPFA-DSP3(At3g02800) IKLYQFG-----------IEGKTD---------------DVRNHPILIHCKRG-KHRTGCLVGCLRK
AtPFA-DSP4(At4g03960) IQVFQFG-----------IERCK----------------DTENHPVLIHCKSG-KHRTGCLVGCVRK
AtPFA-DSP5(At5g16480) IKLFQFG-----------IEGKTD---------------DVRNHPILIHCKRG-KHRTGCLVGCLRK

DdPFA-DSP1 IKLLHYR-----------IVGNK----------------DVRNHPILIHCNKG-KHRTGCLVGCLRK
Q54VX9_DICDI INLIHLG-----------LKSWK----------------NYDYYPLMITCTSG-VHQTGVLVGCLRR
D1060_DICDI IELIHLG-----------MDTHQ----------------NPDNYPLHIMCNLG-RHRTGTVVGCLRK
Q54MS1_DICDI TTTKHFT-----------VSKFK----------------EPNNLPMYIHCLDG-ANVTGTIFMCLRK

TbPFA-DSP1 ITIRRFA-----------TEGNK----------------DTRLHPVLIHCNKG-KHRTGTVAACLRL
Q38EE0_9TRYP ITIRHIQ-----------VEQNK----------------DAEQHPLYIHCLDG-RHTTGLVVMGLRK

TvPFA-DSP1 IKLIRVP-----------MEGNK----------------DRRSHPIYIHCNKG-KHRTGSVVGCLRK
A2DLW1_TRIVA IENHYFS-----------VPKFI----------------DKNNLPAYIHCLNG-GHSTGLIVMCLRK

NgPFA-DSP1 IRIFQFG-----------IEGNK----------------NPKNHPILIHCNKG-KHRTGVLVGCLRK
D2VCY8_NAEGR INLIHLTNQSTKMKKSGTSSSHT----------------NRENLPLAIMCNLG-RHRTGTVVGCLRK

PiPFA-DSP1 IEVFQCP-----------IDGNK----------------DVRNHPILVHCTKG-THRTGCVIGCMRK
D0NCE5_PHYIN IQLVFLGGN-------TRMESRR----------------DRSNYPLYITCHLG-RDRTGAVVGCLRK
D0MYB6_PHYIN ITLLHFY-----------AEKFTS---------------QKKNLPLYIHCLDG-SNVTGIVVMILRK

ScPFA-DSP1(Siw14/Oca3)IKLYQVG-----------MSGNK----------------NPANQPILIHCNRG-KHRTGCLIGCIRK
OCA1_YEAST(Oca1) INLQFA-AINP------DAGEDD----------------TQENYPLLVCCGMG-RHRTGTVIGCLRR
OCA2_YEAST(Oca2) IKYYHIF-----------MDSSRD---------------DVRNYPILVHSNKG-KHRVGVVVGIIRK
OCA6_YEAST(Oca6) IKTIHIKCQSERK-----ADKTK----------------DKGHYPCYMHCTNG-ELIISLVVACMRK
OCA4_YEAST(Oca4) LETLNLKTAIFIGGQEPSNDDLMLIKSTCL-------KRTFKTLLNVDNYNVLLVDKTALVIGILRK

Fig. 2 Catalytic site

comparison of PFA-DSPs and

related proteins. Amino acid

sequence alignment of the

WPD-loop and the P-loop

signature motif of PFA-DSPs

(highlighted in gray) and PFA-

DSP-related proteins from A.
thaliana (At), D. discoideum
(Dd), T. brucei (Tb), T.
vaginalis (Tv), N. gruberi (Ng),
P. infestans (Pi), and S.
cerevisiae (Sc) (upper

alignment). Residues Glu117

and His155 from AtPFA-DSP1/

At1g05000 are indicated. The

WPD- and P-loops for the

distinct proteins were assigned

from the AtPFA-DSP1 3D

structure and alignment with the

rest of sequences thereof. The

lower alignment shows a

comparison of the WPD-loop

and P-loop of AtPFA-DSP1 and

the mammalian DSPs DUSP3/

VHR and PTEN. The catalytic

Asp residues in the WPD-loop

of DUSP3/VHR and PTEN are

shown in bold. Identities are

represented by black boxes and

similarities by gray boxes
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(including AtPFA-DSPs and kinetoplastid-PFA-DSPs)

display a glutamic acid instead of the conserved aspartic

acid (Denu et al. 1995) at the WPD-loop, and we have

found that this glutamic acid residue does not serve in

AtPFA-DSP1 (Glu117) as the putative general acid/base in

catalysis (Romá-Mateo et al. 2007). In other sequences

(including the S. cerevisiae Siw14/Oca3 or the D. dis-

coideum DdPFA-DSP1 proteins), there are no negatively

charged residues at this region. These observations

strengthen the possibility that the catalysis of PFA-DSPs

differs from the acid/base catalysis of classical PTPs (see

below).

Next, we created 3D models of representative members

of PFA-DSPs and PFA-DSP-related proteins from each

taxon, using the available structural data of AtPFA-DSP1/

At1g05000 (Aceti et al. 2008). Our modeling analysis

revealed that the predicted surface charge distribution was

well conserved, with a highly positive charge patch sur-

rounding the active site cleft area in all cases (Fig 3a–c), in

accordance with the enrichment in basic residues in the

P-loop of these enzymes. It is interesting that another

positive charge patch is present in the models corre-

sponding to species from protozoan organisms, Amoebo-

zoa and Chromista (Fig. 3b), which is absent in the models

obtained from plants and fungi (Fig. 3a, c). This patch is

located in the N-terminal portion of the protein and may

serve as a functionally relevant area specific for those

organisms. In addition, the S. cerevisiae Oca6 model dis-

plays a more elongated shape. Also of interest, the surface

models of all PFA-DSP-related proteins in S. cerevisiae,

although conserving a high positive charge of the active

site cleft, show a preponderance of negatively charged

residues that is not observed in the other PFA-DSPs

(Fig. 3c).

Fig. 3 Structure comparison of

PFA-DSPs and related proteins

from different taxa. a Structural

models of PFA-DSPs from A.
thaliana. The arrow in AtPFA-

DSP1 indicates the positive

charge patch surrounding the

active site, which is present in

all the models. Positive and

negative charge potentials are in

blue and red, respectively.

b Structural models of PFA-

DSPs from D. discoideum, T.
brucei, T. vaginalis, N. gruberi,
and P. infestans. The additional

positive charge patches outside

the catalytic pocket in protozoan

species are indicated by dotted
lines. c Structural models of

PFA-DSP (left) and related

proteins (right) from S.
cerevisiae. Note the elongated

shape displayed by Oca6. All

models were created with the

EsyPred3D server (Lambert

et al. 2002) using the structure

of AtPFA-DSP1 (PDB:1XRI) as

template, and electrostatic

potentials were created with a

PyMOL APBS plug-in (Baker

et al. 2001). Sequence identity

values ranged from 50 to 60%

between the model and Siw14/

Oca3 or protozoan species, and

from 21 to 26% between the

model and PFA-related proteins
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Expression, catalytic activity and substrate specificity

of PFA-DSPs

PFA-DSPs from A. thaliana show a high degree of amino

acid sequence identity (Figs. 1, 2); however, some of them

display differential catalytic activity when tested for arti-

ficial phosphatase substrates (Romá-Mateo et al. 2007). To

obtain a comprehensive and more physiological view of

this group of proteins, we analyzed their distribution and

expression levels in the plant. First, we analyzed the

expression of the five A. thaliana PFA-DSP genes by semi-

quantitative PCR and all of them were detected in several

adult tissues (including root, stem, leaf, flower, and sili-

que), although with a distinct expression pattern (Fig. 4a).

To compare quantitatively the tissue expression patterns of

the A. thaliana PFA-DSPs, their mRNA levels from the

distinct tissues were quantified by quantitative real-time

PCR (qrt-PCR) (Fig. 4b). Since the expression level of

AtPFA-DSP2 was constant in all the tissues examined, we

used AtPFA-DSP2 mRNA levels as a reference for data

normalization. All the genes were detected in the studied

tissues, although significant differences in the expression

patterns were found, suggesting tissue-specific functions

for these phosphatases. In general, the observed expression

patterns were in agreement with the microarray data

deposited in public databases (Zimmermann et al. 2004).

These differences, together with the distinct PTP activity

found for PFA-DSPs (see below), point to a functional

diversity among members of PFA-DSPs.

The identification of the general acid/base moiety in the

catalysis of AtPFA-DSP1 is relevant to ascertain the

identity of the physiological substrates of AtPFA-DSP1

and related DSPs. Our previous studies ruled out the pos-

sibility that the glutamic acid at the WPD-loop in AtPFA-

DSP1 (Glu117; Figs. 2, 4c) played the role of catalytic

aspartic acid. In addition, the Asp191 residue, which is

close to the catalytic cysteine (Cys150; Fig. 4c), was also

disregarded as a catalytic residue (Romá-Mateo et al.

2007). The His155 residue at the P-loop of AtPFA-DSP1 is

located at about 7A of the catalytic Cys150, making

His155 a well-positioned residue to act as a proton donor in

the hydrolysis reaction (Fig. 4c). Thus, His155 from At-

PFA-DSP1 was mutated to glycine or to serine, which are

the equivalent positioned residues in mammalian PTEN

and VHR/DUSP3, respectively, and the catalytic activity of

the mutations (H155G and H155S) was tested. The activity

of AtPFA-DSP1 toward the phosphoinositides PI(3,4)P2 or

PI(3,4,5)P3 was abrogated on the mutations H155G and

H155S. However, both mutations displayed significant

activity, although diminished in comparison with the wild

type, toward the substrates OMFP and pNPP (Fig. 4c),

indicating that the role of His155 in catalysis appears to be

substrate dependent. It is likely that His155 from AtPFA-

DSP1 participates in substrate recognition. These obser-

vations, together with our previous findings, suggest the

absence of a canonical catalytic general acid/base residue

in the active center of AtPFA-DSP1.

AtPFA-DSP1 dephosphorylates in vitro artificial PTP

substrates, polyphosphates, Tyr-phosphorylated peptides,

and phosphoinositides (Romá-Mateo et al. 2007; Aceti

et al. 2008). The conservation of a positively charged

active site cleft in PFA-DSPs prompted us to examine

comparatively the substrate specificity of several AtPFA-

DSPs and S. cerevisiae Siw14/Oca3. In vitro phosphatase

assays were performed toward acidic substrates, such as

the phosphoinositide PI(3,5)P2, as well as toward pTyr,

OMFP, and pNPP (Fig. 4d). Interestingly, we found sig-

nificant differences in phosphatase activity and substrate

specificity not only between A. thaliana and S. cerevisiae

proteins, but also between the distinct AtPFA-DSPs. All

AtPFA-DSPs tested (AtPFA-DSP1, -2, -3, and -5) dis-

played phosphatase activity toward PI(3,5)P2, with AtPFA-

DSP2 showing a higher activity. On using pTyr as the

substrate, a distinct pattern of activity was found. AtPFA-

DSP3 displayed higher activity toward pTyr; AtPFA-DSP1

and AtPFA-DSP2 showed a similar level of activity; and

AtPFA-DSP5 was inactive toward this substrate, in contrast

with the level of activity registered toward PI(3,5)P2.

Noticeably, Siw14/Oca3 was inactive toward both

PI(3,5)P2 and pTyr substrates. The lack of activity of At-

PFA-DSP1 C150S catalytically inactive mutation is also

shown (Fig. 4d). We also compared the activity of this set

of enzymes toward the PTP artificial substrates OMFP and

pNPP (Fig. 4d). The relative catalytic efficiencies of the

phosphatases were similar for both substrates, with higher

activity being displayed by AtPFA-DSP2, followed by

AtPFA-DSP3. In contrast to the phosphatase assays using

PI(3,5)P2 or pTyr as the substrates, Siw14/Oca3 was more

active against OMFP and pNPP than AtPFA-DSP5, which

displayed lower activity. The catalytic constants for all

these proteins, using pNPP as the substrate and expressed

as Kcat/Km (s-1 M-1), are as follows: AtPFA-DSP1,

561.2; AtPFA-DSP2, 177.2; AtPFA-DSP3, 42.3; AtPFA-

DSP5, 1.3; and Siw14/Oca3, 10.6 [(Romá-Mateo et al.

2007), and this report]. All enzymes were inactive to

dephosphorylate pNPP in the presence of the PTP inhibitor

sodium orthovanadate (data not shown). Together, these

results indicate that the distinct PFA-DSPs exhibit different

substrate specificities in vitro.

Genetic linkage among Oca proteins in yeast

The deletion of OCA genes in S. cerevisiae has been

reported to confer sensitivity to some stresses (Rieger et al.

1999; Sakumoto et al. 2002; Care et al. 2004; Parsons et al.

2004; Dudley et al. 2005; Xie et al. 2005), in particular to
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Fig. 4 Expression and catalytic activity of PFA-DSPs. a mRNA

expression analysis using semiquantitative RT-PCR. Total RNA

samples from different A. thaliana adult plant tissues were amplified

by one-step RT-PCR using specific primers for each of the five At-

PFA-DSP genes, and amplified DNA was resolved on agarose gels.

The expression of the mRNA of the housekeeping gene CBP20 is also

shown. b Tissue expression pattern of PFA-DSPs from Arabidopsis
thaliana. Total RNA samples from different A. thaliana adult plant

tissues were reverse transcribed to cDNA and used for qrt-PCR using

primers specific for each AtPFA-DSP. Relative abundance of AtPFA-

DSP genes in different Arabidopsis adult tissues is shown, normalized

with respect to AtPFA-DSP2, the gene expression of which remained

constant in all the analyzed tissues (CBP20 housekeeping displayed

variations between tissues; see a). c Mutation of His155 in AtPFA-

DSP1 does not abrogate its catalytic activity. Ribbon diagram detail

of AtPFA-DSP1 catalytic site (left panel). The diagram shows the

estimated distance between the catalytic cysteine (Cys150) and the

WPD-loop acid residue Glu117 (13.3 A), as well as the distance to

other putative proton donor/acceptor residues (Asp191 [9.12 A] and

His155 [6.97 A]). Distances were calculated using PyMOL. Catalytic

activity of His155 mutants (middle panel). In vitro phosphatase assays

using 5 lg of purified GST fusion proteins and diC8-PI(3,5)P2 or

diC8-PI(3,4,5)P2 as the substrates. Phosphate release was measured,

after 45 min of reaction, as absorbance at 620 nm by the malachite

green system. His155 was mutated to glycine (H155G) or to serine

(H155S), mimicking the residues found in PTEN and DUSP3/VHR,

respectively (see alignment in Fig. 2b). Both mutants were unable to

dephosphorylate these substrates. In vitro phosphatase assays using

10 lg of purified GST fusion proteins (wild-type and His155

mutations) and pNPP or OMFP as the substrates (right panel). None

of the mutations abrogated the catalytic activity of the enzyme toward

these substrates. d PFA-DSPs phosphatase activity toward PI(3,5)P2,

phospho-tyrosine (pTyr) and artificial PTP substrates (OMFP, pNPP).

Reactions were carried out using 10 lg of purified GST fusion protein

and diC8-PI(3,5)P2, phospho-tyrosine, OMFP or pNPP as the

substrates. Phosphate release was measured during 100 min as

absorbance at 580 nm by the malachite green system or as absorbance

at either 490 nm (OMFP) or 405 nm (pNPP)
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compounds that act as mTOR inhibitors such as caffeine

and rapamycin (Kuranda et al. 2006; Zhou et al. 2010). All

oca mutants have been shown to be caffeine sensitive,

although some discrepancies were found in the strength of

the phenotypes in the different studies. In the case of

rapamycin, however, sensitivity was only observed in some

of these mutants. To clarify this issue and compare the

impact of the lack of distinct Oca proteins on the sensitivity

to these TOR inhibitors, the growth of isogenic single ocaD
mutants was analyzed on solid media containing caffeine

or rapamycin. As a control, we used a mutant strain lacking

the PP2C phosphatase Ptc1, which is known to be hyper-

sensitive to both compounds (Gonzalez et al. 2009). As

observed in Fig. 5a, all ocaD mutants displayed a high

sensitivity to caffeine, which was slightly lower to that

observed in the ptc1 mutant. In contrast, although all

mutants showed sensitivity to rapamycin, as compared to

the isogenic wild-type strain, this was weak and much less

intense than in the case of the ptc1 strain. These results

suggest the involvement of the Oca proteins in the regu-

lation of TOR function. The amount of Oca2 seems to be

particularly relevant to growth in the presence of these

TOR inhibitors, since GAL1-driven overexpression of

OCA2 negatively affects yeast cell growth in the presence

of either caffeine or rapamycin (Fig. 5b).

Since S. cerevisiae provides a simple and powerful

system to analyze functional gene linkage, we exploited the

higher sensitivity to caffeine of ocaD mutants as compared

to rapamycin to analyze the ability of the different OCA

genes to functionally complement this phenotype, when

overexpressed in cells lacking each particular Oca protein.

As shown in Fig. 5c, transcriptional leakage from the

GAL1 promoter under repression conditions (glucose) was

Fig. 5 Genetic linkage between Siw14/Oca3 and other Oca proteins.

a Sensitivity to caffeine and rapamycin of the BY4741 (WT) and the

isogenic mutant strains Y03702 (ptc1D), Y07235 (oca1D), Y07211

(oca2D), Y05358 (oca3D), Y06962 (oca4D), and Y04002 (oca6D).

Cells were grown in liquid YPD medium at 30�C and a tenfold

dilution series of this culture was spotted onto YPD agar media in the

absence or presence of caffeine (10 mM), or rapamycin (5 ng/ml),

and incubated for 3 days at 30�C. b Sensitivity to caffeine and

rapamycin of cells overexpressing the indicated genes. Wild-type

BY4741 cells were transformed with the multicopy pYES2 plasmid

(vector), pYES2-AtPFA-DSP1, or the corresponding BG1805-based

plasmid to overexpress the indicated OCA gene. Cells were grown in

SD Ura-medium at 30�C and a tenfold dilution series of this culture

were spotted onto YPG agar media, containing galactose as a carbon

source, in the absence or presence of caffeine (14 mM), or rapamycin

(10 ng/ml) and incubated for 3 days at 30�C. For better observation of

the phenotype in the wild-type strain, higher concentrations of both

compounds than in a were used in this experiment. c Complementa-

tion of the caffeine sensitivity of the distinct yeast ocaD mutants.

Wild-type BY4741 (WT) and the isogenic mutant strains Y07235

(oca1D), Y07211 (oca2D), Y05358 (oca3D), Y06962 (oca4D), and

Y04002 (oca6D) were transformed with the plasmids indicated in (b).

Cells were grown in SD Ura-medium at 30�C and a tenfold dilution

series of this culture was plated onto YPD (glucose) or YPG

(galactose) in the absence (left panels; 2 days of incubation) or

presence of 10 mM caffeine (right panels; 3 days of incubation).

d Oca1 phosphatase activity toward OMFP, pNPP, and PI(3,4,5)P3.

The experiment was performed as in Fig. 4c. No phosphatase activity

was registered for Oca1
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sufficient for every gene to complement the caffeine sen-

sitivity of the corresponding mutant. Interestingly, galact-

ose-induced overexpression of Siw14/Oca3 was able to

restore growth, to some extent, of all oca mutants in the

presence of caffeine. This phenotypic suppression was

particularly evident for oca1D and oca4D mutants

(Fig. 5c). Therefore, in contrast to the other Oca proteins,

Siw14/Oca3 is able to replace in a dose-dependent manner

the function of any of the other members of this yeast

protein family. As can be observed in Fig. 5c, no functional

suppression of the caffeine sensitivity of any of the yeast

ocaD mutants was found under overexpression of AtPFA-

DSP1/At1g05000 from A. thaliana, indicating distinct

functions for these plant and yeast proteins. These results

suggest that Siw14/Oca3 is genetically linked with the

different Oca-related stress signaling pathways in S. cere-

visiae, either by sharing effectors and/or substrates or by

regulating common components of these pathways.

Siw14/Oca3 was the only Oca protein complementing

the phenotype of all individual ocaD strains. Thus, we

tested the putative phosphatase activity of Oca1, a protein

that has been related to the triggering of cell cycle arrest by

oxidative stress caused by linoleic acid hydroperoxide

(Alic et al. 2001), in comparison with that displayed by

Siw14/Oca3 and AtPFA-DSP1/At1g05000. As shown in

Fig. 5d, Oca1 did not display measurable activity in vitro

toward three different substrates, including OMFP, pNPP,

and PI(3,4,5)P2, suggesting that Oca1 either lacks catalytic

activity or possesses a restricted substrate specificity.

Discussion

In non-metazoan organisms, some PTPs share structural

and catalytic properties with mammalian DSPs, dephos-

phorylate both p-Ser/Thr and p-Tyr residues, and possess a

consensus catalytic motif, which is different from the

classical PTP consensus catalytic motif. In general, classi-

cal PTPs have a narrowed active site that accommodates

well the p-Tyr substrates; whereas DSPs have a shallowed

active site, which permits the access to p-Ser and p-Tyr

residues, as well as to other phosphorylated moieties (Yu-

vaniyama et al. 1996; Lee et al. 1999). PFA-DSPs constitute

a subgroup within the non-mammalian DSPs, which is

represented in plants, fungi, kinetoplastids and slime molds.

In the model plant A. thaliana, there are five PFA-DSPs

(AtPFA-DSP1/At1g05000, AtPFA-DSP2/At2g32960, AtPFA-

DSP3/At3g02800, AtPFA-DSP4/At4g03960, and AtPFA-

DSP5/At5g16480), and a variable number of PFA-DSPs

exist in other plant species, such as Oryza sativa or Zea

mays. However, only one PFA-DSP [as defined by the fin-

gerprint technique (Attwood and Findlay 1993)] is present

in fungi, kinetoplastids, and the slime mold Dyctiostelium

discoideum (Romá-Mateo et al. 2007). Here, we have

described the existence of a family of proteins from a non-

metazoan taxa with amino acid sequence similarity to PFA-

DSPs, and which are exemplified by the S. cerevisiae Oca1,

Oca2, and Oca6 proteins, and, at a lesser extent, by Oca4

protein. These proteins are evolutionarily related to the

PFA-DSP Siw14/Oca3 S. cerevisiae protein, and can be

clustered together with orthologs from other fungi and

protozoa species. An additional Oca-like subfamily of

proteins was identified in our study, which was absent in S.

cerevisiae but present in several Euascomyta fungi species

from the subphylum Pezizomycotina (genera Aspergillus

and Ajellomyces, among others) (Fig. 1). Our biochemical

and bioinformatic analysis indicates the existence of both

phosphatase-active and -inactive enzymes within this group

of proteins. For instance, the presence of amino acid alter-

ations or divergence in the catalytic loops of Oca2, Oca4,

and Oca6 predicts a complete lack of phosphatase activity.

In addition, Oca1, which presents a canonical catalytic

P-loop, did not show phosphatase activity in our in vitro

phosphatase assays using three different artificial substrates,

suggesting that Oca1 is also an inactive phosphatase.

However, we cannot rule out the possibility that Oca1 needs

specific posttranslational modifications or requirements for

catalysis in the yeast to be an active phosphatase. In this

regard, our mutational analysis of the prototypic AtPFA-

DSP1 protein suggests a particular mechanism of reaction

for this enzyme. It also indicates that Glu117 and His155

residues at the catalytic site do not behave as proton/

donor acceptors, but rather may participate in substrate

recognition (Romá-Mateo et al. 2007) (Fig. 4c), as pro-

posed for His111 from S. cerevisiae Sdp1 phosphatase

(Fox et al. 2007), for Lys164 from M. tuberculosis MptpB

phosphatase (Beresford et al. 2007), or for Lys128 in

PTEN (Lee et al. 1999). The possibility exists that the

physiologic substrates of PFA-DSPs and related proteins

can act as the proton donor/acceptors in the hydrolysis

reaction, as it seems to occur with the mammalian DSP

Cdc25 (Chen et al. 2000).

Both plants and yeasts have developed complex signal

transduction pathways that respond to a wide variety of

stress conditions and allow adaptation of these organisms

to changes in the environment. According to a putative role

of the PFA-DSPs and related proteins in stress signaling

regulation, Oca proteins from S. cerevisiae are required for

growth in the presence of caffeine (Parsons et al. 2004;

Dudley et al. 2005, and our results), a pleiotropic stress

compound that is related with signaling through several

yeast pathways, including MAPK and TOR (Hampsey

1997; Kuranda et al. 2006; Reinke et al. 2006). In addition,

deletion in OCA genes rescues the telomeric DNA damage

checkpoint response elicited in temperature-sensitive

cdc13-1 mutants (Addinall et al. 2008), and a siw14/oca3D
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strain displays sensitivity to hygromycin B (Hirasaki et al.

2010). The mutant siw14/oca3D was shown to display a

deficient response to nutrient deprivation (Care et al. 2004),

which is consistent with the caffeine sensitivity of this

mutant, since this compound is known to induce a starva-

tion response in yeast cells (Winter et al. 2008). Oca pro-

teins have also been related with the response to the TOR

inhibitor rapamycin, since deletion of some OCA genes,

including oca1, oca2, and oca6, conferred sensitivity to

this compound in a genome-wide study (Xie et al. 2005).

However, in other studies, OCA deleted strains were not

sensitive to rapamycin (Parsons et al. 2004; Dudley et al.

2005). This is in agreement with our analysis showing that

rapamycin causes a moderate growth inhibition on OCA

deleted strains. Our complementation results demonstrate a

genetic linkage between Siw14/Oca3 and the rest of Oca

proteins associated with the caffeine-sensitivity stress

pathway in S. cerevisiae. The function of Siw14/Oca3 in

the caffeine-sensitivity pathway has been related to the

function of the nitrogen-uptake kinase Npr, by controlling

the intracellular location of the transcription factor Gln3

(Hirasaki et al. 2008). Furthermore, the involvement of

Siw14/Oca3 in this pathway seems to be independent of

Siw14/Oca3 catalytic activity, suggesting physiologic

functions for this protein independent of catalysis (Care

et al. 2004). This would be in accordance with our results

on the lack of detectable phosphatase activity for Oca1 in

vitro and on the predicted lack of catalytic activity for

Oca2, Oca4, and Oca6. Interestingly, some of these

enzymes have additional Cys residues in the vicinity of the

P-loop, which could account for intramolecular disulfide

bridge formation with functional implications. The exis-

tence of inactive PTPs has been well documented in

mammals. These inactive enzymes can interact with sig-

naling proteins and are potential regulators of protein

phosphorylation-regulated signaling pathways by hetero-

dimerization with active counterpart PTPs (Wishart and

Dixon 1998; Gross et al. 2002; Begley and Dixon 2005;

Gingras et al. 2009; Torii 2009; Hinton et al. 2010). In fact,

physical interaction among Oca proteins has been detected

in high-throughput two hybrid and mass spectrometry

approaches (Ito et al. 2001; Collins et al. 2007). Interest-

ingly, the A. thaliana AtPFA-DSP1 may form dimers

(Aceti et al. 2008), making possible that the PFA-DSPs and

related proteins may form homo- or hetero-dimers with

regulatory functional relevance. In conclusion, our findings

outline the functional complexity, both at the molecular

and cellular levels, of the atypical dual-specificity phos-

phatases in non-metazoan organisms, which seem to have

diverged toward catalytic and non-catalytic functions. Our

results suggest physiological linkages between PFA-DSPs

and related proteins beyond their activity as phosphatases.

The identification of Oca-like proteins in different taxa

makes these proteins relevant for further studies on the

divergent functional evolution of the PTP superfamily in

non-metazoan organisms. In S. cerevisiae, the genetic

linkage found between Siw14/Oca3 and the other Oca

proteins may help in the elucidation of the physiological

function of these proteins and that of their orthologs in

other organisms, including protozoa parasites causing

infectious diseases in humans.
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