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Dual-specificity protein phosphatases (DSPs) de-
phosphorylate proteins at Ser/Thr and Tyr. FYVE do-
main is a double zinc finger motif which specifically
binds phosphatidylinositol(3)-phosphate. Here, we re-
port a novel dual specificity phosphatase that contains
a FYVE domain at the C-terminus. We designate the
protein FYVE-DSP1. Molecular cloning yielded three
isoforms of the enzyme presumably derived from al-
ternate RNA splicing. Sequence alignment revealed
that the catalytic phosphatase domain of FYVE-DSP1
closely resembled that of myotubularin, while its
FYVE domain has all the conserved amino acid resi-
dues found in other proteins of the same family. Re-
combinant FYVE-DSP1 is partitioned in both cytosolic
and membrane fractions. It dephosphorylates pro-
teins phosphorylated on Ser, Thr, and Tyr residues
and low molecular weight phosphatase substrate
para-nitrophenylphosphate. It shows typical charac-
teristics of other DSPs and protein tyrosine phospha-
tases (PTPs). These include inhibition by sodium
vanadate and pervanadate, pH dependency, and inac-
tivation by mutation of the key cysteinyl residue at the
phosphatase signature motif. Finally, PCR analyses
demonstrated that FYVE-DSP1 is widely distributed
in human tissues but different spliced forms expressed
differently. © 2000 Academic Press
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Protein phosphorylation is one of the most fundamen-
tal regulatory mechanisms in living cells. This process is
controlled by coordinate action of protein kinases and
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phosphatases (1). In the protein phosphatase superfam-
ily, protein tyrosine phosphatases (PTPs) and dual spec-
ificity phosphatases (DSPs) consist of a wide class of
proteins that have a crucial role in signal transduction
pathways regulating cell proliferation, differentiation,
and transformation (2—6). It has been estimated that
PTPs and DSPs correspond about half of the total 1000
protein phosphatases in human genome (1, 4). DSPs were
initially known as the VH1-like phosphatase (7). PTPs
and DSPs are characterized by the presence of a highly
conserved signature motif (I/V)HCXAGxxR(S/T)G, but
the sequences outside the catalytic domains are highly
diversified. Some of the enzymes contain other protein
domains, for example, transmembrane segments to-
gether with extracellular domains, endoplasmic reticu-
lum localization motifs, nuclear signal sequences, SH2
domains, cytoskeleton-like domains, and cellular retinal-
dehyde binding protein-like domains. These sequences
flanking the catalytic domain direct the enzymes to spe-
cific location and regulate their activity (8).

FYVE (Fabl, YGLO23, Vps27, and EEAL) domain is a
double zinc finger motif of ~70 amino acids and is con-
served in several proteins involved in vesicular traffic
(reviewed in 9). Like the PH domains found in protein
kinases PDK1 and PKB, FYVE domain specifically binds
3-phosphorylated phosphoinositides. FYVE domains co-
ordinate 2 Zn®" ions via 8 cysteine/histidine residues
spaced in a specific manner (CX2CX9-39CX1-3(C/H)X2-
3CX2CX4-48CX2C) (10, 11). This protein motif also con-
tains a basic amino acid patch adjacent to the 3rd cystei-
nyl residue, which is critical for binding of acidic
phosphatidylinositol(3)-phosphate (12). EEAL, a core
component of the endosome-docking apparatus, is one of
the FYVE domain-containing proteins that have been
extensively studied (13-16). The FYVE domain of EEA1
is essential for its correct targeting and endocytic func-
tion in cells since mutagenesis of the conserved (R/K)
(RIK)HHCR motif disrupted the process (12).

In the present study, we report molecular cloning
and characterization of a novel dual specificity protein
phosphatase that contain a FYVE domain at the N-ter-
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minus. As a potential target of phosphatidylinositol(3)-
phosphate, FYVE-DSP1 may have a crucial role in cell
signaling.

EXPERIMENTAL PROCEDURES

Materials. Human 293 cells were obtained from the American
Type Culture Collection. Monoclonal anti-Xpress tag antibodies were
purchased from Invitrogen. Human brain Marathon-ready cDNA
library was from Clontech. Pervanadate was made by mixing equal
moles of sodium vanadate and H,0, and incubating at room temper-
ature for 20 min before use (18). [y-*P]-ATP and para-
nitrophenylphosphate (pNPP) were purchased from Pharmacia/
Amersham and Sigma Chemical Company, respectively.

Molecular cloning of FYVE-DSP1. A search of the GenBank da-
tabase for proteins with the (I/V)HCXAGxxR(S/T)G signature motif
of protein tyrosine phosphates by using the Blast program resulted
in identification of a putative dual specificity protein phosphatase
with a designation of KIAA0371. This sequence was deposited by the
Kazusa DNA Research Institute, Chiba, Japan (19), and its identity
has not been revealed. We thus designed PCR primers with se-
quences of 5'-CCTCTTGTCATGGATGAAGAGACTCGG-3' and 5'-
GGCTCAGTGAGTCCTTGCTCC-3' to amplify a human brain
Marrathon-ready cDNA library. The PCR was run for 30 cycles with
Pfu Turbo (Stratagene) at an annealing temperature of 63°C, and the
products were cloned into EcoRV-digested pBluescript KS vector
(Stratagene). A number of clones were chosen for DNA sequence
analyses by using the automatic DNA sequencing facility at the
Vanderbilt-Ingram Cancer Center.

Expression and immunoprecipitation of FYVE-DSP1l. FYVE-
DSP1 constructs were subcloned in-frame into the pPCDNAS3.1/His C
vector (Invitrogen) that has an Xpress tag and a 6xHis tag at the
N-terminus. The Cys-to-Ser mutant form of FYVE-DSP1 was made
by mutating the cysteine in the phosphatase signature motif to
serine through PCR with appropriate primers. The mutation was
confirmed by sequencing analysis. The DNA constructs were used to
transfect 293 cells by using the FUGENESG cell transfection system
(Boehringer Mannheim). Briefly, 293 cells were grown to ~25%
confluency in DMEM supplemented with 10% fetal calf serum and 50
rg/ml each of streptomycin and penicillin. For each 150-mm plate of
cells, 60 nug of DNA and 45 pl of the FUGENEG reagent were used.
The transfected cells were cultured for 48 hr before harvesting. The
cells were lysed in Buffer A (25 mM B-glycerophosphate, pH 7.3, 2
mM B-mercaptoethanol, 1.0 mM benzamidine, 0.1 mM phenylmeth-
ylsulfonyl fluoride, 20 pg/ml leupeptin, 1 uM pepstatin A, and 1
rg/ml aprotinin) supplemented with 0.1 M NaCl and 1% Triton
X-100. Extracts were cleared by centrifugation. For immunoprecipi-
tation, cell extracts were incubated overnight with the anti-Xpress
antibody pre-bound to protein A-Sepharose. The beads were washed
three times with the above extraction buffer and used for phospha-
tase assays with *P-labled substrates as described below.

Cell fractionation and purification of FYVE-DSP1. Human 293
cells were transfected with pCDNA3/HisC-FYVE-DSPla as de-
scribed above. The cells were broken up with a Dounce glass homog-
enizer in Buffer A. Following homogenization, 0.1 M NaCl was
added, and the homogenates were centrifuged at 800g for 20 min to
spin down nuclei. The nuclear pellets were washed once with the
extraction buffer and then dissolved in SDS gel sample buffer. The
postnuclear supernatants were further centrifuged at 100,000g for
60 min. The clear supernatant was referred to as the cytosolic ex-
tracts. The pelleted membrane was washed once with Buffer A plus
0.1 M NaCl followed by centrifugation as above and then dissolved in
Buffer A supplemented with 1% Triton X-100 and was referred to as
the membrane extracts. For purification of FYVE-DSP1, the cytosolic
extracts were loaded onto an NDA-Ni-agarose column (Qiagen)
equilibrated with Buffer B (50 mM NaH,PO,/Na,HPO,, pH 7.0, 2
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mM 2-mercaptoethanol). The column was washed with Buffer B
supplemented with 0.3 M NaCl and 25 mM Imidazole-HCI, pH 7.0
and then eluted with a buffer containing 0.2 M Imidazole-HCI (pH
7.0) and 2 mM 2-mercaptoethanol. Control cells and cells transfected
with the Cys-to-Ser mutant form of FYVE-DSP1 were treated with
the same procedure.

Phosphatase assays. To determine the substrate specificity, we
employed immuno-purified FYVE-DSP1a. Three **P-labeled protein
substrates were prepared as previously described (20). Briefly, gly-
cogen phosphorylase was phosphorylated on serine by phosphorylase
kinase. Bovine lipocortin | was phosphorylated on theronine by pro-
tein kinase C. The intracellular domain of the EGF receptor
(sEGF-R) was autophosphorylated on tyrosine. The dephosphoryla-
tion reactions with FYVE-DSP1la were performed in a buffer con-
taining 25 mM Tris-HCI (pH 7.0) and 2 mM dithiothreitol for 30 min
at 37°C. The extents of the reactions were analyzed by SDS-PAGE
followed by autoradiography. Control experiments were performed
with immunoprecipitates obtained from cells transfected with the
plain vector. To analyze the phosphatase activity with a commonly
used low-molecular-weight phosphatase substrate p-NPP, NDA-Ni-
agarose-purified enzyme was used. The reactions were carried out at
different pH in the presence or absence of effectors (20).

Determination of the tissue distribution of FYVE-DSP1. To deter-
mine the expression level of FYVE-DSP1 in various tissues, we used
the Rapid-Scan Gene Expression Panels from OriGene Technologies,
Inc. This was performed by PCR with Pfu Turbo polymerase (Strat-
agene). The PCR primers were 5-CTTCCAATCCCAGTAGAT-
GCAAAAGT-3' and 5'-GGCTCAGTGAGTCCTTGCTCC-3' which
covers 1102 bp of the 3’ region of FYVE-DSP1a. The PCR was run for
35 cycles, and the conditions were 94°C for 30 s, 61°C for 30 s, and
72°C for 1.5 min. The products were analyzed on 1% agarose gel and
detected by ethidium bromide.

RESULTS

DNA and protein sequence analysis. We have
searched the GenBank database for proteins with the
(MV)HCXAGxXR(S/T)G signature motif of protein ty-
rosine phosphates by using the Blast program and
identified a putative dual specificity protein phospha-
tase with a designation of KIAA0371 (GenBank Acces-
sion No. AB002369). We thus designed specific PCR
primers to amply human brain cDNA library to obtain
the coding region of the cDNA. The PCR products were
cloned into the pBluescript KS vector, and we isolated
two types of clones with cDNA inserts of 3511 and 3484
bp. We designate them FYVE-DSPla and FYVE-
DSP1b, respectively. FYVE-DSP1a differs from FYVE-
DSP1b by a 27 bp insert at 3’ region. Both are essen-
tially identical to the sequences of KIAA0371 in the
GenBank database except that the latter has a 111 bp
insert at the 3’-end compared with FYVE-DSP1b.
These cDNAs likely represent alternately spiced prod-
ucts of a single gene. We tentatively designate
KIAAO0371 as FYVE-DSP1c. The nucleotide sequences
of FYVE-DSPla, FYVE-DSPlb, and FYVE-DSPic
have been deposited in the GenBank database
under accession numbers AF233436, AF233437, and
AF233438, respectively. The amino acid sequences de-
duced from the three DNA sequences are presented in
Fig. 1. The open reading frame of FYVE-DSPla
encodes a protein of 1170 amino acid residues,
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FIG. 1. Amino acid sequences of the three forms of FYVE-DSP1. The entire sequence of FYVE-DSP1a was shown the top. “:” denotes
identical amino acid residues, and “—" represents gaps. The PTP and DSP signature motif is boldface and the FYVE domain is

underlined.

while FYVE-DSP1b has 1161 amino acid residues.
KIAA0371 (FYVE-DSP1c) encodes a protein of 1198
amino acid residues. Except for certain gaps and in-
serts at the C-terminus, the three protein sequences
are identical. At the +4 and —3 positions from the
predicted ATG initiation codon of FYVE-DSP1 cDNA
are G nucleotides that conforms well to requirements
for efficient translation as defined by Kozak (21). In
addition, the ATG codon is preceded by an in-frame

termination codon at nucleotide —18, further support-
ing validity of the ATG being the translation initiator
of FYVE-DSP1 gene products. Protein sequence anal-
ysis revealed that the FYVE-DSP1 gene products
contained no hydrophobic transmembrane or signal
sequences. Therefore, they likely represent non-
transmembrane intracellular proteins. Sequence anal-
ysis also revealed that FYVE-DSP1 contained the sig-
nature motifs for PTPs and DSPs. Comparison of
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A S8equence alignment of FYVE-DSP1 with myotubularin

FYVE-DSP1 53 IALSNYRLHIKFKES----LVNVPLQLIESVEC-----—-- RDIFQLHLTCKDCKVIRCQ 100
+ ++NYRL+++ E+ +++VPL +I +E + + L +TCKD + +R
MTM1 63 VYITNYRLYLRSLETDSSLILDVPLGVISRIEKMGGATSRGENSYGLDITCKDMRNLRFA 122
FYVE-DSP1 101 FSTFEQCQEWLKRLNNAIRPPAKIEDLFSFAY-HAWCMEVYASEKEQHGDLCRPGEHVTS 159
LK+ ++ R +I ++F H+ + + +E++ + D G VvV +
MTM1 123 ———-----—- LKQEGHSRRDMFEILTRYAFPLAHSLPLFAFLNEEKFNVD----GWTVYN 168
FYVE-DSP1 160 RFKNEVERMGFDMNNAWRISNINEKYKLCGSYPQELIVPAWITDKELESVSSFRSWKRIP 219
+E R G N+ WRI+ IN+ Y+LC +YP L+VP +D +L V++FRS RIP
MTM1 169 PVE-EYRRQGLP-NHHWRITFINKCYELCDTYPALLVVPYRASDDDLRRVATFRSRNRIP 226
FYVE-DSP1 220 AVIYRHQSNGAVIARCGQPEVSWWGWRNADDEHLVQSVAKACASDSRSSGSKLSTRNTSR 279
++ H N VI RC QP V G RN DDE + + R T++
MTM1 227 VLSWIHPENKTVIVRCSQPLVGMSGKRNKDDEKYLDVI---~-—~-—-mmmmmm RETNK 269
FYVE-DSP1 280 DFPNGGDLSDVEFDSSLSNASGAESLATQPQKLLILDARSYAAAVANRAKGGGCECPEYY 339
Q KL I DAR AVAN+A GGG E + Y
MTM1 270 ——mm e QISKLTIYDARPSVNAVANKATGGGYESDDAY 301
FYVE-DSP1 340 PNCEVVFMGMANIHSIRRSFQSLRLLCTQMPDPGNWLSALESTKWLHHLSVLLKSALLVV 399
N E+ F+ + NIH +R S + ++ + + +WLS+LEST WL H+ ++L A+ V
MTM1 302 HNAELFFLDIHNIHVMRESLKKVKDIVYPNVEESHWLSSLESTHWLEHIKLVLTGAIQVA 361
FYVE-DSP1 400 HAVDQDQRPVLVHCSDGWDRTPQIVALAKLLLDPYYRTIEGFQVLVEMEWLDFGHKFADR 459
v + VLVHCSDGWDRT Q+ +LA L+LD +YR+IEGF++LV+ EW+ FGHKFA R
MTM1 362 DKVSSGKSSVLVHCSDGWDRTAQLTSLAMLMLDSFYRSIEGFEILVQKEWISFGHKFASR 421
FYVE-DSP1 460 CGHGENSDDLNERCPVFLQWLDCVHQLQRQFPCSFEFNEAFLVKLVQHTYSCLFGTFLCN 519
GHG+ + +R P+FLQ++DCV Q+ +QFP +FEFNE FL+ ++ H YSC FGTFL N
MTM1 422 IGHGDKNHTDADRSPIFLQFIDCVWOMSKQFPTAFEFNEQFLIIILDHLYSCRFGTFLFN 481
FYVE-DSP1 520 NAKERGEKHTQERTCSVWSLLRAGNKAFKNLLYSSQSEAVLYPVCHVRNLMLWSAVYL 577
R + ERT S+WSL+ + + FKN Y+ + VLYPV +R+L LW Y+
MTM1 482 CESARERQKVTERTVSLWSLINSNKEKFKNPFYTKEINRVLYPVASMRHLELWVNYYI 539

B Sequence alignment of FYVE domains

FYVE-DSP1la WLPDHLAAHCYACDS-AFWLASRKHHCR<9>NCGNVFCS---SCCNQKVPVPSQQLFEPSRVCKSCY
FYVE-DSP1b WLPDHLAAHCYACDS-AFWLASRKHHCR---NCGNVFCS---SCCNQKVPVPSQQLFEPSRVCKSCY

P235
SARA
EEA1
Vps27p
Hrs
FAB1
VACT
YOTB

FIG. 2.

WMPDSQCKECYDCSE~KFTTFRRRHHCR---LCGQIFCS - - -RCCNQEIPGKFMGYTGDLRACTYCR
WVPDSQAPNCMKCEA -RFTFTKRRHHCR---ACGKVFCA - - -SCCSLKCKLLYMDRKE-ARVCVICH
WAEDNEVQNCMACGK-GFSVTVRRHHCR---QCGNIFCA -~ -ECSAKNALTPSSK--KPVRVCDACF
W-IDSD--ACMICSK~KFSLLNRKHHCR---SCGGVFCQ---EHSSNSIPLPDLGIYEPVRVCDSCF
WV-DAE--ECHRCRV-QFGVMTRKHHCR---ACGQIFCG~--KCSSKYSTIPKFGIEKEVRVCEPCY
WMKDESSKECFSCGK-TFNTFRRKHHCR---ICGQIFCS--~SCTLLIDGDR-FGCHAKMRVCYNCY
WRDDRSVLFCNICSE-PFGLLLRKHHCR---LCGMVVCD<4>NCSNEISIG<22>IPISIRLCSHCI
WVPDGEAVKCMVCGKTQFNLVQRRHHCR---NCGRVVCG---ACSSRTFRIDNVHK-KPVRVCDHCF

(A) Sequence alignment of FYVE-DSP1 with myotubularin. Identical amino acid residues are shown in the middle. “+” denotes

similar residues. (B) Sequence alignment of FYVE domains. Conserved amino acid residues are boldface.

FYVE-DSP1 protein sequences with those in the pro-
tein databanks by using the BLAST program revealed
that FYVE-DSP1 showed ~37% sequence identity (out
of 525 amino acid residues) to MTM1gene product myo-
tubularin (22), but it had no significant overall se-
quence homology to other PTPs and DSPs (Fig. 2A).
More interestingly, the C-terminus of the FYVE-DSP1
contained a motif resembles the recently defined as
FYVE domain. Figure 2B shows the sequence align-
ment of the FYVE domain of FYVE-DSP1 with those of
P235 (23), SARA (24), EEA1 (13), Vps27 (25), Hrs (26),
Vacl (27), FAB1 (28), and YOTB (29) in the region. The
FYVE domains of FYVE-DSP1 shares the highest se-
guence identity (40%) with that of P235 (23), a recently
cloned phosphoinositide kinase, and it has all the con-
served amino residues required for the FYVE domain.

Note that FYVE-DSPla has a 9 amino acid insert in
the region.

Substrate specificity of FYVE-DSP1. Our sequence
analysis revealed that FYVE-DSP1 is a putative DSP
sharing significant sequence homology with myotubu-
larin. Myotubularin has been shown to hydrolyze both
phosphotyrosine and phosphoserine residues in vitro
(30, 31). To confirm the activity of FYVE-DSP1, we
expressed FYVE-DSPla as a recombinant protein in
human 293 cells. The recombinant protein was immu-
nopurified through the Xpress tag located at the
N-terminus. We used three protein substrates to ana-
lyze its phosphatase activity. As shown in Fig. 3,
FYVE-DSPla was able to efficiently dephosphorylate
serine-phosphorylated glycogen phosphorylase, threo-
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FIG. 3. Substrate specificity of FYVE-DSP1. Immunopurified
FYVE-DSP1a on beads were incubated with **P-labeled glycogen
phosphorylase (A), lipocortin | (B), and SEGF-R (C). Dephosphoryla-
tion of the proteins was determined by autoradiography after sepa-
ration on SDS gel.

nine-phosphorylated lipocortin I, and tyrosine-phos-
phorylated sEGF-R. We also obtained similar results
with the enzyme purified from NDA-Ni-agarose col-
umn (data not shown). These data indicate that FYVE-
DSP1la behaves as a typical DSP, displaying activity
toward Ser/Thr- and Tyr-phosphorylated proteins.

Subcellular fractionation and purification of FYVE-
DSP1. Fractionation of lysates of 293 cells trans-
fected with FYVE-DSP1la followed by Western blot
analysis revealed that the enzyme was distributed in
the cytosolic and membrane fractions with a ratio of
approximately 6:4 (Fig. 4A). The enzyme was absent in
the nucleus. The membrane localization might be at-
tributable to the FYVE domain. Since the recombinant
protein had a 6X His tag attached to the N-terminus,
the enzyme in the cytosolic fraction was purified by
using a single NDA-Ni-agarose column. The purity is
over 90% with a yield of 50 ug from 4 plates (150 mm)
of transfected cells (Fig. 4B). The enzyme in the mem-
brane fraction was also separated by the same proce-
dure, but the purity and yield were significantly lower
(data not shown). Cytosolic extracts from cells trans-
fected with FYVE-DSP1b and Cys-to-Ser mutant forms
of FYVE-DSP1la and 1b went through the same chro-
matographic procedure and gave rise to a similar de-
gree of purification (not shown). The purified cytosolic
enzymes were used for the preliminary characteriza-
tion as described below. Samples obtained through
same procedure from plain vector-transfected cells
were used as control. No detectable phosphatase activ-
ity was obtained with the control samples.

Biochemical characterization of FYVE-DSP1. We
used the NDA-Ni-agarose-purified enzyme for bio-
chemical characterization of FYVE-DSP1. We em-
ployed the most commonly used protein phosphatase
substrate, pNPP. Figure 5A shows the pH-dependence
of FYVE-DSP1la. Most of PTPs and DSPs which have
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been characterized displayed optimal pH of around 5
with pNPP as a substrate (20, 32-36). This also applies
to FYVE-DSPla that had sharp pH optima of 4.5.
Another common feature of DSPs and PTPs are their
sensitivity to sodium vanadate and pervanadate. As
expected, FYVE-DSP1a activity was nearly abolished
by 1 mM Na,;VO, or 0.1 mM pervanadate (Fig. 5B). In
contrast, microcystin, which is able to sufficiently in-
hibit ppl and pp2a at nanomolar concentrations, failed
to show any inhibitory effects at a concentration of as
high as 20 uM. All these data suggest that FYVE-
DSPla has the typical biochemical properties of com-
mon DSPs and PTPs. The cysteinyl residue at the
signature motif of PTPs and DSPs is involved in the
formation of a thiophosphate intermediate in the cat-
alytic reactions (2, 3). Mutation of the residue causes
total loss of enzymatic activity. This is proven to be
true for FYVE-DSP1 also. Mutation of the cysteinyl
residue to a seryl residue resulted in total inactivation
of FYVE-DSP1la and FYVE-DSP1b (Fig. 5C).

Distribution of FYVE-DSP1 in human tissues. To
study the tissue expression of FYVE-DSP1, we used
PCR to amplify single-strand cDNAs from 24 human
tissues. These included brain, heart, kidney, spleen,
liver, colon, lung, small intestine, muscle, stomach,
testis, placenta, salivary gland, thyroid gland, adrenal
gland pancreas, ovary, uterus, prostate, skin, periph-
eral blood, bone marrow, fetal brain, and fetal liver
(Fig. 6). FYVE-DSP1 was express in most of the tissues
checked except for salivary gland and pancreas. In
most cases, the PCR products had the same size as that

q‘f”

kDa i

ol
2(:;:{ E
45—E

29 —

21 21 —

FIG. 4. Subcellular fractionation and purification of recombi-
nant FYVE-DSPla. Human 293 cells were transfected with the
pCDNA3.1/HisC-FYVE-DSP1la plasmid. (A) Cytosolic, membrane,
and nuclear extracts were obtained as described under Experimental
Procedures. Equal proportions of the extracts were separated on SDS
gel, and expression of FYVE-DSP1la were detected by Western blot-
ting with anti-Xpress antibody. (B) SDS gel separation of NDA-Ni-
agarose-purified samples from cytosolic extracts of 293 cells trans-
fected with control vector or with the FYVE-DSP1a construct. Gels
were stained with Coomassie brilliant blue R-250.
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FIG. 5. Factors affecting activity of FYVE-DSP1. NDA-Ni-agarose-purified FYVE-DSP1la was analyzed with 10 mM pNPP at different
pH (A) or at pH 5.0 in the presence of 1 mM Na,;VO,, 0.1 mM pervanadate, or 20 uM microcystin (B). (C) Comparison of the activities of
FYVE-DSP1a, FYVE-DSP1b, and their C-to-S mutant forms determined at pH 5.0 with 10 mM pNPP as a substrate. All the proteins were
purified from NDA-Ni-agarose with similar degrees of purity.

obtained with the FYVE-DSPla cDNA plasmid. Se- Interestingly, unlike rest of the tissues, testis and pros-
guence analyses of the PCR products confirmed that tate gave rise to PCR products with a slightly larger
the products indeed corresponded to FYVE-DSPla. molecular size. DNA sequencing revealed that all the
FYVE-DSP1b was also present in the products, but as products in testis and most of products in prostate
a minor form which is hardly detected by sequencing. corresponded to the FYVE-DSP1c isoform with a minor
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FIG. 6. Distribution of FYVE-DSP1 in 24 human tissues. First-strand cDNAs at a concentration of 100X (OriGene Technologies, Inc.)
were amplified by PCR with a pair of specific primers derived from FYVE-DSP1. PCR products were resolved on 1% agarose gel, and DNA
products were detected with ethidium bromide. Reversed photo images were shown.
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FYVE-DSP1la form in prostate. Although the level of
FYVE-DSP1 in these tissues is hard to be ascertained
since PCR is not necessarily quantitative, the data at
least indicate that FYVE-DSPs is widely expressed and
alternately spliced forms of the enzyme are differently
expressed. This is indicative of the general importance
of the enzyme in cell function.

DISCUSSION

We have identified a novel dual specificity phospha-
tase which we designate FYVE-DSP1. FYVE-DSP1 has
a highly conserved signature motif found in PTPs and
DSPs. Our preliminary characterization of recombi-
nant FYVE-DSP1 expressed in human 293 cells re-
vealed that it has all the typical biochemical properties
of DSPs. FYVE-DSP1 shares significant overall se-
guence homology with myotubularin in the catalytic
domain but has essentially no sequence identity with
other DSPs outside of the PTP/DSP signature motif.
Therefore, FYVE-DSP1 and myotubularin form a dis-
tinct subfamily of DSPs. Unlike the common PTPs
which have a conserved stretch catalytic domain of
~230 amino acid residue with several highly conserved
regions including the HCSAGXGRXG signature motif
and the WPD loop, DSPs seem to have very limited
sequence identity outside the signature motif (2—6).
The enzymes acting on the MAP kinase superfamily
forms so far the largest subfamily of DSPs. These in-
clude VHR (37), CL100 (MKP-1) (38, 39), PAC1 (40),
MKP-2 (hVH2, TYP-1) (41), hVH3 (B23) (42), hVH5
(M3/6) (43), MKP-3 (Pystl, rVH®6) (44, 45), Pyst2 (46),
and MKP-4 (Pyst3) (47), MKP-5 (48). They share over
35% sequence identity in their catalytic domains.
PTEN and Cdi-1 make up of another subgroup of DSPs
(49). PTEN has been shown to dephosphorylate both
protein and phosphoinositide substrates (50, 51), and
more importantly, it acts as a tumor suppressor (52)
Myotubularin has been shown to be a DSP and is
responsible for X-linked recessive myotubular myop-
athy (MTMZ1) which is characterized by severe hypoto-
nia and generalized muscle weakness with impaired
maturation of muscle fibers (22). The important role of
FYVE-DSP1 as a DSP is to be explored.

A distinct structural feature of FYVE-DSP1 is that it
has a FYVE domain at the C-terminus. FYVE domain is
a recently described double zinc finger motif which spe-
cifically binds phosphatidylinositol(3)-phosphate (9).
Phosphoinositides phosphorylated at the 3 position of
inositol plays key roles in receptor signaling at the
plasma membrane and in membrane trafficking within
the cell (53-56). Phosphatidylinositol (3,4)bisphosphate
[P1(3,4)P,] and phosphatidylinositol (3,4,5)trisphosphate
(PIP;) produced by class | and Il phosphoinositide
3-kinases (P13Ks) and type Il phosphatidylinositol phos-
phate kinases (PIPKs) (54). They are best known for their
roles in receptor signaling by activating the protein Ki-
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nases PDK1 and PKB through binding to the pleckstrin
homology (PH) domains of the kinases (53, 55). Phospha-
tidylinositol 3-phosphate (P13P), which is the product of
Vps34p and related class 111 PI3Ks (54), have a pivotal
role in regulating membrane trafficking (56). PI3P has
also been shown to play a role in signal transduction in
insulin regulation of adipocytes (23) and in action of
TGF-B (24). FYVE domain is the principal cellular recep-
tors for the singly phosphorylated PI, PI3P (9, 11). Spe-
cific binding of PI3P by FYVE domains has recently been
demonstrated in many studies and was shown to be im-
portant for the correct targeting and functions of the
FYVE domain-containing proteins (reviewed in 9). The
structural feature of FYVE-DSP1 suggests that it is a
target of PI3P. Activation of PI3K accompanied by pro-
duction of 3-phosphorylated phosphoinositides consists of
a major signaling pathway. Protein phosphorylation on
Ser/Thr as well on Tyr is a major event in the process.
Undoubtedly, as a DSP, FYVE-DSP1 should have a cru-
cial role in regulating the process.

Most of the previously described DSPs have been
shown localized in cytosol and/or in the nucleus. For
example, CL100/MKP-1, PAC1, MKP-2/hVH2/TYP-1,
and hVH3/B23 localize in the nucleus (38-42),
whereas MKP-3/Pyst1/rVH6, Pyst2, and MKP-4/Pyst3
localize in the cytosol (43—-47). MKP-5 localized both in
the cytosol and the nucleus (48). These enzymes have
distinct substrate specificity, tissue distributions, and
response to different stimuli. Our study showed that
FYVE-DSP1 is distributed in both cytosolic and mem-
brane fractions. This makes FYVE-DSP1 a unique
player that may have an important role on cell mem-
branes. The membrane localization is presumably at-
tributable to the FYVE domain that potentially binds
phosphoinositides. While MPK family DSPs seem to
act on the MAP kinase superfamily, its FYVE domain
naturally links FYVE-DSP1 to the PI3K signaling
pathway.
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