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We have cloned a cDNA encoding a novel protein
harbin with a homology to inositol polyphosphate
-phosphatases. Pharbin contains relatively well-con-
erved catalytic motifs for 5-phosphatase, a proline-
ich sequence corresponding to the SH3-binding mo-
if, and a sequence consistent with the CaaX motif at
he C-terminus. COS-7 cells transfected with pharbin
xhibited elevated hydrolytic activity on the 5-phos-
hate group of inositol 1,4,5-trisphosphate, inositol
,3,4,5-tetrakisphosphate, and phosphatidylinositol
,5-bisphosphate. Thus, pharbin indeed serves as an
nositol polyphosphate 5-phosphatase. When pharbin
as transfected to C3H/10T1/2 fibroblasts, it was lo-

ated to the plasma membrane-associated structures
ncluding membrane ruffles. The cells were converted
o dendritic forms within 24 h. The protein with de-
eted or point-mutated CaaX motif hardly induced the
endritic forms but remained associated with the
embranes. These results imply that the CaaX motif is

equired for the morphological alteration but that
ome other structural element is likely to also be respon-
ible for the membrane localization. © 1999 Academic Press

Inositol phospholipids and their metabolites inositol
olyphosphates play essential roles in a variety of cel-
ular functions (1–3). Inositol polyphosphate 5-phos-
hatases (IP5Pases) hydrolyze 5-position phosphate
roup of water-soluble inositol phosphates and corre-
ponding phospholipids. They are categorized into
hree groups according to their substrate specificity (4,
). Group 1 includes the type I IP5Pases that hydrolyze
nly water-soluble inositol 1,4,5-trisphosphate (Ins
,4,5-P3) and inositol 1,3,4,5-tetrakisphosphate (Ins
,3,4,5-P4) (6, 7). Considering the roles of these sub-

1 To whom correspondence should be addressed at Department
f Biology, Faculty of Science, Chiba University, 1-33 Yayoicho,
nageku, Chiba, Chiba 263-8522, Japan. Fax: 181-43-290-3911.
-mail: tendo@cuphd.nd.chiba-u.ac.jp.
188006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
trates in Ca mobilization from Ca stores, primary
unction of the enzymes is likely to terminate the Ca21

obilization signaling. Group 2 enzymes hydrolyze the
bove soluble inositol polyphosphates and their corre-
ponding lipids phosphatidylinositol 4,5-bisphosphate
PtdIns 4,5-P2) and PtdIns 3,4,5-P3. These enzymes
nclude type II IP5Pases (8–10), OCRL (11, 12), and
ynaptojanin (13–15). PtdIns 4,5-P2 and PtdIns
,4,5-P3 are implicated in signaling in many aspects
ot only through their regulated hydrolysis to generate
econd messengers but also by interaction with various
roteins (2, 3). Thus, the group 2 enzymes may regu-
ate a variety of these functions. The type II enzymes
s well as the type I phosphatases seem to be associ-
ted with membranes presumably through an isopre-
yl group attached to the cysteine residue in the
-terminal CaaX motif (9, 10, 16). Group 3 includes
HIP and related enzymes, which hydrolyze exclu-
ively the substrates with 3-position phosphate, PtdIns
,4,5-P3 and Ins 1,3,4,5-P4 (17–20). The substrate spec-
ficity suggests that the enzymes participate in the
egulation of Ca21-independent protein kinase C activ-
ty and Akt/PKB pathway.

We have cloned a cDNA encoding a protein with a
omology to known IP5Pases and conserved 5-phos-
hatase motifs. This protein designated as pharbin
lso contains a putative SH3-binding motif and a pu-
ative CaaX motif. As pharbin hydrolyzed the 5-phos-
hate group of Ins 1,4,5-P3, Ins 1,3,4,5-P4, and PtdIns
,5-P2, it indeed acts as an IP5Pase. Remarkably, over-
xpression of this protein resulted in a dendritic cell
orphology. The CaaX motif seems to be required for

he morphological alteration.

ATERIALS AND METHODS

cDNA cloning and sequencing. The constitutively activated form
f the small GTPase M-RasG22V was expressed as the glutathione
-transferase (GST)-fusion protein in E. coli (21). The rat brain
DNA expression library constructed in lZAPII (presented by Dr. K.
atanabe) was screened with the [a]32P]GTP-labeled GST-M-RasG22V
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FIG. 1. Nucleotide sequence and predicted amino acid sequence of rat pharbin. The amino acid sequences downstream and upstream of
he putative initiation codon (A58TG) are inscribed with capital and lowercase letters, respectively. The amino acid representing the putative
nitiation codon is numbered as 1. Single underlines represent the region homologous to type II IP5Pase. Double underlines indicate the

otifs 1 and 2 defining 5-phosphatase domain. A dashed and a thick single underlines denote the SH3-binding and the CaaX motifs,
espectively. A dotted underline in the 39 untranslated region indicates the poly(A) addition signal. The nucleotide sequence data will appear
n the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession number AB026288.
189
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ccording to Manser et al. (22). Nucleotide sequence of cloned cDNAs
as determined with LI-COR 4000 automated DNA sequencing sys-

em. The nucleotide and amino acid sequences were analyzed by
ENETYX-Mac softwares (Ver. 10.1, Software Development Co.).

Phosphatase assay. The pharbin cDNA was subcloned in frame to
he Myc-epitope-tag in SmaI site of pCMVmyc vector (21). COS-7
ells were transfected with the recombinant plasmid or the empty
ector by electroporation with BioRad Gene Pulser II System. Two
ays after the transfection, the cells were harvested and lysed with
he lysis buffer (150 mM NaCl, 40 mM Tris-HCl (pH 7.6), 2 mM
DTA, 1% Triton X-100, 10 mg/ml leupeptin, and 10 mg/ml aproti-
in). The cells were briefly sonicated and centrifuged at 10,000g for
0 min. The supernatant was applied for immunoprecipitation with
he anti-Myc monoclonal antibody (mAb) Myc1-9E10 (23) and Im-
unoPure Immobilized Protein A (Pierce). Assay for IP5Pase was

arried out as described (24) by using [3H]Ins 1,4,5-P3 and [3H]Ins
,3,4,5-P4. The inositol polyphosphates were fractionated by HPLC
ccording to Zhang and Buxton (25), and the radioactivity of each
raction was quantitated by liquid scintillation counting. For the
ssay of [3H]Ins 1,3,4-P3 hydrolyzing activity, the 5-phosphate of

3H]Ins 1,3,4,5-P4 was hydrolyzed with recombinant SHIP protein
nd the resulting [3H]Ins 1,3,4-P3 was used as a substrate. Phospha-
ase activity to [3H]PtdInd 4,5-P2 was determined as described (26).
adiolabeled lipids were extracted, resolved by thin-layer chroma-

ography (TLC), and detected by fluorography after treating the TLC
late with ENH3ANCE Spray (NEN Life Science Products, Inc.).

FIG. 2. Comparison of the amino acid sequence of pharbin with
and 2. Amino acids at positions of .50% identity are shown in wh
f, dog; Mm, mouse. (B) Amino acid sequences of pharbin and a put
re shown in white on black. Note that the C-terminal CaaX motif i
190
Epitope tagging and transfection. To delete the CaaX motif, the
9 SacI fragment containing the DNA sequence corresponding to the
-terminal 9 amino acids was removed from the pharbin cDNA. A
oint mutation of the Cys residue in the CaaX motif to Ser was
ntroduced in the cDNA by using Transformer site-directed mu-
agenesis kit (Clontech Laboratories, Inc.). The cDNAs of the dele-
ion mutant (pharbinDCaaX) and the point mutant (pharbinC624S)
ere subcloned in frame to the Myc-epitope-tag in SmaI site of the
CMVmyc vector. C3H/10T1/2 cells cultured on glass coverslips were
ransfected with the recombinant plasmids by calcium phosphate-
ediated method as described (27). The cells were doubly stained
ith the Myc1-9E10 to detect the Myc-epitope-tag and with

hodamine-phalloidin. They were examined with a Zeiss Axioskop
icroscope equipped with phase-contrast and epifluorescence optics

21, 27).

ESULTS AND DISCUSSION

Structural properties of pharbin. During an at-
empt to identify proteins interacting with M-Ras, a
ecently identified Ras family small GTPase (21), sev-
ral cDNAs encoding novel proteins were cloned from
he rat brain cDNA expression library. One of the
DNAs was 2.75 kb and its longest open reading frame
oded for a novel 627-amino acid protein with a calcu-

se of known IP5Pases. (A) Amino acid sequences around the motifs
on black. Abbreviations of animal species are: Rn, rat; Hs, human;
e IP5Pase U45974. Amino acids identical between the two proteins
resent in pharbin but not in U45974.
tho
ite
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ated molecular mass of 70,087 Da (Fig. 1) (DDBJ/
MBL/GenBank accession number AB026288). We

urther screened ;1 3 106 plaques of the cDNA library
ith this cDNA to obtain longer cDNAs. Among the

lones that we acquired, three clones were identical to
he above one, and they contained the longest 59 un-
ranslated region. Accordingly, although no inframe

FIG. 3. IP5Pase activity of pharbin to soluble inositol polyphos
mmunoprecipitated Myc-tagged pharbin, Myc-tagged SHIP, or Myc-
cintillation counting. (A) Phosphatase activity to Ins 1,4,5-P3. [3H]In
solid circles and solid lines) or with immunoprecipitated Myc-tag (c
ositions of Ins 1,4-P2 and Ins 1,4,5-P3, respectively. (B) Phospha
mmunoprecipitated Myc-tagged pharbin (solid circles and solid lines
ines). The two peaks represented the positions of Ins 1,3,4-P3 and
3H]Ins 1,3,4,5-P4 was incubated with immunoprecipitated Myc-tagg
ipitated Myc-tagged SHIP (open circles and broken lines). The pe
hosphatase activity to Ins 1,3,4-P3.
191
ermination codon was present upstream of the first
58TG in these clones, this might represent the initia-

ion codon. The amino acid sequence of the open read-
ng frame exhibited 27–36% identity over 220–290
mino acids to the known IP5Pases except for type I
P5Pases. The conserved two motifs, WXGDXNXR and
XWCDRXL, defining 5-phosphatase domain (28)

tes. [3H]Ins 1,4,5-P3 or [3H]Ins 1,3,4,5-P4 was incubated with the
. The products were fractionated by HPLC and quantitated by liquid
,4,5-P3 was incubated with immunoprecipitated Myc-tagged pharbin
trol, open circles and broken lines). The two peaks represented the

activity to Ins 1,3,4,5-P4. [3H]Ins 1,3,4,5-P4 was incubated with
with immunoprecipitated Myc-tag (control, open circles and broken

s 1,3,4,5-P4, respectively. (C) Phosphatase activity to Ins 1,3,4-P3.
HIP and pharbin (solid circles and solid lines) or with immunopre-
represented the position of Ins 1,3,4-P3. Pharbin did not exhibit
pha
tag
s 1
on

tase
) or
In

ed S
ak
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ere also detected in this homology region (Fig. 2A).
hus, we designated this protein as pharbin (a
-phosphatase that induces arborization, see below).
he human EST clone U45974 contains a partial cod-

ng sequence for a putative IP5Pase lacking the
-terminal region. A part of its amino acid sequence
as very similar (86.3% identical over 175 amino acids)

o that of pharbin, and the two phosphatase domain
otifs were identical between these two proteins (Fig.

B). Only pharbin and U45974 possessed specific Tyr
n the motif 2 instead of Trp among IP5Pases (Fig. 2A).

Pharbin contained upstream of the 5-phosphatase
omology region a Pro-rich sequence corresponding to
he Class II consensus of Src homology 3 (SH3)-bind-
ng motif (29, 30). The C-terminus of pharbin ended
ith -CTVS, which seems to correspond to CaaX motif
resent in type I and II IP5Pases. The CaaX motif (C,
ys; a, aliphatic amino acid; X, any amino acid) is a
ignal for three types of posttranslational modifica-
ions, i.e., isoprenylation, proteolytic processing, and
ethylation (31, 32). An isoprenoid (either farnesyl or

eranylgeranyl group) added to the Cys residue is re-
ponsible for membrane association. The C-terminal
esidue of the CaaX motif, or the “X”, in general deter-
ines which isoprenoid is added to the Cys residue.
hen “X” is Ser, Met, or Gln, the CaaX motif is recog-

ized by farnesyltransferase, whereas Leu at this po-
ition results in modification by geranylgeranyl-
ransferase-I (31, 32). Thus, pharbin is likely to be
arnesylated as is type I IP5Pase, which ends with -CVVQ
16). On the other hand, type II IP5Pase with the
-terminus of -CNPL is postulated to be geranylgera-
ylated (9).
Although pharbin and U45974 exhibited high homol-

gy in the 5-phosphatase homology region, they were
iverged upstream of the motif 1 (Fig. 2B). In addition,
he C-terminus of U45974 was 49 amino acids longer
han that of pharbin and did not contain CaaX motif.
hese facts suggest that U45974 is not a human or-
holog of pharbin but that they are distinct proteins
ven if they share substrate specificity. The relation-
hip between pharbin and U45974 appears to be sim-
lar to that between type II IP5Pase and OCRL because
he latter two enzymes show high homology only in the
-phosphatase homology region and the type II enzyme
ut not OCRL contains CaaX motif.

IP5Pase activity of pharbin. To address whether
harbin possessed IP5Pase activity, Myc-tagged phar-
in was exogenously expressed in COS-7 cells by trans-
ection. The Myc-tagged pharbin was immunoprecipi-
ated with the anti-Myc mAb Myc1-9E10 and analyzed
or phosphatase activity to Ins 1,4,5-P3 and Ins
,3,4,5-P4 by fractionating through HPLC (Figs. 3A
nd 3B). Pharbin hydrolyzed 5-position phosphates of
oth the inositol polyphosphates, whereas immunopre-
ipitate of the transfectant with the empty vector did
192
ot exhibit the phosphatase activity. Ins 1,3,4-P3,
hich was produced by hydrolyzing Ins 1,3,4,5-P4 with

he group 3 5-phosphatase SHIP, was not hydrolyzed
y pharbin (Fig. 3C). These results indicate that phar-
in indeed exhibits IP5Pase activity and acts exclu-
ively on a 5-position phosphate group.
Next, 5-phosphatase activity of the immunoprecipi-

ated pharbin to the lipid PtdIns 4,5-P2 was deter-
ined by TLC. Pharbin but not a mock transfectant

ydrolyzed PtdIns 4,5-P2 to generate PtdIns 4-P (Fig.
). Thus, pharbin acts as a 5-phosphatase on not only
he water-soluble but also the lipid substrates, and
onsequently may belong to the group 2. Considering
he diversity in the two phosphatase domain motifs
etween pharbin and the known group 2 enzymes,
owever, catalytic efficiency to the four substrates
ight be varying between pharbin and the known

roup 2 enzymes. In fact, relative catalytic efficiency to
he four substrates is distinct even among the known
roup 2 enzymes (12). It is of interest to determine
hether U45974, which has two phosphatase domain
otifs identical to those of pharbin, exhibits substrate

pecificity identical or very similar to that of pharbin.

Localization and a cellular effect of pharbin. Since
harbin contains a putative CaaX motif at the
-terminus, we examined whether pharbin was lo-
ated to cellular membranes. The recombinant plasmid
xpressing N-terminal Myc-epitope-tagged pharbin
as transfected to 10T1/2 fibroblasts. In addition to a
iffused cytoplasmic distribution, pharbin was charac-
eristically concentrated on the plasma membrane-
ssociated structures including membrane ruffles by
h after the transfection (Fig. 5a). Actin was colocal-

zed with pharbin on these membrane-associated
tructures as determined by rhodamine-phalloidin
taining (Fig. 5b). The cells tended to be elongated and

FIG. 4. IP5Pase activity of pharbin to PtdIns 4,5-P2. [3H]PtdIns
,5-P2 was incubated with immunoprecipitated Myc-tagged pharbin
r Myc-tag (control). The products were resolved by TLC and de-
ected by fluorography.
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etracted (Fig. 5c) and showed arborized or dendritic
gures by 24 h after the transfection (Fig. 5d). The
rborization became more prominent with the lapse of
ime, and the whole cell bodies turned to long and thin
ranched protrusions. Pharbin remained associated
ith the plasma membrane in the arborized cells (Figs.
c and 5d). Pharbin diffusely distributed in the cyto-
lasm and that located to the membrane-associated
tructures may be responsible for the hydrolysis of
he soluble inositol polyphosphates and that of the
embrane-associated lipid substrates, respectively.
his postulation is corroborated by the finding that
limination of the membrane-targeting motifs of type

FIG. 5. Localization of pharbin and induction of dendritic forms
harbin, pharbinDCaaX, and pharbinC624S were transfected to 10T1/2
mmunostaining with the mAb Myc1-9E10. (a and b) Cells expressing

yc1-9E10 (a) and rhodamine–phalloidin (b). (c) Cells expressing pha
he transfection. (e) Cells expressing pharbinDCaaX, 24 h after the tr
ar, 20 mm.
193
I IP5Pase results in the shift of the activity from
embranes to the cytosol (10).
To determine whether the CaaX motif was responsi-

le for the membrane localization and the morpholog-
cal alteration, pharbin with the deletion mutation
pharbinDCaaX) and that with the point mutation
pharbinC624S) in the CaaX motif were expressed. Both
he mutant proteins remained associated with the
lasma membrane but scarcely affected the cell shape
Figs. 5e and 5f ). Expression of the wild-type and the

utated pharbin tagged with green fluorescent protein
GFP) at the N-terminus showed the localization and
he cell shape indistinguishable from those induced by

pharbin. The recombinant plasmids expressing Myc-epitope-tagged
roblasts. Cells expressing the exogenous pharbin were detected by
arbin, 8 h after the transfection. The cells were doubly stained with

n, 12 h after the transfection. (d) Cells expressing pharbin, 24 h after
fection. (f) Cells expressing pharbinC624S, 24 h after the transfection.
by
fib
ph

rbi
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he Myc-tagged protein (data not shown). These results
eem to imply that a mechanism other than isopreny-
ation on the CaaX motif is also responsible for the

embrane localization but that the CaaX motif is es-
ential for the alteration in the cell shape.
Different from pharbin, type I IP5Pase with muta-

ions in the CaaX motif loses its membrane-association
otential (16). This implies that the CaaX motif is the
ole membrane-targeting motif for the type I enzyme.
n the other hand, membrane association of the 115-
Da type II IP5Pase is mediated not only by the CaaX
otif but also by the N-terminal region (10). The se-

uence rich in Leu or the sequence homologous to those
n several membrane receptor proteins is postulated to
e responsible for the membrane-association ability of
he N-terminal region (10). However, pharbin does not
ontain such sequences. One possible explanation for
he membrane localization of the pharbin mutated in
he CaaX motif is that pharbin binds to some
embrane-associated protein. In this context, the pu-

ative class II SH3-binding motif in pharbin should be
oted because the SH3-containing protein Grb2/Ash is

ocated to the membrane ruffles (33) as is pharbin.
ince the mutated pharbin hardly induced the den-
ritic form, the CaaX motif is likely to be really func-
ional. Both the CaaX and the SH3-binding motifs in
harbin might play important roles in the localization
nd several functions including IP5Pase activity to
articular substrates.
Overexpression of the group 2 IP5Pase synaptojanin

auses disassembly of the actin stress fibers presum-
bly by hydrolyzing PtdIns 4,5-P2 bound to a-actinin
esulting in retardation of the actin gelation ability of
-actinin (14). Since pharbin was colocalized with actin
n the membrane-associated structures, it may also
ydrolyze PtdIns 4,5-P2 bound to certain actin-binding
egulatory proteins such as a-actinin, vinculin, and
rofilin (34–38). Modulation of these actin regulatory
roteins by hydrolyzing bound PtdIns 4,5-P2 might
ause the arborization of the cells. Pharbin with mu-
ations in the CaaX motif scarcely induced the den-
ritic form. This might imply that the CaaX motif but
ot the other membrane-targeting motif can make
harbin access PtdIns 4,5-P2 bound to the actin-
inding proteins. Although pharbin was cloned during
he ligand overlay screening of the cDNA expression
ibrary with the constitutively activated M-Ras, direct
nteraction between M-Ras and pharbin has not yet
een demonstrated. However, the dendritic cell shape
nduced by overexpressed pharbin is reminiscent of
hat induced by the constitutively activated M-Ras
21). It remains to be determined whether the morpho-
ogical alteration is induced by pharbin targeted di-
ectly or indirectly by M-Ras or whether it is induced
ndependently by M-Ras and pharbin.
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