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Previously we identified MIR16 (membrane interacting protein of
RGS16) as an integral membrane glycoprotein that interacts with
regulator of G protein signaling proteins and shares significant
sequence homology with bacterial glycerophosphodiester phos-
phodiesterases (GDEs), suggesting that it is a putative mammalian
GDE. Here we show that MIR16 belongs to a large, evolutionarily
conserved family of GDEs with a characteristic putative catalytic
domain that shares a common motif (amino acids 92-116) with the
catalytic domains of mammalian phosphoinositide phospholipases
C. Expression of wild-type MIR16 (renamed GDE1), but not two
catalytic domain mutants (E97A/D99A and H112A), leads to a
dramatic increase in glycerophosphoinositol phosphodiesterase
(GPI-PDE) activity in HEK 293T cells. Analysis of substrate specificity
shows that GDE1/MIR16 selectively hydrolyzes GPI over glycero-
phosphocholine. The GPI-PDE activity of GDE1/MIR16 expressed in
HEK 293T cells can be regulated by stimulation of G protein-
coupled, a/B-adrenergic, and lysophospholipid receptors. Mem-
brane topology studies suggest a model in which the catalytic GDE
domain faces the lumen/extracellular space and the C terminus
faces the cytoplasm. Our results suggest that by serving as a PDE
for GPI with its activity regulated by G protein signaling, GDE1/
MIR16 provides a link between phosphoinositide metabolism and
G protein signal transduction.
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he glycerophospholipids, phosphatidylinositol, phosphatidyl-

choline, phosphatidylethanolamine, and phosphatidlyl-
serine, are the major lipids of biological membranes. Of these,
phosphatidylinositol (PtdIns) and its derivatives have taken on
increasing importance based on their evolving roles as regulatory
molecules in signal transduction and membrane trafficking
during protein secretion, endocytosis, and cytoskeleton organi-
zation (1-4). Therefore, their metabolism and fate are of
increasing interest. It is known that PtdIns, as well as other
glycerophospholipids, can be deacylated to water-soluble glyc-
erophosphodiesters (GPs) sequentially by phospholipase A and
lysophospholipase or by phospholipase B alone (2, 5, and 6) and
that GPs can be further hydrolyzed to sn-glycerol 3-phosphate
and the corresponding alcohols by GP phosphodiesterases
(GDEs). GDE activity toward glycerophosphoinositol (GPI),
glycerophosphocholine (GPC), and glycerophosphoethano-
lamine (GPE) has been found in many mammalian tissues
(7-11). Of these activities, glycerophosphoinositol phosphodies-
terase (GPI-PDE) is of particular interest because of its partic-
ipation in phosphoinositide (PI) metabolism.

Recently we identified MIR16 (membrane interacting protein
of RGS16) and showed that it binds to RGS16, as well as several
other regulator of G protein signaling (RGS) proteins that serve
as GTPase activating proteins (GAPs) for trimeric G proteins
(12). We further showed that rat MIR16 is an integral membrane
glycoprotein and shares significant sequence homology with
bacterial GDEs (12), suggesting that it may represent a mam-
malian GDE.

www.pnas.org/cgi/doi/10.1073/pnas.0337605100

To further understand the biological functions of MIR16, we
investigated its GDE activity and its regulation. Here we report
that MIR16 belongs to an evolutionarily conserved family of
GDE proteins, that it is a phosphodiesterase (PDE) for GPI, and
that its activity can be modulated by stimulation of G protein-
coupled receptors (GPCRs). Our characterization of MIR16 as
a GPI-PDE should facilitate understanding of the biological
activities and turnover of GPI and other water-soluble glycero-
phospholipids.

Materials and Methods

Cell Culture and Transfection. HEK 293T, Swiss 3T3, and LBT2
cells (from Pamela Mellon, University of California at San
Diego) were cultured in DMEM high glucose containing 10%
FCS, 100 units/ml penicillin G, and 100 pg/ml streptomycin
sulfate. Culture media were purchased from GIBCO/BRL.
HEK 293T cells were transfected as described (13).

Preparation of [3H]Inositol-Labeled GPI. To monitor PDE activity
toward GPI, [*H]GPI was prepared by HPLC purification of
deacylated [*H]inositol-labeled cellular lipids. Swiss 3T3 fibro-
blasts were labeled with myo-[*H]inositol (21 Ci/mmol; 1 Ci =
37 GBq; New England Nuclear) for ~36 h in M199 medium
(GIBCO) supplemented with glutamine, penicillin, streptomy-
cin, and 2% calf serum, after which cold (—20°C) methanol was
added and [*H]inositol-labeled lipids were extracted through a
two-phase acid extraction procedure [chloroform/methanol/
H,0/12.1 M HCl at 1.0/1.0/0.6/0.013 (vol/vol)]. After separa-
tion and drying of the lower organic phase, lipids were deacy-
lated using methylamine reagent [40% aqueous methylamine/
H,O/n-butyl alcohol/methanol at 36/8/9/47 (vol/vol)] as
described (14). The resultant aqueous compounds were ex-
tracted with n-butyl alcohol/petroleum ether/ethyl formate
[20/4/1 (volvol); ref. 14], and the [*H]GPI was separated from
other aqueous [*H]inositol-labeled compounds by Partisil 10
SAX HPLC (Jones Chromatography, Mid Glamorgan, U.K.) as
described below. To monitor the PDE activity toward GPC,
[*H]phosphatidylcholine (1,2-dipalmitoyl-L-3-phosphatidylcho-
line; 81 Ci/mmol; Amersham Pharmacia) was deacylated and
extracted by the procedure described above for [’H]GPI without
further purification. The [PH]GPI and [*H]GPC stocks were
analyzed by HPLC just before use and were routinely ~95-98%
radiochemically pure.

Abbreviations: GPCR, G protein-coupled receptor; GP, glycerophosphodiester; GDE, GP
phosphodiesterase; GPC, glycerophosphocholine; GPE, glycerophosphoethanolamine; GPI,
glycerophosphoinositol; GPI4P, GPI 4-phosphate; GPI45P,, GPI 4,5-bisphosphate; GPS, glyc-
erophosphoserine; MIR16, membrane interacting protein of RGS16; PDE, phosphodiester-
ase; GPI-PDE, GPI phosphodiesterase; Pl, phosphoinositide; PI-PLC, Pl-specific phospho-
lipase C; PK, proteinase K; PNS, postnuclear supernatant; RGS, regulator of G protein
signaling.
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GPI-PDE Activity Assays. HEK 293T cells were transiently trans-
fected with pCDNA3-MIR16. Forty-eight hours after transfec-
tion and after stimulation of the cells where relevant, postnuclear
supernatants (PNS) were prepared (15) and used in the enzyme
assays. Incubations were routinely carried out in a final volume
of 50 wl, which included (unless otherwise indicated) 100 mM
Tris/HCI (pH 7.5), 10 mM MgCl,, 2 mg/ml fatty acid free BSA,
~30,000 dpm [*H]GPI/GPC, 1 mM unlabeled GP1/GPC, and 2
png of PNS protein, without or with the addition of competing
GPs. The incubations (37°C for 30 min, unless otherwise stated)
were terminated by addition of cold methanol (—20°C), followed
by a two-phase extraction (as above for cell lipid extractions,
without acid) and lyophilization of the resultant upper aqueous
phase. GPI- and GPC-PDE activities were calculated by a
combination of the known cold GPI/GPC in each assay (pmol)
and the level of postincubation GPI/GPC hydrolysis seen by
HPLC analysis of the H-labeled inositol/choline and GP1/GPC
(see below; converting % GPI/GPC hydrolyzed to pmol hydro-
lyzed per min per mg protein). For the GP competition assays,
an estimate of the K,pp, of each competing compound was
calculated knowing the concentration of GPI (1 mM) and the
competing GP (10 mM) and the level of inhibition of GPI-PDE
activity, and assuming competitive Michaelis—Menten kinetics
(without knowing whether this represents an alternative
substrate or inhibition) and the dose ratio principle ([GPI]gp/
[GPI]y = [GP] X Kappcp), following an extrapolation according
to the GPI dose-response curve.

HPLC Separation of [3H]Inositol/Choline-Labeled Compounds. For the
routine anion-exchange HPLC analysis of [PH]GPI and its
water-soluble metabolites, a standard Partisil 10 SAX HPLC
column elution system and an on-line flow detector (FLO ONE
A-525, Packard) were used, with a linear gradient of 0-6.4%
buffer B (1.0 M ammonium phosphate/phosphoric acid, pH
3.35), a flow rate of 1.0 ml/min, and a sample size of 1 ml (in
water). [*H]inositol-labeled HPLC standards were obtained
from New England Nuclear.

For routine anion-exchange HPLC analysis of [*H]GPC and
its water-soluble metabolites, an 8.3-cm-long, 3-um silica column
(Perkin—Elmer) elution system and an on-line flow detector
(FLO ONE A-525) were used, with a nonlinear, acetonitrile-
based gradient of acetonitrile/H,0/100% ethanol/glacial acetic
acid/1.0 M ammonium acetate/0.1 M NaH,PO,.H,0 [800/127/
68/2/3/10 (vol/vol) for buffer A and 400/400/68/44/88/10
(vol/vol) for buffer B; modified from ref. 16]. A flow rate of 0.8
ml/min and a sample size of 300 ul (in buffer A) were used, with
the following gradient (% buffer B): 0—6 min, 0%; 6—21 min,
0-20%j; 21-36 min, 20-100%. Individual and mixed [*H]choline-
labeled HPLC standards were produced from the [*H]phosphati-
dylcholine stock with (i) bee venom PLA, (Sigma) in 25 mM
Hepes (pH 7.5), 125 mM KCI, and 1 mM Ca?" for lysophos-
phatidylcholine (LPC); (if) deacylation (as described above) for
GPC; and (iii) 50% HCI at 95°C for choline phosphate and
choline (also from GPC and LPC). The four main standard peaks
observed corresponded to those reported previously (16).

Mutagenesis. The QuikChange site-directed mutagenesis kit
(Stratagene) was used to generate GDE1(Glu97Ala/Asp99Ala)
and GDE1(His112Ala) mutants with pPCDNA3-GDE1/MIR16
as a template, and the sequences of mutants were confirmed by
automated sequencing. Sequences of primers used are available
on request.

In Vitro Translation. I vitro translation of MIR16 was carried out
using the TNT T7 rabbit reticulocyte Quick Coupled Transcrip-
tion/Translation System (Promega). The reaction mixture (25
ul), containing pCDNA3-MIR16 plasmid, [**S]methionine
(1,000 Ci/mmol, in vivo cell labeling grade, Amersham Phar-
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macia), and 2 ul of canine pancreatic microsomes (Promega),
was incubated at 30°C for 1 h, and the products were analyzed
by SDS/PAGE and autoradiography (12).

Proteinase K (PK) Protection Assays. PK digestion was performed as
described (15) on membranes prepared by centrifugation
(100,000 X g pellet) from LBT2 cells or on microsomal mem-
branes containing in vitro translated MIR16. Briefly, membranes
were suspended in 50 ul of reaction buffer (10 mM Tris:HCI, pH
7.8/150 mM KCl/2 mM MgCl,/2 mM CaCl,/200 mM sucrose),
and 5 ug of PK (Boehringer Mannheim) was added at room
temperature for 30 min. Reactions were stopped with 10 mM
PMSF. Proteins were separated by SDS/PAGE and analyzed by
immunoblotting (LBT2 membranes) or autoradiography (micro-
somal membranes).

Immunoblotting. Proteins were separated by 12% SDS/PAGE
and transferred to PVDF membranes (Millipore). Membranes
were blocked in TBS/5% calf serum/0.1% Tween 20 and
incubated with protein A-purified anti-MIR16 IgG (12) or
anti-calnexin serum (from J. J. M. Bergeron, McGill University,
Toronto) followed by horseradish peroxidase (HRP)-conjugated
goat anti-rabbit (1:3,000) or anti-mouse (1:5,000) IgG (Bio-Rad)
and ECL detection (Pierce).

Results

GDE1/MIR16 Belongs to a Family of Mammalian GDEs. Previously, we
showed that MIR16 shares strong homology with the bacterial
GDEs GLPQ and HPD (12, 17, 18). To identify additional
putative mammalian GDEs, we used the MIR16 protein se-
quence in a BLAST search and identified four hypothetical
proteins of unknown function that share significant sequence
similarity to MIR16 (E values <2 X 10~%) in the human genome,
four related sequences in Drosophila melanogaster, and five in the
Caenorhabditis elegans genome (ref. 12; Fig. 14). The most
conserved region among all these proteins and the bacterial
GDE:s resides in a domain of ~56 residues (corresponding to
amino acids 67-122 of MIR16), which we designate the GDE
domain (Fig. 14). The similarity between these domains is
40-85% (pairwise analysis). These results suggest that MIR16 is
a member of an evolutionarily conserved family of GDEs, and
thus we have renamed MIR16 and its four newly identified
human homologs GDE1-GDES.

Based on phylogenetic analysis of the GDE domain, we
further classified the family into three distinct groups: «, 8, and
v (Fig. 1C). Domain-structure analysis showed that GDE2,
GDES3, and GDE4 in groups « and 3 resemble GDE1/MIR16
in that they appear to be membrane proteins and contain
multiple putative transmembrane regions (Fig. 1D). GDES
(group vy) does not have a transmembrane region but contains an
N-terminal carbohydrate binding domain (CBD) (Fig. 1D) that
binds to polysaccharides and is often found in glycosylhydrolases
(19). The diverse domain structures of these GDEs suggest that
they may have diverse subcellular locations, substrates, and
methods of regulation.

GDE1 Is a PDE for GPI. To investigate its PDE activity, GDE1
cDNA was transfected into HEK 293T cells and PNS fractions
were assayed for activity on GPI and GPC. HEK 293T cells were
chosen because they contain very little endogenous GDEL1 as
determined by Western blotting with a GDE1/MIR16 antibody
(data not shown). Cells transfected with GDE1 showed greatly
increased activity (>10-fold) on GPI (Fig. 24), but not on GPC
(Fig. 2B), compared with cells transfected with control vector
alone (Fig. 24). GPI-PDE activity was enhanced by addition of
10 mM Mg2* (3-fold), but not Ca?* ([Ca?"Jfree, 0.1-10 uM; data
not shown), to the assay buffer and was higher at pH 7.5 than at
pH 8.5 (Fig. 24).
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Fig. 1. GDE1/MIR16 belongs to a family of GDE phosphodiesterases. (A)

Alignment of the GDE domain in GDE1/MIR16 with those in bacterial GDEs
(GLPQ and HPD) and selective putative GDEs. Invariant residues are shaded in
black, similar residues in gray. Numbers indicate the positions of amino acids.
h, Homo sapiens; d, D. melanogaster; ce, C. elegans; ec, Escherichia coli; sc,
Saccharomyces cerevisiae; hi, H. influenzae. (B) Alignment of GDE domains
with the catalytic X domains of human Pl-specific phospholipases C (PI-PLCs).
(C) Phylogenetic analysis of the GDE protein family. Sequences of GDE do-
mains were used for the analysis with the cLusTALw program (www.ebi.ac.uk/
clustalw/). Three different groups («, B, and y) of proteins were observed. (D)
Domain structures of putative members of the GDE family encoded in the
human genome. ¢, hydrophobic region; GDE, GDE domain; CBD, carbohy-
drate binding domain.

The GPI-PDE activity was substrate-concentration dependent
(Fig. 2C), and GPI hydrolysis was essentially linear over the
standard 30-min incubation period at 37°C (data not shown).
The Eadie—Hofstee plot shows that this GDE1 has an apparent
K of =12 mM and a Vi, of ~3,000 pmol/mg/min for GPI (Fig.
2D) under these conditions. The only GDE1 products seen from
[*H]GPI and [*H]GPC by HPLC analysis were [*H]inositol and
[*H]choline, respectively. No accumulation of either 3H-labeled
inositol monophosphates or choline phosphate was seen. Based
on these results, we conclude that GDEI1 is a PDE for GPI.

Substrate Competition Assay of GDE1. To further establish the
substrate specificity of GDEI1, competition studies were per-
formed by adding a 10-fold excess of unlabeled GPs to the PDE
assay for GPI. Under these conditions GPC had no significant
effect, GPE and GPI 4-phosphate (GPI4P) blocked GPI-PDE
activity by ~30%, and GPI 4,5-bisphosphate (GPI45P,) and
glycerophosphoserine (GPS) by ~70% and ~80%, respectively
(Fig. 3). With the assumption of competitive Michaelis—-Menten
kinetics, extrapolation of these data indicate K, values for GPE

Zheng et al.

B Gec

——Control
== GDE1/MIR16

:I GDE ‘I.-’MIH 16

Activity fnmolimg/min} :p

Activity (nmal/mg/min)

pH7.S pHES
150000 3000

140000
S 120000 i 2500 3
% 100000 £ 2000 <3
= E
5 £
2 gppoo &
z £ 1500
60000 3 -
% 40000 & 000
S 20000 > 500

2 [

s * 2 2 H o 1 o 50 100 150 200 250

- log [GPI] V/IS] (Wim)

Fig.2. Characterization of the GPI-PDE activity of GDE1. HEK 293T cells were
transfected with empty vector pCDNAS3 (control) or pCDNA3-GDE1. PNS frac-
tions were isolated, and GDE activities were determined by measuring [3H]GPI
(A) or [3HIGPC (B) hydrolysis as described in Materials and Methods. (A) A
dramatic increase is seen in the PDE activity on GPI of PNS fractions from
transfected cells (gray bars), as compared with control cells (white bars). (B)
The GPI-PDE activity is higher at pH 7.5 than pH 8.5 and is enhanced by addition
of 10 mM Mg?2*. Little or no increase is seen in the PDE activity on GPC under
the same conditions. The data are from a single experiment carried out in
duplicate (mean = SE) and are representative of two independent experi-
ments. (C) Log dose-response curve of GDE1 activity toward increasing con-
centrations of [3H]GPI. Samples containing 2 ug of PNS were incubated with
the indicated amounts of [3H]GPI for 30 min, and GPI hydrolysis was measured
by HPLC. The curve shows a computer-generated free fit of the data to a
four-parameter logistic equation by using nonlinear regression analysis. Data
are from two combined independent experiments, each carried out in dupli-
cate (n = 4; mean = SE). (D) The Eadie-Hofstee plot of the same set of data as
in C, showing an apparent K, of ~12 mM and a Vimax of ~3,000 pmol/mg/min.

and GPI4P in the ~30 mM range and those for GPI45P, and
GPS in the ~3-5 mM range. Hence, the competitive preference
of GDE1 based on calculation of K, seen is GPI45P, ~ GPS >
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Fig. 3. Effects of various GPs on GPI hydrolysis by GDE1. PNS fractions

(prepared as in Fig. 1) were incubated with 1 mM [3H]GPI for 30 min in the
presence or absence of 10 mM competing GP, as indicated, and the level of GPI
hydrolysis was measured by HPLC. Data are from a single experiment carried
out in triplicate (mean = SE) and are representative of two independent
experiments. Values from the pCDNA3 empty vector control were subtracted
from each data value. GPI45P; and GPS, as well as GPI4P and GPE (to a lesser
extent), but not GPC, significantly (P < 0.005; Student’s t test) inhibit the
hydrolysis of GPI by GDE1.
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Fig.4. GPI-PDE activities of wild type and GDE1 mutants. HEK 293T cells were
transfected with pCDNA3 empty vector (Control), pCDNA3-GDE1 (WT), or
PCDNA3-GDE1 E97A/D99A or H112A, and PNS fractions were assayed for
GPI-PDE activity as described in Materials and Methods. Both mutants (E97A/
D99A and H112A) had lost their activity. Data are from a single experiment
carried out in triplicate (mean = SE) and are representative of three indepen-
dent experiments.

GPI (see above) > GPI4P ~ GPE >> GPC, indicating a general
preference for GPIs. Whether other GPs are alternative sub-
strates or GPI-PDE inhibitors remains to be determined.

Essential Residues for the GPI-PDE Activity of GDE1. In the course of
the BLAST search, we discovered that a common sequence motif
is shared between the C-terminal half (amino acids 92-116) of
the GDE domains and the N terminus of catalytic X domains of
mammalian PI-PLCs (Fig. 1B), which hydrolyze phosphatidyl-
inositol-4,5-bisphosphate (PtdIns45P,), producing two impor-
tant second messengers, inositol 1,4,5-trisphosphate and diacyl-
glycerol (20). Several residues in this motif (Glu-341, Asp-343,
and His-356) have been identified as important catalytic sites of
PLCé1, based on crystal structure and mutagenesis studies. The
presence of these residues in the GDE domain of GDE1 suggests
that they may be critical for PDE activity. To determine whether
this is the case, we generated two mutants, GDE1(Glu97Ala/
Asp99Ala) and GDE1(His112Ala). When these mutants were
expressed in HEK 293 cells PDE activity was negligible (Fig. 4).
By immunoblotting there was no detectable difference in the
expression levels of mutant and wild-type GDE1 in HEK 293T
cells (data not shown). These results demonstrate that (i) the
GDE domain of GDE1 represents its catalytic domain and that
@if) Glu-97/Asp-99 and His-112 are essential for its GDE
activity.

Orientation of the Catalytic Domain of GDE1. Previously we showed
that GDE1/MIR16 is an ~43-kDa integral membrane glyco-
protein, because it remains associated with membranes after
alkaline (pH 11) extraction and is sensitive to endoglycosidase H
in LBT?2 pituitary cells (12). Hydropathy analysis of the GDE1
amino acid sequence indicates that it contains two hydrophobic
regions, a putative signal sequence at the N terminus (amino
acids 8—45) and a putative membrane-spanning region close to
the C terminus (amino acids 243-276) (12). No difference in the
mobility of GDE1 was found when it was in vitro translated in the
presence or absence of canine microsomal membranes, suggest-
ing that the putative N-terminal signal sequence of GDE1/
MIR16 is not cleaved during membrane translocation (Fig. 54)
and probably serves as a membrane anchor. Assuming that both
the N- and C-terminal hydrophobic regions of GDEL1 are trans-
membrane domains, the location of two putative N-glycosylation
sites at amino acids 168 and 198 in close proximity to the GDE

1748 | www.pnas.org/cgi/doi/10.1073/pnas.0337605100
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Fig.5. Membrane topology of GDE1.(A) GDE1and B-lactamase were in vitro
translated in the presence (+) or absence (—) of microsomal membranes, and
the 3°S-labeled products were analyzed by SDS/PAGE and autoradiography.
No difference in mobility is seen when GDE1 is translated in the presence of
microsomal membranes, whereas the mobility of p-lactamase, used as a
positive control, shifts. (B and C) PK protection analysis of in vitro translated
and endogenous GDE. GDE1 and yeast « factor were in vitro translated in the
presence of microsomal membranes. Microsomal membranes (B) and LBT2 cell
membranes (C) were treated with PK as described in Materials and Methods.
An ~32-kDa fragment is seen after digestion of both in vitro translated (B) and
endogenous (C) GDE1, confirming that the bulk of the enzyme faces the
lumen. As controls, yeast « factor (a secretory peptide; B) and calnexin (an
integral membrane protein facing the lumen of the endoplasmic reticulum; C)
were protected from digestion by PK. (D) Proposed membrane topology of
GDE1 with the catalytic domain of GDE1 facing the lumen and both the N and
C termini facing the cytoplasm. The N-terminal hydrophobic region of GDE1
is not cleaved during membrane translocation. Y, N-glycosylation site.

domain (ref. 12; Fig. 1C) suggests that this region faces the
lumen/extracellular space and the C terminus faces the cyto-
plasm (Fig. 5D).

To investigate the membrane topology of GDE1 we used PK
protection assays. If our proposed model (Fig. 5D) is correct, the
GDE domain would be protected from PK digestion, whereas
the C terminus would be accessible to PK and be removed and
an ~31-kDa product (corresponding to the protected fragment,
amino acids 46-242) would be expected after PK digestion.
However, if the GDE domain faces the cytoplasm an ~8-kDa
product corresponding to the protected C terminus (amino acids
277-331) would be expected. When GDE1 was in vitro translated
in the presence of microsomal membranes, an ~32-kDa frag-
ment was seen after digestion with PK (Fig. 5B). Similar results
were obtained for endogenous GDE1 when membrane fractions
from LBT2 cells were used in the same assay (Fig. 5C). Taken
together, these results support a model for the topology of GDE1
(Fig. 5D) whereby its C terminus faces the cytoplasm and the
GDE domain faces either the lumen (intracellular membranes)
or extracellular space (plasma membrane).

The GPI-PDE Activity of GDE1 Can Be Regulated by Stimulation of
GPCRs. Several enzymes involved in phospholipid metabolism
(e.g., phospholipases A,, C, and D) are known to be regulated
by trimeric G proteins (20-22). The fact that GDE1/MIR16 was
originally identified by its interaction with RGS proteins (12),
which are GTPase activating proteins (GAPs) for trimeric G
proteins (23), suggested it might also be regulated by G proteins.
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Fig.6. Effects of various stimulants on GDE1 GPI-PDE activity. HEK 293T cells
transfected with GDE1 were serum starved overnight and treated or not
(Control) with the indicated stimulants for 10 min. PNS fractions were pre-
pared and used in the GPI-PDE activity assay. PE, phenylephrine (10 uM); I1SO,
isoproterenol (10 uM); LPA, lysophosphatidic acid (10 uM); FSK, forskolin (10
uM); PMA, phorbol 12-myristate 13-actate (200 nM). Data (mean = SE) from
two to four independent experiments, each carried out in duplicate, are
expressed as a percentage of the untreated control after subtraction of the
pCDNA3 empty vector control.

To gain information on this point, HEK 293T cells were trans-
fected with GDE1 and treated with various agonists for endog-
enous GPCRs, and the PNS was tested for PDE activity on GPI.
Isoproterenol, an agonist for Gas-coupled B-adrenergic recep-
tors, increased the GPI-PDE activity of GDE1 by ~50% com-
pared with untreated cells (Fig. 6). Two other agonists, phen-
ylephrine for Gai/q-coupled «-adrenergic receptors and
lysophosphatidic acid for Geai/q/12/13-coupled lysophospho-
lipid receptors, reduced the activity by 30% and 40%, respec-
tively (Fig. 6). As controls, forskolin, an adenylyl cyclase acti-
vator, and PMA (phorbol 12-myristate 13-acetate), a protein
kinase C activator, did not significantly affect GDE1 activity
(Fig. 6). These results indicate that the PDE activity of GDE1 on
GPI can be modulated both positively and negatively by G
protein signaling pathways and that this regulation does not
depend on protein kinase A or C.

Discussion

In this study we found that GDE1/MIR16, originally identified
as a membrane glycoprotein that binds RGS16 (12), belongs to
a new family of proteins identified by the presence of an
evolutionarily conserved GDE domain. Accordingly, we have
renamed the protein GDE1. We have shown that GDE1 prefers
GPI and some of its phosphorylated derivatives (e.g., GIP4P and
GPI45P;,) as potential substrates. Expression of wild-type GDEL,
but not two catalytic GDE domain mutants, dramatically in-
creased the GPI-PDE activity in HEK 293T cells. Furthermore,
the activity of GDE1 was found to be modulated by stimulation
of several GPCRs. Collectively, these findings support the
conclusions that GDE1/MIR16 is a bona fide GPI-PDE and that
it is regulated by GPCR signaling.

The interaction between GDEL1 and selective RGS proteins,
including RGS16, prompted us to investigate the potential
regulation of the GPI-PDE activity of GDE1 by G protein-
mediated signaling pathways. Our results demonstrate that the
enzyme activity of GDEI can be regulated both positively and
negatively (depending on the receptor agonist used) by stimu-
lation of GPCRs. Similar dual regulation of enzyme activity by
G proteins has been observed for adenylyl cyclase and PLCP (20,
24). Our results suggest that GDE1 might serve as a downstream
effector in G protein signaling, in which the enzymatic activity
of GDE1/MIR16 in PI metabolism could be regulated through
its interaction with RGS proteins. Alternatively, G proteins may
also bind directly to GDE1 and regulate its activity. The inter-
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action between GDEL and RGS proteins provides yet another
example of the role of RGS proteins in linking G protein
signaling to other signaling pathways (PI metabolism in this
case). RGS proteins have previously been shown to integrate
G protein signaling with other signaling pathways, such as Rho
signaling, ion channel regulation, and growth factor receptor
signaling and trafficking (23, 25-28).

Although no mammalian PDE for GPI has been previously
identified, GPI-PDE enzyme activity (3.1.4.44) has been de-
tected in several rat tissues (11). The enzymatic properties we
define here for GDE1 expressed in HEK 293T cells are similar
to those reported previously. Both have maximal enzymatic
activity around pH 7.5 and are activated by 10 mM Mg?*. We
previously showed that GDE1/MIRI16 is expressed in multiple
rat tissues and is localized to intracellular membrane compart-
ments (pre/mid-Golgi) in rat pituitary and to the plasma mem-
brane in liver and kidney (12). This finding is consistent with the
fact that the enzyme activity reported previously (11) was found
in multiple rat tissues (e.g., liver, pancreas, brain, spleen, kidney,
and intestinal mucosa) and was enriched in microsomal fractions
of rat pancreas.

Our sequence analysis revealed that the C-terminal half of the
GDE domain shows a striking similarity to the catalytic domains
of mammalian PI-PLCs and shares a common motif with PI-
PLCs, implying that they may have similar catalytic mechanisms
and/or substrates. Based on data from crystal structure, enzyme
kinetics, and mutagenesis studies, a sequential catalytic mech-
anism was proposed for PI-PLCS81: (i) a phosphotransfer step
involving His-356 and Glu-341 as general acid/base catalysts that
generates a stable cyclic phosphodiester intermediate, followed
by (ii)) a phosphohydrolysis step that generates the inositol
phosphate product (29-31). Both His-356 and Glu-341 of PLC31
are strictly conserved in the corresponding positions of all of the
GDE:s, and mutation of the corresponding residues abolished the
PDE activity of GDEL1. It is of interest that PLC81 can also
hydrolyze with lower activity the water-soluble GPI45P, and GPI
(29), the preferred substrates of GDEI, in addition to its main
physiological substrate, phosphatidylinositol-4,5-bisphosphate
(PtdIns45P;). Whether GDEI or any of the other GDEs can use
PtdIns45P, and/or the other PIs as substrates remains to be
determined.

Substrate competition experiments showed that, in addition to
GPI45P,, GPS significantly inhibited the hydrolysis of GPI by
GDEL1. Whether this relative preference for GPS might indicate
an inhibitory activity of GPS, rather than an alternative sub-
strate, remains to be determined.

What are the potential cellular functions of GDE1? The main
substrates of GDE1 appear to be GPI and its phosphorylated
forms, GPI4P and GPI45P,, which are deacylation products of
the membrane PIs formed by the sequential action of PLA;/
PLA; and lysophospholipases (32, 33). As a GPI-PDE that
further hydrolyzes GPI to its final catabolic products, inositol
and glycerol 3-phosphate, GDE1 is most likely involved in the
remodeling of membrane PIs and regulation of membrane
phospholipid composition, and hence in intracellular membrane
trafficking (3), as well as in the modulation of G protein-
mediated signaling. GPIs are signaling molecules implicated in
the modulation of multiple cellular functions (33). They can
modulate the activities of trimeric G proteins: GPI4P inhibits
Gas-mediated adenylyl cyclase activation (34), and both GPI and
GPI4P inhibit the G protein-mediated activation of PLA, (33,
35). In addition, GPI4P has recently been shown to modulate the
activity of the small GTPases Rac and Rho and thus to be
involved in the reorganization of the actin cytoskeleton during
formation of ruffles (Rac) and stress fibers (Rho) (36). The
findings that GDE1 can bind to RGS proteins and that the
GPI-PDE activity of GDEI can be regulated through stimulation
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of GPCR suggest that there is a bidirectional interplay between
GPI-PDE activity and G protein signaling.

Our membrane topology studies indicate that the catalytic
GDE domain of GDEI faces the lumen and the C terminus faces
the cytoplasm. This topology is supported by our unpublished
findings that RGS16 coimmunoprecipitates with the GFP-
tagged C terminus, but not the N terminus of GDEL. Although
unusual, it is not without precedent that enzymes involved in PI
metabolism have their catalytic domains oriented toward the
lumen and/or extracellular space. For example, most reactions
in glycosylphosphoinositol biosynthesis after the transfer of the
first mannose proceed on the luminal side of the endoplasmic
reticulum (37), and the synthesis of inositol phosphorylceramide
from PI and ceramide precursors takes place on the luminal side
of Golgi membranes (38).

Our membrane topology model suggests that GDE1 mainly
hydrolyzes GPIs from the luminal side. These luminal GPIs
could come from PIs in either the luminal or the cytoplasmic
leaflets of the membranes, because Pls and their intermediate
breakdown product, LPI, can flip from the cytoplasmic to the
luminal leaflet of membranes (39). Furthermore, the hydrolysis
of luminal GPI by GDETL is likely to be highly related to the
regulation of the concentration of cytosolic GPIs, because GPIs
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In summary, we have demonstrated that GDE1/MIRI16,
previously identified as an RGS-interacting protein, belongs to
a large GDE protein family and is capable of hydrolyzing GPIs,
producing inositol and glycerol 3-phosphate. Furthermore, this
GPI-PDE activity can be regulated by GPCR signaling. It now
becomes important to define the cellular functions of each
member of the mammalian GDE protein family and the specific
pathways and mechanisms underlying the regulation of GDE1 by
G protein signaling, i.e., which G proteins are involved and
whether the regulation is direct or indirect.
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