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Abstract

Neuropathy target esterase (NTE) was identified as the primary target of organophosphate compounds that cause a delayed
neuropathy with degeneration of nerve axons. NTE is a novel phospholipase B anchored to the cytoplasmic face of endoplasmic
reticulum and essential for embryonic and nervous development. However, little is known about the regulation of NTE. A human
fetal brain cDNA library was screened for proteins that interact with NTE, G�2 and G�2-like I subunits were found to be able to
bind the C-terminal of NTE in yeast. The interaction of G�2 and NTE was confirmed by in vivo co-immunoprecipitation analysis
in COS7 cells. Furthermore, depletion of G�2 by RNA interference down regulated the activity of NTE but not its expression level.
In addition, the activity of NTE was down regulated by the G protein signal pathway influencing factor, pertussis toxin, treatment

in vivo. These findings suggest that G�2 may play a significant role in maintaining the activity of NTE.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Neuropathy target esterase (NTE) was identified as
the primary target of organophosphorus compounds
(OP) that cause a delayed paralyzing syndrome with
degeneration of nerve axons (Johnson, 1982). Although
the inhibition and subsequent aging of NTE has been
proposed to be an initiating event in OP-induced delayed
neuropathy (OPIDN), the events that occur between NTE
inhibition and the appearance of clinical pathology are
not completely understood (Glynn, 2005). As such, char-

acterizing the molecular and cellular functions of NTE
should elucidate the mechanism of OPIDN.

NTE is a polypeptide of 1327 amino acids and con-
tains two domains, an N-terminal regulatory domain
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ratory as described by Johnson (1982). Annexin V-
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nd a C-terminal catalytic domain, which is conserved
n most organisms from bacteria to man (Lush et
l., 1998). Within the N-terminal domain is a trans-
embrane segment (TM), which usually anchors NTE

o the cytoplasmic face of the endoplasmic reticulum
ER) (Akassoglou et al., 2004; Li, Dinsdale, & Glynn,
003). The NTE esterase domain (NEST) exists between
mino acids 727–1216 of human NTE and reacts with
oth ester substrates and covalent inhibitors in a man-
er very similar to NTE (Atkins & Glynn, 2000).
ithin the NEST domain, serine966 and two aspar-

ate residues, Asp960 and Asp1086, are critical for NTE
unction. Previous observations indicated that NTE dis-
layed potent lysophospholipase activity in mouse brain
Quistad, Barlow, Winrow, Sparks, & Casida, 2003).
his activity has been further characterized to be respon-
ible for converting phosphatidylcholine to glycerophos-
hocholine in mammalian cells and regulated phos-
hatidylcholine homeostasis in Drosophila (Muhlig-
ersen et al., 2005; Zaccheo, Dinsdale, Meacock, &
lynn, 2004). In mice, complete inactivation of the
TE gene resulted in embryonic lethality due to pla-

ental failure and impaired vasculogenesis (Moser et al.,
004; Winrow et al., 2003), while mice with a brain-
pecific deletion of NTE exhibited neurodegeneration
Akassoglou et al., 2004). In adult Drosophila, loss of
wiss cheese/NTE activity causes neuronal and glial
eath (Muhlig-Versen et al., 2005). Together, these data
uggest that NTE is essential for embryonic and nervous
evelopment.

Although the character and function of NTE has
een elucidated, little is known about the regulation
f its activity. Potential regulation of NTE activity is
uggested by the similarity of sequences within NTE’s
mino-terminal domain to the regulatory subunit of pro-
ein kinase A (Lush et al., 1998): the implication of
his sequence homology is that NTE may be regulated
irectly by the binding of cyclic AMP (cAMP). Although
sing NTE constructs expressed in E. coli, binding of
he radiolabelled nucleotide to purified recombinant the
egulatory domain of NTE was failed to be detected
Dremier, Kopperud, Doskeland, Dumont, & Maenhaut,
003), overexpression of all constructs of NTE contain-
ng the regulatory domain leads to aggregation of the
ecombinant polypeptide so that its normal biologically
ctive conformation may not be attained (Glynn, 2005).
TE converts phosphatidylcholine to glycerophospho-

holine in the CDP-choline pathway, so the most obvi-

us regulator of NTE activity would be its substrate,
hosphatidylcholine. More recently, Sec14p has been
hown to interact functionally with NTE1, the homol-
gous protein of NTE in yeast, to increase the rate
emistry & Cell Biology 39 (2007) 124–132 125

of phosphatidylcholine deacylation to glycerophospho-
choline in yeast (Murray & McMaster, 2005). BLAST
searching revealed a number of mammalian proteins
with homology to Sec14p or with Sec14p-like domains:
among these the human caytaxin protein is particu-
larly intriguing in the context of NTE (Glynn, 2005).
In order to find out possible protein that regulate NTE
activity, a human fetal neural brain cDNA library was
amplified to screen host proteins that can interact with
NTE. We demonstrate that G protein beta-2 (guanine
nucleotide binding protein beta polypeptide 2, G�2) sub-
unit interacts directly with NTE and silence of G�2
down-regulates the activity of NTE, which indicates G�2
plays a role in maintaining the activity of NTE and sug-
gests there is a novel regulatory mechanism for NTE
activity.

2. Materials and methods

2.1. Materials

The pNTE-GFP and D16 plasmids, which contain the
full-length human NTE gene, were generous gifts from
Dr. P. Glynn’s Lab (Toxicology Unit, MRC, UK, Li et al.,
2003). Stably expressing small interfering RNA (siRNA)
SH-SY5Y cells with lowered NTE activity was gener-
ated in our lab (Chang, Chen, & Wu, 2005; Chang, Wu
et al., 2005). Cell culture reagents were purchased from
Gibco BRL (Grand Island, NY, USA) and the transfec-
tion reagent Lipofectamine 2000 was purchased from
Invitrogen Life Technologies (Groningen, The Nether-
lands). Human NTE-specific antibody against pep-
tides corresponding to amino acids 37–48/1316–1327
(VPKTPAPDGPRK/LPQEPPGSATDA) was generated
by Shanghai Casarray Co. Ltd. (Shanghai, China).
Human fetal brain cDNA library, mouse anti-Myc mon-
oclonal antibody, Living Colors monoclonal antibody
(JL-8) and goat anti-mouse IgG (Fc specific) perox-
idase conjugate were obtained from Clontech (Palo
Alto, CA, USA). Rabbit anti-G�2 polyclonal antibody
(C-16), mouse anti-actin monoclonal antibody (C-2),
mouse anti-rabbit IgG HRP and goat anti-chicken IgY-
HRP were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA). Enhanced chemilumi-
nescence (ECL) reagents were obtained from Pierce
Biotechnology (Rockford, IL, USA). Mipafox and
phenyl valerate (PV) were synthesized in our labo-
FITC and propidium iodide (PI) were purchased from
Bosai Co. Ltd. (Beijing, China). Paraoxon and pertus-
sis toxin were purchased from Sigma (St. Louis, MO,
USA).
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2.2. Plasmid construction

The plasmid pGBKT7-NTE-C-Ter, which expresses
a GAL4-NTE-C-Ter (amino acid 727–1327) fusion, was
constructed as the “bait” vector by inserting a 5′EcoRI
and 3′BamHI fragment prepared by PCR using D16 plas-
mid as a template (forward primer 5′-GTGAATTCCT-
CACCAACCCAGCCAGCA-3′; reverse primer 5′-
TTGGATCCTCAGGCATCTGTGGCTGA-3′), into
pGBKT7 vector, which has a GAL4-binding domain
(Clontech). PCR fragment and in-frame insertion was
confirmed by sequencing with pGBKT7 forward and
reverse primers. To construct a plasmid encoding
NTE minus first 40 amino acids, which encode the
N-terminal TM, we designed a forward primer (5′-
TCAGAATTCCCAGCCCCGGATGGCCCC-3′) with
an EcoRI site and paired it with the same reverse primer
as the pGBKT7-NTE-C-Ter. These primers were used
to amplify the NTE fragment from the clone D16. The
fragment was then cloned into pGBKT7 vector to gen-
erate the plasmid pGBKT7-�TM-NTE. The full-length
G�2 fragment was generated by RT-PCR from mRNA
isolated from SH-SY5Y cells (Invitrogen One-Step
RT-PCR Kit) and was certified by sequencing. Then
full-length G�2 cDNA was cloned into the plasmid
pGADT7, which has a GAL4-activating domain, to
construct pGADT7-G�2. In order to express full-length
G�2 subunit tagged with Myc peptide in mammalian
cells, this fragment was also sub-cloned into the
pCMV-Myc to generate pCMV-Myc-G�2 construct.
All constructs were certified by sequencing.

2.3. Yeast two hybrid screening assay

A human fetal brain cDNA library in the activa-
tion domain vector pACT2 was amplified using the
recommended protocol of the manufacturer. To iden-
tify proteins that bound to the C-terminal of NTE, the
human fetal brain cDNA library in pACT2 was intro-
duced into the yeast reporter strain AH109, bearing a
plasmid expressing GAL4-NTE-C-Ter fusion protein.
3 × 106 transformants were screened on a high strin-
gency selective synthetic medium (SD/-Ade/-His/-Leu/-
Trp/X-�-gal), including 10 mM 3-amino-1,2,4-triazole
to suppress background growth. The X-�-gal filter assay
and o-nitrophenyl-d-galactopyranoside assay were used
for determining �-galactosidase activity according to the
recommended protocol of the manufacturer (Clontech).

Plasmid DNA from strong LacZ phenotype colonies was
isolated by the electroporation method and sequenced
using a GAL4 AD sequencing primer after restriction
analysis. Candidate plasmids were retested by cotrans-
emistry & Cell Biology 39 (2007) 124–132

formation in AH109 with either pGBKT7-C-Ter or full
pGBKT7-�TM-NTE.

2.4. Western blotting

Cells were rinsed three times with ice-cold phosphate-
buffered saline (PBS) and lysed in a lysis buffer (50 mM
Tris, pH 7.5, 300 mM NaCl, 5 mM EGTA, 1 mM EDTA,
0.5% Triton X-100, 0.5% NP40, 0.1 mM phenylmethyl-
sulfonyl fluoride, and a 10 �g/ml final concentration of
each of aprotinin, leupeptin, and pepstatin). The lysates
were clarified by centrifugation at 10,000 × g for 10 min
at 4 ◦C and the supernatant were collected for further
analysis. Protein concentrations were determined by
Coomassie brilliant blue staining using bovine serum
albumin (BSA) as a standard (Bradford, 1976). The pro-
tein samples were fractionated by SDS-PAGE with a
4% stacking gel and 10% separating gel and transferred
to Hybond ECL nitrocellulose membrane (Amersham
Pharmacia Biotech). The membranes were blocked in
TBST (20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 0.1%
Tween 20) containing 5% non-fat milk at room temper-
ature for at least 1 h, and then incubated sequentially
with primary antibody and HRP-conjugated secondary
antibody, and then detected by standard ECL method.

2.5. Coimmunoprecipitation assays

For transfection experiments, 1–3 × 103 COS7 cells
were transfected with 2.5 �g pCMV-Myc-G�2 and
2.5 �g either pNTE-GFP or pEGFP-N3 vector sepa-
rately by Lipofectamine 2000. Two days later, the cells
were rinsed three times with ice-cold PBS and lysed in
the lysis buffer (50 mM Tris, pH 7.5, 1% NP40, 0.5%
Na3VO4, 150 mM NaCl, 1 mM EDTA). For immuno-
precipitation, the cell lysates were incubated with anti-
GFP, anti-G�2 and negative control antibodies, respec-
tively, and rotated at 4 ◦C for 3 h. Protein A/G Agarose
(Santa Cruz Biotechnology) beads were used to immobi-
lize antibody-bound proteins. Immunoprecipitates were
washed three times with lysis buffer and resuspended in
SDS-PAGE for immunoblotting analysis.

2.6. RNA interference (RNAi) experiments

To generate RNAi against G�2, two pairs of 64 bp
DNA were annealed to a double-strand DNA and
inserted into linearized pSUPER-neo vector (Oligo-

engine) and then digested with HindIII and BglII. The
construct was verified by DNA sequencing and produced
siRNA to target the 5′-CACTGACCCAGATCACAGC
and 5′-CTGAGACAGGAGGCCGAGC mRNA of G�2
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�TM-NTE. All clones expressed the LacZ phenotype,
but the yeast transfected with C3/C6 and negative control
pGBKT7-Lam did not express LacZ phenotype, con-
firming their interaction in the yeast (data not shown).

Table 1
Partial cDNAs recovered from positive clones selected by the plasmid
pGBKT7-NTE-C-Ter based on GAL4 yeast-two hybrid system

cDNA Identitya Codonsb

C3 G�2 (NM005273) 135–340
C7 G�2 (NM005273) 135–340
C11 G�2 (NM005273) 137–340
C5 G�2 (NM005273) 268–340
R. Chen et al. / The International Journal o

n mammalian cells, named siG�2-a3 and siG�2-b5,
espectively. Mock DNA was constructed in the same
ector in parallel. The above two constructs and mock
lasmid were transfected in the SH-SY5Y cells by Lipo-
ectamine 2000 reagent and selected with 500 �g/ml
418 for 3 weeks. Positive cell clones that down-

egulated G�2 expression were selected by western
lotting and maintained in DMEM medium containing
00 �g/ml G418.

.7. NTE and acetylcholinesterase (AChE) assays

Cellular NTE activity was assayed in homogenate as
he paraoxon-resistant and mipafox-sensitive hydrolysis
f the PV. The PV hydrolase activity was assayed as
escribed in our lab (Chang, Chen, et al., 2005; Chang,
u, et al., 2005). AChE activity was assayed as described
ith the modified Ellman procedure (Gorun, Proinov,
altesuc, Balaban, & Barzu, 1978). Concentration of
rotein was measured by Coomassie brilliant blue G250
inding assay (Bradford, 1976).

.8. Flow cytometry measurement of apoptosis

Cell apoptosis was determined by using annexin V-
ITC and PI double staining. Cells were harvested,
ashed twice with cold PBS and centrifuged at 1500 rpm

or 4 min. 105 cells were resuspended in 200 �l of bind-
ng buffer (10 mM HEPES/NaOH, pH 7.4; 140 mM
aCl, 2.5 mM CaCl2), 10 �l annexin V-FITC, and
�l of PI. Then samples were incubated for 15 min

n dark at room temperature. At last 300 �l binding
uffer was added to every tube; samples were then
ltered and analyzed on flowcytometer (Becton Dick-

nson). In all, 10,000 events were counted for each
ample.

.9. Treatment with pertussis toxin (PTX)

SH-SY5Y cells were treated with PTX by addition
f toxin to the culture media at a final concentration of
00 or 200 ng/ml. Control cells were seeded from the
ame stock of cells into identical vessels and batches
f media not supplemented with PTX. After 10-h treat-
ent, the expression of NTE and G�2 was detected with
estern blotting; the activities of NTE and AChE were

ssayed as described above. And the cell viability was
lso evaluated at the end of the PTX treatment exper-

ment. Cell medium containing 0.5 mg/ml MTT was
dded to each well and incubated at 37 ◦C in 95% air/5%
O2 for 4 h. The insoluble formazan formed was dis-

olved in DMSO, and the absorbance was measured in a
emistry & Cell Biology 39 (2007) 124–132 127

spectrophotometer at 570 nm with a background reading
of 660 nm.

2.10. Statistical analysis

Data were generally expressed as mean ± standard
error values. Groups of data were compared by one-way
ANOVA. A difference between means was considered
significant at a value of P < 0.05.

3. Results

3.1. Isolation of proteins that interact with NTE in a
yeast two-hybrid screen

A Gal4-based yeast two-hybrid system was used to
identify proteins that interact with the NTE protein. A
plasmid expressing a GAL-NTE-C-Ter fusion protein,
which contains the NEST activating domain, was used
to screen a human fetal brain cDNA expression library
in the yeast strain AH109. Only about 20 strong positive
clones had been obtained and sequenced from 3 × 106

transformants library screen. The associated cDNAs
of strong positive clones were characterized by DNA
sequencing (Table 1). Four positive clones were found
to encode the �2 subunit of heterotrimeric G-protein
from three different starting codons, while two clones
were shown to encode identical G�2-like I cDNA. Fur-
ther analysis revealed that all clones contain the same
WD40 domains. The interaction between G�2/G�2-like
I and NTE was confirmed in the yeast strain AH109
by cotransformation using the plasmids recovered from
clone C3/C6 and either pGBKT7-C-Ter or pGBKT7-
C6 G�2-like I (NM006098) 106–317
C14 G�2-like I (NM006098) 106–317

a GenBankTM accession numbers are given in parentheses.
b Residues encoded by each insert are shown. The same G�2-like I

cDNA was identified in two independent transformants.
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Fig. 1. In vivo association of NTE with G�2. (A) COS7 cells were transfected with mammalian expression plasmids encoding NTE-GFP or
Myc-G�2. Anti-GFP (GFP-IP) or normal mouse IgG (control-IP), immunoprecipitates were analyzed by immunoblotting with anti-Myc. Plasmids
used for cotransfections are listed below and immunoprecipitation with antibodies or beads alone are shown above. (B) SH-SY5Y cell lysates

ose mem
by anti
were resolved on SDS-PAGE, transferred to Hybond ECL nitrocellul
antibodies. (C) SH-SY5Y cell lysates were immunoprecipitated either
products were detected by immuno-blotting with anti-NTE.

A full characterization of G�2-like I protein is currently
in progress.

3.2. Coimmunoprecipitation confirms the
interaction of Gβ2 and NTE

To demonstrate the interaction between NTE and G�2
in a mammalian cell system, we expressed NTE-GFP and
Myc-G�2 fusion proteins in COS7 cells by cotransfec-
tion with pNTE-GFP and pCMV-cMyc-G�2 construct.
When NTE-GFP was immunoprecipitated from cell
lysates with anti-GFP antibody, Myc-G�2 was also pre-
cipitated, as detected by the anti-Myc antibody (Fig. 1A).
These data indicate that NTE binds to G�2 in mam-
malian cells. To determine whether endogenous NTE
can form a complex with G�2, co-immunoprecipitation
assays were performed with SH-SY5Y cell lysates. The
expression of NTE and G�2 in SH-SY5Y cells was
detected by western blotting with anti-G�2 and anti-

NTE antibody, respectively, which showed the speci-
ficity of the two antibodies to the corresponding proteins
(Fig. 1B). The G�2 was then immunoprecipitated from
cell lysates with anti-G�2 antibody and NTE protein
brane, and analyzed by immunoblotting with anti-NTE or anti-G�2
-G�2 or control IgG (normal rabbit IgG), and the immunoprecipitated

was precipitated too, which was also detected out by the
anti-NTE antibody (Fig. 1C). These data revealed that
anti-G�2, but not control antibody, could co-precipitate
NTE with G�2, which further confirmed the physical
interactions between NTE and G�2 proteins.

3.3. NTE activity is down-regulated by knockdown
of Gβ2

In order to elucidate the regulatory role of G�2 in
NTE activity, the effect of depletion of endogenous G�2
on NTE activity in SH-SY5Y neuroblastoma cells was
investigated. Two stable expressing G�2-specific siR-
NAs cell clones were selected and named as siG�2-
a3 and siG�2-b5, respectively. In siG�2-a3 cells, the
expression of G�2 was significantly suppressed com-
pared to control cell, whereas no evident change in the
level of G�2 in siG�2-b5 (Fig. 2A). Then the activity of
NTE in situ was assayed in the control cells, siG�2-a3,

and siG�2-b5 cells. NTE activity of siG�2-a3 cells was
about 58% of control cells transfected with the empty
pSUPER-neo vector. In contrast, there was no signifi-
cant difference between NTE activity in siG�2-b5 cells
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Fig. 2. Effect of silencing of G�2 expression on the level and activity of NTE in SH-SY5Y cells. (A) SH-SY5Y cells were transfected with siG�2 and
mock plasmid, then selected by addition of G418 for about 3 weeks. Extracts from the mono-cloned cells were analyzed by SDS-PAGE/immunoblot
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nalysis with antibodies specific for G�2, NTE and actin. (B) Quantita
resented as a percentage of in situ NTE activity in mock cells. Resul
ontrol cells vs. siG�2 cells was carried out by ANOVA. *p < 0.05, co

nd that in control cells (Fig. 2B). However, the levels
f NTE protein were not changed by the depletion of
�2 (Fig. 2A). Interestingly, siG�2-a3 cells depleted of
�2 showed different morphology compared with con-

rol cells and appeared to be more susceptible to die in

ormal culture conditions (Fig. 3A and B). Apoptosis
nalysis showed that siG�2-a3 cell has a higher apopto-
is ratio compared with the control cell and the increased
evels of apoptosis resulted from the depletion of G�2,

ig. 3. Inhibition of G�2 expression altered cell morphology and resulted in a
ells (A) and siG�2-a3 cells with inhibition of G�2 expression (B). (C) Apo
ransfected with mock plasmid. Cells stained with annexin V-FITC and PI, the
f three independent experiments.
lysis of basal in situ NTE activity of cloned SH-SY5Y cells. Data are
ean ± S.E. (bars) from three independent tests. Statistical analysis of
with controls, n = 3.

but not NTE, for the reason that there was no difference
of apoptosis between the control cells and the siNTE-
cells with lowered NTE activity (Fig. 3C).

3.4. Effect of PTX treatment on the activity of NTE
Previous study indicated that PTX action appeared
to be composed of two, temporally distinct, groups of
effects: the early group of effects in the 6-h treatment was

poptosis in SH-SY5Y cells. (A and B) The cell morphology of control
ptosis analysis of SH-SY5Y cells depleted of G�2, NTE protein or
n acquired for scan and analysis. Data are representative of triplicates
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Fig. 4. Effect of pertussis toxin treatment on the expression of NTE
and G�2 in SH-SY5Y cells. SH-SY5Y cells were treated with pertussis
toxin by addition of toxin to the culture media at a final concentration
of 100 or 200 ng/ml. Control cells were seeded from the same stock of
cells into identical vessels and batches of media not supplemented with

Fig. 5. Effect of pertussis toxin on the activity of NTE and AChE
in SH-SY5Y cells. SH-SY5Y cells were treated with pertussis toxin
by addition of toxin to the culture media at a final concentration
of 0, 100, or 200 ng/ml. The activities of NTE and AChE were
assayed. The basal activity of NTE and AChE in control cells
was 15.92 ± 1.39 nmol phenol/min/mg protein and 20.15 ± 0.26 nmol
acetylthiocholine hydrolyzed/min/mg protein, respectively. Data are
pertussis toxin. After 10-h treatment, the cell lysates were resolved on
SDS-PAGE, transferred to Hybond ECL nitrocellulose membrane, and
analyzed by immunoblotting with anti-NTE or anti-G�2 antibodies.

PTX-catalyzed ADP-ribosylation of G alpha-subunits,
attenuation of the inhibitory regulation of adenylate
cyclase, and attenuation of the ability of GTP to induce
an agonist-specific shift in receptor affinity; the sec-
ond group of late effects included the decline in G
beta-subunit levels and the progressive enhancement of
the stimulatory pathway of adenylate cyclase (Watkins,
Northup, & Malbon, 1989). So, the effect of longer PTX
treatment on the activity of NTE was investigated. The
results indicated that 10-h PTX treatment did not affect
the cell viability (data not shown). The expression of
NTE protein was not changed by PTX treatment, but
G�2 was inhibited in a dose-dependent manner (Fig. 4).
As shown in Fig. 5, NTE activity in the cells treated
with 200 ng/ml PTX was reduced to 55% compared to
the control cells, while the activity in cells treated with
100 ng/ml PTX was decreased a little. In contrast, there
was less than 10% increase of AChE activity in PTX-
treated cells compared with that in control cells. These
data further suggested that the decline in G beta-subunit
levels resulted in the decrease of NTE activity with no
change in protein expression.

4. Discussion

NTE is a novel phospholipase B protein that is highly
conserved among species including insects, nematodes,
yeast, and bacteria, and plays a role in phosphatidyl-

choline homeostasis (Lush et al., 1998; Muhlig-Versen
et al., 2005; Zaccheo et al., 2004). The deduced pri-
mary sequence of NTE (1327 amino acids) revealed that
NTE comprised an amino-terminal regulatory domain
presented as a percentage of the activity in control cells. Results are
mean ± S.E. (bars) from three independent tests. Statistical analysis
of control cells vs. pertussis toxin-treated cells was carried out by
ANOVA. *p < 0.05, compared with controls, n = 3.

and a carboxyl-terminal catalytic domain (Lush et al.,
1998). The amino-terminal regulatory domain included
three speculated cAMP-binding domain, the work of the
possible direct activation of NTE by cAMP is under
continuing investigation in another laboratory (Glynn,
2005). However, we have shown here that NTE can inter-
act with protein G�2 (or specific G�� complex) through
its catalytic domain, and that depletion of G�2 subunit
by RNAi or drugs can lead to down-regulation of the
activity of NTE.

The heterotrimeric guanine nucleotide-binding pro-
teins (G proteins) is composed of three subunits, G�,
G�, and G�, each of which is also composed of many
isoforms (Cabrera-Vera et al., 2003; Hamm, 1998). The
heterotrimeric complex is attached to the cytoplasmic
surface of the plasma membrane through the prenylated
G� (Clapham & Neer, 1997). This heterotrimeric com-
plex is inactive in the GDP-bound state. Once ligands
bind to their G protein-coupled receptors, GDP on G�
is catalyzed to GTP, leading to dissociation of the GTP-
bound G� from the G�/G� heterodimer (Hamm, 1998).
Liberated GTP-G� and the G�/G� complex then interact
with their downstream effector molecules and exert their
biological actions. In recent years, the �� complex has

received more attention and appears to play a significant
role in the G-protein-signaling pathway. Usually G� in
the �� complex exerts the basis of specificity of effector
modulation. Different �� complexes do not have equiva-
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ent abilities to couple a subunit to receptors or to regulate
ffectors (Yan & Gautam, 1997). This means multiple β

nd γ isoforms are required to accommodate the diverse
ignaling pathways in biological evolution (Rosskopf et
l., 2003). Herein, we have only found G�2 and its vari-
nt G�2-like I interacted with the C-terminal domain of
TE in yeast two-hybrid experiment. This indicates the

pecificity of interaction between these proteins.
G� contains a portion characterized as a seven

imes–repeated blade-like structure, called a WD repeat
Clapham & Neer, 1997; Smith, Gaitatzes, Saxena, &
eer, 1999). Crystallographic analyses revealed that all
D-repeats of G� are made up of four twisted strands

nd are arranged in a ring, thus, forming a propeller-
ike structure (Clapham & Neer, 1997). G�2 is widely
xpressed throughout the brain (Betty, Harnish, Rhodes,
Cockett, 1998). It has been shown that the WD repeat is
new interaction motif, through which forms the scaf-

old for multimeric protein complexes with activators
nd effectors bound together by adaptors in a precise
patial arrangement to ensure proper function (Dell et
l., 2002). The G�2/G� complex binds to and modulates
he activity of diverse molecules: several forms of potas-
ium and calcium ion channels, glucocorticoid receptor
nd ataxin 10 (Kino et al., 2005; Li et al., 2005; Waragai
t al., 2006). In this paper, the interaction of G�2 with
TE was confirmed by coimmunoprecipitation assay.
omponents of the G protein system are presumably

trictly located at the inner surface of the plasma mem-
rane attached to it through the prenylated G� (Clapham

Neer, 1997). However, the localization of G�2 is dis-
ributed in the cytoplasm and the nucleus, as well as at
he cytoplasmic surface of the plasma membrane (Kino
t al., 2005). Previous experiments showed that NTE
olecule is exposed on the cytoplasmic face of ER mem-

ranes and its activity requires membrane association,
hich requires the TM, regulator, and catalytic domains

Li et al., 2003). The membrane scaffold complex plays
role in maintaining the activity of NTE. This effect

s easily disrupted by addition of detergent and cannot
e rescued through simple addition of the NEST pro-
ein and/or phospholipids alone (Atkins, Luthjens, Hom,

Glynn, 2002). G�2 can migrate between subcellular
ompartments, such as between the cytoplasm and the
ucleus or the plasma membrane, depending on the type
f stimuli and the responsive signaling molecules activat-
ng the cell (Kino et al., 2005). Therefore, NTE activity
ay be changed by stimulation through G�2 transloca-
ion.
Previous study showed that the chemotactic response

o the complement factors C5a and C3a is ablated in
ells that the expression of G�2 subunit was silenced
emistry & Cell Biology 39 (2007) 124–132 131

by lentiviral delivery of small interfering RNA (Hwang,
Fraser, Choi, Qin, & Simon, 2004). G�2 transient anti-
sense experiment showed that down-expression of G�2
can lead to inhibition of cell proliferation with cell death
after a 4-day treatment and that this protein may play a
potential role in the regulation of cell proliferation and
microtubule and mitotic spindle organization in mam-
malian cells (Wu, Huang, Chiu, & Lin, 2001). The same
fragile behavior has been found in our subcloned siG�2-
a3 cell line, which showed different cell morphology,
higher apoptosis, required a high serum concentration in
the medium to maintain its growth. Moreover, silencing
the expression of G�2 or treatment with PTX for a longer
time down-regulated NTE activity without any change
in the protein level, which suggests that NTE and G�2
form an active complex at its C-terminal domain.

In summary, G�2 subunit interacts directly with NTE
and silencing of G�2 down-regulates the activity of NTE,
which indicates G�2 plays a role in maintaining the
activity of NTE and suggests there is a novel regula-
tory mechanism for NTE activity. It will be of interest
to further investigate the interaction pattern of the NTE
and G�2 complex and determine the functionality of this
interaction.
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