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G protein By complex-mediated apoptosis by familial
Alzheimer’s disease mutant of APP

least 10 spliced isoforms from a single gene, the 695
amino acid form APRys is preferentially expressed in
neurons. In patients with early onset familial AD (FAD),
lle, Phe and Gly mutations have been discovered at V642
in APPsos (Hardy, 1992). These mutations co-segregate
with the AD phenotype (Karlinsket al,, 1992), demon-
strating that V642 mutations in APP are established causes
of AD.

Nonetheless, little has been known about what type of
abnormality, if any, is induced by APP in these mutations.
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Suzuki et al. (1994) have found that secretion o3&
42, a longer version of B, is a common target of this
type of mutation. However, multiple pieces of evidence
contradict the notion that (A deposition is the cause of
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AD, although it is the earliest abnormality constantly
observed in the AD brain. Despite the neurotoxicity of
AB in vitro (Loo et al, 1993), mice overproducing
AB1-42 extracellularly showed virtually no neuronal loss
(LaFerlaet al., 1995). In transgenic mice, overexpression
of the V642F type of the APP mutant led t@3Aleposition
and senile plague formation approximating those found in
AD patients, but resulted in little neurodegeneration or
AD-like signs and symptoms (Games al,, 1995). Con-
versely, in transgenic mice overexpressing APP mutated
in the a-secretase cleavage sites, neurodegeneration and
AD-mimetic signs and symptoms occurred without sig-
nificant deposition of £ (Moecharset al,, 1996). Further-
more, it has been found that the FAD-associated V642
mutants of APP cause cytotoxicity in cultured cells without
AB mediation (Yamatsujiet al, 1996a,b). Thus, the
significance, as well as the role, oBAleposition for AD
development remains unclear.

In its structure, orientation and localization, APP is
similar to cell surface receptors (Kaegial, 1987; Dyrks
et al, 1988; Weidemanret al, 1989; Schuberet al,
1991; Ferreiraet al, 1993). The cytoplasmic domain of
APP binds Fe65 protein, which has a phosphotyrosine-
binding domain related to an oncogenic signal transducer,
Shc (Fioreet al, 1995). It also binds APP-BP1, a gene
product similar to AXR1 inArabidopsis AXR1 is required
for normal response to the plant growth hormone auxin
(Chowet al, 1996). These observations suggest that APP
has not only the structure but also the function of a cell
surface receptor. Our own earlier study (Nishimetal,
1993) found that APgshas an intrinsic @stimulating
domain at His657-Lys676 and forms a complex with G
through this cytoplasmic domain. It has been confirmed
that the synthetic His657-Lys676 peptide activates G
in vivo (Lang et al, 1995). We subsequently indicated
Alzheimer’s disease (AD) is characterized pathologically that intact APRgscauses activation of Ghrough His657—
by extensive neuronal loss, intracellular tangles and extra-Lys676 in response to anti-APP monoclonal antibody in
cellular senile plaques, whose major constituenfy A reconstituted vesicles (Okamogt al, 1995). Therefore,
amyloid, is cleaved off from the transmembrane amyloid APPsg5has a molecular function as a-@oupled receptor.
precursor protein (APP) (Kangt al, 1987). Among at G is a heterotrimeric G protein that serves as a signal
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In familial Alzheimer’s disease (FAD), three missense
mutations, V6421, V642F and V642G, that co-segregate
with the disease phenotype have been discovered in
the 695 amino acid form of the amyloid precursor
protein APP. Expression of these mutants causes a
COS cell NK1 clone to undergo pertussis toxin-sensitive
apoptosis in an FAD trait-linked manner by activating
the G protein G, which consists of Gx, and GBy
subunits. We investigated which subunit was respons-
ible for the induction of apoptosis by V6421 APP in NK1
cells. In the same system, expression of mutationally
activated Go,, or Goy; induced little apoptosis. Apoptosis
by V6421 APP was antagonized by the overexpression
of the carboxy-terminal amino acids 495-689 of the
B-adrenergic receptor kinase-1, which blocks the
specific functions of @y. Co-transfection of CGB2y2
cDNAs, but not that of other GBxyz (x = 1-3; z = 2,
3), induced DNA fragmentation in a manner sensitive
to bcl-2. These data implicate @y as a cell death
mediator for the FAD-associated mutant of APP.
Keywords amyloid precursor protein/apoptosis/

By complex/familial Alzheimer’s disease/G protein
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transducerin vivo, thus, APRgs may play a role as a
signaling receptor, even in intact cells. Murayastaal.
(1996) have reinforced this hypothesis, using AP
overexpressing gliomas. APP,,@nd growth-associated
protein (GAP)-43 co-localize in growth cones in pre-
synapses of neurons (Strittmattet al, 1990; Ferreira
et al, 1993). GAP-43 is a specific potentiator for,-G
coupled receptors (Strittmattet al., 1993), so one can
assume that their co-localization may add to the theory of
APP being a functional receptor. In further support, APP
and G, have been implicated in virtually identical functions

concluded that the three FAD-linked mutants of APP
activate G and thereby induce apoptosis in these cells.
Consistent with this notion, recent reports from other
laboratories (Carracedet al, 1995; Yanet al, 1995)
have described PTX-sensitive apoptosis in cerebellar
neurons and natural killer cells, in both of which endo-
genous expression of Gias been documented (Nishida
et al, 1991; Sebolet al, 1993). Most recently, Wolozin
et al. (1997) have described PTX-sensitive apoptosis
in PC12 cells induced by overexpression of APP and
presenilin-2, another FAD gene product located at human

of neurons, such as neurite outgrowth, synaptic contact andchromosome 1, supporting our theory.

cell-cell adhesion (reviewed in Nishimott al, 1997).

It has been found that the three FAD-associated V642
mutants of APP, V642l, V642F and V642G, all induce
apoptotic cell death when they are expressed in NK1 cells,
which are neuron-like transformants of COS cells that
endogenously expressog (Yamatsujiet al, 1996a). In

G, belongs to the oligomeric G protein family, which
consists of two functional subunits,oGand Qy. The
activity of Ga is strictly regulated by bound guanine
nucleotides. @ stays inactive when it binds GDP. Upon
receptor stimulation, & undergoes GDP/GTP exchange
and become an active GTP-bound form. Through the

these cells, the highest incidence of apoptosis was causegntrinsic GTP hydrolysis activity built into &, the active

by the three FAD mutants; all the other possible mutants
at V642, as well as wild-type APP, caused less or no

form returns to the inactive form. Thus, the active form
of Ga is the GTP-bound form, and the inactive one is the

apoptosis. This observation demonstrates that apoptosisgspp-pound form. To express the function of thex G

by V642 mutants in NK1 cells is phenotypically linked
to the AD trait and reflects a key pathological process
of FAD.

Significantly, G has been implicated in apoptosis after
transfection of NK1 cells with the three FAD mutants
(Yamatsuijiet al, 1996a). First, when the same cells were
treated with pertussis toxin (PTX) or transfected with an
inactivating Gx, mutant, this apoptosis was blocked. PTX
is a known inhibitor specific for & and Gx, Second,
all three FAD mutants of APP constitutively activatg G
directly in reconstituted vesicles (Okamago al., 1996).
Third, in the cytoplasmic domain His657-Lys676 of APP,
the FAD mutant V642l APP binds and initiates a cascade
message for the induction of apoptosis (Yamatstijal,,
1996a,b). The only known function of this APP domain
has been to activate 3 selectively among various G
proteins (Nishimotoet al, 1993), and this domain is
functional for V6421 APP to constitutively activate G
(Okamotoet al, 1996). Fourth, when V642F APP, but
not normal APP, was co-expressed in NK1 cells with each
of various Qg chimeras whose C-terminal five residues
(the receptor contact site ofo® were from those of other
Ga genes, cAMP response element (CRE) activity was
constitutively promoted in GGa, chimera-transfected
cells (Ikezuet al, 1996). It has been established, using
the Go~Ga, chimera, that the signal of the receptor
linked to Go, is converted specifically to the stimulation
of adenylyl cyclase and its downstream pathway
(Komatsuzakiet al., 1997). The observation mentioned
above thus indicates that V642F APP can constitutively
and selectively recognize the C-terminal five residues of
Ga,, i.e. the receptor contact site ofig and activate the
whole chimeric G protein in NK1 cells. Therefore, V642F
APP should constitutively and selectively activatg &
well through the recognition of the receptor contact site
of Ga, in vivo. Finally, the three FAD mutants of APP at
V642 suppressed the transcriptional activity of CRE when
they were expressed in NK1 cells. The suppression of

CRE was also reproduced by the expression of constitu-

tively active Gi, mutants in the same cells.
Based upon these multiple lines of evidence, we have
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subunit, we usually need to express the GTPase-attenuated
Ga mutant, but not the wild-type &(Wonget al, 1991),
suggesting that most of the expressed wild-type G proteins
are in an inactive conformation, which means a GDP-
bound form. This is reasonable, because wild-type G
proteins have intrinsic GTPase activity, and they are not
activated without upstream stimulation. In clear contrast,
the active form of @y is the Gx-unbound form, and the
inactive one is the Gbound form. Therefore, just by
overexpressing 3y complexes to the extent that they
exceed @ in quantity, we can express the function of the
GBy. In fact, it has been established that overexpression
of wild-type &3 and wild-type G cDNAs results in
stimulation of polyphosphoinositide turnover (Camps
et al, 1992; Katzet al,, 1992) and MAP kinase activation
(Crespoet al,, 1994).

The inactive form of @ is in an oligomeric conform-
ation associated with @ and, in response to upstream
receptor activation, the G protein dissociates into the two
subunits. Upon stimulation, inactive ,Ghus generates
two active moieties, @, and @By, both of which are
capable of activating downstream effectors. Therefore, it
is essential to know which subunit of PTX-sensitive G
protein G is responsible for the induction of apoptosis
triggered by the V642 mutants of APP in NK1 cells. This
study was conducted to specify the G protein subunit
implicated in this apoptosis.

Our strategy was to examine (i) whether mutationally
activated @& mutants of G and G can induce apoptosis
in NK1 cells; (ii) whether wild-type @, enhances or
impairs apoptosis induced by V642l APP in NK1 cells;
(iii) whether the isolated @y-binding domain ofSARK1,
an established @ inhibitor, attenuates this apoptosis;
(iv) whether certain combinations of co-transfecteff G
and Gy cDNAs cause NK1 cells to undergo apoptosis;
and if so, (v) whether the same cells express the subtypes
of GB and Gy capable of triggering cellular apoptosis.
The results implicate the & subunit of G as a novel
effector of the FAD-linked mutant of APP that mediates

apoptosis, providing an entirely new insight into the
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Fig. 1. Lack of effects of mutationally activatedd@ on apoptosis and inhibition of V6421 APP-induced apoptosis by wild-typg. GA) NK1 cells

were transfected with wild-type ARR; (APP), V6421 APP or GTPase-deficienoGnutant cDNA and, 48 h after transfection, cells were stained red

with anti-APP or anti-@& antibody and their nuclei were stained green with acridine orange. Apoptosis was assessed for the nuclear changes defining
apoptosis, which are condensation, fragmentation and compaction. We counted the red cells throughout the)wait(the number of red cells

having an apoptotic nucleus=(b). The gross incidence of apoptosis by a transfectant (APP, V6421 APP or GTPase-deficientt&ht) was b/a. In

each transfection, background incidence (c) of apoptosis was estimated by counting the frequency of non-transfectant-expressing cells that have
apoptotic nuclei in the same sample. The subtraction, b/a—c, represents the specific apoptosis induced by the expression of the transfectant, which is
shown here. The data are the mean$E of three independent transfections. Inset: immunohistochemical staining,e®@205L (right upper) and
Ga-Q205L (right lower). Samples were stained red by ardiy@ntibody 72 h after transfection of the cognate cDNAs under the same conditions

used in measuring apoptosis. The photographs were superimposed with the nuclear staining by acridine orange. All the Q205L-transfected cells
exhibited widely spread shapes. The left upper panel shows the phase contrast image of untransfected NK1 cells which have typical neurite-like
processes. The left lower panel shows the staining of the cells expressing the V642 mutant of APP 72 h after transfection. All the V642| APP-
transfected cells became small and round, as described previously (Yama&jil996a). These panels are at the same magnificaBrCélls

were transfected with ARBs, V6421 APP or V6421 APP plus either @, or Go, cDNA (0.5 ug for each construct), and the specific incidence of

apoptosis was measured as in the left panl<0.05.

mechanism underlying the cytotoxicity linked to FAD and densed cytoplasm (Figure 1A, inset, right). Conversely,
apoptosis itself. Ga, mutant-expressing cells had widely spread shapes. In
clear contrast, cytoplasmic condensation was observed in
all cells expressing V642l APP at 72 h after transfection
(Figure 1A, inset, left; and see also Yamatsefi al,

To specify the responsible subunit, we began by examining 1996a). These observations indicate that expression of
whether expression of mutationally activated &auses mutationally activatedog with certain effects on cyto-

NK1 cells to undergo apoptosis. BothaGQ205L and skeletal machinery, caused no apoptosis. This was also
G0y-Q205L are GTPase-deficient mutants af &nd its the case with either GTPase-deficiemnt, G5a;;-Q205L
splicing variant @, respectively, which stay in active or Ga;;-Q205L (data not shown). It has been demonstrated

Results

conformations. The use of this type of mutationally that these Q205L constructs,@ri@ Gy; are functional
activated @ has been established in clarifying whether in NK1 cells under similar conditions. TheoG mutants

one particular output in cells is triggered byaGWong inhibit adenylyl cyclase activity (lkezet al, 1995) and

etal, 1991). Transfection of either mutant did not increase the Gu, mutants suppress CRE (lkezt al, 1996),

the incidence of nuclear apoptotic changes, i.e. condens- suggesting that their expression levels were above the
ation, fragmentation and impaction of nuclei, 48 h after range allowing functions. As PTX blocks V6421 APP-
transfection (Figure 1A). In addition, 72 h after transfec- induced apoptosis in NK1 cells (Yanetslljil996a),

tion, no cells expressing eitherog mutant showed con-  the lack of NK1 apoptosis by mutationally activated PTX-
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sensitive @ suggests that the [ subunits could be (Figure 2A), whereas it was not inhibited by the empty
responsible for the induction of this apoptosis. plasmid pRK5. The antagonizing effect BARK1-CT

We next examined how overexpression of wild-type was also observed when V642 APP-induced apoptosis
Ga, affects V6421 APP-induced apoptosis. IfaGis was examined in NK1 cells stably transfected with this
utilized as the effector subunit of ;Gto induce this construct (Figure 2B). In these cells, DNA fragmentation
apoptosis, the induction of apoptosis is expected to beinduced by V6421 APP expression was significantly
enhanced or unaltered (if the signal is saturated) by the impaired, as compared with that in NK1/Puro cells trans-
co-overexpression of wild-typedz. If Gy is the subunit fected with a control plasmid or in NKRARK1-NT cells
triggering V6421 APP-induced apoptosis, overexpression transfecte@ARIK1-NT cDNA, which corresponds to
of wild-type Ga, would attenuate this apoptosis, because the N-terminus (amino acids 1-494) @ARK1. Although
most of the transfected and expressed wild-tygei§in NKZ1/Puro cells seem to have a certain resistance to V642I
an inactive GDP-bound conformation, which sequesters APP in causing DNA fragmentation, as compared with
free QBy. We co-transfected wild-type &g cDNA with parent NK1 cells (Yamatsujet al, 1996a), these data
V642 APP cDNA and evaluated the incidence of NK1 indicate that V6421 APP-induced apoptosis requires the
apoptosis. Apoptosis induced by V6421 APP was signific- activity gf.G
antly diminished by co-transfection of wild-type oG We pursued further evidence foinduced apoptosis.
(Figure 1B). This inhibitory effect on V642| APP was not We co-transfectddl ahd Gy cDNAs and examined
non-specific, because similar overexpression of wild-type apoptosis in the same system. Figure 3A shows that co-
Ga,, potentiates the effect of V6421 APP on CRE activity transfection 2@ cDNAs induced nucleosomal DNA
in the same cells (lkezat al, 1996). Given the fact that fragmentation at 48 h after transfection. A single transfec-
the Ga subunit of G is involved in the FAD-linked APP- tion of either82 or Gy2 cDNA failed to induce chromatin
induced suppression of CRE (lkeat al, 1996), the fragmentation (data not shown). At 72 h after transfection,
present finding offers additional support for the notion considerable fractions of transfected cells detached from
that the @y subunit of G is involved in the FAD-linked plates. These features are characteristic of apoptosis. In
APP-induced apoptosis. Incomplete inhibition of apoptosis contrast, other co-transf@stedG= 1, 2, 3; z= 2, 3)
by co-transfected wild-type & probably occurred caused little DNA fragmentation at 48 h after transfection
because some of the newly formed trimerig €uld be (Figure 3A) or scarce detachment at 72 h post-transfection
activated by V6421 APP and join the positive signal for (data not shown). Lack of apoptosis by co-transfection of
apoptosis. In support of this, inhibition of V642l APP- B&2 or B2yl cDNAs (Figure 3A for @3y2; not
induced apoptosis by an inactivatingaGmutant was shown for @2yl) was consistent with the fact that
nearly complete (Yamatsugit al, 1996a). these combinations do not generate functional complexes

As compared with wild-type &,, transfection of wild- (Pronin and Gautam, 1992; Schmigt al., 1992). Func-
type Qo resulted in lesser inhibition. & is the photo- tional dimers of @y2, G31y3, G32y2 and @B2y3 have
transducinga subunit of the retina-specific G protein been demonstrated (Grabet al, 1992; Iniguez-Lluhi
transducin, which frequently has been used to sequesteret al, 1992; Pronin and Gautam, 1992; Robishetral.,
free By and inhibit @By-induced cellular outputs 1992; Schmidtet al, 1992; Boyeret al, 1994). B2y2-
(Federmanet al, 1992; Lustiget al, 1993). In these induced DNA fragmentation was found at least three times
experiments, the expression of V6421 APP per cell was by independent transfections by TUNEL (Figure 3B).
not altered by co-transfection ofdg or Ga,; (data not To be sure that the cytotoxicity by3Zy2 was not an
shown). However, for technical reasons, we were not able artifact, we examined whether it might be regulated by
to compare the expression level ofiGwith that of Ga. an established apoptosis blocker, bcl-2. To do so, we
The greater inhibition by &, than by Gx; may suggest  used NK1 cells (NK1/bcl-2) stably transfected with bcl-2
that the @y implicated in V642] APP-induced apoptosis (Yamatsefji al, 1996a). Figure 3C indicates that co-
has higher affinity for @, than for Gx;, implying that expression of G2y2 failed to cause DNA fragmentation
the By complex is not @B1lyl, the transducin G-specific in NK1/bcl-2 cells, suggesting that the observed DNA
By subunit. Alternatively, this finding may suggest that fragmentation by @2y2 is sensitive to bcl-2 and is

Ga,, but not Gx;, can switch on an inhibitory pathway associated with the typical feature of apoptosis. Because
for this apoptosis other than through sequestrationf®f G  apoptosis by V6421 APP is also sensitive to bcl-2
as is the case with the pheromone-induced mating system (Yamatsugl, 1996a), these data lend additional

of Saccharomyces cerevisial this yeast system, the credence to the notion thatB@is a cell death mediator
GBy stimulates mating and thecGacts as an inhibitor not of FAD-associated APP.
only by binding to @y but also by turning on a negative The expression of &, GB2, Gy2 and G3 associated

signal for this @y output (Doiet al, 1994). with transfection of cognate cDNAs was verified (Figure

In an effort to confirm the intermediary role off3§ 3D). Immunoblot analysis with antiff&sccommon antibody
we next investigated the effect of the expresfédRK1 revealed that the major[f&an mock-transfected NK1 cells
C-terminus BARK1-CT). TheBARK1-CT, corresponding was 36 kDa @. In response to &l or (32 cDNA
to amino acids 495689 §ARK1, contains an established transfection, corresponding protein expression at 36 or
GBy-binding site (Kochet al, 1993) and has been 35 kDa was observed. The antB&specific antibody
employed in multiple studies to inhibit specific actions of selectively detected the 35 kDa protein, confirming that
GBy (Kochet al,, 1994a,b; Guet al,, 1995; Hawest al,, the 36 and 35 kDa bands correspond t1Gand @32,

1995; Luttrellet al,, 1995a,b). WheBARK1-CT cDNA respectively. NK1 cells endogenously expressed 10 kDa
was transiently co-transfected with V6421 APP cDNA, Gy2 protein, which was recognized by anti&specific
V642l APP-induced apoptosis was partially inhibited antibody, and overexpressed it when transfected with
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Fig. 2. Inhibition of V642] APP-induced apoptosis by the C-terminu38RK1. (A) Cells were transfected with V6421 APP cDNA (04g)), with
BARK1-CT cDNA or pRK5 (each 0.f1g), and apoptosis was examined in cells expressing V6421 APP; 100% indicates the specific incidence of
apoptosis induced by V642I APP, which was similar to that in Figure 1. The data are the me#f three independent transfections.

*P <0.05. n.s., not significantB) After either LacZ, APP or V642| APP cDNA (each Ouf) was transfected into NK1 stable cell lines, histone-
associated oligonucleosomally fragmented DNA was measured by ELISA.ARK1-CT, NK1/BARK1-NT or NK1/Puro were the cells stably
transfected witiPBARK1-CT cDNA, BARK1-NT cDNA or pBabe/puro (an empty plasmid for puromycin resistance), respectively. The data shown
here as the percentage of LacZ-induced DNA fragmentation are the me&&sof three independent transfectionB. ¥0.05. n.s., not significant.

Gy2 cDNA but not with G3 cDNA. Anti-Gy3 antibody promoter through Ras activation. These findings demon-
detected @3 protein of a slightly larger size in NK1 cells strate that co-transfection of eitherfG2, G32y2 or
transfected with @ cDNA. Parental cells expressed little B3 cDNAs leads to the expression of the cognate
of this protein. This anti-@3 antibody less potently functional complexes which generate nuclear signals to

detected the 10 kDa\& overexpressed iny@-transfected similar extents, but that only3Zy2 can turn on the
cells, while it could not detect the smaller amount of pathway for apoptosis.
endogenous ®&. These data are also consistent with We examined the native expressif2 ah@® G2 in
multiple earlier studies showing that the3%2 complex NK1 cells. As shown above, the immunoblot analysis
is a minor member of By (Woolkalis and Manning, 1987; detected endogenous expressiorydb@& not of GB2.
Asanoet al, 1993; Yanet al, 1996). However, it has been established th@2ds ubiquitously

To ensure that co-transfected3G2 and @@2y3, like expressed as a minor message (Woolkalis and Manning,

GB2y2, form functional complexes, we checked the effects 1987). To confirm expression in NK1 cells, mRNA was
of co-transfection of B1y2, G32y2 and @B2y3 cDNAs purified from these cells and reversely transcribed into
on the promoter activity of the stromelysin gene. As cDNA, and a fragment of each subunit was amplified by

shown in the left panel of Figure 3E, co-transfection using subtype-specific primers in the PCR (Figure 4).
of GB1y2, GB2y2 and B2y3 each resulted in similar Three @ (B1, B2 andp3) and three & (y2, y4 andy5)
stimulation of the stromelysin promoter activity located subunits were found to be expressdB (Hend was

at—1303to—754. As controls, each of thefdyGomplexes only weakly visible). Negative detection @4, y1, y3 or

was tested with the stromelysin promoter at —1218 to y7 was confirmed by using a second set of PCR primers.
—1202, and none of them stimulated this promoter activity To ensure that the PCR bands shown here represent the
(Figure 3E, right panel). The known nuclear transcriptional segmentspaf @&dd G2, we performed Southern blot
element located at —1303 to —754 outside —1218 to —1202analysis of the PCR products from3&, G33, G34, Gy2,

of the stromelysin gene is the Ras-responsive element y3, Gy4 and G/5 from the NK1 cells, using as probes
(Sanzet al, 1994), and Ras activation is the known effect the labeled (2 and G2 oligonucleotides. As shown in

of GBy complexes (Crespet al, 1994). It is therefore Figure 4B, the33 probe specifically detected the 160 bp
likely that these @y complexes activate the stromelysin PCR band of B2 and the @2 probe detected the 110 bp
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Fig. 3. Co-transfection of @y cDNAs induces apoptosisAj NK1 cells were co-transfected withGand Gy cDNAs [0.25ug each; B1y2 (c),

GB1y3 (d), GB2y2 (e), @B2y3 (f), GB3y2 (g) and @3y3 (h)]. At 48 h after transfection, fragmented DNA was staiireditu by TUNEL.

Nucleosomally fragmented DNA is stained brown in these figures. As controls, cells were transfected wighL@<&Z (b) or no transfection

procedure (a).K) Reproducible DNA fragmentation by2y2. Cells were transfected withay2 cDNAs (a and c) or 32y3 cDNAs (b and d).

After transfection, nucleosomally fragmented DNA was staiimesitu by TUNEL. Note that transfected cells started to detach from a plate at 48 h
after transfection of B2y2 (see text). Experiments were done independently of those shown inGAEffects of bcl-2 on @2y2-induced DNA
fragmentation. Parental NK1 cells and NK1 cells stably expressing bcl-2 (NK1/bcl-2) were transfected with or wiBgRitcGNAS; 48 h after
transfection, DNA fragmentation was measured by ELISA and indicated as the fold of DNA fragmentation observed in mock-transfected NK1 cells
(100% indicates 0.333 in this figure). The data are the meaBE of three independent transfections. In these experiments, the expression levels of
transfected @ were similar between NK1 and NK1/bcl-2 cell®)(Expression of @ and Gy in GPy co-transfection. Cells were transfected with

Gy cDNAs (as indicated) under the same conditions as in (A), and cell lysates were immunoblotted witB anti@on antibody (left upper

panel), anti-®2-specific antibody (left lower panel), antiy®specific antibody (right upper panel) or anty@antibody (right lower panel). The

weak cross-reactivity of anti4B antibody for G2 was suggested by the fact that the antigen peptide for this antibody is 50—60% identical to that
for anti-Gy2 antibody. E) Effects of @y co-transfection on the promoter activities of stromelysin. Cells were transfected with eptg?,EG32y2

or G32y3 cDNAs with pHACAT (the stromelysin promoter —1303 to —754) or palCAT (the stromelysin promoter —1218 to —1202), and CAT activity
was indicated as mU/well.» <0.01. n.s., not significant.
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A same conditions as used in the present study (data not
400 Bl B2 B3 p4 shown). Hence, it was likely that these non-neuronal
m\ cells lack the downstream machinery fof&2-induced

o apoptosis. However, we could not totally exclude the
= possibility that, although those cells were susceptible to
100 — GP2y2-induced apoptosis, the quantitative duration of
(bp) exogenous 2y2 expression was not sufficient or its time

profile was not appropriate to cause them to undergo

400 vy v2 93 y4 y5 y7 apoptosis. We also transfected th@2zand G2 cDNAs

into neuronal cell lines, PC12, F11 and Ntera-2. However,

300 none of these cells allowed for co-expression ¢ &d
200 — Gy subunits under our experimental conditions set for
100 NK1 cells (data not shown). We were not able, therefore,
(bp) to assess whether th3@/2 complex can induce apoptosis

in neuronal cells. It has been reported recently that the

V642 type of FAD mutants of APP cause F11 cells
B to undergo apoptotic death (Yamats@gt al, 1996b).
Therefore, the investigation of whether co-expressgad G
and G2 can kill F11 cells would be especially important.

Discussion

Expression of the FAD-associated V6421 APP causes NK1
cells to undergo apoptosis in a PTX-sensitive manner

—300 bp (Yamatsuijiet al,, 1996a). Wild-type APP activates,®ut

not G in a ligand-dependent manner (Okamatb al,,
. =200 bp 1995). All three V642 mutants, V6421, V642F and V642G,
of APP have the molecular function of constitutively
—100 bp activating G through the region involved in the ligand-

dependent activity of APP (Ikezet al., 1996; Okamoto
et al, 1996). These observations indicate that V642
mutants of APP activate Gand induce PTX-sensitive
apoptosis in NK1 cells. Upon stimulation, G proteins
151432 By B3 By Y5473 Y By B3 By disspciate into two functiona_l moietiesacand Qy. nge
we indicate that (i) expression of mutationally activated

be ¥ be : _ P .
By pro 2.0 Ga, or Ga; induced no apoptosis in NK1 cells; (i) multiple
Fig. 4. Amplification of G protein andy subunit fragments from _Strateg'es deS|gnQd to block the funCF!QnS mmag?”'
NK1 cells. @) Amplified DNA fragments of the cDNA of @ ized NK1 apoptosis by V6421 APP; (iii) co-expression of

subunits (upper panel) andyGubunits (lower panel) were separated GPy cDNAs caused NK1 apoptosis in a subtype-specific
on an agarose gel and visualized by staining with ethidium bromide.  mganner; and (iv) NK1 cells express endogenoudy G

Numbers on the left indicate molecular weight standards in base pairs. : : : T
The figures are representative of three independent experiments with subunits that are able to mediate apoptosis. These findings

similar results. B) The amplified PCR fragments were separated on an IMplicate @8y complexes as the effector of V6421 APP
agarose gel and transferred onto Southern blotting sheets. The sheets t0 trigger apoptosis in our system. As V642| APP activates
were incubated with labeled probes specific f@2Jleft panel) and the trimeric form of G through His657—-Lys676 (Okamoto
Gy2 subunits (right panel). etal, 1996), V642l APP should activate the trimeric form

of G, and release @@y, which then turns on the pathway
band of G2. These data demonstrate the endogenousfor apoptosis. In further support of this concept, V642l
expression of 32 and G2 in NK1 cells, although there APP fails to induce apoptosis without His657-Lys676
is a possibility that the negative subunits were present but (Yamatsujiet al, 1996a,b).

could not be detected by the primers used (originally Although the significance of apoptosis in AD has not
designed for rat subunit detection, but selected from well- been finally established, a number of recent studies (Su
conserved regions). et al, 1994; Dragunowet al, 1995; Lassmanret al,

As the major purpose of this study was to specify the 1995; Smaleet al, 1995) have all agreed that apoptosis
G, subunit that executes V6421 APP-induced apoptosis in associated with DNA fragmentation is the major feature
NK1 cells, in which V642 APP-induced apoptosis is in the sporadic form of AD (see Nishimott al, 1997
phenotypically linked to the FAD trait (Yamatsugt al., for the significance of apoptosis in AD). Studies that
1996a), it seemed to be beyond our aim to investigate theexamine DNA fragmentation in the brain from FAD
generality of @y-induced cell apoptosis. However, we patients carrying V642 mutations in APP have not been

screened various cell lines to observe whether they werereported. Although little apoptosis has occurred in the
susceptible to Gy-induced apoptosis. The[32 and G2 brain in V642F APP-overexpressing transgenic mice, in
cDNAs were transfected to HEK293, CHO, Rat-1 and the which AR amyloidogenesis is the major feature in patho-
usual COS-7 cells. Despite considerable co-expression of logy (Gamned, 1995), these mice have scarcely
GB2 and G2, virtually no apoptosis occurred under the developed the signs and symptoms of AD. This finding
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does not conflict with, but potentially supports, the positive implicated in apoptosis by V6421 APP is different from
interactions between apoptosis and AD development. TheGpB2y2. However, it is nearly impossible to measure the
relationship between apoptosis and FAD genes has also real concentrat{éydfaBd compare the concentration
been suggested by the studies of D’Adamio and colleagues;of transfectionally expressedd@y2 with that of the native

Vito et al. (1996) reported that the 103 residue portion of complex, because inside the cell, there are vB@yious G
presenilin-2, another FAD gene product located at human complexes, different from @y2, that consist of either
chromosome 1, inhibits apoptosis in T cells; Wolozin  BX5or Gy2. In addition, whereas native 3 is post-

et al. (1997) reported that APP and presenilin-2 induce translationally modified, considerable fractions of transfec-
PTX-sensitive apoptosis in PC12 cells. Although a study tionally overexpres@ydn@y stay unmodified; the
using neuronal cells comparable with the present researchmodification of @y critically affects its workings (Maltese
may be required in the future, no neuronal system has and Robishaw, 1990; Kieselbv1995). Therefore,
allowed examinations comparable with those of the presentwe cannot simply compare the functional amounts of
study, including transient co-expression dbyGAlthough @By between native and overexpressed complexes by
we recently have established a neuronal system wheremeasuring their concentrations, even if such measurement
nucleosomal DNA fragmentation is induced by transient becomes possible. For the same reason, we cannot exclude
expression of the three FAD-linked mutants of APP the possibility that only a small fraction of transiently

(Yamatsujiet al, 1996b), so far we have not been able to
co-express G and G/ cDNAs in that system. We

emphasize, however, that the observed apoptosis in NK1

cells is phenotypically linked to the FAD trait, because

three FAD-associated APP mutants cause the highest

incidence of apoptosis among all of the possible 19
mutants at V642 and wild-type APP (Yamatsej al,
1996a). Therefore, the By action implicated in this

apoptosis by FAD-associated APP should be relevant to

the mechanism linked to FAD.
This study also provides direct evidence thafyG
expression triggers apoptosis&2-induced apoptosis

was subtype-specific and regulated by bcl-2. So far,

expresspayZis accessible to its putative target for
apoptosis. Alternatively, only prolonged activation of the
mig2yZGby V6421 APP may be able to induce
apoptosis. This idea fits well with the accompanying
result that expressiphydfdd G31y3 did not induce
apoptosis. They are the majof3gin the brain (Wilcox
etal, 1994), which could transiently be released intracellu-
larly from G proteins in response to many neurotransmitter
stimulations, which do not induce death of neurons.
Apoptosis not by a major @ but by a minor one could
allow for specific cell death by the signal that constitutively
activates G proteins.
In summary, we conclude that activation byf G

GB2y2-induced apoptosis in COS cells has not been V6421 APP results in the generation of two distinct signals,

reported. The positive data in NK1 cells could be attribut-

0,@nd Qy (Figure 5). G, turns on its proper signaling

able to cellular differences between NK1 and other COS pathways; it hegatively regulates transactivation of CRE

cells. In strong support of this, expression of the FAD

(Ikezw al, 1996), which potentially contributes to

mutants causes NK1 cells but not the usual COS cells tolong-term memory disturbance and synaptic malplasticity

undergo apoptosis (Yamatsuwgt al, 1996a), and NK1
cells express tissue-specific proteins such ag &hd G2
(Yamatsuijiet al,, 1996a; this study) that other COS cells
do not express (Katzt al, 1992). In addition, co-
expression of 32 and G2 cDNAs in the usual COS-7
cells caused no DNA fragmentation. It is therefore highly
likely that NK1 cells also express the cell-specific down-
stream target of @2y2 for apoptosis. Diverse effectors or
effector systems of @y have been identified: adenylyl
cyclases (Tiguez-Lluhiet al,, 1992),BARK family kinases
(Ingleseet al, 1992), phospholipase B{Campset al,
1992; Katzet al, 1992), K" channels (Reuvengt al,
1994), phosphatidylinositol 3-kinases (Stephegtsal,
1994; Thomasonet al, 1994), Ras/mitogen-activated
kinases (Crespet al., 1994) and stress-activated protein
kinases (Coscet al, 1996). No functional differences
between @1y2 and @2y2 have so far been specified for

(Frank and Greenberg, 1994). In a parallel manner, specific
GPy complex released from Should transmit the signal
for apoptosis, which most likely causes organic degener-
ation. As V642F and V642G APPs can also activate G
with similar potencies to that of V6421 APP (Okamoto
et al, 1996) and their Gactivating domains are identical,
this model is applicable to all three mutants of APP
associated with FAD. The signal of the V642 mutants of
APP thus diverges at the level of G proteins into at least
two distinct messages. These G protein subunits probably
activate many other effectors and produce much wider
spectra of cellular and tissue responses. Such signaling
divergence could contribute to a mechanism generating
complicated pathophysiology in FAD.

Materials and methods

activation of these known targets, suggesting that a hlthertoAII Ga constructs were described previously (Ikeztual., 1994, 1995;

unidentified target pathway(s) may be involved in the
GB2y2-induced apoptosis.

Strittmatteret al, 1994). The cDNAs ofARK1-CT andBARK1, both
in pRKS5, corresponding to the 495-689 and the entire region of human

The present data, particularly the data obtained from BARK1, respectively, were kindly provided by Dr R.J.Lefkowitz. The

the C-terminus ofARK, demonstrate the involvement of
GBy in apoptosis by V6421 APP. However, we emphasize
that it remains unknown whether and how greatly22

is involved in V6421 APP-induced apoptosis. The scarcity
of endogenous & and G2 may suggest that other3$

subtypes may mediate this apoptosis. The fact that there

BARK1-CT cDNA was described previously (Koadt al, 1994a). To
construct the cDNA encodinBARK1-NT, PCR was employed using
BARK1 cDNA as a template with the sense oligonucleotide AAATTTG-
AATTCTGAGCATGGCCATGTGAGAAT, and the antisense nucleotide
AAATTTTCTAGATTATTTTGTGTCCTCCTCATCAAAG. The sense
oligonucleotide was designed to possess an additi6oaR| restriction
site, whereas the antisense oligonucleotide was given an addikbahl
restriction site together with the termination codon. The PCR product

was an apparent difference in the expression levels betweenyas digested witfEcoRl and Xbal, and then subcloned into pcDNA-1.

native and transfected f2y2 may suggest that the g
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Fig. 5. Diagram of divergence of V642 APP mutant signal at the G
protein level. This study suggests that V642| APP-induced apoptosis
involves @y subunits. In a different study (lkezet al., 1996), we

have shown that this FAD mutant of APP induces CRE suppression
through Gx,. Therefore, the generated signal of V6421 APP diverges
at the level of G proteins into two distinct moieties having different
intracellular roles, suggesting the versatile function of the
FAD-associated mutants of APP.

mutations. @1, GB32 and G2 cDNAs (Katzet al, 1992), B3 cDNA
(Levine et al, 1990) and @3 cDNA (Gautamet al, 1990) were
described in the indicated literature. Th81G G32 and @3 cDNAs
were inserted in pcDNA-1.

Transient transfection was done with Lipofectamine, as described
previously (Yamatsujet al, 1996a). Briefly, NK1 cells were seeded at
4x10%well in a 24-well plate and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% calf serum and antibiotics. Cells
were then exposed to DNA transfection using Lipofectamine in DMEM
without serum. Unless otherwise specified, d of cDNA (in total)
and 1yl of Lipofectamine were used for each well. After 24 h serum-
free culture, media were changed to DMEM with 1% calf serum. After

another 24 h culture, cells were fixed and submitted to the assays.

BARK1-CT cDNA was stably transfected with pBabe/puro (puromycin

resistance gene) into NK1 cells by calcium phosphate precipitation, as

described previously (Yamatsugt al, 1996a). Cells were selected by
puromycin resistance and amplified for further usage. Cells stably
transfected witfBARK1-NT cDNA or pBabe/puro alone were similarly
established. NK1/bcl-2 cells were as described previously (Yamatsuji
et al, 1996a).

All assays for apoptosis (immunohistochemical analysis with nuclear
staining, TUNEL assay and ELISA of fragmented DNA) were performed
using the same protocols as described previously (Yamagtugl,
1996a). In brief, for immunohistochemical analysis, NK1 cells were
transfected with wild-type APf3s V6421 APP or GTPase-deficientoG
mutants and, 48 h after transfection, cells were fixed, incubated with
phosphate-buffered saline (PBS) plus 1% bovine serum albumin (BSA)
and 5% calf serum for 1 h, and stained with anti-APP antibody
(0.5 pg/ml 22C11) followed by Texas red-labeled anti-mouse 1gG
(1/100) or anti-@G antibody [rabbit anti-@, antibody at 1/500 and
rabbit anti-Gx; antibody at 1/100 (both UBI)] followed by rhodamine-
labeled anti-rabbit 1IgG (1/100) (the first and second antibody for each

1 h). The samples were stained with acridine orange and examined with

Gpy mediates apoptosis by the FAD-associated APP mutant

a fluorescence microscope. Apoptosis was assessed with the nuclear
changes defined as apoptosis, nuclear condensation, fragmentation and
compaction (Kerr and Harmon, 1991). The incidence of apoptosis in
cells expressing the transfectant was then measured and indicated as
transfectant-specific by subtracting the incidence of apoptosis in hon-
transfectant-expressing cells (background apoptosis) in the same sample.
In all experiments, the incidence of background apoptosis was ~20%,
as described previously (Yamatsejf al, 1996a), which was induced
by transfection procedures and 2 day serum starvation.

To measure the effect of§y co-transfection on the promoter activity
of stromelysin, cells were transfected witfB@xDNAs with pacBgal and
either pHACAT containing the stromelysin promoter —1303 to —754 or
palCAT containing the stromelysin promoter —1218 to —1208, (Gy,
CAT reporter, pafigal: 0.5, 0.5, 0.3, 0.Rg, respectively; this condition
allowed expression of @Band Gy comparable with that seen in other
experiments without reporter co-transfection). CAT assay was performed,
as described (Ikezet al, 1994). The two stromelysin promoter CAT
constructs (Sanet al, 1994) were kindly provided by Dr J.Moscat. For
detection of immunoreactivity, we used Tris-Tricine gel electrophoresis,
as described previously (Schagger and von Jagow, 1987). Cell lysates were
immunoblotted with anti-@ common antibody (MS/1, 1/500), antiBa-
specific antibody (1/100, Santa Cruz), anti2Sspecific antibody (1/100,
Santa Cruz) or anti-@& antibody (1/100, Santa Cruz).

Reverse transcriptase—PCR opyGsubunits in NK1 cells was done
as described by Kalkbrennet al. (1995) using the same PCR primers.
NK1 cells (~1® in a 100 mm dish) were collected in PBS, washed and
immediately frozen at —80°C. mRNA was prepared and measured using
kits from Invitrogen, and was reverse transcribed into cDNA using a kit
from Stratagene. A fragment of each subunit was amplified using
subtype-specific primers in the PCR with 40 cyclé@ag polymerase
was from Perkin Elmer. For Southern blot analysis of the PCR bands,
the PCR fragments of @and Gy subunits amplified from the NK1
cell mMRNA were transferred onto Hybond-N (Amersham). Thg2G
oligonucleotides used for the PCR reaction were in position 223-245 at
the 5 end, and position 396-411 at theé 8nd: CAGATCACA-
GCTGGGCTGGA and AGCTGTCCCAGATGATGAGC, respectively.
These primers were designed from the sequences within the primers
used for the RT-PCR experiment, to ensure the specificity of the
Southern blot data. To probe thé®subunit, we used the PCR product
obtained from these oligonucleotides, which gave us a 160 bp fragment
of GB2. The G2 oligonucleotides were in position 139-158 of the 5
and 238-219 of the '3end: AGCATAGCACAAGCCAGGAA and
AGTAGGCCATCAAATCTGCA, which gave us a 110 bp PCR fragment
of Gy2. We amplified these oligonucleotides by incubating them (2 pg
of each) with 10 ng of human & cDNA (for the @32 probe) or 10 ng
of bovine G2 cDNA (for the G2 probe) in the presence of 2 mM
MgCl, and 0.8 nM dNTPs for 40 cycles. The probes were purified from
the corresponding bands in a 2% low-melting agarose gel with a resin
purification kit (Promega). We then labeled 25 ng of each probe with
[a-32P]dCTP and used them in overnight hybridization of each filter,
blotted with the PCR products of@zand Gy subunits. The filters were
washed extensively under highly stringency conditions and exposed to
X-ray films. All other materials used in this study were described
previously (Yamatsujiet al, 1996a) or obtained from commercial
sources. Statistical analysis was performed by Studee'st.

Acknowledgements

We thank Eva J.Neer and Yoshi Ishikawa for helping us with this study.
We are also indebted to Mark C.Fishman for advice and critical reading
of this manuscript; Robert J.Lefkowitz fBARK1 constructs; Jorge
Moscat for stromelysin promoter constructs; John T.Potts Jr, Yoshiomi
and Yumi Tamai and Etsuro Ogata for support; and Dovie Wylie,
Lorraine Duda, Naomi Koda, Shuji Matsuda and Tomo Yoshida for
expert technical assistance. This work was supported in part by grants
from Bristol-Myers Squibb, the Mitsui Life Science Welfare Foundation,
the Naito Foundation, the Japan and Tokyo Medical Associations,
Mitsukoshi Fund of Medicine 1996, Foundation for Total Health Promo-
tion, Brain Science Foundation, the Ministry of Health and Welfare of
Japan, the Ministry of Education, Science, and Culture of Japan and by
the Program for Promotion of Fundamental Studies in Health Sciences
of the Organization for Drug ADR Relief, R&D Promotion and Products
Review of Japan (I.N.), Kyowa-Hakko (Y.M.) and NIH support RO1-
DK34281 (M.A.L.).

4905



U.Giambarella et al.

References Ikezu,T., Okamoto,T., Komatsuzaki,K., Matsui,T., Martyn,J.A.J. and

s . Nishimoto,l. (1996) Negative transactivation of cAMP response
Asano,T., Morishita,R., Matsuda,T., Fukada,Y., Yoshizawa, T. and Kato,K. element by familial Alzheimer's mutants of APEMBO J, 15,

(1993) Purification of four forms of thgy subunit complex of 2468—2475.

G proteins containing differeny subunits. J. Biol. Chem, 268 Inglese,J., KochW.J., Caron,M.G. and Lefkowitz,R.J. (1992)

20512-20519. P : - - :
. Isoprenylation in regulation of signal transduction by G-protein-
Boyer,J.L., Graber,S.G., Waldo,G.L., Harden,T.K. and Garrison,J.C. coupled receptor kinaseNature 359, 147—150.

(1994) Selective activation of phospholipase C by recombinant : : : ]
. . . guez-Lluhi,J.A., Simon,M.l., Robishaw,J.D. and Gilman,A.G. (1992)
G-proteina- andy-subunits.). Biol. Chem 269 2814-2819. G protein By subunits synthesized in Sf9 cells. Functional

Camps,M., Carozzi,A., Schnabel,P., Scheer,A., Parker,P.J. and N - . :
Gierschik,P. (1992) Isoenzyme-selective stimulation of phospholipase E;Tlfr?]azeg;a;gzogfg3ﬂe7 significance  of prenylationyofd. Biol.

C-B2 by G proteinBy-subunits.Nature 360, 684—686. K .
" ; - . alkbrenner,F., Degtiar,V.E., Schenker,M., Brendel,S., ZobelA.,
Cal\slr:gﬁ]deoz"]é’ aigm}érrize’riér GMa(rlcggeg)l,F;értségtigdggﬁ(-:s.énsBit?\I/)éeg?PE-.’ Heschler,J., Wittig,B. and Schultz,G. (1995) Subunit composition of
bindin ’rdteins regulate Yac'tivation—induced apoptotic cell death of Go proteins functionally coupling galanin receptors to voltage-gated
9p 9 pop calcium channelsEMBO J, 14, 4728-4737.

human natural killer cellsEur. J. Immunal, 25, 3094—3099. :
' Kang,J., Lemaire,H.-G., Unterback,A., Salbaum,J.M., Masters,C.L.,
Chow.N., Korenberg,J.R., Chen,X.N. and Neve R.L. (1996) APP-BPL, Grezeschik,K.H., Multhaup,G., Beyreuther,K. and’IMuHill,B.

a novel protein that binds to the carboxyl-terminal region of the (1987) The precursor of Alzheimer disease amyloid A4 protein

amyloid precursor proteinl. Biol. Chem, 271, 11339-11346.
. - resembles a cell-surface receptdatureg 325 733-736.
Cos0,0.A., Teramoto,H., Simonds,W.F. and Gutkind,J.S. (1996) Karlinsky,H. et al (1992) Molecular and prospective phenotypic

Signaling from G protein-coupled receptors to c-Jun kinase involves characterization of a pedigree with familial Alzheimer’s disease and

By subunits of heterotrimeric G proteins acting on a Ras and Racl- a missense mutation in codon 717 of fhemyloid precursor protein
dependent pathwayl. Biol. Chem, 271, 3963-3966. gene Neurology 42, 14451453,

Crespo,P., Xu,N., Simonds,W.F. and Gutkind,J.S. (1994) Ras-dependent . .
L . B i . . Katz,A., Wu,D. and Simon,M.l. (1992) Subunpy of heterotrimeric G
activation of MAP Kinase pathway mediated by G-proféyrsubunits. protein activatgd2 isoform of phospholipase Glature 360, 686—689.

Nature 369 418-420. C e
Doi,K., Gartner,A., Ammerer,G., Errede,B., Shinkawa,H., Sugimoto,K. Kerr,J.F.R.‘ and Harm‘on,B.V. (199.1) Defmltlon_ and incidence of
apoptosis: an historical perspective. In Tomei,L.D. and Cope,F.O

and Matsumoto,K. (1994) MSG5, a novel protein phosphatase . . -
promotes adaptation Eo phe)romone respon&dasevisiaeEf\)/IBOpJ, (eds), Apoptosis, The Molecular Basis of Cell DeatBold Spring

13 61-70 Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 5-29.
Dragfunowl\/i FaullR.L., Lawlor,P. Beilharz,E.J., Singleton,K Kisselev,O., Ermolaeva,M. and Gautam,N. (1995) Efficient interaction
Walker,I’E.Bi and YMeeY.E. (199!’5)6 situ eviaencé for DNA’ ’ with a receptor requires a specific type of prenyl group on the G

P : . : P proteiny subunit.J. Biol. Chem 270, 25356—-25358.
g?sgeg‘se:ttztrﬁgorgl |ngjgégg:gpe;ostlséeali)%;t{gg;m and Alzheimer's Koch,W.J., Inglese,J., Stone,W.C. and Lefkowitz,R.J. (1993) The binding

Dyrks,T., Weidemann,A., Multhaup,G., Salbaum,J.M., Lemaire,H.-G site for thefy subunits of heterotrimeric G proteins on fhx@drenergic
Kang,J., Muier-Hill,B., Masters,C.L. and Beyreuther,K. (1988) reﬁeptor kinasel. Biol. Chelm, 268, 8256_?|260' d fowi
Identification, transmembrane orientation and biogenesis of the Koch,W.J., Hawes,B.E., Irjg ese,J., Luttrell,L.M. an Le OW'tZ'R'?]'
amyloid A4 precursor of Alzheimer’s diseasgMBO J, 7, 949-957 (1994a) Cellular expression of the carboxyl terminus of a G protein-

FedermanAD.  Conklin.B.R.. Schrader KA. I’?et’ed RR. 'and coupled receptor kinase attenuateBy@ediated signalingJ. Biol.

Bourne,H.R. (1992) Hormonal stimulation of adenylyl cyclase through Chem, 269 6193-6197. ) )
G;-protein By subunits Nature 356, 159-161. Koch,W.J., Hawes,B.E., Allen,L.F. and Lefkowitz,R.J. (1994b) Direct

Ferreira,A., Caceres,A. and Kosik,K.S. (1993) Intraneuronal evidence that Gcoupled receptor stimulation of mitogen-activated

compartments of the amyloid precursor protein. Neurosci, 13, protein kinase is mediated byp@ activation of p2¥S Proc. Natl
3112—-3123. Acad. Sci. USA91, 12706-12710.

Fiore,F., Zambrano,N., Minopoli,G., Donini,V., Duilio,A. and Russo,T. KomatsuzakiK., Murayama,Y., Giambarella,U., Ogata,E., Seino,S. and
(1995) The regions of the Fe65 protein homologous to the Nishimoto.l. (1997) A novel system that reports the G proteins linked
phosphotyrosine interaction/phosphotyrosine binding domain of Shc O @ given receptor: a study of type 3 somatostatin recepteBS
bind the intracellular domain of the Alzheimer’s amyloid precursor Lett, 406 165-170.

protein.J. Biol. Chem, 270, 30853-30856. LaFerla,F.M., Tinkle,B.T., Bieberich,C.J., Haudenschild,C.C. and Jay,G.
Frank,D.A. and Greenberg,M.E. (1994) CREB: a mediator of long-term  (1995) The Alzheimer's & peptide induces neurodegeneration and
memory from mollusks to mammal€ell, 79, 5-8. apoptotic cell death in transgenic midéature Genet 9, 21-29.
Games,D.et al (1995) Alzheimer-type neuropathology in transgenic -ang,J., Nishimoto,l., Okamoto,T., SadoulK., RegazziR., KiralyK.,
mice overexpressing V717 amyloid precursor proteiNature 373, Weller,U. and Wollheim,C.B. (1995) Direct control of exocytosis by
523-527. receptor activation of the heterotrimeric GTPasgsa@ G or the
Gautam,N., Northup,J., Tamir,H. and Simon,M.l. (1990) G protein expression of their active @&subunits.EMBO J, 14, 3635-3644.
diversity is increased by associations with a varietyyo§ubunits. Lassmann,H., Bancher_,C., _Breltschopf,H., WegleI,J:, Boblqskl,M.,
Proc. Natl Acad. Sci. US/87, 7973-7977. Jellinger,K. and Wisniewski,H.M. (1995) Cell death in Alzheimer’s
Graber,S.G., Figler,R.A., Kalman-Maltese,V.K., Robishaw,J.D. and disease evaluated by DNA fragmentationsitu. Acta Neuropatho|
Garrison,J.C. (1992) Expression of functional G profgjrdimers of 89, 35-41.
defined subunit composition using a baculovirus expression system. Levine,M.A., Smallwood,P.M., Moen,P.T., Helman,L.J. and Ahn,T.G.
J. Biol. Chem, 267, 13123-13126. (1990) Molecular cloning o3 subunit, a third form of the G protein

Guo,C.H., Janovick,J.A., Kuphal,D. and Conn,P.M. (1995) Transient  B-subunit polypeptideProc. Natl Acad. Sci. USAB7, 2329-2333.
transfection of GGH3-1cells [GH3 cells stably transfected with the ~ L0oo,D.T., Copani,A., Pike,C.J., Whittemore,E.R., Walencewicz,A.J. and
gonadotropin-releasing hormone (GnRH) receptor complementary ~ Cotman,C.W. (1993) Apoptosis is induced Bsamyloid in cultured

deoxyribonucleic acid] with the carboxyl-terminal @adrenergic central nervous system neuroriBroc. Natl Acad. Sci. USA9Q,

receptor kinase 1 blocks prolactin releagendocrinology 136, 7951-7955.

3031-3036. Lustig,K.D., Conklin,B.R., Herzmark,P., Taussig,R. and Bourne,H.R.
Hardy,J. (1992) Framin@§-amyloid. Nature Genet 1, 233-234. (1993) Type Il adenylylcyclase integrates coincident signals frgmn G

Hawes,B.E., van Biesen,T., Koch,W.J., Luttrell,L.M. and Lefkowitz,R.J. G;, and G, J. Biol. Chem 268 13900-13905.
(1995) Distinct pathways of Sand Gr-mediated mitogen-activated Luttrell,L.M., Hawes,B.E., Touhara,T., van Biesen,T., Koch,W.J. and

protein kinase activationl. Biol. Chem, 270, 17148-17153. Lefkowitz,R.J. (1995a) Effect of cellular expression of pleckstrin
Ikezu,T., Okamoto,T., Murayama,Y., Okamoto,T., Homma,Y., Ogata,E. = homology domains on Gi-coupled receptor signaliiigBiol. Chem,

and Nishimoto,l. (1994) Bidirectional regulation ofi@s promoter by 270, 12984-12989.

an oncogenigip2 mutant of Gxj,. J. Biol. Chem 269, 31955-31961. Luttrell,L.M., van Biesen,T., Hawes,B.E., Koch,W.J., Touhara,K. and
Ikezu,T., Okamoto,T., Giambarella,U., Yokota, T. and Nishimoto,l. (1995) Lefkowitz,R J. (1995b) @y subunits mediate mitogen-activated

In vivo coupling of IGF-II/M6P receptor to heteromeric G proteins. protein kinase activation by the tyrosine kinase insulin-like growth

J. Biol. Chem 270, 29224-29228. factor | receptal. Biol. Chem, 270, 16495-16498.

4906



Maltese,W.A. and Robishaw,J.D. (1990) Isoprenylation of C-terminal
cysteine in a G-proteiy subunit.J. Biol. Chem, 265, 18071-18074.

Moechars,D., Lorent,K., De Strooper,B., Dewachter,l. and Van Leuven,F.
(1996) Expression in brain of amyloid precursor protein mutated in

the a-secretase site causes disturbed behavior, neuronal degeneration
Vito,P., LacangE. and D’Adamio,L. (1996) Interfering with apoptosis:

and premature death in transgenic miE&IBO J, 15, 1265-1274.

Murayama,Y., Takeda,S., Yonezawa,K., Ogata,E. and Nishimoto,l. (1996)
Cell surface receptor function of Alzheimer amyloid precursor protein
activating MAP kinaseGerontology 42, 2—-11.

Nishida,A., Kaiya,H., Kanaho,Y. and Nozawa,Y. (1991) Distinct cellular
expression of pertussis toxin-sensitive GTP-binding proteins in rat
cerebellumNeurosci. Lett 124, 133-136.

Nishimoto,l., Okamoto,T., Matsuura,Y., Okamoto,T., Murayama,Y. and
Ogata,E. (1993) Alzheimer amyloid protein precursor forms a complex
with brain GTP binding protein & Nature 362, 75-79.

Nishimoto,l., Okamoto,T., Giambarella,U. and Iwatsubo,T. (1997)
Apoptosis in neurodegenerative diseases. In Kaufmann,S.H. (ed.),
Apoptosis:  Pharmacological Implications and Therapeutic
Opportunities. Advances in Pharmacology. 4cademic Press, San
Diego, CA, pp. 337-368.

Okamoto,T., Takeda,S., Murayama,Y., Ogata,E. and Nishimoto,l. (1995)
Ligand-dependent G protein coupling function of amyloid
transmembrane precursdr. Biol. Chem, 270, 4205-4208.

Okamoto,T., Takeda,S., Giambarella,U., Murayama,Y., Matsui,T.,
Katada,T., Matsuura,Y. and Nishimoto,l. (1996) Intrinsic signaling
function of APP as a novel target of three V642 mutations linked to
familial Alzheimer’s diseaseEMBO J, 15, 3769-3777.

Pronin,A.N. and Gautam,N. (1992) Interaction between G-pr@deind
y subunit types is selectiv@roc. Natl Acad. Sci. USB9, 6220-6224.

Reuveny,E., Slesinger,P.A., Inglese,J., Morales,J.Ngube-Lluhi,J.A.,
Lefkowitz,R.J., Bourne,H.R., Jan,Y.N. and Jan,L.Y. (1994) Activation
of the cloned muscarinic potassium channel by G prdsgisubunits.
Nature 370, 143-146.

Robishaw,J.D., Kalman,V.K. and Proulx,K.L. (1992) Production,
processing and partial purification of functional G protgjnsubunits
in baculovirus-infected insect cellBiochem. J 286, 677—680.

Sanz,L., Berra,E., Municio,M.M., Dominguez,l., Lozano,J., Johansen,T.,
Moscat,J. and Diaz-Meco,M.T. (1994PKC plays a critical role
during stromelysin promotor activation by platelet-derived growth
factor through a novel palindromic elemert. Biol. Chem 269
10044-10049.

Schagger,H. and von Jagow,G. (1987) Tricine—sodium dodecyl! sulfate—
polyacrylamide gel electrophoresis for the separation of proteins in
the range from 1 to 100 kDanal. Biochem 166, 368—-379.

Schmidt,C.J., Thomas,T.C., Levine,M.A. and Neer,E.J. (1992) Specificity
of G protein 3 and y subunit interactionsJ. Biol. Chem, 267,
13807-13810.

Schubert,W., Prior,R., Weidemann,A., Dircksen,H., Multhaup,G.,
Masters,C.L. and Beyreuther,K. (1991) Localization of Alzheimer
BA4 amyloid precursor protein at central and peripheral synaptic sites.
Brain Res, 563 184-194,

Sebok,K., Woodside,D., Al-Aoukaty,A., Ho,A.D., Gluck,S. and
Maghazachi,A.Z. (1993) IL-8 induces the locomotion of human IL-2-
activated natural killer cells. Involvement of a guanine nucleotide
binding (G)) protein.J. Immunol, 150, 1524-1534.

Smale,G., Nichols,N.R., Brady,D.R., Finch,C.E. and Horton,W.E. (1995)
Evidence for apoptotic cell death in Alzheimer’s dised&Se. Neurol,

133 225-230.

Stephens,L., Smrcka,A., Cooke,F.T., Jackson,T.R., Sternweis,P.C. and
Hawkins,P.T. (1994) A novel phosphoinositide 3 kinase activity in
myeloid-derived cells is activated by G protgdg subunits.Cell, 77,
83-93.

Strittmatter,S.M., Valenzuela,D., Kennedy,T.E., Neer,E.J. and Fishman,
M.C. (1990) Go is a major growth cone protein subject to regulation
by GAP-43.Nature 344, 836—-841.

Strittmatter,S.M., Cannon,S.C., Ross,E.M., Higashijima,T. and Fishman,
M.C. (1993) GAP-43 augments G protein-coupled receptor
transduction inXenopus laevi®ocytes.Proc. Natl Acad. Sci. USA
90, 5327-5331.

Strittmatter,S.M., Fishman,M. C. and Zhu,X.-P. (1994) Activated mutants
of the a subunit of G promote an increased number of neurites per
cell. J. Neurosci, 14, 2327-2338.

Su,J.H., Anderson,A.J., Cummings,B.J. and Cotman,C.W. (1994)
Immunohistochemical evidence for apoptosis in Alzheimer’s disease.
Neuroreporf 5, 2529-2533.

Suzuki,N., Cheung,T.T., Cai,X.-D., Odaka,A., Otvos,L., Eckman,C.,
Golde,T.E. and Younkin,S.G. (1994) An increased percentage of long

Gpy mediates apoptosis by the FAD-associated APP mutant

amyomiotein secreted by familial amyloifl protein precursor
(BAPP;,7) mutants.Science264, 1336—1340.
Thomason,P.A., James,S.R., Casey,P.J. and Downes,C.P. (1994) A G-
protein By-subunit-responsive phosphoinositide 3-kinase activity in
human plateletlcy@asolChem, 269, 16525-16528.

2+_iilading protein ALG-2 and Alzheimer's disease gene ALG-3.

Science271, 521-525.
Weidemann,A., Kuog,G., Bunke,D., Fischer,P.,, Salbaum,J.M.,
Masters,C.L. and Beyreuther,K. (1989) Identification, biogenesis, and
localization of precursors of Alzheimer’s disease A4 amyloid protein.
Cell, 57, 115-126.

Wilcox,M.D., Schey,K.L., Dingus,J., Mehta,N.D., Tatum,B.S.,
Halushka,M., Finch,J.W. and Hildebrandt,J.D. (1994) Analysis of G
proteiny subunit heterogeneity using mass spectromeiryBiol.

Chem, 269 12508-12513.

Woloah,Bl. (1996) Participation of presenilin 2 in apoptosis:
enhanced basal activity conferred by an Alzheimer mutaaience
274, 1710-1713.

Wong,Y.H., Federman,A., Pace,A.M., Zachary,l., Evans,T., Pégyssk

and Bourne,H.R. (1991)dMsuidomnits of G inhibit cyclic AMP
accumulationNature 351, 63-65.
Woolkalis,M.J. and Manning,D.R. (1987) Structural characteristics of
the 35- and 36-kDa forms of th@ subunit common to GTP-binding
regulatory proteioks.Pharmacol, 32, 1-6.
Yamatsuji,T., Okamoto,T., Takeda,S., Murayama,Y., Tanaka,N. and
Nishimoto,l. (1996a) Expression of V642 APP mutant causes cellular
apoptosis as Alzheimer trait-linked phenotyg®BO J, 15, 498-509.
Yamatsuji,T.et al. (1996b) G protein-mediated neuronal DNA
fragmentation by familial Alzheimer’s disease-associated mutants of
ARience272, 1349-1352.
Yan,G.-M., Lin,S.-Z., Irwin,R.P. and Paul,S.M. (1995) Activation of G
proteins bidirectionally affects apoptosis of cultured cerebellar granule
neuronsJ. Neurochem 65, 2425-2431.
Yan,K., Kalyanaraman,V. and Gautam,N. (1996) Differential ability to
form the G proteiry complex among members of tBeandy subunit
fandlli&@ol. Chem, 271, 7141-7146.

Received on June 24, 1996; revised on May 28, 1997

4907



