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that transfection of PS2 in the sense orien- 
tation induced some apoptosis even in the 
presence of serum and NGF (Fig. lB, P < 
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from T cell receptor-induced apoptosis (2). 
ALG-3 is translated into a truncated PS2 
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polypeptide that acts as a dominant nega- 123 
tive inhibitor of apoptosis (3). The involve- 
ment of PS2 in T cell receptor-triggered 
cell death prompted us to study whether 
PS2 is also required for neuronal cell death 
and whether mutations found associated C 
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increased the amount of apoptosis in trophic 
factor-deprived cells by 53% compared with 
vector-transfected cells (Fig. lB, P < 0.01). 
Transfection with antisense PS2 or ALG-3 
reduced the number of apoptotic nuclei be- 
low that seen in the vector-transfected con- 
trol by half (Fig. lB, P < 0.01). Although 
antisense PS2 acts by reducing the amount 
of PS2 protein expressed (Fig. 2A), 
ALG-3 does not appear to decrease PS2 
amounts (Fig. 2A), suggesting that it func- 
tions as a dominant negative inhibitor of 
PS2 action. These results indicate that 
PS2 directly participates in the biochem- 
ical pathway regulating apoptosis during 
trophic factor withdrawal. 

Because mutations in PS2 are associated 
with FAD ( I ) ,  we investigated whether 
such mutations influenced the role of PS2 
in apoptotic processes. dPC12 cells were 
transfected with vector, FLAG-tagged hu- 
man wild-type, FLAG-tagged N141I mu- 
tant (6 ) ,  or mouse antisense constructs of 
PS2, and the amount of apoptosis was ana- 
lyzed under basal or trophic-deprived con- 
ditions as described above. The human 
wild-type PS2 behaved similarly to the 
mouse PS2, being only slightly active under 
basal conditions (Fig. 1, C and D) but great- 
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ly enhancing apoptosis during trophic-fac- 
tor withdrawal (Fig. ID), whereas antisense 
PS2 prevented apoptosis (Fig. ID). The 
N141I mutant form of PS2, however, be- 
haved differently: it increased apoptosis un- 
der basal conditions fivefold (P < 0.001) 
(Fig. 1, C and D), whereas under trophic- 
deprived conditions it showed activity that 
was comparable with wild-type PS2 (Fig. 
ID). This increased activity of the PS2 
mutant was not due to differences in the 
amount of protein expression induced by 
the two vectors, because immunoblots and 
immunocytochemistry showed similar 
amounts of wild-type and mutant PS2 con- 
struct expression (Fig. 2, A and B). More- 
over, the efficiencies of transfection, deter- 
mined by scoring FLAGC cells, were com- 
parable between the two vectors (41.7 ? 
3.9 for wild-type PS2 and 39.1 ? 5.9 for 
mutant PS2). Titration of the mutant and 
wild-type genes also showed that the two 
constructs were equally active in enhancing 
apoptosis after trophic-factor withdrawal 
(Fig. 2C). Taken together, these experi- 
ments indicate that the FAD mutation con- 
fers strong constitutive apoptotic activity to 
PS2. 

PS2 structurally resembles receptors 

Fig. 2. (A) (Left) lmmunoblot of transfected dPC12 cells with the antibody to PS2 (anti-PS2n) (18). The 
transfected wild-type (lane 4) or mutant (lane 5) PS2 are expressed to similar degrees, whereas 
transfection with antisense PS2 (lane 2) reduces the amount of PS2 below that in cells transfected with 
vector alone (lane 3). ALG-3 (lane 1) does not change expression levels of endogenous PS2. As 
previously noted (6), only a small fraction of PS2 runs according to its molecular size (-50 kD) because 
of aggregation typical of proteins having seven transmembrane domains. (Right) Transfection of PS2 
constructs does not affect expression of amyloid precursor protein (APP) (constructs used for lanes 6 
through 10 correspond to those used for lanes 1 through 5, respectively). The amounts of protein loaded 
were normalized with anti-p-tubulin (18). (B) lmmunocytochemistry with antibody M2 to the FLAG 
epitope (19) shows that flagged PS2 wild-type (PS2wt) and mutant (PS2mut) constructs are expressed 
with similar efficiency in dPCl2-transfected cells. Original magnification, x20. (C) The potency of the 
PS2 vectors was assessed by transfecting dPC12 cells with various amounts of mutant or wild-type 
PS2, and the amount of apoptosis was quantitated by TUNEL (1 7). Both mutant and wild-type PS2 
show similar potencies. 

containing seven transmembrane domains. 
A mutation in a similar position of the 
luteinizing hormone receptor also causes 
constitutive activation (7). This suggested 
that, like other similar proteins, PS2 might 
act through a heterotrimeric G protein. We 
therefore analyzed the sensitivity of PS2- 
mediated apoptosis to inhibition by pertus- 
sis toxin (PTX), an inhibitor of Gi  and G ,  
proteins. We transfected dPC12 cells with 
human wild-type or mutant PS2, added 
PTX (100 ng/ml) 48 hours later, and quan- 
titated the amount of apoptosis in trophic 
factor-stimulated or trophic factor-de- 
prived cells as described above. PTX 
blocked the effects of mutant and wild-type 
PS2, although it did not alter the levels of 
apoptosis seen in the dPC12 cells trans- 
fected with the vector alone (Fig. 3). Thus, 
PS2 acts through a PTX-sensitive pathway, 
suggesting that Gi  or G,, proteins are re- 
quired for PS2 function. 

It has recently been shown that overex- 
pression of the amyloid precursor protein 
(APP) mutant APPPh'717, dominantly in- 
herited in chromosome 21 of individuals 
with FAD (a), induces apoptosis through a 
pathway sensitive to inhibition by PTX (9), 
which parallels the profile shown by PS2- 
induced apoptosis. However, the relation 
between these two proteins is unclear, and 
transfection of dPC12 cells with PS2 con- 
structs does not appear to influence total 
APP protein amounts (Fig. 2A). Therefore, 
we sought to directly examine whether PS2 
might play a role in apoptosis induced by 
APPPh'717. Consistent with recent reports, 
we found that dPC12 cells stably trans- 
fected with various forms of APP showed 
increased levels of apoptosis after' serum 

Fig. 3. PTX blocks apoptotic events mediated by 
PS2. dPC12 cells were transfected with vector 
(Ctrl), mutant, or wild-type PS2. The cells were 
treated on day 2 with PTX (20) and then cultured 
under basal conditions (+NGF) or trophic-de- 
prived conditions (-NGF). At day 4 the cells were 
fixed and the amount of apoptosis was analyzed 
by TUNEL. PTX blocked apoptosis induced by the 
mutant PS2 under basal conditions. Trophic-de- 
prived dPC12 cells showed some apoptosis even 
in the presence of PTX, but the greatly increased 
levels of apoptosis induced by mutant or wild-type 
PS2 were blocked by PTX. 
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withdrawal; APPphe717 conferred the high- 
est level of apoptosis compared with wild- 
type APP or APPG'y693 (Fig. 4D) (10). 
These PC12 cells were then transiently 
transfected with antisense PS2, vector con- 
trol, or P-galactosidase constructs. The cells 
were serum-deprived 2 days after transfec- 
tion, and apoptosis was analyzed by TUNEL 
after another 2 days. Transfection with an- 
tisense PS2 reduced the amount of apopto- 
sis by more than 50% compared with cells 
transfected with vector alone (Fig. 4, A to 
D). This suggests that APP and PS2 share 
the same pathway of signal transduction. 

The important role played by PS2 in cell 
death led us to examine whether it may 
participate in cell death mediated by 
P-amyloid peptide (AP) (I I), which is a 
proteolytic product of APP. dPC12 cells 
were transfected with human wild-type or 
mutant PS2 or vector. Two days after trans- 
fection the cells were treated with aged 
AP(1-42) fragment for 2 days and then the 
amount of apoptosis was analyzed by 
TUNEL. Transfection of dPC12 cells with 
PS2 dramatically increased the amount of 
apoptosis induced by 10 p+M AP (Fig. 4E). 
The ability of AP to activate the apoptotic 
pathway mediated by wild-type PS2 is sim- 
ilar to the results seen with trophic factor 
deprivation and supports the conclusion 
that PS2 actively participates in apoptosis. 
Moreover, constitutive activation of PS2, 
such as is seen with mutations associated 
with FAD, appears to increase the amount 
of apoptosis induced by AP (Fig. 4E). 

In this studv we have shown that PS2 
participates in neuronal cell death induced 
bv several stimuli and that a mutation as- 
sociated with familial Alzheimer's disease 
generates a constitutively active molecule. 
The pathway of cell death mediated by both 
PS2 and APP (9 ) ,  mutated in chromosome 
21 of individuals with FAD (8), appears to 
involve heterotrimeric G proteins. These 
findings, as also shown by the ability of the 
antisense PS2 to inhibit APP-mediated apo- 
ptosis, suggest that APP and PS2 are func- 
tionally related (12). The functional path- 
way used by PS2 may also be related to that 
of Fas, Fas-ligand, and related proteins, be- 
cause ALG-3 can prevent T cell receptor- 
induced apoptosis by blocking the up-regu- 
lation of Fas-ligand (2). Because Fas-ligand 
shows a strong bystander effect, in which 
surrounding Fas-positive cells are induced 
to apoptose (13), a similar bystander effect 
may also be present with PS2-induced apo- 
ptosis. Whether the chromosome 14 FAD 
gene product PSI (14), which shares sub- 
stantial structural and amino acid similarity 
with PS2. subsewes the same biochemical 
pathway remains to be determined. 

Constitutive activation of PS2 increas- 
es the susceptibility of neurons to apopto- 
tic stimuli that could sensitize neurons to 
the harmful insults of aging, such as free 
radical-mediated oxidation and neurotox- 
icity resulting from aggregated AP. The 
accelerated rate of neuronal cell death 
that occurs in the brains of Alzheimer 
patients may therefore result from the ad- 

Fig. 4. PS2 participates in apoptosis in- 
duced by both APPPheiq7 and by aged E 80 - -. - -- ~- 
Ap. dPC12 cells stably transfected with 
either pcDNA3 vector, wild-type (wt) - 
App751, APPFIufi93, AppPhe737 were 5 60 
transfected with vector or antisense 5 
mouse PS2, and apoptosis was ana- c 

lyzed by TUNEL on day 4 after 2 days of 40 

serum deprivation. (A) Control cells sta- 
bly transfected w ~ t h  vector alone. Ail cells % 20 
overexpressing APP showed increased a 
levels of apoptosis after serum depriva- 
t~on, but the cells transfected with the 
AppPh-737 construct (6) showed the 
most apoptosis. Transfectlon of the cells with antisense PS2 reduced the amount of apoptosis in ail the 
cell lines overexpressing wild-type and mutant APP [(C) APPP"ei'7 plus antisense]. The transfection 
efficiency seen with the p-galactosidase vector in APPPPe7"-transfected cells was 36 -t 516. (D) 
Quantitation of apoptosis after 2 days of trophic withdrawal. (E) Little apoptosis was seen in dPC12 cells 
after treatment for 2 days with aged Ap(1-42) (27). However, treatment of dPC12 cells with Ap did 
produce marked amounts of apoptos~s in dPC12 cells transfected with mutant or wild-type PS2. 
Because mutant PS2 induces apoptos~s by itself, parallel experiments without Ap were also performed. 

ditive effects of activated apoptosis, aging, 
and AP toxicity. Interestingly, cell stress 
increases synthesis of APP and, depending 
on the particular stress, secretion of either 
APP or AP (15). Enhanced activation of 
PS2 might not only increase the tendency 
toward apoptosis, but by activating apo- 
ptotic signals, it may trigger a stress re- 
sponse and increase production of AP, 
addine to the toxic burden in the brains of " 
Alzheimer patients and further accelerat- 
ing the process of neurodegeneration. 
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A Cyclophilin Function in Hsp9O-Dependent 
Signal Transduction 

Andrea A. Duina,* Hui-Chen Jane Chang,* James A. Marsh, 
Susan Lindquist, Richard F. Gaber-F 

Cpr6 and Cpr7, the Saccharomyces cerevisiae homologs of cyclophilin-40 (CyP-40), 
were shown to form complexes with Hsp90, a protein chaperone that functions in several 
signal transduction pathways. Deletion of CPR7 caused severe growth defects when 
combined with mutations that decrease the amount of Hsp9O or Sti l ,  another component 
of the Hsp9O chaperone machinery. The activities of two heterologous Hsp9O-dependent 
signal transducers expressed in yeast, glucocorticoid receptor and pp6Ov-"" kinase, 
were adversely affected by cpr7 null mutations. These results suggest that CyP-40 
cyclophilins play a general role in Hsp9O-dependent signal transduction pathways under 
normal growth conditions. 

Immunophilins are ubiquitous and highly 
conserved. Nevertheless, with few notable 
exceptions, such as the participation of Dro- 
sophila cyclophilin ninaA in the maturation 
of rhodopsin ( 1  ) and the FKBP12-depen- 
dent regulation of CaZ+ flux by the inositol 
1,4,5-trisphosphate receptor (2) ,  little is 
known about the roles these molecules play 
in cell biology. Two Saccharomyces cereelisiae 
cyclophilins related to human CyP-40- 
Cnr6 and C~r7-have been identified 
through their interactions with the tran- 
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scriptional regulator Rpd3, a yeast homolog 
of histone deacetylase (3, 4) .  Cprh and 
Cpr7 are the only CyP-40 homologs in S. 
cerevisiae (4) .  

Cpr6 was also identified as an Hsp90- 
associated protein (5).  T o  determine if 
Cpr7 associates with Hsp90, we mixed glu- 
tathione-S-transferase (GST)-Cpr fusion 
proteins expressed in Escherichia coli with 
yeast cell lysates. Hsp9O was recovered on 
glutathione-affinity resin in association 
with both GST-Cpr6 and GST-Cpr7 but 
not with G S T  alone (Fig. 1, A and B). To  
determine if the interaction between Cpr6 
or Cpr7 and Hsp90 requires other yeast 
proteins, we mixed GST-Cpr proteins with 
lysates of bacteria expressing Hsp90. Again, 
Hsp90 interacted with GST-Cpr6 and 
GST-Cpr7 but not with GST alone (Fig. 
1C).  The COOH-terminal halves of Cpr6 

and Cpr7, which contain tetratricopeptide 
repeat (TPR) motifs thought to mediate 
protein-protein interactions (4) ,  were suffi- 
cient for interaction with Hsp90 (Fig. 1C). 
Bacterially expressed GST-Cprl,  a S. cer- 
evisiae cyclophilin that lacks a TPR motif 
(6) ,  did not interact with Hsp9O (Fig. 1C).  
Thus, like the mammalian homolog CyP- 
40, Cprh and Cpr7 can interact directly 
with Hsp9O through their TPR-containing 
COOH-termini. 

A functional relation between Cpr7 and 
Hsp90 was suggested through tests for ge- 
netic interaction. Because cpr7A cells dis- 
play a slow-growth phenotype (4) ,  we tested 
whether a decrease in Hsp90 concentra- 
tions would enhance this phenotype. Sac- 
charomyces cerevisiae produces two nearly 
identical Hsp90 proteins (Hsc82 and 
Hsp82) that have the same functions but 
different patterns of expression (7). Dele- 
tion of HSC82 reduces the cellular concen- 
tration of Hsp9O to approximately 1110th of 
that in wild-type cells but does not impair 
growth below 37°C (7). Cells deleted for 
HSC82 and CPR7 exhibited a growth de- 
fect at 30°C that was more pronounced 
than that observed for cpr7A cells (Fig. 2A). 
Similar synthetic-enhancements of the 
cpr7A growth phenotype were observed in 
cells whose only source of Hsp90 was a 
temperature-sensitive allele, hsp82""""8, 
9),  and in cells deleted for STI1, which 
encodes another member of the Hsp90 
chaperone complex (5, 10) (Fig. 2B). In 
contrast, deletion of CPR6 did not confer 
growth defects in either hsc82A or sti1A 
cells. 

Hsp90 can act as a general chaperone in 
vitro to prevent aggregation of denatured 
proteins (1 1 ), but its functions in vivo seem 
to be focused on  the maturation of varlous 
proteins that participate in gene regulation 
and signal transduction (8, 12). Among the 
best characterized of these proteins is a 
subgroup of the steroid receptors (1 3-15). 
Several immunophilins are present In 
Hsp9O complexes, including the cyclophllln 
CyP-40 found in Hsp90::steroid receptor 
complexes (5, 13, 15, 16). The role of these 
immunophilins in signal transduction, how- 
ever, remains unclear. 

The molecular components that mediate 
steroid receptor signal transduction in eu- 
kar~otes  are highly conserved (5) ,  and 
mammalian glucocorticoid receptor (GR)  
exhibits faithful hormone-dependent tran- 
scriptional activity in S ,  cerevisiae (14, 17). 
Hsp90 is absolutely required for G R  activity 
(8, 14), whereas St i l  is required for full 
receptor activity (18). We compared the 
activity of G R  in isogenic (19) wild-type 
and cyclophilin-deleted (cprA) cells with a 
lac2 G R  reporter plasmid. With saturating 
concentrations of hormone (20 p M  deoxy- 
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