
were treated wth tryps~n and transferred to chamber 
sl~des. A peroxdase-based TACS-TdT k t  (Trev~gen) 
was used according to the manufacturer's d~rec- 
t~ons. After stain~ng for apoptosis. three to SIX fields 
were chosen at random, and the numbers of total 
nucle and apoptotlc nucle were counted. The ex- 
perlments were repeated four to e~ght tlmes with 
s~mlar results. 

18. For proten ~mmunoblot analys~s. the cells were har- 
vested 3 days after transfecton, lysed n radiommu- 
nopreclptatlon assay (RPA) buffer contalnng the pro- 
tease nh~b~tors aprot~nln, pepstatin, and leupeptin 
(100 kglml each, S~gma). Cell lysates (10 kg) were 
denatured in modfled 5 x  oadng buffer (320 mM tr~s, 
pH 6.8. 50% glycerol, 0.5% bromopheno blue, 10% 
SDS, 100 mM dith~othreitol, and EM urea) to reduce 
aggregaton that typcally occurs w~th protelns havng 
seven transmembrane domans. After heat~ng at 37°C 
for 45 m n  and then 75°C for 5 min, protens were 
separated on a 4 to 20% poyacryam~de-SDS gradi- 
ent gel, blotted onto n~trocellulose membranes 
(Geman Sc~ence), and probed w~th either affinty-pu- 
r~fied antl-PS2n (31, anti-APP (22C1 1. Boehr~nger 
Mannheim), or ant-p-tubulin (Boehringer Mannhem). 
lmmunoblots were developed w~th the ECL System 
(Amersham). 

19. For immunocytochem~stry. 1 day after transfection 
cells were treated w~th trypsin and plated onto cover 
sl~ps in a 24-well plate. The folow~ng day the cells 
were f~xed for 20 mln n 3% paraformaldehyde at 
4"C, washed once with 1.5% glycne n PBS, twlce 

with PBS. and blocked for 1 hour at 37°C w~th 10% 
bovine serum albumln n PBS. Samples were 
washed three t~mes w~th 0.1% saponln n PBS 
(S~gma), Incubated for 1 hour at 4°C w~th anti-FLAG 
(M2, Eastman Kodak), d~luted to 5 k g l m  in PBS- 
0.1% saponn, and washed three more times w~th 
PBS-0.1% saponln. Cells were then staned for 1 
hour at 4°C with fluoresce~n ~sothiocyanate-conjugat- 
ed donkey antbody to mouse immunoglobul~n G d -  
luted l : 200 ~n PBS-0.1% saponin. After three wash- 
es, the cover s p s  were mounted onto a s d e  w~th 
fluoromount-g. Cells were viewed on a confocal Bio- 
Rad MRC1024 mcroscope at a X20 magnification. 

20. TUNEL stud~es were periormed as descrbed ( 1  7). 
PTX (Sigma, St. LOUIS, MO) was added once to 
achieve a fna  concentration of 100 nglm on day 2 
and maintaned In the medum u n t  day 4. 

21. For Ap treatments the cells were mainta~ned n 
DMEM containing 10% dialyzed FBS, 5% dialyzed 
horse serum, and gentamycn (50 nglml). The cells 
were treated w~th 10 pM Ap(1-42) (generated from a 
1 mM Ap stock solut~on that had been aged 7 days 
at 37°C) start~ng on day 2 after the transfecton. For 
all studies. the cells were f~xed on day 4 and analyzed 
by TUNEL. 

22. We would Ike to thank R. Schwartz and D. LeRoith 
for their helpful review and useful comments and J. 
Yewdell, J. Benn~ck, and P. Day for their time and 
expert~se in using the confocal microscope. 

2 July 1996; accepted 23 October 1996 

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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corticosterone), cells deleted for CPR7 were reduced relative to those in wild-type prolyl-isomerase activity of CyP-40 have 
showed about one-fifth the amount of P-ga- cells (Fig. 4A). In cpr6A cells, pp6OV-"" yielded conflicting results regarding the 
lactosidase expression detected in wild-type activity decreased by -50%, whereas accu- role of this cyclophilin in vivo (25). Using 
cells (Fig. 3A). The decrease in receptor mulation was unaffected. In contrast, the genetic methods, we show that cyclophil- 
activity in cpr7A cells was not the result of accumulation and activity of the cellular, ins of the CyP-40 class are required for full 
decreased amount of receptor (Fig. 3B). nononcogenic form of the kinase, pp6OC-"", activity of several Hsp90-dependent signal 
Cpr7 was also found to be required for full were similar in wild-type, cpr6A, and cpr7A transducers. Although the experiments 
activity of the estrogen receptor (20). De- cells (24) (Fig. 4B). Because pp6OC-"" is were performed in S. cerevisiae (26) with 
letion of CPR6 from wild-type cells did not much less sensitive to Hsp90 perturbations heterologous Hsp-90 substrates, the struc- 
result in decreased hormone-dependent ac- than pp6OV-'" (23), these results reinforce tural (5) and functional (14, 17) conser- 
tivity of GR, nor did it further decrease GR the hypothesis that the cyclophilins are spe- vation of the Hsp90 machinery in yeast 
activity in cpr7A cells (20). The absence of cifically involved in Hsp90-mediated and mammalian cells suggest that our re- 
either Cpr6 or Cpr7 did not affect basal GR events. sults reveal an authentic role of CyP-40 
activity (20). Deletion of CPR7 had only a Studies with drugs that inhibit the cyclophilins. CyP-40 exhibits chaperone 
small effect on the activity of a truncated activity in vitro (27), and the functions of 
form of GR (20) that activates reporter A Cpr6 and Cpr7 are closely allied with 
gene expression in a constitutive and those of Hsp90 in vivo. Thus, this class of 
Hsp90-independent manner (21). Thus, \NT cyclophilin may enhance the ability of the 
the role of Cpr7 in steroid receptor signal hsc8.24 Hsp90 machinery to maintain signal trans- 
transduction appears to be in events that 
are regulated by Hsp90. Cpr7A Fig. 3. Potentiation of A 

To determine the extent of cyclophilin hormone-dependent 
involvement in Hsp90-dependent func- c p r 7 ~  hsc824 activation of GR by 2 ~ ~ ~ -  
tions, we examined the activity of a differ- 

6 Cpr7. (A) Expression of $.$ ent Hsp90 substrate, the oncogenic tyrosine 
WT 

p-galactosidase from a 2; so- 
kinase pp6OV-'" (22, 23). Because the en- GR-dependent report- ? - " 
dogenous amount of tyrosine phosphoryl- s t i l ~  er gene in wild-type 0- 

1 2 5  

ation in S .  cerevisim is very low, the in vivo (lane I) ,  cpr7A (lane 2), B 
activity of exogenous pp6OV"" is readily cpr7d or cpr7A cells express- GR - n 
monitored by the appearance of ectopic ing CPR7 from a plas- L3. - - .) 

Cpf7A StilA 
phosphorylation of yeast proteins (23). The 

mid (lane 3) (30). Indi- 1 2 3  
cated activities are rel- 

activity of this kinase is absolutely depen- Fig. 2. Genetic interactions between Cpr7 and ative to that obtained from wild-type cells, All data 
dent on Hsp90 (8) and is reduced by a ST11 Hsp9O components. Serial dilutions of logarithmi- are means + SD (" = 4). (6) Abundance of GR 
deletion (1 8). Some mutations in Hsp90 tally growing cells (I9) .4 lo6 per milliliter) and ribosomal protein L3 (loading control) visual- 
that decrease pp60v-s~~-mediated tyrosine were spotted onto rich medium and photo- ized by immunostaining. 
kinase activity also decrease kinase accumu- graphed after incubation (2 days) at 30°C. En- 

hancement of the cpr7A slow-growth phenotype 
lation (8), whereas deletion of ST11 reduces by (A) hsc82A or (B) stilA mutations was tested 
the PP~~"- '"  reducing its separately. The enhanced growth defect coseg- A B 
accumulation ( 1  8). regated with the cpr7A hsc82A and cpr7A stilA 

When ~p60~-'" was expressed in cpr7A genotypes among tetrads derived from crosses 
cells, both its activity and accumulation between congenic parent strains (9, 20). 9 6 - p - 4  

6 9 - 4  *r.- - 
g s s  s + 
g E ? , z  a m 45 - 

2. - - A U 
S . '  .;; ~ $ 5  m _ m m  c o E $ % 30 - 
g z  rn m v l ,  . 5 m s  :: + + :: 0 
hru : 2 ? 2  - .! I = = = - - x 0 m  
' " 0 ,  + + Z K  ? . g 5  + zmso+,:: 
2 > -  5 ~ ~ b b 8  ahh t i xu r  x a ? , p , , m q , , . - g ~  ~ ~ h a h h h a h h & . ~ +  V-SIC 
ru 2 O U U U  + + = O U U O U U U U U + g  

'+=+ c-src wm 
% 2 & + & & $ & $ + & + m  o m m m m m m m m m m  
i r a a a a u a a a a a $  ~3 

1 5: 
125- 

L3 u 
79- +Hsp9O s s $  5 2 s  
47- 04 B 04 8 
28- Fig. 4. Effects of cpr6A and cpr7A mutations on 

1 2 3 A 5 6 7  8 9 10 11 12 13 
pp60v-Sc activity and accumulation. Wild-type, 
cpr6A, and cpr7A cells were grown to 2 x 1 O6 per 

4sp90 Fig. 1. Interactions between Cpr6 or Cpr7 and Hsp9O. (A milliliter in raffinose medium, then transferred to 
and 6) GST proteins bound to glutathione-Sepharose beads galactose medium for 7 hours to induce expres- 
were incubated in the presence of yeast lysates (28) or (C) sion of (A) pp60V-Sn' or (6) p ~ 6 0 ~ - ~ .  Cellular pro- 
lysates of E. coli cells expressing yeast Hsp9O (29) as indi- teins were separated on an SDS-polyacrylamide 

1 2 3 4 5 6 7 8  cated. Bound material resolved by SDS-PAGE was analyzed gel and transferred to immobilon-P membranes. 
(A and C) by Coomassie blue staining or (B) by immunostaining with antibody to Hsp9O (21). GST-Cpr6 Equal sample loading was confirmed by Coomas- 
and GST-Cpr7 are fusions between GST and the entire coding sequence of Cpr6 or Cpr7; GST-Cpr6 tail sie blue staining. Blots were incubated with anti- 
and GST-Cpr7 tail are fusions between GST and the TPR-containing COOH-terminal region of Cpr6 or body (8) specific for phosphotyrosine (upper pan- 
Cpr7 (28, 29): and GST-Cprl is a fusion between GST and Cprl (29). (C) Lane 13, material bound in the el), Src (middle panel), or ribosomal protein L3 
absence of GST proteins. (lower panel). 
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ducers in an intermediate state from 
which they can be readily activated. 
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Chaperone Function of 
Hsp9O-Associated Proteins 

Suchira Bose, Tina Weikl, Hans Bugl, Johannes Buchner* 

The Hsp9O heat shock protein of eukaryotic cells regulates the activity of proteins 
involved in signal transduction pathways and may direct intracellular protein folding in 
general. Hsp9O performs at least part of its function in a complex with a specific set of 
partner proteins that include members of the prolyl isomerase family. The properties of 
the major components of the HspQO complex were examined through the use of in vitro 
protein folding assays. Two of the components, FKBP52 and p23, functioned as mech- 
anistically distinct molecular chaperones. These results suggest the existence of a 
super-chaperone complex in the cytosol of eukaryotic cells. 

T h e  heat shock protein Hsp90 is expressed 
at high levels in the cytosol of eukaryotic 
cells ( I  ) and functions as a general cytosolic 
chaperone under physiological (2 ,  3 )  and 
heat shock conditions (4 )  in vitro. Unlike 
other heat shock proteins, it seems to per- 
form at least part of its activity in complex 
with nroteins of unknown function (5.  6) .  
Nine different components of the complex 
have been identified, including Hsp90, 
Hsp70, p60/Hop (Hsp90/Hsp70 organizing 
protein), p48 (Hip), Hdjl ,  p23, and any 
one of the three large immunophilins: 
FKBP52 (FK506 binding protein, p59, 
Hsp56, HBI), FKBP54, or cyclophilin 40 
(Cyp40) (6-8). Most of these proteins were 
initiallv identified in mamrnals in cornnlex- 
es with steroid receptors. They are req;ired 
to keen the recentors in a state activatable 
by steroids (6 ,  9) .  However, it seems that 
these comnlexes have more general func- 
tions because they are conserved through- 
out eukaryotes (10). 

T o  analyze the functional properties of 
the Hsp90 partner proteins, we studied their 
action in in vitro protein folding and un- 
foldine reactions. As an assav svstem, the " 8 ,  

thermal unfolding and aggregation of ci- 
trate svnthase ICS) was used 14). The char- , . , , 

acterization of the unfolding pathway of C S  
allows the auantitative analvsis of the num- 
ber of interkediates formei in the unfold- 
ing nrocess and the distribution between - A 

native and aggregated forms of CS (4). 
One of the characteristic features of mo- 

lecular chaperones is their ability to sup- 
press the aggregation of proteins under 
stress conditions (1 ,  11, 12). Thus, we ex- 
amined the ability of Hsp90 partner pro- 
teins and a number of unrelated nroteins to 
suppress the thermal aggregation process of 
CS. Immunoglobulin G (IgG), lysozyme, or 
bovine serum albumin (BSA) (Fig. 1A) 
(13, 14), as well as an isolated domain of 
Hsp90 (14), did not affect the aggregation 
process of CS. However, two components of 
the mature Hsp90 complex, FKBP52 and 

nsttut fur Biophyslk und physikalische ~ i ~ ~ h ~ ~ ~ ~ ,  unl. ~ 2 %  specifically suppressed the aggregation 
verstat Reqensburq, 93040 Reqensburq, German" of CS in a concentration-dependent man- 
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