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Cdc37 is required for cyclin-dependent kinase activation and is genetically linked with the activity of several 
other kinases, including oncogenic v-Src, casein kinase II, MPS-1 kinase, and sevenless. Strikingly, many 
pathways involving Cdc37 also involve the protein chaperone Hsp90. The identification of Cdc37 as the 
50-kD protein in several Hsp90-kinase complexes, together with other data, led to the recent suggestion that 
Cdc37 is a kinase-targeting "subunit" of Hsp90. We directly examined the effect of Cdc37 on Hsp90 functions. 
Rather than simply acting as an accessory factor for Hsp90, Cdc37 is itself a protein chaperone with properties 
remarkably similar to those of Hsp90. In vitro, Cdc37 maintains denatured [3-galactosidase in an 
activation-competent state without reactivating it and stabilizes mature, but unstable, casein kinase II. In 
vivo, Cdc37 overexpression can compensate for decreased Hsp90 function, but the proteins are not 
interchangeable. Cdc37 can compensate for Hspg0 in maintaining the activity of v-Src kinase but does not 
maintain the activity of the glucocorticoid receptor. Thus, the very similar chaperone activities of the two 
proteins, uncovered through in vitro analysis, diverge in vivo in specific signal transduction pathways. 
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CDC37 was first identified as a gene required for pro- 

gression through the cell division cycle in Saccharomy- 
ces cerevisiae (Reed 1980; Ferguson et al. 1986). The 

Cdc3 7 protein is structurally unrelated to other proteins, 

and its functions have been enigmatic; however, its role 

in the cell cycle is now understood by its action on cy- 

clin-dependent kinases (CDKs). In both S. cerevisiae and 

Drosophila melanogaster, Cdc37 interacts genetically 

with key regulators of the cell cycle, the Cdc28/Cdc2 

CDKs (Reed et al. 1985; Cutforth and Rubin 1994). In 

yeast cdc37 mutants, Cdc28 does not form signaling 
complexes with cyclins, and its activity and accumula- 

tion are impaired (Gerber et al. 1995). 

Cdc37 functions are not restricted to the cell cycle. 

Several genetic screens link Cdc37 with unrelated sig- 

naling pathways and kinases. For example, cdc37 mu- 

tants suppress the toxic effects of the oncogenic kinase 

of Rous sarcoma virus, v-Src, when it is expressed in 

yeast (Dey et al. 1996). CDC37 is also a high-copy sup- 

pressor of temperature-sensitive mutations in two dis- 

similar yeast kinases, casein kinase II (CKII) (R. McCann, 

D. Hanna, and C. Glover, pers. comm.) and MPS1 kinase 

4Corresponding author. 
E-MAIL s-lindquist@uchicago.edu; FAX (773) 702-7254. 

(Schutz et al. 1997). In Drosophila, Cdc37 mutants were 

isolated in a genetic screen for critical limiting compo- 

nents in signaling by the sevenless receptor tyrosine ki- 

nase (Cutforth and Rubin 1994). 

It is striking that many of the signaling pathways in 

which Cdc37 functions also involve the protein chaper- 

one Hsp90. For example, mutations in Hsp90 reduce 

both the stability and activity of v-Src kinase, suppress- 

ing its toxicity to yeast (Xu and Lindquist 1993). Hsp90 

also interacts with casein kinase II, protecting it from 

inactivation in vitro (Miyata and Yahara 1992, 1995), and 

Drosophila Hsp90 mutants (Hsp83) were isolated in the 

same sevenless screen that generated Cdc37 mutants 

(Cutforth and Rubin 1994). 
These observations suggest that Cdc37 and Hsp90 are 

functionally allied. Very recent data place Cdc3 7 in com- 

plexes with some of the same targets as Hsp90. The 
mammalian cell cycle regulator Cdk4 coimmunoprecipi- 

tates with Cdc37 and Hsp90 (Dai et al. 1996; Stepanova 

et al. 1996). More tellingly, Cdc37 is now known to be 

p50 (Stepanova et al. 1996), a protein found previously 

with several Hsp90 targets, including Rafl (Stancato et 

al. 1993; Wartmann and Davis 1994), v-Src (Brugge et al. 

1981; Whitelaw et al. 1991), and the Src-family kinases 

Fyn, Yes, Fps, Fes, Lck, and Fgr (Brugge 1986; Ziemieki et 
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al. 1986; Hartson and Marts 1994; Nair et al. 1996). 

Cdc37 may be required for kinase recognition by Hsp90; 

Cdc37 must be coexpressed with Cdk4 in insect cells to 

detect an association between Hsp90 and the kinase 

(Stepanova et al. 1996). Based on these data, W. Harper 

and associates postulate that Cdc37 is a subunit of 

Hsp90 that targets the chaperone to specific kinases 

(Stepanova et al. 1996). 

Hsp90 chaperones the maturation and maintenance of 

diverse signal transducers, including tyrosine and serine/ 

threonine kinases and transcription factors of both the 

steroid hormone receptor and basic helix-loop-helix 

classes. It interacts with these targets in conjunction 

with a group of at least eight associated chaperones and 

cofactors (for review, see Smith 1993; Smith and Toft 

1993; Bohen and Yamamoto 1994; Jakob and Buchner 

1994; Rutherford and Zuker 1994). The Hsp90 chaperone 

pathway is dynamic and the proteins associated with 

Hsp90 were originally thought to vary for different tar- 

gets. It now seems likely that the entire array interacts 

with most targets (Nair et al. 1996). The notable excep- 

tion is Cdc37/p50, which has been found only in asso- 

ciation with kinases (Brugge 1986; Whitelaw et al. 1991; 

Stancato et al. 1993; Nair et al. 1996). 

The specific biochemical functions of Hsp90 in vitro 

are just being unraveled at this time. Although Hsp90 

can promote the forward folding of some substrates un- 

der certain conditions (Shaknovich et al. 1992; Wiech et 

al. 1992; Jakob and Buchner 1994), more commonly it 

does not. Rather, Hsp90 protects unstable substrates and 

folding intermediates from aggregation and inactivation 

(Miyata and Yahara 1992; Jakob et al. 1995; Freeman and 

Morimoto 1996); whether or not forward folding results 

from this interaction may depend on the substrate (Jakob 

et al. 1995). For example, Hsp90 maintains previously 

denatured ~-galactosidase in a form competent for reac- 

tivation by conventional chaperones while not promot- 

ing reactivation itself (Freeman and Morimoto 1996}. 

Hsp90 also protects CKII, a mature but unstable kinase 

that aggregates and loses activity rapidly in low salt buff- 

ers (Miyata and Yahara 1992, 1995). Similarly, Hsp90 

protects purified citrate synthase from thermal denatur- 

ation and aggregation (Jakob et al. 1995). These mainte- 

nance functions of Hsp90 in vitro are reminiscent of a 

maintenance function described previously in vivo: 

Hsp90 is continuously required to maintain the gluco- 

corticoid receptor in a state that is not yet active but can 

be activated readily by ligand (Nathan and Lindquist 

1995). 

Because Cdc37 and Hsp90 function in several of the 

same signal transduction pathways and associate with 

some of the same target proteins, we reasoned that they 

might function together. Therefore, we asked whether 

Cdc37 would affect Hsp90 chaperone activity in these in 

vitro assays. Surprisingly, we find that Cdc37 is a mo- 

lecular chaperone in its own right, with activities that 

are remarkably similar to those of Hsp90. Genetic analy- 

ses in both yeast and flies indicate that Cdc37 and Hsp90 

are critical limiting factors for essential cellular pro- 

cesses. Nevertheless, Cdc37 and Hsp90 sometimes favor 

different substrates and, when interacting with the same 

substrate, may have different effects. Thus, in the same 

cell, proteins with very similar chaperone activities can 

have profoundly different biological effects. 

R e s u l t s  

Cdc37 maintains  denatured substrates in a 

reactivation-competent  state 

Yeast Cdc37 was overproduced in bacteria. As with na- 

tive yeast Cdc37, the recombinant protein migrated as a 

68-kD band on Coomassie-stained gels, although its pre- 

dicted molecular mass is 58.4 kD (Fig. 1A). By molecular- 

sieve chromatography, Cdc37 migrated as a 130-kD spe- 

cies, suggesting that Cdc37, like Hsp90, is a dimer (Fig. 

1B). In yeast, Hsp90 (Hsp82 and Hsc82) is both highly 

abundant, comprising 0.5%-1% of total protein, and 

heat-inducible (Borkovich et al. 1989). In contrast, Cdc37 

represents only -0.01% of soluble yeast protein (data not 

shown) and was not induced by heat shock (Fig. 1C). 

We first examined the effects of purified yeast Cdc37 

on Hsp90 functions in vitro. The chaperone functions of 

Hsp90 have been established in large part by its ability to 

prevent the irretrievable aggregation of proteins trans- 

ferred from denaturant into aqueous buffer (Wiech et al. 

1992; Jakob et al. 1995; Freeman and Morimoto 1996). 

For example, Hsp90 maintains denatured f~-galactosidase 

in an intermediate state--inactive but readily reacti- 

vated by the addition of other chaperones, Hsp70 and 

Hdjl (Fig. 2A, B; Freeman and Morimoto 1996). Cdc37 

was added with Hsp90 (Hsp82) in these assays to test its 

effects on ~-galactosidase maintenance (Fig. 2C). When 

Figure 1. Characterization of Recombinant Cdc37. (A) By de- 
naturing SDS-PAGE, purified recombinant Cdc37 (2.5 }ag) mi- 
grates at the position expected for a 68-kD protein (arrowhead) 
and is the sole species detected by Coomassie blue staining. The 
positions of molecular mass standards are indicated. (B) Under 
native conditions recombinant Cdc37 migrates at the position 
expected for a 130-kD protein. Fractions from a Sephadex-200 
gel filtration column were analyzed by SDS-PAGE. The peak 
fractions of molecular mass standards are indicated by arrows. 
(C) Cdc37 is not induced by heat. Total cellular proteins from 
yeast cells grown at 25~ or heat-shocked at 39~ for 45 min 
were separated by SDS-PAGE, blotted, and reacted sequentially 
with antibodies specific to Cdc37, Hsp90 (yeast Hsp/c82), and 
Hsp 104. Equal loading was verified by Coomassie blue staining 
prior to immunostaining. Hsp90 is induced approximately 
2-fold by heat, and Hspl04 is induced more than 20-fold. 
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Hsp90 concentrations were low, Cdc37 increased the re- 

covery of active ~-galactosidase. Curiously, when the 

concentration of Hsp90 was increased just severalfold, 

the effects of Cdc37 on the yield and the rate of the 

reaction became negligible. More surprising, Cdc37 itself 

was as effective as Hsp90 in maintaining the enzyme in 

an activation-competent state (Fig. 2D). The kinetics of 

~-galactosidase reactivation were very similar for en- 

zyme maintained by Hsp90 or Cdc37 (Fig. 2B, D); neither 

was affected by ATP (data not shown); and even at high 

concentrations, neither reactivated denatured f~-galacto- 

sidase on its own (Fig. 2E). As reported for Hsp90, Cdc37 

did not affect the rate of ~-galactosidase reactivation 

when Hsp70 and Hdj 1 were present in the initial dilution 

buffer at optimal concentrations (Fig. 2F). Thus, Cdc37 

independently chaperones non-native f~-galactosidase in 

a manner different from Hsp70 and Hdj 1 but remarkably 

like Hsp90, and the combined effects of Hsp90 and 

Cdc37 appear simply additive. Separate experiments 

with firefly luciferase extended the similarity of Cdc37 

and Hsp90 chaperone activities to a different denatured 

substrate (data not shown). 

Cdc37 stabilizes an inherently unstable kinase 

We also compared the chaperone activities of Cdc37 and 

Hsp90 on one of their natural substrates, CKII. CKII is 

biochemically associated with Hsp90 (Dougherty et al. 

1987; Miyata and Yahara 1992, 1995) and genetically 

linked to Cdc37 (McCann and Glover 1995). Hsp90 chap- 

erone functions with CKII have been established through 

its ability to maintain the already folded but unstable 

kinase in an active state. As shown previously (Miyata 

and Yahara 1992, 1995), when purified CKII was trans- 

ferred to low salt buffer at 37~ for 60 min, its kinase 

activity was largely lost (Fig. 3, lane 5). Cdc37 was as 

effective as Hsp90 (cf. lanes 6 and 7) in maintaining the 

activity of CKII. Neither purified Cdc37 nor Hsp90 con- 

tained kinase activity itself (Fig. 3, lanes 1-4) nor could 

either protein restore CKll activity after it was inacti- 

vated (data not shown). When Hsp90 and Cdc37 were 

supplied together, CKII activity was the same as with 

either chaperone alone (Fig. 3, lanes 6-8). When tested 

further over a broad range of concentrations, Cdc37 and 

Hsp90 exhibited similar concentration dependence for 

CKII maintenance, and their effects, when mixed, were 

additive rather than synergistic (data not shown). Thus, 

Cdc37 and Hsp90 exhibit very similar chaperone activity 

with three different substrates in vitro. 

Genetic interactions between Cdc37 and Hsp90: 
enhanced phenotypes in double mutants 

We turned to genetic analyses to investigate the similar- 

ity of Cdc37 and Hsp90 biological functions in vivo. 

First, we asked whether the proteins compensate for 

each other when the function of one or the other is im- 

paired. A yeast strain (S. cerevisiae) engineered to pro- 

duce -10% wild-type Hsp90 levels (~hsc82)(Borkovich 
et al. 1989) was crossed with an isogenic, temperature- 

Figure  3. CKII is maintained in an active state by Cdc37 or 
Hsp90. In lanes 1-4, Hsp90 (1 ~M), Cdc37 (1 ~M), or both pro- 
teins ( 1 ~M each) were incubated in low salt buffer at 30~ for 60 
min. In lanes 5-8, duplicate reactions contained purified native 
CKII (20 riM). Dephosphorylated casein and [~-32p]ATP were 
then added, and incubation was continued for an additional 30 
min. Proteins were subjected to SDS-PAGE, and the incorpora- 
tion of radioactive phosphate was visualized by autoradiography 
of the dried gel. The positions of Hsp90, Cdc37, and casein are 

marked. 

sensitive Cdc37 mutant  (cdc37-1; Reed 1980). Double 

mutant  progeny (~hsc82cdc37-1)produced pinpoint 

colonies at 25~ both initially and on restreaking, 

whereas their single-mutant parents and siblings grew at 

near wild-type rates (Fig. 4A). More remarkably, flies (D. 

melanogaster) doubly heterozygous for certain recessive 

lethal alleles of Cdc37 (Cutforth and Rubin 1994) and 

Hsp83 (Drosophila Hsp90; isolated by Dickson et al. 

1996) did not survive, even though they carried one wild- 

type copy of each gene (second-site noncomplementa- 

tion; Table 1). These studies indicate that the normal 

activity of either gene compensates for decreased activ- 

ity of the other and that the activities of both genes are 

limiting for the same critical cellular processes. 

The extreme consequences to both yeast and flies of 

simultaneously reducing Cdc37 and Hsp90 functions 

demonstrates that the relationship between the two pro- 

teins is highly conserved. In vivo, when the function of 

one of the proteins is impaired, wild-type function of the 

other is required to compensate for normal growth. In 

vitro, the chaperone activities of the two proteins are 

nearly indistinguishable. We therefore tested whether 

the functions of these genes are so similar that they can 

completely substitute for each other in vivo. 

Genetic interactions between Cdc37 and Hsp90: the 
proteins are not interchangeable 

We first asked whether overexpression of Cdc37 in yeast 

could substitute for Hsp90 when Hsp90 function was 

reduced below the levels found in z~hsc82 cells. In a yeast 

strain expressing even lower levels of Hsp90 that is ex- 

tremely temperature sensitive for growth (iLEP), overex- 
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Hsp90 with four additional copies of the Hsp90 gene 

would rescue the lethality of Cdc3 7 homozygotes, which 

die in embryogenesis and early larval stages, or Cdc37 
heteroallelic mutant combinations, some of which die in 

late larval stages. Hsp90 and flanking genomic sequences 

carried in stable P-element insertions produced suffi- 

cient protein to rescue lethal Hsp83 homozygotes (S. 

Rutherford, unpubl.). However, they did not rescue ho- 

mozygous Cdc37 mutants or heteroallelic Cdc37 mu- 

tant combinations (Table 2). 

In these experiments, the allele-specific interactions 

between Cdc37 and Hsp90 in both yeast and flies rein- 

force the conclusion that Cdc37 functions are closely 

allied with those of Hsp90. However, the functions of 

the two proteins are not interchangeable. Despite the 

similarity of their chaperone functions in vitro, in vivo 

there must be an important distinction between the bio- 

logical functions of the two proteins. 

Figure 4. Genetic interactions between Hsp90 (Hsp82) and 
Cdc37 in yeast. (A) Impaired growth of double mutants. An 

Hsp90 mutant, CLD82 (z~hsc82), was crossed with either a wild- 
type strain, W303 (WT), or an isogenic cdc37-1 strain (cdc37 as). 
Diploids were sporulated and dissected, and the four haploid 
products of each tetrad were incubated for 3 days at 25~ (B, C) 
Cdc37 overexpression provides only weak suppression of Hsp90 
temperature-sensitive mutants. (B) An Hsp90 mutant producing 
wild-type Hsp90 at a very low level, iLEP1, was transformed 
with the vector alone, a Cdc37 overexpression plasmid (Cdc37), 
or an Hsp90 overexpression plasmid (Hsc82). (C) Hsp90 point 
mutants (T22I, A41V, Q81S, G170D, G313S, E381K, A587T) 
were transformed with either vector (-) or a Cdc37 overexpres- 
sion plasmid (+). All transformants were grown in SD media, 
and 10-fold serial dilutions were spotted on YPD plates and 
incubated for 2 to 4 days at the indicated temperatures. An 
Hsp90 expression plasmid completely rescued the temperature- 
sensitive phenotype of every strain (B; data not shown). 

pression of Cdc37 enhanced growth at semipermissive 

temperatures (33~ but did not allow growth above 

35~ (Fig. 4B). When Cdc37 was overexpressed in several 

different hsp82 point mutants, it enhanced growth in 

only a few of the mutants (A41V, G313S, and A587T; Fig. 

4C). Even for those alleles in which growth was en- 

hanced, overexpression of Cdc37 did not extend the criti- 

cal growth temperature very far. 

In complementary experiments, we examined the abil- 

ity of Hsp90 overexpression in yeast to compensate for 

mutant Cdc37. Hsc82 was overexpressed from a high- 

copy vector in cdc37-1 cells. Although this vector repro- 

ducibly increased Hsp90 protein levels, the temperature 

sensitivity of the strain was not rescued (data not 

shown). 

To extend this analysis to Drosophila, we tested 

whether supplementing the two endogenous copies of 

Effect of Cdc37 on specific Hsp90 targets in vivo 

We examined the ability of Cdc37 to substitute for 

Hsp90 in the maturation and maintenance of two of the 

best-characterized signaling targets of Hsp90, the onco- 

genic kinase v-Src (Brugge 1986; Whitelaw et al. 1991; Xu 

and Lindquist 1993) and the steroid-regulated transcrip- 

tion factor GR (glucocorticoid receptor; Smith 1993; Bo- 

hen and Yamamoto 1994). The Hsp90 chaperone path- 

way is highly conserved, and when these heterologous 

target proteins are expressed in yeast their activity de- 

pends on Hsp90 (Picard et al. 1990; Xu and Lindquist 

1993; Bohen and Yamamoto 1994; Nathan and Lindquist 

1995). As in vertebrate cells (Brugge 1986), Cdc37 and 

Hsp90 interact with v-Src in yeast (Fig. 5A). We did not 

detect a similar interaction with GR. 

Mutations in either Cdc37 or Hsp90 suppress the tox- 

icity of v-Src by reducing its promiscuous tyrosine ki- 

nase activity, indicating that both proteins play a role in 

the activation of the kinase (Xu and Lindquist 1993; Dey 

et al. 1996). When expressed in the temperature-sensi- 

tive Hsp90 point mutant hsp82 c17~ v-Src exhibited 

high kinase activity at 25~ but kinase activity was se- 

verely reduced at 34~ although cell viability remained 

high (Fig. 5B; Nathan and Lindquist 1995). A high-copy 

Cdc3 7 expression plasmid restored v-Src activity at 34~ 

(Fig. 5B). Interestingly, the phosphoprotein profile was 

altered. It may be that Cdc37 and Hsp90 influence inter- 

actions between the kinase and its substrates. Alterna- 

tively, they may have independent effects on the matu- 

ration of targets. In any case, Cdc37 was able to compen- 

sate for Hsp90 in promoting v-Src activity. 

In contrast, the high-copy Cdc37 plasmid did not res- 

cue GR activity in hsp82 c17~ either at a semipermis- 

sive temperature (Fig. 6, 33~ or at a nonpermissive 

temperature (Fig. 6, 35~ Nathan and Lindquist 1995). 

Accumulation of GR was similar in all samples, and 

Cdc37 protein was overexpressed in cells containing the 

expression plasmid (Fig. 6B). A wild-type Hsp90 expres- 

sion plasmid (HSC82) rescued GR activity in this strain 

(data not shown). Thus, when Hsp90 function is com- 
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Table 1. Second-site noncomplementation between Cdc37 and Hsp90 (Hsp83) mutants in Drosophila 
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,~ Viable Viable Dead 

25~ 18~ 

Cdc37 + Cdc37 or Hsp83 Cdc37 + Cdc37 or Hsp83 

Hsp83 allele + Hsp83 Balancer + Hsp83 Balancer 

$38L 42 71 21" 84 

R48C 43 74 0 164 
E3t7K 36 79 36 74 
E377K 10 70 0 97 
$574C 52 65 58 90 

$592F 55 64 39 66 
$655F 69 150 100 137 

(A) The progeny from a cross between Hsp83 (83) and Cdc37 (37) balancer heterozygotes are expected in a 1:1:1:1 ratio. Solid bars 
designate balancer chromosomes that cover the lethality of the Hsp83 and Cdc37 alleles and carry dominant visible markers with 
recessive lethals (Lindsley and Zimm 1992). Double heterozygotes are identified by the lack of dominant markers that distinguish the 
balancer chromosomes. The balancer homozygotes from this cross die during embryogenesis because they contain recessive lethals. 
(B) Loss-of-function Cdc37 alleles do not complement specific Hsp83 alleles. Shown are the results from crosses between females 
carrying different, balanced Hsp83 alleles and balanced Cdc37 e4D males. Three Hsp83 alleles, $38L, R48C, and E377K, failed to 
complement Cdc37 e4D (numbers in bold). Two alleles, $38L and R48C, were temperature-sensitive for this effect (18~ vs. 25~ 
Asterisks indicate double heterozygotes that either displayed developmental abnormalities ($38L) or died shortly after enclosing 
(E377K). Reciprocal crosses gave similar results, as did crosses with Cdc37e~E; however, the Cdc37 point mutant Cdc37 e6B was viable 
in combination with all Hsp83 alleles (S. Rutherford and L. Yue, unpub.). 

promised, overexpression of Cdc37 rescues the activity 

of v-Src but not GR. 

D i s c u s s i o n  

The combinat ion of in vitro and in vivo methods em- 

ployed here provides new perspective on the functions of 

Cdc37. Genetic screens had uncovered a role for Cdc37 

in diverse kinase-regulated signaling pathways, but 

Cdc37 might  have operated in those pathways in many  

different capacities (e.g., as a kinase-targeting "subuni t"  

or activator, as a phosphatase inhibitor, or as a scaffold 

for the association of other proteins). We demonstrate 

that in vitro Cdc37 can act as a molecular  chaperone 

wi th  properties remarkably like those of Hsp90. The 

chaperone character of Cdc37 revealed by these assays 

suggests alternative models for Cdc37 function (see be- 

low). Genetic analyses of Cdc37 function in vivo do not 

and cannot in themselves establish a chaperone activity 

for Cdc37, but they reveal a specificity in Cdc37 func- 

tions not apparent in the in vitro assays. 

Main tenance  vs. forward folding: Hsp90 chaperone 

func t ions  

The chaperone properties of Hsp90 currently provide the 

best foundation for understanding Cdc37 chaperone ac- 

tivity. Although Hsp90 functions have long been enig- 

matic, recently Hsp90 has become f irmly established as 

a molecular  chaperone (Shaknovich et al. 1992; Wiech et 

al. 1992; Jakob and Buchner 1994; Miyata and Yahara 

1992; Jakob et al. 1995; Freeman and Morimoto 1996). 

Implicit  in the early definit ion of the term chaperone 

was the notion that the prevention of off-pathway aggre- 

gation was coupled wi th  increased folding (Ellis 1987). 

But Hsp90 and a growing class of other chaperones pre- 

vent aggregation without  efficiently promoting forward 

folding by themselves (Jakob et al. 1995; Bose et al. 1996; 

Duina et al. 1996; Freeman and Morimoto 1996; Free- 

man  et al. 1996). The importance of this activity in the 

concentrated intracellular mi l ieu  is easily understood, 

but  the novel b iochemist ry  of this function is not easily 

encompassed wi th in  established views of specificity in- 

herent  to typical biochemical  assays. 
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Table 2. Hsp90 overexpression does not rescue Cdc37 mutants in Drosophila 
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B 

Cdc37 
alleles 
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�9 + + 

Balancer 

Cdc37 + Cdc37 + 

Cdc37 + Bal 

e4D/e4D 0 477 
e6B/e6B 0 229 
elE/elE 0 163 
e4D/e6B 0 206 
e6B/elE 0 9.02 
elE/e4D 0 129 

(A) Addition of up to four additional copies of the Hsp83 gene carried in P elements (pW83) did not rescue Cdc37 lethality. To generate 
Cdc37 homozygotes and heteroallelic combinations flies balanced for Cdc37 alleles and containing two copies of pW83 (marked with 
the eye color marker w+) were crossed. This generated progeny homozygous for Cdc37 and containing from 0 to 4 copies of pW83 as 
well as the endogenous HSP83 gene (+). (B) No w § flies (containing at least one copy of pW83) survived for any combination of Cdc37 

alleles tested. 

Hsp90 recognizes proteins with certain mature ele- 

ments of secondary structure, but incomplete tertiary 

structure (Melnick et al. 1994; Jakob et al. 1995), and 

associates with its known cellular targets in a highly 

selective manner. These natural targets are structurally 

unstable and difficult to study in a highly purified state 

in vitro. Therefore, the capacity of Hsp90 to interact 

with and protect non-native model proteins in vitro is a 

key element in defining its chaperone activity. When a 

denatured protein is diluted into aqueous buffer, a mul- 

tiplicity of unstable conformations are formed. Low-af- 

finity interactions with Hsp90 prevent irretrievable ag- 

gregation of such proteins but do not promote forward 

folding. The high stoichiometric ratio of Hsp90 required 

in these assays may reflect the heterogeneity of the sub- 

strate and the low affinity of the interactions but does 

not invalidate the underlying biochemistry: The func- 

tion of Hsp90 in such assays is distinct from that of 

nonchaperone proteins, as well as that of most other 

chaperones. 

Chaperone ac t iv i ty  of Cdc37 

We find that Cdc37 is a molecular chaperone, by criteria 

identical to those used to establish Hsp90 as a molecular 

chaperone. Cdc37 and Hsp90 protect denatured sub- 

strates such as ~-galactosidase and firefly luciferase from 

irretrievable inactivation. They also protect the mature 

but unstable CKII from inactivation, maintaining its ac- 

tivity under destabilizing conditions. In these assays 

Cdc37 and Hsp90 display similar concentration depen- 

dence, exert very similar maximal effects, and do not 

require ATP. 

To date, Cdc37 has only been found in association 

with certain kinases. All kinases share a structurally 

conserved catalytic domain (Hanks and Hunter 1995), 

and mutants in Fes that are missing this domain no 

longer interact with Cdc37 (Nair et al. 1996). Presum- 

ably, Cdc37 recognizes a non-native fold characteristic 

of, but not necessarily restricted to, the catalytic domain 

of inherently unstable or immature kinases. The chap- 

erone action of Cdc37 in vitro suggests that in vivo 

Cdc37 provides conformational support for proteins with 

structurally unstable domains. 

Chaperone activity recently has been found in at least 

two Hsp90 accessory proteins, Cyp-40 (Duina et al. 1996; 

Freeman et al. 1996) and FKBP59 (Bose et al. 1996). 

Cdc37 chaperone activity is distinct from these. First, in 

contrast to Cyp-40 and FKBP59, Cdc37 may not form an 

abundant stable complex with Hsp90 in yeast. A histi- 

dine-tagged derivative of Hsp90, which quantitatively re- 

tains Hsp90-associated proteins on nickel columns, re- 

tains only a small fraction of the Cdc37 in the cell 

(Chang and Lindquist 1994 and unpubl.). Second, Cdc37 

is at least twice as effective, in terms of the yield of 

active enzyme recovered, in protecting denatured sub- 

strates for reactivation (Bose et al. 1996; Duina et al. 

1996; Freeman et al. 1996; direct comparative data by B. 

Freeman and Y. Kimura, unpubl.). Moreover, unlike the 

other Hsp90-associated chaperones, Cdc37 appears to act 

independently of Hsp90 on some substrates. For ex- 

ample, the serine/threonine kinase activity of Mpsl, a 

kinase involved in spindle pole dynamics, is strongly af- 

fected by changes in Cdc37 activity but not by changes 

in Hsp90 that have strong effects on GR and v-Src (Sch- 

utz et al. 1997; data not shown). Finally, in mammalian 

cells, at least 50% of the Cdc37 target, Cdk4, immuno- 

precipitates with Cdc37 in the absence of Hsp90 (Dai et 

al. 1996). Thus, Cdc37 is uniquely similar to Hsp90, both 
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Figure 5. Relationship between Hsp90 and Cdc37 in the matu- 
ration of v-Src. (A) Hsp90 and Cdc3 7 coimmunoprecipitate with 

v-Src in yeast. BJ5457 cells carrying a galactose-regulated v-Src 

expression plasmid {+) or the vector alone (-) were grown in 

raffinose and transferred to galactose (Gal) for 2.5 hr to induce 

v-Src expression. Sepharose beads prebound to antibodies 

against v-Src were incubated with cell lysates. Immunoprecipi- 

tated proteins were separated by SDS-PAGE, transferred to fil- 

ters, and reacted with antibodies specific to v-Src, Hsp90, and 

Cdc37. The positions of v-Src, immunoglobulin heavy chain 

(HC), Hsp90, and Cdc37 are indicated. (B) Cdc37 overexpression 
restores v-Src phosphotyrosine activity in an Hsp90 mutant. 

The change in v-Src activity is readily observed as a change in 

the phosphotyrosine content of total yeast proteins because en- 

dogenous tyrosine kinase activity in yeast is very low (Xu and 

Lindquist 1993). A temperature-sensitive hsp90 mutant, 

hsp82 G17oD, carrying a galactose-regulated v-Src expression 
plasmid was transformed with the vector alone (-) or a high- 

copy Cdc37 expression plasmid (+). Cultures grown in raffinose 

at 25~ were transferred to galactose at 25~ or 34~ for 6 hr. 

Total cellular proteins separated by SDS-PAGE were transferred 

to membranes and reacted with antibodies specific for phospho- 

tyrosine to assess v-Src activity tP-tyrl, or for v-Src to assess 
v-Src accumulation (v-Src). 

transducers (Smith 1993; Duina  et al. 1996; Nair  et al. 

1996; Chang et al. 1997). Although both GR and v-Src are 

highly dependent on Hsp90, only v-Src is highly depen- 

dent on Cdc37. It seems likely that  different chaperones 

collaborate to mainta in  the integrity of signaling path- 

ways by recognizing subtly different features of unstable 

substrates. The bewildering variety of signaling proteins 

wi th  which chaperones associate, and the perplexing ob- 

servation that  closely related proteins are independent of 

these chaperones, likely derives from subtle variations in 

the stability and structure of the signal transducers 

themselves.  The transient  nature  of chaperone interac- 

tions would preserve a dynamic equilibrium in which 

inherently unstable signaling targets are maintained in 

native, or near-native conformations, poised to trans- 

duce an activating signal. A picture of the functions of 

chaperones in signal t ransduction is beginning to 

emerge. A major challenge is to determine the breadth 

and specificity of their functions, not only for signal 

transduction, but for other cellular processes. 

M a t e r i a l s  and  m e t h o d s  

Plasmids, strains, and crosses 

The URA3 2ta plasmid pRS426 (Sikorski and Hieter 1989) was 

in its effectiveness as a chaperone and its independ in- 

teraction with targets. 

However, Cdc37 is found in complexes with many  of 

the same cellular targets as Hsp90 and is required for the 

binding of Hsp90 to Cdk4 (Stepanova et al. 1996). We 

propose that the specific chaperone functions of Cdc37 

promote or stabilize conformations in Cdk4 that  facili- 

tate recognition by Hsp90. It seems equally plausible 

that  for other substrates, Hsp90 facilitates Cdc37 bind- 

ing in a similar manner:  On certain proteins the two 

chaperones may interact independently, on others they 

may  mutual ly  reinforce each other. Thus, reducing ei- 

ther Hsp90 or Cdc37 will compromise the activation of 

v-Src, but high level overexpression of Cdc37 can com- 

pensate for reduced concentrations of Hsp90. This 

change in perspective on Cdc37 is reminiscent  of the 

recent change in perspective on DnaJ. It was once 

thought that the pr imary role of DnaJ was to target sub- 

strates to DnaK (Hsp701, but DnaJ is now recognized as 

an equally important  chaperone on its own (Georgopou- 

los and Welch 1993; Schroder et al. 1993). 

The complexities of chaperoning unstable proteins 

A multistep,  mul t icomponent  chaperone pa thway sup- 

ports the matura t ion  and maintenance  of many  signal 

Figure 6. Relationship between Hsp90 and Cdc37 in the matu- 

ration of GR. (A) Cdc37 overexpression does not restore GR 
activity in an Hsp90 mutant. Wild-type and hsp82 cl Top mutant 

cells carrying a constitutive GR expression plasmid with a 
linked GRElacZ reporter were transformed with the vector 

alone or a high-copy expression plasmid for Cdc37. Cultures 
were grown at 25~ and maintained at this temperature, or 

transferred to semipermissive temperature (33~ or nonpermis- 
sive temperature (35~ with or without the addition of hor- 

mone for 6 hr. B-Galactosidase activities, means, and standard 

deviations, are expressed relative to activities in wild-type cells 

at each temperature. (B} Accumulation of GR, Hspg0, and 
Cdc37 protein. Total cellular proteins from cells treated as de- 
scribed in A (35~ were separated by SDS-PAGE, transferred to 
membranes, and reacted with antibodies specific for Cdc37, 

Hsp90, and GR. 
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used as a control for the Cdc37 expression derivative pRM37.1 

(gift of C. Glover, University of Georgia, Athens). To make 

pMUsrc, a galactose-regulated 2lu expression vector for v-Src, 

the BamHI-ClaI cleavage fragment of Gallp-v-src (Xu and 

Lindquist 1993; Kimura et al. 1995) was ligated into pRS426. 

The 2lu plasmid p2A/GRGZ expresses GR from a constitutive 

promoter and ~-galactosidase from a glucocorticoid-response el- 

ement (Nathan and Lindquist 1995). 

Yeast strains are listed in Table 3. The cdc37-1 mutant strain 

CWY469 (Reed 1980)was backcrossed five times to W303 prior 

to genetic analyses. To create the strain iLEP1, a plasmid con- 

taining HSP82 with a disabled promoter, pRM(-110)82, was in- 

tegrated into the HIS3 locus of &PCLD (Borkovich et al. 1989; 

Chang and Lindquist 1994). Haploid meiotic products carrying 

both hse82 and hsp82 deletions were selected. 

Drosophila Cdc37 and Hsp83 alleles were provided by G. Ru- 

bin (Cutforth and Rubin 1994). Additional Hsp83 alleles were 

from E. Hafen (Dickson et al. 1996). The transgenic line (w;27 

33;19/TM3) contained three independent insertions of pW82 

(Wohlwill and J. Bonner 1991) located at chromosomal positions 

39BC (p33), 58CD (p27), and 96B (p19). 

Protein purification 

For the purification of Cdc37, a glutathione S-transferase (GST)- 

Cdc37 fusion construct (pGEXCdc37) was created by PCR am- 

plification of CDC37-coding sequence in pRM37.1 using the 

primers 5'-TTATGATCATGGCCATTGATTACTCTAAGT- 

3', and 5'-CTTTATTGATCATTAATT-3'. The PCR product 

was cut with BclI and inserted into the BamHI site of pGEX-3X 

(Pharmacia). The resulting protein contains a factor Xa cleavage 

site between GST and Cdc37, and proteolysis releases full- 

length Cdc37 with two extra amino-terminal amino acids, 

glycine and isoleucine. Recombinant Cdc37 was purified by glu- 

tathione chromatography followed by factor Xa cleavage as rec- 

ommended (Pharmacia). Cdc37 was purified from contaminat- 

ing GST and factor Xa by a second passage through the gluta- 

thione column followed by anion-exchange chromatography on 

POROS-HQ or Resource Q. Cdc37 was eluted from these col- 

umns as a single peak with 1 M NaC1, 20 mM Tris-HC1 (pH 6.9). 

The peak fractions were dialyzed against 40 mM HEPES (pH 7.5), 

20 mM KC1, and 5% glycerol and stored at -80~ 

To estimate the molecular weight of Cdc37, 100 lug of purified 

protein was incubated in 100 lul of refolding buffer (25 mM 

HEPES at pH 7.5, 50 mM KC1, 5 mM MgC12, 10 mM DTT, 1 mM 

ATP) at 37~ for 30 min and subjected to gel filtration over a 

Superdex-200 column (Pharmacia-LKB) at 4~ 

Yeast Hsp90 (Hsp82) was the generous gift of T. Scheibel and 

J. Buchner (Universitat Regensburg, Germany), and yeast Ydj 1 (a 

yeast DnaJ homolog) and Ssa (an Hsp70 protein) were the gen- 

erous gift of J. Glover. Human Hsp70 and Hdjl (a human DnaJ 

homolog) were prepared as described (Freeman and Morimoto 

1996). For CKII assays, Hsp90 was purified from mouse lym- 

phoma L5178Y cells or rat livers, and CKII was purified from 

porcine testis, as described (Miyata and Yahara 1992, 1995). 

Chaperone assays 

Purified yeast Cdc37 and Hsp82 were tested for chaperone ac- 

tivity in ~-galactosidase refolding assays as described for mam- 

malian Hsp90 (Freeman and Morimoto 1996). Firefly luciferase 

assays were conducted in the same manner, substituting urea- 

denatured fire fly luciferase (Sigma, cat. no. G5635) for gua- 

nidinium-denatured ~-galactosidase (Sigma, cat. no. L 1759). Lu- 

ciferase assays were performed with yeast Ydj 1 rather than hu- 

man Hdj 1. 

Maintenance of CKII was assayed with 1 luM Cdc37 and/or 1 

luM Hsp90 as described (Miyata and Yahara 1992), with the fol- 

lowing modifications. Purified CKII (20 ng) was diluted into 13 

lul of buffer containing Cdc37 and/or Hsp90 in 7.7 mM Tris, 15.4 

mM NaC1, 3.1 mM KC1, 0.31 mM EDTA, 2.3% glycerol, 0.15 mM 

DTT, and 6.2 mM HEPES (pH 7.4). The mixture was incubated 

for 60 rain at 30~ and 10 ~al of a solution containing 2.25 

mg/ml of dephosphorylated casein (Sigma), 0.17 mBq (185 Bq/ 

Table 3. Yeast strains used in this s tudy 

Strain Genotype Reference 

W303 MATa ade2-1 canl-lO0 his3-11,15 leu2-3,112 trpl-1 ura3-1 

CLD82 
P82a 

G 170Da 

A41Va 

G81Sa 

G313Sa 

E381Ka 

A587Ta 

T221a 

CWY469 

WC37A 
ilep 1 a 

BJ5457 

MATa ade2-1 canl-lO0 his3-11,I5 Ieu2-3,112 trpl-1 ura3-1 dthsc82::LEU2 
MATa ade2-1 cani-lO0 his3-11,15 leu2-3,112 trpl-i ura3-1 /~hsc82::LEU2 

ahsp82::LEU2 (pTGpd/P82) 
MATa ade2-I canl-lOO his3-11,15 leu2-3,112 trpl-1 ura3-1 Ahsc82::LEU2 

d~hsp82::LEU2 (pTGpd/Tl-101) 
MATa ade2-1 canl-l O0 his3-11,I 5 leu2-3,112 trp l- i ura3-1 ~hsc82::LEU2 

&hsp82::LEU2 (pTGpd/T1-40) 
MATa ade2-I canl-lO0 his3-11,15 leu2-3,112 trpl-1 ura3-I Ahsc82::LEU2 

ahsp82::LEU2 (pTGpd/Tl-15) 
MATa ade2-1 canI-IO0 his3-11,15 Ieu2-3,112 trpl-1 ura3-1 dthsc82::LEU2 

&hsp82::LEU2 (pTGpd/T4-47) 
MATa ade2-1 canl-lO0 his3-11,15 leu2-3,112 trpi-1 ura3-1 Ahsc82::LEU2 

Ahsp82::LEU2 (pTGpd/T4-19) 
MATa ade2-1 canl-lO0 his3-11,15 Ieu2-3,112 trpl-1 ura3-1 z~hsc82::LEU2 

~hsp82::LEU2 (pTGpd/T1-66) 
MATa ade2-1 canl-lO0 his3-11,15 leu2-3,112 trpI-1 ura3-1 ~hsc82::LEU2 

ahsp82::Ls U2 (pTGpd/T3-142) 
MATa adeI his2 leu2-3,112 trpl-50 ura3Dns barlD cdc37-1 

MATa ade2-I cant-tO0 his3-tt,t5 teu2-3,ti2 trpl-t ara3 cdc37-1 
MATa ade2-i canl-lO0 his3-11,15::pRS303-F3::HIS3 leu2-3,i i2 trpl-1 

ura3-1 &hsc82::LEU2 ~d~sp82::LEU2 
MATs ura3-52 trpl lys2-801 leu2d~I his3&200 pep4::HIS3 prblA1 6R canl 

R. Rothstein (Columbia University, 
New York, NY) 

Borkovich et al. (1989) 
Nathan and Lindquist (1995} 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

Nathan and Lindquist (1995) 

S.I. Reed (Scripps Research Institute, 
La Jolla, CA) 

this study 
this study 

Jones (1991) 
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mmole) of [7-32P]ATP + 0.2 mM cold ATP, 6 mM Tris-HC1, and 

33 mM MOPS; 40 mM MgC12 (pH 7.3), was added to start the 

phosphorylation reaction, which was kept at 30~ for an addi- 

tional 30 min. Reactions were terminated with SDS sample 

buffer and boiled for 5 rain. After SDS-PAGE, the incorporation 

of radioactive phosphate into casein was visualized by autora- 

diography. 

Immunoprecipitation 

Yeast cultures containing pMUsrc or pRS426 were induced by 

the addition of galactose to 4%. Immunoprecipitation of v-Src 

was performed as described (Kimura et al. 1995) except that cell 

extracts (0.7-1.2 mg of protein) were mixed with 20 ~1 of 

Gamma Bind Plus Sepharose (Quality Biotech) that had been 

preincubated with 4 ~1 of anti-Src antibody. Elutes and cell ly- 

sate were separated by SDS-PAGE, transferred to Immobilon 

membranes, and reacted sequentially with antibodies specific to 

v-Src (LA074, Quality Biotech), Hspg0 (Borkovich et al. 1989), 

and Cdc37. Rabbit anti-yeast Cdc37 antibody was a gift from S. 

Reed (Scripps Research Institute, La Jolla, CA). 

Analysis of v-Src and GR 

Cultures containing Gallp-v-src plus pRM37.1 or pRS426 were 

grown on SRaf minus uracil and histidine. Induction of v-Src 

and immunological analysis were performed according to 

Nathan and Lindquist (1995). Cultures containing p2A/GRGZ 

plus pRM37.1 or pRS426 were grown on SD minus uracil and 

adenine. GR activity was induced for 6 hr with hormone [10 ]aM 

deoxycorticosterone (DOC)], and assays were performed accord- 

ing to Nathan and Lindquist (1995). 
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