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Cdc37 goes beyond Hsp90 and

kinases
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Abstract Cdc37 is a relatively poorly conserved and yet essential molecular chaperone. It has long been thought to
function primarily as an accessory factor for Hsp90, notably directing Hsp90 to kinases as substrates. More recent
discoveries challenge this simplistic view. Cdc37 client proteins other than kinases have now been found, and Cdc37
displays a variety of Hsp90-independent activities both in vitro and in vivo. It can function as a molecular chaperone
by itself, interact with other Hsp90 cochaperones in the absence of Hsp90, and even support yeast growth and protein
folding without its Hsp90-binding domain. Thus, for many substrates, there may be many alternative chaperone path-

ways involving Cdc37, Hsp90, or both.

INTRODUCTION

The molecular chaperone Hsp90 requires a cohort of co-
chaperones to function correctly. Cochaperones bind
Hsp90 directly and are thought to modulate its substrate
recognition, specificity, stability, and binding (Picard
2002). The CDC37 gene was first identified in budding
yeast as a temperature-sensitive cell-division cycle mu-
tation that arrests cells in G1 at the nonpermissive tem-
perature (Reed 1980). Cdc37 has proven to be essential
for viability not only in yeast (Gerber et al 1995) but also
in Drosophila (Cutforth and Rubin 1994) and Caenorhab-
ditis elegans (Kamath et al 2003). Cdc37 was soon linked
to Hsp90 because of its identification in Hsp90-dependent
signaling pathways and its physical association with
Hsp90 clients, such as Raf-1, Cdk4, and Src family kinases
(Hunter and Poon 1997). In the literature, metazoan
Cdc37 is sometimes referred to as p50<4*, but all ortho-
logs will be referred to as Cdc37 in this article. A seminal
review on Cdc37 described it as a substrate-specificity
factor directing Hsp90 to kinases (Hunter and Poon
1997). We will critically appraise this notion by focusing
on more recent discoveries, which demonstrate that
Cdc37 has a wider range of clients and a more complex
relationship with Hsp90 than was thought previously.
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CDC37: AN HSP90 COCHAPERONE

A variety of evidence demonstrates that Cdc37 acts, at
least in part, as an Hsp90 cochaperone, although its pre-
cise role for Hsp90 function remains unclear. In vitro,
Cdc37 binds Hsp90 directly and inhibits its adenosine
triphosphatase (ATPase) activity (Siligardi et al 2002). Be-
cause client recruitment into the Hsp90 complex may re-
quire suppression of adenosine triphosphate turnover
during the substrate-loading phase, Cdc37 may strength-
en and prolong the interaction between Hsp90 and its
client. Indeed, recombinant Cdc37 can enhance Hsp90
chaperone activity toward an artificial substrate in vitro
(Kimura et al 1997). Further evidence comes from the ob-
servation that truncated Cdc37 mutants (Fig 1) that can-
not interact with Hsp90 behave in a dominant-negative
fashion by displacing full-length Cdc37 from the Hsp90-
client complex and by reducing the affinity of the client
for Hsp90 (Grammatikakis et al 1999; Rao et al 2001; Shao
et al 2001). The intricate relationship between Cdc37 and
Hsp90 is illustrated by the finding that their interaction
is stabilized by the client protein (Hartson et al 2000).
Like Hsp90, Cdc37 can specifically associate with nascent
polypeptide chains for a prolonged period after synthesis.
For example, Cdc37 is bound to the emerging heme-reg-
ulated inhibitor (HRI) before synthesis is complete and
before the kinase is released from the ribosome (Shao et
al 2001). Many clients are associated with both Cdc37 and
Hsp90, and their folding, maturation, or stability (or all)
presumably depend on the activity of both chaperones.
Cdc37 mediates the formation of Hsp90-Raf-1 (Gram-
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matikakis et al 1999) and Hsp90-Cdk4 complexes (Ste-
panova et al 1996). These interactions are necessary for
protein stability and kinase function. Indeed, the tran-
scription factor C/EBPa disrupts the Cdk4-Cdc37-Hsp90
complex and thereby triggers degradation of the client
protein (Wang et al 2002a). Thus, by controlling kinase
activity in a dose-dependent manner, Cdc37 becomes one
of the rate-limiting components in certain signaling path-
ways (Grammatikakis et al 1999) and in cell transforma-
tion (Stepanova et al 2000a). In assisting Hsp90, Cdc37
may function primarily in the folding and stabilization of
de novo-synthesized proteins rather than as a scavenger
of denatured proteins, and its intrinsic chaperone activity
may facilitate its association with these substrates (Ki-
mura et al 1997).

HSP9O0-INDEPENDENT ACTIVITIES

Most studies have shown Cdc37 working in cooperation
with Hsp90. However, Cdc37 also displays Hsp90-inde-
pendent activities. In vitro, recombinant Cdc37 has in-
trinsic Hsp90-like molecular chaperone activity in the ab-
sence of Hsp90. It can stabilize inherently unstable ki-
nases such as casein kinase II (CKII) and function as a
“holding chaperone,” maintaining unfolded substrates in
a refolding competent state for other chaperones (Kimura
et al 1997). The combination of mutations in both HSP90
and CDC37 genes impairs viability in budding yeast and
Drosophila, suggesting that Hsp90 and Cdc37 fulfill par-
tially redundant functions. Increased levels of Cdc37 can
partially compensate for a mutation in the Hsp90 gene to
maintain the activity of the heterologously expressed ki-
nase v-Src (Kimura et al 1997) and to increase androgen
receptor (AR) protein levels (Rao et al 2001). Mutations
in either CDC37 or the yeast Hsp90 genes HSPS§2/HSC82
lead to a decrease in v-Src activity and suppress its tox-
icity, but the alteration in phosphorylation activity of

v-Src is different depending on which chaperone is de-
fective (Kimura et al 1997). Similarly, for Mps1 the re-
quirements for Cdc37 and Hsp90 can be separated. Mps1
is affected by mutations in Cdc37 but not by an alteration
in Hsp90 activity (Schutz et al 1997).

Recently, Caplan and colleagues found that the Hsp90-
binding domain of Cdc37 is dispensable for many Cdc37
functions (Lee et al 2002). High expression of this Cdc37
mutant is sufficient for viability under normal growth
conditions, but it appears that some Hsp90-dependent
functions of Cdc37 are required for viability at higher
temperatures. This truncated Cdc37 still permits signal
transduction through the pheromone-signaling pathway,
which is mediated by the Cdc37 substrate Stell (Abbas-
Terki et al 2000) but only at approximately 70% of the
wild-type levels (Lee et al 2002). In an /sc82 mutant yeast
strain, the truncated Cdc37 can partially suppress loss of
v-Src activity. Consistent with a role for Hsp90-indepen-
dent functions of Cdc37, not all of the endogenous Cdc37
is associated with Hsp90 in yeast (Chang and Lindquist
1994), and immunoprecipitation experiments revealed
that only half the Cdc37-Cdk4 complexes in mammalian
cells contain Hsp90 (Dai et al 1996). Thus, Cdc37 can
target clients independently of Hsp90, and Hsp90 is not
absolutely essential for Cdc37 function. Both yeast and
mammalian Cdc37 are capable of some client recognition,
chaperone activity, and stabilization of unfolded clients
without Hsp90, but the reaction is optimal when both
chaperones cooperate.

INTERACTION WITH CLIENT PROTEINS

Cdc37 has been demonstrated to interact with many ki-
nases; consequently, it is involved in many cellular pro-
cesses (often along with Hsp90) including deoxyribonu-
cleic acid and protein synthesis, cell cycle regulation, sig-
nal transduction, and transcription. We have posted a
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comprehensive list of both genetic and biochemical inter-
actions of Cdc37 at http://www.picard.ch/DP/DPhome.
html.

It is not known how Cdc37 recognizes client proteins.
In the case of kinases, Cdc37 could possibly recognize
the structurally conserved catalytic domain because mu-
tants lacking this domain fail to interact with Cdc37 (Nair
et al 1996; Silverstein et al 1998). Moreover, in yeast 2-
hybrid assays, Cdc37 interacts with the N-terminal por-
tion of the catalytic domains of several protein kinases
but not all cell cycle-dependent kinases (Lamphere et al
1997; Mort-Bontemps-Soret et al 2002). Interestingly, the
direct interaction of Cdc37 with the kinase domain of the
IkB kinase (IKK) is stabilized by Hsp90, which suggests
a cooperative binding of Cdc37 and Hsp90 to IKK (Chen
et al 2002). Binding of Cdc37 to the kinase domain of HRI
is regulated by the nucleotide-mediated conformational
switching of Hsp90 (Shao et al 2001), providing further
evidence for the complex partnership between Cdc37 and
Hsp90.

The precise requirements for Cdc37 for stability and
activity may be as diverse as the kinases it interacts with.
By and large, it remains unclear whether Cdc37 stabilizes
clients by docking them to Hsp90, by enhancing the
strength of the client-Hsp90 interaction, or by some di-
rect chaperone action on the client. Studies in the mam-
malian system indicate that one of the key roles of Cdc37
for Raf-1 is to promote the assembly of a heterotrimeric
complex with Hsp90 (Grammatikakis et al 1999). The cell
cycle kinases Cdc28 and Cakl1 are destabilized in a cdc37
yeast mutant and as a result fail to form complexes with
cyclins (Farrell and Morgan 2000). Hck catalytic activity
can also be significantly enhanced by overexpression of
Cdc37 because Cdc37 can promote association with
Hsp90 and folding into a catalytically active conformation
(Scholz et al 2000). Cdc37 can bind directly to Akt (pro-
tein kinase B), and this interaction is not affected by
Hsp90 inhibitors, even though they shorten the half-life
of the kinase (Basso et al 2002).

Studies on the subcellular localization of Cdc37 provide
further hints about its potential client proteins. Antibod-
ies to Cdc37 stain the perinuclear region and give a punc-
tate staining in the cytoplasm (Cutforth and Rubin 1994;
Stepanova et al 1996; Perdew et al 1997). Some Cdc37 was
also detected in the mitotic apparatus and colocalizes
with the kinase Aurora B on the spindle microtubules
and midbody during mitosis in Drosophila spermatocytes
(Lange et al 2002). Abrogation of Cdc37 by ribonucleic
acid interference in Drosophila results in cytokinesis fail-
ure and problems in chromosome segregation, a pheno-
type that may be due to the inactivation of Aurora B
(Lange et al 2002). These findings suggest a role for
Cdc37, which is involved in spindle pole body duplica-
tion (Schutz et al 1997), in meiosis and mitosis, consistent
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with the previously established genetic interaction be-
tween CDC37 and MPS].

CDC37 EXTENDS ITS RANGE OF CLIENT PROTEINS

Cdc37 is clearly not entirely dedicated to kinases as sub-
strates, although they dominate the currently known list
of Cdc37 clients. In yeast, heterologously expressed AR
requires Cdc37 function for full hormone-dependent tran-
sactivation (Fliss et al 1997). Different steroid receptors
from vertebrates are differentially affected by cdc37 mu-
tations (Fliss et al 1997) and have different binding affin-
ities for Cdc37 (Rao et al 2001). Cdc37 binds the AR
through its ligand-binding domain but not the closely re-
lated glucocorticoid receptor (Rao et al 2001). The inter-
action between Cdc37 and AR is partially dependent on
Hsp90 and is disrupted by the Hsp90 inhibitor geldana-
mycin (Rao et al 2001). Cdc37 also interacts specifically
with the hepadnavirus (hepatitis B virus) reverse tran-
scriptase (RT) (Wang et al 2002b). Surprisingly, although
RT is not a kinase, it nevertheless shares structural fea-
tures with the kinase Raf-1. Cdc37 modulates the function
of RT by mediating its interaction with Hsp90. It thus acts
as a host cell cofactor for hepadnavirus replication.

Once the Cdc37 interactome is established, it will be-
come clear to what extent Cdc37 is preferentially dedi-
cated to kinases or whether a historical or experimental
bias has precluded a more thorough evaluation of its role
for other types of proteins.

CDC37 DOMAINS

In the budding yeast, Saccharomyces cerevisiae, Cdc37 is a
protein of 506 amino acids (58.4 kDa) and comprises only
about 0.01% of soluble protein (Kimura et al 1997). The
human Cdc37 contains 378 residues and is only 19%
identical to yeast Cdc37, with the highest conservation
found through the first 30 amino acids (Fig 2). Even
though mammalian and Drosophila Cdc37 sequences di-
verge considerably from yeast Cdc37, there is still some
functional conservation between yeast and higher eukary-
otes. For example, Drosophila Cdc37 can complement a
yeast mutant strain (Cutforth and Rubin 1994), and as
mentioned above, the yeast Hsp90-Cdc37 system sup-
ports proper folding of vertebrate v-Src (Dey et al 1996)
and AR (Fliss et al 1997). Sequence analysis of Cdc37
does not reveal any homology with known domains or
functional motifs in other proteins.

Several cdc37 yeast mutants that arrest growth at the
nonpermissive temperature have been isolated. The
cdc37-34 allele encodes a mutant with a substitution
(S14L) in a conserved residue that corresponds to a CKII
phosphorylation site (Dey et al 1996; Bandhakavi et al
2003). The mutation present in the cdc37-184 allele, which
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Fig 2. Alignment of N-terminal Cdc37 sequences. Sequences corresponding to the 70-80 N-terminal amino acids were chosen from a
range of representative species, aligned with ClustalW, and displayed with Boxshade. The alignment includes sequences from 6 different
species (Gg, chicken; Hs, human; Dm, Drosophila melanogaster, Ce, Caenorhabditis elegans; Sp, Schizosaccharomyces pombe; and Sc,
Saccharomyces cerevisiae), and the Cdc37 relative Harc from humans. Residues of identity and similarity are shown in black and gray,

respectively.

is synthetically lethal with a kin28 mutant (Mort-Bon-
temps-Soret et al 2002), results in a substitution in the
putative Hsp90-binding site (A275D) (see below). A
Cdc37 mutant that is C-terminally truncated at residue
388 behaves like a wild type (Lee et al 2002). In contrast,
a strain with the cdc37-1 allele, which has a mutation at
codon 360, resulting in a more extensive truncation, is
thermosensitive and displays a decrease in client activity
(Reed 1980; Gerber et al 1995).

Domain-mapping studies with mammalian Cdc37 first
indicated that the C-terminal half is required for inter-
action with Hsp90 (Fig 1). A mutant lacking this portion
fails to interact with Hsp90 (Grammatikakis et al 1999;
Shao et al 2001), yet it is still capable of binding to client
proteins (eg, Raf-1, HRI, and RT) (Grammatikakis et al
1999; Shao et al 2001; Wang et al 2002b). The first 8 amino
acids at the N-terminus are essential for client-binding
activity, but it is not known if they are required for direct
binding to the client or for supporting the structure of
the substrate-binding domain (Shao et al 2001). Converse-
ly, an N-terminally truncated mutant that retains the
Hsp90-binding domain is still able to suppress the
ATPase activity of Hsp90 (Siligardi et al 2002).

A relative of Cdc37, termed Harc (Hsp90-associating
relative of Cdc37), was identified in humans and other
vertebrates, but no ortholog was found in other eukary-
otes (Scholz et al 2001). Human Harc is 31% identical to
human Cdc37. Interestingly, with 62% identity, the cen-
tral region corresponding to the Hsp90-binding domain
is particularly conserved (Scholz et al 2001). The Hsp90-
binding domain of Cdc37 was thus narrowed down to a
120-amino acid midsection, and based on sequence sim-
ilarity with human Cdc37, the putative Hsp90-binding
site in yeast Cdc37 is proposed to lie between K243 and
R343 (Fig 1) (Lee et al 2002). Remarkably, the C-terminal
118 amino acids are dispensable for function with respect
to cell viability and v-Src folding, at least in yeast (Lee et
al 2002). Therefore, Cdc37 can tentatively be divided into
3 domains: the N-terminal client-binding domain, the
middle Hsp90-binding domain, and a C-terminal domain
with unknown function (Fig 1).

COMPLEXES WITH OTHER HSP90 COCHAPERONES

The processing of substrates by the Hsp90 molecular
chaperone system involves a complex choreography of in-
teractions between Hsp90 and its cochaperones. A mo-
lecular understanding depends on establishing the pre-
cise nature and timing of these different complexes, in-
cluding those with Cdc37. In this context, we know par-
ticularly little about Cdc37. Surprisingly, even its binding
surface on Hsp90 is unknown (Picard 2002). In contrast,
the binding domain of Hsp90 for cochaperones contain-
ing tetratricopeptide repeats (TPR) has been well char-
acterized. When competition binding experiments be-
tween Cdc37 and TPR-containing proteins but not the
TPR domain alone showed mutually exclusive binding to
Hsp90, this was taken as an indication that the 2 binding
sites overlap or are topologically adjacent (Silverstein et
al 1998). However, we have recently discovered that
Cdc37 can interact directly with the TPR-containing co-
chaperones Stil and Cpr7 in yeast (Abbas-Terki et al
2002), providing an alternative explanation for the afore-
mentioned competition. An isolated TPR domain of Stil
is apparently not sufficient to bind Cdc37 (our unpub-
lished results), which correlates with the inability of the
TPR domain to compete for binding to Hsp90. Cdc37 and
the TPR-containing Hsp90 cochaperones Hop (Stil in
yeast), FKBP52, cyclophilin-40, and protein phosphatase
5 also occur together with Hsp90 in native heterocom-
plexes in rabbit reticulocyte lysate, both in the presence
and in the absence of a client kinase (Hartson et al 2000;
Shao et al 2002). A small fraction of Cdc37 co-immu-
noadsorbs with Hsp90 complexes containing p23, their
association being formed indirectly through Hsp90 (Hart-
son et al 2000).

A multitude of different interactions among cochape-
rones could contribute to building a variety of mixed
Hsp90 heterocomplexes in vivo, which could differential-
ly modulate Hsp90 substrate specificity and activity. The
diversity of Cdc37 interactions with Hsp90 and its co-
chaperones is mirrored by a complex genetic interplay in
yeast. Mutations of cdc37 and stil are synthetically lethal
(Abbas-Terki et al 2002), and overexpression of Cdc37
suppresses part of the phenotype displayed by a Astil
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strain (Lee et al 2002). Even a C-terminally truncated
Cdc37, incapable of Hsp90 binding, can confer viability
and partially stabilize v-Src independently of Stil (Lee et
al 2002). It has been speculated that Cdc37 may be ca-
pable of sustaining a Stil bypass pathway by interacting
directly with Hsp90 and the client. Similarly, increased
levels of Cdc37 may be able to bypass the Hsp90 require-
ment of certain clients by reinforced collaboration with
Stil. It remains to be established to what extent Hsp90-
dependent and -independent activities of Cdc37 involve
the recruitment of Stil and other Hsp90 cochaperones.

OPEN QUESTIONS

We still do not know how and why Cdc37 recognizes
clients, and what its full range of clients is, especially now
that it has been shown to interact with proteins other than
kinases (Rao et al 2001; Wang et al 2002b). For Cdc37 to
determine the substrate specificity of Hsp90, one of the
following modes of action would have to apply: (1) Cdc37
binds the substrate first and then recruits Hsp90 to it, (2)
Cdc37 binds Hsp90 and modifies its substrate specificity,
or (3) Cdc37 recognizes the substrate jointly with Hsp90.
In all 3 cases, the recruitment of Hsp90 to substrate
would be modified by the presence of Cdc37. At this
point, however, there is no evidence either way, and it is
equally conceivable that Cdc37 recognizes Hsp90 prefer-
entially when the latter is bound to certain types of sub-
strates. In this case the roles would be inverted, with
Hsp90 serving to recruit Cdc37, and its primary role then
might be to inhibit the ATPase activity of Hsp90 to allow
it to hold on longer to a particular substrate. The rules
for how client proteins that do not interact with Hsp90
are recognized by Cdc37 might yet be different, and what
exactly Cdc37-5til complexes do and whether they rec-
ognize yet other sets of substrates remain unknown as
well.

Endogenous Cdc37 levels are normally low and cer-
tainly limiting for a variety of protein-folding pathways.
Increased levels of Cdc37 may contribute to oncogenic
transformation in the prostate because tumors contain
much higher levels than normal prostate tissue (Stepa-
nova et al 2000b). Targeting Cdc37 expression to mam-
mary tissues, where it is not normally present, resulted
in transgenic mice developing mammary gland tumors at
the same rate as cyclin D1 transgenic mice, indicating that
CDC37 can function as an oncogene in mice (Stepanova
et al 2000a). Increased levels of Cdc37 can rescue desta-
bilized kinase mutants (Scholz et al 2000); Cdc37 may
therefore contribute to the capacitor function of Hsp90
(Rutherford and Lindquist 1998) in buffering against dra-
matic changes in evolution.

Very little is known about the transcriptional and post-
translational regulation of Cdc37. Both Cdc37 and Harc
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are serine phosphorylated (Scholz et al 2001), but the
physiological significance and the regulation of this phos-
phorylation is only beginning to be elucidated. Serine 14
and 17 are the major sites of phosphorylation in yeast,
possibly for CKII (Bandhakavi et al 2003). The cdc37-34
allele with a mutation at codon 14 confers a temperature-
sensitive phenotype (see above), whereas the double mu-
tant has a severe growth defect even at normal tempera-
tures. This mutant has decreased CKII activity, demon-
strating the existence of a positive feedback loop between
Cdc37 and CKII, which is needed to maintain the activity
of other Cdc37 clients (Bandhakavi et al 2003).
Significant sequence diversity occurs within metazoans
and between metazoans and yeast (Fig 2). Even more
strikingly, plants seem to lack Cdc37 altogether, or at least
their genomes contain no recognizable homolog. Plants
must have evolved other mechanisms to perform Cdc37
functions, perhaps with other Hsp90 cochaperones taking
over some of them. Chaperoning protein folding being
such a key process, considerable redundancy has been
built into it. Different species may not need all systems,
and a given species may not need all of them all the time.
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