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ABSTRACT: Hsp90 and its co-chaperone Cdc37 facilitate the folding and activation of numerous protein
kinases. In this report, we examine the structure-function relationships that regulate the interaction of
Cdc37 with Hsp90 and with an Hsp90-dependent kinase, the heme-regulated eIF2R kinase (HRI). Limited
proteolysis of native and recombinant Cdc37, in conjunction with MALDI-TOF mass spectrometry analysis
of peptide fragments and peptide microsequencing, indicates that Cdc37 is comprised of three discrete
domains. The N-terminal domain (residues 1-126) interacts with client HRI molecules. Cdc37’s middle
domain (residues 128-282) interacts with Hsp90, but does not bind to HRI. The C-terminal domain of
Cdc37 (residues 283-378) does not bind Hsp90 or kinase, and no functions were ascribable to this domain.
Functional assays did, however, suggest that residues S127-G163 of Cdc37 serve as an interdomain
switch that modulates the ability of Cdc37 to sense Hsp90’s conformation and thereby mediate Hsp90’s
regulation of Cdc37’s kinase-binding activity. Additionally, scanning alanine mutagenesis identified four
amino acid residues at the N-terminus of Cdc37 that are critical for high-affinity binding of Cdc37 to
client HRI molecules. One mutation, Cdc37/W7A, also implicated this region as an interpreter of Hsp90’s
conformation. Results illuminate the specific Cdc37 motifs underlying the allosteric interactions that regulate
binding of Hsp90-Cdc37 to immature kinase molecules.

The vertebrate homologue of the yeast CDC37 gene
product functions as a component of the Hsp901 chaperone
machine (reviewed in refs1-3). Cdc37 is linked to the
function of a wide range of proteins, most of which belong
to the eukaryotic protein kinase family. Many Hsp90-
dependent kinases coexist in Hsp90-Cdc37 heterocom-
plexes, including the cyclin-dependent protein kinases CDK4
(4-6), CDK6 (6, 7), and CDK9 (8, 9); the Src family
tyrosine kinases pp60v-src, Lck and Hck (10-14); casein
kinase II (15-17); Raf-1 (18, 19); mitogen-activated protein
kinase MOK (20); the heme-regulated [HRI, (13, 21)], the
double-stranded RNA-activated [PKR, (22)] and the GCN2
eIF2R kinases (23); IκB kinase IKK (24); and Akt (25).

Although Cdc37 has been dubbed the “kinase-specific cohort
of Hsp90”, Cdc37 has recently been found in association
with the androgen receptor (26, 27) and with reverse
transcriptase (28), and both of these proteins depend on
Cdc37 function for their activities. Thus, Cdc37 clients are
probably not limited solely to protein kinases.

Vertebrate Cdc37 interacts directly with its partner Hsp90,
thus forming a basal complex with Hsp90 in the absence of
client (13). This basal complex is readily disrupted by high
salt concentrations (13). Arbitrary bisection of Cdc37
indicates that the kinase-binding and Hsp90-binding activities
of Cdc37 segregate to the N-terminal and C-terminal halves
of the protein, respectively (18, 21). Studies in our (13, 14,
21) and other labs (5, 18) argue that Cdc37 is not a simple
passive adaptor that tethers Hsp90 to kinases: instead, Cdc37
serves as a dynamic active chaperone partner that responds
to, and mediates, Hsp90’s conformational switching. In this
role, Cdc37 overexpression stimulates the formation of salt-
stable heterocomplexes containing Hsp90 and its client
kinases, but this process is sensitive to the Hsp90 inhibitor
geldanamycin, indicating that the biochemical mechanisms
involve Hsp90’s nucleotide-mediated conformational switch-
ing.

Few studies have investigated the structure-function
relationships that modulate the interaction of Cdc37 with
protein kinases and Hsp90 (18, 21). Replacement of the first
eight amino acids residues of Cdc37 with an arbitrary amino
acid sequence eliminates binding of the mutant protein to
the Hsp90-dependent HRI kinase, but does not alter binding
to Hsp90 (21). Although Cdc37 is essential to yeast viability,
a Cdc37 gene product containing residues 1-148 is sufficient
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to support yeast viability (29). Recently, Scholz et al. (30)
have proposed a domain structure for mammalian Cdc37
based on alignments of the sequence of Cdc37 with a novel
mammalian Cdc37 paralogue, Harc. This alignment predicts
a three-domain structure for Cdc37, with mammalian Cdc37
and Harc sharing a common middle domain (amino acids
145-264 of human Cdc37) that bears an Hsp90-binding site.

Here, we characterize the structure-function relationships
that govern Cdc37’s Hsp90 and kinase-binding activities.
Results support a three-domain structure, with the N-terminal
domain functioning to bind kinase clients and the middle
domain functioning to bind Hsp90. Detailed dissections
suggest that these activities are modulated by amino acid
sequences that lie between Cdc37’s N-terminal and central
domains. Additionally, four specific N-terminal residues were
identified that are critical for Cdc37’s kinase-binding activity,
but do not govern global Cdc37 structure, and may participate
in Hsp90’s regulation of Cdc37 function.

MATERIALS AND METHODS

Purification of Recombinant Cdc37 from Escherichia coli.
(His6)-Cdc37 (in pQE32 expression vector) (21) was over-
expressed in M15[pREP4]Escherichia coli strain and
purified following the manufacturer’s recommendations.
Briefly, His-tagged-Cdc37 was purified from cell lysates
using Ni2+-NTA affinity resin (Qiagen), washed, eluted with
buffer containing 250 mM imidazole, and dialyzed against
10 mM PIPES buffer (pH 7.2) containing 150 mM NaCl.

Domain Mapping of Cdc37.Purified recombinant His-
tagged-Cdc37 was mixed with various concentrations of
TPCK-treated trypsin (Sigma) in 10 mM Tris-HCl buffer
(pH 7.4) containing 150 mM NaCl, 4 mM CaCl2, and 0.1
mM EDTA. Digestions were carried out either on ice for 6
min or at 37°C for 30 min, and were immediately stopped
by boiling in SDS sample buffer. Cdc37/enzyme ratios for
trypsin digests ranged from 2000:1 (g/g) to 250:1 at 37°C
and from 200:1 to 10:1 on ice. Chymotrypsin digests were
performed similarly.

To affinity-purify the N-terminal tryptic fragments of
(His6)-Cdc37, trypsinolysis reactions were stopped by adding
bovine pancreas trypsin inhibitor (Sigma) at an inhibitor/
trypsin ratio of 4:1 (g/g), 1% SDS, and 100 mMâ-mercap-
toethanol (as the final concentrations). The reaction mixture
was further diluted 5 times with NaH2PO4 buffer (50 mM
final concentration, pH 8.0) to reduce the concentrations of
SDS andâ-mercaptoethanol, and diluted reactions were
absorbed to Ni2+-NTA resin (Qiagen) for 1 h at room
temperature. Adsorptions were washed 4 times with 50 mM
NaH2PO4 buffer (pH 8.0) containing 1 M NaCl, 1% Triton
X-100, and 8 M urea, were subsequently washed twice with
TBS, and were then boiled in SDS-PAGE sample buffer.

Proteolytic Fingerprinting of Cdc37 in Rabbit Reticulocyte
Lysates.Wild-type and mutant Cdc37 were synthesized and
radiolabeled with [35S]Met via coupled transcription/transla-
tion at 30°C for 30 min, and were subsequently matured
for 1 h in thepresence of 60µM aurintricarboxylic acid to
inhibit reinitiation of protein synthesis. Reactions were then
chilled on ice and treated with TPCK-treated trypsin for 6
min. Digestions were terminated by addition of SDS-PAGE
sample buffer and immediate boiling, after which they were
separated by SDS-PAGE and analyzed by autoradiography.

Identification of Cdc37 Domains.To identify the peptides
representing each product produced by Cdc37 nicking assays,
gel pieces containing the major proteolytic-nicking fragments
were analyzed by standard proteomics fingerprinting tech-
niques. Briefly, each band was excised from the polyacry-
lamide gel, washed, reduced with DTT, and alkylated with
iodoacetamide. After additional washing of the sample,
dehydrated gel pieces were infiltrated with trypsin (Promega,
sequencing grade), digested overnight, and the digested
peptides were extracted and analyzed by MALDI-TOF mass
spectrometry. Mass characterizations were performed using
R-cyano-4-hydroxycinnamic acid as matrix, and spectra were
acquired in both linear and reflector modes using external
standards as calibrants. In instances in which contiguous
peptides representing domain junctions were not observed,
Edman sequencing was used to identify the N-terminus of
each individual protein band representing a product from
nicking proteolysis.

Construction of Plasmids Encoding Cdc37 Domains.PCR
fragments were generated using oligonucleotide primers
corresponding to the border region identified for each domain
of human Cdc37, as previously described (31-33). PCR
products were ligated into the expression vectors pSP64T
(34) and derivatives thereof, and constructs were verified
by DNA sequencing. To facilitate cloning, domain constructs
D2 and D12 were terminated at E282 and D3 was constructed
to contain R283.

Site-Directed Mutagenesis of Cdc37.Point mutations at
the N-terminus of Cdc37 were introduced using standard
PCR-based methodologies. Mutagenesis utilized seven oligo-
nucleotides (upper primers) corresponding to the N-terminus
of human Cdc37 and encoding the desired Xf A mutation,
as well as complementary sense coding sequence and
upstream restriction sites for subcloning. PCR products were
ligated into a modified pSP64T vector (13), and the fidelity
and efficacy of each mutation were subsequently confirmed
by DNA sequencing.

Immunoadsorptions from Rabbit Reticulocyte Lysate.
Polypeptides representing truncated Cdc37 constructs with
an N-terminal His-tag were synthesized and radiolabeled with
[35S]Met via coupled transcription/translation in nuclease-
treated rabbit reticulocyte lysate for 30 min at 30°C,
followed by a 10 min chase with the addition of protein
synthesis initiation inhibitor aurintricarboxylic acid (60µM).
Cdc37 gene products were either directly immunoabsorbed
with agarose-bound anti-(His5) antibody (Qiagen), or with
monoclonal anti-Hsp90 antibody 8D3 (35). Adsorptions were
then assessed by Western blotting and/or autoradiography.
To examine kinase-binding activities of each Cdc37 gene
product, non-His-tagged versions of the domains were mixed
with reticulocyte lysate containing newly synthesized [35S]-
labeled His-tagged HRI and were subsequently coadsorbed
with anti-His antibody. Immunoresins were washed 4 times
with 10 mM PIPES buffer (pH 7.2) containing 150 mM NaCl
and 0.5% Tween-20, and coadsorption of [35S]-labeled gene
products was analyzed by SDS-PAGE and autoradiography.

RESULTS

Domain Mapping of Cdc37.Although early studies had
ascribed segregating functions to arbitrarily bisected Cdc37
gene products, this bisection provided little insight into
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Cdc37’s true domain architecture. Thus, we utilize limited
proteolytic digestion of native Cdc37 molecules to identify
flexible protease-accessible regions that might represent
interdomain regions. As shown in Figure 1A, a Cdc37/trypsin
ratio of 200:1 generated four major proteolytic fragments
with Mr’s of approximately 46 000, 36 000, 34 000, and
18 000. Some minor fragments were also apparent, but were
not further characterized. At higher trypsin concentrations,
a fragment with anMr of 21 000 was apparent, and this
fragment remained intact under all trypsin concentrations
utilized. The high protease-resistance of this particular
fragment indicated that its tertiary structure was highly
protease resistant, suggesting the compact solvent inacces-
sible structure typical of authentic protein domains.

To interpret Cdc37’s limited-proteolysis map, the pro-
teolytic fragments were transferred to PVDF and immuno-

blotted with antibody directed against the N-terminal His-
epitope tag. Blotting indicated that the 46 000, 36 000, and
18 000Mr fragments contained the N-terminus, whereas the
34 000Mr fragment and the highly protease-resistant 21 000
Mr fragment lacked this tag, i.e., were either internal or
C-terminal fragments [Figure 1A: WB (anti-His)]. To
confirm this observation, Cdc37 was digested at the optimal
200:1 ratio, and the mixture of tryptic fragments were affinity
purified on Ni2+-NTA affinity resin under denaturing condi-
tions. Consistent with the results from Western blotting, the
46 000, 36 000, and 18 000Mr fragments were specifically
adsorbed by the resin, whereas the 34 000Mr fragment was
not (Figure 1B).

Characterizations of the Major Proteolytic Fragments of
Cdc37. To identify the N- and C-termini of each Cdc37
fragment/domain, each fragment was excised from SDS-
PAGE gels and subjected to exhaustive digestion with
trypsin. Peptides produced from this exhaustive digestion
were sized by mass spectrometry, and their identities were
determined by comparison of experimental peptide masses
with the masses of Cdc37’s theoretical trypsinolysis products
(Table 1).

The first Cdc37 interdomain junction was identified on
the basis of two peptides from a contiguous stretch of Cdc37,
namely, the peptides withm/z’s of 1811 and 2493, which
represented the sequences S111-to-K126 and S127-to-K147,
respectively (Table 1). These peptides contained abutting
termini, and both were readily detected. Thus, the presence
or absence of these peptides in the exhaustive proteolytic
digests of Cdc37 fragments generated by limited nicking
proteolysis were unambiguous identifiers of each fragment’s
termini. These characterizations unambiguously identified the

FIGURE 1: Limited trypsinolysis of purified recombinant His-
tagged-Cdc37. (A) 5µg of purified recombinant His-tagged-Cdc37
was digested with trypsin at substrate/enzyme ratios of 200:1 (lane
2), 50:1 (lane 3), and 12:1 (lane 4), respectively, as described under
Materials and Methods. A mock digestion containing equal amount
of trypsin-free buffer was set up in parallel as the uncut control
(lane 1). Digestion was carried out for 6 min on ice and stopped
immediately by mixing with boiling SDS sample buffer. Proteolytic
fragments were subsequently separated on a 12% SDS-polyacry-
lamide gel, transferred to PVDF membrane, and stained with
Coomassie brilliant blue R250 (CBB, left panel). After imaging,
the membrane was bleached with methanol to remove the dye and
immunoblotted with the anti-His-tag antibody (WB, right panel).
(B) 10 µg of purified recombinant His-tagged-Cdc37 was digested
with trypsin at a substrate/enzyme ratio of 200:1 for 6 min on ice.
Digestion was terminated by mixing with the trypsin inhibitor along
with SDS andâ-mercaptoethanol at concentrations as described
under Materials and Methods. Samples were absorbed to Ni2+-NTA
resin, and both the bound (B: lane 2) and unbound (U: lane 3)
Cdc37 fragments were analyzed by SDS-PAGE, transferred to
PVDF membrane, and stained with Coomassie Brilliant Blue R250
(CBB) as described under Materials and Methods. IN: aliquot of
unfactionated cleaved Cdc37. FL: full-length His-tagged Cdc37,
with numbers below indicating the estimated molecular weight of
bands in kDa.

Table 1: Mass Spectrometry Analysis of Major Proteolytic
Fragments of Cdc37

a Peptides resulting from partial trypsin digestion.
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region immediately surrounding K126 as a major region of
flexibility in full-length folded Cdc37 molecules. Consistent
with this conclusion, Edman sequencing yielded (S-M-
V-N-T-K-P-E) as the N-terminal sequence of the 21
kDa fragment.

The second major region generated from limited nicking
proteolysis of Cdc37 was similarly identified. Two peptides
representing Cdc37 amino acid sequences from A274 to
R283 and L287 to K307 were readily detected, and the
presence or absence of these peptides in the products
generated from proteolytic digestion of Cdc37 fragments
were unambiguous identifiers of these products’ termini.
However, R283 is immediately followed by the sequence
KKR, all of which represent potential trysin cleavage sites.
Thus, while the exact site of trypsinolytic cleavage could
not be identified, these data nonetheless identify the region
from R283 to L287 as a major area of flexibility in full-
length folded Cdc37 molecules.

In contrast to those proteolytic nicking products whose
C-termini could be mapped on the basis of the absence of
readily detectable peptides, the C-termini of the 46 000Mr

and 34 000Mr fragments were inferred. The peptide products
of exhaustive digestion of the 34 000Mr fragment lacked
detectable peptides beyond K369. However, the sequence
of this C-terminal region predicts two very short peptides
whose detection was obscured by low-mass noise inherent
to MALDI ionization and the matrix used for the same.
Therefore, it remains unclear whether the 34 000Mr fragment
contains the last nine amino acids of Cdc37 or not.

Analysis of the 46 000Mr fragment assigned it to residues
1-335 or 1-352. The absence of the readily detectable
peptide that spans residues 353-369 and the presence of
the peptide that terminates at 335 indicate that the 46 000
Mr fragment is generated by cleavage at one of three sites
predicted from the Cdc37 sequence versus trypsin’s known
cut specificity: R335, K347, or K352. However, since this
region is very close to the C-terminus of Cdc37 (378), it is
probably not a true interdomain junction. Instead, it may a
flexible region that separates the last 25-30 amino acids of
Cdc37 from the major part of its C-terminal domain.

Thus, limited proteolysis of the native full-length Cdc37
gene product, Western blotting and affinity chromatography
for the N-terminal epitope tag, and exhaustive trypsinolysis/
MALDI-TOF MS characterizations of proteolytic fragments
produced a detailed and internally consistent map of Cdc37’s
putative domain structure (Figure 2). Furthermore, this map
was consistent with previously proposed interdomain regions
predicted from aligning Cdc37 with its paralogue Harc (30).

Characterizations of the Interactions of Cdc37 Domain
Constructs with Hsp90. Early studies had assigned the kinase-
and Hsp90-binding sites of Cdc37 to the arbitrary N-terminal
(Cdc37/∆C, M1-G163) and C-terminal (Cdc37/∆N, M164-
V378) halves of this protein, respectively (18, 21). Thus,
this previous work with the arbitrary bisections, in conjunc-
tion with sequence alignments indicating that the central
region of Cdc37 and Harc have high sequence similarity (30)
and with our mapping presented above, predicted that the
middle domain D2 would bear the Hsp90-binding function
of Cdc37. To characterize this function, His-tagged Cdc37
gene products (diagrammed in Figure 2B) representing each
of the three putative domains of Cdc37 were synthesized
and concomitantly radiolabeled in reticulocyte lysates con-

taining active endogenous Hsp90. Additionally, two His-
tagged constructs representing contiguous neighboring do-
mains, named D12 (M1-E282) and D23 (M164-V378),
were also synthesized. Subsequently, the Hsp90-binding
activities of each domain were assessed through immunoad-
sorption of the Cdc37 gene products and Western blotting
for concomitant binding of Hsp90. Full-length Cdc37, as well
as the two arbitrary domains, Cdc37/∆C and Cdc37/∆N,
were also synthesized to serve as controls and benchmarks
from previous characterizations (18, 21).

As previously demonstrated (21), Western blotting for the
coadsorption of Hsp90 indicated that full-length Cdc37 and
Cdc37/∆N specifically interacted with Hsp90 (Figure 3). In
agreement with our predictions, the central domain D2 bound
to Hsp90, whereas the other two domains D1 and D3 did
not. Also as predicted, D12 and D23, which both contained
the central domain D2, also specifically pulled down
endogenous Hsp90. D2 and D23 had slightly reduced Hsp90
binding activity, while the interaction of Cdc37/∆N with
Hsp90 was significantly decreased compared to full-length
Cdc37 or the D12 construct. Quantification of the amount
of construct expressed and normalization to the methionine
content of each Cdc37 gene product indicated that the
reduced binding of Cdc37/∆N to Hsp90 relative to the
binding of wild-type Cdc37 (65-75%) was significant. Thus,
the Hsp90-binding site was confirmed to be located in the
central domain D2 of Cdc37.

The basal interaction of wild-type Cdc37 with Hsp90 is
not dramatically affected by the Hsp90 inhibitor geledana-
mycin (13, 21). Thus, we examined whether geldanamycin-

FIGURE 2: Domain structure of Cdc37. (A) Mapping of the major
proteolytic fragments of Cdc37 resulting from limited trypsinolysis
by MALDI-TOF. Two major trypsin cutting sites representing
putative interdomain junctions are shown by large arrows pointing
to the exact or approximate locations. One minor cutting site
possibly representing an intradomain junction is shown by a small
arrow. Major proteolytic fragments of Cdc37 are also shown
according to their individual locations. (B) Dissection of Cdc37
based on its domain structure (shown in A). D1, D2, and D3 are
the putative individual domains whereas D12 and D23 are fusions
of adjacent domains. The arbitrary domains Cdc37/∆C and Cdc37/
∆N, which have been characterized previously are also shown here.
Note D2 and D23 lack S127, as they were constructed to start with
M128 in the Cdc37 sequence.
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induced alterations in Hsp90’s conformations might alter its
interaction with truncated Cdc37 constructs. Assessment of
Hsp90 binding to each of the truncated Cdc37 gene products
(Figure 3) demonstrated that geldanamycin had a modest
effect on the interaction between Hsp90 and D2 or D23
(Figure 3). Geldanamycin had no effect on the interactions
of Hsp90 with full-length Cdc37 or D12. As expected, Hsp90
did not bind to the D1, D3, or Cdc37/∆C constructs in the
presence of geldanamycin. Quite surprisingly, however, the
interaction between Hsp90 and the Cdc37/∆N was enhanced
severalfold by GA treatment to a level equivalent to the
binding of full-length Cdc37 to Hsp90 (Figure 3, lane 18).

Cdc37 function is modulated by Hsp90’s nucleotide-
dependent conformational switching, and Cdc37 binding to
client kinases is inhibited by geldanamycin-induced inhibition
of Hsp90 (13, 21). The observation that the basal interaction
of Cdc37/∆N with Hsp90 was decreased by 65-75%
(relative to full-length Cdc37), and that application of
geldanamycin restored the binding of Cdc37/∆N to Hsp90
to that of the full-length Cdc37 gene product (Figure 3) was
quite surprising, as this does not reflect the normal effect of
this compound on the interaction of Hsp90 with Cdc37 [(13,
21) and Figure 3, lanes 3 and 4]. This difference between
the effects of geldanamycin on Hsp90’s affinity for full-
length Cdc37 versus Cdc37/∆N are consistent with previous
demonstrations that geldanamycin generates or enforces
specific Hsp90 conformations (13, 36). However, this result
also provides strong evidence for the novel observation that
in unfractionated native cell lysates [i.e., not “salt-stripped”
(36)], the basal conformation of Hsp90 is not equivalent to

the geldanmycin-bound conformation of Hsp90. In addition
to providing evidence for an altered Hsp90 conformation,
geldanamycin’s stimulation of Hsp90’s binding to Cdc37/
∆N indicates the Cdc37/∆N can perceive Hsp90’s confor-
mation, and that additional Cdc37 segments deleted from
this construct (i.e., the N-terminal half of Cdc37’s Hsp90-
binding domain, the interdomain region and/or the kinase-
binding domain) normally modulate this recognition.

To further investigate the hypothesis that Cdc37/∆N can
perceive Hsp90’s conformation, the effect of the Hsp90
inhibitor novobiocin on the interaction of Cdc37/∆N with
Hsp90 was investigated. Novobiocin binds to a second
nucleotide-binding site located in the central/C-terminal
region of Hsp90 (37-39). The binding of full-length Cdc37,
D2, D12, and D23 to Hsp90 was not affected by the presence
of novobiocin, while little, if any, Hsp90 was coadsorbed
with His-tagged Cdc37/∆N (Figure 3B). However, the
absence of coadsorbed Hsp90 correlated with absence of
immunoadsorbed [35S]-labeled His-tagged Cdc37/∆N (see
Figure 4).

To investigate this observation further reciprocal immuno-
precipitations were carried out to compare the ability of anti-
His-tag antibodies to coadsorb Hsp90 with His-tagged Cdc37/

FIGURE 3: Hsp90-binding activities of Cdc37 dissection products.
(A) Eight different [35S]-labeled His-tagged Cdc37 constructs (full-
length, D1, D2, D3, D12, D23, Cdc37/∆C, and Cdc37/∆N) were
synthesized in TnT RRL containing (GA: even-number lanes, (+)
or lacking (DMSO, vehicle control: odd-number lanes, (-) 10 µg/
mL geldanamycin (GA:+) at 30 °C for 30 min followed by 10
min chase upon the addition of 60µM aurintricarboxylic acid. (B)
After radiolabeling Cdc37 constructs as described above (no
additions), 2 mM novobiocin (NB:+, even numbered lanes) or
an equivalent volume of 10 mM Tris-HCl, pH 8.0 (odd numbered
lanes: (-) was subsequently added, and the samples were incubated
for an additional 25 min. Two mock RRL reactions lacking the
exogenous DNA templates were assessed in parallel as the controls
for nonspecific binding (lanes 1 and 2) in each experiment. All the
reactions were subsequently immunoprecipitated by the anti-His-
tag antibody and separated on a 10% SDS-polyacrylamide gel.
Proteins were then transferred to PVDF membrane, and analyzed
by autoradiography (A: lower panel) for immunoadsorbed [35S]-
labeled Cdc37 domain constructs or Western blotting (A: upper
panel; and B) for coadsorbed endogenous Hsp90, respectively. The
autoradiogram for the [35S]-labeled Cdc37 domain constructs in
the experiment examining the effect of novobiocin is not shown,
as it was essentially the same as that shown in panel A, except that
little, if any, immunoadsorbed [35S]-labeled His-tagged Cdc37/∆N
was detectable in the lane comparable to lane 18 of the data shown
(see Figure 4).

FIGURE 4: Effect of novobiocin on the interaction of Cdc37/∆N
with Hsp90. [35S]His-tagged Cdc37/∆N was synthesized in TnT
RRL for 25 min at 30°C, followed by a 10 min chase with the
addition of 60 µM aurintricarboxylic acid. (A) Novobiocin (2
mM: lane 2) or an equivalent volume of 10 mM Tris-HCl, pH 8.0
(lane 1, vehicle control), or (C) DMSO (vehicle control, lanes 1
and 2), 10µg/mL geldanamycin (GA, lanes 3 and 4), 50 mM NaCl
(NaCl, lanes 5 and 6) or 20 mM sodium molybdate (Na2MoO4,
lanes 7 and 8) were subsequently added. The samples were
incubated for 25 min, and then immunoadsorbed to anti-His-tag
antibody resin (A, PEL or C: lanes 2, 4, 6, and 8) or nonimune
control antibody (C: lanes 1, 3, 5, and 7). Aliquots of lysate
containing [35S]His-tagged Cdc37/∆N were taken prior to immuno-
precipitation (A, INPUT). Samples were analyzed by SDS-PAGE
and autoradiography (A and C: Cdc37/∆N) or Western blotting
(C: Hsp90). (B) [35S]His-tagged Cdc37/∆N was synthesized in
TnT RRL and incubated with or without novobiocin as described
above, and subsequently immunoadsorbed with 8D3 anti-Hsp90
monoclonal antibody (8D3 anti-Hsp90) or nonimmune mouse
IgM antibody (nonimmune control). Samples were separated on
SDS-PAGE and visualized by autoradiography, Cdc37/∆N or
Coomassie blue staining, Hsp90.
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∆N versus the ability of anti-Hsp90 antibodies to coadsorb
Cdc37/∆N. In the presence of novobiocin, the ability of anti-
His-tag antibodies to immunoadsorb His-tagged [35S]Cdc37/
∆N, (and to thus coadsorb Hsp90) was markedly impaired
(Figure 4). However, direct immunoadsorption of Hsp90
demonstrated that novobiocin did not inhibit the interaction
of Cdc37/∆N with Hsp90: in fact, a slight increase in
binding was observed (Figure 4). This surprising result
suggested that novobiocin generated an Hsp90 conformation
that somehow led to the masking of the N-terminal segments
of Cdc37/∆N from recognition by the anti-His antibody. The
novobiocin-induced conformation of Hsp90 was also not
equivalent to that induced by the binding of molybdate to
Hsp90, as the presence of molybdate like geldanamycin
enhanced the amount of Hsp90 that coadsorbed with His-
tagged Cdc37/∆N compared to the control, and did not affect
the ability of the anti-His-tag antibody to interact with Cdc37/
∆N bound to Hsp90 (Figure 4C). In toto, these data indicate
that three conformations of Hsp90 can be distinguished
through the effects of Hsp90-binding drugs, and that Cdc37’s
ability to differentiate these conformations resides in amino
acids M164-V378 of Cdc37. The observation that the
interaction between Hsp90 and Cdc37 constructs that contain
amino acid residues S127-G163 are not similarly affected
by geldanamycin or novobiocin suggests that this region may
be involved in negatively modulating Cdc37’s ability to
respond to or sense conformations of Hsp90 induced by
nucleotide mediated switching.

Characterizations of the Interactions of Cdc37 Domain
Constructs with Kinase. Previous observations that Cdc37’s
kinase-binding activity segregates to its N-terminal region,
and the finding that D2 binds Hsp90, suggested that D1
represents Cdc37’s kinase-binding domain. To test this
hypothesis, [35S]labeled truncated Cdc37 gene products
representing individual or tandem Cdc37 domains were
synthesized in reticulocyte lysate. These reaction mixtures
were subsequently mixed with reticulocyte lysate reactions
containing newly synthesized His-tagged-HRI, wherein
hemin concentrations were sufficient to prevent HRI matura-
tion/activation to an Hsp90-independent state (32). After
mixing of the sample, His-tagged HRI was immunoadsorbed
with anti-His-tag antibodies, and the coadsorption of [35S]-
labeled Cdc37 gene products was assessed by autoradiog-
raphy. Consistent with our hypothesis, both D1 and D12 were
specifically coadsorbed by His-tagged HRI (Figure 5A:
PEL), indicating that D1 (amino acids M1-K126) contained
Cdc37’s kinase-binding site. In contrast, very little D23
(residues M128-V378) and no D2 (residues M128-E282)
were specifically coadsorbed with HRI in the absence (Figure
5B, PEL: D2 and PEL: D23) or presence (not shown) of
geldanamycin.

Previously, we demonstrated that Cdc37 binds to HRI in
an Hsp90-dependent manner, and that this interaction is fully
disrupted by geldanamycin (13, 21). In contrast, the interac-
tion between the Cdc37/∆C construct and HRI had been
found to be GA-insensitive, presumably because in the
absence of the C-terminal Hsp90-binding domain, the kinase-
binding site is no longer regulated by nucleotide-modulated
conformational switching of Hsp90 [(18, 21) and Figure 6B,
lane 4]. Thus, we predicted that the interaction of D1 with
HRI would similarly not be sensitive to disruption by
geldanamycin, whereas D12 would behave the same as the

full-length Cdc37 because of the presence of Cdc37’s Hsp90
binding domain. Surprisingly, however, while geldanamycin
disrupted the interaction between D12 and HRI, geldana-
mycin also disrupted the interaction between D1 and HRI
(Figure 5A). Thus, the kinase-binding activity of D1, which
lacks residues S127-G163 and other known Hsp90-binding
segments, was somehow dependent upon Hsp90’s nucleotide
modulated conformational switching, and differed substan-
tially from the kinase-binding activity previous described for
the Cdc37/∆C construct containing the S127-G163 Cdc37
segment.

Bisection of Cdc37 Uncouples Cdc37’s Hsp90-Binding
ActiVity from Its Kinase-Binding ActiVity. Previous work has
demonstrated that full-length Cdc37 is not recruited to
Hsp90-kinase complexes formed in the presence of geldan-
amycin (13, 21). Thus, the ability of Cdc37 to form stable

FIGURE 5: HRI-binding activities of of Cdc37 domain constructs.
[35S]-Labeled D1 or D12 were synthesized in TnT rabbit reticulo-
cyte containing (lanes 3, 4, 7, and 8) or lacking (lanes 1, 2, 5, and
6) 10 µg/mL geldanamycin (GA) at 30°C for 30 min. After a 10
min chase with 60µM aurintricarboxylic acid, the reaction mixtures
were mixed with either mock reticulocyte lysate (-: lanes 1, 3, 5,
and 7) or TnT lysate containing newly synthesized His-tagged-
HRI (+: lanes 2, 4, 6, and 8) and further incubated for 25 min at
30°C. The samples were then subjected to immunoadsorption using
the anti-His-tag antibody and analyzed SDS-PAGE on a 10% gel,
transferred to PVDF membrane, and the coadsorbed [35S]-labeled
D1 (PEL, left panel) and D12 (PEL, right panel) were visualized
by autoradiography analysis. Aliquots of RRL mixtures were taken
prior to immunoadsorption and analyzed to show that geldanamycin
had no effect on the synthesis level of D1 and D12 (INPUT). (B)
[35S]-Labeled D1, D2, or D23 were synthesized in TnT RRL (no
additions), and mixed and incubated with either mock reticulocyte
lysate (-: lanes 1, 4, and 7) or TnT RRL containing newly
synthesized His-tagged HRI (+: lanes 2, 5, and 8) as described
above. The samples were then subjected to immunoadsorption using
the anti-His-tag antibody and analyzed as described above. Coad-
sorbed [35S]-labeled D1 (lanes 1 and 2), D2 (lanes 4 and 5) and
D23 (lanes 7 and 8) were visualized by autoradiography. PEL: D1,
PEL: D2, and PEL: D3. Panels showing portions of the autora-
diogram containing immunoadsorbed HRI and any coadsorbed [35S]-
labeled D1, D2, or D23. IN, Panels from the autoradiogram of
aliquots of unfractionated TnT lysate containing [35S]labeled D1,
D2, and D23 prior to mixing with RRL containing His-HRI RRLor
mock RRL showing the areas of autoradiogram containing labeled
Cdc37 domains and the area where HRI migrates. Note (*) marks
the mobility of a [35S]-labeled band present in the D2 translation
(D2/IN), that has a mobility similar to HRI and nonspecifically
binds to the anti-His tag resin.
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ternary complexes with Hsp90-kinase complexes requires
the ability of Hsp90 to undergo an ATP-mediated conforma-
tion change (13, 21). Results presented above indicated that
while Cdc37/∆N, which lacks D2 residues M128-G163,
binds to Hsp90 (Figure 3), and can differentiate the “default”
Hsp90 conformation from Hsp90 conformations induced by
geldanamycin or novobiocin (Figures 3 and 4), D2 and D23
do not similarly differentiate between these conformations
of Hsp90. Thus, conformational sensing appeared to be
mediated by the C-terminal half of D2 (M164-E282), but
was dampened by the N-terminal half of this domain (D2
residues M128-G163).

To determine whether residues M128-G163 may play a
similar role in dampening the interaction of Cdc37 with
Hsp90-kinase, we examined the ability of the Cdc37/∆N
to coadsorb both Hsp90 and kinase. Cdc37, Cdc37/∆C, and
Cdc37/∆N were expressed and subsequently mixed with
reticulocyte lysate containing newly synthesized molecules
of the Hsp90-Cdc37 client [35S]HRI. As previously ob-
served, [35S]HRI was coadsorbed with His-tagged Cdc37 and
Cdc37/∆C (Figure 6A). While Hsp90 was coadsorbed with
full-length Cdc37, only a trace of Hsp90 was observed to
coadsorb with Cdc37/∆C. Under more stringent washing
conditions, no Hsp90 was observed to coadsorb with Cdc37/
∆C (Figure 6B and Figure 3, lanes 15 and 16). [35S]HRI
and Hsp90 were also observed to coadsorb with His-tagged
Cdc37/∆N (Figure 6A,B). We next examined the effect of
geldanamycin on the interaction of His-tagged HRI with His-
tagged Cdc37/∆C and Cdc37/∆N. As previously described
(21), Cdc37/∆C coadsorbed HRI, Hsp90 was absent from
these complexes, and this interaction was unaffected by
geldanamycin (Figure 6B). In contrast, Hsp90 and HRI were
coadsorbed with His-tagged Cdc37/∆N. As observed in
Figure 3, geldanamycin markedly increased the amount of
Hsp90 that was coadsorbed with His-tagged Cdc37/∆N
(Figure 6B, lane 8 versus 6). Anti-Hsp90 immunoadsorptions
coadsorbed Cdc37/∆N, but not Cdc37/∆C, confirming that
Cdc37/∆N directly interacts with Hsp90 in the absence of
kinase client (Figure 6C). Thus, the presence of Cdc37/∆N
in complexes formed between Hsp90 and kinase is most
probably due to its ability to bind Hsp90.

Characterization of N-Terminal Residues of Cdc37 that
Are Essential for its Interaction with HRI. Sequence align-
ments of Cdc37 homologues from different species indicate
that the first 30 or so amino acids are the most highly
conserved region, suggesting that they are functionally
essential [Figure 7 and (4, 5)]. This alignment was consistent
with our previous demonstration that replacement of the first
eight amino acids of Cdc37 with a short arbitrary sequence
inhibits the ability of the mutant Cdc37 construct to bind
kinase, but not Hsp90 (21).

To examine the function of the first seven amino acids in
more detail, amino acids 2-8 of Cdc37 were individually
mutated to alanine, and the resulting mutants were assayed
for the ability to bind kinase (HRI) and Hsp90. Non-His-
tagged constructs of the Cdc37-alanine mutants were syn-
thesized and labeled with [35S]Met in reticulocyte lysate, and
were subsequently mixed with reticulocyte lysate containing
newly synthesized [35S]His-tagged-HRI. HRI heterocom-
plexes were immunoadsorbed with anti-His-tag antibody, and
the coadsorption of [35S]-labeled Cdc37 mutants was ana-
lyzed by autoradiography.

The kinase-binding activities of V2A, D3A, Y4A, and
W7A were inhibited by 65, 90, 100, and 100%, respectively
(Figure 8). These results indicated that V2, D3, Y4, and
W7 were important for either the interaction of Cdc37
with the kinase or for maintaining the structure of Cdc37’s
kinase-binding domain. Conversely, mutation of S5, V6,
and D8 had no effect on the ability of Cdc37 to bind
HRI, indicating that they do not play a critical role in
kinase-binding by Cdc37 nor maintenance of Cdc37’s
secondary/tertiary structures. These findings were further
consistent with the fact that D1 domain contains Cdc37’s
kinase-binding site.

FIGURE 6: Bisection of Cdc37 uncouples Hsp90-binding activity
from Cdc37’s kinase-binding activity. (A) [35S]-Labeled HRI was
synthesized in TnT RRL, and mixed and incubated for 20 min with
TnT RRL containing [35S]-labeled His-tagged full-length Cdc37
(lanes 1 and 2), Cdc37/∆C (lanes 3 and 4), or Cdc37/∆N (lanes 5
and 6) as described in Figure 5. Samples were immunoadsorbed to
anti-His-tag antibody (I) or nonimmune antibody resin (C) and
analyzed as described in Figure 5. [35S]-His-tagged Cdc37 constructs
(lower panel), and coadsorbed [35S]-HRI (middle panel), and Hsp90
(upper panel) were visualized by autoradiography and Western
blotting, respectively. (B) [35S]-Labeled HRI that was synthesized
in TnT RRL in the presence (lanes 3, 4, 7, and 8) or absence (lanes
1, 2, 5, and 6) of 10µg/mL geldanamycin, and mixed, TnT RRL
containing [35S]-labeled His-tagged Cdc37/∆C (lanes 1-4), or
Cdc37/∆N (lanes 5-8) as described in Figure 5. Samples were
immunoadsorbed to anti-His-tag antibody (I) or nonimune control
antibody (C) resin and analyzed as described above. Coadsorption
of Hsp90 (upper panel), and [35S]-HRI (middle panel), and [35S]-
His-tagged Cdc37 construct (lower panel) were analyzed by Western
blotting and autoradiography, respectively. (C) [35S]-Labeled His-
tagged Cdc37/∆C (lanes 1 and 2), or Cdc37/∆N (lanes 3 and 4)
were synthesized in TnT RRL for 30 min at 30°C. Samples were
immunoadsorbed to anti-Hsp90 antibody (I) or nonimune control
antibody (C) resin and analyzed as described above. Hsp90 (upper
panel) and coadsorbed [35S]-Cdc37 constructs (lower panel) were
detected by Western blotting and autoradiography, respectively.
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To rule out the possibility that the altered functions of
Cdc37 mutants V2A, D3A, Y4A, and W7A were caused by
gross global disruption of Cdc37 structure versus specific
structural or functional roles of these individual residues and
their side chains, mild trypsin proteolysis was carried out
under native conditions on all of the mutant constructs.
Dramatically different proteolysis patterns and/or sensitivities
were predicted if these mutants had structures that were
grossly compromised. As we have observed previously for
the Cdc37/N8aa mutant (21), mutation of individual residues
2-8 of Cdc37 induced no changes in either the fragmentation

patterns or sensitivities to trypsinolysis relative to wild-type
Cdc37 (not shown). This result indicated that the mutations
did not induce gross global conformational disruption.
However, because of the proximity of the residues to the
N-terminus of Cdc37, we cannot rule out the possibility that
the mutations induce local structural changes in this region
that might be undetectable by native nicking assays.

For full-length Cdc37, Hsp90 is required for Cdc37 to bind
protein kinases (13, 21). Thus, the impaired kinase-binding
activity of the Cdc37 mutants V2A, D3A, Y4A, and W7A
could have resulted from their inability to form complexes
with Hsp90. To examine this possibility, these Cdc37 point
mutants were synthesized and radiolabeled with [35S]Met in
reticulocyte lysate, followed by anti-Hsp90 immunoadsorp-
tion of endogenous Hsp90 and autoradiographic assay for
coadsorption of radiolabeled Cdc37 gene products. Results
indicated that all of the mutants except W7A bound to Hsp90
with efficiencies similar to that the wild type Cdc37. Thus,
their Hsp90-binding activities were not detectably affected
by these mutations. The interaction of Cdc37/W7A with
Hsp90 was decreased by approximately 50% compared to
the wild type Cdc37. Similar results were obtained in the
reciprocal experiment in which the His-tagged Cdc37 mutants
were synthesized in reticulocyte lysate and immunoadsorbed
by the anti-His-tag antibody (Figure 9B). Again, the interac-
tion of Cdc37/W7A with Hsp90 was decreased, whereas the
other mutants interacted with Hsp90 at essentially the same
level compared to the wild-type Cdc37. Therefore, the data
presented here further strengthen the hypothesis that the
N-terminal amino acids including Val-2, Asp-3, Tyr-4, and
Trp-7 are directly involved in the interaction of Cdc37 and
its client kinase. Additionally, these data provide novel
evidence that segments of this region also modulate Cdc37’s
interaction with Hsp90.

FIGURE 7: Clustal alignment of the N-terminal region of animal and fungal Cdc37. Sequences from the N-terminal region of Cdc37 from
Homo sapiens(NP_008996),Mus musculus(AAB18761), Gallus gallus(AAB91998), Xenopus laeVis (AAH41715), Silurana tropicalis
(AL650082),Tetraodon fluViatilis (AAG00066),Danio rerio (AAH45994),Drosophila melanogaster(AAO45184),AmblyommaVariegatum
(BM29091),Arcoptes scabiei(BG817795),Caenorhabditis elegans(T34050),Paracoccidioides brasiliensis(CA581213),Candida albicans
(Q8X1E6),Coccidioides immitis(BF251498),Metarhizium anisopliae(BQ142687),Saccharomyces cereVisiae(NP_010452),Magnaporthe
grisea (CD032822),Neurospora crassa(EAA27555), andSchizosaccharomyces pombe(NP_595752) were aligned using the European
Bioinformatics Institute Clustal W program at http://www.ebi.ac.uk/clustalw/#. ( ) - GenBank accession numbers of Cdc37 gene products
or ESTs from which open reading frames were translated. (*) - invariant amino acid residues; (:) - conservative amino acid substitutions;
(.) - similar amino acid substituions. Symbols above the animal and fungal sequences indicate amino acid similarities between animal or
fungal species, respectively. Symbols at the bottom of the figure indicate overall amino acid similarities between both the animal and
fungal species.

FIGURE 8: HRI-binding activities of the N-terminal point mutants
of Cdc37. [35S]-Labeled wild type and the N-terminal point mutants
of Cdc37 were synthesized in TnT RRL, and mixed and incubated
for 25 min with TnT RRL containing newly synthesized His-tagged-
HRI as described in Figure 5 (PEL, lanes 2 to 9). A duplicate TnT
RRL reaction synthesizing the wild-type Cdc37 was mixed with a
mock TnT RRL mixture lacking His-tagged HRI to serve as the
nonspecific binding control (lane 1). Samples were immunoadsorbed
with ant-His tag antibody and analyzed as described in Figure 5.
His-tagged HRI was detected by Western blot (PEL, lower panel),
whereas the coadsorbed [35S]-labeled Cdc37 mutants were analyzed
by autoradiography (PEL, upper panel). Equivalent aliquots were
taken from each different Cdc37 reaction prior to immunoadsorption
to ensure the constructs were generated at comparable levels
(INPUT).
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DISCUSSION

In this report, physical data are presented that support a
three-domain structure of Cdc37. Our predicted three-domain
structure for Cdc37 is strikingly similar to alignment-driven
predictions of Scholz et al (30). Data presented here indicate
that the first 126 amino acids of Cdc37 function as a discrete
module that contains the majority of Cdc37’s kinase-binding
activity. Thus, this segment represents the majority of an
authentic domain, but is 37 resides shorter than the previously
characterized arbitrary N-terminal Cdc37/∆C construct (18,
21).

Similarly, Cdc37 residues S127-R283 represent a 157-
residue segment whose proteolytic resistance and modular
function in Hsp90-binding support its identification as a bona
fide domain. Our assignment is larger than the 120-amino
acid segment (residues E145-R264) previously predicted
from the sequence alignments (30). Consistent with our
assignment of function, the arbitrary N-terminal truncation
Cdc37/∆N (amino acids M164-V378) is also sufficient to
bind Hsp90. While these observations predict that major
Hsp90-binding motifs lie between residues M164 and R264,
we favor defining the central Hsp90-binding domain as
amino acid residues S127-R283 on the basis of this
segment’s high resistance to proteolytic nicking, a criterion
that has not been previously applied to definitions of Cdc37’s
domain architecture. Consistent with this assignment, limited
proteolysis of Cdc37 by chymotrypsin generates a strikingly
similar pattern of fragments to that generated by trypsin
(Shao and Matts, unpublished observations).

Hsp90 and Cdc37 are known to be functional partners that
utilize Hsp90’s nucleotide-mediated conformational switch-
ing to regulate binding to Hsp90-dependent kinases. Results
presented here illuminate the Cdc37 motifs underlying this
partnership and suggest a novel mechanistic model.

Three observations indicate that within the context of the
Hsp90-Cdc37 partnership, the C-terminal half of the middle
domain of Cdc37 (“D2b,” residues M164 to E282) contains
the major Hsp90-binding motifs that sense Hsp90’s confor-
mation. (i) Cdc37 constructs that lacked these residues (D1,

D3, and Cdc37/∆C) did not bind Hsp90 [(14, 18, 21) and
Figure 3]. (ii) Cdc37 constructs that contained these residues
(D12, D2, D23, and Cdc37/∆N) bound Hsp90. And most
significantly, (iii) the Cdc37 gene product that contained D2b,
but lacked the N-terminal half of the middle domain, Cdc37/
∆N was a potentsensorof Hsp90’s default, geldanamycin-
induced, and novobiocin-induced conformations (Figures 3
and 4), and also bound to Hsp90-kinase in the presence of
geldanamycin (Figure 6). Furthermore, the novobiocin-bound
conformation of Hsp90 was different from Hsp90’s molyb-
date-bound conformation, as in the presence of molybdate
anti-His antibodies immunoadsorbed His-tagged Cdc37/∆N
and coadsorbed Hsp90 at levels nearly equivalent to those
immunoadsorbed in the presence of geldanamycin (Figure
4C).

However, our data also suggest that the other half of this
domain, namely, residues S127 to G163 (D2a),represses
D2b’s ability to readily recognize and accommodate different
conformations of Hsp90. The argument that the function of
D2b is modulated by upstream segments from D2a, derives
from the observation that Cdc37 gene products containing
D2a in conjunction with the D2b “sensor” motif, (D2, D12,
and D23) have essentially wild-type behavior. While the D2
and D23 constructs displayed somewhat suppressed Hsp90
binding activity in the presence of geldanamycin, in general
constructs containing the complete middle domain of Cdc37
(D2a+D2b) no longer demonstrated the very dramatic ability
to sense and respond to Hsp90 conformation that is exhibited
by the Cdc37/∆N construct, which lacks D2a (Figure 3).
Thus, D2a may function as a repressor of D2b’s ability to
sense Hsp90 conformation.

While the results from limited proteolysis of Cdc37 support
the notion that amino acids S127-G163 are part of domain
D2, D2a also impacted the kinase-binding activity of D1.
D1 binds kinase, but does so in a regulated (geldanamycin-
sensitive) manner. However, the Cdc37/∆C construct
(D1+D2a) has an enhanced kinase-binding capacity that is
dysregulated, as it is unaffected by geldanamycin [(14, 18,
21) and Figure 6]. Thus, D2a has the apparent ability to

FIGURE 9: Hsp90-binding activities of the N-terminal point mutants of Cdc37. (A) [35S]-Labeled wild type and mutant forms of Cdc37
were synthesized in separate TnT RRL reactions at 30°C for 30 min, followed by a 10 min chase with 60µM aurintricarboxylic acid.
Samples were immunoadsorbed with the monoclonal anti-Hsp90 antibody 8D3 (even-number lanes) or nonimmune control IgM antibody
(odd-number lanes) and analyzed as described in Figure 5. Immunoadsorbed Hsp90 and coadsorbed [35S]-labeled Cdc37 proteins were
detected by Western blotting and autoradiography, respectively (PEL). Equivalent aliquots were taken from the Cdc37 translation mixtures
prior to immunoadsorption to show that the constructs were synthesized at comparable levels (INPUT). (B) [35S]-Labeled His-tagged wild
type and mutant forms of Cdc37 were synthesized in separate TnT RRL as described above. Samples were immunoadsorbed by the anti-
His-tag antibody and analyzed as described above. Coadsorbed Hsp90 or [35S]-labeled His-tagged Cdc37 constructs were detected by
Western blotting and autoradiography, respectively.
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modulate both the Hsp90 and kinase-binding activities of
Cdc37.

These conclusions invite a speculative, but heuristic, model
for the Cdc37-Hsp90 partnership (Figure 10). In this model,
the default interaction of D2a with D2b dampens the ability
of D2b to interact with Hsp90-kinase, which also results in
the restraint of the kinase-binding potential of D1 (Figure
10A, step 1). Upon interaction of Cdc37 with Hsp90-kinase
complexes, D2a functions to sense and communicate the
binding of kinase client at D1 to D2 (Figure 10A, steps 1 to
2): D2a participates in and is responsive to client binding
(see Figures 5 and 6). Thus, client binding at D1 relieves
D2a’s repression of D2b’s interactions with Hsp90-kinase
complexes. At the same time, D2b may interpret cues from
Hsp90-kinase complexes to communicate the coincident
binding of nucleotide and/or client at sites elsewhere within
the Hsp90 chaperone heterocomplex (Figure 10A, step 2).
This communication would be passed from D2b to D2a and
hence to D1, ultimately triggering nucleotide-modulated
conformational switching of Hsp90, resulting in the estab-
lishment of the salt-stabile, high-affinity interactions typical
of Hsp90-Cdc37-kinase heterocomplexes (Figure 10A, step
3). These steps would also include ATP-induced binding of
the co-chaperone p23, ATP-induced N-terminal domain
clamping, and nucleotide hydrolysis (40-43). Thus, the
model suggests that the Hsp90-Cdc37 heterocomplex
engages in an elegant conformational conversation, in which
multiple binding events are communicated via a nucleotide-
mediated process with hallmarks of allosterism, and accounts
for the observation that C-terminal regions of Hsp90 are
required to “trap” nucleotide bound to the N-terminal domain
of Hsp90 (43). This model is also consistent with our recent
findings that conformational switching of Hsp90 is triggered
by multiple discrete segments of its kinase clients that interact
with Cdc37 and Hsp90 (Scroggins et al., submitted).

In regard to this model, the binding of client substrate to
Hsp90 presumably requires that Hsp90 be present in its
“open” or “relaxed” conformation (37, 40, 41, 44-47). It is
currently unclear whether this substrate-binding competent
conformation of Hsp90 represents the ADP-bound (Figure
10A, step 4) or nucleotide-free conformation(s) of Hsp90
(step 5), or ATP-bound Hsp90 (step 1) in association with a
co-chaperone component that inhibits N-terminal domain
“clamping”. The model presented in Figure 10 is of necessity
incomplete because it is not known what events induce the
dissociation of phosphate and client substrate (step 4), what
stimulates nucleotide exchange within the N-terminal ATP
binding domain of Hsp90 (step 5), and what stimulates the
dissociation of Cdc37 (13, 48). These events are undoubtedly
regulated in part via the association and dissociation of client,
other co-chaperone partners, and the binding of ATP to the
C-terminal ATP (novobiocin) binding site of Hsp90 (37-
39, 41, 42, 44, 47, 49-51).

With respect to the model proposed here, Cdc37 is known
to form a complex with geldanamycin-bound Hsp90, which
adopts an opened conformation for substrate binding (13,
21, 44). Cdc37 has no effect on the binding of geldanamycin
to the N-terminal ATP-binding site of Hsp90 (44), suggesting
that “communication” between the N-terminal nucleotide
binding site and the Cdc37 binding site within the C-terminal
region of Hsp90 has been disrupted. As a consequence of
the disruption of this interdomain communication, we

FIGURE 10: Model for domain interactions that modulate the kinase-
binding and Hsp90-binding activities of Cdc37. (A) Step 1:
Reversible interactions of newly syntheisized protein kinase (PK)
and Cdc37 with the protein kinase binding site (PKBS) and Cdc37
binding site (CBS) on ATP-bound Hsp90. Step 2: Coincident
binding of Cdc37 to kinase and Hsp90 alter interactions between
the D1, D2a and D2b subdomains of Cdc37. These changes alter
the interaction of kinase with Hsp90, Hsp90 with Cdc37, and Cdc37
with kinase (implied by shape changes in the cartoon). The induced
conformational changes are sense through allosteric interactions
between the N-terminal ATP binding site of Hsp90 and its
C-terminal domains (two-way arrow). Step 3: Changes in the
conformations of Hsp90 and Cdc37 induced by the interactions
summarized in step 2 cause nucleotide modulated conformational
switching, ATP hydrolysis, and N-terminal domain “clamping”,
resulting in the establishment of salt-stabile high affinity interactions
between Hsp90, Cdc37, and kinase. Step 4: Completion of the
ATP-driven reaction cycle of Hsp90 requires phosphate dissociation,
and release of client kinase (triangle) folded kinase; square)
partially folded immature kinase), and (step 5) Cdc37 release and
the exchange of ADP for ATP. Displacement of phosphate by
molybdate may explain the ability of molybdate to inhibit Hsp90’s
reaction cycle and stabilize Hsp90-client complexes. As noted in
the text of the paper, the exact sequence of these events from step
3 through steps 4 and 5 and the mechanisms that induce and regulate
these events are not clearly understood. (B) Cartoons used to imply
alterations in domain conformations induced by the presence or
absence of subdomains of Cdc37 and their interactions with Hsp90
and kinase. (C) Conformations of geldanamycin-bound Hsp90 that
are proposed to explain the mutually exclusive versus coincident
binding of specific Cdc37 constructs with Hsp90 and Hsp90-kinase
complexes.
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propose that the geldanamycin-bound form of Hsp90 is in
an intermediate conformation, between Hsp90’s ADP- and
ATP-bound forms. In this state, the kinase-binding and
Cdc37-binding sites of Hsp90 may be capable of undergoing
conformational changes independent of nucleotide-modulated
conformational switching. Thus, the binding of substrate to
geldanamycin-bound Hsp90 may induce a conformational
change in the Cdc37 binding site of Hsp90 (Figure 10A, steps
1 to 2, and C). In the absence of nucleotide modulated
conformational switching of Hsp90, the D2a subdomain of
Cdc37 suppresses the ability of D2b to alter its conformation
and constructs of Cdc37 containing D2a (Cdc37, D12, D2,
and D23) dissociate from the Cdc37 binding site. Alternately,
in the presence of geldanamycin the binding of Cdc37
constructs containing both D2a and 2b prevent conforma-
tional changes from occurring that are required for the
formation of stable complexes between Hsp90 and kinase.
Thus, the binding of these constructs of Cdc37 to Hsp90
and the binding of kinase to Hsp90 are mutually exclusive
and stable complexes of these Cdc37 constructs with Hsp90-
kinase complexes cannot form in the presence of geldana-
mycin.

In the absence of D2a, the conformation of D2b is no
longer constrained (Figure 10B), and it readily binds to the
geldanamycin-bound form of Hsp90, in the presence or
absence of bound kinase (Figure 10C). In addition, interaction
of either kinase or D2b with Hsp90 may induce conforma-
tional changes within Hsp90 that favor the binding of the
other molecule. However, in the absence of geldanamycin
the conformation of Hsp90 favors the binding of the default
conformation of Cdc37 adopted via the interaction of D2a
with D2b (Figure 10A, step 1, and C). Reduction of the
binding of Cdc37/∆N to Hsp90 in the absence of geldana-
mycin may be due to restraint of nucleotide-modulated
conformational switching of the Cdc37-binding site on Hsp90
in the absence of client kinase (Figure 10A, steps 1 to 2) or
the ratio of Hsp90 present at step 4 versus step 1 of its ATP-
driven reaction cycle.

In its geldanamycin-bound conformation, the client binding
pocket of Hsp90 is open and substrate is free to reversibly
bind and dissociate from Hsp90 (13, 21, 37, 41, 43-47, 52).
In its default conformation, the kinase-binding activity of
the D1 domain of Cdc37 is constrained through its interac-
tions with the D2a and D2b subdomains, such that Cdc37
constructs that contain D1, and the complete D2 domain
cannot bind kinase in the absence of Hsp90 and in the
absence of nucleotide-modulated conformational switching
of Hsp90 (this paper and refs13and21). Our model predicts
that in the absence of subdomain D2b constraining the
interaction of D2a with D1 (Figure 10B), the conformation
of the kinase-binding domain of the Cdc37/∆C construct
(D1+D2a) can directly bind newly synthesized kinase or it
can bind kinase as it reversibly dissociates from Hsp90 in
the presence of geldanamycin. The model further predicts
that the kinase-binding conformation of D1 in the absence
of D2a interacts with kinase whose conformation has been
altered by nucleotide-modulated conformational switching
of Hsp90. We have previously demonstrated using pulse-
chase analyzes that Cdc37 dissociates from newly synthe-
sized HRI during reiterative cycles of Hsp90 action required
for the maturation of HRI (13, 48). Thus, the presence of
geldanamycin would inhibit the ATP-driven reaction cycle

of Hsp90, the release of immature kinase from Hsp90 after
completion of this cycle, and the subsequent binding of
kinase by the Cdc37 D1 construct.

Shifting our attention to specific amino acid residues of
Cdc37, our site-directed mutagenesis studies indicate that
amino acid residues at the N-terminus of Cdc37 are involved
in kinase binding. Four residues at the N-terminus of Cdc37
are critical for its interaction with client kinase: V2, D3,
Y4, and W7 (Figure 8). Consistent with the effects of these
mutations, our previous characterizations demonstrated that
replacing the first eight amino acids of Cdc37 with an
unrelated sequence completely abolishes its ability to bind
HRI (21). Furthermore, sequence alignment of Cdc37 ho-
mologues from different species in two kingdoms ranging
from yeast to human reveals that the first 30 or so amino
acids are the most conserved region of the whole protein,
and three out of the four residues (namely, D3, Y4, and W7)
now identified as being critical for kinase binding are
absolutely invariant, while the fourth amino residue contains
the conservative substitution of V to I/L.

In contrast, mutation of the conserved S5 residue, and of
the unconserved residues V6 and D8, did not affect binding
of Cdc37 to HRI. Thus, these residues do not seem to play
a role in kinase binding or are not critical for maintaining
the integrity of Cdc37’s kinase-binding site. Thus, our data
strongly suggest an evolutionarily conserved function for
these N-terminal amino acid residues in the recognition and
binding of client proteins kinases by Cdc37.

Mutations at Cdc37’s N-terminus may alter its kinase-
binding potential by at least three different mechanisms. (i)
The mutations may disrupt the local structure(s) that govern
kinase-binding mediated by other amino acid residues within
the N-terminal domain of Cdc37. (ii) These residues may
participate directly in the intermolecular interactions between
Cdc37 and its client kinases. (iii) These residues may
represent a regulatory element that modulates Cdc37’s
kinase-binding activity in response to Hsp90 nucleotide-
dependent conformational switching. The third possibility
is supported by the observation that one of the mutations
characterized, namely, W7A, compromised both Cdc37’s
ability to bind HRI and its ability to interact with Hsp90.
This impact on Hsp90 interaction, which can clearly be
segregated from its impact on kinase-binding per se, indicates
the potential for such a role for the N-terminal segments of
Cdc37, and implies that the impacts of the other mutations
may actually result from compromised communications with
Hsp90 rather than from alterations in Cdc37’s raw kinase-
binding potential. This hypothesis is further supported by
the documented dynamic nature of the Hsp90-Cdc37
partnership (13), and by our identification here of a similar
communication motif elsewhere on Cdc37. This hypothesis
is also intriguing due to our recent finding that phosphory-
lation of Cdc37 on Ser13 is required for the kinase-binding
activity of Cdc37 and for the ability of Cdc37 the coordinate
kinase binding with nucleotide-mediated conformational
switching of Hsp90 (48). Further investigations into the
role(s) of these motifs and their mechanisms of action are
ongoing.

In summary, data presented in this report reveal the
authentic domain structure of Cdc37. Detailed dissection of
this structure in conjunction with biochemical characteriza-
tions demonstrate that the Hsp90-Cdc37 partnership is
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mediated by two discrete regions within the middle domain
of Cdc37, with the downstream motifs (D2b) functioning to
sense and accommodate at least three nucleotide-regulated
Hsp90 conformations, and with the upstream region (D2a)
functioning to repress such sensing and to modulate or
communicate D1’s binding of kinase.
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