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The heat shock protein Hsp90 plays a key, but poorly understood role in
the folding, assembly and activation of a large number of signal transduc-
tion molecules, in particular kinases and steroid hormone receptors. In
carrying out these functions Hsp90 hydrolyses ATP as it cycles between
ADP- and ATP-bound forms, and this ATPase activity is regulated by the
transient association with a variety of co-chaperones. Cdc37 is one such
co-chaperone protein that also has a role in client protein recognition, in
that it is required for Hsp90-dependent folding and activation of a par-
ticular group of protein kinases. These include the cyclin-dependent
kinases (Cdk) 4/6 and Cdk9, Raf-1, Akt and many others. Here, the bio-
chemical details of the interaction of human Hsp90B and Cdc37 have
been characterised. Small angle X-ray scattering (SAXS) was then used to
study the solution structure of Hsp90 and its complexes with Cdc37. The
results suggest a model for the interaction of Cdc37 with Hsp90, whereby
a Cdc37 dimer binds the two N-terminal domain/linker regions in an
Hsp90 dimer, fixing them in a single conformation that is presumably
suitable for client protein recognition.

© 2004 Elsevier Ltd. All rights reserved.
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The molecular chaperone Hsp90 is required for
the folding, assembly and activation of a large
number of signal transduction molecules, in par-
ticular kinases and steroid hormone receptors.'~*
For both its in vivo and in vitro function Hsp90
needs to bind and hydrolyse ATP°"® and this
ATPase activity is regulated, in part, by the tran-
sient association of Hsp90 with a variety of
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In Hsp90-dependent folding processes tetra-
tricopeptide repeat (TPR)-domain containing
co-chaperones, which bind to the Hsp90 C-termi-
nal MEEVD motif,'* are well-documented modu-
lators of Hsp90 ATPase activity.”'*"> For example,
the TPR-domain protein Hop," known as Stil in
yeast,'® binds to both Hsp70 and Hsp90 via such
domains, acting as an adaptor to transfer the client
protein from Hsp70 to Hsp90." As a result of the
binding of Hop to Hsp90, the ATPase activity of
yeast Hsp90 is suppressed and this is thought to
favour client protein loading onto Hsp90.° Interest-
ingly, human Hop has little effect on the ATPase
activity of human Hsp90. However, it strongly
inhibits the ATPase activity in the presence of a
client-protein.’” Recent work has shown that Stil/
Hop binds to the first 24 amino acid residues of
Hsp90 thereby preventing interactions between
the two N-terminal domains in an Hsp90 dimer,

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Characterisation of the oligomeric state of Cdc37 and its stoichiometry of binding to Hsp90. A, Sedimen-
tation equilibrium analysis of Cdc37. The lower panel shows the three protein concentrations 1: A 0.2 at (<)
13,200 rpm, (V) 14,500 rpm, (») 16,700 rpm, and (4) 18,700 rpm. 2: Ass 0.3 at (@) 13,200 rpm, (M) 14,500 rpm, ()
16,000 rpm, and (A) 18,700 rpm. 3: Asg 0.5 at (X ) 13,200 rpm, (*) 14,500 rpm, (O) 16,000 rpm, and (CJ) 18,700 rpm.
The continuous lines show the curves calculated using the parameters obtained by least squares fitting. The upper
panel shows the residuals left when subtracting the calculated values from the measured points. B, Determination of
the Ky for the Cdc37-Hsp90 interaction using fluorescence spectroscopy. The change in fluorescence at 340 nm upon
Hsp90-Cdc37 complex formation with increasing Cdc37 concentrations was fitted to equation (1) (see Materials and
Methods) to obtain the dissociation constant. C, Analysis of the Cdc37-Hsp90 interaction using size exclusion chroma-
tography. Hsp90 and Cdc37 either alone or as a mixture were incubated on ice for one hour before separation on a
Superdex 200 PC 3.5/30 analytical gel filtration column. The protein elution was monitored by absorbance at 280 nm:
Hsp90 alone (a), Cdc37 alone (b), the mixture of Hsp90 and Cdc37 at a 1:1 molar ratio (c) and Hsp90 and Cdc37
mixed at a 1:2 molar ratio (d). Inset: SDS-PAGE analysis of the protein(s) in each of the eluted peaks. Lane 1, peak
from trace (a); lane 2, peak from trace (b) and lane 3, peak from trace (c). D, NanoESI spectrum of the Hsp90-Cdc37
complex at 2.5 mg/ml in 1 M aqueous ammonium acetate buffer (pH 7.0). Data was acquired on a Micromass LCT

time-of-flight mass spectrometer at an elevated source pressure of 8mbar and cone voltage of 200 V.

which is thought to be important for ATP
hydrolysis."”® In contrast to Hop, the TPR-contain-
ing immunophilin, FKBP52, has little effect on the
basal ATPase activity and may even increase the
rate of ATP turnover when a client protein is
bound."

In addition, other co-chaperones that do not
possess a TPR-domain, have also been shown to
regulate the rate of ATP turnover by Hsp90.
In particular, the small acidic protein p23 inhibits
both the basal and client-protein stimulated
ATPase activity.'” Recently, a new co-chaperone,
Ahal, was discovered and shown to be an activator
of the Hsp90 ATPase activity in yeast." Thus, it is
clear that the ATPase activity of Hsp90 is strongly
regulated by co-chaperones and client proteins
supporting the evidence that shows that ATP bind-
ing and hydrolysis are critical steps in the function
of Hsp90 in activating kinases and other client
proteins. Exactly how co-chaperones regulate the
ATPase activity of Hsp90 and how ATP binding
and hydrolysis drive conformational changes in
the chaperone system, which leads to the activation
of client proteins, is not, however, known.

Cdc37 is a heat shock protein and co-chaperone

that is required for Hsp90-dependent folding and
activation of particular protein kinases."” A broad
range of kinases that form complexes with Hsp90
and Cdc37 have now been identified, e.g. cyclin-
dependent kinases (Cdk) 4/6 and Cdk9,'®-*
Raf-1,* Akt** and the list continues to lengthent.
Recently, Hsp90/Cdc37-dependent client proteins
have been reported that are not kinases, including
the androgen receptor and hepadnavirus reverse
transcriptase.””* However, kinases still represent
the majority of Cdc37 client proteins and Cdc37 is
specifically required for the recruitment of protein
kinases into complexes with Hsp90. Whether
Cdc37 first binds to kinase substrates and directs
them to Hsp90, as was originally proposed, or
whether it binds to Hsp90 thereby altering its sub-
strate specificity is still unclear. Cdc37 and Hsp90
might also jointly recognise the substrate.

Unlike Hop and the Hsp90-associated immuno-
philins, Cdc37 does not contain TPR motifs and,
therefore, does not bind to the C-terminal MEEVD

T See http:/ /www.picard.ch/DP/downloads/
downloads.html for an up-to-date list
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Figure 2. Identification of the binding domains of Cdc37 and Hsp90. A, Time-course of limited proteolysis of puri-
fied Cdc37, Hsp90 and the Cdc37-Hsp90 complex with Subtilisin. Undigested samples containing equal amounts
of enzyme-free buffer were taken at zero hour as controls. Proteolytic fragments were subsequently separated on a
4-12% NuPAGE gel and stained with Coomassie Brilliant Blue. B, Separation of proteolytic fragments of Hsp90 and
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motif in Hsp90. Although Cdc37’s precise role in
Hsp90 function remains unclear, the direct inter-
action of Cdc37 with Hsp90 is necessary for client
protein—Hsp90 interactions. For example, Cdc37
enhances the association of Hsp90 with its client
kinases both in vitro and in vivo,>*?® and a
truncated mutant of Cdc37 that cannot bind to
Hsp90 reduces the affinity of client kinases for
Hsp90.>** Moreover, Cdc37-Hsp90 interactions
do not simply provide a passive structural bridge
for passing the client protein substrate to Hsp90: it
also participates intimately in the folding process.”®
For example, it suppresses the ATPase activity of
Hsp90, possibly modulating ATP turnover during
the client protein loading phase.”” Recently, the
role of Cdc37 has become more complex with the
discovery that it has several Hsp90-independent
functions, including the ability to interact with
other co-chaperones in the absence of Hsp90 and
the ability to support yeast growth and protein
folding without its Hsp90-binding domain.'”?°

Cdc37 forms a basal complex with Hsp90 in the
absence of client protein,'****" that is salt labile
and unaffected by the presence of the Hsp90
ATPase inhibitor geldanamycin (GA).'**** Domain
mapping of Cdc37 indicated that the N-terminal
half is required for binding the kinase,”*?! whilst
the C-terminal half is necessary for interaction
with Hsp90** and suppression of its ATPase
activity.’” Based on the sequence similarity
between Cdc37 and Harc, a relative of Cdc37, the
Hsp90-binding domain has been proposed to be
within a 120 amino acid residue segment in the
central region of Cdc37.%

A number of studies have attempted to identify
the Cdc37-binding domain in Hsp90, providing
inconsistent results. For example, an early study
based on the observation that the TPR protein
Hop competes with the binding of Cdc37 to
Hsp90, proposed that Cdc37 binds to the C-termi-
nal region of Hsp90 adjacent to the TPR-domain
binding site.* However, more recently another
study showed that a new member of the Hsp90
protein family, Hsp90N, which lacks an N-terminal
domain and most of the adjacent charged linker
sequence, fails to interact with Cdc37 although the
middle and C-terminal domains remain intact.*
Here, the biochemical properties of the interaction
of human Hsp90B and Cdc37 have been charac-
terised. The results suggest a model for the inter-

action of Cdc37 with Hsp90, whereby a Cdc37
dimer binds the two N-terminal domain/linker
regions in an Hsp90 dimer, fixing them in a single
conformation. This model explains why the C-
terminal domain of Hsp90 enhances the binding
of Cdc37. Moreover, it also explains why the
binding of Cdc37 inhibits the ATPase activity of
Hsp90.

Results

Although it has been known for many years that
human Hsp90 interacts with its co-chaperone
Cdc37 in complexes with particular client proteins,
the biochemical properties of this interaction have
not so far been clearly characterised. In order to
study the interaction of these chaperones in more
detail, the full-length human Hsp90p and human
Cdc37 proteins were generated by expression in
Escherichia coli and purified to 99% homogeneity.

The oligomeric state of Cdc37 and
stoichiometry of binding to Hsp90

Previous studies have shown that the dimerisation
region in Hsp90 is located in a C-terminal
domain.**** In order to gain insight into the self-
association state of Cdc37, size-exclusion chroma-
tography (SEC) and analytical ultracentrifugation
(AUC) were employed. SEC analysis showed that
the molecular mass of Cdc37 is approximately
100 kDa, approximately double that of the theo-
retical mass of a single molecule (~45kDa, data
not shown). In addition, sedimentation equilibrium
AUC was employed to determine the oligomeric
state of Cdc37. The experiment was performed,
using different initial loading concentrations of
Cdc37, at four rotor speeds, providing 12 data
sets. Analysis of these data sets showed that the
simplest model that is consistent with the data is a
mixture of a monomer and a homo-dimer with a
dissociation constant, K4, of ~80(*20) uM (Figure
1A). We note that this value is somewhat higher
than that determined."

In vitro, the binding of Hsp90 to Cdc37 is readily
disrupted by high salt concentrations, and the
interaction between the two chaperones tightened
by formation of a ternary complex with a client
protein.”® Here, we determined the binding affinity

the Hsp90-Cdc37 complex on an analytical Superdex 200 PC 3.2/30 gel filtration column at 4 °C. Samples were
cleaved with 0.5% (w/w) of Subtilisin at room temperature for 1.5 hours and immediately separated. The major
absorbance peak of proteolysed complex and Hsp90 are indicated, (a) and (b), respectively. Inset: the log of the molecu-
lar mass of the calibration proteins against their retention volume (ml) was fitted using linear regression. The
calibration proteins used were: thyroglobulin (669 kDa), apoferritin (443 kDa), B-amylase (200 kDa), bovine serum
albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome c (12.4 kDa). C, SDS-PAGE analysis of SEC separated
proteolysis products. Lanes 1-4, proteolytic fragments in peak fractions across peak (a) above, from digestion of the
Cdc37-Hsp90 complex. Lanes 5-8, proteolytic fragments in peak fractions across peak (b) above, from digestion of
Hsp90 alone. Lane M, molecular mass markers. The arrow indicates the Hsp90-binding domain of Cdc37. The asterisk
marks an Hsp90 band in lane 3 which is protected in the digestion of the complex.
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of the two proteins in vitro (high protein, low salt
concentrations) using the intrinsic tryptophan
fluorescence of Cdc37: the Ky for the interaction
of Cdc37 with Hsp90 was determined to be
3.8(+0.9) uM (Figure 1B). This value is similar to
that determined previously using CD spectro-
scopy.'?

The stoichiometry of binding of Cdc37 to Hsp90
was next analysed by SEC studies, which
suggested that a single Cdc37/Hsp90 complex is
formed when the two proteins are mixed at a 1 to
1 molar ratio, but that free Cdc37 is observed
when the two proteins are mixed with an excess
of Cdc37 (Figure 1C). This critical result was con-
firmed by native-state mass spectrometry studies
in which Cdc37 was seen to bind as a dimer to an
Hsp90 dimer, there being a much weaker signal
corresponding to a monomer of Cdc37 binding to
the Hsp90 monomer (Figure 1D).

The central region of Cdc37 is a structured
Hsp90-binding domain

A series of earlier studies have indicated that
fragments comprising the middle and C-terminal
regions of Cdc37 have the ability to bind
Hsp90.2***" To determine the precise binding
domains on both proteins, the Hsp90/Cdc37 com-
plex formed in vitro was subjected to limited pro-
teolysis to reveal the structured regions of the two
proteins in the complex. A non-specific protease,
Subtilisin, was used to digest the complex and the
isolated Cdc37 and Hsp90 proteins were also
digested in parallel as controls. Using 0.5% (w/w)
enzyme at room temperature, Cdc37 was digested
down from a 45 kDa molecule into a small frag-
ment of less than 16 kDa after approximately 30
minutes. Interestingly, this 16kDa fragment
remained stable after 1.5 hours digestion (Figure
2A). This result implies that there is a very stable

and highly structured 16 kDa domain (about one
third of the protein), while the remainder of the
protein is either unstructured or structured but
susceptible to proteolysis. It was further deter-
mined by N-terminal sequencing and mass
spectrometry analysis that the stable fragment
comprises 130 residues (Lys147-Lys276) in the
central region of Cdc37. This domain is hereafter
referred to as Cdc37c.

In contrast to Cdc37, Hsp90 has a more stable
structure as multiple fragments survive even after
1.5 hours of digestion with Subtilisin (Figure 2A).
Formation of a complex between Cdc37 and
Hsp90 might have been expected to change the
digestion profile of either protein, though in
practice it was difficult to ascertain which bands
showed enhanced protection from digestion
(Figure 2A). To address this issue, SEC was used
to separate the digested products based on their
size-related mobility and to monitor which
fragment(s) co-elute with each other by sodium
dodecyl sulphate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Digested complex and
digested Hsp90 fragments were analysed under
the same conditions, where the latter was used as
a control. In this comparison the digestion of the
complex can again be seen to be similar to that
of Hsp90 (Figure 2B). The components of the two
main peaks were identified by SDS-PAGE and
Coomassie blue staining. This analysis showed
that a band with a similar mass to that of Cdc37c
was present in the major peak of the digested com-
plex, but absent from that of Hsp90 digested alone
(Figure 2C); subsequently, this fragment was
shown by N-terminal sequencing to be Cdc37c.
Because both major peaks elute at a retention
volume of about 1.5 ml, equivalent to a molecular
mass of ~66kDa using the standard linear cali-
bration curve (Figure 2B inset), this result shows
that Cdc37c was bound to an Hsp90 fragment

Figure 3. Analysis of the Cdc37c—

Hsp90 interaction by SEC. Hsp90
and Cdc37c either alone or mixed
at a one to one molar ratio were
incubated on ice for one hour before

separation on a Superdex 200 PC
3.5/30 analytical column. The pro-
tein elution was monitored by
absorbance at 280nm: Cdc37c

alone (a); Hsp90 alone (b); the
mixture of Hsp90 and Cdc37c (c).
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Figure 4. Analysis of the interaction of either full-length and truncated variants of Hsp90 with Cdc37 by SEC. Indi-
vidual proteins and mixtures at a final protein concentration of 150 uM were incubated for one hour on ice prior to
separation on a Superdex S200 PC 3.2/30 analytical column. The elution of proteins was monitored by absorbance at
280 nm. A, Schematic diagram illustrating the full-length and truncated versions of Hsp90 generated here. The nomen-
clature of the three structural domains in the full-length protein is that adopted by Stebbins et al.* B, The absorbance
traces of Cdc37 alone (a); Hsp90ONLM alone (b); and a mixture of Cdc37 and Hsp90NLM at an equal molar ratio (c).
C, The absorbance trace of Cdc37 alone (a); Hsp90 alone (b); and a mixture of Cdc37 and Hsp90 at an equal molar
ratio (c). D, The absorbance traces of Hsp90NL alone (a); Cdc37 alone (b); and a mixture of Hsp90NL and Cdc37 at
an equal molar ratio (c). The arrow indicates the peak corresponding to free Hsp90NL. E, The absorbance traces of
Hsp90N alone (a); Cdc37 alone (b); and a mixture of Hsp90N and Cdc37 at 1.3 to 1.0 molar ratio (c). F, The absorbance
trace of Cdc37c alone (a); Hsp90MC alone (b); and a mixture of Cdc37c and Hsp90MC at an equal molar ratio (c).
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when eluted from the column (the identification of
this fragment is discussed below).

To further confirm that Cdc37c is the Hsp90-
binding domain, this fragment was generated by
DNA cloning and the protein expressed in E. coli.
As judged by SEC analysis Cdc37c binds full-
length Hsp90 to form a complex when mixed in a
1 to 1 molar ratio (Figure 3). As can be clearly
seen, isolated Cdc37c is absent from the mixture,
suggesting that Cdc37c binds to Hsp90 in a
stoichiometric fashion. Taken together, the results
presented here demonstrate that Cdc37c is the
Hsp90-binding domain. In addition, estimation of
the molecular mass of Cdc37c from the SEC analy-
sis suggests that, unlike the intact Cdc37 protein,
this Hsp90-binding fragment is monomeric in
solution (see calibration in Figure 2B).

The minimal Cdc37-binding domain in Hsp90
comprises the N-terminal domain plus charged
linker region

Structural and biochemical studies have shown
that Hsp90 consists of three structural domains,
where the N-terminal and middle domains are
connected by a flexible charged linker.~*' The
limited proteolysis studies in Figure 2 showed that
the same five Hsp90 fragments were formed both
in the presence and absence of Cdc37c (Figure 2C,
lanes 3 and 7, indicated by letters I-V). However,
only one fragment, that marked with an asterisk
in Figure 2C, was more abundant in the digestion
of the complex than in the Hsp90 control,
suggesting that this fragment is protected in the
complex with Cdc37. The identity of this fragment
(along with the other four) was assigned by
N-terminal sequencing and its overall mass. The
protected fragment starts at Val4, and given its
mass of ~29 kDa (from SDS-PAGE) we estimated
that it included both the N-terminal domain and
the charged linker of Hsp90. (The other four frag-
ments were similarly assigned to the middle
domain of Hsp90.)

To further investigate the Cdc37-binding region
on Hsp90, the N-terminal domain plus the charged
linker of Hsp90, together with several other trun-
cated fragments, were generated by expression in
E. coli. A schematic diagram of the different trun-
cated constructs is shown in Figure 4A. One of
these, Hsp90NL, a fragment which comprises the
N-terminal domain plus the charged linker region
of Hsp90 (Val4-Gly261), migrated at a mass of
~29 kDa by SDS-PAGE (data not shown), similar
to the mass of the identified limited proteolysis
fragment (see above).

The interaction of Cdc37 was studied with the
N-terminal domain of Hsp90 alone (Hsp90N; resi-
dues Prol-Lys222); with Hsp90NL (as discussed
above); with a construct comprising the N-terminal
domain, linker region and middle domain
(Hsp90ONLM; residues Val4-Lys576); and with a
middle domain, C-terminal domain construct
(Hsp90MC; residues Tyr275-Asp723). Figure 4

shows the SEC profiles of mixtures of the different
constructs with Cdc37, all at the same concen-
tration (150 wM). As shown in Figure 4B, from a
comparison of Hsp90ONLM alone (trace b), Cdc37
alone (trace a) and Hsp90NLM mixed with an
equal molar ratio of Cdc37 (trace c), it can be seen
that a single almost symmetrical peak appears for
the mixture with a smaller retention volume than
for Hsp90ONLM. This demonstrates that all of the
protein mixture forms a complex when mixed
at an equi-molar ratio under these conditions.
A similar result was obtained with full-length
Hsp90 and Cdc37 (Figure 4C).

A mixture of Hsp90NL and Cdc37 formed under
the same conditions (Figure 4D, trace c) can also be
seen to produce a peak with a shorter retention
volume and increased absorbance than with either
protein alone, suggesting that a complex is formed
by these two proteins. However, the peak is not
symmetric and the shoulder indicates that the
complex is breaking down to the free components
during the gel filtration experiment. The inter-
action of Hsp90N and Cdc37 is shown in Figure
4E. Notably, the trace of the mixture of Hsp90N
with Cdc37 (Figure 4E, trace c) has two peaks,
which are similar to those of the two individual
proteins (traces a and b), apart from the fact that
the peak corresponding to Hsp90N is slightly
smaller and the peak corresponding to Cdc37 is
slightly larger. However, the retention volumes are
the same and the results suggest that any binding
between these two components is weak. Because
we observed that Hsp90NL forms a weaker com-
plex with Cdc37 in comparison to either
Hsp90NLM or full-length Hsp90, we also investi-
gated whether the middle and C-terminal domains
contained a second binding interface for the inter-
action. To this end, the interaction of Hsp90MC
with Cdc37 was also studied. However, it can be
clearly seen in Figure 4F that the SEC trace of
the mixture of Hsp90MC with Cdc37c (trace c) is
identical to those of the individual proteins (traces
a plus b).

Overall, the results from the SEC analysis pre-
sented in Figure 4 suggest that Hsp90NL com-
prises the smallest fragment that is sufficient for
binding Cdc37, i.e. that both the N-terminal and
charged linker region are required for interaction
of Cdc37 with Hsp90. This conclusion is consistent
with the finding from the limited proteolysis
experiments, in which a fragment comprising the
Hsp90 N-terminal domain and charged linker
region is protected from digestion (Figure 2C).
However, the results also reveal that the middle/
C-terminal domains of Hsp90 play a role in enhan-
cing the interaction.

The N-terminal domain of Hsp90 is sufficient
for binding Cdc37c

The limited proteolysis experiments presented in
Figure 2 revealed that Cdc37c is the Hsp90-binding
domain. We also, therefore, carried out similar SEC
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Figure 5. Analysis of the Hsp90N—-Cdc37c interaction
using SEC. Purified recombinant Hsp90N and Cdc37c
were mixed and incubated prior to separation on a
Superdex S200 P.C. 3.2/30 column. The absorbance
traces are Cdc37c alone (a); Hsp90N alone (b); and a
mixture of Hsp90N and Cdc37c at an equal molar
ratio (c).

experiments for Cdc37c to those described above
for full-length Cdc37. Surprisingly, these showed
that Cdc37c is able to bind to Hsp90N, the isolated
N-terminal domain of Hsp90 (Figure 5). This result
is in marked contrast to the minimal or weak bind-
ing of full-length Cdc37. As expected, Cdc37c also
formed complete complexes with both Hsp90NL
and Hsp90NLM under the same conditions (data
not shown). These results illustrate that Cdc37c
has a much stronger binding capacity toward the
N-terminal domain of Hsp90 than does the full-
length Cdc37. This suggests that the binding of
Cdc37 to Hsp90 is in some way hindered by the
remainder of the molecule.

The middle and C-terminal domains of Hsp90
cannot direct interactions with Cdc37, but
enhance the binding

Further support for the conclusions drawn from
the SEC results and additional insight into the
interaction was obtained through use of a non-
denaturing gel electrophoresis assay, in which
Cdc37 was incubated with the same quantities of
full-length or truncated variants of Hsp90. Figure
6 shows that full-length Cdc37 and Hsp90 almost
completely form a complex (lane 3). Among the
truncated variants, Hsp90NLM and Hsp90NL
partially associate with Cdc37 (indicated by arrows
in lanes 5 and 9), whilst neither Hsp90N nor
Hsp90MC show any sign of interaction with
Cdc37. It should be noted that these experiments
were carried out at lower protein concentrations
than in the SEC analysis (see Materials and
Methods). Thus, weak binding of two proteins,
e.g. that of Hsp90N/Cdc37, as hinted at by SEC
(Figure 4E), might be expected to not be observed
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Figure 6. Analysis of the interaction of Cdc37 with
either full-length Hsp90 or its truncated variants by
non-denaturing (native) PAGE. Cdc37 (70 pM) was
mixed with an equal molar ratio of either the full-length
or truncated versions of Hsp90 and incubated in a Tris—
HCI buffer (pH 8.0), containing fresh 2 mM DTT on ice
for one hour. Either 2l of the individual proteins
(70 uM) or 4 pl of the mixture (70 M) were loaded on
to a 14% Tris—Glycine gel (Novex) and run under non-
denaturing condition as described in Materials and
Methods. The gel was stained with Coomassie Brilliant
Blue. Lane 1, Cdc37. Lanes 2, 4, 6, 8 and 10, either full-
length or truncated versions of Hsp90 (—). Lanes 3, 5, 7,
9 and 11, either full-length or truncated versions of
Hsp90 mixed with an equal molar ratio of Cdc37 (+).
The bands corresponding to complexes are indicated by
arrows (lanes 3, 5 and 9).

by this method. The results of this experiment are
consistent with the data from SEC and, collectively,
they indicate that both the N-terminal domain and
charged linker region of Hsp90 are required for
the interaction with full-length Cdc37.

Interestingly, however, the gel analysis showed
that both Hsp90NL and Hsp90NLM interact more
weakly with Cdc37 than does the full-length pro-
tein, suggesting that the C-terminal domain also
plays a role in the interaction with Cdc37. The
C-terminal domain of Hsp90 is responsible for the
dimerisation of the protein and these results
suggest that Cdc37, which is also dimeric, interacts
with the full length Hsp90 dimer more favourably
than it does with monomeric Hsp90NL and
Hsp9ONLM.

Solution structure of Hsp90 and the
Cdc37/Hsp90 complex

Small angle X-ray scattering (SAXS) is a power-
ful technique for structural analysis (albeit at low
resolution) of proteins in solution. It is well
known that the SAXS pattern is sensitive to the
size and shape of a scattering molecule.* The latter
can be estimated using the radius of gyration (Ry)
along with its maximum diameter (Dmay). In this
study we carried out SAXS measurements of
Cdc37, its Hsp90-binding domain (Cdc37c), Hsp90
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Figure 7. Small-angle X-ray scat-
tering of Hsp90 and Hsp90-Cdc37
complexes. X-ray solution scatter-
ing profiles with error bars for:
(@) Hsp90 in the presence or
absence of either nucleotide or gel-
danamycin (GA); and (b) Hsp90-
Cdc37/Cdc37c complexes with and
without GA. All samples have been
colour-coded and labelled accord-
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with and without nucleotides and the anti-tumour
agent geldanamycin (GA), as well as of complexes
between Hsp90 and Cdc37/Cdc37c in the presence
and absence of GA. The structural parameters R,

Table 1. Structural parameters from solution X-ray
scattering analysis

Protein Ry (A)  Dpu (A)
Cdc37c 16.7 59
Cdc37 434 150
Hsp90 64.6 219
Hsp90 + ADP 63.6 218
Hsp90 + AMP-PCP 63.3 210
Hsp90 + GA 56.7 188

Without GA With GA |
Protein/complex Ry (A)  Dpax (A) Ry (A)  Daax (A)
Hsp90 64.6 219 56.7 188
Hsp90-Cdc37¢ 63.3 201 66.4 245
Hsp90-Cdc37 62.7 200 65.1 225

Errors in the experimental values for radius of gyration (Ry)
and maximum molecular dimension (D,,..) are of the order of
1% and 5%, respectively.

0.04 ingly. For clarity the profiles for

Hsp90-Cdc37 =+ GA  have been

shifted along the vertical axis.

and Dmax deduced from the scattering profiles for
these proteins and protein complexes (see Figure
7) are compiled in Table 1.

Consistent with the fact that the protein was
studied at a concentration well above its Ky, the
scattering results for full-length Cdc37 clearly indi-
cate that it is a non-compact, dimeric molecule.
This conclusion was made by comparing the rela-
tive I,/c values (c =sample concentration) with
proteins of known molecular mass and shape. By
contrast, the Cdc37c fragment can be characterised
as a monomer with compact shape, substantiating
our findings made using SEC. Taken together,
these results indicate that dimerisation of Cdc37 is
not driven by the Hsp90-binding domain and
suggest that polypeptide segments outside this
domain are likely to be important for dimer
formation.

Studies of Hsp90, in its nucleotide-free, ADP-
and AMPPCP- (a non-hydrolysable analogue of
ATP) bound states were performed next. Interest-
ingly, the results showed that the scattering profile
(see Figure 7a), and therefore the solution struc-
ture, of Hsp90 does not change dramatically from
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that of free hsp90 when different nucleotides are
bound. These results are surprising given that
ATP-binding and hydrolysis have been proposed
to cause significant changes in the conformation of
Hsp90.* By contrast, the measurements of Hsp90
with and without GA (see Figure 7a) clearly point
to a conformational shift in going from a less com-
pact nucleotide-free Hsp90 molecule to a more
compact molecule in the GA-bound state, as also
indicated by a substantial reduction of Ry and
Dmax (see Table 1). Notably, the binding of ADP
does not seem to have a similar effect. Because
GA is known to bind to the nucleotide binding
site of the N-terminal domain of Hsp90**° these
results suggest that GA positively affects the inter-
actions of the two N-terminal domains and thus
the overall structure of the Hsp90 dimer. It was
originally proposed that GA binds Hsp90 in an
ADP-like conformation®*’ to stabilise an “open”
conformation of Hsp90. These results suggest
that this may not be the case and that GA
instead stabilises a more compact or “closed”
conformation.

Interestingly, similar scattering studies of the
complexes between Hsp90 and either intact Cdc37
or Cdc37c indicated that the potent influence of
GA on the conformation of Hsp90 is abrogated
when either full-length Cdc37 or its Hsp90-binding
domain (Cdc37c) are bound (see Figure 7b). These
results are consistent with the biochemical experi-
ments that suggest that the binding of a Cdc37
dimer locks the two N-terminal domain/linker
regions in an Hsp90 dimer into a single confor-
mation. Because the same effect is observed with
both the Cdc37c fragment and intact Cdc37, the
results confirm that Cdc37c likely contributes most
of the interaction surface between Cdc37 and
Hsp90. Furthermore, both intact Cdc37 and
Cdc37c appear to induce a small decrease in the
overall size of the two complexes compared to
nucleotide-free Hsp90 (see Table 1), which is con-

sistent with Hsp90 having a more compact struc-
ture when bound to its co-chaperone. Although
the similarity in the scattering profiles in the pre-
sence or absence of GA (of both the Hsp90-Cdc37
and Hsp90-Cdc37c complexes) clearly indicated
that the inhibitor has little effect on the structures
(see Figure 7b), the derived Ry and Dpax values
(see Table 1) did show an increase in the presence
of GA. However, the Ry and Dma.x values are
affected by the scattering behaviour at very low
angles (s < 0.008 A™") and their increased size in
the presence of GA probably reflects a small
amount of aggregation of both Hsp90-Cdc37 com-
plexes in the presence of the inhibitor.

Regulation of Hsp90 ATPase activity by Cdc37
and Cdc37c

Binding and hydrolysing ATP in the N-terminal
domains are essential for Hsp90 function in vivo
and in vitro.>”7 Pearl and co-workers have also
shown that the ATPase activity of yeast Hsp90 is
down-regulated by human Cdc37."> Here, we
investigated whether Cdc37 modulates the ATPase
activity of human Hsp90. To address this, the
ATPase activity of human Hsp90 was measured in
both the presence and absence of Cdc37/Cdc37c
using a sensitive assay for the detection of inor-
ganic phosphate.** p23, a Hsp90 co-chaperone
with known inhibitory ATPase activity,' was
employed as a control. Figure 8 shows that the
ATPase activity of Hsp90 was reduced in the
presence of a tenfold molar excess of either Cdc37
or Cdc37c, in a similar manner to that of p23.
However, the Hsp90 ATPase activity was reduced
twofold more in the presence of Cdc37c than it
was by the full-length Cdc37, in agreement with
the observation that Cdc37c binds more tightly
than full-length Cdc37 to the N-terminal domain
of Hsp90.

1.2

Fraction Hsp90 ATPase activity

Hsp90

+ Cdc37

+ Cdc37¢

+p23

Figure 8. Inhibition of Hsp90
ATPase activity by Cdc37 and
Cdc37c. The ATPase activity of
human Hsp90B (4 pM) with or
without addition of co-chaperones.
Lane 1, Hsp90 alone. Lane 2,
Hsp90 in the presence of a tenfold
molar excess of Cdc37. Lane 3,
Hsp90 in the presence of a tenfold
molar excess of Cdc37c. Lane 4,
Hsp90 in the presence of a fivefold
molar excess of p23.
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Discussion

We report here a biochemical analysis of the
interaction of human Cdc37 and Hsp90B in vitro.
In agreement with a sequence alignment-derived
prediction® as well as a recent study®’, limited pro-
teolysis revealed that Cdc37 contains three defined
domains. The central region of the protein, resi-
dues 147-276, is a structurally stable domain,
which is resistant to proteolytic digestion. Residues
in the N and C-terminal regions (residues 1-146
and 277-378, respectively) are much less resistant
to proteolytic cleavage, an indication that these
two regions have a less compact structure. In
addition, limited proteolysis of the Cdc37-Hsp90
complex revealed that this central domain of
Cdc37, referred to here as Cdc37c, is responsible
for the physical interaction with Hsp90. This iden-
tified Hsp90-binding domain is some 27 residues
shorter than that defined previously (residues
127-283),°! probably because the proteins were
digested under more stringent conditions in our
study (non-specific enzyme and incubation at
room temperature for up to 1.5 hours). This
approach allowed us to identify the minimal struc-
tural domain of Cdc37 that is required for binding
to Hsp90, which we have subsequently crystallised
(M.H. and W.Z., unpublished results). SEC, AUC
and SAXS studies showed that the intact Cdc37
protein forms a dimer with a K4 of around 80 pM
whereas Cdc37c, the Hsp90-binding domain, is
monomeric in solution. This suggests that regions
outside of the Hsp90-binding domain are import-
ant for the dimerisation of Cdc37.

Using fluorescence spectroscopy we determined
that the in vitro binding affinity between intact
Cdc37 and human Hsp90 (high protein, low salt
concentrations) has a Kq of about 4.0 pM. This is
consistent with an earlier study, which showed
that yeast Hsp90 binds human Cdc37 slightly
more tightly'? than we find the human Hsp90
does. Identification of the Cdc37-binding domain
in Hsp90 using SEC and non-denaturing PAGE
analysis showed that Cdc37 interacts with the
N-terminal domain and charged linker region of
Hsp90. These results were also supported by the
limited proteolysis experiments, which showed
that the N-terminal domain and charged linker
region are protected from enzyme digestion when
in a complex with Cdc37.

As discussed in Introduction, an earlier study
suggested that Cdc37 binds to a site at the C termi-
nus of Hsp90, adjacent to the TPR binding site,
because Hop was able to compete with the binding
of Cdc37 to Hsp90.** However, we could not ident-
ify any interaction of either Cdc37 or Cdc37c with
the middle plus C-terminal domain construct of
Hsp90. Recently, however, it has been shown that
Hop binds not only to the C-terminal TPR domain
binding site, but also to the N-terminal domain of
Hsp90."® Thus, the earlier observation that Hop
competes with Cdc37 for binding to Hsp90*
appears to be due to competition for binding to

the N-terminal rather than C-terminal regions of
Hsp90. In addition, it has also been shown that
Cdc37 can interact directly with yeast Hop, which
may also be the basis of the observed binding
competition to Hsp90.*

Limited proteolysis of the Cdc37-Hsp90 com-
plex and Hsp90 alone were very similar to each
other, suggesting that the binding of Cdc37 does
not cause major structural rearrangements in either
Hsp90 or Cdc37. Using native state mass spec-
trometry we found that a Cdc37 dimer interacts
with an Hsp90 dimer. This result is consistent
with the non-denaturing PAGE analysis, which
showed that the C-terminal domain of Hsp90,
which is responsible for dimerisation of
Hsp90,%***” increases the binding of Cdc37. This
presumably occurs because in an Hsp90 dimer
the local concentration of the two N-terminal
domain/linker regions is increased, thereby
favouring binding of a Cdc37 dimer.

Small angle X-ray scattering studies of Cdc37,
Cdc37c and their complexes with Hsp90 confirmed
and extended these conclusions. As discussed
above, the SAXS studies confirmed that intact
Cdc37 is dimeric, whereas Cdc37c, the Hsp90-
binding domain, is monomeric. The SAXS studies
also showed that GA, a natural product inhibitor,
significantly affects the structure of Hsp90 dimers
in solution, producing a more compact shape.
Due to the nature of solution X-ray scattering
experiments, we have not thus far been able to dis-
tinguish between a mixture of conformations or a
unique conformation of Hsp90 dimers in solution.
However, bearing in mind the limited proteolysis
studies presented here and elsewhere,® which
suggest the presence of flexible linker regions in
Hsp90 connecting the N-terminal/middle domains
and the middle/C-terminal domains, it is most
likely that our derived structural parameters are
representative of a mixture or equilibrium of con-
formational states. Nevertheless, the change of
structural quantities such as Ry and Dpayx indicates
a clear shift in the equilibrium, i.e. moving from
one ensemble of conformations to another with
different structural characteristics.

It has been shown by structural and biochemical
analysis that the N-terminal domains of Hsp90
contain sites for ATP binding and hydrolysis***®
that are crucial for Hsp90 function in vitro and in
vivo. ATP-binding and hydrolysis by Hsp90 are
believed to be coupled to conformational changes
that lead to the transient association (dimerisation)
of the two N-terminal domains in the dimeric
Hsp90.#* GA binds to the ATP-binding site in the
N-terminal domains of Hsp90. Although we could
not demonstrate that binding of either ADP or an
ATP analogue affect the structure of Hsp90
(suggesting that they have a more minor effect),
the SAXS experiments did suggest that GA favour-
ably influences the interactions between the two
adjacent N-terminal domains in an Hsp90 dimer
to produce a more compact shape. Most interest-
ingly, binding of either intact Cdc37 or Cdc37c
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abrogated this effect of GA. This result suggests
that when Cdc37 binds Hsp90 it locks the confor-
mation of the two Hsp90 N-terminal domains
in one position preventing an effect by GA on
the Cdc37-Hsp90 complex. This conclusion is
consistent with the biochemical experiments,
where binding of a Cdc37 dimer to the two
N-terminal domain/linker regions in Hsp90
would be expected to lock the N-terminal domains
in a particular conformation. It is also consistent
with the small decrease in overall size of both the
Hsp90-Cdc37 and Hsp90-Cdc37c complexes,
compared to free Hsp90, which further indicate
that Hsp90 has reduced conformational flexibility
when bound to its co-chaperone. Finally, because
both intact Cdc37 and Cdc37c have the same effect
in the SAXS studies reported here, it is likely that
Cdc37c provides most of the interaction surface
with Hsp90.

These results of our work when considered
together suggest a model for the interaction of
Cdc37 with Hsp90 (see Figure 9), whereby a
Cdc37 dimer binds the two N-terminal domain/
charged linker regions in an Hsp90 dimer, fixing
them in a single conformation. This mode of bind-
ing nicely explains all the experimental results
that we have observed. In particular, it explains
why the C-terminal domain of Hsp90 enhances,
by stabilisation of the Hsp90 dimer, the binding of
Cdc37. Moreover, it also explains why the binding
of Cdc37 inhibits the ATPase activity of Hsp90,
because binding of Cdc37 inhibits the proposed
ATPase cycle of Hsp90 by fixing the N-terminal
domains of Hsp90 in a particular conformation. In
considering this model it should be noted that in
both our own and previous studies' the Ky for
dimerisation of Cdc37 is lower than that for
Cdc37-Hsp90 assembly. This suggests that Cdc37

Figure 9. Model for the interaction of
Hsp90 with Cdc37 and the mechanism of
inhibition of Hsp90 ATPase activity. Each
subunit in the Hsp90 homodimer consists
of three domains: an N-terminal nucleo-
tide binding domain (N); a middle
domain (M), which is separated by a flex-
ible charged linker region (L); and a
C-terminal dimerisation domain (C). The
current model for the mechanism of ATP
hydrolysis by Hsp90 proposes that tran-
sient association of the N domains and
intra-subunit N and M domain inter-
actions are important for activity.*® Upon
binding either ADP or ATP, Hsp90 adopts
a range of conformational states due to
the inherent inter-domain flexibility.
Geldanamycin (GA), which binds to the
ATP binding site, locks Hsp90 into a more
compact and inhibited conformation. A
Cdc37 dimer interacts with the two N/L
domains via its central (c) domains and
also prevents N-terminal domain inter-
actions critical for ATP hydrolysis.

may not assemble on to Hsp90 as a pre-formed
dimer (as shown for clarity in Figure 9), but that
instead the binding of Cdc37 to Hsp90 (which has
greater affinity) may promote Cdc37 dimerisation.

In addition to the N-terminal domain the
charged linker region of Hsp90, which is the least
conserved part of Hsp90, is also required for the
association of Cdc37. This region has been shown
to have a role in modulating the nucleotide bind-
ing affinity of the N-terminal domain,® and it is
believed that it provides a hinge that allows the
two N-terminal domains to open and close during
the hydrolysis of ATP and when releasing or
reloading client protein substrates. Binding of
Cdc37 to the charged linker region, in addition to
the N-terminal domains, might also help to restrict
the movement of N-terminal domains, which are
directly clamped in one conformation by their
binding to Cdc37. The SAXS studies suggest that
the structure of the resulting Cdc37-Hsp90 com-
plex is intermediate in compactness between that
of the isolated Hsp90 and the more compact
Hsp90-GA complex.

As mentioned above, in the Hsp90-dependent
steroid hormone receptor pathway, Stil, the yeast
analogue of human Hop, has been shown to inter-
act with both the N and C-terminal regions of
Hsp90."” The interaction site in the N terminus of
Hsp90 is within the first 24 amino acid residues, a
region that has also been suggested to be important
for N-terminal domain dimerisation.*” Cdc37 and
Hop/Stil share many common features; both play
a role as scaffold proteins in the recruitment of
client protein substrates, both are dimers, and
both directly interact with Hsp90 in a salt-depen-
dent manner."**®* However, most importantly, both
are inhibitors of the Hsp90 ATPase activity.'>"
Buchner et al."® have proposed that one of the
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functions of Stil/Hop is to regulate the Hsp90
ATPase activity by preventing the association of
the N-terminal domains. Our work suggests that
Cdc37 shares this mechanism. Future work needs
to address how Cdc37 binding and inactivation of
Hsp90, shown here, helps recruit client proteins
onto Hsp90 for subsequent activation.

After this manuscript had been completed, Roe
et al>' published the crystal structure of a complex
of the C-terminal fragment of human Cdc37 (resi-
dues 138-378) bound to the N-terminal domain of
yeast Hsp90 (residues 1-208). The conclusions
that they draw from their work are broadly similar
to our own, although we find that both the
N-terminal domain plus the adjacent charged
linker region of human Hsp90B are required for
the interaction with intact Cdc37. In addition, in
the crystal structure Cdc37 forms homodimeric
contacts with a symmetry-related molecule in the
crystal; these interactions all involve residues, e.g.
a helix-loop-helix motif (residues 240-254), which
are present in our Hsp90-binding fragment,
Cdc37c. However, our studies point to this Cdc37c
fragment being monomeric in solution and suggest
instead that residues outside the Cdc37c domain
are required for dimerisation. Further experiments,
and very likely the structure of the complex of
Cdc37 with human Hsp90, will be needed to
understand these observed differences.

Materials and Methods

Plasmid construction

Full-length human Cdc37" and human Hsp90p in a
pET14b vector were used as templates in the polymerase
chain reactions described below. To construct Cdc37¢, the
region encoding the central domain of human Cdc37
(amino acid residues 147-276) was amplified using a for-
ward primer 5-CCGGGATCCAAACACAAGACCTTC-
3 and a reverse primer 5-CGCGAATTCTCACTTCATG
GCCTTCTC-3'. The PCR fragment was cloned in-frame
between the BamHI/EcoRI sites of the pGEX-2T vector
(Pharmacia). For the construction of Hsp90NL, the DNA
fragment encoding the N-terminal domain plus charged
linker region (amino acid residues 4-261) of Hsp90 was
amplified using a forward primer (N1) 5-CCGGGATCC
GTGCACCATGGAGAGGAG-3 and a reverse primer
5-CGCGAATTCTCAACCGCTGTCATCCTCCTC-3'. For
the construction of Hsp90N, the region encoding the
N-terminal domain (amino acid residues 1-222) of
Hsp90 was amplified with the forward primer 5-CCGG
GATCCCCTGAGGAAGTGCACCAT-3' and a reverse
primer  5-CGCGAATTCTCACTTCTCTCGTTCCTT-3'.
The PCR fragments of Hsp90NL and Hsp90N were both
cloned into the BamHI/EcoRI sites of the pGEX-2T vec-
tor. For the construction of Hsp90NLM, the sequence
encoding the N-terminal domain, charged linker and
middle domain (amino acid residues 4-576) was ampli-
fied with a forward primer 5CCGGGATCCCATATGGT
GCACCATGGAGAGGAG-3 and a reverse primer
5-CGGCTCGAGTCACTTCTCAACCTTCTTATC-3'. The
PCR fragment was cloned into the Ndel/Xhol sites of
the pET16b vector (Novagen). For the construction
of Hsp90MC, the sequence encoding the middle and

C-terminal domains (amino acid residues 275-723) was
amplified with a forward primer 5-GCACAGCCGCA
TATGGGATCCTACATTGATCAGGAA-3' and a reverse
primer 5-GCGAGATCTTTAATCGACTTCTTCCATGCA-
3. The PCR fragment was digested with Ndel/BglIl
and cloned into the Ndel/BamHI sites of the pET16b
vector. All the constructs were verified by DNA
sequencing.

Protein expression and purification

All full-length proteins and their truncated variants
were expressed in E. coli strain BL21(DE3) at 37 °C in LB
media and induced with 0.4 mM isopropyl-thiogalacto-
side (IPTG). The cells were lysed by sonication in buffer
A: 25mM Tris—HCI (pH 8.0), 100 mM NaCl, 1 mM
dithiothreitol (DTT). The insoluble cell debris was
removed by centrifugation. For purification of gluta-
thione-S-transferase (GST) fusion proteins, the cleared
supernatant was applied to glutathione—agarose resin
(Amersham Pharmacia Biotech) which was pre-equili-
brated with buffer A. The unbound proteins were
removed by washing with buffer A and the bound GST-
fusion proteins were eluted with buffer A containing
10 mM reduced glutathione (Sigma). The eluted fusion
proteins were buffer-exchanged into thrombin cleavage
buffer: 50mM Tris—-HCl (pH 8.4), 150 mM NaCl,
2.5mM CaCl, by dialysis. GST was cleaved from the
fusion protein with thrombin, at a ratio of one unit
of enzyme per milligram of fusion protein at room
temperature for two hours. Subsequently, GST was sepa-
rated from the protein of interest by anion exchange
chromatography on a Mono Q HR10/10 column (Amer-
sham Pharmacia Biotech) with a linear gradient of
0-1M NaCl in Tris—HCI (pH 8.0) buffer over 180 ml.
The pooled protein fractions were further purified by
gel filtration on a Superdex 200 HR 16/60 column
(Amersham Pharmacia Biotech) in 25 mM Tris—HCI (pH
8.0) 25 mM NaCl, 1 mM DTT. Fractions containing pro-
tein were pooled, concentrated and either immediately
used for the experiments or stored at —80 °C. For the
His-tagged full-length or truncated variants of human
Hsp90, the purification procedure was similar to that of
the GST fusions described above. However, in this case
the cleared supernatants were applied to a Ni**-NTA
affinity resin (Qiagen), washed with buffer A, eluted
with buffer A containing 250 mM imidazole, and puri-
fied using a combination of anion exchange chroma-
tography on a Mono Q HR10/10 column and size-
exclusion chromatography on a Superdex 200 HR 16/60
column. Expression and purification of human p23
protein was described by McLaughlin et al.™

Determination of K, using fluorescence
spectroscopy

Binding of increasing concentrations of Cdc37 (0-
70 pM) to (15 pM) human Hsp90 in 25 mM Tris—HCl
(pH 8.0), and 25mM NaCl was monitored by fluor-
escence spectroscopy with excitation at 280 nm and
emission at 340 nm using a Perkin—Elmer LS55 spectro-
fluorimeter in a 1cm path length cuvette. The final
titration volume was less than 15% of the initial volume.
The fluorescence of increasing concentrations of Cdc37
was also monitored and the fluorescence change (AF) of
Cdc37 on binding to Hsp90 was calculated by subtract-
ing the two sets of titrations. Using a single-binding site
model, where the concentration of the Cdc37-Hsp90
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complex is directly proportional to the change in fluor-
escence (AF), the data where fitted to the following
equation:

AF = [L]AFmax/(IL] + Kq) )

where [L] is Cdc37 concentration and Ky is the
dissociation constant. The Ky value was calculated
graphically using the KaleidaGraph (Synergy Software,
Inc.) software.

Analytical ultracentrifugation (AUC)

Sedimentation equilibrium analysis was performed
using a Beckman Optima XL-I analytical ultracentrifuge
equipped with absorbance optics, using an An-60Ti
rotor at 4 °C. Cdc37 was dialysed against 25 mM Tris—
HCl (pH 8.0), 25mM NaCl, 2mM Tris (2-carboxy-
ethyl) phosphine, (TECP). Three samples were run
simultaneously with initial uniform protein concen-
trations giving an A (1 cm path length) of 0.2, 0.3, and
0.5, respectively. Dialysis buffer was used as a blank
reference. Data were collected at equilibrium for four
different angular velocities: 13,200 rpm, 14,500 rpm,
16,000 rpm and 18,700 rpm. The concentration was
measured as a function of radial position and absorbance
at 280 nm. Data points were 0.001 cm apart and the final
data were an average of five measurements. Data analy-
sis was performed using WinNonlin 1.06.> Values for
the solvent density and protein partial specific volume
of 0.7232 ml/g and 1.00175 ml/g, respectively, were cal-
culated using Sednterp (University of New Hampshire).
The Ky obtained from this analysis was calculated based
on an extinction coefficient of 50,420 M 'cm™! for
Cdc37. Only data points with A, values between 0.1
and 1.0 were included in the analysis.

Size-exclusion chromatography (SEC)

Either 20 pl containing a single protein or 40 pl of a
mixture of two proteins (at a final protein concentration
of 150 pM) were loaded onto a Superdex 200 PC 3.2/30
analytical column (Amersham Pharmacia Biotech) pre-
equilibrated with buffer A at 4°C on a Smart System
(Amersham Pharmarcia Biotech). Fractions of 80 pl
were collected at a flow-rate of 40 pl/minute, and
absorbance was measured at 280 nm.

Polyacrylamide gel electrophoresis

For denaturing conditions, protein samples were
heated in SDS and loaded on to 4-12% (w/v) NuPAGE
gels and run under the conditions recommended by the
manufacturer (Novex). For non-denaturing (native) gels,
purified proteins were diluted to a final concentration of
70 pM in buffer A containing 1 mM fresh DTT. Protein
samples were incubated on ice for one hour, mixed with
native gel loading buffer and loaded on to a 14% Tris—
Glycine gel (Novex). The gel was run under non-dena-
turing (native) conditions, following the recommen-
dation of the manufacturer (Novex). Both denaturing
and non-denaturing gels were stained with Coomassie
Brilliant Blue.

Limited proteolysis
Purified His-tagged Hsp90, non-tagged Cdc37 and

Hsp90-Cdc37 complexes were subjected to proteolytic
digestion by Subtilisin (Sigma) using 0.5% (w/w) of

enzyme-substrate at room temperature in buffer A. At
each time point, aliquots of digested samples were
boiled in SDS-loading buffer to stop the reaction and
analysed on a 4-12% NuPAGE gel.

ATPase assay

ATPase activities of 4 pM purified human Hsp90pB in
the absence or in the presence of 40 uM of Cdc37 or
Cdc37c or 20 pM of p23 were measured using a fluor-
escence-based assay involving the phosphate binding
protein as described.’*** All activities are the averages
of three or more separate experiments.

Small-angle X-ray scattering experiments (SAXS)

SAXS data were collected at three different synchro-
tron radiation facilities, at beamline ID02 of the ESRF*®
at beamline BL45XU of SPring-8>* and at station 2.1 of
the Daresbury SRS.® Whereas the former two are opti-
mized for an X-ray wavelength of 1A, the camera at
SRS station 2.1 is operated at a wavelength of 1.54 A.
CCD detectors with X-ray image intensifiers are in use
at beamlines BL45XU and ID02. Station 2.1 is equipped
with a gas-filled 2D wire chamber. On all three
SAXS cameras the intensity of the incident X-rays was
monitored by an ionisation chamber installed in front of
the sample which was contained in a beamline-specific
standard sample cell. Protein concentrations of 4 mg/ml
were used in the presence or absence of nucleotide or
inhibitors at least five times the concentration of the
binding constants. Reduction of the 2D-SAXS patterns
of samples and corresponding buffers to 1D scattering
profiles was performed using established procedures
developed and available at each of the three beamlines.
Due to the high X-ray flux from the two third-generation
synchrotron sources, the data acquisition time was
divided in frames of 1 second compared to 60 seconds
at station 2.1 of the Daresbury SRS in order to monitor
radiation damage (buffer and sample were measured in
alternation). Sample-to-detector distances were con-
figured so as to cover the low angle region charac-
terised by the momentum transfer interval of
0.002 A" =5 =0.045 A" for all three experimental set-
ups. The modulus of the momentum transfer is defined
as s=2sin ®/\, where 20 is the scattering angle.
Reduction and analysis of 1D scattering data sets were
performed as described.® Radius of gyration (R),
forward scattering intensity (I,) and the intraparticle dis-
tance distribution function p(r) were calculated from the
experimental scattering data using the indirect Fourier
transform method as implemented in the program
GNOM.% The maximum linear dimension D,y of the
particle can be evaluated owing to the characteristic of
p(r). In order to check the consistency of the results radii
of gyration were also determined from the very low
angle profiles by using the Guinier analysis based on
the approximation:

InI(s) = In I, — 4w’ R%s”/3 2)
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