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Background: Cdc37 is a kinase-specific co-chaperone inhibiting the ATPase activity of Hsp90.
Results: Caenorhabditis elegans Cdc37 binds to the M-domain of Hsp90, exposing a novel functional interaction site.
Conclusion: Inhibition of Hsp90 by Cdc37 is caused by conformational restriction of the N-M domain motility.
Significance:Understanding the Cdc37-Hsp90 interaction improves also the knowledge on kinase activation, the main reason
for the focus on Hsp90 in cancer research.

The ATPase-driven dimeric molecular Hsp90 (heat shock
protein 90) and its cofactorCdc37 (cell division cycle 37protein)
are crucial to prevent the cellular depletion of many protein
kinases. In complex with Hsp90, Cdc37 is thought to bind an
important lid structure in the ATPase domain of Hsp90 and
inhibit ATP turnover by Hsp90. As different interaction modes
have been reported, we were interested in the interactionmech-
anism of Hsp90 and Cdc37.We find that Cdc37 can bind to one
subunit of theHsp90 dimer. The inhibition of the ATPase activ-
ity is caused by a reduction in the closing rate of Hsp90 without
obviously bridging the two subunits or affecting nucleotide
accessibility to the binding site. Although humanCdc37 binds to
the N-terminal domain of Hsp90, nematodal Cdc37 preferentially
interacts with themiddle domain of CeHsp90 and hHsp90, expos-
ing two Cdc37 interaction sites. A previously unreported site in
CeCdc37 is utilized for the middle domain interaction. Dephos-
phorylation of CeCdc37 by the Hsp90-associated phosphatase
PPH-5, a step required during the kinase activation process, pro-
ceeds normally, even if only the new interaction site is used. This
shows that the second interaction site is also functionally relevant
and highlights that Cdc37, similar to the Hsp90 cofactors Sti1 and
Aha1,mayutilize twodifferent attachment sites to restrict thecon-
formational freedom and the ATP turnover of Hsp90.

Molecular chaperones, as the highly conserved Hsp90 (heat
shock protein 90), are responsible for protein folding, cell sig-
naling, and the assembly ofmultiprotein complexes (1, 2).More
than one hundred cellular proteins were identified as clients of
Hsp90 ((3) and the laboratory of Didier Picard). Hsp90 clients
originate from distinct protein classes: transcription factors
such as p53 or steroid hormone receptors and kinases such as

Src, Raf, and many others (4–7). The activation and stabiliza-
tion of these client proteins makes Hsp90 itself an interesting
drug target for the treatment of cancer and other diseases, in
which Hsp90 clients are involved.
In the cytoplasm of vertebrates, two distinct isoforms of

Hsp90 exist: an inducible form (Hsp90�) and a constitutively
expressed form (Hsp90�) (8, 9). The same is true for Saccharo-
myces cerevisiae (S. cerevisiae) encoding the isoforms Hsc82
and Hsp82. Caenorhabditis elegans (C. elegans) instead
expresses only one gene for cytosolic Hsp90 (DAF-21) (10). All
Hsp90 proteins, from bacteria to mammals, share a common
domain organization and are able to hydrolyze ATP after dis-
tinct conformational changes (9, 11). Each subunit of theHsp90
dimer consists of an N-domain, an M-domain, and a C-termi-
nal domain. TheN-domain contains the nucleotide binding site
and is connected by a long linker sequence to the M-domain.
The C terminus is the dimerization site of Hsp90. The chaper-
one itself is a very slow ATPase, with yeast Hsp90 hydrolyzing
one unit of ATP/min (12) and human Hsp90 hydrolyzing only
0.05 units of ATP/min (13). Nevertheless, the ATPase cycle is
conserved fromHtpG of Escherichia coli to humanHsp90 (9, 14).
ATP binding leads to rearrangements of the three domains from
an open V-shaped conformation to a closed conformation. At the
beginning of this process, a short segment of the N-domain, the
ATP lid, flapsover theATPbindingpocket to initiate the assembly
of the catalytic center (15). The ATPase activity of Hsp90 and cli-
ent binding is affected by co-chaperones. These cofactors can be
grouped in tetratricopeptide repeat domain containing co-chap-
erones such as Sti1 and protein phosphatase 5 (PPH-5)2 and non-
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tetratricopeptide repeat containing co-chaperones such as p23/
Sba1, Aha1, and Cdc37.
Cdc37 is a kinase-specific co-chaperone, which is required to

assemble stableHsp90-kinase complexes. Cdc37 itself becomes
phosphorylated at Ser-14 during kinase turnover by casein
kinase 2� (16–18). Additionally, Cdc37 is inhibiting the
ATPase activity of Hsp90 (19). It is known that the N-terminal
part of Cdc37 is responsible for kinase binding and the middle
domain forHsp90 interaction,whereas theC-terminal part is of
unknown function (20). A binding site between yeast Hsp90
and human Cdc37 could be identified based on a crystal struc-
ture of a truncation mutant of human Cdc37 (hCdc37, amino
acids 138–378) and theN-terminal domain of yeastHsp90 (21).
Further contacts between other domains of both proteins
remain elusive. Surprisingly, however, yeast Cdc37 does not
bind yeast Hsp90 in the normal concentration range (19, 21),
implying that certain features of the interaction are only weakly
conserved.
Currently, different mechanisms for the inhibitory function

of Cdc37 toward Hsp90 are discussed. On the one hand, it is
assumed that Cdc37 positions itself in between the two Hsp90
subunits and prevents the closing of the N-terminal domains,
leading to disruption of ATP turnover (21, 22). On the other
hand, there are hints that Cdc37 is located at the outer surface
ofHsp90 (23). To get amore detailed viewof the interaction site
of Cdc37 and the conformational rearrangements upon Hsp90
binding, we investigated these questions for Cdc37 proteins
from nematodes and humans.

EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and Purification—The C. elegans
homolog proteins of Cdc37 (CDC-37,W08F4.8), Hsp90 (DAF-
21, C47E8.5), and all of their truncation mutants, as well as
Aha1 (C01G10.8) and PPH-5 (Y39B6A.2) were obtained as
described previously (24, 25). The same is true for human
Hsp90 and its variants (9), Aha1, Cdc37, and its variants and for
yeast Hsp90 (26). All proteins were cloned in an E. coli expres-
sion vector and purified with a His6 tag. Transformed BL21-
CodonPlus (DE3)RIL cells were grown to an A600 of 0.8, and
expression was induced with 1 mM isopropyl 1-thio-�-D-galac-
topyranoside. Thereafter, the cells were harvested and lysed
using the TS 0.75 cell disruption instrument (Constant Sys-
tems, Ltd., Northants, UK). TheHis6-tagged proteinswere then
purified with three columns. Initially proteins were applied
onto a HisTrap 5-ml column (GE Healthcare), and eluted with
300 mM imidazole. ResourceQ ion exchange chromatography
was used as a second purification step and size exclusion chro-
matography was used as a third step on either a Superdex 75 or
200HiLoad column (bothGEHealthcare)were performed. The
proteins were then dialyzed against their storage buffer (40 mM

HEPES/KOH, pH 7.5, 20 mMKCl, 1 mMDTT). Concentrations
of frozen protein aliquots were in between 50 and 300 �M.
ATPase Activity Assay of Hsp90—The ATPase activity of

Hsp90 in absence andpresence of co-chaperoneswasmeasured
with an ATP regenerating system described previously (12).
The ATPase premix contains phosphoenolpyruvate, NADH,
L-lactate dehydrogenase, and pyruvate kinase (Roche Applied
Science).Measurementswere carried out in standard buffer (40

mM HEPES/KOH, pH 7.5, 20 mM KCl) and 5 mM MgCl2 at
30 °C. The Hsp90 concentration was 3 �M in the reaction mix-
ture, whereas the concentration of the added co-chaperones
was 15 �M. To detect background activities, the specific Hsp90
inhibitor radicicol (Sigma-Aldrich) was added toward the end
of the measurements, and the remaining background was sub-
tracted. The specific ATPase activity ofHsp90was calculated as
described previously using theOrigin software (OriginLab) and
Equation 1.

Activity[min�1] �
�dA340 � dA340,background�/dt

���NADH� � ��NAD��� � c[ATPase]

(Eq. 1)

Analytical Ultracentrifugation with Labeled Cdc37—Human
and nematodal Cdc37 were labeled with Alexa Fluor 488
C5-maleimide (Invitrogen). Label was added in 3-fold molar
excess to 1.0 mg/ml protein in a buffer containing 40 mM

HEPES/KOH, pH 7.5, and 20mMKCl. After an incubation time
of 1 h at 20 °C,DTTwas added to a final concentration of 20mM

to stop the reaction. Free label was separated from the labeled
protein using a Superdex 75HR column (GE Healthcare). The
labeling efficiency and concentration of the labeled protein
were determined with the following equation. A280 is the
absorbance of the protein at 280 nm, Amax is the absorbance of
the dye at its absorption maximum, CF280 (the correction fac-
tor) is 0.11, and �dye is 71000 M�1 cm�1 according to the man-
ufacturer.

Aprot � A280 � Amax � CF (Eq. 2)

DOL �
Amax

[protein] � �dye
(Eq. 3)

Measurements were performed in a Beckman ProteomeLab
XL-A with a fluorescence detection system (Aviv Biomedical,
Lakewood, NY) and a Ti-50 rotor (Beckman-Coulter) at 20 °C
and 42,000 rpm. Labeled Cdc37 was applied at a concentration
of 500 nM in combinationwith unlabeled putative binding part-
ners (3 to 10 �M) and if applicable with nucleotide (4 mM).
Evaluations were done using dc/dt analysis as described (27).
To obtain the s20,w values, the plots were fittedwithGaussian or
bi-Gaussian functions.
Fluorescence Resonance Energy Transfer Measurements—

FRET measurements were performed as described elsewhere
(26). We used N-terminal labeled yeast Hsp90 in which an Asp
at position 61 was mutated to Cys. As an acceptor, the fluores-
cent dye ATTO-550-maleimide (ATTO-Tec GmbH, Siegen,
Germany) and as a donor ATTO-488-maleimide was coupled
to yHsp90. Analyses were carried out in a 40 mMHEPES/KOH,
pH 7.5, 20 mM KCl, and 5 mM MgCl2 buffer at 30 °C in a Fluo-
romax 3 fluorescence spectrophotometer (Horiba JobinYvon,
Kyoto, Japan). Fluorescently labeled proteins were applied at
200 nM each, and kinetics were measured in absence and pres-
ence of hCdc37. In case of the subunit exchange the hCdc37
concentration was 10 �M. Subunit exchange was initiated by
adding a 10-fold excess of unlabeled yeast Hsp90. TheN-termi-
nal closing reaction of Hsp90 was initiated with 2 mM ATP�S
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and the closing ratewasmeasured in the presence of 3, 6, and 10
�M of the co-chaperone.
Kinetics of Nucleotide Binding—Stopped flowmeasurements

were performedwith a Biologic SFM-400 instrument (BioLogic
Science Instruments, Claix, France) and the fluorescent nucle-
otide analog adenosinetriphospho-�-(N�-methylanthraniloyl-
aminobutyl)-phosphoramidate (P�MABA-ATP) (28). The
binding of nucleotide to Hsp90s was measured with variable
P�MABA-ATP concentrations at an excitation wavelength of
362 nm and detection of emission with a Photomultiplier tube
and long-pass filter with 400 nm cut off (400FG03-25, LOT
Oriel Group). The sample reservoirs and detection cell were
thermostatted to an average temperature of 21.8 � 0.3 °C. The
protein concentrations in the reservoirwere 6�MHsp90 and 21
�M Cdc37. These solutions were diluted 3-fold upon mixing
with various concentrations of P�MABA-ATP. The resulting
time traces were analyzed with a single exponential equation
with the Program Grafit (version 7.0; Erathicus, Ltd.), and the
resulting observed rate constants (�) were plotted versus the
nucleotide concentration. The resulting straight line indicates
the rate constant for association (kon) from the slope and rate
constant for dissociation (koff) from the intercept with the y axis
(28). The resulting dissociation constant KD,calc could be calcu-
lated from koff/kon.
Radioactivity Dephosphorylation Assay—Radioactive phos-

phorylated proteins were obtained as described previously (15).
CeCdc37 was phosphorylated with [�-32P]ATP using 0.1 milli-
units of casein kinase 2� at 30 °C for 180 min. Remaining ATP
was hydrolyzed by addition of apyrase for 30min at 30 °C. Phos-
phorylated CeCdc37 was then incubated with 3 �M of either
CeHsp90, CeHsp90-MC, CeHsp90-C or CeHsp90-	MEEVD
and 2 �M PPH-5 at 20 °C. After 10 and 60 min, samples were
taken, and dephosphorylation was stopped by addition of
Laemmli buffer (29) and boiling at 95 °C for 5 min. The relative
degree of phosphorylation of CeCdc37 was analyzed by SDS-
PAGE followed by phosphoimaging on a Typhoon 9200 Phos-
phoimager (Amersham Biosciences, Freiburg, Germany).

RESULTS

Hsp90-hCdc37 Complexes Show Conserved ATPase Inhibition—
We had previously investigated the interaction between
C. elegansHsp90 (CeHsp90) and its endogenous co-chaperone
CeCdc37 (25). There, we had observed an interaction of
CeCdc37 with the open and closed conformation of Hsp90,
which deviates from interaction modes observed for other
eukaryotic Hsp90 systems. We thus aimed at gaining more
information on the interaction sites between Hsp90 and Cdc37
also in the human Hsp90 system (hHsp90 and hCdc37,
respectively).
Initially, we checked whether there is a cross-species reactiv-

ity between human,C. elegans, and yeast proteins, which can be
expected based on the high homology of Hsp90s. Therefore, we
labeled hCdc37 with Alexa Fluor 488 (*hCdc37) and subjected
it to analytical ultracentrifugation (aUC) in the absence and
presence of Hsp90 of these three organisms. Indeed we could
observe a similar interaction in all three cases (Fig. 1A), imply-
ing that the homology between eukaryotic Hsp90 is sufficiently
high to interact in a conserved manner.

We further tested whether the ATPase activity of the non-
human Hsp90s is inhibited by hCdc37. To this end, the Hsp90
proteins from C. elegans and yeast were used, and changes of
their activity were recorded in the presence of hCdc37 (Fig. 1B).
As reported previously (19, 21), hCdc37 suppressed theATPase
activity of yHsp90, but additionally, it could also suppress the
ATPase activity of CeHsp90. These findings point out that
Hsp90 proteins are sufficiently conserved to interact with
Cdc37 from different species.
hCdc37 Influences Conformational Changes of Hsp90—Hav-

ing shown that ATP turnover is strongly affected in the pres-
ence of hCdc37, we aimed at further defining the mode of
ATPase inhibition in Hsp90-hCdc37 complexes. Thus, we
applied a previously established FRET system, in which yHsp90
is labeled at its N-terminal domain with an acceptor and donor

A

B

FIGURE 1. hCdc37 binds to Hsp90 from different species and inhibits their
ATPase activity. A, individual scans of a sedimentation velocity experiment
of 500 nM *hCdc37 alone (black circle) and in the presence of 3 �M of Hsp90
from human (red triangle), yeast (blue square), and C. elegans (green rhombus)
in 40 mM HEPES/KOH, pH 7.5, 20 mM KCl (standard buffer) were monitored by
fluorescence detection at 42,000 rpm. B, ATPase activity assays of 3 �M yeast
and C. elegans Hsp90 were measured alone and in combination with 10 �M

hCdc37 in standard buffer plus 5 mM MgCl2 at 30 °C.
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dye (26, 30). Using this FRET system,we initially testedwhether
hCdc37 has an influence on the subunit exchange of yHsp90.
Therefore, we mixed ATTO-488 and ATTO-550 labeled
yHsp90 and incubated until the fluorescence signal reached
equilibrium. Then, unlabeled Hsp90 was added to disrupt the
preformed FRET complexes in presence and absence of satu-
rating amounts of hCdc37. The kinetics of the increase of the
donor fluorescence were recorded (Fig. 2A). The rate constants
of both kinetics are very similar, indicating that the subunit
exchange is not altered by the presence of hCdc37. Thus, in
contrast to the cofactors Aha1, p23, and Sti1 (30, 31), hCdc37
does not utilize both sides of theHsp90 dimer but binds to each
subunit independently. Next, we wanted to know whether the
rate of the N-terminal closing reaction induced by ATP�S is
affected (Fig. 2B). Indeed, the presence of 3, 6, or 10�MhCdc37
leads to an observable reduction in the closing reaction imply-

ing that the co-chaperone hinders the twoN-terminal domains
to dimerize in response to ATP�S.
Cdc37s Do Not Influence the Nucleotide Accessibility—One

explanation for the reduced closing rate could be that the
bound hCdc37 restricts access of nucleotide to the binding
pocket of Hsp90. We thus used stopped-flow experiments to
determine the binding parameters for Hsp90s and preformed
Cdc37-Hsp90 complexes. UsingMABA-labeled ATP (Fig. 3A),
the kon and koff rates of Hsp90 were obtained in the presence
and absence of Cdc37. In all tested combinations of Cdc37 and
Hsp90 (hCdc37 � hHsp90, hCdc37 � yHsp90, CeCdc37 �
CeHsp90), binding of MABA-ATP to Hsp90 is fast, regardless
of the presence of the co-chaperone (Table 1). This shows that
the nucleotide binding pocket is still fully accessible in the
Cdc37-Hsp90 complex.
A reason why hCdc37 inhibits the formation of the closed

Hsp90 conformation could be that theHsp90-hCdc37 complex
is generally weakened in the presence of ATP�S. To address
this, we analyzed the influence of nucleotides on the complex
forming ability of *hCdc37 with yHsp90 in the aUC. We could
observe that the complex formation is indeed slightly reduced
uponadditionof4mMATP�S,whereas it showednoalterations in
the presence of ADP (Fig. 3B), implying that although nucleotide
binding in general is possible to the Hsp90-hCdc37 complex, the
closing reaction appears to be not fully compatible with the bind-
ing of human Cdc37. All in all, the results indicate that hCdc37
maywork to inhibit the formationofN-terminal closedcomplexes
within one subunit of the dimeric Hsp90 protein.
This inhibitory mechanism could be the result of binding to

the flexible ATP lid of Hsp90 as suggested previously (21, 32).
We thus aimed to test this interaction site by using fragments
and deletions of hHsp90 in our aUC setup with *hCdc37 (Fig.
3C). As expected, we could observe a complex formation with
hHsp90 and hHsp90-N and no interaction with a mutant lack-
ing theATP lid (hHsp90-lidless).We further testedwhether the
N-domain alone can compete with full-length Hsp90 for
hCdc37. To this end, a higher amount of hHsp90-N should
displace the full-length protein from the *hCdc37-hHsp90
complex. Surprisingly, it was not possible to displace hHsp90
with a 4-fold excess of hHsp90-N. This might indicate that
other parts within this subunit could also play a role during the
interaction with hCdc37.
Aha1BindswithoutDisrupting thehCdc37-Hsp90Complexes—

Having seen that ATP�S can disfavor yHsp90-hCdc37 com-
plexes, we wondered whether nucleotides may influence the
Cdc37-Hsp90 complexes of nematode and human systems in a
differentmanner. Therefore, we addedATP�S to theC. elegans
system in the aUC (Fig. 4A). The data confirm that CeCdc37 is
able to bind to CeHsp90 even in the closed conformation. This
indeed appears to be in contrast to the human system (Fig. 4B).
hCdc37 seems unable to interact with the closed conformation
of Hsp90 as strongly as it does with the open conformation.
Based on these results, it is likely that CeCdc37 and hCdc37
have differences regarding the interaction with Hsp90s. This is
further evident from our inability to form a protein complex
between *CeCdc37 and yeast Hsp90 (data not shown).
Due to the different binding capability, one might assume

that also the Aha1 interactionmay deviate between human and

A

B

FIGURE 2. Mechanism of interaction of hCdc37 with Hsp90. A and B show
the influence of hCdc37 on an established yHsp90 FRET system (26). In
A, kinetics of the subunit exchange after adding 4 �M unlabelded yHsp90 are
presented. The donor channel fluorescence in the absence of hCdc37 is
shown in black (traces and fit) and in its presence is shown in red. B represents
the influence of hCdc37 on the closing rate of yHsp90 upon addition of 2 mM

ATP�S. Acceptor channel fluorescence without the co-chaperone is shown in
black and in combination with 3 �M (red), 6 �M (blue), and 10 �M hCdc37
(magenta).
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nematode systems (33). Aha1 is an ATPase activating cofactor
known to bind to the N- and M-domain of Hsp90 (30, 34–36).
In the nematode system, it partially can replace Cdc37 during
the kinase chaperone cycle (25). To investigate the binding
behavior in the human system, we used our common aUC set
up and added hAha1 to a complex formed out of hCdc37* and

full-length hHsp90. We could observe a peak shift to a higher
s20,w value in presence of hAha1 compared with binding of
hHsp90 alone (Fig. 4C). We did not see any indications of
weaker complex formation as we had seen in similar experi-
ments using the C. elegans system (25). We aimed at under-
standing, whether this is the consequence of using the human
Hsp90 protein. We thus performed an identical experiment
using CeHsp90 instead (Fig. 4D). The result was similar. The
shift to higher s20,w values upon hAha1 addition was weaker
though, implying that we did not fully saturate the binding due
to a potentiallyweaker affinity of hAha1 toCeHsp90.Neverthe-
less, these data suggest that any differences observed in terms of
the partial Aha1-Cdc37 competitionmay originate from differ-
ences between the two Cdc37 proteins.
CeCdc37 and hCdc37 Utilize Different Primary Interaction

Sites—We aimed at understanding the differences between the
human and nematodal system observed so far. To address this

A B

C

FIGURE 3. Nucleotide binding to Hsp90 in presence of Cdc37. A shows the recorded kinetics of 2 �M CeHsp90 in absence (blue) and presence of 7 �M CeCdc37 (red)
after addition of 7.5 �M MABA-ATP (solid lines) or 15 �M MABA-ATP (dashed lines). B, sedimentation velocity experiment in standard assay buffer and 5 mM MgCl2 with
500 nM *hCdc37 (black circle) and in complex with 3 �M yHsp90 alone (red triangle) and rising concentrations of ATP�S (blue square, 0.5 mM; magenta rhombus, 1 mM;
green cross, 4.0 mM) and 4 mM ADP (navy blue star) to define the binding ability were measured. C, the binding ability of hHsp90 fragments toward hCdc37 was tested
using sedimentation velocity experiments. 500 nM *hCdc37 either alone (black circle) or after addition of 3 �M of hHsp90 (red triangle), hHsp90-lidless (magenta square),
or hHsp90-N (green rhombus) were monitored with fluorescence detection in standard assay buffer at 42,000 rpm. Additionally, a competition experiment was
performed in which 12 �M hHsp90-N was added to a preformed complex out of 500 nM *hCdc37 and 3 �M hHsp90 (blue cross).

TABLE 1
Nucleotide binding ability of Hsp90 in presence of Cdc37
Based on stopped flowmeasurements, inwhich P�MABA-ATPwas added toHsp90
alone or in complex with Cdc37, the kon, koff, and KD values of the binding reaction
were determined.

kon koff KpD,calc
s�1 �M�1 s�1 �M

yHsp90 0.07 � 0.03 2.2 � 0.3 31
yHsp90-hCdc37 0.10 � 0.03 1.8 � 0.3 18
hHsp90 0.17 � 0.04 2.2 � 0.3 13
hHsp90-hCdc37 0.22 � 0.04 0.8 � 0.3 4
CeHsp90 0.21 � 0.04 2.2 � 0.3 10
CeHsp90-CeCdc37 0.18 � 0.04 2.4 � 0.3 13
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issue, we testedwhether differences exist in respect to the bind-
ing sites and generated fragments of Hsp90, which omit the
reported interaction site at the N terminus (hHsp90-MC and
CeHsp90-MC). We then tested the binding of the correspond-
ing Cdc37 to these deletion fragments in our established aUC
assay. As expected, *hCdc37 could not interact with
hHsp90-MC (Fig. 5A). Surprisingly, binding of CeHsp90-MC
to *CeCdc37 was strong instead (Fig. 5A). It resulted in exhaus-
tive binding of *CeCdc37, whereas for full-length CeHsp90
at the identical concentration, unbound CeCdc37* is still pres-
ent. Thus, CeCdc37 strongly binds to the MC part of Hsp90.
This interaction seems to become weaker in presence of the
nucleotide binding domain of Hsp90, implying that a partial
interference between the N-terminal domain and bound
CeCdc37 may occur.
To check whether the interaction site is determined by the

respective Hsp90 protein or by the Cdc37 protein, we analyzed

binding of *CeCdc37 to hHsp90-MC and *hCdc37 binding to
CeHsp90-MC (Fig. 5B). Here, similar to the experiment
described previously, *hCdc37 required the presence of the
N-terminal domain, whereas *CeCdc37 bound strongly also to
the MC-construct of hHsp90. These results point out that
Cdc37 determines the interaction site. Although hCdc37 pref-
erentially binds to the N-terminal domain of both Hsp90s,
CeCdc37 apparently strongly favors a binding site in the MC
fragment independent of the Hsp90 homolog used.
We further wanted to determine the biophysical properties

of the different binding sites. To this end, we investigated the
ionic strength dependence of the interaction. To define the
hydrophilic nature of the binding site, we measured the forma-
tion of the *hCdc37-hHsp90 complex and the *CeCdc37-
CeHsp90 complex at increasing KCl concentrations until com-
plex formation was abolished (Fig. 5C). The interaction
between CeCdc37 and CeHsp90 was dependent on ionic

A B

C D

FIGURE 4. Influence of Aha1 and nucleotides on the binding of Cdc37 to Hsp90. In A–D, analytical ultracentrifugation runs were done with either 500 nM

*hCdc37 or *CeCdc37. The co-chaperone alone is always shown in black circles. The influence of nucleotides on the Cdc37-Hsp90 complexes is shown in A and
B. A, the addition of 3 �M CeHsp90 (red triangle) and further addition of 4 mM ATP�S (blue square) to *CeCdc37 is depicted. B, this graph presents the addition
of 3 �M hHsp90 (red triangle) and 4 mM ATP�S (blue square) to *hCdc37. Experiments were performed in 40 mM HEPES, pH 7.5, 80 mM KCl, and 5 mM MgCl2. In
C and D, 3 �M Hsp90 were added to the *hCdc37 (red triangle) and, additionally, 10 �M Aha1 (blue square). C shows the complex formation with hHsp90 and
hAha1, and D shows the complex formation of *hCdc37 with CeHsp90 and hAha1. Measurements were done in standard assay buffer.
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strength as reported before (25). The interaction of the human
proteins also was dependent on ionic strength, but generally,
the affinity of complex formation was higher. Additionally, we
tested the complex of *CeCdc37 and CeHsp90-MC (Fig. 5C).
Here, the hydrophilic properties of the interaction site were
much more evident compared with the full-length proteins,
suggesting that CeCdc37 might recognize a very hydrophilic
site in the Hsp90-MC fragment. This interaction apparently is
modified to some extent, when the N-terminal domain is pres-
ent in the full-length protein.
CeCdc37 Binds to the Middle Domain of Hsp90—Due to the

unexpected binding properties of *CeCdc37 for Hsp90s, we
wanted to analyze this interaction in a more detailed way.
Therefore, we deleted the dimerization site (C-domain) and
also generated the individual domain constructs of the nema-
todal Hsp90 protein (Fig. 6A). We then tested the binding abil-
ity of these domains toward *CeCdc37. We detected an inter-

actionwith themonomericNMconstruct andwith the isolated
middle domain, whereas no bindingwas observed for theN-do-
main and the isolated dimerization site (Fig. 6B). Interestingly,
the binding to the isolated M-domain appeared to generate a
stronger shift compared with the much larger NM-domain,
implying that here as well, the presence of the N-domain
reduces the affinity. Thus based on these data, *CeCdc37
appears to have the highest affinity to the M-domain fragment
of Hsp90, providing clear evidence for a new interaction site in
this protein complex.
CeCdc37 Binds Hsp90 via Parts of Its N-terminal Domain—

Having identified a new interaction site on Hsp90, we won-
deredwhether the established interaction site on hCdc37 is also
different in CeCdc37. In the available crystal structure of the
yHsp90 N terminus complexed to a hCdc37 fragment, amino
acids 138 to 266 of hCdc37 are responsible for Hsp90 binding
(21).We initially generated an N-terminal deletion fragment of

A B

C

FIGURE 5. Differential binding of hCdc37 and CeCdc37 to Hsp90-MC. A–C, sedimentation velocity experiment were performed in standard assay buffer at
42,000 rpm. A shows *hCdc37 alone (blue square) and in combination with 3 �M hHsp90-MC (magenta rhombus) and *CeCdc37 alone (black circle) and in the
presence of 3 �M CeHsp90-MC (red triangle). B, the same setup as before was carried out except that the experiment was performed in a cross-species approach.
*hCdc37 together with CeHsp90-MC is shown in magenta (rhombus) and *CeCdc37 with hHsp90-MC in red (triangle). C, salt dependence of the Cdc37-Hsp90
and Hsp90-MC complex, respectively. Experiments were run for *hCdc37-hHsp90 (blue square), *CeCdc37-CeHsp90 (black circle), and *CeCdc37-CeHsp90-MC
(red triangle) in standard assay buffer containing 50, 100, 150, and 250 mM KCl. For analyses, the amplitude of free *Cdc37 was set into relation with complexed
*Cdc37 and showed in logarithmic scale as depending on the salt concentration.
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CeCdc37 (Fig. 7A), where the N-terminal domain up to residue
128 was deleted (	128CeCdc37) and another fragment, where
the C-terminal domain was omitted from residue 287
(CeCdc37	C), generating Cdc37 fragments, which both con-
tain the interaction site reported for hCdc37 (21) We initially
tested the interaction with Hsp90 by analyzing the inhibitory
effect on the ATPase activity of CeHsp90. As expected the
C-terminal truncation did not affect the inhibition and behaved
similar to wild-type Cdc37 (Fig. 7B). The deletion of the N-ter-
minal domain in 	128CeCdc37 instead generated a fragment
that was unable to inhibit the ATPase activity of CeHsp90 (Fig.
7B). We thus aimed at analyzing the binding directly. To ana-
lyze their binding ability, we used our aUC setup, in which
labeled *CeCdc37-CeHsp90 complexes were preformed. Addi-
tionally unlabeled CeCdc37 variants were added in large excess
to disrupt the complex. The C-terminal deletion fragment was
able to disturb the interaction of *CeCdc37-CeHsp90, whereas
the fragment without the N-terminal domain was incapable to
bind to Hsp90 (Fig. 7C). This observation is surprising given
that the deleted amino acids are so far not considered to be part
of the binding site. Consequently, we generated more detailed
CeCdc37 deletions within the N-terminal domain, truncating
either 46 or 97 residues according to linker regions detected in
hydrophathy plots (Fig. 7A). Although the truncation of 46 res-
idues could still compete against binding of *CeCdc37 toHsp90
in the aUC setup, 	97CeCdc37 was inactive (Fig. 7C). Finally,
we analyzed the inhibitory effect and the binding capability of a

CeCdc37 fragment containing only amino acids 46 to 287 (Fig.
7A). This fragment could fulfill both tasks: inhibition of Hsp90
(Fig. 7B) and competition with *CeCdc37 for binding to Hsp90
(Fig. 7C). Thus, the fragmentation study of CeCdc37 also sup-
ports the presence of a further interaction site with its relevant
part between residues 46–97, which apparently in the nema-
tode system contributes most of the binding affinity.
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FIGURE 6. Fragmentation of CeHsp90 and binding ability toward
CeCdc37. A, schematic representation of the created CeHsp90 fragments
with the corresponding hydrophobicity plot. B, sedimentation velocity exper-
iments with 500 nM *CeCdc37 (black circle) and after addition of 3 �M of
CeHsp90-NM (red triangle), CeHsp90-N (blue square), CeHsp90-M (magenta
rhombus), or CeHsp90-C (green cross) were monitored with fluorescence
detection in standard assay buffer at 42,000 rpm. AA, amino acids.
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FIGURE 7. CeCdc37 binds Hsp90 via its N-domain. A, schematic overview of
CeCdc37 fragments with corresponding hydrophobicity analysis, in which
the hCdc37 is shown in red and CeCdc37 is shown in black. B, ATPase activity
of 3 �M CeHsp90 was measured after addition of 10 �M of CeCdc37 fragments
in standard assay buffer containing 5 mM MgCl2 at 30 °C. C, competition of 500
nM labeled *CeCdc37 (black circle) from a complex formed with 3 �M CeHsp90
(red triangle) with 10 �M of either CeCdc37 (blue square), 	46CeCdc37
(magenta rhombus), 	97CeCdc37 (green cross), 	128CeCdc37 (navy blue star),
CeCdc37	C (purple filled circle), or 	46CeCdc37	C (brown filled triangle) were
preformed in an aUC setup at 42,000 rpm using fluorescence detection. D, an
aUC competition experiment was performed in standard assay buffer with
500 nM of labeled *hCdc37 (black circle) in complex with 3 �M hHsp90 (red
triangle) and 10 �M of either hCdc37 (magenta rhombus) or 	133hCdc37 (blue
square) to compete for binding. E shows an aUC competition experiment in
standard assay buffer (low salt) and 500 nM of the fluorescence-labeled pro-
tein. *CeCdc37 (black circle) is complexed with CeHsp90NM (red triangle), and
additionally, 10 �M hCdc37 (blue square) was added to compete for binding.
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We performed a similar experiment with human Cdc37. We
formed *hCdc37-hHsp90 complexes and disrupted the interac-
tion again with hCdc37 (Fig. 7D). Alternatively, we used the
fragment 	133hCdc37, which lacks the N-terminal domain
and closely matches the published interacting fragment of
hCdc37. Indeed, we could, in sharp contrast to CeCdc37,
observe competition in our assay in a similar manner as for
full-length Cdc37, implying that indeed, most of the binding
site in human Cdc37 is contributed from this fragment.
We further addressed the issue whether we can also disrupt

CeCdc37-containing complexes with hCdc37, as the binding
sites may at least partially overlap. To this end, we utilized the
NM fragment of CeHsp90 to prevent difficulties originating
from the dimeric nature of Hsp90. We could observe two
changes of the *CeCdc37-CeHsp90-NM complexes upon addi-
tion of hCdc37 (Fig. 7E). First, hCdc37 was able to bind simul-
taneously with *CeCdc37 to CeHsp90-NM, as observable by a
peak shift to higher s20,w values. However, an additional shift to
lower s20,w values could be observed. Therefore, hCdc37 might
also have a weak affinity toward theM-domain as an additional
binding site. These results indicate that the binding interfaces
between CeCdc37 and hCdc37 are not entirely independent,
but overlap to some extent, implying that besides the primary
interface, which is recognized differently by the twoCdc37 pro-
teins, the secondary contact sites may lead to a structurally
conserved binding mode for both of them.
The Interaction of N-M Is Functional—Having established an

alternative primary interaction site between Hsp90 and
CeCdc37, we finally wanted to know whether this interaction
site also is functional. In recent studies, it had been observed
that Cdc37 can be dephosphorylated as part of the Hsp90 com-
plex by the tetratricopeptide repeat-containing phosphatase
protein phosphatase 5 (18).We used the nematodal proteins to
assemble this system and studied the dephosphorylation of
[32P]CeCdc37 by PPH-5 in presence of either no Hsp90 or dif-
ferentHsp90 constructs, includingHsp90-MCand a full-length
Hsp90 devoid of the tetratricopeptide repeat recognition motif
at the C-terminal end (CeHsp90-	MEEVD). As expected, full-
length Hsp90 resulted in accelerated dephosphorylation of
[32P]CeCdc37, but also CeHsp90-MC could exert this effect,
whereas the C-domain and CeHsp90-	MEEVDwere unable to
promote the dephosphorylation of [32P]CeCdc37 by PPH-5
(Fig. 8). This result further highlights the importance of the
interaction between CeCdc37 and themiddle domain of Hsp90
and suggests that this interactionmay also contribute function-
ality to Cdc37 during the chaperoning cycle of kinases.

DISCUSSION

The protein Cdc37 plays a major role during the Hsp90 cycle
as it is the specific co-chaperone for kinase recruitment. It also
inhibits the ATPase activity of Hsp90 (19, 37, 38). Therefore, it
is important to gain insight into the formation and the mecha-
nistic features of the ternary Hsp90-Cdc37-kinase complex but
also of the binary Hsp90-Cdc37 complex. So far, no full-length
structure exists and binding sites primarily were obtained from
a crystal structure of the complex between N-terminal yHsp90
and an hCdc37 fragment (amino acids 138–378) (21) and an
NMR study of the interacting human fragments (32). Some ear-

lier studies had also proposed binding to the C-terminal
domain of Hsp90 (39, 40). In the ternary complex, the kinase is
supposed to bind to the first 126 residues of Cdc37 (41).
In this study, we address the binding between Cdc37 and

Hsp90 in a more detailed way, and we combined the data into
one hypothetical model of Cdc37 function, despite the differ-
ences seen between human and nematode Cdc37 proteins (Fig.
9). We, consistent with the previous mechanism, see preferen-
tial binding of hCdc37 to the N-terminal domain and a marked
slowdown in conformational changes in response to ATP�S
treatment. Considering our aUC analysis, the co-chaperone
and the nucleotide seem to compete for binding to the N ter-
minus of Hsp90 (Fig. 9, blue interaction site). However, we
failed to see the proposed bridging function of hCdc37 in
between the two N-terminal subunits of the Hsp90 dimer (21,
23). The co-chaperone appears to trap one Hsp90 monomer in
a conformation unfavorable for ATP turnover, independent of
the other Hsp90 subunit.
Using the nematodal proteins, we identified a different inter-

action site (Fig. 9, red interaction site). We see preferential
binding to the middle domain of Hsp90, and we also observe
Cdc37 parts as interaction partners, which previously were not
considered to be involved in the interaction with Hsp90. As a
weak overlap between the binding sites can be observed, it is
likely that Cdc37 utilizes both of them, but with different pri-
orities and alsowith a certain contribution from the orientation
of the N-M domains. Thus, the binding mechanism of Cdc37
shows similarities to that of otherHsp90 co-chaperones such as
Aha1 and Sti1, which also interact via two binding sites (30, 31,
42, 43). In this context, it is interesting to note, that the inter-
action of nematodal Cdc37 with the M-domain of Hsp90
(human or nematode) is weakened by the presence of theN-do-
main, implying that some parts of the N-M interface may also
be part of the interaction site for Cdc37, leading to observable
competition between N-domain and Cdc37. It is conclusive
that Cdc37 induces a conformation at the N-M interface,
arrests the motility, and thus slows down the ability to perform
the conformational change required forATPhydrolysis (Fig. 9).
Based on our results, we assume that hCdc37 and CeCdc37

recognize different primary binding sites with measurable
affinity. This interaction in both cases appears to bemodified by
further contacts outside the primary binding site. For hCdc37,

0 10 60 10 60 10 60 10 60 10 60 0

90  MC C ∆ME 

Cdc37-32P

FIGURE 8. Functionality of the Hsp90-MC fragment. Radioactive labeled
[32P]CeCdc37 was incubated with CeHsp90, CeHsp90-MC, CeHsp90-C, or
CeHsp90-	MEEVD in presence of PPH-5 to observe its dephosphorylation.
Samples were taken at time point 0 (no addition of CeHsp90 and PPH-5) and
after 10 and 60 min for the other conditions. Lanes 1 and 12, samples taken at
time point 0; lanes 2 and 3, Cdc37 and PPH-5 alone; lanes 4 and 5, samples in
the presence of CeHsp90; lanes 6 and 7, in the presence of CeHsp90-MC; lanes
8 and 9, samples in the presence of CeHsp90-C; and lanes 10 and 11, samples
in the presence of CeHsp90-	MEEVD.
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reports exist that also involve the middle domain of Hsp90 in
the interactionmodel (22). For CeCdc37, this interaction inter-
face may be the primary docking site with further secondary
interactions in the N-domain, leading to a similar assembly of
the proteins in the full-length Hsp90 dimer. This might explain
the conserved inhibition of the ATPase activity, which can be
seen for both systems.
It is noteworthy that in particular Cdc37 appears to show less

conserved biochemical features in eukaryotes, with the dissoci-
ation constant of yCdc37 in the range of 100�M and apparently
different primary interaction sites for nematode and human
Hsp90. The presented study, similar to other studies determin-
ing Cdc37-Hsp90 affinities, is performed in the absence of the
client kinase. Although this exposes the interaction sites

between Hsp90 and its cofactor, it may not be sufficient to
explain affinities in the client-containing complexes. In general,
the low affinity of the Cdc37-Hsp90 interaction does not
account for the observation that kinase-Cdc37-Hsp90 com-
plexes are stable assemblies that can be purified, immunopre-
cipitated, and structurally analyzed (23). Therefore, it is likely
that the kinase has a sizeable contribution to the overall affinity
within the protein complex, suggesting that the assembly of
kinase, Cdc37, andHsp90might bemore stable and structurally
defined. Despite this, the identification of a second interaction
site between Cdc37 and Hsp90 and the inhibitory function of
hCdc37 on the closing rate represent further steps in under-
standing the chaperoning function of Hsp90 toward its kinase
clients and the interaction of this important cofactor with the
Hsp90 chaperone machinery.
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