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Inhibition of the ATPase activity of the kinome chaperone
Hsp90 (kinome =set of all protein kinases in an organism)
has long been known as molecular target for anticancer
therapy. Cdc37, a cochaperone of Hsp90 in mammalian cells,
targets protein kinases and is upregulated in various can-
cers.?l The protein—protein complex forms with a Kp, value
of 1.2 um and is considered to mediate carcinogenesis by
stabilizing a variety of different oncogenic kinases in malig-
nant cells. However, Cdc37 as well as Hsp90 can also act
alone, at least in yeast. Low-molecular-weight molecules that
interfere with Cdc37 or Hsp90 or disrupt the Hsp90-Cdc37
complex have recently been proposed as a new class of
anticancer agents.!! Gene-based expression studies have
identified the triterpene celastrol, which represents a new
class of non ATP-competitive inhibitors of Hsp90."! Immu-
noprecipitation in a pancreatic cell line and docking experi-
ments suggested that celastrol exerts its antiproliferative
activity by binding to the N-terminal domain of Hsp90
(Hsp90y), thereby disrupting the complex between Hsp90y
and Cdc37.1 In vivo, celastrol showed significant inhibition of
tumor growth in nude mice with prostate or pancreatic
cancer.®”]

Herein, we describe in detail how celastrol disrupts the
human Hsp90-Cdc37 complex. 'H,"””"N-HSQC NMR experi-
ments detect ligand binding to a target through chemical-shift
perturbations (CSPs).*'! We investigated the effects of
celastrol on the complex of 'H,""N-labeled Hsp90y (23 kDa)
with unlabeled full-length Cdc37 (45 kDa) (Figure 1 A). As a
result of the increased transverse relaxation rates of the
protein in complex (approx. 70 kDa), the HSQC spectrum of
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Figure 1. Binding of celastrol to Cdc37. A) 'H,""N HSQC spectra of
Hsp90y, (left) and of the Hsp90,—Cdc37 complex before (middle) and
after addition of celastrol (right; 1:7 mixture of Hsp90y—Cdc37/
celastrol). B) "H,"* N HSQC spectra of full-length Cdc37 (45 kDa)
before (left) and after addition of celastrol (right; 1:7 mixture of
Cdc37/celastrol).

the complex resulted in broadening of most of the cross peaks,
indicating complex formation. Addition of celastrol dissoci-
ated the complex and restored the HSQC spectrum of free
Hsp90y, revealing that celastrol disrupted the complex by a
mechanism other than binding to Hsp90y. Changes in
chemical shifts indicative of binding upon the addition of
celastrol to free Hsp90y could not be observed (see Support-
ing Information 1 (SI 1)).

We then studied the interaction between Cdc37 and
celastrol. For this purpose, we recorded a 'H,”"N-HSQC
spectrum of N-labeled Cdc37 (Figure 1B, left). Upon
addition of celastrol to Cdc37, most of the cross peaks in
the HSQC spectrum disappeared, indicating interaction of
the protein with the ligand (Figure 1B, right). The loss of
resonance signals in the HSQC spectrum could be a result of
protein aggregation induced by the ligand. Celastrol has an
orange color and becomes colorless upon addition to Cdc37,
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which suggests a loss of its chromophore as quantified by UV
spectroscopy'!l (see SI 2).

Celastrol possesses electrophilic sites within the A and B
rings (Scheme 1), where nucleophilic groups of amino acid
residues react to form covalent Michael adducts.”'>13 In fact,
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Scheme 1. Molecular mechanism for the addition of celastrol to the
thiol group of Cdc37. The quinone methide region of celastrol is
highlighted in a light gray box in the structure. The thiol group of
Cdc37 reacts with the quinone methide of celastrol through a Michael
addition, resulting in the formation of an adduct at C6.

the mass spectrum of Cdc37 in the presence of celastrol
exhibited a mass increase of 450 Da, which corresponds to the
molecular weight of celastrol (see SI 3).

To confirm that celastrol modifies the cysteine residue(s)
in Cdc37, we blocked all nine cysteine residues of full-length
Cdc37 with N-ethylmaleimide (NEM). NEM-labeled Cdc37
no longer reacted with celastrol, and the mixture did not show
any change in the UV spectrum, indicating that cysteine(s) do
indeed undergo(es) chemical reactions with celastrol upon
binding (see SI4). Circular dichroism (CD) spectra for the
wild-type Cdc37 and Cdc37_NEM showed a decrease in
secondary structure, indicating that covalent modification of
the free cysteines alters the conformation of the protein (see
SIS). Further, the HSQC spectrum of Hsp90y remained
unchanged upon addition of Cdc37_NEM, indicating that
modification of thiols is sufficient to inhibit the interaction
between Hsp90y and Cdc37. Free cysteine can undergo a
covalent addition reaction with celastrol, as the lipophilic
celastrol becomes water soluble after addition of cysteine at a
pH of 7.4, loses its absorption at 440 nm, and displays
chemical shift changes in its 1D '"H NMR spectrum, charac-
teristic for the Michael adduct at C6 in ring B of the triterpene
(see SI6).
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The formation of Michael adducts in which cysteine thiol
groups serve as the nucleophiles is highly dependent on pH.
Under physiological conditions, the reaction is fast and
reversible, thereby the ligand escapes from the high gluta-
thionone concentration present in living cells (0.5-10 mm)
and reaches the target protein.['*]

Cdc37 is composed of three domains, the N-terminal
kinase-binding domain (Cdc37y, residues 1-126) with three
free cysteine residues, the middle, Hsp90y-binding domain
(Cdc37y, residues 147-276) with four free cysteine residues,
and the C-terminal domain (Cdc37., residues 282-376) of
unknown function with two free cysteine residues (see SI 7).
In order to delineate which of these domains is responsible for
binding celastrol, individual domain constructs were
expressed. Cdc37y reduced celastrol and resulted in an
inactivated form, as observed in the 'H,"N-HSQC spectrum
(Figure 2). Cdc37y alone precipitated upon addition of
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Figure 2. Binding of celastrol to Cdc37, monitored by 'H,"” N HSQC
spectroscopy. Spectra of free Cdc37 (left), after addition of celastrol
(middle; 1:2 mixture of celastrol/Cdc37,), and after further addition of
celastrol (right; 1:8 mixture of celastrol/Cdc37y).

celastrol but did not reduce the compound, while the
construct with the middle and the C-terminal domain
(Cdc37yic) reacted with celastrol but also precipitated. This
observation suggests that the N-terminal domain is mainly
responsible for reducing celastrol and binding. Additionally,
when the cysteines were blocked using NEM, the Cdc37y no
longer interacted with celastrol (see SI 8).

Further, in order to pinpoint which of the three cysteine
residues of Cdc37y are involved in the interaction with
celastrol, we made double-cysteine mutants retaining one
cysteine residue (Cdc37y-C57S-C64S, Cdc37y-C54S-C64S,
Cdc37y-C54S-C57S). CD spectra for the wild-type and
mutant Cdc37y are mostly similar, indicating that there are
no changes in secondary structure (see SI5). We monitored
the decrease in absorbance at 440 nm after the addition of
various constructs of Cdc37 to celastrol. Cdc37y and all the
three mutants reduced celastrol and were comparable to the
wild-type (see SI 4), indicating they are all reactive.

In conclusion, we report that celastrol binds to Cdc37 but
not to Hsp90y as previously described. This study is important
as it will shift efforts in medicinal chemistry towards the
correct target within the protein—protein complex. Celastrol
inactivates Cdc37 by covalently binding to it or by forming
either an intra- or intermolecular protein disulfide (Figure 3).
Reactivities of individual cysteine residues vary slightly (as
seen from the UV results); depending on accessibility and the
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Figure 3. Possible mechanisms of inactivation of Cdc37 by celastrol.

stabilization interaction of the adjacent amino acids, celastrol
binds to one of the cysteine residues. The Cdc37-Hsp90
complex also involves a large hydrophobic core at the
interface.'”! Adjacent to the hydrophobic core is C203 from
Cdc37,;, which is exposed to the surface. Celastrol harbors a
hydrophobic structure apart from the quinone methide
moiety. Hence, celastrol could be involved disrupting this
hydrophobic core. The binding of celastrol induces large
changes in conformation of the N-terminal kinase-binding
domain and also the middle Hsp90y-binding domain of
Cdc37, thereby disrupting the Cdc37-Hsp90y complex
which is crucial for stabilizing oncogenic kinases in various
cancers.”] Our results indicates that the N-terminal kinase-
binding and middle Hsp90y-binding domain of Cdc37 are the
molecular target for the triterpene celastrol. In light of the
considerable potential of Cdc37 as a drug target and the
binding of celastrol to it, these results can now be used to
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further understand the molecular basis for inhibiting this key
Cdc37-Hsp90 complex in cancer cells.
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