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Structural Basis for Inhibition of the Hsp90 Molecular Chaperone by the
Antitumor Antibiotics Radicicol and Geldanamycin
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The cellular activity of several regulatory and signal transduction proteins, which depend on
the Hsp90 molecular chaperone for folding, is markedly decreased by geldanamycin and by
radicicol (monorden). We now show that these unrelated compounds both bind to the N-terminal
ATP/ADP-binding domain of Hsp90, with radicicol displaying nanomolar affinity, and both
inhibit the inherent ATPase activity of Hsp90 which is essential for its function in vivo. Crystal
structure determinations of Hsp90 N-terminal domain complexes with geldanamycin and
radicicol identify key aspects of their nucleotide mimicry and suggest a rational basis for the

design of novel antichaperone drugs.

Introduction

Radicicol (monorden) is an antitumor antibiotic which
is able to revert the tumor phenotype of src! and ras?3
transformed cell lines and disrupts mitogenic signaling
via Ras- and Raf-1-dependent signal transduction path-
ways.* Although apparently able to inhibit tyrosine
kinase activities in vivo, radicicol has no inhibitory
activity against the serine/threonine kinases of the
mitogen-activated pathway.® Rather, it appears to pro-
mote accelerated turnover and degradation of Raf-1, in
a manner very similar to that of ansamycin antibiotics
such as geldanamycin or herbimycin-A,5-8 although it
has no significant structural similarity to these (Figure
1). The action of ansamycins was also originally at-
tributed to direct inhibition of kinase activity,® but it
has subsequently been shown to result from inhibition
of folding and activation of the target proteins by the
Hsp90 molecular chaperone.®710-14 Ansamycin antibiot-
ics bind in the ATP-binding site in the N-terminal
domain of Hsp90s%1¢ and disrupt the ATPase activity
of Hsp90 which is essential for its chaperone activity
in vivo.l” The similarity in behavior of geldanamycin
and radicicol in disrupting the folding of protein kinases
dependent on Hsp90 has prompted us to examine
whether radicicol might act in a similar manner at the
molecular level.

Here we show that radicicol is a potent and specific
inhibitor of the ATPase activity of Hsp90, with nano-
molar affinity, and we have determined the crystal
structure of a complex between radicicol and the N-
terminal domain of yeast Hsp90. Comparison of this
structure with structures for yeast Hsp90 N-domain
complexes with ADP, and with geldanamycin, defines
the key nucleotide mimetic interactions made by these
distinct antibiotics and provides a structural basis for
the design of new Hsp90 inhibitors.

Results

Hsp90 Binding and ATPase Inhibition. Using
isothermal titration calorimetry (see Experimental Sec-
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Figure 1. Molecular structures of radicicol and geldanamycin.

tion), we analyzed the thermodynamics of radicicol and
geldanamycin binding to Hsp90 (Figure 2A and Table
1). Geldanamycin binds to full-length dimeric Hsp90
with a Kq = 1.2 uM, while radicicol shows significantly
higher affinity with a Kq = 19 nM. Both compounds bind
to intact dimeric yeast Hsp90 with stoichiometries of
approximately one antibiotic molecule per Hsp90 mono-
mer. Comparable affinities were measured for binding
to the isolated N-domain of Hsp90 (residues 1—220), but
no detectable binding occurred between either antibiotic
and the isolated C-terminal region of Hsp90 (residues
251—706) confirming the binding site for both antibiotics
as the N-terminal nucleotide-binding domain. Binding
of both compounds is accompanied by major favorable
enthalpy changes although the weaker-binding geldan-
amycin has a more favorable enthalpic contribution on
binding than radicicol. However, the entropic contribu-
tions to binding for the two inhibitors are of opposite
signs suggesting significantly different modes of bind-
ing. Binding of geldanamycin incurs an entropic penalty,
whereas radicicol binds with a favorable entropy change.
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Figure 2. Binding to Hsp90 and ATPase inhibition. (A)
Isothermal titration calorimetry of binding of radicicol (open
squares) and geldanamycin (filled squares) to full-length
dimeric Hsp90. The molar ratio is with respect to Hsp90
monomer. (B) Inhibition of Hsp90 ATPase activity by radicicol
(open squares) and geldanamycin (closed squares). A residual
activity is present in Hsp90 preparations, which is attributable
to contamination with copurifying ATPases but which is
resistant to both the Hsp90-specific inhibitors.

Table 1. ITC Binding Data for Geldanamycin and Radicicol

Ka AG AH AS
(nM) (kI mol™Y) (kI mol~1) (I mol?)

Geldanamycin

Hsp90 1215 —-33.8 -41.8 —26.8

N-domain (1—-220) 775 —34.8 —44.9 —33.9
Radicicol

Hsp90 19 —44.1 —-33.7 34.9

N-domain (1—220) 2.72 —48.9 —22.8 87.5

a2 1TC binding curves at this high affinity become too steep for
accurate fitting, and the estimation of contingent parameters is
consequently less reliable. However the measured binding of
radicicol to the isolated N-domain is at least as tight as for intact
Hsp90.

Using a sensitive coupled enzyme system!8 to detect
the weak inherent ATPase activity of Hsp90,Y” both
geldanamycin and radicicol were found to be potent
inhibitors (Figure 2B), consistent with their high affinity
for the nucleotide-binding site.

Crystal Structures of Hsp90 Antibiotic Com-
plexes. The crystal structures of yeast Hsp90 N-domain
complexed with radicicol and with geldanamycin were
determined by molecular replacement with the free
N-domain structure,’® and both were refined at 2.5 A
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resolution. For both complexes, clear positive electron
density features are present in difference Fourier maps
which can be readily interpreted in terms of the known
chemical structures of the antibiotics (Figure 3A,B). In
both cases the antibiotics bind within the deep pocket
formed between the o-helices from 85—97, 28—51, and
123—130, previously identified as the binding site for
geldanamycin in human Hsp902° and ATP/ADP in yeast
Hsp90?® (Figure 3C). Consistent with the high amino
acid sequence homology between human and yeast
Hsp90s, the structure of the yeast Hsp90—geldanamycin
complex is very similar to that described for human
Hsp90—geldanamycin.2® However, as geldanamycin was
interpreted as a peptide mimetic in that study, a
reassessment of its interactions in terms of nucleotide
mimicry and a comparison with the interactions made
by radicicol are essential for understanding of its
structure/function relationships.

Geldanamycin is orientated with the macrocyclic ansa
ring and pendant carbamate group directed toward the
bottom of the binding pocket and the benzoquinone ring
directed toward the top of the pocket as it opens to the
surface of the domain. In contrast to the extended
structure adopted by unliganded geldanamycin,?! the
bound antibiotic is almost folded over, so that the planes
of the benzoquinone and of the macrocycle are close to
parallel (Figure 4A).

Radicicol is orientated in the opposite sense to geldan-
amycin, so that the aromatic ring is directed toward the
bottom of the pocket and the macrocycle containing the
conjugated bond system and epoxide are toward the top
of the pocket. The orientation of the aromatic ring is
confirmed by a strong electron density feature, present
at greater than 5¢ in difference Fourier maps (Figure
3A), attributable to the exocyclic chlorine. Like geldana-
mycin, radicicol adopts a folded structure, but less
dramatically, with the aromatic ring and the macrocycle
approximately perpendicular to each other (Figure 4B).
However, unlike geldanamycin,?! this is also the con-
formation observed in the crystal structure of the
unliganded antibiotic.??

ADP Mimicry by Geldanamycin and Radicicol.
Mg?+-ATP/ADP binds to the N-domain of Hsp90 in an
unusual compacted conformation, which brings the
sugar and a-phosphate group into close proximity to the
five-membered ring of the adenine and precludes the
binding of 8-substituted analogues.'® The binding site
is unusual in that it provides relatively few direct polar
contacts with the nucleotide and instead makes a
substantial number of solvent-mediated interactions.
Some of these interactions, particularly those with the
N1 of adenine and the magnesium, involve water
molecules with low crystallographic temperature fac-
tors, which must be considered as implicit in the
structure of the site. A common superimposition of the
Hsp90-bound structures of geldanamycin, radicicol, and
Mg?*-ADP (Figure 5) reveals a remarkable nucleotide
mimicry by these antibiotics, both in shape complemen-
tarity and in the interactions they make both with the
protein and with the tightly bound water molecules
implicit in the structure (Figure 6).

The major specific interaction between the adenine
base and the protein involves a direct hydrogen bond
from the exocyclic N6 of adenine to the carboxylate side
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Figure 3. (A) Stereopair showing electron density for radicicol bound to the N-terminal domain of yeast Hsp90. The electron
density is from an ‘omit’ map with phases calculated from protein atoms only. The blue mesh is contoured at 2¢; the magenta
mesh is at 50 and indicates the position of the electron-dense exocyclic chlorine. (B) Stereopair showing electron density for
geldanamycin bound to the N-terminal domain of yeast Hsp90. The electron density is from an ‘omit’ map with phases calculated
from protein atoms only. The blue mesh is contoured at 1o. (C) Colocalization of the binding sites for ADP/ATP (left), geldanamycin

(center), and radicicol (right).

chain of Asp 79. Simultaneously, Asp 79 provides one
of three protein ligands for a tightly bound water
molecule which donates a hydrogen bond to the N1
imino nitrogen of the adenine. These interactions are
critical to specific binding of adenine nucleotides, and
mutation of Asp 79 to asparagine is sufficient to abolish
Hsp90 function in vivo.l” In the geldanamycin complex,
equivalent interactions are provided by the carbamate
group pendant on the macrocycle. Radicicol reproduces
the direct hydrogen bond to Asp 79 via the 3-hydroxyl
of the aromatic ring which also participates with the
ester carbonyl of the macrocycle in a bidentate interac-
tion with the bound water. The position of the bound
water changes by less than 0.5 A between the three
complexes (Figure 4).

The remainder of the hydrogen-bonding interactions
made by adenine are with bound water molecules. Those
providing hydrogen bonds to N6 and N7 of adenine are
retained in the geldanamycin complex, but the water
bridging N3 of the base and O2' of the sugar is
displaced, and the side chain of Asn 92 which provides
the protein anchor for that water rotates around 90° and
packs against a methoxy group of the macrocycle.
Radicicol also retains the water that binds to N6 of
adenine but replaces the N7 binding water with the
5-hydroxyl of its aromatic ring. The N3—02' bridging
water is also displaced by radicicol, but unlike the
geldanamycin complex, the conformation of Asn 92 is
not disturbed.

The two hydrophobic faces of bound adenine experi-
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Figure 4. Hsp90-bound conformations of (A) geldanamyci-
nand (B) radicicol.
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Figure 5. Perpendicular views of the superimposition of
bound ADP, geldanamycin, and radicicol, based on alignment
of protein Co positions from three complexes. ADP and
associated water molecules are red, geldanamycin is green,
and radicicol is blue. The side chain of Asp 79 from each
complex is also shown. The tightly bound water (see text)
which forms an integral part of the adenine specificity is
indicated by an arrow.

ence very different environments, with one being sub-
stantially buried against a hydrophobic surface provided
by the side chains of Met 84, Leu 93, Phe 124, Thr 171,
and Leu 173. The other face is exposed and coated by a
network of bound water molecules which connect to the
waters and Mg?" bound by the phosphates of the ADP
toward the open mouth of the pocket. Binding of
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geldanamycin displaces much of this extended water
network, occupying the volume with part of the mac-
rocycle and the benzoquinone ring, quinone, and meth-
oxy oxygens of which replace two of the water positions
associated with the g-phosphate of a bound ADP. This
water network is also disrupted by binding of radicicol,
which occupies the space with its macrocycle and
epoxide group, but without any direct replacement of
water sites by functional groups. The groups forming
the hydrophobic face of the adenine binding site make
extensive hydrophobic interactions with the macrocycle
of geldanamycin and with the face of the aromatic ring
of radicicol. This ring is approximately coplanar with
the adenine of bound ADP and is orientated such that
the exocyclic chlorine is in van der Waals contact with
the edge of the phenyl ring of Phe 124. The conforma-
tions of all the protein residues involved in forming the
hydrophobic face of the nucleotide-binding pocket are
unaffected by binding geldanamycin or radicicol.

The phosphate groups of bound ADP make only two
direct contacts with the protein; the peptide nitrogen
of Gly 123 at the N-terminus of the a-helix from 123 to
130 donates a hydrogen bond to the a-phosphate group,
while the fp-phosphate is involved in an ion pair/
hydrogen bond with the side chain of Lys 98. Both of
these interactions are reproduced by geldanamycin, with
Gly 123 hydrogen bonding to the macrocycle peptide
oxygen and Lys 98 to a quinone oxygen. The smaller
macrocycle of radicicol in contrast, is directed away from
the phosphate-binding region and instead accepts a
hydrogen bond from the side chain of Lys 44, to the
epoxide oxygen. Lys 44 is also involved in an interaction
with the macrocycle hydroxyl of geldanamycin but
makes no interactions with a bound nucleotide.

Structure—Activity Relationships. Geldanamycin
has been subjected to an extensive synthetic program
in an attempt to improve its potency in reducing the
activity of the ErbB-2 oncogenic tyrosine kinase in vitro
and in vivo.2324 At the time of those studies, it was not
appreciated that the effects of geldanamycin on cellular
ErbB-2 activity was mediated by binding to Hsp90. It
now becomes possible to rationalize the effects of some
of the modifications made in that program, in terms of
the structure of the yeast Hsp90—geldanamycin com-
plex. However, as the potency of these derivatives was
primarily assessed in terms of ErbB-2 levels in cells or
whole animals, factors such as stability and bioavail-
ability will clearly also have played a part.

As expected from its role in reproducing the functions
of the exocyclic amino and imino nitrogens of adenine,
all modifications of the carbamate group resulted in
substantial loss of potency. The significant loss of
activity resulting from the reduction of the 2—3-double
bond is less easily understood but may result from the
loss of the rigidifying effect of this bond in stabilizing
the folded-over conformation of bound geldanamycin.
The only improvements that were obtained over un-
modified geldanamycin resulted from modifications of
the ansa ring hydroxyl and the methoxy of the benzo-
qguinone ring, both of which participate in a hydrogen
bond network involving Asp 40 and Lys 44. In the ADP
complex, Asp 40 provides a hydrogen bond to one of the
ligand waters of the Mg?" cation, and its carboxyl
headgroup is directed away from Lys 44, which makes
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no contacts to the bound nucleotide and is relatively
disordered. In the geldanamycin complex, the side chain
of Asp 40 rotates toward Lys 44 and forms a hydrogen
bond to its e-amino group, stabilizing its conformation.
The e-amino group of Lys 44 is simultaneously hydrogen
bonded to the ansa ring hydroxyl of geldanamycin.
Oxidation of this hydroxyl to a ketone would provide a
better hydrogen bond acceptor for this interaction and
would explain the increase in potency observed with
ketone derivatives and the substantial loss of potency
when amines were introduced at this position. As well
as interacting with Lys 44, the carboxyl of Asp 40 is in
hydrogen-bonding contact with both the benzoquinone
methoxy oxygen and the adjacent quinone oxygen.
Replacement of the methoxy oxygen, a poor hydrogen
bond acceptor, with an amino group would provide a
much better hydrogen-bonding interaction for Asp 40.
Consistent with this, introduction of a variety of alky-
lamino groups at this position gave improved potency.

By contrast, little medicinal chemistry has been
reported for radicicol, and the essential pharmacophores
have not previously been identified. In light of our
structural data, the reasonable presumption that reac-
tivity of the epoxide would be an essential feature of its
mechanism of action seems unlikely, at least with
regard to its inhibition of Hsp90, as the epoxide oxygen
only serves to provide a polar interaction for the e-amino
group of Lys 44.

Discussion

The structural and biochemical data presented here
confirm the suggestion? that radicicol, like geldanamy-
cin, achieves at least some of its antitumor activity by
disruption of Hsp90-mediated activation of protein
kinases. Both antibiotics bind to the N-terminal nucle-
otide-binding domain of Hsp90, and both antibiotics
inhibit the inherent ATPase activity of Hsp90, which
is essential to its in vivo function.l”

The structural data cannot provide a simple explana-
tion of the greater affinity of radicicol over geldanamy-
cin, in terms of strengths of interactions made by the
antibiotics in the nucleotide-binding site. However, the
ITC data indicate that the major difference in affinity
results from entropic rather than enthalpic factors, with
geldanamycin paying a significant entropic penalty on
binding. Consistent with this, binding of radicicol ap-
pears to cause the release of more ordered water
molecules from the protein into bulk solvent than does
binding of geldanamycin; radicicol binding involves no
significant conformational changes or increased ordering
in protein side chains, unlike geldanamycin, and radici-
col binds in the same conformation observed in crystals
of the free antibiotic, unlike geldanamycin.

Hsp90 chaperones are involved in the folding and
activation of a wide range of ‘client’ proteins, including
steroid hormone receptors,?® tyrosine kinases such as
pp60Y—s,26 Her-2/neu,?’ p56'°k13 and p185¢82 28 serine/
threonine kinases such Cdk42° and c-Raf,%° and mutant
forms of p53.3! Downregulation of any one of these

Figure 6. Schematic diagrams of the interactions of (A) ADP,
(B) geldanamycin, and (C) radicicol in the N-terminal domain
of Hsp90, generated using Ligplot.3® Hydrogen-bonding inter-
actions are shown as broken lines. Atoms in van der Waals
contact have ‘spokes’ directed at each other.
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would have positive antiproliferative effects, so that
Hsp90, on which all of these depend to greater or lesser
extents for their activity, is an attractive target for the
development of antitumor drugs. Geldanamycin and
other ansamycin antibiotics have shown potent antitu-
mor activity in cell culture and animal models,*? and
correlation between the downregulation of mutant p53,
p185¢vB2 and Raf-1 and the antiproliferative activity
of such compounds?® suggests that they act via Hsp90.
Clinical application of geldanamycin, however, is limited
by a substantial hepatotoxicity.34

Conclusion

The involvement of Hsp90 in the activation of proteins
involved in cell-cycle regulation, signal transduction,
and steroid hormone response makes it an attractive
target for antitumor drug development. The recent
demonstration of Hsp90's direct role in activation and
regulation of epithelial nitric oxide synthase'* may also
make it a target for development of drugs modulating
vascular function. So far, medicinal chemistry has been
restricted to geldanamycin and related ansamycin an-
tibiotics. The structural data presented here should
provide a rational basis for further developments of
ansamycins, which may allow the elimination of fea-
tures responsible for toxicity and instability, while
retaining the essential nucleotide-mimetic pharmacoph-
ores. The demonstration that radicicol also inhibits
Hsp90 function by binding to the nucleotide-binding site
of the chaperone, but with some 50-fold greater affinity,
together with a detailed structural description of the
essential interactions should inagurate a new stage in
the development of Hsp90 inhibitors.

Experimental Section

Isothermal Titration Calorimetry (ITC) of Nucelotide
Binding. The titration experiments were performed using the
MSC system (MicroCal Inc., MA). In each experiment, 16
aliquots of 15 uL of radicicol (310 uM in 1% DMSO) or
geldanamycin (300 M in 1% DMSO) were injected into 1.3
mL of protein (31 «M in 20 mM Tris-HCI, pH 7.5, 1 mM EDTA)
at 25 °C, and the resulting data were fit after subtracting the
heats of dilution as described previously.'®> Heats of dilution
were determined in separate experiments from addition of
radicicol or geldanamycin into buffer and buffer into protein.
No evidence for binding of DMSO in the nucleotide binding
site was observed. Titration data were fit using a nonlinear
least-squares curve-fitting algorithm with three floating vari-
ables: stoichiometry, binding constant (K, = 1/Kg), and change
of enthalpy of interaction (AH®). Dissociation constants esti-
mated for radicicol bind and for geldanamycin binding to intact
yeast Hsp90 are 19 nM and 1.22 uM, respectively, and for
binding to Hsp90 N-terminal domain are 2.7 nM and 0.78 uM,
respectively (see Table 1). No meaningful heats were observed
with either compound binding to the C-terminal fragment.

ATPase Assay. The ATPase assay was based on a regen-
erating coupled enzyme assay,® in which the phosphorylation
of ADP by pyruvate kinase at the expense of phosphoenolpyru-
vate is coupled to the reduction of the resulting pyruvate by
lactate dehydrogenase at the expense of NADH. Oxidation of
NADH to NAD™" produces a loss of optical density at the NADH
absorbance maximum of 340 nm, in direct stoichiometry to
the amount of ADP phosphorylated. Each 1-mL assay con-
tained 100 mM Tris-HCI (pH 7.4), 20 mM KCI, 6 mM MgCly,
0.8 mM ATP (Sigma), 0.1 mM NADH (Boehringer Mannheim),
2 mM phosphoenolpyruvate (Boehringer Mannheim), 0.2 mg
of pyruvate kinase (Boehringer Mannheim), 0.05 mg of L-
lactate dehydrogenase (Boeringer Mannheim), and between 2
and 3.5 nmol of Hsp90. Sufficient NADH was added to give
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an initial absorbance of 0.3 at 340 nm prior to addition of
Hsp90s or fragments, and activity was detected as a decrease
in absorbance. Inhibition of ATPase activity by radicicol or
geldanamycin was achieved by the addition of 1-10 uL of
antibiotic dissolved in 100% DMSO to a final concentration of
1.5, 9, 15, and 30 uM. In control experiments, 1% DMSO
present alone did not affect the measured ATPase activities,
and stoichiometric rephosphorylation of ADP directly added
to the assay system was unaffected by 1% DMSO or by either
of the antibiotics at all concentrations tested. Geldanamycin
was kindly provided by the Drug Synthesis and Chemistry
Branch, National Cancer Institute, Bethesda, MD. Radicicol
was a kind gift of Dr. Phillip Hedge, Zeneca Pharmaceuticals
PLC. All measurements were made on a Shimadzu UV-240
spectrophotometer.

Crystallization, X-ray Diffraction, Structure Deter-
mination, and Refinement. The expression, purification,
and crystallization of the N-terminal domain of yeast Hsp90
has been described previously.®® For cocrystallization with
radicicol or geldanamycin, the antibiotic was dissolved in 100%
DMSO and diluted into protein stock solution. Procedures for
X-ray diffraction data collection and processing, manual
interpretation of electron density maps, and structure refine-
ment for all crystals are as described in ref 19. The structure
of the radicicol and geldanamycin complexes were determined
by molecular replacement with the coordinates of the native
tetragonal crystal form of the yeast HSP90 N-domain (Protein
Data Bank code 1AHG6) as previously described for nucleotide
complexes.’® Refinement of the geldanamycin complex con-
verged after the addition of 153 solvent molecules, with an
R-factor for all reflections in the resolution range 30—2.5 A of
0.206. Refinement of the radicicol complex converged after the
addition of 94 solvent molecules, with an R-factor for all
reflections in the resolution range 30—2.5 A of 0.193. Figures
3—5 were produced using Robert Esnouf's adaptation of
Molscript®® and Raster3D.%"
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