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Heat shock protein 90 (Hsp90) is a significant target in the development of rational cancer therapy due to
its role at the crossroads of multiple signaling pathways associated with cell proliferation and cell viability.
Here we present a combined structure- and dynamics-based computational design strategy, taking the flexibility
of the receptor and of a lead peptidic antagonist into account explicitely, to identify the nonpeptidic small
molecule 5-aminoimidazole-4-carboxamidg-b-ribofuranoside (AICAR) as a structurally novel inhibitor

of Hsp90. The compound is selected to bind the Hsp90 N-terminal domain, mimicking the chemical and
conformational properties of the recently described peptidic antagonist of the suilisp®0 complex,
shepherdin [Plescia et aCancer Cell2005 7, 457-468]. Experimental tests show that AICAR binds the
Hsp90 N-domain, destabilizes multiple Hsp90 client proteins in vivo, including survivin, and exhibits
antiproliferative and proapoptotic activity in multiple tumor cell lines, while not affecting proliferation of
normal human fibroblasts. We propose that AICAR represents a viable lead for further development of
anticancer drugs with wide therapeutic opportunities.

Introduction anticancer activity in preclinical models and has recently
completed safety evaluation in humaifsOne Hsp90 client
protein with critical roles in tumor cell proliferation and cell
viability is survivin, an inhibitor of apoptosis (IAP) protein
selectively overexpressed in cangé?.Accordingly, targeting
the survivin-Hsp90 complex may provide a strategy to
simultaneously disable multiple signaling pathways in tumors,
gnd a peptidomimetic antagonist of this interaction structurally
different from 17-AAG, shepherdin, inhibited the chaperone

approaches may not be immediately available for the majority gctivity _and exhibited1 potent and selective anticancer activity
of tumors where multiple molecular abnormalities and genetic n prec!lnlcal models: )

instabilities may elude the identification of one single, disease- I this study, we have used shepherdin (LFACGSSHK, all
driving oncogené.Conversely, pathways that intersect multiple 2-2mino acids) as a scaffold to rationally identify low-molecular-
essential functions of tumor cells may provide wider therapeutic Weight compounds that may act as structurally novel Hsp90
opportunities. A prime target for this strategy is the heat shock antagonists (Figure 1). We built a three-dimensional pharma-
protein 90 (Hsp90), a molecular chaperone that oversees theCOPhOre to screen a database of nonpeptidic structures, and we
correct conformational development of polypeptides and protein 'dentified a novel antagonist of Hsp90 chaperone function with
refolding through sequential ATPase cycles and stepwise Promising anticancer activity. The resul_ts prgsented here open
recruitment of cochaperones. This adaptive pathway contributestn€ POssibility to expand the molecular diversity space of Hsp90
to the cellular stress response to environmental threats, including?Ntagonists.

heat, heavy metal poisoning, hypoxia, and so on, and is
extensively exploited in cancer, where Hsp90 ATPase activity
is upregulated~100-fold> The repertoire of Hsp90 client Simulation Setup, Docking Experiments, and Molecular
proteins is restricted mainly to growth-regulatory and signaling Dynamics (MD) Refinement of Hsp90/Shepherdin ComplexMD
molecules, especially kinases and transcription factors, which simulations of shepherdin in isolation in solution were described
may contribute to tumor cell maintenarfc&Therefore, targeted  in ref 11. The docking procedure can be summarized as follows:
suppression of Hsp90 ATPase activity with a small molecule the representative of the main conformational clustering for
inhibitor, the benzoquinone ansamycin antibiotic 17-allylamino- shepherdin structureg-fairpin) was subjected to blind docking

. .. experiments on the putative N-terminal Hsp90 receptor using the
17-demethoxygeldanamycin (17-AAG), has shown promising program AutoDocK? The crystal structure of the protein was taken

from the protein data bank (pdb code 1YE¥)he original X-ray

Cancer therapy now aims at disabling oncogenic pathways
that are selectively operative in tumor cells, so as to spare normal
tissues and limit side effects in humans. This “targeted therapy”
relies on a better understanding of cancer genes, particularly
those implicated in tumor cell proliferation and survival.
Accordingly, targeted inhibition of the Bcr-Abl kinase with small
molecule antagonists has produced dramatic clinical response
in malignancies driven by this oncogefig. However, such
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Figure 1. Identification of shepherdin/Hsp90 binding determinants. Determination of pharmacophore model and AICAR identification. (A) Structure

of the MD-refined docked complex between shepherdin and the N-domain of Hsp90 (green). Initial (yellow) and final (blue) structure of shepherdin
within the ATP-binding pocket of Hsp90 with two different orientations. (B) Side-chain groups of Hsp90 responsible for the main interactions with

shepherdin. (C) Close-up of the groups of shepherdin (colored by atom) responsible for stabilizing interactions with Hsp90 (green). (D) Time
evolution of the H-bonding interactions between Hsp90 and shepherdin groups (from top to bepi@ihpf S84,y-OH of S85, N of H86,

No—H of H86, and SH of C82. (E) The pharmacophoric hypothesis mapped on the 3D structure of AICAR and its molecular structure (5-

aminoimidazole-4-carboxamidefitp-ribofuranoside, AICAR).

eters in the program package) were used for modeling H-bonding NH groups were considered as having- & charge and carboxylic
and Van der Waals interactions, respectively. The distance- groups were considered as having-& charge. The system was
dependent dielectric permittivity of Mehler and Solm&jeras used found to have a total charge ef8. All solvent molecules within
for calculation of the electrostatic grid maps. The Lamarckian 0.15 nm of any peptide atom were removed. Eight Baunterions
genetic algorithm (LGA) and the pseudo-Solis and West methods were added to the system. Two different sets of initial velocities
were applied for minimization using default parameters. The number obtained from a Maxwellian velocity distribution at the desired

of generations was set to 25 million in all runs, and the stopping temperature of 300 K were used to yield two different production
criterion was, therefore, defined by the total number of energy runs of 54 and 73 ns, respectively.

evaluations. Random starting positions on the entire protein surface,
random orientations, and torsions (flexible ligand only) were used
for the ligand. A total of 350 runs were performed. At the end of
the docking runs, the conformations of the ligand peptide were listed
in increasing energy order. Subsequently, the ligand conformation
with the lowest energy was used as the reference, and all

In each case, the system was initially energy minimized with a
steepest descent method for 1000 steps. In all simulations, the
temperature was maintained close to the intended value of 300 K
by weak coupling to an external temperature Bathith a coupling
constant of 0.1 ps. The Hsp90/shepherdin complex and the rest of

conformations with a center of mass to center of mass distance ofth€ System were cogple%separately to the temperature bath. The
<2.5 A from the reference were assigned to the first cluster. Once GROMOS96 force fielt?” and the simple point charge (SPE)
a conformation was assigned to a cluster, it was not used again forater model were used. The LINCS algoritfmvas applied to
other energetically less-favorable clusters. Then the process wasSonstrain all bond lengths. For the water molecules, the SETTLE
repeated for all hitherto unclassified conformations until all 2algorithn®was used. A dielectric permittivit, = 1, and a time
conformations were put in a cluster, thus identifying 49 structural Step of 2 fs were used. A cutoff was taken for the calculation of
clusters corresponding to different free-energy values for the the nonbonded Van der Waals interactions. The cutoff radius was
complex. Root-mean-square deviation (rmsd) values among dif- Sét at 0.9 nm. The calculation of electrostatic forces utilized the
ferent docked conformations are reported in the Supporting PME implementation of the Ewald summation metfibth each
Information, Figures S1 and S2. Most of the docked structures Simulation, the density of the system was adjusted by performing
shared common conformational characteristics, which are prototypi- the first equilibration runs in NPT condition by weak coupling to
cally represented by the structure of the global minimum of the a bath of constant pressuréy,(= 1 bar, coupling timer p = 0.5
complex. This structure was chosen for further studies via all-atom, ps)*® All simulations were equilibrated by 50 ps of MD runs with
explicit solvent MD simulations. position restraints on the protein and ligand to allow relaxation of
The shepherdin/Hsp90 complex was first solvated with water in the solvent molecules. These first equilibration runs were followed
a periodic truncated octahedron, large enough to contain the peptidedy another 50 ps run without position restraints on the solute. The
and 0.9 nm of solvent on all sides. The protonation and charge production runs using NVT conditions, after equilibration, were
states of the side chains of the ligand and the receptor were choserb4 and 73 ns long. All the MD runs and the analysis of the
to be consistent with the solution conditions of the experiments: trajectories were performed using the GROMACS software pack-
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Table 1. Orientations of Pharmacophoric Groaps amide-1p-d-ribofuranoside® (AICAR, Figure 1E), identified as

active through the procedure described above and experimental tests

minimum maximum
dihedral dihedral in different tumor and normal cell lines, was docked on Hsp90,
functional groups value (degrees) value (degrees) using the Autodock program and the same protocol as described
Ser84yOH - Serg5,OH 260.7 2907 for shepherdin. The clustering procedure identified one d_omlnant
Ser84 yOH -- Cys82_SH 247.0 277.0 set of conformations for the AICAR/Hsp90 complex, including the
Ser85yOH -- Cys82_SH 184.0 214.0 free-energy minimum structure. The latter structure was used as
Cys82_SH -- Imidaz_His86 27.2 57.2 the starting structure for subsequent MD refinement of the complex
Ser84yOH -- Imidaz_His86 133.7 163.7 in explicit water. MD was carried out once again following the
Ser85yOH -- Imidaz_His86 43.9 73.9 procedure described above for the shepherdin/Hsp90 complex for

a total of 100 ns. The resulting trajectory was analyzed in terms of
the main interactions (hydrogen bonding, favorable contacts, etc.)
taking place during the simulation time. This information can be
used to define possible structaractivity relationships for the
AICAR/Hsp90 complex with the aim to design derivatives with
improved activities and pharmacological properties.

Recombinant Proteins and Binding Studies The N-domain

aMinimum and maximum values of dihedral angles between functional
groups used for PHARM1. The definitions of dihedral are reported in
Materials and Methods.

Table 2. Distances between Pharmacophoric Gréups

functional groups avg dist. (nm)

Eggﬁggﬂ - 332885212,:' 0;;; 822 (residues +272) or C-domain (residues 62932) of Hsp90 were
Ser85yOH -- Cys82_SH 0.630.15 expressed as recombinant fusion proteins and purified after removal
Cys82_SH -- Imidaz_His86 0.7%0.21 of the GST frame by thrombin cleavage, as described previously.
Ser84yOH -- Imidaz_His86 1.13 0.09 Binding of AICAR to recombinant Hsp90 fragments was carried
Ser85yOH -- Imidaz_His86 0.52£0.14 out by ELISA. Briefly, increasing concentrations of AICAR (Sigma-

a Average distances and standard deviation from MD simulations used Aldrich, St. Louis, MO; 0.02-5 mM) were immobilized on plastic
to define distances between functional groups in PHARML. microtiter wells, blocked in 3% gelatin, and further mixed with
recombinant N- or C-domain of Hsp90 4/mL) for 2 h at 310 K
(37 °C). After washes, binding of the various Hsp90 fragments to
AICAR-coated wells was detected using domain-specific antibodies
to Hsp90 and quantified by absorbance at 405 nm. In another series
of experiments, AICAR (5 mg/mL) was coupled to Sepharose beads
(1 mL) and used to fractionate HelLa cell extracts prepared in 20
mM Tris, pH 7.2, 0.5% deoxycholate, 1% Triton X-100, 0.1% SDS,
150 mM NaCl, 1 mM EDTA plus protease inhibitors. After washes,
bound proteins were eluted in 0.1 M glycine, pH 2.5, immediately

neighbors as cluster and eliminate it from the pool of clusters. This . :
procedure is repeated for the remaining structures in the pool. The Pufféred to neutrality, separated on SDS polyacrylamide gels, and
analyzed by Western blotting. Fractionation of HeLa cell extracts

most populated cluster, representative of the most visited structuresover uncounled Seoh bead d trol
in the MD simulations, for the Hsp90/shepherdin complex is : pied Sepharose bea swag used as controfl. )
represented in Figure 1 and was used as a template for pharma- Cell Lines and Cu_Itures. A_ndrogen-lndependent adenocarci-
cophore design. The relative distances and orientations (dihedraloma (DU145), cervical carcinoma (HelLa), and melanoma (JR8)
angles) among the different groups were evaluated as averages ovef€ll lines were grown in RPMI-1640 medium (BioWhittaker,
the whole trajectories. For dihedral calculations, the angles were Verviers, Belgium) supplemented with 10% fetal bovine serum.
defined as the solid angles in 3D space determined by the vectorsTne normal human lung fibroblast cell line (W138) was grown in

that unite the ©-H or S—H atoms in Ser or Cys or by the vector DPMEM medium (BioWhittaker) supplemented with 5% fetal bovine
normal to the imidazole plane of histidine. serum. All cell lines were maintained as monolayers at 310 K (37

Pharmacophore Generation.Three different pharmacophore C) in a 5% CQ ,hum'd'f'ed atmo§phere in-ar. o
models were built and labeled PHARM1, PHARM2, and PHARM3 ~ Growth Inhibition and Apoptosis Assays. After harvesting in
based on the results of MD simulations. The conformation of the logarithmic growth phase, cells were seeded in 6-well plates
shepherdin and the orientations of its side-chain functional groups for 24 h and then exposed to various concentrations of AICAR or
in the most populated structural cluster from MD trajectories of 17-AAG for 72 h at 310 K (37°C) in a 5% CQ humidified
the complex were used as structural template (Figure 1C,E). The@tmosphere. At the end of treatment, cells were washed twice with
distributions of dihedral values (Table 1) and distances (Table 2) PBS, trypsinized, and counted in a particle counter (Coulter Counter,
among critical functionalities were used to define upper and lower Coulter Electronics, Luton, U.K.). Each experimental point was run
boundaries for geometric constraints. The HypoGen Module of the in triplicate. The results were expressed as the number of cells in

age?? Configurations of the receptetigand complex were saved
every 4 ps for subsequent statistical analysis.

Conformational cluster analysis of the two trajectories was
performed using the method described by Daura €€ abunt the
number of neighbors using a cutoff of 0.20 nm rmsd between the
optimal backbone superposition of different structures, and take
the structure with the largest number of neighbors with all its

Catalyst program from Accelryswas used for this purpose. For
PHARML1, a four-point model was created by assembling three
H-bond donors mapped over the two SefOH and the Cys SH

treated samples compared with control samples.

For determination of apoptosis, cells were fixed in 70% (v/v)
ethanol, stained with a solution containing B6/mL propidium

groups, and one imidazole moiety mapped over the imidazole ring iodide, 10 mg/mL RNase, and 0.1% (v/v) Tween20 for 30 min at
of His of shepherdin. The torsional and distance restraints reportedroom temperature, and analyzed with a FACScan flow cytometer
in Tables 1 and 2 were added to restrict the database search(Becton Dickinson, Sunnyvale, CA). A flow-cytometric sulg-G
Furthermore, we imposed location constraints (the volume in which peak was detected on DNA plots using the CellQuest software
the functions can reside), specifying the radius of the spheresaccording to the Modfit model (Becton Dickinson). In parallel, an
according to Catalyst’s defaults. PHARM2 and 3 were constructed aliquot of the propidium iodide-stained cell suspension was spotted
in a similar way, augmenting PHARM1 with an aromatic function onto slides and assessed for typical apoptotic nuclear morphology
centered on the position of the Phe80 benzene ring and a(nuclear shrinkage, condensation and fragmentation) under a
hydrophobic function centered on the S atom of Cys82 (PHARM2) fluorescence microscope with appropriate filter combinations.
or by the presence of a positive charge mapped on the position of Apoptotic cells were determined by two independent observers
the ammonium group of Lys87 (PHARM3). These were used as scoring at least 500 cells in each sample.
queries for a search in the NCI_3D database using the database Caspase-3 and caspase-9 activities were measured as the ability
search module of Catalyst. to cleave the specific substratdsacetyl-Leu-Glu-His-Asp-pNA
Small Molecule/Hsp90 Docking and MD Refinement of the (LEHD-pNA) andN-acetyl-Asp-Glu-Val-Asp-pNA (DEVD-pNA)
Complex. The small molecule lead, 5-aminoimidazole-4-carbox- by means of the APOPCYTO/caspase-9 and APOPCYTO/caspase-3
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assay kits (Medical and Biological Laboratories, Naka-ku Nagoya, functional group; Figure 1C,D). The remaining hydrogen-
Japan) according to the manufacturer’s instructions. bonding group on shepherdin, Cys82, was involved to a lesser
Analysis of Hsp90 Chaperone FunctionTo monitor changes  extent in intermolecular H-bonding interactions; however, its
in Hsp90 client proteins, cells were harvested and solubilized in presence was shown experimentally to be necessary to ensure
lysis buffer (0.01% NP40, 10 mM Tris [pH 7.5], 50 mM KCl, 5 hinding. Moreover, it displayed hydrophobic interactions with
mM MgCl, 2 mM DTT, 20% glycerol plus protease inhibitors) g gide chains of Hsp90, Leu108 and the alkyl part of Asn109.
plus four pulses on a sonicator (10 s each) at 50 J/\Natt-sec,Cy582 is also important for preserving the hairpin structure;

alternated by 30-sec intervals on ice, and analyzed by Western - . .
blotting primary antibodies specific for survivin (Novus Biologicals, mutations to Ala on the isolated peptide lead to loss of ordered

Littleton, U.K.), Hsp90, Hsp70, CDK-6, Raf-1, Neu (Santa Cruz hairpin structuré*

Biotechnology, Santa Cruz, CA), and Akt (Cell Signaling Technol-  To define the presence of hydrophobic/aromatic interactions,
ogy, Danvers, MA). Alternatively, lysates were immunoprecipitated the contacts involving the side chains of Phe80 and His86 were
with a rabbit polyclonal Hsp90 antibody (Santa Cruz Biotechnology) monitored during simulation. Shepherdin Phe80 was found to
precoupled to &L of a 50% slurry of protein-G-agarose beads for pe jn contact mainly with the charged/polar side chains of Lys59,
1 h at 4°C. After washes, the immunoprecipitates were analyzed Asn52, and Asn55 on Hsp90, while shepherdin His86 was not

for telomerase activity by telomeric repeat amplification protocol . . . . . : i
(TRAP) assay using the TRAPeze kit (Intergen Co., Oxford, U.K.). ﬂgggg?gg?é&g\flved in_hydrophobic/aromatic contacts with

Each reaction product was amplified in the presence of a 36-bp ] . .
internal TRAP assay standard (ITAS). Quantitative analysis was ~ Finally, the role of the positively charged ammonium group
performed with the Image-QuanT software (Molecular Dynamics) on the side chain of shepherdin Lys87 was found to be only
as previously described. marginally involved in interactions with the backbone carbonyl
Statistical Analysis. Data were analyzed using the two-sided oxygens of Hsp90 residues Phe135 and Gly136, being mostly
unpaired Student’s test. Ap value of 0.05 was considered as exposed to the water solvent during MD simulations.
statistically significant. Pharmacophoric Hypotheses and Small Molecule Identi-
fication. Three different pharmacophore models were built and
labeled PHARM1, PHARM2, and PHARM3 based on the
Characterization of Hsp90/Shepherdin Binding Interface results of MD simulations. The conformation of shepherdin and
The dominant conformations of shepherdin in solution were the orientations of its side-chain functional groups in the most
investigated through all-atom, explicit solvent MD simulations populated structural cluster from MD trajectories of the complex
for a total time span of 400 ns. Statistical cluster analysis showedwere used as structural template (Figure 1C,E). The distributions
that shepherdin displays one main conformation, characterizedof dihedral values (Table 1) and distances (Table 2) among
by the presence of a turn involving residues G83-S84 and ancritical functionalities were used to define upper and lower
overall hairpin geometry (see ref 11 for details). The remaining boundaries for geometric constraints.
clusters were mainly extended conformations, with the peptide PHARML1 (Figure 1E) consisted of four pharmacophoric
backbone groups involved in hydrogen bonding with water.  points: three H-bonding donor functionalities mapped over the
The most-populated conformation was subjected to multiple side chain OH group of Ser84, Ser85, and the SH group of the
blind docking experiments on Hsp90 using the Autodock Cys82, plus one imidazole ring moiety mapped on the position
program!? In all cases, the peptide was predicted to bind within of the corresponding ring of His86 (Figure 1E). Each imidazole
the ATP binding site of Hsp90 (Figure FAC). Analysis of the atom was allowed to bear any substituent or be a bridgehead in
blind docking results through the procedure described by the presence of a fused ring. PHARM2 consisted of two
Hetenyi et aP” showed that low-energy poses are all closely H-bonding donor groups corresponding to th©H of Ser84
correlated with one another, with an rmsd from the global and Ser85, one aromatic function centered on the position of
minimum structure lower than 2.5 A. Control docking experi- the Phe80 benzene ring, and one hydrophobic function centered
ments were conducted with the extended structures representaen the S atom of Cys82. PHARMS3 had the same properties as
tive of other clusters, but in those cases it was not possible to PHARM1, augmented by the presence of a positive charge
univocally identify any particular binding site on Hsp90. mapped on the position of the ammonium group of Lys87.
The free-energy minimum structure of the Hsp90/shepherdin  The three models described above were used as queries for
complex was then subjected to two long, 54 and 73 ns, all- a search of the NCI_3D database of molecules (containing
atom MD simulations. Analysis of the statistical and time- approximately 160 000 compounds). The search with PHARM1
dependent distribution of the interactions between functional yielded 73 compounds, the search with PHARM?2 yielded 42
groups of the ligand and of the chaperone was carried out to compounds, while PHARM3 gave no hits. In experimental tests,
develop pharmacophore models, keeping into account thethe molecules corresponding to hits of PHARM2 proved to be
motional and flexibility properties of both the ligand and the extremely insoluble due to the presence of aromatic/hydrophobic
receptor. Shepherdin partially reoriented to increase the totalgroups and thus had no tumor-cell-killing effect. The search
number of stabilizing contacts with the ATP binding pocket of with PHARM1 yielded, among others, 20 hits reminiscent of
Hsp90 (Figure 1A-D). Attention was focused in particular on  the class of known purine-based inhibitors of the ATP-binding
the analysis of hydrogen-bonding, hydrophobic/aromatic, and pocket of Hsp9@22°Interestingly, one of the nonpurine-based
charge-charge interactions, as these represent the most commorhits that was found to be effective in experiments, AICAR
types of intermolecular forces determining host/guest recognition (Figure 1E¥>was not previously known to interfere with Hsp90
in drugs. chaperone functions and was characterized by a novel molecular
The functional groups of shepherdin involved in direct or Sstructure among Hsp90 antagonists.
water-mediated hydrogen bonds with the binding pocket of  Molecular Interactions between AICAR and Hsp90: MD
Hsp90 included ther-OH functions of Ser84, Ser85, and the Simulation Results. The structure of the complex between
imidazole ring of His86 (Figure 1BD). The latter, in particular, =~ AICAR and Hsp90, obtained with the docking procedure
could satisfy hydrogen-bonding conditions being involved in described in Materials and Methods, was studied in solution
interactions both as an acceptor(&tom) and as a donor (NH by MD simulations in explicit water solvent. The 100 ns time

Results



Rational Identification of Hsp90 Inhibitors Journal of Medicinal Chemistry, 2006, Vol. 49, No.7285

Figure 2. Molecular interactions in the AICAR/Hsp90 complex. (A) Structure of the MD-refined docked complex between AICAR and the N-domain

of Hsp90. The ligand is represented by sticks, while the protein is represented by its Van der Waals surface, colored according to its electrostatic
potential: red indicates regions of negative charge, white indicates hydrophobic regions, and blue indicates positively charged regions. (B) Same
as (A) but with a different orientation. (C) Structure of the MD-refined docked complex between AICAR and the N-domain of Hsp90. The protein

is represented by its secondary structure. (D, E) Two different orientations of the Hsp90 binding site with AICAR bound. The main interactions
between AICAR and Hsp90 residues are highlighted. The carbon atoms of AICAR are colored light blue.
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Figure 3. Binding of AICAR to Hsp90. (A) ELISA. Microtiter wells were coated with the indicated increasing concentrations of AICAR and
incubated with recombinant N- or C-domain of Hsp90. Binding was determined using domain-specific antibodies to Hsp90 and quantified by
absorbance at Ofgs. Data are the meatt SEM of three independent experiments. (B) Affinity chromatography. AICAR was coupled to sepharose

and used to fractionate HelLa cell extracts. Eluted fractions were analyzed by Western blotting. A sepharose column was used as control. (C)
Competition between shepherdin and AICAR. Cell extracts are fractionated on a sepfswgskerdin column. The bound material was then

eluted with soluble AICAR (5 mg/mL), and the resulting fractions were Western Blotted for Hsp90. Hsp90 was eluted from the column using
AICAR.

length reported for this simulation represents, to the best of our defined by the side chains of Leu48, Met98, Val136, Phel38,
knowledge, the first case where such time scales have beerand Vall86. In this binding mode, AICAR is also involved in
accessed and used for the study of systems of this degree oflirect hydrogen-bonding contacts with the side chain of Asp93,
complexity. Analysis of the trajectory shows that AICAR docks through the OH groups in positions 3 and 5 of the ribose ring
into the ATP-binding pocket of Hsp90 (Figure 2&) and that (Figure 2D,E). Interestingly, the interaction with Asp93 was
it is involved in several direct hydrogen-bonding contacts with already defined as specific for the shepherdin/Hsp90 complex
the residues of the Hsp90 ATP-binding pocket. The five-member and is also characteristic of the interaction of the chaperone
sugar ring fits nicely into a pocket flanked by negatively charged with the anticancer molecule radicicol and some of its deriva-
and hydrophobic regions (Figure 2A,B). The OH group in tives3 The hydroxyl group in position 3 is also involved as a
position 2 on the ribose points into a deep hydrophobic channel hydrogen bond acceptor with the side chain of Ser52.
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Figure 4. Inhibition of cell proliferation and induction of apoptosis by AICAR in tumor cell lines. (A) Inhibition of cell proliferation in DU145

(#), Hela @), JR8 @), and WI38 @) cells, as evaluated by cell counting after a 72-h exposure to AICAR. Values represent thetrSB&3nof

three independent experiments. (B) DNA content analysis. DU145, HelLa, and JR8 cells were treated with AICAR or 17-AAG for 72 h, harvested
and analyzed for DNA content by flow cytometry. The percentage of the apoptoticguyiie@ulation is reported in each histogram. (C) Fluorescence
microscopy analysis. The percentage of cells with an apoptotic morphology was assessed by fluorescence microscopy after exposure of cells to
AICAR or 17-AAG for 72 h. Data represent the mean valueSD) of three independent experimeriRss 0.01,P < 0.02, and® < 0.05, student’s

t test. (D) Caspase activation. Caspase-9 and caspase-3 catalytic activity was determined by hydrolysis of the fluorogenic substrate LEHD-pNA and
DEVD-pNA, respectively, in cells exposed to AICAR for 72 h. Data represent the mean vai8& of three independent experimeri®sg< 0.01,

P < 0.05, and student’stest.
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Table 3. Cytotoxic Activity of AICAR and 17-AAG in Tumor Cell cells with an apoptotic nuclear morphology, as detected by
Lines® fluorescence microscopy after cell staining with propidium
AICAR 17-AAG iodide (Figure 4C). In these experiments, spontaneous apoptosis
cellline ICs0 (uM) ICs0 (M) was negligible (0.150.44% in different cell lines), whereas
DU145 59.0+ 8.5 68.3+ 5.8 AICAR treatment increased the apoptotic rate in a concentration-
HelLa 126.0+ 10.3 108.2£19.3 dependent manner. Maximum peaks of 281.7, 23+ 2.4,
JR8 105.0£7.7 53.3+4.9 and 13+ 1.8% were observed in DU145, Hela, and JRS,

@ Drug activity is expressed in terms of the concentration able to inhibit respectively, following exposure to AICAR concentrations
cell growth by 50% (IGo). Values represent the mean SD of three around the 1§ values of each cell line. Exposure to equitoxic
independent experiments. (~ICs0) 17-AAG concentrations resulted in an apoptotic rate
of 15.94 2.0, 10.84+ 1.5, and 12.Gt 1.9% in DU145, Hela,
and JR8, respectively (Figure 4C). AICAR-induced tumor cell

. apoptosis was accompanied by a significant increase in capase-9
presence of Asp54 and Asnsl. The acidic hydrogens on theand capase-3 catalytic activity, as assessed by the in vitro

aromatic nitrogen atom in position 3 and on the carboxamide hydrolysis of specific fluorogenic substrates (Figure 4D).

at positi_on 4 O.f the imidazole are directly involved in _stabilizing Although to a lesser extent, significant activation of caspase-3
interactions with the carboxylate group of Asp54, while the;NH was also observed in DU145 and Hela cells following 17-AAG

group on imidazole position .5 acts as a_hydrogen-bonding exposure. Conversely, a negligible drug effect on caspase-9
acceptor with respect to the side chain amide group of Asn51 activity was recorded (Figure 4D)

and donates one hydrogen bond to the carbonyl group of AICAR Inhibits Hsp90 Chaperone Function. We next

Gly125. )
. - . . . asked whether the cytotoxic effect exerted by AICAR was due
Finally, it is worth noting that the regions of the protein that to the breakdown of multiple cell survival pathways as a

display the highest fluctuations and undergo secondary structure b . ! i
rearrangements include residues-6% and 105112 and are consequence of destabilization of Hsp90 client proteins. AICAR

directlv i tact with th " it . fih tei treated DU145 and HelLa cells exhibited reduced expression of
o ) e e, e H8p30 clent proteins Neu. Ak, and CDKCS and amos
cally to the presence of the Iigan.d which in turn finds the complete loss of sgrvivin by Western blotting (Figure 5A). !n
optimal sterical and chemical fitting within the ATP binding ?lgintl:z;lst,s:\)ICQXR odsls rgo;fagfsflzt‘g Scrﬁlg tz?)ng;:l:’géo rg)s(ﬁlrteesdszﬂn
pocket. These observations are consistent with the results of 9 - =XP

- . o - almost complete abrogation of the Hsp90 client protein Raf-1
recent X-ray stu_dles of Hlsp90 in complex with different ligands and a marked decline in Neu. Conversely, no appreciable
reported by Wright et ai!

. inhibition of survivin expression was detected. 17-AAG did not
Molecular Interactions between AICAR and Hsp90: P

Experimental Tests. ELISA showed that AICAR bound the modify the Hsp90 expression level, but markedly increased

bi Hsp90 N-d - i q bl Hsp70 protein abundance (Figure 5A). In addition, immune
recombinant Hsp -domain in a specific and saturable complexes precipitated from extracts of AICAR-treated tumor
manner, whereas no specific binding of AICAR to the C-

. - . cells revealed a 70% reduction in telomerase activity, which
terminus region of Hsp90 was demoqstrated (Figure 3A). To requires Hsp90 chaperone functiBras compared with control
further investigate the_physmal interaction betwegn AICAR and incubation reactions (Figure 58,C).

Hsp90 in vivo, affinity chromatography experiments were

carried out. Fractionation of HeLa cell extracts over an AICAR- Discussion

Sepharose column resulted in the isolation of Hsp90 by Western

blotting of eluted fractions (Figure 3B,C). In contrast, no specific ~ In this study, we used a structure- and dynamics-based
association of Hsp90 with a control Sepharose column was rational design to identify the nonpeptidic small molecule

The imidazole moiety points toward a negatively charged
region of the Hsp90 ATP-binding side, characterized by the

observed (Figure 3B,C). AICAR as a structurally novel inhibitor of Hsp90 (Figure 1E).
AICAR Induces Tumor Cell Death. A 72-h exposure to ~ The compound was selected to engage the ATP-binding pocket
different concentrations (from 31.25 to 25M) of AICAR of the N-terminal domain of Hsp90, with binding and functional

induced a dose-dependent decline in cell proliferation in various properties that mimic those of the peptidic antagonist of the
human tumor cell lines tested (Figure 4A). Specifically, the 50% Survivin-Hsp90 complex, shepherdihAccordingly, AICAR
inhibitory concentration (1) values, as calculated from the bound the Hsp90 N-domain, destabilized multiple Hsp90 client
growth curves, were 594 8.5:M, 105.0+ 7.7uM, and 126.0 proteins in vivo, including survivin, and exhibited broad

+ 10.3 uM for the DU145, JR8, and HelLa cell lines, antiproliferative activity in multiple tumor cell lines, although
respectively (Table 3). In contrast, identical concentrations of at higher concentrations than those required to obtain the same
AICAR did not reduce the growth of WI38 normal human lung growth inhibitory effect with 17-AAG, with induction of
fibroblasts (Figure 4A). For comparative purposes, the antipro- apoptosis and inhibition of cell proliferation. Reminiscent of
liferative effect of 17-AAG was also evaluated andd@alues the selective anticancer activity of shepherdin, AICAR did not
ranging from 53.3+ 4.1 nM to 108.2+ 19.3 nM were observed  affect proliferation of normal human fibroblasts.

for the different cell lines (Table 3). In tumor cell lines, AICAR Hsp90 is generally viewed as a “druggable” target for rational
induced the activation of apoptosis, as demonstrated by thecancer therapy because of its role at the crossroads of multiple
appearance of an apoptotic sups(eak after a 72-h exposure  signaling pathways associated with cell proliferation and cell
to the drug (Figure 4B). Such a peak, which was not appreciableviability and its elevated ATPase activity in tumors as opposed
in untreated cells, accounted for 34402.3% of the overall to normal tissues, which may provide a favorable therapeutic
cell population in DU145 cells treated with 6281 AICAR window?233 This has prompted considerable interest in the
and for 27.0+ 1.4% and 20.0t 6.1%, respectively, in HeLa  development of Hsp90 antagonists for clinical use, a strategy
and JR8 cells treated with the highest (1&8) drug concentra- that relied largely on the macrocyclic antibiotic Geldanamycin
tion. Genuine induction of tumor cell apoptosis by AICAR was (GA) and its 17-allyl derivative, 17-AAG, as template
also confirmed by a significant increase in the percentage of structures333-35 Conversely, the pharmacophore strategy pre-



7728 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 26 Meli et al.

A
DU145 Hela DU145
AICAR (uM) - 3125 625 - 625 125 - 60 17-AAG (nM)
HSp90 | wnnsr enmm| [emme oo ' | m—
v [Bees | [ = —] @]
rort (D) ] [~
Akt [ e [ ][]
(o1 Py [ S R pe—
survivin [ee= = — R —
actin [ s — | o—— — | S—
B C
DU145 HeLa i, ~DUME  Hela
= 3125 625 - 625 125 AICAR (uM) > 100 _l_
L
[
2 3 60
e o ©
R — —— E R 40 * *
o T
—— o
- 31.25 62.5 62.5 125
e < |TAS AICAR (uM)

Figure 5. AICAR inhibits Hsp90 chaperone function. (A) Loss of Hsp90 client proteins in cancer cells treated with AICAR or 17-AAG for 72 h
and analyzed by Western blotting. {&€) Telomerase activity. Hsp90 was immunoprecipitated from AICAR-treated DU145 and Hela cells, and
telomerase activity was determined by TRAP assay. ITAS, internal amplification standard. Data represent the mearbi2jwéshree independent
experimentsP < 0.01, student’s test.

sented here, using the shepherdin peptidomimetic as a lead In this context, the results of the AICAR/Hsp90 interaction
structure, uncovered an unexpected degree of molecular andstudies presented here are indicative of the structural determi-
structural heterogeneity for Hsp90 inhibitors and identified nants for the activity of AICAR as an Hsp90 inhibitor. In
AICAR as a novel antagonist of the chaperone ATPase activity particular, AICAR is involved in a direct contact with Asp93
with promising anticancer activity. It is worth noting that the through two hydroxyl groups on the furanoside, suggesting that
molecular structure of AICAR is totally uncorrelated with that modifications of these residues with other polar groups may
of ansamycins. The former features a ribose ring linked to a actually strengthen the molecular recognition interaction. The
heterocyclic imidazole function mimicking the aromatic portion same considerations hold for the substituents on the imidazole
of His86 and provides easy access to several functional groupsring. Analysis of the structure of the complex after long time
for further chemical modification, while the latter is generally scale MD refinement also suggests other modifications aimed
characterized by an aliphatic macrocycle linking nonadjacent at improving the hydrophobic contribution to the free-energy
positions of an aromatic ring. Similarly to shephertfin, of association: the hydroxyl group in position 2 of the
preliminary docking studies predicted AICAR to engage the furanoside points directly toward a hydrophobic channel that
ATPase pocket of Hsp90 differently from GA, and amino acids can be occupied by a hydrophobic moiety.
that contact GA were predicted by simulation analysis to be In previous studies, AICAR has been proposed as a phar-
marginally involved or not involved at all in shepherdin or macological activator of AMP-activated protein kinase (AMPK),
AICAR docking to Hsp90. with potential anti-inflammatory properti€$32 The recently
Strengthening the rationale of the proposed shepherdin-basedlescribed anticancer activity of AICAR was attributed to this
screening strategy, which takes into account the motional andmolecular recognition and, in particular, to inhibition of PI3
flexibility properties of the complex with Hsp90 via all-atom  kinase-Akt signaling, with increased expression of cyclin-
MD, previous site-directed mutagenesis experiments confirmed dependent kinase inhibitors, p21, p27, and #58ur data
the essential roles of the two Ser, His, and Cys residues insuggest an additional function of AICAR as a novel and
shepherdin that make up the pharmacophore used here. Morestructurally diverse Hsp90 antagonist, and its anticancer activity
over, a minimal shepherdin KHSSG sequence was sufficient to reflects inhibition of the chaperone function with destabilization

retain the ability to bind Hsp90 and exhibit selective anticancer
activity 36 Models generated based only on the initial semirigid
docking results may not properly recapitulate flexible regions
in Hsp90 required for inhibitor binding and failed to identify
the groups essential for recognition.

of multiple Hsp90 client proteins, including Neu, CDK®6, Akt,
survivin, and telomerase. It is worthy of note that the molecular
mechanisms by which AICAR exerts its activity are not
superimposable to those of 17-AAG. In fact, we failed to
evidence an inhibitory effect on survivin expression after cell
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exposure to a cytotoxic concentration £§Cof 17-AAG. This
finding is in accord with previous data from our group showing
a decline of survivin protein expression in prostate cancer cells
only starting from a very high 17-AAG concentratior §50
nM).4% Moreover, at variance with 17-AAG, AICAR did not
modify the expression of Hsp70 and Raf-1 proteins.

It has to be stressed that our data do not exclude the
interference of AICAR with the AMPK pathway, but suggest
its possible parallel interaction in the cell with a different
biological pathway exploited in cancer. Most importantly, the
cell killing effect of AICAR is selective, as the drug spares
normal cells.

The strategy proposed here can be extended to the investiga-

tion of other targets involved in cancer development and to the
identification of possible new uses for already known drugs.

In summary, we have presented a novel, simple, and general

design strategy based on the combination of docking and all-
atom MD refinement to identify the binding determinants of
complex formation while keeping flexibility into account. This
protocol was applied to study the interaction between a novel
peptidomimetic antagonist of the surviviiisp90 complex,
shepherdin, and Hsp90. Our approach allowed us to explore
the molecular diversity space of Hsp90 inhibitors and to
rationally identify a new structural antagonist, AICAR. The
ability to inhibit the chaperone function, destabilize multiple
client proteins in vivo, and exhibit selective anticancer activity
makes AICAR a viable lead structure for the further develop-
ment and refinement of novel Hsp90 antagonists structurally
different from 17-AAG.
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