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Hsp90 chaperones play a critical role in modulating the activity of many cell signaling proteins and are an
attractive target for anti-cancer therapeutics. We report here the structures of the water soluble 8-aryl-
sulfanyl adenine class Hsp90 inhibitotPU-H71) and2 (PU-H64), in complex with th&l-terminal domain

of human Hsp9@. The conformation ofl when bound to Hsp90 differs from previously reported 8-aryl
adenine Hsp90 inhibitors includirg)(PU24FCI). While the binding mode f& places the 2halide of the

8-aryl group on top of the adenine ring, fdrand 2, we show that the 'zhalide is rotated approximately

180 away. This difference explains the opposing trends in Hsp90 inhibitory activity for-thal@ derivatives

of the 3,4',5 -trimethoxy series where Gt Br > | compared to the'4d'-methylenedioxy series where>|

Br > Cl. We also present quantum chemical calculation® ahd its analogues that illuminate their basis

for Hsp90 inhibition. The calculated conformation2fgreed well with the crystallographically observed
conformations ofl. and2. The predictive nature of the calculations has allowed the exploration of additional
derivatives based on the 8-aryl adenine scaffold.

Introduction of the known natural product antibiotics geldanamy&@in,

Heat shock protein 90 (Hsp90) is an essential molecular fadicicol?? and the natural ligand, ATF-2” There is ongoing
chaperonk? that requires AT for progression through its ~ 'esearch into the development of more potent and efficacious
chaperone cycle. The Hsp90 chaperones, which include cyto-HSP90 inhibitors based both on the natural product leads and
plasmic Hsp9@. and Hsp9@, endoplasmic reticulum GRP94, novel scaffolds. Among the geldanamycin derivatives, 17-
and mitochondrial TRAP-1, have three domains. ATP binding allylamino,17-desmethoxy-geldanamycin (17-AAG) has ad-
is localized to theN-terminal regulatory domaifi’ The C- vanced to clinical trials and has been shown to have selective
terminal domain is responsible for homodimerization and affinity for Hsp90 isolated from tumor cells compared to Hsp90
contains the tetratricopeptide repeat (TPR), which is important derived from nontumor celf: The derivatives of radicicol
for CO_Chaperone docking, and harbors a b|nd|ng site for eXpIOit the antibiotic’s resorcinol ring, which makes direct
novobiocin~1° Between these two domains is the middle contacts to Asp93 in human Hspd@nd appears to be critical
domain, which stabilizes the-phosphate of ATE and, in to the binding mode. Recent reports have also highlighted
addition to theN-terminal domain, participates in the Hsp90 radicicol-geldanamycin chimerd3! and the diarylpyrazole
ATPase activity-? class of ligandg?3233which also contain the resorcinol ring,

Many proteins require Hsp90 for maturation or cellular as potent Hsp90 inhibitors. Finally3 (PU24FCl) and4
regulation. Such clients include cell-cycle proteins such as Cdc2, (PU3F*2¢ or the 8-aryl-sulfanyl adenine derivat€syhich
Cdk4, Cdké, and Cdk9, signaling kinases such as HRI, Raf-1, include 8-(6-iodo-benzo[1,3]dioxol-5-ylsulfanyl)-9-(3-isopropyl-
mutant p53, Akt, ErbB2, and Her2, and nuclear hormone amino-propyl)-adening, (PU-H71) presented here, build upon
receptors such as ER, AR, and GR!®> The mutation or a purine scaffold (Table 1, Figure 1).
disregulation of these clients is buffered by Hsp90, which helps  Purine-based ligands including theCH,— linked 3 and the
to maintain transformation and increases the rate of survival —S— |inked 1 and 2 are 8-aryl adenine compounds that are
for cancer cells. The inhibition of Hsp90 ultimately leads to designed to mimic the C-shape conformation adopted by ATP/
the degradation of client proteins via the ubiquitin proteasome ADP when bound to Hsp9®.The structures of severalCH,—
pathway*” This leads to growth arrest and sensitization t0 |inked 8-aryl adenine compounds in complex with the
further treatment for tumor cells in culture and tumor growth terminal domain of human Hsp80have been previously
inhibition or regression in animal modéfs!*2° As a key player  described? In each case, the adenine moiety binds to the protein
in the activation of proteins important for cell cycle progression in a manner similar to that of ATP, while the substituted 8-ary!
and tumerogenesis, Hsp90 is a promising target for anti-cancerying wedges between a lengthened Helix 3 and the farieeet.
therapeutics. o S ) This ligand wedging creates a new binding channel that extends

The anti-cancer activity of Hsp90 inhibitors has driven from the adenine-binding cavity behind Helix 3 and out into
the discovery of many potent inhibitors including derivatives  solvent. The formation of this channel requires a conformational
change in the polypeptide loop that connects helices 3 and 4,
resulting in a continuous helix, and moves residues—110E3

T The structures of PU-H71 and PU-H64 in complex with human Hep90
are deposited with PDB IDs 2FWZ and 2FWY, respectively. The yeast

Hsp90-PU-H64 complex is PDB 1D 1ZW9. away from 'the adgnine-binding cavity, thus interrupting pa}ck-
* To whom correspondence should be addressed. Tel: 716-898-8635.ing interactions with thg-sheet. The structural characterization
Fax: 716-898-8660. E-mail: gewirth@hwi.buffalo.edu. of this channel has shown that substitutions at ther45
* Hauptman-Woodward Medical Research Institute. . - .
s Duke University Medical Center. positions of the phenyl ring are placed deeper in the chaiinel.
'Memorial Sloan-Kettering Cancer Center. Substitutions at the'2or 3 positions, however, interact with
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Table 1.
8-aryl group MeO OMe
5. )|(3 & ¥ \ 3',4',5"-trimethoxy
oNH; 6.5/ \?3. OMe
—{ X3 Series: MeQ  OMe
TI\JTN\ 8 V ;1 >_</ { 4',5'-dimethoxy
SN No Minker N
1 R | Q0 4',5"-methylenedioxy
Adenine )/_\(
cmpd name c2 R L X1 X3 165 (M) PDB
1 PU-H71 H 3-isopropy! S | 4 5'-methylenedioxy 58 2FWZ2
amino-propyl
2 PU-H64 H 3-isopropyl S Br 4 5'-methylenedioxy 20% 2FWYa
amino-propy!
3 PU24FCI F 1-pentynyl CH Cl 3,4 ,5-trimethoxy 1508°35 1UYR
4 PU3 H n-butyl CH, H 3,4 ,5-trimethoxy 500087 1UY623
5 33 F 1-pentynyl CH Cl 4'5-dimethoxy 30008
Comparison of Sulfur and oxidized linkers
6 11w2 H n-butyl S H 3,4 ,5-trimethoxy 88508
7 27d H n-butyl SO H 3,4 ,5-trimethoxy 110008
8 28d H n-butyl SQ H 3,45 -trimethoxy 315008
Model compounds used for quantum calculations
9 8-sulfanyl H H S H - N/A
10 8-sulfoxy H H SO H - N/A
11 8-sulfonyl H H SQ H - N/A
12 8-PCA H H Ch Br 4'5-dimethoxy N/A
a Structures presented in this work.
A oo B MeQ  OMe c
NH, Q NH g OMe NH, Q
NN NN NN
HI ¢ X | 3 |)I H—¢
I\N/ N F)\N/ kN/ N
X, =1 1(PU-H71) 3 (PU24FCl) 9 (8-phenylsulfanyl adenine)
X, =Br 2 (PU-H64)

HN

)~ b
Figure 1. Purine based Hsp90 inhibitors and model compounds1(@U-H71) and2 (PU-H64). The identity of the'zhalide is indicated. (B)
3 (PU24FCI). (C) 8-phenylsulfanyl adenine, a model compound used for quantum chemical calculations.

the mouth of the channel and are in part responsible for the Results and Discussion
bond angle of the-CH,— linker and the tilt of the phenyl ring. Crystallization and Structure Solution. The structures of
The linker between the adenine ring and the 8-aryl group, theN-terminal domain of human Hsp90 in complex witiPDB
whether—CH,— or —S—, is the other region that determines code 2FWZ) an@ (PDB code 2FWY) were solved and refined
the position of the 8-aryl group in the cavity. No structure of at 2.1 A resolution. The crystals of the complexes were grown
an S-linked 8-aryl adenine compound in complex with Hsp90 in the presence of a 5-fold molar excess of the ligand. The
has been described yet. structure of the complex with was solved by single wavelength
The study of the purine-based Hsp90 inhibitors promises to anomalous dispersion, exploiting the strong anomalous signal
aid our understanding of their mechanism of inhibition and mode from the iodine atom at the’osition on the ligand. The
of interaction. Here, we present the structures of the novel structure with2 was solved by molecular replacement using
S-linked adenine scaffold inhibitors and 2 (Figure 1A) in the structure of the human Hsp8Bdomain(PDB code 1UY6)
complex with theN-terminal domain of human Hsp&QPDB as the search model. The final refined models have good electron
codes 2FWZ and 2FWY, respectively). HspO®as used for density for all protein and ligand atoms. Data collection and
these studies to facilitate comparisons with structures of Hsp90 structure refinement statistics are listed in Table 2.
in complex with—CH_-linked 8-aryl adenine inhibitors that were Architecture of Binding. To explore the structural effects

previously reported® Our structural analysis ofl and 2 of the sulfur linker that distinguishésfrom 3 and other—CH,—
highlights the key interactions conserved by all purine scaffold linked inhibitors, we have solved the structure of the human
inhibitors and the unique interactions exploitedlbgnd2. We Hsp9Gx N-terminal domain in complex with. Figure 2A shows

also present quantum chemical calculations on a series of 8-aryl-a stereoview ofl in the ligand binding pocket of Hsp90, and
sulfanyl adenine compounds. These analyses, coupled with thethe interactions are shown schematically in Figure 2B. The
experimentally determined structure of the complex betwieen adenine moiety ofl binds in a manner similar to that of ATP,
and Hsp9a, allow us to evaluate the effect of individual maintaining the network of hydrogen bonds between the protein
derivatizations on the 8-aryl group and explain the previously and the adenine portion of the ligand. In particular, the direct
observed effects of oxidation at the sulfur linkér. hydrogen bond from N6 on the adenine to Asp93 in Hsp90 is
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Table 2. Summary of Data Collection and Refinement Statistics
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diffraction data hHsp9@+1 (PU-H71) hHsp9a.+2 (PU-H64) yHsp90+ 2

PDB code 2FWz 2FWY 1ZW9
source RaxislV RaxisIV RaxisIV
space group 1222 1222 P4322

a, b, c(A) 66.68, 91.28, 98.64 66.61, 90.59, 98.03 73.76, 73.76,110.13
wavelength (A) 1.54178 1.54178 1.54178
resolution (A} 50-2.1 50-2.1 50-1.9

(last shell) (A) 2.182.1 2.18-2.1 1.971.9
unique reflections 33393 16139 24557
completeness (%) 98.2 (83.7) 91.4 (87.3) 99.6 (99.0)
average g 15.5(6.1) 31.7(5.7) 16.6 (5.3)
redundancy 35 3.6 7.6
Reyr? (%) 4.4 (12.6) 3.6 (16.4) 7.3(39.0)
resolution range (A) 502.1 50-2.1 50-1.9
reflections £ > 2 of) 33393 15965 24542

(33319) (15389) (24353)

nonsolvent atoms 1631 1626 1633
solvent and heteroatoms 350 318 352
rmsd from ideality

bond lengths (A) .0049 .0053 .0061

bond angles?) 1.350 1.328 1.378
Revalue F > 2 or) (%) 19.0 (18.9) 18.1(17.7) 20.3 (20.0)
Rtree (F > 2 0F) (%) 22.8(22.7) 22.2 (21.7) 22.5 (22.4)
structure solution SAD (iodine) MR MR
phasing power 2.83
FOM (after DMy .46 (0.95)
all-atom clashscore (B 40yt 8.21(6.21) 8.22 (5.57) 5.47 (2.45)

2The resolution limit was defined as the highest resolution shell where the avespge#/>2 and data was reasonably complétRsym = ¥ Y ii(hk)
— My WS X il (ki) € R = ||Fo — Fel/|Fo; ~10% of reflections were used to calcul®gee ¢ Phasing power= [|Fy|/E], whereE is the residual lack of
closure.© Figure of merit= |P(a)€*/P(a)|, wherea is the phase, anB(a) is the phase probability distributiohFigure of merit and phasing power were
calculated to 4 A. The density modification was preformed on the entire resolution range

preserved, as are the water-mediated hydrogen bonds to Leu48protein. The fact that the polar N9 side chain does not interact
Asn51, lle91, Asp93, Gly97, and Thrl84 and the hydrophobic with the protein and projects into solvent suggests that this
contacts between Met 98 and Ala55 to the top and C2 side of position is amenable to further modification that might improve
the adenine ring. the pharmacological properties of the compound.

In addition to these conserved contacts, the 8-aryl portion of  To confirm the generality of the binding éfand2 to Hsp90,
1 forms a new series of interactions with the protein. Compared we also determined the structure of yeast Hsp90 in complex
to structures of the unliganded form of the Hsp90 N-domain, with 2 (PDB code 1ZW9). Because all of the interactions seen
the binding ofl (Figure 2C) requires a rearrangement of the in the structure of the complex & with human Hsp90 were
loop joining helices 3 and 4 and the creation of a new binding recapitulated in the structure of the complex2fvith yeast
channel that disrupts the packing interactions between helix 3 Hsp90, the yeast complex will not be discussed further.
and theS-sheet core of Hsp90. A similar remodeling has also  Effect of Halide Substitution at C2' on the 8-Aryl Ring
been observed for complexes between Hsp90 and other PUOrientation. Halide substitutions at the CRosition of 3,4',5'-
series ligandg? which bind to Hsp90 in a manner similar to  trimethoxy series ligands have been previously investig&ted.
that of 1. Trp162 and Phel38 form the top and back of this These structureactivity studies showed that d-2hloro im-
predominantly hydrophobic channel and make edge-on-face andproves activity, as reported by geldanamycin competition
face-on-facer-stacking interactions, respectively, with the 8-aryl binding assays for Hsp90 (Eg} or 1Cso for Hsp90 degradation
portion of 1. The 8-aryl group also makes water-mediated of Her2 in SKBr3 cells, whereas-Bromo had a slight negative
hydrogen bonds from the iodine to the carbonyl oxygen of effect?6 The crystal structures of 2hloro-3,4',5-trimethoxy
Leul07. The remaining interactions in the ligand binding pocket compounds such &3 in complex with human Hsp®0 have
are a series of water-mediated hydrogen bonds that connect N3hown that the '2halide sits on top of the adenine ring (Figure
to Asp102 (Figure 2A). The interactions betwezand Hsp90 2C) (for simplicity, referred to hereafter as s-cis) forming close
are similar to those seen fat, with the only significant van der Waals contacts in the ligand binding pockethese
difference being that an additional water is found near the 2 interactions explain the preference for the smallectfforo
bromo in2, which replaces the largef-bdo in 1. versus the 2bromo and suggest that the even largeio@o

The last unique derivatization df and 2 is the amine- derivative would be inactive. Additionally, positioning the halide
containing N9 alkane. The addition of an amine moiety improves above the ring allows the N9-alkane to pack closely against
the solubility of these compounds in aqueous solution while the adenine, thus reducing the solvent exposed surface of this
maintaining high affinity, potency, and oral availabil@§/This hydrophobic group.
aqueous solubility distinguishdsand2 from 4 and other purine- In contrast to the halide preference for thehalo-3,4',5'-
based inhibitors whose structures have been previously char-trimethoxy derivatives, it has recently been reported that the
acterized?® The structure of the complex betwegand Hsp90 halide preference for the'-halo-4,5-methylenedioxy series,
reveals that the polar N9 amine makes no direct or water- of which 1 and2 are members, is* Br > CI.36 This preference
mediated contacts to the protein but instead projects out into order is exactly opposite that observed for thén@lo-3,4',5-
the solvent. This contrasts with derivatives #fthat have trimethoxy equivalents described above. This discovery led to
nonpolar substituents at the N9 position, which exhibit bends the hypothesis that within the Hsp90 ligand binding pocket, the
in the N9 alkanes that keep the ends close to the surface of the8-aryl moiety of the Zhalo-4,5-methylenedioxy series is
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Figure 2. Interactions of Hsp90 with 1. (A) Stereo diagram of the Hsp@interaction interface. Water molecules are represented as red spheres.
Hydrogen bonds are represented as green dashed lines. (B) Schematic diagram of theljganeinnteraction. The blue and red arcs represent
protein cavities in which the adenine and 8-aryl moieties, respectively, bind. The three structural waters found in all Hsp90 structures are shown
as blue circles. van der Waals interactions are indicated by blue arrowheads. (C) Comparison BetmeEEbound to Hsp90. Stereo diagram of
hHsp9®.—3 (blue with green waters)(PDB code 1UYF) and Hsp3Qwhite with red waters) interactions in the conformation specific binding
channel. The gray water is a water observed in the other structuregtch' arimethoxy purine scaffold inhibitors that is supported by the electron
density but was not modeled in the hHsp®structure. The selected residues (Leul07, Phel38, Tyr139, and Trp162) surround the 8-aryl portion

of these inhibitors and form the walls of the hydrophobic channel. The conformation dftioPo (yellow) in3, which places the'zhalide above

the adenine ring, is termed s-cis. Thei@o (magenta) ofl is rotated~18C, placing the 2halide away from the adenine ring in an s-trans
conformation. An arrow indicates thel8(° rotation of the 2halide from the s-trans df to the s-cis of3.

accommodated differently than that of thé-halo-3,4',5- structure with3, which is one of the 2halo-3,4',5-trimethoxy
trimethoxy series. Our structural results now confirm this derivatives? the 2-iodo moiety is rotated nearlyl18Ground
hypothesis. As seen in Figure 2A and C, thad2lo moiety of the S-C1 bond (Figure 2C).

1 in the complex with Hsp90 adopts an s-trans configuration.  The preference for the s-trans conformation of the 8-aryl
Compared to the s-cis'-2hloro configuration seen in the group inthe 2halo-4,5-methylenedioxy series compounds can
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be ascribed to four factors. First, a systematic modeling of the Insight into the minimum energy conformation of ligands
rotation of the 8-aryl group made by incrementing e and oxygenated at the sulfur linker was gained by quantum chemical
@2 dihedrals shows that the 8-aryl groups can only be calculations on the model compound 8-phenylsulfanyl adenine
accommodated within the ligand binding pocket in the s-cis or (9, Figure 1C) and its oxygenated derivatives 8-phenylsulfoxyl
s-trans orientations. Intermediate orientations are disfavoredadenine 10) (—SO-) and 8-phenylsulfonyl adeninell)
because they would lead to clashes between the aryl group and—SO,—). Interest in the minimum energy conformation stems
Met98 and Phel38, two of the residues that line the ligand from the previous observation thdtderivatives tend to bind
binding pocket. Second, the,@-methylenedioxy substituent  Hsp90 without internal rearrangmeftCompound was chosen
has a fixed orientation relative to the 8-aryl ring, and only in for this analysis because it contains all of the major substituents
the s-trans conformation does the bridging methylene group of 1 around the sulfur linkage. At the B3LYP/6-31G(d) level
avoid steric clashes with Tyr139 in the ligand binding pocket. of theory, the energy-minimized conformation3fdetermined
Such clashes are not observed in thg'4i- and 3,4',5- after an exhaustive search of conformational space from multiple
trimethoxy series because the unlinked methoxy groups arestarting conformations (see Experimental Section), agreed well
independent of each other and are able to rotate away from thewith the conformation ofl observed here (Figure 3B). The
tyrosine ring. Third, the sulfur C8 linker found ib further observation that the minimum energy conformatio® afimics
disfavors the s-cis conformation because the bond angle forthe crystallographically observed conformationloguggests
sulfur is more acute~102°) compared to that of a methylene that the change from aCH,— linker to an—S— linker has

at the same positiom(113). The more acute sulfur angle would not changed the preference for 8-aryl adenine inhibitors to bind
cause the interpenetration of the halide into the adenine ring without rearrangement.

were the 8-aryl group rotated into the s-cis conformation.  To further test the validity of our comparisons between the
Together, these last two points show that the conformation of quantum chemical energy optimized conformations and the
the 8-aryl group and the position of thetfalide are pre-selected  conformation observed in our structures, a calculatio ams

by the 4,5-methylenedioxy moiety and the sulfur linker. Finally, also performed. As seen in Figure 3D, the calculated conforma-
we note that the volume of the ligand binding pocket surround- tion of 2, which represents the convergence from multiple
ing the 2-halide in the s-trans conformation is larger than that starting conformations, matches remarkably well with that seen
available for the s-cis conformation, thus explaining the prefer- in the Hsp96-2 structure reported here.

ence for the bulkier iodine in thé-halo-4,5-methylenedioxy Because the quantum calculations on €hand 2 returned
ser?es and the observed trend in activity>(Br > ClI) for this low energy structures that agreed well with the observed
series® structures ofl and 2, we next performed in vacuo quantum
Structural support for the proposal that largérhalides calculations to examine the effects of oxidation at the sulfur
improve binding affinity in the 2halo-4,5'-methylenedioxy linker. As shown in Figure 3B and C, oxidation affects both

series comes from the structure of Hsp90 in complex \®ith  dihedrals and the bond angle centered on the sulfur, but the
Compound? is identical tol except for a bromine in place of  most striking changes are to the dihedral on the benzene side.
an iodine at the 2position. Compouna@ binds isosterically This dihedral,p2 (C8-S-C1-C2), decreases from 151n the
with 1 and adopts the s-trans conformation (not shown). The crystal structure of human Hsp9®U-H64 to 96 in the
smaller bromine does not fill the CRocket however, and an  optimized conformation of 1. Interestingly, a histogram of the
additional ordered water is observed trapped in the pocket (not2 dihedrals seen in similar substructures from the Cambridge
shown). The entropy gained by the release of this water, in Structural Database (CSD) yields a distribution that is centered
addition to the larger van der Waals interface for the iodine, around 85 (not shown). This large decrease 2 turns the
may account for the greater affinity 4ffor Hsp90 compared  phenyl ring from nearly perpendicular to parallel with the-€6
to that of2 for Hsp90. N6 bond (Figure 3B and C). This conformation would not only
Effect of Oxidation at the Sulfur Linker. The sulfur linker ~ disrupt the face-on-face stacking of Phe138 with the model
that bridges the C8 carbon of the adenine moiety to the 8-aryl ligand but also lead to the interpenetration of the 8-aryl ring
ring can be modified by oxidation. It has been shown rec&ntly  into Phe138 (Figure 3E). The binding &0 or 11 would thus
that PU compounds such & and 8 that contain sulfoxyl ~ require a rearrangement gf2. In an attempt to quantify the
(—SO-) or sulfonyl (—SO,—) linkers are significantly weaker ~ energetic penalty of the rearrangementy@fback to 153, 10
inhibitors of Hsp9@ than6, the corresponding sulfanyl (non-  or 11 were partially optimized holding?2 fixed at 152. This
oxidized,—S—) ligand, as reported by Egcompetition binding analysis showed that the conformationsl®for 11 with ¢2
measurements and dgassays of Her2 degradation in SKBr3 fixed at 15T are disfavored by up to 5 kcal/mol compared to
cells. To understand the cause of impaired binding, sulf@xyl- the fully optimized conformation. Flexibility within the binding
and sulfonyl2 (Figure 3A) were modeled into the binding pocket may decrease the energetic penalty of sulfoxyl or
pocket of Hsp90. This analysis takes advantage of the structuressulfonyl=1 binding. Allowing for such considerations, the
of the complexes withL and 2 presented here, which are the calculated energetic barrier is consistent with the observedi 1
first PU series compounds to have sulfur rather than methylenekcal/mol energy penalty inferred from B€and G, assays®
linkers and, thus, serve as experimentally observed starting Unique Interactions of the 3,4',5-Trimethoxy Series.
points for modeling the oxidized sulfur compounds. These Besides oxidation at the sulfur linker, many other modifications
models show that the addition of &sulfoxyl, or sulfonyl- of the 8-aryl adenine scaffold have also been explored. Among
oxygens to2 would lead to clashes with thefCof Phel38 the first to be examined was the addition 6#35'-trimethoxy
(Figure 3A), thereby preventing binding. Because variations in groups to the 8-aryl moiety, which led to the discovery3pf
the protein backbone in the vicinity of Phel38 have not the highest potency-CH,— linked inhibitor with a 3,4,5-
previously been observed in the numerous HspB@omain trimethoxy modificatior?® Unlike 1, 3 forms several hydrogen
structures solved to date, it is likely that the binding of these bonds in the 8-aryl binding pocket. These hydrogen bonds bridge
oxygenated derivatives would require a conformational re- the interaction between thé-4and 3-methoxy groups o8 and
arrangement around the sulfur linker. the hydroxyl of Tyrl39. Interestingly, a water in the ligand
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8-sulfonyl —SOo— PU-H64 xtal —__

8-sulfoxyl -SO-

8-sulfanyl -S-

Phe138

PU-H64 calc
2'-Br-8-sulfanyl —-S—

Phe138

el
Figure 3. Calculated conformations & and derivatives. (A) Model of the 8-sulfonyl derivative ®bound to Hsp90, showing potential clashes

between one of the sulfonyl oxygens and the beta carbon of Phel38. van der Waals surfaces of the oxygen and beta carbon are shown as dots. (B)
Overlay of the energy optimized conformations 6fb2omo-8-sulfanyl-phenyl-adenine (gold) and 8-sulfanyl- (no oxidation of the sulfur; white),
8-sulfoxyl- (single oxidation of the sulfur; blue), and 8-sulfonyl-phenyl adenine (double oxidation of the sulfur; green) showing the reantangeme

of 2. Alignments for the ligands in (B), (C), and (D) overlaid the adenine moieties. (C) Same as (B), except rctatenif0 the horizontal axis.

(D) Comparison of the energy optimized conformatior2dmagenta) and the conformation observed experimentally in the crystal structure (gray).

The calculated conformation is similar to that observed experimentally, thus supporting the validity of the energy minimization calculations. (E)
The calculated low energy conformation of 8-phenylsulfanyl adenine, modeled into Hsp90. Phe138, which comprises the rear of the 8-aryl binding
channel, is included to highlight the potential steric clashes that require the rearrangement of the model ligands for binding. Energy optimization
was performed in Gaussian98 at the B3LYP/6-31G(d) level of theory.

binding pocket, which is observed in tde-Hsp9@x complex thegl dihedral increases by19° compared to that of the non-
but was left unmodeled in the complex wihcan be supported  3',4',5-trimethoxy compounds.
by the electron density calculated from the deposited structure The changes around the linker also alter the trajectory of the
factors for this complex. Considering this water (colored gray 2' substituent. For '2halo 3,4',5-trimethoxy series inhibitors,
in Figure 2C) the hydrogen bonding network extends to include the s-cis conformation provides additional room for thé&ide
three waters that bridge the interactions between th&-4  as a result of the increased bond angle and the rotated dihedral
methoxy of3, the hydroxyl of Try139, and the polar nitrogen placing the halide further above and to the side of the adenine.
of the Trp162 side chain. In the s-trans conformation, the trajectory of thehalide is
The hydrogen bonding network seen for the 8-aryl group of positioned more along the edge of the pocket occupied by the
3 seems to play an important role in the binding mode of the 2'-iodo of 1 rather than down the center. Together, the more
3,4, 5-trimethoxy series inhibitors. This is highlighted by the favorable trajectory of the'zhalide in the s-cis compared to
observed shift in both the linker bond angle and the rotation of s-trans conformation and the desire to maintain the hydrogen
the ¢ (N9-C8-S-CJ) in the structures of '3#',5'-trimethoxy binding network may explain the observed preference for 2
series inhibitors in complex with Hsp90 compared to that of halo 3,4 ,5-trimethoxy series inhibitors binding in the s-cis
the other crystallographically observedCH,— linked PU conformation.
inhibitors that lack the '34',5-trimethoxy moiety. The linker Quantum Calculations of a 4,5-Dimethoxy Compound.
bond angle in the '3 ,5-trimethoxy series is-3° larger, and To probe the effects of a' &'-dimethoxy modification to the
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8-aryl adenine scaffold, quantum chemical calculations of the
2'-bromo-4,5'-dimethoxy model compound?2 (8-(2-bromo-

4' 5-dimethoxyphenylsulfanyl)-adenine) were performed. These
calculations predict that the energy optimized conformation of
the 8-aryl group in this compound would be nearly parallel to
the C6-N6 bond with ap2 dihedral of~91°. This arrangement

of the 8-aryl group is similar to that predicted for a sulfonyl
(—S0O,—) linked 8-aryl adenine and would similarly result in

Journal of Medicinal Chemistry, 2006, Vol. 49, No.4969

was performed using XD3.The initial phases for the complex of

2 with Hsp90 were obtained using molecular replacement (MolRep)
with PDB entry 1UY6 as the search model. SAD phases for the
complex with1 were obtained from the strong anomalous signal
of the single iodine atom on the ligand and were of sufficient quality
to produce readily interpretable maps. The molecular replacement
and following intermediate models were refined iteratively by
manual rebuilding in O and refinement in CR&*°The placement

of 2 and solvent molecules was determined by the use of

clashes with Phe138. To gain insight into the energetic penalty gyerlapping peaks of difference and simulated annealing omit

paid during the rearrangement of to the of thdmo-4,5'-
dimethoxy model compound to the s-trans conformation, a
partial optimization ofLl2 was performed while holding thg2
dihedral at 151 These calculations showed that the s-trans
conformation is disfavored by 3.0 kcal/mol, which is consistent
with the 100-fold difference in I§3 between the '45'-dimethoxy
and the 45-methylenedioxy series compounds.

Conclusion

Hsp90 inhibitors act as multitarget anti-cancer therapeutics
by blocking the successful chaperoning of many oncogenic
Hsp90 clients. The multitarget nature of Hsp90 inhibitors is more

density. Parameter and topology files foand2 were generated
using the Dundee PRODRG servetn later rounds of refinement,
ligand dihedral constraints were relaxed, alternate conformations
were added, and restrained individual B-factors were used. Structure
validation was performed using KiNG and MolProbt#y?2 The
structure of yeast Hsp90 in complex wltwas solved by molecular
replacement using PDB entry 1AH6 as the search nidéfednd
refined in a similar manner. Data collection and refinement statistics
are shown in Table 2. Molecular graphics were created using Pymol
(DeLano Scientific, South San Francisco, CA).

Coordinates. Structure factors and coordinates have been
deposited in the PDB The corresponding PDB code for these
structures are 2FWY (human Hspf62), 2FWZ (human HspS@—

advantageous than single target drugs because of their ap4), and 1ZW9 (yeast Hsp9¢®).

plicability to a broader range of cancers. The development of

Quantum Chemical Calculations.The geometry of the model

efficacious anti-cancer therapeutics based on Hsp90 inhibitorscompounds9, 10, and 11 were optimized using Gaussian 98

requires an in-depth understanding of their mode of interaction
and mechanism of inhibition. To this end, the experiments

(Gaussian, Inc., Wallingford, CT) at the B3LYP/6-31G(d) level of
theory. To ensure that the optimizations predicted a global

reported here dissect the mode of interaction and mechanismMinimum, a relaxed 1% 12 degree potential energy surface (PES)

of inhibition of a novel water-soluble 8-aryl-sulfanyl adenine
class of Hsp90 inhibitors. Our results present at atomic detail
the structures aof and2 bound to the isolateN-terminal domain

of Hsp9Qy, highlighting critical conserved and novel interac-

scan ofpl andg2 was preformed at the Hartre€ock/STO-3G
level of theory. In addition to the relaxed PES scan, each
optimization was preformed starting from an ensemble of initial
conformations, which typically included at least one starting
orientation of the 8-aryl group that was ¥8@pposed inpl from

tions. These structures have also allowed us to perform quantumne observed conformation, to ensure that the highest energy barrier

chemical calculations of 8-aryl-sulfanyl adenine derivatives that
give insight into the effects of modification on this scaffold.

Experimental Procedures

Protein Expression and Purification. Human Hsp90 (+236)
was overexpressed . coli as an amino-terminal hexa-Histidine
tagged protein. This construct was purified by Ni-NTA agarose
affinity chromatography followed by dialysis, ion exchange chro-
matography on Q-sepharose (pH 8.0), and gel filtration chroma-
tography on S-200. The purified protein was concentrated to 20
mg/mL in preparation for crystallization. Compouridand2 were
synthesized as previously reporféd.

Crystallization of Hsp90—PU Ligand Complexes.Crystals of
human Hsp9a in complex with1 or 2 were grown at 4°C by
hanging drop vapor diffusion. Hanging drops containedl mM
ligand (a 5-fold molar excess) and a 1:1 ratio of protein (20 mg/
mL Hsp90 in 10 mM Tris at pH 7.6, 100 mM NaCl, 1 mM DTT)
to reservoir (100 mM Na cacodylate at pH 6.5, 2@50 mM
MgCl,, 10-12% w/v PEG 2000 monomethyl ether). Crystals with
a typical edge length of 20@m appeared after-12 days. The

crystals were harvested and cryo-protected in nylon loops by a quick

swish through the reservoir solution followed by a second pass
through 35% PEG 2000 MME, 100 mM Na cacodylate at pH 6.5,
and 200 mM Mgdl. Directly following cryo-protection, the crystals

were flash cooled in liquid nitrogen. The crystals of yeast Hsp90
in complex with2 were grown at 18C in a similar manner, except

that the protein concentration was 33 mg/mL, the reservoir
contained 200 mM ammonium dihydrogen phosphate at pH 4.6

and 20% w/v PEG 3350, and the crystals were cryo-protected by

was overcome in the search for the low energy conformation. In
all cases, the optimizations predicted the same low energy
conformation. These data agreed well with the global minimum
found in the relaxed PES scan.

When comparing the geometry optimized conformatiorlof
or 11 to the conformation adopted 18 the dihedrals and bond
angle around the sulfur position were varied individually while
keeping the other angles in their energy optimized conformation.
The total change in energy fa0 or 11 when being constrained to
the conformation of the sulfanyl compouBdvas taken as the sum
of the individual differences. Calculations were performed in vacuo
to allow for reasonable computation times.
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