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Abstract

We here describe the first reported comprehensive analysis of Hsp90 paralogue affinity and

selectivity in the clinical Hsp90 inhibitor chemotypes. This has been possible through the

development of a versatile experimental assay based on a new FP-probe (16a) that we both

describe here. The assay can test rapidly and accurately the binding affinity of all major Hsp90

chemotypes and has a testing range that spans low nanomolar to millimolar binding affinities. We

couple this assay with a computational analysis that allows for rationalization of paralogue

selectivity and defines not only the major binding modes that relay pan-paralogue binding or,

conversely, paralogue selectivity, but also identifies molecular characteristics that impart such

features. The methods developed here provide a blueprint for parsing out the contribution of the

four Hsp90 paralogues to the perceived biological activity with the current Hsp90 chemotypes and

set the ground for the development of paralogue selective inhibitors.
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INTRODUCTION

The heat shock protein 90 (Hsp90) chaperones have been the subject of more than 30 years

of intensive biological and translational research, the fruits of which are reflected in the

more than 20 Hsp90 inhibitors that have been or are currently in clinical trials for the

treatment of cancers.1,2 Despite such intense interest, however, it is surprising that while we

know a lot about Hsp90, the cytoplasmic chaperone, we know actually very little about

Hsp90, the four-paralogue family, and even less about how these paralogues influence the

activity of the clinical Hsp90 inhibitors. Indeed, the biennial “Hsp90 Chaperone Machine”

meeting held in Switzerland in September 2012 concluded with a specific challenge to

understand the roles of Hsp90 paralogues in disease and their contribution to the observed

activity of Hsp90 inhibitors.3

Hsp90 is a family of molecular chaperones that function to fold client proteins to their active

conformation through their ATPase activity.4 There are four different paralogues of Hsp90;

Hsp90α and Hsp90β in the cytoplasm, Grp94 in the endoplasmic reticulum, and Trap-1 in

the mitochondria. It was generally believed that the cytoplasmic Hsp90α/β paralogues have

the most relevance in cancer because both are overexpressed and because of the oncogenic

nature of their client proteins.5 Many of these clients (i.e., HER2, EGFR, mutant ER,

HIF1α, Raf-1, AKT, mutant p53) are involved in signal transduction pathways, cell-cycle

regulation, and apoptosis, pathways commonly deregulated in cancer. As a result, inhibition

of cytosolic Hsp90 has attracted much interest as an anticancer targeting modality, with

numerous small-molecule inhibitors binding to the N-terminal nucleotide-binding domain

(NBD) of Hsp90 being currently evaluated in clinical trials.1

However, it is becoming increasingly clear that the organelle-specific chaperones Grp94 and

Trap-1 also play a role in cancer. An important function of Grp94 is to properly fold

secreted and membrane proteins, and its client proteins include immunoglobulins, Toll-like

receptors, and integrins.6 High Grp94 expression in tumors is also associated with increased

proliferation, metastasis, and drug resistance.7,8 Trap-1 is another important cancer

chaperone that is overexpressed in tumors9,10 and leads to multidrug resistance.10 In tumor

cells, Trap-1, along with Hsp90α/β, act in maintaining mitochondrial integrity by protecting

against oxidative stress and apoptosis,9 and these antiapoptotic functions are also exploited

by cancer cells.

These advances in understanding paralogue biology underscore the importance of gaining

parallel knowledge on how inhibition of each paralogue contributes to the biological activity

observed with several Hsp90 chemotypes currently in clinical evaluation for cancers. The

molecules that have thus far advanced into clinical trials are recognized as pan-Hsp90

inhibitors, but evidence that they may modulate paralogues with distinct affinity and that

such selectivity, even if minor, may contribute to differences in phenotypes observed with

such compounds, is scattered throughout the literature.11–14

Geldanamycin (GM; 1) was the first Hsp90 inhibitor to be identified15 and is a naturally

occurring benzoquinone ansamycin isolated from a fermentation broth of Streptomyces

hygroscopicus.16 As a result of its overt toxicity in vivo as well as poor pharmaceutical
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properties, 1 never entered into clinical trials. A closely related analogue with improved

toxicity properties, 17-allyl-17-demethoxygeldanamycin (17-AAG; 2),17 became the first

Hsp90 inhibitor to advance into clinical trials. However, by this time, intense efforts by

academia and industry were already underway to discover inhibitors of a more “drug-like”

character. These efforts have resulted in the development of numerous diverse molecules

with improved pharmaceutical properties to have entered into clinical trials for their

evaluation in cancer. Some of these are shown in Figure 1 and include the purine-scaffold [3
(BIIB021),18 4 (PU-H71)19 and 5 (CUDC-305)20], dihydroindazolone derivatives [(1r,4r)-4-

((2-carbamoyl-5-(6,6-dimethyl-4-oxo-3-(trifluoromethyl)-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)cyclohexyl 2-aminoacetate (SNX-5422), the glycine prodrug of 6
(SNX-2112)21], and resorcinol [7 (NVP-AUY922)22 and 8 (STA-9090)23].

We here describe the development of a testing module that combines rapid experimental and

computational tools and methods to analyze the paralogue specificity and paralogue-binding

mode of Hsp90 inhibitors. We validate this module to provide the first reported analysis of

the paralogue binding affinity, selectivity, and binding mode of the major Hsp90

chemotypes currently in clinical evaluation for cancers.

RESULTS

Fluorescence Polarization As an Assay for Hsp90 Paralogues

Most assays published to date and used to assess binding of small molecules to the four

Hsp90 paralogues, such as intrinsic tryptophan fluorescence, affinity-resin competitive

binding, and isothermal titration calorimetry,24–28 are laborious and costly as they make use

of significant amounts of proteins. For the cytosolic Hsp90, since we introduced the use of

fluorescence polarization (FP),29,30 this assay has become one of the most extensively used

to identify and test Hsp90 inhibitors.29–33 There are numerous reasons why FP is an ideal

method for measuring protein–ligand interactions and why it has become a favorite tool for

Hsp90. First, it is a quick, homogeneous, i.e., there is no necessity for separation of free and

bound ligand, highly reproducible, and facile for automation assay. By simply mixing a

protein with a fluorescently labeled ligand, FP is able to measure real-time protein–ligand

interactions in solution where binding of the fluorescently labeled ligand, also referred to as

an FP probe, to a protein results in increased polarization values and is directly proportional

to the fraction of bound ligand.34 Its theory, first described in 1926 by Perrin, is based on the

observation that fluorescent molecules in solution, excited with plane-polarized light, will

emit light back into a fixed plane (i.e., the light remains polarized) if the molecules remain

still during the excitation of the fluorophore. Molecules, however, rotate and tumble, and the

planes into which light is emitted differ from the plane used for initial excitation.

Nonetheless, upon binding of the small probe to a protein (i.e., a large, slowly rotating

molecule), motility is reduced, leading to higher FP. Unlabeled ligands that bind to the

protein will compete with the probe, leading to lower FP. FP therefore provides a direct

readout of the extent of probe binding to a protein.35 Second, FP is also well suited for

Hsp90 because it is an assay that requires no engineering of the protein. As reported, Hsp90

is a highly flexible molecular chaperone whose function is very sensitive to interference

with its conformational modality,36 such as the attachment of labels may lead to, and thus
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FP is best suited for this class of proteins. Third, there are numerous Hsp90 inhibitor

chemotypes for which extensive chemistry has been developed and binding to Hsp90

revealed by crystallography, and therefore the choice for the FP probe and knowledge over

the site of its fluorescence labeling is available.21–23,37–44 To date, however, no FP assay

that efficiently tests for affinity and selectivity of small molecules to all four Hsp90

paralogues has been reported.

Suitability of FP Probes for Pan-Hsp90 Paralogue Binding

Several FP tracers for Hsp90 that bind to the NBD have been reported and include a number

based on 1 [9a (GM-FITC),29 9b (GM-BODIPY),29 9c (GM-Cy3b),33 Figure 2a] and two

carboxyfluorescein (FAM) probes based on the pyrazole scaffold [11a (VER-00045864)32

and 11b (VER-00051001),22 Figure 2a]. More recently, an FP probe of a derivative of

Sansalvamide A-amide has been reported,45 which, in contrast to other probes, bindsHsp90

at the N-terminal/middle domains. It should also bementioned that a radicicol-based probe,

RD-TAMRA, has been used in related confocal two-dimensional fluorescence intensity

distribution analysis (2D-FIDA) assays in a high-throughput screening (HTS) format.46

However, radicicol based probes have the drawback of being unstable in assay buffer and

requires preparation of fresh stock solution daily.46

None of the aforementioned probes have been systematically assessed for their suitability as

tracers in FP assays with each of the paralogues. While the geldanamycin and pyrazole

probes have been extensively used to measure binding to Hsp90α, Hsp90β as well as to total

Hsp90 in a cancer cell lysate, their use in measuring binding to Grp94 and Trap-1 is more

limited.41,47,48 In our own hands, we have found 9c to be inadequate as a tracer for Trap-1

(see below). To get a suitable assay window, its use requires a considerable amount of

protein and is therefore less suitable for large structure–activity relationship studies or HTS

efforts.

We therefore proceeded here to design FP probes based on the Hsp90 inhibitor 4 labeled

through different linkers with fluorescein (Figure 2b,c). We hypothesized that due to its

known binding mode and well established chemistry, useful FP probes amenable for

paralogue-selectivity testing may be created around this ligand. 12, a fluorescein

isothiocyanate (FITC) derivative of 4 with optimal properties for flow cytometry and

fluorescence microscopy, was also included in our analysis (Figure 2b).49

The linker and its attachment mode, both important in the synthesis of FP chemical probes

because they can affect binding to the target protein, can be predicted for 4 from the

available structural studies.39 For the preparation of a suitable FP probe, it is also important

that the linker not be excessively long or flexible because of the propeller effect.50,51

Depolarization due to flexibility in the attachment of the dye, referred to as the “propeller

effect”, distorts the relationship between FP and molecular weight. For this reason, it is

generally preferable to use dyes without long aliphatic linkers between the fluorophore and

the reactive group in the preparation of FP assay probes.

To determine a linker length optimal for binding to all Hsp90 paralogues, we docked the

linker-modified ligands of 4 into the respective paralogues of Hsp90, i.e., Hsp90α (PDB ID:
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2FWZ39), Hsp90β (PDB ID: 3NMQ41), Grp94 (PDB ID: 3O2F,52 2EXL43), and Trap-1

(Homology Model52). On the basis of our molecular modeling analysis (Figure 2d), as well

as our extensive experience with this class of molecule,39,49,53 we decided to attach FITC to

the N9-position of the purine-scaffold via at least a three carbon linker as this would orient

the probe toward solvent without affecting binding to the target protein (Figure 2c). A

shorter linker would lead to clashes between the probe and a leucine residue positioned in all

paralogues at the exit of the binding site (Leu107 in Hsp90α and Hsp90β, Leu163 in Grp94,

and Leu172 in Trap-1) (Figure 2d for Hsp90α).

We also wanted to determine the optimal chain length for FP properties. To accomplish this,

we synthesized a number of probes with linkers ranging from 3 to 8 carbons (Scheme 1).

These were prepared by a three-step sequence from 13, commencing with N9-alkylation

with ω-bromophthalimides to yield 14a–d (Scheme 1). Following unmasking of the amine

with hydrazine and attachment of FITC, 16a–d were obtained after HPLC purification

(Scheme 1).

The synthesized FITC-derivatives were first evaluated for their potential as FP tracers for

binding to Hsp90 in a cancer cell homogenate (Figure 3a). The decision to perform the

primary screen with a cancer cell lysate was primarily an economic one because the cost to

us of obtaining lysate was significantly less than using purified protein and partly out of our

routine practice of using such lysates in FP assays to exploit the Hsp90 cancer complex. The

potential tracers were initially evaluated by titration with increasing amounts of lysate up to

50 µg of total protein (Figure 3a). To be useful in FP, the binding affinity of the probe

should be high and the binding range (i.e., assay window), defined as the millipolarization

(mP) value at saturation minus the mP recorded for probe alone should be large. As

observed in Figure 3a, as the amount of lysate, and thus of Hsp90, increased, so did the

assay window. Good performance was observed for all probes, with an excellent assay

window of >100mP for 16a. Similar to other Hsp90 FP assay probes, when measured at 4

°C to maintain proper folding of Hsp90, the binding assay between 16a and Hsp90 reached

equilibrium by 8 h and remained stable for more than 24 h (not shown). While 16a, the

analogue with a 3-carbon linker, was optimal, 12, the N-isopropyl analogue of 16a, and 16b
and 16c, the 4- or 6-carbon linker compounds, respectively, performed acceptably well

(Figure 3a). The significantly decreased assay window observed for 16d, the probe with an

8-carbon linker, can likely be attributed to the propeller effect.50,51

We next determined, in a standard saturation binding experiment that measures ligand

binding in the presence of varying concentration of protein, the ability of these ligands as

probes for the Hsp90 paralogues (Figure 3b–d). For comparison, we also included 9c, a

probe we have previously developed for FP assays of Hsp90.33 Taken as a whole, saturation

binding experiments with 16a showed it to be an excellent tracer for each Hsp90 paralogue

with an assay window of >150 mP and an apparent Kd = 1.4, 1.6, 6.6, and 5.9 nM for

Hsp90α, Hsp90β, Grp94, and Trap-1, respectively (Figure 3b), and we proceed further here

to use it as a probe in evaluating the paralogue-selective binding of Hsp90 inhibitors and

Hsp90 endogenous ligands. Interestingly, 12 showed a 1-log preference for Hsp90α,

Hsp90β, and Trap-1 over Grp94 (apparent Kd = 3.9, 2.8, 30.7, and 5.8 nM for Hsp90α,

Hsp90β, Grp94, and Trap-1, respectively) with a poor assay window, i.e., less than 100 mP,
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for Grp94 (Figure 3c). On the other hand, the geldanamycin-derived probe 9c was a good

tracer for the cytosolic Hsp90s andGrp94 but displayed a 1- to 2-log weaker binding and

inferior assay window when evaluated for Trap-1 (9c apparent Kd = 0.7, 2.2, 2.5, and 51.8

nMforHsp90α, Hsp90β, Grp94, and Trap-1, respectively; Figure 3d).

Suitability of the FP Assay for Evaluating the Selectivity and Affinity of Small Molecules for
the Hsp90 Paralogues

Having found a probe that binds effectively to all four Hsp90 paralogues, we next validated

its ability to evaluate paralogue affinity and selectivity for small-molecule ligands.

Specifically, we evaluated the binding of ATP and ADP, the two endogenous Hsp90

paralogue ligands, for which paralogue binding affinity has been extensively explored by

means of intrinsic tryptophan fluorescence and isothermal titration calorimetry.24–28 We

observe for these ligands relative affinities in line with what has been reported previously

for each paralogue (Table 1). Specifically, the ADP interaction with Hsp90 was reported to

be much tighter than that of ATP (41 versus 840 µM),24 which is very much in line with our

findings (Table 1). ADP was reported to be a slightly weaker binder of Hsp90α than of

Hsp90β (51 versus 34 µM),25 which is what we find (59 versus 42 µM, Table 1).

Additionally, as previously reported, we show Grp94 and Trap-1 to show little

discrimination between both nucleotides.26–28,54,55 Grp94 binds both nucleotides relatively

well, with binding affinities reported ranging from 2.3 to 3.4 µM26 to 5 µM,56 which

compares well with 3.2 and 11.4 µM we recorded for ATP and ADP, respectively (Table 1).

As in our study, ATP was found to be a slightly tighter binder of Grp94 than ADP.27 Trap-1,

which most closely resembles the bacterial Hsp90, HtpG, is reported to bind ATP with

approximately 10-fold greater affinity than does Hsp90.28,55 The reported values for ATP

(3355 and 34.3 µM28) are in close concordance with our recorded value of 31.3 µM (Table

1). These confirm that our assay records with high accuracy the binding affinity and

selectivity profile of Hsp90 paralogue ligands, and moreover, does so by using substantially

lower amounts of protein, i.e., low nanomols versus the micromols of protein needed in the

classical isothermal titration calorimetry and intrinsic tryptophan fluorescence experiments,

with less labor and time. When comparing it to the classical techniques, it is also important

to note that our FP assay only probes for binding to the same pocket the labeled probe binds.

This is both an advantage because it probes a single binding pocket but may be a

disadvantage if one is concerned about secondary/nonspecific binding sites.

We next used the newly developed FP assay to evaluate the paralogue affinity and

selectivity of Hsp90 NBD inhibitors encompassing a variety of chemical classes (Figure 1).

All but 1 have been or still are in clinical evaluation for cancers.1 The results for each

paralogue of Hsp90 are summarized in Table 1 and show that all inhibitors effectively

compete with 16a, demonstrating specificity of binding for the probe. The low nanomolar

binding affinities for Hsp90α/β that we measured for these inhibitors correlate well with

their biological activity determined in several cancer cells.20,23,48,57–60

Interestingly, while it is believed that the clinical Hsp90 inhibitors bind equally well to all

paralogues, we determined a spectrum of paralogue binding preferences (Table 1). Of note,

all these inhibitors bound approximately equally well and with low nanomolar affinity to the
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cytosolic Hsp90s, as indicated previously by the extensive interactions they form with the

pocket.19,26–29

In contrast, we found a significant difference among the several agents with regards to their

affinity for Grp94 and Trap-1. Most striking was an almost 2-log loss of affinity for Trap-1

recorded for 2 and 5 (Hsp90 vs Trap-1: 46 nM vs 1.5 µM for 2, 33 nM vs 1.5 µMfor 5).

Lower binding efficacy for Trap-1 was also seen for the other agents, with a decrease

ranging from 25-fold for 1 and 6, 10-fold for 8 to 5-fold for 3 and 4 and 2-fold for 7. The

affinity of these agents for Grp94, while comparable to Hsp90 for most agents, was

substantially lower for a few inhibitors. Specifically, an approximately 10-fold loss of

affinity was noted for 3, 5, and 6 (Hsp90 vs Grp94: 19 vs 124 nM, 33 vs 190 nM, and 29 vs

578 nM, respectively).

Paralogue Affinity and Selectivity in the Hsp90 Inhibitor Chemotypes: A Computational
Analysis

In an attempt to rationalize some of these differences and build a structural model that can

be used to analyze and predict inhibitor binding to the Hsp90 paralogues, we overlaid the

crystallographic and/or the docked pose of 4 (PDB: 2FWZ), 5 (docked in PDB: 2FWZ), 3
(PDB: 3QDD),44 6 (docked in PDB: 3D0B),42 7 (PDB: 2VCI),22 8 (PDB: 3TUH), and 1
(PDB: 1YET,37 2EXL43) into the binding site of each paralogue, i.e., Hsp90α (PDB ID:

2FWZ), Hsp90β (PDB ID: 3NMQ), Grp94 (PDB ID: 2EXL, 3O2F), and Trap-1 (Homology

Model52).

Common to all molecules are critical interactions with what we refer here as pocket A
(Figure 4a). Specifically, a key interaction is formed with a conserved Asp93 of Hsp90α/β
and a network of water molecules at the bottom of the ATP-binding pocket, pocket A. In the

case of purine-scaffold compounds (3–5), this interaction is maintained by the exocyclic

−NH2 and N1 of the adenine or imidazopyridine core or the resorcinol moiety for 7 and 8 or

the −CONH2 of 6. These groups are referred to as X1 here and are essential elements for

binding not only to Hsp90α/β but also to Grp94 (Asp149) and Trap-1 (Asp158). As can be

seen in the overlaid structures (Figure 4a), the Ar-X1 group in each molecule remains static

in the binding of each isoform. Naturally then, the origins for the differences in affinity

observed to each isoform is as a result of suboptimal binding that occurs in other regions of

the molecule.

For the purposes of this discussion and in our attempt to explain these differences, we refer

to these other groups as Ar-X2 and X3 (Figure 4a). The X2 group occupies a lipophilic

pocket B, and the X3 group occupies the exit pocket C that is oriented toward solvent and

observed differences in potencies are as a result of suboptimal binding in the B and C
pockets. Upon closer inspection of the pockets they occupy, the Hsp90 inhibitor chemotypes

can be further divided in type 1, type 2 and type 3. Type 1 occupies all three available

pockets, whereas the binding of type 2 is restricted to pockets A and B and of type 3 to

pockets A and C (Figure 4a).

We next investigated whether significant residue differences exist among these paralogues

in pockets B and C that could account for such differences. Each of the paralogues contain
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three conserved domains: N-terminal nucleotide binding domain (NBD), a middle domain,

and a C-terminal dimerization domain. The NBD is the most highly conserved domain and

as mentioned previously is the binding site for each of the inhibitors described here.

Alignment of the NBD for each of the isoforms shows the overall similarity of the N-

terminal domain of these paralogues (Figure 4b). The amino acids depicted in boxes are

those that directly interact with the ligands, and although the amino acids making up the

individual binding pockets are highly similar, a number of differences do exist. In pocket A
of Hsp90α, a serine residue (Ser52) replaces an alanine in each of the other isoforms (Ala52

in Hsp90β, Ala108 in Grp94, and Ala120 in Trap-1). In pocket B, valine in Hsp90 (Val186

in Hsp90α and Hsp90β) is replaced by isoleucine in Grp94 (Ile247) and Trap-1 (Ile253). In

pocket C, lysine in Hsp90 (Lys112 in Hsp90α and Hsp90β) and Grp94 (Lys168) is replaced

by arginine in Trap-1 (Arg177).

With this structural information combined with the findings of our experimental binding

assays, we next proceed to analyze the affinity and selectivity of type 1, 2, and 3 compounds

for the four Hsp90 paralogues.

Type 1 Compounds—As previously reported for 8-benzyladenine series of inhibitor

(purine-scaffold), a conformational change in the flexible lid of Hsp90α/β occurs upon

ligand binding and creates a new binding channel (PDB: 1UYM).61 In this class, the 8-aryl

moiety rearranges the flexible Hsp90α/β lid, exposing a lipophilic pocket (B) whereby the

phenyl ring becomes stacked between Phe138 and Leu107 and forms further favorable

interactions with Met98 and Leu103. The N9-chain is oriented toward an exit pocket (C)

that is blocked somewhat by Leu107 (Figure 4c,d; type 1). Although the first and second

atoms of the alkyl chain form hydrophobic interactions with Leu107 and Met98 and are

important for binding, the remainder of the side chain is solvent exposed. Each of the purine

and purine-like scaffold compounds (4, 5) bind in a more or less similar way, however, there

are certain structural differences that can explain preferences in paralogue binding. 6, a

compound of a rather unique scaffold, also inserts into pockets A, B, and C (Figure 4c,d;

type 1). The gem-dimethyl groups of the indazolone ring are buried in the lipophilic pocket

(B) formed by Phe138, Leu107, and Trp162, while the carbonyl group may form a favorable

H-bonding interaction with the side-chain of Tyr139. The trans-4-hydroxycyclohexylamino

group occupies the exit pocket (C) and makes favorable hydrophobic interactions with

Met98 and Ala55, whereas the 4-hydroxy group may form an H-bond with side chain of

Lys58.21

Type 2 Compounds—3, while also based on the purine-scaffold, incorporates a

concomitant shift of the exocyclic amine and of the aryl group to the 2- and 9-position,

respectively, of the purine core. This shift results in orientation of these groups similar to

those of the amino and 8-aryl groups of 4 and 5. Because of this shift in position of the

above functionalities 3 lacks the chain that extends, as seen in 4 and 5, inside the exit pocket

C. Thus, binding of 3 is restricted to pockets A and B (Figure 4a,c,d; type 2).

Type 3 Compounds—We classify ansamycins (i.e., 1 and 2) as well as the resorcinols, 7
and 8, as type 3 compounds as they extend primarily into pockets A and C, and although
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each make some interactions with amino acids lining the entrance of pocket B, do not extend

into it like type 1 and 2 compounds (Figure 4a,c,d). For resorcinols, it is known that the

potency of these molecules is largely derived from the phenolic hydroxyls (Ar-X1) that form

a very extensive network of H-bonds, and compounds of this class are recognized as some

of the tightest known inhibitors. When bound to Hsp90α/β, the resorcinol moiety of 7 and 8
form hydrogen bonding interactions with Asp93 and Asn51 in pocket A (Figure 4c,d; type

3). Additionally, the oxygen atom of isoxazole ring of 7 is making a H-bond with the

sidechain hydroxyl of Thr184, while the carbonyl oxygen and amido group on the 3-position

of the isoxazole ring is making a H-bond with the side-chain of Lys58 and the carbonyl

backbone of Gly97, respectively, in exit pocket C. Similar to 7, the N2 of the 1,2,4-

triazol-5(4H)-one ring of 8 may make H-bonding interaction with Thr184 while 1-NH and

the 5-carbonyl oxygen form H-bonding interaction with the backbone carbonyl of Gly97 and

the side-chain amine of Lys58, respectively, in pocket C. Although the isopropyl group on

the resorcinol moiety of both 7 and 8 does not extend into pocket B, it does however make

hydrophobic interactions with amino acids lining the entrance, e.g., Phe138, Leu107,

Val150, Val186.

The amido group of C7-carbamate moiety of 1 is making H-bonding interactions with

Asp93 in pocket A (Figure 4c,d; type 3). The hydroxyl group at C11 is making H-bond with

the side chain amino group of Lys58 and the benzoquinone carbonyl group may make H-

bond with side chain amino group of Lys112 in pocket C. The C1-carbonyl oxygen of 1
forms H-bonding interaction with the backbone amino of Phe138 in close proximity to

pocket C. Although 1 does not extend into pocket B, the C6-methoxy group does make

some hydrophobic interactions with amino acids lining the entrance of the pocket as

mentioned earlier, i.e., Phe138, Leu107, Val150, and Val186.

According to our classification, ATP/ADP would be a type 3 ligand because it binds only to

pockets A and C. The adenine ring occupies pocket A (similar to the adenine ring of the

purine-scaffold class) and the ribose occupies pocket C (similar to the N9-alkyl chain of 4).

ATP/ADP is not able to bind within pocket B and therefore cannot make interactions with it.

In fact, this pocket is closed (i.e., helical closed conformation) in crystal structures for ATP

or ADP and was only first revealed when the structure of 9-butyl-8-(3,4,5-

trimethoxybenzyl)-9H-purin-6-amine (PU3), a purine scaffold inhibitor, was obtained which

showed what was at the time an unexpected conformational shift of residues 104–111 which

was required in order to accommodate the 8-aryl substituent into pocket B.61

To summarize our analyses, type 3 compounds (as well as ADP/ATP) do not bind into

pocket B. A conformational change in the B pocket region occurs when type 1 or type 2

compounds bind and the change in conformation observed for these compounds is identical,

which causes the opening of the B pocket.

All of the molecules described above bind exceptionally well to Hsp90, which should not be

of any surprise, because aside from the ansamycins, each were optimized to target Hsp90.

We now describe below how differences in affinity for Grp94 and Trap-1 are a result of

suboptimal binding that occurs in pockets B and C of these paralogues.
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Analysis of Grp94 Binding

Grp94 is distinct from the other Hsp90 paralogues in that binding of ATP/ADP induces an

opening of the lid region covering the nucleotide-binding pocket rather than closing it.54,62

The conformational changes leading to this opening are required in order to avoid a steric

clash of the phosphate groups with Gly196 and result in a twisted “V” conformation

whereby the N-terminal domains are oriented in opposite directions.54 Therefore, whereas

the ligand free form of Grp94 adopts a closed conformation, binding of ATP results in an

open conformation. Binding of geldanamycin into the ATP pocket also requires a

conformational shift in order to avoid a steric clash with Gly196, however, such shifts are

much less dramatic and the GM-bound structure more closely resembles the closed structure

rather than the open structure.43 This is also the case for radicicol (PDB: 1U0Z), and it is

likely that most of the pan-Hsp90 inhibitors described here induce conformational changes

to various degrees in order to enable binding within the ATP-pocket. Such conformational

changes in Grp94 are possible due to an insertion of amino acids in Grp94 (a 5-amino acid

insertion, 182QEDGQ186; Figure 4b) not observed for the other three paralogues. Thus, the

Gly196 induced conformational change, which results in reorientation of Phe199 in Grp94,

is not possible in Hsp90α/β and Trap-1.

Our data shows that whereas 4 binds equally well to Hsp90α/β and Grp94, 5 and 3 each

show approximately 6-fold decreased affinity for Grp94, while 6 has a 20-fold loss in

affinity (Table 1). A crystal structure for any of the type 1 and 2 compounds in complex

with Grp94 has yet to be reported, and modeling of these compounds into the ATP binding

pockets of existing structures of nucleotide or GM-bound Grp94 did not reveal differences

that could account for the observed binding affinity. We next analyzed a recently reported

crystal structure of a derivative of 4, 8-((2,4-dimethylphenyl)thio)-3-(pent-4-yn-1-yl)-3H-

purin-6-amine (PU-H54).52 In this structure, we observed that the helix 1,4,5 “lid” region in

Grp94 adopted a novel “partially closed” conformation, whereby strand 1 and helix 1 were

pulled away from the core of the N domain and helices 4 and 5 shifted upward to straddle

the top of helix 1. These rearrangements also repositioned helix 3 of Grp94, resulting in a

somewhat larger ATP binding pocket. We therefore used this pocket to understand the

binding differences observed in type 1 and 2 compounds. While other lid conformations are

possible for Grp94 and have been reported for this protein,43,54,62 we reasoned that the high

affinity exhibited by these ligands, which are also in line with their affinity for Hsp90, can

more likely be explained by insertion of these molecules in a pocket with an architecture

similar to that seen in Hsp90. Thus, to investigate the binding mode of type 1 and 2

compounds into Grp94, we performed an induced fit docking of 4 into this pocket then

overlaid other ligands onto the structure. The resulting analysis showed that the nature and

size of groups on Ar-X2 are the likely cause of diminished binding as a result of suboptimal

interaction with two residues located in pocket B (i.e., Leu163 and Phe195) of Grp94

(Figure 5a,c; type 1 and 2). 4 has an iodine atom, which is potentially of ideal size and

lipophilicity to make strong hydrophobic contacts with the lipophilic residues in pocket B
(Figure 5a,c). The relatively more polar −N(CH3)2, −OMe, and −CF3 groups in 5, 3, and 6,

respectively, occupy the same space as the iodine in 4, and it is likely that suboptimal fit and

interaction with the lipophilic residues in pocket B are the cause for the observed loss in

activity of these compounds (Figure 5a,c; type 1 and 2).
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The ansamycins and resorcinols we find to have good affinity for Grp94, and in concordance

with our analysis thus far, can be explained by their inability to extend into pocket B (Figure

5a,c; type 3). The compounds 1 (and 2), 7, and 8 are type 3 compounds and are not

dependent upon binding interactions within this pocket for affinity. As a result, they are

unaffected by potential losses in affinity that might occur as a result of steric clashes and/or

suboptimal interactions within pocket B, as observed for most of the type 1 and 2

compounds described above.

Analysis of Trap-1 Binding

No crystal structure of Trap-1 has been reported so far. Intrinsic fluorescence experiments

suggest that binding of ATP to Trap-1 induces conformational changes that result in a

predominantly closed conformation, similar to that observed in Hsp90.28 However, in

contrast to Hsp90, this is insufficient to commit Trap-1 to hydrolysis because reopening

occurs significantly faster. This suggests considerable conformational flexibility, and

coupled with the current lack of available crystal structures of Trap-1, either apo or ligand

bound, makes analysis of the observed binding affinities difficult. To overcome this problem

and to better understand the requirements for Trap-1 binding, we created a homology model

that presents Trap-1 in a conformation also seen for Hsp90α and Hsp90β. When creating

this model, we hypothesized that the 2-amino acid insertion noted in Trap-1 (190AE192)

would be insufficient to allow for a conformational change such as observed in Grp94. This

homology model incorporated a number of elements we believed to be essential. First, we

felt it essential that the B pocket be accessible to binding in order to allow the type 1 and 2

compounds to bind. Second, we required that the relative lipophilic nature of the Trap-1

binding pocket be adequately represented. To meet these two objectives, we used Hsp90α
(PDB ID: 2FWZ) and Grp94 (PDB ID: 3O2F) crystal structures as a template for the amino

acids. While similar in several respects to the Hsp90 structure, the model revealed several

important differences not evident by simply aligning the two proteins (Figure 4b).

Specifically, differences in the reorientation of several pocket amino acids such as Phe201,

Lys126, and Asn171 were seen, which in this model are positioned toward the exit of the

pocket. Other differences were noted in the orientation of analogous amino acids such as

Leu107 and Ala111 (Hsp90α/β) and Leu172 and Ala176 (Trap-1).

With this model in hand, we next proceeded to overlay the crystallographic structures of the

clinical candidates into our homology model.52 As mentioned above, in the case of Trap-1,

the binding affinity for 4, 3, and 5 diminished 5-, 5-, and 50-fold, respectively, when

compared to Hsp90 (Table 1). For 6, this drop was 25-fold. The homology model predicted

numerous causes for such substantial loss of affinity when compared to Hsp90. One such

cause is the nature of the exit channel, pocket C. Whereas for Hsp90α/β there are no amino

acids interfering with the chains/functionalities inserted into pocket C by these inhibitors, in

Trap-1, both Lys126 and Phe201 partially occlude the path of the chain to solvent (Figure

5b,d; type 1 and 2). Specifically important is the clash of the bulkier tert-butyl group in 5
with these residues. In 4, the smaller isopropyl group leads to less interference and thus a

smaller drop in affinity. The cyclohexyl moiety in 6 also interferes with Lys126 and Phe201,

leading to the 25-fold drop in affinity.
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Another potential for reduced affinity with Trap-1 may come from unfavorable interactions

that occur between Ar-X2 functionalities and Leu172. Such is the case for 3, where the lack

of an X3 moiety precludes clashes within the exit pocket C, and its 5-fold decrease in

affinity could be attributed to unfavorable steric interactions between its 4′-OMe and 5′-Me

groups with Leu172 (Figure 5b,d; type 1 and 2). This bulky residue may also sterically

interfere with the iodine of 4 and −N(CH3)2 of 5 and hence be partly responsible for the

observed loss in affinity.

As mentioned above, the potency of the type 3 compounds 7 and 8 is largely derived from

the resorcinol moiety (Ar-X1), which forms a very extensive network of H-bonds in pocket

A. Although these remain potent for Trap-1, some loss in potency for both these compounds

could be due to unfavorable interactions within the exit channel C, as the morpholine group

of 7 and the indole N-methyl of 8 orient toward Glu200 (Figure 5b,d; type 3). Similarly, a

loss of affinity for Trap-1 was also observed with 1 and 2, whereby the quinone ring (Figure

5b,d; type 3) unfavorably neighbors Glu200 while the 12-methoxy and 14-methyl

substituents are determined to have unfavorable steric interactions with Lys126.

CONCLUSION

In conclusion, we here describe the first reported comprehensive analysis of Hsp90

paralogue affinity and selectivity in the clinical Hsp90 inhibitor chemotypes. This has been

possible through the development of a versatile experimental assay based on a new FP-probe

(16a) that we both describe here. The assay, we show, can test rapidly and accurately the

binding affinity of all major Hsp90 chemotypes and has a testing range that spans low

nanomolar to millimolar binding affinities. We couple this assay with a computational

analysis that allows for rationalization of paralogue selectivity and defines not only the

major binding modes that relay pan-paralogue binding or conversely, paralogue selectivity,

but also identifies molecular characteristics that impart such features.

Our analysis has enabled us to classify each of the inhibitors into one of three distinct types

based upon their binding interactions within three specified pockets (A, B, C). Type 1

inhibitors bind to all three pockets A, B, and C and include 4–6. The only type 2 inhibitor

described here, 3, binds to pockets A and B. Type 3 inhibitors bind to pockets A and C and

include the ansamycins 1 and 2 as well as resorcinols 7 and 8. As previously described, each

of the inhibitors has high affinity for cytoplasmic Hsp90. However, when tested for binding

to the organellar isoforms, Grp94 and Trap-1, we observe a spectrum of binding affinities.

Our analysis shows that affinity to Grp94 is largely affected by interactions within pocket B
and compounds which extend into this pocket (i.e., type 1 and 2) generally exhibit decreased

binding relative to Hsp90. Of the type 1 and 2 compounds described here, only 4 retained

affinity comparable with Hsp90, which we ascribe to the ideal size and lipophilicity of the

iodine atom to interact with the lipophilic residues in pocketB. It is likely that diminished

affinity for 5, 3, and 6 is as a result of suboptimal fit and interaction with lipophilic residues,

such as Phe195 and Leu163 within pocket B. Conversely, type 3 inhibitors, which do not

extend into pocket B and are not dependent upon interactions with it nor are affected by

suboptimal binding within it, remain highly potent inhibitors of Grp94.
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Analysis of the results for Trap-1 shows that without exception each of the inhibitors exhibit

diminished binding. Our computational analysis has identified the exit channel C as being

the main determinant for this, where both Lys126 and Phe201 partially occlude the path to

solvent. This satisfactorily explains results with type 1 and 3 compounds, which each exhibit

binding into pocket C and suffer from varying degrees of interference with both Lys126 and

Phe201 but does not explain results with 3, which does not extend into this pocket. Our

analysis shows that binding of 3 to Trap-1 may suffer from unfavorable steric interactions

between its 4′-OMe and 5′-Me groups with Leu172 in the B pocket.

Because the residues that make up the adenine-binding cavities of Hsp90s are highly

conserved, it was generally believed that the discovery of paralogue selective inhibitors was

a challenging task. From the results described here, we hypothesized that screening of a

focused library of compounds (i.e., purine-scaffold) would provide a good means for

potentially identifying selective inhibitors and overcome the limitations of structure-based

drug design approaches imposed upon by the high sequence similarity between each

isoform. Although not described here, we show in a parallel paper the utility of such an

approach in the discovery of a highly selective Grp94 inhibitor.52

There are potentially significant therapeutic implications in understanding the paralogue

selectivity of Hsp90 inhibitors. It is at the moment unknown how much of the activity/

toxicity of these perceived pan-Hsp90 inhibitors is as a result of inhibition of Hsp90α/β,

Grp94, or Trap-1. As it is becoming increasingly apparent that individual Hsp90 paralogues

have distinct biological roles, it may very well be the case that pan-Hsp90 inhibition may

result in undesirable side effects resulting in enhanced toxicity. Alternatively, it may be that

maximal anticancer activity is observed with pan-Hsp90 inhibition. These may only be

known when the profile of the current Hsp90 inhibitors is well understood, as we attempt to

do here, or when paralogue selective molecules become available.

Paralogue selective drugs may represent a good strategy to develop better, safer agents with

the prospect for enhanced personalized medicine. It may very well be that particular tumors

are dependent on a specific paralogue and therefore would be more responsive to one class

of inhibitor over another. It may be possible that particular cancers are more suited to

therapy by a particular isoform inhibitor and when additional therapeutic factors are taken

into consideration (i.e., toxicity) should potentially enhance the prospects for personalized

medicine. This should further drive the discovery of potent selective inhibitors for each

isoform.

In conclusion, our work provides a testing paradigm to investigate Hsp90 paralogue

selectivity and affinity of small molecules. We believe these tools will allow for the analysis

of paralogue contribution to the observed biological activity of the current Hsp90 inhibitor

classes, as exemplified here by the analysis of the clinical Hsp90 inhibitor chemotypes but

also the identification of paralogue-selective small molecules both as potential therapeutics

in tumors dependent on a particular Hsp90 paralogue(s) and as tools to investigate the role

of these paralogues in disease.

Taldone et al. Page 13

J Med Chem. Author manuscript; available in PMC 2014 April 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



EXPERIMENTAL SECTION

Chemical Synthesis
1H NMR spectra were recorded on a Bruker 500 or 600 MHz instrument. Chemical shifts

are reported in δ values in ppm downfield from TMS as the internal standard. 1H NMR data

are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q =

quartet, br = broad, m = multiplet), coupling constant (Hz), integration. High resolution

mass spectra were recorded on a Waters LCT Premier system. Low resolution mass spectra

were obtained on a Waters Acquity Ultra Performance LC with electrospray ionization and

SQ detector. High-performance liquid chromatography (HPLC) analyses were performed on

a Waters Autopurification system with PDA, MicroMass ZQ, and ELSD detector, and a

reversed phase column (Waters X-Bridge C18, 4.6mm × 150 mm, 5 µm). The purity of FP

probe compounds was determined by HPLC using a gradient of: (a) H2O+ 0.1% TFA and

(b)CH3CN+ 0.1% TFA, 5–95% b over 13 min at 1.2 mL/min and UV detection at λ 220 and

254 nm and were >95% pure. All reactions were performed under argon protection. FITC

was purchased from Aldrich. 12 and 16a were prepared as previously described.49

2-(4-(6-Amino-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9H-purin-9-
yl)butyl)isoindoline-1,3-dione (14b)—13 (200 mg, 0.484 mmol) was dissolved in DMF

(8 mL). Cs2CO3 (466 mg, 1.43 mmol) and N-(4-bromobutyl)phthalimide (683 mg, 2.42

mmol) were added, and the mixture was sonicated for 30 min. Cs2CO3 (31.5 mg, 0.097

mmol) was added, and the mixture was again sonicated for 30 min. This was repeated two

more times for a total reaction time of 2 h. DMF was removed, and the resulting residue was

purified by preparatory TLC (CH2Cl2:MeOH:AcOH, 15:1:0.5) to give 134 mg (45%) of

14b. 1H NMR (500 MHz, CDCl3) δ 8.18 (s, 1H), 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J

= 5.5, 3.1 Hz, 2H), 7.22 (s, 1H), 6.89 (s, 1H), 6.76 (br s, 2H), 5.99 (s, 2H), 4.23 (t, J = 7.1

Hz, 2H), 3.69 (t, J = 7.0 Hz, 2H), 1.67–1.83 (m, 4H). MS (ESI) m/z 615.2 [M + H]+.

9-(4-Aminobutyl)-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9Hpurin-6-amine
(15b)—To a suspension of 14b (38.9 mg, 0.063 mmol) in 2mL of MeOH/CH2Cl2 (7:1 mL)

was added hydrazine hydrate (46 µL, 0.950 mmol), and the mixture was stirred at rt for 12 h.

Solvent was removed under reduced pressure, and the resulting residue was purified by

preparatory TLC (CH2Cl2:MeOH-NH3 (7N), 10:1) to give 18 mg (59%) of 15b. 1H NMR

(500 MHz, CDCl3/MeOH-d4) δ 8.22 (s, 1H), 7.38 (s, 1H), 7.04 (s, 1H), 6.05 (s, 2H), 4.23 (t,

J = 7.4 Hz, 2H), 2.78 (t, J = 7.1 Hz, 2H), 1.82–1.91 (m, 2H), 1.55–1.63 (m, 2H). MS (ESI)

m/z 485.0 [M + H]+.

PU-C4-FITC (16b)—15b (9.7 mg, 0.020 mmol), FITC (8.57 mg (0.022 mmol), and Et3N

(0.1 mL) in DMF (0.2 mL) was stirred for 3 h at rt. The reaction mixture was directly

purified by HPLC to give 5.2 mg (30%) of 16b. 1H NMR (600 MHz, MeOH-d4) δ 8.22 (s,

1H), 8.00 (s, 1H), 7.61 (d, J = 7.6 Hz, 1H), 7.37 (s, 1H), 7.19 (s, 1H), 7.06 (d, J = 8.2 Hz,

1H), 6.58–6.67 (m, 4H), 6.48 (dd, J = 8.7, 2.0 Hz, 2H), 5.97 (s, 2H), 4.30 (t, J = 7.0 Hz, 2H),

3.58 (br s, 2H), 1.90–2.00 (m, 2H), 1.61–1.70 (m, 2H). HRMS (ESI) m/z [M + H]+ calcd for

C37H29IN7O7S2, 874.0615; found 874.0610. HPLC Rt = 9.57.
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2-(6-(6-Amino-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9H-purin-9-
yl)hexyl)isoindoline-1,3-dione (14c)—13 (200 mg, 0.484 mmol) was dissolved in

DMF (8 mL). Cs2CO3 (466 mg, 1.43 mmol) and N-(6-bromohexyl)phthalimide (751 mg,

2.42 mmol) were added, and the mixture was sonicated for 2 h. Solvent was removed under

reduced pressure, and the resulting residue was purified by preparatory TLC

(CH2Cl2:MeOH:AcOH, 15:1:0.5) to give 100 mg (32%) of 14c. 1H NMR (500 MHz,

CDCl3) δ 8.26 (s, 1H), 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 7.26 (s,

1H), 6.87 (s, 1H), 6.36 (br s, 2H), 5.96 (s, 2H), 4.18 (t, J = 7.5 Hz, 2H), 3.66 (t, J = 7.2 Hz,

2H), 1.70–1.79 (m, 2H), 1.60–1.68 (m, 2H), 1.32–1.43 (m, 4H). MS (ESI) m/z 643.2 [M +

H]+.

9-(6-Aminohexyl)-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9Hpurin-6-amine
(15c)—To a suspension of 14c (97 mg, 0.1511 mmol) in 4 mL of MeOH/CH2Cl2 (7:1 mL)

was added hydrazine hydrate (110 µL, 2.27 mmol), and the mixture was stirred at rt for 12 h.

Solvent was removed under reduced pressure, and the resulting residue was purified by

preparatory TLC (CH2Cl2:MeOH-NH3 (7N), 10:1) to give 47 mg (61%) of 15c. 1H NMR

(500 MHz, CDCl3) δ 8.32 (s, 1H), 7.31 (s, 1H), 6.90 (s, 1H), 5.99 (s, 2H), 5.84 (br s, 2H),

4.20 (t, J = 7.5 Hz, 2H), 2.67 (t, J = 6.5 Hz, 2H), 1.72–1.84 (m, 2H), 1.31–1.45 (m, 6H). MS

(ESI) m/z 513.0 [M + H]+.

PU-C6-FITC (16c)—15c (9.7 mg, 0.01894 mmol), FITC (8.11 mg, 0.0208 mmol), and

Et3N (0.1 mL) in DMF (0.2 mL) was stirred for 3 h at rt. The reaction mixture was directly

purified by HPLC to give 8.0 mg (47%) of 16c. 1H NMR (600 MHz, MeOH-d4) δ 8.23 (s,

1H), 8.09 (s, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.35 (s, 1H), 7.16 (s, 1H), 7.08 (d, J = 8.3 Hz,

1H), 6.71 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 2.2 Hz, 2H), 6.53 (dd, J = 8.8, 2.2 Hz, 2H), 5.96

(s, 2H), 4.24 (t, J = 7.1 Hz, 2H), 3.50 (br s, 2H), 1.79–1.88 (m, 2H), 1.52–1.61 (m, 2H),

1.31–1.42 (m, 4H). HRMS (ESI) m/z [M + H]+ calcd for C39H33IN7O7S2, 902.0928; found

902.0939. HPLC Rt = 10.02.

2-(8-(6-Amino-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9H-purin-9-
yl)octyl)isoindoline-1,3-dione (14d)—13 (200 mg, 0.484 mmol) was dissolved in DMF

(8 mL). Cs2CO3 (466 mg, 1.43 mmol) and N-(8-bromooctyl)phthalimide (819 mg, 2.42

mmol) were added, and the mixture was sonicated for 1.5 h. Solvent was removed under

reduced pressure, and the resulting residue was purified by preparatory TLC

(CH2Cl2:MeOH:AcOH, 15:1:0.5) to give 120 mg (34%) of 14d. 1H NMR (500 MHz,

CDCl3) δ 8.29 (s, 1H), 7.84 (dd, J = 5.5, 3.1 Hz, 2H), 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.28 (s,

1H), 6.87 (s, 1H), 6.29 (br s, 2H), 5.96 (s, 2H), 4.18 (t, J = 7.5 Hz, 2H), 3.67 (t, J = 7.3 Hz,

2H), 1.62–1.77 (m, 4H), 1.25–1.36 (m, 8H). MS (ESI) m/z 671.3 [M + H]+.

9-(8-Aminooctyl)-8-((6-iodobenzo[d][1,3]dioxol-5-yl)thio)-9Hpurin-6-amine
(15d)—To a suspension of 14d (90.1 mg, 0.1345 mmol) in 4 mL of MeOH/CH2Cl2 (7:1

mL) was added hydrazine hydrate (98 µL, 2.017 mmol), and the mixture was stirred at rt for

12 h. Solvent was removed under reduced pressure, and the resulting residue was purified by

preparatory TLC (CH2Cl2:MeOH-NH3 (7N), 10:1) to give 25 mg (34%) of

15d. 1HNMR(500 MHz, CDCl3) δ 8.33 (s, 1H), 7.31 (s, 1H), 6.90 (s, 1H), 5.99 (s, 2H), 5.72
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(br s, 2H), 4.20 (t, J = 7.5 Hz, 2H), 2.66 (t, J = 7.1 Hz, 2H), 1.70–1.80 (m, 2H), 1.36–1.45

(m, 2H), 1.21–1.35 (m, 8H). MS (ESI) m/z 541.1 [M + H]+.

PU-C8-FITC (16d)—15d (15.0 mg, 0.028 mmol), FITC (11.9 mg, 0.031 mmol), and Et3N

(0.1 mL) in DMF (0.2 mL) was stirred for 4 h at rt. The reaction mixture was directly

purified by HPLC to give 16.9 mg (66%) of 16d. 1H NMR (600 MHz, MeOH-d4) δ 8.22 (s,

1H), 8.11 (s, 1H), 7.68 (d, J = 7.8 Hz, 1H), 7.34 (s, 1H), 7.12 (s, 1H), 7.09 (d, J = 8.2 Hz,

1H), 6.72 (d, J = 8.7 Hz, 2H), 6.67 (d, J = 2.0 Hz, 2H), 6.53 (dd, J = 8.7, 2.0 Hz, 2H), 5.96

(s, 2H), 4.20 (t, J = 7.1 Hz, 2H), 3.50 (br s, 2H), 1.74–1.81 (m, 2H), 1.52–1.59 (m, 2H),

1.23–1.35 (m, 8H). HRMS (ESI) m/z [M + H]+ calcd for C41H37IN7O7S2, 930.1241; found

930.1231. HPLC Rt = 10.60.

Biological Evaluation

Reagents—Hsp90α was purchased from (Stressgen no. SPP776). Recombinant Hsp90β
was purchased from Enzo Life Sciences (ADI-SPP-777). Canine Grp94 was generated as

previously reported.52 Recombinant human Trap-1 was purchased from Enzo Life Sciences

(ADI-SPP-848). The human breast cancer cell line SKBr3 was obtained from the American

Type Culture Collection (Manassas, VA). Cells were cultured in DME HG:F-12 medium

supplemented with 10% fetal bovine serum, NEAA, 1% penicillin, and streptomycin. Cells

were collected and frozen to rupture the membranes and then dissolved in binding buffer

with added protease and phosphatase inhibitors to form the lysate. Lysates were stored at

−80 °C before use. Total protein content was determined using the bicinchoninic acid assay

kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer’s instructions.

Hsp90 Saturation Binding Assay—The Hsp90 FP saturation assays were performed on

an Analyst GT instrument (Molecular Devices, Sunnyvale, CA) and carried out in black 96-

well microplates (Corning no. 3650) in a total volume of 100 µL in each well. A stock of 10

µM 12 or 16a–d was prepared in DMSO and diluted with Felts buffer (20 mM Hepes (K),

pH 7.3, 50 mM KCl, 2 mM DTT, 5 mM MgCl2, 20 mM Na2MoO4, and 0.01% NP40 with

0.1 mg/mL BGG). To determine the equilibrium binding of 12 or 16a–d, increasing amounts

of Hsp90α, Hsp90β, Grp94, or Trap-1 (up to 250 nM), or SKBr3 lysate (up to 50 µg of total

protein) were incubated with 3 nM of 12 or 16a–d. The assay plate was incubated on a

shaker at 4 °C for the indicated times, and the FP values in mP were measured. The assay

window was calculated as the difference between the FP value recorded for the bound

fluorescent tracer and the FP value recorded for the free fluorescent tracer (defined as mP −

mPf).

Hsp90 Competition Assay—The Hsp90 FP competition assays were performed on an

Analyst GT instrument (Molecular Devices, Sunnyvale, CA) and carried out in black 96-

well microplates (Corning no. 3650) in a total volume of 100 µL in each well. A stock of 10

µM16a was prepared in DMSO and diluted with Felts buffer (20 mM Hepes (K), pH 7.3,

50mMKCl, 2 mM DTT, 5 mM MgCl2, 20mMNa2MoO4, and 0.01% NP40 with 0.1 mg/mL

BGG). To each well was added 3 nM fluorescent 16a, protein (25 nMHsp90α, 25

nMHsp90β, 25 nMGrp94, 30 nM Trap-1) or SKBr3 lysate (4.5 µg total protein), and tested

inhibitor (initial stock in DMSO) in a final volume of 100 µL of Felts buffer. Compounds

Taldone et al. Page 16

J Med Chem. Author manuscript; available in PMC 2014 April 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



were added in triplicate wells. For each assay, background wells (buffer only), probe

controls (free, probe only), and bound probe controls (probe in the presence of protein or

SKBr3 lysate) were included on each assay plate. The assay plate was incubated on a shaker

at 4 °C for 24 h, and the FP values in mP were measured. The fraction of probe bound to

Hsp90 was correlated to the mP value and plotted against values of competitor

concentrations. The inhibitor concentration at which 50% of bound probe was displaced was

obtained by fitting the data. All experimental data were analyzed using SOFTmax Pro 4.3.1

and plotted using Prism4.0 (GraphPad Software Inc., SanDiego,CA).

Molecular Modeling

All the compounds were constructed using the fragment dictionary of Maestro (version 8.5).

Ligands were further prepared using Ligprep (version 2.2) utility provided by Schrödinger

LLC. The X-ray crystal structure of Hsp90α (PDB ID: 2FWZ, 2VCI, 3QDD, and 3D0B),

Hsp90β (PDB ID: 3NMQ), Grp94 (PDB ID: 2EXL and 3O2F), and homology model of

Trap-152 were optimized for subsequent grid generation and docking using the default

parameters in Protein Preparation Wizard provided by Schröinger LLC. Grids were then

prepared using the Receptor Grid Generation tool in Glide (version 5.0).63,64 Next, the extra

precision (XP) Glide docking method was used to dock compounds flexibly into the ATP

binding site of receptors according to previously reported procedure.65
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ABBREVIATIONS USED

Hsp90 heat shock protein 90

Grp94 glucose-regulated protein 94

Trap-1 TNF receptor-associated protein 1

HER2 human epidermal growth factor receptor 2

ER estrogen receptor

HIF1α hypoxia-inducible factor 1-alpha

NBD N-terminal nucleotide-binding domain

FP fluorescence polarization

FAM carboxyfluorescein

2D-FIDA two-dimensional fluorescence intensity distribution analysis

FITC fluorescein isothiocyanate

mP milli-polarization
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Figure 1.
Structures of various Hsp90 inhibitors and the chemotypes they belong to. All but

geldanamycin have been or currently are in clinical evaluation for cancers.
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Figure 2.
Selected reported fluorescently labeled Hsp90 inhibitors for use in FP (a) or flow cytometry

and fluorescent microscopy (b). Arrow indicates point of attachment to ligand of linker-

fluorophore. (c) Design of the FP probe based on the Hsp90 inhibitor 4. (d) Probe 16a
docked into the Hsp90α ATP binding pocket (PDB ID: 2FWZ) as generated by Glide

(version 5.0). Modeling shows potential steric clash between probe and Leu107 for linkers

containing less than three carbons.
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Figure 3.
Dose–response curve for the binding of indicated probes to the Hsp90 paralogues from a

cancer cell extract (a) or to individual Hsp90 paralogues (b–d). Different amounts of protein

were incubated with the ligand at 4 °C and the response measured at equilibrium (24 h). The

assay window data were obtained by subtracting free probe values from values recorded in

the presence of specified protein concentrations. Data were analyzed and plotted in Prism

4.0. Average values from duplicate experiments are presented.
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Figure 4.
(a) Overlay of 1 (gray), 3 (dark-green), 4 (orange), 5 (plum), 6 (yellow), 7 (maroon), and 8
(turquoise) into the Hsp90 paralogue binding site. (b) Alignment of the N-terminal domains

of Hsp90α (PDB ID: 2FWZ), Hsp90β (PDB ID: 3NMQ), Grp94 (accession no. P14625),

and Trap-1 (accession no. Q12931). Dark-blue to light-blue: conserved to less conserved

residues. Red, yellow, and black boxed letters: amino acids interacting with the ligands in

pockets A, B, and C, respectively. (c) Interactions of type 1, 2, and 3 compounds with

Hsp90α (PDB ID: 2FWZ). (d) Interactions of types 1, 2, and 3 compounds with Hsp90β
(PDB ID: 3NMQ). Top, wire and bottom, surface representations of residues. 1 (gray), 3
(dark-green), 4 (orange), 5 (plum), 6 (yellow), 7 (maroon), and 8 (turquoise).
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Figure 5.
(a) Interactions of type 1, 2, and 3 compounds with Grp94 (PDB ID: 3O2F). (b) Interactions

of type 1, 2, and 3 compounds with Trap-1 (homology model); 1 (gray), 3 (dark-green), 4
(orange), 5 (plum), 6 (yellow), 7 (maroon), and 8 (turquoise). (c,d) Schematic representation

of Hsp90 inhibitors and the residues proposed to interfere with binding of these ligands into

Grp94 (c) and Trap-1 (d).
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Scheme 1a

aReagents and conditions: (a) N-(ω-bromoalkyl)-phthalimide, Cs2CO3, DMF, rt; (b)

hydrazine hydrate, MeOH, CH2Cl2, rt; (c) FITC, Et3N, DMF, rt.
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Table 1

Hsp90 Paralogue Affinity Determined for Hsp90 Inhibitors in Clinical Development Using 16a as a FP Probea

Hsp90α
IC50 (nM)

Hsp90β
IC50 (nM)

Grp94
IC50 (nM)

Trap-1
IC50 (nM)

1 28 22 10 661

2 46 45 31 1496

3 19 17 124 90

4 43 42 30 205

5 33 38 190 1586

6 29 25 578 726

7 20 16 12 38

8 5 5 10 51

ADP 59308 42159 11447 55594

ATP 861330 893677 3241 31303

a
The paralogue binding affinity of Hsp90-regulatory nucleotides is also presented.
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