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Abstract

The chaperome is a large and diverse protein machinery composed of chaperone proteins and a 

variety of helpers, such as the co-chaperones, folding enzymes and scaffolding and adapter 

proteins. Heat shock protein 90s and 70s (HSP90s and HSP70s), the most abundant chaperome 

members in human cells, are also the most complex. As we have learned to appreciate, their 

functions are context dependent and manifested through a variety of conformations that each 

recruit a subset of co-chaperone, scaffolding and folding proteins and which are further diversified 

by the post-translational modifications each carry, making their study through classic genetic and 

biochemical techniques quite a challenge. Chemical biology tools and techniques have been 

developed over the years to help decipher the complexities of the HSPs and this review will 

provide an overview of such efforts with focus on HSP90 and HSP70.

Introduction

The chaperome is a relatively new term to jointly refer to a group of cellular proteins 

dedicated to ensuring that the proteome is stable and structurally and functionally well-

supported throughout their life cycle. These proteins include chaperone proteins, their 

helpers, the co-chaperones, as well as folding enzymes, scaffolding proteins, and adaptor 

proteins (Brehme et al., 2014, Finka and Goloubinoff, 2013, Taldone et al., 2014b). In 

humans, their numbers are in the hundreds. Heat shock proteins (HSPs), denoted as such 

because some members are heat inducible, are chaperones and the most abundant members 

of the chaperome in human cells. The HSPs are classified into families based on their 

molecular weights: the high molecular mass HSPs (≥ 100 kD), HSP90 (81 to 99kD), HSP70 

(65–80kD), HSP60 (55 to 64 kD), HSP40 (35 to 54 kD), and the small HSPs (≤ 34 kD). 

Together these proteins are estimated to amount to 10% of the cellular mass, with HSP90s 

and HSP70s alone accounting for half of that. From a chemical biology perspective, these 
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two abundant HSP families have received most of the interest and attention so far, and 

therefore will be the focus of this review.

In normal cells, different cellular comportments have dedicated networks of specific 

chaperones that occur and are active only within the context of the given location (Hartl et 

al., 2011, Kim et al., 2013). In humans, two major paralogs of HSP90, HSP90α and 

HSP90β, reside in the cytosol with a minor presence in the nucleus, while glucose-regulated 

protein 94 (GRP94) is found in the endoplasmic reticulum (ER) and tumor necrosis factor 

receptor-associated protein 1 (TRAP1) is located in the mitochondria. HSP70s family has 

more members, with nine genes encoding cytosolically expressed HSP70 proteins, one an 

ER protein (HSPA5 also known as BiP or GRP78) and one coding for a mitochondrial 

protein (HSPA9, also known as mortalin, GRP75, or mtHSP70). Of these, the most 

abundant HSP70s are the cytosolic HSC70 (encoded by HSPA8) and HSP70 (encoded by 

HSPA1A and HSPA1B) as well as BiP and mortalin (Daugaard et al., 2007).

All HSPs are flexible proteins composed of several domains. HSP90 for example has an N-

terminal (N) domain, containing nucleotide binding sites, a middle (M) domain, which 

provides binding sites for client proteins, and a C-terminal (C) domain containing a 

dimerization motif. Additionally, all three domains are involved in binding an army of co-

chaperones, proteins that assist the chaperone activity of HSP90. N and M domains are 

connected by an unstructured charged-linker region of significant but variable length, which 

provides conformational flexibility to HSP90s (Prodromou, 2012, Street et al., 2011). 

HSP70 is composed of an N-terminal nucleotide binding domain (NBD) and a C-terminal 

substrate-binding domain (SBD). The NBD binds to nucleotide and is further subdivided 

into two major lobes, with the ATP-binding cleft located between them. Likewise, the SBD 

is further subdivided into two major regions: a β-sandwich subdomain and an α-helical 

“lid.” The β-sandwich subdomain contains the hydrophobic groove that binds client 

proteins, while the lid regulates the kinetics of client binding. The NBD and SBD are 

connected by a short, hydrophobic linker, which mediates interdomain allostery (Mayer and 

Bukau, 2005, Kityk et al., 2012).

HSP70s and HSP90s are highly dynamic and flexible proteins and their conformation and 

activity is regulated at several levels; these include the ATPase cycle, association with 

conformation-specific cochaperones, and posttranslational modifications (PTMs). The 

chaperone function of HSP70 is based on an allosteric mechanism where binding and 

hydrolysis of ATP regulates chaperone conformation and substrate binding affinity (Mayer 

and Kityk, 2015). For HSP90, rather than dictating the conformational state, it is believed 

that ATP binding and hydrolysis only shift the equilibria between a pre-existing set of 

conformational states (Krukenberg et al., 2011). A yet another level of conformational and 

functional regulation comes from co-chaperones that may impact conformational equilibria 

and affect the kinetics of structural changes, ATP hydrolysis and substrate specificity, and 

from posttranslational modifications and client protein (substrate) binding (Mollapour and 

Neckers, 2012, Prodromou, 2012). For example, each co-chaperone and PTM is believed to 

have a set function. Cell division cycle 37 homolog (CDC37) is a cochaperone that is 

essential for the maturation of almost all HSP90-dependent kinases (Vaughan et al., 2008), 

HSP90-HSP70 organizing protein (HOP) is responsible for delivering substrates from 
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HSP70 to HSP90 (Hernandez et al., 2002), AHA1 is an activator of HSP90 ATPase activity, 

HSP40 or DNAJ proteins stimulate ATP hydrolysis by HSP70 and provide substrate 

specificity (Kampinga and Craig, 2010) whereas CHIP, which has E3 ubiquitin ligase 

activity, promotes degradation of substrates bound by HSP70/HSC70 or HSP90 (Connell et 

al., 2001). Several nucleotide exchange factors, which include BAG and HSP110 proteins, 

regulate HSP70 function replacing ADP with ATP through opening of the N-terminal 

domain (Bracher and Verghese, 2015). Through these actions, the J proteins and NEFs 

coordinate ATP cycling and client loading onto HSP70. PTMs that have been documented 

for HSP90 and HSP70 include phosphorylation, acetylation, S-nitrosylation, oxidation, 

sumoylation and ubiquitination (Li et al., 2012). Although not fully explored, specific roles 

of PTMs are starting to emerge. For example, a tyrosine phosphorylation on HSP90 

promotes recruitment of AHA1, stimulates ATPase activity, and regulates HSP90 chaperone 

cycle (Xu et al., 2012), a phosphorylation of the C-terminus of HSP70 appears to regulate 

co-chaperone binding (Muller et al., 2013), whereas enhanced methylation of an HSP70 

lysine promotes cell proliferation (Cho et al., 2012).

Given these layers of structural and functional complexity, one may imagine that each cell 

contains a mix of HSPs differentiated by the interactor(s) (co-chaperones, adapters and 

substrates), the conformation the HSP adapts, and the cellular location it finds itself at. This 

complexity, as we will detail below, greatly influences the biological effect of a chemical 

tool and in turn, the phenotype one may observe when using any HSP-directed chemical tool 

in cellular or organismal models. For example one may imagine that a chemical tool of 

specificity for a subset of HSP conformations or complexes will lead to a phenotypic 

outcome distinct from another targeting a yet distinct pool of cellular HSP. This also means 

that the study of HSP90s and HSP70s requires a variety of experimental approaches and 

tools, and over the years many chemical tools, small molecules that bind HSPs and modulate 

one or more of their cellular functions, have been identified. This review will focus on 

describing small molecules tool compounds that have been used to advance our 

understanding of basic biology of HSP90s and HSP70s, discuss what constitutes a good tool 

compound, as well as what limitations the chemical biology tool developers are currently 

battling with.

HSP90 probes

Discovery of chemical tools for HSP90 and HSP70 has been driven by the therapeutic 

interest these two HSP families have received. Indeed, both HSP90 and HSP70 family 

members have been implicated in the pathology of numerous diseases such as cancer, 

neurodegenerative diseases, inflammation and infectious diseases (Sevin et al., 2015, 

Taldone et al., 2014b) therefore, it is of no surprise that many of the known chemical tools 

are drug candidates as well. This is particularly true for HSP90 (Figure 1A) (Patel et al., 

2011). In addition to small molecule ligands, a variety of labeled versions of these ligands 

have been reported and used in numerous biological inquiries, as we shall detail below. 

These are appropriately labeled small molecules for investigations of the HSPs by classical 

biochemical and cell biology techniques such as fluorescent probes for microscopy and flow 

cytometry, biotinylated or solid-support attached probes for target identification, biased 
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interactor validation or for non-biased HSP-interactome inquiries by mass spectrometry, and 

radiolabeled probes for use in target detection in vivo (Figure 1B,C).

Chemical biology had a significant impact on HSP90 research. In many ways, HSP90 

became a prominent target for drug discovery because of chemical biology. How else 

anybody in their right mind would choose one of the most abundant proteins in unstressed 

cells, an ubiquitous molecular chaperone found in eubacteria and all branches of eukarya, 

and moreover, not particularly variable in expression between normal and diseased cells (ex. 

cancer cells), as a target in human disease? Indeed HSP90, discovered in the 1980s, has 

drawn little interest until early 1990s when the serendipitous discovery of a natural product, 

geldanamycin (GM) changed that state of affairs forever. GM was identified in a screen 

searching for compounds able to revert the phenotype of cells transfected with the v-src 

oncogene, but the target of intervention, like for many hits derived from phenotypic screens, 

remained a mystery (Whitesell et al., 1994). To solve it, Len Neckers and colleagues at NIH 

took a chemical biology approach (Neckers, 2006). Namely, they attached GM to a solid 

support and incubated the GM-beads with cellular homogenates and fished out one protein 

with a molecular mass of approximately 90 kD. Follow up experiments using western 

blotting with specific antibodies, and later with micro-sequencing protein material bound to 

radiolabeled affinity-tagged GM, revealed that the target for GM is HSP90. GM bound 

into the N-terminal regulatory pocket of HSP90 and by this, inhibited its function (Stebbins 

et al., 1997). While surprising in light of the available genetic data, low concentrations of 

this natural product were active on many cancer cells and induced differentiation, reduced 

cell proliferation and/or induced death, while being of no significant toxicity at such 

concentrations to normal cells (Neckers et al., 1999). Subsequent crystal structures of 

HSP90 in complex with GM, another natural product, radicicol, or with the regulatory 

nucleotides ATP and ADP have uncovered the unique characteristics of this pocket and its 

high potential for ligand design. Indeed, PU3 (Figure 1A) the first synthetic HSP90 ligand 

was designed to interact with the pocket taking clues from the structures of ATP-, ADP-and 

GM-bound HSP90 (Chiosis et al., 2001). Other N-terminal interactors soon followed (Figure 

1A).

Compounds that act on HSP90 through interaction with the C-terminal domain of HSP90 

have also been uncovered (Hall et al., 2014). Some are related to novobiocin, such as 

KU-174 (Figure 1A). These compounds also destabilize HSP90 complexes in cancer cells, 

despite the fact that they engage a distinct domain and do not directly compete for binding to 

ATP/ADP. C-terminal binders such as the novobiocin-derived KU174 elicit and/or prefer an 

HSP90 conformation distinct from that induced by GM (Matts et al., 2011), and thus 

represent additional chemical tools for the investigation of the chaperome.

The contribution of chemical biology to chaperone biology continued after the discovery of 

HSP90 as the cellular target of GM. GM, and a variety of other HSP90 inhibitors developed 

and discovered over the years (Figure 1A), have been used as chemical tools to elucidate the 

biology of HSP90 first in cancer (Samant et al., 2012), and later on in neurodegenerative 

diseases (Carman et al., 2013), viral infections (Geller et al., 2012), and mechanisms of drug 

resistance (Whitesell et al., 2014). From these studies we came to understand the variety of 

cellular process that HSP90 regulates under different conditions of cellular stress.
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Chemical biology approaches also shed light on functions of HSP90 in cancer cells other 

than regulation of protein stability and folding. For example, using chemical tools revealed 

that HSP90 may act as a scaffolding molecule to increase the competency of protein 

complexes involved in signaling and in transcription (Cerchietti et al., 2009, Moulick et al., 

2011). Specifically, in chronic myeloid leukemia (CML), HSP90 was found to facilitate 

increased STAT5 signaling by binding to and influencing the conformation of STAT5 and 

by maintaining STAT5 in an active conformation directly within STAT5-containing 

transcriptional complexes (Moulick et al., 2011). In the cytosol, HSP90 binding to STAT5 

modulated the conformation of the protein to alter STAT5 phosphorylation and 

dephosphorylation kinetics. In addition, HSP90 maintained STAT5 in an active 

conformation in STAT5-containing transcriptional complexes.

While the above studies led to the identification of important substrates of HSP90, 

commonly referred to as clients, it was clear that in order to understand the HSP90 

interactome in cancer cells one needs to use large proteomic and genomic analyses 

combined with bioinformatic analyses. In general, tumor cells are found to be dependent on 

increased HSP90 function, likely needed to support their altered physiology and survival 

under stress conditions caused by the oncogenic transformation. But, because malignant 

evolution is characterized by alterations in a multitude of proteins and pathways, and no two 

tumors present an identical spectrum of defects, it is likely that addiction of cancer cells to 

HSP90 occurs in a tumor-specific manner and thus no two tumors will have an identical set 

of HSP90-sheltered proteins and protein networks. Recent investigations have used chemical 

biology methods to demonstrate the complexity of HSP90 sheltered networks, as we detail 

below.

In a classic, chemical perturbation approach, changes in the proteome of HeLa cervical 

cancer cells were analyzed upon treatment with the HSP90 inhibitor 17-

(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG; Figure 1A) using 

SILAC and high resolution, quantitative mass spectrometry (MS) (Sharma et al., 2012). This 

study found that the parts of proteome most sensitive to HSP90 inhibition fit the functional 

categories of “protein kinase activity” and “DNA metabolic processes”. The kinases 

regulated by HSP90 in HeLa cells were associated with the PI3K-AKT-, IL-6-, HER-, 

FAK-, Ephrin receptor-, ERK-MAPK-, NFκB-, inositol phosphate metabolism and G-

protein coupled receptor-mediated networks. Additionally, processes such as “cellular 

response to DNA damage”, “DNA modification”, “response to DNA damage stimulus” and 

“regulation of transcription” that belong to the “DNA metabolic processes” group were also 

enriched.

This analysis painted a very broad picture of the far-reaching effect that inhibition of HSP90 

has on the proteome. However, one thing to keep in mind is that proteins that changed upon 

HSP90 inhibition identified using SILAC/MS approach do not necessarily represent direct 

interactors of HSP90. For interactome identification, affinity-purification methods are more 

direct and more powerful. The challenge in affinity purification is finding a probe that 

preserves the endogenous HSP/protein complexes throughout the subsequent experimental 

steps (i.e. permeabilization, washes). In fact, initial attempts to apply such method to HSP90 

were met with little success as an anti-HSP90 antibody or a solid support immobilized GM 
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were ineffective in trapping HSP90–client protein complexes and the identified interactome 

was limited to abundant cellular proteins (Tsaytler et al., 2009).

To develop an effective affinity-based method, Moulick et al took advantage of the fact that 

PU-H71 (Figure 1A) bound preferentially to the fraction of tumor HSP90 associated with 

altered client proteins and moreover, upon binding, locked HSP90 in an onco-client bound 

configuration (Moulick et al., 2011). Using PU-H71 derived beads, the PU-beads (Figure 

1C), greatly facilitated the identification of tumor-associated protein clients by MS, 

providing tumor-by-tumor global insights into the HSP90-sheltered proteome, including in 

primary patient specimens. This chemoproteomics approach yielded some significant 

insights as it led to identification of the altered signalosome in chronic myeloid leukemia 

(CML), methyltransferase CARM1 as a transforming molecule in CML, and a novel 

mechanism of activation of STAT5 in CML. Later studies used the method to identify 

unanticipated combination therapies for cancer (Goldstein et al., 2015) and to elucidate that 

in virus-associated lymphomas, HSP90 regulates viral proteins, blocking latent and lytic 

viral functions (Nayar et al., 2013). Thus through chemical biology we came to learn that 

while HSP90 impacts numerous signaling pathways and cellular functions, the affected 

pathways do not overlap across all tumor types, nor is regulation of the signalosome behind 

HSP90 functions in all tumor types.

The tools mentioned above have been largely used to investigate the biology of the major 

HSP90, the cytosolic paralog. But as interest grew in the role of chaperone biology in 

diseases, the field started to appreciate that HSPs can change their cellular location. For 

example, in a variety of disease including cancer and infections diseases, cytosolic HSP90 

was noted on the cell surface or translocated into the mitochondria (Alarcon et al., 2012, 

Altieri, 2013, Defee et al., 2011). Chemical biology again came to the rescue by providing 

tools to elucidate the functions of the errant chaperones.

First, a cell impermeable GM derivative, DMAG-N-oxide (Figure 1B), came along. Its use 

in the investigation of HSP90 revealed that an extracellular form of the protein (eHSP90) 

was expressed in certain cancers and that this cell surface HSP90 played an important role in 

modulating cancer cell migration (Tsutsumi et al., 2008). A cell-impermeable derivative of 

ganetespib (STA-12-7191; Figure 1C) was used as a less toxic alternative of DMAG-N-
oxide and revealed that lysyl oxidase 2-like protein is one of the eHSP90 client proteins 

behind eHSP90’s cell migration-promoting role (Mccready et al., 2014). Other studies used 

DMAG-N-oxide to implicate eHSP90 in maturation of the cell surface enzyme matrix 

metalloproteinase-2 (Xu and Neckers, 2007), a key molecule in the invasion process of 

cancer cells. MMP2 can degrade the extracellular matrix, providing cancer cells with access 

to the vasculature and lymphatic system, allowing tumor dissemination (Tsutsumi and 

Neckers, 2007). A chemical tool was also used to implicate eHSP90 as a pro-inflammatory 

molecule in retinal pigment epithelial inflammatory responses (Qin et al., 2011). A cell-

impermeable fluorescently labeled GM, GM-FITC (Figure 1B), was used to identify cell 

surface HSP90 by fluorescence microscopy (Imai et al., 2011). A combination of cell 

permeable and impermeable GM derivatives was used to show that in dendritic cells, 

cytosolic but not eHSP90 was essential for cross-priming of cell-associated antigen. 

Derivatives of SNX2112 (Figure 1A) that can carry optical or radioiodinated probes via a 
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polyethyleneglycol tether, such as HS-27 FITC (Figure 1C), were used to recognize cells 

expressing eHSP90 and to demonstrate that an active cycling of the eHSP90 protein occurs 

at the plasma membrane (Barrott et al., 2013).

Another area of active research is developing probes that can inhibit the function of 

mitochondria-specific HSP90 chaperone. Here the main challenge has been figuring out how 

to deliver sufficient quantities of pan-HSP90 inhibitors to mitochondria without the 

inhibitors being trapped by binding to HSP90 that’s present in high concentrations in the 

cytosol. The Altieri group postulated that attaching GM to mitochondria targeting moieties 

such as TPP-OH (Kang et al., 2009) or tandem repeats of cyclic guanidinium (Kang et al., 

2009), may mediate its fast mitochondrial targeting and achieve the rate of delivery that 

would escape sequestration by the cytosolic HSP90. These agents called Gamitrinibs 
(Figure 1B) were reported to accumulate in the mitochondria exhibiting a 

“mitochondriotoxic” mechanism of action, causing rapid tumor cell death (Kang et al., 

2009). Combined with other tools, gamitrinibs were used to show that mitochondrial 

HSP90s confer cell death resistance to cancer cells by suppressing the mitochondria-initiated 

calcium-mediated interorganelle stress response (Park et al., 2014). They also highlighted 

that mitochondrial HSP90 chaperones, including TRAP-1, overcome metabolic stress and 

promote tumor cell metastasis by limiting the activation of the nutrient sensor AMPK and 

preventing autophagy (Caino et al., 2013). Additionally, mitochondrial HSP90 binds and 

stabilizes the electron transport chain Complex II subunit succinate dehydrogenase-B, 

maintaining cellular respiration under low-nutrient conditions, and contributing to hypoxia-

inducible factor-1α-mediated tumorigenesis in patients carrying succinate dehydrogenase-B 

mutations (Chae et al., 2013). Use of gamitrinibs led to a mechanism involving TRAP-1 in 

metabolism and aging. Researchers found that “knockout” mice bred to lack the TRAP-1 

protein compensated for this loss by switching to alternative cellular mechanisms for 

making energy in which cells consume more oxygen and metabolize more sugar (Lisanti et 

al., 2014). Very recently, another HSP90 inhibitor targeted to mitochondria, SMTIN-P01, 

was created by replacing the isopropyl amine of the PU-H71 with the mitochondria-

targeting moiety triphenylphosphonium (Figure 1C) (Lee et al., 2015). We expect that 

SMTIN-P01 use will yield interesting insights into mitochondrial chaperome in the near 

future.

Perhaps the most important and exciting contribution of chemical biology to HSP90 

chaperone biology was the realization that not all HSP90 is the same. The first glimpse came 

in 2003 when Kamal et al compared HSP90 found in normal and cancer cells. What they 

observed was that HSP90 behaved differently, despite being identical and not subject to 

specific mutational changes. While in normal cells HSP90 formed dynamic complexes and 

displayed low affinity for small molecule inhibitors, such as GM, in cancer cells the 

chaperone was found entirely in complexes and had high affinity and sensitivity to small 

molecule inhibitors (Kamal et al., 2003). In light of these observations, the distinct 

sensitivity of normal and cancer cells to GM and other HSP90 inhibitors could be explained 

by the difference in dynamics of HSP90 complexes.

Then Moulick et al demonstrated that not all HSP90 in a cancer cell was inhibitor sensitive 

(Moulick et al., 2011). They used GM- and PU-beads (Figure 1C) and for comparison beads 
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with an anti-HSP90 antibody (H9010) and demonstrated that although consecutive 

immunoprecipitation steps with H9010, but not with a nonspecific IgG, quantitatively 

depleted HSP90 from a cancer cell extract, sequential pull-downs with PU or GM beads 

removed only a limited fraction of total cellular HSP90. In MDA-MB-468 breast cancer 

cells, the combined PU-bead fractions represented ~20–30% of the total HSP90 pool. The 

PU-H71-depleted, remaining HSP90 fraction, although inaccessible to the small molecule, 

maintained affinity for H9010 leading the authors to conclude that a substantial fraction of 

HSP90 was still in a native conformation but less reactive with PU-H71. To exclude the 

possibility that changes in HSP90’s conformation in cell lysates make it unavailable for 

binding to immobilized PU-H71 but not to the antibody, the authors used radiolabeled 131I-
PU-H71 (Figure 1C) to assess HSP90 in intact cancer cells. Binding of 131I-PU-H71 to 

HSP90 in several cancer cell lines saturated at a well-defined, although distinct, number of 

sites per cell; in MDA-MB-468 this amounted to 26.6–33.5% of the total HSP90, markedly 

similar to that obtained with PU-bead pull-downs in cell extracts. This confirmed that PU-

H71 bound to approximately 30% of the total HSP90 pool in MDA-MB-468 cells and 

validated the use of PU-beads to efficiently isolate this pool. In K562 and other established 

t(9;22)+ CML cell lines, PU-H71 bound less than 25% of the total cellular HSP90 indicating 

that the expression of this HSP90 species was different among tumor cells.

To understand the nature of these HSP90 complexes, Moulick et al analyzed the associated 

proteins. Here, the authors choose to examine a cancer cell line that coexpressed the aberrant 

BCR-ABL protein, a constitutively active kinase, and its normal counterpart c-ABL 

(Moulick et al., 2011). These two ABL species are clearly separable by molecular weight 

and are therefore easily distinguishable by western blot. The analysis showed that while 

HSP90 interacted with both ABL and BCR-ABL, the PU-H71 HSP90 fraction was enriched 

in BCR-ABL. The fraction of HSP90 bound to BCR-ABL also associated with several co-

chaperones, including HSP70, HSP40, HOP and HIP. Overall, PU-sensitive HSP90 

interacted with the complement of altered proteins in a specific cancer and thus, Moulick et 

al named this HSP90 pool as “oncogenic HSP90”.

This landmark study used a variety of chemical tools to demonstrate that in cancer cells a 

dedicated pool of HSP90 binds a range of proteins with functional role in maintenance of the 

oncogenic state. This “oncogenic HSP90” regulates the altered proteins and protein 

networks and can be distinguished from the “housekeeping” chaperone, which represents the 

major fraction and retains functions similar to normal cells. However, the molecular basis 

for the “oncogenic HSP90” remains a mystery and much remains to be elucidated. The 

proteome changes that result in the expression of “oncogenic HSP90” are still not known, 

and the prevalence of the “oncogenic HSP90” in tumors is an open question. The importance 

of targeting “oncogenic HSP90 in cancer treatment is another open question that is being 

intensely pursued. Finding answers to these open questions is essential to better understand 

the role of HSP90 in cancer and for a better usage of its inhibitors in the clinic.

Another interesting question related to the mechanism of action for the inhibitors that target 

HSP90 is why HSP90 inhibitors that bind into the same pocket have different biological 

effects. For example, we know that solid support immobilized versions of several such 

inhibitors precipitate distinct HSP90 pools (Moulick et al., 2011, Prince et al., 2015). 17-
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AAG and NVP-AUY-922 but not PU-H71 (Figure 1A) augment the phenotype observed 

when cancer cells are treated with a compound that disrupts the HSP90-HOP interaction 

(Pimienta et al., 2011). Additionally, the tumor pharmacokinetic and pharmacodynamic 

properties as well as the therapeutic index of clinical HSP90 agents greatly differ (Jhaveri et 

al., 2014).

The Neckers group demonstrated that GM and PU-H71 select for overlapping but not 

identical subpopulations of total cellular HSP90, even though both inhibitors bind to an 

amino terminal nucleotide pocket and prevent N domain dimerization. For example, PU-

H71 accesses a broader range of monomeric N domain conformations than GM and is less 

affected by HSP90 phosphorylation (Beebe et al., 2013). Using yeast genetics 

complemented in combination with chemical tools (i.e. small molecule ligands and a 

biotinylated version of ganetespib, Figure 1B) they demonstrated a role for 

posttranslational modifications on inhibitor interaction with HSP90. Here, asymmetric 

SUMOylation of a conserved lysine residue in the N domain of both yeast (K178) and 

human (K191) HSP90 facilitates both recruitment of the HSP90-activating cochaperone 

AHA1 and, unexpectedly, the binding of HSP90 inhibitors (Mollapour et al., 2014). Lastly, 

using a defined set of HSP90 conformational mutants, the authors found that some clients 

interact strongly with a single, ATP-stabilized HSP90 conformation, only transiently 

populated during the dynamic HSP90 chaperone cycle, while other clients interact equally 

with multiple HSP90 conformations. GM and STA9090 (ganetespib) were differentially able 

to access these HSP90 conformational states (Prince et al., 2015). Taldone et al used an 

FITC-labeled HSP90 probe coupled with fluorescence polarization and combined it with 

computational analyses to rationalize such differences at the structural level (Taldone et al., 

2013a). They showed that while all clinically relevant HSP90 agents bind into the same 

pocket, they do insert into distinct subpockets of this binding site, and moreover, upon 

insertion some are more prone to induce a conformational change in the protein. This study 

also rationalized the paralog selectivity of these small molecules and defined not only the 

major binding modes that relay pan-paralog binding or, conversely, paralog selectivity, but 

also identified molecular characteristics that impart such features.

The view of HSPs that emerges from these studies is that HSP90 present in cells is a mixture 

of complexes, each with a distinct PTM states and in varied conformations. On the other 

hand, the view of small molecule modulators of HSP90 that we are converging on is that 

each small molecule may have a preference for one, or a subset of different HSP90 species 

over the other. Therefore, the phenotypes observed with one HSP inhibitor agent may not be 

identical with that seen with another despite the seemingly similar mode of binding. Thus in 

the eye of an HSP90 ligand, no HSP pool is ever the same. Conversely, in the eye of HSP90 

no two HSP90 ligands ever are the same. The therapeutic consequences of this concept were 

recently discussed (Taldone et al., 2014b). But it is evident that such findings have clear 

implications for the use of HSP agents as chemical tools as well.

On one level, the take home message is simple: biologists need to learn how to choose the 

right tool for the type of the HSP90 question they want to answer and the chemists need to 

understand what specific biological questions are being asked in order to make the tools fit 

for the purpose. With their composition and stability likely to be dependent on endogenous 
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conditions found in native tumors, these HSP90 species will resist investigation by current 

laboratory approaches that disrupt or engineer the cellular environment to facilitate analysis. 

Therefore, knowing where and how the small molecule tools act on HSP90s and their 

complexes can provide key insights into the biology of these chaperones that is not possible 

by genetic means. In fact, if chemical alterations such as post-translational modification, or 

biochemical changes via co-chaperone and adapter protein pre-recruitment, are the 

distinguishing characteristics of the “oncogenic HSP90” species, chemical biology definitely 

has an edge over other techniques to uncover and characterize them.

Our lab has spent considerable efforts to create chemical tools for the analysis and detection 

of the “oncogenic HSP90”. For example, an HSP90 cell-permeable probe that specifically 

and tightly interacts with “oncogenic HSP90” is favored for flow cytometry measurements 

of this species. Fixation/permeabilization methods used for the detection of intracellular 

antigens by flow cytometry may result in the destruction of the “oncogenic HSP90” 

complexes and of the cellular morphology and surface immunoreactivity, properties useful 

in flow cytometry for the characterization of cells in heterogeneous populations. We found 

two PU-H71 derivatives, PU-H71-FITC2 and PU-H71-NBD1 (Figure 1C), suitable for 

fluorescence-activated flow cytometry and fluorescence microscopy (Taldone et al., 2011). 

Thus these molecules serve as useful probes for studying “oncogenic HSP90” in 

heterogeneous live cell populations (Moulick et al., 2011). For example, confocal 

fluorescence microscopy of leukemia cells, but not normal cells, stained with PU-H71-

FITC2 showed prominent intracellular localization. In these experiments, DAPI was used as 

a viability dye to discriminate between viable and non-viable cells. This dye is impermeable 

in live cells at the tested concentration, but permeates non-viable cells and binds specific 

regions of DNA. Thus these fluorescent derivatives of PU-H71 can be applied as probes for 

fluorescence-activated flow cytometry, as tools for monitoring real-time interaction of 

HSP90 with the target by fluorescence microscopy and provide simple means (i.e. mix cells 

with probe and measure fluorescence signal by flow cytometry) to quantify this species in a 

large spectrum of cancer cells.

To affinity purify the “oncogenic HSP90” complexes we developed the chemoproteomics 

method described above that uses the PU-beads (Figure 1C) for HSP90 purification in 

complex with its interactome (Moulick et al., 2011). We also searched for biotinylated 

analogues of PU-H71 that are capable of permeating cell membranes so as to enable the 

investigation of HSP90 complexes in live cells. The identified derivative PU-H71-biotin 
(Figure 1C) can isolate HSP90 through affinity purification and, as we show, represents a 

unique and useful tool to probe tumor HSP90 biology in live cells by affinity capture, flow 

cytometry and confocal microscopy (Taldone et al., 2013b).

HSP90-paralog selective probes

While much ink has been used to describe the function of HSP90 in disease, little remains 

known of its ER paralogue, GRP94 (Marzec et al., 2012). GRP94 is absent from most 

unicellular organisms (except Leishmania), thus, yeast genetics useful in deciphering HSP90 

mechanisms cannot be applied to this chaperone. Knockdown of GRP94 in C. elegans by 

siRNA causes larval arrest, which makes this method not amenable to scoring the phenotype 
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of site-directed mutants. Several studies of GRP94 have used mutant cell lines and gene-

deficient mouse studies to shed light on GRP94 biology. But, assessing phenotypes, and in 

turn protein function in disease, in gene knockdown studies can offer only limited insights. 

On the other hand, the discovery of GRP94 specific inhibitors has been a challenge because 

of the high analogy in the ATP/ADP regulatory ligand-binding cavities among the four 

HSP90 paralogs. Thus, although of significant interest, both as therapeutics and as tools to 

dissect in a spatiotemporal manner the cell-specific effects and mechanisms associated with 

GRP94 in select phenotypes, the small molecule tools for GRP94 have been difficult to find. 

The first reported ligand with selectivity for GRP94 over cytosolic HSP90 was 5′-N-

ethylcarboxamidoadenosine (NECA, Figure 2A), an adenosine A2 receptor antagonist which 

was discovered following a biochemical screen to identify additional cellular targets (Rosser 

and Nicchitta, 2000). The crystal structure GRP94-NECA indicated a conformational 

flexibility in the pocket domain of GRP94 to be at the root of selectivity; a distinct cavity 

adjacent to the adenine binding pocket that is not accessible in HSP90 was noted in GRP94 

when bound to NECA (Soldano et al., 2003). While of little use as a chemical tool due to its 

target promiscuity, identification of NECA was proof that selective GRP94 inhibitors can be 

generated. The Blagg team created a NECA mimic, BnIm (Figure 2A), that was predicted to 

interact selectively with GRP94 and this compound (Duerfeldt et al., 2012, Hall et al., 2014) 

was used as a tool complementary to genetic approaches to elucidate the role of GRP94 in 

the regulation of the glaucoma-associated protein myocilin (Stothert et al., 2014). GRP94 

chaperones mutant myocilin, triaging it through ERAD, a pathway incapable of efficiently 

handling the removal of mutant myocilin, leading to cell toxicity. When GRP94 was 

depleted, degradation of mutant myocilin was shunted away from ERAD toward a more 

robust clearance pathway for aggregation-prone proteins, the autophagy system 

(Suntharalingam et al., 2012).

Our approach to developing paralog-specific inhibitors of HSP90s tapped into the 

substantial conformational changes that are associated with HSP90 function (Patel et al., 

2013), and the insight that the pocket available for ligand binding may change depending on 

the conformational states. By interacting with the protein at different sites, inhibitors may 

sample non-overlapping conformations of the protein or freeze the protein in distinct 

conformations. For example, this can manifest at the local level, when ligand binding causes 

specific rearrangements in a particular domain or subdomain, or more global, when the 

effects of ligand binding are felt throughout the protein, for example like in the case of 

major conformational changes noted for the HSP90s. Using a screening approach we 

identified ligands, such as PUH54 and PU-WS13 (Figure 2A) that strongly preferred GRP94 

(100-fold selectivity) over the cytosolic HSP90. Mechanistically, these ligands bind to a 

novel allosteric pocket in GRP94 and “freeze” it in a unique conformation not accessible by 

the cytosolic HSP90. This pocket is not identical to that proposed for NECA and BnIm 

(Patel et al., 2015). The screen also identified ligands selective for the cytosolic HSP90α 

(PU29F, Figure 2A), thus providing an important toolset to investigate the biological roles 

of the two HSP90s in endogenous systems. We confirmed that the toolset retained paralog 

selectivity in cells and then used it to uncover a novel mechanism for the regulation of the 

cancer promoting protein HER2 (Patel et al., 2013). Specifically, we identified cell-specific, 

proteome-alteration driven regulation of HER2 by distinct HSP90 paralogs. These effects 
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were previously unknown and unanticipated although HER2 is a widely-studied HSP90 

client protein, providing evidence of the power of chemical biology when addressing 

biological question in the endogenous, un-engineered biological model. The use of these 

tools also provided the first recorded instance of hierarchical use of the chaperome 

machinery in cancer. It showed that to avoid “over-capacitance” (Rutherford and Lindquist, 

1998, Sangster et al., 2004) in the face of an increased demand from the altered proteome, 

the cancer cells react not by overexpression, but rather by co-opting, in a hierarchical order, 

other chaperome members. The GRP94 agent, PU-WS13, was also used to investigate the 

role of GRP94 in multiple myeloma (Hua et al., 2013), in chaperoning integrins to promote 

metastasis (Hong et al., 2013) and regulating Toll-like receptor 9 proteolytic processing and 

conformational stability (Brooks et al., 2012). The Stamos team used a structure-based drug 

design strategy to optimize a benzolactam series of HSP90α/β inhibitors to achieve >1000-

fold selectivity versus GRP94 and TRAP1 (Compound 31, Figure 2B). They used the 

agents to demonstrate a role for cytosolic HSP90 in promoting the clearance of mutant 

huntingtin protein and to propose cytosolic HSP90 as a potential target in Huntington’s 

disease (Ernst et al., 2014).

It turns out, GRP94, like its cytosolic relative, has many aspects to its personality. We were 

intrigued by the previous observation of Duerfeldt et al that BnIm lacked antiproliferative 

effects against the HER2-overexpressing SKBr3 cells (Duerfeldt et al., 2012). This 

contrasted with our findings and those of others that inhibition of GRP94 by PU-WS13 or 

knockdown of GRP94 by siRNA led to growth impairment in these cells (Li et al., 2015b, 

Patel et al., 2013). In SKBr3 cells GRP94 translocates to the plasma membrane where it’s 

needed to maintain the transforming ability of HER2 kinase. While both BnIm and PU-

WS13 bind in a GRP94 pocket that partly overlaps with that occupied by ATP, as 

mentioned, the pockets occupied by the two synthetic ligands are not identical (Figure 2A). 

We synthesized BnIm and confirmed that under identical experimental conditions, indeed 

PU-WS13 but not BnIm altered HER2 (Patel et al., 2015), even when we used a 

concentration of BnIm as high as 100 μM, a concentration recently shown to inhibit the 

chaperoning of myocilin by GRP94 (Stothert et al., 2014). Through these data we cannot 

conclusively attribute the lack of effect for BnIm in SKBr3 cancer cells to its distinct 

binding interaction with GRP94 but we favor an explanation that diverse binding modes 

may enable each compound to sample a diverse range of conformations resulting in different 

phenotypes. Other mechanisms such as inability of BnIm to access GRP94 at the plasma 

membrane might also account for the phenotypic differences. Nonetheless, these results 

demonstrate that the effect of small molecule inhibition of GRP94 is context dependent and 

suggests that conclusions about the mechanism and the activity of GRP94 should not be 

derived based on the use of singular experimentation mode. We highly recommend chemical 

tool and genetic approaches to be used in parallel.

HSP70 probes

Another major chaperome member is HSP70. HSP70 chemical tool discovery is a yet 

developing field, and relatively young when compared to similar efforts for HSP90, 

explaining the relative lower frequency of cases where such agents have been used, in a 

proper fashion, as chemical tools. However, HSP70 is a promising target in a variety of 
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diseases (Pratt et al., 2015, Sherman and Gabai, 2015) and we expect that the HSP70 

chemical tool landscape will exponentially change in the next few years.

So far, the modulation of HSP70 activity has been achieved through inhibitors that bind the 

protein at multiple sites (Figure 3). Initial efforts to develop HSP70 inhibitors through ATP-

competitive small molecules were proven challenging. The hydrophilic nature of the ATP 

binding pocket, made the discovery of high-affinity, drug-like ligands, difficult. 

Nonetheless, chemical tools need not be drugs. VER-155008 (Figure 3A) (Massey et al., 

2010), an ATP-competitive modulator was created by structure-based design to act on 

HSP70 via insertion into The ATP-binding pocket. A Vernalis team used a collection of 

adenosine analogs and screened them against HSP70. A hit molecule was co-crystallized 

with HSP70 to confirm its binding into the ATP-binding cleft. Structure-guided medicinal 

chemistry led to VER-155008, a pan-HSP70 ligand. The Vernalis team used a similar 

approach to discover inhibitors with specificity for GRP78, the ER-resident member of the 

HSP70 family (Macias et al., 2011).

The pan-HSP70 compound VER-155008 has biological activity in cells and was used in 

subsequent investigations into the biology of HSP70. For example, it was used to show a 

role for HSP70 in cancer cell migration through HSP70’s ability to bind the protein cross-

linking enzyme, tissue transglutaminase. It highlighted an unconventional role for HSP70 in 

the localization of a key regulatory protein at the leading edges of cancer cells and the 

important consequences that this holds for their ability to migrate (Boroughs et al., 2011). 

Others used VER155008 to investigate stress granule formation (Bounedjah et al., 2014), the 

pathogenicity and virulence of Entamoeba histolytica (Santos et al., 2015) to confirm a role 

for HSP70 in the infection cycle of baculoviruses. When VER-155008 was added early in 

infection, the synthesis of viral proteins, genome replication and the production of budded 

virions were markedly inhibited by the chemical tool indicating the dependence of virus 

reproduction on HSP70 (Lyupina et al., 2014). Other studies used VER155008 to provide a 

link between HSP70 and the NEK protein kinase family in mitotic progression (O’regan et 

al., 2015).

Apoptozole (Figure 3A) was discovered in a phenotypic screen searching for apoptosis 

triggering compounds (Williams et al., 2008). A solid-support immobilized apoptozole was 

used to pinpoint HSP70 as the potential target of apoptozole in cells; the full-length protein 

and the ATPase domain bound to the resin, but the SBD did not. Mechanistic studies 

showed that apoptozole blocks the interaction of HSP70 with APAF-1 (apoptotic peptidase 

activating factor 1) without interfering with its binding to ASK1 (apoptosis signal-regulating 

kinase 1), JNK (c-Jun N-terminal kinase), BAX and AIF (apoptosis-inducing factor) (Ko et 

al., 2015). It restored the chloride channel activity of mutant cystic fibrosis transmembrane 

conductance regulator (CFTR) by promoting its membrane trafficking, suggesting its 

potential use, when utilized in concert with complementary methods, as a tool to dissect 

disease mechanism associated with cystic fibrosis (Cho et al., 2011).

Garrido and team identified a domain in the apoptosis-inducing factor that interacts with the 

SBD of HSP70 and designed a peptidomimetic, ADD70 that disrupts HSP70/AIF binding 

(Schmitt et al., 2006). They used ADD70 to show that its transfection in cancer cell elicited 
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CD8+ T cell sequestration, supporting a role of this HSP70 axis in regulating an anti-tumor 

immune response.

Other efforts focused on allosteric inhibitors, a path that provided a variety of HSP70 

probes, and hopefully, leads for drug development purposes. For example, Fewell et al 

screened for compounds that act on the ability of J proteins to stimulate HSP70’s ATPase 

activity; from a panel of dihydropyrimidines, they discovered MAL3-101 (Figure 3A) 

(Fewell et al., 2004). MAL3-101 and derivatives bind to the NBD of HSP70 in a region 

previously implicated in J protein interactions (Wisen et al., 2010). MAL3-101 showed 

cellular activity in Merkel cell carcinoma cell lines (Adam et al., 2014) and multiple 

myeloma (Braunstein et al., 2011) indicating a role for HSP70 in these cancers. MAL3-101 

was also used as a chemical probe to investigate the role of HSP70 in the anti-apoptotic 

phenotype of small cell lung carcinoma (Rodina et al., 2007).

2-Phenylethynesulfonamide (PES or pifithrin-μ, PFTμ, Figure 3A)) was originally 

discovered out of a screen for molecules that activate p53-mediated apoptosis (Leu et al., 

2009). Use of a biotinylated PES (Figure 3B) analog indicated HSP70 as a target of PES in 

cell homogenates. Co-crystal structures of HSP70 with a PES analog, PET-16 (Figure 3A), 

located a hydrophobic groove in the substrate binding domain of HSP70, as the site of 

ligand interaction. PES disrupts binding of HSP70 to p53, and blocks the interactions of 

HSP70 with some of its co-chaperones, including CHIP, certain J proteins (e.g., DjB1), and 

Bag1. PES was used to investigate a role for HSP70 in regulating the autophagy-lysosome 

and other protein clearance systems (Leu et al., 2009, Leu et al., 2011b) and to demonstrate 

a particular relevance for this mechanism in specific primary effusion lymphoma cells 

(Granato et al., 2013) and pancreatic cancer cells (Monma et al., 2013). PES-mediated 

inhibition of HSP70 also indirectly altered the activities of HSP90 (Leu et al., 2011a). The 

use of PES uncovered a novel pro-survival function of BAX (Mattiolo et al., 2014), whereas 

that of a PES derivative, PES-Cl (Figure 3A), indicated a potential role for HSP70 in 

anaphase promoting complex activity (Balaburski et al., 2013).

The rhodocyanine MKT-077 (Figure 3A) came out from a phenotypic screen in which 

antiproliferative activity was the read-out (Chiba et al., 1998, Koya et al., 1996). Its activity 

is HSP70 mediated and it was later found to insert itself into an allosteric site in HSP70 

located in the nucleotide binding domain (Rousaki et al., 2011). Although this pocket is 

adjacent to the ATP-binding cleft, MKT-077 does not compete for binding to the nucleotide. 

MKT-077 was rapidly metabolized in vivo, which limited its use as a chemical probe in 

vivo. The Gestwicki lab improved upon this liability by creating derivative JG-98 (Figure 

3A) (Li et al., 2015a). This derivative disrupted HSP70 interaction with its cochaperone (Li 

et al., 2015a). The BAG3/HSP70 complex was recently postulated to regulate several 

cancer-related signaling networks (Colvin et al., 2014). Another MKT-077 derivative 

YM-01 (Figure 3A) was used in models of neurodegenerative diseases. To investigate the 

link between HSP70 and tau, the Dickey team tested YM-01 in a tauopathy model to show 

that it reduced tau levels in HeLa cells overexpressing tau as well as endogenous tau in 

primary neurons from the mutant tau mouse model rTg4510 (Abisambra et al., 2013). 

Others used YM-01 to investigate the role of HSP70 in polyglutamine androgen receptor 

regulation, a toxic protein behind spinobulbar muscular atrophy (Wang et al., 2013).
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We took a structure-based design approach. First, through computational analyses we 

identified a novel allosteric pocket on HSP70 (Rodina et al., 2013) that exists only in the 

ADP-bound HSP70 conformation. Then, by mental design and chemical intuition, and 

taking advantage of a reactive cysteine, C267, located deep inside the pocket, we designed a 

new chemical entity, never made by man or nature, to interact with such pocket, YK5 
(Figure 3A). A biotinylated YK5 (Figure 3B) in concert with western blot, silver staining 

and mass spectrometry, was used to demonstrate HSP70 is the target of YK5 in cancer cells. 

When inside the pocket, YK5 reacts with C267 to form a covalent bond. Consequent 

structure-activity relationship studies improved the enthalpy of binding and led to reversible 

inhibitors (TT9; Figure 3A) as potent as YK5 (Taldone et al., 2014a). In cancer cells, both 

YK5 and TT9 altered the formation of a functional HSP70-HSP90 machinery and promoted 

the degradation of several of its onco-clients. Rodina et al took advantage of YK5 to design 

and develop an affinity purification chemical toolset for potential use in the investigation of 

the endogenous HSP70-interacting proteome in cancer (Rodina et al., 2014). A cell 

permeable YK5-biotin (Figure 3B) locked HSP70 in complex with onco-client proteins and 

effectively isolated HSP70 complexes for identification through biochemical techniques. Its 

capture ability was superior to that of widely used immunopurification tools, such as the 

BB70 antibody. Application of the chemical biology tools provided insights into the 

complex roles played by HSP70 in maintaining a multitude of cell-specific malignancy-

driving proteins.

Conclusions

Stresses imposed on the human cell by specific imbalances and alterations in the proteome 

may lead to disease. The stresses may have genetic or environmental origin, or a 

combination of both, and ultimately manifest themselves in altering the proteome, which in 

turn perturbs the chaperome (Taldone et al., 2014b). As we are starting to appreciate, 

chemical modifications, such as PTMs, as well as biochemical modifications, such as co-

chaperone, scaffold and adapter protein recruitment and binding, physically alter the 

chaperome to modify its function. In addition to activating the chaperome, these 

modifications contribute to the altered cellular location of its members as noted in numerous 

diseases. Together, all these operate simultaneously to provide cells with a balanced number 

of chaperome species that are best primed to assist the need of a specific proteome.

The complexity of the chaperome explains the limitations of classical approaches, i.e. 

genetic and biochemical, towards understanding stress, both as it relates to the chaperome 

and to the proteome it regulates. Most such methods treat the chaperome as a monolithic 

entity and thus, are unable to tackle the acknowledged contribution of protein conformation, 

protein complex components and PTMs to the activity of these proteins. For example, by not 

differentiating between the housekeeping and the stress species, genetic manipulations 

silencing the HSPs are often lethal, and therefore not deeply informative (Taldone et al., 

2014b). Alternatively, due to the feedback synthesis of one closely related family member 

after the knock-down of another, such studies may often lead to no observable phenotypes 

(Daugaard et al., 2007). Cellular manipulations that are often conducted to investigate the 

function of a protein and its potential interactors, i.e. by transfection of mutants, tagged 

proteins, or overexpression systems, are also bound to lead to “false positives” for HSPs. 
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This is of no surprise as the chaperome is the “buffer” of cellular stress, and such 

manipulations, which lead to proteome stress, are likely to impose artificial interactions on 

HSPs with the transfected proteins. Furthermore, these chaperome complexes are likely to 

be cell- and type-specific, and thus their study in an engineered cellular system may lead to 

an understanding that fits the model of study, but is far from the reality of the endogenous 

cell.

What is needed then is a diverse chemical toolset to inquire into the function and of as many 

HSP complexes and conformation as possible. Small molecules are sensors of protein 

thermodynamics and thus best primed to “see”, “capture” and “understand” the many faces 

of the chaperome species. The complexity of the chaperome as we described here also tells 

us that HSPs need a toolset rather than one specific tool to inquire into their biology and 

their role in disease. Genetic, biochemical and chemical biology methods should be used 

hand-in-hand to complement each other and provide the global, comprehensive insights that 

are needed to move this complex field forward. Only through such deep understanding will 

we be finally able to use this complexity to our advantage and be finally successful in co-

opting it into the successful treatment of diseases.

Finally, when developing and implementing such tools, testing for in cell selectivity should 

be a priority. The cellular abundance and distinct cellular location of these chaperome 

complexes suggests that it is insufficient to prove selectivity in vitro, at the biochemical 

level, as it is likely that it will not translate into the same selectivity in cell based studies. 

Therefore, all in vitro selectivity profiles and on target activity need to be carefully re-

evaluated and verified when using such chemical tools in cells. Lastly, robust 

pharmacodynamic studies, to validate on-target activity, should accompany any tool 

development aimed for use at organismal level.

It is true that first-generation probes, such as the majority of HSP70 currently are, likely 

have off-target activities, nonetheless these probes might still be useful provided that the off-

target activities are appreciated in the experimental design and the findings resulted from 

such investigations are validated by complementary methods. Unfortunately little such 

complementary validation has been carried out so far and we propose a change in this 

practice.

To conclude, much has been gained and much more remains to be discovered about the 

complex cellular machinery, the chaperome. Substantial contributions to this knowledge 

have come through the use of sophisticated chemical biology tools and methods and we 

foresee that this contribution will continue to increase over the next years. We should better 

promote these tools and make them available to our cell biology and translational colleagues 

as only through these open ways of communication we can combine our synergistic 

expertise and make the big advancements needed for true transformative knowledge.
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Figure 1. HSP90 chemical probes
(A) Ribbon representation of the apo full-length monomer HtpG (E.coli HSP90, PDB: 

2IOQ) and the reported mode of interaction for select HSP90 inhibitors. The chemical 
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structure of each ligand is depicted on the right side. (B) Geldanamycin (GM)-derived 

HSP90 chemical probes. (C) Other HSP90 chemical probes.
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Figure 2. HSP90 paralog selective probes
(A) Ribbon view of the N-terminal domain of GRP94 (Canis lupus familiaris, PDB:3O2F) 

in complex with the PU-WS13 derivative PU-H54 (orange). The distinction between the 

binding site of NECA (green) and PU-H54 is shown through the overlay of PU-H54 with 

NECA bound to GRP94 (PDB: 1U2O). (B) Ribbon representation of the N-terminal domain 

of HSP90α in complex with compound 31 (Homo sapiens, PDB:4O0B. Also shown is the 

HSP90α/β selective inhibitor PU29F. The chemical structure of each ligand is depicted 

below each protein structure.
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Figure 3. HSP70 chemical probes
(A) Ribbon representation of the HSP70 homolog DnaK (E.coli, PDB:4B9Q) and 

demonstrated or proposed mode of interaction for select HSP70 inhibitors. The chemical 
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structure of each ligand is depicted on the right side. (B) HSP70 inhibitor-derived chemical 

probes
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