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TOC entry: Introduction of a substituent into the 19-position of the naturally occurring Hsp90 
inhibitor geldanamycin by chemical synthesis not only ameliorates toxicity by blocking attack of 
thiol nucleophiles, but also causes a favourable conformational switch of the trans-amide group into 
the cis-form required for protein binding.   
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Abstract 

The benzoquinone ansamycin geldanamycin and its derivatives are inhibitors of heat shock protein 

Hsp90, an emerging target for novel therapeutic agents both in cancer and in neurodegeneration. 

However, toxicity of these compounds to normal cells has been ascribed to reaction with thiol 

nucleophiles at the quinone 19-position. We reasoned that blocking this position would ameliorate 

toxicity, and that it might also enforce a favourable conformational switch of the trans-amide group 

into the cis-form required for protein binding. We report here an efficient synthesis of such 19-

substituted compounds and realization of our hypotheses. Protein crystallography established that the 

new compounds bind to Hsp90 with, as expected, a cis-amide conformation. Studies on Hsp90 

inhibition in cells demonstrated the molecular signature of Hsp90 inhibitors: decreases in client 

proteins with compensatory increases in other heat shock proteins in both human breast cancer and 

dopaminergic neural cells, demonstrating their potential for use in the therapy of cancer or 

neurodegenerative diseases. 

_________________________ 

 

Heat shock protein 90 (Hsp90) is one of the most abundant proteins in eukaryotic cells, and, driven 

by the hydrolysis of ATP, is a molecular chaperone responsible for the folding of nascent proteins. It 

has been described as the master regulator of the stabilization, activation and degradation of a range 

of over-expressed or mutant oncogenic proteins.1 Its inhibition can cause client proteins to adopt 

misfolded conformations that are ubiquinated and subject to proteasomal degradation, thereby 

simultaneously disrupting multiple cancer-causing pathways. It has therefore emerged as a very 

attractive target for novel molecular cancer therapeutic agents,2-6 and as a result, there are now more 

than 15 Hsp90 inhibitors in clinical trial, with accumulating evidence of anticancer activity.3,6,7 In 
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addition, the modulation of protein folding is also relevant to neurodegenerative diseases, and a 

number of conditions such as Alzheimer’s and Parkinson’s diseases are thought to be associated with 

protein misfolding and aggregation.8-14 One compound that has played a very major role in the 

Hsp90 arena is the benzoquinone ansamycin (BQA) geldanamycin, although its use is limited due to 

hepatotoxicity observed in preclinical studies,15 possibly as a result of reaction with biological 

nucleophiles at the reactive 19-position of the quinone ring.16-18 Therefore we reasoned that blocking 

the reactive 19-position might suppress reaction with biological nucleophiles, ameliorate toxicity, 

and also result in a conformational change, arising from amide trans to cis isomerism. We now 

report the realisation of this hypothesis: introduction of a substituent at C-19 does indeed cause the 

desired conformational switch, whilst also blocking reaction with thiol nucleophiles, and, 

importantly, markedly reducing toxicity to normal endothelial and epithelial cells. Additionally, 

studies in both human breast cancer cells and dopaminergic neural cells established that the novel 

19-substituted BQAs are effective inhibitors of Hsp90, suggesting that such rationally modified 

compounds have potential for application in the therapy of cancer and neurodegenerative diseases. 

 

Geldanamycin 1, a naturally occurring BQA polyketide is a potent inhibitor of Hsp90 and its binding 

to the N-terminal domain has been studied by X-ray crystallography,19,20 and by NMR 

spectroscopy.21 In preclinical studies, geldanamycin was found to exhibit significant 

hepatotoxicity,15 and hence other less toxic, and more soluble, benzoquinone ansamycins such as 17-

allylamino-17-demethoxygeldanamycin (17-AAG, tanespimycin) 2 and 17-(2-

dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG, alvespimycin) 3 were 

developed. Whilst 17-AAG (tanespimycin) 2 showed some promise in Phase II trials, demonstrating 
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activity in HER2/ERRB2 positive trastuzumab-refractory breast cancer,22 development of the 

compound has been halted, further emphasizing the need for less toxic derivatives 

 

In neuroscience, protein misfolding can be regulated by chaperones such as Hsp70, which 

paradoxically can be induced by inhibition of Hsp90. The chaperones Hsp90 and 70 exhibit very 

different specificity with respect to client protein interactions, providing a mechanism whereby 

inhibiting one chaperone (Hsp90) while inducing another (Hsp70) can be beneficial in specific 

diseases. Hence Hsp90 has now emerged as a target to prevent neurodegeneration,8-14 and Hsp90 

inhibitors have been employed as protective therapies in mouse models of Parkinson’s disease.23 The 

BQAs, geldanamycin and 17-AAG, have been found to protect against 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) induced dopaminergic neurotoxicity in mice,23 and other models of 

neurodegenerative disease.9,24-26  

 

However, if such BQAs are to be considered as potential therapeutic agents for neurodegenerative 

disease, there is an urgent need to reduce their toxicity, whilst retaining or improving the potency. 

The toxicity has been proposed to arise from the reaction of biological nucleophiles, particularly 

glutathione, at the unsubstituted 19-position of the quinone ansamycin.16-18 We reasoned that the 

conjugation of glutathione (or other nucleophiles) might be suppressed by blocking the 19-position 

of the BQAs, and, as a result, the toxicity issues might be ameliorated. In addition, we also 

hypothesized that the introduction of a substituent at C-19 would result in conformational changes in 

the macrocyclic ring, arising from the 19-substituent causing amide trans to cis isomerism as a result 

of steric strain. We now report the first studies on the design and synthesis of a range of such 19-

substituted BQAs, a study of their conformation in solution by NMR spectroscopy, their binding to 
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yeast Hsp90 by protein X-ray crystallography, their reaction with thiol nucleophiles, and studies on 

toxicity and Hsp90 inhibition in cellular systems. 
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Figure 1. trans-cis Amide isomerization in geldanamycin BQAs. Does the steric strain caused by 

introduction of a substituent R at the 19-position enforce a favourable conformational switch of the 

trans-amide group into the cis-form required for protein binding, whilst also ameliorating toxicity by 

blocking attack of biological nucleophiles? 

 

Results and Discussion 

Compound design and rationale 

The BQA macrocycles are known to adopt an extended trans-amide conformation in the solid state 

as evidenced by X-ray crystal structures of geldanamycin 1 itself,27 and the 17-azetidinyl compound 

4.28 Early NMR spectroscopic studies on the solution conformation of BQA 4 also suggested a trans-

amide conformation on the basis of the strong nuclear Overhauser effect (nOe) enhancement 

between the NH and the alkene H-3 (Figure 1).28 In contrast, protein crystallography studies using 

either yeast or human Hsp90 have shown that on binding, geldanamycin 1 and 17-DMAG 3 adopt a 

more closed “C-clamp” conformation with a cis-amide bond,19,20,29 and therefore the isomerization 
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equilibrium (Figure 1) between trans- and cis-forms is a matter of some debate. Whilst some 

computational studies have put the barrier to trans-cis isomerization as over 80 kJ mol-1,30 other 

calculations suggest that it is much lower than this.31 A requirement for trans-cis isomerization of the 

BQA for binding and inhibition of Hsp90 has been suggested,29,30 but a separate study disputed this 

conclusion.32,33 Therefore we set out to synthesize a wide range of stable geldanamycin analogues, 

containing diverse substituents at the 19-position, in order to investigate both the toxicological 

implications and also whether any conformational ‘switch’ was observed. 

 

Synthesis 

Geldanamycin and related BQAs such as the herbimycins and macbecins have been the subject of a 

number of studies, ranging from total synthesis of the natural products themselves to their synthetic 

modification.34,35 A small number of 19-substituted geldanamycin derivatives have been prepared 

previously by modification of the natural product, either by exploiting the nucleophilic character of 

the amino-quinone moiety (e.g. halogenation36 and Mannich37,38 reactions), or the ability of the 

quinone to act as a conjugate acceptor by reacting with nucleophiles such as thiols,39 amines,26,37 and 

alcohols.26,40 Given the limited applicability of the aforementioned methods, particularly for the 

formation of a C-C bond at the 19-position, we were attracted to the possibility of utilizing a 

palladium-catalyzed cross-coupling. Such protocols, for example the Heck, Suzuki, Stille, Negishi 

and Sonagashira reactions, constitute a versatile and powerful strategy in modern chemistry, and 

have the advantage that a wide array of coupling partners are readily available, allowing access to a 

diverse set of 19-substituted analogues.  
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In order to assess the viability of the cross-coupling approach, we commenced with the stable and 

readily accessible 19-iodogeldanamycin 5, prepared in excellent yield via the remarkably selective 

reaction of commercially available geldanamycin 1 with iodine (Figure 2a).36 Unfortunately 

difficulties were immediately encountered using standard conditions for cross-couplings with a range 

of partners (boronic acids or boronate esters, stannanes, Grignards, alkynes, alkenes) and different 

metal catalysts (predominantly Pd and Fe), with the sensitivity of the different functionalities within 

the BQA substrate proving incompatible with many conditions (high temperature and strong base). 

In addition, couplings under milder conditions (those at lower temperature or with mild or no base) 

also proved to be problematic, with only formation of geldanamycin itself observed, presumably due 

to competing reductive catalytic processes. We hypothesized that these findings may be due to the 

transmetallation step in the catalytic cycle being slower than that for a competing pathway. Thus, we 

subjected our substrate to modified conditions that have been reported to address such problems, 

focusing on the Stille reaction since this is generally considered as the mildest of Pd-catalyzed cross-

coupling processes. 

 

The replacement of phosphine ligands with triphenylarsine has been well documented to assist slow 

transmetallations,41 the softer and more labile arsine ligand facilitating the formation of the 

palladium-tin double-bond π-complex, which has been reported to be the rate-determining step in 

Stille cross-couplings.42 We were delighted to observe that performing the Stille coupling with 

tetramethyltin in the presence of triphenylarsine gave 19-methylgeldanamycin 6, albeit in moderate 

yield and with significant quantities of recovered geldanamycin (29%). Following this promising 

result, a range of optimization reactions were carried out (see Supplementary Information) resulting 

in optimal conditions of 1.2 eq. stannane, 20 mol% arsine, 5 mol% Pd2(dba)3 and 5 mol% CuI43 in 
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DMF at 35 °C being established, giving the desired 19-substituted BQA 6 in an excellent yield of 

86%. 

 

Having established a successful coupling protocol, we investigated the scope of the reaction with a 

range of stannane coupling partners, selected to introduce representative alkyl, alkenyl, aryl and 

hetaryl groups (Figure 2a). Although a methyl group could be successfully incorporated at C-19, 

attempted coupling of other alkyl groups was unsuccessful. Likewise the reaction of iodogeldamycin 

5 with allyl tri-n-butylstannane only gave a very poor yield (ca. 5%) of the 19-allyl compound. Both 

electron rich and electron deficient aromatic groups could also be coupled successfully in good to 

excellent yield. Heteroaromatic stannanes proved to be more variable under our conditions. Coupling 

of the 2-pyridyl group was problematic, with the product 12 isolated in a moderate yield of 30%. 

However, furan and thiophene groups were successfully transferred, affording substrates 13 and 14 

in excellent yields of 90% and 94% yield, respectively. The Stille products, following an aqueous 

work-up and purification (K2CO3/SiO2 chromatography),44 contained 10.5 ppm Pd, 7.9 ppm Sn and 

As and undetectable levels of Cu as detected by inductively coupled plasma mass spectrometry 

(ICPMS) trace element analyses (for details, see Supplementary Information). 

 

In the geldanamycin series of BQAs, it is the 17-allylamino (17-AAG) and -

dimethylaminoethylamino (17-DMAG) derivatives 2 and 3 that have shown the most clinical 

promise, and therefore we synthesized the corresponding AAG and DMAG analogues of our 19-

substituted geldanamycin derivatives (Figure 2b). This was readily achieved by heating the 17-

methoxy compounds 6-14 with a 5-fold excess of allylamine or N.N-dimethylethylenediamine in 

THF, and gave the corresponding 17-amino derivatives in modest – excellent yield. The substitutions 
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predominantly proceeded smoothly, although the 19-vinyl derivative 7 gave no product, presumably 

due to competing conjugate addition reactions.  
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Figure 2. Synthesis and reactivity of 19-substituted geldanamycin derivatives. a, Synthesis of 19-

substituted geldanamycins by selective iodination and optimized Pd-catalyzed Stille coupling; b, 
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Synthesis of 17-allylamino- and 17-(2-dimethylaminoethylamino)-19-substituted geldanamycins (15-

21 and 22-28, respectively) by displacement of the 17-methoxy group with amines; c, Addition of N-

acetylcysteine methyl ester to BQAs 1-3 with formation of the corresponding 19-substituted adducts 

29-31. The 19-substituent in the methyl (6, 15, 22) and phenyl (8, 16, 23) compounds prevents 

similar nucleophilic attack of N-acetylcysteine methyl ester. [dba = dibenzylideneacetone; DBU = 

1,8-diazabicyclo[5.4.0]undec-7-ene] 

 

Conformational studies 

Interestingly, the 19-substituted derivatives 6-14 were significantly more polar than geldanamycin 

itself [Rf 0.29 (19-methylgeldanamycin) vs. 0.56 (geldanamycin) in 2:1 ethyl acetate/light petroleum]. 

To investigate whether this was as a result of the proposed conformational ‘switch’, we undertook a 

series of detailed NMR spectroscopic experiments. Conformational NMR studies of geldanamycin 1 

and 17-azetidinyl-17-demethoxygeldanamycin 4 have been reported previously. For the amino 

derivative 4, qualitative nOe analysis of the compound was consistent with the trans-amide 

conformation.28 Quantitative rotating-frame nuclear Overhauser effect correlation spectroscopy 

(ROESY) experiments performed on geldanamycin 1 itself gave calculated inter-atomic distances 

that were again consistent with an extended conformation and a trans-configured amide.31 

 

NMR chemical shift data obtained in our work immediately suggested conformational disparities 

between geldanamycin 1 and our synthesized derivatives, with all of the 19-substituted compounds 

exhibiting 1H chemical shift patterns that were significantly different from those of the parent 

molecule. These differences in the NMR spectra (see Supplementary Information) indicate a major 

change in the environment of many of the positions, both those influenced by a potential change in 
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the amide configuration, but also those in the opposite section of the macrocycle, reinforcing the 

evidence for a change in the conformation of the ansa ring. The 13C shifts, being relatively unaffected 

by the magnetic anisotropy of other atoms or groups (unlike 1H, e.g. aromatic ring currents), are 

particularly compelling in this regard. We also investigated the through-space correlations detected 

in nuclear Overhauser effect correlation spectroscopy (NOESY) and ROESY spectra, as well as 

undertaking a quantitative nOe study of 19-phenyl-AAG 16, with subsequent molecular modelling 

investigations. These studies (for details, see Supplementary Information) strongly suggest the 

dominant form in solution is a cis-amide adopting a C-clamp type conformation. From the model, it 

is clear that the compact C-shaped conformation allows the hydrophobic surface area to be 

minimized by being ‘buried’ in the heart of the structure, whilst the hydrophilic moieties are exposed 

to the solvent. This observation would be consistent with the large difference in polarity observed by 

TLC analysis. 

 

To confirm that 19-substitution caused a trans to cis amide change in conformation in the solid state, 

we sought evidence from X-ray crystallography. 19-(2-Furyl)geldanamycin 13 gave crystals (of its 

THF complex) that were suitable for X-ray diffraction. The molecule exhibited both the cis-

configured amide and also the ‘C-clamp’ conformation (see Supplementary Figure 12; CCDC 

reference 864025). Unsurprisingly, therefore, the conformation of macrocycle 13 is different to that 

of 19-unsubstituted geldanamycins that adopt a trans-amide conformation in the crystal; this is 

clearly seen by overlaying the structure of 13 and the published structure of compound 428 as 

depicted in Figure 3a. On the other hand, and in line with our original hypothesis, the isomerization 

from trans- to cis-amide induced by the 19-substituent does impart an overall ‘C-clamp’ 
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conformation to the BQA macrocycle that is very similar to that of the protein-bound geldanamycin 

as shown in the overlaid structures in Figure 3b. 

a 

 

b 

 

Figure 3. Overlaid crystal structures reveal the effect of 19-substitution on geldanamycin 

conformation and binding. a, The different conformations of 19-(2-furyl)geldanamycin 13 (green) 

with a cis-amide and 19-unsubstituted-17-azetidinylgeldanamycin 4 (orange) with a trans-amide;28 b, 

similarity between the unbound cis-amide conformation of 19-(2-furyl)geldanamycin 13 (green) and 

protein-bound geldanamycin 1 (blue) from the yeast Hsp90-geldanamycin complex.20 

 

Substitution at C-19 prevents nucleophilic attack 

Part of the rationale for the incorporation of a substituent at the 19-position was that it would block 

the potential for metabolism by nucleophilic attack of glutathione,16-18 and hence might ameliorate 

the quinone-related hepatotoxicity seen with BQAs. Hence we tested whether our 19-substituted 

analogues would react with thiol nucleophiles. N-Acetylcysteine methyl ester was utilized as a model 

for glutathione and was initially introduced to geldanamycin 1, 17-AAG 2 and 17-DMAG 3 under 

neutral conditions. Whilst this resulted in no reaction, basic conditions (DBU, THF, rt), afforded the 

corresponding adducts 29-31 in 35, 62 and 21% unoptimized yield, respectively (Figure 2c). On 
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subjecting our 19-methyl and 19-phenylgeldanamycin derivatives to identical conditions, no reaction 

with the thiol at C-19 was observed, even upon heating of the reaction mixture.  

 

Substitution at C-19 reduces toxicity in cells 

A key tenet of our original hypothesis was that introduction of a substituent at C-19 would not only 

cause the desired conformational switch, but also prevent nucleophilic attack by thiols, and thereby 

ameliorate the toxicity of the parents BQAs. With the first two features now established, we sought 

evidence for reduced toxicity, and therefore evaluated the toxicity of the 19-substituted compounds 

in comparison to their parent BQAs in reducing toxicity in normal endothelial and epithelial cellular 

systems. We utilized human umbilical vein endothelial cells (HUVECs) and retinal pigmented 

epithelial cells (ARPE-19 cells) in these studies and our data (Table 1) clearly demonstrates that 19-

substitution markedly reduces BQA toxicity in all series of compounds tested. Both 19-methyl and 

19-phenyl BQAs in the geldanamycin, 17-AAG and 17-DMAG series were markedly less toxic than 

their parent quinones.  

 

Table 1. Toxicity of benzoquinone ansamycins.  

Compound HUVECsa 

IC50/µM 

ARPE-19 

IC50/µM 

Geldanamycin 1 0.041 ± 0.003 0.10 ± 0.04 

19-Me-geldanamycin 6 16.9 ± 3.3 >20 

19-Ph-geldanamycin 8 2.1 ± 0.4 8.3 ± 0.7 

17-AAG 2 1.2 ± 0.1 1.0 ± 0.4 

19-Me-17-AAG 15 >20 >20 
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19-Ph-17-AAG 16 >20 >20 

17-DMAG 3 0.88 ± 0.04 0.15 ± 0.01 

19-Me-17-DMAG 22 >20 >20 

19-Ph-17-DMAG 23 17.7 ± 1.6 8.2 ± 0.4 

 aHUVEC are primary cells and ARPE-19 cells are a non-transformed human retinal pigmented 

epithelial cell line. Toxicity values were generated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. The values are represented as a mean ± standard 

deviation (n=3). IC50 (the dose leads to 50% cell death) of 19BQAs and their parent quinones. 

Culture conditions and the MTT assay are described in Supplementary Information. 

 

Binding to Hsp90 

We analyzed the thermodynamics of the binding of 19-methylgeldanamycin to the N-terminal 

domain of yeast Hsp90 using isothermal titration calorimetry (ITC). Geldanamycin binds to the 

protein with approximately 1:1 stoichiometry with a Kd of 2.9 µM. The binding is accompanied by a 

favorable enthalpy change, although it does incur an entropic penalty. For the 19-methyl derivative 6 

there is a ~5-fold loss of binding affinity (Kd = 16.3 µM) relative to geldanamycin itself, with a loss 

of enthalpic contribution, somewhat compensated for by an increase in entropic contribution 

favoring binding. In order to investigate the reasons for this slight loss of binding upon introduction 

the 19-methyl group, we turned to protein X-ray crystallography. 

 

The crystal structure of geldanamycin with the N-terminal domain of yeast Hsp90 has been 

previously determined,20 and therefore we studied the Hsp90 complexes of the 19-substituted 

geldanamycins for comparison. Geldanamycin and its 19-substituted derivatives essentially bind in 



15 

the same way to the N-terminal domain of Hsp90 (Figure 4a), with, as expected, a cis-amide 

conformation. However, all the 19-substituted analogues show a shift in the position of the quinone 

ring (Figure 4b-4f), relative to the geldanamycin complex, in order to avoid a steric clash with Asn 

37, which consequently alters some of the interactions in these complexes, relative to the 

geldanamycin-Hsp90 complex. For example, in the geldanamycin-Hsp90 complex, Lys 44 is 

normally hydrogen bonded to the 13-hydroxy group of geldanamycin. With 19-methyl geldanamycin 

6, the repositioning of the quinone group results in Lys 44 forming a hydrogen bond, via a water 

molecule, with one of the quinone oxygens of 19-methyl geldanamycin (Figure 4b). For 

geldanamycin, the same quinone oxygen normally forms a hydrogen bond with one of the oxygens 

of Asp 40, whilst in the 19-methyl geldanamycin-Hsp90 complex, Asp 40 adopts an alternative 

conformation that disrupts a pre-existing network of water-mediated hydrogen bonds between the 

same quinone group in question and the hydroxyl oxygen and main-chain oxygen of Ser 36 (Figure 

4b). Loss of these waters might account for the increase in the entropic contribution favoring binding. 

A similar effect is also seen with the 19-methyl derivative of 17-DMAG 22 (Figure 4e). With 19-

methyl 17-AAG 15 and 19-methyl 17-DMAG 22 we see essentially the same changes except that the 

Asp 40 residue appears to flip between the two alternative conformations seen. Consequently, 19-

methyl 17-AAG 15 makes hydrogen bonds, via water molecules, to Lys 44, but the quinone oxygen 

interactions, via two water molecules, with Ser 36 appear disrupted (Figure 4c). Similarly for 19-

methyl 17-DMAG 22, Lys 44 forms direct hydrogen bonds with Asp 40, while another hydrogen 

bond, via a water molecule, is seen between one of the Asp 40 oxygens and the amide nitrogen of the 

17-DMAG group (Figure 4e). For 19-phenyl 8 and 19-(2-furyl)-geldanamycin 13, the Asp 40 adopts 

its geldanamycin bound conformation. However, for these compounds, Lys 44 forms two direct 

hydrogen bonds with the side chain oxygens of Asp 40 (Figures 4d and 4f). For the 19-(2-furyl) 
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analogue 13, we also see some additional hydrogen bond interaction with the 2-furyl group oxygen. 

This oxygen atom forms a network of hydrogen bonds, via water molecules, to the main chain amide 

of Gly 123, the main chain carbonyl of Gly 118 and to one of the oxygens of the catalytic Glu 33 

residue (Figure 4d). However, collectively, the results indicate that in these geldanamycin analogues, 

the 19-substituents tend to alter binding to the protein through forced positional change of the 

quinone group of the benzoquinone ansamycin. This is in spite of the fact that these 19-substituted 

compounds already exist in the cis-amide conformation required for binding to Hsp90, as can be seen 

for the 19-(2-furyl) analogue 13 where the protein bound conformation is very similar, although not 

completely identical, to that seen in the crystal structure of this analogue alone (Figure 3: also see the 

Supplementary Information).  

 

a 

 

b c 



17 

 

 

d 

 

 

e 

 

f  



18 

 

Figure 4. Structures of 19-substituted geldanamycins bound in the ATP site of yeast Hsp90 as 

determined by protein X-ray crystallography. a. Two orthogonal views of the superimposition of 

geldanamycin 1 (green), 19-methyl geldanamycin 6 (cyan) and 19-phenyl geldanamycin 8 (yellow), 

from the co-crystal structures of N-terminal yeast Hsp90, showing the similarity in bound 

conforations. b-f. Comparison of the binding of geldanamycin with 19-substituted geldanamycin 

analogues to the N-terminal domain of yeast Hsp90. PyMol diagrams showing the interactions of b, 

geldanamycin 1 (green) and 19-methyl geldanamycin 6 (cyan) with Hsp90 (green and cyan residues, 

respectively; c, geldanamycin 1 (green) and 19-methyl 17-AAG 15 (yellow) with Hsp90 (green and 

yellow residues, respectively); d, geldanamycin 1 (green) and 19-(2-furyl) geldanamycin 13 (grey) 

with Hsp90 (green and grey residues, respectively); e, geldanamycin 1 (green) and 19-methyl 17-

DMAG 22 (gold) with Hsp90 (green and gold residues, respectively), and f, geldanamycin 1 (green) 

and 19-phenyl geldanamycin 8 (salmon) with Hsp90 (green and salmon residues, respectively). In 

general, in these geldanamycin analogues, the 19-substituents tend to alter binding to the protein 

through a positional change of the quinone group of the benzoquinone ansamycin. 
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Dotted blue lines, hydrogen bonds involving geldanamycin; dotted red lines, hydrogen bonds 

involving 19-substituted analogues; cyan-coloured spheres, water molecules. The structures for 

geldanamycin and the 19-substituted derivatives were obtained at 2.0 (geldanamycin), 2.7 (19-

methyl geldanamycin), 2.25 (19-methyl 17-AAG), 3.1 (19-methyl 17-DMAG), 2.2 (19-phenyl 

geldanamycin) and 2.6 Å (19-(2-furyl) geldanamycin) resolution. For atomic coordinates and 

structure factors, see PDB codes 1A4H, 4AS9, 4ASA, 4ASB, 4ASG and 4ASF, respectively. 

 

Inhibition of Hsp90 in cellular systems 

X-ray crystallography clearly showed that 19-substituted derivatives do bind to the ATP-site in 

Hsp90. Therefore, we examined the ability of 19-substituted compounds to inhibit Hsp90 in cellular 

systems. A decrease in Hsp90 client proteins (including Raf1, Her2 and Cdc-2) and a compensatory 

increase in Hsp70 are the two most common biomarkers used for inhibition of Hsp90 in cells.45-47 

Initially we utilized MDA-468-NQ16 cells that over-express the quinone reductase NQO1, since we 

have shown that NQO1 potentiates Hsp90 inhibition due to the formation of the more active 

hydroquinone ansamycin,45,46 and worked with the 17-DMAG (alvespimycin) series. In Figure 5a we 

demonstrate that both 17-DMAG and 19-phenyl 17-DMAG are effective Hsp90 inhibitors as shown 

by decreases in Hsp90 client proteins and compensatory induction of Hsp70. We extended this data 

to the Her2 positive BT474 breast cancer cell line and both DMAG and 19-phenyl DMAG resulted 

in degradation of Hsp90 clients, including Her2, as well as inducing a compensatory increase in 

Hsp70 (Figure 5b).  

 

a 
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c 

 

Figure 5. Evaluation of 19-substituted compounds as inhibitors of Hsp90 in cellular systems. a, 

Immunoblot analysis of biomarkers of Hsp90 inhibition in MDA468-NQ16 human breast cancer 

cells treated with either 17-DMAG or 19-phenyl 17-DMAG for 48 h and immunoblotted for the 

Hsp90 clients Raf-1, Cdc-2 and for Hsp70; b, Immunoblot analysis of biomarkers of Hsp90 

inhibition in BT474 human breast cancer cells treated with either 17-DMAG or 19-phenyl 17-

DMAG for 48 h and immunoblotted for the Hsp90 clients Her-2 Raf-1, Cdc-2 and for Hsp70; c, 

Immunoblot analysis of Hsp70 and Hsp27 induction in SH-SY5Y neuroblastoma cells following 

treatment with either 17-AAG, geldanamycin or 19-phenyl geldanamycin for 16 h. In general, we 
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observe a decrease in Hsp90 client proteins (Raf1, Her2 and Cdc-2) and a compensatory increase in 

other Hsps (27 and 70) – the two most common biomarkers used for inhibition of Hsp90 in cells. 

Results are representative of 3 separate experiments. β-Actin was used as a loading control. 

 

In addition to their use as anticancer agents, Hsp90 inhibitors have attracted attention as potential 

protective agents against neurodegeneration due to their ability to induce a compensatory increase in 

other heat shock proteins that protect against aberrant protein folding and aggregation.8-14 SH-SY5Y 

neuroblastoma cells are dopaminergic and have been used as a cellular model system of relevance to 

Parkinson’s disease.48-50 In Figure 5c we demonstrate that both geldanamycin and 19-phenyl 

geldanamycin induce Hsp70 and Hsp27 in SH-SY5Y human neuroblastoma cells. Both compounds 

were extremely potent at inducing Hsp70 and Hsp27 and were found to be effective inducers in the 

nanomolar range (Figure 5c). Expansion of the dose-response curves to low nanomolar doses 

demonstrated that geldanamycin was more potent than 19-phenyl geldanamycin at Hsp induction 

(Supplementary Figure S16), but importantly, both geldanamycin and 19-phenyl geldanamycin were 

more potent at induction of Hsp70 and Hsp27 than 17-AAG, the benzoquinone ansamycin that 

advanced to Phase II clinical trial (Figure 5c). The effect of 19-substituted benzoquinone ansamycins 

on both oncogenic client proteins in tumor cells and their ability to induce a compensatory increase 

in Hsp 70 and Hsp27 levels in dopaminergic cells, particularly when coupled with their lower 

toxicity to normal cells, suggests that these novel compounds may have useful therapeutic 

applications.  

 

In this study the power of palladium-catalyzed coupling reactions has been demonstrated with the 

synthesis of a range of novel 19-substituted benzoquinone ansamycins, specifically designed to both 
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block nucleophilic attack at C-19, a potential source of metabolic instability and toxicity, and to 

cause a conformational switch to facilitate protein binding. NMR spectroscopy established that the 

resulting macrocycles did indeed adopt the desired cis-amide conformation, whilst protein X-ray 

crystallography showed that the compounds bound to the N-terminal ATP site of Hsp90. Importantly, 

the 19-substituted benzoquinone ansamycins were found to be markedly less toxic to normal 

endothelial and epithelial cell systems than their parent quinones. Studies in both human cancer cells 

and dopaminergic neural cells established that the 19-substituted benzoquinone ansamycins are 

effective inhibitors of Hsp90, exhibiting the appropriate molecular signature; decreases in Hsp90 

client proteins and a compensatory increase in other heat shock proteins including Hsp70 and Hsp27. 

When considered together with their markedly decreased toxicity, to normal cells, this suggests that 

19-substituted benzoquinone ansamycins may have a greater therapeutic window than their parent 

quinones and hence considerable potential for application in the therapy of cancer and 

neurodegenerative diseases. 

 

Methods 

All experimental procedures, characterization data for all compounds and copies of the 1H and 13C 

NMR spectra, details of NMR studies, biological evaluations and protein crystallography are given 

in the Supplementary Information associated with this paper. 
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