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Abstract: Hsp90 is a chaperone that plays a key function in cancer cells by stabilizing proteins responsible of cell growth 

and survival. Disruption of the Hsp90 chaperone machinery leads to the proteasomal degradation of its client proteins. 

Hsp90 appears then as an attractive target for the development of new anticancer molecules. We have shown that ascor-

bate-driven menadione-redox cycling inhibits Hsp90 activity by provoking an N-terminal cleavage of the protein, induc-

ing the degradation of several of its client proteins. Since the mechanism involves an oxidative stress, we explored the ef-

fect of a series of diverse donor-acceptor 3-acyl-2-phenylamino 1,4-naphthoquinones on Hsp90 integrity, in the presence 

of ascorbate. Results show that quinone-derivatives that bear two electroactive groups (namely quinone and nitro) exhibit 

the highest inhibitory activity (Hsp90 cleavage and cell death). The biological activity of the series mainly relies on their 

redox capacity and their lipophilicity, which both modulate the ability of these compounds to induce a cytotoxic effect in 

K562 cells. As observed with other redox cycling quinones, the protein cleavage is blocked in the presence of N-terminal 

Hsp90 inhibitors suggesting that the availability or occupancy of nucleotide binding site in the N-terminal pocket of 

Hsp90 plays a critical role. In addition the survival of cancer cells and their metabolic and redox homeostasis were 

strongly impaired by the presence of ascorbate. Since these effects were similar to that obtained by ascorbate/menadione 

and they were blocked by the antioxidant N-acetylcyteine (NAC), it appears that oxidative stress is a major component of 

this cytotoxicity. 
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INTRODUCTION 

 Hsp90 is a constitutively expressed protein that repre-

sents 1-2% of the total protein content of the cell [1]. It is 

required for the stabilization and activation of numerous pro-

teins referred to as “client proteins”. In cancer cells, Hsp90 is 

expressed 2-10 fold more as compared to their normal coun-

terparts [2]. Thus, by stabilizing and activating diverse client 

proteins involved in numerous signaling pathways, Hsp90 

plays a pivotal role in the acquisition and maintenance of 

some major capabilities that characterize cancer cells, as 

nicely described by Hanahan and Weinberg [3]. Upon Hsp90 

inhibition its client proteins are subsequently degraded by 

the proteasome [2]. For this reason, Hsp90 is often referred 

to as the “cancer chaperone” [4], making it an attractive tar-

get for the development of therapeutic inhibitors. By inhibit-

ing Hsp90, several pathways can therefore be targeted with a 

single inhibitor. This is of importance because a frequent 

cause of failure of targeted therapy is that the therapies in-

hibit only one signaling pathway, whereas several may be  

 

*Address correspondence to these author at the Vicuña Mackenna 4860, 

Casilla 306, Santiago, Chile; GTOX 7309, 73 avenue E. Mounier, 1200 

Bruxelles, Belgium; Tel: +32-2-7647366; Fax:+32-2-7647359;  

E-mails: pedro.buccalderon@uclouvain.be and jvalderr@uc.cl 

dysregulated at the same time in a cancer cell. Since cancer 

cells are addicted to oncoproteins, the inactivation of a single 

oncoprotein often leads to the stops of proliferation or death 

of the cancer cell. This is caused by the fact that cancer cells 

often inactivate several normal genes while oncogenes are 

overactivated and perform the functions of several inacti-

vated genes at the same time [5]. In addition, oncoproteins 

are often expressed as mutant forms, which are more de-

pendent on Hsp90 for their stability than their normal coun-

terparts. Cancer cells are also subjected to more stresses (for 

example due to acidosis, hypoxia and nutrient deprivation) 

than normal cells and are consequently more dependent on 

the activity of the Hsp90 chaperone machinery [6]. Finally, it 

has been suggested that Hsp90 inhibitors preferentially bind 

to Hsp90 in cancer cells rather than in normal cells, possibly 

because Hsp90 would be in an activated complex in cancer 

cells, having a greater affinity for nucleotides and inhibitors 

[7].  

 The understanding of the role of Hsp90 in promoting 

cellular malignant transformation is mostly derived from 

studies of Hsp90 inhibitors such as the natural product Gel-

danamycin [8,9] a benzoquinone ansamycin antibiotic, and 

the synthetic derivative 17-N-allylamino-17-demethoxy-

geldanamycin: 17AAG [10-12] (Fig. 1). Geldanamycin binds 
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to the ATP-binding pocket of Hsp90, specifically inhibiting 

ATPase activity and therefore it has been evaluated for its 

antiproliferative effects in oncogenesis in vitro and in vivo 

with promising application as a novel anti-cancer therapy 

[13,14]. In addition to the blockade of ATP binding, current 

Hsp90 inhibitors may also act by disrupting cochaper-

one/Hsp90 interactions, by antagonism of client/Hsp90 asso-

ciations and by interfering with post-translational modifica-

tions of Hsp90 [15]. It should be underlined, however, that 

various side effects have slowed the clinical development of 

these molecules [11,16,17].  

 Recently we have reported that menadione redox cycling 

in the presence of ascorbate inhibited the Hsp90 chaperone 

machinery by the oxidative cleavage of the protein [18-21]. 

As a consequence of this cleavage, Hsp90 activity is inhib-

ited, provoking the degradation of several client proteins 

which are critical for the survival of cancer cells [18-21]. 

The oxidative cleavage of a polypeptide chain is a damaging 

process initiated by oxygen radicals [22,23]. The mecha-

nisms of peptide bond cleavage following -carbon oxida-

tion are summarized in (Fig. 2). Briefly, the oxidative attack 

of the polypeptide backbone is initiated by the HO
.
-

dependent abstraction of the -hydrogen atom from an amino 

acid residue to form a carbon-centered radical, which, in the 

presence of oxygen, is rapidly converted to an alkylperoxyl 

radical (ROO
.
). Further reactions with HO2

.
, the protonated 

form of superoxide anion (O2

.-
), or transition metals such as 

ferrous iron (Fe
2+

) leads to the formation of an alkoxyl radi-

cal (RO
.
) which can undergo peptide bond cleavage by either 

the -amidation or diamide pathways [22,23].  

 The aim of this work was therefore to study the effect of 

a series of diverse donor-acceptor 3-acyl-2-phenylamino-1,4-

naphthoquinones (Fig. 3) on Hsp90 integrity with a special 

focus on redox cycling and oxidative protein cleavage. The 

redox active 1,4-naphthoquinones were designed taking into 

account precedents on the ability of 2,3-substituted 1,4-

naphthoquinones, in particular compound HTS1 (Fig. 3), to 

inhibit Hsp90 [24] and on the possibility to modulate the 

redox capability of the pharmacophore to induce selective 

biological damage of K562 cancer cells, a stable human 

chronic myeloid leukemia (CML) cell line. To best charac-

terize the effects of quinones, cell survival and metabolic 

(ATP content) and redox (GSH levels) homeostasis were 

also monitored in the absence and in the presence of ascor-

bate.  

Chemistry 

 The preparation of the target compounds 3a-i was initi-

ated with the synthesis of 2-acyl-1,4-dihydroxynaphthalenes 

2a-c via solar photo-Friedel-Crafts acylation of 1,4-

naphthoquinone 1 with aldehydes according to a recently 

reported procedure [25]. Compounds 2a-c were then oxi-

dized with silver (I) oxide in dichloromethane and the corre-

sponding 2-acyl-1,4-naphthoquinones were in situ reacted 

with the selected phenylamines, in a one-pot procedure, to 

give the corresponding 3-acyl-2-phenylamino 1,4-

naphthoquinones 3a-i (Scheme 1). The structures of the new 

compounds were established on the basis of their IR, pro-

ton/carbon NMRs and high resolution mass spectra (HRMS). 

Experimental 

Chemical Synthesis 

 All reagents were commercially available reagent grade 

and were used without further purification. Melting points 

were determined on a Stuart Scientific SMP3 apparatus and 

are uncorrected. 
1
H NMR spectra were recorded on Bruker 

AM-400 instruments in deuterochloroform (CDCl3). 
13

C 

NMR spectra were obtained in CDCl3 at 100 MHz. 2D NMR 

techniques (COSY, HMBC) and DEPT were used for signal 

assignment. Chemical shifts are expressed in ppm downfield 

relative to tetramethylsilane (TMS,  scale), and the coupling 

constants (J) are reported in Hertz. HRMS were obtained on 

a Thermo Finnigan spectrometer, model MAT 95XP. Silica 

gel Merck 60 (70-230 mesh) was used for preparative col-

umn chromatography and TLC aluminium foil 60F254 for 

analytical TLC. Anhydrous dichloromethane HPLC (99.8%) 

for electrochemical evaluations was obtained from Sigma-

Aldrich. Acylhydroquinones were prepared by using a re-

cently reported solar photoacylation procedure [25]. 

 General Procedure for the preparation of 1,4-

naphthoquinones 3a-i: A suspension of acylhydroquinone 

(1 mmol), Ag2O (5 mmoles), anhydrous MgSO4 (3 mmoles), 

the required amine (2 mmol) and dichloromethane (15 mL) 

was left with stirring at room temperature after completion 

of the reaction as indicated by TLC. The mixture was filtered 

and washed with CH2Cl2. Removal of the solvent under re-

duced pressure followed by column chromatography yielded 

pure quinone.  

 3-Acetyl-2-(phenylamino)-1,4-naphthoquinone (3a): Was 

obtained as a dark red solid (98% yield), mp 137-138 ºC. IR 

(KBr, cm
-1

) max 3449 (O-H), 1683, 1645 (C=O). 
1
H NMR 

(400 MHz, CDCl3):  12.69 (bs, 1H, NH), 8.10 (d, 1H, J = 

7.4 Hz, 5- or H-8), 7.82 (d, 1H, J = 7.5 Hz, 8- or 5-H), 7.71 

(t, 1H, J = 7.4 Hz, 6-H or 7-H), 7.56 (t, 1H, J = 7.4 Hz, 7- or 

6-H), 7.31 (t, 2H, J = 7.3 Hz, phenyl), 7.23 (t, 1H, J = 7.1 

Hz, phenyl), 7.04 (d, 2H, J = 7.5 Hz, phenyl), 2.63 (s, 3H, 

CH3). 
13

C NMR (100 MHz, CDCl3):  202.9, 182.3, 181.7, 

151.6, 139.4, 135.5, 133.6, 132.8, 131.4, 129.4 (2xC), 127.1, 

126.8, 126.3, 124.7 (2xC), 112.3, 33.3. HRMS (M
+
): m/z 

calcd for C18H13NO3: 291.08954; found: 291.08909. 

 3-Acetyl-2-(4-methoxyphenylamino)-1,4-naphthoquinone 

(3b): Was obtained as a dark brown solid (58% yield), mp 

139-140 ºC. IR (KBr, cm
-1

) max 3448 (O-H), 1683, 1638 

(C=O). 
1
H NMR (400 MHz, CDCl3):  12.74 (bs, 1H, NH), 

8.18 (d, 1H, J = 7.8 Hz, 5- or 8-H), 7.91 (d, 1H, J = 7.4 Hz, 

8- or 5-H), 7.81 (t, 1H, J = 7.6 Hz, 6- or 7-H), 7.80 (t, 1H, J 

= 7.6 Hz, 7- or 6-H), 7.05 (d, 2H, J = 8.7 Hz, phenyl), 6.90 

(d, 2H, J = 8.9 Hz, phenyl), 3.83 (s, 3H, OCH3), 2.70 (s, 3H, 

CH3). 
13

C NMR (100 MHz, CDCl3):  202.8, 182.4, 181.6, 

158.6, 135.4, 133.7, 132.7, 132.0, 131.4, 126.8, 126.3, 125.9 

(3xC), 114.6 (3xC), 55.6, 33.3. HRMS (M
+
): m/z calcd for 

C19H15NO4: 321.10011; found: 321.09956. 

 3-Acetyl-2-(4-nitrophenylamino)-1,4-naphthoquinone 

(3c): was obtained as a red solid (69% yield), mp 178-179 

ºC. IR (KBr, cm
-1

) max 3449 (O-H), 1677, 1644 (C=O). 
1
H 

NMR (400 MHz, CDCl3):  12.83 (bs, 1H, NH), 8.18 (d, 2H, 

J = 8.8 Hz, phenyl), 8.12 (d, 1H, J = 7.8 Hz, 5- or 8-H), 7.85
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Fig. (1). Chemical structures of geldanamycin and its derivative 17-AAG. 

 

 

Fig. (2). Theoretical mechanisms of protein cleavage by an oxidative stress. 

 

 

Fig. (3). Chemical structure of HTS1 and the designed substituted 1,4-naphthoquinones. 

 

(d, 1H, J = 7.6 Hz, 8- or 5-H), 7.76 (t, 1H, J = 7.6 Hz, 6- or 

7-H), 7.62 (t, 1H, J = 7.6 Hz, 7- or 6-H), 7.16 (d, 2H, J = 8.8 

Hz, phenyl), 2.69 (s, 3H, CH3). 
13

C NMR (100 MHz, 

CDCl3):  203.4, 181.8, 181.7, 150.8, 145.7, 135.8, 133.3, 

133.1, 127.0, 126.4, 124.9 (3xC), 124.8 (3xC), 113.7, 33.4. 

HRMS (M
+
): m/z calcd for C18H12N2O5: 336.07462; found: 

336.07401. 

 3-(Furan-2-carbonyl)-2-(phenylamino)-1,4-naphtho-
quinone (3d): Was obtained as a red solid (80% yield), mp 

223-224 ºC. IR (KBr, cm
-1

) max 3449 (O-H), 1672, 1645 

(C=O). 
1
H NMR (400 MHz, CDCl3):  8.10 (d, 1H, J = 7.7 

Hz, 5- or 8-H), 8.07 (d, 1H, J = 7.7 Hz, 8- or 5-H), 7.79 (bs, 

1H, NH), 7.74 (t, 1H, J = 7.5 Hz, 6-H or 7-H), 7.65 (t, 1H, J 

= 7.6 Hz, 7- or 6-H), 7.39 (bs, 1H, furyl), 7.04 (m, 3H, 

phenyl), 6.88 (m, 2H, phenyl), 6.79 (d, 1H, J = 3.5 Hz, 

furyl), 6.37 (m, 1H, furyl). 
13

C NMR (100 MHz, CDCl3):  

182.4, 181.7, 181.2, 153.6, 146.0, 143.8, 137.1, 135.6, 133.1, 

132.9, 130.0, 129.0 (2xC), 127.4, 126.8, 126.7, 125.6 (2xC), 

118.0, 113.2, 112.7. HRMS (M
+
): m/z calcd for C21H13NO4: 

343.08446; found: 343.08396. 
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 3-(Furan-2-carbonyl)-2-(4-methoxyphenylamino)-1,4-
naphthoquinone (3e): Was obtained as an orange solid (42% 

yield), mp 190-191 
o
C. 

1
H NMR (400 MHz, CDCl3) 8.16 (d, 

1H, J = 7.7 Hz, 5- or 8-H), 8.13 (d, 1H, J = 7.6 Hz, 8- or 5-

H), 7.80 (t, 1H, J = 7.6 Hz, 6- or 7-H), 7.71 (m, 2H, NH + 6- 

or 7-H), 7.45 (m, 1H, furyl), 6.87 (m, 3H, phenyl and furyl), 

6.61 (d, 2H, J = 8.8 Hz, phenyl), 6.43 (m, 1H, furyl), 3.73 (s, 

3H, OCH3). 
13

C NMR (100 MHz, CDCl3):  182.7, 182.0, 

181.6, 159.0, 154.0, 146.2, 135.8, 133.0, 130.4, 127.8 (3xC), 

127.0, 127.0 (2xC), 118.2, 114.4 (3xC), 112.9 (2xC), 55.8. 

HRMS (M
+
): m/z calcd for C22H15NO5: 373.09502; found: 

373.09548. 

 3-(Furan-2-carbonyl)-2-(4-nitrophenylamino)-1,4-
naphthoquinone (3f): Was obtained as an orange solid (50% 

yield), mp 247-248 ºC. IR (KBr, cm
-1

) max 3448 (O-H), 

1677, 1640 (C=O). 
1
H NMR (400 MHz, DMSO-d6):  9.74 

(bs, 1H, NH), 8.10 (d, 1H, J = 7.5 Hz, 5-H or 8-H), 7.99 (d, 

1H, J = 7.8 Hz, 8- or 5-H), 7.83 (d, 2H, J = 8.8 Hz, phenyl), 

7.82 (m, 1H, 6- or 7-H), 7.77 (t, 1H, J = 7.4 Hz, 7- or 6-H), 

7.68 (m, 1H, furyl), 7.09 (d, 2H, J = 8.8 Hz, phenyl), 7.06 (d, 

1H, J = 3.5 Hz, furyl), 6.53 (dd, 1H, J = 3.6, furyl). 
13

C 

NMR (100 MHz, DMSO-d6):  181.3, 181.1, 180.0, 152.2, 

146.9, 144.7, 143.6, 143.4, 134.7, 132.7, 131.9, 129.9, 125.9, 

125.5, 123.8 (2xC), 123.3 (2xC), 119.0, 115.3, 112.4. HRMS 

(M
+
): m/z calcd for C21H12N2O6: 388.06954; found: 

388.04736. 

 3-(Thiophene-2-carbonyl)-2-(phenylamino)-1,4-
naphthoquinone (3g): Was obtained as a red solid (49% yi-

eld), mp 210-211 ºC. IR (KBr, cm
-1

) max 3483 (O-H), 1672, 

1642 (C=O). 
1
H NMR (400 MHz, CDCl3):  8.09 (d, 1H, J = 

8.0 Hz, H-5 or H-8), 8.06 (d, 1H, J = 7.9 Hz, 8- or 5-H), 7.78 

(bs, 1H, NH), 7.73 (t, 1H, J = 7.5 Hz, 6-H or 7-H), 7.64 (t, 

1H, J = 7.5 Hz, 7- or 6-H), 7.46 (d, 1H, J = 4.4 Hz, thienyl), 

7.34 (d, 1H, J = 3.1 Hz, thienyl), 7.00 (m, 3H, phenyl), 6.91 

(t, 1H, J = 4.3 Hz, thienyl), 6.84 (d, 2H, J = 7.0 Hz, phenyl). 
13

C NMR (100 MHz, CDCl3):  185.3, 182.4, 181.7, 145.5, 

143.4, 136.7, 135.6, 134.6, 133.6, 133.0, 132.9, 130.0, 128.9 

(2xC), 127.7, 127.3, 126.9, 126.7, 126.2 (2xC), 113.9. 

HRMS (M
+
): m/z calcd for C21H13NO3S: 359.06161; found: 

359.05876. 

 3-(Thiophene-2-carbonyl)-2- (4-methoxyphenylamino)-
1,4-naphthoquinone (3h): Was obtained as an orange solid 

(40% yield) mp, 189-190 ºC. IR (KBr, cm
-1

) max 3448 (O-

H), 1678, 1650 (C=O). 
1
H NMR (400 MHz, CDCl3) 8.09 (d, 

1H, J = 7.7 Hz, 5-H or 8-H), 8.06 (d, 1H, J = 7.7 Hz, 8- or 5-

H), 7.72 (t, 1H, J = 7.6 Hz, 6- or 7-H), 7.65 (bs, 1H, NH), 

7.64 (m, 1H, 7- or 6-H), 7.47 (d, 1H, J = 4.9 Hz, thienyl), 

7.33 (d, 1H, J = 3.8 Hz, thienyl), 6.91 (t, 1H, J = 4.8 Hz, 

thienyl), 6.75 (d, 2H, J = 8.7 Hz, phenyl), 6.49 (d, 2H, J = 

8.9 Hz, phenyl), 3.66 (s, 3H, OCH3). 
13

C NMR (100 MHz, 

CDCl3):  185.4, 182.3, 181.5, 158.7, 145.5, 143.7, 135.4, 

134.2, 133.5, 132.9, 132.6, 129.8, 128.9, 128.1 (2xC), 127.6, 

126.6, 126.5, 113.9 (2xC), 113.5, 55.5. HRMS (M
+
): m/z 

calcd for C22H15NO4S: 389.07218; found: 389.06928. 

 3-(Thiophene-2-carbonyl)-2- (4-nitrophenylamino)-1,4-
naphthoquinone (3i): Was obtained as a yellow solid (45% 

yield), mp 276-277 ºC. IR (KBr, cm
-1

) max 3448 (O-H), 

1678, 1647 (C=O). 
1
H NMR (400 MHz, DMSO-d6)  9.77 

(bs, 1H, NH), 8.13 (d, 1H, J = 7.4 Hz, 5- or 8-H), 8.00 (d, 

1H, J = 7.7 Hz, 8-H or 5-H), 7.93 (m, 2H, 6-H + 7-H), 7.87 

(d, 2H, J = 9.0 Hz, phenyl), 7.86 (m, 1H, thienyl), 7.81 (d, 

1H, J = 3.8 Hz, thienyl), 7.13 (m, 1H, thienyl), 7.12 (d, 2H, J 

= 9.0 Hz, phenyl). 
13

C NMR (100 MHz, DMSO-d6):  185.0, 

181.6, 181.5, 145.4, 144.1, 144.0, 143.3, 136.2, 135.3, 134.9, 

133.2, 132.2, 130.5, 128.3, 126.1, 125.6, 124.5 (2xC), 123.6 

(2xC), 117.0. HRMS (M
+
): m/z calcd for C21H12N2O5S: 

404.04669; found: 404.04304. 

Electrochemical Measurements 

 Cyclic voltammograms of compounds were obtained on a 

Bioanalytical Systems BAS CV-50W electrochemical ana-

lyzer. A small capacity measuring cell was equipped with a 

platinum disc as working electrode, an Ag/10 nM Ag 

(MeCN) reference electrode for non aqueous solvent, with a 

platinum wire auxiliary electrode, a mechanical mini-stirrer, 

and a capillary to supply an inert argon atmosphere. A 0.1 M 

solution of tetrabutylammonium tetrafluoroborate in di-

chloromethane was used as supporting electrolyte. The half-

wave potential values, E
I

1/2 and E
II

1/2, evaluated from the 

voltammograms obtained at a sweep rate of 100 mVs-1, are 

summarized in (Table 1). 

Biological Assays 

Cell Culture Conditions 

 The chronic myeloid leukemia (CML) cell line K562 was 

a gift of Dr. F. Brasseur (Ludwig Institute for Cancer Re-

search-LICR-Brussels) and maintained in RPMI medium 

supplemented with 10% fetal calf serum, streptomycin 100 

mg/mL, penicillin 100 IU/mL, and gentamicin (50 mg/mL) 

at 37 °C in humidified 5% CO2. Cells were incubated at 1 x 

10
6
 cells/mL and treated with ascorbate (2 mM) and qui-

nones (10 M), either separately or in association for the 

indicated length of time. 

Cell Death Assessment  

 The effect of quinones alone or in the presence of ascor-

bate on the survival of human leukocytes was monitored 

using the erythrosine exclusion assay. Samples were with-

drawn at defined times, centrifuged and suspended in me-

dium. Cell viability was estimated by using the TC10 cell 

counter, following manufacturer’s instructions. Briefly, an 

aliquot of cell suspension (10 l) was added to 10 l of 0.4 

% trypan blue solution (from Bio-Rad) in a test tube and the 

mixture was mixed by gently pipetting up and down several 

times. Ten microliters were then transferred into the count-

ing chamber and analyzed with the TC10 cell counter. Re-

sults are expressed as percentage of viable cells with regard 

to untreated cell cultures at each sampling time. 

Western Blots Analysis  

 Appropriate protein amounts (40–50 g) were subjected 

to sodium dodecylsulfate polyacrylamide gel electrophoresis 

(SDS-PAGE). After electrophoresis, proteins were trans-

ferred to a nitrocellulose membrane. The membranes were 

blocked in blocking-buffer (5% non-fat dry milk, Tris 20 

mmol/L, pH 7.6, NaCl 150 mmol/L, 0.01% Tween-20) for 1 

h at room temperature, which was followed by incubation 

with primary antibody overnight at 4°C. The membranes 

were then washed and incubated for 60 min with a secondary 

antibody. Immunodetection was performed using the ECL 

detection kit (Amersham, UK) for HRP-coupled secondary 

antibodies. Mouse monoclonal primary antibodies against
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Scheme 1. Preparation of 3-acyl-2-phenylamino 1,4-naphthoquinones 3a-i. 

 

Hsp90 /  C-terminus were purchased from Santa Cruz Bio-

technology (F-8) (Santa Cruz, CA), and mouse monoclonal 

primary antibody against -actin (clone AC-15) was pur-

chased from Abcam (Cambridge, UK). Mouse secondary 

antibodies were purchased from Dako (Glostrup, Denmark). 

Complete Mini protease inhibitor cocktail was purchased 

from Roche Applied System (Mannheim, Germany). -actin 

served as a loading control.  

Intracellular Levels of GSH and ATP 

 Intracellular GSH was estimated according to Griffith 

[26]. Briefly, treated cells were washed with cold PBS and 

immediately acidified with SSA (5%). The samples were 

submitted to two freeze-thaw cycles and centrifuged at 4°C 

(10.000 x g during 10 min). Ten micro liters of the super-

natant were then placed in a reaction mixture containing 0.2 

U/mL of GSR, 50 mg/mL of DTNB and 1 mM of EDTA at 

pH 7. The reaction was initiated by the addition of 50 mM 

NADPH and changes in absorbance were recorded at 412 

nm. Results are expressed as nmol/mg protein. The protein 

content was calculated by using the method of Bradford.  

 ATP content was determined by using the Roche ATP 

Bioluminescence Assay Kit CLS II (Mannheim, Germany) 

according to the procedures described by the suppliers. The 

results are expressed as nmol/10
6
 cells. 

Statistical Analysis 

 Data were analyzed by using ANOVA followed by a post 

hoc Bonferroni test to determine the statistical significance 

among the different groups. The level of significance was set 

at p < 0.05 (*p < 0.05; **p < 0.01). 

RESULTS AND DISCUSSION 

 We have recently shown that upon ascorbate/menadione 

(a 2,4-naphthoquinone derivative), K562 cells were harbor-

ing a cleavage of the Hsp90 chaperone protein [18-21]. Con-

sequently, a loss of activation was observed in signaling pro-

teins like STAT5, ERK, or RAF, that are located down-

stream from Bcr-Abl, a well-known Hsp90 client protein 

[19]. Interestingly, this cleavage seemed to be more specific 

for cancer cells than for normal cells [18]. This sensitivity 

may be explained by the fact that cancer cells are deficient in 

antioxidant enzymes as shown by the low levels of catalase 

in K562 cells as compared to leukocytes isolated from 

healthy donnors [21]. 

 In agreement with our previous results, the (Fig. 4) shows 

that Hsp90 was cleaved in asc/men-treated cells, but other 

quinones (at 10 M) did not affect the integrity of the Hsp90 

protein in the absence of ascorbate. Only the compound 3f 
was able to induce a slight protein cleavage. Nevertheless, 

when ascorbate was added to the incubation medium at the 

pharmacological doses of 2 mM [23], Hsp90 cleavage was 

clearly observed in several conditions. Indeed, in cells incu-

bated in the presence of ascorbate and either compounds 3c, 

3f and 3i, a net cleavage was observed. A slight effect was 

observed for compounds 3d and 3h. The quinones 3a, 3b, 3e 

and 3g are practically devoid of such proteolytic activity. It 

 

 

N° 3a 3b 3c 3d 3e 3f 3g 3h 3i 

R1 Me Me Me 2-furyl 2-furyl 2-furyl 2-thienyl 2-thienyl 2-thienyl 

R2 H OMe NO2 H OMe NO2 H OMe NO2 
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should be underlined that after 6h incubation, all the qui-

nones, with the exception of compound 3f, are not cytotoxic 

(Table 1). The survival of K562 cells exposed to compound 

3f is 77% as compared to 100% of control untreated cells 

whereas cell survival in the presence of the other quinones 

was around 90%. 

 Interestingly, the first half-wave potentials (E
I

1/2) of com-

pounds 3c, 3f and 3i, namely -376.5, -349.8 and -375.7 mV 

respectively (Table 1), are in a range that makes them redox-

active molecules able to react with ascorbate to generate a 

redox cycling leading to the formation of ROS. In this con-

text, only compound 3f was able to exhibit a significant cy-

totoxicity to K562 cells when incubated for 6 hours only. 

Data in (Table 1) show that the analogues 3c, 3f and 3i, 

which all contain two electroactive groups, namely quinone 

and nitro, exhibit the more positive values of first half-wave 

potential (E
I

1/2) and so the highest oxidative capacity of the 

series. Indeed, the electroatractive effect of the 4-

nitrophenylamino substituent bonded at 2-possition in com-

pounds 3c, 3f and 3i, appears to induce an increase of the 

electron acceptor capacity of the quinone nucleus compared 

to the other members of the series. This effect exhibited by 

the 4-nitrophenylamino group, probably facilitate the forma-

tion of the semiquinone radical specie that is involved in the 

redox cycling process that ultimately lead to the formation of 

ROS. It is noteworthy that although the analogues 3c, 3f and 

3i possess the same nitrogen group substituent of the naph-

thoquinone nucleus, compounds 3c and 3f having similar 

lipophilic properties (Log P = 2.14 and 2.68) exhibited 

greater inhibition activities than 3i (Log P = 3.58). There-

fore, it is reasonable to assume that the lower activity of 

compound 3i, with respect to compounds 3c and 3f, is likely 

due to the higher lipophilicity of this compound. From these 

results it seems that the biological activity of the members of 

the screened series depends, in part, on their redox capacity 

and lipophilicity, which both modulate the ability to cause 

cytotoxicity. 

 According to previous reports [28-33], we founded that 

quinones endowed of redox properties are capable to gener-

ate a redox cycle driven by ascorbate. As a consequence, it 

results a cleavage of the chaperone Hsp90. Indeed, in K562 

cells the association of ascorbate with a series of different 

quinones, including menadione, provoked the cleavage of 

Hsp90 [18,21]. The subsequent impairment of its chaperone 

function leads to the proteasomal degradation of several cli-

ent proteins like Bcr-Abl, Akt, RIP,cRAF, Nemo (IKK ) and 

hTERT [18,20,21]. Since the oncogenic protein Bcr-Abl, a 

constitutively active protein tyrosine kinase, is responsible 

for the transformation of normal cells to CML cells [34-39], 

we anticipate that the survival of K562 cells will be mark-

edly affected by the cleavage of Hsp90 protein. 

 To best characterize the biological effects of this series of 

acyl-arylaminonaphthoquinones, we selected the most active 

member of the series, namely 3f, and we compare its activity 

to menadione, a well-known 1,4-naphthoquinone derivative 

currently studied in our laboratory. A first attempt to charac-

terize the cleavage of Hsp90 was the use of pharmacological 

inhibitors able to bind the C- and the N-termini nucleotide-

binding pocket of the Hsp90 protein. The (Fig. 5) showed 

unequivocally that Hsp90 was cleaved upon ascor-

bate/menadione and ascorbate/3f treatments. Interestingly, 

we observed in K562 cells that Hsp90 cleavage was inhib-

ited by the occupancy of the N-terminal nucleotide binding 

pocket of Hsp90, as shown by geldanamycin, its 17-AAG 

derivative and the structurally unrelated radicicol inhibitor. 

Conversely, the cleavage remained unaffected by novobio-

cin, a pharmacological inhibitor that binds the C-terminal 

ATP-binding domain of Hsp90 [40]. This result confirms our 

hypothesis that the cleavage is taking place inside the nu-

cleotide-binding pocket of the N-terminal domain of Hsp90. 

 

 

Fig. (4). Hsp90 cleavage by quinones K562 cells were incubated 

for 6 h in the presence of quinones at 10 M without or with 2 mM 

ascorbate. Aliquots of cell suspension were taken and Western blots 

were performed as reported in the Biological section. The mem-

branes were probed against mouse monoclonal antibody against 

Hsp90 /  C-terminus (F-8) from Santa Cruz Biotechnology (Santa 

Cruz, CA, USA). Typical results out of three separate experiments 

are represented. (C): control conditions; (A/M): ascorbate (2 

mM)/menadione 10 M). 

 

Fig. (5). Effects of Hsp90 inhibitors on protein cleavage K562 cells 

were incubated for 6 h at 37°C. Here are the experimental condi-

tions: (C): control untreated cells; (A/M): 2 mM ascorbate and 10 

M menadione; (M): 10 M menadione; (A/3f): 2 mM ascorbate 

and 10 M quinone 3f; (A): 2 mM ascorbate. In lanes 6-9 cells 

were preincubated 1 h with different Hsp90 inhibitors and then 

exposed 6 h to A/3f. Hsp90 inhibitors include: 1 mM of novobiocin 

(Nb); 10 M of geldanamycin (GA); 5 M of 17-allylamino-17-

demethoxygeldanamycin (17-A); and 10 M of radicicol (Rd). 

Aliquots of cell suspension were taken and Western blots were 

performed as reported in the Biological section. The membranes 

were probed against mouse monoclonal antibody against Hsp90 /  

C-terminus (F-8) from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). Menadione sodium bisulfite, sodium ascorbate, novobiocin 

and radicicol were purchased from Sigma (St Louis, MO, USA). 

Geldanamycin and 17-allylamino-17-demethoxygeldanamycin were 

purchased from Invivogen (San Diego, CA, USA). Typical results 

out of three separate experiments are represented. 
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Table 1.  Cytotoxicity by Quinones and their Molecular Descriptors. 

K562 Cell Survival (%)
#
 Potential (mV) LogP 

 

- Asc. 6h - Asc. 24h + Asc. 6h + Asc. 24h E
I
1/2 E

II
1/2 (calcd) 

3a 90.6 ± 8 89.5 ± 3 91.5 ± 3 90.3 ± 3 -578.6 -1145.1 1.68 

3b 88.3 ± 2 88.2 ± 6 91.0 ± 5 85.5 ± 4 -596.5 -1201 1.63 

3c 88.0 ± 4 88.8 ± 3 87.5 ± 4 26.1 ± 1** -376.5 -914.8 2.14 

3d 89.0 ± 5 86.5 ± 2 90.5 ± 5 42.6 ± 4** -578.3 n.d. 2.23 

3e 86.0 ± 6 88.4 ± 3 93.0 ± 4 83.5 ± 2* -609.2 -1185 2.18 

3f 86.6 ± 6 40.3 ± 4** 76.5 ± 3** 18.0 ± 3** -349.8 -902.5 2.68 

3g 91.6 ± 2 89.5 ± 2 89.0 ± 1 87.0 ± 7 -552.0 n.d. 3.12 

3h 85.6 ± 5 90.1 ± 3 88.5 ± 2 83.0 ± 2* -600.8 -1106.6 3.07 

3i 85.0 ± 5 91.0 ± 4 89.0 ± 3 33.0 ± 3** -375.7 -875.2 3.58 

(#) Cells were incubated for 6 and 24 h with 10 M of quinones in the absence or in the presence of ascorbate (2 mM). At the indicated time, aliquots of cell suspension were taken 

and cell viability was determined by an automated cell counter, as described in the Methods Section. Treated cells were compared to control untreated cells taken as reference 100%. 

(*) = p < 0.05 as compared to control conditions. (**) = p < 0.01 as compared to control conditions. n.d. = not determined. 

 

Table 2.  Metabolic and Redox Homeostasis and Cancer Cell Survival Under Oxidative Stress. 

K562 Cell Survival GSH ATP 

 

(%) (nmol/mg protein) (nmol/10
6
 cells) 

. 92.6 ± 3 14.7 ± 0.9 30.4 ± 2.2 

Ascorbate/Menadione 12.9 ± 2** 4.3 ± 0.7** 14.8 ± 1.2** 

Ascorbate/Menadione + NAC 89.2 ± 2 13.4 ± 0.6 28.4 ± 1.2 

Quinone 3f 40.8 ± 3** 11.4 ± 1.2* 25.5 ± 1.1* 

Ascorbate/Quinone 3f 16.5 ± 2** 5.1 ± 0.8** 16.4 ± 1.5** 

Ascorbate/Quinone 3f + NAC 91.6 ± 2 14.2 ± 1.1 31.1 ± 1.5 

K562 cells were incubated for 6 h (ATP and GSH) and 24 h (cell survival) with 10 M of quinones in the absence or in the presence of ascorbate (2 mM). When indicated, cells were 

preincubated 2 hours with 3mM of N-acetylcysteine (NAC). Afterwards, aliquots of cell suspension were taken and ATP and GSH were measured as described under Materials and 

Methods section. Cell survival was determined by an automated cell counter. Results are means values ± standard error of the mean (SEM) calculated from at least three separated 

experiments. (*) = p < 0.05 as compared to control conditions. (**) = p < 0.01 as compared to control conditions. 

 

 Since we have previously demonstrated that the cleavage 

of Hsp90 by ascorbate/menadione remained unaffected by 

various protease inhibitors [18], we explored non-enzymatic 

mechanisms of protein cleavage. As previously mentioned 

the oxidation of protein by ROS may lead to the cleavage of 

proteins [22,23]. Although no information about the occur-

rence of a non-enzymatic oxidative cleavage of proteins in 

living cells has been documented, we recently showed that 

the cleavage occurs by a localized generation of hydroxyl 

radical leading to peptide backbone cleavage [20]. The mo-

lecular mechanism appears to involve the in situ formation 

of hydroxyl radicals (HO
.
), due to a Fenton-type reaction. 

Indeed, Hsp90 cleavage requires the presence of redox-

active iron that is driven close to the protein by adenine nu-

cleotides bound to the N-terminal nucleotide binding pocket 

of Hsp90. The in situ reaction between catalytically active 

iron and H2O2 leads to the formation of oxygen radicals 

(Fenton-type reaction) that oxidize Hsp90 to form a protein 

radical, which, by rearrangement, causes the rupture of the 

peptide backbone [20]. 

 The toxicity profile of menadione is close and similar to 

3f when both quinones were associated to ascorbate. Indeed, 

(Table 2) shows a dramatic decrease in the survival of cancer 

cells and a strong impairment of their metabolic and redox 

homeostasis when K562 cells were exposed to ascorbate in 

the presence of either menadione (A/M) or 3f (A/3f). The 

survival rates of K562 cells were decreased to about 15%, 

and the GSH levels, currently taken as a marker of redox 

status, were decreased by 71% (A/M) and 65% (A/3f). 

Moreover, the intracellular content of ATP, an index of cel-

lular energy status, dropped by 52% (A/M) and by 47% 
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(A/3f). These markers were restored to normal values in the 

presence of the antioxidant molecule N-acetylcysteine 

(NAC). On this basis, we inferred that menadione and 3f 

behave as similar oxidizing entities thus leading to the gen-

eration of a redox cycling process. In this context, the pro-

duced ROS would play a considerable role in the mechanism 

underlying the cytotoxicity by ascorbate/3f in K562 cells. 

Indeed, we observed a decrease in cell survival, a loss of 

redox and metabolic homeostasis and the cleavage of Hsp90. 

Since the protein cleavage is observed at doses of 3f gener-

ally without a prominent toxicity, it may be assumed that 

Hsp90 cleavage is caused mainly by an in situ formation of 

ROS (like in the case of ascorbate/menadione) and not due to 

proteolysis preceding cell death. 
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