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Abstract

Heat shock protein 90 (Hsp90) is a molecular chaperone that orchestrates the folding and stability 

of proteins that regulate cellular signaling, proliferation and inflammation. We have previously 

shown that Hsp90 controls the production of reactive oxygen species by modulating the activity of 

Noxes1-3 and 5, but not Nox4. The goal of the current study was to define the regions on Nox5 

that bind Hsp90 and determine how Hsp90 regulates enzyme activity. In isolated enzyme activity 

assays, we found that Hsp90 inhibitors selectively decrease superoxide, but not hydrogen 

peroxide, production. The addition of Hsp90 alone only modestly increases Nox5 enzyme activity 

but in combination with the co-chaperones, Hsp70, HOP, Hsp40, and p23 it robustly stimulated 

superoxide, but not hydrogen peroxide, production. Proximity ligation assays reveal that Nox5 and 

Hsp90 interact in intact cells. In cell lysates using a co-IP approach, Hsp90 binds to Nox5 but not 

Nox4, and the degree of binding can be influenced by calcium-dependent stimuli. Inhibition of 

Hsp90 induced the degradation of full length, catalytically inactive and a C-terminal fragment 

(aa398–719) of Nox5. In contrast, inhibition of Hsp90 did not affect the expression levels of N-

terminal fragments (aa1–550) suggesting that Hsp90 binding maintains the stability of C-terminal 

regions. In Co-IP assays, Hsp90 was bound only to the C-terminal region of Nox5. Further 

refinement using deletion analysis revealed that the region between aa490–550 mediates Hsp90 

binding. Converse mapping experiments show that the C-terminal region of Nox5 bound to the M 

domain of Hsp90 (aa310–529). In addition to Hsp90, Nox5 bound other components of the 

foldosome including co-chaperones Hsp70, HOP, p23 and Hsp40. Silencing of HOP, Hsp40 and 
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p23 reduced Nox5-dependent superoxide. In contrast, increased expression of Hsp70 decreased 

Nox5 activity whereas a mutant of Hsp70 failed to do so. Inhibition of Hsp90 results in the loss of 

higher molecular weight complexes of Nox5 and decreased interaction between monomers. 

Collectively these results show that the C-terminal region of Nox5 binds to the M domain of 

Hsp90 and that the binding of Hsp90 and select co-chaperones facilitate oligomerization and the 

efficient production of superoxide.

Keywords

NADPH oxidase; Nox; Hsp90; Hsp70; co-chaperones; vascular biology

Introduction

Reactive oxygen species (ROS) are important bioactive molecules that participate in a wide 

range of physiological and pathophysiological processes. The aberrant production and 

persistence of ROS are thought to be key mechanisms underlying the pathogenesis of 

cardiovascular diseases, including vascular inflammation [1] endothelial dysfunction[2], and 

atherosclerosis[3]. In blood vessels, the major ROS generators are the NADPH oxidase 

(Nox) family of enzymes and elevated expression and inappropriate activation of Nox 

enzymes have been shown to contribute to cancer, stroke, atherosclerosis, pulmonary 

hypertension, vascular remodeling and endothelial dysfunction [2, 4–8]. Seven closely 

related Nox enzymes have been identified including Nox1-5 and Duox1 and 2. The Nox 

isoforms are distinguished by their relative expression in different cell types and the 

mechanisms governing activation[9]. The importance of ROS and Nox enzymes to 

numerous disease states has attracted considerable interest in the identification of novel 

mechanisms regulating Nox enzyme activity with the goal of developing effective tools to 

selectively target Nox isoforms and regulate ROS production [10].

Nox5 was the last of the Nox enzymes to be identified and is expressed in a number of 

organs and tissues including the heart, blood vessels, testis, kidney, lymph nodes and 

spleen,and also various cell types, including endothelial cells, smooth muscle cells, 

podocytes and primary cardiac fibroblasts[11–14]. The absence of Nox5 from rodent 

genomes has limited our appreciation of its physiological or pathophysiological significance. 

In humans, increased expression of Nox5 has been observed in acute myocardial infarction, 

atherosclerosis, and hypertension, suggesting that dysfunction of Nox5 in cardiovascular 

system contributes to disease [12, 15–17]. The activation of Nox5 is mediated by changes in 

intracellular calcium[18] and posttranslational modifications such as phosphorylation [19–

23], S-nitrosylation[24], SUMOylation[25] and protein-protein interaction [26] which can 

modulate Nox5 activity via direct or indirect mechanisms. Recently, we and others have 

identified the binding of heat shock protein 90 (Hsp90) as a new mechanism that regulates 

the production of ROS from Nox5 as well as Nox1-3[27–29].

There are 2 major isoforms of Hsp90, designated α (inducible) and β (constitutive). Both are 

abundant cytosolic proteins that participate in the proper folding of a subset of the proteome 

primarily involved in cell signaling and survival[30, 31]. The ability of Hsp90 to function as 
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a chaperone and selectively bind client proteins is regulated by numerous co-chaperones [32, 

33]. The co-chaperones for Hsp90 include Hsp40, Cdc37, Hop and p23. In the well 

characterized example of steroid hormone receptors, nascent proteins bind first to Hsp70/

Hsp40 and recruit Hop which facilitates the docking of client/chaperone complexes to 

Hsp90. ATP-driven changes in the conformation of Hsp90 promote constriction of the N-

terminus decreasing Hop/Hsp70 binding. P23 then binds to Hsp90 and is essential for stable 

Hsp90:client protein complexes [31, 34]. Hsp90 proteins can be functionally divided into 3 

major domains, an N-terminal nucleotide binding domain, a middle (M) domain and a C-

terminal dimerization domain. While the M-domain is considered the primary binding 

region for most client proteins, the binding of some clients within the N and C domains has 

been reported [35]. It is not yet known where on Hsp90 the Nox enzymes bind.

We and others have shown that pharmacological and genetic inhibition of Hsp90 using 

siRNA potently reduces Nox-dependent ROS production in both cells and in isolated blood 

vessels [27–29]. Co-immunoprecipitation (Co-IP) and bioluminescence resonance energy 

transfer (BRET) studies revealed that Hsp90 physically associates with Nox5 and together 

with Hsp70 regulates Nox protein stability [27, 28]. However, we do not yet know how 

Hsp90 alters Nox5 activity, the respective binding site(s) of Hsp90 and Nox5, the role of 

Hsp90 co-chaperones, and whether there are factors that influence the binding of Nox 

proteins to Hsp90. Thus, the major goals of this study were to define the binding sites of 

Hsp90 and Nox5 on respective proteins, identify the role of Hsp90 co-chaperones in binding 

to and regulating Nox function including self-assembly and to determine whether stimuli 

regulating Nox activity alter Hsp90 binding. Collectively this knowledge will advance our 

understanding of the mechanisms by which molecular chaperones govern Nox5 activity.

Materials and Methods

Cell culture and transfection

COS-7 and HEK293 were grown at 37 °C in 5% CO2 in DMEM as described [27]. The HA-

Nox5 HEK293 cell line was generated by Flp Recombinase-Mediated Integration 

(Invitrogen). Cells were transfected using Lipofectamine 2000 reagent (Invitrogen) as 

described previously [14]. Cells were exposed to different concentrations of radicicol (RAD) 

(Tocris Bioscience) or 17-allylamino-17-demethoxygeldanamycin (17-AAG) (Fisher 

Scientific) for 1–24h.

DNA constructs and purified Hsp90 and co-chaperone proteins

Plasmid DNA coding RFP, Nox5β (AF325189), V5-Nox4, Flag-Hsp90, Hsp70 constructs 

have been described previously [27, 28, 36–38]. Nox5 truncations, deletion mutants and 

multiple sites mutations were generated by Q5® Site-Directed Mutagenesis Kit (NEB, 

Ipswich, MA) and confirmed by DNA sequencing. The Hsp90, Hsp70 and Hop, Hsp40 and 

p23 recombinant proteins were provided by Dr. Ahmed Chadli.

Transient knockdown of CHIP gene with siRNA

The Silencer Select siRNAs targeting HOP (STIP1, siRNA ID: s21584), Hsp40 (DNAJB1, 

siRNA ID: s223882), p23 (PTGES3, siRNA ID: s54254) were obtained from Applied 
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Biosystems. Validated control and targeting siRNAs were transfected into HEK293 cells 

stably expressing Nox5 using Lipofectamine® RNAiMAX (Invitrogen).

Superoxide and hydrogen peroxide measurement

The measurement of superoxide (L-012) and hydrogen peroxide (Amplex Red) have been 

described [27]. The production of superoxide in cells expressing Nox genes was also 

assessed using Electron Paramagnetic Resonance (EPR) Spectroscopy. In brief, spin 

trapping was performed using approximately 106 cells/ml in phenol free medium 

(Invitrogen) with 50 mM 5,5-dimethyl-1-pyrroline N-oxide (DMPO, Aldrich). EPR spectra 

were recorded in cells at room temperature with a Bruker e-scan M spectrometer. The 

amplitude of each EPR spectrum 2nd integral area was determined using ANALYSIS 

software (version 2.02; Magnettech). Quantitation of the superoxide signals was performed 

by comparing EPR spectrum amplitudes with that of known concentrations of the 1-

Oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL, TOCRIS) in phenol free medium 

(Invitrogen). The specificity of L-012 and EPR Spectroscopy for superoxide was confirmed 

by transfecting cells with a control plasmid, RFP, or by co-incubation of a superoxide 

dismutase (SOD, 100 U/ml).

Isolated Nox5 activity assay

The partially purified Nox5 activity assay was performed as described previously[19]. In 

brief, COS-7 cells transfected with Nox5 were lysed in a MOPS (30 mM, pH 7.2)-based 

buffer containing Triton X-100 (0.3%) and protease inhibitors (Sigma). Cells were placed on 

ice, rocked gently in lysis buffer and then washed 3 times with phosphate-buffered saline. 

The remaining cellular fractions were scraped in MOPS buffer containing 0.3 mM EGTA 

and centrifuged at 14,000 rpm for 5mins at 4°C. The supernatant was discarded, and the 

pellet was then resuspended in MOPS buffer with mild sonication. Membrane extracts were 

then aliquoted into buffers containing 1 mM MgCl2, 100 μM FAD (Sigma), and 1 mM 

CaCl2. After 1 h incubation with Hsp90 inhibitors or mixtures containing Hsp90 and co-

chaperones (Hsp70, Hsp40, HOP, p23), reduced NADPH (Sigma) was injected to a final 

concentration of 200 μM, and the production of superoxide and hydrogen peroxide was 

monitored over time using L-012 and the Amplex Red Assay.

Co-immunoprecipitation and Western blotting analysis

Cells were lysed on ice in 20mM Tris-HCl (pH 7.4), 1% Triton X-100, 0.025% SDS, 

100mM NaCl, 1mM Na3VO4, 10mM NaF, and 1% protease inhibitor cocktail (Sigma). 

Soluble extracts were incubated for 2 h at 4C with relevant antibodies: anti-HA (Roche 

Applied Science), anti-V5 (Invitrogen), anti-Flag (Cell Signaling Technology) and a 

negative isotype control mouse immunoglobulin (IgG) (Santa Cruz Biotechnology). Immune 

complexes were precipitated with protein A/G agarose (Santa Cruz Biotechnology). In select 

experiments, cells expressing Nox5 were crosslinked with formaldehyde. Western blotting 

was performed as described previously [27] using anti-HA (Roche), anti-V5 (Invitrogen), 

anti-Hsp90 (BD Biosciences), anti-Hsp70 (Cell Signaling Technology), anti-Flag (Cell 

Signaling Technology), anti-p22 (Santa Cruz Biotechnology), anti-Hsp40 (Cell Signaling 

Technology), anti-p23 [39], anti-HOP [39], and GAPDH (Santa Cruz Biotechnology).
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Optimization of Formaldehyde Cross-Linking condition for Nox5

To determine the optimal conditions for cross-linking Nox5 protein, approximately 1 × 107 

COS-7 cells expressing Nox5 were resuspended in PBS in a 15ml tube and incubated with 

increasing concentration of formaldehyde (0.30%, 0.60%, 1.20%, 1.8% and 2.4%) for 7mins 

at room temperature. Cells were then pelleted at 4000rpm at RT for 3 mins, resulting in a 

total of 10 mins exposure to formaldehyde. Cross-Linking was then stopped with 10 ml ice-

cold glycine (1.25M) in PBS and cells washed once with PBS. Cells were then transferred to 

1.5ml tubes and lysed for co-immunoprecipitation and Western blotting analysis. Cell 

lysates were incubated at either 65°C for 5mins or 99°C for 20mins to reverse cross-linking 

and proteins size fractionated by SDS PAGE.

Proximity ligation assay for co-localization

Proximity Ligation Assays (PLA, Duolink, Sigma) were performed according to the 

manufacturer’s instructions using primary antibodies (anti-Hsp90, 1:100 and anti-HA, 

1:100), followed by a pair of oligonucleotide-labeled secondary antibodies. In this assay, 

positive signal can only be detected when the epitopes of the target proteins are in close 

proximity (<40 nm). The signal from each of the detected pair of PLA probes was then 

counted using fluorescence microscopy (excitation: BP545/25, emission: BP605/70). One 

primary antibody or both primary antibodies were omitted for negative controls.

Sequence alignment

A structurally-informed multiple sequence alignment of dehydrogenase domains from 204 

Nox homologs (including Ferric reductases) and several crystallized dehydrogenase domains 

was constructed using PromalS3D (PROMALS3D: a tool for multiple sequence and 

structure alignment with [40] default structural constraints and visualized with Jalview[41] 

The Nox2 NADPH binding domain crystal (3A1F) and the crystallized dehydrogenase 

domains were superimposed using the Matchmaker tool in Chimera with default parameters 

[42]; the structural alignment obtained agreed with the PromalS3D alignment in the 

NADPH-binding domain, giving high confidence in the accuracy of the overall 

dehydrogenase alignment.

Statistical Analysis

Data were reported as mean ± SE and statistical analyses were performed using Instat and a 

two-tailed student’s t-test or ANOVA with a post-hoc test where appropriate. Differences 

were considered as significant at p < 0.05.

Results

Hsp90 directly regulates Nox5 activity and requires the presence of co-chaperones

The ability of L-012 chemiluminescence to detect Nox5-dependent superoxide was first 

confirmed using DMPO-mediated EPR. As shown in Figure 1A–C, COS-7 cells expressing 

Nox5 produced greater amounts of superoxide than cells expressing a control gene (RFP). 

Superoxide production was significantly decreased in Nox5 expressing COS-7 cells that 

were pretreated with an Hsp90 inhibitor (radicicol, RAD, 20μM, 1hr) and eliminated in cells 
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pretreated with a scavenger of superoxide, SOD (100U/ml). Results obtained with EPR 

spectroscopy were consistent with those obtained with L-012 and therefore L-012 was 

employed to measure Nox5-derived superoxide production in subsequent experiments. 

Further experiments showed that superoxide signal from Nox5 as measured by L-012 is 

inhibited by DPI and SOD but not catalase (Supplemental Figure 1A), while hydrogen 

peroxide production from Nox5 measured by Amplex red is inhibited by DPI and catalase 

but not SOD (Supplemental Figure 1B). These data confirmed the specificity of L-012 and 

Amplex red to detect superoxide and hydrogen peroxide production, respectively, and 

suggest that dismutation of superoxide contributes very little to the production of hydrogen 

peroxide. Previously we found that in intact cells, the production of superoxide, but not 

hydrogen peroxide can be reduced by the acute (1h) inhibition of Hsp90 [27, 28]. Therefore 

we next tested whether Hsp90 can directly influence superoxide and hydrogen peroxide 

production from Nox5 in an isolated enzyme activity assay. As shown in Figure 1D–F and 

Supplemental Figure 1C, the acute (1h) inhibition of Hsp90 by RAD inhibited superoxide 

but not hydrogen peroxide production from purified membranes containing Nox5[19]. In 

contrast, the incubation of a mixture of Nox5 with purified Hsp90 and purified chaperones 

and co-chaperones (Hsp70, HOP, Hsp40, and p23) significantly increased superoxide, but 

not hydrogen peroxide, production (Figure 1G–H). These data suggest that the underlying 

mechanism by which Hsp90 regulates Nox5 activity is through a direct protein-protein 

interaction.

Hsp90 binds to Nox5 in intact cells and in a stimulus-dependent manner but does not bind 
to Nox4

To investigate whether Hsp90 binds directly to Nox5 in cells, we adopted an in situ 

proximity ligation assay (PLA). As shown in Figure 2A, a strong positive PLA signal can be 

detected in cells expressing Hsp90 and Nox5 which was absent in cells incubated with either 

anti- Hsp90 or HA-Nox5 antibodies alone. The ability of Hsp90 to interact with Nox4 and 

Nox5 was further assessed by co-IP experiments. We have previously shown that the 

activity of Nox4, which emits only hydrogen peroxide and not superoxide, is not affected by 

Hsp90 inhibitors [27, 28]. Consistent with these results, we found that Nox5 but not Nox4, 

robustly bound Hsp90 (Figure 2B). The membrane subunit, p22phox which has been shown 

to directly interact with Nox4 was used as a positive control and was found within Nox4 

immune complexes but not Nox5. Previous studies have shown that Nox5 activity can be 

stimulated by calcium mobilizing agents such as ionomycin as well as through changes in 

protein phosphorylation [18–20]. It is not yet known whether interventions that increase 

Nox5 activity affect the binding of Hsp90. COS-7 cells expressing Nox5 were treated with 

either vehicle or ionomycin and the degree of Hsp90:Nox5 binding determined by co-IP. 

Exposure to ionomycin significantly reduced the interaction between Hsp90 and Nox5 

(Figure 2C). However, phorbol 12-myristate 13-acetate (PMA) which stimulates Nox5 

phosphorylation and activity[19] failed to alter Hsp90 binding (Figure 2C).

Hsp90 binds to Nox5 between amino acids 490-550 and maintains stability of the C-
terminus

The binding site of Hsp90 on Nox5 has not yet been established. To assess this we first 

investigated the loss of protein-stability which requires Hsp90 binding. COS-7 cells 
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expressing full length (WT) or inactive Nox5(H268L), truncated variants of Nox5 

encompassing the N-terminus (aa1–397) or the C-terminus (aa398–719), as shown in Figure 

3A, were treated with an Hsp90 inhibitor (RAD, 5–20μM, 24h). We found that inhibition of 

Hsp90 resulted in degradation of both the full length WT, inactive Nox5 constructs and C-

terminal Nox5 (Figure 3B, and Supplemental Figure 2). In contrast, expression of the N-

terminal truncation mutant was not affected by inhibition of Hsp90, suggesting that Hsp90 

binds to and regulates the stability of the C-terminus.

To further define the region in the C-terminus of Nox5 that interacts with Hsp90, we 

generated several deletion and truncation mutants of Nox5 (Figure 3C). Using a co-IP 

approach, Hsp90 was found to bind to the C-terminal region of Nox5 between aa398–646 

(Figure 3C–D). Further refinement using stepwise deletion analysis of Nox5 (Figure 4A) 

showed that aa1–489 do not interact with Hsp90. In contrast, longer fragments of Nox5 (aa 

1–550, 1–571, 1–600, 1–646) exhibited increased ability to bind Hsp90 and were susceptible 

to RAD-mediated degradation (Figure 4A–D). These data reveal that the region between aa 

490 and 550 on Nox5 is important for Hsp90 binding.

Based on multiple alignment with other Nox enzymes and molecular modeling (Figure 4E, 

not shown), region aa 572–600 of Nox5 contains a loop connecting two very well conserved 

helices in the NADPH-binding domain. This loop has variable length and sequence among 

the dehydrogenase and Nox homologs, but the Nox5 loop is about twice as long as those of 

any of the other Noxes and has unique sequence features, again making this loop a good 

candidate for a HSP target. Nonetheless, mutation of numerous hydrophobic residues and 

other amino acids in and around this region did not disrupt Hsp90 binding (Supplemental 

Figure 3). Inhibition of Hsp90 with radicicol promoted the rapid dissociation of Hsp90 from 

Nox5 (Supplemental Figure 4).

Nox5 binds to the Middle “M” domain of Hsp90

The specific domains on Hsp90 that mediate the binding to Nox5 have not yet been defined. 

To determine where Nox5 binds to Hsp90 in cells, we used the C-terminal region of Nox5 

and deletion mutants of Flag tagged Hsp90 (Figure 5A–B). COS-7 cells were co-transfected 

with cDNAs encoding either a control gene (GFP) or Flag-tagged Hsp90 constructs and the 

HA-tagged Nox5 C-terminus, and the degree of interaction assessed using a co-IP approach. 

As shown in Figure 5C, transfected Flag-Hsp90 constructs are well expressed in COS-7 

cells. Co-expression of the HA-tagged Nox5 C-terminus resulted in co-immunoprecipitation 

of Nox5 with Hsp90 regions aa1–456 and aa1–530, but not aa1–309, aa530–680, or aa540–

724 (Figure 5D). This data reveals that the regions of Hsp90 between aa310–529 mediate 

the interaction with Nox5.

Nox5 binds to and is regulated by Hsp90 co-chaperones

Hsp90 does not act alone in regulating protein folding and is assisted by a number of co-

chaperones such as p23, Hsp40, Cdc37 and Hsp70-Hsp90 organizing protein (HOP) which 

not only contribute to function, but provide client selectivity [43]. For example, p23 is 

essential for the activation of steroid hormone receptors [44] and Cdc37 regulates kinase 

activity [45]. Therefore, it is important to understand the role of co-chaperones in regulating 
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Nox5 enzyme activity. We first determined the in vitro binding of co-chaperones to Nox5 

using partially purified Nox5 incubated with 1μmol each of Hsp90β, Hsp70, Hop, Hsp40 

(Ydj), and p23. The relative binding to Nox5 was determined by co-IP. As we can see in 

Figure 6A, together with Hsp90 and Hsp70, the co-chaperones including Hop, Hsp40 and 

p23 are present in Nox5-dependent immune complexes. To verify this relationship in intact 

cells, Nox5 was immunoprecipitated and immune complex probed for the presence of co-

chaperones. We found evidence of strong protein-protein interactions between Nox5 and 

Hsp70, Hop, Hsp40 and p23 (Figure 6B). The relative binding of Hsp90 and the co-

chaperones p23, to Nox5 was reduced in the presence of Hsp90 inhibitor 17-AAG. In 

contrast, the amount of Hsp70, Hop and Hsp40 bound to Nox5 was increased with 17-AAG 

(Figure 6C). We next determined the functional significance of co-chaperone binding to 

ROS production. The selective silencing HOP, Hsp40 or p23 using siRNA reduced Nox5 

derived superoxide production (Figure 6D–F). In contrast, the increased expression of 

Hsp70, but not an inactive ATP binding domain mutant, Hsp70 K71E, inhibited Nox5 

activity (Figure 6G).

The role of Hsp90 in oligomerization of Nox5

Previous studies have shown that the C-terminal region of Nox5 mediates self-assembly and 

the formation of multimers including tetramers[46]. To investigate the role of Hsp90 in the 

multimeric state of Nox5, cells expressing Nox5 were exposed to an Hsp90 inhibitor and 

proteins cross-linked with increasing amounts of formaldehyde. The ability of Nox5 to form 

higher molecular weight complexes was significantly reduced in the presence of an Hsp90 

inhibitor (Figure 7A). To further understand whether Hsp90 is important for Nox5 

oligomerization, we performed co-IP experiments in cells expressing Nox5 variants with 

different tags and molecular weights, HA-Nox5 and GFP-Nox5 (Figure 7B top panel). The 

interaction of HA-Nox5 with GFP-Nox5 was decreased in the presence of RAD (Figure 7B 

lower panel).

Discussion

The goals of the current study were to identify the region(s) of Nox5 that bind to Hsp90, the 

Nox5 binding region on Hsp90, whether the association of Hsp90 with Nox5 enzymes is 

affected by stimuli, whether chaperones regulate oligomerization and the role of co-

chaperones in the regulation of Nox5 activity. We found that the ability of Hsp90 to regulate 

Nox5 activity depends on the presence of the co-chaperones HOP, Hsp40 and p23 which 

also bind to Nox5. Calcium-mobilizing stimuli decrease the relative association of Hsp90 

and Nox5. The binding region of Hsp90 was mapped to the C-terminal region of Nox5, 

between aa 490–550 and Hsp90 binding and activity is important for the assembly of 

oligomers of Nox5. Nox5 was found to bind to the middle domain of Hsp90. Collectively, 

these results suggest that Nox5 is regulated by Hsp90 and co-chaperones in a manner 

analogous to that described for the steroid hormone receptors.

How proteins adopt complex and dynamic tertiary structures to enable specific functions 

remains an important but incompletely understood question. Molecular chaperones and their 

co-chaperones help fold nascent proteins and prevent protein aggregation[47]. Hsp90 binds 
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to a more selective group of substrates that includes signaling molecules such as receptors 

and kinases, transcription factors, nitric oxide synthases etc [48]. The binding of Hsp90 

enables the proper folding of critical domains of client proteins to enable specific functions. 

In the example of steroid receptors, Hsp90 stabilizes the ligand binding pocket which 

enables steroids to bind and activate the receptor. In the examples of iNOS, nNOS and sGC, 

Hsp90 has been shown to modulate the substrate binding cleft, facilitate the insertion of 

heme and promote catalytic activity [49–51]. Hsp90 is also an important regulator of eNOS 

activity but this occurs through changes in phosphorylation and protein:protein interactions 

[37, 52]. The mechanism by which Hsp90 impacts the activity of the Nox enzymes (Nox1-3 

and 5) is not yet known. The activity of Noxes1-3 and 5 are stimulus dependent and result in 

both superoxide and hydrogen peroxide production. In contrast, Nox4 is constitutively active 

and rapidly converts superoxide to emit only hydrogen peroxide [53–55]. Hsp90 binds to 

and regulates the activity of Nox 2 and 5 (and presumably 1 and 3 based on their 

degradation in the presence of Hsp90 inhibitors) [27, 28] but as shown in this study, it does 

not bind to or regulate the activity of Nox4. Therefore it remains possible that Hsp90 

binding helps to coordinate the stimulus-dependent activation of the Nox enzymes and or 

regulate the relative production of superoxide versus hydrogen peroxide.

To identify how Hsp90 impacts the function of Nox5, we first assessed the enzymatic 

regions on Nox5 where Hsp90 binds. The binding of Hsp90 to WT-Nox5 has been 

demonstrated previously [27, 28] and confirmed in this study in intact cells using the 

proximity ligation assay and also in vitro using a co-IP approach with purified proteins. To 

determine where Hsp90 binds to Nox5, we generated novel Nox5 constructs using stepwise 

deletion and truncation analysis based on functional domains. We found that the region aa 

490–550 of Nox5 is necessary for Hsp90 binding. Given the ability of Hsp90 inhibitors to 

trigger the degradation of Hsp90-client proteins including Nox enzymes [27, 28] we utilized 

the loss of Nox protein expression in the presence of Hsp90 inhibitors to probe the 

dependency on Hsp90 binding. We found that Hsp90 inhibitors promoted the degradation of 

both WT and an inactive mutant of Nox5, suggesting that Nox activity is not a requirement 

for Hsp90 binding. Previous studies have shown that the C-terminus of Nox5 physically 

associates with Hsp90 [27] and consistent with this, we found that Hsp90 inhibitors robustly 

decrease the expression levels of a C-terminal Nox5 fragment (aa 398–719). In contrast, 

expression of an N-terminal truncation mutant of Nox5 (aa 1–397) was not affected by 

Hsp90 inhibition. Further mapping revealed that aa 572–600 are necessary for the loss of 

Nox5 protein expression in the presence of Hsp90 inhibitors. While the Co-IP experiments 

suggest that the region aa490–550 is critical for binding Hsp90, we cannot rule out an 

additional binding region between aa 551–646. This is based on results with the Nox5Δ646–

719 and C-terminal fragment, aa 398–646 which also bind to Hsp90. The mechanisms 

underlying the difference between the identified Hsp90 binding site using Co-IP (aa 490–

550) and the regions of Nox5 necessary for protein degradation in the presence of Hsp90 

inhibitors (aa 572–600) are not yet clear but may relate to the aforementioned presence of 

multiple binding regions for Hsp90, the binding of Hsp70 and CHIP, which are induced by 

Hsp90 inhibitors and necessary for Nox protein degradation [28] or critical sites of protein 

ubiquitination which mediate the proteasome-dependent degradation of Nox proteins. 
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Collectively these results suggest the C-terminal region of Nox5 (aa490–600) requires 

Hsp90 to maintain protein stability.

Sequence analysis of Nox isoforms and homologous crystallized dehydrogenase domains 

reveals that the N-terminal portion of the aa 490–550 region of Nox5 (and the corresponding 

regions of other Noxes) includes an insertion in the FAD binding domain of Noxes 

compared to the crystallized dehydrogenase domains (Figure 4E). Nox5 has a significantly 

longer insertion here than Nox1–4, making this region an excellent candidate for an HSP 

binding target. The N-terminal portion of this region is adjacent to the FAD binding site. 

Interestingly, peptides derived from the homologous region of Nox2 bind p67phox [56] 

suggesting an evolutionary conservation of regulatory protein:protein interactions in this 

area. The region between aa 572–600 contains a loop connecting helices in the NADPH-

binding domain. However, mutation of hydrophobic residues in and around this region did 

not affect Hsp90 binding. This lack of a highly defined binding site for Hsp90 is consistent 

with other studies. Binding sites for Hsp90 been found to be ambiguous with regard to 

amino acid sequence and complex in that Hsp90 recognizes exposed hydrophophic amino 

acids that may be distributed across 3 dimensional space[48, 57]. While the C-terminal 

portion of the 490–550 region also spans the linker connecting the FAD-binding domain and 

the NADPH domain, molecular modeling suggests that much of that linker is likely to be 

buried by interaction with the transmembrane domain and thus unavailable for binding to 

HSP90.

The identification of the specific domains within Hsp90 that bind to client proteins is 

challenging due to the dynamics of client protein binding and the multiple regions of Hsp90 

involved in folding and the absence of a clearly identifiable domain. Substrates have been 

found to bind to both the N-terminal, middle domains and C-terminal domains [48]. The 

specific domains of Hsp90 that bind to Nox5 have not previously been defined. We found 

that the middle domain of Hsp90 and more specifically, aa 310–529 of Hsp90 mediate the 

binding to Nox5. This is consistent with studies showing that other heme containing proteins 

bind to the middle domain of Hsp90 [37, 58] as well as kinases such as Akt [59]. The middle 

domain of Hsp90 can be regulated by phosphorylation, acetylation and the binding of co-

chaperones. It remains possible that post-translational modification of this region could 

affect substrate binding and folding and therefore affect Nox activity and ROS levels. In 

contrast it is unlikely that the phosphorylation of Nox5 influences Hsp90 binding as PMA, 

which induces the phosphorylation of Nox5β at Thr494 and Ser498 [19] within the region 

identified to bind Hsp90, did not modify Hsp90 binding. However, the addition of a calcium 

mobilizing agent, ionomycin which stimulates Nox5 activity did promote the dissociation of 

Hsp90 from Nox5. Other studies have shown that calcium-mobilizing stimuli can promote 

Hsp90 association [52] to facilitate enzyme activation. Thus the significance of decreased 

Hsp90 binding to Nox5 is not yet known and may represent a negative feedback mechanism.

Nox1-3 and 5 produce a combination of superoxide and hydrogen peroxide, while Nox4 

emits primarily only hydrogen peroxide. We have previously shown that Hsp90 inhibition 

specifically reduces the production of superoxide but not hydrogen peroxide from Noxes 1-3 

and 5 in cells [27, 28] but the mechanisms by which this occurs are not known. As the 

detection of specific reactive oxygen species is heavily dependent on methods with varying 
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degrees of sensitivity and specificity, we employed multiple approaches including L-012 

chemiluminescence, EPR to measure superoxide and amplex red for hydrogen peroxide 

along with appropriate controls. Using both L-012 and EPR we found that acute inhibition 

of Hsp90 reduces Nox5 derived superoxide in both cells and in isolated enzyme activity 

assays. In contrast, the addition of a mixture of Hsp90 and the co-chaperones Hsp70, HOP, 

Hsp40, and p23 with Nox5 significantly increased superoxide production. This data suggest 

that the underlying mechanism by which Hsp90 regulates superoxide production from Nox5 

occurs through a direct protein-protein interaction rather than a change in intracellular 

location. Consistent with previous findings in intact cells, we found that Hsp90 inhibitors 

did not alter the ability of Nox5 to produce hydrogen peroxide in isolated membranes. 

However, the mechanisms by which Hsp90 specifically influences superoxide but not 

hydrogen peroxide production is still unclear. Others have shown that hydrogen peroxide 

production from Nox enzymes results from the actions of extracellular loops of Nox proteins 

which promote the conversion of superoxide to hydrogen peroxide [60–62]. At this time it is 

unclear how Hsp90, which binds Nox5 on the intracellular C-terminal region would 

influence the function of extracellular loops. However, evidence exists to suggest that 

intracellular domains may also influence the production of hydrogen peroxide. For example 

fusion of the N-terminus of superoxide-producing Nox1 or Nox2 (which contains the 

extracellular loops) to the C-terminus of the hydrogen peroxide-producing Nox4 results in 

hydrogen peroxide production [27, 63]. The region where Hsp90 binds is close to the 

identified phosphorylation sites regulating calcium-dependent activation of Nox5. This 

region may influence binding of the N-terminal region of Nox5 to the C-terminal Regulatory 

EF-hand Binding Domain (REFBD, aa 638–661 Nox5β, Nox5V2) [64], and it is possible 

that Hsp90 binding facilitates a structural change to facilitate enzyme activation via this 

mechanism. However, as both calcium and phosphorylation-dependent activation of Nox5 

increase both superoxide and hydrogen peroxide without an obvious bias [20], it is unlikely 

to be the underlying mechanism. Alternatively, Nox5 has been shown to assemble into 

oligomers, presumably a tetramer via interactions within the C-terminal region[46]. The 

ability of inactive Nox5 constructs to function as dominant negatives [11, 46] suggests that 

oligomerization of Nox5 may be important for ROS formation. We found that short-term 

inhibition of Hsp90 reduced the formation of higher molecular weight Nox5 complexes, but 

it remains to be shown whether the degree of oligomerization impacts the amount of ROS 

produced and/or the balance of superoxide versus hydrogen peroxide.

Hsp90 works in concert with a number of chaperones and co-chaperones that modulate the 

activity of Hsp90 and the binding and conformation of its client proteins [65, 66]. We have 

previously found that Hsp70 is a negative regulator of Nox5[28], however, the roles of other 

important co-chaperones like HOP, Hsp40 and p23 have not been studied. We found that the 

co-chaperones including Hop, Hsp40 and p23 can directly interact with Nox5. In the 

presence of an Hsp90 inhibitor, the relative association of Hsp90 and p23 was reduced, 

while Hsp70, Hsp40 and Hop were increased. These data suggest that nhibition of Hsp90 

promotes the transition of a stable enzyme complex to a proteasome-targeted form that 

results in enhanced degradation. These results are consistent with those observed with 

steroid hormone receptors. The Hsp90 co-chaperones are important for the function of Nox5 

as genetic silencing robustly decreases the ability of Nox5 to generate superoxide. In 
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contrast Hsp70, negatively regulates Nox function as shown previously [28]. Thus, Hsp90 

should not be considered a solitary regulator of Nox5 function and instead operates in 

concert and/or opposition with multiple chaperones.

In summary, our study adds significantly to our understanding of how molecular chaperones 

influence Nox enzyme stability and ROS production. We show that Nox5, but not Nox4, 

directly binds to Hsp90 and that the binding of an active folding complex containing Hsp90 

and other chaperones to Nox5 positively regulates the production of superoxide, but not 

hydrogen peroxide. Binding studies reveal a region of Nox5, between aa 490–550 that 

mediates binding to Hsp90 and a more distal region, aa 572–600 that may also contribute to 

Hsp90 binding and is required to facilitate Hsp90-dependent protein degradation. The C-

terminal region of Nox5 bound to the M domain of Hsp90 (aa 310–529) and post-

translational modifications of Hsp90 within this region have the potential to alter the ability 

Nox activity. In addition to Hsp90, Nox5 was found to bind the co-chaperones Hsp70, Hop, 

p23 and Hsp40 which are required to support enzyme activity. While this study has focused 

on the role of Nox5 and Nox4, Hsp90 also regulates the activity and stability of Nox1-3 and 

it remains to be determined if Hsp90 binds to the C-terminal region of other Hsp90-

regulated Nox enzymes. Greater appreciation of the nature of the interaction between Hsp90 

and Nox enzymes may provide critical new insights into the development of modalities to 

better target Nox-derived superoxide production and more selectively regulate the aberrant 

production of reactive oxygen species.
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Highlights

1. In isolated Nox5 enzyme activity assays, Hsp90 inhibitors selectively decrease 

superoxide, but not hydrogen peroxide.

2. Hsp90 alone modestly increases Nox5 activity but in combination with co-

chaperones, it robustly stimulated superoxide, but not hydrogen peroxide

3. Proximity ligation assays reveal that Nox5 and Hsp90 interact in intact cells. 

Co-IP reveals that Hsp90 binds to Nox5 but not Nox4. Calcium-disrupts Hsp90 

binding.

4. Inhibition of Hsp90 promotes the degradation of a C-terminal fragment (aa398–

719) of Nox5, but not N-terminal fragments (aa1–550)

5. The region between aa490–550 of Nox5 binds to the M domain of Hsp90

6. Nox5 binds co-chaperones Hsp70, HOP, p23 and Hsp40 which are important for 

superoxide production.

7. Inhibition of Hsp90 results in the loss of higher molecular weight complexes of 

Nox5 and decreased interaction between monomers.
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Figure 1. Hsp90 directly influences Nox5-dependent ROS production
(A–C) COS-7 cells were transfected with cDNAs encoding a non-specific control gene 

(RFP) or Nox5 were treated with or without RAD (20μM) or SOD (100U/ml) for 1 h, and 

superoxide production was monitored by L-012-mediated chemiluminescence, and EPR spin 

trapping. EPR spectra were obtained in the presence of 50 mM DMPO, and representative 

spectra were shown from triplicate measurements. (D–F) Membrane preparations from 

COS-7 cells expressing Nox5 were treated with or without RAD (20μM) for 1h, and 

superoxide and hydrogen peroxide production initiated following the addition of NADPH 
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(200μM). Superoxide was measured using L-012 chemiluminescence and EPR and levels of 

hydrogen peroxide using the Amplex Red assay. (G–H) Isolated membrane were incubated 

with 1μmol each of Hsp90β, Hsp70, Hop, Hsp40 (Ydj), and p23 in reaction buffer (20 mm 

Tris/HCl, pH 7.5, 5 mm MgCl2, 2 mm DTT, 0.01% Nonidet P-40, 50 mm KCl, and 5 mm 

ATP) and superoxide/hydrogen peroxide measured following NADPH injection. *different 

from Vehicle or control, p < 0.05 (n = 5–6).
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Figure 2. Hsp90 binds to Nox5 but not Nox4
(A) Representative images of proximity ligation assays (PLA) for the co-localization of 

Nox5 and Hsp90 in Nox5 transfected COS-7 cells. (B) COS-7 cells expressing HA-Nox5 or 

V5-Nox4 were subject to immunoprecipitation using a negative control IgG, HA or V5 

antibody. Immune complexes were immunoblotted for HA, V5, Hsp90 and p22phox. (C) 
COS-7 cells expressing RFP or HA-Nox5 were treated with vehicle, ionomycin (1μM), or 

PMA (100nM) for 30mins, Nox5 was immunoprecipitated from cell lysates and immune 
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complexes were immunoblotted for HA-Nox5 and associated Hsp90. Results are 

representative of at least 3 separate experiments.

Chen et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Hsp90 binds to the C-terminal region of Nox5
(A) Schematic of various fragments of HA-Nox5β. (B) COS-7 cells expressing Nox5 

fragments were exposed to the indicated concentrations of Hsp90 inhibitor, RAD for 24h 

and expression levels determined by western blot. (C) Schematic of HA-Nox5β deletion 

constructs. (D) Nox5 deletion constructs were expressed in COS-7 cells, and cell lysates 

were immunoprecipitated using either control IgG or anti-HA antibody. Immune complexes 

were immunoblotted for HA or Hsp90 to determine the relative amount of bound Hsp90. 

Results are representative of at least 3–5 separate experiments.

Chen et al. Page 22

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Refinement of the Hsp90 binding region on Nox5
(A) Schematic of various truncation constructs of HA-Nox5β. (B) COS-7 cells were 

transfected with cDNAs encoding truncated Nox5 enzymes and the degree of Hsp90 binding 

determined by immunoprecipitation and western blot. (C) COS-7 cells expressing different 

Nox5 truncations were treated with indicated concentration of RAD for 24h, and expression 

levels determined by western blot. (D) Relative densitometry of Nox5 truncations vs. 

GAPDH expression. Results are representative of at least 3 separate experiments, presented 

as means ± S.E., *p<0.05 versus Vehicle. (E) Sequence analysis of HSP target regions on 
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Nox5. A structurally informed multiple sequence alignment was constructed from 

dehydrogenase domains of Nox homologs and several crystallized dehydrogenases. A 

portion of the resulting alignment is shown, with color coding according to amino acid 

physicochemical properties using the Jalview Zappo scheme, and with Nox5 sequence 

numbering indicated. Sequence name (protein gi number)from top to bottom: Human 

Nox5alpha (gi 14211137), Human Nox1 isoform 1 (gi 148536873), Human Nox2 (gi 

6996021), Human Nox3 (gi 11136626), Human Nox 4 (gi 8393843), Human Duox1 (gi 

28872751), Human Duox2 (gi 132566532), Rat NADPH-cytochrome P450 Reductase (gi 

3318958), E. coli Flavodoxin Reductase (gi 157831052), Spinach Ferredoxin Reductase (gi 

157831108), Anabaena Ferredoxin NADP+ Reductase (gi 21730170), Physarum 

polycephalum Cytochrome B5 Reductase (gi 146387239), Human NADH cytochrome B5 

Reductase (gi 56554196), Pig Cytochrome b5 Reductase (gi 999817), Corn Nitrate 

Reductase (gi 1064998).

Chen et al. Page 24

Free Radic Biol Med. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Identification of the Nox5 binding region on Hsp90
(A–B) Schematic of HA-Nox5β C-terminal construct and Flag-Hsp90 truncation constructs. 

(C) Relative expression of Hsp90 fragments in transfected COS-7 cells was determined by 

immunoblotting using Flag antibody. (D) Relative binding of Nox5 to Hsp90 fragments. 

Different Flag-Hsp90 constructs were immunoprecipitated from COS-7 cells expressing the 

C-terminal region of Nox5 and the various fragments of Hsp90, and immune complexes 

were immunoblotted for Flag (upper panel) and Nox5 (lower panel). Results are 

representative of at least 3 separate experiments.
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Figure 6. Hsp90 co-chaperones bind to Nox5 and regulate its activity
(A) Cell membranes from COS-7 cells expressing HA-Nox5 were incubated with 1μmol 

each of Hsp90β, Hsp70, Hop, Hsp40 (Ydj), and p23 and the relatively binding was 

determined by immunoprecipitation of HA and immunoblotting for HA, Hsp90 and co-

chaperones with specific antibodies. (B) HA-Nox5 was immunoprecipitated from Intact, 

transfected COS-7 cells and the degree of chaperone binding determined by 

immunoprecipitation using either control IgG or anti-HA antibody and immunoblotting for 

HA, Hsp90 and co-chaperones with specific antibodies. (C) Hsp90 inhibitors alter 
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chaperone binding to Nox5. COS-7 cells expressing HA-Nox5 were incubated with the 

Hsp90 inhibitor 17-AAG (30μM) and the relative binding of Hsp90, Hsp70 and Hop, Hsp40 

and p23 determined by immunoprecipitation of HA-Nox5 and immunoblotting for HA, 

Hsp90 and co-chaperones with specific antibodies. (D–F) HEK293 cells expressing HA-

Nox5 were transfected with control siRNA or chaperone specific siRNA (Hop, Hsp40 and 

p23) for 48h, Nox5 activity was determined using L-012 chemliluminescence and 

expression of relevant proteins via WB. (G) COS-7 cells were co-transfected with Nox5 and 

a nonspecific control gene (RFP), Hsp70 or inactive Hsp70 (K71E) and the relative 

production of ROS determined by L-012 chemiluminescence. Results are representative of 

at least 3-5 separate experiments. *Different from control or RFP, p < 0.05 (n = 3–6).
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Figure 7. Hsp90 inhibition decreases the oligomerization of Nox5
(A) COS-7 cells expressing HA-Nox5 were incubated with the Hsp90 inhibitor RAD for 

30mins and proteins cross-linked with increasing concentrations of formaldehyde, 0.30%, 

0.60%, 1.20%, 1.8% and 2.4%. Cell lysates were incubated at either 65°C for 5mins (top 

panel) or 99°C for 20 mins (lower panel) and size fractionated using the SDS-PAGE gel 4–

15%. Proteins were then immunoblotted for HA-Nox5. (B) COS-7 cells co-expressing HA-

Nox5 and GFP-Nox5 were incubated with vehicle or RAD (20μM) for 30mins and then 

pelleted and resuspended in PBS. Proteins were then cross-linked with 1.8% formaldehyde, 

cell lysates were immunoprecipitated using anti-HA antibody. Cell lysates and immune 

complexes were immunoblotted for HA and GFP. Results are representative of at least 3–5 

separate experiments.
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