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Abstract 

Heat shock protein 70 (Hsp70) modulators are being developed to enhance the removal of toxic 

proteins in a variety of protein misfolding diseases. In the course of our studies on neuronal nitric 

oxide synthase (nNOS), a client of the Hsp90 and Hsp70 chaperone system, we have established 

that inactivation of nNOS, by heme or BH4 alteration and loss, triggers ubiquitination by the Hsp70 

associated E3 ligase CHIP and subsequent degradation in cells. Although in cells Hsp90 and 

Hsp70 work together to maintain protein quality control, in this study we specifically developed an 

assay to assess the selectivity of the Hsp70:CHIP complex for inactivated nNOS. We developed 

a highly sensitive ELISA to measure Hsp70:CHIP-dependent nNOS ubiquitination, without 

interference from direct ubiquitination by CHIP, as evidence by Bag-1M completely abolishing 

ubiquitination. To further validate the assay we demonstrated, JG-98, a rhodocyanin compound 

that acts on Hsp70, but not its inactive structural analog JG-258, enhances the ubiquitination of 

nNOS 3-fold.  Utilizing this assay we have shown that the Hsp70:CHIP complex preferentially 

ubiquitinates heme-deficient apo-nNOS over heme-containing holo-nNOS. Moreover, depletion 

of nNOS bound BH4 triggers ubiquitination of holo-nNOS by the Hsp70:CHIP complex. Most 

importantly, JG-98 was shown to enhance the ubiquitination of only dysfunctional nNOS while 

leaving the native functional nNOS untouched. Thus, the finding that enhancing Hsp70:CHIP-

mediated ubiquitination does not affect native proteins has important pharmacological 

implications. Moreover, development of a facile in vitro method for Hsp70:CHIP-mediated 

ubiquitination will be beneficial for testing of other Hsp70 modulators. 
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Significance statement 

The Hsp70:CHIP complex facilitates the ubiquitination and subsequent degradation of several 

hundred client proteins and activation of Hsp70 has been suggested as a therapeutic strategy to 

enhance the degradation of disease-causing proteins. The current study shows the 

pharmacological activation of Hsp70 enhances the ubiquitination of dysfunctional, but not native 

nNOS, and suggests that this therapeutic strategy will likely be highly selective. 
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Introduction 

The heat shock protein 90 and 70 (Hsp90 and Hsp70) chaperone system regulates the 

degradation of several hundred client proteins, including those implicated in cancer (Isaacs et al., 

2003), neurodegenerative disease (Pratt et al., 2015) and polyglutamine disorders (Davis et al., 

2019). Hsp90 and Hsp70 play a yin and yang role; Hsp90 stabilizes client proteins preventing 

degradation (Pratt et al., 2008), whereas Hsp70 recruits E3 ligases, such as c-terminus of Hsp70 

interacting protein (CHIP), promoting ubiquitination and degradation (McDonough and Patterson, 

2003). The prevailing model suggests that Hsp90 and Hsp70 surveil protein-folding clefts and 

target non-native client proteins for degradation, this selectivity makes the chaperone system an 

attractive therapeutic target (Pratt et al., 2014). Traditionally, the chaperone system has been 

targeted with Hsp90 inhibitors and while numerous Hsp90 inhibitors have entered clinical trials 

for treatment of cancer none have advanced to clinical use, in part due to dose-limiting toxicity 

(Sanchez et al., 2019). The role of Hsp90 in the stabilization of client proteins in their native state 

raises concerns of on-target toxicity. Thus, interest in activation of Hsp70 has increased, 

especially in light of recent experiments demonstrating co-chaperones and small molecules that 

target Hsp70 can enhance the degradation of various client proteins (Davis et al., 2019; Wang et 

al., 2013). It has been demonstrated that this degradation occurs through enhancing Hsp70:CHIP-

dependent ubiquitination, but the selectivity of this approach for non-native client protein 

conformations have only been tested in a few cases. 

The earliest in vitro studies on the selectivity of Hsp70:CHIP-dependent ubiquitination 

demonstrated that heat denatured firefly luciferase is readily ubiquitinated over its native form 

(Murata et al., 2001). However, this selectivity for denatured firefly luciferase has been ascribed 

to the Hsp70:CHIP- and Hsp90:CHIP-complex (Murata et al., 2001) as well as CHIP alone (Ren 

et al., 2011), therefore it is unclear what role, if any, Hsp70 plays in ubiquitination selectivity. In 

the current study we investigate the selectivity of ubiquitination by the Hsp70:CHIP-complex in 
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the absence of Hsp90 and determine the effect of pharmacological activation of Hsp70 in vitro, 

utilizing neuronal nitric oxide synthase (nNOS) as a model client protein. We take advantage of 

established methods that alter the native functional nNOS to dysfunctional nNOS forms by altering 

the amount of bound heme or tetrahydrobiopterin (BH4) (Bender et al., 2000a; Dunbar et al., 2004; 

Kamada et al., 2005). These dysfunctional states do not allow the formation of NO but are not 

denatured forms as they can still bind calmodulin and function as an NADPH oxidase (Abu-Soud 

et al., 1994a; Gebhart et al., 2019). It is noteworthy, that for all three NOS isoforms depletion of 

BH4 leads to a dysfunctional form of the enzyme that can cause oxidative stress (Gebhart et al., 

2019) and BH4-depletion of nNOS and the endothelial isoform, eNOS, is implicated in heart 

disease (Farah et al., 2018). Thus, these dysfunctional forms exist in vivo and the ubiquitination 

results from our current in vitro study can be readily compared to the enhanced ubiquitination and 

turnover of dysfunctional nNOS in cellular and in vivo studies. 

To directly assess the Hsp70:CHIP-dependent ubiquitination of nNOS in vitro, we had to 

overcome a major pitfall that CHIP can directly ubiquitinate proteins independent of recruitment 

by Hsp70 under in vitro conditions (Ravalin et al., 2019; Ren et al., 2011). We addressed this by 

developing a highly sensitive, quantitative, and reproducible enzyme-linked immunosorbent 

assay (ELISA) to measure nNOS ubiquitination; this ELISA enabled the optimization of reaction 

stoichiometry and kinetics for Hsp70:CHIP-dependent ubiquitination, free of direct ubiquitination 

by CHIP. We verified the complete dependence on Hsp70 by demonstrating that the co-

chaperone Bag-1M and the small molecule JG-98, abolished and enhanced nNOS ubiquitination, 

respectively, as expected from their known actions on Hsp70 (Gässler et al., 2001; Li et al., 2013). 

To address client protein selectivity of this system, we found that the Hsp70:CHIP complex readily 

ubiquitinated heme-deficient apo-nNOS over heme-sufficient holo-nNOS and that depletion of 

substrate-binding cleft-bound BH4 triggered the ubiquitination of holo-nNOS. Moreover, treatment 

with JG-98 increased the ubiquitination of dysfunctional nNOS, but not nNOS in its native state. 
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These findings strongly suggest that pharmacological activation of Hsp70 will maintain the 

inherent selectivity of the chaperone machinery and may offer a therapeutic strategy to specifically 

target disease-causing client proteins for degradation. 
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Materials and methods 

Materials- ATP, NADP+, glucose-6-phosphate, and glucose-6-phosphate-dehydrogenase 

and guanabenz were purchased from Sigma (St. Louis, MO). NG-Nitro-L-arginine (L-NNA) was 

purchased from Cayman Chemical (Ann Arbor, MI). Sodium citrate, RIPA buffer, and 1-Step™ 

Slow TMB (3,3',5,5'-tetramethylbenzidine)-ELISA substrate solution was purchased from Fisher 

(Hampton, NH). Tetrahydrobiopterin (BH4) was purchased from Schircks Laboratories (Jona, 

Switzerland); BH4 was prepared in an aqueous solution containing equal molar dithiothreitol 

(DTT).   NG-Nitro-D-arginine (D-NNA) and the mono- and polyubiquitinylated conjugates 

monoclonal antibody (FK2) (horseradish peroxidase (HRP) conjugate) was purchased from Enzo 

Life Sciences (Farmingdale, NY). DYKDDDDK-tag (FLAG) Antibody Plate (Clear, 8X12 strip) was 

purchased from GenScript (Piscataway, NJ). Ubiquitin activating enzyme (UBE1) was purchased 

from R&D Systems (Minneapolis, MN). The cDNA for expressing the GST-tagged UbcH5a (E2, 

ubiquitin carrier protein) was kindly provided by C. M. Pickart (Johns Hopkins Medical School, 

Baltimore, MD). cDNA for His-CHIP was kindly provided by C. Patterson (University of North 

Carolina, Chapel Hill). The cDNA for rat nNOS was kindly provided by Dr. Solomon Snyder (The 

Johns Hopkins Medical School, Baltimore). The cDNA for His-HA-tagged ubiquitin was from Dr. 

Yi Sun (University of Michigan, Ann Arbor). Human Hsp70 cDNA was kindly provided by Dr. David 

Toft (Mayo Clinic, Rochester, MN). Anti-nitric oxide synthase, brain (1409-1429) antibody 

produced in rabbit was purchased from Sigma (St. Louis, MO) and IRDye® 680RD goat anti-

rabbit IgG secondary antibody was purchased from LI-COR Biosciences (Lincoln, Nebraska). 

Expression and purification of proteins- GST-tagged UbcH5a was bacterially expressed 

and purified by GSH-Sepharose affinity chromatography as previously described (You and 

Pickart, 2001). His-CHIP and His-HA-ubiquitin were bacterially expressed and purified by nickel-

nitrilotriacetic acid affinity chromatography as previously described (Ballinger et al., 1999). Murine 

BAG-1M was expressed in E. coli and purified as previously described (Stuart et al., 1998). Hsp70 

was bacterially expressed and purified by ATP-agarose chromatography, adapted from (Dittmar 
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et al., 1996). Hsp90 was purified from rabbit reticulocyte lysate by sequential chromatography on 

DE52, hydroxylapatite, and ATP-agarose as previously described (Dittmar et al., 1996). Rat 

untagged and c-terminal FLAG-tagged apo-nNOS (Morishima et al., 2016) was expressed in Sf9 

insect cells using a recombinant baculovirus and purified by 2′,5′-ADP-sepharose and gel-filtration 

chromatography as described previously (Bender et al., 1999). The same method was utilized for 

the generation of FLAG-tagged holo-nNOS except that exogenous heme was added to Sf9 cells 

(Bender et al., 1999). The FLAG-tagged and untagged nNOS was ubiquitinated to the same 

degree by a purified protein system, as determined by western blot analysis (data not shown). 

The specific activity of the FLAG-tagged and untagged nNOS were equivalent, as determined by 

an oxyhemoglobin assay for the measurement of nitric oxide (Morishima et al., 2016). 

in vitro ubiquitination reaction with purified proteins- A purified protein ubiquitination 

reaction containing purified FLAG-tagged nNOS (0.2 μM), Hsp70 (1.0 μM), his-CHIP (1.0 μM), 

UbcH5a (1 μM), UBE1 (0.1 μM), His-HA-ubiquitin (100 μM), and ATP (100 μM) in a total volume 

of 20 μl of 50 mM Hepes pH 7.4, 100 mM KCl, and 5 mM dithiothreitol (DTT) was incubated at 22 

˚C for the specified time. Ubiquitination reactions were then analyzed by ELISA or western-blotting 

as described below. 

ELISA for nNOS ubiquitination- Ubiquitination reactions were diluted in RIPA buffer to a 

final FLAG-nNOS concentration of 0.03 µM and 100 µl was added per well to an anti-FLAG 96-

well plate. The plate was incubated for 4 hrs at 4 °C and then washed three times with RIPA buffer 

and once with PBS. Wells were treated with 100 µl anti-ubiquitin antibody conjugated to HRP 

(1:2,000). The plate was incubated for 1 hr at RT and then washed three times with PBS 

containing 1% Tween20 and once with PBS. To measure HRP activity wells were treated with 

100 µl TMB and absorbance at 370 nM was read every 7 seconds for 120 seconds. Raw values 

are shown in Fig. 2, but in all other figures on the ELISA assay values were corrected for the non-

nNOS-specific HRP signal, which is shown in Fig. 2, and HRP activity was reported relative to an 

apo-nNOS untreated control in all other studies.  
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Western blotting- Ubiquitination reactions were treated with 4X laemmli buffer and heated 

for 5 min at 100 ˚C. A total of 0.48 µg of FLAG-nNOS was loaded per well, resolved on a 5% (w/v) 

SDS-PAGE gel, and transferred to a polyvinylidene fluoride membrane for 2 h at 100 V. The blot 

was probed with an anti-nNOS primary antibody and a fluorescent anti-rabbit IgG secondary 

antibody. Higher molecular weight nNOS ubiquitin conjugates were quantified in Image Studio 

from LI-COR Biosciences (Lincoln, Nebraska) and values were corrected for background and 

reported as absorbance (arbitrary units). 

Alteration of the substrate-binding cleft of nNOS- nNOS (1 µM) was incubated with or 

without an NADPH regenerating system containing NADP+ (400 µM), glucose-6-phosphate (10 

mM), glucose-6-phosphate-dehydrogenase (1 unit/ml), and sodium citrate (10 µM), calmodulin (1 

µM), and calcium (100 µM) in 50 mM Hepes pH 7.4, 100 mM KCl, and 5 mM dithiothreitol DTT 

for 30 min at 30 ºC. The pre-incubation was then diluted 5-fold into the purified protein in vitro 

ubiquitination reaction as described above. 

Statistical analysis- A biological sample (n) represents an independent ubiquitination 

reaction individually treated with the appropriate variable. Statistical analysis was performed with 

GraphPad PRISM version 8 (San Diego, CA). Western blotting data shown in Fig. 1A was fit with 

a second order polynomial (quadratic) equation. ELISA data shown in Fig. 2B was fit with a simple 

linear regression. Data from concentration-response experiments, Fig. 3 and Fig. 5, was fit with 

a variable slope dose-response equation (sigmoidal four-parameter logistic (4PL) curve). 

Statistical significance was determined using a repeated measures one-way ANOVA followed by 

a Dunnett’s multiple comparison test for Fig. 2B, an ordinary one-way ANOVA followed by a 

Tukey’s multiple comparison test for Fig. 4A, and an ordinary one-way ANOVA followed by a 

Dunnett’s multiple comparisons test for Fig 4B. 
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Results 

Purified protein system for the study of Hsp70-dependent ubiquitination of nNOS by CHIP- 

We sought to establish an in vitro method to study Hsp70-mediated ubiquitination of nNOS by 

CHIP. In previous studies, western blotting was utilized to measure nNOS ubiquitination as shown 

in Fig. 1. Thus, based on previous studies we incubated FLAG-tagged apo-nNOS with a purified 

protein mixture containing the E1 ubiquitin activating enzyme, an E2 ubiquitin-conjugating 

enzyme, the E3-ligase CHIP, and Hsp70 for increasing amounts of time at 22 ºC and quenched 

the reaction with sample buffer. Sample buffer treated reactions were then resolved by SDS-

PAGE and visualized by western blotting with an anti-nNOS antibody (Fig. 1A). Higher molecular 

weight bands corresponding to nNOS-ubiquitin conjugates were then quantified (Fig. 1B). Due to 

the large amount of nNOS used for visualization by western blotting, the unmodified nNOS band 

tended to obscure bands with one or a few ubiquitin added, favoring the measurement of higher 

molecular weight poly-ubiquitin bands (Fig. 1A). Additionally, there was a large error associated 

with the quantification of higher molecular weight poly-ubiquitin bands (Fig. 1B). 

To help overcome these limitations, we developed an ELISA to measure nNOS 

ubiquitination (Fig. 2). In this assay, FLAG-tagged apo-nNOS was incubated with the purified 

protein ubiquitination reaction mixture and then immobilized on an anti-FLAG 96-well plate. An 

anti-ubiquitin antibody conjugated to HRP, capable of detecting both mono- and poly-ubiquitin 

chains, was then used to probe for nNOS-ubiquitin conjugates and HRP activity was measured.  

A shown in Fig. 2A, a time course was performed with ubiquitin reaction mixtures containing 

FLAG-tagged (closed circles) or untagged apo-nNOS (open circles). The signal for the mixture 

containing FLAG-tagged apo-nNOS increased over time while the signal for the mixture 

containing untagged apo-nNOS did not, demonstrating the signal is dependent on FLAG-tagged 

nNOS. To assess the dependence of the signal on CHIP-mediated ubiquitination, FLAG-tagged 

apo-nNOS was incubated for 15 min with a complete ubiquitination reaction mixture or mixtures 

lacking CHIP or ubiquitin (Fig. 2B). Omission of CHIP or ubiquitin significantly decreased HRP 
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activity. These results demonstrate that the signal generated by the ELISA is representative of 

CHIP-dependent ubiquitination of FLAG-tagged nNOS. Moving forward nNOS ubiquitination was 

calculated by correcting for the non-nNOS-specific signal, shown in Fig. 2A, and reported as HRP 

activity relative to untreated apo-nNOS control. 

One potential pitfall of utilizing a purified protein system to study Hsp70-mediated 

ubiquitination in vitro is that Hsp70-independent ubiquitination by CHIP may occur (Ren et al., 

2011). Simple omission of Hsp70 from the mixture does not provide an accurate measure of 

Hsp70-depedence as it leads to direct ubiquitination by CHIP, independent of Hsp70. Additionally, 

a small amount of Hsp70 has been shown to co-purify with many of the purified proteins used in 

our studies, including nNOS (Bender et al., 1999), thus a condition without added Hsp70 is not a 

true Hsp70-free condition. To overcome this experimental limitation, we utilized the Hsp70 co-

chaperone BAG-1M and the small molecule activator of Hsp70 JG-98 to probe the dependence 

of nNOS ubiquitination on Hsp70 function. Hsp70 function is driven by a conformational change 

resulting from the hydrolysis of ATP to ADP and the ADP-bound conformation of Hsp70 has high 

affinity for client proteins (Zuiderweg et al., 2017). BAG1-M can act as a nucleotide exchange 

factor, promoting the release of ADP from Hsp70 (Bracher and Verghese, 2015). While BAG1-M 

plays many roles in vivo (Rujano et al., 2007), in vitro BAG1-M has been shown to cause the 

dissociation of Hsp70 from client proteins (Rauch and Gestwicki, 2014). As shown in Fig. 3A, the 

ubiquitination reaction mixture was treated with BAG1-M. Addition of BAG1-M abolished apo-

nNOS ubiquitination. The small molecule JG-98 is thought to stabilize Hsp70 in an ADP-like state 

and has been shown to antagonize the effect of BAG proteins (Li et al., 2015). Treatment of the 

mixture with JG-98 (closed circles) caused a 3-fold concentration-dependent increase in nNOS 

ubiquitination (Fig. 3B). Treatment of the ubiquitination reaction mixture with the JG-258 (open 

circles), an inactive analog of JG-98, had no effect on nNOS ubiquitination (Fig. 3B). These 

findings demonstrate that the nNOS ubiquitination observed in this system is dependent on Hsp70 

function.  
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Hsp70 preferentially ubiquitinates dysfunctional nNOS- We have demonstrated that 

alteration of the substrate-binding cleft by auto-inactivation and BH4 depletion triggers the 

ubiquitination and proteasomal degradation of nNOS (Bender et al., 2000a; Dunbar et al., 2004; 

Kamada et al., 2005), and that stabilization of the substrate-biding cleft by a slowly-reversible 

inhibitors protects nNOS from degradation (Peng et al., 2012). As shown in Fig. 4, we utilized well 

established conditions and pharmacological tools to manipulate the substrate-binding cleft of 

nNOS in order to determine if the Hsp70:CHIP-complex preferentially ubiquitinates dysfunctional 

nNOS. 

Auto-inactivation increases the ubiquitination of nNOS in cells and stabilization of the 

substrate-binding cleft by L-NNA has been shown to block this effect (Peng et al., 2012). Studies 

in vitro have demonstrated that incubation of holo-nNOS with NADPH and calmodulin, in the 

absence of substrate, causes auto-inactivation through the generation of reactive oxygen species 

within the heme-containing substrate-binding cleft (Gebhart et al., 2019). Under these previously 

established conditions, we investigated the effect of auto-inactivation of nNOS ubiquitination (Fig. 

4A). Flag-tagged apo-nNOS or holo-nNOS was subjected to 30 min pre-incubation at 30 ºC, in 

the case of holo-nNOS this preincubation was with and without NADPH and calmodulin. In the 

absence of NADPH and calmodulin the ubiquitination of apo-nNOS was significantly greater than 

holo-nNOS. This finding is consistent with studies in cell-based systems that demonstrate 

depletion of heme from the substrate-binding cleft of nNOS significantly increases ubiquitination 

(Dunbar et al., 2004). Pre-incubation with NADPH and calmodulin significantly increased the 

ubiquitination of holo-nNOS. To determine if this increase in ubiquitination reflects changes within 

the substrate-binding cleft, holo-nNOS was pre-incubated with NADPH and calmodulin in the 

presence of L-NNA (Fig. 4A). Treatment with L-NNA blocked the effect of NADPH and calmodulin 

on the ubiquitination of holo-nNOS. Treatment with the inactivate stereoisomer D-NNA had no 

effect on the increase in ubiquitination caused by NADPH and calmodulin. These findings 
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demonstrate that alteration of the substrate-binding cleft through auto-inactivation of increases 

ubiquitination of holo-nNOS by the Hsp70:CHIP-complex. 

As another way to alter the substrate-binding cleft we utilized the metabolism-based 

inactivator guanabenz. In a process that requires NADPH and calmodulin, guanabenz causes the 

oxidation and ensuing loss of BH4 from the substrate-binding cleft of nNOS (Dunbar et al., 2006; 

Noguchi et al., 2000), leading to rapid ubiquitination and proteasomal degradation in vivo 

(Nakatsuka et al., 1998). As shown in Fig. 4B, FLAG-tagged holo-nNOS was pre-incubated with 

or without NADPH, calmodulin, and 100 µM guanabenz.  Pre-incubation with NADPH, calmodulin, 

and guanabenz significantly increased ubiquitination of holo-nNOS. Additionally, co-treatment 

with BH4 abolished the effect of guanabenz (Fig 4B). These findings demonstrate that depletion 

of BH4 from the substrate-binding cleft increases the ubiquitination of holo-nNOS by the 

Hsp70:CHIP-complex. These findings demonstrate that the minimal purified protein system for 

Hsp70-dependent ubiquitination successfully recapitulates the selective ubiquitination of 

dysfunctional nNOS that is observed in vivo. 

Pharmacological activation of Hsp70 maintains the selectivity for ubiquitination of 

dysfunctional nNOS- We next sought to investigate if the activation of Hsp70 would alter the 

selectivity of the ubiquitination such that native functional forms of nNOS would also be 

ubiquitinated.  In order to address this, we assessed the effect of JG-98 on holo-nNOS as our 

representative of native protein to that of the auto-inactivated holo-nNOS obtained by redox 

cycling with NADPH in the presence of calmodulin as shown above in Fig. 4A. As shown in Fig. 

5, JG-98 caused a concentration-dependent increase in the ubiquitination of auto-inactivated 

holo-nNOS (closed circles) as would be expected from activation of Hsp70 shown earlier for apo-

nNOS.  Interestingly, the native holo-nNOS was unaffected by JG98 (open circles). These results 

demonstrate that activation of Hsp70 by JG-98 does not abolish the selectivity of ubiquitination 

by the Hsp70:CHIP-complex.  
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Discussion 

In this study we have shown that the Hsp70:CHIP-complex preferentially ubiquitinates 

dysfunctional forms of nNOS over their native conformations, and that activation of Hsp70 by the 

small molecule JG-98 selectively increases the ubiquitination of dysfunctional nNOS. These 

findings demonstrate Hsp70-dependent ubiquitination is selective for dysfunctional nNOS, as 

experiments were performed under assay conditions optimized for Hsp70-dependent 

ubiquitination by the Hsp70:CHIP-complex, free of direct ubiquitination by CHIP. Clearly in this 

study we only investigated the selectivity of the Hsp70:CHIP-complex; however, in the cell Hsp70 

and Hsp90 work together as part of a multi-protein chaperone complex. It has been shown that 

Hsp70 facilitates the loading of Hsp90 onto client proteins and that Hsp90 stabilizes protein-

folding clefts protecting client proteins from degradation (Pratt et al., 2008). Thus, inhibition of 

Hsp90 increases the ubiquitination and degradation of these otherwise stabilized proteins. 

Conversely, this study suggests that activation of Hsp70 does not alter the specificity of 

ubiquitination and instead selectively enhances the ubiquitination of dysfunctional proteins. This 

finding is of therapeutic interest because activation of Hsp70 has been proposed as a strategy to 

increase the degradation of disease causing client proteins (Davis et al., 2019; Pratt et al., 2015), 

and a concomitant increase in the degradation of native proteins would pose a potential liability. 

Much of our understanding on the selectivity of Hsp70-dependent ubiquitination comes 

from landmark studies on heat-denatured firefly luciferase. For example, it was demonstrated 

Hsp70 and CHIP facilitated the selective ubiquitination of heat-denatured firefly luciferase over 

the native form in vitro (Murata et al., 2001).  In the current study we chose nNOS as a model 

client protein because we have previously established that alteration of the substrate-binding cleft 

creates dysfunctional forms of nNOS, which are selectively targeted for ubiquitination and 

proteasomal degradation in cells and in vivo (Peng et al., 2012; Pratt et al., 2014). Therefore, 

utilizing well established methods to generate these dysfunctional forms in vitro allowed us to 
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investigate the selectivity of Hsp70-dependent ubiquitination with naturally occurring non-native 

species. Guanabenz is a mechanism-based inactivator of nNOS that causes oxidation and 

eventual loss of BH4 (Bender et al., 2000a; Dunbar et al., 2006; Noguchi et al., 2000), an essential 

co-factor bound to the substrate-binding cleft of nNOS, leading to rapid ubiquitination and 

proteasomal degradation of nNOS in vivo (Nakatsuka et al., 1998). Moreover, this effect is 

ameliorated when BH4 is administered (Dunbar et al., 2006). Additionally, depletion of heme from 

the substrate-binding cleft enhances nNOS ubiquitination in cell-based systems (Bender et al., 

2000a; Dunbar et al., 2004). Consistent with these previous findings from cells and animals, in 

the current study we observed that the Hsp70:CHIP-complex selectively ubiquitinates heme- and 

BH4-depleted dysfunctional forms of nNOS in vitro. It is important to note that these dysfunctional 

forms of nNOS are not denatured, as they still maintain NADPH oxidase activity (Abu-Soud et al., 

1994b; Gebhart et al., 2019), and represent forms that naturally occur in vivo. Interestingly, for all 

three NOS isoforms, depletion of BH4 leads to an uncoupled form of the enzyme that produces 

superoxide (Gebhart et al., 2019) contributing to oxidative stress in disease. For example 

uncoupling of nNOS and the endothelial isoform, eNOS, is thought to play a role in cardiovascular 

disease (Farah et al., 2018), thus selective degradation of this dysfunctional form may be 

therapeutically beneficial. Further studies utilizing relevant in vivo models will be required to 

confirm the significance of this study’s in vitro findings. 

The ELISA-based method developed in our current study allowed for reproducible and 

quantitative measurement of Hsp70-dependent ubiquitination of nNOS in a 96-well format, 

offering a major advance over more laborious and time-intensive western blotting-based 

approaches. Moreover, as discussed above, with the use of nNOS as a model client protein this 

method provided a facile approach to test the effect of Hsp70 modulators on the selectivety of 

ubiquitination for different conformations of the client protein. In the current study, we investigated 

the effect of the rhodacyanine compound JG-98 and demonstrated, as proof of concept, that 
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activation of Hsp70 can selectively enhance the ubiquitination of dysfunctional proteins. However, 

numerous small molecules targeting Hsp70 are under development for the treatment of various 

diseases (Gestwicki and Shao, 2019; Li et al., 2016) and it is unknown if compounds with different 

mechanisms of action would abolish or maintain selectivity. Additionally, Hsp70 regulates 

numerous processes in addition to ubiquitination including client protein folding and maturation; 

interference with these critical functions could also lead to toxicity. Thus, in combination with well-

established in vitro methods to measure other Hsp70-mediated functions, such as heme insertion 

into nNOS (Bender et al., 2000b) or glucocorticoid receptor steroid binding (Dittmar et al., 1996), 

the method described in this study may help in assessing the potential liability of compounds 

targeting Hsp70 for therapeutic use.  

Both genetic and pharmacological activation of Hsp70 has been shown to enhance the 

ubiquitination and degradation of numerous disease-causing client proteins, including many 

prone to misfolding, making Hsp70 an attractive therapeutic target (Davis et al., 2019; Pratt et al., 

2015). We have previously demonstrated that treatment with the Hsp70 co-chaperone HIP 

(Hsp70-interacting protein), known to stabilize the ADP-bound state of Hsp70 and increase affinity 

for client protein, or the “HIP-like” rhodacyanine compound YM-01 increases the ubiquitination of 

nNOS in cells (Wang et al., 2013). Moreover, treatment with HIP or YM-01 increased the 

clearance of the polyglutamine (polyQ) androgen receptor (AR) in cells and alleviated disease 

phenotype in a drosophila model of Kennedy’s disease, a muscular and neurodegenerative 

disorder caused by the misfolding and aggregation of polyQ AR (Wang et al., 2013).  As with 

nNOS, it has been demonstrated that the Hsp90 and Hsp70 machinery surveils protein-folding 

clefts of other client proteins, such as steroid receptors (Kaul et al., 2002) and tyrosine kinases 

(Citri et al., 2002; Xu et al., 2005), and selectively targets non-native forms for degradation (Pratt 

et al., 2015). Therefore, pharmacological activation of Hsp70 may provide a broad therapeutic 

approach to selectively dispose of a wide variety of disease-causing client proteins. 
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Figure legends 

Fig. 1. Measurement of nNOS ubiquitination by western blot. As described in methods, FLAG-

tagged apo-nNOS was incubated with a purified protein ubiquitination reaction mixture for 

increasing amounts of time. Resulting ubiquitin-nNOS conjugates were visualized by western blot 

utilizing an anti-nNOS antibody (A), and higher molecular weight mono- and poly-ubiquitin-nNOS 

conjugates were quantified (B). (n= 3) Values are reported as mean + SD. 

 

Fig. 2. Development of an ELISA to measure CHIP-dependent ubiquitination of FLAG-tagged 

nNOS. As described in methods, FLAG-tagged apo-nNOS was incubated in a purified protein 

ubiquitination reaction mixture and immobilized on an anti-FLAG 96-well plate. The plate was 

probed with an anti-ubiquitin antibody conjugated to HRP and HRP activity was quantified. A) 

FLAG-tagged and untagged apo-nNOS were compared to assess the nNOS-dependence of the 

signal. FLAG-tagged (closed circles) and untagged (open circles) apo-nNOS were incubated for 

increasing amounts of time with the ubiquitination reaction mixture. (n= 4) B) To evaluate the 

dependence of the signal on CHIP-mediated ubiquitination, FLAG-tagged apo-nNOS was 

incubated for 15 min with the ubiquitination reaction mixture and mixtures lacking CHIP or 

ubiquitin (Ub). (n= 3) A repeated measures one-way ANOVA followed by Dunnett’s multiple 

comparisons test. Values represent mean + SD, ** = p < 0.01.   

 

Fig. 3. Effect of Hsp70 modulators on nNOS ubiquitination. FLAG-tagged apo-nNOS was 

incubated with the purified protein ubiquitination reaction mixture for 15 min in the presence 

increasing concentrations of the Hsp70 co-chaperone BAG1-M (n =3) (A), or the small molecule 

modulator of Hsp70 JG-98 (closed circles) and the structurally similar inactive analog JG-258 

(open circles) (n =3)  (B).Values reported relative to untreated apo-nNOS and represent mean + 

SD. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on June 26, 2020 as DOI: 10.1124/mol.120.119990

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL# 119990 

  28 
  

 

Fig. 4. Effect of substrate-binding cleft alteration on Hsp70-dependent ubiquitination of holo-

nNOS. To investigate the effect of substrate-binding cleft alteration on nNOS ubiquitination, pre-

incubations promoting autoinactivation and BH4 depletion of holo-nNOS were perfomred. FLAG-

tagged nNOS was pre-incubated for 30 min at 30 ºC and then incubated with the purified protein 

in vitro ubiquitination mixture for an additional 30 minutes. A) To investigate the effect of 

autoinactivation on nNOS ubiquitintion FLAG-tagged holo-nNOS was incubated without and with 

NADPH and calmodulin. FLAG-tagged apo-nNOS incubated without NADPH and calmodulin was 

utilized as a positive control. To probe the effect of cleft stabilization FLAG-tagged holo nNOS 

was pre-incubated with NADPH and calmodulin in the prescence of L-NNA or D-NNA. Ordinary 

one-way ANOVA followed by Tukey’s multiple comparisons test (n= 4-6) B) The effect of BH4 

depletion was investigated by pre-incubating holo-nNOS with the mechanism based inactivator 

guanabenz, NADPH, and calmodulin with and without BH4. Ordinary one-way ANOVA followed 

by Dunnett’s multiple comparisons test. (n = 3-4). Values reported relative to untreated apo-nNOS 

and represent mean + SD,*** = p < 0.001, **** = p < 0.0001. 

 

Fig. 5. Effect of pharmacological activation of Hsp70 on holo-nNOS ubiquitination. To determine 

if pharmacological activation alters the selectivity of Hsp70-dependent ubiquitination, FLAG-

tagged holo-nNOS was pre-incubated with (closed circles) and without (open circles) NADPH and 

calmodulin. FLAG-tagged holo-nNOS was then transferred to the purified protein ubiquitination 

reaction mixture treated with increasing amounts of JG-98 and incubated for 15 min. (n= 3) Values 

reported relative to untreated apo-nNOS and represent mean + SD. 
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Figures 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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