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ABSTRACT

The Hsp90 and Hsp70 chaperones act as a protein quality control system for several hundred client pro-
teins, including many implicated in neurodegenerative disorders. Hsp90 and Hsp70 are widely thought to
be important drug targets. Although many structurally distinct compounds have been developed to target
Hsp90, relatively few are known to target Hsp70 and even fewer have been tested in protein quality control
systems. To address this, we describe a high-throughput thermal shift-based screen to find compounds
that bind and stabilize Hsp70 and then employ assays with misfolded forms of a well-established client
protein, neuronal NO synthase (nNOS), to identify compounds that enhance ubiquitination of client pro-
teins. The ubiquitination assay employed a quantitative ELISA method to measure Hsp70:CHIP-dependent
ubiquitination of heme-deficient nNOS, which is a model of a misfolded client, in reaction mixtures
containing purified E1, E2, Hsp70, CHIP, and ubiquitin. We screened 44,447 molecules from the Maybridge
and ChemDiv libraries and found one compound, protein folding disease compound 15 (PFD-15), that
enhanced in vitro nNOS ubiquitination with an ECsg of approximately 8 uM. PFD-15 was tested in human
embryonic kidney 293 cells stably transfected with a C331A nNOS, a mutation that makes nNOS a preferred
client protein for ubiquitination. In this model, PFD-15 decreased steady-state levels of C331A nNOS, but
not the wild-type nNOS, in a time- and concentration-dependent manner by a process attenuated by
lactacystin, an inhibitor to the proteasome. PFD-15 appears to enhance binding of Hsp70 and CHIP to client
proteins without interference of protein quality control mechanisms, enabling the selective clearance of
misfolded proteins.

Significance Statement: There are few treatment options for neurodegenerative diseases, which are
widely thought to be caused by formation of toxic misfolded proteins. One novel approach is to enhance
the Hsp90/Hsp70 protein quality control machinery to remove these misfolded proteins. Targeting Hsp70
may have advantages over targeting Hsp90, but fewer compounds targeting Hsp70 have been developed
relative to those for Hsp90. The current study provides a novel approach to enhance the number of
compounds targeting the Hsp70’s role in protein quality control.

© 2024 American Society for Pharmacology and Experimental Therapeutics. Published by Elsevier Inc. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.
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(Hsp70) chaperone system regulates protein quality control for
over a hundred client proteins, including those implicated in
neurodegenerative disease (Pratt et al, 2015; Gong et al, 2016; Davis
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et al, 2020b; Gupta et al, 2020). Hsp90 and Hsp70 play opposing
roles in the regulation of client protein degradation; Hsp90 stabi-
lizes and protects proteins from degradation, whereas Hsp70
facilitates the ubiquitination of client proteins by chaperone-
associated E3 ligases such as C-terminus of Hsp70 interacting
protein (CHIP). We have previously demonstrated with neuronal
NO synthase (nNOS), a well-characterized client protein, that
overexpression of an Hsp70 cochaperone Hsp70 interacting protein
(HIP) stabilizes an ADP-bound conformation of Hsp70 and en-
hances nNOS ubiquitination (Wang et al, 2013). Overexpression of
HIP also increased clearance of other client proteins, including a
polyglutamine tract containing androgen receptor (polyQ-AR), the
causative agent in a protein misfolding and aggregation neurode-
generative disease known as spinobulbar muscular atrophy.
Moreover, YM-01, an allosteric modulator of Hsp70 that works in a
manner similar to HIP, also increases polyQ-AR and nNOS ubiq-
uitination. Most importantly, either overexpression of HIP or YM-
01 treatment alleviated toxicity in a polyQ-AR Drosophila model
of spinobulbar muscular atrophy (Wang et al, 2013). The targeting
of Hsp70-facilitated protein quality control for treatment of poly-
glutamine diseases has been proposed (Pratt et al, 2015; Davis et al,
2020b; Venediktov et al, 2023). Thus, there is interest in the
development of modulators that activate Hsp70-dependent ubiq-
uitination and degradation for therapeutic use.

Although many compounds that directly inhibit Hsp90 have been
developed and tested in over 70 clinical trials (Talaei et al, 2019; Mehta
et al, 2020; Li and Luo, 2023), fewer compounds have been developed
to directly target Hsp70 (Lazarev et al, 2018; Shao et al, 2018;
Gestwicki and Shao, 2019; Ambrose and Chapman, 2021). Moreover,
nearly all of these efforts have been directed at developing anticancer
agents, with very few directed at neurodegenerative diseases (Davis
et al, 2020b). In those studies, phenothiazine compounds, such as
methylene blue, that inhibit the ATPase activity of Hsp70 (Wang et al,
2010), as well as rhodacyanine dyes, such as MKT-077, YM-01, and JG-
98, that are allosteric modulators of Hsp70 have been investigated for
neurodegenerative diseases (Wang et al, 2013; Young et al, 2016; Davis
etal, 2020b; Shao et al, 2021). These 2 classes of compounds have been
found to have other off-target effects (Congdon et al, 2012;
Echtenkamp et al, 2023); thus, there is interest in screening ap-
proaches that could be used to find new classes of compounds
directed at Hsp70-dependent protein quality control functions.

In the current study, we used a high-throughput Hsp70 thermal
shift assay along with misfolded nNOS in in vitro and cellular assays
to screen 44,447 molecules from a structurally diverse library. The
use of this set of novel assays identified a compound, protein
folding disease compound 15 (PFD-15), that selectively enhances
Hsp70-dependent ubiquitination and degradation of misfolded
forms of nNOS while sparing the native enzyme. PFD-15 is a novel
molecule that has not been previously described to interact with
Hsp70 or to enhance degradation of nNOS. Expansion of this
screening method to a larger number of compounds is likely to
identify other structurally diverse candidates for further study with
other important client proteins.

2. Materials and methods
2.1. Materials

1-Step slow 3,3',5,5'-tetramethylbenzidine—ELISA substrate so-
lution (catalog number 34024), radioimmunoprecipitation assay
(RIPA) lysis and extraction buffer (catalog number 89901), and
SYPRO Orange protein gel stain (5000X concentrate in DMSO, cat-
alog number S6651) were purchased from Thermo Fisher Scientific.
ATP disodium salt hydrate (catalog number A1852) and ADP so-
dium salt (catalog number A2754) were purchased from Sigma-
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Aldrich. Radicicol was purchased from Cayman Chemical (catalog
number 13089). A horseradish peroxidase (HRP)—conjugated
antibody that recognizes monoubiquitinylated and poly-
ubiquitinylated conjugates (FK2, catalog number BML-PW0150-
0025, RRID:AB_2051892) was purchased from Enzo Life Sciences.
DYKDDDDK-tag (FLAG) Antibody Plate (Clear, 8X12 strip catalog
number L00455C) was purchased from GenScript. Rabbit reticu-
locyte lysate was purchased from Green Hectares. Ubiquitin-
activating enzyme E1 was purchased from R&D Systems (catalog
number E-305-025). The cDNA for expressing the glutathione S-
transferase—tagged UbcH5a (E2, ubiquitin carrier protein) was
kindly provided by C.M. Pickart (Johns Hopkins Medical School,
Baltimore, Maryland). 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, Minnesota). JG-98 (2-[(Z)-[(5E)-5-(6-
chloro-3-methyl-2(3H)-benzothiazolylidene)-3-ethyl-4-oxo0-2-
thiazolidinylidene]methyl]-3-(phenylmethyl)-thiazolium, mono-
chloride) was kindly provided by Jason Gestwicki (University of
California, San Francisco, California). YM-01 (2-[[3-Ethyl-5-(3-
methyl-2(3H)-benzothiazolylidene)-4-oxo-2-thiazolidinylidene]
methyl]-1-methyl-pyridinium chloride) was purchased from Sigma-
Aldrich (catalog number SML0943). Compounds selected from the
high-throughput screen for additional studies were purchased from
Molport. Dulbecco’s modified Eagle’s medium (DMEM, catalog
number 11995-065) and Geneticin (catalog number 10-1310035)
were purchased from Gibco. FBS (catalog number SH30071.03) was
purchased from HyClone. Hygromycin B (catalog number 10687010)
was purchased from Invitrogen.

2.2. Expression and purification of proteins

Glutathione S-transferase—tagged UbcH5a was bacterially
expressed and purified by glutathione-Sepharose (Sigma-Aldrich)
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). Hsp70 was bacteri-
ally expressed and purified by ATP-agarose chromatography,
adapted from Dittmar et al (1996). Hsp90 was purified from rabbit
reticulocyte lysate by sequential chromatography on DE52, hy-
droxyapatite, and ATP-agarose, as previously described (Dittmar
et al, 1996). FLAG—apo-nNOS (Morishima et al, 2016) was made
by expression in Sf9 insect cells using a recombinant baculovirus
and purification by 2’,5'-ADP-Sepharose and gel-filtration chro-
matography, as described previously (Bender et al, 1999).

2.3. Fluorescence thermal shift assay

Medium-throughput 96-well format was as follows: the melting
temperature (Tm) of Hsp70 was determined by a fluorescence
thermal shift assay using SYPRO Orange dye (Aex 470 nm/Aem
570 nm). A mixture of Hsp70 (1.5 uM), SYPRO Orange (10x ), and the
small molecule to be tested was prepared in a buffer containing
50 mM potassium phosphate pH 7.4, 300 mM KCl, and 10% glycerol
in a total volume of 25 uL. A CFX96 Real-Time PCR System (Bio-Rad)
was used to heat samples from 25 °C to 99 °C with a temperature
increase of 0.3 °C per minute while simultaneously measuring
fluorescence. The Tm of the resulting melting curve was deter-
mined using CFX Manager (Bio-Rad). The Hsp90 thermal shift assay
was carried out under the same conditions, except that purified
Hsp90 (1.5 uM) was used in place of Hsp70.
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High-throughput 384-well format was as follows: the thermal
shift assay was adapted to a high-throughput 384-well plate
format, and 44,447 compounds from the Maybridge and ChemDiv
collection at the Center for Chemical Genomics were screened at
50 uM under the same conditions described above, except that the
final volume was 10 uL. A QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific) was used to heat samples from 25 °C to
80 °C with a temperature increase of 0.03 °C per second while
simultaneously measuring fluorescence. Protein Thermal Shift
Software 1.3 (Thermo Fisher Scientific) was used to determine the
Tm of the resulting melting curves. Samples treated with DMSO or
1 mM ADP were used as negative and positive controls, respec-
tively. A Z-factor was calculated as previously described (Zhang
et al, 1999). The compounds were evaluated as a percentage of
their respective Tm relative to the positive control Tm. An increase
in Tm greater than 3.5 SDs of the negative control was considered a
positive hit.

2.4. In vitro ubiquitination of nNOS

A ubiquitination reaction mixture containing purified
FLAG—apo-nNOS (0.2 M), Hsp70 (1 uM), His-CHIP (1 uM), E2
ubiquitin—conjugating enzyme (1 uM), ubiquitin-activating
enzyme E1 (0.1 uM), His-HA-ubiquitin (100 uM), and ATP
(100 uM) in a total volume of 20 uL of 50 mM Hepes pH 7.4,100 mM
KCl, and 5 mM dithiothreitol was incubated for 15 minutes, unless
specified otherwise, at 22 °C. Reactions were then diluted in RIPA
buffer to a final FLAG—apo-nNOS concentration of 0.03 uM, and
100 uL was added per well to an anti-FLAG 96-well plate. The plate
was incubated for 4 hours at 4 °C and then washed 3 times with
RIPA buffer and once with PBS. Wells were treated with a 100 uL
solution of antiubiquitin antibody conjugated to HRP (1:2000) in
PBS. The plate was incubated for 1 hour at room temperature and
then washed 3 times with PBS containing 1% Tween 20 (Sigma-
Aldrich) and once with PBS. Wells were treated with 100 uL of
3,3',5,5'-tetramethylbenzidine, and absorbance at 370 nM was
measured every 15 seconds for 120 seconds. HRP activity was
calculated by linear regression. HRP activity was corrected for the
nNOS-independent signal, normalized to untreated control, and
reported as nNOS ubiquitination.

2.5. Cell culture and western blotting

Flp-In 293 cells (catalog number R75007, Invitrogen, RRID:CV-
CL_U421) were transfected with C331A nNOS cDNA using Lip-
ofectamine 3000 (catalog number 18324012, Invitrogen). Stable
cell lines were selected for hygromycin B resistance by picking
single colonies and expanding in the selection medium (DMEM,
10% FBS, and 0.5 mg/mL hygromycin B). These cells were then
maintained in DMEM with 10% FBS and 0.1 mg/mL hygromycin B.
Cells stably expressing wild-type nNOS (previously described in
Bredt et al, 1991) were cultured in DMEM supplemented with 10%
FBS and Geneticin (0.5 mg/mL). Cell cultures were routinely
inspected for possible mycoplasma contamination.

Before experimentation, cells were replated in 12-well plates,
cultured in DMEM with 10% FBS, and allowed to incubate for 2 days.
Cells were treated when wells reached 80%—90% confluency and
incubated for the indicated time. Where indicated, lactacystin
(catalog number BML-PI104-1000, Enzo Life Sciences) or bafilo-
mycin Al (catalog number SML1661, Sigma-Aldrich) was used to
pretreat cells before PFD-15 treatment. Cells were then harvested
following treatment via mechanical detachment, washed with ice-
cold PBS, centrifuged (500 x g for 5 minutes at room temperature),
and the cell pellet was resuspended in 0.1 mL RIPA buffer supple-
mented with 2.5 mM phenylmethylsulfonyl fluoride and Roche
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cOmplete Mini Protease Inhibitor Cocktail (catalog number
11836170001, Sigma-Aldrich) before sonication. Homogenates
were centrifuged at 4 °C for 15 minutes at 15,000 x g, with the
supernatant being collected as the cytosol fraction. Total protein
concentration was determined using the Pierce BCA Protein Assay
Kit (catalog number 23225, Thermo Fisher Scientific). Equal
amounts of total protein (5 ug) in 2x Laemmli buffer were elec-
trophoresed through 4%—20% gradient SDS-polyacrylamide gels
(catalog number 4561096, Bio-Rad) and transferred to poly-
vinylidene fluoride membranes using a wet-transfer apparatus.
Before probing for target protein levels, membranes were stained
with Revert 700 Total Protein Stain (LI-COR Biosciences, catalog
number 926-11016), and the total protein signal for each lane was
detected in a LI-COR Odyssey FC imager. Following total protein
stain removal, Hsp70 and nNOS protein levels were probed with
mouse anti-Hsp70 (Enzo Life Sciences, catalog number SPA-810-
488D, RRID:AB_1083494, N23F3-4, 1:2000) and rabbit anti-nNOS
(Sigma-Aldrich, catalog number SAB4502010, RRID:AB_10744459,
N2780, 1:5000) incubated overnight, followed by 1-hour incuba-
tion with the fluorescent secondary antibodies anti-Ms 800 (LI-COR
Biosciences, catalog number 925-32210, RRID:AB_2687825,
1:2000) and goat anti-Rb 680 (LI-COR Biosciences, catalog number
926-68071, RRID:AB_10956166, 1:50,000). The relative intensity of
the bands was quantified in Image Studio from LI-COR Biosciences
and corrected using the total protein stain signal as described by
the manufacturer.

Flp-In 293 T-Rex cells (catalog number R78007, Invitrogen,
RRID:CVCL_U427) were used to cotransfect wild-type nNOS-FLAG
constructs to make a tetracycline-inducible cell line to express FLAG-
tagged nNOS according to the manufacturer’s directions. To make
heme-deficient apo-nNOS, the cells were pretreated with succiny-
lacetone (500 uM) for 2 hours in DMEM containing 10% heme-
depleted FBS as described (Zhu et al, 2002) and then treated with
tetracycline (1 ug/mL) for 24 hours. No detectable nNOS activity was
present as assessed by the oxyhemoglobin assay (data not shown),
but nNOS was detected by western blotting. Cells were then treated
with PFD-15 (40 uM) for 2 hours. The FLAG-tagged nNOS was
immunoprecipitated and western blotted with 2 ug/mL mouse anti-
Hsp70 (N23F3-4, 1:2000) as described (Morishima et al, 2023). CHIP
was immunoblotted with rabbit anti-CHIP antiserum (Millipore,
catalog number PC711, RRID:AB_2198058, 1:2500 v/v).

Human embryonic kidney 293 (HEK293)T cells (catalog number
CRL-3216, ATCC, RRID:CVCL_0063) not transfected with nNOS were
grown in DMEM supplemented with 10% FBS in 6-well plates. Cells
were pretreated with DMSO or PFD-15 (40 uM) for 30 minutes at 37
°C. The media was aspirated and replaced with media (1.5 mL) pre-
warmed to 37 °C or 42 °C containing vehicle or PFD-15 (40 uM) and
further incubated at 37 °C or 42 °C for 30 minutes. Cells were har-
vested and western blotted as described above, except they were
probed with a mouse antiubiquitin antibody that recognizes mono-
ubiquitinylated and polyubiquitinylated conjugates (Enzo Life Sci-
ences, catalog number SPA-205E, RRID:AB_311908, FK2, 1:1000).

2.6. Heterocomplex assembly of Hsp70 and CHIP onto immobilized
apo-nNOS in vitro

To form heterocomplexes in vitro, Hsp70 (0.6 uM), CHIP (0.6
uM), and PFD-15 (0, 40, or 80 uM) were preincubated in HKD buffer
(10 mM Hepes, pH 7.35,100 mM KCI, and 0.1 mM dithiothreitol) in
the presence of ARS (10 mM Hepes, pH7.4, 50 mM ATP, 250 mM
creatine phosphate, 20 mM magnesium acetate, and 100 units/mL
creatine phosphokinase) for 20 minutes at 4 °C. This mixture was
then incubated with immobilized apo-nNOS (0.6 uM) for 20 mi-
nutes at 30 °C, similar to that described previously (Morishima et al,
2023). The apo-nNOS was eluted with FLAG peptide and eluant
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blotted for Hsp70 and CHIP as described above. In some experi-
ments, Bag-1M (5 uM) was added to the preincubation reaction
mixture as previously described (Davis et al, 2020a).

2.7. Statistical analysis

We conducted exploratory studies of the effects of novel com-
pounds on Hsp70 and Hsp90 thermostability, as well as
Hsp70:CHIP-dependent ubiquitination of nNOS. As such, calculated
P values for these experiments can only be interpreted as
descriptive. Statistical analysis was performed with GraphPad
Prism version 10.2.2 (GraphPad); comparisons were made by one-
way ANOVA, and curves were fitted with either a nonlinear
sigmoidal 4-parameter logistic regression or the Boltzmann Sig-
moid linear regression. Multiple comparisons posttests were per-
formed where indicated in figure legends, and groups selected for
comparison were chosen before the data had been viewed. For all
western blots from cell experiments (not including immunopre-
cipitation experiments), values of probed proteins were corrected
based on total protein stain signal.

3. Results

3.1. Thermal shift assay to identify small molecules that bind and
thermostabilize Hsp70

We used a thermal shift assay to screen 44,447 compounds from
a library containing chemicals from the Maybridge and ChemDiv
libraries as the first step in identifying compounds that bind and
thermostabilize Hsp70 (Fig. 1). As shown in Fig.2A, we used a
SYPRO Orange—based fluorescence assay to monitor the thermo-
stability of purified Hsp70 (solid line). The addition of 1 mM ADP
(dashed line) gives a rightward shift to the curve, indicating a
stabilization of Hsp70 against heat denaturation, consistent with
previous reports using circular dichroism and inherent protein
fluorescence measurements (Palleros et al, 1994). A convenient
measure of Hsp70 thermostability is the Tm, which is defined as the
inflection point of the melting curve as indicated (dotted line). The
primary screening data have been included in Supplemental
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Table 1. As shown in Fig. 2B, ADP caused a concentration-
dependent increase in the Tm of Hsp70 from 46 °C to 54 °C. Capi-
talizing on this robust window, we next developed a high-
throughput assay on a 384-well format to screen the 2 libraries.
We determined a Z-factor of 0.8 with the use of 1 mM ADP as a
positive control (Fig. 2C). Compounds were tested at 50 uM in
quadruplicate, and those that caused an increase in Tm (as per-
centage response of the positive control) greater than 3.5 SDs from
the untreated sample were considered positive in this assay; 2126
positives were identified resulting in a hit ratio of 4.8%. As shown in
Fig. 1, the compounds that showed a positive response at least 3 out
of 4 times were selected, resulting in 704 compounds. These hits
were retested, and 129 were found to produce a concentration-
dependent response. Cluster analysis of the 129 compounds gave
76 clusters. We prioritized compounds with the highest efficacy
and potency from each cluster and used pan-assay interference
compound filters and commercial availability to select 35 com-
pounds for repurchase. For validation, the repurchased compounds
were tested for a concentration-response from 100 nM to 500 uM.
Of the 35 repurchased compounds, 16 caused an increase in Tm of
Hsp70 greater than 3 SDs of the untreated control, leading to a
minimum Tm change of 0.8 °C (Table 1).

3.2. Hsp90 counter screen to evaluate Hsp70 thermostabilizer
selectivity

An Hsp90 counter screen was used to investigate the selectivity
of the Hsp70 thermostabilizers identified by the high-throughput
screening. This assay is identical to the Hsp70 thermal shift assay
above, except that purified Hsp90 replaced Hsp70. As shown in
Fig. 3A, the addition of 10 uM of the known Hsp90 inhibitor, radi-
cicol, caused a rightward shift in the melting curve of Hsp90
(dashed line vs solid line). We observed that the melting curve of
Hsp90 incubated with radicicol had 2 phases, with a shoulder just
left of the peak. The Tm was determined by the inflection point of
the second phase. More importantly, we observed that radicicol
had no effect on the Tm Hsp70 (Fig. 3B). The 16 validated Hsp70
thermostabilizers were tested for a concentration-dependent
response in this Hsp90 counter screen, and any compound

Number of compounds

Hsp70
thermal 129
shift
35
16
Hsp90 counter screen I 9

Confirmed positives (CRC)

Re-purchased (Diversity, PAINS)
Validated (CRC)

Selective for Hsp70

HSp70-dependent Ubiquitination I v Increases ubiquitination

Fig. 1. Overview of the screening for molecules that modulate Hsp70 and increase the Hsp70:CHIP-dependent ubiquitination of nNOS. A thermal shift assay was used to screen a
chemical library (44,447 compounds) for thermostabilizers of Hsp70. Hits (2126 compounds) were selected (>3.5 SDs of DMSO control) and prioritized for reproducibility, selecting
compounds that hit at least 3 out of 4 replicates to give 704 compounds. These hits were confirmed by concentration-response curves (CRCs), leaving 129 compounds. Based on
structural similarity and pan-assay interference compounds (PAINS) filtering, 35 compounds representing unique structural classes were selected for repurchase and validated by
CRC (16 compounds). An Hsp90 thermal shift counter screen was then used to eliminate nonselective hits, leaving 9 compounds. Only 1 of these 9 compounds exhibited increased

Hsp70:CHIP-dependent nNOS ubiquitination with the use of an in vitro assay.
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Fig. 2. Thermal shift assay to screen for compounds that bind to Hsp70, using purified Hsp70 and the fluorescent dye SYPRO Orange. (A) ADP enhances the thermal stability of
Hsp70. Representative melting curves for Hsp70 untreated (UNT, solid line) or treated with 1 mM ADP (ADP, dashed line). (B) Concentration-dependence of ADP on the Tm of Hsp70.
The Tm values were calculated by determining the inflection point on each melting curve and reported as mean + SD (n = 3). (C) A total of 44,447 compounds were screened by the
Hsp70 thermal shift assay adapted to a high-throughput platform. Results are plotted as a percentage of the value for 1 mM ADP. Compounds that caused a change in Tm greater
than 3.5 SDs of the control were considered positive (dashed line). The Z-factor for the high-throughput assay is 0.80. Arb. units, arbitrary units.

exhibiting a change in Tm greater than 3 SDs from untreated Hsp90
was excluded (Table 1). We were left with 9 positives that
demonstrated selectivity for Hsp70 (Table 1, highlighted in gray).
The Hsp70 thermal shift data for these 9 hits are shown in Fig. 4,

Table 1

Small-molecule Hsp70 thermostabilizers identified by high-throughput screening
Thermostabilizers selective for Hsp70 are highlighted in gray. Calculated pECso
values were determined by the results of 3 independent experiments (n = 3).

Compound Hsp70 Thermal Shift Hsp90 Counter Screen
Assay
ATm PECs0 ATm PECso
°C °C
PFD-1 1.0 4.2 2.6 4.6
PFD-2 1.8 4.8
PFD-4 24 35
PFD-5 1.9 49 15.2 4.5
PFD-6 1.0 4.6
PFD-10 0.9 49 2.3 5.4
PFD-12 0.9 43
PFD-15 34 4.1
PFD-16 11 43
PFD-24 1.0 4.6 8.8 49
PFD-26 0.7 39 5.6 4.8
PFD-30 2.5 4.8 7.7 5.4
PFD-31 0.8 5.0
PFD-32 13 <33 7.7 4.5
PFD-33 1.9 4.1
PFD-35 0.9 5.0

with representative melt curves shown in Supplemental Fig. 1. Five
of these compounds (Fig. 4, C, D, F, G, and I) exhibited an increase in
Hsp70 Tm by ~1 °C at the highest concentration of the compound
tested. Three of the compounds (Fig. 4, A, B, and H) increased Hsp70
thermostability by ~2 °C, with PFD-15 (Fig. 4E) having the highest
increase in Tm of over 3 °C.

A B 65—  Fkkk
[
o 60 .
0] ~
Lg E 5 ns
3< ©
[T

40
40 50 60 70 Hsp90 + +
Temperature (° C) Hsp70 — — + +
Rad — + - +

Fig. 3. Hsp90 thermal shift counter screen to investigate selectivity of Hsp70 ther-
mostabilizers. (A) Thermal shift counter screen using purified Hsp90 and the fluo-
rescent dye SYPRO Orange. Hsp90 was untreated (UNT, solid line) or treated with an
Hsp90 inhibitor, 10 uM radicicol (RAD, dashed line). (B) Effect of RAD (10 uM) on the
Tm of Hsp90 and Hsp70. Values are reported as Tm averages + SD (n = 3). Ordinary
one-way ANOVA followed by Sidak’s multiple comparisons test was used to evaluate
the effect of RAD treatment on each protein’s thermal stability. ****P < .0001. Arb.
units, arbitrary units; ns, not significant.
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Fig. 4. Nine compounds increase Hsp70 Tm. Nine compounds were found to increase Hsp70 thermostability (A—I) in a concentration-dependent manner without affecting Hsp90

Tm (Table 1). Values are reported as Tm means + SD (n = 3).

Following the Hsp90 counter screen, we compared the Hsp70
melt curves of the Hsp70 selective compounds (Supplemental
Fig. 1) with those that bound both Hsp70 and Hsp90 chaperones
(Supplemental Fig. 2). In this limited data set, we did not find any
distinguishable characteristics that were common or unique to one
group to streamline our assay. The chemical structures of some
compounds suggest that they likely fluoresce and interfere with the
thermofluor assay. Fluorescent and aggregation artifacts would also
be encountered in the Hsp90 counter screen and likely serve to
select out compounds with these properties. However, a nonpro-
tein control in future studies would more definitively rule out
fluorescent compounds. In addition, for some compounds, we
observed odd Hill slope equivalents (Fig. 4, C, D, and G), which
might suggest that the compound interacts with the dye or that the
compound binds to Hsp70 on multiple sites. Further analysis of
these observations in our search for more compounds may help to
delineate better ways to carry out the thermofluor assays. It is
noteworthy that a protocol for optimizing data collection for ther-
mofluor experiments has been described (Wu et al, 2023, 2024).

3.3. Hsp70-dependent ubiquitination of apo-nNOS to assess hit
compounds

To assess the functional effects of the Hsp70 thermostabilizers, we
used an in vitro system containing purified Hsp70 and CHIP, a
C-terminus of the Hsc70-intreacting protein that is a chaperone-
dependent E3 ubiquitin ligase, along with all the other components
necessary for ubiquitination, including E1 ubiquitin—conjugating
enzyme, E2 ubiquitin ligase, and ubiquitin. Interestingly, this sys-
tem preferentially ubiquitinates the misfolded heme-deficient nNOS
(apo-nNOS) over that of the native heme-sufficient, holo-nNOS
(Davis et al, 2020a). Moreover, not only is the ubiquitination fully
dependent on CHIP, but as described below, it is also dependent on
the nucleotide state of Hsp70. We used a FLAG-tagged apo-nNOS that
greatly facilitates the quantification of apo-nNOS ubiquitination by
the use of an anti-FLAG—based sandwich ELISA method and anti—
ubiquitin-HRP enzyme (Davis et al, 2020a). As shown in Fig. 5A, apo-
nNOS ubiquitination by this system is enhanced by Hsp40, an
Hsp70 cochaperone, in a concentration-dependent manner. This is
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Fig. 5. Purified protein ubiquitination reaction coupled with an ELISA was used to characterize the effect of Hsp70 modulators on Hsp70:CHIP-dependent ubiquitination of nNOS in vitro.
As described in the Materials and methods, FLAG—apo-nNOS was incubated with the purified protein ubiquitination reaction mixture and immobilized on an anti-FLAG 96-well plate. The
plate was then probed with an antiubiquitin antibody conjugated to HRP, and HRP activity was quantified. (A) The Hsp70 cochaperone Hsp40, known to promote hydrolysis of ATP to
ADP by Hsp70, increases nNOS ubiquitination. (B) The small molecules YM-01 (dashed line) and JG-98 (solid line), known modulators of Hsp70, also increase the ubiquitination of apo-
nNOS in vitro. Values are reported as the average signal relative to untreated apo-nNOS + SD (n = 3—6). (C) The ubiquitination reaction mixture was treated with 10 uM of each Hsp70
selective thermostabilizer or either JG-98 or YM-01 as controls (Ctrl). One small molecule, PFD-15, caused a statistically significant increase in nNOS ubiquitination. Ordinary one-way
ANOVA followed by Dunnett’s multiple comparisons test was used to compare vehicle Ctrl treatment with all other treatment conditions (n = 3—17). ****P < .0001. (D) PFD-15 caused
concentration-dependent increases in nNOS ubiquitination. Values are reported as relative to untreated apo-nNOS and represent means + SD (n = 3). Arb. units, arbitrary units.

consistent with the interpretation that Hsp40 enhances the hydro-
lysis of Hsp70-bound ATP to ADP, favoring the ADP state of Hsp70 and
CHIP binding. The binding of CHIP to Hsp70 then facilitates the
ubiquitination of Hsp70-bound client proteins. In contrast, the
ubiquitination of apo-nNOS has been shown to be inhibited by BAG-
1M, a nucleotide exchange factor that promotes the release of ADP
from Hsp70, thus limiting the stability of the ADP state (Davis et al,
2020a). Thus, this in vitro system is sensitive to factors that affect
the formation or stability of the ADP state of Hsp70 and is a facile
quantitative method to determine if the hit compounds identified in
the thermal shift assay elicit functional effects on misfolded client
ubiquitination. As proof of this, we selected 2 small-molecule rho-
dacyanine dye derivatives, JG-98 and YM-01, that have been shown to
bind Hsp70, stabilize the ADP conformation of Hsp70, and enhance
CHIP-dependent ubiquitination as positive controls (Rousaki et al,
2011; Wang et al, 2013). As shown in Fig. 5B, JG-98 (circles)
increased ubiquitination of apo-nNOS in a concentration-dependent
manner with an ECsg value of approximately 8 uM, consistent with
earlier observations (Davis et al, 2020a). Also consistent with previ-
ous reports, YM-01 was less potent and efficacious than JG-98, with
an ECsg value of approximately 36 uM (Li et al, 2015). Thus, these
findings provide the basis for using this in vitro ubiquitination assay
to select compounds of interest.

In Fig. 5C, we assessed the ability of the 9 hit compounds
identified above to thermostabilized Hsp70 in the in vitro

ubiquitination assay. At a concentration of 10 uM, only the positive
control, JG-98, and 1 of the 9 compounds, PFD-15, caused an in-
crease in apo-nNOS ubiquitination. It is noteworthy that YM-01 at
this concentration had little effect. As shown in Fig. 5D, PFD-15
caused a concentration-dependent increase in nNOS ubiquitina-
tion with an ECsg of approximately 8 uM. Thus, of the 9 compounds
that selectively thermostabilized Hsp70, one compound (PFD-15)
was found to enhance the Hsp70-dependent ubiquitination of a
client protein in vitro.

3.4. Effect of PFD-15 on misfolded nNOS in HEK293 cells

The in vitro system used apo-nNOS as the misfolded client
protein, but to make the heme-deficient apo-nNOS in cells required
inhibition of heme synthesis for an extended period. Thus, we
initially chose to use a C331A mutant of nNOS that is catalytically
competent but has a slightly perturbed substrate binding site with
decreased affinity for tetrahydrobiopterin (Martasek et al, 1998).
Our laboratory has shown that C331A nNOS expressed in cells is
more susceptible to ubiquitination than the wild-type enzyme
(Clapp et al, 2010). Interestingly, the C331A nNOS is stabilized from
ubiquitination to that near the wild-type enzyme by treatment of
cells with compounds that bind the heme active site of nNOS (Clapp
et al, 2010). These findings have led to the notion that C331A nNOS
has a misfolded active site cleft that can be rescued by binding a
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heme ligand. Although it is likely that the apo-nNOS form is more
misfolded than the C331A nNOS, this mutant nonetheless serves as
a useful model for testing Hsp70 modulators on degradation of
misfolded client proteins.

As shown in Fig. 6A, treatment of HEK293 cells stably expressing
C331A nNOS with 40 uM PFD-15 caused a time-dependent loss in
the steady-state level of C331A nNOS protein over 48 hours (open
squares). There was no effect over that duration in untreated cells
(closed square). The loss of C331A nNOS at 24 hours was examined
further and found to be dependent on the concentration of PFD-15
(open squares) over a range of 1—-40 uM (Fig. 6B). Wild-type nNOS
was not affected by PFD-15 over the same concentration range
(closed squares). Taken together, this suggests a selective effect on
the misfolded nNOS by PFD-15. Viability decreased slightly from
96% to 85% when C331A-nNOS— or wild-type nNOS—expressing

Molecular Pharmacology 107 (2025) 100008

cells were treated with 40 uM PFD-15 for 24 hours (Supplemental
Fig. 3). However, there was no statically significant difference in
cell viability between wild-type nNOS or C331A-nNOS treated with
40 uM PFD-15. Thus, we conclude that cell death is not the cause of
the decrease in C331A-nNOS. As shown in Fig. 6C, pretreatment of
cells for 2 hours with the proteasome inhibitor lactacystin (10 uM)
protected from the loss of C331A nNOS due to 40 uM of PFD-15
(lane 3 vs lane 4), indicating that the loss of protein is due to pro-
teasomal degradation. This is consistent with the reports that
C331A nNOS is degraded by the proteasome in cells (Clapp et al,
2010). Client proteins may also undergo autophagic turnover, but
studies with bafilomycin (100 nM) indicate that this is not a pre-
dominant pathway (Supplemental Fig. 4). As shown in Fig. 6D,
pretreatment of cells for 2 hours with 200 uM NC-nitro-L-arginine
(L-NNA), a slowly reversible nNOS inhibitor, also protected against
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Fig. 6. A small-molecule Hsp70 thermostabilizer promotes degradation of misfolded nNOS in intact cells. (A) Cells stably expressing C331A-nNOS were treated with 40 uM PFD-15
(open squares) or vehicle (closed square) for the indicated times. A time-dependent loss of C331A-nNOS protein levels was observed. Values are reported as average nNOS protein
relative to t = 0 + SD (n = 3) from 3 individual experiments. (B) Wild-type (WT, closed squares) or C331A-nNOS (open squares) -expressing cell lines were treated with increasing
concentrations of PFD-15 for 24 hours. A concentration-dependent decrease of nNOS protein levels was observed in C331A-nNOS—expressing cells (open squares) but not in WT-
nNOS cells (closed squares). Values are reported as average nNOS protein relative to untreated (Unt) + SD (n = 4) from 4 individual experiments. (C) C331A-nNOS cells were
pretreated with lactacystin (LC, 10 uM) for 2 hours before being treated with 40 uM PFD-15 for a total of 24 hours. (D) Cells expressing C331A-nNOS were grown in reduced L-
arginine (200 uM) media for 48 hours. They were then pretreated for 2 hours with vehicle, N¢-nitro-D-arginine (D-NNA) (200 uM), or L-NNA (200 uM) before being treated with
PFD-15 (40 uM) for a total of 24 hours. Values are reported as average nNOS protein relative to Unt + SD (n = 4) from 4 individual experiments. Ordinary one-way ANOVA followed
by Dunnett’s multiple comparisons test was used to compare PFD-15 treatment with all other conditions. ****P < .0001; ***P =.0009; *P < .05. MW, molecular weight.
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the loss of C331A nNOS caused by PFD-15 (lane 4 vs lane 6), while
pretreatment with the inactive isomer, N®-nitro-D-arginine, did
not (lane 4 vs lane 5). L-NNA binding stabilizes the heme binding
pocket (Martdsek et al, 1998) and protects against Hsp70:CHIP-
mediated ubiquitination and proteasomal degradation (Clapp
et al, 2010). This stereospecific rescue by L-NNA is entirely consis-
tent with the notion that PFD-15 selectively targets the misfolded
nNOS over that of the native nNOS.

3.5. PFD-15 enhances the association of CHIP to heme-deficient
apo-nNOS

Apo-nNOS is a better-misfolded client to examine stable binding
of chaperones to nNOS (Morishima et al, 2023). In the course of our
studies, we developed a tetracycline-inducible nNOS HEK293 cell
system where we could induce expression of nNOS in the presence
of an inhibitor to heme synthesis to efficiently make apo-nNOS. As
shown in Fig. 7A, immunoisolation of apo-nNOS from tetracycline-
treated cells showed nNOS associated with Hsp70 and CHIP (lane 2
vs lane 1). Furthermore, treatment of the cells with 40 uM PFD-15
for 2 hours increased both Hsp70 and CHIP bound to nNOS (lane 3
and quantitation in Fig. 7B). We have verified that 40 uM PFD-15
causes a loss of about half of the apo-nNOS at 24 hours
(Supplemental Fig. 5), consistent with that found for C331A nNOS,
indicating that apo-nNOS acts similarly to C331A nNOS.

Tetracycline (1pg/ml) — + +
PFD-15 uM 0 0 40
150 —
NOS
- e
S
g’ 70_' - - HSp70
=
37 —
S e CHIP
1 2 3
Condition
PFD-15 pM 0 40 80 80
Bag-1M uM 0 0 0 5
150 —
sTweww -
©
Q 70—
= S mmes w) e Hsp70
2
=
37 —
T—— — CHIP
1 2 3 4
Condition

Molecular Pharmacology 107 (2025) 100008

Studies in the purified protein system, similar to that used to
study the ubiquitination of apo-nNOS above, showed an increased
association of CHIP to apo-nNOS due to treatment with PFD-15
(Fig. 7C, lanes 1-3). As shown in Fig. 7D, the densities were
quantified, and there was a clear increase in CHIP but not Hsp70.
We do not know the reason for this difference between the in vitro
and cellular systems in Hsp70 binding. However, the increased
binding of CHIP to nNOS caused by PFD-15 is abolished by Bag-1M,
strongly suggesting that Hsp70 is involved (Fig. 7C lane 4 and D).
These findings are consistent with a previous study showing that
BAG-1M inhibits Hsp70:CHIP-dependent ubiquitination of apo-
nNOS (Davis et al, 2020a). To further investigate if Hsp70 is
affected by PFD-15, we showed by cellular thermal shift assay
(Supplemental Methods) that a slight stabilization of Hsp70 could
be observed when cells were treated with PFD-15 at 40 uM
(Supplemental Fig. 6). The stabilization was moderate, and we
conclude that more potent structural analogs are needed for
measurements of direct binding to Hsp70. However, taken together,
the results strongly indicate that PFD-15 enhances association of
CHIP to misfolded nNOS through actions on Hsp70.

3.6. PFD-15 enhances ubiquitination of other misfolded proteins

We treated HEK293 cells not expressing nNOS with PFD-15
(40 puM) and examined the amount of ubiquitin adducts by
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Fig. 7. PFD-15 promotes the association of CHIP with misfolded nNOS. (A) PFD-15 treatment of HEK293 cells expressing apo-nNOS increases the association of Hsp70 and CHIP.
HEK293 tetracycline-inducible nNOS cells were treated with succinylacetone to form heme-deficient apo-nNOS and then treated with PFD-15 (40 uM) for 2 hours. The cells were
harvested and lysed, and the apo-nNOS immunoprecipitated and the associated Hsp70 and CHIP were blotted as described in the Materials and methods. The blots were quantified in
(B). Open bars, Hsp70; closed bars, CHIP. Values are reported as the average of the target protein relative to vehicle control + SD (n = 10) from 4 individual experiments. A two-tailed
unpaired ¢ test was used. ***P < .001. (C) PFD-15 enhances CHIP binding to apo-nNOS in a purified system containing Hsp70 and CHIP. A purified reaction mixture containing apo-
nNOS, Hsp70, and CHIP was incubated with PFD-15 at the indicated concentrations, and the associated Hsp70 and CHIP were western blotted as described in the Materials and
methods. Bag-1M was added to show specificity for Hsp70. The blots were quantified in (D). Open bars, Hsp70; closed bars, CHIP. Values are reported as target protein relative
to vehicle control + SD (n = 3) from 3 individual experiments. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test was used to compare target protein

expression in all conditions. *P < .05; **P < .01; ****P < .0001. MW, molecular weight.
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western blotting with an antiubiquitin antibody. As shown in
Fig. 8A, PFD-15 treatment alone did not cause a large change in the
immunodetectable ubiquitin adducts (lane 2 vs lane 1). However,
when the cells were warmed to 42 °C for 30 minutes to provide a
short heat shock in the hopes of misfolding some native proteins,
PFD-15 caused a large increase in immunodetectable ubiquitin
adducts (lane 4 vs lane 3). Taken together, the results are consistent
with the notion that PFD-15 selectively enhances the ubiquitination
of misfolded proteins.

4. Discussion

We have developed a series of assays to identify compounds that
target Hsp70 and enhance the degradation of client proteins. In the
course of studies on Hsp70, we found that ADP caused a remarkably
large increase in the Tm of Hsp70 in a thermal shift-based assay
with SYPRO Orange. Since compounds that stabilize the ADP
conformation of Hsp70 were found to enhance ubiquitination of
client proteins (Wang et al, 2013), we wondered if this assay might
be used to identify similar Hsp70 modulators. At the very least, we
reasoned that this facile assay could be used to identify compounds
that bind and cause a conformational change in Hsp70. We
screened 44,447 small molecules from the Maybridge and ChemDiv
libraries using this Hsp70 thermostability assay as our primary
screen, and we identified 2126 hits (Fig. 1). Of these compounds,
about a third were tested for concentration-dependent responses,
and we obtained 129 hits. Of these compounds, only 35 compounds
were repurchased in fresh powder form, and concentration-
response studies validated only about half of these compounds.
The Hsp90 counter screen gave 9 compounds selective for Hsp70
for further biochemical testing. Thus, because we did not fully test
the entire set of hits at each step, it is likely that many more
compounds in the library have the ability to bind to Hsp70.

To our knowledge, this is the first time a thermal shift screen
was used to find compounds that bind to Hsp70. Some previous
high-throughput screens directed against Hsp70 have targeted
nucleotide-binding sites using fluorescein-labeled ATP in a fluo-
rescence polarization assay to identify adenosine-derived in-
hibitors (Williamson et al, 2009) or targeting protein-protein
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interactions with cochaperones using ATPase activity as a marker
(Fewell et al, 2004; Chang et al, 2008; Miyata et al, 2010; Chang
et al, 2011; Taylor et al, 2018) or employed a fluorescent-linked
enzyme chemoproteomic strategy for compounds that interact at
the nucleotide-binding site (Howe et al, 2014). Virtual screening
methods have also been used to synthesize small molecules that
bind the nucleotide-binding domain of Hsp70 (Rodina et al, 2013;
Zeng et al, 2015) or the peptide binding site on the substrate
binding domain (Haney et al, 2009). These screens were directed,
for the most part, at finding anticancer agents.

Unlike these other high-throughput screening efforts, we
designed secondary assays to directly probe the protein quality
control function of Hsp70 against misfolded client proteins. We
used a quantitative ELISA assay that directly measures the
Hsp70:CHIP-dependent ubiquitination and is sensitive to the mis-
folded state of the client protein (Davis et al, 2020a). We have
previously shown that a heme-deficient or apo-form of nNOS (apo-
nNOS) is a preferred substrate for Hsp70 recognition and CHIP-
dependent ubiquitination (Davis et al, 2020a). Of the 9 com-
pounds tested in this in vitro assay, one compound (PFD-15) was
found to enhance ubiquitination of apo-nNOS. It is noteworthy that
these assays contained 1 mM ATP and were likely selected against
compounds that interact at the nucleotide-binding site.

To test the effects of Hsp70 modulators in cells, we chose an
established cellular model to address the selectivity for the mis-
folded state by using a C331A point mutant of nNOS (C331A nNOS)
that is susceptible to Hsp70:CHIP-dependent ubiquitination (Clapp
et al, 2010). Although we could have generated apo-nNOS in cells
for these studies, it would require extensive treatment with an
inhibitor to heme synthesis. Moreover, by using the mutant nNOS,
we could take advantage of the ability of tight-binding substrate
analogs or ligands to the heme group of C331A nNOS to stabilize the
protein to a conformation more like the native enzyme and deter-
mine the effects of Hsp70 modulators on protein quality control.
That is, we can ask if modulation of Hsp70 enhances only misfolded
client protein degradation or also enhances native protein degra-
dation. Thus, through the series of assays, we could clearly show
that PFD-15 predominantly affected the misfolded mutant form of
nNOS, sparing the native protein in cells. We believe that this series

B

257 %ok

= N
[¢)] o
1 1

-
o
1

Ubiquitin Signal
(relative to unt.)

m¢.$

o
o
1

0.0
1 2 3 4

Condition

Fig. 8. PFD-15 promotes the ubiquitination of misfolded proteins in HEK293 cells. (A) PFD-15 increases ubiquitin conjugates in PFD-15—treated cells only after a short heat shock
treatment. HEK293T cells not transfected with nNOS were pretreated with PFD-15 for 30 minutes and then subjected to heat shock of 42 °C for 30 minutes as indicated. Cells were
treated and lysed, and samples were western blotted for ubiquitin as described in the Materials and methods. The western blot for proteins below 75 kDA, which contributed to less
than 20% of the total signal in all lanes and did not change in all conditions, is not shown. The total density of all ubiquitin bands above 75kDa was quantified in (B). Values are
reported as average ubiquitin protein relative to control + SD (n = 3). Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test was used to compare condition 1

with all other conditions. **P < .01. MW, molecular weight; unt, untreated.
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of assays effectively selects for Hsp70 modulators that enhance
misfolded client protein degradation but also addresses whether
the protein quality control function of the Hsp90:Hsp70 chaperone
machinery is maintained.

To delineate the potential mechanism of the action of PFD-15,
we investigated the role of CHIP, an E3-ubiquitin ligase that is
known to ubiquitinate nNOS in cells (Peng et al, 2004). We found
that treatment of HEK293 cells with PFD-15 enhances binding of
Hsp70 and CHIP to apo-nNOS, which forms more stable complexes
with chaperones. PFD-15 also enhanced CHIP binding to apo-nNOS
in an in vitro system containing only purified Hsp70 and CHIP.
Moreover, the increased binding of CHIP to apo-nNOS caused by
PFD-15 was abrogated by the treatment with Bag-1M, which binds
to Hsp70 to accelerate ADP release. Since CHIP binds to the ADP-
bound state of Hsp70, this strongly implicates Hsp70 in the
enhanced CHIP binding to apo-nNOS. In addition, cellular thermal
shift assay studies further supported the in vitro thermofluor assays
to indicate that PFD-15 acts through Hsp70. Thus, taken together,
these studies strongly suggest that PFD-15 binds to Hsp70 to
facilitate CHIP binding and enhance ubiquitination of the client
protein, which, in our case, is misfolded nNOS. This mechanism was
further corroborated by the observation that PFD-15 enhanced
overall ubiquitination when cells were heat-shocked for a short
period to form misfolded proteins. Most importantly, no increase in
ubiquitination was found in non—heat-shocked cells after treat-
ment with PFD-15. Moreover, only misfolded forms of nNOS,
namely the C331A nNOS or apo-nNOS, were affected by PFD-15,
leaving wild-type nNOS unaffected. Thus, PFD-15 does not cause
the massive degradation of cellular proteins but rather enhances
the protein triage mechanism by selective degradation of misfolded
forms of client proteins through actions on Hsp70 and CHIP. Further
work is needed to enhance the potency of the compound for animal
studies, but the current studies indicate the potential for discov-
ering novel molecules directed at Hsp70 and control of protein
quality through the methods described here.
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