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Abstract

Understanding the mode of action (MOA) of many natural products can be puzzling with
mechanistic clues that seem to lack a common thread. One such puzzle lies in the evaluation of the
antitumor properties of the natural product withaferin A (WFA). A variety of seemingly unrelated
pathways have been identified to explain its activity, suggesting a lack of selectivity. We now
show that WFA acts as an inhibitor of the chaperone, p97, both in vitro and in cell models in
addition to inhibiting the proteasome in vitro. Through medicinal chemistry, we have refined the
activity of WFA toward p97 and away from the proteasome. Subsequent studies indicated that
these WFA analogs retained p97 activity and cytostatic activity in cell models, suggesting that the
modes of action reported for WFA could be connected by proteostasis modulation. Through this
endeavor, we highlight how the parallel integration of medicinal chemistry with chemical biology
offers a potent solution to one of natures’ intriguing molecular puzzles.
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The withanolides are a large class of steroidal lactones that are found in a variety of plants in
the Solanaceae or nightshade family (Figure 1). Withaferin A (WFA,; 1), the first identified
member of this family, was obtained from samples of the Winter Cherry (Withania
somnifera),! a plant whose extracts and preparations have been used for centuries as herbal
remedies. Traditional uses are diverse and include treatment of affictions associated with
immune modulation,? protection from ischemia reperfusion injury,3 neurodegeneration,*
bacterial infections, and inflammation.® Its use is perhaps best known in the Indian
traditional medicine, Ayurveda, as a general chemopreventive agent, proclaimed to offer
protection against many illnesses, enhance overall well-being, and extend lifespan.’

Despite the long therapeutic history of preparations containing WA and other withanolides,
deciphering their mode of antineoplastic activity, especially 1, has only become an area of
intense interest over the past decade.? As for many leads, identification of the precise mode
of action (MOA) can be hard to accomplish. This is certainly the case for 1 and other
members of this family of natural products. To date, multiple targets and targeted pathways
have been assigned including inhibition of the core particle of the proteasome,? inhibition
of vimentin,1! inhibition of annexin 11,12 as well as transcription factor regulation.13-17
However, many of these observations were made in a cellular context only and lack a
detailed biochemical validation. That aside, the withanolides remain an exciting class of
secondary metabolites with established commercial value and potential as chemotherapeutic
leads.

RESULTS AND DISCUSSION

Our interest in this family of natural products arose through a program that used high-
throughput and affinity techniques to identify natural products that target protein quality
control machinery. We began by developing a screening platform to discover leads that
modulate the activity of the ATPase associated with various cellular activities (AAA+), p97.
To do so, we adapted a high-throughput ATPase assay from our work on another
macromolecular machine, the chaperonin GroEL.18-21 This straightforward and well-
characterized procedure uses malachite green to detect a phosphomolybdate complex that
forms upon hydrolysis of the y-phosphate of ATP. After screening for optimum conditions,
we determined that 100 nM p97 and 100 pM ATP gave a robust signal after 1 h of
incubation, while lower concentrations of either chaperone or ATP provided unreliable
results even with prolonged incubation (data not shown). To further validate this assay for
the present investigations, we assessed the Z factor in 384-well plates (Z factor = 0.75),
which indicated that the assay to be used was robust.
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We next employed this assay in 384-well plate format to screen a small but unique library of
880 plant and fungal derived extracts as well as 88 purified natural products from related
sources. Initial screening was conducted at 10 pg/mL for extracts and 100 uM for pure
compounds. As a positive control, we used EDTA, which chelates Mg2* that is required for
ATP hydrolysis. DMSO was used as a negative (vehicle) control. From this screen, we
determined that 1 displayed moderate inhibition of p97, which piqued our interest due to its
storied history and complex MOA. To validate 1 as a bona fide hit, a 12-point dose response
was carried out yielding an 1Csg value of 44.0 £ 0.2 uM.

Due to the modest activity of 1, we screened a panel of WFA analogs to see if the activity
could be improved. In our possession (Figure 1), we had withanolides 1-88, 10-168, and
synthesized 9 and 17-19 from 1 (see Supporting Information). Using a 12-point dose-
response analysis, we determined the 1Csq values for each of the withanolides 1-19 (Table
1). Prior studies have indicated the Michael acceptor in the A ring of 1 is essential for
biological activity.8 This coupled with the presence of 12 cysteines in each p97 subunit
argued that p97 might be covalently modified.

As a preliminary test of covalent modification, we generated a cysteine-less p97 variant,
p97—Cys0 (see Supporting Information) to determine if a nucleophilic cysteine was required
for the observed activity. Using our ATPase assay, we confirmed that our panel of WFA
analogs, with the exception of 18, showed no activity versus p97—-Cys0 (Figure 2b and Table
1), indicating at least one cysteine was essential for activity. To test this more carefully, the
most potent analogs 1, 4, 6, and 9 (Table 1) were incubated with wild-type p97 (wt-p97)
followed by extensive dialysis to remove any noncovalently attached compounds, and
finally the ATPase activity was measured. Incubation with the selected WFA analogs was
completely reversible by extensive dialysis in the case of 4. Only slight inhibition remained
in the presence of 1, and substantial residual inhibition remained for 6 and 9 (Figure S1).
These data suggested a potential covalent modification in the case of 6 or 9, but that 1 and 4
are reversible inhibitors.

To further explore this phenomenon, we generated single cysteine mutants of p97. Given
that the activity of the WFA analogs was detected in an ATPase screen, we looked at the
role of the two ATP-binding site cysteine residues, C209 (in the D1 pocket) and C522 (in
the D2 pocket). The C522A mutants showed no inhibition of ATPase activity in the
presence of all 19 WFA analogs (Table 1 and Figure S10), whereas the C209A mutants had
ICsq values similar to those for wt-p97 (Figure 2c and Table 1). These data argued that 1-4,
6, 9, 18, and 19 targeted the D2 pocket either covalently or in a reversible manner.

We next measured the effects of ATP concentration on the 1Cgq values to get a further
understanding of the mechanism of p97 inhibition (Figure S2). The parent withanolide, 1,
seemed to interact in a competitive-like manner with p97, as there was a distinct shift in the
ICsq value as the concentration of ATP increased. Intriguingly, the WFA analogs 2, 4, 9, and
19 did not show ATP-dependent shifts in ICsq values (Figure S2), indicating a more
complex mechanism of inhibition, the elucidation of which is particularly daunting given the
allosteric nature of p97.22-25
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Since the activity of these WFA analogs was discovered using an ATPase assay, we were
keen to test their biochemical specificity. To this end, we looked at a set of ATP-
hydrolyzing molecular machines including the bacterial type | AAA+ chaperone ClpX
(Figure 2d and Table 2), the chaperonin GroEL (Figure 2e and Table 2), and the type Il
AAA+ chaperone N-ethylmaleimide sensitive factor (NSF; Figure 2f and Table 2). In the
case of GroEL (Figure 2e and Table 2), no inhibition was observed at concentrations up to
200 uM, which was not too surprising, as the GroEL ATP-binding pocket is quite dissimilar
from that of p97. A more appropriate evaluation arose from the comparison between p97
and other AAA+ family members, in particular the AAA+ chaperones such as ClpX or NSF,
the latter of these two being one of the most structurally and biochemically similar to p97. In
these assays, WFA analogs 2, 15, and 18 showed inhibition of ClpX (Figure 2d and Table
2), but excitingly, none of the withanolides screened displayed activity against NSF with
ICsq values >200 uM (Table 2).

Next, we explored the effects of 1, 2, 4, 9, and 19 on protein quality control, as p97 is a
component of the proteostasis machinery. We first examined the level of total ubiquitylated
proteins, which have been shown to increase with p97 inhibition.26-30 As shown in Figure
3a, total ubiquitylation increased for 1, 2, 4, and 19, indicating, at minimum, that these
down-regulated some part of the ubiquitin proteasome system (UPS). We also examined the
inhibition of the ubiquitin fusion degradation (UFD) reporter, UbG78VGFP (a ubiquitin (Ub)
green fluorescent protein (GFP) fusion with a mutation to block deubiquitylase activity), in
HEK?293 cells. UbS76 VGFP cannot be processed by the proteasome independent of p97;
thus an increase in fluorescence indicated inhibition of p97 (or the proteasome).26-30 As
shown in Figure 3b, cells treated with the WFA analogs 1, 2, 4, and 19 returned dose-
dependent, higher levels of reporter when surveyed by Western blot. Quantitation of the
effects of each of these withanolides substantially increased the half-life of the UbG’6VGFP
reporter (Table 3 and Figure S3).

As 1 has been shown to be an inhibitor of the proteasome,19 we wanted to differentiate
between proteasome and p97 inhibition. To do so, we took advantage of two endoplasmic
reticulum associated degradation (ERAD) reporters, CD3¢ that has been shown to be
degraded independently of p97 due to substantial cytosolic exposure (Figure 4a) and TCRa
that has been shown to be degraded in a p97 dependent fashion due to limited cytosolic
exposure (Figure 4b).23.26-30 |n addition, TCRa has a deglycosylated form (dg-TCRa) that
arises in the presence of proteasome inhibitors, but not p97 inhibitors (Figure 4a), therein
providing a facile means of secondary validation.23:26-30 |n the case of the TCRa assay,
TCRa was fused to GFP (TCRa-GFP), allowing for multiple readouts, such as fluorescence
microscopy (Figure 4c). In the absence of a p97 inhibitor, TCRa~GFP was rapidly
degraded, leading to a lack of fluorescence in cells (left panel, Figure 4c), but when p97 is
inhibited, TCRa—GFP was not extracted from the ER membrane, leading to the appearance
of a fluorescent signal (center and right panels, Figure 4c).

To investigate both p97-dependent and p97-independent ERAD, we applied Western
blotting to identify the levels of TCRa—GFP and hemagglutinin (HA) tagged CD35 (HA-
CD36) in HEK?293 cells. Withanolide 12, a negative control, showed no increase of TCRa
(Figure 5a) or CD36 (Figure 5b), as expected. In contrast, interpretation of the WFA (1) data
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was complicated by toxicity for both TCRa (Figure 5a) and CD36 (Figure 5b). WFA
analogs 2, 4, and 19 each showed an increase in the amount of TCRa, but only 4 showed an
increase in CD34, indicating 2 and 19 had cellular selectivity for p97 (Figure 5b).
Interestingly, withanolide 9 was not active in these reporter assays despite potent
biochemical activity (Figure 5a,b). Quantitation of the effects of 2, 4, and 19 substantially
increased the half-life of the TCRa—GFP reporter, whereas 1 did not (Table 3, Figure S4),
but 1 was highly toxic in this cell line, preventing detailed evaluation. In contrast, MG132
stabilized HA-CD34, whereas the other compounds showed little or no effect (Table 3,
Figure S5).

We then turned our focus to characterizing the effects on the unfolded protein response
(UPR) and autophagosome maturation, which are controlled by p97. Using HEK293 cells,
we looked at the Hrd1 arm of the UPR by analyzing XBP1 splicing (Figure 5c). The
appearance of a lower band in a Western blot for XBP1 (XBP1s) indicated splicing and
activation of this branch of the UPR.26-30 Next, we looked at failure of the autophagosomes
to fuse with the lysosomes (Figure 5c). The appearance of a lower band in a blot for LC3
indicated the presence of LC3-I1, which confirmed compromised maturation of the
autophagosomes.25-30 As shown in Figure 5c, the negative controls, DMSO and 12, as well
as 9, did not lead to an increase in XBP1s or LC3-1l. WFA (1) did show an increase in
XBP1s, but not LC3-II, at levels that are also toxic to the cells as indicated by the loss of
loading controls (Figure 5¢). WFA analogs 2, 4, and 19 all showed dose-dependent increases
in both XBP1s and LC3-Il, but the increase for 19 was modest relative to those of 2 and 4.
These data confirm that the inhibition of p97 also translates in a cellular context.

As a final confirmation of p97 as a target of WFA (1) and its derivatives 2, 4, and 19, we
used HEK293 cells expressing p97-C522A. As this p97 variant was shown to be resistant to
the WFA molecules, a shift in the cytotoxicity (ICsg) should be observed if p97 is the
primary target. We used two cell lines, one expressing wt-p97 and one expressing p97-
C522A, and determined the cytotoxicity using an eight-point dose— response and an MTT
assay. Each experiment was repeated in triplicate. The cells expressing p97-C522A showed
no statistically significant rescue in the case of WFA, but 2, 4, and 19 showed a statistically
significant increase in the ICgg's when p97-C522A was expressed, with compound 2
showing the largest relative shift (Figure 6). It should be noted that these experiments were
done in a wt background, so the endogenous levels of p97 might explain the incomplete
rescue.

Because p97 has been shown to be an essential protein,26-30 we examined the cytotoxicity
of the WFA analogs 2, 4, 14, 18, and 19 in a selection of cell lines including mantle cell
lymphoma and multiple myeloma cells (B95.8, Bjab, Ca46, NCEB1, Raji, Ramos, and
SW-620 cells).31 We first quantified the level of p97 in each of the cell lines (Figure S6) and
then measured LDsq values (Figure S7). As shown in Table 4, the effects of the WFA
analogs 2 and 19 were cell type specific, with enhanced potency observed in the mantle cell
lymphoma line, NCEB1, and reduced potency in the colorectal carcinoma cell line, SW-620,
whereas 4 did not show specificity and was generally cytotoxic.
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Next, because WFA (1) has been proposed to have several MOAs, we looked at some of
these MOA s directly for the various WFA analogs. First, we examined the effects of 1, 2, 4,
9, and 19 on the core particle of the proteasome. Contrary to the cellular data, we found 1, 2,
and 4 to inhibit the 20S proteasome but not 9 and 19 (Figure S8). A likely explanation for
this discrepancy with the cellular data is that the core particle (20S) is not the operational
proteasomal machine in cells and the effects are different for the 26S proteasome, which is
the active cellular particle. To test the observation that 1 affects structural proteins, we used
immunofluorescence to study the effects on actin (phalloidin), vimentin, and annexin 11
(Figure S9). As shown, at the concentrations used in the present cellular studies, we did not
see effects on these structural proteins, possibly arguing against these as the primary targets
of WFA.

From our preliminary panel, we were able to identify key structure—activity relationships
(SAR) associated with p97 inhibitory activity, as colored in Figure 1. Oxidation on the C
ring was not tolerated (red, Figure 1) as indicated in 5. Second, oxidation of the hydroxyl of
the A ring (orange, Figure 1) was only tolerated when associated with modifications on the
lactone ring (gray, Figure 1), as given by 9 and 11 retaining activity and the loss of activity
in 10. Modification of the enone moiety in the A ring (blue, Figure 1) was only tolerated
when substituted by a conjugate addition of an azide, as in 17 or 19. Interestingly, 16 did not
bear activity when compared to 17 or 19, therein illustrating the remarkable selectivity
within these molecules. The hydroxymethylene group on ring E (chartreuse, Figure 1),
however, did accept modifications as in 2, 4, 6, 8,9, 11, 17, and 19 (Table 1). In general,
acylation of the hydroxymethylene group in ring E (chartreuse, Figure 1) and/or the A ring
hydroxyl (green, Figure 1) leads to heightened activity and, importantly, increases p97
specificity in cells, as illustrated by 2 or 4.

We have studied 19 WFA analogs including 1 derived from members of the nightshade
family (Figure 1). From this panel, we identified withanolides 2, 4, and 19 that effectively
modulated the UPS in cells through inhibition of p97 function. Analysis against a panel of
tumor cells indicated enhanced activity in Ramos, NCEBL, and B95.8, suggesting selectivity
toward B-cell lymphomas. The level of this activity (i.e., 2-5 pM for 2) is remarkable given
that p97 is one of the most abundant cytosolic proteins.32-37 p97 is a type 11 (having two
ATP-binding cassettes) AAA+ (ATPase associated with various cellular activities)
chaperone. Using the energy of ATP binding and hydrolysis, p97 acts to reshape protein
complexes in a variety of biologically critical contexts. These functions include protein
quality control through ERAD, cytosolic UFD, cell-cycle regulation, autophagy, and
homotypic membrane fusion to name a few.38-41 These diverse actions also implicate p97 in
a variety of pathological states including protein misfolding disorders and cancer.33 For over
a decade, it has been known that increased p97 levels correlate with a poor clinical outcome
in a broad array of malignancies, and recently, more direct links have been made between
p97 and cancer.#2-44 These factors have generated ever increasing enthusiasm for p97 as a
potential therapeutic target.
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In the present studies, we discovered that WFA (1) inhibits the ATPase activity of p97. We
were intrigued by this, since protein quality control machinery can connect each of the
reported modes of action of 1.384042 However, further probing indicated 19 was not
specific for p97 but also inhibited the proteasome. Using this information as a guiding
principle, we tested WFA analogs 2-19 and were able to tune the activity away from the
proteasome and toward p97. These “tuned” withanolides 2, 4, and 19 had good cellular
activities and showed specificity for p97. Although the ICsq's of these WFA analogs were
below those of previously described molecules, the specificity for p97 in cells and
modulation of p97-related pathways was found to be comparable to these previously
reported molecules.28-3045 |n addition, these WFA analogs showed cytotoxicity against
cancer cells with lymphoma specificity, as seen with other p97 inhibitors.28-30.45
Importantly, we have used these collective studies to help elucidate a possible primary mode
of cytotoxic action for WFA (1), a natural product known to be responsible for the medicinal
activities of a plant that has been used for thousands of years without a biochemical
understanding. It is within such accolades that life's secondary metabolic puzzles unfold.

METHODS

Recombinant Protein Expression and Purification

Protein and mutant proteins used in this study were prepared by conventional recombinant
protein expression followed by immobilized metal affinity chromatography (IMAC) or
native purification in the case of GroEL.

p97.E. coli—BL21(DE3) cells containing pET14b-p97 were grown in Luria Broth (LB)
medium containing 100 pg/mL ampicillin at 37 °C to an ODgqq of 0.8, followed by
induction with 0.5 mM isopropyl f-o-1-thiogalactopyranoside (IPTG) for 4 h at 37 °C. Cells
were collected by centrifugation (7000g for 10 min), resuspended in 40 mL of lysis buffer
(50 mM HEPES, pH 7.4, 150 mM KCI, 5 mM MgCl,, 5% glycerol, 2 mM /-
mercaptoethanol (BME), one complete EDTA-free protease inhibitor cocktail (Roche) per
50 mL of media), and lysed by single passage through an M110-T microfluidizer
(Microfluidics). The lysate was clarified by centrifugation (118 834g, 1 h, 4 °C), and the
resulting supernatant was incubated for 1 h at 4 °C with Talon metal affinity resin
(Clontech) equilibrated in 50 mM HEPES, pH 7.4, 150 mM KCI, 5 mM MgCls, and 5%
glycerol. The resin and supernatant were then loaded into a 25 mL disposable column
(BioRad), washed with 10 column volumes of wash buffer (50 mM HEPES, pH 7.4, 150
mM KCI, 5 mM MgCl,, 5% glycerol, 2 mM BME, 5 mM imidazole), followed by 10
column volumes of stringent wash buffer (50 mM HEPES, pH 7.4, 1 M KCI, 5 mM MgCl,,
5% glycerol, 2 mM BME, 20 mM imidazole) and eluted with elution buffer (50 mM
HEPES, pH 7.4, 1 M KCI, 5 mM MgCls, 5% glycerol, 2 mM BME, 250 mM imidazole).
Fractions were analyzed by 12% SDS PAGE, and those containing p97 were pooled and
dialyzed into a storage buffer (20 mM HEPES, 150 mM KCI, 5 mM MgCls, 5% glycerol, 2
mM BME, pH 7.4), concentrated using a 30 kDa Ultra-15 centrifugal filter (Amicon) to
yield a solution of p97 at 12 mg mL~1, which was aliquoted, frozen in liquid N, and stored
at —80 °C until needed.
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p97—Cys0—Site directed mutagenesis was performed using wild type pET14b-p97 as a
template. Ten of the 12 Cys residues in p97 (C69, C77, C104, C174, C184, C415, C535,
C572, C691, and C695) were mutated to Val, and the remaining two Cys residues (C209 and
C522) were mutated to alanine using a modified quick change procedure that employs offset
oligonucleotides harboring the desired mutation.*® All mutations were confirmed by DNA
sequencing (GeneWiz). Expression and purification of the p97—-Cys0 construct were carried
out as for wild-type p97.

p97—C522A and p97-C209A—Site directed mutagenesis was performed using wild type
PET14b-p97 as a template. C209 or C522 residues were mutated to alanine, and mutagenesis
was carried out as for the p97—Cys0 construct (see above paragraph). Mutations were
confirmed by DNA sequencing. Expression and purification of p97— C522A and p97-
C209A was performed as for wild-type p97 (see prior paragraph) then further purified
through a Superose 6 10/300 GL preparative grade column (GE Healthcare) equilibrated
with 20 mM HEPES pH 7.4, 150 mM KCI, 1 mM MgCl,, 5% glycerol, and 1 mM
dithiothreitol (DTT). Fractions containing p97-C522A were pooled, aliquoted, frozen in
liquid N, and stored at —80 °C until needed.

GroEL. E. coli—GroEL was cloned into a pTrc99a vector and expressed in E. coli DH5a
cells. Transformed bacteria were grown in LB medium containing 100 pug/mL ampicillin at
37 °C until the ODggg was 0.8. The culture was then induced with 0.5 mM IPTG for 3 h at
37 °C. The cells were recovered by centrifugation (7000g for 10 min). Cell pellets from 4 L
of culture were resuspended in 50 mL of buffer A (50 mM Tris, pH 7.4, 1 mM DTT). The
cells were lysed by passage through an M110-T microfluidizer (Microfluidics), and the
lysate was clarified by centrifugation (118 834g, 1 h, 4 °C) in a Ti45 rotor (Beckman). The
cleared lysate was applied to a 75 mL FFQ column (Pharmacia) equilibrated in buffer A plus
20% buffer B (50 mM Tris, pH 7.4, 1 M NaCl, 1 mM DTT) and eluted with a gradient to
50% B over 10 column volumes. The fractions were analyzed by 12% SDS PAGE, and
GroEL containing fractions were pooled. (NH4)2SO,4 was added slowly to 1.2 M. This
sample was then applied to a 25 mL Source 1SO150 hydrophobic interaction column
(Pharmacia) equilibrated in buffer C (50 mM Tris pH 7.4, 1 mM DTT, 1.2 M (NHg)2SOy).
GroEL was eluted with a gradient to 100% buffer A over 10 column volumes. GroEL
containing fractions were pooled and dialyzed into a storage buffer (50 mM Tris pH 7.4, 50
mM KCI, 1 mM DTT) and concentrated with a 30 kDa Ultra-15 centrifugal filter (Amicon)
to 40 mg mL~1. Protein was aliquoted and stored at 4 °C until needed.

ClpX—ClpX was cloned into a pET14b vector, and the protein was expressed in E. coli
BL21(DE3J) cells. Transformed bacteria were grown in LB plus 100 pg/mL of ampicillin at
37 °C until the ODggg was 0.6 and cooled down to 21 °C for 1 h. Protein production was
induced with 0.5 mM IPTG for 6 h at 21 °C. The cells were recovered by centrifugation
(7000g for 10 min) and frozen at =80 °C. Cell pellets were resuspended in 20 mL of lysis
buffer (25 mM HEPES-KOH, pH 7.4, 100 mM KCI, 400 mM NacCl, 10% glycerol, 2 mM
BME, and complete EDTA-free protease inhibitor cocktail tablets (Roche)). The cells were
lysed by passage through an M110-T microfluidizer (Microfluidics). The lysate was
clarified by centrifugation (118 834g, 1 h, 4 °C) in a Beckman Ti45 rotor, and the resulting
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supernatant was loaded onto 3 mL of Talon resin, pre-equilibrated with 25 mM HEPES-
KOH, pH 7.4, 100 mM KCI, 400 mM NacCl, and 10% glycerol. After incubation at 4 °C
with stirring for 1 h, the column was washed with 60 mL of wash buffer (25 mM HEPES-
KOH, pH 7.4, 100 mM KCI, 400 mM NacCl, 10% glycerol, 2 mM BME, 20 mM imidazole),
and the ClpX protein was eluted with elution buffer (25 mM HEPES-KOH, pH 7.4, 100
mM KCI, 400 mM NacCl, 10% glycerol, 2 mM BME, and 250 mM imidazole). Fractions
were analyzed by 12% SDS PAGE, and those containing ClpX were pooled, dialyzed into a
storage buffer (50 mM Tris, pH 7.4, 50 mM KCI, 1 mM DTT), concentrated with a 10 kDa
Ultra-15 centrifugal filter (Amicon), aliquoted, frozen in liquid N5, and stored at —80 °C
until needed.

N-Ethylmaleimide Sensitive Factor (NSF)—A clone containing the gene for Chinese
hamster (Cricetulus griseus) NSF was kindly provided by Dr. Zev Bryant (Stanford
University). The NSF protein was expressed in E. coli Rosetta 2 (DE3) cells. Transformed
bacteria were grown in LB medium plus 50 pg/mL kanamycin and 25 pg/mL
chloramphenicol at 37 °C until the ODggg reached 0.8. Protein expression was induced with
0.5 mM IPTG for 4 h. The cells were recovered by centrifugation (7000g for 10 min) and
stored at —80 °C. Cell pellets were thawed on ice and resuspended in 40 mL of lysis buffer
(50 mM HEPES-KOH, pH 7.4, 400 mM KCI, 10% glycerol, 2 mM BME, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and complete EDTA-free protease inhibitor cocktail
(Roche)). The cells were lysed by passage through an M110-T microfluidizer
(Microfluidics). The lysate was clarified by centrifugation (118 834g, 1 h, 4 °C), and the
resulting supernatant was loaded onto 2 mL of Talon resin pre-equilibrated with 50 mM
HEPES, pH 7.4, 400 mM KClI, and 10% glycerol. After incubation at 4 °C while stirring for
1 h, the column was washed with 20 mL of wash buffer (lysis buffer with 20 mM
imidazole). The NSF protein was eluted with elution buffer (lysis buffer with 250 mM
imidazole). Fractions containing NSF were pooled and dialyzed into a dialysis buffer (20
mM HEPES, pH 7.4, 150 mM KCI, 1 mM MgCl,, 5% glycerol, 1 mM DTT) and
concentrated with a 30 kDa Ultra-15 centrifugal filter (Amicon) to reduce the volume to 2
mL. The protein was then run through a HiLoad 26/600 Superdex 200 preparative grade
column (GE Healthcare) with 20 mM HEPES, pH 7.4, 150 mM KCI, 1 mM MgCls, 5%
glycerol, and 1 mM DTT. Fractions containing NSF were pooled, aliquoted, frozen in liquid
N>, and stored at —80 °C until needed.

ATPase Assays

ATPase activity was evaluated using Malachite green as an indicator. An identical procedure
was used for each protein. Briefly, assay buffer (50 mM Tris pH 7.4, 150 mM KCI, 10 mM
MgCl,, 1 mM DTT) containing either 100 nM p97-Cys0, 100 nM p97-C522A, 100 nM
p97-C209A, 50 nM GroEL, 50 nM ClpX, or 200 nM NSF was dispensed into each well of a
96 well plate, and the assay was run. Test compounds at the desired concentrations (0.0004
pUM, 0.002 pM, 0.004 uM, 0.02 uM, 0.04 pM, 0.2 uM, 2 uM, 10 uM, 20 uM, 40 pM, 60 uM,
and 100 pM) in DMSO (2 pL) were added to each well. DMSO (2 pL) and 50 mM EDTA
(final concentration) were used as negative and positive controls, respectively. Following
incubation at 21 °C for 10 min, ATP hydrolysis was initiated by adding 100 uM ATP to
each well followed by incubation at 21 °C. Aliquots (20 uL) were taken at 30, 60, 90 and
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120 min and added immediately into 50 uL of malachite green solution (9.3 uM malachite
green, 53 mM (NH4),M004, 1 M HCI, 10% Tween 20). After 5 min, 10 pL of 34% sodium
citrate was added, and the ODg7g was read on a GEN5 plate reader (BioTek Synergy 2).
ICsq values were calculated by fitting the percentage inhibition at a given compound
concentration plotted on semi-log scale using KaleidaGraph (Synergy Software).

Analysis of Covalent Reactivity

Aliquots of compounds 1, 4, 6, or 9 were added at 1 M concentration to a 1 pM solution of
p97 in assay buffer (50 mM Tris, 150 mM KCI, 10 mM MgCl,, 1 mM DTT, pH 7.4) and
incubated at 4 °C for 12 h, 21 °C for 6 h, or 37 °C for 2 h. DMSO (1%) was used as a
control. The reaction was dialyzed into assay buffer for 2 h using Slide-A-Lyzer Dialysis
Cassette (Thermo Scientific), and the buffer was exchanged for fresh buffer three times
every 2 h. The ATPase activity was then measured. To initiate the reaction, 2 mM ATP was
added. A 10 pL aliquot was taken every 10 min, up to 1 h, and added to 800 uL of malachite
green solution. After 5 min, 100 pL of 34% sodium citrate was added. ODggg values were
collected on a Genesis 10S VIS Spectrophotometer (Thermo Scientific), converted to
nanomoles of inorganic phosphate using a standard curve, and plotted as a function of time
using KaleidaGraph (Synergy Software).

Confocal Microscopy on UbG76V-GFP and TCRa-GFP

HEK?293 cells stably expressing UbG’6VGFP or TCRa-GFP were kindly provided by Dr.
Ron Kopito (Stanford University). For live cell imaging, cells were seeded at 2 x 10° cells in
phenol-red-free Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) on 35 mm glass-bottom dishes (Bio Express). After incubation at 37 °C
under a 5% CO, atmosphere for 18 h, each dish was treated with either 5pM 1,5 uM 2, or 5
UM 3 from DMSO stock solutions (0.1% final DMSO concentration). DMSO (0.1%) was
used as a negative control. The cells were imaged in phenol-red-free DMEM supplemented
with 10% FBS. Images were captured with an Observer Z1 microscope (Zeiss) by using the
Slidebook 5.0 software (Intelligent Imaging Innovations).

Western Blot Analyses

Cells were cultured with the ascribed compound in DMEM supplemented with 10% FBS for
24 h (select markers) or 48 h (apoptotic markers) in 1.9 cm? culture dishes (Greiner Bio—
One). The medium was removed, and the cells were harvested in sample buffer (50 mM
Tris—HCI pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 0.1% bromophenol blue) and lysed
via sonication followed by clearance of the cell debris by centrifugation. The resulting
supernatants were then applied to 4-20% gradient SDS PAGE gels (Invitrogen) and
transferred to a Nitrobind nitrocellulose transfer membrane (Maine Manufacturing) using a
Bolt Miniblot Module (Life Technologies) gel box. The blots were blocked in 5% milk for 1
h. Primary antibodies were applied in 5% milk at 1:1000 rabbit anti-GFP (GeneTex), 1:1000
anti-caspase 3 (Cell Signaling), 1:1000 anti-elF2a (pS52) (Invitrogen), 1:1000 mouse anti-
VCP (Santa Cruz), 1:1000 mouse anti-/#Actin (Santa Cruz), 1:1000 mouse anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Santa Cruz), 1:1000 anti-ubiquitin
(Sigma), 1:1000 anti-XBP1s (Biolegend), 1:1000 anti-HA epitope (Covance), or 1:1000
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mouse anti-LC3 I/11 (Sigma). The blots were washed three times at 10 min intervals with
wash buffer (1 x PBS, 0.1% Tween 20). Secondary antibodies were applied in 5% milk at
1:3000 goat anti-mouse (Santa Cruz) or 1:3000 goat anti-rabbit (Santa Cruz). The blots were
washed four times at 10 min intervals with wash buffer, incubated in Supersignal West Pico,
Dura, or Femto Substrate (Thermo Scientific), and imaged using ChemiDoc XRS (Bio-Rad).
The blots were analyzed using Quantity One 1-D Analysis software (Bio—Rad).

Cytotoxicity Analyses

Cells were seeded at a density of 10 000 cells in 90 pL of DMEM containing 10% FBS in a
96-well plate format. After incubation for 12 h at 37 °C in a 5% CO» environment, the cells
were treated with compounds 2, 4, 14, 18, and 19 in DMEM to provide a concentration
gradient at a 5-6 log range in 0.5 log steps. Negative controls were conducted using cells
without any additional materials. Analysis was conducted using a CellTiter 96 Aqueous
Assay (Promega). Briefly, plates were analyzed after incubation for 48 h by the addition of
0.5 mg mL~! of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) and phenazine methosulfate (PMS). After 2 h of further
incubation, the plate was analyzed using a Synergy HT microtiter plate (Biotech) reader at
490 nm. Negative “no-cell” control absorbance wells were prepared with culture media +
compound only to account for background interference. The data were corrected with the
absorbance of compounds in the negative “no-cell” control and normalized to the “not-
treated” control to obtain the relative absorbance intensity. Absorbance values were
averaged from technical triplicate samples to generate individual biological replicates. LDsg
values were determined from the plot of relative absorbance intensity versus compound
concentration with Prism software (GraphPad) using non-linear regression modeling.

Half-life Measurements

HEK293 cells stably expressing Ub®’/VGFP, stably expressing TCRa-GFP, or transiently
transfected with HA—CD3 & were cultured for 24 h before treatment. At this point, the cells
were either left untreated (DMSO) or treated with compounds 1. 2, 4, 19, or MG132
followed by 50 pM cycloheximide until protein synthesis was fully blocked. Total cell
lysates were collected at indicated time points and subjected to Western blot analysis with
anti-GFP, anti-HA, or anti-tubulin (loading control) or anti-lamin A (loading control)
antibodies (see Western Blot Analyses section for protocols). The relative intensities of the
bands were quantified for each time point using the CRS gel documentation system
(ChemiDoc) and Quantity one software (BioRad) and plotted to determine the half-lives of
UbG78VGFP, TCRa-GFP, or HA-CD36.

Proteasome Inhibition

Chymotrypsin-like activity of 20S proteasome activity was determined using a 20S
Proteasome Assay Kit K-900 (Boston Biochem) using a 96 well plate format. The provided
20S proteasome (1.2 nM final concentration) was incubated with compounds 1, 2, 4, 9, or 19
(eight-point dose response using 3-fold serial dilutions) at 37 °C for 10 min in a reaction
buffer (Boston Biochem). A 50 uM aliquot of substrate Suc-LLVY-AMC (Boston Biochem)
was then added into each well followed by incubation at 37 °C for 1 h. Hydrolysis of Suc-
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LLVY-AMC was measured using a Spectramax Gemini XS (Molecular Devices) microplate
reader with excitation at 380 nm and emission at 440 nm. ICgq values were determined from
a semi-log scale of the plot of relative fluorescence intensity versus compound concentration
using KaleidaGraph (Synergy Software).

Confocal Microscopy

HEK?293 cells were grown on round glass coverslips (Fisher Scientific) in 35 mm cell
culture dishes. After treatment with 1, 2, 4, or 19 for 4 h, the cells were fixed with pre-
chilled methanol for 20 min. The coverslips were washed with phosphate-buffered saline
(PBS), and blocked with 2% bovine serum albumin (BSA) in PBS for 30 min and then
incubated with primary antibody (Texas Red-antiphalloidin, Life Tecnologies; antivimentin,
Sigma; antiannexin Il — Santa Cruz) for 1 h (see Western Blot Analyses section for

discussion of antibodies). After removal, the coverslips were washed three times for 5 min
washes with PBS and then incubated with a fluorescently labeled secondary antibody (Alexa
Fluor 647 antimouse and Alexa Fluor 555 antirabbit, Invitrogen) for another 50 min. After
washing with PBS, the coverslips were mounted onto glass slides with anti-fade mounting

medium (Invitrogen). Images were captured with a Zeiss Observer Z1 microscope by using
Slidebook 4.2.0.11 (Intelligent Imaging Innovations).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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4R1=Ac,R2=0Ac,Rs=H

5 R1=Ac, R2 = OAc, Rs = OAc

6 R1=Ac, R2=0Ac
7Ri1=H,R2=0H
8 R1=H, R2=0Ac

10 R2=0OH
11 R2 = OAc

R2 = OH, Rz = OMe
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Figure 1.
Structures of a panel of withanolides including withaferin A (1); viscosalactone B (14);2

congener 12;8 microbially transformed derivative 5;8 and semisynthetic derivatives 2—4,
6-8, 10, 11, 13, 15, and 16.8 WFA analogs 9, 17, 18, and 19 were prepared via
semisynthesis (see Supporting Information). Color shading indicates regions that tolerate
acetylation (green and chartreuse), tolerate limited functional modification (blue), do not
tolerate oxidation (red), tolerate limited oxidation (orange and gray), or do not tolerate
stereochemical inversion (violet).
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Biochemical ATPase activity data. (a) 1Csq values for the indicated withanolides versus p97
ATPase activity. (b) ICsg values versus the cysteine—less p97 variant, p97—Cys0. (c) 1Csq
values versus the p97 variant, p97—-C209A. (d) 1Csq values versus the bacterial, type | AAA
+ protein, ClpX. (e) Inhibition of the bacterial chaperonin, GroEL. (f) Activity against the
type Il AAA+ chaperone, N-ethylmaleimide sensitive factor (NSF). Plots were generated
from 0 to 100 uM; dots indicate I1Csq values >200 M.
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Figure 3.
Analysis of the ubiquitin proteasome system (UPS). (a) Total ubiquitylation was measured

in HEK293 cells with an anti-ubiquitin (Ub) antibody. (b) Ub®’6VGFP (a Ub green
fluorescent protein (GFP) fusion) was stably expressed and measured in HEK293 cells with
an anti-GFP antibody. The negative controls used were DMSO and 12. The positive control
(+) was generated with MG132 (a proteasome inhibitor).3 All experiments were conducted
in triplicate, and exemplary blots are provided. Loading control is given by lamin A.
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Differentiation of p97-dependent and p97-independent endoplasmic reticulum associated
degradation (ERAD) pathways. (a) Poly-ubiquitylated CD36 exposes a large portion of its
sequence to the cytosol and can be extracted from the ER in a p97-independent manner. (b)

Poly-ubiquitylated TCRa exposes only a small amount of sequence to the cytosol and

requires the force of p97 to extract from the ER membrane. (¢) TCRa-GFP can be

visualized by fluorescence microscopy. No fluorescence obtains in the absence of a p97
inhibitor, but in the presence of a p97 inhibitor, 1 uM 19 or 1 UM 2, the protein is protected,

leading to fluorescent cells. Bar denotes 10 pm.
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Figure 5.

Page 20

Western blot analyses of (a) TCRa-GFP and (b) hemagglutinin (HA)-CD34 using anti-GFP
and anti-HA antibodies, respectively. (c) Analysis of p97 function in HEK293 cells. The
unfolded protein response (UPR) was evaluated using an anti-XBP1 antibody to analyze the
appearance of spliced XBP1s, lower band. Autophagosome maturation was measured using

an anti-LC3 antibody to determine the accumulation of LC3-11, lowest band. Loading

controls are given by lamin A or GAPDH.
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Figure 6.
HEK 293 cells treated with WFA analogs are rescued by expression of p97-C522A. HEK

293 cells expressing wt-p97 (gray bars) or p97-C522A (black bars) were treated with the
indicated WFA analogs, and cytotoxicity was measured using an eight-point dose response
and an MTT assay. All experiments were done in triplicate, and error bars represent standard
deviation from the mean.
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ICsq Values for wt-p97 and p97 Variants (CysO, C209A, and C522A)a

Table 1

compound wt p97

1 44.0+0.21
2 21.6+2.49
3 781+17.1
4 19.0 + 4.06
5 >200
6 21.9+2.38
7 48.3+6.34
8 40.9+14.8
9 17.7+4.45
10 >200
11 32.2+20.2
12 >200
13 >200
14 >200
15 >200
16 >200
17 53.7+4.22
18 >200
19 21.9+2.14

Cys0
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

19.4+2.88

>200

C209A
249+1.91
18.0+0.74
36.1 +6.46
41.2+245

>200
21.8+1.87
>200
>200
10.6 £1.51
>200
>200
>200
>200
>200
>200
>200
>200
62.6 +12.7
31.4+10.2

C522A
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

aIC50 values are given in uM inhibition of ATPase activity using the procedure provided in the Supporting Information.
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ICsq Values for wt-p97 and Related ATPases”

compound

© 00 N oo U A~ W N

e e N A
©® N o o A W N B O

19

p97
440+0.21
21.6+2.49
78.1+17.1
19.0 + 4.06
>200
21.9+238
48.3+6.34
409+ 14.8
17.7+4.45
>200
32.2+20.2
>200
>200
>200
>200
>200
53.7+4.22
>200
21.9+214

GroEL

>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

ClpX
>200
9.47 +1.24
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
35.5+6.18
>200
>200
21.8+11.2
>200

NSF
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200
>200

aIC50 values are given in uM inhibition of ATPase activity using the procedure provided in the Supporting Information.
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Table 3
Protein Half-lives®
UbCG7VGEP TCRa-GFP HA-CD38
compound compound treated DMSO control compound treated DMSO control compound treated DMSO control
1 86.9 6.5 46.9 44.2 120.7 99.4
2 76.9 6.5 143.0 44.2 1145 99.4
4 95.9 6.5 112.8 44.2 80.0 99.4
19 54.1 7.2 71.3 449 128.9 102.2
MG132 102.2 70.7

aHalf-lives are provided in minutes as obtained by Western blot analyses (Figures S3-S5).
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Cytotoxicity Analyses in Select Cell Lines®

cell line 2

SW-620 29.7
Ramos 4.56
Raji 14.9
NCEB1 1.86
Ca4d6 16.2
Bjab 17.4
B95.8 313

4
5.40
4.88
3.36
6.80
21.4
28.3
6.69

14
>100
>100
>100
>100
>100
>100
>100

18
>100
>100
>100
94.7
>100
>100
>100

19
95.0
22.1
9.44
3.47
26.9
253
431

aIC50 values are provided in uM using the MTS assay as described in the Supporting Information.
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