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ABSTRACT: VCP/p97 belongs to the AAA+ ATPase family and has an essential role in several cellular processes ranging from
cell division to protein homeostasis. Compounds targeting p97 inhibit the main ATPase domain and cause cell death. Here,
using PNA-encoded chemical libraries, we have identified two small molecules that target the regulatory domain of p97,
comprising the N-terminal and the D1 ATPase domains, and do not cause cell death. One molecule, NW1028, inhibits the
degradation of a p97-dependent reporter, whereas the other, NW1030, increases it. ATPase assays show that NW1028 and
NW1030 do not affect the main catalytic domain of p97. Mapping of the binding site using a photo-affinity conjugate points
to a cleft at the interface of the N-terminal and the D1 ATPase domains. We have therefore discovered two new com-
pounds that bind to the regulatory domain of p97 and modulate specific p97 cellular functions. Using these compounds, we
have revealed a role for p97 in the regulation of mitotic spindle orientation in Hela cells.

INTRODUCTION

VCP/p97/Cdc48 is a member of the AAA™ ATPase family type II which is ubiquitously expressed in multicellular organ-
isms. P97 was initially identified in a screen for cell division cycle mutants in yeast." However multiple other functions
have emerged over the years, ranging from the most characterized one, binding to ubiquitylated protein and facilitating
their degradation, to vesicle fusion, endocytosis, endolysosomal sorting and signaling.”” The molecular activity of pg7 is
ATP driven unfolding, assisted by a wide range of adaptors, which account for the diversity of functions.*” The energy
released from the ATP hydrolysis is used to segregate client proteins from membranes or from protein complexes to be
recycled or sent to degradation.

p97 is a homohexamer that forms a ring with a central pore (Figure 1A).” Each protomer is formed by an N-terminal
domain followed by two ATPase domains in tandem, named D1 and D2 (Figure 1A). Both ATPase domains contain a
Walker A and a Walker B motif that confer the ability to bind and hydrolyze ATP, with the D2 domain having higher
ATPase activity. The N-terminal domain mediates the interaction with the adaptor proteins and the D1 ATPase domain is
a regulatory domain that controls the conformation of the N-terminal domain in a nucleotide dependent-manner and
promotes the formation of the hexamer.”"* The high ATPase activity of the D2 domain is required to achieve the main
function of pg7, aimed at performing a mechanical force to unfold proteins.®?

15-21

Several inhibitors of the D2 ATPase domain of pg7 are available.”™ The most used pg7 inhibitors identified recently,
DBeQ, NMS-873 and MSC1094308"* * ** were isolated by screening compounds that inhibit the ATPase activity in vitro.
Since pg7 participates in a wide range of cellular processes, treatment with these drugs cause major cellular defects, in-
cluding cell death. The cytotoxicity of these compounds has been exploited as a potential cancer therapy, bringing com-
pounds such as CB-5083 (a DBeQ analogue) to clinical trials.*”  Recent results have shown off-target activity highlighting
the need of new more selective compounds to pursue this strategy.** Identification of modulators that target the regulato-
ry domain of pg7 may provide a tool to dissect the multiple functions of pg7 by only targeting a subset.

Given the weak ATPase activity of the D1 domain and the lack of established ligands that could be used in a displace-
ment assay, screening for D1 modulators by traditional high throughput screening is challenging. DNA-encoded libraries
have emerged as a powerful technology enabling screens to be performed based on affinity selection without the need of a
substrate or ligand for displacement.” ** We have focused on PNA-(Peptidic Nucleic Acid)-encoded libraries based on
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Figure 1: Identification of seven compounds that interact with the ND1L domain of p97. (A) Top: 3D structure of p97 full length (left)
and the ND1L fragment (right) (pdb 5ftk); bottom: schematic representation of the p97domains using the same colour code as in the
3D structure. (B) Screening procedure; helices represent the DNA-PNA molecules with the attached chemical compounds. (C) Heat
map of fluorescence intensity (Cy5 channel) for the screen of a 10 000 membered DNA-PNA encoded library against his tagged ND1L
fragment revealed with an anti-His Ab-Cy5 conjugate. The Cy5 fluorescence is quantified and represented on 100 x 100 heat map with
codon 1 on horizontal axis and codon 2 on vertical axis. The fluorescence intensities are the median of 4 values. Selected compounds
are circled with the codon combination and assigned compound number in brackets. (D) Chemical structure of selected compounds
resynthesised off-oligo and as biotin conjugates for hit validation. (E) and (F) pull-down of p97 from HEK 293 crude cell extracts with
the different compounds without (E) and with ADP (F); Western-Blot performed with anti-p97 monoclonal antibody.

plates (DNA display) for affinity-based selection or microarray- based screens. 259 Optimal fragment pairs can be used for
the synthesis of focused libraries.” *° Using this technology, we focused our screen on binders targeting the regulatory
domains of pg7, the N-terminal domain and the D1 ATPase domain (ND1L, Figure 1B).

Here we present two new chemical compounds that are able to modulate pg7 activity and affect a subset of its functions
in cells. These compounds are not cytotoxic and allow cells to proliferate, making it possible to investigate the mitotic
functions of pg7. We show here that when cells are treated with these compounds, they display spindle orientation de-
fects, demonstrating that pg7 is required for this process.

RESULTS AND DISCUSSION

Affinity screen for chemical compounds that interact with the regulatory domains of pg7. To identify compounds that
modulate pg7 without affecting the main ATPase function of D2, we performed an affinity screen using a recombinant
fragment of pg7 containing the N-terminal domain, the D1-ATPase domain and the D1-D2 linker (from here on referred to
as ND1iL). This fragment preserves the same hexamer configuration as the full length protein,31 but contains solely the
regulatory domains of pg7 (Figure 1A). Using existing fragment-based PNA-encoded chemical libraries,28-30 we identi-
fied ND1L binders from a focused library pairing in a covalent fashion 100 different natural and unnatural amino acids
(each encoded with a unique 7mer PNA or codon 1) with 100 different fragments (each encoded with a unique 7mer PNA
or codon 2) to obtain 10 ooo unique PNA tagged compounds. The screen was performed by hybridizing the PNA-encoded
library to a DNA microarray such that each compound hybridizes to a unique position on the array. Each DNA sequence
is present four times on the array thus providing quality control through this redundancy. The array was incubated with
the His-tagged NDiL, washed and subsequently incubated with a Cy-5 labelled anti-His Ab (Figure 1B). Scanning of the
microarray revealed the best binders (Figure 1C). The fluorescence intensities are represented on 100 x 100 heat map with
codons 1 as rows and codons 2 as columns. The fluorescence intensities are the median of 4 values. The same screen was
performed in the presence of 2 mM ADP and 2 mM non-hydrolysable ATP (ATPyS) to interrogate the different confor-
mations of ND1L and filter for ATP-competitive binders (Figure S1A and S1B). The fitness of a fragment in the library ap-
pears through horizontal or vertical lines (rows or columns) on the array. Analysis of the screen clearly revealed that row
71 followed by 74 gave the highest frequency of hits in combination with columns 35, 52 and 87 (Figure 1C). Seven com-



pounds representative of the different fragment combinations were selected for resynthesis and further validation in sec-
ondary screens (circled in Figure 1C and shown in Figure 1D).
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Figure 2: Activity of the compounds on a cell-based protein degradation assay. (A) Schematic representation of the cell-based protein
degradation assay used to test the activity of the compounds. The UbG76V-GFP reporter is first stabilised for 1 h by treating cells with
the proteasome inhibitor MG132; MG132 is then replaced by each compound (10 uM), DBeQ (10nM) as positive control or DMSO
0.1%, together with cycloheximide. (B) UFD pathway activity was assessed after stabilization of the UbG76V-GFP reporter prior treat-
ment with the seven hits. The percentage of remaining UFD activity is calculated by the ratio between kgyeg(compound)/Kgeg(DMSO)
(*** indicate p < 0.001, Welch'’s test, Error bars correspond to SD; data correspond to three independent experiments, each per-
formed with 3 replicas; in total between 1200 and 5600 cells were used to calculate the kgeg(compound)). (C) and (D) Structures of
NW1028 and NW1030. (E) Accumulation of the p97 independent ODD-HIF1a-luciferase reporter over time: MG132 10uM, positive
control, DBeQ 10uM, negative control, solvent alone, DMSO 0.1%, NW1028 and NW1030 10 pM. Error bars indicate SEM and the ex-
periment was done three independent times.
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Figure 3: Affinity measurements and binding site studies. (A-D) SPR affinity measurements of NW 1028 on ND1L (A) and WT p97 (B)
and of NW1030 on ND1L (C) and WT p97 (D). (E) Structure of the photoaffinity crosslinker derived from NW1028. (F) Photoaffinity
labelling of ND1L by NW1028-PAL-Alk after click reaction. FL = Cy3 fluorescence and SN = Silver nitrate stain. (G) Peptides identified in
the mass spectrometry experiments. Purple, yellow and red peptide = peptides with non reacted cysteines after treatment with iodo-
acetamide, green peptide = peptide identified by PAL. (H-J) Docking of NW1028 using autodock vina. (H) Conformation showing
NW1028 with thiaquinazolinone moiety towards the upper part of the cleft. (I) Two different conformations showing NW1028 with



thiaquinazolinone moiety pointing down in the cleft. (J) Conformation found with the lowest energy, hydrogen bonds to the protein
are displayed in yellow and orange.

Hit validation. First, compounds wherein the oligonucleotide tag was replaced by biotin (Figure 1D and table S4) were
used in a pull-down assay. All the compounds were able to pull down pg7 from HEK293 extracts, although to different
extent in the presence or absence of ADP (Figure 1E and 1F).

To assess the activity of the compounds in cells, we monitored the function of pg7 in the Ubiquitin-Fusion Degradation
(UFD) pathway, taking advantage of a cell-based protein degradation assay.”” For this purpose, the compounds were syn-
thesized without a tag (Figure 1D and Supplementary Table S4). The assay consists of a dual reporter HeLa cell line stably
expressing a UFD substrate: Ub“*Y-GFP, whose degradation depends on pg7. We first stabilized the reporter by treating
the cells with MG132, a proteasome inhibitor, and we subsequently added cycloheximide to inhibit protein synthesis to-
gether with the identified compounds (Figure 2A). The decay of GFP fluorescence was monitored over time and the rate
of degradation k¢, was measured for each compound and compared to the DMSO control. We observed that the com-
pounds affected significantly the degradation rate of the reporter (Figure 2B). The compounds NWio30, NWio47,
NWio049 and NW1o52 show a significant increase in the rate of decay of the reporter, compared to DMSO, whereas
NW1028 and NW1080 decreased the rate of decay of the reporter (Figure 2B). From all compounds increasing the decay
rate, NW1030 was the most potent, whereas NW1028 was the most potent in decreasing the decay rate (Figure 2B and
Supplementary Figure Sz for detailed kinetics of degradation for NW1028 and NW1030). We therefore selected NW1028
and NW1o3o0 for further characterization (Figure 2C and 2D).

We next investigated the ability of NW1028 and NW1030 to modulate the degradation of pg7-independent proteasome
substrates, using a second reporter expressed in the same HeLa cell line, ODD-Luc (oxygen dependent degradation do-
main of HIF1x fused to luciferase).” Normalized luminescence values indicate that treatment with NW1028 or NW1030
does not affect the degradation of the reporter ODD-Luc, compared with the high increase of luminescence in presence of
the proteasome inhibitor MG132 (Figure 2E).

We have identified two small molecules that bind to the NDiL domain of pg7 and modulate the pg7-dependent degra-
dation of a reporter in cells: NW1028, which inhibits pg7 function in protein degradation, and NW1o30 which increases
this same activity.

To further characterize the interactions of the two selected compounds, we measured their binding affinity to pg7 by
Surface Plasmon Resonance (SPR). Initially, the protein hexamer was immobilized on a chip by NHS activation and the
compounds injected on the protein. However, the hexamer was degraded during the regeneration step making this exper-
imental design unsuitable for measurements and no reproducible data could be obtained (vide infra). To palliate this is-
sue, the biotinylated version of the selected compounds was immobilized on a streptavidin biosensor (50RU) at a low
density to limit avidity effects using the hexamer. Their affinity to ND1L fragment and WT pg7 were measured using HBS
buffer with 2 mM ADP. For NW1028, Kds of 100 nM (NDiL) and 285 nM (full length pg7) were measured respectively,
while for NW1030, Kds were of 48 nM (ND1L) and 7.2 nM (full length p97) (Figure 3 A-D). The binding affinity towards a
walker B mutant of NDiL (ND1L E305Q), able to bind ATP but not hydrolyze it, was also measured and showed no change
in Kp for any of the two compounds (see Supplementary Figure S3).

To gain insight into the binding site, we selected NW1028 for photoaffinity labelling (PAL) studies. We modified the
compound on the C-terminus based on the premise that this site must point towards the solvent to be identified in the
PNA-encoded screen. The new compound (NW1028-PAL-Alk, Figure 3E) was prepared by SPPS starting the synthesis
with a Lysine modified on one side with an alkyne for pulldown and the diazirine-based cross-linker on the other side
(Supplementary Scheme S3). The compound was incubated with NDiL fragment and crosslinked by UV irradiation of the
sample. The reaction was subsequently treated with an azide adduct bearing both a fluorophore (Cy3) for detection of
labeling and desthiobiotin for pulldown. As shown in Figure 3F (and Supplementary Figure Ss), in gel scanning in the Cy3
channel show a clear fluorescent band while the competition with 10 to 50 equivalents of unconjugated ligand (NW1028)
showed reduced to no labeling, in agreement with the free ligand competing for the binding site on the protein. The
same experiment was performed followed by a tryptic digest of the protein and the labeled protein fragments (peptides)
were pulled down on a streptavidin resin. Elution of the fragments and MALDI analysis showed a single major peak at
3213.59 a.m.u. corresponding to the peptide segment 96-109 of NDiL (Supplementary Figure S6).

In separate experiments analyzing the digest of NDiL with or without ligand (NW1028) after reduction of cysteine and
reaction with iodoacetamide, we observed a protection of cysteine reaction in the presence of the inhibitor on four pep-
tides (segment 21-45, 65-81, 96-109, 191-211 of ND1L respectively in yellow, purple, green and red on Figure 3G, and Sup-
plementary Table S2) adjacent to and including the peptide identified by pulldown. Collectively, these experiments point
to a cleft between the D1 and the N-term domain as the binding site of NW1028 (Figure 3G).

NW1028 was docked using autodock vina® on ND1. Using the reported crystal structure of ND1 in presence of



ADP (PDB: 5DYI)”? was used and the docking space was limited to the cleft identified by mass spectroscopy studies.
Two binding poses for NW1028 were found based on the position of the quinazoline. Both poses can account for the mass
spectrometry results observed (Figure 3H-3], see Supplementary figure S7 for high resolution images). Docking of NW1030
using the same parameters gave two main poses (see Supplementary Figure S8), one of which the cinnamyl moiety is
deeply buried in cavity formed by segment 21-45 of ND1 (in yellow).

NW1028 and NW1o030 affect the activity of the D1 ATPase domain, but not the D2 domain. To investigate how the
compounds could affect pg7 functions, we performed ATPase assays using the pg7 ND1L fragment (Figure 4A), which has
weak yet measurable ATPase activity.”* We performed the ATPase assays in presence of the NW1028 and NW1030 com-
pounds.
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Figure 4: NW1028 and NW1030 affect specifically the D1 ATPase domain and do not cause cell death. (A) Schematic of p97 D2 walker
B mutant able to bind but not hydrolyze ATP. (B) ATPase activity of p97 ND1L fragment measured using Malachite Green in the pres-
ence of different concentrations of NW1028 (400 nM p97-ND1L, two-fold dilutions starting with 15 uM of NW1028). (C) ATPase activi-
ty of p97 ND1L fragment measured using Malachite Green in the presence of different concentrations of NW1030 (400 nM p97-ND1L,
two-fold dilutions starting with 15 uM of NW1030); (D) Kinetics of p97 E305Q ATPase activity measured using Malachite Green in the
presence of NW1028 (500 nM p97-ND1L, 10 uM NW1028 or NW1030). The assays were done in three independent replicates. (E) Cell
viability assays performed during 72h and analyzed using Preston Blue dye (see methods). Error bars correspond to SEM. Data were
collected in three independent experiments. (F) Western Blot analysis of Hela K cells treated with NMS-873 5uM, NW1028 10uM and
NW1030 10uM for 8h. Data shown are representative results of one of three independent experiments.

The results show that treatment of NDiL with NW1028 inhibits the ATPase activity of the D1 domain (Figure 4B),
whereas NW1030 increases the ATPase activity (Figure 4C). Known inhibitors of pg7, such DBeQ and NMS-873, target the
ATPase activity of the D2 domain.” " To assess whether NW1028 and NW103o affect also the D2 domain of pg7, we puri-
fied a recombinant pg7 containing the mutation E305Q, which allows binding of ATP to the D1 ATPase domain, but not
the

hydrolysis, allowing to monitor the D2 ATPase activity* (Figure 4A). Analysis of the ATPase assays show that NW1028
and NW1o030 do not impact the ATPase activity of the D2 domain (Figure 4D). Incubation of cells with DBeQ and NMS-
873 leads to the activation of the Unfolded Protein Response (UPR) and cell death.”” * To assess whether treatment with
NW1028 and NW1o030 causes cell death, we performed cell viability assays. Incubation of HeLa K cells with NMS-873 for
72h caused cell death at an IC50 of 2.915 + 0.186 puM (Figure 4E, mean + SEM). Incubation with NW1028 and NW1030 (up
to 8o uM) for 72h did not result in cell death (Figure 4E).

We subsequently asked whether these compounds were able to activate the UPR by monitoring the increase in the lev-
els of CHOP (CCAAT-enhancer-binding protein homologous protein). CHOP is a proapoptotic factor downstream of the
UPR and its expression is markedly increased upon prolonged ER-stress.”” CHOP levels increased in cells treated with
NMS-873, as previously reported”, whereas they did not increase in cells treated with NW1028 or NW1o30 (Figure 4F). In
summary, NW1028 and NW1030 do not cause cell death and do not activate the UPR response. Additionally, NW1028 and



NW1io030 were tested in an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay on HeLa cells and
no cytotoxicity was observed up to 50 pM (Supplementary Figure Sg). Altogether, the results indicate that we have identi-
fied small molecules affecting the D1 ATPase domain of pg7, and not the D2, both in vitro and in cells.

NW1028 and NWio030 affect a subset of pg7 functions in the cells. We subsequently asked if these small molecules
can modulate other pg7 dependent processes in cells. pg7 is involved in a diverse array of functions in the cell, such as
degradation associated with several organelles, autophagy or cilia formation.”3*¥ pg7 mutations lead to an accumulation
of autophagosomes in patients with Inclusion Body Myopathy with early-onset Paget disease and Frontotemporal Demen-
tia (IBMPFD).*® Inhibition of pg7 with DBeQ and NMS-873 also leads to a defect in autophagy and accumulation of au-
tophagosomes.'” ¥ During autophagy, autophagosomes are formed as intermediate structures, which are converted in
autolysosomes later on. Because autophagy is a dynamic pathway, an increase in the number of autophagosomes can cor-
respond to an induction or an inhibition of autophagy. To distinguish between induction and inhibition of autophagy, we
used a MEF cell line expressing a mCherry-GFP-LC3 reporter®® (Figure 5A). This reporter exploits the difference between
the two fluorescent proteins:
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GFP fluorescence is quenched in acidic compartments, while mCherry fluorescence is more stable in acidic conditions.
It is therefore possible to distinguish between autophagosomes (GFP and mCherry fluorescence, i.e. “yellow autophago-
somes”) and autolysosomes (mCherry fluorescence, i.e. “red autolysosomes”, Figure sA). Induction of autophagy will
cause an increase of yellow and red vesicles, whereas inhibition of autophagy will result in impairment of acidification
and in an increase in yellow vesicles (Figure 5A). After treating the cells with chloroquine, an inhibitor of autophagy, we
observed an increase of the number of vesicles LC3b positive for both mCherry and GFP (“yellow autophagosomes”, Fig-
ure 5B and 5C, see Supplementary Figure Su for high resolution image). Treatment with NW1028 did not cause a signifi-
cant change in LC3b levels compared to control condrtrons (Figure 5B and 5C, Supplementary Figure Su1). Incubation with

y-the-increase in the number of red and yellow autophagosomes
(Frgure 5B and 5C Supplementary Flgure Su) Altogether we conclude that NW1028 does not affect autophagy, whereas
NWa1o03o0 causes an increase of the autophagic flux.

P97, together with its adaptor protein UBXN-10, regulates primary cilia formation and maintenance.” We asked wheth-
er these compounds also have an effect on cilia maintenance. Primary cilia formation was induced by starving RPE cells
and cilia were identified by immunostaining for acetylated tubulin. In control conditions, 34.3% of cells are ciliated (Fig-
ure 6A). After three hours of drug treatment, NW1028 reduced the number of

ciliated cells to 18.6% similar to the result obtained by treating the cells with DBeQ (Figure 6B). On the contrary, there
was no significant difference in the number of ciliated cells when NW1030 was used (Figure 6B).

These results further support the different effect of NW1028 and NW1030 in modulating pg7 functions.
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indicate p < 0.001, ** p<0.01, Welch’s test, Error bars show SEM). (C) Quantifications of spindle angles ((* shows p<0.05, *** indicate p
< 0.001, Welch’s test). The results correspond to three independent experiments, n indicates the number of cells.




We then investigated whether NW1028 and NW1o030 affect mitotic entry. We treated HeLa K cells expressing o-tubulin
fused to GFP and H2B fused to mCherry and performed time-lapse microscopy. Whereas DBeQ treatment impaired mi-
totic entry and caused cell death’® (movie 1), cells incubated with NW1028 and NW1030 entered mitosis, indicating that
these two compounds do not impair mitotic progression or mitotic timing (movies 2, 3, DMSO control movie 4, Supple-
mentary Figure S12). We noticed that when cells are incubated with NW1028 and NW103o0, the mitotic spindle oscillated
from prometaphase until anaphase onset (movie 2, 3, DMSO control movie 4), a phenotype similar to the one observed
when cells are depleted of the pg7 adaptors p37 and p47.*> ** To quantify the spindle orientation phenotype, we measured
the angle of the spindle at metaphase in fixed cells immunostained with y-tubulin as a marker for the spindle poles. Con-
sistent with the time-lapse observations, we detected that 53.9% of cells treated with NW1028 and 37.7% of cells treated
with NW1030 had a spindle orientation defect in the z axis, compared to 14.9% cells in control conditions (Figure 7A and
7B). The mitotic spindle of non-treated cells is parallel to the substrate (10.7°+0.65, mean + SEM), whereas in cells treated
with NW1028 the angle was 21.3°+1.55 and in cells treated with NW1030 was 16.7°+1.72 (Figure 7C).

In brief, treatment of cells with NW1028 or NW1o03o0 affects a subset of pg7 dependent process but does not impair mi-
totic progression neither cause cell death. This allowed us to reveal the spindle orientation defect.

Here, we have used the regulatory domains of pg7 to identify compounds that modulate pg7 functions.

Interestingly, among the 7 hits selected from the primary screen, 5 compounds activate pg7 function in the UFD path-
way, whereas two inhibit the degradation rate. We have selected NW1028, the most potent inhibitor of degradation, and
NW1o030 because of its potent effect in increasing the degradation rate of the UFD pathway. It is interesting to note that
the two compounds share a common half of the structure (Figure 1D), but they show different activities. However, those
activities are not always opposite. For instance, autophagic flux is not affected by NW1028 whereas treatment with
NW1o030 causes an increase of the flux. Both compounds inhibit cilia maintenance although only treatment with NW1028
has a significant effect. Also, both compounds lead to spindle orientation defects during mitosis in HeLa cells, demon-
strating that pg7 regulates spindle orientation. These results suggest that both activation and inhibition of pg7 can lead to
the same defects in cells (e.g. spindle orientation defects). Alternatively, the drugs may selectively affect the interaction
with adaptors (see below).

Inhibition of pg7 using DBeQ or NMS-873 causes major cellular defects and cell death.””” NW1028 and NW1030 are not
cytotoxic and NW1028 diminishes the ATPase activity of the D1 domain whereas NW103o0 increases this activity, but nei-
ther of the two compounds alter the activity of the D2 domain (Figure 4). These results suggest that in cells NW1028 and
NW1o030 do not affect the main activity of pg7, but rather modulate it, either by affecting the binding of pg7 with some of
its adaptor proteins or by affecting the conformation of the D1 domain.

Perturbing the function of a target protein with a small molecule rather than through a genetic approach or antisense
approach has the advantage of simpler temporal regulation. This can be crucial to study targets necessary for cell viabil-
ity. The results presented herein highlight another asset of a small molecule approach: the ability to perturb a subset of
the functions of a multifunctional protein complex. This was enabled by an affinity screen for the regulatory domains of
p97 (ND1L) yielding compounds that do not interact with the main function of pg7 (D2 domain). DNA or PNA-encoded
libraries facilitate the biochemical characterization by providing synthetically tractable handle for biotin or photoaffinity
conjugates.

METHODS

Materials. Antibodies used in this study are: anti-a-tubulin, anti- a-acetyl-tubulin and y-tubulin (Sigma-Aldrich), anti-p97
(Fitzgerald 10RP104A), anti-CHOP (Cell Signalling Technology), Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat
anti-rabbit (Invitrogen), Goat Anti-Rabbit IgG Horseradish Peroxidase conjugate and Goat Anti-Mouse IgG Horseradish Pe-
roxidase conjugate (GE-healthcare), Protease inhibitor cocktail (Roche) PhosphoStop (Roche), Phosphatase inhibitor (Roche)
streptavidin coated magnetic beads DynalTm (Invitrogen, Life Technologies), nitrocellulose membranes (Macherey Nagel),
ECL Prime Western Blotting Detection (GE Healthcare), PXi/PXi Touch luminescence detector (Syngene), Pierce high capacity
Streptavidin Agarose beads (Thermofisher), Trypsin singles, proteomic grade (Sigma-Aldrich), 96-well clear-bottom black
plate (Falcon), 96-well white plates (Greiner Bio-One)

Chemicals used in this study are: MG132 and DBeQ (Sigma-Aldrich), NMS-873 (Xcessbio), chloroquine (Enzo lifescience),
cycloheximide (Millipore), puromycin (Sigma-Aldrich), G418 (InvivoGen) and luciferin (AppliChem).

Cell culture and transfections. The following cell lines were gifts from specified groups: Hela cells expressing UbG76V-GFP
and ODD-LUC, gift of T. Chou 16 (Harbor-UCLA Medical Center and Los Angeles Biomedical Research Institute, USA); HEK
293T, RPE1, Hela, HeLa H2B-mCherry/GFP-a-tubulin41 from P. Meraldi (University of Geneva, Switzerland); MEF cells ex-
pressing mCherry-GFP-LC3b, from P. Taylor (Tresse et al., 2010) (St. Jude Children’s Research Hospital, USA).

Cell lines were grown in Dulbecco’s modified eagle medium (Gibco DMEM) supplemented with FCS 10%, penicillin
100units/ml and streptomycin 100mg/ml) at 37°C with 5% CO2 in a humified incubator. HEK 293T cells were supplemented
with 1% Glutamine. Hela cells expressing UbG76V-GFP and ODD-LUC were selected with 2.5ug/ml puromycin and



0.1mg/ml G418(Chou and Deshaies, 2011). Transient expression was performed using lipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s protocol.

Plasmids and oligonucleotides. The following constructs were used in this work for protein expression and site-directed
mutagenesis: pQE9-His-p97deltaD2 was provided by Addgene (ID17229); pET15-His-p97 and pET24b-His-p97ND1L was pro-
vided by TF. Chou 34 (Harbor-UCLA Medical Center and Los Angeles Biomedical Research Institute, USA).

The mutant p97 E305Q were obtained by site-directed mutagenesis using the following oligonucleotides: p97 E305Q

(forward: GCCATCATCTTCATTGAT CAGCTAGATGCCATCGCTCCC; reverse:
GGGAGCGATGGCATCTAGCTGATCAATGAAGATGATGGC). The following oligonucleotides were used to verify the site-directed
mutagenesis: ATGGCTTCTGGAGCCGATTC, TTACCCGATGTCTTCCCAGGTTAC, GTAACCTGGGAAGACATCGGG,

GGAACAGGTAGCCAATGAGACTC and GGCCATCCGTGAATCCATCG.

Recombinant protein expression and purification. All recombinant proteins (ND1L and p97 E305Q) were expressed in
E.coli BL21 (Rosetta) containing the desired plasmid. Bacterial cultures were grown with shaking at 37°C to an OD600nm of
0.5 in 2XTY medium (16 g tryptone, 10 g yeast extract and 5 g NaCl in 1 L deionised water) containing the antibiotics to se-
lect each plasmid (chloramphenicol 20 ug/ml and either carbenicilin 100 pug/ml or kanamycine 50 pg/ml). Induction was
performed at 22°C with 0.8 mM IPTG overnight.

Bacteria were harvested and the pellet was resuspended in lysis buffer (100 mM Tris, pH 7.4, 500 mM KCI, 5 mM MgCl2,
5% glycerol, 2 mM B-mercaptoethanol and a protease inhibitor cocktail). The cells were lysed by sonication in three 60-
seconds pulses on ice. The lysate was centrifuged at 10000 rpm at 4°C for 20 minutes. The supernatant was loaded onto a
TALON Resin column containing the equilibration buffer (50 mM HEPES pH 7.4, 150 mM KCI, 5 mM MgCl2). The column was
washed with washing buffer (equilibration buffer containing 20 mM imidazole) and His-tag proteins were eluted by adding
increasing concentrations of elution buffer (equilibration buffer containing 25, 50, 100, 200 and 300 mM imidazole). The
fractions containing the proteins were pooled together. Imidazole was removed by dialysis with the assay buffer (50 mM
HEPES pH 7.4, 150 mM KCI, 5 mM MgCl2).

Screening of the heterocycle library was performed on an Agilent microarray where the 10000 DNA sequences comple-
mentary to the 10000 membered heterocycles PNA encoded library had been spotted. Each sequence in this Agilent design
is spotted four times. (Agilent array design 041896).

PNA encoded libraries were hybridised on the microarray at an equimolar concentration of 5 uM (total concentration of
library, 0.5 nM of individual library members), overnight at 50°C, in PBS-Tween 0.1% buffer, 40 % formamide. The slide was
subsequently washed twice with PBS-Tween 0.1% and once with Milli-Q water to remove excess of library and non-specific
hybridizations.

Recombinant his tagged-ND1L protein expressed on E. coli was diluted to 300 nM in selection buffer, 200 mM HEPES pH
7.4, 0.5 M KCl, 50 mM MgCl2, 0.01% Tween20, 5 mM B-Mercapto-ethanol.

His tagged-ND1L was incubated with the hybridised PNA library for two hours at room temperature with gentle rotation.
After two hours incubation, the hybridisation chamber was dismounted and the array slide was washed with selection buff-
er and once with Milli-Q water just before being dried by centrifugation (5 min at 1000 g).

The slide was placed again on the hybridisation chamber and stained with anti-His DyLight 649 coupled antibody (Rock-
land Immunogenics). The antibody was incubated 20 min (diluted 1/5000 in PBS-Tween 0.1%, 0.5% BSA) and the washing
procedure and drying of the slide were repeated as described above. Finally, the slide was scanned at 635 nm on a Genepix
Personnal Scanner.

Preparation of crude cell extracts. HEK293T were washed with cold, sterile PBS and finally scraped in 1 ml of cold lysis
buffer (50 mM Tris-HCl pH 8, 150 mM KCI, 5 mM MgCl2, 5 % glycerol, 1% Triton X100, 2 mM B-mercaptoethanol, 1X phos-
phostop and 1X protease inhibitors). The protein lysate was centrifuged for 30 min at 14000 rpm, to eliminate cell mem-
branes and cell debris. The supernatant was transferred to a fresh tube, and the soluble cytosolic proteins were quantified
by Bradford.

Affinity based capture of proteins from crude cell extracts. 10 pL of streptavidin coated magnetic beads DynalTm, were
washed three times with the buffer (50 mM Tris-HCl pH 8, 150 mM KCl, 5 mM MgCl2, 5% glycerol, 1% Triton X100, 2 mM B-
mercaptoethanol) and resuspended in a solution of 100 uM biotinylated small molecule compounds and incubated for 15
minutes with gentle rotation. The functionalised beads were then washed twice with the buffer above and incubate with 50
ug of crude cell extract on the rotation wheel for another 30 min period, to allow small molecule protein interaction. Then
the beads were washed 3 times with 100 pl of buffer and re-suspended with 1X SDS Sample buffer. The retained proteins
were loaded and separated on 10% SDS PAGE electrophoresis. This method was adapted from previous protocols.42

After transfer to nitrocellulose membranes, the membranes were blocked (5% non -fat dry milk in PBS-Tween 0.1%) and
incubated with anti-p97 monoclonal antibody diluted 1/1000 in 5% dry milk, followed by three washes with PBS-Tween.



The membranes were incubated with HRP conjugated antibodies and washed prior imaging. Proteins were detected using
ECL Prime Western Blotting Detection and a PXi/PXi Touch luminescence detector.

Western Blot. Cells were washed in ice-cold PBS and resuspended in lysis buffer (50mM Tris pH 8, 150mM KCI, 5mM
MgCl2, 5% glycerol, 1% triton X-100, 2mM B-Mercaptoethanol, protease inhibitor and phosphatase inhibitor. The lysate was
incubated in ice for 30min and cleared by centrifugation at 10000 rpm for 10min at 4°C. 20ug of cell extract was resolved by
SDS-PAGE and transferred to a nitrocellulose membrane (Whatman). Membranes were blocked with 5% dried milk in PBS
0.2% Tween 20, followed by overnight incubation with the primary antibodies listed on the table above. Secondary HRP-
conjugate antibodies also listed above were incubate for 45min at room temperature. Proteins were detected by chemilu-
minescence.

Quantitative cell-based degradation assay. HeLa UbG76V-GFP;0DD-Luc were seeded in a 96-well clear-bottom black
plate for the fluorescence assay or 96-well white plates for luminescence assay. After 16 h, cells were treated for 1 h with
MG132 4 puM in Leibovitz L-15 media for 1 h. The medium was replaced by fresh L-15 containing DMSO 0.1% or testing
compounds 10 uM, and CHX 30 pug/ml. Image acquisition was performed on an ImageXpress XL automatic microscope (Mo-
lecular Devices) at 30, 60, 120 and 180min with 20X objective to assess fluorescence. To measure luminescence, the same
procedure was followed, except that at each time point D-Luciferin (50ul of 1 mg/ml) was added and luminescence signal
measured in a plate reader SpectraMax Paradigm (Molecular Devices). GFP average intensity per cell was quantified using
MetaXpress software. The background (non-treated cells) was subtracted from the mean intensity for each condition. The
degradation constant was obtained from the slope of the linear regression after plotting natural logarithm (Ln) of the mean
intensity versus the time.

Surface plasmon resonance mesurements. Biotinylated compounds were immobilized on SA chip (50 RU) following
Biacore recommendations. Recombinant P97NDI1L or the corresponding mutant protein, were in-jected in HBS-T 50 mM
KCI-5 mM MgCI2. Serial dilutions of protein were done to 1 uM, 0.5 uM, 0.25 uM, 0.125 uM, 0.0625 uM and 0.031 uM, and
the buffer was eventually complemented with 2 mM ADP for each concentration. Flow was set at 30 pL/min, contact time
on association step was 120 s and on dissociation step was also 120 s. KD was determined using the thermodynamic equi-
librium method from BiaEvaluation software and experiments were carried out as triplicates.

Crosslinking experiments. A 100 L solution of 18 uM of ND1L and 10 pM of NW1028-PAL-Alk was prepared in buffer (50
mM HEPES pH 7.4, 150 mM KCI, 5 mM MgCl2). The solution was shaken on ice (or at 4°C) for an hour. The mixture was irra-
diated 3 min on ice by UV light (350 - 450 nm, 1000 W).

Click reaction. Stock solutions were prepared as follow. DTB Cy3 linker 1.25 mM in DMSO, TCEP 14 mg/mL in water, TBTA
1.6 mM in tBUuOH/DMSO 2/8, CuSO4 50 mM in water. For 100 pL of protein, a solution of 2 pL of TCEP, 4 uL of DTB-Cy3, 2 uL
of CuSO4 and 6 pL of TBTA was prepared. The mixture was vortexed for 30s and added to the protein solution. The reaction
was shaken at 25°C for 45 min to maximum 1 h and stopped by protein precipitation.

Protein precipitation. For 100 pL of protein at 18 uM, were added the following solvent, kept ice cold, 470 uL methanol +
118 pL chloroform + 350 uL water. The heterogeneous solution was centrifuged 10 min at 20 000g at 4°C. After centrifuga-
tion a pellet formed at the interphase between the two layers. The aqueous/alcoholic as well as the chloroform layer were
sequentially discarded without removing the pellet. The pellet was air dried and could be used in following steps.

Tryptic digest of proteins. The protein precipitate was suspended in 300 pL 50 mM ammonium bicarbonate pH 8.0. The
protein was solubilized by sonication on ice (10 short pulses). To each sample was added 1 pg trypsin. The sample was
shaken overnight at 600 rpm at 37°C. The following day, the reaction was stopped by addition of 10 uL of 1% formic acid in
water.

Tryptic digest pulldown. 30 uL High capacity streptavidin agarose beads were used per sample. The beads were washed 3
times with 50 mM ammonium bicarbonate (beads were pelleted by centrifugation 1 min at 1500 rpm). The tryptic digest in
acidified ammonium bicarbonate was added to the beads and the beads were agitated on a wheel at 25°C for 2 h. The
beads were then washed with 2x 1% SDS, 4x mQ water or 2x PBS-T 0.05% and 2x mQ water. The beads were eluted using 5
mM biotin in 50 mM ammonium bicarbonate or by heating the beads to 95°C for 5 min two times in 100 L mQ water. The
sampled were analyzed immediately by MALDI, if more concentrated samples were needed the samples were lyophilized
and solubilized in 30% acetonitrile + 0.1% formic acid in water.

Tryptic digest after cysteine modification. Prepare a fresh stock solutions of iodoacetamide 500 mM in 50 mM ammonium
bicarbonate pH 8.0 buffer. Stock solution of TCEP 500 mM in ammonium bicarbonate can be stored at -20°C. ND1L (50 pL,
18 uM) was incubated with 100 uM of NW1028 or DMSO for 1h at 4°C. After this, the protein was treated with a solution of
5 mM TCEP and 5 mM lodoacetamide. The reaction was shaken 30 minutes at 25°C protected from light. 1 g of trypsin was
dissolved in 500 puL ammonium bicarbonate 50 mM pH 8.0 and 250 L of this solution were added to each sample. The pro-
tein was digested overnight at 37°C. The reaction was quenched by addition of 1/10 volume of 10% TFA, pH should be <2.
The sampled were desalted using microspin desalting columns.



ATPase activity measures. Enzymatic activity measures were performed according to previously described protocols
(Rowlands et al., 2004).

Malachite green reagent was prepared as follow: malachite green (Acros AC611255000) (0.0812%, w/v), polyvinyl alcohol
(2.32%, w/v), ammonium molybdate (5.72%, w/v, in 6 M HCl), and mQ water,mixed in a 2:1:1:2 ratio.

ATPase activity EC50 measurement: Recombinant p97-ND1L-His was diluted to 500 nM in ATPase assay buffer, (50 mM
Tris—HCI pH 7.4, 20 mM MgCI2 and 0.01% Triton X-100). Stock solutions of compounds, NW1028 or NW1030, were prepared
at 150 uM, 75 uM, 37.5 uM, 18.7 uM, 9.37 uM, 4.6 uM, 2.34 uM, 1.1 uM to 0.58 uM by serial dilutions. For each compound
concentration, 20 pL of compound stock solution was added to 160 pL solution of 500 nM ND1L-his in assay buffer. The en-
zyme —compound mixture was incubated at room temperature for 15 min. The reaction was started by addition of 20 uL of
1 mM ATP to the previous reaction mixture (protein + small molecule) and then incubated for 1 h at 37°C. 50 pL aliquots
were transferred to a 96 well plate and 30 L of freshly prepared malachite green reagent were added. After 1 min, the re-
action was stopped by addition of 34% sodium citrate (10 uL). The 630 nm absorbance of the plate was measured on a
Spectramax M5 spectrophotometer (Molecular Devices) and the values obtained were corrected by background subtrac-
tion. The data was plotted and fitted using PrismGraph software. Final concentration of ND1L was 400 nM and 0.1 mM of
ATP, compound concentration ranged from 15 uM to 0.058 uM.

ATPase kinetics measurement: Recombinant His-p97 E305Q was diluted to 500 nM in ATPase assay buffer. To this solution
(500 pL) was added 1 pL of 100 uM NW1028 / NW1030 or the corresponding volume of DMSO as control reaction (dilution
is considered to be negligible). The small molecule enzyme mixture was incubated at room temperature for 15 min. Then
the reactions were incubated at 37°C and 5 pL of 100 mM ATP was added to the reaction at t=0 min (start of hydrolysis) and
50 ul aliquots taken out from the reaction mix at 5, 10, 15, 20, 30, 40, 50 and 60 min and transferred in a 96-well plate. To
each time point 30 pL of malachite green reagent was added. After 1 min, the reaction was stopped by addition of 34% so-
dium citrate (10 pL). Absorbance was measured at 630 nm and data analyzed as described in the EC50 assay. Final concen-
tration of protein is considered to be 500 nM, 10 uM of compound and 1 mM of ATP.

Autophagosome quantification: To quantify autophagic flux a MEF cell line expressing a mCherry-GFP-LC3{Tresse, 2010
#31} reporter was used. Cells were treated with NW1028 and NW1030 (10 uM for 3 hours) and fixed with paraformalde-
hyde. Chloroquine was used as a positive control. Puncta were quantified automatically using the Spot detection function of
the Imaris software.

Cilia formation. Primary cilia were induced by starvation. RPE cells were grown to 80% confluency followed by starvation
with DMEM, without serum for 48h. Drugs to test or DMSO was added during 3h (10uM or 0.1%, respectively) and cells
were fixed adding PFA 4% for 15min. Immunostaining was performed as explained above using anti-a-acetylated-tubulin.

Spindle orientation measurement. Spindle orientation was measured by taking the distance between the centrosomes
(identified by y-tubulin immunostaining) in metaphase and the z-sections of 0.5um for each cell and calculating the angle
compared to the substrate using the Pythagoras theorem (Figure S6B).

Image acquisition. Time-lapse imaging was performed at 37°C with Leibovitz L-15 medium containing 10% FCS in a Nikon
Ti Wide-field microscope with a 60x oil objective. The recordings were performed every 3min during 12h as three-
dimensional stacks. The immunofluorescence was done in the same microscope also with a 60x oil objective and as three-
dimensional stacks. All images were quantified using FlJI software.

Statistical analyses. Paired two-tailed t tests, one-way ANOVA tests, Welch’s test, Mann-Whitney tests, and Kruskal-Wallis
tests were calculated on PRISM (7.02; GraphPad Software). Graphs were plotted in PRISM and mounted in lllustrator.
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