1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2020 September 19.

-, HHS Public Access
«

Published in final edited form as:
Cell Chem Biol. 2019 September 19; 26(9): 1263-1273.e5. doi:10.1016/j.chembiol.2019.06.001.

Analyzing resistance to design selective chemical inhibitors for
AAA proteins

Rudolf Pisal 24, Tommaso Cupidol#, Jonathan B Steinman?3, Natalie H Jones!:2, Tarun M
Kapoorl>*
1Laboratory of Chemistry and Cell Biology, The Rockefeller University, New York, NY 10065, USA.

2Tri-Institutional PhD Program in Chemical Biology, The Rockefeller University, New York, NY
10065, USA.

3Tri-Institutional MD-PhD Program, The Rockefeller University, New York, NY 10065, USA.
4These authors contributed equally.

5Lead contact.

Summary

Drug-like inhibitors are often designed by mimicking cofactor or substrate interactions with
enzymes. However, as active sites are comprised of conserved residues, it is difficult to identify the
critical interactions needed to design selective inhibitors. We are developing an approach, named
RADD (Resistance Analysis During Design), which involves engineering point mutations in the
target to generate active alleles and testing compounds against them. Mutations that alter
compound potency identify residues that make key interactions with the inhibitor and predict
target-binding poses. Here, we apply this approach to analyze how diaminotriazole-based
inhibitors bind spastin, a microtubule-severing AAA (ATPase associated with diverse cellular
activities) protein. The distinct binding poses predicted for two similar inhibitors were confirmed
by a series of X-ray structures. Importantly, our approach not only reveals how selective inhibition
of the target can be achieved but also identifies resistance-conferring mutations at the early stages
of the design process.
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RADD (Resistance Analysis During Design)
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Pisa et al. describes how engineered point mutations in protein active sites can be used to predict
the binding modes of chemical inhibitors. These data can guide inhibitor optimization and can
identify cognate resistance-conferring mutations at the start of the inhibitor design process.

Introduction

Enzyme active sites are common binding sites for chemical inhibitors, as compounds can
mimic substrates or co-factors to compete for occupancy (Copeland, 2013). Active sites are
typically comprised of conserved structural motifs and amino acid sequences and their
overall steric and stereoelectronic features can be similar across enzymes within a protein
family (Wendler et al., 2012, Endicott et al., 2012). For some protein families, such as
kinases, a wealth of high-resolution structural data for how different chemical scaffolds
interact with residues in conserved active sites has enabled the design of selective chemical
inhibitors (Ferguson and Gray, 2018). However, the relatively low resolution (3-4 A) of
structures for many proteins, including members of AAA (ATPases associated with diverse
cellular activities) family (Erzberger and Berger, 2006), can limit their use for rational
inhibitor design (Davis et al., 2008) and additional approaches are needed to identify the key
interactions determining inhibitor potency and specificity (Erlanson et al., 2019).

Proteins in the AAA (ATPases associated with diverse cellular activities) family carry out
critical tasks in various cellular processes including DNA unwinding and replication, protein
unfolding or membrane remodelling (Bleichert et al., 2017; McCullough et al., 2018; van
den Boom and Meyer, 2018). For a few AAA proteins, chemical inhibitors have been
identified by screening compound libraries (Anderson et al., 2015; Chou et al., 2011;
Firestone et al., 2012; Kawashima et al., 2016; Magnaghi et al., 2013). In most cases, the
inhibitor binding sites have been mapped to the AAA domain, the core enzymatic module of
AAA proteins (Wendler et al., 2012), either in the active site (Anderson et al., 2015; Cupido
et al., 2019; Magnaghi et al., 2013) in an allosteric site (Magnaghi et al., 2013, Banerjee et
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al., 2016; Pohler et al., 2018). Structural models for a few inhibitor-bound AAA proteins are
also now available (Banerjee et al., 2016; Boyaci et al., 2016; Pisa et al., 2019; Tang et al.,
2019). However, for many AAA proteins the key inhibitor-target interactions needed for the
design of selective chemical inhibitors are not known.

We have recently focused on spastin, a microtubule-severing AAA protein whose functions
have been linked to several cellular processes including nuclear envelope reformation and
cytokinesis (Connell et al., 2009; Vietri et al., 2015). In addition, blocking spastin function
has been shown to reduce amyloid-f toxicity in a model for Alzheimer’s disease (Zempel et
al., 2013). Therefore, chemical inhibitors would be valuable tools to probe spastin functions
in normal physiology and disease. We recently designed spastazoline, a potent and selective
inhibitor of spastin (Cupido et al., 2019). To design this pyrazolylpyrrolopyrimidine-based
inhibitor, we analyzed compound activity against biochemically active mutant alleles of
spastin. We reasoned that mutant alleles that alter the potency of compounds would reveal
key compound-target interactions and guide the selection of robust inhibitor-protein binding
models. From a collection of heterocyclic scaffolds that could mimic key hydrogen-bonding
interactions made by adenine in the AAA active site, we identified a pyrazolyl-based
scaffold. Testing this compound against wild-type and mutant spastin alleles revealed key
interactions that we used to rank order different solutions from computational docking. We
used the selected inhibitor-spastin binding model to design modifications of the core
scaffold and generated spastazoline, the potent and selective inhibitor of spastin (Cupido et
al., 2019). Structural models we generated by X-ray crystallography confirmed the predicted
binding models (Pisa et al., 2019). However, it remains unclear if our approach, which we
now name RADD (for Resistance Analysis During Design), can be used to identify binding
site interactions of inhibitors based on different chemical scaffolds and if the target-binding
modes we predict are accurate.

Here, we focus on applying RADD to diaminotriazole-based compounds, which are
chemically unrelated to spastazoline. Testing compound activity against wild-type and
mutant spastin alleles identified key interactions that contribute to inhibitor binding. Our
approach also indicated that a more potent derivative binds spastin in a distinct pose,
essentially oriented ~180° relative to the starting compound. High-resolution X-ray
structures of these two different diaminotriazole-based compounds confirmed the inhibitor-
spastin interactions predicted by RADD. Together, these data suggest how biochemical
analyses of resistance against chemical inhibitors can be leveraged to determine the key
inhibitor-protein interactions in conserved active sites and can establish potential resistance-
conferring mutations in the target at the start of inhibitor design process.

Using RADD to examine the binding of a diaminotriazole-based inhibitor to spastin.

In our efforts to identify different chemical scaffolds that inhibit AAA proteins we found a
diaminotriazole-based compound -an inhibitor of cyclin-dependent and Janus JNJ-7706621
(Lin et al., 2005; Malerich et al., 2010)- that blocks the ATPase activity of spastin and
related AAA proteins katanin and fidgetin-like 1 (Cupido et al., 2019). To characterize the
binding of the JNJ-7706621 inhibitor (hereafter compound 1, Figure 1A) to spastin, we first
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tested the inhibition of the steady-state ATPase activity of wild-type spastin at a single ATP
concentration (Drosophila melanogaster spastin, aa 209-758, hereafter spastin-WT, I1Cs: 5.8
+ 0.6 uM, 0.5 mM MgATP, average + s.d., n=3, Figure 1B, C - black trace). Further analyses
of spastin-WT inhibition, across a range of ATP concentrations, revealed that compound 1
increased the apparent Ky, for ATP without altering the k5t (Figure 1D and Figure S1A),
indicating an ATP competitive mechanism of inhibition that is consistent with compound 1
binding in spastin’s nucleotide-binding site.

The first step of RADD is to analyze compound activity against alleles that have mutations
in the putative compound binding site of the target enzyme but retain biochemical activity.
We have found that active mutant alleles of spastin can be engineered in three structural
motifs in spastin’s active site (the N-loop, the P-loop and the sensor-I1 motif) by substituting
the relatively less conserved residues, which we named variability hot-spots, with residues
found at equivalent positions in related AAA proteins (Cupido et al., 2019). Here, we focus
on three mutant alleles (Q488V, N527C and T692A) in spastin’s variability hotspots that we
have previously characterized (Cupido et al., 2019). We found that a sensor-11 mutation
(T692A) increased the potency of compound 1 by ~7-fold (Figure 1C). In contrast,
mutations in the N-loop (Q488V) and the P-loop (N527C) hot-spot residues led to less than
2-fold changes in inhibitor potency (Figure 1C). To further characterize binding of
compound 1 to spastin mutant alleles, we used differential scanning fluorimetry. For these
assays we focused on a truncated construct including only spastin’s AAA domain (aa 445-
758, Drosophila melanogaster spastin, hereafter, spastin-AAA, Figure S1B, C) that we have
characterized (Pisa et al., 2019). A dose-dependent increase in the melting temperature of
spastin-AAA constructs in presence of compound 1 was observed (Figure 1E and Figure
S1D-G). Gratifyingly, the spastin-AAA-T692A construct was stabilized by compound 1
more substantially than the wild-type, N527C and Q488V constructs (AT,: T692A ~6.2 °C;
WT ~4.5 °C; N527C ~4.3 °C, Q488V ~ 4.5 °C, 100 uM compound 1, DMSO was used as a
vehicle control, Figure 1E and Figure S1D-G) indicating that compound 1 binds spastin-
AAA-T692A with higher affinity compared to the other alleles. These data suggest that
compound 1 interacts with the side chain of the sensor-11 hot-spot residue in spastin’s active
site and does not substantially interact with those of the N-loop and P-loop hot-spot residues
(Figure 1F).

Next, we performed computational docking of compound 1 on a conformational ensemble of
apo spastin (pdbID: 3B9P) obtained from molecular dynamics simulations (see Methods for
additional details). These analyses suggested several possible orientations of compound 1 in
the active site (Figure S2) with computed docking scores within ~2 kcal/mol. In four of the
five top-scoring models, compound 1 establishes hydrogen-bonding interactions with the
protein backbone of the spastin N-loop (Figure S2). In one of the poses, the diaminotriazole
core establishes contacts with the N-loop of spastin in a manner that is analogous to ATP
(pose 5, Figure 1G and Figure S2I, J). We noted that in this pose compound 1 is also
proximal to the sensor-11 residue (Thr-692; side chain to compound distance: <4 A), while
the side chains of variability hot-spot residues in the N-loop (GIn-488) and P-loop (Asn-527)
are positioned further away from the compound (side chain to compound distance: >4 A,
Figure 1G). This pose, in which the difluorobenzoyl substituent of the compound 1 is
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proximal to the Thr-692 sensor-11 side chain and the phenylsulfonamide substituent points
out from the AAA domain towards the bulk solvent (Figure 1G), is consistent with the
changes in activity of compound 1 observed against mutant spastin alleles. Therefore, we
rejected the other poses with similar or even more favorable docking scores as they were not
consistent with the mutant activity analyses. This model of compound 1 bound in the active
site of spastin is different from our RADD models for pyrazolylaminoquinazoline-based
spastin inhibitors, which we have confirmed by X-ray crystallography (Cupido et al., 2019;
Pisa et al., 2019). Importantly, mutant alleles conferring resistance to the
pyrazolylaminoquinazoline-based inhibitors are different from those that alter potency of
compound 1, consistent with these compounds binding differently to spastin.

Crystal structure of spastin-N527C bound to compound 1.

To test the binding pose for compound 1 predicted by our RADD approach, we sought to
determine the crystal structure of the spastin-compound 1 complex. Our trials with the
spastin-AAA wild-type (WT) construct in the presence of compound 1 did not yield any
diffracting crystals. As increased thermal stability of proteins has been shown to improve
likelihood of crystallization (Dupeux et al., 2011), we examined the stability of spastin-AAA
constructs against heat-induced denaturation using differential scanning fluorimetry and
determined their melting temperature (T,). Spastin-AAA-WT has a T, of ~38.5 °C, the
sensor-11 mutation (T692A) does not substantially alter stability (T, ~39 °C) and the N-loop
mutation (Q488V) causes a modest reduction of this construct’s melting temperature (Tp,
~34.5 °C)(Figure S3A). Remarkably, we found that the P-loop mutation (N527C) stabilizes
spastin in the differential scanning fluorimetry assay (T, ~42 °C)(Figure S3A). As
compound 1 inhibits the ATPase activity of the N527C allele of spastin with nearly identical
potency as the wild-type protein (Figure 1C), we set up crystallization trials of spastin-
AAA-N527C in presence of compound 1.

We obtained diffracting crystals and determined the structure of the spastin-compound 1
complex at ~2.30 A resolution using molecular replacement (Table S1). We observed a
density, in the pocket between the large and small AAA subdomain (Figure 2A, B and
Figure S3B, C) and could assign this to the compound. In this model, the diaminotriazole
core of compound 1 is positioned to form a network of three hydrogen bonding interactions
with the backbone atoms of residues Asp-484 and Ala-486 in spastin’s N-loop (Figure 2C
and Figure S3C). The phenylsulfonamide substituent is proximal to a hydrophobic residue in
the large AAA subdomain (Leu-531) at the entrance of the ATP-binding site and the
difluorobenzoyl moiety contacts the side chain of Thr-692, the variability hotspot residue in
the sensor-11 motif (Figure 2D). In particular, one fluorine atom in the difluorobenzoyl
moiety is oriented towards the Thr-692 hydroxyl group (fluorine to hydroxyl oxygen
distance: ~3.2 A, Figure 2D). In contrast, the N-loop (GIn-488) and P-loop (Cys-527)
variability hot-spot residues are located >4 A away from the compound (Figure 2D), which
is consistent with mutations at these sites not having a substantial effect on the inhibition of
spastin’s ATPase activity by compound 1. As the Cys-527 residue is not proximal to
compound 1, we hypothesize that the binding mode of compound 1 is not altered by the
N527C mutation and is likely similar in the WT protein. Together, these structural data
match our RADD model for compound 1 bound in the active site of spastin.
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Using RADD to examine binding of compound 1 derivatives to spastin.

To further test our structural models, we synthesized and tested analogs of compound 1. We
modified the difluorobenzoyl and phenylsulfonamide substituents while keeping the
diaminotriazole core, as it forms a key hydrogen-bonding network with the backbone of
spastin’s active site residues (Figure 3A and Figure S4A). Changes of the difluorobenzoyl
moiety result in modest (~2-fold) changes in potency (compound 2: IC5g = 2.77 £ 0.39 UM,
average + s.d., n=3, Figure 3A, B). In contrast, modifications of the phenylsulfonamide can
lead to >10-fold higher potency. In particular, we identified compound 3, in which a meta-N-
methylamide group replaces the para-sulfonamide, which inhibits spastin with
submicromolar potency (ICsg = 0.45 £ 0.03 UM, average * s.d., n=3, Figure 3A, B). We
combined substitutions from compounds 2 and 3 and synthesized compound 4. This
compound inhibits spastin-WT ~40-fold more potently than compound 1 (IC5¢ = 0.23 + 0.02
UM, average + s.d., n=3, Figure 3A, B).

To examine how compound 4 binds spastin, we used our RADD approach and tested the
inhibitor against spastin constructs with mutations at variability hot-spot residues in the N-
loop, P-loop and sensor-11 motifs (Figure 3C). Surprisingly, we observe a different pattern of
compound 4 activity against these mutant alleles in comparison to compound 1. We found
that the mutation in the N-loop (Q488V) reduces compound 4 potency ~11-fold in
comparison to the wild-type protein (Figure 3C). Similarly, the P-loop mutation (N527C)
reduces the potency ~4-fold (Figure 3C). We note that the same N loop and P loop mutations
did not substantially alter the potency of compound 1 (Figure 1C). In contrast, the mutation
of sensor-I1 variability residue (T692A), which sensitizes spastin to inhibition by compound
1, did not change the potency of compound 4 (Figure 3C). We also examined the direct
binding of compound 4 to spastin-AAA mutant alleles using differential scanning
fluorimetry. We found that compound 4 stabilizes WT and T692A constructs more
substantially than the N-loop (Q488V) and P-loop (N527C) constructs (Figure 3D and
Figure S4B-E). Taken together, these analyses indicate that compound 4 binds in the active
site of spastin differently than compound 1 (Figure 3E).

To examine specificity of compound 4, we tested the inhibitor against three AAA proteins
related to spastin (katanin, fidgetin-like 1 and VPS4B, Figure 3F and Figure S5). We found
that compound 4 at 2 uM concentration potently inhibits spastin but does not substantially
inhibit the other three AAA proteins (Figure 3G). These analyses suggest that interactions of
compound 4 with the unique combination of N-loop and P-loop variability residues
(GIn-488 and Asn-527) in spastin contribute to the compound’s potency as well as
specificity against other AAA proteins. However, available structure-activity relationships
for diaminotriazole-based compounds suggest that compound 4 likely inhibits several
kinases (Lin et al., 2005; Malerich et al., 2010). Further optimization of diaminotriazole-
based spastin inhibitors should be possible using our RADD models.

Crystal structure of spastin-WT bound to compound 4.

To examine if the spastin-compound 4 interactions predicted by the RADD approach were
indeed correct, we set up crystallization trials. For these experiments we chose the spastin-
AAA-WT construct instead of spastin-AAA-N527C as compound 4 inhibits the wild type
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protein with higher potency. Gratifyingly, we obtained crystals of spastin-AAA-WT in
presence of the inhibitor and determined the structure of the spastin-AAA-WT-compound 4
complex at ~1.94 A resolution (Table S1). We observed a well-defined density in the active
site that was assigned to the compound (Figure 4A, B). In this structural model, the
diaminotriazole core of compound 4 is positioned to form hydrogen-bonding interactions
with backbone amides of the residues Ala-486 and Asp-484 in spastin’s N-loop (Figure 4C,
D).

Remarkably, as predicted by the RADD approach, there are several differences between the
binding modes of compound 1 and 4 in spastin’s active site. First, the diaminotriazole
scaffold of compound 4 is positioned in the active site in an orientation ~180° relative to the
diaminotriazole core of compound 1. The exocyclin 5-amino group of the core scaffold in
compound 4 points out of the pocket into the bulk solvent, whereas in the spastin-compound
1 complex it faces the inside of the ATP binding site (Figure 4E). Second, compound 4’s
methoxy-fluorobenzoyl substituent is positioned between the P-loop and the sensor-I1 helix
in a nearly perpendicular orientation to the difluorobenzoyl moiety of compound 1 (Figure
4E). Third, the phenyl-N-methylamide substituent of compound 4 is positioned in the ATP
pocket and forms a m-stacking interaction with the side chain amide of the N-loop variability
residue (GIn-488). In addition, the N-methylamide group of compound 4 is oriented between
spastin’s N-loop and P-loop motifs such that it can form hydrogen bonding interactions with
the backbone amide nitrogen of the N-loop residue (GIn-488) and the backbone carbonyl
oxygen of the Ser-649 residue in the hinge motif (Figure 4D). These interactions are missing
in spastin-compound 1 structure and may contribute to more potent binding of compound 4
to spastin. Taken together, the compound-target interactions predicted by our RADD
approach match the high-resolution X-ray data for the spastin-AAA-WT-compound 4
complex.

Structural models of the spastin sensor-Il mutant allele (T692A) bound to compounds 1

and 4.

Our findings show that a sensor-11 mutation (T692A) in spastin increases the potency of
compound 1 in the ATPase assays but does not substantially alter the potency of compound
4. To examine this difference in binding we determined three additional structures, one of
the spastin-AAA-T692A construct with compound 1 (~2.15 A resolution, Table S1) and two
with compound 4 (crystal form A: ~2.10 A and crystal form B: ~1.93 A, Table S1).

Refinement of the spastin-AAA-T692A-compound 1 structural model suggested that
compound 1 can sample two conformations (Figure 5A and S6A, B). In both conformations,
the diaminotriazole core is positioned to form a hydrogen-bonding network with backbone
amides of the N-loop residues (Asp-484 and Ala-486). The difluorobenzoyl moieties in each
of the two conformers are also nearly co-aligned and are proximal to the sensor-11 motif
(Figure 5A). Interestingly, we observe a different orientation of the phenylsufonamide
moiety in the two conformers. One conformer of compound 1 in the spastin-AAA-T692A
structure has the phenylsulfonamide proximal to Leu-531 residue of the large AAA
subdomain (conformer 1, Figure 5A and S6B). The binding mode of this conformer is
similar to the orientation of compound 1 we observed in the spastin-AAA-N527C-
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compound 1 co-crystal structure (Figure 5B). In the other conformer, the phenylsulfonamide
moiety is aligned proximal to helix 4 of the small AAA subdomain and is positioned to form
a hydrogen-bonding interaction between the sulfonamide NH and the backbone carbonyl
oxygen of the Arg-662 residue (conformer 2; Figures 5A, S6A, and S6B). These interactions
are not observed in the structure of spastin-N527C-compound 1 complex.

Next, to examine the structural basis for how compound 4 inhibits the wild-type spastin and
sensor-11 mutant allele (T692A) with nearly identical potency we set up crystallization trials
of the spastin-AAA-T692A and compound 4. Interestingly, the trials yielded two crystal
forms of the spastin-T692A-compound 4 complex (forms A and B, Table S1). The structural
model of the spastin-AAA-T692A construct in the crystal form A has nearly identical
protein backbone conformation to that observed in the spastin-AAA-WT-compound 4
complex (Ca root-mean-square-deviation (RMSD) ~0.2 A, WT vs form A, Figure 5C). In
crystal form B, we observe small changes in the periphery of the protein in comparison to
the wild-type complex (Ca RMSD ~1.9 A, WT vs form B, Figure 5C). Interestingly, the
inhibitor adopts nearly superimposable conformations in these three structural models (WT
and T692A form A and B, Figure 5D). In both crystal forms of the spastin-AAA-T692A-
compound 4 complex, the side chain of the sensor-11 residue (Ala-692) is positioned >4 A
away from the methoxy group in compound 4’s fluorobenzoyl substituent (Figure 5E, F). In
comparison, the structure of spastin-AAA-WT-compound 4 complex reveals that the
compound’s methoxy group is proximal (<4 A) to the sensor-I1 residue (Thr-692, Figure
5G). Taken together, our X-ray structures of inhibitor-spastin complexes show that mutations
in variability hotspot residues do not disrupt the active site conformation and reveal how
diaminotriazole-based inhibitors interact with spastin.

Discussion

In this study, we used inhibitor analyses against spastin alleles with engineered mutations in
variability hotspot residues to identify key compound-target interactions for diaminotriazole-
based spastin inhibitors. Our findings reveal distinct sets of resistance-conferring residues
that predict different binding modes for two chemically-related compounds. Our X-ray
crystallography models of the inhibitor-bound spastin complexes match the predicted
binding modes. Together, these findings suggest a general approach, which we name RADD
(Resistance Analysis During Design), for designing potent and selective inhibitors of AAA
proteins.

Our RADD inhibitor design approach (Figure 6) involves the following steps. First,
mutations of residues in the inhibitor binding site are engineered so that the steric and
stereoelectronic properties are altered without disrupting enzyme activity. In particular, we
generated active mutant alleles by replacing relatively less conserved residues in spastin’s
active site with residues present at equivalent positions in other AAA proteins (Cupido et al.,
2019). It will be important to compare the efficiency of our approach to other techniques,
such as alanine scanning (Wells and McClendon, 2007), for identifying active mutant alleles.
Second, the analyses of inhibitor activity against engineered mutant alleles are used to
determine the key inhibitor-target interactions. These interactions can guide the selection of
computational docking models as rank ordering of these models is often difficult without
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additional data that characterize inhibitor binding (Chen, 2015). Our findings indicate that
the RADD approach leads to robust inhibitor-target models that can be useful for further
optimization of chemical probes for AAA proteins.

The active site of AAA proteins is composed of a set of conserved residues, which interact
with the nucleotide, and a set of less conserved residues that lie in the interior (i.e. N-loop
and P-loop variability hot-spots) or at the entrance of the nucleotide pocket (i.e. the sensor-II
residues). In principle, compounds can achieve selective inhibition over related AAA
proteins by interacting with all or subsets of these residues. Compounds that selectively
inhibit spastin, such as the diaminotriazole-based compound 4 and the
pyrazolylpyrrolopyrimidine-based spastazoline, interact with the N-loop and P-loop
variability residues (glutamine and asparagine), which are unique to spastin in the AAA
family. To engineer selective inhibitors of AAA proteins that share common N-loop and P-
loop residues, compounds binding in a different orientation, such as the diaminotriazole-
based compound 1, will be needed. In these cases, selectivity could be achieved by
engineering interactions with other residues at the entrance of the active site (i.e. the sensor-
Il residues). For example, the AAA proteins katanin and VPS4B share identical N-loop and
P-loop hot-spots (leucine and threonine, respectively, Figure S5A) but have different
residues at the entrance of the nucleotide binding pocket (tyrosine in VPS4B in comparison
to katanin’s leucine, Figure S5A) and sensor-I1 residues (threonine in katanin and serine in
VPS4B, Figure S5A). Using the RADD approach could help identify and prioritize chemical
scaffolds that interact with specific residues in a desired target to guide rational design of
selective inhibitors.

During inhibitor design many analogs are often generated to optimize and improve the initial
starting scaffold. X-ray crystallography is commonly employed to confirm the binding
modes of a handful of these analogs in the process. Interestingly, analyses of inhibitor-target
complexes suggest that even closely related compounds can bind their target differently and
often reorient in the binding site. For example, moving a lactate substituent from ortho to
meta position in an indole-based PPAR-y induces a ~180° turn over of the ligand in the
binding site (Bruning et al., 2007). Similarly, closely related diphenylamide-based inhibitors
of p38 MAP kinase bind to the active site in different orientations and can even bind to
different conformations of the kinase (Angell et al., 2008). Our results for two
diaminotriazole-based inhibitors, which bind the active site of spastin in distinct
orientations, suggest that inhibitor activity analyses against protein mutant alleles can help
differentiate these binding modes. In some cases, the binding modes of inhibitor analogs can
be successfully predicted using computational docking methods (Shoichet and Kobilka,
2012), but these methods can be challenging when the inhibitor binding sites undergo large
conformational rearrangements, as it is the case with AAA proteins (Puchades et al., 2017).
Testing inhibitors against active mutant alleles can provide experimental validation for poses
predicted by computational methods, and help determine the compound interactions and
orientation in the active site of the target protein. Therefore, the RADD approach could be
useful for monitoring compound binding at multiple stages of inhibitor development,
especially in the case of protein families for which high-resolution structures of inhibitor-
protein complexes are lacking.
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Resistance to chemical inhibitors is a common complication in the clinic (e.g. cancer or HIV
therapy) and mutations conferring resistance often emerge in drug targets (Gorre et al., 2001;
Wensing et al., 2017). In particular, these resistance-conferring mutations commonly map to
residues in drug binding sites that are in direct contact with the inhibitor (Anderson et al.,
2015; Furman et al., 2014; Gorre et al., 2001; Wacker et al., 2012). For example, mutations
identified in cells resistant to CB-5083 inhibitor of VCP/p97, which entered clinical trials,
map to the active site in one of the two AAA domains of the protein (Anderson et al., 2015).
Notably, a mutation in the sensor-11 variability hot-spot residue (T688A, human VCP/p97)
shows >60-fold change in compound potency. Strategies to overcome resistance involve the
development of compounds that retain potent binding to the mutant alleles. Our data suggest
that using RADD could help identifying active-site inhibitors that have different patterns of
resistance-conferring mutations. Integrating this information at early stages of compound
design could guide development of drug combinations for which resistance is less likely to
arise.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Tarun M Kapoor (kapoor@rockefeller.edu).

Experimental model and subject details

Escherichia coli BL21 Rosetta™ (DE3) pLysS cells used for protein expression in this study
were grown in 41 Erlenmeyer flasks each containing ~11 LB media supplemented with 34
mg/l chloramphenicol and either 100 mg/I of ampicillin or 50 mg/L kanamycin (for details
see STAR Methods - Protein expression and purification).

Method details

Quantification and statistical analysis—Statistical parameters including the number
of replicates, mean + standard deviation (s.d.) or range are reported in respective figure
legends.

Data and software availability—The crystal structures of spastin-inhibitor complexes
solved in this paper have been deposited in the RCSB protein data bank (PDB: 6P10, 6P11,
6P12, 6P13, 6P14).

Vectors for recombinant protein expression—\Vector for expression of D.
melanogaster wild-type protein (aa 209-758) was obtained from Dr. Antonina Roll-Mecak
(pDEST15-spastin-D.melanogaster) (Roll-Mecak and Vale, 2008). Constructs for expression
of mutant spastin alleles (Q488V, N527C and T692A,; aa 209-758) were described in earlier
work (Cupido et al., 2019).

Constructs for expression of D. melanogaster AAA domain (spastin-AAA, aa 445-758) was
described earlier work (Pisa et al., 2019). Briefly, the coding sequence for spastin AAA
domain (aa 445-758) was PCR amplified (CloneAmp HiFi, Clontech) from pDEST15-
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spastin-D.melanogaster (T, Q488V, N527C or T692A) and cloned into pDEST15 vector
using Ascl and Apal sites to generate N-terminal GST-fusion constructs. Full coding
sequence for all recombinant constructs was verified by Sanger sequencing. Sequence
alignments were performed using ClustalW algorithm in MacVector software (MacVector,
Inc).

Protein expression and purification—D. melanogaster spastin (spastin, aa 209-758)
wild-type and mutant constructs (Q488V, N527C and T692A) were expressed and purified
as described earlier (Roll-Mecak and Vale, 2008). Xl-katanin, Hs-FIGL1 and Hs-VPS4B
were purified and assayed as described earlier (Cupido et al., 2019).

D. melanogaster spastin AAA domain (spastin-AAA, aa 445-758) wild-type and mutant
constructs (Q488V, N527C and T692A) were expressed and purified described earlier (Pisa
et al, 2019). Briefly, £.coliRosetta cells were grown in Miller’s LB medium to O.D.gpg ~
0.8 at 30°C, chilled to 18°C and the protein expression was indu ced overnight (14-16 hours,
0.5 mM IPTG). The cells were resuspended in lysis buffer (50 mM Tris.HCI pH = 8.0, 400
mM NaCl, 10 mM MgCl,, 1 mM PMSF, 5 mM B-mercaptoethanol, 0.001% triton-X and 1
tablet of Roche cOmplete protease inhibitor cocktail per 50 ml of buffer), supplemented with
0.1 ug / ml lysozyme and 5 U / ml benzonase and lysed using Emulsiflex-C5 homogenizer
(Avestin, 5-10 cycles at 10-15 kPsi). The lysate was spun at 45,000 rpm for 45 min at 4°C
in Ti-45 rotor using Beckman Coulter Optima LE-80K ultracentrifuge. The clarified
supernatant was incubated with glutathione agarose resin for 1 hr. The beads were washed
with ~300 ml of wash buffer (50 mM Tris.HCI pH = 8.0, 400 mM NacCl, 10 mM MgCly, 5
mM B-mercaptoethanol) and the protein was eluted by on-bead cleavage using PreScission
protease made in-house. Cleaved protein was diluted two-fold with low salt buffer (20 mM
Tris.HCI pH = 8.2, 40 mM NaCl, 5 mM MgCl,, 5 mM B-mercaptoethanol), loaded onto
HiTrap™ Q HP (GE Healthcare) and eluted with high salt buffer (20 mM Tris.HCI pH = 8.0,
500 mM NaCl, 5 mM MgCl,, 5 mM B-mercaptoethanol). All constructs eluted around 180—
200 mM salt. The protein was further purified over a HiLoad 16/60 Superdex 200 column
(GE Healthcare) in size exclusion buffer (20 mM HEPES-NaOH pH = 7.4, 100 mM NaCl, 5
mM MgCl,, 2 mM TCEP, 25 mM (NH,4),SO,) and the desired fractions were concentrated
using Amicon 30 kDa MWCO device to 10-20 mg ml~L. The PreScission cleavage did not
leave any non-native residues at the N terminus.

Analyses of ATPase activity—Steady-state ATPase activity of spastin (aa 209-758) was
determined using the NADH-coupled assay. The time course of fluorescence decrease
corresponding to the consumption of the NADH was measured using a Synergy NEO
Microplate Reader (Agx = 340 nm, 440 nm emission filter). The fluorescence values were
plotted against time and fit by linear regression to obtain a rate of fluorescence decrease. The
ATPase rate was calculated from the background (no ATP) corrected rates of fluorescence
decrease using ADP calibration curve. Percent inhibition of the ATPase activity was
calculated by normalizing the rate of background-corrected fluorescence decrease in the
presence of compounds to DMSO control. All compound stocks were made using DMSO.
Final conditions for spastin wild type and mutants (50-75 nM): 25 mM HEPES-KOH pH
7.5, 225 mM KCI, 20 mM (NHy4)2SOg4, 5 mM MgCly, 2.5 mM DTT, 0.005% triton-X, BSA
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0.1 mg/ml, 175-200 uM NADH, 1 mM phosphoenolpyruvate, 15-30 U/ml lactate
dehydrogenase, 15-30 U/ml pyruvate kinase.

Determining enzyme parameters—Enzyme parameters Ky, Kcat and Hill coefficients
(h) for the recombinant enzymes were determined by fitting the rates to the Michaelis-
Menten equation for cooperative enzymes (1) using Prism v.6.0 (GraphPad Software Inc).

V = ATPase rate = ——=>— (1)
h h
Kip+x

In this equation V5« denotes the maximum ATPase rate, h is the Hill coefficient, x denotes
ATP concentration and Ky, is the ATP concentration required for half maximal enzyme rate.
We adopted the K4/, annotation to distinguish this constant from the Michaelis constant Ky.
Catalytic turnover number (kc4) Was calculated by dividing the Vi« Value by the
concentration of enzyme in the assay.

Compound ICsq calculation—For each experiment the measured activity was plotted
against concentration of compound and the data were fit using a sigmoidal dose-response
curve equation (2) in Prism to determine the 1Csq. The values from at least three independent
experiments were averaged and standard deviations were calculated.

Yy -—-Y .
( max mm) @)

Y = %ATPase rate relative to DMSO control = (Ymin) + T 10002IC30 — 2%

Molecular Dynamics (MD)—Molecular dynamics calculations and ensemble docking
were performed as described earlier (Cupido et al., 2019). Briefly, the MD system was set up
for D. melanogaster spastin (PDB: 3B9P) using the Protein preparation wizard in Maestro®
(version 11.6.013, Schrddinger, New York). First, all non-protein atoms in the PDB file were
kept, and the protein loops with no coordinates were modeled using Uniprot: Q8I0P1 as
reference sequence. Hydrogen atoms were added to the protein structure, and the
protonation states of ionizable residues were assigned for pH 7.0, using the protein
preparation wizard in Maestro. This structure was neutralized with KCI ions, additional KCI
ions were placed to reproduce a salt concentration of 0.15 M and the system was solvated
with a orthorhombic box of simple point charge (SPC) water molecules using the desmond
package in Maestro (Desmond Molecular Dynamics System, version 4.6, D. E. Shaw
Research).

To generate the MD atomic trajectory, the standard system relaxation protocol provided in
Maestro® was used, followed by a 250 ns of NPT (Isothermal-1sobaric ensemble) molecular
dynamics (300 K, 1.01325 bar), during which atomic positions were recorded every 50 ps.
To maintain the pressure and temperature of the system, isotropic position scaling and the
Nose-Hoover chain thermostat methods 42 were used with relaxation times of 2 ps and 1 ps,
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respectively. A RESPA integrator scheme was employed (step: 2.0 fs for bonded
interactions; 2 fs for van der Waals and short-range electrostatic interactions; 6 fs for long-
range electrostatic interactions). Short-range electrostatic interactions were cut off at 9.0 A.

Ensemble Docking procedure—All non-protein atoms were removed from the 5000
molecular dynamics frames and the spastin structures from each frame were aligned to
remove translational and rotational movement of the macromolecule. Starting from 2 ns of
MD trajectory, 1 every 10 frames were selected (97 structures total) as representative of the
entire trajectory. To remove overlap of the atoms’ van der Waals radii, these structures were
minimized using 20 iterations of the Polak-Ribiére conjugated gradient method or until the
root mean square of the gradient of the energies was < 0.05 kJ mol-1 A-1, using OPLS2003e
force field and a cut-off of 20 A for the electrostatic interactions and 8 A for the van der
Waals interactions.

Molecular docking was performed on the 97 structures (see above) using the XGlide script
in Schrodinger. The major tautomer at pH 7.0 of compound 1 (4-((5-amino-1-(2,6-
difluorobenzoyl)-1H-1,2 4-triazol-3-yl)amino)benzene sulfonamide) was calculated using
the LigPrep panel in Maestro® and energy minimized. A box of 22 A was placed, centered
approximately at the GIn-488 residue of spastin, and compound 1 (4-((5-amino-1-(2,6-
difluorobenzoyl)-1H-1,2,4-triazol-3-yl)amino)benzenesulfonamide) was docked into the 97
spastin structures using Glide XP and the OPLS2003e forcefield with Schrodinger’s
GlideScore multi-ligand scoring function44. Receptor grids were generated using a scaling
factor of 0.9 for the van Der Waals radii for atom with partial charge <0.25 (absolute value).
For ligand docking, the options REWARD_INTRA_HBONDS, SAMPLE_RINGS,
HBOND_DONOR_AROMH were set true, the FORCEPLANAR options was set false, and
a scaling factor of 0.9 was applied to the van der Waals radii for atom with partial charge
<0.15 (absolute value). The binding poses shown in Figure 1g and Figure S2 represent five
distinct poses with the highest docking score.

Differential Scanning Fluorimetry—These experiments were carried out on a C1000
Touch Thermal cycler CFX-96 instrument (GE Healthcare). Spastin AAA-WT, -Q488V, -
N527C or T692A (aa 445-758) recombinant constructs were diluted to a final concentration
of 7-10 uM in 25 mM HEPES-KOH (pH 7.5), 225 mM KCI, 5 mM MgCly,, 20 mM
(NH4)2SOy4, 2.5 mM DTT, 0.005% triton-X and assayed in a 96-well plate (Hard-shell®
HSP9665 Bio-Rad). Compounds were added (0.8 uM to 100 pM, 1-2.5% DMSO).
SYPRO® Orange (Sigma S5692, excitation 490 nm, emission 590 nm) was used at 1:500 to
1:1000 dilution. The temperature was linearly increased with a step of 0.5 °C for 55 minutes,
from 25 °C to 95 °C and fluorescence readings were taken at each interval. Melting
temperatures were recorded as the minimum value of the first derivative of the fluorescence
Vs temperature curves.

Co-crystallization of Drosophila spastin-AAA constructs (aa 445-758) with
compounds

Co-crystallization of spastin with compound 1.: Spastin-AAA constructs (N527C or
T692A) were concentrated to ~20 mg/ml and mixed in 1:1 ratio with a saturated solution of
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compound 1 in size exclusion buffer (20 MM HEPES-NaOH pH = 7.4, 100 mM NaCl, 5
mM MgCl,, 2 mM TCEP, 25 mM (NH,4)»SO,). The saturated solution of compound 1 was
prepared by dissolving the compound in size exclusion buffer and spinning at 14000 rpm for
10 minutes. The protein-compound complex was then mixed with reservoir solution (0.1 M
Na-acetate pH 5-7, 2% PEG-4000, 15% 2-methyl-2,4-pentanediol (MPD)) using the
hanging drop method and the crystals were allowed to form at 14-18 °C. The crystals were
additionally soaked for ~1 hour in reservoir solution supplemented with 20% MPD and 200
UM of compound 1 prior to freezing in liquid nitrogen.

Co-crystallization of spastin with compound 4.: Spastin-AAA constructs (WT or T692A)
were concentrated to 10-15 mg/ml and compound 4 was added (final compound
concentration ~200 uM) and the mixture was incubated on ice for ~0.5 h. The protein-
compound complex was mixed with reservoir solution (0.1 M Na-acetate pH 5-7, 2%
PEG-4000, 15% MPD) supplemented with ~200 uM of compound 4 and the crystals were
allowed to form at 14-18 °C using the hanging drop method. Obtained crystals were cryo-
protected in a solution of the reservoir supplemented with 20% MPD prior to flesh freezing
in liquid nitrogen.

Data collection and refinement—Data for all structures were collected at NSLS-I1 17-
ID-1 and 2 (AMX and FMX) beamlines at Brookhaven National Laboratory at 100 K, and
processed using HKL2000 software (v7.16.1., HKL Research, Inc). The resolution cutoff
was determined by considering values of Rmerge (<0.5 in the high resolution shell) and I/o
(>1.5 in the high resolution shell). The structures were solved by molecular replacement
with PHASER (McCoy et al., 2007) as part of the PHENIX software package (Adams et al.,
2010). All structures were solved from independently obtained data for individual crystals
by molecular replacement using apo spastin (3B9P) as a template. The model was rebuilt
and refined using COOT (Emsley et al., 2010) and phenix.refine software (Afonine et al.,
2012). In all crystals the asymmetric unit contained a single molecule of the protein with the
hexameric symmetry embedded in the crystal lattice. During refinement ~10% of reflections
were assigned as Ryee for each dataset by the phenix.refine software and not used in any
further refinement steps. Data collection and refinement statistics are shown in Table S1.
Simulated annealing composite omit maps were computed in PHENIX (Adams et al., 2010).
Figures were generated in MacPyMOL (Schrodinger LLC, http://www.pymol.org) and
UCSF Chimera (Pettersen et al., 2004).

Chemical synthesis information—Solvents and reagents were purchased from Sigma-
Aldrich. Reactions were run in round-bottom flasks or glass vials and stirred with Teflon-
coated magnetic stir bars. Solvent evaporation was performed under stream of nitrogen or on
rotary evaporator (Buchi) under reduced pressure. Reactions were monitored by thin layer
chromatography or LC-MS (Waters Acquity H-Class UPLC/MS with QDa mass
spectrometer using water + 0.1% formic acid (solvent A) and acetonitrile + 0.1% formic
acid (solvent B). Proton nuclear magnetic resonance spectra were recorded on Bruker
Avance Il spectrometer (600 MHz). Observed proton absorptions are reported as & units of
parts per million (ppm) relative to tetramethylsilane (6 0.0). Multiplicities are reported: s
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(singlet), d (doublet), t (triplet), m (multiplet) or br.s. (broad signal). Coupling constants are
reported as a Jvalue in Hertz (Hz).

Abbreviations used in this section: THF = tetrahydrofuran; EtOAc = ethyl acetate; HCI =
hydrochloric acid; eq = equivalents; rt = room temperature.

JNJ-7706621 (compound 1) was purchased from MedChemExpress (Cat. No.: HY-10329).
Procedures for synthesis of compounds 2, 3 and 4 were similar and based on previously
published methods (Malerich et al, 2010). As an example, synthesis of compound 4 is
summarized.

Synthesis of compound 4, 3-((5-amino-1-(2-fluoro-6-methoxybenzoyl)-1+-1,2,4-triazol-3-
yl) amino)- A-methylbenzamide. Step 1. 3-amino-N-methylbenzamide (0.5 g, 3.3 mmol) and
diphenyl cyanocarbonimidate (1.1 eq, 0.87 g, 3.7 mmol) were dissolved in THF (3 mL) in a
round bottom glass flask and refluxed overnight. Solvent was evaporated under reduced
pressure using Rotary evaporator and the residue was treated with diethylether (2x10 ml)
and triturated. Crude product was used directly in the next step. MS-ESI [M+1]: expected
295.3, found 295.2. Step 2. Without further purification, 0.9 g of this intermediate (~3.1
mmol) was dissolved in 1M hydrazine solution in THF (1.5 eq, 4.6 mmol, 4.6 ml) while
stirring at rt. The reaction was heated at reflux for 4 h while stirring and then cooled down to
rt. The excess solvent was evaporated under reduced pressure, and the product of the
reaction was washed with diethylether (3x10 ml) and dried. MS-ESI [M+1]: expected 233.2,
found 233.3. Step 3. 30 mg (0.13 mmol) of the crude intermediate from step 2 was
suspended in ~1 ml of pyridine and 1.2 eq of 2-fluoro-6-methoxybenzoyl chloride were
added dropwise while stirring on ice. The reaction was allowed to warm up to room
temperature and the solvent was evaporated under flow of nitrogen. The compound 4 was
separated from the crude mixture by silica gel chromatography in hexane/EtOAc. To obtain
HCI salt, the purified compound 4 was dissolved in ethylacetate and precipitated by addition
of 37% HCI and dried.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Robust models for inhibitor-target binding are critical for the design of potent and
selective chemical probes and drugs. We describe an approach, which we name RADD
(Resistance Analysis During Design) that employs data from tests of compound activity
against constructs with engineered mutations to identify inhibitor-target interactions.
Here, we apply RADD to predict the binding mode for a diaminotriazole-based chemical
inhibitor of spastin, a microtubule-severing AAA protein required for cell division and
organelle dynamics. We also identify a more potent analog and use our approach to show
that it binds the spastin’s active site in a different orientation in comparison to the starting
compound. The distinct binding modes of these diaminotriazole-based compounds
predicted by RADD match the high-resolution models we generated using X-ray
crystallography. Together, our data provide a framework for how mutations in active sites
of proteins could facilitate inhibitor design.
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Highlights:
. Testing compounds against engineered mutant alleles of target leads to
binding model.
. High-resolution X-ray structures confirm predicted models.
. Cognate inhibitor resistance-conferring mutations are identified.
. This approach can be applied to multiple chemical scaffolds.
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Figure 1. Using RADD to analyze binding of compound 1 to spastin.
(A) Chemical structure of compound 1 (JNJ-7706621). (B) Schematic shows the AAA

domain (gray box) of the recombinant spastin construct used for ATPase assays. The
positions of three variability hotspot residues are highlighted (colored arrows). The first and
last residues of the construct are also indicated (aa 209-758). (C) Compound 1
concentration-dependent inhibition of the steady-state ATPase activity of spastin wild-type
(WT) and three constructs with mutations at variability hot-spot residues (Q488V, N527C
and T692A). Graphs show average values + s.d. (n = 3) fit to a sigmoidal dose-response
equation. ICsq values: spastin-WT: 5.7 + 0.6 uM; -Q488V: 8.9 £ 0.5 uM; -N527C: 6.0 £ 1.0
UM and -T692A: 0.9 £ 0.1 uM; average * s.d., n = 3; all ATPase assays were performed at
0.5 mM MgATP. (D) ATP concentration-dependence of the steady-state ATPase activity of
spastin at different concentrations of compound 1, analyzed using an NADH-coupled assay.
Average values (n = 3, error bars denote s.d.) were fit to the Michaelis-Menten equation for
cooperative enzymes (see Methods). Enzyme activity parameters determined for each
condition are provided in Figure S1A. (E) Concentration-dependent effect of compound 1 on
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the heat-induced denaturation of spastin-AAA constructs analyzed by differential scanning
fluorimetry. Observed ATy,: -WT ~4.5 °C; -N527C ~4.3 °C; -Q488V ~4.5 °C; -T692A
~6.2 °C, 100 uM compound 1, average values are shown, error bars denote range, n = 2. (F)
Schematic for predicted interactions between compound 1 and the variability hotspot
residues based on analyses of the inhibition of spastin alleles (filled circle, predicted
interaction; dashed circles, predicted weak or no interaction). (G) Computational docking
model (ribbon and stick representation) of compound 1 in the active site of spastin that is
consistent with the observed activity of the compound against mutant spastin alleles (for
additional data see Figure S2 and Methods). Predicted hydrogen-bonding network between
the diaminotriazole core of compound 1 and spastin’s N-loop motif is shown (black dashed
lines). The spastin variability hotspot residues (GIn-488, Asn-527, and Thr-692) are also
shown. The distance between the compound and the side chain of the sensor-I1 variability
hotspot residue is indicated (gray dotted line).
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small AAA
domain _

Figure 2. Crystal structure of the spastin variability hot-spot mutant (N527C) bound to
compound 1 matches the RADD model.

(A) Structural model of the spastin-AAA-N527C-compound 1 complex (surface and stick
representation, generated using UCSF Chimera). Small and large AAA subdomains are
indicated (black and gray). (B) Compound 1 and the corresponding simulated annealing
composite omit electron density map contoured at 3o is shown (mF, — DF,, green mesh).
(C) Compound 1 in spastin’s active site (surface and stick representation). Predicted
hydrogen-bonding interactions are also shown (black dashed lines). (D) View of compound
1 in spastin’s active site highlighting the N-loop and the variability hotspot residues in the P-
loop and the sensor-11 motifs. Distance between the side chains of variability hot-spot
residues (GIn-488, Cys-527 and Thr-692) and compound 1 are indicated (gray dotted lines).
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Figure 3. Using RADD to characterize binding of a potent diaminotriazole-based inhibitor to
spastin.
(A) Chemical structures of compounds 1-4. (B) Compound concentration-dependent

inhibition of the steady-state ATPase activity of spastin wild-type (WT). Graph shows
average values * s.d. (n = 3) fit to a sigmoidal dose-response equation. For comparison, the
curve for compound 1 (data from Figure 1C) is also shown (gray dashed line). Compound 2:
IC50 = 2.77 £ 0.39 uM; Compound 3: ICsq = 0.45 £ 0.03 uM; Compound 4: ICsg = 0.23
+0.02 uM (average * s.d., n=3, 0.5 mM MgATP). (C) Compound 4 concentration-
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dependent inhibition of the steady-state ATPase activity of three spastin constructs with
mutations at variability hot-spot residues (Q448V, N527C and T692A). Graph shows
average values * s.d. (n = 3) fit to a sigmoidal dose-response equation. For comparison, the
corresponding curve for spastin-WT is shown (dashed line, data from Figure 3B). ICsq
values: spastin-Q488V: 2.60 + 0.15 pM; -N527C: 1.11 + 0.21 uM and -T692A: 0.22 + 0.04
UM; average + s.d., n = 3, 0.5 mM MgATP. (d) Concentration-dependent effect of compound
4 on the heat-induced denaturation of spastin-AAA constructs analyzed by differential
scanning fluorimetry. Observed AT,: -WT ~6.7 °C; -N527C ~4.5 °C; - Q488V ~5.0 °C; -
T692A ~7.2 °C, 100 uM compound 4, average values are shown, error bars denote range, n
= 2. (E) Schematic for the expected compound 4 interactions with variability hotspot
residues in the active site of spastin (filled circles, predicted interaction; dashed circle,
predicted weak or no interaction). Variability hot-spot residues in three nucleotide-binding
motifs are shown (N-loop, green; P-loop, orange; sensor-II, blue). (F) Sequence alignment of
nucleotide-binding motifs (N-loop, P-loop and sensor-I1) in four AAA proteins. Variability
hot-spot residues are highlighted (green, orange and blue rectangles). (G) Percentage steady-
state ATPase activity of four AAA proteins in the presence of compound 4 (2 pM, 0.5 mM
MgATP, average values are shown, error bars denote range, n=2).
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Figure 4. Crystal structure of the spastin-WT-compound 4 complex.
(A) Structural model of the spastin-AAA-WT-compound 4 complex (surface and stick

representation). (B) Compound 4 (stick representation) and the corresponding simulated
annealing composite omit electron density map contoured at 3o is shown (mF, — DF, green
mesh). (C and D) Compound 4 in spastin’s active site. Predicted hydrogen-bonding
interactions are shown (C and D, black dashed lines). Side chains of the variability hotspot
residues in the N loop (GIn-488, green), P loop (Asn-527, orange), and sensor-11 (Thr-692,
blue) matifs as well as the backbone atoms of the hinge residue (Ser-649) are shown (D). (E)
Overlay of spastin-AAA-WT-compound 4 and spastin-N527C-compound 1 complexes.
Variability hot-spot residues (GIn-488, Asn-527 and Thr-692) are indicated.
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Figure 5. Structural models of the sensor-11 variability hot-spot mutant allele of spastin (T692A)
bound to compounds 1 and 4.

(A) Structural model of the spastin-AAA-T692A-compound 1 complex. View of two
compound 1 conformers from the entrance of the ATP pocket is shown (ribbon and stick
representation). Simulated annealing composite omit map around the compound contoured
at 3o is shown (mF, — DF., green mesh). Side chain of the mutated variability hot-spot
residue (Ala-692) and the backbone atoms of a residue in the small AAA domain (Arg-662)
are indicated. (B) Overlay of spastin-AAA-N527C-compound 1 (carbon atoms in orange)
and spastin-AAA-T692A-compound 1 (carbon atoms in cyan) structural models. The side
chains of the variability hotspot residue in the sensor-11 motif (Thr-692 or Ala-692) are
shown. (C) Overlay of AAA domains in spastin-AAA-WT-compound 4 (magenta) and two
crystal forms of the spastin-AAA-T692A-compound 4 complex (crystal form A - blue;
crystal form B - gray). The displacement of helices induced due to crystal packing is
indicated by black arrows. (D) Overlay of spastin-AAA-T692A-compound 4 (crystal form A
- blue; crystal form B - gray) and spastin-AAA-WT-compound 4 (magenta) complexes is
shown. The N-loop, hinge, P-loop and sensor-11 motifs are indicated. Overlays in panels (C)
and (D) were generated in Pymol using the Align function with spastin-AAA-WT-
compound 4 complex set as the target model. (E-G) Views of sensor-11 variability hot-spot
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residue in the spastin-AAA-T692A-compound 4 (E - form A; F - form B) and spastin-AAA-
WT-compound 4 (G) complexes. Distances between the sensor-11 residue and the
compounds are indicated.
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Figure 6. Developing compound-target binding models using the RADD approach.
Schematic for the RADD approach. Mutations that maintain biochemical activity (e.g.

ATPase) but alter the shape and electrostatics of the inhibitor binding site are identified
(left). Analyses of inhibitor activity against the different mutant alleles reveal key inhibitor-
protein contacts (middle) and guide the selection of robust binding models (right).
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REAGENT or RESOURCE | SOURCE | IDENTIFIER
Bacterial strains

Escherichia coliBL21 Rosetta™ (DE3) pLysS Merck | Cat#70954
Chemicals, Peptides, and Recombinant Proteins

Ampicillin, sodium salt Sigma-Aldrich Cat#A9518-25G
Kanamycin sulfate Sigma-Aldrich Cat#K1377-25G
Chloramphenicol Fisher Scientific Cat#BP904-100
1,4-dithiotreitol (DTT) GoldBio Cat#DTT25
B-Nicotinamide adenine dinucleotide, reduced disodium salt | Sigma-Aldrich Cat#N7410
(NADH)

Adenosine 5’-triphosphate disodium salt hydrate Sigma-Aldrich Cat#A6419
Bovine Serum Albumin, fraction V Bioworld Cat#22070008
Dimethylsulfoxide (DMSO) Sigma-Aldrich Cat#276855
L-Glutathione reduced Sigma-Aldrich Cat#G6529
D-Lactic Dehydrogenase (LDH) Sigma-Aldrich Cat#L.3888
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Cat#P7626
Phospho(enol)pyruvic acid monopotassium salt (PEP) Sigma-Aldrich Cat#P7127
Pyruvate Kinase from rabbit muscle (PK) Sigma-Aldrich Cat#P9136
Roche cOmplete, EDTA-free Protease Inhibitor Sigma-Aldrich Cat#11873580001
Tris(2-carboxyethyl)phosphine HCI (TCEP) GoldBio Cat#TCEP10
Triton™ X-100 Sigma-Aldrich Cat#X100-100ML
Miller’s LB medium Formedium Cat#LMM105
Isopropyl-beta-D-thiogalactoside (IPTG) GoldBio Cat#12481
Glutathione Agarose Resin GoldBio Cat#G-250-10
Sodium acetate trihydrate Sigma-Aldrich Cat#71188-250G

2-methyl-2,4-pentanediol (MPD)

Hampton Research

Cat#HR2-627

Polyethylene glycol 4000 (PEG-4000)

Hampton Research

Cat#HR2-529

JINJ-7706621 MedChemExpress Cat#HY-10329
Deposited Data

Spastin (template for molecular replacement) (Roll-Mecak et al. 2008) PDB: 3B9P
Spastin-N527C-compound 1 structure This paper PDB: 6P10
Spastin-T692A-compound 1 structure This paper PDB: 6P11
Spastin-WT-compound 4 structure This paper PDB: 6P12
Spastin-T692A-compound 4 structure (form A) This paper PDB: 6P13
Spastin-T692A-compound 4 structure (form B) This paper PDB: 6P14
Recombinant DNA

pDEST15-Dm-spastin (D. melanogaster spastin) (Roll-Mecak et al. 2008) N/A
pDEST15-Dm-spastin-AAA (D. melanogaster spastin) (Pisa et al. 2019) N/A
pPMAL-c5x-p60 (X. /aevis katanin p60) (Loughlin et al. 2011) N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

pQE9-His-p97(wt) (M. musculus\/CPIp97)

(Meyer et al. 2000), Addgene
#14666

https://www.addgene.org/14666/

pDEST15-FIGL1 (H. sapiens FIGL1)

(Cupido et al, 2019)

N/A

pET28-His-SUMO-VPSA4B (H. sapiens VPSAB)

(Cupido et al, 2019)

N/A

Software and Algorithms

GraphPad Prism version 6.0

GraphPad Software

https://www.graphpad.com/

Phenix, version 1.12-2829

(Adams et al, 2010)

https://www.phenix-online.org/
download/

HKL-2000, v7.16.1

HKL Research, Inc

http://www.hkl-xray.com/

Coot 0.8.8

(Emsley et al, 2010)

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

Schrodinger Maestro, release 2016-2

Schrodinger LLC

https://www.schrodinger.com/

MacPYMOL, v1.8.2.3 Enhanced for Mac OS X

Schrodinger LLC

https://pymol.org/2/

UCSF Chimera package version 1.8.1

UCSF

https://www.cgl.ucsf.edu/chimera/

MacVector (version 17.0.4)

MacVector, Inc

https://macvector.com
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