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CHEMICAL APPROACHES TO DYNEIN INHIBITION
Jonathan Baruch Steinman, Ph.D.

The Rockefeller University 2018

Cells utilize energy to maintain order within the cytoplasm. Motor proteins are the
enzymes that convert the chemical energy contained in adenosine triphosphate (ATP)
into directed movement along polarized filaments of actin and tubulin within cells.
Dyneins are the primary enzymes that drive motion toward the stable “minus ends” of
tubulin-containing filaments known as microtubules. This protein family is divided into
two sub-families. Axonemal dyneins drive flagellar beating while cytoplasmic dyneins
(hereafter, dyneins) are required a wide array of cellular processes including moving
RNAs, proteins, and whole organelles and for the formation, maintenance, and
positioning of the mitotic spindle, the protein apparatus that ensures proper cell division.
Dyneins move their cargos at velocities > 1um/sec in cells and contribute to processes
that occur on timescales of minutes and seconds. Perturbations that act on a comparable
timescale to dynein are best suited to study this dynamic motor protein. Small molecules
(molecular weight <1000 Daltons) can generally engage their target within minutes.
However the first cell-permeable small molecule antagonists of dynein, the ciliobrevins,
have only recently been identified. As these compounds have suboptimal chemical
properties and low potency, their use as probes for studying dynein has been limited. The
work presented here describes a chemistry-based approach to develop new antagonists of

dyneins and the resulting identification of three new classes of dynein inhibitors.

The first chapter “Chemical probes for dynein” motivates the need for cell-
permeable dynein antagonists. It summarizes the available antagonists for dynein and
describes their discovery and utility. Where possible, the features of these dynein
inhibitors are considered in light of the concepts of selectivity and principles of protein-
ligand binding. In the outlook, prospects for future development of dynein inhibitors are
presented in the context of recent advances in design and development of potent and
selective inhibitors for other members of the ATPases Associated with diverse cellular

Activities (AAA+) protein family, to which dynein belongs.



In the second chapter, “Chemical structure-guided design of dynapyrazoles, cell-
permeable dynein inhibitors with a unique mode of action,” I present a rational approach
to the development of derivatives of ciliobrevins that have improved potency and several
improved chemical properties relative to the ciliobrevins. Structural analysis of the
ciliobrevins suggested the hypothesis that replacing the isomerizable core of these
compounds with a rigid tricyclic heterocycle and synthesis of such compounds led to the
identification of two compounds that had 6-8 fold improved potency compared to
ciliobrevin D (named the dynapyrazoles). An analysis of the mechanism of inhibition of
dynein 1 by dynapyrazole A revealed that it inhibited the microtubule-stimulated ATPase
activity of dynein, but did not potently inhibit the basal ATPase activity. This finding and
further biochemical analyses revealed that dynapyrazole A likely inhibits the ATPase
activity of dynein 1 that arises at just one of its four ATP-binding sites, AAA1. Taken
together, these findings suggest that dynapyrazole A is likely to be a useful probe for
studying dynein.

Subsequent chapters extend this chemical structure-guided approach to the
identification and characterization of two other compound scaffolds that inhibit dynein—
pyrazolopyrimidinone-based derivatives of dynapyrazoles and structurally-unrelated
diaminoquinazolines. The mechanisms and sites of inhibition of these compound classes

were analyzed using biochemical and structural techniques.

Finally, I present an outlook chapter in which I discuss the trends emerging from
the dynein inhibitors I discovered during the course of my PhD. Most dynein inhibitors
do not act in a substrate-competitive mechanism and I posit that this may be a
consequence of the complex chemomechanical cycle of dynein, which involves allosteric
communication between distinct ATPase sites. All compounds with identified sites of
inhibition act at the AAA1 ATPase site. I propose that this may be due to the low
apparent affinity of this site for ATP. In conclusion, I suggest experiments that are likely
to be valuable to more clearly understand the dynein inhibitors presently available and to

develop improved dynein inhibitors in the future.
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Chapter 1: Chemical probes for dynein

1.1 Introduction

Eukaryotic cells must perform multiple complex processes within a confined
space to live and divide. To accomplish this, cells utilize energy to maintain spatial
order(1). Cytoskeletal filaments, such as microtubules and actin fibers, are polarized
polymeric arrays of proteins on which directional motion over micron-scale distances is
possible. Motor proteins provide the force necessary for directed intracellular motion
along these cytoskeletal filaments by converting the chemical energy in adenosine
triphosphate (ATP) into kinetic energy. Repeated cycles of ATP hydrolysis by motor
proteins power the motion of cargos ranging in size from single proteins to whole
organelles(2). Several microtubule-based motor proteins have evolved to play specialized

roles within eukaryotic cells(1).

Dynein, the first microtubule-based motor protein discovered, is responsible for
most of the microtubule minus-end directed transport in eukaryotic cells. It is now clear
that dynein dependent transport is important for a wide range of cellular processes,
including organelle positioning, mRNA transport, and cell division(2). Dynein is a fast
motor, driving cargo transport at speeds of 1-10 gm/sec(3). Therefore, properly
dissecting the function of this motor protein requires controlled perturbations of its
activity on timescales of seconds to minutes. Such acute inhibition of protein function is

possible with cell permeable chemical inhibitors.
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FIGURE 1.1 Dynein, a motor protein in the AAA+ superfamily. (A) Schematic of dynein
heavy chain structure. ATP hydrolyzing domains are indicated with an asterisk. Grey: AAA
domains. Blue: linker. Red: stalk and microtubule binding domain (MTBD). (B) Alignment
nucleotide binding motifs in dynein 1 (AAA1), dynein 2 (AAA1), p97 (D2) and NSF (D1).
Alignment of ATP-binding motifs for AAA1 (C) or AAA3 (D) in dynein 1, dynein 2, and
axonemal dynein 5. In (B-D) Identical residues across a given comparison are shown with
bold capitals, similar residues are capitals, variable residues are lowercase. Key residues
defining a motif are red. Uniprot accession numbers: human cytoplasmic dynein 1
(Q14204), human cytoplasmic dynein 2 (QSNCMS), human axonemal dynein 5 (Q8TE73),
human p97 (P55072), human N-ethylmaleimide sensitive factor (P46459).
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Dyneins can be divided into nine families comprised of seven axonemal dyneins
and two classes of cytoplasmic dyneins(4). Axonemal dyneins are localized to axoneme-
containing organelles and drive ciliary and flagellar beating. Cytoplasmic dynein 2 is
restricted to cilia and flagella, including the primary cilium, a signaling organelle
required for Hedgehog pathway activity, but this dynein isoform does not participate in
ciliary beating. Rather it drives motion of cargos along the axoneme toward the base of
the cilium, a process termed retrograde intraflagellar transport. By contrast, cytoplasmic
dynein 1 is located in the cytoplasm and participates in transport of many types of cargo.

In this chapter ‘dynein’ refers to cytoplasmic dynein, unless indicated otherwise.

The ATP-hydrolyzing heavy chains of dynein belong to the of the AAA+ protein
family (ATPases associated with diverse cellular activities), which is characterized by the
AAA domain, a common structural motif for ATP binding(5). These proteins typically
function as oligomers (often hexamers), with ATP bound at the interface of two AAA
domains. AAA+ enzymes couple nucleotide hydrolysis with conformational changes that
lead to substrate remodeling or motion. In the case of dynein, all six AAA domains are in
one single large polypeptide and ATP hydrolysis leads to successive steps of the motor

protein along microtubule tracks.

The heavy chain of cytoplasmic dynein is a 500 kDa polypeptide that in cells
functions as a homodimer bound to multiple accessory proteins. In order to move
processively, the dynein complex (mass ~1.5 MDa) must bind dynactin, another
megadalton-size multiprotein complex(6, 7). At the N-terminus of the dynein heavy chain
is a ~50-60 nm long 'tail' that mediates dimerization and interacts with adaptors necessary

for cargo binding(8). The C-terminus features the six AAA domains and the microtubule



binding domain (MTBD), which caps a ~15 nm coiled-coil stalk that extends from AAA4.
A coiled-coil "buttress" emerging from AAAS supports the stalk. In the dynein complex,
ATP hydrolysis occurs mainly at two sites, AAA1 and AAA3, although AAA3 is active
only in a subset of cytoplasmic dyneins(8) (ATP-binding sites are numbered such that
AAALI refers to the site between AAA+ domains 1 and 2). Of these sites, AAAL1 is the

major ATPase, whose activity is controlled by other AAA sites and accessory proteins(8).

In this chapter, we review the recent advances in developing chemical inhibitors
to probe dynein function. We highlight the ciliobrevins, the first selective cell-permeable
small molecule inhibitors of dynein. We discuss the discovery of these compounds, their
use and how these chemical probes may be improved. We also discuss other strategies

that have been developed to probe dynein function with fast temporal control.
1.2 General approach to inhibiting dynein

One simple approach to inhibiting dynein is to block its enzymatic activity using
inhibitors that target its ATP-binding sites. The challenge of inhibiting the ATP-binding
site is one of selectivity—how can a small molecule bind this site in dynein but not inhibit
other nucleotide-binding enzymes? The structures of several AAA+ proteins have been
solved and it is clear that their ATP binding sites are remarkably similar. Root mean
squared deviations between Ca. atoms are in the range of 1.5 to 2.5 A for residues that
constitute the nucleotide-binding core(5). ATP binds in a pocket containing a series of
loops emanating from the top of several parallel -sheets(5). Polar residues such as the
Walker A lysine coordinate negatively charged phosphate groups. The Walker B

glutamate and aspartate orient the hydrolytic water molecule, while the "arginine finger",



which extends from the adjacent AAA domain, stabilizes the terminal phosphate for
nucleophilic attack by water. The adenine base forms hydrogen bonds with the peptide
backbone of the "N-loop", and hydrophobic side chains of this motif contribute to the

binding of adenine(9).

Although this general mode of interaction with ATP is conserved across AAA+
proteins, at the level of primary sequence these proteins have diverged to a greater degree.
Variability in residue composition is tolerated adjacent to invariant residues, such as the
Walker A lysine, the Walker B aspartate/glutamate, and the arginine finger (see Figure
1.1). Comparison of the ATP binding pockets between dynein and other AAA+ enzymes
or among human dynein isoforms (Figure 1.1B, 1.1C-D) shows a high degree of
similarity among residues that contact phosphate groups in ATP. By contrast, the residues
positioned near the two hydrogen bonds that anchor the adenine base to the peptide
backbone are more variable (N loop, Figure 1.1B-D). These comparisons suggest that it
may be possible to identify small molecules that selectively target the ATP-binding site
of one dynein isoform. In principle, inhibitor’s potency can be established via contacts
with conserved residues and specificity can be achieved through interactions with non-

conserved residues in dynein’s ATP-binding pocket.
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FIGURE 1.2 Nucleotide mimetic inhibitors of dynein. (A) Structure of the vanadate ion
and its reaction with ADP to form the inhibitory species ADP-vanadate. (B) Structure of
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1.3 Nucleotide-mimetic inhibitors of dynein

Compounds that mimic ATP and the other nucleic acids are well-established
enzyme inhibitors(10). In the case of nucleotide ATPase mimetics, these compounds bind
to enzymes in a manner similar to the endogenous nucleotide substrate but either lack a

hydrolyzable phosphate moiety or have a slowly-hydrolyzable phosphate-like group.

Vanadate

Less than a decade after the discovery of dynein, researchers identified a “trace
nucleotide contaminant” present in some batches of commercial ATP as an inhibitor of
purified dynein(11, 12). Careful analysis of the batch composition of ATP led to the
identification of this inhibitory contaminant as vanadate, an inorganic anion sometimes

present in the animal muscle from which ATP was purified(13).

In general, vanadate exists as a tetra-coordinate (VO,)” anion but can also form a
pentacoordinate complex. The relevant species for its inhibitory activity is ADP-vanadate,
in which a terminal oxygen atom of ADP is bound to vanadium. This molecule has a
trigonal-bipyramidal geometry at vanadium, which mimics the transition state formed
during nucleophilic attack by water on the gamma phosphate of ATP(14). The stable
substrate-vanadate complex is bound more tightly than the substrate or product, leading
to potent inhibition of enzymatic activity by vanadate(15). Because this transition state is
common to many enzymatic phosphate hydrolysis reactions, ADP-vanadate binds many
ATP-binding enzymes and is generally accepted as a promiscuous antagonist of
enzymatic phosphate-ester hydrolysis (including ATP) and phosphate transfer

reactions(16).



The principles of inhibition by vanadate hold true in the case of dynein: the ion-
ADP adduct potently (IC,s usually 1-10¢M) inhibits many isoforms of dynein from
different species in a nucleotide-dependent fashion. X-ray crystallography confirmed that
dynein binds ADP-vanadate using the same Walker-A and B residues that ordinarily

interact with the gamma phosphate of ATP(17).

Interestingly, although dynein has multiple sites capable of binding ATP, the
ADP-vanadate complex is bound only in AAAT1 in a crystal structure(17). This may
reflect a selective binding of ADP-vanadate to AAAT1 or simply the fact that ATP
turnover—and thus ADP-vanadate binding—occurs most rapidly at site 1. Though it
stands to reason that vanadate could inhibit any enzyme that hydrolyzes ATP, it does not
bind to all nucleotide hydrolyzing proteins. Indeed, vanadate exhibits selective inhibition
of dynein relative to other cytoskeletal motors such as myosin and kinesin, a property that
made it a useful early probe for dynein(11, 18). A serendipitous discovery that irradiation
of dynein-ADP-vanadate complexes with UV light leads to specific photocleavage in one
site within the enzyme enabled annotation of dynein’s structure and the commonalities
between different dynein isoforms before this could be done by other approaches now
commonly used(19). The fact that dynein is cleaved at only one site, later identified as
AAAL, helped establish this site as the primary site of ATP hydrolysis in this large and
complex enzyme(20). Vanadate's hydrophilicity restricts its membrane permeability,

which has limited its use in cellular settings.



Erythro-9-[3-(2-hydroxynonyl) |Adenine (EHNA)

EHNA was identified as a dynein inhibitor by researchers studying sperm
motility(21). It had previously been shown to inhibit protein carboxymethlyase activity
under certain conditions, which was thought to account for the observation that EHNA
blocks sperm motility. However, even under conditions where carboxymethylase activity
was only minimally inhibited, EHNA rapidly inhibited sperm motility. Further, it blocked
motion of demembranated spermatozoa, and this inhibition could be reversed by addition
of excess ATP, suggesting a direct effect on axonemal dynein, the ATPase that generated
flagellar beating. Experiments on purified axonemal dynein confirmed direct inhibition of

its ATPase activity(21).

EHNA is composed of an adenine base linked via N-9 (the site of linkage to
ribose in adenosine/ATP) to an aliphatic alcohol. This compound is more hydrophobic
than other nucleotide mimetics and is likely cell permeable, as it inhibits the motility of

intact sperm.

The ICs, for EHNA inhibition of dynein varies from ~200uM for dynein from sea
urchin sperm to ~1mM for dynein from rat sperm(21). EHNA was shown to be a mixed-

type inhibitor of dynein as it raises dynein’s K, and simultaneously lowers its V. (22).

These data raise the possibility that EHNA may bind a site on dynein other than its ATP-
binding pocket. However, additional biochemical or structural studies are needed to

support this hypothesis. Based on its chemical structure and crystal structures of it bound

to adenosine deaminase, we posit that EHNA interacts with the ATP-binding pocket but



can make additional contacts with proximal residues to achieve this complex mode of

inhibition(23).

In vitro, EHNA inhibits dynein selectively in comparison to a number of motor
proteins and other ATPases(22). As a result, EHNA has seen use as an in vitro probe for
dynein function. For example, inhibition of MAP1C-driven microtubule gliding by
EHNA contributed to the assignment of this minus-end directed motor as a cytoplasmic

isoform of dynein(24).

As many cellular proteins bind adenosine-containing compounds, nucleotide
analogs such as EHNA are unselective in cells. Indeed, this compound potently inhibits
adenosine deaminase (ICs, ~20nM), and cyclic-GMP-stimulated phosphodiesterase II
(PDE2, IC,, ~800nM)(23, 25, 26). As a result, the utility of this compound to probe

dynein function in cells is quite limited.

10
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Figure 1.3 Effect of ciliobrevin on the primary cilium and the Hedgehog pathway. (A)
Transport of intraflagellar transport cargos (purple) along the cilium is required for proper
localization and activation of the Gli transcription factors. (B) Inhibition of dynein leads to
shorter cilia, accumulation of IFT cargo and Gli proteins at the ciliary tip, and inhibition of

the Hh pathway.
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1.4 The ciliobrevins: cell permeable small-molecule dynein inhibitors

The first dynein inhibitors not based on nucleotides or adenine were discovered in
a cell-based screen for Hedgehog (Hh) pathway inhibitors. This screening approach is
referred to as ‘chemical genetics’ as small molecule inhibitors, rather than genetic
mutations, are identified that disrupt a cellular process of interest(27). Hh signaling
controls development in multicellular organisms and was initially discovered as a
regulator of polarity and segmentation in drosophila(28, 29). A vast body of research has
led to advanced models for this signaling pathway. Briefly, the binding of a soluble
Hedgehog ligand to its receptor Patched leads to the relief of inhibition of the seven-
transmembrane protein Smoothened (Smo). Smoothened activity leads to the
accumulation of activated Gli transcription factors by altering the balance of proteolytic
Gli degradation. Gli then enters the nucleus and activates Hh responsive genes(30). It has
been established that Hh activity in vertebrates is dependent on the primary cilium(30,

31).

The primary cilium is an antenna-shaped organelle that protrudes from the cell
membrane of vertebrate cells(32). Transport of cargos along its axoneme, termed
intraflagellar transport, is required for building and maintaining the cilium, and carries
Hh signaling-related cargos. Accumulation of Hh pathway components including Smo,
Suppressor of Fused [Su(Fu)], and Gli within the cilium is required for the transcription
of Hh responsive genes(33). Dynein 2 is required for assembly of functional cilia and
active transport within them(34). In line with these roles, mutations in dynein 2 lead to
both Hh pathway disruption and ciliary defects, such as ciliary shortening and

accumulation the intraflagellar transport component IFT88(35, 36).

12



Improper Hh pathway activation can cause cancer in humans. In particular, basal
cell carcinoma, one of the most common human cancers, has been shown to be driven by
activating mutations in the Hh pathway(37, 38), and considerable effort has focused on
discovering chemical inhibitors that block this pathway. With few exceptions, the
compounds developed to disrupt the Hh pathway are inhibitors of Smo, and many bind to
a common site on this G-protein coupled receptor-like protein(39). These efforts have
recently led to approved therapeutics(40). One limitation of these clinical agents is the
acquisition of resistance via mutations in Smo itself(41-43). Furthermore, cancer-causing
mutations can arise in other Hh pathway proteins, including Patched, Smo, Su(Fu) and
Gli. As some of these proteins function downstream of Smo in the signaling cascade

these cancers are unlikely to be responsive to drugs that inhibit Smo.

The chemical genetic screen in which ciliobrevin A was discovered was designed
to uncover Hh inhibitors that act downstream of Smo(44). For this screen, the Hh
pathway was activated using the Smo agonist SAG, a small molecule that competes with
other known Smo antagonists at a common binding site(45). This innovation in the screen
reduced the likelihood of discovering compounds that directly bind Smo. Of the ~1.2x10’

compounds screened in this manner, four blocked Hh activity with ICy, values < 10 yM.

Ciliobrevin A (or HPI-4, Hedgehog pathway inhibitor-4) was one of these four
compounds. The chemical structure of this compound did not imply a mechanism of
action, as its core structure, a benzoylacrylonitrile-substituted quinazolinone, differs from
those usually observed among common inhibitor classes (e.g. kinase inhibitors).
Extensive follow-up work was required to identify dynein as a target of this compound.

This work began with validation that ciliobrevin A inhibited a protein in the Hh pathway
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that was downstream of Smo. Analyses of reporter cell lines in which Hh signaling was
constitutively active, including one expressing inhibitor-resistant allele of Smo, showed

that the compound's action is epistatic to, and therefore "downstream" of, Smo.

A clue to the target of this compound came from analysis of its effect on the
primary cilium. Extended treatment with HPI-4 resulted in ciliary defects including cells
with shortened or no primary cilia. This observation led to HPI-4 being named
ciliobrevin(46). Upon closer investigation, it was noted that ciliobrevin A treatment led to
Gli2 accumulation at the distal tip of the cilium even in the absence of Hh pathway
activation, and caused similar accumulation of IFT88, consistent with inhibition of
retrograde intraflagellar transport(46). Together, these data are consistent with ciliobrevin

A acting on cytoplasmic dynein 2.

Confirmation that the ciliobrevins were dynein inhibitors came from biochemical
experiments showing inhibition of microtubule gliding driven by dynein 1 purified from
bovine brain and of the ATPase activity of the recombinant rat dynein 1 motor
domain(46). The half-maximal inhibitory concentration (ICs,) for dynein in vitro was
~30uM. At the time this research was conducted, dynein 2 was not well characterized
biochemically and could not be obtained in quantities sufficient for biochemical assays,
but ciliobrevin A has since been shown to block ATP hydrolysis by dynein 2 at low ATP
concentrations(47). The ciliobrevins were the first small molecules that gave cellular
phenotypes consistent with dynein inhibition and blocked dynein in vitro. As such they

were the first selective cell-permeable small molecule probes of dynein function.
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Two lines of evidence indicate that the ciliobrevins act at dynein's major ATPase
site, AAA1(46). Ciliobrevin D, a close chemical derivative of ciliobrevin A, inhibited
dynein in an ATP-competitive manner. Ciliobrevin A blocked vanadate-mediated
photocleavage of recombinant dynein, which is consistent with direct displacement by
ciliobrevin of ADP-vanadate at AAA1. We note, however, that direct competition cannot
readily be distinguished from the effect of slow ADP-vanadate accumulation due to
reduced ATPase activity. Furthermore, interpreting ATP-competition experiments is
challenging for enzymes with multiple active sites. Additional work is needed to confirm

the site(s) of ciliobrevin binding in dynein.

The utility of the ciliobrevins as probes for dynein depends in part on how
confidently their cellular effects can be assigned to dynein inhibition. Analysis of other
pathways known to interact with the Hh pathway demonstrated that ciliobrevin A does
not inhibit signaling associated with protein kinase A, phosphatidylinositol 3-kinase
(PI3K)/Akt, mitogen activated protein kinase (MAPK), or the WNT pathway(44). In vitro,
Ciliobrevin treatment at concentrations that fully inhibited dynein-driven microtubule
gliding did not inhibit another microtubule-based motor protein (kinesin) or two other
AAA+ proteins (p97, MCM2-7), indicating selective dynein inhibition. Additional
studies will be required to determine the full selectivity profile of these first-generation

ciliobrevins.
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Other dynein inhibitors

In addition to the ciliobrevins, two compounds have been identified as modulators
of dynein function. Both compounds described below have seen little use as probes for

dynein.

Nordihydroguaiaretic acid (NDGA): This compound, a component of herbal medicines,
exhibits pleiotropic activities in cells, which can be ascribed to its anti-oxidant properties
or to its inhibition of lipoxygenase(48). Some of the cellular effects of NDGA were noted
to be independent of these properties, notably golgi complex disassembly and
accumulation of ZW10 and EB1 at the centrosome(49). These effects have been related
to potentiation of interactions between dynactin and some dynein-dynactin cargos(50).
The mechanistic details of how NDGA alters dynein-dynactin cargo interactions are
poorly understood and it is unclear if this effect is direct. Further biochemical
characterization of the effect of NGDA is needed before it can be used as a probe of

dynein function.

Purealin: This natural product was isolated from a species of sea sponge and shown to
inhibit the beating of isolated flagella(51). It was later shown to modestly (up to 50% at
the highest concentration tested, 50 M) inhibit the microtubule-stimulated ATPase
activity of cytoplasmic dynein in vitro. This activity was shown to be ATP-

uncompetitive(52).

Use of the ciliobrevins

We highlight a few examples of the use of ciliobrevins as probes of dynein

biology. Other studies using ciliobrevins have been recently reviewed elsewhere(53).
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Dynein 2 is required to build a primary cilium, and persistent inhibition of its
function results in short or ‘stubby’ cilia(30). Acute blockade of dynein 2 can help dissect
the role of dynein-driven retrograde intraflagellar transport in signaling dynamics in the
intact cilium. In a cell-based assay where intraflagellar transport in a primary cilium
could be directly observed using fluorescent tagging of IFT-88, treatment with ciliobrevin
A or D blocked retrograde movement within cilia within 3 minutes(47, 54). The ability to
rapidly inhibit dynein 2 allowed the uncoupling of intraflagellar transport from
maintenance of ciliary architecture, which is largely unperturbed in the short-term
inhibitor treatments. The somatostatin receptor (SSTR3), a cilium-based transmembrane
protein, continued to move diffusively following acute arrest of intraflagellar transport
using ciliobrevin D, indicating that motion of some ciliary signaling proteins is primarily
diffusive. This finding was corroborated for both SSTR3 and Smo by rapid depletion of
cellular ATP(54) and was later supported by ultra-high resolution tracking of Smo

movement(55).

The "immunological synapse" forms between antigen-presenting cells and T
lymphocytes following recognition of a stimulatory antigen by the T cell receptor. In
order for the T cell to mount a proper response at the immunological synapse, which
includes the directed release of cytokines and cytotoxic substances toward the antigen
presenting cell, T cells must rapidly rearrange and "polarize" components of their
cytoplasm toward the synapse. Two studies elegantly used ciliobrevin D to examine the
role of dynein in this dynamic process. In one study, treatment with ciliobrevin D, but not
a related inactive control, reduced the polarization induced by T-cell-APC interactions.

Addition of an inhibitor of non-muscle myosin further reduced polarization, indicating a
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contribution from both dynein and myosin to this process(56). In the other study,
ciliobrevin D treatment slowed the velocity at which centrosomes translocated in the
cytosol toward the newly formed immunological synapse, and caused centrosomes to
pause farther away (~1.5um) from the synapse compared to treatments with a
chemically-related inactive control compound (57). This study showed that dynein has a
role in both rapid centrosome movement across the cytoplasm and in positioning the
centrosome proximal to the immunological synapse. In both studies, the effect of

ciliobrevin D on dynein was shown to be similar to the effect of other dynein disruptions.

Ciliobrevins have also been used to study mechanisms of cell division.
Longstanding models indicate that segregation of chromosomes during mitosis depends
on microtubules connecting kinetochores to spindle poles. Two studies now show that
this may not be absolutely required(58, 59). Using correlative light microscopy and
electron microscopy, it was recently shown that, in the course of normal cell division,
some chromosomes connected to the mitotic spindle by a microtubule bundle (K-fiber)
that did not extend from chromosome to spindle pole(59). Instead these K-fibers ended
distal to the pole at an intersection with another microtubule fiber. Such chromosomes
continue moving toward the appropriate spindle pole. Though this distal K-fiber
attachment occurs in normal cells, it is difficult to detect. Chromosomes attached to the
spindle in this manner can be generated by laser microsurgical ablation of a normal K-
fiber, after which the free K-fiber stub rapidly (~ 30 s) connects with other microtubule
fibers. Inhibition of dynein with a high dose of ciliobrevin (50xM) disrupts spindle pole
formation. However, an intermediate ciliobrevin dose in which spindles can form (10uM),

delays the resumption of chromosome movement after K-fiber severing(59). Another
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study confirmed this finding by overexpressing a dynactin subunit to block dynein-cargo
interaction(58). Together, these findings show that dynein is required for the retention
and movement of K-fibers that do not extend to the spindle pole and their associated

chromosomes.

Finally, ciliobrevins are active in tissue preparations (from mice and chickens, for
example)(60, 61). In particular, ciliobrevin was shown to block intra-axonal movement
within neurons from chicken egg ganglia and to impair nerve growth factor (NGF)

mediated regulation their structure(61).

1.5 Other approaches that allow fast temporal control over dynein function

Recently, two new approaches have been designed to probe dynein function in
cells. The first method utilizes chemically induced dimerization to rapidly recruit dynein
complexes to a selected cargo(62, 63). Chemical inducers of dimerization (CIDs) were
first developed by Schreiber and colleagues based on studies of natural products
rapamycin and FK506(64, 65). In particular, addition of rapamycin to cells can induce the
dimerization of two proteins, FKBP and FRB (a domain of the mTOR kinase), within
seconds(66). This approach, which has been used in a wide-range of cellular contexts, has
been adapted to control dynein function(66). Specifically, a dynein cargo adaptor, BicD2,
was fused to a FRB and a dynein cargo with known localization (eg. Pex3 for
peroxisomal recruitment) was fused to FKBP12. Using this CID-based approach,
researchers have studied the effect of rapid recruitment of dynein complexes to
membrane-bound organelles such as mitochondria, peroxisomes, and endosomes or to the

cell membrane (62, 63, 67, 68). The rapid onset of recruitment and the ability to localize
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dynein to a specific cellular compartment allows careful analyses of the contribution of
dynein to a given process. In one elegant example, rapamycin derivative-driven
localization of dynein to the plasma membrane was used to show that cortical dynein

controls the polarity of microtubules in developing axons(67).

The second method combines induced dimerization with optogenetics to enable
reversible recruitment of dynein to a defined cargo(68). In this system, illumination with
blue light uncages a helix of a Light-Oxygen-Voltage domain (LovPEP), freeing it to
bind an engineered PDZ domain (ePDZ)(69). These small (< 20 kDa) protein modules
can be fused to proteins of interest and used to rapidly stimulate association upon
exposure to the appropriate wavelength of light. In the case of the LovPEP-ePDZ system,
association can be reversed (with rapid dissociation kinetics) upon turning off the
excitation light. Further, use of precisely focused illumination makes it possible to recruit
dynein complexes to a defined subcellular region, enabling spatial and temporal

resolution of dynein's activity upon recruitment(68).
y y up

These approaches are exciting new developments in the field. However, one
limitation of these methods is that the function of engineered protein constructs must be
examined, rather than directly probing the activity of the endogenous motor protein, as

can be possible with cell-permeable chemical inhibitors.

1.6 Outlook

Ciliobrevins provide a useful starting point to develop new chemical inhibitors
with improved properties. Currently, there are two main limitations of ciliobrevins. First,

is their micromolar potency. This low potency makes it difficult to achieve target
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specificity in cellular contexts, as doses that fully suppress dynein activity may approach
~100 uM, a concentration at which the compound may interact with other proteins and
suppress their activities. The second limitation of ciliobrevins is their low aqueous
solubility (computed logarithm of the octanol:water partition coefficient [ClogP] ~4-5).
This parameter is associated with decreased effective concentrations in cellular contexts
and may account for the suppression of ciliobrevin activity by high-serum concentrations,

such as those typically used for cell culture (70).

As a first step toward discovering improved dynein inhibitors, we and our
collaborators, generated and tested ~50 chemical derivatives of ciliobrevins(47). These
compounds were screened for inhibition of purified full-length human cytoplasmic
dyneins 1 and 2 with an eye toward the development of selective dynein 2 antagonists.
Dynein-2 selective inhibitors could block the Hedgehog signaling pathway without
inhibiting the many different cellular processes that depend on dynein 1 function. Most of
the compounds synthesized differed from the parental compound at a single position, but
left intact the cyano-acrylamide, quinazolinone, and dichlorobenzoyl groups present in
ciliobrevins (47). A set of derivatives typified by compound 37 (Figure 1.5A) bearing
bulky aryl ethers at the 7 position of the molecule retained activity toward dynein 2 while
no longer inhibiting dynein 1, resulting in ~10 to > 20 fold isoform selectivity under the
in vitro assay conditions, which employed low ATP concentrations (<1yM). It is
noteworthy that inhibition of dynein under closer-to-physiologic ATP concentrations was
not observed. Cell-based assays using these compounds demonstrated ~1.5 to 6-fold
selective inhibition of dynein 2-dependent (e.g. intraflagellar transport, ciliogenesis)

relative to dynein 1-associated processes (e.g. mitotic spindle assembly). It is possible
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that the diminished selectivity of these compounds in the cellular context is a result of the
ATP-sensitive nature of their inhibition or may reflect reduced availability in cytosol due

to the high hydrophobicity of these compounds (ClogP for compound 37: ~ 6).

Analysis of the ciliobrevin’s chemical structure indicates that it can isomerize
about its central double bond (Figure 1.5B). If only a fraction of the ciliobrevins adopt
the geometry the inhibits dynein, the overall potency will be proportionately reduced. If
chemical modifications of the ciliobrevin scaffold changes the isomer preference of the
acrylonitrile double bond, this potential variability in structure can confound structure-
activity-relationship analyses that would guide additional chemical modifications to
improve properties. Therefore, an important next step is to restrict this potential
isomerization, possibly by engineering in an additional cyclization of the core

cilibiobrevin scaffold that favors the conformation that inhibits dynein.
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Figure 1.5 Structure of ciliobrevins. (A) Compound 37, a ciliobrevin derivative that selectively
inhibits dynein 2. (B) The ciliobrevin scaffold may exist in two isomers about the indicated
double bond.
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Figure 1.6 Inhibitors of AAA+ proteins. Shown are the structures and inhibitory activities
of: the first inhibitor of p97, DBeQ and its derivative CB-5083, the midasin inhibitor RBin-
2 and the dynein inhibitor ciliobrevin D. *at least three other classes of compounds that
inhibit p97 have been described.

23



Selectively inhibiting a conserved site: lessons from the development of AAA+ inhibitors

The likelihood that potent and selective probes for dynein can be developed is
indicated by the recent discoveries of chemical inhibitors for two other AAA+ proteins,

VCP/p97 and midasin.

CB-5083 has been developed as a potent (ICy,: 0.01xM) and selective inhibitor of
p97 and is the first AAA+ inhibitor to reach clinical trials for treatment of a human
disease(71)(72). This compound was developed by iterative modification(73) and
testing(74) of hundreds of derivatives of DBeQ (dibenzyl quinazoline-2 .4-diamine), a
chemical inhibitor of VCP/p97 and was identified via in vitro high throughput
screening(75, 76). In contrast to dynein, VCP/p97 can be generated in quantities
sufficient for a large-scale initial screen and extensive biochemical follow-up work that

helped in developing improved inhibitor analogs (77, 78).

Midasin is an AAA+ enzyme required for the process of ribosome biogenesis.
Like dynein, all six of its AAA+ subdomains are on a single large polypeptide of mass
~0.5MDa. RBin-1 (ribozinoindole-1), a cell permeable chemical inhibitor, was identified
from a high throughput screen of ~10,000 compounds(79). The target of this compound,
which is a potent inhibitor of fission yeast saccharomyces pombe growth (IC, 0.14uM),
was identified by analyses of resistance-conferring mutations. In particular, multiple
different point mutations, which clustered near the likely interface of the AAA3-AAA4
domains of midasin, were sufficient to confer resistance to Rbin-1 in cells. Testing of a
series of analogs against both sensitive (wild-type) and resistant (midasin mutant) cell

lines enabled the discovery of more potent analogs (Rbin-2, ICs,: 0.014uM). RBin-2
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inhibited the ATPase activity of purified full-length recombinant midasin. Importantly, a
mutation in midasin that conferred resistance to Rbins in cells, was sufficient to suppress
inhibition of ATPase activity, providing ‘gold standard’ proof that midasin is RBin’s

direct physiological target.

In summary, chemical inhibitors of dynein are likely to be powerful tools for
dissecting this motor protein’s functions across different cell-types and organisms. The
work described here suggests that an initial foundation is in place for additional research
that will lead to better chemical probes. It is also possible that these studies may lead to
new therapeutics that selectively target individual isoforms of these complex cellular

motor proteins.
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Chapter 2:

Chemical structure-guided design of dynapyrazoles, potent
cell-permeable dynein inhibitors with a unique mode of action

Note to readers: the results discussed below arose from a collaborative effort between
myself and several colleagues in the Kapoor Lab, at the Tri-Institutional Therapeutics
Discovery Institute (TDI), at Stanford University, Northwestern University, and the
California Institute of Technology. A closely related version was published in eLife (DOI:

DOI: 10.7554/eLife.25174). With the permission of Prof. Kapoor, I have included work
done by others in this thesis as it helps explain the rationale of my work and supports the
conclusions I draw. In the body of the text and in the methods section, I have noted who
performed each experiment. I have also noted this information in the figure legends,
where appropriate. Except for experiments credited explicitly to others, I performed all
experiments and analysis. Also please note that all figure supplements are now located in
Appendix 2.1.
2.1 Introduction

The AAA+ (ATPases Associated with diverse cellular Activities) superfamily is
comprised of ~100 proteins in humans(5)(80). These ATPases are essential for many
cellular processes, including DNA replication, proteostasis, membrane remodeling, and
cytoskeletal organization(9). Extensive cell biological and biochemical studies have
revealed that these enzymes couple ATP hydrolysis to substrate remodeling and
directional transport, processes that can occur on the timescale of seconds or minutes(81).
Thus, small molecule inhibitors that can modulate AAA+ activity on similarly fast
timescales are likely to be valuable tools to probe their cellular functions(82). Valosin-
containing protein(83) and dynein(46) are the only two human enzymes in this large
superfamily for which well-characterized small molecule antagonists have been reported.

Dyneins are microtubule-based motor proteins in the AAA+ family that have been
divided into two classes, axonemal and cytoplasmic. Axonemal dyneins are required for

the beating of flagella. Cytoplasmic dyneins, of which there are two isoforms (hereafter,

dynein 1 and 2), are present in metazoan cells and are required for a wide range of
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cellular processes(1, 2, 84). Transport of cargo along microtubules requires a balance of
forces directed toward either end of the filament. While multiple motor proteins in the
kinesin family provide the plus-end directed force to drive this motion, their activity in
many contexts is opposed by only two cytoplasmic dyneins, the primary motor proteins
transporting cargos towards the minus-end of microtubules(1). Dynein 1 has many
functions in the cytoplasm, where it moves diverse cargoes ranging from mRNA
molecules to whole organelles. In contrast, dynein 2’s functions are restricted to cilia and
flagella. The primary cilium is an antenna-like organelle that protrudes from the cell
surface, in which dynein 2 drives transport toward the base(34, 85). This process, known
as intraflagellar transport, is required for Hedgehog signaling, a developmental signaling
pathway(32, 34, 85). Cargos of both dynein isoforms can move at rates of >1 ym/s in
cells(2) and therefore, fast-acting, reversible chemical inhibitors are likely to be useful
probes for dynamic dynein-dependent cellular processes.

Ciliobrevins were recently reported as the first selective, cell-permeable probes of
dynein(46). Although other chemical antagonists of dynein have contributed to
understanding the biochemistry of dynein, their use in cell biology has been limited
because they are either not cell-permeable (e.g. vanadate) or non-selective in cells (e.g.
EHNA)(11, 12, 21). Ciliobrevins were discovered as inhibitors of Hedgehog signaling
and shown to block cytoplasmic dynein 1- and 2-dependent transport in cells(44).
Ciliobrevins have been used as tools to examine the role of dynein in a number of
processes, including formation of the immunological synapse, transport of signaling
proteins in the primary cilium, axonal transport of transcription factors, and axon

extension and branching in cultured neurons(54, 56, 57, 61). However, the use of
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ciliobrevins has been limited by their low potency and suboptimal chemical properties,
which is often noted for first-in-class compounds identified through high-throughput
screening(53). Complete inhibition of dynein can require high doses (50-100xM) and
selective protein target inhibition can be difficult to achieve at these high concentrations.

The ciliobrevins are based on a benzoylacrylonitrile-substituted quinazolinone
scaffold (Figure 2.1A). This type of acrylonitrile has the potential to react with
nucleophiles, and instability of ciliobrevins during storage has been noted(61). The
benzoylacrylonitrile core is required for in vitro and cellular activity, but this functional
group has the potential to isomerize, and the ciliobrevin scaffold may exist as either of
two isomers about the benzoylacrylonitrile olefin (C2 - C9, Figure 2.1A). The preferred
isomer of this compound has not been determined and chemical modification of the
quinazolinone or acyl groups, even distal to the acrylonitrile functionality, has the
potential to affect the geometry of the compound's core. Together, these factors have
made activity-guided modifications to improve compound potency challenging. Further,
up to ~100-fold differences in potency have been noted between biochemical and cell
based assays (0.2 uM — 30 uM for ciliobrevin D), raising concerns about target
specificity. Design and chemical synthesis of alternative scaffolds that address these
limitations and retain activity against dynein are needed.

Dynein is a large, ~4600 amino acid protein that contains six unique AAA
ATPase domains(86). Many AAA+ enzymes function as homohexameric arrays of
identical AAA domains, and thus all six of the ATPase sites are biochemically
equivalent(87). However, for dyneins, each of the six unique AAA domains resides on a

single polypeptide and can have a specialized role in motor protein function(8). In the
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case of dynein 1, four of the six AAA domains contain the residues necessary for
nucleotide binding; of these, only AAA1 and AAA3 substantially contribute to ATP
hydrolysis and have been shown to be required for microtubule motility(8). Dynein’s
ATPase activity is stimulated by interactions with microtubules and is thought to occur
mainly at AAAT, while hydrolysis at AAA3 plays a regulatory role(88-90). Ciliobrevins
have been shown to be ATP-competitive inhibitors of dynein(46), but it remains unclear
which of the six AAA sites are modulated, adding to the challenges of inhibitor
optimization.

Here, we characterize the conformation of ciliobrevins and design tricyclic
pyrazoloquinazolinone derivatives that are more potent inhibitors of dynein. One
derivative, which we name dynapyrazole-A inhibits dyneins 1 and 2 with similar
potencies in vitro and in cellular assays. Biochemical analyses of this compound showed
that while it inhibits the microtubule-stimulated ATPase activity of dynein, it does not
potently block the microtubule-independent basal activity. This mode of activity is unlike

that of the ciliobrevins, which inhibit both basal and microtubule-stimulated hydrolysis.
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Figure 2.1 Analysis of the conformation of the ciliobrevin scaffold. Nore: this
work was done by others: Structural analyses were performed by M. Nishitani
(Takeda Pharmaceuticals, Japan), A. Ondrus (California Institutue of
Technology), and A. Johnson (Stanford University). (A) E and Z isomers about the
C2-C9 bond of ciliobrevin D are shown. Possible hydrogen-bond in the E
configuration is indicated (dashed line). Selected atoms are numbered for
reference. (B) Compound 1 was used for x-ray crystallography. (C) X-ray structure
of 1. Displacement ellipsoids are shown at the 50% probability level. (D) Enlarged
(2x) image of acrylonitrile moiety with selected bond lengths indicated (A).
Protons are shown to illustrate possible hydrogen-bonding interaction. Color
legend: carbon-grey, hydrogen-white, nitrogen-blue, oxygen-red, chlorine-green.
(E) Nuclear Overhauser effect spectroscopy (NOESY) spectrum for ciliobrevin D.
A broad peak corresponding to interaction between H, and the N1 proton is
indicated. Protons corresponding to peaks in the spectrum of ciliobrevin D are
indicated. Coupling is indicated by a double-headed arrow. A 1-dimensional
proton NMR spectrum of ciliobrevin D is shown in Figure 1 Figure Supplement 1.
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2.2 Results

To design new analogs with improved properties we analyzed the conformation of
the ciliobrevin scaffold. For these studies we first used x-ray crystallography. Efforts to
crystallize ciliobrevin D were unsuccessful; however compound 1, a derivative with a 2-
morpholinoethyl ether substitution, was synthesized using a previously described
procedure and was found to readily crystallize (Figure 2.1B, C, D, crystallography was
performed by M. Nishitani, Takeda Pharmaceuticals, Japan)(47). The x-ray data
suggested that 1 exists as a single isomer with an E olefin configuration of the C2-C9

double bond. The measured bond lengths are consistent with electrons in a 7 -system

delocalized across the benzoylacrylonitrile core (Figure 1D). The C2-C9 bond length
(1.44 A), which is longer than that of a typical olefin, indicates significant single bond
character. The proximity between O11 and N1-H suggests that the ciliobrevin structure
is stabilized by an intramolecular hydrogen-bond between N1 and O11 (Figure 2.1A, 1D).
A closely-related acylacrylonitrile-substituted quinazolinone was found to favor an
alternative conformation, corresponding to a Z-olefin at C2-C9, that was also stabilized
by intramolecular hydrogen-bonding(91). Taken together, these data indicate that the
isomeric preference of the pharmacophore is likely to be sensitive to distal substitutions.
As crystal packing may impact conformation, we turned to NMR spectroscopy to
analyze the structure of the ciliobrevin scaffold in solution. A 1-dimensional proton NMR
spectrum of ciliobrevin D showed a peak at 13.5 ppm, which could be assigned to a
proton at one of the quinazolinone nitrogens(91) (Figure 2.1 Figure Supplement 1). The
presence of this broad, downfield peak suggests that one exchangeable N-H proton is

stabilized by a hydrogen-bonding interaction. A NOESY spectrum of ciliobrevin D
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revealed all the expected resonances (Figure 1E, NOESY experiment was performed by
A. Ondrus and A. Johnson, at Stanford University). In addition, we detected a coupling
between the proton at 13.5 ppm and the proton at the 8-position of the quinazolinone,
consistent with the proton at N1 being involved in hydrogen bonding. Together, these

data suggest that ciliobrevin D has similar orientation in solution to that of 1 in the crystal,
and the benzoylacrylonitile functional group favors an E-isomer configuration that is
stabilized by hydrogen bonding (Figure 1E).

We hypothesized that replacing the benzoylacrylonitrile core with a heterocyclic
scaffold that maintained the observed ciliobrevin geometry could lead to improved
dynein inhibitors. We reasoned that a tricyclic scaffold could replace the non-covalent
N1-H-O11 interaction and maintain the overall ciliobrevin pharmacophore. We
envisioned replacing the C2-C9 olefin and C10 ketone with either a pyrrole or pyrazole
ring to afford such a tricyclic heterocycle (Figure 2.2A-C, synthesis was performed by
colleagues at the TDI). We adapted established procedures to synthesize 2 and 3, which
differ from known compounds only in the substitution pattern of the D ring (Figure 2.2A,
2.2B)(92,93). We also devised a synthetic route to a series of tricyclic analogs
exemplified by 4, which relies on the condensation of a 2-fluorobenzoic acid methyl ester
with a 4-cyano-aminopyrazole under basic conditions (Figure 2.2C). This strategy

allowed convergent synthesis of the desired cyclized ciliobrevin analogs.
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Figure 2.2 Synthesis of ciliobrevin D derivatives and analysis of their
activity against dynein 2. Note: the work shown in A-C was done by others.
Synthesis was performed by colleagues at the TDI. (A - C) Synthesis of
ciliobrevin derivatives. (A) Pyrroloquinazolinone derivative. Reagents and
conditions: (i) malononitrile, ammonium acetate, toluene, 100 °C, 13h, 72%:; (ii)
bromine, carbon tetrachloride, 70 °C, Sh, 38%; (iii) methyl anthranilate,
isopropanol, 100 °C, 20h, 15%. Selected atoms are numbered for reference. (B -
C) Pyrazoloquinazolinone derivatives. Reagents and conditions: (iv) acetic acid,
150 °C (microwave), 30 min, 26%. (v) malononitrile, sodium hydride,
tetrahydrofuran, 0 °C, 1h, 96%; (vi) dimethyl sulfate, N,N-
diisopropylethylamine, dioxane, 60 °C, 23h, 27%; (vii) hydrazine hydrate,
ethanol, 80 °C, 6h, 82%; (viii) methyl 2-fluoro benzoate (or substituted
derivative), potassium carbonate, dimethylformamide, 140 °C, 30 min, 11%. (D)
Gel filtration trace (Superose 6) for GFP-dynein 2, with volume at elution peak
indicated. VO, void volume. (E) SDS-PAGE analysis (Coomassie blue stain) of

GFP-dynein 2, ~0.5 pug protein loaded. (F) Schematic of microtubule motility
assay. Anti-GFP antibody (Ab), GFP-dynein (dyn), and microtubule (MT) are
indicated. (G) Time-lapse montage of fluorescent microtubules moving on GFP-
dynein 2-coated glass slides in the solvent control (2% DMSO) or in the
presence of ciliobrevin D (20 xM). (H) Montages of fluorescent microtubules
moving on GFP-dynein 2-coated glass slides in the presence of compounds 2-4
(20 uM). (I) Mean velocity of dynein 2-driven microtubule gliding in the
presence of control solvent (2% DMSO), ciliobrevin D, or compounds 2-4 (mean
+ S.D., n = 3). Number of microtubules quantified: DMSO-327, Cil. D-85, 2-98,
3-90, 4-77. All motility assays were run at ImM MgATP, 0.05 mg/mL casein,
and 2% DMSO. For all montages, the interval between successive images is 2
seconds and total time elapsed is 20s. Horizontal scale bar, 5 ym.
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To test if these compounds inhibit dynein we employed a microtubule gliding
assay. We first focused on human cytoplasmic dynein 2, the isoform involved in ciliary
transport and Hedgehog signaling(32), as its inhibition in this assay by ciliobrevin D has
not been previously demonstrated. We purified an N-terminally GFP-tagged motor-
domain construct of dynein 2 using an insect cell expression system(17). The GFP tag in
this construct (GFP-dynein 2, amino acids 1091 - 4307) allowed immobilization on
passivated glass coverslips used in microtubule gliding assays. This protein was obtained
as a mono-disperse peak by gel filtration (Figure 2.2D, 2.2E). GFP-dynein 2, in the
presence of ATP (ImM), moved microtubules with a velocity of 128 + 14 nm/s (mean +
SD, Figure 2.2G). This activity is readily revealed by a time-series montage, which
shows a fluorescently labeled microtubule being displaced ~3ym in 20 seconds (Figure
2.2G). This rate is comparable to previous analyses of this construct(17). Ciliobrevin D
(20uM) reduced the microtubule gliding velocity (Figure 2.2G), consistent with its
inhibition of dynein 2-dependent processes in cells(46, 54).

We next tested compounds 2 - 4 at 20 uM, a concentration at which ciliobrevin D
slowed dynein 2-driven gliding to 83 + 10 nm/s (Figure 2.2I). Compound 2 did not
substantially change microtubule gliding velocity (126 + 17 nm/s, Figure 2.2H, 2.21).
Compounds 3 and 4 inhibited dynein 2-driven gliding to a velocity comparable to that

observed in the presence of ciliobrevin D at this same concentration.
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Figure 2.3 Chemical structure analysis, design, and evaluation of
pyrazoloquinazolinone derivatives of ciliobrevin. Note: the work shown in C
and I was performed by others. X-ray crystallography was performed by M.
Nishitani, Takeda Pharmaceuticals, Japan. Hedgehog pathway analysis was
performed by C. Santarossa and L. Yu (graduate student and technician in
Kapoor laboratory). (A) Superposition of the crystal structure of 1 with the
computational model of 4 (green). (B) Pyrazoloquinazolinone ciliobrevin
derivatives with cyclopropyl group. (C) Crystal structure of 5. Displacement
ellipsoids are shown at the 50% probability level. (D) Superposition of the
crystal structure of 1 with the crystal structure of § (cyan). (E) Montages of
fluorescent microtubules moving on GFP-dynein 2-coated glass slides in the
presence of compounds 5 - 8 (20 yM). The interval between successive images
is 2 seconds and total time elapsed is 20s. Horizontal scale bar, 5 ym. (F) Mean
velocity of dynein 2-driven microtubule gliding in the presence of compounds 5
- 8 (mean + S.D., n = 3). Number of microtubules quantified: 5-91, 6-63, 7-86,
8-56. (G) Inhibition of GFP-dynein 2-driven motility by 8 and ciliobrevin D. IC_
values: 8: 2.6 + 1.3 uM (mean + S.D., n = 3); ciliobrevin D: 20 yM (range: 19-
21 uM, n = 2). Velocity distribution histograms for inhibition of dynein-2 driven
microtubule motility are presented in Figure 3 Figure Supplement 1. Number of
microtubules quantified: 8: 10uM-36, 5SuM-59, 2.5uM-98, 1.3uM-112, 0.6uM-
102, 0.3uM-126; Ciliobrevin D: 80uM-10, 40uM-47, 20uM-78, 10uM-85,
S5uM-99, 2.5uM-66, 1.3uM-80; (H) Inhibition of GFP-dynein 2-driven motility
by 6 and 9. The chemical structure of 9 is shown. IC_ values: 6: 2.9 + 0.6 uM
(mean = S.D., n = 3). 9: 17.7uM (range: 17.2-18.2, n = 2). Number of
microtubules quantified: 6: 20uM-38, 8uM-24, 3.2uM-48, 1.3uM-50, 0.5uM-
53; 9: 20uM-29, 8uM-54, 3.2uM-50, 1.3uM-54, 0.5uM-56. (I) Dose-dependent
inhibition of luciferase reporter expression by ciliobrevin D and compound 7.
IC50 values (mean + S.D.): ciliobrevin D: 15.5+3 uM (n=4);8: 1.9 £+ 0.6 uM
(n = 5). For G, H, and I, IC,,values reported reflect the mean (with range or
S.D.) of separate ICs, values obtained from independent dose-response analyses.
Data were fit to a sigmoidal dose-response curve and constrained such that the
value at saturating compound = 0. Individual data points presented reflect mean
of values determined from n = 2 independent replicates + S.D. (G, I) or + range
(H). All motility assays were performed at ImM MgATP, 0.05mg/mL casein,
and 2% DMSO.
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To improve the potency of compound 4 we compared its structure with that of
ciliobrevin analogs. In particular, we superimposed the crystal structure of 1 with an
energy-minimized structure of 4 computationally generated using Maestro (Schrodinger).
This analysis revealed that the dichlorophenyl D ring of 4 projects from the
pyrazoloquinazolinone core such that it is offset from the D ring of the ciliobrevin
(Figure 2.3A). We reasoned that adding a single carbon atom between the
pyrazoloquinazolinone and the phenyl ring may lead to closer alignment with ciliobrevin
and that using a cyclopropyl spacer would restrict rotation of the resulting scaffold. Using
our modular synthesis strategy for pyrazoloquinazolinones, we generated a set of
ciliobrevin derivatives with this cyclopropyl group separating the aromatic ring systems
(5 - 8, Figure 2.3B). Three of these compounds had substitutions at the 6-position of the
quinazolinone (6, 7, and 8, Figure 2.3B), a modification that we have previously reported
to improve the potencies of ciliobrevins(46). The crystal structure of § confirms that its D
ring aligns with that of compound 1 better than the chlorophenyl ring of compound 4
(Figure 2.3C, 2.3D).

We tested whether compounds S - 8 (20#M) inhibited dynein 2-dependent
microtubule gliding (Figure 2.3E, 2.3F). Compound S reduced velocity to 58 + 14 nm/s,
while addition of a trifluoromethyl group at the 6 position of the “A” ring in compound 6
led to near-complete inhibition of gliding (6 + 2 nm/s). By contrast, compound 7, with a
methoxy group at the 6-position of the A ring, did not inhibit dynein 2-driven
microtubule gliding (128 + 21 nm/s, Figure 2.3E, 2.3F). Compound 8, with a 6-iodo

substituent at the A ring, showed comparable activity to 6 (average gliding velocity: 6 + 2
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nm/s). For the two most active compounds (6, 8) as well as ciliobrevin D, we performed
dose-dependent analyses. We found 6- to 8-fold increases in potencies of compounds 6
(ICsy: 2.9 £ 0.6uM) and 8 (ICs,: 2.6 = 1.3 uM) relative to ciliobrevin D (IC5, 0of 20 £ 1.0
#M) in this assay (Figure 3G, H). To our knowledge, 8 is the most potent inhibitor of
dynein 2 published to date. Hereafter, we designate compound 8 as dynapyrazole-A and
compound 6 as dynapyrazole-B.

In order to directly test the effect of replacing the benzoylacrylonitrile-
quinazolinone system by a pyrazoloquinazolinone we also synthesized uncyclized
congeners of dynapyrazoles. Due to poor solubility of a 6-iodo-substituted ciliobrevin
derivative it was not possible to test its activity and compare it with that of compound 8.
Comparisons between compound dynapyrazole-B (6) and 9, a 6-CF;-substituted
ciliobrevin derivative (Figure 3H), show that cyclization leads to ~6-fold improvement in
the potency of dynein 2 inhibition in the microtubule gliding assay.

We next examined the inhibition of dynein 2 by dynapyrazole-A in cell-based
assays. In cell culture, serum starvation results in the formation of primary cilia, which
are required for Hedgehog signaling(32). Quiescent cells respond to the Hedgehog ligand
or to an agonist and pathway activity can be measured using a Gli-driven luciferase
reporter(45, 94). Expression of Hedgehog-driven luciferase reporter was inhibited by
dynapyrazole-A (ICy,: 1.9 + 0.6 uM) ~8-fold more potently than ciliobrevin D (ICs,: 15.5
+ 3 uM, Figure 31). Cell death was observed at concentrations 10-fold above the ICs, for
dynapyrazole-A (20uM) over the 28-hour time course of this experiment. In this assay
we have also observed cell death at high ciliobrevin D concentrations (200uM, ~10x

above its IC)). To stimulate Hedgehog pathway activity we used the synthetic agonist of
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smoothened (SAG)(45), which competes with many known Hedgehog pathway inhibitors
for binding to Smoothened, a key protein in this signaling pathway(39). As dynapyrazole-
A inhibits Hedgehog signaling at high SAG concentrations (500 nM), it is likely to act
downstream of Smoothened, as was previously noted for the ciliobrevins and consistent
with inhibition of dynein 2(44, 46).

The Hedgehog signaling pathway depends on dynein 2-driven retrograde
intraflagellar transport in the primary cilium(95). We used time-lapse microscopy to
examine the dynamics of fluorescently labeled intraflagellar transport protein-88
(mNeonGreen-IFT88, Figure 2.4A; all experimental analysis of intraflagellar transport
was performed by C. Santarossa, graduate student in the Kapoor Laboratory), an
approach we have previously used to study the effect of ciliobrevins and derivatives(47,
54). Time-lapse recordings of cells treated with control media revealed a steady flow of
IFT88 punctae moving from cilium tip to base and vice versa, as expected. The wider end
of the cilium was identified as its base, a convention suggested previously by others(96).
We find that in cilia treated with dynapyrazole-A (5uM), retrograde-directed IFT88
punctae were markedly slowed. In contrast, anterograde motion did not appear to be

substantially altered in the presence of dynapyrazole-A.
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Figure 2.4 Analysis of the effect of dynapyrazole-A (8) on intraflagellar
transport. Note: all work in this figure was performed by C. Santarossa
(graduate student in Kapoor Laboratory). (A) Schematic of cilium showing
microtubule-based axoneme (blue) and dynein (black), and an intraflagellar
transport particle (purple) containing mNeonGreen-IFT88 (green). Anterograde
and retrograde transport directions are indicated. (B-C) Images from time-lapse
series and associated kymographs showing motion of mNeonGreen-IFT88-
containing particles in primary cilia of living murine kidney cells (IMCD3).
Cilium tip (red arrowhead) and base (black arrowhead) are indicated. Red
(retrograde) and blue (anterograde) traces have been added to one kymograph
per condition to illustrate particle tracks. Image scale bar, 3uym; Kymograph
horizontal scale bar, 10 seconds; kymograph vertical scale bar, 3um. (D-E)
Velocity distribution histograms showing anterograde and retrograde velocities
in the solvent control (0.3% DMSO, D) and in the presence of 5uM 8 (E) at five
minutes after initiation of experiment. Analyses of cells treated with S5uM 8 for
10 minutes are shown in Figure 4 Figure Supplement 1. Analyses of cells treated
with 10uM 8 are shown in Figure 4, Figure Supplement 2. (F-G). Intraflagellar
transport velocities (F) and frequencies (G) after washout of dynapyrazole-A.
Bars represent mean + S.D. Data analysis (V,, anterograde velocity, nm/s; V|,
retrograde velocity, nm/s; F,, anterograde frequency, counts/minute; F,
retrograde frequency, counts/minute; values are mean + S.D. N,, number of
anterograde particles analyzed; N,, number of retrograde particles analyzed; C,
number of cilia analyzed). DMSO, V, 694 + 117, V. 421 £ 156, F,, 113 £ 3, F,
6.5 +4,N,429,N, 244, C 38; 5uM 8, V, 566 + 116, V,156 = 107, F,, 8.5 + 5, F,
4.1 +3,N,443,N, 211, C 52; Washout, V, 697 + 149, V 467 + 136, F,, 14.2 + 6,
F.9.6 +7,N,256,N, 173, C 18.
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To quantitatively assess the effect of dynapyrazole-A treatment on intraflagellar
transport, we analyzed time-lapse images of cilia using KymographDirect, an automated
analysis algorithm that extracts particle velocities from kymographs(97). Previous
analyses of the effect of dynein 2 inhibition using a temperature-sensitive mutant in
chlamydomonas revealed that dynein 2 depletion causes a ~60-70% reduction in
retrograde velocities and a ~20% reduction in anterograde velocities as well as 30-60%
reductions in the frequency of particle transport(98). Under control conditions (0.3%
DMSO, Figure 2.4B), anterograde particles moved with a speed of 694 + 117 nm/s
(Figure 2.4D, mean + S.D., 429 particles, 38 cilia) and retrograde particles moved at 421
+ 156 nm/s (Figure 2.4D, 244 particles, 38 cilia), consistent with previous studies (54).
Following addition of dynapyrazole-A to cells, the speed of retrograde particles was
markedly reduced at five minutes, the fastest reliable time line for this experiment on our
microscopy set-up (Figure 2.4C, 2 4E; 5uM 8: mean velocity 156 = 107 nm/s, 211
particles, 52 cilia). In contrast, anterograde particle velocities were only reduced by ~18%
(Figure 2.4C and 2 4E, 5uM 8: 566 + 116 nm/s, 443 particles, 52 cilia). After 10 minutes
of treatment, reductions in velocities were similar to those at the 5 minute time point
(Figure 2.4 Figure Supplement 1). Treatment of cilia with a higher dynapyrazole-A
concentration (10u#M) slowed both retrograde- and anterograde-directed motion. Again,
retrograde motion was more strongly inhibited (Figure 2.4 Figure Supplement 2).
Dynapyrazole-A treatment (SuM and 10uM) also reduced the frequency, i.e. the number
of particles moving across a cilium per minute, in both anterograde and retrograde
directions (Figure 2.4G, Figure 2.4 Figure Supplement 2). We note that dynapyrazole-A,

at concentrations close to the IC50 for inhibiting microtubule gliding in vitro, alters
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intraflagellar transport in a manner similar to what has been observed following dynein 2
loss-of-function in chlamydomonas(98).

We next examined whether inhibition of intraflagellar transport by dynapyrazole-
A was reversed following washout of the compound. Ciliated cells treated with
dynapyrazole-A (5uM, 5 minutes) were transferred to solvent-control media with serum
(0.3% DMSO, 10% FBS) and incubated for an additional ten minutes. Both retrograde
and anterograde velocities recovered to control levels (Figure 2.4F, retrograde: 467 +136
nm/s, 173 particles, 18 cilia; anterograde: 697 + 149 nm/s, 256 particles, 18 cilia) as did
transport frequencies (Figure 2.4G). When media with a lower serum concentration was
used in washout experiments, retrograde velocities recovered only partially, suggesting
that serum may accelerate the partitioning of this compound out of cells (Figure 2.4
Figure Supplement 3). Taken together, our data suggest dynapyrazole-A is a useful

reversible probe to study intraflagellar transport.
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Figure 2.5. Inhibition of dynein 1 activity by dynapyrazole-A (8). Note: the
work showin in E-O was performed by others. Lysosome motility analysis was
performed by A. Serpinskaya and V. Gelfand (Northwestern University, Chicago,
IL). (A) Gel filtration trace (Superose 6) for GFP-dynein 1, with volume at
elution peak indicated. VO, void volume. (B) SDS-PAGE analysis (coomassie

blue stain) of GFP-dynein 1, ~0.5 ug protein loaded. (C) Montages of
fluorescent microtubules moving on GFP-dynein 1-coated glass slides in the
presence of ImM ATP and either DMSO, ciliobrevin D or 8 (10uM). The
interval between successive images is 2 seconds and total time elapsed is 20s.
Horizontal scale bar, 5 ym. (D) Inhibition of GFP-dynein 1-driven motility by 8
and ciliobrevin D (mean + S.D., n = 3). IC,, values for 8: 2.3 £ 1.4 uM (n = 3);

ciliobrevin D: 15 £ 2.9 yM (n = 3). Number of microtubules quantified: 8:
20uM-98, 10uM-105, 5uM-108, 2.5uM-97, 1.3uM-134, 0.6uM-99, 0.3uM-43,
0.2uM-29; ciliobrevin D: 40uM-64, 20uM-74, 10uM-82, 5uM-79, 2.5uM-81,
1.3uM-87. ICy, values reported reflect the mean (= S.D.) of separate ICy, values
obtained from independent dose-response analyses. Data were fit to a sigmoidal
dose-response curve and constrained such that the value at saturating compound
> 0. All motility assays were performed at ImM MgATP, 0.05 mg/mL casein,
and 2% DMSO. Velocity distribution histograms for inhibition of dynein-1
driven microtubule motility are presented in Figure 5 Figure Supplement 1.
Analysis of microtubule attachment to dynein-coated coverslips is presented in
Figure 5 Figure Supplement 2. (E - J) Images of CAD cell neurites stained with
Lysotracker Red. in the presence of DMSO control (0.1%), 3.5 uM and 5 uM
(8). Scale bar, 10um. (E - G) Phase contrast microscopy images of CAD cells.
(H-J) Overlay of successive images of lysosome motility in CAD cell neurites.
60 images, spaced 1s apart, are stacked and successive images colored using FIJI
according to the temporal color code shown. (K-M) Kymographs corresponding
to images in H-J. The kymograph size is 60 seconds (vertical) by 37 um
(horizontal) and the anterograde and retrograde orientations are indicated. (N)
Quantitation of lysosome velocity. (O) Quantitation of total lysosome
displacement over the time course of imaging (1 min). Data are mean of n = 2
experiments with =150 particles counted per experiment. Number of frame-to-
frame velocities measured: DMSO-anterograde: 14167, DMSO-retrograde:
14973, 3.5uM 8-anterograde: 112