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Abstract

Eg5 is a kinesin motor protein that is responsible for bipolar spindle formation and plays a crucial
role during mitosis. Loss of Eg5 function leads to the formation of monopolar spindles, followed
by mitotic arrest, and subsequent cell death. Several cell-permeable small molecules have been
reported to inhibit Eg5 and some have been evaluated as anticancer agents. We now describe

the design, synthesis, and biological evaluation of photoswitchable variants with five different
pharmacophores. Our lead compound Azo-EMD is a cell permeable azobenzene that inhibits Eg5
more potently in its light-induced cis form. This activity decreased movement in microtubule
gliding assays, promoted formation of monopolar spindles, and led to mitotic arrest in a light
dependent way.

Graphical Abstract

The optical control of a mitotic kinesin, Eg5, was achieved through an azobenzene analog of
EMD-534085. Under UV light conditions, HeL a cells undergo mitotic arrest, as evidenced by the
formation of a monopolar spindle.
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Mitosis followed by cytokinesis is the process in which a replicated set of chromosomes is
evenly distributed, and a single cell is divided into two daughter cells. Hundreds of proteins
are involved in this highly complex but tightly controlled event!], including, amongst
other mitotic kinesins, the kinesin spindle protein (KSP, KIF11, or Eg5)[2]. Eg5 is a motor
protein that is primarily responsible for generating the forces necessary to organize spindles
and separate the centrosomesl3!. Structurally, Eg5 is a homotetramer, which crosslinks and
slides apart antiparallel microtubules. Mechanistically, it moves along the microtubules by
repetition of an ATP hydrolysis-driven cycle of attachment, sliding, and dissociation[4].
Eg5 specific inhibitors cause cell cycle arrest and apoptotic cell death with a characteristic
monopolar spindle phenotype, thus underscoring the importance of this protein during
mitosis[® (Fig. 1A).

Due to their key roles in cell proliferation, mitotic kinesins have emerged as targets in cancer
therapy.[8] Their inhibition results in mitotic arrest without directly affecting microtubule
dynamics. As such, Eg5 inhibitors provide an alternative mode of inhibition to taxanes
and vinca alkaloidsl”], molecules that also affect microtubules in non-dividing cells and
can cause serious side effects. In the past decades, several small molecules that target
Eg5, such as monastroll], S-trityl-L-cysteinel®], ispinesib[®], and filanesib[1%], have been
investigated as potential cancer therapeutics[t!l (Fig. 1B). These allosteric Eg5 inhibitors
bind to a hydrophobic pocket and prevent ADP release by forming a ternary complex with
the protein and ADPI12-14], To date, at least nine Eg5 inhibitors have progressed through
Phase I/11 clinical trials, however their development has been stopped due to poor clinical
responses11:15-21],

Photopharmacology is an attempt to control biological activity with synthetic light-
responsive molecules(?2-25], It has been applied to neuroreceptors[26], enzymes[27-311 and
elements of the cytoskeleton. For instance, tubulin and actin dynamics were modulated with
photoswitchable versions of combretastatin A[32-34], paclitaxel(3°], and jasplakinolide[38],
respectively. However, this approach has rarely been attempted with motor proteins. The
Tamaoki group introduced one of the first photoswitchable inhibitors of a motor protein for
the mitotic kinesin CENP-E, which was based on the small molecule GSK923295[37:38],
Recently, Maruta and colleagues introduced photoswitchable inhibitors that enabled
reversible control of Eg5 /n vitro.[3%-411 However, they did not demonstrate activity in cells,
possibly due to insufficient cell permeability and solubility of their compounds. This led us
to synthesize and evaluate azobenzene-based photoswitchable Eg5 inhibitors. We aimed to
identify compounds that were inactive in the dark-adapted #rans-form and would become
active in the light activated c/s-form.

We now report the design, synthesis, and systematic evaluation of photoswitchable Eg5
kinesin inhibitors that can permeate membranes and function in cells. We based our
approach on five different Eg5 pharmacophores: ispinesibl®l, S-trityl-L-cysteine (STLC)

(8], monastrol[), tetrahydro-p-carbolines[#2], and EMD-534085[43]. This resulted in the
photoswitchable molecules 1a-c, derived from monastrol, 2a-c, derived from ispinesib,

3, modelled after STLC, 4a,b derived from a class of p-carboline inhibitors, and 5a-c,
derived from EMD-534085. Amongst these, 5c, also termed Azo-EMD emerged as the most
successful.
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The design of photoswitchable compounds was based on structure-activity data available

for various Eg5 inhibitors and the analysis of X-ray structures of monastrol (pdb 1X88),
ispinesib (pdb 4AP0), and EMD-534085 (pdb 3L9H) bound to Eg5. These inhibitors bind to
the same allosteric site, which is about 10 A away from the ATP binding pocket in a region
formed by helix a2/loop L5 and helix a3. The accommodation of structurally different
compounds in the same binding pocket implies that Eg5 exhibits some degree of flexibility
to allow for conformational changes upon binding of ligand. Keeping this in mind, we opted
for an azo-extension[?2] approach, where an azobenzene is appended to a vector that projects
toward solvent and can accommodate the photoswitch. This led us to synthesize and evaluate
azobenzene derivatives 1-5 (Fig. 2).

The syntheses of compounds la-c, 2a-c, 3, and 4a,b is described in the Supporting
Information. The racemic synthesist44] of our lead compound Azo-EMD commenced

with a Povarov multi-component reaction(4] (Scheme 1B). It provided access to the
tetrahydroquinoline core containing three stereocenters in a single step starting from
commercially available materials. The relative configuration was confirmed by X-ray
crystallography (see Supporting Information.) Following a few steps to convert the alcohol
to the amine, the azobenzene photoswitch functionality was introduced using a CDI
mediated urea coupling. In addition to the para substituted derivative Azo-EMD (5c) we
also synthesized ortho and meta substituted variants by coupling the common building block
12 with CDI and the corresponding azobenzyl amine (Scheme 1A). All of the analogs show
photochemical properties expected of classic azobenzene photoswitches!4€l. Azo-EMD can
be reversibly switched from the transto cis configuration using alternating 365 and 465 nm
light (Scheme 1D,E). Once switched to the cis configuration, Azo-EMD is bi-stable and

has a long thermal half-life of 27 hours at 37 °C. (Fig. 1D and Supporting Information).

As expected, the switching could be repeated over several cycles without fatigue (Fig. 1E).
Interestingly, in the dark-adapted state Azo-EMD adopts a cis:trans of 13:87, which could
not be further increased. Upon irradiation with 370 nm a photostationary state (PSS) of 95:5
could be obtained (Figure 1F).

Since Eg5-inhibition ultimately results in cell death!”], we first screened our
photoswitchable compounds in cell viability assays (Fig. 3A, Supporting Information).
HelLa cells were treated for 48 hours with each respective photoswitch under dark or
pulsed-light conditions (repeated 75 ms pulse of light every 15 s over 48h). Monastrol
derivatives 1a-c were either not cytotoxic or their cytotoxicity was not light dependent.
The usefulness of these compounds was also limited by the concentrations that could be
tested due to their poor solubility. Ispinesib derivatives 2a-b showed some cytotoxicity
(60% cell viability at 100 uM) however, the concentrations tested could not be increased
without observing compound precipitation. The secondary amine proved to be critical for
Eg5 inhibition, consistent with the reported structure activity relationships of ispinesib
analogs!“8l. Accordingly, 2c, which maintains the secondary amine, proved to be a potent
inhibitor (1C5¢ = 7.6 nM), however the activity of 2c was not light dependent. S-trityl
cysteine derivate 3 was inactive, showing no effects on cell viability. THBC derivates 4a,b
were active inhibitors but not in a light-dependent way.
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EMD-534085 derivates, 5a-c, on the other hand, were active and showed light dependency
in the cell viability assays. 5a and Azo-EMD (5c) were the most potent and showed similar
cytotoxicity in their c/s-enriched forms. 5b was relatively less cytotoxic compared with 5a
and 5c¢. We decided to evaluate Azo-EMD (5c) in further biological experiments because it
showed the largest difference in ICsq between cisand frans isomers.

Cell cycle analysis by DNA content showed that treatment with ¢/s Azo-EMD (3 uM, 370
nm pulsed irradiation, 75 ms pulse every 15 sec for 24 h) induced a strong shift towards the
G2/M phases (Figure 3 B,C). In comparison, cells treated with frans Azo-EMD in the dark
(3 UM, 24 h) did not show a shift in cell cycle populations compared with co-solvent treated
cells. In agreement with the cell viability assays, the cell cycle analysis therefore shows that
Azo-EMD is cis-active. This effect is dose-dependent, and the largest difference in effect
between light and dark treated samples is seen at 3 pM (see Supporting Information). The
shift in cell cycle population towards G2/M is consistent with the observed effects of Eg5
inhibitors, such as EMD-534085 (Figure 3B,C), monastrol[®], and filanesib[10].

The motor function of a single Eg5 dimer can be observed using total internal reflection
fluorescence (TIRF) microscopy. While Eg5 forms a homotetramer in cells, it is the two
motor domains of each incorporated Eg5 dimer located at opposite ends of the tetramer
that move processively along anti-parallel microtubules to slide them apart. Stabilized
microtubules are bound to a coverslip and fluorescent Eg5 constructs are able to move
processively along the microtubules[4®]. The movement of Eg5 (1-531) motors was
minimally affected when 3 UM Azo-EMD in either the dark-adapted or pre-irradiated with
465 nm light was added (Figure 4). When the motors are treated with 3 uM ¢is Azo-EMD
(pre-irradiated with 365 nM light), the movement was significantly reduced. The effects of
¢fs-Azo-EMD on Eg5 motor function were dose-dependent (Supporting Information). These
data show that cis Azo-EMD directly inhibits Eg5 motors.

We estimated the microtubule-stimulated ATP-hydrolysis rates of Eg5 in the absence and
presence of 3 UM preactivated Azo-EMD directly from the velocities we obtained from the
single-molecule TIRF assay. The measured velocities and calculated ATPase rates for 1 and
10 uM Azo-EMD concentrations are given in Supplemental Figure 6 and Supplemental
Table 1. Given that Eg5 takes only 8 nm forward steps under low load®%] and that

ATP hydrolysis triggers the forward stepping of kinesin motors5:52] \we can estimate

the ATPase rates directly from the measured velocities. Our analysis shows that 3 uM
preactivated Azo-EMD reduces the microtubule-activated ATPase rates of Eg5 by 35.7%
from 2.8/s to 1.8/s. Our analyses are therefore consistent with the predicted effects of the
inhibitor.

Finally, we evaluated Azo-EMD in fluorescence imaging assays to confirm that the observed
effects on cell viability and the cell cycle are due to monopolar spindle formation caused

by Eg5 inhibition[®! (Figure 5). In the presence of Azo-EMD (1 uM) and in the absence

of irradiation, most cells show the normal bipolar spindle phenotype, which is observed as
the linear arrangement of the stained chromosomes. By contrast, upon pulse-irradiation with
370 nm light (75 ms pulse, every 15 s), most dividing cells show the monoastral phenotype,
corresponding to Eg5 inhibition, where the chromatin is arranged radially. HeLa cells treated
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with EMD-534085 (1 pM) exhibit the characteristic monopolar spindle both in the dark and
under pulsed 370 nm irradiation.

To explain the observed differences between cisand frans Azo-EMD, we performed
molecular docking studies using the crystal structure of EMD-534085 bound to the Eg5
motor domain (pdb 3L9H, Supporting Information). While the differences are not large, the
calculated docking score for ¢is Azo-EMD (glide score = -9.8) is lower than the docking
score for frans Azo-EMD (glide score = —8.1). The difference in docking scores is due to
improved hydrophobic interactions of the ¢/s Azo-EMD with the protein. These results are
consistent with our experimental results.

In summary, we have described the design, synthesis, and biological evaluation of a
photoswitchable and cell permeable Eg5 inhibitor, termed Azo-EMD. At an appropriate
concentration Azo-EMD is inactive in the dark, is activated by irradiation with UV-A light,
and enables the optical control of Eg5-dependent biology. The long thermal half-lives,
coupled with poor photostationary states, prevent the effects of Azo-EMD from being
reversible in cellular assays. Future work will involve optimizing these parameters. The
optical control of kinesin function can also be achieved using optogenetics!>3-551. To the best
of our knowledge, however, the optogenetic control of Eg5 itself has not been achieved. A
photoswitchable Eg5 inhibitor with cellular activity could provide a useful tool for studying
the role of the kinesin with high spatial and temporal precision. Additionally, localized

and reversible control of Eg5 at different phases of the cell cycle may serve to probe

the directional forces involved in centrosome separation. Since the photostationary states

of photoswitches are a function of the wavelength used, the concentration of the active

form can be changed Jn situ (colordosing)[32]. Light-activatable Eg5 inhibitors, such as Azo-
EMD, could also be interesting candidates for precision cancer chemotherapeutics that can
avoid systemic toxicity which has hampered the clinical development of Eg5 inhibitors[21],

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) Eg5 is involved in the formation of the bipolar spindle during mitosis. When its function

is inhibited, monopolar spindle formation is observed, which is followed by subsequent
mitotic arrest. B) Structural diversity of allosteric Eg5 inhibitors.
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5a 5b 5c = Azo-EMD

Figure 2.
Photoswitchable inhibitors of Eg5 synthesized and tested in this study were based on the

pharmacophores of maonastrol, ispinesib, STLC, and EMD-534085.
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A) Cell viability assay: HeLa cells were treated with increasing concentrations of compound
under dark or pulsed irradiation conditions for 48 h and cell viability was assessed using
MTT assays. n=3, N=3; B, C) Cell cycle distribution of HeLa cells treated with Azo-EMD
(3 uM), EMD-534085 (0.1 uM), or DMSO under dark or pulsed irradiation (75 ms pulse
every 15 sec) for 24 h. Cells were fixed in EtOH, stained with propidium iodide and

analyzed by flow cytometry. N=3. Data shown are mean values + SD.
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Figure 4.
A) Overlaid kymographs of Eg5 only (green) and Eg5 with 3 uM pre-activated Azo-EMD

(red) moving along microtubules. B) Velocities of Eg5 only (Eg5 only), Eg5 with 3 uyM
pre-activated Azo-EMD (365 nm), Eg5 with 3 uM Azo-EMD, pre-irradiated with 465 nm,
and Eg5 with 3 uM dark adapted Azo-EMD (dark). The green bars represent the median
with quartiles. Eg5 only: 22.6 [18.2, 28] nm/s; 365 nm: 14.1 [10.2, 19.1] nm/s; 465 nm: 17.6
[13.6, 24.0] nm/s; Dark: 17.9 [15.3, 23.1] nm/s. Unpaired #test were performed (****, p<
0.0001; **, p< 0.01; ns, p> 0.05).
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Figure 5.
Synchronized HeLa cells were treated with EMD-534085 (1 uM), Azo-EMD (1 uM) or

DMSO under dark or pulsed irradiation (370 nm LED array, 75 ms pulse every 15 s),
followed by fixation, permeabilization and staining. Scale bar 10 ym. Middle: Azo-EMD
shows mostly regular mitotic phenotype under dark conditions and upon activation (370
nm) the star-like DNA phenotype that is a consequence of monopolar spindle formation is
observed. Left/Right: +/— control.
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Scheme 1.
A) Synthesis of the photoswitchable side chain B. B) Synthesis of Azo-EMD. C) Light-

dependent reversible isomerization of Azo-EMD. D) Absorption spectra of photoswitchable
EMD-534085 in the dark-adapted state and at 370 and 460 nm. E) Reversible isomerization
of Azo-EMD over multiple switching cycles. F) Photostationary states of Azo-EMD.
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