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A Photocaged Microtubule-Stabilising Epothilone Allows
Spatiotemporal Control of Cytoskeletal Dynamics
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Jiirgen Kuch, Anna Akhmanova, Leif Dehmelt, and Oliver Thorn-Seshold*
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\motility, and neuronal physiology.

Abstract: The cytoskeleton is essential for spatial and temporal organisation of a wide range of cellular and tissue-level
processes, such as proliferation, signalling, cargo transport, migration, morphogenesis, and neuronal development.
Cytoskeleton research aims to study these processes by imaging, or by locally manipulating, the dynamics and
organisation of cytoskeletal proteins with high spatiotemporal resolution: which matches the capabilities of optical
methods. To date, no photoresponsive microtubule-stabilising tool has united all the features needed for a practical high-
precision reagent: a low potency and biochemically stable non-illuminated state; then an efficient, rapid, and clean
photoresponse that generates a high potency illuminated state; plus good solubility at suitable working concentrations;
and efficient synthetic access. We now present CouEpo, a photocaged epothilone microtubule-stabilising reagent that
combines these needs. Its potency increases approximately 100-fold upon irradiation by violet/blue light to reach low-
nanomolar values, allowing efficient photocontrol of microtubule dynamics in live cells, and even the generation of
cellular asymmetries in microtubule architecture and cell dynamics. CouEpo is thus a high-performance tool compound
that can support high-precision research into many microtubule-associated processes, from biophysics to transport, cell

~
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Introduction

Life relies on the precise organisation of complex cellular
processes. The cytoskeleton is the major player that provides
spatially and temporally specific support for a myriad of
processes, like intracellular transport, cell proliferation, cell
motility, and neuronal development.'™ Microtubules (MTs)
are one of the three main cytoskeletal filaments. The many
hundreds of MT-dependent processes often rely on the
relative stability and dynamics of MT structures. This is
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perhaps most clearly seen in the drastic MT reorganisations
needed for spindle formation during cell division, which
render MTs a prime target for antimitotic drugs.” Indeed,
many MT-destabilising and MT-stabilising compounds (vin-
ca alkaloids, maytansines, taxanes, epothilones) have been
developed for cancer therapy.! As MTs are highly con-
served, such small molecule drugs are also easily applicable
across eukaryotic cell biology as tool compounds for
cytoskeleton research. However, since so many different
processes depend on MT architecture and dynamics, but all
are modified at the same time by drug application, their
practical utility for resolving MT-dependent biology is
limited since they lack any spatiotemporal precision of
action.

Photopharmacology aims to develop photoresponsive
drugs for just such spatiotemporally resolved studies. Photo-
response can be implemented with photoswitches, or photo-
cages (photoremovable protecting groups; irreversible
uncaging)."! MT destabiliser drugs can be structurally simple
and easy to modify; so many photocaged,*” and
irreversibly®'? or reversibly"*?"! photoswitchable MT desta-
bilisers have been created. These have helped uncover some
spatiotemporal roles for MT-dependent processes in embry-
ology, migration, and neuroscience.’>*! Yet, the photo-
pharmacology of the structurally more complex MT stabil-
isers remains poorly developed. This is problematic since
stabilisation is a distinct mode of action, that is crucial to the
proper study of most MT-dependent processes since these
typically rely on the presence and function of MTs (whereas,
chemical or optogenetic®®~? destabilisers remove them).

Two classes of photoswitchable MT stabilisers were
reported, based on taxanes (AzTax"") and epothilones
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(STEpo™), that allow spatiotemporal control of MT dynam-
ics in live cells (Figure 1b). However, their light-induced
increase of bioactivity was at best 6-fold (from dark to lit).
This is such a narrow working window that they were only
successful in cell culture (uniform concentrations), not in
vivo (inhomogeneous concentrations). They also suffered a
20-to-100-fold loss in potency versus the parent drugs, which
is unsurprising due to the steric bulk of the photoswitches.
Both aspects limit their practical utility. For the epothilone
STEpo, off-photoisomerisation was not possible since the
heterostilbene can only be effectively switched to a Z-
isomer-enriched photostationary state (PSS), not switched
back to an E-rich PSS; but it was also found that the
bioactivity of the taxane AzTax3MP was not efficiently
“photoreversible” even by active bidirectional photoswitch-
ing in cells, and rather was accomplished by diffusion.
Together, these features encouraged us to now explore
either photoreversible epothilone switches (unknown), or
else to accept diffusion-based reversibility and work instead
on improving the performance of photocaged MT-stabil-
isers.

No photocaged epothilones have been reported. Several
photocaged taxanes have been developed (Figure 1a), but
they are not widely used: they suffer inefficient and unclean
photouncaging, mostly needing UV light (ortho-nitrobenzyl,
coumarin, amino-1,4-benzoquinone cages);*" their solubility
at working concentrations is famously poor;?” and most
reagents either masked the O* and/or O’ hydroxyls as
potentially biochemically unstable carbonates,?***! or else

e Previous microtubule photostabilisation reagents
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the N*' amine which does not offer a large activity turn-on
upon unmasking.”’*! In fact, although the “photo-turn-on of
activity” is a major determinant of how useful a caged tool
can be, the degree of turn-on was not even reported for
many of them.”* Also, as del Campo showed, properly
silencing taxane bioactivity by hydroxyl photocaging re-
quires both C2' and C7 alcohols to be masked:™ squaring
the problems of photouncaging. Indeed, the only commer-
cial caged stabiliser (Molecular Probes caged taxol) was
discontinued 20 years ago, likely due to these problems."

Therefore, we considered that no available photorespon-
sive reagent features the required combination of a
biochemically stable low-potency non-illuminated state, with
efficient and clean photoresponse, giving a high-potency
illuminated state, where the reagent has efficient synthesis
and good solubility at the working concentration. To address
this unmet need, we aimed to develop novel derivatives of
MT-stabilisers ZK-Epothilone (ZK-Epo) and paclitaxel.
Our pursuit of reversibly photoswitchable azobenzene
epothilones (AzoEpo) was stymied by synthetic roadblocks,
and our visible-light-uncaged paclitaxels (CouTax) had poor
potency in the lit state. However, we obtained the first
photouncageable epothilone (CouEpo), which has low/mid-
nanomolar bioactivity after photouncaging by visible light,
with 100-fold lower bioactivity before uncaging, making it a
practical tool that has succeeded in reproducible, efficient,
live cell photocontrol of MT dynamics and associated
downstream processes.
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Figure 1. Prior Art, Design, and Synthesis. a,b) Prior art photoresponsive chemical tools for MT photostabilisation. c) Published epothilone A:
tubulin structure (PDB 4150),?* with H-bonds to GIn281 and Asp226 in red. d) Synthesis of Cou-3NTax from docetaxel. e) Synthesis and

photouncaging of CouEpo. See Figure S9 for high-resolution vectorial image.
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Results and Discussion
Initial Approach: Novel Caged Taxanes

Initially, we aimed to develop photocaged derivatives of the
chemically more tractable taxanes, particularly to overcome
the limited temporal resolution that prior art reagents
suffered due to their slow release (Phototaxel needs an extra
1,2-benzoyl shift to give bioactivity) or need for double
uncaging (2',7-bis(NVOC)-PTX). Our idea was to instead
cage an unnatural aniline nitrogen in meta or para on the
sidechain 3'-benzamide, since SAR studies led us to expect
this amine should be tolerated, and since the cage could
then be applied as a biochemically stable carbamate. We
chose a photon-efficient diethylaminocoumarin cage
(DEACM; 400-450 nm),*! which gave designs Cou-3NTax
(Figure 1d) and Cou-4NTax (Figure S1). However, the free
anilines’ potencies were ca. 60-fold lower (ECs~0.2 uM)
than paclitaxel; so although the DEACM carbamates of
3NTax and 4NTax could be efficiently and cleanly uncaged
with >50% yield (Figure S2), we expected their practical
utility would be limited. Indeed, while photouncaging Cou-
3NTax gave a substantial potency increase (35-fold EC;,
change: from 30 uM dark to 0.84 uM uncaged, Figure S2d),
and while it successfully photoinduced MT stabilisation in
acute live cell imaging assays (Figure S3, Movie S3), the
high-uM concentrations needed for efficient cell work with
these low-potency cores made us fear solubility and
reproducibility problems in more meaningful, more complex
systems (Supporting Note 1). Since epothilones have greater
potency and more reliable solubility than taxanes, we
focused on them instead for practical MT-stabiliser photo-
pharmaceuticals.

Failed Attempt: Reversibly Photoswitchable Epothilone

We previously reported STEpo epothilones designed to use
a stilbene photoswitch to light-dependently control bioactiv-
ity, by Z-isomer-dependently forming a key hydrogen bond
(from the thiazole nitrogen to Thr274 on tubulin, which
stabilises the M-loop that in turn makes a lateral contact
stabilising the MT lattice).” Those STEpos were accessed
in low yield by Horner-Wadsworth-Emmons (HWE) olefi-
nations of a synthetically accessible epothilone methyl
ketone.*) Now, we intended to attach thiazolo-azobenzene
photoswitches to the epothilone instead, to achieve AzoEpo
reagents that should be bidirectionally photoswitchable
between Z- and E-rich PSSs. Although thiazolo-azoben-
zenes underwent smooth HWE, Wittig and Julia-Kociensky
olefinations with model aldehydes, only decomposition
products resulted from reactions with ketones including the
target epothilone methyl ketone. Poor to zero yields were
likewise obtained for olefin metathesis reactions between
thiazolo azobenzenes and model substrates (Figures S4 and
S5 and Supporting Note 2), leading us to abandon this
approach once the success of the epothilone photocaging
strategy became apparent.
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Final Approach: Synthesis of Caged Epothilone CouEpo

We chose ZK-Epo for photocaging, for its high potency (<
1 nM), good solubility at this concentration, and since it
efficiently enters cells and evades efflux pumps.[*! Consider-
ing published cryo-EM epothilone A:tubulin structures,?!
we aimed to introduce a photocage to block binding or mask
interactions that are key for bioactivity (Figure 1c). Four
hydrogen bonds are formed in the structure. Those from the
C3 and C7 hydroxyls (to GIn281 and Asp226 of p-tubulin)®®!
seemed promising, since caging them should impair binding
affinity both by preventing H-bond donation, and due to
steric pressure from the DEACM cage.

Alcohol functionalities are usually photocaged with
photoremovable protecting groups as carbonates.*’ The
ZK-Epo secondary alcohols at C3 and C7 were very inert,
and did not react with para-nitrophenylchloroformate,
carbonyldiimidazole, bis(pentafluorophenyl) carbonate, or
even triphosgene under usual conditions. However, phos-
gene in toluene gave the C7 chloroformate exclusively; with
an excess of the sterically hindered base 1,2,2,6,6-pentameth-
ylpiperidine, that avoids elimination of the chloroformate,
this could be coupled to DEACM-OH to give C7-caged
CouEpo in decent yield (25 %, Figure 1e).

Photochemical Properties and GFP-Orthogonality

The photouncaging response of CouEpo is ca. 15 nm red-
shifted®! from its absorption spectrum, peaking at 405-
435 nm (Figure 2a), though uncaging is effective from 385-
460 nm. Thus, CouEpo can be uncaged by the common
microscopy lasers at 405 and 440 nm, avoiding the damaging
UV light that e.g. ortho-nitrobenzyl cages require. Also, it is
almost unaffected by typical GFP/YFP excitation (490/
514 nm), which is practical for biology since cytoskeleton
studies often use multichannel imaging. Crucially, photo-
uncaging was clean: the only products detectable in HPLC
were active ZK-Epo and DEACM-OH (Figure 2b,c; and
DEACM-OH was negligibly toxic or phototoxic compared
to ZK-Epo: see Figure S6). The ZK-Epo photo-yield of
~50 % fits previous coumarin reports.’’!

CouEpo Gives Photocontrolled Bioactivity in Live Cells

MT stabilisation inhibits cell proliferation by blocking
mitosis. Since proliferation is easy to screen, we first tested
the cellular utility of CouEpo by long-term assays of light-
and-concentration-dependent antiproliferative activity (Fig-
ure 2d). This can test for undesired complications, like non-
photolytic uncaging (e.g., hydrolysis in the dark), or photo-
toxicity (e.g., if apparent toxicity for lit CouEpo would be
higher than reference ZK-Epo). However, CouEpo matched
expectations for an ideal photocaged drug. In the dark
(ECs,>94 nM), CouEpo was ~100-fold less potent than its
parent ZK-Epo (ECy, <1 nM), showing excellent bioactivity
blocking and biochemical stability of the cage. Brief in situ
illumination with low-intensity LEDs at 400-435 nm,"
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Figure 2. Photochemistry and cell activity of CouEpo. a) Absorptivity versus photochemical reactivity. b,c) HPLC speciation of CouEpo photolysis
(time-course). d) CouEpo has potent, light-dependent antiproliferative activity, with ECsys: dark: 94 nM; 1.2 s illumination: 25 nM, 18 s illumination:
2.4 nM; pre-UV-illuminated (ex situ): 0.9 nM; vs reference ZK-Epo: 0.8 nM (light: 400 nm, as 100 ms pulses every 10 s; A549 cells, 48 h, three
replicates, shown as means). e) Confocal images (63x) of A549 cells treated for 24 h under lit (36 s, 435 nm) or dark conditions. Green arrows:
normally dividing cells (bipolar), magenta arrows: irregular mitotic spindles (tripolar / tetrapolar), white arrows: multinucleated cells. (Nuclei in
magenta (propidium iodide), MTs in green (anti-o-tubulin-FITC), scale bar 20 pm; expanded fields of view shown in Figure S6). See Figure S10 for

high-resolution vectorial image.

returned low nanomolar potency nearly identical to that of
ZK-Epo or ex situ pre-lit CouEpo stocks (Figure 2d), while
illumination at 490 nm had no effect relative to dark
conditions (Figure S6). These results align with the spectral
response shown in cell-free assays (Figure 2a), affirming that
CouEpo can be operated with typical photoactivation laser
wavelengths and yet is orthogonal to typical imaging wave-
lengths (details in Supporting Note 3.1).

To support that the mechanism of action from CouEpo
uncaging is MT inhibition, we examined MT architecture
and cell status before and after irradiation. A549 cells
treated with CouEpo (50 nM) in the dark were similar to
DMSO-only controls: cells were mononuclear, with regular
MT architectures, and some regular bipolar mitotic figures
(green arrows, Figure2e). Pulsing CouEpo at 435nm
(100 ms every 10s, for 1 h at treatment start) disorganised
the MT architectures; multinuclear cells were common
(faulty mitosis; white arrows); and faulty tri- or tetrapolar
mitotic figures were strikingly common (magenta arrows;
Figure 2e; full data in Figure S6). This further supports that
CouEpo light-dependently inhibits MT dynamics and archi-
tecture.

Time-Resolved Photocontrol of MT Dynamics

MT polymerisation dynamics can be tracked with fluores-
cently marked End-Binding protein EB3, which visualises
growing MT tips as “comets”. MT stabilisers suppress

Angew. Chem. Int. Ed. 2024, 63, €202410169 (4 of 8)

normal MT remodelling rates by locking tubulin into
polymerised MTs, so bioactive compounds reduce the
number of EB3 “comets” as well as their velocity.>*! To
test if uncaging CouEpo disrupts live cell MT dynamics with
temporal specificity, we first imaged EB3-3xmScarlet-I
expressing A549 cells treated with CouEpo (150 nM). EB3
comet counts dropped greatly upon uncaging by full field of
view (FOV) laser scanning illumination at 405 nm (Figure 3,
Movie S1). To proceed towards spatial specificity, we next
tested localised 405 nm photoactivation in a sub-region of
the FOV, taking advantage of the GFP orthogonality of
CouEpo to image EB3-GFP in HeLa cells. A full discussion
of the results is given at Supporting Note 3.2; in brief,
CouEpo (75nM) did not affect EB3 comet density and
velocity during GFP imaging, but pulsing at 405 nm even
just outside the cells of interest steadily decreased the
density, velocity, and size of EB3 comets (Figure S7c—f,
Movies S4 and S5), without recovery during subsequent
imaging. Thus, irreversible uncaging of CouEpo suppresses
MT dynamics in live cells with temporal precision.

Spatiotemporally Resolved MT Photocontrol

We then set out to probe the spatiotemporal precision of
MT control that can be attained within cells in practical
conditions, under subcellularly localised photoactivation
protocols. GFP-tubulin expressing PtK1 (potoroo kidney)
cells, treated with CouEpo (100 nM), were locally illumi-
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A549 - EB3-mScarlet-l

b Example frames of cells during live-cell imaging
CouEpo dark

DMSO + 405 nm CouEpo + 405 nm

Figure 3. Photocontrol of MT dynamics with CouEpo. a) Normalised EB3 comet counts in CouEpo or DMSO-only treated cells, either averaged over
all cells, or given per cell (n=6 cells each) after 1 or 2 full FOV 405 nm photoactivations. b) Cell images before/after two 405 nm applications
(time-courses: Movies S1 and S2; see also Figure S7; scale bar is 10 pm). See Figure S11 for high-resolution vectorial image with expanded legend.

nated with 405 nm near a cell edge, at a diffraction-limited
photoactivation spot (indicated on images with a purple
circle) applied once every 100s by a standard FRAP
module, during ongoing TIRF imaging at 514 nm (Figure 4).
Since TIRF images <250 nm of cell thickness next to the
coverslip, this reveals the segments of microtubules that
enter the imaging slice, rather than long MT filaments.

To assess the subcellular localisation of cell effects, we
used the position of the photoactivation spot relative to the
cell centroid to define a “front” region at the proximal cell
edge and compared it to the “back” region at the opposite
cell edge (Figure 4b). MT stabilisation increases the amount

of tubulin incorporated into MT polymer, which should
increase the GFP reporter signal. Indeed, photoactivation
induced a strongly localised change in tubulin distribution,
enriching the signal in the front of the cell without affecting
the back (Figure 4c,d).

Furthermore, MTs can promote cell protrusion, via their
mechanical properties as well as their roles in intracellular
trafficking and signalling.®*?% Thus, local MT stabilisation
should lead to increased local protrusion of the cell edge.
We analysed local cell protrusion within a region of interest
(ROI) centred on the photoactivation spot, by quantifying
the change in cell area coverage of this ROI after 405 nm

® Live cell TIRF imaging with local 405 nm illumination at a cell edge in PtK1 cells
a Example frames: cells during live imaging
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Figure 4. Subcellular photocontrol of tubulin dynamics by local 405 nm spot photoactivation in PtK1 cells expressing GFP-tubulin, treated with
100 nM CouEpo or DMSO cosolvent only, imaged by TIRF microscopy (photoactivation at purple circle starts at 0 min). a—d) Cell images, analysis,
and quantification of GFP-tubulin signal intensity at the front (cell edge near the photoactivation site) or back (the opposite cell edge). e—g) Cell
images, analysis, and quantification of cell area coverage within a ROl centred on the photoactivation spot. Panel f shows a zoom on the grey
boxed region from panel e, with coloured lines indicating the cell border over time during photoactivation, and the white boxed ROI that was used
to quantify protrusion. All scale bars 20 pm; “%A” indicates percent change relative to the value at time O (alternative data representations shown
in Figure S8; one cell per datapoint in panels c,g). See Figure S12 for high-resolution vectorial image with expanded legend.

Angew. Chem. Int. Ed. 2024, 63, €202410169 (5 of 8)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB01 7 SUOWILWIOD SATER.1D) 3|edl|dde 8y} Aq pausenob afe ssp i VO ‘SSN JO S9N Joy Ariq18UlIUO /8|1, UO (SUOTIPUOD-pUe-SWLBH WO A3 | 1M AR1q 1 U1IUO//SONY) SUORIPUOD pue SWie | 84} 89S *[20Z/TT/ST] uo Ariqiiauliuo 8|1 ‘69T0TYZ0Z 31Ue/Z00T OT/I0p/Wod Ao |im Akeig1jeut|uo//Sdny wolj papeoumod ‘€ ‘v202 ‘€LLETZST



GDCh
=

photoactivation (Figure 4e,f). Coverage was considerably
increased after illumination (Figure 4g, Figure S8). DMSO-
only controls showed no increase of local tubulin signal or of
ROI coverage (Figure 4c,d,g). Taken together, these data
show precise targeted remodelling of the MT cytoskeleton
with associated effects on cellular function, using simple
FRAP-targeted photoactivation of CouEpo orthogonal to
ongoing imaging, with commonlaser lines.

Conclusion

We introduce an optically controlled MT-modulator that we
argue is the first reagent that can combine highly effective,
practical, and robust MT photostabilisation. CouEpo is the
first photocaged epothilone; it is efficiently photoactivated
by UV, violet and blue light (360-460 nm, including the 405
and 440 nm lasers that are common in microscopy); it gives
a ~100-fold bioactivity increase upon uncaging of its single
cage group; and when uncaged it reaches ca. 1 nM potency
(allowing low working concentrations, that avoid solubility
issues, to be effective). Its cage resists cleavage by wave-
lengths >490 nm, making it compatible with imaging fluo-
rophores in all common channels (GFP, YFP, RFP), and its
caged form is biochemically stable in cells in the long term.
It is by virtue of this combination of features that we feel
CouEpo substantially improves over all previous photo-
pharmaceutical MT stabilisers, whether photouncaged or
photoswitchable. CouEpo has shown high spatial and
temporal precision control over MT stabilisation, in settings
from whole-cell activation (Figure 3a,b) down to asymmetric
effects within single cells (Figure 4), and is now ready for
wider applications in biology.

Epothilones are produced on the multikilogram scale for
cancer therapy in the clinic or in clinical trials; and the C7’
alcohol is conserved in all of them. We expect that the
simplicity of the conditions we show for transforming ZK-
Epo (brand name Sagopilone) into C7'-photocaged CouEpo
will easily translate to the other common epothilones
(epothilones A-D/Patupilone and Utidelone; azaepothilone/
Ixabepilone; etc) to allow any available epothilone to be
caged, as well as to allow different cages to be used if it is
desirable to tune spectral response or uncaging yields
(although we consider that the DEACM cage already
occupies the most useful spectral window for cell biology
use, and it does not seem to cause biodistribution or
phototoxicity complications). Thus, while we are freely
distributing our stocks of CouEpo for cell biology research
upon reasonable request, we expect that such reagents will
be readily synthesisable in many groups, and if they would
one day be distributed, it would fill the current gap in the
reagent toolbox for effective MT photostabiliser reagents.
We expect this relative ease of access will couple with the
practicality and power of such reagents, as we demonstrate
here in cell culture, to encourage their wider adoption as
high-precision tools: for cytoskeleton biophysics; for cell
motility, division, and intracellular transport studies in
chemical and cell biology; and ultimately for developmental
and in vivo studies.
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