
Photopharmacology Very Important Paper

Photoswitchable Epothilone-Based Microtubule Stabilisers Allow
GFP-Imaging-Compatible, Optical Control over the Microtubule
Cytoskeleton**

Li Gao+, Joyce C. M. Meiring+, Constanze Heise, Ankit Rai, Adrian Müller-Deku,
Anna Akhmanova, Julia Thorn-Seshold, and Oliver Thorn-Seshold*

Abstract: Optical methods to modulate microtubule dynamics
show promise for reaching the micron- and millisecond-scale
resolution needed to decrypt the roles of the cytoskeleton in
biology. However, optical microtubule stabilisers are under-
developed. We introduce “STEpos” as GFP-orthogonal,
light-responsive epothilone-based microtubule stabilisers.
They use a novel styrylthiazole photoswitch in a design to
modulate hydrogen-bonding and steric effects that control
epothilone potency. STEpos photocontrol microtubule dy-
namics and cell division with micron- and second-scale
spatiotemporal precision. They substantially improve po-
tency, solubility, and ease-of-use compared to previous
optical microtubule stabilisers, and the structure-photoswitch-
ing-activity relationship insights in this work will guide future
optimisations. The STEpo reagents can contribute greatly to
high-precision research in cytoskeleton biophysics, cargo
transport, cell motility, cell division, development, and neuro-
science.

Introduction

All cellular processes depend on spatiotemporal regulation
of protein function. Tools to modulate protein function with
the micrometre spatial precision and millisecond temporal
precision inherent to these processes, are extremely valuable

for precise biological research.[1,2] Cytoskeleton biology in
particular can use such spatiotemporally-specific tools for
uniquely powerful studies of many classes of biological
functions, since tight spatial regulation and temporally
dynamic control over cytoskeletal proteins are critical for
hundreds of distinct cellular processes.[3,4]

Microtubules (MTs) are giant, capillary-like noncovalent
polymers of tens of thousands of α/β-tubulin heterodimers.[5]

They are organised into a spatially structured network
throughout the cell, that is rapidly remodelled through
regulated growth and shrinkage to fulfil spatiotemporally
distinct functions. These functions include acting as scaffold-
ing for cell shape and for mechanical processes, as tracks for
cargo transport by motor proteins, and as an organising
system for cellular structures. This makes MT network
structure and remodelling dynamics vital in diverse fields,
including cell migration, cell division and development (e.g.
by supporting the segregation of chromosomes), and neuro-
science (e.g. supporting the formation and maintenance of
extensions like axons and dendrites).[6,7]

Drugs that modulate MT stability and polymerisation
dynamics are prime research tools for all these fields, being
useful to nonspecifically suppress MT-dependent cellular
processes; several have also become widely-used anticancer
drugs.[8,9] Classical MT stabilisers (polymerisers) include
taxanes and epothilones; while notable destabilisers (depoly-
merisers) include colchicine analogues, vinca alkaloids,
auristatins/dolastatins, and maytansines (Figure 1a). While
both MT destabilisers and MT stabilisers can suppress MT
polymerisation dynamics in cell culture, their biological
applications in vivo are distinct (e.g. stabilisers promoting
axonal regeneration after spinal cord injury,[10,11] destabil-
isers suppressing inflammatory responses[12]).

As research tools however, the lack of spatiotemporal
precision with which these drugs can be applied has been a
major hurdle for manipulation experiments that would
ideally localise their activity on the scale of μm and ms.
Spatiotemporally specific methods to modulate MT cytoske-
leton stability and dynamics are still in their infancy.
Photouncaged MT inhibitors including taxol and combretas-
tatin A-4 (CA4) were developed as more spatiotemporally
precise research drugs.[13] However, they are not widely
used, likely due to slow kinetics of the hydrolytic step in the
photouncaging cascades, and photolability of the CA4
stilbene.[14] Two optogenetic tools to depress MT polymer-
isation under light are reported: Wittmann’s photo-inactivat-
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able π-EB1,[15] and Slep’s photoactivated plus tip recruitment
system;[16] and in recent weeks, two preprints of photo-
controlled MT-severing enzymes have also appeared,[17,18]

highlighting broad interest in methods to photocontrol
microtubule dynamics and network organisation.

In contrast, several photoswitchable analogues of taxane
and colchicinoid MT-inhibiting drugs, that offer cell-specific
spatial precision and second-scale temporal precision of MT
modulation without requiring genetic engineering, have
been developed (Figure 1a). These photopharmaceuticals
have practical advantages compared to photouncaging,[14,19]

such as rapid photoresponse, absence of phototoxic by-
products, easier handling, and reduced potential for degra-
dation (see Supporting Information Part B). The ability to
apply these photopharmaceuticals across diverse model

organisms even at early developmental stages, is also a
strong conceptual advantage over genetic approaches.

Optically controlled MT stabilisers are a particularly
attractive target for cell biology and early development
research, since the biological functions of the MT cytoskele-
ton essentially depend on stabilised or growing MTs.
However, only one family of photoswitchable MT stabilisers
has been reported: the azobenzene-based “AzTax” taxane
analogues, which allowed spatiotemporally precise and time-
reversible control of MT dynamics, with a degree of
subcellular control in neurons.[20] In contrast, a diversity of
photoswitch scaffolds has been used in photoswitchable
colchicinoid MT depolymerisers, from azobenzene (PST
reagents),[3,21] to hemithioindigo (HOTub/HITub
reagents),[22,23] spiropyran-merocyanin,[24] and styrylbenzo-

Figure 1. Towards microtubule stabiliser photopharmacology. a) α/β-Tubulin heterodimer with drug binding sites,[9] and major MT photo-
pharmaceutical chemotypes. b) Epothilone binding to β-tubulin induces the M-loop to fold into a helix and repositions it to stabilise tubulin–
tubulin lateral contacts, so stabilising the MT. A key interaction is the H-bond from Thr276 to the thiazole nitrogen (adapted from PDB 4o4i[26]).
c) Synthesis and cellular evaluation of photoswitchable SBT-derivatised taxane SBTax. d) Epothilones. The epoxide of EpoA/B is dispensable
(EpoC/D). e) Designs for peripherally attaching the styrylthiazole (ST) photoswitch to epothilone: intending to photoswitchably induce and position
the M-loop helix, and/or change binding affinity, and/or reposition an H-bond acceptor.
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thiazole or “SBT” (SBTub reagents):[19,25] each with their
own drawbacks and advantages (Figure 1a).

Noteworthily, the SBT photoswitch offers an attractive
combination of advantages for biological research use:
1) The SBT scaffold is completely unaffected by standard

GFP imaging at ca. 490 nm excitation, so biological
assays can be imaged at high frame rates with common
fluorescent proteins (GFP, YFP, mNeon) or markers
(fluorescein, Atto 488) without switching the bioactivity
of the photopharmaceutical. This is crucial for dynamic
systems with fast spatially resolved readouts, as in
cytoskeleton research, that require continuous imaging
during photoswitching.[14] More generally, most biolog-
ical models use GFP or similar fluorescent proteins, so
GFP-orthogonal photoswitches are needed to apply
photopharmacology without changing the model (espe-
cially problematic for transgenic animals, that can take
years to breed and validate). Though red-fluorescent
proteins excited at 561 nm are an alternative, GFP-
orthogonality crucially enables two-channel multiplexed
readouts (GFP+RFP) that deliver more powerful
studies.[25] (While some other photoswitches such as
blue-shifted azobenzenes can have low absorption
>450 nm, the SBT’s narrow π!π* absorption band
systematically ensures this optical transparency.[19])

2) The SBT’s C=C π!π* band has a near-ideal position for
photoswitching at 405 nm, the typical photoactivation
laser in microscopes - again a crucial feature for practical
impact.[14]

3) SBT is highly metabolically stable, and avoids biochem-
ical photoswitch scission. This can otherwise be problem-
atic for reagents aimed at cytosolic targets, that have to
resist challenge by millimolar GSH and by thiol-based
reducing/GSH-conjugating proteins. For example, the
N=N bond of some azobenzenes can be cleaved even
non-enzymatically by monothiols, with ca. 100-fold faster
cleavage of the Z isomer that further complicates use
and interpretation of results;[27,28] and, as photopharma-
ceuticals typically build the photoswitch onto the molec-
ular periphery (as in the AzTax reagents), scission
releases a fragment that is often more potent than the
photopharmaceutical, further compromising assay read-
out (discussed in[19]). Thus resistance to scission is a
valuable feature for photoswitch scaffolds used in
biology.

Taken together, these three advantages proved crucial in
allowing SBT-based reagents to succeed as photoswitches
for cytosolic protein targets, even when applied globally to
whole-tissue explants and systemically to a variety of live
animal models: settings that remain challenging for other
photoswitches.[14,25]

A potential limitation of SBT is that while it is a
reversible photoswitch, only majority E!Z SBT photo-
isomerisation occurs in the biocompatible spectral range, at
least for the few SBTs studied so far.[25] However, this is
only problematic in experiments where active bidirectional
photoswitching, rather than diffusional reversibility, is
strictly required.[14] As cytoskeleton research requires spa-

tially precise E!Z isomerisation in a targeted cellular/
subcellular zone, diffusion-based repopulation of this photo-
isomerised zone with the E-photopharmaceutical (~s) is
likely faster than biological response timescales (~min): so
even unidirectional photoswitching of SBT photopharma-
ceuticals has proven valuable for MT research, given their
photostability, biochemical stability, and fast
photoresponse.[19,25]

We were therefore motivated to create SBT-based
microtubule stabilisers, as photopharmaceuticals with im-
proved practical applicability and scope. We now report the
development of such GFP-orthogonal reagents (Figure 1b).

Results and Discussion

Initial Approach: SBT-Taxanes

We initially aimed at SBT-taxanes, by a sidechain attach-
ment design we previously used with azobenzene
AzTax3MP:[20] deprotecting the sidechain 3’-amine of doce-
taxel and coupling it to a SBT-carboxylic acid to give SBT-
taxane SBTax (Figure 1c). However, SBTax had poor
solubility, unsatisfactory antiproliferative potency in cells,
and its bioactivity was not greatly photoisomer-dependent
(Figure 1c). This may simply reflect the taxanes’ weaknesses
for photopharmaceutical adaptation, with no clear basis for
rational introduction of isomer-dependent potency, low
solubility, high molecular weight, and chemical complexity
that limits reasonable synthetic modifications.

Final Approach: Design of ST-Epothilones (STEpos)

We next explored SBT-epothilones as a basis for micro-
tubule-stabilising photopharmaceuticals. Epothilones are
structurally simpler than taxanes, and despite having the
same binding pocket (Figure 1b) they have higher binding
affinity and potency.[29,30] Epothilones are particularly useful
in research, since their greater solubility, bioavailability, and
ability to cross the blood-brain barrier, allow applications
inaccessible to taxanes: such as systemic (rather than local)
administration for stabilising axons, to aid in regenerating
the central nervous system after injury.[31] The tractability of
the epothilones has enabled extensive drug analogue
campaigns (Figure 1d), clarifying structure-activity relation-
ship (SAR) features;[32,33] and late-stage modifications that
preserve binding activity while altering problematic groups
are known; in our case, this would prove to be deoxygenat-
ing the C12/C13 epoxide, to give epothilone D derivatives.
SAR suggests that large aryl substituents like an SBT would
not be tolerated around C12/C13,[34] but could be tolerated
in place of the thiazole (potent purine, quinoline and
benzothiazole derivatives are all known), particularly by
epothilone D derivatives.[32]

X-ray studies enticingly reveal the thiazole’s critical role
in inducing the otherwise disordered M-loop of β-tubulin to
fold into a short α-helix (Figure 1b) that swings out to
contact a laterally neighbouring tubulin in the microtubule,
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stabilising lateral contacts that stabilises the microtubule
overall.[9,26] As well as steric factors, the hydrogen bond
from Thr276 to the aryl nitrogen is critical for good helix
induction[26] (�20-fold potency loss going from thiazole- or
2-pyridine-epothilones to 3- or 4-pyridine analogues[35]).

Replacing the thiazole with an SBT-like switch (Fig-
ure 1d–e) therefore seemed attractive as a rational design
basis, for several reasons (full discussion in Supporting
Information Part A): i) Orienting a switch towards the M-
loop (Figure S1a) has the greatest chance to isomer-depend-
ently affect its helical folding and positioning. ii) An SBT-
like switch with an aryl nitrogen should also E/Z-depend-
ently alter its capacity to accept an H-bond from Thr276,
further influencing M-loop-stabilisation and thus biological
potency (see e.g. Figure S1b–d). iii) Depending on its
geometry, the switch can have an isomer-dependent steric
clash with the M-loop that might additionally result in E/Z-
differences of binding affinity (e.g. Figure S1d vs Figure S1e,
discussed below). iv) The epothilone scaffold’s good water-
solubility might support a photoswitch, without the limita-
tions seen with the taxanes.

To minimise size and insolubility of the photoswitch, we
chose our recently developed styrylthiazole (ST) instead of
SBTs. STs feature similar electronics and absorption
spectra[25] as the GFP-orthogonal, metabolically-resistant
SBTs[19] (Figure S2e); and are isosteric to azobenzenes. We
explored two design strategies:
First, an “extension approach” kept the thiazole in

place as a potential H-bond acceptor, extending a styryl
group to form the ST (later STEpo2; Figure 1e, Figure 2e).
The Z-ST should fit sterically while preserving the M-loop
Thr276 H-bond (Figure S1b, c). However, for the E-ST, the
Thr276 H-bond must be broken to prevent a steric clash
with the M-loop (Figure S1d, e). Thus we hoped that the
extension design would be more bioactive as the Z isomer
than the E, based on modulating helix induction rather
than binding affinity. As elsewhere, we chose a 3,4,5-
trimethoxyphenyl group to extend with: we find that the
out-of-plane central methoxy which reduces π-stacking,
combined with the hydrophilicity of the three OMe groups,
increases water solubility of the photoswitch in both
isomers, while the electron-richness can helpfully redshift
photoresponse wavelengths by 10–20 nm;[25] and the 3,4,5-
positions seem solvent-exposed in the Z isomer so these
substituents should be accomodated (Figure S1b,c).
Second, an “inversion approach” placed the phenyl as

the near-side ring of the ST, with thiazole as the far-side
(Figure 1e). This sacrifices the H-bond to Thr276 in both E
and Z isomers, but can reorient the ST photoswitch e.g. in
meta or para at the phenyl ring.

We expected the para-inversion compounds (later
STEpo1 and STEpo3) to be more active as Z than E isomers
(Figure 2e), as their E-ST should clash sterically into the M-
loop (similarly as discussed for the extension approach), but
the lesser steric pressure of the Z-para-inversion-ST should
permit better binding.

However, the meta-inversion-ST (later STEpo4, Fig-
ure 2e) highlighted new design features. In brief, while its
ST orientation is similar to that in STEpo2 (expected: more

active as H-bonding Z than non-H-bonding E), in the
inversion design neither E/Z-STEpo4 can make an H-bond
since the phenyl is not an acceptor (Figure S1f,g). On this
understanding, we expected that E-STEpo2 and E-STEpo4
potencies would be identical (similar sterics, no H-bond);
but that the Z-STEpo2 potency (H-bond) would be an order
of magnitude greater[35] than that of E-STEpo4 (no H-
bond). This does not predict if STEpo4 would be more
active as E or Z: but we reasoned that if experiments
matched these expectations, it would suggest that this
analysis of photoswitchability of bioactivity captures strongly
relevant features that could later be optimised further
(discussion in Supporting Information Part A).

While substituent effects on ST photochemistry are
unknown, we expected that an electron-rich meth-
oxythiazole would red-shift absorption: so completing the
set of targets with STEpo1/3/4.

Synthesis of STEpos

Horner–Wadsworth–Emmons olefination of the epothilone
methyl ketone 1 is a flexible route to attach aryl groups.[36]

We used it to install styrylthiazole (ST) photoswitches.
Starting from epothilone B, we cleaved the double bond by
ozonolysis[37] then TES-protected the free OH groups to give
methyl ketone 2 (Figure 2a). ST phosphonates 8 and 12a/b
were synthesised by Arbuzov reaction from chlorides,
accessed by ring closure of cinnamic acid derivatives (6 and
10a/b, Figure 2b,c). Epoxide-bearing epothilone B inversion
design STEpo1 was initially synthesised after olefination of
2 with 12a (Figure 2d). However, losses of material by
epoxide opening during deprotection prompted us to
deoxygenate the epoxide in future compounds, for a small
bioactivity loss (epothilones C� D).[38] Deoxygenating 2 with
WCl6

[39] gave methyl ketone 3 in good yields (Figure 2a);
olefinations and deprotections then yielded epothilone D
derivatives STEpo2 (extension) and STEpo3/4 (inversion) in
milligram quantities (Figure 2e).

Photoisomerisation and GFP-Orthogonality of STEpos

The STEpos’ photochemistry was characterised by UV/Vis
spectroscopy. Like SBTs,[19,40] the STEpos were photoiso-
merised to majority-Z photostationary states (PSSs) by
near-UV light (360–410 nm; ca. 85% Z; Figure 2f, Fig-
ure S2a,b; Supporting Information). STEpos were robust to
illumination >360 nm, though <340 nm caused slow degra-
dation presumably by [2+2] cycloaddition. Pleasingly, STs
are blueshifted by only ca. 10 nm compared to benzannu-
lated SBTs (Figure S2d). The Z-STs were thermally stable,
with <1% relaxation to E-STs in solution at 37 °C in 8 h
(Figure S2c).

Typically, the major E-ST absorption band was centered
around 355 nm; the 20%-of-maximum intensity was at ca.
392 nm, above which a sharp cut-off reduces ɛ by a factor of
ten every 12 nm. The major Z-ST band was centered around
325 nm, with 20%-of-maximum intensity at ca. 382 nm, and
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Figure 2. Synthesis and photocharacterisation. a) Route to epothilone methyl ketones 2 and 3. b, c) Route to ST phosphonates 8, 12a and 12b.
d) Epothilone B inversion design STEpo1. e) Epothilone D derivatives STEpo2 (extension) and STEpo3/STEpo4 (inversion). f) Photostationary state
(PSS) absorption spectra of STEpo3 during irradiations starting from the dark state (all-E) show no response to 440 nm light, then efficient
isomerisation to mostly-Z PSSs by 405, 395, then 360 nm, without degradation under illumination. g) Comparison of absorption spectra of E/Z-ST
and of a typical para-methoxylated azobenzene, highlighting unique ST optical transparency at GFP (488 nm) or RFP (561 nm) imaging laser
wavelengths, and sufficiently good absorption at the 405 nm “UV photoactivation” laser line for E!Z isomerisation. See Supporting Information
for details.
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cut-off above this of a factor of ten every 16 nm (Figure 2g,
S2e). These sharp cut-offs are crucial. They make the ST’s
absorption effectively zero above 440 nm, so that ST is
entirely unaffected by GFP imaging either with lasers
(488 nm) or with filtered sources (typically 490�15 nm).
This contrasts strongly to azobenzene photoswitches, partic-
ularly those that benefit from polymethoxylation, which are
significantly impacted by imaging of GFP, YFP, and even
RFP (Figure S2e).[19]

STEpos Give Photoisomer-Dependent Cellular Bioactivity

We first evaluated the STEpos for photoisomer-dependent
antiproliferative activity in cells, which MT inhibitors cause
by blocking mitosis. We treated HeLa cervical cancer cells
with E-STEpos and incubated them either in the dark (for
all-E), or while lit by non-phototoxic pulsed illuminations
from low-power 360 nm LEDs (<1 mWcm� 2; <1% duty
cycle; in situ photoswitching to mostly-Z),[3,19] and assessed
cell viability 44 h later. All compounds had antiproliferative
activity in the submicromolar range, and all had reprodu-
cibly light-dependent bioactivity with up to ca. 4-fold
potency shift upon isomerisation (Figure 3a).

Matching expectations, Z-extension STEpo2 (predicted:
H-bond allowed) was more potent than any other epothi-
lone D (E-STEpo2, E/Z-STEpo3, E/Z-STEpo4: predicted:

no H-bond). Also as anticipated, extension STEpo2 and
para-inversion STEpo1 and STEpo3 were all more active as
the Z isomers, with good photoswitchability of bioactivity
seen; the epothilone B analogue STEpo1 (IC50(lit) ca. 3 nM,
IC50(dark) ca. 12 nM) was 100-fold more potent than its
epothilone D counterpart STEpo3, showing the influence of
the scaffold in determining overall potency. Interestingly,
meta-inversion STEpo4 was more active as the E isomer:
and excellently matching predictions, E-STEpo4 was indeed
equipotent to E-STEpo2 (IC50(dark) ca. 400 nM); while Z-
STEpo4 was indeed �10-fold less potent than Z-STEpo2
(1300 nM vs 100 nM). These matches to predictions supports
that both H-bonding and steric clash interactions with the
M-loop are indeed the basis for the photoisomer-depend-
ency of activity in the STEpos: which should be amenable to
further improvements. However, as we have been unable to
obtain STEpo:tubulin crystal structures, further experimen-
tal analysis is an ongoing topic of our research. (Note: the E-
activity of STEpo4 confirms there is no confounding photo-
toxicity from the ST photoswitch, since it would otherwise
give consistently lit-toxic effects for all compounds.)

STEpo2 offered an identical photoswitchability of bio-
activity (ratio of apparent cellular activities under lit and
dark conditions) as STEpo1, but had better synthetic access.
It was also more potent than STEpo3; and as a lit-active
photopharmaceutical, has practical advantages for biological

Figure 3. Cellular bioactivity and mechanism. a) STEpos have potent light-dependent antiproliferative activity (HeLa cells, 44 h incubation; all-E
“dark” and mostly-Z “lit” conditions; STEpo1: one representative of three independent experiments shown; STEpo2-4: three replicates, mean with
SD). b) STEpo2/3 promote bulk tubulin polymerisation in cell-free assay; earlier onset for Z-STEpo is visible (turbidimetric in vitro assay; greater
absorbance corresponds to more polymerisation; time to onset of polymerisation should be noted; 1 μM STEpo; 10 μM docetaxel). c) Fluorescence
imaging of cells treated with STEpo2 under 360 nm pulsing (mostly-Z) reveals disorganised MT networks, with spindle defects (asterisks), mitotic
arrests (hollow circles) and bundled MTs (arrowheads) similarly to Epothilone B; but nearly no disorganisation in the dark (all-E) similarly to
cosolvent control. (HeLa cells, 20 h incubation; α-tubulin in green, DNA stained with DAPI in blue).
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use over dark-active STEpo4. Therefore we continued with
STEpo2 as our main compound.

Mechanism of Action of STEpo

We first tested direct interaction with tubulin as the STEpos’
molecular mechanism of bioactivity, by cell-free bulk
polymerisation of purified tubulin (compare to local poly-
merisation below) with cellularly “lit-active” STEpo2 and
STEpo3, checking whether polymerisation would be en-
hanced more by the Z than the E isomers. Both isomers
were polymerisation enhancers, indicating direct tubulin
binding; and the time to polymerisation onset was shorter
with mostly-Z pre-lit stocks than with all-E stocks, matching
their cellular pattern of “lit-activity” (Figure 3b).

Next, to examine the cellular mechanism of their isomer-
dependent bioactivity, we imaged the MT network architec-
ture in HeLa cells incubated with STEpo2. Under lit
conditions (mostly Z-isomer), low concentrations of STEpo2
disorganised the straight radial MT networks in cells,
producing significant mitotic arrests (Figure 3c: hollow
circles) and defective mitotic spindles (asterisks). At higher
concentrations, lit-STEpo caused extreme bundling of stabi-
lised MTs (Figure 3c: select bundles indicated with arrow-
heads) and catastrophic spindle failures (asterisks). These
are hallmarks of MT stabilisers, as seen for Epothilone B
(Figure 3c). However, all-E STEpo2 (dark) at low concen-
trations had no more impact on MT network architecture or
mitotic figures than cosolvent control, and only slight
indications of stabilised bundles at high concentrations
(Figure 3c). These results support that STEpo2 isomer-
dependent cytotoxicity arises from its Z-isomer more
potently inhibiting MT dynamics and stability in cells.

High-Precision Cell-free MT Photocontrol with STEpo2

We next tested in situ photocontrol over MT polymerisation
in cell-free settings, with temporal resolution to the scale of
seconds and spatial resolution to the μm scale allowing
optical targeting of individual microtubules. We used TIRF
microscopy to image a reconstituted microtubule polymer-
isation system. This uses the non-hydrolysable GTP ana-
logue GMPCPP to form stable microtubule “seeds” that are
fixed to a glass surface for spatially localised imaging. Free
tubulin is then applied, together with a test drug and with a
fluorescently labelled MT plus end-tracking protein, EB3
(by marking the GTP cap region of MTs, EB3 tracks the
plus end tips of polymerising MTs, making them appear as
“comets”;[41] thus EB3 imaging gives a spatiotemporally-
resolved readout for MT dynamics during
photoswitching).[19] Finally, GTP is supplied and the seeds
initiate normal cycles of growth and shrinkage using the free
tubulin in the mixture.[42,43] Using the labelled seed of each
MT as a static reference point, kymographs tracking the
growing and shrinking tips of the MT reveal the frequency
of shrinkage events as the “spikes” in the kymograph.
Typically, MTs depolymerise back to the seed before

restarting polymerisation. MT-stabilising drugs decrease the
frequency of shrinkage events and can restart polymer-
isation along the MT before the seed is reached (“rescue”).
If a drug stabilises a different protofilament number of MT
than the seeds have (14 for GMPCPP seeds), stable rescue
sites will be observed, while if the drug stabilizes the
protofilament number matching the seed, rescues will occur
stochastically at different sites along the microtubule,
offering mechanistic insights into the nature of MT
stabilisation.[42] Epothilones are 14-protofilament MT stabil-
isers, so we expected that if our STEpos retained the same
MT-stabilising properties with Z-specific potency, they
would permit MT rescues after illuminations that we aimed
to apply with spatial specificity to selected MT tips (Fig-
ure 4b).

In controls, shrinkage proceeded completely to seeds
before polymerisation restarted (as expected), with no
influence of 405 nm (Figure 4c, Figure S3a). E-STEpo2 gave
MT shrinkage events similar to controls, reaching seeds
before restart (first 5 min, Figure 4d), although raised
concentrations predictably caused MT stabilisation (Fig-
ure S3b). However, local 405 nm illumination near a single
microtubule (“1’’ in Figure 4d) stabilised it, increasing its
length and allowing rescue along the MT. Other MTs further
from the illumination (”2“) had similar shrinkage frequency
as before, though with some spontaneous rescues (next
5 min, Figure 4d; Movie S1; see too Figure S3c). These
stringent assays confirm that STEpo2 is an epothilone-like,
Z-isomer-specific stabiliser of 14-protofilament MTs, which
can be spatiotemporally targeted in cell-free settings with
micron-and-second scale precision.

High-Precision Live Cell MT Photocontrol with STEpo2

Finally, to test the STEpos’ capacity for in situ photocontrol
of cellular MT dynamics with spatiotemporal precision, we
imaged STEpo2-treated cells transfected with fluorescently
labelled EB3.

We imaged cells longitudinally during an internally
controlled series of drug treatment and illumination phases,
with continuous 487 nm imaging of EB3-GFP. First, to
establish baseline MT dynamics, cells were imaged for 60 s
with cosolvent (“DMSO dark” phase); then applying 3 min
of low intensity 405 nm pulses (“DMSO lit” phase), which
insignificantly reduced comet counts, indicating negligible
phototoxicity or photobleaching (Figure 5a, Movie S2).
Next, E-STEpo2 was applied at 0.6 μM, causing no notice-
able change of EB3 comets (Movie S3), followed by another
phase of 405 nm pulsing: which now rapidly suppressed MT
dynamics (EB3 comet count halved within seconds;
P<0.0001; Figure 5; Movie S2). These experiments show
that in situ STEpo2 photoswitching is effective for tempo-
rally-precise, noninvasive, optically-actuated control of MT
dynamics in live cells, in a manner that is fully orthogonal to
GFP imaging.
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Figure 4. Spatiotemporal control over MT dynamics in cell-free systems by photocontrolling STEpo2. a, b) Schematic of in vitro MTdynamics
imaging assay, and of kymographs with normal MT growth and catastrophes vs. patterns expected for STEpo2 as a 405 nm-dependent 14-
protofilament MT stabiliser. c) No-drug control kymograph showing MT shrinkage frequency and polymerisation restarts at the GMPCPP seed
(405 nm illuminations in the purple dotted boxes). d) Time-lapse images with two microtubules in the field of view (at left, 1 and 2), and their
kymographs (at right). 405 nm illumination targeting microtubule 1 at 308 s within the purple box region of time-lapse panel/kymograph (0.01% of
field of view) suppresses its catastrophes and creates a rescue zone far away from the seed.

Figure 5. Spatiotemporal control over cellular MT dynamics with STEpo2. a–d) Live cell EB3-GFP “comets” during GFP imaging with 488 nm (HeLa
cells). MT inhibition with STEpo2 is initiated upon 405 nm illumination (cells first treated with 1% DMSO, then imaged for 60 s for baseline, then
photoactivated from time t=0 with 405 nm during imaging over 3 min; then an additional 0.6 μM E-STEpo2 was applied, and 405 nm/imaging
applied from time t*=0. 10 cells acquired). a) Mean�SD comet count (each cell normalised to t=0 of the DMSO control). b, c) Comet density
statistics show large and significant differences upon STEpo2 photoactivation (dark at t=0 or t*=0, lit at t=60 s or t*=60 s; b shows pooled
data, c shows longitudinal traces per cell; P-values and μ mean differences as annotated refer to differences between treatments, pooling all cells).
d) Stills from representative movie (data related to Movie S2).
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Conclusion

Methods to modulate biological processes with the spatio-
temporal resolution appropriate to their endogenous activity
are becoming increasingly effective. Photopharmacology is
rapidly progressing with tools for high-precision, non-
invasive biological control in fast-response and/or spatially-
localised applications from neuroscience[44,45] to cytoskeleton
research.[3,4] As the optical instrumentation of biological
research becomes more powerful, the value of optically-
controlled tools that can be optimally operated with that
instrumentation will continue to rise: particularly for inher-
ently spatiotemporally-precise processes, such as those the
microtubule cytoskeleton supports.[46]

We report STEpos, photopharmaceuticals based on the
epothilone MT stabiliser scaffold. Their mid-nanomolar
potencies, GFP-compatibility, and robust photoswitchability
of bioactivity are promising for cell-free or cell biology
research. These can be favourably compared to the micro-
molar potencies and variable photoswitchability of bioactiv-
ity found here and previously[20] for photoswitch-derivatised
taxanes. STEpos should easily find uses through to in vivo
cytoskeleton experiments relying on GFP-only or multi-
plexed imaging in near-surface settings, across fields from
development and motility to transport and cell division, and
may help answer unresolved questions about the mecha-
nisms of MT-dependent pathologies whose elucidation has
so far been stymied by poor spatiotemporal precision of MT
stabilisation in vivo in long term assays.[10,11,20,31]

By exploring uncommonly large and conformationally
restricted epothilone derivatives, we also reveal aspects of
SAR that will orient future studies to harness the steric and
hydrogen-bonding aspects that likely determine isomer-
dependent STEpo potency and binding affinity. These in
turn can inspire the rational design of orders-of-magnitude
more potent epothilone-based reagents with still greater
photoswitchability of bioactivity.

The rational design for photoswitch incorporation and
predictive analysis of isomer- and photoswitch-dependent
biological potency are encouraging for photopharmacology
more generally. Our results also suggest that it is possible
not just to harness hydrogen-bonding for binding affinity,
but to exploit it without greatly changing sterics to invert the
overall “sign” of photopharmaceutical response (Z-active
STEpo2, E-active STEpo4), conveniently by flipping the
orientation of an inherently H-bond-accepting photoswitch.
Exploiting isomer-dependent hydrogen-bonding is, as far as
we are aware, a novel principle for photopharmacology; but
the degree of control that it exerts here is likely to be
reproducible on a range of protein targets.

We also feel that designing towards isomer-dependent
effects on a partially disordered structural element (here,
the M-loop) is an exciting general principle for photo-
pharmacology: which hitherto has focused mostly on rigid
steric clashes that may be unrealistic to identify and photo-
control. Interfering with partially disordered elements is
likely to give greater sensitivity to small structural changes,
even in cases where it is not clear how peripheral photo-
switching should change binding affinity.

This is also the first use of the compact styrylthiazole
(ST) as a photoswitch scaffold for biology. ST is isosteric to
azobenzene, yet offers significant practical benefits. We
highlight its GFP-orthogonality, maximising free imaging
channels and favouring use with GFP-expressing trans-
genics; and its intriguing and biologically relevant potential
as an H-bond acceptor, which matched the requirements of
the epothilone system. We feel that GFP-orthogonality[19] is
still an under-appreciated goal among chemical reagent
developers. NIR-capable photoswitches for deep tissue
photoisomerisation towards translational research uses are
currently prioritised, even though deep tissue isomerisation
faces significant spatial scattering of illumination (seen by
shining a red laser pointer into a finger) that may sacrifice
the spatial precision that is one of photopharmacology’s
greatest advantages. However, a design shift is underway,
driven by biologists using microscopy for high-precision
fundamental research, and emphasising biochemically sta-
ble, imaging-orthogonal photoswitch scaffolds that can be
used in tissue slice and embryo/early animal research across
a variety of models.[25] This shift has great potential to serve
the biological community with a palette of rapid-response,
non-phototoxic, byproduct-free reagents for studies in
diverse fields. To continue this progress relies on expanding
our scope of photopharmaceutical design principles and of
photoswitch scaffolds.

Taken together, the STEpos bring promising advances
not only for high-precision microtubule biology, but also
towards the general refinement of photopharmacology for
high-performance use against other protein targets.

There are several challenges for the ongoing develop-
ment of STEpos. Topics in our focus include: i) Better
synthetic access to epoxide-bearing derivatives, to harness
their greater potency. ii) Improving the speed of photo-
activation with the 405 nm laser line by slightly shifting ST
absorption (just a 15 nm shift would give a 10-fold rate
enhancement due to the steep absorption cut-off). We have
achieved this elsewhere with increasing electron donation
(e.g. para-Me2NPh- instead of Ph- for the extension
design);[25] for the inverted design, further photochemical
exploration of the ST scaffold will be needed. iii) To achieve
bidirectional photoswitching with ST-like GFP-orthogonal-
ity. This requires increasing the separation between the
absorption bands of the E and Z isomers, which is an object
of ongoing study.
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