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ABSTRACT

The discovery of tubulysins sparked considerable interest due to their high cytotoxic activity against multidrug resistant tumors.
Total synthesis of these complex natural products—peptidic metabolites from myxobacteria Archangium gephyra and Angiococcus

disciformis—demonstrated the power of organic chemistry and paved the way for the development of simpler, more stable, and

selective derivatives. Despite these significant achievements, tubulysins are not used as stand-alone drugs due to their toxic side

effects. In this study, we outline the design, synthesis, and evaluation of photoswitchable tubulysin analogues, which could be
starting points for development of photopharmacological therapies aimed at addressing the toxicity challenges associated with
tubulysins. The cytotoxic activity of one of the key analogues was shown to be light-controllable. For the first time, we provide a
comparative analysis of the crystal structures of both photoisomers of a diarylethene-containing compound complexed with target

proteins. This comparison enables a mechanistic explanation for the experimentally observed differences in the target binding

efficiency and respective activity between the two photoisomers of the photoswitchable tubulysin analogue.

1 | Introduction

In recent years, the concept of using reversibly photoswitchable
drugs, known as photopharmacology, has gained significant
attention. Increasingly, scientific publications describe the devel-
opment of photoswitchable bioactive compounds whose activity
can be toggled by light irradiation. Light-controlled modulation
was reported for antibiotics, enzymes, receptors, transport
proteins, elements of the cytoskeleton, nucleic acids, lipids,
and other biomolecules [1-4].

Utilizing photoswitchable drugs presents a promising strategy to
mitigate systemic drug toxicity [3, 4]. In one scenario of their use,

these drugs can be administered in less active and less toxic form,
then activated—*“switched on”—by light in the specifically
targeted site/tissue/organ, thereby enhancing safety of the therapy.
Another scenario, based on “switching off” a drug after
treatment, is also an exciting distinctive feature of photopharma-
cology that might additionally alleviate problems caused by
long-term circulation of a toxic drug. Recent in vivo studies have
experimentally demonstrated potential safety advantages of photo-
pharmacology over conventional drug treatments [5]. However,
substantial work remains to be done in developing clinically useful
photopharmacology therapies [6]. It is crucial, therefore, to
continue exploring new photoswitchable biologically active com-
pounds as candidates for photopharmacological treatments. This

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2026 The Author(s). European Journal of Organic Chemistry published by Wiley-VCH GmbH.

European Journal of Organic Chemistry, 2026; €70755
https://doi.org/10.1002/ejoc.70755

1 of 13


https://orcid.org/0000-0002-2356-4226
https://orcid.org/0000-0003-3889-8488
https://orcid.org/0000-0003-0875-5339
https://orcid.org/0000-0001-7355-2824
https://orcid.org/0000-0002-7908-9145
mailto:anne.ulrich@kit.edu
mailto:spring@ch.cam.ac.uk
mailto:igor.komarov@knu.ua
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ejoc.70755
https://doi.org/10.1002/ejoc.70755
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejoc.70755&domain=pdf&date_stamp=2026-08-07

paper presents our findings on the design, synthesis, biological
evaluation, and structural analysis of photoswitchable analogues
of the well-known cytostatic compounds, tubulysins.

Natural tubulysins were initially isolated from myxobacteria
Archangium gephyra and Angiococcus disciformis and described
by Reichenbach and colleagues in 2000 [7]. The chemical struc-
tures of some early-described members of the tubulysin family
are shown in Figure 1a. These molecules are composed of four
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FIGURE 1 | Prototype molecules, DAE fragment, and target photo-
switchable analogues. (a) Some representatives of natural tubulysins.
(b) Structure of the DAE moiety used for the tubulysin modification in
this work, its photoconversion, and nomenclature of the photoisomers.
(c) Schematic representation of the photoswitchable tubulysin analogues
synthesized in this work with the DAE fragment shown in the open form.

amino acid fragments: (R)-N-methylpipecolic acid (Mep), isoleu-
cine (Ile), tubuvaline (Tuv), and tubuphenylalanine (Tup) or
tubuphenyltyrosine (Tut). The Tuv residue is N-substituted by a
group with a variable structure. Later studies have discovered many
other members of this family [8], revealing significant diversity in
their biosynthesis pathways [9]. It is interesting that tubulysins
exhibit no activity against bacteria and yeasts, but demonstrate
growth inhibition against filamentous fungi and extremely high
cytotoxicity against eukaryotic cells [7-9]. Their mechanism of
action is well-studied: they perturb microtubule dynamics in
eukaryotic cells by binding to af-tubulin heterodimers, the
building blocks of microtubules. This leads to the destabilization
of the cytoskeleton, inhibiting cell division, cell cycle arrest and
ultimately causing cell death through apoptosis [9, 10].

Tubulysins hold great promise as lead compounds for developing
anticancer drugs, with tubulysin D and M showing potent activ-
ity in the picomolar range against various cancer cell lines.
However, due to significant systemic toxicity, they cannot be
used as stand-alone drugs. Instead, they have found use in
antibody-drug conjugates [11] and in small-molecule drug
conjugates [12]. High potency combined with systemic toxicity
prompted scientists to develop photoregulated cytotoxic agents
based on tubulysins, aiming to alleviate the off-target toxicity
issue. While the “photo-uncaging” approach to release active
tubulysins via light irradiation has been known for more than
a decade [13], reversibly photoswitchable tubulysin analogues
remain undescribed. Such analogues could provide a basis for
developing photopharmacology drugs and potentially avoid
the drawbacks associated with the abovementioned photo-
activatable/caged tubulysins, such as the formation of toxic
byproducts upon irradiation and nonoptical drug release.

In this work, we designed tubulysin analogues containing a
photoisomerizable diarylethene (DAE) fragment, a well-known
bistable “molecular photoswitch” that has demonstrated effective
performance in vivo and in vitro in photoswitchable antibiotics
[14-17], enzyme inhibitors [18-23], protein—protein interaction
disruptors [24], and cell-penetrating agents [25]. We hypothe-
sized that the reversible photoconversion of the DAE moiety
between ring-“open” and ring-“closed” forms (Figure 1b) can sig-
nificantly alter the binding affinity of DAE-containing tubulysin
analogues to the af-tubulin heterodimers. We were inspired by
the works in which non-DAE photoisomerizable fragments have
been successfully applied to obtain photocontrollable analogues
of natural compounds, which perturb microtubule dynamics.
These include taxanes (modified with azobenzene) [26], epothi-
lones (styrylthiazole analogues) [27], and colchicinoids (modified
by azobenzene [28-30], spiropyran [31], hemithioindigo [32],
pyrrole hemithioindigo [33], and styrylbenzothiazole [34] frag-
ments). These efforts led to the design and synthesis of numerous
reversibly photoisomerizable small molecules, enabling efficient
photocontrol of cytoskeleton-dependent processes both in vitro
and in vivo. Despite these successes, the arsenal of actin
dynamics modulators—specifically those based on peptides
and peptidomimetics—remains sparse. A notable exception is
the series of analogues of the F-actin-stabilizing depsipeptide
jasplakinolide developed by Arndt and colleagues [35].
However, as with many of the examples mentioned above,
although they demonstrate potent activity in vitro, the Z/E-type
photoswitching often requires low-wavelength light irradiation.
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This poses a risk of high phototoxicity, which hampers applica-
tion of such molecules even in in vitro cell culture tests [36].

Our experience in designing DAE-containing photoswitchable
peptide-based compounds [14-16, 21, 24, 25] and available litera-
ture data [37, 38] suggest that the target tubulysin analogues
should be designed as macrocyclic molecules. Changes in the
structure and mobility of the DAE core upon photoisomerization
may induce alterations in the entire conformational space of the
macrocycles. These changes are likely to result in efficient photo-
control of biological activity [39]. Thus, our aim in this work was to
design, synthesize, and perform functional and structural charac-
terization of several cyclic tubulysin analogues containing an
appropriate DAE-derived side-chain/side-chain cross-linker
(Figure 1c), similar to that used in one of our previous works
[24]. We used the double Cu(I)-catalyzed azide-alkyne cycloaddi-
tion reaction (CuAAC), also known as a “click-reaction,” between
corresponding bis-azides and bis-alkynes for this purpose.

2 | Results

2.1 | Design of Photoswitchable Tubulysin
Analogues

Introduction of a substantial DAE fragment into a tubulysin mol-
ecule, followed by macrocyclisation, would typically be expected
to abolish biological activity. Therefore, before embarking on the
synthesis, we performed careful design of the targeted tubulysin
analogues. Based on published data on the structure of tubulysin
ligands in their tubulin-bound state and structure-activity rela-
tionship (SAR) studies, we identified regions of the tubulysin core
suitable for modification. These areas allowed the attachment of
the DAE-containing linker without significantly affecting biolog-
ical activity via the planned CuAAC cyclisation reaction. Below,
we briefly discuss the data that influenced our decisions regard-
ing the possible sites for the incorporation of azide-containing
functional groups into the tubulysin core to prepare the precur-
sors for the cyclisation.

2.2 | Structural Data Used in the Design

In 2010, Carlomagno and colleagues published a 3D structure of
tubulysin A bound to tubulin [40]. The “biologically active”
conformation was elucidated in this study by nuclear magnetic
resonance (NMR) structural analysis using mostly nuclear
Overhauser effect-derived data. The key contacts within the bind-
ing pocket and the biologically relevant conformation were
further supported by an X-ray crystal structure of tubulysin M
complexed with tubulin at 2.5A resolution, reported by Yang
et al. [41]. The conformation of the tubulysin M N-terminus,
where the interactions with the protein are strongest, matched
that of tubulysin A as determined by Carlomagno and colleagues.
Several further relevant X-ray structures were published after the
synthesis of our target molecules had begun [42-44].

Critical insights from these structural studies are pivotal for
designing photoswitchable tubulysin analogues. First, the tyrosy-
lethyl, Tuv C5-acetyl, O-acyl N,O-acetal, y-carboxy groups can be

eliminated, and the piperidine ring can be slightly modified with-
out affecting the primary tubulysin binding interactions with
tubulin. Second, tubulysin molecules bind within a cleft between
the a and f subunits of two consecutively aligned tubulin dimers,
with the Ile residue and the isopropyl group of the Tuv located in
two hydrophobic pockets. Consequently, these residues should
remain intact. Finally, for designing photoswitchable analogues,
it is important to know that target protein interacts with both
tubulysin A and tubulysin M via one face of these linear mole-
cules. Therefore, the DAE fragment can be attached to the oppo-
site face, where the Tut/Tup and Mep residues are located.

2.3 | Known SAR Data for Tubulysins Used in the
Design Mep Residue Modifications

It has been demonstrated that replacing the Mep residue with
other low-polar tertiary a-amino acid residues, such as N-dime-
thylglycine or (R)-N-methylvaline, does not significantly affect
biological activity [45-47]. NMR and X-ray structural data
indicated that the Mep residue points outward from the binding
pocket. We concluded, therefore, that the Mep residue can be
simplified and modified with a side-chain bearing an azide group
as shown in Figure 2a.

2.4 | Ile Residue Modifications

The relevance of the Ile residue in the tubulysin pharmacophore
was extensively studied by Nicolaou and colleagues [47-49].
Their SAR analysis confirmed insights on the crucial role of this
residue based on crystallographic results. It participates in two
hydrogen bond interactions with the target protein, and its
hydrophobic side-chain fits snugly into the a2 tubulin subunit.
Some f-branched moieties at the Ile position (isopropyl, tertiary
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FIGURE2 | Possible replacements of the tubulysin residues to obtain
the azide-containing precursors of the photoswitchable cyclic analogues.
(a) Modifications of the Mep residue. (b) Tuv decorations by azide-
containing group. (c) Tut/Tup alternatives.
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FIGURE 3 | Designed linear precursors (1-5) and target cyclic molecules (60-90) selected for synthesis.

butyl, or 1,1-dimethylpropyl) are tolerated, and the correspond-
ing tubulysin derivatives showed even improved antiproliferation
potencies. On the other hand, longer n-butyl, 3-methylbutyl, or
smaller methyl substituents instead of the isoleucine side-chain

are not accepted, leading to significantly lower cytotoxicity of the
corresponding analogues. Based on these results as well as on the
structural data, we concluded that the Ile fragment cannot be
modified to introduce a linker group in our design.
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2.5 | Tuv Residue Modifications

The Tuv moiety is the most complex fragment in tubulysins. Its
role in the tubulysin pharmacophore has been extensively stud-
ied. These studies revealed that the chemically labile and synthet-
ically problematic N,0O-acetal group is not required for biological
activity and can be replaced by a methyl group with only a slight
loss of activity [50]. In 2011, the Wessjohan group reported a
robust approach towards the synthesis of tubulysin analogues
called “TubUgis,” where different Tuv N-substituents were
introduced via an Ugi four-component reaction [51]. The tubu-
lysin analogues with the N,O-acetal replaced by a glycine amide
exhibited cytotoxic potency equal to that of tubulysin A.
Kazmaier’s and Miiller’s groups went further in attempting to
simplify the structure of the Tuv residue and found that the ace-
toxy functionality is not critical for cytotoxicity at all and can be
removed. A new simplified derivative named “pretubulysin” had
only a modestly reduced activity compared to tubulysin D, still
within the picomolar range [52]. The synthetic strategy for the
N-substituted Ile-Tuv fragment was elaborated by the
Kazmaier group, who introduced functionalized side-chains
and determined that the N,O-acetal can be substituted with vari-
ous nonpolar moieties without decreasing the biological potency
[53]. Pillow et al. have shown that replacement of the acetate

group in Tuv with a stable propyl ether (OPr) isostere retained
potency, making this tubulysin derivative metabolically stable
and efficient in vivo at the same time [54, 55]. Other modifica-
tions such as replacement of the thiazole group with a phenyl
ring or other heterocyclic fragments (1,3-oxazoles, 1,2,3-triazole)
led to a significant drop in potency [56]. Considering all of the
above SAR data on the Tuv residue and published discoveries on
synthetic and structural simplifications, we set out to synthesize a
Tuv-derived building block possessing an azide-bearing substit-
uent instead of the N,O-acetal group, as well as the OPr substitu-
ent instead of the acetoxy group (Figure 2b).

2.6 | Tut/Tup Residue Modifications

X-ray crystallographic studies have shown that the phenyl moiety
of the C-terminal (Tut/Tup) fragment fits into a hydrophobic
cavity, and that the carboxylate group forms a salt bridge within
a tubulin unit. Notably, the Tup-binding domain is located at the
periphery of the tubulin binding site and thus tolerates numerous
modifications, provided that these changes do not disrupt bind-
ing interactions. This observation aligns with a SAR study,
indicating that the deletion of the entire fragment led to only a 10-20-
fold reduction in in vitro cytotoxicity [45]. Tubulysin analogues with
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SCHEME 2 | Synthesis of tubulysin analogue 60.

unsaturated versions of the Tup side-chain also demon-
strated high biological activity [57]. Additionally, this modifica-
tion was expected to streamline the synthesis of the modified
Tup. Furthermore, replacing the C2 methyl group with nitrogen-
containing substituents increased biological potency. These find-
ings guided us on how to introduce azide-containing groups
to attach the photoswitch without affecting critical binding
interactions within this residue. Two modifications of the Tup
residue were considered: meta-substitution of the phenyl ring
by an azide-containing arm, and converting it to an unsaturated
amide bearing the azide group, as illustrated in Figure 2c.

Taking the above considerations into account, we designed linear
precursors 1-5 and cyclic DAE-containing tubulysin analogues 60—
90 for synthesis (Figure 3). The cyclic tubulysin derivatives 60 and
70 feature the DAE-containing linker attached at the meta-position
of the phenyl ring on one side, with different attachment points at
the other side of the tubulysin core. Conversely, compounds 80 and
90 have the same attachment points for the DAE-derived linker to
the tubulysin core but vary in the linker length. The modular struc-
ture of the target molecules and their structural similarities allowed
us to use common synthetic precursors.

EtO

2.7 | Synthesis of the Target Compounds
2.7.1 | Synthesis of 60

Synthesis of compound 60 began with the preparation of three
essential building blocks: N-(2Me)-Lys-N3, modified tubuvaline
(Tuv), and modified tubuphenylalanine (Tup), which are also
utilized in the synthesis of other analogues.

The azidolysine derivative N-(2Me)-Lys-N; (11) was synthesized
from compound 10 through an azido transfer reaction, as shown
in Scheme 1a.

Scheme 1b illustrates the synthesis of the Tuv fragment. The
Aza-Michael reaction of the isoleucine derivative 12 with
a,p-unsaturated thiazolyl ketone 13 [58] yielded a diastereomeric
mixture of products (d.r. 67:33). These products were then sepa-
rated, and the desired diastereomer 14 was obtained in moderate
yield. The carbonyl group in compound 14 was subsequently
reduced under conditions of enantioselective Noyori reduction
to yield compound 15. The modified Tuv building block 17
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was prepared by alkylating compound 15 with n-propyl iodide,
followed by hydrolysing the resulting product 16.

The modified Tup was synthesized from compound 18 through a
series of steps: reduction of the nitrile group, azido transfer
reaction, a one-pot methyl ester reduction with diisobutylalumi-
nium hydride, Wittig reaction, and tert-butyloxycarbonyl (Boc)
N-deprotection, as outlined in Scheme Ic.

With the necessary building blocks prepared, we proceeded with
the synthesis of the linear tubulysin analogue 2. The reaction
sequence, illustrated in Scheme 2, included coupling compounds
17 and 22, followed by Boc deprotection and subsequent coupling
with azidolysine 11. The final step in synthesizing the target
cyclic tubulysin analogue 60 involved a “double-click” reaction
of 2 with the bis-alkyne 1, successfully generating the DAE-con-
taining tubulysin 60.

B o

HoN AM:‘ ’ 13,

KHMDS
NH THF, -78°C, 3h

2.7.2 | Synthesis of 70

To synthesize compound 70, we used a modified Tuv precursor
36, the synthesis of which is detailed in Scheme 3. Similarly, homo-
logue 37 was synthesized for later use in the synthesis of 90. The
synthetic approach followed the strategy outlined previously for
obtaining modified tubuvaline 17. The subsequent steps involved
sequential coupling, N-Boc deprotection, and a “double-click”
reaction, as illustrated in Scheme 3. The successful execution of
these steps ensured the controlled assembly of the tubulysin deriv-
ative 70, possessing the desired structural characteristics.

2.7.3 | Synthesis of Compounds 80 and 90

Tubulysin analogues 80 and 90 were obtained using a similar
multistep approach. Key steps involved the coupling reactions
of compounds 36 or 37 with 41 (obtained according to literature)
[52], N-Boc-deprotection, successive coupling reactions, ethyl
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34,n=1,57%
35,n=2,45%

r&& (A

HATU, HOAt, Et3N,
DMF, 0°C -rt., 4 h
52%

N, atm, 24 h

SCHEME 3 |

Synthesis of tubulysin analogue 70.
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\ /\/\
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|
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o}
h O
N, 4,n=1,38%
5,n=2,54%

SCHEME 4 | Synthesis of tubulysin analogues 80 and 90.

ester hydrolysis, and coupling with azidoamine 27, followed by a
final “double-click” reaction (Scheme 4).

2.8 | Photoisomerization of the DAE-Containing
Tubulysin Analogues

Having successfully synthesized the cyclic DAE-containing tubu-
lysin analogues in their open form, we proceeded with their
ultraviolet light (UV)-induced photoisomerization into the closed
form. The progress of this reaction was monitored using
high-performance liquid chromatography. Unfortunately, com-
pounds 60-80 showed no efficient photoconversion under vari-
ous conditions (varying solvents, light dose, concentrations, and
denaturating agents). This observation suggests that the cyclic
structure of these compounds may adopt conformations that
are unfavourable for the open-to-closed cyclysation reaction.
Similar structural and dynamic constraints that hinder open-
to-closed photoisomerization have been reported for macrocyclic
peptides containing relatively small DAE-based loops [24, 59]. In
general, smaller macrocycles are more likely to restrict the
conformational changes required for the open-to-closed photoi-
somerization. Our previous study showed, for example, that
DAE-containing cyclic peptidomimetics with 26 atoms in the
macrocycle did not photoisomerize, whereas analogous 58-mem-
bered macrocycles underwent efficient photoconversion [59].
The compounds examined here, 60-90, contain 41-46 atoms
in their macrocycles, placing them in an intermediate size range.

\N
o HN_ o
oy
NH »

NH \
N/ N N )
~—, 7 T o
i

H 80,n=1,50%
OPr

90,n=2,43%

Therefore, even relatively small structural changes may strongly
affect their photochemical behaviour.

Fortunately, compound 90, with an elongated DAE-containing
linker, could be converted smoothly to its closed photoform upon
UV irradiation (Scheme 5). The photostationary state was
established in ~70 min under the conditions used, resulting in
an open:closed ratio of ~75:25. The pure closed photoisomer
9C was obtained by chromatographic purification in the dark.
Analysis of the X-ray data (vide infra) reveals that the isolated
major diastereomer possesses the (R,R)-configuration of the ster-
eogenic carbon atoms in the diarylethene fragment. The reverse
photoconversion to the 90 isomer was nearly complete upon
red-light-emitting diode irradiation of the compound in saturated
aqueous urea solution for ~2 h (A, = 640 nm, light power den-
sity ~50 mW/cm?).

2.9 | Biological Activity of the Photoswitchable
Tubulysins

The photoisomers of the cyclic tubulysin analogue that demon-
strated good photoswitching ability (compounds 90 and 9C)
were tested in a fluorescence-based tubulin polymerization assay
to evaluate their ability to interfere with microtubule formation.
The linear precursor 5 and tubulysin M were also tested for com-
parison. The resulting IC5, and ECs, values are summarized in
Table 1.
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UV (320-400 nm)
MeCN:H,0 (95:5),
75 min, N, atm

Vis (640 nm)
satur. aqg. urea,
120 min, N, atm

SCHEME 5 |

Photoswitching of tubulysin analogue 90.

We were pleased to find that one photoisomer, 9C, exhibited
activity comparable to tubulysin M in the in vitro tubulin poly-
merization assay, while the other photoisomer, 90, was signifi-
cantly less active in interfering with tubulin polymerization. The
linear precursor 5 also showed activity similar to tubulysin M.
These results validate our design, demonstrating that the attach-
ment points in the tubulysin molecule for the photoisomerizable
linker preserved the tubulysin pharmacophore and allowed for
efficient photoregulation of tubulin polymerization.

Notably, the more active closed form, 9C, is generated by UV
light, whereas the less active open form, 90, is formed from
9C upon irradiation with red light. This behaviour is suitable

for photopharmacology applications where drug deactivation
by light is desirable after the drug has exerted its function, as dis-
cussed in the literature [3, 4, 60]. The post-treatment drug deac-
tivation in patients under daylight could potentially alleviate
problems of phototoxicity, expected for photopharmacological
treatment and common for similar treatment modality, photody-
namic therapy [61].

Additionally, we aimed to investigate whether the differential
activities of tubulysin analogues 90 and 9C in tubulin polymeri-
zation inhibition were also mirrored in cell viability assays. The
cytotoxicity of these DAE-containing derivatives was assessed
using HEK-293T (Human Embryonic Kidney) and MCF-7
(Michigan Cancer Foundation-7, human breast adenocarci-
noma) cell lines, with tubulysin M and compound 5 as controls.
The results, illustrated in Table 1, indicate that the DAE-contain-
ing derivatives exhibit cytotoxic activity, albeit lower compared to
their linear analogues. Nevertheless, the cell viability assay
results align with those from the tubulin polymerization assay.
Specifically, the greater potency of 9C (the closed photoform) rel-
ative to 90 (the open photoform) was confirmed. These data
demonstrate that the cytotoxic activity of the photoisomerizable
analogue can be regulated by light, with approximately a six-fold
difference in ICs, values between its two photoisomeric forms.
The reduced activity of both 90 and 9C compared to the parent
tubulysin in cell assays, despite similar tubulin binding activities,
may be attributed to the lower cell-penetrating ability of the new
analogues.

2.10 | X-Ray Crystallography Studies of Complexes
of Photoswitchable Tubulysin with Tubulin

To understand molecular features underlying the differences in
biological activities of the open and closed isomers 90 and 9C, we
performed X-ray crystallography of T,R-TTL complexes [62, 63]
bound to both compounds, as well as to the linear precursor,
compound 5. The T,R-TTL protein complex is composed of
two apf-tubulin heterodimers (T,), the stathmin-like protein
RB3 (R), and tubulin tyrosine ligase (TTL). The complex contains
one accessible vinca site at the interdimer interface of two
consecutively aligned tubulin dimers, and one exposed f-tubulin
surface on the second tubulin dimer. The crystal structures
of the three T,R-TTL-compound complexes were determined
to 25A (5, 9C) and 3.3A (90) resolutions, respectively
(Supplementary Table S1). To the best of our knowledge, crystal
structures of the complexes with 90 and 9C represent the first
X-ray crystallography study comparing two complexes of a

TABLE 1 | Tubulin polymerization and cell viability assays.
Tubulin polymerization Cell viability
ICso, pM ICso, tM

Compound ICsp, pM ECsp, ptM HEK-293T MCEF-7

Tubulysin M 3.2 ~2 0.0003 0.0004

5 3.2 ~4 0.081 0.066

20 15.4 ~22 3.379 6.009

9C 31 ~2 0.593 0.957
European Journal of Organic Chemistry, 2026 9 of 13
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FIGURE 4 | X-ray crystallography of T,R-TTL-compound complexes. (a—c) Electron density omit maps of the vinca-sites of the tubulin-5 (a), tubu-
lin-9C (b), and tubulin-90 (c) complex structures. [SigmaA-weighted 2mFo-DFc (dark blue mesh) and mFo-DFc (light green mesh) omit maps are
contoured at+1.0 ¢ and +3.0 o, respectively. Models of the individual ligands are superimposed to the maps and coloured.] (d) Overview of binding

pose of 5 within the vinca site. [Ribbon representation of the T,R-TTL complex—the a- and p-tubulin chains are coloured in dark and light grey,

respectively, TTL is coloured in olive green, and RB3 in purple. The bound compound 5 (cheddar orange) is displayed in stick representation.]

(e) Close-up view of the distinct binding pose of 5 in the vinca site, using the same colour code as in (d). Ligands and interacting residues are in stick

representation and are labelled and coloured according to their chain assignment; oxygen atoms and nitrogen atoms are coloured red and blue, respec-

tively. Secondary structure elements are indicated in blue font. Superimposed structure models for 5 (cheddar orange), 90 (lime green), and 9C (lavender

purple) in their bound states (f).

DAE-containing photoswitchable molecule bound to a protein,
contrasting both its open and closed photoforms.

For all three compounds, 5, 9C, and 90, we detected binding to
the vinca site of tubulin at the interdimer interface, which com-
prises residues from strand S8, helix «H10, and the loop oT7 of
a-tubulin, as well as from loops T5 and pfH6-H7, and helices fH1
and SH7 of p-tubulin (Figure 4). This is consistent with other
structural studies with peptide-based vinca-site binders
[41, 64]. The binding pose superimposes well (rmsd 0.224 A over
398 Ca-atoms of f-tubulin) with the one described by Wang et al.
for tubulysin M (PDB ID 4ZOL) [41]. Clear electron density
defining the core tubulysin moiety was detected for all three com-
pounds at the interdimer interface (Figure 4a—c), whereas no dif-
ference density was observed at the exposed site on f-tubulin.

In the difference electron density omit map of the T,R-TTL-9C
structure, additional density was observed near the aT7-loop,
likely corresponding to the diarylethene moiety. This suggests
that the closed compound perturbs the aT7-loop (Figure 4b,
the perturbed region is indicated by an arrow). However, due
to substantial level of perturbation in this region, the bound
model of 9C could not be refined with higher confidence. For
T,R-TTL-90, the difference electron density omit map was
poorly defined, showing only the core moiety of the parent com-
pound, with no detectable density for the photoswitch moiety.

Thus, the open compound is not affecting the aoT7-loop.
Figure 4f shows an overlay of the structure models for com-
pounds 5, 90, and 9C in their bound states, revealing clear con-
formational differences among the poses of the photoswitchable
moieties of the ligands. In conclusion, the differences observed
between the electron density maps of 9C and 90 correlate with
their observed biological activities.

3 | Discussion

The functional tests and X-ray data described in the manuscript
provide several important lessons. In vitro assays on the molec-
ular target showed that one DAE analogue retained activity com-
parable to tubulysin M, which was an encouraging result.
However, the cell-based assays, which are more relevant to
potential in vivo applications, were less satisfactory. Both 90
and 9C turned out to be three orders of magnitude less active
than tubulysin M. These results highlight the following key
points: (i) even for compounds whose biological activity is highly
sensitive to structural modification, carefully designed photo-
switchable DAE analogues can retain high affinity for the biolog-
ical target. The design should strictly follow the principles
derived from our experimental results. Namely, the modification
should provide cyclic molecules with a ring size of 44 atoms and
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more, to achieve photoswitching. They also must avoid those
regions of the template molecule which are essential for biologi-
cal activity; (ii) successful incorporation of a DAE photoswitch,
strong affinity for a molecular target and efficient photoswitching
do not necessarily ensure success in cellular or in vivo applica-
tions. This is a common challenge in drug design, and further
optimization strategies depend on the underlying cause of the
reduced performance. In our case, we suspect that the tested
DAE-modified compounds have limited cell permeability.
Noticeably, compound 5 (a linear precursor of 90/9C without
the photoswitch) is only two orders of magnitude less active than
tubulysin M, suggesting that the photoswitch-containing linker
contributes considerably to the activity loss. Further studies
are needed to verify this hypothesis. If confirmed, possible opti-
mization could include, for example, attachment of a cell-
penetrating peptide fragment; (iii) X-ray data are particularly
useful for interpreting differences in biological activity between
photoisomers when the target protein can be crystallized in com-
plex with both forms of the photoswitchable ligand. In our case,
the structural data revealed that a crucial interaction with a pro-
tein loop involves the DAE fragment. This interaction may
explain the observed “reverse” bioactivity switch, in which the
closed form is more active than the open form. Such behaviour
is uncommon: for most DAE-derived peptidomimetics, the open
forms have been reported to be more active than the correspond-
ing closed forms. In our case, the closed form of the photoswitch
interacts with the aT7-loop that can explain higher activity of this
photoisomer. Consequently, the X-ray data suggest that shifting
the DAE fragment toward one end of the cyclisation linker could
help achieve a “normal” bioactivity switch and may improve the
overall results.

4 | Conclusions

We have successfully designed and synthesized novel cyclic tubu-
lysin analogues by incorporating a DAE photoswitch into the
modified tubulysin core. We identified the optimal positions
for this photoswitch, which retains the tubulin-binding and cyto-
toxic activities of these compounds while at the same time
enabling efficient photoregulation of their activity. Our synthetic
efforts led to a significant six-fold difference in potency between
the two photoforms of one compound (90, 9C). For the first time,
through a comparison of X-ray crystallography data for both iso-
meric photoforms of a DAE-modified bioactive compound bound
to the protein target, we have elucidated the variations in their
biological activities. These findings may serve as a starting point
for developing safer photopharmacology therapies against cancer
and further advance the development of peptide-based photocon-
trollable tools for chemical biology and medicinal chemistry
applications.
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