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Abstract: The development of new and effective therapeutics
is reliant on the ability to study the underlying mechanisms
of potential drug targets in live cells and multicellular
systems. A persistent challenge in many drug development
programmes is poor selectivity, which can obscure the
mechanisms involved and lead to poorly understood modes
of action. In efforts to improve our understanding of these
complex processes, small molecule inhibitors have been

developed in which their OFF/ON therapeutic activity can be
toggled using light. Photopharmacology is devoted to using
light to modulate drugs. Herein, we highlight the recent
progress made towards the development of light-responsive
small molecule inhibitors of selected enzymatic targets. Given
the size of this field, literature from 2015 onwards has been
reviewed.

J

1. Introduction

Binding small molecules that activate or inhibit biological
functions is a core concept in drug design. The ideal drug must
bind with high selectivity towards the intended target as to
avoid interfering with other biological processes. This is one of
the many challenges that medicinal chemists face, as small
molecule drugs typically suffer from selectivity issues that result
in undesired side-effects.”! The innovation of small molecules
that change structure in response to a stimulus allows one to
combat these limitations that are observed with traditional
small molecule drugs. As a result of the superior spatiotemporal
control that can be achieved with stimuli-responsive molecules,
unwanted off-target effects can be significantly reduced. This is
of paramount importance in drug development where identify-
ing biological targets and their function is crucial. Thus, the
ability to precisely control the time and place where a drug is
activated overcomes many problems associated with poor drug
selectivity.

Photopharmacology is an innovative solution to combat
such challenges in which light modulates the therapeutic
properties of bioactives.”? As an input stimulus, light is ideal as
it can be applied remotely, the wavelength and intensity of the
light can be readily controlled, is highly orthogonal and can be
administered with precise spatiotemporal resolution. These
features make light an attractive choice of input stimulus for
applications in biological settings, and when combined with
light-responsive therapeutics, enables bio-relevant mechanisms
to be investigated while avoiding much of the limitations that
arise from drugs with poor selectivity. In photopharmacology,
the photoresponsive entities are generally categorised as either
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photoswitches or photolabile caging groups (often referred to as
photocages).

Photoswitchable entities undergo reversible geometric
changes upon exposure to defined wavelengths of light. As
specific wavelengths of light are required for each direction of
photoisomerisation, the pharmacophore can be readily
switched between an “active” and “inactive” state (Figure 1).
Photoswitchable groups such as azobenzenes, diarylethenes
(DTEs) and spiropyrans, can be incorporated into the scaffold of
a bioactive so that only one of the isomeric forms acts as an
isostere of the active inhibitor that binds the corresponding
target.?><?

Photocaging involves modifying the bioactive with addi-
tional steric bulk that prevent crucial binding interactions,
meaning the compounds are pharmacologically inactive in their
caged state. Activation is achieved by irradiation with light,
whereby photoinduced bond cleavage results in liberation of
the active pharmacophore (Figure 1). Cleavage of a photo-
caging group from a drug is irreversible so although they
cannot be returned to its inactive state via photonic means,
contrary to photoswitchable pharmacophores, far greater
discrimination between the activity of the two states is typically
achieved when using photocaging.

As the field of photopharmacology has gained traction, a
growing number of reports have incorporated such light-
responsive therapeutics for targeting subcellular locations such
as lipid membranes,” ion channels,*** various receptors?>*
and nucleic acids.*”’ Enzymes are crucial for the regulation of
cell processes and function, and are often associated with the
dysregulation in disease states. The rapid evolution of the field
of photopharmacology has also afforded the tools required to
develop valuable light-responsive entities to probe enzyme
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Figure 1. Schematic depiction of photoswitching and photocaging ap-
proaches utilised in photopharmacology. (top) Reversible light-mediated
activation/deactivation of photoswitchable small molecule inhibitor. (bot-
tom) Irreversible light-mediated activation of small molecule inhibitors
through the use of caging groups.
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function in complex cellular pathways that today are poorly
understood. This minireview highlights the recent advances in
the development of light-responsive small molecules that target
and control enzymatic activity of popular drug targets including
kinase, histone deacetylase (HDAC), dihydrofolate reductase
(DHFR) and proteasome enzymes. This article is by no means a
comprehensive review of all literature, instead focussing on the
more recent advances made to the field since 2015.
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2. Light-Responsive Kinase Inhibitors

Given the critical role that kinases play in a number of cellular
functions including apoptosis, cell proliferation and differentia-
tion, kinase inhibition has proven to be a valuable therapeutic
approach for the treatment of a number of diseases.”” As many
kinases are ubiquitously expressed, undesired outcomes often
arise from their global inhibition. It is therefore no surprise that
the development of light-responsive kinase inhibitors has
attracted significant attention over the past decade. Light-
controlled kinase inhibition has been recently reviewed.”
However, since this publication, the development of light-
responsive kinase inhibitors has continued to evolve, and the
more recent caged and photoswitchable inhibitors are de-
scribed below.

2.1. Photocaged Kinase Inhibitors

The inhibitory properties of the potent bi-substrate inhibitor 2
of cAMP-dependent protein kinase (PKAca) was masked by the
inclusion of a nitrodibenzofuran (NDBF)-derived caging group
onto the nitrogen atom of the pyrimidine heterocycle, prevent-
ing key hydrogen bond interactions from occurring in the ATP
binding site (Figure 2).® The binding affinity of the caged
inhibitor 1 for PKAca was 1900 nM Kp,. Irradiation of the caged
inhibitor using a Hg vapour lamp resulted in a significant
decrease in affinity for PKAca by 5-orders of magnitude (Kp
<0.1 nM). In a cellular setting, the enzymatic activity of PKAca
is blocked by the formation of a heterotetrametric holoenzyme,
whereby the catalytically active subunits of PKAc only become
accessible when an increase in concentration of cAMP induces
conformational change, or when treated with a potent PKAc
inhibitor” The authors demonstrated that, in the absence of
light, cell lysates treated with 1 exhibited no effect on the PKA
holoenzyme. Only when irradiated with an LED at 398 nm to
initiate the release of the active inhibitor 2, was the disruption
of the PKA holoenzyme observed.

Photocaged inhibitors of TAM kinases, Tyro3 and Mer, have
been achieved by the inclusion of the 4,5-dimethoxynitrobenzyl
(DMNB) caging group onto the nitrogen atom at the 3-position
of the imidazopyridine to prevent key hydrogen bonding
interactions within the hinge region of the kinase (Figure 2).1'”
Caged compounds, 3a and 4a, served as weak inhibitors of
Mer, affording 1Cs, values of 1.97 uM and 3.37 pM, respectively.
The residual kinase activity observed for both caged inhibitors
suggest that these derivatives may be able to still form key
interactions within the active site. Nevertheless, exposure to UV
light (=350 nm) resulted in the release of the active inhibitors
and subsequent increase in inhibitory activity (3b 1C5,=
0.113 uM; 4b 1C;,=0.0146 uM). Inhibitory activity towards
Tyro3 was also evaluated. The caged inhibitors, compounds 3a
and 4a, showed poor inhibitory activity of Tyro3 with ICs,
values of 439 pM and > 100 uM, respectively. Again, inhibitory
properties were restored upon photoirradiation (A=350 nm) to
give ICs, values of 1.06 uM and 5.56 uM for compounds 3b and
4b, respectively.
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Figure 2. UV light induced photoactivation of caged kinase inhibitors.

The inclusion of the DMNB caging group at the NH moiety
of the sulfonamide in the caged PI3K inhibitor 5, resulted in low
micromolar ICs, values (PI3Ka ICs,=343 nM, Figure 2)."" Low
nanomolar inhibitory was restored following exposure to UV
light (A=365nm) and subsequent release of the active PI3K
inhibitor 6 (PI3Ka. 1C;,=0.58 nM). Similar trends were also
observed for other isoforms, in which > 1500-fold difference in
inhibitory activity between the caged 5 and uncaged inhibitor 6
was exhibited for PI3Kf, PIK3y and PIK3d. Cancer cell lines were
treated with 5, in which exposure to UV light could be used to
trigger antiproliferative activity corresponding to PI3K inhib-
ition. The utility of this probe was further demonstrated in a
zebrafish model, whereby photocontrol of the anticancer
properties of 5 was achieved.

2.2. Photoswitchable Kinase Inhibitors

In efforts to realise reversible photocontrol over the enzymatic
activity of p38a MAPK and CK18& kinases, Schehr etall?
pursued the development of the arylazo-photoswitch 8 (Fig-
ure 3). This was achieved by replacing the 2-methylthioether
imidazole unit of the previously reported inhibitor 7,/ with an
arylazo moiety. Exposure to 420 nm light gave the Z-form (8-2)
with a photostationary state (PSS) of 85%, while photoisomer-
isation to the photo-enriched E-form (8-E) was initiated with
visible light (\=525 nm) with a PSS of 88% (see Supporting
Information, Table S1). Evaluation of the inhibitory properties in
a cell-free assay showed that only a 1.5-fold difference in kinase
activity between the two isomers was obtained for both
kinases. With the aid of x-ray crystallography analysis, it was
proposed that the conformational adaptation of the kinase with
respect to both photoisomers, as well as the flexible nature of
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the photoswitch 8 was responsible for the subtle difference in
kinase activity.

Photocontrolled inhibition of the BRAF'®*® mutant kinase
has been achieved with the development of a photoswitchable
derivative of the known inhibitor 9,"* in which the sulfonamide
moiety of 9 was replaced by an azobenzene, affording
compound 10 (Figure 3)."" It was anticipated that the Z-isomer
(10-2) would mimic the bent conformation adopted by the
parent compound when bound to the ATP-binding site of the
kinase, thereby serving as the active form. Replacing the amide
with an azo group was also considered, however docking
studies suggested the thermodynamically stable E-form would
function as the active inhibitor. As E—Z isomerisation can only
occur by photonic means, designing the photoswitch so that
the metastable Z-form serves as the active form is favourable,
as this approach allows for superior control over the ‘photo-
activation’ of the therapeutic properties. While E—Z photo-
isomerisation using 365 nm light resulted in a PSS of only 55%
of the active Z-form (10-Z, Table S1), a 10-fold difference in
inhibitory properties between the E-form and the photo-
enriched Z-form was observed (10-E 1C5=1.68 uM; 10-Z IC;y=
0.156 pM).

Peifer and co-workers have developed a photoswitchable
derivative of the known VEGFR2 kinase inhibitor, Axitnib, which
was achieved by appending a bridged azobenzene moiety
(diazocine) to the pharmacophore of the inhibitor (Figure 3).'9
Docking studies showed that the twisted nature of the
thermodynamically stable Z-isomer (11-Z) could not be accom-
modated for in the binding site of the VEGFR2, thereby
functioning as a poor inhibitor. Indeed, in the absence of light,
11-Z exhibited an 1Cs, value > 10,000 nM. Exposure to 405 nm
light afforded the photo-enriched E-form (11-E, Table S1) in
which over a 47-fold increase in inhibitory activity was observed
(ICso =214 nM).
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Figure 3. Azobenzene-derived photoswitchable kinase inhibitors and the corresponding parent compound that these are based upon.

As a means to regulate CKla activity and circadian rhythms,
Kolarski et al.'” have developed photoswitchable variants of
Longdaysin, a known inhibitor of CKlo."® Adopting an azolog-
ization approach, the N-benzyl-arylamine unit within Long-
daysin was replaced with an azobenzene photoswitch (Figure 4,
compound 12)."74 Photoisomerisation of the E—Z isomer was
achieved using green light (A=530 nm), while the thermal back
reaction to the E-isomer (12-E) occurred rapidly, with half-lives
ranging from seconds to less than an hour, making this series of
azopurines unsuitable for further analysis in circadian rhythm
experiments (Table S1). Furthermore, these photoswitches were
susceptible to reduction to the corresponding hydrazine when
incubated with DTT and GSH.

The same group also report the extension of the benzyl-
amine moiety of Longdaysin with a photoswitchable azoben-
zene moiety, affording azopurine 13 (Figure 4)."” Upon
exposure to 530 nm light, 13-E was photoisomerised to the
corresponding Z-isomer (13-Z, Table S1). In contrast to the
previous azopurine series 12, 13 exhibited improved thermal
stability of the Z-form in cell culture medium (>50h). The
reverse reaction was achieved when irradiated with 400 nm
light. Only a 1.5-fold difference in inhibitory properties between
the two isomers was observed for the CKla isoform (13-E IC;, =
53 uM; 13-Z IC;,=8.2 uM). However, the photo-enriched Z-
form inhibited CKI3 with an ICs, value of 17.3 uM, which is
3.7 times higher than that observed for the E-isomer (IC5,=
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4.6 uM). The authors also demonstrated that the azobenzene 13
could be used to modulate circadian rhythms in a cellular
context in a reversible and light-controlled manner.

The first example of a photoswitchable DFG-out kinase
inhibitor was recently reported by Xu et al." in 2021 (Figure 4).
Utilising the known inhibitor, Ponatinib, as a template, the
photoswitchable DFG-out kinase inhibitor 14 that targets the
RET kinase was developed by replacing the acetylene moiety
with an azo bridge. Docking studies suggested that the Z-form
(14-Z) would not be tolerated in the active site as key
interactions with the hinge region cannot be made, while the
stable E-isomer (14-E) would serve as the active inhibitor.
Irradiation with UV light (A=365 nm) afforded E—Z isomer-
isation with a photostationary distribution of 97% for 14-Z
(Table S1). The reverse reaction was achieved when exposed to
blue light (\=460 nm), yielding 64% of 14-E. Good thermal
stability of 14-Z in aqueous solution was observed (t;, =629 h),
and the photoswitch proved stable when incubated with DTT/
GSH. Inhibitory studies using a RET biochemical assay showed
that 14-E was 17-fold more potent than the photo-enriched 14-
Z form, with 1C,, values of 3 nM and 50 nM, respectively. Further
analysis using a NanoBRET™ TE Intracellular Kinase Assay
demonstrated the utility of the photoswitchable RET inhibitor a
cellar context, in which ICs, values for the E-isomer and the
photo-enriched Z-isomer of 25 nM and 282 nM, respectively,
were obtained.
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Figure 4. Azobenzene-derived photoswitchable kinase inhibitors and the corresponding parent compound that these are based upon.

The ROCK inhibitor 15 was originally identified via high
throughput screening.”” Based on the phenylazothiazole scaf-
fold present in 15, a photoswitchable ROCK inhibitor has been
developed by Matsuo and co-workers, in which the amide
moiety was replaced with an azo group to give compound 16
(Figure 4).2" Docking studies showed that the E-form (16-E) of
the photoswitch adopted a similar binding pose to that of the
parent inhibitor 15, thereby serving as the active form (IC5,=
19 uM). Photoisomerisation of the E—Z form was achieved
when irradiated with 405 nm (Table S1), resulting in a 12-fold
decrease in inhibitory activity (ICs,=238 pM). The low micro-
molar inhibitory properties were restored following exposure to
visible light (A=525nm), affording an ICs, value of 34 uM.
Furthermore, the photoswitchable inhibitor 16 could be used to
control the ROCK-dependent organisation of actin stress fibres
in serum starved cells in a light-dependent manner.

More recently, Reynders et al.”? detailed the development
of the photoswitchable covalent inhibitor 18 for the MAP kinase
JNK3 (Figure 4). This was achieved by replacing the diarylamide
motif of the known covalent inhibitor 17 with a diazocine

Chem Asian J. 2022, 17, 202200200 (6 of 17)

photoswitch bearing an electrophilic acrylamide moiety that
targets cysteines neighbouring the ATP-binding site, in which
the reactivity of the electrophile could be regulated with light.
In the dark, the diazocine photoswitch 18-Z functions as a poor
noncovalent inhibitor of JNK3 (IC;,=646 nM). Exposure to
390 nm light yields the metastable E-form (18-E), which can
now reach and covalently bind the targeted cysteine residue.
Upon doing so, a 30-fold increase in JNK3 inhibition was
observed (IC;,=21.4 nM). In the absence of the kinase enzyme,
E—Z isomerisation occurs either thermally or when exposed to
565 nm light (Table S1). However, irreversible inhibition of
kinase activity was observed once the metastable E-form
bound, suggesting that the pyridinylimidazole unit maintained
its presence in the ATP binding site, even after irradiation with
visible light (A\=565 nm).

© 2022 The Authors. Chemistry — An Asian Journal published by Wiley-VCH GmbH
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3. Light-Responsive Histone Deacetylase
(HDACQ) Inhibitors

Histone deacetylase (HDAC) enzymes are histone modifying
enzymes that play a fundamental role in the regulation of gene
expression.”” The dysregulation of HDACs is present in a variety
of disease states including cancer,” cellular metabolism
disorders®® and inflammation.””” As such, their inhibition has
been of particular interest as potential approaches for the
treatment to these diseases. The HDAC family are classified into
two major categories: zinc-dependent (HDACs |, Il and IV) and
nicotinamide adenine dinucleotide (NAD)-dependent (class llI,
sirtuins) HDACs. The photocontrol over the inhibitory activity of
small molecules that bind the zinc-dependent HDACs or sirtuins
has been pursued.

3.1. Inhibitors of the Zinc-dependent HDACs

Optical control over HDAC inhibitors that target zinc-dependent
HDACs has been achieved through the use of photolabile
caging groups and the inclusion of photochromic entities into
the typical pharmacophore of potent HDAC inhibitors.
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3.1.1. Photocaged HDAC Inhibitors

Since the first reports of caged HDAC inhibitors in 2016 only
a few examples have been documented in the literature.”® As
depicted in Figure 5, the majority of the reported caged HDAC
inhibitors involve the caging of a hydroxamic acid moiety which
serves as the zinc binding unit. The introduction of the
photolabile caging group onto the hydroxamic acid oxygen
prevents the zinc binding group from chelating to the zinc ion
that resides within the active site. It is reported that hydroxamic
acids readily undergo N—O bond cleavage upon irradiation with
UV light, affording the corresponding amide analogue.*® While
the formation of the amide analogue of the HDAC inhibitor
upon photoactivation has been observed for the majority of
examples depicted in Figure 5, the desired hydroxamic acid was
obtained as the major product.

The DMNB caging group was used to mask the inhibitory
properties of the known ferrocene-containing HDAC inhibitor
20 (Figure 5).”%¥ The inclusion of the caging group on the zinc
binding moiety resulted in poor inhibitory activity towards
HDAGs 1, 2 and 6, with IC, values of 3.45 uM, >10 uM and
10 puM, respectively (Table 1). Irradiation of the caged inhibitor
19 with 350 nm resulted in the release of the active inhibitor,
20, in which significant increase in HDAC inhibition was

[0}

y N N,OR
N H

R =DMNMB, 24
405 nm i
[: R = H, Panobinostat

HN

OR

R =BODIPY-1, 25 -
503 nm !

BODIPY-1

Figure 5. Photoactivation of caged HDAC inhibitors, whereby the inclusion of photolabile protecting groups onto the zinc-binding moiety of known HDAC

inhibitors masks inhibitory properties.

Table 1. ICs, (nM) values of photocaged HDAC inhibitors 19 and 24, and uncaged inhibitors 20 and panobinostat.

Compound HDAC1 HDAC2 HDAC3 HDAC4 HDAC5 HDAC6 HDAC7 HDACS8 HDAC9 HDACT1
19128 3,450 > 10,000 nd nd 10,000 nd nd nd nd
208 130 330 nd nd 30 nd nd nd nd

19+ UV 110 230 nd nd 40 nd nd nd nd
Pan®<3" 0.31 1.51 1.69 0.42 0.84 1.98 38.6 38.9 1.65 0.32
2412% NI NI 16,570 29,480 NI NI NI NI NI

Pan =Panobinostat. nd=not determined. N/=no inhibition.
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observed (HDAC1 IC5,=0.11 uM, HDAC2 1C;,=0.23 pM and
HDACS6 I1C5,=0.04 uM).

Photocaged derivatives of the FDA approved HDAC inhib-
itor, SAHA, have also been reported (Figure 5).%%?? Nakagawa
and co-workers employ the use of a common coumarin caging
group (DEAC) in which decaging was achieved when irradiated
with blue light (\=400-430 nm).*®”’ In addition to the release
of the decaged SAHA inhibitor, analysis of the decaging
reaction showed the formation of the corresponding suberanilic
acid as a minor product. Inhibitory activity was evaluated using
a commercially available luminescence-based HDAC biochem-
ical assay. The caged inhibitor 21 exhibited no inhibitory
activity. However, when irradiated with blue light, HDAC activity
was inhibited by 70%. The utility of 21 was further demon-
strated in a cell growth inhibition assay using HCT116 cells. In
the absence of light, no antiproliferative activity was observed.
Cell growth was only inhibited when treated cells were exposed
to light.

The zinc binding group of SAHA has also been caged using
DMNB.**? HDAC activity was evaluated using whole cell lysates
from BMDM (bone marrow derived macrophages) as the source
of HDACs. When treated with the caged inhibitor 22, no HDAC
activity was observed. Irradiation with UV light (A=365 nm) and
the rapid release of the inhibitor resulted in the inhibition of
catalytic activity by 40%. The authors also demonstrated that
the photoactivation of caged inhibitor 22 in BMDM affect the
amount of pro-inflammatory mediators produced by macro-
phages with high spatiotemporal precision.

The development of a caged variant of the HDAC inhibitor,
metacept-3, was reported in 2020 (Figure 5).**" Adopting an
analogous approach to the caged SAHA inhibitors, the 2-
nitrobenzyl derived photolabile protecting group (DANMB) was
introduced onto the hydroxamic acid moiety, rendering the
inhibitor inactive (compound 23). Authors demonstrated the
photocontrol of histone H3 activity in HL-60 cells. Following the
incubation of 23, exposure to UV light (A=365nm) and
subsequent release of the active form of the HDAC inhibitor
afforded an increase in acetylated histone H3 activity with levels
comparable to the parent compound. Furthermore, toxicity
studies were performed in HUVEC cell lines, in which a
pronounced reduction in cell death was observed when treated
with the caged inhibitor 23 compared to the active form
(metacept-3).

In 2021, Troelsen et al.”*? reported the development of a
photocaged derivative of known HDAC inhibitor, panobinostat
(Figure 5, compound 24). In a cell free biochemical assay, caged
inhibitor 24 did not exhibit any inhibitory activity towards
HDACs 1-9 and 11 (Table 1). The oesophageal cancer cell line,
OE21, was treated with 24, in which no antiproliferative activity
was observed. Only the photolysis of 24 in treated cells resulted
in apoptotic cell death.

The known HDAC inhibitor, valproic acid (VPA), was
rendered inactive with the inclusion of a BODIPY caging group
onto the carboxylic acid moiety via an oxime linker (Figure 5,
compound 25)% Exposure to green light (A=503 nm)
triggered the cleavage of the N-O bond to afford the active
HDAC inhibitor. While no inhibitory data against individual

29c]

Chem Asian J. 2022, 17, €202200200 (8 of 17)

CHEMISTRY

AN ASIAN JOURNAL

HDAC enzymes is reported, authors demonstrated that the
anticancer properties of 25 was light-dependent, in which cell
death was only observed when Hela cells, incubated with 25,
were irradiated with 503 nm light.

3.1.2. Photoswitchable HDAC Inhibitors

A common approach to the development of photochromic
HDAC inhibitors has been to merge the azobenzene photo-
switch into the molecular scaffold of FDA approved HDAC
inhibitors, belinostat, panobinostat and tacedinaline (Figure 6).
The first example of photoswitchable HDAC inhibitors were
described by Szymanski et al.”? in 2015. Cell free studies in an
HDAC biochemical assay showed that photoswitchable belino-
stat derivative 26 exhibited an impressive 40-fold difference in
activity between the two isomers against HDAC2. In the
absence of light, 26-E had an IC,, value of 21.65 uM. Exposure
to 365 nm triggered E—Z isomerisation to give 92% of 26-Z
(Table S1), which inhibited HDAC2 with an ICs, value of
0.555 uM. Photoresponsive cytotoxicity properties were also
achieved in Hela cells, in which cell death was only observed in
the presence of the Z-form of the photoswitch.

In 2021, the same authors reported the development of the
photoswitchable HDAC inhibitor 27, in which the azobenzene
motif was positioned meta to the zinc-binding group (Fig-
ure 6).°% Docking studies suggested that the Z-isomer 27-Z
would adopt a similar binding pose to that of the parent
molecule (belinostat), maintaining the key interactions with the
active site and therefore serve as the active form. Photo-
isomerisation of the E- to Z-isomer was achieved by irradiation
with 365 nm light (PSS 95%, Table S1). The reverse reaction
could be achieved either thermally or upon exposure to
420 nm. Inhibitory studies in a HDAC2 biochemical assay
showed a 2-fold difference in activity between the two photo-
isomers, with 1Cs, values in the sub-micromolar range of
0.47 uM and 0.22 uM for the E-isomer (27-E) and photo-
enriched Z-isomer (27-2), respectively.

In 2016, Reis etal®¥ reported the development of the
photoswitchable class | selective HDAC inhibitor 28 (Figure 6).
Photoinduced E—Z isomerisation was induced by exposure to
470 nm light (Table S1), in which inhibition of HDACs 1-3 was
observed. In contrast to other azobenzene-derived HDAC
inhibitors, the Z-form of 28 undergoes rapid thermal relaxation
back to the E-form (t;,=59.5 us). Thereby, the active form of
the inhibitor only exists when exposed to light.

In efforts to probe the role of bacterial HDAC homologues
in infectious disease, Fuchter and co-workers reported the
development of photoswitchable HDAC inhibitor 29 (Fig-
ure 6).2° This was achieved by merging the photochromic
arylazopyrazole group in the pharmacophore of belinostat and
panobinostat. Irradiation of the thermally stable E-form (29-E)
with 365 nm light afforded the Z-form (29-2) in high PSS (97%,
Table S1). Isomerisation back to the E-form was achieved upon
irradiation with 532 nm light (PSS 93%). It was envisaged that
the bent/twisted nature of the Z-isomer would not be
accommodated in the narrow active site of the enzyme, thereby
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Figure 6. Photoswitchable HDAC inhibitors utilising the photochromic azobenzene, diarylmaleimide and fulgimide moieties.

serving as the inactive form of the inhibitor. However, in the
absence of light, E-form (29-E) exhibited an ICs, value of
0.77 uM for the bacterial HDAC enzyme PA1409, while a modest
6-fold increase in inhibitory activity was observed for the
photo-enriched Z-form (29-Z), with an IC;, value of 0.13 uM.
This trend is consistent with that observed for the azobenzene
derived HDAC inhibitors reported by Szymanski and

Mazitschek. 2>
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In efforts to overcome the main drawbacks of using
azobenzene derivatives, thermal reversibility and incomplete
photoconversion due to spectral overlap of both photoisomers,
Koénig and co-workers have functionalised DTE and fulgimide
photoswitches with aromatic hydroxamic acids that should
bind to the zinc ion in the active site of HDAC enzymes
(Figure 6, compounds 30-33).%¢ Unfortunately, reversible pho-
toswitching of 30 could only be realised in DMSO, as the
photoinduced ring closing reaction did not proceed in aqueous
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Editorial Society

solution. Due to the high dependency of the photoinduced ring
closing reaction of diarylmaleimide derivatives on the polarity
of its environment, photoisomerisation of 31-0 to 31-c in either
DMSO or aqueous solution was not observed.?” In contrast to
the DTE derivatives, the open form of the fulgimide photo-
switches 32 and 33 could be isomerised to the corresponding
closed form in aqueous solution upon exposure to 365 nm
light, while irradiation with 530 nm afforded the open form
(Table S2). While low micromolar affinity was observed against
several HDAGs, little-to-no difference in HDAC activity between
the open and closed forms of the fulgimides 32 and 33 was
observed.

3.2. Photoswitchable Sirtuin Inhibitors

In efforts to further our understanding of the role that sirtuins
play in health and disease, a small number of photoswitchable
sirtuin inhibitors have been reported.®® Simeth et al.’® re-
placed the diarylmaleimide moiety of known sirtuin inhibitor,
Ro31-8220, with an indolyl fulgimide photoswitch, affording
the light-responsive sirtuin inhibitor 34 (Figure 7). The open
form of the fulgimide photoswitch adopts two configurations,
the 34-0-Z and 34-o-E isomers, in which irradiation with 400 nm
results in the photoisomerisation between these two forms.
Under these conditions, photoisomerisation to the correspond-
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ing closed-form 34-c only occurs from the E-isomer (34-0-E),
affording 32% of 34-c at the PSS (Table S2). Exposure to 590 nm
initiates the ring-opening reaction. Despite only realising a
modest amount of the closed form at the PSS, the closed form
exhibited superior inhibitory properties towards Sirt2 (IC;o=
29.6 uM). Whilst an 1C;, value for the open form at the
thermodynamic equilibrium could not be obtained, the max-
imum enzymatic inhibition observed for 34-o at 500 uM was
< 50%. The difference in inhibitory activity was attributed to the
orientation of the phenyl moiety. Upon simulating the
structures of both isomers (34-o and 34-c), it was observed that
the phenyl moiety as the 2-position of the indole in the open
form is parallel to the succinimide motif, thus preventing the
succinimide from binding to the active site.

In 2019, Link and co-workers replaced the stilbene moiety
of known, moderately active, Sirt2 inhibitor GW435821,°% with
an azobenzene photoswitch (Figure 7).5%' The authors antici-
pated that the bent nature of the Z-isomer (35-Z) would not be
accommodated for in the active site, thereby serving as the
inactive form, while the E-isomer (35-E) would mimic the
inhibitory properties of the parent compound. Irradiation with
365 nm afforded E—Z photoisomerisation with a PSS consisting
of 84% of the Z-form (Table S1). 35-Z exhibited good thermal
stability, with a half-life of 300 hours. Exposure to visible light
(A=452 nm) initiated the reverse photoisomerisation. Evalua-
tion of the inhibitory properties of the two photoisomers

NH
- o) 400 nm

N 590 nm

N

\

34-0-Z, inactive 34-0-E, inactive 34-c, active
O
OH F N
X N _
HNTYTS = HN NN — N
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36-E, active
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Figure 7. Photoswitchable sirtuin inhibitors derived from known sirtuin inhibitors Ro31-8220 and GW435821.
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against Sirt2 only showed a modest 1.3-fold difference in
enzymatic activity, with 1Cs, values of 18.9 uM and 24.1 uM for
the E-form (35-E) and photo-enriched Z-form (35-Z), respec-
tively.

In efforts to increase the difference in inhibitory activity
between the two isomers, a follow-up study by the same group
considered the inclusion of sterically demanding groups in
place of the p-fluoro substituent on the azobenzene (Fig-
ure 7).%%9 Molecular docking studies showed that the Z-form
(36-2) binds more favourably to the active site than the E-form
(36-E). Indeed, this was also observed in a fluorescence-based
ZMAL activity assay. In the absence of light, 36-E inhibited Sirt2
with an 1C;, value of 36.6 uM. Exposure to UV light (A=365 nm)
initiated E—Z photoisomerisation (Table S1), in which a 23-fold
increase in inhibitory activity was observed (36-Z IC;,=1.6 pM).

4. Light-Responsive Dihydrofolate Reductase
(DHFR) Inhibitors

Dihydrofolate reductase (DHFR) catalyses the reduction of
dihydrofolate to tetrahydrofolate, an essential cofactor for the
biosynthesis of proteins and nucleic acids.*” The inhibition of
DHFR results in the depletion of tetrahydrofolate, in turn
inducing cell death. As such, DHFR has gained attention as a
therapeutic target for antibacterial“” and anticancer*” agents.
The optical control over DHFR inhibition has posed as an
effective means to reduce the occurrence of drug resistance.
Recent examples of photoswitchable inhibitors of bacterial and
human DHFR are discussed below (Figure 8)."*

In efforts to achieve photo-control of antibacterial activity,
Wegener et al.** developed photochromic inhibitors of bacte-
rial DHFR. Utilising the well-established antifolate, trimetho-
prim, as a valuable starting point, a series of photoswitchable
inhibitors were realised by appending an azobenzene photo-
switch to the methoxyphenyl moiety of trimethoprim. In the
absence of light, 37-E inhibited E. coli CS1562 bacterial growth
with a MIC;, value of 20 pM. Upon exposure to UV light (A=
365 nm) diaminopyridine 37-E was photoisomerised to the
corresponding active form (Table S1), 37-Z, in which a 2-fold
increase in antibacterial activity was observed (MICs,=10 pM).
The inclusion of fluoro groups in all positions ortho to the azo
moiety (compound 38), resulted in visible light mediated
photoisomerisation. More specifically, E—Z isomerisation was
possible when irradiated with 527 nm, while the reverse
reaction occurred upon exposure to 400 nm (Table S1). Com-
pared to 37, a more pronounced difference in antibacterial was
observed, in which a MIC;, value of 5puM was obtained
following irradiation with green light. Authors also demon-
strated that substitution of fluoro atoms for chloro groups
(Figure 8, compound 39) resulted in a significant red-shift in the
wavelength used for reversible photoisomerisation.* Irradia-
tion with 652 nm resulted in E—Z photoisomerisation, affording
a PSS of 87% of 39-Z (Table S1). An 8-fold difference in
antibacterial activity was observed against E. coli, in which MICg,
values of >80 uM and 10 uM were obtained for 39-E and the
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photo-enriched 39-Z form, respectively. In 2021, the same
group studied the mechanism of resistance development in E.
coli against the photoswitchable DHFR inhibitor 39.Y While
in vitro studies showed that 39 exhibits DHFR inhibitory activity
analogous to that of the parent compound, transcriptome
analysis indicated that the acquired resistance for the photo-
chromic and classical DHFR inhibitors occurred via different
mechanisms. In a follow-up study, Kobauri et al.** reported the
IC5, values for the photoswitchable DHFR inhibitors 37-39
(Figure 8). Despite previously reporting a significant difference
in antibacterial activity between the two photoisomers, little-to-
no difference in inhibitory activity was observed. In efforts to
increase the bioactivity difference between the E- and Z-
isomers, the authors undertook a detailed SAR study, whereby
40 was identified as the lead compound. In the absence of light,
40-E inhibited DHFR with an IC;, value of 52 nM. Irradiation
with 365 nm light initiated E—Z isomerisation (Table S1),
affording a 2-fold increase in inhibitory activity, with an ICg,
value of 27 nM for 40-Z at the PSS. A 2-fold difference in
antibacterial activity was also observed, in which MIC,, values
of 40 uM and 20 pM were obtained before and after irradiation
of 40 with UV light, respectively.

Both Gorostiza™ and Mizukami“*? independently reported
the development of a photochromic derivative of the known
DHFR inhibitor, methotrexate. This was achieved by replacing
the benzylamine motif of methotrexate with an azobenzene
group. Molecular docking studies suggested that the Z-form of
41 mimicked the conformation adopted by the parent com-
pound when bound to DHFR, thereby serving as the active
form of the inhibitor.**®*< In cell free assays, Gorostiza and co-
workers demonstrated that 21% of human DHFR activity was
inhibited when treated with 41-E.**9 However, irradiation with
375 nm induced E—Z isomerisation (Table S1), in which 70% of
DHFR catalytic activity was inhibited. The authors also demon-
strated the utility of 41 in zebrafish embryos, whereby DHFR
inhibition and its effect on folate metabolism could be
controlled with light.

Mizukami and co-workers employed 41 as a means to
obtain dynamic control over E. coli DHFR activity.*® Light
induced E—Z isomerisation was achieved upon irradiation with
394 nm, while the reverse Z—E isomerisation was induced with
green light (A\=560 nm, Table S1). A competitive binding assay
of 41 and E. coli DHFR showed a 10-fold difference in inhibitory
properties between the two isomers, with IC, values of 45 nM
and 3.4 nM for 41-E and photo-enriched 41-Z, respectively.

More recently, Kunsdgi-Maté and co-workers have utilised
41 as a molecular tool to gain further insight into the
antioxidant  properties of the parent compound,
methotrexate.””’ The reactive oxygen species (ROS) of both
photoisomers of 41 and methotrexate were evaluated using
ESR spectroscopy, in which the rate of ROS production was
significantly slower in the presence of 41-E, compared to that of
the photo-enrich 41-Z or methotrexate.
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Figure 8. Photoswitchable inhibitors of DHFR derived from known DHFR inhibitors trimethoprim and methotrexate.

5. Light-Responsive Protease Inhibitors

Due to the broad function that proteases exhibit in cellular
processes, such as protein degradation, cell signalling and
apoptosis, inhibition of dysregulated proteases is highly sort
after as a means to treat a number of diseases.*® The light-
dependent inhibition of proteases has been motivated by the
need to further elucidate their role in fundamental cellular
processes and disease.

In efforts to achieve rapid and selective inhibition of the
cysteine protease, cathepsin B (CTSB), Toupin et al.”” developed
a photocaged variant of the known CTSB inhibitor, 43 (Fig-

Chem Asian J. 2022, 17, €202200200 (12 of 17)

ure 9).#¥ A BODIPY-derived caging group was introduced onto
the carboxylic acid moiety of 43, preventing the key inter-
actions between the inhibitor and the CTSB active site and in
turn, rendering compound 42 a poor CTSB inhibitor (K=
320 puM). Exposure to blue light (A=460-470 nm) initiated the
decaging reaction and the release of the active inhibitor 43,
which exhibited a K; value of 0.51 uM. The photo-controlled
inhibition of CTSB was further demonstrated in the MDA-MB-
231 breast cancer cell line, in which cell toxicities were observed
following treatment with 42 and exposure to light. Interestingly,
the generation of singlet oxygen was also observed during the
light induced decaging reaction, working in synergy with the
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Figure 9. Photocaged inhibitors of cathepsin B and caspase-3, as well as a DTE-derived photoswitchable serine protease inhibitor.

inhibitory properties of the active inhibitor 43 to induce
necrosis.

Spatiotemporal control of apoptosis has been achieved
through the development of caged caspase inhibitor 44 (Fig-
ure 9). A nitroindoline caging group was introduced onto the
carboxylate motif of the aspartate unit of the peptidyl inhibitor
45 via an amide linker, preventing binding to the primary
recognition pocket of caspase. In a cell free biochemical assay,
caged 44 inhibited caspase-3 with an IC;, value of 89 nM
exhibiting significantly lower inhibitory activity when compared
to the uncaged inhibitor, 45 (IC;,=4.2 nM). Additional studies
in Jurkat cells were performed, whereby, in the absence of light,
inhibition of anti-FAS-induced apoptosis was not observed
when treated with 44. Only after exposure to UV light and
release of the active form of the caspase inhibitor was 90%
inhibition of apoptosis observed.

The photochromic DTE moiety has also been utilised as a
means to achieve photoswitchable inhibition of serine pro-
teases (Figure 9).°” Known bicyclic peptidic inhibitor, SFTI-1, of
the serine protease Bos taurus typsin 1 (T1) consists of two
loops stabilised by a disulfide bridge, whereby the reactive loop
binds the serine protease. The DTE-derived peptidic inhibitor 46
was realised by merging the photoswitching unit into the

Chem Asian J. 2022, 17, 202200200 (13 of 17)

structural loop of SFTI-1, which does not interact with the active
site of the enzyme. In doing so, the authors anticipated that the
open form would serve as the active form, whilst the closed
form would render the inhibitor inactive as photoisomerisation
to the closed form would induce conformational changes to the
bicyclic peptidic inhibitor that would be unfavourable for
binding. The open form of 46 exhibited a K; value of 5.2 nM.
Exposure to UV light (A=365 nm) resulted in the photoinduced
ring closing reaction to give 46-C with a K; value of 125 nM.
Proteasome is a multi-component enzyme responsible for
the degradation of proteins that regulate the cell cycle. As
proteasome inhibition induces apoptosis, the development of
proteasome inhibitors as anticancer agents has attracted
considerable attention.”” A small number of light-responsive
proteasome inhibitors have recently dotted the literature in
efforts to gain optical control over apoptosis in cancer cells.*?
In the pursuit to obtain remote control over cell cycle arrest
and apoptosis, Zanin and co-workers developed a photocaged
variant of the well-known proteasome inhibitor, MG132.5%
More specifically, the reactive aldehyde of MG132 that cova-
lently binds to the proteasome was rendered inactive by
converting the aldehyde to a mixed acetal of a DMNB caging
group (Figure 10). Indeed, 47 served as a poor proteasome
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Figure 10. Photocaged and photoswitchable inhibitors of proteasome as light-responsive anticancer agents.

inhibitor. Hela cells treated with 47 and maintained in the dark
did not exhibit any signs of perturbed cell viability or
proliferation. Only when treated cells were exposed to 405 nm
and the active inhibitor released, was apoptosis induced.

Blanco etal.®® have reported the development of the
photoswitchable variant of bortezomib, a known anticancer
agent that inhibits proteasome (Figure 10). Irradiation with UV
light (A\=365nm) gave the photo-enriched Z-isomer (48-2).
Inhibitory activity against the 5 subunit of proteasome was
evaluated, in which a 5-fold difference in activity was observed
(48-E 1C5p=11 nM, 48-Z IC;,=54 nM). Cytotoxicity studies were
performed in the HCT-116 cancer cell line. In contrast to that
observed in the cell free assays, the photo-enriched Z-form was
more active that the E-form, inducing cell death with an LDs,
value of 212 nM, compared to 1.03 uM observed for the E-form.

6. Other Enzymatic Targets

A handful of examples have demonstrated light controlled
inhibition against other enzymatic targets of interest. We
highlight these reports as they demonstrate the versatility and
universality of photopharmacology (Figure 11).

The inhibitory activity of the known cyclo-oxygenase-2
(COX-2) inhibitor, Celecoxib, has been masked through the
inclusion of a two-photon caging group (compound 49).*
Two-photon excitation at 800 nm initiated the cleavage of the
caging group and the release of the active inhibitor in an
in vitro assay.

The photo-regulation of an allosteric bienzyme complex,
ImGP-S, has been achieved through the use of the DTE-derived
competitive inhibitor 50.5Y Catalytic activity and allostery was
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Figure 11. Other examples of light-responsive enzyme inhibitors highlighted in Section 6.
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readily modulated upon switching between the open and
closed form.

The photoswitchable allosteric covalent inhibitor 51 of small
GTPases has been realised by merging an azobenzene motif
with a covalent inhibitor.®™ The photocontrol of GTP affinity to
K-Ras was demonstrated in a nucleotide exchange assay.

The GTPase, dynamin, plays a critical role in most endocytic
pathways.”® The development of the photoswitchable inhibitor
52 has afforded optical control over dynamin activity, in which
dynamin-dependent endocytosis was regulated upon ON/OFF
exposure to UV light.”

In efforts to achieve optical control of acid sphingomyeli-
nase (ASM) inhibition, photolabile caging groups were intro-
duced onto the phosphate groups of a known ASM inhibitor,
rendering the inhibitor inactive (compound 53).%® The inclusion
of biologically labile butyryl groups on the hydroxy moieties
were also needed to enhance cellular uptake. Light-responsive
inhibition of ASM in live cells was observed following irradiation
with UV light.

Recently Adibekian and co-workers reported photonic
control over the activity of carboxylesterases CES1 and CES2, a
class of a serine hydrolase that is involved in ester
metabolisation.®” Inspired from serine hydrolase inhibitors
based on triazole urea scaffolds, the analogous arylazopyrazole
urea and sulfone derived inhibitors (compound 54) were found
to undergo efficient E to Z switching while being shown to
modulate the metabolism of the immunosuppressant mycophe-
nolate mofetil.

A report of azobenzene-based inhibitors for tryptophan
synthase, a target enzyme of interest in the development of
new antibiotics, has shown reversible switching of 55 can be
used to modulate enzyme activity.®® It is hoped that such
photocontrollable pharmacophores will assist in the develop-
ment of smart antibiotic agents and combating the pressing
issue of antibiotic resistance.

An azobenzene-based bistacrine acetylcholinesterase inhib-
itor (compound 56) has been reported by Decker and co-
workers.®" The highly active (single-digit nanomolar) azoben-
zene inhibitors showed 8-fold higher inhibition in the Z
enriched form. Such inhibitors are of interest for elucidating
mechanisms involved in neurodegenerative diseases.

A fascinating example of an azobenzene-based probe has
been reported for targeting the mammalian cryptochrome
protein CRY1, which is involved in the regulation of circadian
clock.®® The authors report impressive isoform selectivity, along
with many desirable properties of the tetra-o-fluoroazobenzene
switch 57. These probes allow great pharmacological control
and opens possibilities for a deeper understanding of CRY1 and
its role in many diseased states.

7. Summary and Outlook

Light is an ideal non-invasive external stimulus that can be
applied with high spaciotemporal resolution. The field of
photopharmacology continues to evolve at a remarkable pace.
Over the past 5 years, a large number of light-responsive tools
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have been developed to combat issues with regards to off-
target binding and the development of drug resistance, whilst
also serving as a valuable means to probe the role of various
enzymes in health and disease, which today are poorly under-
stood.

The strategic inclusion of photolabile caging groups onto
small molecule inhibitors to mask their innate inhibitory proper-
ties, allows for the light-induced activation at pre-defined time
points. Unlike photoswitching, decaging of photolabile protect-
ing groups is a point of no return where activity can only be
switched ON. Photocaging groups are generally capable of
achieving much greater differences between their ‘active’ and
‘inactive’ states. The synthetic simplicity of installation of
photocaging groups is another appealing quality as relatively
minor synthetic work can be performed on known inhibitors.
These advantages make photocaged inhibitors an excellent
approach for photoactivatable molecular tools.

Embedding photoswitchable entities into the core of small
molecule inhibitors allows for reversible OFF/ON optical control
over enzymatic inhibition. In this context, azobenzenes have
historically been a popular choice, while other photoswitches,
namely fulgimides and DTE-derivatives have gained popularity
in the more recent literature. The power of dynamic control
over photoswitchable compounds comes with additional
challenges, primarily those associated with the inability to
quantitatively convert between the two states, achieving
pronounced differences in activity of the two isomers and
unwanted thermally induced isomerisation.

In order to achieve distinct OFF/ON switching of inhibitory
activity, the difference in the affinity for the target between the
active and inactive form must be significant (> 100-fold). Whilst
this is largely dependent on the judicious molecular design,
ensuring significant structural changes when switching be-
tween the two isomers. Similarly, the ratio of the two photo-
isomers at the photostationary state is also a contributing
factor. In reality, a mixture of the active and inactive forms is
present at the photostationary state as spectral overlap of both
isomers precludes quantitative photoisomerisation.

In addition to optimising the photophysical properties of
the photoswitch, the thermal and chemical stability of the
photoswitch in biologically relevant media must also be
considered. Ideally, both isomeric forms are stable and do not
interconvert, until irradiation initiates the desired isomerisation.
It is also known that thiol-mediated reduction of azobenzenes
to the corresponding hydrazine can occur in biological
assays.'*¥ This is particularly evident in the development of
azobenzene-derived kinase inhibitors, as dithiothreitol (DTT)
and glutathione (GSH) are typically employed for protein
stabilisation.

Traditionally, UV light has been required as the input
stimulus in the majority of the examples in photopharmacology.
Biological samples are prone to damage from UV radiation and
the poor tissue penetration of UV light prevents the full
potential of these molecular tools from being reached.® The
emergence of new or modified photoactive moieties that are
responsive towards longer wavelengths of light is crucial in the
progression of photopharmacology, and accordingly the re-
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search community has responded with numerous reports
focussed on the development of photoresponsive systems that
can be manipulated with visible to near-infrared light, or adopt
other methods in order to avoid UV light such as two-photon
adsorption.”

To date, many examples have demonstrated the feasibility
of photoresponsive molecules for modulating biological proc-
esses with high spatiotemporal resolution. As this fascinating
field of research matures there will no doubt be further
advancements and applications in multicellular systems. This
unparalleled level of control over when and where small
molecular bioactives exhibit their therapeutic properties affords
unique opportunities to perform detailed studies on the mode
of action of drugs and further enrich our understanding of such
complex diseased states.
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