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krational design in photopharmacology.

Abstract: Photopharmacology is an attractive approach for achieving targeted drug action with the use of light. In
photopharmacology, molecular photoswitches are introduced into the structure of biologically active small molecules to
allow for the optical control of their potency. Going beyond trial and error, photopharmacology has progressively
applied rational drug design methodologies to devise light-controlled bioactive ligands. In this review, we categorize
photopharmacological efforts from the standpoint of medicinal chemistry strategies, focusing on diffusible photochromic
ligands modified with photoswitches that operate through E-Z bond isomerization. In the vast majority of cases,
photoswitchable ligands are designed as analogs of existing compounds, through a variety of approaches. By analyzing in
detail a comprehensive list of instructive examples, we describe the state of the art and discuss future opportunities for

~

/

1. Introduction

Photopharmacology is an innovative discipline in medicinal
chemistry and chemical biology that uses light to control the
biological activity of molecules.*? The major goal of this
emerging field is to solve the long-standing issue of on-target
toxicity outside the disease location. On-target toxicity
causes side (or adverse) reactions, which limits the applica-
tion of, e.g., chemotherapeutics®™ and statins.”) Such
systemic effects occur outside the disease location, and
ultimately threaten the safety of patients, thus reducing the
benefits of the laborious processes of drug development,
approval and pharmacovigilance.*”)

In pursuit of Paul Ehrlich’s “magic bullet” vision,®
established and clinically approved strategies to improve the
therapeutic index” of small molecule entities have been
used for the development of drug delivery systems,!”
antibody-drug conjugates,'! prodrugs,’® and soft drugs.!'”!
To enhance the control over drug concentration at the site
of action, or over spatially specific targeting, drug delivery
nanotechnologies employ endo- or exogenous stimuli (e.g.,
pH, enzymatic activation, temperature, and ultrasound).!'”
On the other hand, antibody-drug conjugates provide
targeted drug delivery by binding specific tumor-associated
antigens.!

With regard to small molecule design, prodrugs contain
labile chemical modifications that temporarily silence their
biological activity. The resulting changes in physicochemical
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properties concurrently enhance the absorption, distribu-
tion, metabolism, excretion, and toxicity (ADMET) profile
of the drugs.”? Conversely, soft drugs are designed to
undergo metabolic conversion into non-toxic and inactive
species.”” While both prodrugs and soft drugs feature
metabolically liable sites, metabolism plays opposite roles,
i.e., activating prodrugs and deactivating soft drugs.!"”)

Although the above-mentioned approaches represent
great steps toward improved toxicity profiles, they mostly
rely on endogenous metabolic conversions, which enable
only limited and indirect control because they depend on
localization and patient characteristics. In contrast, exoge-
nous stimuli allow for a more direct control in terms of
spatial and temporal resolution. Among other external
triggers, such as magnetic field" and acoustic waves,"” light
has emerged as a non-invasive tool to achieve targeted drug
action due to its high spatiotemporal precision and bio-
orthogonality.['”]

Alongside photodynamic therapy,®”! light-mediated drug
delivery,”! and optogenetics,” photopharmacology has
been evolving as a promising methodology for the optical
control of biological processes.">'®%! The incorporation
of light-responsive moieties into the structure of drugs
allows for irreversible or reversible modulation of their
activity.” When photocleavable protecting groups (or
photocages) are introduced to mask pharmacophoric fea-
tures, irradiation irreversibly removes the photolabile moi-
ety, restoring the potency of the parent molecule. Con-
versely, when molecular photoswitchesm] are introduced,
irradiation triggers the reversible isomerization between two
forms. These two isomers of the drug possess distinct
structural and electronic features; hence, they are expected
to show different potencies against the desired target.

In addition to its promising future prospects for drug
discovery,”! reversible photopharmacology has showed
great potential especially as a research tool for medicinal
chemistry and chemical biology.’! When light, alone or in
combination with thermal process, is able to switch between
the drug forms with low and high potency, then both local
drug activation (where needed) and inactivation (where
potentially toxic) are possible. While the photoswitchable
drug can be switched on locally for its on-target effect, it
should be noted that the off-target toxicity profile!”) will also
be affected concurrently, albeit in an unpredictable way.!

Since this review focuses on the development of photo-
switchable small-molecule drugs (also known as diffusible
photochromic ligands), the reader is referred to comprehen-
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sive reviews on the use of photocleavable protecting groups
in biological contexts.”*! Because a large number of
references was necessary to categorize and identify trends
within the field, the focus of the current analysis is on
studies that report the use of molecular photoswitches that
operate through the E-Z isomerization of a double bond.
Regarding other photoswitches (e.g., spiropyrans, dithieny-
lethenes, and donor-acceptor Stenhouse adducts), the inter-
ested reader is referred to previous extensive reviews.*!
Finally, photochromic tethered ligands,™®! photoswitchable
peptides® or nucleic acids®™ are outside the scope of this
review.

Molecular photoswitches are molecules that exist as two
or more isomers that can be interconverted reversibly by
means of light irradiation (Figure 1).””? The most common
tools of reversible photopharmacology are FE-Z photo-
switches, which undergo isomerization between the (E)- and
the (Z)-isomer upon irradiation with light. In particular,
(heteroaryl)azobenzenes are the most frequently used
switches, due to their robust photochemical behavior and
synthetic accessibility.*" Irradiation with light of wavelength
A\, promotes the photoisomerization of the thermally stable
(E)-azobenzene to the metastable (Z)-azobenzene, which
can revert to (E)-azobenzene either thermally or under
irradiation with light of wavelength A, (Figure 1). While (E)-
azobenzene is planar, has an end-to-end distance of 9 A and
a dipole moment of 0 D, (Z)-azobenzene is bent, has an
end-to-end distance of 6 A and a dipole moment of 3 D.*!
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Both isomers feature two hydrogen bond acceptors (HBAs)
in the —N=N- azo bond, although photoisomerization
changes their directionality. In fact, (E)-azobenzene is able
to engage in hydrogen bonds interactions on opposite sides
of the azo bond, whereas (Z)-azobenzene is able to form
interactions on the same side.

Among the heterocyclic variants of azobenzene,
azopyrazole emerged as one of the most interesting photo-
switches because of its quantitative photoisomerization in
both directions and excellent solubility in water.'>* The
pyrazole ring provides an additional HBA in comparison to
azobenzene. Hemithioindigo (HTI) is an emerging photo-
switch that undergoes photoisomerization from the ther-
mally stable (Z)-isomer to the metastable (E)-isomer upon
irradiation with visible light.®) Both forms of HTT are nearly
planar and show smaller changes in structure and electro-
statics than azobenzene. In terms of hydrogen bonding
capacity, HTI features a bidentate HBA.

All the photoswitches discussed above are T-type,
because the isomerization from the metastable to the stable
form can happen either thermally or photochemically.
Conversely, for P-type switches, interconversion between
the isomers is possible only with light. A typical example is
stilbene, which undergoes E-to-Z and subsequent Z-to-E
isomerization upon light irradiation. As compared to the
previous photoswitches, stilbene does not contain any HBA.

For the majority of application scenarios,” photo-
pharmacology needs to design photoswitchable ligands that

[37]
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Figure 1. (A) Schematic representation of the principle of photopharmacol

ogy. In the ideal scenario, irradiation with light of wavelength A,

temporarily activates the drug by promoting photoisomerization to the metastable form, which loses its activity over time or upon irradiation with
light of wavelength X,. (B) Most common E-Z isomerization-based photoswitches used in photopharmacology. In general, photoisomerization
promotes a reversible change from a planar to a globular structure, except for HTI. HBA are highlighted in orange.

are more potent in their metastable state, namely “(Z)-on”
(or “cis-on”™y for azobenzenes and “(E)-on” for HTIs. If
the photoisomers of such “light-active” compounds also
show large differences in potency, biological processes can
be controlled effectively."?*?**?! Due to the strongly inter-
disciplinary nature of the field, the molecular design of
photoswitchable agents combines elements of organic
chemistry, photochemistry and medicinal chemistry.’ The
resulting challenges go beyond typical molecular design for
drug discovery:'*!! chemists have to design two forms, guided
by the structures of known switches, and optimize the
difference in potency, aiming at the thermally stable form to
be less active.

Going beyond trial-and-error approaches, we believe
that photopharmacology has enormous potential for assim-
ilating rational drug design strategies. In this review, we
analyze the state of the art in the rational design of
photopharmacological agents and we outline the prospects
for a more informed approach to photopharmacological
design. We envision that the introduction of drug design
approaches will help in the formal classification of photo-
pharmacological efforts to date and in the recognition of
opportunities for new design strategies, with the final aim of

Angew. Chem. Int. Ed. 2023, 202300681 (4 of 62) © 2023 The

translating photopharmacology from an academic setting to
clinical applications.!')

2. Molecular Design in Photopharmacology

From a medicinal chemistry standpoint, photopharmacology
is mainly concerned with analog design,*” using molecular
photoswitches as building blocks (Figure 1). However, not
only the potency of the original drug should be maintained
or improved with the design of the new analog, but also the
difference in potency between the photoisomers needs to be
maximized, seeking activation upon irradiation.

The availability of prior knowledge determines the
applicability of informed strategies in the design of photo-
pharmacological agents. Two main rational drug design
approaches can be distinguished, i.e., ligand-based and
structure-based methods, both of which are usually sup-
ported by computational methods (Figure 2).**! Ligand-
based methods are most suitable if there is limited structural
information available about the target. They rely on affinity
data of focused compound collections to reveal trends in
qualitative or quantitative structure—activity relationships

Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. Decision tree for choosing between ligand- and structure-based design approaches for photopharmacology.

(SAR). Description of qualitative SAR can be achieved by
2D structures or descriptors®! (e.g., LogP, number of
HBAs), or 3D considerations, such as shape[“s] or electro-
static potential (ESP) surface similarity,*’ and pharmaco-
phore modelling.*! SAR studies enable guided optimization
of the affinity as well as the physico-chemical properties and
in vitro ADMET properties of hit and lead compounds.

The use of structure-based drug design is preferred also
for photopharmacological agents, if the structure of the
desired target is available and if the site to which the ligand
binds is known." Structural data allow for the visual
inspection of the shape of a ligand-target complex or for
computational exploration of hypotheses in ligand design.[*’!
Knowledge about shape and electronic features of the
binding pocket and the bioactive conformation support
SAR analyses by enabling the identification of the most
important ligand-protein intermolecular interactions. If the
structure of the target has not been resolved, but the amino
acid sequence and the 3D structure of a related target is
available, then a homology model can be built to permit a
certain degree of structure-based design.™

The main computational techniques that drive structure-
based drug design are molecular docking and molecular
dynamics (MD) simulations.”"! Molecular docking is a high-
throughput method that predicts the binding mode of a
ligand with the biological target.”? While docking calcula-
tions are static, MD simulations offer a time-dependent
representation of the ligand-target complex.”™ Both meth-
ods can be used a priori, i.e., to guide the hypothesis at the
design phase, or a posteriori, i.e., to rationalize the results
observed experimentally.[*!

This review categorizes and critically discusses the design
strategies used in photopharmacology, within the frame of
ligand- and structure-based design approaches. In both

Angew. Chem. Int. Ed. 2023, 202300681 (5 of 62)

cases, a further distinction will be made if computer-aided
drug design methods were used (e.g., density functional
theory (DFT) calculations, pharmacophore modeling, mo-
lecular docking, MD), a priori or a posteriori.

To discuss the differences in potency between the
photoisomers, we will use in this review the descriptor F,
i.e., the ratio of the measures of drug efficacy (half-maximal
inhibitory concentration (ICs,), inhibitory constant (Ki),
minimum inhibitory concentration (MIC), etc.) of the two
forms. For instance, in the case of (Z)-on ligands whose
activity was quantified in terms of ICs, values, we use F(E/
Z), which is obtained by dividing the ICs; of the (E)-form by
the ICs, of the (Z)-form. Analogously, we use F(Z/E) for
(E)-on ligands.

3. Analog Design

Except only a few isolated cases (see section 4), photo-
switchable ligands have been devised as analogs of a known
lead compound.*? E-Z photoswitches are usually introduced
into the structure of existing bioactive compounds by
applying the “azo-extension” and “azologization”
approaches.">* In a nutshell, the first approach appends an
azobenzene to the drug core after SAR evaluations, while
the second approach identifies and substitutes bioisosteres
of azobenzene (“azosteres”). In addition to these wide-
spread rational design strategies, we make finer distinctions
and expand the vocabulary in use in photopharmacology.
Starting from template ligands, photoswitches can be
included by extension (see section 3.1), bioisosteric replace-
ment (azologization, see section 3.2), or insertion (see
section 3.3). Alternatively, they can act as spacers, thus
connecting two identical or different pharmacophores (see

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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section 3.4). If a previously published compound containing
a photoswitch was not studied in a light-dependent manner,
it can be subjected anew to a photopharmacological
investigation (“photo-repurposing”, see section 3.5). When a
photoswitchable ligand is available, but reversed light-
dependent behavior is needed, it is possible to apply the
“sign inversion” strategy (see section 3.6).5"

3.1. Extension

A straightforward method to attain optical control of a
bioactive molecule is the extension of its structure with an
E-Z photoswitch in order to influence the affinity for the
target upon photoisomerization. Finding the optimal posi-
tion for this modification can be supported by SAR or
structural considerations. Generally, photopharmacological
studies use the umbrella term “azo-extension”,!? yet here
we propose a finer distinction (Figure 3):

Extension from an aromatic ring that is already in the

molecule and that is incorporated into the switch:

¢ Bona fide extensions (from an unsubstituted ring)

e Extension with the removal of substituents on the
aromatic ring

Decoration:
e Direct decoration (single bond spacer)
e Decoration through a spacer (appendage)

When compared to the bioisosteric replacement strategy
(see section 3.2), predicting the outcomes of a structure
extension is more challenging. Starting from previous SAR
data or structure-based observations, it is possible to assume

Reviews
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that certain extensions can be tolerated and can produce
light-induced changes in affinity. However, hypothesis on
the resulting (E)- or (Z)-on activity are more difficult to
conceive, also because of the absence of predictive concepts
such as (E)- and (Z)-like bioisosteres (see section 3.2).

3.1.1. Bona Fide Extensions

Bona fide extension is the design approach that takes an
aromatic ring of the parent drug and extends it into an E-Z
photoswitch without removing existing substituents (Ta-
ble 1). Therefore, the analog features an extended n system
that can protrude further in hydrophobic binding pockets, or
can cause specific steric clashes only in one isomeric form.
The first applications of the bona fide extension strategy
date back to the earliest reports of photopharmacology that
introduced the field into the realm of science. Extending the
aromatic rings of small parent compounds into azobenzenes
led to the pioneering discovery in the 1960s of photo-
pharmacological agents, such as (Z)-on chymotrypsin inhib-
itor 1°* and (E)-on acetylcholine receptor (AChR) agonist
2.1 More than 40 years later, during the renaissance of
photopharmacology led by our group and the Trauner
group,™? another simple aromatic structure was extended
into an azobenzene. Modification of propofol, a positive
allosteric modulator of y-aminobutyric acid, receptor (GA-
BALR), resulted in a library of systematically substituted
azo-derivatives.”™® In contrast to the above-mentioned spec-
ulative design, here previous SAR data indicated that large
substituents were tolerated at the para-position, and the
pharmacophore was deemed to be compatible with azoben-
zene photochemistry. Compound 3 was characterized as an

NH,

Figure 3. Examples of extension strategies. (A) Bona fide extension. (B) Extension with the removal of substituents on the aromatic ring. (C) Direct

decoration. (D) Decoration through a spacer.

Angew. Chem. Int. Ed. 2023, 202300681 (6 of 62)
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Table 1: Overview of bona fide extensions.
Entry Compound Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
2,0 L O
L CI)J\N c|)J\N
1 1 Chymotrypsin (inhibitor) [56]
| N
g S
@ .
2 2 (antagonist) \© N'N© B7]
NH,
3 3 GABA,R (potentiator) [58]
HO HO
i e
\)J\N o /©/ N
MOR \AN
4 4 ) [59]
(agonist)
ENaC
3 3 (blocker) [60]
iGluR2
6 6 (agonist) [61,62]
7 7 Microtubule polymerization (stabilizer) [63]
9 8 Proteasome (inhibitor -B N N HO" N 65
e SRRe IR RS
N N \©/
L LI
Oy @0 N
10 9 Proteasome (inhibitor) Ho B~ N~ NJ\[,N \©\ [66]
g \I)(\H \N] >®9 H o j\ J<
o BN N" O
o H
23 Nen
N%N SN N%N
8 10 TRPV6 (inhibitor) [67]
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Table 1: (Continued)
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Entry Compound Target

Parent compound

Photoswitchable derivative Ref.
(active isomer)

(ligand)
o
11 11
12 12 Chymotrypsin (inhibitor)
HO
13 13 [B-Galactosidase (inhibitor)

H
HDAC3 HO. )kM/\mN N
(inhibitor) N \© 2 Wl [68]

R AR

o Y

s e O

HO ©OH

(E)-on potentiator of GABA-induced currents, thus acting
as a photochromic anesthetic.

When more aromatic rings are available for extension, it
is difficult to select one by considering only 2D structures
and limited SAR data, and it is necessary to resort to a trial-
and-error approach. For the ligand-based design of photo-
switchable agonists of p-opioid receptor (MOR), Trauner
and co-workers applied bona fide azo-extension to both
aromatic rings of fentanyl.” Because of the absence of any
agonistic activity, one of the screened compounds was
discarded at the beginning of the study, whereas compound
4 was showed to be an (E)-on agonist of MOR. Conversely,
if the available SAR studies are more informative, they can
be translated to photopharmacological design ideas. Inspired
by a series of homologs of phenamil, a blocker of the
epithelial Na* channel (ENaC), the Trauner group inves-
tigated the extension strategy on each of these closely
related compounds.”? Electrophysiology experiments re-
vealed that derivative 5 functioned as a (Z)-on ENaC
blocker.

.

3

Thus far, all the discussed examples described para-
substituted azobenzenes that were obtained through ligand-
based considerations. However, visual inspection of X-ray
structures (if available) can guide the direction in which the
parent compound should be extended. During the develop-
ment of photoswitchable agonists for the ionotropic gluta-
mate receptor subunit 2 (iGluR2) found in a-amino-3-(5-
methyl-3-hydroxyisoxazol-4-yl)propanoic acid receptors
(AMPAR), the X-ray structure of the complex (PDB ID:
2P2A) indicated that the benzene ring of the parent
compound was pointing toward the solvent (Figure 4A).[°!
In particular, it also suggested that the gate of the binding
pocket would accommodate a meta-substituted, rather than
a para-substituted azobenzene. The biological results con-
firmed the structure-based hypothesis, as compound 6 was
found to be an (E)-on agonist, while the derivative bearing a
para-substitution pattern was inactive. A follow-up modeling
study used molecular docking and MD to rationalize the
behavior of compound 6.’ In agreement with the experi-
ments, the (E)-form displayed two possible binding modes,

B ,
3.

Figure 4. Visual inspection of ligand-target complexes for the formulation of extension hypotheses. (A) Crystal structure (PDB ID: 2P2A") of AMPA
analog (green) bound to the iGIuR2 ligand-binding domain (gray). The ligand has space to grow in the meta position. (B) Cryo-EM structure (PDB
ID: 3)6G) of tubulin (gray cartoon, green residues) in complex with paclitaxel (green ligand, pink benzamide). Adapted with permission from

ref. [63]. Copyright © 2020 Springer Nature.
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while no docking poses were obtained for the (Z)-form.
Subsequently, MD simulations of the conformational
changes of iGluR2 upon ligand photoisomerization showed
that (Z)-6 adopted a metastable binding pose, which led to
the ligand being liberated from the target. Similarly to the
above-mentioned approach, examination of the available
space in the paclitaxel-tubulin complex (Figure 4B) indi-
cated that the benzamide substituent on a side-chain amine
of paclitaxel could be extended with azobenzene.*! Further-
more, the authors postulated that the additional substituents
on the outer ring of azobenzene could be used to modulate
the photochemical features on the ligand, without being
detrimental for the potency. In fact, a para-methoxy-
azobenzene could be installed in the meta position to
generate compound 7, a (Z)-on microtubule stabilizer.

Less common is applying the bona fide extension
strategy to heteroaromatics, as in the case of light-controlled
proteasome inhibitors.””) The antitumor agent bortezomib
was extended into a canonical azobenzene, with a simulta-
neous replacement of the pyrazine ring with benzene. Visual
inspection of the binding mode of bortezomib into the 20S
proteasome (PDB ID: 2F16) aided the formulation of a
structure-based hypothesis. The planar (E)-isomer was
expected to fit into the active site, while the bulkier (Z)-
isomer would cause steric clashes. Inhibition assays on cell
lysates indicated that all compounds were (FE)-active, with
inhibitor 8 showing a F(Z/E)>2. In a follow-up report by
the Abell group, a different azo-extension was explored on
the benzyl aniline ring to explore the S2 binding site.[*!
Interestingly, compound 9 acted as an (E)-on inhibitor on
the isolated target, but as a (Z)-on drug on cancer cells. In a
related example, a similar strategy was used for light-
controlled inhibitors of transient receptor potential vanilloid
6 (TRPV6).”) The parent compounds featured two aromatic
sites potentially suitable for extension, i.e., a methyl-
substituted benzene and a pyridine. Since pre-existing SAR
studies suggested that modifications on the benzene ring
were detrimental for the activity, Reymond and co-workers
extended the pyridine ring into an azoarene. Even though
the pyridine ring was tentatively incorporated in the inner or
the outer ring of azobenzene, only the classical azobenzene
derivative 10 was determined to be a (Z)-on inhibitor, with a
remarkable F(E/Z) > 10.

As an alternative strategy, if structural data are not
available or not scrutinized, all regioisomers of azobenzene
can be systematically explored to sample the space around
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the original aromatic ring. After examining numerous
variations in length, shape and substitution patterns, our
group identified the ortho-extended vorinostat azo-deriva-
tive 11 as an (E)-on inhibitor with a F(Z/E) of 10.%
However, the compounds that were designed through
azologization showed more attractive light-induced differ-
ences in potency (see section 3.2.2.2.4). Abell and Harvey
also reported a systematic analysis of regioisomers that led
to a compound bearing an ortho-substituted azobenzene,
ie., 12, a (Z)-active photoswitchable inhibitor of
chymotrypsin.®! On closer inspection, such design concur-
rently incorporated the small modification of a benzyloxy
group into a simple phenyl, before the extension took place.
Similarly, B-galactosidase inhibitor 13 was obtained by
extending 2-phenyl-ethyl B-D-thiogalactoside with simulta-
neous subtle modifications of the structure, as alkyl spacers
with different lengths were examined."” Despite its moder-
ate F(Z/E) of ~5, a posteriori ensemble docking poses
suggested that the solvent-exposed binding pocket of f-
galactosidase could accommodate both photoisomers of
compound 13 (Figure 5).

3.1.2. Extension with the Removal of Substituents on the
Aromatic Ring

Another design strategy is to extend a substituted aromatic
ring (Table 2), as stated by the original definition of the azo-
extension approach.” In fact, the presence of a substituent
can indicate that some variability is tolerated at a specific
position. If the substituent does not play a crucial role in the
pharmacophore, then a photoswitchable derivative should
be active and its isomerization has the potential to result in
light-induced differences in potency.

The extension approach frequently takes advantage of
SAR studies indicating that the parent compounds could
withstand variations on particular substituents. Illustrative
cases can be found in the development of photoswitchable
opener 14 for G-protein coupled inwardly rectifying K*
(GIRK) channels,"! and in the development of photo-
switchable antagonist TRPV1 channels based on capsaze-
pine and BCTC, i.e., compounds 15 and 16."% After purely
exploratory design hypotheses, the different (E)- and (Z)-
active behaviors could not be rationalized in any way, hence
they cannot be used as starting points for subsequent
endeavors of rational design.

Figure 5. Docking poses of the (Z)-isomer (A) and the (E)-isomer (B) of compound 13 into §-galactosidase (gray surface). Adapted with permission

from ref. [70]. Copyright © 2020 The Royal Society of Chemistry.
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Table 2: Overview of extensions obtained after removing substituents.
Entry  Compound  Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
o
| \/Q o N:N/©
1 14 GIRK channels (opener) N N 'L n J\/@ [71
dgo R cl U8 N
S N
CF;
o
s
2a 15 TRPV1 (antagonist) )LN [72]
HO N H S
)o@ P
HO
B [N
=
Ny N
2b 16 TRPV1 (antagonist) cl K/N\H/N a L_NCON [72]
: T
o NN
O:N
N
O ;
3 17 Kinesin-microtubules (substrate) o o o [73]
O-P-0-P-0-P-0 © HN
0© 00 00 i 1l 9 /_§
O-P-0-P-0-P-0 0
0© 09 00
F
CF3 7 I: ]
; N,
N
F
CKl NH ’
4 18 (inhibitor) NN N NH [74]
LA NS
N P >
N N
o]
o
CES R’ J]\ N N)J\N N '.N@
P N N
> 19 (covalent inhibitor) gz ?q*\ R® Q N= (73]
o N .
CES RU N NN N"O
3 0 (inhibitor) gz L\)—rﬁ N [75]
~,
o o o
Ho™ F o o
6 21 DNA gyrase (inhibitor) N NN HOJ\m \ [76]
A (N )N N
o o o o o
HO N
7 2 DNA gyrase (inhibitor) LA Ho § P [77]
M |
N,
H NH, °N
NH, |, N\n/ Hm/@
8 23 HDAC (inhibitor) ©/N o X 78]
o
/N\
H H
Oj\N:@:CF;; OINDiCFg
9 24 AMPAR (antagonist) 07 "N N o )N NN [79]
R o,
P

&

N
HO OH

Angew. Chem. Int. Ed. 2023, 202300681 (10 of 62)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

5US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U3 Aq pauRACH 818 S3[o 1 YO ‘88N JO S3|NJ J04 A%eiq 1T 8UIUO A1/ UO (SUOIPUCD-PUR-SLLLBHWI0D" A3 | 1M Afe.q) U1 |UO//:SHRY) SUORIPUOD PUe W | 8U3 89S *[£202/50/9T] U0 A%eiqiT8ulluO 8|1 eLolqIgsHeHseAIuN A T8I00EZOZ @ 1Ue/Z00T OT/I0P/W0D" A3 1M ARe.d 1 |BulUo//Sdny Wiy papeo|umoq ‘0 ‘€2LETZST



GDCh
~~

Table 2: (Continued)
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Entry  Compound  Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
Leu O N“NJQ
10 25 m-Calpain (inhibitor) : 4 /©/ (87]
OHC/\NJ\r °S]
H N IO/ \o
HO
OU
- 2 CB,R 4 [82]
(agonist) H ki
S
O H
N
g Q¥
12 27 GABAR and GlyR (blocker) N= NO, NS N \©\ o [85,87]
S0
O V) 50
o H A
. iy G
G|yR N= O NO. O .N
N\ -
13 B (allosteric modulator) ’ . [36]
o}
c AN N N—,N\©:N\
14 29 BaR N N (38]
(agonist) f\ ﬁ
F F
N N »f“'@
N T
~ ~NH ~ S
N_/ N_/
15 30 CK18/p38a MAPK (inhibitor) aN_O N0 [90]
o o
~o ~o

On the other hand, essentially exploratory azo-exten-
sions can also lead to bioisosteric replacements (see section
3.2) that were not easily recognizable through simple
analysis of the molecular structure. For instance, a substrate
for the actomyosin motor protein system was extended at
the nitro-substituted ortho-position, resulting in derivative
17."% Since the (E)-isomer induced higher motility, the
authors speculated that the flat (E)-azobenzene might be
forming the same n—n stacking interactions of the adenosine
ring in ATP, suggesting an intriguing bioisosterism between
adenosine and (E)-azobenzene.

When previous SAR is not available for the template
compound due to, e.g., its recent discovery, different
regioisomers and substitution patterns can be screened to
carry out a “photopharmacological SAR study”, as reported
recently for visible-light photoswitchable circadian rhythm
modulator 18.7 Considering that the parent casein kinase I
(CKI) inhibitor, longdaysin, had a hydrophobic substituent
(a trifluoromethyl group) in the meta position, the best

Angew. Chem. Int. Ed. 2023, 202300681 (11 of 62)

inhibitory results were achieved with the (E)-isomer of the
meta-substituted photoswitchable analog. In the case of
ortho-substituted azobenzene, the (Z)-isomer was more
active than the (FE)-isomer, whereas para-substituted azo-
benzene displayed very little differences in potency before
and after irradiation. These observations are in agreement
with the substitution-dependent differences in potency
between photoisomers that we discuss later, regarding the
replacement of ambiguous bioisosteres (see section 3.2.2.3
and Figures 26 and 28). Subsequent photochemical optimi-
zation entailed the exploration of the azopyrazole switch, as
well as para-methoxy, di- or tetra-ortho-fluoro substituents.
The latter modification yielded compound 18, a visible-light-
responsive, (E)-on modulator of the circadian clock.

Going beyond benzene rings, extension also on hetero-
aromatic rings has been described, e.g., for the optical
control of carboxylesterase (CES) inhibitors.”! Even though
the authors claimed to have conducted “de novo design”, we
argue that their definition is inaccurate, because the design
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started from known structures. In reality, a triazole group of
the parent compound was effectively extended into an
azopyrazole photoswitch. After the identification of the (E)-
on covalent inhibitor 19 with a F(Z/E) of 7, the urea moiety
was further replaced with a less electrophilic sulfone, which
yielded the (E)-on reversible inhibitor 20 with a F(Z/E) of 3.
In addition to azo(hetero)arenes, aromatic cores can also
be extended into less common E-Z photoswitches. Inspired
by our work on photoswitchable antibiotics that applied the
azo-extension approach to the aromatic core of quinolones
(compound 21),”! Sampedro and co-workers extended
nalidixic acid with hydantoin and phytochrome.”” DFT
calculations suggested that the (Z)-isomer would possess
higher antimicrobial activity because of its planar geometry,
which is better suitable for DNA intercalation than the
twisted geometry of the (FE)-isomer. As predicted, the
photoswitchable fluoroquinolone 22 was determined to be a
(Z)-on antibiotic, with a F(E/Z) of 4. With a complementary
approach, focusing on isomer-dependent electronic rather
than structural effects, DFT studies also guided the design
of (Z)-active histone deacetylase (HDAC) inhibitor 23.7%
Compared to the ligand-based approaches outlined
above, structure-based approaches allow the formulation of
more elaborate design hypotheses. Such improvements are
evident already in the case of straightforward visual
inspection of X-ray (or cryo-EM) structures, as exemplified
by the work of the Trauner group on the (E)-on AMPAR
antagonist 24.””) However, the most informative outcomes
usually derive from computer-aided drug design efforts. For
instance, Abell and co-workers performed early induced fit
docking studies (IFD, useful method to account for protein
mobility™) to rationalize the biological activity of 25, an
(E)-on m-calpain inhibitor with a F(Z/E)>3.""! The less
potent (Z)-isomer was predicted to engage only in two out
of the three expected hydrogen bonds. Structure-based
considerations also enabled the development of photo-
switchable agonists of cannabinoid receptor 2 (CB,R).[?
Herein, the extension strategy on a template agonist was
evaluated by sampling several molecular designs: directly
from the core after removal of the alkyl chain (compound
26), and with a single-bond spacer (see section 3.1.3). A
posteriori molecular docking corroborated the biological
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T3 -- -

Hydrogen bend interactions

Figure 7. Docking of (E)-27 in the transmembrane domain of @2
GABAR (homology model). Adapted with permission from ref. [85].
Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KgaA.

activity results, indicating that the elongated (E)-26 might
form more van der Waals contacts with the hydrophobic
subpocket of the binding site (Figure 6). Nonetheless,
docking scores were incorrectly discussed in detail, although
they are known to be inaccurate predictions of binding
affinities.®™ In fact, the main purpose of docking scores is to
help distinguishing between active and completely inactive
molecules in the context of virtual screenings of large
libraries.®®3 Therefore, we believe that docking scores
are not suitable for detailed comparisons between photo-
isomers.

An alternative to such inaccurately quantitative analyses
can be seen in more qualitative approaches, as demonstrated
by the work of Bregestovski and co-workers.® The azo-
extended analog of nitrazepam 27 was found to be an (E)-
on blocker of GABARs chloride-selective pore. To model
the differences between the (E)- and the (Z)-form, molec-
ular docking was carried out in a homology model of p2
GABA(CR, after mutagenesis results guided the choice of
the binding region (Figure 7). Subsequently, the authors
enumerated the intermolecular interactions that were
formed by each photoisomer with the transmembrane
domain of the receptor, in terms of hydrogen bonds and
hydrophobic contacts. In addition to engaging in more

Figure 6. Docking poses of the (E)-isomer (A) and the (Z)-isomer (B) of compound 26 into CB,R (blue). Adapted with permission from ref. [82].

Copyright © 2021 American Chemical Society.
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interactions overall, (E)-27 had an optimal length for placing
its sulfonate group in the same region as the co-crystallized
chloride ion. Further modifications on the benzodiazepine
scaffold targeting GABARSs led to the serendipitous discov-
ery of 28, a (Z)-on allosteric antagonist of glycine receptors
(GlyRs).®! In an attempt to explain this unexpected
behavior, blind molecular docking (i.e., with no prior
definition of the binding site) suggested that the (Z)-28
could interact deeper with the receptor, favoring the closed
state. In an additional follow-up study, GABARs blocker 27
was also characterized as an (E)-on blocker of GlyRs, with
the support of a similar computational workflow."*”)

Besides counting specific interactions, a second alter-
native to quantitative analyses of docking scores is the
qualitative evaluation of steric clashes between the ligand
and the target. In this regard, Decker and co-workers
published an elegant example of experimental and theoret-
ical consensus during the development of a (Z)-on agonists
for human CB,R, ie., compound 29.® Even though the
authors defined their design approach as azologization, we
categorize it rather as azo-extension, because aliphatic N-
substituents on the benzamide had been previously shown to
be tolerated.®™ A posteriori docking calculations into a
homology model were in very good agreement with the
experimental results of a regioisomer screening. In partic-
ular, the light-induced differences could be rationalized
through the comparison of steric clashes for ortho-, meta- or
para-substitution with alkyl(oxy) or chloride. The largest
light-activation was observed for meta-substituted 29, possi-
bly because substituents at the meta position would provoke
steric clashes for the (E)-isomer, while they could be
accommodated by the binding pocket in the (Z)-isomer
(Figure 8).

Lastly, a structure-based “heteroazo-extension” was
reported for the development of photoswitchable kinase
inhibitors against p38c mitogen-activated protein kinase
(p38a MAPK) and CK18.” Herges, Peifer and co-workers
used a priori docking calculations to support the extension
of the methylthioether-substituted 2-imidazole core into an
heteroaromatic azobenzene bearing a thiazole ring, yielding

meta
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Figure 9. Crystal structures of p38a MAPK in complex with compound
30 (cyan, PDB ID: 6HWU) and the reduced hydrazine by-product
(orange, PDB ID: 6HWT®).

compound 30. Since the biological results did not match
with the structure-based hypothesis of (E)-on activity, an X-
ray structure of the ligand-enzyme complex was obtained
(Figure 9). However, such structure revealed the presence of
a reduced hydrazine instead of an azo bond (PDB ID:
6HWT), caused by the dithiothreitol (DTT) additive in the
assay buffer. In fact, DTT-free crystallization conditions
correctly afforded the (E)-isomer (PDB ID: 6HWU). These
findings sparked an elaborate discussion on the pitfalls of
photopharmacology, e.g., the risk of reduction of azo
moieties, and the difficulty of rationally design E-Z inhib-
itory differences, which can be cancelled out by the
conformational adaptations of proteins. Therefore, the
authors proposed that azologization and scaffold hopping
(see section 3.2.1) should be preferred over azo-extension.
As mentioned later (see section 3.2), we also agree that
bioisosteric replacement is a more promising approach for
photopharmacology because it allows for more solid hypoth-
eses on (E)- or (Z)-activity and for larger light-induced
changes in potency.

Figure 8. Docking of the (E)-isomer (A) and the (Z)-isomer (B) of the unsubstituted version of 29 in a homology model of CB,R. While the red
arrow indicates the potential steric clashes of the meta-substituted (E)-isomer, the green arrow indicates the available space for the meta-
substituted (Z)-isomer. Adapted with permission from ref. [88]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KgaA.
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3.1.3. Direct Decoration

E-Z photoswitches have also been attached to bioactive
molecules through a variety of linkers. Since such structural
modification affects a region that is more distant from the
pharmacophore, it is expected to retain the original activity
and to generate more modest differences upon irradiation.
Moreover, pre-existing aromatic rings are not needed, as the
photoswitches can be introduced also in aliphatic portions of
the molecule. In the following section, we focus on the
shortest linker possible, i.e., a single bond (Table 3). For
longer linkers, see section 3.1.4 and Table 4.

Although the presence of an aromatic ring in the
template ligand is a perfect handle for direct extension (see
sections 3.1.1 and 3.1.2), the insertion of a short spacer
enables the photoswitch to protrude further in the available
space, which can be highly beneficial for obtaining (Z)-on
ligands. A clear example can be found in the already
mentioned work on photoswitchable agonists of CB,R by
Carreira, Frank and co-authors.® Whereas extension on the
aromatic ring resulted in the (E)-active agonist 26 (Fig-
ure 6), attaching the azobenzene via a single bond extended
the derivative further into the hydrophobic subpocket.
Consequently, compound 31 was determined to be (Z)-
active, because the (E)-isomer was too elongated to fit into
the CB,R binding pocket. When the aromatic ring of the
parent ligand bears a substituent, it is also possible to attach
the photoswitch directly at that moiety. For instance, our

Table 3: Overview of direct decorations.
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group developed the (Z)-on, visible-light-responsive photo-
switchable antibiotic 32 by appending an azobenzene to one
of the methoxy groups of trimethoprim, after screening
several linkers.!]

A second subgroup of direct appendages uses aliphatic
anchoring points. This approach was introduced for the first
time in pioneering studies on the photo-regulation of AChR
with compound 33,°” and it is still in use, as exemplified by
the recent report on photoswitchable kinesin spindle protein
(KSP, KIF11, or Eg5) inhibitors for the optical control of
mitosis.”” Supported by SAR data and X-ray structures, a
great number of extensions on different Eg5 inhibitors was
systematically explored, leading to the (Z)-on azo-derivative
34. Furthermore, Decker and co-workers demonstrated that
quaternary ammonium cations are also suitable for the
attachment of azobenzene.” The potent muscarinic AChR
(mAChR) agonist iperoxo was extended with regular and
tetra-ortho-fluoroazobenzene through a single bond spacer.
Simultaneously, the authors investigated the light-induced
effects of both univalent and bivalent photoswitchable
ligands, i.e., with only one or two repeating units of the
iperoxo pharmacophore. Compound 35 acted as a full
AChR agonist, albeit with no significant differences upon
irradiation. However, since azobenzene played the role of a
spacer in the bivalent ligands, the reader is referred to the
dedicated discussion for more details (see section 3.4).

Entry Compound Target Parent compound
(ligand)

1 31 CBR
(agonist)
DHFR

2 32 (inhibitor)

3 33 AChR

(antagonist)

Eg5
4 34 (inhibitor)
5 35 mAChR

Photoswitchable derivative Ref.
(active isomer)

(82]

[°1]

[57]

192

(93]
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Table 4: Overview of decorations by means of a spacer (green=linking group; orange = spacer).

Entry Compound Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
NH,
N X
W
NH, o o o NN
N 0-P-0-P-0-P-0— g
Kinesin- ¢ /)N € b0 6o 0o
1 36 microtubules o o o NN OH O [94]
0-P-0-P-0-P-0— \—< :}—
(substrate) S o oo 6o o N‘N
OH OH
o o
F
DNA gyrase Ho)‘\fn
2% (inhibitor) N N B3]
A L
NMDAR M-
3 38 (agonist) HOOC)\/CHLCOOH [96]
|
e OH
i g
4 39 Calcineurin \N)K( 'I‘ Y ONT o7
(inhibitor) J 0 0 o (7]
o N~ " o " OIN\
K’rN\:)J\N \)J\N CH,
o Al
NH,
AChE N
> 40 (inhibitor) m (8]
N
GABA,R
6 4 (potentiator) HO (9]
HO ©
\ \ \
[0} o) ®N
G
S S
LTCC /:8
7 42 (blocker) @[N @[ ,@N‘N"N [100]
(o] N o ’l:l
\ NV
/N\ ,N\///\O
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Table 4: (Continued)

Entry Compound Target Parent compound Photoswitchable derivative Ref.

(ligand)

NMDAR
(antagonist)

%
-
CB;R Y, N{ >

N-N  HN-
2 a4 (inhibitor) N
Cl
cl
NH
HO I
f%ﬂbn
Tubulin ° N~
10 45 (modulator) d ° 71\ CHa

(active isomer)

N]\©\
H
OH [101]

ch Q [103]
Cl
HO ‘ }) 50\
HH
5 N N~ (104,

° o)\ R @u"" 105]
° (o)

3.1.4. Decoration through a Spacer

While only a limited amount of photopharmacological
agents were obtained by means of direct attachment (see
section 3.1.3), peripheral decoration is prevailing. This
widespread design strategy appends E-Z photoswitches to
the template ligand via longer spacers (Table 4).

Several spacers of varying length have been used for the
appendage of E-Z photoswitches to known ligands. Exam-
ples of short spacers include the minimal methylene bridge
of compound 36, (Z)-on substrate of ATPase kinase,™ and
the amide linker of compound 37, an (E)-on antibiotic based
on the DNA gyrase inhibitor ciprofloxacin.” The choice of
the linker can be dictated purely by the available synthetic
methodologies, e.g., click chemistry for the triazole spacers
of (E)-on agonist 38 for N-methyl-D-aspartate receptor
(NMDAR). In the case of ligand 39, azo-derivative of the
peptide immunosuppressant cyclosporin A, a flexible amide
spacer was used.”” This compound was further improved
using a “protein borrowing” strategy, employing the azoben-
zene itself as a spacer (see section 3.4).

With regard to the strength of the design hypotheses,
ligand-based considerations are often surpassed by the
evaluation of Protein Data Bank (PDB) structural data. For
instance, simple visual inspection of the tacrine-acetylcholi-
nesterase (AChE) complex (PDB ID: 1ACJ) indicated that
the attachment of azobenzene to the aniline nitrogen of
tacrine could be tolerated because it protruded toward the

Angew. Chem. Int. Ed. 2023, 202300681 (16 of 62)

solvent.” 1In fact, decoration with an ethylene-linked

azobenzene generated the (Z)-on AChE inhibitor 40. When
longer and more flexible linkers are introduced through
ligand-based design, they can hinder the interpretation of
biological results, as in the development of the (E)-active
allosteric GABA,R agonist 41."”) On the other hand,
structure-based computational methods are able to shed
light on the molecular details of differential binding also
when extended linkers are involved. To explain the observed
behavior of compound 42 as an (E)-on L-type calcium
channel (LTCC) blocker, Trauner and co-workers per-
formed a posteriori molecular docking into a homology
model.l'"™ The linear structure of the (E)-form was benefi-
cial for the achieving an elongated binding mode, while the
steric bulk of the (Z)-form hindered optimal contacts with
the pore.

The level of detail that is provided by the availability of
determined target structures enables more profound com-
parisons between different design approaches. Ellis-Davies
and co-workers used a priori docking calculations to
evaluate two possible modifications of the NMDAR antago-
nist ifenprodil, i.e., photocaging of the phenol group and
attachment of azobenzene via a long linker.'"™! The docking
poses suggested that the both strategies could result in
favorable light-induced effects. The azo-decorated inhibitor
43 was predicted to be (E)-active, because the (Z)-form
showed an unfavorable conformation with potential steric
clashes with the target (Figure 10). However, both isomers
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Figure 10. Docking poses of the (E)-isomer (A) and the (Z)-isomer (B) of compound 43 (yellow) into the NMDAR (gray surface, PDB ID: 3QEL).
Adapted with permission from ref. [101]. Copyright © 2021 Wiley-VCH Verlag GmbH & Co. KgaA.

were found to be completely inactive, whereas the photo-
cage-based design strategy yielded a light-activatable inhib-
itor. Based on these results, the authors concluded that the
photocaging approach is more promising in the context of
NMDAR antagonists. Besides the well-known higher rate of
success of irreversible photopharmacology,®*1%! the addi-
tional polyethylene glycol chain of ligand 43 (presumably
introduced for solubility reasons) was not object of any
comment, although such structural alteration might have
greatly influenced the bioactivity outcome.

Analogously, Decker and co-workers compared the
application of azo-extension and azologization (see section
3.2) for the development of photoswitchable CB,R antago-
nists based on rimonabant.'””! While the azologization
strategy resulted in loss of original affinity and modest
differences between the photoisomers, decorating rimona-
bant with azobenzene after removing a piperidine ring led to
a (Z)-on antagonist (44) with a F(E/Z)>15. A posteriori
molecular docking suggested that its (Z)-form could engage
in hydrogen bonds with Ser123, whereas solvent exposure of
the (E)-form could account for its lower potency (Fig-
ure 11). Such visual evaluation of solvent-exposed hydro-
phobic groups in docking poses is commonly exploited in
structure-based drug design.®!

As an alternative to structure-based approaches, prior
SAR data on closely related modifications are also valuable
for guiding the first phases of design. This is exemplified by
the report of Arndt, Trauner and co-workers on photo-
switchable F-actin modulators.'™ Starting from jasplakino-
lide, a potent inducer of actin polymerization, the choice of
a handle for the azo-attachment was supported by previous
conjugates bearing bulky fluorophores in that position.

Compound 45 showed (Z)-on cytotoxicity, with a F(E/Z) >
10. In an important follow-up characterization, cryo-EM
structures were reported for both isomers (Figure 12).1%
(Z2)-45 (PDB ID: 7AHN) fitted into a cavity in F-actin,
trigging a conformational change that was in agreement with
the results. Moreover, the (Z)-azo bond occupied a similar
region to the hydroxyl group of the parent compound. As an
additional correlation with the biological outcomes, the
complex with the more potent (Z)-isomer was resolved with
better resolution, as opposed to the structure with the (E)-
isomer (PDB ID: 7AHQ). Overall, the binding mode of (Z)-
45 was demonstrated to be highly similar to another actin
stabilizer, i.e., phalloidin. These groundbreaking results
enhance our fundamental understanding of photopharma-
cology and have the potential to guide subsequent structure-
based optimization efforts.

With long spacers, structure-based design proved crucial
for identifying solvent-exposed areas either for at the design
phase (compound 40) or for the interpretation of exper-
imental observations (compound 44). In both cases, the
ligands displayed (Z)-on behavior, because of the unfavor-
able exposure of the higher hydrophobic surface of the (E)-
azobenzene substructure.

3.2. Bioisosteric Replacement

Another strategy in the medicinal chemists’ toolbox for the
design of drug analogs is bioisosteric replacement, which
identifies and exchanges substructures that are sterically or
electronically similar.'™ In photopharmacology, certain
moieties can be replaced with photoresponsive bioisosteres

16a—cis

. 16a - trans

Solvent

E L.t exposed
7
O y in trans
A\ e

Figure 11. Docking poses of the (E)-isomer (red) and the (Z)-isomer (green) of compound 44 into the NMDAR (gray, PDB ID: 5TGZ). Adapted
with permission from ref. [103]. Copyright © 2021 American Chemical Society.
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Figure 12. Crystal structures of F-actin in complex with (E)-45 (magenta, PDB ID: 7AHQ), (Z)-45 (yellow, PDB ID: 7AHN), and phalloidin (cyan,
PDB ID: 6T1Y). Adapted with permission from ref. [105]. Copyright © 2021 Wiley-VCH Verlag GmbH & Co. KgaA.

to enable the optical control of the biological activity of

drugs. When specifically the azobenzene photoswitch is

incorporated into the structure, the bioisosteric replacement
is referred to as “azologization” and the bioisosteres as

“azosteres”.’*)

According to the seminal definition by Thornber,
bioisosteres are evaluated in terms of the following parame-
ters: size, shape, electronic density distribution, polarizabil-
ity, dipole moment, lipophilicity, polarity, and pKa. Gener-
ally speaking, bioisosteric replacement can involve
substructures that play one or more of these roles in a drug:
1. Scaffold: the moiety is a structural element that holds

other functional groups in a certain geometry for optimal

binding to the target. The key parameters of such
substructure are size and shape, and its replacement
belongs to the category of scaffold hopping.!'*11%

2. Molecular interactions: the moiety is a functional element
that interacts with the target. Here, size, shape, electronic
properties, pKa, chemical reactivity and hydrogen bond-
ing are the key parameters.

3. Pharmacokinetics/metabolism: the moiety is introduced
in the parent drug to optimize its ADMET properties,
rendering lipophilicity, hydrophilicity, hydrogen bonding
and pKa the important parameters. If the moiety
specifically contributes to blocking or assisting metabo-
lism, its chemical reactivity is the key parameter.

[107]

With the above classification in mind, we offer a few
considerations on the prospects of bioisosteric replacement
in photopharmacology. Irradiation of E-Z photoswitches
results in distinct structural (i.e., size and shape) and
electronic (i.e., electronic distribution and dipole moment)
changes. Therefore, E-Z photoswitches can serve as scaf-
folds with light-controllable size and geometry (role 1), or as
interacting moieties with photoresponsive size, shape, elec-
tronic properties, and hydrogen bonding (role 2). On the
other hand, the introduction of a photoswitch might be
detrimental to the optimized ADMET of the parent drug
(role 3), especially in the case of azobenzenes. In fact, their
susceptibility to reduction in hypoxic environments has been
also used for azobenzene-containing prodrugs.'""! Molecular
design in photopharmacology often overlooks the role of the
targeted bioisostere, yet we believe that the field would
benefit from a deeper understanding of the structural,

Angew. Chem. Int. Ed. 2023, 202300681 (18 of 62)

functional and pharmacokinetic implications of bioisosteric
replacements.

The introduction of the “azologization” concept by the
Trauner group was grounded on considerations of simple
2D similarity."™ An azobenzene bioisostere (“azostere”)
was defined as a substructure containing two aromatic rings
connected by a two-atom linker, i.e., stilbene, 1,2-diphenyl
ethane, 1,2-diphenyl hydrazine, N-benzyl aniline, benzyl
phenyl ether, benzyl phenyl thioether, biaryl ester, N-aryl
benzamide. In contrast to “classical” bioisosteres, which
comprise simple atoms, groups or ring equivalents, the
azosteres are mostly akin to “nonclassical” bioisosteres,?
because they include more complex substructures with
distinct steric and electronic properties.'’®! A typical exam-
ple of such replacement outside photopharmacology is the
bioisosterism between a carboxylic acid and a tetrazole
moiety.

Subsequently, the Trauner group further expanded the
conceptualization of the approach with 3D data on molec-
ular geometries taken from the PDB and the Cambridge
Structural Database (CSD), as well as with bioactivity data
from the DrugBank and ChEMBL databases.'') To map
the space available for azologization, the dihedral angles of
the C-X-Y-C linkers were used as a criterion to categorize
the ligands into (E)-azologs (around 180°) and (Z)-azologs
(0°). In addition to the dihedral angle comparison, the
authors used the shape similarity of known ligands with their
(E)- or (Z)-azologs to find candidates for azologization (see
sections 3.2.1.1.2 and 3.2.2.1.4). The systems with a gauche
conformation (dihedral angles around 60°) were deemed
less suitable for azologization. In our opinion, this strict
requirement for an ideal (Z)-like geometry dismisses frag-
ments that have great potential for the design of (Z)-on
photoswitchable drugs (see sections 3.2.1.2 and 3.2.2.2), e.g.,
biaryl sulfonamides and N-benzylanilines.

Overall, expansion of the current chemical space avail-
able for bioisosteric replacement in photopharmacology
would require deeper considerations on the conformational
preferences of the azosteres, both as isolated molecules and
in complex with the target. Furthermore, the electronic
similarities should also be evaluated, in terms of, e.g., dipole
moment and electrostatic potential surface.

In accordance with the medicinal chemistry literature,!'”!
we will make an important distinction in this section of the
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review. Since bioisosteres of E-Z photoswitches can play

different roles in the parent compound, their replacement

can affect either the scaffold or the periphery of a ligand:

1. The scaffold is the molecular core that keeps the func-
tional groups in position for crucial interactions (role 1 of
a drug element) and/or is engaged in these interactions
(role 2). Bioisosteric replacements of the core belong to
the well-studied scaffold hopping strategy.!'” "% This is a
high-risk/high-gain approach in photopharmacology, be-
cause structural and electronic changes should have
greater impact on binding. The E-to-Z photoisomeriza-
tion should result in the correct positioning of functional
groups only in one isomer, especially if the compound
has an extended structure.

2. The periphery comprises regions of the drug that form
important additional interactions (role 2) but are not
essential for the pharmacological activity. When the
bioisosteric replacements take place in these parts, they
are examples of the “terminal substitution” strategy.
Such modifications are expected to have less pronounced
effects on the original potency, but also to result in
smaller light-induced differences in bioactivity.

In addition to the above classification, a second distinc-
tion is necessary to outline the intricacies of molecular
design in photopharmacology. Depending on their preferred
conformation, the azosteres can be defined as (E)-like, (Z)-
like or ambiguous. At the design phase, the photoswitchable
analog is often expected to be more potent in one form
based on the similarity between the parent fragment and
this form. With its planar and flat geometry, an (E)-like
azostere can be mimicked by (E)-azobenzene. On the other

Class 1 2

o oo

Figure 13. Classification of azosteres.
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hand, the bent geometry of a (Z)-like azostere is better
approximated by (Z)-azobenzene.®! In some rare cases,
(Z2)-like azosteres also have electronic properties more
similar to (Z)-azobenzene, which has a dipole moment of 3
D compared to the 0 D observed for (E)-azobenzene.*!
Finally, some substructures remain ambiguous in this respect
because they can act as both (E)- or (Z)-like, depending on
their substitution pattern.

Besides the obvious substructure with two aromatic rings
separated by a two-atom linker, less evident azosteres have
also been explored. As we present in the next sections, these
can span from diverse aromatic moieties (such as one-atom
linked systems, biaryls, and fused rings) all the way to alkyl
chains and atypical systems. Inspired by a recent
categorization,"”! we propose to classify the bioisosteric
replacement approaches in photopharmacology as follows
(Figure 13):

e (Class 1: -X-Y- linker;

Class 2: -Z- linker;

Class 3: - linker (single bond);
Class 4: no linker (fused rings);
Class 5: aliphatic chains;

Class 6: atypical systems.

In summary, we categorize here the bioisosteric replace-
ments (Figure 14) depending on the affected region of the
parent drug (scaffold versus periphery), the conformation
and electronic properties of the azostere ((E)-like versus
(Z)-like) and its molecular structure (class 1-6).

5 6
Atypical
/\H:\ systems

Figure 14. Overview of (E)-like and (2)-like azosteres, subdivided into classes 1-6 (see section 3.2 and Figure 13).
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3.2.1. Scaffold Hopping

In general, scaffold hopping appears to be more challenging

for photopharmacological endeavors than terminal substitu-

tions (see section 3.2.2), but it also has the potential to be

more rewarding."'*! Despite the ongoing debate on the exact

definition of scaffolds,® they can be divided into two broad

categories:['"”!

1. A structural scaffold ensures the proper orientation
(“exit vectors”) of the key interacting groups (role 1).

2. A functional scaffold comprises the elements that form
crucial interactions, akin to a pharmacophore (role 2);

The most promising approach for photopharmacology is
arguably the replacement of structural scaffolds (role 1), to
exploit the significant geometrical changes caused by E-Z
photoisomerization. In particular, the differences in end-to-
end distance result in amplified structural changes when the
photoswitch is incorporated in the center of an extended
molecule. At the same time, unsubstituted E-Z photo-
switches are inherently endowed with several pharmaco-
phore features, and can also able to act as functional
scaffolds (role 2). Azobenzene itself has two HBAs in the
azo bond as well as two benzene rings that can form
hydrophobic contacts and n interactions. The ideal strategy
for designing successful photopharmacological agents would
be embedding a photoswitch within the pharmacophore,
exploiting both scaffold roles simultaneously. In addition,
further decoration of the photoswitch with interacting
groups offers the chance to toggle between interacting/non-
interacting orientations of these groups.

3.2.1.1. (E)-Like Scaffolds

(E)-like bioisosteres are endowed with a flat, planar
geometry that resembles (E)-azobenzene, and more gener-
ally (E)-photoswitches. Therefore, scaffold hopping of these
substructures is expected to yield (E)-on photoswitchable
ligands (Table 5).
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3.2.1.1.1. (E)-Stilbene (Class 1)

Even when evaluated solely on the basis of its 2D structure,
stilbene is the most obvious azostere. In fact, -CH= is a
classical bioisostere of —N="2131 and the replacement of a
—CH group with an N atom in (hetero)aromatic systems is
often highly beneficial for multiparameter optimizations.!'"”!
Moreover, stilbene is itself a bistable (P-type) E-Z photo-
switch, which can undergo E-to-Z and Z-to-E isomerizations
only upon irradiation with light (see section 1 and Figure 1).
By contrast, azobenzene is a T-type photoswitch, hence its
introduction in the place of stilbene makes the (Z)-form of
the ligand metastable. As an additional improvement over
stilbenes, azobenzenes are not prone to UV-promoted
electrocyclization, thus lowering the chances of undesired
side-reactions upon photoisomerization. With regard to
hydrogen bonding, the replacement of the -CH=CH- bond
with an —N=N- azo bond introduces two HBA. Overall,
scaffold hopping of (E)-stilbene with azobenzene allows a
robust optical control of biological activity with concurrent
small alterations of the parent ligand. This can be exempli-
fied by the work of Trauner and co-workers, who changed
the (E)-stilbene core of resveratrol into azobenzene for the
structure-based design of (E)-on ATP synthase inhibitor
46.[120]

When there is some discrepancy between the design
hypothesis and the outcome, a posteriori molecular docking
can offer a valuable rationalization, as shown for photo-
switchable inhibitors of sirtuin 2.'* The moderate differ-
ences in potency of compound 47 could be explained by the
unfavorable positioning of the carbamate in a hydrophobic
region. Furthermore, the intrinsic flexibility of the ligand
was probably able to level off the differences. The surprising
(Z)-on inhibition of compound 48 (F(E/Z) of 23) was
tentatively explained with the additional interactions formed
by the (Z)-isomer with Arg97 and Glull6 (Figure 15). The
authors also associated such unexpected light-activation
with the known improvement of aqueous solubility of
azobenzene upon irradiation.'”? Despite their high degree
of similarity, scaffold hopping of (E)-stilbene with azoben-

Figure 15. Docking poses of (E)-48 (A) and (Z)-48 (B) into sirtuin 2 (PDB ID: 4Y6L). The (Z)-isomer engages in two charge-assisted hydrogen
bonds with Arg97 and Glu116. Adapted with permission from ref. [121]. Copyright © 2020 Wiley-VCH Verlag GmbH & Co. KgaA.
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Table 5: Overview of replacements of (E)-like scaffolds.

Entry Compound Target Parent compound Photoswitchable derivative Class®  Ref.
(ligand) (active isomer)

1 46 F,F,-ATP synthase (inhibitor) HO O ! HO N 1 [120]
OH OH
o
Sirtuin 2 o OH o /©/\N)J\O)<
irtuin X H
2a 47 (nbibiton) N2 o Ny 1 [121]
N N
o
o OH HzN)hN’N
Sirtuin 2 \ SN
2 48 (inhibitor) N (?j\/g 1 [121]
N
N
H
o
RARa
N
3 49 (agonist) [:::(j\u)k@\ v \©\ 1 [114]
COOH COOH
~, N
9 y 9y
8 N N
4 50 mGIuR5 (modulator) Ng N/©/ o ¢ Ny N’N/©/ o ¢ 1 [124,125]
|l ] H P
CFs CFs
N
N-N F, N7 N
5 5 CRAC Y SN . N2

(inhibitor) F 4 F,
F o
F.
: QO
6 52 ROCK (inhibitor) I N*‘(N I\ N\\]/N:N 1 [127]

N_R N._R
L L
7 53 5-HT;R (antagonist) N B N7 N 1 [128]
Z
o o
HO HO
8 54 GPCR40 (agonist) " o -
H

1 [129]

CKlou NH

N,
*N
9 55 (inhibitor) NN AN 1 [130]
vl vl
N N N
/k

10 56 mGluR2 (allosteric agonist) 1 [131
O~ "OH O~ OH
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Table 5: (Continued)
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Entry Compound Target Parent compound

Photoswitchable derivative Class® Ref.

(ligand) (active isomer)
E N,
1M 57 5-HT,R (inhibitor) S N 1 [128]
N? | N\> NZ | N\>
Sy Sy
F
NZ N’"NQ\,(H I':
NS I o
12 58 RET kinase (inhibitor) e N ] [134]
o
I
NH; =N
13 59 RET kinase (inhibitor) 1 [135]
14 60 12/15-LOX (inhibitor) 6 [136,137]
15 61 17BHSD3 (inhibitor) 6 [138]

[a] Azostere class: 1-6 (see section 3.2).

zene was only described twice, with one challenging
example.

3.2.1.1.2. N-Aryl Benzamide (Class 1)

N-Aryl benzamide underwent numerous bioisosteric re-
placements in photopharmacology. Replacing this substruc-
ture with (E)-azobenzene exchanges one HBD and two
HBA of the amide linker with two acceptors of the —-N=N—
azo bond. Therefore, substitution with the azo bond is
expected to cause moderate losses of potency compared to
the parent ligand.'"* On the other hand, the amide bond has
a non-zero dipole moment, in contrast to the 0 D dipole
moment of (E)-azobenzene.

Interestingly, the 3D bioisosterism between N-aryl
benzamide and (E)-azobenzene (as well as (E)-stilbene) has
been recognized also outside of the photopharmacology
field, e.g., in the context of minor groove binders for
DNA.I'?! Similar yet deeper considerations on the 3D
structure of bioactive compounds were used for the ligand-
based design of agonist 49 for retinoic acid receptor o
(RAR@).!" Even though this work focused on the shape
similarity of whole ligands, it represents a step toward the
use of pharmacophore screening in photopharmacology.
Rational replacement of the N-aryl benzamide fragment

Angew. Chem. Int. Ed. 2023, 202300681 (22 of 62)

resulted in an (E)-on agonist. Since compound 49 had
already been tested previously without studying its light-
dependent behavior, this bioisosteric replacement also
constitutes an example of photo-repurposing (see section
3.5). Arguably, the rather straightforward structural similar-
ity between (E)-azobenzene and a N-aryl benzamide did not
need such computational analysis.

At times, the parent compound can contain two identical
azosteres that seem equally crucial for binding, as was the
case in the development of ligand 50, a photoswitchable
modulator for metabotropic GluR5 (mGluR5)."* The two
N-aryl amide bridges on both sides of an anisole core were
separately replaced with an azo bond to identify the best site
for azologization. By substituting the N-phenyl picolinamide
with an azopyridine, Gorostiza and co-workers obtained
compound 50, an (E)-on negative allosteric modulator that
was later co-crystallized bound to mGluRS in a follow-up
study.l'®! Analysis of the binding mode of the (E)-isomer led
to the hypothesis that photoisomerization would displace
the azobenzene group from a hydrophobic pocket, disrupt-
ing their shape complementarity.

In addition to the azopyridine described above, multiple
heterocyclic azobenzenes derived from other N-heteroaryl
benzamides. For instance, the bioisosteric replacement of an
N-pyrazolyl benzamide allowed the convenient inclusion of
an azopyrazole into compound 51."*" This inhibitor of

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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calcium release-activated channel(CRAC) showed an un-
expected (Z)-on behavior and a F(E/Z) of 150, which were
not rationalized. Incidentally, the biological results migh
indicate that it is easier to achieve large differences in
potency between photoisomers when the photoswitchable
ligand exhibits activities in the micromolar range (see also
section 3.2.2.1.2). In another heterocyclic azolog, molecular
docking guided the structure-based design of (E)-on kinase
inhibitor 52 through the substitution of N-thiazolyl benza-
mide with an unusual phenylazothiazole."”” Despite being
generally an effective bioisosteric replacement, in rare
occasions the azologization of N-aryl benzamides can also
generate inactive compounds, as in the case of antagonist 53
for the 5-hydroxytryptamine receptor (5-HT;R).["™

3.2.1.1.3. N-Benzylaniline (Class 1)

N-Benzylaniline can adopt both (E)- and (Z)-like
conformations, and N-methylation biases the conforma-
tional distribution toward the (Z)-like (see section
3.2.1.2.2)."% The -NH- group is both a HBD and a HBA,
thus the replacement of the -NH—C-linker with an —N=N—
azo bond causes the overall exchange of a HBD with a
second HBA.

The first example of such scaffold hopping is the
azologization of N-benzylaniline in a G protein-coupled
receptor (GPCR) ligand, which yielded 54, an (E)-on
agonist for GPCR40.'*”! Even though the design was based
on a simple comparison of 2D structures, optical control of
GPCR40 was achieved in HeLa cells. In a second example,
the N-benzylaminopurine core of the CKla inhibitor long-
daysin was replaced with a heterocyclic azobenzene."
Compound 55 underwent reduction in the presence of DTT,
which is a common constituent of assay buffers. Therefore,
irradiation did not result in reversible photocontrol of
biological activity, but it rather promoted the irreversible
conversion to the more potent hydrazine. Altogether,
although N-benzyl anilines are common motifs in medicinal
chemistry,"'¥! their substitution is underrepresented in
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photopharmacology, possibly due to their typical gauche
conformation, which makes successful bioisosteric replace-
ments less straightforward.!!

3.2.1.1.4. Benzyl Phenyl Ether (Class 1)

Dihedral angle analysis indicates that benzyl phenyl ether is
mostly an (E)-like azostere.'"") However, some benzyl ethers
in the azolog space!' have a bent conformation, which
could be exploited for the design of (Z)-on photoswitchable
drugs (see section 3.2.1.2). With respect to hydrogen
bonding, the ether oxygen atom is a bidentate HBA.
Therefore, the replacement of a —O—CH,— linker with the
—N=N- azo bond results in the displacement of two HBA
sites from one oxygen atom to two nitrogen atoms, thus
modifying the spatial orientation of these HBA lone pairs.

As mentioned before, a structural scaffold is responsible
for the spatial arrangement of key interacting groups. The
bioisosteric replacement of such scaffolds with azobenzene
should allow to target particular interactions only in one
form, as recently demonstrated by the Trauner group for
their photoswitchable allosteric mGluR, agonist 56.%* In a
remarkable application of structure-based design, a priori
molecular docking suggested that (E)-56 adopted a similar
binding mode to the parent compound (biphenylindanone
A), while the (Z)-azobenzene scaffold did not place the
carboxylic acid in place for the hydrogen bond with Arg635
(Figure 16). Biological evaluation confirmed this computa-
tional hypothesis, suggesting that targeting an isomer-
specific interaction through a photoresponsive scaffold is a
feasible strategy for significant light-induced effects.

3.2.1.1.5. Benzyl Phenyl Sulfide (Class 1)

Benzyl phenyl sulfide is an underexplored bioisostere of
azobenzene, in line with its lower incidence also in medicinal
chemistry. Nevertheless, the fact that benzyl phenyl sulfide
was introduced into the structure of antibacterial agents in

Figure 16. Docking poses of biphenylindanone A (A), (E)-56 (B), and (Z)-56 (C) into a homology model of mGluR,. In a similar way to the parent
compound, only the (E)-isomer forms a salt bridge with Arg635 and hydrophobic contacts within the binding pocket (green residues). Adapted
with permission from ref. [131]. Copyright © 2021 American Chemical Society.
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place of (E)-stilbene!"*? hints at a certain degree of similarity
between this thioether and (E)-azobenzene. In terms of
hydrogen bonding, the sulfur atom of the thioether linker
has also some unconventional, lesser known HBA
character.®! Hence, replacing a —S—CH,— linker with the
—N=N- azo bond introduces two classical HBA sites. This
scaffold hopping strategy was explored only by the Konig
group for the development of 5-HT;R antagonists.'*
Compound 57 was expected to be (FE)-active based on
considerations of previous docking into a homology model
of the receptor. In addition, this study also reported the
replacement of a N-benzyl amide group with azobenzene
(compound 53). The repacement of benzyl phenyl sulfide
needs to be explored further, as only one candidate was
shown to be active in this study, albeith with no significant
difference between the photoisomers.

3.2.1.1.6. Diarylacetylene (Class 1)

Because it features a linear and rigid linker, diarylacetylene
has a clear shape similarity with (FE)-azobenzene, as
confirmed by several studies reviewed herein. Nevertheless,
some minor discrepancies lie in the length and the spatial
orientation of the —C=C- linker when compared to the
—N=N- azo bond, while the latter contributes two HBA in
terms of pharmacophore features.

As a clear example of the potential of substituting a
structural scaffold, the Grgtli group recently reported the
kinase inhibitor 58, using REarranged during Transfection
(RET) kinase as a model target.'* The replacement of a
core diphenylacetylene with (E)-azobenzene was envisioned

)i, aC-Helix

Hydrophobic
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to produce an (E)-on inhibitor (Figure 17). This structure-
based hypothesis was supported by molecular docking
calculations into a homology model, which suggested that
the (E)-isomer could be more active than the (Z)-isomer
because it formed key hydrogen bonds with the hinge
region. Conversely, the (Z)-azobenzene scaffold placed the
substituents far from these residues. The original hetero-
cyclic head was replaced with a 7-azaindole because of its
excellent hinge-binding and photophysical properties. Enzy-
matic and cellular assays showed that compound 58 was an
(E)-on inhibitor with a F(Z/E) of 17 and 11, respectively.

In addition to their structural role, photoswitches can
also be used as functional scaffolds. By incorporating an
azoheteroarene into the pyrazolopyrimidine core, again
Grgtli and co-workers designed the first photoswitchable
kinase inhibitor 59.11 With a structure-based hypothesis
that was supported by prior docking calculations, the RET
kinase was expected to tolerate only the (E)-form in its
binding pocket. This scaffold hopping led to (E)-on inhibitor
with a F(Z/E) >3, indicating that the substitution of diary-
lacetylene scaffolds with E-Z photoswitches is an effective
approach to design dark-active photopharmaceuticals.

3.2.1.1.7. Atypical Systems (Class 6)

With atypical systems, we refer to bioisosteres that elude
classification in the other five classes because they do not
feature simply two adjacent aromatic rings nor aliphatic
chains. The first bioisosteric replacement of an atypical (E)-
like scaffold was described in 2006 by the Kuhn group.® A
photoswitchable inhibitor of 12/15-lipoxygenase was ration-

Photoswitchable

; pocket UT
Ry Azoheteroarene
()
) ik Allosteric ——— r? ]
[ e i site # Linker PN
P Oﬁ’i“ Ll el _N._ Hydrophabic
‘werH ?}T'O -a Ay Heterocyclic tail
Asp630 | g
DFG motif o7~ head |
(out) N DFG-out trigger

o]

DFG-out binding mode of ponatinib in FGFR4

Photoswitchable DFG-out kinase inhihitor

Figure 17. Structure-based design of compound 58. (A) 2D interaction model of ponatinib in FGFR4 kinase and scaffold hopping of diarylacetylene
with an azoheteroarene. (B) Docking poses of (E)-58 (left) and (Z)-58 (right) into a homology model of the DFG-out RET kinase. Hydrogen
bonding between the headgroup of the inhibitor and the hinge region is predicted exclusively for the (E)-isomer. Adapted with permission from

ref. [134]. Copyright © 2021 The Royal Society of Chemistry.
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ally designed through the substitution of the entire core of
ebselen with the strikingly similar HTT. Manual modification
of a PDB complex followed by simple energy minimization
suggested that the (E)-isomer could overlap with ebselen,
while isomerization to the (Z)-form caused steric clashes
with the target. Although the computational approach was
simplistic and did not take protein flexibility into account,
the (E)-on photoswitchable inhibitor 60 showed an impres-
sive F(Z/E) of 33. A follow-up computational study inves-
tigated the binding of compound 60 in detail, with a
combination of molecular docking, MD, quantum mechan-
ics/molecular mechanics (QM/MM) and molecular mechan-
ics  Poisson-Boltzmann surface area (MM-PBSA)
calculations..”” The (Z)-isomer was predicted to have a
shorter residence time in regions where it could compete
with the ligand for binding. This successful example high-
lights the potential of the scaffold hopping strategy,
especially if only minor modifications are required to make
the core photoresponsive.

A second example of scaffold hopping of an atypical
(E)-like core has been reported very recently for the optical
control of 17B-hydroxysteroid dehydrogenase type 3
(17BHSD3)."*¥1 A series of tetrahydrodibenzazocine inhib-
itors inspired the design of diazocine analogs due to their
striking similarity. Overlap of the the ligand structures
showed that the metastable (E)-isomer could adopt a similar
spatial arrangment to the parent compound, while the out-
of-plane geometry of the (Z)-isomer was different. A priori
docking simulations into a homology model reinforced the
hypothesis that compound 61 would be light-active. Never-
theless, DTT- and glutathione-mediated reduction of the
—N=N- azo bond into a ring-opened dianiline hindered any
application. These results further highlight the possible risks
of introducing azo bonds into bioactive compounds with
regard to ADMET properties (see section 3.2).

3.2.1.2. (Z)-Like Scaffolds

(Z)-like bioisosteres feature a bent geometry that resembles
(Z)-azobenzene. Therefore, scaffold hopping of these sub-
structures is expected to generate (Z)-on photoswitchable
ligands (Table 6).

3.2.1.2.1. (Z)-Stilbene (Class 1)

As mentioned earlier, stilbene is an evident azostere. The
same considerations hold true here, as this replacement
introduces two HBA of the azo bond, which are arguably
more exposed and reachable in the (Z)-configuration. In
contrast to (E)-stilbene (section 3.2.1.1.1), this bioisosteric
replacement involved only cases of scaffold hopping, with
no examples of terminal substitutions. Moreover, all the
following examples revolve around the tubulin polymer-
ization inhibitor combretastatin A-4 (CA-4), which has been
the object of multiple azologization efforts because of its
ideal similarity with azobenzene (Table 6).1%14

Angew. Chem. Int. Ed. 2023, 202300681 (25 of 62)
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With a significantly more potent cis-isomer, CA-4 is a
highly promising starting point for scaffold hopping with
(Z)-azobenzene. In a report that focused on the shape and
electrostatics of the ligands, QM calculations suggested that
CA-4 and its (Z)-azolog have very similar geometry and
charges.” Besides such ligand-based 3D considerations,
another design approach taken by Thorn-Seshold et al.
conceived an analogous core replacement by analyzing 2D
SAR and visually inspecting the binding mode of CA-4 and
colchicine. This approach stemmed from the evaulation
of CA-4 pharmacophore, which required two methoxy-
substituted, aromatic rings in a (Z)-configuration to be
biologically active. Compound 62 has been reported inde-
pendently times by three groups,'*'*! confirming the (Z)-
on character of this cytotoxic inhibitor, albeit with some
variance in the light-promoted activation (F(E/Z) of 35,1
76,41 and >2000"“"). The reproducibility of such scaffold
hopping indicates that it is an obvious but reliable design
strategy for (Z)-on chemotherapeutic agents.

In an effort toward the improvement of compound 62, a
subsequent SAR study evaluated several modifications, but
identified one of them as optimal, i.e., an ethoxy group
instead of a methoxy group.!'* To rationalize the striking
F(E/Z)>550 of compound 63, the binding mode similarity
of (Z)-photostatins and CA-4 was explored by molecular
docking. However, not only the computational results were
not able to provide an explanation of the biological data,
but the docking scores were also improperly treated as
predictions of binding affinities (see section 3.1.2 for our
comments on such practice).

As a different strategy to optimize photoswitchable
tubulin polymerization inhibitors in terms of metabolic
stability and photochemical behavior in aqueous media,
azobenzene was replaced with HTT via an additional scaffold
hopping.? Since the parent inhibitor had a relatively
simple structure, analog design used a rough 2D pharmaco-
phore model. In our opinion, 3D considerations would have
enabled a clearer visualization of the molecular geometries
and the collocation of the substituents. However, the
authors examined the binding mode of tubulin inhibitors in
the colchicine pocket. Guided by SAR data of colchicine-
like binders such as CA-4, they were able to design dark-
active (64, 65) or light-active ligands (66) through the
rearrangement of phenolic and methoxy moieties. Despite
the planarity of both (E)- and (Z)-isomers, the asymmetrical
geometry of HTT enabled to place the substituents as in the
pharmacophore model. Interestingly, this report also intro-
duced the idea of “intentional negative controls” to probe
the SAR understanding in photopharmacology. Three
compounds were intentionally designed to be inactive,
according to the expected requirements for activity. Re-
markably, in vitro and in cellulo assays confirmed the
effectiveness of their design ideas in most cases, with a F(E/
Z) of 4 for compound 64.

A follow-up report took inspiration for the inhibitor
design from indanocine, an analog of colchicine that
contains yet another scaffold, i.e., indanone.'*! Initially,
Thorn-Seshold and collaborators compared the parent CA-4
and HTI with regard to end-to-end distances and the torsion
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Table 6: Overview of replacements of (Z)-like scaffolds.

Entry Compound Target Parent compound Photoswitchable derivative Class® Ref.
(ligand) (active isomer)

e
O //

1 62 Tubulin polymerization (inhibitor) 1 [139-141]
OH
O\
8
2 63 Tubulin polymerization (inhibitor) o O 1 [145]
~ OH
o\
0 B
8
3a 64 Tubulin polymerization (inhibitor) o O 1 [142]
~ OH
o\
/o N
8
3b 65 Tubulin polymerization (inhibitor) o O 1 [142]
~ OH
o\
LU
3c 66 Tubulin polymerization (inhibitor) ° O 1 [142)
~ OH
o\
NH, o
0
4 67 Tubulin polymerization (inhibitor) o _ 1 [143]
OH
/o S
8
5a 68 Tubulin polymerization (inhibitor) o O 1 [147]
> OH
o\
_o
~o
5b 69 Tubulin polymerization (inhibitor) o 1 [147]
OH
N o OH
o
0 S,
6 70 Tubulin polymerization (inhibitor) o )= 1 [144]
O HN__
NH,
N7 Nen
N H N)\\N
7 n E. coli and human DHFR (inhibitor) 2 2 1 [40,148]
COOH COOH
o H/\/\COOH o H/\/\COOH
cl NQ\/@/“%‘)—O CdeX)/N:N
8 72 Lp-PLA, (inhibitor) FaC: : o © FsC o © 1 [116]
COOH COOH

cl Cl
AR NN Now
9 73 rn 2 150
(agonist) @ T @%2\,,” (150}
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Table 6: (Continued)
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Entry Compound Target
(ligand)

Parent compound

Photoswitchable derivative Class® Ref.

(active isomer)

N.
*N
@G@ﬁ
F 2 [151]

10 74 ERa (antagonist) .
HO OH
o\
0 -
NH sy
iy, e
N7 \=
11 75 M; mAChR (antagonist) o O&Lﬁ 4 [152]
N
N
() -
N |
|
[a] Azostere class: 1-6 (see section 3.2).
angle between the aryl rings. Then, the substituents were  another photoswitchable tubulin polymerization

chosen to match the substitution pattern of indanocine. The
necessity of a para-hydroxy group further prevented the use
of azobenzene, as para-hydroxyazobenzenes undergo ex-
tremely fast thermal (Z)-to-(E)isomerization."! After a
thorough SAR exploration, the dark-active compound 67
was obtained as a complementary tool for the study of
tubulin inhibition.

To further expand the toolbox available for the optical
control over the microtubule cytoskeleton, a third round of
scaffold hopping led to the recent implementation of
styrylbenzothiazole in CA-4 analogs.*”! This photoswitch is
geometrically similar to azobenzene but it features a bulkier
benzothiazole ring on one side. At the design stage, the
authors envisioned that this ring could mimic either of the
two methoxy-containing benzene rings of CA-4. Such
strategy resulted in (Z)-on derivatives 68 and 69, with a F(E/
Z) of 20. The intentional negative controls were designed by
permuting the substituents to double-check their hypothesis
(Figure 18A), following a smart method introduced by this
group earlier (vide supra).'"*? X-ray crystal structures (PDB
IDs: 6ZWC and 6ZWB) demonstrated the perfect overlap
between the novel benzothiazole and the parent benzene
rings in the binding pocket of tubulin (Figure 18B).

With the most recent study in this series of sequential
scaffold hoppings, the Thorn-Seshold group developed

SO e g

OMe
CA4: X=CH
Z-PST1: X=N

SBTub1 SBTub2
North-Ring Replacements

‘ | oMe o |
X OMe s
il |
MeO OMe OMe @ —> N @ N @
OMe OMe O

SBTub3
South-Ring Replacements

inhibitor.'"*! After styrylbenzothiazole, the authors inves-
tigated a pyrrole HTI scaffold, which has great potential for
photopharmacological applications. In fact, this photoswitch
is responsive to light of bio-compatible wavelengths, and
shows quantitative photoisomerization in both directions.
Furthermore, it is resistant to reduction by glutathione. The
compounds were rationally designed to place an ethyl
instead of a methoxy substituent as a spacefilling group in
the binding pocket. Antiproliferative assays confirmed such
hypothesis and determined a F(E/Z) > 10 for derivative 70.
Overall, the work by Thorn-Seshold offers a successful
example of “photoswitchable scaffold hopping”. Over the
years, several combinations of photoswitchable scaffolds
were explored, guided by the spatial arrangement of the
methoxy and phenolic groups of CA-4 and colchicine.

3.2.1.2.2. N-Benzyl-N-Methylaniline (Class 1)

Although CSD and PDB structural queries indicated that N-
benzylanilines can feature both (E)- and (Z)-like
conformations," we found that N-methylation biases the
conformational distribution toward the (Z)-like form.!"
Almost all entries in the PDB were embedded in the core of
methotrexate, a dihydrofolate reductase (DHFR) inhibitor

SBTub4

; A} .
N\

Figure 18. Scaffold hopping of (Z)-azobenzene with styrylbenzothiazole. (A) The inhibitors were designed to mimic the CA-4 pharmacophore in
their (Z)-form, while the intentional negative controls (transparent structures) were designed to mismatch it (red circles). (B) Binding mode of (2)-
68 (green, PDB ID: 6ZWC) and (2)-69 (yellow, PDB ID: 6ZWB) superposed with CA-4 (orange, PDB ID: 5LY}). Adapted with permission from

ref. [147]. Copyright © 2021 Elsevier Ltd.
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that inspired the following examples of scaffold hopping. On
the other hand, such moiety has not been involved in cases
of terminal replacement, so far.

The potential of N-benzyl-N-methylaniline as a (Z)-like
core was recognized in two identical molecular designs of
photoswitchable DHFR inhibitors (compound 71). With the
Escherichia coli (E. coli) enzyme as target, visual inspection
of the protein-ligand complex (PDB ID: 4P66) suggested
that the bent geometry of the parent scaffold would support
the replacement with (Z)-azobenzene.*! Compared to the
linear and extended (E)-azobenzene, the (Z)-isomer showed
an excellent overlap with the binding conformation of
methotrexate. In fact, the inhibitor contains a heterocyclic
variation of N-benzyl-N-methylaniline, with a pyrazine
(belonging to a pteridine ring) in the place of the benzyl
substituent. The azologization of such system required its
simplification to quinazoline ring for synthetic accessibility,
together with the substitution of the —CH,—N(CHj,)— linker
with an -N=N-— azo bond. The authors tested in vitro their
rational, structure-based hypothesis, which resulted in the
light-activatable DHFR inhibitor 71 with a F(E/Z) of 13.

In a slightly earlier report, the Gorostiza group designed
an identical photoswitchable inhibitor (71) for human
DHFR through a more detailed structure-based strategy.“”
Using the same assumptions as in the previous report of the
same compound, the bent shape of the N-aryl-N-benzylani-
line group in methotrexate was anticipated to be mimicked
only by (Z)-azobenzene. Molecular docking calculations
further supported the striking similarity between the binding
modes of (Z)-71 and methotrexate (Figure 19), albeit with
inaccurate comparisons of docking scores (see section 3.1.2
for a discussion on this practice). The azolog (named
“phototrexate”) proved to be a (Z)-on inhibitor that was
effective in vitro, in cellulo and in vivo on zebrafish larvae.

3.2.1.2.3. Biaryl Sulfonamide (Class 1)

Biaryl sulfonamide is an underrepresented yet promising
(Z)-like azostere. In fact, this substructure shows poor shape
similarity with (E)-azobenzene,' while its bent geometry is
more similar to (Z)-azobenzene.['! Furthermore, the magni-
tude (~6 D) and the direction of the dipole moment of
biaryl sulfonamide are better mimicked by (Z)-
azobenzene.'! In terms of hydrogen bonding capacity, the
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—SO,NH- linker features two sulfonyl oxygens (i.e., two
bidentate HBAs) and one nitrogen atom (i.e., a HBD).
Thus, their replacement with two HBAs of the -N=N- azo
bond is expected to cause a decrease in potency.

The only example of such scaffold hopping was
described by our group.® First, CSD and PDB data
indicated that biaryl sulfonamides and (Z)-azobenzenes
have similar distributions of centroid angles and ring
distances. Additionally, DFT calculations revealed their
electronic similarity with regard to dipole moments and
electronic potential surfaces. To examine the bioisosteric
replacement of a biaryl sulfonamide core, we chose an
inhibitor of lipoprotein-associated phospholipase A, (Lp-
PLA,). A priori IFD and MD calculations suggested that the
bent (Z)-isomer of azolog 72 would mimic the binding mode
of its template compound, as opposed to the linear (E)-
isomer. Nevertheless, (Z)-72 did not engage in the key
hydrogen bonds formed by the sulfonamide bridge with the
oxyanion hole of Lp-PLA,. Such predictions were confirmed
experimentally, as compound 72 showed a F(E/Z)>10 but
also a 100-fold lower potency than the parent inhibitor.
Since the biaryl sulfonamide moiety interacted with buried
residues of the target, its azolog suffered a larger loss of
activity. Concurrently, a larger difference in activity between
the photoisomers was achieved, suggesting that a (Z)-like
substructure was strictly required for biological activity.
Overall, ligand- and structure-based considerations offered
critical insights on the azologization of a biaryl sulfonamide
scaffold (for its terminal substitution, see section 3.2.2.2.1).

3.2.1.2.4. Diarylamine and Diarylmethylene (Class 2)

The bioisosteric replacement of two aromatics linked by a
one-atom bridge is extremely rare in photopharmacology,
both in the scaffold and at the periphery. However, we
believe that especially diarylamines and benzophenones (see
section 3.2.2.2.2) might be a source of inspiration for the
rational design of (Z)-on ligands, because the two facing
aryl rings have an intrinsically (Z)-like arrangement.[1%%1%]
An unusual 2D azologization of a diarylamine substruc-
ture led to the light-dependent modulation of alpha-2
adrenoreceptor (0,-AR).[" Starting from the known adre-
nergic agonist clonidine, the —NH-— nitrogen linker was
replaced with an —-N=N- azo group, while the parent cyclic

AP

Figure 19. Docking poses of (E)-isomer (blue) and (Z)-isomer (purple) of compound 71 into human DHFR, compared to the experimental binding
mode of methotrexate (PDB ID: 1U72). Adapted with permission from ref. [40]. Copyright © 2018 American Chemical Society.
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amidine was converted into its aromatic counterpart, i.e.,
imidazole. In accordance with their ligand-based hypothesis,
Gorostiza and co-authors obtained the (Z)-on adrenergic
agonist 73, which enabled in vivo optical control of
locomotion in zebrafish and pupillary responses in mice.

On the other hand, diarylmethanes defy a more rigid
categorization, as they were shown to be both (Z)- and (E)-
like azosteres. Using a scaffold hopping strategy, the —C—
methylene linker of a estrogen receptor o (ERa) antagonist
was replaced with an -N=N- azo bond."* Such replacement
implied the introduction of two HBA in the place of a
lipophilic bridge, resulting in compound 74, a (Z)-on ERa
ligand, with a F(E/Z)>4. In this case, the presence of two
additional substituents on the methylene linker probably
increased the (Z)-like character of this otherwise (E)-like
bioisostere (see section 3.2.2.1.6).

3.2.1.2.5. Atypical Systems (Class 6)

Atypical tricyclic azosteres were explored very recently for
the first time, during the development of photoswitchable
antagonists of M; mAChR.™ The design stemmed from a
ligand-based hypothesis, i.e., the shape similarity between
(Z)-azobenzene and the fused tricyclic scaffold of pirenze-
pine. Such hidden bioisosteric replacement was termed
“crypto-azologization”, because a bond needed to be broken
to carve the (Z)-like azostere out of the scaffold (Figure 20).
In addition to the 3D overlap of substructures, the authors
performed molecular docking studies into M; mAChR to
explore the scaffold hopping in silico. The computational
results revealed that the (Z)-form adopted a binding mode
comparable to pirenzepine, with the same end-to-end
distance. On the other hand, only flipped poses were
obtained for the planar (E)-form, conflicting with antago-
nism activity. This innovative design strategy resulted in the
(Z)-on antagonist 75, which displayed a 200-fold lower
potency than the parent compound. We speculate that such
a large decrease in activity might be due to a higher entropic
cost for the binding of compound 75, as compared to
pirenzepine with its conformationally preorganized tricyclic
core.

X-Y,
O\ZD
O = (hetero)aromatic (5 or 6 terms)

X, Y, Z = independentlyC,N,O, S
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3.2.1.3. Ambiguous, (E/Z)-Like Scaffolds

Ambiguous  bioisosteres  (i.e., biaryl, naphthalene,
phenanthrene, adamantyl) can be regarded as both (E)- and
(Z)-like, depending on their substitution pattern. As a result,
scaffold hopping can potentially generate both (E)- and (Z)-
on photoswitchable ligands. While terminal substitution of
these ambiguous substructures is more common (see section
3.2.2.3), only one example involved them as scaffolds. In this
case, the naphthalene core of histamine H; receptor (H;R)
antagonists was replaced with azobenzene.*®! After prepar-
ing a library of compounds, the Leurs group identified two
ligands with the largest light-induced changes in affinity. In
line with the spatial arrangement of substituents on the
parent 2.6-naphthalene scaffold, the biological results
showed a clear dependency on the pattern of the di-
substituted azobenzene core. Whereas the para-meta com-
pound (76) was (FE)-active, the meta-meta compound (77)
showed (Z)-on antagonism. A posteriori docking and
subsequent MD calculations aided the interpretation of such
opposite effects in terms of solvent exposure of apolar
surface areas and conformer focusing™* (Figure 21). One of
the two photoisomers displayed higher H;R affinity when it
was predicted to bury the hydrophobic region of the binding
site. Concurrently, a lower affinity was observed when the
isomer had reduced conformational freedom upon binding.
Despite the ambiguous nature of the naphthalene core, a
detailed computational analysis facilitated the rationaliza-
tion of the observed H;R modulation.

3.2.2. Terminal Substitution

Bioisosteric replacements at the periphery of drug structures
are likely to be more tolerated but are concurrently likely to
result in smaller differences between the photoisomers. In
other words, there is often a trade-off between preservation
of original potency and amplitude of light-induced changes
in potency.

3.2.2.1. (E)-Like Bioisosteres
(E)-Like bioisosteres have been the object of terminal
substitutions with E-Z photoswitches (Table 7) much more

frequently than (Z)-like bioisosteres (see section 3.2.2.2 and
Table 8). In the context of the classical azosteres (i.e., two

g0
s

—p
jromm—

Figure 20. 2D structure of a generic fused tricyclic scaffold, and 3D superposition of (E)- and (Z)-azobenzene (orange) scaffold onto such tricyclic
core (gray). Adapted with permission from ref. [152]. Copyright © 2021 American Chemical Society.
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Figure 21. Scaffold hopping of the naphthalene core (green) of a H;R antagonist. Predicted binding poses of compounds 76 (A) and 77 (B).
Adapted with permission from ref. [153]. Copyright © 2018 American Chemical Society.

aromatic rings separated by a two-atom linker), this bias
toward (E)-like substructures was also supported by the
higher frequency of azosteres with (E)-like dihedral angle
distributions.!"

3.2.2.1.1. Aza-Stilbene (Class 1)

Aza-stilbene has the closest similarity to (E)-azobenzene. In
fact, this classic bioisosteric replacement requires the
substitution of only one carbon in the -CH=N- linker, thus
introducing one HBA with the nitrogen atom. In line with
the scarse representation of aza-stilbenes in bioactive
ligands, only in one study such moiety was replaced with
azobenzene for the design of photoswitchable inhibitor 78,
targeting AChE.['"! To amplify the light-induced changes in
end-to-end distances, the authors also repeated the flexible
alkyl chain on the other side of the photoswitch. In the dual
inhibitor 130, azobenzene is better defined as a linker (see
section 3.4). Both design approaches led to a mixed library
of (E)- and (Z)-on inhibitors, although the parent compound
was in its (E)-form.

3.2.2.1.2. (E)-Stilbene (Class 1)
After the rare aza-stilbene, (E)-stilbene is the most evident

bioisostere of azobenzene, as discussed earlier (see section
3.2.1.1.1). The obvious similarity between (E)-stilbene and

Angew. Chem. Int. Ed. 2023, 202300681 (30 of 62)

(E)-azobenzene was exploited for example in the ligand-
based design of photoswitchable AChR antagonist 79.0°¢!

Going beyond 2D considerations, structure-based design
allows for more informed hypotheses and more meaningful
interpretations. Existing crystallographic data of the protein-
ligand complex guided the design of compound 80, a
photoswitchable inhibitor of the human serotonin trans-
porter (hSERT).'"” Although such ligand was devised by
azologization of the (FE)-stilbene of escitalopram, it was
counterintuitevely activated with light, resulting in an
impressive F(E/Z) of 43. A posteriori IFD calculations
suggested that the (Z)-form resembled the binding mode of
the parent compound in 75 % of the predicted poses, while
that was the case only for 32 % of (E)-poses (Figure 22).

To prevent unexpected outcomes, hypotheses can be
initially evaluated in silico, as reported in the structure-
based design of light-controlled modulator 81 for the
farnesoid X receptor (FXR)."® A priori molecular docking
indicated that the (E)-isomer could approximate the parent
binding mode better than the (Z)-isomer. Pharmacological
evaluation confirmed the (E)-on agonism profile of the
photohormone, which showed a high F(Z/E) of ~100 (dark
ECs=1.1 uM, irradiated ECs,=95 uM). As we already
commented (see section 3.2.1.1.2), such large differences in
potency seem more likely to emerge from photoswitchable
ligands that are active in the high-micromolar range. In
general, terminal substitution of (E)-stilbenes is a straight-
forward yet effective strategy for the rational design of (E)-
on photopharmaceuticals.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 7: Overview of terminal replacements of (E)-like bioisosteres.
Entry Compound Target Parent compound Photoswitchable derivative Class® Ref.
(ligand) (active isomer)
AChE
! 78 (inhibitor) ! (1531
2 79 MAChR 1 [156]
(agonist)
hSERT
3 80 (inhibitor) ! (157]
FXR
4 81 (agorist] 1 [158]
Sirtuin 2
5 82 (inhibitor) ! (121]
EAAT2
6 83 (inhibitor) ! (159
GltTk [160,
7 84 (inhibitor) ! 161]
N N
Nay o\/©M L_o N, L_o
8 85 (blocker) ©/ ©/ N 1 [54]
GABA,R o { )=NH o ,NWNH o
9 86 . ¢~ N-N ¢ ) N-N 1 nez|
(antagonist) oH \—/_<0H
o
FiC N\\Nr's‘v
GLP-1R g
10 87 (modulator) ! [164)
: Noy
GlyT2 Q“ NcN/@
noo (inhibitor) N ocH, ! (163]
! o
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Table 7: (Continued)
Entry Compound Target Parent compound Photoswitchable derivative Class® Ref.
(ligand) (active isomer)
v o
LTA,H H
12 89 (inhibitor) V<)/o J@/o 1 [114]
o N,
& o
PPARY Y Y N
13 % (inhibitor) “"mcl HN_ I 1 [166]
o o
14 91 HR X N ©\N“N N, 1 [167]
(agonist) O ) N
NH
NH
e e
N
15 92 NMDAR . o o N 2 [169]
(antagonist)
cl N0 cl N0
H H
o o
Sh Sh
N N
GAT H H
6 93 (inhibitor) O i l 2 [171]
¢ ey
o
0 OP‘N
o
17a 94 LasR S N N o H N 5 [173]
(activator) g H N* \©
17b 95 LaSR NW Q\N 5 [173]
(activator) o H o H
o o Non
LasR P o o OQ‘N
18 96 (activator/ NJMV\ o H 5 174]
inhibitor) o H
19a 97 CBR 5 [175]
(agonist)
CB,R
19 98 (agonist) 5 [175]
S1PR
20 » (agonist) 5 [176]
21 100 Lipid rafts 5 [177]
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Table 7: (Continued)
Entry Compound Target Parent compound Photoswitchable derivative Class® Ref.
(ligand) (active isomer)
oM
o
Hoéﬁ
HO o
OH
------ NH o o
HO o Hoé \
~1OH
Ho [
------ “NH
HO 0o
“1OH
CD1d and
2 10 NKT cell 5 [178]
receptor
activator
(activator) !
N

[a] Azostere class: 1-6 (see section 3.2).

Figure 22. IFD poses of (Z)-isomer (A) and the (E)-isomer (B) of compound 80 (light gray) into hSERT (PDB ID: 5171), superposed with the co-
crystallized parent inhibitor, escitalopram (dark gray). Adapted with permission from ref. [157]. Copyright © 2020 American Chemical Society.

3.2.2.1.3. N-Aryl Benzamide (Class 1)

For general comments on N-aryl benzamide substructure,
see section 3.2.1.1.2. Along with scaffold hopping endeavors,
also terminal azologization of N-aryl benzamides is a
popular strategy in photopharmacology and it has generated
several photoswitchable ligands for a variety of targets.

In line with its planar geometry, the substitution of an N-
phenyl benzamide moiety enabled the design of the sirtuin 2
inhibitor 82" and of two strongly related, dark-active
glutamate transporter inhibitors, 83> and 84.1! In a recent
follow-up study by our group, the binding modes of both
photoisomers of compound 84 were elucidated by X-ray
crystallography (PDB ID: 6ZLH for the (E)-isomer; PDB

Angew. Chem. Int. Ed. 2023, 202300681 (33 of 62)

ID: 6ZL4 for the (Z)-isomer).'""! The experimental data
suggested that compound 83 is an (E)-on inhibitor (with a
F(Z/E) of 3.6) probably because of an additional hydrogen
bond between the azo group and the backbone amide of
Gly360 (Figure 23). These pioneering results are of vital
importance for photopharmacology, as they provide key
insights on the light-induced differences in binding at the
molecular level.

3.2.2.1.4. Benzyl Phenyl Ether (Class 1)

In addition to one successful example of scaffold hopping
(see section 3.2.1.1.4), bioisosteric replacement of benzyl

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Table 8: Overview of terminal replacements of (Z)-like bioisosteres.

Entry Com- Target Parent compound Photoswitchable derivative Class® Ref.
pound (ligand) (active isomer)
H H
V600E 9 H QP J/;\N/\‘E?N N Q! /\N | F:‘N
1 102 BRAF el N b v N b 1 [179]
(inhibitor) @ E / @ E /
o

o)
HO.\ A~ q\S'IS)NH HO\HKA@N:N
HDAC2 i
2 103 (inhibitor) [ j ! el

o o] FF
H\N H\N ; 2
3 10e SR Yo O 1w N F 2 (80
(stabilizer) o) \©

F
i )L\/@N:N
O
4 105 RPVI - E,J\m /]@AH 5 [181]
(agonist) HO

[0}
g e el
5106 st g e o . 5 [182]

miorand Wty S
Y o — ;"0 o
6 107 Hippo oY /\l/\

(agonist) 0\(\/\/:/\/\/\/\/\ Om

5 [183]

o
HO o Hoj/\OJ\/\CL
7 108 LPAIS jﬂ o N 5 [184]

H —_— I _OH n
(agorist) > o o N
o=P OH
OH
H H
(o) NH _N N,
KATP Y SO S NTN'“O
8 109  channel N_o 00 o 00 o 6 [185]
(blocker) 5=\§ I/Nj
~o
o H
HDAC HO. J\/\/\/\IrN o
N
9 110 (inhibitor) N I \© HO\HJ\/\©\© 6 [68]
NN
o H o \N—';l
HO. N
10 HDAH NM HO.y 7 /ﬁ)\ 6 [186]
(inhibitor) H o H N
NZ
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Table 8: (Continued)
Entry Com- Target Parent compound Photoswitchable derivative Class® Ref.
pound (ligand) (active isomer)
(o}
>\‘\s Nen
o) )Nj) HN
PPARY s O z O
noon2 (agonist) HNY\/©/ I 6 [166]
o

[a] Azostere class: 1-6 (see section 3.2).

A i

Figure 23. X-ray structures of the (E)-isomer (A, PDB ID: 6ZLH) and the (Z)-isomer (B, PDB ID: 6ZL4) of compound 84 bound to the glutamate
transporter homologue from Thermococcus kodakarensis (Glty,). Hydrogen bonds are depicted as black dashed lines. Adapted with permission from

ref. [161]. Copyright © 2021 American Chemical Society.

phenyl ether generated (E)-on ligands in almost all cases
involving the periphery. Moreover, this substructure in-
spired the first application of the azologization strategy. In
fact, with a fundamental contribution to rational design in
photopharmacology, Trauner and co-workers introduced the
term “azologization” in the literature and provided the first
definition of “azosteres” using exactly this approach.k"
Replacing the benzyl phenyl ether tail of fomocaine with
azobenzene yielded compound 85, an (E)-on photoswitch-
able blocker for voltage-gated Na® channels (Nay), which
enabled the optical control of action potential firing of
mouse hippocampal neurons.

A similar design approach led to the development of
other (E)-on ligands: compounds 86, antagonist of the
GABA,R!" 87, glycine transporter T2 (GlyT2)
inhibitor,"*! and 88, allosteric modulator for glucagon-like
peptide 1 receptor (GLP-1R).™* In a follow-up report on
compound 88, it was envisioned that because benzyl phenyl
ether is flexible, structural preorganization in an (FE)-like
conformation might give a boost in activity.'” Therefore,
the above-mentioned azolog was subjected to a further
substitution of the azo bond into an olefinic bond. This
approach represents a great example of intercommunication
between medicinal chemistry, photopharmacology and back
to medicinal chemistry again: photopharmacological insights
supported the design of a tool that was not light-responsive,
but had improved potency compared to the original
compound.

Angew. Chem. Int. Ed. 2023, 202300681 (35 of 62)

Besides suggesting a scaffold hopping strategy on N-aryl
benzamide for compound 52 (see section 3.2.1.1.2), 3D
overlap of promising azosteres prompted the terminal
substitution of benzyl phenyl ether for 89 (Figure 24)."
Such rare 3D-aware azologization resulted in an (E)-on
inhibitor of leukotriene A4 hydrolase (LTA,H). However,
the definition of an azolog space provided little additional
knowledge, because it led to the identification of already
known azosteres, such as N-phenyl benzamide and benzyl
phenyl ether.

Moving from ligand- to structure-based approaches, a
priori molecular docking guided the design of compound 90,
a modulator for peroxisome proliferator-activated receptor y
(PPARY).['! Trauner and co-workers left the polar head-
group unchanged and replaced the benzyl phenyl ether in an
aromatic tail that affects function and potency of the ligand
(effector module). Such terminal substitution resulted in a
lack of biological activity, whereas better outcomes were
obtained by replacing a more extended hydrophobic group
(see section 3.2.2.2.4). Except for the last case, benzyl phenyl
ether is an established azostere for rational photopharmacol-
ogy, whether at the core or at the periphery of a bioactive
compound.
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Figure 24. (A) Dihedral angle distribution from the CSD and the PDB for benzyl phenyl ethers and azobenzenes. (B) 3D overlap of template
compound (gray) and (E)- and (Z)-isomers of azolog 89 (yellow). Adapted with permission from ref.[114]. Copyright © 2019 American Chemical

Society.

3.2.2.1.5. Diarylacetylene (Class 1)

The only example of terminal substitution of a diphenylace-
tylene moiety was reported for the development of photo-
switchable agonists for the human H;R.'! The SAR-
informed design kept the key imidazole core and replaced
the flanking diphenylacetylene group with azobenzene, as
the strict requirements for this side chain suggested that any
deviation could greatly influence the original potency. The
lead compound 91 displayed (E)-on agonism, with a F(Z/E)
of 20. Both scaffold hopping (see section 3.2.1.1.6) and
terminal bioisosteric replacement of diarylacetylene with
azobenzene proved to be effective strategies for the design
of (E)-on photoswitchable ligands.

3.2.2.1.6. Diaryl Ether and Diarylmethylene (Class 2)

Azologization of aromatic systems that feature two rings
and a one-atom linker is still an atypical strategy in photo-
pharmacology. In contrast to diarylamines (see section
3.2.1.2.4) and benzophenones (see section 3.2.2.2.2), diaryl
ethers and diarylmethylenes appear more suitable as (E)-
like bioisosteres. For instance, diaryl ether has been
reported as a convenient bioisostere of (E)-stilbene."® The
only photopharmacological example involved the replace-
ment of a diaryl ether with azobenzene to generate 92, an
(E)-on antagonist of NMDARs."®) Although diaryl ether is
widely used in medicinal chemistry,!'™ its underexplored
azologization deserves more attention and could provide
great inspiration for the design of dark-active photoswitch-
able ligands.

By contrast, substituting diarylmethylene moieties can
lead to variable outcomes, depending on the steric bulk on
the methylene bridge (see section 3.2.1.2.4). With a ligand-
based strategy, photoswitchable inhibitors of GABA trans-
porters were designed through the azologization of an
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diarylmethylene with an unsubstituted —CH,— linker."""! To
screen different designs, the authors explored ortho-, meta-,
and para-substituted azobenzenes as well as a larger
naphthyl outer ring. The most potent derivative was the
naphthalene-containing 93, which showed (E)-on inhibition
of murine GABA transporter 1 (GAT1). Taking the results
from scaffold hopping (see section 3.2.1.2.4) and this
terminal replacement into account, it appears that an aryl-C-
aryl substructure is a (Z)-on azostere when it features a
—C(XY)- linker, while it is an (E)-on azostere with a —CH,—
linker.

3.2.2.1.7. Saturated Aliphatic Chains (Class 5)

Aliphatic chains are somewhat surprising azosteres, because
they do not include any aromatic rings. However, it is their
lipophilicity that makes them appropriate for replacement
with the hydrophobic azobenzene, in spite of the cost in
terms of flexibility loss. The classification of saturated
aliphatic chains as (E)-like azosteres is not obvious, except if
they are compared to unsaturated chains (see section
3.2.2.2.3). The bioisosterism between aliphatic chains and
azobenzene was recognized as early as 1971, in one of the
first photopharmacological studies by Erlanger and co-
workers.!"” They obtained compound 127, an (E)-on agonist
of muscle-type nicotinic AChR (nAChR), by replacing the
alkyl spacer of decamethonium with an azobenzene (see
section 3.4).

The lipophilic character of azobenzene inspired more
recent efforts to substitute aliphatic chains. A representative
case is the design of photoswitchable quorum sensing
autoinducers, through the azologization of the saturated
alkyl chain of an analog of N-butyryl-L-homoserine
lactone."”! Bioluminescence activity assays indicated that a
methylene bridge between the lactone head group and the
photoswitch influenced the light-dependent behavior. While
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the absence of such methylene bridge generated the (E)-on
inducing agent 94, its presence led to the (Z)-on compound
95. In a follow-up study, the alkyl chain of a slightly different
autoinducer, N-3-(oxo-dodecanoyl)-L-homoserine lactone,
was replaced with an azobenzene moiety, exploring different
lengths of an hydrophobic tail in the para position."’!! The
screening of this parameter proved to be crucial, as 96
showed an astonishing F(E/Z)>700 on LasR, due to an
optimal four-carbon-atom tail. Remarkably, further charac-
terization revealed that in reality this derivative is an
efficacy switch, displaying opposite behaviors (quorum-
sensing inhibition versus activation) before and after irradi-
ation.

In the examples described above, the bioisosteric
replacement of aliphatic substructures produced a mixture
of (E)- and (Z)-on ligands, with no attempt to rationalize
the light-induced changes. However, computational methods
can provide valuable insights into the reasons behind
experimental observations, as demonstrated by the following
report on CB,R agonists.'"™ Starting from the alkyl group of
A’-tetrahydrocannabinol, ~ structure-based considerations
aided the design of photoswitchable derivatives. By explor-
ing different regioisomers, the authors found that the
substitution pattern of the azobenzene moiety affected the
activity. Whereas compound 97, bearing a meta-substituted
azobenzene, was a (Z)-on agonist, the ortho-substituted 98
was determined to be an (E)-on ligand. The interpretation
of these results was based on the spatial arrangement of
azobenzene in molecular docking calculations. The active
isomers occupied the same hydrophobic channel as the
aliphatic chain of the co-crystallized CB;R agonist (Fig-
ure 25). The only weak point of this computational ration-
alization lies in the problematic comparison of docking
scores, which are known not to be suitable for this type of
discussion (see section 3.1.2).[808%84

Arguably, the azologization of aliphatic groups offers the
most interesting outcomes when applied to photoswitchable
lipids. The body of work of the Trauner group clearly proves
the potential of this branch of photopharmacology. An
illustrative case may be found in the design of compound 99,
azolog of sphingosine-1-phosphate (S1P), which was inspired
by the fact that S1P receptor (S1PR) activation depends on
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sphingoid base chain length."” To maximize the changes in
length upon irradiation, the azobenzene photoswitch was
incorporated in the center of the lipid tail. Interestingly,
compound 99 was determined to be either an (E)-on or a
(Z)-on agonist, depending on the S1PR subtype. A posteriori
docking into homology models suggested that interactions
between the polar headgroup and the receptor play a critical
role in the activation.

Finally, a distinct approach is exploiting the structural
differences between saturated and unsaturated aliphatic
chains. In fact, bioisosteric replacement with azobenzene
allows the geometry of a lipid tail to be toggled between
linear (saturated chain and (E)-azobenzene) and bent
(unsaturated chains and (Z)-azobenzene). This is exempli-
fied by the development of the sphingolipid ceramide azolog
100"7 and of the photoswitchable galactosylceramide
101" However, such strategy was shown to give more
predictable and consistent results when unsaturated, (Z)-
like aliphatic chains are targeted as bioisosteres of E-Z
photoswitches (see section 3.2.2.2.3).

3.2.2.2. (Z)-Like Bioisosteres

With their bent geometry, (Z)-like bioisosteres are suitable
candidates for terminal substitution with (Z)-photoswitches
(Table 8). Despite their less frequent application, such
substitutions are highly promising for the rational design of
(Z)-active ligands.

3.2.2.2.1. Biaryl Sulfonamide (Class 1)

The azostere character of biaryl sulfonamide was discussed
in detail earlier (see section 3.2.1.2.3). When a ligand
features more sites amenable to bioisosteric replacement
with azobenzene, it is always advisable to visually inspect
the protein-ligand complex (if available). In the structure-
based design of BRAFY®™F inhibitors by our group, the
parent compound contained both an amide and a sulfona-
mide linker.'” While azologization of N-aryl amides usually
generates (E)-on ligands (see section 3.2.1.1.2), a (Z)-on

Figure 25. Docking poses for (Z)-97 (A) and (E)-98 (B) into CB,R (PDB ID: 5XRA). The azobenzene moieties fill a hydrophobic subpocket,
overlapping with the co-crystallized alkyl chain (orange). Adapted with permission from ref. [175]. Copyright © 2017 American Chemical Society.
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inhibitor was expected after azologization of biaryl sulfona-
mide, because of its bent conformation observed in the
bound state. Compound 102 displayed a substantial F(E/Z)
of 10, which could be rationalized by a striking overlap
between the docking poses of the (Z)-form and the parent
inhibitor.

The high degree of similarity between (Z)-azobenzene
and biaryl sulfonamide was further studied by us, as
discussed earlier (see section 3.2.1.2.3).1"®! Besides perform-
ing scaffold hopping on a Lp-PLA, inhibitor (72), we also
designed an azolog of belinostat (103) by replacing a
terminal biaryl sulfonamide that was not directly involved in
important interactions. The latter photoswitchable deriva-
tive was confirmed to be a (Z)-on HDAC2 inhibitor, with a
F(E/Z) of 2 and a 12-fold decrease in potency compared to
belinostat. In this case, the sulfonamide moiety served only
as a solvent-exposed linker to guarantee optimal contacts
between the capping group and the target. Thus, 103 showed
a smaller loss of original activity, with a less distinct
difference between photoisomers, as compared to 72. The
biological results of both design strategies suggested that the
pharmacophoric role of the biaryl sulfonamide influenced
the outcome of the azologization, with a trade-off between
losing the original activity and achieving a large difference
in activity between the photoisomers.

3.2.2.2.2. Benzophenone (Class 2)

Together with diarylamine (see section 3.2.1.2.4), benzophe-
none is another one-atom-linked diaromatic system that is
attractive for designing (Z)-on ligands, because of its rigid,
bent conformation.*! Bioisosteric replacement with azo-
benzene exchanges a bidentate HBA of the —C(=O)— linker
with two HBAs of the —-N=N- azo bond, resulting in the
same number of HBAs but with different orientation. The
structural and electronic similarity between benzophenone
and (Z)-azobenzene was recognized only recently by our
group for the optical regulation of the circadian clock.!'™"!
Comparison of conformational distributions from the CSD
and the PDB indicated that (Z)-azobenzene is similar to
benzophenone with regard to angles and distances between
the aromatic rings. Moreover, both substructures have an
identical dipole moment of 3.0 D, as opposed to the null
dipole moment of (E)-azobenzene. Next, the azologization
of a benzophenone-containing cryptochrome-1 (CRY1)
stabilizer was explored in silico with molecular docking
(PDB ID: 7D19). To achieve optical control with visible
light, the benzophenone substructure was replaced with
tetra-ortho-fluoroazobenzene. The computational results
suggested that (Z)-104 could mimic the experimental bind-
ing mode of the parent compound. In fact, biological
evaluation of 104 confirmed the (Z)-on character of this
visible-light-responsive circadian period modulator.

Angew. Chem. Int. Ed. 2023, 202300681 (38 of 62)
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3.2.2.2.3. Unsaturated Aliphatic Chains (Class 5)

The bioisosteric replacement of unsaturated aliphatic chains
with (Z)-azobenzene takes advantage of their similarity with
respect to hydrophobicity and bent geometry. As mentioned
earlier (see section 3.2.2.1.7), the photoisomerization of
azobenzene enables the control of the straightness of lipid
tails. The (E)-isomer of an azobenzene-containing chain is
linear, whereas its bent (Z)-isomer features a structure
closer to an (poly)unsaturated chain. Examples of this
design strategy for (Z)-active fatty acids include compounds
105, an agonist of TRPVL," 106 for protein kinase C
(PKC),!"™ and 107, a modulator of mammalian target of
rapamycin (mTOR) and Hippo signaling pathways."® In
the case of photoswitchable analogs of lysophospatidic acid
(LPA), computational studies supported the structural
similarity between (Z)-108 and its monounsaturated parent
compound.'™ A posteriori molecular docking into the the
crystal structure of LPA,; receptor (PDB ID: 4Z34) and
homology models of LPA, s receptors suggested that the
(Z)-form could mimic the binding mode of LPA. On the
other hand, the (E)-form needed to adopt an out-of-plane
conformation to fit into the binding pocket, which might
explain its lower activity. Overall, these studies illustrate the
potential of emulating unsaturated carbon chains with (Z)-
azobenzene, with light-induced differences that are ampli-
fied by the incorporation of the photoswitch in the middle of
the chain.

3.2.2.2.4. Atypical Systems (Class 6)

The peculiar azologization of an atypical substructure, i.e., a
benzene ring with an extended substituent in glimepiride,
led to the design of ATP-sensitive K* (K,rp) channel
blocker 109."® Prior to the biological studies, the authors
compared the crystal structures of the parent compound and
its azo-derivative, which is an extremely rare yet valuable
practice in photopharmacology. This analysis highlighted the
similarity between glimepiride and (E)-109. Nevertheless,
the original alkyl chain is obviously free to rotate in solution,
while azobenzene can only alternate between two binding
conformations. In fact, the compound was found to be a
(Z)-on K ,1p channel blocker.

Additional (Z)-like atypical systems for rational design
in photopharmacology are aliphatic chains that end with an
aryl group. These flexible substructures have inspired
several terminal substitutions with E-Z photoswitches for
the development of (Z)-on ligands. For instance, our group
incorporated an azobenzene in place of an atypical sub-
structure, i.e., an aliphatic chain with a benzamide cap, of
HDAC inhibitor vorinostat.”® Compound 110 showed a
high F(E/Z) of 39. Alternatively, a strongly related series of
compounds was designed for the inhibition of two bacterial
HDAC homologs.'"™! The azopyrazole derivatives displayed
a miscellaneous behavior of (E)- and (Z)-on inhibition
against histone deacetylase-like amidohydrolases (HDAHs)
and acetylpolyamine amidohydrolases (APAHs). The crystal
structure of HDAH in complex with (E)-111 (PDB ID:
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5G14) revealed that the binding mode is comparable to
vorinostat, also with regard to n—n stacking interactions with
two phenylalanine residues.

If structural data are available beforehand, structure-
based approaches should be preferred for the informed
design of (Z)-on ligands. During the development of photo-
switchable PPARy agonists, a priori molecular docking
supported the atypical azologization of benzyl ether chains
with an aromatic tail end.'*® After the first biological
evaluation, a subsequent cycle of design explored additional
hydrophobic contacts between a trifluoromethyl or a phenyl
substituent and a lipophilic subpocket. Such structure-based
optimization resulted in the (Z)-on photohormone 112.

3.2.2.3. Ambiguous, (E/Z)-Like Bioisosteres

Substructures belonging to class 3 (biaryls), class 4 (fused
rings) and class 6 (only adamantyl moiety) exhibit an
ambiguous bioisosterism with E-Z photoswitches (Table 9).
Due to their intrinsic lack of flexibility, the replacement of
these moieties shows a certain degree of correlation with the
substitution pattern on the photoswitch (Figure 26 and 28).
Especially in the case of aromatic classes 3 and 4, under-
standing such spatial dependence can pave the way for more
conscious azologizations.

3.2.2.3.1. Biaryl (Class 3)

Biaryl motifs have the potential to serve as a great source of
structural inspiration for photopharmacology, as they con-
tain two aromatic rings and are popular in drug discovery.!'s”
The exchange of a single bond spacer with an —-N=N-— azo
bond introduces two HBAs in the drug structure, often
resulting in additional interactions with the target. Since the
aryl rings are connected by a very short linker, they are
inherently not able to explore a wide conformational space.
Therefore, biaryls are ambiguous bioisosteres because they
can be mimicked by either (E)- or (Z)-photoswitches,
depending on the substitution patterns. In fact, the outcomes
of the replacement of biaryls are influenced by the

para

»

meta
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substitution patterns of both the biaryl itself and of the
photoswitch, with the spatial arrangement of the outer ring
being the key parameter (Figure 26).

This correlation is exemplified by the work of the Leurs
group on photoswitchable modulators for the peptidergic
chemokine CXCR3 receptor.!"® Inspired by series of ligands
that showed either antagonism or agonism depending on the
position and size of a halogen substituent, the authors
envisioned that an azobenzene photoswitch could be used to
control the efficacy around this hotspot. In fact, compound
113 was found to be an (E)-on antagonist and a (Z)-on
agonist, demonstrating that a para-substituted biphenyl
could be mimicked by a meta-substituted (Z)-azobenzene
(Figure 26). Follow-up considerations on the 3D structure of
the ligands further supported such “regiospecific”
azologization."® Prompted by the successful control over
efficacy hotspots, it is tempting to imagine a similar optical
control over activity cliffs,"*”! where photoisomerization
could toggle between completely inactive and highly active
isomers.

If one of the two rings of the biaryl system is a
heterocycle, similar regioisomeric considerations (Figure 26)
seem to be valid for the introduction of heterocyclic photo-
switches such as azopyrazoles. Tamaoki and co-workers
demonstrated that a para-substituted biaryl substructure in
centromere-associated protein E (CENP-E) inhibitors could
be resembled by para-substituted (FE)-azopyrazole (com-
pound 114"y or meta-substituted (Z)-azopyrazole (com-
pound 115[?). On the other hand, the interpretation of the
consequences of replacing biaryls is not always so straight-
forward, as in the case of protein arginine deiminases
(PAD,_,) inhibitors."™ After the replacement of a para-
substituted biphenyl moiety with azobenzene, the photo-
switchable derivatives displayed mixed behavior. Compound
116 was determined to be a (Z)-on covalent inhibitor,
whereas compound 117 showed (E)-on reversible inhibition.

In addition to being a bioisostere of para-substituted
biphenyls, meta-substituted (Z)-azobenzene can also be a
good mimic for ortho-substituted systems (Figure 26). Dur-
ing the structure-based development of photoswitchable
GABA uptake inhibitors, a priori molecular docking into
homology models of GAT1 guided the design of (E)-on

Figure 26. Qualitative trends observed in the azologization of biaryl systems.
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Table 9: Overview of terminal replacements of (E/Z)-like bioisosteres.

Entry Compound Target

(ligand)

Parent compound Photoswitchable derivative Class[a] Ref.

(active isomer)

4a

4b

113

114

115

116

17

118

119

120

CXCR3 (agonist/
antagonist)

CENP-E (inhibitor)

CENP-E (inhibitor)

O N"N\©
MN/@ O T MN@@ 3 [188,189]

(o)

o
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[197]

oH
/
— N-N
U
N= ~
=4 /KR\
o NN 3 [192]

®
®
HN CI H,N

NH

PAD,_, (covalent inhibitor) /ﬁ: o 3 [193]
/@)Lu _N
Ny HN\@

PAD, , (inhibitor) Ji Q J{r" 3 [193]
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GAT1 (inhibitor)

E. coli DHFR (inhibitor)

iGluR5-6 (agonist)
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Table 9: (Continued)
Entry Compound Target Parent compound Photoswitchable derivative Class[a] Ref.
(ligand) (active isomer)
8a 97 CB4R (agonist) 4 [175]
8b 98 CB,R (agonist) 4 [175]
9a 121 B,-AR (antagonist) 4 [199]
9b 122 ,-AR (antagonist) 4 [199]
10 123 NMDAR (antagonist) 4 [169]
1Ma 97 CB;R (agonist) 6 [175]
b 98 CB,R (agonist) 6 [175]
12 124 CB;R (antagonist) 6 [117]

[a] Azostere class: 1-6 (see section 3.2).

ligands.'™ The calculations suggested that the (Z)-isomer of
compound 118 could engage in more interactions with
GAT]1, including a hydrogen bond between the azo bond
and Arg69 (Figure 27). Consistent with these “substitution-
activity relationships”, a very recent study by our group
showed that a meta-substituted biphenyl group could be
replaced with a para-substituted (Z)-azobenzene in the
photoswitchable E. coli DHFR inhibitor 119.!

Broadly speaking, the examples in this section indicate
that photopharmacological endeavors can greatly benefit

Angew. Chem. Int. Ed. 2023, 202300681 (41 of 62)

from replacing biaryl groups. Considering the limited
mobility of the single bond and the introduction of two
pharmacophore features with the HBAs of the -N=N- azo
bond, we believe that many opportunities still lie in the
scaffold hopping of biaryl systems.
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Figure 27. Docking poses of (E)-118 (A) and (Z)-118 (B) into a homology model of GAT1. The (Z)-isomer engages in more hydrogen bonds (orange
dotted lines) with the specific residues (green) of the target. Adapted with permission from ref. [194]. Copyright © 2018 American Chemical

Society.

3.2.2.3.2. Fused Rings (Class 4)

Due to their flat, aromatic structure, naphthalene and
phenanthrene groups are clearly suitable for azologization.
Compared to them, azobenzene is more extended and can
make further hydrophobic contacts as well as engage in
hydrogen bonds with the two HBAs of the -N=N- azo
bond. In an analogous way to biaryl systems (see section
above), the categorization of fused ring systems as (E)- or
(Z)-like bioisosteres depends on the substitution pattern of
both the parent fused rings and the azobenzene derivative
(Figure 28). Also in this case, the critical feature is the
placement of the outer ring in space. In fact, early
azologization efforts led to the identification of 2-substituted
naphthalene as a bioisostere of para-substituted (E)-
azobenzene.™ Follow-up studies on this photoswitchable
agonist of iGluRs (compound 120) shed light on the
structural basis of its (E)-on partial agonism. The X-ray
structure of (£)-120 bound to the ligand-binding domain of
a dimeric kainite receptor subunit (GluK2) (PDB ID: 4HSI)
revealed that the azobenzene moiety is engaged in hydro-
phobic interactions, and provided an explanation for the
observed partial agonistic behavior.'””! In contrast to the full
agonist glutamate, the bulky azobenzene group protrudes
from an exit tunnel of the receptor, causing a more open

L0 =

2-substituted

oo 5

1-substituted z

Figure 28. Qualitative trends observed in the azologization of fused
ring systems.
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conformation of the clamshell. Rigid molecular docking
calculations on the (Z)-isomer were in agreement with the
experimental results, as (Z)-120 did not fit in the crystal
structure without steric clashes. However, protein flexibility
was taken into account only in a second follow-up computa-
tional study, which performed MD simulations to evaluate
the effects of the E-Z photoisomerization on the binding to
the receptor.’® During the MD trajectories of GluK2 in
complex with the less potent (Z)-120 the channel showed a
lower degree of opening because of weaker ligand-receptor
and intradomain interactions, compared to the full agonist
glutamate or the more active (E)-isomer.

Similar tendencies (Figure 28) have been observed for
the azologization of 1-substituted naphthalene, in the case of
the structure-based design of photoswitchable agonists of
CB,Rs (see section 3.2.2.1.7)!! and antagonist of §,-AR.['*!
While ligands containing ortho-substituted azobenzenes
(98" and 1220'"*") were (E)-active, the ones containing
meta-substituted azobenzenes were (Z)-active (970! and
1218)). In line with these SAR results, compounds with
para-substituted azobenzenes from both studies did not
show any activity.

Finally, the only case of azologization of phenanthrene
(compound 123) did not yield an active photoswitchable
modulator for NMDARSs, probably because it was accom-
panied by the removal of a carbonyl group for synthetic
accessibility.'®! Nevertheless, we believe that phenanthrene
still holds potential as an azostere, but the replacement
should be studied without other modifications on the
structure to allow for direct comparison with the parent
compound.

3.2.2.3.3. Adamantyl (Class 6)

Despite being underrepresented in bioactive compounds,
the adamantyl moiety has displayed great value as a multi-
functional group for drug design.”™ This group can increase
the lipophilicity of a drug and interact with hydrophobic
residues such as Val, Leu, Phe and Tyr, besides improving
the general drug-likeness of a compound. Although the
adamantyl group is not aromatic as the ambiguous bioisos-
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teres discussed before, its lipophilic character and its
compact structure render such moiety suitable for replace-
ment with azobenzene. For instance, the design of photo-
switchable agonists of CB;Rs (see sections 3.2.2.1.7 and
3.2.23.2) can be described also through the lens of an
azologization of an adamantyl group.!'" Starting from a A°’-
tetrahydrocannabinol analog, the 2-substituted adamantyl
moiety was mimicked by an ortho-substituted (E)-azoben-
zene in compound 98, and by a meta-substituted (Z)-
azobenzene in compound 97.

The importance of adamantane as a hydrophobic
azostere has been studied in detail only recently by Tao and
co-workers.'"” In a pioneering approach, they investigated
which are the most common interactions usually formed by
azosteres. Statistical analysis of PDB data indicated that
known azosteres are more likely to engage in hydrophobic
contacts with Leu and n—n interactions with Phe. Inspired by
such analysis and by the crystal structure of a CB,R-
antagonist complex (PDB ID: 5ZTY), the authors designed
photoswitchable analogs of this antagonist through the
azologization of its 1-substituted adamantyl group, which
was located in a lipophilic subpocket. Compound 124,
bearing an ortho-substituted methylene-linked azobenzene,
was identified as a (Z)-on antagonist with a high F(E/Z) of
44. A posteriori docking studies suggested that only the (Z)-
isomer could occupy the targeted lipophilic subpocket (Fig-
ure 29). Because of its hydrophobic and bulky structure, the

A W  K109328

F106223 ,..>

™3

\342 64

1186ECL2
T11428¢

Y1905.39 ¢
L191540

y i
W194542

V267541

W2580 45 gy
™S ’ =

L262552 | TM6

Reviews

Angewandte

intemationaldition’y) Chemie

adamantyl group is suitable for bioisosteric replacements
with both isomers of azobenzene, depending on the sub-
stitution patterns of parent compounds and azologs.

3.3. Insertion into the Bioactive Molecule

While we used the term extension for the attachment of an
E-Z photoswitch (see section 3.1) and the term bioisosteric
replacement for the substitution of a substructure with an E-
Z photoswitch (see section 3.2), we define insertion as the
introduction of azobenzene between two atoms of the
parent compound. In other words, it can be seen as an
“internal extension”, and it is not a bioisosteric replacement
because all the atoms of the parent compound are still there.
Such rare approach is exemplified by the work of Groschner
and co-workers on short transient receptor potential channel
(TRPC3) agonists.””"! The insertion of an azobenzene photo-
switch into the aliphatic chain of the parent ligand led to
compound 125, a (Z)-active TRPC3 agonist that enabled the
optical control of neuronal firing and cellular Ca*" signaling
(Figure 30).

Despite being an uncommon strategy, the insertion of
azobenzene was elegantly applied in the design of photo-
switchable inhibitors of mitochondrial complex L In-
spired by an activity cliff'® previously observed in two
regioisomers bearing either a para- or ortho-alkyl-substi-
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Figure 29. Docking poses for (Z)-124 (A) and (E)-124 (B) into CB,R (PDB ID: 5ZTY), superposed with the co-crystallized parent ligand (gray).
Adapted with permission from ref. [117]. Copyright © 2021 American Chemical Society.

Figure 30. Insertion approach for the design of compound 125, a (Z)-on agonist of lipid-gated TRPC3 channel.”!

Angew. Chem. Int. Ed. 2023, 202300681 (43 of 62)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US0| 7 SUOWWOD 3A 18810 3(cedl|dde 8U Aq pauRA0H 88 S3[o 1 YO ‘88N JO S3|NJ I} A%euq 18U UO A1/ UO (SUOIPUCD-PUR-SLLBHLI0D" &S| 1M Afe.q| U1 |UO//:SARY) SUORIPUOD pUe WS | 38U 89S *[£202/50/9T] U0 A%eiqi8ulluO 4811 eLolqIgsHeHSeAIuN A T8I00EZOZ @ 1Ue/Z00T OT/I0P/W0D" A3 1M ARe.d 1 |Bul Uo//SdnYy Wiy papeo|umoq ‘0 ‘€2LETZST



GDCh
=

tuted benzene ring, Miyoshi and co-workers introduced a
—N=N-benzene unit between the benzene ring and the alkyl
chain (Figure 31). The authors envisioned that (E,E)-126
could orientate its aliphatic chain as the active regioisomer,
while the (Z,Z)-isomer could resemble the inactive re-
gioisomer. Biological evaluation confirmed the hypothesis,
revealing that compound 126 was a dark-active inhibitor,
with a F(Z/E) of ~2. In our opinion, toggling between two
states that mimic activity cliffs is an extremely promising
approach for achieving large light-induced differences in
potency, which should be used more often by molecular
designers in photopharmacology.

3.4. Spacer Used to Control the Distance

A great source of inspiration for photopharmacology comes
from small molecules that feature spacers in their structure
(Table 10). These inert and non-interacting substructures
play important roles in several types of ligands, including
bivalent ligands for GPCRs,™! bifunctional ligands®™ (e.g.,
proteolysis targeting chimeras or PROTACs?™?) and
DNA binders,” by controlling the interaction of two or
more pharmacophores with various binding sites. Since the
length of the spacer is typically the most -crucial
parameter,?®2% photoswitchable spacers are particularly
attractive due to their geometrical changes upon photo-
isomerization, especially in terms of end-to-end distance.!!
The most straightforward approach to introduce a
photoswitchable spacer is to replace an existing spacer in the
template ligand with a photoswitch. A pioneering applica-

ICs, = 0.83 nM

e
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tion of this design principle involved the alkyl chain of
decamethonium, which was substituted with azobenzene to
generate the (E)-on nAChR agonist 127.'"2 A second
example was reported by our group for the development of
photoswitchable mast cell activation inhibitors.”™™ The
design was based on disodium cromoglycate, which features
two identical chromone groups connected by a flexible unit
that allows the binding of both groups to the cromolyn
binding protein (CBP). Since the length of the spacer was a
key parameter for the original activity, irradiation of an
azobenzene-linked analog was expected to influence inhib-
itory potency, due to the light-induced changes in terms of
end-to-end distance. As a result, compound 128 emerged as
an (E)-on inhibitor, albeit with a moderate F(Z/E) of 1.25.

By contrast, spacer replacement has been reported more
frequently in the case of small molecules containing two
distinct pharmacophoric units. In the context of GPCR
ligands, these compounds are termed heterobivalent ligands,
with the further distinction of dualsteric (or bitopic) ligands,
when they target orthosteric and allosteric sites
simultaneously.”™ For instance, Agnetta et al. modified a
known dualsteric ligand for mAChRs by introducing an
azobenzene spacer in place of the original alkyl chain that
connected the benzyl quinolone carboxylic acid (allosteric
unit) with iperoxo (orthosteric unit).”*® Compound 129
acted as a photoswitchable dualsteric ligand, with a profile
that could be reverted by light (efficacy switch). In fact, the
(E)-form was characterized as a mAChR agonist, whereas
the (Z)-form showed antagonist efficacy. An analogous
approach was employed to regulate a different subtype of
mAChR.®"! Optical control of cardiac activity in animals

Figure 31. Insertion strategy inspired by an activity cliff for the design of compound 126, an (E,E)-on inhibitor of mitochondrial complex I. Adapted
with permission from ref. [202]. Copyright © 2006 American Chemical Society.
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Table 10: Overview of the design of photoswitchable spacers (green=original spacer/linker; orange = modifications).
Entry Compound Target Parent compound Photoswitchable derivative Ref.

(ligand) (active isomer)
| |
nAChR \®/\/\/\N\/Ni @ N. /©\/Ni
1 127 (agonist) ON ® /Tﬁ N ® 172]
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o o
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Table 10: (Continued)
Entry Compound Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
oSN
NN HJLO/j
| XX ch)\ HN
NN N0 /@)
7 133 DNA HN N [213]
(molecular glue) H i
o _N_N_N_ N
T Q.
N "
HN o__N._N_N
YL
LA
NN N)Lo’j
H
HN
|\ X o (|
NN HJLO "
8 134 DNA HN [214]
(molecular glue) H
o\n,N NN o
o l A Ns O \H
N
HN
v o)
=z =z | Y
X o
NH
N
H,N |
F NH
DNA NH | F ~
9 135 . / N { 3 N Vo SV b
(groove binder) o N HN— 0 - o @N N,
NH
HoN ﬂ\)J\ /[H \ N LNW F °
g N o ) £
NH
H
N ®J
0 N
K™ channels L( N /©/ o (
1 13 N ) 216,217
0 6 (blocker) \/®\)LH LN( o N < [216,217]
® N
N\ H
N
M=
) 7:{
HN O
S
\
H H N
Z]/N g )
N—
S 2 Ho N
o /@)LN/\/N N
HN H o |
N
mo137 DNA S N (219]
(groove binder) N " o
N, NN N
HoN “)(E\g © "y 0
2! N HN
YN .
NH o N
4
=
HN_ o
o [ Nn—
\ ~
N\)LN
; H

Angew. Chem. Int. Ed. 2023, 202300681 (46 of 62)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

5US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U3 Aq pauRACH 818 S3[o 1 YO ‘88N JO S3|NJ J04 A%eiq 1T 8UIUO A1/ UO (SUOIPUCD-PUR-SLLLBHWI0D" A3 | 1M Afe.q) U1 |UO//:SHRY) SUORIPUOD PUe W | 8U3 89S *[£202/50/9T] U0 A%eiqiT8ulluO 8|1 eLolqIgsHeHseAIuN A T8I00EZOZ @ 1Ue/Z00T OT/I0P/W0D" A3 1M ARe.d 1 |BulUo//Sdny Wiy papeo|umoq ‘0 ‘€2LETZST



An dte

~—_~7 Reviews internat Chemie
Table 10: (Continued)
Entry Compound Target Parent compound Photoswitchable derivative Ref.

(ligand) (active isomer)
Bacterial
12 138 membrane [220]
(antibiotic)
AChE
13 139 (inhibitor) >3]
nAChR
4140 (inhibitor) 221]
15 141 mAChR 93]
(agonist)
6 142 Calcineurin New [97]
17 143 PROTAC [223]
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was achieved with compound 130, an (E)-on mAChR
agonist.

Among the pharmacological tools that would benefit
from the precise spatiotemporal control offered by photo-
pharmacology, we can also find PROTACs.?™ These
heterobifunctional ligands usually feature an alkyl or
polyether spacer that should be long enough for the
concomitant binding of two proteins recruited to form a
ternary complex. As a result, differences of 3 A in spacer
length can discriminate between active and inactive com-
pounds. Remarkably, such variation corresponds to the
change in end-to-end distances between (E)- and (Z)-
azobenzene.* To control protein degradation with light,
Carreira and co-workers replaced the oligoether spacer of
an existing PROTAC, transposing the amide
connectivity.?'l Keeping the original ligand-to-ligand dis-
tance of 11 A, (E)-131 was designed to be the only form to
maintain the activity of the parent compound (Figure 32).
Biological evaluation confirmed that the irradiated sample,
enriched in the shorter (Z)-isomer, was inactive compared
to the thermally adapted sample.

Along with the substitution, an additional design strategy
is the azo-insertion (see section 3.3) into the original spacer.
If one pharmacophore of a bifunctional ligand is linked
through an aromatic ring, the latter can be internally
extended with an azobenzene. This design is exemplified by
the work of Reynders etal., who devised 132 by the
incorporation of azobenzene in the aromatic structure of the
lenalidomide subunit of dBETI1, after screening several
other approaches.™ A posteriori modeling studies sug-
gested that the (Z)-form could be better accommodated in
cereblon’s binding pocket than the (E)-form.

On the other hand, it is possible to insert the photo-
switch within an aliphatic spacer. A representative example
can be found in the design of photoswitchable molecular
glues for DNA by Nakatani and co-workers.’™™ These
molecules, also referred to as mismatch-binding ligands, can
induce mismatch-containing DNA single strands to hybrid-

A BRD4 (PO) ligand VHL (3 ligase) ligend
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ize and form duplex DNA. Taking naphthyridine carbamate
dimer as a starting point, compound 133 was obtained by
internally extending the flexible chain with azobenzene. In
line with its bent, twisted geometry, (Z)-133 stabilized the
formation of double-stranded DNA with a 2:1 stoichiom-
etry. In a follow-up study by our group, a variety of
computational methods supported the development of
compound 134.”'¥ While the enhancement of the photo-
chemical properties was guided by time-dependent DFT
(TD-DFT), molecular mechanics (MM) calculations and
MD simulations supported the a posteriori rationalization of
DNA melting experiments and helicity preferences. Besides
mismatch-binding ligands, an azobenzene spacer was also
used for devising a DNA minor groove binder.”™ A tetra-
ortho-fluoroazobenzene was incorporated in the middle of
netropsin, and the parent amide linker was repeated on both
sides of the photoswitch. The azo-derivative 135 acted as a
visible-light-responsive (E)-on binder targeting the nucleo-
some, with a F(Z/E) =2.

In addition to substitution and insertion into already
existing spacers, photoswitchable spacers were also designed
de novo. In these cases, the parent ligands were first
modified through extension (see section 3.1) or bioisosteric
replacement (see section 3.2), but the original pharmaco-
phore was duplicated on the other side of the photoswitch.
The application of this design principle is exemplified by the
work of Mourot et al., who azo-extended the aromatic core
of a lidocaine derivative and repeated its charged quaternary
ammonium group on the opposite ring (compound 136).1%!
In a follow-up study, electrophysiology experiments and
computational methods shed more light on the behavior of
this voltage-gated K™ channel blocker at the molecular
level.”"! Compound 136 was determined to be an (E)-on
ligand, with a F(Z/E) of 6, and docking calculations were
performed into the open channel (PDB ID: 2R9R). The
(E)-form adopted a similar binding pose to related quater-
nary ammonium channel blockers, placing one charged
headgroup below the selectivity filter and forming hydro-

NH]

trans-photoPROTAC

cis-photoPROTAC

‘(’NHN

e

Figure 32. Rational design of compound 131. The spacer length of the parent PROTAC (A) is mimicked by (E)-azobenzene (B), allowing protein
degradation only by (E)-131. Adapted with permission from ref. [211]. Copyright © 2019 American Chemical Society.
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phobic interactions with the azobenzene moiety (Figure 33).
On the other hand, the less potent (Z)-isomer showed a
different binding mode, with no quaternary ammonium in
the center of the channel. A further computational analysis
on similar systems considered simple azobenzene and para-
diaminoazobenzene as model systems to examinate the
binding to a Na* channel, albeit only in the (E)-forms.?'*
Surprisingly, no calculations were reported for the (Z)-
isomers, while para-diaminoazobenzene is known to exhibit
very short half-life of the metastable isomer. However, the
authors identified multiple binding pockets for both mole-
cules: near the selectivity filter at the center of the pore, but
also in a side fenestration, in lateral cavities and at the gate
of the channel.

Besides the previous case of a spacer obtained through
bona fide extension from an aromatic core, a greater number
of photoswitchable spacers were designed through the
attachment of azobenzene to diverse functional groups.
Again in the context of DNA minor groove binders, an
azobenzene spacer was attached to distamycin analogs via
an amide linker, followed by the repetition of the distamycin
pharmacophore on the other side of the switch.”" After
exploring both a flexible, longer spacer and a rigid, shorter
one, compound 137 emerged as the derivative with the
largest difference in DNA binding affinity upon irradiation.
A posteriori molecular docking suggested that (Z)-137
engages in more hydrogen bond interactions with DNA
bases, and that its more rigid spacer granted larger changes
in end-to-end distances between the photoisomers.

Instead of targeting specific interactions with receptors
or DNA, a different scenario involves the design of a dimer
linked by a photoswitch. Such strategy is exemplified by the
work of Li and colleagues, who designed the photoswitch-
able dimer 138 by connecting two units of cholic acid with
azobenzene.” Because of their tunable amphiphilic proper-
ties, these conjugates were envisioned to act as antibacterial
agents, disrupting the bacterial cell walls. Irradiation with
UV light triggered a change from an extended to a tweezer-
like conformation, which exhibited stronger antimicrobial
activity probably due to the reversible formation of hydro-
philic pores in phospholipid membranes.

In only one reported example, a bioisosteric replacement
was the starting point of a de novo design of a photo-
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switchable spacer. Dual AChE inhibitor 139 was designed
through the replacement of aza-stilbene with azobenzene,
followed by the duplication of the pharmacophore.™ The
resulting compound 139 displayed a (Z)-on behavior, with a
F(Z/E) =2. Molecular docking and subsequent MD simu-
lations proposed a crucial contribution of charge-assisted
hydrogen bonds between the piperidium moieties and
Asp72.

When a plain azo-extension (see section 3.1) leads to
unsatisfactory results, better outcomes can be achieved if
the azobenzene group is transformed into the spacer of a
bivalent ligand. In the illustrative case of photoswitchable
insecticides based on the nAChR agonist imidacloprid, the
first attempts of simple extension from the aromatic ring or
the aliphatic nitrogen led to inactive compounds.”! On the
other hand, repeating the pharmacophore on the opposite
side of an azobenzene spacer generated the homobivalent
ligand 140, which displayed a promising (Z)-on insecticidal
activity in vitro, with a F(E/Z) of 5 in vitro. Moreover,
docking into nAChR (PDB ID: 2WNJ) indicated that the
second moiety might interact further with the binding
pocket only in the (Z)-form. In a similar account, mAChR
agonist iperoxo was first used as a template for extension,
but compound 35 showed limited light-induced effects (see
section 3.1.3).” The repetition of the iperoxo pharmaco-
phore also on the other side of the tetra-ortho-fluoroazoben-
zene generated the (E)-on homobivalent compound 141.
This dualsteric (or bitopic) ligand showed higher potency
than the univalent 35, with a F(Z/E) > 4. Docking poses into
a homology model of mAChR indicated that the (Z)-isomer
could be too bulky for the narrow channel between the
orthosteric and allosteric binding sites (Figure 34).

Similarly, unsatisfactory light-induced effects resulting
from the azo-extension approach can be improved by
designing a heterobifunctional ligand, as demonstrated by
Fischer and co-workers for the optical control of immune
signaling.”” Firstly, compound 39 was obtained through the
appendage of azobenzene to a region of cyclosporin A that
was not crucial for binding (see section 3.1.4). To enhance
the modest light-induced differences in activity, a second
ligand (i.e., biotin) was further attached to the azobenzene
spacer (compound 142). Such “protein borrowing”
strategy?” promoted the simultaneous binding of biotin to

Figure 33. Docking poses of the (E)-isomer (green) and the (Z)-isomer (purple) of compound 136 into the open K* channel (dark gray, PDB ID:
2R9R). Adapted with permission from ref. [217]. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 34. Docking pose of (E)-141 into a homology model of mAChR
(blue). Blue stars indicate positive ionizable atoms, and yellow spheres
indicate hydrophobic contacts. Adapted with permission from ref. [93].
Copyright © 2019 American Chemical Society.

streptavidin, thereby increasing the structural changes upon
photoisomerization.

Finally, the entirely de novo design of a photoswitchable
bifunctional ligand was also reported by Jin et al. with the
development of PROTAC 143.?%! Supported by a priori
molecular docking, the authors used an azobenzene spacer
to conjugate lenalidomide (targeting cereblon) and dasatinib
(targeting ABL proteins). The calculations suggested that
only (E)-143 could bind to both targets, while (Z)-143
incurred steric clashes that hindered its binding (Figure 35).
The biological results confirmed the (E)-on character of this
azobenzene-containing PROTAC.

S
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Figure 36. Photo-repurposing of compound 144 (axitinib), an FDA-
approved inhibitor of tyrosine kinase. Photoswitchable, stilbene-like
substructure highlighted in blue.””!

3.5. Photo-Repurposing

Akin to drug repurposing,”**! we define photo-repurposing
as the study of the light-induced changes in affinity of a
photoswitch-bearing compound that was previously reported
outside photopharmacology and has not been evaluated
before for its light-induced changes in potency. This
approach has been reported for stilbene-like and azoben-
zene substructures.

A representative example of photo-repurposing was
reported by Peifer and co-workers, who recognized the
photopharmacological potential of compound 144, i.e.,
axitinib (Figure 36).%*! This FDA-approved inhibitor of
tyrosine kinase contains a stilbene-like moiety that can be
photoisomerized to the (Z)-form. The availability of a
crystal structure of vascular endothelial growth factor
receptor 2 (VEGFR-2) in complex with (E)-144 (PDB ID:
4AG8) allowed a priori docking studies for the other isomer.
The computational results indicated that the (Z)-isomer
would not be able to form important hydrogen bonds with
the hinge region, unless it sterically clashed with the target
(Figure 37). VEGFR-2 binding assays confirmed that com-
pound 144 could be deactivated upon irradiation with large

i

Azo-PROTAC4C-cis

Figure 35. Computer-aided design of a photoswitchable PROTAC. (A, B) Crystal structures of cereblon in complex with lenalidomide (A, PDB ID:
4TZ4), and of ABL protein in complex with dasatinib (B, PDB ID: 2GQG). (C) Docking pose of (E)-143 into cereblon. Adapted with permission

from ref. [223]. Copyright © 2020 American Chemical Society.

Angew. Chem. Int. Ed. 2023, 202300681 (50 of 62)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US0| 7 SUOWWOD 3A 18810 3(cedl|dde 8U Aq pauRA0H 88 S3[o 1 YO ‘88N JO S3|NJ I} A%euq 18U UO A1/ UO (SUOIPUCD-PUR-SLLBHLI0D" &S| 1M Afe.q| U1 |UO//:SARY) SUORIPUOD pUe WS | 38U 89S *[£202/50/9T] U0 A%eiqi8ulluO 4811 eLolqIgsHeHSeAIuN A T8I00EZOZ @ 1Ue/Z00T OT/I0P/W0D" A3 1M ARe.d 1 |Bul Uo//SdnYy Wiy papeo|umoq ‘0 ‘€2LETZST



Figure 37. (A) Binding mode of (E)-144 (green) in the binding pocket of
VEGFR-2 (gray, PDB ID: 4AG8). Hydrogen bonds are depicted as yellow
dashed lines, while m—m interactions are shown as blue dashed lines.
(B) Docking pose of (Z)-144 into VEGFR-2, with no hydrogen bonding
to the hinge region. (C) The formation of hydrogen bonds between (Z)-
144 and the hinge region would result in steric clashes with the protein.
Adapted with permission from ref. [225]. Copyright © 2018 Wiley-VCH
Verlag GmbH & Co. KgaA.

differences in potency, resulting in a F(Z/E) of 43 in vitro
and in a F(Z/E) of 31 in human umbilical vein cells. Further
improvements of this compound were obtained later via a
sign inversion strategy (see section 3.6).
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Photo-repurposing can also inspire a lead optimization
campaign, especially if structural data are available. Since
PPARo agonist 145 had been reported earlier and co-
crystallized with the ligand binding domain of the target
(PDB ID: 4CI4),” Willems etal. selected it as a lead
compound for the development of photoswitchable deriva-
tives (Figure 38).”?"! In fact, a priori molecular docking
indicated that the alkoxy spacer of compound 145 had the
optimal length for (E)-on agonism with significant light-
induced differences. With a structure-based design ap-
proach, different substituents (i.e., methyl, chlorine, or
trifluoromethyl) were evaluated in silico in the ortho- and
para-position of the inner or outer ring of azobenzene,
respectively. The docking poses suggested that a para-
methyl-substituted outer ring would generate (Z)-on com-
pounds, while a methyl group in the ortho-position of the
inner ring could occupy a lipophilic subpocket (Figure 39).
As a result, the rationally designed (E)-on agonist 146 was
determined to be>150-fold more potent than the parent
compound 145, with a high F(Z/E) of 35.

In another series of reports, photo-repurposing provided
the starting point for further modifications for the improve-
ment of azobenzene-based inhibitors of human carbonic
anhydrase II (hCAII). Starting from very similar compounds
reported earlier,™ Runtsch etal. studied the effects of
different substituents on the affinity toward the target.”"
Even though the library of inhibitors was not analyzed in
terms of light-dependent behavior, a crystal structure of
compound 147 bound to hCAII was obtained (PDB ID:
5BYI). Inspired by the binding mode of inhibitors contain-
ing an (E)-azobenzene, Que and co-workers designed a
closely related probe (compound 148), hypothesizing that
photoisomerization to the (Z)-form could cause steric
clashes with the active site.” in vitro and in cellulo
biological characterization confirmed that 148 was an (E)-on
inhibitor, with a F(Z/E)>4. In a follow-up study, a
posteriori molecular docking was performed to rationalize
the larger differences of a tetra-ortho-fluoroazobenzene
derivative 149, which showed a high F(Z/E) of ~12.%*! In
fact, the calculations suggested that the bulkier (Z)-isomer
could not reach deeper regions of the binding pocket,
hindering optimal interactions between the sulfonamide
moiety and the Zn’" ion (Figure 40).

Hooc>< /©/\/ @ ~© |::> Hooc>< /©N ﬁj\
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Figure 38. Photo-repurposing and further optimizations of (A) PPARa agonist 145,77 and of (B) hCAIl inhibitor 147.%%2%

Angew. Chem. Int. Ed. 2023, 202300681 (51 of 62)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

5US0| 7 SUOWWOD 3A 18810 3(edl|dde 8U3 Aq pauRACH 818 S3[o 1 YO ‘88N JO S3|NJ J04 A%eiq 1T 8UIUO A1/ UO (SUOIPUCD-PUR-SLLLBHWI0D" A3 | 1M Afe.q) U1 |UO//:SHRY) SUORIPUOD PUe W | 8U3 89S *[£202/50/9T] U0 A%eiqiT8ulluO 8|1 eLolqIgsHeHseAIuN A T8I00EZOZ @ 1Ue/Z00T OT/I0P/W0D" A3 1M ARe.d 1 |BulUo//Sdny Wiy papeo|umoq ‘0 ‘€2LETZST



GDCh
~~

Tyr314 b o SerZ80™

/
Tyrd64 k ‘ «
29 W
His440 N \

Figure 39. Docking pose of (E)-146 (orange) into PPARa (gray, PDB ID:
4Cl4), superposed with the co-crystallized binding mode of (E)-145
(teal). Adapted with permission from ref. [227]. Copyright © 2021
American Chemical Society.

Figure 40. Docking pose of (Z)-149 (green) into hCAIl (violet, PDB ID:
5BYI), superposed with the co-crystallized binding mode of (E)-147
(beige). Adapted with permission from ref. [229]. Copyright © 2020
American Chemical Society.

Besides the examples described above, we believe that
numerous existing ligands contain E-Z photoswitches,
providing opportunities for more photo-repurposing. Some
sources of inspiration include ligands targeting bromodo-
main-containing protein 4 (BRD4)*? and macrophage
migration inhibitory factor (MIF).[*

3.6. Sign Inversion

Thus far, several strategies for the design of light-active
ligands were discussed in this review, ranging from the
bioisosteric replacement of (Z)-like moieties (see sections
3.2.1.2 and 3.2.2.2) to specific structure-based approaches
that highly depend on the target. An additional strategy that
emerged recently is the so-called “sign inversion”,”>*! which
introduces cyclic azobenzenes™* (i.e., diazocines) in place of
regular azobenzenes (Table 11). These photoswitches have a
thermally stable (Z)-isomer, while irradiation with visible
light generates the metastable (E)-isomer. Therefore, the
substitution of normal azobenzenes with diazocines reverses
the light-dependent changes in geometry and dipole mo-
ment, thus enabling the generation of light-active, (E)-on
compounds from dark-active, (E)-on parent compounds.
Taking previous ligands as templates, Ellis-Davies and
co-workers described the optical control of ion flow in

Angew. Chem. Int. Ed. 2023, 202300681 (52 of 62)
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neurons.”™ The NMDAR agonist 150 was based on
compound 120,/*? while voltage-gated K* channels blocker
151 was based on an earlier reported azobenzene-containing
compound. The latter parent ligand also inspired the
study by Trauner and co-workers that introduced the formal
definition of sign inversion, leading to the blocker 152.5
Moreover, GIRK channel opener 14" was the starting point
for the design of the cyclic analog 153. All the examples
mentioned above produced the desired outcome: the meta-
stable (E)-isomers were more potent, effectively resulting in
light-active derivatives.

Remarkably, an application of the scaffold hopping
strategy that we described earlier (see section 3.2.1.2.1) is
also a key example of sign inversion, with HTI instead of
diazocines.'*! Considering a 2D pharmacophore model,
Thorn-Seshold and co-workers took advantage of the asym-
metrical geometry of HTI to position the parent phenolic
and methoxy substituents for either activation or deactiva-
tion upon irradiation. Dark-active (64, 65) or light-active
ligands (66) were obtained starting from CA-4 and com-
pound 62.

In addition to ligand-based design, structure-based
approaches were employed to further support the similarity
of (E)-diazocine and (E)-azobenzene when bound to the
target. Hernando, Gorostiza and co-authors applied a priori
molecular docking to explore the sign inversion of 120 for
the development of GluK2 agonists.™ The calculations
suggested that 154 could show higher affinity in its (E)-
isomer, although the interpretation was obfuscated by
inaccurate comparisons between the docking scores (see
section 3.1.2). Whole-cell experiments confirmed that the
light-active, (E)-on GluK2 agonist 154 enabled the photo-
manipulation of neuronal firing.

Another strategy is the combination of azologization of
(E)-like bioisosteres (see section 3.2.2.1) with subsequent
sign inversion. Such two-step process was described by
Trauner and co-workers for the development of photo-
switchable covalent inhibitors of the c-Jun N-terminal kinase
3 (JNK3).¥ Compound 155 was designed through an initial
bioisosteric replacement of N-aryl benzamide with azoben-
zene, followed by a sign-inversion approach as well as
modification of the electrophile to achieve enhanced
solubility and reactivity. The diazocine derivative was found
to act as an (E)-on inhibitor, with a high F(Z/E)>15.
Furthermore, its mode of action was confirmed by crystal
structures of JNK3 with both isomers, which showed that
the targeted Cys154 was reached only by the elongated (E)-
155 (Figure 41).

Peifer and co-workers used an analogous approach for
the design of light-controlled inhibitors of VEGFR-2, in a
follow-up study™! on compound 144, i.e., axitinib®™' (see
section 3.5). The original stilbene-like moiety was subjected
to terminal substitution (see section 3.2.2) with a hetero-
cyclic azobenzene, but the derivative was immediately
discarded because it displayed azo-hydrazone tautomeriza-
tion that impeded E-Z photoisomerization. Consequently, it
was necessary to implement the azo-extension strategy (see
section 3.1) instead, with a further sign inversion that led to
compound 156. A priori molecular docking guided the
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Table 11: Overview of sign inversions.
Entry Compound  Target Parent compound Photoswitchable derivative Ref.
(ligand) (active isomer)
OH OH
OH OH
07 o
NH, o7 Yo
la 150 NMDAR (agonist) | M [235]
Voltage-gated K+
1b 151 channels (blocker) [235]
Voltage-gated K+
2 152 channels (blocker) 53]
2b 153 GIRK channel (opener) [55]
Tubulin polymerization
3a 64 (inhibitor) [142]
Tubulin polymerization
3b 66 (inhibitor) [142]
4 154 GluK2 (agonist) [237]
5 155 JNK3 (inhibitor) [238]
6 156 VEGFR-2 (inhibitor) [239]

maximization of the light-induced differences in binding,
even though it was accompanied by misleading comments
on the scores (see section 3.1.2). Whereas IFD poses could
be obtained for both the (Z)- and the (E)-isomers of the
carbon-bridged diazocine derivative, the sulfur-bridged 156
was could be docked only in its (E)-isomer (Figure 42B).
Such distinct binding was explained through the differences

Angew. Chem. Int. Ed. 2023, 202300681 (53 of 62)

between the two species in terms of ring angles (Fig-
ure 42A). The computational predictions correlated with the
experimental results, as compound 156 was determined to
be a light-active, (E)-on VEGFR-2 inhibitor, with a F(Z/
E)>40.

Except an early attempt with little biological activity,
sign inversion proved to be an attractive approach for

[90]
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Figure 41. Crystal structures of JNK3 (light blue) in complex with (2)-
155 (orange, PDB ID: 7ORE) and covalently bound to (E)-155 (yellow,
PDB ID: 70ORF). Only the (E)-isomer forms a covalent bond with
Cys154. Adapted with permission from ref. [238]. Copyright © 2021
Wiley-VCH Verlag GmbH & Co. KGaA.

photopharmacology, despite the fact that the synthesis of
diazocines is more challenging than the established prepara-
tion of azobenzenes.**"!

4. Hit Identification

After describing design strategies for photoswitchable ana-
logs, in the following section we present the rare examples
that employed strategies for hit identification, which is the
first phase of early-stage drug discovery. Photoswitchable

A

sulfur-diazocine carbon-diazocine
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hits have been identified through de novo design and
screening methods.

4.1. De Novo Design

According to the recent medicinal chemistry literature, the
label “de novo drug design” has mostly referred to the
computer-aided design of completely novel bioactive
compounds.?"*?! However, here we use “de novo design”
in a broader sense, i.e., as molecular design from scratch
that can be also performed by chemists.”*) As outlined
below, photoswitchable bioactive compounds have been
devised from scratch only in a handful of examples targeting
DNA.

Inspired by the general structure of polyamines, Matc-
zyszyn and co-workers designed the cationic DNA binder
157 (Figure 43).2* Interestingly, characterization by circular
dichroism suggested that this novel compound could act as a
DNA intercalator in its flat (E)-form rather than the bulky
(Z)-form. Moreover, (E)-157 appeared to induce a con-
formational transition from the canonical B- to the A-DNA
form. A follow-up computational study by Zhang et al.
further indicated that the ligand could intercalate from the
major groove, triggering a DNA deformation that could
lower the barrier for the B-to-A transition.?*!

With a similar strategy, Baigl and co-workers decorated
an azobenzene photoswitch with two ethoxy-linked guanidi-
nium moieties, which are known to bind strongly to the
phosphate groups of DNA helices.*! Compound 158 (Fig-
ure 43) was shown to intercalate DNA and significantly
increase its melting temperature by up to 18°C only in the
(E)-form. In a different application of the same principle,
compound 159 (Figure 43) was obtained by attaching two
permanently charged, N-methyl piperidine groups via a
short spacer.””) While the (E)-isomer promoted the for-
mation of a G-quadruplex secondary structure, the (Z)-
isomer caused dissociation to an open oligomer. In a
subsequent report of DNA-based inhibitors, the light-
dependent DNA binding of compound 159 was employed to

Figure 42. (A) Optimized structures of sulfur- and carbon-bridged diazocines (at the B3LYP/6-31G* level of theory), with measurements of the
different ring angles. (B) IFD poses of (Z)-156 (green) into VEGFR-2 (gray surface, PDB ID: 4AG8), superposed with its carbon-bridged analog
(blue). Steric clashes arose only with (Z)-156. Adapted with permission from ref. [239]. Copyright © 2020 MDPI.
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Figure 43. Novel (E)-on DNA intercalators designed de novo.

trigger the interconversion of a telomere, toggling between
compact and extended forms.?*!

From the limited number of examples above it appears
that de novo design of photoswitchable ligands has more
chances of success in the context of DNA intercalators. The
design principles for such compounds are simpler, as
molecular recognition is mainly guided by electrostatic
interactions and n—n interactions with DNA base pairs.
Irradiation allows the interconversion between flat and bent
geometries, with the former being suitable for DNA
intercalation. Nevertheless, an intriguing, structure-based de
novo design was reported by Simeth et al. for the develop-
ment of photoswitchable inhibitors of tryptophan
synthase.?”! Inspired by the binding mode of indole-3-
propanol phosphate, the design incorporated important
elements of its pharmacophore, namely the hydrogen bond
network formed by the phosphate group and the hydrogen
bond between the indole NH group and Asp60 (Figure 44).
The latter interaction was mimicked by an amide moiety,
which served as a handle for the attachment of azobenzene.
Biological assays revealed that the inhibitory potencies
followed a clearly explicable trend: increasing length of the
linker caused stronger inhibition, while it resulted in smaller
light-induced differences. However, the compounds surpris-
ingly showed noncompetitive inhibition. To gain insights on
the mechanism of (E)-on inhibitor 160, the authors un-
successfully tried to obtain a co-crystal structure with
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tryptophan synthase. In fact, the electron density of the
ligand could not be detected, suggesting that it might be too
flexible. The abundance of binding modes was further
demonstrated with docking studies into a computationally
identified, potential allosteric binding site.

4.2. Screening

In a pioneering report, Bellotto et al. developed an in vitro
evolution method to obtain photoswitchable peptide ligands
for streptavidin.™"! Nevertheless, the application of screen-
ing methodologies is challenging for photopharmacology,
since photochromic compounds have been classified as pan-
assay interference compounds (PAINS). Addressing the
need for different screening strategies, the Fuchter and
Peterson groups used a behavior-based platform for the
identification of transient receptor potential ankyrin 1
(TRPAL1) channel agonist.”™ After screening a library of
1000 photoswitchable small molecules, compound 161
emerged as a photoswitchable hit due to the induction of
motion in zebrafish larvae (Figure 45). Electrophysiology
assays confirmed that compound 161 acted as an (E)-on
agonist of the TRPA1l channel, and subsequent SAR
analysis guided the optimization of this initial hit. While the
amide group in the para-position was determined to be
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Figure 44. De novo design of tryptophane synthase inhibitor 160. Adapted with permission from ref. [249]. Copyright © 2020 Wiley-VCH Verlag

GmbH & Co. KGaA.
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Figure 45. Hit identification and optimization for the optical control of
TRPA1 channel.”?
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Figure 46. (A) Azobenzene-containing fluorescent probe for the screen-
ing of TRPAT agonist. (B) Hit identification and optimization.**

crucial for the activity, substitution of azobenzene with
azopyrazole led to the final compound 162.

A different approach for the same target was undertaken
by Qiao, Qi etal., who reported an azobenzene-based
fluorescent probe (compound 163) for the visualization of
TRPAL1 channels in cellulo.” The design of such tool was
inspired by agonist 164, which was identified in a prelimi-
nary screening of active compounds. With probe 163 in hand
(Figure 46), the authors systematically explored several
modifications of the poorly soluble previous hit structure
164, identifying compound 165 as a promising (Z)-on
TRPAI1 agonist.”

5. Conclusions and Outlook

Photopharmacology is an exciting, multidisciplinary field
that has the potential to revolutionize chemical biology and
medicinal chemistry. In a research setting, it enables the
unique control over the activity of proteins with unprece-
dented spatiotemporal precision.”?” In the biomedical con-
text, it can provide cutting-edge tools to study biological
pathways and to limit the side reactions of pharmacological
therapies.*?2! Concurrently, the light-responsiveness of
photoswitchable agents poses additional challenges for
ligand design. In fact, a great variety of design strategies has
been reported, ranging from straightforward extensions
based on trial-and-error approaches to hypothesis-driven
iterations of design-make-test-analyze (DMTA) cycles.['”!
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Generally speaking, the introduction of a photoswitch into
the scaffold or within the pharmacophore has led to large
differences in potency between the photoisomers. On the
other hand, attaching a photoswitch in the periphery of a
ligand has been shown to affect binding, and thus the overall
potency, to a lesser extent.

In addition to the well-known approaches of extension
and bioisosteric replacement, molecular design in photo-
pharmacology can take other forms. If intramolecular
distance is the key parameter for biological activity, E-Z
photoswitches can be introduced as spacers to control
binding to, e.g., multiple enzymatic binding sites or DNA
helices. The recognition of photoswitchable substructures in
existing ligands enables the study of their light-dependent
behavior. When a known photoswitchable ligand has
undesired (E)-on behavior, the introduction of diazocine (or
HTT) allows for a change in direction from a dark-active to a
light-active compound. Conversely, de novo design or
screening are heavily underexplored for the identification of
photoswitchable hits.

With regard to the molecular modeling techniques that
have been applied in photopharmacology, molecular dock-
ing and MD simulations are prominent. However, although
these methods have been mostly used to explain the
observed biological activities, they have guided the design
only in a limited number of cases.

After examining the literature in detail and realizing the
early stage at which this field is, we can identify numerous
opportunities for the design approaches taken by photo-
pharmacology. Altogether, considerations that are common-
place in medicinal chemistry, such as ligand efficiency™! or
Lipinski’s rule of five,”™ are often neglected during the
design of photoswitchable ligands.

Especially in earlier photopharmacological endeavors,
there is no further rationale behind the design hypothesis
besides “hope” (often clearly stated in the text). In our
opinion, the fulfillment of “hopes” does not contribute
substantial information to the existing scientific knowledge.
For this reason, we argue that molecular design in photo-
pharmacology needs to go beyond the lucky outcomes that
can derive from blind trial-and-error approaches. Albeit
valuable for broadening the horizon of photo-druggable
targets,” serendipity®” alone does not increase our
fundamental understanding of photopharmacology.

Furthermore, knowledge emerging from previous, tradi-
tionally obtained SAR analyses should play a bigger role in
supporting the design of photoswitchable ligands. One
appealing example can be found in the photopharmacolog-
ical exploitation of activity cliffs® (see section 3.3).
Usually, two closely related compounds of a SAR library
display only modest differences in affinity. Therefore, a
photoswitchable analog that mimics both these compounds
with one or the other photoisomer shows an inadequate
light-dependent activation. However, a promising strategy
for achieving effective photo-activation is to devise a photo-
switchable analog that mimics two structurally related
compounds with a very large difference in potency. In this
case, photoisomerization can be used to toggle between two
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states that resemble activity cliffs, i.e., two photoisomers
with considerably different biological activities.

Other perfectible points pertain to the computational
support of photopharmacology. Rational design could
benefit from more frequent evaluations of 3D similarities
between the molecular shapes of template ligands and
specific isomers of their photoswitchable analogs.!*>!*116]
Similarly, the large light-induced changes in electronic
properties (e.g., dipole moment, ESP surfaces) should be
exploited to mimic the electrostatic distribution of the
parent compounds. In terms of structure-based method-
ologies, docking scores have been the object of inaccurate
correlations in the discussion of photopharmacological
results, as we commented earlier (see section 3.1.2).141:80:83.841

Rational, computer-aided drug design for photopharma-
cology is currently at its infancy. Besides DFT calculations,
docking and MD, there is a broad spectrum of computa-
tional techniques that still need to be explored for the design
and rationalization of photoswitchable ligands, e.g., 3D-
QSAR,”™ 3D pharmacophores,*”! Al-related methods,*®
and free energy calculations.”’!

Methodologies that can greatly inspire future photo-
pharmacology endeavors are virtual screening and frag-
ment-based drug discovery.”! Virtual screening of photo-
switch-containing libraries could be helpful for generating
ideas in silico, aiming at the preferential binding of the (Z)-
forms to obtain light-active compounds. We also envision
promising applications of fragment-based drug design for
the optical control of biological systems. E-Z photoswitches
could be the starting point for fragment growing strategies,
or they could be used as linkers (see section 3.4) for
fragment linking.

In light of the detailed analysis performed in this review,
we believe that the assimilation of design terminology and
strategies from medicinal chemistry will open extraordinary
possibilities for the non-invasive, high-precision control of
complex biological systems and beyond.
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The state of the art of rational design in
photopharmacology is analyzed with a
focus on E-Z molecular photoswitches
and on computer-aided approaches. By
meticulously examining the design strat-
egies of photopharmacology through the
lens of medicinal chemistry, this review
identifies existing trends and novel
opportunities for the development of
photoswitchable ligands.
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