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Biaryl sulfonamides are excellent candidates for the azologization
approach that yields photoswitchable drugs more active in their
metastable cis state, compared to the stable trans state. Here we
present the scope and limitations of this strategy for rational design
in photopharmacology.

Photopharmacology employs light to control the bioactivity of
drugs with exceptional bio-orthogonality and spatiotemporal
precision, thus potentially increasing site- and organ-selectivity
in pharmaceutical applications.'™ The incorporation of mole-
cular photoswitches® into drugs enables this non-invasive con-
trol, since their irradiation induces reversible changes in the
structure and properties of the drug.> Because of favorable
photochemical properties and ease of synthesis, azobenzene
is the most common switch in photopharmacology.® Its photo-
isomerization from the thermally stable ¢rans-isomer to the
metastable cis-isomer results in substantial changes in mole-
cular shape (from planar to globular), end-to-end distance
(from 9 A to 6 A) and dipole moment (from 0 D to ~3 D).°
The design of photoswitchable bioactive compounds often
relies on trial-and-error approaches and the assumption that
photoinduced changes will inherently result in different
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bioactivities. Nevertheless, two rational design strategies emerged
in azobenzene-based photopharmacology: azo-extension and azolo-
gization. The former explores the structure-activity relationship
(SAR) of existing drug scaffolds to identify suitable sites for the
attachment of an azobenzene.* In the latter approach, azobenzenes
are introduced in the place of aromatic moieties that are sterically
and electronically similar. Those privileged moieties were termed
“azosteres”.” In most applications,® photopharmacology aims to
design photoswitchable drugs that are more active in the metastable
state, i.e. “cis-on” in the case of classical azobenzenes. In particular,
if this property is combined with a large difference in potency
between the photoisomers, it ensures effective control of biological
processes.'>® However, most attempts at azologization resulted in
“trans-on” ligands, especially for planar azosteres that adopt a
transoid conformation (such as benzyl ether,” benzanilide,'® and
diphenylacetylene'’). An alternative strategy, named “sign inver-
sion”, uses cyclic diazocines'” with thermally stable cis isomers,"
but their limited synthetic accessibility might hinder its appli-
cability."* Conversely, only a few examples of cisoid azosteres have
been reported.”">'® Nevertheless, an explicit set of general criteria
for the design of cis-on photoswitchable drugs is still missing,
although they are expected to significantly expand the chemical
space available for photopharmacology. Here we present the identifi-
cation of the biaryl sulfonamide scaffold as a prevalent cisoid
azostere, because of its structural and electronic similarity with
cis-azobenzene.

First, we queried the Cambridge Structural Database (CSD)
on the geometry of azobenzene and the most generic azostere,
i.e., two (hetero)aromatic rings linked by two atoms. Measure-
ment of dihedral and centroid angles, ring distances and ring
angles provided insights into the requirements for a cisoid
geometry (see ESI,T Fig. S18), in particular the centroid angle
being less than 100° and the ring distance being less than 5 A.
Biaryl sulfonamides (BAS) emerged as cisoid scaffolds (Fig. 1A
and B), in accordance with their known preference for a
staggered conformation.”” This geometrical bias'® has been
employed for conformational control in drug design.'® In
addition to structural similarity to cis-azobenzene, electronic
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Fig. 1 (A). Biaryl sulfonamides as cisoid azosteres. (B). Structural similarity:
distributions of centroid angles and ring distances in the CSD. (C). Electro-
nic similarity: dipole moments and electrostatic potential surfaces, where
red color represents max. negative potential and violet color represents
max. positive potential.

similarity was explored by density functional theory (DFT)
calculations (see ESI,T section S4.6 for details). As compared
to trans-azobenzene, cis-azobenzene better approximates the
dipole moment of BAS, as well as its electrostatic potential
(ESP) surface (Fig. 1C). Finally, this moiety is widely used in
medicinal chemistry*® (see ESI,1 section $4.3 for details).

We hypothesized that the azologization of BAS would con-
stitute a general strategy for designing cis-on ligands. However,
the replacement of two hydrogen-bond acceptors and one
donor in the -SO,NH-linker part with two acceptors of the
-N=N- azo bond poses risks of loss in affinity to the target. To
test our hypothesis and its limitations, two bioactive com-
pounds containing the BAS moiety were identified and inves-
tigated by molecular modeling, photochemical evaluation and
bioactivity studies. They were chosen because of their low-
nanomolar potency and the different roles of the sulfonamide
moiety in binding to their biological targets. The first ligand
(Sulf-1, Fig. 2A) is a nanomolar inhibitor of lipoprotein-
associated phospholipase 2! (Lp-PLA,), which is a potential
therapeutic target.>> Here, the BAS moiety is buried and inter-
acts deeply in the binding pocket.>" The second ligand (Sulf-2,
Fig. 2B) is belinostat,” an FDA-approved histone deacetylase
(HDAC) inhibitor used in chemotherapy. In this case, the biaryl
sulfonamide acts as a partially solvent-exposed linker that

A COOH
H
cl N N‘Zl,,o
FJCDOIJ Ij\ j:) Az or kgT

- - cis-Azo-1 ;
OOH

trans-Azo-1
152 152
Ser273 |Jphe274 Ser273 )~/ phe274
hYAl YA

A T Leutss “~N

"4

Sulf-1

2 Leuts3
\, &

¥

50
Time (ns)

Fig. 2

View Article Online

ChemComm

ensures optimal contacts of the capping group with the enzyme
surface.**

The starting point for the azologization of Sulf-1 was the
crystal structure of its complex with Lp-PLA,.**> The sulfona-
mide is involved in hydrogen bonds with Leu153, Ser273 and a
water molecule occupying the oxyanion hole.*® Ligand binding
was first explored in silico, using induced fit docking®” (IFD) to
enable a certain degree of protein flexibility during the calcula-
tions. The docking poses suggested that cis-Azo-1 would be able
to mimic the binding mode of the parent compound much
better than its trans-isomer, albeit at the cost of the hydrogen
bonding interactions (Fig. 2A). The stability of the docking
poses over time was then evaluated through three replicas of
100 ns molecular dynamics (MD) simulations, which indicate
that only ¢rans-Azo-1 would unbind quickly from the protein
during the simulation time, thus providing additional time-
domain support for a preferred binding of the cis over the trans
conformation. Moreover, the electronic similarity in terms of
ESP surfaces and dipole moments found for the fragments was
also confirmed for the entire ligands (see ESI,{ Fig. S50
and S52).

Ligands Sulf-1 and Azo-1 were synthesized (see ESL,t
section S1) and the photochemical properties of Azo-1 were
investigated in Lp-PLA, assay aqueous buffer (Fig. 3A and B).
Irradiation with 4 = 365 nm light resulted in trans-cis photo-
isomerization (Fig. 3A), reaching a high photostationary state
distribution (PSD) of 92% cis, typical of alkyl- and
aryl-oxy substituted azobenzenes.”® Successive irradiation
with A = 420 nm light promoted cis-trans back-isomerization,
reaching a PSD of 84% trans (see ESLt Fig. S9). The photo-
switch showed no signs of fatigue upon multiple cycles of
photochemical isomerization in the presence of the reducing
agent glutathione (Fig. 3B). Thermal cis-trans isomerization
occurred on a time scale of days (see ESILi Fig. S6 and S7),
indicating high stability of cis isomer. Azo-1 showed good
solubility in water (see ESLt Fig. S11) up to the highest
concentration used in the biological assay (100 puM).

To assess the inhibitory potency of Sulf-1 and Azo-1 on Lp-PLA,,
we performed fluorescence-based competition assays™ (Fig. 3C).

o

\
‘NH = Moy~ Now
Ay or kgT H

Sulf-2 trans-Az0-2 cis-Az0-2

H|s145 f His145 |

Py

A ) <6
Asﬁm haptor (20" 8
sS4
% X = N 2
AspZGQ Asp269 "“\ 24
\d il
,’ Tyr308 \’v y Tyr308 0

50
Time (ns)

(A). Azologization of Sulf-1. Docking poses of trans-(cyan) and cis-Azo-1 (magenta) superposed with the complex Sulf-1-Lp-PLA2 (green-gray,

PDB: 5YEA). Ligand RMSD from a representative replica of 100 ns MD simulation of the protein-ligand complexes. (B). Azologization of Sulf-2. Docking
poses of trans-(cyan), cis-Azo-2 (magenta) and Sulf-2 (green) into HDAC2 (gray, PDB: 4LXZ). Ligand RMSD from a representative replica of 100 ns MD
simulation of the protein—ligand complexes. For additional MD simulations, see ESIt (section S4.5).
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Fig. 3 Photochemical and pharmacological evaluation of Azo-1. (A). UV-Vis
spectra of Azo-1 (20 pM, 1% DMSO in Lp-PLA, assay buffer) at the thermal
equilibrium (light blue), PSS*¢*™™ (red) and PSS*2°™™ (dark blue). (B). Repeated
photoisomerization of Azo-1 with 1 = 365 nm and 420 nm light (20 uM, 1%
DMSO in Lp-PLA; assay buffer, 10 mM glutathione). (C). Dose—response
curves for inhibitors Sulf-1/Azo-1 against Lp-PLA; and obtained ICsq values.
(D). Reversible control of Lp-PLA; activity with Azo-1 (25 uM).

The parent inhibitor Sulf-1 maintained its high reported activity in
the nanomolar range, whereas the thermally adapted sample of
Azo-1 showed very low activity. On the other hand, UV irradiation
resulted in an >10-fold activation of Azo-1. Cycles of irradiation
(Fig. 3D), starting from the thermally adapted sample and then
alternating between the solutions that represent PSD at 4 = 365 nm
and 420 nm light, showed reversible behavior, indicating that the
change in potency is caused by photoisomerization of Azo-1 and
not by a light-induced irreversible process. Nevertheless, we
observed an overall 100-fold decrease in activity of Azo-1 as
compared to the parent Sulf-1, which might be due to the loss of
crucial hydrogen bonds with the oxyanion hole of Lp-PLA,.*"

As a second test for our proposed azologization strategy, we
chose belinostat* (Sulf-2), an inhibitor of HDACs used in
clinical practice. In this case, a p-alkoxyazobenzene was
employed, as it is known to show very high PSDs*® and
appeared to be tolerated during previous SAR studies.*
Because of the available biological assay, we selected HDAC2
as protein target. Therefore, we needed to dock Sulf-2 into
HDAC2,* as the only crystal structure of the compound in the
PDB is a complex with HDAC6.*' Although the two enzymes
belong to different classes of HDACs,>* the inhibitor binding
site is highly conserved (see ESI, Fig. S27). The obtained
docking pose revealed that the hydroxamic acid chelates the
zinc cation and engages in hydrogen bonds with His145 and
Tyr308, while the sulfonamide moiety is not involved in specific
interactions with the enzyme (Fig. 2B). These contacts pre-
dicted for HDAC2 are in agreement with the binding mode
observed experimentally with HDAC6 (see ESI,i Fig. S32 and
S33). IFD poses of Azo-2 indicated that the cis-isomer of the
ligand would adopt a similar binding mode and keep the
original bent geometry. However, subsequent MD simulations
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Fig. 4 Photochemical and pharmacological evaluation of Azo-2. (A).
UV-Vis spectra of Azo-2 (20 uM, 1% DMSO in HDAC2 assay buffer) at
the thermal equilibrium (light blue), PSS3%*™™ (red) and PSS*2°™™ (dark
blue). (B). Photoisomerization of Azo-2 with A = 365 nm and 420 nm light
(20 pM, 1% DMSO in HDAC2 assay buffer, 10 mM glutathione). (C). Dose—
response curves for inhibitors Sulf-2/Azo-2 against HDAC2 and obtained
ICso values. (D). Solvent exposure of Sulf-2 and cis-Azo-2 docked into
HDAC?2 (gray surface).

revealed that all the ligands were more flexible and explored
larger portions of the protein surface, as the active site is
exposed to the solvent (see Fig. 4D and ESI, Fig. S36, S41,
S46, S47). This predicted behavior suggests that the differences
in activity between the ligands could be less pronounced than
in the case of the Azo-1/Lp-PLA, system.

Photoisomerization of Azo-2 was achieved in HDAC2 assay
buffer (Fig. 4A), reaching a high PSD of 95% cis. Furthermore,
the compound showed no fatigue after multiple cycles of
photoisomerization under reducing conditions (Fig. 4B).
HDAC?2 inhibition assay confirmed the high potency of Sulf-
2,%? and much to our delight Azo-2 also showed activity in the
sub-micromolar range (Fig. 4C). We found that irradiation with
A =365 nm light resulted in a 2-fold activation of Azo-2 (Fig. 4C),
thereby showing the desired cis-on behavior of the photoswitch-
able inhibitor. Moreover, in this case we observed a smaller,
12-fold decrease in activity compared to the parent ligand. In
contrast to the previous example, the azologized BAS moiety
has a less essential role in binding, mainly providing the bent
geometry for conformational control and does not contribute
specific interactions.®**

The inhibition data for Azo-1 and Azo-2 indicate that the
pharmacophoric role of the BAS substructure influences the
outcome of the azologization. When this moiety formed key
interactions with buried residues of the oxyanion hole,*® its
azostere Azo-1 suffered a larger loss of activity. Concurrently, a
larger difference in activity between the photoisomers was
achieved, suggesting that a cisoid geometry was strictly required
for biological activity. However, when the sulfonamide moiety
served only as a solvent-exposed linker to guarantee optimal
contacts between the capping group and the target,>* the azolog

This journal is © The Royal Society of Chemistry 2021
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showed a smaller loss of original activity. For Azo-2, the
azologization involved a more peripheral region of the pharma-
cophore, while it did not affect the hydroxamic acid (i.e., the
zinc binding domain). This substitution resulted in a less
distinct difference between photoisomers.

In conclusion, we show here that BAS are promising cisoid
azosteres for photopharmacology. While guidelines for ¢transoid
azosteres have been described and applied,*** the definition of
criteria for the rational design of cis-on photoswitchable
ligands is still lacking. To explore the requirements for mole-
cular similarity with cis-azobenzene, we have analyzed the
geometrical and electrostatic properties of two-atom-linked
biaryl systems and selected the BAS motif based on its bent
geometry and favorable dipole moment. We have demonstrated
that biaryl sulfonamides are promising azosteres if they
are considered for their preferred cisoid geometry, rather than
being discarded for their poor similarity to trans-azobenzene.*?
Since biaryl sulfonamides are common motifs in numerous
ligands (see ESI, Table S3) for various biological targets (e.g:,
anti-apoptotic protein MCL-1** and bromodomain-containing
protein 4°%), we believe that they may provide a rich source of
inspiration for photopharmacology. Azologization of cisoid
substructures has the potential to guide the rational design of
cis-on photoswitchable ligands.
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