1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JAm Chem Soc. Author manuscript; available in PMC 2021 August 26.

-, HHS Public Access
«

Published in final edited form as:
JAm Chem Soc. 2020 August 26; 142(34): 14522-14531. doi:10.1021/jacs.0c05383.

Visible Light Mediated Bidirectional Control over Carbonic
Anhydrase Activity in Cells and in Vivo Using
Azobenzenesulfonamides

Kanchan Aggarwal,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Timothy P. Kuka,
Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States

Mandira Banik,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Brenda P. Medellin,
Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States

Chinh Q. Ngo,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Da Xie,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Yohaan Fernandes,

Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States; Waggoner Center for Alcohol and
Addiction Research, The University of Texas at Austin, Austin, Texas 78712, United States

Tyler L. Dangerfield,
Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States

Elva Ye,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Corresponding Author emilyque@cm.utexas.edu.

ASSOCIATED CONTENT

Supporting Information and (cif) The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/
jacs.0c05383.

General materials and synthetic methods, experimental protocols, tables and figures, sample characterization data, and supporting
explanation of TD-DFT calculation (PDF)

Crystal data of #CAP-F5 (CIF)

Crystal data of ¢-CAP-F5 (CIF)

Complete contact information is available at: https://pubs.acs.org/10.1021/jacs.0c05383

Notes
The authors declare no competing financial interest.


https://pubs.acs.org/doi/10.1021/jacs.0c05383
https://pubs.acs.org/doi/10.1021/jacs.0c05383
http://www.pdf/
https://pubs.acs.org/10.1021/jacs.0c05383

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aggarwal et al. Page 2

Bailey Bouley,
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Kenneth A. Johnson,
Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States

Yan Jessie Zhang,
Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States

Johann K. Eberhart,

Department of Molecular Biosciences and Institute for Cellular and Molecular Biology, University
of Texas at Austin, Austin, Texas 78712, United States; Waggoner Center for Alcohol and
Addiction Research, The University of Texas at Austin, Austin, Texas 78712, United States

Emily L. Que
Department of Chemistry, University of Texas at Austin, Austin, Texas 78712, United States

Abstract

Two azobenzenesulfonamide molecules with thermally stable ¢/s configurations resulting from
fluorination of positions orthoto the azo group are reported that can differentially regulate the
activity of carbonic anhydrase in the fransand cis configurations. These fluorinated probes each
use two distinct visible wavelengths (520 and 410 or 460 nm) for isomerization with high
photoconversion efficiency. Correspondingly, the cisisomer of these systems is highly stable and
persistent (as evidenced by structural studies in solid and solution state), permitting regulation of
metalloenzyme activity without continuous irradiation. Herein, we use these probes to demonstrate
the visible light mediated bidirectional control over the activity of zinc-dependent carbonic
anhydrase in solution as an isolated protein, in intact live cells and /n vivo in zebrafish during
embryo development.
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INTRODUCTION

Photopharmacology, in which the activity of pharmacophores can be controlled via
application of specific wavelengths of light, has emerged as an attractive method for
controlling the behavior of biological species on demand. Light serves as an ideal external
control element for /n situ biochemical manipulation because it offers a high level of
spatiotemporal resolution, it is minimally invasive, and its wavelength and intensity can be
readily tuned. One important strategy used in the development of photoactivatable probes is
alteration of the properties of a molecule (chemical structure, shape, polarity) upon light
irradiation, resulting in different affinity toward the desired target. Recent years have seen
great advances in this field where the control over biomacromo-lecular function has been
attained either by using a photoprotecting group? (irreversible approach) or small
photochromic moieties? (reversible approach). The latter approach uses a photoswitchable
bond that allows access to different molecular structures induced by irradiation of light.
Although stilbenes, hemithioindigos, and diarylethenes have been used as switches,
azobenzenes show the most promise in achieving a larger range of activation wavelengths
and greater photoactivated state stabilities.® They have been readily used to manipulate a
wide variety of biological processes,* including regulation of protein expression,® enzyme
folding,8 and activity’”:8 and DNA conformation and transcription®10 and have been
explored in the fields of chemotherapeutics1:12 and neurobiology.13:14

Carbonic anhydrase (CA) is a promising target for photoregulation due to its physiological
and pathological roles.1> The active site of most CAs contains a zinc ion bound to three
histidine residues and one water molecule. This protein catalyzes a simple physiological
reaction, the reversible conversion of carbon dioxide and water to bicarbonate and protons.
CAs are involved in the maintenance of acid-base equilibrium and CO2 homeostasis.
However, they can be highly overexpressed in diseases, including cancer, epilepsy, and
glaucoma, and hence are important therapeutic targets.16 Effective photoswitchable
inhibitors of CA have promise as research tools as they can be activated in a spatially and
temporally specific manner. Therapeutic applications are also possible, particularly for
glaucoma due to its location in the eye where light activation is very feasible.1’

Aryl sulfonamides show exquisite selectivity for CA inhibition, combining metal
coordination, hydrogen bonding, and hydrophobic interactions to achieve this specificity.18
Others have reported azobenzene-based photoswitches for CA; however, studies have been
limited to isolated protein or cell lysates.1%-21 Recently, we reported small molecule
azobenzenesulfonamide CAP1 that demonstrated differential regulation of intracellular pH
in the transand cisisomeric forms in live cancer cells.22 However, this probe had three
major limitations: use of UV light for photoisomerization, poor photoconversion efficiency,
and importantly, poor thermal stability of the cisisomer, which limited long-term
applications in live cells and organisms.

To address these limitations, we identified ortho-fluorination as a strategy to improve the
performance of azobenzene-based probes. Fluorination ortfio to the azo moiety of the
azobenzene results in separation of the n-* absorption band in the fransand cis isomers.23
This splitting of absorption bands can further be increased by the incorporation of an
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electron withdrawing group at the position parato the azo unit. This large separation of n-*
bands enables use of distinct visible wavelengths to achieve higher isomer conversion in the
photostationary state when compared to other azobenzene derivatives. Remarkably, the cis
isomers of ortho-fluorinated azobenzenes are exceptionally thermally stable with half-lives
as long as several days.24 Furthermore, unlike other visible light sensitive and stable cis-
azobenzene derivatives, ortho-fluorinated systems are immune to the cytosolic reducing
environment, making them more biocompatible.2> Ortho-fluorinated azobenzenes have been
extensively used for materials applications13:26-29 and have gained interest recently in
biological applications,39-34 demonstrating the robustness of this system in the context of
biomolecules and cells. Herein, we report the first demonstration of the ortfio-fluorination
strategy for controlling the activity of a metalloenzyme. Importantly, we demonstrate the
efficacy of this approach for dynamic modulation of the activity of Zn-dependent carbonic
anhydrase /n vitro with isolated protein, in live cells and, for the first time, /n vivoin live
zebrafish.

RESULTS AND DISCUSSION

We synthesized and characterized two fluorinated azobenzenesulfonamide probes containing
either three (CAP-F3) or five (CAP-F5) fluorines. We anticipated that these probes would
achieve red-shifted wavelengths of isomerization relative to nonfluorinated derivatives with
improved switching fidelities and increased thermal lifetime of the c/sisomer (Scheme 1).
Full experimental details are provided in the Supporting Information.

The photoisomerization properties of CAP-F3 and CAP-F5 were monitored in methanol
(Figure 1A and 1B) and aqueous buffer (Figure S1) using UV-vis absorption spectroscopy.
All relevant wavelengths are summarized in Table S1. The spectra display absorption bands
corresponding to a - £* transition (Sy) with a Aax 0f 312 nm for CAP-F3 and 306 nm for
CAPF5. Furthermore, moderate absorbance bands at 436 nm for CAP-F3 and 450 nm for
CAP-F5 were observed, which correspond to n-zz* transitions (Sy). Irradiation of CAP-F3
and CAP-F5 with 520 nm light shifted their absorption profiles to ones consistent with cis
isomer formation, including a significant decrease in the intensity of the - 7* band. While
the - * bands underwent a slight hypsochromic shift in both cases, there was a large
hypsochromic shift in the n-z* transition by 16 nm for CAP-F3 and 37 nm for CAP-F5
upon photoisomerization (Table S1). The large separation of the n-z* transition bands
between fransand cis isomers should result in high photoisomerization conversions.23
Indeed, irradiation of solutions with 520 nm light yielded high conversions to ¢-CAP-F3
(71%) and c-CAP-F5 (87%) (1°F NMR, CD30D, Figure S3). Isomerization from cisto trans
can subsequently be achieved by irradiating with 460 and 410 nm light for CAP-F3 (58%)
and CAP-F5 (82%) respectively. The high conversion of CAP-F5 in aqueous buffer is better
than our previously reported probes (CAP1 and CAP2),22 and is on the same order as other
cis-trans isomerizing photoswitches studied in buffer solution.?

To further understand the spectroscopic properties, we performed time-dependent density
functional theory (TDDFT) calculations to compute the energies of the HOMO (n) and
LUMO (r*) orbitals for both the fransand cisisomers of CAP-F3 and CAP-F5 at the
B3LYP/6-31G* level and also included calculations for a CAP-F1 analogue, where the
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ortho-fluorine atoms are all substituted by hydrogen atoms. The n and * orbitals of the c/s
isomers are all higher in energy than the #rans isomers. However, the relative energy of the n
orbital is also affected by the number of ortho-fluorine atoms due to the o-electron
withdrawing effect of fluorine. As a result, the calculations predicted a larger separation of
n-7* transition bands between the transand cisisomers for CAP-F5 compared to CAP-F3 or
CAP-F1 analogues (Table S1), demonstrating the importance of ortho-fluorination in our
molecular design. A detailed explanation of calculations and interpretation is provided in the
Supporting Information.

The cisisomers of CAP-F3 and CAP-F5 both have increased thermal stability compared to
nonfluorinated analogues,?2 with exceptional thermal stability exhibited for c-CAP-F5. The
thermal conversion from the cisto transisomer of CAP-F3 and CAP-F5 at 37 °C in aqueous
buffer was studied under dark conditions (Figure 2A). We observed a low ~15% conversion
of ¢-CAP-F5 to ~CAP-F5 over 48 h, and a ~40% conversion of ¢-CAP-F3 to £CAP-F3.
This difference is unsurprising given the n-sr* separation trend. The stability driven by
ortho-fluorination is better than what has been observed for ortho-methyl substituted bistable
azobenzenes.3® Previous reports have indicated that intramolecular interactions may also

contribute to the stability of the cisisomer of ortho-fluorinated derivatives of azobenzene.
36,37

We examined potential interactions using NMR spectroscopy in a polar protic solvent. In the
19F NMR spectrum of CAP-F5, we observed that the peak splitting pattern for the cisisomer
was more complex than the transisomer (Figure 2B) and could not be accounted for solely
by through-bond couplings. The decoupled 1°F-{1H} spectrum was collected and revealed
coupling between F, and Fy, only in the cisisomer.37 As shown in Figure 2B, the peaks
corresponding to F and Fy, in the fransisomer appeared as singlet and doublet (due to the
para-F), respectively, and hence, there was no evidence of through-space coupling between
the ortho-fluorine moieties in this isomeric form. The peaks corresponding to F, and Fy, in
the cisisomer appear as a triplet and quartet, respectively, as a result of through-space
coupling between the ortho-fluorines (TSJgg = 5.64 Hz for F,, 5.67 Hz for Fy,).38 Coupling
between F, and Fy, in the cisisomer was further supported by correlation peaks observed in
its 19F-19F COSY spectrum (Figure S9). Finally, we investigated how the rotation of the
ring bearing Fy, is affected by the absence (CAP-F3) or presence (CAP-F5) of F, on the other
phenyl ring using transverse relaxation time ( 75) measurements.3? The shorter 75 values of
Fp in the cisisomer (1.19 s for cCAP-F3; 0.73 s for c-CAP-F5) indicate that ring rotation is
more constrained in ¢-CAP-F5; this constriction likely stabilizes c-CAP-F5 in solution
greater than ¢-CAP-F3.

The persistence of ¢-CAP-F5 was further demonstrated in the solid state via single-crystal
X-ray diffraction, a rare example of a cis-azobenzene structure.3% In the crystal structure, the
distances between the ortho-fluorine atoms and ipso carbons are 2.78 and 2.76 A (Figure
2C). Both distances are shorter than the C-F van der Waals distance (3.17 A), demonstrating
the presence of C---F interactions in the c/sisomer. Such favorable interactions were not
observed in the solid-state structure of #CAP-F5 (Figure 2D). The increased stabilization of
these C---F interactions should result in a smaller Gibbs free energy difference between the
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transand cisisomers, and DFT calculated energies reflected this when CAP-F5, CAP-F3,
and CAP-F1 were compared (AG gjs. yrans Table S2).36

Due to the increased thermal stability and higher photoisomerization efficiency of c-CAP-F5
over ¢-CAP-F3, we focused on CAP-F5 for more in-depth studies. The binding interactions
of £CAP-F5 and ¢-CAP-F5 were studied with bovine carbonic anhydrase (bCA) using a
dansylamide (DNSA) competition assay. DNSA, a sulfonamide based CA-inhibitor, exhibits
an enhanced fluorescence at 458 nm upon binding to the active site of CA (apparent Ky =
1.6 /M, under our experimental conditions, Figure S10A), and a weakened fluorescence
when an external ligand displaces it from the active site (Figure S11). A solution of
bCA-DNSA wias titrated with fransand cis isomers of CAP-F5, and the apparent Ky values
were calculated. As shown in Figure 3A, the binding profiles of the fransand cisisomers are
drastically different, yielding Ky values of 9 + 1.3 nM for £CAP-F5 and 106 + 16 nM for ¢
CAP-F5, demonstrating an order higher binding affinity of the fransisomer.

A control molecule lacking the Zn2*-binding p-sulfonamide group (CAP-con, Scheme S3)
induces almost no change in the fluorescence emission (Figure S12). We further employed
DNSA to investigate the isomerization of CAP-F5 in the active site of CA, using CAP-F5,
bCA, and an excess of DNSA. Solutions of bCA, DNSA, and CAP-F5 were irradiated with
520 nm (#rans — cis) and 410 nm (cis — trans) alternately with fluorescence measured after
each irradiation (Figure 3B). DNSA fluorescence intensity decreased after irradiation with
410 nm and increased after irradiation with 520 nm through several cycles. These
experiments demonstrate the reversible and robust CAP-F5 photoisomerization the binding
profiles of the trans and cis isomers are drastically different, yielding <d” values of 9 + 1.3
nM for £CAP-F5 and 106 + 16 nM for ¢-CAP-F5, demonstrating an order higher binding
affinity of the transisomer.

A control molecule lacking the Zn2*-binding p-sulfonamide group (CAP-con, Scheme S3)
induces almost no change in the fluorescence emission (Figure S12). We further employed
DNSA to investigate the isomerization of CAP-F5 in the active site of CA, using CAP-F5,
bCA, and an excess of DNSA. Solutions of bCA, DNSA, and CAP-F5 were irradiated with
520 nm (#rans — cis) and 410 nm (c/s — trans) alternately with fluorescence measured after
each irradiation (Figure 3B). DNSA fluorescence intensity decreased after irradiation with
410 nm and increased after irradiation with 520 nm through several cycles. These
experiments demonstrate the reversible and robust CAP-F5 photoisomerization even in the
presence of CA.

To better understand the difference in binding preference between the cisand #rans isomers
of CAP-F5 toward CA, we analyzed the X-ray structure of hCAIl with arelatedazobenz
enesulfonamideligand, ( £) -4 - (4 aminophenyldiazenyl)benzenesulfonamide
(L), bound to the active site (Protein Data Bank: 5BY1).40 In this crystal structure, L forms
extensive hydrophilic and hydrophobic interactions with hCAII at the Zn active site (Figure
4A). The primary interaction between the protein and L is between the deprotonated
nitrogen of the ~SO,NH, and the Zn2* center, forming a tetrahedral coordination along with
the three active site histidines (H94, 96, and 119). The sulfonamide group of L also
hydrogen bonds to the backbone and side chain of Thr198, while the adjoining benzene ring

JAm Chem Soc. Author manuscript; available in PMC 2021 August 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aggarwal et al.

Page 7

sits in a hydrophobic pocket formed by residues W208, L197 and L142. The other phenyl
ring hydrophobically stacks with P201 and forms a 6 A T-shape 7—r stacking with F130
(Figure 4A).

The molecular structure of CAP-F5 highly resembles that of L with the only alteration at the
benzyl ring extending away from the ZnZ* coordination site. We conducted molecular
modeling and docking using Maestro (Schrodinger Suite).#! Due to the high structural
similarity of £CAP-F5 to L, the same coordination to Zn2* is expected to be conserved. The
model is then energy minimized in Maestro.#243 Two configurations of #CAP-F5 are
identified with favorable energy, both maintaining similar binding mode to L without any
steric clashes (Figure 4A, B). The first configuration is identical to the crystal structure of L
binding with all favorable interaction maintained (Figure 4A). The addition of fluorine
atoms in CAP-F5, however, decreases the electron-richness of the benzene rings compared
to L. Thus, an additional binding mode is also possible for #CAP-F5 when the azo bond
flips by 180° (Figure 4B). In this alternative configuration with similar favorable binding
energy, the fluoro-benzene ring rotates to a configuration that forms a parallel z— stacking
of 3.7 A with F130 while maintaining almost all other noncovalent interactions. This
orientation can be further stabilized by a potential hydrogen bond between the azo group and
Q92 with no steric clashes with residues forming the active site pocket (Figure 4B). Thus, &
CAP-F5 forms extensive favorable contacts with the enzyme in two possible poses.

When docking ¢-CAP-F5, the favorable interaction between the Zn?* and the sulfonamide
nitrogen of the ligand cannot be retained (Figure 4C). In order to maintain the same
coordination to Zn?*, the distal phenyl ring would be in close contact with the active site
pocket due to the c/s-configuration of the azo group, causing clashes with Q92, V121, V142,
and H64 (Figure 4C). To avoid steric clashes, c-CAP-F5 has to adapt to a configuration
retreating from the deep active site pocket containing the Zn2*. As a result, the distance
between the sulfonamide nitrogen and the Zn2* increase from 2.0 A (as found in L and more
likely in tCAP-F5) to 3.6 A, which is no longer optimal for Zn?* coordination (Figure 4D).
Furthermore, the hydrogen bond between T198 and the sulfonamide group’s nitrogen in the
azobenzene ligand is unlikely to form in this configuration (Figure 4D). Thus, c-CAP-F5
cannot show any favorable interaction with Zn?* in the active site, which makes it more
weakly binding than #CAP-F5.

CA catalyzes the hydration of CO, and dehydration of HCO3™ reversibly. The inhibitory
effect of the fransand cisisomers of CAP-F5 on CO, hydration activity of bCA was
measured by tracking changes in solution pH using phenol red as a pH indicator, and a
solution of saturated CO, as a substrate (Figure 5A).4* The observed rates for CO,
conversion by bCA in the absence and presence of known CA inhibitor acetazolamide were
0.113 and 0.027 s71, respectively. Correspondingly, the initial velocities of the catalytic
reaction in the presence of fransand cisisomers of CAP-F5 were found to be 0.025 and
0.082 571, respectively, demonstrating the superior ability of the #ransisomer to inhibit CA
enzymatic activity. Using this same stopped flow method, the apparent K; values for #CAP-
F5 and ¢-CAP-F5 were calculated to be 36 + 2 and 164 + 8 nM, respectively (Figure 5B),
indicating ~5 times greater potency of #CAP-F5.
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As CA can also catalyze bicarbonate dehydration, we also investigated CAP-F5 in the
context of this reaction, where aqueous KHCO3 was used as the substrate. The initial
velocity of the CA-catalyzed reaction was 0.36 x 1072 s71 in the presence of #CAP-F5 and
1.0 x 1072 571 in the presence of c-CAP-F5, similar to the reaction rates in the presence
(0.10 x 1072 s71) and absence of acetazolamide (1.3 x 1072 s71) (Figure 5C). The apparent
K; values of #CAP-F5 and c-CAP-F5 were calculated to be 30 = 3 and 205 + 14 nM
respectively (Figure 5D). These studies show that CAP-F5 isomers can be used to modulate
both the CO, hydration and bicarbonate dehydration activity of CA.

Having demonstrated the efficacy of CAP-F5 to differentially interact with isolated CA
protein in the fransand cisisomeric forms, we next applied our photoswitch to control the
activity of CA in cell culture. We note that CAP-F5 isomerization is reversible over several
cycles in cell culture media (Figure S16). CAll is the cytosolic isoform of CA responsible
for maintaining intracellular pH and is known to be overexpressed in certain cancer cells.1
It has been reported that the resting intracellular pH of cells is affected by CA inhibitors, and
this change highly depends on the cell type and environment.*>47 Previously, we showed
differential effects of fransand cisisomers of CAP1 on intracellular pH; however, thermal
instability of cisisomer prevented applications over longer time periods.22 With our
improved probe design with highly stable cisisomer, we compared the ability of #ransand
cfsisomers of CAP-F5 to modulate intracellular pH in HeLa cells at both short (30 min) and
long (24h) incubation times. We performed a cellular cytotoxicity assay to determine probe
concentrations at which minimal toxicity would be observed for the c/sisomer (Figure S17).
We observed that cells incubated with the ¢isisomer maintained a similar pH to control cells
after both short and long incubation times, whereas cells incubated with the #rans isomer
displayed decreased intracellular pH in both scenarios (Figures 6A and S20). We repeated
these experiments with isolated c/sand #rans species (via preparative HPLC), and similar
results were obtained, indicating the PSS isomers are sufficient to obtain differential cellular
response (Figure S20).

We next explored the effect of the isomers of CAP-F5 on the response of the cytoplasmic
CA machinery to exogenous perturbations of CO,. When the level of extracellular CO,
increases, it passively diffuses into the cytoplasm through the cell membrane where it is
converted to carbonic acid by cytoplasmic CAs, resulting in a decrease in intracellular pH
(Figure 6D).#8 Inhibition of cytoplasmic CA reduces the rate of intracellular acidification
following increases in extracellular CO, concentration.4>:46.48.49 \We used this rate of change
of intracellular pH to demonstrate the real-time inhibition of cytosolic CA by £#CAP-F5. In
our experiment, HeL a cells were loaded with pHrodo and incubated with 25 /M £CAP-F5,
¢-CAP-F5, or a DMSO control for 30 min. A bolus of saturated aqueous CO5 was added to
the cell suspension and intracellular pH changes were monitored using flow cytometry. As
shown in Figure 6B, c-CAP-F5 treated cells had similar kinetic changes in intracellular pH
over time as compared to DMSO-treated control cells, signifying that cytosolic CA remains
active in both groups. However, ~CAPF5 treated cells displayed a slower rate of change in
pH upon CO, addition, consistent with inhibition of the cytosolic CA machinery of CO,
hydration (Figure 6C).
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Intracellular -CAP-F5 can further be photostimulated /n situ to activate CA inhibition. Cells
were treated with pHrodo dye, c-CAP-F5, or DMSO in the similar way as described earlier.
The c-CAP-F5 treated cells were divided into two groups, where only one group was
irradiated with 410 nm light for 3 min (no phototoxicity observed) to isomerize the ¢/s form
to trans form in situright before the addition of CO,, and were compared with nonirradiated
cells. As shown in Figure 6E, the kinetics of intracellular pH change in cistreated cells was
faster than cells irradiated with 410 nm (converting c/sto trans) prior to the addition of CO,.
This experiment demonstrates that probe isomerization can be achieved within the complex
cellular environment, and indeed could be used to inhibit the CA activity upon light
irradiation.

Next, we applied CAP-F5 in an /n vivo system. Embryonic zebrafish (Danio rerio) are an
excellent animal model for studying drug induced toxicity due to their high fecundity,
external fertilization, rapid development, and the ease of maintaining large numbers in a
small space.?9 Substances of interest can be administered in the media and then are rapidly
up taken into the embryo. Importantly, the embryos are also optically transparent, which
allows for study of photo-responsive materials. CA is a vital component in acid-base
regulation as well as ionic and osmotic balance in vertebrates.> Just like mammals, fish
possess an abundance of CA isoforms that vary in molecular sequence, tissue distribution,
and subcellular localization.52 They also have different kinetic properties and active site
structure and thus different susceptibility to inhibitors. They are necessary during the early
stages of development in zebrafish for effective CO, excretion.>3 Inhibition of CA by
inhibitors like acetazolamide has a great effect on zebrafish embryogenesis; embryos treated
with CA inhibitor can display small otoliths, an irregular jaw, enlarged heart and yolk sac,
and impaired locomotion.54:5°

We used phenotypic analysis to differentiate the behavior of cisand frans CAP-F5 in
zebrafish. Wild-type (AB strain) embryos were collected and transferred into standard
embryo media®® and sorted by developmental stage.>” At 6 h post fertilization (6 hpf),
zebrafish were exposed to media containing 1% DMSO and varying concentrations of
CAPF5 in both fransand cis forms. Embryos were incubated in a light-proof container at
28.5 °C until 48 hpf. They were then transferred to fresh media and raised to 5 days post
fertilization (5dpf), when they were assessed for viability (Figure 7A). As expected, #CAP-
F5 induces higher toxicity than ¢-CAP-F5 (Table S5). Further, the distinct effect of the
isomers on embryogenesis was evaluated. For morphological end points, the zebrafish were
treated with 2.5 1M of transand cisisomers of CAP-F5 and were raised to 5dpf as described
above. As shown in Figure 7B, zebrafish treated with #CAP-F5 showed multiple
morphological abnormalities, including failure to form a swim bladder, pectoral fin defects,
and cardiac edema, consistent with previous reported effects of CA inhibitors.>#° One-
hundred percent of embryos (n7= 30) treated with the same concentration of c-CAP-F5
developed normally, signifying the normal function of CA in c/s-treated fish. Furthermore,
the zebrafish were fixed and processed for otolith analysis. The ~#CAP-F5 treated zebrafish
had hollow and underdeveloped otoliths as opposed to ¢-CAP-F5 treated fish, where 100%
(n=30) had normally developed otoliths (Figure 7D). This is likely caused by the inhibition
of CA isoforms present in inner ear hair cells by ~#CAP-F5 only, disrupting the supply of
HCO3™ to the endolymph for otolith calcification.>® Potentially as a result of poor otolith
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development or other developmental defects, fish treated with #CAP-F5 showed poor
locomotion, while ¢-CAP-F5 treated fish exhibited normal locomotive behavior (Figure 7C).
Our results signify that the isomers of CAP-F5 are capable of differential effects in this
complex multicellular system that are associated with CA inhibition.

After establishing that different isomers of CAP-F5 can have different effects on the
developmental and behavioral properties of fish, we investigated if the probe could be
activated in situ within the embryo for CA inhibition during development. Embryos were
treated with c-CAP-F5 as described above, but the probe was activated to the fransisomer in
situ (within the fish) through photoirradiation with 410 nm (0.50 mW/cm?; 3 min) at
different time points during embryogenesis (12, 24, 30 hpf), delineated in Figure 7A. These
irradiation conditions do not affect the development of embryos at any given irradiation time
point. As CA isoforms play an important role in meeting the requirements for CO, excretion
between 24 and 48 hpf in developing fish, these time points were chosen to assess the effect
of inhibition before and during that window.>3 The results were compared to fish that were
treated with ex situ generated fransisomer (positive control) and vehicle (negative control) at
all the respective time of c¢/s activation. The degree of edema observed in the photoactivated
fish are similar to the #CAPF5 treated fish at all points of photoirradiation, signifying the
capability of activating the probe within the embryos (Figure 7E). Moreover, as we progress
further along the postfertilization timeline for probe activation, the inhibitor efficacy appears
to be decreasing. These results are consistent with the known crucial role of CA in the initial
phases of fish development.>3 Otolith development at various stages of probe activation
shows a similar trend (Figure 7F), further corroborating the relation of phenotypic changes
with /n situ CA inhibition in this live organism model system. These experiments represent a
key demonstration of using cis stabilized ortho-fluorinated azobenzenes in an /n vivo system
and achieving /n situ photoactivation over extended time periods (up to 48 h).

CONCLUSIONS

In conclusion, we demonstrated the /in vitro, cellular, and /n vivo application of an
azobenzene photopharmacophore that targets the active site of the metalloenzyme carbonic
anhydrase. Ortho-fluorination serves to red-shift photoisomerization wavelengths, improve
photoconversion efficiency, and importantly, stabilize the c¢isisomer. These properties enable
longitudinal studies in cells and, for the first time, /7 vivo, allowing /n situtemporal control
of CA activity and demonstrating the potential use of this strategy for spatially and
temporally regulated metalloenzyme activity. These strategies should not be limited to
carbonic anhydrase, and current efforts are focused on targeting metalloenzyme classes with
relevance to cancer and other diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. Structures of CAP-F3 and CAP-F5 and Photoswitching in the Presence of Carbonic

Anhydrase
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Figure 1.
UV-vis spectra of CAP-F3 (A) and CAP-F5 (B) before and after photoirradiation (¢is 520

nm for 5 min; frans 460/410 nm for 2 min). The power densities for 410, 460, and 520 nm
were 5.20, 14.12, and 9.18 mW/cm?, respectively. The studies are performed in methanol at
298 K.
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Figure2.
(A) Thermal relaxation of c-CAP-F3 and ¢-CAP-F5 in aqueous buffer at 37 °C. (B) 1°F and

19r_f1H} NMR spectra for CAP-F5 collected in CD30D. Single crystal structure of c-CAP-
F5 (C) and £CAP-F5 (D). Thermal ellipsoid plots at 50% probability are shown. Solvent
molecules and hydrogen atoms are omitted for clarity.
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Figure 3.
(A) Change in fluorescence emission (Agx = 280 nm; Agy, = 458 nm) of bCA-DNSA mixture

in the presence of different concentrations of #CAP-F5 and ¢-CAP-F5 to determine apparent
Kg values. (B) The binding of CAP-F5 is reversible in nature, as shown by irradiating the
samples of CA, DNSA, and probe with alternate 520 and 410 nm for /n situ isomerization
and monitoring DNSA fluorescence. Data represent mean * standard deviation. Studies
conducted in 50 mM HEPES, 0.1 M KNOg, pH 7.2, 298 K, in the dark.
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Figure 4.
Docking of CAP-F5 in the active site of hCAII structure obtained with azobenzene ligand L

bound to the active site (PDB 5BY ). The secondary protein (PDB 5BY]) is shown with side
chains of active site residues in sticks. The favorable hydrogen bonds and rz—* interactions
are shown in yellow and orange dotted lines, respectively. (A) Docking of #CAP-F5 into the
hCAII active site after superimposing it onto the ligand L. (B) Alternative binding mode for
ECAP-F5 due to the presence of fluorine atoms. (C) Docking of ¢-CAP-F5 when
interactions between —SO,NH, and Zn2* are kept intact, steric clashes are shown as red
disks. (D). Potential orientation of c-CAP-F5 when steric clashes are removed, showing the
probe retreats from the active site.
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Change in absorbance of phenol red (A = 557 nm) due to CO, hydration activity (A) and
HCO3™ dehydration activity (C) of CA in the absence and presence of 1 equiv of #ransand
¢fs CAP-F5. Change in CO» hydration (B) and HCO3™ dehydration (D) catalytic velocity (s
~1) as a function of fransand cis isomer concentration. Studies are conducted in 50 mM
HEPES, 0.1 M KNO3 pH 7.2 at 25 °C using stop flow apparatus. Data represent mean * the

standard deviation.

JAm Chem Soc. Author manuscript; available in PMC 2021 August 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Aggarwal et al. Page 21
8.0 8.0 8.0
A : T B Co, —+— control C co, —e— control
I 784 — 7.8
= —e— Cc-CAP-F5 78 —e— {-CAP-F5
5 76- 7.6+ 8
8 ™ e 76] . .
£ 724 7.24
70 T T T 70 T T T 7,4 T T
control  c-CAP-F5 t-CAP-F5 0 40 8 120 160 0 50 100 150
Time (sec) Time (sec)
H* + HCO,
D s CO, E 8075 e Eonie
Diffusion I 7.8
. —+— Cc-CAP-F5
5 76
H* + HCOy 55 H,CO, £ H,0 + CO, B 74 —e— C-CAP-F5—PtCAP-F5
pH| g 721
70

Figure6.

Time (sec)

T T T T T T
0 40 80 120 160 200 240

(A) The intracellular pH of HeLa cells as a result of incubation of #CAP-F5 and ¢-CAP-F5
for 30 min, as analyzed by flow cytometry. The results are shown as an average of six
independent experiments. Box plot indicates the range and average values for each group.
Asterisks denote statistically significant differences (p < 0.05; one-way analysis of variance).
The change in intracellular pH with respect to time as a result of addition of CO, in the
presence of c-CAP-F5 (B) and £CAP-F5 (C) due to the mechanism shown in (D). (E) The
change in intracellular pH of cells incubated with ¢-CAP-F5 before and after irradiating with
410 nm to isomerize cisisomer to fransisomer in situ. These studies were performed in Live

Cell Imaging Solution at 4 °C.
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(A) The timeline representing probe treatment and fish analysis. The morphological
appearance (B), swimming behavior (C), and otolith development (D) in fish in the absence
(vehicle) and presence of #CAP-F5 and ¢-CAP-F5. The data represents mean values + the
standard deviation. Asterisks denote statistically significant differences (p < 0.0001; one-
way analysis of variance). Scale bars represent 500 and 50 xm for B and D, respectively. The
morphological (E) and otolith (F) development as a result of /n situ activation of probe from
cisto transisomer by irradiating the fish with 410 nm at different time points during embryo
development. These developments are compared with ex situ generated fransisomer
treatment at the respective time points. The representative images for normal, broken, and
absent otoliths can be found in the Supporting Information. The results are represented as
mean of 30 fish in 3 independent experiments. Data represent mean values + SEM. Asterisks
denote statistically significant differences (**p < 0.005, ***p < 0.0001; one-way analysis of
variance).
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