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ABSTRACT: Photoactivatable or “caged” pharmacological agents
combine the high spatiotemporal specificity of light application
with the molecular specificity of drugs. A key factor in all
optopharmacology experiments is the mechanism of uncaging,
which dictates the photochemical quantum yield and determines
the byproducts produced by the light-driven chemical reaction. In
previous work, we demonstrated that coumarin-based photolabile
groups could be used to cage tertiary amine drugs as quaternary
ammonium salts. Although stable, water-soluble, and useful for
experiments in brain tissue, these first-generation compounds
exhibit relatively low uncaging quantum yield (®, < 1%) and
release the toxic byproduct formaldehyde upon photolysis. Here,
we elucidate the photochemical mechanisms of coumarin-caged
tertiary amines and then optimize the major pathway using chemical modification. We discovered that the combination of 3,3-
dicarboxyazetidine and bromine substituents shift the mechanism of release to heterolysis, eliminating the formaldehyde byproduct
and giving photolabile tertiary amine drugs with @, > 20%—a 35-fold increase in uncaging efficiency. This new “ABC” cage allows
synthesis of improved photoactivatable derivatives of escitalopram and nicotine along with a novel caged agonist of the oxytocin
receptor.
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B INTRODUCTION photolysis and ensure high aqueous solubility. Examples

Photoactivatable pharmacological agents (i.e., “caged” drugs)
consist of biologically active agents where a key functionality
on the molecule is appended with a photolabile group.
Removal of the caging group using light restores biological
activity, allowing precise temporal control over the location
and concentration of active molecules within a complex
biological environment.'~* Classic caging strategies stem from
organic chemistry protecting groups and typically involve
attachment of the photolabile cage on reactive functionalities
such as —OH, —NH,, or —CO,H. Many pharmacological
agents lack these obvious sites for modification, however,
which has limited the scope of photoactivatable compounds
useful for biological investigation.

To extend the utility of caged compounds in biology, we
recently demonstrated that the known 7-bis(carboxymethyl)-
aminocoumarin-4-yl-methyl (BCMACM)>~" group could be
used to cage pharmacological agents containing tertiary
nitrogen atoms.” Tertiary amino groups are a common motif
in many drugs and are often critical for biological activity. In
this general strategy, the nitrogen is alkylated with the
BCMACM moiety to form a quaternary salt. The anionic
centers on the BCMACM photolabile group decrease
unwanted background activity of caged drugs prior to
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include photoactivatable (PA) derivatives of the selective
serotonin reuptake inhibitor (SSRI) escitalopram (PAEsc, 1)
and the nicotinic acetylcholine receptor (nAChR) agonist
nicotine (PANic, 2; Chart 1).°

These first-generation compounds show excellent solubility,
high extinction coefficients (¢ > 14,000 M~'cm™') and an

Chart 1. Structures of PAEsc (1) and PANic (2)
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absorption maximum (4,,,,) near 405 nm, matching the violet
light sources typically used for uncaging molecules. Never-
theless, a major drawback of these compounds is a relatively
low uncaging quantum yield (®, < 1%).° This poor
photochemical efficiency necessitates longer irradiation times
and/or application of higher intensity light. These issues limit
the utility of the coumarin caged tertiary amines, especially for
in vivo optopharmacology experiments that utilize microLEDs
for photoactivation.” We subsequently discovered that
photolysis of BCMACM-caged tertiary amine compounds
produced the reactive byproduct formaldehyde. This molecule
is generally undesirable in living systems, leading to protein
cross-linking'® and eventual toxicity. Here, we explore
improvements to the BCMACM group by elucidating and
then changing the photochemical reactions leading to
uncaging. We discovered that the combination of a 3,3-
dicarboxyazetidine functionality and a bromine group on the
coumarin cage wholly shifts the photochemical mechanism to
heterolysis, thereby improving performance. Compared to our
first-generation caged escitalopram 1, the novel 7-(3,3-
dicarboxyazetidinyl)-3-bromocoumarin (“ABC”) cage yielded
a photoactivatable tertiary amine compound with a >35-fold
increase in @, and also eliminated photogeneration of
formaldehyde. This new photoactivatable group could be
used to cage either the pyrrolidine nitrogen or the pyridine
nitrogen on nicotine, generating second-generation PANic
compounds for optopharmacology experiments in acute brain
slices. The ABC cage was also useful in creating a
photoactivatable oxytocin receptor agonist for use in living
cells. These compounds will enable new biological experi-
ments, and our comprehensive investigation of the photo-
chemistry of coumarin cages will inform the rational design of
other photoactivatable tools for biological research.

B RESULTS AND DISCUSSION

Determination of Uncaging Mechanisms of PAEsc.
We first considered the photochemistry of BCMACM-caged
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Figure 1. Photochemistry of PAEsc (1). Photolysis reaction of
photoactivable escitalopram 1 generating escitalopram (3) and
byproduct 4 along with minor products 5 and 6.

tertiary nitrogen compounds such as PAEsc (1). We
determined the photolysis products of 1 in aqueous solution
using tandem high performance liquid chromatography—mass
spectrometry (LC—MS; Figure 1 and Figure S1). The major
products are escitalopram (3) and monoalkylated coumarin 4;
these two are generated in an apparent 1:1 ratio. Uncaging of 1
also results in the minor products norescitalopram (5) and
coumarin 6; this pair of products is also generated in apparent
equimolar amounts. This set of photoproducts—particularly

the dealkylated compounds 4 and S5—suggest uncaging
mechanisms that involve radical intermediates. This result
prompted a deeper investigation into the mechanism of
uncaging of these coumarin-caged tertiary amines with the
goals of improving @, and eliminating dealkylation by
modifying the structure of the caging group.

In the orthodox view of coumarin uncaging, excitation
with light results in either homolysis or heterolysis (Figure 2a).
Homolysis of compound 1 would yield the BCMACM radical
6° along with the amine radical cation of escitalopram (3°*).
Heterolysis yields the BCMACM cation (6*) and the amine 3,
although it remains unclear if these species are generated
directly from 1 or result through intermolecular electron
transfer between homolysis products 6° and 3°*. Although the
first pathway can straightforwardly explain the production of
minor product 6 (i.e., the “homolysis product”) it is difficult to
account for the major dealkylated photoproduct 4 (Figure 1).

We considered an emerging hypothesis in the coumarin
caging field where a triplet diradical cation (6°**) species can
result through intersystem crossing (ISC) from 6* due to the
similar energy levels of the two cationic species (Figure
2a)."” 7" This triplet diradical cation intermediate could lead
to the dealkylated coumarin 4, which we called the “diradical
cation product”. Efficient ISC from 6" to 6°** would also
explain why the hydroxymethyl 7 (i, the “heterolysis
product”) is formed in only trace amounts (<3%). We then
formulated possible mechanisms that produce compounds 4
and 6. For major compound 4, our proposed pathway (Figure
2b) involves intramolecular electron transfer in the triplet
diradical cation (6°**) followed by protonation from solvent.
One-electron oxidation of carboxylate groups is effected by
relatively mild oxidants and can be followed by loss of CO,.”’
Subsequent iminium hydrolysis generates the dealkylated cage
along with formaldehyde. The minor product 6 could stem
from the homolysis radical pair 6°, and 3°*, which undergoes
disproportionation by H atom transfer”’ within the solvent
cage to yield 6 (Figure 2c). The resulting iminium species
spontaneously hydrolyzes to yield norescitalopram (5) and
formaldehyde. These mechanisms were supported by the
following experiments: identifying the photolysis products of
different BCMACM-caged pharmacological agents, performing
the photolysis in D,0, examining the photolysis of esterified
cages, and measuring formaldehyde production using a
fluorescence-based assay and by 'H NMR (Scheme 1 and
Figures $2—S9) as described below.

Photolysis of 1 in D,O results in 91% deuterium
incorporation into 4 (i.e., 4-d;; Figures S2 and S3), which is
consistent with the protonation of the cage by solvent after
intramolecular electron transfer (Figure 2b). Deuterium is not
incorporated into 6, however, which fits the proposed
intermolecular H® transfer from the radical cation 3** to 6°
(Figure 2c). Photolysis of a SO uM solution of 1 showed
apparent equimolar production of formaldehyde (48 uM)
detected using a commercial fluorescence assay kit (Figure S4),
supporting formaldehyde formation from both the coumarin
cage and the pharmacological agent (Figure 2b,c and Scheme
1). Production of 4-d; in D,O was also observed with the
photolysis of PANic (2) to yield nicotine (8; Figure S5) and a
simpler photoactivatable analog, 9, that releases N-methyl-
pyrrolidine (NMP, 10; Figure S6); deuterium incorporation
was not observed in homolysis product 6 with either of these
compounds. Release of formaldehyde from both 2 and 9 was
detected by '"H NMR (Figures S5 and S6). Photolysis of a
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Figure 2. Proposed mechanism of BCMACM-caged tertiary amine compounds. (a) Initial intermediates of BCMACM-caged tertiary amine 1 after
photolysis, generating 6° via homolysis or 6 via heterolysis and subsequent intersystem crossing to the diradical cation 6***, followed by generation
of the homolysis product 6, the heterolysis product 7, and the diradical cation product 4. (b) Proposed mechanism to generate major diradical cage
product 4 and escitalopram (3). (c) Proposed mechanism to form minor cage product 6 and dealkylated norescitalopram (5). (d) Azetidine and

halogen modifications to the BCMACM cage.

Scheme 1. Summary of Support for the Proposed
Photochemical Mechanism of BCMACM-Caged Tertiary
Amine Compounds
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photoactivatable derivative of the bicyclic tertiary amine PNU-
282,987 (PAPNU, 11; S0 yM) resulted in generation of the
pharmacological agent 12 along with nearly exclusive
production of diradical cation product 4 (or 4-d; in D,0)
with no appreciable creation of 6 (Figure S7). Substantial
production of formaldehyde was still observed (41 uM; Figure
S4), however, even though this compound lacks an N-methyl
group. These data again support intramolecular electron
transfer followed by loss of CO,, ultimately resulting in cage
dealkylation and formaldehyde formation (Figure 2b and
Scheme 1). Finally, the diradical cation product analogous to 4
was not formed from photolysis of compounds containing
esterified BCMACM cages including PAEsc-di(t-butyl ester)
(13; Figure S8; S0 uM), and the di(t-butyl ester) of
BCMACM-caged PNU-282,987 (14; S0 uM; Figure S9),
showing that blocking the carboxylate moieties suppresses
dealkylation of the caging group (Scheme 1). For esterified
compound 13, heterolysis product 15 and homolysis product
16 were formed in approximately equimolar amounts (Figure
S8). Photolysis of esterified 13 showed appreciable form-
aldehyde production (25 uM; Figure S4), presumably due to
dealkylation of the N-methyl group on the escitalopram
pharmacological agent (Figure 2c); this is consistent with the
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Figure 3. Synthesis and properties of photoactivatable escitalopram
derivatives 1, 17—20. (a) Synthesis of photoactivable escitalopram
compounds 1, 17—20. (b) Photophysical properties of 1, 17—20; n.d.
indicates not determined. (c) Normalized absorption spectra of 1,
17—20. (d) Normalized HPLC chromatogram peak area vs
irradiation time for compounds 1, 17—20; inset shows different
irradiation time scale to highlight the higher photolysis rates of
compounds 18—20.

formation of norescitalopram (S; Figure S8). Photolysis of
bicyclic amine-containing compound 14 resulted in 15 as the
main cage byproduct (Figure S9) and did not generate
significant amounts of formaldehyde (<1 uM; Figure S4).
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Figure 4. Photochemical outcome of caged tertiary amine compounds 1, 17—20. (a) Photochemical products of parent caged escitalopram 1
showing homolysis product 6, the heterolysis product 7, and the diradical cation product 4. (b) Photochemical products of caged escitalopram 17
showing homolysis product 22 and the heterolysis product 21. (c) Photochemical products of caged escitalopram 18 showing homolysis product
25, the heterolysis product 24, and the diradical cation product 23. (d) Photochemical products of caged escitalopram 19 showing homolysis
product 27 and the heterolysis product 26. Area of circles is proportional to the relative yield of the photochemical products.

Overall, these data show that free carboxylate groups are
necessary to elicit cage dealkylation (Figure 2b) and acyclic N-
alkyl groups on the pharmacological agent allow drug
dealkylation (Figure 2c) when using the BCMACM group.
Design and Synthesis of New Caged Escitalopram
Compounds. Elucidation of the uncaging mechanism of 1
reveals the established BCMACM photolabile group is
suboptimal for caging tertiary amines. The major photo-
chemical pathway stems from the diradical cation species and
releases reactive formaldehyde (Figure 2b and Scheme 1). The
minor pathway results from homolysis and intermolecular H-
transfer, which leads to dealkylation of compounds containing
N-methylamino groups thereby releasing formaldehyde
(Figure 2c and Scheme 1). We considered structural
modifications of the coumarin cage that could modulate the
photochemistry (Figure 2d). First, we envisioned replacing the
iminodiacetic acid group in 1 with a 3,3-dicarboxyazetidine
moiety. Our laboratory discovered that incorporation of
azetidine can substantially increase the brightness and
photostability of small-molecule fluorophores including
coumarins,”” presumably due to the higher ionization potential
of this moiety. We reasoned that incorporation of an azetidine
functionality would destabilize the diradical cation intermedi-
ate and suppress dealkylation of the cage. Work from other
laboratories showed that simple azetidinylcoumarin caged
compounds show modestly improved @, when caging
carboxylic acid groups, but incorporation of substituted
azetidines, such as 3,3-dicarboxylazetidine moieties, has not
been explored. Second, we sought to introduce a halogen atom
at the 3-positon of the coumarin cage, which has been shown
to increase ®, when caging pyridines as pyridinium salts.”*

20630

Although both of these strategies independently improve the
photochemical efficiency of coumarin-based cages, they have
not been applied to the caging of tertiary nitrogen-containing
compounds and have not been combined into a single
photolabile group.

To test this idea, we synthesized analogs of caged
escitalopram (1) where the coumarin cage contains a 3,3-
dicarboxyazetidine moiety, a halogen substituent, or both
modifications. Following our previous synthesis of 1, we
prepared 17—20 by reaction of different bromomethyl
coumarin derivatives with 3 in CH;CN, followed by
deprotection of the intermediate t-Bu esters with TFA (Figure
3a and Schemes S1 and S2). We then measured the properties
of these new caged escitaloprams, comparing to 1. Replacing
the BCMACM cage in 1 with the 3,3-dicarboxyazetidinylcou-
marin in 17 modestly increases the @, from 0.48% to 0.69%
(Figure 3b). This modification also elicits a small, 7 nm
hypsochromic in absorption maximum (4,,; Figure 3c).
Bromination of the BCMACM coumarin cage in 18 caused a
modest bathochromic shift in A,,,, (22 nm; Figure 3b,c) and a
marked increase in @, = 14.5% (Figure 3b,d). Combining the
azetidine and bromine substitutions to yield compound 19
maintained the red-shifted 4, and further improved ®, =
20.3%. Finally, incorporation of iodine at the 3-position of the
BCMACM cage to yield 20 afforded an even longer A,  and
higher ®, = 48.4%. We also determined the fluorescence
quantum yields (@) of 1,17—19, which showed the azetidine
substitution doubles the @j; this is consistent with the behavior
of analogous coumarin-based fluorescent labels.”” Bromine
substitution substantially decreases ®; however, suggesting
that incorporation of this atom increases intersystem crossing
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Figure S. Synthesis and properties of photoactivatable nicotine
derivatives. (a) Structures of the first-generation PANic (2) and
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(34). (c) Photophysical properties of 2, 31, 33, and 34. (d)
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via the heavy atom effect.”” Finally, we measured the chemical
stability of these compounds to assess utility in biological
assays. Compounds 1 and 17 showed excellent stability in
aqueous solution, showing only minimal hydrolysis after 12 h.
The halogen atoms in compounds 18—20 destabilized the
lactone functionality in the coumarin, resulting in modestly
faster hydrolysis; this can be reversed in acidic conditions
(Figure S10). These compounds are stable for years at —20 °C
as solid or DMSO solutions; we recommend use of freshly
made (<1 h) aqueous solutions prepared from solid or DMSO
stocks to limit the hydrolysis of brominated coumarin
compounds.

Photochemistry of PAEsc Compounds. We then
undertook a detailed examination of the photochemistry of
caged escitalopram molecules 1,17—20 to determine if the
structural modifications to the caging group modified the
photochemistry. As before, we used LC—MS analysis and
prepared authentic coumarin cage photoproducts as standards
(Scheme S3). As mentioned above, photolysis of 1 yields
coumarin byproducts 4 (~80%) and 6 (~20%; Figures 1 and
4a and Figure S1), stemming from the diradical cation 6*** and
radical 6° intermediates, respectively (Figure 2). The
heterolysis product 7 is produced in trace amounts (<3%).

20631

Incorporation of the azetidine into the caging group in 17
changes the photochemical mechanism, yielding mostly the
hydroxymethyl derivative 21 (i.e, the heterolysis product;
~80%). The production of the homolysis product coumarin 22
was maintained (~20%) and a product corresponding to the
diradical cation intermediate was not observed (Figure 4b and
Figure S11). This result is consistent with our hypothesis that
the higher ionization potential of the azetidine substituent
would destabilize the diradical cation intermediate, leading to a
switch in the major cage photoproduct. Overall, we find the
change from iminodiacetic acid in 1 to 3,3-dicarboxyazetidine
in 17—an addition of just one carbon atom—substantially
modifies the photochemical mechanism of uncaging.

Having established the effect of the azetidine substituent, we
then examined the photochemistry of escitalopram compounds
bearing halogenated coumarin cages (18—20). The 3-bromo-
BCMACM-caged compound 18 showed different photo-
chemistry with photolysis yielding the dealkylated 23 as the
major product (~80%; Figure 4c and Figure S12). This yield
of dealkylated cage photoproduct is similar to that observed in
the photoreaction of compound 1, showing that bromination
does not change the amount of diradical cation intermediate.
This result is interesting since bromination does increase
intersystem crossing in the excited state of the parent molecule
based on the decrease in fluorescence quantum yield (Figure
3b). We surmise that the energy barrier between the cation
singlet and diradical cation triplet is already low enough to
allow facile interchange,'” making the addition of the heavy
bromine atom superfluous. Unlike 1, however, the minor
product (~20%) of photolysis of 18 is the hydroxymethyl
heterolysis product 24; the homolysis product 25 is not
observed. This suggests the bromine substitution promotes
either direct heterolysis or electron transfer to produce the
coumarinylmethyl carbocation intermediate (Figure 2a). Based
on the results from 17 and 18, we hypothesized the azetidine
and bromine substituents should complement each other by
suppressing homolysis and diradical cation formation, thereby
promoting the heterolysis product. True to this prediction, we
observed that 19 gave the heterolysis product 26 as the near-
exclusive cage derivative; neither the homolysis product 27 or
a diradical cation-derived molecule were produced in
appreciable amounts (Figure 4d and Figure S13). Finally, we
evaluated the iodo-containing compound 20, which produced
the heterolysis products 28 and diradical cation product 29
(Figure S14). The homolysis product 30 was not observed,
which was similar to the behavior of bromine-containing
analog 18. The heterolysis product was produced in higher
amounts compared to 18, however, which is consistent with
the hypothesis that electron-withdrawing substituents at the 3-
position of the coumarin cage promotes direct heterolysis and/
or electron transfer to yield the cation species. Although 20
showed the highest ®, we did not investigate iodo-containing
cages further due to small-but-significant (1—3%) photolysis
during our standard HPLC purification and lyophilization
protocol. We therefore focused on the 7-(3,3-dicarboxyazeti-
dinyl)-3-bromocoumarin (“ABC”) cage found in 19, which
showed the best balance of photochemical efficiency in
biological experiments and chemical stability (Figure S15).

Next-Generation Photoactivatable Nicotine Deriva-
tives. Having established the desirable properties of the ABC
cage using escitalopram, we then considered photoactivatable
nicotine (PANic) derivatives. The first-generation PANic (2;
Chart 1 and Figure Sa) has enabled a variety of studies on
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Figure 6. Biological utility of photoactivatable nicotine derivatives. (a) Structures of first- and second-generation PANic compounds. (b)
Representative traces of light-evoked currents for compounds 2, 33, and 34 (50 zM) uncaged with 1 ms, 1-photon pulse from a single neuron. (c)
Summary of 1-photon stimulation uncaging currents for compounds 2, 33, and 34 (50 uM). (d) iPANic2 (34; SO uM) voltage clamp responses are
antagonized by nAChR antagonist mecamylamine. A representative 10 ms, 1-photon uncaging response of iPANic2 (34; SO uM) before and after
mecamylamine application. (e) Before/after scatter plot for all recorded cells using conditions described for panel (d). (f) Representative 2-photon
laser scanning microscopy (2PLSM) image of a medial habenula neuron, marked with uncaging positions. (g) Representative 10 ms pulse, 1-
photon uncaging currents of signals in panel (f) from different distances from the soma using iPANic2 (34; 50 uM). (h) Summary of spatial
resolution data of panels (f, g) for iPANic2. Normalized currents are plotted as a function of distance from the soma membrane. (i) Subcellular
receptor mapping with iPANic2 (34; SO 4M). Representative proximal dendrite uncaging currents are shown for the indicated laser pulse durations.
A representative 2PLSM image of a MHb neuron illustrates the proximal dendrite location. (j) Summary of receptor mapping data in panel (i).
Uncaging current amplitude is shown for responses at the soma, proximal dendrite, and distal dendrite at the indicated laser pulse duration.

nAChRs including nicotine mediated upregulation of recep- We then evaluated the two new photoactivatable nicotine
tors, mapping functional nAChRs at the subcellular level, and compounds 33 and 34 in biological experiments, comparing to
measuring nicotine-induced calcium signaling.g’%’27 PANic is the original PANic (2, Figure 6a). Compounds 2, 33 and 34
not without drawbacks, however, including a relatively low were applied to acute brain slices and activated using pulses of
uncaging efficiency (@, < 1%), generation of formaldehyde 405 nm light with concurrent electrophysiological measure-
(Figure SS), and a low-yielding synthesis. The nicotine ments. The original PANic (2) was unable to evoke a
structure consists of a pyridine attached to an N- substantial nAChR current with a 1 ms light pulse whereas
methylpyrrolidine; reaction with a bromomethyl caging application of either PANic2 (33) or iPANic2 (34) showed
group results in the formation of three products. The desired measurable responses under identical conditions (Figure 6b,c).
PANic molecule 2 is the minor product along with its Considering that iPANic2 (34) evoked biological responses
diastereomer. The major product is the isomeric pyridinium similar to those elicited by PANic2 (33), combined with the
compound (iPANic; Figure Sa) 31, which exhibits an higher synthesis yield of this compound (Figure Sb), we
extremely low @, = 0.03%." focused our characterization on this compound. Measuring

Given these issues with the original PANic (2), we used the light-activated currents in the presence and absence of the
improved ABC cage to prepare new photoactivatable nicotine noncompetitive antagonist mecamylamine confirmed that the
compounds. Reaction of nicotine (8) with ABC cage precursor current induced by photolysis of iPANic2 was mediated by

32 afforded “PANic2” (33) and the isomer “iPANic2” (34; nAChRs (Figure 6d,e). We uncaged iPANic2 using 405 nm
Figure Sb and Scheme S4). Evaluation of the photochemical light at different distances from the soma (Figure 6f). We

properties of 2 and 33 revealed the improvements observed for observed a strong distance dependence on evoked current
the ABC-caged escitalopram 19 were generalizable to caged (Figure 6gh) indicating that one-photon activation affords
nicotines (Figure Sc—e). PANic2 (33) showed a >40-fold excellent spatial resolution in brain slices. Like the original

higher @, compared to 2 along with a 14 nm bathochromic PANic (2), iPANic2 (34) was not an nAChR antagonist prior
shift in A, The pyridinium iPANic2 (34) compound also to uncaging (Figure S17). Finally, we found that compound 34

showed an increase in ®, = 1.4% compared to compound could be used to activate functional nAChR on the soma and
iPANic (31) with a A, = 413 nm. These properties make dendrites of neurons in brain slices (Figure 6ij). Overall, these
iPANic2 superior to the original 2 and is consistent with other results suggest that PANic2 (33) and iPANic2 (34) are
reports showing efficient photolysis of pyridines caged with 3- superior replacements for PANic (2) and should allow the
bromocoumarins.”* We further verified this improvement by study of light-induced currents in neurons using shorter
preparing a photoactivatable derivative of the pyridine- irradiation times or lower intensity light.
containing voltage-dependent sodium channel blocker A Photoactivatable Oxytocin Receptor Agonists. We
887626 (35; Scheme S5);* use of the ABC cage yields a then extended the utility of the new ABC cage beyond
pyridinium compound with comparable properties to iPANic2 escitalopram and nicotine to prepare photoactivatable reagents
(Figure S16). to modulate the activity of oxytocin receptors. Oxytocin is a
20632 https://doi.org/10.1021/jacs.4c03092
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Figure 7. Synthesis and utility of ABC-caged oxytocin agonist. (a)
Synthesis of PATCOT (37). (b) Pseudocolor fluorescence micros-
copy images of RPE-hTERT cells expressing HaloTag protein, loaded
with BAPTA-JF,,,—HaloTag ligand AM ester,” and incubated with
37 before (top) and after (bottom) application of uncaging light (4 =
440 nm, 148 mW/cm? 1 s); scale bar: 20 ym. (c) Change in
fluorescence over basal fluorescence (AF/Fy; Z-score) vs time from
the regions of interest (ROIs) denoted in panel (b) showing changes
in fluorescence in response to the light pulse. (d) Plot of AF/F, (Z-
score) for cell incubated with DMSO (n = 72 ROIs) or 37 (n = 79
ROIs); error bars indicate mean + SD.

peptide hormone involved in a wide variety of physiological
responses;”” oxytocin receptors (OXTRs) are found across the
body in many different tissues. We focused on the awkwardly
named pharmacological agent “TC OT 39” (36; Figure 7a),
which is a potent nonpeptide oxytocin receptor partial agonist
and bears a tertiary amine group as part of the terminal 1,4-
diazepane functionality.’>*" Per the synthesis of 19 (Figure 3)
and 33 (Figure S) compound 36 reacted with ABC-Br (32) in
CH,CN to yield “PATCOT” (37; Figure 7a and Scheme S6).
Compound 37 showed @, = 5.9% and 4, = 426 nm. Similar
to the matched pairs of BCMACM/ABC-caged compounds 1/
19 (Figure 3) and 2/33 (Figure 5), PATCOT (37) showed a
10-fold higher ®, and ~18 nm longer A, than the
BCMACM-caged analog 38 (Scheme S6 and Figure S18).
We then assessed the utility of this compound in biological
experiments using cultured human telomerase reverse tran-
scriptase (hTERT) immortalized retinal pigment epithelial

(RPE-1) cells that exhibit high expression of oxytocin
receptors.”” Stimulation of the oxytocin receptor increases
intracellular calcium due to Gag-mediated calcium ion release
from the endoplasmic reticulum in uterine myometrial smooth
muscle cells.”> OXTR may couple to other G protein subtypes
with different biological end points in other cell types.”* To
measure transient changes in cytosolic Ca®" concentration, we
expressed the HaloTag protein in the cytosol of the RPE-1
cells and used this labeling system to localize BAPTA-JF,5—
HaloTag ligand, a small-molecule calcium indicator that is
excited with green light.”> Photolysis of 37 using 440 nm light
elicited robust Ca®* responses in cells close to the area of
illumination (Figure 7b,c). These signals were significantly
higher than control experiments that lacked the photo-
activatable pharmacological agent in the media (Figure 7d
and Figure S18). This result demonstrates the generality of the
ABC cage beyond escitalopram and nicotine. PATCOT also
represents a new, nonpeptidic member of a limited collection
of photoactivatable tools for modulating oxytocin receptors.*

B CONCLUSIONS

Caged compounds are important tools for biological research,
allowing release of biologically active molecules with high
temporal and spatial control. Here, we investigated the
photochemistry of BCMACM-caged tertiary amines where
the photoproducts pointed to radical intermediates (Figure 1).
We rationalized this chemistry thanks to the recently
proposed'” and confirmed'’ diradical cation intermediate
and formulated two pathways for photolysis of BCMACM-
caged amines (Figure 2). In addition to a low @, we
discovered our first-generation photoactivable compounds
generated formaldehyde upon photolysis. This unwanted
photochemical outcome was driven by both the formation of
the diradical cation intermediate and the homolysis pathway
(Figure 2).

To remedy this problem, we investigated two substitutions
on the coumarin and assembled and evaluated a comprehen-
sive set of photoactivable escitaloprams (Figure 3). To prevent
formation of the diradical cation, we replaced the iminodiacetic
acid moiety with a 3,3-dicarboxyazetidine group, relying on the
higher ionization potential of the four-membered ring system
to stop electron transfer. We also installed a bromine at the 3-
position of the coumarin, which stymies the homolysis
pathway. These substitutions worked in concert to fully shift
the photochemical mechanism to heterolysis (Figure 4), while
also increasing photochemical quantum yield by 35-fold. This
new ABC cage could be applied to other molecules to make
improved, second-generation photoactivatable nicotine deriv-
atives (Figures S and 6) and a new photoactivable agonist of
the oxytocin receptor (Figure 7).

Looking forward, we expect the new ABC cage to be useful
for the preparation of other chemical tools for biology. This
photolabile group can be applied to cage other functional
groups in disparate molecules. The reversible hydrolysis of the
system (Figure S10) could be exploited to yield molecular
AND logic gates that are activated by the combination of light
and low pH environments. More generally, our work highlights
the importance of careful investigation of the photochemical
reactions used in biological experiments. Although the
photochemistry of coumarin caging groups has been studied
for decades, extension of this strategy to new types of
molecules can bring surprises. Caging tertiary amines with
coumarins resulted in complicated photochemistry with
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unwanted generation of formaldehyde from two different
sources (Figure 2). Understanding the photochemistry allowed
rational design of a new cage where the addition of just two
atoms—C and Br—altered the photochemical mechanism.
The development of new molecular tools for biology will
undoubtably uncover more photochemical mysteries that can
be probed and solved using chemistry.
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