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ABSTRACT: Optovin is a small, light-activated molecule that enables optical control of TRPA1 ion
channels without genetic modification, making it a landmark tool in optopharmacology. However, the
excited-state pathways initiated by photoexcitation, and how these may relate to optovin function,
have remained unresolved. Here, we show that optovin’s photophysics in solution are governed by
competition between rapid photoisomerization and intersystem crossing. Violet-light excitation
prepares the bright S2(ππ*) state, which rapidly relaxes over picoseconds to the dark S1(nπ*) state.
Most excited molecules subsequently decay through torsional Z-E photoisomerization over tens of
picoseconds, providing a reversible nonradiative pathway. In parallel, a minor fraction (10−30%
depending on solvent) of the excited-state population undergoes intersystem crossing to form a short-
lived triplet state that persists for up to a nanosecond. Direct near-infrared detection of singlet oxygen
confirms triplet-mediated oxygen sensitization, although with a low apparent quantum yield of a
fraction of a percent, with no dependence on the initial isomeric composition of optovin. These results identify competition between
torsional internal conversion and intersystem crossing as the central branching process in optovin photophysics. These intrinsic
excited-state dynamics provide experimentally defined constraints on models of TRPA1 activation and establish photophysical
design principles for next-generation, gene-free optopharmacological agents.

■ INTRODUCTION
Optogenetics utilizes light as a control element for
manipulating neuronal activity with high spatiotemporal
precision.1−4 Building on this foundation, optopharmacology
aims to extend optical control to native molecular targets using
photosensitive small molecules, offering the prospect of
reversible, cell-type-specific activity modulation without
genetic modification.5−7 Optovin (Figure 1), a founding
molecule in optopharmacology, demonstrated that chemically
based approaches targeting native proteins can be used for
optical control.6,8−10

The first demonstration of optovin’s function in juvenile
zebrafish larvae showed selectivity toward the TRPA1 ion
channel responsible for mediating transduction of pain signals
in sensory neurons11,12 where, upon violet-light stimulation,
control over channel activation and neuronal depolarization
could be achieved. The utility of optovin has been
demonstrated beyond zebrafish, including in vivo photo-
stimulation in mice, and extension to cardiac control where
brief violet-light pulses were used to rhythmically pace
photoexcitable tissue containing TRPA1, providing an
optopharmacological route to optical pacing without microbial
opsins.13−15 In addition to in vivo pacing, the same TRPA1-
optovin strategy can drive optical pacing in human (stem cell)
cardiomyocytes in vitro, potentially allowing for optical control
of human electrophysiology.14 Localized two-photon activation
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Figure 1. Molecular structure of optovin, highlighting the rhodanine
and substituted 2,5-dimethyl-pyrrole units. In juvenile zebrafish,
optovin acts through the TRPA1 (transient receptor potential ankyrin
1) ion channel,13,19 which mediates the transduction of pain signals in
sensory neurons.11,12 The mechanism of ion channel activity
photomodulation is thought to involve light-dependent covalent
modification of cysteine residue(s) in the ion channel following
absorption of violet light.13,14 The lowest energy geometric isomer has
Z configuration about the methylene bridge bond. Note that the
pyridine ring is perpendicular to the plane defined by the rhodanine-
dimethylpyrrole groups due to steric interactions.
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of optovin in rat cortical neurons has further shown that
optovin-mediated TRPA1 activation can be spatially confined
to neuronal subcompartments using near-infrared excitation.16

More recently, visible-light photoswitchable aryl azopyrrole
TRPA1 ligands have expanded this chemogenetic strategy,
providing red-shifted TRPA1 control in live zebrafish larvae.17

Despite optovin’s pivotal role as a small-molecule tool for
gene-free optical control of native ion channels,18 the primary
excited-state pathway that enables TRPA1 activation remains
unresolved. Point-mutation studies implicating Cys621,
Cys633, and Cys856 in TRPA1 activity indicate that optovin
function depends on cysteine residues, consistent with the
broader role of electrophile-sensitive cysteines in TRPA1

activation,13,19 while singlet-oxygen (1O2) sensitization sug-
gested the generation of reactive oxygen species (ROS) as 1O2
but not hydroxyl radicals or superoxide. Taken together, these
observations raised two mechanistic possibilities: direct
photoreaction following optovin binding to TRPA1, or an
indirect 1O2-mediated pathway. However, behavioral assays in
zebrafish cotreated with DABCO, a 1O2 quencher and efficient
triplet energy acceptor,20 showed complete suppression of the
optovin photoresponse, while TRPA1 measurements using
other 1O2-generating compounds exhibited no photoactivity.
Because DABCO can quench both 1O2 and excited triplet
states, these observations do not by themselves identify the
reactive intermediate, but they indicate that optovin activity is

Figure 2. Photoswitching and triplet-mediated photoreactions of optovin: (a) Absorption and fluorescence emission spectra in protic solvents.
Emission spectra were recorded out to 1000 nm (700−1000 nm region not shown), with no evidence for phosphorescence. See Figure S4 for
aprotic solvents. (b) Irradiation (405 nm LED) of optovin in ethanol purged with nitrogen, demonstrating Z-E photoisomerization to reach a
photostationary state (PSS). Irradiation of the 1.0 min PSS solution with 471 nm laser light for 20 s, regenerated the initial absorption spectrum.
(c) UPLC-MS of the initial N2-purged solution and a PSS solution, identifying the Z and E isomers (upper). UPLC-PDA spectra of the eluting
components (lower). (d) Irradiation of optovin in aerated ethanol, demonstrating rapid loss of the optovin absorption band at ≈400 nm and
formation (with longer-time scale loss) of a photoproduct band at ≈365 nm. (e) Irradiation of optovin in oxygen-saturated ethanol showed rapid
photoreaction (upper), with partial thermal recovery (lower) consistent with an irreversible photochemical fatigue pathway. (f) UPLC-PDA
chromatogram with a CH3OH:H2O mobile phase showing singly oxygenated (m/z 332.05) optovin (upper), with doubly oxygenated optovin (m/z
348.05, lower) probably at a range of oxygenation sites based on the breadth of the UPLC peak. The m/z 348.05 species is sparingly soluble in
CH3OH and elutes at the solvent front. (g) Selected absorption spectra of optovin in aerated ethanol with DABCO triplet quencher and 405 nm
irradiation, showing delayed photoreaction. (h) Stern−Volmer analysis of optovin in aerated ethanol with DABCO. (i) Photoreaction quenching
effect of optovin with cysteine in methanol.
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unlikely to arise from nonspecific condensed-phase 1O2
generation alone. One possible interpretation is a model in
which optovin preassociates with TRPA1 and undergoes a
photoreaction at, or near, cysteine residues, with Cys621,
Cys633, and Cys856 implicated by previous mutagenesis
studies.

A key unresolved question is how does optovin operate at
the molecular level? Namely, what excited-state branching
process inherent in a freely diffusing photoswitch allow it to
become a site-directed TRPA1 photochemical tool? Establish-
ing the branching mechanism between reactive and non-
reactive channels is necessary both for understanding optovin’s
biological activity and for guiding the design of improved
optopharmacological photoswitches. The thione group as part
of the rhodanine unit in optovin is chemically notable because
thione-containing chromophores often exhibit enhanced spin−
orbit coupling and efficient access to triplet states.21−24

Here, we characterize the photochemistry and ultrafast
excited-state dynamics underlying optovin’s photomechanism,
revealing a bifurcation of the excited-state population:
following picosecond relaxation away from the Franck−
Condon state, the dominant fraction returns to the ground
electronic state through a twisted-geometry conical-intersec-
tion seam, while a smaller fraction undergoes intersystem
crossing to a short-lived yet reactive triplet state. We propose
that the optopharmacological activity may favor preassociation
of optovin within a binding environment, consistent with rapid
deactivation when the chromophore is not preoriented near a
suitable cysteine residue. Therefore, optovin’s optopharmaco-
logical specificity is proposed to be due to the interplay
between molecular recognition and excited-state dynamics that
give rise to the photoreactive channel. This mechanistic
framework identifies the triplet state as a key designable
intermediate rather than an incidental photophysical prod-
uct,25−27 providing direction for developing derivative
optopharmacological agents.

■ RESULTS AND DISCUSSION

Photoswitching and Triplet-Induced Photoreactivity
Optovin absorbs UV-blue light across the 350−450 nm range
in common organic solvents (Figures 2a and S4, Tables 1 and
S2), with a high molar absorptivity (≈65,000 L mol−1 cm−1,
Figure S6). Fluorescence is weak with measured quantum yield
at ΦF ≈ 10−4 in ethanol, indicating efficient nonradiative decay

of the initial excited state. The wavelength of maximum
absorption is insensitive to solvent polarity or hydrogen-
bonding capacity (Table S3), and the Stokes shift broadly
increases with increasing solvent polarity. In nitrogen-purged
solvents where dissolved oxygen is minimized, optovin showed
Z-E photoswitching following absorption of blue light (405
nm), evidenced by a slightly red-shifted absorption spectrum
(Figure 2b). This transformation was confirmed with UPLC-
MS and photodiode array (PDA) analysis (Figure 2c), where
the photostationary state (PSS) contains two isomers with
strongly overlapping absorption spectra as recorded by UPLC-
PDA. 1H NMR spectra (Figure S11) are consistent with a
single starting isomer and a 45:55% isomer PSS ratio.
Photoswitching of optovin was reversible in all solvents using
monochromatic laser light at 471 nm, exciting on the red edge
of the PSS spectrum, and observing recovery of the initial
absorption spectrum. In solvents purged with nitrogen gas,
reversible photoswitching was achieved more than 10 times
with no or minimal degradation (Figure S5).

In aerated (Figure 2d) or oxygenated (Figure 2e, upper)
solvents, optovin not only photoswitches but also photoreacts
leading to loss of its absorption band and growth of a
photoproduct band centered at ≈365 nm. The photoreaction
rate was drastically enhanced in oxygenated solvents, and was
only partially thermally reversible (Figure 2e, lower). UPLC-
MS (Figure 2f) confirmed that the photoreaction generated
adducts consistent with single (m/z 332.05) and double (m/z
348.05) oxygen addition, with the latter showing poor
solubility in methanol compared with acetonitrile and some
extent of thermal reversion. One plausible assignment for the
doubly oxygenated m/z 348.05 species is 2,5-addition across
the pyrrolic moiety to form an endoperoxide-like product,28,29

although the precise oxygenation site(s) could not be assigned
from UPLC-MS alone.

The photoreaction coordinate in aerated solvents could be
slowed with addition of triplet-quencher DABCO (Figure 2g).
No DABCO effect was observed in nitrogen-purged solutions,
consistent with a triplet photoreaction process in oxygenated
solvents. Stern−Volmer-type analysis of the DABCO quench-
ing effect of the photoreaction in aerated ethanol ([O2] ≈ 1.9
mM at T = 298 K)30 gave a near monotonic dependence on
quencher concentration,31,32 consistent with triplet-state
quenching dynamics. Using the triplet lifetime from our
ultrafast spectroscopy (≈500 ps, see below), the slope

Table 1. Spectral Properties and Excited-State Lifetimes of Z-Optovina

solvent λabs λem Δν̃ ε η τF,1 τF,2 τ1 τ2 τ3

methanol 420 483 3105 33.0 0.54 0.6 ± 0.1 5.5 ± 0.3 0.5 ± 0.1 6.3 ± 0.4 423 ± 69
ethanol 420 486 3233 25.3 1.07 0.6 ± 0.1 5.6 ± 0.3 � � �
butanol 419 478 2945 17.8 2.54 0.7 ± 0.1 5.4 ± 0.3 � � �
pentanol 421 479 2876 15.1 3.62 0.6 ± 0.1 5.5 ± 0.3 � � �
heptanol 421 465 2248 11.8 5.81 0.7 ± 0.1 5.7 ± 0.3 � � �
decanol 421 465 2247 7.9 10.91 0.7 ± 0.1 5.8 ± 0.3 � � �
ethylene glycol 430 492 2930 41.1 16.06 1.2 ± 0.1 14 ± 1 1.3 ± 0.2 31 ± 5 1200 ± 200
acetonitrile 421 492 3427 36.6 0.37 1.3 ± 0.1 10.2 ± 0.8 0.4 ± 0.1 12.4 ± 0.8 505 ± 64
ethyl acetate 419 465 2360 6.1 0.42 0.8 ± 0.1 4.9 ± 0.3 � � �
tetrahydrofuran 421 466 2293 7.5 0.46 0.9 ± 0.1 5.3 ± 0.4 0.6 ± 0.1 5.9 ± 0.5 401 ± 65
dimethyl sulfoxide 402 449 2603 47.2 1.99 1.2 ± 0.2 15 ± 2 0.9 ± 0.2 13.1 ± 0.9 581 ± 51

aAbsorption (abs) and fluorescence emission (em) maxima, in nm (±2 nm), recorded at room temperature (T = 294 K). The fluorescence
excitation wavelength was 400 nm. Stokes shift (Δ̃ν for band maxima) is given in cm−1 (±10 cm−1). ε is the solvent dielectric constant, and η is
viscosity in cP. Lifetimes τF,1 and τF,2 are from fits of femtosecond fluorescence upconversion measurements, while τ1, τ2, and τ3 were derived from
fits of transient absorption spectroscopy.
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corresponds to an apparent quenching rate constant of kq ≈ 6
× 1010 M−1 s−1, close to the diffusion-controlled limit in
ethanol.33 The oxygen-dependent photoreaction quantum
yield was ≈ 10−3. However, this value should be regarded as
a product-formation yield rather than a direct measure of the
intersystem crossing (ISC) yield, because the short intrinsic
triplet lifetime (see below) means that only a small fraction of
triplets are intercepted by dissolved oxygen before decay. For a
diffusion-controlled reaction with oxygen, we estimate an ISC
quantum yield of <20%, consistent with values for thione-
containing organic dyes exhibiting fast triplet-formation ISC
lifetimes (ca. 10 ps).25,26,34 Similar photoreaction and
quenching kinetics were observed for optovin in acetonitrile
(Figure S8).

Further evidence for population of the triplet manifold was
obtained through direct detection of the characteristic near-
infrared emission from singlet oxygen (1O2, Figure S10). Upon
405 nm excitation of optovin in aerated acetonitrile, 1O2
emission was observed, confirming that optovin can sensitize
molecular oxygen through its triplet state. The apparent
singlet-oxygen sensitization quantum yield was low, ΦΔ ≈ 0.1−
0.2%, consistent with a short intrinsic triplet lifetime limiting
interception by dissolved O2. Measurements starting from a Z-
isomer sample and from the 415 nm PSS gave comparable
absorption-corrected 1O2 emission intensities, indicating no

significant dependence of sensitization efficiency on the initial
isomeric composition. This suggests that both Z- and E-
isomers retain access to the triplet manifold under photo-
irradiation, which is expected since their individual absorption
spectra differ by only ≈10 nm (Figure 2c, lower).

Previous biological studies have implicated Cys621, Cys633,
and Cys856 in TRPA1 activation by optovin,13 although the
molecular role of these residues remains unresolved.
Importantly, cysteine is not required to promote ISC in
optovin, rather, triplet formation is an intrinsic property of
optovin. Addition of free cysteine to aerated methanol
efficiently suppressed optovin photodegradation (Figure 2i),
but UPLC-MS revealed no distinct stable optovin-cysteine
photoproduct. Thus, the present solution measurements do
not establish whether cysteine acts as a direct photochemical
reaction partner, contributes to molecular recognition and
positioning of optovin, or influences the photochemistry
through another mechanism. Nevertheless, they show that
cysteine can modulate the photochemistry of the intrinsically
generated optovin triplet state, providing a plausible link
between the condensed-phase excited-state dynamics identified
here and the cysteine dependence observed in TRPA1
activation.

Figure 3. Excited-state dynamics of optovin: (a) Ultrafast fluorescence upconversion decays measured in each solvent listed in Table 1. The inset
shows a logarithmic vertical abscissa scale, which clearly reveals nonmonoexponential decay and no viscosity effect. ACN�acetonitrile, EtGly�
ethylene glycol, and DMSO�dimethyl sulfoxide form a grouping with similar decay lifetimes. (b) Fit of the acetonitrile upconversion data with a
two-component exponential decay, returning τF,1 and τF,2 (inset at T≈ 77 K). (c) Absorption (purple) and fluorescence emission (maroon, 400 nm
pump) spectra in acetonitrile. (d) Selected TA spectra in acetonitrile (420 nm excitation): GSB�ground-state bleach, SE�stimulated emission,
ESA�excited-state absorption, HGSC�hot ground-state cooling. The inset shows weak, long-lived ESA extending to ≈780 nm with trace
amounts remaining for >1 ns. (e) Representative TA kinetics in acetonitrile at selected wavelengths from which a sequential model
1 2 2 S0

1 2 3 provided the lifetimes in Table 1.
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Ultrafast Excited-State Dynamics and ISC Gateway

The excited-state dynamics responsible for optovin’s photo-
switching and triplet state formation were uncovered using
ultrafast fluorescence upconversion and transient absorption
(TA) spectroscopies (Figure 3), interpreted against calculated
excited-state potential energy surfaces (Figure 4) that reveal a
bright S2(ππ*) state lying close in energy to a dark S1(nπ*)
state, an extended S1/S0 conical-intersection region along the
isomerization coordinate, and a nearby ISC-active region
providing access to the triplet manifold.

Ultrafast fluorescence upconversion (Figure 3a), which is
suited to monitoring the fastest of the initial dynamics, shows
that the fluorescing state decays over a few picoseconds,
consistent with the low fluorescence quantum yield at ΦF ≈
10−4. There is no obvious dependence of fluorescence
upconversion data on bulk solvent parameters, including
viscosity, polarity, or hydrogen-bonding capacity. Rather,
fluorescence lifetimes fall into two groups: (i) ethyl acetate,
tetrahydrofuran, and all alcohols except ethylene glycol, and

(ii) acetonitrile, dimethyl sulfoxide, and ethylene glycol. All
fluorescence decay profiles are biexponential (logarithmic axis
inset in Figure 3a), and were readily fit with a sequential two

component exponential decay, 1 2 darkF,1 F,2
(Figure 3b),

providing τF,1 and τF,2 lifetimes (Table 1). We interpret the τF,1
lifetime at ≈1 ps as impulsive loss of the fluorescent Franck−
Condon state, and the τF,2 lifetime as loss of S2 population
farther from the conical-intersection seam (e.g., S2−S1
potential energy surfaces are approximately parallel along the
first ≈ 45◦ of the φ coordinate, Figure 4b). From the potential
energy surface (Figure 4), loss of the fluorescent state is linked
with internal conversion from the initially excited S2(ππ*) state
to either the lower-lying, dark S1(nπ*) state along the θpyr
pyramidization coordinate (left-hand pathway in Figure 4a)
leading to the S1,pyr geometry or along the φ coordinate (right-
hand pathway in Figure 4a) leading to the S1,L geometry.
Because of the near degeneracy of S2 and S1 states at the
Franck−Condon geometry, and because either internal
conversion pathway requires very little nuclear motion from

Figure 4. Potential energy surface for the excited state dynamics of Z-optovin (black�S2, green�S1, red�triplet, blue�conical intersection): (a)
Critical points in the context of the two most significant geometric parameters, φ as torsion about the double bond and θpyr as pyramidalization of
the carbon atom on the thione functionality (structures in Figure S20). (b) Relaxed potential energy surface along the φ coordinate (φ = 180° for
the Z-isomer). A photon excites to the planar Franck−Condon (FC) S2(ππ*) state. Small scale, barrierless motion connects S2,FC with two MECPs,
MECP1 along the θpyr coordinate and MECP2 retaining a near planar geometry. These MECPs lead to the nonfluorescent S1,pyr and S1,L states,
respectively, with this decay assigned to lifetime τ1. A twisted S1,T state is in close geometric and energetic proximity to an isomerizing conical
intersection (MECP3 in b, inset), and is linked with lifetime τ2. (c) Mass-weighted linear interpolation in internal coordinates (LIIC) of the S1 state
potential energy surface between S1,pyr and S1,L state geometries and nearby T3 triplet state, revealing a near-barrierless pathway. (d) Spin−orbit
coupling matrix element (SOCME) norms along the LIIC suggest moderate T3-S1 coupling facilitating intersystem crossing. The τ2 lifetime is
therefore assigned to competitive loss of S1 population by torsional motion through MECP3 and by ISC near the S1,pyr/S1,L state region.
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the Franck−Condon state, little to no dependence of decay
lifetime on bulk solvent parameters (viscosity, polarity) is
expected. The two groupings of fluorescence lifetimes must be
due to specific solute−solvent interactions, for example,
stabilizing the S1(nπ*) state for the second grouping.35

Nonadiabatic molecular dynamics trajectories confirmed a
S2−S1 internal conversion with lifetime τdecay = 1.1 ± 0.1 ps
(Figure S20), consistent with experiment, finding internal
conversion occurs along a seam near degenerate with the
pathway connecting the S1,pyr and S1,L state geometries, but are
slightly weighted toward forming the S1,L geometry.

TA spectroscopy was used to follow the dynamics over the
entire excited-state profile. Selected TA spectra in acetonitrile
(Figure 3d, see Figures S16 and S17 for other solvents) show
bands assigned to ground state bleach (GSB), stimulated
emission (SE), excited-state absorption (ESA) that overlaps
with the SE band, HGSC, and a broadband, long-lived ESA
band. The GSB and ESA bands are fully consistent with
calculated excited-state absorption spectra assuming explicitly
solvated molecular structures, allowing for definitive band
assignments (Figure S19). Over the first few hundred
femtoseconds, the pronounced ESA band at ≈515 nm blue
shifts and reshapes, reaching a wavelength maximum at ≈470
nm after several picoseconds. This evolution is consistent with
S2(ππ*) to S1,L state internal conversion, but the later-time
band shape is also expected to contain a contribution from hot
ground-state cooling (HGSC) following rapid nonradiative
decay.36,37 The red edge of the SE band becomes evident
during this reshaping, with the SE band lost after ≈10 ps,
consistent with the τF,2 lifetimes from ultrafast fluorescence
upconversion measurements (Table 1).

Over longer time scales, trace amounts of GSB and ESA are
evident extending out to several nanoseconds (≈1% transient
signal level at 1.1 ns), consistent with the small extent of ISC
and triplet-state formation independently identified from
DABCO quenching and direct 1O2 sensitization measure-
ments. Taking band integrations and applying Franck−
Condon (S2,FC), S1,L, and T1,T state geometry absorption
cross sections calculated at 5.3 × 10−16, 2.7 × 10−16, and 3.0 ×
10−16 cm2, respectively, the ratiometric triplet yields are ≈9%
in acetonitrile (consistent with extent of remaining GSB after
some tens of picoseconds), ≈20% methanol, THF, and
DMSO, and <30% in ethylene glycol. The estimated
uncertainty in these triplet yields is conservatively taken as
approximately ±20% relative, reflecting uncertainties in the
calculated absorption cross sections and band integrations, for
example, the triplet yield in acetonitrile is 9 ± 2%. TA
measurements of flowing optovin in methanol or acetonitrile
containing DABCO (10 mM), or in oxygen-saturated
methanol, returned near-identical spectra and lifetimes. Thus,
although DABCO measurably suppresses the accumulated
oxygen-dependent photoproduct yield, bimolecular quenching
does not significantly perturb the intrinsic subnanosecond
excited-state kinetics under the TA conditions.

The predominant relaxation pathway of optovin once
population reaches the S1 state is through torsion about the
methylene bridge coordinate φ, such that lifetime τ2 at several
to tens of picoseconds corresponds to isomerization by passage
through a twisted-geometry conical-intersection seam (Figure
4b).38 The longer τ2 lifetime in ethylene glycol (≈31 ps)
confirms that this coordinate shows a weak viscosity
dependence as expected for a volume-conserving isomerization
processes in a monomethine system.39,40 Triplet formation

must therefore compete directly with torsional internal
conversion. The near-degenerate S1,L and S1,pyr state geo-
metries, separated by only a small barrier of ≈4 meV (Figure
4c), lie close in energy to the T3(ππ*) state and have
substantial spin−orbit coupling matrix element norms of 90−
100 cm−1 (Figure 4d)�these values are large for an organic
chromophore, but are consistent with sulfur-substituted
heterocycles, where values are ≈100 cm−1 for 2-thiothymine,
≈150 cm−1 for 4-thiothymine, and 157−160 cm−1 for
thiouracil/thiouridine derivatives.41−43 This region of the S1
state surface thus provides an efficient ISC gateway, allowing a
minor fraction of the excited-state population to reach the
triplet manifold before it can overcome the low S1

† isomer-
ization barrier (≈13 meV). The observed triplet yield is
therefore determined by bifurcation between rapid torsional
internal conversion and ISC from the S1 state potential energy
surface.
Implications for Optovin Function in TRPA1

The condensed-phase measurements identify a general
mechanism by which a local molecular environment could
modulate the excited-state branching of optovin. Torsional
motion about the methylene bridge provides the dominant S1
state decay pathway, and restricting this coordinate slows
internal conversion and allows ISC to compete more
effectively. This behavior is evident in ethylene glycol, where
the longer S1 state lifetime is accompanied by an increased
triplet yield. Whether binding to TRPA1 produces such a
restriction is presently unknown because the optovin binding
site and bound geometry have not been established. Recent
time-resolved studies of protein-bound photoswitches have
shown that ligand motion and photochemical outcome can be
strongly shaped by the local protein environment.44 A useful
analogy is provided by the green fluorescent protein (GFP)
chromophore. The GFP chromophore is only weakly
fluorescent because rapid torsional motion drives nonradiative
photoisomerization in both solution and the gas phase,45,46

whereas encapsulation within the protein’s β-barrel restricts
isomerization and leads to excited-state proton transfer and
bright fluorescence.47,48 By analogy, conformational restriction
of optovin in a TRPA1 binding environment provides a
plausible means of modulating the competition between
torsional internal conversion and ISC.

The short lifetime of the optovin triplet state places an
important kinetic constraint on any mechanism involving this
reactive channel. With a lifetime of several hundred pico-
seconds in solution, an optovin triplet state generated freely in
solution is unlikely to encounter a specific protein reaction site
by diffusion before intrinsic decay or quenching. Thus, if the
triplet state contributes to TRPA1 activation, preassociation of
optovin with the protein would provide a plausible means of
positioning the chromophore close to residues that influence
its ensuing photochemistry. This interpretation is consistent
with the previously reported sensitivity of optovin activity to
mutation of specific cysteine residues and suppression by
DABCO, while other singlet-oxygen-generating compounds do
not reproduce optovin activity.13,14,20 Together with the low
singlet-oxygen sensitization yield measured here, these
observations favor a role for molecular recognition in optovin
function over nonspecific condensed-phase ROS generation,
although the molecular role of the implicated cysteine residues
remains unresolved. A proximity-gated mechanism of this type
has precedent in chemical biology, where short-lived reactive
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intermediates are widely exploited to achieve target-selective
photochemistry from preassociated complexes.49−54 Although
the reactive intermediate in optovin is different, the kinetic
selectivity principle is analogous. In this sense, the short triplet
lifetime may contribute to optovin specificity.

The activity screening of optovin analogues in juvenile
zebrafish indicated that both the pyrrole and rhodanine-thione
units are important for optovin activity.13 Removal of the
pyrrole ring, or replacement with a dimethylaniline group,
inhibited optopharmacological activity, indicating that the
electronic and geometric properties of this part of the
conjugated chromophore are important for function. Similarly,
modifications to the rhodanine ring, which contains the thione
unit implicated here in triplet-state formation also caused loss
of activity. Notably, replacement of the thione with a carbonyl,
which is expected to alter both the singlet−triplet energetic
landscape and the spin−orbit coupling associated with the
sulfur-containing chromophore,22 inhibited activity. However,
interestingly, retention of activity for a hydantoin-containing
analogue shows that the precise rhodanine-thione structure is
not an absolute requirement for photoactivity, but rather that
this region of the molecule is highly sensitive to changes that
alter the excited-state landscape. In contrast, replacement of
the pyridine ring with a methyl group retained activity,
consistent with the pyridine substituent being less central to
the intrinsic excited-state branching coordinate. These
structure−activity trends suggest that the pyrrole and
rhodanine-thione units are central to the combination of
TRPA1 recognition, excited-state branching, and optopharma-
cological activity. The pyridine unit in optovin may therefore
represent a synthetically useful direction for red-shifting
absorption and tuning the excited-state potential energy
surface, provided that modifications preserve the molecular
recognition and excited-state properties important for optovin
function. Understanding this connection establishes a route
toward improved optopharmacological agents in which binding
affinity, local excited-state dynamics, and triplet reactivity are
co-optimized.

■ CONCLUSIONS
The photochemistry of optovin in solution has revealed the
intrinsic excited-state pathways that will influence its
optopharmacological behavior in TRPA1. Following blue-
light excitation to the bright S2(ππ*) state, optovin undergoes
ultrafast internal conversion to the dark S1(nπ*) state. When in
solution, most of the excited-state population then returns to
the ground state through torsional motion about the
methylene bridge, allowing for reversible Z-E photoswitching.
In parallel, a minor fraction undergoes ISC to form a short-
lived triplet state. Although this triplet channel is inefficient in
free solution, it accounts for the oxygen-dependent photo-
reactivity and DABCO quenching, with direct detection of
singlet-oxygen emission providing further evidence that it
forms a chemically reactive channel in optovin’s excited-state
manifold.

The central mechanistic implication is that optovin activity
in TRPA1 may be linked with the combination of molecular
recognition and environment-controlled excited-state dynam-
ics. Because the triplet state survives for a nanosecond or less
in solution, any mechanism involving this reactive channel
would favor preassociation with TRPA1 in a geometry that
positions the chromophore near residues capable of influencing
its ensuing photochemistry. Binding may therefore both

position optovin for local photochemistry and restrict the
torsional photoisomerization coordinate sufficiently to increase
competition from ISC and triplet formation. Future work
should investigate optovin in TRPA1 to explore the precise
optovin-protein coordination and role of the cysteine residues
implicated by previous biological studies.

This understanding provides several design principles for
next-generation optovin derivatives and related gene-free
optopharmacological tools. First, structural and computational
studies of the optovin-TRPA1 binding site will be needed to
identify the noncovalent interactions that preorganize the
chromophore and establish the role of the implicated cysteine
residues. Second, chemical modification should aim to tune the
excited-state potential energy surface by raising the barrier for
torsional internal conversion, stabilizing the ISC-accessible
region, or increasing intrinsic spin−orbit coupling, thereby
increasing the yield of the triplet channel relative to competing
internal conversion. Third, absorption should be red-shifted
toward the bio-optical window55−60 to improve tissue
compatibility, while preserving the molecular recognition and
excited-state properties important for optovin function. Finally,
the short triplet lifetime should not necessarily be viewed as a
limitation, rather it may be an important feature that
suppresses nonspecific ROS generation while retaining access
to a chemically reactive triplet channel.
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