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Development of a Photoactivatable Phosphine Probe for Induction of
Intracellular Reductive Stress with Single-Cell Precision

Alina Tirla and Pablo Rivera-Fuentes*

Abstract: Photoactivatable phosphines that induce intracellu-
lar reductive stress are reported. The design of these probes
takes advantage of the conjugate addition of trialkylphos-
phines to carbocyanine dyes, which can be reverted photo-
chemically to produce the trialkylphosphine and a fluorescent
reporter. The photochemical release depends on the efficiency
of photoinduced electron transfer from the indolenine arm of
the probe to the coumarin acceptor. These probes readily
permeate the mammalian plasma membrane and can be
photoactivated in live cells. Upon irradiation of the probe,
the released trialkylphosphine induces intracellular reductive
stress, which ultimately leads to formation of thioflavin-
positive intracellular protein aggregates. These effects could
be induced in individual cells within a monolayer, with
minimal disturbance of neighboring cells.

Concentrations of reducing and oxidizing agents are tightly
controlled in biological systems, a condition termed redox
homeostasis.!! This balance is obtained by regulating the
ratios of redox pairs, mainly glutathione (GSH) and its
oxidized, disulfide-bonded form (GSSG).” Disruption of
redox homeostasis that produces excessively reducing envi-
ronments has been associated with numerous pathologies,
including cancer, inflammation, metabolic disorders, and
neurodegenerative diseases.”] Investigating the molecular
mechanisms of reductive stress will contribute to our under-
standing of redox homeostasis and ultimately inform the
design of improved therapies for diseases associated to this
crucial aspect of cell biology.

Reductive stress can be induced employing pharmaco-
logical agents, in particular thiols such as N-acetyl-L-cys-
teine! or dithiothreitol (DTT).”! These reducing agents are
efficient but lack spatial resolution and cannot distinguish
between individual cells within a multicellular environment.
Considering that different cell types within a tissue may
display different responses to disrupted redox homeostasis, it
would be advantageous to induce reductive stress using
a reagent that acts rapidly, on demand and with single-cell
precision. Photoactivatable (often called “caged” or “pho-
tocaged”) probes fulfill these requirements by providing
spatially and temporally controlled release of bioactive
agents.®”! The utility of these molecular tools has been
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thoroughly demonstrated and many photoactivatable ions,”!
neurotransmitters,'” lipids[" nucleic acids,"” peptides,"!
and proteins" have been developed. Herein, we report the
design, synthesis, and implementation of a photoactivatable
phosphine that permeates the plasma membrane and, upon
photoactivation, releases a reporter fluorescent dye and
a trialkylphosphine that induces reductive stress in live cells.

Trialkylphosphines efficiently reduce biological disulfide
bonds.®) We envisioned that a photoactivatable trialkylphos-
phine would be an effective inducer of intracellular reductive
stress. Recently, photoactivatable triarylphosphines were
reported in the context of light-activated, Bertozzi-Staun-
diger ligations.'*!” Despite the value of these probes, we were
interested in developing a photoactivatable group that, upon
irradiation with visible light, would produce a strongly
reducing trialkylphosphine and a fluorescent reporter as the
only two photoproducts. With these requirements in mind, we
based our design on the conjugate addition reaction of tris(2-
carboxyethyl)phosphine (TCEP) to carbocyanine dye Cy5,
which can be reversed upon irradiation with UV light
(Scheme 1)."¥ The carbocyanine—phosphonium adduct, how-
ever, has a weak C—P bond and is not an isolable species.[lsl
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Scheme 1. Conjugate addition of tris(2-carboxyethyl)phosphine (TCEP,
PR;) to carbocyanine Cy5 and photochemical elimination of the
phosphine.ls.

To develop a carbocyanine—phosphonium adduct with
improved thermal stability, density functional theory (DFT)
calculations were performed to estimate the barrier of
phosphine dissociation in the electronic ground state (for
details, see the Supporting Information). Starting with the
carbocyanine Cy5 adduct, the substituents on the cyanine
backbone were varied systematically to increase the thermal
(non-photochemical) barrier of C—P bond cleavage. This
modeling revealed that desymmetrization of the cyanine dye
and introduction of weak electron-donor substituents (N,N-
dimethylaminocoumarin) and electron-withdrawing indol-
enines increased the predicted stability of the phosphonium
adduct. Based on these calculations, compounds 1la-d
(Figure 1) were selected as models for the synthesis of
a series of probes.

The synthesis of photoactivatable phosphines started with
the condensation of Fischer’s bases 2a—d with aldehyde 3 to
obtain the respective coumarin-carbocyanine dyes 4a-d."!
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Figure 1. Computational design of carbocyanine—phosphonium
adducts with increased stability compared to that of Cy5 (top). All
transition-state energies are provided relative to that of the Cy5 adduct
(0 kcalmol™).
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Scheme 2. A) Synthesis of probes 5a-d. B) Thermal formation of the
phosphonium adduct and photochemical release of n-tributylphos-
phine and dyes 4a-d.

These dyes were treated with n-tributylphosphine to give
phosphonium compounds 5a-d (Scheme 2), which, unlike
Cy5 adducts, could be isolated as pure compounds. 'H-*'P
HMBC NMR experiments were carried out to confirm the
regioselectivity of the conjugate addition (Figure S1).
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Compounds Sa-d and 4a-d are soluble in phosphate-
buffered saline (PBS) up to ~400 um. Absorbance and
fluorescence spectra were measured in PBS (2 um, Figures S2
and S3). Compounds 4a-d display strong absorbance around
570 nm, whereas compounds Sa—d have absorption maxima
around 415 nm. Absorption and NMR spectroscopic analyses
suggested that compounds 5a-d decomposed in solution at
various rates to produce dyes 4a—-d and n-tributylphosphine
(Scheme 2B), which was characterized by decreased absorp-
tion at 415 nm and increased around 570 nm. The rates of
phosphine release for compounds Sa-d were determined in
the absence of photoactivating light to evaluate their inherent
thermal stability (Figure S4 and Table S1), but in the presence
of excess GSSG, which reacts readily with the released n-
tributylphosphine (Figure S5). Compounds 5a-d displayed
markedly different rates of phosphine release in the absence
of light (Figure S4 and Table S1). The stability of the
carbocyanine—phosphonium adduct increased as a function
of the electron-withdrawing ability of the substituent on the
indolenine, confirming the trend obtained computationally
(Figure 1). The photochemical release of n-tributylphosphine
from 5b was evaluated by irradiation (405 nm, 10 mW) of
a solution of 5b under aerobic conditions. 'H, *'P NMR, and
absorbance spectra confirmed that the only two photoprod-
ucts were dye 4b and n-tributylphosphine oxide (Figure S6).

Photoactivation experiments revealed that compounds
Sa—c release n-tributylphosphine and dyes 4a—¢, albeit with
low photoactivation quantum yields (Tables S1 and S2). In
contrast, probe 5d did not react under irradiation, revealing
a possible mechanism of photoactivation. A combination of
theoretical calculations and photophysical experiments (Fig-
ures S7-S10 and Scheme S1) showed that for compounds 5a—
¢, but not 5d, excitation of the coumarin fragment leads to
photoinduced electron transfer from the indolenine arm. This
further enhancement of the electron-donating ability of the
coumarin triggers the elimination of phosphine in a manner
akin to that of self-immolative linkers.””

Probes 5b and 5S¢ were then tested in live cells. Results for
Sc are presented here and those for S§b in the Supporting
Information. Human cervical cancer cells (HeLa) were
treated with 5¢, washed, and the fluorescence of the cells
was recorded in the red channel before and after exposure to
light of 405 nm (Figure 2A-C). This experiment demon-
strated that probe 5¢ was present in the intracellular medium
and that the compound can be efficiently photoactivated
(Figure S11). Moreover, when the cells were not irradiated,
only a negligible increase in red fluorescence was recorded
after > 60 min (Figure S12). In addition, probes 5b and 5¢ did
not decrease the viability of HeLa cells at the concentrations
and incubation times used for imaging experiments (Support-
ing Information).

Photoactivation of probe Sc efficiently converted GSSG
to GSH invitro (Figure S5), demonstrating that it can
produce free thiols from disulfides. To test whether Sc¢ could
also increase the concentration of free thiols in live cells,
monobromobimane (mBB) was employed, which is a thiol-
sensitive fluorescent probe.”!! HeLa cells were treated with
mBB and 5¢, and exposed to 405 nm light. These cells
displayed a 6-fold increase in mBB fluorescence compared to
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Figure 2. Photoactivation of compound 5c in live Hela cells. A) Cells
after 10 min incubation with 5¢ (10 pm) before photoactivation.

B) Same cells as in (A) after photoactivation (405 nm, 120 mW, 20%
power, 25 s). C) Quantification of the fluorescence intensity of 5¢
(details of data collection and statistical analysis are described in the
Supporting Information). D) Cells treated only with mBB (50 pm) after
photoactivation. E) Generation of intracellular reducing agents in cells
treated with mBB (50 pum) and 5¢ (10 um) after photoactivation.

F) Quantification of the fluorescence intensity of mBB. G) Cells treated
with ThT (5 um) and photoactivated. H) Generation of intracellular
protein aggregates in cells treated with 5¢ (10 um) for 10 min, then
photoactivated, washed, and stained with ThT (5 um). 1) Quantification
of fluorescence intensity of ThT. mBB=monobromobimane,

ThT =Thioflavin T. Scale bar=10 pum.

a control sample that was treated with mBB and irradiated in
the absence of 5¢ (Figure 2D-F). Notably, mBB could
undergo reductive dehalogenation upon direct reaction with
a trialkylphosphine, which would produce a fluorescent
product (Figure S13).”?! Although we cannot rule out this
possibility, this experiment showed that species capable of
reducing mBB were formed upon photoactivation of Sc¢ in
live cells.

Cleavage of disulfide bonds in proteins, leading to
unfolding or misfolding and aggregation, is a consequence
of reductive stress.”™ To test whether intracellular protein
aggregation is triggered by photoactivation of 5S¢, imaging
experiments were carried out employing thioflavin T (ThT),
a common stain for protein amyloid aggregates.” Live HeLa
cells treated with S¢ and ThT displayed a 13-fold stronger
ThT emission after photoactivation compared to control cells
that were irradiated and stained with ThT, but not treated
with 5S¢ (Figure 2 G-I).

Moreover, the fluorescence of a solution of ThT did not
increase significantly upon irradiation (Figure S14 and S15),
which suggests that photoactivation of 5c¢ induces the
formation of intracellular protein aggregates that can be
stained with ThT.

Angew. Chem. 2016, 128, 14929 —14932
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Photoactivatable probes are particularly useful for experi-
ments that require stimulation of an individual cell within
a complex population, for example, to investigate cellular
connectivity.™ We used our probes to perform photoactiva-
tion experiments in individual cells within a monolayer. Cells
were incubated with §b or S¢, washed and imaged in the red
channel. A region of interest (ROI) comprising a single cell
was selected and irradiated with a 405 nm laser pulse
(120 mW, 50% power, 0.5 ms pixel '), similar to a fluores-
cence recovery after photobleaching (FRAP) experiment.”!
Figure 3 shows the results obtained with probe 5¢ (5b in the

P<0.0001

normalized intensity / a.u.

before FRAP  after FRAP

P=0.002

normalized intensity / a.u.

before FRAP  after FRAP

P <0.0001
e

normalized intensity / a.u.

o N b O ®

before FRAP after FRAP

Figure 3. Single-cell photoactivation of 5¢. A) Cells treated with 5¢
(10 um) before photoactivation. B) Same cells as in (A) after photo-
activation by a FRAP pulse (405 nm, 120 mW, 50% power, 0.5 ms
pixel ') in a ROI (dashed cyan line). C) Quantification of fluorescence
intensity of 5¢ in the ROI. D) Cells treated with mBB (50 um) and 5¢
(10 um) before photoactivation. E) Same cells as in (D) after photo-
activation by a FRAP pulse (405 nm, 120 mW, 50% power, 0.5 ms
pixel™") in a ROI (dashed magenta line). F) Quantification of the
fluorescence intensity of mBB in the ROI. G) Cells treated with ThT

(5 um) and 5¢ (10 um) before photoactivation. H) Same cells as in (G)
after photoactivation by a FRAP pulse (405 nm, 120 mW, 50% power,
0.5 ms pixel ') in a ROI (dashed magenta line). 1) Quantification of
the fluorescence intensity of ThT in the ROI. ROl =region of interest.
Scale bar=10 um.

Supporting Information). Immediately after the FRAP pulse,
the intracellular fluorescence intensity increased ~ 10-fold
(Figure 3C). A time-lapse experiment (Movie S1) revealed
that the fluorescence intensity of S¢ decreases steadily after
photoactivation (Figure S21) owing to either photobleaching
of the dye or diffusion of the probe to the extracellular space.

Photoactivation of 5S¢ in individual cells led to production
of reducing species detectable by mBB under the staining
conditions used before (Figure 3D-F). Similarly, photoacti-
vation of 5c in a single cell induced the formation of protein
aggregates that could be detected by ThT staining following
the procedure described above (Figure 3 G-I). In both cases,
irradiation of cells in the absence of probe 5¢ did not produce
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any significant increase in fluorescence of either mBB or ThT
(Figures S24 and S25).

In summary, a series of fluorogenic, photoactivatable
phosphine probes was developed. These molecules permeate
the intact membrane of live mammalian cells and can be
activated with visible light to increase the intracellular
concentration of reducing species and form protein aggre-
gates, both of which are hallmarks of intracellular reductive
stress. With these probes, we were able to induce reductive
stress in individual cells with minimal perturbation of
neighboring cells in a monolayer. Current work in our
laboratory is aimed at improving this spatial resolution
further to be able to induce reductive stress in specific
subcellular compartments.
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