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Luciferase-induced photoreductive uncaging of
small-molecule effectors
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Bioluminescence resonance energy transfer (BRET) is extensively used to study dynamic

systems and has been utilized in sensors for studying protein proximity, metabolites, and

drug concentrations. Herein, we demonstrate that BRET can activate a ruthenium-based

photocatalyst which performs bioorthogonal reactions. BRET from luciferase to the ruthenium

photocatalyst is used to uncage effector molecules with up to 64 turnovers of the catalyst,

achieving concentrations >0.6 μM effector with 10 nM luciferase construct. Using a BRET

sensor, we further demonstrate that the catalysis can be modulated in response to an analyte,

analogous to allosterically controlled enzymes. The BRET-induced reaction is used to uncage

small-molecule drugs (ibrutinib and duocarmycin) at biologically effective concentrations in

cellulo.
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B ioluminescence resonance energy transfer (BRET) has
become an important tool for investigating dynamic
interactions in living systems. BRET is based on energy

transfer from a luciferase donor to a proximal fluorophore
acceptor. This technology has found many applications for real-
time monitoring of dynamic processes such as protein–protein
and protein–ligand interactions and for other uses, including
imaging ion concentrations in cellular assays and whole-animal
imaging1–7. However, to date, it has essentially been limited to
imaging applications. Recently, BRET was used to switch a
photochromic fluorescent protein (Dronpa) to an ON state8.
Concurrently, the first application extending BRET from imaging
to a signaling event was reported9–11. In this case, BRET from
Gaussia luciferase to rhodopsin ion channels (luminopsins) was
used to modulate neuronal activity. Herein, we report a different
approach wherein luciferase resonance energy transfer activates a

ruthenium-based photocatalyst to perform chemoselective and
bioorthogonal chemical transformations. Ru(bpy)3Cl2 [Tris(2,2′-
bipyridyl)dichlororuthenium(II)] has previously been shown to
photocatalytically and bioorthogonally reduce azides12. In pre-
vious studies, we have harnessed this chemistry using the closely
related Ru(bpy)2phen for nucleic acid–templated reactions in live
cells and live vertebrates13–16. More recently, we showed that a
pyridinium linker was reductively cleaved using the same
ruthenium-based photocatalysis with the fastest rate for nucleic
acid–templated reactions (kcat/KM of 105 M−1s−1)17. One of the
brightest known luciferases, NanoLuc (NLuc), developed from
Oplophorus luciferase by Promega, has an emission profile that
extensively overlaps with the absorption spectrum of Ru(bpy)2-
phen (Fig. 1a)18. While the spectral overlap between the emission
of NLuc and absorbance of Ru(bpy)2phen suggests that resonance
energy transfer between luciferase and ruthenium should proceed
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Fig. 1 Concept and design of LUPIN. a The emission spectrum of NLuc (blue) overlaps very well with the absorption spectrum of the ruthenium
photocatalyst (red), suggesting that efficient BRET should be possible. b The fusion protein SNAP-Pro30-NanoLuc (NLuc)-cpDHFR is linked via self-
labeling SNAP to the synthetic linker containing the ruthenium photocatalyst and methotrexate (purple ball, DHFR ligand), positioning the ruthenium in
close proximity to the NLuc. Free methotrexate (green ball) can push the sensor into the open conformation, thus turning off the BRET to the photocatalyst.
c By installing a PNA next to the ruthenium catalyst, complementary pyridinium substrates can bind and undergo photoreductive cleavage by the
ruthenium, unmasking the effector molecule
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when placed in the required proximity, a fast chemical transfor-
mation is required to capture this excited state and effectively
translate the energy transfer into a reaction (Fig. 1b). To be useful
in a cellular or in vivo setting, the photocatalysis should proceed
with substrates at low concentration (μM). To this end, we
introduce LUPIN (luciferase-based photocatalysis induced via
nucleic acid template), wherein the photocatalyst is conjugated to
a nucleic acid (PNA) to create a high effective concentration of
substrate capitalizing on the fast chemical transformation of
nucleic acid-templated reactions at low substrate concentrations
(Fig. 1c).

Results
Energy transfer from NLuc to ruthenium photocatalyst. We
envisioned a semi-synthetic system that would allow us to bring
the ruthenium complex, NLuc, and the pyridinium substrate into
close proximity of each other. The Johnsson lab has recently
reported semi-synthetic sensors for monitoring drug concentra-
tions (LUCID: luciferase-based indicator of drugs)19,20. LUCID is
a dynamic platform with three components fused together: a
SNAP protein to conjugate a synthetic linker containing the
dye–drug adduct, NLuc for bioluminescence, and a receptor
protein that binds the drug. This construct responds to a drug by
changing the proximity of the fluorophore to NLuc, and a LUCID
developed for methotrexate (MTX) was shown to respond with
an EC50 of 85 μM. Inspired by this precedent, we reasoned that an
analogous linker containing the ruthenium complex should
achieve efficient energy transfer from the NLuc to the ruthenium
in an MTX-dependent manner. We further added a 5-mer PNA
adjacent to the ruthenium complex for templated reactions (see
Fig. 1 and Supplementary Fig. 1 for the explicit structure of the
linker). After ligating our linker (BG-(Ru)(PNA)-MTX: (1) to
the protein construct (Supplementary Fig. 2), we measured the
luminescence emission spectrum in the presence and absence of
MTX, testing the efficacy of BRET (Fig. 2 and supplementary
Figs. 3 and 4). We observed a new emission band around 610 nm,
corresponding to the expected emission wavelength of the Ru
(bpy)2phen complex in the absence of MTX. Addition of MTX
(100 μM) dramatically reduced the energy transfer from the NLuc
to the ruthenium complex, concurring the results reported with
LUCID and consistent with the reported EC50

19. Based on the
quantum yield of Nluc and the spectral overlap of the Nluc
emission spectrum and the excitation spectrum of the Ru-com-
plex, we calculated the Forster distance to be 16 Å. Since the
energy transfer efficiency between NLuc and the Ru-complex was
found to be 0.64, the average distance was estimated to be less
than 16 Å.

Photoreductive release of rhodamine with LUPIN. Having
established that the alignment of the ruthenium catalyst and
NLuc allowed for energy transfer, we next investigated if this
energy transfer could be translated into the reductive unmasking
of a rhodamine with a pyridinium construct containing a 5-mer
PNA, complementary to the PNA situated next to the photo-
catalyst (Fig. 1c). Thus 100 µM furimazine was added to the
LUPIN sensor construct (50 nM) in the presence of 0.5 µM PNA-
PyRho- substrate (2, Fig. 2b) with 10mM sodium ascorbate as a
stoichiometric reducing agent for ruthenium catalyst turnover. To
our delight, we observed an increase in fluorescence due to the
release of rhodamine, reaching 65 nM (1.3 turnovers, Fig. 2b), a
slight excess relative to the LUPIN sensor. On the other hand,
when supplementing the reaction with 100 µM MTX the yield
was reduced by roughly half (35 nM rhodamine released), con-
sistent with the shift in equilibrium of the sensor to an open
conformation (EC50 85 µM), thus reducing BRET efficiency19. As

further controls, the reaction was performed with the SNAP-
NLuc-DHFR construct pretreated with benzyl guanine to saturate
SNAP prior to the addition of the BG-linker containing the
photocatalyst-PNA-MTX. In this case, the synthetic linker will
not be covalently attached to the sensor. The experiment was
performed under the same conditions as above (without MTX). A
marginal reaction was observed (which can be expected due to the
photon flux from NLuc and absorption by the ruthenium pho-
tocatalyst; however, this should always be small compared to
resonance energy transfer). Finally, we performed the reaction
using the LUPIN sensor with a substrate lacking the PNA. We
detected a dramatically reduced reaction. Taken together, these
data indicate that the observed reaction is a product of resonance
energy transfer from NLuc to the ruthenium photocatalyst and
that the nucleic acid-templated reaction is important to increase
the effective substrate concentration to achieve the desired
chemical transformation. Furthermore, the rate of reaction can be
allosterically modulated by shifting the conformation from the
closed form to the open form with the addition of MTX (Sup-
plementary Fig. 5). This first set of reactions effectively stopped
after 15 min, which was attributed to the fast consumption of
furimazine by NLuc. Thus, we decreased the concentration of the
LUPIN sensor (50, 10, 2 nM) while keeping the furimazine sub-
strate (100 μM) and PNA-PyRho (2) concentrations constant
(5 μM; prior experiment performed at 0.5 μM). We compared the
progression of rhodamine concentration to the luminescence
decay of the unlabeled LUPIN sensor (Fig. 2c). At 50 nM LUPIN
sensor, the luminescence decay was fast due to rapid furimazine
consumption (t1/2∼ 8min) and the photoreduction reaction
dramatically slowed down after 10 min, reaching a rhodamine
concentration of 360 nM (TON of 7, Fig. 2c). At 10 nM LUPIN
sensor, the observed luminescence half-life increased to ∼21 min
and the photoreduction reaction progressed to deliver 640 nM
rhodamine (TON of 64 in 2 h, Fig. 2c). At 2 nM LUPIN sensor,
the observed luminescence half-life increased even further to ∼78
min with an observed unmasking of 130 nM rhodamine (TON 64
in 2 h, Fig. 2c). This increase in TON with a decrease in LUPIN
sensor from 50 to 10 nM suggests that at high LUPIN sensor
concentration (50 nM), the rate of bioluminescence far exceeds
the rate of substrate photoreduction. It is noteworthy that the
concentration of product obtained in the reactions (100–600 nM)
is well within the range of the effective concentration of many
drugs and that this can be achieved with a low concentration of
LUPIN (2–10 nM). Further evaluation of our LUPIN system
revealed there is a direct correlation between the photon flux
emitted from Nluc and the amount of uncaged product (Sup-
plementary Fig. 6a–d, reactions at different furimazine con-
centrations), as could be expected based on the reaction
mechanism. The reaction was shown to be effective over a broad
range of substrate concentrations (5–0.2 μM of substrate Sup-
plementary Fig. 7a–c). It should be noted that 100 μM furimazine
is not toxic21. We observed that the reaction rate did not change
with decreasing NaAsc concentrations (Supplementary Fig. 8a–c),
down to 0.1 mM ascorbate. The reduction of the photoexcited
state of the ruthenium catalyst proceeds at a rate near diffusion
control and this step is not limiting in the overall reaction pro-
gression. However, it should be noted that a high concentration of
NaAsc (10 mM) is within the clinically established tolerance22.

Photocatalyzed uncaging of effector PNA prodrugs. Having
established that we could effectively release a fluorophore by
ruthenium-catalyzed nucleic acid-templated pyridinium photo-
reduction, we next investigated whether LUPIN could also be
used to release effector molecules at biologically effective con-
centrations. As examples we chose three different drug molecules
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(Fig. 3): raloxifen, a partial agonist of the estrogen receptor;23,24

ibrutinib, a potent covalent kinase inhibitor (IC50 of 3–6 nM in
chronic active BCR signaling B-cell lymphoma25); and a duo-
carmycin analog, a highly cytotoxic prodrug of a DNA-alkylating
agent with IC50 < 1 nM in human bronchial carcinoma cells26.
We prepared drug conjugates by attaching each drug to the
pyridinium linker and 5-mer PNA (Fig. 3, 6–8). In all three cases,

a heteroatom involved in the binding to the target was selected for
conjugation to the pyridinium linker, thus abrogating its designed
activity and yielding a caged prodrug. The photocatalyzed
uncaging of the prodrug was validated through a templated
reaction using LED irradiation (Fig. 3). These experiments
showed a clean conversion of the caged prodrug to the active drug
within minutes of irradiation.
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LUPIN release of ibrutinib. We next investigated the LUPIN-
promoted uncaging of ibrutinib, a covalent inhibitor of ErbB2. To
assess the level of target engagement following LUPIN-induced
uncaging, we also prepared a conjugate of ibrutinib with Cy3 (9,
Fig. 4). We first validated that this conjugate labeled ErbB2 in
SKBR3 cells, resulting in bright cellular fluorescence, and that
saturation of the ErbB2 with free ibrutinib (1 µM, 30 min)
resulted in a dramatic reduction of fluorescence (Supplementary
Figs. 9 and 10). This observation is consistent with the fact that
ibrutinib covalently engages its target and ligand exchange is not
possible once the target is saturated with the drug. Next, we
compared the level of labeling obtained in cells treated with the
caged ibrutinib (PNA-Py-Ibr 7, 10 μM) with and without LUPIN.
In the absence of LUPIN, strong cellular labeling was observed,
indicating that the caged drug could not engage the
target, allowing the labeling to proceed. In the presence of LUPIN
(10 nM), a dramatic reduction of labeling was observed,

indicating that sufficient drug had been uncaged to saturate the
target in these SKBR3 cells (Fig. 4 and Supplementary Fig. 11).
These results demonstrate that a drug can be unmasked through
BRET-induced photocatalysis and that the technology should be
broadly applicable to any small-molecule effector.

LUPIN release of duocarmycin in MCF-7 cell culture. Duo-
carmycin analogs have been used as prodrugs with diverse modes
of uncaging26–29. As long as the phenol of a prodrug is engaged in
a covalent bond, the cyclopropanation reaction leading to the
formation of the active drug cannot take place. In the present case,
the phenol is masked by a primary benzylic ether. In the course of
evaluating the toxicity of the free drug versus the prodrug, we
discovered that the linker suffered from low levels of background
immolation that were sufficient to yield partial cytotoxicity given
the extreme potency of the duocarmycin pharmacophore. Using
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the caged rhodamine for a more quantitative analysis, we mea-
sured the half-life of the linker in media, and observed 0.6%
immolation after 12 h (k= 1.916 × 10−7 s−1; Supplementary
Fig. 12). Assuming a first-order rate of decomposition, the half-life
of the linker is 1005 h. While this low level of immolation was not
detected in previous experiments with shorter readouts, the
extreme cytotoxicity of the uncaged duocamycin drug coupled to
the longer assay period (3 days) reduced the therapeutic window.
We pursued two strategies to reduce the background hydrolysis of
the immolative linker: increasing steric bulk on the aryl ring using
a 2,6-lutidine rather than a pyridine, and using a secondary
benzylic ether in the connection to duocarmycin. Comparison of
the templated reaction with the modified immolative linkers
showed that both were competent in ruthenium-photocatalyzed
immolations but the modification with the secondary benzylic
position performed better than the lutidine (Supplementary
Fig. 13). This modification led to comparable rates of reaction and
immolation as the original primary benzylic pyridinium linker.
However, no background hydrolysis was measured when using the
latter linker (incubation of the substrate with media for 12 h did
not afford a measurable reaction; Supplementary Fig. 13). We also

observed a two-fold improvement in reaction yield when using
Leibovitz’s medium instead of HEPES buffer (Supplementary
Fig. 14), while the photon flux and luminescence decay profile of
NLuc only changed marginally. With this new linker in hand, we
compared the cytotoxicity of the caged prodrug to the uncaged
drug. Using MCF-7 as a prototypical cancer cell line, strong dis-
crimination of cytotoxicity was clearly apparent at low nM con-
centration, with the uncaged drug resulting in complete cellular
death, while the caged drug resulted in comparable cellular density
to a control without drug. A therapeutic window of >100-fold was
measured at an optimal operating concentration of 5–25 nM
(Supplementary Fig. 15). Next, we compared the cytotoxicity of
the prodrug with LUPIN at various concentrations of furimazine.
In the absence of furimazine, LUPIN did not trigger BRET and the
prodrug remained caged. At all tested prodrug concentrations,
there was a clear dose response of toxicity based on furimazine
concentration (Fig. 5. and Supplementary Fig. 16a–d). In the
absence of prodrug, no significant differences in cellular growth
were observed in response to furimazine concentration up to
100 μM. With prodrug, the best results were obtained at a con-
centration of 6.25 nM. At this concentration, there was a dramatic
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difference in experiments using 100 μM furimazine, which resul-
ted in mostly dead cells in bright-field images with only a few
nuclei left, versus experiments run under the same conditions but
without furimazine, in which cells reached near confluence.
Intermediate concentrations of furimazine (e.g., 25 μM) still led to
growth inhibition and a partial cytotoxic response with more live
cells remaining but also resulted in extensive debris from apop-
totic cells (Fig. 5, inserts). The clear dose response observed as a
function of furimazine concentration strongly suggests that
uncaging of the prodrug proceeds through a BRET-photocatalysis

process. While the best results were obtained at 6.25 nM prodrug,
this trend held over a concentration range of 6.25–250 nM pro-
drug (Supplementary Fig. 16a–d). The fact that the prodrug can
still be uncaged at a concentration as low as 6.25 nM attests to the
importance of the nucleic acid component in the design. This
again demonstrates that our LUPIN system is capable of releasing
effector molecules at biologically relevant concentrations.

The present design of LUPIN was conceived from an
established semi-synthetic BRET sensor that was selected because
it should be adaptable to BRET-induced photocatalysis and
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Fig. 5 LUPIN release of cytotoxic duocarmycin analogue in MCF-7 cell culture. a Schematic representation of Duo-OMe (4) release by LUPIN with
furimazine to generate DNA alkylating agent. b Quantification of cellular growth (MCF-7) by nuclei count. Bar graph of nuclei count across different
furimazine and prodrug (PNA-Py2Duo 12) concentrations (left panel). Representative images of cells (right panel) across different prodrug (12) and
furimazine concentrations imaged by fluorescence (Hoechst) and bright field (BF). The red square indicates the zoomed-in area below it. The bar graph is
the average of three independent experiments ran in triplicates. Error bars show ±1 standard deviation from the mean. Statistics were calculated using a
two-tailed t-test with unequal variances (Welch’s unpaired t-test). *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 200 µM; zoom-in scale bar: 50 µM
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offered a testing ground for allosteric responsiveness. The positive
results obtained suggest that BRET-induced photocatalysis should
be achievable with other bioluminescent proteins/photocatalyst
pairs. There are exciting developments in bioluminescence
imaging, with recent reports of brighter luciferases that could
further improve the amplification and broaden the dynamic range
of BRET-induced photocatalytic transformation. For instance,
GLucM23 is a recently reported extremely bright Gaussia
luciferase mutant30, and teLuc21, a NLuc mutant twice as bright
as the native luciferase.

Conventionally, BRET has almost exclusively been used to
monitor biochemical pathways and events. Herein, we have
demonstrated that BRET can be harnessed to design a semi-
synthetic biochemical pathway. It should be noted that the design
is highly modular and lends itself to multiplexing. For instance,
bioluminescent proteins using different substrate specificities
could be functionalized with unique PNA tags to direct parallel
chemistries without cross-talk. As our construct also responds to
direct light irradiation, the system can be controlled both
chemically and optically.

In summary, we report the first example of a BRET-induced
bioorthogonal reaction. The reaction is promoted by an energy
transfer from a bioluminescent protein (Nluc) to a ruthenium-
based photocatalyst which uncages a substrate through a
templated reaction. The reaction was demonstrated using a
known BRET-based sensor with a novel synthetic linker. The
sensor is composed of (DHFR) fused to a luciferase (NLuc) and a
self-labeling protein (SNAP). The synthetic linker is composed of
the ruthenium-based photocatalyst, a PNA strand for
hybridization-based templated reactions, and the ligand that
interacts with the receptor of the sensor. We demonstrated that
templated chemistry was essential to achieve efficient uncaging of
substrate. The nucleic acid template offers a flexible platform to
tune the affinity of the semisynthetic construct for the substrate
allowing reactions to proceed at low substrate concentrations
(<1 μM). BRETs have frequently been utilized as reporting
modalities in diverse sensors. The present work extends the
utility of such sensor to respond with a reaction that uncages an
effector molecule, as demonstrated with LUPIN. We showed that
LUPIN operates at low concentration (2–50 nM) and is capable of
catalytic substrate uncaging with up to 64 turnovers, yielding
100–600 nM product. This chemistry was used to unmask a
selective kinase inhibitor (ibrutinib) and an extremely potent
cytotoxic prodrug (duocarmycin analog). We expect this
technology to be useful for logic-based responsiveness to
environmental cues and prospective smart therapeutics. LUPIN
overcomes the challenge of spatial resolution and light penetra-
tion in photoreactions. Furthermore, genetic encoding of the
sensor can restrict the reaction to specific cell types. In a broader
context, this chemistry opens new horizons in biotransforma-
tions, and we expect it to find applications in synthetic biology.
While the present work was performed with a ruthenium-based
photocatalyst, we anticipate that this concept can be extrapolated
to any photocatalyst (transition metal-based or organic) with an
absorption overlapping the emission of a bioluminescent protein.

Methods
Labeling of SNAP-Pro30-NLuc-cpDHFR with 1. An aliquot of 1 (4 µM) was
added to an Eppendorf tube containing a solution of SNAP-Pro30-NLuc-cpDHFR
(1 µM) in HEPES (50 mM) NaCl (50 mM) (pH 7.2). The solution was left shaking
at room temperature for 1 h. The labeling was monitored and confirmed via
MALDI-TOF. Labeled proteins were purified using an ultra-centrifugal filter device
with a 30 kDa MWCO (0.5 mL), performing three exchanges of 450 µL HEPES
(50 mM) NaCl (50 mM) (pH 7.2) to remove excess amounts of 1. Subsequent
experiments, however, showed that non-covalently linked 1 had no effect. SNAP-
Pro30-NLuc-cpDHFR labeled with 1 and purified via spin filtration showed no
difference in performance in comparison with the product of a crude reaction

mixture. The experiments depicted in Fig. 2 were performed with material obtained
via spin filtration while those illustrated in Figs. 4 and 5 were conducted with crude
reaction mixture.

Representative conditions for LUPIN release. Furimazine (100 µM) was added to
a solution containing SNAP-Pro30-NLuc-cpDHFR labeled with 1 (10 nM), PNA-
PyRho (2) (5 µM), and NaAsc (10mM) in HEPES (50mM) NaCl (50mM) (pH
7.2). The rhodamine fluorescence generated was quantified by comparison with free
rhodamine standard curves to estimate the concentration of rhodamine released.

Luminescence Spectra of SNAP-Pro30-NLuc-cpDHFR. Luminescence spectra of
constructs were obtained by adding furimazine (10 µM) to a solution of labeled or
unlabeled sensor protein constructs (1 nM) in HEPES (50 mM), NaCl (50 mM)(pH
7.2) buffer with or without MTX (100 µM). Spectra were measured with a step size
of 2 nm and an integration time of 50 ms.

Procedure for the templated unmasking of rhodamine by LUPIN. The tem-
plated reactions were carried out in a 96 well black plates in 50 mM HEPES, 50 mM
NaCl (pH 7.2) at 25 °C. The stock solutions of PNA probes (in deionized water or
DMSO), LUPIN construct, and sodium ascorbate were diluted in the reaction
buffer and then added to wells (100 µL/well). The reactions were initiated by the
addition of 2 µL of an ethanolic solution of furimazine (5 mM) (final concentration
100 µM). Each experiment was performed in triplicates. The concentration of
released rhodamine by LUPIN was calculated from the fluorescence (ex: 490 nm;
em: 530 nm; cutoff: 515 nm) using a standard curve prepared with free rhodamine,
ascorbate (10 mM), and furimazine (100 µM).

Procedure for the templated unmasking of PNA-drug conjugates. The template
reactions to release drugs were performed as follows: solutions of PNA-Ru (10 µM)
and PNA-PyDrug (Drug: Duocarmycin-OMe, Ibrutinib, or Raloxifene) (100 µM)
in PBS (10 mM, pH 7.4) with sodium ascorbate (10 mM) were mixed in an
Eppendorf. Samples were injected into LC-MS at 0, 1 or 2 min irradiation time
points. Samples were irradiated with a collimated LED light (455 nm, 1W:
Thorlabs, part number M455L2-C1—www.thorlabs.com). Areas under the curve
for the chromatograms were calculated using Thermo Xcalibur Qual Browser. This
integration was used to estimate a yield understanding that this method under-
estimates the actual yield since the product has a lower absorption coefficient than
the starting material.

Cell culture: MCF-7 and SKBR3 cell lines were obtained from the American
Type Culture Collection (ATCC) and expanded following their instructions. MCF-
7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM, Gibco)
supplemented with 10% FCS and 1% pen-strep antibiotic at 37 °C under 5% CO2 in
a humidified incubator. SKBR3 cells were grown in Real McCoy’s medium
containing 10% FCS and 1% pen-strep. All cell lines were regularly tested for
mycoplasma contamination by staining with Hoechst 33342.

Ibrutinib competition in SKBR3 cells. 5 × 103 SKBR3 cells were seeded in glass
bottom dishes and grown for 24 h in a humidified incubator at 37 °C, 5% CO2.
Cells were then washed twice with DPBS containing magnesium and calcium. To
the control cells, PNA-Py-Ibrutinib (7, 10 μM) in HBSS (0.1% BSA; with magne-
sium and calcium), incubated for 2 h at room temperature, was added to the cells
and incubated for 30 min at 37 °C and 5% CO2. The same was repeated for the
LUPIN release, where PNA-Py-Ibrutinib (7, 10 μM), SNAP-(Ru-PNA-Mtx)NLuc-
cpDHFR, 10 nM), sodium ascorbate (10 mM), and furimazine (100 μM) in HBSS
(0.1% BSA; with magnesium and calcium), incubated for 2 h at room temperature,
was added to the cells and incubated for 30 min at 37 °C and 5% CO2. After 30 min,
Ibrutinib-Cy3 (9, 50 nM) was added and the cells were further incubated for
30 min at 37 °C and 5% CO2 after which the cells were washed twice with DPBS
(with magnesium and calcium) and once with DMEM(-)(no phenol red). The cells
were then imaged using a Leica SP8 fluorescent microscope with filter settings for
Cy3 in the Leica software. Images were analyzed by image J.

Duocarmycin-OMe and PNA-Py2Duo toxicity in MCF-7 cells. MCF-7 cells were
seeded into 96-well plates (104 cells/well) and allowed to adhere overnight. Media
was replaced with Duo-OMe (4) and PNA-Py2Duo (12) at different concentrations
in Leibovitz’s medium (Gibco) and cells were incubated at 37 °C under 0% CO2 in
humidified incubator for 3 h. The cells were then washed three times with DMEM;
fresh media (DMEM, no phenol-red) was replaced and the cells were incubated for
additional 72 h at 37 °C, 5% CO2. 10 µL of Hoechst 33342 from a 5 µg/mL stock in
PBS was added to each well and incubated for 15 min at 37 °C. Fluorescence images
were acquired using a HTS IXM microscope and subsequent image analysis and
nuclei count was achieved by using MetaXpress® software. Drug effect was
expressed as normalized nuclei count. 50% nuclei count was obtained from sig-
moidal curve fits of normalized nuclei count vs. concentration data using Graph-
Pad Prism 7. All experiments were conducted in triplicates, with error bars
representing the standard error of the mean.
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Lupin release of Duocarmycin-OMe in MCF-7 cells. MCF-7 cells (104 cells/well)
were seeded in 96 well plates and left for 24 h. Cell media was aspirated and
replaced with Leibovitz’s medium, containing various concentrations of PNA-
Py2Duo (12) (0–250 μM) and furimazine (0–100 μM). Sodium Ascorbate was used
at a concentration of 1 mM and SNAP-(Ru-PNA-Mtx)NLuc-cpDHFR was used at
a concentration of 10 nM. The plates were then incubated at 37 °C for 3 h with no
CO2 after which the cells were gently washed repeatedly with DMEM, containing
10% FCS, 1% pen-strep and no phenol red and placed in the incubator (37 °C, 5%
CO2). After 72 h Hoechst 33342 stain was added at a concentration of 5 μg/μL
followed by incubation for 30 min at 37 °C and 5% CO2. Bright field and fluor-
escence images were then acquired with the IXM system with DAPI settings at
37 °C and 5% CO2. Excitation= 100 ms. Objective 20×. Fluorescence images were
analyzed using MetaXpress® software by using a nuclei count protocol were the
particle mask size was width= 10 μm; height= 25 μm; fluorescence cutoff
threshold= 1000. Each well was analyzed by the acquisition of matrix of images
covering the well (3 × 3 tiles). The central tile is shown in Fig. 5.

Data availability
The authors declare that the main data supporting the findings of this study are available
within the article and its Supplementary Information files. Raw data has been deposited
and is available (https://doi.org/10.5281/zenodo.1312221).

Received: 23 July 2018 Accepted: 3 August 2018

References
1. Aper, S. J. A., Dierickx, P. & Merkx, M. Dual readout BRET/FRET sensors for

measuring intracellular zinc. ACS Chem. Biol. 11, 2854–2864 (2016).
2. Dragulescu-Andrasi, A., Chan, C. T., De, A., Massoud, T. F. & Gambhir,

S. S. Bioluminescence resonance energy transfer (BRET) imaging of protein-
protein interactions within deep tissues of living subjects. Proc. Nat. Acad. Sci.
108, 12060–12065 (2011).

3. Goyet, E., Bouquier, N., Ollendorff, V. & Perroy, J. Fast and high resolution
single-cell BRET imaging. Sci. Rep. 6, 28231 (2016).

4. Machleidt, T. et al. NanoBRET--A novel BRET platform for the analysis of
protein-protein interactions. ACS Chem. Biol. 10, 1797–1804 (2015).

5. Schaub, F. X. et al. Fluorophore-NanoLuc BRET reporters enable sensitive
in vivo optical imaging and flow cytometry for monitoring tumorigenesis.
Cancer Res. 75, 5023–5033 (2015).

6. Namkung, Y. et al. Monitoring G protein-coupled receptor and beta-arrestin
trafficking in live cells using enhanced bystander BRET. Nat. Commun. 7,
12178 (2016).

7. Saito, K. et al. Luminescent proteins for high-speed single-cell and whole-body
imaging. Nat. Commun. 3, (1262 (2012).

8. Zhang, L. Y., Xu, F., Chen, Z. X., Zhu, X. X. & Min, W. Bioluminescence
Assisted Switching and Fluorescence Imaging (BASFI). J. Phys. Chem. Lett. 4,
3897–3902 (2013).

9. Berglund, K., Birkner, E., Augustine, G. J. & Hochgeschwender, U. Light-
emitting channelrhodopsins for combined optogenetic and chemical-genetic
control of neurons. PLoS ONE 8, e59759 (2013).

10. Berglund, K. et al. Luminopsins integrate opto- and chemogenetics by using
physical and biological light sources for opsin activation. Proc. Natl Acad. Sci.
113, E358–E367 (2016).

11. Park, S. Y. et al. Novel luciferase-opsin combinations for improved
luminopsins. J. Neurosci. Res. 1–12 (2017) https://doi.org/10.1002/jnr.24152.

12. Chen, Y., Kamlet, A. S., Steinman, J. B. & Liu, D. R. A biomolecule-compatible
visible-light-induced azide reduction from a DNA-encoded reaction-discovery
system. Nat. Chem. 3, 146–153 (2011).

13. Röthlingshöfer, M., Gorska, K. & Winssinger, N. Nucleic acid templated
uncaging of fluorophores using Ru-catalyzed photoreduction with visible light.
Org. Lett. 14, 482–485 (2012).

14. Sadhu, K. K. & Winssinger, N. Detection of miRNA in live cells by using
templated RuII-catalyzed unmasking of a Fluorophore. Chem. Eur. J. 19,
8182–8189 (2013).

15. Sadhu, K. K., Eierhoff, T., Römer, W. & Winssinger, N. Photoreductive
uncaging of fluorophore in response to protein oligomers by templated
reaction in vitro and in cellulo. J. Am. Chem. Soc. 134, 20013–20016
(2012).

16. Holtzer, L. et al. Nucleic acid templated chemical reaction in a live vertebrate.
ACS Cent. Sci. 2, 394–400 (2016).

17. Chang, D., Lindberg, E. & Winssinger, N. Critical analysis of rate constants
and turnover frequency in nucleic acid-templated reactions: reaching terminal
velocity. J. Am. Chem. Soc. 139, 1444–1447 (2017).

18. Hall, M. P. et al. Engineered luciferase reporter from a deep sea shrimp utilizing
a novel imidazopyrazinone substrate. ACS Chem. Biol. 7, 1848–1857 (2012).

19. Griss, R. et al. Bioluminescent sensor proteins for point-of-care therapeutic
drug monitoring. Nat. Chem. Biol. 10, 598–603 (2014).

20. Schena, A., Griss, R. & Johnsson, K. Modulating protein activity using tethered
ligands with mutually exclusive binding sites. Nat. Commun. 6, 7830 (2015).

21. Yeh, H. W. et al. Red-shifted luciferase-luciferin pairs for enhanced
bioluminescence imaging. Nat. Methods 14, 971–974 (2017).

22. Mikirova, N., Casciari, J., Riordan, N. & Hunninghake, R. Clinical experience
with intravenous administration of ascorbic acid: achievable levels in blood for
different states of inflammation and disease in cancer patients. J. Transl. Med.
11, 191 (2013).

23. Kim, I. Y. et al. Raloxifene, a mixed estrogen agonist/antagonist, induces
apoptosis in androgen-independent human prostate cancer cell lines. Cancer
Res. 62, 5365–5369 (2002).

24. Sato, M., Glasebrook, A. L. & Bryant, H. U. Raloxifene: a selective estrogen
receptor modulator. J. Bone Min. Meta. 12, S9–S20 (1994).

25. Davis, R. E. et al. Chronic active B-cell-receptor signalling in diffuse large B-
cell lymphoma. Nature 463, 88–U97 (2010).

26. Tietze, L. F. et al. Selective treatment of cancer: synthesis, biological evaluation
and structural elucidation of novel analogues of the antibiotic CC-1065 and
the duocarmycins. Chem. Eur. J. 13, 4396–4409 (2007).

27. Tietze, L. F., Schuster, H. J., Hampel, S. M., Ruhl, S. & Pfoh, R. Enantio-
and diastereoselective synthesis of duocarmycine-based prodrugs for a selective
treatment of cancer by epoxide opening. Chem. Eur. J. 14, 895–901 (2008).

28. Vielhauer, G. A. et al. Evaluation of a reductively activated duocarmycin
prodrug against murine and human solid cancers. Cancer Biol. Ther. 14,
527–536 (2013).

29. Nani, R. R. et al. In vivo activation of duocarmycin-antibody conjugates by
near-infrared light. ACS Cent. Sci. 3, 329–337 (2017).

30. Lindberg, E., Mizukami, S., Ibata, K., Miyawaki, A. & Kikuchi, K.
Development of luminescent coelenterazine derivatives activatable by beta-
galactosidase for monitoring dual gene expression. Chem. Eur. J. 19,
14970–14976 (2013).

Acknowledgements
This work was supported by the Swiss National Science Foundation and NCCR Chemical
Biology. We thank Prof. Kai Johnsson for the kind gift of the LUCID plasmid construct
(pET51b(+)SNAP-Pro30-NLuc-cpDHFR). We thank Dimitri Moreau for his assistance
with the cytotoxicity assay.

Author contributions
E.L., S.A. and N.W. conceived and designed experiments and analyzed the data. M.A.
synthesized and tested the linker used for compound 12. E.L. and N.W. prepared the
figures and wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05916-9.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05916-9 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:3539 | DOI: 10.1038/s41467-018-05916-9 | www.nature.com/naturecommunications 9

10.5281/zenodo.1312221
https://doi.org/10.1002/jnr.24152
https://doi.org/10.1038/s41467-018-05916-9
https://doi.org/10.1038/s41467-018-05916-9
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Luciferase-induced photoreductive uncaging of small-molecule effectors
	Results
	Energy transfer from NLuc to ruthenium photocatalyst
	Photoreductive release of rhodamine with LUPIN
	Photocatalyzed uncaging of effector PNA prodrugs
	LUPIN release of ibrutinib
	LUPIN release of duocarmycin in MCF-7 cell culture

	Methods
	Labeling of SNAP-Pro30-NLuc-cpDHFR with 1
	Representative conditions for LUPIN release
	Luminescence Spectra of SNAP-Pro30-NLuc-cpDHFR
	Procedure for the templated unmasking of rhodamine by LUPIN
	Procedure for the templated unmasking of PNA-drug conjugates
	Ibrutinib competition in SKBR3 cells
	Duocarmycin-OMe and PNA-Py2Duo toxicity in MCF-7 cells
	Lupin release of Duocarmycin-OMe in MCF-7 cells

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




