
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
7:

56
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Targeted protein
Department of Chemistry, University of Pitts

deiters@pitt.edu

† Electronic supplementary informa
10.1039/d1sc04464h

‡ These authors share co-rst authorship

Cite this: Chem. Sci., 2021, 12, 13425

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 13th August 2021
Accepted 30th August 2021

DOI: 10.1039/d1sc04464h

rsc.li/chemical-science

© 2021 The Author(s). Published by
oxidation using a chromophore-
modified rapamycin analog†

Taylor M. Courtney, ‡ Chasity P. Hankinson,‡ Trevor J. Horst
and Alexander Deiters *

Chemically induced dimerization of FKBP and FRB using rapamycin and rapamycin analogs has been

utilized in a variety of biological applications. Formation of the FKBP-rapamycin-FRB ternary complex is

typically used to activate a biological process and this interaction has proven to be essentially

irreversible. In many cases, it would be beneficial to also have temporal control over deactivating

a biological process once it has been initiated. Thus, we developed the first reactive oxygen species-

generating rapamycin analog toward this goal. The BODIPY-rapamycin analog BORap is capable of

dimerizing FKBP and FRB to form a ternary complex, and upon irradiation with 530 nm light, generates

singlet oxygen to oxidize and inactivate proteins of interest fused to FKBP/FRB.
Introduction

Rapamycin is a natural product which functions as a chemical
inducer of dimerization (CID) by binding FKBP (FK506 binding
protein) and FRB (FKBP-rapamycin binding domain of mTOR)
forming a ternary complex with a Kd of 12 nM.1 Chemically
induced dimerization of proteins has allowed for conditional
control over various biological processes.2 Rapamycin-induced
dimerization of FKBP and FRB – and recently, trimerization
using a split FRB3 – has been utilized in numerous applications,
including the activation of split-proteins, such as tobacco etch
virus protease,4 Abl kinase,5 and Cas9 nuclease,6 induction of
translocation to the cell membrane7 or nucleus,8 and activation
of G-protein coupled receptor signaling.9 The high binding
affinity of the ternary complex, cell permeability of rapamycin,
and small size of the FKBP/FRB proteins10 are all advantages of
rapamycin-induced protein dimerization which have led to its
extensive use. For this reason, several rapamycin analogs which
selectively bind a mutant FRB, termed rapalogs, have also been
developed.11 Furthermore, rapamycin (sirolimus) is an FDA
approved drug and thus is safe and functional in higher
organisms, including applications in rodents12,13 and non-
human primates.14

Light provides unique opportunities for remote control of
biological processes, including tunable activation and deacti-
vation at precise time points and in precise locations.15,16 In
order to gain spatiotemporal control over protein dimerization
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and the corresponding activation of biological processes, pho-
tocaged rapamycin analogs were developed.17–20 Proteins and
processes that have been placed under light-activated control
using photocaged rapamycin analogs include kinases, GTPases,
proteases, Cre recombinase, and translation initiation.

While utilizing analogs of rapamycin as a way to spatio-
temporally activate a biological process has proven to be
a useful tool, it would be advantageous to have a method for
turning these biological processes off at a dened time point.
Reversibility has been achieved for some CIDs,21–23 but for
rapamycin it has remained out of reach, due to the very high
affinity FKBP-rapamycin-FRB complex. A completely different
solution involves using a second CID to mislocalize the entire
GAIs-YFP-FKBP-C2(LACT)-rapamycin-CFP-FRB-POI complex
from the plasmamembrane to the mitochondria.24 We aimed to
expand the chemical biology toolbox to allow for reversible
control of protein–protein interactions by addressing the lack of
a proper “off-switch” for rapamycin-induced protein activation,
while also taking advantage of the fast and precise perturbation
light irradiation provides. In a recent example, we developed
a photoswitchable arylazopyrazole-rapamycin analog which
induced ternary complex formation upon irradiation with
365 nm light; however, the complex was unable to be dis-
assembled upon irradiation with 530 nm light, again, due to its
very strong affinity.25

In order to overcome the high binding affinity of FKBP-
rapamycin-FRB, we now report a reactive oxygen species
(ROS)-generating rapamycin analog as a tool to reverse the
protein activity produced by rapamycin-induced dimerization
via targeted protein oxidation.

Chromophore assisted light inactivation (CALI) is a method
used for the targeted inactivation of proteins through applica-
tion of a ROS-generating chromophore fused to a ligand of the
Chem. Sci., 2021, 12, 13425–13433 | 13425
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Fig. 1 Synthesis of the BODIPY-modified rapamycin analog BORap.
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protein of interest.26 There are many types of ROS, which can be
categorized according to two main photosensitized oxidation
pathways: type I oxidation – refers to oxidation by radicals or
radical ions (via electron transfer) and type II oxidation – refers
to oxidation by singlet oxygen (via energy transfer).27 Singlet
oxygen has a lifetime of approximately 200 ns, during which it
can diffuse 30 nm in the cell.28 When ROS, such as singlet
oxygen, are generated in a cellular environment, amino acids
such as methionine, cysteine, or tyrosine on nearby proteins
can become oxidized and oen lead to deactivation of those
proteins.29 Genetically encoded ROS-generating proteins such
as KillerRed30 and mini Singlet Oxygen Generator (miniSOG)31

have been used to induce oxidation of proteins of interest, but
are mostly applied in cell ablation studies. Not surprisingly,
these genetically encoded ROS generators result in a signicant
degree of cell death, as evident by the name.

Small molecule ROS-generators have also been used in
various biological applications. Porphyrin dyes have been
applied in photodynamic therapies to eradicate cancer cells
through the use of a targeting group causing an accumulation
of the chromophore in the tumor environment.32 Eosin33 and
ruthenium(II) tris-bipyridyl34 derivatives have been conjugated
to HaloTag ligands to selectively inactivate proteins of interest.
Fluorogen-activated proteins have been utilized to enhance
uorescence and oxidative properties of malachite green dyes.35

Boron dipyrromethene (BODIPY) chromophores have been
shown to have tunable properties dependent on their core
substituents – some of which are activatable with >500 nm light.
Excitation of the chromophore in the visible light range is
crucial to reducing cellular toxicity that can be caused by irra-
diation. The addition of halogen substituents to the BODIPY
chromophore has shown to increase the ability of the chromo-
phore to generate ROS through the heavy atom affect.36 Iodin-
ation of the specic chromophore used in this research has
previously been determined to decease the uorescence
quantum yield from 0.50 to 0.04, while increasing the ROS-
generating triplet-state quantum yield to 0.92.37 Because of the
desirable photophysical properties of this BODIPY chromo-
phore, we aimed to conjugate this chromophore to rapamycin
to develop the rst ROS-generating rapamycin analog, while
maintaining its ability to induce protein dimerization, with the
objective of gaining spatiotemporal control over oxidation of
the FKBP-rapamycin-FRB ternary complex and associated
proteins.

Results & discussion

In initial studies, a propyl-linked BODIPY-rapamycin analog
was synthesized but was found to be an inefficient dimerizer of
FKBP and FRB (data not shown). In order to increase the
distance between the chromophore and the binding site, as to
not inhibit ternary complex formation, a PEG spacer was
introduced. The synthesis of the PEG-linked BODIPY-rapamycin
BORap (Fig. 1) began with the propargylation of 4-hydrox-
ybenzaldehyde (6) to form the propargyl ether 7.1 The BODIPY
chromophore 8 was formed through the condensation of
dimethyl pyrrole in the presence of the benzaldehyde 7 and
13426 | Chem. Sci., 2021, 12, 13425–13433
triuoroacetic acid. Upon oxidation with DDQ, the resulting
dipyrromethane was converted to dipyrromethene, which reacts
with boron triuoride in the presence of triethylamine to yield
the BODIPY chromophore. This chromophore was iodinated
using N-iodosuccinimide, generating 4, in order to increase the
quantum yield for ROS generation. In a convergent synthesis,
triethylene glycol was mono-tosylated, and the tosyl group was
subsequently converted to an azide yielding 1. The alcohol 1was
activated using (bis)pentauorocarbonate and selectively
coupled to the C-40 position38 of rapamycin in the presence of 4-
dimethylaminopyridine, yielding the azido-modied rapamycin
3. A Cu-catalyzed [3 + 2] cycloaddition reaction with the BODIPY
alkyne 4 yielded the BODIPY-rapamycin BORap.

Prior to testing in a biological environment, we rst char-
acterized the stability of BORap in standard buffers. The
stability of BORap was tested in phosphate buffered saline (pH
7.4) (ESI Fig. 1A†) or 10% fetal bovine serum (FBS) in phosphate
buffered saline (pH 7.4) (ESI Fig. 1B†) over an 8 hour period at
37 �C to closely mimic physiological conditions. Monitoring the
peak area by HPLC, we found BORap to be completely stable
over this time period in both settings, suggesting this
compound should be stable in cells over the time frame
required for protein activation through dimerization followed
by optical inactivation.

As BODIPY chromophores are also utilized as photocaging
groups, one possible concern is potential cleavage from rapa-
mycin upon irradiation. To address this, the stability of BORap
to the irradiation and incubation conditions was monitored via
HPLC, and the compound was found to be completely stable
(ESI Fig. 3†).

In order to conrm BORap was capable of generating ROS,
the singlet oxygen sensor, DPBF (1,3-diphenylisobenzofuran)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic representation of chemically induced protein
dimerization and activation of luciferase, followed by subsequent light
exposure and resulting deactivation of the enzyme. (B) We found that
100 nM of rapamycin and 10 mMof BORap elicited optimal activity, and
as such, were used in the subsequent experiment. (C) A decrease in
luminescence was observed with increasing irradiation times for
BORap-treated cells, while no light-induced effect was seen in the
rapamycin control. Average signal intensity is plotted with error bars
representing standard deviation. Statistical analysis of triplicate
experiments was performed in Prism using a two-way ANOVA test to
compare irradiated samples for each treatment condition to non-
irradiated (0 s) samples. P values less than or equal to 0.05 are rep-
resented by *, less than or equal to 0.0001 are represented by ****.
Comparisons of rapamycin-treated samples (10, 30, 60, or 90 s vs. 0 s)
and comparison of BORap-treated samples (10 s vs. 0 s) are not
significant.
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was used. DPBF is a uorescent molecule that reacts with
singlet oxygen, generating an unstable peroxide intermediate,
which, through the loss of a water molecule, forms a non-
uorescent product (ESI Fig. 5A†).39 Because the absorbance
maximum of BORap was determined to be 542 nm (ESI Fig. 2†),
we rst tested the effects of irradiation using 530 nm light. A
solution of DPBF with or without BORap was irradiated for 0,
10, 30, or 60 seconds at 530 nm using an LED light source. With
increasing irradiation times, a concomitant decrease in uo-
rescence was observed in samples treated with BORap, thus
demonstrating that BORap does generate ROS and, more
specically, singlet oxygen (ESI Fig. 5B†). To validate 530 nm as
the most appropriate irradiation wavelength to use in subse-
quent experiments for the generation of singlet oxygen, various
commonly utilized LED light sources were compared. The
power level of all LEDs was adjusted to approximately 70 mW
and solutions of DPBF with or without BORap were irradiated
for 60 seconds with each LED. BORap-containing samples
irradiated at 365, 405, 490, and 530 nm showed comparable
reductions in uorescence, with all other irradiation wave-
lengths being less efficient (ESI Fig. 5C†). In order to avoid any
irradiation-induced cellular toxicity, the longest wavelength
(530 nm) was selected for use in all future experiments.

We next aimed to conrm that BORap retains the ability to
dimerize FKBP and FRB with the addition of the bulky BODIPY
chromophore in vitro (ESI Fig. 6†). Ternary complex formation
was assessed through gel shi assays with recombinantly
expressed FKBP and FRB fusion proteins. Briey, FKBP-YFP-His
and FRB-CFP-His were expressed in BL21 (DE3) cells and puri-
ed using Ni-NTA resin. Puried FKBP-YFP-His and FRB-CFP-
His were incubated with rapamycin or BORap (over a range of
concentrations) for two hours, to allow for ternary complex
formation. The samples were analyzed by native-PAGE and
Coomassie stained to monitor the appearance of a higher
molecular weight band for the ternary complex. Ternary
complex formation is achieved using BORap; however, the small
molecule does not have as high of an affinity as the rapamycin
control. To determine the reason for the reduced affinity, we
also tested 3 in the same assay and found that it functions as
efficiently as rapamycin. Thus, it appears that the BODIPY
chromophore is responsible for the decrease in ternary complex
formation efficiency, requiring BORap use at higher
concentrations.

Aer initially validating BORap functions as a ROS-generator
and dimerizer of FKBP/FRB in vitro, we next aimed to demon-
strate the utility of this compound in a cellular environment. As
chemical inducers of dimerization, such as rapamycin, have
been widely applied to the conditional activation of various
split, inactivated proteins, we rst demonstrated dimerization
in response to BORap using a split luciferase enzyme in
HEK293T cells. The split luciferase reporter consists of the C-
terminus of a split rey luciferase fused to FKBP and the N-
terminus fused to FRB.40 Upon treatment with rapamycin or
BORap, the two fragments of the inactive luciferase enzyme are
brought together by the formation of the FKBP-rapamycin-FRB
ternary complex to generate a reconstituted, active enzyme. In
order to deactivate this enzyme, irradiation with 530 nm light
© 2021 The Author(s). Published by the Royal Society of Chemistry
can be employed to initiate ROS generation and subsequent
oxidation of the proteins (Fig. 2A).

To nd the optimal compound concentration to induce
dimerization for this reporter system, HEK293T cells trans-
fected with the split luciferase reporter construct were treated
with rapamycin or BORap at various concentrations and incu-
bated for 2 hours. Luciferase substrates were added and recor-
ded luminescence values were normalized to the DMSO control
(Fig. 2B).41 The optimal rapamycin concentration was found to
be 100 nM, while the optimal concentration of BORap was
found to be 10 mM. These concentrations were used in subse-
quent experiments.

To demonstrate deactivation of the ternary complex in
response to irradiation with 530 nm light, HEK293T cells
expressing the split luciferase reporter were treated with rapa-
mycin (100 nM) or BORap (10 mM) and incubated for 2 hours.
This incubation period was followed by two 1 hour washes to
remove any excess compound not engaged in a ternary complex.
Cells were irradiated using 530 nm light for 0, 10, 30, 60, or 90
seconds, followed by a 2 hour incubation period. Aer lucif-
erase substrates were added, luminescence values were recor-
ded and normalized to a DMSO control (Fig. 2C). A decrease in
normalized luminescence is observed in response to increasing
irradiation times, suggesting ROS generated by BORap is
capable of deactivating the luciferase enzyme. Aer using the
split luciferase reporter to display the ability for BORap to
dimerize FKBP/FRB and activate enzyme function, followed by
Chem. Sci., 2021, 12, 13425–13433 | 13427
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Fig. 3 (A) Schematic representation of the split-TEV assay. (B)
HEK293T cells expressing pFKBP-TEVpCT, pFRB-TEVpNT, and PCS2-
GFP-TEV were treated with either rapamycin or BORap and irradiated
to monitor change in fluorescence intensity. Cells were irradiated
through a DsRed filter for 0 or 90 seconds, and post-irradiation images
were acquired after 18 hours. Scale bar equals 50 mM. (C) Average
fluorescence intensity of 20 cells for each condition was quantified
and normalized to the DMSO negative control, with error bars repre-
senting standard deviations. Statistical analysis was performed in Prism
using a one-way ANOVA test to compare each treatment condition to
the DMSO negative control. P values less than or equal to 0.0001 are
represented by ****, while the irradiated BORap sample shows no
statistical difference from the DMSO negative control.
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light-induced inactivation of luciferase in cells, we next aimed
to utilize this strategy to gain conditional control over the widely
utilized tobacco etch virus (TEV) protease. TEV protease has
found broad application in the engineering of biological func-
tion, including sensing of protein–protein interactions,42 regu-
lation of transcription,43 and control of protein activity.44

Several proteases are naturally regulated through active site
cysteine oxidation,45,46 and to mimic this regulatory mechanism
we applied BORap to the on- and off-switching of TEV protease,
which functions to cleave a specic peptide sequence with high
catalytic activity.47 In order to reversibly control a rapamycin-
inducible split-TEV protease system, the expression constructs
pFKBP-TEVpCT and pFRB-TEVpNT were transfected into
mammalian cells.4 To visualize TEV protease activity, we
employed a GFP sensor which encodes for a GFP protein, a TEV
cleavage site, and a GFP-quenching peptide sequence, PCS2-
GFP-TEV. Upon ternary complex formation, the two halves of
the TEV protease are reconstituted, forming the active TEV
protease, allowing for cleavage of the GFP-quenching peptide
from the sensor, and producing a uorescent signal (Fig. 3A).48

HEK293T cells co-expressing the split-TEVp reporter and
GFP sensor were treated with DMSO, rapamycin, or BORap at 20
mM concentrations for six hours to allow time for cleavage of the
sensor by the TEV protease. Aer this time, cells were washed to
remove any excess dimerizer and were irradiated for 90 seconds
to promote the formation of ROS and therefore deactivation of
the TEV protease. Cells treated with rapamycin or with non-
irradiated BORap showed an increase in uorescent signal
over the next 18 hours, corresponding to cleavage of the GFP
sensor by TEV protease reconstituted through rapamycin-
induced dimerization, while cells treated with BORap and
irradiated for 90 seconds showed no increase in uorescence
over the DMSO negative control. This indicates that the enzy-
matic function of the TEV protease was inactivated upon irra-
diation and oxidation (Fig. 3B and C). Demonstrating the
general use of BORap to both turn on and off TEV protease
function, reversible control of the numerous processes that
have been engineered to respond to protease cleavage can now
be switched on/off with temporal precision.

Another central application of chemically induced dimer-
ization is translocation of proteins of interest to a certain
compartment of the cell to, in turn, induce a distinct biological
response. We next applied our targeted protein oxidation
approach to protein translocation to the cell membrane, fol-
lowed by optically triggered protein deactivation. Membrane
reporter constructs Lyn11-FKBPx2-CFP and YFP-FRB were used
to visualize dimerization of FKBP and FRB through monitoring
co-localization of CFP and YFP at the plasma membrane using
uorescence microscopy (Fig. 4A).7 In HeLa cells expressing the
reporter, YFP-FRB is diffuse through the cell and Lyn11-FKBPx2-
CFP is localized to the plasma membrane. As expected, when
cells were treated with rapamycin or BORap, YFP-FRB trans-
locates to the membrane as a result of ternary complex forma-
tion (ESI Fig. 7†). Treatment with 20 mM of rapamycin or BORap
resulted in the most efficient translocation to the membrane
and this concentration was used in all subsequent experiments
in which the membrane reporter constructs were used.
13428 | Chem. Sci., 2021, 12, 13425–13433
To demonstrate deactivation of the membrane reporter
using uorescence microscopy, HeLa cells expressing Lyn11-
FKBPx2-CFP and YFP-FRB were treated with 20 mM of rapamycin
or BORap, followed by a 2 hour incubation period to allow for
ternary complex formation and two 1 hour washes to remove
unbound dimerizer. Irradiation was performed with a DsRed
lter (550/25 nm) on the microscope and images of YFP were
acquired (470/40 nm) for two hours (Fig. 4B and ESI Fig. 8†). To
monitor oxidation and inactivation at the membrane, YFP
images were analyzed over time. Average signal intensity aer
two hours was normalized to the level immediately prior to
irradiation for each treatment condition. A �50% decrease in
YFP signal intensity was observed for cells treated with BORap
aer a brief irradiation for 90 seconds. No decrease in signal
intensity was observed for cells treated with DMSO, rapamycin,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) Schematic representation of the membrane reporter
translocation assay. (B) Cells treated with either rapamycin or BORap
and irradiated at 0 hours followed by YFP imaging at 2 hours. Scale bar
equals 10 mM. (C) Quantification of the YFP signal intensity before and
after irradiation (90 s), showed reduced fluorescence in BORap-
treated cells, while all other conditions show little to no decrease in
fluorescent signal. Average fluorescence intensity in 20 cells is shown
normalized to pre-irradiated controls, with error bars representing
standard deviations. Statistical analysis was performed in Prism using
a two-way ANOVA test to compare irradiated samples for each
treatment condition to pre-irradiated samples. P values less than or
equal to 0.0001 are represented by ****, while all other comparisons
are not significant. (D) HEK293T cells expressing the CFP and YFP
constructs were treated with 20 mM of rapamycin or BORap prior to
irradiating with 530 nm light. Western blot analysis using anti-GFP,
anti-GAPDH, and anti-nucleolin antibodies showed a light-induced
band decrease with BORap but not rapamycin treatment. (E) Triplicate
experiments were performed and quantified using FIJI. Band intensity
of FKBP, FRB, and nucleolin for each irradiation timepoint were
normalized to the rapamycin-treated, non-irradiated sample and
averaged. Statistical analysis was performed as above, comparing
irradiated to non-irradiated samples within each treatment condition
(10, 30, or 60 s vs. 0 s). P values less than or equal to 0.001 are

© 2021 The Author(s). Published by the Royal Society of Chemistry
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or non-irradiated BORap-treated cells (Fig. 4C). These results
validate that compound treatment with BORap can induce
ternary complex formation at a subcellular location, followed by
optically triggered protein deactivation through irradiation with
530 nm light.

To further investigate the effects of BORap, these proteins
were next analyzed via western blot. HEK293T cells expressing
the membrane reporter system were treated with 20 mM of
rapamycin or BORap, followed by a 2 hour incubation period
and two 1 hour washes (media change followed by incubation).
Cells were irradiated with 530 nm light and incubated for an
additional 2 hours. Following cell lysis and protein denatur-
ation, western blot analysis was performed. To visualize the
levels of both Lyn11-FKBPx2-CFP and YFP-FRB, a GFP antibody
was utilized. In addition, two housekeeping proteins, GAPDH
and nucleolin, were monitored using their corresponding
antibodies. Both Lyn11-FKBPx2-CFP and YFP-FRB signals
decreased in response to increasing irradiation time when
treated with BORap, but not rapamycin (Fig. 4D, E and ESI
Fig. 9†). In contrast, signal intensity for both housekeeping
proteins, GAPDH and nucleolin, was completely retained, sug-
gesting ROS generation is not leading to any off-target oxidation
but instead is targeted to proteins in close proximity to BORap.
These results conrm that ROS generated through the irradia-
tion of BORap is causing selective oxidation of the proteins of
interest, presumably because of the short lifetime (200 ns) of
singlet oxygen in a cellular environment and the resulting
minimal diffusion radius (30 nm).28

To determine the cause of the band intensity decrease
observed in the western blot, and as validation of the decreased
uorescence observed in the micrographs, a similar experiment
as just described was performed; however, the samples were not
boiled in order to avoid denaturing the uorescent proteins.
The samples were analyzed by SDS-PAGE and imaged using
a ChemiDoc equipped with a GFP lter (560/50 nm) to visualize
in-gel uorescence. If non-denatured samples retained uo-
rescence, the decrease in signal could be credited to a lack of
protein recognition by the antibody rather than deactivation of
protein function. For both Lyn11-FKBPx2-CFP and FRB-YFP the
same trend applies in which an increase in irradiation time
corresponds to a decrease in uorescent protein signal (ESI
Fig. 10†). Thus, these results conrm that both the antibody
recognition and the function of the target protein(s) is being
inactivated upon irradiation.

In addition to illustrating the general utility of this system as
an optical off-switch, we also elucidated the mechanism
through which deactivation occurs. We hypothesized that ROS
generated by the chromophore might oxidize the proteins and
subsequently signal for degradation through the proteasome.49

To investigate this hypothesis, two known proteasome inhibi-
tors, epoxomicin50 and MG132,51 were used concurrently with
represented by ***, less than or equal to 0.01 by **, while comparisons
of rapamycin-treated samples (for FKBP, FRB, and nucleolin) and
comparison of BORap-treated samples (for nucleolin) are not
significant.
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BORap. If protein degradation was occurring via an active pro-
teasome, no decrease in signal would be observed in the pres-
ence of a proteasome inhibitor. HEK293T cells expressing the
membrane reporter were treated with 20 mM of BORap for two
hours, then washed twice for one hour each time (in the pres-
ence or absence of the proteasome inhibitor at 10 mM), then
irradiated as done previously. The same sample preparation
was followed as discussed earlier and protein levels were
detected via Western blot. A decrease in signal is still observed
for the proteins of interest whether or not either proteasome
inhibitor is present (Fig. 5A and B). This result suggests that an
active proteasome is not involved in the mechanism of protein
deactivation.

Aer showing degradation does not occur through the pro-
teasome, we hypothesized that the proteins are simply being
rendered inactive through oxidation, and as a result, are not
recognized efficiently by antibodies. Because oxidation could be
occurring via singlet oxygen generation or by superoxide radical
formation, we tested whether protein detection would be
retained in the presence of two different types of ROS scaven-
gers. Sodium azide and sodium pyruvate act as quenchers of
singlet oxygen52 and hydrogen peroxide,53 respectively.

HEK293T cells expressing the membrane reporter were
treated with 20 mM of BORap for two hours, followed by two 1
hour washes (with and without 10 mM of scavenger). Cells were
irradiated using a 530 nm LED, followed by a 2 hour incubation.
Western blot analysis was performed in the same manner as
before. When treated with BORap in the presence of the
hydrogen peroxide quencher sodium pyruvate, a decrease in
GFP signal is still observed, suggesting hydrogen peroxide is not
the cause of observed protein oxidation; however, in the pres-
ence of the singlet oxygen quencher sodium azide, GFP signal
does not decrease upon irradiation. This suggests a type II
energy pathway – generation of singlet oxygen – is responsible
for the protein oxidation observed upon irradiation of BORap
(Fig. 5C).
Fig. 5 (A) A western blot was performed as above with BORap-treated
cells used as a control to show inactivation of the membrane reporter.
(B) Treatment with MG132 or epoxomicin shows no change, sug-
gesting that reduced band intensity is not the result of proteasomal
protein degradation. (C) Sodium azide functions to block loss of signal,
while sodium pyruvate has less or no effect, thus supporting that
BORap-induced signal loss requires the generation of singlet oxygen.

13430 | Chem. Sci., 2021, 12, 13425–13433
An XTT cell viability assay was performed and ROS genera-
tion showed no effect on general cell viability up to 72 hours.
Non-transfected HEK293T cells and HEK293T cells expressing
themembrane reporter were treated with 20 mMof rapamycin or
BORap, followed by a 2 hour incubation period and two 1 hour
washes. Cells were irradiated using a 530 nm LED, followed by
a 72 hour incubation period, then an XTT assay was performed
(ESI Fig. 11†).54 Absorbance values were normalized such that
non-irradiated BORap-treated cells were equal to 100%. No
decrease in normalized absorbance is observed in cells treated
with BORap even upon irradiation and oxidation. A decrease in
rapamycin cell viability was observed for non-transfected cells,
but no effect due to irradiation was observed. This is consistent
with literature reports of rapamycin-induced cell toxicity in
a variety of different cell lines.55,56

In summary, we developed the BODIPY-modied rapamycin
analog BORap, which works as both a dimerizer of FKBP/FRB –

thereby activating protein function upon addition – and a ROS
generator – thereby deactivating protein function upon irradi-
ation. We have utilized this singlet oxygen-generating small
molecule to inactivate FKBP-FRB induced protein–protein
interactions and the resulting activities through exposure to
530 nm light, thereby offering a unique solution for achieving
reversibility of biological processes placed under rapamycin
control. We applied BORap to the reversible control of a lucif-
erase enzyme, a cysteine protease, and membrane translocation
in mammalian cells. While formation of the FKBP-rapamycin-
FRB ternary complex has proven to be a useful tool for acti-
vating split-proteins, inducing protein–protein interactions,
and controlling protein localization this has up until this point
been an irreversible process. Studies into the mode-of-action of
BORap conrmed singlet oxygen-generation of the BODIPY
chromophore and resulting non-proteasomal inactivation of
proteins of interest. Future work will lead to an expansion of
this approach to different chromophores, additional protein
targets, controlling function in multicellular model organisms,
and investigating the precise amino acid oxidationmechanisms
that occur.57,58 We hope that BORap will nd widespread
application in the targeted oxidation of proteins given the
extensive number of biological processes that have been placed
under control of rapamycin as a CID. Beyond being a highly
functional off-switch, it also holds promise in the mapping of
protein–protein interactions, using the BORap-FKBP module as
a template for localizing a ROS chromophore to any protein of
interest.
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