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The tamoxifen inducible Cre-ER/loxP system provides tissue specific temporal control of gene
recombination events, and can be used to induce expression of reporter genes (e.g. GFP, LacZ) for
lineage tracing studies. Cre enzyme fused with estrogen receptor (Cre-ER) is released upon tamoxifen
binding, resulting in permanent activation of reporter genes within cells and their progeny. Tamoxifen
and its active metabolite, hydroxytamoxifen (4OHT) diffuses rapidly in vivo, making it difficult to restrict
labeling to specific locations. In this study, we developed a photocaged 4OHT molecule by covalently
attaching 40OHT to an ortho-nitrobenzyl (ONB,) group, rendering 4OHT inactive. Exposure to UV
radiation cleaves the bond between ONB; and 4OHT, freeing the 4OHT to bind Cre-ER to result in
downstream genetic recombination and reporter activation. We show that caged ONB;—-4OHT crosses
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that can be localized to specific regions or tissues. ONB;—4OHT can provide spatial control of reporter
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Introduction

The ability to selectively mark cells and track their progeny,
called lineage tracing, has been used to answer key questions in
lineage commitment and fate determination. Activation of
reporter genes can be restricted to specific target cells by
choice of tissue-specific promoters that control Cre expression.
Discovery of the P1 bacteriophage tyrosine recombinase enzyme
(Cre recombinase) led to the development of promoter-specific
Cre models allowing for cell type-specific gene expression. Cre
recognizes and binds to 34bp DNA sequences called loxP sites,
and drives DNA recombination for the permanent activation or
deletion of a gene flanked by two loxP sites." Fusion of Cre to the
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estrogen receptor (ER) sequesters Cre-ER in the cytoplasm until
bound by the estrogen analog 4-hydroxytamoxifen (4OHT).>
While 40HT can be topically applied to or injected into a specific
region, 40HT rapidly penetrates into the blood stream and
can activate Cre recombination far beyond the injection site.
As a result, spatiotemporal control of reporter activation has
remained elusive as a lineage-tracing tool.

Photocaging technology may offer a means to localize
reporter induction to specific regions. Photocaging is a process
of rendering a molecule inert by covalent attachment of a
photocaging group.®’” Reporter expression can be localized to
a specific region upon direct exposure to a specific wavelength
of light, which releases and activates the photocaged molecule.
Photocaging has been used in a variety of applications from
studies of transcription,® protein-protein interactions,”° cell
migration and proliferation,'” protein phosphorylation,"* and
targeted drug delivery,””™'° as well as gene expression using
Cre-ER."!

We previously published a study validating this concept
using a photocaged tamoxifen (TAM).”> In that study, an
o-nitrobenzyl (ONB)-alkylated N-quaternary salt'>**** of tamoxifen
(ONB-TAM) was synthesized and found to be water soluble, and its
activity was neutralized until exposed to long wave ultraviolet light
(UVA, 365 nm). We also generated a reporter, called UT MEFs,
from mouse embryonic fibroblasts and used it to validate the
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activity of ONB-TAM. UT MEFs combined a constitutively
expressed Cre-ER™ (driven by the Ubiquitin C promoter),® and
an mTmG reporter construct that switches from Tomato to GFP
fluorescence when Cre is activated,® and could reliably detect
photoreleased TAM by induction of GFP expression. However,
ONB-TAM had difficulties that limited its use. Because TAM does
not bind Cre-ER directly, but rather must first be converted to
40HT by cell-type specific enzymes, its use was restricted to cells
like MEFs which are capable of converting TAM to 4OHT. Further-
more, in vitro this conversion was inefficient and ONB-TAM
required near toxic concentrations in order to achieve robust
reporter activation.

Results and discussion

To develop a more efficient and sensitive light-activated reporter
system, we focused our attention on photocaging 4OHT. We
designed two ONB-based photocaged 40OHT molecules—ONB; -
40HT 1 and ONB,-4OHT 2—by covalent linkage of 40HT (Z and
E isomers) at its phenolic moiety to an ONB cage (Fig. 1).
However, these two photoprobes are distinguished by nature of
their linkage in which ONB;-4OHT was prepared via direct
O-alkylation while ONB,-4OHT was prepared via formation of
an extended carbamate spacer (Schemes 1 and 2). Each of the
products was fully characterized by mass spectrometry (ESI,
HRMS), NMR ('H) spectroscopy, and UV-vis spectrophotometry
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Fig. 1 (a) Structures of two ortho-nitrobenzyl (ONB)-caged 4-hydroxy-
tamoxifen (4OHT) molecules, and a photochemical mechanism for release
of 40HT; (b) HPLC traces indicative of UVA-controlled release of 4OHT
from ONB1-40HT (10% agq MeOH) as a function of exposure time; (c) plots
of photochemical release kinetics of 4OHT (%AUC from HPLC traces in B)
or S8 (see Fig. S1, ESIt), each from ONB1-40OHT 1 or ONB2—-40HT 2,
respectively; (d) photo-controlled release of 40OHT or S8 for Cre-ER
mediated GFP expression in UT MEF cells. Cells were treated with media
(top), 40HT, ONB1-40OHT 1 or ONB2-40OHT 2 without (left panels) or
with (right panels) UV exposure. “Merged” columns show DAPI and GFP
fluorescence, "GFP" columns show GFP alone.
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Scheme 1 Reagents and conditions: (i) methanesulfonyl chloride (MsCl),

Et3N, CHzclz, 0 °C to rt; (ii) 40OHT, K2CO3, C52CO3, DMF, rt to 60 °C; (iii)

CF3CO,H, CHLCly, rt, 30 min.
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Scheme 2 Reagents and conditions: (i) p-nitrophenyl chloroformate,

DIPEA, CHCLs, 0 °C to rt; (i) N,N’-dimethylethylenediamine, EtzN, CH,Cl,;
(iii) triphosgene, EtsN, CH,Cly; (iv) (Z/E)-4OHT, 4-dimethylaminopyridine
(DMAP), DMF, 5 °C to rt; (v) CF3CO,H/CH,Cl, (1:1), rt, 30 min.

(see details in ESI,t Fig. S1-S4). The purity of each ONB-4OHT

was determined by analytical HPLC as > 98% without detectable
free 4OHT (Fig. 1, Fig. S1, ESIf). It is noteworthy that use of
an ONB linker S1 (Scheme 1) for this design allowed us to
photocage 40HT as well as greatly improve the aqueous solubi-
lity of the resulting ONB,;~4OHT or ONB,~4OHT (>20 mg mL )
compared to the practically insoluble 40HT (~0.0002 mg mL ™"
water®’). We believe that such favorable solubility is attributable
to the positively charged amine-terminated side chain tethered

to the ONB group.

We investigated whether exposure of ONB;-4OHT and ONB,—
40HT to UV light would trigger release of 40OHT (Fig. 1b) or its
carbamate derivative S8 (Fig. S1, ESIT). HPLC analysis of photo-
lysed solutions (Fig. 1b and c) indicates that drug release occurs
in a time-dependent manner and results in ~90% released after
5 min (ONB;-4OHT) and ~15 min (ONB,-4OHT). Release was
also confirmed by mass spectrometric analysis of the same
UV-treated solutions, which showed an increase in peaks corre-
sponding to free 4OHT ([M + H]" = 388.2; Fig. S2, ESI{) and S8
(IM + H]" = 502.3; Fig. S3, ESIY). These results suggest that ONB,-
40HT has advantages over ONB,-4OHT for drug release based
on its greater release rate. In addition, ONB,-4OHT releases free
40HT directly while ONB,-4OHT releases first S8, a 40HT
derivative which is expected to undergo intramolecular self
immolation®® through its methyl(2-(methylamino)ethyl)carbamate
to release free 4OHT in the cell.

This journal is © The Royal Society of Chemistry 2015
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As proof of concept, we next used confocal fluorescence
imaging to confirm photoactivation of ONB-4OHT compounds
by UVA exposure of UT MEF reporter cells (Fig. 1d). In the UT
MEF system, cells constitutively express Tomato until uncaged
40HT drives Cre-ER mediated recombination to delete the
Tomato gene and activate GFP expression. UT MEFs were
treated with 5 uM of 40HT, ONB;-40HT, or ONB,-40HT,
exposed to UVA for 5 min, and imaged after 24 h of incubation.
Cells alone and cells treated with ONB;-4OHT and ONB,-4OHT
without UV treatment showed no GFP fluorescence. However,
cells treated with free 4OHT had significant GFP expression
with or without UV exposure. Upon UV exposure, cells treated
with ONB;-40HT or ONB,-40HT showed a large increase in
GFP fluorescence, whereas UT MEFs alone showed minimal
GFP expression. These results support UVA-induced 4OHT
release from the ONB constructs, and the ability of the released
40HT moiety to activate recombination through Cre-ER.

While we previously used the UT MEF reporter system to
validate the photorelease of photocaged TAM, > it required near
toxic concentrations (>8 pM). Consequently, our initial test of
ONB-40HT compounds used similarly high concentrations
(5 uM), and we often observed reduced cell viability after
treatment (Fig. 1d). Therefore, we sought to re-optimize condi-
tions for use with photocaged 4OHT. We first tested unmodified
40HT for recombination efficiency (as detected by percentage of
GFP' cells 24 h after initiation of treatment by flow cytometry) and
MEF viability (by the absolute number of cells in each condition
after 24 h) varying 4OHT concentration (Fig. S5a and b, ESIT),
4OHT treatment time (Fig. 5¢, ESIT), serum concentration (Fig. S6,
ESIt), and UV exposure time (Fig. S7, ESIT). We determined that
4O0HT induces robust recombination at concentrations as low as
15 nM, and after treatment times as short as 15 min. Further-
more, neither recombination efficiency nor MEF viability are
affected by serum concentration or UV exposure. Thus, the UT
MEF reporter system provides an efficient means to study the
photorelease of photocaged 4OHT. We next optimized conditions
with photocaged 40HT (Fig. 2).

We began with the faster release ONB;-4OHT, and exposed
varying concentrations of ONB;-4OHT to UVA (365 nm) for
5 min before adding them to UT MEFs. Following 24 h treat-
ments with UV-exposed ONB;-4OHT, UT MEFs displayed
robust GFP activation at all tested concentrations (Fig. 2b and c),
similar to the percentage of GFP-expressing cells treated with
1 pM 40HT. In the absence of UV exposure, we observed
significant background recombination at high concentrations
of ONB;-40HT (500 nM and 1 pM), indicating that either a low
percentage of ONB;—4OHT is uncaged, spontaneously uncages,
or has a low efficiency of binding to Cre-ER. However, little to
no background recombination was observed in ONB;-4OHT
concentrations at or below 240 nM. We also observed no
significant decrease in UT MEF viability, indicating that neither
ONB,;-40HT nor its UV-exposed byproducts are toxic (Fig. 2c).
We also examined a range of UV exposure times from 30 s to
20 min and observed robust GFP reporter activation at all times,
with no effect on cell viability (Fig. 2d). We tested multiple
concentrations and UV exposure times and determined that

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 UV uncaging of ONB;—4OHT and activation of GFP expression in
UT MEFs. (a) ONB;—-40OHT was unexposed or exposed to 5 min of UV light
(UV-A, 365 nm), then added to and incubated overnight with UT MEFs.
(b) Fluorescent images and FACS analysis of UT MEFs treated overnight with
either caged ("No UV", top row) or uncaged ("5’ UV", bottom row) forms of
ONB{—-40HT (240 nM). All UT MEFs express Tomato at this timepoint, but
only those that undergo Cre-mediated recombination express GFP. White
bar is 500 microns. (c) Percentage of GFP expressing cells (left graph) and
absolute cell number of GFP* (green) and GFP~ (red) cells (right graph) at
various concentrations of ONB;—4OHT, unexposed or exposed to UV light.
Error bars are standard deviation (N = 3). Untreated UT MEFs were analyzed
as a negative control (NC), and 1 uM 40OHT treated UT MEFs were analyzed
as a positive control. (d) ONB;—4OHT (240 nM) was unexposed or exposed
to UV for a range of times, then incubated overnight with UT MEFs.
Percentage of GFP expressing cells is shown with error bars (SD, N = 3).
(e) Comparison of ONB;—4OHT concentrations and UV exposure times.
Percentage of GFP expressing cells is shown with error bars (SD, N = 3).

240 nM and 1 min UV exposure was optimal for uncaging
ONB,;-40HT with minimal background recombination (Fig. 2e).

We next compared ONB;-4OHT to ONB,-4OHT with 1 min
UV exposure and a wide range of concentrations (Fig. S8, ESIT).
The efficiency of GFP reporter activation was substantially less
with ONB,-40OHT compared to ONB;-4OHT, and at 1 uM,
background recombination was evident with ONB,-40OHT,
indicating this molecule does not uncage efficiently upon UV
exposure. We thus pursued only ONB;-4OHT for the remainder
of our experiments.

ONB;-40OHT can be efficiently uncaged by exposure to UV
light, and once uncaged, can rapidly penetrate UT MEFs and
activate recombination. Since this photo-inducible system will
be used for spatial activation in vivo, it is necessary to deliver
ONB;-40HT into cells in its caged inactive form, then uncage it
directly inside target cells. Thus, we next determined whether
incubation of UT MEFs with the caged form of ONB,;-4O0HT

Mol. BioSyst., 2015, 11, 783-790 | 785
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Fig. 3 Uncaging ONB;—-4OHT after entry into UT MEFs. (a) UT MEFs were
treated with caged ONB;—-4OHT for 1 h to allow entry into the cells, then
washed and exposed to UV light to uncage only intracellular ONB;—4OHT.
(b) Representative fluorescent images and FACS analysis are shown for the
activation of GFP and the presence of Tomato for caged (“No UV”, top
row) and intracellularly uncaged ("1’ UV", bottom row) forms of ONB;—
40HT. White bar is 500 microns. (c) Graphs for GFP expressing cells and
absolute cell number at different ONB;—4OHT concentrations and UV
exposure times. Error bars are SD (N = 3).

followed by direct exposure of UT MEFs to UV light could
efficiently allow intracellular uncaging and subsequent reporter
activation (Fig. 3). We incubated various concentrations of
ONB;-40HT with UT MEFs for 1 h at 37 °C, washed cells to
remove unbound ONB,-40HT, then directly exposed treated
cells to 0, 1, or 5 min of UV light (Fig. 3). GFP recombination
was observed at all tested concentrations of ONB;—4OHT that
were exposed to UV light (Fig. 3c). Despite directly exposing UT
MEFs to UV light, we observed no decrease in viability at any
ONB;-40HT concentration or UV exposure length. We also
examined shorter UV exposure times and observed induction
in as little as 15 s of exposure, though the efficiency was
reduced compared to longer UV times (Fig. S9, ESIt). Lastly,
we tested whether serum concentrations affected ONB;-4OHT
activity, as it did for ONB-TAM,>* and observed no dramatic
difference in recombination efficiency (Fig. S10, ESIt). Our data
clearly indicate that the caged form of ONB;-4OHT can enter
UT MEFs with high efficiency, and once inside can be effectively
uncaged and induce genetic recombination upon exposure to
UV light.

To validate ONB;—4OHT in a separate in vitro reporter
system, we generated a second 40OHT-inducible reporter MEF
line by crossing reporter mouse strains that collectively contain
3 genetic modifications: (1) a Cre-ER transgene under control of
a constitutively expressed chicken B-actin promoter (Actin-
CreER),>® (2) a Cre-activated LacZ reporter inserted into the
Rosa26 locus (R26R),*® and (3) a Rainbow reporter, also
inserted into the Rosa26 locus, which initially expresses GFP
but will recombine to delete GFP and stochastically induce
either Cerulean (CFP), mOrange (OFP), or TdTomato (RFP)

786 | Mol BioSyst., 2015, 11, 783-790
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fluorescent protein expression upon Cre-mediated recombination®"
(Fig. S11, ESIt). Using similar experimental strategies described
for UT MEFs, we tested Actin-CreER x Rainbow x LacZ MEFs
(hereafter called ACRL MEFs) for 4OHT and ONB;-mediated
reporter induction (Fig. S12 and S13, ESIf). To characterize
40HT-mediated reporter induction, we treated ACRL MEFs with
1 pM 40HT for 1 h then left in culture for up to 9 days. Robust
expression of LacZ was observed after 24 h following 4OHT
treatment (Fig. S12a, ESIf). A time course experiment was
performed to determine optimal treatment time for Rainbow
reporter induction. After treatment with 1 uM 40HT, ACRL MEFs
were cultured between 24 hours and 9 days. We found that GFP
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Fig. 4 Spatial activation of GFP expression in UT MEFs and LacZ expres-
sion in ACRL MEFs. (a) UT MEFs were plated on glass bottom dishes and
treated with 240 nM ONB;—4OHT for 1 h, then washed. A circular column
(blue column, 1.5 cm inner diameter) was placed above the dish directly
above a region of cells, which was then exposed to UV light for 1 min.
Cellular GFP fluorescence was imaged after 24 h. (b) 2.55 cm x 2.45 cm
regions of dishes treated with ONB;—4OHT and either unexposed (left) or
exposed (middle) to UV light. Images are composites of 120 separate
photographs. The white broken circle indicates the region exposed to UV
light. (c) ACRL MEFs were plated on 6 cm dishes and treated as described
above. Cellular LacZ was imaged after 24 h. 4 cm x 4 cm regions of dishes
treated with ONB;—4OHT were either unexposed (left) or exposed (middle)
to UV light. Images are composites of 300 separate photographs. The black
broken circle indicates the region exposed to UV light. Zoomed-in images
of an unexposed region (red box, top right) and exposed region (blue box,
left) revealing both GFP (green cells) or LacZ (blue cells) induction, as well as
non-rearranged cells (red cells or unstained) indicating that both regions
were equally confluent.

This journal is © The Royal Society of Chemistry 2015
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expression began to diminish and CFP, OFP, and RFP recombina-
tion began to increase after 3 days, with the highest percent
recombination observed at 7 days. (Fig. 12b and c, ESIT). We next
determined ONB;-mediated reporter induction by incubating
ACRL MEFs with 120 nM or 240 nM ONB;—4OHT for 1 h at
37 °C then washed to remove unbound ONB,-4OHT (Fig. S13,
ESIT). Cells treated with ONB; were then directly exposed to 1 min
UV light. We observed robust induction of LacZ expression in
ONB;—-4OHT UV treated cells after 24 hours (Fig. S13a, ESIf) and
Rainbow induction after 7 days (Fig. 13b and c, ESIt). Thus, ONB,—-
40HT can confer light-activated reporter gene induction in two
distinct in vitro reporter systems and 3 distinct reporter genes.

Our goal for ONB,;-4OHT is to use it to activate reporter
expression in a specific region by exposing only that region to UV
light. To demonstrate this spatial activation, we plated UT MEFs on
glass bottom tissue culture dishes, treated the confluent cells for
1 h with 240 nM ONB;-4OHT, washed the plate to remove
unbound ONB;-4OHT, and directly exposed only a specific region
of the UT MEFs to UV light for 1 min using an opaque non-
reflective cylinder placed directly above the dish (Fig. 4a). We
observed significantly high activation of GFP expression only in
the cells that resided within the region directly exposed to UV light
(Fig. 4b). While a low level of background GFP induction was
observed in cells outside of the exposed region, it was similar to a
control plate that was treated with 240 nM ONB;-4OHT without UV
exposure (Fig. 4b). Thus, ONB;-4OHT can induce reporter expres-
sion within specific regions of a dish by restricted exposure to UV
light. We repeated this experiment using the ACRL MEFs plated on
a 6 cm dish and imaged for LacZ expression (Fig. 4c). We observed
robust genetic recombination only within the region exposed to UV
light. We conclude that using ONB;-4OHT and UT MEF and ACRL
MEF reporter cells, we have achieved spatiotemporal control of
reporter gene activation in vitro.

Conclusions

We demonstrated light-activated gene expression by photocaging
40HT and validated its activity on UT and ACRL MEFs. We believe
that this study significantly advances the field of photo-inducible
Cre-ER reporter labeling in several aspects. First, unlike earlier
reports suggesting the photodegradability of 40HT,”® the current
result shows that 4OHT itself is functionally photostable and
useful for UV-based photocaging. Second, we find that photo-
caged 40HT is over 100-fold more active than photocaged TAM,
can efficiently enter UT MEFs in its caged form and be activated
intracellularly, and as a result can be used to induce reporter
expression in a specific region by focused light exposure. Third, in
addition to our previously published UT MEF reporter line, we
introduce ACRL MEFs as another tool for validating new lineage-
tracing technologies. Fourth, our current results demonstrate that
40HT-based photocaging technology is capable of conferring
spatiotemporal control of reporter activation in vitro.

Many studies describing light-inducible genetic recombina-
tion require the modification of existing transgenes.>’> Our
photocaged system does not require further modifications

This journal is © The Royal Society of Chemistry 2015
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and can potentially be applied to any existing Cre-ER or Cre-ER™
reporter system. Our future efforts will focus on validating the
efficiency of this photocaged 4OHT molecule for spatiotemporal
reporter activation in vivo.

Materials and methods
Chemistry, general

All solvents and reagents were purchased from Sigma-Aldrich and
other commercial suppliers, and used without further treatment.
Thin layer chromatography was performed on Merck® TLC
plates (250 um thick), and migration spots were detected by UV
lamp illumination or by staining with phosphomolybdic acid
reagent (20% w/v in ethanol) or ninhydrin solution (5% w/v in
3% acetic acid/ethanol). Flash column chromatography was
performed using silica gel (200-400 mesh) by eluting with solvent
eluents as specified in each of the reactions.

Each reaction was performed in the dark (with individual
reaction container wrapped with aluminum foil) unless noted
otherwise. Spectral characterization of reaction products was
carried out by a combination of "H NMR spectroscopy, mass
spectrometry and UV-vis spectrophotometry. For NMR ('H, **C)
measurement, each sample solution was prepared by dissolving
in the deuterated solvent (CDCl;, CD;0D, DMSO-dg, D,0), and
its spectra were acquired with a Varian nuclear magnetic
resonance spectrometer at 400 MHz or 500 MHz for '"H NMR
spectra, and at 100 MHz for "*C NMR spectra under standard
observation conditions. For mass spectrometric characteriza-
tion of compounds, electrospray ionization mass spectrometry
(ESI-MS) was performed with a Micromass AutoSpec Ultima
spectrometer. UV-vis absorption spectra were acquired with a
Perkin Elmer Lamda 20 spectrophotometer.

HPLC analysis was performed on a Waters Ultra Perfor-
mance Liquid Chromatography System equipped with a Waters
photodiode array detector, a column manager that facilitates
4 column housing, and a sample manager. Each sample solution
was run on a C4 BEH column (150 x 2.1 mm, 300 A) connected
to a Waters Vanguard column. Elution was performed in a linear
gradient manner beginning with 98:2 (v/v) water/acetonitrile
(with trifluoroacetic acid at 0.14 wt% in each eluent) at a flow
rate of 1 mL min~".

I. Synthesis of ONB;-40OHT 1 (Scheme 1)

4-Hydroxytamoxifen (4OHT). A batch of 40HT (100 mg scale)
was prepared according to a literature procedure®® based on the
McMurry reaction. 40HT was synthesized as a mixture of Z and
E isomers (1:1), and identified by "H NMR spectroscopy and
ESI mass spectrometry. HPLC analysis of the product indicated
the presence of two isomers as two resolved peaks with their
retention times (fg) identical to those acquired from commer-
cial 4OHT Z and E isomers (1:1; Sigma-Aldrich). HPLC: i =
10.5, 10.6 min; purity >98%. MS (ESI) m/z (relative intensity,
%) = 388.3 (100) [M + H]". *"H NMR (500 MHz, CD;0D): § 7.16-
7.06 (m, 6H), 7.02-6.70 (dd, J; = 2 Hz, J, = 6.5 Hz, 1H), 6.94-6.92
(dd, J, = 2.5 Hz, ], = 7 Hz, 1H), 6.76-6.74 (dd, J, = 2 Hz, ], = 6.5
Hz, 2H), 6.64-6.63 (dd, J; = 2 Hz, J, = 7 Hz, 1H), 6.57-6.56
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(dd, J; =2 Hz, J, = 6.5 Hz, 1H), 6.40-6.38 (dd, J; = 2 Hz, J, = 6.5
Hz, 1H), 4.15-4.13 (t, J = 5.5 Hz, 1H), 3.98-3.96 (t, J = 5.5 Hz,
1H), 2.86-2.84 (t, J = 5.5 Hz, 1H), 2.77-2.75 (t, J = 5.5 Hz, 1H),
2.49-2.450 (q, J = 7.5 Hz, 2H), 2.41 (s, 3H), 2.34 (s, 3H), 0.91-
0.88 (t, J = 7 Hz, 3H) ppm.

4. To cold solution of tert-butyl (2-(2-(4-(hydroxymethyl)-2-
methoxy-5-nitrophenoxy)acetamido)ethyl)carbamate'>**>* (3;
200 mg, 0.501 mmol) dissolved in dichloromethane (15 mL)
was added triethylamine (0.147 mL, 1.05 mmol) and then
methanesulfonyl chloride (0.043 mL, 0.551 mmol). The mixture
was stirred at 5 °C in an ice bath for 10 min and at room temp.
The reaction progress was monitored by TLC, and when the
starting material was fully consumed to a single new spot
(~2 h), the mixture was washed with 1 M H;PO,, a saturated
NaHCO; solution and water. Drying over Na,SO,4, and subse-
quent evaporation of the organic solution afforded 4 as pale
yellow solid (213 mg, 89%). This product was used in the next
step without further treatment. Ry (5% CH3;OH/EtOAc) = 0.67.

5 (N-Boc protected ONB;—4OHT). To a solution of 40HT (20 mg,
51.7 umol) dissolved in DMF (2 mL) was added K,COj; (21 mg,
155 umol), Cs,CO; (50 mg, 155 umol) and then 4 (49 mg, 103 umol).
The mixture was stirred at room temp for 2 h, and then at 60 °C for
12 h. After cooling, the mixture was concentrated in vacuo, and the
residue was partitioned between dichloromethane (5 mL) and water
(5 mL). The organic layer was collected, dried over Na,SO,, and
evaporated to afford a crude product mixture. It was purified by
flash silica column chromatography by eluting with 2-5% MeOH in
CH,Cl,. The product 5 was obtained as pale yellow solid (25.2 mg,
49%). R¢ (10% CH;O0H/CH,Cl,) = 0.38. MS (ESI) m/z (relative
intensity, %) = 769.7 (100) [M + H]|'. HRMS (ESI) caled for
C43H53N409 [M + H]" 769.3807, found 769.3815. 'H NMR
(500 MHz, CDCly): 6 7.82 (s, 0.5H, ArH ortho to NO,), 7.77 (s, 0.5H,
ArH ortho to NO,), 7.45 (s, 0.5H, ArH meta to NO,), 7.32 (s, 0.5H, ArH
meta to NO,), 7.19-7.09 (m, 7H, ArH), 7.00-6.98 (d, J = 9 Hz, 1H,
ArH), 6.91-6.89 (d, J = 8.5 Hz, 1H, ArH), 6.82-6.80 (d, J = 9 Hz, 1H,
ArH), 6.76-6.75 (d, ] = 8.5 Hz, 1H, ArH), 6.66-6.64 (d, ] = 8.5 Hz, 1H,
ArH), 6.56-6.55 (d, J = 9 Hz, 1H, ArH), 5.52 (s, 1H, ArCH,0), 5.37
(s, 1H, ArCH,0), 4.89 (br, 1H, NH), 4.59 (s, 1H, ArOCH,C(—O0)), 4.56
(s, 1H, ArOCH,C(=0)),4.13-4.11 (t, J = 5.5 Hz, 1H, CH,0), 3.99
(s,1.5H, CH;0), 3.98-3.96 (t, 1H,J = 6 Hz CH,0), 3.91 (s, 1.5H, CH;0),
3.51-3.46 (m, 2H, CH,N), 3.33-3.31 (m, 2H, CH,N), 2.82-2.80 (t, ] =
5 Hz, 1H, CH,N), 2.73-2.71 (t, J = 5.5 Hz, 1H, CH,N), 2.49-2.45
(m, 2H, CH,(CHj,)), 2.40 (s, 3H, CH;3N), 2.34 (s, 3H, CH;N), 1.42
(s, 4.5H, NHBoc), 1.41 (s, 4.5H, NHBoc), 0.94-0.91 (t, ] = 7.5 Hz, 3H,
CH;(CH,)) ppm. *C NMR (100 MHz, CDCly): & 187.99, 184.63,
162.94, 132.12, 131.85, 130.80, 130.53, 129.64, 127.85, 115.14,
114.61, 114.06, 113.80, 113.32, 67.35, 45.65, 28.28, 19.54 ppm.

1 (ONB;-40HT). To N-Boc protected ONB;-4OHT 5 (10 mg) was
added slowly a mixture of trifluoroacetic acid (TFA) and dichloro-
methane (1:1; 6 mL). The solution was stirred at room temp for
30 min, and evaporated to dryness. The pale yellow oily residue was
dissolved in 20% aq acetonitrile solution (2 mL), and freeze-dried,
yielding pale beige fluffy solid. HPLC: i = 10.37, 10.54 min; purity
>98% (quantitative deprotection). MS (ESI) m/z (relative intensity,
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%) = 669.4 (11) [M + H]", 326.7 (100). *H NMR (500 MHz, CD;0D):
0 7.88 (s, 0.5H, ArH ortho to NO,), 7.84 (s, 0.5H, ArH ortho to NO,),
7.48 (s, 0.5H, ArH meta to NO,), 7.32 (s, 0.5H, ArH meta to NO,),
7.20-7.02 (m, 9H, ArH), 6.83-6.78 (m, 2H, ArH), 6.67-6.64 (m, 2H,
ArH), 5.49 (s, 1H, ArCH,0), 5.34 (s, 1H, ArCH,0), 4.68 (s, 1H,
ArOCH,C(=0)), 4.65 (s, 1H, ArOCH,C(—O0))4.37-4.35 (t, ] =
5 Hz, 1H, CH,0), 4.21-4.19 (t, 1H, J = 5 Hz CH,0), 3.98 (s, 1.5H,
CH;0), 3.90 (s, 1.5H, CH;0), 3.62-3.57 (m, 3H, 1 x CH,N and 0.5 x
CH,N), 3.51-3.49 (t, ] = 5 Hz, 1H, CH,N), 3.13-3.10 (m, 2H, CH,N),
2.99 (s, 3H, CH;3N), 2.92 (s, 3H, CH;3N), 2.48-2.45 (m, 2H, CH,(CH3)),
0.92-0.89 (m, 3H, CH3(CH,)) ppm. ">C NMR (500 MHz, CD;0D):
§ 219.01, 182.33, 133.18, 131.77, 130.86, 128.94, 127.18, 115.70,
115.44, 114.88, 114.59, 112.44, 69.92, 63.08, 56.99, 43.83, 40.93,
37.96, 27.55, 13.84 ppm. UV-vis (0.13 mM, 10% aq MeOH): Ayax =
238 nm (6 =1685M 'cm ™ '),295 nm (¢=768 M ' cm™ '), 340 nm
(e=390M 'em ™).

II. Synthesis of ONB,-4O0HT 2 (Scheme 2)

6. To a cold solution of p-nitrochloroformate (0.529 g, 2.63 mmol)
dissolved in anhydrous THF (15 mL) was added a solution of 3 (1.0 g,
2.51 mmol) and N,N-diisopropylethylamine (DIPEA; 0.916 mL) dis-
solved in CHCl; (15 mL). This mixture was stirred at 5 °C for 30 min
and at room temp. overnight. A second portion of p-nitrophenyl-
chloroformate (0.529 g) was added to the reaction mixture followed by
the addition of dimethylaminopyridine (DMAP, 0.321 g, 2.63 mmol).
The final mixture was stirred at room temp for additional 4 h, and
concentrated in vacuo. The residue was dissolved in ethyl acetate
(300 mL), and washed with 1 M H3PO,, a saturated NaHCO; solution
and finally a brine solution. The organic phase was collected, dried
over Na,SO,, and evaporated to dryness, yielding S4 as pale yellow
solid (1.9 ). R¢(2 : 1 EtOAc/hexane) = 0.44. "H NMR (500 MHz, CDCl,):
58.31-8.30 (dd, J; =2 Hz,J, =7 Hz, 2H, ArH (ortho to NO,; Phyo ), 7.81
(s, 1H, ArH (ortho to NO,; ONB)), 7.43-7.41 (dd, J, =2 Hz, ], = 7 Hz, 2H,
ArH (meta to NO,; Phyo,)), 7.17 (s, 1H, ArH meta to NO,), 5.72 (s, 2H,
ArCH,OC(=0)), 4.90 (br, 1H, NH), 4.60 (s, 2H, ArOCH,C(—O0)), 4.04
(s, 3H, OCH;), 3.51-3.48 (m, 2H, CH,NHC(=O0)), 3.34-3.32 (m, 2H,
CH,NHBoc), 1.42 (s, 9H, NHBoc) ppm.

7. To a solution of 6 (0.258 mg, 0.457 mmol) dissolved in
tetrahydrofuran (10 mL) cooled in an ice-water bath was added
N,N'-dimethylethylenediamine (100.8 mg, 1.143 mmol). The mixture
was stirred in the ice-water bath for 2 h, and concentrated in vacuo.
This crude product was purified by flash silica column chromato-
graphy by eluting with 10% MeOH/CH,Cl,, affording 7 as pale yellow
solid (78.6 mg, 33% yield). R (10% MeOH/CH,CI,) = 0.12. MS (ESI)
m/z (relative intensity, %) = 514.1 (100) [M + HJ, 458.0 (33). "H NMR
(500 MHz, CD;0D): 6 7.73 (s, 1H, ArH ortho to NO,), 7.19 (br, 1H, ArH
meta to NO,), 7.10 (s, 1H), 5.52 (s, 2H, ArCH,0C(=0)), 4.90 (br, 1H),
4.57 (s, 2H, ArOCH,C(=0)), 3.99 (s, 3H, OCH3), 3.50-3.47 (m, 4H),
3.33-3.31 (m, 2H), 3.03-2.98 (m, 3H), 2.85-2.78 (m, 2H), 2.498-2.445
(m, 3H), 1.419 (s, 9H, NHBoc) ppm. **C NMR (100 MHz, CDCl,): §
196.28,187.96,167.91,156.44,153.96,145.63,139.56,115.18,111.77,
111.25, 110.73, 79.57, 68.88, 64.00, 56.24, 49.65, 49.21, 48.52, 40.22,
39.72, 36.34, 36.05, 35.14, 34.53, 28.25 ppm.

8. To a cold solution of 7 (9.8 mg, 0.0191 mmol) dissolved in
dichloromethane (1 mL) cooled in an ice bath was added
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triethylamine (16 pL, 0.11 mmol) and triphosgene (5.7 mg,
0.019 mmol). The mixture was stirred at 5 °C for 40 min,
concentrated in vacuo, and purified by flash silica column
chromatography eluting with 2-5% MeOH/CH,Cl,. The desired
product 8 was isolated as pale yellow solid (13.7 mg). R; (5%
MeOH/CH,Cl,) = 0.42.

9 (N-Boc protected ONB,-4OHT). 40HT (9.4 mg, 24.3 pmol) was
dissolved in a mixture of DMF and dichloromethane (2 mL, 1:1)
containing triethylamine (19.6 pL, 142 pumol) and 4-dimethyl-
aminopyridine (3.0 mg, 24.6 umol). This solution was cooled in
an ice bath (5 °C), and followed by the addition of 8 (13.5 mg,
23.5 pmol) dissolved in a mixture of DMF and dichloromethane
(0.3 mL, 1:1). The final mixture was stirred in the ice bath for
30min, and at room temp overnight. It was concentrated in vacuo,
and the residue was purified by flash silica column chromato-
graphy by eluting with 2-10% MeOH/CH,Cl,. The desired product
9 was isolated as pale yellow solid (9.5 mg, 44% yield). Ry (5%
MeOH/CH,CL,) = 0.50. HPLC: ¢z = 11.68, 11.84 min; purity >98%.
MS (ESI) m/z (relative intensity, %) = 927.8 (100) [M + H]". HRMS
(ESI) caled for C49H63N6012 [M + H]' 927.4498, found 927.4507.
'H NMR (500 MHz, CD;0D): § 7.83-7.74 (m, 1H, ArH ortho to
NO,), 7.23-7.17 (m, 1H, ArH ortho to NO,), 7.15-6.94 (m, 9H, ArH),
6.81-6.55 (m, 4H, ArH), 5.52-5.47 (m, 1H, ArCH,0), 5.43-5.35 (m,
1H, ArCH,0), 4.60-4.55 (m, 2H, ArOCH,C(=O0)), 4.15-4.12 (t, ] =
5.5 Hz, 1H, CH,0), 3.98-3.96 (t, J = 5.5 Hz, 1H, CH,0), 3.91-3.78
(m, 3H, CH;0), 3.68-3.50 (m, 4H, 2 x CH,N), 3.35-3.33 (m, 2H,
CH,N(CH,)), 3.19-3.17 (m, 2H, CH,N(CH)), 3.13-2.84 (m, 6H, 2 x
CH3(CHy,)), 2.82-2.80 (m, 1H, CH,N), 2.72-2.70 (m, J = 5.5 Hz, 1H,
CH,N), 2.47-2.44 (m, 2H, CH,(CH3)), 2.37 (s, 3H, CH;N), 2.31
(s, 3H, CH;N), 1.44 (s, 4.5H, NHBoc), 1.398 (s, 4.5H, NHBoc), 0.92—
0.87 (m, 3H, CH3(CH,)) ppm. *C NMR (100 MHz, CDCl,):
5 187.99, 184.63, 162.94, 132.12, 131.85, 130.80, 130.53, 129.64,
127.85,115.14, 114.61, 114.06, 113.80, 113.32, 67.35, 45.65, 28.28,
19.54 ppm.

2 (ONB,-40HT). To N-Boc protected ONB,-4OHT 9 (5 mg) was
added slowly a mixture of trifluoroacetic acid (TFA) and dichloro-
methane (1:1; 3 mL). The solution was stirred at room temp for
30 min, and evaporated to dryness. The residue was dissolved in
20% aq acetonitrile solution (2 mL), and freeze-dried, yielding
pale beige fluffy solid. HPLC: ¢z = 10.03, 10.16 min; purity >98%
(quantitative deprotection). MS (ESI) m/z (relative intensity, %) =
827.4 (76) [M + HJ', 502.3 (100). 'H NMR (500 MHz, CD;0D):
0 7.83-7.77 (m, 1H, ArH ortho to NO,), 7.24-7.21 (m, 1H, ArH
ortho to NO,), 7.20-7.01 (m, 9H, ArH), 6.84-6.65 (m, 4H, ArH),
5.51-5.45 (m, 1H, ArCH,0), 5.44-5.36 (m, 1H, ArCH,0), 4.66-
4.63 (m, 2H, ArOCH,C(—O0)), 4.38-4.36 (t, ] = 5.5 Hz, 1H, CH,0),
4.21-4.19 (t,] = 5 Hz, 1H, CH,0), 3.95-3.86 (m, 3H, CH;0), 3.62—
3.50 (m, 6H, 2 x CH,N and CH,N(CH;)), 3.14-2.84 (m, 16H,
CH,N(CH3), 2 X CHj3(CH,), CH,N and 2 x CH;3N), 2.47-2.44
(m, 2H, CH,(CHj3)), 0.92-0.88 (m, 3H, CH;(CH,)) ppm. UV-vis
(0.11 mM, 10% aq MeOH): Ayax = 238 nm (¢ = 469 M~ ' cm™ %),
295 nm (e=311M 'em ), 340 nm (e =171 M ' em ™).

III. Photochemical 40HT release in solution (Fig. 1b and c).
4OHT release studies were carried out using UV lamps (model
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XX-15A, Spectroline®) emitting UVA light (wavelength = 320-
400 nm) with a peak intensity at 365 nm. ONB;-4OHT (1) or
ONB,~40HT (2) was dissolved in 10% aq MeOH at 0.1 mg mL "
Each solution (3 mL) was loaded in a glass Petri dish (diameter =
5 cm) and exposed to UV light at the distance of ~5 cm from
lamps. Kinetics of drug release was investigated by taking
aliquots (0.4 mL each) at various time points as specified in
each figure. The aliquots were analyzed by analytical HPLC,
UV-vis spectrophotometry, and ESI mass spectrometry.

IV. UT MEFs. Mouse embryonic fibroblasts (MEFs) contain-
ing a UBC-CreER"™ transgene and the mTmG reporter (UT MEFs)
were previously generated.”” UT MEFs were maintained in media
containing Dulbecco’s modified Eagle’s medium (DMEM) high
glucose (GIBCO) and supplemented with 10% FBS (Invitrogen),
100 U mL " Penicillin 100 pg mL ™" Streptomycin (Hyclone), and
1x r-glutamine (Hyclone). Cells were passaged 1:3 with 0.05%
Trypsin (Gibco) every 3-5 days and were used below 8 passages.
For spatial activation (Fig. 4), UT MEFs were plated onto 50 mm
glass bottom tissue culture dishes (EMS, #70674-52).

V. ACRL MEFs. 40HT-inducible ACRL reporter MEFs were
generated by crossing two transgenic mouse lines: (1) actin-
CreER®™™°% mice with both a constitutively active chicken
B-actin promoter driving expression of CreER>® as well as the
Rainbow reporter construct,®® and (2) another mouse line with
a LacZ reporter inserted into constitutively active Rosa26
locus.*® Actin-Cre-ER®*"P°% X T,acZ e14.5 embryos were harvested,
then heads and livers were removed and remaining tissue was
minced and treated with 0.05% Trypsin (Gibco) and plated onto
gelatinized tissue culture dishes. ACRL MEFs were maintained as
described above.

VI. LacZ Expression. Following treatment with 4OHT or
ONB;-40HT, ACRL MEFs were fixed using 0.2% glutaraldehyde
(Sigma) for 30 min then washed 3x with PBS for 5 min. LacZ
buffer containing 1 mM magnesium chloride (Sigma), 3 mM
potassium ferricyanide (Sigma), 3 mM potassium hexacyano-
ferrate (Sigma), 0.02% tween, and X-gal (VWR) was added to
ACRL MEFs overnight at 37 °C. Cells were washed the next day
3x with PBS for 5 min and imaged using a Nikon Eclipse Ti
Inverted Fluorescent Imaging microscope with NIS-Elements
software.

VIL. Photochemical release in UT MEF cells and confocal
microscopy (Fig. 1d). UT MEFs below passage 5 were seeded on
two 8-chamber coverglass slides (Thermo-scientific) at 1 x 10°
cells per well in complete media overnight. 5 uM dilutions of
40HT, ONB;-40HT 1, and ONB,-40HT 2 were prepared in
culture media. Growth medium was removed from the cells,
and 250 pL of each 40HT solution was added to the respective
wells. Cells were incubated at 37 °C for 5 min, and one slide was
exposed to a UVA lamp (Spectroline XX-15A long wave UV lamp,
mean wavelength = 365 nm) for 5 min, while the other was kept
in the dark at room temp. 250 pL of fresh media was added to
each well, and cells were incubated for 24 h at 37 °C. Cells were
washed 2x with PBS and fixed in 4% paraformaldehyde in PBS
for 10 min, dried and mounted in ProLong gold with DAPI.
Images were taken on a Leica inverted SP5X confocal fluores-
cence microscope (Leica Microsystems, Buffalo Groves, IL) with
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40x magnification in sequential scanning mode (mTomato ex
555 nm, em 570-650 nm, GFP ex 488 nm, em 500-540 nm,
and DAPI ex 350 nm, em 450-490 nm).

VIII. Treatment of UT MEFs and ACRL MEFs with 40OHT
and ONB-40HT. Hydroxytamoxifen (4OHT) (Sigma, H7904)
was resuspended in DMSO to 8 mM, then further diluted in
MEF media and added to UT MEFs. ONB;—4OHT 1 and ONB,—
40HT 2 were resuspended in water to 8 mM, and stored at
—80 °C. UV light was provided by a 6-watt 2UV Transilluminator
(UVP Model LM-20E) with a wavelength of 365 nm (longwave,
UV-A). The UV light source was placed upside-down; approxi-
mately 3 cm above either MEF media containing ONB;-4OHT
or UT and ACRL MEFs pretreated with ONB,-40OHT. For 24 h
treatments of UT and ACRL MEFs with ONB;-4OHT (Fig. 1),
ONB,;-40HT was diluted in media, uncaged with UV light, and
added to UT and ACRL MEFs. For pretreatment experiments
(Fig. 2 and 3), ONB;-4OHT was diluted in media and added to
UT and ACRL MEFs for 1 h. Cells were washed with PBS,
exposed dry to UV light for indicated times, then incubated in
fresh media for 24 h. UT and ACRL MEFs were imaged with a
Nikon Eclipse Ti Inverted Fluorescent Imaging microscope with
NIS-Elements software. UT and ACRL MEFs were harvested with
Trypsin (GIBCO) and UT MEFs were analyzed for Tomato/GFP
expression and ACRL MEFs were analyzed for Tomato, GFP, CFP,
and OFP expression by flow cytometry on a BD FACSAria-II
(BD Biosciences) and Flowjo software (Treestar).
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