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Photocaging is an attractive strategy to control molecular beha-
viour, for example, in chemical synthesis, interaction studies or
photodynamic therapies. Here, we demonstrate that in situ illumi-
nation by the LED NMRtorch approach enables effective and con-
trolled photocage release with simultaneous monitoring of
subsequent reactions by solution NMR spectroscopy.

Photocages, also known as photolabile protecting groups (PPGs),
and photolysis have a long history of use for controlling the
temporal and spatial availability of molecules throughout biology
and chemistry.'™ Covalent attachment of a photocage results in a
chemically or biologically inactive molecule, which can be
released and activated through photolysis by illumination at a
given wavelength. Thus, photocages can be used as a practical
means to control molecular availability, for example, to activate a
drug at a particular location in the body during photodynamic
therapy,”’ or control organic synthesis reactions.®° Alternatively,
photocages may be used as an experimental strategy to initiate
and study a reaction or certain molecular behaviour,'®'" or to
conduct titrations.'> A wide range of photocages with different
properties, including targeted chemical moieties and photoactive
wavelengths, have been developed"® and applied to an even wider
range of target molecules.'*®

To characterise photorelease, ex situ illumination is widely
used with subsequent analysis by techniques such as high-
performance liquid chromatography (HPLC) or nuclear mag-
netic resonance (NMR) spectroscopy.'®>* The combination of
in situ illumination with continuous NMR monitoring enables
further characterisation of photocage behaviour, including
kinetics of photorelease. Alternatively, it may be used to initiate
reactions in NMR experiments, as pioneered by the Schwalbe
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group® ! to characterise protein and nucleotide folding dur-

ing time-resolved NMR. However, in situ photo-NMR has not
been applied to photolysis more widely, perhaps due to the
complex laser illumination systems typically used.’*?* Addi-
tionally, with the continued expansion of the photosensitivity
of photocages beyond the typical ultraviolet (UV) region and
into visible and infrared (IR) wavelengths,”>** an increasing
number of expensive wavelength-specific laser light sources
may be required.

Recently, inexpensive yet powerful light emitting diodes
(LEDs) with a wide range of wavelengths, including UV and
IR, have become abundant, resulting in their adoption as a
light source for in situ photo-NMR illumination.***° Moreover,
we have recently demonstrated the NMRtorch approach, which
combines an LED-based lighthead inserted into the spectro-
meter and an etched heavy-walled NMR tube to illuminate NMR
samples without using optical fibres.”” The NMRtorch enables
high intensity uniform illumination of the NMR sample, allow-
ing, for example, rapid chemical degradation of quinine under
UV-A light with simultaneous NMR characterisation.*® While
LEDs coupled to an optical fibre have been applied in solid-
state NMR spectroscopy to trigger photocage release,*! it has
not been assessed if LEDs are powerful enough to perform
uncaging in situ in solution NMR spectroscopy within a short
timeframe.

Here, we demonstrate that the NMRtorch approach can be
used to trigger and simultaneously characterise photocage release
by using the model system NPE-ATP (Fig. 1), consisting of the
nucleotide adenosine triphosphate (ATP) linked covalently with
the 1-(2-nitrophenyl)ethyl (NPE) photocage." We show that 365 nm
UV-A illumination by the NMRtorch results in almost complete
release of 1 mM ATP in seconds. This release can be calibrated,
enabling us to perform an ATP titration in a single sample without
serial additions, simply by repeated short periods of illumination
with controlled timings. Finally, we extend this principle by
characterising a model reaction occurring following ATP release,
in the form of the phosphorylation of acetate by the enzyme
acetate kinase. The LED-based NMRtorch approach may be used
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Fig. 1 Uncaging of ATP from NPE-ATP by UV light (hv). The NPE photoc-
age and a H* are released as by-products. Protons used in NMR analysis
highlighted (blue).

to both characterise the structure, behaviour, and kinetics of
diverse photocaged systems, and also as an experimental techni-
que to initiate reactions in situ for time-resolved NMR experiments.
It may be easily applied in any solution-state spectrometer.

To demonstrate the ability of the NMRtorch to study photoc-
age behaviour, we monitored the photolysis of NPE-ATP by
"H NMR following repeated periods of 1 s illumination, using
an NMRtorch with a 365 nm LED array (10 W nominal power
consumption) and a quartz NMRtorch tube. Uncaging of 1 mM
NPE-ATP was performed in the reaction mixture (200 mM
acetate and 5 mM MgCl, in 100 mM Tris buffer, pH 7.6) to
match later experiments with acetate kinase. Photocage release
can be followed by NMR using the methyl signal from the NPE
photocage, with a decrease in the caged signal (Fig. 2A) and a
corresponding increase in free NPE signal (Fig. 2B). Notably,
the free NPE appears as a cluster of signals, including some
lower intensity ones likely arising from degradation products,
in agreement with previous observations of further NPE degra-
dation upon release.*”> ATP release can also be directly observed
by monitoring the NMR signals of caged and free ATP by 'H
(Fig. 2C and Fig. S1, ESIt) or *'P NMR (Fig. S2, ESIt), with H8
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Fig. 2 Uncaging kinetics of NPE-ATP by UV illumination using the
NMRtorch. Appearance of the (A) caged and (B) uncaged methyl group
in the NPE caging moiety, and (C) caged and uncaged ATP signals
following repeated 1 s illumination periods. (D) Kinetics of ATP release
during repeated illumination. Experimental data fitted to an exponential,
which then can be used to back-calculate the duration of illumination
needed to release a desired concentration of free ATP.
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and H2 of ATP exhibiting chemical shift and signal splitting
perturbations upon release. Additionally, minor background
hydrolysis (< 5%) of ATP to adenosine diphosphate (ADP) was
detected as the shoulder peak of the H8 signal at 8.37 ppm.*?
Integration of these signals allows the free ATP concentration
after each successive illumination period to be determined
(Fig. 2D), with photorelease exhibiting monoexponential beha-
viour resulting in 90% ATP release by ~ 20 s total illumination,
and apparent complete release by ~30 s. This shows that the
NMRtorch can be used to characterise release of both the
photocage and caged molecule simultaneously.

The observed photorelease kinetics can also be used as a
calibration curve to determine the illumination time required
to release a given concentration of ATP, thus allowing titration
experiments to be performed. Such titrations by photorelease
may serve as a convenient method to examine the behaviour of
a system with increasing concentration of a given molecule in a
single sample. Here, we demonstrate a linear titration of free
ATP (Fig. 3A), uncaging 100 uM NPE-ATP during each illumina-
tion period, with the duration of each illumination increasing
exponentially according to the earlier calibration of photore-
lease kinetics. This illumination strategy successfully resulted
in the desired titration, with no additional ATP release or
noticeable hydrolysis during the dark periods between illumi-
nation events (Fig. 3B). During the illumination however there

A ATP (H8)
ATP (H2)
Illumination #:
- None NPE-ATP
(H8) 2
3
4
5
6
‘ —7
L | = J\j
i\ —_9 ‘
835 830 825 820 815
'H 3 (ppm)
B 10004 ® Caged ATP
) M Free ATP
800 Q=P
_ e
S Lo ]
= 600 s
2 ooz
(8]
2 400 i e
2 Ry b aned
200 sans] e
i e
0 T T T 1
0 20 40 60 80
Time (min)

Fig. 3 Linear titration of free ATP by controlled UV illumination.
(A) Appearance of caged and free ATP signals following illumination with
exponentially increasing durations. (B) Concentration of caged and free ATP
signals over time, with illumination of variable duration applied at 8 minute
intervals, with a following series of NMR spectra acquired then in the dark.
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was ATP hydrolysis noted, reducing the amount of free ATP
forming by about 5%, as evidenced by appearance of shoulder
peak (H8) at around 8.37 ppm. Such background hydrolysis
appears uniform and therefore can be taken into account, if
needed, to target specific free ATP values.

To further demonstrate the potential of such a titration
strategy with real time NMR monitoring, we used a model
enzyme system, with acetate kinase phosphorylating acetate
in the presence of ATP to yield acetyl phosphate and ADP. Here,
the behaviour of all components, including photocaged mole-
cules, free substrates and products, can be observed simulta-
neously by '"H NMR. Before UV illumination, NPE-ATP was
enzymatically inactive, with no reaction or ATP hydrolysis
occurring. The first release of 100 pM ATP results in initiation
of the enzymatic reaction and formation of acetyl phosphate
(Fig. S3, ESIt), with spectral deconvolution of the overlapping
ADP and ATP H8 signals allowing the phosphorylation reaction
to be monitored in real time (Fig. 4). After the initial release,
almost all free ATP is converted to ADP within a few minutes,
while each successive release of ATP initially perturbs the
chemical equilibrium which the enzyme then restores through
phosphorylation of acetate.

Together, these results demonstrate that the NMRtorch
approach, using LED illumination and an etched sample tube,
can be used to characterise photocage behaviour, including
release kinetics and subsequent system evolution. Inexpensive
LEDs are well suited to the illumination of photocages, parti-
cularly with the continued expansion of peak wavelengths
available and increases in output power. Additionally, multiple
LEDs of different wavelengths may be combined, for example,
to study more complex photocage systems.*!

Here, the high power UV-A LEDs allowed ~1 mM ATP to be
fully released in 30 seconds (Fig. 2), compared to ~20 minutes
previously demonstrated in solid-state NMR.*' While such
release kinetics may be slower than ‘flash’ photolysis achiev-
able by lasers, given the typical timescales of NMR experiments,
LED photolysis is still well suited for ‘real time’ NMR monitor-
ing, as individual illumination periods have typical durations
similar to relaxation delays used during NMR acquisition.
Furthermore, in situ LED illumination by the NMRtorch is
markedly easier and more user friendly than complex in situ
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Fig. 4 UV triggered ATP release and consumption by acetate kinase.
(A) Observation of typical ATP conversion to ADP by acetate kinase, here
following the second release of 100 uM ATP. (B) Sequential releases of
100 uM ATP, with free ATP and ADP concentrations determined by
deconvolution of the overlapping H8 signals at ~8.37 ppm. The expected
values of total released polyphosphate (ATP and ADP) concentration (PP) is
shown for comparison.
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laser illumination systems. It reduces complications and safety
risks associated with use of lasers, and removes the need to
work with fragile optical fibres or inserts. Previous studies
using lasers and optical fibres, with light distributed in the
sample using e.g. quartz rods,* cone-shaped quartz tips,”® or
tapered fibres,** may suffer from non-uniform light distribu-
tion in the sample, which for uncaging experiments would lead
to incomplete release in some areas, and subsequent sample
inhomogeneity.

Controlled photolysis may also be effectively used in NMR
experiments to conduct different titrations. Here, we build
upon the previous uses of photocages as reaction initiators in
NMR experiments by the Schwalbe group,> >’ by demonstrat-
ing the possibility of gradual quantitative uncaging using LEDs
with simultaneous NMR monitoring (Fig. 3 and 4). This enables
single sample titrations, thereby drastically simplifying experi-
ments by reducing sample preparation and experimental time,
and may be applied to a range of typical titrations, including
pH, ionic strength, and ligand concentration, using different
photocaged molecules. Unlike other single sample NMR ‘titra-
tions’ involving gradients and spatially-selective NMR,*>*®
photocage titrations do not suffer from reduced signal arising
from the use of smaller ‘slices’ of the sample.

We anticipate that the proposed approach will be especially
beneficial for the development and characterisation of new
controlled photorelease systems, for example, for photody-
namic therapy, or photoactivated chemotherapy, that can be
triggered using less harmful visible, IR, or upconverted
light.*”~* In principle, any photo-caged system can be studied
as long as its characteristic signals can be observed by NMR.
NMR combined with ex situ illumination is already used to
characterise photocage structure and release,'** and in situ
illumination with simultaneous NMR monitoring may offer
additional insights into kinetics, intermediates, or mechan-
isms. This approach has advantages compared to other analy-
tical techniques such as HPLC as it provides more atomic-
resolution structural details, and removes experimental uncer-
tainties associated with temporal and physical separation
between the illumination and detection steps, which is typical
for all ex situ approaches. Further information about the photo-
caged system, such as determination of quantum yield, can be
obtained by calibrating NMRtorch photon flux using reactions
with known quantum yields,*® for the same illumination set-
tings, before running the reaction of interest.

In summary, we show that the LED-based NMRtorch enables
simple in situ photolysis of photocaged molecules, with simul-
taneous NMR characterisation of photorelease and subsequent
system behaviour. We also demonstrate the potential for single
sample NMR titration experiments using photocages. This
demonstration may lead to the uptake of in situ photo-NMR
as a method to characterise photocage behaviour.
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