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The synthesis, photochemistry, and biological application of 1-acyl-5-methoxy-8-nitro-1,2-dihydroquin-
oline (MNDQ-caged carboxylic acid) are described. Optimization experiments were carried out on three
acetyl derivatives (3a–c), and the most appropriate analogue for application to the caging of glutamate
was determined to be 3c. Thus, a MNDQ-caged glutamate (MNDQ-Glu) was synthesized, and the photo-
chemical release of glutamate by uncaging of MNDQ-Glu was confirmed by NMR, MS, and HPLC analysis.
When MNDQ-Glu was tested with pyramidal neurons in hippocampal slices, whole-field UV illumination
resulted in a large inward current due to the release of L-glutamate. A short two-photon uncaging of
MNDQ-Glu at single dendritic spines induced a transient current that exhibited similar kinetic properties
to miniature excitatory postsynaptic currents (mEPSC).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The photochemically triggered release (uncaging) of bioactive
molecules from their photolabile precursors (caged compounds)
is a valuable technique for selective stimulation at target sites in
or around cells and switching on of biological processes.1 In many
caged compounds, covalent bond formation with a photoremov-
able-protecting group (caging group) masks an important feature
for biological recognition. Before irradiation, the caged compound
is biologically inert; uncaging causes rapid jumps in the concentra-
tion of active molecules. To be useful biologically, the caging group
must undergo rapid and efficient photolysis upon photoexcitation
at wavelengths that are not harmful to cells. In addition, a caging
group with enhanced hydrophilicity enables the caged compound
to be soluble in aqueous buffer at higher concentrations without
the use of organic solvents. In previous studies, various molecules,
including neurotransmitters such as glutamate or c-aminobutyric
acid (GABA),2 peptides and proteins,3 cyclic nucleotides,4 RNAs5

and calcium,6 have been subjected to caging. Among neurotrans-
mitters, caged glutamate has emerged as the most well-researched
caged compound. In the preparation of caged glutamates, a c-car-
boxyl group or amino group is generally the object to be caged. The
widely used 4-methoxy-7-nitroindolinyl (MNI) group,7 used for
c-carboxyl caging, displays essential properties such as light
absorption at preferable wavelengths, a suitable rate of uncaging,
and stability in the dark due to the presence of an amido bond be-
ll rights reserved.
tween the chromophore and the glutamate. Some improvements of
the MNI caging group have been carried out; for example, the
quantum yield for photolysis may be dramatically increased by
the introduction of an additional nitro group,8 or by conjugation
with a triplet sensitizer.9 The development of new varieties of cag-
ing chromophore will contribute further to the advancement of
caged technology.

Here, we propose a new caging chromophore, 5-methoxy-8-ni-
tro-1,2-dihydroquinolinyl (MNDQ), for the caging of carboxylates
(Fig. 1). Similarly to the MNI caging group, MNDQ contains an
Figure 1. MNI- and MNDQ-caging group.
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Scheme 1. Synthesis of model compounds 3a–c.

Figure 3. UV–vis absorption spectra of 3a–c in MeOH/H2O (1:1).

Figure 4. Change in the absorption spectrum of 3c upon photoirradiation at
365 nm in 1:1 MeOH/H2O.
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anilino nitrogen for amide bond formation with a carboxylic acid,
providing high chemical stability under physiological conditions
in the caged state. In contrast with the well-known MNI group,
MNDQ has an additional C@C double bond in the neighboring
six-membered ring. The distance between the nitro oxygen and
the carbonyl carbon, a key reacting point, was expected to be closer
than that between MNI-carboxylates. However, since the photo-
chemistry of the MNDQ group was unknown, a preliminary
photochemical study was required before the preparation of
caged compounds. With this in mind, optimization experiments
were carried out with three acetyl derivatives of MNDQ 3a–c
(Scheme 1), and the most appropriate analogue (3c) was chosen
for application to the caging of glutamate. In this way, a new
MNDQ-caged glutamate (MNDQ-Glu) was synthesized. The photo-
chemical release of glutamate by uncaging of MNDQ-Glu was con-
firmed by NMR, MS, and HPLC analysis. Finally, MNDQ-Glu was
tested on pyramidal neurons for its ability to activate glutamate
ion channels upon one- and two-photon photolysis.

2. Results and discussion

The first goal was to study the effects of various substituent
groups on the photochemistry of the new caging group. Thus, three
test compounds 3a–c were prepared, starting from reduction of
8-nitroquinolines 1a–c with NaBH4 in AcOH (Scheme 1). The
resulting 1,2-dihydro-8-nitroquinolines 2a10, 2b11, and 2c were
Figure 2. X-ray crystal structures of co
not stable in air and were therefore immediately treated with acet-
yl chloride to give 3a–c. The structures of 3a–c were confirmed by
1H and 13C NMR and elemental analysis. In the NMR spectra of 3a–
c, all the proton and carbon signals were split at room temperature,
indicating the presence of rotational isomers. In view of the fact
mpounds 3b (left) and 3c (right).



Figure 5. Comparison of 1H NMR spectra of 3c before (a) and after (b) irradiation in CD3OD for 35 min. Small peaks (4) represent the rotational isomer of 3c. New peaks
appearing after photoirradiation are due to 5-methoxy-8-nitrosoquinoline 4 (d) and acetic acid (s), respectively.

Scheme 2. Photolysis of 3c.

Table 1
Photochemical properties of 3a–c in MeOH/H2O (1:1) and MNDQ-Glu in buffer at pH
7.2

ekmax (M�1 cm�1)
(nm)

e365

(M�1 cm�1)
Up e365�Up

(M�1 cm�1)

3a 1490 (325) 900 0.01 9
3b 1650 (345) 1500 0.006 9
3c 4200 (345) 3500 0.05 175
MNDQ-Glu 4200 (350) 4000 0.04 160, 168 (e350�Up)
MNI-Glu8a 4300 (350) 0.085 366 (e350�Up)
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that MNI-acetate does not have a rotational isomer,7a the distance
between the nitro group and the carbonyl group in 3a–c was con-
cluded to be closer than that in MNI-based caged compounds. The
structures of 3b and 3c were determined unequivocally by X-ray
crystallography, and their ORTEP representations are shown in Fig-
ure 2.

The absorption spectra of compounds 3a–c varied depending on
the position of the methoxy substituent. Figure 3 shows the com-
parative absorption spectra of 3a–c in 1:1 MeOH/H2O. The longest
wavelength absorption peak of 3a appears at 325 nm, with an
extinction coefficient at 325 nm (e325 of 1490 cm�1 M�1. When a
methoxy group was substituted at the 6-position (3b), the band
Scheme 3. Plausible mechan
was red-shifted to 345 nm, but the extinction coefficient at that
peak (e345 = 1620 cm�1 M�1) was similar to that of 3a. An increase
in the extinction coefficient as well as spectral red-shift was ob-
served for 3c, which has a 5-methoxy group (kmax = 345 nm,
e345 = 4400 cm�1 M�1). At the same wavelength (365 nm), the
extinction coefficients of 3a, 3b, and 3c were 900, 1500, and
3700 cm�1 M�1, respectively. This suggests that the protecting
group in 3c is advantageous from the point of view of its use as a
caging group because near-UV light is generally used for uncaging
in biological conditions.
ism for photolysis of 3c.



Scheme 4. Synthesis of MNDQ-Glu.

Figure 6. HPLC chromatogram of 3c before irradiation (a), 3c after irradiation for
5 min (b), MNDQ-Glu before irradiation (c), and MNDQ-Glu after irradiation for
5 min. (d).
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Photolysis in 1:1 MeOH/H2O (without exclusion of O2) also gave
different results for the three test compounds. When 3a and 3b
were subjected to photoirradiation at 365 nm, the absorption spec-
tra changed without showing an isosbestic point. Irradiation of 3a
in an NMR tube (solvent: CD3OD) revealed that acetate was re-
leased, but the photoreaction of the protecting group led to compli-
cated spectra, probably due to the occurrence of side reactions or
immediate decomposition of the photoproduct. In contrast, clean
photolysis of 3c was confirmed by the observation of isosbestic
points at 257 and 340 nm and the development of a band at
384 nm (Fig. 4). This band, which is similar to those observed in
the photolysis of the MNI caging group,7a is probably due to the
production of nitroso aromatics. Figure 5 shows the change in
the 1H NMR spectrum during irradiation of 3c, in which new peaks
due to released acetate and the photoproducts of the caging group
appear around 6.5–8.5 ppm, increasing with irradiation time. This
set of signals in the aromatic region was equivalent to five protons.
High-resolution ESI-MS analysis after irradiation of 3c strongly
indicated that the photoproduct was not 1,2-dihydro-5-methoxy-
8-nitrosoquinoline but 5-methoxy-8-nitrosoquinoline 4 (Scheme
2), produced by oxidation of 1,2-dihydroquinoline during
photolysis.

We proposed a reaction mechanism for 3c based on the obser-
vation of a clean reaction forming acetate and 5-methoxy-8-nitros-
oquinoline (Scheme 3). The first step of photolysis is likely to be
intramolecular charge transfer from the anilino nitrogen to the 8-
nitro group. The reaction starts with N–C bond cleavage from the
excited singlet state, followed by formation of ground-state nitron-
ic anhydride, which undergoes unimolecular cleavage of the N–O
bond to give acetate and 4. The quantum yield for photolysis
(Up) of 3c in 1:1 MeOH/H2O was 0.05, which, due to the clean reac-
tion, is equivalent to the quantum yield for production of acetate.
The photochemical efficiency of caged compounds is defined as
the product of Up and the molar extinction coefficient e (e�Up).
For compound 3c this was calculated as 175, which is much greater
than the values calculated for 3a and 3b (Table 1). Since light can
be phototoxic to cells, a large e�Up value is essential.6e,8a
Figure 7. 1H NMR spectra in D2O of the amino acid portion of MNDQ-Glu before (a)
and after (b) photolysis and authentic sample of L-glutamate (c). On irradiation for
80 min. (b), the caging chromophore (d) decreases, L-glutamate (N) is released, and
5-methoxy-8-nitroso quinoline (j) is simultaneously produced.



Figure 8. (a) Whole-field UV illumination of 0.8 mM MNDQ-Glu induced a large inward current in a CA1 pyramidal neuron in an acutely isolated hippocampal brain slice. The
illumination time was 0.2 s (black bar) and the laser intensity was 14 mW/mm2. MNDQ-Glu was locally perfused onto the recording neuron through an application pipette.
(b) Two-photon uncaging of 10 mM MNDQ-Glu at a dendritic spine (arrowhead) induced a small inward current similar to a postsynaptic current. The illumination time was
1 ms (black bar) and the laser intensity was 9.8 mW.
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Based on these experiments, we concluded that the substituent
pattern in 3c was the most appropriate among 3a–c for efficient
and clean photolysis, and therefore we chose the 1,2-dihydro-5-
methoxy-8-nitroquinolinyl group (MNDQ) as a caging group for
glutamic acid. The new caged glutamate MNDQ-Glu was synthe-
sized as shown in Scheme 4. A key intermediate in this synthesis
was the acid chloride of protected glutamate 5. Indeed, acylation
of 2c using a-tert-butyl N-Boc glutamate with a peptide-coupling
reagent such as DCC or DMT-MM did not proceed under various
conditions. Finally, treatment with neat TFA removed all tert-bu-
tyl-protecting groups in precursor 6 to leave the water-soluble
product MNDQ-Glu. After reverse-phase HPLC purification,
MNDQ-Glu was identified by 1H-NMR and UV spectroscopy.
MNDQ-Glu showed good solubility in water (>10 mM) without
the use of any organic solvents, and stability in D2O and HEPES buf-
fer solution at pH 7.2, with no hydrolysis after 2 days in the dark at
room temperature.

The photochemical properties of MNDQ-Glu are shown in Table
1. Irradiation of MNDQ-Glu in buffer solution at pH 7.2 resulted in
the release of glutamate accompanied by quantitative rearrange-
ment of the MNDQ moiety to 5-methoxy-8-nitrosoquinoline 4.
This was confirmed based on the change in the UV absorption
spectrum and HPLC analysis (Fig. 6). The absorption change upon
irradiation of MNDQ-Glu in buffer solution at pH 7.2 (see SI) was
quite similar to that of 3c shown in Figure 3. Furthermore, NMR
analysis of the photolysis solution revealed that glutamate was re-
leased essentially quantitatively from MNDQ-Glu (Fig. 7). The
quantum yield for glutamate release from MNDQ-Glu was deter-
mined to be 0.04 in buffer solution at pH 7.2, which is a similar va-
lue to that for MNI-glu.8a

MNDQ-Glu was tested on CA1 pyramidal neurons in acutely
isolated hippocampal brain slices for its ability to activate gluta-
mate ion channels upon photolysis. The current response of the cell
evoked by light flashes was recorded in whole cell voltage-clamp
mode, as shown in Figure 8. On whole-field UV illumination, a
large inward current was measured (Fig. 8a). This response was
clearly the result of light-induced release of L-glutamate, because
no response was evoked in slices containing no caged glutamate.
The rapid kinetics of the currents produced by photolysis of
MNDQ-Glu was comparable with those previously reported for
MNI-Glu. This result suggests that MNDQ-Glu does not act as a
partial antagonist for AMPA receptors. In addition, the fact that
the holding current did not change before UV irradiation of
MNDQ-Glu indicates that the compound remains caged under
physiological conditions.

Two-photon uncaging of MNDQ-Glu at a dendritic spine was
also carried out using a femtosecond laser with a wavelength of
720 nm. Based on the previously developed protocol for MNI-Glu,
glutamate-induced currents were recorded upon two-photon
uncaging of either MNDQ-Glu (Fig. 8b) or MNI-Glu (data not
shown). Uncaging of MNDQ-Glu-induced currents with similar ki-
netic properties to those induced by MNI-Glu; however, the ampli-
tude of the current elicited by MNDQ-Glu was smaller (relative
amplitude 0.68 ± 0.06, mean ± S.E.M., n = 6 spines in 3 cells) than
that of the current elicited by MNI-Glu in the same spines. Thus,
the two-photon action cross section of MNDQ-Glu may be slightly
smaller than that of MNI-Glu.

In order to establish the full potential of MNDQ-Glu, further
physiological examinations are required. However, its high extinc-
tion coefficient (around 350 nm), moderate quantum yield for pho-
tolysis, high stability in the dark, biological inertness before
uncaging, and clean photolysis may extend the utility of the new
MNDQ-caging platform.

3. Conclusion

A new photolabile-protecting group for carboxylic acids is de-
scribed. The 5-methoxy compound 3c was shown to release ace-
tate by clean and efficient photolysis. Caged glutamate MNDQ-
Glu was prepared using this compound as a caging group, and
was shown to release L-glutamate with a quantum yield of 0.04
on irradiation with light at 365 nm. When MNDQ-Glu was tested
with pyramidal neurons, whole-field UV illumination resulted in
a large inward current due to the release of L-glutamate. A short
two-photon-uncaging reaction of MNDQ-Glu at single dendritic
spines induced a transient current that exhibited similar kinetic
properties to those induced by MNI-Glu. Further investigation of
the excited state and ground state reaction dynamics of this com-
pound as well as studies on the modification of quantum yield are
in progress.
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