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The synthesis and photochemistry of a new photolabile protecting group for carboxylic acids based on 8-bromo-7-hydroxyquinoline (BHQ) is
described. BHQ possesses a greater single photon quantum efficiency than 4,5-dimethoxy-4-nitrobenzyl ester (DMNB) and 6-bromo-7-
hydroxycoumarin-4-ylmethyl (Bhc), and it has sufficient sensitivity to multiphoton-induced photolysis for use in vivo. Its increased solubility
and low fluorescence make it quite useful as a caging group for biological messengers.

Photolabile protecting groups and linkefer a variety of
functional groups have become important in combinatorial
chemistry and cell biology? and a number of molecular
structures have been utilized, such as 2-nitrobenzyl, benzoin
7-nitroindoline, phenacyls, coumarinylmethyl, and anthra-
quinon-2-ylmethoxycarbonyl. Photoremovable protecting
groups for controlling and manipulating cell physiology are
valuable because of their ability to inactivate or “cage” a

physiologically active messenger and then release or “un-

cage” it with a flash of light. This is an excellent way to

To be useful in biological experiments, a caging group
must undergo photolysis rapidly, in high yield, and at
wavelengths that are not detrimental to the biological system.

It should not interfere with the methods used to measure the

response of the system, and the post-photolysis remains of
the caging group should not interact with the physiological
processes under study. Ideally, the “caged” compound will
exhibit satisfactory water solubility and hydrolytic stability
in the dark.

Most caging groups require ultraviolet (UV) light, which

achieve temporal control over messenger release and examines damaging to cells. A less damaging approach utilizes

the fast kinetics or spatial heterogeneity of biochemical
responses in cell or tissue culture.
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infrared (IR) light and multiphoton excitatich,which
confines the messenger activation to the focus of the laser
beam, ~1 (um)® (Figure 1). In single-photon uncaging
processes (UV wavelengths), any molecules of the caged
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Figure 2. Photolabile protecting groups for carboxylic acids.

Figure 1. Three-dimensional selectivity of single vs multiphoton has recently been reported to release glutamate upon two-
excitation. photon excitation in sufficient quantities to be useful for
investigating the function of glutamate recept¥ts.

We report the synthesis and some photochemical properties
compound exposed to the beam of light are uncaged, severelyf 3 new photoremovable protecting group for carboxylic
limiting the three-dimensional spatial resolution of messenger g¢ids based on 8-bromo-7-hydroxyquinol@BHQ, Figure
release. In a multiphoton or tWO-phOton process, the chro- 2) and compare it to two known Caging groups, 4.5-
mophore simultaneously absorbs (i.e., within 1 fs) two IR dimethoxy-4-nitrobenzyl esterl{ DMNB) and Bhc (2).
photons from an fs-pulsed and tightly focused laser beam. Quinoline and its derivatives show interesting photochemical
At very high intensities, two IR photons exploit the meta- properties, and several of them are used as fluorescent probes
stable virtual state and have the same effect as one photoror different metals and ion&.Although the photochemical
of half the wavelength. Uncaging occurs only at the focus and photophysical properties of 7-hydroxyquinoline have
of the laser beam, and because cells are relatively transparengeen studied? its derivatives have not been used as caging
to IR light, photodamage to the tissue, light absorption, and groups.

Scattering are minimiZEd, a||OWing much deeper and more Our test Compound, 8-bromo-7-hydroxyquino|ine-2-
accurate penetration into complex tissue samples than carmethyl acetyl ester12, BHQ-OAc), was prepared from
be achieved with UV light. Thus, multiphoton uncaging m-aminophenol (5) and crotonaldehyde in seven steps
prOVideS an excellent method for ContrOHing the temporal (Scheme _’]_) A Skraup reaction using concentrated hydro_

and spatialrelease of biological effectors in real time and choric acid and tetrachloro-1,4-benzoquinopechloranil)
on living tissue.

Photolabile protecting groups possessing large two-photon
absorbance cross-sections are rare, but 6-bromo-7-hydroxy-
coumarin-4-ylmethyl (2, Bhc, Figure 2) was introduced as a
multiphoton sensitive caging agent for neurotransmitters, /@\ _ab = _c
DNA and RNA/ diols® and an inhibitor of nitric oxide HO NH RO 7
synthasé. Bhc has fast photolytic uncaging kinetics but 5 6:R=H
limited water solubility, and fluorescence limits its use in 7:R=TBDPS

conjunction with fluorescent indicators. MNI-glutama8) ( m de m ;
pZ = -
RO N” ~CcHo RO N~ “CH,OR'
8

Scheme 1. Synthesis of BHQ-OAE
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provided 7-hydroxyquinaldinesjj,*® whose hydroxy group
was subsequently protected as tieet-butyldiphenylsilyl
(TBDPS) ether. The 2-methyl group was oxidized with
selenium dioxide, and the resulting aldehytdeas reduced

to the alcohol9 using sodium borohydride in ethanol.
Treatment with acetic anhydride in pyridine provided acetate
9, which, like other 7-hydroxy quinoliné$was brominated

in the 8-positiort> Removal of the TBDPS protecting group
using tetrabutylammonium fluoride in THF provided BHQ-
OAc (12). Bhc-OAc (13) was synthesized according to the
published procedurg.

Upon photolysis with 365 nm light under simulated
physiological conditions in KMOPS (100 mM KCI, 10 mM
MOPS, pH 7.2), Bhc-OAc]3) and BHQ-OAc 12) are each
converted to their respective hydroxy derivative, Bhc-OH
(14) or BHQ-OH (5), and acetate (Scheme 2). A comparison

Scheme 2. Photolysis of Bhc-OAc and BHQ-OAE
OH

Ohc
hv
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of the time courses for these reactions, obtained from HPLC
analysis of aliquots taken at periodic intervals, shows that

BHQ-OAc photodecomposes more rapidly than Bhc-OAc

(Figure 3). From these data, single-photon uncaging quantum

efficiencies,Qui, were determined from the relationstig,

= (lotgoe) 1,8 where | is the irradiation intensity in
ein.cm?s! (determined by potassium ferrioxalate actin-
ometnyt’), o is the decadic extinction coefficient (1fimes

€, molar extinction coefficient) in cAmol™, andtggs is the
irradiation time in seconds for 90% conversion to product.
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Figure 3. Time course of single photon photolysis of BHQ-OAc
(12) and Bhc-OAc 13) at 365 nm. Concentrations of BHQ-OAc
and Bhc-OAc were determined by HPLC and are the average of 4
runs (see the Supporting Information). Solid lines are least-squares
fits of simple decaying exponentials, which gave time constants
=11.7 and 16.6 s and coefficients of determinaf8r= 0.99 and
1.00,for BHQ-OAc and Bhc-OAc, respectively.

These data are summarized in Table 1 along with selected
absorption data.

Table 1. Photochemical Properties of DMNB-OAc, Bhc-OAc,
and BHQ-OAc

Amax € (M71- €365 (M2 Qu1 Ou du
(nm) cm™b cm™D  (mol/ein) (740 nm) (780 nm)
12 346 6100 5200 0.005 0.03 0.01
369 2600 2580 0.29 0.59 0.087
13 370 15000* 14 8002 0.036 0.72 0.21

aValues taken from ref 6.

The sensitivity to two-photon photolysis of potential caged
compounds is quantified as the uncaging action cross-section
du. This value is the product of the two-photon absorbance
cross-sectio, and the uncaging quantum yie@l,,, and to
be biologically usefulg, should exceed 0.1 Goeppeayer
(GM), where 1 GM is defined as 16 cn-s/photorf Two-
photon uncaging cross-sections were measured using a fs-
pulsed, mode-locked Ti:sapphire laser with fluorescein as
an external standard because its two-photon fluorescence
cross-section has been well-characteriZethe progress of
the uncaging reaction was measured by HPLC and graphed
as a function of time (Figure 4). The initial rate of photolysis
was used to determing,, the number of molecules formed
per second, which is related & by the equation

— Npd)széaFCF
. [F(t)(ICs

where¢ is the collection efficiency of the detectd®y, is

0
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s OAc (=517 h), BHQ-OAc is sufficiently stable for use in

physiological experiments.

‘°°°’°f‘\u\r e The successful use of “caged” compounds in cellular
50% \\ O BHO-OAC (780 ) | studies requires adequate solubility in aqueous solutions of
\<>\ ® Bne-0Ac (740 amy moderately high ionic strength. The solubility of BHQ-OAc
G Bhc-OAc (780 nm}

is much higher than Bhc-OAc. For example, a 0.78 mM
T solution of BHQ-OAc could be made in KMOPS with 2%
T~ MeOH as a cosolvent, whereas to prepare just a 0.32 mM

I solution of Bhc-OAc required 33% MeOH to be used.

BHQ-OAc exhibits lower levels of fluorescence when
excited at 365 nm compared to Bhc-OAc (Figure 5), which
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Figure 4. Time course of two-photon photolysis of BHQ-OAC .00
(12) and Bhc-OAc 13) at 740 and 780 nm (average power 345

and 380 mW exiting the cuvette, respectively; 155 fs pulse width). 12500000
The concentrations of BHQ-OAc and Bhc-OAc were determined

by HPLC and are the average of three runs (see the Supporting 1000000
Information). For comparison, the concentrations have been nor-
malized and reported as a percent. Solid lines are least-squares fits

0

of simple decaying exponentials, which gave time constants 5000000 een- ,,,,,,,

100 and 48 min and coefficients of determinati®h= 0.997 and

0.997 for BHQ-OAC and Bhc-OAc at 740 nm, respectively. At 780 2500000 f--j-f e ~< e

nm, 7 = 142 and 58 min an& = 0.974 and 1.00 for BHQ-OAc RS e

and Bhc-OAc, respectively. s a0 as a0 w5 a0 o s oi oo o5 b0 6rs 700

Wavelength (nm)

. . Figure 5. Fluorescence spectra of BHQ-OAt2) and Bhc-OAc
the two-photon fluorescence quantum yield of fluorescein, (13) (100 mM in KMOPS Jex = 365 nm).

Oar Is the fluorescein absorbance cross-section,s the
concentration of fluoresceinF(t)Cis the time-averaged
fluorescent photon flux, anGs is the initial concentration  should facilitate its use in conjunction with fluorescent
of caged substrate. The two-photon uncaging cross-sectionndicators. Lowered fluorescence probably explains the
0, for BHQ-OAc was found to be 0.59 GM at 740 nm, higher quantum efficiency of BHQ-OAc over Bhc-OAc in
compared to 0.72 GM for Bhc-OAc. We attribute our lower that the photochemical processes compete better with the
measured value @, for Bhc-OAc, compared to that reported photophysical processes.
in the_literature‘i to the reduced average power used in oUr  +14 (asults presented in this paper indicate that BHQ can
expgr_lments.(345 vs 530 mW). C.Iearly, BHQ'O,AC has a be used as a photolabile protecting group to “cage” biologi-
sufficiently h'gh twq-photon uncaging cross section at 740 cally active messengers containing a carboxylate functional-
nm to be [:)“hySIOIt)”glcaIIy useful. . ity. The major advantages of BHQ-OAc are its high quantum
Idea]ly, caged compoun'ds .ShOUId be hydrquncally efficiency of one-photon photolysis, increased solubility in
stable in aqueous buffer solution in the absence of light. Dark aqueous buffers, and very low fluorescence. Further inves-

hydrolytic stability of BHQ.'OAC was e;tablished in KMOPS tigation into the generality, mechanism, and usefulness in
at pH 7.2. The hydrolysis was monitored by HPLC as a biological systems is underway

function of time, looking for disappearance of starting
material and appearance of the remnant of the photochemical
reaction, BHQ-OH (15) or Bhc-OH14)2° The results
indicate that the BHQ-OAc hydrolysis followed a simple
decaying exponential curve with a time constant 70.9

h. While it is more susceptible to dark hydrolysis than Bhc-
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