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2-Nitrobenzyl and 7-Nitroindoline Derivatives

John E.T. Corrie

1.1.1
Introduction

1.1.1.1 Preamble and Scope of the Review

This chapter covers developments with 2-nitrobenzyl (and substituted variants)
and 7-nitroindoline caging groups over the decade from 1993, when the author
last reviewed the topic [1]. Other reviews covered parts of the field at a similar
date [2, 3], and more recent coverage is also available [4-6]. This chapter is not
an exhaustive review of every instance of the subject cages, and its principal
focus is on the chemistry of synthesis and photocleavage. Applications of indi-
vidual compounds are only briefly discussed, usually when needed to put the
work into context. The balance between the two cage types is heavily slanted to-
ward the 2-nitrobenzyls, since work with 7-nitroindoline cages dates essentially
from 1999 (see Section 1.1.3.2), while the 2-nitrobenzyl type has been in use for
25 years, from the introduction of caged ATP 1 (Scheme 1.1.1) by Kaplan and
co-workers [7] in 1978.
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Scheme 1.1.1 Overall photolysis reaction of NPE-caged ATP 1.
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1.1.1.2 Historical Perspective

The pioneering work of Kaplan et al. [7], although preceded by other examples
of 2-nitrobenzyl photolysis in synthetic organic chemistry, was the first to apply
this to a biological problem, the erythrocytic Na:K ion pump. As well as laying
the foundation for the field, the paper contains some early pointers to difficul-
ties and pitfalls in the design of caged compounds. Specifically, it was shown
that 2-nitrobenzyl phosphate 3 and its 1-(2-nitrophenyl)ethyl analog 4 both re-
leased inorganic phosphate in near-quantitative yield upon prolonged irradia-
tion. However, when the same two caging groups were used on ATP, namely 1
and its non-methylated analog 5, the maximum yield of released ATP from 5
was only ~25%, whereas that from 1 was at least 80%. It was suggested that
the 2-nitrosobenzaldehyde by-product released from 5, in contrast to nitrosoke-
tone 2 released from 1, might react with the liberated ATP to render it inactive.
This hypothesis has not been further studied, but the observations provide an
indication that different substituents on the caging group may have unexpected
effects. We return to this in later sections that consider rates and mechanisms
of caged-compound photolysis.

The use of nitrobenzyl-caged compounds to investigate millisecond time scale
biological processes began when laser flash photolysis was used to release ATP
from 1. Initial experiments studied solution interactions between actin and
myosin [8], but were soon extended to related work in skinned muscle fibers [9].
These early flash photolysis studies for release of active compounds were con-
temporaneous with work by the Lester group, who used cis-trans photoisomeri-
zation of azobenzene derivatives to manipulate pharmacological activity of re-
ceptor ligands [10, 11]. Although the latter work involves different photochemis-
try to that reviewed here, it has been a significant contributor to the adoption of
the flash photolysis technique in biology.

In contrast to 2-nitrobenzyl photochemistry, which has its roots in 100-year
old observations by Ciamician and Silber on the photochemical isomerization of
2-nitrobenzaldehyde [12], photocleavage of 1-acyl-7-nitroindolines has a much
shorter history, dating from work by Patchornik and co-workers in 1976 [13].
They found that 1-acyl-5-bromo-7-nitroindolines (6) were photolyzed in organic
solvents containing a low proportion of water, alcohols, or amines to yield the
nitroindoline 7 and a carboxylic acid, ester or amide, depending on the nucleo-
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Scheme 1.1.2  Photolysis reaction of T-acyl-nitroindolines in aprotic
organic solvent containing a low proportion of water, an alcohol, or
an amine.

phile present (Scheme 1.1.2). The work was briefly examined for its potential in
peptide synthesis [14] but was unused for ~ 20 years, until our group began to
use compounds of this type for the release of neuroactive amino acids (see Sec-
tion 1.1.3.2). In view of the recent nature of most work on 7-nitroindolines, this
review includes discussion of unpublished results to illustrate both the scope
and limitations of this cage.

1.1.2
Synthetic Considerations

The development of an effective caged compound involves multiple factors, irre-
spective of the particular cage group employed. Not only must the chemical syn-
thesis be achieved, but photochemical, physicochemical, and pharmacological
properties must fit the intended application. Photochemical properties princi-
pally concern the efficiency and rate of photolysis upon pulse illumination by
light of a suitable wavelength (normally >300 nm to minimize damage to pro-
teins and nucleic acids). There is confusion in the literature about efficiency
and rate, arising from different applications of this photochemistry. For use in
time-resolved studies of bioprocesses, the relevant rate is of product release fol-
lowing a light flash of a few ns duration, and governs the time resolution with
which the bioprocess can be observed. Other workers, using continuous illumi-
nation in synthetic photodeprotection applications, apply the term rate as a
measure of conversion per unit time. While both uses are legitimate, only the
former is generally relevant to studies of rapid bioprocesses. Efficiency of photo-
conversion, namely the percentage of caged compound converted to the effector
species by the light pulse, is influenced by a combination of extinction coeffi-
cient at the irradiation wavelength (the proportion of incident light absorbed)
and quantum vyield (the proportion of molecules that undergo photolysis to
form the desired photoproduct after absorbing a photon). Quantum yield is a
property governed by the molecule itself and is not readily manipulated, so the
investigator only has flexibility to vary the extinction coefficient. This can be
achieved, at least for aromatic nitro compounds, by adding electron-donating
groups to the aromatic ring. However, data from at least one such substituent
study indicate that this can be an unpredictable exercise, sometimes with con-
flicting effects on extinction coefficient and quantum yield [15].
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Important physicochemical properties are water solubility and resistance to
hydrolysis. The significance of the latter is to avoid background hydrolytic re-
lease prior to the light flash, although stability during storage of aqueous solu-
tions is also an issue. Finally, pharmacological properties need to be considered.
In some cases attachment of a caging group can block an effector’s actions but
not necessarily eliminate its binding to a target protein. For example, caged
ATP 1 retains affinity for actomyosin and, although not hydrolyzed by the en-
zyme, inhibits the shortening velocity of muscle fibers [16]. Similarly, nitroindo-
line-caged GABA and glycine (but not glutamate) bind to their respective recep-
tors, in each case blunting the response to photoreleased amino acid [17].

The newly emerging field of 2-photon photolysis, first demonstrated by Webb
and colleagues [18], offers the potential for highly localized photorelease (within
a volume of a few pm®) but places additional demands on optical properties of
the cage. Existing 2-nitrobenzyl cages have very small 2-photon cross-sections
and require light doses that cause significant photodamage to live tissue [19].
The Bhc (6-bromo-7-hydroxycoumarin-4-ylmethyl) cage is one option with a
more useful 2-photon cross section [20], and some progress has also been made
with the 4-methoxy-7-nitroindoline cage [21-23]. A recent paper described 1-(2-
nitrophenyl)ethyl ethers of 7-hydroxycoumarins that had surprisingly high 2-
photon cross-sections [25]. The underlying mechanism and generality of this
approach remains to be determined.

Synthetic routes are specific to particular compounds, but some general
points and matters of interest can be brought out. Often, synthesis of caged
compounds is achieved by derivatizing the native effector species rather than by
de novo synthesis. This has advantages in that the chirality present in most bio-
logical molecules is preserved, avoiding a need for asymmetric synthesis. The
usual preparative method for caged ATP 1 involves treatment of ATP with 1-(2-
nitrophenyl)diazoethane (8) in a 2-phase system, with the aqueous phase at
pH ~4 [24]. This method is applicable to phosphates in general and esterifies
only the weakly acidic hydroxyl group. However, it has been found that either of
the strongly acidic hydroxyls of the pyrophosphate in cyclic ADP-ribose (9) can
be esterified when the aqueous phase is at a lower pH [26], and similar pyro-
phosphate esterification in nicotinamide adenine dinucleotide (NAD) has been
achieved by treating its anhydrous tributylammonium salt with 1-(4,5-di-
methoxy-2-nitrophenyl)diazoethane in DMF [27]. An interesting method devel-
oped by several groups in recent years has been to phosphorylate alcohols using
phosphoramidite reagents that already incorporate the nitrobenzyl cage, so
introducing a caged phosphate group in one synthetic step [28-31]. Examples
are given in Section 1.1.3.
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In most 2-nitrobenzyl-type caged compounds, the nitro group is introduced to-
gether with the rest of the cage moiety. In contrast, for many of the nitroindo-
line-caged amino acids, it has been necessary to couple an indoline with a pro-
tected amino acid and later introduce the nitro group. This is because the un-
reactive amino group of 7-nitroindolines can be acylated only under harsh con-
ditions, incompatible with protecting groups on some amino acids, particularly
glutamate, which has been a primary interest (see Section 1.1.3.2.2). Introduc-
ing the nitro group at a late stage is facilitated by the reactivity of the 1-acylin-
doline system but does require some care in the selection of reaction conditions
and choice of protecting groups in the acyl side chain.

Finally, a desirable goal in this area would be to be able to cause sequential
release of different effectors using different types of caging chemistry and light
of two different wavelengths. Some progress has been made in recent papers,
principally for selective differentiation of protecting groups in organic synthesis
[32, 33], including an ingenious recent use of a kinetic isotope effect on abstrac-
tion of the benzylic proton to enhance differentiation between differently substi-
tuted 2-nitrobenzyl groups, of which one was dideuterated at the benzylic posi-
tion [34]. Despite the gradual improvements being made in this area, applica-
tion to caging chemistry remains as yet an unfulfilled aspiration.

1.1.3
Survey of Individual Caged Compounds and Caging Groups

1.1.3.1 2-Nitrobenzyl Cages
The main structural types considered here are the parent 2-nitrobenzyl (NB)
(10), its 4,5-dimethoxy analog (DMNB) (11), 1-(2-nitrophenyl)ethyl (NPE) (12)

5
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and its 4,5-dimethoxy analog (DMNPE) (13), and the a-carboxy-2-nitrobenzyl
(CNB) (14) groups. Minor variants of these are discussed in context below. Sub-
stantial work has also been done with 2-(2-nitrophenyl)ethyl derivatives, which
release products by a f-elimination mechanism, but information on the product
release rate following flash photolysis is lacking [35]. These compounds have
been used as photolabile precursors in chemical synthesis, largely for the gen-
eration of oligonucleotide microarrays [36-38].

1.1.3.1.1 Mechanistic Aspects of Photocleavage and By-Product Reactions
of 2-Nitrobenzyl Cages

There has been much past work on aspects of 2-nitrobenzyl photolysis (re-
viewed in [1]). Yip and colleagues have shown evidence for the involvement of
both singlet and triplet states in the photochemistry of various compounds [39,
40]. However, most mechanistic work has focused on the dark chemistry subse-
quent to the photo-induced process. An interesting recent study describes obser-
vation of mechanistic steps at the single-molecule level using a DMNB deriva-
tive tethered inside the pore of a modified hemolysin. Changes in single-chan-
nel currents monitored progress of different reaction stages [41]. The study of
the photolysis of caged ATP 1 by Walker et al. [24] has largely been taken as a
paradigm for caged compounds. An important aspect of the mechanism was
that decay of the intermediate aci-nitro anion 16 (Scheme 1.1.3) was the rate-de-
termining step for ATP release, and direct measurement by time-resolved infra-
red spectroscopy has confirmed this [42]. It was noted that the aci-nitro decay
rate was proportional to proton concentration below pH 9: the lower pH limit
of this proportionality was not determined [24]. The pH dependence was attrib-
uted, without specific evidence, to protonation of a non-bridging oxygen in the
triphosphate chain. However, recent computational and experimental studies
[43, 44] suggest an alternative explanation that the aci-nitro anion must reproto-
nate to allow closure to the benzisoxazoline 18 and subsequent reaction. Thus a
complete reaction scheme is more reasonably formulated as in Scheme 1.1.3,
shown for a general case where R is any substituent and X is the caged species.

The photolytic process itself consists in transfer of the benzylic proton to an
oxygen of the nitro group to give the Z-nitronic acid 15. lonization of this spe-
cies (from 2-nitrotoluene) was observable in pure water (k~2x10”s™) but in
the presence of buffer salts the ionization was within the 25-ns laser flash [44].
Subsequent reprotonation to give the isomeric E-nitronic acid 17 allows cycliza-
tion to the N-hydroxybenzisoxazoline 18. Calculations indicate that direct cycli-
zation of anion 16 to the conjugate base of 18 is prohibitively endothermic [43].
Concurrently, this reprotonation of 16 more rationally explains dependence of
the decay rate on proton concentration. So far, no direct evidence for 18 has
been found, and this intermediate is assumed to decay immediately to end
products, these being the nitrosocarbonyl compound 20 and the released effec-
tor species (X~ in Scheme 1.1.3). The study by Walker et al. [24] specifically ex-
cluded an alternative collapse of 18 to hemiacetal 19, at least to the extent that
the latter did not accumulate as a stable intermediate. However, recently it has
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Scheme 1.1.3 Detailed reaction scheme for results of recent studies by Wirz and collea-
photolysis of generalized nitrobenzyl-caged gues [43, 44].
compounds. The scheme incorporates

unequivocally been shown for NPE-caged alcohols such as 21 that 19 is a rate-
limiting intermediate, where the hemiacetal decay rate (pH 7, 2°C) is 0.11s™"
for the compound where R=CH,0P0O,0Me", while the aci-nitro decay rate is
~5000s™" [45]. Some evidence has been presented for a corresponding long-
lived aminol in the photolysis of caged amides (see Section 1.1.3.1.2.1). Interest-
ingly, the data for compounds like 21 strongly suggest that, in addition to the
normal photolytic pathway via an aci-nitro intermediate as shown in
Scheme 1.1.3, the major part of the reaction flux involves a direct, very rapid
path from the initial nitronic acid (analogous to 15) to hemiacetal 19 [45]. This
anomalous, major pathway appears to operate for NPE-caged alcohols but not
for analogous NB-caged alcohols. See Section 1.1.3.1.2.5 for additional comment
on these compounds.

CH,
@CKOAR
NO, 21

One difficulty of the caged compound field is that little available information ex-
ists to allow prediction of reaction rates or efficiencies. For example, measured
aci-nitro decay rates of phosphates 3 and 4 (25 mM MOPS, 150 mM KCl, pH
7.0, 20°C) were 660 and 34300 s respectively. Upon monomethylation of the
phosphate in these compounds, the rate for the compound derived from 4
(NPE-caged methyl phosphate 23) fell to 160 s, while that for NB-caged methyl
phosphate 22 became biphasic, with rate constants of ~1000 and 3 s™" (relative
amplitudes ~1:4) (J.E.T. Corrie and D.R. Trentham, unpublished data). The
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occurrence of biphasic rate constants for the decay of aci-nitro transients is not
uncommon (see, for example, Refs. [46—48]) and has sometimes been attributed
to possible E/Z-isomerism of the intermediates, as in structures 24 and 25. Re-
cent computational studies suggest that this is unlikely, at least in intermediates
from the NB series, where the E-isomer 24 is calculated to be of very much low-
er energy [45, 49], so the presence of a significant proportion of Z-isomer is im-
probable.
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A further complication of 2-nitrobenzyl photochemistry arises from the forma-
tion of radical species, initially observed by chance during photolysis of NPE-
caged ATP 1 solutions in an EPR spectrometer. The radical species was first as-
signed as a radical anion of caged ATP and was estimated to constitute approxi-
mately 10% of the reaction flux under the experimental conditions (10 mM
caged ATP, 10 mM DTT, 200 mM buffer in the pH range 6-9, 1.5°C) [50]. The
species had non-exponential decay kinetics that were relatively insensitive to pH
(times for decay to half the maximum intensity were 0.3, 0.4 and 1.2 s at pH 6,
7 and 9 respectively). The structure was later corrected to the cyclic nitroxyl 26,
and a mechanism for its formation was proposed [51]. NPE-caged methyl phos-
phate 23 gave a comparable EPR spectrum, indicating that only the cage group
was involved in the formation of the radical [51]. No further reports of “long-
lived” radical species from other caged compounds have appeared, but probably
all such 2-nitrobenzyl systems generate a proportion of a radical species upon
photolysis. Evidently the formation of low amounts of such radicals does not
usually have deleterious effects.

Me  ATP

©f<,o 26
N

\
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The nitrosoarylcarbonyl by-product 20 is mentioned in many papers as being of
high reactivity and potentially damaging to biological systems. In fact there is
scant reported evidence of such problems, apart from the archetypal case of caged
ATP where an added thiol was found necessary to block enzyme inhibition [7] and
a recent example in which 2-nitrosoacetophenone was postulated to bind to alka-
line phosphatase, although definitive proof of this was lacking [52]. Later follow-up
work suggests that the original interpretation was incorrect (L. Zhang and R. Bu-
chet, personal communication) so the evidence for by-product interference re-
mains minimal. Nevertheless, a protective thiol is frequently incorporated during
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Scheme 1.1.4 Reactions of 2-nitrosoacetophenone 2 with a dithiol
such as dithiothreitol. Note discussion in the text that the scheme
does not apply to reactions with a monothiol such as glutathione,
where the hydroxylamine product is not obtained.

photolysis, or the presence of reduced glutathione within cells ensures the same
protection. The chemistry of the reaction of thiols with 2-nitrosoacetophenone
(2) (the by-product from photolysis of NPE-caged compounds) has been clarified
(Scheme 1.1.4) [42].

With DTT as the thiol, rapid-scan FTIR spectroscopy was just able to observe
the intermediate 27 (no carbonyl absorption), which was rapidly reduced to a
tautomeric mixture of 28 and 29. These would be the predominant species pre-
sent in a typical caged compound experiment. Dehydration to 3-methylanthranil
(30) took place on a much slower time scale (t,,, 9 min at pH 7, 35°C) [42].
However, this study of the thiol reaction of 2-nitrosoacetophenone cannot neces-
sarily be applied to by-products from other types of cage or with other thiols.
For example, Chen and Burka [53] reported that 2-nitrosobenzaldehyde, the by-
product of the NB cage, reacts with a monothiol such as N-acetylcysteine to give
2-aminobenzaldehyde and not the hydroxylamine analogous to 28/29. We re-ex-
amined this work and found that the product from the aldehyde and the ketone
depends upon the thiol. With a monothiol (N-acetylcysteine in our work), both
compounds give the corresponding amine, while, with a dithiol (DTT), both
give the corresponding hydroxylamine (J.E.T. Corrie and V.R.N. Munasinghe,
unpublished data). The different products presumably reflect operation of dis-
tinct pathways, controlled by kinetic competition after initial addition of thiol to
the nitroso group. For a discussion of these reaction pathways, see Ref. [54]. An
ingenious alternative method to remove the reactive nitroso by-product was de-
scribed by Pirrung and colleagues [55], who prepared compounds incorporating

Co,

Sl
NO
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Scheme 1.1.5 Overall photolysis reaction of 32, in which the
diene side chain traps the nitrosoketone by-product of photolysis
as a Diels-Alder adduct.

a pentadienyl system (such as 32) that was able to trap the nitroso group as an
intramolecular Diels-Alder adduct (33) (Scheme 1.1.5). Applications of this
method have not yet been reported.

Many papers on the CNB cage 14 show the by-product as the nitrosopyruvate
31, but there is little evidence for the existence of this compound, nor has its re-
action with thiols been characterized. Indeed, FTIR data from a range of CNB
caged compounds show that there is significant decarboxylation upon photolysis
(J.E.T. Corrie and A. Barth, unpublished data), as might be expected from pub-
lished data on simple nitrophenylacetates [56] and a related 2-nitrophenylglycine
derivative [57]. The strong absorption band at 2343 cm™, characteristic for CO,
in water, occurs in a region missing from the only published IR study of flash
photolysis of a CNB-caged compound [58]. Current work (J.E.T. Corrie and A.
Barth) aims to quantify the extent of CO, loss from CNB-caged compounds and
to provide more definite evidence on the formation of 31.

To summarize, investigators should be cautious in extrapolating from the rel-
atively well-understood photocleavage of NPE-caged ATP 1 to other systems. A
striking example is given by a caged diazenium diolate, that was assumed to
undergo normal photocleavage of its NB group and ultimately to generate nitric
oxide [59]. Subsequent studies showed that photolysis proceeded by an entirely
different mechanism. The nitro group had essentially no effect on the reaction
course, and formation of nitrous oxide was a minor pathway [60]. This case
may be the most divergent from usual expectations but underscores the danger
of unverified extrapolations. In cases where the product release rate is critical,
simple measurements of aci-nitro decay rates may not be adequate to define the
rate of product release (see the above discussion of NPE-caged alcohols 21 for a
striking example). The identity of intermediates and by-products may be of less
concern to most investigators, although, for example, in cases where fluores-
cence recordings are made after triggering a bioprocess by flash photolysis of a
caged compound, awareness of light absorption of intermediates or by-products
may be necessary to avoid optical artifacts (see Ref. [61] for an example of cor-
recting a fluorescence signal for the transient inner filter effect of an aci-nitro
intermediate).
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1.1.3.1.2 Representative Survey of Nitrobenzyl-Caged Compounds

The following section is not a comprehensive coverage of the literature, but
aims to pick out points of particular interest as a guide to general principles
and opportunities for future work. The different types of 2-nitrobenzyl cage are
covered in this section, which is mostly subdivided into different types of func-
tional groups that have been caged. The first two sections deal with particular
classes of caged species, as this seems a more rational classification.

Nucleotides As mentioned above, photolysis of NPE-caged ATP has been studied
by FTIR difference spectroscopy, confirming directly that the aci-nitro decay rate is
rate determining for release of ATP [42, 62]. The IR spectral assignments are dis-
cussed elsewhere in this volume. Work on caged cyclic nucleotides since 1993 has
described NPE- and DMNB-caged versions of 8-bromo-cAMP and -cGMP and re-
inforces previous conclusions that the axial isomers of these caged compounds are
significantly more resistant to hydrolysis than the equatorial isomers, as well as
that electron-donating groups in the cage group increase the hydrolysis rate
[63—64]. Caged cyclic nucleotides where the NB group bears a charged substituent
that has electron-withdrawing properties (for example cGMP derivative 34) have
high stability and solubility in water [65]. Responses to photorelease of cGMP
from either NPE-caged cGMP or 34 have been compared [66].
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Extensive studies have led to nicotinamide coenzymes caged in various ways.
NAD was caged on its pyrophosphate group (as for cyclic ADP-ribose, discussed
in Section 1.1.2) and NADP on the 2’-phosphate of its adenosine moiety, in both
cases with the DMNPE cage [27]. The amide nitrogen of the nicotinamide in
both nucleotides was CNB-caged by a mix of enzymatic and chemical steps [27].
The caged NADP 35 had an aci-nitro decay rate of only 30 s™', very much slower
than reported for most other CNB-caged compounds. These caged NADP com-
pounds were used in time-resolved crystallographic studies of isocitrate dehydro-
genase [67]. In related work, several NADP compounds caged on the nicotina-
mide were synthesized with NB, DMNB, CNB, NPE and a novel 4-carboxy-NPE
group. These papers [68, 69] include useful synthetic detail on 2-nitrobenzyl
chemistry and show evidence for long-lived intermediates in the photolysis of
some of the caged NADP derivatives, postulated to be aminols analogous to the
hemiacetal described in Section 1.1.3.1.1. The available data suggest that these
putative aminols have lifetimes of hundreds of seconds (pH 7.3) [69], so the

n
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compounds are unlikely to be useful in applications requiring high time-resolu-
tion. It is noteworthy that there appears to be some discrepancy between the
data for similar CNB-caged NAD/NADP compounds [27, 67, 69], and further in-
vestigation may be appropriate. These studies again underline the importance
of reliably establishing product release rates for new caged compounds.

O CO, NO,
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In addition to studies with simple mono- and dinucleotides, oligonucleotide se-
quences can be photomanipulated either by simple uncaging or by generating
strand breaks. Thus, caged RNA sequences have been accessed from an NB-
caged precursor such as 36, that can be used in automated oligonucleotide syn-
thesis [70, 71]. Photolysis releases intact RNA. These site-specific caged se-
quences contrast with non-specific modification of the backbone phosphates in
DNA or RNA by a 4-coumarinylmethyl cage [72]. In complementary work, sin-
gle- and double-strand breaks at specific sites in DNA sequences can be photo-
generated by caged linkers introduced into the sequence during chemical syn-
thesis [73, 74]. Structure 36 is an example that generates both 3'- and 5'-phos-
phate-terminated strand breaks directly by photolysis of each cage group. In an
alternative approach, DNA oligomers with a 2-nitrobenzyl group at C-5' can di-
rectly generate breaks terminated in a 5'-phosphate but need base treatment to
liberate the 3'-end [75]. Creation of strand breaks in specific locations is ex-
pected to aid studies of nucleic acid repair processes.

Base

36

Peptides and proteins Current reviews [76, 77] detail much past work in this
field, so only recent studies with features of particular interest are covered here.
A further very recent review covers synthesis of caged proteins by biosynthetic
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incorporation of unnatural amino acids, which allows caging at specific sites
with a flexibility impossible to achieve by chemical modification of whole pro-
teins [78]. Thus, caging of peptides and proteins is moving from early (often
non-specific) modifications to more highly designed blocking. In one such
study, self-assembly of an amyloidogenic peptide was blocked by attachment of
a pentacationic modified peptide joined to the amyloidogenic peptide by a
photocleavable nitrobenzyl-type linker. Irradiation cleaved the inhibitory unit
and initiated fibril formation [79]. Photocleavage kinetics were not determined,
but, based on related data [80], are probably ~2000s™" (pH 7.5, 20°C). A new
promising strategy is peptide caging by a 2-nitrobenzyl group on a backbone
amide, so the caging position is not limited by the presence of particular side
chains [81, 82]. The aci-nitro decay rate is rapid (~27000s™" at pH 7, ambient
temperature), although the observation of long-lived aminols from other caged
amides [69] raises caution about the actual rate of product release. A novel
methionine-caged protein (horse heart cytochrome c) was prepared by alkylation
at pH 1.5, where only the methionine side chains were reactive [83]. This strat-
egy could only be applicable to proteins that refold after exposure to such low
pH but may be useful for methionine-containing peptides. In a different strat-
egy, the Michael acceptor 37 has been used for specific alkylation of thiol
groups, for example, to prepare a caged papain [84]. Lastly, serine, threonine,
and tyrosine phosphopeptides have been prepared in NPE-caged form, using an
NPE-phosphoramidite reagent for direct introduction of the caged phosphate
group during solid-phase peptide synthesis [30].

MGOJC(\/ NO,
MeO NO 37

2

Caged carboxylates NB- and NPE-caged carboxylate groups generally have slow
aci-nitro decay rates, limiting their value in studies of rapid processes (see Ref.
[85] for the recent example of NPE-caged isocitrate, k ~ 60 s™' at pH 7, 25°C).
One means to overcome this slow rate has been with the CNB group, exten-
sively studied as CNB esters of neuroactive amino acids including r-glutamate
[86], GABA [87], NMDA [88], and glycine [89]. Recently, a modified CNB group
with an additional para-carboxylate (DCNB) has been used as a more hydrophil-
ic cage on p-aspartate (compound 38) [90]. Aci-nitro decay rates for these CNB
esters are typically biphasic (although the relative amplitude of the phases varies
between compounds), with the major component having rates (pH ~7, ambient
temperature) in the range 20000-150000 s'. The fast component for DCNB es-
ter 38 was slightly slower, at 16500 s7!. Time-resolved infrared measurements
indicate that the release rate of r-glutamate from its CNB y-ester parallels the
aci-nitro decay rate [58]. This compound had the least biphasic aci-nitro decay of
all those described (90% of the amplitude at 33000s™"), so the IR measure-
ments do not help interpret the release rates from compounds with a higher
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proportion of a slow phase in the decays. Reported spontaneous hydrolysis rates
for CNB esters close to neutral pH and at ambient temperature are ~1% in
24 h, which in general requires some care to minimize contamination by free
amino acid, but all these compounds have been used in experiments with ap-
propriate isolated neuronal cells. It was reported that CNB-caged GABA had no
significant pharmacological effects [87], but a recent study has found significant
and novel pharmacology for this compound [91].

co; 0 KHs
oJ\/v\cog
“0,C NO, 38

Apart from the nitroindoline cage discussed in Section 1.1.3.2, two other cages
for carboxylates have been described. One is the 2,2'-dinitrobenzhydryl group,
used as the f-ester of NMDA [92], where the aci-nitro decay rate was 165000 s™*
and cleanly monophasic (pH 7, 22°C), as well as being ~ 5-fold faster than for
the CNB ester of the same carboxylate. The compound was reported to be stable
to hydrolysis under these conditions, but the analogous caged glycine was rapid-
ly hydrolyzed at pH 7 [93], as would be expected for the ester of an a-amino
acid, so this cage group must be applied with caution. The second cage is a hy-
droxylated NPE structure, as in caged arachidonic acid 39. This paper noted that
CNB-caged fatty acids were chemically unstable and that the hydroxy-NPE com-
pounds had aci-nitro decay kinetics significantly faster than for NPE-caged car-
boxylates [94].

HO o

o) — CsHy
NO, 39

In applications outside the neuroscience area, a range of caged strong acids, such
as trichloroacetic acid, has been described for photorelease in anhydrous solvents
in conjunction with photodirected oligonucleotide synthesis [95]. Modified lipids
have been described that have additional carboxylate groups at the terminus of
the normal fatty acid chains. When these carboxylates were caged (with NB,
DMNB, NPE, or DMNPE groups) the lipids could be assembled into liposomes.
Irradiation to release these carboxylates destabilized the liposomes and allowed
leakage of their contents [96]. Similar results were obtained for liposomes with
a DMNB-carbamate-caged amino group of a phosphatidylethanolamine [97].

Caged amines and amides Amines can be caged in two principal forms, either by
direct attachment of a caging group, in which case the charge state of the amine is
maintained, or indirect attachment via a carbonyl group to form a carbamate, in
which case the amine, normally cationic at physiological pH, becomes a neutral
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species. Recent examples of each strategy applied to sphingolipids have been re-
viewed [98] and are of particular interest for examples of chemoenzymatic synthe-
sis of caged compounds. Otherwise, little new work on direct amine cages has ap-
peared in the last decade (apart from caged Ca** reagents, see below). Note that
unpublished data (J.E.T. Corrie and A. Barth) indicate that compounds such as
N-2-nitrobenzylglycine (40) undergo substantial decarboxylation upon photolysis.
Work is in hand to quantify the extent of this side reaction, which is also observed
with the isomeric 4-nitro compound, indicating that it operates by a different
photochemical process than the normal cleavage reaction.

N">co,
Ha
NO,

40

Carbamate derivatives of amines involve two stages for amine release: photoclea-
vage of the caging group to leave a carbamate salt, which then undergoes non-
photochemical decarboxylation (Scheme 1.1.6). Either step can be rate-limiting
for overall release of the amine. This has been explored for two cages which il-
lustrate rate limitation by different processes. Thus the NPE-caged glutamate 41
and related carbamate-caged amino acids are rate limited by decay of the aci-ni-
tro intermediate, the process which generates the carbamate salt [99]. In con-
trast, the dimethoxybenzoin derivative 43 generates the carbamate salt on a sub-
us time scale, and release of the amine is controlled by the thermal decarboxyla-
tion (150 s at pH 7, 21°C) [100]. The decarboxylation rate will vary with the
pK of the particular amino group but will always be an upper limit on the
amine release rate from any carbamate derivative. Strategies that focus on rapid
photocleavage of the cage group from carbamates, as from the CNB-derivative
42 [101], cannot avoid this limitation.

o} e}
cage/ \H/NHR hv \n/NHR 2H20

_

RNHs + CO, + 20H
o) o)

Scheme 1.1.6 Generalized scheme for photolysis of a carbamate-caged amine,
showing the separate stages of photocleavage of the cage and thermal decar-
boxylation of the resulting carbamate salt.

R O CO,

NO, H 41 R=CHj

42 R=CO,
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Most new work on caged amides has been described above in relation to
caged NAD and NADP and has a particular caveat discussed in that Section
about long-lived intermediates in the photocleavage process that limit the prod-
uct release rate. In other applications, a series of NB, NPE and CNB-caged deri-
vatives of asparagine, glutamine, GABA amide, and glycinamide were investi-
gated [102]. Photolysis rates of the NB-, NPE- and CNB-caged glutamines were
385, 1925 and 900s™' respectively (pH 7.5, ambient temperature), where rele-
vant being for the faster phase of biphasic traces. The suggested mechanism
shows an aminol intermediate, but no evidence was presented for this or for its
possible effect on the product release rate. Finally, the caged biotins 44 (R=H
or CHj3) have been used as a means to control assembly of arrays of biological
molecules on surfaces [103, 104]. By uniformly coating a surface with a caged
biotin and irradiating defined areas through a mask, patterns of tethered biotin
can be created which subsequently bind avidin or streptavidin and allow immo-
bilization of species via conventional biotin/avidin layers.

NO,R O O

A A

0" °N” "NH
H H

MeO /‘ i_””/\/\C02H

OMe 44 S

Caged alcohols and phenols A major finding for NPE-caged alcohols has been dis-
cussed in Section 1.1.3.1.1 in relation to a long-lived hemiacetal intermediate that
causes much slower product release than inferred from the aci-nitro decay rate [45].
This rate limitation appears to be general for NPE-caged alcohols, so applies to the
NPE-caged choline reported by Peng and Goeldner [47], invalidating the ps time
scale claimed for choline release. The NPE-caged 2-deoxyglucose 45b has been de-
scribed [105] but without data on release kinetics. Other caged sugars include the
NB-glucoside and ether derivatives 45a [105] and 46a,b [46, 106]. As noted in Sec-
tion 1.1.3.1.1, these and other NB-caged alcohols studied to date appear not to in-
volve a long-lived hemiacetal intermediate in their photocleavage step, so product
release is at the aci-nitro decay rate. However, a very recent detailed study of 2-ni-
trobenzyl methyl ether by Wirz and co-workers [107] did find evidence for a rate-
limiting hemiacetal (t;,, & 2's at pH 7, 23°C), and subsequent studies of 2-nitro-
benzyloxyacetic acid gave similar results (J. Wirz, personal communication). In
contrast, biological responses to release of glucose from the NB-caged glucose
46a were faster [106], suggesting either a significantly faster decay rate or non-in-
volvement of a hemiacetal. On balance, it seems probable that the process of prod-
uct release from NB- and NPE-caged alcohols always proceeds via a hemiacetal.
However, particularly in the NB case, the extent to which this intermediate accu-
mulates and so limits the rate of product release is apparently very sensitive both to
the precise compound and to the solution conditions. Further work to clarify as-
pects of this reaction is in progress (J. Wirz and J. E.T. Corrie, unpublished data).
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A novel 4-nitro-CNB cage is present in the caged diacyl glycerol 47 [108], which
has been used in a number of physiological studies. The additional nitro group
was not commented upon but probably facilitates the synthetic route. As well as
the free acid 47, the corresponding methyl ester was prepared, from which the
photolysis by-product 48 was isolated and characterized. Notably, in view of the
discussion of decarboxylation during photolysis of other CNB compounds (Sec-
tion 1.1.3.1.1), it was reported that the free acid corresponding to 48 could not
be isolated, although this was attributed to instability [108]. A related caged dia-
cyl glycerol using the Bhc cage [20] has been prepared to enable 2-photon re-
lease at different sites within a tissue preparation [109].

Caged phenols are largely represented by derivatives of phenylephrine 49, an
a-adrenergic agonist. Walker et al. described NB-, NPE-, DMNB- and CNB-deri-
vatives caged on the phenolic oxygen, with aci-nitro rates (pH 7, 22°C) between
~2s™' (NB) and ~2000s™" (CNB) [110]. Other workers prepared NB-, DMNB-
and CNB-derivatives caged on the amino group [111, 112] and concluded that
the N-linked NB-caged compound best blocked pharmacological activity [112].
The N-linked compounds tended to have faster aci-nitro decay rates than the
corresponding O-linked compounds.

The CNB-caged phenolic carbonate 50 was prepared to study effects of 2,5-di-
t-butylhydroquinone, a reversible inhibitor of the sarcoplasmic Ca** ATPase
[113]. As for the carbamates discussed above (Scheme 1.1.6), release of the end
product involves both photochemical and thermal cleavage steps. Here the aci-
nitro decay rate was biphasic with its major component at ~ 3800 s™, while the
thermal loss of CO, was estimated at ~130s™"' so was rate limiting for release
of the phenol. It is noteworthy that the rate of CO, loss from an aliphatic
monoalkyl carbonate, as formed on photolysis of a caged alcohol such as the
Bhc-caged diacyl glycerol mentioned above [109], is predicted to be very much
slower on the basis of previous studies of this decarboxylation [114], with an es-
timated halftime of ~30s (pH 7) for release of the final product. This may not
be important for diacyl glycerols, which probably diffuse slowly from the photo-
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lysis site, but would seriously limit a carbonate cage for more diffusible caged
alcohols. Further experimental verification of this expectation is desirable.

Caged phosphates Most work related to caged phosphates has been described
in earlier sections relating to general synthetic methods or to nucleotides. A
substantial advance mentioned in Section 1.1.2 is the use of phosphoramidite
reagents to introduce a caged phosphate group as a complete entity, as opposed
to modification of an existing phosphate [28-31]. Applications include synthesis
of a caged sphingosine phosphate [29] and caged phosphopeptides [30]. An in-
teresting use has been to prepare inositol phosphates caged on specific phos-
phate groups [28, 115], in contrast to the method originally used for IP;, where
caging was distributed among the three phosphate groups and relied on separa-
tion to obtain the biologically inert P*- or P°-caged isomers [116]. Note that re-
giospecific caging has also been achieved for a thiophosphate analog, 1-p-myo-
inositol 1,4-bisphosphate 5-phosphorothioate, where the S-caged derivative 51
was formed by alkylating the free thiophosphate with 1-bromo-1-(2-nitrophenyl)-
ethane [117]. In the context of inositol phosphates, an alternative approach to a
caged IP; analog is 52, caged on a free hydroxyl group and derivatized on the
phosphates to make the compound cell-permeant. It can be loaded into cells
where it is hydrolyzed by non-specific esterases to generate the caged IP; analog
within the cell [118]. Previous uses of intracellular caged IP; have generally in-
volved patch-clamped single cells, where the reagent was introduced via the
patch pipette (for example, see Ref. [119]). Finally, in this Section, caging of
phosphates has been extended to caged phosphoramides to prepare potential
prodrugs of phosphoramide mustards [120].

OMe
Do
HO OPO.Z (EtO,CH,CO),(0O)PO
S y (EtO,CH,CO),(0)PO OP(O)(OCH,CO,Et),
OH O Me
HO O\P/’S (0]

2- 1l
PO () NO, Meo@f 52
51 MeO NO

2



1.1 2-Nitrobenzyl and 7-Nitroindoline Derivatives

Caged protons Several classes of caged compound, including nitrobenzyl-type
cages, release a proton during the photolytic process (Scheme 1.1.1), but the fo-
cus of interest is usually directed to the other released species, as in all the com-
pounds described above. Depending on the pK of the released effector com-
pound, the proton may remain free or be taken up again as the effector is re-
leased. In most cases where the proton remains free, it is rapidly buffered by
cellular or external medium buffers, but in experimental situations with mini-
mal buffering, the released proton induces rapid acidification. To allow study of
rapid proton-mediated events alone, it is desirable to use a reagent from which
the other released component is not bioactive. One such is 2-nitrobenzaldehyde,
which photoisomerizes to 2-nitrosobenzoic acid [12, 121, 122]. Other com-
pounds more directly related to the general 2-nitrobenzyl type are the NPE-
caged hydroxyphenyl phosphate 53 [123] and NPE-caged sulfate 54 [124]. The
pH jumps that can be achieved by these compounds are restricted by the pK of
the other released species, which will buffer the released proton. Thus 53 can
achieve acidification to about pH 5, while 54 can reach pH ~2 (if sufficient
photolysis can be achieved to generate ~10 mM proton concentration). For each
of these compounds, liberation of the proton upon photolysis should occur
within a ~ 25-ns laser flash [44].

Me 9 Me
segediete
OH NO, 54

Caged calcium Caged calcium reagents are unique among caged compounds,
since release of Ca®* depends on a change in the affinity of a photolabile chelat-
ing agent rather than direct rupture of a covalent bond between the calcium ion
and the cage. The process is illustrated for DM-nitrophen (55) in Scheme 1.1.7,
which shows rupture of the intact high-affinity chelator to fragments of much
lower affinity. A very recent comprehensive review discusses interplay of the cal-
cium affinity before and after photolysis, the desired free Ca®* level before and
after photolysis, and how photochemical parameters of different available cages
influence the choice of reagent. It also covers progress with 2-photon photolysis
of caged calcium reagents [125]. The main point of interest not in the review
concerns details of the photochemical cleavage, which appears not solely to be
as depicted in Scheme 1.1.7. In unpublished work (J.E.T. Corrie and A. Barth),
we have observed substantial CO, formation on photolysis of DM-nitrophen,
with or without Ca®" present. Work now in hand aims to quantify the extent of
this decarboxylation process and to determine to what extent it may affect mod-
eling of the Ca”* transients [126] induced by flash photolysis.
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Scheme 1.1.7 Release of Ca®* upon cleavage of a photolabile Ca** chelating agent
(DM-nitrophen).

Caged fluorophores General strategy in caging fluorophores is to perturb the
electronic structure by attachment of the caging group to make the molecule
either non-fluorescent or very weakly so. Photolysis allows the delocalized elec-
tronic structure of the free fluorophore to re-establish, thereby regenerating flu-
orescence. An early example of the approach is caged fluorescein (56), in which
alkylation of both phenolic groups locks the compound into the non-fluorescent
lactone form [127]. The field is dominated by applications of the reagents rather
than by particular chemical innovation. Most chemical and cell biological work
with caged fluorophores has been by the Mitchison group in a series of elegant
studies and has been recently reviewed [128]. A variant of a caged Q-rhodamine
linked to dextran for cell lineage measurements has been described [129]. None
of the work focuses on release rates of the fluorophores, as the cell biology ap-
plications have been more concerned with spatial definition of the released fluo-
rescence than with high time resolution. Outside cell biology, the caged hy-
droxypyrenetrisulfonate 57 has been used to define the amplitude and/or tem-
poral stability of concentration jumps of biologically active compounds [17, 130].
This is a useful technique for photolysis in small volumes, such as on a micro-
scope stage, where the photolysis light is focused only on part of the field, and
direct measurement of the released concentration is difficult. The surprising 1-
and 2-photon photochemistry of NPE-caged 7-hydroxycoumarins is another re-
cent approach but needs further work to establish its generality [25].

@\AO o O(CHj,),COzH
NO, O O 0sS
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1.1.3.2  7-Nitroindoline Cages

As mentioned in Section 1.1.2, interest in this caging group was revived only in
1999, so this Section contains much less material than that on 2-nitrobenzyl
cages. Applications to date are restricted to photorelease of neuroactive amino
acids, but photochemical synthesis of amides in organic solutions has also been
described, where an acyl group on the indoline nitrogen is transferred to a dif-
ferent primary or secondary amine [131-134].

1.1.3.2.1 Mechanistic and Structural Aspects of Photochemical Cleavage
of 1-Acyl-7-nitroindolines

Unlike 2-nitrobenzyl compounds, photocleavage of nitroindoline cages gives dif-
ferent by-products in organic and aqueous media. The original work by Amit
and colleagues [13] in aprotic solvent plus 1% water gave products shown in
Scheme 1.1.2, where the water present in the solvent was incorporated into the
released carboxylic acid. The same process enables the photochemical amide
syntheses mentioned above. However, in 100% aqueous solution, the reaction
gives not a nitroindoline but a nitrosoindole (Scheme 1.1.8), as well as the car-
boxylic acid: solvent water is not incorporated into the products [135]. There is a
smooth transition from the nitroindoline to the nitrosoindole by-product as the
proportion of water in the reaction solvent increases from 1 to 100% [136]. The
carboxylate release rate in fully aqueous medium is ~5x10°s™, and photo-
cleavage involves a triplet state of the nitroindoline [136]. It was inferred that a
common intermediate, the carboxylic nitronic anhydride 58, was formed in
either organic or aqueous solution, with partition into the different reaction
products being determined by the ionizing power of the solvent and to some ex-
tent by the pK of the departing carboxylate group.

R
=N
- Nt
oMo 58
An
R hw R \ ]
+ RCO, + H*
N  H0 u
NO, o/>\R' NO

Scheme 1.1.8 Photolysis reaction of T-acyl-nitroindolines in
aqueous solution, showing formation of the nitrosoindole
by-product.
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In the recrudescence of the nitroindoline cage, we first replaced the 5-bromo
substituent used by Amit [13] by a substituted alkyl group, as in 59 [135]. This
led to improved solubility and an ~ 2-fold gain in photoefficiency. A substituent
at C5 is useful to prevent nitration there, which otherwise takes place in compe-
tition with C7 nitration. In later work, different substituents were used, aiming
to improve photosensitivity by enhanced near-UV absorption. Of three substi-
tuted species investigated, the 4-methoxy compound 60 had the best gain in
sensitivity over 59, although during synthesis a varying proportion of the 5-nitro
isomer was always obtained [137, 138]. Blocking the 5-position in 61 to avoid 5-
nitration led to decreased photosensitivity, probably because steric effects reduce
overlap of the 4-substituent with the aromatic ring. Compound 62, substituted
with the strongly electron-releasing 4-dimethylamino group, was inert upon ir-
radiation, probably because a competing process involving electron transfer
from the tertiary amino substituent quenches an excited state [137].

CO,Me R
R 60 R=H, R = OMe

59 61 R =Me, R'= OMe

N N 62 R =H, R = NMe;,

NO, O)\R“ NO, O}\R"

1.1.3.2.2 Survey of 7-Nitroindoline Caged Compounds

The discussion focuses on successful applications of the nitroindoline cage, but
also, to illustrate its limitations, describes unpublished cases where the method-
ology has failed. Our work has been directed principally to synthesis of caged
neuroactive amino acids, largely r-glutamate, GABA, and glycine. Initial work
produced nitroindoline-caged versions of these compounds, namely 63—-65. Note
that for synthetic reasons the side chain ester at C5 of the indoline in the caged
glycine was hydrolyzed to the free acid, but this did not affect photochemical re-
lease [17, 135]. Significant points about these compounds were their very high
resistance to hydrolysis, so no leakage from the caged species occurs upon incu-
bation near neutral pH [135], and the fact that their photochemical release rates
[136] are more than adequate to mimic physiological release. The glutamate
conjugate 63 had no detectable pharmacological activity before photolysis at con-
centrations up to at least 1 mM, but this was not so for the GABA 64 and gly-
cine 65 conjugates, which showed evidence of binding to the relevant receptors
[17]. At least in the case of GABA, this result, together with reported pharmaco-
logical activity of CNB-caged GABA [91], shows that an optimal caged GABA re-
mains a challenge.
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CO,R
63 R = Me, R' = (CHy),CH(NH;")CO,"
64 R =Me, R' = (CHp)sNH3*

— " +
NO, O/>\R. 65 R=H, R'= CH,NH;

As mentioned above, later studies showed that a 4-methoxy substituent is benefi-
cial to photolysis efficiency and the r-glutamate analog of 60 has been used in sev-
eral physiological applications [17, 139-142], including work where localized re-
lease was achieved by 2-photon photolysis [21-23]. These results, together with
the synthetic applications of nitroindoline photolysis described above [131-134] in-
dicate that the strategy has broad applicability to caging carboxylic acids. However,
in the course of attempts to extend applicability of the method, we have encoun-
tered examples where this cage was not useful (J. E. T. Corrie and G. Papageorgiou,
unpublished data). Studies of the nitroindoline-caged Ca** chelating agent 66
were ultimately frustrated as the compound did not photolyze either in the pres-
ence or absence of Ca”*. This is similar but not identical to data of Adams and col-
leagues, who reported that the dinitroindoline derivative 67 photolyzed only when
excess Ca’* was present [143]. We also prepared the EDTA derivative 68 and found
that it photolyzed cleanly in the presence of a large excess of Ca**, but without the
metal ion it decomposed to a complex, uncharacterized mixture, accompanied by
CO, formation. We speculatively attribute the failure of 66 to photolyze to a
quenching of the excited state by the electron-rich aryl rings of the BAPTA moiety,
although this does not fully explain the disparate reactivity of 66 and 67. Some ad-
ditional evidence for possible quenching came from the nitroindolinyl carbamate
derivative 69, which was synthesized as a potential alternative to the caged fluoro-
phore 57. Compound 69 was also resistant to photolysis. The behavior of the
EDTA derivative 68 is broadly consistent with electron transfer from the aliphatic
tertiary amino group(s) to an excited state of the nitroindoline. Such single-elec-
tron transfer in this compound would be expected to cause decarboxylation, well
precedented for cation radicals of a-amino acids [144].
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CH,CO;

69

Despite these isolated failures, we continue to develop the strategy, notably in
pursuit of higher photolytic efficiency and elimination of residual pharmacologi-
cal activity in derivatives such as the caged GABA 64. Very recently, we have
shown that intramolecular triplet sensitization by an attached benzophenone
can significantly enhance photosensitivity [145], and other results of these stud-
ies will be reported in the future.

1.1.4
Conclusion

Although caged compounds of the 2-nitrobenzyl type have been in use for
25 years, opportunities for modification of existing cages and extension to indi-
vidual new caged effectors continue to arise. Hand in hand with this effort are
mechanistic studies of particular compounds that clarify release rates of effec-
tors and underline that the aci-nitro decay rate does not always correspond to
the rate of product release. Development of the 7-nitroindoline cage has pro-
vided new opportunities that have begun to impact on neurophysiological re-
search. Nevertheless, our understanding of many nuances of these photocleav-
age processes remains incomplete, for example, the failure adequately to explain
the frequently observed biphasic rates of aci-nitro decay processes, the implica-
tions of the decarboxylation reactions observed for CNB cages, and the still
somewhat unpredictable reactivity of the nitroindoline system. Several examples
described in this chapter indicate that more attention should be paid to direct
determination of product release rates, especially in cases where this is a critical
parameter in physiological experiments. Progress with localized release by mul-
ti-photon uncaging makes this particularly important. If an end product is only
released after a delayed series of dark reactions, the advantages of localized
photolysis will be lost by diffusion of the photolytically generated intermediate.
To conclude, cooperation between groups with separate expertise in chemistry,
physiology, and optics is likely to deliver further improvements in reagents for
the future.
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1.2
Coumarin-4-ylmethyl Phototriggers

Toshiaki Furuta

1.2.1
Introduction

Coumarin-4-ylmethyl groups are newly developed phototriggers that have been
used to make caged compounds of phosphates, carboxylates, amines, alcohols,
phenols, and carbonyl compounds. Coumarin, the parent compound of the
chromophore, is the common name of benzo-a-pyrone, highlighted in bold with
numbering in Scheme 1.2.1. The photochemistry typifying coumarin-4-yl-
methyls can be realized as that of a member of arylalkyl-type photo-removable
protecting groups [1]. Upon photolysis, the C-heteroatom bond (mostly oxygen)
between C-4 methylene and X (leaving groups) is cleaved to produce an anion
of the leaving group and a solvent-trapped coumarin as a photo by-product.

This chapter presents an overview of spectroscopic and photochemical proper-
ties, and synthetic methods of the reported coumarin-type phototrigger structur-
al variants. The application of coumarin phototriggers remains limited in num-
ber, but the importance of coumarins as potential replacements for conventional
2-nitrobenzyls has been accepted widely. References that have appeared through
January 2004 will be addressed.

Studies of coumarins have mainly addressed the utilization of their fluores-
cent properties [2]: fluorescent labeling agents, fluorogenic enzyme substrates,
and laser dyes. About 20 years ago, Givens and Matuszewski first noticed that a
phosphate ester of (coumarin-4-ylymethanol is photosensitive [3]. A benzene so-
lution of (7-methoxycoumarin-4-yl)methyl ester of diethylphosphate (MCM-DEP)
was photolyzed with a quantum yield of 0.038. They also demonstrated its use
as a fluorescent labeling agent for nucleophilic molecules (Nu) including pro-
teins, suggesting generation of an electrophilic coumarin-4-ylmethyl cation
upon photolysis (Scheme 1.2.2).

About 10 years later, the reaction was reinvestigated as a replacement for the
2-nitrobenzyl-type cages [4]. Photochemical properties of MCM-cAMP were com-
pared to those of the 1-(2-nitrophenyl)ethyl and desyl ester of cAMP under a
simulated physiological environment. MCM-cAMP was photolyzed to produce

X OR
5 |4 z
Z8 3 hv _
= + ROH + H o+
N
Y77 07270 Y 0" "0
8 4

Scheme 1.2.1
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the parent cAMP with nearly quantitative yield upon 340-nm irradiation
(Scheme 1.2.3). It also offers advantages over those reported previously, includ-
ing improved stability in the dark and high photolytic efficiency [5]. From that
time, MCM group and their structural variants, with their improved properties,
have been synthesized and employed to produce several caged compounds, such
as second messengers, neurotransmitters and DNA/RNA. Some of those caged
compounds have been applied successfully to the investigation of cell chemistry.

1.2.2
Spectroscopic and Photochemical Properties

1.2.2.1 Overview

Fig. 1.2.1 shows structures of coumarin phototriggers reported thus far. They
can be grouped into (1) 7-alkoxy group [3-18], (2) 6,7-dialkoxy group [14, 15,
18-21], (3) 6-bromo-7-alkoxy group [18, 22-29], and (4) 7-dialkylamino group

H,C” HC” HoC” HoC”
RO 0o RO 0o RO 0°N0 RN 0o

7-alkoxy group 6,7-dialkoxy group 6-bromo-7-alkoxy group 7-dialkylamino group
MCM (R =CH3) DMCM (R=CH3) Bhc (R =H) DEACM (R=CH;CH,)
HCM (R =H) BCMCM (R=CH,CO,H) Bhc/Ac (R =CH;3CO) DMACM (R=CH3)

ACM (R=CH;CO)  BECMCM (R = CH,CO,Et)
PCM (R = CH5;CH,CO)
CMCM (R=CH,CO,H)

Fig. 1.2.1 Structures and acronyms of coumarin-4-ylmethyl phototriggers.
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[14, 15, 18, 30, 31] in view of their structural similarity. Photochemical and
photophysical properties as well as physical properties of coumarin-caged com-
pounds depend on the nature of the structure of attached molecules. Especially
important are the types of functional groups to be protected. For that reason,
the properties of each compound will be collected and their differences assessed
one by one for each functional group. Notwithstanding, it would be useful to
overview spectroscopic and photochemical properties of the four groups to em-
phasize their distinctions and differences.

Tab. 1.2.1 summarizes the reported photochemical and photophysical
properties of the four groups. The absorption properties of the groups differ
remarkably. Absorption spectra of the four coumarin-4-ylmethanols — (7-meth-
oxycoumarin-4-yl)methanol (MCM-OH), (6,7-dimethoxycoumarin-4-yl)methanol
(DMCM-OH), (6-bromo-7-hydroxycoumarin-4-yl)methanol (Bhc-OH) and (7-di-
ethylaminocoumarin-4-ylymethanol (DEACM-OH) — which represent the four
groups as well as 4,5-dimethoxy-2-nitrobenzyl alcohol (NVOC-OH) were re-
corded in a simulated physiological environment (Fig. 1.2.2; M. Kawamoto, T.
Watanabe, unpublished results). The parent coumarin-4-ylmethanol has its ab-
sorption maximum at 310 nm [15], whereas an electron-donating substitution
on the C6 or C7 of the coumarin ring shifts the absorption maximum to longer
wavelengths. The dialkylamino substitution on the C7 produces a strong red

30,000
25,000 |
20,000
€
G
T 15,000
=3
)
10,000
5,000
0
250 300 350 400 450 500
Wavelength (nm)
Fig. 1.2.2 UV/Vis spectra of coumarin-4-yl- (355 nm), 364: Ar laser (364 nm), 405:
methanols in KMOPS (pH 7.2). Red: blue laser (405 nm). BP 330-385: transpar-
DEACM-OH; Black: Bhc-OH; Green: ent wavelength range of a wide band pass

DMCM-OH; Blue: MCM-OH; Purple: NVOC- filter BP 330-385.
OH, 337: N, laser (337 nm), 355: YAG laser
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Tab. 1.2.1 Spectroscopic and photochemical properties of the coumarin phototriggers

Groups? 7-Alkoxy 6,7-Dialkoxy 6-Bromo-7-alkoxy  7-Dialkylamino
MCM, HCM, DMCM, BCMCM  Bhc and Bhc/Ac DEACM and
ACM, PCM and and BECMCM DMACM
CMCM

— 325 345 3759 395

Emax 4000-12000 10000-12000 13000-19000 16000-20000

Dcpem® ca. 0.1 ca. 0.1 ca. 0.1 ca. 0.3

kf ca. 10 ca. 10°

dem® (@) 394 (0.65) 438 (0.59) 465 (0.61) 484 (0.082)

491 (0.21)

Light sources” Xe, Hg, 337 Xe, Hg, 355, 364  Xe, Hg, 355, 364, Xe, Hg, 364,

405 405

Functional P, C, S, Al P, Al P, C, Am, Al, Ph P, Al

groups”

Comments ACM and PCM BECMCM is Bhc/Ac is mem-  Can be acti-
are membrane membrane perme- brane permeable.  vated by long-
permeable. able. BCMCM has Bhc has high 2-  er wavelength
CMCM has high  high water photon absorption UV/vis with
water solubility solubility cross-sections improved

efficiency

Refs. 3-18 14, 15, 18-21 18, 22-29 14, 15, 18,

30-32

a)

The acronyms and full TUPAC nomenclature are: MCM, (7-methoxycoumarin-4-yl)methyl;
HCM, (7-hydroxycoumarin-4-ylymethyl; ACM, (7-acetoxycoumarin-4-ylymethyl; PCM, (7-propio-
nyloxycoumarin-4-yl)methyl; CMCM, (7-carboxymethoxycoumarin-4-yl)methyl; BCMCM, [6,7-
bis(carboxymethoxy)coumarin-4-ylmethyl; BECMCM, [6,7-bis(ethoxycarbonylmethoxy)coumar-
in-4-yljmethyl; DMCM, (6,7-dimethoxycoumarin-4-yl)methyl; DMACM, (7-dimethylaminocou-
marin-4-yl)methyl; DEACM, (7-diethylaminocoumarin-4-ylymethyl; and Bhc, (6-bromo-7-hydro-
xycoumarin-4-yl)methyl.

Absorption maximum (nm).

at pH 7. The value depends on a pH.

Molar absorptivity (M'em™).

Quantum yields for disappearance of starting materials upon irradiation.

Rate constants of photolysis (s™).

Emission maxima (nm) of the MCM-OH, DMCM-OH, Bhc-OH, DEACM-OH, and DMACM-OH.
Fluorescence quantum yield.

Possible light sources. Xe: Xe lamps, Hg: Hg lamps, 337: N, laser (337 nm), 355: YAG laser
(355 nm), 364: Ar laser (364 nm), 405: blue laser (405 nm)

Functional groups that have been caged. P: phosphates, C: carboxylates, S: sulfates, Al: alcohols,
Am: amines, Ph: phenols.

shift of more than 80 nm. Bhc group was designed to lower the pKa of the C7
hydroxyl group so that the O-H bond is deprotonated at pH 7, causing a red
shift of the absorption maximum by 60 nm.

Substantial overlaps between emission profiles of light sources and absorption
profiles of phototriggers are necessary to achieve maximum photolysis effi-
ciency. Therefore, ideal wavelength regions for excitations are 300-340 nm for
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the MCM, 320-360 nm for the DMCM, 330-420 nm for the Bhc, and 350-
450 nm for the DEACM groups. Regarding cell biological applications, photoac-
tivation is usually done by fluorescent microscopes equipped with an extra light
source for photoactivation, including a Xe lamp with a band pass UV filter (for
example, BP 330-385) and a UV laser. Light sources for epi-illumination can
also be used for photoactivation. Tab. 1.2.1 shows possible light sources for each
group and wavelengths.

Most coumarins have strong fluorescence, which may overlap with emission
spectra of some fluorescent probes and cause difficulties in monitoring specific
effects by fluorescence imaging after photoactivation. Tab. 1.2.1 summarizes
emission maximum wavelengths and fluorescence quantum yields of the repre-
sentative photo-byproducts 4-hydroxymethylcoumarins.

Overall, coumarin-type phototriggers offer the following advantages over other
phototriggers: (1) large extinction coefficient at the wavelength greater than
350 nm; (2) high photolysis efficiency upon UV irradiation; (3) acceptable stabil-
ity in the dark; (4) fast photolysis kinetics; and (5) practically useful 2-photon ex-
citation cross-sections. Furthermore, the absorption properties, membrane per-
meability, and water solubility can be optimized easily by the nature of substitu-
tions on the coumarin ring. In addition, diverse collections of phototriggers are
already available.

1.2.2.2 Phototriggers

1.2.2.2.1 MCM Groups: 7-Alkoxy-Substituted Coumarins

Each group has a membrane-permeable and a water-soluble structural variant.
They are designed to facilitate methods to incorporate the compounds into bio-
logical systems. The MCM family comprises the MCM, ACM, PCM, HCM, and
CMCM groups. Most compounds reported to date are phosphate esters. Groups
can also cage carboxylates, sulfates, and alcohols. The ACM and the PCM
groups are designed to improve membrane permeability. After incorporation
into live cells by simple diffusion, acetyl (or propionyl) moiety would be hydro-
lyzed by intrinsic esterases to produce a more polar HCM group that has almost
no membrane permeability and might accumulate inside cells [6, 7]. Carboxylic
acid in the CMCM group is almost fully ionized at a physiological pH. Conse-
quently, CMCM-caged compounds should be highly water-soluble [14, 16]. All
members have a single alkoxy substitution at the C7 position. They also have
similar absorption and photochemical properties as summarized in Tab. 1.2.1.
Typical values of the absorption maximum wavelength are around 325 nm with
molar absorptivity of 4000 to 12000 M'cm™; the value varies depending on
molecular structures. Photolysis quantum yields were as high as 0.1, implying
that the efficiency of photolysis, ®¢, the product of photolysis quantum yield
and molar absorptivity, would be up to 1000. That value is more than one order
of magnitude larger than those of 2-nitrobenzyls when photolysis is done at
around 325 nm. Early examples using MCM-type phototriggers proved advanta-
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geous over others [5, 11-13]. Nevertheless, the absorption maximum at 325 nm
is not ideal for cell biological applications. For that reason, new structural vari-
ants with longer absorption maxima have been developed: longer than 350 nm
is desirable.

1.2.2.2.2 DMCM Groups: 6,7-Dialkoxy-Substituted Coumarins

The family consists of BCMCM, BECMCM, and DMCM groups, and is utilized
to make caged compounds of phosphates and alcohols [14, 15, 18-21]. The
BCMCM group has two carboxylic acids and renders the corresponding caged
compounds highly water soluble [14]. The BECMCM is the membrane-perme-
able version of BCMCM. The two carboxylic acids in BCMCM are converted to
ethyl esters in BECMCM, and the negative charges are thereby masked. Hydro-
lysis of the ethyl esters by intrinsic esterases is postulated after the compound
is incorporated into live cells [20]. Tab. 1.2.1 summarizes the spectroscopic and
photochemical properties of the groups. Longer-wavelength absorption maxima
were red shifted by 20 nm compared to those of the MCM-type. Single alkoxy
substitution on C6 must be responsible for the red shift because Eckardt et al.
reported that introduction of an electron-donating substitution on the C6 posi-
tion, not C7, causes a large red shift of the absorption maxima [15]. For un-
known reasons, photolysis quantum yields of the DMCM groups are always
lower than those of the corresponding MCM analogs. These results show that
overall photochemical properties closely resemble, or are even worse than, those
of the MCM groups. Therefore, no compelling reason exists for using the
DMCM groups instead of the MCM groups.

1.2.2.2.3 Bhc Groups: 6-Bromo-7-alkoxy-Substituted Coumarins

The Bhc group has been applied to cage carboxylates, amines, phosphates, alco-
hols, and carbonyl compounds [18, 22-29]. It has already been proved to be a re-
placement for conventional 2-nitrobenzyl-type phototriggers. The Bhc group can
add a substantial amount of water solubility to corresponding caged compounds
because most C7 phenolic hydroxyl moiety in the Bhc is ionized at physiological
pH. On the other hand, caged compounds having Bhc/Ac, in which the C7 hy-
droxyl is masked by acetylation, accumulate remarkably inside live cells, as in
the case of their debromo analog, ACM. Results show that the Bhc group can
render a target molecule either water soluble or membrane permeable [28, 29].
These are advantages of the Bhc group over other phototriggers, including other
members of coumarins, because no single phototrigger, except for Bhc, satisfies
all the following criteria: (1) has a strong absorption band at more than 350 nm;
(2) has a substantially high photolysis quantum yield; (3) has a practically
usable stability; (4) renders a target molecule water soluble; and (5) adds mem-
brane permeability by simple modification. Another advantage that must be
noted is its two-photon chemistry. Two-photon-induced uncaging action cross-
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sections of the Bhc caged glutamates were reported to be almost 1 GM upon
740-nm irradiation, which is more than two orders of magnitude larger than
those of the 2-nitrobenzyls [22].

The Bhc group was designed to solve problems observed with the HCM group.
The HCM group has two absorption maxima: one at around 325 nm corresponds
to the protonated form of C7 hydroxyl moiety; the other, at 375 nm, corresponds to
the ionized form. The protonated form is predominant at a physiological pH (pH
7) because the pKa of the C7 hydroxyl is 7.9. Consequently, its absorption maxi-
mum at 325 nm is larger than that at 375 nm. Introduction of an electron-with-
drawing group into C6 should enhance acidity of the C7 phenolic oxygen through
an inductive effect. In fact, the introduction of bromo substitution on C6 caused
the lowering of the pKa by almost two units. Therefore, the Bhc group has a single
absorption maximum at around 375 nm with a large molar absorptivity (ca.
19000 M~'cm™) under a simulated physiological environment (Fig. 1.2.2). More-
over, the bromine atom is known to accelerate the rate of intersystem crossing
(heavy atom effect), leading to the increase in the fraction of excited triplet state.
We compared photolysis quantum yields of the four types of coumarin-caged acet-
ates with or without halogen substitutions: HCM-OAc, Bhc-OAc, Chc-OAc, and
tBhc-OAc (see Fig. 1.2.5 for structures). Single bromine substitution increased
the photolysis quantum yield by 150% (HCM vs Bhc), whereas a chloro substitu-
tion, which has almost no heavy atom effect, decreased it by 40% (HCM vs Chc).
These results suggest that: (1) introduction of an electron-withdrawing substitu-
tion on HCM is unfavorable for the photolysis reaction, probably because it inter-
feres with a through-bond electron transfer from the C7 oxygen to the C2 carbonyl
at an electronically excited state (see a proposed mechanism of the reaction); (2) a
heavy-atom effect of a bromine atom might compensate for this unfavorable elec-
tronic interaction, suggesting the existence of a triplet state as a reactive excited
state. The existence of this state is further supported by the fact that 3,6,8-tribro-
mo-7-hydroxycoumarin-4-ylmethyl (tBhc) acetate was photolyzed with a quantum
yield of 0.065, which corresponds to 260% enhancement (HCM vs tBhc).

The absorption maximum of the Bhc group would be blue shifted by 40—
50 nm if photolysis were performed under an environment where the proton-
ated form is predominant. This blue shift would occur because the large absorp-
tion band at 375 nm comes from the ionized form of the C7 hydroxyl moiety,
which has a pKa of 6.2. That consequent blue shift of the group might be disad-
vantageous if the compound is applied to an acidic compartment such as those
in mitochondria.

1.2.2.2.4 DEACM Groups: 7-Dialkylamino-Substituted Coumarins

Dialkylamino substitution on C7 improved the spectroscopic and the photo-
chemical properties remarkably. The absorption maxima are at 390-400 nm
with a molar absorptivity of 20000 M~ cm™. Photolysis quantum yields are as
high as 0.3, which is the highest among the reported coumarin cages. No re-
markable difference is apparent between the dimethylamino (DMACM) and the
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diethylamino (DEACM) variants, except that the fluorescence intensity of the
DEACM-OH ®¢=0.082) is considerably smaller than that of the DMACM-OH
®¢=0.21) [15]. Reported applications of the group to caging chemistry were lim-
ited to phosphates [14, 15, 30-32] and alcohols [18]. However, the observed spec-
troscopic and photochemical properties were highly desirable. For those rea-
sons, the group must be considered as a potential replacement for conventional
2-nitrobenzyl phototriggers. Taking account of the structural similarity to the
Bhc group, the DEACM group must be used to protect carboxylates, amines,
diols, and carbonyl compounds. Although no structural variants other than
DEACM and DMACM are reported at present, modification to enhance water
solubility or improve membrane permeability is possible.

1.2.2.3 Target Molecules

1.2.2.3.1 Phosphates

Caged phosphates are the most successful applications of coumarin phototrig-
gers. Hagen, Bendig, and Kaupp's group has contributed generously to the
knowledge of coumarin-caged phosphate chemistry. Their studies have mainly
focused on caged cyclic nucleotides; related topics will be discussed in other sec-
tions. In this chapter, representative examples of each structural variant will be
examined to elucidate their differences and similarities. Reported caged phos-
phates are CAMP [5-7, 13-15, 19-21, 28, 29], cGMP [13, 14, 20, 21, 28, 29], 8-
Br-cAMP [10, 12, 32], 8-Br-cGMP [10-12, 32], cytidine-5'-diphosphate (CDP) [30],
adenosine-5-monophosphate (AMP), adenosine-5-diphosphate (ADP), adeno-
sine-5'-triphosphate (ATP) [31], DNA, and RNA [23] (Fig. 1.2.3). Tab. 1.2.2 sum-
marizes selected examples of spectroscopic and photochemical properties.

For cyclic nucleotides, all variations are available. Slight but acceptable differ-
ences were observed between axial and equatorial isomers: the axial isomers
have larger photolytic quantum yields and better stabilities in an aqueous solu-
tion in most cases. The CMCM-cNMPs [14] showed highest water solubility
(200-1000 puM); the second carboxylate in the BCMCM contributes almost noth-
ing to solubility. DEACM-cNMPs [14] have the largest photolysis quantum yields
(® of ca. 0.21) among the coumarin-caged cNMPs. Moreover, they provide fast
kinetics for the cNMP release (k>10” s™"). Bhc-cNMPs [28] showed good photo-
sensitivity under one- and two-photon excitation conditions and a certain water
solubility. In addition, they can be converted to membrane-permeable derivatives
by acetylation. One can choose compounds having appropriate properties for a
variety of situations. Suggested guidelines for the selection of suitable com-
pounds could include the following:

(1) photo-activated by Xe or Hg lamp with wide-band U-filter (330-385 nm): de-
sirable — Bhc and DEACM

(2) photo-activated by YAG (355 nm) laser: desirable — Bhc and DEACM

(3) photo-activated by 405 nm laser: desirable — DEACM; usable — Bhc
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(4) photo-activated by Ti-Sapphire laser (720-820 nm): Bhc
(5) highly water soluble: desirable - CMCM and BCMCM; usable — Bhc
(6) membrane permeable: Bhc/Ac, PCM, ACM and BECMCM

Hagen and Bendig’s group (Fig. 1.2.4) proposed a mechanism for photolytic cleav-
age of MCM-, DMCM-, and DEACM-caged phosphates [13-15]. The mechanism
involves heterolysis of the CH,-OP bond from the lowest excited singlet state
(S1), an escape of the resulting ion pairs from the solvent cage, and trapping of
the coumarin-4-ylmethyl cation by the solvent. Several pieces of evidence collected
for photolysis of MCM-caged phosphates supported the mechanism. (1) A photo-
product aside from the parent phosphate was a (7-methoxycoumarin-4-ylymethanol
(MCM-OH) when the photolysis was performed in an aqueous solution. (2) Photo-
lysis of MCM-DEP in '®0-labeled water resulted in incorporation of '®0 only in the
MCM-OH, confirming that the reaction proceeded via the photo Sy1 mechanism
and not by the photo solvolysis reaction. (3) No phosphorescence was detected from
any of the MCM-caged compounds. (4) Only traces (<0.5%) of 4-methyl-7-methox-
ycoumarin, which is derived from homolysis pathway, were detected.

The fluorescence quantum yield of the MCM-cAMP (ax) is 0.030, whereas
that of the MCM-OH is 0.65. Therefore, a strong fluorescence enhancement
was observed as photolysis proceeded. Similar behavior was observed for other
coumarin phototriggers. Measurement of the increased fluorescence would al-
low estimation of the amount of photochemically released cAMP because the
fluorescence intensity is directly proportional to the molar fraction of the liber-
ated MCM-OH (and therefore the liberated cAMP). However, fluorescence of
MCM-OH was quenched completely in HEK 293 cells. Consequently, it could
not be used for estimation.

The strong fluorescent property of the liberated coumarin-4-ylmethanol allows
estimation of the rate constant of photolysis reaction. Thereby, the rate
constants for the photolysis of the DEACM and the DMACM caged cyclic nu-
cleotides were determined as k=10°s7", i.e., the concentration jump of the par-
ent cyclic nucleotides occurred within a nanosecond.
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Fig. 1.2.4 Proposed mechanism of the photolysis of MCM-caged phosphates.
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1.2.2.3.2 Carboxylates and Sulfates

Although coumarin-4-ylmethyl esters of carboxylates and sulfates should under-
go analogous photochemistry to that of the phosphate esters, only a few exam-
ples have been reported so far (Fig. 1.2.5), partly because of the reported low
photolysis efficiencies of the MCM esters of simple aliphatic acids. For example,
the photolysis quantum yield for the MCM ester of heptanoic acid (MCM-
OHep) is 0.0043 [13], which is more than one order of magnitude smaller than
that of MCM-phosphates. The first successful application was the Bhc-caged
glutamate [22]. The photolytic quantum yield of the Glu(y-Bhc) was 0.019. The
overall uncaging efficiency (®¢) was more than one order of magnitude larger
than that of the CNB- and the DMNPE-Glu. This difference indicates that the
uncaging light intensity could be reduced 10-fold when Bhc-caged glutamates
were used. The 2-photon uncaging action cross-sections of the Glu(y-Bhc) were
0.89 GM at 740 nm and 0.42 GM at 800 nm, which are both more than two or-
ders of magnitude larger than those of the conventional 2-nitrobenzyl caged
compounds. Tab. 1.2.3 summarizes selected examples of spectroscopic and
photochemical properties.

Low photosensitivity of the MCM ester can be overcome when a carboxylic
acid with higher acidity is used. MCM and CMCM esters of a-amino acid deri-
vatives were photolyzed with reasonably high quantum yields: 0.06 for MCM-
TBOA and 0.04 for CMCM-TBOA [16], which is ten times as large as that of
the MCM-OHep. A typical pKa value of a-carboxylate in a-amino acid is around
two, which is lower than that of a simple aliphatic acid by two units: it ap-
proaches the pK, of a phosphate. Differing acidities among simple aliphatic and
g-amino acids must partially explain the variations in the quantum yields. An-
other matter for consideration is solvent polarity. Photolytic efficiencies of cou-
marin-caged phosphates [13] and carbonates [18] are less favorable when photo-

(0] AcO AcO
902H | (¢} Yj@?i Br. N Br
= (o)
HNTY o 0o  HO 0 Yo

H
° OH Br
Br HCM-OAc (Y = H)
Glu(y-Bhc) Bhc-OAc (Y = Br) tBhc-OAc
Chc-OAc (Y =Cl)
NH,
HOZC\/:\[rO O\"/CGH13 OMs
r °c o =z X © S
Ph
o~ 0 OR CH30 (O X0) CH30 (o)X ¢]
a-MCM-L-TBOA (R = CH3y) MCM-OHep MCM-OMs

0-CMCM-L-TBOA (R = CH,CO,H)

Fig. 1.2.5 Coumarin-caged carboxylates and sulfate.
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Tab. 1.2.3 Spectroscopic and photochemical properties of coumarin-caged compounds

Compounds Amax (€) @47 @Y k9 tip% 0,9 Refs.
Carboxylates
MCM-OHep 3249 (13500)  0.0043 0.0030 13
Glu(y-Bhe)® 369 (19550)  0.019 50 0.89 (740) 22
0.42 (800)
HCM-OAc? 325 (11600)  0.025 22
Bhc-OAc” 370 (150000 0.037 183 1.99 (740) 22
0.42 (800)
Chc-OACY 370 (16000)  0.01 2
tBhc-OAcP) 397 (15900)  0.065 218 0.96 (740) 22
3.1 (800)
a-MCM-L-TBOA” 325 (4300) 0.06 16
a-CMCM-L-TBOA" 325 (4600) 0.04 16
Sulfates
MCM-OMs 3259 (13000)  0.0819 0.41 13
Amines
Bhcmoc-Glu™ 368 (17470)  0.019 stable  0.95 (740) 22
after  0.37 (800)
35h
MCM-NBu,” 344 (11700) 0.39 9
Alcohols and Phenols
MCMoc-Gal™ 322 (12100)  0.020 18
DMCMoc-Gal” 344 (10800)  0.0065 18
DEACM-Gal” 396 (17300)  0.0058 18
Bhcmoc-Gal 374 (15000)  0.015 18
Bhcmoc-diCg 343 (11600)  0.014" 379 18
3809 (15000)  0.29 27
Tyr(Bhcmoc)-OMe ™ 372 (13900)  0.022  0.020 38 18
Bhcmoc-Adenosine™ 373 (13700) 0.012  0.010 467 18
Bhcmoc-Phenol 372 (17900) 0.067 18
Bhc-acetal” 0.028 stable 24
after
2 weeks
Carbonyls
Bhc-diol-acetophenone™ 370 (18000) 0.030 1.23 (740) 26
Bhc-diol-benzaldehyde™ 370 (18000)  0.057 0.90 (740) 26
a) Quantum yields for disappearance of starting materials upon irradiation.

b)
<)
d)
€)
f)
g)
h)
i)
i)
k)
1)

Quantum yields for appearance of the starting material.
Rate constants of photolysis (x10° s7).

Halflife (h) in the dark.

Two-photon uncaging action cross sections (x10~%cm* s/photon, GM).
In CH;CN/HEPES-KCI buffer (30/70) pH 7.2.

In CH3;OH/HEPES-KCI buffer (20/80) pH 7.2.

In DMSO/KMOPS (0.1/99.9) pH 7.2.

In PBS (+) solution.

In benzene.

In ethanol/Tris (50/50) pH 7.4.

In CH;OH/HEPES-KCI (50/50) pH 7.4.
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lysis is performed in an organic solvent. The solvent effect must be another rea-
son for the lower quantum yield observed for MCM-OHep. The observed quan-
tum yield of 0.0043 would improve if the reaction were performed in a 100%
aqueous environment because the reaction of MCM-OHep was investigated in
the presence of 20% methanol. In fact, HCM-OAc has a photolytic quantum
yield of 0.025 in an aqueous buffer [22]. The reactions of the MCM- and the
CMCM-TBOAs were performed in PBS. Therefore, photochemical properties of
MCM esters of carboxylates must be reinvestigated under a simulated physiolog-
ical environment.

1.2.2.3.3 Amines

Both carbamate and alkyl ammonium salts have been reported (Fig. 1.2.6).
Although the examples remain limited to the Bhcmoc (6-bromo-7-hydroxycoumar-
in-4-ylmethoxycarbonyl) group [22, 25], coumarin-4-ylmethoxycarbonyls can serve
as phototriggers of an amino group, such as aliphatic amines, amino acids, and
nucleotides, and should have broader applicability than the alkyl ammonium salts.
Photochemical properties of the Bhcmoc-Glu were almost identical to those of the
carboxylate counterpart, Glu(y-Bhc). A large ®e value of the Bhcmoc-Glu com-
pared to that of the CNB-Glu was also seen for activation of GluR channels in
rat brain slices [22]. Overall, coumarin-carbamates are highly photosensitive upon
1- and 2-photon excitation, applicable to protect primary and secondary amines,
and stable under a simulated physiological environment. Tab. 1.2.3 summarizes
selected examples of spectroscopic and photochemical properties.

A potential drawback is the relatively slow kinetics in comparison to those of
phosphates and carboxylates. Photolysis is expected to proceed via a photo-in-
duced cleavage followed by decarboxylation of the resultant carbamic acid. The
rate constant for the decarboxylation reaction is estimated to be 2x10*s™" at pH
7.2 [33]. Consequently, the rate constant for release of amines is no larger than
2x10%s™!, which could pose a serious obstacle when a faster kinetic analysis,
say that within a microsecond time window, is needed.

Neckers [8, 9] and Giese [17] reported the photocleavage of C-N bond in
MCM amines. Homolytic cleavage of the C4-N bond in a radical anion inter-
mediate was proposed. Such cleavage might be initiated by photo-induced elec-
tron transfer from appropriate electron donors (borates, amines, or thiols) to
the C2 carbonyl in the coumarin ring (Fig. 1.2.8).

H +
o _N__COH H H N(C4Ho)s
\n/ \E/ ’ O N \/@/ N _NH
o X

h g PPh3BBU
Br A \ Br S [o) \f
HO 0 Yo co-H CH50 0 Yo
HO 0o
Bhcmoc-Glu Bhc-1400 W MCM-NBu3

Fig. 1.2.6 Coumarin-caged amines.
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Fig. 1.2.7 Photolysis of Bhcmoc-caged amines.

1R2 t
NR'R (NR1 R2
hv  electron C-N bond
transfer = : l\-lR1 R2 +
MeO oo C o cleavage :
MeO 0~ "0~

CH,

CH,
. H-Donor
MeO 0”70 meo 0”0 MeO 0”0

Fig. 1.2.8 Proposed mechanism of photolysis of coumarinyl amines.

1.2.2.3.4 Alcohols and Phenols

Coumarin-4-ylmethyl carbonates are photolabile. They release parent alcohols or
phenols upon irradiation. All four types of coumarin-caged carbonates having
the same leaving group were synthesized [18]. Their photochemical properties
were investigated. Overall uncaging efficiencies, ®¢, of all coumarin derivatives
were more than ten times better than that of the NVOC phototrigger at
350 nm. Surprisingly, a remarkable difference in photolytic quantum yield
was observed between the MCMoc-Gal (®=0.020) and the DMCMoc-Gal
(®=0.0065). Photolytic quantum yields decreased markedly when photolysis
was performed in the presence of organic solvents: the quantum yield of
MCMoc-Gal in 50% THF-H,0 was only 0.0029. The DEACMoc and the Bhcmoc
groups showed similar reactivity. Both compounds must be favorable for mak-
ing caged compounds of alcohols by converting them to the corresponding car-
bonates. The Bhcmoc-phenol has a higher photolytic quantum yield than those
of the aliphatic alcohols, probably because the carbonic acid anion derived from
phenol has a better leaving-group ability. Therefore, the Bhcmoc group was ap-
plied to produce caged compounds of dioctanoyl glycerol (Bhcmoc-diCs), tyro-
sine methyl ester (Tyr(Bhcmoc)-OMe) and adenosine (5'-Bhcmoc-adenosine).
Like coumarin carbamates, coumarin carbonates suffer from relatively slow
kinetics of decarboxylation reactions from an intermediate carbonic acid.
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X%Aggj EY}M

O MCMoc-Gal (Y = H, Z = OCHa)
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Fig. 1.2.9 Coumarin-caged alcohols and phenols.

Although no kinetic study is available, the rate constant of an alcohol release
must not exceed 2x10*s™" (Fig. 1.2.10).

Aliphatic ethers do not deprotect upon photolysis. Lin and Lawrence [24] pro-
posed an interesting strategy for construction of caged 1,2-diols. They found
that 1,3-dioxolanes of the 4-formylated Bhc were photolyzed to release parent
1,2-diols with quantum yields of 0.0278-0.0041. Fig. 1.2.11 shows a proposed
mechanism of photocleavage. The adjacent oxygen in Bhc-acetal assists with the
departure of the alkoxide anion, thereby stabilizing the resultant coumarin-4-yl-
methyl cation. Interestingly, the six-membered counterparts, 1,3-dioxanes, were
not photosensitive. The presence of a tertiary amine caused a seven-fold in-
crease of the photolytic quantum yield, probably because the tertiary amine
serves as a proton donor during acetal hydrolysis, which eventually accelerates
the overall photorelease reaction.

(0] O. + (o] O.
Br 0 (0] 2
A i‘: Br. N Br. N +
0 0" "0 e} o Yo -0 o X0

HO._ _O. decarboxylation
R HO-R + CO,

Fig. 1.2.10 Photolysis of Bhcmoc-caged alcohols and phenols.
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Fig. 1.2.11 Photolysis of Bhc-acetal.

1.2.2.3.5 Carbonyl Compounds

Dore and colleagues [26] found that aldehydes and ketones can be caged by 6-
bromo-4-(1,2-dihydroxyethyl)-7-hydroxycoumarin (Bhc-diol) as corresponding
acetals. The possible reaction mechanism shown in Fig. 1.2.12 involves the zwit-
terionic intermediate in which C4 methylene cation must be stabilized by the
adjacent alkoxymethyl substitution. Photolytic quantum yields (®=0.030-0.057)
were comparable to those of the other Bhc-caged compounds. Two photon un-
caging cross-sections, J,, were measured to be 0.51-1.23 GM. These results are
the only example of a phototrigger capable of releasing aldehydes and ketones
by a two-photon excitation condition. They must have great potential for cell
biological applications.

1.2.3
Synthesis

1.2.3.1 Synthesis of Precursor Molecules (Caging Agents)

Introduction of coumarin-type “phototriggers” into molecules of interest has
been achieved using five types of precursor molecules having reactive functional

R?
R%O
O

OH
HO
hv (o)
Br +  Br
N H,0 R/le X
HO (0] (0] HO (0] (¢}
Bhc-diol

Bhc-diol-acetophenone (R = CH3, R' = Ph)
Bhc-diol-benzaldehyde (R = H, R' = Ph)

Fig. 1.2.12 Photolysis of Bhc-diol-protected aldehydes and ketones.
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Fig. 1.2.13 Precursor molecules for synthesis of coumarin-caged compounds.

groups on the C-4 position (Fig. 1.2.13). The halo- or hydroxymethyl (type 1)
and the diazomethyl (type 2) precursors can be used to prepare corresponding
coumarin-4-ylmethyl esters of phosphates, carboxylates, and sulfates. Amino-
and hydroxyl-containing molecules can be converted into corresponding carba-
mates and carbonates using chloroformate or 4-nitrophenylcarbonate precursors
(type 3). The type 4 precursor is used for caged 1,2-diols and type 5 for caged al-
dehydes and ketones.

Extensive studies of the synthesis of substituted coumarins have been made
[34]; some substituted coumarins are commercially available. Fig. 1.2.14 shows
the structures of commercially available coumarins that have been used to pre-
pare caged compounds. Br-Mmc [35] and Br-Mac [36], which were originally de-
veloped as fluorescent labeling agents of carboxylates and alcohols, can be used
for the synthesis of MCM- and ACM-caged phosphates and carboxylates. The re-
maining compounds also have the desired substitution pattern in which elec-
tron-donating substituents such as alkoxy and amino groups are located on the
C7 position and a methyl group on the C4 position. Donor substitutions at C7
help the chromophore to be ionized via through-bond electron movement when
the coumarins are excited electronically, facilitating cleavage of the CH,-X bond
[13]. Alkyl substitutions at the C4 position can undergo allylic oxidation. In ad-
dition, further modification to introduce appropriate functional groups is possi-
ble. These compounds have been utilized to produce caged compounds having
MCM, DMCM, and DEACM phototriggers.

Br-Mmc (R = Me)
Br-Mac (R = Ac)

HO (O o)

4-methylesculetin

Coumarin 120 (R = H)
Coumarin 311 (R = Me)
Coumarin 1 (R = Et)

Fig. 1.2.14 Structures of commercially available coumarins with common names.

Br Br CHs CH,
RO (0] (0] MeO (o) (0] CH30 o o HO (0] (0]
CHs
joa!
RN )

4-methylumbelliferone
(Coumarin 4)
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Type 1 precursors having the 4-bromomethyl group were prepared by radical
bromination (NBS) of 4-methylcoumarins [15]; 4-hydroxymethyl group were pre-
pared by hydrolysis of corresponding acetates [15] or chlorides [22].

oo zHa oo Y 0o

Scheme 1.2.4

Type 2 and 4 precursors were synthesized from 4-methylcoumarins according to
the procedure of Ito [37]: the C4-methyl group was oxidized by selenium dioxide
(or manganese dioxide) followed by tosylhydrazone formation and base-induced
diazo formation.

+_N
H___NNHTs N~

O (0] Mno2 (0] (0] (o]

Type 4 Type 2

Scheme 1.2.5

For cases where an appropriate starting material is not commercially available,
coumarin frameworks must be constructed starting from substituted phenols,
either by the Pechmann reaction [38] or the Knoevenagel condensation [39]
(Scheme 1.2.6).

R!

R1 R1
2
Pechmann K ! Z R
RO™ ~O
Y OH  RrO"™O Y 0" o Y OH

Scheme 1.2.6

Synthesis of the Bhc group has been performed using the Pechmann reaction.
Scheme 1.2.7 illustrates synthetic routes toward the type 1 [22], 3 [18] and 5 [26]
precursors of the Bhc group. The Bhc frameworks were constructed by the acid-
catalyzed condensation of 4-bromoresorcinol and ethyl acetoacetate derivatives.
Other type 3 precursors can be prepared in a similar manner [18].

In principle, conventional synthetic methods for esters, carbamates, carbo-
nates, and acetals can be applied to the synthesis of coumarin-caged com-
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pounds. Examples in subsequent sections will be limited to biologically relevant
molecules. Their synthetic strategies are discussed briefly.

1.2.3.1.1 Phosphates

The coumarin phototriggers can be introduced into acidic molecules such as phos-
phates, carboxylates, and sulfates using type 1 and the type 2 precursors. Multi-
step synthesis using protection-deprotection chemistry is required when a target
compound has more than a single functional group. An exception is synthesis
of caged nucleotides. For example, a free phosphoric acid of cCAMP was esterified
with Br-Mmc or Br-Mac in the presence of silver (I) oxide [38] to yield MCM-cAMP
in 44% yield (ax/eq=7/3) and ACM-cAMP in 14% yield (ax/eq=1/1), respectively
[5-7]. The MCM-cAMP was also prepared by reaction of the tetra-n-butylammo-
nium salt of cAMP with Br-Mmc (64% yield, ax/eq=8/2) [13]. Analogously,
DMCM-caged cAMP was prepared either by the silver oxide method (18.7%, ax/
eq=55/45) or the ammonium salt method (57.3%, ax/eq=85/15) [15]. Improved
yields and better axial selectivity were observed in the ammonium salt method.
In these reactions, protections of other functional groups are not necessary. At-
tempts to apply the methods to make HCM-cAMP and MCM-caged cGMP have
failed [7, 13]. For that reason, the methods seem to be limited to the MCM,
ACM and DCMCM groups, which have no free acidic hydroxy functional group
on the coumarin ring. In contrast, HCM-, DEACM-, DMACM- and Bhc-cNMPs
were synthesized using corresponding 4-diazomethylcoumarins, type 2 precur-
sors, in 10-30% isolated yields [7, 14, 15, 28]. The 4-diazomethyl precursors are
superior to other methods for preparation of caged cyclic nucleotides. Analo-
gously, Bhc-caged RNAs (encode EGFP or a transcription factor en2) were pre-
pared by the reaction of 4-diazomethyl-7-hydroxycoumarin (Bhc-diazo) and syn-
thetic full-length mRNAs in DMSO [23].
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1.2.3.1.2 Carboxylates

The synthesis of Glu(y-Bhc) involves DBU-promoted esterification of the appro-
priately protected glutamate with the 4-chloromethyl-7-hydroxycoumarin [22].
The DBU method was developed for the synthesis of optically active amino acid
esters [39]. No racemization was detected during the reaction. However, Shima-
moto and colleagues [16] observed copious epimerization in the synthesis of
caged L-TBOA. Therefore, they used the corresponding 4-diazomethylcoumarins
to prepare MCM- and CMCM-L-TBOAs. Ito [37] and Goya [40] have studied the
reaction of 4-diazomethylcoumarins with various carboxylic acids. Most car-
boxylic acids can be esterified by 4-diazomethylcoumarins without adding any
catalysts or additives. However, dramatic acceleration was observed in the pres-
ence of either silica gel (known to catalyze the generation of carbene intermedi-
ates from diazoalkanes) or tetrafluoroborate (a strong Lewis acid).

1.2.3.1.3 Amines

Precursor molecules that can be used are 4-nitrophenyl carbonates and chlorofor-
mates (type 3). Introduction of the Bhcmoc group into the amino moiety of the
protected glutamate was achieved via the 4-nitrophenyl carbonate intermediate
with 31% isolated yield [22]. The yield is acceptable, but needs to be optimized.
A potential precursor is the corresponding chloroformate. Use of (6-bromo-7-
methoxymethoxycoumarin-4-yl)methyl chloroformate (MOM-Bhcmoc-Cl) [18]
greatly improved yields of amino protections (T. Watanabe, unpublished results).

1.2.3.1.4 Alcohols and Phenols

Introduction of the Bhcmoc group into alcohols and phenols proceeded with al-
most quantitative yield when the MOM-Bhcmoc-Cl was used as a precursor
[18]. Synthesis of Bhcmoc-diC8 (91% overall yield in 2 steps) and Tyr(Bhcmoc)-
OMe (100% overall yield in 2 steps) were successful examples. Chloroformate
precursors are so reactive that chemoselective protection of a hydroxyl moiety
failed in the presence of an aromatic amino group. Therefore, the 4-nitrophe-
nyl-carbonate precursor was used in synthesis of 5'-Bhcmoc-adenosine.

124
Applications

Applications of coumarin phototriggers to cell chemistry remain limited in
number. However, the results are extremely promising. This section is intended
to give an overview of reported applications of coumarin-caged compounds.
Most of the reported live cell applications will be collected, including biological
tests. To avoid repetition of information in related chapters, this section will spe-
cifically address the reaction conditions including cell types, methods of applica-
tion to cells, types of the light sources, and monitoring methods (Tab. 1.2.4).
The types of the compounds were second messengers (CAMP, cGMP, diCg), a
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neurotransmitter (glutamate), an isoform-specific enzyme inhibitor (1400W), a
blocker for glutamate transporters (L-TBOA), a receptor ligand (ATP), DNA and
mRNAs. Three compounds, Bhcmoc-Glu, Bhcmoc-diCg and Bhc-1400W, were
photo-activated under two-photon excitation conditions.

1.2.5
Conclusion and Perspective

Progress in the field of caged compounds depends largely on the development of
new compounds. Although in vitro measurement has shown that coumarin-4-yl-
methyl groups have desirable properties as phototriggers for several types of bio-
logically relevant molecules, few biological examples have been reported to date.
One reason is that only limited types of compounds were synthesized compared
to 2-nitrobenzyl type phototriggers; none of the coumarin-caged compounds are
commercially available. The following target molecules may be useful to dissect
cellular processes by taking advantage of DEACM and Bhc-type phototriggers.

Molecules that play a crucial role in signaling pathways are important targets.
Intracellular signaling pathways depend largely on spatial and temporal distri-
bution of signaling molecules. Photo-regulation of signaling molecules offers an
ideal method to mimic a function of the molecule under a given physiological
condition. Collections of small-molecular-weight caged compounds should be
expanded by extension of the already existing chemistry of coumarin phototrig-
gers. In addition to neurotransmitters and second messengers, the compounds
that would be useful to be caged must include receptor ligands that can activate
gene expressions, subtype specific inhibitors of various kinases, and small syn-
thetic molecules that can alter specific cellular functions.

Photochemical regulation of a protein function is a goal for caging chemistry.
Toward this end, caged compounds of mRNAs, DNAs, and proteins must be
considered further. The Bhc-caged mRNA technology paves the way for control-
ling intracellular concentration of proteins in live animals in a spatially and
temporally regulated manner. The method is applicable to produce caged plas-
mid DNAs which would provide a method to photo-control protein functions in
mammalian cells. Several approaches can be considered for construction of
caged proteins. Recent advances in methods to incorporate non-natural amino
acids into proteins enable the construction of caged proteins in which an active
site amino acid residue is modified by a coumarin phototrigger. Alternatively,
multiple introductions of phototriggers can perturb the protein conformation,
thereby inactivating the protein function. In this case, it is not necessary to in-
troduce a phototrigger into an amino acid that is critical to an activity. For this
reason, this method is applicable to all proteins even if the active site amino
acid is unknown. However, the method is not practical when a 2-nitrobenzyl-
type phototrigger is used because cleavage of multiply introduced phototriggers
requires prolonged irradiation time to restore the original activity. Multiple mod-
ifications can be feasible when highly improved photosensitivity of coumarin
phototriggers is utilized.



54

1 Photoremovable Protecting Groups Used for the Caging of Biomolecules

The multi-photon excitation technique is the most promising and elegant ad-
vance in the field because it offers true three-dimensional resolution, which is
useful for photo-activation reaction on tissue slice samples and in whole organ-
isms. The Bhc group has already proved itself useful for two-photon excitation.
However, only a limited example is available for both in vitro and in vivo excita-
tion conditions. Systematic investigation of two-photon absorption properties is
needed, especially of various phototriggers and Bhc groups’ uncaging action
cross-sections and wavelength dependencies. Such obtained data would form
the basis for designing new phototriggers that are favorably photo-activated un-
der multi-photon excitation conditions.
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p-Hydroxyphenacyl: a Photoremovable Protecting Group
for Caging Bioactive Substrates

Richard S. Givens and Abraham L. Yousef

1.3.1
Introduction and History

One of the newer and more promising photoremovable protecting groups is the
p-hydroxyphenacyl (p-HOC¢H,COCH,, pHP) chromophore. The introduction of
pHP as a cage for bioactive substrates began less than a decade ago with the
demonstrated release of ATP from pHP-ATP [Eq. (1)] [1, 2]. Although the pHP
group was discovered only recently, several reviews have already noted its appli-
cations in biological studies [3-5]. This review will be limited, however, to the
general photochemistry, the mechanism of this reaction, the synthetic method-
ology required to protect a substrate, and a few recent applications of the pHP
series. Other sections of this monograph will more fully address the earlier
applications.
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Historically, the parent phenacyl group (C¢HsCOCH,) was first suggested as a
photoremovable protecting group by Sheehan and Umezawa [6], who employed
the p-methoxyphenacyl derivative for the release of derivatives of glycine. An
earlier contribution from Anderson and Reese [7] reported the photoreactions of
p-methoxy and p-hydroxy phenacyl chlorides, which rearranged, in part, to
methyl phenylacetates when irradiated in methanol [Eq. (2)]. None of these ear-
lier investigations, however, led to the development or exploited the potential of
these chromophores as photoremovable protecting groups.

0
o hy OMe
c = + Z
3 McOH o ] b3 ,
)E/\ -HC1 N X (2)
X-PH-CI A = acetophenones X-PA methyl esters

(X=p-OH; p-OMe; 0-OMe)

The p-hydroxyphenacyl group has several properties that make it appealing as a
photoremovable protecting group. Ideally, such groups should have good aque-
ous solubility for biological studies. The photochemical release must be effi-
cient, e.g., ® ~ 0.10-1.0, and the departure of the substrate from the protecting
group should be a primary photochemical process occurring directly from the
excited state of the cage chromophore. All photoproducts should be stable to
the photolysis environment, and the excitation wavelengths should be greater
than 300 nm with a reasonable absorptivity (). The caged compounds as well
as the photoproduct chromophore should be inert or at least benign with re-
spect to the media and the other reagents and products. A general, high yield-
ing synthetic procedure for attachment of the cage to the substrate including
the separation of caged and uncaged derivatives must be available.

Of these properties, the p-hydroxyphenacyl photoremovable protecting group
(ppg) satisfies most of them. It does have weak absorptivity above 300 nm.
However, the chromophore can be enhanced by modifying the aromatic substit-
uents through appending methoxy or carboxyl groups at the meta position or
through extending the aryl ring (e.g., naphthyl, indole, etc.).

The “photo-Favorskii” rearrangement of the acetophenone chromophore to
form a p-hydroxyphenylacetic acid derivative is shown in Egs. (1) and (2) [8].
The realignment of the connectivity of the carbonyl and aryl groups results in a
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significant hypsochromic shift of the chromophore; this has beneficial effects
on the overall photochemistry, especially on the conversion to products [8]. Also,
according to Reese and Anderson [7], rearrangement to methyl phenylacetates
occurred for only the o- or p-methoxy- and p-hydroxy-substituted phenacyl chlo-
rides, and the ratio of rearrangement to direct reduction to the acetophenone
was approximately 1:1. All other substituents examined as well as the parent
phenacyl chloride gave only the acetophenone reduction product that preserved
the intact chromophore. As such, the acetophenone products would effectively
compete for the incident light whenever such a reaction is carried to a modest
or high conversion.

1.3.2
p-Hydroxyphenacyl

Following the leads provided by Sheehan [6] and by Reese and Anderson [7], we
surveyed additional p-substituted phenacyl phosphate derivatives for their effi-
cacy toward releasing phosphate [1, 2]. Among the substituents examined, the
p-acetamido, methyl p-carbamoyl, and n-butyl p-carbamoyl groups proved unten-
able because they gave a plethora of products from the chromophore, most of
which resulted from coupling or reduction of an intermediate phenacyl radical
[9, 10]. Tab. 1.3.1 gives the disappearance quantum efficiencies for several p-sub-
stituted phenacyl phosphates, from which it is evident that photoreactions of
the acetamido and carbamoyl derivatives are also very efficient. However, the
large array of products of the phototrigger discouraged further development of
these two electron-donating groups.

The methoxy substituent showed a much cleaner behavior, yielding only two
products, the acetophenone and a rearrangement product, methyl or t-butyl
(R=CHj or 'Bu) p-methoxyphenylacetate [Eq. (3)]. Most unexpectedly, the p-hy-
droxyphenacyl diethyl phosphate (pHP-OPO(OEt),) gave exclusively the rear-
ranged p-hydroxyphenylacetic acid when photolyzed in aqueous buffers or in
H,0 [Eq. (4)]. In fact, of all of the groups examined, only p-hydroxy and p-meth-
oxy produced any rearranged phenylacetates.

Tab. 1.3.1 Disappearance and product efficiencies for ammonium salts of p-substituted phe-
nacyl phosphates (pX-P-OPO(OEt),) in pH 7.2 Tris buffer at 300 nm

p'subStitutent (pX-) ¢dis ¢pX-PA dij—A ¢other

NH, <0.05 0.0 <0.05 na
CH;CONH 0.38 0.0 0.11 dimers
CH3;OCONH 0.34 0.0 nd 2 unknowns
CH;0? 0.42 0.20 0.07 na

HOY 0.38 0.12 0.0 0.0

a) Solvent was MeOH and diethyl phosphate was the leaving group.
b) The diammonium salt of the mono ester. 10% CH3;CN was added to the solvent.
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Extending the substrates to include p-hydroxyphenacyl ATP (pHP-ATP) demon-
strated that ATP and p-hydroxyphenylacetic acid (pHPA) were the only photopro-
ducts formed, and this occurred with a good quantum efficiency of 0.37+0.01
and a rate constant of 5.5+1.0x10®s™ for appearance of ATP [Eq. (1)]. The
photorelease of y-aminobutyrate (GABA) and r-glutamate (1-Glu) was also ob-
served by photolysis of the corresponding p-hydroxyphenacyl esters [Eq. (5)] [11].

O R

O\[M
o NH3+ OH
HO _hv, H,0 o O + GABA (or Glu)

or buffer

pHP-GABA (R=H) pHPA 5)
pHP-L-Glu (R=COy)

a-Amino acids have proven to be less amenable to the pHP methodology in
aqueous environments, because these esters slowly hydrolyzed at pH 7.0 over a
24 h period, thus compromising the usefulness of the pHP group under these
conditions. At pH 7, the protected g-ammonium ion must enhance the nucleo-
philic attack of H,O at the ester carbonyl. This rationale is supported by the ob-
servation that pHP-protected dipeptide Ala-Ala and oligopeptides such as brady-
kinin, which lack the exposed a-amino group, are quite stable to hydrolysis
[Eq. (6)] [11]
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(o}
O-Ala-Ala OH
hv, H,0 m .  AaAa (6)
HO or buffer HO
pHP-Ala-Ala pHPA

Release of Ala-Ala from pHP-Ala-Ala has served as a model for further studies
on the release of oligopeptides. The most dramatic example of release of a small
oligopeptide was the release of synthetic bradykinin [Eq. (7)] [8]. Applications
using caged second messengers have aided our understanding of the biological
functions of astrocytes [12].

o o hv
O/U\/O&-Arg.Phe.Pro.Ser.Phe.GIy.Pro.Pro.Arg—NHz T pHPA +Bradykinin
-H2
®=0.22
™ pHP-Bk

(7)

1.3.2.1 General Physical and Spectroscopic Properties

Substrate-caged pHP and its derivatives are generally isolated as water-soluble
crystalline solids. They are stable for long periods of time when stored in the dark
under cold, dry conditions, and in neutral aqueous buffered media they exhibit hy-
drolytic stability for 24 h or longer (for exceptions, see above) [2]. The p-hydroxy-
acetophenone (pHA) chromophore is characterized by a moderately strong ab-
sorption band (4ma,) at 282 nm (e=1.4x10* M~'cm™) and significant absorptivity
from 282 to 350 nm (shoulder at A, & 330 nm) at pH 7.0. In hydroxylic solvents,
the conjugate base (pHA") is in equilibrium with pHA and at higher pH shifts the
Jmax t0 330 nm [see Eq. (8) and Fig. 1.3.1]. Most reported studies of photochemical
activation have used 300-340 nm light for excitation of pHP.

O O

pKy =79
B (8)
HO o

pHA pHA™

Placement of electron-donating methoxy groups at the meta positions of the
aromatic ring effectively extend the absorption range of the pHP chromophore
toward the visible region (4>375 nm) [13]. In contrast, electron-withdrawing car-
boxylic ester and carboxamide groups have little effect on the absorption proper-
ties of the pHP chromophore. However, the choice of substituents appears to
have a significant effect on the quantum efficiency for release of the substrate
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T T T 1 T T T
250 300 350 400 250 300 350 400
wavelength (nm) wavelength (nm)

Fig. 1.3.1 UV spectral data for pHA. a Spec- shift in absorption from the phenol to the
tra (absorptivity as a function of 1) of a conjugate base. b Absorbance (log ¢ vs
0.13 mM solution of pHA in NaH,PO, buffer ~ wavelength (1)) for pHA at pH 7.0.

(3% CH3CN) at pH 7 and 8 showing the

Tab. 1.3.2 Spectral and photochemical properties of substituted pHP GABA derivatives

Substituted pHP R R' Imax (log €)% @Y k, (10%s7)
o H H 282 (4.16) 0.21 1.9
R' GABA 325sh
OCH; H 279 (3.97) 0.04 26.1
HO 307 (3.90)
R 341sh
OCH;  OCH; 303 (3.90) 0.03 0.22
355 (3.55)
CONH, H 324 (4.15) 0.38 0.7
CO,Me H 272 (4.09) 0.31 13
310 (3.22)
330 (3.94)
CO,H H 281 (4.23) 0.04 0.68

a) In H,O or aqueous buffered media.
b) For the appearance of GABA at pH 7.0. sh=shoulder.

(®ra), as seen in Tab. 1.3.2. In fact, electron-withdrawing groups gave the best
quantum efficiencies, whereas the opposite was true for electron-donating
groups. Overall, the release of the substrate is an efficient photochemical pro-
cess and occurs within tens of nsec (i.e., Krelease & 108 sfl).

1.3.2.2 Synthesis of pHP-Caged Substrates

The pHP chromophore can be attached to many functional groups, including car-
boxylic acids, phosphates, and thiols, with relative ease using a stoichiometric
equivalent of 2-bromo-4"-hydroxyacetophenone (pHP-Br) with the nucleophilic
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function on the substrate. pHP-Br is most conveniently synthesized by bromina-
tion of commercially available pHA with copper(II) bromide in refluxing chloro-
form/ethyl acetate [14]. Substrates are normally used as their chemically protected
derivatives with only the key nucleophilic group exposed. These are reacted with
pHP-Br in an aprotic solvent in the presence of a mild base. The base-catalyzed
Sn2 displacement of bromide from pHP-Br is a facile process, because of the en-
hanced reactivity of the a-haloketone. The increased reactivity is illustrated by a
comparison of the rates for displacement of chloride from phenacyl chloride
and n-C4HoCl with potassium iodide. A rate enhancement of 10° s™* is reported
for this pair of halides [15]. Removal of the other protecting group(s) on the fully
caged ester furnishes the corresponding photoprotected pHP substrate. Scheme
1.3.1 illustrates a specific example in which the Boc-protected dipeptide Ala-Ala
was coupled with pHP-Br in 1,4-dioxane in the presence of 1,8-diazabicyclo-
[5.4.0]lundec-7-ene (DBU) to give Boc-protected pHP-Ala-Ala in 62% yield. Re-
moval of the Boc group with TFA provided pHP-Ala-Ala in 78% yield [8].

A similar synthetic strategy was used to protect the C-terminal carboxylate
group of the nonapeptide bradykinin (Bk). In this approach, the peptide se-
quence of bradykinin (Bk) was constructed first by a solid-phase Merrifield strat-
egy, attaching of the C-terminus protected arginine of Bk to the 2-chlorotrityl re-
sin. Fmoc, tBOC, and Pbf protection chemistry was employed [9, 10]. The resin-
bound, fully protected bradykinin was then cleaved from the resin surface with
dichloromethane/methanol/acetic acid (8:1:1), providing a protected Bk with
only the C-terminal carboxylate exposed. Derivatization of the C-terminus with
pHP-Br and DBU in DMF was followed by a two-step sequence to remove the
N-Boc-, tert-butyl-, and N-Pbf-protecting groups employing a deprotection cock-
tail of 88% TFA, 7% thioanisole, and 5% water, as shown in Scheme 1.3.2. The
pHP-Bk obtained in this sequence gave an overall yield of 60% after purification
by RP-HPLC [8]. The strategy employed for pHP bradykinin should serve as a
general one for C-terminus pHP protection of any oligopeptide.

CH3 o)
/@/”v NHBoc
H CHy H

pHA pHP-Br Boc protected pHP-Ala-Ala
CH3 H
\n/( NH3+CF3002 CHy H O
- - HO - NHB
H CH3 H Boc-Ala-Ala = \H/LN)S/ oc
o HcHyh
pHP-Ala-Ala

(a) CuBry, CHCI3/EtOAC, 90 °C, 72%; (b) Boc-Ala-Ala, DBU, 1,4-dioxane, 15 °C, 62%; (c) TFA, 4h, 0°C, 78%
Scheme 1.3.1 Synthesis of pHP-Ala-Ala.
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o] (o] H (0] /(r(
L N N
. NH WN CNTY \)LH H
resin-bound 4 L Mo Q [e) [e) N N..

COy
fully protected — PpfNH~ "N (0]
bradykinin H NHBoc " NHO
fully protected Bk JU
P PbfNH "N
H
o) i H © oH
NH WN ; N/\fN\:/LkN N Ho 9 or
b,c Q H o : H § N L
— N N “No
NH; ” (o] OH 9 o)
NH, JI\IJ\H
pHP-Bk H,N ”

(a) CH,Cl,, CH30H, CH3;CO,H (8:1:1), 2 h, quantitative; (b) pHP-Br, DBU, DMF, rt, 24 h, 72%; (c)
88% TFA, 7% thioanisole, 5% H,0, 2.5 h, 84%

Scheme 1.3.2 Synthesis of p-hydroxyphenacyl bradykinin (pHP-Bk).

While the synthetic techniques outlined above are generally robust and appli-
cable to a variety of oligopeptides, they are not appropriate for all substrates.
For example, the synthesis of pHP-ATP required a modified approach in which
pHP-OPO3” was coupled to ADP using carbonyl diimidazole (CDI) as shown in
Scheme 1.3.3 [2, 16]. The photoprotected phosphate pHP-OPO3* was synthe-
sized from alkylation of dibenzyl tetramethylammonium phosphate with pHP-
Br, followed by removal of the benzyl groups by hydrogenolysis of the acetal-
protected dibenzyl phosphate.

N\ o 2 9
o i OP-0" NHg*
ab O _oPoBn),  od e
(Bn0),PO,” NMe4* —_— 4
o HO

pHP-OPO3?

NH,

N X

N

o o o o ¢ J

1] ] 1] N N
ef OP-0-P-0-P-0 o
ADP —— o O O X ;
HO OH OH

pHP-ATP

(a) pHP-Br, benzene, reflux, 85%,; (b) ethylene glycol, p-TsOH, 82%; (c) Pd/C, Hp; (d) 1% HCI, then DEAE, Sephadex,
NH4OAc, 95%; (e) CDI; (f) pHP-OPO52 , HMPA, then DEAE-Cellulose, NH4*HCO3", 42%

Scheme 1.3.3 Synthesis of p-hydroxyphenacyl ATP (pHP-ATP).
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In certain cases it may be necessary or desirable to avoid the use of organic
solvents in the protection scheme. For example, if the substrate is an enzyme or
large oligopeptide (>35 amino acids), its conformational structure may be irre-
versibly altered in non-aqueous media. In such cases, the caging reaction can
be carried out in aqueous buffered solution, provided that there exists one pre-
dominant nucleophilic site in the protein. An elegant study by Bayley et al. [17]
targeted the catalytic subunit of protein kinase A through a thiophosphorylated
threonine residue using pHP-Br as the caging reagent. The caging reaction was
accomplished by reacting the enzyme, PsT'*’C,, with an ethanolic solution of
pHP-Br in an aqueous buffer containing 25 mM Tris- HCl, 200 mM NaCl,
2 mM EDTA, and 1% Prionex (pH 7.3) for 15 min at 25°C in the dark, resulting
in essentially quantitative derivatization [Eq. (9)].

Thr-197 Thr-197
| I
_ HO HC—-CH
Hg CHs pHP-Br, buffer (pH 7.3) o ’
_S—I%':O 25°C, 15 min 3":3:0 (9)
&H O OH
PeT!"Cor pHP-PsT!"Ca

buffer = 25 mM Tris HCI, 200 mM NaCl, 2 mM EDTA, 1% Prionex

Pei et al. used a similar strategy to cage the active site of three protein tyro-
sine phosphatases (PTPs) with pHP-Br [18]. The caged phosphatase enzymes
were PTP1B, SHP-1 (a phosphatase containing an Src homology 2 domain),
and SHP-1(ASH2), the catalytic domain of SHP-1. Micromolar concentrations
of each enzyme were incubated in HEPES buffer solution containing excess
pHP-Br in DMF, yielding caged PTP [Eq. (10)]. Matrix-assisted laser desorption
ionization mass spectroscopy of trypsin-digested fragments of inactivated pHP-
SHP-1(ASH2) confirmed that derivatization occurred at the active site Cys-453
residue.

enzyme pHP-Br, buffer (pH 7.4)  enzyme

CH,SH rt, < 10 min CH,S
PTP o> < > OH (10)

pHP-PTP
buffer: 50 mM HEPES (N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonic acid))
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1.33
Mechanistic Studies

Recent experimental and theoretical studies provide mechanistic information on
the photorelease of substrates from the p-hydroxyphenacyl group. However,
there are questions remaining regarding the molecular changes involved in the
photorelease processes and the identity of the intermediate(s). A brief general
description of the mechanism based in part on laser flash photolysis (LFP) stud-
ies and density functional theory calculations is presented here. For a more de-
tailed discussion, the reader is encouraged to consult Part II of this monograph.

1.3.3.1 A Triplet “Photo-Favorskii” Rearrangement

A proposed mechanism is outlined in Scheme 1.3.4. After initial excitation of
the chromophore to its singlet excited state, rapid singlet-triplet (ST) intersys-
tem crossing (ksy=2.7x10"'s™') quantitatively generates the triplet state [19].
The triplet excited phenolic group rapidly undergoes an adiabatic proton trans-
fer to solvent, generating triplet phenoxide anion *pHP-X". It is speculated that
*pHP-X is the precursor to the rate-limiting release of the substrate and the pu-
tative spirodienedione intermediate DD. DD may also be in equilibrium with
the oxyallyl valence isomer OA. Hydrolysis of DD leads to p-hydroxyphenylacetic
acid (pHPA), the only major photoproduct of the p-hydroxyphenacyl chromo-
phore.

Previous mechanistic hypotheses involving the direct heterolytic cleavage of
the pHP-substrate bond from the triplet phenol *pHP-X, or homolytic cleavage
followed by rapid electron transfer also suggested intermediate DD [20, 21] but
did not incorporate the seminal role of the phenolic hydroxy group. In a few in-
stances, a minor amount of photohydrolysis of the substrate competes and re-
sults in the appearance of <10% of 2,4’-dihydroxyacetophenone among the
photolysis products of pHP [8].

*3

LG
O | o] — Noes
H,0
HO : HO "o
pHP-X 3pHP-X / 3pHP-X-

o
pHPA )

X
. +
COH S\ HO:
Dﬂ . o — 75
HO
0
oA

DD

Scheme 1.3.4 Proposed mechanism for photorelease of substrates from pHP-X.

*3
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1.3.3.2 Role of the Triplet Phenol

The importance of the triplet phenoxide ion *pHP-X" in the photorelease mech-
anism is supported by LFP studies of pHA in aqueous acetonitrile [19]. The low-
er pK, of >pHA (5.15) is a 60-fold increase in acidity compared with the ground
state (7.93) [22]. This increased acidity was also determined for several meta-
substituted pHA chromophores listed in Tab. 1.3.3. Thus the adiabatic ioniza-
tion of the phenol on the triplet excited state energy surface drives the release

of the conjugate base of the leaving group.

1.3.3.3 Correlation of the *pK, with the Quantum Efficiency

Further evidence of the important role of the conjugate base is found in the cor-
relation between the *pK,s and the efficiency of reaction shown in Fig. 1.3.2.

Tab. 1.3.3 Ground state and excited state pKj,s for substituted pHP derivatives [22]

Substituted pHP R R pK,? 3pK, ¥
1% H H 7.93 5.15
R OCH, H 7.85 6.14
OCH;  OCH;  7.78 6.16
HO CONH, H 6.15 3.75
R CoO,Me H 7.66 4.8
co,H H 6.28 433

a) Measured in water containing 10% methanol at 22-23°C with an ionic strength of 0.10 M

(NaCl).

b) Determined from phosphorescence measurements in ethanol (5% methanol and isopropanol) in
liquid nitrogen. (We thank Professor Wirz, University of Basel, for the *pK, measurements.)

Linear Regression
0.4 Y=A+B*X
Parameter Value Error
031 A 0.89009 0.0457
(I) B -0.13462 0.00869
0.2
0.1
0-0 T T T T T T T T T T T T
3.5 4.0 4.5 5.0 5.5 6.0 6.5

pK'

S

Fig. 1.3.2 Quantum efficiency for release of GABA as a function of
the pKa of the pHP derivative [22].
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This trend suggests that the efficiency of release of the substrate hinges upon
the chromophore’s ability to form the corresponding phenoxide anion in the tri-
plet excited state, suggesting a crucial role for the p-hydroxy function in the
photorelease and photorearrangement mechanism.

1.3.4
Applications

1.3.41 Neurotransmitter Release

The rapid release rates of substrates from the pHP group (k,=10°~10°s™") per-
mit the study of the early, rapid events in neurotransmission and signal trans-
duction processes. Caged derivatives of neurotransmitters, for example pHP-1-
Glu [Eq. (11)], have been used successfully to probe the various aspects of
chemical synaptic transmission in isolated brain cells. For example, Kandler et
al. [23] employed pHP-1-Glu to study postsynaptic long-term depression (LTD)
in CA1 hippocampal pyramidal cells. The changes in synaptic efficacy within
such cells are thought to be an integral part of learning and memory. Caged
glutamate was administered via bath application (50-200 uM) to hippocampal
CA1 pyramidal cells in 300 um rat brain slices. Tetrodotoxin (5 uM) blocked pre-
synaptic transmission to isolate the responses to only the postsynaptic cell
changes. Photolysis was conducted with time-resolved pulsed (20 ms) UV from
a 100 W mercury arc lamp directed through two 10 pm diameter optical fibers
to provide spatial control. Rapid glutamatergic currents, monitored by patch
clamp electrodes, were elicited by the photorelease of glutamate (Fig. 1.3.3). The
currents were suppressed by glutamate receptor antagonists, e.g., 6-cyano-7-ni-
troquinoxaline-2,3-dione (CNQX) and p-aminophosphonovalerate (p-APV), de-
monstrating that the observed responses were due to activation of ionotropic
glutamate receptors. The rapid concentration jump in glutamate resulting from
localized photolysis of pHP-1-Glu, combined with depolarization, led to LTD of
the glutamate receptors.

NH3z*

O
COy” hv e}

pHP-L-Glu L-Glu (11)

Caged bradykinin (pHP-Bk) was deployed by Haydon et al. to explore possible
avenues for the connectivity among signaling astrocytes in hippocampal prepa-
rations [12]. Mice brain slices were bathed in calcium indicator solution (X-
rhod-1 or fluo-4,AM) along with 1nM Bk to identify the bradykinin-responsive
cells in the stratum radiatum (Fig. 1.3.4A, B). The astrocytes responsive to Bk
trigger the release of calcium within the cell upon binding free Bk. These cells
were identified as targets for initiating the signal transduction of neighboring
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Fig. 1.3.3 Focal photolysis of pHP-L-Glu in CA1 hippocampal pyramidal
cells. The elicited current (A) is attenuated upon bath application of CNQX,
an AMPA-receptor antagonist (B); addition of the NMDA antagonist D-APV
completely diminishes the current (C). Washing the tissue sample free of
the antagonists restores the current (D). (With permission from Nature
Neuroscience.)

cells. The preparation was then incubated in a 10 nM solution of caged pHP-
Bk. Focal photolysis from a nitrogen-pulsed laser at 337 nm or a continuous-
wave argon laser at 351 and 364 nm (1-20 ms pulses) photoreleased Bk from
pHP-Bk, inducing the calcium signal in the Bk-responsive cell. Calcium signals
were subsequently monitored by confocal imaging of the fluorescence of the cal-
cium-bound indicator with an appropriate wavelength (e.g. 488 nm for X-rhod-
1) from a second source. The initial fluorescent burst in the photostimulated
cell was followed by delayed responses in neighboring cells six to twenty sec-
onds after the initial response (Fig. 1.3.4C, D). Since bath application of Bk only
elicited a response from the cell that was directly photostimulated, it was con-
cluded that the delayed calcium responses were not simply due to diffusion of
photoreleased Bk. Furthermore, the pattern of the responses was asymmetric
and did not include all astrocyte cells in the immediate vicinity of the focal cell.
Simple diffusion of the signal transducer or any other diffusive activation mech-
anism is apparently ruled out by this observation. Thus, these results suggest
that the astrocytes may be functionally connected. The cell did not respond in
the presence of glutamate receptor antagonists CNQX, D-APs, and (s)-a-methyl-
4-carboxyphenylglycine (MCPG), indicating that the glutamate that is naturally
released in response to elevated calcium levels in astrocytes [24] is not responsi-
ble for the intercellular signaling mechanism.
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Number OF CELLS

Fig. 1.3.4 Astrocyte intercellular calcium sig-
naling upon focal photolysis of pHP-Bk. A A
fluorescence image of the Bk-responsive as-
trocytes in the stratum radiatum, identified
upon addition of 1 nM Bk. B A separate field
of view showing only one bradykinin-respon-
sive cell. C Delayed calcium responses ob-
served upon photolysis of pHP-Bk near the
Bk-responsive cell (lightning bolt) in the

1.3.4.2 Peptide Release

1N Bradykinin

25 1
20 |

15 4

10 1

T T
5 -
0 T T T
caged-BK CNOX,AP5 ATP
MCPG

+caged bradykinin

presence or absence of the glutamate recep-
tor antagonists CNQX, p-APs, and MCPG.
D Graph showing the number of cells for
which delayed calcium responses were ob-
served upon the photolytically induced cal-
cium increase in the Bk-responsive cell.
(With permission granted by the Journal of
Neuron Glia Biology.)

The pHP group can be used for the protection and photorelease of optically ac-
tive peptides. Givens et al. [8] reported that the caged dipeptide pHP-Ala-Ala
cleanly and efficiently releases Ala-Ala upon photolysis at 300 nm in D,0O [Eq.
(12), Tab. 1.3.4]. The optical rotation of the released dipeptide was identical to
that of free Ala-Ala. Similar conclusions were reported for the photolysis of
pHP-Bk under analogous conditions, in which the released Bk CD spectrum
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matched that of an authentic sample [Eq. (7), Fig. 1.3.5]. These results demon-
strate that the chiral integrity of optically active peptide substrates is preserved
throughout the synthetic protection/photolytic deprotection cycle.

CHzH O
NHa CF3COy” CH3H ©O
D)‘\/ W(LH e _hv, 300 nm M pHPA _O\"/'(N)S/NH{CFaCOZ‘
D,0, 18 min & H CH3"'H
D
PHP-Ala-Ala, [a], | =-39.73 (¢ = 0.59, H;0) Ala-Ala, [a]) =-14.77 (¢ = 0.13, H,0)

(100% retention of optical activity;
[a]];0 =-14.75 for starting dipeptide)

(12)

Complete conversion of the starting pHP esters was observed. For example,
pHP-Ala-Ala was photolyzed to 100% conversion as shown by "H NMR [8]. The
exceptional conversions possible for pHP derivatives result from the transparent
pHPA, the blue-shifted photoproduct formed by the rearrangement, a key fea-
ture of the pHP photochemistry.

Thiol-containing peptides have also been successfully used in the pHP protection
strategy, as was demonstrated recently by Goeldner et al. [25], in which glutathione
(GSH) was converted to pHP-SG in 92% yield [Eq. (13)]. As demonstrated from the
study by Pei et al. discussed earlier, cysteines can be selectively modified in the
presence of other functional groups in a protein upon direct reaction with pHP-Br.

HP-Br
*A;r oo _mex__ )vw e

CHpSH 1:1 ethanol/buffer CH,S

92%
GSH

pHP-SG (0}
buffer: 1N HEPES pH 7.0

(13)

Tab. 1.3.4 Quantum efficiencies for pHP-Ala-Ala and pHP-Bk in D,O [8]

E nt’Y ¢dis 9 q)app 4 ¢rear o
pHP-Ala-Ala® 0.27 (0.04) 0.25 (0.05) 0.24 (0.04)
pHP-Bk? 0.20 (0.02) 0.22 (0.02) 0.19 (0.01)

a) Determined by "H NMR and HPLC (averaged).

b) Determined by HPLC.

c) For the disappearance of the starting ester.

d) For the appearance of the released substrate.

e) For the appearance of pHPA. Standard deviations are given in parentheses.
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Fig. 1.3.5 CD Comparison of photoreleased Bk with authentic Bk. The bro-
ken line “ ---” represents Bk isolated by HPLC from the photolysis of
pHP-Bk; the continuous line “ —" represents Bk (Fluka) [@ .=

954 deg cm? dmol™ (222 nm), ©,,;,=—6705 deg cm? dmol™ (202 nm).

For Bk (photoreleased): ©,,,,=918 deg cm? dmol™ (222 nm), O pmin=
—6965 deg cm? dmol™ (202 nm), where © =mean residue ellipticity].

(With permission of the Journal of the American Chemical Society.)

Photolysis of pHP-SG in TRIS-buffer solution resulted in ~70% release of free
GSH, accompanied by 23% of the corresponding thioester, in addition to pHPA
and pHA, as shown in Eq. (14). The thioester was likely the result of nucleophi-
lic attack of the thiol on the spirodienedione intermediate DD (see above). The
undesired side reaction with DD may not be as likely at a protein-binding site
where the intermediate(s) may readily escape and not remain in close proximity
to the released thiol.

hv, 312 nm
pHP-SG v .~ GSH + pHPA + pHA

Tris-HCI buffer, pH 7.2 SR (14)
+
m
HO

1.3.43 Nucleotide Release

Caged nucleotides have also been deployed as probes for physiological mecha-
nism studies such as ion transport. Fendler et al. [26] used pHP-ATP to investi-
gate the intracellular transport of sodium and potassium ions mediated by
Na* K*-ATPase. Lipid membranes to which were added membrane fragments
containing Na*,K*-ATPase from pig kidney, along with pHP-ATP (10-300 puM)
were exposed to light pulses (10 ns) from an XeCl excimer laser at 308 nm. The
rapid jump in ATP concentration [see Eq. (1)] led to activation of the Na*K*-
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ATPase, which hydrolyzes ATP resulting in the generation of a transient cur-
rent.

The release of ATP from pHP-ATP could be monitored using time-resolved
Fourier transform infrared (TR-FTIR) spectroscopy. Among the most prominent
changes observed were the disappearance of the 1270 cm™ y-PO; diester band
of pHP-ATP and the appearance of the free 1129 cm™ y-PO5 2 band of the
released ATP, shown in Fig. 1.3.6A. To kinetically resolve the release of ATP,
the absorbance changes at selected difference bands were tracked (Fig. 1.3.6 B).
The positive signal observed at 1140 cm™}, corresponding to the released ATP,
and a sharp negative signal at 1270 cm™, representing pHP-ATP, were observed
within the first few microseconds after the laser pulse. The signal at 1200 cm™
was attributed to an artifact from the changes in transient absorption of water
resulting from the energy absorbed by the sample. Fig. 1.3.6C shows the cor-
rected ATP release signal (solid line) obtained after subtraction of the artifact
signal at 1200 cm™". The integrated stray light signal of the laser pulse (dotted
line) used to monitor the detector response time is also shown. Together these
data show that the relaxation rate for ATP release occurs with a lower limit of
10°s™". Additional details on these studies are available in Chapter 7.1 of this
book.

In a similar study, pHP-GTP [Eq. (15)] was used as a probe in a study of the
mechanism of hydrolysis of GTP by Ras, a protein that is involved in cell sig-
naling [27]. Upon binding GTP, the resulting Ras-GTP complex acts as an “on”
switch in the signaling pathway. Hydrolysis of the bound GTP to GDP extin-
guishes the signal. In this particular study, photolytic release of '®*O-labeled
caged GTP was used in conjunction with time-resolved FTIR spectroscopy to
probe the nature of the transition structure for the rate-determining step in the
hydrolysis of Ras-bound GTP. Buffer solutions containing the Ras protein were

Al
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Fig. 1.3.6 TR-FTIR spectroscopic analysis of ter. C A closer look at the infrared absor-

the release of ATP from pHP-ATP. A FTIR bance change at 1140 cm™ upon subtraction

difference spectrum of the photolysis of of the smoothed 1200 cm™ signal. Bold line:

pHP-ATP. The absorbance was measured ATP release signal (first flash), thin line: heat

10 ms to 11 s after the photolysis flash and signal (second flash without measuring

subtracted from the absorbance immediately light), dotted line: integrated stray light sig-

prior to the flash. B The infrared absorbance nal of the laser pulse. (With permission of

changes at 1140, 1200, and 1270 cm™ mea- the Biophysical Journal.)
sured with a dispersive infrared spectrome-
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mixed with threefold equivalents of pHP-GTP, forming the caged GTP-Ras
complex. A Tris-HCl:MgCl, buffer solution (pH 8.0) of the lyophilized protein
was irradiated with a 308 nm pulsed laser for 30 s, and the subsequent changes
in infrared absorption spectra of the phosphoryl groups were measured as a
function of time. Monitoring of the hydrolysis of -'®0; labeled GTP resulted in
no detectable positional isotope exchange, suggesting a concerted hydrolysis
mechanism. Further details on this application are available in Chapter 7.2 of
this book.

o
¢ ]
o (l)l 9 9 N N/)\NHZ
O_E’_—O_I?__O—?TO o) hv, 308 nm
5 &S GTP + pHPA
o OH OH TI'lS OHCI
pHP-GTP MeCly, pH 8.0

(15)

1.3.4.4 Enzyme Photoswitches

Normally, covalent attachment of inhibitors to key residues in an active site of
an enzyme creates a non-reversible, inactive protein. However, photolabile
groups attached at the active site become reversible inhibitors and thus act as
switches that can alternately turn the enzyme off and reactivate it upon expo-
sure to light. To date, two enzymes have been successfully caged and reactivated
using the pHP group. The first enzyme, a protein tyrosine phosphatase (PTP),
a class of enzymes that catalyze the hydrolysis of phosphotyrosine residues, was
directly caged with pHP-Br. In this particular instance, the active site involves
catalysis by a cysteine residue that participates in nucleophilic attack on a phos-
phate group of a bound phosphotyrosine substrate. This leads to a phosphory-
lated cysteinyl group at the active site, which is subsequently hydrolyzed by
water [28]. Little is known about the specific role of these enzymes, other than
as regulators of tyrosine phosphorylation. Pei et al. [18] explored a number of a-
halophenacyl derivatives as potential PTP inhibitors by reacting a series of PTPs
with pHP-Br and other phenacyl analogs. Derivatization of the key cysteine resi-
due in the PTP active site with pHP-Br takes place in under 10 min in aqueous
buffered media at room temperature, as shown previously in Eq. (10). Inactiva-
tion of the enzyme could be observed spectrophotometrically by using an assay
with p-nitrophenyl phosphate and monitoring the change in absorbance at
405 nm as a function of time for varying concentrations of pHP-Br. Irradiation
of the dormant PTPs at 350 nm resulted in reactivation of the enzymatic activity
[Eq. (16)]. The extent of reactivation ranged from approximately 30% to as high
as 80% of the original activity of the untreated enzyme, depending on the en-
zyme and the cage (Fig. 1.3.7).
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1004 SHP-1 + hv
80
>
£ s0- SHP-1 +1a+hv
S
<
R 404 SHP-1(ASH2) + 1a + hv
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! SHP-1 + 1a (no light)
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Fig. 1.3.7 Reactivation of pHP-caged SHP-1 and SHP-1(ASH2)
enzymes [see Eq. (11) and accompanying text for details]. In the
graph, 1a represents pHP-Br [18]. (With permission from the
Journal of the American Chemical Society.)

enzyme
hv, 350 nm

CH,S PTP + pHPA
WOH HEPES buffer 16)
3 4°C (free enzyme)

pHP-PTP

Protein kinase A (PKA) is a cell signaling protein that contains a pair of regula-
tory and catalytic (C) subunits. The regulatory subunits bind cAMP, which in
turn induces a conformational change in the protein leading to release of an ac-
tive monomeric C subunit. The C subunit of PKA contains two lobes as illus-
trated in Fig. 1.3.8. The small lobe is made up of the N-terminal sequences of
the enzyme where ATP binding takes place, while the large lobe houses the C-
terminal sequences with the residues necessary for substrate binding and cataly-
sis. A key threonine residue (Thr-197) in the large lobe serves as a biological
switch that, when phosphorylated, engages the enzyme in an active conforma-
tion [17].

An unphosphorylated C subunit of PKA was expressed from Escherichia coli
and thiophosphorylated at Thr-197 with 3-phosphoinositide-dependent kinase 1.
Bayley and coworkers [17] alkylated the resulting thiophosphate with pHP-Br to
give the pHP(thio)-protected enzyme [Eq. (9)]. The modified enzyme pHP-
PsT'’C, exhibited a 17-fold reduction in activity toward the substrate kemptide,
based on a **P assay. The covalently bound pHP group likely prevents the en-
zyme from achieving a fully active conformation. Photolysis of pHP-PsT'*’C,
with near UV light in buffer solution released the free enzyme with a product
quantum efficiency of 0.21 and an estimated deprotection yield of 85-90%,
based on capture of photoreleased PsT'®’C, with 5-thio-2-nitrobenzoic acid
(TNB)-thiol agarose [Eq. (17)].
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Large lobe

Fig. 1.3.8 Structure of the C subunit of PKA. (green). The key residues involved in cataly-
Both the large and small lobes of the C sub- sis, including Thr-197, are highlighted in the
unit are shown. ATP binding takes place at expanded view [17]. (With permission from
the small lobe; the large lobe houses the the Journal of the American Chemical So-
substrate, in this example a peptide inhibitor  ciety.)

Thr-197

Ay

|
HO HC-CHj
& hv, 280-370 nm
|
$-P=0 Tris «HCI buffer
o O (pH=17.3)

PsTCa (17)
pHP-PST!¥7Ca

1.3.5
Advantages and Limitations

The pHP group is a highly versatile photoremovable protecting group that is
amenable to a wide range of applications in both synthetic and mechanistic
bioorganic chemistry. The advantages are the ease of synthesis and the rate and
efficiency of release of a variety of substrates. The current limitations are the ex-
citation wavelengths required (<400 nm) and the requirement that the leaving
group be the conjugate base of an acid (phosphate, carboxylate, and thiolate, for
example). These limitations can be remedied by proper design of the chromo-
phore and manipulation of the leaving group attachments. Research is in pro-
gress that addresses these issues.
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1.4
Caging of ATP and Glutamate: a Comparative Analysis

Maurice Goeldner

1.4.1
Introduction

Light-sensitive biomolecules (caged compounds) enable the study of rapid biolog-
ical processes by fast and efficient photochemical triggering of the release of the
bioactive compound. The caging of many substances including second messen-
gers, neurotransmitters, peptides, and functional proteins and their modulators
will be described in detail in this book. However, a precise comparative analysis
of different caging groups for a prototypical bioactive molecule has not been de-
scribed thus far. Consequently, such analyses could shed new light on the oppor-
tunity to develop new caging groups for these reference molecules. ATP and glu-
tamate each represent typical molecules for which numerous photoremovable pro-
tecting groups have been described, justifying such analyses. A second reason to
select these two substances is that the incorporation of the photochemical group
involves the chemical modification on phosphates or carboxylates, chemical func-
tions which are found in many biological active molecules. As a consequence, the
synthetic methods as well as the chemical and photochemical properties described
here will most likely be directly applicable to these related substances.

This chapter will list exhaustively the different caging groups which have
been described for these two molecules. It will delineate briefly the key steps
for their syntheses and emphasize their respective physico-chemical and photo-
chemical properties defining the overall quality of the caging process. These
properties will be summarized in tables to facilitate a direct comparison and to
help select the cage which would be best adapted for a potential use in a given
biological experiment. This chapter will not describe the biological applications
for which caged ATP and caged Glu derivatives have been used, not only be-
cause the list would be fairly long, but mainly because biologists usually use
commercially available substances. I believe it is more important, in this chap-
ter, to inform biologists about the existing substances by describing the proper-
ties of the different caging groups in an unbiased manner and possibly stimu-
late collaborations among chemists and biologists.

1.4.2
General Properties for Caging Groups

What are the chemical and photochemical properties required for a caging

group?

e The chemical synthesis represents the first element that confronts an experi-
mentalist, knowing that only a few caged biomolecules are commercially
available. Clearly a simple and efficient synthetic pathway is preferred. For
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the syntheses of more complex molecules, i.e. caged peptides, proteins, or oli-

gonucleotides, a direct transformation of the biomolecule into a caged deriva-

tive will be necessary and raises the question of the selectivity of the chemical
modification in a multifunctional molecule.

e Properties in the dark: the caged molecule should display hydrolytic stability
and aqueous solubility. Most importantly, the caged biomolecule should be
biologically inactive. Different enzymes and receptors are involved in individu-
al biological events: therefore, each system will use its own criteria to define
the biological inertness.

e Photochemical properties: these involve several parameters:

— Irradiation wavelengths should be greater than 300 nm to avoid the absorp-
tion of light by proteins and nucleic acids; therefore, a high absorbance of
the caging group above 300 nm is desirable.

— The photolytic reaction should occur with high quantum efficiency, a value
which defines the intrinsic quality of the photolytic reaction (i.e. ratio of
molecule released to photons absorbed). Two types of quantum efficiencies
will be considered: if possible the quantum efficiency of product formation
(®atp or Dgj,) and/or the quantum efficiency of disappearance of the
caged biomolecule (Ppjg).

— Efficacy of photorelease in a photolytic reaction is determined by a combi-
nation of the absorption coefficient (¢) at the wavelength of irradiation and
the product quantum efficiency (®). The uncaging action cross-section,
which is defined by the product ¢;x® at the irradiation wavelength 4,
therefore represents a quantification of the photolytic efficacy. The values
shown in Tabs. 1.4.2 and 1.4.4 are usually not described; they have been
deduced, when possible, from data described in the literature. These values
allow a useful comparative analysis among the different caging groups, at
different irradiation wavelength. When high concentrations (i.e. mM con-
centrations) of the released biomolecules are necessary, the higher ¢ values
can become detrimental for the photolytic reaction (i.e. non-uniform re-
lease of the product within the sample); however this drawback, in most
instances, can be easily counteracted by selecting a different irradiation
wavelength.

— The side product of the photolytic reaction should not interfere with the
ongoing reaction by absorbing the light at the excitation wavelength, and
in addition this compound should not interfere either chemically or bio-
logically with the biological system.

— Last, but not least, the release of the biomolecule should be very fast in
comparison to the time course of the biological process to be studied. The
rate constant for release of the biomolecule will be given, and in its ab-
sence the rate constant of disappearance of the caged substrate.



78

1 Photoremovable Protecting Groups Used for the Caging of Biomolecules

1.4.3
Caged-ATP

1.4.3.1 Introduction
ATP (adenosine triphosphate) represents an ubiquitous carrier of chemical energy
in most energy-requiring processes in living cells. ATP hydrolysis has been in-
volved in active transports, in muscle contraction, in endo- and exocytosis, in cy-
toplasmic streaming, in ciliary movements, in conformational changes of pro-
teins, and in many other dynamic processes. It is not surprising that ATP was
one of the first bioactive molecules to be targeted for caging studies, as will be dis-
cussed in the introduction by Jack Kaplan, one of the conceivers of the concept [1].
For many years, most biologists used for their studies the caged-ATP mole-
cules that were commercially available, that is, the P>-2-nitrobenzyl and the P*-
1-(2-nitrophenyl)ethyl caged derivatives (NB- and NPE-caged ATP, respectively)
[2-4]. The need for more powerful caging groups for ATP prompted the synthe-
ses of ATP substituted by different photoremovable protecting groups. In the
nitrobenzyl series, several derivatives were developed such as the a-carboxy-2-
nitrobenzyl (CNB-caged ATP) [5] and the 1-(4,5-dimethoxy-2-nitrophenyl)ethyl
(DMNPE-caged ATP) [6]. Alternatively, different chemical series were investi-
gated, such as the 3,5-dinitrophenyl derivative (DNP-caged ATP) [7], the desyl
(desyl-caged ATP) [8-10] and the related 3’,5'-dimethoxy derivative (DMB-caged
ATP) [11, 12], the p-hydroxyphenacyl (pHP-caged ATP) [10, 13], and more re-
cently the [7-(dimethylamino)coumarin-4-ylmethyl (DMACM-caged ATP) [14]
derivatives. These molecules, listed in Tab. 1.4.1, are all substituted at the P*
phosphate group of ATP to ensure that, as caged derivatives, they lack biological
activity. The same phosphate ester photo-protecting groups have also been used
for the blocking of phosphate groups of other relevant nucleotides including
AMP, ADP, cAMP, and cGMP, as will be illustrated by V. Hagen and colleagues
in Part IV of this monograph [15].

1.4.3.2 Syntheses of the P*-caged ATP Derivatives

Different strategies were developed to synthesize these derivatives. In most
cases, these involve the synthesis of the caged monophosphates, which were
subsequently coupled to ADP in the presence of an activating reagent such as a
carbodiimide or carbonyl diimidazole (Scheme 1.4.1). Different methods were
developed to synthesize the monophosphate derivatives, starting usually from
the corresponding alcohol. The first derivatives (NB- and NPE-caged ATP) [2]
used anhydrous phosphoric acid in CCI;CN as the phosphorylating reagent and
generated the expected derivatives in low yields. The hydroxyl group of t-butyl
2-nitromandelate was phosphorylated with phosphorus oxychloride followed by
hydrolysis to give the phosphate precursor [5]. A series of improvements tar-
geted the synthesis of phosphate esters as direct precursors of the phosphates,
allowing an easier purification in organic medium. The NPE- and the DMB-
caged ATP used a biscyanoethyl phosphoramidite reagent to couple with opti-
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Tab. 1.4.1 Caged ATP molecules: chemical formulas and abbreviations

Chemical structure Formulas — Cage acronyms References
/N
(o} [0} [0}
N S A O
N oy " ATP
(o} o} o}
OHOH

R-H: NB 2]

NO, R
R=CHj;: NPE [2-4]
ATP R=CO,H: CNB [3]
NO; R R=CH;: DMNPE [6]
ATP
H3CO

OCH3;
02N :\r _ATP DNP 7]
NO,
o ATP R=H: Desyl [10]
R=0CH;: DMB [7-9, 12]
) O
R

HOWTP pHP [101 13]

o _ATP

/C&\L DMACM [15]
MesoN O o
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cally active (R)- or (S)-1-(2-nitrophenyl)ethanol [4] or a protected benzoin deriva-
tive [11] before oxidation and deprotection to 1-(2-nitrophenyl)ethyl phosphate
or 3',5'-dimethoxybenzoin phosphate, respectively. The DMACM derivative used
a bis-t-butyl phosphoramidite reagent [14] to couple with the 4-hydroxymethyl
coumarin derivative before oxidation and deprotection to the DMACM phos-
phate derivative.

For the synthesis of the desyl-caged ATP, a symmetrical dioxaphosphole inter-
mediate was used to generate a desyl monophosphate [16], while, for the syn-
thesis of the pHP derivative, the 4-hydroxyphenacyl bromide was converted into
the dibenzylphosphate derivative, a precursor of the 4-hydroxyphenacyl phos-
phate [13]. It appears that the use of a phosphoramidite coupling reagent and
subsequent conversion to the phosphate group does offer a better control of the
reaction in organic media and should be applicable to the synthesis of most
caged ATP molecules.

Alternatively, an efficient and direct coupling of ATP with nitrophenyl diazo-
ethane derivatives, under controlled pH in a biphasic medium, was described
for the synthesis of the NPE and DMNPE probes (Scheme 1.4.2) [3, 6]. A de-
tailed analysis of this coupling methodology can be found in Ref. [7]. However,
this method gave disappointing results for the synthesis of the DMACM-caged
derivative [14]. Although very short and appealing, it does not represent a
general synthetic method for the caging of ATP or other nucleotide molecules.

1.4.3.3 General Properties of the Caged-ATP Molecules

To our knowledge, all the known P*-caged ATP molecules that have been pub-
lished are listed in Tab. 1.4.1. Their structures are shown and their commonly
used acronyms are included. Tab. 1.4.2 summarizes the chemical and photo-
chemical properties including UV absorption data, photochemical quantum
yields of ATP formation or disappearance of the caged derivative, the uncaging
action cross-section at a given wavelength, the rate constants of photolysis, and
finally, when described, hydrolytic stability and aqueous solubility. As might be
anticipated, not all these data for each caged ATP are available from the litera-
ture. However, most published data do provide two essential factors, the quan-
tum efficiencies and the rates of photolysis. The fragmentation mechanisms of
the different protecting groups will be discussed in detail in several chapters of
this monograph and are summarized in Part II [17].

For many years, the ortho-nitro benzyl series, i.e. NPE-caged ATP, was fre-
quently employed for biological experiments. It was the best probe available at that
time, its excellent quantum efficiency for ATP release (®arp=0.63) compensated
for its low absorptivity above 300 nm. Nevertheless this probe displayed several
drawbacks such as a moderate rate of photolysis (~80s™") and the formation of
ortho-nitroso acetophenone, a highly absorbing product above 300 nm, which
has been demonstrated to be chemically reactive toward proteins and cysteines
in particular [18]. Unfortunately, the search for new derivatives in this series did
not produce the expected improvements. For example, the probe substituted by



1.4 Caging of ATP and Glutamate: a Comparative Analysis

i _ S

O—P—OH ATP

NO, NO,

o
0— él'v o NB-, NPE- [2] and CNB- [5]
o caged derivatives

R =H, CH3, CO,H

?
ON o—k—0
o _ DNP-caged ATP [7]
NO,
NO, CHj NOp CHy NO, CHj o
(R) or (S) I
@A\on (j)\o—llﬁ(OCHZCHzCN); . (j)\ O—F~=0___ NPE-caged ATP [4]
,,,,,,,, . &

]

o o

(o]
CGHG)S/CsHs(OCHa)z CsHs)S/CSHJ(OCHG)Z
o - R DMB-caged ATP [11]

[°N
P(OCH,CH,CN),

CeHs Q cl (o} ?
I o o )‘\(ofro- — Desyl-caged ATP [16]
0 Gl o

CeHg
CgHs
. IS
O*FI’*OBn
e OBn s pHP-caged ATP [13]
HO HO'
OH P OtBu

OtBu
X
“ I i WU U G - DMACM-caged ATP [14]
\

Scheme 1.4.1 Syntheses of caged-ATP derivatives: coupling of caged monophosphates to ADP

a carboxylic group at the benzylic position (CNB-caged ATP) showed increased
water solubility. To our knowledge, the photochemical properties of this derivative
are not available [5]. The 3,4-dimethoxy-2-nitrophenyl derivative (DMNPE-caged
ATP), which displayed the expected UV-shift, showed a dramatic deficit in photo-
chemical properties, i.e. a rather low quantum efficiency (®arp=0.07) together
with a very slow rate of photolysis (18 s7).
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Cagg ATP
\Nz - Satp

NO, CHs

N
’ NPE- and DMNPE-caged

R ATP [3] [6]

R R=H,0CH;

DMACM-caged ATP [14]

Scheme 1.4.2 Syntheses of caged-ATP derivatives: diazo-coupling approach

The quest for rapid photolytic reactions prompted the search for different
photo-protecting groups for ATP, leading to the development of desyl, DMB-,
pHP- and DMACM-caged ATP derivatives (Tabs. 1.4.1 and 1.4.2). These mole-
cules showed consistent improvement in chemical and photochemical proper-
ties. Clearly, the first two compounds to be developed, the desyl and the DMB-
probe, despite fast rates of photolysis, displayed low photolytic efficiencies to-
gether with poor aqueous solubility, while the DMB-probe showed moderate hy-
drolytic stability. These probes have not been used further for biological experi-
ments.

The pHP-probe displayed major improvements, high quantum yields
(®arp=0.37), fast fragmentation kinetics (>10” s™) together with hydrolytic sta-
bility. The photolytic conversion of the pHP-caged ATP generates exclusively p-
hydroxyphenylacetic acid as side-product [13], which does not interfere with the
ongoing photolytic reaction. The only limitation of this probe was a moderate
photolytic efficiency, around 350 nm. Finally, the very recent description of the
DMACM-probe [14] allowed extremely fast fragmentation kinetics (>10°s™") to
be depicted together with a strong absorptivity above 350 nm of the coumarin
chromophore to compensate for rather low quantum yields (®arp=0.086) and
ensure high photolytic efficiencies (Tab. 1.4.2). However, the formation of the
strongly absorbing hydroxymethyl derivative during photolysis limits high con-
versions to wavelengths >360 nm. While showing hydrolytic stability, its water
solubility, which represents a major drawback for the coumarin derivatives in
general [20], has been improved by the presence of the dimethylamino substitu-
ent.
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1.4.3.4 Conclusion

Not all of the criteria for ideal caging of a biomolecule are ever completely satis-
fied for a given probe in a specific situation. Inevitably, a choice of the photo-
protecting group will depend on the biological application. The DMACM-caged
ATP represents at this time the most powerful caging probe for ATP at wave-
lengths >360 nm, especially if the release of the biological molecule has to be
extremely fast (1, <1 ps). Using shorter wavelengths (300-340 nm) the pHP-
caged ATP represents a useful alternative. The syntheses of these two probes
are well described, reinforcing their potential for biological applications. It
should be pointed out that the user-friendly (i.e., commercially available) NPE-
caged ATP derivative, because of its well documented utilization, should be re-
stricted to the study of slower ATP-dependent biological processes or situations
where the rates of the biological processes are not germane to the study.

1.4.4
Caged Glutamate

1.4.4.1 Introduction

Glutamate is the main excitatory neurotransmitter in the mammalian central ner-
vous system, mediating neurotransmission across most excitatory synapses. The
postsynaptic signal is transduced by three classes of glutamate-gated ion channel
receptors, the AMPA, the kainate and the NMDA receptors, respectively. Gluta-
mate has therefore become a primary target for caging studies, opening up new
opportunities for a better understanding of the organization of neuronal networks.
Besides its usage for rapid chemical kinetic investigations, uncaging of glutamate
has been used to mimic synaptic input as well as to map the glutamate sensitivity
of dendritic arbors of single cells. An efficient uncaging can be used to generate
action potentials with precise spatial resolution, allowing mapping of the location
of neurons connected to a single cell. Several of these aspects will be described in
detail in Part IV of this monograph by G. Hess [20] and K. Kandler [21], respec-
tively. Clearly, several of these investigations require high spatial resolution, for
which two-photon optical methods are recommended, as are also discussed in Part
VIII of this monograph by T. Dore [22].

Many caged glutamate derivatives have been described in the literature, illustrat-
ing the attractiveness of the target as well as the continuing quest for more power-
ful probes. Tab. 1.4.3 gives the structures and the common acronyms for 24 caged
glutamate derivatives. Most of the caging groups are similar to those described for
ATP, the modification being the replacement of the phosphate ester group with a
carboxylate ester group. The glutamate molecule offers three different caging pos-
sibilities, two carboxylic acid functions, a and y respectively, in addition to the
photochemical masking of the amino group of the neurotransmitter. There is
one example in which both a and y carboxylic acid groups are protected [29]. As
with ATP, the most frequently used probe has been the ortho-nitrobenzyl protect-
ing groups [23-29]. The p-hydroxy phenacyl series [30, 31], the desyl group [32],
and the coumarinyl series [33] are also described. The ortho-nitro indoline series



1.4 Caging of ATP and Glutamate: a Comparative Analysis

Tab. 1.43 Caged glutamate molecules: chemical formulas and abbreviations

Chemical structure Formula Cage acronyms  Refs.
2 com R=CO,H, R;=H »-CNB 23]
)k/\/ : R=CFs, Ry=OCHj 7-DMNPT [24]
R R=H, R,=H,0CH,CH=CH,  -ANB [25]
NO, R R=CO,H, R,=H a-CNB [23]
J\(\/cozH R=H, R,=0CH; -DMNB [26]
R=CH;, R,=0CH, a-DMNPE [26]
Ry
NO, CO.H
/k/\ R=CH; N-NPEOC [27]
COH R=CO,H N-Nmoc [28]
NO: R COH R=H N-NB [23]
N CO,H R=CH; N-NPE [23]
R=CO,H N-CNB [23]
NO, CO,HO CO,H NO,

©A w A@ BisarCNB 29
o NH, ,
R ° R, R'=H y-pPHP [30]
COH R=H, R'=0CHj3; y-pHPM [31)
HO 0 R, R'=0CH; y-pPHPDM [31]
R

o) NH,

ph)%*ff \n/\)\cozH y-O-Desyl [32]
Ph O . NH, a-O-Desyl [32]

% CoH
NH COH O N-Desyl [32]

COH
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Tab. 1.4.3 (cont.)

Chemical structure Formula Cage acronyms  Refs.
o_ N CO,H h
- \”/ 2 N-Bhc [33]
Br W\ O CoH
| y-BhcMe [33]
HO o~ Yo NH,
o
- NCO-ZH
o
R
R
| R=CH,CO,Me, R'=H 7-NI [34, 35]
N CO,H R=H, R,=OCH3 y'MNI [35]
NO; O)\/\<NH,
NO, CHj

NH,
o N »-DMNPP 137]
COH
(o]

H,CO
OCH,

has been introduced more recently by Corrie and colleagues [34-36] and is de-
scribed by the author in this monograph [38]. Finally we have recently synthesized
a glutamate derivative [37] in the ortho-nitrophenethyl series developed by Steiner
and colleagues [39].

1.4.4.2 Syntheses of the Caged Glutamate Derivatives

All caged glutamate derivatives required either N-t-Boc (amino) or t-butyl (acid)
group protection during the synthetic attachment of the chromophore. These
protected intermediates, reagents A, B, C, and D respectively, were subsequently
coupled to the appropriate caging group and the protecting groups removed un-
der acidic conditions (Scheme 1.4.3). This general strategy does allow the purifi-
cation of the protected precursors in organic medium before the acidic deprotec-
tion treatment (i.e. a solution of TFA in methylene chloride) and a final HPLC
purification of the caged glutamates.

The different coupling methods which have been used for the syntheses of the
caged glutamate precursors are listed in Scheme 1.4.3. Most of the probes used an
Sn2 reaction by displacement of an activated halogen derivative by the protected
glutamates A, B, C, or D, in different reaction conditions. The a- or y-esters of
caged-Glu (CNB- [23]; pHP- [30]; pM-HP-; pHPDM- [31]; desyl- [32]) and the cou-
marin-caged Glu [33] were synthesized, in the presence of DBU, in apolar solvent,
e.g., benzene or a benzene/THF mixture for the bis-a, y-CNB [29]. More polar sol-
vents, e.g., CH;CN, were used for the synthesis of the N-derived molecules in the
presence of potassium carbonate (N-NPE-; N-CNB- [23]) or diisopropyl ethylamine



1.4 Caging of ATP and Glutamate: a Comparative Analysis | 87

Used glutamate precursors:

couB COH y-Caged Glu derivatives:
,tBu
A NPE-, CNB- DMNPT-, pHP-,
BocHN coH - HN °°f pHPM-, pHPDM-, Desyl-,
BhcMe-, NI-, MNI-, DMNPP-
CO:

o B ’ a-Caged Glu derivatives:
BoctN coga - HN coH CNB-, DMNB-, DMNPE-, Desyl-

CO,tBu GOaH N-Caged Glu derivatives:

1_c . N won  N-NPEOC-, N-NMoc-, N-NB-,
HaN cogBu A ? N-NPE-, N-CNB-, N-Desyl-, N-Bhe-
cor )
COH
D Double o,y—Caged Glu derivative:
BocHN COH - HN coz— Bis-CNB-
SN2 coupling reactions:
NO,
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o CNB-[23], DMNB- [26], N-NPE- [23], N-CNB- [23] caged Glu
Ri R =H, CH;, CO,H
R, =H, OCH;

NO,  COH
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A,BorC
Ph Br Desyl-caged Glu [32]
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Br. N A
—~ BhcMe-y-caged Glu [33]
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Scheme 1.4.3 Syntheses of caged glutamate derivatives: protected glutamate derivatives
(A, B, C, and D) and synthetic methods
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Diazo coupling reactions:
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_A | NI-|34], MNI- [35] y-caged Glu
N
NO,

NO,  CF,

LU
DMNPT-y—caged Glu [24]

HiCO
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NO,  CH,
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A

DMNPP-y—caged Glu [37]

HyCO

OCH;3

Scheme 1.4.3 (cont.)

(N-desyl-caged probes [32]). The synthesis of the precursor of the DMNB-caged a-
Glu [26] used KF in refluxing acetone. The diazo precursors, developed for the ca-
ging of ATP, were used also for the syntheses of the y- or a-NPE- and DMNPE-caged
Glu respectively [23, 26]. One example of reductive amination was described on
ortho-nitrobenzaldehyde for the synthesis of N-NB-caged Glu [23]. The syntheses
of N-NPEOC- [27], N-Nmoc- [28] and Bhc- [33] caged Glu used an activated chlor-
oformate, carbamate, or carbonate, respectively, to couple with the bis-t-butyl esters
of glutamate C to generate the corresponding carbamates. The probes in the nitroin-
doline series (NI- and MNI-caged y-Glu [34, 35]) provide an amide group in order to
cage glutamate, using EDC-DMAP to couple the protected glutamic acid A onto the
substituted indoline derivatives. Nitration and deprotection were achieved in a sub-
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1.4 Caging of ATP and Glutamate: a Comparative Analysis

sequent step. The DMNPT ester [24] as well as the DMNPP ester [37] used the DCC,
DMAP conditions which have been described for the synthesis of caged glycine [40]
and which give excellent yields using 1-(o-nitrophenyl-[2,2,2]-trifluoro)ethanol [41]
and 2-(4,5-dimethoxy-2-nitrophenyl)propanol [39] respectively.

1.4.43 General Properties of the Caged-Glutamate Molecules
In contrast to ATP, glutamate has been caged at three different positions generat-
ing distinct probes for the same photo-protecting group, leading to more compli-
cated comparisons, a vs y positions for the carboxylic acid functions and carboxylic
acid vs amine functions. Another general observation relates to the impressive
number of probes which have been synthesized at this point (twenty-four to our
knowledge), emphasizing the interest in and need for powerful probes as well
as the desire to find the ideal probe for glutamate. Tab. 1.4.4 summarizes the
chemical and photochemical properties of the different probes. In the ortho-nitro-
benzyl series (thirteen derivatives), overall slow kinetics are observed, the fastest
derivative being the y-CNB-caged Glu (k=33x10’s7"). The slow rates may still
be satisfactory for studies of phenomena involving slower glutamate receptors
such as the NMDA receptor. For the N-caged carbamate derivatives (N-NPEOC,
N-Nmoc, N-Bhc), the fragmentation kinetics are governed by the rates (ms time
range) of decarboxylation of the intermediate carbamic acids. For the N-substi-
tuted nitrobenzyl derivatives (N-NB, N-NPE and N-CNB), caution should be taken
that the published rate constant values, which refer to the decomposition of the
aci-nitro intermediates are related to the actual glutamate release. Recent studies
on the photochemical decomposition of related o-nitrobenzyl ether derivatives [42,
43] demonstrated that the rate-limiting step for the release of the alcohol was the
decomposition of an o-nitroso hemiacetal intermediate which display much
slower kinetics. Similar intermediates (i.e. o-nitroso hemiaminals) are likely to oc-
cur during the fragmentations of N-substituted nitrobenzyl derivatives.
Noticeably, all the caged glutamate derivatives which show fast fragmentation
kinetics (71,2, <1 us), i.e., the pHP, the desyl and the coumarin derivatives, have
lower product quantum efficiencies, which in some cases (coumarin series) are
compensated by a strong absorptivity around 350 nm. In the p-hydroxyphenacyl
series, the photolytic efficiency above 350 nm could not be substantially im-
proved by the addition of meta-methoxy substituents, mainly because of a de-
crease in the product quantum efficiencies [31]. The desyl series was disappoint-
ing; only the y-substituted derivative showed the expected photo-fragmentation
reaction [32] but with a low photolytic efficiency at higher wavelength and a re-
current poor water solubility. The derivatives in the nitro-indoline series, the NI-
and MNI-caged y-Glu probes [34-36], are very stable caged probes. These deriva-
tives require photolytic cleavage of an amide bond. They exhibit an excellent
photolytic efficiency due mainly to a strong absorptivity around 350 nm and are
not hindered by the formation of the nitroso indole product during the photoly-
sis. Nevertheless, the observed fragmentation kinetics restrict their use to bio-
logical events occurring in the sub-ms to ms time range.
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1.4.4.4 Conclusion

This survey on ATP and glutamate, very likely the mostly targeted biomolecules
for caging studies, underlines the fact that none of the described molecules can
be quoted as the perfect caging group even though several of them had very sat-
isfactory overall properties. Not all of the necessary data are available from the
literature, and therefore a complete and precise comparison cannot be made.
Tabs. 1.4.2 and 1.4.4 are intended to gather together the maximum available in-
formation for the reader to make an unbiased comparison among the probes.
As already pointed out, the selection of a caged derivative will depend mainly
on the biological experiment for which it is intended. Selection of a probe will
have to take into account all the important properties: aqueous stability and sol-
ubility, photochemical kinetics, and efficiencies. In addition, for the caged gluta-
mate derivatives or other caged neurotransmitters, neurobiological applications
may be able to address the study of cellular events where two photon-uncaging
techniques provide the improved spatial resolution during photoactivation
[33, 44]. These techniques require high photochemical efficiencies around
350 nm [45] and do represent one of the key issues in the search for new caged
neurotransmitters as will be discussed in detail in Part VIII of this monograph
[22].

Abbreviations

ATP Derivatives

CNB-caged ATP: Adenosine triphosphate P*-(a-carboxy-2-nitrobenzyl) ester.

DMACM-caged ATP: Adenosine triphosphate P’-[(7-dimethylaminocoumarin-4-
yl)methyl] ester.

DMB-caged ATP: Adenosine triphosphate P*-[1-(3,5-dimethoxyphenyl)-2-phenyl-
2-oxolethyl ester.

O-Desyl-caged ATP: Adenosine triphosphate P*-(1,2-diphenyl-2-oxo)ethyl ester.

DMNPE-caged ATP: Adenosine triphosphate P*-1-(4,5-dimethoxy-2-nitrophenyl)-
ethyl ester.

DNP-caged ATP: Adenosine triphosphate P*-(3,5-dinitrophenyl) ester.

pHP-caged ATP: Adenosine triphosphate P*-(p-hydroxyphenacyl) ester.

NB-caged ATP: Adenosine triphosphate P*-(2-nitrobenzyl) ester.

NPE-caged ATP: Adenosine triphosphate P*-1-(2-nitrophenyl)ethyl ester.

Glutamate Derivatives

y-ANB-caged Glu: 1-Glutamic acid, y-(5-allyloxy-2-nitrobenzyl) ester.

N-Bhc-caged Glu:  N-(6-bromo-7-hydroxycoumarin-4-ylmethoxycarbonyl)-L-glut-
amic acid.

y-BhcM-caged Glu: 1-Glutamic y-[(6-bromo-7-hydroxycoumarin-4-yl)methyl] ester.

Bis-a, p-CNB-caged Glu: 1-Glutamic acid, bis-a, y-(a-carboxy-2-nitrobenzyl) diester.

a-CNB-caged Glu: 1-Glutamic acid, a-(a-carboxy-2-nitrobenzyl) ester.
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7-CNB-caged Glu: 1-Glutamic acid, y-(a-carboxy-2-nitrobenzyl) ester.

N-CNB-caged Glu: N-(a-carboxy-2-nitrobenzyl)-r-glutamic acid.

a-O-Desyl-caged Glu: 1-Glutamic a-[(1,2-diphenyl-2-oxo)ethyl] ester.

-O-Desyl-caged Glu: 1-Glutamic y-[(1,2-diphenyl-2-oxo)ethyl] ester.

N-Desyl-caged Glu: N-(1,2-Diphenyl-2-oxo)ethyl-1-glutamic acid.

y-DMpHP-caged Glu: 1-Glutamic y-(m-dimethoxy-p-hydroxyphenacyl) ester.

a-DMNB-caged Glu: 1-Glutamic acid, a-(4,5-dimethoxy-2-nitrobenzyl) ester.

a-DMNPE-caged Glu: 1-Glutamic acid, o-[1-(4,5-dimethoxy-2-nitrophenyl)ethyl]
ester.

7-DMNPP-caged Glu: 1-Glutamic acid, y-[2-(4,5-dimethoxy-2-nitrophenyl)propyl]
ester.

»-DMNPT-caged Glu: 1-Glutamic acid, y-[1-(4,5-dimethoxy-2-nitrophenyl)-2,2,2-
trifluoroethyl] ester.

y-pHP-caged Glu: 1-Glutamic y-(p-hydroxyphenacyl) ester.

y-pHMP-caged Glu: 1-Glutamic y-(p-hydroxy-m-methoxy-phenacyl) ester.

y-MNI-caged Glu: 1-[S-(4-amino-4-carboxybutanoyl)]-4-methoxy-7-nitroindoline:
(4-Methoxy-1-acyl-7-nitroindoline) derivative.

N-NB-caged Glu: N-(2-Nitrobenzyl)-r-glutamic acid.

y-NI-caged Glu: Methyl 1-[S-(4-amino-4-carboxybutanoyl)]-7-nitroindoline-5-ace-
tate: (1-acyl-7-nitroindoline) derivative.

N-Nmoc-caged Glu: N-(o-Nitromandelyl)oxycarbonyl-1-glutamic acid.

y-NPE-caged Glu: r-Glutamic acid, y-[1-(2-nitrophenyl)ethyl] ester.

N-NPE-caged Glu: N-(2-nitrophenyl ethyl)-1-glutamic acid.

N-NPEOC-caged Glu: N-1-(2-Nitrophenyl)ethoxycarbonyl-1-glutamic acid.
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