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world is an irresistible lure that challenges the

imagination of biologists and chemists alike. This
complexity is evident in multicellular organisms, where
individual cells are assigned unique attributes depend-
ing upon their location, and within individual cells,
where the location, timing, and overall activity of any
given biochemical transformation are variables that can
have profoundly distinct biological consequences. For
example, life and death decisions are determined by in-
tracellular spatial distances of less than 1 um. Cyto-
chrome cis an integral component of the electron trans-
port chain when it resides within the intermembrane
space of the mitochondrion. However, upon its release
from the mitochondrion, a biochemical cascade is initi-
ated that ultimately results in cell death. Life is orga-
nized, be it at the multicellular or cellular level, in a spa-
tially and temporally adaptable fashion. However, in
the absence of tools (e.g., antagonists, agonists, etc.)
that can be modulated in terms of where, when, and
how much, it is fiendishly difficult to probe these orga-
nizational features.

Chemists have made countless contributions that
have impacted the biological realm, ranging from mol-
ecules to technology. However, it is clear that the chemi-
cal tool kit assembled to date is woefully inadequate
for understanding or controlling the biochemistry of life.
Arthur Kornberg, back in 1987 noted, “Molecular biol-
ogy appears to have broken into the bank of cellular
chemistry, but for the lack of chemical tools and train-
ing, it is still fumbling to unlock the major vaults.” (1)
Certainly, chemistry has played an important role in the
isolation and characterization of individual biomole-

T he extraordinary complexity of the biological
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ABSTRACT Biological systems are characterized by a level of spatial and tempo-
ral organization that often lies beyond the grasp of present day methods. Light-
modulated bioreagents, including analogs of low molecular weight compounds,
peptides, proteins, and nucleic acids, represent a compelling strategy to probe,
perturb, or sample biological phenomena with the requisite control to address
many of these organizational complexities. Although this technology has created
considerable excitement in the chemical community, its application to biological
questions has been relatively limited. We describe the challenges associated with
the design, synthesis, and use of light-responsive bioreagents; the scope and limi-
tations associated with the instrumentation required for their application; and re-
cent chemical and biological advances in this field.
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Figure 1. Caged ATP (1) and cAMP analogs (3 and 5). These derivatives illustrate the classical caging strategy via covalent
modification of an essential functional group required for biological activity. Photolysis converts the caged form of ATP (1)
to its active counterpart (2) and the caged form of cCAMP (3) to its active counterpart (4). However, species such as cAMP
can be rapidly “deactivated” via enzyme-catalyzed hydrolysis. By contrast, the brominated cAMP analog 5 is bioorthogo-
nal to the endogenous biochemistry of the cell. Upon photolysis, photoreleased bromo-cAMP analog displays long-lasting
cAMP activity since it is resistant to phosphodiesterase-catalyzed hydrolysis.

cules, be they low molecular weight compounds, carbo-
hydrates, nucleic acids, or proteins. However, it is well
worth remembering that these biomolecules evolved in
conjunction with the cellular environment as a whole. In
short, there are many aspects of the biological world
that simply cannot be understood outside of the cellu-
lar context. The spatiotemporal dynamics of biochemi-
cal activity, particularly as it relates to cellular behavior,
is but one of many examples.

Biologists have long used chemical and biochemical
tools to control intracellular pathways and thereby influ-
ence the action of cells and organisms. However, once
the agent (inhibitor, activator, etc.) enters the cell, all
control over that agent is lost. For example, the intra-
cellular spatial distribution of the reagent as well as the
precise timing and endurance of its activity are difficult-
to-manipulate properties. Light-activatable versions of
these compounds offer a means to return control of the
reagent to the biologist, even after it has entered the
cell. The basic strategy has the appearance of simplic-
ity and elegance. First, identify a key residue or func-
tional group on the agent of interest that is essential for
biological activity. Second, covalently modify that key
site with a light-cleavable moiety, thereby rendering the
agent biologically silent. Third, introduce the inactive
agent into the cell or organism. Fourth, use light to acti-
vate the agent with pinpoint spatial and temporal accu-
racy. This strategy is often traced back to the seminal
1978 paper of Kaplan, Forbush, and Hoffman (2), who
described a light-activatable ATP 1 (Figure 1). The latter
is not recognized by a Na/K-ATPase. However, upon
photolysis, ATP (2) is generated, which is subsequently
hydrolyzed by the enzyme. Molecules of this type, in
which biological activity is unleashed (or altered!) upon
exposure to light, are commonly referred to as “caged”
compounds (2). Both reviewers and investigators alike
have bemoaned the use of this terminology since it con-
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jures up the image of a molecule interred within a mo-
lecular prison. Activity, many have argued, rather than
the molecule itself, is what’s actually released. However,
even the latter point is conceptually restrictive. What is
really important, from a biological point of view, is the
ability to control activity (i.e., on, off, or altered) with
light.

Many reviews (3—16), including two monographs
(17, 18), have been devoted to this topic. Indeed, a par-
ticularly comprehensive review appeared in 2006 (8). A
number of important contributions have been reported
since the latter was published. However, we’ve made
the decision to use this opportunity to do more than just
simply update the field. The concept of designing a re-
agent that can be controlled after it has entered a cell or
an organism is not only intellectually seductive but has
broad pragmatic implications as well. Unfortunately, the
enormous creativity that encompasses this field has
had a rather limited impact on biological research. Pho-
tomodulated bioreagents remain a niche science. Our
goal, along with describing recent advances, is to high-
light the challenges associated with the design, cre-
ation, delivery, and photoactivation (instrumentation)
of caged compounds. However, it is important to recog-
nize that merely overcoming these challenges will not al-
ter the manner by which biological research is con-
ducted. The major vaults of cellular chemistry still hold
many secrets, but only through the guidance of biolo-
gists will the keys to these vaults be forged. Trans-
disciplinary cooperation is required to broaden both
the appeal and the application of this extraordinary
technology to the many outstanding biological ques-
tions that remain unasked and therefore unanswered.

We will exemplify, in the discussion that follows, the
scope and limitations of caging technology using spe-
cific examples that reflect our own unique set of biases.
Space limitations preclude the discussion or even cita-
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tion of all germane contributions. In addition, we have
omitted an explicit description of the range of caging
groups and their attributes. The interested reader is re-
ferred to earlier reviews on the latter topic (7, 8, 16—18).

DESIGN

From a chemical point of view, the design of a caged
compound is deceptively straightforward. All that is re-
quired are (j) identification of a key functional group es-
sential for biological activity on the molecule of interest
and (i) covalent modification of that group with a pho-
tocleavable moiety. We refer to this as the “classical
strategy”. For example, several caged cAMP analogs (3;
Figure 1) have been reported (where CAGE represents
several different photolabile groups) (19-29). Indeed,
Engels and Schlaeger’s (30) description of caged cAMP
and its proposed use in living cells actually predates the
disclosure by Kaplan, Forbush, and Hoffman of caged
ATP. cAMP 4 is generated in cells from ATP and serves
as an ancient hunger signal that drives a plethora of in-
tracellular processes. The highlighted negatively
charged cyclic phosphodiester moiety in 4 is essential
for biological activity, and the caged cAMP motif 3 bears
this structural requirement in mind. However, although
chemistry is required to prepare a caged compound,
biological insight is critical to design one. If the biologi-
cal intent is to constitutively activate a cAMP-dependent
pathway, then compound 3 is worthless. It is important
to realize that intracellular cyclic nucleotide phosphodi-
esterases will hydrolyze the photounleashed cAMP,
thereby reducing the effect to a temporary burst of cAMP
instead of a long lasting phenomenon. A transitory
surge may be useful or useless, depending upon the
biological question under investigation. Although a
short-lived stimulation to any signaling pathway may ad-
equately recapitulate the normal behavior of a properly
functioning cell, it may be insufficient to produce a
readily observed biochemical or cellular phenotype (as
exemplified by aberrant signaling behavior, e.g., can-
cer). If a more enduring effect is required, then the biore-
agent in question must at least be partially impervious
to down-regulation by the endogenous biochemistry of
the cell. In the case of cCAMP, this requires an analog that
is resistant to phosphodiesterase-catalyzed hydrolysis.
Indeed, many of these derivatives have been described
(31-33), and one of these has been caged (e.g., 5) (20—
23). In short, although it is tempting to directly cage
the natural biological molecule, it is important to keep
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in mind that the biochemistry of life is highly regulated
with an emphasis on maintaining biochemical ho-
meostasis. An artificial ortholog, whose structural integ-
rity is orthogonal to the intracellular milieu, may be the
molecule most appropriate for the intended biological
investigation.

The notion of bio-orthogonality in the design of caged
compounds is not limited to just small molecules (e.g.,
5). For example, this concept has been applied to the
construction of a caged analog of cofilin, a protein that
plays a key role in mediating the structural dynamics of
actin (Figure 2) (34, 35). Actin exists in two forms,
monomeric (“G” for globular) and noncovalent poly-
meric (“F” for filamentous). Active cofilin alters the equi-
librium between G- and F-actin (36). Furthermore, phos-
phorylation of Ser-3 converts active cofilin 6 to an
inactive species 7 that no longer influences actin dy-
namics. At first glance it is tempting to create a cofilin
in which the side chain hydroxyl of Ser-3 is modified
with a photocleavable moiety (e.g., 8). However, pho-
tolysis of this species would simply generate natural co-
filin, which can be rapidly silenced by intracellular
protein kinases. Consequently, a bio-orthogonal analog
of cofilin was constructed, in which Ser-3 was converted
to a cysteine moiety (9). Although the cysteine mutant
retains the native protein’s ability to influence actin dy-
namics, the cysteine side chain itself is resistant to
protein kinase-catalyzed phosphorylation. Conse-
quently, once the corresponding caged derivative 10 is
photolyzed, the active analog 9 cannot be switched off
by phosphorylation.

An alternative approach (“indirect strategy”) has
been introduced that circumvents the notion that caged
compounds must be derived from the direct covalent
modification of an essential functional group. The latter
axiom is not only unnecessarily restrictive but also often
chemically impossible to achieve. Many biologically ac-
tive agents, from small molecules (e.g., 4) to large
proteins (e.g., 6), possess a key functional group that
is absolutely essential for activity. However, in many
other instances the interaction between two or more
biomolecules transpires over a broad molecular surface,
reducing the contribution of any particular functionality
from essential to merely contributory. Nucleic acid—
nucleic acid, protein—protein, and nucleic acid—protein
interactions often fall into the latter category. The initial
strategy employed to cage these types of molecules re-
lied upon random multisite modification (37, 38). For ex-
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Figure 2. Design of a bioorthogonal caged protein. The actin polymerizing/depolymerizing protein cofilin exists in active
dephosphorylated (6) and inactive phosphorylated (7) states. The cage moiety on 8 contains a negatively charged car-
boxylate, which has been introduced to mimic the phosphate in 7. Although photolysis of 8 should generate active cofilin
(6), the latter can be rapidly switched off by the appropriate protein kinases. Consequently, the Cys-3 cofilin mutant 9 was
prepared instead, which is impervious to kinase-catalyzed phosphorylation. Photolysis of the corresponding caged de-
rivative 10 generates the constitutively active cofilin 9, which is resistant to intracellular down-regulatory action.

ample, an mRNA coding for green fluorescent protein
(GFP) was modified with a caging group at approxi-
mately 30 phosphate sites for every 1 kb of RNA se-
quence (39). In the protein arena, one of the first re-
ports of protein caging was described for actin (40). The
latter was labeled at an average of 3-5 lysine residues
per actin molecule (40). The GFP mRNA is poorly trans-
lated and the polymerization of actin proceeds slowly in
the caged forms. In both instances, photolysis leads to
significant recovery of activity. However, this strategy not
only produces a mixture of caged molecules with poten-
tially variable levels of reduced activity, but subse-
quent photolysis likely generates an array of partially un-
caged species with variable amounts of activity as well.
The problem of chemical mixtures has been solved in

KEYWORDS

Photolysis: Light-induced bond cleavage. In
general, the energy required to drive this
process is higher (shorter wavelength) than
that required for photoisomerization.

Photoisomerization: Light-induced conversion of
one isomer (typically configurational) to a
second isomer. In general, the energy
required to drive this process is lower (longer
wavelength) than that required for photolysis.

Caged compound: Any species, but typically a
bioactive compound, whose activity is
suppressed by a photosensitive functional
group. Biological activity is restored by
illumination, which results in photolysis or
photoisomerization of the photosensitive
functionality.

Quantum yield (®) of uncaging: A measure of
the efficiency with which absorbed light
converts a caged compound to its uncaged
counterpart. © is acquired by dividing the
number of uncaged molecules produced by
the number of photons absorbed.
Consequently, by definition, ® = 1.
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the nucleic acid field since
caged nucleotides can now
be simply introduced at spe-
cific sites during solid-phase
synthesis (41).

In addition to single- and
multisite modification, a
higher order view of biomo-
lecular interactions (second-
ary and tertiary) has been
employed in developing
strategies for the design of
caged nucleic acids and
peptides. For example, a
single photocleavable resi-
due (11), appropriately posi-
tioned in a self-comple-
mentary “silenced” oligo-
nucleotide (12), provides a
clean and efficient method
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to photochemically unmask biologically inactive forms
of nucleic acids so that they can form duplexes (e.g., 13)
with designated targets (Figure 3) (42). The biological ac-
tivity of (12) is controlled at a site that is distant from
the residues that are directly involved in biorecognition.
A number of strategies have been subsequently re-
ported that utilize a single photosensitive moiety, in
combination with conformational changes, to control
nucleic acid activity and recognition (12).

In the peptide/protein field, two approaches have
been introduced to skirt the issue of direct caging of a
specific key functional group required for biological ac-
tivity. Although protein—protein interactions are driven
by an array of noncovalent interactions between the
binding partners, these interactions are typically fea-
sible only if the binding partners can assume the requi-
site complementary conformation. The light-driven cis/
trans isomerization of the azobenzene moiety (14/15)
has been extensively used to induce both conformation-
ally and biochemically significant changes in nucleic ac-
ids (12), peptides (43, 44), and proteins (13, 14, 45)
(Figure 4). Unlike coumarin, hydroxyphenacyl (46, 47),
cinnamate (48), and the multitude of o-nitrobenzyl cag-
ing species, no covalent bond in 14/15 is broken upon
exposure to light. Consequently, since the azobenzene
moiety remains attached to the biomolecule in response
to light, caging cannot be achieved in the “traditional”
sense, namely, via modification and subsequent photo-
lytic release from a critical residue. Instead, an activity-
dependent spatial change occurs as a consequence of
cis/trans isomerization. A very recent example of this
strategy is the construction of a photosensitive a-helical
peptide segment that targets antiapoptotic proteins
(i.e., proteins that block cell death) (49). Light-mediated
disruption of the a-helical conformation compromises
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Figure 3. Single site regulation of nucleic acid activity.
Self-complementary nucleic acids form intramolecular du-
plexes that prevent intermolecular interactions with
complementary sequences. An appropriately positioned
photocleavable site (11) in a self-silenced species (12)
forms, upon photolysis, duplexes with appropriate targets
(13).

protein binding affinity (cf. 16 and 17). Photoreversible
bioactivity has also been engineered into protein-
based ion channels (45). For example, illumination at
one wavelength occludes the ion channel (18) and thus
blocks ion flow, whereas exposure to a second wave-
length restores activity (19) (50-52). We note that a va-
riety of photochromic molecules have been described
(53) with spiropyran-based systems in particular attract-
ing recent interest (54—57). A second approach to con-
trol peptide conformation is based on the introduction
of an o-nitrobenzyl moiety on the amide backbone in
bioactive peptides (58—61). N-Substituted peptides
have dramatically altered conformations relative to their
unsubstituted counterparts. This strategy has been
used to create caged analogs of a protease sensor (59),
a protein kinase substrate (59), a ligand that binds to
SH2 domains (a protein recognition motif) (59), a sperm
activating peptide (60), and a cell adhesion peptide
61.

Finally, it is not even necessary to directly modify the
molecule of interest in order to render it photoactivable
(“noncovalent strategy”). Indeed, the first example of a
caged biomolecule, namely, cAMP, primarily (but not ex-
clusively) exerts its biological effect by activating the
cAMP-dependent protein kinase. Consequently, caged
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cAMP 3 can be thought of as equivalent to a caged
cAMP-dependent protein kinase, although cAMP does
act on other biological effectors as well. A very different
approach has recently been used to generate a photore-
sponsive system that behaves analogously to a light-
activatable Src tyrosine protein kinase (Figure 5) (62).
Src kinase has three protein—protein interaction do-
mains, the classic active site region (SH1), where ty-
rosine on a substrate (peptide or protein) is inserted
and undergoes phosphorylation, and two additional
protein—protein interaction domains (SH2 and SH3). An
inhibitor peptide was designed that simultaneously
binds to both the SH1 and SH2 domains (20). This biva-
lent interaction mode is responsible for the high affinity
the inhibitor displays for Src. A photocleavable moiety
was inserted between the dual binding motif, and thus
photolysis slashes the peptide in half. Light-induced
cleavage reduces inhibitory potency by >2 orders of
magnitude, thereby unleashing Src kinase activity (21).

SYNTHESIS AND INTRACELLULAR DELIVERY
The synthesis of caged small molecules typically em-
ploys the classical strategy, namely, modification of a
key functionality required for bioactivity. Both ATP 1 and
cAMP 3 derivatives illustrate the concept. Generally
speaking, compounds worthy of caging are commonly
associated with a detailed molecular history that high-
lights the essential nature of specific functional groups.
For example, caged versions of estradiol 22 (63) and ec-
dysone 23 (64) were prepared by targeting the high-
lighted alcohol functional groups for modification, since
their indispensable contribution to biological activity is
well-known (Figure 6). The caged versions of these spe-
cies have been used to activate gene expression in a
light-dependent fashion (63, 64). Nevertheless, not all
compounds, as exemplified by tamoxifen 24, have a
readily modifiable chemical handle. Analogs of tamox-
ifen (e.g., 25) have been described that are biologically
active as well. The phenol is known to fit snugly into a
critical region of the protein receptor that tamoxifen
binds to. Covalent modification of the hydroxyl with a
sterically demanding photosensitive o-nitroveratryl moi-
ety renders 25 biologically silent (i.e., prevents associa-
tion with the protein receptor) until activated with light
(65).

Caged peptides are generally synthesized using stan-
dard solid-phase methods. Side chain caged versions
of serine (66-68) and phosphoserine (69-71), tyrosine
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Figure 4. Photoisomerizable azobenzene functionality and its utility as a biochemical photoswitch. The azobenzene moiety
is not photolytically cleaved from the biomolecule to which it is appended but rather is reversibly interconverted between
trans (14) and cis (15) isomers. This property has been used to control both peptide/protein conformation (16 < 17) and

activity (18 < 19).

(72, 73) and phosphotyrosine (69, 70, 74, 75), threo-
nine and phosphothreonine (69, 70), glutamic (76-78)
and aspartic (77-79) acids, lysine (80, 81), arginine
(82), and various unnatural derivatives (83, 84) have
all been described. The special reactivity of the cysteine
side chain allows it to be selectively modified following
peptide synthesis, a property that has been used to con-
struct comparatively elaborate photoresponsive deriva-
tives (e.g., 16 and 17 (49)). In addition, and as noted
above, it is now possible to prepare backbone-caged
peptides via solid-phase methods as well (58-60). Fi-
nally, caged nucleic acids are likewise synthesized via
solid-phase methods thanks to the availability of caged
nucleoside phosphoramidites (41).
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Four different methods have been used to construct
caged proteins, each of which has its own unique set of
advantages and limitations. Perhaps the most utilized
approach is the direct modification of the native protein
at a key active site residue (generally the classical strat-
egy; however, the indirect strategy has been employed
as well, e.g. 18 and 19). Indeed, chemical modification
of enzymatic activity has been an active area of research
for more than half a century (85). The difficulty com-
monly encountered in the preparation of these deriva-
tives is the presence of multiple reactive nucleophiles
on the target protein, only a few of which actually influ-
ence enzymatic behavior. However, with the advent of
site-directed mutagenesis, reactive residues (e.g., cys-

www.acschemicalbiology.org




SH2
domain

R Z g
SH3 domain (. Ly

¢ }J‘ 4
SH1 domain %5598
(active site) .45
Inhibited
Src kinase Src kinase
(20) (21)

Figure 5. Small molecule caged protein equivalent. A
peptide-based bivalent inhibitor binds to two separate do-
mains on the Src protein kinase (20). The high affinity
inhibitor contains a photocleavable site (red). Photolysis
splits the inhibitor in half, dramatically reducing inhibitory
potency and thereby liberating enzymatic activity (21).
Figure reproduced from Li, H.; Hah, J. M.; Lawrence, D. S.

J. Am. Chem. Soc. 2008, 130 (32), 10474-10475.

teine) can be specifically inserted near the active site
or at other key regions. For example, Bayley et al. (86)
performed a scanning mutagenesis study on the pore-
forming protein hemolysin in order to identify a cysteine
mutant that could be caged. Generally, cysteine serves
as the most common chemical handle for modification
with a photocleavable moiety, although affinity labeling
of active site serine residues has been reported (87,
88). An extraordinary enzyme-directed caging protocol
has been described based on the observation that the
cAMP-dependent protein kinase is itself phosphorylated
by a second protein kinase at a key near active site
threonine residue. However, instead of phosphate, a
thiophosphate moiety was introduced onto this threo-
nine via the use of a sulfur-containing ATP analog (ATP-
v-S) (89). The free thiol of thiophospho-threonine was
then selectively caged via alkylation. A key advantage
associated with the chemical modification strategy is
that many native or mutagenized proteins can be bacte-

22 23

oH OH

rially overexpressed in a properly folded state, thereby
affording a large quantity of active protein for biochemi-
cal studies. Perhaps the primary disadvantage is that
even with the presence of a single reactive residue at a
highly sensitive site it is often difficult to completely
eliminate enzymatic activity (90, 91).

Expressed protein ligation (EPL) is an exciting new
technology that allows small synthetic peptides to be
fused to larger expressed proteins. A detailed discus-
sion of EPL is beyond the scope of this Review, but can
be found in refs 92 and 93. There are some limitations
associated with EPL, and to the best of our knowledge
only a few caged variants of a single protein have been
constructed using this approach (94-96). Nevertheless,
a unique strength of this technology is the ability to li-
gate a peptide containing multiple modifications (fluoro-
phores, isotopes, post-translational modifications, and
cages) to a protein. Indeed, a caged version of Smad2
was constructed by appending a multiply substituted
peptide to the C-terminal end of the protein (26)

(Figure 7). Since a free C-terminus is required for Smad?2
activity, the presence of a light cleavable moiety at this
position renders the construct light-activatable. In addi-
tion, a fluorophore and a fluorescent quencher were po-
sitioned on opposite sides of the photocleavable moi-
ety. Consequently, activation of the protein is intimately
linked with a dramatic increase in fluorescence (26-
fold), thereby providing an immediate visual confirma-
tion of photolysis (27). We note that caging groups have
been described that likewise display a fluorescent en-
hancement upon photolytic cleavage from an alcohol-
containing bioreagent (e.g., 28 to 29) (97, 98). This
property is potentially very useful, particularly in cells,
since it can provide a quantitative assessment of the
amount of photochemically released compound. An ad-

OH O |O
| |
OO AU
/N\/\o ~I"0 OH
24 25

Figure 6. Light-dependent gene activation. Caged versions of estradiol (22) and ecdysone (23) have been used to temporally and spatially control
gene expression in living cells. The hydroxyl groups highlighted in yellow are required for bioactivity, which renders these sites ideal for caging
(classical strategy). By contrast, some small molecules lack a caging site due to the absence of a functional group handle, such as in the case of ta-
moxifen (24). However, active derivatives of the latter with readily modifiable functionality (25) have been reported, and covalent substitution of the
latter with a photocleavable moiety renders the compound caged.
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Figure 7. Coupling of photouncaging and fluorescence. Visualization of light-driven release of a caged compound can provide a quantitative assess-
ment of the amount of compound liberated, information that is potentially useful when the experiment is conducted in a living cell. A protein-
based system has been described that contains a fluorophore and a fluorescent quencher positioned in close proximity to one another (26).
Photolysis simultaneously releases the quencher and activates the protein (27). The O-hydroxycinnamic acid caging group 28 is photolytically con-
verted to the fluorescent coumarin derivative 29 simultaneously with active bioreagent formation.

ditional advantage associated with the protein-based
system (26) is that the fluorophore remains attached to
the activated protein, thereby providing the means to
observe changes in the spatial localization of the biore-
agent following the uncaging event.

Schultz et al. (99) have pioneered the genetic inser-
tion of unnatural amino acids, including caged deriva-
tives, into proteins. The approach utilizes tRNAs that can
introduce unnatural amino acids at certain stop codon
sites. Caged proteins generated in this fashion include
B-galactosidase (tyrosine (100)), superoxide dismutase
(cysteine (101)) and caspase 3 (cysteine (101) at a
cleavage site in pro-caspase 3 (102)), lysozyme (aspar-
tic acid) (103), HIV protease (aspartic acid (104)), a re-
striction endonuclease (lysine (105)), dihydrofolate re-
ductase (aspartic acid (106)), catabolite activator
protein (a diazobenzene moiety (107)), and the intra-
cellularly (oocytes) expressed nicotinic receptor (cys-
teine and tyrosine (108)), acetylcholine receptor (ty-
rosine (109)), and inward rectifier channel Kir2 (tyrosine
(110)). Unnatural amino acid mutagenesis has been
used in both prokaryotes and eukaryotes. This technol-
ogy can potentially introduce a caged amino acid at any
position within the open reading frame, whereas EPL
has certain restrictions, and the direct chemical modifi-
cation of an expressed protein must often contend with
the presence of multiple nucleophilic residues. Unnatu-
ral mutagenesis is more technologically demanding
than the other two strategies, requiring non-natural tRNA
synthetases for amino acid ligation, expression of mul-
tiple unnatural species (proteins and RNA) in the cellu-
lar environment, and possible genome wide suppres-
sion of (at least some) bona fide stop codons. However,
expression of the caged protein within a cellular environ-
ment bypasses the requirement for cellular delivery
(typically by laborious microinjection). As is true for
many areas of science, the question being addressed
and the comfort level of the scientist with the various
technologies will likely determine which strategy is ulti-
mately employed.

Finally, a genetically encoded strategy has recently
appeared that takes advantage of the natural photosen-
sory domain of the plant protein phytochrome B
(Figure 8) (111). The latter contains a covalently affixed
tetrapyrrole moiety (a “bilin”) that serves as the chro-
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mophore. Phytochromes exist in two conformationally
(and biologically) distinct forms: far red light (Pfr) and
red light (Pf) absorbing states. Red light conversion of Pf
to Pfr promotes binding to a transcription factor (Pif3)
in plants, which serves as the basis for a light-driven
process that promotes (red) or disrupts (far red) protein—
protein interactions. Under normal cellular conditions,
the protein Cdc42 (with a bound GDP) binds poorly to
and therefore fails to activate a second protein, WASP.
Two genetic constructs were bacterially expressed: (phy-
tochrome B)-Cdc42(GDP) and Pif3-WASP. In the pres-
ence of red light, phytochrome B interacts with Pif3,
thereby dramatically enhancing the effective concentra-
tion of Cdc42 and WASP, resulting in the latter’s activa-
tion. Like the unnatural amino acid mutagenesis strat-
egy, this approach requires a significant amount of
genetic engineering. For example, bacterial expression
of the holo form of phytochrome B (i.e., protein and
chromophore) requires the coexpression of heme oxy-
genase and bilin reductase (required for the biosynthe-
sis of the bilin) (112, 113), although a simpler alterna-
tive may be possible (114, 115). Unlike the first three
strategies, this approach does not target a specific resi-
due or site on a single target protein but rather requires
the expression of two protein constructs. However, from
a biologist’s point of view, it offers one potentially dis-
tinct advantage: it is chemist-independent.

Although all four strategies have successfully cre-
ated caged proteins, the ultimate biological utility of
any of these species will in large part be determined by
the question under study and the tools required to ad-
dress that question. For example, only adherent cell
lines (e.g., most fibroblasts) can be microinjected,
which is the primary means by which test tube synthe-
sized proteins are introduced into cells. This not only
places a severe restriction on the type of cell that can
be studied, but on the nature of the biological readout
as well. Only a few hundred cells can be microinjected
during the course of an experiment, thereby eliminating
readouts that require large cell numbers (e.g., Western
blots).

Finally, there are additional concerns that must be
considered, whether the caged protein is microinjected
or intracellularly expressed: (i) the final concentration of
the artificial construct should be as close to that of the
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Figure 8. Light-driven formation or disruption of two genetically expressed proteins. Red light-induced conversion of Pf to
Pfr promotes the interaction with Pif3. Cdc42 containing bound GDP has a weak affinity for and thus is a poor activator of
WASP. However, the Pf-Cdc42-GDP construct does activate Pif3-WASP in a light-dependent fashion by furnishing a dra-
matic enhancement in the effective concentration of the Cdc42/WASP pair.

native protein as possible, and (ji) native protein back-
ground activity may mask or otherwise alter the effect of
the caged construct. An obvious way to deal with these
issues is to cage the natural protein itself under the en-
dogenous intracellular environment. Although obvious,
the task itself is daunting because, as is clear from the
previous paragraphs, caging a pure protein under ideal
investigator-controlled conditions is nontrivial. However,
depending upon the biological question to be ad-
dressed, it may not be necessary to actually covalently
modify the target protein. In short, the noncovalent strat-
egy that utilizes light-sensitive small molecules to con-
trol protein activity may be sufficient. For example,
caged small molecules could be used to trap the acti-
vated form of an enzyme and then subsequently un-
leash it at a later point in time. In this sense, an en-
zyme inhibitor that is destroyed by light is functionally
equivalent to a caged enzyme. The Src kinase inhibitor
20 is illustrative of this approach (62). Alternatively,
caged activators of enzymes (e.g., caged cAMP analogs
3 and 5) are functionally equivalent to caged enzymes
as well. Indeed, such a strategy has recently been ap-
plied to phosphatidylinositol 3-kinase (PI3K). PI3K con-
tains an SH2 domain that, upon interaction with the
appropriate phosphotyrosine-bearing amino acid se-
quence from a second protein, results in PI3K activa-
tion. The negatively charged monophosphate ester of
phosphotyrosine is essential for activation to transpire.
The synthesis of a caged SH2 domain-directed peptide
was achieved by attaching a photocleavable moiety to
this key phosphorylated tyrosine residue (116). The
caged peptide is ineffective as a PI3K activator since it
binds poorly to the SH2 domain. Photolysis generates
the active form of the peptide, which in turn activates
PI3K, a process demonstrated in NIH3T3 cells.
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There are several potential limitations associated
with using photocleavable noncovalent inhibitors and
activators (noncovalent strategy) as alternatives to
caged enzymes. First, there is the issue of selectivity of
the inhibitor or activator. A reagent with suspect selec-
tivity precludes a credible correlation between bio-
chemical activity and biological behavior. Second, cova-
lent modification with a photocleavable moiety may
only reduce but not completely eliminate the activity of
the bioreagent. There must be a significant difference in
potency between the free compound and its caged
counterpart in order for the caged-reagent-as-a-caged-
enzyme strategy to work. For example, a caged inhibi-
tor must be noninhibitory even at the elevated concen-
trations required for the active inhibitor to dramatically
curtail enzymatic activity (i.e., >10-fold above the ICs).
Finally, since low molecular weight compounds diffuse
rapidly on the experimental time scale, it may be neces-
sary to photodeactivate the majority of inhibitor/activa-
tor molecules in the cell (global illumination) in order to
observe an enzymatic response. Consequently, subcel-
lular enzyme activation via spot illumination (i.e., spatial
control) may not be possible using this strategy, al-
though an alternative that may achieve this end has
been offered (62).

INSTRUMENTATION

The design of new caged compounds not only must
take into account the anticipated biological application
but also must consider the instrumentation that will be
used to uncage the bioreagent. On a laboratory bench, a
Hg arc lamp, a Xe flash lamp, or even a simple hand-
held UV-vis lamp are sufficient to generate a photo-
response. However, it is important to keep in mind the
time frame. Under macroscopic conditions (e.g., in a cu-
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vette), the photon flux through the sample is relatively
modest. Consequently, it is not unusual for complete
uncaging to take tens of minutes or even longer, de-
pending on the light source, beam focus, the overlap be-
tween wavelength output and absorbance by the cage,
and the quantum yield of uncaging. By contrast, pho-
tolysis under a microscope commonly focuses light en-
ergy through a very narrow spatial window, which can
easily be restricted to a single cell or less. Since the pho-
ton flux is much greater than what can be achieved in
a macroscopic system on the laboratory bench, photo-
uncaging times can drop to under a second from a con-
tinuous light source (Hg arc lamp) or in as little as a few
pulses from a laser.

In general, uncaging light sources can be divided
into two classes: general-purpose light sources that are
used both for imaging and uncaging and specific-
purpose light sources whose primary role is uncaging.
The former includes Hg, Xe, and metal halide lamps,
which are commonly employed for widefield imaging.
Ultrafast infrared lasers, which have found use in mul-
tiphoton imaging, have been utilized for uncaging pur-
poses as well. Specific-purpose light sources consist of
a limited number of UV lasers, including N, gas lasers
and solid-state lasers. The advantage of a general-
purpose light source is that a single source coupled to
the microscope furnishes a system that can both image
and uncage. Switching between these two functions is
usually achieved by mechanically switching between ex-
citation filters. By contrast, using a light source whose
sole function is uncaging allows the uncaging light to be
specifically tailored to give greater temporal or spatial
resolution or finer control of the uncaging dose. Any
combination of the above sources can be designed for
a particular application (for example, two Hg lamps
might be present, with one optical pathway optimized
for imaging and one pathway optimized for uncaging).

Figure 9 shows the spectra of Hg, Xe, and metal ha-
lide lamps. Superimposed on these spectral line shapes
is the absorbance cross-section of the 3,4-dimethoxy-2-
nitrobenzyl (DMNB) caging group, included as a gen-
eral reference for uncaging and imaging wavelengths.
The Hg lamp has considerable power in the UV region,
with prominent spectral lines at 312, 334, and 365 nm.
In addition, the excitation intensity in the infrared re-
gion (>700 nm) is minimal, which reduces heating at
the sample. The Xe lamp has the benefit of flat wave-
length dependence throughout the visible and near UV,
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which enables the user to observe a wide range of flu-
orophores and efficiently uncage without seeing large
differences between channels. However, one needs to
include infrared blocking filters to eliminate the heating
of the sample that can occur with Xe lamps. Metal halide
lamps, on the other hand, which have grown increas-
ingly popular as fluorescence imaging sources, have
very little power at wavelengths of <350 nm. Although
this property is often beneficial for imaging applications
in living cells, these lamps are unsuitable for most un-
caging applications. However, when a metal halide lamp
is coupled with a dedicated uncaging source such as a
UV laser, one can effectively separate the uncaging and
imaging wavelengths to eliminate spurious uncaging
during imaging.

Ultrafast IR lasers can also be used for both imaging
and uncaging, which is one of the advantages of mul-
tiphoton microscopy. Furthermore, because multipho-
ton microscopy is usually implemented in a point scan-
ning mode, there is a precise correspondence between
an image pixel and the position of the laser, enabling ex-
cellent registration between the image and the uncag-
ing position. The wavelengths for imaging are usually
>800 nm, but most of the multiphoton caging groups
described to date have peak cross-section absorptions
of <750 nm (78, 117-122). Consequently, the laser
wavelength must be blue-shifted between imaging and
uncaging, which can introduce a time delay. In many
cases, the benefits of multiphoton uncaging (intrinsic
three-dimensional resolution, reduced photodamage
out of the plane of focus, and the ability to work in tis-
sue) outweigh this disadvantage. The chemistry and de-
sign of 2-photon cages is often different from that of
1-photon cages, a subject that has been discussed
(123, 124).

The use of a dedicated UV laser for uncaging has sev-
eral advantages. First, because the laser is not used for
imaging, one can design a fixed optical uncaging path-
way to produce anything from a diffraction-limited spot
(i.e., subcellular) up to full field illumination (tens or
hundreds of cells). Second, because the laser is consid-
erably blue-shifted from any wavelength used in imag-
ing, the laser can be relayed to the sample at the same
time as the imaging excitation by careful choice of filter
and dichroic design. No mechanical shifting of filters or
apertures is needed since the dose is controlled by inde-
pendently modulating the laser power. Thus, imaging
and uncaging can occur simultaneously, allowing for ob-
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Figure 9. Emission spectra of several common microscope lamps, Hg (blue), Xe (red), and metal halide (green), and the ab-
sorbance spectrum of the common caging group 4,5-Dimethoxy-2-nitrobenzyl fluorescein dextran (black). The emission
spectra of the lamps are normalized by the integrated area from 250 to 700 nm. The absorbance spectrum of DMNB is in

arbitrary units.

servation of fast processes. Finally, it is also possible to
use pulsed UV lasers, which allows for precise control
of the energy delivered to the sample via the number of
pulses rather than by a shutter or aperture.

RECENT ADVANCES

The Mayer and Heckel review (8) provides an excellent
and comprehensive discussion of the literature up
through 2005. Consequently, we will focus on recent ad-
vances (2006 —-2008), with a special emphasis on light-
modulated peptides and proteins. Several of these stud-
ies have been summarized above and will not be
recapitulated here. The remainder are segregated into
two categories: chemistry, which describes work that
emphasizes the synthesis and subsequent physical
and/or biological characterization of a caged bio-
reagent, and biology, which summarizes studies

that focus on the elucidation of a biological
phenomenon.

Chemistry. Thiophosphate derivatives of alcohol-
bearing amino acids have been prepared enzymatically
(89) or via peptide synthesis (84). Subsequent
S-alkylation furishes the corresponding caged deriva-
tives (e.g., 30). These thiophosphate analogs of phos-
phorylated serine, threonine, and tyrosine are useful be-
cause they are resistant to phosphatase-catalyzed
hydrolysis (Figure 10). Consequently, once uncaged,
the freed thiophosphate moiety (and the correspond-
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ing biological activity) will not be lost to adventitious
phosphatases. The synthesis of preformed caged
O-phosphorothioyl serine, threonine, and tyrosine (31)
derivatives has now been reported, along with their di-
rect incorporation into peptides via standard Fmoc
chemistry (125).

The photochromic azobenzene moiety has recently
been introduced into the backbone of N-glycine-
substituted oligomers (peptoids) (126). The general at-
tributes displayed by the photoresponsive azobenzene
group may ultimately prove useful for controlling both
the structure and properties of this peptidomimetic
class of compounds.

Caged versions of a few cyclic peptides have been re-
cently described. Urotensin Il and endothelin-1 are
disulfide-bridged cyclic peptides that display vasocon-
strictor activity. Caged urotensin Il, modified at either
Lys-8 or Tyr-9, is 300-fold less active than its uncaged
counterpart (127). Caged endothelin-1 analogs (Lys-9
and the C-terminal carboxylate) were likewise acquired
against one of the endothelin receptors (ETa) (77). How-
ever, in the latter study, unexpected side reactions
were observed when attempting to synthesize
endothelin-1 analogs caged on the aspartic and glu-
tamic acid side chains. Although caged aspartic and glu-
tamic acids have been previously described (76, 79)
and enzymes caged at aspartic acid reported (103,
104), at the time of this study there had not been any ex-
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Figure 10. Caged amino acids with acidic side chains. Peptides and proteins containing the S- and 0-modified thiophos-
phate analogs of threonine (30), serine, and tyrosine (31) have been reported. FmocAsp analogs containing the side chain
caging agents depicted in 32 and 33 have been synthesized, but only the latter has been successfully incorporated into
peptides via solid-phase peptide synthesis. Derivative 32 appears to be susceptible to byproduct formation via an in-

tramolecular cyclization reaction.

amples of the use of these caged amino acids in solid-
phase peptide synthesis. Unfortunately, the relatively
good leaving group ability of the photolabile ester sub-
stituent on the aspartic (aspartimide formation, 32
vide infra) and glutamic (a truncated peptide) side
chains generated unexpected byproduct during solid-
phase synthesis.

“RGD” peptides promote integrin-mediated cell adhe-
sion. Cyclic analogues containing the -Arg-Gly-Asp- se-
quence have been reported, including the selective inte-
grin o, B ligand cyclo(-Arg-Gly-Asp-b-Phe-Lys-). The Asp
side chain plays an important role in ligand binding and
thus was deemed the appropriate site for modification
with a photolabile moiety. Goeldner, del Campo, and
colleagues (128) prepared a linear form of the caged
peptide via solid-phase peptide synthesis, which was
subsequently cyclized in solution. Unlike the
endothelin-1 study described in the previous para-
graph, the desired RGD peptide containing the modi-
fied aspartic acid moiety was obtained in good yield.
The difference may lie in the selection of the photocleav-
able moiety on the aspartic acid side chain. The endo-
thelin study employed the aspartic acid derivative 32
(77), whereas the RGD work utilized aspartic acid deriva-
tive 33 containing an aryl butyl moiety (78). The caged
RGD peptide was surface-immobilized through a free ly-
sine residue. An NIH3T3 cell line is unable to adhere to
the caged RGB cyclopeptide modified surface. However,
upon UV irradiation, cells adopt an adherence pattern
that mirrors the irradiated regions of the surface.
Ohmuro-Matsuyama and Tatsu (61) have also reported
a RGD photocontrolled cell adhesion system. However,
in this case, a linear peptide containing a photocleav-
able moiety positioned on the peptide backbone was
used to control cell adhesion to the solid substrate. Fi-
nally, prior to 2006, several studies employed the azo-
benzene moiety to create photoswitchable RGD pep-
tides (129-131).

Kinesins are motor proteins that employ ATPase activ-
ity to move along microtubules. Caged ATP and light has
previously been used to initiate kinesin motility (132,
133). A recent report described the application of a
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caged peptide-based inhibitor of ATPase activity to
block kinesin movement in a light-dependent fashion
(134). In short, it is now possible to both initiate and halt
kinesin trafficking. However, this work, as well as oth-
ers using light to initiate and terminate a biochemical
process (82, 91), highlights a limitation in current cag-
ing technology: it is difficult to distinguish between pho-
tocleavable groups on the basis of wavelength. Unlike
the azobenzene series, in which the cis and trans iso-
mers display a well-resolved response to different wave-
lengths, the overwhelming majority of photocleavable
caging groups respond to light in a relatively narrow
range of 320-370 nm. In the absence of two or more
photophysically distinct caging agents, it is challenging
to place multiple reagents under separate photochemi-
cal control.

Photophysically distinct caging groups could be used
to create light-activatable biochemical activators and in-
hibitors that are sensitive to different wavelengths,
thereby enabling the investigator to control, for ex-
ample, both the initiation and termination of a bio-
chemical pathway in a single experiment. Although the
wavelength-controlled photolysis of two photosensitive
protecting groups has been described in nonbiological
systems (135, 136), one of these groups, a benzoin de-
rivative, suffers photocleavage at a wavelength
(254 nm) much too short to be biologically useful. In ad-
dition to this limitation, it may be experimentally desir-
able to separately control three or more caged com-
pounds in a wavelength-sensitive fashion. This will
require both the appropriate instrumentation (a tun-
able laser or a combination of bandpass filters) and a
toolkit of wavelength-distinctive caging agents. The ar-
ray of genetically engineered green fluorescent proteins
(137), which stretch from the blue to the red, represents
an analogous toolkit that the caging field must seek to
emulate. Initial forays in this direction suggest that con-
siderable effort may be necessary to create a multiwave-
length cell-friendly family of caging agents (124). For ex-
ample, although long wavelength (~400 nm) absorbing
nitrobenzyl derivatives have been constructed, there is a
precipitous drop in quantum yield as a function of in-
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creased maximum wavelength of absorption (124). In
short, it is important to keep in mind that, for any cag-
ing group, there will be a minimum amount of energy re-
quired to effect efficient photocleavage. Consequently,
extending the light absorbance wavelength of the cag-
ing group by conjugation could very well produce a spe-
cies that fails to undergo photolysis. On the other hand,
and in marked contrast to the nitrobenzyl family, a long
wavelength absorbing (400 nm) coumarin caging group
has been described that undergoes efficient photore-
lease (@ ~ 0.3) (22).

Groves et al. (138) prepared a caged version of a 16-
mer antigenic peptide that, in its uncaged form, is pre-
sented by the major histocompatibility complex (MHC)
to the T cell receptor (TCR). This elicits a signaling cas-
cade response, the formation of the “immunological
synapse”, and T cell activation. All of the features were
observed in a light-dependent fashion. Anticipated fu-
ture studies include the dynamic repatterning of the syn-
apse during and following T cell activation.

Biology. Davis et al. (139) likewise prepared a caged
version of the 16-mer antigenic peptide that activates T
cells in an MHC-dependent fashion. One of the clear-cut
advantages offered by caging technology is the ability
to initiate a biological response with high temporal pre-
cision, explicitly providing the biologist with a well-
defined start point. These investigators demonstrated
that a TCR substrate known as the Linker for the Activa-
tion of T cells is phosphorylated within 4 s of photoiniti-
ation. Other downstream events, such as Ca?* release
and diacylglycerol formation, occur in 67 s. Cytoskel-
eton reorganization transpires at 2 min following en-
gagement of the TCR by the active antigenic peptide/
MHC complex.

Neurotransmitters are packaged in synaptic vesicles.
The latter are transported to the presynaptic terminal
and, in response to the appropriate environmental cue,
ultimately fuse with the plasma membrane, releasing
the neurotransmitter into the synaptic cleft. The
protein contents of the synaptic vesicle are recycled for
use in future rounds of neurotransmitter release.
N-Ethylmaleimide sensitive factor (NSF) plays a key role
in recycling these protein contents, although it is not
clear whether this commences prior to membrane fu-
sion or following neurotransmitter release. A caged
peptide-based inhibitor of NSF was microinjected into
the presynaptic terminal and subsequently unleashed
in a light-dependent fashion (140). The inhibitor itself
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decreases both synaptic transmission and neurotrans-
mitter release. The light-controlled time-dependent stud-
ies revealed that this effect is exquisitely rapid, much
faster than one would expect if the inhibitor were merely
acting in a postneurotransmitter discharge fashion.
These results allowed the investigators to conclude
that (at least some of) NSF's role(s) precede neurotrans-
mitter release.

Protein kinase C (PKC) activity was recently assessed
prior to, during, and after nuclear envelope breakdown
(NEB) in dividing cells using a caged peptide-based re-
porter (68). NEB is the mitotic landmark that serves as
the transition from prophase to metaphase. Visual snap-
shots of kinase activity can be obtained at any point dur-
ing mitosis since the fluorophore-labeled peptide-based
PKC reporter substrate is activatable by light. PKC was
found to be active prior to NEB, but its activity is dramati-
cally curtailed immediately following NEB. Furthermore,
kinase activity is essential for NEB, likely due to lamin
phosphorylation, which drives nuclear envelope col-
lapse (141, 142). The task of determining which PKC is
responsible for this transition is potentially problematic
since the PKC family consists of 12 closely related iso-
forms. However, the Ptk2 cell line employed in this study
expresses only five of the isoforms, and only two of
these (PKCa and B) phosphorylate the photouncaged
peptide reporter. By using inhibitors that selectively tar-
get PKCa or PKCB, in conjunction with the reporter itself,
the observed kinase activity responsible for NEB was as-
signed to PKCB. This study demonstrates that caging
technology makes it possible to follow changes in intra-
cellular kinase activity during rapidly unfolding events
and that the observed activity can be correlated with
specific cellular signposts. A caged fluorescent reporter
for tyrosine kinases, analogous to that for PKC, has re-
cently been described as well (73).

These recent studies exemplify the types of ques-
tions that are uniquely amenable to photoinitiated biol-
ogy. First, caging technology offers an extraordinarily
precise t = 0. Consequently, one can obtain accurate
temporal measurements of biochemical and cellular
events that transpire downstream of a well-defined start
point. Second, caged inhibitors can be used to assess
the potential role of biomolecules in distinct phenom-
ena that differ in their biochemical and/or biological life-
times. Third, caged sensors can be used to acquire vi-
sual snapshots of biochemical activity at distinct stages
during biological events. There is every reason to be-
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lieve that the questions addressed by these recent stud-
ies represent but a small sliver of what is likely to prove
to be a vast array of potential applications.

What is the nature of these potential biological appli-
cations? How does a chemist, with only passing familiar-
ity with biology, identify phenomena that will guide the
design of biologically useful caged compounds? The
task is daunting, given the abstruse nature of the scien-
tific literature in general and the confounding differ-
ences in terminology between even closely related fields
of endeavor. Nevertheless, there are biological behav-
iors, from the subcellular to organismal, that display ob-
vious temporal and spatial components. Mitosis, which
has captured the interest of scientists since the 1880s,
consists of well-resolved time-dependent stages with
clear-cut spatial changes (e.g., chromosome segrega-
tion) (143). At the biochemical level, a complex inter-
play of signaling proteins conspire to ensure that divi-
sion proceeds in the appropriate step-by-step fashion.
Although the spatiotemporal role of many of these
proteins is presumed, a direct accounting of their ac-
tion in a temporally sensitive manner often lies just be-
yond the reach of the biologist. There are many ex-
amples of key biochemical participants that drive
mitosis. An especially interesting one that has gener-
ated significant recent interest is the Ran GTPase (144).
The latter exemplifies an additional theme that is be-
coming commonplace throughout biology: individual
proteins often have multiple biological roles, and these
roles are determined by where and when the protein is
active. The cAMP-dependent protein kinase may very
well be one of the most extreme examples of this theme.
Often described as ubiquitously expressed throughout
the cell, in reality this enzyme is not fortuitously bump-
ing into an occasional substrate in the cytoplasmic
soup. Rather, it is anchored to a plethora of subcellular
sites, including the nucleus, the proteasome, mitochon-
dria, the centrosome, various receptors and vesicles,
and microtubules, to name but a few (145). The protein
kinase itself, the mechanism of phosphorylation, and
the phosphoryl donor (ATP) are all identical at each of
these sites, but the biological ramifications of its site-
specific cAMP-driven activation are dramatically differ-
ent. finally, spatial and temporal elements are also
present at the organismal level, with an especially acute
appearance during embryogenesis. However, even in
the adult, spatially and temporally sensitive activity is re-
sponsible for both normal and aberrant behavior. For ex-
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ample, the importance of tissue microenvironment in
cancer progression is now appreciated, although still
poorly understood at the biochemical level (146, 147).

SUMMARY

There is significant chemical interest in the creation of
caged compounds, yet the application of these promis-
ing reagents to biological questions has been surpris-
ingly limited, with one exception. A large number of bio-
logical studies have been performed using caged
neurotransmitters (148, 149). What sets neuroscience
apart from other areas of modern biology? Caged neuro-
transmitters (glutamate, GABA, acetylcholine, efc.) are
relatively easy to prepare and straightforward to apply
to brain slices, thereby enabling neuronal information
processing to be probed in a site- and time-specific
fashion. In short, a small collection of compounds has
been used to address a wide variety of biological ques-
tions using equipment and techniques that are common
to most neuroscience laboratories. Why has this tech-
nology not played a more substantive role in other ar-
eas of biology, especially given the importance of spa-
tiotemporal processes in systems that range from sub-
to multicellular? Part of the problem may very well be the
sophisticated instrumentation itself. Although many in-
dividual laboratories have their own microscopes, these
laboratories lack the expertise to modify their existing
systems to construct an uncaging apparatus. Many uni-
versities and institutes house imaging facilities with per-
sonnel capable of assembling an apparatus, but in the
absence of a demonstrated need by multiple users, they
are under no pressure to do so. However, in our opin-
ion, the primary barrier for progress in this area is a lack
of communication between biologists and chemists. In
general, biologists are unaware of the magic that can be
performed by chemists and are thus dependent upon
commercially available reagents that, although useful,
do not address their specific need. Consequently, in
those instances where an exciting spatiotemporal phe-
nomenon is encountered, the biologist is faced with the
prospect of ignoring the issue, addressing it in a less
than ideal fashion, or convincing a chemist that the
problem is an exciting one. In the latter scenario, it is un-
likely that the biologist will be capable of recommend-
ing anything more than the synthesis of a simple unin-
spired compound that will do little to whet the appetite
of his or her chemically oriented colleague. Indeed,
biologists should not be in the business of designing
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molecules. Rather, the advent of the field of chemical bi-
ology has been driven by the recognition that it is the re-
sponsibility of chemists to learn biology. Biologists,
with their intimate knowledge of the frontiers of their sci-
ence, must serve as guides for their chemical col-
leagues. Biological inspiration, when appropriately
translated to the molecular level and coupled with
chemical innovation, drives the design of biologically
useful reagents. Perhaps nowhere is this combination
of inspiration, translation, and innovation more needed

than in the general arena of photoresponsive com-
pounds. Although it is certainly true that caged reagents
have found (and will continue to find) application in
the abiotic world, their enormous potential will only be
realized in living systems. Let the conversation among
biologists and chemists begin!
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