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The light-mediated release of active biological molecules from
“caged” reagents has been widely applied to biological problems.1

Caged reagents are especially useful as the extent, timing, and
location of photorelease in cells can be controlled. Cagedsmall
molecules include nucleotides (ATP, GTP &c.), neurotransmitters,
second messengers (cAMP, Ca2+, IP3, nitric oxide &c.), and,
recently, peptides.2 Light-mediated regulation of protein activity
is also highly desirable. Two major approaches have been taken;
one is reversible control (switching) of the activity of proteins
modified with photoisomerizable molecules.3 In this case, all-
or-none switching has not yet been achieved, possibly because
random rather than targeted modification of functional groups
on proteins has generally been applied. The second approach is
irreversible photoactivation (triggering) of inactivated proteins,
i.e., the preparation of caged proteins. The latter have included
proteinases,4 T4 lysozyme,5 an immunotoxin,6 G-actin,7 bovine
serum albumin,8 R-hemolysin,9 heavy meromyosin,10 â-galac-
tosidase,11 and antibodies.12 The chemical modifications used to
cage proteins with light-sensitive protecting groups have also often
been random, and the lack of control in this approach is a serious
drawback. Targeted modification is more desirable and we
advanced this idea by using modification at single cysteine
residues introduced by mutagenesis.9,13

The caging of proteins involved in cell signaling such as protein
kinases, G proteins, and transcription factors is an important
challenge. The catalytic subunit of cAMP-dependent protein
kinase (PKA) is a crucial participant in a wide range of signaling
events including those involved in hormone action,14 develop-
ment,15 and neuronal plasticity.16 The tetrameric PKA holo-
enzyme, which contains two regulatory (R) and two catalytic (C)
subunits, is inactive until cAMP binds to R. The holoenzyme
then dissociates to form an R2 dimer and two monomeric, active
C subunits. The free C subunit can phosphorylate cytoplasmic
or membrane protein substrates or diffuse into the nucleus and
alter gene expression by acting on transcription factors.17 Here,
we describe a C subunit of PKA caged at Cys-199 at the mouth
of the active site (Figure 1). The enzyme undergoes a 20- to
30-fold increase in activity upon photoactivation, and it is
therefore suitable as a reagent for microinjection into living cells.

The C subunit, which contains two cysteine residues, Cys-199
and Cys-343 (Figure 1), is largely inactivated by a variety of
sulfhydryl-specific reagents. The loss of activity is due to
derivatization of Cys-199 as C subunit modified exclusively at
Cys-343 is still active and unblocking of Cys-199 modified with
5,5′-dithiobis(2-nitrobenzoic acid) with dithiothreitol restores
enzymatic activity.20 Therefore, we chose to cage the C subunit
by attaching a 2-nitrobenzyl group at Cys-199, which is in the
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Figure 1. Ribbon diagram of the “closed” form of the wild-type C subunit
complexed with a protein kinase inhibitor peptide (red) and ATP. The
side chains of Thr-197, Cys-199, and Cys-343 are shown. In this study,
a mutant with Cys-343 replaced by Ser was used. Thr-197 and Cys-199
are in the “activation loop” of the kinase (yellow). Thr-197 is phos-
phorylated (as shown) in the active form of the enzyme.18 The figure
was produced with the program Spock19 by using coordinates for a
recombinant mouse CR subunit (1atp.pdb).
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“activation loop” of the enzyme close to the critical Thr-197.18,21

To be useful in cell biology experiments, a caged signaling protein
must show at least a 10-fold increase in activity upon photolysis.
Two reagents, 2-bromo-2-(2-nitrophenyl)acetic acid (BNPA) and
4,5-dimethoxy-2-nitrobenzyl bromide (DMNBB), were ruled out
by this criterion (Table 1).22 Therefore, we resorted to modifica-
tion with 2-nitrobenzyl bromide (NBB). Because of the lability
of the C subunit, considerable effort was required to find suitable
conditions for this reaction, which occurred within a narrow
window of pH and temperature in the presence of a small fraction
of organic solvent (2 mM NBB in 100 mM Tris‚HCl, pH 8.5,
with 4% ethanol at 25°C). A second modification with
N-ethylmaleimide (NEM) after the NBB reaction lowered the
residual activity of C343S still further to 3-5% (Table 1). To
confirm that the residual activity is a property of the modified
protein rather than residual unmodified protein, affinity chroma-
tography with PKIP (protein kinase inhibitor peptide)-Affigel23b

was carried out. Unmodified C subunit binds to the affinity
matrix, while the chemically modified subunit does not (data not
shown). The activity of the NBB-treated C subunit (C343S-NB)
was similar before and after the PKIP-Affigel treatment suggesting
that the residual activity belongs to the modified protein.

Not only did NBB modification give the lowest residual activity
but also the modified C subunit was best activated by photo-
deprotection (Table 1). The efficiency of photolysis at 312 nm
was higher at pH 6.0 than at pH 8.5, as determined from the
time-course analyzed by SDS-polyacrylamide gel electrophoresis
and by the rate of appearance of kinase activity.24 By 20 min at
pH 6.0, 100% of the protein was photodeprotected, whereas at
pH 8.5, about 40% of the protein remained caged. In both cases,
the specific catalytic activity of the released protein after 5 min
irradiation was close to that determined before modification (pH
6.0, 104 ( 7%, n ) 3), an increase of 20- to 30-fold upon
uncaging. The specific activity of the released protein then slowly
decreased with further irradiation (e.g., 20 min at pH 6.0, 88(
11%, n ) 3). To measure the product quantum yield (QP) of
C343S-NB, we used a 2-nitrobenzyl compound, 1-(2-nitrophenyl)-
ethyl phosphate, with knownQP ) 0.54 as a reference.25 At pH
6.0, theQP for uncaging C343S-NB was 0.84. At pH 8.5, the
QP was 0.14.

In summary, we have produced a caged C subunit of PKA by
targeted alkylation of a labile enzyme under carefully controlled
conditions of temperature and pH. A significant lesson of this
work is that a variety of photoremovable protecting groups must
be tested for a given protein and that a reagent that works well
with one protein may not with another. As alkylation can usually
be pushed to completion, the critical factors appear to be different
levels of residual activity after complete alkylation and different
rates and yields of photoactivation. We believe that inactivation
of the C subunit is a consequence of disruption of the activation
loop (Figure 1),18 and it is interesting that the least bulky of the
three reagents is most effective. In addition to the intrinsic
photochemistry of the caging group,1 photoactivation may be
affected by the microenvironment on a protein, which could
promote a conformation of the caging group that is unfavorable
for photolysis or cause quenching of the excited state. In these
cases, the rates of side reactions may become significant and
reduce the yield of photoactivated protein.

Most notably, we have produced an important new reagent for
investigating cell signaling. The approach we have taken should
be generalizable to other protein kinases. Because they have
related primary sequences26 and three-dimensional structures,18,26

it seems likely that modification of natural or replacement
cysteines at the position corresponding to Cys-199 in the C subunit
of PKA should yield caged kinases with other members of the
superfamily.27
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Table 1. Activity of the Caged C Subunits Before and After
Photoactivationa

caging reagent BNPA DMNBB NBB

incubationb conditions 20 mM, 2.5 h 2 mM, 2.0 h 2 mM, 0.75 h
residual activity 8-12% 14%c 5-8%
residual activity after

subsequent NEM
treatment

5-7% nd 3-5%

specific activity after
photolysisd

15-20% 25-30% 80-100%

fold increase in specific
activity after
photolysis

2-3× 2×e 20-30×

a Based on three separate experiments for each reagent. The kinase
activity assay used the peptide kemptide (LRRASLG) as substrate.23

b All with 4.3 µM C343S at 25°C in 100 mM Tris‚HCl, pH 8.5,
1 mM EDTA. The reaction with DMNBB contained 8% DMF and
that with NBB 4% ethanol.c Appeared to be completely modified from
gel shift experiments.d Expressed as a percentage of the specific activity
of the unmodified recombinant C subunit. Photolysis was performed
at pH 6.0 for 20 min with a 30-W UV lamp (2200µW cm-2, peak
emission 312 nm, Cole-Parmer E-09815-22). A glass filter, providing
a cutoff at 285 nm (Oriel #51220) was used in all experiments.e No
NEM treatment.
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