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Abstract: Caged reagents are photoactivatable molecules with applications in biological research. While
a great deal of work has been carried out on small caged molecules, less has been done on caged
macromolecules, such as proteins. Caged proteins would be especially useful in signal transduction research.
Since most proteins involved in cell signaling are regulated by phosphorylation, a means to cage
phosphorylated proteins would be generally applicable. Here we show that the catalytic subunit of protein
kinase A can be activated by thiophosphorylation at Thr-197. The modified protein can then be caged with
4-hydroxyphenacyl bromide to yield a derivative with a specific catalytic activity that is reduced by ~17-
fold. Upon photolysis at near UV wavelengths, an ~15-fold increase in activity is observed, representing
an ~85—90% yield of uncaged product with a quantum yield ¢» = 0.21. Because protein kinases belong
to a superfamily with structurally related catalytic domains, the protein chemistry demonstrated here should
be applicable to a wide range of signaling proteins.

Introduction photoisomerizabf&-2! inhibitors and activators. In general, it
has been difficult to achieve all-or-none effects with photo-
isomerizable reagents, although the prospect of reversible
activation is intriguing. While the use of caged inhibitors and

'dsctivators is a promising strategy, we focus here on the direct
a

ging of proteins for which several approaches have been

A caged reagehts a molecule in which the activity has been
blocked by chemical modification with a photolabile reagent.
Photolysis removes the protecting group and restores activity
Because the photorelease of an effector can be temporally an

Sp(?tlla lly Collnt(rjollletlj),_ ciaggd Imolecuig;,\/\s/zltl:h as cagteg AlTPf' areexplored. The random introduction of photocleavable protecting
widely applied in biological resear@® While a great deal o roups through chemical modification of reactive amino acid

work has been carried out on small caged molecule_s, less hagide chains has proved surprisingly succes&fd However,
been done on caged macromolecdledn the experiments

described here, a catalytic subunit (C) of cAMP-dependent
protein kinase (PKA) caged on an activating phosphate was
prepared with the recently developed 4-hydroxyphenacyl re-
agents

The idea of gaining photochemical control of protein activity
is not new° and approaches other than direct caging have bee
taken including the use of proteins derivatized with photo-
isomerizable reageris?® and the application of cag&dor

n
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because of its predictability and reproducibility, targeted have been introduced to replace the 2-nitrobenzyl compounds.
modification is likely to be more useful and essential in cases Notable among them is the 4-hydroxyphenacyl group and its
of proteins with multiple functional domains. In a relatively derivatives, which have been used to cage small molecules
sophisticated form of targeted modification, caged proteins have including ATP, phosphate, glutamic acid, GABA and various
been obtained by the incorporation of unnatural amino acids at peptide52-58 A brief report of a caged protein tyrosine
specific sites during translation in vif%3! or in Xenopus phosphatase obtained by selective modification at the active-
oocytes??-35 Photoactivatable unnatural amino acids incorpo- site cysteine by varioua-haloacetophenones, including 4-hy-

rated during translation or by synthesis, or semisynthesis, havedroxyphenacyl bromide, has also appedfetidvantages of the

also been used to initiate protein foldiffg’ protein splicing?®
and protein cleavag®. A second rational approach to the
photoactivation of proteins involves the use of photolabile

4-hydroxyphenacyl group include the formation of a spiroketone
upon photolysis, which is hydrolyzed to the unreactive 4-hy-
droxyphenylacetic aciéf->This photoproduct does not compete

active-site directed reagents. For example, various proteases cafor incident light because of the blue-shift in absorbance. In

be caged as-hydroxycinnamoyl acyl enzyme§:42

addition, photodeprotection is rapid after the absorption of a

A third approach, which we have adopted, is targeted photon k ~10"—1C s71).53

chemical modification of single cysteine residd&$which can
be introduced by genetic engineeritiglhis strategy has been
applied to a pore-forming toxit® heavy meromyosift} the
catalytic subunit of protein kinase &,and a protein tyrosine

phosphatas®. Caged cysteine residues have also been intro-

duced during translation in vitre.

In this work, we describe a general approach for caging cell
signaling proteins, with properties that are modulated by protein
phosphorylation. Because almost all signaling proteins are
subject to phosphorylation, the approach will be useful for
virtually any signaling pathway, including, for example, those
involved in cell division and oncogenes$is®? The covalent

Most of the work with caged proteins has been done with attachment of a phosphate group to a critical residue, usually
2-nitrobenzyl reagents that were first introduced for caging small serine, threonine, or tyrosine, can dramatically alter the function
molecules-#” The 2-nitrobenzyl reagents have disadvantages. of a protein. For example, kinase activity can be turned on or
The protecting group is released as a 2-nitrosobenzaldehyde oshut off, or proteir-protein interactions can be reinforced. We
2-nitrosoacetophenone. These molecules react with biologicalfirst explored the caging of phosphoryl residues with thiophos-
molecules'® for example those containing sulfhydryl grodf&° phoserine-containing peptides and 2-nitrobenzyl reagénts.
Because caged proteins are generally used at low concentrationdRecently, the idea of caging at thiophosphate was extended to
this may be less of a problem than it would be in other tyrosine-containing peptides, using both 2-nitrobenzyl reagents
circumstances, such as the use of millimolar concentrations ofand the 4-hydroxyphenacyl gro&pln both cases, the thio-

a caged small molecule. In addition, the process of deprotectionphosphoryl peptides were successfully caged and subsequently
after the absorption of a photon is relatively slow~f 1-10° deprotected in high yields. In the present work the approach is
s™1 for 2-nitrobenzyl derivative&! Hence, several new reagents applied to a protein, the catalytic subunit of protein kinase A,

a key enzyme in cell signaling and a model for other signaling
proteins?465 especially its structural homologues in the large
kinase superfamil§®

PKA is the best studied of all kinases and serves as an
archetype for understanding the entire kinase family. The
inactive holoenzyme of PKA contains two catalytic subunits
(C) and two regulatory subunits (R). Many cells respond to
stimuli with increased levels of cAMP generated through the
action of adenylate cyclase. Two molecules of cAMP bind to
each regulatory subunit of PKA. Once occupied, the regulatory
subunit undergoes a conformational change, and active mono-

(28) Mendel, D.; Ellman, J. A.; Schultz, P. G. Am. Chem. Sod 991, 113
2758-2760.

(29) Cornish, V. W.; Mendel, D.; Schultz, P. @ngew. Chem.,
1995 34, 621-633.

(30) Poallitt, S. K.; Schultz, P. GAngew. Chem., Int. EA.998 37, 2104-2107.

(31) Short, G. F.; Lodder, M.; Laikhter, A. L.; Arslan, T.; Hecht, S. M.Am.
Chem. Soc1999 121, 1.

(32) Nowak, M. W.; Kearney, P. C.; Sampson, J. R.; Saks, M. E.; Labarca, C.
G.; Silverman, S. K.; Zhong, W.; Thorson, J.; Abelson, J. N.; Davidson,
N.; Schultz, P. G.; Dougherty, D. A.; Lester, H. Sciencel995 268
439-442.

(33) England, P. M.; Lester, H. A.; Davidson, N.; Dougherty, DPAoc. Natl.
Acad. Sci. U.S.A1997, 94, 11025-11030.

(34) Miller, J. C.; Silverman, S. K.; England, P. M.; Dougherty, D. A.; Lester,
H. A. Neuron1998 20, 619-624.

(35) Philipson, K. D.; Gallivan, J. P.; Brandt, G. S.; Dougherty, D. A.; Lester,
H. A. Am. J. Physiol. Cell PhysioR001, 281, 195-206.

(36) Lu, H. S. M,; Volk, M.; Kholodenko, Y.; Gooding, E.; Hochstrasser, R.
M.; DeGrado, W. FJ. Am. Chem. Sod.997, 119, 7173-7180.

(37) Hansen, K. C.; Rock, R. S.; Larsen, R. W.; Chan, 3. Am. Chem. Soc.
200Q 122 1156711568.

(38) Cook, S. N.; Jack, W. E.; Xiong, X.; Danley, L. E.; Ellman, J. A.; Schultz,
P. G.; Noren, C. JAngew. Chem., Int. Ed. Engl995 34, 1629-1630.

(39) Stoddard, B. L.; Bruhnke, J.; Porter, N.; Ringe, D.; Petsko, G. A.
Biochemistry199Q 29, 4871-4879.

(40) Stoddard, B. L.; Bruhnke, J.; Koenigs, P.; Porter, N.; Ringe, D.; Petsko,
G. A. Biochemistry199Q 29, 8042-8051.

(41) Jones, P. B.; Porter, N. A. Am. Chem. So0d.999 121, 2753-2761.

(42) Porter, N. A.; Thuring, J. W.; Li, HI. Am. Chem. Sod999 121, 7716~

Int. Ed. Engl.

(51) Corrie, J. E. T.; Trentham, D. R. Caged Nucleotides and Neurotransmitters.
In Biological Applications of Photochemical Switch&orrison, H., Ed.;
John Wiley & Sons: New York, 1993; pp 24299.

(52) Givens, R. S.; Jung, A.; Park, C.-H.; Weber, J.; Bartlett JWAm. Chem.
Soc.1997 119 8369-8370.

(53) Park, C.-H.; Givens, R. 9. Am. Chem. S0d.997, 119, 2453-2463.

(54) Conrad, P. G.; Givens, R. S.; Hellrung, B.; Rajesh, C. S.; Ramseier, M.;
Wirz, J.J. Am. Chem. So200Q 122 9346-9347.

(55) Conrad, P. G.; Givens, R. S.; Weber, J. F. W.; Kandlefig. Lett.2000
2, 1545-1547.

(56) Givens, R. S.; Weber, J. F. W.; Conrad, P. G.; Orosz, G.; Donahue, S. L,;
Thayer, S. AJ. Am. Chem. So@00Q 122, 2687—-2697.

7717. (57) Du, X.; Frei, H.; Kim, S. HJ. Biol. Chem200Q 275, 8492-8500.
(43) Chang, C.-Y.; Niblack, B.; Walker, B.; Bayley, i&hem. Biol.1995 2, (58) Zou, K.; Miller, W. T.; Givens, R. S.; Bayley, Aingew. Chem., Int. Ed.
391-400 2001, 40, 3049-3051.

(44) Marriott, G.; Heidecker, MBiochemistry1996 35, 3170-3174.

(45) Chang, C.-Y.; Fernandez, T.; Panchal, R.; BayleyJHAm. Chem. Soc.
1998 120, 7661-7662.

(46) Arabaci, G.; Guo, X.-C.; Beebe, K. D.; Coggeshall, K. M.; PeiJDAm.
Chem. Soc1999 121, 5085-5086.

(47) Kaplan, J. H.; Hollis, R. INature 198Q 288 587—589.

(48) Du, X.; Frei, H.; Kim, S. HBiopolymers2001, 62, 147—149.

(49) Zuman, P.; Shah, BChem. Re. 1994 94, 1621-1641.

(50) Barth, A.; Corrie, J. E. T.; Gradwell, M. J.; Maeda, Y.; Mantele, W.; Meier,
T.; Trentham, D. RJ. Am. Chem. S0d.997, 119 4149-4159.

)
)
(59) Anderson, J. C.; Reese, C. Betrahedron Lett1962
(60) McDonald, E. RAnn. Med.2001, 33, 113-122.
(61) Sampath, D.; Plunkett, WCurr. Opin. Oncol.2001, 13, 484-490.
(62) O’Farrell, P. H.Trends Cell. Biol.2001, 11, 512-519.
(63) Pan, P.; Bayley, HFEBS Lett.1997 405 81—85.
(64) Smlth . M.; Radzio-Andzelm, E.; Madhusudan; Akamine, P.; Taylor, S.
S. Prog Blophys Mol. B|o|1999 71 313-341.
(65) Taylor, S. S.; Radzio-Andzelm, E.; Madhusudan; Cheng, X.; Ten Eyck,
L.; Narayana NPharmacol. Ther1999 82, 133—141
(66) Hanks . K.; Hunter, TFASEB J.1995 9, 576-596.

J. AM. CHEM. SOC. = VOL. 124, NO. 28, 2002 8221



ARTICLES

Zou et al.

-

a)
Small lobe {
W

\
‘l-

/ s
B,

Y

« N
)
P

Large lobe

b)

Histidine tag

NI C199A/C343A }» Cc

HHHHHH

Nde1

5'CAT “'ATG CAT CAT CAT CAT CAT CAT GGC AAC GCC GCC GCC GCC AAG AAG
Met His His His His His His Gly Asn Ala Ala Ala Ala Lys Lys

c)

by autophosphorylatioff, but this is an inefficient process, and

it was recently found that 3-phosphoinositide-dependent kinase
1 (PDK1) phosphorylates C exclusively at Thr-197 with high
efficiency and is likely to be the physiological activator of the
C subunit’®71 The phosphate group on Thr-197 interacts with
several residues from both lobes, including Arg-165 and Lys-
189 from the large lobe, and His-87 from the small lobe. These
contacts are likely to contribute to the stabilization of the enzyme
in an active conformatioff’2 Therefore, we felt that the
methodology developed for caged thiophosphoryl peptides might
be applied to position 197 of the C subunit; a bulky photolabile
protecting group would prevent the enzyme from assuming a
fully active conformation.

The C subunit of PKA has previously been caged in a variety
of ways. In one approach Cys-199, in an otherwise cysteine-
free enzyme, was derivatized with 2-nitrobenzyl bronfitiehe
same residue in the natural C subunit, which also contains a
cysteine at position 343, was modified with an active-site-
directed peptide that had been coupled to the carboxyl group
of a-bromo-2-nitrophenylacetic acid Lawrence and colleagues
have also used a caged inhibitor of the C subunit to turn off
kinase activity!® Here we describe the expression of an
unphosphorylated C subunit Escherichia coli thiophosphor-
ylation at Thr-197 with PDK-1, derivatization and inactivation

ATP(Y)S caging with 4-hydroxyphenacyl bromide and subsequent uncaging and

TCe ~ PDKI (kinase) T"”cn % T'”‘Cn activation with near UV radiation (Figure 1c). Caging at Thr-
0 0 197 offers the potential advantage of requiring no mutagenesis

S—b—on s—b—o and the likelihood that the methodology will be generally
y, e’ y) applicable to members of the kinase superfamily, and perhaps

inactive kinase active kinase (P,T'V'C,)

HP =

CH

inactive kinase (HP-P,T''C)

to other signaling proteins. While no protein kinase has
previously been caged directly on phosphate, the Lawrence
group has recently shown that modification at cysteine with
o-bromo-2-nitrophenylacetic acid can mimic phosphorylafton.

In the case of LIM kinase, the enzyme can be inactivated in
this way and subsequently reactivated by photolysis demonstrat-
ing an alternative to the present approath.

Experimental Section

Materials. 4-Hydroxyphenacyl bromide was prepared as descfibed.

Figure 1. Caging the C subunit of PKA at Thr-197. (A) Structure of the N-[2-(p-Bromocinnamylamino)ethyl]-S-isoquinolinesulfonamide (H89)
C subunit, showing the small and large lobes, and the location of ATP and Was purchased from Alexis. ATP, kemptide (LRRASLG), benzamidine,
a peptide inhibitor (green) in the active site. The expanded view shows and phenylmethylsulfonyl fluoride (PMSF) were from Sigma. Adeno-
key residues, including Thr-197. (B) Linear structure of the C subunit mutant sine 3-O-(3-thiotriphosphate) [(ATB()S, #1-162-306)], and bovine
”fsetﬂ;” Iﬁlhitse\r,rvT?irnkzjll ﬁﬁllfg)cllfgsﬁlgv\?:&?crgé% ifgr Sggg- Ir?fase}r?uegfcihe serum albumin (#238-031) were from Roche. Prionex (10%) (a BSA
0 - - . .
thiophosphorylated C sut?unitg'F‘mC(,. The cag?nggreagent is 49hy%roxy- substitute, Pentapharm product) was from Centerch&81ATP(y)S
phenacyl (HP) bromide. (600 Ci/mmol, #55000) was purchased from ICN, apd3P]ATP was
from Amersham. (4-Acetamido-4(iodoacetyl)amino]stilbene-2'2
meric C subunit is released. The C subunit consists of two lobesdisulfonate (IASD, #A-484) was from Molecular Probes. 3-Phospho-
(Figure 1a)567.68 The small lobe comprising the N-terminal inositide-dependent kinase 1 (PDK1, #14-280) was from Upstate
sequences is associated with ATP binding, while the large lobe Biotechnology. A monoclonal antibody against the thiophosphate-
comprising the C-terminal sequences provides residues forepitope (PhosphFind, #2001) was from Boston Biologicals. An antibody
catalysis and substrate binding. The activity of the C subunit is SPecific for peptides and proteins containing phosphothreonine (P-Thr-
regulated by phosphorylation at Thr-18771 The nonphos- Polyclonal, #9381), HRP-conjugated anti-mouse IgG (secondary anti-

. . . body, #7072-1), HRP-conjugated anti-rabbit IgG (secondary antibody,
phorylated catalytic subunit can be phosphorylated and alCtIvalted#7071-1), and LumiGLO for Western blot detection (#7003) were
(67) Knighton, D. R.; Zheng, J.; Ten Eyck, L. F.; Xuong, N.-H.; Taylor, S. S.; purchased from Cell Signaling Technology. Nitrocellulose membrane

Sowadski, J. MSciencel991, 253 407-414. ' ’ "7 77 (pore size 0.45m, #21640) was from Schleicher & Schuell. Bio-Gel

(68) Knighton, D. R.; Zheng, J.; Ten Eyck, L. F.; Xuong, N.-H.; Taylor, S. S; N i - i i0-Spi
Sowadskl ). MScience1081 253 414-420. P-6 DG desalting gel (#150-0738) and Micro Bio-Spin columns

(69) Steinberg, R. A.; Cauthron, R. D.; Symcox, M. M.; ShuntohiMdl. Cell.

Biol. 1993 13, 2332-2341.

(70) Cauthron, R. D.; Carter, K. B.; Liauw, S.; Steinberg, RMal. Cell. Biol.
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containing Bio-Gel P-6 resin (#732-6222) were from Bio-Rad-"Ni
NTA magnetic agarose beads [binding capacity: 2@0mL™* for

isoquinolinesulfonamide (H89). In brieE. coli BL21(DE3), freshly
transformed with pRSET-B/s/C199A/C343A, was used to inoculate

6xHis-tagged DHFR protein (24 kDa); 5% suspension, #36113] and 10 mL of Luria—Bertani (LB) medium (Difco) containing 1Q@g mL™*

Ni?*—NTA agarose were from Qiagen. Fluorescent dye-labeled kemp-

tide (LRRASLG) (PepTag Al peptide, #V5340) was from Promega.
5-thio-2-nitrobenzoic acid (TNB)-thiol agarose (TNB-thiol, loading: 5
umol of TNB/mL of settled gel; capacity: 015 mg of reduced human

ampicillin (LB/amp). Afte 8 h at 37C, the starter culture was added
to a shaker flask containgnl L LB/amp and grown to an optical density
at 600 nm (O of 0.3—0.4. The temperature was then shifted from
37 to 24°C. When the Olgyoreached 0.60.7, protein expression was

IgG/mL of gel, # 204099) was from Pierce. Restriction enzymes were induced by the addition of 0.2 mM isopropyi-p-thiogalactoside
purchased from New England Biolabs. Oligonucleotide primers were (IPTG). To obtain nonphosphorylated protein, 4AM H89, which
synthesized by Integrated DNA Technology. DNA was sequenced at prevents autophosphorylation, was added to the culture medium at the
Lone Star Labs. Unless otherwise indicated, additional reagents weretime of induction from a 50 mM stock solution in DMS®7! The

from Sigma.
Kinase Assay: Fluorescence MethodKemptide (LRRASLG)

culture was grown for an additioh8 h at 24°C.
Cells were harvested by centrifugation (5@G0r 25 min at 4°C).

labeled with a fluorescent dye (PepTag Al peptide) was used in a rapid, The pellet fran a 1 L culture was resuspended in 10 mL of ice-cold
sensitive, but nonquantitative, kinase assay. The net charge of thelysis-wash buffer [25 mM sodium phosphate, 20 mM imidazole, 200

peptide is changed from-1 to —1 upon phosphorylation by the C

mM NaCl, 40uM H89, 1 mM benzamidine, and 2QMM PMSF (pH

subunit of PKA. The phosphorylated peptide was rapidly separated from 8.0)], and passed two times through a prechilled French press at 8000
the nonphosphorylated peptide in a 0.8% agarose gel; the peptidespsi. The lysate was clarified by centrifugation at 209@@ 30 min at

migrated toward opposite electrodes. In brief, bufferglLPcontaining

25 mM TrisHCI, 30 mM MgChk, 3 mM ATP, and PepTag Al peptide
(2.52 nmol) (pH 7.4) was warmed to 3@ before incubation with
prewarmed C subunit [26L in 25 mM TrissHCI, 0.2 mg mL* BSA
(pH 7.4)] for 10 min at 30C. The reaction was stopped by heating at
95 °C for 10 min before the addition of 80% glycerol f2.). The

4 °C. The supernatant was mixed with metal chelate affinity matrix (1
mL, Ni2*—NTA agarose, #30210, Qiagen) and rotated overnight at 4
°C. The suspension was then poured into a disposable column (Econo-
Pac, #732-1010, Bio-Rad). The flow-through was collected for analysis,
and the beads were washed with 30 bead volumes of the lysis-wash
buffer. The bound protein was then eluted with 5 bead volumes of

reaction mixture was then resolved in an 0.8% agarose gel at 100 V elution buffer [25 mM sodium phosphate, 100 mM imidazole, and 200

for 15—20 min. The gel was prepared and run in 50 mM THiSI (pH
8.0). Kinase activity was roughly estimated from the intensity of the

mM NaCl (pH 8.0)]. The eluate was dialyzed extensively &C4gainst
storage buffer [25 mM sodium phosphate, 10% glycerol, 10 mM NacCl,

band of phosphorylated kemptide, determined from a photograph taken1 mM benzamidine and 20@M PMSF (pH 7.0)], and stored at80

on a transilluminator.

Kinase Assay: Radioisotopic Method.The radioisotopic kinase
assay used kemptide (LRRASLG) as the substfaté.To 10X buffer
[5 1L, 500 mM MOPS, 100 mM MgGl 1 mg mL* BSA, 1% Nonidet
P-40 (pH 6.8)] was added ATP [1d_, 1 mM containing }-*?P]JATP
at 550 dpm pmol'] and kemptide (1Q:L, 1 mM, in water). Kinase
[25 uL, ~2.5 ng in 10 mM MOPS, 10 mM DTT, and 0.2 mg mL
BSA (pH 6.8)] was prewarmed to 30 and mixed with the buffer
containing ATP and kemptide. The mixture was incubated at@G0
for 10 min. A portion (2QuL) was spotted onto phosphocellulose paper
(2 x 2 cm), which was immediately immersedanl L of 75 mM

°C. The protein concentration in the dialysate was determined by
measuring the absorbance at 280 nm (WAths, = 1.26, calculated
from the amino acid composition). The yield of?IC, was very low

at 150ug for 10 L of culture. The protein appeared as a single band in
an SDS-polyacrylamide gel and had a specific catalytic activity of
1.8 + 0.3umol mint mg™%.

Thiophosphorylation of T'%C,. Nonphosphorylated *¥'C, was
thiophosphorylated with PDK1 in the presence of A to yield
PsT*'C,. Each reaction (1 mL) contained 1M T°C,, 25 mM
sodium phosphate, 150 ng PDK1, 1001 ATP(y)S, 1% Prionex, 0.1
mM EDTA, 10 mM MgCk, and 10 mM DTT (pH 7.0). PDK1 (5 ng

phosphoric acid. The paper was washed four times, for 10 min each 4L ~1) was stored in 50 mM Tri$iCl, 0.1 mM EGTA, 0.1% 2-mer-

time, with 1 L of 75 mM phosphoric acid. The radioactivity on the
paper was measured by liquid scintillation counting.

Construction of the C, C199A/C343A Gene Encoding an N-
Terminal Hexahistidine Tag. A plasmid, pRSET-B/@C199A/C343A

captoethanol, 150 mM NaCl, 270 mM sucrose, 1 mM benzamidine,
200uM PMSF, and 1 mg mt! BSA (pH 7.5). After 45 min at 30C,

the reaction was continued for an additional®h at 4°C. To prepare
35S-labeled BT*'C,, 100 uM [¥S]ATP(y)S at a specific activity of

containing a gene encoding the C199A/C343A mutant of the mouse 13 200 dpm pmal* was used.

C. subunit of PKA was a gift from Dr. Fredrich W. Herberg (Ruhr-

Confirmation of Thiophosphorylation of T%C, by Western

Universitat, Bochum, Germany). To insert a sequence encoding a Blotting. PsT'%’C, was subjected to SDSpolyacrylamide electro-

hexahistidine tag at the Bnd of the gene, pRSET-B/C199A/C343A
was first linearized wittHindlll and then used as the template for PCR
with the following primers: 5CAT ATG CAT CAT CAT CAT CAT
CAT GGC AAC GCC GCC GCC GCC AAG AAG G*3Jsense), 5
AAG CTT ATC AAA ACT CAG TAA ACT CCT TGC-3 (antisense).
The PCR product was cloned into the TOPO-TA vector (Invitrogen).
The purified plasmid was digested witkidel and Hindlll, and the
resulting insert was ligated into pRSET-B (Invitrogen), which had been
cut with the same enzymes, to yield pRSET-BAJC199A/C343A.
The sequence of the new, @ene was verified after ligation into the
pRSET-B vector.

Expression and Purification of the Nonphosphorylated Protein.
Recombinant nonphosphorylated, @wutant protein, designatedesH
(T C199A/C343A, T°C, for short, was expressed in the presence
of the specific PKA inhibitoN-[2-(p-bromocinnamylamino)ethyl]-5-

(75) Cook, P. F.; Neville, M. E.; Vrana, K. E.; Hartl, F. T.; Roskoski, R.
Biochemistry1982 21, 5794.

(76) Roskoski, RMethods Enzymoll983 99, 3—6.

(77) Cheley, S.; Bayley, HBiochemistry1991 30, 10246-10255.

phoresis. Protein in the gel was electrotransferred to a nitrocellulose
membrane in transfer buffer [25 mM Tri4CI, 200 mM glycine, 20%
methanol (pH 8.5)]. The membrane was washed with Tris-buffered
saline [TBS, 25 mL, 20 mM Trig4Cl, 137 mM NaCl (pH 7.6)] for 5

min at room temperature. To block nonspecific binding sites, the
membrane was then incubated in blocking buffer (25 mL of TBS
containing 0.1% Tween-20 and 5% w/v nonfat dry milky fbh at
room temperature, before it was washed three times with TBS/T buffer
(15 mL of TBS containing 0.1% Tween-20) for 5 min.

The primary antibody (1@&L), a monoclonal antibody against the
thiophosphate-epitope, or a polyclonal antiphosphothreonine antibody,
was diluted 1000-fold in dilution buffer (10 mL, TBS/T containing
5% BSA) and then incubated with the membrane with gentle agitation
overnight at 4°C. After washing three times for 5 min with TBS/T
(15 mL), the membrane was incubated with HRP-conjugated anti-mouse
IgG (1:2000 dilution, for the detection of thiophosphothreonine
residues), or HRP-conjugated anti-rabbit IgG (1:2000 dilution, for the
detection of phosphothreonine residues) in blocking buffer (10 mL)
with gentle agitation fol h atroom temperature. After washing three
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times for 5 min with TBS/T (15 mL), the membrane was incubated
with LumiGLO (10 mL) with gentle agitation for 1 min at room

agarose beads were used to remBME and concentrate thesP'C,,
protein. The beads were first treated with equilibration buffer [25 mM

temperature. The membrane was then wrapped in Saran wrap and placedodium phosphate, 200 mM NacCl, 10 mM imidazole, and 0.1 mg*mL

on X-ray film.

Confirmation of Thiophosphorylation of T9C, by Gel Shift
Electrophoresis. A portion of a 3°S-thiophosphorylation reaction
(1 uL) was incubated with 15 mM IASD, a sulfhydryl-directed gel-
shift reagent®in 200 mM sodium phosphate (pH 8.0) in a final volume
of 10 uL for 10 min at room temperature, in the presence or absence
of 1% SDS. IASD was added from a 100 mM stock in water. The
reaction was stopped by adding DTT to 20 mM from a 240 mM stock
solution in water, followed by one volume of 2X Laemmli sample
buffer’® The protein was then subjected to electrophoresis in a 12%

BSA (pH 8.0)]. Portions of the eluate from the TNB-thiol agarose (1
mL), containing 10 mM imidazole, were mixed with the?Ni-NTA
beads (25QiL of 5% bead suspension) and rotated fortbh at 4°C.

The beads were transferred to a single tube and washed four times
with 80 bead vols of the same buffer without BSA. The protein was
then recovered with elution buffer [4 0.8 bead volumes: 25 mM
Tris*HCI, 100 mM imidazole, 200 mM NacCl, and 1% Prionex (pH
7.3)]. Portions of the supernatant (40), wash (10uL), and eluate
(0.5uL) were saved for kinase assays.

Caging of PsT*"C, with 4-Hydroxyphenacyl Bromide. PsT*'C,

SDS-polyacrylamide gel and visualized by autoradiography. As (1 M) was reacted with 1 mM 4-hydroxyphenacyl bromide in 25 mM
controls, +2.5 ug of unphosphorylated T¥°C, (the cysteine-free Tris*HCI, 200 mM NacCl, 2 mM EDTA, and 1% Prionex (pH 7.3) (135
mutant) or phosphorylated wild-type catalytic subunit (with two cysteine 4L) for 15 min at 25°C in the dark. The caging reagent was added
residues) was incubated with 15 mM IASD after treatment with 1 MM from a 200 mM stock solution in 95% ethanol. The reaction was stopped

DTT, and then analyzed by SB®olyacrylamide gel electrophoresis
and Coomassie blue staining.

Estimation of the Extent of Thiophosphorylation by TCA
Precipitation. Trichloroacetic acid (TCA) (20%) containing 2@ BSA
(200uL) was added to a thiophosphorylation reaction (209, which

by adding 200 mM DTT in water to a final concentration of 20 mM.
To remove excess reagents, the reaction mixture 15@vas applied

to a Bio-Gel P6 desalting column (1-mL bead volume) which had been
equilibrated with 25 mM TrigHCI, 1% Prionex, 2 mM EDTA, 10 mM
DTT (pH 7.3). The first 20QL of eluate was discarded, and the next

had been catalyzed by PDK1 as described above. The mixture was300uL containing the caged C subunit HRIP?'C, was collected and

incubated for 15 min on ice, before centrifugation at 120€fr 10

assayed for kinase activity by using tf® method. As controls, the

min. To remove free nucleotide, the pellet was reprecipitated three times activities of RT9C, and T9C, were also determined.

by adding 30% TCA (20Q:L) immediately after solubilization with

50 mM NaOH (10QuL). The radioactivity in the reprecipitated pellet
was measured by scintillation counting. The extent of thiophosphory-
lation was expressed as pmol of AJ§% incorporated per pmol of C
subunit.

Removal of ATP(¥)S and DTT from PsT*%C, by Gel Filtration.
Low-mass thiols were removed frongP°’C,, by passage through Bio-
Gel P-6 DG prior to purification of the thiophosphorylated protein with
TNB-thiol agarose. Bio-Gel P-6 DG desalting gel was prepared in 25
mM sodium phosphate, 400 mM NaCl, ImM EDTA, and 1% Prionex
(pH 6.5). The gel was packed into a column of 5-mL bead volume
(18 cm height). The products of a thiophosphorylation reaction (1 mL
containing~50 ug kinase) were loaded onto the column. After the
first 1 mL of eluate had been discardedTP’C, was eluted with 1.5
mL of the same buffer. §/1°C, elution was monitored by measuring
the kinase activity in each fraction by the fluorescence method.

Purification of PsT°"C, with TNB-Thiol Agarose. To separate
the thiophosphorylated C subunit from nonthiophosphorylated protein,
TNB (5-thio-2-nitrobenzoic acid)thiol agarose, which contains an
activated disulfide bond, was coupled to the thiophosphorylated protein.
PsT97C, was then eluted with 20 mi-mercaptoethanol. Specifically,
the TNB-thiol agarose was first treated with equilibration buffer
[EB: 25 mM sodium phosphate, 400 mM NaCl, 2 mM EDTA, and
0.05% Tween 20 (pH 6.5)]. The eluant from the gel filtration column
(see above, 1.5 mL) containing 0.2 mg MIBSA (added from a 30
mg mL~* stock in water) was incubated with TNB-thiol agarose (200
uL settled volume) in a 2-mL tube with gentle agitatiorr ®h at 4

°C. After removal of the supernatant, the beads were transferred to a

spin filter (Rainin, #7016-024) and washed three times with EB (400
uL), and twice with washing buffer [400L: 25 mM sodium phosphate,
400 mM NacCl, 2 mM EDTA, 10 mM imidazole, 0.05% Tween 20
(pH 8.0)]. The bound thiophosphorylated protein was liberated with
elution buffer [5 x 400 uL: 25 mM sodium phosphate, 20 mM
pB-mercaptoethanol, 200 mM NaCl, 10 mM imidazole and 0.4 mgmL
BSA (pH 8.0)] at 4°C. Portions of the flow-through (1.6L), wash
(2 uL), and eluate (2«L) were saved for kinase assays.

Removal of g-Mercaptoethanol and Concentration of RT'C,
with Ni2f—NTA Magnetic Agarose Beads.Ni?"*—NTA magnetic

(78) Krishnasastry, M.; Walker, B.; Braha, O.; Bayley, FEBS Lett.1994
356 66—71.
(79) Laemmli, U. K.Nature197Q 227, 680-685.
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Activation of HP-PsT9’C, by Photolysis.?>S-labeled HP-FT°"C,,
[30 nM in 200uL of 25 mM Tris'HCI, 2 mM EDTA (pH 7.3)] was
photolyzed in the wells of a microtiter plate (well size: 0.36°canl
cm, 360xL volume). Irradiation was performed with a 30-W UV lamp
(2200 uW cm2, peak emission 312 nm, Cole-Parmer E-09815-22).
The lamp was set 1.5 cm above the sample. A glass band-pass filter
(Oriel #59154) provided a wavelength window from 280 to 370 nm.
Prior to photolysis, the UV light was stabilized for at least 20 min.
The activity of the protein before and after irradiation was determined
by kinase assay by th8P method. C subunit (2.5 ng in/&) from
the photolysis reaction was immediately added to buffer 423
containing 10 mM MOPS, 10 mM DTT, and 0.2 mg mLBSA (pH
6.8) for the assay.

Determination of Product Quantum Yields. 3S-labeled HP-
PsT19C, was irradiated as described above for 0, 0.5, 1, 1.5, 2.5, 5,
and 10 min. Duplicate samples (12Q) in coupling buffer [200uL
final volume: 25 mM TrisHCI, 2 mM EDTA, 400 mM NacCl, and 0.2
mg mL™! BSA (pH 7.3)] were immediately applied to TNB-thiol
agarose (5@L bead volume) and gently agitatedf h at 4°C. The
deprotected protein with a restored thiophosphate group was expected
to couple to the beads. After collecting the flow-through, the beads
were washed four times with 25 mM Tti8Cl, 1 mM EDTA (pH 7.3)
(400 uL). The attached protein was then eluted with 20 mM DTT in
25 mM TrisHCI, 1 mM EDTA (pH 7.3) (4 x 200 ulL). The
radioactivity in each fraction was measured by scintillation counting.
35S-labeled BT*'C, was irradiated in parallel as a control.

The half-time of photolysist{;;) and product quantum yieldg)
were estimated by using,, = 0.3kpylee, which applies at low light
absorption A < 0.1), wherel is the incident light intensity (mmol
photons st cm™2) ande is the extinction coefficient (M cm™).4 The
photoreduction of potassium ferrioxalate (6 mM) was used as a
standar to measure the total light intensity over the entire wavelength
range after passage through the filter. We assumed that all the incident
light was absorbed by the ferrioxalaig; = 1.25, andesio = 11 050
M~ cm™ for the 1,10-phenanthroline complex of Fe@)Using AL
= 10 nm windows, the distribution df as a function of wavelength
was then obtained by normalizing the total light intensity to the emission
spectrum of the lamp and transmittance characteristics of the filter. In

(80) Hatchard, C. G.; Parker, C. Rroc. R. Soc. London A956 235 518—
536.
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Figure 2. Purification of T°C,. (A) Ni2*—NTA agarose chromatography.
Unphosphorylated #7C,, which carries a hexahistidine tag, was purified
from an E. coli lysate by using Ni*—NTA agarose as described in the
Experimental Section. A 12.5% SDB®olyacrylamide gel stained with
Coomassie blue is shown. (B}*fC, does not contain threonine phosphate.
Purified T9C, was phosphorylated with PDK1. This material and
unphosphorylated *7C,, were subjected to electrophoresis in a 12.5%
SDS—polyacrylamide gel. After transfer to a nitrocellulose membrane, the
proteins were probed with an antiphosphothreonine antibody. Upper
panel: western blot. Lower panel: Coomassie blue staining.

applying¢, = 0.3ky¢lo, we used a value foglo that was the sum of
the products of the extinction coefficients for the 4-hydroxyphenacyl
group and thd, values over the applicable wavelength range.

Results

Expression and Purification of a Nonphosphorylated C
Subunit of Protein Kinase A, T97C,. It had been reported

an antibody against phosphothreonine. A faint signal was
detected for T7C, (Figure 2b, lane 1), which was greatly
strengthened after phosphorylation with PDK1 and ATP (Figure
2b, lane 2). The faint signal was probably the result of
nonspecific binding, as the molecular weight markers were also
visible on the blots (data not shown).

Thiophosphorylation of the C subunit, T1¥C,, by PDK1.

For many years, it was thought that the C subunit of PKA is
activated in vivo by autophosphorylation at Thr-197 in an inter-
molecular reactiof? This notion, has been challenged by recent
studies in which 3-phosphoinositide-dependent kinase 1 (PDK1)
has been proposed as the physiological activ&tdm. vitro,
PDK1 phosphorylates the C subunit of PKA exclusively at Thr-
197 at a much faster rate than that of autophosphorylagiéh.

In the present study, PDK1 was used to thiophosphorylate
T97C,, and the modification of the protein was examined by
Western blotting with an antibody against thiophosphate (Figure
3a). Thiophosphate was detected in the C subunit when
phosphorylation was carried out with ATBE (Figure 3a, left
panel). When PDK1 was omitted, the extent of thiophosphor-
ylation, in this case presumably autothiophosphorylation, was
much lower (Figure 3a, left panel). The signal for the phos-
phorylated wild-type C subunit was weak, indicating that the
antithiophosphate antibody does not cross-react with phosphor-
ylated proteins (Figure 3a, right panel). In contrast to the
influence of metal ions on the thiophosphorylation of tyrosine
residues® Co?™ and Mr?+ were found to be much less effective
compared to Mg (data not shown).

A chemical test was made to further confirm the presence of
thiophosphate in the C subunit. IASD is a sulfhydryl-directed
gel-shift reagent, which was predicted to react with the
thiophosphate group. Indeed, IASD modification of®’C,
yielded a slower-migrating band upon SBgolyacrylamide gel
electrophoresis (Figure 3b). In a parallel experiment, IASD had
no effect on the mobility of the phosphorylated cysteine-free
protein T°C,,, whereas a shift was observed when wild-type
catalytic subunit, which contains two cysteine residues, was
treated with IASD (Figure 3b).

Activation of T197C, by PDK1-Catalyzed Thiophosphor-
ylation. Thiophosphorylation of ¥7C, with PDK1 resulted in
a 4.7-fold increase in activity (Figure 3c). After exposure to
conditions intended to allow autothiophosphorylation, the activ-

that a nonphosphorylated C subunit of PKA can be obtained ity of the C subunit was close to the residual activity of

by expression irE. coliin the presence of the inhibitor H89,
which prevents autophosphorylatiét’! Unfortunately, we

nonphosphorylated ¥7C, (Figure 3c), consistent with the
finding that autophosphorylati6h’®and autothiophosphoryla-

found that H89 significantly suppresses the growth of the host tion (Figure 3a) are slow. The finding that thiophosphorylated

bacteria and the overall level of protein expression. Therefore,

to facilitate recovery and purification of the protein, we placed

TI97C,, PsT197C,, was less active than phosphorylated™C,,
PoT17C,, (obtained by expression in the absence of H89) and

a sequence encoding a hexahistidine tag at the N terminus of a@hosphorylated wild-type C subunit reflects a slow rate of

gene encoding the C199A/C343A mutant of the mouge C
subunit (Figure 1b). The construct was ligated into the plasmid
pRSET-B, which contains an inducible T7 promoter. Im-
mediately after induction with IPTG, H89 was added to a
concentration of 4&M and growth was continued b h at

24 °C. The expression of *’C, as soluble protein was low.

thiophosphate transfer from ATPS, rather than an intrinsically
lower specific activity of BT1%7C,. The extent of thiophosphor-
ylation was measured by usingf$]ATP(y)S and found to be
0.25 mol of®5S per mol of C subunit. That thiophosphorylation
was substoichiometric was confirmed when the specific activity
of purified RTC, was determined (see below). Attempts to

After passage of the cells through a French press, the C subunitincrease the extent of thiophosphorylation by prolonging the

T197C,, was present in the supernatant, and it was purified by
using NP"™—NTA agarose (Figure 2a). The yield was 160

of protein for 10 L of culture. The phosphorylation status of
the protein at threonine was analyzed by Western blotting with

incubation with PDK1 were not made because of the potential
lability of the C subunit.

Purification of the Thiophosphorylated C Subunit,
PsT197C,. To separate §71°C,, from unthiophosphorylated C
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Figure 4. Inactivation of RT97C, by modification with 4-hydroxyphenacyl
bromide. RT°7C, (1 uM) that had been purified with TNB-thiol agarose
and subsequently concentrated witlPNiNTA magnetic agarose beads
was caged by treatment with 4-hydroxyphenacylbromide in 25 mM Tris

HCI, 150 mM NaCl, 2 mM EDTA, 1% Prionex (pH 7.3) for 15 min at 25

Specific activity
(pmol/min/mg)

e ﬁw‘“b o o o JC & °C in the dark. The reaction was stopped with 20 mM DTT. After the
Gaé*‘“,‘pﬂ & bqi@“ A \,,-\\5“ removal of the excess reagents by gel filtration over Bio-Gel P6, the kinase
.‘;ﬁ\ S od\ﬁ"”é o activity of the modified C subunit, HPP19C,, was assayed by th&P
& & o method. The averages of duplicate determinations are shown. The activities

of the nonphosphorylatedS"C,, and the thiophosphorylated, but not caged,

& R
PsT197C, were also determined.

Figure 3. Thiophosphorylation of T'C, with PDK1. (A) Detection of

thiophosphothreonine by western blotting. After thiophosphorylation, the . ” . .
reaction mixture containing*#’C, was subjected to SDSpolyacrylamide by using NF* magnetic beads. The concentration was 16-fold,

gel electrophoresis. Left panel, western blot with the antithiophosphothreo- and 80% of the protein was recovered with a specific kinase
nine antibody. Right panel, western blot of the phosphorylated wild-type C activity similar to that of phosphorylated wild-type C subunits

subunit and thiophosphorylated°TC,. WB, blot; CB, Coomassie blue ; 97, ;
staining. (B)**S-thiophosphorylated™'C, treated with IASD and analyzed (Figure 4). The concentratedsP*C, was caged directly,

by gel-shift electrophoresis. A portion of a thiophosphorylation reaction avoiding prolonged storage.
(1 uL) carried out with f5S]-ATP()S was incubated with 15 mM IASD Caging of PsT197C, with 4-Hydroxyphenacyl Bromide,

in 200 mM sodium phosphate (pH 8.0) in a final volume of d0for 10 HPB. Purified and concentrated P-9’C,, was caged by reaction

min in the presence or absence of 1% SDS. The reaction was stopped by, . .
adding DTT to 20 mM, followed by one volume of 2X Laemmli gel loading with 1 mM 4-hydroxyphenacyl bromide (HPB) at pH 7.3 for.
buffer. The protein was then analyzed by electrophoresis in a 12.5%-SDS 15 min at 25°C. Excess reagents were removed from the protein
polyacrylamide gel and autoradiography (left panel). As contr@/$!¥C, by gel filtration. The modified protein, HPSP°C,, had a

(1.0 ug, a cysteine-free protein, from cells grown in the absence of H89) specific kinase activity toward the peptide substrate kemptide

or wild-type C subunit (3.@g) (with two cysteine residues) were incubated ) e .
with 15 mM IASD after treatment for 5 min with 1 mM DTT, and then ~ Of 1.4+ 0.1umol min™* mg™* (n = 4), compared with 24.%

analyzed by SDSpolyacrylamide gel electrophoresis and Coomassie blue- 0.9 umol min~1 mg=! (n = 4) before the reaction with HPB,
T Cheche achiice 1 C oo chames oy o i amourts 0 & reducton of &7 0
mearlmzaasr?e ?:csgﬁedoﬂggcﬂ was obtained from cells grown in the agsence ,The residual aptlwty ba C subunit caged at Cys-199 Wlth
of H89. Wild-type G, was obtained by expressionfi coli. The averages ~ Nitrobenzyl bromide was reduced from 5 to 8% of the initial
of duplicate determinations are shown. value to 3 to 5% of that value by-ethylmaleimide treatmerit,
most likely because a fraction of the sulfhydryl groups were
subunit, TNB-thiol agarose was used to capture the thiophos-unmodified in the caging reaction. To determine whether the
phorylated protein. Prior to the TNB-thiol agarose treatment, HPB modification of RT197C, was complete, the protein was
reducing reagent was removed from the protein by gel filtration. incubated with 5 mM NEM for 15 min at room temperature in
About 70% of the thiophosphorylated protein bound to the the dark. No further reduction in activity occurred (data not
activated agarose, as determined by ushSglabeled material. shown). In addition, the extent of binding of the HPB-modified
Kinase activity found in the flow-through was largely due to PsT19C, to TNB-thiol agarose was not greater than the extent
the residual activity of nonthiophosphorylated C subunit. of nonspecific binding, further suggesting that the HPB reaction
PsT197C, was eluted with 20 m\B-mercaptoethanol. The eluted  was complete. Together, these results suggest thatfiP7e,,
PsT197C, was very dilute. Further, it was necessary to remove has an intrinsic residual activity. Therefore, the treatment with
the -mercaptoethanol before the caging reaction. Both con- N-ethylmaleimide was omitted from the preparation. In a control
centration and removal of the reducing agent were accomplishedexperiment, the specific activity of phosphorylatedT®’C,,
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was unaffected by treatment with HPB. The caged protein, HP- a)
PsT197C,, was stable when stored in 25 mM THECI, 10 mM -
DTT, 2 mM EDTA, 1 mg mL BSA (pH 7.3), for 15 h at 4
°C in the dark, as judged by the restoration of activity upon
photolysis (see below).

Activation of HP-PsT1°"C, by Photolysis. When HP-
PsT197C, was photolyzed at pH 7.3 with near-UV light (peak
emission 312 nm), §197C, was regenerated. First, we showed
that the irradiated protein contained a free thiophosphate group 8
as judged by its ability to bind to TNB-thiol agarose. Before 20 - ‘ ‘

0 OIS ; 1I.5

60

und/Total (%)
&

photolysis,~2.4% of 35S-labeled HP-FT1°’C, bound to the
activated agarose, which is close to the value for nonspecific
binding (Figure 5a). After photolysis for 10 miny58% of
radioactivity was bound. When this result was normalized to
take into account the fact that 630% of RT°C, binds to
TNB-thiol agarose, it was concluded that-880% of the HP-
PsT197C, was deprotected with a half-time of 1.6 min (Figure b) 2s -
5a). From these data, the product quantum yield was determinec
to begp = 0.21. In control experiments, it was shown that the
coupling of RT7C, to TNB-thiol agarose was unaffected by
irradiation (Figure 5a).

Second, the specific activity of the uncaged C subunit was
measured. The increase in catalytic activity reached a maximum
of (15 + 1)-fold (n = 4) in 10 min with a half-time of 1.5 min

20 A
15
(Figure 5b). The activity of FT19C, was unaffected by 10
irradiation (Figure 5b). :
Discussion °
We show here that a catalytic subunit of PKA, an archetypal 1 I
0.5 1 15 25 5 1

kinase, can be selectively caged at Thr-197, a critical activating 0 o
phosphorylation site. An unphosphorylated form of the C

subunit, T9C,, was obtained by expression i coli in the ] o ) )
Figure 5. Activation of the caged kinase, HRFP-97C,, by photolysis. (A)

pre_sence of H89, a kmasef inhibitor that prevents aUtOphos_phor'Capture of the photolysis producP¥’C,, with TNB-thiol agarose beads.
ylation. T!®'C, was then thiophosphorylated at Thr-197 to yield Hp-RT9%C, (30 nM) in 25 mM TrisHCI, 2 mM EDTA (pH 7.3) was
PsT197C, in a reaction catalyzed by PDK1, a kinase, which is irradiated in 20Q:L portions for the times indicated. At each timepoint, a

; ; i ; ; sample (15@:L) was adjusted to 200L so that the final buffer composition
most likely the physiological activator of the C subunit. After was 25 mM TrsHC, 2 mM EDTA. 400 mM NaCl, 2 mM EDTA. 0.2 mg

puriﬂcation, the specific kinase _aC_tiVity ofsP9"C, toward a mL~1 BSA (pH 7.3). The solution was immediately mixed with TNB-thiol
peptide substrate was closely similar to that of the phosphory- agarose (5:L bead volume) and agitated gentlyrfa h at 4°C. After

lated wild-type protein. ET19’C, was caged by alkylation of collecting the flow-through, the beads were washed with 25 mM-Hi(3,

. . 1 mM EDTA (pH 7.3) (4x 400uL). The bound protein was then eluted
the sulfur atom of the thiophosphoryl group with 4-hydroxy- &% ="\ S%T . %5( oy TrigH)CI, i ED A (bH 7.3) (4x 200

phenacyl bromide (HPB), which resulted in anl7-fold ul). The radioactivity in each fraction was measured by scintillation
reduction in catalytic activity. The residual catalytic activity was counting.®®S-labeled ET*°’C, that had not been caged was irradiated in
shown to be an intrinsic property of the caged C subunit, HP- parallel. The averages of duplicate determinations are shown. Filled bars:
P.TL97C ther th taminati f le b ! d HP-RsT197C,; NSB: binding to underivatized agarose (BioRad #162-0134);
St ratner than 0_0n amination, for e>_(a_mp e, by uncage_ unfilled bars: RT97C,. (B) Time course of uncaging of HPsP¥'C, as
protein. Upon photolysis at 312 nm, the activity of the C subunit determined by kinase assay. An irradiated samplel(Zee Experimental
was restored to 8590% of its original value. These results are ~ Section) was removed at the times indicated and assayed for kinase activity
comparable with those obtained with C subunits caged by other? the *-method. The averages of duplicate determinations are shown.
. .., Filled bars: HP-BT*®'C,; unfilled bars: RT7C,.
means. For example, the C subunit was caged at Cys-199 with
2-nitrobenzyl bromidé? and the residual activity (58%) was  to thiophosphorylate the C subunit by using an autophosphor-
further reduced by treatment willrethylmaleimide (to 3-5%). ylation reactiorf® However, during the course of our work,
After photolysis, the specific activity was increased by 20 to PDK1 was found to be an excellent candidate for the physi-
30-fold. The C subunit was also caged at the same position byological PKA kinas€! PDK1 rapidly phosphorylates the C
using a peptide affinity reagent containing a 2-nitrobenzyl subunit exclusively at Thr-197, and therefore it was adopted
alkylating group”® The activity of the modified protein was  for our studies. By contrast, autophosphorylation is stévit
reduced to 2% of the initial value, and a 25-fold increase in For example, when unphosphorylated C subunit was incubated
activity was observed after photolysis. with a high concentration of active phosphorylated C subunit,
The expression of 7C, in E. coliin the presence of H89  the reaction tok 6 h to complete at 30°C.7° In the case of
was low. Nevertheless, by using an N-terminal His tag to thiophosphorylation of tyrosine, we found that several kinases
facilitate recovery, sufficient C subunit was obtained for our performed poorly when MRS was the divalent metal ion, but
purposes{150ug per 10 L of culture). We originally planned  Co?*" and N#* could be used instedd For thiophosphorylation
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of the C subunit by PDK1, Mg worked satisfactorily although ~ a protein tyrosine phosphatase was caged at the active-site
the rate of thiophosphorylation was slower than that of phos- cysteine; 36-80% of the activity was recovered upon photoly-
phorylation. sis* Here we describe a more extensive study involving a more
After caging with the 4-hydroxyphenacyl group, the specific generally applicable procedure. Our work included the deter-
kinase activity of RT1°7C, is greatly reduced, although not to  mination of the product quantum yielgp = 0.21. This value
zero: ~5% of the activity remains. Thr-197 is in the “activation is similar to ¢p values obtained for 4-hydroxyphenacyl car-
loop” of the C subunit, which is critical for the correct boxylate and phosphate esters, which are in the rgpge
organization of the active site because of its interactions with 0.2—0.4852-5456.87.88yith the exception of glutamate caged on
several residues from both lobes of the protein (Figure 1a). Thethe y carboxylate for whichp, = 0.0852
C subunit has two conformations: open and clo¥éd.”>81For It is the product of the extinction coefficient and quantum

example, when an inhibitor peptide is bound, the enzyme yield (e¢,) at wavelengths compatible with the preparation under
displays a “closed” conformation, in which the cleft between jnvestigation that determines the utility of caged reagents in
the two lobes is relatively narrow, and the phosphate on Thr- pjological experiments. At 312 nm, the value af, = 1575

197 interacts directly with Arg-165 and Lys-189, in the large for HP-RST197C, is very favorable. For example, 2-nitrobenzyl
lobe, and His-87 in the small lobe. In the absence of the peptide, reagents, which have been applied widely to biological prepara-
the protein assumes an “open” conformation with a wider cleft tjons, haves¢, ~ 550 at 308 nm at pH 7.8 while 7-hydroxy-
between the two lobes. In this form, the interaction between coumarin-4-ylmethyl (Bhc) hasg, ~ 330 at 365 nm at pH

His-87 in the small lobe and the phosphate of Thr-197 is broken, 7.285 The normal physiological concentration of PKA is around
and the distance between the two residues increases to 5.95 A30-6—10-7 M.8° Therefore, in cell biological experiments there
In addition, the conserved catalytic loop (residues-1681) is should be no appreciable screening of the activating radiation
required for catalysis, and its correct orientation is crucial. The py the caged protein. Additional advantages of the 4-hydroxy-
phosphoryl group on Thr-197 contacts the loop via an electro- phenacyl group include the formation of a spiroketone upon
static interaction with Arg-165, and it is likely that this photolysis, which is hydrolyzed to the unreactive 4-hydroxy-
interaction is disrupted in the caged C subunit. Therefore, most phenylacetic aci@®5° This photoproduct does not compete for
probably, once the C subunit is caged at Thr-197, either the incident light because of the blue-shift in absorbance. In
active site is faultily assembled, or the enzyme cannot cycle addition, photodeprotection is rapid after the absorption of a
efficiently through the open and closed forms, which is required photon k ~ 107—108 s~1),538 compared with the release from
for catalysis. _ 2-nitrobenzyl reagentk(~ 1—10° s~1).51 Rapid deprotection
The human genome contains sequences that encode aroung important where an event must be quickly triggered, which
1000 protein kinases. Many of these kinases are activated byjs the case for certain biophysical measurements, such as
phosphorylation at sites corresponding to Thr-197 in the C jnvestigations of protein foldirf§=" or the initiation of enzyme
subunit of PKA82 These sites are modified either by heterolo- tyrnover in time-resolved crystallograpPfy.
gous kin_ases orin autophosphorylati_on reactions. For example, |, cell biological experiments, what matter usually are the
the gsyclln-dependent kinase CDK2 is phosphorylated at Thr- |50 of residual activity and the extent of activation upon
161" and the MeP kinase ERKZ is phosphorylated at Thr- 5 qiation, measured as the fold increase in activity. It should
183 (and Tyr-185§" Therefore, the work performed here should  po oteq that a 10-fold increase in activity can be produced,
be dlrlectly apphF:abIe to such cases. Ot.her kinases gnd signaling,, example, by photolysis of a preparation with 1% activity to
_pr(_)tems are a(_:tlvated by phosphorylation gt qther S|tes_. Indeed,yie|d 10% activity, or by a preparation with 10% activity to
|t_ is h_ard to fl_nd an example of a protein mvplved in cell yield 100% activity. HP-BT197C,, does have significant residual
signaling that is not regulated by phqsphqrylauon. It follows activity (~5%), which appears to be an intrinsic property of
that the procedures demonstrated in this work should be o protein. Therefore, it will be necessary to take care to use
adaptable to components of virtually any signaling pathway.  the |owest possible amount of this reagent, for example, for

V\{; chose to use ;?_‘:6 ?E;_hydroxyphenacyl group 10 €age microinjection into target cells for subsequent photoactivation.
PST197C,. This reagerit> *0%is one of several (see, e§:%9 Gratifyingly, the extent of activation of HPSP19’C,, at ~15-

that have been developed recently to replace the establishedqy s excellent and approaches the theoretical maximum given
2-nitrobenzyl reagents. In the present work, the reagent per-y,o |imitation imposed by the residual activity. The high
formed well, producing a protein caged on thiophosphate that o rion of activation ¢85—90% of the molecules) is again
could be uncaged with &15-fold increase in activity. While sefy| for biophysical measurements of ensembles, where the
the 4-hydroxyphenacyl group and its derivatives have been used, operties of the major fraction of the molecules are monitored.
to cage small molecules including ATP, phosphate, glutamic The results obtained in this work suggest several improve-

i i i 2-54,56,5
?ﬁlg,b?ig? rAe' ?)rrltd c;aglogztgfnpggéi' db th?:fgg:ﬁ: ?ﬁ?ﬁeolr;ﬁer ments that might be made to the caged C subunit. First, it might
P P 9 y ) " be possible to lower the residual activity by modifying the
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reagents with highers values or with the absorption maximum  presence of a free cysteine in a peptiféand this manipulation
pushed further toward the visible might be less damaging in might be extended to proteins.
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