THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 277, No. 32, Issue of August 9, pp. 28916-28922, 2002
Printed in U.S.A.

Protein Engineering of Protein Kinase A Catalytic Subunits Results
in the Acquisition of Novel Inhibitor Sensitivity*

Received for publication, April 7, 2002, and in revised form, May 23, 2002
Published, JBC Papers in Press, May 28, 2002, DOI 10.1074/jbc.M203327200

Colleen M. Niswender#, R. Wesley Ishiharai, Luke M. Judge$, Chao Zhang$§, Kevan M. Shokats$,

and G. Stanley McKnighti1

From the tDepartment of Pharmacology, University of Washington, Seattle, Washington 98195-7750 and the §Department
of Cellular and Molecular Pharmacology, University of California San Francisco, San Francisco, California 94143-0450

Analysis of the role of specific protein kinases in sig-
nal transduction networks has relied heavily on ATP
analog inhibitors. Currently used agents, however, often
do not distinguish between kinase family members. Ge-
netic approaches can also be used to inactivate a spe-
cific kinase, but these techniques do not afford the rapid
kinetics possible with pharmacological inhibitors. To
circumvent this problem, modification of the structure
of a particular protein kinase can be performed to engi-
neer a drug-target interaction of choice. We have used
this method to create protein kinase A (PKA) catalytic
subunits with modifications that confer sensitivity to
novel ATP analog inhibitors. Mutation of methionine
120 to alanine or glycine in either the Ca or CB subunits
of PKA induces sensitivity to a series of C-3 derivatized
pyrazolo[3,4-d]pyrimidine-based inhibitors. Modifica-
tion of threonine 183 enhances this inhibitor sensitivity.
The IC;, values in cell culture of the most broadly effec-
tive agent, 1-NM, ranged from 25 to 200 nMm depending
upon the combination of modified amino acids and were
significantly higher than the potencies observed with
H-89. Despite their high sequence conservation, Cf en-
zymes with inhibitor-sensitive amino acids at position
120 showed a substantial loss of overall catalytic activity
when used to induce reporter gene transcription in
transfected cells. Conversion of position 46 (lysine to
isoleucine) rescued the ability of position 120 mutated
CpB enzymes to induce gene transcription. Application of
this combined genetic and pharmacological approach
should allow analysis of the specific roles of PKA iso-
forms in cell culture and in vivo.

Treatment of a physiological system with an inhibitor or
activator that is specific for one cellular molecule represents an
ideal pharmacological tool. In the case of the protein kinase
superfamily, the availability of agents with a specificity for a
particular kinase has greatly enhanced our ability to identify
the molecular substrates and physiological functions of a given
enzyme. Due to the conservation of the catalytic cores of protein
kinases, however, the identification of completely specific drugs
has remained elusive, and many of agents proposed to be spe-
cific have been shown to have multiple targets (1). For example,
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the commonly used protein kinase A (PKA)! inhibitor H-89
effectively inhibits mitogen- and stress-activated protein ki-
nase 1, p70 ribosomal protein S6 kinase, and Rho-dependent
protein kinase in addition to PKA (1).

One method that has been employed to circumvent this prob-
lem relies upon simultaneous manipulation of the drug and the
target to engineer an interaction of choice, an approach termed
“chemical genetics” (2). This strategy has been successfully
used to examine the function of a number of protein kinases,
including v-Src (3-5), Cdc28 (6), and Cladp (7). The approach
takes advantage of the observation that eukaryotic protein
kinases have a conserved ATP binding pocket with methionine,
isoleucine, threonine, phenylalanine, or leucine at a key posi-
tion termed the “molecular gate” (8). By mutating this con-
served, bulky, hydrophobic residue to a smaller amino acid,
mutant kinases have been engineered to accept either inhibi-
tors or phosphodonors that cannot interact with wild-type
counterparts (reviewed in Refs. 9 and 10). The ability to selec-
tively inhibit one protein kinase within a cell represents a
major advance in the analysis of signal transduction pathways.

PKA is a ubiquitous cellular kinase that phosphorylates
serine and threonine residues in response to cAMP. Structur-
ally and biochemically, PKA remains one of the best character-
ized members of the protein kinase superfamily. The wide-
spread expression of PKA subunits, coupled with the myriad of
mechanisms by which cAMP is regulated within a cell, suggests
that the PKA signaling cascade is one of general importance to
cellular function.

The PKA holoenzyme is composed of two catalytic (C) and
two regulatory (R) subunits. In the absence of cAMP, the tet-
rameric holoenzyme is inactive; when cAMP levels rise, occu-
pation of two cAMP binding sites on each R subunit results in
the release of the active C subunits. In mice, there are two C
subunit genes encoding the Ca and Cp isoforms, and differen-
tial promoter selection leads to the synthesis of at least two Ca
(Cal and Ca2 (11, 12)) and three CB (CB1, CB2, and CB3 (13))
proteins. The Ca and CB subunits exhibit distinct expression
patterns, and genetic experiments designed to eliminate each
subunit individually have revealed incomplete compensation
between the two proteins (14-16). This suggests that there
may be specific targets that can only be modified by one of the
two forms of the enzyme. To date, the unique roles of Ca and C3
in the acute transmission of cellular signals have not been fully
explored.

We have engineered mutations into the ATP binding pockets
of both the Ca and CB proteins that confer sensitivity to a
series of specific inhibitors that do not inhibit wild-type PKA.

! The abbreviations used are: PKA, cAMP-dependent protein kinase;
CREB, cAMP-response element-binding protein; C, catalytic; R,
regulatory.

This paper is available on line at http://www.jbc.org
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FIG. 1. Structures of C-3 substituted inhibitors. The structure of ATP and the core structure of the inhibitors used in this study are shown.
R indicates the position of modification and the structure of the various derivatives rationally designed according to previous studies with various
tyrosine kinases (6, 9).

Interestingly, despite the high degree of sequence conservation, itors blocked the biological activity of the modified PKA C
the two subunits exhibit differences in their tolerance of these  subunits with potencies substantially greater than H-89, the
mutations, suggesting previously unrecognized distinctions in most commonly used ATP analog-based inhibitor of PKA.
the structure of the Ca and CpB proteins. Several of the inhib- These results have identified specific mutations in the catalytic
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subunits of PKA that produce inhibitor sensitivity without
altering biological activity. In vivo application of this technol-
ogy could help delineate physiological functions that specifi-
cally require PKA activation as opposed to a related kinase
and, in addition, could allow better definition of the specific
roles of the Ca and Cp isoforms.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Previously described plasmid DNAs encod-
ing the mouse Ca and CpB1 catalytic subunit cDNAs under control of the
metallothionein-1 promoter (MT-CEVa and MT-CEV (17)) were used
as templates for mutagenesis. Mutations were introduced using the
QuikChange® mutagenesis kit (Stratagene, La Jolla, CA) following the
manufacturer’s instructions. Clones were sequenced throughout the
entire coding region wusing the BigDye® sequencing protocol
(PerkinElmer Life Sciences) to ensure integrity of the cDNA sequence
prior to transfection. Several independent clones were identified and
analyzed for the CpB series of experiments to ensure that results were
not influenced by errors in the nonsequenced regions of the vectors.

Cell Culture and Transfection—Human JEG-3 choriocarcinoma cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum (HyClone Laboratories), 100 units/ml
penicillin, and 100 pg/ml streptomycin, 100 uM nonessential amino
acids, and 1 mM sodium pyruvate (Invitrogen). Cells were trypsinized
and plated at a density of 1.8 X 10° cells/well in a 24-well plate 3 days
prior to transfection. Cells were transfected using calcium phosphate
precipitation. Briefly, 2.5 ng of a cAMP-responsive reporter gene (a-168
luciferase) and 50 ng of the internal control plasmid Rous sarcoma virus
B-galactosidase and a carrier plasmid (pBluescript KS+; added to a
total amount of 250 ng of DNA/well) were transfected in triplicate in the
presence or absence of 2.5 ng of the zinc-inducible wild-type or mutant
C vectors. Cells were incubated with precipitates for 20-24 h at 37 °C
in a 3% CO, incubator. Medium was then replaced with the standard
medium described above. Approximately 6 h later, cells were treated
with medium containing 2.5% fetal bovine serum and 100 uM ZnSO, in
the presence or absence of indicated concentrations of the inhibitor. 18 h
later, cells were freeze-thawed and assayed for luciferase and B-galac-
tosidase activity as described previously (18—-20). Units of luciferase
activity were normalized for transfection efficiency by dividing by B-ga-
lactosidase activity.

Molecular Modeling—The sequence of wild-type CB1 (Met-120) was
submitted to the SwissModel program and folded according to the
crystal coordinates of the Protein Data Bank file 1ATP, which repre-
sents the crystal structure of Ca complexed in the presence of MgATP
and the protein kinase inhibitor (21).

RESULTS

Previous studies have identified a conserved hydrophobic
amino acid within the ATP binding site of protein kinases
(reviewed in Ref. 10) that functions to define the proper size of
the binding pocket. Within the PKA subunits Ca and Cp, this
position corresponds to a methionine residue at position 120.
When the analogous site within other protein kinases is
changed to alanine or glycine, the resulting kinase will accept
substituted ATP analogs or inhibitors that cannot bind to the
wild-type enzyme (10). For this study, we employed pyra-
zolo[3,4-d]pyrimidine-based compounds derivatized at the C-3
position of the base ring (Fig. 1). These inhibitors are derived
from the core structure of the pyrazolo[3,4-d]pyrimidine PP1, a
previously described inhibitor of the Src family of protein ki-
nases (22). Bulky substitutions at the C-3 position are pre-
dicted to present a hydrophobic surface within the ATP binding
pocket that can only be accommodated by a small side-chain
amino acid at position 120. In addition, position 183 (a threo-
nine in both Ca and Cp) is predicted to further constrain the
ATP binding pocket and potentially affect binding of the C-3
substituted inhibitors. For this reason, constructs with double
modifications at the 120 and 183 positions were also examined
for inhibitor sensitivity.

To test the ability of this panel of PP1 derivatives to inhibit
the modified enzymes, we chose a transient transfection system
using a CREB-responsive luciferase reporter gene as a measure
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Fic. 2. Relative efficacy of wild-type and substituted Ca and
CpB enzymes in the induction of CREB-dependent transcription.
Plasmids encoding the indicated Cal isoforms (panel A, CaMet120,
CaAlal20, CaGly120, and CaAla120/Ala183) or CB1 isoforms (panel B,
CBMet-120 (wild-type enzyme), CBAla120, CBGly120, CpIle46/Alal20,
and Cplle46/Gly120) were transfected in triplicate, and luciferase ac-
tivity was measured and normalized for transfection efficiency as de-
scribed under “Experimental Procedures.” The activity of the wild-type
Met-120 enzymes was set to 100%. Data shown are representative of
two to five independent DNA clones for each isoform.

of PKA activity. In this paradigm, cDNAs encoding modified
catalytic proteins are overexpressed upon a background level of
wild-type kinase, resulting in the expression of mutant cata-
lytic subunits in excess of cellular regulatory proteins. Al-
though a portion of these exogenous subunits will eventually
partition into the regulatory subunit pool and displace endog-
enous wild-type catalytic proteins, high levels of basal kinase
activity can be elicited with a great bias toward the transfected
catalytic subunits. Drug-induced inhibition of this basal activ-
ity can then be assessed with only background levels of contri-
bution from the endogenous enzyme.

Ca and CB Differ in Their Tolerance for Modifications at
Position 120—Initial transfection experiments using the Ca
subunit of PKA revealed a slight loss of catalytic activity when
position 120 was converted to an alanine; modification to a
glycine resulted in an approximately 50% loss of activity (Fig.
2A). Simultaneous substitutions at both the 120 and 183 posi-
tions generated enzymes with ~60% catalytic activity as com-
pared with wild type in the absence of added drugs (Fig. 24,
Ala-120/Ala-183 enzyme shown). Introduction of either the al-
anine or glycine 120 substitutions into the CB enzyme, how-
ever, resulted in a much more pronounced loss of activity as
compared with the analogous Ca proteins, particularly when
amino acid 120 was modified to a glycine (Fig. 2B). Due to the
remarkably high level of conservation between the Ca and Cf3
proteins, the difference in the ability of the two subunits to
tolerate these modifications was unexpected. We isolated sev-
eral independent clones of the CB alanine and glycine 120
constructs to ensure the integrity of the entire plasmid vector
used in these studies, and we obtained reproducible levels of



Chemical Genetic Inhibition of Protein Kinase A

A

Ca 1
Cp

61 KHK

GNAASAKKGSEESVKEFLAKAKEDFLIKWE TP

28919

ADLDOFDORIKTLGTGSFGRVMLY

K

YAMKILDKQKVVKLKQIEHTLNEKRILQAV'FPFLVILE SFKDNSNLYMVM

121 EYVAGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSLDLIYRDLKPENLLIDOQGYI

ale

181 QV:FDFG FAKRVKGRTWTLCGTPEYLAPEITLSKGYNKAVDWWALGVLIYEMAAGYPPFFA

241 DQPIQIYEKIVSGKVRFPSHFSSDLKDLLRNLLQVDLTKRFGNLKNGV/ DIKNHKWFATT

Fic. 3. Sequence differences be-
tween Ca and CpB and the predicted
structure of CB. A, a sequence compar-
ison of the mouse Ca and CB PKA en-
zymes. Amino acids that differ between
the two proteins are shown in green; ly-
sine/isoleucine 46 is highlighted in blue. B
Methionine 120 and threonine 183 are in-
dicated by red asterisks. B, the structure
of CB modeled using the crystal coordi-
nates of Ca. Amino acids that differ be-
tween the two proteins are shown in green
with position 46 highlighted in blue. ATP
is indicated in red.

activity when the substitutions were present (data not shown).
Comparison of the amino acid sequence of the Ca and CB
proteins indicates that the majority of differences between the
two proteins are conservative substitutions located predomi-
nantly in the N-terminal regions of the enzymes (Fig. 3A). The
exception to these conservative differences is an isoleucine/
lysine discrepancy at position 46. Folding of the CB sequence
using the coordinates of the Ca crystal structure revealed that
this amino acid is predicted to reside within the upper lobe of
the ATP binding pocket (Fig. 3B).

Rescue of CB 120-substituted Enzymes by Replacement of
Lysine 46 with Isoleucine—In an attempt to rescue the defec-
tive kinase activity of the modified Cg proteins, we substituted
the lysine residue present within CB with the isoleucine of Ca
in the context of the alanine and glycine substitutions (Fig. 2B).
Transfection analyses of several independent clones revealed a
significant rescue of C3 120 mutant activity when position 46 of
CpB was also changed to the isoleucine characteristic of Ca. This
was particularly evident for the Gly-120 mutant, which exhib-
ited a 5-fold enhancement of catalytic activity in the presence of
this isoleucine moiety.

Position 120-substituted Ca and CB Variants, but Not Wild-
type Enzymes, Are Sensitive to Novel Inhibitors—The sensitiv-
ity of transfected Ca and CB proteins to the series of C-3

301 DWIAIYQRKVEAPFIPKFKGHGDTSNFDDYEEEEIRVSINEKCGKEFTEF

substituted pyrazolopyrimidine inhibitors diagrammed in Fig.
1 was subsequently examined. Table I depicts the ability of a 1
1M concentration of each inhibitor to prevent CREB-dependent
transcription in JEG-3 cells transfected with substituted Ca or
CB subunits. As expected, none of the drugs examined were
capable of inhibiting transcription induced by the wild-type
(Met-120) enzymes. Several drugs (Pho, DiCl, and BnZO)
showed no ability to inhibit any of the modified enzymes at the
1 uM concentration tested; higher amounts of drug also failed to
elicit reproducible inhibition (data not shown). A number of
agents, however, showed substantial efficacy in blocking the
CREB-dependent transcription generated by either the modi-
fied Ca or CB subunits. The drug sensitivity profiles for mutant
Ca and Cp isoforms were very similar, indicating conserved
ATP binding pocket structure between the two proteins. The
Ca enzymes containing substitutions at both the 120 and 183
positions, which are hypothesized to have an even larger bind-
ing pocket than those modified at position 120 alone, were more
sensitive to inhibitors than the singly modified enzymes. Sev-
eral of the drugs showed a preference for subunits containing
either an alanine or a glycine at position 120. For example, the
drugs 4-Me and 4-F were more effective at inhibiting transcrip-
tion from enzymes with alanine at position 120. In contrast,
2-NM and 1-NOM showed a preference for subunits with a
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TABLE I
Percent luciferase activity remaining in the presence of C-3 substituted inhibitors and H-89
24 h after transfection, cells were treated with 1 um or 10 uM (1-NM only) of the C-3 substituted inhibitors or 10 um of H-89 for 16—20 h, and
luciferase activity was subsequently measured. These data are representative of two to six independent determinations performed in triplicate.
Data for a given isoform have been normalized to the amount of activity seen in the absence of 1-NM for that enzyme in a particular experiment.
Data from the CBGly120 enzyme are omitted from this table as the low activity of this enzyme precluded consistent analysis.

Ca isoforms

CB isoforms

. . Tle-46/ Tle-46/
g awio ayno AR AR Gy Wigre  gene G
Drug
1-Na 97.8 245 35.4 5.0 45 9.1 105.2 47.2 38.3 50.5
2-Na 110.3 46.9 426 9.6 7.9 14.2 120.2 51.6 31.6 36.4
4-Me 92.0 21.1 31.8 4.6 6.0 12.6 106.1 28.0 21.5 19.7
4F 88.4 37.6 54.0 8.2 8.1 16.7 108.6 71.3 66.0 60.2
Pip 98.3 29.7 52.3 11.3 15.2 23.7 98.7 38.3 27.7 54.4
1-NM 96.6 13.1 15.9 75 7.0 7.9 1188 13.5 8.7 10.2
1-NM 10 pM 98.4 2.8 1.8 2.0 2.1 2.1 ND¢ 42 46 3.7
2-NM 127.4 87.7 51.6 86.9 60.5 30.6 134.2 91.3 91.0 28.9
1-NOM 105.3 88.4 59.6 43.7 45.7 25.3 129.0 83.6 86.7 61.2
Pho 96.6 104.3 90.3 80.0 82.2 96.8 101.1 99.8 92.8 92.7
DiCl 95.5 104.8 97.1 98.2 84.8 100.1 123.5 101.3 100.5 94.6
BnZO 94.4 85.4 121.2 77.3 65.3 88.1 116.8 91.2 97.9 92.9
H-89 10 uM 27.3 49.7 47.0 18.3 47.2 57.4
* ND, not determined.
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Fic. 4. 1-NM mediates dose-dependent inhibition of CREB-dependent transcription induced by modified Ca (A) and CpB (B)
isoforms. Increasing doses of 1-NM were applied to JEG-3 cells transfected with various Ca (A) and CB (B) subunits, and luciferase activity was
measured as described under “Experimental Procedures.” Data were normalized to the amount of activity measured in the absence of 1-NM and
are representative of three to four independent experiments performed in triplicate.

glycine at this position. The most broadly effective inhibitor
was the drug 1-NM, which contains a napthylmethyl group at
the C-3 position of the pyrazolopyrimidine base ring. This
agent effectively reduced the transcriptional activity of all mod-
ified Ca and CpB proteins to background levels without affecting
wild-type (Met-120) activity (Table I). Effective drugs were also
much more potent than the most commonly used PKA inhibi-
tor, H-89, which only inhibited transcription by approximately
~50% at a 10 um concentration (Table I). H-89 was, however, a
more potent inhibitor of the doubly modified CaAla120/Gly183
as compared with its activity in inhibiting transcription in-
duced by either CaAlal120 or CaGly120, similar to the results
obtained for many of the C-3 modified pyrazolopyrimidine
drugs.

The Agent 1-NM Is a Potent Inhibitor of All Substituted Cu
and CB Enzymes—Although the transfection method used here
does not allow a determination of the exact K; values for these
agents, analysis of the potency of the most globally effective
inhibitor, 1-NM, revealed IC;, values of 100—-200 nm for the
CaAlal20 and CaGly120 substitutions (Fig. 44). 1-NM was
~2-5 times more potent when interacting with Ca enzymes
containing simultaneous alterations at the 120 and 183 posi-
tions as compared with subunits modified only at residue 120
(Fig. 4A and Table I). Similar IC;, values were obtained for the
alanine derivatives of both Ca and CB (~200 nMm), regardless of
the isoleucine 46 substitution within CB (Fig. 4B). The close
agreement in 1-NM potency between different versions of Ca
and Cp, both in the presence and the absence of the compen-

satory position 46 modification, suggests similarities in the
way in which the ATP binding pockets of both enzymes interact
with these inhibitors.

1-NM Does Not Inhibit Other Components of the cAMP Sig-
naling Cascade in JEG-3 Cells—Although we had induced drug
selectivity for PKA enzymes containing alanine or glycine at
position 120 over those containing a methionine, it remained
possible that these drugs could also inhibit other components of
the PKA signaling network such as the ATP-binding protein
adenylyl cyclase. To test this, we stimulated wild-type cells
containing only endogenous PKA with forskolin in the presence
or absence of 1-NM. No significant inhibition of the activity of
cellular components leading to CREB-dependent transcription
was observed (Fig. 5). Although this experiment cannot rule
out the possible interaction of 1-NM with other proteins that
bind ATP, it provides evidence that major components of the
PKA signaling pathway are not affected by the presence of this
agent.

DISCUSSION

The chemical genetic approach represents a novel tool for the
study of cellular signal transduction. Due to the similarity
between the ATP binding sites of protein kinases, the ability to
selectively inhibit one kinase amid other cellular proteins is
anticipated to speed the identification of specific phosphoryla-
tion targets. This engineered drug-target interaction strategy
has been successfully employed to study the function of a num-
ber of protein kinases, including Src (3-5) and Cdc28 (6). We
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Fic. 5. 1-NM does not inhibit luciferase activity in JEG-3 cells
in the absence of transfected modified PKA subunits. Cells were
transfected only with luciferase and B-galactosidase reporter con-
structs. 24 h later, cells were treated *forskolin (FSK) in the presence
of 1 um 1-NM or vehicle, and luciferase activity was measured after
16 h. These data are representative of three independent experiments
(four to six individual wells per experiment).

have now used this method to examine signal transduction
induced by the PKA family of enzymes. Substitution within the
ATP binding pocket of both the Ca and CB enzymes allows for
interaction with ATP analogs that normally are unable to com-
pete for ATP binding. The inhibitors chosen for these studies,
based upon the structure of the Src inhibitor PP1, contain
bulky substituents at the C-3 position that restrict access to the
ATP binding pocket of wild-type kinases.

The first criterion inherent to the success of this strategy is
that modifications that induce drug sensitivity must have little
or no effect on overall activity of the protein in the absence of
drug. Modification of methionine 120 to alanine was well tol-
erated within the Ca protein with levels of activity ~80% of
wild type (Fig. 2A4). Modification to a glycine resulted in lower
levels of activity and simultaneous modification at the 120 and
183 positions generated enzymes with 50—60% overall activity
(Fig. 2A). The analogous mutations in CB resulted in much
more profound decreases in activity (Fig. 2B). It is likely that
the alanine and, particularly, the glycine substitutions result
in an instability of the CB protein similar to that seen when a
glycine modification is introduced into the structure of c-Abl
(23). For CpB, rescue of catalytic activity was achieved by re-
placing the only nonconservative discrepancy between the Ca
and Cp proteins (Lys-46) with the isoleucine characteristic of
Ca. Modeling of the CB sequence using the coordinates for the
Ca crystal structure revealed that this amino acid is predicted
to reside within the upper lobe of the ATP binding pocket
(Fig. 3B).

To date, there are limited studies describing potential differ-
ences between the Ca and CB proteins. Both of the enzyme
variants used in these studies, Cal and CpB1, are expressed
ubiquitously. In vitro studies have shown that although the two
proteins exhibit similar K,, and V., values for ATP, subtle
differences are present in substrate selectivity and inhibition
by both the protein kinase inhibitor and type II regulatory
subunits (24). These results suggest potential distinctions in
the physiological functions of Ca and CB.

Differences between the PKA catalytic subunits are also
apparent from mouse knockout studies. Elimination of the Cg1
isoform results in healthy animals that display specific defects
in hippocampal synaptic plasticity (14); elimination of all C3
isoforms generates animals with defects in cued fear condition-
ing (16). Loss of Ca generates an animal that is severely growth
retarded with extreme deficits in kinase activity (15). These
results indicate that, although some compensation may occur
when one subunit is deleted, this compensation is incomplete.
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These in vivo studies, combined with the in vitro experiments
described above, indicate that important differences between
these two highly similar proteins exist. Our results further
suggest that there are structural distinctions between Ca and
CpB that revolve around the identity of the amino acid at posi-
tion 46; this difference may or may not have functional conse-
quences for the activity of the two proteins.

The second critical component of the chemical genetics strat-
egy is the induction of drug specificity only within the modified
proteins and not their wild-type counterparts. In these studies,
we observed no inhibition of CREB-dependent signal transduc-
tion when this series of inhibitors was used in conjunction with
the wild-type Ca or CB enzymes. In contrast, several drugs
were effective at blocking transcription induced by the substi-
tuted proteins with similar profiles for Ca and CB enzymes. In
general, the majority of drugs exhibited a higher degree of
inhibition when interacting with proteins substituted at both
the 120 and 183 positions. In addition, some drugs inhibited
the alanine mutants more effectively than the glycine isoforms
(4-Me and 4-F), whereas others showed preferential interaction
with the glycine-substituted enzymes (2-NM and 1-NOM).
These results suggest that classes of these inhibitors bind
uniquely within the ATP binding pocket and that simultaneous
modification of two ATP binding site amino acids generally
permits enhanced access to this critical portion of the enzyme.
Of all inhibitors tested, the agent 1-NM most effectively inhib-
ited all modified enzymes without affecting wild-type activity,
even at a 10 uM concentration. Dose-response analyses of this
agent revealed an ICy, range of ~25-200 nm with increased
potencies at the enzymes modified at both the 120 and 183
positions. It should be noted that these potencies were observed
in the presence of normal cellular concentrations of ATP, pre-
dicted to be in the millimolar range. The potency of 1-NM was
also manyfold higher than that observed using H-89, one of the
most commonly used PKA inhibitors.

In conclusion, we have shown the viability of the chemical
genetics strategy for the study of PKA-mediated signaling in
vivo. We have produced several modifications within the Ca
and CB enzymes that confer inhibitor sensitivity while retain-
ing near wild-type levels of catalytic activity. Use of the agent
1-NM provides a potent and selective means of inhibiting only
modified PKA isoforms with no observed effect on other com-
ponents of the PKA pathway (Fig. 5). Introduction of these
modifications into the Ca and CB genes using embryonic stem
cell technology will allow the study of acutely regulated PKA
function in a whole mouse or in tissues and cells derived from
such a modified animal. It should be noted that both Ca and C
heterozygotes are phenotypically normal (13, 15), suggesting
that a slight reduction in overall kinase activity in the absence
of drugs (such as that seen with the CaAla120 isoform) will not
prove detrimental to the animal. The approach applied here,
designed to engineer a drug-target interaction of choice, should
prove invaluable in the study of the role of specific protein
kinases in signal transduction.
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