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ABSTRACT
The major function of the regulatory (R)
subunit ofthe cAMP-dependent protein kinase is to bind tightly
to the catalytic (C) subunit to form an inactive holoenzyme in
the absence of cAMP. The hinge region of the R subunit
resembles the substrate recognition site for the C subunit and
is known to be involved in the R-C subunit interaction. Two
arginine residues in this region, Arg-92 and Arg-93, are
suggested to be essential for holoenzyme formation. In this
study, a mutant in which Arg-92 and Arg-93 of type II
regulatory subunit (RH) were replaced with alanine was constructed. Formation of the holoenzyme from mutant RH and C
subunits was analyzed by gel-filtration and cation-exchange
chromatography. Mutant RH in its cAMP-free form formed a
stable holoenzyme with the C subunit, which dissociated in the
presence of cAMP. Interestingly, the holoenzyme formed from
mutant RU and C subunits retained full enzymatic activity even
in the absence of cAMP. Although mutant RU could no longer
be phosphorylated by the C subunit, the rate of [3H]cAMP
release from mutant RUI cAMP was increased by addition ofthe
C subunit, indicating that C-induced cAMP release is not the
result of the interaction of the C subunit with the hinge region.
These results demonstrate that Arg-92 and Arg-93 are not
essential for holoenzyme formation but are critical for inhibiting kinase activity in the holoenzyme probably by occupying
the substrate binding site. The results suggest that, in addition
to the hinge region, a second site on the RH subunit may
interact with the C subunit in a cAMP-dependent manner.

contains a substrate consensus sequence, Arg-Arg-Xaa-Ser,
while that in RI has a pseudosubstrate sequence, Arg-ArgXaa-Ala (4). It is well established that a pair of basic residues
located one residue amino terminal to a serine or threonine is
a strong recognition determinant for phosphorylation by the
C subunit (for review, see ref. 13). Thus, it is believed that the
hinge region of the R subunit occupies the substrate binding
site of the C subunit in the holoenzyme, which is supported
by the observation that the R subunit is a competitive
inhibitor of PKA and that Ser-95 in the Arg-Arg-Xaa-Ser
sequence of RII is autophosphorylated in the holoenzyme
(14-16). In addition, Cys-97 in RII is selectively protected
from alkylation in the holoenzyme, indicating that this residue is probably in close contact with the C subunit (17).
The important role of Arg-92 and Arg-93 at the hinge region
in the interaction of the R with the C subunits was first noted
by Corbin et al. (14), who showed that the chemical modification of these arginine residues led to activation of the
holoenzyme and abolished autophosphorylation of RII.
Weber and Hilz (18, 19) demonstrated that an RII fragment
generated by chymotryptic cleavage at the hinge region,
which still contained the arginine residues, was capable of
inhibiting the C subunit and undergoing autophosphorylation
but that a similar fragment lacking the arginine residues
obtained after tryptic digestion lost the ability to undergo
autophosphorylation and to inhibit the C subunit. By using a
monoclonal antibody to detect the stable R-C complex,
Weldon and Taylor (20) showed that removal of the first 90
residues by chymotryptic digestion did not affect the ability
of the remaining RII fragment to form a stable complex with
the C subunit, whereas an RII fragment, in which aminoterminal residues 1-93 were removed by thermolysin digestion, lost the ability to form the complex. These experiments
were interpreted as supporting the hypothesis that Arg-92 and
Arg-93 at the hinge region are essential for the formation of
holoenzyme.
In a recent study, we showed that substitution of the hinge
region of RII with the inhibitory domain of the heat-stable
inhibitor of PKA blocked holoenzyme dissociation and kinase activation in response to cAMP (21). However, this did
not eliminate C-induced cAMP release from the mutant RII.
This observation suggests that the effect of the C subunit on
the rate of cAMP dissociation from RII may have been due
to direct contact of the C subunit with the R subunit at a site
other than the hinge region.
To test the hypothesis that regions of RII besides the hinge
region may be important in R-C interaction, in the present
study we have constructed a mutant form, in which Arg-92
and Arg-93 in the hinge region are replaced with alanine
residues. This mutant RII still has the ability to form a stable
complex with the C subunit, which dissociates on addition of

The cAMP-dependent protein kinase (PKA) consists of regulatory (R) and catalytic (C) subunits that associate to form
an inactive tetrameric holoenzyme (R2C2). The binding of
cAMP to the R subunit leads to dissociation of the inactive
holoenzyme and the release of the active C subunit (1).
Two major types of PKA have been classified based on the
isozymic identity of the R subunit, which exists in two forms,
RI and RII (2, 3). Both forms of the R subunit share the
general domain structure, which has been defined by limited
proteolysis and affinity labeling (4). The 50 residues at the
amino terminus of the R subunit are essential for dimerization
to R2 (5). Two tandem cAMP-binding domains are located at
the carboxyl terminus of the R subunit (6, 7). The sequence
of these cAMP binding domains is homologous to that of the
catabolite gene activator protein (CAP) from Escherichia
coli, and a p-barrel structural model of cAMP-binding sites
has been proposed, based on the crystallographic coordinates
of CAP (8-10). The two cAMP binding sites (sites A and B)
of the R subunit have different preferences for cAMP analogs
and display different dissociation rates for cAMP (11, 12).
A proteolytically sensitive "hinge" region (residues 90100, see Fig. 1) has been emphasized thus far as the site of
interaction with the C subunit. The hinge region in RII
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cAMP. Furthermore, the C subunit promotes dissociation of
cAMP from the mutant RII cAMP complex. However, the
holoenzyme containing the mutant form of R11 is fully active
even in the absence of cAMP. These results show that a
region in R11 besides the hinge region must be important in
formation of the holoenzyme.

EXPERIMENTAL PROCEDURES
Construction of Bacterial Expression Vectors. The bacterial
expression vectors were constructed from a trp-lac fusion
promoter (trc), mouse R11 cDNA, and plasmid PUC19. A
mouse RII cDNA was obtained in previous study (45). The
trc promoter fragment was obtained from PKK233-2 vector
(Pharmacia) by Nco I/BamHI digestion. The PUC19 fragment was generated by BamHI/Pst I. Mouse RIa cDNA
was cut with Pst I/EcoRI to obtain a fragment encoding the
carboxyl-terminal portion of RIa protein. A 47-base-pair
oligonucleotide with Nco I/Pst I sites, encoding the aminoterminal portion of RIa, was chemically synthesized. These
fragments were ligated to generate the wild-type RIla expression vector. The first amino acid after the initiator methionine
was changed to alanine from serine to construct an Nco I site
at the initiation codon.
The RII mutant was generated by site-directed mutagenesis using the polymerase chain reaction (PCR) described by
Higuchi (22). Briefly, two 40-mer synthetic oligonucleotides
complementary to each strand of the target sequence, containing the mismatched bases in the middle, were used as
primers in primary PCR to generate two DNA fragments with
overlapping sequences at the target sequence. After removal
of excess primers, secondary PCR was conducted using the
overlapped fragments from the primary PCR as a template.
The product was digested to generate a fragment with Sal
I/HindIlI sites, which was substituted for the Sal I/HindIII
fragment from the wild-type RII expression vector. DNA
sequencing analysis verified the sequence in the mutated
region.
Expression and Purification of RH. Wild-type RII and
RR9293AA mutant RII were expressed and purified by
procedures as described (21). Briefly, E. coli (RR1 strain)
cells transformed with the RII vector were cultured in 200 ml
of L broth medium containing ampicillin for 12-16 hr at 37°C.
The suspension was passed through a French pressure cell
and then centrifuged at 5000 x g for 30 min. The supernatant
was frozen at -70°C and then thawed on ice. After centrifugation, the solution was loaded onto a Fast Flow Q column
(20-ml bed volume; Pharmacia), equilibrated with 20 mM
Tris-HCI, pH 6.8/15 mM 2-mercaptoethanol, and eluted with
a linear gradient of NaCl in the same buffer (0-0.5 M). RII
was further purified by an analytical Mono Q HR5/5 column
with a similar gradient of NaCl as for the Fast Flow Q column.
Preparation of cAMP-Free RH. Mutant RII protein in a
cAMP-free form was obtained using a modification of the
procedure of Cadd et al. (23). RII purified as described above
was incubated with 10 mM cGMP at 4°C for 72 hr to replace
bound cAMP with cGMP. The released cAMP and the excess
cGMP were then removed by repurification on Mono Q. RII
was then dialyzed against 20 mM Tris-HCI, pH 6.8/15 mM
2-mercaptoethanol for 72 hr to remove bound cGMP.
Protein Kinase Assays. The protein kinase activity of the
sample was determined by a phosphocellulose paper assay
(24), using a synthetic peptide (Arg-Arg-Leu-Ser-Ser-LeuSer-Ala or RRLSSLSA) as substrate. The reaction mixtures
contained 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 200 ,uM
[y-32P]ATP (-200 cpm/pmol), 150 ,uM peptide substrate, 2
nM C subunit, and the indicated amount of RII. For activation of the holoenzyme, the activity was measured in the
presence of various concentrations of cAMP (0-100 MM).
The reaction was carried out at 30'C for 10 min at which time
40 A.l of the reaction mixture was spotted onto a phospho-
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cellulose paper square (P81; Whatman). The paper was
washed several times with 150 mM phosphoric acid and then
radioactivity was measured in aqueous scintillant (Ecolume;
ICN).
Formation of Holoenzyme. Purified RII was mixed with a
2-fold molar excess of the C subunit and then dialyzed against
50 mM potassium phosphate, pH 6.8/15 mM 2-mercaptoethanol overnight at 40C. The holoenzyme was separated
from free C subunit on two Superose 12 HR10/30 gelfiltration columns in tandem. The flow rate was 0.3 ml/min
and 0.3-ml fractions were collected. Kinase activity in each
fraction was measured in the presence and absence of 2 AM
cAMP.
cAMP Binding Assay. The cAMP binding capacity of RII
was measured with a Millipore filtration method described by
D0skeland and Ogreid (25). The reaction mixture contained
2 ,uM [3HJcAMP (25-30 Ci/mmol; 1 Ci = GBq), 50 mM
potassium phosphate (pH 6.8), 1 mM EDTA, type IIA histone
(Sigma) at 0.5 mg/ml, 2 M NaCl, and 1 Ag of RII. The binding
reaction was carried out at 30'C for 30 min and terminated by
adding ice-cold 95% (wt/vol) ammonium sulfate solution.
The sample was then filtered through a nitrocellulose filter
(type HA; Millipore) and radioactivity bound to the filter was
measured. In measurements of the dissociation rate of cAMP
from RII, the sample was incubated with 1 ,M [3H]cAMP at
37°C for 20 min, and then a 100-fold excess unlabeled cAMP
and the indicated amounts of the C subunit were added. The
sample was diluted immediately with 50 mM potassium
phosphate (pH 6.8) containing bovine serum albumin at 50
mg/ml to a final RII concentration of 20 nM. At various time
intervals, 200 ,ul was taken to determine the amounts of
bound [3HlcAMP.
Phosphorylation of RII. Purified RII (2 ,ug) was incubated
in a final volume of 50 ,l with 100 AM [yt32P]ATP (1000
cpm/pmol), 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 15
ng of the C subunit for 5 min at 30°C. Bovine serum albumin
(10 ,ug) was added, and the proteins were precipitated by
addition of ice-cold trichloroacetic acid to a final concentration of 20%6 (wt/vol). The precipitate was washed with 5%
trichloroacetic acid to remove ATP and the radioactivity in
the pellet was measured.
Other Methods. The native C subunit was purified from
bovine heart as described by Beavo et al. (26). Protein
concentrations were determined by the method of Bradford
(27). SDS/polyacrylamide gel electrophoresis was performed
according to Laemmli (28). Radioimmunoassay ofcAMP was
conducted using a kit from DuPont/NEN according to the
manufacturer's specifications. Amino acid sequence determination was performed using an Applied Biosystem gasphase sequencer (model 470A).
Materials. All chemicals were purchased from Sigma unless stated otherwise. Protease inhibitors were obtained from
Boehringer Mannheim and the enzymes used in DNA manipulations were from New England Biolabs. [2,8-3H~cAMP
was purchased from ICN. CM-Sephadex C-50 was from
Pharmacia. The peptide and oligonucleotides were synthesized in the Peptide and Oligonucleotide Synthesis Facility of
the Howard Hughes Medical Institute, University of Washington.

RESULTS
To evaluate the role of Arg-92 and Arg-93 in the formation of
the holoenzyme form of PKA, these residues were converted
to alanine residues in a mutant RII by using site-directed
mutagenesis. The domain structure and the sites of mutation
are indicated in Fig. 1. The mutant RII was expressed in E.
coli (strain RR1) using methods comparable to those reported
for wild-type RII (21). The expressed protein made up 2-5%
of total soluble protein in crude extracts obtained after
French press treatment, as judged by SDS/PAGE and cAMP
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FIG. 1. Domain structure of RII and localization of mutation. RII
is represented as a linear chain. Wild-type RII contains two arginine
residues within the hinge region. Mutant RII (RR9293) was created
by replacing the arginine residues with alanine residues.

binding activity, and was not degraded significantly in the
crude extract, based on Western blot analysis. After purification to homogeneity by ion-exchange chromatography,
amino acid sequence analysis confirmed that no proteolysis
had occurred during purification in the amino-terminal region. The mutant RII had a slightly slower mobility than the
wild-type RII on SDS/PAGE (see below), which was consistent with our previous observation that mutations in the
hinge region alter the mobility (unpublished observations).
Purified mutant RII as isolated contained -2 mol of cAMP
per mol of RII monomer, as determined by radioimmunoassay (data not shown). Therefore, cGMP was used to
replace the bound cAMP, which could then be removed by
extensive dialysis. More than 95% of the bound cAMP was
eliminated by this procedure (data not shown). The mutant
RII was found to bind 1.7-1.8 mol of cAMP per mol of RII
monomer by using the Millipore filtration method, and the
dissociation of cAMP displayed a biphasic time course (data
not shown). These data indicated that the two cAMP binding
sites on each monomer were functionally intact.
To examine properties of subunit association, the mutant
RII was incubated with a 2-fold molar excess of the C subunit
under conditions in which the wild-type RII and C subunits
form a holoenzyme, and the mixtures were analyzed by gel
filtration. Initial experiments were attempted using mutant
RII saturated with cAMP. Under these conditions, no holoenzyme formation was detected, and all of the kinase activity
eluted as free C subunit at a position corresponding to a
molecular mass of40 kDa (Fig. 2A). When cAMP-free mutant
RII was incubated with the C subunit, however, activity was
distributed in two peaks eluting at positions corresponding to
200 kDa and 40 kDa (Fig. 2B). Kinase activities of the
200-kDa peak as well as that of the 40-kDa peak, measured
in the absence of cAMP, were the same as those measured in
the presence of cAMP. The enzyme eluting at 200 kDa
contained approximately equal molar amount of R and C
subunits (Fig. 3), indicating that the peak most likely represents a holoenzyme with an R2C2 structure. Finally, mutant
RII in its cAMP-free form preincubated with the C subunit
was exposed to 100 ,uM cAMP for 20 min prior to gel
filtration. The activity at 200 kDa disappeared, and the
activity at 40 kDa doubled, consistent with the dissociation of
holoenzyme to free C subunit (Fig. 2C). The results indicate
that the holoenzyme containing mutant RII is sensitive to
dissociation in the presence of cAMP.
To further demonstrate the formation of holoenzyme from
the C and mutant RII subunits, the mrutant enzyme from the
200-kDa peak was absorbed onto CM-Sephadex resin (C-S0)
and then eluted with a high-salt buffer. CM-Sephadex is
commonly employed to separate free C subunit from holoenzyme since the latter does not bind to this resin (26). As
would be expected for the holoenzyme, which is known not
to bind to this type of resin (26), most of the kinase activity
failed to bind to the resin and was present in the flow-through
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FIG. 2. Analysis of holoenzyme formation by gel filtration.
Purified mutant RII (0.3 mg) was incubated with a 2-fold molar excess
of the C subunit overnight at 4°C. The sample was then loaded on two
Superose 12 columns arranged in tandem (5 x 60 cm) to separate the
holoenzyme from free C subunit, and the kinase activity in each
fraction (0.3 ml) was measured using the peptide RRLSSLSA as
substrate in the presence and absence of 2 ,uM cAMP. (A) Purified
mutant RII containing bound cAMP. (B) cAMP-free mutant RI. (C)
cAMP-free mutant RII preincubated with the C subunit followed by
addition of cAMP to 100 ,M for 20 min before loading. The arrows
indicate the molecular mass of each peak calibrated with a set of
molecular mass markers.

fraction (Fig. 4). When the enzyme was exposed to 100 uM
cAMP for 20 min before absorbing onto CM-Sephadex, the
kinase activity was retained on the resin and could only be
eluted with high salt, consistent with formation of free C
subunit. These results confirm that mutant RII can associate
with the C subunit to form a holoenzyme that dissociates in
the presence of cAMP.
The activity of mutant and wild-type holoenzyme in the
presence of various concentrations of cAMP was examined
using the synthetic peptide as substrate. As anticipated (see
above), the mutant holoenzyme was fully active even in the
absence of cAMP whereas the wild-type holoenzyme was
inactive under this condition but exhibited a K. value about
40 nM for activation in response to cAMP (Fig. 5). This result
suggests that Arg-92 and Arg-93 are essential for inhibition
for the C subunit in the holoenzyme complex.
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FIG. 4. Analysis of holoenzyme formation by cation-exchange
chromatography. The mutant holoenzyme from the gel-filtration
column (100 ,ug) was applied batchwise to CM-Sephadex (0.3 ml) for
30 min at 4°C. The flow-through fraction was collected and the
material was then eluted with 3 vol ofa buffer containing 0.4 M NaCl.
The kinase activity was analyzed in the flow-through and the eluate.
Hatched bars represent experiments performed using enzyme applied directly to CM-Sephadex and open bars represent enzyme
preincubated with 100 uM cAMP for 20 min at 4°C before being
applied to CM-Sephadex.

Since mutant RII remains attached to the C subunit,
although it lacks the recognition site for C in the hinge region,
there was a possibility that this latter region might still be in
close proximity to the substrate binding site of the C subunit
and Ser-95 might be phosphorylated. Under conditions that
led to fully stoichiometric phosphorylation of wild-type RII,
however, there was essentially no phosphorylation of mutant
RII by the C subunit (Fig. 6), indicating that interaction of the
hinge region of mutant RII with the active site of the C subunit
was apparently abolished.
It is known that addition ofthe C subunit causes the release
of cAMP from the R-cAMP complex with either RI and RII
(22, 29, 30). Mutant RII provided a suitable means for testing
whether or not the effect of the C subunit on cAMP dissociation is due to the interaction of the C subunit with the hinge
region. To examine this aspect, mutant RII was allowed to
bind [3H]cAMP. Free C subunit and unlabeled cAMP were
then added and the amount of [3H]cAMP still bound to RII
was determined with time. The rate of [3HlcAMP dissociation was doubled in the presence of 100 nM C subunit relative
to that measured in the absence of the C subunit (Fig. 7). This
result suggests that the effect of the C subunit on cAMP
release is not due to a direct interaction of the C subunit with
the hinge region since the interaction of the C subunit with the
hinge region of mutant RII was apparently eliminated. There-

FIG. 6. Phosphorylation of R11 subunit. Mutant RH (RR9293AA;
lane 2) and wild-type R11 (lane 1) (2 ltg) were phosphorylated by the
C subunit. The phosphorylation stoichiometry was 1 mol of P per mol
of RII monomer for wild-type RI1 and 0.02 mol of P per mol of R11
monomer for mutant RII.

fore, the interaction of the C subunit with another region of
RII must be responsible for the effect of the C subunit on the
dissociation of RII-cAMP complex.

DISCUSSION
In this study, site-directed mutagenesis of RII has been used
to assess the roles of Arg-92 and Arg-93 on holoenzyme
formation and inhibition of the C subunit. Mutant RII, in
which the two arginine residues were replaced by alanine
residues, retained the ability to form a holoenzyme with the
C subunit but this holoenzyme was fully active even in the
absence of cAMP. These results demonstrate that Arg-92 and
Arg-93 are not essential for the formation of holoenzyme but
are critical for inhibiting activity of the C subunit. The lack
of inhibition of the C subunit by mutant RII in the holoenzyme suggests that the hinge region no longer occupies the
active site. This conclusion is supported by the inability of the
C subunit to phosphorylate Ser-95 in the hinge region of
mutant RI. Furthermore, the effect of the C subunit on
cAMP dissociation is still present in mutant RI. Thus the
results from this study support the hypothesis that RII
contains a region that interacts with the C subunit in addition
to the hinge region.
The hinge region of the R subunit was initially identified by
its susceptibility to limited proteolysis (for review, see ref. 31).
Interaction of this region with the active site of the C subunit
was suggested by the presence of two positively charged
arginine residues that are ordinarily present in substrates for
the C subunit. Therefore, a substrate/pseudosubstrate autoinhibitor hypothesis was suggested (14). The importance of
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arginine residues in this region was supported by studies on the
inhibitory domain sequence ofthe heat-stable PKA inhibitor in
which changes in arginine residues resulted in a decrease in its
inhibitory potency (32, 33). The substrate/pseudosubstrate
autoinhibitor concept has been extended to other kinases
including cGMP-dependent protein kinase (34), protein kinase
C (35), smooth muscle myosin light chain kinase (36), skeletal
muscle myosin light chain kinase (37), and Ca2+-calmodulindependent protein kinase II (38). However, the strong interaction between R and C subunits cannot be due entirely to the
substrate-like sequence of the hinge region since the R subunit
binds to the C subunit with an affinity in the nanomolar range
whereas most of the substrates for the C subunit have an
affinity in the micromolar range (39, 40). Furthermore, we
have been unable to generate a potent peptide inhibitor of the
C subunit based on the hinge region sequence (unpublished
observations). Flockhart et al. (41) showed that heat treatment
of RII destroys its cAMP-binding activity and its ability to
inhibit the C subunit but not its ability to be phosphorylated,
implying that structural elements other than the hinge region
might contribute to the strong interaction of RII and C subunits. Levin et al. (42) reported that a mutation in the yeast C
subunit decreased its affinity for the yeast R subunit without
altering its affinity for substrate, suggesting that a region in the
C subunit other than the substrate binding site may participate
in forming the RC interaction.
The results from this study do not support the conclusion
from a previous study that Arg-92 and Arg-93 are essential for
formation of a stable complex between 8I1 and C subunits
(20). In our studies we observed that mutant RII retained the
ability to form holoenzyme only in a cAMP-free form. This
might explain why no stable complex was detected in the
previous study because RII purified from cAMP affinity
columns is likely to contain bound cAMP.
Inhibition of C subunit activity by the R subunit has been
employed' to assess R-C interaction in many studies. Since
replacement of arginine with alanine abolished inhibition of
the C subunit but did not affect holoenzyme formation, it is
obvious that measurements of kinase activity may be sensitive to the localized interaction between the substrate binding
site of the C subunit and the hinge region of the R subunit but
do not always reflect all aspects of the interaction between R
and C subunits.
The results from this study raise interesting questions
about the possibility of a second R-C interaction region in RII
and the mechanism of holoenzyme activation by cAMP.
Although the precise location of this region in RII remains to
be determined, we speculate that it may be located in the
cAMP binding domains themselves. Several lines of observation favor this speculation. (i) Formation of the holoenzyme from mutant RII is still affected by cAMP. (ii) The C
subunit promotes the release of cAMP from mutant RII, an
effect that can be distinguished from the direct interaction of
the hinge region with the substrate binding site of the C
subunit. Deletion of the amino partion of RI did not abolish
this effect (43). (iii) Mutations in the cAMP-binding domains
of RI decrease the stability of the holoenzyme (44). (iv) Based
on an analysis of the predicted structure of the cAMP binding
domains of the R subunit, it has been suggested that 'the
C-helix, which is analogous to the intersubunit interaction
region of catabolite gene activator protein, might interact
with the C subunit (9). Further studies using mutated or
truncated forms of RII and C subunits may help to determine
the cAMP-regulated R-C interacting regions.
This work was supported in part by National Institutes of Health
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