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ABSTRACT. CAMP-dependent protein kinase (CAPK) is a heterotetramer containing two regulatory (R)
and two catalytic (C) subunits. Each R-subunit contains two tandem cAMP-binding domains, and activation
of cAPK is mediated by the cooperative, high affinity binding of CAMP to these two domains. Mutant
R-subunits containing one intact high affinity cAMP-binding site and one defective site were used to
define the pathway for activation and to delineate the unique roles that each cAMP-binding domain plays.
Two mutations were introduced by replacing the essential Arg in each cAMP-binding site with Lys (R209K
in Site A and R333K in Site B). Also, the double mutant (R209/333K) was constructed. Analysis of
cAMP binding and dissociation and the apparent constants for holoenzyme activation and R- and C-subunit
interaction, measured by analytical gel filtration and surface plasmon resonance, established the
following: (1) For rR(R209K), occupancy of Site B is not sufficient to activate the holoenzyme; the low
affinity Site A must also be occupied. In rR(R333K), Site A retains its high affinity for cAMP, but Site

A cannot bind until the low affinity Site B is occupied. Thus, both mutants, for different reasons, have
similar Ky's for activation that are approximately 20-fold higher than that of the wild-type holoenzyme.
The double mutant with two defective sites is no worse than either single mutant. (2) Kinetic analysis of
cAMP binding showed that the mutation in Site A or B abolishes high affinity cAMP binding to that site
and slightly weakens the affinity of the adjacent site for cAMP. (3) In the presence of MgATP, both
mutants rapidly form a stable holoenzyme even in the presence of CAMP in contrast to the wild-type R
where holoenzyme forms slowiy vitro and requires dialysis. Regarding the mechanism of activation
based on these and other mutants and from kinetic data, the following conclusions are reached: Site A
provides the major contact site with the C-subunit; Site B is not essential for holoenzyme formation.
Occupancy of Site A by cAMP mediates dissociation of the C-subunit. Site A is inaccessible to cAMP
in the full length holoenzyme, while Site B is fully accessible. Access of cCAMP to Site A is mediated
by Site B. Thus Site B not only helps to shield Site A, it also provides the specific signal that “opens up”
Site A. Finally, a nonfunctional Site A in the holoenzyme prevents stable binding of cAMP to Site B in
the absence of subunit dissociation.

The regulatory subunits of cCAMP-dependent protein kinase 1981a). The two homologous cAMP-binding sites presum-
(cAPK)! serve as negative regulators of cAPK and maintain ably arose by gene duplication and are related to the cCAMP-
an inactive holoenzyme complex in the absence of cAMP. binding domain of the catabolic gene activator protein (CAP)
All R-subunits contain an inhibitory site that resembles either (Weber et al., 1987). Site B at the C-terminus is character-
a substrate or an inhibitor followed by two contiguous ized by a higher affinity for cAMP, a slower off-rate for
cAMP-binding domains in each protomer (Takio et al., 1984; CAMP (ry> = 30 min), and a preference for analogs
Taylor et al., 1990; Titani et al., 1984). The cooperative containing substituents at the C8 position of the adenine ring.
activation of the holoenzyme is mediated by the sequential Site A shows a lower affinity, a faster off-rate.= 1 min),
binding of CAMP to these two sites, which then leads to the and a preference for N6 substituted analogs of cCAMP (Jgreid

dissociation of the active C-subunit (@greid & Daskeland, €t &l 1989). In the dissociated R-subunit, cAMP binds
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Cooperative Activation of cAPK

preferentially to Site A, while in the holoenzyme complex
the initial binding of cAMP is to Site B (dgreid &
Dgskeland, 1981a,b).

The native regulatory subunit is a dimer with the two
protomers interacting near the N-terminus. In the type |
R-subunits the two protomers are linked by two interchain
disulfide bonds (Bubis et al., 1987; Zick & Taylor, 1982).
Deletion of cAMP-binding site B abolishes cooperativity of
CcAMP binding (Ringheim et al., 1988). However, when the

N-terminus is deleted or removed by proteolysis, cooperat-
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been previously cut withdincll and Xmd. The resulting
vector coded for an in-framg@-galactosidase fusion protein
(A1-9D)rR, with the sequence Thr-Pro-Ser-Leu-Ala-Ala
from p-galactosidase at the N-terminus fused to the RI
sequence starting at Arg93.

The wild-type and mutant proteins are referred to as
follows: rRla, rR(R209K), rR(R333K), rR(R209K/R333K),
rR(A1—91), and rRA1—-91/R333K), where r designates
recombinant proteins. The construction and purification of
the rR(A260-379) mutation were described previously

ivity is also no longer seen in the monomer, suggesting either (Ringheim et al., 1988).

that there are direct interactions between the N-terminal

Purification of Proteins. Following overexpression in

segment and the cCAMP-binding sites within one protomer Escherichia coli(Slice & Taylor, 1989), the C-subunit was
(intraprotomer contacts), or that interactions between the two purified and separated in distinct isozymes as previously

protomers in the dimer are important for cooperativity
(interprotomer contacts; Herberg et al., 1994).

described (Herberg et al., 1993). Isozyme Il was used for
these experiments. The purity of the protein was checked

To better understand the molecular basis for the cooper-by SDS-polyacrylamide gel electrophoresis (Laemmli,
ativity between the two sites, several mutants were studied.1970), isoelectric focusing (Righetti, 1983), and analytical

These mutants each contained a single replacement in thegel filtration (see below).

The specific activity of the

essential cAMP-binding sites A and B, respectively. Each C-subunit was 2amol/(min'mg) as measured by the coupled
binding site contains a conserved Arg that is predicted to spectrophotometric method of Cook et al. (1982) using the

interact with the exocyclic oxygens of cAMP based on

heptapeptide, LRRASLG, as a substrate. The purified

homology modeling using the crystal structure of CAP as a C-subunit was stored at’€ in 20 mM potassium phosphate,
template (Weber et al., 1987). In mutant A the essential 110 mM KCI, and 5 mM 2-mercaptoethanol, pH 7.0.

Arg in Site A, R209, was replaced with Lys. This mutation,
studied previously, showed an increas&i(cAMP) of about
10-fold (Bubis et al., 1988; Neitzel et al., 19910 mutant
B the essential Arg in Site B, R333, was replaced with Lys.
Additionally, a double mutation, mutant AB R209/333K, was

The recombinant RI-subunits were overexpressésl aoli
222 and purified as described previously (Saraswat et al.,
1986). The RI-subunits (Rland rRA1—91)) were purified
by ion-exchange chromatography on DEAE-cellulose as
previously described (Buechler & Taylor, 1991). The rRI-

constructed. Finally, one deletion mutant was engineered, subunits were frozen in 20 mM potassium phosphate, 2 mM

A1-91/R333K, by deleting the N-terminal dimerization

domain. In addition to measuring cAMP binding and

activation, the interactions of the mutant proteins with the
catalytic subunit were characterized by analytical gel filtra-
tion and by surface plasmon resonance.

EXPERIMENTAL PROCEDURES

Reagents. The peptide substrate, LRRASLG, was ob-
tained from the UCSD Peptide and Oligonucleotide Facility
and purified by reverse phase HPLC. ATP was purchase
from Sigma, §-32PJATP(3000 Ci/mmol) from Amersham,
and PH]cAMP from New England Nuclear. Before use the
[®H]cAMP was purified on poly(ethylenimine)cellulose

EDTA, 30% glycerol, and 5 mM 2-mercaptoethanol, pH 6.5,
and stored at-20 °C.

The double mutation R209/333K was purified by co-lysis
with a poly-His tagged C-subunit (Cox and Bell, manuscript
in preparation). The pellets from cells (1 L) expressing poly-
His C-subunit were co-lysed with cells (5 L) expressing the
mutant R-subunit in lysis buffer (50 mM potassium phos-
phate, 300 mM NacCl, 5 mM 2-mercaptoethanol, pH 8.0).
The lysate was clarified by centrifugation as described above,

gand holoenzyme formation was tested by assaying the extract

in the absence and presence of 1M cAMP using the
spectrophotometric assay. Nickel agarose (1 mL) (Quiagen)
was added to the supernatant. After incubation for 30 min

(Walsh et al., 1992). PMSF was purchased from Boehringer & 4 °C. the slurry was transferred to a column with a

Mannheim. Nitrocellulose filters (BA 85, 0.45 mm) were
from Schleicher & Schuell. Materials used in cloning were
molecular biology grade. Media supplies were purchase

from Difco. Restriction endonucleases and nucleic acid

modifying enzymes were purchased from USB or Gibco/
BLR, New England Biolabs, and Promega.

Mutagenesis. The R209K mutation was constructed as

diameter of 10 mm and washed with 10 volumes of lysis
buffer. The R-subunit was eluted 3 times with 1 mL of 1

d MM cAMP in gel filtration buffer (see below).

To obtain cAMP-free R-subunit, the R-subunits were
unfolded with 8 M urea and then dialyzed and purified by
gel filtration as described by Buechler et al. (1993).

Sequencing.Amino acid sequencing was performed on a

described previously (Bubis et al., 1988). The R333K 9as phase sequencer (Applied Biosystems 470A) with an on-
mutation was made in the phagemid 118 as described earliefine PTH analyzer (Applied Biosystems 120A).

(Kunkel et al., 1991). The R209/333K double mutation was
made by excising 150 base pairs (bp) wahdl from the
R333K/pUC118 vector and swapping it with a 150 bp piece
that had been cut witBadl from the R209K/pUC18 vector.
The double mutatiorh1—91/R333K was constructed using

the R333K/pUC118 construct described above. This con-

struct was cut withNad and Xmd to generate a 900 bp
fragment that deleted the first 91 amino acids of the RI

cAMP Exchange Rates and cAMP Equilibrium Binding.
Wild type and mutant R-subunits were measured as previ-
ously described (Herberg et al., 1994). To detect low affinity
binding sites for cCAMP, the method for the cCAMP exchange
rates was varied by omitting the washing steps and subtract-
ing the nonspecific binding.

The stoichiometry of cAMP binding was determined from
the amount of bound cAMP and the amount of R-subunit

subunit. The fragment then was cloned into pUC9 that had added to the assay. Protein concentrations were determined
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according to Bradford (1976). cAMP bound to the purified

Herberg et al.

ligand (immobilized protein), A= analyte (injected protein),

proteins was estimated based on the 260/280 nm absorbancB = response in RU’s, and (MM§F molecular mass. All

ratio.

Holoenzyme Formation.Holoenzyme was formed by
dialyzing the rC- and rR-subunits in a molar ratio of 1.2:1
for 24 h at 4°C against 20 mM potassium phosphate, 100
mM KCI, 5 mM 2-mercaptoethanol, 5% glycerol, 1gM
ATP, and 1 mM MgC}, pH 6.5.

Holoenzyme formation with the mutant proteins was
measured by combining 20 nM wild-type rC-subunit and a
1.2 molar excess of R-subunit in assay mix containing 1 mM
ATP, 10 mM MgC}, and 10QuM Kemptide and determining
the decrease of phosphotransferase activity.

Apparent Actiation Constants (§ for cAMP. Holoen-

runs were performed using 160 ATP and 1 mM MgC}

in buffer A during the association and dissociation phase;
regeneration of the surface was achieved by injectingl10

of 100uM cAMP and 5 mM EDTA in buffer A.

Kinetic constants were calculated by linear regression of
data using the BlAcore pseudo first order rate equatiéh, d
dt = KassoRmax — (Kasso& 1 KaissodRi.  The association rate
iS Kassoe KdissociS the dissociation rate is the concentration
of the injected analyte, arid is the response. Plots oRd
dt vs R have a slope oks. Whenks is plotted againsC,
the resulting slope is equal to tH@ssoe The Kgissoc WaS
calculated by integrating the rate equation wi@n= 0,

zyme at a concentration of 20 nM C-subunit was incubated yielding IN(Ru/Rn) = Kaissodtn — t1). Affinity constants were
for 2 min at room temperature in the assay mix described calculated from the equatidky = KgissodKassoe

by Cook et al. (1982) with varying concentrations of cCAMP
ranging from 1 nM to 10tM. The reaction was initiated
by adding Kemptide (10@M), and the activity of the free

Association rate calculations were performed using con-
centrations between 30 and 500 nM for each R-subunit. The
first 10 s of every sensogram were subtracted correcting for

C-subunit was followed using the spectrophotometric assay.pulk refractive index changes. Dissociation rate constants
Equilibrium Dialysis. cAMP binding to holoenzyme and  were determined over a longer time scale (2 h) at a
apparent activation constants for cAMP were also determmEdconcentration of 500 nM R-subunits and were calculated by

by equilibrium dialysis following the procedure of Neitzel
et al. (1991) using a 250 eight chamber apparatus (Hoefer
Scientific). After overnight incubation with rotation (16 h)
two 20 uL aliquots were transferred into scintillation vials
and counted in 6 mL of Cytoscint. The rest of each protein
sample was added to 8@ of assay mix (see above), and
activity was determined before and after total activation with
100 uM cAMP in the spectrophotometric assay.
Analytical Gel Filtration. Analytical gel filtration was

carried out using a Superdex 200 HR10/30 (all columns from

Pharmacia LKB) column or a Superdex 75 HR10/10 column
with flow rates of 0.8 mL/min at 22C in buffer A (20 mM
MOPS, pH 7.0, 150 mM KCI, 1 mM DTT) as described
previously (Herberg & Taylor, 1993). The percentage of

linear analysis.

ATP Off-Rates. Binding studies with -*?P]JATP were
performed using the method described by Dgskeland and
@greid (1988) for measuring the binding of cAMP. The
protocol was modified as described in Herberg and Taylor
(1993).

RESULTS

In order to investigate the role of a conserved Arg in the
tandem cAMP-binding sites of the type | R-subunit of CAPK
and also to better understand how communication between
the domains is mediated, two single mutations (R209K and
R333K) and two double mutations (R209/333K afvdl—

holoenzyme at various protein concentrations was calculated91/R333K) were engineered into the cRlsubunit. All
based on the peak areas corresponding to both holoenzyménutants were overexpressed kn coli, and the proteins,

and C-subunit.

Analytical gel filtration was also used to determifelF
cAMP binding to mutant and wild-type holoenzyme com-
plexes. 250 nM of each holoenzyme was incubated with
600 nM PH]cAMP for 20 min, and 20Q:L of this mixture
was injected on a Superose 12 10/30 gel filtration column.
Fractions of 50Q«L were subsequently collected and mixed
with 10 mL of Cytoscint scintillation fluid and determined
in a scintillation counter. The specific activity of an aliquot
of 50 uL was measured in the spectrophotometric assay.

Surface Plasmon ResonancBurface plasmon resonance

except for the R209/333K mutant, were purified to homo-
geneity using DEAE chromatography as described in the
Experimental Procedures. All purified full length recombi-
nant R-subunits [rR(R209K), rR(R333K), and rR(R209/
333K)] had a molecular mass based on SIp8lyacrylamide
gel electrophoresis that was indistinguishable from that of
the wild-type R-subunit (47 kDa). The deletion double
mutant had a molecular mass of 38 kDa, identical to the
A1-91 mutant alone (Herberg et al., 1994).

Stokes’ Radius.As a general indicator of structural
integrity, the Stokes’ radius of each mutant was determined

(SPR) was used to study the interaction between theby gel filtration. rR(R333K), like the full length rked

C-subunit and R-subunits of cAPK using a BlAcore instru-
ment (Pharmacia/Biosensor).

subunit, had a Stokes’ radius of 43:00.5 A, similar to the

SPR was used to detectmammalian R subunit. The frictional coefficientf/fo) of

changes in mass in real time on a sensor chip surface whichRlo is 1.55 (Zoller et al., 1979), indicating that this is a

was prepared by direct coupling of the C-subunit or the
R-subunit by primary amines to the CM dextran (Biosensor
Amine Coupling Kit) as previously described (Herberg et
al., 1994). To determine unspecific binding, blank runs were
performed with 500 nM wild-type R-subunit using a non-

activated surface. No unspecific binding could be detected.

About 400 RU’s of the C-subunit and 500 RU’s of the
R-subunit were immobilized (1000 RY= 1 ng/mn?).
Surface activity was calculated using the equati@=
(MM)  Ra/(MM) AR, where S is the stoichiometry, L=

highly asymmetric molecule. The R209K mutant had a
Stokes’ radius of 41.5 0.6 A. This highly reproducible
reduction in the Stokes’ radius indicated that in the absence
of cAMP bound to Site A the molecule was more compact.
This effect correlated with Site A; no difference in Stokes’
radius was observed for the Site B mutant. aRtripped
of CAMP has a Stokes radius of 41 A, comparable to that of
the rR(R209K) mutant.

cAMP Dissociation and Binding for Free Regulatory
Subunits. To investigate the activation mechanism of cAPK,
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Ficure 2: Holoenzyme formation of wild type and mutant
R-subunits. SquareEl( M) correspond to rRL wild-type, diamonds

(¢, ) to rR(R209K), and circles(, ®) to rR(R333K). Open
symbols refer to the absence and closed symbols to the presence
of MgATP.

In B/Bo

conditions as described under Experimental Procedures, the
precipitated and filtered proteins were not washed with 70%
ammonium sulfate. Using4M [*H]cAMP, the R209K and
R333K mutants showed an increase in binding stoichiometry
of 1.8- and 1.3-fold, respectively. However, the modified
conditions did not allow the exact measurement of the

o ) equilibrium binding constants.
Ficure 1: Determination of cAMP off-rates for various mutant

regulatory subunits. The off rates for CAMP were determined using Holoenzyme Formation.Holoenzyme was formed by
an ammonium sulfate/filiration method as described in the Experi- combining wild-type rC-subunit with varying amounts of

mental Procedures. Panel A showsaRM), rR(R333K) @), and mutant rR-subunit. All mutant proteins described above (rR-
R(AL SLRIIIK) ©). Panel B shows riel (). IRAL-ID A). (R209K), rR(R333K), rR(209K/R333K), rR(1—91), and
and R( )4 rR(A1-91/R333K) and a mutant lacking the B domain

the free mutant R-subunits were first characterized. The entirely, rRA260-379), formed holoenzyme instantaneously

effects of these mutations on holoenzyme function and N & 1:1 molar ratio in the assay mix as described in
activation were then evaluated. The cAMP binding proper- EXPerimental Procedures. The kinetics of holoenzyme
ties were determined as described in the Experimental formation were too fast to be followed in the spectropho-
Procedures. For wild-type R the two cAMP-binding sites ometric assay. In all cases, the,, for holoenzyme
can be distinguished readily by their corresponding cAMp formation was faster than 10 s. The concentration of
exchange rates (Corbin et al., 1982; Dgskeland et al., 1983)holoenzyme in the assay mixture was 20 nM. Because this
As demonstrated previously, exchange of CAMP is biphasic, Process was so rapid, no differences in the kinetics of
with Site A having a faster exchange rate (1 min) and Site holoenzyme formation could be determined based on activity
B a slower exchange rate (35 min) (@greid & Dgskeland, assays for these mutants.

1980; Rannels & Corbin, 1980). As shown by Neitzel et Two new methods, independent from an activity assay,
al. (1991), the R209K mutation displayed only a single were used to evaluate holoenzyme formation and stability
CAMP exchange rate with a half-life of 18 min (Figure 1A). of the holoenzyme complexes formed with wild-type rC-
This rate was closer to the value measured for Site B of the subunit and the mutant rR-subunits. Using analytical gel
wild-type protein. The R333K mutation showed a single filtration (Figure 2) FITC-labeled rC-subunit was mixed with
fast exchange rate of 6 min, a value that is closer to the a 1.2 molar excess of either rR(R209K) or rR(R333K) and
CAMP exchange rate for Site A in the wild-type R-subunit immediately injected onto a Superdex 200 gel filtration
(Figure 1B). The exchange rate for ®R(—91/R333K) was  column as described previously (Herberg & Taylor, 1993).
intermediate between rR333K and oR(3 min, Figure 1). The column was equilibrated with buffer A containing 2 mM

Equilibrium binding revealed that cAMP binding to the EDTA or 100uM ATP/1 mM MgCl. In the presence of
nonmutated site was shifted to highi€g values for both ~ MgATP, no dissociation of any mutant holoenzymes oc-
mutant R-subunits (Table 3). The shifts«(8-fold) were curred down to a concentration of 0.1 nM, suggesting that
similar when binding was measured to the mutant holoen- the mutant holoenzyme complexes are at least as stable as
zymes in comparison to the wild-type protein. In addition, the wild-type complex. This stable holoenzyme could be
both mutants bound only 1 mol of cAMP/mol of monomeric detected immediately after the C-subunit and the mutant
R-subunit with high affinity, whereas the wild-type protein R-subunits were mixed. In contrast, for the wild-type
was fully capable of binding cAMP to both sites. Therefore, R-subunit, extensive dialysis was required before holoenzyme
under these conditions the observigs for the mutant formation could be demonstrated by analytical gel filtration.
proteins reflected the binding constants to the nonmutatedWhen the column was equilibrated with EDTA, however,
site. To clarify whether the mutated sites can still bind less than 5% holoenzyme complex was observed for the
cAMP at micromolar concentrations even though this low R209K and the R333K mutants at a concentration gilV6
affinity binding would not be measured with the assay rR-subunit and 1&M rC-subunit.

0 10 20 30 40 50 60
time [min]
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Ficure 3: Measurement of association and dissociation rate

constants for regulatory and catalytic subunits using surface plasmon
resonance. For these experiments the C-subunit was immobilized

and binding of R was monitored. Panel A: rR(R209K); panel B:
rR(R333K); panel C: rRA1—-91/R333K).

Herberg et al.

Table 1: cAMP and ATP Off-Rates

ATP ATP
kof(CAMP), kof(CAMP),  off-rates off-rates,
site A (min) site B (min)  (min)  cAMP stripped

wild-type rRla 1 45 4 11h
rR(R209K) 18 2.8t 05 91 min
rR(R333K) 6 4.2 6h
rR(A1-91/333K) 3 nd nd
rR(A1-91) 15 40 nd 10h

21n the presence of 1.5% cAMP (mol of cAMP/mol of holoenzyme).

Table 2: Quantitation of Interaction between Regulatory and
Catalytic Subunits Using BlAcote

Kd (nM) kassot{'vrl Sil) kdissoc(sil)
wild type* 0.19 1.2x 1¢° 2.3x 10°
rR(R209K) 0.036 1.4 10° 5.1x 10
rR(R333K) 0.15 1.9 10° 2.9x 104
rR(A1—-91/R333K) 0.089 1% 10 1.7x 10
rR(A261-379 2.6 6.9x 10° 1.8x 1073
wild type 11 8x 10¢ 8.9x 104

@ As indicated in the Experimental Procedures, the experiments were
performed in the presence of MgATP. In the case of the WT R-subunit,
accurateKq values required that endogenous bound cAMP be stripped
with urea (wild type*). All other proteins were used directly and not
treated with urea. *The values were obtained for R-subunit which was
stripped of cCAMP by urea treatment.

in Ky's are attributed mainly to the differemitissoc Values.
The rR(R333K) mutant, in particular, showed a similar
increase of 1 order of magnitude kgssos but no increase in
affinity was found, because thgissocWas also increased by
approximately an order of magnitude. To check whether
the rate constants determined with the immobilized C-subunit
were affected by steric constraints, the binding of the
C-subunit was also measured after the wild-type and the
R209K mutant had been immobilized to a sensorchip. A
Kq of 0.42 nM and 0.074 nM was determined for the wild-
type and rR(R209K), respectively, under these conditions,
close to what was obtained with the immobilized C-subunit.

Surface plasmon resonance was also used to evaluate cAMP Actvation. Activation of the wild-type and mutant

holoenzyme stability. With this method, binding constants

holoenzymes was measured as described in the Experimental

can be measured at subnanomolar concentrations. rC-subuniProcedures. The apig, for CAMP activation was altered

was immobilized by amine coupling onto the carboxymethyl
surface of a sensorchip. The active site Lys72 of the
C-subunit was protected with 1 mM ATP and 2 mM MgCl
during immobilization (Herberg et al., 1994). Apparent
association Kasso) and dissociationkgissog cOnstants were
determined in the presence of 100 ATP and 1 mM MgC}
(Figure 3). In the case of the wild-type protein it was

significantly for holoenzyme formed with any of these mutant
R-subunits. The activation constants for the holoenzyme
formed with rR(R209K) and rR(R333K) were 1M
[cCAMP] and 1.4uM, respectively (Figure 4). Thedg,s
were 20-fold higher than for the wild-type protein (Table
3).

The activation constant was also determined for the double

necessary to use urea stripped R-subunit to obtain accuratenutant R209/333K. Except for this double mutant, all
Kq values, whereas for the mutant proteins that had one activation constants were determined using highly purified

cAMP-binding site unoccupied this was not necessary.
Presumably, in the cell the cAMP is removed rapidly by
phosphodiesterases not present initheitro system. As
seen in Table 2, when the wild-type R-subunit was not
stripped of CAMP, theKy was extremely high (about 100-
fold higher) and clearly not consistent with values obtained
with other procedures. Surprisingly, the R209K mutation
showed a significant increase in affinity (ajpfq = 0.036
nm) compared to the rial (app K¢ = 0.19 nm). This

proteins. Since the double mutant was very labile and thus
difficult to purify, the K, for this mutant was measured
directly in the supernatant of the cell lysate after centrifuga-
tion. When theK, for each of the single mutants was
measured in a similar way in the cell lysate, the values were
the same as those measured with the purified proteins. The
Ka for the double mutant was M, similar to the
holoenzymes formed with each of the R-subunits containing
a single mutation.

increase was due to a 1 order of magnitude faster on-rate of ATP Off-Rates.The off-rates of ATP from the holoen-

1.4 x 10° M~ s 1versus 1.2x 10° M1 s71 for the wild-

zyme complex were determined as described in the Experi-

type protein. All mutants tested showed a similar increase mental Procedures. As discussed earlier, to measukgsthe

in kassoccompared to the wild-type protein. The differences

and kgissoc Of the wild-type R subunits, it was necessary to
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Ficure 4: Activation of holoenzymes by cAMP. The apg’s for
activation were measured as a function of cAMP as described in

the Experimental Procedures. Upper panel shows holoenzyme

formed with wild-type rRéx (M) and with the cAMP-defective
R-mutants rR(R209Ka, rR(R333K)®, and rR(R209K/R333K)

4. The lower panel shows activation of holoenzyme formed with
two A1-91 deletion mutants, rR(1—91) O and rRA1-91/
R333K) O, and the 260 stop mutation

strip the cAMP from the protein. This stripping procedure,
described previously, yields R-subunit that is comparable to
the wild-type purified protein in terms of its CAMP binding
properties. When cAMP is rebound, it also crystallizes in
the same conformation, indicating that no major irreversible

structural perturbations have occurred as a result of the

stripping procedure (Y. Su and K. Varongese, unpublished
results). Because holoenzyme re-forms so rapidly for the

mutant R-subunits described here, it was not necessary to

strip the mutant R-subunits. However, to measure the off-
rates of MgATP, the mutant R-subunits were stripped of
CcAMP so that the results with the wild-type proteins were
comparable. Thus for all R-subunits the ATP off-rates were

Biochemistry, Vol. 35, No. 9, 19962939

cAMP Binding to HoloenzymesAs shown in Figure 4,
activation of both mutant holoenzymes required high levels
of cAMP. To determine whether cAMP was bound to the
nonmutated site in either of the holoenzymes prior to
activation, the binding of cAMP was determined using
equilibrium dialysis conditions. In the presence of MgATP
where stable holoenzyme is formed, no binding of cAMP
was observed for the R209K mutant prior to activation (Table
3). When equilibrium dialysis was carried out in the absence
of MgATP (Neitzel et al., 1991), cAMP binding reflects
binding to the free R-subunit only, since, as shown by
Herberg, et al. (1993), the complex under those conditions
is dissociated.

For the wild-type holoenzyme, especially for the type |
R-subunit, there is no evidence for a stablgCRAMP;
intermediate. The R-subunit is either free of cAMP and
bound to the C-subunit or the two cAMP-binding sites are
occupied and R is dissociated. To further demonstrate
whether a stable cAMP-bound form of holoenzyme exists
for either of the mutants prior to dissociation, gel filtration
was used. Holoenzyme (250 nM) and cAMP (600 nM) were
incubated and immediately applied to a gel filtration column.
This amount of holoenzyme corresponds to a total of 1000
nM cAMP-binding sites. Under these conditions, the
concentration of cAMP was high enough to saturate the
nonmutated site but not the mutated site. The concentration
of CAMP also was only sufficient to saturate 60% of the
total sites. When free R-subunit was subjected to similar
gel filtration, CAMP remained firmly bound. However, when
the mutant holoenzymes were separated on Superose 12
(Figure 6), no significant amounts ofH]cAMP were
associated with the holoenzyme; essentially all of -
CAMP eluted with the void volume. In a parallel experiment
the percentage of dissociated holoenzyme was determined;
no activation of the mutant holoenzyme was observed (Figure
6, inset). In contrast, the level of activation of the wild-
type holoenzyme correlated with the amount of cCAMP bound.

Thus, by the following criteria, no cAMP binds to either
mutant holoenzyme prior to activation: (1) no high affinity
binding to holoenzyme was measured by the ammonium
sulfate precipitation assay, (2) no binding of cAMP to

compared for both stripped and unstripped proteins (Figure N0loenzyme was measured by equilibrium dialysis, and (3)

5).

As seen in Table 1, the MgATP was locked firmly into
the complex when the wild-type holoenzyme was formed
with cAMP-free R-subunit. ThdgissocfOr R/C interaction
is, in fact, identical to the off-rate for MgGATP. The off-rate
for holoenzyme formed with unstripped R-subunit was much

no cAMP binding to holoenzyme was measured by gel
filtration.

DISCUSSION

cAMP-dependent protein kinase is activated by the
cooperative binding of CAMP to two tandem cAMP-binding

faster. To determine whether this faster off-rate was due to domains in the regulatory subunit. This then promotes
a trace residual amount of cAMP bound to the R-subunit, dissociation of the C-subunit. In an effort to better under-
CAMP was added to the holoenzyme formed with stripped stand how each cAMP-binding site influences the adjacent
R-subunit. cAMP sufficient to saturate only 1.5% of the sjte and how in molecular terms cooperativity is mediated,
CAMP-binding sites nevertheless led to an increase in the point mutations were generated in RI that contained one high
MgATP off-rate of over 10-fold (Figure 5). affinity cAMP-binding site and one defective, low affinity
The rate constants for the release of ATP from the two binding site. The mutation in each site was the replacement
mutant holoenzymes were significantly accelerated in com- of an essential Arg with Lys. In this way the contributions
parison to the wild-type protein. For the R209K mutant, of Site A and Site B could be evaluated independently. After
the off-rate for holoenzyme formed with stripped R was 1.5 determining the cAMP binding properties of the free R-
h and with nonstripped R 2.8 min. The rate was also subunits, their binding properties were next evaluated in the
accelerated for the rR(R333K) mutant (6 h for stripped R respective holoenzyme complexes. In addition to holoen-
and 4.2 min for nonstripped, Figure 5). Thus, MgATP is zyme activation, which is a gauge of the accessibility of each
not as tightly bound to these mutant holoenzymes. cAMP-binding site, the affinity of each holoenzyme complex
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Table 3: cAMP Binding Properties

regulatory subunits

holoenzymes

Kda(CAMP) (nM)

cAMP bound (mol/mol)  Kg(camp) (NM)

CcAMP bound (mol/mol) K4(cAMP) + ATP (nM)

wild type 224+ 4 2.084+0.19 166+ 9 2.01+0.04 101+ 10
rR(R209K) 130+ 14 1.17+0.04 807+ 150 1.06+ 0.09 1700+ 100
rR(R333K) 149+ 26 0.93+ 0.06 >1500 >0.6 1400+ 200
rR(A1—91/R333K) 115 nd nd nd 1808 200
rR(R209/333K) nd nd nd nd 2200 300
type R. Thus in these two mutants the remaining high
affinity cAMP-binding sites were very similar in their CAMP
° 10 binding properties. Figure 7 summarizes the various forms
g of free R in these three proteins and indicates also which
v E form is measured by the ammonium sulfate assay. Ke
33 (cAMP) for the mutated R209K Site A in rR(R209K) is
&D; 05 J greater than kM, and the exchange rate is too fast to be
= E measured by the standard ammonium sulfate precipitation
g& g assay. Based on quenching of the intrinsic fluorescence, due
to cAMP binding to Site A, an aplq of 2 uM was measured
for Site A in the R209 mutant (Leon and Taylor, unpublished
0.0 results).

60

Time [h]

Ficure 5: ATP off-rates for wild-type and mutant holoenzyme.

The off-rates were determined for holoenzymes combined out of

TheKjy's for activation of the mutant holoenzymes provide
insights into the accessibility of each site when the R-subunit
is complexed with the C-subunit. ThE&,(CAMP) for

cAMP stripped (open symbols) and unstripped rR-subunits (closed holoenzyme formed with each of these mutant R-subunits

symbols).O rRla, O rR(R209K), A rR(R333K).
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FicurRe 6: Gel filtration of holoenzymes wittFH]-cAMP. 500 nM
R- and C-subunits were labeled with 600 nNH[cAMP as

was increased about 20-fold to approximatety2luM even
though each R-subunit retained one high affinity cAMP-
binding site. In addition, th&s(cAMP)’s for both mutants
determined by the ammonium sulfate assay were also shifted
to approximately 1uM. The Kyq(cAMP) for rR(R209K),
measured directly by quenching of fluorescence, was very
similar to theK,(cAMP) of 1.7uM. Thus, in each of these
mutant holoenzymes activation was not achieved until both
cAMP-binding sites are occupied. In the case of the R209K
mutant, activation of the holoenzyme complex did not occur
until Site A was occupied. Site B is functional and should
be accessible, but occupancy of Site B in this mutant was
not sufficient to activate the holoenzyme complex. In fact,
no stable binding of cAMP to the holoenzyme could be
demonstrated in the absence of dissociation. In the case of
rR(R333K), Site A is normal, but it cannot be accessed until
cAMP binds to Site B. Thus little cAMP was bound to the
holoenzyme until cAMP concentrations were sufficient to

described under Experimental Procedures and injected on a SUgaturate site B. Hence the for activation of this mutant

perose 12 gel filtration column. Only the wild-type tRshowed

cAMP binding at a retention time corresponding either to the

dimeric R-subunit () or the holoenzyme. The inset shows the

holoenzyme also reflects th&, of the mutated site but for
different reasons. In this mutant only when cAMP bound

percentage of dissociated holoenzyme based on activity assaygo Site B did the high affinity binding site (Site A) become

carried out in the presence and absence of cCAMP.

for cAMP was determined, and the role of MgATP was
evaluated.

In the native full length protein, Site A has a lower affinity
(35 nM) than Site B (15 nM), and its off-rate for cAMP
(ty2 = 1 min) is also faster than for Site B1(, = 45 min).
When Arg209 in Domain A is replaced with Lys, cCAMP is
bound in the purified protein only to Site B with high affinity.
The K4 for Site B was increased to 130 nM, indicating that
Site A exerts a positive influence (3-fold) on the binding
affinity of Site B. In analogy, mutation of R333K also
increased th&q for the nonmutated Site A to 149 nM. The
off-rates for the high affinity site in rR(R209K) was 18 min
faster than for Site B in wild-type R. The off-rate of cCAMP
for rR(R333K) was 6 min, slower than for Site A in wild-

available.

In contrast to the free R-subunit, where both cAMP-
binding sites are equally accessible, in the holoenzyme Site
Ais masked. Site B is preferentially accessible in the intact
holoenzyme based on kinetic analysis (dgreid & Dgskeland,
1981a,b). Other studies with cAMP-binding site mutants
(Zorn et al., 1995), deletion mutants (Ringheim et al., 1988;
Saraswat et al., 1988), and cAMP analogs (Dostmann &
Taylor, 1991), demonstrated that binding of CAMP to Site
A is the critical step for dissociating the-fC complex. On
the basis of the results described here, a clear model for the
stepwise activation of the holoenzyme can be proposed
(Figure 8). cAMP binds first to Site B, which then causes
a conformational change that leads to the “opening up” of
Site A. A second molecule of cAMP can then bind to Site
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Ficure 7: Model of the cAMP-binding sites in the free R-subunit. The functional sites, the dimerization domain, the inhibitor site, and
cAMP-binding sites A and B are shown as boxes. Only one protomer is shown, with the lines showing the position of the two interchain
disulfide bonds. High affinity©, ®) and low affinity (3, ) binding sites are indicated. Open and filled symbols correspond to empty and

full cAMP-binding sites. Transient intermediates that cannot be detected are indicated in brackets. At the bottom in the box is indicated the
form that is actually measured in the standard ammonium sulfate assay.
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Ficure 8: Model of the holoenzyme dissociation for wild-type and mutant holoenzyme. The symbols are the same as for Figure 7. The
C-subunit, shown as an oblong, masks cAMP-binding site A in each complex. The closed oval corresponds to MgATP. Transient intermediates
that cannot be detected are indicated in brackets. The form of the protein where cAMP binding can be measured readily is the same as in
Figure 7.

A, and this causes the C-subunit to dissociate. In holoen-the 2-OH of the ribose ring of cAMP. Cyclic AMP lies
zyme formed with rR(R209K) and rR(R333K), no activation between thes barrel and the C-helix. At the end of this
takes place until the mutated low affinity site is occupied. helix is a loop that terminates with residue 259. Trp260
This mechanism for activation is consistent with the proposed begins the A-helix of cAMP-binding domain B and is stacked
model for cAMP-binding site B (Weber et al., 1987) and against the adenine ring of CAMP bound to site A. This
the recently solved crystal structure of a mutant R-subunit residue is also photoaffinity labeled by &NAMP bound
(Su et al., in press, 1995). In this structure, each cAMP- to Site A and thus bridges the two cAMP-binding domains.
binding site has an essential Arg that interacts with the Site B has a similar cAMP-binding motif, with Tyr371
exocyclic oxygens of cAMP. This Arg is at the C-terminus stacking against the adenine ring of cCAMP bound to Site B.
of a hydrophobic loop that bridgesstrands 6 and 7. At Tyr371 is part of the C-helix in Domain B near at the
the beginning of this loop is a conserved Glu that binds to C-terminus, while the N-terminus of this helix is close to




2942 Biochemistry, Vol. 35, No. 9, 1996

cAMP-binding site A. We predict that binding of CAMP to
Site B will mediate conformational changes in Site A through
movement of this C-helix and that these conformational
changes lead to a more open Site A.

In addition to providing insights into the cooperative

Herberg et al.

Dgskeland, S. O., dgreid, D., Kanger, R., Strum, P. A., Miller, J.
P., & Suva, R. H. (1983Biochemistry 221094-1101.

Dostmann, W. R. G., & Taylor, S. S. (199Bjiochemistry 30
8710-8716.

Herberg, F. W., & Taylor, S. S. (1998iochemistry 3214015
—14022.

mechanism for holoenzyme formation, these mutations Herberg, F. W., Bell, S. M., & Taylor, S. S. (199Byotein Eng.

influenced interactions with the C-subunits. These effects

were not apparent from thi€,’s for activation or from the
Kg's; however, they were clearly seen when the mutant

R-subunits are added directly to C and when these difference

6, 771-777.

Herberg, F. W., Dostmann, W. R. G., Zorn, M., Davis, S. J., &
Taylor, S. S. (1994Biochemistry 337485-7494

Kunkel, T. A., Benebek, K., & McClary, J. (1991) Methods in

S EnzymologyMiller J. H., Ed.) pp 125139, Academic Press,

in interaction were quantitated by surface plasmon resonance. San Diego.

Unlike native R-subunit, in the presence of MgATP both

Laemmli, U. K. (1970)Nature (London) 22,7680-685.

mutant R-subunits reassociate with C immediately even Neitzel, J. J., Dostmann, W. R. G., & Taylor, S. S. (1991)

though one of the cAMP-binding sites is still saturated with
cAMP. They titrate C just like the heat-stable protein kinase
inhibitor, whereas for native R-subunit dialysis is required

to remove cAMP before a stable holoenzyme complex forms.

Biochemistry 30733-739.
@greid, D., & Dgskeland, S. O. (198BEBS Lett. 121340-344.
dgreid, D., & Dgskeland, S. O. (1981BREBS Lett. 129287
292,
@greid, D., & Dgskeland, S. O. (1981BEBS Lett. 129282—

Surface plasmon resonance showed that the rates of associa- 286. _
tion and dissociation were actually increased for each of the @9reid, D., Ekanger, R., Suya, R. H., Miller, J. P., & Dgskeland,

mutants by up to an order of magnitude. rR(R209K) actually
bound more tightly to C than the wild-type R or rR(R333K)

S. O. (1989)Eur. J. Biochem. 18119-31.
Rannels, S. R., & Corbin, J. D. (1980) Biol. Chem. 2557085~
7088.

due to a selective increase in the rate of association. Withoutrighetti, P. G. (1983) irLaboratory Techniques in Biochemistry

a crystal structure of the holoenzyme complex, it is still
difficult to understand these ATP effects in molecular terms.

and Molecular BiologyWork, T. S., Burdon, R. H., Eds.) pp
148—-225, Elsevier Biomedical Press, Amsterdam.

Nevertheless, it is clear that extensive communication takesRingheim, G. E., Saraswat, L. D., Bubis, J., & Taylor, S. S. (1988)

J. Biol. Chem. 26318247 18252.

place between the various functional sites in this allosteric Saraswat, L. D., Filutowics, M., & Taylor, S. S. (1986) Biol.

enzyme.
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