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The activation of protein kinase A involves the synergistic
binding of cAMP to two cAMP binding sites on the inhibitory R
subunit, causing release of the C subunit, which subsequently
can carry out catalysis. We used NMR to structurally character-
ize in solution the RI�-(98–381) subunit, a construct compris-
ing both cyclic nucleotide binding (CNB) domains, in the pres-
ence and absence of cAMP, and map the effects of cAMP
binding at single residue resolution. Several conformationally
disordered regions in free RI� become structured upon cAMP
binding, including the interdomain�C:A and�C�:A helices that
connectCNBdomainsAandBandareprimary recognition sites
for the C subunit. NMR titration experiments with cAMP, B
site-selective 2-Cl-8-hexylamino-cAMP, and A site-selective
N6-monobutyryl-cAMP revealed that cyclic nucleotide binding
to either the B or A site affected the interdomain helices. The
NMR resonances of this interdomain region exhibited chemical
shift changes upon ligand binding to a single site, either site B or
A,with additional changes occurring upon binding to both sites.
Such distinct, stepwise conformational changes in this region
reflect the synergistic interplay between the two sites and may
underlie the positive cooperativity of cAMP activation of the
kinase. Furthermore, nucleotide binding to the A site also
affected residues within the B domain. The present NMR study
provides the first structural evidence of unidirectional allosteric
communication between the sites. Trp262, which lines the CNB
A site but resides in the sequence of domain B, is an important
structural determinant for intersite communication.

Protein kinaseA (PKA)3 is a primary receptor for cyclic adeno-
sine monophosphate (cAMP) in eukaryotic cells (1, 2). In the

absence of cAMP, the enzyme is an inactive, tetrameric holoen-
zyme complex, composed of two regulatory (R) and two cata-
lytic (C) subunits (R2C2). The catalytic site of the C subunit is
occluded by a short inhibitory sequence in the R subunit (resi-
dues 94–99 in bovineRI�) that connects theN-terminal dimer-
ization domain to the two cyclic nucleotide binding (CNB)
domains. Multiple contacts exist between the CNB domains
and the C subunit. The enzyme is allosterically activated by
cAMP (3, 4), whose binding to the R subunits causes dissocia-
tion of the C subunits from the holoenzyme complex, thereby
rendering C catalytically active (5). Two CNB domains (A and
B) are present in all four isoforms (RI�, RI�, RII�, and RII�) of
mammalian PKA, and both need to be occupied by cAMP to
achieve PKA dissociation under physiologically relevant condi-
tions (for reviews, see Refs. 2 and 6). Newly transcribed R sub-
unit (apoR) in the cell can complex with either cAMP or the C
subunit of PKA. Binding of cAMP leads to a dramatically
decreased affinity for the C subunit, whereas binding of the C
subunit lowers the cAMP affinity by about 3 orders of magni-
tude (7), allowing the holoenzyme to respond to fluctuations in
physiological cAMP concentrations (8, 9).
Comparing the crystal structures of RI�-(103–376) (num-

bering for bovine RI�) with cAMP bound in both the A and B
domains (10) with the structure of RI�-(91–379) (R333K) com-
plexed with the C subunit (4) revealed pronounced differences
in the two CNB domains, in particular with respect to their
relative positioning (Fig. 1). However, little is known about the
structure of the ligand-free (apo) state of the R subunits. A
truncated RI� (residues 119–244), comprising most of the A
domain, has been investigated by NMR (11–13). Note, how-
ever, that this truncated form lacks not only the B domain but
also the C-terminal end of the A domain, in particular the�C:A
and �C�:A helices. These helices are at the junction between
domains A and B and are important elements for interaction
with the C subunit (4). Moreover, this region is conserved in all
CAP-related eukaryotic cAMP binding proteins, as recently
pointed out by Taylor et al. (14). For structural assessment of
both the apo-state and the cAMP-bound state of RI�, and in
order to reveal any allosteric communication between the
domains, it is therefore necessary to investigate a protein with
two intact CNB domains.
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Here,we present anNMRstudy of RI�-(98–381), a construct
that includes both CNB domains and the N-terminal region
between the inhibitory sequence and the A domain, in the
absence (apo-form) and presence of cAMP. We show that
cAMPbinding induces conformational stabilization of residues
close to the binding sites as well as of regions that contact the C
subunit of PKA. The conformational change of cAMP-ligated
RI� in the area that interacts with the C subunit may explain
why C binds to apoRI�with several orders of magnitude higher
affinity than to cAMP-saturated RI� (15, 16). Titration of
apoRI� with site-selective cAMP analogs permitted us to map
the effects caused by single site occupancy at the amino acid
level. Conformational changes observed for the �C:A helix, as
well as the regions immediately preceding and following this
helix, provided direct evidence for communication between the
two binding sites and for additional structural effects that ensue
only when both sites are occupied by cyclic nucleotide.

EXPERIMENTAL PROCEDURES

Mutagenesis, Expression, and Purification of RI� Proteins—
Recombinant human wild-type full-length RI� (wt-RI�) and
the C subunit of bovine PKA were obtained as described previ-
ously (17, 18). The DNA sequences corresponding to RI�-(92–
381) and RI�-(98–381) were amplified by PCR from genomic
DNA of human RI� (18) and cloned into pGEX-2T vectors
(Amersham Biosciences). RI�-(98–381) was expressed as a
Factor Xa-cleavable, N-terminal maltose-binding protein-
tagged fusion protein. Escherichia coli BL21 (DE3) codon plus
cells were used for protein production, induced atA600 0.6–0.7
with 1 mM isopropyl 1-thio-�-D-galactopyranoside, and grown
for an additional 7–10 h at 28 °C. Cells were harvested by cen-
trifugation, resuspended in 20 mM sodium phosphate buffer
(pH 7.3) containing 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, 5 mM benzamidine, 1 mMDTT, 1 mM phenylmethylsul-

fonyl fluoride, and 2 �g/�l leupeptin and lyzed by passage
through a French press. The fusion protein was purified by
affinity chromatography on amylose resin (New England Bio-
Labs), using 10 mM maltose in 20 mM Hepes buffer (pH 7.5)
containing 0.2 MNaCl and 1mMDTT for elution. Cleavage was
carried out overnight at 4 °C with a Factor Xa/protein ratio of
1:240 (w/w). The cleaved protein was fractionated by gel filtra-
tion chromatography on a HiLoad Superdex 200 HR (1.6 �
60-cm) column (Amersham Biosciences) in 20 mM Hepes
buffer (pH 7.0) containing 0.2 M NaCl and 1mMDTT, followed
by a final purification step using a prepacked RESOURCETMQ
column (Amersham Biosciences) and a linear NaCl gradient
(0–0.5 M) in 20 mM Hepes buffer (pH 6.35) at a flow rate of 0.5
ml/min.
Removal of cAMP from the RI� Subunits—Purified recombi-

nant RI� subunits (full-length and truncated forms) contain
bound cAMP to various degrees, and fully saturated R subunits
(R-cAMP2) can be easily prepared by adding cAMP (60 mM)
prior to the gel filtration step. In order to prepare cAMP-free
proteins (apo-forms), an unfolding/refolding procedure was
devised and optimized. Briefly, RI�-(98–381) and RI�-(92–
381) proteins were incubated in 5 M urea in 10 mM potassium
phosphate buffer (pH 7.4) containing 50 mM KCl, 1 mM EGTA
for 5 h at 4 °C for partial unfolding. Complete removal of cAMP
from the proteins was achieved by passage over a prepacked
PD-10 column (GE Healthcare) and a couple of buffer
exchanges using Amicon concentrators (Millipore, Billerica,
MA). Refolding of the proteins was carried out by extensive
dialysis against the same buffer without urea. Additional puri-
fication involved gel filtration on a HiLoad Superdex 200 HR
(1.6 � 60-cm) column (Amersham Biosciences) for removal of
soluble aggregates due to incomplete refolding. The absence of
cAMP in the proteinwas verified bymeasuring the cAMPoccu-
pancy with [3H]cAMP (Amersham Biosciences) as described
previously (19).
Binding of cAMP Analogs to CNB Sites A and B of RI�-(98–

381) and Full-length RI�—cAMP and cAMP analogs of 98% or
better purity were obtained from Dr. G.-G. Genieser (BioLog
Life Science Institute, Bremen, Germany). The relative affinity
of each cAMP analog for the RI� subunit was estimated by
competition experiments using protein-bound [3H]cAMP by
the validated ammonium sulfate precipitation method
(17, 20).
Exchange of Bound cAMPatCNBSites inDomainsA andB of

RI� and Kinase Activity—Nucleotide-free RI�, RI�-(92–381),
or RI�-(98–381), each at 60 nM, were saturatedwith [3H]cAMP
(0.24 �M) by incubation for 30 min at 25 °C in 15 mM Hepes
buffer (pH 7.2) containing 1 mM EDTA, 1 mg/ml bovine serum
albumin, and 0.5 mM DTT. The exchange of the bound
[3H]cAMP with unlabeled cAMP was followed as described
previously (3). In brief, exchangewas initiated by rapidlymixing
each of the above solutions with 20 volumes of buffer (15 mM

Hepes buffer, pH 7.2) containing 3.2 M NaCl and excess (0.2
mM) unlabeled cAMP. Aliquots were removed after various
periods of time during which exchange proceeded to deter-
mine the amount of [3H]cAMP remaining bound. At such
high NaCl concentrations, cAMP dissociates far more rap-
idly from site A than site B, permitting unambiguous evalu-

FIGURE 1. Crystal structures of bovine RI�-(113–376) complexed with
cAMP and of RI�-(91–379; R333K) complexed with the C subunit.
A, cAMP-bound bovine RI�-(113–376) structure (Protein Data Bank code
1RGS) (10); B, structure of bovine RI�-(91–379; R333K) complexed with the
C subunit (Protein Data Bank code 2QCS) (4). The CNB A domain (up to
residue 233) is shown in yellow, the �C:A and �C�:A helices in cyan, and the
CNB B domain in pink. Residue Trp262 (human numbering, corresponding
to Trp260 in bovine RI�) is shown in magenta in a ball and stick representa-
tion. In B, the C subunit is shown in green.
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ation of whether labeled cAMP is bound to site A or site B
(19). Kinase activity was measured by the phosphotrans-
ferase assay. The phosphorylation of heptapeptide substrate
by PKA was determined essentially as described previously
(21). The incubations were at 25 °C for 18 h with a 3.7 pM
concentration of the catalytic subunit of PKA and various
concentrations of the inhibitory full-length RI� and the non-
inhibitory RI�-(98–381), in assay buffer (18 mM Hepes, pH
7.2, containing 0.1 mM heptapeptide substrate (Leu-Arg-Arg-
Ala-Ser-Leu-Gly; Kemptide), 0.1 mM [�-32P]ATP, 2 mM

Mg(CH3COO)2, 1 mMNaHPO4, 0.4 mM EGTA, 0.1 mM EDTA,
130 mM KCl, 0.5 mM dithioerythritol, and 0.2 mg/ml each of
bovine serum albumin and soybean trypsin inhibitor (0.2
mg/ml)).
Dynamic Light Scattering (DLS)—Solutions of RI� proteins

in 10 mM potassium phosphate buffer, pH 7.4, 50 mM KCl
(buffer A) were prepared, starting at �0.74 mM and diluting 4-,
8-, and 32-fold, in the absence or the presence of cAMP. Sam-
ples were passed through a 0.22-�mMillipore filter, and 12 �l
were loaded into a quartz cuvette and placed in the DynaPro
LSR (Protein Solutions Inc.) DLS instrument with a tempera-
ture-controlled microsampler. 25 data acquisitions were col-
lected for each solution at 22 °C. The data were analyzed using
Dynamics version 6 (Protein Solutions) software to extract
hydrodynamic radii, which are reported as the mean value for
the dominant peak.
Preparation of U-2H/13C/15N-Labeled Samples for NMR

Studies—5 ml of starter cultures of E. coli expressing human
RI�-(98–381) were grown in LB medium up to A600 �0.4 and
then centrifuged at 3000 rpm for 5 min. The cell pellet was
added to 150 ml of 2H/13C/15N-modified M9 medium (pre-
pared with 13C-perdeuterated glucose and 15N-ammonium
chloride in D2O). Cells were grown at 37 °C up to A600 �0.4,
harvested by centrifugation, resuspended in 850 ml of 2H/13C/
15N-M9-D2O-basedmedium, and grown again up toA600 �0.4
at 37 °C for induction by 1 mM isopropyl 1-thio-�-D-galactopy-
ranoside. Growth was continued at 25 °C for 14 h. Protein puri-
fication was carried out as described above for unlabeled
RI�-(98–381).
NMR Spectroscopy—All NMR experiments were performed

at 30 °C on Bruker Avance 900, 800, and 700 MHz spectrome-
ters, equipped with 5-mm, triple resonance, and z axis gradient
cryoprobes, using U-2H/13C/15N-labeled RI�-(98–381) sam-
ples in 10 mM potassium phosphate buffer (pH 7.4) containing
50 mM KCl, 2 mM DTT, 0.02% sodium azide, and 7% 2H2O. For
backbone chemical shift assignments, two-dimensional 1H-15N
TROSY-HSQC and three-dimensional TROSY-HNCACB,
TROSY-HN(CO)CACB,TROSY-HNCA, andTROSY-HN(CO)CA
experiments (22–24) were performed, ranging in protein
concentration from 50 to 200 �M. To monitor binding to
theA and BCNBdomains, a 20�MU-2H/13C/15N-labeled RI�-
(98–381) sample was titrated with aliquots of a 1 mM cAMP
solution, and 50 �MU-2H/13C/15N-labeled RI�-(98–381) sam-
pleswere titratedwith aliquots of 2mM solutions of 2-Cl-8-AH-
cAMP or N6-MB-cAMP. A series of two-dimensional 1H-15N
TROSY-HSQC spectra were acquired throughout the titration,
following aliquot addition of each ligand. Titration isotherms
were obtained by plotting bound RI�-(98–381) fractions versus

molar ratios of ligand to RI�-(98–381) on six unambiguously
assigned TROSY-HSQC resonances, three from each CNB
domain. All spectra were processed with NMRPipe (25) and
analyzed using NMRDraw and NMRView (26).

RESULTS

RI�-(98–381) Monomer Binds cAMP and cAMP Analogs
Similar to wt-RI�—Due to its large molecular mass, dimeric
full-length wt-RI� is not easily amenable to high resolution
NMR studies. Monomeric RI�-(92–381) that lacks the dimer-
ization/docking domain (residues 12–61) has been used exten-
sively to mimic full-length RI� (2, 10). Our initial tests with
human RI�-(92–381), however, revealed that the protein self-
associates at concentrations above 0.1 mM, providing little
prospect of obtaining high quality NMR data. A similar con-
struct from bovine RI also formed homodimers through the
N-terminal linker region (27). Fortunately, the removal of six
additional residues rendered the protein, RI�-(98–381),mono-
meric at concentrations of 0.1 mM and above. Size exclusion
chromatography of the cAMP-saturated-RI�-(98–381) pro-
tein revealed a single peak, and DLS measurements at 22 °C
yielded an apparent hydrodynamic radius of 3.2–3.3 nm
(supplemental Table S1), in agreement with dimensions
extracted from the x-ray structure of the cAMP-bound RI�-
(113–376) monomer (Protein Data Bank code 1RGS) (10). In
contrast, apoRI�-(98–381) exhibited slight polydispersity,
with an apparent radius of 3.8 nm. The hydrodynamic radius
and polydispersity reverted readily back to the values for
the cAMP-liganded protein after the nucleotide addition
(supplemental Table S1), indicating that aggregation of
apoRI is reversible upon cAMP binding.
RI�-(98–381) exhibited binding affinities similar to those of

wt-RI� for cAMP and its analogs (Table 1) and the dissociation
rate of bound cAMP is essentially identical between RI�-(98–
381) and RI�-(92–381) and full-length RI� (supplemental
Fig. S1A). The dissociation rate from site B of RI� is slowed
7-fold by site A occupancy (3, 19). The fact that a similar disso-
ciation rate is found from site B inRI�-(98–381) and full-length
RI� (supplemental Fig. S1A) suggests that the unidirectional
effect of site A occupancy on the dissociation from site B (19) is
unimpaired in the truncated RI�-(98–381). RI�-(98–381) also
retained the ability to bind to the C subunit, as evidenced by its
ability to competitively displace full-length RI� from its inhib-
itory complex with the C subunit (supplemental Fig. S1B).
Therefore, we reasoned that RI�-(98–381) was a good candi-

TABLE 1
Binding of cyclic nucleotides to the A- and B-sites in RI�(98 –381) and
wt-RI�
Kd values are reported relative to theKd for cAMP (i.e. K�d�Kd,cAMP/Kd,analog) for the
different cyclic nucleotides. Mean values of three determinations are provided. The
experimental error is �15%.

Compound
RI�-(98–381) wt-RI�

K�d A K�d B K�d A K�d B

cAMP 1.0 1.0 1.0 1.0
N6-MB-cAMP 3.8 0.070 3.7 0.071
2-Cl-cAMP 0.15 2.3 0.23 2.7
2-Cl-8-AH-cAMP 0.0031 1.7 0.0034 2.2
(Sp)-cAMPS 0.32 0.033 0.28 0.033
(Rp)-cAMPS 0.00046 0.0024 0.00043 0.0032
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date for NMR studies that would allow us to obtain relevant
data applicable to wt-RI�.
NMR Assignments of ApoRI�-(98–381) and cAMP-bound

RI�-(98–381)—The 1H-15N TROSY-HSQC spectrum of
cAMP-free apoRI�-(98–381) (Fig. 2A) is well dispersed (10.3–
6.2 ppm for 1H and 132–106 ppm for 15N frequencies), indica-
tive of a well folded protein. However, apoRI�-(98–381) had a
tendency to slowly aggregate, resulting in about 50% NMR
signal intensity loss after 1–2 weeks at 30 °C, in agreement with
the aggregation behavior observed by DLS (supplemental
Table S1). Similar instability/aggregation behavior has been
reported for bovine RI�-(119–244) containing only one CNB
domain (12). Fortunately, the addition of a trace amount of
cAMP (about 15%of the cAMP-binding capacity of the protein)
remarkably improved the long term stability of RI�-(98–381).
NMR samples prepared in this manner were stable without
detectable signal loss for more than 1month, the time required
for acquiring the full set of three-dimensional NMR experi-
ments for complete backbone assignments, and exhibited
essentially the same TROSY-HSQC spectrum as a completely
cAMP-free sample, except for the presence of additional low
intensity resonances from the cAMP-bound RI�-(98–381)
fraction (supplemental Fig. S2). However, even with this sam-
ple, it was impossible to obtain complete assignments for the
apoprotein becausemany of the resonances areweak and broad
and reside in the severely crowded central spectral region
exhibiting significant overlap (dashed box in Fig. 2A). Never-
theless,�70% of all resonances were assigned, using perdeuter-

ated protein samples, high sensitiv-
ity cryoprobes, and TROSY-type
pulse sequences with 2H decoupling
(24).
NMR assignments of the back-

bone resonances of cAMP-bound
RI�-(98–381) were carried out on a
cAMP-saturated sample. Its 1H-15N
TROSY-HSQC spectrum exhibited
narrower line widths and better
spectral dispersion than the spec-
trum of the apoprotein (Fig. 2B),
permitting backbone assignments
for 92% of the residues. The supe-
rior quality of the cAMP-saturated
RI�-(98–381) spectrum is clearly
apparent in the most crowded
region (dashed box) and by the pres-
ence of resonances for residues such
as Glu202, Leu205, and Ala212 in
domain A, and Glu326, Leu329, and
Ala336 in domain B that are absent
in the apoprotein spectrum (circled
in Fig. 2).
Structural Differences between

cAMP-free and cAMP-saturated
RI�-(98–381)—The secondary struc-
tures of apoRI�-(98–381) and
cAMP-bound RI�-(98–381) were
deduced from secondary chemical

shifts of all assigned RI� residues (Fig. 3). As is well established
(28), particular patterns of positive and negative secondary
chemical shifts are reflective of helical and sheet conforma-
tions, respectively, and the observed shifts for cAMP-saturated
RI�-(98–381) (Fig. 3B) agree with the �-helical and �-sheet
regions in the x-ray structure of the bovine RI�-(92–379)-
cAMP complex (Fig. 1A) (10). This implies that the overall
structure in solution is similar to that observed in the crystal.
On the other hand, several distinct differences were noted for
the apoprotein. First, residues Glu202–Tyr207, Thr209–Ala212,
andGlu326–Ala336, which belong to the phosphate-binding cas-
settes (PBCs), could only be assigned for the cAMP-bound pro-
tein (Figs. 2 and 3). Residues 202–207 and 326–331 constitute
the �B�:A and �B�:B helices, respectively (Fig. 3), that stabilize
cAMP binding by an N-terminal capping mechanism with the
phosphate group (10, 12). Second, helices �C and �C� at the C
terminus of theA domain (�C:A and�C�:A) and helices�B and
�C in the B domain (�B:B and�C:B) are also only present in the
cAMP-bound protein (Fig. 3, green shaded regions). Note that
the�C:A and�C�:A helices connect the A and BCNBdomains,
whereas helix�C:B is located at theC terminus of the entire RI�
polypeptide chain and caps domain B upon cAMP binding (10,
29). Because a large proportion of resonances are broad and
overlap in the “random coil” region of the 1H-15N TROSY-
HSQC spectrum of the apoRI sample but not in the cAMP-
bound sample (dashed boxes in Fig. 2, A and B), it is likely that
the associated RI� segments comprising PBC residues and the
�C helices are unstructured or ill structured in the apo-state,

FIGURE 2. 1H-15N TROSY-HSQC spectra of RI�-(98 –381). The 1H-15N TROSY-HSQC spectra were recorded on
50 �M U-2H/13C/15N-labeled RI�-(98 –381) in the absence (A) and presence (B) of 200 �M cAMP. Several reso-
nances that are only observed in the cAMP-bound RI�-(98 –381) sample (B) are circled and labeled with residue
name and number.
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exhibiting conformational averaging on an intermediate chem-
ical shift (micro- to millisecond) time scale. This is in agree-
ment with previousNMR studies of the apo formof the isolated
A domain that reported a destabilization of the PBC region,
evidenced by increased solvent exposure and dynamics upon
the removal of cAMP (11, 12). Interestingly, all regions associ-
ated with high conformational flexibility in the apo-form are
localized within the primary recognition area for the C subunit
(4).
In addition to identifying the areas that are structured upon

cAMP binding, the extent of any structural changes caused by
ligand binding can be derived by analyzing the combined
1H,15N chemical shift changes for all assignable 1H-15N
TROSY-HSQC resonances of apoRI and cAMP-bound RI
(�60% of all residues; Fig. 4A). Binding of cAMP induced
noticeable (�0.05 ppm) chemical shift changes for most reso-
nances, with an average value of 0.15 ppm. In particular, reso-
nances from residues in the loop between �2 and �3 in domain
A showed substantial changes (�0.31; average change (0.15
ppm) plus one S.D. (0.16 ppm)) (Fig. 4A). This loop has recently
been recognized as an important conserved area for the allo-
steric modulation of the CNB domains (14). It contains nega-
tively charged residues (e.g. Asp172 in domain A) that position
the conservedArg in the PBC (14, 30). Other regions associated

with substantial chemical shift
changes are strands �6:A and �7:A
and helices �B:A and �A:B. Note
that these strands and helices,
respectively, flank the PBC in
domain A and the �C:A and �C�:A
helices (Fig. 4A), whose regions are
not assignable (visible) in the
1H-15N TROSY-HSQC spectrum of
the apo-state protein (see above and
Fig. 3A). Moreover, Trp262, the res-
idue for which cAMP binding
induced the largest chemical shift
change (1.2 ppm), is located in the
�A:B helix (Fig. 4A). Finally, a
stretch of residues (positions 103–
118) in the N-terminal region of
RI�-(98–381) that in full-length RI
resides between the inhibitory
sequence and the A CNB domain
also exhibited noticeable (up to 0.3
ppm) chemical shift differences
between the cAMP-free and cAMP-
saturated protein. All chemical shift
changes associated with cAMP
binding are mapped onto the struc-
ture of RI� complexed with either
cAMP (Fig. 4B) or the C subunit
(Fig. 4C), with the position of Trp262
highlighted.
Binding of Site-selective Cyclic

Nucleotide Analogs—The 2-Cl-8-
AH-cAMP and N6-MB-cAMP ana-
logs show preferential binding for

the B- and A- sites of CNB, respectively, of RI�-(98–381)
(Table 1; see also Ref. 31). These analogs were used to study the
effects of single site binding to RI�-(98–381). We first ascer-
tained that the bound RI�-(98–381) chemical shifts (red reso-
nances in the Tyr185 (Y185) panels) were similar for the protein
fully saturated with cAMP (Fig. 5A), with the B analog (Fig. 5C),
or with the A analog (Fig. 5E). This showed that these analogs
induced very similar structural changes to cAMP.
Titration of RI�-(98–381) with the B site preferring analog

2-Cl-8-AH-cAMPup to amolar ratio of 1:1 revealed no spectral
changes for residues located in the A domain (e.g. Val164,
Tyr185, and Ala191). In contrast, for B domain residues, such as
Ala301, Arg306, and Gly319, new resonances (red) appeared (Fig.
5, C andD), clearly confirming that this analog binds preferen-
tially to the B site (Table 1). It is interesting to point out that
resonances associated with residues in the PBC, the �B and �C
helices in the B domain as well as the interdomain �C:A and
�C�:A helices that were unassigned/undetected in the apoRI
spectrum (Figs. 2 and 3), became readily visible upon the addi-
tion (1:0.5 ratio) of this B site analog (e.g. see Val253 (V253) in
Fig. 5C). This indicates that nucleotide binding to site B alone is
sufficient to induce structure in these regions. In particular, a
distinct and interesting pattern was observed for residues
located in helices �C:A and �C�:A. 2-Cl-8-AH-cAMP binding

FIGURE 3. C� and C� secondary chemical shift data for RI�-(98 –381). Secondary chemical shifts of the
apoprotein (A) and cAMP-bound protein (B) are plotted versus residue number. The PBC regions are boxed in
pink, and helices �C:A, �C�:A, �B:B, and �C:B are marked by green boxes. �C� and �C� are calculated by
subtracting the C� and C� shifts from random coil values (46) for the residues whose chemical shifts were
assigned unambiguously. �-Helices and �-strands present in the x-ray crystal structure of cAMP-bound bovine
RI�-(92–379) (10) are depicted by rectangles and arrows, respectively.
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resulted in two types of bound reso-
nances for Val253 (shown in Fig. 5C),
Ser251, andLeu259. AnewVal253 res-
onance (purple in Fig. 5C) becomes
visible at the first addition of the
nucleotide (1:0.5 ratio) and shows
maximum intensity at a molar ratio
of 1:1, when only the B site is occu-
pied, whereas a second new reso-
nance (red in Fig. 5C) gradually
replaces the purple resonance at
higher analog concentrations, when
also the A site becomes occupied.
Therefore, two distinct conforma-
tions of the �C:A and �C�:A helices
can exist, one for the protein with
cyclic nucleotide bound only in the
B site and the other with ligand
bound in both A- and B sites. Satu-
ration of the A site induced no fur-
ther changes of the bound reso-
nances of the B domain residues
(Fig. 5C). Therefore, binding of
2-Cl-8-AH-cAMP to site B is com-
municated to the �C:A and �C�:A
helices, at the junction between the
A and B domains, but not to domain
A itself.
Titration with the A site prefer-

ring N6-MB-cAMP up to molar
ratio 1:0.6 resulted in essentially
monosaturation of site A (Fig. 5, E
and F). Interestingly, the titration
data showed that binding to the A
site alone caused widespread effects
throughout the protein (Fig. 5,E and
F). First and not surprisingly, spec-
tral changes occurred for A domain
residues like Gly180, Tyr185, and
Gly198 (Fig. 5E), with gradual re-
placement of the free protein reso-
nances (blue) by new ligand-bound
resonances (red). Second, new (pur-
ple) resonances were also observed
for B domain residues (Gly286,
Gly319, and Ala341 in Fig. 5E). More-
over, the undetectable interdomain
�C:A (Val253 in Fig. 5E) and �C�:A
andC-terminal�C:B and�C:Bhelix
residues became visible. Further
addition of N6-MB-cAMP resulted
in the intensity increases of the A
site bound resonances (red), reach-
ing saturation at a molar ratio
between 1:1.3 and 1:1.7. At the same
point, resonances of ligand-free
protein (blue) disappeared. The new
(purple) B domain and �C:A helix

FIGURE 4. Chemical shift changes in RI�-(98 –381) upon cAMP binding. A, the 1H,15N-combined chemical
shift changes extracted from the 1H-15N TROSY-HSQC spectra were calculated using the square root of ��HN

2 �
(��N � 0.1)2, where ��HN and ��N are the 1HN and 15N chemical shift differences, respectively, between the
apo- and holoprotein. The PBC regions are boxed in pink, and the helix �C:A, �C�:A, �B:B, and �C:B regions are
boxed in green. B and C, structural mapping of the chemical shift changes in the 1H-15N TROSY-HSQC spectrum
of RI�-(98 –381) induced by cAMP on the crystal structure of bovine RI�-(113–376) (Protein Data Bank code
1RGS) (B) and of bovine RI�-(91–379) (R333K) complexed with the C subunit (Protein Data Bank code 2QCS) (C).
The color scheme used to differentiate the degree of chemical shift changes induced upon cAMP binding is as
follows: gray for residues with 	0.1 ppm, blue for those with 0.1– 0.2 ppm, gold for those with 0.2– 0.4 ppm,
reddish orange for those with 0.4 – 0.8 ppm, and red for those with �0.8 ppm. In addition, the residues whose
HSQC resonances are only detectable upon adding cAMP are colored in magenta. These residue are 202–207,
209 –212, 239 –258, 326 –334, and 351–377 (human numbering). The Trp262 side chain is shown in stick repre-
sentation and colored red. The space-filling representation of cAMP molecules is shown in orange in B, whereas
the ribbon representation of subunit C is shown in green in C.
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resonances exhibited their maximum intensities at a molar
ratio of �1:0.9, where other new resonances (red) started to
appear, most likely due to actual ligand binding at the B site.
The red resonances completely replaced the purple resonances
at a molar ratio of 1:1.7. Therefore, they indeed are caused by
ligand binding to the B domain, whereas the purple resonances
belong to protein with ligand bound only in the A site.
In summary, our titration data demonstrate that ligand bind-

ing to the A site alone affects the conformation of the interdo-
main �C:A helix region as well as the B domain, providing
unequivocal evidence for allosteric communication from the A
domain to the B domain.
Titration of RI�-(98–382) with cAMP, the natural ligand

(Fig. 5, A and B), revealed a slight B site preference, in accord
with previous knowledge (7, 20). At a molar ratio of 1:0.2, spec-
tral changes were only seen for B domain residues, such as
Gly286, Gly319, and Ala341 (red in Fig. 5A), reflecting binding to
the B site only. Importantly, amino acids that are located in the
domain-connecting helices, such as Ser251, Val253, and Leu259
(shown in purple in Fig. 5A) also exhibited new resonances,
similar to those seen with the B analog 2-Cl-8-AH-cAMP. For
increasing molar ratios of cAMP/RI�-(98–382), new reso-
nances (red) were also observed for A domain residues, and
the Leu259 resonance of the B site saturated form (purple)
is replaced by one for fully saturated (red) RI�-(98–382)
(Fig. 5A).
In conclusion, residues in the �C:A and �C�:A helices that

connect domains A and B and are critically involved in commu-

nicating with the catalytic subunit
clearly experience an allosteric con-
formational change imparted by
binding of either the natural ligand
cAMP or cAMP analogs to either of
the two sites and followed by com-
plete conformational change upon
full saturation to both sites. The
observed distinct stepwise confor-
mational change induced by single
to double site binding may be the
structural correlate of the positive
cooperativity observed in the PKA
holoenzyme by cAMP binding
(4, 7).

DISCUSSION

Conformational Flexibility of
ApoRI�, a Crucial Feature for
Understanding PKA Regulation—
The structural investigation of the
tandem CNB domains of the R sub-
unit of PKA in its apo-state (cAMP-
and C-free) has been hampered by
conformational dynamics and in-
stability of the protein. Here, we
investigated RI�-(98–381), which
comprises both cAMP binding
domains structurally by NMR. The
critical feature for our ability to

study the apo-form of RI�-(98–381) is the presence of trace
amounts of cAMP, rendering the sample stable for extended
NMR data collection, necessary for resonance assignment.
However, titrations with cyclic nucleotides were performed
starting from the nucleotide-free apo-state, allowing us to dis-
sect and define the role of each binding site. It therefore was
possible to detect nucleotide-specific effects for each binding
site throughout the regulatory subunit, including the interdo-
main regions. The cAMPbinding sites of domainsA andBwere
intact in RI�-(98–381) because they behaved like those in wt-
RI� (Table 1 and supplemental Fig. S1). The ability of the cAMP
binding domains to interact with the C subunit of PKA
appeared also to be intact, the slightly lower affinity for the C
subunit of RI�-(98–381) comparedwith wt-RI� (supplemental
Fig. S1B) being easily explained by the loss of the pseudosub-
strate motif (residues 92–96), whose binding to C is controlled
by peptide substrates rather than by cAMP (21).
ApoRI� binds to the C subunit of PKA several orders ofmag-

nitude tighter than cAMP-saturated RI� (15, 16). Comparison
of conformational changes upon cAMPbinding to RI� is there-
fore likely to provide important clues about the cAMP-medi-
ated regulatory effects on the interaction with the catalytic
domain. Crystal structures, NMR, small angle x-ray scattering
analysis, and MD simulations of truncated forms of RI� either
bound to cAMP or to the C subunit have already revealed that
the R subunit is modular and dynamic and that a large confor-
mational reorganization of RI� occurs upon binding to its part-
ners (4, 10, 11, 32, 33) (see also Fig. 1). Our NMR studies con-

FIGURE 5. Binding of cAMP and cyclic nucleotide analogs to RI�-(98 –381). Representative resonances from
residues residing in the A and B domains as well as the linker helices (�C:A and �C�:A) were monitored through-
out the titration with cAMP (A and B), 2-Cl-8-AH-cAMP (C and D), and N6-MB-cAMP (E and F). A, C, and E,
ligand-free RI�-(98 –381) resonances are colored in blue, and ligand-bound resonances are shown in red. Res-
onances arising from intermediate bound conformations are shown in purple (see details under “Results”). The
molar ratios for RI�-(98 –381) and ligand are listed at the top. Titration curves for cAMP (B), 2-Cl-8-AH-cAMP (D),
and N6-MB-cAMP (F) are also shown where the bound fraction was obtained using the spectra in A, C, and E,
respectively, by dividing the intensities of the bound resonances (red) by the sum of the intensities of the
bound (red) and free (blue) resonances. The CNB domains A or B, to which the residues belong are indicated in
parenthesis next to the residue identification in B, D, and F.
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tribute to structurally map the areas for the conformational
changes effected by cAMP binding, mainly the region N-termi-
nal to domain A, the PBCs, and the �C:A, �C�:A, �B:B, and
�C:B helices (Figs. 3 and 4, A and B), indicating that all inter-
subunit contacts identified in the crystal structure of the RI�-C
complex (4) are severely perturbed by cAMP binding (Fig. 4C).
These areas are characterized by a high degree of intrinsic dis-
order or conformational exchange in the apo-form and are
structured uponbinding, indicating that the high degree of flex-
ibility of the R subunit may facilitate recognition of its func-
tional partners (6, 14). Indeed, there is growing evidence that
conformational dynamics is required for ligand recognition in
numerous protein systems (34). Areas of intrinsic disorder pro-
vide the flexibility required to adopt interconverting conforma-
tions for proteins with several binding partners (34–37).
Interdomain Communication between the A and B Domains

in RI�—The present NMR titration with cAMP and its analogs
on RI�-(98–382) provides physical evidence for direct interdo-
main communication induced by cAMPbinding, which has not
been previously reported. The data demonstrate communica-
tion from the A site to the B site, but not vice versa, upon
binding of cyclic nucleotide to one site. This important finding
with regard to understanding allostery in the RI system may
relate to the available kinetic data that show decreased dissoci-
ation and association rates of cAMP to site B after binding of the
cyclic nucleotide to site A, without energetic coupling between
the sites (19). Upon formation of the ternary complex of RI-
cAMP and C, a similar acceleration of the cAMP dissociation
rate from site B is observed when the A site becomes non-
occupied (3). This will contribute to a more rapid inactivation
of PKA upon decrease of the intracellular cAMP levels.
Unlike in the free R subunit, the two cAMP binding sites in

the R-C complex (PKA holoenzyme) are thermodynamically
coupled, exhibiting positive cooperativity (4, 7, 38). The present
study implicates the interdomain �C:A and �C�:A helices in
mediating this effect. Residues residing in this region exhibit
chemical shift changes upon cAMP bound to either site A or to
site B that undergo further changes when both cAMP sites are
occupied (Fig. 5). Previous mutational studies have already
linked this region with cAMP binding to site A. For example,
Glu202, Leu205, and Ile206 in the PBC, Asp172 (which interacts
with the conserved Arg in the PBC), and the �C:A and �C’:A
helices are all sensitive to cAMP binding in the A site (14,
39–41). Previous NMR studies on R truncated at position 246
also revealed communication between A site binding and the
�C:A helix (11, 12, 30, 42). However, the cumulative and
sequential structural effect on the interdomain helices affected
by binding of cAMP to both sites, as well as the communication
of cAMP binding in the A site to the B domain, is observed here
for the first time. A central residue in the A site to B site com-
munication is Trp262 (Trp260 for bovine RI�), which is located
at the beginning of the �A:B helix in the B domain. This Trp
residue stacks with the adenine ring of cAMP bound in the A
site (see Fig. 1), and its backbone HN resonance exhibits the
largest chemical shift change upon cAMP binding (Fig. 4A).
The important role of this Trp residue in allosteric communi-
cation is supported by extensive site-directed mutagenesis
studies (4, 43, 44).

Functional Consequences of the Synergy between cAMP Bind-
ing to the Individual A and B Sites—It is known that cAMP
binding to either site decreases the affinity between C and R in
the PKA holocomplex several fold (7, 18, 45). However, only
upon saturation of both sites does the affinity decrease enough
to release C and thus cause activation under physiological con-
ditions (18, 45). In addition, there is evidence for preferential
binding to the B site over theA site for holoenzyme dissociation
(16). This feature is related to the R-C holocomplex architec-
ture because the binding site on the A domain is inaccessible
until cAMP binds to domain B (4, 45). Here, we found that
cAMP binds preferentially to the B domain in the isolated R
subunit (or RI�-(98–381)), in perfect accord with previous
results (7, 20).Moreover, the results show that both B site andA
site binding alter the conformation of the �C:A and �C�:A hel-
ices (Fig. 5, A–F). However, only when both sites are occupied
does the interdomain helical region adopt the final conforma-
tion of the cAMP-saturated state, in agreement with the
observed synergistic interplay between sites A and B in PKA
activation (18, 45).
In summary, the present NMR investigation on the N-termi-

nally truncated human RI�-(98–381) uncovered pronounced
and far reaching structural changes upon cAMP binding. Strik-
ingly, all areas that undergo conformational changes upon
cAMP binding to the apoR subunit of RI� involve recognition
sites for the C subunit, observed in the crystal structure of the
PKA holoenzyme. Moreover, site-specific occupancy of site A
or site B allowed the detection of interdomain communication
as well as allosteric communication between each cAMP bind-
ing site and the �C:A/�C�:A helices. This region, involved in
intersite thermodynamic coupling (positive cooperativity) also
resides in the R-C interface in the PKA holoenzyme, therefore
directly linking nucleotide binding to activation.
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