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Different isoforms of the full-length protein kinase A (PKA) reg
ulatory subunit homodimer (R2) and the catalytic (C) subunit- 
bound holoenzyme (R2C2) have very different global structures 
despite similar molecular weights and domain organization within 
their primary sequences. To date, it has been the linker sequence 
between the R subunit dimerization/docking domain and cAMP- 
binding domain A that has been implicated in modulating domain 
interactions to give rise to these differences in global structure. The 
small angle solution scattering data presented here for three differ
ent isoforms of PKA heterodimer (AR-C) complexes reveal a role for 
another conformationally dynamic sequence in modulating inter
subunit and domain interactions, the C helix that connects the 
cAMP-binding domains A and B of the R subunit. The AR-C het
erodimer complexes studied here were each formed with a mono
meric N-terminal deletion mutant of the R subunit (AR) that con
tains the inhibitor sequence and both cAMP-binding domains. The 
scattering data show that type Ila and type 110 AR-C heterodimers 
are relatively compact and globular, with the C subunit contacting 
the inhibitor sequence and both cAMP-binding domains. In con
trast, the type Ia heterodimer is significantly more extended, with 
the C subunit interacting with the inhibitor sequence and cAMP- 
binding domain A, whereas domain B extends out such that its sur
face is almost completely solvent exposed. These data implicate the 
C helix of RIa in modulating isoform-specific interdomain commu
nication in the PKA holoenzyme, adding another layer of structural 
complexity to our understanding of signaling dynamics in this mul
tisubunit, multidomain protein kinase.

Protein kinase A (PKA),3 a member of the Ser/Thr protein kinase 
family, is involved in the regulation of a large number of processes, 
including cell proliferation and metabolism, as well as higher level func
tions of learning and memory (1, 2). Mutations in PKA can lead to 
diseases such as Carney complex (3) and lupus erythematosus (4), 
underscoring the importance of its role in signaling processes and dis
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ease states. Unlike many protein kinases, the catalytic and regulatory 
functions of PKA are on separate polypeptide chains. The catalytic (C) 
subunits are responsible for catalyzing phosphoryl transfer, whereas the 
regulatory (R) subunits confer cAiMP dependence and localize the 
holoenzyme to discrete subcellular locations via interactions with pro
tein kinase A anchoring proteins (5). At low intracellular cAMP con
centrations, PKA is maintained as an inactive tetrameric holoenzyme 
complex (R-.C-.) consisting of a homodimeric R-, subunit and two C 
subunits. When intracellular concentrations of cAMP are increased in 
response to specific stimuli, two cAMP molecules bind allosterically to 
each R subunit, which releases inhibition of the C subunits and allows 
them to phosphorylate their protein targets.

There are four major isoforms of PKA that differ with respect to their 
R subunits (RIa, Rl/3, Rlla, and Rll/3). These isoforms have different 
biological functions, as determined by genetic studies using mice (6,7). 
Despite their different cellular functions, the different R isoforms share 
the same domain organization within their sequences: starting from the 
N terminus is a dimerization/docking (13/13) domain that also anchors 
the R subunits to PKA anchoring proteins, a linker region that contains 
an inhibitor sequence, and two tandem cAMP-binding domains (desig
nated A and B). There is high sequence homology between all the iso
forms in the D/D domain and the cAMP-binding domains (8), but the 
linker regions are highly variable in both length and sequence (9).

High resolution structures of the C subunit (10), cAMP-binding 
domains of RIa (11) and Rll/3 (12), and the D/D domains of Rlla (13) 
and RIa (14) provide important molecular insights into the phosphoryl 
transfer reaction, cAMP binding, and tethering of the R subunits to 
specific cellular locations. To date, full-length holoenzyme or R-, 
homodimer crystal structures for PKA have been elusive. Small angle 
x-ray scattering studies have shown that both full-length Rlla and Rll/3 
homodimers are highly extended structures in solution, whereas the 
RIa homodimer is much more compact, having a Y-like shape (9). Like
wise, the shape of the full-length type Ila holoenzyme is much more 
elongated than the type la (15). These shape differences have been 
attributed to structural differences in the linkers between type I and type
II isoforms that lead to different spatial organizations of domains (9).

The results reported here further explore the conformational diver
sity of R subunit isoforms using small angle solution scattering to study 
N-terminal-truncated monomeric versions of RIa, Rlla, and Rll/3 that 
contain the inhibitor sequence and both cAMP-binding domains (A 
and B) in heterodimeric complexes with the C subunit. Previous small 
angle scattering studies of a type Ila R-C heterodimer (16) support 
structural models in which both the A and B cAMP-binding domains of 
Rlla interact with C, leading to a compact overall structure (17). How
ever, hydrogen/deuterium (H/D) exchange coupled with mass spec
trometry (18, 19), limited proteolysis (20), and chemical footprinting
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(21), as well as a recently developed model of the type Up R-C het
erodimer,4 predict different R-C interfaces for RIa versus RII/3. The first 
crystal structure showing an R-C interaction was recently obtained for a 
complex of the C subunit with a deletion mutant of RIa that includes 
just the pseudo-substrate inhibitor region and cAMP-binding domain A
(22). This structure shows an interaction with the inhibitor site of RIa 
bound to the active site of C as well as with the helical region of cAMP- 
binding domain A bound to the surface of the large (C-terminal) lobe of 
C. Compared with the crystal structures of the free R subunit (11,12), 
there are significant conformational rearrangements within RIa upon 
binding C. In particular, the C helix in the A domain of RIa, which 
connects the cAMP binding A and B domains, swings away from the 
/3-barrel and the phosphate binding cassette, suggesting that the inter
face between the two cAMP-binding domains may be altered upon C 
subunit binding. The results reported here show that there is indeed a 
dramatic conformational change in the disposition of the cAMP-bind
ing domains of RIa upon C subunit binding and that there are signifi
cant isoform differences in the cAMP-binding domain and C subunit 
interactions in the heterodimeric complexes studied.

MATERIALS AND METHODS

Protein Expression and Purification—Bovine RIa (residues 92-379), 
rat Rlla (residues 92-400), and RII/3 (residues 104-408) deletion 
mutants were expressed in Escherichia coli 222 cells and affinity purified 
on cAMP-Sepharose resin as described previously (9). Recombinant 
bovine catalytic (C) subunit was expressed in E. coli and purified as 
previously described (23). R-C heterodimers were formed by mixing 
purified R subunit deletion mutants with a molar excess of purified C 
subunit and dialyzing against buffer containing 10 niM MOPS, pH 7.0, 
150 niM NaCl, 2 niM MgCl-,, and 0.2 niM ATP. These conditions approx
imate physiological ionic strength and concentrations of Mg’ "/ATP for 
most tissues. Gel filtration (Superdex 75) was then used to separate 
heterodimer complexes from free C subunit, the running buffer being 
identical to the buffer used for dialysis. Heterodimer activation by 
cAMP was checked with a coupled kinase assay to confirm that C sub
unit was inhibited in a cAMP-dependent manner (24). The substrate 
peptide, Kemptide, with the sequence LRRASLG was synthesized by the 
Microchemical Facility of the University of California, Berkeley.

Amino Acid Analysis—Amino acid composition of the type la het
erodimer (Sample 3) was quantified after hydrolysis in 5.7 N HC1 con
taining 0.1% phenol in vacuo at 110 °C. The analysis was performed on a 
Beckman 6300 analyzer. The reliably quantified amino acids (Ala, Arg, 
Asx (Asn+Asp), Glx (Gln+Glu), lie, Leu, Lys, Phe, and Val) were used 
to estimate protein concentration of samples analyzed by small angle 
scattering. The amino acid analysis was performed by Dr. Dennis 
Winge, University of Utah.

Small Angle X-ray Scattering Measurements—X-ray scattering data 
were collected using the line source instrument described by Heidorn 
and Trewhella (25) that is now at the University of Utah. Intensity data 
were reduced to I(q) versus q using standard procedures to correct for 
detector sensitivity and background signal. A smearing procedure was 
used to correct for the slit geometry of the instrument when comparing 
predicted scattering of structural models to the experimental scattering 
data (25). I(q) is the scattered x-ray intensity per unit solid angle, and q 
is the amplitude of the scattering vector and is given by 47r(sinO)/A 
(where 20 is the scattering angle and A is the wavelength of scattered 
x-rays, which is 1.54 A for this instrument). The net scattering from the 
protein was calculated by subtracting a normalized buffer spectrum.

The buffer blank was identical to the buffer in the protein samples as it 
was obtained from protein-free gel filtration fractions collected during 
purification of the corresponding R-C complex. For each sample, three 
different protein concentrations were measured (ranging from ~ 1-1.5 
to ~5-10 mg/ml). There are no concentration-dependent effects in the 
scattering; i.e. the R„, Ornax, and P(r) functions remain unchanged within 
experimental error. Because the signal/noise ratio is the best for the 
highest concentration samples, the data from these samples were used 
for analysis. Sample and buffer measurements took between 12 and 24 h, 
and the samples were kept at 13 °C during the measurements.

Small Angle X-ray Scattering Data Analysis—Structural information 
was derived from the scattering data by calculating the inverse Fourier 
transform of I(q), which yields P(r), the probable distribution of vector 
lengths, r, between scattering centers (atoms) within the scattering par
ticles (calculated using the program GNOM) (26). P(r) thus provides 
insights into the overall shape of the scattering molecule. P(r) goes to 
zero at the maximum linear dimension, Drnax, of the scattering particle, 
and its zeroth and second moments give the forward scattering, 1(0), and 
radius of gyration, R„, values, respectively. Guinier (27) plots (i'f versus 
\nl(q) for Q-R„ <1.3) show the expected straight line fit for monodis- 
perse identical scattering particles.

Structural Models—Simulated scattering profiles for the type Ha 
model (17) (Protein Data Bank accession number 1KMW) and H/D 
exchange/docking type Up model:> were generated using CRYSOL with 
standard parameters, including the standard solvation layer thickness 
and contrast (28). Different arrangements of the B domain with respect 
to the A domain and C subunit for the type la heterodimer were gen
erated using the program CONTRAST. CONTRAST (29) can take a set 
of known high resolution structures as well as shapes of uniform scat
tering density and find the relative position and orientation of these 
components that give the best fit to a set of experimental scattering 
profiles. The best-fit model structures are generated using a Monte 
Carlo approach employed previously (16, 25). CONTRAST uses the 
fitting parameter F defined in Equation 1 to evaluate the quality of the fit 
of each model to the data.

F = (Fq. '

Npls is the number of points in the data set, i(q) and l,„(q] are the 
experimental and model intensities, respectively, and cr(q) is the exper
imental uncertainty of I(q). We defined two high resolution compo
nents for the CONTRAST calculations, the crystal structure of C bound 
to residues 94-244 of RIa (C/A domain) (Protein Data Bank accession 
number 1U7F.) and residues 245-376 of the isolated, cAMP-free RIa B 
domain (Protein Data Bank accession number 1RL3). The individual 
structures were connected through residues Tyr43 and Ghr44 and 
allowed to rotate randomly with respect to each other about this pivot 
point. The selection of this pivot point was based upon observations of 
the final snapshot of a molecular dynamics simulation performed to 
discover possible energetically feasible placements of the B domain 
within the heterodimer’. Because the small angle scattering data are 
inherently low resolution and only sensitive to overall distributions of 
molecular mass rather than the locations of specific amino acids, the 
precise choice for the pivot point within the C helix, as well as the details 
of the atomic structure in this region, are somewhat arbitrary for the 
purposes of this study. T o find the model that best fit the scattering data, 
the angles for the bonds about the selected pivot point were assigned

* D. Law, private communications. 5 J. Gullingsrud, private communications.
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FIGURE 1. Intensity profiles and P(r) functions for the type ll« and 110 PKA het
erodimers. A, l(q) versus q for the type ll« heterodimer (upside-down triangles) and the 
type 110 (circles). The solid line through the ll« data is the simulated scattering profile of 
the ll« heterodimer model from neutron contrast variation studies (17) (shown in Fig. 
5A). The solid line through the type 11/J data is the simulated scattering profile of the I/J 
heterodimer H/D-exchange model.4 Scattering profilesare offset for ease of viewing. For 
clarity, only every other data point is plotted. S, P(r) functions derived from the scattering 
profiles in panel A and from which the structural parameters in TABLEONEare calculated. 
Symbols are the same as in panel A. Areas under the P(r) curves are normalized based on 
the square of the average molecular weight of the scattering particles. Errors are based 
on counting statistics and are smaller than the symbols if not shown.

randomly with the only constraint being that no van der Waals overlap 
between the two rigid bodies was allowed. In this manner the B domain 
of R could be placed in random locations with respect to the domain 
A/C subunit component while keeping the distance between them con
sistent with that required by the sequence connectivity and also avoid
ing component overlap. Four independent runs of CONTRAST were 
performed, each testing in excess of 100,000 possible models. The 
molecular volumes of the atomic models for type I a and type 11 a and 110 
heterodimers were calculated using the Porod invariant (30) and simu
lated scattering profiles generated by CRYSOL (28).

Low resolution ab initio shapes that fit the scattering data were gen
erated using the program DAMMIN (31) for each heterodimer isoform. 
This program constructs arbitrary shapes using assemblies of dummy 
atoms and tests them against experimental scattering intensity profiles. 
No symmetry constraints were applied, and the initial shape tested in 
each DAMMIN run was a sphere with radius equal to Dmax (TABLE 
ONE). The default parameters were used in each calculation, including 
a packing radius of dummy atom beads of 3.2 A for type I a and 2.5 A for 
type Ha and type 110. For the more complex-shaped RIa models, 10 
independent models were aligned and averaged using the program 
DAMAVF.R with default parameters (32). The program DAMFILT (32) 
was then used to filter the models based on occupancy, with the mean 
volume of the constituent runs set as the cutoff to produce the average 
or most probable model (Fig. 4/5). The Ca coordinates of the previously 
developed type Ha heterodimer model (Protein Data Bank accession 
number 1KMW) were superimposed with the type Ha heterodimer 
DAMMIN model, and the Ca coordinates of the DAMAVF.R/DAM- 
FILT type la heterodimer model were superimposed with the CON

FIGURE 2. Intensity profilesand P(r) functions for the type l« PKA heterodimer. A, l(q) 
versus q for three independent preparations of the type l« heterodimer. The solid line 
through the data sets is the simulated scattering profile of the best-fit CONTRAST model 
(Fig. SB). Top, middle, and bottom rows correspond to Samples 1,2, and 3, respectively. 
For clarity, only every other data point is plotted. B, P(r) functions of the scattering pro
files shown in panel A and from which the structural parameters in TABLE ONE are calcu
lated. Symbols are the same as in panel A. Areas under the P(r) curves are normalized to 
those in Fig. 1 according to the average molecular weight squared of the scattering 
particles. Errors are based on counting statistics and are smaller than the symbols if not 
shown.

TRAST model using the program SUPCOMB (33). The molecular vol
umes for the DAMMIN models were calculated using the Porod 
invariant (30) and simulated scattering profiles (from DAMMIN).

RESULTS

Small Angle Scattering Data—The small angle x-ray scattering inten
sity profiles and associated distance distribution functions, P(r), for the 
type I la and 110 PKA heterodimers are shown in Fig. 1; those for the type 
la heterodimer are shown in Fig. 2. The Guinier plots for each isoform 
are all linear, as expected for a monodisperse solution of identical par
ticles (Fig. 3), and the volumes of the scattering particles, calculated 
from the scattering data using the Porod invariant (TABLE ONE), are as 
predicted from the molecular weight of each heterodimer complex. In 
combination, these results are good evidence that we have monodis
perse protein solutions suitable for analysis of structural parameters 
from the scattering data.

In the case of the type la heterodimer, data from three independent 
sample preparations are presented (Fig. 2). Unlike the type II isoforms, 
the type la isoform shows small variations in the scattering data from 
different protein preparations. We pursued some additional analyses to 
see whether we could determine the source of this variability. A reduc
ing SDS-PAGE gel of the RI a heterodimer showed no detectable protein 
contaminants, and band staining intensities were consistent with an 
~1:1 stoichiometry of R and C (not shown). Quantitative amino acid 
analysis of the same sample gave a possible range of R:C stoichiometries 
from 1:1 to 1.2:1. Thus, the sample variability giving rise to the small 
differences in the P(r) functions appears to be inherent to the RIa-C 
heterodimer complex and may reflect small variations in the global
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structure of the reconstituted complex in different preparations. From 
simple inspection of the P(r) profiles in Figs. 1 and 2 it is evident that 
these sample-to-sample variations in RIa are very small in comparison 
to the differences between the RII and R1 heterodimers.

Compact Domain Organization within the Type Ila and Up 
Heterodimers—The l(q) data and associated P(r) functions for the type 
Ila and 110 heterodimers are the same within experimental error (Fig. 
1). The P(r) profiles have a peak at ~35 A, go to zero at the maximum 
linear dimension, Dmax, of the scattering particle (~90 A), and yield P,{ 
values of ~30 A (TABLE ONE). The scattering data thus indicate rela
tively compact structures with the same overall shape for the two RII 
isoforms. Using the ab initio structure-predicting program DAMM1N 
(31), we tested a number of predicted shapes against the RII scattering 
data sets and found that the best-fit shapes were compact, approxi
mately prolate ellipsoids with axes lengths of ~40, 50, and 90 A.

Two different atomic models have been proposed for the type II het
erodimer complex that each have overall dimensions that agree well 
with the dimensions of the ellipsoid-shaped models from DAMM1N 
(Fig. 4A). One of these models is based on neutron scattering solvent
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FIGURE 3. Guinier plots of the scattering data for each heterodimer. A, plots of the 
three independent type la heterodimer samples. Top, middle, and bottom represent 
Samples 1,2 and 3, respectively. Solid lines represent linear least-squares fits through the 
plots. B, plots for the type Ila (upside-down triangles) and II/3 (circles).

contrast variation data from an Rlla-C heterodimer (16) combined with 
homology modeling and constrained molecular docking (17) (Protein 
Data Bank accession number IKiMW). The second is based on H/D 
exchange data on the RII0-C heterodimer (19) and rigid body molecular 
docking4. Because both these models use the unmodified crystal struc
tures of the isolated and cAMP-bound RII0 (12) (Protein Data Bank 
accession number 1CX4), any changes in the A and B domains upon 
release of cAiMP and/or C subunit binding will not be accounted for. 
However, both models predict substantial differences in the R-C inter
face from that seen in the recent crystal structure of the RIa (A 
domain)-C heterodimer. Perhaps most noteworthy for this study, both 
RII heterodimer models predict a more extensive interaction of the C 
helix of RII with the C subunit than is seen in the RIa heterodimer 
crystal structure and, consequently, a closer spatial relationship to the 
cAMP-binding domain B. There is excellent agreement between the 
predicted scattering profiles of each model and the experimental scat
tering data from the type Ila and Up heterodimers (see /-'values, TABLE 
ONE): thus, the predicted R values (TABLE ONE) and P(r) functions 
(Fig. 15) also agree well. Fig. 4A shows an example of the Rlla-C model 
from neutron contrast variation studies superimposed onto a represent
ative Ila heterodimer DAMM1N model. Although the precise details of 
the R-C interface remain uncertain, the overall compactness of the 
shape determined from the scattering data means that the B domain 
must be spatially close to the C subunit in both type II isoform het
erodimers. It is also worth noting that major rearrangements between 
the A and B domains are not required to adequately fit the scattering 
data.

The £ Domain in the Type la Heterodimer Extends Away from Both 
the A Domain and the C Subunit— In contrast to the type II isoforms, 
the P(r) functions for the type la heterodimer indicate a significantly 
more extended shape with a peak at ~30 -35 A and a long, extended tail 
that goes to zero at a Dmax value in the range of 120 -130 A (Fig. 2). For 
the type la heterodimer, we also generated ab initio shapes that best fit 
the highest quality data (Sample 2) using DAMM1N (31). These shapes 
were not simple ellipsoids but rather more complex shapes. We there-

TABLE ONE
Structural parameters derived from the scattering data

Dmax V" Fb

A
Type la  heterodimer
Sample 1 38.6 ± 1.6 130 106
Sample 2 36.4 ± 0.6 120 96
Sample 3 37.1 ± 1.4 125 110
CONTRAST modelc 33.2 115 116 0.9,1.4,0.90
DAMMIN model* 36.3 120 119 1.37,0.94,1.63
Type Ila heterodimer
Current study 29.8 ± 0.8 90 110
Previous study 30.6 ± 0.5 -
Type Ila model* 28.6 90 103 1.04
Type II/3 heterodimer
Current study 30.2 ± 1.0 90 99
Type 11(3 model* 29.1 90 102 0.70

a V is the molecular volume (in 103 A3) calculated using the Porod approximation (30) and either experimental scattering data or simulated scattering profiles of the models. The 
expected volumes for the type la, Ila, and II/3 heterodimers are 88,200,91,500, and 90,700 A3, respectively, based on their molecular weights and assuming a partial specific 
volume of 0.73 cm3/g.

b The fitting parameters values, F, listed are calculated using Equation 1. The three sequential F values of the type la heterodimer CONTRAST model and DAMMIN models are 
for samples 1,2 and 3, respectively. 

c These models are shown in Fig. 5. The DAMMIN model was constructed using scattering data from Sample 2. 
d The data for type Ila heterodimer were taken from Zhao e ta l  (16). The Dmax value was not listed in that publication.
e Parameters listed are for high resolution models based on neutron contrast variation and constrained docking (type Ha, Protein Data Bank accession number 1KMW (17)) or 

H/D exchange data and docking (type II/34).
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FIGURE 4. Type Ila (A! and type l« (B) heterodimer models. Ribbon representation of 
the best-fit R-C heterodimer models superimposed on the low resolution models from 
DAMMIN. A, the averaged and filtered DAMMIN model (see “Materials and Methods") for 
the type ll« heterodimer is superimposed onto the Rll«-C model (17) (Protein Data Bank 
accession number 1KMW). B, the averaged Rl«-C DAMMIN model is superimposed onto 
the best-fit CONTRAST model. For the ribbon models, the C subunit N-terminal lobe is 
gray, and the C-terminal lobe is yellow. Within R, the linker sequence including the pseu
do-substrate inhibitor is red, the A domain is blue, the B/C helix connecting the A and B 
domains is black, and the B domain is green. Notice that in the Rlr< model, the B domain 
swings out significantly away from the C subunit, whereas the model for Rllr< is very 
compact. The DAMMIN-derived models are shown as purple surface representations. 
Insight II (Accelrys) was used to prepare this figure.

fore determined an average model from 10 independent DAMMIN 
runs using the program DAMAVER (32). DAMAVF.R includes a filter
ing routine similar to that used in processing electron microscopy 
images to remove statistically low probability features in individual 
structures. As can be seen from the /-'value and the structural parame
ters in TABI.F, ONE, there is excellent agreement between the averaged 
and filtered model and the experimental data. Fig. 4B shows the signif
icantly more elongated shape of the type la heterodimer compared with 
the more compact, globular type II heterodimers.

Based on the structural changes observed in the crystal structure of 
domain A of RIa with the C subunit involving the C helix that would 
normally link cAMP-binding domains A and B, we decided to test var
ious placements of domain B within the RIa heterodimer complex 
against the scattering data using the structural modeling program 
CONTRAST (29). The four independent sets of CONTRAST calcula
tions (see “Materials and Methods") each converged to very similar 
best-fit structures that had a root mean square deviation (r.m.s.d.) value 
of <0.5 A (C-alpha r.m.s.d. calculated using SUPERIMPOSE in Insight 
II, Accelrys). The best-fit CONTRAST models are all consistent with an 
extension of the C helix in domain A that results in a movement of the 
A and B domains away from each other. There is also a significant 
movement of the B domain away from the C subunit (Fig. 4B). The R„ 
value of the A(l-91)RIa subunit is 29.4 A in our final CONTRAST 
model as compared with 21.1 A in the isolated A(l-91)RIa crystal struc
ture. Our model also shows that the B domain is almost fully solvent 
exposed. The simulated scattering intensity profile of the CONTRAST

FIGURE 5. C helix conformation in RIa and representations of the different A and B 
domain interfaces in Rio and RII/3. A, structure of the A domain of Rlr< and its cAMP- 
bound state (left) and its C subunit-bound state (right). The B/C helices are in gray, and 
the phosphate binding cassette is in yellow. Notice the large extension of the B/C helices 
into one long helix and a movement away from the A domain upon binding C. B, A and 
B domain contacts in Rlr< (left) and R11 /> (right).The black arrow corresponds to the diver
gence point of the B/C helices that leads to a very different orientation of the C helix in 
Rlr< versus RII/iThe A domain cAMP is in yellow and its phosphate binding cassette in red. 
The blue ribbon is the C helix of the A domain, and the turquoise is the C helix of the B 
domain.The hydrophobic capping of cAMPin the A domain in Rlr< comes from the very 
end of the A domain (Trp260), whereas in RII/3 the cAMP is capped by Arg381 from the C 
helix of the Bdomain. There is an important salt bridge (Arg241/Glu200) in Rlr< that directly 
mediates cross-talk of the C helix with cAMP. In RII/3, this salt bridge is absent, and thus 
cAMP must mediate its effect in a different manner.

model gives good fits to the overall scattering profiles for each sample 
measured (see /'values, TABLE ONE; see also Fig. 2). The values for R„, 
Dllmx, and the molecular volume are systematically smaller (by ~ 10, 5, 
and 3%, respectively) for the CONTRAST-derived models compared 
with the shapes from DAMMIN. This effect is consistent with there 
being some structural variability in the R-C interactions that can be 
accommodated in the ab initio shape analysis, which can account for 
lower average densities distributed over larger average volumes, but not 
in an approach that uses atomic models with fixed electron density 
values and volumes. The program SUPCOMB (33) was used to super
impose the best-fit CONTRAST model to the averaged DAMMIN 
model to compare the overall similarity of models produced by the 
different modeling approaches. The overlap of the superimposed mod
els is very good (Fig. 4B), each predicting a similar placement of the B 
domain relative to the C subunit and A domain.

DISCUSSION
The current study shows unequivocally that both cAMP-binding 

domains interact with C in the type II isoforms, but only domain A does 
so in the case of RIa. It has been predicted, based on H/D exchange (17, 
18) as well as by previous (17,18) and recent4 modeling studies, that the 
RIa-C and RII-C interactions would differ in their specific interfaces, 
including these differences in specific domain interactions. The most
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striking result here, however, is the observation for the first time of the 
dramatic movement of the A and B domains of the RIa subunit away 
from each other upon binding C subunit, such that the B domain 
becomes almost fully solvent exposed. This conformational transition is 
not observed for either of the type II isoforms.

A comparison of the crystal structures of RIa and the C-RIa A 
domain complex suggests the structural basis for the dramatic confor
mational transition observed for RIa upon binding C. A major confor
mational change within the A domain of RIa upon binding C is 
observed that involves an extension of the B and C helices into a single 
long helix and the movement of this helix away from the phosphate 
binding cassette that constitutes part of the A domain cAMP-binding 
site (Fig. SA). This observation suggests that the extension of the B/C 
helix is the major effector of the conformational change that leads to the 
extended B domain placement we observe in our solution scattering 
results. The crystal structure of the isolated tandem cAMP-binding 
domains of RIa (11) shows that the A andB domains make relatively few 
contacts with each other (Fig. 55). In this structure, Glu’00 in the phos
phate binding cassette in the A domain forms a salt bridge with Arg’41 of 
the C helix in the B domain. The Arg’41, in turn, binds to Asp’6' in the 
B domain. Upon binding the C subunit, Arg’41 flips outward due to the 
extension of the B/C helix into a single long helix and thus no longer 
interacts with Glu’00 (22). The small number of contacts and the nature 
of these contacts likely will facilitate reorganization of the A and B 
domains upon binding the C subunit.

A computational analysis of the structures of various cAMP-binding 
domains suggested that hydrophobic capping of the adenine ring of 
cAMP plays an important role in the allosteric mechanism of cAMP 
signaling in all of the cAMP-binding domains and that the C helix pro
vides a crucial link between the hydrophobic capping and the rest of the 
domain (34). Indeed, we have provided evidence here that the C helix in 
RIa is crucial for orchestrating the conformational dynamics between 
the A and B domains upon nucleotide binding.

The crystal structure of the isolated RII/3 tandem cAMP-binding 
domains shows a very different interface between the A and B domains 
compared with that for the isolated RIa tandem cAMP-binding 
domains (12) (Fig. 5). The structures of the individual cAMP-binding 
domains A and B from each isoform, respectively, can be superimposed 
reasonably well, but there is a very different angle between the B and C 
helices of domain A in RIa compared with RII/3 (Fig. 55), resulting in the 
relative dispositions of the domains being quite different for the differ
ent isoforms. In contrast to RIa, the C helix in RII/3 is already somewhat 
extended away from the A domain in a conformation already competent 
for C subunit binding. There are a number of hydrophobic contacts 
between A and B domains in RII/3 that appear to be cAMP independent, 
as well as contact of a B domain residue (Arg381) with the adenine ring of 
cAMP that is likely crucial for interdomain cross-talk. Our previous 
solution scattering studies of the RIa and Rlla homodimers (9) as well 
as an Rlla monomeric form (16) show that for each of these isoforms 
cAMP binding does not cause any large scale change in domain organi
zation. In addition, neutron contrast variation experiments on an 
RHa-C heterodimer (16) show the compact arrangement between the A 
and B domains in that structure. In combination, these observations 
suggest that the compact arrangement of RI1/3 will be maintained in the 
absence of cAMP, in contrast to the extended arrangement of RIa. In 
addition, sequence segments of RI 10 at the interface between the A and 
B domains (201-209 and 282-300) do not show large changes in solvent 
exchange upon binding C (18).

The cooperative mechanism for activation of the type la holoenzyme 
by cAMP has been previously described (35). A molecule of cAMP must

first bind to the B domain, allowing cAMP binding to the A domain, 
which then causes the conformational changes directly responsible for 
C subunit activation. Here, we suggest a structural mechanism for this 
cooperativity. Although the A domain is sterically accessible to bind 
cAMP as demonstrated by our model, the C helix is not in a suitable 
conformation to properly cap the adenine ring of cAMP, which is 
required for high affinity. We predict that binding of cAMP to the B 
domain leads to a concurrent binding of cAMP to the A domain and a 
collapse between the A and B domains that allows the C helix of the A 
domain to cap the A domain cAMP, thus conferring high affinity bind
ing and subsequent activation. This mechanism is analogous to the 
simple hydrophobic capping mechanism that was seen in a crystal 
structure of RIa in which the B domain lacks cAMP (36). Again, this 
mechanism is fully consistent with the computational analysis that sug
gested the crucial cooperation of hydrophobic capping and reposition
ing of the C helix (34). The idea of an accessible A domain in the type la 
heterodimer could have implications with regard to design of isoform- 
specific PKA inhibitors or activators that could bind in or near the 
cAMP-binding site. Molecular dynamics simulations1’ suggest that the 
C helix is dynamic in the absence of cAMP. Thus, in the apo state the R 
subunit is likely in an equilibrium between the compact cAMP-bound 
structure and the extended C subunit-bound structure. Binding of 
cAMP or C might merely alter this equilibrium, with little expenditure 
of energy, as suggested in an NMR investigation of the structurally sim
ilar bacterial cAMP receptor protein transcription factor (37).

The isoform differences in the interaction of the cAMP-binding 
domains of R with C provide yet another layer of isoform-specific struc
tural variation that likely relates to their different biological functions. 
The close association of the B domain of R with C in the type II het
erodimers might mask surface motifs that would otherwise be used in 
binding other C subunit partners such as the heat-stable protein kinase 
inhibitor. RIa, but not Rlla or RII/3, contains a conserved putative type
II PD7. domain binding motif (Leu-Ser-Val) at its C terminus (38). An 
extended B domain in RIa could easily bind to P137, domains in other 
signaling molecules, potentially integrating PKA into signaling net
works in a PKA anchoring protein-independent manner.

The C subunit-induced conformational change in the tandem 
cAMP-binding domains of RIa has implications for our previous mod
eling of small angle neutron contrast variation data for the full-length 
type la holoenzyme (15). In that study, we tested composite models 
against the neutron scattering data using the structural models available 
for each of the components at that time: the NMR structure for the RIa 
13/13 domain (14), a uniform density cylinder for the linker, and each of 
the two published models for the R-C heterodimer, one based on data 
from an RHa-C heterodimer study (17) and the other based on a model 
that used the unmodified crystal structure of RIa (18). From the results 
presented here, we clearly can exclude the models for the type la 
holoenzyme based on Rlla data (Fig. 45, Ref. 15). For the model derived 
using the earlier RIa-C heterodimer model (Fig. 4A, Ref. 15) some mod
ifications with respect to the detailed R-C interface are indicated, spe
cifically an extension of cAMP-binding domain B away from domain A 
and from the C subunit. However, the major conclusions from the 
holoenzyme modeling, i.e. the general Y-shaped arrangement of the 
components and the C subunits binding to sites on the outer sides of the 
arms of the Y, remain unchanged.

We have previously demonstrated with x-ray and neutron scattering 
that the linkers between the 13/13 domain and cAMP-binding domains 
in the R subunits are highly context dependent and can mediate differ
ent spatial arrangements of the 13/13 domain and cAMP-binding 
domains (9,15). In the current work, we show that another conforma-
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tionally dynamic sequence that connects two domains, the C helix, plays 
a key role in orienting the A and B domains in response to cAMP and C 
subunit binding, thus playing a role in the proper transmission of infor
mation across long distances. It is becoming increasingly apparent that 
the functions of sequence segments that connect domains in signaling 
proteins are likely to play many significant roles other than the simple 
joining of individual functional domains. An important parallel to our 
study is given by studies of the Ca2+-binding protein calmodulin, which 
consists of two tandem Ca2_t"-binding domains connected by a helix. 
The connecting helix plays a complex role in the cooperativity of cal
cium binding between domains and dynamically couples the individual 
domains in a manner that is necessary for proper protein-protein inter
actions (39,40). These studies bring to the fore the need to identify and 
characterize the full range of functions for these key interconnecting 
sequences, from the simple joining of domains to actively coordinating 
communication in multidomain structures, if we are to fully understand 
how complex, multidomain signaling proteins can integrate diverse 
stimuli for the desired biological response.
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