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Abstract

Protein Kinase A (PKA) is the major receptor for the cyclic adenosine monophosphate
(cAMP) secondary messenger in eukaryotes. CAMP binds to two tandem cAMP-binding
domains (CBD-A and -B) within the regulatory subunit of PKA (R), unleashing the activity of
the catalytic subunit (C). While CBD-A in Rla is required for PKA inhibition and activation,
CBD-B functions as a “gatekeeper’ domain that modulates the control exerted by CBD-A.
Preliminary evidence suggests that CBD-B dynamics are critical for its gatekeeper function.
To test this hypothesis, here we investigate by Nuclear Magnetic Resonance (NMR) the
two-domain construct Rla (91-379) in its apo, CAMP,, and C-bound forms. Our comparative
NMR analyses lead to a double conformational selection model in which each apo CBD
dynamically samples both active and inactive states independently of the adjacent CBD
within a nearly degenerate free energy landscape. Such degeneracy is critical to explain the
sensitivity of CBD-B to weak interactions with C and its high affinity for cAMP. Binding of
cAMP eliminates this degeneracy, as it selectively stabilizes the active conformation within
each CBD and inter-CBD contacts, which require both cAMP and W260. The latter is con-
tributed by CBD-B and mediates capping of the cAMP bound to CBD-A. The inter-CBD
interface is dispensable for intra-CBD conformational selection, but is indispensable for full
activation of PKA as it occludes C-subunit recognition sites within CBD-A. In addition, the
two structurally homologous cAMP-bound CBDs exhibit marked differences in their residual
dynamics profiles, supporting the notion that conservation of structure does not necessarily
imply conservation of dynamics.
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Author Summary

Cyclic adenosine monophosphate (cAMP) is a messenger molecule produced within cells
to control cellular metabolism in response to external stimuli. Protein Kinase A (PKA) is
the major receptor for cAMP. cAMP binds to tandem cAMP-binding domains (CBD-A
and -B) within the regulatory subunits of PKA (R), unleashing the activity of the catalytic
subunit (C). While CBD-A is required for C-subunit inhibition and activation, in RIa
CBD-B functions as a “gatekeeper” domain that modulates the control exerted by CBD-A.
However, it is not currently clear how ligand binding and dynamics of CBD-B mediate its
gatekeeper function. We comparatively analyzed by Nuclear Magnetic Resonance (NMR)
a two-domain construct of the regulatory subunit Rl with no ligand, with cAMP, bound,
and the C-bound form. These data show that both CBDs can exist in a system of uncorre-
lated conformational selection as both can independently sample activated and inactivated
states (in what is known as a nearly degenerate free energy landscape). This explains why
both RIoe CBDs exhibit a higher cAMP-affinity than other cAMP receptors. Once cAMP
has bound, the degeneracy is lost and dissociation of the kinase subunit is promoted
through a combination of intra-domain conformational selection and changes in inter-
CBD orijentation. The proposed model—a double-conformational selection model—pro-
vides a general framework to interpret the effect of PKA mutations that have been reported
in rare human disorders such as Carney complex and Acrodysostosis.

Introduction

Cyclic adenosine monophosphate (cAMP) is an ancient secondary messenger, and in higher
eukaryotes, Protein Kinase A (PKA) is the major receptor for cAMP. The cAMP-dependent
activation of PKA is utilized by a wide variety of extracellular stimuli to control the respective
intra-cellular responses, such as regulation of the immune system and cell proliferation [1-4].
In the resting state, PKA exists as an inhibited tetramer formed by a dimeric regulatory subunit
(R,), with each R-protomer binding and inhibiting one equivalent of catalytic subunit (C).
Upon binding of four equivalents of cAMP to R,, the R,C, tetramer at least partially dissoci-
ates, releasing the active C-subunit to phosphorylate downstream substrates [5-10]. The R-
subunit of PKA is a multi-domain protein (Fig 1A), starting from a dimerization-docking
domain followed by a flexible linker, which includes an inhibitory site for C and is in turn fol-
lowed by two tandem cAMP-binding domains (CBD-A and -B) that provide additional contact
sites for binding the C-subunit [11,12]. The Rla (91-379) construct spans the inhibitory site
and both CBDs (Fig 1A) and recapitulates most of the features that are associated with both C-
inhibition and cAMP-dependent activation of full-length PKA [13-15]. The structures of this
construct have been solved in both the cAMP,-bound (i.e., active wild type [WT]) [14] and C-
bound forms (i.e., inactive R333K mutant) [13], revealing major conformational changes that
underlie the cAMP-dependent activation of PKA (Fig 1C). Furthermore, the dynamics of apo
CBD-A have been recently shown to be another central determinant of the allosteric control of
PKA activation by cAMP [16]. However, less is known about the dynamics of CBD-B and how
they relate to the physiological function of this domain.

The CBD-B serves a pivotal function in both PKA inhibition and activation. The structure
of C-bound Rla (91-379) has revealed that CBD-B contributes to the effective inhibition of the
C-subunit, as the N-terminal helix of CBD-B provides a key site for binding C [13]. The struc-
ture of cAMP,-bound Rla: (91-379), as well as mutagenesis and Markov state models, has
shown that CBD-B also facilitates the cAMP-dependent release of C from R by functioning as
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Fig 1. Construct design and architecture of PKA Rla. (A) Domain organization of the Rla subunit of PKA
and its functional constructs that ensure cAMP-dependent inhibition of the catalytic subunit (C). (B) Binding
equilibria of PKA Rla. Even when apo Rla is a transient low-population intermediate, it is still a critical
thermodynamic determinant of the cAMP-dependent regulation of PKA. (C) Structures of PKA Rla (91-379)
bound to either cAMP (grey, PDB code 1RGS) or the C-subunit (orange, PDB code 2QCS for the R333K
mutant of Rla (91-379)). The two structures are superimposed through the B-barrel of cAMP-binding domain
(CBD) A. Selected regions and residues are labeled. The arrow shows the change in the position of CBD-B
relative to CBD-A occurring upon cAMP-binding.

doi:10.1371/journal.pbio.1002305.g001

a “gate-keeper” domain [10,17,18] that controls the availability of a Trp indole (i.e., W260),
which stacks against the adenine of cAMP bound to CBD-A and acts as a lid for CBD-A
[10,14,15,18,19]. However, as in the case of CBD-A [16], the cAMP- and C-bound structures
of CBD-B are not sufficient for a full thermodynamic dissection of the central function of
CBD-B, which requires also the investigation of apo CBD-B.

The currently available evidence suggests that apo CBD-B is highly dynamic. The structure
of Rla (91-379) with cGMP bound to site A and an apo site B revealed overall elevated B-fac-
tors for CBD-B relative to CBD-A [20]. Furthermore, a small-angle X-ray scattering (SAXS)
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investigation of the R:C complex indicated that the orientation of CBD-B relative to CBD-A
and the C-subunit is dynamic [21,22]. In addition, molecular dynamics (MD) simulations con-
firmed that the helix connecting CBD-A and -B is flexible in the absence of cAMP [23]. Over-
all, these initial results suggest that dynamics of nucleotide-free CBD-B are functionally
critical, although currently the relationship between apo CBD-B dynamics and its function is
not fully understood [24,25].

Here, we hypothesize that apo CBD-B pre-samples both active and inactive conformations
with the binding of cAMP or the C-subunit selecting for the former or the latter, respectively.
In order to test this hypothesis about conformational selection in CBD-B and to understand
how the intra-CBD dynamics affect inter-CBD interactions, we comparatively analyzed by
Nuclear Magnetic Resonance (NMR) the two-domain construct Rla (91-379) in its apo,
cAMP,, and C-bound forms. The latter is the most technically challenging form of Rlat (91-
379) both in terms of sample preparation and NMR data acquisition [26-31], given the high
MW (i.e., ~73 kDa), and was lacking in previous NMR investigations [32,33]. However, C-
bound Rla (91-379) is included here because it plays a critical role in our comparative NMR
analysis scheme as an essential reference term for the inactive state of R. In addition, the pres-
ent comparative analyses include mutations designed to specifically probe inter-domain inter-
actions [34,35] and provide an opportunity to re-assess previous results on CBD-A [16,36] in
the context of a more complete construct with both tandem CBD-A and -B.

Our comparative NMR analysis supports a model of double conformational selection in
which each apo CBD populates a nearly degenerate free energy landscape independently of the
adjacent CBD. Such degeneracy is unusual for allosteric systems, which typically sample highly
skewed conformational equilibria in their apo form [37-42], but it explains why even weak
interactions with the C-subunit are sufficient for conformational selection, as well as why both
RIo. CBDs bind cAMP with higher affinity than other eukaryotic CBDs. Binding of two equiva-
lents of cAMP eliminates this degeneracy by selecting the active conformation within each
CBD and stabilizing the inter-CBD contacts. We also show that the CBD-A/B interface
requires both cAMP and the indole of W260 to form, and, although it is not required for the
intra-domain conformational selection, it contributes to the activation of PKA by occluding C-
subunit recognition sites within CBD-A. Hence, the proposed model explains how CBD-B con-
tributes to PKA inhibition and activation. In addition, our investigation revealed that cAMP-
binding does not fully quench the dynamics of the CBDs, with major loci of residual dynamics
found both at the inter-CBD interface and within each tandem CBD. Surprisingly, the residual
dynamics profiles of the structurally homologous CBD-A and -B are different. This unexpected
finding supports the notion that conservation of structure does not necessarily imply conserva-
tion of dynamics and opens new opportunities in the selective targeting of CBDs for therapeu-
tic purposes.

Results
Intra-Domain Conformational Selection in PKA Rla CBDs

As a first step towards mapping the functional conformational equilibria of apo PKA Rla: (91-
379), we compared it to two reference states, i.e., C-bound Rla: (91-379), which is assumed to
trap the inhibitory (“inactive”) conformation of Rla (91-379), and cAMP,-bound Rla: (91—
379), which is expected to represent the uninhibited (“active”) form of PKA-R. The compara-
tive spectral analysis of apo versus C- versus cAMP,-bound Rl (91-379) is illustrated in Fig 2.
Panels 2A and 2B focus on two representative residues of CBD-A and -B, i.e., G223 and S297,
respectively, which are sufficiently removed from the cAMP and C-subunit binding interfaces
to report primarily on the conformational equilibria of RIo. (91-379). For both residues, the
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Fig 2. Conformational selection in CBD-A and -B of Rla (91-379). (A, B) Overlay of apo, cAMP,-bound, and C-bound Rla (91-379) for cross-peaks of
representative residues sensing the active versus inactive equilibria in CBD-A (A) and CBD-B (B). (C) Fractional inhibition of apo Rla (91-379) (X) relative to
cAMP,- and C-bound Rla (91-379), assuming they represent the active and inactive forms of PKA, respectively. The inset illustrates how X was measured
using the CHEmical Shift Projection Analysis (CHESPA) method. The bar graph shows the average X values observed for residues in CBD-A and -B
exhibiting a linear pattern (|cos6| > 0.95). (D) Alternative evaluation of the fractional inhibition of apo Rla (91-379) (X) through the slope of the (8ap0-dcamp)
versus (8¢_8.amp) plot, where 8,6, 8camp, and 8¢ are the chemical shifts of apo, CAMP,- and C-bound Rla (91-379). Closed and open circles indicate H
and "°N chemical shifts, respectively. This plot was restricted to CBD-A residues that are sufficiently removed from the cAMP-dependent interfaces (e.g., R:
C, R:cAMP and CBD-A:CBD-B) to report primarily on the active versus inactive equilibrium of CBD-A. (E) Similar to panel (D) but for CBD-B.

doi:10.1371/journal.pbio.1002305.g002

cross-peaks arising from the apo, C, and cAMP,-bound forms define a clear linear pattern,
which is indicative of apo RIa (91-379) sampling two states (i.e., the active and inactive confor-
mations) through an exchange that is fast in the chemical shift NMR time scale at the field of
data acquisition (i.e., 700 MHz).

Given the fast regime for the active versus inactive exchange, the apo cross-peak position is
simply a population-weighed linear average of the chemical shifts for the active and inactive
conformations. Hence, the chemical shifts encode directly the relative populations of the active
versus inactive equilibrium. For example, the intermediate position of the apo peaks of G223
and 5297 relative to those of the C and cAMP,-bound forms (Fig 2A and 2B) suggests that in
each apo CBD the populations of active and inactive states are comparable. In order to verify
that this result does not depend on the specific choice of reporter residues (e.g., G223 and
S297), the apo CBD active versus inactive populations were also assessed through the CHEmi-
cal Shift Projection Analysis (CHESPA) (Fig 2C) [37] and through complementary chemical
shift correlations (Fig 2D and 2E). Both approaches rely on a wider collection of
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conformational equilibria-sensing residues as opposed to only one residue per CBD, as shown
in Fig 2A and 2B.

The CHESPA analysis (Fig 2C) shows that, if C- and cAMP,-bound Rla (91-379) represent
the inactive and active states of PKA, the average fractional activation observed for CBD-A is
~50%, with slightly higher values measured for CBD-B. The differences in average fractional
activations between CBD-A and -B are not major as they are within one standard deviation of
both distributions (Fig 2C). Similar conclusions are obtained through chemical shift correla-
tion analyses (Fig 2D and 2E). Panels 2D and 2E report the (84p, — Scamp) versus (8¢ — Scamp)
chemical shift correlations for apo CBD-A and -B, respectively. The linearity of the correlations
in Fig 2D and 2E confirms that each CBD samples a dynamic two-state equilibrium of active
and inactive conformations. In addition, the slopes of the correlations provide the molar frac-
tion of the inactive state, i.e., ~50% and ~70% for CBD-A and -B, respectively, corroborating
that each apo CBD accesses significant populations of both inactive and active conformations,
although the former appears slightly higher for CBD-B than CBD-A. However, the somewhat
higher population of inactive state in apo CBD-B versus apo CBD-A may also reflect the fact
that in the R:C complex the CBD-B does not interact with the C-subunit as tightly as CBD-A.
The transient nature of the CBD-B interactions with the C-subunit may shift the R:C cross-
peaks of CBD-B towards the apo cross-peaks, resulting in an increase in the apparent fractional
inactivation measured for apo CBD-B. In this respect, the actual population of inactive state in
apo CBD-B is possibly lower than the measured 70%, confirming that the CBD-B samples sig-
nificant (i.e., >30%) populations of active state even prior to cAMP binding.

It should be noted that even if we knew the exact value for the fractional inactivation of
CBD-B, the data in Fig 2 alone would not be sufficient to gauge the degree of correlation
between the active-inactive conformational transitions in the two tandem domains. For exam-
ple, if the actual fractional inactivation of each CBD is 50%, two markedly different distribu-
tions of state populations are still possible: (1) 50% of active-active state, 50% of inactive-
inactive state, and no mixed (inactive-active and active-inactive) states, or (2) 25% of each pos-
sible state. In the two scenarios the degree of correlation between the active-inactive transitions
in the two domains is clearly different, but in both cases the fractional inactivation for each
CBD is 50%. Hence, it is clear that understanding how the inactive versus active intra-CBD
equilibria are coupled to each other requires an independent assessment of the CBD-A/B inter-
actions in the context of a combinatorial analysis of CBD states (i.e., active-active, inactive-
active, active-inactive, and inactive-inactive CBD-CBD states). For this purpose, we dissected
the state-specificity of inter-domain interactions by probing the effect of CBD-B deletion on
CBD-A, i.e,, by comparing the Rl (91-379) versus Rlo (91-244) constructs (Fig 3).

State-Specific Inter-Domain Interactions As Mapped by CBD-B Deletion

Fig 3 reports on the comparative NMR analysis of the Rlo. (91-379) versus Rla (91-244) con-
structs in their apo versus C- versus cCAMP,-bound forms. Fig 3A shows that the cross-peak
positions of the RIo (91-244):C complex do not change significantly relative to RIo. (91-379):
C, which includes the CBD-B as well, suggesting that inter-CBD interactions are negligible in
the C-bound state. This conclusion is also supported by the chemical shift similarity between
the RIo: (91-244):C and Rlo (91-379):C complexes (Fig 3B). Considering that the C-subunit of
PKA is selective for the inactive-state of both CBDs, panels 3A and 3B point to negligible inter-
CBD interactions when both CBDs adopt the inactive conformation (“inactive-inactive” state).
Fig 3C and 3D re-examines the Rlo (91-379) versus Rlo. (91-244) comparison shown in
panels 3A and 3B, but in the absence of both C-subunit and cAMP, i.e., for the apo forms of
both constructs. Again the majority of the residues of CBD-A do not experience significant
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Fig 3. Probing CBD-A/B interactions in apo, C-bound, and cAMP,-bound Rla (91-379) through CBD-B deletion. (A) Overlay of the HN-TROSY
spectra of C-bound Rla (91-379) and Rla (91-244), in which CBD-B is deleted. (B) Correlation between the combined chemical shifts (CCS) of C-bound Rla
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spheres) onto the structure of Rla (91-379):cAMP, (PDB Code: 1RGS). (H) Cyan spheres represent CBD-A residues experiencing solvent accessible
surface area (SASA) changes upon deletion of residues 226—-379, which are highlighted with a grey surface. This SASA map was built using the same

structure as in panel (G).

doi:10.1371/journal.pbio.1002305.g003

chemical shift changes upon deletion of CBD-B (Fig 3C and 3D), suggesting negligible inter-
CBD interactions in apo Rlo (91-379). Considering that each CBD in apo Rlo. (91-379) sam-
ples comparable populations of the respective active and inactive states, the absence of detect-
able inter-CBD contacts in apo Rla (91-379) suggests that in the absence of cAMP inter-CBD
interactions are negligible not only in the “inactive-inactive” state but also in the remaining
three combinations, i.e., the “active-inactive,” the “inactive-active,” and the “active-active”
states. Overall, our data indicate that CBD-A and -B are largely independent of each other
when cAMP is absent.

Unlike the cases of apo or C-bound Rla. (91-379) (Fig 3A-3D), in the presence of excess
cAMP the deletion of CBD-B:cAMP causes extensive chemical shift changes in CBD-A:cAMP
(Fig 3E and 3F), pointing to the presence of significant inter-domain interactions. Interestingly,
the residues in CBD-A:cAMP experiencing chemical shift variations upon deletion of CBD-B:
cAMP (Fig 3G) are similar to those subject to solvent accessible surface area (SASA) variations
upon deletion of Rla (226-379), which includes CBD-B (Fig 3H). The similarity of the residue
maps in panels 3G and 3H suggests that the chemical shift differences observed in Fig 3E and
3F reflect primarily the disruption of inter-domain contacts upon CBD-B:cAMP deletion as
opposed to possible changes in the intra-CBD active versus inactive equilibria. Based on this
result, we hypothesized that the contribution of domain-domain interactions to the conforma-
tional selection of the active state in both CBDs is negligible compared to the contribution of
cAMP. In order to test this hypothesis, we further probed the inter-domain interactions within
Rle (91-379):cAMP, through the W260A point mutation. W260 belongs to CBD-B but,
through aromatic stacking, contacts cAMP bound to CBD-A (Fig 1C). Hence, W260 is
expected to play a pivotal role in the cAMP-dependent CBD-A/B interactions [13].

The W260A Point Mutation Is Sufficient to Disrupt the CBD-A/B Interface

The W260A mutation causes major chemical shift changes in the presence of excess cAMP
(Fig 4A, green bars) and these changes mimic those caused by the deletion of the whole CBD-B
(Fig 4B). These chemical shift patterns suggest the single point W260A mutation is sufficient
to disrupt the CBD-A/B interface. The disruption of the CBD-A/B interface caused by the
W260A mutation was also independently confirmed through '*N-relaxation measurements,
which were analyzed in terms of reduced spectral densities (Fig 5). The W260A mutation
causes a decrease in the average J(0) value and a concurrent increase in the average J(wy) value
(Fig 5A and 5B, red vertical arrows; Table 1), which are indicative of a reduction of the effective
correlation time for overall tumbling, as expected upon de-correlation of the tumbling motions
of the two adjacent CBDs, i.e., the W260A mutant conforms better than WT to a model of two
domains joined by a flexible linker. This result is independently confirmed by the observation
that W260A enhances the flexibility of the helical region connecting the two tandem CBDs, as
supported by the fact that several residues in this region experience a reduction of J(0) values
(Fig 5A, red dashed oval) and an enhanced solvent exposure (Fig 5A, green arrows) due to the
W260A mutation. Hence, the changes in dynamics caused by W260A corroborate the chemical
shift perturbation results (Fig 4A and 4B), indicating that the W260A mutation is sufficient to
disrupt the CBD-A/B interface.
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Fig 4. Probing CBD-A/B interactions in Rla (91-379) through the W260A mutation. Evaluation of the effect of the W260A mutation on the CBD-A/B
interface through CCS differences in the apo and cAMP-bound states. (A) CCS changes caused by the W260A mutation in Rla (91-379) apo (black) or
cAMP2-bound (green). (B) Plot of WT cAMP-bound Rla (91-244) versus WT cAMP.-bound Rla (91-379) CCS differences (blue) and plot of the WT cAMP-
bound Rla (91-244) versus W260A cAMP»-bound Rla (91-379) CCS differences (black). The red arrows illustrate the effect of the W260A mutation. The
comparison of the black and blue CCS difference profiles shows that the W260A mutation mimics the deletion of CBD-B. (C) Effect of the W260A mutation on
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the active versus inactive equilibrium of CBD-A, as assessed by chemical shift correlations, similarly to Fig 2D but with apo WT Rla (91-379) replaced by
cAMP,-bound W260A Rla (91-379). (D) As in panel (C), but for CBD-B. (E) 22" structure probability map based on the secondary chemical shifts of the
W260A mutant Rla (119-379):cAMP;, (black bars). The 227 structure profile of the WT:cAMP,, construct is reported as dotted lines.

doi:10.1371/journal.pbio.1002305.g004

Dynamics at the CBD-A/B Junction

The observation that a single point mutation (i.e., W260A) compromises the integrity of a
whole inter-CBD surface is suggestive of weak inter-CBD interactions, even in the presence of
cAMP. In order to further investigate this hypothesis, we inspected the dynamics of the B-C
hinge helices, which join CBD-A to CBD-B. As shown in Fig 5A, these helices exhibit J(0) val-
ues that are higher than other regions of the two-domain construct, suggesting the presence of
residual ms-pus dynamics or diffusional anisotropy in the inter-domain hinge region even in
the presence of excess cAMP. Diffusional anisotropy contributions arise in principle from
either the main conformation, represented by the structure of cAMP,-bound Rla. [14] with the
two CBDs in close contact (Fig 1C), or possibly from minor populations of less compact and
highly anisotropic conformers in which the CBD contacts are lost, as in the case of the dumb-
bell-shaped structure of C-bound Rla [13].

The diftusional anisotropy of both types of conformations was assessed through hydrody-
namic simulations (Fig 5A, orange and blue traces) and in both cases a negligible contribution
of diffusional anisotropy was determined for the elevated J(0) values observed in the B-C hinge
helices connecting CBD-A to CBD-B. The observed J(0) values in the CBD-A hinge region are
higher than the J(0) values predicted by hydrodynamic modeling based on the structure of the
cAMP,-bound two-domain construct in the absence of internal motions (Fig 5A, orange trace;
Table 1). Hence, the anisotropy of this compact conformer cannot account for the J(0) values
observed in the hinge:A region (Fig 5A). Furthermore, although the diffusional anisotropy is
amplified in the dumbbell-shaped structure observed for the C-bound R-subunit (Fig 5A, blue
trace), contributions from this type of conformation to the elevated J(0) values observed for the
hinge region of CBD-A are unlikely, as other regions (e.g., B8 of CBD-B) should then also dis-
play elevated J(0) values, which is not the case (Fig 5A). These considerations confirm that the
elevated J(0) values observed for the B-C hinge helices connecting CBD-A to CBD-B reflect
primarily ms-ps residual dynamics, which remain even after cAMP-binding to both domains
(Fig 5A). The dynamic nature of the B-C helices joining CBD-A and -B calls for an assessment
of the role of inter-domain interactions on the intra-CBD conformational equilibria.

The Contribution of CBD-A/B Interactions to the Intra-CBD
Conformational Selection Is Marginal

The effect of inter-domain interactions on the conformational equilibria of each CBD was
probed using the W260A mutation to selectively disrupt the CBD-A/B interface without signif-
icantly affecting the structures of the two CBDs, which are largely unperturbed by the mutation
(Fig 4E). Specifically, we measured the degree of correlation between the W260A:cAMP, versus
WT:cAMP, and the WT:C versus WT:cAMP, chemical shift differences (Fig 4C and 4D). Sim-
ilarly to the correlations shown in Fig 2D and 2E, this plot was restricted to residues that are
sufficiently removed from the cAMP-dependent interfaces (e.g., R:C, R:icAMP, and CBD-A:
CBD-B) to report primarily on the active versus inactive equilibrium of each CBD. However,
unlike Fig 2D and 2E, no significant correlation was observed in either CBD-A or -B (Fig 4C
and 4D), confirming the hypothesis that the contribution of inter-CBD interactions to the
intra-CBD conformational selection is marginal compared to the contribution of cAMP (Fig
2). This hypothesis is also independently confirmed by previous results based on the Rlo. (91-

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 10/21



@’PLOS | BIOLOGY

Mapping the Free Energy Landscape of PKA

A

N
o

(o]

N

J(0)*10%(s/rad)
()]

N

Bl Bz B3 [546566 B 8 B R @ BB BT B8

120 140 160 180 200 220 240 260 280 300 320 340 360 380

BBL

25
o R -
®
2,5k % ¢4 i FIE | i
2o Pnduidpaieliditan i e d i e ol i
‘9 ﬂ?} ix,’“l '%‘ﬁ: {-*d‘ ".‘_ - - & X * 3 :'F_,‘j-w‘ i ’“‘" ¢ " ?
NIRRT e At
S _Z—QCSWTo ]
—05 W260A o ]
0 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIlIIIlIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

CBD-A CBD-B

120 140 160 180 200 220 240 260 280 300 320 340 360 380

i ietaiah by ine % mﬁm

2.5
CBD-A CBD-B
E > € >
20 BBR Hinge BBR Hinge —
aXy  GA el n LT RD gp e aB  aC QA e e el
| e BB B B e b 34,...&5 AN
[ ] W260A0 ll ‘

ﬁ ﬁﬂgﬁé &mMﬁﬁ

u!gﬂb‘ o d] 10 :. e P | 0 0B Pl
ZQCS

H >

120 140 160 180 200 220 240 260 280 300 320 340 360 380

Residue Numbers

Fig 5. Intra- and inter-domain Rla dynamics. Dynamics of WT (black closed circles) and W260A (green open circles) Rla (119-379):cAMP, mapped
through residue-specific reduced spectral densities at 0 Hz, wy, and wy + wy frequencies in panels (A—C), respectively. Green vertical arrows in panel (A)
mark residues of the helical region between the two B-barrels that are subject to fast H/D exchange (within the dead time) in W260A but not in the WT sample.
The reduced spectral densities predicted based on the cAMP,- and C-bound Rla structures in the absence of internal motions are shown in orange and blue,
respectively. The PDB codes of the structures used for the reduced spectral densities prediction are reported in the figure. Key regions subject to significant
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CBD-A versus B differences in dynamic profiles are highlighted in grey and with dashed ovals. The dashed horizontal lines in panels (A, B) indicate the
average reduced spectral density values at 0 Hz and at wy for the WT (black) and W260A (green) constructs.

doi:10.1371/journal.pbio.1002305.9005

244) CBD-A construct, showing linear cross-peak patterns with the apo form found in a central
position, as in Fig 2A for CBD-A in the two-domain construct [16]. Overall, both the W260A
mutation and the CBD-B deletion consistently indicate that cAMP-binding alone is sufficient

to almost quantitatively stabilize the active-state of each CBD, even in the absence of

CBD-CBD contacts. However, cAMP-binding does not result in a full quenching of dynamics
and the profile of residual dynamics after cAMP binding defines critical differences between
the two structurally homologous CBDs.

Table 1. Spectral density mapping statistics®,”.

wWT

W260AA

2Qcs®

1RGS®

WT

W260A

2qcs®

1RGSP

J(0) x 10° (s/rad)

J(wn) x 10'°(s/rad)
J(wp+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wp+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wp+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wp+wy) x 10" (s/rad)

J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wh+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wh+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wp+wy) x 10" (s/rad)
J(0) x 10° (s/rad)

J(wy) x 10'° (s/rad)
J(wp+wy) x 10 (s/rad)

N3A
6.13 £0.20
1.19+0.07
0.26+0.08
5.58+0.30
1.21+0.06
0.26+0.08
8.88+1.29
0.96+0.15
0.07+0.01
5.91+0.32
1.35+0.07
0.11+0.01

N3A
5.88+0.30
1.26+0.08
0.21+0.09
5.12+0.35
1.39+0.07
0.18+0.11
8.98+1.45
0.95+0.16
0.07+0.01
5.88+0.37
1.36+0.08
0.11+0.01

B2-3

6.29+0.38
1.12+0.08
0.14+0.09
4.86+0.31
1.25+0.08
0.2240.10
8.75+1.01
0.9640.12
0.07+0.01
5.88+0.33
1.35+0.08
0.1120.01

B2-3

5.88+0.35
1.17+0.09
0.1620.11
4.85+0.35
1.38+0.08
0.10£0.13
8.1620.73
1.04£0.10
0.08+0.01
5.78+0.21
1.38+0.05
0.11£0.00

BBR
5.90+0.53
1.00£0.07
0.15+0.09
4.80+0.34
1.29+0.07
0.21+0.11
8.66+1.13
0.97+0.13
0.08+0.01
6.19+0.45
1.29+0.10
0.10+0.01

BBR
5.30£0.36
1.19+0.08
0.33£0.09
4.40+0.27
1.24+0.06
0.37+0.08
8.33+0.87
1.01+£0.10
0.08+0.01
5.89+0.35
1.36+0.08
0.11£0.01

CBD-A
PBC
5.81+0.52
1.12+0.08
0.09+0.10
4.92+0.34
1.35+0.07
0.07+0.11
8.27+0.68
1.01+0.09
0.08+0.01
5.83+0.30
1.37+0.07
0.11+0.01
CBD-B
PBC
5.95+0.45
1.14+0.09
0.19+0.11
4.88+0.35
1.35+0.07
0.20+0.11
8.30+0.96
1.02+0.12
0.08+0.01
5.79+0.36
1.38+0.08
0.11+0.01

Hinge
6.80£0.53
1.14£0.08
0.15+0.10
5.87+0.36
1.27+0.08
0.14£0.12
11.194£0.41
0.72+0.03
0.06+0.00
6.13+0.32
1.30£0.07
0.10+0.01

Hinge
6.01+0.49
1.12+0.08
0.15+0.09
5.32+0.33
1.26+0.08
0.05+0.12
8.04+0.60
1.05+0.08
0.08+0.01
6.11+0.46
1.31£0.10
0.10+0.01

Total
6.06+0.43
1.13+0.08
0.16+0.10
5.07+0.33
1.30+0.08
0.19+0.11
8.95+1.42
0.95+0.16
0.07+0.01
6.01+0.39
1.3310.09
0.10£0.01

Total
5.63+0.37
1.17+0.08
0.23+0.10
4.87+0.34
1.28%0.07
0.23+0.10
8.49+1.11
1.00£0.13
0.08+0.01
5.87+0.38
1.360.09
0.11+0.01

4CBD-A includes residues 119-268, while CBD-B spans residues 244-379. Spectral density averages were computed for major allosteric or binding hot
spots, which include the N3A motif (residues 119-150), the 32-3 loop (residues 163—171), the BBR (residues 180-193), the PBC (residues 199-211),
and the hinge (residues 226-251) in CBD-A. For CBD-B, the residue boundaries are: N3A motif (residues 244—-268, which includes the W260 lid for
CBD-A), B2—3 (residues 281-289), BBR (residues 298-316), PBC (residues 323-335), and hinge (residues 350-370). Average values which are more
critical for the discussion (see text) are highlighted in bold.
bSpectral density values for Rla (119-379) either bound to the C-subunit (PDB Code: 2QCS) or to two equivalents of cAMP (PDB Code: 1RGS) were
computed using HydroNMR, which models only the overall tumbling as opposed to internal motions.

doi:10.1371/journal.pbio.1002305.t001
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A Versus B Differential CBD:cAMP Dynamics

The ms-ps residual dynamics detected for the B-C helices is a unique feature of CBD-A, as no
noticeable internal dynamics were observed for the B-C helices of CBD-B (Fig 5A). In fact,
both J(0) and J(wy+wy) spectral densities measured for residues in the B-C helices of CBD-B
appear in overall good agreement with the values predicted based on hydrodynamic simula-
tions starting from the cAMP,-bound structure of the R-subunit in the absence of internal
motions (Fig 5A and 5C). Hence, the hinge helix dynamic profile appears to be highly domain-
specific. Another region subject to a domain-specific dynamic profile is the base-binding
region (BBR). The BBR of CBD-B exhibits elevated J(wg+wy) values relative to other regions
of CBD-B, with the exception of the C-terminal tail (Fig 5C and Table 1), indicating that the
BBR:B is flexible in the ps-ns time-scale. Unlike BBR:B, for BBR:A no internal dynamics were
detected, as both J(0) and J(wy+wy) spectral densities for BBR:A residues appear in agreement
with the values expected based on rigid-body hydrodynamic modeling (Fig 5A and 5C;

Table 1). Overall, distinct dynamic profiles emerge for CBD-A and -B, in spite of their struc-
tural homology. The B-C helices exhibit ms-ps flexibility in CBD-A but not in CBD-B, while
the BBR region is subject to ps-ns dynamics in CBD-B but not in CBD-A (Fig 5 and Table 1).

Discussion

A “Double Conformational Selection” Model for the cAMP-Dependent
Control of the Inhibitory Interactions Mediated by the CBDs of PKA-Rla

The comparative NMR analyses of the dynamic conformational equilibria of CBD-A and -B
presented here support a “double conformational selection” model for the cAMP-dependent
activation of PKA Rlo. (Fig 6A). In the absence of cAMP the PKA-RIo. region spanning the two
tandem cAMP-binding domains (CBD-A and -B), denoted as R, p, samples four states popu-
lating a nearly degenerate free-energy landscape, in which each CBD accesses both C-binding
competent (“inactive”) and cAMP-binding incompetent (“active”) conformations with compa-
rable populations, as shown in Fig 2. In the absence of cAMP, such active versus inactive sam-
pling of each CBD occurs independently of the adjacent CBD, due to the absence of significant
inter-domain interactions, as shown in Fig 3A-3D. Out of these four nearly degenerate states,
the “inactive-inactive” state exhibits the highest affinity for the C-subunit, as both domains are
primed for binding C and the inter-domain helical region is also available for interacting with
C. The CBD-B affinity for the C-subunit is known to be lower than that of CBD-A, but weak
interactions between CBD-B and the C-subunit are still sufficient to drive the conformational
equilibria towards the inactive state due to the apo Rp near degeneracy.

The free energy near-degeneracy of apo R,y is eliminated upon binding of two equivalents of
cAMP, which select the active state in each CBDs (“active-active” state) and promote CBD-CBD
interactions through the lid capping exerted by W260, which is essential to preserve the integrity
of the whole CBD-A/B interface, as show in Fig 4A and 4B. The CBD-A/B interface stabilized
by cAMP contributes to the dissociation of the R:C complex, because selected CBD-A/B con-
tacts overlap with the R:C interface, as revealed by the SASA difference analysis of Fig 6B and
6C (dashed rectangles). In addition, the inter-domain interactions stabilized by cAMP result in
bending of the C-helix, thus further reducing the affinity of R,y for the PKA catalytic subunit
(C), which prefers an elongated unbent C-helix [13]. Overall, the emerging evidence suggests
that cAMP contributes to the R:C dissociation through three distinct but concurrent mecha-
nisms: (a) selection of active conformation of CBD-A, which exhibits low affinity for C; (b)
selection of active conformation of CBD-B, which further reduces the affinity for C; (c) stabiliza-
tion of inter-domain interactions that are incompatible with the R:C interface.

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 13/21
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deletion of the C-subunit from the structure of the Rla (91-379) R333K:C complex (PDB Code: 2QCS). CBD-A regions experiencing SASA changes in both
panels (B) and (C) (i.e., CBD-A residues involved in both CBD-A/B contacts as well as interactions with the C-subunit) are highlighted by dashed boxes.

doi:10.1371/journal.pbio.1002305.9006

Mechanism (a), i.e., intra-CBD-A conformational-selection, significantly contributes to the
activation of PKA by cAMP, given the high affinity for C of CBD-A in the inactive state
[43,44]. However, the contributions of (b) and (c) are essential to explain why CBD-B signifi-
cantly lowers the K|, for the cAMP-dependent activation of PKA by more than order of magni-
tude from 1 uM to 80 nM [36]. Although the deletion of CBD-B does not appreciably perturb
the affinity of R for C [43], mechanism (b), i.e., intra-CBD-B conformational-selection to stabi-
lize the active state of CBD-B, is still pivotal to promote the inter-CBD interactions, which con-
tribute to the release of C through mechanism (c). Interestingly, even in the presence of cAMP
the free energy of inter-domain interaction is marginal compared to the free energy of cAMP
binding, as CBD-B deletion does not significantly reduce the free energy of unfolding of
CBD-A [36,45-47] or of cAMP-binding to CBD-A [16,18,48,49]. Hence, the “closed” inter-
domain topology of Rsp:cAMP,, in which W260 from CBD-B caps cAMP in CBD-A, exists in
a dynamic equilibrium with minor populations of an “open” active-active state, in which inter-
domain coupling is negligible (Fig 6A). Since intra-domain conformational selection in Rap
relies primarily on cAMP binding with only negligible contributions from domain-domain
interactions (Fig 4C and 4D), in such an “open” topology of Rp:cAMP,, which is mimicked
by the W260A mutant, the active state selection within each CBD is not compromised, i.e.,
mechanisms (a) and (b) are still effective, but mechanism (c) is not activated.

A critical feature of the double conformational selection model proposed here to explain the
functional role of CBD-B (Fig 6A) is the near free energy degeneracy of the states sampled by
apo Rup. This degeneracy is quite unique of PKA Rlo, as it was not observed for other structur-
ally homologous CBDs, such as those of the hyperpolarization and cyclic nucleotide activated
(HCN) ion channels, for which conformational selection relies on apo equilibria that are
skewed towards the inactive (auto-inhibited) state with typically low affinity for cAMP [39,50].
This observation provides a possible explanation as to why both CBDs of PKA Rlo bind cAMP
with higher affinity than HCN, in spite of the structural homology among eukaryotic CBDs.
The higher cAMP-affinity exhibited by PKA versus HCN provides a basis to understand the
reduced off-rate for cAMP, explaining why cAMP release from PKA Rlo would become the
rate-determining step of the kinetics of cAMP signal termination by phosphodiesterases
(PDESs) in the absence of direct PDE-PKA Rlo interactions [51-53].

Furthermore, our investigation revealed marked differences in dynamics also among
homologous CBDs in their cAAMP-bound forms. For example, in both CBD-A and -B of PKA
Rlo: the adenine base of cAMP is sandwiched by B-strands 4 and 5 (Base Binding Region or
BBR) on one side and on the other side by an aromatic side chain lid (i.e., W260 in CBD-A and
Y371 in CBD-B), which is part of hinge helices that are C-terminal to the f-subdomains of the
respective CBDs. Despite the fact that this structural pattern of cAMP recognition through the
BBR and hinge helix-lid motifs is conserved in both CBDs, the BBR:B is significantly more
dynamic in the ps-ns timescale than the BBR:A, while the hinge:A is significantly more
dynamic in the ms-ps timescale than the hinge:B (Fig 6A). The hinge:A dynamics explain why
CBD-A in Rlo tolerates, without major affinity losses, cAMP analogues with bulky substituents
at the adenine C8 better than anticipated based on the narrow pocket observed in the static
structure [54]. In general, these observations corroborate the notion that structurally homolo-
gous domains may still exhibit marked differences in dynamic profiles that affect affinities and
recognition [55], opening new opportunities for the design of selective ligands [56] that target
specific eukaryotic CBDs.

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 15/21



@’PLOS | BIOLOGY

Mapping the Free Energy Landscape of PKA

The proposed model (Fig 6) also provides an initial framework to dissect the molecular
mechanism underlying disease related PKA Rlo: mutants. Several mutations reported for PKA
RIo. CBDs have been linked to the Carney complex and to Acrodysostosis and result in either
de-regulation or over-regulation of PKA kinase activity [57-59]. Based on the model of Fig 6, it
will be critical to evaluate how such mutations perturb the apo and the cAMP-bound inhibitory
equilibria of both CBDs. Perturbations in the apo active versus inactive equilibria lead to
changes in cAMP-affinities up to three-orders of magnitude [60], while perturbations in the
holo inhibitory equilibria will modulate the inter-CBD interaction which is formed preferen-
tially in the holo/active-holo/active state. Considering the competition between inter-CBD and
R:C interactions (i.e., mechanism [c], mentioned above), the modulation of the inter-CBD
interaction is expected to in turn alter the K|, for the cAMP-dependent activation of PKA. In
general, it is anticipated that the model proposed in Fig 6 will assist in rationalizing how PKA
dysfunctional dynamics results in dysregulation of PKA and disease.

Materials and Methods
Protein Expression and Purification

All PKA Rlo constructs as well as the PKA C-subunit were expressed and purified according to
previously published protocols [16,32]. The W260A mutant was prepared by site-directed
mutagenesis.

General NMR Spectroscopy

All NMR spectra were recorded at 306K, unless otherwise specified, using a Bruker AV 700
spectrometer equipped with a TCI cryo-probe and processed with NMRpipe [61] employing
linear prediction, unless otherwise specified, and a resolution enhancing 60° shifted sine
squared bell window function. All spectra were analyzed with Sparky [62] using Gaussian line-
fitting. Assignments were obtained either through triple-resonance 3-D experiments (i.e.,
HNCO, HNCA, HN(CO)CA, CBCA(CO)NH and HNCACSB, in a TROSY-version for high
MW constructs) [63,64] and/or through spectral comparisons, if no ambiguities were present.
The secondary structure probabilities were determined using the secondary chemical shifts via
the PECAN software [65]. Other NMR experiments are discussed below.

Chemical Shift Analysis

Uniformly *H,"°N-labeled PKA RlIo: (91-379) and (91-244) were concentrated to 100 uM in
the NMR buffer (50 mM MOPS, pH 7.0, 100 mM NaCl, 10 mM MgCl,, 5 mM DTT, with or
without 1 mM cAMP, 0.02% sodium azide, and 5% 2H,0). The C subunit-bound Rlc (91-
379) and (91-244) complexes were prepared with 1 mM AMP-PNP in the NMR buffer as pre-
viously described [16]. Transverse-relaxation optimized spectroscopy (TROSY) 2-D experi-
ments with 80 (t;) and 1,024 (t,) complex points and spectral widths of 31.82 ppm and

15.94 ppm for the °N and 'H dimensions, respectively, were recorded with 12 scans and a
recycle delay of 1.70 s. Sensitivity enhanced '°N-'H hetero-nuclear single quantum coherence
(HSQC) spectra with 128 (t;) and 1,024 (t,) complex points and spectral widths of 31.82 ppm
and 15.94 ppm for the '’N and 'H dimensions, respectively, were recorded with eight scans
and a recycle delay of 1.0 s. The 'H and "N carrier frequencies were set at the water resonance
and at the centre of the amide region, respectively. The C-subunit and cAMP-bound RIo(91-
379) forms served as the reference states in the CHEmical Shift Projection Analysis (CHESPA)
to evaluate the position of the inhibitory equilibria in the apo RIa(91-379). The combined
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chemical shifts (CCS), fractional activation, and cos(0) values were calculated as previously
described [37].

Relaxation Measurements

Uniformly '°N-labeled PKA Rla: (119-379) wild type and W260A mutant were concentrated
to 100 uM in 50 mM MES (pH 6.5), 100 mM NaCl, 5 mM DTT, 2 mM EDTA, 2 mM EGTA, 2
mM cAMP, 0.02% sodium azide and 5% *H,O. The R; relaxation rates were measured with
water flipback and sensitivity enhanced pulse sequences using relaxation delays of 100 (x2),
200, 300, 400(x2), 500, 600, 800, and 1,000 ms [38]. The R, measurements were acquired using
CPMG relaxation delays of 8.48, 16.96, 25.44, 33.92, 42.4, 50.88, 59.36, 76.32, and 93.28 ms
with an offset and duty cycle compensated "’N R, CPMG pulse sequence with an inter-180°
pulse delay of 0.9 ms [38]. Both R, and R, experiments were acquired as pseudo 3-D datasets
with recycle delays of 1.5 s. The NOE spectra were collected as a set of ten replicas. The
acquired spectra were then co-added in the time domain prior to Fourier transformation. The
R; and R, relaxation rates were determined by using cross peak fit heights in Sparky. The errors
on the R, and R, rates were estimated from the Gaussian distributed random noise. The errors
on the NOE values were gauged based on the standard deviation between fit heights in the rep-
licate spectra. The "°N relaxation data were mapped into reduced spectral densities as previ-
ously described [66]. The reduced spectral density values in the absence of internal motions
were computed through hydrodynamic simulation using the HydroNMR software [67,68] and
the cCAMP,- and C-bound structures (PDB Codes: 1RGS and 2QCS, respectively, but without
C-subunit for comparison with the values from 1RGS). An atomic element radius of 2.8 A was
used in all hydrodynamic simulations. The '°N relaxation experiments were complemented by
H/D exchange data based on HSQC spectra acquired as previously described [32] using the
wild type and the W260A mutant Rla. (119-379) construct. For this purpose, the protein was
concentrated to 100 uM in 50 mM MES (pH 6.5), 100 mM NaCl, 5 mM DTT, 2 mM EDTA, 2
mM EGTA, 0.02% sodium azide, and 5% 2H,0. The cAMP bound sample was prepared by
adding an excess 100 uM cAMP in the buffer.

Supporting Information

S1 Data. Raw data for Figs 2-6.
(XLSX)

Acknowledgments

We thank Dr. B. VanSchouwen, J. Byun, S. Boulton, N. Jafari, and M. Gloyd for helpful
discussions.

Author Contributions

Conceived and designed the experiments: MA SST GM. Performed the experiments: MA ETM
AR KM. Analyzed the data: MA GM. Contributed reagents/materials/analysis tools: MA ETM
AR KM. Wrote the paper: MA GM. Other: All authors contributed to the critical proofreading
and editing of the paper.

References

1. Taylor SS, Kornev AP. Protein kinases: evolution of dynamic regulatory proteins. Trends Biochem Sci.
2011; 36: 65—77. doi: 10.1016/}.tibs.2010.09.006 PMID: 20971646

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002305.s001
http://dx.doi.org/10.1016/j.tibs.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20971646

@’PLOS | BIOLOGY

Mapping the Free Energy Landscape of PKA

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Serezani CH, Ballinger MN, Aronoff DM, Peters-Golden M. Cyclic AMP: master regulator of innate
immune cell function. Am J Respir Cell Mol Biol. 2008; 39: 127—-132. doi: 10.1165/rcmb.2008-0091TR
PMID: 18323530

Stork PJ, Schmitt JM. Crosstalk between cAMP and MAP kinase signaling in the regulation of cell prolif-
eration. Trends Cell Biol. 2002; 12: 258-266. PMID: 12074885

Shabb JB. Physiological substrates of cAMP-dependent protein kinase. Chem Rev. 2001; 101: 2381—
2411.

Hanks SK, Hunter T. Protein kinases 6. The eukaryotic protein kinase superfamily: kinase (catalytic)
domain structure and classification. FASEB J. 1995; 9: 576-596. PMID: 7768349

Kim J, Masterson LR, Cembran A, Verardi R, Shi L, Gao J, et al. Dysfunctional conformational dynam-
ics of protein kinase A induced by a lethal mutant of phospholamban hinder phosphorylation. Proc Natl
Acad Sci U S A. 2015; 112: 3716-21. doi: 10.1073/pnas.1502299112 PMID: 25775607

Srivastava AK, McDonald LR, Cembran A, Kim J, Masterson LR, McClendon CL, et al. Synchronous
opening and closing motions are essential for cAMP-dependent protein kinase A signaling. Structure.
2014; 22: 1735-43. doi: 10.1016/j.str.2014.09.010 PMID: 25458836

Li G, Srivastava AK, Kim J, Taylor SS, Veglia G. Mapping the Hydrogen Bond Networks in the Catalytic
Subunit of Protein Kinase A using H/D Fractionation Factors. Biochemistry. 2015; 54: 4042-9. doi: 10.
1021/acs.biochem.5b00387 PMID: 26030372

Beebe SJ, Corbin JD. Control by Phosphorylation Part A—General Features, Specific Enzymes (1).
The Enzymes. 1986; 17: 43—-111.

Boras BW, Kornev A, Taylor SS, McCulloch AD. Using Markov state models to develop a mechanistic
understanding of protein kinase A regulatory subunit Rla activation in response to cAMP binding. J Biol
Chem. 2014; 289: 30040-51. doi: 10.1074/jbc.M114.568907 PMID: 25202018

Johnson DA, Akamine P, Radzio-Andzelm E, Madhusudan M, Taylor SS. Dynamics of cAMP-depen-
dent protein kinase. Chem Rev. 2001; 101: 2243-2270. PMID: 11749372

Taylor SS, Kim C, Vigil D, Haste NM, Yang J, Wu J, et al. Dynamics of signaling by PKA. Biochim Bio-
phys Acta—Proteins Proteomics. 2005; 1754: 25-37.

Kim C, Cheng CY, Saldanha SA, Taylor SS. PKA-I Holoenzyme Structure Reveals a Mechanism for
cAMP-Dependent Activation. Cell. 2007; 130: 1032—-1043. PMID: 17889648

Su'Y, Dostmann WR, Herberg FW, Durick K, Xuong NH, Ten Eyck L, et al. Regulatory subunit of protein
kinase A: structure of deletion mutant with cAMP binding domains. Science. 1995; 269: 807—813.
PMID: 7638597

Wu J, Jones JM, Nguyen-Huu X, Ten Eyck LF, Taylor SS. Crystal structures of Rlalpha subunit of cyclic
adenosine 5’-monophosphate (cAMP)-dependent protein kinase complexed with (Rp)-adenosine 3',5'-
cyclic monophosphothioate and (Sp)-adenosine 3',5'-cyclic monophosphothioate, the phosphothioate
analogues of cA. Biochemistry. 2004; 43: 6620—-6629. PMID: 15157095

Akimoto M, Selvaratnam R, McNicholl ET, Verma G, Taylor SS, Melacini G. Signaling through dynamic
linkers as revealed by PKA. Proc Natl Acad Sci U S A. 2013; 110: 14231-6. doi: 10.1073/pnas.
1312644110 PMID: 23946424

Boras BW, Hirakis SP, Votapka LW, Malmstrom RD, Amaro RE, McCulloch AD. Bridging scales
through multiscale modeling: a case study on protein kinase A. Front Physiol. 2015 Sep 9; 6:250. doi:
10.3389/fphys.2015.00250 PMID: 26441670

Herberg FW, Taylor SS, Dostmann WRG. Active site mutations define the pathway for the cooperative
activation of cAMP-dependent protein kinase. Biochemistry. 1996; 35: 2934-2942. PMID: 8608131

Berman HM, Ten Eyck LF, Goodsell DS, Haste NM, Kornev A, Taylor SS. The cAMP binding domain:
an ancient signaling module. Proc Natl Acad Sci U S A. 2005; 102: 45-50. PMID: 15618393

Wu J, Brown S, Xuong NH, Taylor SS. Rl alpha subunit of PKA: A cAMP-free structure reveals a hydro-
phobic capping mechanism for docking cAMP into site B RID A-3261-2009. Structure. 2004; 12: 1057—
1065. PMID: 15274925

Cheng CY, Yang J, Taylor SS, Blumenthal DK. Sensing domain dynamics in protein kinase A-l{alpha}
complexes by solution X-ray scattering. J Biol Chem. 2009; 284: 35916—-35925. doi: 10.1074/jbc.M109.
059493 PMID: 19837668

Vigil D, Blumenthal DK, Taylor SS, Trewhella J. The conformationally dynamic C helix of the Rlalpha
subunit of protein kinase A mediates isoform-specific domain reorganization upon C subunit binding. J
Biol Chem. 2005; 280: 35521-35527. PMID: 16109722

Gullingsrud J, Kim C, Taylor SS, McCammon JA. Dynamic binding of PKA regulatory subunit Rl alpha.
Structure. 2006; 14: 141-149. PMID: 16407073

PLOS Biology | DOI:10.1371/journal.pbio.1002305

November 30, 2015 18/21


http://dx.doi.org/10.1165/rcmb.2008-0091TR
http://www.ncbi.nlm.nih.gov/pubmed/18323530
http://www.ncbi.nlm.nih.gov/pubmed/12074885
http://www.ncbi.nlm.nih.gov/pubmed/7768349
http://dx.doi.org/10.1073/pnas.1502299112
http://www.ncbi.nlm.nih.gov/pubmed/25775607
http://dx.doi.org/10.1016/j.str.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25458836
http://dx.doi.org/10.1021/acs.biochem.5b00387
http://dx.doi.org/10.1021/acs.biochem.5b00387
http://www.ncbi.nlm.nih.gov/pubmed/26030372
http://dx.doi.org/10.1074/jbc.M114.568907
http://www.ncbi.nlm.nih.gov/pubmed/25202018
http://www.ncbi.nlm.nih.gov/pubmed/11749372
http://www.ncbi.nlm.nih.gov/pubmed/17889648
http://www.ncbi.nlm.nih.gov/pubmed/7638597
http://www.ncbi.nlm.nih.gov/pubmed/15157095
http://dx.doi.org/10.1073/pnas.1312644110
http://dx.doi.org/10.1073/pnas.1312644110
http://www.ncbi.nlm.nih.gov/pubmed/23946424
http://dx.doi.org/10.3389/fphys.2015.00250
http://www.ncbi.nlm.nih.gov/pubmed/26441670
http://www.ncbi.nlm.nih.gov/pubmed/8608131
http://www.ncbi.nlm.nih.gov/pubmed/15618393
http://www.ncbi.nlm.nih.gov/pubmed/15274925
http://dx.doi.org/10.1074/jbc.M109.059493
http://dx.doi.org/10.1074/jbc.M109.059493
http://www.ncbi.nlm.nih.gov/pubmed/19837668
http://www.ncbi.nlm.nih.gov/pubmed/16109722
http://www.ncbi.nlm.nih.gov/pubmed/16407073

@’PLOS | BIOLOGY

Mapping the Free Energy Landscape of PKA

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44.

Nussinov R, Tsai C-J. Allostery without a conformational change? Revisiting the paradigm. Curr Opin
Struct Biol. 2015; 30: 17—24. doi: 10.1016/j.sbi.2014.11.005 PMID: 25500675

Nussinov R, Tsai C-J, Liu J. Principles of allosteric interactions in cell signaling. J Am Chem Soc. 2014;
136: 17692—701. doi: 10.1021/ja510028c PMID: 25474128

Zhang M, Huang R, Im S-C, Waskell L, Ramamoorthy A. Effects of membrane mimetics on cytochrome
P450-cytochrome b5 interactions characterized by NMR spectroscopy. J Biol Chem. 2015; 290:
12705-18. doi: 10.1074/jbc.M114.597096 PMID: 25795780

Huang R, Zhang M, Rwere F, Waskell L, Ramamoorthy A. Kinetic and structural characterization of the
interaction between the FMN binding domain of cytochrome P450 reductase and cytochrome c. J Biol
Chem. 2015; 290: 4843-55. doi: 10.1074/jbc.M114.582700 PMID: 25512382

Zhang M, Le Clair S V, Huang R, Ahuja S, Im S-C, Waskell L, et al. Insights into the role of substrates
on the interaction between cytochrome b5 and cytochrome P450 2B4 by NMR. Sci Rep. 2015; 5: 8392.
doi: 10.1038/srep08392 PMID: 25687717

Mazhab-Jafari MT, Marshall CB, Smith MJ, Gasmi-Seabrook GMC, Stathopulos PB, Inagaki F, et al.
Oncogenic and RASopathy-associated K-RAS mutations relieve membrane-dependent occlusion of
the effector-binding site. Proc Natl Acad Sci U S A. 2015; 112: 6625-30. doi: 10.1073/pnas.
1419895112 PMID: 25941399

Smith MJ, Ikura M. Integrated RAS signaling defined by parallel NMR detection of effectors and regula-
tors. Nat Chem Biol. 2014; 10: 223-30. doi: 10.1038/nchembio.1435 PMID: 24441586

Seo M-D, Enomoto M, Ishiyama N, Stathopulos PB, Ikura M. Structural insights into endoplasmic reticu-
lum stored calcium regulation by inositol 1,4,5-trisphosphate and ryanodine receptors. Biochim Biophys
Acta. doi: 10.1016/j.bbamcr.2014.11.023

McNicholl ET, Das R, SilDas S, Taylor SS, Melacini G. Communication between tandem cAMP binding
domains in the regulatory subunit of protein kinase A-lalpha as revealed by domain-silencing muta-
tions. J Biol Chem. 2010; 285: 15523—-15537. doi: 10.1074/jbc.M110.105783 PMID: 20202931

Byeon IJ, Dao KK, Jung J, Keen J, Leiros |, Doskeland SO, et al. Allosteric communication between
cAMP binding sites in the RI subunit of protein kinase A revealed by NMR. J Biol Chem. 2010; 285:
14062-14070. doi: 10.1074/jbc.M110.106666 PMID: 20197278

Greenwood Al, Kwon J, Nicholson LK. Isomerase-catalyzed binding of interleukin-1 receptor-associ-
ated kinase 1 to the EVH1 domain of vasodilator-stimulated phosphoprotein. Biochemistry. 2014; 53:
3593-607. doi: 10.1021/bi500031e PMID: 24857403

Nicholson LK, De S. Structural biology: The twist in Crk signaling revealed. Nat Chem Biol. 2011; 7: 5—
6. doi: 10.1038/nchembio.504 PMID: 21164511

Das R, Esposito V, Abu-Abed M, Anand GS, Taylor SS, Melacini G. cAMP activation of PKA defines an
ancient signaling mechanism. Proc Natl Acad Sci U S A. 2007; 104: 93-98. PMID: 17182741

Selvaratnam R, Vanschouwen B, Fogolari F, Mazhab-Jafari MT, Das R, Melacini G. The Projection
Analysis of NMR Chemical Shifts Reveals Extended EPAC Autoinhibition Determinants. Biophys J.
2012; 102: 630—-639. doi: 10.1016/j.bpj.2011.12.030 PMID: 22325287

Das R, Mazhab-Jafari MT, Chowdhury S, SilDas S, Selvaratnam R, Melacini G. Entropy-driven cAMP-
dependent allosteric control of inhibitory interactions in exchange proteins directly activated by cAMP. J
Biol Chem. 2008; 283: 19691-703. doi: 10.1074/jbc.M802164200 PMID: 18411261

Akimoto M, Zhang Z, Boulton S, Selvaratnam R, VanSchouwen B, Gloyd M, et al. A mechanism for the
auto-inhibition of hyperpolarization-activated cyclic nucleotide-gated (HCN) channel opening and its
relief by cAMP. J Biol Chem. 2014; 289: 22205-22220. doi: 10.1074/jbc.M114.572164 PMID: 24878962

Millet O, Hudson RP, Kay LE. The energetic cost of domain reorientation in maltose-binding protein as
studied by NMR and fluorescence spectroscopy. Proc Natl Acad Sci U S A. 2003; 100: 12700-5.
PMID: 14530390

Abu-Abed M, Mal TK, Kainosho M, MacLennan DH, Ikura M. Characterization of the ATP-binding
domain of the sarco(endo)plasmic reticulum Ca(2+)-ATPase: probing nucleotide binding by multidi-
mensional NMR. Biochemistry. 2002; 41: 1156—-64. PMID: 11802714

Lorieau JL, Louis JM, Schwieters CD, Bax A. pH-triggered, activated-state conformations of the influ-
enza hemagglutinin fusion peptide revealed by NMR. Proc Natl Acad Sci U S A. 2012; 109: 19994-9.
doi: 10.1073/pnas.1213801109 PMID: 23169643

Sjoberg TJ, Kornev AP, Taylor SS. Dissecting the cAMP-inducible allosteric switch in protein kinase A
Rlalpha. Protein Sci. 2010; 19: 1213-1221. doi: 10.1002/pro.400 PMID: 20512974

Malmstrom RD, Kornev AP, Taylor SS, Amaro RE. Allostery through the computational microscope:
cAMP activation of a canonical signalling domain. Nat Commun.; 2015; 6: 7588.

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 19/21


http://dx.doi.org/10.1016/j.sbi.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25500675
http://dx.doi.org/10.1021/ja510028c
http://www.ncbi.nlm.nih.gov/pubmed/25474128
http://dx.doi.org/10.1074/jbc.M114.597096
http://www.ncbi.nlm.nih.gov/pubmed/25795780
http://dx.doi.org/10.1074/jbc.M114.582700
http://www.ncbi.nlm.nih.gov/pubmed/25512382
http://dx.doi.org/10.1038/srep08392
http://www.ncbi.nlm.nih.gov/pubmed/25687717
http://dx.doi.org/10.1073/pnas.1419895112
http://dx.doi.org/10.1073/pnas.1419895112
http://www.ncbi.nlm.nih.gov/pubmed/25941399
http://dx.doi.org/10.1038/nchembio.1435
http://www.ncbi.nlm.nih.gov/pubmed/24441586
http://dx.doi.org/10.1016/j.bbamcr.2014.11.023
http://dx.doi.org/10.1074/jbc.M110.105783
http://www.ncbi.nlm.nih.gov/pubmed/20202931
http://dx.doi.org/10.1074/jbc.M110.106666
http://www.ncbi.nlm.nih.gov/pubmed/20197278
http://dx.doi.org/10.1021/bi500031e
http://www.ncbi.nlm.nih.gov/pubmed/24857403
http://dx.doi.org/10.1038/nchembio.504
http://www.ncbi.nlm.nih.gov/pubmed/21164511
http://www.ncbi.nlm.nih.gov/pubmed/17182741
http://dx.doi.org/10.1016/j.bpj.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22325287
http://dx.doi.org/10.1074/jbc.M802164200
http://www.ncbi.nlm.nih.gov/pubmed/18411261
http://dx.doi.org/10.1074/jbc.M114.572164
http://www.ncbi.nlm.nih.gov/pubmed/24878962
http://www.ncbi.nlm.nih.gov/pubmed/14530390
http://www.ncbi.nlm.nih.gov/pubmed/11802714
http://dx.doi.org/10.1073/pnas.1213801109
http://www.ncbi.nlm.nih.gov/pubmed/23169643
http://dx.doi.org/10.1002/pro.400
http://www.ncbi.nlm.nih.gov/pubmed/20512974

@’PLOS | BIOLOGY

Mapping the Free Energy Landscape of PKA

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Canaves JM, Leon DA, Taylor SS. Consequences of cAMP-binding site mutations on the structural sta-
bility of the type | regulatory subunit of cAMP-dependent protein kinase. Biochemistry. 2000; 39:
15022-15031. PMID: 11106480

Leodn D a Dostmann WR, Taylor SS. Unfolding of the regulatory subunit of cAMP-dependent protein
kinase I. Biochemistry. 1991; 30: 3035-3040. PMID: 1848784

Leon DA, Canaves JM, Taylor SS. Probing the multidomain structure of the type | regulatory subunit of
cAMP-dependent protein kinase using mutational analysis: role and environment of endogenous trypto-
phans. Biochemistry 2000; 39: 5662-5671.

Boulton S, Akimoto M, Vanschouwen B, Moleschi K, Selvaratnam R, Giri R, et al. Tapping the transla-
tion potential of cAMP signalling: molecular basis for selectivity in cAMP agonism and antagonism as
revealed by NMR. Biochem. Soc. Trans. 2014; 42: 302—-307.

Akimoto M, Moleschi K, Boulton S, VanSchouwen B, Selvaratnam R, Taylor SS, et al. Allosteric linkers
in cAMP signalling. Biochem. Soc. Trans. 2014; 42: 139-144. doi: 10.1042/BST20130257 PMID:
24450641

VanSchouwen B, Akimoto M, Sayadi M, Fogolari F, Melacini G. Role of Dynamics in the Auto-Inhibition
and Activation of the Hyperpolarization-Activated Cyclic-Nucleotide-Modulated (HCN) lon Channels. J
Biol Chem. 2015 Jul 17; 290(29):17642-54 doi: 10.1074/jbc.M115.651877 PMID: 25944904

Moleschi K, Melacini G. Signaling at crossroads: the dialogue between PDEs and PKA is spoken in
multiple languages. Biophys J. 2014; 107: 1259-60. doi: 10.1016/j.bpj.2014.07.051 PMID: 25229132

Krishnamurthy S, Moorthy BS, Xin Xiang L, Xin Shan L, Bharatham K, Tulsian NK, et al. Active site cou-
pling in PDE:PKA complexes promotes resetting of mammalian cAMP signaling. Biophys J. 2014; 107:
1426—40. doi: 10.1016/}.bpj.2014.07.050 PMID: 25229150

Krishnamurthy S, Tulsian NK, Chandramohan A, Anand GS. Parallel Allostery by cAMP and PDE Coor-
dinates Activation and Termination Phases in cAMP Signaling. Biophys J. 2015 Sep 15; 109(6):1251—
63. doi: 10.1016/j.bpj.2015.06.067 PMID: 26276689

Schwede F, Christensen A, Liauw S, Hippe T, Kopperud R, Jastorff B, et al. 8-Substituted cAMP ana-
logues reveal marked differences in adaptability, hydrogen bonding, and charge accommodation
between homologous binding sites (Al/All and BI/BIl) in cAMP kinase | and Il. Biochemistry. 2000; 39:
8803-8812. PMID: 10913291

Wang C, Xi J, Begley TP, Nicholson LK. Solution structure of ThiS and implications for the evolutionary
roots of ubiquitin. Nat Struct Biol. 2001; 8: 47-51. PMID: 11135670

Nussinov R, Tsai C-J. The design of covalent allosteric drugs. Annu Rev Pharmacol Toxicol. 2015; 55:
249-67.

Linglart A, Menguy C, Couvineau A, Auzan C, Gunes Y, Cancel M, et al. Recurrent PRKAR1A mutation
in acrodysostosis with hormone resistance. N Engl J Med. 2011; 364: 2218-26. doi: 10.1056/
NEJMoa1012717 PMID: 21651393

Nagasaki K, lida T, Sato H, Ogawa Y, Kikuchi T, Saitoh A, et al. PRKAR1A mutation affecting cAMP-
mediated G protein-coupled receptor signaling in a patient with acrodysostosis and hormone resis-
tance. J Clin Endocrinol Metab. 2012; 97: E1808—13. doi: 10.1210/jc.2012-1369 PMID: 22723333

Espiard S, Ragazzon B, Bertherat J. Protein kinase A alterations in adrenocortical tumors. Horm Metab
Res. 2014; 46: 869-75. doi: 10.1055/s-0034-1385908 PMID: 25105543

Moleschi KJ, Akimoto M, Melacini G. Measurement of State-Specific Association Constants in Alloste-
ric Sensors through Molecular Stapling and NMR. J Am Chem Soc. 2015; 137 (33): 10777—10785. doi:
10.1021/jacs.5b06557

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A. Nmrpipe—a Multidimensional Spectral
Processing System Based on Unix Pipes. J Biomol NMR. 1995; 6: 277—293. PMID: 8520220

T. D. Goddard and D. G. Kneller University of California SF. SPARKY. https://www.cgl.ucsf.edu/home/
sparky/

Sattler M, Schleucher J, Griesinger C. Heteronuclear multidimensional NMR experiments for the struc-
ture determination of proteins in solution employing pulsed field gradients. Prog Nucl Magn Reson
Spectrosc. 1999; 34: 93—-158.

Salzmann M, Pervushin K, Wider G, Senn H, Wuthrich K. TROSY in triple-resonance experiments:
new perspectives for sequential NMR assignment of large proteins. Proc Natl Acad Sci U S A. 1998;
95: 13585—13590. PMID: 9811843

Eghbalnia HR, Bahrami A, Wang LY, Assadi A, Markley JL. Probabilistic identification of spin systems
and their assignments including coil-helix inference as output (PISTACHIO). J Biomol NMR. 2005; 32:
219-233. PMID: 16132822

Das R, Melacini G. A model for agonism and antagonism in an ancient and ubiquitous cAMP-binding
domain. J Biol Chem. 2007; 282: 581-593. PMID: 17074757

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 20/21


http://www.ncbi.nlm.nih.gov/pubmed/11106480
http://www.ncbi.nlm.nih.gov/pubmed/1848784
http://dx.doi.org/10.1042/BST20130257
http://www.ncbi.nlm.nih.gov/pubmed/24450641
http://dx.doi.org/10.1074/jbc.M115.651877
http://www.ncbi.nlm.nih.gov/pubmed/25944904
http://dx.doi.org/10.1016/j.bpj.2014.07.051
http://www.ncbi.nlm.nih.gov/pubmed/25229132
http://dx.doi.org/10.1016/j.bpj.2014.07.050
http://www.ncbi.nlm.nih.gov/pubmed/25229150
http://dx.doi.org/10.1016/j.bpj.2015.06.067
http://www.ncbi.nlm.nih.gov/pubmed/26276689
http://www.ncbi.nlm.nih.gov/pubmed/10913291
http://www.ncbi.nlm.nih.gov/pubmed/11135670
http://dx.doi.org/10.1056/NEJMoa1012717
http://dx.doi.org/10.1056/NEJMoa1012717
http://www.ncbi.nlm.nih.gov/pubmed/21651393
http://dx.doi.org/10.1210/jc.2012-1369
http://www.ncbi.nlm.nih.gov/pubmed/22723333
http://dx.doi.org/10.1055/s-0034-1385908
http://www.ncbi.nlm.nih.gov/pubmed/25105543
http://dx.doi.org/10.1021/jacs.5b06557
http://www.ncbi.nlm.nih.gov/pubmed/8520220
https://www.cgl.ucsf.edu/home/sparky/
https://www.cgl.ucsf.edu/home/sparky/
http://www.ncbi.nlm.nih.gov/pubmed/9811843
http://www.ncbi.nlm.nih.gov/pubmed/16132822
http://www.ncbi.nlm.nih.gov/pubmed/17074757

o
@ . PLOS | BIOLOGY Mapping the Free Energy Landscape of PKA

67. Bernadd P, De la Torre JG, Pons M. Interpretation of 15N NMR relaxation data of globular proteins
using hydrodynamic calculations with HYDRONMR. J Biomol NMR. 2002; 23: 139—150. PMID:
12153039

68. Garcia de la Torre J. Building hydrodynamic bead-shell models for rigid bioparticles of arbitrary shape.
Biophys Chem. 2001; 94: 265-274. PMID: 11804736

PLOS Biology | DOI:10.1371/journal.pbio.1002305 November 30, 2015 21/21


http://www.ncbi.nlm.nih.gov/pubmed/12153039
http://www.ncbi.nlm.nih.gov/pubmed/11804736

