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Abstract

Close-range electrostatic interactions that form salt bridges are key components of protein 

stability. Here we investigate the role of these charged interactions in modulating the allosteric 

activation of protein kinase A (PKA) via computational and experimental mutational studies of a 

conserved basic patch located in the regulatory subunit's B/C helix. Molecular dynamics 

simulations evidenced the presence of an extended network of fluctuating salt bridges spanning the 

helix and connecting the two cAMP binding domains in its extremities. Distinct changes in the 

flexibility and conformational free energy landscape induced by the separate mutations of Arg239 

and Arg241 suggested alteration of cAMP-induced allosteric activation and were verified through 

in vitro fluorescence polarization assays. These observations suggest a mechanical aspect to the 

allosteric transition of PKA, with Arg239 and Arg241 acting in competition to promote the 

transition between the two protein functional states. The simulations also provide a molecular 

explanation for the essential role of Arg241 in allowing cooperative activation, by evidencing the 

existence of a stable interdomain salt bridge with Asp267. Our integrated approach points to the 

role of salt bridges not only in protein stability but also in promoting conformational transition and 

function.

Graphical abstract

*Corresponding Author: ramaro@ucsd.edu. Phone: +1 (858) 534-9629.
Author Contributions: E.P.B. and R.D.M. contributed equally to this work.
ORCID: Rommie E. Amaro: 0000-0002-9275-9553

Supporting Information: The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/
acs.bio-chem.6b01152.

Notes: The authors declare the following competing financial interest(s): R.E.A. is a co-founder of Actavalon, Inc., and a consultant 
for Apogen, Inc.

HHS Public Access
Author manuscript
Biochemistry. Author manuscript; available in PMC 2018 March 14.

Published in final edited form as:
Biochemistry. 2017 March 14; 56(10): 1536–1545. doi:10.1021/acs.biochem.6b01152.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Protein structure is essential for protein function and is a result of interactions between 

neighboring as well as spatially distant residues relative to their primary sequence. Among 

the wide range of possible intra- and intermolecular interactions, salt bridges are defined by 

noncovalent charged interactions between acidic and basic residues1 and are critical to the 

folding, stability, and function of most proteins.2–5 Salt bridges are also key interactions in 

areas such as drug design and protein engineering.6–8 In addition to playing important roles 

in structural stability, salt bridges can also mediate protein conformational change, allostery, 

and dynamics.9,10

The majority of the studies of salt bridges have involved static representations of 

biomolecules using structures resolved by X-ray crystallography. Molecular dynamics (MD) 

simulations, however, provide a means of studying these proteins at a dynamic and 

molecular level. As a model system for the investigation of the role of salt bridges in protein 

structure and function using all-atom MD simulations, we turned to the flexible type Iα 
regulatory subunit (RIα) of cAMP-dependent protein kinase A (PKA). The use of MD 

simulations coupled with experiments has recently successfully allowed the identification of 

allosteric networks on other protein kinases.11–13

PKA is a ubiquitous protein kinase that is important in many key cellular signaling 

pathways.14 In its basal state, PKA exists in an inactive holoenzyme conformation 

containing a regulatory (R) subunit dimer and two catalytic (C) subunits and is activated by 

the second-messenger cyclic adenosine monophosphate (cAMP).15 The R subunits bind to 

cAMP cooperatively and allosterically activate the holoenzyme by unleashing the 

catalytically active C subunits.16 All four R subunit isoforms (RIα and -β and RIIα and -β) 

share a conserved domain architecture, containing two tandem cyclic nucleotide binding 

domains (CBD-A and CBD-B) connected via a long helical segment, known as the B/C 

helix.17 The B/C helix incorporates portions of both CBDs, including the αB and αC helices 

from CBD-A and the αN helix from the N3A motif of CBD-B.18 The binding of cAMP and 

release of C are associated with a dramatic conformational change in R, with residues in the 

CBDs moving up to 30 Å from their position in the holoenzyme conformation.14 The two 

conformations are termed the “H conformation” and “B conformation”, with the former 

being the holoenzyme and the latter bound to cAMP.

The B/C helix plays a critical role in the regulation of PKA activity and is proposed to be 

essential for allosteric signal transduction.19,20 Several major structural changes occur in this 

helix upon protein activation. In the four R subunit isoforms, a conserved patch of four 

positively charged residues is located in the center of this important structural motif (Figure 

1),17,21–23 and mutational studies of Arg241 showed it to be important for cooperative 
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activation.24 While differences in some PKA mutant's dynamics and function have been 

attributed to disruptions in individual salt bridges within R,24,25 no systematic study has 

investigated the role of salt bridge networks in the function and stability of the RIα subunit. 

We therefore sought to evaluate the role of the positively charged basic patch within the B/C 

helix in the allosteric activation of PKA, using alanine mutagenesis to analyze the dynamic 

formation (or disruption) of salt bridge networks through MD simulations and validated by 

experimental in vitro activation assays.

With this aim, we have performed molecular dynamics simulations of the wild type and four 

mutants of RIα (R239A, K240A, R241A, and K242A) in the absence of the catalytic 

subunit and cAMP. The apo state was simulated to provide a molecular level view of the 

dynamics of RIα between its two structurally characterized states. We discuss the general 

features of the systems observed in the trajectories, including the flexibility of the B/C helix, 

and the differences in R conformational ensembles upon introduction of the mutations. In 

conjunction with in vitro fluorescence polarization assays, our results provide insights into 

the intrinsic flexibility of R and indicate that the basic patch in the B/C helix is important for 

stabilization of the H conformation and in governing conformational dynamics and allosteric 

regulation. Our analysis also suggests the existence of an extended electrostatic network 

connecting the two cAMP binding domains, with the Arg241–Asp267 and Arg239–Glu143 

salt bridges in particular playing key roles in the activation and stabilization of PKA. Finally, 

this work constitutes another example of the role of close-range electrostatic interactions in 

the stabilization and function of macromolecules.

Materials and Methods

System Setup

The heavy atom coordinates for the five systems (wild type and mutants R239A, K240A, 

R241A, and K242A) of PKA RIα were obtained from the crystallographic structure of the 

holoenzyme (Protein Data Bank entry 2QCS14), ranging from residue 113 to 379, which 

omits the flexible dimerization/docking domain (residues 11–61), the inhibitory site 

(residues 94–98), and linker regions.15 Residues were protonated at pH 7.0 using Maestro-

integrated PROPKA and mutations made using Schrödinger's Maestro (version 10.4, 

Schrödinger, LLC, New York, NY). The proteins were solvated in water boxes with 

counterions and 150 mM NaCl to simulate physiological conditions. The Amber14SB26 

force field was used for the protein and NaCl with TIP3P waters.27

Molecular Dynamics Simulations

Simulations were performed using GPU-accelerated Amber 14.26 The system was 

minimized in four stages: proton only, solvent, solvent and side chains, and the full system 

totaling 11,000 cycles using a combination of steepest decent and conjugate gradient 

methods. Equilibration involved an initial heating to 100 K at constant volume for 50 ps 

followed by heating to 310K at constant pressure, 1 bar, for 200 ps. The system was further 

equilibrated at 310 K and 1 bar for 750 ps. Molecular dynamics simulations were run as an 

ensemble with periodic boundary conditions at 1 bar and 310 K. We used a nonbonded 

short-range interaction cutoff of 10 Å, and the long-range electrostatic interactions were 
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approximated by particle mesh Ewald.28 The simulations used a 2 fs time step with the 

SHAKE algorithm to constrain hydrogen atoms. Each protein system was simulated in five 

parallel runs of 1,000 ns each, each run being assigned new starting velocities, resulting in 5 

μs of total sampling time for each system (Table S1).

Trajectory Analysis

Trajectories were visualized using VMD.29 Structures obtained in the trajectory were 

aligned the β barrel of CBD-A (residues 152–225) and frames sampled for analyses every 

100 ps. Secondary structure assignment and pairwise distance calculation for the salt bridge 

analysis were performed using functions from MDTraj,30 and all other analysis involved in-

house programs. For the secondary structure analysis, bootstrapping sampling was done in 

order to obtain estimates of the variances of alpha helical proportions among the systems. A 

total of 20000 bootstrapping samplings were performed, in each of which 1000 frames of the 

simulation were randomly selected. The secondary structure averages of each bootstrapping 

sampling were then used to create the histograms. The salt bridge distance cutoff was taken 

as a nitrogen–oxygen distance of 4 Å.

Data Sharing

All MD input files, MD trajectories, and ipython notebooks used for the analyses presented 

in the paper are available for download at http://doi.org/10.6075/J07D2S2X.

Purification of Regulatory Subunits and Generation of Mutants

The basic patch mutants (R239A, K240A, R241A, and K242A) were generated using 

QuickChange site-directed mutagenesis. Wild-type and mutant RIα proteins were purified as 

previously described.16,31 Proteins were expressed in Escherichia coli BL21 (DE3) from 

Novagen for 20–24 h at 15 °C in TB medium. In brief, ammonium sulfate precipitation of 

the soluble lysate supernatants was batch bound overnight to a cAMP resin to purify via 

affinity chromatography. Proteins were eluted from the resin, using 40 mM cGMP, and 

applied to a Superdex 200 gel filtration column for final purification in gel filtration buffer 

[50 mM MES (pH 5.8), 200 mM NaCl, 2 mM EGTA, 2 mM EDTA, and 5 mM DTT].

Fluorescence Polarization Allosteric Activation Assay

Allosteric activation of type Iα PKA holoenzyme basic patch mutants was evaluated using a 

fluorescence polarization assay as previously described.31 PKA holoenzymes were formed 

in vitro using a 1.2:1 (RIα:C) molar ratio in FP assay buffer [50 mM MOPS (pH 7.0), 35 

mM NaCl, 10 mM MgCl2, 0.005% (v/v) Triton X-100, 1 mM ATP, and 1 mM DTT]. The 

PKA inhibitory peptide conjugated to the 5/6-carboxyfluorescein (5/6-FAM-IP20) 

fluorophore was added to wells containing the PKA holoenzyme at a final concentration of 2 

nM. The C subunit concentration was kept constant at 12 nM and titrated with various 

concentrations of cAMP (from 0 to 8000 nM) to induce dissociation and allow binding of 

5/6-FAM-IP20 to the C subunit. After incubation for 30 min to reach equilibrium, 

fluorescence polarization (excitation at 485 ± 20 nm, emission at 535 ± 25 nm) was 

measured using a GENios Pro microplate reader (TECAN) in black, flat bottom 96-well 

low-binding polypropylene assay plates (Greiner). Three independent experiments were 
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performed, with each measurement being the mean of triplicate samples ± the standard 

deviation. Graphs were generated and analyzed in GraphPad Prism 7.0a (GraphPad, La 

Jolla, CA), using a sigmoidal dose–response curve of variable slope.

8-[Fluo]-cAMP Fluorescence Polarization Binding Assay

The ability of the R subunit basic patch mutants to bind cAMP in the absence of the C 

subunit was tested using the fluorescent cAMP analogue, 8-[fluo]-cAMP (Biolog), used at a 

final concentration of 10 nM. Wells were titrated with a range of R subunit concentrations 

(from 0 to 125 nM), which were diluted with FP assay buffer. Polarization readings were 

measured and analyzed as described above.

Results

Wild-Type Conformational Dynamics

The wild-type and mutant systems were simulated in five parallel runs of 1 μs each. Despite 

the time scales being shorter than those of the majority of biologically relevant processes, 

such as protein folding and domain mobility, we nonetheless observed great flexibility of the 

R subunit. To quantify this flexibility, we aligned all of the frames to the relatively rigid β 
barrel of CBD-A in the H conformation and measured the displacement of the center of 

mass of CBD-B relative to the principal moments of inertia of CBD-A's β barrel using 

spherical coordinates. In this new reference system, the distance between the centers of mass 

of CBD-A and CBD-B is given by d, and the displacement in the x−y plane and relative to 

the z axis are given by angles ϕ and θ, respectively (Figure 2A).

The histogram of distances between the CBD's centers of mass for the wild-type system 

provides one measure of the flexibility of the system (Figure 2B). Most of the structures 

sampled adopted distances similar to that of the crystallo-graphic H conformation, which 

was also the initial position of our simulations. Interestingly, we found a great proportion of 

configurations that extended beyond the known B and H conformations' CBDs distances. 

Larger distances were observed, as well as a small fraction of conformations with the centers 

of mass of the two lobes even closer together than in the globular, collapsed B conformation.

The spherical angles describe the orientation of the B domain and enrich the three-

dimensional quantification of the RIα conformational ensemble. We performed principal 

component analysis (PCA) on the coordinates sampled and found that the first two principal 

components are very similar to the chosen spherical angles (Figure S1). We thus extended 

our analysis using these spherical parameters because they provide a more intuitive 

representation of the ensemble, with the metrics directly indicating the relative position of 

CBD-A and CBD-B contrary to the more abstract representation given by principal 

components. With the most probable state being taken as a reference, the free energy 

landscape of the wild-type ensemble in terms of these two angles is shown in Figure 2C, as 

well as the values corresponding to the H and B crystallo-graphic conformations. On the 

time scale of the simulations, the transition between the H and B crystallographic 

conformations was not sampled, indicating that longer sampling would be required to 

observe the conformational change, as expected. However, this analysis shows that the most 
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probable wild-type apo R conformation, located at the well in Figure 2C, does not 

correspond to the crystallographic H conformation. It differs from the H conformation 

mainly by a rotation of the B/C helix, which results in a roughly 45°-rotated B domain 

relative to its position in the X-ray crystal structure (Figure 2E). The rotation of CBD-B in 

the apo conformation suggests an overlap with the C subunit position (Figure 2D); thus, we 

would not expect CBD-B to adopt this rotational position in the presence of the C subunit.

Mutant Conformational Ensembles

The spherical coordinate analysis was extended to the simulations of the four alanine 

mutations of the B/C helix basic patch. R239A, K240A, and K242A displayed behavior 

similar to that of the wild type in terms of the distance between the CBD's centers of mass, 

with the exception of a slight increase in the number of observed conformations that have 

more proximal lobes, or smaller values of d (Figure 3). R241A, however, showed an 

opposite trend, with no sampling of these more collapsed conformations and instead a 

significant number of structures in which the centers of mass were farther apart than in H.

The free energy landscape in terms of the spherical angles for the mutants is shown in Figure 

4. Comparison with that of the wild type (Figure 2C) shows that the mutations of K240 and 

K242 did not significantly affect the sampled conformational ensemble of R, while the 

removal of basic residues R239 and R241 resulted in a markedly different distribution of 

structures and the sampling of novel conformations (see Figure S2). These conformations 

displayed dramatic bends and deformations of the B/C helix (Figure 5 and Figure S3) and 

were more regularly sampled than in the wild-type, K240A, and K242A simulations. These 

observations and the distribution of CBD distances suggest that, for R239A and R241A 

(especially the latter), there is uncoupling between the two domains upon the removal of the 

basic residue, resulting in much more freedom in conformational exploration. Nonetheless, 

all of these mutants still sample for a significant part of the simulations conformations 

similar to the wild-type's most probable conformation, as evidenced by the presence of the 

wells in the same values of ϕ and θ.

Flexibility of the B/C Helix

Visual inspection suggested a high degree of flexibility in the B/C helix for all systems 

(Figure 5). Analysis of the spherical coordinates provided an indirect indication of this 

flexibility, because the displacement of CBD-B relative to CBD-A's principal moments of 

inertia was mainly caused by movements in the B/C helix. To directly quantify the plasticity 

of the helix and identify regions with a greater propensity for deformation, we calculated the 

fraction of residues in the B/C helix (residues 226–250) that displayed an α-helical 

secondary structure at each analyzed frame (Figure 6A). The wild type, K240A, and K242A 

showed similar helix proportions, in agreement with the similarity in their conformational 

ensembles. The B/C helix in R239A and R241A was less well formed, having a lower helix 

proportion, as would be expected from the greater sampling of bent structures (Figure 5).

We further refined this analysis by calculating, for each residue in the helix, the fraction of 

frames in which it possesses an α-helical structure (Figure 6B). Most of the residues had 

very high helical proportions, with the notable exception of C-terminal residues Ser249 and 
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Lys250 [not shown in Figure 6B, with helical proportions ranging from 12.0 to 22.2% and 

from 3.8 to 11.0%, respectively (see Figure S4)]. These residues, in all of the systems, were 

assigned in the majority of the frames as hydrogen-bonded turns.32 In addition, R239A and 

R241A showed smaller helical proportions for other residues in the helix Residues 226–236, 

located in the N-terminal part of the helix (in CBD-A), were less ordered in R239A, with 

Leu233 being the most flexible of these. Oppositely, for R241A, it was the C-terminal part 

of the helix, comprising residues 233–248 in CBD-A and CBD-B, which displayed the most 

pronounced flexibility. In this case, Leu238 had the greatest diversion from the wild-type 

and other mutants' helical proportion. Both Leu233 and Leu238 are found in the interface 

with the C subunit in the holoenzyme structure (Figure S5). Mutational studies of Leu233 

have suggested that this residue is important for allowing the formation of the holoenzyme, 

with L233A displaying a 3-fold decrease in the cAMP activation constant and a 3-fold 

increase in the R–C dissociation constant.19

Allosteric Activation and cAMP Binding of B/C Helix Mutants

MD simulations suggested that mutations of the arginine residues of the basic patch induce 

perturbations in the dynamics and conformational ensemble of the R subunit. Given the 

dependence of enzyme function on protein structure and the overall shape of the free energy 

landscape, the observations described above implicated altered function of R239A and 

R241A compared to wild-type RIα.

To validate our MD simulations of the basic patch mutants, we used two separate in vitro 
fluorescence polarization assays to address binding of cAMP to R subunits and allosteric 

activation of holoenzyme complexes (Figure S6). We initially speculated that because the 

mutations do not directly interact with cAMP in either the H or B conformation, cAMP 

binding would not be significantly impacted. As expected, using a fluorescent cAMP 

analogue, 8-[fluo]-cAMP, we found only minor differences in Kd values for R239A and 

K242A compared to that of wild-type RIα, with no change in cooperativity for any mutant 

(Table 1 and Figure S6a). We assessed the allosteric activation of PKA using an assay to 

measure dissociation of the C subunit from mutant holoenzyme complexes in response to 

increasing concentrations of cAMP, by measuring polarization of the fluorescent 5/6-FAM-

IP20 peptide that binds to the free C subunit in solution (Table 1 and Figure S6b). As 

anticipated, we found that R241A was >20-fold less sensitive to cAMP-stimulated activation 

and less cooperative than the wild type, but R239A was slightly more sensitive to cAMP and 

exhibited greater cooperativity. Furthermore, K240A, but not K242A, showed a modest 

decrease in sensitivity to cAMP with no change in cooperativity.

Discussion

The use of all-atom MD simulations evidenced the pronounced flexibility of the apo 

regulatory subunit of PKA. Free wild-type PKA adopts a variety of conformations, with the 

extended, crystallographic H conformation being only rarely sampled (Figure 2). Instead, a 

structure with a slight torsion on the B/C helix constitutes the most probable conformation, 

which disrupts the C subunit binding interface (Figure 2E). This finding suggests that the 
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binding to C and inactivation of the enzyme require straining of the B/C helix and the R 

subunit undergoing the transition into a mechanically “frustrated” state.

The protein frustratometer Web server (frustratometer.tk)33 was used to support this 

hypothesis, and the contact interactions in the B/C helix are predicted to be frustrated 

compared to the energetics of other residues in the same location [mutational frustration 

(Figure S7a)] or the same interactions in other configurations [configurational frustration 

(Figure S7b)].34 This structural frustration of R in the holoenzyme provides a molecular 

explanation for the quick activation of PKA upon cAMP binding and its ability to act as a 

dynamic allosteric switch. Despite favorable interactions in the R–C interface, the strain in 

the B/C helix favors the release of C and may be one of the factors that results in the shallow 

free energy landscape observed using long timescale MD simulations and Markov state 

models.20

Mutation of Arg239 or Arg241 to alanine greatly perturbs the conformational ensemble of 

the regulatory subunit. R241A, in particular, differs from the other systems in that the CBD's 

dynamics seem to be decoupled, resulting in conformations in which they are separated by 

large distances. Similarly, the greatest variations in helix flexibility, as measured by the helix 

proportion, were seen in the R239A and R241A simulations. Our analysis further allowed 

the identification of the areas in the B/C helix that have a stronger propensity to be deformed 

and found that Leu233 in the case of R239A and Leu238 in R241A, both located at the 

interface with the catalytic subunit, are the most affected residues.

To relate the observed mutationally driven perturbation of the ensembles of R239A and 

R241A to the role of the basic residues and their involvement in electrostatic interactions, 

we calculated the total survival time of all of the salt bridges established within RIα from 

the simulations. This metric corresponds to the total fraction of frames in the simulation in 

which each salt bridge is formed. A qualitative representation of the network of salt bridges 

in the wild type is given in Figure 7A. The great majority of the salt bridges are intradomain, 

formed exclusively within CBD-A and within CBD-B. Interestingly, the only stable 

interdomain salt bridge, formed for approximately 80% of the time in the wild-type 

simulation, is between Arg241 and Asp267. The same calculation was performed for the 

mutants, and the total survival times of salt bridges that showed a change of >10% compared 

to that of the wild type are shown in Figures S8–S11.

The survival times of the salt bridges in the mutant systems indicate that the disruption of a 

very reduced number of salt bridges by a single mutation affects a variety of others, 

emphasizing the fact that there is communication between the charged residues throughout 

RIα and that they are involved in an extended network. Moreover, the mutations in Arg239 

and Arg241 involved deletion of stable, long-lived stable salt bridges, while Lys240A and 

Lys242A removed only transient, short-lived interactions. Using the identified salt bridges in 

the simulations, an electrostatic network can be established from the cAMP binding site in 

domain A, extending through the B/C helix and reaching CBD-B (Figure 7B).

Arg241–Asp267 functions as the main interdomain salt bridge, allowing communication 

between the two binding sites. Crystal structures of the cAMP-bound R subunit and previous 
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structural models have suggested that PKA activation involved an interaction between 

Glu200 and Arg241, with Glu200 interacting with the 2′-hydroxyl group in cAMP.24 Our 

simulations of the wild type and mutants, however, did not sample the B conformation, with 

Arg241 and Glu200 not coming into close contact with each other. Our analysis therefore 

shows that there is no such salt bridge formed between these residues, indicating instead that 

the decoupling of the two domains happens because of the breakage of the Arg241–Asp267 

salt bridge. The loss of allosteric activation seen experimentally is therefore a result of the 

removal of the interdomain interaction, which breaks the electrostatic communication 

between the CBDs and disrupts the propagation of the allosteric signal.

The fluorescence polarization assays, on the other hand, indicate that Arg239 is involved in 

interactions of a different nature, contributing to the stability of the regulatory subunit in the 

extended, H-like conformation. The increased level of R–C dissociation may be caused by 

the destabilization of the binding interface, particularly Leu233, resulting in an effect similar 

to that of the L233A mutation.19 In this way, the salt bridges involving Arg239 may function 

as “anchors” to keep the helix extended and allow the formation of the binding interface.

The coupling of computational and experimental analysis suggests that Arg239 and Arg241 

play competing roles and that their modulation is an important factor for the regulation of 

PKA. We propose, in this way, that the extended salt bridge network is a key component of 

the allosteric mechanism and that there is a mechanical aspect to the conformational change 

caused by activation, with the salt bridges exerting a torque on the flexible B/C helix More 

specifically, Arg239 and Arg241 seem to have essential roles in the stabilization of the H 

conformation and in the allosteric transduction upon activation, respectively.

In conclusion, the investigation of the dynamics of ion pair interactions in PKA using MD 

simulations and experimental assays allowed the identification of several complex salt 

bridges and how they modulate the dynamics and function of PKA. Because there is 

compensation between the electrostatic interactions and variations in the pairs throughout 

the simulations due to side chain flexibility and greater-scale multidomain motion, the use of 

computer simulations to investigate these interactions can greatly enrich the structural or 

ensemble-averaged observations achieved with other methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

C subunit catalytic subunit

cAMP cyclic adenosine monophosphate

CBD cyclic nucleotide binding domain

MD molecular dynamics

NMR nuclear magnetic resonance

PKA cAMP-dependent protein kinase A
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R subunit regulatory subunit
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Figure 1. 
(A) Sequence alignment of the B/C helix of the four isoforms of the regulatory subunit. The 

positive patch in the B/C helix is colored red. (B) Representation of the regulatory subunit 

and B/C helix conformation at the two functional conformations of PKA. The side chains of 

the basic patch residues are colored ochre, the B/C helix is colored red, the N lobe of the C 

subunit is colored white and the C lobe tan.
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Figure 2. 
Dynamics of the wild-type system. Spherical coordinate analysis of the conformational 

flexibility of wild-type RIα. (A) Representation of the spherical coordinates of the center of 

mass of the CBD-B β barrel relative to the principal moments of inertia of the H 

conformation CBD-A β barrel. (B) Histogram of the center of mass distances. (C) Free 

energy landscape in terms of spherical angles ϕ and θ for the complete set of sampled 

conformations. (D) Free energy landscape of the structures showing no overlap with the 

coordinates of the C subunit in the holoenzyme crystallographic structure. The spherical 

coordinates corresponding to the crystallographic structures are also shown. (E) Two views 

of the most probable conformation in the wild-type ensemble (CBD-A colored cyan, B/C 

helix red, and CBD-B dark green) compared to the crystallographic H conformation 

(regulatory subunit colored green and catalytic subunit white). Structures were aligned in 

their CBD-A β barrel.
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Figure 3. 
Histogram of CBD's centers of mass distance for the mutants (colors) vs the wild type 

(gray).

Barros et al. Page 15

Biochemistry. Author manuscript; available in PMC 2018 March 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Free energy landscape in terms of spherical angles for the wild type and mutants. The 

coordinates for the crystallographic structures are also shown.
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Figure 5. 
Novel conformations sampled in (A) R239A and (B) R241A simulations. CBD-A is colored 

cyan, CBD-B dark green, and the B/C helix red.
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Figure 6. 
B/C helical proportion analysis of wild-type and mutant systems. (A) Full helix analysis and 

(B) per-residue analysis for residues located in the B/C helix.
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Figure 7. 
Network of salt bridges. (A) Survival times of salt bridges formed in wild-type simulations. 

The size of the spheres is proportional to the total survival time of the salt bridge. (B) 

Scheme of an electrostatic network connecting the two cAMP binding domains. Basic 

residues are colored blue and acidic residues red, with the exception of residues in the cAMP 

binding sites, Arg209 and Arg233, which are colored green. The thickness of the black lines 

represents the lifetime of the salt bridge as measured in the wild-type simulation.
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Table 1
Nucleotide Binding and Allosteric Activation of RIα B/C Helix Basic Patch Mutants and 
the Wild Type

system

cAMP binding activation of PKA

Kd (nM) Hill coefficient EC50 (nM) Hill coefficient

wild type 7.30 ± 0.11 1.65 ± 0.04 23.36 ± 0.66 2.11 ± 0.11

R239A 6.72 ± 0.11 1.71 ± 0.04 17.64 ± 0.67 2.54 ± 0.22

K240A 7.32 ± 0.12 1.83 ± 0.05 29.98 ± 1.23 2.15 ± 0.18

R241A 7.29 ± 0.10 1.80 ± 0.04 543.07 ± 27.40 1.44 ± 0.09

K242A 7.71 ± 0.11 1.80 ± 0.04 24.93 ± 0.85 1.86 ± 0.10

Biochemistry. Author manuscript; available in PMC 2018 March 14.


	Abstract
	Graphical abstract
	Materials and Methods
	System Setup
	Molecular Dynamics Simulations
	Trajectory Analysis
	Data Sharing
	Purification of Regulatory Subunits and Generation of Mutants
	Fluorescence Polarization Allosteric Activation Assay
	8-[Fluo]-cAMP Fluorescence Polarization Binding Assay

	Results
	Wild-Type Conformational Dynamics
	Mutant Conformational Ensembles
	Flexibility of the B/C Helix
	Allosteric Activation and cAMP Binding of B/C Helix Mutants

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1



