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Tsanwen Lu 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2020 

Professor Susan S. Taylor, Chair 

 
Protein Kinase A (PKA) is the master switch for cAMP-mediated signaling. The 

inactive PKA holoenzymes (R2C2) are comprised of a cAMP-binding regulatory (R)-subunit 

dimer and 2 catalytic (C)-subunits, while cAMP binding to the R-subunits unleashes the activity 

of the C-subunits. Of the 4 functionally non-redundant R-subunits (RIα, RIβ, RIIα, RIIβ), RIα 

and RIβ contain PKA pseudo-substrate sites, in contrast to RIIα and RIIβ, which have substrate 

sites in their inhibitor sequences. 

One of my main projects was to study the isoform-specific features of the PKA 

holoenzymes. I solved the crystal structure of the full-length RIα holoenzyme in two 



xx 

conformations and identified a novel isoform-specific function. The two conformations differ 

by their ATP-dependency. ATP also facilitates RIα holoenzyme formation by locking it into an 

inactive state that becomes more resistant to cAMP. ATP has no effect on the RIIβ holoenzyme 

conformation; instead it is a substrate that phosphorylates the inhibitor sequence in RIIβ. When 

the RIIβ holoenzyme is phosphorylated, it is easier to active with cAMP. The structures, 

combined with functional and biochemical data, reveal distinct isoform-specific quaternary 

structures and allosteric mechanisms. Both the in vitro and in vivo studies reveal that elevating 

ATP levels could turn on RIIα/RIIβ-related signaling pathways, while RIα/RIβ -related 

signaling would be triggered by depressing the levels of ATP. 

Another part of my research focused on a fusion oncogene of the C-subunit, DnaJB1-

PKAc (J-C) that drives fibrolamellar hepatocellular carcinoma (FL-HCC). DnaJB1-PKAc 

holoenzymes formed with RIα and RIIβ reveal different PKA dysfunctions. The crystal 

structure and biochemical properties of the RIα2J-C2 holoenzyme are similar to the wild-type 

holoenzyme. However, this mutant can disrupt RIα holoenzyme localization and cAMP 

signaling compartmentation. The RIIβ2J-C2 cryoEM structure is similar to the wild-type 

holoenzyme, whereas MD simulations and biochemical studies reveal that J-C can alter RIIb 

dynamics and make the RIIβ holoenzyme easier to be activated by cAMP. 

My research highlights distinct PKA isoform-specific allostery in addition to the 

structural diversity of the isoforms. I also demonstrated that the J-C affects PKA signaling in 

isoform-specific ways. My studies not only shed light on our mechanistic understanding of 

PKA signaling, but also provides new insights for future therapeutic directions. How to target 

different isoforms of J-C holoenzymes and develop unique treatments for different holoenzyme 

isoforms will be future challenges and directions for curing FL-HCC. 
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 Introduction of Protein Kinase A 

Cell signaling transduction is a way that a cell communicates by giving and receiving 

messages from the environment or internally with itself. The process of transduction relies on the 

crosstalk of numerous signaling pathways, which form a complex network in the cells. Each part 

of the pathway typically contains several signaling proteins, and these signaling proteins are like 

the nodes in a network, forming a signaling network where each node interacts with and regulates 

upstream and downstream targets. Any stimulation or perturbation would affect the whole network 

and cause distinct cellular responses. Signaling proteins thus play a critical role in translating 

cellular signals. There are many kinds of signaling proteins with different functions, such as 

receptors, G-proteins, protein kinases, phosphatase, and ubiquitinases.  Among all these signaling 

proteins, protein kinases constitute one of the largest gene families in humans and account for 

about 2% of the human genome(1). 

A kinase is a class of enzymes that transfer the γ-phosphate group from the high energy 

ATP molecule to its substrates. This event, which is called phosphorylation, is universal in all cell 

communication. According to the type of kinase substrates, kinases can be subclassified as protein 

kinases, lipid kinases, and carbohydrate kinases. In contrast to the metabolic kinases are highly 

regulated and constitute one of the largest and most disease-relevant gene families. Protein kinases 

can be further divided as; serine/threonine protein kinases, tyrosine kinases, and histidine or lysine 

kinases based on the amino acid residues that the protein kinase can phosphorylate on. Using 

bioinformatic analysis has identified more than 500 different of protein kinases in humans, and 

these protein kinases compose the human kinome (Figure 1-1A)(1). Based on their functions and 
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sequence similarities, the kinome can be divided into 9 different sub-families, AGC, CAMK, CK1, 

CMGC, STE, TK, TKL, other, and atypical groups(1). 

Phosphorylase kinase (PhK) was the first protein kinase to be discovered and characterized 

by Krebs, Graves and Fischer in the 1950s(2, 3). Krebs and Fischer later realized that the activation 

of phosphorylase kinase was regulated and phosphorylated by another kinase, cAMP-dependent 

kinase or Protein Kinase A (PKA) (4). Since then, their pioneering work has opened up a new field 

for protein kinases in the regulation of biological processes. In 1992, Krebs and Fischer were 

awarded the Nobel Prize in Physiology or Medicine for their discoveries and the work on 

phosphorylation and dephosphorylation as a mechanism for biological regulation. 

Protein Kinase A, a serine/threonine kinase that belongs to AGC kinase family, not only 

regulates PhK, but also plays a critical role in numerous signaling pathways and biological 

processes in every mammalian cell. Its activity is tightly controlled by cAMP, a second messenger 

that can trigger various intracellular signaling events. PKA together with G Protein-Coupled-

Receptors (GPCRs), G proteins (Gs, Gβ and Gγ), Adenylyl Cyclase (AC) form a classic signal 

transduction cascade in cell communication, which is called the cAMP-dependent signaling 

pathway (Figure 1-1B)(5). In brief, GPCRs, as transmembrane receptors, can be activated by 

extracellular ligands such as hormones, small molecules, or neurotransmitters. Once GPCRs are 

activated, the conformational change can further stimulate the intracellular G protein complex. 

When the G protein complex is activated, the Gs subunit exchanges GDP for GTP and dissociates 

from the complex. The free Gs subunit then further binds to and activates AC, which catalyzes the 

conversion of ATP into cAMP. The elevated concentration of cAMP then leads to the activation 

of PKA in the cells.   
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Figure 1-1. Human kinome (A) and PKA-dependent signaling pathway (B). The figures were adapted from 
Manning et al. Science 298, 1912-1934 (2002) and Taylor et al. Nat Rev Mol Cell Biol 13, 646-658 (2012). 
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The activity of PKA is tightly regulated by the direct binding of cAMP, therefore PKA has 

obviously emerged a central player in the cAMP-dependent signaling pathway.  In the absence of 

cAMP, PKA exists as an inhibited holoenzyme (R2C2) containing a dimer of regulatory (R) 

subunits and two catalytic (C) subunits, while cAMP binding to the R-subunits unleashes the 

kinase activity of the C-subunit(5). A milestone for the whole protein kinase field was the crystal 

structure of the PKA C-subunit, the first solved kinase structure(6), which laid the foundation for 

understanding the conserved structural features of the protein kinase superfamily, and serves as 

the prototypical kinase against which all others are compared. Our appreciation of the protein 

kinase structure-function-activity relationship initiated from that first protein kinase structure, 

PKA C-subunit crystal structure. 

1.1 PKA C-subunit 

The crystal structure of the PKA C-subunit revealed for the first time a canonical kinase 

structure (Figure 1-2 and Figure 1-3A). The overall structure contains a dynamic bi-lobal kinase 

core, which is conserved throughout the kinase family.  All of the protein kinases have an N-

terminal lobe (N-lobe) defined by β-sheets and a mostly helical C-terminal lobe (C-lobe) (Figure 

1-3B). Some of the other important conserved motifs in the protein kinase core, are listed here: 
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Figure 1-2. Sequence and secondary structure of PKA C-subunit. 
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Activation segment. Most protein kinases have either tyrosine, serine, or threonine in the 

activation loop, and they are activated by phosphorylation of these specific residues. The 

phosphorylated forms of these residues interact with the arginine residue in the H(Y)RD motif. In 

PKA, Thr197C in the Activation segment is an auto-phosphorylation site, and its phosphorylation 

is essential for PKA activity. The activation loop together with the DFG motif and APE motif are 

referred to as the activation segment (residue 184 to 208 in PKA) (Figure 1-3B). 

H(Y)RD motif. HR(Y)D is the critical motif for kinase activity. The arginine (Arg165C in 

PKA) in the H(Y)RD motif directly interacts with the phosphorylated residue in the activation 

loop. The aspartate (Asp166C in PKA) interacts with the P-site residue of the substrate that catalyze 

the phosphorylation reaction (Figure 1-3E). 

DFG motif. The aspartate residue (Asp184C in PKA) in the DFG motif directly interacts 

with metal ions in the catalytic pocket. The DFG motif is essential for kinase activity. In the active 

form of the kinase, the DFG motif remain inside the catalytic pocket, whereas the DFG motif often 

flips out when the kinase is inactive (Figure 1-3E). 

aC-helix. aC-helix is another important motif that regulates kinase activity. The position 

of the aC-helix sometimes can be used to define the kinase’s active and inactive conformations. 

In the active form, the kinase has a “aC-helix in” conformation, whereas “aC-helix out” is the 

molecular feature for many inactive conformations. In PKA, Glu91C, is located in the aC-helix 

and forms a hydrogen bond with Lys72C in the β3 strand. Lys72C plays a critical role for kinase 

activity. It directly interacts with ATP molecule, and mutation of Lys72C would abolish its kinase 

activity. 

Glycine rich loop (G-loop). G-loop locates between β1 and β2 strands (residue GTGSFG 

in PKA). It reveals flexible feature and high temperature factor in simulations and in crystal 
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structure, respectively. G-loop is essential for ATP binding, it positions ATP molecule and 

facilitate its binding to the kinase pocket (Figure 1-3F). 

aF-helix. aF-helix serves as the main anchor in the kinase C-lobe. It contains several 

hydrophobic residues and remains stable in the kinase catalysis reaction. 

In addition to the conserved kinase core and motifs, PKA contains two tails tethered to 

either N- and C-terminal (N-tail and C-tail) of the kinase core (Figure 1-3C). These two tethering 

tails, where the C-tail is conserved in all AGC kinases, interact with the kinase core and are crucial 

for kinase regulations. There are also several post-modification sites in PKA C-subunit. The 

glycine residue at the N-terminus, Gly1, is myristylated, and the myristylation sites are essential 

for membrane anchoring. In addition, the deamidation on Asn2 is important for C-subunit 

localization. The auto-phosphorylation site, Thr197C, is critical for PKA structural integrity and 

kinase activity, and Ser338C near the C-terminus is constitutively phosphorylated in PKA and 

essential for assembly of the active kinase(7). 

  



 

8 

 

Figure 1-3. Protein kinase has several conserved motifs. (A) PKA C-subunit. (B) Conserved N- and C-lobes. 
(C) N- and C-tails. (D) Conserved regulatory triad. (K72, E91 and D184 in PKA C-subunit.). (D) DFG and 
H(Y)RD motifs. (F) Glycine rich loop. 
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Although the N-lobe in the apo C-subunit is highly flexible, in the presence of both 

ATP/Mg2+ and substrate, the ATP phosphates and Mg2+ ions are precisely positioned by a 

conserved regulatory triad (Lys72C, Glu91C, Asp184C), which align the γ-phosphate for transfer to 

substrate(8) (Figure 1-3D). Binding ATP/2Mg2+ and substrate induces a ‘closed conformation’, 

while in the absence of ATP and substrate, the more dynamic small lobe stays in an ‘open 

conformation’ (9). 

1.2 PKA R-subunit 

In humans, there are four functionally non-redundant R-subunit isoforms (RIα, RIβ, RIIα, 

RIIβ), that share the same domain organization (Figure 1-4). An N-terminal dimerization and 

docking domain (D/D domain) is connected by a flexible linker to two tandem C-terminal cyclic 

nucleotide binding (CNB) domains. Embedded within the flexible linker is an inhibitory sequence 

that binds to the C-subunit active site thereby preventing substrate binding(5, 10). The main 

distinction between RI and RII is their inhibitory sequences; RI subunits have a pseudo-substrate 

inhibitor motif while in RII subunits this motif is a substrate that can be phosphorylated by the C-

subunit. The D/D domain is a four-helix bundle that is essential for dimerization and binding to 

A-Kinase-Anchoring-Proteins (AKAPs)(11, 12). Deletion of the D/D domain creates a monomeric 

R-subunit, which cannot be properly localized in cells, and most of the allosteric features of cAMP 

activation are also lost(13-16). 
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Figure 1-4. Functional non-redundant PKA R-subunits. 
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Each CNB domain contains α- and β-subdomains. The β-subdomain is a classic β-sandwich 

with a helical phosphate-binding cassette (PBC), embedded between the β7/β8-strands, and this is 

a signature motif for cAMP binding. The α-subdomain consists of three helical motifs - the PBC, 

the N-terminal N3A-motif (αN-helix, 310-loop, and αA-helix), and the C-terminal αB/C-helix. The 

helical subdomains undergo significant conformational changes during PKA activation(16-18). 

Specifically in the holoenzyme the kinked αB- and αC-helices in CNB-A fuse with the αN-helix 

in CNB-B to form a single aB/C/N-helix which defines the transition between the cAMP bound 

state (B-form) and the holoenzyme (H-form)(16, 18). In the H-form, the cAMP binding site in 

CNB-A is shielded by the R-C interface; in the RIα holoenzyme cAMP cannot bind to CNB-A 

until cAMP binds to the CNB-B domain, which acts as a ‘gate keeper’ for CNB-A(13, 19). 

Although all four PKA R-subunits share similar sequence and domain organization, they 

are functionally non-redundant, and the holoenzymes have different quaternary structures(5, 16, 

20-23). The various R subunits are also differentially expressed in different tissues. RIα and RIIα 

are ubiquitously expressed, while RIβ and RIIβ are more tissue specific (40–42). RI- subunits, like 

the cAMP-dependent protein kinase inhibitor (PKI), is a pseudo-substrate, while RII-subunits have 

a phosphorylation site (P-site) in the inhibitory sequence that undergoes single turn-over catalysis 

in the holoenzyme(5, 24). The R-subunits and their corresponding holoenzymes also differ in their 

biochemical properties, cAMP sensitivities, and localization(9, 14). In mouse models, depletion of 

RIβ causes memory defects(25), while RIIβ knockout mice have locomotor disorders and a lean 

phenotype(26, 27) (Figure 1-4). RIα, however, is the only R isoform that shows embryonic 

lethality in mouse knockout models(28, 29). In this thesis, we will focus on RIα and RIIβ 

holoenzymes (Figure 1-5). 
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Figure 1-5. Sequence and secondary structure of PKA R-subunits. 
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1.3 PKA-related diseases 

As key regulators in the cell signaling pathways, any impairments in the protein kinase can 

easily disrupt the balance of cell signaling and further lead to diseases. Therefore, many diseases-

associated mutations in protein kinases have been identified. For examples, point mutations in B-

Raf, a proto-oncogene Serine/Threonine kinase, can lead to lymphoma, colon cancer, melanoma, 

lung and brain tumors etc(30). Several studies have also shown that most patients with non-small 

cell lung cancer have overexpression of or point mutations in EGFR, a growth-factor-receptor 

tyrosine kinase, and the drugs that specifically target to EGFR are effective to inhibit tumor 

growth(31). Overexpression of HER2, a receptor tyrosine protein kinase, can be found in most of 

the aggressive breast cancers(31). Recent advances in neurodegenerative disease studies also 

reveal that point mutations in protein kinases such as PINK1 and LRRK2 can lead to Parkinson’s 

disease. 

In addition to point mutations or expression level impairments being drivers of many 

diseases, several kinase fusion protein mutations have been identified as drivers of cancers. All 

patients with chronic myeloid leukemia (CML) have a genetic fusion mutation, BCR-ABL(32). 

Other protein kinase fusion proteins, EML4-ALK, can link to non-small lung cancer(33). DnaJB1-

PKAc, a fusion protein of DnaJB1 and the PKA C-subunit, is a cancer driver mutation of 

fibrolamellar hepatocellular carcinoma (FL-HCC)(34). Given the abundance of oncogenic kinases, 

many kinase inhibitors have been developed as therapeutic tools, and numerous inhibitors are used 

clinically or in clinical trials. Here, we will focus on the disease-associated mutations on PKA. 
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1.3.1 Disease mutations in the R-subunits 

Most PKA-related disease mutations are in RIα: Carney Complex (CNC) disease results 

from  an increase in PKA activity (35, 36), while acrodysostosis (ACRDYS) patients show 

hormone resistance and lower PKA activity(37, 38). The patients with Carney complex disorder 

have higher risk of developing benign tumors. Most of them carry PRKAR1A (gene of RIα) 

mutants, which result in either nonsense-mediated mRNA decay (NMD) or enhanced activation 

by cAMP. Thus, in CNC, PKA is easier to be activated or displays enhanced sensitivity to cAMP 

compared to normal tissues, and this leads to cell proliferation and the disease. In contrast, 

acrodysostosis patients are more resistance to cAMP and thus have lower PKA activity. 

Acrodysostosis are caused by mutations in PRKAR1A (type 1) or PDE4D (type 2). The symptoms 

in patients with acrodysostosis may include short digits, hormone resistance, and abnormal bone 

growth. This combined data suggests that RIα is the most essential R-subunit and can be 

considered as the ‘master regulator’ of PKA signaling. A chimera protein, RIα-RET, by the fusion 

of RIα and a receptor tyrosine kinase RET, has been also identified in patients with papillary 

thyroid carcinoma (PTC)(39). 

A recent study has shown that PRKAR1B (gene of RIβ) is associated with of a new type 

neurodegenerative disorder(40). A mutation (Leu50Arg) located at the D/D domain of the RIβ has 

been identified in patients. This mutation presumably can either affect AKAPs binding and/or 

destabilize the D/D resulting in insoluble protein and aggregation in cells. 

1.3.2 Disease mutations in the C-subunit 

Cushing’s disease, which is caused by secreting too much adrenocorticotropic hormone 

(ACTH) from pituitary adenoma, is an acute endocrine disorder associated with cortisol pathway 

and inflammation. Exome sequencing has identified the genetic mutations of PKA C-subunit are 
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associated with Cushing’s disease(41). The mutations either show the defective inhibition of PKA 

C-subunit mutants by the PKA R-subunit, or higher protein expression level of PKC C-subunit. In 

both cases, the basal PKA activity is increased. Compare with the wt PKA C-subunit, Cushing’s 

disease mutants not only have lower binding affinity with the PKA R-subunits but can also can 

alters its substrate specificity(42). 

Fibrolamellar hepatocellular carcinoma (FL-HCC) is a rare liver cancer that commonly 

occurs in young adults with no chronic liver disease history. Recent studies of FL-HCC identified 

a unique kinase mutation, DnaJB1-PKAc (J-C) in most of patients. This mutation due to a ~400 

kilobase pair deletion on chromosome 19, forms a chimeric transcript of the DNAJB1 exon 1 fused 

with the PRKACA exons 2-10(34). The mutant is translated as a stable protein where the J-domain 

(residues 1-69) of DnaJB1 is fused to the Protein Kinase A (PKA) catalytic (C) subunit (PKAc) 

(residues 15-336) (Fig. 1A). This fusion protein is uniquely expressed in the tumor tissues, but not 

in adjacent normal tissues in FL-HCC patients. Moreover, mouse models, generated using 

CRISPR-Cas9 gene modification, have confirmed that this chimeric protein, DnaJB1-PKAc, is 

oncogenic(43, 44). 

Structural studies of DnaJB1-PKAc and Cushing’s disease PKA C-subunit mutants showed 

that their kinase core structures are nearly identical to wild-type (wt) PKAc, although DnaJB1-

PKAc has four extra helices at the N-terminus adjacent to the aA-helix, and the proteins have 

similar biochemical properties(45). Transcriptome research has also shown that the gene 

expression and protein levels of the R-subunits are strongly affected in FL-HCC(46). In normal 

liver tissue, RIIβ is the predominate R-subunit(47). In tumors, however, RIα mRNA and protein 

levels are up-regulated while RIIβ mRNA and protein levels are decreased compared to the normal 

liver tissue(46, 48). 
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Chapter 2  PKA RIα holoenzyme structure reveals 

isoform-specific mechanism 

Here we captured in crystal structures two conformational states of the PKA RIα 

holoenzyme. These two conformations, distinguished by the presence and absence of ATP, show 

how ATP plays an essential role in allosteric regulation. Because RIα is a pseudo-substrate, ATP 

can function as a high affinity orthosteric inhibitor instead of a substrate, while cAMP serves as a 

competing allosteric activator for the RIα holoenzyme. Our structures, together with biochemical 

studies show how the opposing competition of two nucleotides defines a unique allosteric 

regulatory mechanism in the RIα holoenzyme. In contrast, for the RII-holoenzymes ATP is a 

substrate that actually facilitates cAMP activation/dissociation. The quaternary structures, 

mechanism for cAMP-mediated activation, and the role of ATP are thus quite distinct for RIα and 

RIIβ. Molecular dynamic (MD) simulations and biochemical assays not only shed further light on 

the extended allosteric network that leads to activation of the RIα holoenzyme but also highlight 

differences with the RIIβ holoenzyme. The N3A-N3A’ dimerization motif in the CNB-A domain 

is a unique feature of RI holoenzymes and serves as an allosteric hub for communication between 

the four CNB domains (CNB-A, CNB-B, CNB-A’ and CNB-B’). Glu200RIα, a conserved cAMP 

binding residue in the PBC, also interacts directly with the N3A-N3A’ motif in RIα holoenzymes 

but not in RIIβ holoenzymes, and this contributes directly to the allosteric mechanism for 

activation of RIα. Given that the R2C2 holoenzymes represent the relevant physiological complex 
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in vivo, these holoenzyme structures provide fundamental new insights into isoform-specific 

cAMP signaling in cells and reveal the potential role of PKA as an energy sensor. 

2.1 RIα holoenzyme structures are captured in two distinct states 

The RIα holoenzyme structure solved at 3.55Å (Table 2-1), captured two distinct 

conformations of holoenzyme in the asymmetric unit (Figure 2-1A-C). Each conformation of RIα 

holoenzyme is composed of one RIα dimer and two C-subunits. Although in both holoenzymes 

the full-length proteins are present in the crystal, based on SDS-PAGE (Figure 2-1D), the D/D 

domain and part of N-linker are not visible in the electron density map, most likely because the N-

linker is flexible. Both holoenzyme conformations have the same R-C interface that was also 

defined previously in the crystal structure of (D1-91)RIα(Arg333RIαLys):C which represents an 

R:C complex with a truncated RIa(16). 
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Figure 2-1. Crystal structure of the RIα holoenzyme. (A) Asymmetric unit. (B) Crystal packing. (C) Crystal. 
(D) Silver stained of crystals. 
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Table 2-1. Crystallography data collection, refinement and validation statistics. 

 

  

Structure: RIα2C2 
 
Data collection 

 

Space group    P212121 
Cell dimensions  
  a, b, c (Å) 139.8, 184.8, 183.4 
  α, β, γ (°) 90, 90, 90 
No. molecules per ASU 2 
Resolution (Å) 50.0-3.55 

(3.63-3.55) 
Rmerge 0.126 (0.49) 
I/sigma 7.6 (1.7) 
Completeness (%) 87.0 (80.7) 
No. reflections 58,193 
 
Refinement 

 

PDB code 6NO7 
Resolution (Å) 50.0-3.55 
Rwork/Rfree (%) 25.6/26.9 
RMSD  
  Bond lengths (Å) 0.013 
  Bond angles (°) 2.0 
Ramachandra angles (%)  
  Favored 95.1 
  Disallowed 0 
Twin operator -h, l, k 
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In the full-length holoenzyme structures described here (Figure 2-2A), new holoenzyme 

interfaces are revealed. Although both structures are formed by two RIα:C complexes with the two 

CNB domains (CNB-A/CNB-B and CNB-A’/CNB-B’) facing each other in an anti-parallel 

orientation, the two conformations nevertheless have distinct differences in this interface between 

the two R-subunits. In Molecule A, the N3A-motif/N3A’-motif interaction (N3A-N3A’) four helix 

bundle nucleates the dimer interface, and this is the dominate feature that we observed earlier in 

the RIα dimer (Figure 2-2B). The other conformation, Molecule B, has a smaller interface which 

is mediated by the interactions of αN-helix/αN’-helix (αN-αN’) (Figure 2-2C). 
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Figure 2-2. Crystal structure of two RIα holoenzyme conformations. (A) Domain diagram. (B) Structure of 
Molecule A. (C) Structure of Molecule B. 
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2.2 Role of ATP/Mg2+ in the holoenzyme conformation 

The C-subunits in both holoenzyme structures all show ‘closed’ conformations. In 

Molecule A, each C-subunit is bound to ATP/Mg2+ and the inhibitory sequence of RIα, while ATP 

and Mg2+ are missing in Molecule B (Figure 2-3). The hydrodynamic radius (RH), radius of 

gyration (Rg), and maximum dimension (Dmax) of both holoenzyme structures were determined 

using size-exclusion chromatography and Small-Angle X-ray Scattering (SAXS) (Figure 2-4 and 

Figure 2-5)(49). To mimic Molecule A in solution, the holoenzyme was formed in the presence of 

excess ATP (‘ATP-bound’ state). When holoenzyme was formed in the absence of ATP under the 

same conditions, a reduction in the relative amount of holoenzyme (‘ATP-off’ state) was observed, 

indicating that ATP plays a key role in formation of the RIα2C2 complex (Figure 2-5A). 
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Figure 2-3. Density map of ATP binding site of the RIα holoenzyme. (A) 2Fo-Fc at density map of ATP site at 
0.9σ level in Structure A. (B) 2Fo-Fc density map at 0.9σ level of ATP site in Structure B. 
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Based on these two chromatography profiles, two distinct holoenzyme complexes were 

observed. Molecule A in the presence of ATP eluted first, suggesting that the conformation of 

Molecule B is more compact. The hydrodynamic radius confirms that the ‘ATP-bound’ Molecule 

A is more elongated (RH = 55.39Å), while the ‘ATP-off’ Molecule B is more compact (RH = 

48.15Å) (Figure 2-4). Structures A and B have Perrin Shape factors of 1.53 and 1.33, respectively, 

indicating that both have ‘oblate’ shapes, which is consistent with the crystal structures. The 

calculated dimensions of Molecule A are 145.1 ´ 89.5 ´ 65.2 Å, versus 140.1 ´ 80.3 ´ 71.1 Å for 

Molecule B (Figure 2-2B and C). 
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Figure 2-4. Hydrodynamic radius analysis of two RIα holoenzyme conformations. (A) Standard curve of 
molecular weight. (B) Standard curve of hydrodynamic radius. (C) Gel filtration profile of RIα holoenzyme in 
the presence and absence of ATP. (D) The hydrodynamic radius of RIα holoenzyme in the presence and absence 
of ATP. 
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Similar results were observed with SAXS where RIα holoenzyme scattering profiles were 

measured in the absence and presence of ATP (Figure 2-5B). Holoenzyme in the presence of ATP 

is slightly larger (Rg = 52.08Å, Dmax = 160Å, and Porod volume = 269000Å3), based on pair-

distance distribution functions P(r), than the apo holoenzyme (Rg = 51.18Å, Dmax = 154Å, Porod 

volume = 260000Å3). Similar Rg values can also be obtained from Guinier analysis (Rg = 52.39Å 

and Rg = 48.94Å for Molecule A and Molecule B, respectively). The SAXS analyses are consistent 

with the hydrodynamic radius and theoretical Rg calculations based on the crystal structures. Both 

crystal and solution state structures thus confirm that ATP induces a conformational change in the 

RIα holoenzyme (Figure 2-5C), and that ATP specifically promotes a more extended conformation. 

The importance of ATP and Mg2+ ions has been discussed in prior studies. The ATP dissociation 

rate, for example, is in the same time range as R-C dissociation (13, 50), indicating that these two 

processes are probably linked. In the absence of ATP, the R-C dissociation rate is significantly 

reduced. However, the detailed mechanism and the exact role of ATP for RIα holoenzyme 

homeostasis is not yet clear. 
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Figure 2-5. The RIα holoenzyme has different conformations in the presence and absence of ATP. (A) Gel 
filtration profile of RIα holoenzyme in the presence and absence of ATP. (B) SAXS analysis of RIα holoenzyme 
in the presence and absence of ATP. (C) Different conformation of RIα holoenzymes in the presence and 
absence of ATP. 
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2.3 ATP regulation of the RIα holoenzyme 

To further understand the allosteric features of how ATP regulates the conformational state 

and cAMP activation of the RIα holoenzyme, a fluorescence polarization (FP) assay was used to 

determine the role of ATP in cAMP-mediated dissociation and holoenzyme formation. By titrating 

a fluorophore-labeled C-subunit with RIα, the ratio of holoenzyme formation can be determined 

from the FP changes. R-C association was measured under apo conditions or in the presence of 

ADP or ATP. RIα showed strong binding with C-subunit in the presence of ADP or ATP (EC50 = 

4.6 or 5.0 nM), in contrast to holoenzyme formed in the absence of nucleotide (EC50 = 12.5 nM) 

(Figure 2-6A and E). Although this assay is sufficient to show that interactions of the subunits are 

reduced in the absence of nucleotide, due to the limits of detection (5 nM), this assay cannot 

discriminate between the actual dissociation constants (Kd) in the presence of ADP vs. ATP. Both 

our results and previous studies indicate that ATP influences RIα holoenzyme formation(13) 

Nucleotide also plays a significant role in cAMP-mediated holoenzyme dissociation. 

Starting from 100% inactive holoenzyme, cAMP was titrated in under apo conditions or in the 

presence of ADP or ATP. RIα holoenzyme is less sensitive to cAMP in the presence of ATP; the 

holoenzyme is easier to dissociate by the trigger of cAMP when there is no ATP or ADP present 

(Figure 2-6B and E). Interestingly, even though the R- and C-subunit in the holoenzyme show 

strong affinity in the presence of ADP, the RIα holoenzyme also has low tolerance to cAMP in the 

presence of ADP. It is ATP and two Mg2+ ions that specifically facilitates RIα holoenzyme 

formation and stabilizes its holoenzyme complex to have a higher threshold for cAMP activation. 

This also supports earlier Biacore measurements that show a significant difference between ATP 

and ADP as well as the importance of the second metal ion(51). 
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Our functional studies indicate that that Molecule B (‘ATP-off’ state) represents a 

conformation that is easier to be activated with cAMP while Molecule A (‘ATP-bound’ state) has 

a higher threshold for activation by cAMP. Thus, both nucleotides, ATP and cAMP, can contribute 

to regulation cAMP-mediated dissociation of the RIα holoenzyme.  
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Figure 2-6. Isoform-specific allostery. (A) In RIα, ATP facilitates RIα-C binding. (B) RIα holoenzyme is less 
sensitive to cAMP when there is ATP. (C) ATP destabilizes RIIβ-C binding. (D) In the presence of ATP, RIIβ 
holoenzyme is easier to activate with cAMP. (E) ATP has isoform-specific effect on RIα and RIIβ. 
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2.4 ATP regulation of PKA holoenzymes is isoform-specific 

ATP plays a different role in regulation of the RIIβ holoenzyme. In addition to being an 

inhibitor of the C-subunit activity, RIIβ is also a single-turn-over substrate since in the RIIβ 

holoenzyme the P-site in the inhibitory sequence is phosphorylated when ATP is present (24). 

Using FP assay the RIIβ holoenzyme displayed weaker affinity in the presence ATP (EC50 = 10 

nM), compared to in the apo and ADP conditions (EC50 ~ 5nM) (Figure 2-6C and E). This is 

opposite to the RIα holoenzyme and indicates that affinity is modulated by phosphorylation of the 

substrate site. Considering the FP assay’s detection limit is, the difference in Kd in the absence of 

ATP is likely to be at least an order of magnitude (0.6 nM vs. 5 nM) for the full-length protein(52). 

In cAMP activation assays, the RIIβ holoenzyme is less sensitive to cAMP in the presence of ADP 

or apo conditions (EC50 ~ 200 nM); while dissociation is more readily triggered by cAMP in the 

presence of ATP (EC50 = 94 nM) (Figure 2-6D and E). ATP thus primes the RIIβ holoenzyme for 

cAMP-mediated dissociation by phosphorylation of the substrate site in contrast to the stabilizing 

effects of ATP on the RIα holoenzyme. 

In contrast to RIα holoenzyme, size-exclusion chromatography showed that all RIIβ 

holoenzymes eluted at the same elution volume; there are no ATP dependent conformational 

changes and ATP is not required to form a stable RIIβ holoenzyme complex (Figure 2-7A). 

Previous crystal structures also have shown similar results, apo RIIβ2C2 (PDB 3TNP) and ADP-

bound/phosphorylated RIIβ2C2 (PDB 3TNQ) have essentially the same quaternary structures 

(Figure 2-7B) (22). ATP thus plays a critical role in both RIα and RIIβ, yet the effects are different. 
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Figure 2-7. ATP has no effect on the RIIβ holoenzyme conformational changes. (A) RIIβ holoenzymes have 
similar hydrodynamic radius in the presence and absence of ATP. (B) Apo form and phosphorylated/ADP 
bound form of RIIβ holoenzyme have similar conformations. 
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2.5 The two conformations of the RIα holoenzyme show different subunit 

dynamics 

2.5.1 C-subunit 

To further investigate the dynamic differences between the two RIα holoenzyme 

conformations, 500ns MD simulations were carried out (Fig. S7, A and B). The C-subunits in each 

conformation have different propensities to stay in open and/or closed states. Kinases’ open and 

closed conformations represent their substrate recognition and release states. Here, the closed, 

intermediate, and open conformations are defined by the distance of the a-carbon from Lys72C on 

the β3-strand to Ala223C on the αF-helix (Figure 2-8A)(53-55). The Lys72C-Ala223C distance of 

each C-subunit in the two holoenzymes were determined throughout the trajectories. In Molecule 

A, which has the N3A-N3A’ interface, both C-subunits remained stable with low fluctuation 

(Standard deviation (S.D.) = 0.404 and 0.426Å) (Figure 2-8B). In contrast, the distance of Lys72C-

Ala223C in each C-subunit of Molecule B showed significantly greater fluctuations (S.D. = 0.961 

and 0.711Å), suggesting that the C-subunits are more dynamic, and that the open state is more 

accessible (Figure 2-8C). The higher flexibility of C-subunits in Molecule B further validates the 

experimentally observed weaker binding with the inhibitory site of the R-subunit in the absence of 

ATP. 
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Figure 2-8. Two RIα holoenzyme conformations have distinct C-subunit dynamics. (A) Closed, intermediate 
and open states of PKA C-subunit. (B) The distance between K72C-A223C remain stable in Molecule A. (C) In 
the absence of ATP, the distance between K72C-A223C are flexible in Molecule B. 
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2.5.2 R-subunit 

R-subunit dynamics are important for holoenzyme activation, as highlighted by the 

extended aB/C/N-helix in the holoenzyme in contrast to the kinked helices in the cAMP-bound 

R-subunits. Several studies have characterized the dynamic features of the aB/C/N-helix including 

a ‘flipped-back’ model for PKA activation (56-58). The thermodynamic properties of the two CNB 

domains are critically intertwined and sensitive to ligand binding as well as mutation of the 

neighbor (59). Both mutagenesis and simulations have shown that the helical propensity of the 

aB/C/N-helix correlates with R-C dissociation in the (D1-91)RIα:C complex(60). The ‘flip-back’ 

model of the R-C complex, which has been observed in long MD simulations, also highlights the 

dynamic properties of the aB/C/N-helix and the CNB domains for PKA activation(61). 

The R-subunits in each structure also show distinct dynamic features. Although the 

extended aB/C/N-helix is strengthened by the RC:R’C’ interface in our structures, and we did not 

observe a ‘flip-back’ conformation in the simulation, different aB/C/N-helix dynamics were 

observed in the two conformations. In Molecule A, the R-subunits are stable, and their aB/C/N-

helices remain 100% helical throughout the simulation, which likely keeps the holoenzyme in an 

inactive ‘locked-state’ (Figure 2-9A and B). However, one of the aB/C/N-helices in the Molecule 

B simulations shows partial unwinding indicating the aB/C/N-helix is more flexible (Figure 2-9C 

and D). For this reason, we think that Molecule B can be considered as an intermediate state, which 

can be activated more readily by cAMP. 
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Figure 2-9. Two RIα holoenzyme conformations have distinct aB/C/N-helix dynamics. (A) aB/C/N-helix in 
Molecule A. (B) Helicity of aB/C/N-helix in Molecule A. (C) aB/C/N-helix in Molecule B. (D) Helicity of 
aB/C/N-helix in Molecule B. One of the protomer reveals lower helicity.  



 

37 

The holoenzyme interface in Molecule B not only shows a lower proportion of helicity of 

the aB/C/N-helix, but also contributes to the CNB domain dynamics. To examine the dynamic of 

features of the CNB domains, differences in the inter-chain CNB domain positions were 

represented by measuring the distance from the a-carbon of Arg209RIα to the neighboring 

Arg333RIα’ in the other protomer (R209RIα -R333RIα’/ R333RIα -R209RIα’). Residues Arg209RIα and 

Arg333RIα have been identified as crucial amino acids for cAMP binding, and we use them here to 

represent the core of the CNB-A and CNB-B domains, respectively(15). In Molecule A, the 

distance between the two domains remains stable throughout the simulation with an S.D. = 3.22 

and 2.43Å (Figure 2-10A and B). The distance fluctuation in Molecule B (S.D. = 4.61 and 3.97Å) 

is larger than in Molecule A, indicating the positions of CNB domains are more dynamic in 

Molecule B (Figure 2-10C and D). Taken together, the conformation specific dynamic and 

biochemical properties support the conclusion that Molecule A is in a fully inhibited more ‘locked-

state’, while Molecule B can be considered to be an intermediate structure that can be activated 

more readily by cAMP. 
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Figure 2-10. Molecule A and B have distinct R-subunit dynamics. (A) The distance between R209-R333’ remain 
stable in Molecule A. (B) In Molecule B, the distance between R209-R333’ changes dramatically. 
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2.6 Gly235 in RIα serves as pivot point for PKA activation 

A main feature that distinguishes cAMP bound R-subunits (B-form) from the holoenzyme 

(H-form) is the aB/C/N-helix. In the holoenzyme, the αB- and αC-helices from CNB-A form a 

long contiguous helix with the αN-helix from CNB-B whereas in the cAMP-bound B-form, the 

aB/C/N-helix is split into three separated segments. Gly235RIα lies at the junction between the αB- 

and αC-helix and serves as the pivot point for the transition from the B- to H-Form (17, 62). The 

strong helix propensity of the region corresponding to the αC/N-helix is also a unique feature of 

RIa. To study the effect of the contiguous aB/C/N-helix, Gly235RIα was mutated to Ala/Leu/Pro. 

While the effects of the Leu and Ala mutations were negligible, the inhibitory effect of RIα was 

abolished by introducing the helix-disrupting proline mutation (Gly235RIαPro) (Figure 2-11A and 

B). Even though this mutant can still form complex with C-subunit, it presumably cannot form a 

contiguous helix and catalytic activity is no longer inhibited (Figure 2-11C and D). These results 

suggest that an extended aB/C/N-helix is critical for inhibition of the catalytic activity. Once the 

extended aB/C/N-helix is disrupted, holoenzyme is much easier to activate while the inhibitory 

potential is reduced. 
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Figure 2-11. G235 is important for PKA RIα holoenzyme activation. (A) & (B) cAMP activation. (1-91Δ)RIα 
(Black square), (1-91Δ)RIα G235P (blue diamond), (1-91Δ)RIα G235A (red triangle), (1-91Δ)RIα G235L (green 
inverted triangle) (C) & (D) Kinase activity inhibition. (1-91Δ)RIα (Black square), (1-91Δ)RIα G235P (green 
diamond). 
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2.6.1 The N3A-N3A’ motif nucleates the R:C/R’:C’ interface in Molecule A 

Molecule A features an N3A-N3A’ interface similar to what was described earlier in the 

RIα homodimer(17), and this was also seen in a recent holoenzyme structure with a cancer driving 

fusion protein of the C-subunit(63). Hydrophobic and hydrogen bonding interactions both 

contribute to the N3A-N3A’ interface. The N3A-motif in each RIα protomer makes symmetric 

contacts with the N3A-motif in the other protomer, forming a compact 4-helix bundle. In Molecule 

A, the anti-parallel alignment of Met132RIα, Tyr120RIα, and Phe148RIα on each protomer creates a 

hydrophobic core, while the interactions of Lys121RIα to Asn142RIα’, and Ser145RIα to the main 

chain of Tyr120RIα’ form the hydrogen bond network that holds the two N3A motifs together 

(Figure 2-12A). A smaller interface that may also contribute to allosteric crosstalk in Molecule A 

lies outside of the N3A-N3A’ interface: Glu179RIα in CNB-A forms hydrogen bonds with 

Arg315RIα and Arg340RIα in CNB-B’ from the other protomer (Figure 2-12A). 

2.6.2 Molecule B shows an αN-αN’ interface 

Molecule B has a distinct αN-αN’ interface. Compared to Molecule A, the interactions are 

solely between αN- and αN’-helix (Figure 2-12B); the αA-helix is not involved. In Molecule B, 

Lys121RIα forms a hydrogen bond with Thr122’ on the other protomer. Moreover, the pairwise 

Tyr120RIα /Tyr120RIα’ hydrophobic interaction is broken and instead forms a smaller hydrophobic 

core together with Ala124RIα, and Ala125RIα between the αN-αN’ interface. Lys128RIα and 

Lys121RIα form hydrogen bonds with Tyr120RIα and Thr122RIα/Tyr176RIα on the other protomer, 

respectively. 
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Figure 2-12. Holoenzyme interface of in two conformations of (A) Molecule A has N3A-N3A’ interface. (B) 
Molecule B has αN-αN’ interface. 
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2.7 N3A motifs are isoform-specific. 

2.7.1 Sequence differences. 

Although all four R-subunit isoforms share the same domain organizations, their 

quaternary structures are distinct(22), and sequence alignment show that the critical residues for 

forming the N3A-N3A’ interfaces are RI specific (Figure 2-13A and B). The sequence of the N3A-

motif in RI was analyzed across more than 130 different species, and residues involved in the 

N3A-N3A’ interface, such as Tyr120RIα, Met132RIα, and Phe148RIα for hydrophobic interactions 

and Lys121RIα, Asn142RIα, and Ser145RIα for the hydrogen bonding network, are conserved across 

nearly all species (Figure 2-13A). Interestingly, from our sampling the conserved sequences in the 

N3A-motif of RI are only convergent in coelomates (Figure 2-13A). Other species, such as C. 

elegans and S. cerevisiae, do not have a conserved sequence in the αN- or αA-helix, but they can 

be phosphorylated on their inhibitor site (P-site). Based on our sequence analysis and the structure 

they are more RI-like; thus they appear to be somewhat of a hybrid (64). Since N3A-N3A’ is the 

main interface in RIα, it is possible that higher species require a more complex system for allosteric 

regulation. The N3A-motif in RII-subunits also share similar sequences across most of the species, 

but they are different from RI-subunits and they lack the residues necessary for forming the N3A-

N3A’ interface (Figure 2-13B). This can explain why the RIIβ holoenzyme has a different 

quaternary structure where the N3A-motifs are solvent exposed(22), potentially providing a 

docking site for an as yet unknown protein partner. The highly conserved N3A motif sequences 

within but not between type I and type II R-subunits demonstrates another isoform-specific feature 

of the PKA holoenzyme structures. 
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Figure 2-13. The N3A motif is highly conserved in different species. (A) The N3A motif in RI is highly 
conserved. (B) RI and RII have distinct conserved N3A motifs. 
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2.7.2 310-loop. 

In addition to residues in the aN- and aA-helices, the sequences in the 310-loop that 

connects the αA-helix to the αN-helix is also highly conserved across species. However, this loop 

that also contributes to the R-C interface is different in RI and RII. In the RIα holoenzyme, the 

hydrophobic residues in the 310-loop, Val134RIα, Leu135RIα, Phe136RIα, and His138RIα, interact 

with other hydrophobic residues from the aB/C/N-helix in CNB-A and the αG-helix in the C-

subunit forming a ternary motif interface (Figure 2-14A)(18). Even though hydrophobic 

interactions can also be observed in the RIIβ holoenzyme (Figure 2-14B), Lys154RIIβ and 

Asn155RIIβ in the 310-loop of RIIβ form water-mediated hydrogen bonds between the ternary motif 

interface. This solvent accessible interface would be weaker than the strongly hydrophobic 

interactions that dominate the RIα holoenzyme. 
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Figure 2-14. Isoform specific R-C interface. (A) E200 forms hydrogen bond with N133 in RIα. (B) E221 is 
solvent exposed in RIIβ. 
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2.8 Role of Glu200 

In the RIα holoenzyme, Asn133RIα in the aN-helix forms a hydrogen bond with Glu200RIα 

in the PBC of CNB-A (Figure 2-14A). Glu200RIα is essential for cAMP binding (62, 65) and is 

conserved in all PKA R-subunits while Asn133RIα is only conserved in RI-subunits. The same 

hydrogen bond is found in both the RIβ holoenzyme and (D1-91)RIα:C structures; however, there 

is no hydrogen bond between the PBC of CNB-A and the 310-loop in RII. The equivalent positions 

of Asn133RIα and Glu200RIα in RIIβ are Ile150RIIβ and Glu221RIIβ, respectively. While Glu221RIIβ 

is still important for binding to cAMP, it cannot hydrogen bond to Ile150RIIβ, and instead is solvent 

exposed in the holoenzyme (Figure 2-14B); there is no direct link between the 310-loop and the 

PBC. Ile150RIIβ, Glu221RIIβ, Lys154RIIβ, and Asn155RIIβ are conserved in all RII- subunits. 

Glu221RIIβ is also solvent exposed in the (D1-89)RIIα:C structure. The sequence differences 

between isoforms thus not only explain the distinct quaternary structures, but also highlight 

different allosteric crosstalk mechanisms between the N3A-motif, the C-subunit, and the CNB-

A/CNB-B domains. 

2.9 N3A-N3A’ is a central hub for allosteric regulation of the RI 

holoenzyme 

The N3A-N3A’ interface forms a crosstalk network and serves as a central hub for 

mediating allosteric communication in both the RIα holoenzyme and RIα dimer. The N3A-motif 

interacts with several other motifs and links all them together. The residues on the αN-helix and 

αA-helix are essential to form the N3A-N3A’ interface and bring the two protomers together. The 

310-loop is also the crucial motif for interacting with both the aB/C/N-helix and the C-subunit(16). 
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Finally and perhaps the most importantly, in RIα the 310-loop also anchors directly to the PBC in 

the CNB-A domain and thus is a sensor for cAMP binding (Figure 2-15A). Our structures reveal 

that the other protomer can also be influenced through interactions of the N3A-N3A’ motifs. The 

multi-domain crosstalk network nucleated by the N3A-N3A’ interface is thus a central hub that 

provides a mechanistic model for the tightly regulated PKA RIα holoenzyme system. 
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Figure 2-15. N3A-N3A' motif serves as central hub. (A) N3A-N3A’ motif severs as central hub for cAMP 
activation. (B) N3A-N3A’ motif primes the allosteric regulation in RIα. (C) RIIβ has distinct allosteric network. 
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2.10 Discussion 

Our crystal structures of the RIα holoenzyme in the presence and absence of ATP reveal 

an ATP-dependent allosteric mechanism that is isoform specific. The role of ATP as an orthosteric 

inhibitor that controls the conformation of the RIa holoenzyme is supported by biochemical and 

SAXS data. ATP is an essential cofactor for all kinases serving as a substrate that donates its g-

phosphate either to water or to a protein substrate. However, because both RIa and PKI are pseudo-

substrates, ATP plays a different role; it is an orthosteric inhibitor.  While pseudo-kinases have 

been highlighted recently, less attention has been devoted to pseudo-substrates. In the RIa 

holoenzyme there is a competition between two nucleotides, cAMP and ATP, that allosterically 

controls the activity of the C-subunits that are tethered to the RIa dimer. 

Our holoenzyme structures also highlight the unique importance of the N3A-mediated 

dimer motif in CNB-A. The four helix bundle created by the N3A-N3A’ node nucleates a major 

interface between the two R:C heterodimers, and this serves as a finely-regulated central hub not 

only for the RIa dimer but also for the RIa holoenzyme(17). While RIα interacts with the C-

subunit to form a high affinity RIα:C complex, this RIα:C complex does not allow us to appreciate 

the full extent of allosteric activation that is embedded in the tetrameric holoenzyme. The N3A-

N3A’ interaction introduces a direct R:C/R’:C’ pathway that allows the CNB-A domain to 

communicate not only with its own CNB-B domain, but also directly with the CNB-B’ domain. 

This helps to explain why the full allosteric potential for cAMP-mediated activation with a high 

cooperativity (Hill coefficient  1.3-1.5) is achieved only in the holoenzyme, but not in the R:C 

heterodimer where the Hill coefficient is only around 1.1(13). Our further dissection of this 

allosteric node also shows how Glu200RIa, a residue that is essential for binding to cAMP in the 
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PBC, also contributes directly to the N3A-N3A’ crosstalk in RIa but not in RIIβ, and this is another 

key difference between the two holoenzymes. The allosteric implications of this node are discussed 

below and then the differences between the RIa and RIIβ holoenzymes. 

2.10.1 N3A-motifs 

The idea that N3A-N3A’ serves as central hub and can pass activation signals to different 

domains now reveals new levels of domain crosstalk in the RIα holoenzyme. This crosstalk 

network of four CNB domains underlines how finely regulated the RIα system is, and helps to 

explain the high cAMP activation cooperativity of RIα. Two interacting residues, Arg241RI and 

Asp267RI, have been shown previously to be important for allosteric activation of PKA. Arg241RIa 

in the αB-helix in CNB-A interacts directly with Asp267RIa at the end of the αAB-helix in CNB-B 

(Figure 2-15B)(66), and this node (Arg241RIa -Asp267RIa) that links CNB-A to CNB-B is 

universally conserved in all holoenzymes and in all cAMP bound conformations (Figure 2-15B 

and C). The exception is the ACRDYS mutant of RIα holoenzyme, where residues 366-379 are 

deleted, in the case Asp267RIa is ordered differently(66). The two key residues for binding to 

cAMP in the PBC are Arg209RIa and Glu200RIa in CNB-A, and these are also conserved in all of 

the CNB domains. Each bound cAMP also has a hydrophobic capping residue, and this is not only 

different for CNB-A and CNB-B but is also different in RI- and RII-subunits(67). For cAMP 

bound to the RIα CNB-A, the capping residue is Trp260RIa, which also lies in the αAB-Helix. 

Another residue in the αAB-Helix is Glu261RIa, which is anchored to Arg366RIa in the αC-Helix 

of CNB-B in the holoenzyme. These electrostatic interactions are conserved in all PKA 

holoenzymes and in the R:C complexes (Figure 2-15B and C). If we now consider the N3A-N3A’ 

node, we see an additional interaction that is RIα specific. Asn133RIa in the 310-loop of the N3A 
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motif in RIα interacts with Glu200RIa in the PBC of CNB-A’, and this link is missing in the RIIβ 

holoenzyme where both Arg230RIIβ and Glu221RIIβ are solvent exposed (Figure 2-15C). Each N3A 

motif in RIα is thus linked directly to its own PBC as well as to the N3A’ motif. What are the 

consequences for allosteric activation and how do the CNC disease mutations emphasize the 

importance of these contacts? 

2.10.2 Allosteric regulation 

Although Glu200RIa/Glu221RIIβ both contribute directly to cAMP binding in CNB-A, they 

play different allosteric roles in the cAMP-bound B-Form in RIα and RIIβ (Figure 2-15B and C). 

In RIα, Glu200RIa nucleates an extended allosteric node that involves Arg241RIa, Asp267RIa, and 

cAMP, and this node is stabilized by the capping residue Trp260RIa.  In the B-form of RIIβ, 

Glu221RIIβ interacts only with cAMP, while the capping residue (Arg262RIIβ), which in this case is 

in the αB-helix of CNB-B and still anchored to Asp288RIIβ, now interacts with Tyr226RIIβ in the 

PBC of CNB-A.  This shows how specific residues can multi-task and also highlights how a few 

amino acids can completely change allosteric signaling and domain interactions. 

2.10.3 Disease mutations 

Disease mutations associated with CNC (Arg144RIαSer and Ser145RIαGly) as well as 

critical residues in the N3A-N3A’ interface (Lys121RIαAla and Tyr120RIαAla) further highlight the 

physiological and allosteric importance of this node, which is unique to RI holoenzymes.  

Tyr120RIα and Lys121RIα anchor the N-terminus of the aN-helix to the C-terminus of the aA’-

helix, and mutation of either residues almost completely abolishes all cooperativity (Hill 

Coefficient = 1-1.1 vs 1.75 in wild-type)(17). CNC mutations in the aA-helix (Arg144RIαSer and 

Ser145RIαGly) that flank the hydrophobic interface between aA- and aA’-helix reduce the Hill 
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Coefficient to 1.45. These will likely weaken the hydrophobic interface while mutation of 

Lys121RIα will break the dimer. Based on SAXS, these mutations also effect the shape of the RIa 

dimers; both types of mutation create a more extended conformation that resembles the RII 

dimer(17). Tyr120RIαAla, which abolishes cooperativity, is the most extended while the 

Ser145RIαGly dimer is intermediate. We predict that these mutations will also likely influence the 

compact vs. extended conformation of the RIa holoenzyme as they do for the RIa dimer. 

2.10.4 Holoenzyme allostery 

Our holoenzymes show how an additional level of crosstalk can occur through CNB-B and 

CNB-A’, and this is highly significant because previous studies established that the first cAMP 

that binds to the RIα holoenzyme binds to the CNB-B domain(15, 19). With our structure we can 

see how binding to the CNB-B domain will not only communicate a signal to its own CNB-A 

domain through the aB/C/N-helix, but will also give an immediate signal to the opposite CNB-A’ 

domain. Our structure of the apo holoenzyme shows furthermore how the removal of ATP 

dramatically changes the dynamic portrait of the holoenzyme poising it for activation/dissociation. 

Weakening of the specific CNB-B:CNB-A’ interface will likely be the first step in the signaling 

process following binding of cAMP to CNB-B which will essentially release Glu200RIα from the 

N3A-N3A’ interface. Can this lead to activation of the C’-subunit, or at least release of the inhibitor 

site that blocks substrate binding to the C’-subunit, by a mechanism that will not require 

dissociation of the holoenzyme? This is a future challenge. If the holoenzyme is tethered in close 

proximity to the tail of a receptor or channel or transporter that contains the site of PKA 

phosphorylation then all that would be required is that the peptide harboring the phosphorylation 

site has access to the active site cleft of one C-subunit. While the first step following cAMP binding 

would be transmitted to CNB-A’, subsequent steps leading to the actual dissociation of the R- and 
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C-subunits would involve signaling to the aB/C/N-helix which would need to bend. The extended 

aB/C/N-helix is well protected in this holoenzyme complex. This model for communication 

between CNB-B and CNB-A’ would also provide an explanation for why the point mutations 

associated with ACRDYS and CNC diseases are dominant. It also suggests that there is an inherent 

asymmetry in the signaling process. 

2.10.5 Isoform-specific allostery 

The RIα and RIIβ holoenzymes have distinct quaternary structures (Figure 2-16A and B). 

In both of our RIα holoenzymes and the RIα dimer, the interacting N3A-N3A’ motifs are the 

dominant feature of the protein interface (Figure 2-16A and C). In contrast, in RIIβ holoenzymes, 

the N3A domains are exposed to solvent and do not contribute to the major interface between RC 

and R’C’ (Figure 2-16B and D). Instead in the RIIβ holoenzyme structure, the major holoenzyme 

interface is based on the interaction of the β4-β5 loop in the CNB-A domain of RIIβ with the 

adjacent C’-subunit(22). 

The two RIα holoenzyme structures allow us to appreciate not only how cAMP controls 

PKA activation, but also how ATP serves as an allosteric co-factor, and this is in striking contrast 

to the RIIβ holoenzyme. Even though all PKA R-subunit isoforms share the same domain 

organization, the role that is played by ATP is fundamentally different (Figure 2-16E). In the RIα 

holoenzyme, ATP induces a more extended conformation and enhances the affinity of the R- and 

C-subunits (<0.05 nM in the presence of ATP, and 125 nM in the absence of ATP)(13). In addition, 

the ATP-bound conformation (Molecule A) is more stable and more resistant to activation by 

cAMP. These two nucleotides, ATP and cAMP, thus are competing in the RIα holoenzyme. ATP 

serves as an orthosteric inhibitor that blocks access of the protein substrate to the active site, while 

cAMP docking to the CNB domains of the R-subunit facilitates activation by releasing the 
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inhibitory sequence (Figure 2-16A). In the RIIβ holoenzyme, ATP has a different role. The 

dimensions of the RIIβ holoenzyme are the same in the presence and absence of ATP, and ATP is 

not required to form a stable complex(22). For the RIIβ holoenzyme, ATP is a substrate that 

controls the phosphorylation state of the inhibitor site and enhances opening and closing of the 

active site cleft by a single-turn-over mechanism (Figure 2-16B). When the RIIβ holoenzyme is 

phosphorylated, it is easier for cAMP to release the inhibitor sequence from the active site cleft of 

the C-subunit(24). Since RIα and RIIβ localize differently and ATP concentrations vary in 

different cellular compartments, it is likely that the two holoenzymes have very distinct ATP-

dependent roles(14). The sensitivity of the RIa holoenzyme to ATP is especially relevant for 

localization to mitochondria where RIα-related signaling would be triggered by depressing the 

levels of ATP and/or Mg2+.  Elevating ATP levels could turn on RIIβ-related signaling pathways, 

while RIα-related signaling would be triggered by depressing the levels of ATP.  This also 

highlights the potential importance of the RIa holoenzyme as a stress responsive holoenzyme; it 

is not required when energy levels are high. The ATP-dependent holoenzyme activation allows 

the PKA holoenzyme to serve as an energy sensor, which is consistent with recent studies showing 

that PKA can be activated more by metabolic stress such as glucose deprivation than by cAMP 

stimulation; lowering the energy levels may be sufficient to influence PKA activation(68). Since 

the second Mg2+ ion is essential for the high affinity ATP binding to the RIα holoenzyme, we 

hypothesize that this holoenzyme can be also tightly regulated by metal homeostasis in cells(69, 

70). 
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Figure 2-16. Isoform specific quaternary structure and allostery. (A) & (C) RIα holoenzyme. (B) & (D) RIIβ 
holoenzyme. (E) R-C affinity and cAMP activation of RIα and RIIβ holoenzyme in the presence and absence 
of ATP. 
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2.10.6 Summary 

In summary, our structures together with biochemistry and simulations provide new 

insights into the biological function and complex regulation of the RIα holoenzyme. We show how 

ATP, by serving as a high affinity orthosteric inhibitor, plays a crucial role in influencing not only 

the RIα holoenzyme conformation but also its biological properties. We have also captured the 

crosstalk between the CNB and CNB’ domains and show how the N3A-N3A’ interface in CNB-

A serves as a central hub for allosteric regulation, in contrast to the RIIβ holoenzyme, where these 

N3A motifs are solvent exposed (Figure 2-16A-D). Our results together with previous studies 

further confirm that the allosteric regulation of the RIα and RIIβ holoenzymes are quite distinct 

(Figure 2-16E). In addition to localization, we can see that isoform diversity of the PKA 

holoenzymes extends to function, allostery, and quaternary structure. We can also now better 

appreciate how isoform diversity is controlled in mechanistically distinct ways by ATP. Our 

enhanced allosteric portrait of the RIα holoenzyme also lays the foundation for further tackling the 

pathogenic mechanisms that underlie diseases such as CNC and ACRDYS which highlight the 

unique importance of the RIα holoenzyme as a general sensor for stress. 
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Chapter 3  The RIα holoenzyme with DnaJB1-

PKAc 

To understand the pathological consequences of FL-HCC, we focused on the RIα and RIIβ 

holoenzyme formed with J-C and solved its structure at near atomic level resolution using X-ray 

crystallography and cryoEM single particle reconstruction respectively in the following two 

chapters. Our studies of the DnaJB1-PKAc RIα holoenzyme (RIα2J-C2) (Chapter 3) and RIIβ 

holoenzyme (RIIβ2J-C2) (Chapter 4) structures and functions provide us with a better 

understanding of FL-HCC and shed light on new potential therapeutic strategies. 

In this chapter, which is a summary of our published work(63), we show that J-C is 

inhibited by full-length RIα and capable of forming the canonical holoenzyme with activation still 

under the control of cAMP. In the structural studies of the RIα2J-C2 holoenzyme, the fused J-

domain is tucked underneath the C-lobe of the conserved kinase core (16). To explore whether the 

addition of the J-domain affects the conformational landscape of each RIα holoenzyme, we 

furthermore report on MD simulations of the chimeric and wt RIα holoenzymes. We found that 

the J-domain in RIα2J-C2 holoenzyme was dynamic and flexible. Altogether, the structural and 

dynamic description of the driver of FL-HCC provides insights for understanding the molecular 

mechanism of this disease. 

3.1 Effects of the J-domain attachment to C-subunit 

To study the effect of J-domain fusion on the C-subunit, we first characterized the 

biochemical and biophysical properties of J-C-subunit alone and compared with the wt C-subunit. 
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First, to evaluate their thermostability we used a ThermoFluor assay to determine their protein 

melting temperature (Figure 3-1 and Table 3-1). The apo form of wt C-subunit reveals a higher 

melting temperature than the J-C-subunit, indicating that the C-subunit is thermally more stable. 

We also confirmed that the PKA substrates (ATP and/or PKI peptide) can stabilize the PKA C-

subunit. After adding the PKA substrates, the melting temperature of the C-subunit increases, 

showing that the substrates can stabilize the C-subunit. The substrates also have similar effects on 

the J-C-subunit, where PKI and/or ATP can increase its thermostability; however, the fusion 

protein remains thermally less stable than the wt C-subunit after adding the PKA substrates. In 

general, the fusion protein is less stable than the wt C-subunit. 
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Figure 3-1. Melting temperature of C-subunit and J-C-subunit with peptides and ATP/Mg 

 

Table 3-1. Melting temperature of PKA C-subunit and J-C-subunit. 
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Next, we examined the binding affinity of PKA kinase substrates. By using the 

ThermoFluor assay, we are able to measure the melting points of C- and J-C-subunits with different 

amounts of ATP which allows us to determine the binding ability for ATP (Figure 3-2A and Table 

3-2). Both wt C- and J-C-subunit show similar dissociation constants for ATP. For peptide 

substrate binding, we used the PKI-derived peptide (residue 5-24), labeled with an N-terminal 

fluorophore as substrate. The fluorescence polarization increases once the proteins bind with the 

peptide forming a larger complex (Figure 3-2B and Table 3-2). Therefore, based on the 

fluorescence polarization changes, we can determine the dissociation constant (Kd). Both wt C- 

and J-C-subunit show similar dissociation constants (Kd) towards the PKI peptide. These results 

show that both C-subunit and J-C-subunit have similar binding ability toward ATP and peptide 

substrates. J-C-subunit displayed unaltered binding affinities for ATP and inhibitor peptide. 
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Figure 3-2. Substrate binding measurement of C- and J-C-subunits. (A) ATP binding. (B) PKI peptide 
binding. 

 

Table 3-2. Dissociation constants of PKA C-subunit and J-C-subunit with ATP and PKI peptide. 
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To compare the activity difference of C- and J-C-subunit, we then further measured their 

Michaelis-Menten kinetics. The fusion protein reveals a higher kcat than the wt C-subunit, whereas 

the wt C-subunit has a smaller Km value for ATP than the J-C-subunit. These results are in 

agreement with previous reports (16), the chimeric protein was thus slightly more active than its 

wt counterpart with unchanged enzymatic efficiency as shown by kcat/Km values (Figure 3-3 and 

Table 3-3), suggesting that the J-domain may affect C-subunit enzyme kinetics. 
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Figure 3-3. Michaelis-Menten Kinetics of C- and J-C-subunits. 

 

Table 3-3. Michaelis-Menten Kinetics of C- and J-C-subunits. 
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3.2 Structure of the chimeric RIα2J-C2 holoenzyme 

3.2.1 X-ray crystal structure 

The complex of the full-length RIα and J-C-subunit was formed in vitro by mixing the 

individually purified subunits followed by gel filtration. The full-length holoenzyme structure was 

determined at 3.66Å resolution (Figure 3-4 and Table 3-4). The dimensions of RIα2J-C2 

holoenzyme crystal structure are 143.7 ´ 87.7 ´ 73.8Å, similar as wt RIα2C2 holoenzyme. Each 

asymmetric unit contains one holoenzyme molecule consisting of an RIα homodimer and two 

chimeric J-C subunits, thus the chimeric holoenzyme has the same stoichiometry as the previously 

published wt holoenzymes (17). The interface between the two protomers in the chimeric 

holoenzyme, similar to wt RIα holoenzyme, contains a four-helical bundle forming an N3A-N3A’ 

interface with a two-fold rotation axis in the central of holoenzyme (Figure 3-4). The two J-C 

subunits bind at opposite sides of the holoenzyme with the two RIα-subunits forming the dimer 

interface in the middle. Similar to the wt RIα crystal structure, residues 1-91 of RIα are missing in 

the electron density; however, SDS-PAGE and silver staining confirm that the full-length RIα and 

J-C are present in the protein crystal. The absence of electron density for the D/D domain and part 

of the following N-linker is likely related to the flexible nature of this region similar to what was 

observed for the wt holoenzyme (30). 
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Figure 3-4. The RIα2J-C2 holoenzyme structure. (A) Domain diagram of RIα- and J-C-subunits. (B) Crystal 
structure. 
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Table 3-4. Crystallography data collection, refinement and validation statistics. 

 

  

Structure: RIα2J-C2 
 
Data collection 

 

Space group    P6522 
Cell dimensions  
  a, b, c (Å) 166.5, 166.5, 332.7 
  α, β, γ (°) 90, 90, 120 
No. molecules per ASU 1 
Resolution (Å) 50.0-3.66 

(3.79-3.66) 
Rmerge 0.135 (0.50) 
I/sigma 29.5 (8.7) 
Completeness (%) 100.0 (100.0) 
No. reflections 30,810 
 
Refinement 

 

PDB code 6BYR 
Resolution (Å) 50.0-3.66 
Rwork/Rfree (%) 20.0/25.0 
RMSD  
  Bond lengths (Å) 0.003 
  Bond angles (°) 0.623 
Ramachandra angles (%)  
  Favored 93.0 
  Disallowed 0 
Twin operator N/A 
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3.2.2 Small Angle X-ray Scattering 

The SAXS analyses reveal the structural and dynamic difference of RIα2J-C2 and RIα2C2 

holoenzyme in solution. Based on pair-distance distribution functions P(r), both holoenzymes have 

similar but different dimensions (Figure 3-5A, Figure 2-5B and Table 3-5). The RIα2C2 

holoenzyme has slightly smaller Rg and Dmax values (Rg = 52.08Å, Dmax = 160Å) than the RIα2J-

C2 holoenzyme (Rg = 52.59Å, Dmax = 165Å) (Figure 3-5B and Table 3-5). The Dmax values are 

consistent with our crystal structures, where the 3-dimensional organization of RIα2C2 and RIα2J-

C2 holoenzymes are similar.  This size difference is mainly due to the presence of J-domain. The 

extra molecular weight and the presence of J-domain were reflected on the larger Porod volumes 

of DnaJB1-PKAc holoenzyme (269000Å3 for RIα2C2 vs. 323000Å3 for RIα2J-C2) as well as their 

molecular weight estimations (Table 3-5). 

Similar Rg values can also be obtained from Guinier analysis (Rg = 52.39Å and Rg = 53.03Å 

for RIα2C2 and RIα2J-C2 holoenzyme, respectively) (Figure 3-5C). Based on the dimension of the 

crystal structures, the calculated Rg values for both RIα2J-C2 and RIα2C2 holoenzymes were 

determined. The calculated Rg value based on the RIα2J-C2 crystal structure is 43.48Å, which is 

slightly larger than the RIα2C2 holoenzyme (Rg = 42.35Å). Both of the Guinier and pair-distance 

distribution functions analyses are consistent with Rg values derived from the crystal structures, 

where RIα2C2 holoenzyme is smaller than RIα2J-C2 holoenzyme (Table 3-5). 

Kratky plot analyses of the RIα2J-C2 holoenzyme, similar as wt holoenzyme, showed bell-

shape peaks at low q, however neither of them converges to the q-axis at high q (Figure 3-5D). 

indicating that the complex, similar to the RIα2C2 holoenzyme, is a multi-domain protein with 

flexible regions. The results are consistent with our structures and MD simulations where we 

identified several dynamic/flexible domains as well as a flexible linker. 
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Figure 3-5. SAXS analysis of RIα2J-C2 holoenzyme. (A) P(r) function. (B) Scattering plot. (C) Guiner analysis. 
(D) Krakty plot. 
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Table 3-5. Rg and Dmax values of RIα2C2 and RIα2J-C2 holoenzymes from SAXS. 
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3.3 Comparison between chimeric RIα2J-C2 and RIα2C2 holoenzyme 

In both of the holoenzymes, the C-subunit part of the chimera is almost identical to the 

PKI-bound wt C-subunit structure (31). The only structural alteration is a more linear and extended 

aA-helix fused with the J-domain. Additionally, the J-C in the chimeric holoenzyme is 

superimposable to the previously reported (16) structure of the PKI-bound chimera, with a Cα 

atom RMSD of 0.40 Å. The fused J-domain in the chimeric holoenzyme is still tucked underneath 

the C-lobe with a contact area of ~380 Å2. The J-domain in the chimeric holoenzyme structure is 

positioned in close proximity to the CNB-B domain of the adjacent RIα subunit, with the shortest 

Cα atoms distance at ~8 Å. The dynamic J-domain and the D/D domain with the N-linker regions 

may lead to the observed larger dimension of the chimeric RIα holoenzyme in SAXS experiments 

compared to the crystal structure (Table 3-5). The RIα:J-C protomer in the chimeric holoenzyme 

is structurally similar to the previously solved RIα:C heterodimers (17). 

Besides the structural comparison, we also compared cAMP activation of the holoenzyme 

formed with J-C to holoenzyme formed with wt C-subunit. Holoenzyme formed with the fusion 

protein has similar cAMP activation properties as wt holoenzyme (EC50 = 29.86nM for C-subunit 

vs. EC50 = 30.37nM for J-C-subunit) (Figure 3-6). The EC50 and the cooperativity for cAMP 

activation are similar for both RIα2J-C2 and RIα2C2 holoenzyme. 
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Figure 3-6. Both RIα2C2 and RIα2J-C2 holoenzymes have similar cAMP sensitivity. 
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3.4 Dynamics 

The MD simulation of RIα2J-C2 holoenzyme reveals a highly dynamic J-domain. Previous 

MD simulations and NMR studies of J-C-subunit alone also identified the dynamic feature of the 

J-domain(71). The J-domains in the holoenzyme remain flexible and assume several 

conformations in the simulations. According to the relative position of the J-domain in the 

holoenzyme, we could identify J-domain-In and J-domain-Out conformations. In the J-domain-In 

conformation the J-domain faces the holoenzyme core, whereas the J-domain flips out from the 

holoenzyme core to form J-domain-Out conformation. 

In addition to the MD simulations, the structural analysis of RIα2J-C2 holoenzyme also 

reveals the flexible feature of J-domain(63). The J-domain in the chimeric holoenzyme has higher 

temperature factors (B-factor) than the rest of the holoenzyme, suggesting that it retains a high 

degree of flexibility in the holoenzyme similar to its PKI-bound state in solution based on NMR 

experiments (29) (Figure 3-7). This analysis is consistent with computational data, where the J-

domain was flexible in the simulations. 

Moreover, the J-domain can also affect the whole holoenzyme dynamics. Comparing the 

temperature factors of three holoenzymes, RIα2J-C2, RIα2C2 Molecule A, and RIα2C2 Molecule B, 

it is clear that not only different conformations have distinct holoenzyme dynamics, but also the 

presence of J-domain can affect the whole holoenzyme. Our temperature factor analysis shows the 

dynamic regions in RIα2J-C2 and RIα2C2 Molecule A are distinct. The high dynamic J-domain 

primes the flexibility of other motifs and domains in the other parts of holoenzymes. 
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Figure 3-7. Different holoenzymes have different dynamics. (A) Temperature factor of the RIα2J-C2 
holoenzyme crystal structure. (B) Temperature factor of the RIα2C2 Molecule A holoenzyme crystal structure. 
(C) Temperature factor of RIα2C2 Molecule B holoenzyme crystal structure. 
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3.5 Discussion 

The oncogenic J-C has been crystallized here in one of its most important physiological states 

where it is associated in a holoenzyme complex with the RIα-subunit. The identification of 

different conformational states for both wt and chimeric RIα holoenzymes may guide the 

development of drugs that selectively target not only the J-domain and catalytic core to directly 

block chimera activity, but also regions present only at the holoenzyme level to block holoenzyme 

activation. Using a strategy that simultaneously blocks the oncogenic driver kinase and its 

holoenzyme would significantly reduce the possibility that a random mutation in the driver enables 

the tumor cells to escape treatment. RIα is a critical master switch for regulating PKA activity in 

cells, and it is likely that unregulated PKA activity is important, at least in part, for driving FL-

HCC. 

The importance of RIα is further supported by the recent finding that in a few rare cases, 

CNC mutations in RIα can drive FL-HCC(72). This study can now link CNC disease and FL-HCC 

to a specific structural feature at the PKA holoenzyme level. The increased PKA activity in patients 

with CNC who harbor N3A motif mutations is likely the result of increased cAMP sensitivity for 

holoenzyme activation and decreased inhibition capacity of the R-subunit for the catalytic subunit. 

MD simulations show that the J-domain is highly dynamic in the chimeric RIα holoenzyme. The 

presence of the J-domain will likely alter the phospho-proteome of the tumor cells. At this point it 

is not clear how the presence of the J-domain influences the function of the PKA holoenzymes in 

cells. It will be of interest to elucidate how the conformational state and abundance of the different 

holoenzymes in the tumor cells and the holoenzymes communicate with their neighbors and 

substrates. In particular, it is important to determine how these macromolecular assemblies are 

altered in FL-HCC by comparing paired tumor and adjacent normal liver samples. Understanding 
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in detail how J-C signaling pathways drive disease will shed light on understanding its 

transformation to FL-HCC and is expected to improved diagnosis and therapeutic treatment for 

this cancer. 
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Chapter 4  The RIIβ holoenzyme with DnaJB1-

PKAc 

To understand the pathological consequences of FL-HCC, we used single particle cryo-

electron microscopy (cryo-EM) to determine a structure of the RIIβ holoenzyme formed with J-C. 

The organization of the DnaJB1-PKAc RIIβ holoenzyme (RIIβ2J-C2) is similar to what was found 

earlier in the previously solved crystal structure of the wt RIIβ holoenzyme (RIIβ2C2); the overall 

quaternary organization was not altered by the addition of the J-domain, which is also resolved in 

our structure. In contrast to the previous wt RIIβ holoenzyme crystal structure, where the D/D 

domain was not visible, the general position of the D/D domain is seen in the cryo-EM structure 

and confirmed by small-angle X-ray scattering (SAXS). Both our MD simulation data and the 

cryo-EM structure showed that the presence of the J-domain in this protein complex can change 

the dynamic features of holoenzyme compared to the wt RIIβ holoenzyme, especially the CNB-B 

domains, and both methods reveal an intrinsic asymmetry in the two RIIβ:J-C protomers. MD 

simulations of the wt RIIβ holoenzyme also reveal a dramatic asymmetry in the CNB-B domains 

that was hidden in the crystal structure. The asymmetry in the mutant holoenzyme is due to the 

flexibility in one protomer of the CNB-B domain in the RIIβ-subunit and the J-domain and the 

aA-helix in the J-C-subunit. In addition to the chimeric protein holoenzyme with RIIβ is activated 

more readily by cAMP than the wt RIIβ holoenzyme. Our studies of the RIIβ2J-C2 structure, 

dynamics and function demonstrate the power of combining crystallography, MD simulations and 

cryo-EM to elucidate the dynamic features of a holoenzyme complex and also provide us with a 

better understanding of FL-HCC that hopefully shed light on new potential therapeutic strategies. 



 

78 

4.1 Structural analysis of DnaJB1-PKAc RIIβ holoenzyme 

In the DnaJB1-PKAc chimera, the extra J-domain replaces exon 1 (residue 1-14) of wt C-

subunit and forms four helices with the terminal helix being contiguous with the aA-helix (Figure 

4-2A). In order to confirm the architecture of the complex, we first performed negative stain single-

particle EM and single-particle analysis on the RIIβ2J-C2 holoenzyme (Figure 4-1 and Figure 4-2). 

Inspection of both micrographs and 2D class averages indicated that the RIIβ2J-C2 holoenzyme 

possessed a similar overall structure as the wt RIIβ holoenzyme forming a tetrameric complex with 

a C2 axis of symmetry at the central hole (Figure 4-1B and C). Comparison of reprojections of the 

wt RIIβ holoenzyme (PDB = 3TNP) with 2D averages further confirmed a similar architecture 

(Figure 4-1C). These data allowed us to conclude that the mutant RIIβ2J-C2 holoenzyme is similar 

to the wt RIIβ holoenzyme at low resolution. 
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Figure 4-1. Negative stain EM confirms that RIIβ2J-C2 and WT RIIβ holoenzymes have similar architectures. 
(A) Representative micrograph for negatively-stained RIIβ2J-C2 holoenzyme. Example particles are shown in 
red boxes. (B) 2D class averages of RIIβ2J-C2 shown alongside projections of WT RIIβ holoenzyme crystal 
structure. The WT RIIβ2C2 crystal structure was filtered to 20Å. (C) Model and negatively stained EM density 
of RIIβ2J-C2 holoenzyme. 
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Figure 4-2. CryoEM structure of RIIβ2J-C2 holoenzyme. (A) Domain diagram and color coding of RIIβ2J-C2 
holoenzyme. (B) & (C) Cryo-EM structure RIIβ2J-C2 holoenzyme at 6 .2Å with C2 symmetry imposed. (D) & 
(E) Structure of RIIβ2J-C2 holoenzyme structure at 7.5Å after classification reveals presence of ordered J-
domain and CNB-B domain. 
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To obtain higher-resolution information, we used cryo-EM to determine a structure of the 

RIIβ2J-C2 holoenzyme. Due to a preferred orientation on the cryo-EM grid, data were collected 

using a tilt angle of 40°. After 2D classification and 3D reconstruction, we are able to get the 

structure to an average resolution of 6.2Å with C2 symmetry imposed (Figure 4-2B and C and 

Table 4-1). The structures revealed clear density in the core region of RIIβ2J-C2 holoenzyme, but 

density for the J-domain in the J-C-subunits as well as for the CNB-B domains in the RIIβ-subunits 

was missing (Figure 4-3). In addition, the density for the entire aA-helix as well as the linker that 

wraps around the N-lobe that connects the aA-helix to the β-strand 1 was missing. It is flexible 

with a break at Asp96J-C (equivalent to Asp41C in the WT C-subunit) (Figure 4-3A). The density 

for the aB/C/N-helix ends after the aC-helix in the CNB-A domain (Tyr265RIIβ), while density for 

the αN-helix in the CNB-B domain is missing (Figure 4-3B). Presumably, these un-resolved or 

flexible domains are dynamic regions that form continuous states under cryo-EM conditions. 
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Figure 4-3. CryoEM structure of RIIβ2J-C2 holoenzyme reveals domain dynamics. (A) The electron density of 
the J-C-subunit starts at Asp97J-C. (B) The electron density of the RIIβ-subunit ends at Tyr265RIIβ. 
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We then further masked the core regions and focused on local areas for refinement. After 

continued classification and refinement, we were able to visualize one side of the J-domain and 

CNB-B domain together with clear density for the aB/C/N-helix (Figure 4-2D). The overall 

structure reveals distinct density for one complete RIIβ:J-C protomer, especially the contiguous 

aB/C/N-helix (aB-helix, aC-helix, and aN-helix), the CNB-B domain and the J-domain. In this 

protomer, the J-domain and CNB-B domain are in close proximity (Figure 4-2E). In contrast, the 

J-domain and CNB-B domain as well as the aA-helix in the J-C-subunit remain un-resolved in the 

other protomer. This asymmetry could be an essential mechanistic feature of the RIIβ holoenzyme. 

This phenomenon has not been observed previously, and most likely cannot be trapped by 

conventional crystallography. For example, in our previous crystal structure of the RIIβ 

holoenzyme, the temperature factors are high in aA-helix of the C-subunits and in the CNB-B 

domains of RIIβ-subunit; however, any potential asymmetry is averaged out in the crystal structure 

and/or obscured by crystal. By using cryo-EM 3D reconstruction, we are able to observe this state 

that could represent an important event in PKA activation. 
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Table 4-1. Cryo-EM data collection, refinement and validation statistics. 

 

  

Structure: RIIβ2J-C2 
 
Data collection 

 

Grids    Gold UltrAuFoil 1.2/1.3 
Vitrification method FEI Vitrobot 
Microscope Titan Krios 
Magnification 29000X 
Voltage (kV) 300 
Stage tilt (°) 40 
Detector K2 Summit 
Recording mode Counting 
Dose rate (e-/pix/sec) 7.789 
Total electron exposure (e-/Å2) 77.9 
Number of frames 100 
Defocus range (μm) 1 - 3 
Pixel size (Å) 1.0 
Number of micrographs 1,129 
Initial particle images (no.) 642,843 
 
Data processing: C2 symmetry 

 

Final particle images (no.) 69,605 
Symmetry C2 
Map resolution (Å) 6.2 
 
Data processing: C1 symmetry 

 

Final particle images (no.) 11,182 
Symmetry C1 
Map resolution (Å) 7.5 
 
Refinement 

 

Initial model used (PDB code) 3TNP, 4WB7 
Symmetry C1 C2 
PDB code 6WJF 6WJG 
EMDB code EMD-21692 EMD-23693 
Model resolution (Å) 
    FSC threshold 

7.5 
0.143 

6.2 
0.143 

Map sharpening B factor (Å2) -500 -302 
Model composition 
    Non-hydrogen atoms 
    Protein residues 
    Ligands 

 
9527 
1172 

0 

 
7708 
944 

0 
B factors (Å2) 
    Protein (min/max/mean) 
    Ligand 

 
30/850/350 

N/A 

 
30/550/300 

N/A 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.004 
0.878 

 
0.003 
0.875 

 Validation 
    MolProbity score 
    Clash score 
    Rotamer outliers (%) 

 
1.88 
4.64 

0 

 
1.81 
3.72 

0 
 Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
85.65 
14.35 

0 

 
85.36 
14.64 

0 
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4.2 Molecular dynamics simulations reveal asymmetry in the RIIβ 

holoenzyme 

To further explore the dynamic features of the two RIIβ holoenzymes we used Molecular 

Dynamics (MD) simulations and found surprisingly that RIIβ holoenzymes form with wt C-

subunit and the J-C-subunit have very different domain dynamics. Three independent 500ns MD 

simulations were carried out to further explore these differences. The Root-Mean-Square-

Fluctuation (RMSF) analyses of each holoenzyme demonstrated distinct backbone dynamics 

between wt and fusion holoenzymes. In all structures, the first 14 residues of the C-subunit and 

the last 23 residues of the RIIβ subunit in addition to its linker region and D/D domain (residues 

1-103) are not included in the simulations. 

4.2.1 Wild-type RIIβ holoenzyme. 

In the RIIβ2C2 holoenzyme, both N- and C-lobes of the C-subunit are stable with the 

exception of the first 14 residues (exon 1) which are not seen in the crystal structure and not 

included in the simulation. Indeed, both lobes show low RMSF throughout the entire simulation 

(Figure 4-4A). In contrast, one of the CNB-B domains in the RIIβ-subunit is highly flexible (Figure 

4-4B). The flexible region begins approximately at residue Tyr265RIIβ, which is at the junction of 

the aC-helix in the CNB-A domain and the αN-helix in the CNB-B domain (Figure 4-4B and C). 

Within the highly dynamic features of the CNB-B domains, some local regions, such as the N-

terminal linker and the β4-β5 loops in the CNB-B domains showed especially high RMSF. In 

addition, one small dynamic region (residues 122 to 129) was also seen in the linker that joins the 

inhibitor sequence to CNB-A (Figure 4-4B); this dynamic segment wraps around the αB/C/N-helix. 

These regions, as well as the C-terminal 23 residues, are both un-resolved in the previous RIIβ2C2 
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crystal structure(22). A deeper analysis of our simulation results further confirmed the dynamic 

properties of these two regions. By overlaying the conformational ensemble from the simulations, 

we can more clearly appreciate the distinct dynamic properties of the two CNB domains in the 

RIIβ2C2 holoenzyme (Figure 4-4D and E). One of the protomers reveals a relatively stable CNB-

B domain, while the other CNB-B domain is highly flexible. In both protomers, Tyr265RIIβ serves 

as a pivot point; however, in one of the protomers, the entire CNB-B domain, including the αN-

helix, is extremely flexible after Tyr265RIIβ. The MD simulation data further confirms the dynamic 

regions that we observed in the cryo-EM structure both being characterized by breaks at Tyr265RIIβ. 

Tyr265RIIβ and the dynamic properties of the αB/C/N-helix are important for RIIβ 

holoenzyme activation. The long αB/C/N-helix is the signature feature of all PKA holoenzymes. 

Once activated by cAMP, the αB/C/N-helix divides into three segments (αB-helix, αC-helix and 

αN-helix) (Figure 4-4F and G). Several studies have already pointed out the importance of the 

flexibility of the aB/C/N-helix in activation of the RIα holoenzyme (60, 61, 73). Here we show 

that the aB/C/N-helix is also very dynamic, but different, in the RIIβ holoenzyme. Each isoform 

has the same hinge points, one is between the αB-helix and the αC-helix and the other is between 

the C-helix and the αN-helix. Most importantly, however, the major hinge points are different. The 

major hinge point in RIIβ, Tyr265RIIβ, is located at the junction of the aC-helix and the αN-helix 

(Figure 4-4F); while Leu233RIα, between the αB- and the aC-helix, is the more prominent pivot 

point for RIα (Figure 4-4G). To quantitate these differences, we measured the hinge angles of αB-

helix/aC-helix and αC-helix/N-helix in the cAMP-bound form structures of both RIα and RIIβ 

(PDB=1RGS and 1CX4, respectively). The angle between the αB- and αC-helix is larger in RIα 

than in RIIβ; however, RIIβ has larger hinge angle between the αC- and αN-helix (Figure 4-4F and 

G), which is the precise junction between the two CNB domains. 
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Figure 4-4. MD simulations of RIIβ2C2 holoenzyme reveal functional and isoform-specific dynamics. (A) Both 
N- and C-lobe of C-subunit remain stable in the RMSF analysis of RIIβ2C2 holoenzyme. (B) CNB-B domain of 
RIIβ-subunit in one of the protomers is flexible in the RMSF analysis in RIIβ2C2 holoenzyme. (C) Domain 
diagram and residues of aB/C/N-helix in RIα and RIIβ-subunit. (D) RIIβ-subunit in RIIβ2C2 holoenzyme 
crystal structure (PDB ID=3TNP). (E) The overlaid of all states of each RIIβ-subunit protomer in RIIβ2C2 
holoenzyme from MD simulations. CNB-domain in one of the protomers is more flexible than the other, and 
both of the protomers have breakages at Tyr265. Residue Tyr265RIIβ was shown as pink ball. (F), (G)The 
conformational change of RIIβ (F) and RIα (G) aB/C/N-helices upon cAMP stimulation. The main pivot point 
of RIIβ aB/C/N-helix is at Tyr265RIIβ (G), while the main pivot point of RIα aB/C/N-helix is at Leu233RIα (G). 
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In addition to differences in their dynamics, the aB/C/N-helix in RIa and RIIβ, which share 

53% sequence identity, also have distinct helical, N-capping, and C-capping propensities (Figure 

4-5A, B, and C). The aB/C/N-helix of RIα has very high helical propensity with a local minimum 

at Gly235RIα, which is near the primary hinge point (Leu233RIα) for the cAMP-bound RIα (73). In 

RIIβ, the helical propensity of the aB/C/N-helix is much lower compared to RIα, perhaps allowing 

it to take advantage of the natural hinge point between the two CNB domains, Tyr265RIIβ (Figure 

4-4E and Figure 4-5A). 
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Figure 4-5. Helical propensity and capping residues analyses of aB/C/N-helix. (A) Helical propensity of 
aB/C/N-helix. (B) N-capping residue analysis of aB/C/N-helix. (C) C-capping residue analysis of aB/C/N-helix. 
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4.3 RIIβ2J-C2 holoenzyme 

The RIIβ2J-C2 holoenzyme simulations showed different dynamics compared to wt 

holoenzyme. Both the N- and C-lobes of J-C-subunit are as stable as wt; however, the extra J-

domain in the J-C-subunits show much higher RMSF values than the kinase portion of the fusion 

protein (Figure 4-6A). The addition of J-domain in the J-C-subunit also has an effect on the 

dynamics of the RIIβ-subunit. Unlike the CNB-B domains in the RIIβ2C2 holoenzyme, both of the 

CNB-B domains in RIIβ2J-C2 holoenzyme remain strikingly more stable during the simulation 

(Figure 4-6B and Figure 4-7). The J-domain presumably can stabilize the CNB-B domains either 

through spatial steric effects or direct interactions. This close communication between the J-

domain and the CNB-B domain is captured in one of the protomers in our cryo-EM structure 

(Figure 4-2D and Figure 4-6C). The close proximity of the J-domain and the CNB-B domain 

suggests that their dynamic properties are coupled.  The other feature that is revealed by the cryo-

EM structure is that the aA-helix in one J-C-subunit is also missing suggesting that the J-domain 

influences not only the CNB-B domain but also the aA-helix that it is directly fused to β-strand 1 

in the N-lobe (Figure 4-2D and Figure 4-6C). 
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Figure 4-6. MD simulations of RIIβ2J-C2 holoenzyme reveal distinct dynamics. (A) Both N- and C-lobe of J-C-
subunit remain stable but J-domain is flexible in the RMSF analysis of RIIβ2J-C2 holoenzyme. (B) CNB-B 
domain of RIIβ-subunit in both protomers remain stable in the RMSF analysis in RIIβ2C2 holoenzyme. (C) J-
domain and CNB-B domain of RIIβ2J-C2 holoenzyme are in close proximity. (D) The representation of polar 
coordinate vector from Arg230RIIβ to Arg359RIIβ. (E), (F) The plots of φ, θ, and length of the vectors from 
Arg230RIIβ to Arg359RIIβ in MD simulations of RIIβ2C2 (E) and RIIβ2J-C2 holoenzymes (F). The vector in one 
of the protomers of RIIβ2C2 holoenzyme moves and fluctuates significantly (E), whereas the vectors in both 
protomers of RIIβ2J-C2 holoenzyme remain stable (F). 
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We can also visualize the differences in dynamics of the CNB domains in the DnaJB1-

PKAc and wt RIIβ holoenzymes by measuring the polar vector between CNB-A and CNB-B 

domains. The vector was chosen from Arg230RIIβ in the PBC of CNB-A domain to Arg359RIIβ in 

the PBC of CNB-B domain (Figure 4-6D). The plots of φ, θ, and length of the vectors demonstrated 

clearly the different dynamics between the two CNB domains in the DnaJB1-PKAc and in wt 

PKAc RIIβ holoenzymes. In the RIIβ2C2 holoenzyme, the vector in one of the protomers moves 

and fluctuates significantly; distance between domains varies from 50 to 70Å with a wide range 

of φ and θ angles movements (Figure 4-6E). The vector in the other protomer, however, is 

relatively less dynamic in both the φ and/or θ axis and length. The asymmetric dynamics of the 

CNB domains in each protomer of the RIIβ2C2 holoenzyme can also be observed here. In contrast, 

the vectors in both protomers of RIIβ2J-C2 holoenzyme remain relatively more stable. The plot of 

φ, θ, and length of the vectors in RIIβ2J-C2 holoenzyme showed less disperse angles and lengths 

movements (Figure 4-6F), and both vectors in the protomers populate a smaller φ, θ-space with 

less diverse length fluctuations. Asymmetric dynamics is also present in the RIIβ2J-C2 holoenzyme 

(Figure 4-6F). 
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Figure 4-7. The overlaid of all states of each RIIβ-subunit protomer in RIIβ2J-C2 holoenzyme from MD 
simulations. Both of the protomers have breakages at Tyr265. Residue Tyr265RIIβ was shown as pink ball. 
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4.4 SAXS analysis and localization of the D/D domain 

The solution structures of both wt and DnaJB1-PKAc RIIβ holoenzymes were also 

determined by SAXS coupled with size-exclusion chromatography to support our cryo-EM 

structure. Based on pair-distance distribution functions P(r), both holoenzymes have similar 

dimension (Dmax = 129.09Å for wt holoenzyme and Dmax = 128.63Å for DnaJB1-PKAc 

holoenzyme). The Dmax values are consistent with our cryo-EM structure, where the 3-dimensional 

organization of RIIβ2C2 and RIIβ2J-C2 holoenzyme are similar.  (Figure 4-8A, B and Table 4-2). 

However, the DnaJB1-PKAc holoenzyme has a larger Rg value than wt holoenzyme (Rg = 41.69Å 

for wt holoenzyme and Rg = 43.13Å for DnaJB1-PKAc holoenzyme). A similar trend of Rg values 

can also be obtained from Guinier analyses (Rg = 41.41Å and Rg = 43.29Å for wt and DnaJB1-

PKAc holoenzyme, respectively) (Figure 4-9A, B, and Table 4-2). The higher molecular weight 

of DnaJB1-PKAc can explain why RIIβ2J-C2 holoenzyme has a larger radius of gyration. 
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Figure 4-8. SAXS analyses of RIIβ2C2 and RIIβ2J-C2 holoenzymes. (A) & (B) P(r) functions of RIIβ2C2 (A) and 
RIIβ2J-C2 (B) holoenzymes. (C) & (D) Scattering plots and the model fittings of RIIβ2C2 holoenzyme with 
χ2=1.2591 (C) and RIIβ2J-C2 holoenzyme with χ2=1.2900 (D). (E) & (F) The SAXS models of RIIβ2C2 (E) and 
RIIβ2J-C2 holoenzymes (F). 

 

Table 4-2. Rg and Dmax values of RIIβ2C2 and RIIβ2J-C2 holoenzymes from SAXS. 
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The higher molecular weight and the presence of the J-domain were also reflected in the 

larger Porod volumes of DnaJB1-PKAc holoenzyme (290000Å3 for RIIβ2C2 vs. 347000Å3 for 

RIIβ2J-C2) (Table 4-2). The molecular weight can be estimated by dividing the Porod volume by 

1.7 according to the method of Petoukhov et al. (74). The estimated molecular weight of RIIβ2C2 

was obtained as 171kDa in comparison to its theoretical molecular weight of 173kDa (Table 4-2). 

The estimated molecular weight of the RIIβ2J-C2 holoenzyme was 204kDa, while its theoretical 

molecular weight is 186kDa (Table 4-2). Considering that the flexible J-domain enhances the 

domain dynamics of the holoenzyme, the result is that it delocalizes over a larger volume(75). This 

can explain why RIIβ2J-C2 holoenzyme has a larger deviation between estimated and theoretical 

molecular weights than wt holoenzyme. 

We further analyze Kratky plots of these two holoenzymes, which can provide a way to 

assess the degree of flexibility within the scattering macromolecules. Kratky plot analyses of these 

two holoenzymes showed bell-shape peaks at low q, however neither of them converges to the q-

axis at high q (Figure 4-9C and D) indicating that both of the complexes are multi-domains proteins 

with flexible regions(75). These results are consistent with our structures and MD simulations 

where we identified several dynamic/flexible domains as well as a flexible linker. 
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Figure 4-9. Guiner analysis and Krakty plot of RIIβ2C2 (A) & (C) and RIIβ2J-C2 holoenzymes (B) & (D). 
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To fit the SAXS data, we used the wt crystal structure as a starting model and further 

considered the dynamic properties of each domain. The missing linkers were built as flexible poly-

Gly chains while the missing D/D domain was generated using homology models from an online 

protein structure prediction software program, I-TASSER(76). Both of our holoenzyme models fit 

the experimental SAXS data well (χ2=1.2591 and χ2=1.2900 for wt and J-C holoenzyme, 

respectively) (Figure 4-8C and D). In both of the holoenzyme models, the D/D domain of RIIβ 

localizes on the same face as the CNB-B domains and the myristylation (Myr) sites of the C-

subunit (Figure 4-8E and F). 

Although the position of the D/D domain cannot be identified unambiguously in our cryo-

EM structure due to its flexibility, the extra density in our structure nevertheless provides 

supporting evidence for the position of the D/D domain (Figure 4-10). The first visible N-terminal 

residue in our RIIβ structure is Ile104RIIβ, which positions at the hole formed by the two RIIβ:J-C 

protomers (Figure 4-10A). The extra density locates at the center of the RIIβ holoenzyme, close to 

Ile104RIIβ and extends along the central hole to the same surface where the CNB-B domains and 

J-domains are located (Figure 4-10B). It suggests that the previously un-resolved N-terminal 

regions of RIIβ thread through the central hole of the RIIβ holoenzyme and that the D/D domain 

tethers on the bottom side of RIIβ holoenzyme in close proximity to the CNB-B domains, the J-

domain, and the bottom surface of the C-lobe in the kinase domain. The cross-linking studies from 

the Gold group also suggests that the D/D domain is proximity to the CNB-B domains(77). 
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Figure 4-10. The extra density reveals the general position of D/D domain. 
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4.5 Altered biochemical function of DnaJB1-PKAc in RIIβ holoenzyme 

We next asked whether the fusion protein affects not only RIIβ holoenzyme dynamics but 

also its biochemical properties. Both our MD simulations and our cryo-EM structure suggest that 

one J-domain moves in a correlated way with its adjacent CNB-B domain and interferes with the 

overall dynamic properties of the holoenzyme (Figure 4-2D, Figure 4-4 and Figure 4-6), In 

addition, several studies have shown that the dynamic features of the CNB domains play a 

significant role in the allosteric activation of the RIa holoenzyme by cAMP (18, 19, 56, 59, 78), 

and pathogenic mutations in RIa cluster in the two CNB domains(66). We thus compared cAMP 

activation of the holoenzyme formed with J-C to holoenzyme formed with wt C-subunit. 
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Figure 4-11. The RIIβ2J-C2 holoenzyme is easier to activate with cAMP than the RIIβ2C2 holoenzyme. (A) 
Structure of J-C-subunit (left) and C-subunit (right). The junctions of four helices in J-domain are labeled as 
orange arrows, where the first exon junction is labeled as blue arrow. (B) Coomassie blue staining SDS page of 
purified C-, J-C-, J-C(Δ1-13)-, J-C(Δ1-38)-, J-C(Δ1-54)-, and J-C(Δ1-69)-subunits. J-C(Δ1-69)-subunit is 
equivalent to C(Δ1-14)-subunit. (C) The fusion protein RIIβ2J-C2 holoenzyme and its deletion mutants were 
easier to activate with cAMP than the WT RIIβ2C2 holoenzyme. (D) The CNB-B domains in RIIβ2J-C2 and 
RIIβ2J-C(Δ1-69)2 holoenzymes have larger cAMP accessible surface area than RIIβ2C2 holoenzyme. (E) The 
distance between Cβ atom in Ala360RIIβ and Cγ atom in Leu351RIIβ in the CNB-B domain of cAMP-bound (left, 
PDB = 1CX4) and holoenzyme forms (right, PDB = 3TNP). (F) The distance population probability of the PBC 
pocket in RIIβ2C2, RIIβ2J-C2 and RIIβ2J-C(Δ1-69)2 holoenzymes. The CNB-B domains in the RIIβ2J-C2 and 
RIIβ2J-C(Δ1-69)2 holoenzymes are more prone to open than the RIIβ2C2 holoenzyme. Both of the RIIβ2J-C2 
and RIIβ2J-C(Δ1-69)2 holoenzymes reveal intrinsic asymmetry in the CNB-B domains. 
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Holoenzyme formed with the fusion protein was easier to activate than the wt holoenzyme 

(EC50 = 285nM for C-subunit vs. EC50 = 170nM for J-C-subunit) (Figure 4-11 and Table 4-3). To 

investigate the importance of the J-domain in the RIIβ holoenzyme activation by cAMP vs. the 

absence of the first 14 residues (exon 1), we engineered and expressed several deletion constructs 

(Figure 4-11A and B). Each of the four extra helices in the J-domain was deleted sequentially, 

generating J-C(Δ1-13), J-C(Δ1-38), J-C(Δ1-54), and J-C(Δ1-69) deletion mutants (J-C(Δ1-69) is 

equivalent to C(Δ1-14)). All of these mutants expressed as stable proteins and formed 

holoenzymes with RIIβ. The deletion mutants were all easier to activate with cAMP, and all 

showed lower Hill coefficients compared to the wt RIIβ holoenzyme. (Figure 4-11C and Table 

4-3). The mutant that simply lacked the first exon, J-C(Δ1-69) or C(Δ1-14), also showed a reduced 

EC50, indicating that the presence of the first exon (residues 1-14) is crucial for proper activation 

and allosteric regulation of the RIIβ holoenzyme. Moreover, the Hill coefficient for cAMP 

activation actually showed negative cooperativity once exon 1 was removed (Table 4-3). Deletion 

of the first 14 residues in the PKA C-subunit as well as the addition of the J-domain not only 

changed CNB-B domain dynamics but also affected the finely tuned allosteric activation of the 

RIIβ holoenzyme by cAMP. 
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Table 4-3. EC50 and Hill coefficient of RIIβ2C2, RIIβ2J-C2 RIIβ2J-C(Δ1-13)2, RIIβ2J-C(Δ1-38)2, RIIβ2J-C(Δ1-
54)2, and RIIβ2J-C(Δ1-69)2 holoenzymes from cAMP activation curves. 
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To investigate the correlation between the J-domain and exon 1 of the C-subunit with 

cAMP activation of the RIIβ holoenzyme, Gaussian accelerated MD simulations (GaMD) on 

RIIβ2C2, RIIβ2J-C2, and RIIβ2J-C(D1-69)2 were carried out. Using the radius of cAMP as a probe, 

we calculated the solvent accessible surface area of the PBC pocket of the CNB-B domains in each 

of the complexes. Both RIIβ2J-C2, and RIIβ2J-C(D1-69)2 complexes have higher accessible surface 

area than the wt complex (Figure 4-11D), suggesting that it is easier for cAMP to dock into the 

PBC pockets, which will facilitate activation. To further analyze the cAMP accessibility in the 

PBC pocket, we measured the distance between the Cβ atom in Ala360RIIβ and the Cγ atom in 

Leu351RIIβ (Figure 4-11E). This distance in the RIIβ holoenzyme is 6.9Å, while the PBC pocket 

is more closed (4.9Å) once it binds cAMP (Figure 4-11E). We then calculated the distance 

populations in our simulations. Consistent with our solvent accessible surface analysis, both the 

RIIβ2J-C2, and RIIβ2J-C(D1-69)2 complexes reveal more open states than the wt holoenzyme 

(Figure 4-11F). In both analyses, there is a noticeable asymmetry between protomers in the cAMP 

accessibility of the PBC pockets for the RIIβ2J-C(D1-69)2 and RIIβ2J-C2 holoenzymes, supporting 

our earlier observations of asymmetry. The full-length wt holoenzyme exhibits milder asymmetry, 

consistence with our hypothesis that the protomers are tightly coupled (Figure 4-11D and F).  

These results may help to explain why the J-C holoenzyme formed with RIIβ as well as the 1-14 

deletion mutant of wt C, is easier to activate with cAMP, while also having reduced cooperativity 

as measured by the Hill coefficient, compared to the wt RIIβ holoenzyme. 

To further explore the effect of exon 1 deletion vs. the J-domain fusion on the aA-helix 

stability, we  analyzed the helical propensity of the aA-helix in three different constructs, wt C-, 

J-C-, and J-C(D1-69)-subunits (Figure 4-12A). The aA-helix in the wt C-subunit, which is part of 

the N-terminal linker that flanks the N- and C-lobes of the kinase core and is flanked by 
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intrinsically disorder regions, has a surprisingly high helical propensity. Either deleting exon 1 or 

fusing with the J-domain decreases the predicted helical propensity (Figure 4-12A). Moreover, the 

last residue in the exon 1, Ser14C, serves as a significant N-capping residue (Figure 4-12B). 

Decreasing the aA-helix stability and missing the N-capping residue, as demonstrated in our 

computational and biochemical data, can influence the function and allosteric properties of the 

entire RIIβ holoenzyme. 
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Figure 4-12. Helical propensity (A) and capping residues (B) analyses of aA-helix. 
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4.6 Discussion 

We describe here the structure of the RIIβ2J-C2 holoenzyme solved by cryo-EM single-

particle 3D reconstruction. Although the overall 3D organization of the two RIIβ:J-C protomers in 

the holoenzyme structure is similar to the previous wt RIIβ holoenzyme crystal structure, there are 

several differences in both the structure and dynamics in the DnaJB1-PKAc RIIβ holoenzyme, 

which could result in the mis-regulation of PKA signaling. With cryo-EM we are now able to 

observe more details about the dynamic features of the RIIβ holoenzyme that could not be captured 

by conventional X-ray crystallography including the general localization of the D/D domain and 

the asymmetry of the CNB-B domains. Our structure together with MD simulations and 

biochemical studies not only allows us to better understand how DnaJB1-PKAc disrupts RIIβ 

holoenzyme function and dynamics, but also makes us appreciate for the first time the intrinsic 

asymmetry of the RIIβ holoenzyme that is likely an inherent feature of the activation mechanism 

that was masked in the earlier crystal structure. 

4.6.1 Structure and dynamics of wt and DnaJB1-PKAc of RIIβ holoenzyme 

The cryo-EM structure and MD simulation data both reveal new and previously 

unappreciated features of the RIIβ holoenzyme. First is the asymmetry of the RIIβ holoenzyme, 

which is seen with MD simulations in the wt holoenzyme and captured in the cryo-EM structure 

but hidden in the previous crystal structure. With MD simulations we observed an intrinsic 

asymmetry in the wt RIIβ holoenzyme where one protomer has a more flexible CNB-B domain 

than the other. This same asymmetry is observed in the cryo-EM structure formed with the DnaJB1 

fusion C-subunit. The collective results suggest that the activation process most likely initiates 

from one protomers and then passes to the other. Does it then eventually spread to the entire 
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holoenzyme or does the intrinsic asymmetry simply involve toggling between the two protomers 

without resulting in full dissociation of the C-subunits? Is the asymmetric feature an intrinsic part 

of the activation mechanism? How does the activation signal pass from one protomer to the other? 

These are major future challenges. 

Second are the correlated motions of the CNB-B domain with the J-Domain, which is 

revealed in the cryo-EM structure. As seen in previous structures, the J-domain is very flexible 

(63, 71), however, in the RIIβ holoenzyme we see that the flexibility of the J-domain is correlated 

with its adjacent CNB-B domain as well as with the aA-helix that it is fused to. The J-domain can 

also further influence the dynamic features of the CNB-B domains in the RIIβ holoenzyme, which 

we did not see in the RIα holoenzyme. Several studies have demonstrated that the dynamic features 

of the CNB domains in RIα are essential for PKA activation and allostery(56, 58, 59, 79). Here, 

for the first time, we are able to show that the RIIβ holoenzyme also has flexible CNB-B domains, 

although it is different from RIα in terms of its structure and allosteric regulation(52, 62, 80). 

In summary, we show here that J-domain can influence the dynamic properties and the 

symmetry of the CNB-B domains. Our MD simulation data clearly indicated that the J-domain can 

stabilize the CNB-B domains, while the cryo-EM structure revealed how the J-domain and the 

CNB-B domain interact and together control the aA-helix. We believe that this effect can be 

significant for stability, activation, cAMP binding and/or interaction with other binding partners. 

4.6.2 D/D domain, myristylation site and AKAP binding 

Cryo-EM, confirmed by SAXS, also allowed us to localize the general position of the D/D 

domain. The D/D domain is essential for PKA localization. PKA holoenzymes, especially RII 

holoenzymes, typically bind with high affinity to an amphipathic helix that is embedded in scaffold 

proteins referred to as A-Kinase-Anchoring Proteins (AKAPs) through their D/D domains(11, 12, 
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81). In this way, AKAPs bring the PKA holoenzyme to specific locations in the cell where it is in 

close proximity to dedicated substrates such as receptors, transporters and ion channels(5, 82). and 

several lines of evidence have demonstrated that disrupting this interaction can affect not only 

PKA localization but also substrate specificity (14, 82-86). 

Our results show that the linker joining the D/D domain and the inhibitor site in RIIβ 

weaves through the hole that is created by the two RIIβ:J-C protomers. This placement of the D/D 

domain is also consistent with cross-linking studies and different from the RIIα holoenzyme(77, 

87). It is also consistent with our linker swap experiments showing that the motif that is responsible 

for the compact structure of the RIIβ holoenzyme is embedded in this linker and D/D domain 

region(88). This model places the D/D domain and the myristylation sites attached to the N-termini 

of the C-subunits on the same surface, which allows them to form multivalent interactions with 

membranes (Fig. 6A). The myristyl groups in the RIIβ holoenzyme are solvent exposed and can 

anchor to membranes even in the absence of AKAPs(85, 89), whereas the myristyl groups in the 

RIα holoenzyme are embedded in the acyl pocket in the C-lobe of the C-subunit and do not 

contribute to membrane anchoring (89). In contrast to RIα holoenzymes, most of the RII subunits 

are localized close to membranes(5). Therefore, having the D/D domain in the RIIβ holoenzyme 

localized on the same face as the myristylation sites provides a dual mechanism for forming 

multivalent interactions with the membrane. It is also likely that anchoring the N-terminus to 

membranes could influence the conformation of the missing 14 residues. This segment with its 

basic residues followed by a phosphorylation site is in fact a classic myristylation motif, similar to 

Src kinase, where the basic residues also contribute to membrane anchoring(90). As we show here, 

ordering the first 14 residues in the membrane-bound holoenzyme could easily affect the dynamic 

behavior of the entire wt holoenzyme. The hydrophobic C-terminus of the RIIβ-subunit, as well 
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as its dynamic β4-β5 loop in the CNB-B domain, could also become ordered when the holoenzyme 

is anchored to membranes. The highly basic β4-β5 loop in RIIβ is, in particular, in close proximity 

to the acidic surface of the membrane (Figure 4-13A). In addition, AKAPs themselves typically 

have a membrane-targeting-motif (MTM), so many mechanisms could be used to stabilize 

interactions with membranes (Figure 4-13A). In the J-C fusion protein, the myristylation site is 

lost which could also affect RIIβ holoenzyme binding to membranes in the cells (Figure 4-13A). 

4.6.3 Two helices drive the allosteric regulation of the PKA holoenzymes 

There are two helices that drive the allosteric regulation of PKA, the aB/C/N-helix in the 

R-subunits and the aA-helix in the C-subunit (Figure 4-13B). Sequences difference in the aB/C/N-

helix, as well as differences in helical propensity and dynamics, between RI and RII reveal distinct 

allosteric networks between the two PKA isoforms, and the hinge point position in the aB/C/N-

helix can also clearly contribute in unique ways to this allosteric communication. Our results 

indicate not only that the location of the major hinge point in the cAMP-bound conformation is 

significant, but also suggests that the aB/C/N-helix dynamics and the activation processes are 

probably linked. 

While the dynamic aB/C/N-helix of each R-subunit is a dominant feature for cAMP-

mediated activation of each holoenzyme, the stable aA-helix is a dominant allosteric feature of 

the C-subunit. The aA-helix is embedded in the N-terminal tail (N-tail) (residues 1-39) that wraps 

around both lobes of the kinase core (Figure 4-13B). This N-tail that precedes the kinase core and 

is missing entirely in our cryo-EM structure, is a key allosteric regulatory element(13). Of 

particular importance is the hydrophobic motif (Trp30C and Phe26C or Trp85J-C and Phe81J-C) at 
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the end of aA-helix, which in the wt C-subunit, is wedged between the αC-helix and the Activation 

Loop of the kinase core (Figure 4-13B)(13). 

The importance of exon 1 and the aA-helix in the PKA C-subunit has been demonstrated 

both biochemically and computationally(91, 92). Biochemically, we show that the deletion of 

residues 1-14 (exon 1) in wt C-subunit can introduce instability and can also affect holoenzyme 

function(91). Our previous study also indicated that the J-C-subunit is less thermostable than WT 

C-subunit(63, 71). Several post-translational modification sites in the wt C-subunit are localized 

at the other end of the aA-helix in exon 1, and these are missing in the fusion protein. These 

include the myristylation site at Gly1C, the phosphorylation at Ser10C, and deamidation at Asn2C 

and all are thought to contribute to function(93-95). How these residues are ordered when the acyl 

group is anchored to a membrane and how this influences the structure and function of the 

holoenzyme remains to be elucidated. Computationally, the community map analysis based on 

MD simulations shows that the DFG motif, which is crucial for kinase activity, is in the same 

community with the aA-helix(92). This community also connects to other substrate binding motifs, 

indicating these motifs are allosterically coupled(92). It is clear that the aA-helix can regulate 

many other motifs in both the C- and R-subunits, so that destabilizing the aA-helix could have a 

major effect on holoenzyme function. 

4.6.4 Visualizing allostery 

By capturing full length PKA holoenzymes in a crystal lattice we are able to visualize the 

striking symmetry of PKA as well as the allosteric cross talk between the two protomers, which is 

an essential feature of PKA activation(20, 22, 63, 73). However, any differences in dynamics are 

masked in these holoenzyme crystal structures; they are simply averaged. We show here that the 

asymmetry, although hidden in the RIIβ crystal structure, can be seen with MD simulations and in 
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the cryo-EM structure. In the crystal structure there is simply a high temperature factor for the 

CNB-B domains and the aA-helix, but the asymmetry, which must be an integral part of the 

allosteric mechanism for activation, is hidden. MD simulations allowed us to delve more deeply 

into the intrinsic asymmetry that is embedded in the dynamic properties of each CNB domain. 

This loss of allosteric communication between the two protomers is also reflected in the reduced 

Hill coefficient for cAMP activation. With single-particle cryo-EM reconstruction, however, we 

can directly observe the asymmetry of the two protomers. The combination of crystallography, 

MD simulations, and cryo-EM is thus a powerful way to explore thee different states; one approach 

alone is not sufficient. 
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Figure 4-13. The structural, dynamic, and allosteric features of RIIβ2J-C2 holoenzymes. (A) The J-domain 
disrupts the multi-valent interaction and it can also stabilize the CNB-B domain dynamic in RIIβ holoenzyme. 
Meanwhile, RIIβ2J-C2 holoenzyme is easier to be activated by cAMP than RIIβ2C2 holoenzyme. (B) Two helices, 
aB/C/N-helix and aA-helix, regulate the RIIβ holoenzyme allostery. (C) DnaJB1-PKAc impairs PKA signaling 
network in an isoform-specific manner. 

  



 

114 

4.6.5 DnaJB1-PKAc disrupts PKA function in an isoform-specific manner 

PKA-dependent signaling is finely regulated, which is demonstrated best in RIα where   

there are many mutations that are mostly clustered in the two CNB domains(66). Those in the 

CNB-A domain, for example, lead to Carney Complex Disease and create holoenzymes that are 

easier to activate with cAMP while those in the CNB-B domain lead to Acrodysostosis and are 

more difficult to activate(66). The differences are not off/on, but simply reflect a slightly different 

balance which is sufficient to cause distinct disease phenotypes. 

Although the DnaJB1-PKAc fusion protein is the driver of FL-HCC, our structures of the 

RIα holoenzyme and the RIIβ holoenzyme with J-C-subunit do not reveal a clear mechanism for 

the pathogenesis of the mutation, instead we showed that the regulation of each holoenzyme is 

disrupted. The RIIβ holoenzyme formed with the fusion protein is easier to activate with cAMP 

than wt holoenzyme. This is in contrast to RIα where the PKAc and DnaJB1-PKAc RIα 

holoenzymes show similar cAMP activation(63); however, DnaJB1-PKAc can disrupt RIα 

localization and cAMP signaling compartmentation(96). Each of these PKA signaling networks is 

highly regulated and perturbation of that fine tuning can have profound consequences. In contrast 

to mutations in the R-subunits, the results of a mutation or fusion in the C-subunit will be complex 

and multi-valent and EVERY holoenzyme will be affected as well as interactions with PKI 

(FFigure 4-13C)(97). In the liver where regulation of metabolism is linked so closely to PKA-

mediated gene transcription the effects of this mutation will be complex. Based on our work here 

coupled with previous studies of the PKI complex and the RIα holoenzyme it is clear that the fine 

tuning and allosteric regulation of each complex will be altered as well as the expression levels of 

each PKA regulatory subunit; the entire PKA signaling network will be disrupted. 
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Chapter 5  PKA isoform-specific localization and 

function in cells 

In the previous chapters, I have shown that each of the PKA isoform has distinct quaternary 

holoenzyme structure as well as their allostery. In RIα holoenzyme, ATP serves as an orthosteric 

inhibitor, whereas in RIIβ holoenzyme, ATP is simply a substrate and can facilitate the PKA 

activation(73). Meanwhile, I have also shown that the cancer driving fusion mutant, DnaJB1-

PKAc, can disrupts the PKA-dependent functions and dynamics in an isoform-specific way(63). 

In this chapter, I would like to discuss the PKA localizations and functions in the cells. 

Utilizing the CRISPR-Cas9 techniques, I am able to generate the knock-out cell lines for each of 

the R-subunit. The R-subunit knock-out cell lines are great models to dissect the isoform-specific 

PKA-dependent signaling pathway in cells. I also study the localization of each isoform of PKA 

holoenzyme endogenously and in overexpression levels. I also showed here in this chapter that 

how the fusion protein, DnaJB1-PKAc, disrupts the PKA holoenzyme localization and potentially 

leads tumorigenesis. I also further generate RIα/RIβ and RIIα/RIIβ double knock-out cell lines. 

We showed that the ATP has distinct effect on RI and RII subunits; ATP stabilizes RI holoenzyme, 

therefore PKA activity is decreased when ATP concentration increased, whereas ATP destabilizes 

RII holoenzyme, increasing ATP concentration leads to PKA activity elevated. Our data is 

consistent with our in vitro studies that I have shown in Chapter 2. These results reveal that the 

distinct functions of PKA isoforms. 

5.1 PKA R-subunits CRISPR-Cas9 knock-out cells 
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Recent advances of CRISPR-Cas9 techniques allows us to target and knock-out specific 

gene in the organisms and the cells. The protein Cas9 (CRISPR associated protein 9), derived from 

Streptococcus pyogenes, can unwind the double helix DNA and form Cas9-gRNA-DNA complex 

with 20 base pairs guide RNA (gRNA) and its complementary DNA sequences (98). The Cas9 

cleaves the NGG site of the DNA and induces double strand breaks. These breaks can be utilized 

to introduce site-directed mutations by homologous recombination mechanism or simply knock-

out through non-homologous end-joining(99). The high specificity and efficient properties make 

Cas9 a prominent tool for the gene editing studies(100, 101). 

To generate four different PKA R-subunits knock-out cells, I first designed the 20 base 

pairs gRNA that specifically target to early exons of human PKA R-subunits. For each of the R-

subunit, two gRNAs have been chosen to knock-out any of the potential splicing isoforms. After 

transfection and single-cell sorting, each of the clone was validated by genomic PCR and western 

blots (Figure 5-1). 
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Figure 5-1. Genomic sequencing of R-subunit knock-out cells 
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5.2 Localization of PKA C- and J-C subunit 

To study the localization of C-subunit, we expressed the C-terminus mCherry-fused C-

subunit itself. By co-expressing with different markers, we identified wt C-subunit can either goes 

to mitochondria, Golgi apparatus, or centriole (Figure 5-2). Several studies have shown that PKA’s 

role in different cellular compartment. For example, PKA can regulate the mitochondrial fission 

and fusion as well as Cytochrome c Oxidase (COX) complex in electron transport chain(102-104). 

Golgi complex’s structure and biogenesis is also associated with PKA activity (105). Centrin, a 

main component of centrosome, can be phosphorylated by PKA. The stimulation of centrin 

phosphorylation by PKA results in centriole separation in interphase (106). 
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Figure 5-2. Wild-type C-subunit co-localizes with mitochondria, Golgi, and centriole markers. 

  



 

121 

Whereas, expressing C-terminus mCherry-fused J-C-subunit itself shows different result 

(Figure 5-3). Co-expressing with mitochondria, Golgi apparatus, or centriole markers have distinct 

localization pattern comparing with wt C-subunit. J-C-subunit can still go to centriole (Figure 5-4); 

however, it mainly diffuses in the cells and neither goes to Golgi apparatus or mitochondria. 

  



 

122 

 

Figure 5-3. Wild-type C-subunit and J-C-subunit have distinct localization. 
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Figure 5-4. The J-C-subunit co-localizes with centriole marker, but not with mitochondria or Golgi markers. 
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5.3 Localization of RIα holoenzyme 

Next, to study the localization of RIα holoenzyme, the C-terminus mCherry-fused C-

subunit together with the C-terminus eGFP-fused RIα in the HEK293T cells. The RIα2C2 and 

RIα2J-C2 holoenzyme reveals different localization patterns (Figure 5-5). 
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Figure 5-5. The RIα2C2 (top) and RIα2J-C2 (bottom) holoenzymes have different localization patterns. 
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For the wt RIα holoenzyme, the puncta-like structures have been identified as phase 

separation bodies, which was also shown to regulate the cAMP compartmentation in cells(96). 

However, the RIα2J-C2 holoenzyme has distinct localization; it is diffused in the cells. Therefore, 

we would like to examine the molecular mechanism of the RIα2J-C2 holoenzyme mis-localization. 

Several J-domain deletion mutants (J-C(Δ1-13), J-C(Δ1-39), and J-C(Δ1-55)) were expressed with 

the RIα-eGFP construct to examine their RIα holoenzymes localizations. Similar to the RIα2J-C2 

holoenzyme, all of them are diffused in cells (Figure 5-6). These results indicate that the mis-

localization of the RIα2J-C2 holoenzyme is not due to the steric effect of the J-domain. 
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Figure 5-6. Co-expression of deletion mutants of J-C-subunits with RIα-subunit have similar localization as 
RIα2J-C2 holoenzyme. 
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Next, we wanted to examine if the myristylation site can affect the RIα holoenzyme 

localization. We thus co-expressed the wt RIα-subunit with G1A mutation of C-subunit, which has 

been shown to abolish the PKA C-subunit myristylation (Figure 5-7). This mutant holoenzyme is 

diffused in the cells. Our results show that missing the myristylation sites apparently can affect the 

phase separation body formation. 

We also found that the D/D domain mutations (RIα V20A/I25A), which retain the D/D 

domain integrity but can abolish AKAP binding (83), reveal similar localization as the RIα2J-C2 

holoenzyme (Figure 5-7). This may indicate that AKAP participates the phase separation body 

formation and the J-domain can impede AKAP binding in the cells. 
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Figure 5-7. Myristylation site or D/D domain mutations can disrupt phase separation body formation. 
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We can conclude that both the myristylation site in the C-subunit and the D/D domain in 

the RIα-subunit are crucial for phase separation body formation. The extra J-domain and the 

missing myristylation site in the fusion protein impairs the PKA RIα pathway. The mis-localization 

of the RIα2J-C2 holoenzyme also contributed to tumorigenesis. 

5.4 Localization of RIIβ holoenzymes 

To study the localization of RIIβ2C2 holoenzyme, we co-expressed the C-terminus eGFP-

fused RIIβ and C-terminus mCherry-fused C-subunit in the HEK293T cells. Unlike RIα2C2 

holoenzyme, both RIIβ-eGFP and C-mCherry reveals patterns next to the nucleus region, 

indicating that RIIβ2C2 holoenzyme localizes at the Golgi apparatus (Figure 5-8). 

The same constructs but replacing the wt C-subunit with the J-C-subunit was used to study 

the localization of RIIβ2J-C2. We co-expressed the C-terminus eGFP-fused RIIβ and C-terminus 

mCherry-fused J-C-subunit in the HEK293T cells. The RIIβ2J-C2 holoenzyme shows the same 

pattern as RIIβ2C2 holoenzyme, indicating the J-C-subunit does not change RIIβ holoenzyme 

localization. The RIIβ2J-C2 holoenzyme can still localizes to the Golgi apparatus (Figure 5-8). 
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Figure 5-8. Both RIIβ2C2 and RIIβ2J-C2 holoenzymes localize in Golgi apparatus. 
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5.5 RIα/RIβ and RIIα/RIIβ double knock-out cells 

In the previous chapters, we used RIα and RIIβ holoenzymes as examples to show their 

different responses toward ATP in vitro. The inhibitory sequence in RIα is a pseudo-substrate, 

therefore ATP serves as an orthosteric inhibitor, ATP stabilize RIα holoenzyme and make it more 

resistant to cAMP(73). In constrast, the inhibitory sequence in RIIβ is a substrate, it can be 

phosphorylated when ATP is present. The phosphorylated form of RIIβ is easier to active with 

cAMP(73). The pseudo-substrate or substrate in the inhibitory sequence of R-subunit is the 

signature feature that distinguishes RI and RII, respectively. 

Therefore, we generated the RIα/RIβ and RIIα/RIIβ double knock-out cells in order to 

study the effect of ATP on PKA R-subunit isoforms (Figure 5-9). To make the RIα/RIβ and 

RIIα/RIIβ double knock-out cells, the RIα and RIIα knock-out HEK293T cells were transfected 

with gRNAs that target to RIβ or RIIβ, respectively. After transfection and single-cell sorting, each 

of the clone was validated by genomic PCR and western blots. 
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Figure 5-9. Generating RIα/RIβ and RIIα/RIIβ double knock-out cells. 
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We then utilized a PKA activity FRET reporter to investigate the activity differences under 

different of stimulations in the RIα/RIβ and RIIα/RIIβ double knock-out cells (Figure 5-10) (107, 

108). The reporter contains a PKA substrate site and FHA1 domain in the middle of the construct. 

At each terminus, there is a FRET pair that can be tethered. The FRET signals can change based 

on the conformational changes of the reporter. In the basal unphosphorylated state, the fluorophore 

pair is far apart with low FRET signal. Once the substrate site is phosphorylated by the PKA, the 

FHA1 domain would binds to the phosphopeptide and induces an overall conformational change 

that brings the two FRET partners together which increases the FRET signal. 
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Figure 5-10. FRET-based PKA activity reporter. 
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Therefore, according to the FRET intensity, we are able to investigate the PKA activity in 

the cells. To stimulate the ATP synthesis in the cells, we first treated the starved cells with glucose, 

which can stimulate both anaerobic glycolysis and oxidative phosphorylation (OXPHOS) (Figure 

5-11). The PKA activity is slightly elevated in the RIα/RIβ double knock-out cells, while the FRET 

signal (i.e. PKA activity) in the RIIα/RIIβ double knock-out cells is rapidly and significantly 

decreased after glucose treatment. These results are consistent with our in vitro data that ATP can 

stabilize RIα holoenzyme where it can destabilize and facilitate RIIβ holoenzyme activation with 

cAMP (Figure 2-6). However, both of the cells may still have endogenous levels of PKI, which, 

similar to RI-subunits, contains a pseudo-substrate sequence in its inhibitory site. This could 

explain why the FRET signal in the RIα/RIβ double knock-out cells has less amount of increase 

after glucose treatment (Figure 5-11). 

Strikingly, the cells have quite different responses after the galactose treatment. The signals 

of the reporters in both double knock-out cells remain unchanged after galactose treatment. The 

double knock-out cells were made in HEK293T cells, which are derived from kidney cancer cells. 

Most of the cancer cells have dysfunctional mitochondria and the OXPHOS pathway, which is 

called as Warburg effect(109, 110). Our results can be explained by the Warburg effect. 

Galactose, unlike glucose, consumes extra energy to get into the glycolyic pathway; there 

is no energetic yield from glycolysis. Galactose, therefore, only activates the OXPHOS pathway; 

no energy comes from glycolysis (111, 112). Unlike normal cells, the majority of energy for cancer 

cells come from glycolysis instead of OXPHOS, due to the dysfunction mitochondria. Thus, 

galactose treatment has no effect on PKA activity in both knock-out HEK293T cells. 
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Figure 5-11. ATP has distinct effect on RI and RII double knock-out cells. 
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Both of our in vivo and in vitro studies reveal that RI and RII have distinct allostery. We 

also showed that the PKA-dependent pathway can be further dissected to, at least, RI and RII-

dependent, and each of them has different responses under glucose stimulation. Meanwhile, we 

also showed Warburg effect on PKA-dependent signaling. This also sheds the light on the distinct 

PKA-dependent pathway in cancer and normal cells. 
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Chapter 6  Conclusions 

In this chapter, I would like to summarize my findings about the PKA pathway focusing 

on structure, allostery, localization and cellular response. In addition, I list some of the unsolved 

questions that can be potentially be tackled with the future studies. 

6.1 Isoform-specific PKA signaling 

Even though all the PKA R-subunits retain the same domain organization, we have shown 

that RIα and RIIβ holoenzyme have distinct quaternary structures, allostery and localization. The 

RIα and RIIβ holoenzymes also respond differently to ATP. In the case of the RIα holoenzyme, 

ATP acts as orthosteric inhibitor, whereas in the RIIβ holoenzyme, ATP serves as substrate that 

facilitate activation with cAMP(73). I also utilized CRISPR-Cas9 gene editing to generate RIα/RIβ 

and RIIα/RIIβ double knock-out cells. These cell lines also respond differently to ATP stimulation. 

ATP also regulates the R- and C-subunits binding. In the presence of ATP, RIα showed strong 

binding with C-subunit (Kd < 0.1 nM), in contrast to holoenzyme formed in the absence of 

nucleotide (Kd = 15 nM)(51). However, RIIβ holoenzyme displayed weaker affinity in the presence 

ATP (Kd = 7 nM), compared to in the apo conditions (Kd = 0.39 nM)(24). 

To summarize, these data all indicate that the RIα and RIIβ holoenzymes have different 

regulation mechanisms, and they are likely involved in distinct cellular pathways. In this chapter, 

I would like to discuss the molecular mechanisms that regulate the RIα and RIIβ holoenzymes. 

6.1.1 RIα holoenzyme 

In the previous chapters, we identified two conformations of the RIα holoenzyme. Based 

on our studies, the conformational changes between Molecule A (Conformation 1) and Molecule 
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B (Conformation 2) are mediated by ATP. In both of the conformations, similar to the RIα2 

structure, the two RIα:C protomer have an antiparallel orientation with the N3A motifs serving as 

the holoenzyme interface. Because the CNB-B domains directly contact the CNB-A domains from 

the opposite protomer, the movements of CNB-B domains are limited in these two conformations. 

In comparison to the allosteric studies of the (D1-91)RIα:C complex(16), most of the previous 

biophysical studies showed that the CNB-B domains are flexible, and its dynamic feature is crucial 

for cAMP activation(19, 61). 

Another RIα holoenzyme model has been proposed based on the RIα(73-244):C crystal 

structure packing (113). According to the crystal packing of the RIα(73-244):C structure, we were 

able to build the RIα holoenzyme model with the linker region serving as the holoenzyme interface 

leaving unconstrained  CNB-B domains. This state (Quenched state) has solvent exposed CNB-B 

domains including solvent exposed N3A-motifs. The CNB-B domains are flexible in this model. 

We thus propose there are at least three conformations of the RIα holoenzyme, and these 

three conformations can represent an ensemble of the RIα conformational states and each has 

distinct allosteric mechanisms for activation (Figure 6-1A). These states would be in equilibrium. 

The apo state in the absence of ATP is represented by Conformation 2. In the presence of ATP, 

the equilibrium shifts to Conformation 1, whereas in the absence of ATP equilibrium would favor 

Conformation 2. To avoid motif clashes, any of these conformational changes would need to go 

through a partially dissociated complex where the two RIα:C protomers are no longer in contact 

(Figure 6-1A). We thus hypothesize that this dissociation state is an obligatory intermediate for 

transitioning between the three conformational states.  However, it is not clearly that under what 

conditions can drive the equilibrium to the Quenched state. The Quenched state may be the third 

option where there are two Mg2+ ions and ATP. This equilibrium can be influenced by several 
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factors that reflect the metabolic states of the cell. Many plausible mechanisms, such as metal ions, 

oxidation state, hydrolysis of ATP, or even other binding partners, can in principle influence this 

equilibrium. This question will be left for future studies. 

To further investigate these different conformational states, we calculated the interface free 

energy of each state by using the online program, PRODIGY (Figure 6-1B)(114). Among these 

three states, Conformation 1 is the most stable one, where Conformation 2 and Quenched states 

are less stable with free energy 2.3 kcal/mol and 3.4 kcal/mol higher than Conformation 1, 

respectively. The partially dissociated state, hypothesized to be the intermediate, has highest free 

energy (8.1 kcal/mol higher than the Conformation 1). 

Each of the conformational states may correlate with different functions. For example, 

Conformation 1 should be the conformation responsible for the PKA activation with C-subunit 

dissociation, since both Conformation 1 and RIα2 structure share almost the same N3A-N3A’ 

interface(17). However, we cannot exclude the possibility of the PKA activation without C-subunit 

dissociation, and if so, we have no evidence in what conformation is more likely to happen. This 

is another question that need to be tackled in the future. 

Conformation 2 is believed to be the major conformation responsible for phase separation 

body formation. We get clues from two specific experiments: 1) RIα- and C-subunits mixture is 

easier to form phase separation body in the absence of ATP. 2) The N3A-motif mutant, Tyr120RIα, 

cannot form phase separation body. From these two conditions, we can conclude that if the 

equilibrium would shift to Conformation 2, it would promote phase separation body formation, 

whereas pushing the equilibrium to Quenched state or Conformation 1 can lead to diffuse state 

(Figure 6-1A). Hence, we can hypothesize that the Conformation 2 is the main conformation for 

forming phase separation body. 
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Figure 6-1. The equilibrium model of RIα holoenzymes. (A) The conformational changes of three RIα 
holoenzyme states.  (B) Interface energy calculations of three states. (C) The two J-domains would clash each 
other in the Conformation 2. 
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This hypothesis can also explain why DnaJB1-PKAc can disrupt RIα phase separation 

body formation. If we replace the C-subunit with J-C-subunit in Conformation 2, the two J-

domains would be in close proximity (Figure 6-1C). As we have shown earlier, the J-domain is 

extremely flexible, so the close proximity could disfavor this conformation. Therefore, the whole 

equilibrium would shift to either Conformation 1 or the Quenched state, which does not favor 

forming the phase separation body. These results can also explain why we did not see 

Conformation 2 in the DnaJB1-PKAc holoenzyme with RIα. 

6.1.2 RIIβ holoenzyme 

Unlike RIα, there are only two known states, the apo state and phosphorylated/ADP bound 

state, in the RIIβ holoenzyme. Both the apo and phosphorylated/ADP bound states essentially have 

the same conformation (22); however, they have different cAMP sensitivities for activation (Figure 

6-2A)(24, 73). The apo form is more resistant to cAMP, whereas the phosphorylated/ADP bound 

form is easier to activate with cAMP. In cells, the phosphorylated/ADP bound state can represent 

the basal state(115), where the apo state would only exist when it is de-phosphorylated by the 

phosphatase, such as Calcineurin (Figure 6-2A)(115-118). 

In comparison to the RIα holoenzyme, the RIIβ holoenzyme is different. Both of the 

holoenzyme states (apo and phosphorylated/ADP bound RIIβ) can in vitro be activated with 

cAMP, which will promote dissociation of the C-subunit. On the other hand, we cannot exclude 

the possibility that PKA activation occurs without C-subunit dissociation. The 

phosphorylated/ADP bound state, which in the absence of cAMP is the predominant state in the 

cell is most likely to be the conformation that can be activated without C-subunit fully dissociated 

(24, 115). Phosphorylation of the RIIβ-subunit decreases the ability of inhibitory sequence to bind 

to the C-subunit active site cleft, therefore other substrates, especially those tethered in close 
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proximity to the holoenzyme, can more easily compete with the phosphorylated inhibitory 

sequence of RIIβ-subunit and get into the C-subunit active site. 
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Figure 6-2. The equilibrium model of RIIβ holoenzyme. (A) The equilibrium of two RIIβ holoenzyme states.  
(B) The RIIβ holoenzyme has higher polarization background in the presence of ATP. 
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This phenomenon was also observed in our polarization assay where we used a fluorophore 

labeled PKI peptide as a probe to test the activation of the PKA holoenzyme with cAMP (Figure 

6-2B). When the peptide binds to the C-subunit, the fluorescence polarization increases due to the 

increase in the size of the PKI peptide:C complex compared to the free peptide (119). We always 

get a high fluorescence polarization background when we incubate the RIIβ holoenzyme with 

ATP, even at low concentrations of cAMP; however, when we replace ATP with a non-

hydrolyzable ATP analog, AMP-PNP, the polarization background is much lower (Figure 6-2B). 

This data indicates that when the RIIβ-subunit is phosphorylated, the peptide substrate can easily 

enter into the C-subunit active site even when the C-subunit is not fully dissociated from the RIIβ-

subunit. With AMP-PNP, we trap a high affinity ATP bound state where the g-phosphate cannot 

be transferred in contrast to ATP where the g-phosphate is immediately transferred to the inhibitor 

site of the RIIβ subunit. 

6.2 Questions for the future studies 

There are many questions that remain unsolved in this field. One of the main directions is 

to understand the allostery of PKA RI and RII holoenzymes. Even though we have identified 

several conformations in the RIα and RIIβ holoenzymes, some of the detail mechanisms are still 

elusive. 1) What exact conditions can drive the RIα holoenzyme to Quenched state? 2) How does 

the conformation change form one state to the other? Can we trap a fully dissociated state of the 

cAMP-bound RIα holoenzyme? 3) Are there any more conformation-specific functions in each 

state? 4) Can we manipulate the holoenzyme equilibrium both in vitro and in vivo? 

We have also shown that the fusion protein can affect each of the RIα holoenzyme 

localization and RIIβ holoenzyme molecular dynamics. These perturbations can be profound and 
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what is the consequence for the downstream signaling? Can the fusion protein impair the 

downstream signaling? The information can be insightful for developing therapeutical strategies. 

Our R-subunit knock-out cell lines and localization studies are great platforms for us to 

further understand the PKA functions in the cells. By advances in mass spectrometry-based 

proteomics, we can dissect the PKA-signaling pathway in an isoform-specific way. Together with 

localization data and functional studies, we should also be able to tackle each of the R-subunit 

holoenzyme function at specific cellular localization. 

The reporter assay in knock-out cell lines is also a great way to study isoform-specific 

cellular response and screen small compounds that target to different isoforms. Together with the 

downstream gene expression assay, we can elucidate the PKA isoform-specific pathway and 

potentially screen for the drugs that can specifically target to certain isoforms. Since each disease 

can disrupt different isoforms of PKA signaling, these strategies can be very useful for the future 

drug development. 

The other interesting direction is to link the PKA isoforms regulation to their upstream 

target. We can study if different cAMP sources have different effects on each PKA isoform. 

Forskolin activates transmembrane adenylyl cyclases, whereas bicarbonate can stimulate soluble 

adenylyl cyclase. What are the consequence and response in each R-subunit knock-out cell under 

different ways of stimulations, eg. Forskolin vs. bicarbonate? Our reporters and knock-out cells 

will be good tools to tackle this question. 

Our research lays the foundation to understand the molecular mechanism, localization, 

pathway, and allosteric regulation of PKA holoenzymes. There are many more unsolved questions 

that need to be explored, and we are looking forward to expanding our understandings of PKA-

dependent signaling in the future. 
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Chapter 7  Material, methods and references 

7.1.1 Protein purification 

All wild-type C-subunit, J-C-subunit, and deletion mutants of J-C-subunit were purified 

with a similar purification protocol. The constructs were transformed into BL21(DE3), 0.5 mM 

IPTG was added to induce the cells at OD600=0.6-0.8. After 16 hours of expression at 4°C. The 

bacterial pellets were re-suspended and lysed in the lysis buffer: 20 mM Tris-Cl, 300 mM NaCl, 5 

mM β-mercaptoethanol (BME). After high speed centrifugation (13,000 rpm, 1hr), the supernatant 

was collected then passed through the Ni-resin. The resin was first washed with 3CV of wash 

buffer (20 mM Tris-Cl pH=8.0, 300 mM NaCl, 10 mM imidazole, 5 mM BME), and then C-

subunit was eluted by 3CV of elution buffer (20 mM Tris-Cl pH=8.0, 300 mM NaCl, 500 mM 

imidazole, 5 mM BME). The eluent was collected and supplemented with Ulp1 (molar ratio 

SUMO-C : Ulp1 = 200 : 1). The mixture was dialyzed against the buffer (20 mM Tris-Cl pH=8.0, 

300 mM NaCl, 5 mM BME) at 4°C overnight. After SUMO tag cleavage, the cleaved SUMO tag 

and uncleaved protein were removed by passing the solution back through the Ni-resin. The 

proteins were further purified by S-75 gel filtration column with buffer (20 mM MES pH=6.5, 300 

mM NaCl, 5 mM BME). 

The RIα- and RIIβ-subunit purifications are similar same as the literatures(17, 22). 

7.1.2 Holoenzyme formation 

Holoenzyme was prepared by mixing RIα- or RIIβ-subunit (1 equiv.) with excess of C-

subunits (1.3 equiv.). The mixture was dialyzed against holoenzyme buffer: 50 mM MES pH=5.8, 

50 mM NaCl, 1mM TCEP and add extra 5mM MgCl2 and 0.5mM ATP if it is RIα. Unbound C 

subunits were removed by S-200 gel filtration column with the same holoenzyme buffer. 
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7.1.3 The RIα2C2 RIα2J-C2 holoenzyme structure determination and refinement 

Single crystals of RIα2C2 and RIα2J-C2 holoenzyme were grown in hanging drops using 

the vapor diffusion method by mixing 1 μl of the protein solution (7.5 mg/ml) and 1 μl of the 

reservoir solution (100 mM imidazole/MES pH=7.0, 90 mM NPS, 16.8% v/v Ethylene glycol, 8.4 

% w/v PEG 8000). The original condition was from Molecular Dimension Morpheus C6 

condition) at 22.5 °C.  The RIα2J-C2 crystals were grown in a buffer containing 100 mM NaCl, 

16-18% pentaerythritol propoxylate and 10% dimethyl sulfoxide and to their final size in ~2 

weeks. Crystals were flash frozen and the X-ray diffraction data sets were collected at the 

Advanced Light Source, Berkeley California beamline 8.2.2 and processed with HKL2000(3). The 

structure phasing was solved using the (1-91Δ)RIα:C heterodimer structure (PDB 2QCS) as a 

molecular replacement search model. The structure determination and refinement were carried out 

using CCP4 and Phenix, respectively. Model building was performed using Coot(120). The 

structures were refined using Phenix. The structure model has a good geometry as evaluated with 

PROCHECK(121). 

7.1.4 Hydrodynamic radius 

The Hydrodynamic Radius of the protein constructs were determined using Gel filtration 

Chromatography on an Analytical Sephadex S-200 column from Amersham Pharmacia. Buffer 

conditions used included 2mM MgCl2, 10mM MOPS pH 7.0, 50mM NaCl and 1mM TCEP. For 

the size exclusion runs with ATP, 0.2mM was also included in the above mentioned buffer 

composition. All runs were carried out at constant flow rate of 1.0 mL/min. The experiment relied 

on the combination of Stokes-Einstein equation with retention theory to calculate the Rh (assuming 

it as a sphere)(7). A standard curve for the column was created using the Molecular Weight Kit 

from Sigma Aldrich (MWGF200). The Rh of the proteins were deconstructed from the said 
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standard curve and the Perrin Shape factor was calculated using the theoretically calculated Rg (= 

0.66M1/3; where M is the Molecular Weight in Daltons)(8). 

7.1.5 Grid preparation and data acquisition for RIIβ2J-C2 holoenzyme 

For negative stain sample preparation, 4 µL of RIIβ2J-C2 at 40nM was incubated on 

continuous carbon grids (Electron Microscopy Sciences, Hatfield, PA; CF400-Cu) for 30 s. After 

incubation, the grid was transferred directly onto 5 × 75 µl droplets of 2% uranyl acetate and then 

blotted dry. Negative stain grids were imaged on an Tecnai Sphera (FEI Company, Hillsboro, OR) 

at 200 kV using a US4000 CCD detector (Gatan Inc., Pleaston, CA) with the Leginon(122) 

automated data collection software over a defocus range of 1–2.5 µm and a dose of 40 e-/Å2 at a 

nominal magnification of 62,000X (1.90 Å/pix). 

For cryo-EM sample preparation, 4µl of RIIβ2J-C2 at 2µM was applied to a glow-

discharged UltraAuFoil R (1.2/1.3) 300-mesh gold grid (Electron Microscopy Sciences). The grids 

were then blotted with filter paper and plunge-frozen into ethane cooled with liquid nitrogen using 

a Vitrobot Mark IV (Thermo Fisher Scientific) set to 4 °C, 100% humidity, 4 s blot, and a force of 

20. Micrographs were collected using Leginon(122) on a Titan Krios transmission electron 

microscope (Thermo Fisher Scientific) operating at 300 keV using a Gatan K2 Summit direct 

electron detector (Gatan, Inc) in counting mode (1 Å/pixel) at a nominal magnification of 29,000X 

using 100 ms frame rate for 10 seconds with a total dose  ~78e/Å2. All images were collected 

using a stage tilt of 40 degrees to increase orientation distribution (123, 124).  Appion(125) was 

used for on-the-fly preprocessing to run MotionCor2(126) and CTFFIND4(127). 

7.1.6 Image processing 

Particles were picked and extracted using Appion preprocessing software. 693,293 

particles were picked from 1,129 micrographs with the FindEM(128) software, using 2D class 
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averages from untilted cryo-EM data for RIIβ2J-C2 as templates. Particles were extracted using 

RELION(129) and local CTF values calculated by Gctf(130) to produce a particle stack at 1Å/pixel 

and a box size of 256 pixels. The particle stack was imported into cryoSPARC(131) (v0.65) for 

2D classification. After throwing away bad classes, we used 153,426 particles for ab initio 

classification into 3 classes using cryoSPARC (v0.65). We selected a single good class containing 

69,605 particles for homogenous refinement in cryoSPARC (v0.65), applying C2 symmetry to 

obtain a 6.2Å structure (-302Å2 B-factor). Using the resulting particle stack, we performed 3D 

classification using RELION (v2.1) into 5 classes. After selecting the 21,330 particles associated 

with the map containing an extra density for CNB-B, we performed another round of 3D 

refinement using RELION to obtain a structure at 8.5Å using C1 symmetry. In order to obtain 

more information about the CNB-B domain, we created a mask and used this to perform 

classification without alignment to enrich for particles containing extra density. From one class, 

we used 11,182 particles to obtain a 7.5Å structure (C1 symmetry). For this, we then filtered 

according to local resolution using a B-factor of -500Å2. 

7.1.7 Model building and refinement 

The crystal structure of wt RIIβ holoenzyme (PDB = 3TNP) and DnaJB1-PKAc (PDB = 

4WB7) alone were chosen as initial models. To generate RIIβ2J-C2 model, the C-subunits in RIIβ 

holoenzyme were replaced with the J-C-subunits and submitted to HHpred 

(https://toolkit.tuebingen.mpg.de/#/tools/hhpred), using the top 10 scoring homologous models. 

This model was then initially refined using Rosetta(132) with the locally filtered cryo-EM map. 

We calculated 200 models and used top scoring model for a final refinement. 

The real-space refinement of C1 symmetry structure was carried out by using Phenix. 

Further model refinement was performed by using Coot(120). The C2 symmetry structure was 
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derived from the refined C1 symmetry structure. Based on the C2 symmetry map, the N-terminus 

(residue 1 - 48) of J-C-subunit and CNB-B domain (residue 266 - 416) of RIIβ-subunit were 

removed from C1 symmetry structure. Both the two structure models have good geometry as 

evaluated with PROCHECK(121). 

7.1.8 System preparation for MD 

Holoenzyme complexes were prepared from either RIIβ2C2 or RIIβ2J-C2.  The models were 

processed in Maestro (Schrodinger) where missing sidechains, counter ions, and ioniziable side 

chains were modeled in the Protein Preparation Wizard.  Hydrogens were added and the models 

were solvated in a cubic box of TIP4P-EW water(133) and 150 mM KCl with a 10 Å buffer in 

AMBERtools(134). Parameters from the Bryce AMBER Parameter Database were used for 

phosphothreonine and phosphoserine(135). 

7.1.9 MD simulations 

AMBER16(134) was used for energy minimization, heating, and equilibration, using the 

CPU code for minimization and heating and GPU code for equilibration.  500 steps of hydrogen-

only minimization was followed by 500 steps of solvent minimization, 500 steps of sidechain 

minimization, and 5000 steps of all-atom minimization.  Systems were heated from 0K to 300 K 

over 500ps with 2fs timesteps and 10.0 kcal×mol×Å position restraints on protein and ligand.  

Temperature was maintained by the Langevin thermostat.  Constant pressure equilibration with a 

10 Å non-bonded cut-off with particle mesh Ewald was performed with 100ps of protein and ligand 

restraints followed by 100ps without restraints. Hydrogen mass repartition was implemented to 

achieve a 4fs time-step for production runs(136). Production simulations were performed on GPU 

enabled AMBER16(137, 138) as above in triplicate for a total aggregate simulation time of 1.5µs 

for each complex.  Gaussian accelerated MD (GaMD) was also used to enhance conformational 
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sampling(139) of the holoenzyme complexes (C, J-C, and J-C(Δ1-69)).  Systems were prepared, 

minimized, heated, and equilibrated identically to the conventional MD simulations. GaMD 

applies a Gaussian distributed boot to the potential energy surface which accelerated transitions 

between states while allowing accurate reweighting with cumulant expansions. Both dihedral and 

total potential acceleration were used simultaneously.  Each GaMD simulation was equilibrated 

for 50ns during which boost potentials were updated every 2ns.  For each construct 8 independent 

replicas of 100ns of GaMD simulation were run in the NVT ensemble.) 

7.1.10 MD analysis 

The first 50ns of each simulation was removed prior to analysis.  Trajectories were aligned 

to the least dynamic regions of the protein by superposing only Cα atoms with an initial RMSF 

less than the mean. The displacement vector between CNBA and CNBB was put into the same 

reference frame for all constructs by aligning the CNBA domain of each R protomer over CA 

atoms for residues 169-246 to the same reference structure for both protomers prior to calculating 

the vector between Arg230 and Arg359. Solvent accessible surface area was calculated for 

residues 302, 321, 323, 339, 348, 350, 351, 352, 359, 360, 361 which form the cyclic-nucleotide 

binding pocket in the CNB-B domain of RIIβ.  The Shrake-Rupley method, within MDtraj, with a 

probe radius of 0.3nm, similar to the radius of a cAMP molecule, was used for the SASA 

determination per frame. Plotting and analysis were performed in python. 

7.1.11 SAXS analysis and model building 

SAXS data were collected at beamline SIBYLS at Advanced Light Source equipped with 

Agilent 1260 series HPLC with a Shodex analytical column. Data were collected at 298K with 

sample to detector distance at 1.5 m and λ=1.03Å. Samples concentration was both ~5 mg/mL, 

with 60 µL in each loading. Buffer signals were subtracted based on the measurement of averaged 



 

154 

background scattering in each sample. The scattering files were transformed into real space pair 

distance distribution function P(r), and Rg and Dmax were also calculated based on the P(r) 

function(140). Radius of gyration (Rg) was calculated from consecutive data throughout the FPLC 

and checked for consistency. All data were then scaled and merged as the final plot. Both samples 

have no sign of aggregation according to the Guinier analysis at low scattering angles(q). The Data 

were analyzed by ATSAS 2.8(141). Molecular weight estimation of each complex was calculated 

based on the formula: MW = Porod Volume / 1.7. 

SAXS model was built by using the program CAROL(74). The flexible regions, such as 

residues 1-14 in C-subunit, residues 122-129, 44-103, 325-336, and 394-416 in RIIβ-subunit, were 

built as poly-Gly chains. The structural model of D/D domain was generated based on the 

homologous modeling by using the online program, I-TASSER(76). 

7.1.12 Kinase activity assay 

The enzymatic activity of wt or chimeric catalytic subunit was measured 

spectrophotometrically with a coupled enzyme assay. The ADP formation is coupled to the 

pyruvate kinase (PK) and lactate dehydrogenase (LDH) reactions. The reaction rate is determined 

by following the decrease in absorbance at 340 nm at 25 °C on a Photodiode Array Lambda 465 

UV/Vis Spectrophotometer (PerkinElemer). The Michaelis-Menten parameters for ATP were 

determined by fixing Kemptide substrate (LRRASLG) at saturating concentrations while varying 

the concentrations of ATP. Reactions were pre-equilibrated at room temperature and initiated by 

adding ATP. The kinase reaction mixture contained 100 mM MOPS pH 7.1, 50 mM KCl, 6 mM 

phosphoenolpyruvate, 0.5 mM nicotinamide adenine dinucleotide (NADH), 100 µM of Kemptide, 

15 units of LDH, 7 units of PK, and varying concentrations of ATP from 0 to 250 µM. MgCl2 was 
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present in a constant 1 mM excess over ATP. The data was analyzed and fitted to the Michaelis-

Menten equation using SigmaPlot software. 

7.1.13 Inhibitor Peptide PKI Binding Assay 

Fluorescence anisotropy was used to measure PKI to C- or J-C-subunit. 0.9 nM FAM-

labeled PKI (5-24) peptide was mixed with 0-2000 nM C- or J-C-subunit in buffer containing 20 

mM MOPS pH 7.0, 150 mM NaCl, 10 mM MgCl2, 1 mM ATP, and 0.01% Triton X-100. 

Fluorescence anisotropy was measured by using GENios Pro micro-plate reader (Tecan) in black 

flat-bottom costar assay plates with 485 nm excitation and 535 nm emission. 

7.1.14 Stability assay 

ThermoFluor assay was used to measure the stabilities of apo C- or J-C-subunit subunits 

and its ATP and/or peptide binding forms. The reaction was conducted with 5 µM of proteins in 

45 µL of the buffer containing 20 mM MOPS pH 7.0, 150 mM NaCl. Ligands were used at the 

following concentrations 1 mM ATP, 10 mM MgCl2, and 25 µM PKI peptide. For each ligand, 

triplicate reactions were measured in 96-well plate. After proteins and ligands were mixed and 

incubated for 5 min on ice, 5 µL of 200X SYPRO Orange dye was added to each reaction. The 

samples were heated from 20 to 85 °C with a 0.5°C/min heating rate by using CFX96 Real-Time 

PCR Detection System (Bio-Rad) in temperature scanning mode. The fluorescence signals were 

measured using the ROX channel. 

7.1.15 ATP binding assay 

ATP dissociation constants were determined using the ThermoFluor assay. Similar 

condition as thermostability assay was used for ATP binding, except a range of ATP 

concentrations from 0 to 1 mM were mixed with C- or J-C-subunit. After everything was mixed 
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and incubated for 5 min on ice, 5 µL of 200X SYPRO Orange dye was added to each reaction. 

The samples were heated from 20 to 85 °C with a 0.5 °C/min heating rate by using CFX96 Real-

Time PCR Detection System (Bio-Rad) in temperature scanning mode. The final concentration 

4.5 µM of catalytic subunits was used to fit the data. The fluorescence signals were measured using 

the ROX channel. Each melting temperature was recorded and plotted versus ATP concentration. 

7.1.16 Fluorescence polarization assay 

The cAMP activation assay of RIα and RIIβ holoenzymes was measured by a fluorescence 

polarization assay(142). The holoenzyme was formed by mixing C-subunit (or J-C-subunit or J-C 

deletion mutants) and RIα or RIIβ with molar ratio 1:1.2 in buffer: 2 mM HEPES pH=7.0, 75mM 

KCl, 0.005% Triton X-100, 1mM DTT, 10mM MgCl2, and 1mM ATP(RIα) or AMP-PNP(RIIβ). 

A N-terminus fluorescein-labeled 20-residue PKI(5-24) peptide (FAM-IP20) was then added into 

the reaction. The working concentration of C-subunit was 12nM, FAM-IP20 was 2nM, and RIIβ 

was 14.4nM. A two-fold serial dilutions of cAMP from 2,000 to 0 nM(RIα) or 8,000 to 0nM(RIIβ) 

were added to each reaction. The polarization changes were from the FAM-IP20 binding to the C-

subunit. Excitation and emission wavelength (485 nm and at 535 nm, respectively) to measure its 

polarization. The experiments were carried out with a GENios Pro micro-plate reader (Tecan) 

using black flat-bottom 96-well plates. Each data was repeated at least four times and the data sets 

were analyzed with Prism 7. 

7.1.17 Fluorophore Labeling 

To label with fluorophore, the Lys7 on Human C subunit was mutated to Cys. The 

mutagenesis was done using NEB Q5-site directed mutagenesis kit, and the primers were designed 

based on the online tool NEBBaseChanger. Purification of C-subunit Lys7Cys mutant was the 
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same as wild-type C-subunit. The purified protein was collected and incubated with 5 equiv. of 

Fluorescein-5-Maleimide in labeling buffer 20mM MES pH=6.5, 300 mM NaCl, 5 mM BME. 

After incubation at room temperature for one hour, the labeled-protein was injected to the S-200 

column to remove the excess amount of un-reacted fluorophore. 

7.1.18 Polarization Assay 

The cAMP activation assay and R-C binding of RIα and RIIβ were investigated by a 

fluorescence polarization assay. For R-C binding, holoenzymes were formed in situ by mixing 

10nM of Fluorescein labeled C-subunit and 2-fold serial dilution of R-subunits from 2000nM to 

0nM in buffer 20 mM MOPS pH=6.5, 75 mM KCl, 0.005% Triton X-100, 1 mM DTT, 10 mM 

MgCl2, and 1 mM ATP/ADP as indicated. For cAMP activation assay, holoenzymes were formed 

in situ by mixing 10nM of Fluorescein labeled C-subunit with 500nM of R-subunits in buffer 20 

mM MOPS pH=6.5, 75 mM KCl, 0.005% Triton X-100, 1 mM DTT, 10 mM MgCl2, and 1 mM 

ATP/ADP as indicated. A two-fold serial dilutions of cAMP from 1,0000 to 0 nM were added into 

each reaction to check the holoenzyme dissociation. All reactions were incubated for at least 20 

min to reach equilibrium before being measured. 

Excitation and emission wavelength (485 nm and at 535 nm respectively) were used to 

measure its polarization. The experiments were carried out with a GENios Pro micro-plate reader 

(Tecan) and black flat-bottom 96-well plates. Each data was repeated at least four times and the 

data sets were analyzed with Prism 7. Although Due to the detection limit of the assays, the 

measurement of half maximal effective concentration (EC50) is not equal to the dissociation 

constant (Kd), however is sufficient to observe ATP and ADP difference. 
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7.1.19 Helical and capping propensity analyses 

The online program, Agadir, was used to analyzed the helical and capping residues 

propensity of aB/C/N helix in RIα and RIIβ, aA-helix in wt C-subunit, and J-domain(143). 

7.1.20 CRISPR knock-out cells 

Two designed guide sequences (RIα: 5’-TGGCAGTACCGCCGCCAGTG-3’ and 5’-

AGAGACCCATGGCATTCCTC-3’; RIβ: 5’-CTCGTCCTCCTCCGAGGGGC-3’ and 5’- 

TGCCCCAGGACACGTGCGAA-3’; RIIα: 5’-CCGTGAGCCCCGGCGGGATC-3’ and 5’-

ACTCCACTGCGAATTCGACG-3’; RIIβ: 5’-GATGAGCATCGAGATCCCGG-3’ and 5’-

ATTGAACGCCCCTGCGTCCG-3’) that specifically target the human gene were each cloned 

into the sgRNA scaffold in pX458 (gift of Feng Zhang; Addgene plasmid #48138). Cells were co-

transfected with these two plasmids when they reached 70% confluency. After 24 h of transfection, 

the cells were aspirated, washed with DPBS, and filtered through a 35-μm cell strainer. Cells with 

GFP signals were sorted into single cells in a 96-well plate using a BD FACSJazzTM cell sorter. 

After single cells had grown into colonies, the cells were transferred to 60-mm cell culture plates. 

The corresponding genomic DNA segments were sequenced and PCR amplified. Each colony was 

validated by using western blotting and DNA sequencing. 
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