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Abstract

Cushing’s syndrome is an endocrine disorder caused by excess production of the stress hormone 

cortisol. Precision medicine strategies have identified single allele mutations within the PRKACA 
gene that drive adrenal Cushing’s syndrome. These mutations promote perturbations in the 

catalytic core of protein kinase A (PKAc) that impair autoinhibition by regulatory subunits and 

compartmentalization via recruitment into AKAP signaling islands. PKAcL205R is found in ~45% 

of patients, whereas PKAcE31V, PKAcW196R, and L198insW and C199insV insertion mutants 

are less prevalent. Mass spectrometry, cellular, and biochemical data indicate that Cushing’s 

PKAc variants fall into two categories: those that interact with the heat-stable protein kinase 

inhibitor PKI, and those that do not. In vitro activity measurements show that wild-type PKAc 

and W196R activities are strongly inhibited by PKI (IC50 < 1 nM). In contrast, PKAcL205R 

activity is not blocked by the inhibitor. Immunofluorescent analyses show that the PKI-binding 

variants wild-type PKAc, E31V, and W196R are excluded from the nucleus and protected against 

proteolytic processing. Thermal stability measurements reveal that upon co-incubation with PKI 

and metal-bound nucleotide, the W196R variant tolerates melting temperatures 10°C higher than 

PKAcL205. Structural modeling maps PKI-interfering mutations to a ~20 Å diameter area at the 

active site of the catalytic domain that interfaces with the pseudosubstrate of PKI. Thus, Cushing’s 

kinases are individually controlled, compartmentalized, and processed through their differential 

association with PKI.
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Introduction

Endocrine diseases have a substantial impact on public health [1]. They can cause long-term 

disability, significantly alter quality-of-life, and are a leading cause of death worldwide [2]. 

Cushing’s syndrome occurs when the body experiences too much of the stress hormone 

cortisol. There are two types of Cushing syndrome: exogenous disease that is frequently 

caused by over prescription of corticosteroids, and endogenous endocrine disorders [3,4]. 

Adrenal or non-ACTH Cushing’s syndrome is most often caused by adrenal or pituitary 

tumors and is considerably more common in women [5,6]. Approximately 15 per million 

people are diagnosed with adrenal Cushing’s syndrome annually [7]. Clinical presentation 

can be variable, and diagnosis can be difficult. Symptoms include mid-section weight 

gain, moon face, and a buffalo hump [8,9]. Excess cortisol also increases glucose in 

the bloodstream and elevates blood pressure [10]. Hence, diabetes and hypertension are 

common comorbidities that result from Cushing’s syndrome [2].

Adrenal Cushing’s syndrome is often a consequence of defective cAMP signaling in the 

zona fasciculata of the adrenal cortex [4,11]. Exome sequencing of adrenal tissue from 

patients conducted by five independent groups identified mutations in protein kinase A 

catalytic subunits (PKAc) that drive adrenal Cushing’s syndrome [12–18]. Most PKAc 

mutations cluster where the kinase domain interfaces with its regulatory (R) subunits [19]. 

This protein–protein interaction is not only necessary for autoinhibition of kinase activity, 

but also directs subcellular targeting of PKA holoenzymes through association with A kinase 

anchoring proteins (AKAPs; [20–22]). Cushing’s mutations may also influence PKAc 

association with other effectors including the heat-stable inhibitor PKI and the A-kinase 

interacting protein AKIP [23–26].

Protein kinase A is a broad-spectrum kinase that phosphorylates hundreds of cellular 

substrates [27–29]. Accordingly, lesions in PRKAC and PRKAR genes are linked to 

a growing number of diseases [30–33]. Adrenal Cushing’s syndrome is an autosomal 

dominant disease that emanates from lesions in a single allele of the PRKACA gene [2]. 

PKAc-L205R is the most prevalent mutant found in patients, accounting for ~45% of 

cases [19]. However, other disease causing PKAc mutations have been reported in the 

PKAc alpha isoform including E31V, W196R and the L198insW and C199insV insertion 

mutants (Figure 1A & [19]). A single Cushing’s mutation, S54L has been identified in 

the beta isoform of PKAc [18,34]. These amino acid changes promote subtle structural 

perturbations in the catalytic core of the kinase that impair autoinhibition by the type I or 

type II regulatory subunits of PKA and compartmentalization via recruitment into AKAP 

signaling islands [4,35–37]. Accordingly, shifts in the phosphorylation of compartment 

specific substrates and changes in substrate selectivity of PKAc variants have been proposed 

as molecular hallmarks of adrenal Cushing’s syndrome [18,19,38,39]. Yet, despite their 

apparent similarities, Cushing’s mutants can have distinct impacts on physiology. We 

previously demonstrated that PKAcL205R and PKAcW196R are associated with different 

downstream pathways. PKAcL205R up-regulates YAP/TAZ whereas PKAcW196R activates 

ERK [40]. In this report, we show that Cushing’s PKAc variants can be classified based 

on their differential association with the endogenous heat-stable inhibitor PKI. This ATP 

dependent pseudosubstrate inhibitor protein blocks kinase activity with nanomolar potency 
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and is instrumental in the nuclear export of PKAc under conditions of chronic exposure to 

cAMP [41–43]. PKI is expressed in almost all tissues and has been shown to be localized 

in the nucleus. We show that interaction with PKI influences subcellular redistribution and 

protein stability of certain PKAc Cushing’s variants. Molecular modeling of PKI-resistant 

Cushing’s variants reveals a cluster of residues in the catalytic core of the protein kinase that 

map to the interface with the pseudosubstrate region of PKI.

Results

Most adrenal Cushing’s syndrome mutations map to the catalytic core of the kinase 

(Figure 1A). To compare the impact of different Cushing’s PKAc mutations, we transfected 

V5-tagged kinase variants into CRISPR gene-edited U2OS cells lacking a functional 

PRKACA allele (CαKO cells). Immunoblot analysis demonstrated varied intensities and 

electrophoretic mobility among disease causing PKAc mutants (Figure 1B). PKAc, like 

most serine/threonine kinases, is phosphorylated on multiple sites in the fully mature form 

[44,45]. In our previous studies, we found 11 phosphosites almost completely devoid of 

phosphorylation in PKAcL205R as compared with the WT kinase [40]. Based on this data, 

we reasoned that differences in phosphorylation status of Cushing’s PKAc variants could be 

responsible for the observed electrophoretic mobility shifts. To test this notion, cell lysates 

were incubated with or without purified lambda phosphatase and evaluated for changes 

in electrophoretic mobility by immunoblot. While untreated samples displayed varied 

intensities between upper and lower doublets, phosphatase treatment collapsed all PKAc 

forms to the faster migrating band (Figure 1C). Complementary experiments utilized the 

phosphatase inhibitor okadaic acid. Consistently, immunoblot analysis showed a diminished 

or absent lower band in all conditions when okadaic acid was present (Figure 1D). In 

both experiments the L198insW mutant exhibited an even faster electrophoretic mobility 

that could not be explained solely by phosphorylation. Together, these results indicate that 

Cushing’s PKAc mutants possess differential phosphorylation statuses that are contingent on 

the nature of the specific point mutation.

The range of immunoblot intensities of Cushing’s PKAc mutants suggests that these 

proteins are subject to differential degradation mechanisms in cells (Figure 1B). We 

performed studies using the proteasomal inhibitor MG132 and the lysosomal antagonist 

bafilomycin A1 (BafA1) to determine the mechanism of degradation (Figure 2A). MG132 

is a peptide aldehyde that inhibits the proteolytic activity of the 26S proteasome. BafA1 is 

an antibiotic that targets vacuolar-type H+-ATPase (V-ATPase), thus preventing lysosome 

acidification necessary for the function of lysosomal proteases. Both drug treatments were 

performed in the presence of the translation inhibitor cycloheximide (CHX) to allow for 

visualization of PKAc steady-state kinetics. Immunoblot analyses of U2OS cells transfected 

with each Cushing’s mutant demonstrate that MG132 treatment enhanced stability of all 

PKAc variants, as compared with untreated controls (Figure 2B). Conversely, BafA1 had 

little or no effect on the stability of all variants (Figure 2C). These results suggest that PKAc 

degradation, including that of the Cushing’s kinases, proceeds through the proteasome.

Native PKAc is largely excluded from the nuclear compartment [46–48]. Yet mislocalization 

of the kinase and omission from AKAP signaling islands in the adrenal cortex of Cushing’s 
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syndrome patients is a pathogenic trait of certain PKAc mutants [12,13,15,40,49,50]. To 

examine how Cushing’s mutations impact this intracellular localization, immunofluorescent 

staining was conducted in CαKO cells (Figure 3A,C,E,G,I,K). Line scan analysis was used 

to visualize PKAc signal profiles (Figure 3B,D,F,H,J,L) and determine relative (nuclear 

to cytoplasmic) PKAc intensity per pixel for each variant (Figure 3M). In all conditions, 

signal for transfected RIIα-GFP displayed a strong enrichment in the cytosolic compartment 

(Figure 3A,C,E,G,I,K, right panels). As expected, wild-type (WT) PKAc was excluded 

from the nucleus (Figure 3A,B,M). Among the Cushing’s syndrome mutants, both PKAc 

E31V and W196R were predominantly detected in the cytosol, though to a lesser degree 

than wild-type kinase (Figure 3C–F,M). Interestingly, the remaining mutants, L198insW, 

C199insV, and L205R, exhibited an even distribution between cytosol and nucleus. Thus, the 

five PKAc variants tested clustered into two groups, those exhibiting nuclear exclusion (WT, 

E31V, W196R), and those that do not display preference for cytosol or nucleus (L198insW, 

C199insV, L205R).

A possible mechanism to explain these distinct classes of Cushing’s PKAc mutants involves 

interaction with the endogenous protein kinase A inhibitor, PKI. This heat-stable protein 

resides in the nucleus and was one of the first identified proteins with a nuclear export 

signal [43]. Its sequence also contains a pseudosubstrate motif, which occupies the PKAc 

substrate-binding site with low nanomolar affinity [23–26]. This PKAc-PKI complex can 

then interact with nuclear export machinery to be shuttled back to the cytosol [28,51]. We 

hypothesized that differential interactions with PKI could determine nuclear localization 

variability in PKAc mutants. Evidence for this hypothesis was found in our proximity 

proteomic analyses of the L205R and W196R mutations [40]. In these experiments, a 

promiscuous biotin ligase tag on PKAc variants labeled proximal proteins in live adrenal 

cells [39]. Mass spectrometry analysis yielded datasets containing proteins intimately 

associated with each kinase (Figure 4A). As expected, PKI peptides were identified in 

both WT and W196R datasets (Figure 4B). In contrast, no PKI peptides were found in the 

L205R screen. Interestingly, while the wild-type PKAc dataset contained a total of 2 PKI 

peptides, the W196R condition included 16 peptides (Figure 4C). These findings suggest 

that PKAcW196R has more opportunities than the wild-type kinase to interact with PKI. This 

is likely due to the mutant kinase’s poor association with AKAP complexes and a resulting 

increase in its diffusion into the nucleus.

Next, cell-based assays were performed in CαKO cells to test whether the PKI-binding 

profiles of Cushing’s mutants correlate with their nuclear localization. Co-expression of 

PKAc variants along with increasing amounts of PKI demonstrated a clear co-stabilization 

among wild-type PKAc, E31V, and W196R conditions, as visualized by immunoblotting 

(Figure 4D, top 2 panels). Probing with an antibody that recognizes phosphorylated 

consensus PKA substrate motifs (RRXpS/pT) demonstrated variable ability of PKI to inhibit 

phosphorylation of PKA substrates, with clear effects in only the wild-type PKAc, E31V, 

and W196R conditions (Figure 4D, third panel). Co-immunoprecipitation experiments 

in HEK293T cells corroborated the PKI interaction pattern, demonstrating a division 

among the kinase variants. While PKI was immunoprecipitated from all samples (Figure 

4E, second panel) only wild-type PKAc, E31V, and W196R co-immunoprecipitated with 

the endogenous inhibitor (Figure 4E, lanes 2–4). The L198insW, C199insV, and L205R 
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Cushing’s variants all failed to associate with PKI (Figure 4E, lanes 5–7). Interestingly, we 

observed a concomitant loss of PKI signal for cells expressing binding deficient L198insW, 

C199insV, and L205R PKAc variants (Figure 4E, input middle panel, lanes 5–7). To ensure 

that differential stabilization of PKI in cells was not impacting co-immunoprecipitation 

experiments, a hybrid pulldown was conducted. Purified GST-PKI was loaded onto 

glutathione (GSH) resin and incubated with cell lysates containing different PKAc variants 

(Figure 4F). Only WT PKAc, E31V, and W196R were detected in the binding fraction, 

thereby confirming our co-immunoprecipitation results (Figure 4F, top panel, lanes 1–3). 

Together, these data indicate that Cushing’s PKAc mutants display varied binding to PKI 

that inversely correlates with nuclear localization.

Further interrogation of PKI-binding was conducted using purified proteins in vitro. The 

W196R and L205R variants served as representatives of cytoplasmic- and nuclear-localized 

PKAc mutants, respectively. These two kinases, along with wild-type PKAc and a PKI-GST 

fusion, were purified to homogeneity from E. coli and then incubated together. As expected, 

the GST controls failed to bind PKAc (Figure 5A, lanes 5–8). Experiments performed with 

PKI-GST demonstrated strong pulldown of both wild-type PKAc and W196R variants, and 

no detectable L205R (Figure 5A, lanes 1–3). Since PKI’s ability to inhibit PKAc activity 

relies upon its physical association with the kinase, Cushing’s variants that do not associate 

with PKI should be refractory to inhibition of catalytic activity. We conducted kinase assays 

using the synthetic PKA substrate Kemptide and measured percentage activity at increasing 

concentrations of PKI relative to the buffer-only control for each kinase variant. While both 

WT PKAc and W196R kinases were potently inhibited by PKI (IC50 < 1 nM), L205R 

was very poorly inhibited (IC50 ~ 100 nM; Figure 5B). Thermal profiling of representative 

Cushing’s mutants demonstrated a similar pattern. Wild-type PKAc and the W196R variant 

can withstand much higher melting temperatures upon co-incubation with Mg-ATP and 

PKI, with Tm values increasing by 10°C (Figure 5C,D,F). In contrast, PKAcL205R was 

not stabilized by PKI under the same conditions (Figure 5E,F). Thus, in vitro experiments 

confirm that cytoplasmic PKAcW196R displays a much stronger association with PKI than 

does the more nuclear L205R mutant, recapitulating our cell-based assays.

Discussion

Protein Kinase A is the inaugural member of the AGC family of protein kinases and 

targets substrates containing an Arg–Arg–Xaa–Ser/Thr–Xaa consensus sequence [29,52]. 

PKA mediated phosphorylation events control vital physiological processes including 

heartbeat, renal function, and hormone action [22]. Accordingly, genomic alterations in 

the PKA signaling pathway underlie defects in cardiac contractility, certain neuroendocrine 

cancers, polycystic kidney disease, and various endocrine disorders [26,48]. In this report, 

we compare the molecular consequences of mutations in the catalytic subunit of protein 

kinase A (PKAc) that drive the stress hormone disorder adrenal Cushing’s syndrome 

[49,53]. Most Cushing’s PKA mutations cluster where the kinase domain interfaces with 

its regulatory subunits ([19]; Figure 1A). This protein–protein interaction is not only 

necessary for autoinhibition of kinase activity, but also directs compartmentalization of the 

kinase holoenzyme through association with A kinase anchoring proteins [20–22,37]. In 

other cellular contexts, PKA activity is modulated by its heat-stable inhibitor protein PKI 
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[23,54]. We have used this latter protein–protein interaction to define two distinct classes of 

Cushing’s PKAc variants: those that bind PKI and those that are refractory to the heat-stable 

inhibitor.

The heat-stable inhibitor is an intrinsically disordered protein of 75 amino acids that 

functions as a pseudosubstrate for protein kinase A [51,55,56]. A substrate mimicking motif 

(Arg–Arg–Asn–Ala–Ile) in the aminoterminal region targets the active site of PKA to block 

the phosphotransferase reaction whereas a canonical nuclear export sequence facilitates the 

removal of excess PKAc from the nucleus [23,46]. Peptides encompassing pseudosubstrate 

region (PKI residues 5–24) have become the gold standard reagents for exclusive inhibition 

of PKA, both in vitro and inside living cells [23–25]. While the PKAcL205R variant is 

known to be refractory to PKI binding, we show that among the 5 Cushing’s mutants tested 

only PKAcE31V and PKAcW196R bind PKI [53,57]. Since PKI is important for removal 

of free PKAc from the nuclear compartment, these findings argue that nuclear export of 

PKAcL205R, PKAcL198insW, and PKAcC199insV is abrogated, [46,58]. Hence, interaction 

with the heat-stable inhibitor protein may alter the subcellular redistribution of some, but not 

all, PKAc Cushing’s variants.

Our data suggest that PKI not only affects the activity and subcellular location of 

Cushing’s kinases but influences protein stability as a function of complex formation. 

While PKAcL205R, PKAcL198insW, and PKAcC199insV are barely detectable in cell extracts, 

association with PKI enhances detection of wild-type PKAc and the E31V and W196R 

mutants. Our studies also highlight a previously unrecognized feature of PKI: interaction 

with the kinase reciprocally stabilizes the heat-stable inhibitor. This is perhaps not too 

surprising as free PKI is an intrinsically disordered protein and exquisitely sensitive to 

a spectrum of proteinases [23,51,56,59]. Nonetheless, this raises a conundrum. Although 

PKI increases the stability of PKAcE31V and PKAcW196R, its primary role is to block the 

catalytic activity of these enzymes. Two plausible explanations are offered that circumvent 

this apparent paradox. First, while PKI is a nanomolar inhibitor of native PKAc, its 

inhibitory potency may be reduced toward Cushing’s variants [24,60]. Such changes in the 

equilibrium between bound and free kinase could release enough PKAcE31V or PKAcW196R 

to phosphorylate proteins within their immediate vicinity. Indirect support for this scenario 

is provided by our previous phosphoproteomic evidence, which found that PKAcW196R 

targets a distinct subset of substrates as compared with the wild-type kinase [39,40]. Second, 

PKI is present in cells at vanishingly low levels [55]. Indeed, it has been reported that the 

heat-stable inhibitor only has the capacity to block 20% of the total PKA activity generated 

during a sustained cAMP response [26,42,61]. Thus, there may be too much free PKAcE31V 

and PKAcW196R protein in adrenal cortex cells to evade total inhibition by PKI.

Stability is also determined by phosphorylation status of a protein [45,62]. Multisite 

phosphorylation is a prerequisite to full maturation of PKAc, with up to 11 sites occupied 

in the native kinase [45,63]. We have previously shown that PKAcL205R and PKAcW196R 

exhibit decreased phosphate incorporation at most sites [39,40]. The same seems true for 

PKAcE31V, PKAcL198insW, and PKAcC199insV variants based on their altered electrophoretic 

mobilities on SDS gels and faster migration after incubation with protein phosphatases. 

Thus, incomplete phosphorylation renders PKAc more sensitive to proteolytic processing, 
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with proteasomal pathways dominating the intracellular clearance for all versions of the 

kinase (Figure 2). However, it is possible, even likely, that other protein processing pathways 

contribute to the targeted destruction of Cushing’s PKAc variants. Interestingly, the three 

PKAc variants that exhibit reduced protein stability and phosphorylationdependent maturity 

are the most nuclear of the mutants. These differences in physiochemical profiles and 

localization are likely crucial elements in the pathology of this endocrine disorder and likely 

explain why both categories of Cushing’s kinases cause disease. Although the stable and 

fully active PKAcW196R is dynamically exported from the nucleus, its brief time in that 

subcellular compartment is quite likely to be more productive than the catalytically impaired 

PKAcL205R. In contrast, the sustained nuclear residence of PKAcL205R affords more time 

to phosphorylate transcription factors such as CREB or ATF-1 to prime cortisol-production 

machinery. Such differences in catalytic efficiency and compartmentalization may be key to 

understanding how distinct downstream consequences emanate from individual Cushing’s 

mutations. For example, we have shown that PKAcL205R elevates YAP/TAZ levels while 

PKAcW196R activates the ERK pathway [40].

Detailed biochemical characterization of PKAcL205R and PKAcW196R proteins in Figures 

4 and 5 offers a comprehensive comparative analysis of PKI inhibited and uninhibited 

Cushing’s variants. Elegant structural and molecular modeling studies by Veglia and 

colleagues argue that the added bulk and charge of arginine at position 205 sterically hiders 

binding of this Cushing’s variant to the pseudosubstrate site on PKI [53,64]. Others have 

suggested that introducing arginine at this location alters the selectivity of PKAcL205R 

to induce a substrate rewiring of the Cushing’s kinase [19,38]. In keeping with this 

latter theory, we have shown that PKAcL205R is a catalytically inefficient enzyme that 

exhibits ~20-fold lower phosphotransferase activity towards the Kemptide substrate than 

wild-type PKAc or PKAcW196R [40]. Hence, PKAcL205R may be both physiochemically and 

biologically distinct from other Cushing’s kinases.

In silico AlphaFold modeling studies presented in Figure 6A postulate that insertion of 

Tryptophan 198 or Valine 199 in the context of the PKAcL198insW and PKAcC199insV perturb 

binding to the pseudosubstrate region of PKI [65]. Conversely, Glu 31 is located on the 

opposite face of the kinase core. This implies that PKAcE31V retains its capacity for PKI 

binding and autoinhibition by R subunits (Figure 6A). Consequently, this Cushing’s variant 

must exert its pathological action through a distinct mechanism. The same may also be 

true for PKAcS54L, the only reported Cushing’s mutation described in the PRKACB gene 

[18,34]. Interestingly, this phosphorylated residue is conserved in all isoforms of PKAc 

[18]. As shown in Figure 6A our molecular modeling predicts that the extra aliphatic 

content associated with a leucine side chain at this position appears to have minimal impact 

on the PKI-C subunit interface. However, loss of a negatively charged phosphate could 

further disrupt substrate interactions. Taken together, these structural predictions offer a 

compelling molecular explanation as to why PKAcL205R is mislocalized and free to ‘roam 

around’ the cell, leading to indiscriminate phosphorylation of substrates. In keeping with 

this notion, we have previously reported that PKAcL205R preferentially phosphorylates 

nuclear and mitochondrial substrates as compared with wild-type PKAc [39,40]. Another 

adverse consequence can be enhanced transcription of cAMP responsive genes encoding 

the steroidogenic acute regulatory protein (StAR), a mitochondrial PKA substrate that 
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regulates the rate-limiting step in the production of cortisol [40,48,66,67]. Thus, nuclear 

accumulation of PKAcL205R, PKAcL198insW, or PKAcC199insV may potentiate pathological 

cAMP responses at the wrong place and at the wrong time in adrenal cells.

Conclusion

Whole exome sequencing of adrenal tissue from patients has identified mutations and 

insertions in PKAc that are drivers of Adrenal Cushing syndrome [12–18]. Somatic 

mutations in a single allele of the PRKACA or PRKACB locus are sufficient to cause 

overproduction of the stress hormone cortisol. The impact of single mutations on PKAc 

action are typified by mutations that encode PKAcL205R and PKAcW196R. Superficially, 

both kinase variants appear virtually identical as they encode substitutions for arginine 

only nine residues apart. Yet each mutant kinase propagates a distinct pathogenic response. 

PKAcL205R attenuates the Hippo pathway, whereas MAP kinase signaling is elevated in 

adrenal-specific heterozygous PKAcW196R knock-in mice, resulting in adrenal hyperplasia 

[40]. These findings emphasize how distinct pathological signaling events can be mobilized 

through subtle but distinct changes in the physiochemical properties of PKAc. We extend 

this concept by showing that PKAc Cushing’s variants can be classified based upon their 

ability to interact with the heat-stable protein kinase inhibitor PKI. Retaining an ability 

to bind PKI favors cytoplasmic retention and the stability of PKAcE31V and PKAcW196R 

protein whereas loss of this protein–protein interaction drives nuclear accumulation and 

reduced stability of PKAcL205R PKAcL198insW, or PKAcC199insV variants (Figure 6B). As 

genomic sequencing advances, it will be interesting to evaluate how newly discovered 

Cushing’s PKAc variants are classified in terms of their interaction with PKI and whether 

they engage common or distinct signaling effectors to propagate cortisol hypersecretion.

Methods

Structural models

PKAc-PKI structures were modeled using AlphaFold2_Advanced (ColabNotebook). 

Sequences used for modeling were derived from Uniprot (PRKACA-P17612, PKIA-

P61925) and modified to include relevant Cushing’s PKAc mutations. Modeling was 

performed using default settings and the highest scoring model visualized using Pymol 

(2.5.4).

Microbe strains

All purified proteins were produced in BL21 (DE3) pLysS E. coli cells (Novagen) grown in 

Luria-Bertani (LB) broth supplemented with the appropriate antibiotic. Expression induced 

with 0.5 mM IPTG for 18 h at 18°C and 220 RPM. Amplification of non-viral mammalian 

expression plasmids was performed in GC10 competent cells (Genesee) grown in LB broth 

at 37°C. Amplification of viral vectors was performed in either Stbl3 (Invitrogen) or Stable 

(NEB) competent cells grown in LB broth with ampicillin at 30°C.
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Cell lines

All mammalian cells were grown under 37°C, 5% CO2 incubation conditions. Female NCI-

H295R cells (CVCL_0458) were maintained in ATCC DMEM: F12 medium containing 

2.5% Corning NuSerum I and 1% Corning ITS+ supplement. Female U2OS CRISPR 

PRKACA−/− cells [37] and HEK293T cells were maintained in DMEM medium with 10% 

fetal bovine serum.

Antibodies

The following antibodies were used in our studies: GFP Rockland 600–101-215 (IF, IP, 

WB); V5-tag Thermo Fisher R96025 (IF, IP, WB); HA-Tag CST 3724 (IP); HA-Peroxidase 

Roche 12013819001 (WB); phospho-PKA Substrate CST 9624 (WB).

Plasmid generation

The PDEST-PKAc and pDEST-PKIA plasmids were generated by inserting the PRKACA 

coding sequence and the PKIA coding sequence into the pDest backbone by Gateway 

cloning. Cushing’s PKAc plasmid variants were generated by PCR mutagenesis cloning 

using primers listed on Table 1. PCR reactions were set up using 36.2 μl ddH2O, 10 μl 

5× HF Phusion buffer (NEB), 1 μl of 10 μM mixed dNTPs, 1.5 μl combined primers 

at 10 μM each, 1 μl template DNA at 5 ng/μl, and 0.3 μl Hot-Start Phusion polymerase 

(NEB) in a Bio-Rad thermocycler. Thermocycling protocols varied depending on primer 

conditions and length of target region. For mutagenesis protocols, the PCR product was 

digested with DpnI restriction enzyme to get rid of the template DNA and then purified 

using a PCR clean-up kit (GeneJet, K0702). To enhance re-ligation, the ends of the PCR 

product were phosphorylated with T4 polynucleotide kinase enzyme (NEB, M0201S) for 

1 h at 37°C. Ligation was then performed with T4 DNA ligase (M0202S) for 30 min at 

RT. Transformation into competent TOP10 cells was performed on ice for 30 min before 

heat shock for 45 s at 42°C followed by 2 min incubation on ice, and 1 h recovery in 

antibiotic-free LB broth before plating on the appropriate selection plates. Colonies were 

expanded in LB broth supplemented with the appropriate antibiotic. Plasmids were purified 

by minipreps (Omega Bio-TEK, D6945–02).

Immunoprecipitations

Cell lysates were made using lysis buffer containing 1% (v/v) Triton X-100, 130 mM NaCl, 

20 mM NaF, 2 mM EDTA, and 50 mM Tris pH 7.4 (at 4°C) along with 1 μM AEBSF, 10 

μM leupeptin, and 1 μM benzamidine. Lysates were incubated (5 min) on ice, pipetted up 

and down 10x with a P200 tip, and clarified by centrifugation at 15,000×g for 8 min at 4°C. 

Protein concentration was measured by BCA (Thermo Scientific) and adjusted to 1 mg/ml 

using lysis buffer. Samples (300–500 ml) were precleared by rotating with 20 μl protein A 

agarose for 30 min at 4°C. Supernatants were then incubated overnight with 1–2 μg of the 

appropriate antibody for 18 h (4°C). Following day, proteins were precipitated by incubation 

with 30 μl of protein A agarose for 1 h with gentle agitation. Beads were washed (3x) with 

lysis buffer and bound protein was eluted with PAGE sample buffer (3% β-mercaptoethanol, 

final) at 80°C for 10 min.
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Immunoblotting

Cell lysates were prepared using either Triton −100 lysis buffer (see Immunoprecipitations) 

or RIPA lysis buffer (1% (v/v) NP-40 Tergitol, 0.5% (w/v) deoxycholate, 0.1% (w/v) 

SDS, 130 mM NaCl, 20 mM NaF, 2 mM EDTA, and 20 mM Tris pH 7.5 (at 4°C), 

and supplemented with 1 mM AEBSF, 10 μM leupeptin, and 1 mM benzamidine. For 

experiments to detect S/T phosphoproteins, 10 mM beta glycerophosphate was added. 

Samples were incubated for 5 min on ice and centrifuged at 15,000×g for 8 min at 4°C. 

Protein concentration was measured by BCA (Thermo Scientific). SDS–PAGE gels were 

loaded with 10–30 mg protein after heating for 10 min at 80°C with PAGE sample buffer 

containing 3% β-mercaptoethanol. Proteins were transferred to nitrocellulose or PVDF, with 

the latter being used to ensure capture and detection of the small PKI protein. Membranes 

were then incubated with ponceau S to measure total protein loading, blocked in 5% (w/v) 

milk TBST for 30 min at RT, and probed with antibodies in 5% (w/v) BSA TBST for 18 

h at 4°C. Membranes were washed 3 times in TBST and then incubated with secondary 

antibodies conjugated to HRP diluted in 5% (w/v) milk TBST for 1 h at RT. After washing 

again 3x in TBST, signals were visualized with SuperSignal West Pico Chemiluminescent 

Substrate (Thermo Fisher) on an Invitrogen iBright Imaging System.

Drug treatments

Cells were transfected with a mixture of 2 μl TransIT®-LT1 reagent (Mirus Bio 107676–

120) and 100 μl optimum (Gibco 11058021) per 1 μg of plasmid DNA. After 48 h, cells 

were treated with either 1 μM MG-132 (Millipore 474788) or 100 nM BafA1 (Sigma–

Aldrich B1793). After 1 h, 50 μg/ml CHX (Sigma–Aldrich C1988) was added for all 

conditions and incubated for an additional 7 h (8 h, total treatment time) before harvesting. 

For okadaic acid treatments, cells were treated with 100 nM okadaic acid (CST 59345) and 

incubated for 6 h before harvesting.

λ-phosphatase assay

Lysates were prepared with RIPA buffer (described above) excluding NaF. Phosphatase 

treatments were set up with 0.5 μl lambda protein phosphatase (NEB P0753S), MnCl2 and 

protein metallo-phosphatase (PMP) supplied in the kit. The mixture was incubated at 30°C 

for 2 h and the lysates then processed for immunoblotting as described above.

In vitro pull-down assays

Purified N-terminal GST-tagged PKI fusion proteins were conjugated to GSH Sepharose 

beads by incubating for 2 h at RT in the presence of 1 mM DTT, washed three times in 

lysis buffer (50 mM Tris pH 7.4, 0.1 M NaCl, 2 mM EDTA, 20 mM NaF, 0.5% (v/v) Triton 

X-100, benzamidine, AEBSF, leupeptin) and resuspended at a final protein concentration 

of ~0.2 μM. This was added to 0.25 mg of lysates from U2OS CRISPR PRKACA−/− 

cells transfected with PKAc-V5 Cushing’s variants. The mixtures were incubated for 18 

h at 4°C with constant agitation. The supernatant was then removed, and beads washed 

(3×) with lysis buffer. Complexes were eluted from the beads by incubation with reduced 

GSH (20 mM) and NaOH (60 mM) in lysis buffer for 10 min at RT. PAGE sample buffer 

supplemented with BME was added and complexes denatured at 95°C for 10 min. Proteins 
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were analyzed by SDS–PAGE on a 12% polyacrylamide gel. For pull-down assays using 

purified recombinant PKAc proteins, 5 μg GST-PKI (or control GST) was conjugated to 

GSH-beads, equilibrated in 50 mM Tris pH 7.4, 0.1 M NaCl, 1 mM DTT, 1 mM ATP, 10 

mM MgCl2 and 5% (v/v) glycerol, and incubated with 2 μg PKAc for 1 h at 30°C with 

gentle agitation.

Mass spectrometry data

Mass spectrometry data were derived from studies as detailed in references [39,40]. The 

PKI association graph used total PKIα peptide counts amalgamated from four biological 

replicates.

Recombinant protein purification

PKA catalytic (C) subunits and PKI (with N-terminal 6× His [pET30; kanamycin] and GST 

tags [pOPINJ; ampicillin] respectively) were produced in BL21 (DE3) pLysS E. coli cells 

(Novagen), grown in LB broth (C) supplemented with appropriate antibiotics at 37°C (220 

rpm) until OD600nm ~ 0.6 and expression induced with 0.5 mM IPTG for 18 h at 18°C 

and purified by affinity chromatography using Ni-NTA agarose resin (GenScript) and size 

exclusion chromatography using a HiLoad 16/600 Superdex 200 column (GE Healthcare) 

equilibrated in 50 mM Tris–HCl, pH 7.4, 100 mM NaCl, 1 mM DTT and 10% (v/v) 

glycerol. Recombinant PKAc and PKI expressed in bacteria as described [68]. Purification 

procedures are described further in [44,45].

Protein kinase assays

PKA kinase assays were performed using a real-time mobility shift-based microfluidic 

system, as described previously [45], in the presence of 2 μM of the fluorescent-tagged 

‘Kemptide’ substrate (LRRASLG) and 1 mM ATP (as standard). Pressure and voltage 

settings were −1.8 (PSI), −2250 V (upstream voltage), and −500 V (downstream voltage) 

respectively. All assays were performed in 50 mM HEPES (pH 7.4), 0.015% (v/v) Brij-35, 

1 mM DTT and 5 mM MgCl2, and peptide phosphorylation was detected in real time as 

the ratio of phosphopeptide:peptide. Changes in PKA activity in the presence of PKI was 

quantified as the rate of phosphate incorporation into the substrate peptide (pmol phosphate 

· min−1 · μM enzyme−1), and then normalized with respect to control assays. To prevent 

ATP depletion and consequential loss of assay linearity, phosphate incorporation into the 

peptide was generally limited to <20%. PKA WT and W196R mutants were assayed at a 

final concentration of 0.3 nM, and PKA L205R was assayed at 6 μM to account for the 

lower rate of activity.

Differential scanning fluorimetry

Thermal-shift assays were performed using a StepOnePlus Real-Time PCR machine (Life 

Technologies) using Sypro-Orange dye (Invitrogen) and thermal ramping (0.3°C in step 

intervals between 25 and 94°C). PKA proteins were diluted to a final concentration of 

5 μM in 50 mM Tris–HCl, pH 7.4 and 100 mM NaCl in the presence or absence of 1 

mM ATP (and 10 mM MgCl2), or 10 μM PKI with ATP-MgCl2, and were assayed as 

described previously [45]. Normalized data were processed using the Boltzmann equation 
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to generate sigmoidal denaturation curves, and average Tm/ΔTm values calculated using 

GraphPad Prism software, as previously described [69].

Immunofluorescent staining

Cells were plated on acid-washed coverslips and transfected with plasmids using Mirus 

TransIT-LT 48 h before harvest. Cells were fixed in 4% (w/v) PFA for 15 min at RT and 

washed 3× in PBS. Coverslips were moved to a humidity chamber and blocked for 1 h 

at RT in 3% (w/v) BSA, 0.3% (v/v) Triton X-100. Primary antibodies were diluted in 

blocking solution and applied to coverslips overnight at 4°C. Coverslips were washed 3× 

with PBS, incubated with fluorescent secondary antibodies (1 : 1000) and DAPI (~1 : 10 

000), and washed 3× in PBS again before mounting. Images were taken on a Keyence 

BZ-X710 microscope and processed/analyzed using Image J analysis software (FIJI). Line 

scan analysis was performed on a z-section identified as the clearest DAPI signal, indicating 

focus on the vertical center of the cell. Lines covered the complete length of a cell, crossing 

the nucleus. Fluorescent intensity was measured for PKAc and DAPI signals on composite 

images. DAPI values were used to identify nuclear boundaries. Average pixel intensity 

values for PKAc signal were calculated for nuclear and non-nuclear compartments and the 

ratio of nuclear to non-nuclear signal was determined in each cell.

Quantification and statistical analyses

Data quantification and statistical analyses were performed with GraphPad Prism 9 for 

Mac as indicated in each figure legend. All data are presented with individual values 

displayed when possible along with mean ± SEM unless otherwise noted in the figure 

legend. Individual figure legends contain specific information on statistical parameters. 

Experiments involving more than three conditions used one-way ANOVA with subsequent 

t-tests corrected for multiple comparisons. Specific statistical approaches were determined 

based on the distributions and parameters for each dataset.
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Figure 1. Cushing’s PKAc mutants have distinct biochemical profiles.
(A) Structural model (Pymol) representation showing the location of Cushing’s mutations 

(red) on PKAc. Zoomed inset demonstrates that most mutations are located on the substrate 

binding catalytic groove. (B) Immunoblot of lysates from U2OSPKAc−/− cells transfected 

with equal amounts (0.6 μg) of each PKAc variant; n = 3. (C) λ-phosphatase assay. 

Immunoblot of lysates from U2OSPKAc−/− cells transfected with PKAc variants. Untreated 

(−) and treated (+) conditions are shown side-by-side. Top right panel for lanes 7–12 

is a longer exposure to visualize weaker signals for these mutants. n = 3. (D) Okadaic 

acid treatment assay: U2OSPKAc−/− cells transfected with PKAc variants were treated with 

okadaic acid (100 nM) for 6 h, then lysed and analyzed using SDS–PAGE; n = 3.
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Figure 2. Proteasomal inhibition stabilizes PKAc variants.
(A) Schematic highlighting mechanistic approach used to establish the processing pathway 

that are potentially implicated in PKAc variants degradation. (B and C) Representative 

immunoblots showing the effect of proteasome and lysosome inhibition on PKAc stability. 

U2OSPKAc−/− cells transfected with PKAc variants were treated with either MG132 (1 μM, 

(B) or BafA1 (100 nM, (C). After 1 h, CHX (50 μg) was added for an additional 7 h. Cells 

were then lysed, and lysates analyzed using SDS–PAGE. n = 3 replicates for each inhibitor 

experiment.
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Figure 3. PKAc variants are differentially localized inside cells.
(A–L) Representative immunofluorescence images of U2OSPKAc−/− cells co-transfected 

with PKAc-V5 variants and RIIα-GFP. Cells were fixed and immunostained for V5 

(grey-scale, PKAc) and GFP (blue, RIIα). Line-scan analyses (panels shown below the 

images) were performed to determine relative nuclear: cytoplasmic PKAc-V5 signal. 

(M) Quantification of relative nuclear: cytoplasmic PKAc. ImageJ software was used 

to determine the integrated density of PKAc-V5 fluorescence in the nucleus versus the 
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cytoplasm. DAPI signal (not shown) was used to define the nucleus. The number of 

analyzed cells is shown at the base of each bar.
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Figure 4. PKI interaction classifies PKAc Cushing’s mutants.
(A) Schematic of the proximity-biotinylation proteomics approach used to identify 

interacting proteins. Mini-turbo (Trb) enzyme, fused to PKAc, labels associating or proximal 

(5–10 nm) proteins with biotin. Biotinylated proteins are affinity enriched with streptavidin 

beads and identified using mass spectrometry. (B) PKI peptides found to be associated 

with PKAcW196R from adrenal H295R cells. (C) PKAcW196R was associated with more 

PKI peptides [16] as compared with PKAcWT [2]. (D) Immunoblot showing effect of 

PKI on PKAc stability and activity (PKAc phospho-substrates). Top two panels for lanes 
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13–21 are longer exposures to visualize weaker signals for these mutants. Lysates were 

from U2OSPKAc−/− cells co-transfected with PKI-HA and PKAc-V5 variants. Figures are 

representative of at least three experimental replicates. (E) PKI-HA immunoprecipitation 

from HEK293T cell lysates co-transfected with PKI-HA and PKAc-V5 variants. (F) In vitro 
immunoprecipitation experiments using purified PKI-GST on lysates from U2OSPKAc−/− 

cells transfected with PKAc-V5 variants (indicated above each lane).
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Figure 5. PKI displays selectivity toward PKAc variants in vitro.
(A) In vitro pulldown using PKI-GST on PKAc. Both proteins were purified from E. coli. 
(B) PKAc kinase activity measurements in the presence of the inhibitory peptide, PKI. % 

activity was determined by measuring the amount of phosphorylated kemptide substrate. 

(C–F) Thermal stability measurements. Representative thermal denaturation profiles of 

PKAc variants were generated for (C) wild-type PKAc (grey). (D) PKAcW196R(magenta). 

(E) PKAcW196R (blue) in the presence of ATP/Mg2+ ±PKI. (F) Average ΔTm/°C values of 

three independent experiments are shown for each experimental condition.
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Figure 6. PKI binding determines PKAc nuclear localization and stability.
(A) Structural model (AlphaFold) showing location of PKI refractory Cushing’s PKAc 

mutations (cyan) in positions key for interaction with PKI (magenta). Cushing’s mutations 

(red) that that do not impact PKI association are distal to the binding groove for the 

heat-stable inhibitor. The location of S54L (orange) PKAc (β-isoform) mutation above the 

kinase-PKI binding interface. (B) Schematic depicting the cellular conclusions of this study. 

Free PKAc subunits (grey) diffuse into the nucleus whereupon they bind PKI (magenta) 

and are exported back to the cytoplasm. PKAc variants unable to bind PKI remain nuclear 

and are susceptible to protein degradation.

Omar et al. Page 24

Biochem J. Author manuscript; available in PMC 2024 May 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Omar et al. Page 25

Table 1

Classification of Cushing’s syndrome PKAc mutants based upon their ability to bind PKI

Primer Name Sequence

E31V_mut_FWD GTAAGTCCCGCTCAGAACACAG

E31V_mut_REV CCATTTTTTAAGAAAATCTTCTTTGGCTTTGG

W196R_mut_FWD AGGACCTTGTGCGGCAC

W196R_mut_REV AGTGCGGCCCTTCACG

198TrpIns_mut_FWD TGGTGCGGCACCCCTGAGTA

198TrpIns_mut_REV CAAGGTCCAAGTGCGGCC

199ValIns_mut_FWD GTAGGCACCCCTGAGTACCTG

199ValIns_mut_REV GCACAAGGTCCAAGTGCG

L205R mut FWD CGTGCCCCTGAGATTATCCTGAGCAAAG

L205 mut REV GTACTCAGGGGTGCCGCACAAG

Biochem J. Author manuscript; available in PMC 2024 May 29.


	Abstract
	Introduction
	Results
	Discussion
	Conclusion
	Methods
	Structural models
	Microbe strains
	Cell lines
	Antibodies
	Plasmid generation
	Immunoprecipitations
	Immunoblotting
	Drug treatments
	λ-phosphatase assay
	In vitro pull-down assays
	Mass spectrometry data
	Recombinant protein purification
	Protein kinase assays
	Differential scanning fluorimetry
	Immunofluorescent staining
	Quantification and statistical analyses

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1

