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Abstract

Scaffold proteins play a critical role in cellular homeostasis by anchoring signaling enzymes in 

close proximity to downstream effectors. In addition to anchoring static enzyme complexes, some 

scaffold proteins also form dynamic signalosomes that can traffic to different subcellular 

compartments upon stimulation. Gravin (AKAP12), a multivalent scaffold, anchors PKA and 

other enzymes to the plasma membrane under basal conditions, but upon [Ca2+]i elevation, is 

rapidly redistributed to the cytosol. Because gravin redistribution also impacts PKA localization, 

we postulate that gravin acts as a calcium “switch” that modulates PKA-substrate interactions at 

the plasma membrane, thus facilitating a novel crosstalk mechanism between Ca2+ and PKA-

dependent pathways. To assess this, we measured the impact of gravin-V5/His expression on 

compartmentalized PKA activity using the FRET biosensor AKAR3 in cultured cells. Upon 

treatment with forskolin or isoproterenol, cells expressing gravin-V5/His showed elevated levels 

of plasma membrane PKA activity, but cytosolic PKA activity levels were reduced compared with 

control cells lacking gravin. This effect required both gravin interaction with PKA and localization 

at the plasma membrane. Pretreatment with calcium-elevating agents thapsigargin or ATP caused 

gravin redistribution away from the plasma membrane and prevented gravin from elevating PKA 

activity levels at the membrane. Importantly, this mode of Ca2+/PKA crosstalk was not observed 

in cells expressing a gravin mutant that resists calcium-mediated redistribution from the cell 

periphery. These results reveal that gravin impacts subcellular PKA activity levels through the 

spatial targeting of PKA, and that calcium elevation modulates downstream β-adrenergic/PKA 

signaling through gravin redistribution, thus supporting the hypothesis that gravin mediates 

crosstalk between Ca2+ and PKA-dependent signaling pathways. Based on these results, AKAP 

localization dynamics may represent an important paradigm for the regulation of cellular signaling 

networks.
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1. Introduction

Intracellular signal transduction requires precise physical interactions between specific 

signaling proteins within a receptor-directed signaling cascade. It is now clear that many of 

these protein-protein interactions are facilitated by scaffold proteins and not by random 

diffusion [1]. A-Kinase Anchoring Proteins (AKAPs) play an integral role in this by 

compartmentalizing cAMP-dependent protein kinase (PKA) and other enzymes to specific 

subcellular locations. AKAPs share a conserved amphipathic helical domain that binds the 

regulatory subunit PKA and a subcellular targeting domain that serves to anchor PKA and 

often additional kinases, phosphatases, and other regulatory enzymes to a diverse array of 

subcellular compartments [reviewed in 2]. Interestingly, some AKAPs are more than static 

“anchors”, but can traffic to alternative subcellular compartments in response to stimuli [3–

6].

Gravin (AKAP12), a 300 kDa AKAP with dramatic spatial targeting dynamics, anchors 

PKA and a host of other signaling enzymes to the plasma membrane through an N-

myristoylation site and three polybasic domains (PB1-3). In response to either PKC 

activation or intracellular calcium ([Ca2+]i) elevation, gravin is redistributed away from the 

membrane along with PKA that is bound to gravin. Gravin redistribution by PKC activation 

was shown by Yan et al. [7] to redirect gravin and PKA to a juxtanuclear vesicular 

compartment. In response to [Ca2+]i elevation, Tao et al. [8] showed that gravin redistributes 

to the cytosol through a mechanism thought to involve Ca2+/calmodulin binding to gravin’s 

membrane-associated polybasic domains, PB1-3. A recent study from our laboratory further 

revealed that Ca2+-mediated gravin redistribution triggers the relocalization of PKA away 

from the membrane, and a fourth putative calmodulin binding domain which we call CB4 

may also be critical in this event [9]. Furthermore, we also showed that receptor-mediated 

signaling triggers gravin/PKA redistribution to the cytosol through a mechanism involving 

both calcium and PKC [9]. These findings raise the interesting possibility that gravin serves 

as a membrane-localized “switch” that can direct PKA away from the plasma membrane to 

alternative subcellular compartments in response to Ca2+- and/or PKC signaling, thus 

facilitating crosstalk between these ubiquitous signaling pathways. However, gravin’s 

impact on subcellular PKA activity, both basally and following Ca2+ mediated 

redistribution, is poorly understood. This could have important implications for disease 

contexts that utilize crosstalk between Ca2+/PKC-dependent and PKA-dependent signaling 

pathways, such as cellular migration [10–12], cancer [reviewed in 13], learning and memory 

[14], cardiac function [15], and vascular biology [16, 17].

In the current study, we investigated the role of gravin in shaping subcellular PKA activity 

levels and in mediating crosstalk between Ca2+ and PKA-dependent signaling pathways. 

Gravin’s role in targeting PKA to the plasma membrane suggests that gravin potentiates 

PKA signaling at the plasma membrane. This in turn implies that Ca2+ elevation may 

diminish plasma membrane PKA activity by triggering the redistribution of gravin/PKA into 

the cytosol. We hypothesize that through this mechanism of redistribution, gravin mediates 

cross-talk between calcium and PKA-dependent signaling pathways. We tested this 

hypothesis by targeting the genetically encoded FRET-based PKA biosensor AKAR3 to the 

plasma membrane and to the cytosol [18] and measuring the impact of exogenous gravin 
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expression on compartmentalized PKA activity within these compartments. In addition, we 

tested the impact of calcium-mediated gravin redistribution on plasma membrane PKA 

activity.

2. Materials and Methods

2.1 Cell culture and transfection

AN3 CA cells (Manassas, VA, ATCC number: HTB-111), a human endometrial metastatic 

cancer cell line that does not express endogenous gravin, and HEC 1A cells (ATCC 

HTB-112) were maintained at 37°C with 5% CO2 in low glucose Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 100 units/ml 

penicillin and 100ug/ml streptomycin. Growth medium was replaced three times each week 

and cells were split 1:25 upon reaching confluence.

Cells were plated at 25,000 cells per cm2 onto glass coverslips in a 6-well plate (9.6 cm2 per 

well). Upon 70% confluence (2–3 days), cells were transfected for an additional 24 hours in 

a solution containing 3μl/ml GeneJammer (Agilent) and 1μg/ml total plasmid DNA. For 

experiments involving co-transfection with AKAR3 and gravin constructs, it was critical 

that cells expressing AKAR3 were also expressing gravin. A 1:3 molar ratio of 

AKAR3:gravin plasmid DNA in the transfection mixture yielded transfected cultures in 

which roughly 90% of cells expressing AKAR3 were also positive for gravin expression 

(See Fig. 1F).

2.2 Construction of expression vectors

Gravin-EGFP, gravin-V5/His, (ΔCB4) gravin-EGFP, and PKA RII-ECFP were constructed 

and described previously [7, 9]. This study utilized four additional gravin constructs which 

were made as follows: A mutant gravin construct termed “(mutCB4) gravin-EGFP” was 

generated with three substitutions in the CB4 domain which replaced valine 672, valine 676, 

and leucine 681 each with alanine (V672A, V676A, L681A) using site-directed mutagenesis 

(Phusion®, New England Biolabs, product F-541; forward primer 5′ 

CATCTTGGGAAGCTGCAATTTGTGTG; reverse primer 

5′CTGAGGTATCCGCCTTTCGCTTTGGT; mutagenic nucleotides underlined). The 

mutation indicated at the T position in the reverse primer is a silent mutation introduced to 

optimize primer design. A gravin-V5/His construct with the mutations in the CB4 domain, 

termed (mutCB4) gravin-V5/His, was constructed by removing the mutated DNA fragment 

in the (mutCB4) gravin-EGFP construct (located between the SacII and EcoRV restriction 

sites) and inserting it at the same location in a full-length gravin-V5/His construct. A gravin-

V5/His construct missing the PKA-binding domain, termed (ΔPKA) gravin-V5/His, was 

constructed by swapping a DNA fragment between two XbaI restriction sites of full-length 

gravin-V5/His with that of (ΔPKA) gravin-EYFP. Finally, AKAP18α-gravin V5/His and 

EGFP chimera constructs were generated by replacing residues 1-1660 of full length gravin 

(entire gravin membrane localization domain including the CB4 region) with the membrane 

localization domain of AKAP18α (residues 1–12).

The FRET PKA biosensors AKAR3-NES and AKAR3-CAAX (also called pmAKAR3) 

were kind gifts of Dr. Jin Zhang (Johns Hopkins) and were constructed as described 
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previously [18]. Lck-AKAR3 was made by inserting a linker containing the N-terminal 

membrane localization domain of Lck between the HindIII and BamHI restriction sites of 

AKAR3-NES (Primers: 

5′AGCTTGCCACCATGGGCTGTGTCTGCAGCTCAAACCCTGAAAAG; 

5′GATCCTTTTCAGGGTTTGAGCTGCAGACACAGCCCATGGTGGCA).

2.3 Ratiometric FRET imaging and quantification

For imaging, AN3 CA or HEC 1A cells expressing AKAR3 constructs were incubated at 

37°C in standard extracellular solution (SES; 1.5 mM CaCl2 dihydrate, 145 mM NaCl, 5 

mM KCl, 1 mM MgCl2 anhydrous, 10 mM glucose, 10 mM Hepes, pH 7.3) with or without 

a 30 min pretreatment with IBMX (3-isobutyl-1-methylxanthine; Sigma I-7018; 10 μM), 

thapsigargin (Tocris 11381; 10 μM) or ATP (Sigma A-2383; 10 mM). CFP and FRET 

images of AKAR3 biosensors were acquired at 30-second intervals using either a Nikon 

TE300 or an Olympus IX83 inverted microscope. The Nikon TE300 was equipped with a 

40x oil objective (1.3NA), a Hamamatsu ORCA CCD camera, an excitation filter for CFP 

(440AF21) with a 455DRLP dichroic mirror, and emission filters for CFP (480AF30) and 

FRET (535AF26). Similarly, the Olympus IX83 was equipped with a 40x oil objective 

(1.35NA), a Hamamatsu Flash 4.0 CMOS camera, a CFP excitation filter (436/20) with a 

445DLRP dichroic mirror, and emission filters for CFP (480/40) and FRET (535/30). 

Excitation light intensity was optimized for minimal photobleaching, and acquisition 

parameters were the same for each experiment (200 ms exposure). Images were subjected to 

background subtraction, fluorescence intensity values in the FRET and CFP channels were 

quantified using ImageJ, and then FRET channel intensity values were corrected for CFP 

channel crossover (44% based on images of cells expressing CFP only). Following this, 

ratios of FRET/CFP intensity were plotted over time for each cell measured.

2.4 Fluorescence and Confocal microscopy

For immunofluorescence labeling, cells were fixed in 3.7% paraformaldehyde in PBS, 

rinsed with PBS, permeabilized with digitonin, treated with 5% normal goat serum to block 

non-specific antibody binding, and then treated with an anti-gravin monoclonal mouse 

antibody as previously described [7]. Primary antibody labeling was detected using CY3 

conjugated donkey anti-mouse secondary antibody (Jackson Immunoresearch, Inc., West 

Grove, PA). Images of immunolabeled cells were obtained using a Zeiss 510 META laser 

scanning confocal microscope, with a Zeiss 100x Plan-Fluar oil objective lens (NA 1.45).

To determine the impact of calcium elevation on the subcellular distribution of the 

AKAP18α-gravin chimera vs WT gravin, cells were transfected with EGFP-tagged 

constructs and imaged at 2 min intervals for 30 min following thapsigargin treatment using 

an Olympus IX83 fluorescence microscope. The ratio of membrane to cytosolic 

fluorescence was calculated in a manner similar to that described previously [9]. Following 

background subtraction, fluorescence intensity was measured at several points across the 

cell periphery using a line profile 3 pixels wide and approximately 60 pixels long. From this, 

we calculated the ratio of membrane intensity (mean of three brightest pixels at the cell 

periphery) to cytosolic intensity (mean of a ten-pixel cytosolic region). The fold change in 
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gravin distribution was determined by dividing the membrane to cytosolic ratios at the 

beginning and end of the imaging series.

3. Results

3.1 Forskolin Treatment Stimulates AKAR3 Dynamics

Fluorescent micrographs of AN 3CA cells in Figure 1A illustrate the dynamics of the 

AKAR3 biosensor following treatment with the agonist forskolin, which stimulates PKA 

activation through adenylyl cyclase-mediated elevation of cAMP. In response to forskolin 

treatment, AKAR3 undergoes a conformational change that positions CFP and Venus closer 

to one another (Fig. 1E), and this triggers a drop in CFP intensity and a corresponding 

increase in FRET intensity (Fig 1A,B). These changes were measured as a ratio of 

FRET/CFP (Fig. 1A, third column). As seen in Figure 1C, FRET/CFP ratios were plotted 

over time, and the maximal ratio value after treatment (Rmax) was divided by the mean ratio 

value prior to treatment (R0) to quantify the fold increase in forskolin-stimulated PKA 

activity for each of AKAR3 construct (Fig. 1D).

3.2 Gravin expression shapes plasma membrane and cytosolic PKA activity

To measure the impact of gravin-V5/His expression on compartmentalized PKA activity, we 

used AN 3CA cells expressing AKAR3 constructs targeted to the plasma membrane 

(AKAR3-CAAX and Lck-AKAR3) or cytosol (AKAR3-NES). Fluorescence micrographs in 

Figure 2 show the relative distribution of each of the AKAR3 constructs used. AKAR3-

CAAX contains a motif that is reported to preferentially target non-raft plasma membrane 

microdomains, whereas Lck-AKAR3 contains a motif reported to target membrane rafts 

[18–23]. AKAR3-NES contains a nuclear export signal that restricts this biosensor to the 

cytosol [18]. To prevent cAMP degradation, cells were equilibrated for 30 minutes in 

standard extracellular solution (SES) containing the phosphodiesterase inhibitor IBMX (10 

μM) prior to treatment with forskolin. As seen in Figure 2, forskolin triggered a sustained 

increase in the ratio of AKAR3 FRET/CFP fluorescence which reached its peak value by 

roughly 60 seconds with each construct. Forskolin-stimulated PKA activity levels in cells 

expressing AKAR3-CAAX were significantly elevated in the presence of gravin-V5/His 

(1.205, SD=0.100, n=16 cells) compared with control cells lacking gravin (1.112, 

SD=0.072, n=15) (Fig. 2A,B). In cells expressing Lck-AKAR3, forskolin-stimulated PKA 

activity levels were significantly elevated in the presence of gravin-V5/His (1.072, 

SD=0.024, n=42) compared with cells without gravin (1.045, SD=0.037, n=40) (Fig. 2C,D), 

suggesting that gravin expression directs the potentiation of PKA activity at the plasma 

membrane. As seen in Figure 2E–F, cytosolic PKA levels measured by AKAR3-NES 

displayed a modest but significant reduction in forskolin-stimulated PKA activity in the 

presence of gravin (1.178, SD=0.067, n=115) compared with control cells lacking gravin 

(1.223, SD=0.082, n=146). From these results, we conclude that gravin expression 

potentiated PKA activity at the plasma membrane, but gravin decreased PKA activity levels 

in the cytosol. It is likely that gravin expression accomplished this by anchoring PKA to the 

plasma membrane and sequestering PKA away from the cytosol.
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3.3 Gravin-PKA interaction is required for gravin-mediated changes in subcellular PKA 
activity

To determine if gravin’s ability to shape plasma membrane and cytosolic PKA activity 

required gravin-PKA interaction, we generated a gravin mutant which lacks its PKA-binding 

domain. First, we verified that this gravin mutant did not direct PKA to the cell periphery in 

AN3 CA cells by quantifying the percentage of cells showing PKA RII-ECFP at the cell 

periphery. As previously described [9] and as seen in Figure 3A–C, representative 

micrographs and corresponding line profiles show that PKA was localized to the cell 

periphery only in cells co-expressing WT gravin, and not in cells co-expressing (ΔPKA) 

gravin or in cells lacking gravin. Quantification of PKA localization revealed that ~40% of 

cells co-expressing WT gravin-V5/His and PKA RII-ECFP showed ECFP localization along 

the cell periphery. In contrast, no ECFP was seen to localize at the cell periphery in cells co-

expressing (ΔPKA) gravin-V5/His and PKA RII-ECFP, or in cells expressing PKA RII-

ECFP only (Fig. 3D). As seen in Figure 3E, the observed difference in PKA localization was 

not due to a difference in co-transfection between the two gravin constructs, and no 

endogenous gravin was detected in cells that were not transfected with gravin. These results 

demonstrate that WT gravin-V5/His directed PKA RII-ECFP to the cell periphery, and this 

localization of PKA was not observed in cells expressing (ΔPKA) gravin-V5/His or in cells 

lacking gravin.

To test the role of gravin-PKA interaction in plasma membrane and cytosolic PKA activity 

levels, we cotransfected cells with AKAR3 constructs and either full-length (WT) gravin-

V5/His or (ΔPKA) gravin-V5/His. As seen in figure 4, representative confocal micrographs 

of transfected AN3 CA cells immunolabeled with a gravin antibody show that both full-

length (WT) gravin-V5/His and (ΔPKA) gravin-V5/His were localized to the plasma 

membrane. With plasma membrane AKAR3-CAAX, cells expressing gravin-V5/His 

showed an elevation in forskolin-stimulated PKA activity levels (1.183±0.070, n=25 cells) 

compared with control cells with no gravin (1.127±0.049, n=33), but this increase was not 

observed in cells expressing (ΔPKA) gravin-V5/His (1.132±0.062, n=30) (Fig. 4A,B). With 

cytosolic AKAR3-NES, cells expressing gravin-V5/His had reduced forskolin-stimulated 

PKA activity levels (1.224±0.057, n=14) compared with control cells with no gravin 

(1.280±0.059, n=17), but this reduction was not observed in cells expressing (ΔPKA) 

gravin-V5/His (1.279±0.045, n=16) (Fig. 4C,D). These results demonstrate that that gravin-

PKA interaction is required for gravin-mediated potentiation of plasma membrane PKA 

activity and decrease in forskolin-stimulated PKA activity in the cytosol.

3.4 Mutation of gravin’s CB4 domain inhibits membrane localization and gravin-mediated 
changes in subcellular PKA activity

Gravin localization at the plasma membrane is aided in part by an N-myristoylation 

sequence and three polybasic domains (PB1-3) located in gravin’s N-terminal half [7]. Tao 

et al. (2006) reported that gravin is redistributed away from the plasma membrane upon 

Ca2+ elevation, and proposed that Ca2+/calmodulin binding to PB1-3 is responsible for this 

change in localization [8]. However, more recently we reported that a gravin mutant missing 

PB1-3 still underwent Ca2+-mediated redistribution identical to that of full-length gravin [9]. 

Moreover, we found that gravin localization at the cell periphery was severely hindered by 
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the deletion of a fourth putative calmodulin binding domain, CB4 [9], a region that contains 

a 1-5-10 consensus motif for Ca2+/calmodulin interaction [24]. To test the role of this Ca2+/

calmodulin consensus sequence within the CB4 domain in the membrane localization of 

gravin, we substituted the 1-5-10 amino acids in this sequence for alanine (Fig. 5A), similar 

to the strategy used by other investigators [25–27]. Expression of this mutant construct, 

(mutCB4) gravin-EGFP, revealed a dramatic reduction in basal membrane localization 

compared with WT gravin-EGFP, but was not different from (ΔCB4) gravin-EGFP (Fig. 

5B). From these results, we conclude that the 1-5-10 amino acids within gravin’s CB4 

domain are required for normal membrane localization. This suggests a novel role for Ca2+/

calmodulin in supporting gravin localization at the membrane, which contrasts with previous 

reports that suggest that Ca2+/calmodulin promotes gravin relocalization away from the 

membrane by binding to PB1-3.

Using the (mutCB4) gravin-V5/His construct, we tested the impact of gravin localization at 

the membrane in gravin’s ability to shape subcellular PKA activity both at the plasma 

membrane and within the cytosol. In figure 6, representative confocal micrographs of 

transfected AN3 CA cells immunolabeled with a gravin antibody illustrate that full-length 

(WT) gravin localized along the cell periphery, but (mutCB4) gravin did not. In AN3 CA 

cells expressing plasma membrane AKAR3-CAAX, gravin-V5/His expression elevated 

forskolin-stimulated PKA activity levels (1.168±0.046, n=13) compared with control cells 

lacking gravin (1.109±0.051, n=19), but this increase was not observed in cells expressing 

(mutCB4) gravin-V5/His (1.106±0.054, n=16) (Fig. 6A–B). Similarly, in cells expressing 

cytosolic AKAR3-NES, the gravin-V5/His reduced forskolin-stimulated PKA activity levels 

in the cytosol (1.224±0.068, n=16) compared with control cells lacking gravin 

(1.314±0.052, n=15), but this reduction was not observed in cells expressing (mutCB4) 

gravin-V5/His (1.300±0.081, n=14) (Fig. 6C–D). These results demonstrate that gravin 

localization has a profound effect on subcellular PKA activity both at the plasma membrane 

and in the cytosol.

3.5 Ca2+ elevation reduces plasma membrane PKA activity levels through gravin 
redistribution

Intracellular Ca2+ elevation causes the redistribution of gravin away from the plasma 

membrane and into the cytosol [8, 9], additionally causing the relocalization of PKA away 

from the cell periphery [9]. This suggests that gravin intersects Ca2+ and PKA dependent 

signaling by serving as a Ca2+-dependent “switch” to modulate PKA activity at the plasma 

membrane. To test this, we pre-treated AN3 CA cells expressing AKAR3-CAAX with 

thapsigargin (10 μM), a calcium-elevating agent that causes gravin redistribution. First, we 

confirmed thapsigargin-mediated gravin redistribution as seen in representative micrographs 

of AN3 CA cells expressing gravin-EGFP (Fig. 7A) and quantification of the percentage of 

cells showing gravin localization at the cell periphery (Fig. 7B). As seen in Figure 7C–D, 

forskolin-stimulated PKA activity levels at the plasma membrane were elevated by gravin-

V5/His expression in the absence of thapsigargin pre-treatment (1.176±0.079, n=43 cells) 

compared with control cells lacking gravin (1.091±0.062, n=65). However, 30 minute pre-

treatment with thapsigargin inhibited this elevation (1.094±0.059, n=36). To confirm that 

thapsigargin did not impact PKA independently, as has been shown in previous work [28], 
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thapsigargin pre-treatment in control cells lacking gravin showed no significant difference in 

forskolin-stimulated PKA activity levels (1.078±0.049, n=37). To confirm that thapsigargin 

decreased PKA activity through gravin redistribution, we generated a gravin construct fused 

with the membrane-targeting motif of AKAP18α (Fig. 8A). This AKAP18α-gravin chimera 

significantly resisted thapsigargin-mediated redistribution from the cell periphery compared 

with WT gravin (Fig. 8B–C). Like WT gravin, the AKAP18-gravin chimera caused a 

significant elevation in PKA activity levels at the plasma membrane (Fig. 8D–E), but 

thapsigargin had no effect on plasma membrane PKA activity levels in cells expressing 

AKAP18-gravin. In parallel experiments (not shown), we confirmed the efficacy of 

thapsigargin in WT gravin-expressing cells as seen in Fig. 7C–D, 9C–D. Overall these 

results demonstrate that Ca2+ can modulate PKA activity levels at the plasma membrane by 

triggering gravin redistribution.

3.6 Gravin/PKA axis is sensitive to receptor-mediated Ca2+ elevation and shapes β-
adrenergic eceptor mediated PKA activation

To confirm that gravin mediates Ca2+/PKA crosstalk in the context of receptor stimulation, 

we tested the role of gravin in modulating β-adrenergic receptor mediated PKA activity 

levels, and determined the impact of receptor-mediated Ca2+ elevation by ATP (10mM) in 

mediating changes in PKA activity through gravin redistribution. Consistent with our 

previous work [9], fluorescent micrographs in figure 9 show that ATP treatment caused 

gravin redistribution away from the cell periphery in HEC 1A cells. In HEC 1A cells 

expressing both AKAR3-CAAX and gravin, forskolin-stimulated PKA activity levels were 

significantly reduced by ATP pre-treatment (1.227±0.095 vs 1.120±0.073, n=36 and 27 

respectively). However, in cells lacking gravin, ATP pre-treatment had no effect on PKA 

activity levels after forskolin treatment (1.126±0.081 vs 1.131±0.068, n=38 and 14 

respectively) (Fig. 9A–B). To test the impact of gravin redistribution on β-adrenergic 

receptor signaling, figure 9C–D shows that gravin-V5/His expression in AN3 CA cells 

significantly raised isoproterenol-stimulated PKA activity levels (1.229±0.086, n=52) 

compared with control cells lacking gravin (1.133±0.061, n=38) or in cells expressing 

gravin-V5/His but pre-treated with thapsigargin (1.166±0.081, n=31). In addition, 

thapsigargin pre-treatment in the absence of gravin had no effect on isoproterenol-stimulated 

PKA activity (1.133±0.054, n=34). From these data, we conclude that receptor-mediated 

calcium elevation impacts subcellular PKA activity through gravin redistribution. 

Furthermore, gravin expression potentiated β-adrenergic receptor-mediated PKA activity at 

the plasma membrane but lost this effect upon Ca2+ elevation. These results support the 

hypothesis that gravin mediates crosstalk between calcium and PKA-dependent signaling 

pathways.

4. Discussion

In the current study, we investigated the role of gravin in shaping compartmentalized PKA 

activity and in mediating crosstalk between Ca2+ and PKA-dependent signaling pathways. 

We showed that upon stimulation with forskolin or isoproterenol, cells expressing gravin 

had elevated levels of plasma membrane (PM) PKA activity and reduced levels of cytosolic 

PKA activity. Gravin-PKA interaction at the PM was required for these alterations, as 
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mutant gravin constructs lacking PKA interaction ([ΔPKA] gravin) or normal membrane 

localization ([mutCB4] gravin) had no impact on PM or cytosolic PKA activity. Finally, pre-

treatment with Ca2+-elevating agents thapsigargin and ATP, which triggered gravin 

redistribution away from the cell periphery, blocked the increase in PKA activity levels 

mediated by gravin expression. Importantly, Ca2+ elevation had no impact on PKA activity 

in the absence of gravin or in the presence of a Ca2+-resistant gravin mutant. This study 

shows a novel mechanism whereby intracellular calcium elevation regulates β-adrenergic 

receptor signaling through gravin redistribution and supports the hypothesis that gravin 

mediates crosstalk between calcium and PKA-dependent signaling pathways.

Although the main advance of the current study was describing a novel Ca2+/PKA crosstalk 

mechanism, our assays using overexpression of gravin constructs in AN3 CA cells lacking 

endogenous gravin also revealed noteworthy “proof of principle” mechanisms that are likely 

to occur in vivo. First, gravin expression preferentially shifted PKA activity to the plasma 

membrane, but unexpectedly reduced cytosolic PKA activation presumably by sequestering 

PKA from of the cytoplasm. This “sequestration” phenomenon by A-Kinase Anchoring 

Proteins has been previously proposed in a study of AKAP79 overexpression in HEK293 

cells [29]. Furthermore, gravin was shown to reduce FAK phosphorylation through the 

proposed sequestration of Src [30], and gravin has also been shown to sequester cyclin D1 

away from the nucleus [31]. Our findings that PKA activity was reduced in the cytosol may 

be an important consequence of gravin expression or upregulation in vivo. This possibility 

was recently highlighted in a study by Finger et al. (2015), where hypoxia-induced gravin 

upregulation in human melanoma cells changed the phosphorylation profile of a wide 

variety of intracellular proteins [32]. Interestingly, the findings of Finger et al. (2015) also 

support a second mechanistic observation from the current study, namely that gravin may 

direct the phosphorylation of a wider range of PKA substrates at or near the membrane than 

has been previously reported. Currently, the known phosphorylation targets dependent on 

gravin/PKA interaction are gravin itself [33], β2-adrenergic receptor [14, 33], and possibly 

PDE4D [34, 35]. The specificity with which gravin directs PKA to target substrates is 

currently unknown, although some AKAPs require very high submolecular specificity in the 

range of 10–20nm, where both PKA and its substrate are tethered to the same AKAP [36]. 

Our observation that gravin increased the phosphorylation of AKAR3, a non-endogenous 

protein, suggests that colocalization of gravin and PKA substrates at the PM may be 

sufficient for phosphorylation to occur at nearby substrates such as ion channels [37–39], 

cytoskeletal regulators [40, 41], and junctional proteins [17, 42–44]. Understanding the 

mechanisms underlying specificity in gravin-PKA signaling will require further 

identification of additional substrates beyond those already known, as well as studies of 

gravin-substrate binding, gravin structural dynamics, and mobility in the membrane under 

normal physiologic conditions.

The current study showed that gravin localization at the cell periphery is impaired by the 

mutation of a consensus binding motif for Ca2+/calmodulin (CaM) within gravin’s fourth 

CaM-binding, or CB4, domain. This suggests a novel role for CaM interaction with gravin. 

Previously, CaM interaction at polybasic domains 1-3 (PB1-3) upstream of the CB4 domain 

was shown to promote dissociation of gravin from the PM [8], but unexpected findings from 
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our recent work also shows that PM dissociation can occur by disrupting CaM interaction 

with CB4, either by deletion [9] or mutation of this domain. This suggests that CaM binding 

to CB4 strengthens gravin/membrane interaction, but the reason for this is currently unclear. 

One possibility is that the CB4 domain may influence gravin’s tertiary structure and regulate 

the accessibility of the myristoylation site to the PM. Evidence for this comes from our 

previous work showing that the myristoylation site is sufficient to retain normal PM 

localization in a mutant lacking PB1-3 [7], but the myristoylation site is no longer sufficient 

for membrane localization in the absence of both PB1-3 and CB4 [9]. It is also interesting to 

note that the CB4 domain (a.a. 669–693) lies directly upstream of three PKA-

phosphorylation sites (ser696-698) that are known to enhance gravin association with β2 

adrenergic receptor upon phosphorylation [33]. In addition, a putative PKC phosphorylation 

site also lies within the CB4 domain. It is possible that CaM binding to CB4 may influence 

either the phosphorylation/dephosphorylation of these sites or the interaction of these sites 

with other proteins at the PM.

Our studies strongly support the hypothesis that gravin mediates crosstalk between Ca2+- 

and PKA-dependent signaling pathways. Although it is known that gravin/PKA undergo 

redistribution away from the cell periphery in response to PKC activation [7, 45, 46] and 

cytosolic Ca2+ elevation [8, 9], the current study defines a novel crosstalk mechanism 

whereby Ca2+ regulates GPCR-mediated subcellular PKA activity levels via gravin 

redistribution. First, calcium elevation by thapsigargin or ATP reduced plasma membrane 

PKA activity levels only in the presence of WT gravin. Secondly, calcium elevation had no 

impact on membrane PKA activity levels in the absence of gravin or in the presence of a 

gravin mutant that resisted Ca2+-mediated redistribution. Thus Ca2+ only impacted PKA 

activity under conditions where gravin underwent redistribution, clearly demonstrating a 

novel mode of Ca2+/PKA crosstalk. This is distinct from other known crosstalk mechanisms 

[reviewed in 47] and lays groundwork for future studies to investigate the impact of gravin-

mediated Ca2+/PKA crosstalk in vivo. For example, while agonists such as thrombin, 

bradykinin, and histamine stimulate G protein pathways linked to [Ca2+]i elevation and 

regulate endothelial permeability, gravin is also known to support endothelial barrier 

strength through cAMP-dependent pathways [17, 44]. Our finding that ATP treatment 

impacts PKA activity suggests that receptor-mediated Ca2+ agonists that stimulate 

endothelial permeability may accomplish this in part by redirecting gravin/PKA away from 

the cell periphery. Another area of relevance may be the hippocampal neurons, where Ca2+ 

and PKA are paramount in postsynaptic signaling within dendritic spines. Given that gravin 

is already known to play a role in synaptic plasticity in the hippocampus [14], it is possible 

that this may occur through an interplay between different Ca2+ coupled and cAMP coupled 

postsynaptic receptors, or broadly within dendritic Ca2+ and PKA signaling as is the case 

with AKAP79 [48–53]. Many questions remain to be addressed before the role of gravin in 

Ca2+/PKA signaling crosstalk is fully understood. Although many different Ca2+ signaling 

pathways are possible candidates for the dynamic spatial regulation of PKA by gravin (Fig. 

10), the types of agonists and receptors involved in these systems still need to be defined. In 

addition, the types of Ca2+ signals that affect gravin-membrane dynamics as well as the 

mechanism underlying Ca2+ mediated changes in gravin distribution require further 

characterization before a complete picture of gravin’s role in signaling is established. 
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However, given the wide array of physiological functions to which gravin has been linked, 

understanding its role in signaling crosstalk mechanisms and its integration into signaling 

networks will be critically important to understanding the regulation of these physiological 

processes.

5. Conclusions

In conclusion, we report that gravin expression modulates both plasma membrane and 

cytosolic PKA activity levels and mediates a novel crosstalk mechanism between Ca2+ and 

PKA-dependent signaling pathways. This mechanism occurs through the Ca2+ mediated 

redistribution of gravin/PKA away from the plasma membrane, which in turn impacts PKA 

activity levels at the membrane. The current study lays important groundwork for future 

investigation of gravin-mediated Ca2+/PKA crosstalk in physiological contexts such as 

learning and memory and endothelial barrier function.
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Abbreviations

AKAP A-Kinase anchoring protein

AKAR3 A-Kinase activity reporter 3

β2AR β2-adrenergic receptor

[Ca2+]i intracellular calcium concentration

CaM calcium-calmodulin

cAMP cyclic adenosine monophosphate

CB4 calmodulin binding domain 4

CFP cyan fluorescent protein

ECFP enhanced cyan fluorescent protein

EGFP enhanced green fluorescent protein

EYFP enhanced yellow fluorescent protein

FRET Förster’s resonance energy transfer

Fsk forskolin

GPCR G protein coupled receptor

kD kilodaltons

IBMX 3-isobutyl-1-methylxanthine

Iso isoproterenol
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NES nuclear export signal

PB1-3 polybasic domains 1 through 3

PDE4 phosphodiesterase type 4

PKA protein kinase A

PKC protein kinase C

PM plasma membrane

RII regulatory subunit of type II PKA

SES standard extracellular solution

SSeCKS Src-Suppressed C-Kinase Substrate

Tg thapsigargin

WT wild-type/full-length
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Highlights

• The FRET biosensor AKAR3 was used to investigate gravin’s impact on PKA 

activity.

• Gravin elevated plasma membrane PKA activity and reduced cytosolic PKA 

activity.

• Gravin is redistributed away from the cell periphery upon Ca2+ elevation.

• Ca2+ elevation reduced plasma membrane PKA activity through gravin 

redistribution.
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Fig 1. 
Quantification of PKA dynamics using AKAR3. Images in part A show that upon treatment 

with forskolin (10 μM), fluorescence in the CFP channel decreased while fluorescence in the 

FRET channel increased. The ratiometric image shows the consequent increase in 

FRET/CFP emissions after treatment with forskolin. Graph B shows the quantification of 

CFP and FRET emissions over time. FRET intensity was corrected for CFP crossover (44%) 

at each time point. In graph C, the normalized ratio of FRET/CFP intensity was plotted over 

time, and the fold increase was calculated by dividing the maximal ratio value after 

treatment (Rmax) by the mean ratio value prior to treatment (R0). Graph D represents the 

mean fold increase in each of the AKAR3 constructs after forskolin treatment. Scale bar = 

10 μm; Cells were incubated in SES with 10 μM IBMX for 30 minutes prior to forskolin 

treatment. The diagram in E [adapted from ref. 54] illustrates the principle underlying how 
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the FRET biosensor works. PKA dependent phosphorylation of the substrate peptide results 

in binding of the peptide to a phosphoamino acid binding site on the FHA1 region of the 

biosenor and a change in the positioning of the fluorescent proteins relative to each other. 

Graph F illustrates the effect of different molar ratios of AKAR3:gravin plasmid DNA in the 

transfection mixture on the percentatge coexpression of the gravin construct in cells 

expressing AKAR3.
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Fig 2. 
Gravin-V5/His expression alters subcellular PKA activity. AN3 CA cells were co-

transfected with gravin-V5/His and AKAR3 constructs containing targeting sequences for 

non-raft membrane (CAAX), membrane raft (Lck), or cytosolic (NES) localization. 

Representative fluorescent images show the distribution the AKAR3 constructs. Expression 

of gravin increased forskolin-stimulated PKA activity in both non-raft (A,B), and raft (C,D) 

targeted AKAR3 constructs. Conversely, gravin reduced PKA activity in the cytosol (E,F). 

Mann-Whitney Rank Sum tests revealed significant differences between treatments as 

indicated by asterisks (p < 0.05); error bars denote SD. Scale bar = 10 μm.
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Fig. 3. 
PKA RII-ECFP was localized to the cell periphery in AN3 CA cells only when full-length 

(WT) gravin was present. Representative images and corresponding line-scans (A–C′) show 

that PKA RII-ECFP localized along the cell periphery only when co-transfected with WT 

gravin-V5/His. Graph D shows that ~40% of cells expressing PKA RII-ECFP showed ECFP 

localization at the cell periphery when co-transfected with WT gravin-V5/His. No cells 

showed PKA RII-ECFP localization at the cell periphery when co-transfected with (ΔPKA) 

gravin-V5/His, or when expressed in cells containing no gravin. Graph E shows the 

percentage of PKA RII-ECFP positive cells coexpressing gravin following cotransfection 

with and without gravin-V5/His constructs. PKA-RII-ECFP positive cells showed a high 

rate of coexpression with gravin when transfected with gravin-V5/His constructs as 

indicated by immunofluorescence labeling with a gravin antibody (94% with WT gravin-V5/

His; 95% with (ΔPKA) gravin-V5/His). Cells transfected with PKA RII-ECFP only showed 

no immunofluorescence labeling the gravin antibody. Error bars denote SD.
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Fig. 4. 
Forskolin-stimulated PKA activity at the plasma membrane (AKAR3-CAAX) and cytosol 

(AKAR3-NES) in AN3 CA cells co-expressing AKAR3 and either full-length (WT) gravin-

V5/His or ΔPKA gravin which lacks the PKA binding domain. Representative confocal 

micrographs show the distribution of transfected gravin-V5/His constructs in fixed cells 

immunolabeled with a gravin antibody. Graphs A,B show that while WT gravin expression 

increased forskolin-stimulated PKA activity levels at the plasma membrane, this increase 

was not observed in cells expressing (ΔPKA) gravin. Graphs C,D show that the gravin-

mediated decrease in cytosolic PKA activity levels was not observed in cells expressing 

ΔPKA gravin. One-way ANOVA with Holm-Sidak post hoc tests revealed significant 

differences between treatments as indicated by asterisks (p < 0.05); error bars denote SD. 

Scale bar = 10 μm
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Fig. 5. 
Role of CB4 domain in subcellular gravin localization. Part A illustrates the sequence and 

location of gravin’s CB4 domain downstream of the membrane targeting regions (myr, 

PB1-3). Amino acids shown in red comprise a calmodulin-binding consensus sequence and 

were substituted for alanine. Mutagenesis was confirmed by HindIII restriction digest (not 

shown). In graph B, either mutation or deletion of the CB4 domain caused a significant 

reduction in membrane localization compared with WT gravin, while the observed 

difference between the two mutant constructs was not significant. (ANOVA with Holm–

Sidak post-hoc test; asterisks denote p < 0.001). Representative fluorescent images show the 

localization of these constructs in AN3 CA cells. Error bars denote SD. Scale bar = 20 μm.
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Fig. 6. 
Forskolin-stimulated PKA activity at the plasma membrane (AKAR3-CAAX) and cytosol 

(AKAR3-NES) in AN3 CA cells co-expressing AKAR3 and either WT or (mutCB4) gravin. 

Representative confocal micrographs show the distribution of transfected gravin-V5/His 

constructs in fixed cells immunolabeled with a gravin antibody. Graphs A,B show that 

gravin expression increased forskolin-stimulated PKA activity levels at the plasma 

membrane compared with control cells lacking gravin, but this increase was not observed in 

cells expressing mutCB4 gravin. Graphs C,D show that forskolin-stimulated PKA activity 

levels in the cytosol were reduced in cells expressing WT gravin-V5/His compared with 

control cells lacking gravin, but this was not observed in cells expressing mutCB4 gravin. 

One-way ANOVA with Holm-Sidak post hoc tests revealed significant differences between 

treatments as indicated by asterisks. Error bars denote SD. Scale bar = 10 μm.
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Fig. 7. 
Thapsigargin triggers gravin redistribution and abolishes gravin-mediated elevation in 

plasma membrane PKA activity. Representative fluorescent micrographs (A) illustrate the 

redistribution of gravin-EGFP away from the plasma membrane by thapsigargin. Gravin-

V5/His redistribution was confirmed after FRET experiments by quantifying the percentage 

of cells showing gravin localization at the membrane, shown in the box plot represented in B 

(Mann-Whitney Rank Sum Test, p < 0.05). Graphs C,D show that gravin expression 

increased forskolin-stimulated PKA activity at the membrane, but this increase was not 

observed in cells expressing gravin and pretreated with the calcium-elevating agent 

thapsigargin (10 μm) for 30 min. Thapsigargin pretreatment had no effect on forskolin-

stimulated PKA activity in the absence of gravin. One-way ANOVA on ranks followed by 

Kruskal-Wallis post hoc showed significant differences between treatments as indicated by 

asterisks. Error bars denote SD.
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Fig. 8. 
Ca2+/PKA crosstalk does not occur in the presence of a Ca2+-resistant gravin mutant. 

Cartoons depict the AKAP18α-gravin chimera, which replaces gravin’s membrane 

localization domains with the first twelve amino acids of AKAP18α. Images and 

corresponding linescans of AN3 CA cells before and after thapsigargin treatment show that 

while WT gravin undergoes redistribution, the AKAP18-gravin chimera does not. Graph C 

shows the quantification of the fold change in membrane:cytosolic fluoresence intensity 

before and after thapsigargin treatment as depicted in the corresponding linescans. Note that 

a value of 1.0 depicts no redistribution after thapsigargin treatment, and values higher than 

1.0 depict a greater extent of redistribution. Graphs D–E show that both WT gravin and 

AKAP18-gravin caused elevated PKA activity levels at the plasma membrane compared 

with controls lacking gravin. Graphs F–G show that thapsigargin had no effect on PKA 

activity levels at the plasma membrane in cells expressing AKAP18-gravin. Statistical 

differences were determined by a T-test in C, G or one-way ANOVA with Holm-Sidak post 

hoc in E and are indicated by asterisks. Error bars denote SD. Scale bar = 20 μm.

Schott et al. Page 25

Cell Signal. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
Receptor-mediated Ca2+ elevation modulates PKA activity by gravin redistribution, and 

gravin regulates β-adrenergic receptor mediated PKA activity at the plasma membrane. 

Fluorescent images show that ATP caused the redistribution of gravin away from the plasma 

membrane. Graphs A,B show that gravin raised forskolin-stimulated PKA activity at the 

membrane, but this increase was not observed in cells expressing gravin and pretreated with 

ATP (10mM) for 30 min. ATP pretreatment had no effect on forskolin-stimulated PKA 

activity in the absence of gravin. Graphs C,D show that gravin increased isoproterenol-

stimulated PKA activity levels at the plasma membrane compared with control cells lacking 

gravin. This increase was not observed in cells expressing gravin but pretreated with 

thapsigargin (10 μm for 30 min). Thapsigargin pretreatment had no effect on isoproterenol-

stimulated PKA activity in the absence of gravin. One-way ANOVA with Kruskal-Wallis 
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post hoc showed significant differences between the treatments as indicated by asterisks. 

Error bars denote SD. Scale bar = 10 μm.

Schott et al. Page 27

Cell Signal. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
Illustration depicting the hypothesis that a variety of Ca2+-dependent signaling inputs may 

alter PKA activity levels at the plasma membrane by inducing gravin redistribution and, in 

turn, impact gravin’s role in regulating β2-adrenergic receptors, synaptic plasticity, cellular 

migration, and vascular barrier function.
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