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Summary

Although the cAMP-dependent protein kinase (PKA) is ubiquitously expressed, it is sequestered at 

specific subcellular locations throughout the cell, thereby resulting in compartmentalized cellular 

signaling that triggers site-specific behavioral phenotypes. We developed a three step engineering 

strategy to construct an optogenetic PKA (optoPKA) and demonstrated that, upon illumination, 

optoPKA migrates to specified intracellular sites. Furthermore, we designed intracellular spatially 

segregated reporters of PKA activity and confirmed that optoPKA phosphorylates these reporters 

in a light-dependent fashion. Finally, proteomics experiments reveal that light activation of 

optoPKA results phosphorylation of known endogenous PKA substrates as well as potential novel 

substrates.
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O’Banion et al. describe the engineering, validation, and phosphoproteomics assessment of light-
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Introduction

Optogenetics has emerged as a profoundly impactful tool used to correlate biochemical 

action with dynamic cellular and organismal behavior. Genetically encoded, light-responsive 

proteins provide the means to control when, where, and how much biochemical activity is 

triggered. In the late 20th century, light-activatable proteins were prepared by isolating the 

enzyme of interest, chemically modifying the active site with a light-cleavable moiety, and 

subsequently reintroducing the engineered protein into cells (Lawrence, 2005). Beginning in 

the first decade of the 21st century, genes coding for light-responsive ion channels from 

lower organisms were commandeered and introduced into higher organisms to primarily 

study the effect that neuronal activation in specific regions of the brain has on behavior 

(Deisseroth, 2015). More recently, mammalian proteins have been fused to light-sensing 

domains and genetically re-engineered to serve as light-activatable species. However, a 

major challenge remains eliminating the “dark activity” of these constructs, namely the 

inherent natural activity of the protein in the absence of light (Pathak et al., 2013; Weitzman 

and Hahn, 2014; Yin and Wu, 2013). We’ve recently described a strategy that addresses this 

engineering challenge and applied it to proteins that drive cell motility and trigger cell death 

(Hughes et al., 2015; Hughes and Lawrence, 2014). However, these previous studies focused 

on non-enzymatic proteins. In this report, we describe our efforts in constructing an 

optogenetic analog of the cAMP-dependent protein kinase (PKA), an enzyme whose 

structure is the template for the protein kinase family (Taylor et al., 2013).

PKA regulates a variety of cellular processes, including apoptosis, motility, glycolysis, and 

gene expression to name but a few. However, these distinct behaviors emanate from PKA 

activity at specific intracellular sites (Dessauer, 2009; Zaccolo et al., 2006). Indeed, 

intracellular PKA activity serves as the quintessential model of compartmentalized signaling 

(Lefkimmiatis and Zaccolo, 2014). This enzyme is sequestered to various subcellular 

locations by A-Kinase Anchoring Proteins, which create localized signaling nodes that 

respond to both global and local environmental changes in cAMP levels (Scott et al., 2013). 
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For example, PKA activity at the outer mitochondrial membrane (OMM) is thought to 

regulate mitochondrial dynamics and metabolism (Dickey and Strack, 2011), whereas PKA 

signaling at the plasma membrane (PM) is believed to control migration and membrane 

dynamics (Newell-Litwa and Horwitz, 2011; Tkachenko et al., 2011). There are a number of 

optogenetic and chemogenetic tools available to control PKA’s upstream activator, cAMP 

(Raffelberg et al., 2013; Ryu et al., 2010; Sample et al., 2012; Stierl et al., 2011). However, 

cAMP interacts with a number of downstream effectors, including EPAC (Gancedo, 2013), 

cyclic nucleotide-gated ion channels (Matulef and Zagotta, 2003), and POPDC proteins 

(Amunjela and Tucker, 2016). Consequently, light- or chemical-triggered cAMP production 

does not provide the means to specifically activate compartmentalized PKA. In this regard, 

an optogenetic PKA (optoPKA), which is decoupled from cAMP production and activated at 

distinct intracellular locations, could prove invaluable for examining the roles of subcellular 

pools of PKA.

RESULTS AND DISCUSSION

Construction of a cAMP-independent, low activity, PKA

We addressed the “dark activity” challenge associated with engineered optogenetic proteins 

via a three-step strategy. First, to ensure that the engineered protein functions independently 

of the biochemistry of the cell, PKA was mutated to a constitutively active cAMP-

independent enzyme. cAMP binds to the regulatory (R) subunits of PKA, a binding event 

that activates the corresponding catalytic (C) subunits. A W196R mutation (Gibson and 

Taylor, 1997), as well as a L206R mutation (Beuschlein et al; 2014, Goh et al; 2014), in the 

C subunit compromises the repressive action of the R subunit, thereby rendering PKA cAMP 

independent. We constructed, expressed, and purified the W196R mutant and found cAMP 

independent activity as well (Table S1). Second, we reduced the activity of PKA by 

generating C subunit mutants (Moore et al., 2003; Yang et al., 2009) known to deleteriously 

impact kcat/Km (E203A, Y204A, and F327A). The E203 and Y204 residues are present in 

the “activation loop”, a structural motif found in other protein kinases (Steichen et al., 2012). 

These residues contribute to binding of the protein/peptide substrate (Moore et al., 2003), 

whereas the F327 residue plays a key role in binding the second substrate, ATP (Yang et al., 

2009). The three C subunit double mutants were separately expressed in E. coli and purified 

via affinity chromatography. As expected, the catalytic activities of these mutants are 

compromised relative to that of the wild type enzyme (Table S2): CW196R/E203A (43 ± 6%), 

CW196R/Y204A (5.6 ± 1.3%), and CW196R/F327A (1.2 ± 0.1%). Third, we employed the 

cryptochrome 2 (Cry2)/Cib photodimerizing protein pair (Kennedy et al., 2010) as a means 

to recruit, and therefore concentrate [~15-fold; (Hughes et al., 2015; Hughes and Lawrence, 

2014)], the constitutively active, but moderately phosphotransferase impaired, C subunit 

mutants to specific intracellular sites (vide infra).

We examined the phosphotransferase selectivity of the CW96R/Y204A subunit double mutant 

relative to that of its wild type counterpart using the vasodilator-stimulated phosphoprotein 

(VASP) as a substrate. VASP is phosphorylated by both PKA and the cGMP-dependent 

protein kinase (PKG). However, although these two enzymes display very similar substrate 

specificity profiles, they act on VASP in a dramatically different fashion. Although both 
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enzymes phosphorylate S157 in IERRVS157NAGGP, only PKG phosphorylates S239 in 

KLRKVS239KQEEA (Priestman et al., 2011). We confirmed that the double PKA mutant, 

CW96R/Y204A, retains the selectivity of its wild type counterpart by only phosphorylating 

S157 (Figure S1).

Construction of Cry2-mCh-[C subunit] (optoPKA)

We fused each C subunit double mutant, at either the C- or N-terminus, to Cry2-mCherry 

(Cry2-mCh) via a 16 amino acid flexible linker (see STAR methods). PKA is known to 

undergo N-terminal myristoylation (Gaffarogullari et al., 2011). Although the C-terminal 

fusions of PKA to Cry2-mCh (Cry2-mCh-[C-subunit]) will not by myristoylated due to an 

absolute requirement of an N-terminal Gly residue for myristoylation (Towler et al., 1987), 

the N-terminal fusions of PKA to Cry2-mCh ([C-subunit]-Cry2-mCh) may be myristoylated. 

To determine whether or not the N-terminal residues of PKA affected light-induced 

localization, we generated N-terminal fusions to Cry2-mCh of both full length PKA and a 

mutant lacking 10 N-terminal residues that cannot be myristoylated. These fused constructs, 

heretofore referred to as optoPKA, were separately co-expressed with the Cib protein 

localized at the OMM, PM, or the actin cytoskeleton in MVD7 cells. optoPKAs, in the dark, 

are designed to be cytoplasmically diffuse. However, upon illumination, Cry2 undergoes a 

light-induced conformational change that promotes transient binding to Cib (Figure 1). We 

found that the [C-subunit]-Cry2-mCh constructs poorly accumulate at their designated 

locations upon illumination regardless of whether or not the 10 N-terminal residues are 

present and were therefore not used in further studies (data not shown). By contrast, all 

Cry2-mCh-[C-subunit] constructs robustly migrate to the desired subcellular locations in a 

light-triggered fashion (Figure 2, Movies S1 – S3). We quantified the light driven association 

and dissociation dynamics of the optoPKAs via fluorescent microscopy (Figure 2, Table S3). 

A single 100 ms 488 nm pulse is sufficient to drive maximal subcellular localization in 1 – 2 

min. Subsequent dissociation to the cytoplasmically diffuse dark state transpires with a t1/2 

of 6 – 7 min. Although a single 100 ms light pulse is sufficient for subcellular recruitment 

under the microscope due to the large photon flux experienced by a few cells, analogous 

“bench-top” studies with large cell numbers (e.g. Western blot, immunofluorescence and 

proteomic studies) were performed with longer illumination times (vide infra) to achieve the 

maximal response.

An Organelle-Localized PKA Activity Reporter [(organelle targeting sequence)-mTq2-
(VASP)]

We subsequently assessed whether the light-triggered recruitment of optoPKAs to specific 

intracellular sites correlates with spatially focused phosphoryltransferase activity. 

Unfortunately, available live cell PKA activity imaging tools, such as the AKARs and 

related biosensors (Mo et al., 2017), contain two fluorescent proteins that spectrally overlap 

with Cry2 activation (impeding our ability to perform “dark” experiments, Figure S1). Red 

shifted variants of AKARs are available (Ni et al., 2011), but these tools still utilize GFP as a 

FRET donor. Cry2 has an FAD chromophore that absorbs light at wavelengths up to 520 nm 

(Banerjee et al., 2007) and therefore any light exposure at blue wavelengths activates Cry2 

due to the spectral overlap illustrated in Figure S2. An alternative approach for assessing 

PKA activity is the detection of endogenous phosphorylated substrates via immunostaining. 
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However, this is hampered by, with few exceptions, the general lack of antibodies against the 

phosphorylated forms of spatially localized endogenous substrates. Consequently, we 

developed a PKA-Reporter that is sequentially comprised of an N-terminal subcellular 

targeting sequence, the fluorescent protein mTurquoise2 (mTq2), and a C-terminal PKA 

substrate peptide composed of amino acids 148 – 164 of the protein VASP (Figure 3). VASP 

is a well-characterized PKA substrate that is phosphorylated at Ser157 (Lambrechts et al., 

2000), but distributed throughout the cell at distinct locations. The N-terminal targeting 

sequence is used to control the specific intracellular location of the PKA-Reporter. In 

particular, we employed the Tom20 (Kanaji et al., 2000) or Lyn (Depry et al., 2011) kinase 

N-terminal domains to target the PKA-Reporter to the OMM or the PM (Figure 3), 

respectively. We employed mTq2 fluorescence, after completion of the Cry2 photoactivation 

experiment, to confirm that the PKA-Reporter is spatially localized in the desired fashion.

As noted above, there is a dearth of available antibodies that recognize phosphorylated PKA 

substrates at specific subcellular locations. phosphoVASPS157 antibodies are an exception to 

this general trend. We employed anti-phosphoVASPS157 to detect the phosphorylated PKA-

Reporter via cell immunofluorescence (using an Alexa 647-conjugated) and Western blot 

analyses. Since MVD7 cells lack all VASP family member proteins (Bear et al., 2000), the 

phosphoVASPS157 antibody enables quantification of PKA-Reporter phosphorylation via 

immunofluorescence without interference from endogenous VASP. In addition, the 

molecular weights of the PKA-Reporters are 30.9 and 37.6 kDa for the PM and OMM-

targeted species, respectively, whereas the molecular weight of endogenous VASP is 46 kDa. 

Therefore, Western blot analysis for PKA-Reporter phosphorylation can be used in the 

presence of natural VASP and thus appropriate for any cell line.

Both the OMM- and PM-localized PKA-Reporters were validated in MVD7 cells. Upon 

exposure of these cells to the adenylate cyclase activator forskolin, cAMP is generated, 

which activates endogenous PKA. Immunostaining with the phosphoVASPS157 antibody 

revealed PKA-Reporter phosphorylation at the expected intracellular sites (Figure 3, D, E). 

Furthermore, forskolin exposure in the presence of a PKA inhibitor (H89) blocks PKA-

Reporter phosphorylation indicating a PKA associated phosphorylation event (Figure 3, D, 

E). Analogous Western blot experiments confirmed these results (Figure 3, B, C).

Evaluation of Dark and Light optoPKA Activity

We examined the relative activities of the optoPKA variants by co-expression with OMM-

Cib and the OMM-PKA-Reporter in MVD7 cells (Figures 4 and S3). The cells were 

illuminated for 1 min in the presence or absence of the PKA inhibitor H89 and subsequently 

analyzed by immunofluorescence. OptoPKAW196R, which is the fully active cAMP-

independent enzyme construct, displays undesired “dark activity”, emblematic of the 

difficulties that can be encountered when appending a wild-type active enzyme to a 

photoresponsive protein. Furthermore, optoPKAW196R/E203A, which is 43% as active as the 

wild type enzyme, likewise displays undesired phosphorylation of the PKA-Reporter in the 

dark. By contrast, the less enzymatically active optoPKAW196R/Y204A and 

optoPKAW196R/F327A constructs are silent in the dark. As anticipated, illumination (1 min) 

of cells expressing optoPKAW196R/Y204A furnishes the desired phosphorylation of the PKA-
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Reporter. optoPKAW196R/F327A, which is 5-fold less active than optoPKAW196R/Y204A, 

requires longer illumination times to generate equivalent levels of PKA-Reporter 

phosphorylation (Figure 5). Finally, pre-treatment with H89 blocks the light-stimulated 

phosphorylation event, which is in keeping with the notion that phosphorylation is PKA-

dependent. These results are consistent with the predicted design element: light-triggered 

recruitment of partially impaired enzymes to specific intracellular sites furnishes localized 

phosphotransferase activity with reduced dark activity.

Time-Dependence and Site-Selectivity of optoPKA Activity

As noted in Figure 4, optoPKAW196R/Y204A displays more robust phosphorylation of the 

PKA-Reporter than optoPKAW196R/F327A following 1 minute of illumination. We 

subsequently examined the relationship between light exposure time (0 – 300 s) and 

phosphorylated PKA-Reporter levels. Short illumination times (≤120 s) reveal that 

optoPKAW196R/Y204A generates a higher level of phosphorylated PKA-Reporter than its less 

active counterpart optoPKAW196R/F327A (Figure 5). However, at 300 s of illumination, both 

optoPKA constructs phosphorylate the PKA-Reporter to the same extent. We also assessed 

the spatial selectivity of the optoPKAs by targeting optoPKAW196R/Y204A or 

optoPKAW196R/F327A to the PM, OMM, or actin cytoskeleton while varying the location of 

the PKA-Reporter. A time and location dependent increase in PKA-Reporter 

phosphorylation is only observed when the opto-PKAs and the PKA-Reporter are localized 

to the same subcellular compartments (Figures 6 and S4).

We also investigated the reversibility of optoPKAW196R/Y204A phosphotransferase action at 

the OMM. MVD7 cells expressing optoPKAW196R/Y204A, Tom20-Cib, and OMM-PKA-

Reporter were exposed to 5 min of blue light and fixed at indicated time points. The reporter 

is maximally phosphorylated after 5 min light exposure and the signal decays nearly to 

baseline over 45 min (Figure S5). Linear regression analysis reveals a t1/2 for reporter 

dephosphorylation of 20.25 ± 0.38 min. It is interesting to note that the rate of 

dephosphorylation of the OMM-PKA-Reporter is nearly three times slower than the off rate 

of optoPKA, which implies that phosphatase action is rate limiting. A comparison of the t1/2 

for dephosphorylation of the OMM-PKA-Reporter to the AKAR reporters show similar if 

not faster time domains for dephosphorylation (Zhang et al., 2001). These results indicate 

that consequences of optoPKA activation are reversible.

Phosphoproteomics Reveals that optoPKA Activation Results in the Phosphorylation of 
Endogenous Proteins in an Organelle-Targeted Fashion

We employed phosphoproteomics to examine the consequences of optoPKA recruitment to 

the OMM and the PM (Table S4). We searched the acquired phosphoproteomics data sets for 

validated PKA substrates and phosphorylation sites using Qiagen’s Ingenuity® Pathway 

Analysis (IPA®) tool and the PhosphoSitePlus Resource (Hornbeck et al., 2015). The results 

are summarized in a number of different contexts:

optoPKA-activation induces phosphorylation of endogenous PKA substrates
—optoPKA phosphorylates an array of known PKA substrates at validated phosphorylation 

sites (Table S5). For example, optoPKAW196R/Y204A recruitment to the OMM results in the 

O’Banion et al. Page 6

Cell Chem Biol. Author manuscript; available in PMC 2019 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylation of BAD at Ser118 (Polzien et al., 2009; Virdee et al., 2000), a well-

characterized PKA substrate. By contrast optoPKAW196R/Y204A light-mediated migration to 

the PM, generates a β-catenin that is phosphorylated at Ser552 and Ser675 (Taurin et al., 

2006). A number of protein kinases that are phosphorylated by PKA are likewise 

phosphorylated in response to optoPKAW196R/Y204A activation. For example, upon OMM 

recruitment, Ser21 of glycogen synthase kinase-3α (Fang et al., 2000), Ser259 of Raf1 

(Dhillon et al., 2002), and Ser12 of the cyclin-dependent kinase 16 (Graeser et al., 2002) are 

all phosphorylated. Furthermore, photo-transfer of optoPKA to the PM, generates phospho-

Ser447 of B-Raf, phospho-Ser205 of protein kinase D (Gerarduzzi et al., 2014) and phospho-

Ser21 of Fyn (Yeo et al., 2011). In addition to validated PKA substrates, we identified a 

number of other proteins that are phosphorylated at potential PKA consensus sites in 

response to optoPKA photo-activation (Table S6). As with the other studies that have 

identified putative PKA substrates via phosphoproteomics (de Graaf et al., 2014; Giansanti 

et al., 2013; Hamaguchi et al., 2015; Imamura et al., 2017), these proteins remain to be 

validated as authentic substrates of the cAMP-dependent protein kinase. These results 

validate the ability of optoPKAW196R/Y204A to serve as a trigger for the phosphorylation of 

known PKA substrates at confirmed phosphorylation sites, while raising the prospect that 

additional proteins are phosphorylated in a subcellular compartment fashion as a direct or 

indirect consequence of PKA activity.

optoPKA recruitment to the OMM and PM elicits the phosphorylation of 
organelle-associated proteins—Analysis of our dataset using IPA and the 

PhosphoSitePlus databases revealed that 15 out of the 17 proteins identified to reside at the 

OMM display enhanced phosphorylation in a light-induced manner relative to the dark 

control in response to optoPKAW196R/Y204A OMM recruitment (Figure 7a–b). Some of 

these proteins are known PKA substrates (BAD, Raf1), whereas others are phosphorylated at 

sequences that are not canonical PKA consensus sites [voltage dependent anion channel 1 

(VDAC1), caveolin-1 (CAV1)], implying that the latter are phosphorylated by other protein 

kinases as a consequence of PKA activity. In an analogous vein, 12 out of the 15 proteins, 

classified as PM-localized, likewise exhibit an increase in phosphorylation levels following 

PM recruitment of optoPKAW196R/Y204A. We do note that the phosphorylation status of 

some “OMM” proteins is impacted by the light-induced migration of optoPKAW196R/Y204A 

to the PM and, analogously, some “PM” proteins are phosphorylated upon transfer of 

optoPKAW196R/Y204A to the OMM. However, these results are not necessarily inconsistent 

with the PKA-Reporter validated compartmental activity of the optoPKAs. For example, 

more than 50% of intracellular proteins are located in multiple compartments (e.g. RAF1, 

AKAP12, AKAP13) (Thul et al., 2017) or are cytoplasmically diffuse (e.g. PKD) and thus 

the targeted action of the optogenetic construct at distinct sites could result in the 

phosphorylation of substrates common to multiple locations.

optoProtein constructs induce changes in the phosphorylation status of the 
generic PKA substrate motif—We employed the software tool motif-x to perform an 

unbiased extraction of overrepresented phospho-sequences induced by activation of the 

optogenetic constructs. The canonical PKA consensus site (Arg-Arg-Xaa-pSer-Xaa, where 

Xaa is any residue) is overrepresented (3-fold) upon recruitment of optoPKAW196R/Y204A to 
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the OMM or the PM (Figure 7c–d). By contrast, light-triggered recruitment of the Cry2-

mCh control does not elicit a change in the relative phosphorylation status of the canonical 

PKA phosphorylation consensus site.

optoPKA and forskolin induce differential, but overlapping, substrate 
phosphorylation—As previously noted, forskolin is an activator of adenylate cyclase and, 

in this capacity, induces cell-wide generation of cAMP. We compared phosphoprotein 

formation induced by forskolin with that of optoPKA targeted to the OMM. Furthermore, 

we only analyzed the mitochondrial fraction from cell lysates. Of the 1153 proteins 

identified (see STAR methods), 266 (23.1%) display an increase in phosphorylation due to 

optoPKA alone, 348 (30.2%) due to forskolin alone, and 218 (18.9%) due to both (Table 

S7). These results imply a shared, yet distinct, impact on the phosphoproteome by optoPKA 

and forskolin. We utilized NetPhorest to predict the upstream protein kinases directly 

responsible for the phosphorylated proteins revealed by the OMM phosphoproteomics data. 

NetPhorest is a database that contains the linear motifs recognized by individual members of 

the protein kinase family (Miller et al., 2008). The percentage of phosphorylated proteins 

only generated in response to optoPKA activation can be traced to the cyclin dependent 

kinases (29%), CLK kinases (15%), and MAPKs (13%). The analogous subset of 

phosphorylated proteins that is only activated by forskolin is attributed to the cyclin 

dependent kinases (24%), casein kinase 2 (20%), and the MAPKs (10%). Finally, the protein 

kinases responsible for the phosphorylation of proteins observed with optoPKA or forskolin 

include casein kinase 2 (24%), the cyclin dependent kinases (15%), and PKA (14%). These 

results confirm that optoPKA and forskolin elicit the phosphorylation of proteins common to 

both triggers. However, these common proteins represent a fraction of the proteins 

phosphorylated in response to forskolin or optoPKA alone, implying that these triggers 

activate distinct pathways as well. In this regard, it is interesting that these distinct pathways 

appear to ultimately converge on common protein kinase(s) as predicted by NetPhorest. 

These results corroborate the recognized complexity of signaling pathways and confirm the 

need for biochemical tools capable of teasing apart the mechanisms that enable cells to 

employ common biochemical pathways for distinct purposes.

Implications and Opportunities for optoProteinKinases

We’ve developed an optogenetic engineering strategy that employs constitutively active, yet 

enzymologically reduced, mutants of PKA. PKA itself serves as the structural prototype for 

the entire protein kinase family (Smith et al., 1999), raising the possibility that this strategy 

could prove applicable to other protein kinases present in the human proteome (~500 protein 

kinases that are segregated into 7 major subgroups). The mutations introduced to generate 

the dark-silent/light-active optoPKAs display reduced activities (1 – 5%) relative to wild 

type PKA. These residues reside in regions that are conserved amongst the protein kinase 

family (the activation loop or ATP binding site). Indeed, equivalent mutations produce 

analogous reductions in phosphotransferase activities in other protein kinases (Edwards and 

Gill, 1999; Jacobs et al., 2006; Manser et al., 1997; Ohashi et al., 2000). Consequently, 

studies are in progress to examine the applicability of this engineering strategy to other 

members of the protein kinase family. We do note that, as with any tool that probes or 

manipulates intracellular biochemistry, judicious care be taken with its application and 
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subsequent interpretation of results. The introduction of mutations, no matter how seemingly 

innocuous, can impact signaling behavior. Our proteomics data confirms that the activation 

of optoPKAs induces the phosphorylation of known PKA substrates at previously validated 

residues. In addition, these proteomics studies have identified heretofore-unreported 

phospho sites in proteins that are either directly phosphorylated by optoPKA or indirectly by 

an optoPKA-activated protein kinase. Indeed, other phosphoproteomic studies have likewise 

described newly identified substrates phosphorylated in response to activation of the PKA 

pathway under a variety of conditions (de Graaf et al., 2014; Giansanti et al., 2013; 

Hamaguchi et al., 2015; Imamura et al., 2017). These studies employed small molecule 

stimulators of the PKA pathway (e.g. prostaglandin E2, forskolin), which trigger adenylate 

cyclase activity and cAMP production. However, cAMP is known to act through multiple 

effectors (Gancedo, 2013), raising the prospect that some of the observed phospho-products 

are generated in a PKA-independent fashion. By contrast, an optoPKA in particular, and 

optoProteinKinases in general, offer control over specific signaling molecules with high 

temporal resolution. Unlike small molecule PKA signaling activators, optoPKA is readily 

targeted to individual cellular compartments, enabling correlation of spatially focused 

signaling [e.g. the mitochondrial cAMP “signalsome”; (Monterisi and Zaccolo, 2017)] with 

downstream biochemical action and cellular phenotype (apoptosis, epithelial-mesenchymal 

transition, aging, pathological conditions, and other PKA-implicated processes).

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, David S. Lawrence (lawrencd@email.unc.edu)

Experimental Model and Subject Details

HEK 293T I/17 cells are the I/17 clone of female human embryonic kidney cells and were 

purchased from the UNC Tissue Culture Facility. Cells grown in DMEM + 10% FBS, 1X 

GlutaMAX, and 1X PenStrep at 37 °C in 5% CO 2. Cells were tested for mycoplasma by 

PCR by the UNC Tissue Culture Facility prior to purchase.

MVD7 cells were a gift from Dr. James E. Bear and are a double knockout VASP and Mena 

embryonic mouse fibroblast clonal line with no detectable expression of the EVL protein. 

Cells express a temperature sensitive large T antigen and are grown in DMEM + 10% FBS, 

1X GlutaMAX, 1X antimycotic/antibiotic, and 50 IU mouse recombinant interferon-γ at 

32 °C in 5% CO2. Sex of these cells is not available (Bear et al., 2000) and these cells have 

not been tested for mycoplasma.

Method Details

Cloning

Cloning and Mutagenesis of C Subunit for Bacterial Expression: The C subunit was 

amplified by PCR with primers that appended nucleotides necessary for ligation independent 

cloning into pMCSG11 (DNASU). Briefly, the PCR-amplicon was treated with T4 DNA 

Polymerase with dCTP for 30 min at 22 °C, followed by heat inactivation for 20 min at 
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75 °C and reaction clean up by spin column. Separately, the vector pMCSG11 was digested 

with SspI, gel isolated, and then treated with T4 DNA Polymerase with dGTP for 30 min at 

22 °C, followed by heat inactivation and spin column clean up. The resulting PCR fragment 

(4 μL) and vector (1 μL) were then annealed by incubation for 20 min at room temperature, 

followed by the addition of 2 μL of 100 mM EDTA. The resulting solution was heated to 

75 °C for 2 min and subsequently allowed to slowly cool to room temperature. An aliquot of 

the resulting mixture (2 μL) was then transformed into chemically competent DH5α E. coli 
cells, and resulting clones analyzed for inserts via HindIII restriction digest and sequence 

verified. Following successful isolation of WT C subunit in pMCSG11, mutations (W196R, 

E203A, Y204A, F327A) were introduced via site-directed mutagenesis. All cloning 

materials were purchased from New England Biolabs (see Key Resources and Methods S1).

Construction of Cry2-mCh-[C subunit] (optoPKA): The C subunit was amplified by PCR 

with primers that appended both BsrgI and NotI restriction sites as well as a sixteen-amino 

acid N-terminal tether (SAGGSAGGSAGGSAGG). After isolation and restriction digest of 

the PCR product, it was ligated into a plasmid containing Cry2-mCh that was also cut with 

BsrgI and NotI enzymes. The resulting construct encodes the fusion protein Cry2-mCh-[C 

subunit] (see Key Resources and Methods S1).

Cloning of PM-Cib: A construct encoding Cib-GFP-CAAX (Addgene 26867) was 

modified via PCR-mediated site-directed mutagenesis to insert a poly-lysine sequence-

CAAX box [GGSGKKKKKKSKTK-CVIM] and stop codon between Cib and GFP. The 

resulting construct, Cib-CAAX (PM-Cib), lacks GFP, which proved necessary when used in 

conjunction with the PKA-Reporter (which contains mTq2). We found that GFP 

fluorescence bleeds into the mTq2 window.

Site-Directed Mutagenesis: Primers for site-directed mutagenesis were designed to have a 

minimum Tm of 72 °C. 125 ng of each primer were combined with 50 ng of template DNA, 

4 μL of 2.5 mM dNTPs, 5 μL of 10X PfuUltra buffer, 1 μL of PfuUltra Hotstart DNA 

Polymerase, and ddH2O added to 50 μL. The resultant PCR products were then treated with 

DpnI for 1 h at 37 °C and 1 μL of this solution transformed into 50 μL of Invitrogen Max 

Efficiency DH5α E. coli cells. Individual colonies were then isolated and sequence verified 

(see Key Resources and Methods S1).

PKA-Reporter Cloning and Characterization: The PKA-Reporter was constructed by 

appending nucleotides encoding the PKA consensus site of the VASP protein (residues 148–

164) to the 3′ end of mTq2 via primer elongation. The OMM targeted construct was cloned 

by generating a PCR fragment appending an HA-tag preceded by an in-frame KpnI site onto 

the 5′ end and the VASP 148–164 sequence followed by a BamHI site onto the 3′ end of 

mTq2 (a gift from Dr. Theodorus Gadella, University of Amsterdam, Netherlands). The PCR 

product was digested with KpnI and BamHI and ligated into a pEF1alpha-Tom20 vector 

(modified from pEF1alpha-MCS-IRES-DsRedExpress2 from Clonetech) digested with KpnI 

and BamHI such that the insert was in-frame with the Tom20 mitochondrial localization 

sequence. The PM targeted construct was generated via PCR using a 5′ primer containing 

an EcoRI site followed by the Lyn kinase N-terminal myristoylation sequence and a gene 
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specific region against the HA-tag. The 3′ primer was the same primer used above to 

append the VASP peptide to mTq2. The PCR product was digested with EcoRI/BamHI and 

ligated into a pEF1alpha vector digested with EcoRI/BamHI. Positive clones were identified 

via restriction digest with EcoRI and BamHI and confirmed via sequencing using a set of 

sequencing primers (see Key Resources and Methods S1) generated for the specific 

pEF1alpha vector used. The plasmids were then transfected into cells and characterized for 

1) subcellular localization via fluorescent microscopy, 2) molecular weight via Western blot, 

3) ability to be specifically phosphorylated by PKA via Western blot and 

immunofluorescence. We detected peptide phosphorylation using a mouse anti-pVASP S157 

antibody from abcam (ab58555) at 1:100 or 1:1000 for immunofluorescence and Western 

blotting respectively.

In Vitro Assessment of C Subunit Activity

Over-expression and Purification of C Subunit Mutants: BL21DE3 E. coli cells (New 

England Biolabs) were transformed with the pMSCG11-C subunit plasmids and grown in 

LB media supplemented with chloramphenicol (Sigma). Cells were incubated in a shaker at 

37 °C to an optical density of 0.5 and then induced with 500 μM Isopropyl β-D-1-

thiogalactopyranoside (Sigma). Immediately after induction the temperature was dropped to 

18 °C and the cells were incubated for 20 h.

During purification steps a mammalian cell protease cocktail (Sigma) was used to prevent 

proteolytic cleavage of the C subunit mutants. Purification of C subunit mutants was carried 

out at 4 °C via an AKTA FPLC. Cell lysates in PBS pH 7.4 were loaded onto a 10 mL Ni-

NTA agarose (Thermo Scientific) column and unbound protein was washed off with PBS 

followed by stepwise elution at 10, 25, 75 and 250 mM Imidazole in PBS pH 7.4. Fractions 

were analyzed by SDS-PAGE, determined to be > 90 % pure, concentrated and stored at 

−80 °C. Protein concentrations were determined by using the Bradford reagent from Pierce.

Assessment of PKA activity: The in vitro activities of C subunit enzymes were determined 

using a coupled enzyme assay with kemptide (LRRASLG) as the substrate. Briefly, 

phosphorylation of the peptide was coupled to pyruvate kinase and lactate dehydrogenase 

resulting in the oxidation of NADH. Formation of the latter was monitored at 340 nm. 

Pyruvate kinase and lactate dehydrogenase were maintained as non-rate limiting enzymes. 

The activities of the C subunit enzymes (10 – 500 nM) were determined in 50 mM Tris pH 

7.5, 100 mM NaCl, 10 mM MgCl2, 10% glycerol, 1 mM kemptide, 1 mM ATP, 1mM DTT, 

1 mM phosphoenol pyruvate and 0.2 mM NADH. To determine the effect of the regulatory 

subunit, assays were run with or without 50 nM regulatory subunit (5 times the catalytic 

concentration) and with or without 100 μM cAMP. All coupled assay reagents were 

purchased from Sigma.

Assessment of CW196R/Y204A Substrate Specificity: VASP (80 ng) was incubated with or 

without 500 ng PKG/PKA in buffer (50 mM Tris + 100 NaCl + 10 mM MgCl2 + 1 mM DTT 

+ 1 mM EDTA + 1 mM ATP) with a final volume of 100 μL at room temperature for 30 min. 

Western blots of all samples, 10 μL per well, were performed on 4–20% SDS Tris-HCl gels 

(Biorad) and transferred to nitrocellulose membranes. Membranes were blocked with 5% 
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BSA in PBS + 0.1% tween 20 for 2 h before incubation with 1:100 of the primary antibody 

in the blocking solution at 4 °C overnight. Membranes were washed with PBS + 0.1% tween 

20, incubated with 1:10,000 secondary HRP conjugated antibody for 2 h and washed with 

PBS. Visualization was performed according to Pierce recommended protocols for their 

ECL Pico kit. Images were acquired using an Alpha Innotech Fluorchem FC2 using the 

chemiluminescent settings.

Cell-Based PKA Activity Assessment

Cell culture: MVD7 cells (a gift from Dr. James Bear at UNC Chapel Hill) were grown on 

MatTek 12-well # 1.5 glass bottom plates or 35 mm # 1.5 glass bottom dishes. The day of 

the microscopy experiments the media was replaced with Leibovitz’s L-15 medium without 

phenol red containing 10% FBS, 2 mM Glutamax, and 50 U/mL interferon γ.

Imaging of the Light-triggered Association of optoPKA Constructs with Subcellular 
Sites: MVD7 cells were transfected with Cry2-mCh, optoPKAW196R/Y204A, 

optoPKAW196R/F327A, optoPKAW196R/E203A, or optoPKAW196R and OMM-Cib, PM-Cib, or 

LifeAct-Cib at a ratio of 1:1 with a total of 2 μg DNA per well. 1:2 ratio of DNA:JetPrime 

(mass:vol) transfection cocktails were incubated at 10 min at RT before adding to dishes. 

Cells were incubated with DNA for 3 h at 32 °C before media was exchanged. On the day of 

imaging, media was exchanged for L-15/10 % FBS/1X GlutaMAX/50 UI interferon γ. 

Dishes were allowed to equilibrate in heated incubators (32 °C, 45% humidity) for at least 

30 min prior to imaging. Lifeact-Cib and OMM-Cib imaging was performed on an inverted 

Olympus IX81 microscope equipped with a Hamamatsu C8484 camera, 60X oil immersion 

Plan S-Apo objective and FITC and TxRed filter cubes from Semrock. Images were 

acquired every 30 s over 15 min. Light stimulation was provided via a 100 ms pulse from the 

FITC cube in the first frame and translocation of optoPKA was monitored via mCh 

fluorescence by a 500 ms pulse from the TxRed cube. Image analysis was performed by 

defining regions of interest (ROIs) at the mitochondria and the actin cytoskeleton. At least 

three ROIs were analyzed per cell and three total cells were analyzed. Background 

fluorescence measurements were subtracted from each ROI and a normalized change in 

fluorescence was calculated. PM-Cib imaging was performed on an Olympus FV1000 

scanning confocal microscope with an IX81 base using the 488 nm and 559 nm laser lines. 

Two frames of the 559 nm mCh channel were recorded before a single stimulus of the 488 

nm laser at 10 μs per pixel and 2% power followed by imaging with the 559 nm laser every 

30 s. Image analysis was performed as described above.

Initial cellular activity characterization and immunofluorescence: Nontransfected MVD7 

cells were treated with 100 μM forskolin (Fisher) for 30 min at 32 °C before fixation using 

the protocol outlined under Fluorescent Microscopy Imaging Analysis. Cells were 

transfected with optoPKA and OMM-Cib and allowed to grow overnight. For these studies, 

we employed an OMM-Cib that does not contain GFP as spectral bleed through between the 

CFP and GFP channels on our microscope impacted quantification of data. The cells were 

then either 1) kept in the dark, 2) exposed to light for 1 min using a 470 nM LED flood light 

(PAR38; Westinghouse 0315100; 1.7 mW power) or 3) exposed to light for 1 min in the 

presence of 10 μM H89 (PKA inhibitor, Sigma). Immediately after removal from light, cells 
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were fixed by adding a 2X solution of fixing reagent so the final concentration was 4% 

paraformaldehyde (Electron Microscopy Sciences) in PBS. Cells were incubated for 10 min 

at room temperature before being washed twice with PBS. Cells were blocked with 5% BSA 

+ 0.1% triton X-100 in PBS for 1 h at room temperature. Fixed cells were incubated with a 

1:100 dilution of mouse anti-phosphoVASP157 (abcam ab58555) in 1% BSA + 0.1% triton 

X-100 in PBS overnight at 4 °C. Cells were then washed 3 times with PBS and incubated 

with 1:1000 anti-mouse Alexa 647 antibody (Life Technologies) at room temperature for 2 

h. Cells were washed 3 times with PBS and placed in PBS for imaging. Image analysis was 

performed as outlined under Fluorescent Microscopy Imaging Analysis. Images for 

figures were subjected to 100 pixel radius rolling ball background subtraction and intensities 

for the phosphorylated PKA-Reporter were normalized to positive controls.

Light Titrations and Reversibility: Control cells were treated with 100 μM forskolin + 100 

μM isobutylmethylxanthine (IBMX, Sigma) for 30 min at 32 °C before being fixed using the 

same protocol outlined above. Light titrations were conducted by exposing the cultured cells 

to 0, 30, 60, 120, or 300 s of light using a 470 nM LED flood light (PAR38; Westinghouse 

0315100; 1.7 mW power). Cells were fixed and stained as outlined above. Reversibility 

experiments were performed as outlined above. In brief, cells were exposed to 5 min blue 

light and fixed at indicated time points. Fixation, staining, imaging, and analysis were 

performed as outlined above.

Fluorescent Microscopy Imaging Analysis: All fluorescent microscopy imaging 

experiments were performed on an inverted Olympus IX81 microscope equipped with a 

Hamamatsu C8484 camera, 60X oil immersion Plan S-Apo objective and CFP, TxRed, and 

Cy5.5 filter cubes from Semrock. Images were taken at 250 ms exposure for CFP 

fluorescence, 500 ms exposure for mCh fluorescence, and 1000 ms exposure for Alexa 647 

fluorescence. An ROI surrounding the entire cell was defined for cells that contain both the 

PKA-Reporter and Cry2-mCh. The minimum background fluorescence for each image was 

subtracted from each cell and then the ratio of the phosphoPKA-Reporter fluorescence/

PKA-Reporter fluorescence (Alexa 647/CFP) was calculated. Values were normalized to the 

ratio from cells that were never exposed to light. All imaging analysis was done using Image 

J software and reported as the mean ± standard error of 10 – 25 cells per experiment.

Phosphoproteomics Studies

Mitochondrial optoPKA Lysate for Phosphoproteomics Analysis: HEK293T cells were 

plated in 10 cm plates in galactose (4.5 g/L) containing media [DMEM, 10% FBS, 1% 

GlutaMAX, 1% Penicillin/Streptomycin, 4.5 g/L D-galactose (Sigma)] and grown to 80 – 

90% confluence. Cells were transfected in media without antibiotics with 20 μg (16 μg 

optoPKAW196R/Y204A and 4 μg OMM-Cib) DNA/plate using lipofectamine 2000:DNA at 

3:1 volume:mass for 3 h. Cells were collected via manual dissociation (pipetting) and spun 

down in 2 mL eppendorf tubes. Cells were pelleted and treated with 10 μM forskolin or light 

(100% 470 nm on colbri LED) for 30 min at room temperature. Cells were then lysed and 

fractionated using the Pierce mitochondrial isolation kit for cultured cells (ThermoFisher 

Scientific, 89874) according to manufacturer’s protocol. H89 and HALT were included in all 

post-experimental steps in order to preserve phosphorylation status at the time of lysis. The 
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lysates were acetone precipitated, reconstituted in 7 M urea, reduced and alkylated, and then 

digested with trypsin overnight. The peptide samples were desalted using SepPak C18 

columns (Waters) and then enriched for phosphopeptides with TiO2 tips (GL Sciences). 

TiO2 eluates were dried via vacuum centrifugation and then stored at −80 °C until analysis.

Plasma Membrane optoPKA Lysate for Phosphoproteomics Analysis: HEK293T cells 

were plated on 10 cm tissue-culture dishes at 80% confluency and transfected with 10 μg of 

total DNA per plate (5 μg PM-Cib; 5 μg optoPKAW196R/F327A or Cry2-mCh) using 

Lipofectamine 2000 transfection reagent (32 μL Lipofectamine reagent:1 mL Opti-MEM) in 

Opti-MEM with 10% FBS. 4 h post-transfection, cell media was changed to DMEM + 10% 

FBS, and the cells were stored overnight, protected from light, in a humidified tissue culture 

incubator (37 °C; 5% CO2). The next day, cells were serum starved in PBS for 15 min in a 

humidified tissue culture incubator (37 °C; 5% CO2), and exposed to light (4 min; 470 nm 

LED flood lamp; continuous illumination) or kept in the dark (4 min). Cells were then lysed 

using 2 mL of M-PER + 1x HALT protease and phosphatase inhibitor per plate. Lysates 

were cleared by centrifugation (5 min; 1000 x g; 4 °C), and concentrations determi ned via 

the Bradford assay. The lysates were acetone precipitated, reconstituted in 7 M urea, reduced 

and alkylated, and then digested with trypsin overnight. The peptide samples were desalted 

using SepPak C18 columns (Waters) and then enriched for phosphopeptides with TiO2 tips 

(GL Sciences). TiO2 eluates were dried via vacuum centrifugation and then stored at −80 °C 

until analysis.

LC/MS/MS Phosphoproteomics Data Acquisition: Each sample was analyzed by 

LC/MS/MS using an Easy nLC 1000 coupled to a QExactive HF (Thermo Scientific). 

Samples were injected onto an Easy Spray PepMap C18 column (75 μm id × 25 cm, 2 μm 

particle size) (Thermo Scientific) and separated over a 60 min method. The gradient for 

separation consisted of 5 – 32% mobile phase B at a 250 nL/min flow rate, where mobile 

phase A was 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in 

acetonitrile. The QExactive HF was operated in data-dependent mode where the 15 most 

intense precursors were selected for subsequent HCD fragmentation. Resolution for the 

precursor scan (m/z 350 – 1600) was set to 120,000, while MS/MS scan resolution was set 

to 15,000. The normalized collision energy was set to 27% for HCD. Peptide match was set 

to preferred, and precursors with unknown charge or a charge state of 1 and ≥ 7 were 

excluded.

Phosphoproteomics Data Analysis: A label-free quantitative phosphoproteomics analysis 

was employed for the whole cell lysate and mitochondrial samples. Briefly, raw data files 

were processed using MaxQuant (Cox and Mann, 2008) (version 1.5.3.17). Data were 

searched against a human UniProt database (containing 20,159 sequences) using the 

integrated Andromeda search engine. The following parameters were used to identify tryptic 

peptides for protein identification: up to two missed trypsin cleavage sites; 

carbamidomethylation (C) was set as a fixed modification; and oxidation (M) and 

phosphorylation (STY) were set as variable modifications. A false discovery rate (FDR) of 

1% was used to filter all results, and match between runs was enabled. The results were 

imported into Perseus (version 1.5.3.0) for statistical analysis (student’s t-test). To identify 
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over-represented pSer motifs among the statistically significant (p-value ≤0.05; light/dark 

fold change ≥1.5) phosphopeptides, a motif analysis was conducted using Motif-X (Chou 

and Schwartz, 2011) with default settings (possibility threshold, p < 10−6). The individual 

datasets were further analyzed using IPA phosphorylation analysis (Qiagen). 

Phosphoproteomics datasets for the OMM and PM were filtered using KNIME (https://

www.knime.org/). First, the OMM or PM datasets were filtered for PKA substrates using the 

PhosphositePlus database. Then, the resulting identified PKA substrates from the OMM and 

PM datasets were filtered through the PhosphoSitePlus kinase-substrate database to search 

for PKA substrates in our datasets that are protein kinases. Finally, the phosphopeptides 

identified as both PKA substrates and protein kinases were hand curated for the specific 

pSer sequences known to be phosphorylated by PKA using the PhosphoSitePlus database.

Kinase Prediction Analysis: Raw datasets from the OMM phosphoproteomics study were 

used. The datasets included phosphoproteomics results for forskolin, not treated, and light 

and dark treated cells. Forskolin and not treated data were run a single time. Therefore, a 

stringent filter was placed on all data. Only data points that contained full data for all 

treatment groups were used. We applied a cutoff of 1.3 fold upregulation in phosphorylation 

as another filter and categorized phosphopeptides as upregulated by forskolin, optoPKA, or 

both. Of the 4910 phosphopeptides identified across all groups, 1153 were represented with 

full datasets and used. We used the resulting lists to predict the kinases that were activated in 

response to forskolin or optoPKA activation. Lists were run on the NetPhorest kinase 

prediction tool (http://netphorest.info/) (Horn et al., 2014; Miller et al., 2008) and 

subsequent analysis was performed in Excel.

Quantification and Statistical Analysis

All image analysis was performed in Fiji (imageJ). Image quantification methods are 

described in Fluorescent Microscopy Imaging Analysis. All data is presented as mean ± 

SEM. N values are indicated in figure legends. For all cellular studies, n is a measure of the 

number of individual cells counted. For PKA kinetic studies, n represents the number of 

experimental replicates. All graphs and regression analysis for in vitro studies were 

performed in SigmaPlot 12. Proteomics quantification performed in MaxQuant (version 

1.5.3.17) and Perseus (version 1.5.3.0). Analysis of the phosphoproteomics data is described 

in Phosphoproteomics Data Analysis.

Data Availability

All datasets generated from phosphoproteomics studies are available in Tables S4 – S7.

Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-phospho VASP Ser 157 Abcam Ab58555

Rabbit anti-HA tag Cell Signaling Technologies 3724

Rabbit anti-phosphoPKA substrate Cell Signaling Technologies 9624
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit anti-GAPDH Cell Signaling Technologies 5174

Rabbit anti-mCherry Abcam Ab167453

anti-mouse Alexa 647 LifeTechnologies A28181

anti-mouse IRDYE™ 800CW Licor 926-32212

anti-rabbit IRDYE™ 680RD Licor 926-68071

Anti-rabbit IgG HRP Cell Signaling Technologies 7074P

Rabbit anti-VASP Ser239 Cell Signaling Technologies 3114S

Rabbit anti-VASP Cell Signaling Technologies 3132S

Bacterial and Virus Strains

E. coli DH5α Max Efficiency Life Technologies 18258012

E. coli BL21-DE3 New England Biotechnologies C2527I

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Forskolin Fisher BP252010

H-89 dihydrochloride Sigma Aldrich B1427-5MG

8 Bromo-cAMP Sigma Aldrich B5386

Pyruvate Kinase/Lactate Dehydrogenase Sigma Aldrich P0294

Kemptide Sigma Aldrich K1127

3′5′-cyclic adenosine monophosphate Sigma Aldrich A9501

Bovine PKA regulatory subunit Sigma Aldrich P2645

Jet Prime Poly Plus Transfection Reagent PolyPlus (via VWR) 114–15

Lipofectamine 2000 ThermoFisher Scientific 11668019

Isobutylmethylxanthine Sigma Aldrich I5879

Mouse Interferon-gamma ThermoFisher Scientific PMC4033

Ni-NTA resin ThermoFisher Scientific R90101

Protein A Sepharose 4B ThermoFisher Scientific 101041

Mitochondrial Isolation kit for cultured cells ThermoFisher Scientific 89874

DMEM ThermoFisher Scientific 11995065

Fetal Bovine Serum Hyclone SH30071.03

GlutaMAX-I ThermoFisher Scientific 35050-061

Penicillin/Streptomycin ThermoFisher Scientific 15140122

D-Galactose Sigma G5388

BsrGI Restriction Enzyme New England Biotech R0575S

NotI Restriction Enzyme New England Biotech R0189L

BamHI Restriction Enzyme New England Biotech R0136L

KpnI Restriction Enzyme New England Biotech R0142L

EcoRI Restriction Enzyme New England Biotech R0101L

IPTG Sigma I5502
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REAGENT or RESOURCE SOURCE IDENTIFIER

LB/LB Agar Difco 244610/244510

Mammalian cell protease inhibitor cocktail Sigma P8340

660 nm protein assay ThermoFisher Scientific 22660

Bradford protein assay ThermoFisher Scientific 23238

NADH Acros Ogranics 271100010

Leibovitz L-15 media, no phenol red ThermoFisher Scientific 21083027

BSA Fisher BP1600-100

Triton-X 100 Fisher BP151-500

Paraformaldehyde Electron Microscopy Sciences 15710

M-PER lysis buffer ThermoFisher Scientific 78501

Halt Protease and Phosphatase Inhibitor Cocktail ThermoFisher Scientific 78445

4–15% Tris-Glycine Gels BioRad 4561084

4–12% Bis-Tris Gels ThermoFisher Scientific NP0336BOX

20X MOPS running buffer ThermoFisher Scientific NP0001

0.2 μm PVDF membrane BioRad 1620239

Formic Acid Fisher BP1215-500

Acetonitrile Fisher A955-1

Opti-MEM Gibco 31985062

BioRad Clarity Western ECL Substrate BioRad 1705061

RESTORE stripping buffer ThermoFisher Scientific 21059

Adenosine Triphosphate Sigma A6417

Dithiothreitol Sigma D9779

Antibiotic-Antimycotic ThermoFisher Scientific 15240062

VASP protein abnova

Recombinant PKG I63S Priestman et al, ACS Chem. 
Biol., 2011, 6 (4), pp 377–384

Recombinant PKA C-subunit (and mutants) This Paper

Phosphoenol Pyruvate Sigma Aldrich 10108294001

Critical Commercial Assays

QuikChange II Site Directed Mutagenesis Kit Agilent 200523

Deposited Data

Experimental Models: Cell Lines

Mouse: MVD7 cells: Ena/Mena/VASP KO mouse embryonic fibroblasts Dr. James E. Bear N/A

Human: HEK293T I17 cells UNC Tissue Culture Facility

Experimental Models: Organisms/Strains

Oligonucleotides

LIC-C subunit-F
TACTTCCAATCCAATGCCATGGGCAACGCCGCCGCCGCCAAGAA

This Paper/IDTDNA N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

LIC-C subunit-R
TTATCCACTTCCAATGTTACTAAAACTCAGTAAACTCCTTGCC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: W196R-F
GTTTTGCCAAGCGTGTGAAAGGCCGTACTCGGACCTTGTGTGGGACC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: W196R-R
GGCCAAGTACTCAGGGGTCCCACACAAGGTCCGAGTACGGCCTTTCAC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: F327A-F
CCTGGGGACACGAGTAACGCCGACGACTATGAGGAGGAAGAG

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: F327A-R
CTCTTCCTCCTCATAGTCGTCGGCGTTACTCGTGTCCCCAGG

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: Y204A-F
GTGTGGGACCCCTGAGGCCTTGGCCCCCGAGATTATC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: Y204A-R
GATAATCTCGGGGGCCAAGGCCTCAGGGGTCCCACAC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: E203A-F
GACCTTGTGTGGGACCCCTGCCTACTTGGCCCCCGAGATTATC

This Paper/IDTDNA N/A

C subunit site directed mutagenesis primer: E203A-R
GATAATCTCGGGGGCCAAGTAGGCAGGGGTCCCACACAAGGTC

This Paper/IDTDNA N/A

C subunit lacking 10 N terminal residues: 302-PKA-DeltaN10-F
ATGGGCCTCGAGATGGAGCAGGAGAGCGTGAAAGAG

This Paper/IDTDNA N/A

Insertion of CAAX-stop into Cib-GFP: CIB-CAAX-F
GGAGAAAACGGATTATATTCATGTAGGCGGCAGCGGTAAAAAGAAGAAAAAGAAGTCAAAGACAAAGTGTGTAATTATGTAGACCGGTCGCCACCATGGTGAGC

This Paper/IDTDNA N/A

Insertion of CAAX-stop into Cib-GFP: CIB-CAAX-R
GCTCACCATGGTGGCGACCGGTCTACATAATTACACACTTTGTCTTTGACTTCTTTTTCTTCTTTTTACCGCTGCCGCCTACATGAATATAATCCGTTTTCTCC

This Paper/IDTDNA N/A

Primer for amplification of core mTurquoise2 for reporter: KpnI-HA-mTurquoise2 Forward
ATGACTAGTGGTACCTACCCATACGATGTTCCAGATTACGCTATGGTGAGCAAGGGCGAGGAG

This Paper/IDTDNA N/A

Primer for addition of N-terminal PM targeting sequence to reporter: EcoRI-LynPMSS-HA Forward
GAATTCGCCACCATGGGCTGCATCAAGAGCAAGGGCAAGGACAGCGCCTACCCATACGATGTTCCAGATTACGC

This Paper/IDTDNA N/A

Primer for addition of VASP peptide: mTurquoise1-VASP148–164 Reverse
CATCACGGATCCTCAGGCGGGGGGGCCGCCGGCGTTGCTCACCCGCCGCTCGATGTGCTCGCTCTTGTACAGCTCGTCCATGCCGAGAGTGATCCCG

This Paper/IDTDNA N/A

Forward Sequencing Primer for pEF1alpha:
AGATCTCGAGCTCAAGCTTC

This Paper/IDTDNA N/A

Reverse Sequencing Primer for pEF1alpha:
GTAACCATTATAAGCTGCAA

This Paper/IDTDNA N/A

Recombinant DNA

pMSCG11 vector DNASU repository pMSCG11

pEF1alpha vector (modified from Clontech # 631980) Clontech 631980

PKA-prSET Dr. Susan S. Taylor

pmCherryN1(Cry2-mCh) Addgene 26866

CibN(ΔNLS)-GFP-CAAX Addgene 268267

Tom20-Cib-GFP Hughes et al. 2015

Lifeact-Cib-GFP Hughes et al. 2014

Tom20-Cib This Paper N/A

Cib-CAAX This Paper N/A

pmCherryN1-Cry2-mCh-PKA (and associated mutants) This Paper N/A

pMSCG11-PKA C subunit (and associated mutants) This Paper N/A

pEF1alpha-Tom20-HA-mTurquoise2-VASP 148–164 (OMM Reporter) This Paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pEF1alpha-LynPMSS-HA-mTurquoise2-VASP 148–164 (PM Reporter) This Paper N/A

mTurquoise2 plasmid Dr. Theodorus Gadella, 
University of Amsterdam, 
Netherlands

Software and Algorithms

Fiji/imageJ Schindelin, K et al. 2012 https://fiji.sc/

QuikChange II Site Directed Mutagenesis Primer Design Tool Agilent http://www.genomics.agilent.com/primerDesignProgram.jsp

Sequest with Proteome Discoverer v1.4 ThermoFisher Scientific https://www.thermofisher.com/order/catalog/product/IQLAAEGABSFAKJMAUH

MaxQuant v1.5.3.17 Cox and Mann 2008 http://www.coxdocs.org/doku.php?id=maxquant:start

NetPhorest 2.1 Kinome Explorer http://netphorest.info/

University of Arizona Spectral Database http://www.spectra.arizona.edu/

KNIME Analytics Platform KNIME https://www.knime.org/

Other

470 nm flood lamp PAR38 1.7 mW Westinghouse 0315100

Colibri LED light source Colibri

MatTek glass bottom dishes (#1.5) MatTek https://www.mattek.com/product-category/cultureware/

Easy nLC 1000-QExactive HF LC/MS/MS Thermo Scientific LC120/IQLAAEGAAPFALGMBFZ

TiO2 Tips for phosphopeptide enrichment GL Sciences http://www.glsciencesinc.com/ProductInfo/Proteomics/Phosphopeptides.aspx

Supplementary Material

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

The design and acquisition of optogenetic analogs of endogenous mammalian proteins 

has received considerable attention. However, a major engineering impediment is the 

“dark activity” observed with these constructs. We’ve developed a structure-based 

strategy to design reduced activity protein kinase mutants that reside in the cytoplasm in 

an enzymologically impotent state. This strategy targets a structural motif near the kinase 

active site that is common to many protein kinases and thus offers the potential 

application to other members of this large enzyme family. Illumination of the 

cytoplasmically diffuse, enzymatically reduced kinase triggers a concentration jump to 

the intracellular site of interest and consequent phosphotransferase activity. In addition, a 

PKA-Reporter has been constructed that resides at designated intracellular locations and 

thus serves as a barometer of subcellular protein kinase activity. Furthermore, we 

demonstrated that optoPKA recruitment to the mitochondria or plasma membrane results 

in the phosphorylation of validated endogenous substrates of PKA, displays the 

anticipated organelle-selective phosphorylation of substrates, and generates a proteome-

wide enriched phosphorylated generic PKA sequence. The ability to trigger signaling 

activity in a spatially-focused, temporally-resolved fashion, offers a means to correlate 

the relationship between intracellular biochemical activity at a given time and place with 

the attendant downstream signaling (via proteomics) and genomic responses, and 

subsequent alterations in cellular (and organismal) behavior.
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Highlights

• An engineered organelle-targeted optogenetic protein kinase

• Design of organelle-specific reporters of protein kinase activity

• Proteomics of light induced kinase activity at the mitochondria and plasma 

membrane
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Figure 1. Schematic of the light-triggered transfer of optoPKA [Cry2-mCh-(C-subunit)] from the 
cytoplasm to the outer mitochondrial membrane
The C subunit of PKA is a reduced activity mutant that is cAMP-independent. Tables S1 and 

S2 provide PKA mutant activities.
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Figure 2. Light-triggered optoPKA Association with and Subsequent Dissociation from the 
OMM, Cytoskeleton, and PM
All optoPKA constructs contain the mCherry (mCh) fluorescent protein: Cry2-mCh-

CW196R/E203A (A – D, F), Cry2-mCh (E, control), Cry2-mCh-CW196R (E), Cry2-mCh-

CW196R/Y204A (F, G, H), Cry2-mCh-CW196R/F327A (F, G, H). The following Cib constructs 

were employed to recruit optoPKA to specific intracellular sites: Tom20-Cib-GFP (OMM-

Cib in A - E, F) at the OMM; LifeAct-GFP-Cib (LifeAct-Cib in G) at the actin cytoskeleton; 

Cib-GFP-CAAX (PM-Cib in H) at the plasma membrane. Visualization of the mCh label in 

optoPKAW196R/E203A (A) before and (B) 1 min after Cry2 stimulation with a 100 ms 488 

nm light pulse. (C) Visualization of the GFP label in OMM-Cib (Tom20-Cib-GFP), where 
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(D) is an overlay of (B) and (C). (E – H) Association and subsequent dissociation of 

optoPKA with and from the PM, OMM, and the cytoskeleton were monitored via mCh 

fluorescence. A single 100 ms pulse (FITC cube) was employed to initiate recruitment of the 

optoPKA constructs to their designated sites. Experiments were performed on either a 

widefield (OMM-Cib, LifeAct-Cib) or confocal (PM-Cib) microscope. N = 3 cells per 

group. Scale bar = 50 μm. Table S3 provides association times for optoPKA to achieve 

maximal OMM localization and t1/2 dissociation times from the OMM. Data expressed as 

mean +/− SEM.
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Figure 3. Validation of Intracellular PKA-Reporter Localization
(A) Schematic of PKA-Reporter architecture, where the targeting sequence (green) positions 

the PKA-Reporter at specific intracellular sites, mTq2 (blue) offers a visual confirmation of 

intracellular placement, VASP148–164 (red) is phosphorylated by PKA, and phospho-

VASP148–164 (yellow) is recognized by a commercially available antibody (and a secondary 

antibody containing Alexa 647). (B, C) Endogenous PKA was activated via treatment of 

MVD7 cells with forskolin (activates adenylate cyclase, which produces cAMP) or Br-cAMP 

(a cell permeable analog of cAMP). Cells were lysed after treatment and the extent of PKA-

Reporter phosphorylation quantified via Western blot using a phospho-VASP antibody. (B) 

Quantification of PKA-Reporter phosphorylation at the OMM (black) or the PM (grey) in 

response to forskolin or Br-cAMP. Changes in PKA-Reporter phosphorylation levels are 

defined as relative to untreated cells. (C) Western blot of phosphorylated PKA-Reporter 

targeted to either the OMM or the PM as a function of various treatment protocols: (top) The 

dynamic range of the PKA-Reporter at the OMM (7-fold) is greater than that of the PKA-

Reporter at the PM (2-fold). The reduced dynamic range of the latter is due to higher levels 

of PM phosphorylated PKA-Reporter in untreated cells. This may be a consequence of more 
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robust endogenous PM PKA activity and/or reduced PM protein phosphatase activity 

relative to that at the OMM. (bottom) Staining of the HA tag on the PKA-Reporter was used 

to assess total PKA-Reporter levels (Note: only the region of the Western blot that contains 

the bands of interest is shown. The rest of the blot has been cropped for clarity). (D, E) 

Validation of the PKA-Reporter, with representative images for experiments conducted at 

the OMM and PM in MVD7 cells. Left panels display the OMM or PM-localized PKA-

reporter (mTq2) and middle panels display the presence/absence of phosphorylated-reporter 

(using a pVASP antibody). There is no PKA-Reporter phosphorylation (D, E) in the absence 

of PKA activation, but extensive PKA-Reporter phosphorylation (D, E) upon treatment with 

100 μM forskolin. Finally, (D, E) PKA-Reporter phosphorylation is not observed in cells 

exposed to both forskolin and a PKA inhibitor (H89). Scale bar = 50 μm.
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Figure 4. 
Relative phosphorylation of OMM PKA-Reporter in response to 1 min light 
stimulation with different optoPKA constructs, where mCherry (Cry2-mCh) serves as a 

non-kinase control. optoPKAW196R/Y204A elicits robust phosphorylation of the PKA-

Reporter upon illumination (light grey bar) compared to dark (medium grey bar) or (light + 

H89) (black bar) conditions. All data presented as mean +/- SEM, N ≥ 10 cells per bar. 

Representative images are found in Figure S3.
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Figure 5. Light titration of PKA-Reporter phosphorylation by optoPKAs
(A) Both optoPKAW196R/Y204A (black) and optoPKAW196R/F327A (grey) display an 

illumination time-dependent increase in PKA-Reporter phosphorylation when both the 

optoPKAs and the PKA-Reporter are positioned at the OMM. (B) Both 

optoPKAW196R/Y204A and optoPKAW196R/F327A display an illumination time-dependent 

increase in PKA-Reporter phosphorylation when both optoPKAs and the PKA-Reporter are 

situated at the PM. Changes in PKA-Reporter phosphorylation levels are defined as relative 

to non-illuminated cells. optoPKAW196R/Y204A displays more robust activity (more PKA-

reporter phosphorylation at shorter illumination times) than its optoPKAW196R/F327A 

counterpart. This may be due to the 4-fold higher catalytic activity displayed by 

optoPKAW196R/Y204A. Data reported as mean +/− SEM n = 10 – 20 cells per group.
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Figure 6. Phosphorylation of OMM-localized PKA-Reporter by optoPKAW196R/Y204A as a 
function of location and illumination time
(A) OMM PKA-Reporter phosphorylation occurs when optoPKAW196R/Y204A is recruited to 

the OMM, but not to the PM or the cytoskeleton. In an analogous fashion (B) PM PKA-

Reporter phosphorylation only transpires when optoPKAW196R/Y204A is recruited to the PM. 

In addition, the magnitude of PKA-Reporter phosphorylation correlates with total light 

exposure. Data is presented as mean +/− SEM, N ≥ 10 cells per experimental group. Data for 

optoPKAW196R/F327A can be found in Figure S4.
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Figure 7. optoPKAW196R/Y204A recruitment triggers changes in the phosphorylation status of 
known PM and OMM associated PKA substrates as well as a general enrichment of the 
canonical phosphoPKA consensus site
Phosphoproteomic analysis of light-triggered optoPKAW196R/Y204A recruitment to the (A) 

PM and (B) OMM relative to the corresponding samples in the dark. Validated PKA 

substrates from the phosphoproteomics data were identified using the IPA and 

PhosphoSitePlus databases and subsequently grouped according to PM- or OMM-

localization using the IPA program. Node colors indicate hyper- (red) or hypo-

phosphorylation (green) of the identified phospho-site relative to the non-illuminated 

sample. Proteins not observed in the indicated dataset are not colored. Proteins with multiple 

phosphorylation sites are denoted with an asterisk (*), and the site with the maximum light/

dark fold change is represented. Although the proteins represented here are validated PKA 

substrates, the specific phosphorylation sites are not necessarily known PKA sites. Proteins 

containing pSer motifs identified (p-value <0.05 and light/dark fold change >1.5) upon light-

triggered recruitment of optoPKAW196R/Y204A to the (A) PM and (B) OMM samples using 

Motif-X (possibility threshold, p < 10−6). The enriched consensus sites identified at the (C) 

PM and (D) OMM. Tables S4 – S7 provide related phosphoproteomics information.
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