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PKA-RII subunit phosphorylation precedes activation
by cAMP and regulates activity termination

Jorg Isensee'®, Melanie Kaufholz?@, Matthias |. Knape?’®, Jan Hasenauer®*, Hanna Hammerich!, Humberto Gonczarowska-Jorge>®,
René P. Zahedi’®, Frank Schwede’, Friedrich W. Herberg? and Tim Hucho'®

Type ll isoforms of cyclic adenosine monophosphate (cCAMP)-dependent protein kinase A (PKA-1I) contain a phosphorylatable
epitope within the inhibitory domain of RIl subunits (pRII) with still unclear function. In vitro, RIl phosphorylation occurs in
the absence of cAMP, whereas staining of cells with pRII-specific antibodies revealed a cAMP-dependent pattern. In sensory
neurons, we found that increased pRIl immunoreactivity reflects increased accessibility of the already phosphorylated

RIl epitope during cAMP-induced opening of the tetrameric Rll,:C; holoenzyme. Accordingly, induction of pRII by cAMP

was sensitive to novel inhibitors of dissociation, whereas blocking catalytic activity was ineffective. Also in vitro, cAMP
increased the binding of pRIl antibodies to RIl,:C, holoenzymes. Identification of an antibody specific for the glycine-rich
loop of catalytic subunits facing the pRIl-epitope confirmed activity-dependent binding with similar kinetics, proving

that the reassociation is rapid and precisely controlled. Mechanistic modeling further supported that Rll phosphorylation
precedes cAMP binding and controls the inactivation by modulating the reassociation involving the coordinated action of

phosphodiesterases and phosphatases.

Introduction

cAMP-dependent protein kinase A (PKA) was discovered nearly
50 yr ago (Walsh et al., 1968). The PKA catalytic (C) subunit was
the first protein kinase to be crystalized and has been studied in
great detail as a prototypic serine/threonine kinase (Walsh et al.,
1968; Knighton et al., 1991; Taylor et al., 2012). All PKA isoforms
are tetramers composed of a regulatory (R) dimer (R,) and two
C-subunits activated by cAMP. Nevertheless, key aspects such as
the process of activation and inactivation in the complex cellular
environment still remain unclear (Smith et al., 2017).

PKA isoforms are important regulators of cell biological func-
tions such as cell differentiation, survival, memory formation,
and pain sensitization. R,:C, holoenzymes are classified accord-
ing to the R-subunit isoform (RIa, RIB, Rlla, and RIIB) as PKA-I
and PKA-II, respectively. Binding of the C-subunit to the inhibi-
tory sites of the respective R-subunit renders the kinase inactive,
whereas allosteric binding of cAMP to two C-terminal tandem
cAMP-binding domains (CNB-A and CNB-B) of the R-subunits
unleashes the catalytic activity of the holoenzyme (Taylor et
al., 1990, 2012; Herberg et al., 1996). Numerous early in vitro

experiments showed that cAMP causes the physical separation
of C- and R-subunits (Tao et al., 1970; Reimann et al., 1971; Corbin
et al., 1972; Rubin et al., 1972; Beavo et al., 1974). Studies under
more physiological conditions, however, suggested that cAMP
rather induces an isoform-specific conformational change that
opens the holoenzyme and is modulated by substrates (Johnson
et al.,, 1993; Yang et al., 1995; Vigil et al., 2004). Supporting this,
even fusion proteins of R- and C-subunits can reconstitute PKA
functionality in cells (Smith et al., 2017). Therefore, at least for
PKA-II, the model of full dissociation may not completely reflect
the reality in cells. It remains to be clarified whether endoge-
nous PKA-II is activated by full separation or partial dissocia-
tion only involving a conformational change leading to a more
open conformation.

The type I R-subunits inhibit C-subunits via nonphosphory-
latable pseudosubstrates (RRxA/G). In contrast, inhibitory sites
of RII-subunits are phosphorylatable substrates of the C-sub-
units (RRXS). Commonly, kinases quickly release their phos-
phorylated substrate to allow access to novel substrates. Indeed,
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phosphorylation of RII has been found to reduce the binding
affinity to C-subunits (Erlichman et al., 1974; Zimmermann et
al.,1999). Thus, it was assumed that activation of PKA-II occurred
by (1) binding of cAMP to the R-subunits, followed by (2) phos-
phorylation of the inhibitory sites, leading to (3) the release of
the then active C-subunits from the holoenzyme (Taylor et al.,
1990). But recently, studies using cell homogenates and crystals
of the PKA-RIIB tetrameric holoenzyme (RIIB,:C,) suggested that
RII-subunits may skip the second step and are autophosphory-
lated already in the absence of cAMP (Manni et al., 2008; Zhang
et al., 2012). Indeed, RIIB-subunits are entirely phosphorylated
while trapped in the inactive closed RIIf,:C, holoenzyme in
RIIB,:C, crystals (Zhang et al., 2015). Thus, opening of the holo-
enzyme may be selectively controlled by cAMP and surround-
ing divalent ions but less, if at all, by phosphorylation of inhibi-
tory sites. This suggests that the conserved phosphosite may be
important for other aspects of PKA-II regulation, e.g., the process
of inactivation during reassociation of RII- and C-subunits.

Whether instantaneous RII autophosphorylation occurs only
in vitro or also in the cellular cytoplasm is currently unknown
and challenging to investigate. Conflicting results have been
reported. We have recently established an assay based on an anti-
body recognizing the phosphorylated RII inhibitory sites (pRII;
Isensee et al., 2014a). In contrast to the recent biochemical data,
cAMP analogues induced an immediate increase of pRII immuno-
reactivity in sensory neurons and glia cells, which we interpreted
asa cAMP-induced increase of phosphorylated RII (Isensee et al.,
2014a). However, the opposite has also been reported. Western
blot analysis of cardiomyocyte lysates suggested a cAMP-induced
reduction of RII phosphorylation (Manni et al., 2008). How could
these conflicting data be reconciled? The decrease of RII phos-
phorylation in cardiomyocyte lysates could well be attributed to
a lack of phosphatase inhibitors during cell lysis (Manni et al.,
2008). The cAMP-dependent increase of the pRII immunoreac-
tivity in intact cells, however, might indicate either increased
phosphorylation of RII or alternatively increased accessibility
of the otherwise hidden pRII epitope. An antibody sensitive for
conformational changes resulting in opening of PKA-II holoen-
zymes would be an ideal tool to monitor the activity of endoge-
nous PKA-II in fixed cells.

Therefore, we set out to identify the mechanism of endog-
enous PKA-II activation in nociceptors. These neurons initiate
the sensation of painful stimuli and make up ~60% of sensory
neurons within the dorsal root ganglion (DRG). Nociceptors spe-
cifically express high levels of PKA-RIIP and show pRII responses
to various G protein-coupled receptor (GPCR) agonists (Isensee
et al., 2014a,b, 2017a,b). In contrast, the PKA-RIIa isoform was
detected at lower levels in all cells of the DRG. We found that RII
phosphorylation is independent of cAMP-based activation and
occurs already in the inactive PKA-II holoenzyme. Thus, the
cAMP-dependent pRII increase in intact cells reflects the con-
formational state of the given holoenzyme rather than the degree
of RII phosphorylation. To prove this, we characterized novel
cell membrane-permeable cAMP antagonists and identified an
antibody detecting preferentially the active C-subunit. The con-
sistency of our data was tested by constructing a mechanistic
mathematical model, which resembled all experimental data and
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could be applied to study the impact of phosphatase activity on
the inactivation of PKA-II signaling.

Results

cAMP increases pRIl immunoreactivity in intact cells, but

not cell lysates

To detect the phosphorylated form of R-subunits RIla and RIIf
(PRII), we recently introduced a high-content screening (HCS)
microscopy approach to quantify endogenous cAMP/PKA
dynamics in sensory neurons (Isensee et al., 2014a,b, 2017a).
This system acquires thousands of images of labeled DRG neu-
rons in multiwell plates. Neurons are then identified based on
the expression of ubiquitin C-terminal hydrolase isozyme L1
(UCHLI) and selection parameters optimized for the sphere-like
geometry of neurons after short-term culture (Fig. 1 A). Then,
signal intensities (e.g., of pRII immunocytochemical stainings)
are quantified within the neuronal regions. We reported pre-
viously that the pRII assay allows the analysis of stimulatory
and inhibitory GPCR signaling at physiological concentrations
(summarized in Table 1). Whereas stimulation with the adenylyl
cyclase (AC) activator forskolin (Fsk; 10 uM) or the cell-perme-
able cAMP analogue Sp-8-Br-cAMPS-AM (10 uM) resulted in
long-lasting pRII increase (Fig. 1, A and B), transient induction
of cAMP formation by GPCR ligands such as serotonin (5-HT; 200
nM) led to a transient pRII response (Fig. 1 B).

To corroborate that the pRII increase reflects activation of
PKA, we analyzed changes of a prototypical PKA downstream
substrate, i.e., phosphorylation of the cAMP response-element-
binding protein at Ser133 (pCREB). We have previously shown
that the induction of pCREB by 5-HT is sensitive to the PKA
inhibitor H89, but not to inhibitors of the ERK1/2 cascade, sup-
porting that Ser133 phosphorylation is PKA dependent in sensory
neurons (Isensee et al., 2014a). As kinases require time to per-
form substrate phosphorylation, the increase of pCREB intensity
was slightly delayed compared with the pRII kinetic (Fig. 1 C).

These results suggest that changes in pRII intensity follow
changes in cytoplasmic cAMP levels and thus reflect PKA-II
activity. Nevertheless, the detected change in pRII intensity
could have two underlying mechanisms: (1) the phosphorylation
of the R-subunit occurs during the process of PKA activation,
or (2) the R-subunit is constitutively phosphorylated and only
accessible to the detecting antibody after PKA activation. To
differentiate between these two mechanisms, we analyzed cell
lysates for activation-induced changes in RII phosphorylation
by immunoblotting. As denatured proteins were separated, this
allowed us to evaluate for changes of phosphorylated RII inde-
pendent of potentially masking protein-protein interactions. To
induce substantial cellular cAMP accumulation, sensory neu-
rons were stimulated for 15 min either with 10 pM Fsk while
inhibiting cAMP degradation with the nonspecific phosphodi-
esterase (PDE) inhibitor 3-isobutyl-1-methylxanthine (IBMX;
100 uM, 10 min pretreatment) or with the PDE-resistant cAMP
analogue Sp-8-Br-cAMPS-AM (10 uM), respectively. To prevent
dephosphorylation of RII-subunits, cell lysis was performed
using a buffer containing high concentrations of urea, sodium
dodecylsulfate, and phosphatase inhibitors. In Western blots
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Figurel. cAMP induces pRIlimmunoreactivity in intact sensory neurons, but not cell lysates. (A) Representative HCS microscopy images of control (Ctrl;
0.1% DMSO) and 10 uM Fsk-stimulated (15 min) rat sensory neurons. Cultures were stained with UCHLI to identify the neurons and pRII to quantify PKA-I
signaling. Green/red encircled neurons indicate automatically selected/rejected objects. Bar, 100 um. (B) Time course of pRIl intensity in sensory neurons after
stimulation with Ctrl (0.1% DMSO0), 10 pM Fsk, 10 uM Sp-8-Br-cAMPS-AM, or 200 nM 5-HT. (C) Time course of pCREB (Ser133) intensity. (D) Immunoblot of
sensory neuron lysates probed with pRIl and RIIB antibodies (left) and densitometry results (right). The pRIl antibody recognized phosphorylated Rlla and RIIB.
Stimulation with 10/100 uM Fsk/IBMX or 10 pM Sp-8-Br-cAMPS-AM for 15 min did not increase the pRIl density. (E) Immunoblot and densitometry results
of the same cell lysates probed with the pCREB antibody. (F and G) Time course of pRIl intensity after stimulation with different doses of 1-10 puM Fsk or
5-200 nM 5-HT. (H and ) Pretreatment of sensory neurons with 4-25 pM H89 (30 min) did not inhibit the pRIl response to 3 uM Fsk (H) or 200 nM 5-HT (1).
() and K) Pretreatment with 25 uM H89 (30 min) significantly inhibited the induction of CREB phosphorylation by 10 uM Fsk (H) or 200 nM 5-HT (K). (L and
M) Pretreatment with H89 also inhibited the induction of ERK1/2 phosphorylation. HCS results are means + SEM; n = 3-4; >1,000 neurons/condition; two-
way ANOVA with Bonferroni’s test. Immunoblot results are means + SEM; n = 6; one-way ANOVA with Dunnett’s test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Kinetic experiments are plotted in nonlinear scale.

for pRIIL, we observed two bands with the expected molecular ~ ATP-site inhibitors of PKA fail to block increase in pRII

weights of Rlla and RIIB (Fig. 1 D). In contrast to the analysis immunoreactivity but inhibit PKA downstream signaling

of pRII intensities in intact cells, however, densitometry of the To explain the inconsistency between immunocytochemis-
Western blot signals did not reveal increased RII phosphory- try and Western blotting, we hypothesized that RII subunits
lation (Fig. 1 D), even though PKA was activated, as shown by  are fully phosphorylated in the inactive RIL,:C, complex but
induction of CREB phosphorylation (Fig. 1 E). the accessibility of the pRII epitope for the detecting antibody
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Table1. Summary of GPCR agonists and cAMP analogs analyzed using the pRIl assay in rat or mouse sensory neurons

Compound Action Lipophilicity ECs or ICso forrat®  ECsq or ICs, for mouse®  Reference
(log K'g)®

5-HT Gs-GPCR agonist 14 nM 47 nM Isensee et al., 2014a, 2017a
Prostaglandin 12 Gs-GPCR agonist 74 nM 27 nM Isensee et al., 2014a, 2017a
Prostaglandin D2 Gs-GPCR agonist 377 nM Isensee et al., 2014b
DAMGO® Gi-GPCR agonist 321 nM Isensee et al., 2017a
Fentanyl Gi-GPCR agonist 97 nM 36 nM Isensee et al.,, 2017a

Fsk Activator 1.7 uM 2.6 UM Isensee et al., 2014a, 2017a
Sp-8-Br-cAMPS Activator 1.66 203 um This study
Sp-8-Br-cAMPS-AM Activator 1.3 puM 6.8 M Isensee et al.,, 2014a, 2017a
Rp-cAMPS Inhibitor 1.21 Schwede et al.,, 2015
Rp-cAMPS-pAB Inhibitor ~10 uM This study
Rp-8-pCPT-cAMPS Inhibitor 2.72 This study
Rp-8-pCPT-cAMPS-pAB Inhibitor ~4 pM This study

Rp-8-Br-cAMPS Inhibitor 1.47 This study
Rp-8-Br-cAMPS-pAB Inhibitor ~3 M This study

2Lipophilicity (log K'g values) according to reversed-phase HPLC protocol (Krass et al., 1997).
bHalf maximal effective concentration (ECso) or half maximal inhibitory concentration (ICs) determined using the pRIl assay in rat or mouse sensory neurons.

‘DAMGO, [D-Ala?, N-MePhe?, Gly-ol]-enkephalin.

increased after cAMP-induced dissociation. To test this hypothe-
sis, we first determined the dynamic range of the assay. The pRII
increase by stimulation with Fsk or 5-HT was dose dependent
and reached maximal values approximately twofold higher than
baseline (Fig. 1, F and G). Inhibition of cAMP degradation with
100 pM IBMX (10 min) led to elevated basal pRII intensity but
did not increase the response to Fsk, indicating that the maxi-
mal response is not limited by PDE activity (Fig. SL A). The tran-
sient response to 5-HT, however, was substantially prolonged by
IBMX, showing that the pRII decline depends on PDE activity
after rapid deactivation of 5-HT, receptors (Fig. S1 B; Isensee
etal., 2017b).

Assuming that RII-subunits are fully phosphorylated in the
inactive holoenzyme (Zhang et al., 2015), basal and acute induc-
tion of pRII intensity should be rather resistant against inhibi-
tors of catalytic activity such as H89. To test this, we pretreated
the sensory neurons for 30 min with 4-25 uM H89 followed by
stimulation with a low dose of Fsk (3 uM). Indeed, H89 inhib-
ited neither basal nor induced pRII intensity (Fig. 1 H). Also
the transient response to 200 nM 5-HT was unchanged by H89
(Fig. 11). To confirm that H89 inhibited PKA, we analyzed the
effect of H89 on PKA-dependent downstream signaling such as
phosphorylation of CREB and cross talk to the MAPK cascade
(Isensee et al., 2014a, 2017b). As expected, H89 substantially
reduced CREB and ERK1/2 phosphorylation induced by Fsk or
5-HT (Fig. 1, J-M). As H89 represents a rather unspecific ATP-
site inhibitor (Murray, 2008), we tried to verify this using the
structurally unrelated ATP-site inhibitor KT5720 and a peptide
derived from the endogenous protein kinase inhibitor (myris-
toylated PKI 14-22). Both compounds, however, failed to inhibit
not only the pRII increase but also PKA downstream signaling,
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most likely because of low cell permeability or rapid degrada-
tion (Fig. S, D-K).

Cell-permeable Rp-isomers inhibit the opening

of PKA isoenzymes

To further corroborate that phosphorylated RII-subunits are not
fully accessible for antibodies in the inactive PKA-II holoenzyme,
we intended to inhibit cAMP-dependent conformational changes
rather than inhibition of the catalytic activity. Rp-isomers of
adenosine-3', 5'-cyclic monophosphorothioate (cAMPS) have
sulfur substitutions in the equatorial position of the cyclophos-
phate ring and stabilize the inactive state of the PKA holoenzyme
(Rothermel et al., 1983; Bacskai et al., 1993; Gjertsen et al., 1995;
Prinz et al., 2006a; Badireddy et al., 2011). They therefore act as
competitive cAMP antagonists. Several Rp-isomers, however, did
not inhibit Fsk-induced pRII intensity in sensory neurons, proba-
bly because of limited cell-permeability (unpublished data). Sup-
porting this, 135-times higher concentrations of the PKA agonist
Sp-8-Br-cAMPS were required to reach the same response if
compared with the highly cell-permeable acetoxymethyl-ester
Sp-8-Br-cAMPS-AM (ECs, = 203 vs. 1.5 uM; Fig. S1C).

To overcome this limitation of unconjugated Rp-isomers,
we were aiming to use novel highly cell-permeable para-ace-
toxybenzyl (pAB) ester prodrugs of Rp-isomers (Chepurny et
al., 2013; Schwede et al., 2015) to block PKA-II in sensory neu-
rons. As the pRII assay, however, specifically detects changes
only of PKA-II, but not of PKA-I, we first used biolumines-
cence resonance energy transfer (BRET) sensors to test the
potency of pAB-conjugated Rp-cAMPS, Rp-8-CPT-cAMPS, and
Rp-8-Br-cAMPS on all PKA-I and PKA-II isoforms in trans-
fected HEK293 cells. BRET sensors consist of a mutant Renilla
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Figure 2. pAB ester prodrugs of Rp-isomers
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bioluminescent donor proteins and GFP-tagged
Ca-subunits as acceptor proteins. Close proxim-
ity of luciferase and GFP in the inactive PKA com-
plex results in BRET signal (white bars), which
is reduced after activation by Fsk/IBMX (striped

888 ss§
55 T white bars, 50/100 uM; 20 min). Pretreatment
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luciferase-conjugated R-subunits as bioluminescent donor pro-
teins and GFP-tagged Ca-subunit as acceptor protein (Prinz et
al., 2006a,b; Diskar et al., 2007; Schwede et al., 2015). In the
inactive PKA complex, close proximity of luciferase and GFP
results in energy transfer and a strong BRET signal, which
declines after cAMP-induced dissociation.

As expected, Fsk/IBMX reduced the BRET signal of PKA-Ia,
PKA-IB, PKA-IIa, and PKA-IIP sensors to 51 + 3%, 75 + 2%, 25 + 1%,
and 28 + 3%, respectively (Fig. 2, A-D). Pretreatment with 10 uM
Rp-cAMPS-pAB, Rp-8-pCPT-cAMPS-pAB, or Rp-8-Br-cAMPS-
PAB effectively inhibited the dissociation of all PKA sensors,
whereas the control reagent, pAB alcohol (4-ABnOH), was inef-
fective. Compared with Rp-cAMPS, modification of the adenine
moiety at position eight in Rp-8-pCPT-cAMPS-pAB and Rp-8-Br-
cAMPS-pAB increased their potency to inhibit PKA-I and PKA-II
isoenzymes, respectively (Fig. 2, A-D, blue/red bars vs. green
bar). Verifying that pAB-ester prodrugs crossed the cell mem-
brane more efficiently, much higher doses of their unconjugated
parent compounds were required to inhibit the dissociation of
PKA sensors (Fig. 3). Even at concentrations of 1 mM, none of
the unconjugated Rp-isomers effectively inhibited all PKA iso-
forms. Substantial inhibition of the PKA-RIIf isoform was not
achieved with any of the unconjugated Rp-isomers (Fig. 3 D). As
observed for the pAB-conjugated compounds, modification of
the adenine moiety at position eight in Rp-8-pCPT-cAMPS and
Rp-8-Br-cAMPS increased their potency.

Cell-permeable Rp-isomers inhibit the pRIl response in

sensory neurons

We have demonstrated that the amount of phosphorylated
RII-subunits is unchanged in the presence of cAMP in lysates of
the DRG and that the cAMP-dependent increase of pRIl immuno-
reactivity is resistant to inhibition of catalytic activity in intact
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0.001 between the unstimulated controls in the
absence/presence of Rp-isomers.

neurons (Fig. 1). This suggests that increased accessibility of the
PRII epitope caused by conformational changes of the holoen-
zyme is key for the pRII assay. Therefore, inhibiting the open
conformation of PKA-II using the pAB-conjugated Rp-isomers
should block the pRII increase.

Indeed, pretreating sensory neurons with each of the pAB-con-
jugated Rp-isomers (10 M) inhibited the response to 10 uM Fsk
(5 min) within 15 min, whereas the control reagent (4-ABnOH)
was ineffective (Fig. 4, A-C). Rp-isomers alone (without Fsk
treatment) had no impact on the basal pRII intensity, although
we observed slight pRII induction by Rp-8-pCPT-cAMPS-pAB
(Fig. 4 B). This could indicate trace amounts of the PKA agonist
Sp-8-pCPT-cAMPS or unspecific off-target effects (Herfindal et
al., 2014). The inhibition of Fsk-induced pRII immunoreactivity
by Rp-isomers was dose dependent (Fig. 4, D-F). In line with the
BRET experiments, modifications at position eight of the adenine
residue increased their potency. Estimated ICs, values were 10,
4, and 3 puM for Rp-cAMPS-pAB, Rp-8-pCPT-cAMPS-pAB, and
Rp-8-Br-cAMPS-pAB, respectively.

We also measured phosphorylation of ERK1/2 in the very
same cells to analyze whether Rp-isomers also block PKA-de-
pendent cross talk to the MAP cascade (Isensee et al., 2017b).
Surprisingly, Rp-8-pCPT-cAMPS-pAB and Rp-8-Br-cAMPS-
PAB with modifications at position eight of the adenine residue
strongly induced ERK1/2 phosphorylation, whereas Rp-cAMPS-
pAB had an inhibitory effect to concentrations up to 10 uM (Fig.
S4, A-F). This induction of ERK activity was accompanied by
a significant cell loss, indicating rapid detachment of sensory
neurons (Fig. S4, G-1). We therefore applied Rp-cAMPS-pAB to
study the inhibition of PKA downstream signaling. In contrast to
H89 but in line with its role in maintaining the PKA holoenzyme
in a closed conformation, pretreatment with 10 uM Rp-cAMPS-
pAB (30 min) caused long-lasting inhibition of Fsk-induced
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pRII immunoreactivity (Fig. 4 G). As expected, phosphoryla-
tion of CREB and ERK1/2 was also inhibited by Rp-cAMPS-pAB
(Fig. 4, Hand I).

Presence of cAMP increases the binding of pRII

antibodies to PKA-II

To prove that pRII antibody binding is increased by cAMP-
induced conformational changes of the PKA holoenzyme, we
applied surface plasmon resonance (SPR) spectroscopy and
quantified the effect of cAMP on the binding of PKA-II holoen-
zymes to pRII antibodies. Therefore, we immobilized pRII anti-
bodies covalently to a sensor chip and assessed the binding of
preformed recombinant Rlla,:C, and RIIB,:C, holoenzymes in
buffer containing 1 mM MgCl, and 0.5 mM ATP. Dissociation of
holoenzymes was induced by adding cAMP (10 uM) to the pre-
formed RII,:C, holoenzymes before SPR measurements.

We found that cAMP increased the binding of both PKA-II
isoenzymes to immobilized pRII antibodies (Fig. 5, A and B). The
cAMP-induced change in binding signal was stronger for RIIB,:
Co, than for Rlla,:Ca,, which may indicate that the pRII assay
is more sensitive for the activation of RIIf,:Ca, holoenzymes. In
contrast, nonphosphorylated holoenzymes, preincubated in buf-
fer without ATP, showed no (RIIB) or weak (Rlla) binding, prov-
ing the phosphospecificity of the antibody (Fig. 5, dashed black
lines). The binding of inactive holoenzymes to pRII antibodies
reveals a certain degree of conformational flexibility at the active
site even in the absence of cAMP, making the inhibitory sequence
of RII accessible for the antibody. We therefore analyzed the
effect of Ca?* instead of Mg2* ions on the binding efficiency, as
previous results indicated that Ca®* stabilizes the inactive state
and thereby slows down cAMP-induced dissociation (Knape
et al., 2015; Zhang et al., 2015). Supporting that Ca?* promotes
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stabilization of an inactive state and in line with a reduced acces-
sibility of the phosphoepitope, we observed decreased binding
to the antibody in the presence of Ca?*. However, Ca?* predom-
inantly affected cAMP-free holoenzymes, reflected in an even
stronger reduction of the binding signal. SPR measurements
using another antibody specific for the PKA consensus site
RRXpS/pT verified these results. Again, increased binding was
observed in presence of cAMP and Ca?* stabilized the respective
holoenzyme (Fig. 5, C and D).

The SPR measurements suggest that conformational flex-
ibility of the inactive holoenzyme causes binding of pRII- and
RRXpS/pT-specific antibodies to inhibitory sites in the absence
of cAMP. To prove this hypothesis, we performed coimmuno-
precipitation experiments and incubated preformed RIIB,:Cay,
holoenzymes with pRII-specific antibodies immobilized on pro-
tein G-conjugated beads. As expected, pull-down of RIIB was ATP
dependent (Fig. 5 E). Supporting that conformational flexibility
in the inactive RIIB,:Ca, holoenzyme allows binding of pRII anti-
bodies, we were able to pull down C-subunits in the absence of
cAMP (Fig. 5 E). The presence of cAMP led to dose-dependent
reduction of C-subunits in the precipitate, indicating dissocia-
tion of the holoenzyme.

C-subunit-specific antibodies against the glycine-rich loop
show a cAMP-dependent intensity pattern

The results above indicate that the pRII epitope is not fully acces-
sible for antibodies in the inactive PKA-II holoenzyme. Therefore,
epitopes of C-subunits, which are localized face to face with pRII
sites, should also be masked in the inactive PKA-II holoenzyme.
Antibodies specific for such masked epitopes on the C-subunit
are currently unknown but would confirm our results and poten-
tially allow to measure activation of PKA-I isoforms, which lack
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Figure4. Cell-permeable Rp-isomers inhibit the induction of pRIl intensity and PKA downstream signaling in sensory neurons. (A-C) HCS microscopy
analyses of Fsk-induced (10 uM, 5 min) pRIl intensity after pretreatment of sensory neurons for up to 60 min with 10 uM Rp-cAMPS-pAB (A), Rp-8-pCPT-
cAMPS-pAB (B), or Rp-8-Br-cAMPS-pAB (C). 10 uM 4-ABnOH served as negative control. (D-F) Dose-response experiments after 30 min pretreatment with
Rp-isomers followed by stimulation with 10 pM Fsk (5 min). (G-1) Pretreatment with 10 uM Rp-cAMPS-pAB (30 min) effectively inhibited the pRIl increase
(G) and phosphorylation of CREB (H) and ERK1/2 (I). Values are means + SEM; n = 3-4; >1,000 neurons/condition; two-way ANOVA with Bonferroni’s test.
* P<0.05 **, P<0.01; *** P < 0.001indicate significance levels between Fsk-stimulated conditions; ¢, P < 0.05; %, P < 0.01; %%, P < 0.001 indicate significance

levels between basal conditions.

the pRII epitope. Therefore, we screened several commercially
available antibodies specific for C-subunits for changes in signal
intensity after activation of the cAMP-PKA pathway. Indeed, a
commercial mouse monoclonal antibody, which was generated
using the full-length Ca protein as antigen, showed a cAMP-de-
pendent intensity pattern almost identical to the pRII response
(Fig. 6 A). In addition, signal intensities by both the pRII- and
the Ca-specific antibody strongly correlated on a single-cell level
(Fig. 6 C). This correlation was not caused by spillover between
fluorescence channels, which we rigorously compensated for
(Fig. 6 D; see Materials and methods for details).

To identify the antibody-binding epitope, we applied a
nanoscale liquid chromatography coupled to tandem mass
spectrometry (nano-LC-MS/MS) approach and followed two
strategies. The first strategy was to use limited proteolysis of
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the antibody-bound protein. The intrinsically stable antibody
remains almost completely intact, whereas the antibody-bound
protein is digested, such that only the epitope should remain
associated (Fig. S3). For this purpose we made use of the
broad-specificity enzyme subtilisin, as it generates peptides of
similar length covering the whole protein and enables a fast and
reproducible digestion. Ca subunits were incubated with anti-Ca
antibodies, digested with subtilisin, filtrated to remove unbound
peptides, and treated with trifluoroacetic acid (TFA) to elute the
antibody-bound peptides. After LC-MS analysis of the eluate, we
found that 44% (479) of all Ca peptide-spectrum matches (PSMs)
belonged to the peptide GTGSFGRVM, which is a strong indica-
tion that this indeed represents the bound epitope (Fig. S4 A).
Analyzing subtilisin-digested PKA-Ca without antibody enrich-
ment, GTGSFGRVM amounted to only 4% of PSMs (Fig. S4 C).
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Figure 5. Presence of cAMP increases the binding of pRIl antibodies to PKA-Il holoenzymes. (A-D) SPR analysis using pRII- (A-B) or RRXpS/pT-specific
antibodies (C and D) covalently immobilized on sensor chips. Binding of preformed Rlla,:Ca, (A and C) and RIIB,:Ca; holoenzymes (B and D) was assessed
in buffer containing 1 mM MgCl, or 1 mM CaCl, and 0.5 mM ATP. Dissociation of holoenzymes was induced by adding 10 uM cAMP before SPR analysis.
(E) Coimmunoprecipitation of RIIB and Ca using pRIl antibodies captured on protein G functionalized beads. Pull-downs of preformed RIIB,:C;, holoenzymes
were performed in the absence or presence of 1 mM ATP or 0.5 and 10 uM cAMP. Representative immunoblots (left) and densitometry results are shown (right).

Values are means + SD; n = 3. IP,immunoprecipitation; RU, resonance units.

As a second strategy to validate the potential epitope, we incu-
bated subtilisin-digested PKA-Ca with the Ca-specific antibody
to enrich the epitope-containing peptide. Again, the analysis of
the eluate confirmed our previous results, because 80% of the
three identified sequences represented the peptide GTGSFGRVM
(161 PSMs; Fig. S4 B).

Mapping the peptide to the Ca protein sequence revealed
amino acids 50-58 within the N-lobe of the catalytic core
(Fig. 6 B). This region contains the glycine-rich loop (GxGxxG)
thatis highly conserved in eukaryotic protein kinases and essen-
tial for binding the phosphoryl groups of ATP (Hemmer et al.,
1997). Interestingly, this epitope of the C-subunit is localized face
to face with the pRII epitope of RII-subunits within the holoen-
zyme (Fig. 6 B).

Mechanistic modeling reveals an essential role of
phosphatases for regulating PKA-Il activity

Our experimental results extend the recent biochemical data
suggesting that the phosphorylation of the RII epitope precedes
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cAMP binding also in primary neurons. To verify the consis-
tency of our hypotheses, further dissect specific roles of indi-
vidual processes, and assess competing hypotheses, we imple-
mented a mechanistic mathematical model of PKA-II activity in
response to treatment with Fsk, IBMX, H89, and cAMP analogues
(Fig. 7 A). The model was optimized to integrate more than 750
data points observed in more than 60 experimental conditions
(see Materials and methods). The experimental data to train the
model, the model implementation, best parameters found for
each model, and plots of the fitting results are provided (see the
online supplemental material modeling file). The model accounts
for the reversible binding of Fsk to AC, yielding the complex AC-
Fsk with increased cAMP production rate (Fig. 7 A). The passive
transport of cAMP analogues across the membrane and the sub-
sequent processing is modeled as a single reaction. Based on our
experimental data we assumed that conformational flexibility
in the inactive holoenzyme causes switching between a closed
and partially open conformation, allowing pRII and Ca antibod-
ies to bind in the absence of cAMP. Free cAMP then binds to the
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the epitope of the Ca-specific antibody. The antibody binds to the sequence GTGSFGRVM corresponding to aa 50-58 of C-subunits. This region contains
the glycine-rich loop and is localized face to face with the pRIl site in the holoenzyme structure (Protein Data Bank accession no. 3TNP; Zhang et al., 2012).
(C) Cell density plots showing single-cell data of pRIl/Ca-labeled neurons stimulated for 1, 5, or 30 min with 10 uM Fsk, 10 pM Sp-8-Br-cAMPS-AM, or 0.2 uM
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Kinetic experiments are plotted in nonlinear scale.

PRIL;:C, complex, resulting in pRII,:C,:cAMP,, which is prone to
dissociate into pRIIB,:cAMP, and two C-subunits. PDEs degrade
free butalso pRII,-bound cAMP with different degradation rates,
as recently suggested (Moorthy et al., 2011), and are inhibited
by IBMX. As binding of the C-subunit to phosphorylated RIIfB,
(PRIIB,) is weaker (Zhang et al., 2015), we modeled a dephosphor-
ylation event mediated by a phosphatase. C-subunits bind with
high affinity only to unphosphorylated RII,. Consistent with the
observation that RIIB, is quickly phosphorylated after binding
of the C-subunit, we assumed that this binding yields pRII,:C,.
Released C-subunits are considered as catalytically active if not
bound by H89. In addition to cAMP, cAMP analogues can revers-
ibly bind pRII,:C,. Depending on whether these analogues are Sp
or Rp analogues acting as agonist or antagonists of PKA, respec-
tively, we assumed the dissociation to occur or to be negligible.
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We used the mechanistic model to (1) corroborate the experi-
mental results that the pRII epitope is only accessible in an open
holoenzyme conformation, (2) analyze differences between
cAMP analogues and feedback regulation mechanisms (Fig. 7B),
and (3) test an alternative model structure in which binding of
cAMP to RII-subunits induces RII phosphorylation (Fig. 7 C).
Regarding the cAMP analogues, we asked whether the dissoci-
ation constants of cAMP analogues differ (Fig. 7 B, hypothesis 1
[H1]) or whether the imported fraction differs because of dif-
ferent import rates (H3). Furthermore, we considered negative
feedback loops reported in other contexts such as phosphoryla-
tion and inhibition of AC and AC-Fsk by active C-subunits (H2;
Iwami et al., 1995) and activation of PDEs by active C-subunits
(H4; Sette and Conti, 1996). These hypotheses were selected
from a large set of possible model extensions, e.g., further
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Figure 7. Mechanistic mathematical modeling supports that RIl phosphorylation occurs before opening of PKA-II holoenzymes. (A) Illustration of
the core PKA-Il model. Colored arrows indicate accessible epitopes recognized by pRIl (red) and Ca (green) antibodies, respectively. (B) Illustration of model
extensions allowing for differences between cAMP analogues (H1and H3) and feedback regulation (H2 and H4). (C) Illustration of an alternative model structure
assuming that cAMP induces RIl phosphorylation. (D) Ranking of model hypotheses according to the AIC value.

modes of regulation (Calejo and Taskén, 2015; Torres-Quesada
et al., 2017), as they appeared to be supported by the observed
experimental data. The hypotheses were implemented in the
model, the parameters of the resulting models were estimated,
and the models were compared using the Akaike information
criterion (AIC).

Model simulation and evaluation indicates that the pRII anti-
body indeed predominately binds the open holoenzyme confor-
mation and that the best model candidate accounts for differences
in binding affinities of cAMPS analogues (Fig. 7 D). This model
provides a good quantitative description of the experimental data
generated by immunostaining (Fig. 8 A; see supplemental mod-
eling file) and Western blotting (Fig. 8 B). The alternative model
structure assuming that binding of cAMP induces RII phosphor-
ylation (Figs. 7 C and S5 A) led to much larger AIC values and
thus could be rejected (Fig. 7D, yellow bar). Indeed, although the
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alternative model was able to describe the pRIl immunostainings
(Fig. S5 C), it failed to fit the Western blot data (Fig. S5 B).

We explored the properties of the best model candidate by
simulating a series of experimental conditions (Fig. 8 C). These
simulations provide predictions for the internal states of the
model, which cannot be assessed experimentally. Consistent with
our experimental data, the internal states of the model indicate
that the concentration of free pRII, indeed resembles the concen-
tration of free active C-subunits unless bound by H89 (Fig. 8 C).

To validate the mechanistic model, we predicted the response
to double perturbation experiments. We pretreated cells with H89
orsolvent control and followed the response to PGI,, an agonist of
the G,-coupled IP, receptor and thereby activator of AC (Fig. 8 D).
PGI, is stable in basic buffers but rapidly hydrolyzed to 6-keto
PGFla at physiological pH (Stehle, 1982). Because the half-life
ranges from 30 s to afew minutes, we implemented it in the model
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Figure 8. Maechanistic mathematical modeling describes the experimental data for PKA-Il activation. (A) Comparison of experimental data obtained by
immunostaining of intact neurons with simulation results for the best model. Experimental data for H89 are also included in Fig. 1 H, for IBMX in Fig. S1, and for
Rp-8-Br-cAMPS-pAB in Fig. 4 (C and F). The good agreement indicates the consistency of the best model assumptions. (B) Comparison of experimental data
obtained by Western blotting with simulation results. (C) Prediction of the dynamics of selected internal states of the best model. (D) Experimental data for
repetitive PGl, treatment (black data points) and the corresponding model predictions (gray bars) for an assumed PG, half-life time of 90 s. Sensory neurons
were pretreated for 30 min with 25 uM H89 or solvent (DMSO, 0.1%) followed by stimulation with 1 pM PGl, for 60 min and then again for 2 min. HCS results

in A represent means + SEM; n = 3-4; >1,000 neurons/condition. Immunoblot results in B represent mean + SD; n = 6.

as a transient maximal production of cAMP, circumventing the
introduction of additional parameters. Although no data for PGI,
or double perturbations were used to train the model, it provided
for a range of plausible PGI, half-lives an accurate prediction of
the experimental data verifying the predictive power of the model.

Next, we used the validated model to study the impact of
phosphatase activity on the pRII response. At baseline, we found
that increased phosphatase activity elevates the level of pRIL,:C,
holoenzymes, resulting in decreased pRII and C-subunit con-
centrations (Fig. 9, Ctrl). As rapid dephosphorylation of pRII by
increased phosphatase activity results in faster reassociation
of RII and C-subunits, this finding suggests that phosphatase
activity controls the basal level of dissociated PKA-II. Indeed, in
previous experiments application of the phosphatase inhibitor
calyculin A resulted in ever increasing basal pRII intensities in
the absence cAMP stimulation (Isensee et al., 2014a). Using the
modeling, we now found that an increase of phosphatase-activity
also decreased the maximal amplitude of dissociated pRII, and
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C-subunit concentrations after cAMP-stimulation (Fig. 9, Fsk).
Increased phosphatase activity modulated also the kinetic of
the response resulting in faster establishment of equilibrium
between the association states (Fig. 9, Fsk). To study the impact
of phosphatase-activity on PKA-II deactivation, we modeled the
response to the IP; receptor agonist PGI,. PG, induces a rapid
but transient production of cAMP (Fig. 9, PGI,). The result of the
modeling indicated that increased phosphatase activity also leads
to more rapid termination of PKA-II activity.

Discussion

Despite the plethora of powerful methods, endogenous PKA
activity could never be measured directly in the cellular environ-
ment. PKA activity in cells was mainly deduced indirectly from
measuring its activator, cAMP, phosphorylation of downstream
substrates, or using ectopically expressed reporter proteins
(Adams et al., 1991; Bacskai et al., 1993; Zhang et al., 2001; Prinz
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Figure 9. Phosphatase activity decreases dissociation of PKA-II at baseline and after stimulation. The effect of increasing phosphatase activity on the
internal states of the best model after stimulation with Fsk or PGl is shown. Different colors indicate phosphatase activities ranging from a 100-fold reduction
(blue lines) to a 100-fold increase (red lines) compared with the estimated phosphatase activity (green lines).

et al., 2006a; Martin et al., 2007; Smith et al., 2017). PKA is the
first kinase, which gets regulated after ligand-induced activation
of the huge group of stimulatory and inhibitory G protein-cou-
pled receptors. Thus, it is essential to understand the molecu-
lar changes of PKA regulation and its isoform-specific activity
in distinct primary cells models, in which PKA isoforms control
various rather different biological processes (Taylor et al., 2005,
2012; Pidoux and Taskén, 2010). Although the C-subunit has
been studied in great detail to reveal the catalytic mechanism of
the AGC kinase family (Taylor and Kornev, 2011; Srivastava etal.,
2014; Meharena et al., 2016), its isoform-specific regulation by
R-subunits in cells is less investigated. Already the fundamental
question of the time point and the function of the phosphory-
lation of RII inhibitory sites remained to be established in vivo
(Zhang et al., 2015).

We recently found that pRII intensities follow changes in
cAMP levels and correlate with PKA substrate phosphorylation
(Isensee etal., 2014a, 2017a,b). This indicated a classical cAMP-in-
duced activation and subsequent phosphorylation of RII. Never-
theless, these data are in disagreement with biochemical data,
which argue for a cAMP-independent phosphorylation of RII by
C-subunits (Zhang et al., 2012, 2015). We now show that full bind-
ing of the pRII-specific antibodies requires cAMP-dependent
conformational changes, which increase the accessibility of the
pRII epitope (Fig. 10). Therefore, cAMP-dependent changes in
pRII intensities are not based on regulation of RII phosphoryla-
tion itself but reflect the conformational state of the holoenzyme,
which has constitutively phosphorylated RII-subunits.

To prove this concept, we applied SPR and found that cAMP
indeed increases the binding of RII,:C, holoenzymes to immobi-
lized pRII antibodies (Fig. 5). However, also the inactive cAMP-
free RII,:C, holoenzyme binds to the pRII antibody to some extent,
which we also verified by coimmunoprecipitation experiments
(Fig. 5 E). These observations suggest yet-unexpected dynamic
conformational changes of PKA-II holoenzymes in the absence of

Isensee et al.

PKA-RII phosphorylation precedes activation by cAMP and regulates activity termination

cAMP. This could well explain why we observed substantial basal
pRII immunoreactivity in unstimulated intact neurons (Fig. 1 A).
The conformational flexibility of PKA holoenzymes is likely con-
strained after fixation, and the epitope accessibility depends on
the captured conformation. The doubling of pRII immunoreac-
tivity after maximal stimulation (Fig. 1 B) would then indicate
full opening of holoenzymes in the presence of cAMP.

To study the PKA-II activation cycle in intact neurons, we used
novel cell-permeable Rp-isomers of cAMPS, which stabilize the
inactive holoenzyme conformation and therefore act upstream
compared with classical ATP-site inhibitors (Rothermel et al.,
1983; Bacskai et al., 1993; Gjertsen et al., 1995; Prinz et al., 2006a;
Badireddy et al., 2011). Using a BRET approach, we demonstrate
that esterification of Rp-isomers to pAB-conjugates results in
enhanced cell permeability and thereby more effective inhibi-
tion of all PKA isoforms in intact HEK293 cells (Figs. 2 and 3).
Indeed, pAB-conjugated Rp-isomers also allowed the study of
PKA-II signaling in sensory neurons, further demonstrating
their value to study cyclic nucleotide signaling in difficult-to-ac-
cess cell models (Fig. 4; Chepurny et al., 2013; Schwede et al.,
2015). The pAB-conjugated Rp-isomers, but not H89, effectively
inhibited the pRII increase, whereas both decreased CREB phos-
phorylation and cross talk to the MAPK cascade (Fig. 1, H-M).
This pharmacological approach again corroborates that RII-sub-
units are phosphorylated in the inactive PKA-II holoenzyme and
cAMP-dependent dissociation leads to enhanced accessibility of
the pRII epitope.

The conformation dependency of the pRII antibody makes it
a powerful tool. It allows for the investigation of the regulation
of PKA-II, even in the complex environment of a cell, without
the need to disturb the cellular organization (e.g., by transfec-
tion of a reporter protein). The characterization of a second con-
formation-dependent antibody corroborates and extends the
possibility of this assay even further. The antibody against the
glycine-rich loop potentially expands the assay to PKA-I, because
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Figure 10. Proposed model of PKA-II activation based on quantifying pRIl and Ca signal intensities in intact sensory neurons. Our data support that
the RIl dimer associates with ATP-loaded C-subunits, resulting in a single-turnover autophosphorylation event (Zhang et al., 2015). Phosphorylated Rll-subunits
remain associated with C-subunits in the inactive holoenzyme. This complex is prone for conformational flexibility at the active site even in the absence of
cAMP, making a fraction of RIl inhibitor sites (pS112) as well as residues in the catalytic cleft of C-subunits accessible for antibodies. The presence of cAMP
then induces full opening of holoenzymes, resulting in increased accessibility for antibodies recognizing pS112 of RIl (red) or the glycine-rich loop of C-subunits
(green). Reassociation of RIl and C-subunits requires the concerted hydrolysis of cAMP by phosphodiesterases and dephosphorylation of S112 by phosphatases
and occur immediately after dephosphorylation in a precisely coordinated manner. CNB-A/B, cyclic nucleotide binding domains.

the C-subunit (isoform o or B) is shared by all PKA isoforms. The
response to cAMP obtained with pRII- and Ca-specific antibodies
shows temporal similarity and correlates at the single-cell level,
suggesting predominant activation of PKA-II in sensory neurons
(Fig. 6). Because of the almost identical response kinetic, dephos-
phorylation of RII subunits and reassociation with C-subunits
must occur almost simultaneously in vivo. Supporting alocal and
highly dynamic interplay among ACs, PDEs, and phosphatases, a
recent study showed that PKA activation at physiological cAMP
concentrations does not lead to full dissociation of PKA-II holo-
enzymes, yet intact PKA-II tetramers are able to phosphorylate
nearby substrates (Smith et al., 2017).

Markov state models were recently applied to gain mechanis-
tic understanding of the activation of the PKA-RIa isoform by
cAMP (Boras et al., 2014). With the help of our novel tools, we
have now established the first computational model of PKA-II
activity in primary sensory neurons (Figs. 7, 8, and 9). The com-
putational analysis not only validated the consistency of our data
and hypotheses but also further helped to suggest a role for the
phosphorylation site. Although phosphorylation may also play a
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role in the activation process of PKA-II, the dephosphorylation
dynamic defines the amplitude and duration of the PKA-II activ-
ity. Thereby, PKA-Il integrates not only over the changes of cAMP
and its catabolizing enzymes, the phosphodiesterases, but also
over the activity of the phosphatase as well as changes of diva-
lent cations. To verify these model predictions, the application of
phosphatase inhibitors would be required. Indeed, application
of the PP2A/B inhibitor calyculin A resulted in ever increasing
basal pRII immunoreactivity (Isensee et al., 2014a). Calyculin
A, however, was cytotoxic, leading to rapid detachment of sen-
sory neurons and preventing its use in kinetic experiments. The
other phosphatase inhibitors tested so far have been ineffective,
and further research is required to verify our model predic-
tions in the future.

In a broader view, our study demonstrates that conforma-
tional changes in kinases, especially within the glycine-rich loop
and at the inhibitory site, facilitate the quantification of kinase
activity in intact cells using classical immunocytochemistry. The
development of antibodies specific for homologous epitopes of
other kinases may further prove this concept in the future.
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Materials and methods

Antibodies

The following antibodies were used in this study: chicken poly-
clonal anti-UCHLI (1:2,000; NB110-58872; Novus), rabbit mono-
clonal anti-phospho-RII (S99; 1:1,000; clone E151; ab32390;
Abcam), rabbit monoclonal anti-PKA substrate (RRXpS/pT; lone
100G7E; 9624; Cell Signaling), rabbit monoclonal anti-phos-
pho-CREB pS133 (1:500; clone F.959.4; MA5-11192; Thermo Fisher
Scientific), mouse monoclonal anti-Ca (1:500, clone 5B; 610980;
BD Transduction Laboratories), mouse monoclonal anti-PKA
RIIB (1:2,000; 610625; BD Transduction Laboratories), and highly
cross-adsorbed Alexa Fluor 647-, 594-, and 488-conjugated sec-
ondary antibodies (Invitrogen).

Drugs

10 mM 5-HT (in dH,0) was purchased from Sigma-Aldrich.
10 mM fentanyl (in dH,0) and 10 mM Fsk (in DMSO) were from
Tocris. cAMP, PO4-AM;, Sp-8-Br-cAMPS, Sp-8-Br-cAMPS-AM,
Rp-cAMPS, Rp-8-Br-cAMPS, and Rp-8-pCPT-cAMPS (all 10 mM
in DMSO) were from BioLog. Rp-cAMPS-pAB, Rp-8-pCPT-
cAMPS-pAB, Rp-8-Br-cAMPS-pAB, and 4-ABnOH (all 10 mM in
DMSO) were synthesized and provided by F. Schwede (BioLog).

Animals

Male Sprague-Dawley rats (200-225 g, aged 8-10 wk) were
obtained from Harlan. Rats were kept on a 12-h light/dark cycle
and provided with food and water ad libitum. All animal exper-
iments were performed in accordance with the German animal
welfare law and approved by the Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen. Animals were sac-
rificed between 9 and 12 am by CO, intoxication. DRGs of rats
(L1-L6) were removed within 30 min per animal.

DRG neuron cultures

DRGs were desheathed, pooled, and incubated in Neurobasal A/
B27 medium (Invitrogen) containing 10 U/ml collagenase P (1 h,
37°C, 5% CO,; Roche). DRGs were dissociated by trituration with
fire-polished Pasteur pipettes. Axon stumps and disrupted cells
were removed by BSA gradient centrifugation (15% BSA, 120 g,
8 min). Viable cells were resuspended in NeurobasalA/B27
medium, plated in 0.1 mg/ml poly-L-ornithine/5 pg/mllaminin-
precoated 96-well imaging plates (Greiner) and incubated over-
night (37°C, 5% CO,). Neuron density was 1,500 neurons/cm?.

Stimulation of DRG neurons

DRG neurons were stimulated 24 h after isolation in 96-well
imaging plates. Compounds were dissolved in 12.5 pl PBS in
96-well V-bottom plates, mixed with 50 ul medium from the cul-
ture wells, and added back to the same wells. Stimulations were
performed with automated 8-channel pipettes (Eppendorf) at
low dispense speed on heated blocks; stimulated cells were placed
back in the incubator. The cells were fixed for 10 min at RT by
adding 100 pl 8% PFA, resulting in a final concentration of 4%.

Immunofluorescence staining
PFA-fixed cells were treated with goat serum blocking (2% goat
serum, 1% BSA, 0.1% Triton X-100, and 0.05% Tween 20; 1 h, RT)
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and incubated with respective primary antibodies diluted in 1%
BSA in PBS at 4°C overnight. Subsequent to three washes with
PBS (30 min, RT), cells were incubated with secondary Alexa
Fluor dye-coupled antibodies (1:1,000, 1 h, RT). After three final
washes (30 min, RT), wells of 96-well plates were filled with PBS,
sealed, and stored at 4°C until scanning.

Quantitative microscopy

We used a Cellomics ArrayScan XTI microscope equipped with
an X1 CCD camera and LED light source to scan stained cultures
of sensory neurons in 96-well plates. 2 x 2 binned images (1,104
x 1,104 pixels) were acquired with a 10x (NA = 0.3) EC Plan Neo-
Fluar objective (Zeiss) and analyzed using the Cellomics software
package. In brief, images of UCHLI stainings were background
corrected (low-pass filtration), converted to binary image masks
(fixed threshold), and segmented (geometric method), and neu-
rons were identified by the object selection parameters size
80-7,500 pum?, circularity (perimeter 2/4m area) 1-3, length-to-
width ratio 1-2, mean intensity 800-12,000, and total intensity 2
x 10%-5 x 107. The image masks were then used to quantify signals
in other channels. Three respective controls were prepared for
each triple staining: (1) UCHLI alone, (2) UCHLI + antibody 1, and
(3) UCHL1 + antibody 2. Raw fluorescence data of the controls
were used to calculate the slope of best fit straight lines by lin-
ear regression, which was then used to compensate spill-over as
described previously (Roederer, 2002). Compensated data were
scaled to a mean value of 1 (or 1,000) for the unstimulated cells
to adjust for variability between experimental days. One- and
two-dimensional probability density plots were generated using
R packages (R Development Core Team, 2011). Gating of subpop-
ulations was performed by setting thresholds at local minima of
probability density plots.

BRET assay

HEK293 cells (DSMZ) were cotransfected with expression vec-
tors for GFP-hCa and hRIa-Rluc8, hRIB-Rluc8, hRIla-Rluc8, and
hRIIB-Rlucs, respectively (Prinz et al., 2006a). BRET experi-
ments were performed as described previously (Chepurny et al.,
2013; Isensee et al., 2014a; Schwede et al., 2015). In brief, HEK293
cells were seeded on 96-well Nunc plates (Thermo Fisher Scien-
tific) at a density of 2 x 10* cells/well and cultured in DMEM
high glucose (GE Healthcare) supplemented with 10% fetal calf
serum gold (PAA Laboratories) at 37°C and 5% CO,. After 24 h,
cells were transfected using polyethyleneimine (25 kD, linear;
Polysciences Europe) with GFP-hCo and the desired R-subunit
in a 1:1 ratio. Cells were rinsed with HBSS 2 d after transfection,
treated with the respective compound for 20 min, and before
adding the substrate coelenterazine 400A (BIOTREND Chem.)
at a final concentration of 5 uM in a total volume of 30 ul HBSS.
After 15 min, BRET measurements at wavelengths 410 + 80 nm
for the donor and 515 + 30 nm for the acceptor were performed
using a POLARstar Omega microplate reader (BMG Labtech).
Emission values of untransfected cells (n.t.) were subtracted, and
BRET signals were calculated according to the following formula:
[emission (515 nm) - n.t. (515 nm)]/[emission (410 nm) - n.t. (410
nm)]. Control measurements with cells expressing RLuc8 alone
were included in each experiment.
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Protein expression, purification, and holoenzyme formation
Recombinant PKA regulatory isoforms (human isoforms Ia, If,
Ila, and IIB) were expressed in Escherichia coli BL21 DE3 RIL
and purified by cAMP affinity chromatography using Sp8-AEA-
cAMPS agarose (BioLog) and 20 mM cyclic guanosine mono-
phosphate for elution as described before (Bertinetti et al., 2009;
Zhang et al., 2015). PKA C-subunits (human and murine iso-
form al) were expressed in E. coli BL21 DE3 and purified using
an IP20-resin according to Knape et al. (2015) and Olsen and
Uhler (1989). Holoenzyme formation was performed by mixing
PKA-Co and PKA-RIlin a 1.2:1 molar ratio and subsequent dialysis
against buffer A (20 mM MOPS, pH 7, 150 mM NaCl, and 2 mM
B-mercaptoethanol).

SPR analysis

ABiacore T200 SPR instrument (GE Healthcare) was used to ana-
lyze the binding of the anti-phospho-RII and anti-PKA substrate
(Cell Signaling) to PKA-IL. For this, both antibodies were immo-
bilized on parallel flow cells (5,000-8,000 resonance units) on a
CMS sensor chip (GE Healthcare) using standard N-hydroxysuc-
cinimide (NHS)/1-Ethyl-3-(3-dimethylaminopropyl)-carbodiim-
ide (EDC) chemistry. A reference flow cell without antibodies was
generated by the activation of carboxy groups (NHS/EDC) and
subsequent deactivation (ethanolamine). Binding analysis was
performed in running buffer (20 mM MOPS, pH 7,150 mM Nacl,
and 0.01% P20 surfactant) by injecting 500 nM recombinant
type Ila and 250 nM type IIf holoenzymes under different buf-
fer conditions (i.e., buffer alone or supplemented with 0.5 mM
ATP and 1 mM MgCl, or CaCly) for 120 s at 30 ul/min at 25°C. As
shown before, the addition of ATP and divalent metal ions results
in an instantaneous phosphorylation of RII-subunits (Zhang et
al., 2012, 2015). Dissociation of PKA holoenzymes was induced
by the addition of 10 uM cAMP. To ensure dissociation as well as
phosphorylation of RII-subunits all samples were incubated at
25°C for at least 10 min before run. Regeneration of the sensor
chip surface was achieved by injecting 10 mM glycine, pH 1.9,
for 30 s. Unspecific binding was removed by subtracting binding
signals of the reference surface as well as control runs with buf-
fer only (double referencing). BlAevaluation 4.1.1 software (GE
Healthcare) was used for data processing.

Coimmunoprecipitation

Protein G functionalized Dynabeads (Thermo Fisher Scientific)
were used to probe binding of PKA-II holoenzymes to the phos-
pho-RII antibodies. Anti-phospho-RII (S99) antibodies (~2 pg
input; Abcam) were captured following the manufacturer’s
instructions, washed twice in HBS-P buffer (10 mM Hepes, pH
7.4,150 mM NaCl, and 0.01% P20 surfactant), and incubated for
20 min with purified, preformed PKA-II holoenzyme (Coi:RIIB,
3.6 pM:3 uM) in HBS-P buffer. The buffer was supplemented
with 1mM ATP, 10 mM MgCl,, and 0.5 or 10 uM cAMP. The beads
were washed four times and transferred into new tubes. Elution
was performed using 10 mM glycine, pH 2.2, and SDS sample buf-
fer. The samples were subjected to SDS-PAGE and proteins were
detected by Western blotting using Ca (sc-28315; Santa Cruz) and
RIIB (610625; BD Transduction Laboratories) on separate West-
ern blots. Detection and signal quantification was performed
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using the Odyssey Fc Imager (Li-Cor) with the fluorescently
labeled anti-mouse IRDye800 (Li-Cor) secondary antibody or
mouse IgG «-binding protein CFL790 (sc-516181; Santa Cruz).

Nano-LC-MS/MS

For sample preparation, ~15 ug PKA-Ca was resuspended in
50 mM ammonium bicarbonate (ABC; Sigma-Aldrich), pH 7.8.
The solution was filtrated using a 30-kD Amicon Ultra-0.5 ml
centrifugal filter (Merck Millipore) by centrifugation for 10-15
min at 10,000 g and 4°C to remove degradation products. To
identify the antibody-binding epitope, we followed two alterna-
tive strategies. First, PKA-Ca was incubated with anti-PKA-Ca
for 1h at 37°C in 50 mM ABC buffer, pH 7.8, followed by diges-
tion with the broad-specificity enzyme subtilisin (protease/
protein ratio of 1:20) for 5 min at 56°C (Gonczarowska-Jorge et
al., 2016). The sample was filtrated as above to remove PKA-Co.
peptides not bound (flow-through) by anti-PKA-Ca. The concen-
trate was incubated with 0.1% TFA (Biosolve) for 5 min at 4°C to
elute the antibody-bound peptides from anti-PKA-Ca, followed
by another ultrafiltration as above to remove intact anti-PKA-Ca
(eluate). The eluate and flow-through were dried under vacuum
and resuspended in 20 pl of 0.1% TFA. PKA-Ca, anti-PKA-Ca as
well as coincubated PKA-Ca + anti-PKA-Ca were separated on
a monolithic HPLC system before and after digestion (Fig. S1;
Burkhart et al., 2012). Second, PKA-Ca was digested with sub-
tilisin (1:20) for 5 min at 56°C in 50 mM ABC, followed by ultra-
filtration as above. The filtrate containing proteolytic peptides
was incubated with anti-PKA-Ca for 1 h at 37°C in 50 mM ABC,
pH 7.8, followed by ultrafiltration as above to remove peptides
not bound (flow-through) to anti-PKA-Ca. The concentrate was
treated as above.

Samples were analyzed using an Ultimate 3000 nano RSLC
(Thermo Fisher Scientific) coupled to an Orbitrap Fusion Lumos
(Thermo Fisher Scientific) in data-dependent acquisition mode.
Peptides were preconcentrated on a 75 pm x 2 cm C18 Acclaim
Pepmap trapping column (Thermo Fisher Scientific) in 0.1% TFA
for 10 min using a flow rate of 20 pl/min, followed by separation
inaona75yum x 50 cm Acclaim Pepmap C18 main column using
a binary gradient (A, 0.1% formic acid; B, 84% acetonitrile, 0.1%
formic acid) ranging from 3% to 35% B in 55 min at a flow rate of
250 nl/min. MS survey scans were acquired in the Orbitrap from
300 to 1,500 m/z at a resolution of 120,000 using the polysilox-
ane ion at 371.1012 m/z as lock mass (Gonczarowska-Jorge et al.,
2016). The AGC target value was 5 x 103 ions, and the maximum
injection time was 50 ms. For MS/MS, precursors were selected
using the top speed option (3 s) without dynamic exclusion.
Peptides were fragmented using higher-energy collisional dis-
sociation at 32%, and fragment ion spectra were acquired in the
Orbitrap with a resolution of 30,000, an AGC target value of 5 x
103 ions, and a maximum injection time of 150 ms.

For data analysis MS raw files were searched with the help of
Proteome Discoverer 1.4 (Thermo Fisher Scientific), using Mas-
cot 2.4 against a Mus musculus Uniprot database (downloaded
July 2015; 16,684 target sequences). The following search settings
were used: Enzyme specificity was set to “none” and oxidation of
Met was set as variable modification. MS and MS/MS tolerances
were set to 10 ppm and 0.02 D, respectively. Percolator (Kall etal.,
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2007) was used for false discovery rate estimation, and data were
filtered at 1% false discovery rate on the PSM level.

Statistical analysis

Statistical analyses were performed with one- or two-way ANOVA
with respective post hoc tests as indicated in the figure legends.
P < 0.05 was considered as statistically significant. HCS micros-
copy experiments were analyzed with R (R Development Core
Team, 2011) using ordinary two-way ANOVA. Bonferroni’s post
hoc analysis was applied to determine p-values of selected pairs
defined in a contrast matrix using the R library multcomp. Error
bars represent the SEM of n = 3-5 independent replicate exper-
iments using cells of different animals. Dose-response curves
from HCS microscopy in Fig. SI1 C were generated using non-
linear regression curve-fitting (three parameters, standard Hill
slope) with Prism (GraphPad). We assumed that mean values of
all neurons analyzed per experiment (usually >500 per well) are
normally distributed, which we proved on alarger datasets using
normality tests such as the Shapiro-Wilk, Anderson-Darling, or
Lillifors test. Similar variance of values before and after stimu-
lation was analyzed using the Fligner-Killeen and Bartlett test.

Molecular modeling of holoenzyme dissociation

For mechanistic mathematical modeling of PKA signaling and
hypotheses testing, we used the open-source MATLAB toolbox
Data2Dynamics (Raue et al., 2015). The parameters of all model
alternatives were determined using Bayesian parameter estima-
tion, taking into account >750 data points observed under >60
experimental conditions and prior knowledge for dissociation
constants (e.g., ACand Fsk). The measurement noise was assumed
normally distributed with unknown SD. The maximum a poste-
rior estimate was computed using multistart local optimization.
For local optimization, we used the MATLAB routine Isqnonlin.m
with gradients computed using forward sensitivity equations.
For each model, 1,000 local optimizations were performed with
starting values drawn from a log-uniform distribution between
1075 and 108, Using the optimization results, model section was
performed using the AIC. A difference of 10 in the AIC of two
models was considered substantial. In addition, we computed the
AIC weights (Burnham and Anderson, 2004), an approximation
for the posteriori probability of the model given the data. The
experimental data, Data2Dynamics implementation, visualiza-
tion of the fitting results, and best parameters found for each
model are provided in the online supplemental material.

Online supplemental material

Fig. S1shows that KT5720 and Myr-PKI cannot inhibit the induc-
tion of pRIlintensity as well as PKA downstream signaling in sen-
sory neurons. Fig. S2 demonstrates that high doses of Rp-isomers
induce the phosphorylation of ERK1/2 and cell loss depending
on their modification at position 8 of the adenine nucleobase.
Fig. S3 provides monolithic HPLC pre- and postdigestion con-
trols for the anti-Ca antibody, PKA-Ca subunits, and coincuba-
tions thereof. Fig. S4 shows the distribution of PSMs identified
by LC-MS analysis as a measure of peptide abundance indicating
that the sequence GTGSFGRVM binds to the anti-Ca antibody.
Fig. S5 depicts an alternative model structure, which assumes
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that cAMP induces RII phosphorylation. The supplemental mod-
eling archive includes the used experimental data, Data2Dynam-
ics implementation, visualization of the fitting results, and best
parameters found for each model. The modeling archive is also
available at https://doi.org/10.6084/m9.figshare.5991136.v2.
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