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Abstract

Cyclic AMP (cAMP) is a ubiquitous second messenger that regulates many proteins, most notably
cAMP-dependent protein kinase (PKA). PKA holoenzymes (comprised of two catalytic (C) and
two regulatory (R) subunits) regulate a wide variety of cellular processes, and its functional
diversity is amplified by the presence of four R-subunit isoforms, Rla, RIB, Rlla, and RIIp.
Although these isoforms all respond to cAMP, they are functionally non-redundant and exhibit
different biochemical properties. In order to understand the functional differences between these
isoforms, we screened CAMP derivatives for their ability to selectively activate Rl and RIl PKA
holoenzymes using a fluorescence anisotropy assay. Our results indicate that Rla holoenzymes are
selectively activated by C8-substituted analogs and RI1B holoenzymes by N6-substituted analogs,
where HE33 is the most prominent RII activator. We also solved the crystal structures of both Rla
and RIIB bound to HE33. The RIIp structure shows the bulky aliphatic substituent of HE33 is fully
encompassed by a pocket comprising of hydrophobic residues. Rla lacks this hydrophobic lining
in Domain A and the side chains are displaced to accommodate the HE33 di-propyl groups.
Comparison between cAMP-bound structures reveals that RIIB, but not Rla, contains a cavity near
the N6 site. This study suggests that the selective activation of RIl over Rl isoforms by N6 analogs
is driven by the spatial and chemical constraints of Domain A and paves the way for the
development of potent non-cyclic nucleotides activators to specifically target PKA iso-
holoenyzmes.
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INTRODUCTION

3'-5'-cyclic adenosine monophosphate (CAMP) is a second messenger that facilitates
intracellular signal transduction upon extracellular stimulation. cAMP binds to and regulates
the function of five major intracellular cAMP-binding proteins: cCAMP-dependent protein
kinase (Protein Kinase A or PKA), cAMP-activated guanine nucleotide-exchange factors
(EPAC1 and EPAC?2), phosphodiesterases, hyperpolarization-activated cyclic-nucleotide-
modulated channels (HCN), and the catabolite gene activator protein (CAP). PKA is highly
responsive to low levels of CAMP, making it one of the major receptors for this second
messenger. PKA holoenzymes exist as an inactive tetrameric complex composed of two
catalytic (C) subunits bound to two regulatory (R) subunits. Binding of cAMP to each of the
two R-subunits releases the catalytic domains, thereby enabling downstream
phosphorylation of PKA substrates.

PKA-mediated signaling is differentiated by the presence of four R-subunit isoforms (Rla,
RIB, Rlla, and RI11), each a product of different genes. Each isoform differs in their sub-
cellular localization, abundance, affinity for the catalytic subunit, sensitivity to cAMP, and
specificity for the scaffolding proteins A-Kinase Anchoring Proteins (AKAPS)(1). The
relative cellular ratio between RI- and RII-subunits also plays a critical role in cell growth
and differentiation(2). Deviations from this balance are correlated with several cancers
(carney complex, breast, and ovarian), autoimmune disease (systemic lupus erythematosus
(SLE)(3), and HIV(4)). For example, cancer cells express a significantly higher level of RI
proteins than RI1(5-7) and cancer cells that express more Rla display enhanced growth
rates(8, 9). Furthermore, SLE patients display drastically reduced mRNA levels of Rla, RIp,
and RIIp and SLE T-cells display altered levels of protein phosphorylation by the Rla and
RIIB holoenzymes (80% and 40%, respectively)(3, 10). Clearly, aberrant changes in the
relative amounts of R1 and RII protein and activity levels are correlated with diseased states,
creating a pressing need to develop small molecules that can preferentially activate or inhibit
one isoform over another.

Modulating PKA-specific isoform activity with small molecules has been particularly
challenging since ATP competitors (such as H89 and staurosporine) inhibit other kinases
and agents that increase CAMP levels in cells (such as forskolin) non-discriminately activate
all PKA isoforms as well as the other cAMP-binding proteins (such as EPAC and HCN).
Thus, for PKA, targeting the R-subunit cAMP-binding sites with cAMP analogs is an
evident strategy for developing isoform-specific agonists of PKA activity.

In an effort to achieve isoform-selective activation, traditional methods initially focused on
measuring the ability of cCAMP analogs to bind isolated R-subunit isoforms. Comprehensive
studies over several decades examined numerous cCAMP analogs containing chemical
substitutions on the phosphate moiety and the adenine and ribose rings(11). Activation
profiles of R:C holoenzyme complexes using these analogs were not systematically
measured, nor were these analogs thoroughly mapped against the crystal structures of
Rla:cAMP,(12) and RIIB:cAMP,(13) complexes. Moreover, recent crystal structures of
PKA-la(14), PKA-11a(15), and PKA-I13(16) holoenzymes reveal R-subunit cAMP binding
pockets that differ drastically between the cAMP-bound and holoenzyme states. In order for
cAMP analogs to effectively target an individual isoform, their selectivity must be
established using R:C holoenzyme complexes, not only free R-subunits. Building on this
foundation, the goals of this study are to broadly determine whether specific classes of
cAMP analogs can activate individual PKA holoenzyme isoforms and to identify structural
features that may govern such specificities.
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Measuring cAMP-mediated activation of PKA holoenzymes has not been readily amenable
to a quick and easy high-throughput format. In the past, the dose-response activation of PKA
holoenzymes by cAMP was characterized with assays that monitored through C-subunit
catalytic activity (17). While accurate and sensitive, this method has not been performed in
miniaturized microplate format, and thus not appropriate for the simultaneous measurement
of many compounds. However, a method was developed to measure the cAMP-mediated
activation of PKA holoenzymes in high throughput format (18). The integrity of the PKA
holoenzyme complex upon addition of an allosteric activator (such as cAMP) can be
measured by use of a high affinity fluorescently labeled peptide that competes with the
regulatory subunit for binding to the catalytic subunit. Instead of measuring loss of PKA
activity, the assay was developed to measure association and dissociation of the R- and C-
subunits. This assay thereby enables measurement of agonists and antagonists and identifies
binders that are not simply competitive with ATP, which almost all other known assays do.
Binding of an agonist to a pre-formed holoenzyme complex induces complex dissociation
and allows the labeled peptide to bind to the released catalytic subunit (Figure 1a). A
fluorescence anisotropy change upon peptide binding to the catalytic subunit is used as a
read-out for cCAMP induced activation.

Here, we modified and validated the previously described PKA activation assay to
accommodate RIIfB holoenzymes and utilized the assay to analyze 21 cAMP analogs for
their ability to activate Rla and RIIf holoeznymes. Two striking trends emerged. First, ECsg
values for Rla holoenzymes were lowest using cCAMP compounds with C8 substitutions.
Second, ECs values for RIIB holoenzymes were lowest using cCAMP compounds with N6
substitutions. The most isoform selective compound tested was HE33, an N6 modified
compound, activating RI1f holoenzymes with a 9-fold lower ECgg than Rla. We also solved
the structures of HE33 co-crystallized with both Rla and RIIf. The structures illustrate how
the Domain A pocket in RIIf has spatially and electrostatically favorable properties that
enable the stabilization of bulky and hydrophobic N6 substituents, whereas Rla does not.
These results further support the proposed mechanisms of cAMP activation for each of the
two different holoenzymes.

RESULTS AND DISCUSSION

Development of Ligand Regulated Competition (LiReC) Assay for Measuring PKA-Rla and
PKA-RIIB Activity

The LiReC assay was originally developed as a high-throughput agonist and antagonist
screen for PKA-RIa holoenzymes using fluorescein-labeled 1P20 as a probe (f-1P20, Protein
Kinase Inhibitor peptide residues 5-25)(18). Under the same conditions, the LiReC assay
could not be performed with PKA-RIIB holoenzymes for several reasons. Not only were the
fluorescence anisotropy (FA) measurements not consistent over time, FA values were also
higher for the RIIB/C-subunit/f-IP20 mixture than an equivalent mixture containing Rla
(Figure 1b).

We suspected that RI11B was being phosphorylated at serine 112 by the C-subunit /n situ,
therefore shifting the equilibrium towards a higher concentration of 1P20:C complexes
resulting in higher FA baselines. Phosphorylation of serine 112 in RIIB has been shown to
weaken the interaction with the catalytic subunit(19). Furthermore, previous experiments
have shown that mutation of this serine to alanine resulted in a 40-fold increase in affinity
between the R- and C-subunits(20). Since Rla is a pseudosubstrate (the P-site is occupied by
an alanine), it cannot be phosphorylated therefore remains as a stable high affinity complex
with the C-subunit over the course of the experiment. Since the basic principle of the LiRec
assay relies on the competitive nature between the probe and R-subunit for the catalytic
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subunit, RIIB with a wild-type P-site serine could not be used with the PKA-LiReC assay for
high-throughput screening of cCAMP analogs.

In order to minimize 1P20:C-subunit complex formation in the absence of cAMP and
maximize RIIB:C complexes, we first altered the probe to decrease its affinity with the C-
subunit. We exchanged the fluorophore from fluorescein to texas red (TR) and verified that
TR-1P20 was still capable of monitoring cAMP-mediated activation of PKA-Rla. TR-1P20
concentration was fixed at 3 nM and serial dilutions of C-subunit determined the affinity for
the labeled probe. The affinity between the C-subunit and TR-1P20 was measured to be 5.5
nM under these conditions. Results of cAMP-mediated activation of PKA holoenzymes
using Rla with the TR-1P20 are consistent with experiments using f-1P20, (ECsq was 36 nM
and 53 nM, respectively). In the following LiReC compound screening assays, 6 nM PKA
and 3 nM TR-1P20 were used.

Next, we developed a suitable RIIB construct for use in the LiReC assay. Based on our
hypothesis that phosphorylation of RIIf by the C-subunit was responsible for the poor FA
response, we mutated serine 112 to alanine and measured ECgq values of cAMP-mediated
activation of holoenzyme complexes. In the LiReC assay, Rla and RIIB-S112A
holoenzymes had comparable ECgq values (36 nM and 18 nM, respectively). (Figure 1b).
Furthermore, the upper and lower anisotropy values were similar between the two
complexes and the FA baselines of RIIB:C complexes in the presence of TR-1P20 remained
constant over a long period of time. To cross-validate our modified LiReC assay as an
approach for measuring RI1B holoenzyme activation, we also utilized the standard
spectrophotometrically-based catalytic coupled assay(17). The catalytic coupled assay also
resulted in similar ECsg values between Rla and RI1B-S112A holoenzymes (57 nM and 60
nM, respectively) and a slightly lower ECsq value for wild-type RIIB holoenzymes (19 nM)
(Figure 1c).

Screening of commercial cAMP analogs for PKA activation

Next, we investigated whether PKA isozymes could be selectively activated with
commercially available cAMP analogs. We selected a set of 21 cAMP derivatives (19
agonists and 2 antagonists) based on previous signaling pathway studies(21) and
recommendations of some agonists as potent PKA isoform selective activators(11). The four
main sites of modification on the cAMP molecule are shown in Figure 2a, where
substitutions were made on the adenine ring or by replacing an oxygen atom with sulfur in
the cyclic phosphate moiety.

The 21 analogs were tested for their ability to activate Rla or RII3-S112A holoenzymes
using the modified LiReC HT assay. A summary of ECgq values is listed in Table 1. Results
for the agonist experiments are grouped according to derivative type and their relative
selectivity for the isoform class. The ECsg for cAMP activation of Rla was 35 nM and of
RIIP was 18 nM. Two significant trends were evident from the results. First, all analogues
with substitutions on the 8-carbon position of the adenine ring preferentially activated Rla
holoenzymes, with up to 5-fold selectivity. Second, all analogues with substitutions on the
6-nitrogen position preferentially activated RIIB-S112A holoenzymes, with up to 9-fold
selectivity. This preference held true for all compounds tested over 1Cgq ranges of 50 uM to
15 uM. Notably, replacement of exocyclic axial oxygen with sulfur in the cyclic phosphate
moiety (Figure 2a) in 8-substituted Sp-CAMPS compounds induced a change in selectivity
from type | to type II.
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Structure of Rla(91-379) bound to HE33

From our agonist studies, HE33, a N6 di-propyl substituted cCAMP analog, exhibited the
most selective activation between the RI and RII isoforms (Figure 3a,b). In our LiReC assay,
HE33 activated RIIp with an ECsg similar to cAMP (45 nM) and exhibited 9-fold selectivity
over Rla (ECgg 414 nM). To expand upon our FA analysis, we co-crystallized HE33 with
both Rla and RIIP with the aim of elucidating the molecular basis for this specificity.

Previously solved crystal structures of both Rla and RIIp bound to cAMP(12, 13) laid the
groundwork for the structural analysis of our HE33-bound complexes. Although each of the
four regulatory subunits differs in sequence and function, they all share the same domain
architecture. Each regulatory subunit contains an N-terminal dimerization domain that binds
to scaffolding proteins, a flexible linker region that contains the inhibitor site, and two
tandem cyclic nucleotide binding domains, Domain A and B. Both crystal structures of Rla
and RIIB bound to cAMP were solved using R-subunit constructs containing only the
inhibitor site and cAMP-binding domains (residues 91-379 for Rla and residues 112-416
for RIIB). These crystal structures show that both Rla and RIIf share a similar overall
globular shape, where the two cyclic nucleotide-binding domains come together at a
common interface. Despite these similarities, the molecular details for each isoform are
clearly distinct and each will be discussed in turn.

The crystal structure of Rla(91-379) bound to 2 molecules of HE33 was solved to 2.95 A
resolution using the Rla:Sp-cAMP;, structure (PDB code 1NE6) as a molecular replacement
probe. The complex crystallized in the P6522 space group with one molecule in the
asymmetric unit (Table 2). The overall conformation of Rla in its HE33-bound state is
similar to the previous cAMP-bound conformation, where the protein forms a compact
globular shape with a kinked aB/C helix connecting the two modules (Figure 4a). The
backbones between the cAMP- and HE33-bound structures had a high degree of alignment,
with the exception of the B4-B5 loop in Domain B and the C-terminal tail (Figure 3c).

HE33 binds to the nucleotide-binding pockets of Rla in the same orientation as cCAMP. In
the cAMP-bound structure, a hydrophobic residue packs against the adenine ring of cCAMP
in each of the domains (Trp260 for Domain A and Tyr371 for Domain B) and studies have
shown that both residues are critical players in facilitating cAMP-mediated activation of
holoenzyme complexes(14). In the HE33 structure, these same residues also stack against
the adenine ring of the analog (Figure 3c). In addition, both ribose rings from cAMP and
HE33 form the same hydrogen bond network with polar amino acids in Rla. Specifically, in
both Domains A and B, the exocylic and 2" oxygen form hydrogen bonds with a glutamate
and arginine residue in the phosphate binding cassette, respectively (Glu200 and Arg209 in
Domain A and Glu324 and Arg333 in Domain B, Figure 2b).

Despite these similarities, there are critical differences between the two crystal structures.
Figure 4b illustrates the spatial occupancy of both cAMP and HE33 within each nucleotide-
binding pocket. In Domain A, Rla envelops the entire cAMP molecule, creating an induced-
fit cavity. The computed electrostatic potential in the nucleotide-binding pocket emphasizes
the preferential polar binding sites at each end of the cCAMP molecule (Figure 3e, right). In
the Rla:HE33; structure, the pocket is expanded to accommodate the bulky di-propyl
chemical group at the N6 position. This expansion specifically stems from side chain
movements of residues Thr190 and Asp258 as well as f4 and f5 movements away from the
nucleotide relative to the conformation observed in the cAMP-bound state. The
hydrophobicity of the N6-substituent likely facilitates the structural rearrangement in order
to relieve both steric and electrostatic constraints.

ACS Chem Biol. Author manuscript; available in PMC 2014 April 18.
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In Domain B, the Rla nucleotide-binding pocket again encapsulates the cAMP molecule
(Figure 3f and 4b). In the HE33-bound state, the nucleotide-binding pocket is expanded to
accommodate the di-propyl substituent on HE33. In contrast to Domain A where only a few
side chain atoms are rearranged, electron density was not observed in large sections of
Domain B. These regions include the p4-$5 loop (residues 303-310) and the C-terminal tail
(residues 373-379). The absence of electron density in these regions suggests that HE33 is
not particularly stable in Domain B, in contrast to Domain A.

Structure of RIIB(108-402) bound to HE33

The crystal structure of RI1B (108-402) bound to 2 molecules of HE33 was solved to 2.5 A
resolution using the RIIB:cAMP structure as a molecular replacement probe (PDB code
1CX4). The complex crystallized in the P4,242 space group with one molecule in the
asymmetric unit (Table 2). The electron density from the two HE33 molecules is clearly
observed (Figure S1). As with the RIa:HE335 structure, the protein forms a compact
globular shape with a kinked aB/C helix connecting the two modules (Figure 4a), and the
main chain atoms between the RIIB:HE33, and RIIB:cAMP, complexes align very well
(Figure 3d). The two hydrophobic capping residues in RIIp (Arg381 for Domain A and
Tyr397 for Domain B) also stack against the adenine ring in both HE33-bound and cAMP-
bound structures.

In Domain A, RIIB has a large pocket near the N6 position of CAMP that is absent in Rla
(Figure 4b, arrow). This pocket is lined with a hydrophobic environment created by aliphatic
side chains in the 4 and p5 sheets of Domain A and the aB helix of Domain B, primarily
11199, Val201, Val210, GIn377, Glu380, and the capping residue Arg381 (Figure 3g and
4b). In the HE33-bound state, the space that was present in the cAMP-bound state is now
occupied by the HE33 N6 alkyl substituent. In fact, the dipropyl groups of HE33 are
supported in the same hydrophobic environment observed in the cCAMP-bound state.
Irrespective of whether cCAMP or HE33 is bound, the size and shape of this pocket remained
largely unperturbed.

In Domain B, electron density in the nucleotide binding pocket is not well formed in the
RIIB:HE33 structure compared to the cAMP-bound structure and electron density for several
amino acids was not observed, similar to Rla. Despite the disordered regions in Domain B,
clear electron density was still observed for the hydrophobic capping residue, Tyr397.
Figure 3c and 3d illustrate how Tyr397, like Arg381 in Domain A, packs against the HE33
adenine ring.

Structural insights elucidating the preferential activation of RII§ over Rla holoenzymes

with HE33

The overall goal of this study was to determine whether one could obtain selective
dissociation, hence activation, between Type I and Type Il PKA holoenzymes with cAMP
analogs. Results from the LiReC activation assays demonstrated a clear trend where N6-
substituted compounds were selective for RIIB holoenzymes, and C8-substituted compounds
were selective for Rla holoenzymes (Table 1). Previous experiments measuring the binding
affinities between cCAMP derivatives and Domain A of free R-subunits using 3H-cAMP
competition methods also exhibited similar trends to our activation assays(11). In Domain
A, C8-substituted compounds bound to Rla with the highest affinity, while the N6
substituted compounds bound to RIIP with the highest affinity. In Domain B, there was no
clear correlation between N6 and C8-substitutions for RI- and RII-subunit binding. The
correlation between the Domain-specific binding affinity data and our holoenzyme
activation data together suggests that Domain A may play a more important role in the
activation of PKA holoenzymes.
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Our structural studies provide key insights towards understanding why N6-substituted
cAMP analogs are more suitable to bind RIIp, but not Rla. Based on the RIIB:cAMP,
crystal structure, RI1p is predisposed to accommodate N6-substituents in Domain A due to a
large cavity near the N6-position (Figure 4b). Our RIIB:HE33; structure confirms this
hypothesis where the additional aliphatic groups on the N6 atom in HE33 fill the vacant
space with minimal structural perturbation. The HE33 di-propyl groups are also surrounded
in a hydrophobic environment provided by the 4 and 5 sheets of Domain A and the aB
helix of Domain B. These interactions may stabilize HE33 within RIIp such that activation
of holoenzyme complexes occurs at levels similar to cCAMP. 6-Bnz, 6-Phe, and 6-MB cAMP
derivatives are also potent RIIf activators, suggesting that a hydrophobic substituent is also
necessary for high affinity binding and activation of RIIf holoenzymes.

In contrast, there are no equivalent hydrophobic residues in Rla to stabilize interactions of
HE33 in Domain A. Although HE33 still binds to Rla, the nucleotide-binding site in
Domain A is more open and lacks the hydrophobic network around the N6 substituent as
observed in RIIP. In the Rla cAMP-bound structure, hydrophilic residues line the region
where HE33 di-propyl groups would be located. This loss of hydrophaobic interactions and
increase in hydrophilic blocking in the aA helix of Rla may explain the increased ECs for
activation of Rla by HE33.

In addition to structural differences between Rla:HE33, and RIIB:HE33, complexes, the
model of PKA activation by cAMP differs between RI and RII complexes. Mutagenesis
studies revealed cAMP-induced activation as a cooperative and ordered process for Rla,
where cCAMP must first bind to Domain B before Domain A is accessible. Binding of CAMP
to Domain A, in turn, initiates the release of active C-subunit(22). In contrast, activation of
RIIB holoenzyme by cAMP is not an ordered process. Instead, binding of CAMP to either
Domain A or Domain B activates PKA(23).

In light of these biochemical models of cAMP-induced PKA activation, our structural
analysis of HE33 bound to both Rla and RII may explain how selectivity of N6 analogues
for RIIp is achieved. HE33 is able to bind both free Rla and RIIB proteins, as observed from
the crystal structures. However, our data also show major structural differences in Domain B
of Rla between the cAMP and HE33-bound conformations. Rla completely encloses cAMP
in Domain B, whereas HE33 induces local conformational changes such that the nucleotide-
binding pocket becomes completely opened. In the context of the activation process, if
HE33 cannot be stabilized in Domain B, Domain A cannot be accessed, therefore
attenuating C-subunit dissociation and activation. This could explain why there is a 10-fold
increase in ECgq for HE33 relative to cCAMP. For RIIB, our structural analysis shows that
HE33 forms well-ordered interactions in Domain A, stabilized by a number of hydrophobic
interactions. The space around the N6 pocket also provides extra room for bulky N6
substituents, thereby reducing the potential for steric clashes. Since activation of RIIf
holoenzymes does not require ordered and sequential cAMP-binding events, the binding of
N6-cAMP derivatives in Domain A would be sufficient to activate the RIIf isoforms. Taken
together, our biochemical and structural data suggests that N6-substituted analogs are well
suited to bind Domain A of RIIB-subunits.

Our studies provide the initial steps towards the development of isoform-specific ;CAMP
analogs for drug therapies. The crystal structure of HE33 bound to RIIB will enable rational
design and development of analogues with higher selectivity for R11p, certainly with
opportunities around modifying the N6 position with larger hydrophobic groups. It may also
be possible to increase selectivity by discovering cAMP analogs that can be additionally
stabilized by the hydrophilic side chains of the aB helix to increase binding to RIIf. With
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these studies, future work can be done to optimize the chemical substituents for even greater
selectivity of PKA isoforms.

CONCLUDING REMARKS

METHODS

To determine a possible mechanism for why cAMP compounds with N6-subustituents
preferentially activate RII-subunits, we selected to co-crystallize the most selective agonist
for RIIB, HE33, with both Rla and RIIB-subunits. HE33 has a di-propyl alkyl group at the
N6 position. We solved the structure of both Rla and RIIp bound to HE-33. Comparison
between RIIB:HE33, and RIIB:cAMP, demonstrated that a space near the N6 position in the
CcAMP structure is occupied by the HE33 N6 alkyl substituent, surrounded in a hydrophaobic
environment. Conversely, Rla lacks this hydrophobic environment and binding of HE-33
results in a more open pocket. In Domain B, both Rla and RIIp display opened pockets. In
light of the different biochemical mechanisms of cAMP-induced activation between Rl and
RI1 subunits, these structural studies explain why selectivity of N6 analogues for RIIp is
achieved.

This structure-activity relationship derived from a pre-existing set of CAMP analogs
suggests the potential to diverge into highly selective activation. Understanding the
structural basis of pathways in biology that are non-redundantly regulated allows rational
approaches to analog discovery, and is an important step in generalizing the approach.

Protein preparation

The catalytic subunit was expressed and purified in £. co/iBL21 (DE3) cells (Novagen) as
described previously(24). Both Rla and RIIB proteins were expressed and purified as
described previously(25). The RIIB (108-402) S112A mutant was generated using site-
directed mutagenesis, then expressed and purified using the wild-type protocol. N-terminal
deletions of Rla and RIIB subunits were used in this study in order to reduce the tendency
for proteolytic cleavage and aggregation. Additionally, RIIf was truncated by 14 residues at
the C-terminus to reduce proteolytic cleavage(26).

Synthesis of Texas red-labeled 1P20

To synthesize TR-1P20, 1 mg of Texas red-X succinimidyl ester and 2 mg of 1P20 were
incubated in 1 mL of PBS/DMF (20:80) overnight at 4 °C with gentle agitation. The
fluorescent peptide was purified by C18 reverse-phase HPLC.

High Throughput Screening of PKA activation with cAMP analogs

CAMP stocks for assays were dissolved in H,O at 9 mM. All cAMP analogs were dissolved
in DMSO. Assays were performed in 384 well Nunc flat black bottom plates. Assay
mixtures contained 50 mM HEPES, 0.005% (v/v) Triton X-100, 2 mM ATP, 10 mM MgCl,,
2mM DTT, and 6.25% (v/v) DMSO, 3 nM TR-1P20, and 6 nM PKA holoenzyme. 75 pL of
this assay mix and 5 pyL of cAMP compounds (concentrations ranging from 0.25 nM and 1
pM) were combined into each well. Fluorescence readings were taken on a GenesisPro plate
reader (Tecan) at 570/20 nm excitation and 630/20 nm emission using a 590 nm dichromic
mirror. Measurements were taken periodically over approximately 2 hours following
addition of compound. A G-factor of 1.0011 was used for the TR fluorophore. All data were
fit to a sigmoidal dose-response curve and ECs values were calculated using GraphPad
Prism 5 software (GraphPad).
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cAMP Activation of PKA using a Catalytic Coupled Assay

PKA activity was measured using a modified protocol of the standard spectrophotometric
method described by Cook et al.(17). The assay was performed in 96-well clear bottom
untreated Costar plates (Corning, cat no. 3631) where 5 nM PKA holoenzyme, 25 mM
HEPES (pH 7), 75 mM KCI, 10 mM MgCl,, 1 mM ATP, 1 mM phosphoenolpyruvate, 15
units/ml lactate dehydrogenase, 7 u/ml pyruvate kinase, and 0.2 mM NADH was incubated
with various concentrations of cAMP for 20 minutes at room temperature. Each reaction
was initiated with 0.2 M Kemptide substrate peptide (LRRASLG) using a multi-channel
pipette. The activity of free C-subunit was monitored spectrophotometrically by a change in
absorbance at 340 nm over time due to oxidation of NADH. Data were fit with GraphPad
Prism 5 software (GraphPad) to determine the apparent activation constant, ECsy.
Substituted cAMP analogues were sourced from BioLog. HE33 was prepared by an
optimized procedure originally reported by Kataoka et a/.(27).

Co-crystallization of Rla(91-379) and HE33

Purified Rla was dialyzed into 50 mM MES (pH 5.8), 200 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 2 mM TCEP-HCI, and 10% (v/v) glycerol. Rla was incubated with a ten-fold excess
of HE33 on ice for 2 hours. Excess compound was removed by buffer exchange in an
Ultra-4 (Amicon) centrifugal device.

R10(91-379):HE33 crystals were obtained with the hanging drop method in 6.3% (w/v) PEG
3350, 0.074 M sodium malonate (pH 7.0) after 3 weeks of growth at 25°C. Crystals were
harvested, transferred to mother liquor containing 20% (v/v) glycerol, and flash-frozen in
liquid nitrogen.

X-ray diffraction data was collected at The Advanced Light Source beamline 8.2.1
(Lawrence Berkeley National Laboratory, Berkeley, CA). Diffraction data were integrated
and scaled with HKL2000(28). The space group was unambiguously determined to be
P6522. Initial phases were generated by molecular replacement using the program
phaser(29) and the coordinates for the Rla:Sp-cAMP, complex (PDB code 1NE6)(30) as a
search model. The two Sp-cAMP molecules were removed from the PDB file to prevent
model bias. One molecule was found in the asymmetric unit (RFZ=9.0, RFZ=37.8)
corresponding to a solvent content of 63.5%. All ambiguous main chains and side chains
manually rebuilt using Coot(31), followed by iterative cycles of structure refinement using
REFMAC in the CCP4 suite(32, 33). TLS refinement(34) was implemented for each lobe.
Simulated annealing via the program Phenix(35, 36) was used in the final stages of
refinement because geometric restraints were too loose with REFMAC. The final model
contained R-subunit residues 107-372 bound to two HE-33 molecules. All figures were
made using PyMol(37) (DeLano Scientific).

Co-crystallization of RIIB(108-402) and HE33

The strategy used to co-crystallize RIIB and HE33 was adapted from co-crystallization of
RIIB bound to cAMP(13). Briefly, initial protein samples were eluted from a Superdex 75
(GE bioscience) column in 50 mM MES, 200 mM NaCl, 2 mM EDTA, 2 mM EGTA, and 5
mM DTT. The protein sample was incubated with ten-fold excess HE33 overnight at 4°C.
Excess compound was removed by buffer exchange in an Amicon Ultra-4 centrifugal
device.

Crystallization trials were set-up using the Oryx crystallization robot (Douglas Instruments)
in modified microbatch mode. Drop size of 0.4 pL at 50% (v/v) protein was used, and drops
were covered with Al’s Oil (Hampton Research) directly following mixing of reagents. The
final crystallization condition was obtained with the hanging drop method consisting of 20%
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(w/v) PEG 4000, 80 mM Bis-Tris 6.0, and 50 mM MgCl,. Crystals were harvested,
transferred to mother liquor containing 10% (v/v) glycerol, and flash-frozen in liquid
nitrogen.

Two data sets were collected at the Advanced Light Sources (ALS) at Lawrence Livermore
National Lab beamline 8.2.2. Data collected at 2.5 A was chosen for processing and
analysis. Initial phases were obtained using the structure of cAMP bound to RIIf (PDB code
1CX4) as a search model using the CCP4 package program PHASER. Initial density maps
were obtained and the model of RIIB-cAMP was fit into the density for RIIB-HE33. Initial
refinement of the RIIB-cAMP model into the RIIB-HE33 density map was performed using
the REFMACS program in CCP4.

Electrostatic Potential Calculations

Pdb coordinates were converted to pqgr format at http://biophysics.cs.vt.edu/H++.
Electrostatic potentials were generated in pymol with the Apbs plugin(38).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank M. Deal (University of California, San Diego) for providing the C-subunit protein used in these studies
and A. Kornev for helpful discussions and assistance with structural rendering. This work was funded in part by
GM34921 to S.S.T, NIH Training Grant T32 CA0095523 and National Research Service Award Training Grant to
S.H.B. and NIH Training Grant T32 GM08326 and AHA (Western States Affiliate) 07015019Y to C.Y.C.

Abbreviations

cAMP cyclic adenosine monophosphate
PKA protein kinase A or cAMP-dependent protein kinase
C-subunit catalytic subunit
R-subunit regulatory subunit
AKAP a kinase anchoring protein
EPAC cAMP-activated guanine nucleotide-exchange factor
HNC hyperpolarization-activated cyclic-nucleotide-modulated channel
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Figure 1.

a) Schematic of the Ligand Regulated Competition (LiReC) Assay. b) Activation of PKA-
Rla (black squares), PKA-RIIP S112A (open triangles), and PKA-RIIB (black triangles)
holoenzymes by cAMP using the LiReC assay with TR-IP20 as a fluorescence probe. c)
Activation of PKA-RIa (black squares), PKA-RIIB S112A (open triangles), and PKA-RIIp
(black triangles) by cAMP using the catalytically coupled Cook assay.
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Figure2.
a) Sites of cAMP modifications. Detailed interactions between the phosphate binding
cassette residues of Rla (b) and RIIB (c) and CAMP.
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Figure 3.

Comparison of interactions between HE33 and Rla or RIIf. a) Chemical structure of HE33.
b) LiReC Assay results of HE33 activation of Rla and RI1Ip. c) Crystal structure of
Rla:cAMP, (tan) and Rla:HE33, (green). Surface rendering of the cyclic nucleotide
binding pocket in Domain A (e) and Domain B (f), with HE33 (left) and cAMP (right). d)
Crystal structure of RIIB:cAMP,, (tan) and RIIB:HE33; (blue). Surface rendering of the
nucleotide binding pocket in Domain A (g) and Domain B (h), with HE33 (left) and cAMP

(right).
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Figure4.

Comparison of cyclic nucleotide binding pockets between Rla and RIIB in cAMP-bound
and HE33-bound bound states. a) Full view crystal structures of Rla-HE33 and RIIB-HE33.
b) Zoomed view of Rla and RIIB nucleotide binding pockets in the presence of cAMP and
HE33.
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Activation of PKA RI and RIl PKA were measured with the LiReC assay. ECsq results are grouped according

to substitution type and selectivity. Fold selectivity is calculated based on selectivity based on preference for
Rla or RIIB holoenzymes.

| compound | RiaECs(M) | RIIBECsH (M) | RitpRIa Fold sdectivity
cAMP 36 18 2.0
cGMP 15000 5080 3.0
8-Cl cAMP 58 275 0.2
8-CPT cAMP 33 149 0.2
8-PIP cAMP 1020 3950 0.3
8-HA cAMP 358 1150 0.3
Ria 8-Br cAMP 81 184 0.4
8-MA cAMP 102 223 0.5
8-AHA cAMP 116 197 0.6
Sp cAMP 1590 2270 0.7
HE33 414 45 9.2
6-MBC cAMP 289 59 49
6-Bnz cAMP 170 35 49
6-Phe CAMP 92 20 4.6
Sp-5, 6-DCI BIMPS 344 83 4.1
Rl lB 6-MB cAMP 140 39 3.6
Sp-8-CPT cAMP 342 96 3.6
Sp-8-B cAMP 1355 435 3.1
5,6 DCI BIMPS 270 129 2.1
Sp-8-PIP cAMP 5048 2959 1.7
2-OMe cAMP 5666 n.d. n.d.
2-AEA cAMP 8739 2652 3.3
2-Cl cAMP 42 45 0.9
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Table 2
X-ray Diffraction Data and Refinement Statistics.
Crystal Rla:HE33, RINIB:HE33,
Space Group P6522 P4,2,2

Unit cell dimensions (A)
Number of crystals
Wavelength (A)
Mosaicity (°)
Resolution (A)

Total observations
Unique observations
Average redundancy
Reym (%)
Completeness (%)
<|>/<0>
No. molecules per asymmetric unit
Number of protein atoms
Solvent content (%)

RMSD bond lengths (A)
RMSD bond angles (°)

Rwork
Riree
Ramachandran angles most favored (%)

Disallowed (%)

a=h=89.8, c=185.1
1
1.0
0.85
50-2.95
90832
9906 (476)
9.2 (7.6)
7.4 (41.7)
99.7 (99.4)
40.6 (3.3)
1
267
none
0.01
1.42
21.8
28.6
85.0

none

Values in parentheses are for highest-resolution shell.

a=b=54.5, ¢=200.0
1
1.0
0.63
50-2.5
400152
15916 (1249)
25.1(19.1)
8.0 (32.5)
95.1 (88.4)
39.3 (5.5)
1
271
71
0.008
1.40
23.8
27.8
82.9

none
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