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ABSTRACT: PKA is a holoenzyme consisting of a regulatory (R) subunit dimer and two catalytic
(C) subunits. There are two major families of C-subunits, C and C, and four functionally nonredundant R-subunits (RI, RI, RII, RII). In addition to binding to and being regulated by the
R-subunits, the C-subunits are regulated by two tails-regions that each wrap around the N- and
C-lobes of the kinase core. While the Ct-Tail is classified as an intrinsically disordered region
(IDR), the Nt-Tail is dominated by a strong helix that is flanked by short IDRs. In contrast to the
Ct-Tail, which is a conserved and highly regulated feature of all AGC kinases, the Nt-Tail has
evolved more recently and is highly variable in vertebrates. Surprisingly and in contrast to the
kinase core and the Ct-Tail, the entire Nt-tail is not conserved in non-mammalian PKAs. In
particular, in humans C actually represents a large family of C-subunits that are highly variable
in their Nt-Tail and also expressed in a highly tissue-specific manner. While we know so much
about the C1 subunit, we know almost nothing about these C isoforms where C2 is highly
expressed in lymphocytes and C3 and C4 isoforms account for ~50% of PKA signaling in
brain. Based on recent disease mutations, the C proteins appear to be functionally important
and non-redundant with the C isoforms. Imaging in retina also supports non-redundant roles for
C as well as isoform-specific localization to mitochondria. This represents a new frontier in PKA
signaling.
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Significance Statement
How tails and adjacent domains regulate each protein kinase is a fundamental challenge for the
biological community. Here we highlight how the N- and C-terminal tails of PKA (Nt-Tails/CtTails) affect the structure and regulate the function of the kinase core and show the
combinatorial variations that are introduced into the Nt-Tail of the Cα and Cβ subunits in contrast
to the Ct-Tail which is conserved across the entire AGC subfamily of protein kinases.
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AGC, PKA, PKG and PKC protein kinase group
AKAP, A Kinase Anchoring Protein
AKIP1, A kinase Interacting Protein 1
AIF, Apoptosis Interacting Factor
C, catalytic subunit of PKA
Ct-, C terminal tail
EPK, eukaryotic protein kinase
Phe-Asp-Asp-Tyr motif, FDDY motif
IDRs, Intrinsically Disordered Regions
mTORC, mammalian target of rapamycin complex
NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells
Nt-, N-terminal tail
PKA, protein kinase A
PKC, protein kinase C
PKI, protein kinase inhibitor
PrKX, Protein Kinase X-Linked
PrKY , Protein Kinase Y-Linked
PXXP motif, Proline-rich motif
SliMs, Small Linear Motifs
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Introduction
The eukaryotic protein kinases (EPKs) have evolved to be tightly regulated molecular switches
where the highly conserved kinase domain is often controlled by flanking domains and/or other
regulatory proteins that allow for recruitment to membranes following activation, as is the case
for protein kinase C (PKC) and Src. In the case of other kinases, however, such as the
extracellular signal-regulated kinases (ERKs) and cAMP-dependent Protein Kinase (PKA), the
kinase domain is surrounded by N- and C-terminal tails that are an integral part of the active
kinase. These tails are typically classified mostly as Intrinsically Disordered Regions (IDRs) and
embedded within these tails are Small Linear Motifs (SliMs) that provide key functional contact
ways, one can think of these tails as an “Allosteric Shell” that contributes to the overall activation
and regulation of the kinase core. This is completely analogous to the ways in which contiguous
domains and heterologous proteins regulate the kinase core of other kinases. We focus here on
the tails of the PKA catalytic (C) subunit where the conserved kinase core is flanked by two tails
- an N-terminal tail (Nt-Tail) and a C-terminal tail (Ct-Tail). We compare and contrast the
conserved and variable features of the Nt- and Ct-Tails and show how the motifs embedded in
the two tails contribute to the assembly of the active and allosterically sensitized C-subunit. We
will then discuss the evolution of the Nt-Tail and highlight the differences between the C and
C isoforms. We will emphasize, in particular, the N-terminal tail and how the variability of exon
1 creates an expanded family of C subunits that are introducing so much new and previously
unappreciated biology into our understanding of PKA signaling. Finally, we will show how
disease mutations in C are validating the functional non-redundancy of this subfamily of PKA
C-subunit isoforms.

C-terminal Tail of PKA. The entire Ct-Tail of the PKA C-subunit is classified as an intrinsically
disordered region (IDR), and it is conserved throughout the entire AGC family of kinases
(Kannan et al., 2007), As indicated in Figure 1, the Ct-Tail contains many SLiMs that interface in
distinct ways with the N- and C-lobes of the kinase core (Batkin et al., 2000; Gógl et al., 2019).
The Ct-Tail is divided into three functional units each defined by a set of SLiMs. The C-Lobe
Tether includes the PXXP motif that is a stable anchor to the C-Lobe even when the kinase is
inactive. The C-terminal hydrophobic (HF) motif that binds to the C-Helix in the active kinase is
dynamically assembled as part of the activation process and serves as a stable anchor to the NLobe when the kinase is in an active conformation. It is referred to as the N-Lobe Tether. In
contrast to the two stable motifs at each end, the highly dynamic FDDY motif is localized in the
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Active Site Tether region. This segment in the free C-subunit is very dynamic in the absence of
nucleotide but is very stable and contributes to nucleotide binding in the ternary complex. The
assembly of the Ct-Tail is complex and highly regulated by both auto-phosphorylation and by
heterologous kinases such as PDK1 (Romano et al., 2009; Leroux and Biondi, 2020). Although
each AGC kinase is regulated in unique ways by phosphorylation, the assembled Ct-Tail and the
ways that it contributes to stabilizing the N-lobe of the kinase core when it is in its active
conformation is conserved. The ways in which mTORC contributes to the assembly of the PKC
Ct-Tail and the newly discovered TIM motif in the Ct-Tail is just the newest chapter to a long
story (Baffi et al., 2021).

flank the kinase core of the AGC kinases are highly variable. In most AGC kinases such as PKC
the N-terminal flanking region is not a small tail but instead consists of flanking domains that are
responsive to second messenger signals such as IP3, diacyl glycerol, calcium, and cGMP. This
is in fact true for most of the >500 kinases in the human kinome (Manning et al., 2002).
Biophysical studies show that the Nt-Tail is important for stability although deletion of the Nt-Tail
does not influence activity (Herberg et al., 1997; Vetter et al., 2011).
In terms of its physical properties the dominant motif in the mammalian Nt-Tail is a helix
(A-Helix), which is also in striking contrast to the intrinsically disordered Ct-Tail with its multiple
SLIMs (Figure 2). The A-Helix is flanked by two sequences that are classified as IDRs, and
these flanking regions have distinctly different roles. The C-terminal IDR is an integral part of the
the N-Lobe of the kinase core and is critical for the regulation and assembly of the N-Lobe, in
particular the C-Helix, while the N-terminal IDR in the C1-subunit is myristylated and
associated with targeting to membranes. We will focus first on the A-Helix including the
pockets in the kinase core that are filled by the A-Helix and then on the two flanking regions.
The A-Helix. The dominant feature of the Nt-Tail is a strong amphipathic helix that
mediates protein:protein interactions (Knighton et al., 1991). As seen in Figure 2, the Nt-Tail has
a very high propensity to form a helix (residues 14-30). This is striking and in contrast to the rest
of the protein where only the H-Helix is comparable in spite of the high helix content of the CLobe. It is thus likely that this helix forms as the protein is being synthesized on the ribosome
and that some of the interacting proteins bind to the nascent polypeptide chain and protect it
while the rest of the protein is being synthesized. Once the fully synthesized and folded Csubunit is released from the ribosome, however, the amphipathic surface appears to be tightly
anchored to the kinase core.
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The A-helix is amphipathic; the hydrophobic surface is anchored to the kinase core while
the amphiphilic surface is exposed to solvent and serves as a docking site for other proteins
(Figure 2). Two hydrophobic motifs anchor the A-Helix to the kinase core; one bridges the Nand C-lobes while the other faces the acyl pocket in the C-Lobe. Trp30 and Phe26 (FxxxW
Motif) create the hydrophobic node that fills a crucial pocket that lies between the N-lobe and the
C-Lobe. The importance of the A-Helix in filling this pocket was described in 1993 (Veron et al.,
1993) altough neither the dynamic features of the kinase domain nor the importance of
phosphorylation of the Activation Loop (AL) (Nolan et al., 2004; Taylor and Kornev, 2011;
Steichen et al., 2012) were fully appreciated at that time. While the early paper focused on the

pocket that is conserved and filled in a very precise way when the kinase is in its active
conformation (Figure 3) (Thompson et al., 2009). When the PKA C-subunit is in its active
conformation and phosphorylated on Thr197 in the Activation Loop, Arg193 in the Activation
loop forms the other surface of this pocket where the FxxxW Motif binds (see Figure 1). While
the A-Helix is not a conserved feature of all kinases, the helix is conserved in mammalian PKA
C and C, most importantly the pocket that it fills is a highly conserved feature of all active
protein kinases (Thompson et al., 2009).
The hydrophilic surface of the A-Helix binds to a scaffold protein referred to as A kinase
Interacting Protein 1 (AKIP1) (Sastri et al., 2005). Although PKI which is a pseudo-substrate that
binds to the active site of the C-subunit (Knighton et al., 1991; Zheng et al., 1993) can be
considered as a scaffold protein that drives the C-subunit out of the nucleus (Wen et al., 1995),
AKIP1 was the first scaffold protein that was shown to interact directly with the C-subunit in a
way that does not involve the active site. AKIP1 binding is also in contrast to the more commonly
recognized A Kinase Anchoring Proteins (AKAPs) that bind directly to the Dimerization/Docking
(D/D) domain of the R-subunits (Gold et al., 2006; Kinderman et al., 2006).

AKIP1 binds to

many other proteins including NfKB, Apoptosis Interacting Factor (AIF), Hsp70, and many others
(King et al., 2011; Sastri et al., 2013). In addition, a peptide corresponding to this helix is capable
of preventing the C-subunit from entering the nucleus and inducing gene transcription (Choi et
al., 1991; Gao et al., 2008; King et al., 2011). Binding to the R-subunits does not involve the
exposed surface of the A-helix so AKIP can bind to the holoenzyme state as well as to the free
C-subunit.
C-terminal-Intrinsically Disordered Region of the Nt-Tail. This segment reaches
across the N-Lobe of the kinase core and is integrated with the end of the Ct-Tail (Figure 1).
The cross talk between this region and the kinase core is complex and still not well understood,
6
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but this region is extremely important for the assembly and regulation of every protein kinase.
Embedded within the Ct-Tail in this region is the HF motif, and this motif docks onto another
important pocket that is also spatially conserved across the kinome (Figure 3) (Thompson et al.,
2009). In contrast to the W30/F26 motif in the A Helix, which is anchored between the C-Helix of
the N-Lobe and the Activation Loop of the C-Lobe, the HF motif docks on top of the C-Helix. This
is a critical allosteric node that is conserved across the AGC family (Leroux and Biondi, 2020).
The common function of these two motifs that dock to pockets on the N-Lobe of the kinase, the
W30/F26 motif in the A-Helix of the Nt-tail and the HF motif in the Ct-Tail, is to lock the C-Helix
into an active conformation that will be productive for phospho-transfer.

residues 1-14 that are encoded for by exon 1 and include a number of key regulatory motifs.
Most prominent is the myristylation motif at the N-terminus (Figure 4). (Zheng et al., 1993;
Bastidas et al., 2012, 2013). The free C-subunit is not strongly anchored to membranes nor is
the RI holoenzyme, and in these two cases the acyl group is bound into the acyl pocket. In the
RII holoenzyme, however, the myristylated N-terminal 1-14 residues are disordered in the
crystal structure and mediate binding to nanodisks independent of AKAPs (Zhang et al., 2015).
The close proximity of the acylated N-tails to membranes is also seen in the recent cryoEM
structure of the RII holoenzyme (Lu et al., 2020). An important next structural challenge will be
to see how the acyl groups and patches of nearby basic residues are embedded in the
membrane and how this influences the structure, function, and dynamics of the holoenzyme.
Much remains still to be elucidated about the mechanisms that regulate trafficking of the Csubunit, and much of that information will most likely be embedded in the flexible and highly
dynamic N-terminus encoded for by Exon 1.

Evolution of the PKA C-subunit.
By delving into the evolution of the PKA C-subunit we find that the kinase core and the
Ct-Tail have been highly conserved. In contrast, the emergence of the Nt-Tail that characterizes
the mammalian C1-subunit has been relatively recent. Along the way is PrKX that belongs to
an ancient family of cAMP-dependent serine/threonine kinases and has evolved independently
from PKA Cα and Cβ (Li et al., 2002) (Figure 5). However, PrKX is lacks the A-Helix and
contains instead a unique proline-rich region, and kinase activity is only regulated by
pseudosubstrate inhibitors of PKA, including the type I PKA R-subunits and PKI (Zimmermann et
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al., 1999). Although PrKX is involved in disease phenotypes, its physiological role remains
unclear. Here we focus, however, on how the mammalian Cα and Cβ isoforms evolved.
The principal C-subunit genes PRKACA and PRKACB arose relatively recently due to a
duplication of an ancient C-subunit gene in a common ancestor of vertebrates that had a
different N-terminus (Figure 5) (Søberg et al., 2013, 2017). Since then, each gene has evolved
into subsets of C and Cβ proteins that differ by only 25 amino acids and likely serve a range of
non-redundant functions that, to a large extent, remain unexplored. Within the subset of C and
Cβ isoforms the Nt-tail is the most variable region (Figure 5). Variable Nt-tails in PKA C arose
through two mechanisms. exon 2 through 11 in both PRKACA and PRKACB is conserved

(Larsen et al., 2008). The Cα and Cβ isoforms vary exclusively in the first exon (Figure 6). Exon
2 starts with Lys15, so that the A-helix is a conserved feature of all Cα and Cβ subunit isoform.
In summary, the human PRKACA gene contains two variants at the N- terminus, Cα1 and Cα2,
while the PRKACB gene contains an number of variants including Cβ1, Cβ2, Cβ3, Cβ4 and
variants of Cβ3 and Cβ4 with inclusions of an a, b, and c exon cassette (Figure 6) (Søberg et
al., 2013).

Functional features of the Exon1-encoded sequences.
Exons 1-1 of PRKACA and PRKACB are paralogous exons (Søberg et al., 2017).
Surprisingly, however, almost all studies of PKA so far have been performed only on the Cα1
isoform. Residues 1-14 are located in proximity to the hydrophobic pocket that, in Cα1, serves
as a site for the Nt-myristic acid attached to Gly1 (Figure 4). Gly1 is a conserved feature of all
Cα1/Cβ1 paralogs, suggesting that N-terminal myristylation occurs also on Cβ1 and is an
ancient post-translational modification of both Cα1 and Cβ1. Further support for this hypothesis
is the fact that several residues in both Cα1/Cβ1 are highly conserved and constitute substrate
recognition sites for NMT, the enzyme responsible for myristylation, (M)GNXXXXRR)
(Thompson and Okuyama, 2000; Dumonceaux et al., 2004). This includes the conservation of
basic residues at position 7 and 8 which constitutes a classic Myr-in/Myr-out motif that serves to
regulate subcellular localization and function of proteins (Resh, 1999). Ser10, a putative autophosphorylation site (Yonemoto et al., 1993), is another conserved feature of mammalian
Cα1/Cβ1 and can in principle contribute to the regulation of the Myr-in/Myr-out conformation.
Phylogenetic analyses suggest that this residue evolved into Ser10 independently in Cα1 and
Cβ1 in mammals, as a case of convergent evolution (Søberg et al., 2013). A signature logo
(Figure 4) highlights the conserved features of the exon 1-encoded sequences in Cα1 and Cβ1
(Søberg et al., 2017) which indicates that both proteins will have common functions. Residues
8
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Gly1, Asn2, and Ser10, as well as the “Cα1/Cβ1-determining” residues at position 5 and 12, will
likely contribute in multiple ways to functions such as stability, myristylation, and membrane
anchoring. Posttranslational modifications such as phosphorylation and deamidation will also be
important (Tholey et al., 2001).
Short Cα and Cβ-variants
“Short” forms of Cα and Cβ, are Cα2, Cβ3 and Cβ4 and abc variants of Cβ3 and Cβ4. Given the
weak phylogenetic signal of short sequences, determining whether exon 1-2 of PRKACA has a
paralog in PRKACB, has proven highly difficult. However, it is possible that one or more of exon

the resulting Cβ proteins have an N-tail that is compatible with myristylation (Guthrie et al.,
1997), and all variants are specifically expressed in neural cells (Guthrie et al., 1997; Ørstavik et
al., 2001; Higuchi et al., 2003; Kvissel et al., 2004; Larsen et al., 2008). Apart from this, very little
is known of potential functions of specific residues in the N-tail of these C subunit isoforms.

PKA C-subunits and the Combinatorial Expansion of Exon 1.
While we find that the Nt-Tail of the mammalian PKA C-subunit has varied considerably
thoughout evolution, we also are now realizing that even within the mammalian PKA C-subunits
there is far more diversity than we had appreciated. This is quite distinct from the PKA Rsubunits (RI, RIβ, RII, RIIβ) where there is not this range of splice variants although there are
differences in tissue expression. In general, RI and RII are expressed constitutively while RIβ
and RIIβ are highly enriched in neuronal tissues (Ilouz et al., 2017). It is widely appreciated also
that the R-subunits are functionally and structurally non-redundant (Taylor et al., 2012). In the
case of the C isoforms, C1 is ubiquitously expressed and is the most abundant PKA Csubunit in most tissues, and it was thus the first to be discovered following purification from
muscle and heart (Walsh et al., 1968). Subsequent cloning revealed that there were three
families of C-subunit isoforms (Uhler et al., 1986; Beebe et al., 1990). C is highly specialized
and its mRNA is found in mature sperm cells (Beebe et al., 1990), and C2 is also specific for
sperm cells. Although C represents a large subfamily of proteins (Figure 6), these Cβ isoforms
have been largely ignored at the protein level. C1 and Cα1 are most similar and are expressed
ubiquitously. They are myristylated and have the same number of residues (350 aa). Moreover,
if one maps the 25 amino acid differences between Cα1 and Cβ1 (Figure 6) one finds that they
localize primariy to the N- and C-terminal tails and to the regions in the core that flank these tails
(Taylor et al 2021). Their catalytic residues are conserved so it is likely that these isoforms are
9

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 9, 2023

1-3, 1-4, or any of the a, b, and c exons of PRKACB are paralogs of PRKACA exon 1-2. None of

Molecular Pharmacology Fast Forward. Published on July 30, 2021 as DOI: 10.1124/molpharm.121.000315
This article has not been copyedited and formatted. The final version may differ from this version.

regulated differently. Selective depletion of C vs. Cβ in kidney supports the conclusions that C
and Cβ are functionally nonredundant but nothing is known yet about the array of splice variants
(Raghuram et al., 2020). Their expression is also highly tissue specific and will likely be much
more relevant for disease. Cβ2, for example, is highly expressed in immune cells and may
potentially represent an important marker for inflamation (Funderud et al., 2009; Moen et al.,
2017). In contrast, Cβ3 and Cβ4 are expressed almost exclusively in brain tissues and neurons
where together with Cβ1 they account for ~50% of PKA signaling (Ørstavik et al., 2001). We are
now using the retina as a window into the brain where we have a set of highly differentiated
neurons as well as the myelinated retinal glioma cells that return to the brain. Imaging of the C

isoforms are exclusively localized to mitochondria (submitted Roa et al. 2021).

Most PKA disease mutations so far are associated with RI where Carney Complex
disease is linked to hyperactive PKA signaling while Acrodysostosis mutations are associated
with reduced PKA activity (Bruystens et al., 2016). In contrast, several mutations in C and one
in Cβ are associated with Cushing’s Disease (Figure 7) (Beuschlein et al., 2014; Espiard et al.,
2018; Weingand, 2021). Most of these mutations lie in the Activation Segment and disrupt
binding to R-subunits. One recently identified Cushing’s disease mutation (E31V) lies in the NtTail of C and leads to severe and correlated changes in the Activation Segment (Walker, 2021)
The recent discovery of seven different patients having mutations in 5 different sites, one
mutation in PRKACA and four in PRKACB, gave new credence to the importance of the C
isoforms (Palencia-Campos et al., 2020). Three different patients each had the same mutation in
PRKACA while four different patients had different mutations in PRKACB all leading to the same
phenotype. These patients presented with a severe and complex phenotype that included
cardiomyopathies, endocrine disorders, skeletal defects, polydactyly and intellectual disability. In
addition, these proteins when expressed in heterologous cells inhibited Sonic Hedgehog
signaling implicating the imporance of C for neurodevelopment (Palencia-Campos et al., 2020).
Another recent report of a Gly137Arg mutation in PRKACA links the disorder to cilliopathies so
clearly there is an important role for both C and Cβ in cillia biology (Hammarsjö et al., 2021).
These disease mutations coupled with the distinct localization of C and Cβ in the retina
strongly sugggests not only that C and Cβ are likely to be functionally non-redundant but that
the C variants may also mediate distinct and physiologically important functions within cells
and, in particular, in neuronal cells.
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Tails of PKA
Figure Legends

Figure 2. The amphipathic A-Helix is a very stable protein interaction motif that is flanked
by Intrinsically Disordered Regions (IDRs). The strong helix propensity is for the Helix A is
seen in the center. The A-Helix (Red on the left) is anchored by hydrophobic residues to the Nand C-Lobes of the kinase core. The flanking region that follows the A-Helix wraps around the NLobe of the kinase core, while the first 14 residues, encoded for by Exon 1, is disordered in most
crystal structures. The N-terminal myristyl group, when present, is anchored to the hydrophobic
surface of the A-Helix. The hydrophobic surface of the A-Helix (right) binds to the kinase core
while the amphiphilic surface binds to AKIP1 that targets the C-subunit to the nucleus.
Figure 3. Two conserved hydrophobic pockets anchor the C-Helix in its active
conformation. The two hydrophobic anchors to the N-lobe come from the A-Helix (residues F26
and W30/FXXW Motif) and from the Ct-Tail (Hydrophobic Motif/HF Motif). By filling the space
between the N-Lobe and the C-Lobe the FXXW Motif stabilizes the closed conformation in PKA.
In the active phosphorylated C-subunit the hydrophobic pocket is lined by Arg93 in the C-Helix of
the N-Lobe and Arg190 in the Activation Loop of the C-Lobe. The HF Motif is anchored to Lys92
in the C-Helix. These two motifs keep the C-Helix in an C-IN position which is a characteristic
feature of active kinases (Taylor and Kornev, TIBS 2011). Glu91 is a conserved residue in the CHelix of all kinases. It reaches across to another conserved residue, Lys72 in 3 strand.
Together these residues stabilize the - and -phosphates of ATP positioning the -phosphate
for transfer.
Figure 4. Exon 1 encodes for a dynamic targeting motif. Exon 1 corresponds to residues 114 in C1 and C1. In C1 and C1 the N-terminal Gly is myristylated, and this serves as a
targeting motif (left panel). The myristyl moiety is buried in an acyl pocket in the free C1subunit (right panel) but is flexible and targeted to membranes in the RII holoenzyme. The
allosteric acyl pocket is lined by residues from the Ct-Tail. The conservation of key residues in
this region suggests that C1 will also be myristylated and that Ser10 will be an autophosphorylation site. The N-terminal sequence of Cα1 and Cβ1 are encoded with amino acid 5
being Ala in Cα1 and Thr in Cβ1 and amino acid 12 being Gln in Cα1 and Val in Cβ1,
respectively. The sequence logos highlight the differences between exon 1-encoded residues in
Eutherian Cα1 and Cβ1 (Søberg et al., 2017). Exon 1 is highly variable in the other Cα and C
isoforms and several oncogenic fusion proteins have also been described for C and C where
a heterologous domain is fused to exon 2.
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Figure 1. The Tails of PKA. The N- and C-lobes of the PKA C1 subunit are surrounded by Ntand Ct-Tails that wrap around both lobes of the kinase core (center). The Ct-Tail (right) is
conserved in all AGC kinases. It is an intrinsically disordered region (IDR) that contains many
SLiMs that interact with both lobes of the kinase core. The Ct-segment is a stable anchor to the
C-Lobe while the Nt segment contains a hydrophobic (HF) motif that serves as a stable anchor
to the N-Lobe in the mature and fully active C-subunit. The intervening region (red) is a tether to
the active site and is disordered in the absence of ATP. A dominant feature of the Nt-Tail is a
stable helix (red) that is flanked by two IDRs (left). W30 and F26 (tan shell) provide an important
hydrophobic anchor to the kinase core. Crosstalk between the Ct-tail and the N-Tail on the NLobe (upper oval) is an important allosteric regulatory site while cross talk in the C-lobe (lower
oval) contributes to the acyl pocket where the Nt myristyl moiety binds in the free C-subunit. Blue
dots correspond to residues that differ in C1 and C1.
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Figure 6. Diversity of the C isoforms. The variability of the C isoforms is determined by
exon 1 (right). None of the C isoforms with the exception of C1 are myristylated and none
have so far been characterized biochemically or at the cellular level. There are only 25 sequence
differences between C1 and C1 (green dots) and half of these are localized to the Tails. The
rest are mostly in the N-lobe and in regions that interact with the Nt- or Ct-Tail. None are in
catalytic residues or near the active site suggesting the differences between Cα and C will
correlate with differences in regulation.
Figure 7. Disease mutations associated with the PKA C-subunits. Cushing’s Disease
mutations (red dots) are associated mostly with the C subunit. They cluster around the
Activation Segment and interfere with regulation by the R-subunits. A newly discovered
Cushing’s Disease mutation (teal dot) is located in the Nt-helix and shows correlated changes in
the Activation Segment (Walker et al., 2021). Mutations that correlate with Sonic Hedgehog
signaling (yellow dots) have been identified in C and cluster around the active site cleft and the
docking surface for the PKI helix (Palencia-Campos et al., 2020). The N-lobe of the kinase core
is in white; the C-lobe is in tan. The A-Helix and the Activation Segment are highlighted in teal,
and the PKI peptide is red. ATP and the two Mg++ ions are black.

18

Downloaded from molpharm.aspetjournals.org at ASPET Journals on January 9, 2023

Figure 5. Evolution of the A-Helix. While the Ct-Tail is a conserved feature of all AGC kinases,
the A-Helix is only a conserved feature of the PKA C and Cβ-subunit isoforms. Although exon 1
varies for all the Cα/C isoforms, exon 2 encodes for a sequence that has a high propensity to
form the strong A-Helix as is seen for C, (left). The PRKACA and PRKACB genes arose due to
a duplication of an ancestor C subunit gene around the evolution of jawed vertebrates (Søberg
et al., 2013). The tree illustrates that the PKA C subunit genes make up a separate protein
family distinct from the more distantly related PrKX. Sequences in red, i.e., PKA Cα and Cβ,
contain a conserved A-Helix, whereas this helix is not conserved in PrKX and more distantly
related sequences. (Hs: Homo Sapiens, Mm: Mus musculus, Xl: Xenopus laevis, Dm:
Drosophila melanogaster, Ce: Caenorhabditis elegans, Sc: Saccharomyces cerevisiae, Dd:
Dictyostelium discoideum; Identifiers of sequences used for phylogenetic analysis: Mm:Cα
P05132; Hs:Cα P17612; Xl:Cα Q90WN3; Mm:Cβ P68181; Hs:Cβ P22694; Xl:Cβ Q7ZWV0;
Dm:C1 P12370; Ce:Kin-1 P21137; Dm:C2 P16911; Sc:TPK3 P05986; Sc:TPK1 P06244;
Sc:TPK2 P06245; Dd:PkaC P34099; Xl:PRKX-L XP_018101650.1; Hs:PRKX P51817; Mm:Prkx
Q922R0; Dm:C3 P16912; Ce:F47F2.1 Q7JP68)
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