1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nat Rev Mol Cell Biol. 2012 October ; 13(10): 646—658. doi:10.1038/nrm3432.

Assembly of allosteric macromolecular switches: lessons from
PKA

Susan S. Taylorl2:3, Ronit llouz3, Ping Zhang?, and Alexandr P. Kornevl3

1Department of Pharmacology, University of California, San Diego, La Jolla, California
92093-90654, USA

2Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,
California 92093-90654, USA

SHoward Hughes Medical Institute, University of California, San Diego, La Jolla, California
92093-90654, USA

Abstract

Protein kinases are dynamic molecular switches that have evolved to be only transiently activated.
Kinase activity is embedded within a conserved kinase core, which is typically regulated by
associated domains, linkers and interacting proteins. Moreover, protein kinases are often tethered
to large macromolecular complexes to provide tighter spatiotemporal control. Thus, structural
characterization of kinase domains alone is insufficient to explain protein kinase function and
regulation in vivo. Recent progress in structural characterization of cyclic AMP-dependent protein
kinase (PKA) exemplifies how our knowledge of kinase signalling has evolved by shifting the
focus of structural studies from single Kinase subunits to macromolecular complexes.

As we strive to understand the biological complexity of cell signalling, it becomes
increasingly clear that we cannot study signalling molecules in isolation. Instead, we must
try to understand how individual molecules function as part of large polyvalent and often
highly dynamic signalling scaffolds. In some cases, these scaffolds are stably assembled at
the cytoplasmic surface of transporters and/or at channels that are located at the plasma
membrane, whereas in other instances intracellular scaffolds are assembled as a
consequence of an extracellular ligand binding to a receptor. In either case, these scaffolds
are regulated by the dynamic turnover of phosphates through the activity of colocalized
kinases and phosphatases and by oscillating second messengers such as calcium and cyclic
AMP that are regulated by the activity of cyclases and phosphodiesterases (PDES).
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Protein kinases constitute one of the largest protein families that regulates a plethora of
biological processes and that is associated with many diseases (BOX 1). cCAMP-dependent
protein kinase (PKA) serves in many ways as a prototype for the entire superfamily of
eukaryotic protein kinases. Historically, PKA had a central role in the elucidation of the
mechanisms that regulate protein phosphorylation. It serves as the prototypical protein
kinase not only for the large AGC subfamily, which includes PKA, PKG, AKT (also known
as PKB), S6 kinase (S6K) and phosphoinositide-dependent protein kinase 1 (PDK1), but
also for the entire kinome. Although phosphorylase kinase was the first regulatory protein
kinase to be discovered®, with PKA being the second, PKA was the first to be sequenced by
conventional methods2. When the transforming protein SRC from Rous sarcoma virus was
fist cloned, its similarity to PKA defined the boundaries and complexity of this large
superfamily3. Moreover, the catalytic subunit of PKA was the first protein kinase to be
crystallized, and this structure immediately explained the role of the conserved motifs and
revealed how all protein kinases are organized.

Box 1
Discovery of PKA signalling and the protein kinase superfamily

Protein phosphorylation was first described as a regulatory mechanism in 1958 through
the pioneering studies of Krebs and Fischerl-68, They showed for the first time that the
activity of an enzyme, phosphorylase kinase, was activated by the covalent addition of a
phosphate moiety. Whereas G protein-coupled receptors (GPCRs) are probably the
largest gene family, protein kinases account for ~2% of most genomes and include over
500 separate genes in the human genome89. Because protein kinases are very important
for biology and are linked to many diseases, they are major drug targets. Thus, the rather
comprehensive structural kinome includes structures that were solved by academia,
industry and by structural genomics consortia (see the figure, part a). The protein kinases
are clustered into seven major subfamilies (as indicated). Kinase structures are indicated
by black dots, whereas the historically important kinases, phosphorylase kinase (PHK),
cyclic AMP-dependent protein kinase (PKA) and SRC are indicated by red dots.

About the same time as the discovery of protein phosphorylation, Sutherland discovered
that cCAMP was a second messenger for hormone action in mammalian cells’®. In the
intervening decades, G proteins were discovered as a mechanism for transducing the
information from the hormone receptor to adenylyl cyclases’?. It is now recognized that
protein kinases, like the G proteins, are widespread biological switches that regulate most
events in eukaryotic cells. The discovery of a second protein kinase in 1968 (REF. 72),
PKA, and later the elucidation of the mechanism for its regulation by cAMP73-75 (which
is produced by adenylyl cyclase), brought together these two major signalling
mechanisms (see the figure, part b). PKA has a special role and is ubiquitous in every
mammalian cell. This kinase functions both in the cytoplasm and in the nucleus to
regulate a plethora of biological events, including memory, differentiation, proliferation
and metabolism. It is conserved in fungi and even in single-cell pathogens such as
Plasmodium falciparumand Trypanosomes’8. Historically, the PKA catalytic subunit
remains also as a frame of reference for every protein kinase.
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The structure and in vitro and in vivo kinetic properties of free PKA catalytic subunits have
been extensively studied. However, these kinases do not usually function in isolation;
instead, they are part of larger signalling systems. In eukaryotic cells, PKA catalytic
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subunits assemble with regulatory subunits into a holoenzyme complex that is sequestered in
an inactive state in the absence of cAMP. In mammals, the ‘PKA signalling system’
comprises four genes that encode functionally non-redundant regulatory subunits and three
genes that encode catalytic subunits (BOX 1). The PKA holoenzyme consists of a regulatory
subunit dimer and two catalytic subunits. The regulatory subunits are the receptors for
cAMP, and structural and functional studies revealed that the cyclic nucleotide-binding
domains (CNB domains) are conserved across all phyla®. The structural analysis of the
individual subunits was useful for the understanding of the structure and function of protein
kinases and cAMP receptors. However, these studies shed no light onto the mechanism of
inhibition of the catalytic subunit by the regulatory subunits, and they did not reveal the
molecular mechanism by which cAMP activates the holoenzyme. In addition, the structures
of full-length holoenzymes had to be elucidated to understand the mechanisms underlying
the functional non-redundancy of regulatory subunits.

Importantly, the specificity of PKA signalling is not only determined by the cell type-
specific expression of the different regulatory and catalytic PKA isoforms and the different
PKA substrates, but also by the subcellular localization of PKA. Targeting of PKA to
specific sites within the cell is largely achieved by A kinase anchoring proteins (AKAPs)>.
The hallmark motif in AKAPs is an amphipathic helix that docks with high affinity to the
PKA regulatory subunits’:8. Most protein kinases assemble into signalling scaffolds, and a
layer of complexity is added by the existence of multiple kinase isoforms and/or splice
variants. However, we are just beginning to appreciate how functionally unique each protein
can be in terms of its expression, regulation and targeting. Perhaps it is the increased number
of splice variants, especially in the brain and in immune-responsive cells, that explains the
enhanced complexity for PKA signalling in higher eukaryotes and distinguishes humans
from mice and flies, in which the actual number of genes is surprisingly similar.

In this Review, we discuss the functional insights that have been gained from the structures
of signalling proteins and how our knowledge evolved as these structural studies moved to
higher levels of complexity. By using PKA as an example, we emphasize why it is so
important to elucidate structures not only of single domains and subunits but also of full-
length proteins and macromolecular signalling complexes to fully appreciate the beauty and
elegance of signalling pathways in the cell. Although PKA is used as an example, the
lessons extend well beyond this kinase.

Functional insights from single subunit structures

A wealth of information has been obtained from initial structural studies of the individual
regulatory and catalytic subunits of PKA. The structure of the catalytic subunit in particular
took the field of kinase research instantly from the one-dimensional sequence to a three-
dimensional template®10. This solved structure provided a mechanistic understanding of this
enzyme family and laid the foundation for all the drug discovery enterprises that have
become so fundamental to present day therapeutics.
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The PKA catalytic subunit

When the sequence of PKA was compared with the sequence of newly cloned SRC, the
eukaryotic protein kinase superfamily was enlarged to include enzymes that phosphorylate
Ser, Thr and Tyr residues3. With the advent of DNA cloning, it soon became clear that
protein kinases constitute a large enzyme family that shares a conserved catalytic core
comprising an amino-terminal N-lobe and a carboxy-terminal C-lobe (FIG. 1a,b). Based
solely on the alignment of a few protein kinase sequences, many conserved motifs were
identified and classified as subdomains!! (FIG. 1c). The subsequent elucidation of the
structure of PKA showed for the first time how these sequence motifs and subdomains
converge to form an active enzyme®. This single structure helped define all the fundamental
features that are conserved in every protein kinase. The PKA catalytic subunit core is a
bilobal protein in which the conserved residues cluster mostly around the active site cleft
that lies between the two lobes. Subsequent structures of the catalytic subunit helped
identify the flexibility of the core, specifically how the cleft opens and closes as the enzyme
traverses through a catalytic cycle, and how substrates and inhibitors dock. These studies
established PKA as a template for the function of the whole protein kinase superfamily.

Because of their importance for the understanding of biological processes and for the design
of therapeutic interventions targeting kinases that have a role in disease, many kinase
structures have now been solved, and these structures confirm the universality of the
conserved residues and motifs. By comparing the structures of protein kinase cores, the
architecture of the internal core, which includes a set of hydrophobic motifs (referred to as a
regulatory spine (R-spine) and a catalytic spine (C-spine)2-14), was defined (FIG. 1d). The
spine residues are from both the N-lobe and the C-lobe and provide a mechanism for fluid
communication between the two lobes in the active enzyme. These spines are docked onto
the unusual hydrophobic aF-helix, which spans the C-lobe. The active conformation of the
R-spine is typically assembled transiently as a consequence of activation loop
phosphorylation, allowing tight regulation of protein kinase activity1®:16,

Protein kinases are typically not efficient catalysts but instead have evolved to be highly
regulated molecular switches, controlled typically by phosphorylation. In addition to the
conserved core, PKA catalytic subunits contain two flanking tails and two phosphorylation
sites (FIG. 1e, f).The first phosphorylation site near the C terminus (Ser338) is modified by
cis autophosphorylation while the protein is still bound to the ribosome. The second
phosphorylation site (Thr197), which is located at the activation loop, is phosphorylated in
trans either by another PKA enzyme or by PDK1 (3-phosphoinositide- dependent protein
kinase 1) after the catalytic subunit leaves the ribosomel718. This phosphorylation event is
essential for full activity of the kinase1®20 (FIG. 1e). Unlike most other protein kinases,
once the fully phosphorylated catalytic subunit is synthesized the phosphates are very
resistant to phosphatases314. The activity of the assembled holoenzyme solely depends on
cAMP levels and not on the turnover of the activation loop phosphate. Most kinase
structures that have subsequently been solved are unlikely to represent fully active
structures, as they comprise only the conserved, often dephosphorylated kinase core. By
contrast, the PKA catalytic subunit is autophosphorylated, even when expressed in
Escherichia coli, and therefore this structure identified not only the conserved fold but also

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2014 April 14.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Taylor et al.

Page 6

the fully active enzyme and highlighted the importance of phosphorylation for kinase
activity.

The crucial importance of linkers and tails was also apparent from that first structure. The
N-terminal and the C-terminal tails (N-tail and C-tail) of the catalytic subunit are an integral
part of the active enzyme and function as cis-regulatory elements2122, For example, most of
the ATP-binding site consists of core residues, but two hydrophobic residues in the C-tail,
referred to as the Phe-Asp-Asp-Tyr (FDDY) motif, are an essential part of the ATP-binding
site in PKA. The C-tail wraps around both lobes of the kinase core and is conserved in the
entire AGC subfamily of protein kinases?! (FIG. 1e). In contrast to the C-tail, the N-tail is
unique to the mammalian PKA catalytic subunit. It is myristylated at its N terminus and
consists mostly of a long and stable aA-helix that docks onto the surface of both lobes23
(FIG. 1f). The aA-helix is important for catalysis?* and also binds to A kinase interacting
protein 1 (AKIP1), which is involved in PKA shuttling between the cytoplasm and the
nucleus?® and in nuclear translocation of nuclear factor-xB (NF-xB)26.

The PKA regulatory subunits

The regulatory subunits of PKA control its activity depending on the levels of the second
messenger CAMP. PKA regulatory subunits are the primary receptors for CAMP in
mammalian cells. In the absence of CAMP, the regulatory subunits bind to the catalytic
subunits and suppress their activity. Mammalian cells possess four regulatory subunit
isoforms (Rla, RIB, Rlla and RIIB), and knockout studies show that these isoforms are
functionally non-redundant (see also below). The domain organization is conserved in all
regulatory subunit isoforms and includes a dimerization and docking domain (D/D domain)
located at the N terminus, followed by a flexible linker and two CNB domains in tandem
(CNBA and CNBB) at the C terminus (FIG. 2a). The linker contains an inhibitor site, which
resembles a peptide substrate and docks to the active site cleft of the catalytic subunit in the
holoenzyme (FIG. 2b). Because RII subunits possess a Ser residue at their inhibitor site, they
are also substrates for the catalytic subunit, whereas RI subunits have an Ala or Gly residue
at their P-site and are therefore pseudosubstrates — that is, they mimic the substrate and
thus inhibit PKA activity but are not phosphorylated by PKA (FIG. 2a). Thisis a
fundamental difference between the two classes of regulatory subunits?’-28, Crystallization
of the two cAMP-binding domains of RI and RII subunits confirmed that the CNB domain is
a universal docking motif for cAMP (FIG. 3a), which is conserved from bacteria to humans.
The binding of cAMP to a CNB domain is thus an ancient signalling mechanism that allows
cAMP to convert an extracellular signal such as glucose deprivation into a biological
response. A small phosphate-binding cassette (PBC) is the signature motif of the CNB
domain, whereas the adenine ring is capped by a hydrophobic residue that is recruited to the
cAMP-binding site?? (FIG. 3b). Although CNBA and CNBB resemble the CNB domain of
catabolite gene activator protein (CAP) in bacteria3?, the orientation of the two CNB
domains relative to one another in the various isoforms of the PKA regulatory subunit is
surprisingly different from each other and compared with the orientation seen in CAP (FIG.
3a,c). These different domain interfaces could not be readily predicted from homology
modelling and only became apparent when different crystal structures were solved.
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Inhibition of the kinase activity through an independently expressed inhibitory subunit as
opposed to inhibition by a contiguous inhibitory domain or motif is a novel mechanism of
regulation for protein kinases. This mechanism of regulation has led the catalytic subunits of
mammalian cells to acquire, during evolution, novel features that allow them to function as
potent sensors of low CAMP levels. For example, when the catalytic subunit is
phosphorylated at its C-terminal tail and at its activation loop, these phosphates are very
resistant to removal by phosphatases3L. This is in contrast to Tyr kinases and to most other
eukaryotic protein kinases, as their activity is controlled by the rapid turnover of a phosphate
on the essential activation loop. When the mature enzyme has been synthesized, the catalytic
subunit and the regulatory subunit of PKA are assembled into an inactive tetrameric
holoenzyme!®, and the activity of the holoenzyme depends solely on cAMP levels.

As described above, the structures of the individual regulatory and catalytic PKA subunits
defined the dissociated and fully active conformations and provided insights into protein
kinase evolution#32 and CNB domain proteins32:33, However, these findings did not explain
how PKA activity is regulated. This required the study of multisubunit complexes.

Regulatory—catalytic subunit heterodimers

In addition to understanding the regulation of cAMP synthesis and degradation, two
fundamental questions of PKA regulation remained to be addressed: how is the catalytic
subunit inhibited by the regulatory subunit, and how is PKA regulated by cAMP? These
questions were answered by resolving the structure of a regulatory—catalytic subunit
complex rather than of each independent subunit. This approach was completely analogous
to the one that was used to decipher the mechanisms involved in the regulation of the
activity of cyclin-dependent kinases (CDKSs), which required the analysis of the structure of
a CDK—cyclin complex34. The first structures of a PKA regulatory—catalytic subunit
heterodimer used truncated forms of Rla that contained the inhibitor site and either one or
two CNB domains. The resolved structures provided a new dimension to the understanding
of PKA signalling3®36 (FIG. 3d), as they revealed for the first time how the inhibitor site of
the regulatory subunit was docked into the active site cleft of the catalytic subunit, thereby
blocking access to other substrates. These structures also demonstrated the remarkable
flexibility of the regulatory subunits.

In contrast to the catalytic subunit, which functions as a very stable docking scaffold, the
regulatory subunit undergoes major conformational changes as it releases cCAMP and binds
to the catalytic subunit. In the cAMP-bound state, a large allosteric interface exists between
the two CNB domains of the regulatory subunit, whereas in the heterodimers the major
interface is located between the regulatory and catalytic subunits. In the heterodimer
complex the two CNB domains are separated by a long helix that is formed by the extension
of the kinked B/C-helix in CNBA36:37 (FIG. 3d). In many ways this conformational change
is reminiscent of the conformational change that occurs in calmodulin following calcium
binding, during which a central helix becomes extended and separates the two calcium-
binding domains at each end3®. One unanticipated consequence of this conformational
switch is that the cAMP-binding sites in PKA are substantially altered. Thus, two very
different conformations of the regulatory subunits exist, one having high affinity for cAMP
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and the other one having high affinity for the catalytic subunit. This conformational
flexibility of CNB domains is now recognized to be a conserved feature of these domains, as
it is also observed in other CNB domain-containing proteins, such as the guanine nucleotide-
binding protein EPAC (exchange protein directly activated by cAMP)39:40,

Holoenzymes give novel insights

The solved structures of the catalytic subunits bound to monomeric regulatory subunits
revealed how enzymatic activity is inhibited in the absence of cAMP and how interfaces
were broken and new interfaces were formed. However, the regulatory—catalytic subunit
heterodimers are remarkably similar for the different isoforms (Rla, Rlla and RIIB)36:37:41,
and the heterodimers did not explain why the isoforms are functionally non-redundant.
Therefore, resolving the structures of full-length holoenzymes, which also reflect the
physiological state of the enzyme, would be required to fully understand the regulation of
PKA activity. Although we focus here on PKA as an example, it is likely that we will not
understand the full complexity and regulation of any protein kinase until the entire protein
assembly including the flanking domains and/ or regulatory subunits is revealed. The kinase
core alone is only a starting point.

Disordered regions drive the assembly of tetramers

The linkers that join the very stable D/D domain to the well-folded CNB domains are
classified as intrinsically disordered regions (IDRs)*2. IDRs are commonly found in kinases,
for example the segment that joins the membrane- spanning helix to the kinase domain in
epidermal growth factor receptor (EGFR) and the linkers that flank the inhibitor sequence in
PKA (FIG. 2b). IDRs have inherent dynamic properties that allow them to “scan’ for
different binding partners depending on the activation state of the cell. These flexible linkers
pose the greatest challenge for the structural biologist in resolving a larger macromolecular
complex and not just the single kinase, as IDRs typically interfere with crystallization by
favouring a more dynamic state. Thus, the tendency is to simply delete these regions to
conduct structural studies, even though IDRs are extremely important for biological function
and regulation of kinases.

The portion of the linker that extends from the inhibitory site to the CNBA domain was
always disordered in structures of single regulatory subunits (FIG. 2), as it becomes ordered
only following binding of the regulatory subunit to the catalytic subunit. However, the
remaining part of the linker, referred to as the N-linker, remained a mystery, as it was absent
from all initial PKA structures. Interestingly, the N-linkers exhibit the highest sequence
variability among the four isoforms of PKA regulatory subunits.

Generating Rla monomers that contained the extended N-linker offered the first glimpse of
a tetrameric holoenzyme. Surprisingly, the stabilization of the N-linker in this crystal
structure was achieved by interaction of this linker with the opposite heterodimer. This
structure showed for the first time how two heterodimers can interact to create a novel
twofold symmetry. The holoenzyme is thus a dimer of two heterodimers*3 (FIG. 4). Based
on this structure, a full-length Rla holoenzyme was modelled (FIG. 4c). Small angle X-ray
scattering (SAXS) and small angle neutron scattering (SANS), which provide low resolution
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models of the general shape and maximum diameter of a protein or a protein complex in
solution, validated the reconstructed model of the full-length Rla holoenzyme?*4. SAXS
indicated early on that the Rla holoenzyme was Y-shaped in solution, whereas SANS
showed that the two catalytic subunits were far apart, and these data were completely
consistent with our model of full length Rla*3. Moreover, the SAXS studies revealed that
holoenzymes formed with the different regulatory subunits are all distinct4>46, even though
the structures of all PKA heterodimers are remarkably similar. This work has contributed to
the realization that the structural diversity of the PKA isoforms could be appreciated only by
solving structures of tetrameric holoenzymes.

The RI tetrameric PKA holoenzymes

Although Rla and RIp are close homologues that share over 85% sequence identity, they
are functionally non-redundant. On the one hand, genetic deletion of the gene encoding Rla
is embryonic lethal*’. Rla mRNA levels are tightly controlled by nonsense-mediated
mRNA decay (NMD), and haploinsufficiency leads to a wide range of disease states,
including Carney complex disease and numerous endocrine disorders#8. On the other hand,
deletion of RIB is not embryonic lethal but leads to defects in long-term depression (LTD)
and memory and to dysregulated long-term potentiation (LTP)#%%0, Rla and RIB also differ
in terms of their subcellular localization. Unlike Rla.,, which is typically diffused in the
cytoplasm in the absence of stimuli®1, RIB is localized to mitochondria®2. Tissue expression
also distinguishes these two isoforms. Rla is constitutively expressed by every cell type,
whereas RIB expression is enriched in the brain and in neurons®3:54, Finally, as mentioned
above, SAXS data indicated that the Rla holoenzymes are much more compact than the RIf
holoenzymes®2,

Although both Rla and RIB require ATP and two magnesium ions to form a high affinity
holoenzyme complex®, the quaternary structures of the two holoenzymes are surprisingly
different on the basis of the crystal structures (FIG. 5). Consistent with the findings from
SAXS studies, the RIB holoenzyme is much more elongated and rod-shaped. In contrast to
the Rla holoenzyme, in which the two catalytic subunits are well separated, in the RIf
holoenzyme the two heterodimers interact directly through an interface between the two
catalytic subunits in a “head to head’ configuration between the two N-lobes. This leaves the
two CNBB domains at opposite ends of the structure, where they are predicted to interact
with an as yet unknown class 1l PDZ domain protein through their C-terminal PDZ-binding
motifs.

As discussed above, the highest sequence variability in the isoforms of the regulatory
subunits is seen in the linker region between the cAMP-binding domains and the D/D
domain, in particular in the N-linker, which joins the D/D domain to the inhibitor site. Each
N-linker region docks in a different way onto the surface of the catalytic subunit, whereas
the structure and the position of the inhibitor site and the C-linker of all isoforms is similar43
(FIG. 2b). In the RIp tetramer, the N-linker is directed in a different way and this forces the
D/D domain into a completely different location. This variability in the linker region seems
to be a major factor for promoting different inter-domain arrangements that lead to
remarkably distinct quaternary structures (FIG. 5).
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In principle, the D/D domain can function either as an independent docking motif or as an
integral part of the holoenzyme by interacting with either the catalytic subunit or the CNB
domains. The positioning of the D/D domain in RIP suggests that it has the potential to be
an integral part of the complex (FIG. 5c). The structure also suggests that the interaction of
the D/D domain with AKAP would be sensed by the entire complex. It may also explain
how RI subunits can serve as redox sensors, as the D/D domains of both RI subunits can be
oxidized to form two interchain disulphide bonds®8, and there is evidence that these
disulphide bonds may be induced by stress®’.

The RIl tetrameric PKA holoenzyme

RIIB is the pre-dominant PKA regulatory subunit isoform in white and brown adipose tissue
and in the brain®”-58 and RIIB knockout mice have a lean phenotype and are not susceptible
to diet-induced insulin resistance®®60, Deletion of RIIB even reverses the obesity syndrome
of agouti micebL. RII subunits are usually anchored to membrane proteins through high
affinity binding to AKAPs. Interestingly, SAXS studies indicated significant differences not
only between RI- and RIl-containing PKA holoenzymes but also between the Rlla and RIIB
holoenzymes. Based on SAXS data, the Rlla and RIIB dimers are both very extended and
almost shaped like a dumb-bell. Surprisingly, however, the two holoenzymes are very
different#®. Although the Rlla holoenzyme remains extended, similarly to the Rlla dimer,
the RIIP holoenzyme is compact and almost globular. Confirming the SAXS predictions, the
holoenzyme containing two RIIf and two catalytic subunits (RIIB,—C,) was shown to have
a compact doughnut shape with extensive interactions between the twofold symmetry-
related regulatory—catalytic subunit heterodimers2 (FIG. 5d). The axis of symmetry of this
quaternary structure passes through the central cavity. Although all three holoenzymes, Rla,
RIB and RIIB, have a twofold axis of symmetry, the geometry is very different for each
complex.

A striking feature of the RIIp tetramer is the closed conformation of the inhibited catalytic
subunit even in the absence of ATP, and this finding has important implications for the
regulation of the formation of the RIIg PKA holoenzyme. Formation of a tight Rla
regulatory- catalytic subunit heterodimer or a Rla,—C, tetramer (that is, the holoenzyme)
requires two magnesium ions and ATP binding to the active site cleft of each catalytic
subunit®®. This leads to the closed conformation of the catalytic subunit that is observed in
all the solved RI holoenzyme structures3®:36:43 Similarly to the Rla isoform, PKI is a
pseudosubstrate of PKA and also requires two magnesium ions and ATP to form a tight
complex, in which the PKA catalytic subunit is in a fully closed conformation?. The
formation of the holoenzyme with RII subunits, however, does not require ATP. For
example, in the RIla—C heterodimer3’ the catalytic subunit is in an open conformation with
an empty ATP-binding pocket, a disordered C-tail and a dynamic N-lobe. The catalytic
subunit retains high affinity binding to the regulatory subunit (that is, 0.1 nM) even in the
absence of ATP. The B4—B5 loop in the CNBA domain of RIIp promotes a closed
conformation for the catalytic subunit in the absence of ATP by interacting with the C-tail of
the neighbouring catalytic subunit. Following diffusion of magnesium and ATP into crystals
of the apo form of the RI1IB,—C, holoenzyme, ADP and the phosphorylated RIIB subunit, but
not ATP, were detected52. This suggests that the dissociation and reassociation cycling of
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PKA (which is mediated through dephosphorylation of the RII subunits) may be
accomplished most efficiently in the presence of calcineurin, a calcium-activated
phosphatase that is often tethered on the same AKAP in close proximity to PKA83. Such a
complex that has a fully closed conformation in the absence of nucleotide has not been
observed for other protein kinases.

The apparent activation constant (K;(cCAMP)) for activation of the RIIp tetramer by cAMP
is 584 M2, and this is significantly higher than the K,(cCAMP) for the RIIB heterodimer
(which is 65 nM). This can be explained by the extensive interfaces between the two RIIB-C
heterodimers in the holoenzyme. The solved structure of the RIIP tetramer also provides a
mechanistic explanation for the highly cooperative allosteric activation of the RIIp
holoenzyme by cAMP, as it reveals that the CNBA domain from one heterodimer binds
directly to the C-linker of the regulatory subunit and the C-tail of the catalytic subunit from
the other heterodimer, thus providing a direct crosstalk between the two heterodimers62
(FIG. 5d). The unique quaternary structure of the RIIB holoenzyme is also confirmed by
single particle electron microscopy reconstruction data, which are also consistent with the
Rla and RIIB holoenzyme structures (F. Ye, M. Ginsburg, P. Z. and S. T., unpublished
observations).

Achieving specificity

In general, kinases signal through the dynamic assembly and disassembly of
macromolecular complexes. Although inherent conformational dynamics are an intrinsic
feature of every kinase core, specificity is achieved through the evolution of multiple kinase
isoforms, multiple regulatory domains or proteins and multiple scaffolds. In this way each
kinase isoform creates a distinct signalling hub that can respond to local levels of second
messengers such as cAMP or calcium. This combinatorial diversity creates a myriad of
opportunities for achieving specificity but also demands the independent characterization of
each of the kinases in a specific context as their properties are likely to be different. PKA
specificity cannot be understood by studying individual subunits. Instead, one needs to focus
on each ‘PKA signalling system’ as a whole that allows the cell to create localized sites for
PKA signalling (FIG. 6).

The role of macromolecular complexes in cAMP signalling

Specificity is achieved in part by cell type-specific expression of PKA signalling proteins.
These include, in addition to PKA isoforms, more than 30 different G protein- coupled
receptors that couple PKA signalling to Gass activation through the generation of cAMP, the
cyclases that generate CAMP and to the PDEs that break it down. There are multiple
isoforms for each of the signalling proteins that are expressed in a cell type-specific manner.
Specificity is also achieved by the differential expression of scaffold proteins such as
AKAPs, which sequester families of PKA signalling proteins in close proximity of a
dedicated substrate such as an ion channel, a receptor or a transporter. In this way the cell
creates discrete foci of cCAMP signalling. PKC, a close homologue of PKA, is another
example of different isoforms being recruited to discrete foci, where they signal in
synchrony with calcium and diacylglycerol®4. The many different PDE isoforms are also
assembled and regulated in unique ways®®.
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Spatiotemporal control of cAMP signalling

It is known from genetic research that the PKA isoforms are functionally non-redundant,
and it has become apparent that the structures of tetrameric holoenzymes are different from
one another. Another contributing factor to PKA signalling specificity is the remarkable
resistance of the active catalytic subunit to phosphatases. This feature renders the kinase
responsive only to cAMP and not to the dynamic turnover of an activation loop phosphate as
is the case for so many other protein kinases!®. By sequestering a family of PKA signalling
proteins (which also includes phosphodiesterases) to a specific site, the cell ensures that
cAMP signals are local and do not diffuse as a wave across the cell. The addition of
forskolin (which stimulates most cyclases) and IBMX (which is a PDE inhibitor) results in
the generation of high concentrations of cAMP, which can drive PKA holoenzyme
dissociation but, in case of Rla, not its full dissociation2”+28. Obviously under these
conditions, which are typically used to induce PKA signalling in cells, all specificity is lost.
By contrast, PKA signalling under physiological conditions is likely to result from localized
pulses of cCAMP. By assembling foci of PKA signalling, the cell creates oscillating systems
between kinases and phosphatases, cyclases and PDEs and between second messengers such
as calcium and cAMPS®. In this setting, negative feedback loops can be rate-limiting. The
fact that most signalling events occur in a rapid time frame (less than a minute) emphasizes
even more the importance of localized signalling environments. It is essential that PKA
signalling system are considered as a multicomponent entity as opposed to individual
subunits.

Interdisciplinary approaches to monitor the regulation of cAMP signalling

Visualizing the structures of larger kinase complexes resulted in the appreciation of the
importance of these macromolecular complexes. Recent reports showing that Ga.i interacts
with the RIIB subunit indicates further levels of crosstalk between these signalling proteins
that are clustered in close proximity8’. To understand these macromolecules beyond the
holoenzymes will require the elucidation the macromolecular complexes by using cryo-
electron microscopy and X-ray crystallography. In addition, single molecule technologies,
fluorescence techniques, nuclear magnetic resonance (NMR), SAXS and SANS, which
allow monitoring of signalling molecules in solution and in live cells, will help to appreciate
the dynamic features of PKA signalling systems. Obviously one also needs advanced
computational tools not only to analyse the complexes but also to model cell signalling
processes. Thus, the elucidation of protein kinase regulation and function in living cells is an
exciting interdisciplinary challenge that requires the combination of skills and expertise of
multiple specialists to span the many scales of biology.

Perspectives and conclusions

By tracing how the understanding of PKA signalling has evolved, one can appreciate the
impact of structural biology. At each step along the way, knowledge gained from the
structures has enhanced the perspective of biological function. Much of the detailed
understanding of the protein kinase superfamily has come from studies of the PKA catalytic
subunit, and by comparing many protein kinases the underlying features such as the spines
that define this family have been discovered. Importantly structural studies of PKA
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holoenzymes have revealed that the characterization of kinase signalling at the molecular
level relies on the study of the assembly of highly specific signalling foci at discrete sites in
close proximity to a dedicated substrate. In particular, it is important to elucidate how the
holoenzymes communicate with their neighbours in these polyvalent assemblies. Multiscale
tools that allow the spatiotemporal imaging of signalling will be essential to unravel how
this process is orchestrated by macromolecular complexes of signalling proteins and their
substrates and, essentially, to understand how this process is altered in disease.
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Glossary

Phosphodiesterases
(PDEs)

AGC subfamily

Cyclic nucleotide-
binding domains (CNB
domains)

A kinase anchoring
proteins (AKAPS)

Cyclin-dependent
kinases (CDKs)

EPAC (Exchange protein
directly activated by
cyclic AMP)

Intrinsically disordered
regions (IDRs)

Small-angle X-ray
scattering (SAXS)

A family of proteins that break down cyclic AMP to AMP

A group of about 60 Ser/Thr kinases that share several
sequence, structural and functional similarities. The name is
derived from three main representatives of this kinase
family, namely cyclic AMP-dependent protein kinase
(PKA), PKG and PKC

Conserved protein domains that bind a single molecule of
cyclic AMP. Binding of cAMP causes a substantial change
of the domain tertiary structure, thus providing a sensor for
CAMP levels in the solution

A diverse family of scaffolding proteins that have a binding
site for the dimerization and docking domain in cyclic AMP-
dependent protein kinase regulatory subunits

Kinases that regulate the cell cycle. They are activated by a
cyclin molecule, which is a small protein that is generated
inside the nucleus during mitosis

A protein that regulates the activity of RAP1, which is an
important cellular regulator. EPAC has a crucial role in cell
proliferation and survival

Parts of protein sequences that cannot accept stable
secondary or tertiary structures. Disordered regions are very
flexible and often serve as binding sites for other proteins

Experimental technique that studies scattering of X-rays by
proteins in solution (or protein solutions). Scattering profiles
in the small angle range (0.1-10 degrees) provide
information about general, low-resolution (50-250A) forms
of the protein
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Small-angle neutron
scattering (SANS)

Nonsense-mediated
MRNA decay (NMD)

Long-term depression

(LTD)

Long-term potentiation
(LTP)

PDZ domain

Agouti mice

Apparent activation
constant K_;(CAMP)
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Experimental technique that studies scattering of neutron
beams by proteins in solution or protein solutions. It is
similar to small-angle X-ray scattering (SAXS) but allows
the use of isotope labelling of the protein sample, thus
enhancing the technique

A cellular process that controls the correct synthesis of
MRNA. It detects nonsense mutations that insert an
erroneous stop codon in the mRNA and thus prevents its
folding through degradation

Weakening of the ability of a neuron to transmit a signal.
LTD can last for hours or longer and is one of the most
fundamental processes in neurophysiology

Strengthening of the ability of a neuron to transmit signal.
This form of synaptic plasticity is thought to underlie
memory formation and is characterized by synapses using
leads for their long-term strengthening. LTP can last for
hours or longer

Common domain in a family of signalling proteins. It is
named after the three first discovered representatives of this
family (Postsynaptic density of 95 kDa, Discs large and
zonula occludens 1)

Heterozygous mice that carry a mutation in the gene
encoding agouti. This mutation leads to the yellow obese
mouse syndrome, which is characterized by obesity, insulin
resistance, hyperglycaemia, increased growth and yellow
coat colour

The concentration of cAMP that is required for 50%
activation of cyclic AMP-dependent protein kinase
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Figure 1. The catalytic subunit of PKA as a prototype for the protein kinase superfamily
a | The cyclic AMP-dependent protein kinase (PKA) catalytic core, which contains an N-

lobe and a C-lobe, is shared by all eukaryotic protein kinases. b | In contrast to the conserved
core, the flanking regions (that is, the amino-terminal tail (N-tail) and the carboxy-terminal
tail (C-tail)) vary among protein kinases. The regulatory subunits can have a separate
function (as in PKA) or be part of the kinase (as for PKG). Post-translational modifications
include phosphorylation (indicated in red) and myristylation (indicated in blue). ¢ | The
sequence motifs that span the entire core are highly conserved, and the core can be
segregated into 12 subdomains?®. d | By comparing many structures, the core hydrophobic
spine architecture that is shared by all eukaryotic protein kinases can be defined*. The
regulatory spine (R-spine) is typically dynamically assembled following phosphorylation of
the activation loop, whereas the catalytic spine (C-spine) is completed by the adenine ring of
bound ATP. Both spines are anchored to the unusual hydrophobic aF-helix. e | In the C-tails
of AGC kinases, which include PKA, PKC, PKG, AKT, S6 kinase (S6K) and p90 ribosomal
protein S6K (RSK), there are at least three highly conserved motifs: Pro-x-x-Pro (PXXP) in
the C-lobe tether, Phe-Asp-Asp-Tyr (FDDY) in the active site tether and Phe-x-x-Phe
(FxxF) in the N-lobe tether. This region contains numerous motifs that contribute to
catalysis and to interactions with other proteins such as SMAD3 (wich interacts with AKT),
SRC (which associates via its SRC homology 3 (SH3) domain with AKT), heat shock
protein 90 (HSP90; which interacts via its SH3 domain with PKC) and the prolyl isomerase
PINZ1 (which binds to PKC). The C-tail thus serves as a cis-regulatory element that is
essential for the activity of every AGC kinase and also as a trans-regulatory element that
allows communication with other proteins?!. The C-tail is highly regulated by
phosphorylation. The activation segment contains an essential phosphorylation site (Thr197)
that is conserved in most kinases. f | The N-tail is unique to PKA and also serves multiple
functions. This flanking region undergoes post-translational modifications that include
myristylation, phosphorylation and deamidation. Like the C-tail, it wraps around both the C-
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lobe and the N-lobe and is essential for activity. The myristyl moiety becomes mobilized in
the type 11 holoenzymes and serves as a membrane anchor’” (not shown). The N-tail also
contributes to localization and trafficking through its interactions with a novel A kinase
interacting protein 1 (AKIP1)25, CDK2, cyclin-dependent kinase 2; CNB, cyclic nucleotide-
binding domains; D/D, dimerization and docking domain; EGFR, epidermal growth factor
receptor.
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Figure 2. Assembly of full length tetrameric holoenzymes is isoform specific and involves
ordering of the intrinsically disordered linker

a | The organization of the Rla. and RIIp regulatory subunits and the sequence of the linker
regions for all four isoforms are shown. The amino terminus contains a dimerization and
docking domain (D/D domain). In the absence of a catalytic subunit, the linker is disordered.
The inhibitor site is embedded in the middle of the linker, followed by two cyclic
nucleotide-binding domains (termed CNBA and CNBB). b | Following binding to the
catalytic subunit, the inhibitor site docks to the active site cleft of the catalytic subunit
(indicated by a red box) and the carboxy-terminal segment of the linker (C-linker) becomes
ordered. The remaining portion of the linker (N-linker) has an important role in defining the
quaternary structure of each holoenzyme. The linker becomes ordered differently in Rla and
RIp following their binding to the catalytic subunit. The binding of the inhibitor site and the
C-linker is conserved, whereas the N-linker is positioned differently and contributes in
unique ways to the organization of each tetrameric holoenzyme.
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Figure 3. Molecular basis for regulation of PKA by cAMP
The cyclic nucleotide-binding domains (CNB domains) of cyclic AMP-dependent protein

kinase (PKA), which are conserved throughout all species, are defined by a unique fold. a |
The two CNB domains (CNBA and CNBB) in Rla in the cAMP-bound state create an
extensive network of allosteric communication. b | The conserved features of each CNB
domain are summarized. The phosphate-binding cassette (PBC), shown in red, is the
signature motif of the CNB domain. The adenine ring of bound cAMP is capped by a
hydrophobic residue from within the CNB domain or from associated domains or motifs2®.
The base-binding region stabilizes the adenine ring by binding on the other side of cCAMP. ¢
| Although each CNB domain is highly conserved, the two domains of Rla and Bcyl (the
yeast homologue of Rla) are oriented in distinctly different ways. The overlay of the two
structures is shown. d | The remarkable malleability of the regulatory subunit was first
recognized when the structure of a regulatory—catalytic subunit complex was solved. On the
left is the conformation of the CNB domains (amino acids 91-379 of the regulatory subunit)
in the holoenzyme complex, and on the right are the CNB domains bound to two molecules
of cAMP. The conformational change is mediated by the B/C-helix in CNBA, which is
kinked in the cAMP-bound state and extended into a single long helix in the holoenzyme.
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Figure 4. Assembly of tetrameric holoenzymes
Here we show how complexity is built up from regulatory—catalytic subunit heterodimers to

tetrameric holoenzymes. The strategic positioning of the linker is shown in red. a—c | The
solved structure of Rla regulatory—catalytic subunit heterodimer showed for the first time
how the catalytic subunit was inhibited and how the complex was activated by cyclic
AMP35:36_ The complex of the catalytic subunit bound to the Rla regulatory subunit defines
the conformational flexibility of the two cyclic nucleotide-binding domains (CNB domains;
termed CNBA and CNBB) that are located within the Rla subunit. By extending the amino-
terminal segment of the linker (N-linker) it was possible to get a first glimpse of a tetrameric
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holoenzyme (c). d | The structure of the complex shown in (b) was used to model the full-
length tetrameric holoenzyme on the basis of small angle X ray scattering (SAXS) and small
angle neutron scattering (SANS) analyses as well as on the basis of previous cyclic AMP-
dependent protein kinase (PKA) crystal structures. The model was validated by mutagenesis.
Rotation of the model allows one to appreciate for the first time the twofold axis of
symmetry that is created by the interaction of the two regulatory—catalytic subunit
heterodimers. e | A cartoon of the tetramer structure shown in (d) highlights how the N-
linker from one heterodimer is positioned in close proximity to the CNBA domain of the
opposite dimer.
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Figure 5. Specific motifs define isoform-specific interfaces between heterodimers
a | The conformation of the regulatory—catalytic subunit heterodimer (Rla is shown here) is

similar in all isoforms, but each heterodimer assembles into distinctive quaternary structures.
The structure is shown on the left and the model on the right. Two motifs, in addition to the
amino-terminal linker (N-linker) motif (red) are exposed to solvent in the regulatory—
catalytic subunit heterodimers, but have important isoform-specific roles in the assembly of
each tetramer. The p4—f5 loop (purple) is located within the cyclic nucleotide-binding A
domain (CNBA domain) of the regulatory subunits. The Phe-Asp-Asp-Tyr (FDDY) motif
(yellow) resides in the carboxy-terminal tail (C-tail) of the catalytic subunit and is an
integral part of the ATP-binding site. b—d | The quaternary structures of Rla-, RIp- and
RIIB-containing cyclic AMP-dependent protein Kinase (PKA) holoenzymes, shown on the
top, highlighting the differences in the overall architecture of each tetramer and also
indicating the differences in the positioning of the dimerization and docking domain (D/D
domain; shown by arrows and visualized only in RIp (c; in brown)). The linkers are shown
in red. The twofold axis of symmetry is also indicated on the lower panels. In each lower
panel, rotation allows one to appreciate the twofold symmetry that is found in each tetramer
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and also how the two motifs, the p4—p5 loops and the FDDY motifs, contribute in novel
ways to the assembly of the tetramer.
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Figure 6. PKA is anchored to scaffolds that assemble macromolecular complexes and define foci
for PKA signalling

a | Cardiomyocytes are used as an example to illustrate how cyclic AMP-dependent protein
kinase (PKA) can regulate different functions in a cell. PKA signalling is mediated by
complexes with different subcellular localizations. Targeting and assembly of these PKA-
containing complexes is mediated by A kinase anchoring proteins (AKAPS). Most AKAPs
are specific for the RII regulatory subunit (blue ovals), a few have dual specificity and can
bind to either RI or RII (yellow oval and dashed R subunits) and a few, such as SKIP (which
functions as an AKAP), are RI regulatory subunit-specific (red oval). By binding to different
regulatory subunits, AKAPs assemble complexes that regulate diverse functions. For
example, in cardiomyocytes, different PKA-containing complexes can regulate Ca2* uptake
by regulating the activity of L-type Ca2* channels located at the plasma membrane, promote
the storage of Ca2* in the sarcoplasmic reticulum by activating Ca2* uptake pumps or its
release by activating Ca?*-release channels (which are coupled to the junction-triadin—
calsequestrin complex that binds Ca2*). PKA-containing complexes can also regulate
cardiomyocyte contraction when localized to the cytoskeleton, where these enzyme regulate
mitochondrial activity necessary for contraction. b | Assembly of PKA at the voltage gated
Ca?* channel 1.2 (Cay1 ») is mediated by AKAP5 (also known as AKAP79 in humans or
AKAP150 in mice), which interacts with the plasma membrane and brings PKA in close
proximity to the tail of the channel (shown in red) that harbours a target phosphorylation site
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and calcineurin (CaN). PKA phosphorylates and activates the channel. After that, Ca2*
enters the cell and binds to CaN and anchored calmodulin (CaM). CaN is activated in two
ways by Ca2*: by binding to the calmodulin-like B-subunit of CaN and to a separate Ca2*-
bound CaM. Activated CaN can then dephosphorylate the channel, decreasing its activity.
Furthermore CaN dephosphorylates the RIIB regulatory subunit of PKA, promoting its
binding to the catalytic subunit and inactivation of PKA. Dephosphorylation can also be
accomplished by the phosphatase PP2A, which binds directly to the channel. Targeting of
the PKA holoenzyme is mediated by an amphipathic helix in the AKAP, referred to as the A
kinase-binding (AKB) motif that binds with high affinity to the dimerization and docking
domain (D/D domain) of RII regulatory subunits.
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