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Abstract
The first protein kinase structure, solved in 1991, revealed the fold that is shared by all members
of the eukaryotic protein kinase superfamily and showed how the conserved sequence motifs
cluster mostly around the active site. This structure of the PKA catalytic (C) subunit showed also
how a single phosphate integrated the entire molecule. Since then the EPKs have become a major
drug target, second only to the G-protein coupled receptors. Although PKA provided a
mechanistic understanding of catalysis that continues to serve as a prototype for the family, by
comparing many active and inactive kinases we subsequently discovered a hydrophobic spine
architecture that is a characteristic feature of all active kinases. The ways in which the regulatory
spine is dynamically assembled is the defining feature of each protein kinase. Protein kinases have
thus evolved to be molecular switches, like the G-proteins, and unlike metabolic enzymes which
have evolved to be efficient catalysis. PKA also shows how the dynamic tails surround the core
and serve as essential regulatory elements. The phosphorylation sites in PKA, introduced both co-
and post-translationally, are very stable. The resulting C-subunit is then package as an inhibited
holoenzyme with cAMP-binding regulatory (R) subunits so that PKA activity is regulated
exclusively by cAMP, not by the dynamic turnover of an activation loop phosphate. We could not
understand activation and inhibition without seeing structures of R:C complexes; however, to
appreciate the structural uniqueness of each R2:C2 holoenzyme required solving structures of
tetrameric holoenzymes. It is these tetrameric holoenzymes that are localized to discrete sites in
the cell, typically by A Kinase Anchoring Proteins where they create discrete foci for PKA
signaling. Understanding these dynamic macromolecular complexes is the challenge that we now
face.

1. Introduction
As we look back over the past two decades since the first protein kinase structure was
solved, we find that we are entering a new era in our understanding not only of cAMP-
dependent Protein Kinase (PKA) but also of all protein kinases. Although our most
comprehensive understanding of the protein kinases at the molecular level has come from
crystal structures, we are now coming to appreciate that these are surprisingly dynamic
molecules that have specifically evolved to be highly regulated molecular switches and not
efficient catalysts[1]. Thus our conventional ways of looking at enzymes may have to be
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revisited when we think about these regulated switches that work on proteins, not peptides,
and are part of dynamic and typically oscillating macromolecular complexes. Furthermore,
although the eukaryotic protein kinases (EPKs) all share a conserved kinase core, they are
regulated in highly dynamic ways by the tails and linker segments that flank that kinase
core. These dynamic flanking regions are frequently an integral part of the active kinase;
however, unlike the conserved core, they differ in each kinase. Almost every protein kinase
is also regulated in some way by phosphorylation whether it is mediated by auto-
phosphorylation or by a heterologous kinase. Some of these phosphorylation sites lie in the
core, specifically in the activation loop, while other sites are in the tails and linkers. These
phosphates can play very different roles.

So at this point in time, just over twenty years since the first protein kinase structure was
solved, we find ourselves with an enormous amount of information about this enzyme
family, which has also become a major drug target for the pharmaceutical and biotechnology
industries. We are also now entering a new era of computation where we can carry out
simulations of proteins that reach μsec to msec time scales, which lie in the range where
most catalytic and regulatory functions occur. This allows us for the first time to actually
experimentally validate the simulations. Advances in NMR spectroscopy where we can
explore the residue-specific dynamics of a protein in solution are also revealing new insights
about the dynamic properties of this enzyme family [2–4]. Instead of being limited to the
static structures that are defined in a crystal lattice, we can now begin to explore in a far
more comprehensive way how these proteins behave in solution. Most importantly we are
coming to appreciate that these molecules have evolved to do something different from
metabolic enzymes that we have studied so intensely in the past. Whereas the metabolic
enzymes have evolved to be efficient catalysts that turn over large amounts of small
molecule substrates, the protein kinases, like the GTPases, have evolved to be molecular
switches that initiate a cascade of downstream signaling events. Often they function as part
of a macromolecular complex under single turnover conditions where the substrate and
kinase are in a 1:1 complex. While efficient catalysis is important for a metabolic enzyme,
dynamic and precise regulation is essential for a switch. Oscillating between off and on
states is essential for almost every protein kinase.

2. Evolution of the eukaryotic protein kinases as dynamic and regulated
molecular switches

It is remarkable how our definition of the protein kinase family has remained so stable over
the past 20 years. Although the potential for the covalent addition of a phosphate to regulate
the function of a protein and, in particular, to mediate the equilibrium between active and
inactive conformations, was first recognized by the pioneering work of Krebs and Fischer
with glycogen phosphorylase[5], we did not initially appreciate the vastness of this enzyme
family nor did we appreciate the full complexity of the biological networks and cascades
that are regulated by the simple addition of a phosphate. Nor did we appreciate the complex
ways that phosphorylation can regulate the kinases themselves. In 1988 Hanks and Hunter
carried out a sequence analysis based on only a handful of protein kinase sequences and
mapped a set of 12 conserved motifs that were scattered throughout what they defined to be
the “kinase core” [6]. Those motifs came from different parts of the protein, similar to the
catalytic triads that characterize many proteases. However, these widely dispersed sequence
motifs revealed a complexity that was far greater than the catalytic triad of the proteases,
and the fact that there were phosphorylation sites scattered throughout the core perhaps gave
us our first clues that these proteins were also highly regulated. Unlike the proteases where
there are many examples of convergent evolution where the position of the triad is
conserved but not the fold of the protein [7], the protein kinases have conserved the fold as a
highly dynamic and regulated scaffold for a switch. In this regard they also differ from the
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protein phosphatases, which come in several different flavors that each display unique folds
and active sites [8].

PKA, the first protein kinase structure to be solved [9], revealed the conserved protein
kinase fold and led to the immediate prediction that this fold, consisting of an N-terminal
lobe (N-Lobe) dominated by a β sheet and a C-terminal mostly helical lobe (C-Lobe), was
conserved in every protein kinase. The function of many of the conserved sequence motifs,
which are scattered throughout both lobes, was also revealed by the three dimensional
template of the PKA catalytic subunit. Most of the conserved residues clustered around the
active site, in particular, around the site of phosphoryl transfer. It should be noted that
although an essential feature of the ATP binding site is a highly dynamic glycine rich loop,
this loop is quite distinct from the Walker motif or P-Loop that is found in most metabolic
enzymes and ATPases [10]. Instead of positioning the γ-phosphate at the base of a catalytic
cleft where closing of the cleft brings together the two substrates and poises them for
transfer, as in the case of hexokinase[11], the protein kinases position the adenine ring at the
base of the cleft in a deep hydrophobic pocket between the two lobes. The γ-phosphate is
then positioned at the edge of the active site cleft between two critical elements - the glycine
rich loop and the catalytic loop while the Activation Loop positions the C Helix and the
substrate docking surfaces and helps to control opening and closing of the active site cleft.

3. Molecular features that distinguish the EPKs from the ELKs
The eukaryotic protein kinases (EPKs) evolved from the eukaryotic like kinases (ELKs) and
are distinguished from the ELKs by two structural elements that contribute to their function
and regulation [1, 12]. The EPKs have a large and highly dynamic activation segment that is
inserted between β strand 9 and the αF Helix. In most kinases this loop exists in an inactive
conformation or sometimes a disordered state when the kinase is not active. Activation is
typically achieved by phosphorylation of this activation loop. In addition the EPKs have a
helical subdomain that consists of the αG, αH, and αI helices. This helical domain is
involved mostly in docking of substrates. These two structural elements that distinguish the
EPKs from the ELKs (Figure 1) are linked by an electrostatic interaction between an acidic
residue in the APE motif at the end of the Activation Segment and an arginine that lies
between the αH and αI helices (Glu208 and Arg280 in PKA). The overall conformation of
the activation segment when the kinase is in an active conformation is conserved as shown
in Figure 1 where many EPK activation loops are compared. The position of the activation
segment differs significantly when the kinase is in an inactive conformation. Several
examples are shown in Figure 1. In most cases a significant portion of the segment is simply
disordered whereas in other cases such as Rsk and Msk, the segment is ordered very
differently. Since most protein kinase structures represent only the kinase core, we most
likely do not yet appreciate the extent to which the activation segment can be re-ordered in
the inactive kinase and to what extent it may actually contribute to interactions with flanking
inhibitory domains which are associated with so many kinases. This will require having
structures of full-length protein kinases.

4. Internal architecture of the EPKs is described by dynamically assembled
hydrophobic spines

Because the protein kinases are so biologically important and because protein kinase
mutations are associated with so many diseases, they have become major targets for drug
discovery. We thus have many protein kinase structures that serve as templates for drug
discovery. Having a structural kinome as well as a sequence-based kinome allows us to
delve more deeply into the structural features that define this enzyme family. By comparing
many protein kinase structures and asking what was different in active vs. inactive kinases,
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we discovered a hydrophobic spine architecture that defines the internal architecture of
every protein kinase [13]. As seen in Figure 2, there are two “spines” that consist of a stack
of nonlinear hydrophobic residues that span both lobes and allow the N- and C-lobes to
move in a fluid way as the cleft opens and closes [14, 15]. The regulatory spine (R-spine) is
assembled in a dynamic way, often as a consequence of phosphorylation of the activation
loop as described below, and this correctly aligned R-spine is essential for every active
kinase. These R-spine residues, two from the N-Lobe and two from the C-Lobe, are non
linear and would never be apparent based on sequence comparisons alone. The catalytic
spine (C-spine) is assembled by the binding of ATP, which then commits the kinase to
catalysis [3]. Both spines are anchored to the hydrophobic αF-Helix, which penetrates
through the middle of the C-Lobe. The R-spine is typically broken in inactive kinases, and it
can be broken in a variety of ways. The “DFG-out” conformation, for example, represents a
broken R-spine; however, “DFG in” conformations can also be inactive if another spine
residue is incorrectly aligned (Figure 3). Four residues comprise the R-spine. At the base of
the catalytic loop is the HRD motif. The first residue is either a His or a Tyr in every protein
kinase (Tyr164 in PKA), and its backbone is positioned by a conserved Asp at the beginning
of the αF-Helix. Stacked against the His/Tyr is the DFG phenylalanine (Phe185 in PKA). In
addition to these two C-lobe residues there are two hydrophobic residues from the N-Lobe –
one at the end of the C-Helix (Leu95 in PKA) and the other at the beginning of β strand 4
(Leu106 in PKA). There are many ways that the spine can be broken, but these four residues
are aligned in a perpendicular manner in every active kinase. As seen in Figure 2, assembly
of the R-spine brings together most of the essential motifs of the kinase core and leaves the
enzyme poised for catalysis.

4. Linkers, tails and inserts
While the kinase core is conserved in every protein kinase, it is important to recognize that
the core alone is not sufficient to define an active kinase. The tails and linkers that flank the
core, although often dynamic in nature, are also often an essential part of an active kinase, as
is the activation segment which is inserted between β strand 8 and the αF-Helix. In many
cases there are also inhibitor domains or motifs that are embedded within the same gene as
the kinase core as in the case of Src with its SH2 and SH3 domains. Release of inhibition,
such as the dephosphorylation of the C-tail in Src or the binding of Ras in the case of BRaf
and CRaf, is a fundamental mechanism for activation of most kinases. The activation loop is
also a defining feature that distinguishes the EPKs from the ELKs. This loop tends to be
very short in the ELKs and is not regulated whereas in the EPKs the activation loop is large
and frequently regulated by phosphorylation. Like the linkers, it is often classified as an “”
(IDS) although it seems more appropriate to define such segments as “dynamically ordered”
regions. In crystal structures the activation segment is often disordered in the absence of
phosphorylation; however, it can also be ordered in a different conformation in the inactive
kinase. When the kinase is in an active conformation, the arginine in the HRD motif is
anchored to the activation loop phosphate. Assembly of the activation loop thus represents
an order/disorder transition and is a key feature that defines most kinases as a regulated
switch.

In addition to the activation segment, the PKA catalytic subunit is flanked by two dynamic
tails (Figure 4). The N-terminal glycine is myristylated and recent crystal structures and
NMR studies are beginning to define the dynamic properties of the myristylation motif and
the following amphipathic A-helix [16]. The C-terminal tail wraps around both the C-lobe
and the N-lobe and is a conserved feature of all protein kinases that belong to the AGC sub-
family. The first segment, defined as the C-lobe Tether (CLT), is stably anchored to the C-
lobe, while the N-terminal segment, referred to as the N-lobe Tether (NLT), is anchored by a
conserved Hydrophobic (HF) motif to the C-helix in the N-lobe. The intervening segment
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(residues 323-336 in PKA) is disordered in the absence of nucleotide but anchored through
another conserved motif (FDDY) to the nucleotide in the active site cleft. A critical
phosphorylation site, referred as the Turn Motif, is located in the C-tail (Ser338 in PKA).
Most other AGC kinases have a third phosphorylation site that directly follows the HF
motif. The C-tail functions as a cis-regulatory element and is an essential part of the active
kinase [17, 18]. Replacement of the Phe 327, for example, creates an inactive enzyme [19].
The phosphorylation of these sites C-Tail sites, as well as the Activation Loop, is highly
regulated in unique ways in every AGC kinase and frequently requires multiple
heterologous kinases [20, 21].

5. Regulation by phosphorylation
Phosphates play an exceptional role in biology. The importance of phosphates for energy
(ATP) and for information transfer (DNA and RNA) was reviewed comprehensively by
Westheimer in 1987 [22], but the major role that phosphates play in regulation was
completely ignored. The unique chemical features of a phosphate that allow it to play such
an important role in signal transduction are captured in the recent review by Hunter [23]. A
phosphate can play many different roles. In some cases it can serve as a simple reversible
electrostatic switch whereas in other cases it can serve as a docking site and mediate
localization and/or the assembly of a large macromolecular signaling complex. Many
signaling proteins are modular and phosphorylation sites can modulate domain interactions.
A single phosphate can also play an integral role in regulating the entire structure and
function of a protein. Phosphorylation of the activation loop is just such an example.

The PKA catalytic subunit has two phosphorylation sites, one near the C-terminus (Ser338)
and one in the Activation Loop (Thr197), and these two phosphates play very different roles.
Since the C-subunit is auto-phosphorylated in E. coli, that first structure in 1991 [9] also
revealed an active and fully phosphorylated kinase. We now recognize that each phosphate
is essential, but only recently have we come to appreciate how different these phosphates are
for regulation and function. The importance of the activation loop phosphate was revealed
when we were able to comprehensively characterize the dephosphorylated protein. The C-
tail phosphorylation site, however, has a different but equally important role. As seen in
Figure 5, the first phosphate to be added is the C-Tail site at Ser338. This phosphorylation
actually takes place while the protein is still on the ribosome. It occurs by a cis-auto-
phosphorylation mechanism and is essential for the maturation of the kinase. When this step
is blocked, no active kinase is synthesized. The subsequent phosphorylation of the activation
loop Thr197 occurs by a trans- phosphorylation mechanism. In E. coli this is achieved by
trans-auto-phosphorylation whereas in cells it is likely carried out by a heterologous protein
kinase such as PDK1 or another activating kinase [24, 25]. What are the structural
consequences of these two phosphates?

To characterize the dephosphorylated protein we first mutated the Arg that precedes Thr197.
Without an Arg at the P-3 position the C-subunit cannot be auto-phosphorylated. Initial
characterization of this dephosphorylated C-subunit showed that it was defective in its
kinetic properties and also was much less stable than the fully phosphorylated protein. When
the activation loop was phosphorylated by PDK1, a heterologous activating kinase, the
properties of the mutant resembled those of the wild type protein [26]. Hydrogen/deuterium
exchange coupled with mass spectrometry showed that the entire molecule, when it lacked
the phosphate on the activation loop, was much more accessible to deuterium exchange,
especially the N-Lobe. The specific structural consequences were revealed when the crystal
structure was solved. As seen in Figure 5, not only was the R-spine broken, but also the
entire activation loop was disordered. In addition the C-Tail was only partially ordered, and
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the entire N-Lobe seemed to be quite dynamic based on the high temperature factors. This is
a dramatic example of the difference that a single phosphate can make.

To understand more fully the kinetic consequences of removing this phosphate we carried
out a quenched flow analysis. In addition to its steady state catalytic rate, PKA has a much
faster pre-steady state rate that reflects the actual rate of phosphoryl transfer. The steady
state rate, on the other hand, is limited by the release of the nucleotide and does not
represent the chemical transfer step. If we think about how protein kinases function in the
cell, it is important to realize that they do not function typically under conditions that we
routinely use for our assays where the enzyme is at low levels compared to the peptide
substrates. Protein kinases, however, do not work on peptides; they work on proteins. Often
they are working as part of a 1:1 complex with a protein substrate that is tethered in close
proximity through some distal site. What limits the phosphorylation process in vivo? In
many cases it could be the off-rate of the phosphorylated protein as well as the off-rate of
the ADP. Kinases, in general, are also very poor enzymes, and this also highlights that their
substrates are likely tethered close by and not limited by diffusion as is the case for
metabolic enzymes that work on small molecules. Kinases are not, in general, efficient
catalysts. As seen in Figure 5 de-phosphorylation of the activation segment abolishes the
rapid pre-steady state burst.

The C-terminal phosphorylation site is not essential for activity but instead is essential for
synthesis of the active enzyme in mammalian cells. This highlights again the importance of
regulation in mammalian cells. It is also important to realize that Ser338 appears to be
phosphorylated before the fully active enzyme is assembled. If we assume that the protein
folds up into the N- and C-lobes as the protein comes off the ribosome, the last segment
containing Ser338 would be positioned near the active site cleft. How it docks into the active
site cleft where we predict that it will undergo cis-auto-phosphorylation is not known;
however, once it is phosphorylated, this segment will be ejected from the active site cleft.
The isolated C-tail is not a substrate for PKA due presumably to the string of acidic residues
that precede the PKA recognition motif (DDYEEEE;residues 328-334).

6. Assembly of a tetrameric holoenzyme
While we have learned much about PKA and about the protein kinase family in general from
the analysis of the isolated C-subunit, in cells PKA exists primarily as an inactive tetrameric
holoenzyme. The regulatory subunits are constitutive dimers due to the N-terminal four-
helix bundle that is referred to as the dimerization/docking domain. The name reflects its bi-
functional properties where, in addition to dimerization, it serves as a docking site for A
Kinase Anchoring Proteins (AKAPs)[27]. The AKAPs are scaffold proteins that target PKA
in close proximity to dedicated substrates such as the tails of many receptors and ion
channels. Each AKAP contains an amphipathic helix that binds with high affinity to the
hydrophobic groove that is created by the D/D domain at the N-terminus of the R-
subunit[28, 29]. Most AKAPs are specific for RII subunits whereas some are dual specific
[30] and a few are specific for RI subunits [31, 32]. The D/D domain is joined by a flexible
linker to two tandem cyclic nucleotide binding (CNB) domains that lie at the C-terminus of
each R-subunit. Embedded within the linker is an inhibitor sequence that resembles a
peptide substrate. In the absence of cAMP the inhibitor site docks to the active site cleft of
the C-subunit and keeps the enzyme in an inactive state. The IS in the RI subunits is a
pseudo-substrate where the P-site is either an Ala or a Gly. In the RII subunits the P-site is a
Ser so that the RII subunits are both substrates and inhibitors.

By solving structures of tetrameric holoenzymes we have come to appreciate the unique
features of each PKA isoform and also to better understand why each or the four isoforms
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(RIα, RIβ, RIIα, and RIIβ) are functionally non-redundant. The R:C hetero-dimers where
one C-subunit is bound to a monomeric form of the R-subunit all appear to be very similar.
However, when the two heterodimers, linked to the D/D domains by the flexible linkers are
assembled into tetrameric holoenzymes each has a unique quaternary structure that is largely
dictated by the linker sequences that lie N-terminal to the IS (Figure 7). These tetrameric
holoenzymes are allowing us for the first time to appreciate the complexity of the allosteric
networks and the uniqueness of each isoform (RIα, RIβ, AND RIIβ). The RIIβ holoenzyme
demonstrates some of the unique features of the full-length holoenzyme where the IS can be
phosphorylated or not.

The two phosphates in each PKA C-subunit subunit have another unusual feature. Once
added, they are extremely resistant to phosphatases [25]. This is in contrast to most other
protein kinases where the phosphates turnover rapidly. In the case of PKA, the C-subunits
are rapidly assembled into an inactive tetrameric holoenzyme where their activity is now
regulated exclusively by cAMP, not by the dynamic turnover of the activation loop
phosphate. In contrast to the tetrameric RIIβ holoenzyme, which is allosterically activated
by cAMP with a Hill Coefficient of 1.7, the RIIβ heterodimer shows little cooperativity. The
Hill Coefficient for activation by cAMP is 0.82 in contrast to 1.6 for the holoenzyme [33]. In
addition, the Ka(cAMP) for activation is 10-fold greater for the tetramer vs. the heterodimer
(584 nM vs. 65 nM). The tetramer reveals a two-fold symmetry that is one could not see in
the heterodimer, and symmetry is a requirement for allostery [34]. The RIIβ tetramer shows
another unusual feature. We find that the C-subunits in the tetramer are in a closed
conformation even though there is no bound ATP. In all of our previous structures MgATP
was required to lock the enzyme into a closed conformation, but in the RIIβ holoenzyme the
β4-β5 loop from the opposite tetramer pushes on the FDDY motif in the opposite C-subunit
and forces it into a closed conformation (Figure 8).

7. Reaction products are trapped in the RIIβ holoenzyme
Given that we have a perfectly formed cavity for ATP to bind, we decided to add MgATP to
the crystals hoping to trap a transition state intermediate. Surprisingly, we found that ADP
and the phosphorylated RIIβ subunit, along with two Mg2+ ions, were trapped in the crystal
lattice. Typically the phosphorylated peptide is released rapidly leaving release of the bound
ADPMg2 as the slow and rate-limiting step of catalysis. In the case of the RIIβ holoenzyme,
the off-rate of the substrate is controlled by cAMP. Phosphorylation of the IS reduces the
on-rate for re-association of the RII subunit with the C-subunit but it does not appear to
significantly affect the dissociation rate. Thus the Kd is still approximately 1 nM. The
temperature factors of the backbone residues around the phosphorylated P site also remain
very low. This is the first example where the two reaction products are trapped in the active
site cleft, and this provides us with another important step in the catalytic cycle.

If we compare structure of the RIIα heterodimer with the RIIβ tetramer, we can see striking
differences in the C-subunit simply by comparing the temperature factors. Unlike the RI
subunits, the RII subunits do not require MgATP to form a high affinity holoenzyme
complex. They have the same high affinity (Kd = 0.1 nM) as the RIα subunits even in the
absence of Mg2ATP. In contrast the RIα subunits have a Kd of 300nM vs. 0.1 nM when the
nucleotide is missing [35, 36]. Even the removal of one Mg ion is sufficient to reduce the
affinity to 300 nM. The temperature factors for the RIIα:C heterodimer indicate that the N-
Lobe of the C-subunit is highly disordered, and the AST segment of the C-Tail cannot be
traced. In contrast, the temperature factors for the N-Lobe and the C-Tail are very low for
the RIIβ, tetrameric holoenzyme and confirm the stability of the ATP binding pocket. The
re-association of the RII subunit and the C-subunit is 5-fold lower when the RII subunit is
phosphorylated and it is very unlikely that one could form the product complex by re-
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associating the phosphorylated RIIβ, subunit and ADP. This suggests that the
phosphorylation of the RII subunit occurs subsequent to the formation of the holoenzyme,
which often takes place in the presence of calcium and the calcium-activated phosphatase,
calcineurin. However, once the reaction chamber has been formed and ATP can bind easily
and the energy barrier for transferring the phosphate is very low. All of the critical residues
are perfectly positioned. Once transfer has occurred the phosphorylated holoenzyme is
poised to be activated by cAMP, which rapidly promotes dissociation of the phosphorylated
RIIβ-subunit. Although this mechanism needs to be rigorously confirmed, it is consistent
with the binding by Bond that the RII subunits in cells are phosphorylated in the resting state
[37].

8. Targeted Holoenzymes
The structures of the tetrameric PKA holoenzymes are causing us to reconsider our ideas
about PKA signaling in cells where localization of the holoenzyme is so important for
achieving specificity. Furthermore, we cannot think of the kinase alone without considering
that scaffold proteins such as AKAPs that bring together a community of signaling proteins
that are in close proximity to a dedicated substrate such as the tail of a voltage gated ion
channel. Calcineurin, a calcium activated phosphatase, is often nearby in the complex so that
there is the opportunity for oscillating signaling between calcium and cAMP that control the
addition and release of the phosphate. Under these conditions there is not time for full
dissociation of the C-subunit and several lines of evidence including SAXS and fluorescence
anisotropy suggest that the C-subunit does not fully dissociate from the R subunit in solution
in the presence of cAMP[38, 39]. In some cases, a phosphodiesterase is also localized in the
community [40] or even interacting directly with the R-subunit[41] so that there is a very
precise mechanism for terminating the signal. In the cell, we therefore need to think of
localized foci of PKA signaling, where the generation and termination of the signal is
regulated in customized ways at each site. In this context, PKA signaling at the
mitochondria might be quite segregated and timed differently from PKA signaling at an ion
channel that is at the plasma membrane. The recognition of a soluble cyclase in the matrix of
the mitochondria and in nuclei makes compartmentalized PKA signaling even more diverse
[42]. We typically study PKA signaling in cells by adding forskolin, which will activate
most cyclases, or isoproterenol which will activate the β-adrenergic receptors or by adding a
cell permeant analog of cAMP. In all cases a phosphodiesterase inhibitor is also required.
Under these conditions a sustained wave of cAMP is generated that can radiate throughout
the cell. Under physiological conditions, however, PKA signaling is much more localized.
Our new appreciation of the novel structural features of each PKA holoenzyme sheds
additional light on the ways that selectivity and specificity in PKA signaling can be
achieved.

9. Conclusions
In this review we highlight the features that define the protein kinase superfamily as being
unique and distinct from metabolic enzymes. We review first how the eukaryotic protein
kinases (EPKs) have evolved from the eukaryotic-like kinases (ELKs) to be regulated and
highly dynamic molecular switches that phosphorylate proteins as opposed to small
peptides. In addition to the conserved kinase core, the EPKs are regulated by flanking
linkers, and, like the activation loop that is inserted into the core, these regions are highly
dynamic and exist in ordered/disordered states. To show how phosphates control the protein
kinase structure and function in different ways, we use protein kinase A as the prototypical
kinase. We show finally how full length complexes are essential if one is to fully understand
and appreciate how kinases are regulated and allosterically activated. Recent structures of
tetrameric PKA holoenzymes have shown us how isoform specificity is achieved at the level
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of the quaternary structure. In the case of the RII holoenzymes, where the RII subunit is both
a substrate and an inhibitor, we show how a stable catalytic chamber can be created in a
manner that is strictly dependent on the tetrameric holoenzyme. Kinases such as PKA
typically exist as part of highly dynamic molecular complexes that are localized to specific
sites in close proximity to dedicated substrates. This localization is essential for PKA
signaling in cells and is forcing us to think in new ways about catalysis and localized protein
substrates in contrast to our classical ways of thinking about Michaelis-Menton catalysis.
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• We discovered a hydrophobic spine architecture in protein kinases

• This architecture define highly dynamic nature of protein kinases

• We report diverse quaternary structures for different isoforms of protein kinase
A
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Fig 1. Structural features that distinguish the Eukaryotic Protein Kinases (EPKs) from the
Eukaryote-Like Protein Kinases (ELKs)
The N and C-lobe architecture is maintained in both the ELKs and the EPKs; however, there
are two features that are unique to the EPKs. There is a large and highly regulated activation
segment (shown in red) that is inserted between β strand 9 and the α F-Helix in the C-Lobe.
The conformation of this segment is typically regulated by phosphorylation. The activation
loop phosphorylation site for PKA, Thr197, is indicated. The second structural feature that is
unique to the EPKs is a helical bundle that includes the αG, αH and αI Helices. This serves
most often as a docking site for protein substrates and is thought to be coupled allosterically
to the active site [43]. The helix bundle is directly linked to the activation segment by a
conserved ion pair between Arg280 between the αH and αI helices and Glu208 in the
activation segment.
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Fig. 2. Architecture of the kinase core is defined by two hydrophobic spines
The two lobes of the protein kinase core are linked by two hydrophobic spines, a catalytic
spine (C-spine; yellow) there the spine is completed by the adenine ring of ATP and a
regulatory spine (R-spine; red() that is assembled in a dynamic manner, typically by
phosphorylation of the activation loop. The two spines are intact in every active kinase
whereas in inactive kinases the R-spine is broken. Examples showing how the R-spine is
assembled in an active kinase (Src:pdb1y57) and broken in an inactive kinase are shown on
the right for Src (PDB2src), Abl (PDB1Opj) and Msk (PDB1vzO).
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Fig. 3. N-terminal and C-terminal tails flank the kinase core of PKA
The conserved N and C-lobes of the PKA kinase core are shown in the center. This core is
flanked by dynamic tails that serve as both cis and trans regulatory elements. On the right is
the N-terminal tail which is myristylated at the N-terminal Glycine. On the left is the C-tail
which is a conserved feature of all AGC kinases.
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Fig. 4. Assembly of an active PKA catalytic subunit
The PKA catalytic subunit is assembled as an active kinase by the phosphorylation of two
residues, Thr197 in the activation loop and Ser338 in the C-terminal tail. The two
phosphates serve essential but different roles in the mature enzyme. The activation loop
phosphate (left) interacts with many residues and is essential for the fully active enzyme and
for stability. Ser338 is part of the loop that wraps around the N-lobe and controls the C-
Helix. The C-tail is anchored to the N-Lobe by a hydrophobic motif at the C-terminus (Phe-
X-X-Phe) that binds to the C-Helix in the N-lobe while another C-Tail motif (FDDY) is
anchored to the ATP. Both motifs as well as a phosphorylation site between the two sites is
a conserved feature of all AGC kinases. Ser338 is phosphorylated co-translationally while
the protein is still on the ribosome while the phosphate is added to Thr 197 by a trans-
phosphorylation event after the protein leaves the ribosome.
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Fig. 5. Effects of activation loop phosphorylation on the activity and structure of the PKA
catalytic subunit
Phosphorylation of the activation loop assembles the R-spine (center) while removal of the
activation loop phosphate eliminates the pre-steady state burst o catalytic activity (left) and
leads to major disorder in the structure. Specifically the activation loop becomes disordered
and the portion of the C-Tail that binds to ATP and is referred to as the active site tether is
also disordered.
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Fig. 6. Tetrameric holoenzyme structures of RIa, RIb and RIIb
The structures all reveal a twofold symmetry that was not seen in earlier structures of R:C
heterodimers; however, the symmetry is different for each holoenzyme. Although the
domain organization of each R-subunit is conserved, the quaternary structures are quite
different.
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Figure 7. Structure of the RIIb holoenzyme traps both products in the crystal lattice
The tetrameric RIIb holoenzyme is assembled as two R:C heterodimers . the dimer interface
in the holoenzyme is created by the b4-b5 loop in the CNB-A domain of the R-subunit and
the FDDY motif in the C-terminal tail of the C-subunit. The C-Tail is in a fully closed
conformation in the tetramer even though no nucleotide is present. When MgATP was
added to the crystals, the phosphate was transferred and both products, ADP and the
phosphorylated RIIb subunit including two Mg2+ ions were trapped in the crystal lattice.
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