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AGC kinases, including the three Akt (protein kinase B)
isoforms, protein kinase A (PKA) and all protein kinase C (PKC)
isoforms, require activation loop phosphorylation (threonine
308 in Akt1) as well as phosphorylation of a C-terminal residue
(serine 473 in Akt1) for catalytic activity and phosphorylation
of downstream targets. Conversely, phosphatases reverse
these phosphorylations. Virtually all cellular processes are
affected by AGC kinases, a circumstance that has led to
intense scrutiny of the molecular mechanisms that regulate
phosphorylation of these kinases. Here, we review a new layer
of control of phosphorylation in Akt, PKA and PKC pointing
to ATP binding pocket occupancy as a means to decelerate
dephosphorylation of these and, potentially, other kinases.
This additional level of kinase regulation opens the door to
search for new functional motifs for the rational design of non-
ATP-competitive kinase inhibitors that discriminate within and
between protein kinase families.

Introduction

Protein kinases modify protein function by attaching phosphate
groups to specific amino acids. They have been implicated in
affecting many aspects of metabolism and cell fate and play key
roles in the pathogenesis of human diseases, including meta-
bolic disorders, degenerative diseases and cancer. The human
“kinome” of 518 protein kinases has been broadly divided into
nine functional groups. Among the best known kinase families
are tyrosine kinases (TK) and serine/threonine protein kinases,
including map kinases, Ca?**/calmodulin-dependent protein
kinases (CaMK) and the AGC kinases.!

Members of AGC kinases, including protein kinase A (PKA),
Akt/Protein kinase B, protein kinase C (PKC) and protein
kinase G (PKG) represent vital molecular sensors and signal-
ing intermediaries that coordinate cellular responses to signals
emanating from the intracellular milieu and the extracellular
environment. For example, cellular calcium activates protein
kinase C; intracellular levels of cyclic AMP and cyclic GMP
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activate protein kinase A (PKA) and protein kinase G (PKG),
respectively. In addition, membrane-bound second messengers,
i.e., diacylglycerol and D3-phosphorylated phosphatidylinosites,
activate protein kinase C kinases and Akt/PKB kinases, respec-
tively. In consideration of the importance of AGC protein kinases
in regulating cell fate, the molecular mechanisms that control the
phosphorylation of these kinases have been studied extensively.

Akt Kinase Allosteric Conformations Regulate Akt
Activation Loop Phosphorylation

Most of this previous work focused on molecular mechanisms
controlling kinase activation. Analyses of the X-ray crystallog-
raphy structures of PKA provided critical insights into dynamic
changes in the structure of the kinase domain of AGC kinases
associated with their activation.??® In general terms, the catalytic
subunits of protein kinases are defined by two lobes, a smaller
N-terminal lobe and a larger C-terminal lobe (Fig. 1A). These
two lobes border a deep cleft that contains both the ATP/Mg?**
acceptor site and a groove that accommodates binding of the
kinase substrate(s). In many kinases, access of ATP and sub-
strate to the active site cleft is controlled by the “activation” loop,
which, by way of phosphorylation, undergoes marked confor-
mational changes.’ In the unphosphorylated state, the activation
loop is typically disordered and serves to sterically hinder access
of both nucleotide and substrate to the catalytic cleft. Upon
phosphorylation, it moves away from the catalytic center and
adopts a conformation that allows ATP and substrate binding,
and results in a “closed” conformation of the N- and C-lobes.
Activation loop phosphorylations of Aktl, PKA and PKCu occur
at threonine 308, threonine 197 and threonine 403, respectively
(Fig. 1B).%7

Phosphorylation of the Akt/PKB activation loop is further
constrained by close apposition of the N-terminal pleckstrin
homology (PH) domain concealing threonine 308.%° This con-
straint is relieved by membrane translocation and binding to
PtdIns(3,4,5)P, lipids which unmask the unphosphorylated acti-
vation loop (threonine 308 in Aktl). Thus, the transition of the
inactive Akt kinase to the active conformation requires at least
two sequential steps affecting the PH domain first and the acti-
vation loop second. Of note, the active conformation adopted
by Ake kinase is homologous not only to that of the other AGC
kinases, but also to other protein kinase groups, including map
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Figure 1. Comparison of ATP-regulated phosphatase resistant structures of AGC kinases. (A) Superposi-
tion of Akt2-Mn-AMPPNP-Gsk3 structure (color green, PDB code: 106k?), PKA-Mn-ATP-PKI structure
(color brown, PDB code: 1cdk®') and PKC-1-ATP (color blue, PDB code: 3a8w*). For clarity, only AMPPNP/
Mn?* and pThr from the To6k structure are shown. (B) Structural representation of the protected activa-
tion loop conformation in the presence of ATP in the three AGC kinases. Under these conditions, the
phosphorylated activation loop shown is further stabilized by histidine (H194 in Akt1, H87 in PKA and
not conserved in PKC) and arginine (R273 in Akt1, R165 in PKA, R368 in PKC-1). The structure is modeled
on active human Akt2 crystal structures bound to ATP analog AMPPNP and Mn?* (PDB 106k). However,

consistently more stable in the
ATP-bound state than in the ADP-
bound state (Fig. 2). These observa-
tions suggested that conformational
change in the histidine 194/phos-
pho-threonine 308 interaction upon
ATP  hydrolysis directly contrib-
utes to greater solvent exposure of
the phosphorylated threonine 308
and, consequently, less protec-
tion of dephosphorylation by ADP.
Experimental  hydrogen-deuterium
exchange studies of PKA have also
shown that nucleotide binding dra-
matically affects the conformational
dynamics of the C-helix and other
regions outside of the binding site."?
In this context, the results from MD
simulations suggest that occupancy

ATP and Mn?*" and corresponding Akt1 amino acid residues are indicated for clarity.

of the ATP-binding pocket of Akt

kinases, Ca?*/calmodulin-dependent protein kinases and tyro-
sine kinases.>®

Intra-Molecular Regulation of Akt Activation Loop
Dephosphorylation by ATP Binding

Very recently, a novel control mechanism has come to light that
targets activation loop phosphorylation at Akt threonine 308.°
In contrast to the mechanisms discussed above, this mechanism
controls dephosphorylation of the activation loop by the type 2
phosphatase (PP2A). Biochemical studies and molecular mod-
eling indicated that occupancy of the Akt nucleotide-binding
pocket by ATP markedly decelerated Akt dephosphorylation.
This phenomenon was observed in cells and, importantly, was
replicated in vitro using a cell-free dephosphorylation assay
using purified PP2A and Akt proteins. It became apparent that
not only ATP, but also ATP analogs, including non-hydrolys-
able ATP-yS and ATP-competitive Akt inhibitors (A-443654
and GSK690693), similarly inhibited Akt dephosphorylation.
Interestingly, ATP and several ATP “mimics” not only deceler-
ated Aktl dephosphorylation on threonine 308, but also on ser-
ine 473. Analysis of the three-dimensional (3D) structures of Akt
bound to either ATP or A-443654 ©'" further suggested that this
conformation is enabled by direct interaction of phosphorylated
threonine 308, with at least two other residues (histidine 194 and
arginine 273) of the ATP binding pocket (Fig. 1B). Mutational
analysis confirmed that arginine 273 (arginine 274 in Ake2) and
histidine 194 in Aktl were required to inhibit threonine 308
dephosphorylation.

The product of ATP hydrolysis, ADP and the ADP-BS ana-
log, were markedly less effective in blocking dephosphorylation.®
All-atom molecular modeling and molecular dynamics (MD)
simulations of ATP vs. ADP binding in Akt kinase revealed

that the histidine 194/phospho-threonine 308 interaction is
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kinases stabilizes a “closed” con-
formational state of the Akt kinase
domain that restricts phosphatase access to threonine 308 (and
serine 473), thereby sustaining Akt phosphorylation. The pos-
sibility that ATP-bound states may exhibit less conformational
flexibility than ADP-bound states should not be surprising in the
context of known conformational changes in the catalytic cycle
of the enzyme. The first conformational change after AT bind-
ing is presumed to orient AT and active site residues for catalysis
(into a more rigid conformational state), while the second confor-
mational change after catalysis presumably relaxes this complex
(into a slightly less rigid conformational state) that allows release
of product, ADP and bound Mg**.!>!4

A Mechanistic Explanation for “Paradoxical”
Akt Hyperphosphorylation

Pharmacological inhibition of Akt activity with certain ATP-
competitive inhibitors (A-443654 and GSK690693) is accompa-
nied by robust “paradoxical” hyperphosphorylation of the Akt
activation loop (threonine 308) in different tumor cells and in
animals.”"® Inhibitor-induced Akt hyperphosphorylation occurs
while Akt substrate phosphorylation is inhibited and, thus, was
initially thought to represent a homeostatic feedback mechanism
to compensate for Akt signal loss.” However, this view was chal-
lenged by several subsequent studies. First, directly inhibiting the
Akt targets TSC1/2-mTORCI-S6K failed to inhibit Akt hyper-
phosphorylation by A443654.° Second, cell-based chemical
genetic studies demonstrated that binding of synthetic chemicals
to the ATP binding site can induce Akt hyperphosphorylation.”
However, prior work did not illuminate the mechanism of drug-
induced hyperphosphorylation. By use of the in vitro reconstitu-
tion assay, we unequivocally show that occupancy of the ATP
binding site by the ATP competitors A-443654 and GSK690693
restrains phosphatase access to threonine 308 of Aktl (T. Chan
unpublished data and ref. 10). Dephosphorylation resistance
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provides a simple intra-molecular mechanism for the Akt hyper-
phosphorylation induced by ATP competitive inhibitors.

ATP Binding Inhibits Dephosphorylation
of the PKA and PKC Activation Loops

Analysis of the three-dimensional (3D) structures of phosphory-
lated activation loop of Akt, PKA and PKC-tv when bound to
ATP analogs (Fig. 1A; PDB 106k, lcdk and 3a8w, respectively)
shows that these activation loops are in almost identical protected
conformations through direct contact with a conserved arginine
(Fig. 1B).>? Interestingly, the contacting histidine is conserved
in Akt and PKA but not in PKC. However, in contrast to Akt/
PKB, phosphorylation of PKA and PKC activation loops occurs
during the synthesis of the enzymes, not during kinase activa-
tion.”**? The pre-activation loop phosphorylated or “primed”
PKA and PKC kinases are folded into larger inactive structures.
Phosphorylation events outside the activation loop or binding
to second messengers, such as cAMP, diacylglycerol or calcium
unleashes the catalytic activities of “primed” PKA and PKC
enzymes.

While the mechanisms of kinase activation may differ
between Akt/PKB and PKA or PKC, regulation of activation
loop dephopsphorylation appears to be a shared mechanism
between these three AGC kinases. In support of this notion,
Taylor and colleagues observed that the activation loop (T197)
of PKA resists dephosphorylation by the highly active lambda
protein phosphatase in vitro.?? Furthermore, mutating the highly
conserved cysteine (C199) near the activation loop enhanced
dephosphorylation by phosphatases. Similarly, Srivastava and
colleagues showed that binding of ATP/Mg?** to PKC protected
the enzyme from dephosphorylation by PP2A in vitro.** Finally,
Parker and colleagues used chemical genetics to show that bind-
ing of synthetic chemicals to PKCe nucleotide pocket alone is
sufficient to induce phosphorylation of three “priming” sites in
PKCe, the activation loop (T556), the turn motif (T710) and the
hydrophobic motif (§729).%

Thus, in all three AGC kinases (PKA, PKB and PKC),
occupancy of the nucleotide-binding pocket by ATP or ATP-
competitive inhibitors induces activation loop hyperphosphory-
lation in cells by inhibiting phosphatase access to the activation
loop, rather than by autophosphorylation or by an extrinsic
feedback loop. Intriguingly, modifying cysteine residues of
PKA in vivo by the alkylation agent N-ethylmaleimide (NEM)
enhances activation loop dephosphorylation of both PKA and
PKC.? This finding opens a perspective on dephosphorylation
kinetics controlled by ATP loading as they relate to metabolic
states of cells.

Conclusion

Phosphorylation of the highly conserved activation loop in AGC
kinases is widely accepted as a necessary step in the transition of
protein kinases to the catalytically active “on” conformation and
ATP loading. Based on the results described here, steady-state
phosphorylation of the activation loop may be further regulated
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Figure 2. Destabilization of intra-molecular protection of the phos-
phorylated Akt activation loop by ATP hydrolysis as suggested by
molecular dynamics simulation. (A) ATP complexes with Mn?*" ions were
modeled into the crystal structure of Akt kinase bound to AMP-PNP
(106k). H194 and pT308 interactions were measured as 2 A (green line)
by the distance of a hydrogen bond from the E2 hydrogen to the phos-
phate oxygen. (B) Molecular dynamics simulation of H194 and pT308
interaction distance (green line) after 10 ps in ATP-bound Akt kinase.
The first 1 ps of the simulation was for equilibration, and the ensemble
average distance was calculated over 1-10 ps. (C) After hydrolysis of ATP
to ADP, MD simulation shows that H194 and pT308 interaction distance

(green line) increases by 3-fold after 10 ps.
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by an intra-molecular mechanism that controls dephosphoryla-
tion kinetics of the activation loop in AGC kinases.

Since both nucleotide binding pockets and activation loops
of kinases are highly conserved, it seems possible that occu-
pancy of the nucleotide-binding pocket protects the activation
loop from dephosphorylation in other kinase groups and fami-
lies. For example, inhibitors of Map2k (MEK) have been found
to induce activation loop hyperphosphorylation.?*?8 At first
approximation, the effects of MEK inhibitors seem to be distinct
from inhibitor-induced hyperphosphorylation in AGC kinases,
because these inhibitors (U0126, PD098059, PD184161, CI'1040
and AZD6244) are considered allosteric and non-ATP-compet-
itive.?*#® As in the case of Akt, drug-induced hyperphosphory-
lation of MEK kinases is thought to represent a homeostatic
feedback mechanism to compensate for signal loss.”” However, the
MEK inhibitors listed, above all, bind to a hydrophobic pocket
adjacent to the ATP binding site®® that is similar to the space
occupied by y-phosphate/Mg?* in Akt and critical for ATP to
support the phosphatase-resistant conformation. The importance
of ATP y-phosphate/Mg?* in regulating Aktl dephosphorylation
is further supported by the findings that ADP does not protect
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against dephosphorylation, and intra-molecular interactions of
the phosphorylated activation loop were more stable in the ATP-
bound state than in the ADP-bound state (Fig. 2)."° However, all
Mek1/Mek2 crystal structures available to date have been gener-

ated without activation loop phosphorylation.?®3!

ity that allosteric control of phosphatase access to activation loop
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