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Abstract

The catalytic (C) subunit of PKA was the first protein kinase structure to be solved, and it
continues to serve as the prototype for the protein kinase superfamily. In contrast, by comparing
many active and inactive kinases, we developed a novel “‘spine’ concept where every active kinase
is composed of two hydrophobic spines anchored to a hydrophobic F-helix. The R-spine
(regulatory spine) is dynamically assembled, typically by activation loop phosphorylation,
whereas the C-spine (catalytic spine) is completed by the adenine ring of ATP. In the present
paper, we show how the spine concept can be applied to B-Raf, specifically to engineer a kinase-
dead pseudokinase. To achieve this, we mutated one of the C-spine residues in the N-lobe (N-
terminal lobe), Ala*®1, to phenylalanine. This mutant cannot bind ATP and is thus kinase-dead,
presumably because the phenylalanine ring fills the adenine-binding pocket. The C-spine is thus
fused. However, the A481F mutant is still capable of binding wild-type B-Raf and wild-type C-
Raf, and dimerization with a wild-type Raf leads to downstream activation of MEK [MAPK
(mitogen-activated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase] and ERK.
The mutant requires dimerization, but is independent of Ras and does not require enzymatic
activity. By distinguishing between catalytic and scaffold functions of B-Raf, we define kinases as
being bifunctional and show that, at least in some cases, the scaffold function is sufficient for
downstream signalling. Since this alanine residue is one of the most highly conserved residues in
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the kinome, we suggest that this may be a general strategy for engineering kinase-dead
pseudokinases and exploring biological functions that are independent of catalysis.
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History and evolution of protein kinases

Protein kinases represent one of the largest gene families in eukaryotic organisms [1]. They
have evolved to be dynamic molecular switches, similar to the G-proteins, and they regulate
much of biology [2]. Because of their widespread importance, dysfunctional protein kinases
are also associated with many diseases, especially cancers, where a single mutation can
create a driver of tumorigenesis. The importance of protein phosphorylation as a regulatory
mechanism was first discovered with the pioneering work of Krebs and Fischer and the
regulation of glycogen phosphorylase by phosphorylase kinase [3,4]. Glycogen
phosphorylase was the first regulatory protein kinase to be discovered and PKA (cAMP-
dependent protein kinase) was the second [5]. Protein kinase C was discovered shortly
thereafter by Nishazuka and colleagues [6,7]. With the advent of cloning, it quickly became
clear not only that that this was a large family, but also that it included kinases that could
phosphorylate tyrosine as well as serine and threonine [8-10].

On the basis of just a handful of kinases, Hanks, Quinn and Hunter [11] aligned the different
sequence motifs that were shared by a kinase core and classified them into 11 subdomains.
Our understanding of the protein kinase family made another major advance when the first
protein kinase structure was solved [12]. Our structure of the PKA catalytic subunit not only
showed the fold that would be conserved by all members of the family, but also gave
functional significance to the subdomains and to the conserved sequence motifs that mostly
clustered around the active-site cleft between two lobes: the N-lobe (N-terminal lobe) and C-
lobe (C-terminal lobe) [13]. The adenine ring of ATP is buried at the base of the cleft
between the two lobes, allowing the phosphates to extend out towards the edge of the cleft
where the substrate is docked [14]. These first structures of PKA also showed the structural
importance of the AL (activation loop) phosphate since they represented a fully active
protein kinase that was phosphorylated on the AL and locked into a closed conformation.
The subsequent structure of a ternary complex with a pseudosubstrate inhibitor peptide
provided a glimpse of what a transition state complex might look like [15].

Although these crystal structures provide a static picture of a protein kinase ternary
complex, they do not tell us about dynamics or flexibility. For this we need NMR, and
results from Veglia and colleagues [16—-19] have defined a conformational range of
dynamics that extend from a catalytically uncommitted state for the apoenzyme, to a
‘committed’ state that results when MgATP and/or peptide is added [18]. Although the
complex is more closed in the ternary complex, the backbone motions in the millisecond—
microsecond range are much more dynamic. In the presence of PKI (protein kinase
inhibitor), ATP and two Mg?* ions, the dynamic properties of the pseudosubstrate complex
are almost completely quenched.

Biochem Soc Trans. Author manuscript; available in PMC 2015 April 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Taylor et al. Page 3

Two hydrophobic spines define the core architecture of all protein kinases

Because of the widespread correlation between disease and dysfunctional protein Kinases,
the protein kinases have become major therapeutic targets, and, as a result, many protein
kinase structures have been solved by academics, by structural genomics consortia, and by
the biotechnology community. By having many kinase structures to compare (in contrast
with delving deeply into the structure and function of one protein kinase, as we have done
with PKA), we could explore common structural features in addition to just the conserved
sequence motifs. One of the most important features of these enzymes is their dynamic
regulation, which is frequently achieved by phosphorylation of the AL. By comparing active
and inactive kinases, we discovered that there is a conserved hydrophobic core architecture
that is shared by all protein kinases in addition to the conserved sequence motifs [20-22].

A fundamental feature of this core architecture is best described in terms of a ‘spine” model
where two hydrophobic spines are anchored to the long hydrophobic aF-helix which spans
the entire C-lobe. This buried hydrophobic helix is an unusual feature for a globular proteins
such as the protein kinases. Usually such a hydrophobic helix is associated with membranes.
The two spines are referred to as the C-spine (catalytic spine) and the R-spine (regulatory
spine). The C-spine is assembled by the binding of ATP where the adenine ring is lodged
between two N-lobe spine residues (Ala’® and Val®” in PKA) and one C-spine residue
(Leul’3 in PKA) from the C-lobe (Figure 1). In contrast with the C-spine, the R-spine is
typically assembled and disassembled, or at least stabilized, by phosphorylation of the AL.
A fundamental feature that emerged from the initial computational analysis of active and
inactive kinases is that the R-spine is dynamically regulated and typically broken in inactive
kinases. Phosphorylation of the AL stabilizes the R-spine and prevents its ‘melting’ back
into the inactive conformation, which tends to be more stable. This leaves most kinases also
sensitive to nearby phosphatases which in part explains why the kinases function as such
powerful and dynamically regulated ‘molecular switches’.

Pseudokinases versus active kinases

An analysis of the initial kKinome revealed a curious thing. In addition to the conventional
kinases, which shared all of the essential catalytic residues, approximately 10% of the
kinome were found to be missing an essential catalytic residue [23-26]. These were referred
to as ‘pseudokinases’ and were predicted to be devoid of catalytic activity. However, this
prediction proved to be incorrect when the structure of WNKZ1 (with no lysine kinase 1) was
solved [27,28]. This kinase lacked the highly conserved lysine residue in f-strand 3 which
binds to the a- and #-phosphates of ATP and to the conserved glutamate residue in the aC-
helix. The structure showed that WNK1 had evolved a novel mechanism whereby another
basic amino acid filled the same space as the catalytic lysine residue and apparently can
carry out the same function. It was thus a fully active kinase, even though it lacked an
essential residue. Another interesting kinase that was predicted initially to be a pseudokinase
was CASK (Ca?*/calmodulin-activated serine kinase) because it lacked both the residues
that bind to the Mg2* ions that position the ATP phosphates (Asp18° in the DFG motif and
Asnl’L in the catalytic loop, using PKA nomenclature). However, it was later demonstrated
that CASK could transfer the y~phosphate from ATP to a protein substrate, neurexin, in an
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Mg?2*-independent manner [24,29]. This is not necessarily true for other pseudokinases. In
some cases such as VRK3 (vaccinia-related kinase 3) (Figure 2) the kinase is completely
dead because a hydrophobic side chain fills the space that is usually occupied by the adenine
ring of ATP [25,30].

Functional properties of the pseudokinases

Although classified as pseudokinases because they lack critical catalytic residues, increasing
numbers of pseudokinases such as KSR (kinase suppressor of Ras) and HER3 (human
epidermal growth factor receptor 3) have been shown to retain some residual kinase activity
[31,32]. Whether this level of kinase activity is important for their function, however, is
controversial. Mutations in catalytic residues in general do not impair ATP binding. For
example, kinases that lack the Lys’2, Asp166 or Asp184 equivalents can still bind ATP with
an affinity similar to that of the wild-type protein, but cannot correctly position the -
phosphate for efficient transfer to a substrate [33]. In the case of CASK or KSR, this low
level of kinase activity may be sufficient for phosphotransfer to a very specific substrate that
is co-localized in close proximity to the kinase. In other cases, the binding of ATP alone
may be important or sufficient to convey a functional property to the kinase even if transfer
of the phosphate is not essential. One has only to look at small G-proteins to appreciate how
ATP or GTP binding is sufficient to mediate a biological response [34]. This suggests that
some pseudokinases may function as switches using ATP binding (or ATP hydrolysis) to
oscillate between an active and inactive conformations, but may not have to actually transfer
the phosphate to a protein substrate.

How do we then establish whether a true kinase-dead pseudokinase can still mediate a
biological response? An important function is indicated when knocking out the gene gives a
biological phenotype. A chemical validation would require strategies that would fix the
pseudokinase in either the active or inactive conformation and comparing their functions.
This function may not be restricted to pseudokinases and could also be part of the function
of traditional kinases. Are, in fact, all kinases bifunctional? To address this, we turn to the
Rafs.

Raf activation

In humans and other higher eukaryotes, there are three Raf homologues: A-Raf, B-Raf and
C-Raf. Epistasis screens in fruitflies and nematodes identified KSR1 and KSR2 as proteins
highly similar to the Raf family members and part of the pathway, either in a position that is
parallel to or upstream of Raf. For many years, it was assumed that KSR was a pseudokinase
because it lacked the equivalent of Lys’2, although Lys’? is present in KSRs from lower
eukaryotes such as Drosophila [35-37].

The process for activation of B-Raf and C-Raf in cells is complex and highly regulated by a
series of events, some of which are dependent on catalytic activity and others which are not.
Basically, B-Raf and C-Raf are maintained in an inactive state by interactions of the NTD
(N-terminal domain) with the kinase domain [38,39]. This probably represents the most
stable state of B-Raf and C-Raf, although no structures are available of a full-length kinase.
Activation is transient and dynamic. The first step is the binding of Ras-GTP to the NTD.
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This releases the kinase domain rendering it much more dynamic. What follows next is
dimerization with another Raf, which then leads to autophosphorylation of the AL. This
‘scaffold’ function of the Rafs has been well documented in crystal structures [40]. Whereas
dimerization alone seems able to induce the active conformation and the assembly of the R-
spine, the spine is subsequently stabilized by phosphorylation of the AL, which then
supposedly leads to the release of the active kinase (Figure 3). This process is reversible due
to phosphatases, which remove the phosphates from the AL. This mechanism for activation
of Raf, coupled with inactivation by phosphatases, which are localized in close proximity to
the kinase and typically constitutively active, creates a highly dynamic ‘molecular switch’.

Discriminating between the catalytic and scaffold functions of the Raf

family members

To discriminate between the scaffold and catalytic functions of the Raf homologues, we
developed a new strategy that was based on the C-spine residues. Ala’® in PKA is a C-spine
residue that sits on top of the adenine ring of ATP. This alanine is one of the most highly
conserved residues in the kinase core. Could we abolish ATP binding by replacing this
residue with a large hydrophobic residue? To test this hypothesis, we replaced the alanine
equivalent in B-Raf (Ala%®1) with a series of hydrophobic residues. Replacing it with a large
hydrophobic residue such as isoleucine or methionine did not abolish ATP binding, but
replacing it with phenylalanine was sufficient to abolish ATP binding [41]. We then
replaced the equivalent alanine residue in C-Raf and KSR with phenylalanine, and in each
case the mutant protein could no longer bind to ATP. All three were thus catalytically ‘dead’
(Figure 2).

To determine whether this kinase-dead form of B-Raf was still capable of activating
downstream signalling in cells, we expressed the mutant in HEK (human embryonic
kidney)-293 cells. The B-Raf(A418F) mutant, although no longer able to bind ATP, was
able to activate downstream ERK (extracellular-signal-regulated kinase) in a Ras-
independent manner. To determine whether dimerization was still required for downstream
activation by the dead B-Raf, we replaced Arg®%? at the dimer interface with histidine, a
mutation that is known to reduce dimerization [40]. This double mutant was no longer able
to active MEK [MAPK (mitogen-activated protein kinase)/ERK kinase] and ERK. Thus, by
engineering a kinase-dead version of B-Raf, we demonstrated that it is perfectly capable of
activating wild-type C-Raf or wild-type B-Raf. The mutation thus short-circuits the first part
of the activation process (Figure 3). Once the dead mutant forms a dimer with a wild-type
Raf, it can lead to the activation of the wild-type Raf. It is a stable scaffold that lacks kinase
activity.

Dynamic bifunctional molecular switches

In 2006, we first identified the hydrophobic R-spine as a conserved feature of every active
protein kinase and hypothesized that it would be a driving force for kinase activation [20].
The subsequent description of the C-spine that, along with the R-spine, is anchored to the
hydrophobic F-helix, defined a new conceptual way to look at protein kinases. This
hydrophobic core hypothesis has subsequently been validated as a new framework for
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understanding protein kinase activation, drug design and drug resistance [42-44]. Assembly
of the R-spine is the driving force for the molecular switch mechanism that defines this
enzyme family. Our subsequent work with B-Raf allowed us to create a kinase-dead protein
that was still capable of functioning as an activator of downstream MEK and ERK. This
strategy provides a general tool for creating a catalytically dead kinase that is still correctly
folded and capable of serving as a scaffold or as an allosteric activator. It is a strategy that
can be used, in principle, to analyse any kinase, but, in particular, the pseudokinases where
activity may be compromised. In some cases, the actual transfer of the phosphate may be
required for function, whereas in others such as VRKS3, the ‘scaffold’ function is sufficient.
We must now therefore consider all kinases as bifunctional molecular switches. By
modifying critical C-spine residues that appear to be capable of ‘fusing’ the C-spine, we
provide a strategy for resolving this question.
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AL activation loop
CASK Ca?*/calmodulin-activated serine kinase
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ERK extracellular-signal-regulated kinase
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R-spine regulatory spine
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C-spine Respine
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Figure 1. Internal hydrophobic core architecture defines every active kinase
On the left, using PKA as a prototype, we show the overall hydrophobic core that consists of

two hydrophobic spines that are anchored to the F-helix. The core architecture, highlighted
in the centre panel, shows the R-spine in red and the C-spine in yellow. The R-spine is
dynamically assembled, whereas the C-spine is completed by the binding of ATP. The right-
hand panel shows how the adenine ring is sandwiched between Ala’® (in Astrand 3) and
Val®7 (in #strand 2) on the top and Leul”3 on the bottom. WT, wild-type
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Figure 2. Mechanism for ‘fusing’ the C-spine
Two elements of the endogenous C-spine are fused by the adenine ring of ATP (left). We

predict that the phenylalanine side chain in the A70F mutant will fill in the adenine-binding
pocket (centre). In VRK3, several residues (Leul®0, Ser201 and Leu252) fill in the adenine-
binding pocket making it unable to bind ATP. Leul80 and Ser2%! are equivalent to Val®” and
Ala’0 respectively in PKA, whereas Leu?%2 corresponds to Val'23 from the hinge.
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Figure 3. The A70F mutation short-circuits the activation mechanism for B-Raf
The general steps of the activation process are summarized on the top. Mutating Ala*8! to

phenylalanine creates a dead kinase that short-circuits part of the activation process, but can
still dimerize and lead to downstream activation of ERK.
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