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Abstract
Membranes are sites of intense signaling activity within the cell, serving as dynamic scaffolds for
the recruitment of signaling molecules and their substrates. The specific and reversible localization
of these signaling molecules to membranes is critical for the appropriate activation of downstream
signaling pathways. Phospholipid-binding domains, including C1, C2, PH, and PX domains, play
critical roles in the membrane targeting of protein kinases. Recent structural studies have
identified a new membrane association domain, the Kinase Associated 1 (KA1) domain, which
targets a number of yeast and mammalian protein kinases to membranes containing acidic
phospholipids. Despite an abundance of localization studies on lipid-binding proteins and
structural studies of the isolated lipid-binding domains, the question of how membrane binding is
coupled to the activation of the kinase catalytic domain has been virtually untouched. Recently,
structural studies on protein kinase C (PKC) have provided some of the first structural insights
into the allosteric regulation of protein kinases by lipid second messengers.

Introduction
Lipid turnover within membranes directs both signal transduction and membrane trafficking
in cells. The initial targeting event is dependent on the binding of lipids to protein domains.
54 of the 518 human protein kinases contain one or more known lipid-binding modules,
highlighting the importance of lipids in regulating the action of protein kinases. The
mechanisms for lipid-stimulated subcellular translocation, which typically entail the binding
of the newly generated lipid to a particular structural domain of the kinase, are well
understood in many cases. However, the mechanism of enzymatic activation of protein
kinases is equally important, yet it has been more challenging to address experimentally and
answers have come more slowly. The allosteric regulation of protein kinases by other
proteins, soluble small molecules, and phosphorylation has been elucidated structurally for a
growing number of examples [1,2]. Only now, in contrast, are examples of allosteric
regulation of protein kinases by lipids coming to be understood at the structural level. In this
review, we examine how membrane-embedded lipids both target and activate protein
kinases, with a strong emphasis on the latter.
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Protein kinases that translocate to membranes via lipid-binding domains
At least six discrete membrane interacting domains occur in mammalian protein kinases.
These include the C1, C2, FERM, PH, and PX domains [3] with the recent addition of the
KA1 domain [4]. Examples can be found of protein kinases lacking canonical lipid-binding
domains that are nevertheless activated by lipids [5]. This review will focus, however, on
those protein kinases that contain discrete, conserved lipid binding domains. The majority of
serine/threonine kinases containing lipid-binding modules belong to the AGC (protein
kinases A, G, and C) branch of the kinome [6,7]. AGC kinases have in common a C-
terminal extension that wraps around the N-lobe of the catalytic domain, regulates the
structure of the N-lobe, and so regulates activity. As described below, the C-terminal
extension is critically important in coupling activation and lipid binding. Members of the
Ca2+/calmodulin [6,8] and tyrosine kinase-like (TKL) kinase families [9] also contain
membrane interaction domains. Two subfamilies of tyrosine kinases, BTK and FAK,
contain lipid-binding domains (Figure 1).

Mechanism of lipid activation of a conventional PKC
The protein kinase C (PKC) isozymes have been by far the best-studied paradigm of an
enzyme family that is both relocalized and enzymatically activated by lipid signals [6,10].
Hydrolysis of phosphatidylinositol-(4,5)-bisphosphate (PIP2) by phospholipase C (PLC)
generates the classic lipid second messenger, diacylglycerol (DAG), and inositol-1,4,5-
trisphosphate (IP3). IP3 stimulates the release of calcium from intracellular stores.
Conventional PKCs, which contain a calcium- and phospholipid- binding C2 domain, are
recruited to the membrane, where Ca2+ ions bridge the C2 domain to phosphatidylserine
(PS). Once at the membrane, PKC is activated by binding to DAG via its C1 domains [10–
14]. Biochemical [15] and imaging [16] studies on PKC have illustrated how multiple lipid
binding modules can cooperate to drive stable membrane localization. In a general sense,
binding of DAG provides the energy for displacement of the autoinhibitory pseudosubstrate
from the catalytic cleft, therefore activating the kinase [17]. What has remained to be
understood have been the molecular details whereby DAG binding to the C1 domain triggers
activation.

The C1-DAG-membrane interaction is at the heart of PKC activation by DAG. C1 domains
contain a rim of hydrophobic residues surrounding the DAG binding cleft. These residues
mediate insertion into the lipid bilayer. Stable insertion in the membrane requires occupancy
of the DAG binding cleft, while high-affinity binding to DAG occurs only in the context of
membrane penetration and bulk hydrophobic interactions with the rim. The hydrophobic rim
of the C1 domain is critical for the allosteric regulation of the proteins that contain it. C1
domains can form interdomain interactions in the inactive state via hydrophobic interactions
with the rim. For example, in the C1-containing RacGAP protein β2-chimaerin, the
hydrophobic rim is almost completely buried in interdomain contacts that stabilize the
closed, inactive state of the enzyme [18].

The crystal structure of full-length PKCβII in a partially activated state showed that
activation of the kinase by DAG goes through two stages [19]. Highresolution data is still
unavailable for the first stage in activation. The general picture is that the membrane and
DAG compete with an intramolecular site on the N-lobe of the kinase for binding to the
C1A domain. The C1A domain is very near the pseudosubstrate region. In the current view,
membrane binding by the C1A hydrophobic rim is sterically incompatible with the presence
of the pseudosubstrate in the active site. Thus DAG and membrane binding to the C1A
forces the pseudosubstrate out of the active site, allowing access to substrates. A
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crystallographic structure of the completely autoinhibited conformation of a PKC with the
pseudosubstrate and C1A domain in place is still an important missing piece of the puzzle.

Pseudosubstrate release is not the end of the activation story. The C1B domain and the
catalytic domain form an extensive interface involving its hydrophobic rim, a state that can
persist even when the C1A is displaced. Residues in the tail segment of the PKC catalytic
domain sequester the DAG binding cleft of the C1B domain in the absence of lipid binding
(Figure 2A). DAG binding triggers displacement of the tail segment from the C1B cleft, and
the subsequent conformational change in the C-terminal segment of the kinase domain
results in the insertion of the conserved NFD motif Phe side-chain into the nucleotide-
binding site (Figure 2B). The Phe side chain interacts with the adenine moiety of ATP,
stabilizing its binding and contributing a factor of ~50 to catalytic efficiency. Thus full
activation of the conventional PKC isozymes (and probably the novel isozymes) that contain
two C1 domains requires engagement of both of the C1 domains with the membrane, each
contributing to activation in distinct ways (Figure 2C–D).

Other C1 domain-containing kinases
Raf and KSR

Kinase suppressor of Ras (KSR) is a ceramide-activated protein kinase [20] that contains a
C1 domain homologous to the C1 domain of PKCζ. Ceramide activates KSR1 to
autophosphorylate and transactivate RAF1. RAF1, like KSR1, contains a ceramide-binding
C1 domain, which is necessary for its activation. The C1 domain of KSR1 mediates its
translocation to ceramide-containing membranes [21]. While recent work has made progress
towards understanding the allosteric activation of the RAF1 kinase domain through a side-
to-side homodimer or heterodimer with KSR1 [22], less is known about the molecular
mechanism whereby ceramide activates RAF1/KSR1. The C1 domain-containing regulatory
region of RAF1 inhibits kinase activity via an intramolecular interaction with the kinase
domain [23]. Mutations in the C1 domain activate RAF1 by relieving an autoinhibitory
interaction with the kinase domain. It is tempting to imagine that RAF1/KSR1 may be
regulated by ceramide binding in a manner analogous to that by which PKCβII is activated
by DAG. There must be many differences in detail, however, since RAF1 and KSR1 contain
only one C1 domain, and are lacking an obvious counterpart to the NFD motif of the PKCs.
B-RAF is the most frequently mutated oncogene in the kinase superfamily and more than
160 kinases are associated with human diseases; all nine clinically approved, intracellularly
active, kinase inhibitors target the ATP-binding site, so pharmacological studies would
benefit from more full-length structures in inactive conformations.

Rho kinases
Rho kinases contain a split PH domain into which a C1 domain is inserted [24]. Rho kinases
associate with the membrane via this PH-C1 module in a manner that is dependent on the
presence of both. The PH-C1 unit binds to 3’-phosphoinositides, though the contributions of
the individual PH and C1 domains to lipid binding remain to be dissected. The split PH-C1
domain of the Rho kinases, like the C1B domain of PKCβII, couples specific lipid binding
to kinase activity. The C-terminal regulatory region suppresses kinase activity by
sequestering the N-terminal kinase domain in an intramolecular interaction. Membrane
binding, activation by RhoA [25], or in vivo caspase-mediated cleavage of the C-terminal
domains [26] relieves the inhibitory intramolecular interactions, thereby activating the
kinase. This mechanism seems to parallel the C1A-dependent activation step of PKC. It will
be interesting to see if more subtle mechanisms, analogous perhaps to the C1B-dependent
unclamping of the AGC extension, are operative amongst the Rho kinases.
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PH domain-containing serine/threonine kinases
Protein kinase B (PKB/Akt) is an AGC kinase with a N-terminal PIP3-binding PH domain.
The PI 3-kinase pathway, in which PKB is a critical effector, is the most commonly
dysregulated pathway in human cancers. The PH domain of PKB is involved in both
membrane targeting and allosteric activation of the kinase. Very recently a crystal structure
of full-length PKB was determined, in the presence of the inhibitor compound VIII [27].
The structure is in the “PH-in” conformation [28]. The PH domain binds across the catalytic
cleft, contacting both the N- and C-lobes of the kinase and directly blocking substrate access
to the active site. Direct interactions between the PH and kinase domains are extensive.
These interactions are further stabilized by bridging interactions with compound VIII, which
is wedged between the domains and seems to act as a sort of molecular glue. The exposed
side chain of Trp80 of the PH domain plays a role loosely analogous to the hydrophobic rim
of the C1 domains of the PKCs, forming contacts with both the inhibitor and hydrophobic
residues of the N-lobe of the kinase. The PH domain seems to be playing a role closer to that
of the pseudosubstrate-C1A portion of PKC, as opposed to the C1B-NFD motif nexus.
Indeed, the AGC extension is disordered in this structure. The main open question
concerning this structure and PKB activation by lipids is to what extent compound VIII has
trapped a normal inactive conformation as opposed to inducing a conformation that is off of
the normal activation pathway.

The AGC kinase G-protein coupled receptor kinase 2 (GRK2) contains a single PH domain
that targets it to membranes. The structure of GRK2 in complex with Gβγ shows that the PH
domain forms extensive intramolecular interfaces with both the regulator of G-protein
signaling (RGS) domain and with the Gβγ subunit [29]. An extension of the C-terminal tail
of the kinase domain acts as an essential scaffold for the RGS and PH domains. Mutation of
the interface between the PH and RGS domains leads to a deficiency in phospholipid-
mediated activation of GRK2, suggesting that allosteric communication occurs between the
PH, RGS, and kinase domains. While it is known that Gβγ binding to the PH domain (which
serves as a model for Gβγ binding to other PH domain-containing effector proteins such as
PLCβ) enhances phospholipid binding, more focused analysis of the mechanism by which
phospholipid binding is coupled to kinase activation would be helpful.

PH domain-containing tyrosine kinases
Tec family tyrosine kinases contain a N-terminal PH domain essential for signaling.
Engagement of the B-cell receptor (BCR) by antigen activates phosphatidylinositol-3-kinase
(PI3K), leading to the accumulation of phosphatidylinositol-3,4,5-trisphosphate (PIP3) in the
inner leaflet of the plasma membrane. PIP3 binding by the PH domain mediates the
recruitment of Bruton’s tyrosine kinase (Btk) to the membrane, where it controls critical B-
cell proliferation and survival pathways [30]. Mutation of Arg 29, a key residue in PIP3
binding, results in X-linked agammaglobulinaemia (XLA). Charge-switching mutations in
Glu 41 and Asp 43 result in a gain-of-function in Btk, leading to increased membrane
targeting and robust transforming activity in vitro, though mutations at these sites have not
been associated with disease. It has been proposed that additional electrostatic interactions
with anionic phospholipids may explain this effect, though similar charge-switching
mutations in the vicinity of Glu 41 and Asp 43 do not differ markedly from wild-type Btk.
In the absence of a structure of a full-length Tec tyrosine kinase, such as Btk, it is not
possible to conclusively say whether such mutations affect membrane binding directly, or
whether they allosterically activate the kinase by destabilizing an intramolecular interface
between the PH domain and the rest of the protein. Structures of the PH domain suggest that
it may mediate dimerization of Btk at the membrane, though Btk is monomeric in solution.
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The lipid-specific recruitment of Btk to the membrane might be allosterically coupled to Btk
activation through PH domain-mediated dimerization.

PX domain-containing kinases
Serum and glucocorticoid kinase 3 (SGK3) is one of three known PX domain-containing
kinases. Like the PH domain of Akt, the PX domain of SGK3 is N-terminal to the kinase
domain, and both Akt and SGK3 contain the canonical AGC kinase C-terminal tail. The PX
domain of SGK3 binds preferentially to phosphatidylinositol-3-phosphate (PI3P) and targets
it to endosomes [31]. A functional PX domain is required for PDK1-dependent activation
loop phosphorylation and activation of SGK3. Replacement of the hydrophobic motif of
SGK3 with that of PKC-related kinase 2 (PRK2) generates a constitutively active enzyme;
in contrast to wild type SGK3, activation loop phosphorylation of this chimeric protein is
independent of its PX-domain. PX domain-mediated dimerization of SGK3 may stabilize
the interaction between SGK3 and the membrane in a multivalent manner, analogous to PH
domain-mediated dimerization of Btk at the membrane [32]. Minimally, PI3P binding by the
PX domain is required for activation loop phosphorylation of SGK3, though whether there is
an additional allosteric effect from displacement of the PX domain from intramolecular
contacts with the kinase domain is not known.

FERM domain-containing tyrosine kinases
Binding of acidic phospholipids to the FERM domain is required for the activation of focal
adhesion kinase (FAK). FAK is maintained in an autoinhibited state by steric occlusion of
the catalytic cleft with the FERM domain [33]. Mutation of this interface results in a
constitutively active kinase. Recently, it has been demonstrated that the FERM domain
mediates the interaction of FAK with PIP2-containing membranes [34]. PIP2 binding is a
feature of the proteins ezrin, radixin, and moesin, but the mode of binding differs to that of
FAK. In radixin, the PIP2 headgroup is bound in a basic pocket between the F1 and F3
subdomains of the FERM domain, whereas FAK lacks this basic pocket. Despite similarity
of the F3 subdomain to the PH domain fold, binding to phospholipids is not possible due to
the lack of the basic pocket. Instead, the interaction of FAK with PIP2 is mediated by a basic
patch on the F2 subdomain. This patch is near the interface with the catalytic domain as
observed in the crystal structure of full length FAK [33]. Lipid binding causes a
conformational change of FAK both in vitro and in vivo [34]. The F2 basic patch is required
for activation of FAK following growth factor stimulation and PIP2 depletion results in
decreased FAK activity. These observations support the hypothesis that lipid binding
allosterically activates FAK by relieving autoinhibitory intramolecular interactions.

Conclusions
Lipids have long been known to stimulate both the translocation and enzyme activity of
certain protein kinases, of which the PKCs are the historical paradigm. These properties of
PKCs led to the discovery of the C1 and C2 domains and thence to the concept of protein
regulation by lipid binding domains. The translocation properties of lipid binding domains
proved easier to study than their allosteric regulatory properties. Thus, by the early 2000s we
had an extensive knowledge of lipid binding domain-mediated protein translocation, but far
less information on enzyme activation. The labor-intensive nature of crystallizing full-length
lipidactivated kinases has been a factor in this gap. Once crystallized, relating the structures
to allosteric properties can still be a challenge in cases where the enzymological groundwork
is incomplete. The recent structural studies of PKC benefited greatly from building on the
groundwork of classical biochemical studies in the 1980s and early 1990s [10,35,36]. The
crystal structure of PKCβII is the first structural glimpse at how a membrane-embedded
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second messenger, DAG, can activate a kinase. More work is needed to gain a complete
picture of this complex system. Given the availability of full-length structures of PKB and
FAK, these kinases also offer promise to yield more mechanistic insight in the relatively
near term.

Highlights

• 10% of the human kinome contains lipid-binding domains

• Kinases with novel lipid-binding domains are still being discovered

• Recent kinase structures have provided new insights into their activation by
lipids

• A novel interface between the C1B and kinase domains controls PKCbII
activation
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Figure 1.
Domain composition of the major protein kinase families containing lipid-binding domains.
Lipid-binding domains are: C1 domain (light blue), C2 domain (green), PH domain
(salmon), PX domain (dark blue), KA1 domain (pale orange), FERM domain (purple). The
kinase domains are shown in yellow (N-lobe) and magenta (C-lobe); the AGC kinase family
C-terminal tail is orange with the NFD motif highlighted in cyan. Pseudosubstrate segments
are represented as thick red lines. Additional domains are shown in gray: Bem1 (PB/ORP),
antiparallel coiled coil (ACC), coiled coil (CC), regulator of G-protein signaling (RGS), Ras
binding domain (RBD), Src homology 2 (SH2). cPKC, conventional protein kinase C;
nPKC, novel protein kinase C; aPKC, atypical protein kinase C; SGK, serum/glucocorticoid
regulated kinase; PKN, protein kinase N; ROCK, Rho-activated kinase; GRK, Gprotein
coupled receptor kinase; PDK1, phosphoinositide-dependent kinase 1; PKD, protein kinase
D; MARK, microtubule affinity regulating kinase; focal AT, focal adhesion targeting.
Numbers in parentheses indicate the number of mammalian kinases in each family.
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Figure 2.
Allosteric activation of PKC by DAG binding to the C1B domain. (A) ‘Clamped’
conformation of PKCβII. Surface representation of PKCβII, illustrating the interface
between the lipid-binding C1B domain (light blue) and the kinase domain (yellow/magenta).
A novel helix containing the conserved NFD motif found in the Cterminal tail of AGC
kinases packs against the C1B domain, while residues preceding the novel helix occupy the
DAG binding site of the C1B domain. ATP is represented with spheres. (B) ‘Unclamped’
conformation of PKCι. Surface representation of PKCι, illustrating the conformational
change that occurs in the NFD helix upon DAG/membrane binding by the C1B domain. (C)
View of the DAG-binding cleft of the C1B domain and the nucleotide-binding site
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(sandwiched between the N-lobe (yellow) and C-lobe (not shown) of the kinase domain).
The lipid-binding site is inaccessible in this conformation and the critical phenylalanine of
the NFD motif is sequestered 12 Å away from the nucleotide. (D) View of the active
conformation of PKCι in which the NFD helix has undergone a conformational
rearrangement in the absence of the C1 domain. The central phenylalanine of the NFD motif
is brought into close (4 Å) contact with the adenine ring of ATP. Contacts between the
phenylalanine side chain and the adenine moiety lower the Km for ATP, thereby increasing
the catalytic rate, Kcat, of the enzyme.
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