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Atypical protein kinase Cs (aPKCs) are part of the PKC family of protein kinases and are
atypical because they don’t respond to the canonical PKC activators diacylglycerol (DAG)
and Ca®*. They are central to the organization of polarized cells and are deregulated in
several cancers. aPKC recruitment to the plasma membrane compartment is crucial to
their encounter with substrates associated with polarizing functions. However, in contrast
with other PKCs, the mechanism by which atypical PKCs are recruited there has
remained elusive until recently. Here, we bring aPKC into the fold, summarizing recent
reports on the direct recruitment of aPKC to membranes, providing insight into seemingly
discrepant findings and integrating them with existing literature.

OPEN ACCESS

Atypical PKCs (aPKCs) are serine/threonine protein kinases belonging to the protein kinase C family.
In contrast with classical and novel PKCs they do not contain a C2 domain and DAG-responsive C1
domains. Instead, the regulatory module (RM) N-terminal of their kinase domains contains a Phox
and Beml (PB1) domain, pseudo-substrate sequence (PSS) and DAG-insensitive Cl1 domain
(Figure 1A). In humans two isoforms are present (aPKCu/{) that share ~73% sequence identity.
Despite their high homology and overlapping functions, they also have context-specific biological
functions as well as differential and sometimes opposing effects in cancer [1-3].
aPKCs are central to the establishment and maintenance of cell polarity in a variety of tissues and
across many eukaryotic species [4,5]. Establishing and maintaining apico-basal polarity in epithelia or
asymmetrically dividing cells, are intricate processes characterized by distinct plasma membrane com-
partments with unique identities wherein specific protein complexes are assembled to orchestrate
domain identity. In the apical domain this includes Par proteins and crucially aPKC. However, how
aPKC is recruited to and spatially organized within this compartment has been poorly understood.
Indirect recruitment has been proposed through interaction with protein partners such as Par-3 and
Cdc42/Par-6 [6-9], but whether aPKC can bind membranes directly in cells has remained largely
elusive. This critical question has been in the spotlight recently with several groups reporting appar-
ently conflicting evidence for the involvement of different aPKC regions in membrane recruitment
[10-12]. The regions within the RM (i.e. outside the kinase domain) proposed to engage lipids are the
C1 domain and PSS motif (Figure 1A). Here, we provide an overview of these recent findings and
integrate them into a comprehensive picture.
Dong et al. [10] showed that in HEK293 cells, MDCK cells and the Drosophila follicular epithelium,
the PSS is crucial for aPKC membrane targeting. They further showed the PSS region interacts with the
Received: 14 September 2023 phosphorylated phosphoinositides (PIs) PtdIns4P and PtdIns4,5P, in cells, by studying the effect of
Revised: 21 November 2023 rapamycin-inducible PI phosphatases on aPKC{ membrane recruitment. This PI-dependent recruitment
Accepted: 27 November 2023 is driven by the PSS as shown by liposome pelleting assays using WT and PSS-charge disrupting mutants
Version of Record published: of aPKCC. The responsiveness of the PSS to PIs is corroborated by a recent in vitro study showing that
15 December 2023 phosphatidylinositol 3-phosphate (PtdIns3P) and PtdIns4P binding to aPKCt is strongly dependent on
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Figure 1. The aPKC N-terminal domains are predicted to be organized into a single functional module, the regulatory
module (RM), with membrane binding determinants oriented in a single continuous surface.

(A) Representation of the primary structure of aPKC (human aPKCut residue numbering) with protein domains and the three
most abundantly detected phosphorylation sites indicated (cf. PhosphoSitePlus database). RM, regulatory module; PB1, Phox
and Bem1 domain; PSS, Pseudo-substrate sequence; BSL, beta-strand linker; KD, kinase domain; T412, activation loop
residue; T564, turn motif residue. (B) AlphaFold2 colab prediction of the aPKCM, with the PB1 domain (cyan), PSS (purple)
linked via a Beta-Strand Linker (orange) to the C1 domain (blue). Figure generated in PyMol. (C) Schematic representation of B.
(D) Surface representation of the RM with the predicted lipid-binding residues within the RM color coded in yellow. Residues
involved in membrane-association as identified in [11] are labeled. Arg150/151 are part of a NLS as identified in [21] and
denoted with a red asterisk. Figure generated in ChimeraX. (E) Indication of the Tyr-136 residue location, which in the
unphosphorylated state is part of the BSL. Figure panels B-E are adapted from [11].

the PSS region [13]. The PSS region (and not the Cl domain) in aPKCut was also implicated in binding
PtdIns3,4,5P; by an earlier study, where it could activate the kinase downstream of insulin stimulation [14]. This is
in line with another study by Nakanishi et al. [15] showing a stimulatory effect of PtdIns3,4,5P; on aPKC{ activity
in conjunction with PtdSer and their combined requirement for autophosphorylation. However, other studies indi-
cated that PI effects on aPKC{ showed little distinction between PtdIns3,4,5P; and its precursor PtdIns4,5P, [16].
While the majority of evidence points towards PIs being involved in PSS binding, we note that PtdSer-mediated
activation of aPKC{ has also been shown to be driven in part by the PSS in a deletion mutagenesis study looking
at kinase activation, and that the Newton laboratory showed that in a mixed-micelle context PIs do not activate
aPKC{, whereas PtdSer does [17,18]. The overall observation that the aPKC PSS can interact with PIs agrees with
the long-standing evidence that PSS peptides can mediate interactions with anionic phospholipids [19].

2038 © 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).
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A separate study by Jones et al. [12] reported recently that membrane binding is dependent predominantly
on the Cl domain in mitotic Drosophila neuroblasts and the larval brain inner proliferation center (IPC) epi-
thelium, where PSS deletions have little effect. That the isolated aPKC1/{ C1 domains can be recruited to the
membrane compartment was previously also shown by the Blumberg laboratory in LNCaP cells [20].
Recruitment in interphase cells is quite inefficient however and the C1 domain is mainly nuclear, similar to
what has been observed for the RM in interphase HEK293 cells [11,20]. This is likely due to a nuclear localiza-
tion signal (NLS) present in one of the C1 loops (Figure 1D) [21]. The C1 domain in atypical PKCs does not
respond to diacylglycerol (DAG) unlike classical and novel PKCs, because it has accumulated basic residues in
place of the hydrophobic positions important for DAG interaction [20,22]. However, the C1 domain can bind
directly to anionic phospholipids such as phosphatidylserine (PtdSer), phosphatidylglycerol (PtdGro) and
unconjugated phosphatidic acid [12]. This is in line with previous observations that aPKC{ can bind and is
activated by PtdSer [15,18]. This lipid specificity is similar to the C1b domain in classical and novel PKCs,
which has also been shown to bind PtdSer and other anionic phospholipids [23]. Recent structures of the
PKCS C1b domain with ligands bound show how phospholipids pack against the periphery of the Clb loops
with their phosphate headgroups [24]. These phospholipid binding sites correspond to the predicted
membrane-binding regions mutagenized in recent studies on aPKCt but whether this precise binding arrange-
ment is also true for the atypical PKCs that lack a DAG binding site remains to be determined [11].

In a third study we demonstrated that both the C1 and PSS can act in concert to promote membrane binding,
and this in principle offers some resolution to the Cl versus PSS debate [11]. The basis for this conclusion
derives from structure prediction which indicates that predicted membrane-binding residues within the C1
domain and PSS form a contiguous arrangement in the isolated (i.e. kinase domain disengaged) aPKCt RM
(Figure 1B-E) [11]. Mutation of predicted membrane-binding residues in either the C1 domain or PSS results in
a loss of membrane binding in mitotic cells (Figure 1D). These observations are in line with deletion mutagenesis
studies demonstrating lipid activation in vitro requires both the PSS and C1 domain [17]. The coupled organiza-
tion of membrane binding determinants is fostered by the orientation of the PB1 domain and its tethering to the
C1 domain by a B-strand linker (BSL) motif. This short B-strand comprising residues 133-138 in aPKCt
(RKLYCA) is predicted to bridge and stabilize the PB1 and Cl domains and to ensure the positioning of the
membrane-binding residues [11]. Crucially the BSL can be phosphorylated and a phospho-mimetic substitution
causes disruption, uncoupling PB1 and Cl domains and the continuous arrangement of the RM, resulting in a
reduction in membrane binding propensity [11]. The BSL sequence is highly conserved in evolution. For
example, a sequence alignment containing this motif as output of a CDART analysis (https://www.ncbi.nlm.nih.
gov/Structure/lexington/lexington.cgi) reveals a 97% sequence conservation of the Tyr residue [25]. A His substi-
tution seems to be tolerated in the motif’s capability to form the BSL, but substitutions with polar residues result
in a predicted loss of this structure (Table 1). Given that the C1 domain interacts predominantly with PtdSer and
the PSS with PIs, suggests a mixed lipid environment is likely the most conducive for aPKC recruitment.

The existence of a bi-partite lipid-binding PSS-C1 module within aPKC that targets membranes does not
preclude one or other domain within the module acting in a dominant manner in a given cellular context,
where for example the affinity/avidity of one motif was sufficient to dictate the steady state distribution of the
protein. One possible reason for the observed dominance of the C1 domain for membrane targeting in neur-
onal tissues might be the relatively high abundance of PtdSer. Nearly 15% of lipids in the brain are PtdSer,
which is in higher abundance than in other tissues such as liver (3.1%) and the adrenal gland (2.5%) (rat) [26].

Table 1 Sequences flanking the PSS motif and their propensity to form a B-strand linker (BSL) as predicted by AlphaFold2 Colab

BSL formation?
Species Protein name Accession number  PSS-linker sequence  (AF Colab prediction)
Amphideon Queenslandia PREDICTED: atypical protein kinase C-like ~ XP_003383504.1 WRKVRRIN No
Aphelenchoides besseyi Protein kinase C KAI6180733.1 WNQKRKIYR No
Trichoplax sp. H2 Protein kinase C iota type RDD40345.1 WRKLHLIN Yes
Pocillopora damicornis Protein kinase C iota type-like isoform X1 XP_027055550.1 WRKIHRVN Yes

The PSS sequence is indicated in green, the substituted Tyr136 (human aPKCy) position is indicated in red.
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It is therefore conceivable that the avidity of aPKC for membrane binding can be reached solely by C1 engage-
ment in neuronal cells, whereas in other tissues a dependency on PIs may be more pronounced (Figure 2A).

Differences between isoforms can also account for differences in membrane binding. While comparative data
are sparse, an in vitro study using lipid overlay assays identified differences between iota and zeta isoforms
[13]. While aPKCC bound PtdSer and phosphatidic acid in these assays, aPKCt additionally bound monopho-
sphorylated PIs. Remarkably, both the kinase domain of aPKCu/{ were found to bind these PIs, despite the
overall acidic isoelectric point of their kinase domains. The binding site for these lipids in the kinase domain
was proposed to be the docking site for the C1 domain. While this is unlikely due to the acidity of this patch
in the N-lobe as identified by Zhang et al. [27], the di-basic kinase RIPR motif in the C-lobe, which also drives
substrate interaction and is found mutated in cancers may in principle accommodate such phospholipids
[3,28,29]. In cellular models however the PSS and Cl dominate the membrane-binding interaction for
Drosophila aPKC and human aPKC{ (cf. above) [10,12]. The fact that the full length-aPKCt preparations
display binding to PIs in these in vitro assays can potentially be attributed to the fact that it has a less tightly
closed conformation than aPKC(, resulting in the RM and especially the PSS being more exposed, an event
that would be under more stringent control of Par6 binding in aPKCC, which can also intrinsically bind PIs to
its PSS in the RM as noted above [10]. This difference in isoforms is further corroborated by the fact that the
aPKCC construct employed has very low basal activity in kinase assays compared with aPKCt [13].

With both discrete membrane-binding regions of aPKC identified and their coupling within the RM estab-
lished, efforts can be focussed on the mechanisms that promote exposure of these motifs, as well as the mechan-
isms regulating the lifetime of membrane occupation. When monomeric, aPKCs likely reside in a closed
conformation in the cytoplasm, with both C1 and PSS engaged with the kinase domain (KD) and repressing
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Figure 2. Lipid and protein factors that mediate membrane binding and release.

(A) Representation of the lipid binding properties and dependencies on membrane binding regions within the aPKC™. The PSS
predominantly binds Pls, while the C1 binds PtdSer, PtdGro and other anionic lipids. In neuronal tissues the abundance of the
latter likely provides the affinity for the RM to bind via the C1 domain, whereas in other epithelia a combined Pl-dependency is
likely. (B) Model detailing the conformational states of cytosolic and membrane bound forms of aPKC. Cytosolic and monomeric
aPKC exists in an autoinhibited conformation with the PSS and C1 domain engaging the kinase domain. Upon binding of the
indicated protein and lipid factors, this inhibitory module becomes exposed and undergoes a conformational change to
establish a more compact RM, in which an interdomain BSL (orange) is formed to couple the PB1 and C1 domains; this
organizes a rigid membrane binding platform containing residues from both the PSS and C1 domain. Phosphorylation at
Tyr-136 in aPKCt driven by Src (and potentially other kinases) results in a loss of the BSL and the integrated membrane platform
and consequently membrane affinity. The resulting cytoplasmic kinase is in a more open conformation and potentially subject to
pY binding protein modules that may support directed activity. For more details see text.
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activity (Figure 2B) [17,27]. Based on HDX-MS studies by Zhang et al. [27], the RM is likely discontinuous, to
allow the PSS to engage with the active site and substrate cleft. The current AlphaFold model (version 01/11/2022)
for human fl-aPKCy/{ predicts the RM to be in a compact arrangement with high confidence, but with a high pre-
dicted alignment error (PAE) for the contacts between the RM and KD [30]. This prediction is likely weighted to
the formation of these individual domains, and may furthermore not reflect the nucleotide-bound, primed state of
the kinase. When predicting a APB1 mutant of the kinase using AlphaFold2 Colab to reduce the constraints on
the formation of the single-fold RM, the PSS docks in the substrate binding cleft in a substrate-binding mode with
low PAE scores vis-a-vis its KD positioning and the C1 domain position is consistent with the studies in Zhang
et al. [27]. The RM may therefore exist in an extended arrangement with the PB1 and C1 domains held apart by
the docking interaction with the kinase domain, preventing non-specific uncoordinated membrane binding
(Figure 2B). It is predicted that Par-6 binding would increase the extent of the open (i.e. RM disengaged from the
KD) versus the closed (engaged with the KD) state, promoting membrane binding [10,31]. Par-6 may additionally
help stabilize aPKC at the membrane by interacting with Cdc42 through the semi-CRIB motif. Par-3 may also
expose the RM for membrane binding by interacting with the aPKC C-tail [12]. Lipids that bind the kinase
domain directly have also been implicated in promoting the open conformer. Sphingosine 1-phosphate (S1P) has
been modeled to bind to a basic pocket close to the substrate binding site in PKCG, likely promoting PSS release
and activation. This is corroborated by the finding that micelles containing S1P increased aPKCC sensitivity to
PtdSer induced activation [32]. Ceramide also has been shown to activate aPKC{ and its binding site has been
mapped to a 20 kDa C-terminal fragment of aPKC{ comprising part of the C-lobe and C-tail [33,34]. The exact
mechanism for direct activation of the enzyme remains unclear however. Regarding the context-dependent mem-
brane interactions noted above, it is likely that there are broadly three elements to membrane recruitment at play:
C1, PSS and protein partners (e.g. Par-6/Cdc42 interaction through the PB1 domain) (Figure 2B). The conform-
ational interplay between these elements is no doubt critical to recruitment, retention and release.

Of note, all membrane-bound complexes are likely to maintain aPKC in the open/active conformation, as
the domains employed in membrane targeting are important in the repression of kinase activity through direct
engagement with the kinase domain (Figure 2B) [17,31]. As aPKC isozymes are primed after synthesis with
activation loop and turn-motif phosphorylation, a substantial pool of aPKC kinase domains are likely retained
in an active conformation upon lipid binding [18,35,36]. Once engaged in specific lipid environments, kinase
activity can still be further controlled by substrate access and phosphatase activities. Unlike many kinases,
aPKC not only forms transient complexes with its substrates but a subset are maintained in stable complexes
such as with Lgl and Par-3 [37,38]. This is due, in part, to a docking motif flanking the phospho-acceptor site
of many aPKC polarity substrates, which contributes to their high affinity for the kinase domain [37]. Such
stable interactions may prevent aPKC activity towards other substrates by sterically occluding the active site,
equally other docking site motifs have also been identified distal to the substrate binding cleft [29].
Phosphatase activity targeting the activation loop site in the open conformer may also influence the activated
state of the kinase. For example, PP2A has been shown to colocalize with aPKC{ and negatively regulate its
role in tight junction assembly in MDCK cells [39]. It is noted that the activation loop dephosphorylated
aPKCt has ~10% of the activity of the phosphorylated form [40].

aPKC’s function at the membrane can be negatively regulated by mechanisms that actively promote membrane
dissociation. Recent evidence suggest post-translational modification of aPKC, in particular phosphorylation
within the BSL motif, can contribute to membrane release (Figures 1A,E and 2B) [11]. Phosphorylation of
Tyr-136 in the aPKCt RM is only observed in the cytosolic fraction of mitotic cells and the phospho-mimetic
mutation Tyr136 > Glu inhibits membrane recruitment. Whether the Tyr-136 phosphorylated form of aPKCt, dis-
playing modestly increased basal activity, has any cytosolic function is yet to be determined (it is possible dissoci-
ation occurs with other partner proteins, including those that may dock to the pY136 peptide, impacting aPKC
cytosolic conformation; Figure 2B). It also remains to be determined whether Tyr-136 phosphorylation also
occurs in aPKC{ as this event has only been identified for aPKCt in mass-spec studies [41]. However, this could
be due to the fact that tryptic fragments seeking to identify Tyr phosphorylation in aPKC{ will be very short due
to the presence of an Arg C-terminal to this residue (compared with a Cys in aPKCt) and unlikely to be readily
observed. Of note, kinase activity itself regulates membrane residency time as well. Inhibiting or mutating aPKC
to a kinase-dead form results in uniform (i.e. unpolarized) membrane association [12,42]. Several mechanisms
could be at play here, including cis-autophosphorylation, the phosphorylation of an associated partner protein, as
recently proposed for Cdc42 [43], or an allosteric mechanism exposing the C1 domain [12,27]. In addition, the
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compartment in which dissociation occurs — i.e. the plasma membrane, or in an intracellular compartment
arising from the initial (apical) plasma membrane recruitment should also be considered.

It is also of interest to consider the competing processes involved in subcellular localization. As noted above
there is evidence of aPKC C1 domains being recruited to the nucleus in interphase cells. There is also an abun-
dance of evidence on intact aPKC recruitment to nuclei, perhaps like PKC3 driven by additional NLS motifs
[44,45]. What form of the kinase is the primary target imported into the nucleus; do competing influences
balance the net distribution of aPKC or are there other events that drive one or other effect? There is for
example evidence for aPKC being nuclear in poor prognosis tumors and several nuclear targets of aPKC have
been described in these contexts [46,47]. This could be correlated with an oncogenic gain of tyrosine kinase
activity towards Tyr-136 that triggers loss of the protein from membranes and a net accumulation in the
nucleus, an event that has previously been associated with aPKC phosphorylation at Tyr-256 [48]. It is interest-
ing to speculate that if aPKCt and not PKC{ were sensitive to this event this could be correlated with differ-
ences between isoforms with different and sometimes opposing roles in cancer initiation and progression [1,3].

Future research in this complex interplay between phospholipids, aPKC and its associated proteins, will help
elucidate the underlying molecular mechanisms that determine the establishment and dissolution of polarized
states. Integrated into this, we need to understand how regulatory events impact the default behavior. This
includes where and when receptor/cytosolic tyrosine kinase(s) regulate aPKC membrane binding and how this or
other pathways are tied into the shift to nuclear localization which has pathological consequences. For now, these
new insights into membrane binding and release properties of the atypical isoforms complement the PKC family
membrane binding puzzle and provide a clearer template on which to elucidate these broader issues.
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