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DISSERTATION ABSTRACT
Elizabeth Vargas
Doctor of Philosophy in Biology

Title: Insights into the Regulation of aPKC Polarity through Protein-Protein Interactions

Cell polarity is a crucial factor in enabling a cell to carry out its specialized functions
during animal development and homeostasis. It involves the organized distribution of cellular
components into distinct regions, playing a critical role in various processes like asymmetric cell
division, cell migration, and epithelial morphogenesis. One critical regulator of animal cell
polarity is the protein atypical Protein Kinase C (aPKC), whose catalytic activity is essential for
directing the localization of downstream polarity proteins. Consequently, precise regulation of
aPKC becomes imperative for the proper control of cell polarity.

The regulation of aPKC's polarization and activity involves interactions with several
proteins, including Par-6, Cdc42, and Par-3. However, the mechanisms through which these
proteins exert their regulatory influence on aPKC have remained a subject of confusion within
the cell polarity field. This dissertation investigates the intricate intermolecular interactions
responsible for regulating aPKC to establish proper cell polarity.

In the first part of this work, we focus on regulation of aPKC by Par-6. Existing models
suggest contradictory roles for Par-6 in either activating aPKC or relieving its autoinhibition
while keeping it catalytically inactive. To address this ambiguity, we conducted
structure/function analyses and in vitro binding assays and found that Par-6 may inhibit aPKC's
catalytic activity through a novel interaction involving Par-6's C-terminus. More studies need to

be done to address how this new interaction may be regulating aPKC’s kinase domain.



We then turn our focus onto how Par-3 interacts with aPKC and Par-6, which together
form the Par complex. Previous studies have reported multiple interactions through various
biochemical assays. To gain some clarity, we utilized qualitative and quantitative binding assays
to understand (1) which domains within Par-3 contribute to its interaction with the Par complex
and (2) the overall binding energy contributed by these interactions. Our results indicate that Par-
3 PDZ2 and PDZ3 domains bind to the aPKC Kinase domain-PBM region.

Lastly, we set out to determine the mechanism behind the transition of the Par complex
between its two regulators, Par-3 and Cdc42, to form two distinct complexes. While one
biochemical study suggested simultaneous interaction of Par-3 and Cdc42 with the Par complex,
in vivo data suggested the formation of separate complexes. Our qualitative binding assays show
that Par-3 and Cdc42 negatively cooperate for binding to the Par complex. Questions remain on
the detailed mechanism of competition.

In summary, this dissertation elucidates the intricacies of aPKC regulation and provides
valuable insights into the mechanisms by which Par-6, Cdc42, and Par-3 contribute to the control
of aPKC’s localization and activity.

This work contains both unpublished and published co-authored materials.
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CHAPTERI1
REGULATION OF aPKC LOCALIZATION AND ACTIVITY IN ANIMAL CELL

POLARITY

Chapter I contains unpublished material by me.

Chapter II contains unpublished co-authored material by me and Dr. Kenneth Prehoda.
Chapter III contains published co-authored material by me, Dr. Rhiannon Penkert and Dr.
Kenneth Prehoda.

Chapter IV contains published co-authored material by me and Dr. Kenneth Prehoda.

INTRODUCTION
Animal Cell Polarity

The unequal distribution of cellular components such as proteins, lipids, organelles, and
cytoplasm to specific regions of the cell is critical for a cell to undergo its specialized function
(Nelson, 2003). This process, also known as cell polarity, contributes to a stem cells ability to
asymmetrically divide into two distinct cells, a migratory cells ability to move from one part of
the body to another, or a neuron’s ability to transmit signals to another neuron (Campanale et al.,
2017; Nelson, 2003) (Fig. 1). As nearly every type of cell displays some form of polarity,
studying this process is essential for a comprehensive understanding of biological processes,
with implications for medicine, development, and basic biology. Below I focus on the role and

importance of protein complexes in cell polarity.

17



Regulation of Animal Cell Polarity

Polarity proteins are critical for various signaling pathways necessary for the cell to
undergo its function (Mazel, 2017). Depending on the context, different proteins are involved in
the polarization process. However, one key aspect is that the localization and activity of these
polarity proteins is essential to their function. What do we know about these polarity protein
complexes? A key molecular player involved in animal cell polarity is the kinase, atypical
Protein Kinase C (aPKC) (Hong, 2018). aPKC is responsible for the targeted phosphorylation of
its various downstream substrates to regulate their localization, making it a main driver of cell
polarity (Drummond and Prehoda, 2016). Thus, understanding how its activity and localization
are regulated is crucial to understanding how cells polarize. Before I focus on aPKC regulation, I
will introduce the role of aPKC in specific cell contexts such as asymmetric cell division and

epithelial cell organization, emphasizing its critical function in phosphorylating substrates.

Asymmetric Cell Division

Asymmetric cell division (ACD) promotes the generation of diverse cell types by
specifying distinct fates for the daughter cells. It is a very intricate process that not only requires
multiple cellular cues to specify the polarity axis, but also mutually antagonistic protein
complexes that dictate one another’s localization and activity (Lang and Munro, 2017; Sunchu
and Cabernard, 2020). Additionally, polarity complexes ensure that the mitotic spindle is aligned
with the polarity axis so that the cell can divide asymmetrically (Loyer and Januschke, 2020;
Sunchu and Cabernard, 2020). The cell polarity cycle coincides with the mitotic division, with
polarity establishment occurring throughout prophase and polarity maintenance occurring during

metaphase (Lang and Munro, 2017; Loyer and Januschke, 2020). Two well studied examples of
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ACD include the Drosophila melanogaster neural stem cell (NSC) and the C. elegans one-celled
embryo. The Drosophila NSC divides asymmetrically to produce two daughter cells, one that
will retain the stem cell fate and another that will differentiate and eventually become a neuron
or glial cell (Chia et al., 2008). The stem cell will continue to proliferate throughout brain
development and generate the central nervous system of the adult fly (Chia et al., 2008). The
NSC’s ability to divide and generate daughter cells with different fates is dependent on the
polarization of a highly conserved network of proteins (polarity proteins) to the apical or basal
cortex (Prehoda, 2009). aPKC is one of many proteins that needs to localize to the apical
membrane. Before the cell enters mitosis, aPKC is cytoplasmic (Oon and Prehoda, 2019).
However, once the cell enters mitosis, aPKC is asymmetrically recruited to the apical membrane
and activated through various protein regulators (Oon and Prehoda, 2019). Now polarized and

o)
[On

&

Figure 1. Diverse cell types exhibit cell polarity. Animal cells asymmetrically recruit
specific cellular components (red = apical/anterior, blue = basal/ posterior) to different

regions of the cell for a broad range of functions. A, Drosophila neural stem cell. B, C.
elegans one-cell embryo. C, Neuron. D, Epithelial cell. E, Migratory cell.
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active, aPKC can phosphorylate substrates such as Miranda at specific residues within membrane
binding motifs and restrict their localization to the basal domain (Atwood and Prehoda, 2009;
Bailey and Prehoda, 2015). Through this mechanism, the cell will divide and maintain aPKC in
the cell that retains the stem cell fate and the substrates, many of which are fate determinants,
will go into the other cell and program cell differentiation (Hong, 2018; Wodarz et al., 2000).
Similarly, the C. elegans one-cell embryo will undergo a round of ACD to produce two daughter
cells with distinct fates (Goldstein and Macara, 2007). These cells will continue to proliferate,
ultimately forming a newly hatched larva that will become an adult worm (Goldstein and
Macara, 2007). While the embryo also polarizes in two cortical domains, these domains are
termed the anterior and posterior instead of apical and basal. Throughout this mitotic cell
division, aPKC is recruited to the anterior membrane, where it will phosphorylate and exclude
proteins such as Par-1 or Par-2 from this region and into the posterior domain (Lang and Munro,
2017). The cell will then divide into two cells with different fates, forming the anterior AB cell,
which goes on to form neurons and other cells, and the posterior P1 cell, which goes divides to
form the germline and other cells (Sulston et al., 1983). In both of these ACD examples, aPKC’s
localization and activity is regulated in a spatially and temporally defined manner. Polarization
of aPKC in these cell types is ultimately required for the generation of diverse cells, with defects
resulting in the improper localization of cell fate determinants, leading to problems such as tissue

and organ malformation and cancer development (Garg et al., 2014).

Epithelial Cell Organization
Epithelial cells make up the epithelial tissue that lines the organism’s internal and

external surfaces and various organs. It serves many functions, including forming sheets or
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layers of cells to make tissue, lining organs and forming protective barriers, and secreting or
absorbing substances. The organization of epithelial cells and the formation of barriers between
them is dependent on cell polarity (Buckley and St Johnston, 2022). When epithelial cells
undergo polarization, they form discrete domains where the apical membrane borders the
external environment, lateral membranes seal the intercellular spaces, basal membranes attach to
extracellular matrices, and junctions separate the apical and basal membranes (Buckley and St
Johnston, 2022; Martin et al., 2021). Polarization at the apical/basal axis is tightly controlled by
proper localization and activity of polarity protein complexes, each playing a precise role
establishing and maintaining cell polarity. Like the Drosophila NSC, aPKC is recruited from the
cytoplasm to the apical membrane where it is activated. Its activation allows for the
phosphorylation of proteins such as Lgl or Par-3 to restrict their localization to the basal
membrane and junctions, respectively (Buckley and St Johnston, 2022; Martin et al., 2021).
aPKC is crucial for apical/basal polarity in epithelial cells, with improper regulation resulting in
barrier function impairment and tissue morphology defects, among other abnormalities (Garg et

al., 2014).

aPKC: The Key Mediator of Cell Polarity

As aPKC is one of the main drivers of cell polarity, its dysregulation can result in a
variety of defects such as overproliferation, tissue morphology abnormalities, and tumorigenesis
(Garg et al., 2014). Its activity needs to be spatially and temporally controlled, so understanding

not only how aPKC itself is localized but also how its catalytic domain is regulated is important.
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MECHANISMS OF aPKC REGULATION IN CELL POLARITY
In this section, I will describe the current models in the field that explain aPKC regulation
through intramolecular interactions (autoinhibition) and intermolecular interactions with the

evolutionarily conserved apical polarity proteins Par-6, Cdc42, and Par-3.

Autoinhibition

aPKC is a member of the Serine/Threonine Protein Kinase C (PKC) family, which also
includes novel (nPKC) and conventional (cPKC) PKC’s. Each member of the PKC family is
essential for controlling various signaling pathways by catalyzing the phosphorylation of a
substrate utilizing ATP, ultimately influencing the substrate’s function and subcellular
localization (Rosse et al., 2010). While the C-terminal end of these kinases is highly conserved,
the N-terminal region contains divergent regulatory domains (Fig. 3). aPKC is the most unique
member of the PKC family as it contains only one C1 domain and has a PB1 domain instead of a
C2 domain (Rosse et al., 2010). Additionally, it is the only one whose kinase activation and
membrane recruitment is not regulated by DAG nor Ca2+ (Lipp and Reither, 2011). Despite
these differences, all members of the PKC family exhibit a form of allosteric inhibition where

their N-terminal domains regulate the catalytic domain (Leroux and Biondi, 2020; Rosse et al.,

apKc |

¢ &

Figure 2. aPKC polarizes substrates through phosphorylation. Example of a polarized
Drosophila neural stem cell. Apically polarized and active aPKC phosphorylates substrates,
such as Miranda (Mira), to displace them from the apical membrane and restrict them to the
basal membrane.
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2010). More specifically, the pseudosubstrate (PS) region of each PKC, which contains a basic
amino acid sequence that resembles that of a substrate except contains an Ala instead of a Ser, is
known to occupy the substrate binding pocket of the kinase domain (Graybill et al., 2012; House
and Kemp, 1987; Newton, 2018). As the active site is inaccessible due to the PS, the PKC is
maintained in a catalytically inactive state. In addition, the C1 domains have also been
implicated in PKC inhibition, with some findings suggesting that the C1 helps the PS in this
process (Graybill et al., 2012; Lopez-Garcia et al., 2011; Sommese et al., 2017). Not only do
these domains regulate activity, but they are also involved in membrane recruitment. The PS was
observed to directly interact with the membrane through the phosphoinositides PI14P and PIP2
(Dong et al., 2020). Recently, it was shown that aPKC’s C1 domain could interact with
phospholipids to recruit aPKC to the membrane in Drosophila NSCs (Jones et al., 2023). All of
these observations suggest that the PS and C1 inhibit the kinase domain from phosphorylating
substrates and the kinase domain inhibits the regulatory domains from interacting with the

membrane. Through this mechanism, aPKC activity is strongly coupled to localization.

Role of Par-6 in aPKC Regulation
Partitioning defective 6, or Par-6, was first identified in a C. elegans genetic screen which

showed that Par-6 acts with other par polarity proteins to polarize the cell (Watts et al., 1996).

A B
PS
[dy (G ICIACIBN C2 m Kinase D PS
aPBi1l C1

s

nPKC A= Kinase D
PS PBM PBM

aPKC @/PB11 C1m Kinase 1

Figure 3. The PKC family is autoinhibited. A, Domain architecture of nPKC, cPKC, and
aPKC. B, C-terminal kinase domain regulation by N-terminal domains of aPKC.
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Par-6 is an adaptor protein that contains a PB1 domain, a CRIB motif that is coupled to the
adjacent PDZ domain, and a PBM (PDZ binding motif) (Hung and Kemphues, 1999; Joberty et
al., 2000; Lin et al., 2000; Renschler et al., 2018) (Fig. 4) Soon after its discovery, Par-6 was
found to not only colocalize with aPKC but also interact with aPKC through PB1-PB1
heterodimerization to regulate aPKC localization and activity (Hirano et al., 2005; Noda et al.,
2003). Binding of Par-6 and aPKC forms the Par complex, which is required for recruitment of
aPKC to the membrane (I will refer to the Par-6/aPKC complex as the Par complex in the next
sections). Par-6 and aPKC polarization is interdependent, with their interaction being vital for
their localization and activity (Lang and Munro, 2017).

As Par-6 is required for aPKC membrane localization, it brings up the question of
whether it also regulates aPKC activity. An early study using Co-IPs found that Par-6 was an
inhibitor of aPKC activity. Their observation that the activity of the Par complex (full-length
Par-6/aPKC) was lower than that of the Par complex APar-6 CRIB-PDZ suggested that the
CRIB-PDZ domains of Par-6 are necessary for inhibiting aPKC (Yamanaka et al., 2001). Two
more studies went on to show through in vitro kinase assays with purified mammalian proteins

and in vivo cell based assays that Par-6 indeed inhibits aPKC activity (Atwood et al., 2007; Dong
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Figure 4. Regulation of aPKC through interactions with Par-6, Cdc42, and Par-3.
Domain architecture of Par-3, Cdc42, Par-6, and aPKC with arrows indicating reported
interactions.
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et al., 2020). Despite these findings, Par-6 has also been referred to as an activator of aPKC. This
study used purified proteins from mammalian cells and cell-based assays to conclude that Par-6
binding to aPKC displaces the PS from the substrate binding pocket, activating aPKC (Graybill
et al., 2012). They instead observed that the Par complex was more active than Par complex
APar-6 CRIB-PDZ and suggested that the CRIB-PDZ domains assist in activating aPKC
(Graybill et al., 2012). These conflicting observations have made it difficult to understand how
exactly Par-6 regulates activity. However, it is clear that Par-6 is required for aPKC’s membrane

localization and activation mechanism.

Role of Cdc42 in aPKC Regulation

The small Rho GTPase, Cdc42, was known to be involved in yeast polarity, however, its
role in Par-mediated polarity was not established until several studies found that Cdc42
colocalizes and interacts with Par-6 (Joberty et al., 2000; Lin et al., 2000; Noda et al., 2001; Qiu
et al., 2000) (Fig. 4). For this interaction to occur, Cdc42 needs to be in the active, GTP-bound
form. Through further assessment, it was found that Cdc42 requires both the CRIB and PDZ
domains for its interaction with Par-6 because the CRIB-PDZ domains are coupled to one
another (Garrard et al., 2003; Joberty et al., 2000; Lin et al., 2000). It was also shown through in
vitro studies that binding of Cdc42 induces a conformational change in the PDZ domain,
resulting in an increased binding affinity for Par-6’s PDZ ligands, although this appears to be
dependent on the exact PDZ ligand (Peterson et al., 2004; Whitney et al., 2016, 2011).

Cdc42 plays a critical role in Par-mediated polarity by recruiting the Par complex to the
membrane in a polarized manner. Prenylation of Cdc42 is required for its own membrane

localization, thus is necessary for Par complex membrane localization (Zhou et al., 2013). Aside
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from membrane recruitment, Cdc42 is proposed to be an activator of aPKC’s catalytic activity
through its association with Par-6. An in vitro analysis using mammalian cells reported that
Cdc42 activated aPKC because the Par complex was less active in its absence (Yamanaka et al.,
2001). Additionally, an in vitro kinase assay showed that aPKC activity was increased in the
presence of Cdc42 (Atwood et al., 2007). However, Cdc42 has also been found to have no effect
on activity. An in vitro analysis using Drosophila embryos reported that aPKC could still
phosphorylate Lgl when using a Par-6 mutant that could not bind to Cdc42 (Hutterer et al.,
2004). Another study concluded that Cdc42 did not have an effect on aPKC membrane
recruitment nor activation (Dong et al., 2020). Although this could be due to the various factors
such as types of assays, cells, or organisms used to study activity, it has further confused the

field.

Role of Par-3 in aPKC Regulation

Partitioning defective 3, or Par-3, was first discovered in a screen in Drosophila embryos
and was found to regulate epithelial cell polarity (Wieschaus et al., 1984). Par-3 is a large
scaffold protein that contains an oligomerization domain, three PDZ domains, and an aPKC
phosphorylation motif (Thompson, 2021). While its oligomerization domain is required for its
membrane localization and accumulation into cortical clusters, the PDZ domains play a key role
in recruiting other proteins to the membrane (Chang and Dickinson, 2022; Dickinson et al.,
2017). Through the PDZ domains, Par-3 can interact with the Par complex to efficiently recruit it
to the membrane in a polarized manner. The following interactions have been reported: Par-3
PDZ1—Par-6 PDZ, Par-3 PDZ2-3—aPKC, Par-3 PDZ1 or PDZ3—Par-6 PBM, Par-3 APM—

aPKC KD, Par-3 PDZ2—aPKC PBM (Holly et al., 2020; Joberty et al., 2000; Lin et al., 2000;
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Penkert et al., 2022; Renschler et al., 2018; Wodarz et al., 2000) (Fig. 4). Additionally, Par-3
contains an aPKC phosphorylation motif, which has been shown to interact with aPKC’s
catalytic domain (Izumi et al., 1998) (Fig. 4).

Although many interactions have been identified, it’s unclear how each of these
interactions may collectively contribute to Par polarity or if it depends on the cell context.
Additionally, do these interactions only contribute to Par complex membrane recruitment or do
they also regulate activity? While it is uncertain how these interactions regulate aPKC activity,
many studies support an inhibitor role for Par-3. This was due to the finding that aPKC is more
active in the absence of Par-3 in C. elegans, and an in vitro analysis showed that the Par-3 APM
bound to aPKC’s catalytic domain to inhibit other substrates from phosphorylation (Rodriguez et
al., 2017; Soriano et al., 2016). However, two studies reported that the Par-3 APM did not inhibit
aPKC activity and another found that Par-3 actually increases aPKC activity or has no effect
(Morais-de-Séa et al., 2010; Wirtz-Peitz et al., 2008). Par-3 is a critical regulator of aPKC, but the

mechanism by which it regulates aPKC needs further analysis.

Overall Model and Outstanding Questions

There are many ideas out there for how aPKC polarization and activity is regulated. Here
I will walk through the most generally accepted model. aPKC is initially autoinhibited through
its PS, but Par-6 binding displaces the PS and “partially activates” aPKC (Graybill et al., 2012).
We now have the Par complex. Throughout polarity establishment, oligomerized Par-3 recruits
the Par complex to the membrane, and through other polarity cues not discussed in this
dissertation, it transports the Par complex to the apical/anterior domain while maintaining it in

the inactive state (Dickinson et al., 2017; Rodriguez et al., 2017; Wang et al., 2017). Once
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localized at the apical/anterior domain, the Par complex transitions from Par-3 to Cdc42-GTP,
which activates the Par complex at the membrane and results in the phosphorylation and
polarization of downstream substrates (Rodriguez et al., 2017; Wang et al., 2017). Now properly
polarized, the cell can perform its function such as divide asymmetrically or migrate in a directed
manner.

Although this model is accepted, it is important to acknowledge the existence of various
issues and gaps in our understanding. First of all, while aPKC is mainly reported to be
autoinhibited by its PS, the C1 domain has also been implicated to have a larger role in
autoinhibition, yet many models overlook its contribution to aPKC regulation (Jones et al., 2023;
Lopez-Garcia et al., 2011). Furthermore, very little is known about the association of aPKC and
Par-6 before polarity establishment, so it is unclear whether the Par complex forms in the
cytoplasm in a temporally defined manner, or whether Par-6 and aPKC are always associated
with one another. A study did, however, find that Par-6 was unstable on its own, suggesting that
they may always be in a complex (Nunes de Almeida et al., 2019). Also, whether Par-6 is an
activator is still in question. Studies suggest that Par-6 is an inhibitor, displacing the PS and
allosterically repressing aPKC’s catalytic activity with its C-terminal domains (Dong et al., 2020;
Yamanaka et al., 2001). In addition, regulation of the Par complex by Par-3 has been difficult to
understand because of the numerous reported interactions between Par-3 and the individual Par
complex members (Holly et al., 2020; Izumi et al., 1998; Joberty et al., 2000; Lin et al., 2000;
Penkert et al., 2022; Renschler et al., 2018; Wodarz et al., 2000). Furthermore, while distinct
Par-3-bound and Cdc42-bound Par complexes are proposed through in vivo models, in vitro data
suggests that they can form a quaternary complex, making it unclear how this important

transition occurs (Joberty et al., 2000). Finally, while most models agree that Cdc42 is an

28



activator of the Par complex, other evidence suggests that Cdc42 has no effect on activity (Dong
et al., 2020; Hutterer et al., 2004). Many questions remain and it's possible that multiple
mechanisms of polarity and aPKC regulation exist depending on the cell type and organism. In
the next three chapters, I will discuss new insights into how aPKC is regulated by Par-6, Cdc42,

and Par-3.

BRIDGE TO CHAPTER II

In this chapter, I discussed the importance of cell polarity on animal development and
homeostasis and the critical role of aPKC, the central regulator of animal cell polarity. I also
discussed the current models on aPKC regulation by intermolecular interactions between aPKC
and Par-6, Par-3, and Cdc42, proteins implicated in playing central roles in animal cell polarity.
In the next chapter, I first focus on understanding how Par-6 binding regulates aPKC. Using
qualitative pull-down assays and purified proteins, I found a novel interaction between the C-
terminal domains of Par-6 and aPKC and further show that this interaction is regulated by
Cdc42, Crumbs, and Stardust. Additionally, I demonstrate that this interaction displaces the
regulatory module from the catalytic domain. These findings provide us with new insights into

the mechanism by which Par-6 relieves autoinhibition and regulates aPKC activity.
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CHAPTER 1T
PAR-6 ALLEVIATES aPKC SELF-INHIBITION THROUGH A NOVEL

INTERACTION

*This chapter contains unpublished co-authored material.

Author Contributions: E. V. and K. E. P. conceptualization; E. V. and K. E. P. methodology; E.
V. investigation; E. V. writing; K. E. P. supervision; K. E. P. project administration; E. V. and K.

E. P. funding acquisition.

INTRODUCTION

Cell polarity is a tightly regulated, evolutionarily conserved process across the animal
kingdom. While many molecular players are involved in this highly dynamic process, the Par
complex is one of the most critical components (Hong, 2018; Lang and Munro, 2017).
Composed of the partitioning defective 6 protein (Par-6) and atypical Protein Kinase C (aPKC),
the Par complex is recruited to the Par domain, where it becomes catalytically active and
displaces substrates through phosphorylation and restrict their localization to the opposite
domain (Bailey and Prehoda, 2015). aPKC is initially suggested to be in an autoinhibited state
while cytoplasmic, but through its interaction with Par-6, it can be recruited to the membrane
through interactions with Par-3 or Cdc42 (Dickinson et al., 2017; Rodriguez et al., 2017; Wang
et al., 2017). While both recruit the Par complex to the membrane, they induce different
activities from the Par complex. Cdc42 interacts with Par-6 to indirectly activate aPKC, whereas

Par-3, which has numerous reported interactions with aPKC and Par-6 that inactivate aPKC
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(Garrard et al., 2003; Gotta et al., 2001; Holly et al., 2020; Izumi et al., 1998; Joberty et al.,
2000; J. Lietal., 2010; Lin et al., 2000; Noda et al., 2001; Penkert et al., 2022; Qiu et al., 2000;
Renschler et al., 2018; Wodarz et al., 2000). While Par-6 is required for the formation of an
active, Cdc42-bound Par complex and an inactive, Par-3-bound Par complex, the activity of
aPKC when solely bound to Par-6 remains unclear.

Par-6 and aPKC interact through their PB1 (Hirano et al., 2005; Noda et al., 2003) (Fig.
5A). As aPKC is autoinhibited, with its pseudosubstrate binding to the active site in the catalytic
domain, heterodimerization of the PB1-PB1 domains is proposed to cause conformational
changes within aPKC that alter its catalytic state (Dong et al., 2020; Graybill et al., 2012;
Yamanaka et al., 2001). Thus, the current model in the field proposes that Par-6 “partially”
activates aPKC, with binding of the PB1 domains displacing the PS from the active site (Graybill
et al., 2012). Yet, there is also evidence suggesting that although PB1 heterodimerization

displaces the PS from the active site and alleviates autoinhibition, that Par-6’s C-terminal
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Figure 5. Par-6 CRIB-PDZ interacts with aPKC KD-PBM. A, Domain architecture of Par-
6 and aPKC. Black arrow indicates the reported interactions between Par-6 and aPKC;
Yellow arrows indicate reported interactions with other proteins. B, Interaction of Par-6 PB1
or Par-6 CRIB-PDZ with aPKC PB1-C1 or aPKC KD-PBM. Solid-phase (glutathione resin)-
bound glutathione S-transferase (GST)-fused Par-6 PB1 or Par-6 CRIB-PDZ incubated with
aPKC PB1-C1 or aPKC KD-PBM. Shaded regions indicate the fraction applied to the gel
(soluble-phase or solid-phase components after mixing with soluble-phase components and
washing).
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domains now inhibit aPKC’s catalytic activity (Dong et al., 2020; Yamanaka et al., 2001). The
available data suggesting that Par-6 is an activator or an inhibitor is conflicting and has made it
difficult to figure out how Par-6 is altering aPKC to change its catalytic activity. Additionally,
the lack of structural information of the full-length proteins and the proteins in a complex have
made it challenging to understand exactly how Par-6 regulates aPKC. Here we have used a
biochemical reconstitution approach with purified proteins to determine how aPKC is regulated
by Par-6. The results provide the mechanistic framework for understanding how Par-6 is

regulating aPKC activity and how it allows other proteins such as Par-3 and Cdc42 to bind.

RESULTS
Multiple interactions exist between Par-6 and aPKC

Although Par-6 and aPKC have only been shown to interact through their PB1 domains, a
recent study suggested that the C-terminus of Par-6 inhibits the kinase domain (Dong et al.,
2020). While this has been proposed previously (Yamanaka et al., 2001), another model
suggested that the C-terminus further activated aPKC (Graybill et al., 2012). Inhibition could be
due to allosteric changes occurring due to PB1 interactions, where the Par-6 CRIB-PDZ domain
blocks access to the kinase active site. To test this model, we examined whether the N- or C-
terminus of Par-6 binds to the N- or C-terminus of aPKC using a reconstitution approach. We
performed a pull-down assay with purified aPKC PB1-C1 (regulatory module) or aPKC kinase
domain-PBM (KD-PBM) on the soluble phase and GST-fused Par-6 PB1 or GST-fused Par-6
CRIB-PDZ on the solid phase. If aPKC PB1-C1 interacts with both Par-6 PB1 and Par-6 CRIB-
PDZ, then these Par-6 fragments should pull down aPKC PB1-C1. Alternatively, aPKC PB1-C1

will only be pulled down by Par-6 PB1 and not Par-6 CRIB-PDZ. As expected, aPKC PB1-C1
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was pulled down by Par-6 PB1 and no interaction was observed with Par-6 CRIB-PDZ (Fig. 5B).
When adding soluble aPKC KD-PBM to either Par-6 PB1 or CRIB-PDZ, if aPKC KD-PBM is
pulled down, this would denote an interaction with these domains, respectively. No interaction
was observed between Par-6 PB1 and aPKC KD-PBM, but to our surprise, aPKC KD-PBM was
pulled down by Par-6 CRIB-PDZ (Fig. 5B). Our results indicate that a direct interaction exists
between the C-terminal ends of aPKC and Par-6.

The available biochemical evidence suggested that Par-6 and aPKC solely interact
through PB1 heterodimerization, yet we have identified a novel interaction between aPKC KD-
PBM and Par-6 CRIB-PDZ utilizing purified components. Why has no one previously observed
an interaction between the C-terminal ends of aPKC and Par-6? It has been difficult to develop
most of the reagents, with bacterial expression resulting in highly aggregated proteins or little to
no expression. As our proteins were purified and used in a controlled system, other cellular
factors could potentially have prevented this interaction. Additionally, the low affinity of Par-6

CRIB-PDZ for aPKC KD-PBM (K4 of ~20 uM, data not shown) could have made it difficult to
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Figure 6. Nature of the interaction between Par-6 CRIB-PDZ and aPKC KD-PBM. A,
Interaction of Par-6 CRIB-PDZ with aPKC KD-PBM or aPKC KD APBM. Solid-phase
(glutathione resin)-bound glutathione S-transferase (GST)-fused Par-6 PB1 or Par-6 CRIB-
PDZ incubated with aPKC KD-PBM or aPKC KD APBM. Shaded regions indicate the
fraction applied to the gel (soluble-phase or solid-phase components after mixing with
soluble-phase components and washing). B, Domain architecture of Par-6 and aPKC showing
the novel interaction between aPKC and Par-6 with a black arrow. Red X’s mark domains that
are not necessary for the interaction.
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detect this interaction. Furthermore, in the context of full-length aPKC, which possesses a strong
intramolecular interaction between its regulatory module and the KD-PBM, Par-6 would have to
have a stronger affinity to sufficiently displace the regulatory module on its own. In terms of
understanding how Par-6 regulates aPKC, our results indicate that the Par-6 and aPKC interact at
two regions, with the heterodimerization of the N-terminal PB1 domains and binding at the C-

terminal Par-6 CRIB-PDZ—aPKC KD-PBM domains.

The Par-6 PDZ domain binds to aPKC kinase domain

The CRIB motif and PDZ domain of Par-6 are structurally coupled to one another, with
Cdc42 requiring both domains for its interaction with Par-6 (Garrard et al., 2003; Joberty et al.,
2000; Lin et al., 2000). To investigate the nature of the Par-6 CRIB-PDZ—aPKC KD-PBM
interaction, we truncated these proteins further and tested which components are required. If
aPKC KD-PBM interacts with Par-6 in a similar manner as Cdc4?2 interacts with Par-6, then no
interaction would be observed with either the CRIB motif or PDZ domain. Alternatively, aPKC
KD-PBM could potentially be a Par-6 PDZ ligand and only requires the PDZ domain for
binding. As aPKC KD-PBM contains a PDZ binding motif, and we previously observed an
interaction between Par-3 PDZ2 and PDZ3 with aPKC KD-PBM, this interaction is highly
likely, and we would expect to observe that the PDZ domain pulls down aPKC KD-PBM. We
added soluble aPKC KD-PBM to GST-fused Par-6 CRIB-PDZ, CRIB, or PDZ on the solid
phase. We found that Par-6 CRIB-PDZ and PDZ sufficiently pulled down aPKC KD-PBM,
whereas Par-6 CRIB could not pull down aPKC KD-PBM (data not shown). Our result suggests

that aPKC KD-PBM interacts with the Par-6 PDZ domain and is a Par-6 PDZ ligand.
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As our previous result suggests that the aPKC KD-PBM—Par-6 CRIB-PDZ interaction is
likely due to the PBM and PDZ domains of aPKC and Par-6, respectively, we wanted to test
whether the PBM was required for this interaction or whether the kinase domain alone was
sufficient. If Par-6 CRIB-PDZ pulls down aPKC KD APBM to the same extent as aPKC KD-
PBM, this would suggest that the interaction is due to the kinase domain and not the PBM.
Alternatively, if Par-6 no longer pulls down aPKC KD APBM, this would suggest that Par-6
requires the PBM to bind. It is also possible that Par-6 pulls down less aPKC KD APBM than
aPKC KD-PBM, suggesting that Par-6 makes binding contacts with both the kinase domain and
the PBM. To probe this interaction, we added soluble aPKC KD-PBM or aPKC KD APBM to
GST-fused Par-6 CRIB-PDZ on the solid phase. We did not detect an effect of removing the
PBM on Par-6’s ability to interact with the kinase domain (Fig. 6A). Our results indicate that the
interaction between Par-6 CRIB-PDZ and aPKC KD-PBM occurs through the PDZ and kinase
domains within Par-6 and aPKC, respectively (Fig. 6B). However, as we did not test whether
Par-6 CRIB-PDZ could interact with aPKC PBM alone, it remains possible that Par-6 CRIB-

PDZ also makes binding contacts with the PBM.

Par-6 CRIB-PDZ relieves aPKC autoinhibition by displacement of the PB1-C1 module
from the kinase domain

Given the model that Par-6 displaces aPKC’s pseudosubstrate (PS) from the active site,
we sought to determine whether this was due to Par-6 CRIB-PDZ competing with aPKC PS for
binding to KD-PBM. As the C1 domain is also proposed to contribute to KD-PBM binding, we
examined whether aPKC’s whole regulatory module (PB1-C1), rather than the PS alone, affects

Par-6 CRIB-PDZ binding to aPKC KD-PBM. We first formed a complex of Par-6 CRIB-PDZ-
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bound aPKC KD-PBM by placing GST-Par-6 CRIB-PDZ on the solid phase and incubating with
soluble, purified aPKC KD-PBM. We assessed the effect of aPKC PB1-C1 on the Par-6 CRIB-
PDZ-bound aPKC KD-PBM by adding soluble aPKC PB1-C1. If binding of the regulatory
module to KD-PBM had no effect on Par-6 CRIB-PDZ binding, or the proteins bound with
positive cooperativity, we expected that aPKC PB1-C1 would be pulled down and the amount of
aPKC KD-PBM would stay the same or increase. Alternatively, if aPKC PB1-C1 and Par-6
CRIB-PDZ negatively cooperate, either through direct steric occlusion or an allosteric
mechanism, little or no aPKC PB1-C1 would be pulled down, and the amount of aPKC KD-
PBM pulled down Par-6 CRIB-PDZ would decrease. This would be due to the decreased affinity
of aPKC KD-PBM for Par-6 CRIB-PDZ by binding to the regulatory module. We observed that
addition of aPKC PB1-C1 reduced the amount of aPKC KD-PBM associated with Par-6 CRIB-
PDZ (Fig. 7A). We conclude that Par-6 CRIB-PDZ and aPKC PB1-C1 negatively cooperate for

binding to aPKC KD-PBM (Fig. 7B).
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Figure 7. Regulation of aPKC regulatory module interaction with aPKC KD-PBM by
Par-6 CRIB-PDZ. A, Effect of aPKC PB1-C1 on the interaction between Par-6 CRIB-PDZ
and aPKC KD-PBM. Solid-phase (glutathione resin)-bound glutathione S-transferase (GST)-
fused Par-6 CRIB-PDZ incubated with aPKC KD-PBM and/or aPKC PB1-C1. Shaded
regions indicate the fraction applied to the gel (soluble-phase or solid-phase components after
mixing with soluble-phase components and washing). B, Cartoon summary of Par-6 CRIB-
PDZ negatively cooperating with aPKC PB1-C1 for binding to aPKC KD-PBM.
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Cdc42 and Par-6 ligands prevent Par-6 CRIB-PDZ from interacting with aPKC’s kinase
domain

The PDZ domain of Par-6 is regulated by Cdc42, with binding of Cdc42 to the CRIB
domain inducing a conformational change in the PDZ domain resulting in an increased affinity
for ligands (Peterson et al., 2004). While the effect of Cdc42 binding to Par-6 on PDZ ligand
binding depends highly on the PDZ ligand itself, Cdc42 either has no effect on the interaction or
increases the affinity between the PDZ ligand and Par-6 PDZ (Penkert et al., 2004; Peterson et
al., 2004; Whitney et al., 2016, 2011). Given that aPKC KD-PBM may be a Par-6 PDZ ligand
based on our previous results, we investigated whether the Par-6 PDZ ligands could displace
aPKC KD-PBM from Par-6 CRIB-PDZ. We assessed the effect of Par-6 PDZ ligands on Par-6
CRIB-PDZ-bound aPKC KD-PBM by adding soluble Crumbs or Stardust. If either PDZ ligand
displaced aPKC KD-PBM from Par-6, this would suggest that aPKC KD-PBM and Crumbs or

Stardust are negatively cooperating for binding, most likely through a direct mechanism. We
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Figure 8. Cdc42 and Par-6 PDZ ligands Crumbs and Stardust displace aPKC KD-PBM
from Par-6 CRIB-PDZ. A, Effect of Crumbs (intra), Stardust ECR1, and Cdc42?¢!t
(constitutively active) on the interaction between Par-6 CRIB-PDZ and aPKC KD-PBM.
Solid-phase (glutathione resin)-bound glutathione S-transferase (GST)-fused Par-6 CRIB-
PDZ incubated with aPKC KD-PBM and/or Crb (intra), Sdt ECR1, or Cdc42?'L. Shaded
regions indicate the fraction applied to the gel (soluble-phase or solid-phase components after
mixing with soluble-phase components and washing). B, Cartoon summary of Crumbs (intra),
Stardust ECR1, and Cdc42?°!L negatively cooperating with aPKC KD-PBM for binding to
Par-6 CRIB-PDZ.
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found that the amount of aPKC KD-PBM pulled down by Par-6 CRIB-PDZ was reduced in the
presence of either Crumbs or Stardust (Fig. 8A). Our results indicate that Crumbs and Stardust
compete with aPKC KD-PBM for binding to Par-6 CRIB-PDZ (Fig. 8B).

As aPKC KD-PBM is likely a PDZ ligand, and Cdc42 is a regulator of Par-6’s PDZ
domain, we further investigated the effect of Cdc42 on Par-6’s ability to bind aPKC KD-PBM. If
we observe an increase in the amount of aPKC KD-PBM pulled down by Par-6 CRIB-PDZ in
the presence of Cdc42, then this would suggest that Cdc42 positively cooperates with aPKC KD-
PBM for binding to Par-6. Alternatively, if we observe no change in the amount of aPKC KD-
PBM pulled down after the addition of Cdc42, this would indicate that Cdc42 does not regulate
Par-6’s ability to bind aPKC KD-PBM. This would be similar to Par-6’s interaction with
Stardust, in which Cdc42 has no effect on. Another possibility would be that the addition of
Cdc42 would displace aPKC KD-PBM from Par-6 CRIB-PDZ. We first formed a complex by
incubating soluble aPKC KD-PBM with GST-fused Par-6 CRIB-PDZ and added Cdc42%'L, a
constitutively active form of Cdc42. A decrease in the amount of aPKC KD-PBM pulled down
by Par-6 CRIB-PDZ in the presence of Cdc42 was observed (Fig. 8A). Our results suggest that

Cdc42 negatively cooperates with aPKC KD-PBM for binding to Par-6 CRIB-PDZ Fig. 8B).

DISCUSSION

Par-6 and aPKC work collaboratively to polarize cells, with Par-6 acting as an adaptor
protein and aPKC utilizing its kinase activity to phosphorylate and polarize proteins (Lang and
Munro, 2017). While aPKC is in the autoinhibited state, intramolecular interactions regulate its
ability to be catalytically active and localize to the membrane (Dong et al., 2020; Graybill et al.,

2012; House and Kemp, 1987; Jones et al., 2023; Newton, 2018). Par-6’s interaction with aPKC
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is required for the displacement of pseudosubstrate from the substrate binding pocket and
relieving aPKC’s autoinhibition (Graybill et al., 2012). Their interaction also mediates the
formation of a catalytically active complex with Cdc42 and an inactive complex with Par-3 while
also helping recruit aPKC to the membrane through these complexes (Aceto et al., 2006; Atwood
et al., 2007; Hutterer et al., 2004; Lang and Munro, 2017; Munro et al., 2004; Rodriguez et al.,
2017). While Par-6 binding to aPKC may alleviate autoinhibition, the effect Par-6 has on aPKC
activity remains in question. Utilizing a biochemical reconstitution approach to understand the
molecular mechanism by which Par-6 regulates aPKC activity, we set out to identify how Par-6
binding may alter aPKC’s structural conformation. A previous study suggested that Par-6
activated aPKC, with the PB1 domain being sufficient to displace the PS from the catalytic
domain and the CRIB-PDZ domains contributing to aPKC activation (Graybill et al., 2012).
However, other models suggested that Par-6 maintains aPKC in an inactive state, with the PB1
displacing the PS and the CRIB-PDZ domains inhibiting the kinase domain through an allosteric
mechanism (Dong et al., 2020; Yamanaka et al., 2001). Using purified components, we found
that Par-6 relieves aPKC autoinhibition through a novel interaction (Fig. 9 A, B). Here we
discuss the implications of our findings and any outstanding questions that remain in
understanding the mechanism of aPKC regulation by Par-6.

An interaction between Par-6’s and aPKC’s C-terminal domains was not previously
observed, and yet, we found that Par-6 CRIB-PDZ and aPKC KD-PBM interact. How can these
findings be reconciled? Firstly, this could be due to a difference in assays or cell types.
Additionally, we found that the interaction between Par-6 CRIB-PDZ and aPKC KD-PBM is not
that strong. The interaction may not have been detected because of the low affinity. Lastly the

strong interaction between aPKC and Par-6’s PB1 domains could have made the interaction
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undetectable, especially in the context of full-length aPKC and truncated Par-6 CRIB-PDZ,
which would have to compete with aPKC PB1-C1. The lack of structural information has also
made it difficult to understand exactly how Par-6 and aPKC interact. While the structures of
individual domains have been reported, nothing is known about the structure of the full-length
proteins and how binding of aPKC to Par-6 results in conformational changes.

Here we examined the nature of the Par-6 and aPKC interaction and found that Par-6 and
aPKC bind at two locations: through their PB1 domains and through their C-terminal ends. We
show that Par-6 CRIB-PDZ interacts with aPKC KD-PBM and that this interaction is regulated
by Cdc42 and Par-6 PDZ ligands, Crumbs and Stardust. While the interaction appears to only
require Par-6’s PDZ domain, it’s currently unclear whether aPKC’s PBM is necessary for this

interaction. Our results are in a way consistent with the model that Par-6 CRIB-PDZ inhibits
A
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aPKC aEZDiEm Kinase |

Activation
8
—<" 4 -
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Figure 9. Model for regulation of aPKC by Par-6, Cdc42, and Par-6 PDZ ligands. A,
Domain architecture demonstrating the interactions between aPKC and Par-6., Cdc42, and the
Par complex that are sufficient for regulating the transition between a Par-3- and Cdc42-
bound Par complex. B, Model for regulation of aPKC. aPKC is found in the autoinhibited
state, with its pseudosubstrate (PS) binding the active site. Par-6 PB1 interacts with aPKC
PB1 and Par-6 CRIB-PDZ interacts with aPKC KD-PBM. These interactions relieve
autoinhibition but maintain aPKC in the inactive state. In the presence of Par-6 regulators,
such as Cdc42, Crumbs, or Stardust, Par-6 CRIB-PDZ no longer interacts with aPKC KD-
PBM. This results in either activation or releases the catalytic domain for the PS to bind
again.
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aPKC kinase activity (Dong et al., 2020). However, as we did not test activity or access to the
substrate binding site, we cannot conclude that Par-6 CRIB-PDZ represses aPKC activity. On the
other hand, our finding that Par-6 CRIB-PDZ negatively cooperates with aPKC PB1-C1 for
binding to aPKC KD-PBM suggests that Par-6 CRIB-PDZ displaces the regulatory module and
alleviates autoinhibition.

While our results suggest that Par-6 CRIB-PDZ relieves autoinhibition and potentially
continues to inhibit aPKC, it remains unclear how binding of Cdc42, Crumbs, or Stardust to Par-
6 affects aPKC in the context of the Par complex. If Par-6 PDZ ligands and Cdc42 negatively
cooperate and displace aPKC KD-PBM from Par-6 CRIB-PDZ, it could be indicative of an
activation mechanism because the kinase domain is no longer occupied. In support of this, Cdc42
has long been proposed to be an activator of the Par complex (Atwood et al., 2007; Qiu et al.,
2000; Yamanaka et al., 2001). One study reported that Cdc42 could not activate the Par complex
by relieving Par-6 inhibition of aPKC, yet they found that Crumbs was able to alleviate
inhibition and activate aPKC (Dong et al., 2020). Alternatively, it remains possible that removal
of the CRIB-PDZ from the kinase domain by Par-6 regulators allows aPKC’s PS access to the
catalytic domain. Further examination of these interactions in the presence of an aPKC substrate

is required to better assess the mechanism of aPKC regulation by Par-6.

EXPERIMENTAL PROCEDURES
Protein Expression

Plasmids were transformed into BL21-DE3 cells, aliquoted onto LB + AMP plates, and
grown at 37°C overnight. 100 mL LB + AMP starter cultures were inoculated with transformants

and grown at 37°C for 2-3 hours until an OD600 of 0.4-1.0 was reached. Starter cultures were
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then added into 2 L LB + AMP and depending on the protein, grown at either 18°C or 37°C.
Once an OD600 of 0.8-1.0 was reached, cultures were induced with 500 uM IPTG for 3 hours
and then then centrifuged at 5,000 RPM for 15-20 minutes. Pellets were subsequently
resuspended in nickel lysis buffer (50 mM NaH3PO4, 300 mM NaCl, 10 mM Imidazole, pH
8.0), GST lysis buffer (IX PBS, 1 mM DTT, pH 7.5), or maltose lysis buffer (20 mM Tris, 200

mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.5), frozen in liquid N2, and then stored at -80°C.

Protein Purification

Frozen, resuspended pellets were thawed, lysed by probe sonication (70% amplitude, 0.3
seconds/0.7 seconds on/off pulse rate, 3x 1 minute), and subsequently centrifuged at 15,000
RPM for 20 minutes. Lysates for GST-tagged proteins were aliquoted, frozen in liquid N2 and
stored at -80°C. For all other proteins (His- or MBP-fused), lysates were incubated with either
cobalt/nickel resin (His) or amylose resin (MBP) and incubated for 30-60 minutes at 4°C with
mixing. Protein-labeled resin was washed 3x with nickel lysis buffer (50 mM NaH3PO4, 300
mM NaCl, 10 mM Imidazole, pH 8.0) or maltose lysis buffer (20 mM Tris, 200 mM NaCl, 1
mM EDTA, 1 mM DTT, pH 7.5) and eluted in 0.5-2 mL fractions with nickel elution buffer (50
mM NH3PO4, 300 mM NacCl, 300 mM Imidazole, pH 8.0) or maltose elution buffer (maltose
lysis buffer, 10 mM Maltose). Fractions containing protein of interest were pooled together and
buffer exchanged into 20 mM HEPES, pH 7.5, 100 mM NaCl, and 1 mM DTT using a PD10
desalting column. Afterwards, protein was concentrated using a Vivaspin 20 centrifugal
concentrator, aliquoted, frozen in liquid N2, and stored at -80°C.

Note that alPKC KD-PBM was His-purified partially under denaturing conditions due to

solubility issues. After sonication and centrifugation, the insoluble pellet was resuspended in
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nickel lysis buffer (50 mM NaH3PO4, 300 mM NacCl, 10 mM Imidazole, pH 8.0) and 8 M Urea,
and then centrifuged again under the same conditions as noted above. The supernatant was
incubated with either cobalt/nickel resin (His) for 30-60 minutes at 4°C with mixing, washed

with nickel lysis buffer, eluted, concentrated, aliquoted, and frozen as noted above.

Qualitative Binding Assay

Bacterial lysates were incubated with glutathione resin for 30 minutes at 4°C. After
incubation, protein-labeled resin was washed 3x with binding buffer (20 mM HEPES pH 7.5,
100 mM NaCl, 5 mM MgCl2, 0.5% Tween-20, 1 mM DTT, 200 uM ATP). Soluble proteins
were then added to protein-labeled resin and incubated for 60 minutes at room temperature with
rotational mixing. Resin was quickly washed 3x with binding buffer and proteins were eluted
with 4X LDS sample buffer. Samples were then run on a 12% Bis-Tris gel and stained with

Coomassie Brilliant Blue R-250.

Key Resources Table 1

Reagent or Reagent or
Resource Source Identifier | Additional Information
Resource
type
Cloned by Gibson
Assembly; expressed in
Recombinant MBP-aPKC This paper BL21 cells from pMAL
Protein PB1-C1 aPKC 1-225-His; His-
purified; Drosophila
melanogaster protein
Cloned using tradtional
Recombinant | His-aPKC KD- PMID: methods; expressed in
protein PBM 35787373 BL21 cells from pBH
aPKC 259-606; his-
purified under denaturing
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conditions; Drosophila
melanogaster protein

Recombinant
Protein

His-aPKC KD-
APBM

This paper

Cloned by Q5 site-
directed mutagenesis;
expressed in BL21 cells
from pBH aPKC 259-
600; his-purified under
denaturing conditions;
Drosophila melanogaster
protein

Recombinant
Protein

MBP-
Cde42001t

This paper

Cloned by Gibson
assembly; expressed in
BL21 cells from pMal
Cdc42 1-191 Q61L;
amylose-purified;
Drosophila melanogaster
protein

Recombinant
Protein

MBP-Crumbs
(intra)

This paper

Cloned by traditional
methods; expressed in
BL21 cells from pMal
Crumbs 2217-2253;
amylose-purified;
Drosophila melanogaster
protein

Recombinant
Protein

MBP-Stardust
ECRI1

This paper

Cloned by Gibson
assembly; expressed in
BL21 cells from pMal
Stardust 3-34; amylose-
purified; Drosophila
melanogaster protein

Recombinant
Protein

GST-Par-6 PB1

This paper

Cloned by Gibson
assembly; expressed in
BL21 cells from pGEX
Par-6 1-102; Drosophila
melanogaster protein

Recombinant
Protein

GST-Par-6
CRIB-PDZ

PMID:
36436559

Cloned by Gibson
assembly; expressed in
BL21 cells from pGEX
Par-6 130-256;
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Drosophila melanogaster
protein

Cloned by Gibson
assembly; expressed in

Recombinant GST-Par-6 This paper BL21 cells from pGEX
Protein CRIB 15 pap Par-6 130-158;
Drosophila melanogaster
protein
Cloned by Gibson
assembly; expressed in
Recombinant . BL21 cells from pGEX
Protein GST-Par-6 PDZ This paper Par-6 156-255;
Drosophila melanogaster
protein
pCMV
Recombinant | (mammalian | pp o opicper | 10586014
DNA expression
plasmid)
pMAL c4X
Recombinant (bacterial
DNA expression Addgene 75288
plasmid)
pGEX 4T1
Recombinant (bacter.lal Amersham 27458001
DNA expression
plasmid)
Recombinant pEZH (rzaslg.t(e)ﬁal PMID:
DNA Xpressi 15023337
plasmid)
Bacte.nal TGI Molecular cloning
Strain
Bacte.nal BL21-DE3 Protein expression
Strain
Chemical HisPur Cobalt ThermoFisher 89965
Resin
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HisPur NINTA

Chemical . ThermoFisher 88222
Resin
Chemical Amylose Resin NEB E8021L
Chemical | Clutathione GoldBio | G250-100
Resin
Chemical 4X BOLT LDS ThermoFisher B0007
Sample Buffer
PageRuler Plus
) Prestained )
Chemical Protein Ladder, ThermoFisher 26619
10-250 kDa
20X BOLT
Chemical MES SDS ThermoFisher B0002
Running Buffer
Coomassie
Chemical Brilliant Blue GoldBio C-461-5
R-250
Q5 Site-
Chemical Directed NEB E0552S
Mutagenesis Kit
Gibson
Chemical Assembly NEB E5510S
Cloning Kit
Bolt 12% Bis- ) NWO00125
Other Tris Gels ThermoFisher BOX
PD-10
Other Desalting VWR 95017-001
Columns
VivaSpin 20 .
Other MWCO 5kDa Cytiva 28932359
VivaSpin 20 .
Other MWCO 10kDa Cytiva 28932360
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VivaSpin 20 .
Other MWCO 30kDa Cytiva 28932361
Software Imagel NIH https://imagej.nih.gov/ij/
Software Prism GraphPad https://www.graphpad.co
Software m/
Software Estimation PMID: www.estimationstats.co
v Statistics BETA | 31217592 m

BRIDGE TO CHAPTER III

In this chapter, we demonstrated that Par-6 and aPKC interact through a novel interaction
that potentially regulates aPKC’s catalytic activity. Using in vitro assays with purified
components, we showed that Par-6 CRIB-PDZ displaces aPKC PB1-C1 from KD-PBM, thereby
relieving autoinhibition. We also found that the interaction between Par-6 CRIB-PDZ and aPKC
KD-PBM is negatively regulated by Cdc42 and Par-6 PDZ ligands. Our findings suggest that
aPKC KD-PBM could be exposed in the presence of these Par-6 regulators. In the next chapter,
we focus on the regulation of Par-6 and aPKC, together as the Par complex, by Par-3. Utilizing
quantitative pull-down assays, we investigate which of the many reported interactions between
Par-3 and the Par complex contribute to their overall binding energy. This work provides a better
understanding of the interactions that play a role in regulating Par complex localization and

activity.
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CHAPTER III
ENERGETIC DETERMINANTS OF ANIMAL CELL POLARITY REGULATOR PAR-3

INTERACTION WITH THE PAR COMPLEX

*This chapter contains previously published co-authored material.

Penkert RR, Vargas E, Prehoda KE. (2022). Energetic determinants of animal cell polarity

regulator Par-3 interaction with the Par complex. J Biol Chem. 102223.

Author Contributions: R. R. P. and K. E. P. conceptualization; R. R. P. and K. E. P.
methodology; R. R. P. and E. V. investigation; R. R. P. and E. V. writing-review and editing; K.
E. P. writing original draft; K. E. P. supervision; K. E. P. project administration; K. E. P. funding

acquisition.

INTRODUCTION

The Par complex polarizes diverse animal cells by forming a specific domain on the
plasma membrane. In the Par domain, the Par complex component atypical Protein Kinase C
(aPKC) phosphorylates and displaces substrates, thereby restricting them to a complementary
membrane domain (Bailey and Prehoda, 2015). In this manner, the cellular pattern formed by
Par-mediated polarity is ultimately determined by the mechanisms that target the Par complex to
the membrane. Membrane recruitment relies at least in part on interactions with proteins that
directly associate with the membrane, including the Rho GTPase Cdc42 and the multi-PDZ

protein Par-3. The Par complex’s interaction with Cdc42 is via a single well-defined site, the Par
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complex component Par-6’s semi-CRIB domain (Garrard et al., 2003; Joberty et al., 2000; Lin et
al., 2000; Noda et al., 2001; Qiu et al., 2000). However, numerous interactions between Par-3
and the Par complex have been reported (Holly et al., 2020; [zumi et al., 1998; Joberty et al.,
2000; Lin et al., 2000; Renschler et al., 2018; Wodarz et al., 2000) and it has been unclear how
each contributes to the overall interaction.

The interaction between Par-3 and the Par complex was originally discovered in the
context of the interaction between aPKC and its phosphorylation site on Par-3, the aPKC
Phosphorylation Motif (APM aka Conserved Region 3—CR3) (Izumi et al., 1998). Subsequently,
interactions were reported outside of aPKC’s catalytic domain: i) Par-3 PDZ1 and the Par-6 PDZ
(Joberty et al., 2000; J. Li et al., 2010; Lin et al., 2000), ii) Par-3 PDZ2-3 acting together and
aPKC (Wodarz et al., 2000), iii) Par-3 PDZ1 or PDZ3 binding to the Par-6 PDZ Binding Motif
(PBM) (Renschler et al., 2018), and iv) PDZ2 with a PBM in aPKC (Holly et al., 2020) (Fig.
10A). Each of these interactions, except for the interaction of aPKC’s kinase domain with its
substrate sequence on Par-3, involves one or more of Par-3’s three PDZ protein interaction
domains.

Several factors have made it difficult to understand how the many interactions identified
between Par-3 and the Par complex contribute to the overall interaction. Most interactions have
not been examined in the context of the intact Par complex. In this context it is not possible to
understand how individual interactions contribute to the overall energetics of Par-3 assembly
with the Par complex, or if interactions might cooperate or compete. Furthermore, many of the
interactions have not been examined quantitatively so it has not been possible to assess their
relative strength. Finally, the presence of multiple potential Par complex binding sites on Par-3

raises the possibility that each Par-3 protein might bind more than one Par complex. Here we
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examine the energetics of Par-3 binding to the fully reconstituted Par complex using a

quantitative binding assay to address these issues.
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Figure 10. Energetic composition of the Par-3 interaction with the Par complex. 4,
Schematic of reported Par-3 interactions with the Par complex. B, Schematic of the
supernatant depletion quantitative binding assay and key equations used to calculate the
fraction of “R” bound to “L” (Fy), the equilibrium dissociation binding constant (Kg), and
ultimately the binding energy (AG®). C, Cumming estimation plot of Par-3/Par complex
interaction energies measured using the supernatant depletion assay. The result of each
replicate is shown (filled circles) along with mean and standard deviation (gap and bars
adjacent to filled circles) are shown in the top plot. The difference in the means relative to the
PDZ1-APM/Par complex mean are shown in the bottom plot (filled circles) along with the
95% confidence intervals (black bar) derived from the bootstrap 95% confidence interval
(shaded distribution). Asterisks indicate apparent values that may be the result of multiple
binding interactions. D, Summary of binding energies for Par-3 and Par complex variants.
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RESULTS
Multiple interactions contribute to Par-3—Par complex interaction energy

To investigate the energetic determinants of Par-3’s interaction with the Par complex
(Par-6 and aPKC), we measured binding energy using a supernatant depletion assay (Fig. 10B),
using the Drosophila proteins. The supernatant depletion assay uses solid (glutathione or
amylose agarose resin) and soluble phases like a typical “pull-down” assay but the amount of
protein in the soluble phase (“receptor’) is monitored at equilibrium rather than what remains on
the solid phase after washing (Pollard, 2010) (Fig. 10B and S1A). To confirm that the
supernatant depletion assay yields similar affinities to another established protein interaction
assay, we measured the affinity of the Crumbs intracellular domain for the Par-6 CRIB-PDZ
(6.89 = 0.07 kcal/mole; mean = 1 SD, n = 6). This result is indistinguishable from measurements
made using the fluorescence anisotropy method (6.89 + 0.06 kcal/mole) (Whitney et al., 2016).
For measuring Par complex affinities for Par-3, we used the PDZ1-APM region of Par-3 (Fig.
104) as a starting point because it contains all domains that have been reported to interact with
the Par complex and it can be purified to a level suitable for quantitative analysis (all protein
reagents used in this study are shown in Fig. S1B) (Holly et al., 2020). We examined binding of
Par-3 PDZ1-APM to the full Par complex to allow the multiple, potentially cooperative
interactions to form. As shown in Fig. 10C and D, the binding energy (AG®) of Par-3 PDZ1-
APM to the Par complex is 9.1 kcal/mole (9.0-9.2 95% CI; all binding energies reported in this
study can be found in Supplemental Table 1). Because of the potential for multiple interactions
between Par-3 and the Par complex, this energy may be the cumulative effect of individual
binding events. For this reason, binding energies for reactions that have stoichiometries that are

potentially greater than one are labeled as “apparent”. Below we examine how each of the
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potential interactions between Par-3 and the Par complex contributes to the overall binding

energy.

We recently discovered an interaction between the second of Par-3’s three PDZ domains

(PDZ2) and a highly conserved PBM at the COOH-terminus of aPKC (Holly et al., 2020). The

Par-3 PDZ2-aPKC PBM interaction is required for the recruitment of the Par complex to the

cortex of asymmetrically dividing Drosophila neural stem cells. Using the supernatant depletion

assay we found that this interaction has an apparent binding energy of 5.5 kcal/mole (5.3-5.7

95% CI) which represents approximately 60% of the full Par-3 PDZ1-APM’s binding energy,

and indistinguishable from PDZ1-APM binding to the aPKC PBM (Fig. 10C and D). We were
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Figure 11. The aPKC kinase domain and PDZ binding motif form the Par complex
binding site for Par-3. 4, Cumming estimation plot of Par-3/Par complex interaction
energies measured using the supernatant depletion assay. Note: the data for PDZ1-APM
binding to the Par complex is the same as shown in Figure 10. Asterisk indicates apparent
value that may be the result of multiple binding interactions. B, Summary of binding energies
for Par-3 interaction with the aPKC KD-PBM and Par complex lacking the Par-6 PBM. C,
Structure of the aPKC kinase domain in complex with the Par-3 phosphorylation site (from
PDB ID 5LI1; Soriano et al 2016) showing the relative position of the PBM and substrate
binding sites. Note that electron density for the residues directly preceding the PBM, but not
the PBM itself, are present in this structure.
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unable to detect an interaction between PDZ2 and a Par complex lacking aPKC’s PBM (the limit
of detection of the supernatant depletion assay is approximately 4.5 kcal/mole) consistent with a
central role for this motif in the overall interaction. Surprisingly, however, removal of PDZ2 did
not abrogate binding as PDZ1-APM APDZ2 bound the Par complex with approximately the
same binding energy as that for Par-3 PDZ2—-aPKC PBM (Fig. 10C and D; 5.6 kcal/mole; 5.6-5.7
95% CI). We conclude that while Par-3 PDZ2-aPKC PBM represents a significant fraction of
the Par-3 interaction with the Par complex, interactions outside of the PDZ2 (but also potentially
involving the aPKC PBM) make a significant contribution. Furthermore, individual interactions

appear to be non-additive (i.e. cooperative).
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Figure 12. Energetic contributions to the Par-3/Par complex interaction from the Par-3
PDZ domains. 4, B, Cumming estimation plots of Par-3/Par complex interaction energies
measured using the supernatant depletion assay. The dashed lines indicate the binding energy
of PDZ1-APM binding to the Par complex. Asterisks indicate apparent values that may be the
result of multiple binding interactions. C, Summary of binding energies for Par-3 interaction
with the aPKC KD-PBM and Par complex.
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The aPKC kinase domain and PBM form the Par complex binding surface for Par-3

We sought to determine which interaction domains or motifs from the Par complex
collaborate with the aPKC PBM to contribute binding energy for Par-3. Par-6 has been reported
to contain a PBM that interacts with Par-3 PDZ1 or PDZ3 (Renschler et al., 2018). When
examining the effect of removing Par-6’s PBM on the overall interaction energetics, we were
unable to detect a difference in binding of Par-3 to the Par complex lacking the Par-6 PBM (Fig.
114 and B; 9.3 kcal/mole; 8.9-9.6 95% CI). Given that our implementation the supernatant
depletion assay reliably detects binding energy differences on the order of 0.2 kcal/mole (Fig.
10C), and that we were unable to detect an interaction between Par-3 PDZ1-APM and Par-
6APB1 (Fig. 114 and B), we conclude that Par-3 interactions with the Par-6 PBM do not play a
significant role in stabilizing Par-3 binding to the Par complex in the context of these purified
components.

Given that the Par-6 PBM is not responsible for the additional interaction energy with
Par-3, we sought to determine which Par complex interaction domains or motifs might contribute
the additional binding energy beyond the aPKC PBM. We found that the aPKC kinase domain
along with the adjacent PBM (KD-PBM; Fig. 11C) fully recapitulated the interaction energy of
the Par complex with Par-3 (Fig. 114 and B; 9.0 kcal/mole; 8.8-9.2). Thus, in the context of
these purified components, we do not find that the Par-3 PDZ]1 interaction with the Par-6 PDZ,
or the PDZ1 and 3 interactions with the Par-6 PBM substantially contribute to the overall Par-3

and Par complex binding energy.
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A conserved basic region NH:-terminal to Par-3 PDZ2 contributes to Par complex binding

We used both the Par complex and the isolated aPKC KD-PBM to identify which regions
of Par-3 outside of PDZ2 contribute to the overall interaction energy. We found that a Par-3
fragment containing its three PDZ domains has similar binding energy as PDZ1-APM (Fig. 124
-C; 9.3 kcal/mole; 9.0-9.6 95% CI). This result indicates that Par-3’s phosphorylation site (APM)
and the linker region connecting it to PDZ3 do not contribute significantly to the interaction.
Note that ATP was present in our binding assay so that any interaction of the aPKC kinase

domain with the APM was likely transient (and the interaction with the phosphorylated APM is
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Figure 13. A conserved basic region (BR) contributes binding energy to the Par-3 PDZ2
interaction with the Par complex. 4, Sequence alignment of the region NH2-terminal to the
Par-3 PDZ2 from the Par-3 sequence from diverse animal species. B, Cumming estimation
plot of Par-3/Par complex interaction energies measured using the supernatant depletion
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complex. C, Summary of binding energies for Par-3 PDZ2 and BR-PDZ2 interaction with the
aPKC KD-PBM, Par complex, and aPKC PBM.
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weak) (Holly et al., 2020; Holly and Prehoda, 2019). We did not detect any difference in binding
energy of Par-3 PDZ1-3 to the Par complex when ATP was replaced with ADP (Fig. S2A).
When examining the three Par-3 PDZ domains, we found that either PDZ1-2 or PDZ2-3
bound with binding energies similar to PDZ1-APM although PDZ1-2’s was somewhat lower
than PDZ2-3’s, an effect that was larger in the context of the full Par complex relative to the KD-
PBM alone (Fig. 12). We noticed that an approximately 30 residue sequence directly NH>-
terminal to the PDZ2 domain is enriched in basic amino acids and highly conserved in Par-3’s
from diverse animal species (Fig. 134). We termed this motif the Basic Region (BR) and found
that including it with Par-3 PDZ2 (BR-PDZ2) significantly increased the binding energy of the
interaction with the aPKC kinase domain and the full Par complex (Fig. 138 and C). We
conclude that the higher binding energy of PDZ1-2 compared to PDZ2 alone is contributed by

the conserved BR motif.

The Par-3 PDZ3 domain binds the aPKC kinase domain and PBM

Like PDZ1-2, the combination of PDZ2 and 3 (Par-3 PDZ2-3) also bound aPKC KD-
PBM and full Par complex with higher affinity than PDZ2 alone (Fig. 144-D). In this case, the
higher binding energy originates from PDZ3 as we discovered that it binds the aPKC KD-PBM
with similar energy to PDZ2 and somewhat less energy to the full Par complex (Fig. 144-D). We
also found that PDZ3 binds the aPKC PBM with a similar energy as PDZ2. Like PDZ2, the
binding energy of PDZ3 was higher for aPKC KD-PBM compared to the PBM alone.

Our results indicate that Par-3 PDZ2 and PDZ3 use a similar binding mode and therefore
may compete for binding to aPKC KD-PBM. To test this hypothesis, we performed a

competition experiment, first assembling a complex of the aPKC KD-PBM with PDZ2 and then
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adding PDZ3. We found that the presence of PDZ3 caused a significant decrease in the amount
of aPKC bound to PDZ2 (Fig 14E). Soluble PDZ2 was also able to displace PDZ3 from aPKC
KD-PBM (Fig. 14F). The competitive binding for the two PDZ domains suggests that PDZ2 and
PDZ3 each binds a distinct Par complex. Furthermore, the increased binding affinity when both
PDZ2 and 3 are present (e.g. PDZ2-3) relative to the individual domains likely arises from an

avidity effect in which more than one Par complex is participating in the interaction.

Par-3 BR-PDZ2-3 binding to aPKC KD-PBM recapitulates the overall interaction energy
Taken together, our results suggest that the binding energy of the Par-3 interaction with
the Par complex arises from separate interactions of the BR-PDZ2 and PDZ3 with the aPKC
KD-PBM. As shown in Fig. 154 and B, Par-3 BR-PDZ2-3 nearly completely recapitulates the
binding energy of PDZ1-APM. To determine if distinct Par complexes can bind to PDZ2 and
PDZ3, we asked whether the Par-3 PDZ1-APM adsorbed to the solid phase via the aPKC PBM,
could recruit the Par complex. We found that the Par complex was specifically adsorbed to GST-
aPKC PBM in the presence of Par-3 PDZ1-APM (Fig. 15C). We conclude that distinct
interactions of BR-PDZ2 and PDZ3 with aPKC KD-PBM form the basis of the Par-3 interaction
with the Par complex (Fig. 15D). In the context of these purified proteins, we do not detect a
significant contribution from the interaction of PDZ1 or PDZ3 with the Par-6 PBM, the
interaction of PDZ1 with the Par-6 PDZ, or the interaction of the aPKC kinase domain with its

phosphorylation site.
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Figure 14. Par-3 PDZ3 binds the aPKC kinase domain and PDZ Binding Motif. 4-C,
Cumming estimation plots of Par-3 PDZ2 and PDZ3 interaction energies with the aPKC
kinase domain—PBM (A), full Par complex (B) and aPKC PBM (C) measured using the
supernatant depletion assay. Dashed lines represent the interaction energy of PDZ1-APM to
the Par complex. Asterisk indicates apparent value that may be the result of multiple binding
interactions. D, Summary of binding energies for Par-3 PDZ2 and PDZ3 interaction with the
aPKC kinase domain-PBM, Par complex, and aPKC PBM. E, Competition between Par-3
PDZ2 and PDZ3 for binding to aPKC KD-PBM. Solid phase (glutathione resin) bound
Glutathione-S-Transferase (GST) fused Par-3 PDZ2 or PDZ3 incubated with aPKC KD-PBM
(arrowhead) and the indicated competing PDZ domain. Shaded regions of legend indicate the
fraction applied to the gel (soluble-phase or solid-phase components after mixing with
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DISCUSSION

The nature of the Par-3 interaction with the Par complex has been enigmatic (Lang and
Munro, 2017; Martin et al., 2021; Riga et al., 2020; Thompson, 2021; Wu et al., 2020). In this
study, we used a quantitative biochemical approach with purified, full-length Par complex and a
region of Par-3 that contains all known binding motifs to address the challenge of understanding
this complicated interaction. We found that Par-3 PDZ2 and PDZ3 binding to the aPKC KD-
PBM nearly fully recapitulates the binding energy of the overall interaction between Par-3 and
the Par complex. We note that these interactions most closely resemble the previously identified
interaction of Par-3 PDZ2-3 with full-length aPKC using a yeast two-hybrid assay (Wodarz et
al., 2000). We used the Drosophila versions of these proteins and, while the Par complex is
highly conserved, it is possible that the proteins from other organisms behave differently. Here
we examine the implications of our quantitative findings on Par-3’s role in Par-mediated
polarity.

We used binding energy to evaluate the relative contribution of each of the identified Par-
3 interactions with the Par complex. The binding energies of several of the interactions in the
context of isolated Par complex fragments have been previously reported. The interaction of the
aPKC kinase domain with the Par-3 APM has been reported to be very high (8.6 kcal/mole)
(Soriano et al., 2016). However, this interaction was measured in the absence of ATP, conditions
which prevent substrate turnover and are consequently not physiologically relevant (Holly et al.,
2020; Holly and Prehoda, 2019). We did not detect any contribution to the overall interaction
between Par-3 and the Par complex from the Par-3 APM when ATP was present. The
interactions of Par-3 PDZ1 and PDZ3 with the Par-6 PBM were measured using NMR and were

found to be weak (5.0 and 5.8 kcal/mole, respectively). While these affinities are low, they are
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above the limit of detection of the supernatant depletion assay. However, we did not detect any
significant contribution from the Par-6 PBM in the context of Par complex binding to Par-3; we
did not detect an interaction of Par-3 with Par-6/aPKCAPBM, nor did we detect a change in
affinity when the Par-6 PBM was removed (i.e. Par-6APBM/aPKC).

An analysis of the Par-3 domains required for polarity in the C. elegans zygote found that
PDZ1 and 3 were dispensable but the oligomerization domain and PDZ2 were necessary (B. Li

et al., 2010). A similar analysis found that the interaction of the Par-6 PDZ domain with Par-3
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Figure 15. Par-3 BR-PDZ.2-3 binding to the aPKC kinase domain-PBM fully
recapitulates the Par-3 interaction with the Par complex. 4, Cumming estimation plot of
Par-3 BR-PDZ2-3 interaction energies with the full Par complex and aPKC KD-PBM
measured using the supernatant depletion assay. Asterisks indicate apparent values that may
be the result of multiple binding interactions. B, Summary of binding energies for BR-PDZ2-
3 interaction with the full Par complex and aPKC KD-PBM. C, Par-3 PDZ1-APM can bind
the Par complex while binding to the aPKC PBM . D, Model for interaction of Par-3 with the
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was also dispensable for Par complex function (J. Li et al., 2010). An examination of the Par-6
PBM found that it is not required for viability in Drosophila and its removal did not have a
measurable effect on Par-6 recruitment to the cortex of the embryonic epithelium except when
the Par-6 PDZ was also removed (Renschler et al., 2018). In a study of aPKC PBM function,
aPKCAPBM was not polarized to the apical membrane during the asymmetric division of
Drosophila larval neural stem cells (Holly et al., 2020). These functional results are consistent
with the primacy of the aPKC PBM in binding to Par-3. They also suggest that the biochemical
redundancy between Par-3 PDZ2 and PDZ3 does not translate to in vivo function, either because
of the lower affinity of PDZ3 or because PDZ2 participates in other essential functions besides
binding to the Par complex.

Our results indicate that the aPKC kinase domain participates in the interaction with Par-
3 PDZ2 and PDZ3. The nature of this interaction is not known but the proximity of the aPKC
PBM to the kinase domain is suggestive (Fig. 11C) (Soriano et al., 2016). Binding to the PBM
would bring PDZ surfaces outside of the PBM pocket near the kinase domain and could lead to
so-called “docking” interactions that occur between protein kinase substrates and regions away
for the kinase domain active site (Reményi et al., 2006). Another interesting feature of the
binding energetics results is the higher binding energy of the Par-3 PDZ domains to the aPKC
KD-PBM compared to the full Par complex (Fig. 144 vs 14B). The lower binding affinity to the
full Par complex suggests that autoregulation may be present in the system. Future efforts will be
directed at exploring the nature of these interactions and any role they may have in regulating

aPKC activity.
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EXPERIMENTAL PROCEDURES
Cloning

GST-, MBP- and his-tagged Par-3 constructs, GST aPKC PBM and his aPKC kinase
domain-PBM (residues 259-606) were cloned as previously described (Holly et al., 2020) using
Gibson cloning (New England BioLabs), Q5 mutagenesis (New England BioLabs) or traditional
methods. In addition to an N-terminal MBP tag, the Par-3 PDZ1-APM (residues 309-987)
construct also contained a C-terminal his-tag. Par complex components (aPKC and his-Par-6)
were cloned into pCMYV as previously described (Graybill et al., 2012; Holly et al., 2020). Please

see the Key Resources table for additional information on specific constructs.

Expression

All proteins, except for Par complex constructs, were expressed in E. coli (strain BL21
DE23). Constructs were transformed into BL21 cells, grown overnight at 37°C on LB + ampicillin
(Amp; 100 pg/mL). Resulting colonies were selected and used to inoculate 100mL LB+Amp
starter cultures. Cultures were grown at 37°C to an ODeoo of 0.6-1.0 and then diluted into 2L
LB+Amp cultures. At an ODgoo of 0.8-1.0 expression was induced with 0.5 mM IPTG for 2-3
hours. Cultures were centrifuged at 4,400g for 15 minutes to pellet cells. Media was removed
and pellets were resuspended in nickel lysis buffer [SOmM NaH>PO4, 300 mM NaCl, 10 mM
Imidazole, pH 8.0], GST lysis buffer [[XPBS, 1 mM DTT, pH 7.5] or Maltose lysis buffer [20
mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.5], as appropriate. Resuspended

pellets were frozen in liquid N> and stored at -80°C.
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Par complex constructs were expressed in HEK 293F cells (Thermofisher), as previously
described (Graybill et al., 2012; Holly et al., 2020). Briefly, cells were grown in FreeStyle 293
expression media (Thermofisher) in shaker flasks at 37°C with 8% COs.. Cells were transfected
with 293fectin (Thermofisher) or ExpiFectamine (Thermofisher) according to the manufacture’s
protocol. After 48 hours, cells were collected by centrifugation (500g for 5 min). Cell pellets

were resuspended in nickel lysis buffer, frozen in liquid N2 and stored at -80°C.

Purification

Resuspended E.coli pellets were thawed and cells were lysed by probe sonication using a
Sonicator Dismembrator (Model 500, Fisher Scientific; 70% amplitude, 0.3/0.7s on/off pulse,
3x1 min). 293F cell pellets were lysed similarly using a microtip probe (70% amplitude, 0.3/0.7s
on/off pulse, 4x1 min). Lysates were centrifuged at 27,000g for 20 min to pellet cellular debris.
GST- and MBP-tagged protein lysates were aliquoted, frozen in liquid N> and stored at -80°C.

His-tagged protein lysates, except for alPKC KD-PBM, were incubated with HisPur Ni-
NTA (Thermofisher) or HisPur Cobalt (Thermofisher) resin for 30 min at 4°C and then washed
3x with nickel lysis buffer. For 293F lysates, 100uM ATP and 5SmM MgCl, were added to the
first and second washes. Proteins were eluted in 0.5-1.5mL fractions with nickel elution buffer
(50 mM NaH>POs4, 300 mM NacCl, 300 mM Imidazole, pH 8.0). For all proteins, aside from Par
complex, fractions containing protein were pooled, buffered exchanged into 20mM HEPES pH
7.5, 100 mM NaCl and 1 mM DTT using a PD10 desalting column (Cytiva), concentrated using
a Vivaspin20 protein concentrator spin column (Cytiva), aliquoted, frozen in liquid N> and stored
at -80°C. For Par complex, proteins were further purified using anion exchange chromatography

on an AKTA FPLC protein purification system (Amersham Biosciences). Following his-

63



purification fractions were pooled and buffered exchanged into 20mM HEPES pH 7.5, 100 mM
NaCl, I mM DTT, 100 uM ATP and 5 mM MgCl, using a PD10 desalting column (Cytiva).
Buffer-shifted protein was injected onto a Source Q (Cytiva) column and eluted over a salt
gradient of 100-550mM NaCl. Fractions containing Par complex were pooled, buffered
exchanged into 20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT, 100 uM ATP, and 5 mM
MgCl using a PD10 desalting column (Cytiva), concentrated using a Vivaspin20 protein
concentrator spin column (Cytiva), aliquoted, frozen in liquid N> and stored at -80°C.

Due to solubility issues, aPKC KD-PBM was expressed in E. coli and his-purified
partially under denaturing conditions. Following sonication and centrifugation (described above),
the soluble fraction was discarded and the insoluble pellet was resuspended in 50mM NaH>POs,
300 mM NacCl, 10 mM Imidazole, 8M Urea pH 8.0. Centrifugation was repeated (27,000g for 20
min) and the resulting soluble phase was incubated with HisPur Ni-NTA resin (ThermoFisher)

for 30 min at 4°C. Resin was washed and eluted as described above. Purified protein was

aliquoted, frozen in liquid N> and stored at -80°C.

Quantitative Binding Assay

For all solid phase proteins, except Par-3 PDZ1-APM and PDZ1-APMAPDZ2, GST
lysates were incubated with glutathione agarose resin (GoldBio; 50 pL resin per 0.5-1.5 mL of
lysate) for 30 min at 4°C and then washed 6x (3x quick washes, followed by 3x Smin washes at
room temp) with binding buffer (10 mM HEPES pH 7.5, 100 mM NaCl, I mM DTT 200 uM
ATP, 5 mM MgCl; and 0.1% Tween-20). After washing, resin was resuspended in 50 pL binding
buffer to create a 50% slurry. Par-3 PDZ1-APM and PDZ1-APMAPDZ2 were double tagged (N-

terminal MBP-tag and C-terminal his-tag). Par-3 PDZ1-APM and PDZ1-APMAPDZ2 were first
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his-purified (described above) prior to incubation with amylose resin (NEB). Amylose-bound
Par-3 was then washed and resuspended in binding buffer as described for GST proteins.

Separately, unlabeled resin (amylose or glutathione resin, as appropriate) was washed 3x
and resuspended in a 50% slurry with binding buffer. GST- or MBP-labeled resin was then
serially diluted 1:1 (30 pL of 50% slurry) with unlabeled resin to create a gradient of the
GST/MBP-tagged protein. Unlabeled resin was used as a negative control for binding. Soluble
protein (“receptor”) was added to the solid phase protein (“ligand’) and incubated for one hour at
20°C with rotational mixing (see Supplemental Table 1 for the solid phase-soluble phase
combination for each experiment), except for MBP-Par-3 constructs. Due to high levels of
leaching into the supernatant from amylose bound MBP-tagged proteins, MBP-Par-3 assays were
incubated for ten minutes (we confirmed that GST-Par-3 PDZ1-3 incubated for one hour
produced indistinguishable results to MBP-Par-3 PDZ1-3 incubated for ten minutes; Figure
S2B).

Following incubation, a sample of the supernatant was removed from each tube and
combined with 4X LDS sample buffer (ThermoFisher). Samples were run on a Bis-Tris gel,
stained with Coomassie Brilliant Blue R-250 (GolBio) and band intensity was quantified using
Imagel (v1.53a). The fraction of R (soluble phase) bound to L (solid phase) at a specific

concentration of L ([L] = x) was determined using the following equation:

I[1)=x
I[11=0

Fraction bound ([L] =x) = 1—

where Ij1j= represents the intensity of the receptor (soluble phase) band at ligand (solid phase)
concentration “x” following equilibration, and Ij =0 is the receptor band intensity without any

ligand present. The dilution of the solid phase that resulted in 30-60% depletion (Fp = 0.3-0.6)
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was determined using a ligand titration, and the assay was repeated in sextuplicate at this
dilution. The solid phase concentration ([L]) was determined by gel analysis using a standard
protein of known concentration.

The binding equilibrium dissociation constant (K4) was evaluated from the fraction

bound (Fy) using the single site binding equation derived below:

[L],[R] concentration of free ligand (solid phase) and receptor (soluble phase) at equilibrium

[LR] concentration of complex at equilibrium

_ ([L]total B [LRD([R]total B [LRD
- [LR]

Kq4

([L]total - Fb [R]total)([R]total - Fb [R]total)

K, =
¢ Fb [R]total

The binding energy was calculated using the equation for the standard Gibbs free energy change:
AG° = —RTIn [K,]
Binding results from experiments using Par-3 variants that could potentially bind more than one
Par complex are labeled as “apparent” to emphasize that the binding energy could arise from
multiple interactions.
The data was visualized and analyzed using Excel (v16.53), GraphPad Prism (v9.2) and
the DABEST (Ho et al., 2019) software packages. Confidence intervals were estimated using the

bootstrap method as implemented in DABEST.
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Qualitative Binding Assays

For GST pulldown assays, GST lysates were incubated with glutathione agarose resin

(GoldBio) for 30 min at 4°C and then washed 6x (3x quick washes, followed by 3x 5 min washes

at room temp) with binding buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT 200 uM

ATP, 5 mM MgCl and 0.1% Tween-20). Soluble proteins were added to GST-bound proteins, as

indicated, and incubated at room temperature with rotational agitation for 30-60 min. Resin was

then washed 3x with binding buffer and protein was eluted with 4X LDS sample buffer

(ThermoFisher). Samples were run on a Bis-Tris gel and stained with Coomassie Brilliant Blue

R-250 (GolBio).
Key Resources Table 2
Reagent
ty.pe Designation Source or Identifiers .Addltlon.al
(species) or reference information
resource
Par complex expressed in 293F cells
Recomb}nant (his-Par-6, PMID: 32084408 from pCMV his-Par-6
protein aPKC) 1-351 and pCMV
aPKC 1-606
expressed in 293F cells
Recombinant | Par complex ) from pCMV his-Par-6
protein aPKCAPBM PMID: 32084408 1-351 and pCMV
aPKC 1-600
expressed in 293F cells
Recombinant | Par complex ) from pCMV his-Par-6
protein Par-6APBM PMID: 32084408 1-343 and pCMV
aPKC 1-606
. i expressed in BL21 cells
Recombinant |- GST-aPKC | 511y, 35084408 from pGEX aPKC 583-
protein PBM 606
Cloned by Q5
Recombinant GST-Par-3 This paper mutagensis; expressed
protein PDZ2-3 pap in BL21 cells from
pGEX Par-3 444-741
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Gibson cloning;

Recombinant GST-Par-3 This paper expressed in BL21 cells
protein PDZ1-2 pap from pGEX Par-3 309-
533
Gibson cloning;
Recombinant GST-Par-3 This paper expressed in BL21 cells
protein PDZ1-3 pap from pGEX Par-3 309-
741
Gibson cloning;
Recombinant | GST-Par-3 BR- This paper expressed in BL21 cells
protein PDZ2 pap from pGEX Par-3 426-
533
Gibson cloning;
Recombinant GST-Par-3 This paper expressed in BL21 cells
protein PDZ2 from pGEX Par-3 444-
533
Gibson cloning;
Recombinant | GST-Par-3 BR- This paper expressed in BL21 cells
protein PDZ2-3 from pGEX Par-3 426-
741
Gibson cloning;
Recombinant GST-Par-3 This paper expressed in BL21 cells
protein PDZ3 from pGEX Par-3 616-
741
Cloned using tradtional
methods; expressed in
Recombinant . BL21 cells from pBH
protein | 2P K¢ KD-PBM This paper aPKC 259-606; llzis-
purified under
denaturing conditions
Gibson cloning;
Recombinant . expressed in BL21 cells
protein Par-3 PDZ2 This paper from pET19 Par-3 444-
533; his-purified
Gibson cloning;
Recombinant . expressed in BL21 cells
protein Par-3 BR-PDZ2 This paper from pET19 Par-3 426-
533; his-purified
Cloned by Q5
. mutagensis; expressed
Recombmant Par-3 PDZ2-3 This paper in BgL21 cellspfrom
protein pET19 Par-3 444-741;
his-purified
Recombinant . Gibson cloning;
protein Par-3 PDZ3 This paper expressed in BL2 lgcells
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from pET19 Par-3 616-
741; his-purified

expressed in BL21 cells
from pMAL Par-3 309-

Recombinant MBP-Par-3 987-his; C-terminal
protein PDZ1-APM PMID: 32084408 his-tag; his-purified
prior to use in binding
assay
expressed in BL21 cells
from pMAL Par-3 309-
. MBP-Par-3 -
i s in
P APMAPDZ2 . 15-1ag, s
purified prior to use in
binding assay
Recombinant (mgrii\n/[;{' an
DNA " ThermoFisher | 10586014
reagent expression
plasmid)
Recombinant p(ll\)/i?:ltecr?a)li
DNA : Addgene 75288
reagent expression
plasmid)
Recombinant p(giii:.iﬂl
DNA . Amersham 27458001
reagent expression
plasmid)
Recombinant | pBH (bacterial
DNA expression PMID: 15023337
reagent plasmid)
Recombinant | pET19 (bacterial - .
DNA expression Mli;%(i]rae i;g,;ma 69677
reagent plasmid) g
Bacte.nal BL21-DE3 used fqr recombmant
strain protein expression
Bacte.r ial TGl1 used for DNA cloning
strain
Cell line )
FreeStyle 293-F ThermoFisher R79007
(human)
Chemical IPTG GoldBio 12481C100 used at 0.5mM
Chemical 293fectin ThermoFisher 12347019
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ExpiFectamine

Chemical 293 ThermoFisher A14524
Transfection Kit
Freestyle 293
Chemical expression ThermoFisher 12338018
Medium
Chemical Opti-Mem ThermoFisher 3198588
Chemical | ThsPurcobalt |y Fisher 89965
resin
Chemical HisPur NINTA ThermoFisher 88222
resin
Chemical Amylose Resin NEB E8021L
Chemical | Clutathione GoldBio G250-100
Resin
Chemical | SOUWCeQaNON | Gp yealthcare | 17-1275-01
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BRIDGE TO CHAPTER IV

In this chapter, we discussed the confusion in the cell polarity field regarding how Par-3

and the Par complex interact. Utilizing quantitative binding assays and purified components, we

first determined the affinity between the Par complex and Par-3 PDZ1-APM. Through further

analysis, we found that Par-3 PDZ2 and PDZ3 binding to aPKC KD-PBM almost completely

recapitulates the affinity between Par-3 and the Par complex. Our findings suggest that Par-3

may be able to interact with two Par complexes at a time, allowing for efficient polarization of

the Par complex. In the following chapter, we focus on understanding the formation of Par-3-

and Cdc42-bound Par complexes as each are suggested to have distinct activities. Thus, using
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qualitative pull-down assays with purified proteins, we investigate how the Par complex
transitions from a Par-3 to Cdc42-bound complex. This work provides the mechanistic
framework for understanding regulation of Par complex by Par-3 and Cdc42 and will help us

further understand the process of cell polarity.
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CHAPTER 1V
NEGATIVE COOPERATIVITY UNDERLIES DYNAMIC ASSEMBLY OF THE

PAR COMPLEX REGULATORS CDC42 AND PAR-3

*This chapter contains previously published co-authored material.

Vargas E & Prehoda KE. (2023). Negative cooperativity underlies dynamic assembly of the Par

complex regulators Cdc42 and Par-3. J Biol Chem. 299(1), 102749. J Biol Chem. Editors’ Pick.

Author Contributions: E. V. and K. E. P. conceptualization; E. V. and K. E. P. methodology; E.
V. investigation; E. V. and K. E. P. writing original draft; E. V. and K. E. P. writing-review &

editing; K. E. P. supervision; K. E. P. project administration; K. E. P. funding acquisition.

INTRODUCTION

The polarization of animal cells by the Par complex is a highly dynamic, multi-step
process, that begins when actomyosin-generated cortical flows transport membrane-bound Par
complex from cellular regions where it is catalytically inactive to a single cortical domain where
it becomes activated (Aceto et al., 2006; Atwood et al., 2007; Hutterer et al., 2004; Lang and
Munro, 2017; Munro et al., 2004; Oon and Prehoda, 2021, 2019; Rodriguez et al., 2017). The
transition from an inactive to active complex is mediated by the formation of two distinct

complexes: one bound to the multi-PDZ protein Par-3 (Bazooka; Baz in Drosophila) and a Rho
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GTPase Cdc42-bound complex. Par-3 has many reported interactions with both Par complex
components, atypical Protein Kinase C (aPKC) and Par-6, whereas Cdc42 has one well-defined
binding site on Par-6 (Fig. 16A) (Garrard et al., 2003; Holly et al., 2020; Izumi et al., 1998;
Joberty et al., 2000; J. Li et al., 2010; Lin et al., 2000; Noda et al., 2001; Penkert et al., 2022; Qiu
et al., 2000; Renschler et al., 2018; Wodarz et al., 2000). The transition between these two
regulators precisely controls Par complex polarization and activity, with Par-3 coupling the Par
complex to cortical flow while inhibiting aPKC activity and GTP-bound Cdc42 maintaining the
Par complex at the cell cortex while stimulating aPKC activity (Dickinson et al., 2017;
Rodriguez et al., 2017; Wang et al., 2017). Despite the critical importance of the transition from
Par-3 to Cdc42 in the mechanism of Par-mediated polarity, very little is known about how it
occurs.

While in vivo evidence indicates the Par complex switches from Par-3 to Cdc42-bound
states, biochemical evidence suggests that Par-3 and Cdc42 can bind the Par complex
simultaneously to form a quaternary complex. A co-immunoprecipitation experiment using cell
extracts found that Cdc42-bound Par complexes also contain Par-3 (Joberty et al., 2000).
However, in vivo evidence indicate that there are two distinct cortical pools of Par complex,
colocalizing with either Par-3 or Cdc42, and loss of Cdc42 increases the amount of Par-3-bound
complex (Aceto et al., 2006; Beers, 2006; Rodriguez et al., 2017; Wang et al., 2017). The
reported ability of Cdc42 and Par-3 to bind simultaneously to the Par complex has influenced
models for how the transition between the regulators could occur in vivo. In one model, Cdc42
briefly docks onto Par-3-bound Par complex and activates aPKC, resulting in the
phosphorylation and release of Par-3 from the complex (Morais-de-Sa et al., 2010; Soriano et al.,

2016; Walther and Pichaud, 2010). However, recent studies show that phosphorylation of Par-3
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by aPKC does not dissociate Par-3 from the Par complex (Holly et al., 2020; Holly and Prehoda,
2019). In another proposed model, actomyosin contractility mechanically dissociates Par-3
clusters and facilitates the Par complex transition to Cdc42 (Dickinson et al., 2017; Rodriguez et
al., 2017; Wang et al., 2017).

Because the available biochemical data suggests that Par-3 and Cdc42 can bind
simultaneously to the Par complex, models for the transition between the two regulators
necessarily include other mechanisms (e.g. phosphorylation) or cellular components (e.g.
actomyosin contractility). However, the limited in vitro evidence is based on results from cell
extracts or experiments using truncated proteins. Additionally, the numerous reported
interactions between Par-3 and the Par complex have made it challenging to understand how the
Par-3-bound Par complex is regulated. Finally, very little structural information is known about

the Par complex and whether the Par-3 and Cdc42 binding sites are in close proximity to one

Figure 16 (next page) . Par-3 and Cdc42 bind to the Par complex with strong negative
cooperativity. A, (i) Domain architecture of Par-3, Cdc42, and the Par complex with reported
interactions between Par-3, Cdc42, and the Par complex. Black arrows indicate reported
interactions, and the grey arrow indicates phosphorylation. (i) Schematic for the Par complex
transition from Par-3 to Cdc42. B, Effect of Par-3 PDZ1-APM on the interaction between
Cdc42 and the Par complex. Solid-phase (glutathione resin)-bound glutathione S-transferase
(GST)-fused Cdc42Q61L (constitutively active Cdc42) incubated with Par complex and/or
increasing concentrations of Par-3 PDZ1-APM. Shaded regions indicate the fraction applied
to the gel (soluble-phase or solid-phase components after mixing with soluble-phase
components and washing). Gardner-Altman estimation plot of normalized Cdc42-bound Par
complex (Par-6 or aPKC) band intensity in the absence and presence of Par-3. The results of
each replicate (filled circles) are plotted on the left and the mean difference is plotted on the
right as a bootstrap sampling distribution (shaded region) with a 95% confidence interval
(black error bar). C, Effect of Cdc42 on the interaction between Par-3 and the Par complex.
Solid-phase (amylose resin)-bound maltose-bound protein (MBP)-fused Par-3 PDZ1-APM
incubated with Par complex and/or increasing concentrations of Cdc42Q61L. Labeling as
described in (B). Gardner-Altman estimation plot of normalized Par-3-bound Par complex
(Par-6 or aPKC) band intensity in the absence and presence of Cdc42Q61L. The results of
each replicate (filled circles) are plotted on the left and the mean difference is plotted on the
right as a bootstrap sampling distribution (shaded region) with a 95% confidence interval
(black error bar).
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Here we have used a biochemical

reconstitution approach with purified components to determine the elements sufficient for Par

complex switching between Par-3 and Cdc42. The results provide the mechanistic framework for

understanding how the Par complex transitions from Par-3 to Cdc42 to form two distinct

complexes.

RESULTS

Par-3 and Cdc42 bind with negative cooperativity

to the Par complex

Although Par-3 and Cdc42 are thought to form mutually exclusive complexes with the

Par complex in vivo, they have been shown to bind simultaneously in a co-immunoprecipitation
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experiment using cell extracts (Joberty et al., 2000). We examined whether Par-3 and Cdc42
influence one another’s binding to the Par complex using a reconstitution system. We performed
a qualitative affinity chromatography (pull-down) assay with purified Par complex and Par-3
PDZ1-APM (a fragment containing all known interaction motifs between Par-3 and Par-6/aPKC)
and GST-fused Cdc42Q61L (constitutively active). The binding buffer included ATP to ensure
that the aPKC kinase domain did not form a stalled complex with its phosphorylation site on Par-
3.

We formed a complex of Cdc42-bound Par-6/aPKC by placing GST-Cdc42Q61L on the
solid phase and incubating with soluble, purified Par complex. We assessed the effect of Par-3
on the Cdc42-bound Par complex by adding increasing concentrations of Par-3 PDZ1-APM. If
Par-3 binding to the Par complex had no effect on Cdc42 binding, or the proteins bound with
positive cooperativity, we expected that Par-3 would become part of the solid phase complex and
the amount of Par complex adhered to the solid phase would stay the same or increase.
Alternately, if the Cdc42 and Par-3 binding sites exhibited negative cooperativity, either via
direct steric occlusion or an allosteric mechanism, little or no Par-3 would be part of the Cdc42-
bound solid phase complex, and the amount of Par complex on the solid phase would decrease
(as the affinity of the Par complex for Cdc42 was reduced by binding to Par-3). We observed that
addition of Par-3 significantly reduced the amount of Par complex associated with solid phase
Cdc42Q61L (Fig. 16B). Furthermore, little or no additional Par-3 appeared in the solid phase
relative to a GST control. Our results indicate that in the context of these four proteins, Cdc42

and Par-3 bind with negative cooperativity to Par-6/aPKC.
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In a system with two distinct binding sites coupled to one another via negative
cooperativity, each protein should reduce the affinity of the Par complex for the other. However,
the effect of Cdc42 on Par-3 binding to the Par complex is complicated by the many potential
Par-3 binding sites on the Par complex (Fig. 16A). In principle, not all Par-3 binding sites could
be coupled to Cdc42 binding, a scenario in which addition of Cdc42 to solid phase Par-3-bound
Par complex might not significantly alter the amount of solid phase Par complex. To determine if
Cdc42 influences Par-3-bound Par complex, we adsorbed Par complex bound to MBP-Par-3
PDZ1-APM to the solid phase and examined the effect of increasing concentrations of
Cdc42Q61L. We observed that addition of Cdc42 reduced the amount of Par complex associated

with solid phase Par-3 and Cdc42 was not significantly incorporated into the solid phase (Fig.
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Figure 17. Par-3 binds to the Par complex with a greater affinity than Cdc42 in a
supernatant depletion assay. Gardner-Altman estimation plot of Par-3 PDZ1-APM/Par
complex and Cdc42Q61L/Par complex binding affinities measured using a supernatant
depletion assay. The results of each replicate (filled circles) are plotted on the left and the
mean difference is plotted on the right as a bootstrap sampling distribution (shaded region)
with a 95% confidence interval (black error bar).
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16C). Displacement of Par complex from Par-3 required a significantly higher concentration of
Cdc42 than we observed for Par-3 displacement of Cdc42-bound complex.

Our results indicate that Par-3 and Cdc42 compete for binding to the Par complex (i.e.
negative cooperativity) and that a quaternary complex does not form at levels detectable in our
assay. Our results may differ from previous studies using cell extracts because aPKC’s kinase
domain is known to form stalled complexes with substrates like Par-3 when ATP is not available
to complete the catalytic cycle (forming a persistent interaction rather than a transient
interaction) (Holly et al., 2020; Holly and Prehoda, 2019). Additionally, other cellular factors
could potentially allow Par-3 and Cdc42 to bind to the Par complex simultaneously. In terms of
understanding how the Par complex might transition from Par-3 to Cdc42, our results
demonstrate that no other proteins are required—Par-3 and Cdc42 alone are sufficient to form

mutually exclusive complexes with the Par complex.

Figure 18 (next page). The Par-3 PDZ2 interaction with the aPKC PBM is required to
displace Cdc42 from the Par complex. A, Effect of removing individual Par-3 PDZ
domains in the context of PDZ1-APM on the displacement of Cdc42 from the Par complex.
Solid-phase (glutathione resin)-bound glutathione S-transferase (GST)-fused Cdc42Q61L
incubated with Par complex and/or Par-3 PDZ1-APM, APDZ1, APDZ2, or APDZ3. Shaded
regions indicate the fraction applied to the gel (soluble-phase or solid-phase components after
mixing with soluble-phase components and washing). Cumming estimation plot of
normalized Cdc42-bound Par complex (Par-6 or aPKC) band intensity in the absence and
presence of Par-3 variants. The result of each replicate (filled circles) along with the mean and
standard deviation (gap and bars next to circles) are plotted on the left and the mean
differences are plotted on the right as a bootstrap sampling distribution (shaded region) with a
95% confidence interval (black error bar). Replicates not included in the plot (<5 circles) had
a band intensity that was not detectable. B, Effect of removing the aPKC PBM in the context
of the intact Par complex on Par-3’s ability to displace Cdc42 from the Par complex. GST-
fused Cdc42Q61L incubated with Par complex or Par complex AaPKC PBM and/or Par-3
PDZ1-APM. Labeling as described in (A). Gardner-Altman estimation plot of normalized
Cdc42-bound Par complex AaPKC PBM (Par-6 or aPKC) band intensity in the absence and
presence of Par-3. The results of each replicate (filled circles) are plotted on the left and the
mean difference is plotted on the right as a bootstrap sampling distribution (shaded region)
with a 95% confidence interval (black error bar). C, Summary of Cdc42, Par-3, Par-6/aPKC
elements that are necessary for negative cooperativity between Par-3 and Cdc42 for the Par
complex.
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Par-3 may bind the Par complex with higher affinity than Cdc42

Our results indicate that Par-3 is more effective at displacing Cdc42 from the Par
complex than Par-3 is at displacing Cdc42. The asymmetry in Par complex displacement could
be explained by a higher affinity of Par-3 for the Par complex compared to Cdc42. The affinity
of Par-3 PDZ1-APM for the Par complex is known (Penkert et al., 2022), but while Cdc42’s
affinity for the Par-6 CRIB-PDZ fragment has been reported (Garrard et al., 2003), its affinity for
the full Par complex has been unknown. To understand why Par-3 is more effective at displacing
Cdc42 from the Par complex, we measured binding affinities for the Par complex using a
supernatant depletion assay (Pollard, 2010). Similar to a previous report using the same assay
(Penkert et al., 2022), we found that Par-3 PDZ1-APM binds the Par complex with high affinity

(Fig. 17; Kd of 0.6 uM or AG® of 8.3 kcal/mol). We measured a substantially weaker affinity of
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Cdc42 (using the Q61L constitutively active variant) for the Par complex (Fig. 17; Kd of 5.4 uM
or AG® of 7.1 kcal/mol). This affinity is significantly lower than a previous report of 0.05 uM for
Cdc42 binding to the Par-6 CRIB-PDZ fragment using a FRET-based assay (Garrard et al.,
2003). To determine if the source of the difference is Cdc42 binding to a Par-6 fragment versus
the full Par complex, we measured the Cdc42 interaction with Par-6 CRIB-PDZ with the
supernatant depletion (Fig. S1). While the resulting affinity of 2.3 uM is slightly higher than that
for the full Par complex, it remains substantially weaker than the FRET-based value (which is a
higher affinity than the Par-3 interaction with the Par complex). We are unsure of the source of
this discrepancy and, while our results suggest that Par-3 displaces Cdc42 from the Par complex
more efficiently because of an intrinsic difference in affinity, it is possible that there is another

source for this phenomenon.

The Par-3 PDZ2-aPKC Kinase-PBM interaction mediates the displacement of Cdc42
from the Par complex

Given that Par-3 and Cdc42 bind with negative cooperativity to Par-6/aPKC, we sought
to identify the binding sites on the Par complex that are coupled. While the interaction between
Cdc42 and Par-6 semi-CRIB is well established, several interactions between Par-3 and the Par
complex have been identified (Fig. 16A) (Garrard et al., 2003; Holly et al., 2020; [zumi et al.,
1998; Joberty et al., 2000; J. Li et al., 2010; Lin et al., 2000; Noda et al., 2001; Penkert et al.,
2022; Qiu et al., 2000; Renschler et al., 2018; Wodarz et al., 2000). We excluded the interaction
of the aPKC kinase domain with its phosphorylation site on Par-3 (i.e. the Par-3 APM) because
the interaction is transient in the presence of ATP, as expected for an enzyme-substrate

interaction (Holly et al., 2020; Holly and Prehoda, 2019). Given that each Par-3 PDZ domain
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reportedly interacts with either Par-6 or aPKC, more than one interaction between Par-3 and the
Par complex could be involved in displacement of Cdc42 from the Par complex. However, if
only one of the interactions between Par-3 and the Par complex displaces Cdc42 from the Par
complex, deletion of the required Par-3 element would eliminate Par-3’s negative cooperativity
with Cdc42 for the Par complex. Alternately, removal of more than one Par-3 element might be
necessary to eliminate displacement of Cdc42 from the Par complex by Par-3. To distinguish
between these possibilities, we generated deletions of individual Par-3 PDZ domains in the
context of the PDZ1-APM fragment and tested which Par-3 elements are involved in displacing
Cdc42 from the Par complex. We examined the effect of Par-3 PDZ1-APM, APDZ1, APDZ2, or
APDZ3 on Cdc42-bound Par complex. We did not detect an effect of removing PDZ1 or PDZ3
on Par-3’s ability to displace Cdc42 from the Par complex (Fig. 18A). In contrast, deletion of
Par-3 PDZ2 eliminated displacement of Cdc42 such that the amount of Par complex associated

with solid phase Cdc42 did not change upon addition of Par-3 PDZ1-APM APDZ2 (Fig. 18A).

Figure 19 (next page). Par-3 PDZ2 and PDZ3 are sufficient for displacement of Cdc42
from the Par complex. A, Effect of Par-3 elements on the interaction between Cdc42 and the
Par complex. Solid-phase (glutathione resin)-bound glutathione S-transferase (GST)-fused
Cdc42Q61L incubated with Par complex and/or Par-3 PDZ1-APM, PDZ2, or BR-PDZ2.
Shaded regions indicate the fraction applied to the gel (soluble-phase or solid-phase
components after mixing with soluble-phase components and washing). Cumming estimation
plot of normalized Cdc42-bound Par complex (Par-6 or aPKC) band intensity in the absence
and presence of Par-3 variants. The result of each replicate (filled circles) along with the mean
and standard deviation (gap and bars next to circles) are plotted on the left and the mean
differences are plotted on the right as a bootstrap sampling distribution (shaded region) with a
95% confidence interval (black error bar). B, Effect of Cdc42 on the interaction between Par-
3 PDZ3 and the Par complex. GST-fused Par-3 PDZ3 incubated with Par complex and/or
Cdc42Q61L. Labeling as described in (A). Gardner-Altman estimation plot of normalized
Par-3-bound Par complex (Par-6 or aPKC) band intensity in the absence and presence of
Cdc42Q61L. The results of each replicate (filled circles) are plotted on the left and the mean
difference is plotted on the right as a bootstrap sampling distribution (shaded region) with a
95% confidence interval (black error bar). C, Summary of Cdc42, Par-3, Par-6/aPKC
elements that are sufficient for negative cooperativity between Par-3 and Cdc42 for the Par
complex.
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Our results indicate that neither Par-3 PDZ1 or PDZ3 are required for negative cooperativity
with Cdc42 for the Par complex and that displacement of Cdc42 from the Par complex by Par-3
is dependent on the PDZ2 domain.

We recently discovered that Par-3 PDZ2 and PDZ3 interact with aPKC Kinase Domain-
PBM (KD-PBM) module (Penkert et al., 2022). Given that Par-3 PDZ2 is required to displace
Cdc42 from the Par complex, we examined whether the aPKC PBM was also required for this
activity. We found that removing the aPKC PBM (Par-6/aPKC APBM) prevented Par-3 from
displacing Cdc42 from the Par complex (Fig. 18B). Our results indicate that Par-3 PDZ2 and

aPKC PBM are necessary for Par-3 to disrupt the Cdc42—Par complex interaction (Fig. 18C).
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Par-3 BR-PDZ2 and PDZ3 displace Cdc42 from the Par complex

Given the requirement of the aPKC KD-PBM for Par-3’s ability to displace Cdc42 from
the Par complex, we examined whether the Par-3 domains that bind the KD-PBM (PDZ2 and
PDZ3) were each sufficient for this activity. We recently discovered a conserved basic region
(BR) at the N-terminal end of Par-3 PDZ2 that increases PDZ2’s affinity for the Par complex, so
we also examined the effect of Par-3 BR-PDZ2 (Penkert et al., 2022). We found that PDZ2 alone
was sufficient to displace Cdc42 from the Par complex but was not as effective as PDZ1-APM
such that some Par complex remained bound to solid phase Cdc42 (Fig. 19A). In contrast, BR-
PDZ2 displaced Cdc42 to a similar extent as PDZ1-APM and resulted in little to no Par complex
associated with solid phase Cdc42 (Fig. 19A). We conclude that Par-3 BR-PDZ2 can sufficiently
displace Cdc42 from the Par complex.

Like Par-3 PDZ2, Par-3 PDZ3 was found to interact with the Par complex utilizing a
similar binding mode. Thus, we also tested the ability of Par-3 PDZ3 to displace Cdc42 from the
Par complex. Given that Par-3 PDZ3 has a weak binding affinity for the Par complex (Kd of 78.9
uM) (Penkert et al., 2022), we were unable to detect any significant change in the amount of Par
complex bound to solid phase Cdc42 (data not shown). Therefore, we instead formed a Par-3
PDZ3-bound Par complex utilizing GST-Par-3 PDZ3 on the solid phase and soluble Par complex
and examined the effect of Cdc42Q61L. We observed that addition of Cdc42 resulted in a
reduction in the amount of Par complex bound to solid phase Par-3 PDZ3 indicating that Cdc42
is sufficient to displace PDZ3 from the Par complex (Fig. 19B). Thus, our finding that Par-3
PDZ1-APM APDZ2 cannot displace Cdc42 (Fig. 18A) likely arises from the low binding affinity

of PDZ3 for the Par complex compared to BR-PDZ2. Altogether, our results indicate that the
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Par-3 BR-PDZ2 and PDZ3—aPKC kinase domain-PBM (predominantly through BR-PDZ2)

interactions negatively cooperate with the Cdc42—Par-6 CRIB-PDZ interaction (Fig. 19C, 20A).

DISCUSSION

We examined how the Par complex transitions from Par-3- to Cdc42-bound states, a step
that is thought to be critical for forming the Par cortical domain. In this model, the large size of
oligomerized Par-3 couples the Par complex to actomyosin-driven directional cortical flows that
transport the complex to its active domain (Dickinson et al., 2017; Rodriguez et al., 2017; Wang
et al., 2017). Once in this membrane region, the complex dissociates from Par-3 and binds

Cdc42, allowing it to remain on the cortex and become activated. While the transition from Par-3
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Figure 20. Model for transition from Par-3- to Cdc42-bound Par complex. A, Domain
architecture demonstrating the interactions between Par-3, Cdc42, and the Par complex that
are sufficient for regulating the transition between a Par-3- and Cdc42-bound Par complex. B,
Model for polarization of the Par complex through the formation of distinct Par-3- and
Cdc42-bound complexes. (i) Par-3-bound Par complex is coupled to cortical flow, allowing it
to move towards the Par domain, (ii) active Cdc42 binds to Par-6 and inhibits the Par-3 BR-
PDZ2/PDZ3—aPKC kinase-PBM interaction, resulting in the displacement of Par-3 from the
Par complex and the formation of a Cdc42-bound Par complex, (iii) Cdc42-bound Par
complex is polarized and active.
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to Cdc42 is central to this model, little has been known about how switching between binding of
each regulator occurs. We used a biochemical reconstitution approach to understand the
mechanism of regulator switching, with the goal of identifying the minimal set of components
required for the transition. A previous study that used co-immunoprecipation from cultured cell
extracts concluded that Cdc42 and Par-3 can bind simultaneously to the Par complex, suggesting
that other cellular components are required (Joberty et al., 2000). For example, mechanical
separation of the complexes by actomyosin-generated contraction has been proposed as one
possibility (Dickinson et al., 2017; Rodriguez et al., 2017; Wang et al., 2017). Using purified
components, we found that external factors are not required as Cdc42 and Par-3 bind to the Par
complex with strong negative cooperativity (Fig. 20B). In this section, we examine the
implications of our findings and speculate on key outstanding issues that remain in
understanding this critical step in Par-mediated polarity.

How can the strong negative cooperativity between Cdc42 and Par-3 binding to the Par
complex that we observed be reconciled with the previous observation of a quaternary complex?
There are several possible explanations. First, it does not appear that ATP was included in the
previous binding experiment, perhaps because it was not clear that Par-3 is an aPKC substrate at
the time. We have found that the phosphorylation site on Par-3 can form a stalled complex with
the aPKC kinase domain when ATP is not present (Holly et al., 2020; Holly and Prehoda, 2019).
Alternately, since the experiment was performed in extracts, it's possible that additional factors
were present that inhibit negative cooperativity, allowing Cdc42 and Par-3 to bind
simultaneously. Finally, the presence of negative cooperativity does not necessarily preclude

formation of a quaternary complex, albeit at reduced levels.
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The nature of the Par complex interaction with Par-3 has been enigmatic because many
distinct interactions have been reported (Garrard et al., 2003; Holly et al., 2020; Izumi et al.,
1998; Joberty et al., 2000; J. Li et al., 2010; Lin et al., 2000; Noda et al., 2001; Penkert et al.,
2022; Qiu et al., 2000; Renschler et al., 2018; Wodarz et al., 2000). We examined which Par-3
interactions are coupled to Cdc42 binding and found that only one involving the aPKC kinase
domain and PDZ binding motif (KD-PBM) is affected by Cdc42. This site binds with highest
affinity to Par-3's BR-PDZ2 domain but with weaker affinity to PDZ3 (Penkert et al., 2022). Our
results are consistent with the reported relative affinities — BR-PDZ2 most effectively reduces
Cdc42 binding to the Par complex. We found that binding to the aPKC KD-PBM is both
necessary and sufficient to displace Cdc42, and that Cdc42 can nearly completely displace Par-3
PDZ1-APM from the Par complex. These results indicate that the other reported interactions of
Par-3 with the Par complex are not likely to be relevant to this step of Par-mediated cell polarity.

A central consequence of our findings for Par complex function is that the transition from
Par-3-bound to Cdc42-bound Par complex does not require additional factors. Thus, the presence
of Cdc42 alone could be sufficient for the transition to take place. However, our results do not
preclude the possibility that other factors assist in complex switching. As we found that the
affinity of Cdc42 for the Par complex may be lower than that of Par-3, a higher concentration of
Cdc42 could be required to achieve the same amount of Cdc42-bound complex. It is possible that
the amount of Cdc42-bound complex does not need to be in excess of Par-3-bound complex, or
that the concentration of active Cdc42 is higher than Par-3. Alternately, other factors could
influence the affinity of Cdc42 with the Par complex — ligands of the Par-6 PDZ domain have
been found to be coupled to Cdc42 binding, for example (Peterson et al., 2004; Whitney et al.,

2016).
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How might the Cdc42 and Par-3 binding sites be coupled? The strongest negative
cooperativity arises from a steric mechanism, where the binding sites would require steric
overlap for Cdc42 and Par-3 to bind simultaneously. Alternately, in an allosteric mechanism
binding is coupled to changes in structure or dynamics that reduce the affinity for the other
regulator. While the binding site for Cdc42 is on Par-6 (semi-CRIB) and Par-3's binding site is
on aPKC (KD-PBM), little is known about the structural arrangement of the domains within the
Par complex. Thus, it is formally possible that the semi-CRIB and KD-PBM are near one
another, and it has been speculated that the PDZ domain adjacent to the semi-CRIB interacts
with the KD-PBM (Dong et al., 2020). However, it is also clear that the Par complex is highly
allosteric, as aPKC is autoinhibited from an intramolecular interaction between its
pseudosubstrate and the kinase domain, and that Par-6 partially disrupts this interaction (Graybill
et al., 2012). Additional biochemical and structural information will be required to uncover the

mechanism of energetic coupling between Cdc42 and Par-3 binding to the Par complex.

EXPERIMENTAL PROCEDURES
Protein Expression
Bacterial cells

Plasmids were transformed into BL21-DE3 cells, aliquoted onto LB + AMP plates, and
grown at 37°C for 18 hours. Colonies were picked to inoculate 100 mL LB + AMP starter
cultures and grown at 37°C for 2-3 hours until an OD600 of 0.4-1.0 was reached. Starter cultures
were then diluted into 2 L LB + AMP, grown at 37°C to an OD600 of 0.8-1.0, and induced with
500 uM IPTG for 3 hours. Cultures were centrifuged at 5,000 RPM for 15-20 minutes and

pellets were resuspended in nickel lysis buffer (50 mM NaH3PO4, 300 mM NaCl, 10 mM

88



Imidazole, pH 8.0), GST lysis buffer (IX PBS, I mM DTT, pH 7.5), or maltose lysis buffer (20
mM Tris, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 7.5). Resuspended pellets were then

frozen in liquid N2 and stored at -80°C.

Mammalian Cells

Par-6 and aPKC plasmids were co-expressed in FreeStyle 293-F cells as previously
described (Graybill et al., 2012; Holly et al., 2020; Penkert et al., 2022). Briefly, cells were
grown in FreeStyle 293 expression media in shaker flasks at 37°C with 8% CO2 and transfected
with either 293fectin or ExpiFectamine (see Manufacturer’s protocol for more details). After 48
hours, cells were centrifuged 1-2x at 500 g for 3 minutes and cell pellets were resuspended in
nickel lysis buffer (50 mM NaH3PO4, 300 mM NaCl, 10 mM Imidazole, pH 8.0). Resuspended

pellets were then frozen in liquid N2 and stored at -80°C.

Protein Purification
Bacterial cells

Resuspended pellets were thawed and then lysed by probe sonication at 70% amplitude,
0.3 seconds/0.7 seconds on/off pulse rate, 3x 1 minute. To pellet cellular debris, lysates were
centrifuged at 15,000 RPM for 20 minutes. Lysates for GST-Cdc42Q61L and GST-Par-3 PDZ3
were aliquoted, frozen in liquid N2 and stored at -80°C. For all other proteins, lysates were
incubated with resin (amylose for most MBP-fused proteins and cobalt or nickel resin for His-
fused proteins; MBP-Par-3 PDZ1-APM-His was His-purified) for 30-60 minutes at 4°C with
mixing. Protein-bound resin was washed 3x with nickel lysis buffer (50 mM NaH3PO4, 300 mM

NaCl, 10 mM Imidazole, pH 8.0) or maltose lysis buffer (20 mM Tris, 200 mM NaCl, 1 mM
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EDTA, 1 mM DTT, pH 7.5) and then eluted in 0.5-1.8 mL fractions with nickel elution buffer
(50 mM NH3PO4, 300 mM NaCl, 300 mM Imidazole, pH 8.0) or maltose elution buffer
(maltose lysis buffer, 10 mM Maltose). Protein-containing fractions were pooled and buffer
exchanged into 20 mM HEPES, pH 7.5, 100 mM NaCl, and 1 mM DTT using a PD10 desalting
column. Protein was then concentrated using a Vivaspin 20 centrifugal concentrator, aliquoted,

frozen in liquid N2, and stored at -80°C.

Mammalian cells

Resuspended 293F pellets were thawed, lysed by probe sonication at 70% amplitude, 0.3
seconds/0.7 seconds on/off pulse rate, 4x 1 minute, and centrifuged at 15,000 RPM for 20
minutes. Lysates were incubated with resin (cobalt or nickel resin) for 30-60 minutes at 4°C with
mixing. Protein-bound resin was washed 3x with nickel lysis buffer (50 mM NaH3PO4, 300 mM
NaCl, 10 mM Imidazole, pH 8.0), with the first and second washes containing 100 uM ATP and
5 mM MgClI2. Protein was eluted in 0.5-0.6 mL fractions with nickel elution buffer (50 mM
NH3PO4, 300 mM NaCl, 300 mM Imidazole, pH 8.0) and protein-containing fractions were then
pooled together. Protein was buffer exchanged into 20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM
DTT, 100 uM ATP, and 5 mM MgCI2 using a PD10 desalting column and then purified by
anion exchange chromatography using an AKTA FPLC protein purification system. Protein was
filtered, injected into a Source Q column, and eluted with a salt gradient of 100-500 mM NaCl.
Par complex-containing fractions were pooled and buffer exchanged into 20 mM HEPES, pH
7.5, 100 mM NaCl, 1 mM DTT, 100 uM ATP, and 5 mM MgCI2 using a PD10 desalting
column. Protein was then concentrated using a Vivaspin 20 centrifugal concentrator, aliquoted,

frozen in liquid N2, and stored at -80°C.
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Qualitative Binding Assay (Affinity Chromatography)

Bacterial lysates were incubated with resin (glutathione or amylose) for 30 minutes at
4°C and washed 4x with binding buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2,
0.5% Tween-20, 1 mM DTT, and 200 uM ATP). Soluble proteins were added to protein-labeled
resin and incubated at room temperature with rotational mixing (incubation times of 10 minutes
for MBP-Par-3 PDZ1-APM and 60 minutes for GST-fused proteins). Resin was washed 2-3x
with binding buffer and proteins were eluted with 4X LDS sample buffer. Samples were run on a
12% Bis-Tris gel and stained with Coomassie Brilliant Blue R-250. Band intensities were
quantified using Imagel (v1.53a). The normalized band intensity was determined by first
obtaining the mean of Par complex (either Par-6 or aPKC) band intensities (in the presence of no
other soluble protein) and then dividing each band intensity value by that mean. All data was
analyzed using Microsoft Excel (v16.53), GraphPad Prism (v9.2), and DABEST (Ho et al.,

2019).

Quantitative Binding Assay (Supernatant Depletion)

Bacterial lysates were incubated with resin (glutathione or amylose) for 30 minutes at
4°C and washed 6x (3x quick washes, 3x 5 minutes washes) with binding buffer (20 mM HEPES
pH 7.5, 100 mM NaCl, 5 mM MgCl, 0.5% Tween-20, 1 mM DTT, and 200 uM ATP). Two-fold
serial dilutions of protein-bound resin were prepared with unlabeled resin as previously
described (Holly et al., 2020; Penkert et al., 2022). Soluble protein (“receptor” or R) was added
to protein-bound resin (“ligand” or L) and incubated at room temperature with rotational mixing
(incubation times of 10 minutes for MBP-Par-3 PDZ1-APM and 60 minutes for GST-
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Cdc42?6'L), Samples containing only unlabeled resin and soluble protein were used as a negative
control for binding. After incubation, samples were centrifuged, and an aliquot of the supernatant
was collected and diluted in 4X LDS sample buffer. Samples were then run on a 12% Bis-Tris
gel and stained with Coomassie Brilliant Blue R-250. Solid phase protein concentration was
verified using a standard curve generated with known concentrations of a protein standard. All
band intensities were quantified using ImagelJ (v1.53a). The fraction of soluble phase protein (R)
bound to solid phase protein (L) at a specific concentration of L ([L] = x) was determined with

the following equation:

R band intensity[; |-y

Fraction b d (F —=1-
raction bound (Fy)[1]=x R band intensity|,)—

We then determined the dilution at which L resulted in 30-60% depletion (Fp, = 0.3-0.6) and
repeated the assay at this dilution in sextuplicate. Using Fy, we determined the binding

equilibrium dissociation constant (Kq) with the following equation:

where [L] and [R] are the concentrations of free L and R at equilibrium and [LR] is the

concentration of L bound to R.

— ([L]total - [LRD([R]total - [LRD

Ka [LR]

([L]total - Fb [R]total)([R]total - Fb [R]total)

K, =
¢ Fb [R]total

We also used the equation for the standard Gibbs free energy exchange to determine the binding

energy of these interactions:

AG® = —RT In [K,]
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All data was analyzed using Microsoft Excel (v16.53), GraphPad Prism (v9.2), and DABEST

(Ho et al., 2019).

Key Resources Table 3
Reagent or Reasent or
Resource g Source Identifier Additional Information
Resource
type
Expressed in BL21 cells
Recombinant MBP-Par-3 PMID: grg);l_l Ii)}:[?{l;:a;fﬁzgg-
Protein PDZ1-APM 32084408 > TSP ’
Drosophila melanogaster
protein
Cloned by QS5 site-
directed mutagenesis;
Recombinant MBP-Par-3 expressed in BL21 cells
Protein PDZ1-APM This paper from pMAL Par-3 393-
APDZ1 987-His; His-purified;
Drosophila melanogaster
protein
Expressed in BL21 cells
. MBP-Par-3 ) from pMAL Par-3 309-
Re‘;,‘f;g;gam PDZ1-APM 35%33)&3 987 A437-533-His; His-
APDZ2 purified; Drosophila
melanogaster protein
Cloned by Q5 site-
directed mutagenesis;
Recombinant MBP-Par-3 expressed in BL21 cells
Protein PDZ1-APM This paper from pMAL Par-3 309-
APDZ3 987 A616-741-His; His-
purified; Drosophila
melanogaster protein
Expressed in BL21 cells
Recombinant | .. PMID: from pET19 Par-3 444-
. His-Par-3 PDZ2 533; His-purified,
Protein 35787373 ;
Drosophila melanogaster
protein
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Recombinant
Protein

His-Par-3 BR-
PDZ2

PMID:
35787373

Expressed in BL21 cells
from pET19 Par-3 426-
533; His-purified;
Drosophila melanogaster
protein

Recombinant
Protein

GST-Par-3
PDZ3

PMID:
35787373

Expressed in BL21 cells
from pGEX Par-3 616-
741; Drosophila
melanogaster protein

Recombinant
Protein

His-Cdc42?01t

This paper

Cloned by traditional
methods; expressed in
BL21 cells from pBH
Cdc42 1-191 Q61L; His-
purified; Drosophila
melanogaster protein

Recombinant
Protein

GST-Cdc42t

This paper

Cloned by traditional
methods; expressed in
BL21 cells from pGEX
Cdc42 1-191 Q61L;
Drosophila melanogaster
protein

Recombinant
Protein

Par complex

PMID:
32084408

Expressed in 293F cells
from pCMV His Par-6 1-
351 and pCMV aPKC 1-
606; His-purified,
Drosophila melanogaster
proteins

Recombinant
Protein

Par complex
AaPKC PBM

PMID:
32084408

Expressed in 293F cells
from pCMV His Par-6 1-
351 and pCMV aPKC 1-
600; His-purified,
Drosophila melanogaster
proteins

Recombinant
Protein

GST-Par-6
CRIB-PDZ

This paper

Cloned by Gibson
assembly; expressed in
BL21 cells from pGEX
Par-6 130-256;
Drosophila melanogaster
protein
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Cloned by traditional
methods; expressed in

Recombinant His-Par-6 This paper BL21 cells from pBH
Protein CRIB-PDZ pap Par-6 130-255; His-
purified; Drosophila
melanogaster protein
pCMV
Recombinant | (mammalian | (piper | 10586014
DNA expression
plasmid)
pPMAL c4X
Recombinant (bacterial
DNA expression Addgene 75288
plasmid)
pGEX 4T1
Recombinant (bacter.lal Amersham 27458001
DNA expression
plasmid)
Recombinant pEZI):I (rzigitg;lal PMID:
DNA press 15023337
plasmid)
pET19
Recombinant (bacterial Millipore Sigma 69677
DNA expression (Novagen)
plasmid)
Bacte.rlal TG1 Molecular cloning
Strain
Bacte.rlal BL21-DE3 Protein expression
Strain
Cell Line FreeStyle 293-F | ThermoFisher R79007
293fectin
Chemical Transfection ThermoFisher 12347019
Reagent
ExpiFectamine
Chemical 293 ThermoFisher A14524

Transfection Kit
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Chemical

Freestyle 293
Expression
Medium

ThermoFisher

12338018

Chemical

Expi293
Expression
Medium

ThermoFisher

A1435101

Chemical

Opti-MEM

ThermoFisher

3198588

Chemical

HisPur Cobalt

Resin

ThermoFisher

89965

Chemical

HisPur NiNTA

Resin

ThermoFisher

88222

Chemical

Amylose Resin

NEB

E8021L

Chemical

Glutathione

Resin

GoldBio

G250-100

Chemical

Source 30Q
Anion

Exchange Resin

GE Healthcare

17-

1275-01

Chemical 4

X BOLT LDS

Sample Buffer

ThermoFisher

B0007

Chemical

PageRuler Plus

Prestained
Protein Ladder,
10-250 kDa

ThermoFisher

26619

Chemical

20X BOLT
MES SDS
Running Buffer

ThermoFisher

B0002

Chemical

Coomassie
Brilliant Blue
R-250

GoldBio

C-461-5

Chemical

Q5 Site-
Directed

Mutagenesis Kit

NEB

E0552S
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Gibson
Chemical Assembly NEB E5510S
Cloning Kit
125 mL
Other Erlenmeyer VWR 89095-258
Flasks
250 mL
Other Erlenmeyer VWR 89095-266
Flasks
Bolt 12% Bis- ) NWO00125B
Other Tris Gels ThermoFisher 0X
PD-10
Other Desalting VWR 95017-001
Columns
VivaSpin 20 )
Other MWCO 5kDa Cytiva 28932359
VivaSpin 20 .
Other MWCO 10kDa Cytiva 28932360
VivaSpin 20 )
Other MWCO 30kDa Cytiva 28932361
Software Image] NIH https://imagej.nih.gov/ij/
Software Prism GraphPad https://www.graphpad.co
Software m/
Software Estimation PMID: www.estimationstats.co
W Statistics BETA 31217592 m

BRIDGE TO CHAPTER V

In this chapter, we argue that Par-3 and Cdc42 compete for binding to the Par complex
and that no other cellular components are required. Using qualitative binding assays and purified
components, we argue that Par-3 and Cdc42 cannot bind to the Par complex simultaneously to

form a quaternary complex. Through further analysis, we demonstrate that the Par-3 PDZ2 and
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PDZ3—aPKC KD-PBM interactions negatively cooperate with the Cdc42—Par-6 CRIB-PDZ
interaction. Our findings support the model that Par-3 and Cdc42 form mutually exclusive
complexes with the Par complex to regulate cell polarity. In the following chapter, I summarize
our key findings and discuss the implications of our work. Additionally, I discuss the outstanding
questions that remain. Together, our findings have advanced the cell polarity field by identifying

the molecular mechanisms by which aPKC is regulated.
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CHAPTER V

SUMMARY AND DISCUSSION

SUMMARY

In Chapter I, I introduced the concept of animal cell polarity in numerous cellular
processes that allow for proper animal development and homeostasis. I focused on polarity
proteins, which have been well studied for over 30 years, and their role in various cell processes
such as asymmetric cell division or cell migration. The key mediator of cell polarity is the kinase
aPKC, which phosphorylates downstream proteins resulting in their displacement from the same
domain and in their polarized localization (Bailey and Prehoda, 2015). As aPKC drives cell
polarity, its localization and activity need to be tightly regulated in a spatially and temporally
defined manner. aPKC is not only regulated through an autoinhibition mechanism, but through
protein-protein interactions and protein-lipid interactions (Hong, 2018). I focused on the models
that have been proposed on aPKC’s regulation by Par-6, Par-3, and Cdc42. During polarity
establishment, aPKC and Par-6 bind to form the Par complex (Joberty et al., 2000; Suzuki et al.,
2001). Whether Par-6 activates or represses aPKC remains in question. However, Par-3 can now
bind and recruit the Par complex. Although the exact interactions between Par-3 and the Par
complex that contribute to the formation of this complex are unknown, Par-3 is required for Par
complex membrane recruitment while maintaining aPKC in an inactive state (Dickinson et al.,
2017; Rodriguez et al., 2017; Wang et al., 2017)). Prenylated Cdc42-GTP can also recruit the Par
complex through binding to Par-6 (Garrard et al., 2003; Joberty et al., 2000; Lin et al., 2000;
Noda et al., 2001; Qiu et al., 2000). It remains unclear whether the Par complex forms two

ternary complexes: one bound to Par-3 and another bound to Cdc42, or whether they can form a
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quaternary complex. However, unlike Par-3, the Cdc42-bound Par complex induces catalytic
activity and allows aPKC to phosphorylate its substrate and regulate cell polarity (Atwood et al.,
2007; Yamanaka et al., 2001). Although the information above points towards a defined model
for Par-mediated polarity, conflicting observations have made it challenging to understand how
aPKC is regulated through autoinhibition and through its intermolecular interactions with Par-6,
Cdc42, and Par-3. It is clear that these four proteins significantly contribute to animal cell
polarity, but current models lack the molecular details to understand the mechanism of
regulation.

Chapter I was centered around Par-6’s regulation of aPKC. While the interaction
between the Par-6 and aPKC PB1 domains is well documented (Hirano et al., 2005; Noda et al.,
2003), the effect that Par-6 has on aPKC activity is not well understood. One model suggests that
Par-6 activates aPKC, removing autoinhibition by displacing the PS from the substrate binding
pocket (Graybill et al., 2012). However, other evidence suggests that Par-6 represses aPKC
(Dong et al., 2020; Yamanaka et al., 2001). Recently, it was reported that Par-6 binding displaces
the PS from the substrate binding pocket, but the Par-6 CRIB-PDZ domains inhibit kinase
domain and prevent activation (Dong et al., 2020). While both models agree that Par-6 displaces
the PS, the effect of CRIB-PDZ is unknown. This chapter sought to resolve the effect of Par-6 on
aPKC. Using a biochemical reconstitution approach with purified proteins, we determined that
Par-6 CRIB-PDZ interacts with aPKC KD-PBM. We found that Par-6 CRIB-PDZ negatively
cooperates with aPKC PB1-C1, suggesting that the CRIB-PDZ is necessary for relieving
autoinhibition. Additionally, the CRIB-PDZ—aPKC KD-PBM interaction is regulated by Par-6

regulators, such as Cdc42, Crumbs, and Stardust. While this work does not touch on the activity
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of aPKC when binding to Par-6, these findings provide us with a strong foundation to better
grasp how Par-6 regulates aPKC activity.

Chapter III focused on the interaction between Par-3 and the Par complex. Numerous
interactions have been reported between Par-3 and the Par complex, making it difficult to
understand exactly how Par-3 regulates the Par complex (Holly et al., 2020; [zumi et al., 1998;
Joberty et al., 2000; Lin et al., 2000; Penkert et al., 2022; Renschler et al., 2018; Wodarz et al.,
2000). Not only that, but many of these interactions were examined without the intact Par
complex and in a qualitative rather than quantitative manner. This chapter addressed which
domains within Par-3, Par-6, and aPKC contribute to their overall binding energy. Utilizing a
quantitative supernatant depletion assay with purified components, we determined that the
strongest interaction contributing to the overall binding energy was between Par-3 BR-PDZ2 and
PDZ3 and aPKC KD-PBM. These interactions almost fully recapitulated the binding affinity
observed when using Par-3 PDZ1-APM and the full-length Par complex proteins. Our results
indicated that Par-3 could potentially interact with two Par complexes at a time to efficiently
recruit the Par complex to the membrane during cell polarity establishment. These findings
provide new perspectives on the energetic determinants and the structural conformation of the
Par-3-bound Par complex.

In Chapter IV, I discussed the mechanism of Par complex polarity and focused on the
formation of Par-3- and Cdc42-bound Par complexes. While in vivo evidence supported a model
in which the Par complex transitions from a Par-3 to Cdc42 bound Par complex, an in vitro study
showed that Par-3 and Cdc42 could bind to the Par complex simultaneously to form a quaternary
complex leading to a model whereby other cellular components would be required to displace

Par-3 (Joberty et al., 2000). This chapter sought to determine the molecular details concerning
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the transition from Par-3 to Cdc42 as this is a key step in Par-mediated polarity. Using a
biochemical approach with purified components, we found that Par-3 and Cdc42 negatively
cooperate for binding to the Par complex and that no other cellular components are required for
this transition to occur. We further determined that the Par-3 BR-PDZ2 and PDZ3—aPKC KD-
PBM interactions compete with the Cdc42—Par-6 CRIB-PDZ interaction. This work contributes
to the mechanistic framework for understanding a key step in Par complex polarization and

activity.

DISCUSSION

Throughout this dissertation, we addressed the current understanding for how aPKC is
regulated by intermolecular interactions. Specifically, we utilized biochemical approaches and
purified proteins to understand the molecular mechanisms that control aPKC. While this work
provides new insights into aPKC regulation and closes some of the knowledge gaps, many
questions remain.

Although we identified a new interaction between Par-6 CRIB-PDZ and aPKC KD-PBM,
we have yet to understand how it regulates aPKC activity. There is evidence supporting the idea
that Par-6 activates aPKC activity. While it appears that Par-6 PB1 slightly activates the
autoinhibited full-length aPKC, the presence of the CRIB-PDZ domains further activated aPKC
(Graybill et al., 2012). However, it is important to note that the full-length intact Par complex
was not as active as the aPKC KD-PBM alone, suggesting that a mechanism of inhibition is still
at work in this system. While aPKC KD-PBM may be more active than the Par complex, the
“level” of activation that is required for aPKC’s ability to phosphorylate substrates is unclear.

There is additional evidence that suggests the opposite form of regulation: Par-6 is an inhibitor of
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aPKC activity. This model proposed Par-6 displaced the PS but that the C-terminal domains of
Par-6 inhibited aPKC activity (Dong et al., 2020; Yamanaka et al., 2001). Furthermore, one of
these studies concluded this inhibition was alleviated through binding of Crumbs to Par-6 (Dong
et al., 2020). Although this study did not find that Cdc42, unlike Crumbs, activated Par-6, our
result that the Par-6 CRIB-PDZ—aPKC KD-PBM interaction is regulated by Cdc42, Crumbs,
and Stardust suggest that these Par-6 regulators aid in activating aPKC. However, it also remains
possible that these Par-6 regulators displace Par-6 CRIB-PDZ from aPKC KD-PBM and
subsequently give aPKC PS access to the substrate binding pocket to once again autoinhibit
aPKC. It is clear that figuring out where exactly the PS is localized in the context of the Par
complex and the Cdc42-bound Par complex is critical for establishing aPKC’s activity when
bound to these proteins.

While we identified the relative contributions of each of the reported interactions to the
overall binding affinity between Par-3 and the Par complex, how these interactions regulate
aPKC activity is unclear. Par-3 was largely considered to be an inhibitor of aPKC activity
because the Par-3 APM (aPKC phosphorylation motif) was shown to prevent aPKC substrates
from accessing the substrate binding pocket (Soriano et al., 2016). However, the experiment
lacked ATP and therefore made a transient interaction appear as a persistent interaction. Further
work demonstrated that in the presence of ATP, substrates were able to compete with Par-3 APM
for the substrate binding pocket (Holly and Prehoda, 2019). The Par-3 APM—aPKC KD
interaction has confused the field and made it difficult to understand exactly how Par-3 regulates
aPKC localization and activity. Further analysis of Par-3 and the Par complex demonstrated that
their binding is dependent on Par-3 PDZ2 and a newly identified PBM at the C-terminus of

aPKC (Holly et al., 2020). Our result that Par-3 BR-PDZ2 and PDZ3 interact with aPKC PBM
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with additional binding energy from aPKC KD support this finding. The observation that these
Par-3 PDZ domains interact with aPKC KD-PBM brings up the question of whether these
interactions are regulating aPKC’s catalytic activity. In this case, the Par-3 PDZ domains would
be blocking access to the substrate binding site. Details about the structure of the intact Par
complex or the full-length proteins would significantly impact our comprehension of the
conformation of these protein complexes.

Our finding that Par-3 and Cdc42 negatively cooperate for binding to the Par complex
raises the question of what the exact mechanism of competition entails. It could be steric
occlusion, where the Cdc42 and Par-3 binding sites overlap and make it impossible for them to
bind simultaneously. On the other hand, it could be an allosteric mechanism where the Cdc42
and Par-3 binding sites are coupled to structural changes that reduce the binding affinity of the
other regulator when one is bound. Structural studies are necessary to understand the
conformational changes that occur to regulate the formation of these complexes. One of findings
indicated that Cdc42 had a lower binding affinity for the Par complex than Par-3. This could
suggest that other factors may be involved to aid Cdc42 in displacing Par-3 from the Par
complex. It’s well known that the Par-6 CRIB and PDZ domains are coupled, thus binding of
Par-6 PDZ ligands could increase the affinity of Cdc42 for the Par complex, making it a better

competitor (Peterson et al., 2004; Whitney et al., 2016, 2011).

CLOSING REMARKS
Prior to my contributions to the cell polarity field, current models lacked the molecular
details to understand the mechanisms of aPKC regulation. I set out to address how aPKC is

regulated through protein-protein interactions by specifically focusing on aPKC’s well known
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regulators: Par-6, Par-3, and Cdc42. I identified a novel interaction between aPKC KD-PBM and
Par-6 CRIB-PDZ that may play a significant role in regulation of aPKC activity. Furthermore, I
assisted in the determination of the energetic contributions of all of the reported Par-3 and Par
complex interactions and found that most of the binding energy was contributed by binding of
Par-3 BR-PDZ2 and PDZ3 to aPKC KD-PBM. Lastly, I found that Par-3 and Cdc42 negatively
cooperate for binding to the Par complex. Overall, my dissertation provides essential mechanistic
insights that enhance our comprehension of how aPKC is regulated for proper animal cell

polarity.
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APPENDIX

APPENDIX A: SUPPLEMENTAL MATERIAL FOR CHAPTER III

A
Par-3 PDZ1-3 binding to Par complex
1.0- . .
EE 0.8+
o
8 E 064
58
g8 ™ Ky 0.66 M [0.36-1.16 pM]
iL & g2- AG': 8.3 kcal/mol [8.0-8.6 kcal/mol]
0.0 1 ] Ll 1 1
0 2 4 6 8 10
[GST- Par-3 PDZ1-3] uM
B
;
2E TE 2 o o o my o7 o9&
wo §3 f3 Bz i En i 3R R G )
£2 50 BE B2 BE BE BZ be Bz bE

115=

70 —

50 =

30—

=

i is
5 59 £3
& & &

Figure S1 Supernatant depletion binding assay. (A) Dose response curve for binding of Par-3

PDZ1-3 to the Par complex. 95% confidence intervals are shown for best fit values. (B) Protein
reagents used in this study.
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APPENDIX

APPENDIX B: SUPPLEMENTAL MATERIAL FOR CHAPTER IV
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Figure S1 Cdc42Q61L binds with higher affinity to Par-6 CRIB-PDZ than to the Par
complex in a supernatant depletion assay. Gardner-Altman estimation plot comparing the
binding affinity of Cdc42Q61L/Par-6 CRIB-PDZ to the affinity of Cdc42Q61L/Par complex
measured using a supernatant depletion assay. Each replicate (filled circles) along with the mean
and standard devation (gap and bars next to circles) are plotted on the left and the mean
difference is plotted on the right as a bootstrap sampling distribution (shaded region) with a 95%
confidence interval (black error bar). Different colored circles for Cdc42Q61L + Par-6 represent
two assays using either solid phase Cdc42Q61L + soluble Par-6 or soluble Cdc42Q61L + solid
phase Par-6.
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