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Abstract

Signaling proteins comprised of modular domains have evolved along with multi-cellularity as a
method to facilitate increasing intra-cellular bandwidth. The effects of intra-molecular
interactions between modular domains, within the context of native proteins, have been largely
unexplored. Here we examine intra- and inter-molecular interactions in the multi-domain
signaling protein, protein kinase C a (PKCa). We identify three circumstances in which domain-
domain interactions regulate PKCa function. First, we find that an intramolecular interaction
between regulatory domains and the kinase domain limit catalytic function of PKCa as
anticipated from previous studies. Second, we identify an intramolecular interaction between the
Cla and C2 domain of PKCa that regulates self-assembly upon calcium binding. Third, we
demonstrate that the intramolecular interaction between regulatory domains and the kinase
domain facilitates heterologous growth of PKCa self-assembly upon calcium binding through

ring opening polymerization.

This dissertation proposes that PKCa. is a system comprised of protein domain modules. We
provide evidence that a network of domain-domain interactions regulate the function of PKC.
Further, we provide evidence that upon binding known effectors the network of domain-domain
interactions update and the function of PKCa changes. Together, this work hypothesizes that
PKCa function in disparate biological phenomena can largely be attributed to internal domain-
domain interactions. This work not only gives insight into PKC activation, but also provides a
framework for regulatory mechanisms utilized by other kinase families and multi-domain

proteins.
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Chapter 1: Introduction

1.1 The role of protein kinase C structure in biological function:
1.1.1 PKC function in biology

In order to robustly communicate extracellular information into cellular and organismal
phenotypes biology has evolved sophisticated signaling systems. These signal transduction
systems are composed of several biomolecules including proteins, phospholipids, nucleic acids,
small-molecules as well as chemical potentials that self-organize within and between cells. From
a relatively constrained number of biomolecules, cells are capable of adapting to external stimuli
to perform functions ranging from maintaining chemical homeostasis to movement of cells
towards nutrients to hormonal communication between cells in a multi-cellular organism (1). A
grand challenge in biology is understanding the physical mechanisms by which biomolecules

dynamically self-organize within cells to transmit information (2-4).

Understanding how the biology of signal transduction functions has practical and contemporary
consequences on human health. Pathophysiologies leading to various diseases including cancers
and cardiovascular diseases often arise from dysregulation of biomolecules involved in signal
transduction. Additionally, therapeutic pharmaceuticals targeting signal transduction processes
have been amongst the most successful and prevalent class developed (5). As such, much of
what is known of signal transduction has origins from studying when signal transduction has

gone awry in diseases.

This present work focuses on a particular class of signal transduction biomolecule, the protein
kinase C (PKC) superfamily, which was originally identified for its pathophysiological role in
tumorigenesis and has subsequently emerged as one of the most ubiquitously critical signal
transduction biomolecules (6). The PKC superfamily consists of several isoforms in multicellular
organisms and has a single protein ancestor evolutionarily conserved in all eukaryotes (7, 8). The



PKC superfamily plays key regulatory roles in many cellular processes ranging from cell
proliferation in yeast to memory formation in human brains and has been heavily investigated
since initial discovery and characterization efforts in the early 1980s (8). Further, the PKC
superfamily has been implicated in numerous chronic human diseases including heart failure,
diabetes, Alzheimer’s disease and cancer. To provide scale for the biological and biomedical
interest of PKC, a search of the term “protein kinase C’ in the National Center for Biotechnology
Information scientific literature database PubMed resulted in >59,000 unique manuscripts
published since 1980 (approximately the same as ‘microtubule’, twice as many as “protein kinase
A’, and half as many as “actin’ at time of writing). Through this body of literature both general
structural/mechanistic properties of PKC as well as specific roles in biological processes have
emerged. This current document will primarily focus on general structural and mechanistic

properties of PKC.

The PKC superfamily functions by interacting with other biomolecules and transferring chemical
information following specific extracellular signals. As the name implies, PKC is a protein
which contains a kinase enzyme which catalyzes phosphorylation. Phosphorylation is a chemical
reaction that is ubiquitous in biology and involves the transfer of a phosphate group from
adenylyl tri-phosphate (ATP) onto a target biomolecule (9). PKC has evolved to phosphorylate
proteins primarily on serine amino acid side chains (10). By phosphorylating a protein, PKC is
transferring a chemical signal which alters the molecular properties of the receiving protein and
in turn altering how it transmits signals (11). PKC function is typically defined by what subset of
proteins it phosphorylates following a specific signal (12). In its simplest description, PKC
functions analogous to a switch where only in the presence of specific signals will it

phosphorylate proteins (13).

To understand how PKC functions within the context of signal transduction systems it is critical
to understand what signals activate PKC and what proteins are phosphorylated by PKC. Through
biochemical and physiological studies it is well documented that PKC is universally activated (ie
switched on) by the lipid secondary messenger diacylglycerol (DAG) (13). DAG is a commonly
employed secondary messenger in signal transduction which is typically present in the inner-
leaflet of the plasma membrane following the activation of the signal transduction superfamily

phospholipase C (PLC). PLC catalyzes the cleavage of the lipid phosphatidylinositol 4,5-



bisphosphate (P1(4,5)P2) into diacylglycerol and inositol 1,4,5-trisphosphate (IP3) upon
activation (14). The various signals that can activate different isoforms of PLC include binding
to G-proteins, calcium, being phosphorylated, or when the composition of phospholipids in the
membrane is altered; these signals encompass several of the recurring modes of information
transfer in signal transduction and are each highly regulated in time, space and amplitude (14).
The consequence of PLC activation by so many signals is that, in-turn, many different signaling
systems converge on the generation of DAG and activation of PKC (Figure 1.1). This is where
the ‘switch’ analogy of PKC becomes inadequate; activation of PKC through DAG provides

insight into the instances it contributes in a signaling system, but not what functions it plays.

Even though many signaling networks converge onto the activation of PKC by DAG, the
functional outcome of PKC can be very diverse. The differences often manifest through the
subset of proteins that are phosphorylated by PKC which can lead to different physiological
outcomes (15-17). The key question emerges: how does PKC phosphorylate different subsets of
proteins? The consensus thinking in the field is that other signaling inputs, in conjunction with
DAG, serve to focus the specificity of PKC phosphorylation (13, 17-21). Several additional
cellular signals have been demonstrated to influence the specificity of PKC phosphorylation by
directly altering the structure and catalysis of the protein. Some of these additional input signals
include calcium (22), phosphatidylserine (PS) (23), PI(4,5)P, (24, 25), proteolysis (26),
phosphorylation (27), de-phosphorylation (28) as well as binding interactions with several
proteins (29). An updated analogy for PKC has been proposed as a micro-processor which
receives a subset of signals, computes those signals through structural rearrangements, and
results in a specific subset of proteins being phosphorylated (13, 21). Unfortunately, the

biochemical mechanism by which PKC can “process’ information is largely unknown.
1.1.2 PKC structure background

It is hypothesized that the function of PKC is largely dependent on the structural state.
Unfortunately, the full-length structure of PKC and how it changes in different functional states
is poorly resolved. Despite structural detail, a large base of literature has established the
connection between the structure of PKC and its ability to ‘compute’ signals for a specific
physiological function (13, 17, 21). In the absence of structural characterization of full-length

PKC, various sections of the protein termed protein domains, have been structurally
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characterized in isolation. Through this approach many of the structure function relationships
between signals (like calcium ions) and protein domains have been well defined. A remaining
challenge is to build off of the structural knowledge of the individual protein domains to
understand how functions of full-length PKC emerge.

1.1.2.1 Gene products

As referenced above, the PKC superfamily typically consists of more than one isoform in
organisms. We will consider the human PKC superfamily which contains nine isoforms that fall
into three classes: the classical PKCs a, B and v; the novel PKCs 3, €, 1, 0; and the atypical PKCs
¢, VA (30, 31). Each isoform of PKC has two homologous regions, an AGC kinase domain and a
C1 domain which unify the superfamily. Each isoform is encoded by a different gene and
expression patterns vary across cell types and cell lifetimes, and in the case of the B isoform, two
different splice variants are observed (31). Each isoform is anticipated to play unique
physiological roles, although it is also speculated that different isoforms are somewhat redundant
for function which has partially limited the applicability of genetic approaches to studying the
function of individual isoforms (32, 33). Further, because of the homology in the kinase domain,
isoform specific kinase inhibitors have also had limited applicability in determining isoform
specific functions (34-36). Despite striking similarity in structure between isoforms it is
anticipated that each isoform contains individual regulatory mechanisms critical for biological
function. Some differences in regulatory mechanisms have been thoroughly investigated
including the identification of single point mutations that alter the affinity of binding calcium

ions or DAG between isoforms.

A useful approach for studying the structure/function relationship of PKC is to break the roughly
70 kDa protein into discrete functional units termed protein domains (37). A protein domain is
defined as a conserved peptide sequence that folds and partially functions independent of the
entire protein sequence (38). Four protein domains are found in classical and novel PKCs, and
three domains in atypical PKCs. For the purposes of this work we will focus on classical PKCs
as they are the best structurally characterized subfamily. Further, unless otherwise noted, this

study will focus on the o isoform for the same reason.
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Figure 1.1. Protein kinase C is a focal point of cellular information. Multiple cellular signaling mechanisms converge onto
PKC, and many different cellular responses are dependent on PKC. The top and bottom represent general sources of cellular
information and various outcomes that are relevant to PKC biology. In the gray box is a more detailed model of PKC information
input and output. The rectangle is a schematic of the structure of classical PKCs going from N- to C-terminal where the dark
boxes represent modular domains and the white boxes are unstructured variable regions. Each input arrow points at the region in
PKC it is known to directly interact with. Phosphorylation is the primary output of PKC, although reports suggest allostery (39)
and scaffolding (20) may be additional outputs but remain poorly understood.

In classical PKCs, four conserved protein domains occur separated by peptides with variable
sequences. From N- to C- terminus classical PKCs are conventionally broken down into variable
region 1 (V1), Cla domain, C1lb domain, variable region 2 (V2), C2 domain, variable region 3
(V3), the kinase domain, and variable region 5 (V5 or c-tail). The protein domains and variable
regions will be discussed individually below, but it is important to note that many of the
structural studies of the various regions have focused on domains in isolation as no complete

structure of full-length PKC exists.



1.1.2.2 Kinase domain

The kinase domain is an enzyme that catalyzes phosphorylation. Evolutionarily, kinase domains
are one of the most prevalent protein domains and existed in the common biological ancestor for
all classes of life (40). The PKC kinase domain is classified into the A kinase, C kinase, G kinase
(AGC) evolutionary branch of the kinase domain (41). Most of the 60 proteins containing an
AGC kinase domain are multi-domain proteins and participate in diverse and important cellular
functions involving the regulated phosphorylation of Ser/Thr residues (41). Structurally, kinase
domains have a conserved P-loop fold that is common in most enzymes that catalyze the
hydrolysis of the y-phosphate in ATP (42). The P-loop in kinase domains lies between an N-
terminal lobe and a C-terminal lobe and coordinates the positioning of catalytic residues
necessary for phosphorylation (43). The structure is conserved in most kinases, but AGC kinases

have a few unique features.

Almost each AGC kinase contains a c-terminal amino acid sequence that is atypical for other
classes of kinases, but in AGC kinases is critical for catalysis (44). In PKC, this c-terminal amino
acid sequence (C-tail for short) is synonymous with the V5 region. The V5 region contains two
conserved sites which require phosphorylation for the kinase domain to be catalytically mature.
These two sites are termed the hydrophobic motif (HM) and the turn motif (TM). In PKC, both
of these sites are considered constitutively phosphorylated, such that the kinase domain is always
catalytically mature, except in desensitization in which these sites are targeted by phosphatases
as a mechanism for PKC downregulation (45). Of note, protein kinase A (PKA) is one of the best
structurally characterized AGC kinase domains. However, PKA is not regulated by
phosphorylation at the HM and TM, instead phosphomimetic residues occur at these sites, which
is somewhat atypical of the AGC kinase family. Additionally, all AGC kinases must be
phosphorylated in a region of the C-terminal lobe termed the activation loop for catalytic
maturity (41). Two unique crystal structures of the PKC BII and 1 kinase domains with different
nucleotides have been reported (46-49) and single structures of the a, 6 and n kinase domains (2,
50) with inhibitors have also been reported providing a significant body of structural data. Of

note, often the V5 is not fully resolved, or not resolved at all in these crystal structures.

For PKC, and in general most kinases, inhibitors designed for use as research tools or potential

therapeutics have targeted the ATP binding site. Several inhibitors have been developed for PKC
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and are a commonly used tool to investigate the role of PKC in a given cellular or physiological
phenomenon. Unfortunately, currently available PKC inhibitors have limited selectivity between
isoforms due to the structural homology of the kinase domain (34). Beyond the limitations of
specificity, a study by Cameron et al demonstrated that the use of PKC inhibitors can alter the
phosphorylation state of the kinase domain (51). The authors hypothesize that this phenomenon
is due to allosteric effects that occur upon inhibitor binding to the kinase domain. How allosteric
effects in AGC kinase domains, including PKC, influence biological functions remains a key
question. This may have practical consequences as several PKC inhibitors have been developed

for therapeutics only to fail in clinical trials for inefficacy (36).

The PKC kinase domain demonstrates a degree of sequence selectivity in substrate
phosphorylation. Nishikawa et al examined the optimal phosphorylation motif for each of the
PKC kinase domains and identified sequence dependence that correlates with the structure of the
kinase domain (10). In general, the motif RXX(S/T)XRX, where X represent any amino acid, is
a consensus motif conserved in all PKC isoforms. This sequence dependence of phospho-
substrate represents one level of regulation of PKC function. However, discrepancies arise in
cellular studies as not all peptides conforming to these motifs are thought to be phosphorylated
by PKC, and PKC is anticipated to phosphorylate at residues that do not conform to the
consensus (17). Additional factors attributable to the other protein domains are anticipated to

further refine the specificity of substrate phosphorylation in PKC.
1.1.2.3 C1 domain

The C1 domain is common in all isoforms of the PKC superfamily. In the classical and novel
subfamilies, two tandem C1 domains exist termed Cla and Clb for the C-terminal and N-
terminal domains respectively. Each C1 domain is approximately 50 amino acids in length and
contains multiple Cystine-Cystine disulfide bonds in its tertiary folded state (52). In both
classical and novel subfamilies, C1 domains directly bind to the lipid secondary messenger
DAG. In addition, the C1 domains bind to phorbol esters, which are a compound derived from
croton oil and have a long history in the study of carcinogenesis (53). While the tandem domains
are homologous, they are not identical and appear to participate in different functions. In
classical PKCs the Cla domain demonstrates higher affinity for DAG while the C1b domain has

higher affinity for phorbol esters (54). Peptides containing the tandem C1 domains can be
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expressed in the cytosol of cells, and when the cell is treated with phorbol ester, the peptide will
diffusively localize at the plasma membrane where the phorbol ester is known to localize (55).
High resolution NMR structures of representative C1b domains from a, 6 and y isoforms have

been reported in the protein data base (RSCB ascension numbers 2ENZ, 2E73 and 2EL1) as well
as a crystal structure of Clb from the BII and & isoforms (46, 56). The C1-DAG binding

interaction is anticipated to play a critical role in the co-localization of the kinase domain and

phospho-substrates as a mechanism for functional regulation.
1.1.2.4 C2 domain

The C2 domain was originally identified in the PKC superfamily, but has subsequently been
identified in many signaling molecules and is common to all eukaryotes (57). The functions
identified in classical PKC include the sequential binding of two or three Ca®* ions, which
bridges an electrostatic interaction with the head group of phosphatidylserine (PS) and
subsequently the bindings of the head group of P1(4,5)P;, (58). An important distinction between
the classical and novel PKCs is that only the classical C2 domains appear to bind calcium and
phospholipids, whereas the novel are reported to bind to phosphotyrosine motifs (59). Within the
classical PKCs, the affinity of the C2 domains to calcium are differentially tuned and range from
700 to 5000 nM presumably as a way to selectively bind only a subset of PKC isoforms at low
calcium concentrations (60). Similar to the full-length PKC, the C2 domain is expressed and
primarily resides in the soluble phase of the cytosol. Upon a cytosolic influx of Ca** ions both
the C2 domain and full-length PKC rapidly (1-10 seconds) accumulate at the plasma membrane
in a diffusion limited process conventionally referred to as translocation (61, 62). The C2 domain
is typically considered critical in co-localization of PKC with target phospho-substrates
following a cytosolic Ca®* signaling event. Crystal structures of several classical PKC C2
domains in complex with Ca** (63), mimetics of PI(4,5)P, (58) and the kinase and C1b domain
(46) have been reported.

1.1.2.5 Variable regions

Relatively little is known about the variable region structure and functions. The variable regions
are generally anticipated to be unstructured and primarily play roles in tethering of the globular

domains. A few notable features of the variable regions is the pseudosubstrate in the V1 (64), a
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proteolytic cleavage site in V3 (65) and importance of the V5 for kinase domain function (66).
The pseudosubsrate corresponds to residues 19 — 36 and is termed such based on its similarity to
consensus phosphorylation motifs for PKC kinase domains (64). The cleavage site in the V3
domain was critical for the initial discovery of PKC (6). In general, as the name implies, the
characteristics of the variable regions are not conserved between isoforms, with V5 being the
major exception (as mentioned above). Several isoform specific functions have been reported for

variable regions but will not be addressed in this work (13).
1.2 Emergence in PKC

Here we will define emergence as a functionality of a system of multiple components that could
not be inferred when considering the parts in isolation. In the previous section the various protein
domains of PKC and their specific functions in isolation were introduced. This work is now
concerned with identifying physical interactions between those domains, as occur in the natural,
full-length protein, which alter the functionality of PKC (Figure 1.2). What follows are four
examples where emergent behaviors/phenomenon of PKC have been reported. In several of these
examples it has been previously predicted that intramolecular domain-domain interaction
facilitate the emergent phenomenon, but in only one case is direct evidence provided to support
the hypothesis. The last paragraph of this section provides a broader context from which this

PKC specific hypothesis may be important.
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Figure 1.2. Emergent properties arise from domain-domain interactions in PKC. (A.) A schematic highlights the primary
chemical information input and output for each of the four protein domains, or modules, found in PKCa. The input/output of the
domains were primarily characterized through study of the single domains in isolation. (B.) This schematic considers the
chemical information input and output for full length PKCoa in which each domain is covalently linked. When the outputs of full
length PKC differ from the anticipated outputs of each of the individual domains this is termed an emergent property, or a
property that occurs in a system, but is not anticipated from the study of individual modules. Emergent properties are listed in red
at the bottom of each scenario. In the gray boxes solid black lines connect the various domains. Each black line represents a
putative domain-domain interaction reported in the literature. Domain-domain interactions are predicted to result in the emergent
properties of PKCo. In the left example an interaction between the pseudo-substrate and the kinase domain is predicted to inhibit
phosphorylation by occluding the phospho-substrate binding site. In the middle example a putative interaction between the Cla
and C2 domains is anticipated to occlude the DAG binding site. In the right example concurrent Ca®* and DAG inputs are
anticipated to disrupt most domain-domain interactions, however a weakened interaction between the pseudo-substrate and
kinase domain may partially occlude the phospho-substrate binding site allowing phosphorylation at a reduced rate.

1.2.1 Emergence in kinase activity

One of the most enduring and well supported hypothesis for emergent structural function of PKC
is the auto inhibition of catalytic activity. This hypothesis was initially proposed in 1987 by
House and Kemp who identified a region in the V1 of PKCa (residues 19 — 36) which resembled
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the consensus phosphorylation sequence of PKC except with an Ala replacing the Ser/Thr
residue which would typically be phosphorylated (64). The authors proceeded to synthesize a
peptide corresponding to these residues and demonstrate it inhibited kinase activity of PKC in
the presence of activators. House and Kemp hypothesized that the pseudosubstrate binds the
kinase domain to inhibit catalysis but upon binding of phospholipids to the C1 and C2 domains a
conformational change would occur which would disrupt the interaction allowing catalytic
activity. This hypothesis has been supported through additional indirect evidence and has
remained prevalent in the literature since its first proposal and is incorporated into nearly every

molecular model of PKC regulation.
1.2.2 Emergence in DAG sensitivity

A recurring observation noted by several groups is that full length PKC has diminished
sensitivity to DAG and DAG analogues compared to the isolated C1 domains to which they
directly bind. This fits within our working definition of emergence. As anticipated from our
hypothesis, experimental evidence suggests that intramolecular domain-domain interactions are
the source of this phenomenon. However, it remains poorly resolved as to what domain

interactions are responsible.

Oancea et al were the first to report this observation in a cellular context in 1998 studying the
human PKCy isoform (21). They proposed an eloquent model by which the pseudosubstrate-
kinase domain interaction constrains both the Cla and C1b domains such that the DAG binding
sites are buried in an interface with the kinase domain and inaccessible. Once PKC is confined at
the plasma membrane following a calcium-C2 binding event the pseudosubstrate binds directly
to phospholipids and releases the constraint on the C1 domains exposing the DAG binding site.
Stensman and Larsson introduced another layer in this mechanism by providing evidence for an
interaction between the C2 domain and the kinase domain desensitizing DAG binding to PKC
(67). They identified a region of acidic residues on the V5 and basic residues on the C2 domain
which unmasked PKC sensitivity to a DAG analogue in cells if charge reversal mutations were
introduced in either region, but not both. They further use FRET reporters to provide evidence
that these mutations introduce conformational changes in PKC. The authors hypothesize that the
conformation of the V5 domain is critical in maintaining the inactive state of PKC mediated

through interactions with the C2 and C1 domains.
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In 2011 a paper by Leonard et al reported high resolution structural evidence for an
intramolecular interaction between the kinase domain and the Clb domain (46). The authors
obtained a partial crystal structure of PKC BII in solution in which all but the Cla and some of
the variable linkers were resolved. The authors were surprised that an interaction between Cl1b
and the kinase domain was observed as no biochemical or functional data had previously
suggested this to be the case. The authors went on to generate point mutations to disrupt the
interface between the kinase domain and C1b and investigate the effects on protein localization
following phorbol ester treatment of cells expressing the mutant PKC. The authors concluded
that the interaction has allosteric effects on the kinase domain that alter the sensitivity of PKC to
phorbol esters. In a follow-up report from a separate group, the original interpretation of the X-
ray diffraction data was challenged arguing that an interaction between the C2 domain and the
kinase domain was additionally observed (68). In this study, point mutations were generated to
disrupt the putative binding interface between the C2 domain and kinase domain and
demonstrated that these mutants have faster activation kinetics following phorbol ester treatment
of cells. An understanding of how these two putative interactions contribute in context with each

other remains elusive.

While the work by Oancea, Stensman, Leonard and Antal provided support for masking of the
C1 domain through an interaction with the kinase domain or by an interaction between the C2
domain and kinase domain, the work from two separate groups proposed that the Cla and C2
domains directly interact. Studies from the Wonhwa Cho group and from the Christopher Stubbs
group provide indirect and direct evidence the Cla DAG binding site is masked through an
interaction with the C2 domain (69-71). The best evidence for such an interaction comes from
work presented by Slater et al in which surface plasmon resonance (SPR) analysis was used to
monitor direct interactions between peptides containing the Cla and C1b domains and peptides
containing the C2 , Cla and C1lb domains in the presence of phorbol ester (69). From the Cho
group, Stahelin et al performed a molecular docking interaction between models of the structure
of the Cla and C2 domains to identify putative binding interfaces (70). The authors proceeded to
test several of the residues in the putative Cla C2 interaction interface and demonstrated that in
cells, mutation in the C2 domain could unmask the Cla domain allowing for the protein to
localize at the plasma membrane at lower concentrations of agonist (70). Conversely, from the

same group it was demonstrated that a single point mutation in the C2 domain which blocks Ca**
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ion coordination (D246N) renders the Cla unable to bind to DAG (72). From this line of work it
is not clear whether the C1a-C2 interaction is exclusive of the C2-kinase domain interaction or
C1l-kinase domain interaction and what the respective functions of the individual interactions
may be. However, Stahelin et al speculate that different isoforms of PKC may have evolved
different mechanism by which the domains interact with one another and that each isoform may
warrant individual investigation (70). While most of the above work centers on the PKCa
isoform, it should be noted that it was the highly homologous BII isoform that was captured in
the crystal structure by Leonard et al. It remains unclear which of these domain-domain
interactions occurs in which isoform, and how these interactions are functionally dependent or

independent of each other.
1.2.3 Emergence in subcellular localization

A key functional hallmark of PKC lies in its sub-cellular spatial-temporal localization. Several
studies have suggested that PKC specific scaffolding proteins termed RICKS or RACKS direct
the localization of PKC within cells. Additionally, both the C1 and C2 domains can target PKC
to specific cellular locations. Within the same cell type PKC can display multiple agonist
dependent localizations that are not clearly attributable to scaffolding proteins or direct targeting
by PKC domains. We hypothesize that regulation of PKC subcellular localization is an emergent

feature primarily dependent on intramolecular domain-domain interactions.

Studies of the subcellular localization of PKC have uncovered several unanticipated behaviors
when introducing point mutation or with the use of small molecule kinase inhibitors that are not
apparent from structural information of the individual domains (51, 73-75). Different isoforms of
PKC localize to various subcellular compartments following stimulation. Further, within the
same isoform and cell type, the localization of PKC can change over time or depending on what
agonist stimulates the cells. Several reports have demonstrated that point mutations in the kinase
domain can alter the localization of PKC (73-75). One particularly insightful study by Maasch et
al in 2000 investigated the subcellular localization of a PKC green fluorescent protein (GFP)
fusion protein in vascular smooth muscle cells following several different agonists that lead to
cytosolic calcium. The agonists including the calcium ionophore ionomycin, depolarization of
the cell by KCI, opening internal Ca®* stores with InsP(3) or ryanodine, inhibiting sarcoplasmic

reticulum Ca®* re-uptake with thapisgargin, and physiological agonists including thrombin and
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PDGF (73). What the authors observed was in each case the fusion protein localized at unique
subcellular regions, often times forming speckles, patches or focal domains approximately 0.8 —
1.5 micron in diameter around the anticipated origin of cytosolic calcium. Further, while
concomitantly monitoring the focal accumulation of PKC and cytosolic calcium levels, they
observed that the focal accumulations formed with the rise in calcium concentration, but
persisted even after calcium concentrations returned to basal levels, in some cases for as long as
20 minutes (behavior not observed by the individual domains, only full length PKC). The authors
then proceeded to explore the effects on fusion protein localization following a series of
truncations and point mutations to PKCa. They found that removal of the kinase domain resulted
in the pre-localization of the fusion protein at the plasma membrane but retained the ability to
localize at punctae similar to the full-length fusion protein following ionomycin treatment. In
contrast, a single point mutation in the kinase domain K368R, commonly used to abolish
catalytic activity in kinases, pre-localized at the plasma membrane but did not re-localize into
punctae following ionomycin treatment. The authors acknowledge that no regulatory model
adequately addresses how a single isoform of PKC in the same cell type differentially localizes
following different agonists. They end by speculating that local calcium influxes can initiate
binding events between proteins prelocalized at the site of the calcium influx and PKC to explain
the observed phenotypes (73). The authors never speculate that interactions between domains
contribute to these observations. However, it is striking that a point mutation in the kinase
domain influences the functionality of the C2 domain.

In an independent line of research from a different group, Stensman et al explored the effect of
the kinase dead K368R mutation as well as kinase inhibitors on PKCa-EGFP subcellular
localization in human neuroblastoma cells following charbacol treatment (74). The authors report
that wild type PKCa transiently localizes at the plasma membrane and returns to the cytoplasm
following charbacol treatment. In contrast, the K368R kinase dead point mutation localizes at the
plasma membrane following charbacol treatment and persists there indefinitely. The authors then
demonstrate that in cells pretreated with the PKC kinase inhibitor GF109203x, wild type PKCa
demonstrates persistent localization at the plasma membrane following charbacol treatment. The
authors speculate that these phenomena are both due to an altered conformation of the kinase
domain which disrupts domain-domain interactions between the regulatory domains and the

kinase domain. They finally state that the large body of literature that has relied on the use of

14



kinase inhibitors and kinase dead mutations to ascertain the function of PKC specific
phosphorylations be reexamined with caution given the additional effects both experimental

approaches have on the localization of PKC (74).

A third independent group explored the effect of the kinase inhibitor staurosporine and ATP +
Mg®* binding on the subcellular localization of PKCa-EGFP in the HSY human parotid cell line
(75). In agreement with the previous finding, Tanimura et al found that pretreatment of the cells
with staurosporine stabilized the plasma membrane localization of wild type PKCa. The authors
considered the possibility that PKC kinase activity was required for PKC to re-localize back to
the cytosol following agonist activation. To test this possibility the authors permeabilized the
cells with saponin to leach out nucleotides in a medium containing high free calcium
concentrations. Following this treatment of cells, the PKC fusion protein was observed localized
at the plasma membrane. The re-localization of PKC fusion protein following the addition of
extracellular medium with low free calcium concentration was monitored as a function of time.
The authors found that only when ATP + Mg** was reintroduced at physiological concentrations
did PKC re-localize to the cytoplasm. Further, the re-localization to the cytoplasm could be
blocked by the addition of the nucleotide competitive kinase inhibitor staurosporine. The authors
concluded that kinase activity was critical in the subcellular localization of PKC, although the
mechanistic details for why are not known (75). An alternative interpretation could be more akin
to that proposed by Stenssman in which nucleotide binding alters the conformation of the kinase

domain and subsequently interactions between the kinase domain and the regulatory domains.

This present work hypothesizes that all three of these reports have identified emergent properties
of PKCa that arise from domain-domain interactions. When examining all three of these
independent studies together it appears likely that conformational changes in the kinase domain
can alter domain-domain interactions with the regulatory domains. In fact, it is anticipated that
the PKC kinase domain undergoes conformational changes concomitant with nucleotide or
inhibitor binding. Providing support for this hypothesis Cameron et al demonstrated a surprising
consequence of nucleotide competitive PKC inhibitors on the phosphorylation state of PKC (51).
As mentioned earlier, phosphorylation of three key residues on the kinase domain is required for
PKC catalytic maturation. The kinase dead mutation, K368R is not phosphorylated at any of the

three sites, and this was previously used to support a model by which PKC auto phosphorylates
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the three sites. Cameron et al found that a kinase dead PKC molecule could be fully
phosphorylated if cells were treated with PKC inhibitors. The study went on to conclude that the
K368R mutation blocks ATP binding but not inhibitor binding, and that upon occupation of the
binding pocket by an inhibitor a conformational change in the kinase domain facilitated the
phosphorylation of the multiple sites by other kinases (51). Together, these reports suggest that
feedback exists between conformational states of the kinase domain and interactions with
regulatory domains, and those intramolecular domain-domain interactions and the function of the
individual domains. We hypothesize a network of physical interactions interconnects the various

functions of each of the domains with other domains.
1.2.4 Emergence in scaffolding function

It has been proposed that PKC, specifically the PKCa isoform, may serve as a key scaffold in the
origin of membrane localized (but not membrane encompassed) cellular assemblies (20). This
hypothesis from Rosse et al is built not on a molecular mechanism (which does not exist), but
instead by the repeated observations of PKCa being amongst the first proteins to localize at the
site of multiple transient signaling assemblies in multiple different cellular contexts. An
interesting parallel phenomenon was observed that calcium dependent PKC could lead to the
demixing of certain lipid components within large unilaminar vesicles in vitro (76). This work
from the Glaser group used fluorescently labeled lipids DAG, and PS as well as fluorescently
labeled PKC and phosphorylation substrate myristoylated alanine-rich C-Kinase substrate
(MARCKYS) peptide to demonstrate that all components colocalized in distinct micron scale
domains on the surface of the liposomes specifically in the presence of calcium. The authors then
proceeded to use polylysine to displace MARCKS peptide from the DAG, PS, Ca**, PKC
domains but not from binding the liposomes. In concomitant experiments they measured the
phosphorylation of MARCKS peptide and found that with increasing concentrations of
polylysine, MARCKS phosphorylation was reduced. This result suggests that the proper
localization of PKC, its activators and its substrates within domains formed on liposomes is
critical for kinase activity. A similar conclusion was arrived at in a separate study in which it was
observed that PKC lead to the aggregation of liposomes in a PS, Mg®* and Ca®** dependent
manner (77). In experiments monitoring the degree of liposome aggregation as well as

autophosphorylation of PKC, a striking linear correlation was observed, where PKC mediated
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aggregation of liposomes resulted in increased autophosphorylation levels. In both cases the
mechanisms by which these clustered domains on lipid surfaces and/or aggregation of liposomes
are formed in these reduced systems are unknown, and it is not entirely clear that corresponding
domains are formed in physiological contexts.

Further insight into the phenomenon of lipid demixing caused by PKC and calcium was recently
provided by a separate group using fluorescence quenching and nuclear magnetic resonance
(NMR) spectroscopy methodologies (78). In this study by the Egea-Jimenez et al it was observed
that P1(4,5)P, demixes in vitro on the surface of liposomes in the presence of calcium, but PS
only demixes in these conditions if the PKCa C2 domain is additionally present. The PKCa C2
domain directly binds to both PI1(4,5)P, and PS and may serve as a scaffold for the two lipid
components. The full-length PKC additionally may directly bind DAG, bringing it into domains
that are initiated by PI1(4,5)P, clustering. In line with these in vitro observations, it was observed
that the C2 domain localizes to punctae on the cellular plasma membrane in a Ca’* and PI(4,5)P,
dependent manner (62). These punctae are formed at caveolae in CHO cells (79). Interestingly,
PKC directly binds caveolin-1, a key component of caveolae formation, in a calcium dependent
manner (80). Taken together, a mechanism where calcium is sufficient for PKC to become a
multivalent scaffold by directly recruiting PS, DAG and caveolin-1 to P1(4,5)P, clusters on the
surface of the plasma membrane can be proposed. The consequence of scaffolding each of these
components is not apparent, and the ability for these scaffolding functions to be regulated is not
known at all. Like each of the other examples of emergence in PKC discussed above, the degree
to which PKC acts as a scaffold, and for what it is scaffolding is likely strongly dependent on

interactions between PKC domains which can mask or expose binding interactions.
1.2.5 Domain subunits as modules: multi-domain proteins as systems

Multi-domain proteins correlate with increasing organismal complexity (81). The increased
percentage of multi-domain proteins to total proteins encoded in genomes generally tracks with
the complexity of organisms (82) notably so in the evolution of multi-cellular organisms (83). It
is postulated that multi-domain proteins facilitate the evolution of the complex signal processing
behaviors observed in living cells due to physically linking multiple signal inputs and outputs
(81). Clearly, understanding the chemical principles by which multi-domain proteins function as

compared to single-domain proteins is of broad interest to biologists.
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Protein domains, particularly ones that are typically found in multi-domain proteins, are often
conveniently termed modules. Modularity is a recurring theme at every level of biology as well
as engineered complex systems. A few general features of modules have been noted: modules
have (i) identifiable interfaces with other modules (ii) can be evolved somewhat independently
(iii) maintain some identity when isolated or rearranged yet (iv) derive additional identity from
the rest of the system (84). All of these features are reasonably applied to protein domain
modules in a multi-domain protein system. From this perspective a single multi-domain protein
may be considered a system composed of multiple protein modules. Knowledge of the protocols
by which the modules interface with other modules (for example through auto-inhibition
interactions) are necessary to describe this system (84). These protocols may be empirically
described by monitoring intra- and inter-molecular domain-domain interactions in a multi-
domain protein. Knowledge of protocols can be used to analytically described anticipated
functions in a system using coarse-grained modelling approaches (85). We hypothesize that this
systems perspective can aid in assessing biological function of multi-domain proteins and may

identify previously unanticipated therapeutic opportunities.

We view PKC as a model multi-domain system in which the individual modules are well
described, but knowledge (even coarse grained) of interactions between the modules limits

predictions of PKC function and consequently therapeutic strategies.
1.3 Hypothesis:

The overarching hypothesis of this work is that emergent biological functions of PKC can be
described through interactions between modular domains within the full length protein. The

specific ideas tested in this dissertation are:

Hypothesis # 1: Domain-domain interactions between specific modules in the regulatory

domains and kinase domain are critical for regulating PKC activation.

Hypothesis # 2: Domain-domain interactions are critical in regulating the spatial organization of

PKC and directly interacting molecules in the presence of calcium.

Hypothesis # 3: Nucleotide-induced conformational changes in the kinase domain allosterically
modulate the spatial-temporal organization of PKC.
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1.4 How to measure intra-molecular domain interactions:
1.4.1 Experimental tools to study biology on the level of protein domains

Adequate experimental methodologies have been a key limitation for studying intramolecular
domain-domain interactions. The gold standard approach would entail a high-resolution x-ray
crystal structure of the interaction complemented by point-mutagenesis of residues found at the
interaction interface that modulate downstream biochemical and cellular functions (86).
Unfortunately, in many instances multi-domain complexes must be optimized through labor
intensive genetic alterations before they can be crystallized. While many examples exist where
this approach has been successfully implemented (and it will likely continue to be streamlined)
the process remains too low-throughput to be broadly available for the scope of the questions
(consider our model multi-domain protein PKC which has > 10 different functional states and is
additionally complicated by localization on a lipid bilayer). Electron microscopy is an exciting
area of development which may be better suited for addressing a wide range of
functional/conformational states, however currently a protein the size of PKC is at or beyond the
lower limits of the methodology. Many biochemical and biophysical approaches are readily
available to monitor inter-molecular interactions including conventional genetic assays like yeast
2-hybrids, immunoprecipitation or biochemical assays monitoring the diffusivity of particles, as
well as emerging single particle microscopy techniques, spectroscopic approaches and dynamic
simulations (87-90). However, in these cases utility is lost when attempting to investigate the
contribution of intra-molecular domain-domain interactions as the effects of increased local
concentration, and synergistic interactions are difficult to extrapolate from these data. There is a
need for the development of new experimental approaches for directly studying intra-molecular

domain-domain interactions.
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Figure 1.3. SPASM methodology for studying intramolecular domain-domain interactions. (A.) Two protein domains of
interest (A and B) bound covalently and non-covalently. (B.) Genetically engineered proteins can replace the native covalent
linker with an ER/K a helix of varying lengths. (C.) The general relationship of the non-covalent intramolecular interaction
between domains as a function of the length of ER/K helical linker. (D.) A fluorescent protein FRET pair can be genetically
engineered onto either side of the ER/K helical linker. Due to the physical properties of ER/K a helices, FRET will only occur
when the protein domains are non-covalently bound. The ER/K linker flanked by fluorescent proteins is termed the SPASM
cassette. (E.) The engineered protein can now be studied in parallel with any additional functional assay, ranging from in vitro
biochemical activity assays, to cellular assays and theoretically phenotypical assays involving model organisms. (F.) By
conducting experiments with engineered SPASM proteins of different length ER/K helices, functional dependencies of
intramolecular interactions can be assessed. Functions that scale with the length of ER/K helices are anticipated to have direct
dependencies on the non-covalent intramolecular interaction being perturbed. Further details and background on the methodology
can be found in Appendix A and in reference (91).

One of the most successfully utilized approaches to monitor conformational changes in multi-
domain proteins is to engineer Forster resonance energy transfer (FRET) biosensors utilizing
green fluorescent proteins (GFP). Numerous examples exist where this has been used to explore
protein structural changes both in vitro and in cellular contexts (92). Two major limitations of
this approach are the limited structural resolution obtained, and the challenge of rationally
engineering FRET biosensors (93). While the resolution obtained by FRET will never rival
structural techniques like x-ray crystallography, it may be sufficient for coarse-graining
interactions between domains. To aid in rationally engineering FRET biosensors, particular care
must be taken in controlling for linker regions between domains (92). Recently, two strategies
have been proposed in which artificial peptide linkers can be inserted between protein domains
and fluorescent protein FRET pairs which reliably report on intramolecular interactions in many
different engineered peptide contexts (91, 93). One approach utilized unstructured linkers and

relies on random walk of unstructured polypeptides to primarily position the FRET probes
beyond the Forester radius, while allowing for stochastic sampling of conformations in which
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the two domains can directly interact (93). The second approach was similar, but utilized a
structured linker which forms an extended single alpha helix (SAH) (sometimes refered to as a
Glutamine (E) and Arganine (R) or Lysine (K) (ER/K) linker based on its common sequence)
which stochastically collapses at a defined rate allowing for peptides at either end to interact

(91). The latter approach was used in part because the number of amino acids in the linker

required to extend the fluorescent proteins beyond the Forester radius is reduced.

The structured linker approach was termed systematic protein affinity strength modulation
(SPASM) and incorporates a genetic linker whose gene product is a single extended a-helix
flanked by mCerleun (mCer — FRET donor) and mCitrene (mCit — FRET acceptor) fluorescent
proteins. The SPASM cassette may be sub-cloned into a multi-domain protein of interest such
that the FRET output of the gene product will report on intra-molecular interactions between the
protein domains on the N- and C- termini of the linker. This approach has previously been
implemented in three distinct biological processes in which the FRET output corresponds to an
intra-molecular interaction (94, 95). A key advantage of this methodology is the ability to
concomitantly monitor the intramolecular interaction as well as other functions dependent on the
interactions (Figure 1.3). For example Ritt et al used the SPASM approach to report on the
intermolecular interaction between the FERM and kinase domain in focal adhesion kinase
(FAK). The authors monitored interactions, autophosphorylation anticipated to require that
interaction, as well as downstream physiological responses, in parallel. In this way, a single
intramolecular interaction can be modulated and the biochemical and cellular functions can be
directly attributed to that single variable. The last key feature of the SPASM methodology is the
length of the ER/K linker in the SPASM cassette will dictate the probability that the two peptides
are in proximity to interact. By extending the length of the linker, the intramolecular on-rate of
the peptide interaction is lowered. In this way, by increasing the length of the ER/K linker, the
equilibrium between bound and unbound intramolecular interactions can be shifted towards the
unbound. Biochemical assays and cellular assays can be conducted on the engineered protein as
a way to investigate functional dependencies of a single intramolecular interaction without the
need of detailed knowledge of the binding interface of context specific point mutations. Further
details on the mechanism and development of the SPASM approach can be found in Appendix
A.
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1.5 Dissertation objectives

In this work | test the hypothesis that domain-domain interactions in PKCa can contribute to
emergent physiological properties. 1 will use the SPASM methodology in combination with
genetic, biochemical and biophysical techniques to identify mechanisms by which domain-
domain interactions within PKC can describe emergent functions in in vitro reconstituted

systems and in cellular systems.

Specifically, 1 will challenge the models hypothesizing (i) a network of domain-domain
interactions which inhibit catalytic activity in the absence of calcium, but dissipate in its
presence (Chapter 2). (i) That PKC can scaffold or otherwise regulate the spatial organization of
molecules in trans through mechanisms regulated by cis domain-domain interactions (Chapter 3
and 4). (iii) Conformational states of the kinase domain can regulate the subcellular localization

of PKC mediated through cis and trans domain-domain interactions (Chapter 5).
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Chapter 2: Conserved modular domains team up to latch-open active PKCa

This chapter has been adapted from the following publication:

Swanson, C.J., Ritt, M., Wang, W., Lang, M., Narayan, A., Tesmer, J., Westfall, M.,
Sivaramakrishnan, S. (2014) Conserved modular domains team up to latch-open active
PKCa, Journal of Biological Chemistry, 286, 25460-67.

2.1 Introduction:

The use of modular protein domains has emerged as a prominent feature of increasing phylogenetic
complexity (1, 2). Linking modular domains within a single protein allows complex regulation while
conserving the sequence and structure of the individual domains, especially for those that have catalytic
activity (3). For instance, spatio-temporal control of signaling proteins is often achieved by stringing
together a conserved catalytic domain with one or more regulatory modules. These modules can play
multiple roles including masking the catalytic site to inhibit basal activity (auto-inhibition), releasing
auto-inhibition through conformational changes triggered by second messenger stimuli, and facilitating
translocation to subcellular compartments through binding secondary messengers or scaffolding proteins.
Each additional module in a signaling protein provides a combinatorial enhancement to its regulation and
cellular function (4). The protein-context independent structure and cellular function of individual
modules have been extensively researched using biophysical approaches such as x-ray crystallography
and NMR (5). However, coordination of interactions between these domains remains unexplored
primarily due to the reliance on reductionist structural and biochemical approaches. As a corollary, our
current structural understanding of modular signaling proteins does not adequately address the versatility
of their cellular function (6-8). In this study, we overcome this limitation with a technique we previously
developed to systematically modulate interactions between individual protein domains in the context of

the entire molecule (9, 10).

Generally, stark perturbations are required to study intra-molecular interactions in proteins. For instance,

to measure the strength of an intra-molecular interaction between two domains it is typical to split them
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into two individual peptides (11). An alternative approach is to truncate or mutagenize a proposed
interaction interface and look at a functional consequence associated with the loss of the interaction (12-
14). In the first approach, the strength of an interaction can be underestimated given that when the two
interacting domains are in the same polypeptide, they will likely have a high local concentration which
can affect the on-rate of the interaction. In the second approach, it is often difficult to anticipate whether a

change in function is directly or tangentially effected by the truncation or mutagenesis.

To address the technical shortcoming in studying intra-molecular domain:domain interactions, we have
previously developed and applied a novel genetic method termed Systematic Protein Affinity Strength
Modulation (10). This technique utilizes an ER/K motif that has unusual biophysical properties (15). The
ER/K motif primarily adopts an extended a-helical secondary structure in solution with end-to-end
distance of 10 to 30 nm, depending on the length of the motif (16). However, it is prone to stochastic
breaks in helicity that allow the n- and c- termini of the helix to come in close proximity of each other at a
low but predictable frequency (10). Capitalizing on this phenomenon, a genetically encoded FRET pair as
well as interacting polypeptides can be fused to either end of the ER/K motif to build a single polypeptide
(xpolypeptide- FRETdonor- ER/K linker- FRETacceptor- ypolypeptide) (9, 17). At low (nM)
concentrations, the interaction between the polypeptides will report a binary high-FRET interacting state
or low-FRET non-interacting state that will be averaged out in ensemble measurements (10). It has been
empirically determined that the on-rate for interactions in this system are dictated by the frequency that
the a-helix stochastically brings its ends in close proximity, while the off-rate is dependent on the
interaction between the polypeptides attached to the end of the helix (10). Additionally, the frequency at
which the ends of the a-helix come in close proximity is a function of the length of the a-helix; longer
helices have a lower frequency of end-to-end proximity (10). By incorporating different length ER/K
motifs between interacting polypeptides the on-rate can be modulated such that the apparent
concentrations can be varied from 100 nM to 10 uM (10). Finally, the SPASM module is a transposable
genetic element that can be incorporated into naturally occurring linkers between modular domains in
most proteins. This technology allows intra-molecular interactions to be perturbed in systematic ways
such that domain:domain interactions can be directly observed and characterized (9). Here we utilize this

technology to explore domain:domain interactions between the multi-domain protein kinase C (PKC).

The PKC family exemplifies the use of modular architecture in cellular function. PKC is composed of a
conserved catalytic domain (CD) fused to multiple, modular regulatory domains (RD: pseudo-substrate,
Cla, Clb and C2) that are sensitive to different small molecule/second messenger stimuli (o isoform: Cla
— diacylglycerol (DAG) and phorbol ester (PMA); Clb- DAG, PMA ; C2 - Ca®"). In the absence of

stimuli, the RDs cooperatively mask the catalytic site, whereas conformational changes facilitated by
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effector binding to these domains facilitate interactions with cellular membranes and scaffolding proteins
(6). While numerous studies have dissected the structure-function relationship of the individual regulatory
modules, interactions between modules remain largely unexplored. Hence, the current model of PKC
activation presents it as a binary switch that is basally turned off through a RD-CD interaction, and is
switched on when effectors bind and release the RD from the CD (18, 19). As a glimpse beyond this
binary view, a high affinity inter-molecular interaction between the effector bound C1 and RD (12 nM)
has been previously reported (11). Further, PKC activation has been proposed to trigger homo-
dimerization (20) with consequent influence on catalytic activity (11, 20). However, these inter-molecular
interactions have not been incorporated into current models of PKC activation, presumably due to the lack

of mechanistic or structural details.

Here, we demonstrate that PKCa readily homo-dimerizes upon stimulation with activating effectors in
vitro. We generated and characterized a uni-molecular FRET sensor that is both functional as PKCa and
reports on effector-induced dimerization in vitro and in CHO cells. We then used multiple FRET sensors,
some including the ER/K linker, to dissect domain:domain interactions in the activated state of PKCa to
reveal that dimerization stems from several weak interactions involving the C1, C2, and catalytic domains
that together contribute to a nano-molar affinity interaction. We then address the functional significance
of PKCo dimerization through four separate vignettes. (1) We find that the in vitro specific activity of
PKCa is more sensitive to dimerization than it is to modulation of the auto-inhibitory interactions. (2) We
observe homo-dimerization in the basal state upon mutagenesis of the Turn Motif priming
phosphorylation site (Thr—Ala), a finding with implications in PKC maturation. (3) We reveal that PKC
function in cells can be modulated in the presence of peptides designed to destabilize the dimer state. (4)
We observe that a commonly used PKC inhibitor bisindoylmaleimide | (Biml) can alter PKCa
localization by destabilizing basal, auto-inhibitory interactions. We conclude with a simple model in
which dimerization allows PKC to overcome a high degree of basal auto-inhibition by latching open the
effector stimulated kinase.

2.2 Materials and methods:

Reagents- 1,3-Diolein (DAG) (Sigma Aldrich) and 1,2-Diacyl-sn-glycerol-3-phospho-L-serine (PS)
(Sigma Aldrich) were solubilized in chloroform. Aliquots of DAG and PS were dried and re-suspended
into a 20 mM HEPES, 5 mM MgCl,, and 0.1 mM EGTA buffer (500 pg/ml and 250 pg/ml respectively)
and used as a 10x stock for standard LC conditions (refreshed bi-weekly). Phorbol-12-myristate-13-
acetate (PMA) was purchased from CalBiochem and solubilized in DMSO. Bismaleimidohexane (BMH)

was purchased from Pierce and solubilized in DMSO immediately prior to cross-linking experiment.
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Bisindolylmaleimide 1 (Biml) was purchased from CalBiochem. MANT- ADP was purchased from
Invitrogen. The myristoylated RD peptide corresponding to residues 218-226 (Myr SLNPEWNET) was
purchased from Sigma Aldrich (P0102), and the scrambled RD peptide (Myr NPESNLTWE) as well as
the CD peptide corresponding to residues 633-642 (Myr GQPVLTPPDQ) and scrambled CD peptides
(Myr QPGQPDLPVE) were custom synthesized by GenScript. All peptides were solubilized in slightly
basic water (~pH 8.5). Priming phosphorylations were assessed using pS657 (06-822 Millipore) and
pT638 (32502 ABCAM) antibodies according to manufacturer’s protocol.

Constructs- All PKC constructs were cloned from full-length human cDNA (Open Biosystems) using
PCR into unique restriction sites in pBiex1 (Novagen), or pcDNA/FRT (Invitrogen) plasmid vectors. All
constructs contain a c-terminal FLAG tag which is used for affinity purification of recombinant protein.
(Gly-Ser-Gly),., linkers separate each fusion element. In the SPASM constructs, linkers separate
fluorophores from the ER/K a-helix and the PKC domains. The Tev protease site was engineered at the n-
terminus of the ER/K a-helix. Details on the ER/K a-helices have been previously reported (10). Domain
truncation constructs were created by site-directed mutagenesis using Pfu-Turbo (Agilent). In Fig. 2.6a,f
the following truncations were made: 32-151 (AC1), 158-292 (AC2), 606-672 (AC-tail), 32-100 (A Cla),
or 101-151 (A Cl1b). In Fig. 2.6 we define the CD (catalytic domain - 336-672) and RD (Regulatory
domains - 1-335). Constructs were analyzed for kinase activity and S657 and T638 phosphorylation (Fig.
2.2), or in the absence of kinase activity MANT- ADP binding (Fig. 2.2 f-h).

Insect cell culture and protein purification- Sf9 cultures in Sf900-11 media (Invitrogen) were transiently
transfected with pBiex1 vectors using Escort IV transfection reagent (Sigma-Aldrich). 72 hr post
transfection, cultures were lysed with 0.5% IGEPAL, 4 mM MgCl,, 200 mM NacCl, 7% Sucrose, 20 mM
HEPES, 5 mM DTT, 50 pg/ml PMSF, 5 pg/ml aprotinin, 5 pg/ml leupeptin, pH 7.5. Clarified lysates
were incubated with Anti-FLAG M2 Affinity resin (Sigma-Aldrich) for 2 hours. The resin bound protein
was washed with 20 mM HEPES, 2 mM MgCl,, 300 mM KCI, 2 mM DTT, 50 pg/ml PMSF, 5 pg/ml
aprotinin, 5 pg/ml leupeptin, pH 7.5 three times with 10x resin volume. The protein was eluted with 100
ug/ml FLAG peptide. The buffer was exchanged to 5 mM HEPES, 0.5 mM EGTA, 1 mM DTT, 5 ug/mi
aprotinin, 5 pg/ml leupeptin and 2 mM MgCI, at pH 7.5 using Zeba Spin Desalting Columns (Pierce).
Protein concentration was determined from fluorescence emission of mCitrine or mCerulean compared to
a matched standard (FluoroMax-4, Horiba Scientific) or A280 using extinction coefficients determined by
EXPASYy Protparam (SIB).

Mammalian cell culture- CHO Flp-in cells (Invitrogen) were cultured and incubated in DMEM
supplemented with 10% FBS, 4.5 g/L D-glucose, 1% glutamax, 20 mM HEPES, pH 7.5, and 1%
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antibiotic-antimycotic (Invitrogen) at 37°C and 5% CO,. Constructs in the pcDNA vector were transiently
transfected into CHO cells using Fugene HD (Promega) and harvested after 48 hours. CHO Flp-in cells
stably expressing mCer-PKCa-mCit-FLAG constructs were generated according to manufacturer’s
protocol with cells maintained in 600 pg/ml hygromycin. For live cell imaging, cells were trypsinized and
2x10° cells were re-plated onto a 35 mm glass-bottom dishes (MatTek Corp) coated with 1 g fibronectin
(Sigma Aldrich), and allowed to adhere for 2 hours. The plates were washed with 2 ml of HBS with 0.2%
dextrose, and 500 pl of this media was added to the cells prior to imaging. Cells were imaged at 40x or
60x with a Nikon TiE microscope equipped with an Evolve 512x512 EM-CCD camera (Photometrics), a
mercury arc lamp, and the appropriate band pass filters. For FRET images, a Dual-View filter
(Photometrics) was used for simultaneous acquisition of mCerulean and mCitrine peak fluorescence.
Following image acquisition of untreated condition (pre), cells were perfused with HBS containing 10
MM PMA and 900 uM CaCl, or 50 uM LPA at room temperature. For live cell fluorometer experiments
(Fig. 2.2a, 8c), one confluent 10 cm plate was trypsinized, washed with 10 ml DMEM with 10% FBS to
inactivate the trypsin, and washed twice with 5 ml HBS with 0.2% dextrose, before being resuspended in
1 mL. This is similar to methods previously reported (17). All conditions involving myristoylated
peptides were incubated with 20 UM peptide for 15 min before imaging, or fluorometer experiments. For

translocation imaging experiments 1.5 uM Biml was added to cells 2-4 min before image acquisition.

Fluorometer data acquisition- A Fluoromax-4 fluorometer (Horiba Scientific) was used to obtain FRET

spectra. Samples were excited at 430 nm (8 nm band pass) and the emission was recorded from 450-650
nm in 1 nm intervals (4 nm bandpass). For uni-molecular sensors, 20-80 nM of protein was used in vitro,
and, for bi-molecular sensors, 40 nM of mCerulean and 160 nM of mCitrine constructs were used, unless
otherwise noted. All in vitro assays were performed in a buffer containing 20 mM HEPES, 5 mM MgCl,,
100 uM EGTA, 1 mM DTT, 5 pg/ml aprotinin, 5 pg/ml leupeptin, and were mixed in tubes pre-coated
with 0.1 mg/ml BSA. Final concentrations of 1.5 mM CaCl,, 3.2 uM PMA, 10 uM Biml, or 50 pg/ml of
DAG and 25 pg/ml of PS were added to the sample where indicated. All conditions were allowed to
equilibrate for greater than 30 min at 30°C after the reaction was fully mixed. The figures of FRET depict
mean and s.e.m. from three independent spectra obtained using the same batch of recombinant protein and
the same reagent preparations on the same day, and are representative of results observed from three
independent measurements. For experiments monitoring MANT-ADP binding samples were prepared in
the same manner, but obtained spectra with direct excitation of tryptophan at 290 nm (8 nm band pass)
and the emission was recorded from 300 — 550 nm at 1 nm intervals (4 nm band pass), or direct excitation
of MANT at 340 nm (4 nm band pass) from 400 — 550 nm at 1 nm intervals (2 nm band pass).
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Bi-molecular RD:RD, RD:CD, CD:CD FRET assay-The appropriate combination of TEV protease
treated RD-mCer-TEV-30nm ER/K-CD-FLAG, RD-mCit-TEV-30nm ER/K-CD-FLAG, RD-TEV-30nm
ER/K-mCer-CD-FLAG, and RD-TEV-30nm ER/K-mCit-CD-FLAG constructs were used to probe the
individual bi-molecular RD:RD, RD:CD, and CD:CD interactions. Coomassie stained or fluorescent

protein scanned SDS-PAGE was used to verify complete TEV cleavage (data not shown).

Kinase assay- Kinase assays were performed using the Kinase-Glo Max Luminescence assay Kit
(Promega) according to the manufacturer’s protocol. Synthetic liposomes were made from Brain Polar
Lipid Extract (Porcine) (Avanti; high in PS) mixed with 2% w/w 1,3-Diolein (Sigma Aldrich) using
established procedures (21). Briefly, the liposomes were suspended in chloroform for storage, and dried
under nitrogen and stored under vacuum for 18 hrs. The mixture was resuspended to a concentration of
12.5 mg/ml in HEPES buffer, and underwent at least three freeze thaw cycles in liquid nitrogen then hot
water. The mixture was then extruded (Avanti) using .08 um Nuclepore Track-Etch Membrane
(Whatman), and diluted into a 20x reaction concentration of 1.6 mg/ml. Histone Ills (Sigma Aldrich),
bovine Myelin Binding Protein (MBP; Sigma Aldrich), or MBP residues 4-14 (Santa Cruz
Biotechnology, Inc) at final concentrations of 40 uM were used as substrates unless otherwise noted. The
reaction was initiated with 40 uM ATP (Sigma Aldrich) and were briefly mixed and incubated with mild
shaking at 30°C from 2 to 10 minutes. For all conditions, the ATP consumption is calculated against a
matched control without kinase. ATP calibration curves were obtained under identical conditions (without
kinase). End-point luminescence was measured in white, 96 well plates (Thermo Scientific) on a Synergy
HT (Biotek).

Cross-linking assay- Cross-linking assay was performed as previously reported (20). Briefly, 200-400nM
of PKC was pre-incubated in a HEPES buffer containing 2% glycerol, and .02% TritonX-100 and
indicated effectors. A 50x stock of BMH (1.25 mM) in DMSO was added to the pre-incubated solution
for 2-5 min then quenched with 5x SDS-PAGE loading dye with 20 mM DTT. All blots shown are
representative of at least three independent experiments. It should be noted that the level of cross-linking
observed is highly dependent on the concentration of BMH resulting in variability between experiments.
To circumvent this limitation inherent in cross-linking assays, the extent of cross-linking is always

evaluated with respect to a matched control in each experiment.

In vitro membrane partitioning assay- This assay was performed as previously described (21). Liposomes
were prepared as in the kinase assay except the liposomes were extruded with an equal volume of 340
mM sucrose buffer. Purified protein was clarified at 80,000 rpm, and the clarified protein was incubated

in the indicated conditions. The reaction mixture was spun at 80,000 rpm and the supernatant was taken

32



off (soluble fraction) and the remaining pellet was suspended in an equal volume of 1x SDS-PAGE

loading dye (pellet fraction).

Western Blotting- Lysates were prepared from stably expressing CHO cells generated using the Flip-in
system (Invitrogen). Cells were plated in six well dishes (NEST) to reach 80-90% confluence within 24
hours and were subsequently serum starved for an additional 24 hours. Cells were treated with the
indicated peptides (20 uM) 15 minutes before addition of 1-oleoyl lysophosphatidic acid (LPA, Cayman
Chemicals, 10 uM). Cells were incubated with LPA for 15 minutes before lysis on ice with ice-cold
buffer (1% Triton X-100, 250 mM NaCl, 50 mM Tris pH 6.8, 4 mM MgCl,, 2 mM EDTA, 1:100
phosphatase inhibitor mixture 1l (Sigma-Aldrich), and containing 10 pg/ml aprotinin, 10 pg/ml
leupeptin, and 1 mM PMSF). Lysates were syringed with a 26-gauge needle and clarified by spinning at
16,000 x g (10 min, 4 °C). Total lysate protein was assayed either by Bradford assay or by total ERK1/2
blotting (see below) with no significant difference observed between the two methods. Lysates were
separated on 10% polyacrylamide/SDS gels before being transferred to PVDF membranes for 3 h at 300
mA. Blots were blocked with 2% BSA/TBS + 0.1% Tween (TBST) for 1 h at room temperature.
Primary phospho ERK1/2 antibody (4376S, Cell Signaling) was used at a concentration of 1:5000 in 2%
BSA/TBST and incubated overnight at 4 °C. Blots were washed with TBST (3 x 10 min) before addition
of secondary antibody (goat anti-rabbit (Jackson ImmunoResearch Laboratories, Inc.) 1:10,000 in 1%
milk/TBST). Blots were washed again with TBST (3 x 10 min) and developed using Immobilon
Western chemiluminescent HRP substrate (Millipore). Blots were imaged using a ChemiDoc-it imaging
system (UVP). Blots were stripped with Restore PLUS Western stripping buffer (Thermo Scientific) and
reblotted with total ERK1/2 antibody (4695S, Cell Signaling; 1:10,000, 2% BSA/TBST). Blots were
exposed to secondary as above and developed under the same conditions. All blots shown are
representative of at least three independent experiments. Cross-linked PKC was probed (1f) using a
PKCa antibody (sc-8393, Santa Cruz Biotechnology, 1:10,000 in 2% BSA/TBST).

Live cell FRET analysis- Images were analyzed using custom software in Matlab (Mathworks Inc.).
Briefly, for images of LPA induced cells with constant excitation over the second to minute time scales,
images were subjected to a background threshold/subtraction followed by correction for photobleaching
using a maximum threshold. FRET ratios were computed as the pixel-by-pixel ratio between mCitrine
and mCerulean intensities across the time series. For images of PMA induced cells in which excitation
and image acquisition occurred for 200 — 500 ms every 30 seconds for 15 — 20 min, the straight pixel-by-
pixel ratio was calculated as little photobleaching effects were observed. Deconvolution was performed
using AutoQuant X3 (MediaCybernetics).
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Dissociation constant of dimer formation- The equilibrium between mCer-PKCa-mCit (F - fluorescent)
and PKCa-FLAG (D - dark) can be represented by the following five equations, where F, and D; are the
total concentrations of mCer-PKCa-mCit and PKCa-FLAG respectively.

(1) F+F oF -F
+
2 D+D oD D
)
() D -F
(4 F,=F+F-F+D -F
(5) D,=D+D-D+D -F

Assuming the three interactions are equivalent and interchangeable, knowledge of the dissociation
constant (Kp) is necessary and sufficient to explicitly calculate the partitioning between the species. A
custom Matlab substitution solver was used to numerically calculate each of the five species (F, D, FF,
D-F, D-D) for a range of Ky values. Knowledge of the individual species allows us to estimate the Kp by
evaluating the best fit (least-squares) to the titration curve of measured FRET ratio (R.ys) as a function of
PKCa-FLAG concentration (Dy). As previously reported?, Ry, can be expressed as a linear combination of
the FRET ratio for the dimer (Rrg), monomer (Rg), and inter-species dimer (Rpg) —

RF-F(F'F) F

(6) Rops = —F + Rp (Ft) +

RD'F(D : F)
D¢

Rer is set to the observed FRET ratio at saturating concentrations (> 100 nM) of mCer-PKCa-mCit, Rp ¢
is set to the observed FRET ratio at high D/F, ratios (> 20), and R is set to the basal FRET level in the
absence of effectors. With these constraints and Kp as the only free parameter, we find that a Kp < 5 nM
provides an indistinguishable fit to the experimental measurements. This competitive-binding
measurement with interchangeable, equivalent species can only provide an upper bound to the Kp rather
than a precise measurement. Lower concentrations of the mCer-PKCa-mCit can be used to improve this

estimate, however they suffer from low signal-to-noise in our fluorometer measurements.
2.3 Results:

To investigate the role of intra-molecular interactions in the regulation of PKCa, several distinct FRET
reporters were used throughout the study. These are composed of discrete domains of PKCa fused to
ER/K linkers, and the GFP-derived mCitrine (mCit) and mCerulean (mCer) FRET pair (Fig. 2.1 a)

tethered with (Gly-Ser-Gly),4 linkers to allow for rotational freedom. Basally within a cell, or in the
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presence of EGTA in vitro, the regulatory domains (RD; includes n-to-c-terminal pseudosubstrate, Cla,
C1b and C2 domains) of PKC are known to engage in cis inhibitory intra-molecular interactions with the
catalytic domain (CD; includes the kinase domain and the c-terminal extension termed the C-tail)(18, 22).
Further, the small molecules Ca?*, DAG/Phorbol ester (PMA), and bisindoylmaleimide | (Biml) have

been established to interact primarily with the C2, C1, and catalytic domains respectively (6).
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Figure 2.1. Homo-dimerization of activated recombinant PKCa. (a) Schematic of PKCa and the genetic tools used in the
study. Subsequent figures utilize this scheme to depict FRET reporters (written/depicted left-to-write or top-to-bottom as n-to-c-
terminal). (b,c) FRET increases following treatment of sensors with different effector combinations. FRET spectra normalized to
the FRET donor (mCer) following effector stimulation of recombinant sensor protein. (b) Emission spectra of mCer-PKCa-mCit
(50 nM) or (c) mCer-PKCa (30 nM) and PKCa-mCit (100 nM) excited at 430 nm in the presence of EGTA (Basal) or with
1.5mM CaCl, or the combination of effectors 1.5 mM CaCl, and 3.2 uM PMA, or 750 uM CacCl, and 50 pg/ml of DAG and 25
pg/ml of PS. In (c) the emission of 30 nM mCer-PKCa (light blue) and 100 nM PKCa-mCit (yellow) were obtained separately
after donor excitation at 430 nm in the presence of EGTA, and the two spectra were added and normalized to the peak donor
(mCer) emission value at 475 nm to estimate the FRET independent cross-excitation of the acceptor mCit. (d) Bi-molecular
FRET sensors composed of the C2 domain (residues 185-292) or full-length PKC, fused to mCit or mCer, at matched
concentrations under the specified conditions. The C2 domain shows an increase in FRET following activation with Ca®* +
PS:DAG but not Ca?* + PMA. Both activation conditions result in an increase in FRET greater in the full length sensors relative
to the C2 domain sensors. Error bars, s.e.m. n > 3. (e,f) Cross-linking of recombinant protein shows homo-dimer formation
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following effector stimulation. (e) Representative SDS-PAGE of disulfide cross-linked PKCa-FLAG. Bisimidohexane (BMH; 2
min incubation) increases the apparent molecular weight of PKCa by approximately 2.5 fold in the presence of 750 uM CacCl,
and 50 pg/ml of DAG and 25 pg/ml of PS. Coomassie stain was used for detection. (f) A representative immunoblot using an
anti-PKCa antibody resolves single BMH cross-linked bands of equivalent mass but differing intensities after incubation of
PKCa-FLAG with indicated effectors as in (c). (g) Increasing concentrations of PKCa result in a constant amount of cross-linked
protein, despite increased PKC binding to a fixed density of liposomes. (Top) Representative SDS-PAGE of cross-linked PKCa,
for a fixed concentration of liposome (~ 80 pg/ml of PS rich Brain Polar Lipid Extract (Porcine) mixed with 2% w/w 1,3-Diolein
(DAQ)) as a function of increasing concentrations of PKCa-FLAG. All samples were treated with 25 uM of BMH for 3 min. The
final well includes C619A mutant PKCa-FLAG under matched conditions. (Bottom) PKCa-FLAG was incubated with or without
the sucrose loaded liposomes used in the crosslinking assay (top) and fractionated by ultracentrifugation; the supernatant or pellet
was subsequently separated by SDS-PAGE. Saturation of the liposomes with PKCa-FLAG occurred at a concentration between
800 — 1600 nM. PKCa-FLAG (C619A) does not crosslink under the same conditions as WT, but demonstrates a comparable
ability to associate with liposomes.

PKCa homo-dimerizes upon stimulation with effectors in vitro

We engineered an initial unimolecular FRET sensor (mCer-PKCa-mCit-FLAG; each element is listed
from n- to c- termini and dashes consist of a (GSG),., linker) capitalizing on the design scheme of a
previously reported PKCS sensor that elicited changes in FRET upon activation both in vitro and in cells
(23). This PKCo flanking sensor (50 nM) showed enhanced FRET upon activation with Ca** and
liposomes containing DAG and PS (Fig. 2.1 b; see section 2.2). To address the possibility that the
observed increase in FRET is primarily driven by confined localization on the lipid surface, the effect of
Ca” and PMA, which is a soluble effector (24), was measured, with similar results (Fig. 2.1 b). The
observed increase in FRET can arise from conformational changes within the PKC molecule or
interactions between PKCs. GSG linkers inserted between PKCa and the two fluorophores (mCer and
mCit) were designed to make the FRET readout sensitive to changes in distance rather than orientation of
the two fluorophores. The current model of PKCa activation anticipates an increase in n-to-c terminal
distance (18), and therefore is in contrast with the observed increase in FRET. To address whether inter-
molecular interactions contributed significantly to the observed FRET response, we generated a second,
bi-molecular FRET reporter system (mCer-PKCo-FLAG and PKCa-mCit-FLAG). Upon addition of Ca**
and liposomes containing DAG:PS, Ca®* and PMA, or Ca*" alone a significant increase in FRET is
observed compared to the sensors in their basal state, consistant with an inter-molecular interaction (Fig.
2.1 c¢). The observed increases in FRET with the bi-molecular FRET reporter are significantly higher than
that due to cross-excitation of the acceptor (mCit). The effects of cross-excitation were determined by
summing the spectra of samples with only mCer-PKCa (light blue), and only PKCa-mCit (yellow) (Fig.
2.1 c¢; combined spectrum — dashed line). To assess what aspects of these observed increases in
mCit/mCer occur from non-intended effects on the fluorophores and/or clustering of the proteins, we
generated an additional bi-molecular FRET reporter system containing the C2 domain of PKCa with mCit

or mCer (residues 185-292). At equal molarity of each fluorophore, the ratio of mCit/mCer was assessed
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for both of the bimolecular FRET reporter systems basally, with Ca®* and DAG:PS, or with Ca*" and
PMA (Fig. 2.1 d). Basally, both reporters display equivalent low/negligible levels of FRET, but PKC
effectors increase FRET for the sensors containing full length PKCa compared to the controls with only
the C2 domain. Of note, the C2 domain sensors displayed a substantial increase in FRET in the condition
with liposomes which could be explained by a specific interaction between C2 domains in the presence of
both of its cofactors Ca?* and PS, or from the local confinement of the sensors in a PS and DAG rich

microdomains that forms in liposomes in the presence of Ca®* (25).

As an orthogonal approach to FRET, a cross-linking assay was used. It has been previously reported that
incubation of activated PKCa with a Cys-Cys cross-linker (BMH; 1.3 nm spacer arm) elicits an SDS-
PAGE gel shift consistent with dimer formation (20). This result was reproducible with enrichment of
cross-linked protein on coomassie stained SDS-PAGE gels between 170-250 kDa accompanied by loss of
monomer (75 kDa), following effector stimulation of PKCa-FLAG (Fig. 2.1 ). While a consistent,
single, higher molecular weight band between 170-250 kDa was always observed in experiments, the
relative partitioning between monomer and cross-linked protein was variable between protein
preparations and experimental repeats. Hence, cross-linking results were only compared within each
experiment with matched controls. To probe for additional bands on the SDS-PAGE gel after crosslinking
with increased sensitivity of detection, gels were transferred to a PVDF membrane and probed with a
PKCa antibody (Fig. 2.1 f). Increasing levels of a single cross-linked band were observed with Ca*", Ca®*
and PMA, and Ca** and DAG:PS (Fig. 2.1 f). The band is consistent with PKCa-FLAG running between
the expected molecular weight of dimeric and trimeric PKCa. A recent report used a similar Cys-Cys
crosslinking assay (26) for the related PRK kinase and observed a homodimer running above its expected
molecular weight. Based on this previous observation and the presence of single higher molecular weight

band, PKCa likely homo-dimerizes rather than forming a higher order oligomer.

The extent of cross-linking is independent of the concentration of PKCa-FLAG above concentrations of
100 nM (Fig. 2.1 g). This observation is not consistent with clustering or crowding of PKC on
membranes, wherein increasing PKC concentrations with a constant concentration of lipids should
increase cross-linked product (Fig. 2.1 g). Importantly, an in vitro membrane localization assay shows
that PKCa. does not saturate the fixed concentration of lipids until greater than 800 nM of PKCa. is added
(Fig. 2.1g; bottom panel). As an additional control, a C619A mutant of PKCa-FLAG does not cross-link
despite its ability to co-sediment with liposomes as well as the WT protein. Homo-dimerization of active

PKCa has been previously suggested (11, 20, 27, 28) and together our in vitro observations, including the
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increase in FRET upon activation of the initial uni-molecular sensor, are consistent with the formation of

homo-dimer.
Functional characterization of PKC sensors

The addition of fluorophores and other modifications to PKCa did not compromise the basic enzymatic
and processing functions of the WT protein. Several characteristics of PKCa including a single band on
SDS-PAGE matching its expected MW, priming phosphorylations at the hydrophobic motif (pS657) and
turn motif (pT638) (29), and PKC effector sensitive kinase activity support this observation (Fig. 2.2 a-d)
(30). Of note we found that three commonly used PKC phosphorylation substrates, Histone Ills, Mylein
Basic Protein (MBP), or a peptide corresponding to residues 4 — 14 of MBP (MBP pep), at equal molarity
elicited dramatically (roughly one order of magnitude) different ATPase activities of PKCa (Fig. 2.2 d).
We found that PKCa-FLAG and mCer-PKCa-mCit-FLAG behaved interchangeably in the ATPase
assays (Fig. 2.2 €). However, the PKCa-AC-tail-mCit-FLAG sensor used in Fig. 2.6 a,c lacks the priming
phosphorylations, and as previously reported (31) has no detectable ATPase activity. To assess if this
sensor retains any of its native tertiary structure in the catalytic domain, and as such can provide useful
information on the binding interface, we adopted an assay that has commonly been used to measure
nucleotide binding in other ATPases, including in protein kinase A (PKA) (32), but has to our knowledge
not been tested with PKCs. MANT labeled ADP is postulated to be a resonance energy acceptor from
fluorescing tryptophans in the ATPase domain only if it binds to the catalytic site (32). Enhanced MANT-
ADP excitation (450 nm) was detected upon addition of activated PKCa-FLAG, which could be
guenched with an excess of unlabeled ADP (Fig. 2.2 f). A titration of MANT-ADP was fit to a One Site
— Specific Binding function (Prism) to establish a binding affinity of 20.6 +/- 5.6 uM (Fig. 2.2 g), similar
to previous reports of ADP binding affinities of 5.5 uM for S6K (33), and 9.0 uM for PKA (32) . Despite
the loss of catalytic activity upon deletion of the C-tail, PKCa-AC-tail-mCit-FLAG retained its ability to
bind MANT-ADP (Fig. 2.2 h), suggesting retention of its native tertiary structure. This is not surprising
when considering homologous kinases such as PDK1 that fold properly without having a C-tail and are
capable of kinase activity following trans binding of the C-tail of another AGC kinase (34). Taken
together, these assays provide a toolbox for assessing the functionality of PKCa derived sensors.
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Figure 2.2. Characterization of PKCa sensors. (a-C) Sensors were analyzed for expected protein size and priming
phosphorylation levels at the turn motif (T638) and hydrophobic motif (S657) sites assessed by immunoblotting with phospho-
specific antibodies. Representative blots of (a) PKCa-FLAG, mCer-PKCa-mCit-FLAG, mCer-CD-mCit-FLAG, (b) RD- n nm
SPASM- CD (n = 10, 20, or 30), (c) and PKCa-mCit-FLAG WT, T638A and S657A are shown. (d) Specific activities of PKCa-
FLAG with equimolar concentrations (20 uM) of three different phosphorylation substrates, Histone Ills, Mylein Basic Protein
(MBP) full length, and MBP peptide (residues 4-14). In each case a substantial increase in specific activity was observed
following the addition of 750 uM CaCl, and ~ 80 pg/ml of PS rich Brain Polar Lipid Extract (Porcine) mixed with 2% w/w 1,3-
Diolein (DAG). The mean and s.e.m. of n = 6 — 18 reactions are reported. Negligible ATPase activity was observed in the
absence of any phosphorylation substrate (data not shown). (e) ATPase activity for indicated concentrations of PKCa-FLAG and
mCer-PKCa-mCit-FLAG in matched reactions with Histone Ills (12.5 uM) for 5 min. Raw data of luminescence intensity
(proportional to residual ATP concentration at the end of the assay) from Kinase-Glo assay (Promega). Four independent
reactions are shown with mean and s.e.m. and the calculated specific activities are shown at right. ATPase activity is comparable
between both constructs and neither are sensitive to changes in concentration from 10 — 40 nM. (f,g) MANT —ADP can be used
to detect nucleotide binding to PKCa. (f) Raw spectra of PKCa-FLAG (1 uM) alone (green), incubated with MANT-ADP (120
UM; blue), or MANT-ADP and ADP (400 puM; red), or MANT-ADP alone (purple) excited at 290 nm (main) or 340 nm (inset)
all in the presence of 1.5 mM CaCl, and 3.2 uM PMA. (g) The difference in MANT-ADP fluorescence at 450 nm with or
without PKCa-FLAG (1 puM), in the presence of CaCl, and PMA, as a function of increasing MANT-ADP concentration.
Specificity of MANT-ADP binding assessed by addition of 2 mM ADP in the presence of 120 uM MANT-ADP (red). Data are
fit to a One Site — Specific Binding function (Prism) to generate the indicated Kp of MANT-ADP binding to PKCa-FLAG. (h) C-
tail deleted sensors retain the ability to bind nucleotide. MANT-ADP binding (increase in fluorescence at 450 nm) to PKCa.-AC-
tail-mCit (300 nM) in the presence or absence of ADP (400 uM; MANT-ADP - 30 uM). Measurements are made in the presence
of 750 uM CaCl, and ~ 80 pg/ml of DAG:Brain Extract liposomes. Error bars, s.e.m. n > 3.
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Estimate of PKCoa homo-dimer binding affinity and effects on specific activity

The critical concentration at which dimerization of PKCa is observed is beyond the limit of both the bi-
molecular FRET and crosslinking assays used in Fig. 2.1. Hence, a bi-molecular FRET competition assay
was utilized to estimate the binding affinity of a homo-dimeric PKC complex. The increased FRET for
the mCer-PKCa-mCit-FLAG with the addition of Ca?* and PMA, or Ca** and PS:DAG, can be competed
off by the addition of PKCa-FLAG (Fig. 2.3 a). By titrating PKCa-FLAG into a mixture of PS:DAG
activated mCer-PKCa-mCit-FLAG, the FRET was systematically quenched to below basal levels (Fig.
2.3 b). The decrease in FRET does not stem from saturation of the liposomes as the total PKCa
concentration is well below the saturation limit determined in Fig. 2.1g. The competitive FRET inhibition
was fit to an equilibrium partitioning between the three species (see Methods) to yield an upper bound on
the bi-molecular dissociation constant (Kp) of 5 nM. Of note, it was previously observed that the specific
activity of PKCa increased in vitro at concentrations above 4 nM (11). To investigate the sensitivity of
specific activity of mCer-PKCa-mCit-FLAG to the dimeric state, a fixed concentration of sensor was
mixed with increasing concentration of PS:DAG liposomes. Across a range of 80 — 300 pg/ml of
liposomes, a modest decrease in FRET and a correlated decrease in specific activity was observed (Fig.
2.3 ¢; R*=0.91). These results are consistent with a previous report that systematically demonstrated that
the specific activity of PKCa is sensitive to its dilution across lipid vesicles (35). Higher liposomal
concentrations did not allow for robust FRET measurements in our assays due to high light scattering

from the lipids.
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Figure 2.3. Affinity of the homo-dimer interaction and its effect on kinase activity. (a) Increased FRET ratio can be
quenched by the addition of non-fluorescent PKCa. FRET ratio of mCer-PKCa-mCit-FLAG (50 nM) with the indicated effectors
with and without PKCa-FLAG (200 nM). (b) Competitive inhibition of PKCa dimerization can be used to estimate equilibrium
dissociation constant (Kp). Increasing concentrations of PKCa-FLAG quench FRET levels of activated mCer-PKCa-mCit
(Ca**+PS:DAG). Data are represented as inverse FRET ratio (475 nm/525 nm). T Inverse FRET ratio = { FRET. Equilibrium
equations (inset) were fit to data to calculate a Kp < 5 nM. (c) Specific activity correlates with extent of dimer formation. FRET
levels (black; left Y-axis) and specific activity (blue; right Y-axis) of mCer-PKCa-mCit with increasing lipid concentration (R? =
0.91). Error bars, s.e.m. n > 3.
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FRET increase from mCer-PKCa-mCit-FLAG is observed upon PMA and LPA activation in live cells

The flanking FRET sensor (mCer-PKCa-mCit-FLAG) was stably expressed in CHO cells to ~ 8-fold
above endogenous PKCa levels (data not shown). The sensor basally resided in the cytosol and,
consistent with previous studies using (n-terminal) eGFP-tagged PKCa, translocated to the plasma
membrane after stimulation with PMA (Fig. 2.4 a,c), effectively mimicking the canonical response for
PKCa (36). The basolateral membrane of the cell was imaged to provide a larger surface area for
integration of FRET levels. The mean pixel-by-pixel FRET ratio increased steadily for the first 3 min post
PMA stimulation and remained elevated through 15 min of imaging (Fig. 2.4 b; black). As a control,
DMSO treatment did not induce translocation or significant changes in FRET (Fig. 2.4 b). As an
orthogonal approach to measure FRET (17), the FRET response to addition of PMA was determined
using a live cell suspension in a spectrofluorometer (Fig. 2.4 b; green). A substantial increase in FRET
was observed following PMA addition, with a peak at 4 min, following a gradual decrease to basal levels
within 8 min (Fig. 2.4 b; green). Together, our measurements suggest that cellular activation of mCer-
PKCa-mCit-FLAG by PMA causes an increase in FRET, but cell physiology plays a role in the
persistence of the FRET response past the initial activation. A typical timelapse of the accumulation of
fluorescence at the basolateral membrane post PMA stimulation is shown (Fig. 2.4 c), as well as a
deconvolved Z-stack of the same cells at the 16 min timepoint (Fig. 2.4 d). Most of the fluorescence
accumulates at the plasma membrane, although a small fraction accumulates in the cytosol and nucleus
consistent with results reported in NIH 3T3 cells (37). CHO cells stably expressing the sensor protein
elicit a characteristic downstream PMA response by phosphorylating ERK1/2 (Fig. 2.4 e). The PMA
dependent ERK1/2 phosphorylation persists over 30 min following stimulation (Fig. 2.4 €). The PMA
stimulated ERK1/2 phosphorylation is dependent on PKC activity, as it is abolished by the PKC-specific
inhibitor Biml (1.5 uM) (Fig. 2.4 f).
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Figure 2.4. FRET increase and ERK1/2 phosphorylation are observed in CHO cells following PMA stimulation. (a-c)
PMA stimulation induces membrane translocation and increased FRET. (a) Representative image of a CHO cell stably
expressing mCer-PKCa-mCit-FLAG before and 12 min after PMA stimulation (10 uM). “‘Align’ is the alignment of the FRET
donor (green), and FRET acceptor (red) channels. ‘FRET” is the pseudocolored pixel-by-pixel ratio of FRET acceptor to donor
channel intensities using the indicated heat map. The microscope was focused on the basolateral cell membrane, where the
fluorescent protein accumulates upon PMA stimulation. This method was chosen as a means to provide a larger surface area to
integrate FRET ratios compared to the peripheral accumulation of fluorescence observed in a cross-sectional view of the cell (d).
(b) The change in FRET in individual adherent cells by microscopy (open black circles) or suspended cells by spectroscopy
(green squares) as a function of time post addition of PMA or DMSO control (closed black circles). For microscopy, results are
mean + s.e.m. from 6-8 independent experiments (n > 51 cells). For spectroscopy, results are mean + s.e.m of n > 3 independent
experiments. (c) Representative time course of PMA stimulation images of CHO cells stably expressing mCer-PKCa-mCit-
FLAG (mCit fluorescence). Scale bar — 10 pm. (d) PKC translocates primarily to the plasma membrane with residual localization
in the cytosol, nucleus, and cellular punctae. Deconvolved images of the 16 min timepoint (c) at three different z-sections (2.5
pum apart). (e,f) PMA stimulates PKC specific phosphorylation of ERK1/2. (e) Representative blot of the phosphorylation status
of ERK1/2 in the same cell line (a) following addition of PMA (1.92 uM) at the indicated time points. (f) Representative blot of
ERK1/2 phosphorylation before or 15 min after PMA stimulation in the presence or absence of the PKC specific inhibitor Biml
(1.5 uM).

PMA activates PKC directly by binding its Cl1 domains (38). As a physiological stimulus,
lysophosphatidic acid (LPA) was used to stimulate PKC as previously demonstrated (39). Unlike PMA,
LPA elicits the characteristic membrane translocation response in only ~ 50% of the cells, consistent with
previous reports (40). A transient PKC translocation to the plasma membrane was observed following

LPA stimulation (Fig. 2.5 a). Membrane translocation was accompanied by a transient increase in FRET
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for mCer-PKCo-mCit-FLAG (Fig. 2.5 a,b). The sensor protein also induced a bi-phasic ERK1/2
phosphorylation response with a dramatic increase at 2 min post stimulation, return to basal levels at 4
min, followed by sustained increase at 6 and 8 min (Fig. 2.5 c¢). The persistent ERK1/2 phosphorylation
15 min post LPA treatment was inhibited by pretreatment with the PKC inhibitor Biml (Fig. 2.5 d). We
speculate that the bi-phasic ERK1/2 response to LPA is caused by bifurcation in LPA-induced PKC
signaling with re-convergence of the signals at the downstream ERK1/2 at different time scales. Together,
the LPA and PMA responses are consistent with mCer-PKCa-mCit-FLAG reporting an activated dimeric
state for PKCa, consistent with our in vitro observations. However, other factors including clustering of
the sensor at the plasma membrane, or conformational changes independent of homo-dimerization may

also contribute to the observed cellular FRET response following PKC activation.
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Figure 2.5. FRET increase and ERK1/2 phosphorylation are observed in CHO cells following LPA stimulation. (a,b)
Concurrent transient membrane translocation and FRET increase following LPA (50 uM) stimulation. (a) (Top) Representative
images of CHO cells with stable expression of mCer-PKCo-mCit. Translocation of the sensor from a diffuse cytosolic
distribution (pre) to an accumulation on the basolateral membrane (25 s post LPA), which dissipates over time (69 s), depicts the
canonical PKC response to activation. As would be expected based on previous observations (40), ~ 50% of cells show the
characteristic membrane translocation response following LPA stimulation. (Bottom) FRET measurements are depicted as a heat
map in corresponding images. Scale bar = 10 um. Data are representative of n > 25 cells. (b) FRET ratio for cells in (a). FRET
ratios are normalized to the value at t = 1 s and adjusted for photo bleaching. (c) Bi-phasic ERK1/2 response to LPA stimulation.
Representative blot and quantification of n > 5 independent replicates of ERK1/2 phosphorylation following LPA treatment (10
uM). (d) Representative blot of ERK1/2 phosphorylation before or 15 min after LPA stimulation, in the presence or absence of
the PKC specific inhibitor Biml (1.5 uM).
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Elements in both the regulatory domain (RD) and catalytic domain (CD) are critical for homo-

dimerization

To identify the domains contributing to homo-dimerization in vitro, several domain truncations were
made into the bi-molecular FRET reporter system (mCer-PKCa-FLAG + PKCa-mCit-FLAG). It was
observed that deletion of either both of the C1 domains or the conserved C-terminal extension of the AGC
kinase domain (C-tail (V5) domain) completely abolished the effector induced increase in FRET, whereas
the deletion of the C2 domain retained a partial response (Fig. 2.6 a). The involvement of the C1 and C2
domains in homo-dimerization is consistent with a previous report of a high affinity interaction between
C1 and RD following activation (11). To probe for individual interactions between RD and CD (RD:RD,
RD:CD, CD:CD), bi-molecular FRET pairs containing only the RD or CD were engineered. While these
confirm an enhanced RD:RD interaction (Fig. 2.6 b), no appreciable interaction involving the CD
(RD:CD, CD:CD) is detected upon activation even at concentrations much higher than the Kp (150 nM).
These latter observations are in contrast with the effects of C-tail truncations in the context of full-length
PKCa (Fig. 2.6 a). The C-tail truncated catalytic domains retain their ability to bind nucleotide, attesting
to the retention of a folded catalytic site (Fig. 2.2 h). The C-tail is a conserved region of the kinase
domain that is required to stabilize the active state of the kinase and is critical for hetero-dimerization of
almost all AGC kinases (41). An alternative interpretation for the lack of FRET response for the C-tail
deletion sensor is the displacement of the C-terminal mCit fluorphore such that no FRET is detected
despite the occurrence of homo-dimerization. To test this possibility, a second bi-molecular FRET pair
(mCer-PKCa-FLAG + mCit-PKCa-FLAG) was tested. The increase in FRET upon activation was found
to be independent of which termini the fluorophores are positioned on PKC (Fig. 2.6 ¢). The C-tail’s
involvement in homo-dimerization was confirmed by an almost complete loss of FRET after deletion of
only one C-tail in either of the bi-molecular FRET pairs (mCer-PKCa + PKCa-AC-tail-mCit; mCer-
PKCa-AC-tail + mCit-PKCa) (Fig. 2.6 ¢). Together, these observations suggest that inter-molecular

interactions involving both the RD and CD contribute to homo-dimerization.
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Figure 2.6. Conformation of the PKC homodimer. (a-d) Change in FRET ratio (A FRET) from basal (EG - EGTA) to
activating (CP - Ca** + PMA) conditions for the indicated sensors. (a-d) FRET donor and acceptor are on different sensors.
Increase in FRET indicates an inter-molecular interaction. (e,f) FRET donor and acceptor are on the same sensor, but separated
by an ER/K linker. In the absence of an interaction, the 10 nm ER/K linker separates domains beyond FRET distance. Increase in
FRET indicates enhanced interaction between domains at either end of the ER/K linker. (a) C1 and C-tail domains are essential
for PKCa homo-dimerization. mCer-PKCa + PKCa-mCit with no truncation (WT) or AC1, AC2, AC-tail in both proteins. (b) A
bi-molecular RD:RD interaction, but not a RD:CD, or CD:CD interaction is detected following activation. RD:CD - mCer-CD +
mCit-RD. RD:RD — mCit-RD + mCer-RD. CD:CD — mCer-CD + mCit-CD (50 nM donor sensor, 100 nM acceptor sensor). (c)
The C-tail in the catalytic domain is essential for homo-dimerization. 1 — mCer-PKCa + mCit-PKCa. 2 — mCer-PKCa + PKCa-
AC-tail-mCit. 3 — mCer-PKCa.-AC-tail + mCit-PKCa.. (d) Both the regulatory (RD) and catalytic domains (CD) reside at the
dimerization interface. 1 — RD-mCer-30nmERK-CD + RD-30nmERK-mCit-CD. 2 — RD-30nmERK-mCer-CD + RD-30nmERK-
mCit-CD. (e) Enhanced RD-CD interaction in the PKC homo-dimer. 1 — PS-mCer-10nmERK-mCit-C1-C2-CD. 2 - PS-C1-
mCer-10nmERK-mCit-C2-CD. 3 — RD-mCer-10nmERK-mCit-CD. (f) Cla, Clb, and C2 domains partially contribute to
dimerization, whereas the c-terminal 15 residues of the C-tail are essential. Change in FRET upon activation of type 3
configuration (as in 6e), with truncation of the Cla, C1b, C2 domains or the c-terminal 15 residues of the C-tail. (g) Proximity of
the C-tail to the homo-dimer interface. Representative coomassie stained gel of PKCo-FLAG protein under basal or activated
(Ca?*+DAG:PS) conditions. Data for full length PKCo. (WT), domain deletions (AC1a, AC1hb), and mutant (C619A) proteins are
shown. Note the complete loss of detectable dimerization upon mutagenesis of a Cys619 in the C-tail region of the CD. The
BMH cross-linker has a maximal reach of 1.4 nm. For reference the C1b domain is about 3 x 2 x 2 nm (18). (h) Model for dimer
formation based on data presented in a-g. | — RDs interact with each other upon effector stimulation to nucleate homo-
dimerization. Il — RD-CD interaction in trans facilitated by the C-tail. 111 — proposed conformation for the PKC homo-dimer. (a-f)
Error bars, s.e.m. n > 3.

SPASM technique demonstrates that the RD and CD interact in the dimeric state

In the context of the intact PKC protein, all domains are tethered in close spatial proximity, which
increases their local effective concentration. Hence, weak interactions between domains (RD:CD,
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CD:CD) that are nonetheless essential for homo-dimerization may not be detected in bi-molecular assays.
To address this limitation, SPASM modules were spliced into different locations of full-length PKCa.
The SPASM module consists of a FRET pair (mCit/mCer) flanking an ER/K linker, which controls the
effective concentration of the interaction between proteins fused to its ends (10). These modules are
designed to (a) artificially increase the local concentration of domains as compared to untethered
domains, while (b) using the FRET readout to resolve effector-stimulated changes in interactions between
domains. Given that the bi-molecular RD:RD interaction is enhanced following PKC activation (11), it
can serve to nucleate additional RD:CD and CD:CD interactions. Thus, a SPASM module was spliced in
between the RD and CD to test for an inter-molecular RD:CD or CD:CD interaction that can stabilize a
high affinity dimer. To avoid potential complications from intra-molecular interactions, a 30 nm ER/K
linker was used (low effective concentration of the intra-molecular interaction (10)), and the system was
engineered to report only on bi-molecular interactions (FRET donor placed adjacent to either the RD or
CD; FRET acceptor adjacent to the CD of a different sensor). Both sensor pairs showed a comparable
increase in FRET upon activation providing direct evidence for a RD:CD interaction, with the potential
for a CD:CD interaction in the homo-dimeric state (Fig. 2.6 d). Next a 10 nm SPASM module was
inserted in three separate locations in the PKC gene (1 - between the pseudosubstrate (PS) and Cla
domain; 2 - between the C1b and C2 domains; 3 - between the C2 and CD). While the PS is known to
interact with the CD basally (42), this interaction is not changed following activation (type 1; Fig. 2.6 e).
In contrast, the C1 domains display a marked enhancement in interaction with either the C2 or CD
following activation (type 2), while collectively the RDs interact very prominently with the CD following
activation (type 3; Fig. 2.6 e). Using the type 3 configuration to directly report on the interaction between
the RD and CD, deletions of Cla, Clb, C2, or the C-terminal 15 residues of the C-tail were made.
Surprisingly, the activated RD:CD interaction remained partially intact after the deletion of any of the
three regulatory domains, but shortening of the C-terminus of the C-tail completely disrupted this
interaction (Fig. 2.6 f). Together, these data suggest that all three regulatory domains (Cla, Clb, and C2)
contribute to the dimer interface, but the C-tail is absolutely critical for the interaction. Given that the C-
tail is essential for the active conformation of the kinase domain (43), these data cannot distinguish
between a direct role for the C-tail as part of the dimerization interface, and its indirect contribution

through the global conformation of the kinase domain.

To probe for precise interfaces involved in homo-dimerization we sought to identify Cys residues that
were being crosslinked by BMH, which requires two Cys residues to be within 1.3 nm. The only Cys
residues within PKCa are found in the Cys rich Cla and Clb domains, and within the CD. Activation

specific crosslinking was still detected after deletion of either the Cla or C1b, yet a single point mutation
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in the C-tail (C619A) completely abolished the crosslinking response (Fig. 2.6 g). Interestingly, the
corresponding residue in PKCBII (Cys 622), which is found in the AST region, is buried within an
interaction interface with the C1b domain in a recent crystal structure (18). This raises the possibility that
the interaction between the C1b and c-tail captured in the crystal structure could be an interaction utilized
in dimerization. Regardless, our data propose a new conformation for activated PKC, wherein the CD,
Cla, C1b, and the C2 domains all contribute to stabilizing a homo-dimer (Fig. 2.6 h). It was reported
from two separate groups that truncation of the C-terminal 10 residues in the C-tail (31) or alanine
mutagenesis of regions from the Cla and C2 domains (44) completely abolished catalytic activity of
PKCa. A potential explanation for these observations is the disruption of homo-dimerization and its
consequent effects on PKC catalytic activity. To probe the function of a homo-dimeric conformational
state, we report on four independent vignettes concerning different aspects of PKCa function. Each
provide some insight and highlight how our mechanistic understanding of PKCa function is enhanced

when considering this additional state.
Equilibrium between closed, open, and dimerized conformations of PKCa

In the absence of effectors PKCa predominantly populates a ‘closed’ conformation with the CD auto-
inhibited by the RD (18). Splicing a SPASM module between the RD and CD should decrease the
effective concentration of the RD for the CD in proportion to the length of the linker. ‘Prying’ open the
RD:CD interaction with SPASM modules containing increasing length ER/K linkers systematically
reduces the basal level of FRET (Fig. 2.7 a) and increases the basal level of activity (Fig. 2.7 b; 10 nm ~
22 /12 %, 30 nm ~ 37 / 22 % maximum activity, compared to ~ 3 / 3 % for WT PKCa (Histone IlIs /
MBP pep)). Of note, prying open the RD:CD interaction alone is not sufficient to induce dimerization in
the absence of effectors. Yet the presence of effectors increases FRET regardless of ER/K linker length
(Fig. 2.7 a). Given the importance of RD:CD interactions for dimer formation (Fig. 2.6), it is not
surprising that increasing ER/K linker length also disrupts dimer formation (Fig. 2.7 a). Despite the
different levels of FRET with 10 and 30 nm ER/K linkers following activation, they both have specific
activity similar to that of the CD in the absence of the RD (TEV cleaved) (Fig. 2.7 b; 10 nm ~ 88 / 86 %,
30 nm ~ 94 / 95 % maximum activity, (Histone 1l1s/ MBP pep)). Following TEV treatment the RD should
partition to the lipid vesicles leaving the CD completely uninhibited. It is observed that in the presence of
effectors both the 10 and 30 nm ER/K linkers demonstrate similar activities, despite different levels of
FRET. Taken together these results are consistent with a dynamic equilibrium for PKCa between a closed
(basal auto-inhibited: medium/low FRET), an open (no auto-inhibition: low FRET), and a dimeric
conformation (no auto-inhibition: high FRET), with equivalent specific activities in the open and dimer

forms (Fig. 2.7 c). In the proposed model for mature PKCo, the activity of the catalytic domain is
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regulated by only one parameter namely, the ratio of non- auto-inhibited catalytic domains to the total

number of catalytic domains in a given reaction.
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Figure 2.7. Dimerization facilitates high kinase activity through disruption of auto inhibition. (a) Effector binding and not
disruption of the RD:CD interaction is necessary for homo-dimer formation. Perturbation of the basal RD:CD interaction with an
ER/K linker does not induce dimerization. The basal (solid) and activated (hollow) FRET ratio of three PKC reporters with 10-
20- and 30 nm SPASM modules inserted between the RD and CD (between E292 and G293). All three sensors have increased
FRET after addition of Ca®* + PMA. (b) Disruption of the basal RD:CD interaction only modestly increases specific activity.
Activity of the 10 and 30 nm sensors (80 nM) under the indicated conditions with Histone Ills (grey) or MBP peptide (red) as
substrate. TEV treatment cleaves a specific site engineered at the n-terminus of the ER/K linker separating the RD from the CD.
TEV treatment followed by the addition of Ca?* and DAG:PS yields maximal activity of the catalytic domain due to membrane
partitioning of the RD and soluble partitioning of the CD. The basal activity but not the activity in the presence of effectors was
significantly enhanced when increasing the SPASM module length from 10 nm to 30 nm (student’s t-test 99 % CI: P-values for
n.s. = 0.073, * = 0.0212, ** = 0.0042, **** < 0.0001). (a-b) Error bars, s.e.m. n > 3. (c) Schematic of the effect of the different
length ER/K linkers on the three-state equilibrium for PKCa..

Loss of the Turn Motif priming phosphorylation causes basal dimerization

We next aimed to bridge our global structural model of PKC to high-resolution x-ray crystallographic
data. A recent partial crystal structure of PKCII suggests a direct binding interaction between its C1b
and C-tail domains (18). To investigate the possibility that this interaction is similar to the one utilized in
homo-dimerization of PKCa, individual point mutations in PKCa (K621A, D357A, H633G, T638A)
were engineered in an attempt to disrupt the C1b-C-tail interaction. The residues are mapped onto the
crystal structure of PKCpBII (orange surface rendering), as well as C619 (yellow surface rendering) for
visual reference (Fig. 2.8 a). Each mutation engineering into the bi-molecular FRET reporters elicited
modest effects, except for T638A, which counter intuitively increased the FRET response under basal and
effector stimulated conditions (Fig. 2.8 b,c). Crosslinking analysis of the T638A mutant confirmed the

basal formation of a dimeric species (Fig. 2.8 d). Residue T638 is an essential priming phosphorylation
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site (turn motif/TM) in PKCa that is essential for full catalytic activity following activation (45). The
T638A mutant has ~ 36 / 22 % (histone / MBP pep) of WT PKCaq. activity following activation with Ca®*
+ PS:DAG (data not shown), similar to previous reports (45). The T = A mutant is commonly
incorporated in the TM site to mimic the loss of TM site phosphorylation (45-47). Using such an
approach for multiple AGC kinases including PKC(, it has been broadly suggested that TM
phosphorylation functions to anchor the C-terminal portion of the C-tail, containing the hydrophobic
motif (HM), to the catalytic domain (47). Based on this model, it might be anticipated that basal homo-
dimerization of PKCa-T638A is the result of an indirect destabilization of the interaction of the catalytic
domain with the phosphorylated HM site on the C-tail. To assess this possibility, phospho-null mutation
of the HM site (S657A) was incorporated into the FRET sensors. In contrast with the proposed model,
basal homo-dimerization induced by T638A is independent of the S657A mutation (Fig. 2.8 e). The
mechanism by which T638A induces basal dimerization is informed by an alignment of two crystal
structures of the catalytic domain of PKCBII (Fig. 2.8 f; (48)). The region just n-terminal of the TM site
(AST region (43)) undergoes a dramatic conformational change when bound to C1b (cyan), yet in both
structures the C-tail converges at the phosphorylated TM residue that appears tightly anchored to the
catalytic domain by electrostatic interactions with four basic residues (red) (Fig. 2.8 f). We postulate that
disruption of the anchoring pTM site allows the AST region of the C-tail to adopt a conformation that can
induce homo-dimerization in the absence of effectors. Independent of this interpretation, the finding that
an unphosphorylated TM can basally homodimerize may provide a mechanism by which PKCa, unlike
most AGC kinases, is auto phosphorylated at its three priming sites (6, 49) and deserves further
investigation.
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Figure 2.8. Point mutation in the Turn Motif (TM) phosphorylation site causes PKCa to dimerize basally in vitro. (a)
Schematic of the interface between Clb (magenta surface contour) and the catalytic domain of PKCpIlI (PDB: 3PFQ)
highlighting the c-tail (cyan cartoon), the BMH crosslinked C619 (yellow spheres), and residues mutagenized (orange spheres).
(b,c) Only T638A (turn motif) shows a substantial change in FRET compared to WT in both basal and effector stimulated
conditions when inserted into both mCer-PKCa-FLAG + PKCa-mCit-FLAG sensors. (d) BMH cross-linking supports enhanced
basal dimerization of T638A mutant. Wild type or T638A PKCa-mCit-FLAG crosslinking was assessed under the indicated
conditions. Inset shows the contrast-adjusted intensity from the same gels. mCit fluorescenc was detected. (e) Loss of turn-motif
phosphorylation does not induce dimerization solely through allosteric changes in hydrophobic motif site. Basal FRET levels for
WT, turn motif mutant (T638A), hydrophobic motif mutant (S657A), and double mutant (T638A/S657A) bi-molecular FRET
sensors (mCer-PKCa-FLAG + PKCa-mCit-FLAG). (f) Pymol aligned crystal structures (210E — blue and black ribbon; 3PFQ —
cyan and grey) of the PKCBII catalytic domain highlighting the relative positions of the c-tail (615 - 669). The phosphorylated
turn motif residue (T638; red spheres) interacts tightly with the catalytic domain through four conserved electrostatic interactions
(in PKCBII K350, K355, K374, R415) that appear to serve as a fulcrum point around which conformational changes in the c-tail
are centered.

Disruption of PMA/LPA induced high FRET state in cells modulates PKC specific phosphorylation of
ERK1/2

To test the functional significance of dimerization in cells, one peptide each from the RD and CD were
selected to specifically disrupt (relative to a matched scrambled peptide; all myristoylated) prospective
PKCa dimerization interfaces. While the effects of the peptides on FRET were modest in vitro, they were
specific and concentration dependent across two different sensor systems (Fig. 2.9 a-b). Additionally, the

RD peptide did not disrupt liposome binding in sedimentation assays (Fig. 2.9 c). When treating cells
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with the myristoylated RD peptide, the PMA induced high FRET state of mCer-PKCa-mCit-FLAG was
disrupted in live cell suspensions (Fig. 2.9 d; fluorometer measurements). Both the RD and CD peptides
had a significant and sustained dampening effect on the PMA induced increase in FRET of the sensor
compared to their respective scrambled peptide controls (Fig. 2.9 e; microscope measurements).
Additionally, neither peptide had a noticeable effect on the rate nor relative degree of basolateral
membrane translocation of the sensor in CHO cells following PMA treatment (Fig. 2.9 f; data not shown).
Next, the effect the peptides had on the PMA and LPA induced phosphorylation of ERK1/2 was assessed
by pre-treatment of cells for 15 min prior to stimulation with PMA or LPA. The native RD peptide
specifically lowered the level of ERK1/2 phosphorylation following PMA (Fig. 2.9 g) or LPA treatment
(Fig. 2.9 h), relative to the scrambled control. When the cells were stimulated with serum, which is
expected to activate ERK1/2 through both PKC-dependent and independent pathways (50), both the RD
peptide and the known PKC inhibitor Biml had comparable partial effects (Fig. 2.9 i). Last, the CD
peptide was able to specifically disrupt LPA induced ERK1/2 phosphorylation compared to its scrambled
control (Fig. 2.9 j). Together, these results are consistent with a model in which disruption of PKCa
homo-dimerization is capable of inhibiting PKC mediated downstream ERK1/2 phosphorylation.
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Figure 2.9. Disruption of activation induced PKC sensor high FRET state in CHO cells modulates PKC function. (a)
Peptides from the regulatory (RD) and catalytic (CD) domains can disrupt dimerization in recombinant protein. FRET ratio for
mCer-PKCa (40 nM) combined with PKCo-mCit (160 nM) under the indicated conditions. Ca**+PMA — 1.5 mM CaCl, + 3.2
uM PMA. RD-pep and CD-pep are myristoylated peptides analogous to residues 218-226 in the regulatory domain, and 633-642
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in the catalytic domain. Native — native PKC sequence; Scram — matched scrambled sequence control. Peptides concentrations
are 10 uM. (b) Peptides decrease FRET in a concentration-dependent manner. The in-vitro FRET ratio of mCer-PKCa-mCit-
FLAG with increasing concentrations of RD-pep (0, 10, 20, 50 uM). (c) Peptide does not alter membrane translocation of PKC.
mCer-PKCa-mCit-FLAG was incubated with Ca?* and sucrose loaded PS:DAG vesicles, with and without the native RD-pep,
before ultra-centrifugation. After ultracentrifugation, the pelleted and supernatant fractions were run on an SDS-PAGE gel and
scanned for mCit fluorescence. Top: a representative gel image and Bottom: quantification from three separate experiments. (d,e)
Peptides suppress the characteristic increase in mCer-PKCa-mCit FRET following PMA stimulation in live cells. (d) FRET ratio
of suspended CHO cells (fluorometer detection) stably expressing mCer-PKCa-mCit-FLAG, pre and 4 min post 10 uM PMA
addition, in the presence or absence of 20 uM of the indicated peptide. Maximum FRET was observed 4 min post PMA
stimulation (see Fig. 2.2a). Error bars, s.e.m. n > 5 (e) Microscope based detection of changes in FRET ratio (A FRET) in
adherent cells, pre-incubated for 15 minutes with the indicated peptides (10 uM), followed by stimulation with 10 uM PMA.
Error bars, s.e.m. n = 13-24 cells. (f) Peptides do not influence membrane translocation of PKCa.. Representative images of cells
pre- and 18 min post PMA addition. Scale bars = 10 pum. (g-j) RD and CD peptides, but not matched scrambled controls disrupt
PMA or LPA stimulated of ERKZ1/2 phosphorylation. Peptides do not influence PKC-independent (serum) driven
phosphorylation of ERK1/2. Serum starved CHO cells stably expressing mCer-PKCa-mCit-FLAG were pre-incubated with 20
UM of the indicated peptide (or 1.5 uM Biml) for 15 minutes prior to stimulation (10% serum, 10 uM LPA, or 1.92 uM PMA)
and lysed 15 minutes post stimulation. Representative western blots of phospho and total ERK1/2.

Destabilizing the closed conformation provides stable PKCa translocation to the membrane

The PKC inhibitor GF109203x is known to stabilize the translocation of PKCa following effector
stimulation (46). Stensman et al. (46) hypothesized that the mechanism of GF109203x-influenced
translocation sensitivity is due to a destabilization of the basal RD:CD interaction. Additionally, several
analogues of this inhibitor, including Biml, are known to induce conformational changes in the CD (51).
Using a PKCa sensor with a SPASM module inserted between the RD and CD, we directly detect a
reduction in the strength of the interaction between RD and CD when incubated with Biml under basal
conditions (Fig. 2.10 a). Based on the three-state model (Fig. 2.7c), destabilization of the closed
conformation should drive the equilibrium towards dimer formation following effector stimulation.
Accordingly, we find increased dimerization of PKCa in the presence of Biml (Fig. 2.10 b,c). We
hypothesize that both the open and dimeric conformations of PKCa can engage with the plasma
membrane. Consistent with this concept, LPA stimulation of cells stably expressing the flanking sensor
(mCer-PKCa-mCit), substantially increased the fraction of cells with stable localization of the sensor at
the membrane in the presence of Biml (Fig. 2.10 d,e). Our findings provide direct evidence that a small
molecule that can destabilize the closed conformation can facilitate both dimerization and stabilize
membrane localization of PKCa in the presence of effectors. This opens the possibility of other small
molecules or interacting proteins influencing localization of PKC by influencing the stability of either the
closed or dimer states. As a corollary, PKC translocation is not necessarily an appropriate proxy for PKC
activation in live cells, as demonstrated by the decoupling of activity and translocation with the peptide
inhibitors (Fig. 2.9) and Biml (Fig. 2.10 d.e).
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Figure 2.10. Disruption of the auto-inhibited state prolongs translocation. (a) Biml (10 uM) destabilizes the auto-inhibited
state. FRET ratio in the absence of effectors of sensor with a SPASM module inserted between RD and CD (between E292 and
G293). (b,c) Biml increases dimer formation following effector stimulation. (b) FRET ratio for mCer-PKCa with PKCa-mCit.
(c) Cross-linking analysis of PKCa-FLAG incubated with Ca?* and PMA. (d,e) Biml induces sustained translocation of PKCo.
(d) (Top) Representative images of CHO cells stably expressing mCer-PKCa-mCit pre, 30-, and 120 seconds post LPA (50 uM)
stimulation. Two cells with transient translocation are highlighted (white arrows). Translocation is observed as either a ring of
high intensity fluorescence, or the appearance of fluorescence along the basolateral membrane of the cell. (Bottom)
Representative images with the addition of 1.5 uM Biml two min prior to LPA stimulation. The white arrow highlights a cell
with a sustained translocation response. Scale bars = 10 um. (e) Translocation response in CHO cells stably expressing the mCer-
PKCa-mCit sensor in response to LPA stimulation (50 uM) without or with 1.5 uM Biml pretreatment. Cells were binned as no
apparent response (None), a transient translocation response (Transient - translocation occurs and recedes within 120s), or a
sustained translocation response (Sustained - translocation is still present after 120s). Data points represent five independent
experiments ~ 20 cells per experiment. The fraction of the cells binned in each category, for each experiment, is plotted with
spread in the data indicated as meantsem. (f) Schematic illustrating the effect of Biml on the three-state equilibrium of PKCo.
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2.4 Discussion:
PKC: a conservative and dynamic kinase

The negative consequences of unregulated PKC activity have been apparent since its discovery as the
receptor for tumor-producing phorbol esters (38). In the subsequent decades it has been observed that the
dysregulation of PKC function is tied with several different pathologies (52-55). Concurrently, multiple
distinct mechanisms of auto-inhibition of PKC have been described (18, 42, 56, 57). Collectively these
findings portray PKC as a conservative signaling protein that is only capable of functioning under a
limited ensemble of conditions. In contrast, an increasing body of evidence positions PKC as a lynchpin
in intra-cellular communication in diverse signaling environments (58). The mechanisms allowing PKC
to transition from the tightly regulated auto-inhibited state to a catalytically active state, in a dynamic
manner, and in the context of multiple signaling inputs have been largely unexplored. In this study, we
find that homo-dimerization is an additional regulatory mechanism exploited by PKCa to overcome

intramolecular auto-inhibition.
Three state model

Our data confirm previous reports that find a positive correlation between PKC concentration or
dimerization and specific activity (11, 20, 35)(Fig. 2.3 c¢; data not shown). A possible explanation is that
inter-molecular interactions in the homo-dimer enhance the catalytic activity of the kinase domain.
However, the fully activated homo-dimeric PKC is less active (86%) than just the catalytic domain (Fig.
2.7). Further, varying the fraction of activated PKC in the monomer and dimer states with different length
ER/K helices between the RD and CD did not affect specific activity in the presence of effectors (Fig.
2.7). Orthogonally, it was observed that prying open the basal auto-inhibitory interactions using ER/K
helices only modestly increased specific activity (Fig. 2.7). These observations lead us to propose a model
wherein dimerization acts as a ‘mass action sink’ by sequestering the regulatory domains away from their
autoinhibitory interactions. In our proposed three state model, PKC is in dynamic equilibrium between
the autoinhibited state that has no catalytic activity (0 %), the monomeric and non-autoinhibited (open)
state that has full catalytic activity (100 %), and the homo-dimeric state that also has full catalytic activity
(100 %). In Fig. 2.11 we use this model to demonstrate how dimerization can influence the specific
activity of PKC. Of particular note, in this three state model there are now two largely independent ways
in which PKC could be activated; through disruption of the auto-inhibitory interactions (Kopen) or through
stabilization of the homo-dimer (Kgimer). Likely, canonical PKC effectors, such as those used in this study,

will modulate both equilibrium constants. We postulate that for the nuanced regulation observed in cells,

54



interactions between PKC and small molecules or proteins may differentially influence these two

parameters.
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Figure 2.11. Dimerization latches open the stimulated kinase. Dimer formation allows for more specific activity from lower
levels of effectors. (a) PKC activation is modeled as a three-state (closed, open, or dimer) equilibrium with equilibrium constants
Kopen and Kgimer. (b) The specific activity of PKC when the closed state is inactive, and both the open and dimer state are fully
active, is plotted as a function of opening PKC (1 Kopen). For a given potency of effectors in releasing PKC auto-inhibition
(defined Kgpen), dimer formation can substantially enhance specific activity. Factors that control dimer formation (Kgimer),
including local concentration of protein, co-factors, and small molecules can tune local PKC activity over a wide range. The
black line represents PKC with no ability to form a dimer, while the blue lines have increasingly higher values of Kginer-

Peptides and small molecules can modulate PKC function through two distinct mechanisms

In this study, we demonstrate the feasibility and physiological significance of peptide and small molecule
modulation of intra-molecular interactions in PKC. Two peptides were identified and characterized that
selectively disrupt the homo-dimeric state (Kgimer) 0f PKC (Fig. 2.9 a-f). When introduced into a cellular
system, both peptides specifically and dramatically reduced the PKC driven downstream phosphorylation
of ERK1/2 (Fig. 2.9 g-j). Conversely, we observed that the small molecule PKC inhibitor Biml disrupted
the interaction between the auto inhibited and open states (Kqpen; Fig. 2.10 @), which in turn leads to an
increase in the homo-dimeric state (Fig. 2.10 b,c). When introduced into a cellular system, Biml was able
to alter the translocation response of PKC post LPA stimulation (Fig. 2.10 d,e). These results demonstrate
potential approaches for PKC intervention, as well as provide precedence and detailed mechanism for

non-canonical PKC regulation that could be utilized in physiological contexts.
Dimeric state versus higher order oligomerization

While the results presented here are consistent with homo-dimerization of PKCa, they do not rule out the
formation of higher order oligomers. The FRET measurements do not differentiate between homo-dimers

and higher order oligomers. However, the cross-linking studies show a single dominant higher molecular

55



weight band that is consistent with a dimer. Given that BMH cross-linking is limited to the close
proximity (1.3 nm) of two Cysteines, it is possible that higher order oligomers are not efficiently cross-
linked, resulting in dimerization as the predominant species detected using this method. With the absence
of evidence for higher order oligomerization, we have presented concepts along the lines of the simplest
oligomeric state (dimer). Notably, the concept of dimerization sequestering the regulatory domains away
from the auto-inhibited state is compatible with higher order oligomerization. In regards to higher order
oligomerization, it has been previously reported that PKC as well as certain PKC phosphorylation
substrates can drive phase separation on lipid membranes (25). Additionally, the potent PKC activator
protamine sulfate has been shown to aggregate PKC in an active state in the absence of additional
effectors in vitro (59). Further studies are necessary to probe the possibility of higher order PKC

oligomerization and its physiological relevance.
Domain:domain interactions in other AGC kinases

Interactions between modular domains are known to broadly regulate AGC kinases. However, none of
them have been proposed to utilize the specific mechanism described here. The AGC kinase
phosphoinositide-dependent kinase 1 (PDK1) is known to heterodimerize with several AGC kinases
including PKCs, AKT, PKN, and S6K through interactions involving the PIF-binding pocket on the
PDK1 catalytic domain, and the HM found on the other kinases’ C-tail (34). This interaction has been
shown to dramatically enhance PDK1 catalytic activity and cellular function (34). In contrast, homo-
dimerization facilitated by interactions between the catalytic and PH domains has been speculated to
down regulate PDK1 activity in cells (60). In the protein kinase c related protein 2 (PRK2), an inhibitory
homo-dimerization occurs between the N-terminal regulatory domains (including a C2 domain) and the
catalytic domains (26). The AGC Rho-associated kinase | and Il (ROCK 1, 1) are also observed forming a
homodimer between regulatory domains and the C-tail (61). While dimerization of ROCKI does not
appear to grossly stimulate or inhibit kinase activity, it does alter enzyme kinetics by lowering the Km of
ATP by 60-80 fold (61). Homo-dimeric truncations of ROCKI and II, and subsequently MRCK, have
been crystalized demonstrating the involvement of the C-tail at the inter-molecular interface (62-64). In
PKCC an inhibitory intra-molecular interaction between the C1 domain and PIF-pocket on the catalytic
domain has been previously reported (14). Together these studies suggest that domain:domain
interactions in either an inter-molecular or intra-molecular context are common regulatory mechanisms in
AGC kinases. Further, they hint at the recurrence of particular domain:domain interactions, such as
between the C1 and AGC kinase C-tail domains. Detailed studies in related kinases are necessary to
further our understanding of AGC kinase regulation. However, as we report here, the domains involved in

auto-inhibitory interactions in PKCo also engage under activated conditions. The conformational
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flexibility apparent in multi-domain interactions belies traditional structural approaches including x-ray
crystallography and NMR and also complicates insight gained from truncation and site-directed
mutagenesis. As such, we propose that the SPASM technique can bridge the gap between our knowledge

of modular domain structure and multiplexed cellular function.
2.5 Conclusions:

In this Chapter we have explored the relationship between intramolecular domain interactions and kinase
activity in PKCa. We conclude that in the absence of free calcium and liposomes, a relationship between
intramolecular interactions between the regulatory domains (PS, Cla, C1b and C2) and the kinase domain
and the inhibition of kinase activity exists. This finding is consistent with contemporary models of
autoinhibition found in the literature. Surprisingly, in the presence of free calcium and liposomes
containing DAG (or soluble DAG analogue PMA) we continue to observe domain-domain interactions
between the regulatory domains and the kinase domain. We conclude that under these conditions the
domain-domain interactions occur in trans between two or more PKC molecules. In contrast to the basal
intra-interaction between the regulatory domains and kinase domain, we conclude that the active inter-
interaction has little or no effect on the kinase activity of PKC. We conclude the inter-molecular
interaction is still critical for function; the use of pharmacological compounds that disrupt PKC

oligomerization and downstream function support this conclusion.
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Chapter 3: Protein Kinase C a self-assembles in parallel with activation

This chapter has been adapted from the following publication currently in revision:

Swanson, C.J., Sommese, R., Petersen, K.J., Ritt, M., Karslake, J., Thomas, D.D.,
Sivaramakrishnan, S. (2016) Protein kinase C a self-assembles in parallel with activation,
PLoS One (in revision).

3.1 Introduction:

Signal transduction in cells emerges from transient protein interactions that occur in a highly
crowded cytoplasmic environment (1, 2). Pairing of signaling input and output is often achieved
by compartmentalization of molecules on a membrane or protein scaffold (3). An orthogonal
mechanism for segregating molecular components involves the self-assembly of macro-scale
complexes nucleated by one or more proteins (4). While such self-assembled macro-molecular
complexes are fairly common in cellular processes such as vesicle trafficking (5), cytoskeletal
organization (6), and cell division (7) they are much less appreciated in the context of cell
signaling and form the focus of this study.

The PKC family of protein kinases functions as a nodal regulator in signaling networks (8).
PKCs function at multiple locations within the cell and tune their function to couple diverse
stimuli to distinct outputs (9). The diversity of PKC function is achieved, in part, by a series of
modular domains linked to the conserved catalytic domain. These modular domains render the
PKC sensitive to different factors. For instance the C2 domain in PKC binds Ca®* ions,
phosphatidylserine (PS) and PI1(4,5)P,, whereas the C1 domains bind diacylglycerol (DAG), and
the catalytic domain binds nucleotides and phosphosubstrates (8). Several researchers have
documented the focal accumulation of fluorescently labeled PKCs in response to distinct stimuli

and have suggested this as a mechanism to localize and multiplex PKC function in response to
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different inputs (10-13). The molecular mechanisms driving these events and the underlying
biomolecules that lead to PKC ‘clustering’ remain unknown. Here, we test the hypothesis that
interactions between the modular domains of PKC are necessary and sufficient to drive self-
assembly of PKC into clusters without the need for membrane scaffolds or other regulatory co-

factors.

In this study, we report that PKCa readily self-assembles into large clusters in vitro in the
presence of calcium. Self-assembly of PKCa is reversible, it occurs at calcium concentrations
consistent with reported Ca®*- C2 domain binding and is abolished by a single point-mutation in
the C2 domain. Endogenous PKCa in HEK lysates differentially fractionates in the presence of
calcium consistent with self-assembly. While C2 domain proteins are known to oligomerize, we
find that PKCa clustering requires at least the C1 and C2 domains. Cluster size and number can
be modulated by the strength of the C1a-C2 interaction suggesting a mechanism to regulate this
phenomenon. Sensors encoding only the Cla and C2 domains are capable of self-association in
live cells in response to the calcium influx following ionomycin treatment. In contrast, both
ionomycin and PMA are required to observe self-association in full length PKCa in live cells.
The degree of self-association correlates positively with specific activity of PKCa suggesting

that clustering occurs in parallel with the sequence of events leading to kinase activation.
3.2 Materials and methods:

Fluorescence coverslip assay: All experiments contained 200 nM of PKCa-mCit incubated at 25

° C unless otherwise stated. For calcium cycling experiments, an aliquot of stock sample was
incubated at a final free calcium concentration to 300 uM for 10 min. A small amount was

removed for imaging, and the rest was incubated with saturating EGTA for 10 min. Again a
small amount was removed for imaging. For imaging, each sample was then gently sandwiched
between an ethanol cleaned slide and coverslip and sealed by valap (vasoline/lanolin/paraffin).
Slides were imaged on a Nikon TiE equipped with a mercury arc lamp, a yellow GFP filter cube
(Nikon; 500/20 nm excitation, 515 nm LP, 535/30 nm emission), perfect focus system (Nikon), a
100X 1.4 NA Plan-Apo oil-immersion objective (Nikon), Evolve EMCCD camera
(Photometrics), and the Nikon NIS-elements software. Image planes were focused on the

coverslip surface and ND filters and exposure time were adjusted to avoid saturation before
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being fixed for all slides in the matched experiment. Stage translation was performed with the
shutter in to avoid field of view bias and images were taken at 5 — 15 locations per slide. The free
calcium concentration was assessed using MAXCHELATOR
(http://maxchelator.stanford.edu/CaEGTA-TS.html).

Differential fractionation: The indicated protein (300 nM) was fractionated with a 30 min spin at
2.8 x 10° rcf at 22° C. The supernatant was separated, and the ‘pellet’ fraction was resuspended

by pipetting in an equal volume of matched buffer. An equal volume aliquot was retained from
each fraction for subsequent analysis, and the supernatant fraction was brought to a free calcium
concentration of 300 UM and incubated at 22° C for 10 min before a second fractionation (30
min, 2.8 x 10° rcf at 22° C). Following fractionation, the supernatant was separated, and the

pellet fraction was resuspended in an equal volume of matched buffer without free calcium.
Aliquots were retained, and the pellet was adjusted for a final EGTA concentration of 700 uM

and incubated for 10 min at 22° C. A third fractionation was performed with matched conditions

(30 min, 2.8 x 10° rcf at 22° C). All aliquots were separated on an SDS-PAGE, and for the PKC
a-mCit-FLAG experiment visualized by mCit fluorescence (Typhoon imager, GE Life

Sciences), and the PKCa-FLAG transferred and probed with a PKCa specific antibody (see next
section for Western analysis). Fractionation was quantified in ImageJ by manually selecting
regions, subtracting backgrounds and comparing the band intensities in the pellet and supernatant

fractions.

HEK lysate experiment: HEK cells were trypsinized and resuspended in DMEM containing 10%
FBS (Invitrogen) and Glutamax (GIBCO) and pelleted by low speed centrifugation (250 rcf) at

22° C. The cells were resuspended in (~ 5 fold dilution) in working buffer containing 5 ug/ml

Aprotinin, 5 pug/ml Leupeptin, 50 pug/ml phenylmethylsulfonyl fluoride, 2 mM dithiothreitol pH

7.5, and rotated (all subsequent steps at 4° C) for 20 min before mechanical lysis with a 26 gauge
1 ml syringe. The lysate was spun at 2.8 x 10° rcf for 30 min and the soluble fraction (clarified
lysate) was immediately separated from the pellet fraction. The clarified lysate was treated with
800 uM of EGTA or CaCl, incubated for 3 min and fractionated (2.8 x 10° rcf for 30 min). The
supernatant was removed and the pelleted fraction was resuspended in matching buffer and
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volume as the supernatant. Samples were separated on 10% SDS-PAGE before being transferred
to PVDF membrane for 3 h at 300 mA. Blots were blocked with 2% BSA/TBS + 0.1% Tween
(TBST) for 1 h at room temperature. Primary PKCo antibody (sc-8393, Santa Cruz
Biotechnology, 1:10,000) was added and incubated overnight at 4° C. Blots were washed with
TBST and incubated for 1 h with secondary (goat anti-Rabbit - Jackson ImmunoResearch
Labratories, Inc., 1:10,000 in 2% BSA/TBST). Blots were washed with TBST, developed with
Immobilin Western chemiluminescent HRP substrate (Millipore), and imaged with ChemiDoc-it
imaging system (UVP). Silver-stain analysis performed according to manufacturer’s protocol

(Pierce).

Dynamic Light scattering: DLS data was collected on a DynaPro NanoStar (Wyatt Technology)
at 25° C. Protein (1 pM) was in standard HEPES buffer with no BSA added. Sequentially the
buffer was brought to a final concentration of 800 uM CaCl, and 1 mM EGTA using
concentrated stocks at 2.5% of the final volume. Each autocorrelation is the mean of 10
repetitive readings of 10s each, and error bars represent the mean and standard deviation of 3
independent readings. Autocorrelation data were least squares fit to a single exponential decay
function (GraphPad) to obtain t values. Additionally, the regularization and cumulant fits where
performed using the Wyatt Technology software platform (Dynamics V7.1.7) utilizing the
isotropic spheres model. The mean of the monomer peak was obtained by averaging the MW
from each acquisition from 3 batches of protein. The particle mass was determined by a single
cumulant fit, and each reading was normalized by the mean of the initial EGTA buffered

condition.

Time-resolved fluorescence anisotropy: We performed and analyzed time-resolved fluorescence
anisotropy of mCitrene data using time-correlated single photon counting (TCSPC) and direct
waveform recording (DWR) methods as described previously (14, 15). A 480 nm laser line with
515 nm LP was used in TCSPC experiments and a 532 nm laser line with 570 nm LP was used
for DWR experiments. All time-resolved experiments started with 500 nM of protein, and
sequential polarized measurements of 0° 54.7° and 90° were recorded for each condition. Using
analysis software described previously (16) the single exponential fluorescence lifetime (t) was
first assessed using fluorescent recordings obtained at 54.7°. Subsequently the fluorescence data

at 0° and 90° were fit to a 2 exponential decay function using a fixed t value. Steady-state
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anisotropies were calculated as the weighted average of the fluorescence anisotropy (r) decay

given by the best-fit model parameters:

[P rF@®ar b1 B bs
Dr= NG 2 To (Xl P17 +(1-x) ¢>2+r)
where 1, is the initial anisotropy, ¢,,¢, are the correlation times, y; is the fractional
contribution to the anisotropy decay, t is the fluorescence lifetime, and the final anisotropy is

assumed to be zero.

Mammalian cell imaging: CHO Flp-in cells were cultured as previously described (17). Cells
were transiently transfected with indicated constructs using X-tremeGENE Hifi (Roche). Cells
were transferred to fibronectin (Sigma-Aldrich) coated (1:100 dilution incubated for 1 hr) glass
bottom 35 mm tissue culture plates (MatTek Corp.) 24 — 48 h post transfection as previously
described. Cells were allowed to adhere for 1 - 4 h in culturing media before cells were imaged.
Cells were washed and resuspended (500 ul) in freshly prepared HBS (20 mM HEPES, 5mM
KCI, 45mM NaCl, 2mM CaCl,;, ImM MgCl,, 0.2% dextrose, brought to pH 7.4 by NaOH)
media. The plates were transferred to the scope and a field of view was manually selected guided
by fluorescence expression and morphology of cells. Cells were exposed every 500 ms over a 5
min time course. Either a 2x stock of ionomycin or a concentrated stock of EGTA in matched
buffer was manually pipetted onto the culture plate during imaging at predetermined time points.
Experiments were performed at 22° C. Anisotropy image data was analyzed with custom
MatLab code. Both polarized images per frame were registered using the imregister MatLab
function. A background region is manually selected, and the mean of the background in each
polarization channel is subtracted from the corresponding image. The anisotropy value ris
calculated using the parallel and perpendicular pixel intensities corrected for the G factor:

=G,
I+2G-1,

() r=

Anisotropy values above and below theoretical limits are excluded and a mean of all anisotropy
values are calculated for each image in the series. For representative images the images were
cropped, median filtered and the ‘Fire’ look up table was applied (ImageJd). The correlation

coefficient was calculated in the same custom MatLab code as the anisotropy analysis. Following
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registration and background subtraction, an image of the total intensity (I, + 2G -1,) was
generated. The corrcoef function was applied between each frame and the first frame.
Translocation in this metric is defined by a redistribution of fluorescence intensity within the

cell.

3.3 Results:

3.3.1 Calcium induced self-assembly in vitro
Self-assembly is specific and reversible

Previous work from Huang et al suggested that both calcium and phosphatidylserine were
necessary for PKCa self-assembly (18). In contrast, our previous study observed that calcium
alone was sufficient for PKCa self-assembly, albeit at an attenuated level (17). Both of these
studies used chemical cross-linking to assess self-assembly, which may be dependent on
conformational states of the protein and bias the conclusions. We chose to re-address whether
PKCa self-assembles in the presence of calcium using techniques based on the size of particles
including differential sedimentation (Fig. 3.1 a), dynamic light scattering (DLS) (Fig. 3.1 b),
single-particle fluorescence microscopy (Fig. 3.1 c) and size-exclusion chromatography (SEC)
(Appendix B.1). Where possible, PKCa self-assembly was assessed without a fluorophore (Fig
3.1 b,c), and in all cases constructs with fluorophores utilized the monomeric versions of
Cerulean and Citrine (mCer and mCit respectively). Overall, each methodology supports our
conclusion that PKCa specifically and reversibly oligomerizes in the presence of free calcium.
When Ca*" ion coordination is blocked by introducing the D246N point mutation in the C2
domain (19), this self-assembly is inhibited (Fig 3.1 b, Fig. B.1). Additionally, cycling PKCa
between low (< 1 nM) and high (>100 uM) free calcium conditions demonstrates that the
phenomenon is partially reversible. Interestingly, the oligomers have several unexpected
characteristics. Notably, they are much larger than the previously reported homo-dimers (17, 18).
Following a 30 min incubation in high free calcium conditions, SEC analysis indicates that
oligomers are at least 10-fold larger than monomers (Appendix B), and DLS analysis supports a
mean increase in particle size of ~13-fold (Appendix B, Fig. B.2). Second, the number of
oligomers, their size, and the fraction of PKCa molecules oligomerized are time- and

concentration- dependent. This result is most evident in quantitative analysis of single-particle
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fluorescence microscopy (Appendix B, Fig. B.3). We tested if oligomerization is observable
when using physiologically relevant free calcium concentrations (<10 uM)(20). PKCa
oligomerization was monitored as a function of free calcium concentration by differential
sedimentation and single-particle fluorescence microscopy. In both cases, oligomerization fit
well to single-phase binding curves with Kp values falling within physiologically relevant ranges
(Kp =1.6 £ 0.3 uM by microscopy, Kp = 0.32 + 0.26 uM by sedimentation) (Fig. 3.1 d).
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Figure 3.1. Calcium induces reversible self-assembly of PKCa. in vitro. (a) Recombinant PKCo-mCit-FLAG or PKCa-FLAG
(300 nM) was differentially fractionated into soluble (S) and pellet (P) fractions following high speed centrifugation in two
independently performed experiments. Fractionation occurred sequentially in indicated buffers, where the fractions circled were
retained. Fractions were separated on SDS-PAGE and probed with mCit fluorescence (top) or an anti-PKCa antibody (bottom).
(b) Intensity autocorrelation of dynamic light scattering (DLS) of recombinant PKCa-FLAG (1 pM) sequentially diluted into
buffers containing excess EGTA, free calcium, and EGTA with 15 min incubation between readings. Black line is a single
exponential fit, and error bars are s.e.m. of 3 independent readings (left). Quantification of the ensemble particle mass normalized
to the initial condition of indicated protein from DLS (Right; n > 8, box-and-whisker represents min, max, 25 and 75 percentile
and median). (c) Representative fluorescent images of recombinant PKCa-mCit-FLAG (200 nM) sequentially in indicated buffer
non-specifically adhered to a glass coverslip. Samples were incubated in buffers for 10 minutes at 22° C before being adhered to
slides. (left) Bright spots were identified when the ratio of mCit intensity deviates by >1.12 from the neighboring pixels. Data
was quantified from 6 fields of view for each condition (right). (d) Differential sedimentation and spot number on coverslips
were assessed as a function of free calcium concentration. The data are least squares fit to a single binding function (solid lines).
Error bars represent standard deviation (n = 3 differential sedimentation and n = 5 microscopy). (e) Representative blot and
quantification of differential fractionation of endogenous PKCa in 5x diluted HEK cell lysate (detergent free) probed with anti-
PKCa antibody and corresponding silver stain (left) and quantified (Right; n = 4; min, max, 25 and 75 percentile and median; **
indicates a student’s t-test with a p-value of 0.0023).
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Endogenous mammalian PKCa self-assembles

All of the above experiments used recombinant human PKCa minimally fused with a C-terminal
FLAG peptide tag. To assess whether the observed self-assembly was an artifact of either Sf9
expression or the FLAG tag, endogenous mammalian expressed PKCo was assessed for
differential sedimentation. Clarified HEK293 cell lysate was fractionated with either high free
calcium or EGTA and PKCa was probed with a PKCa specific monoclonal antibody (Fig. 3.1 e).

A significantly larger fraction of endogenous PKCa pelleted in the presence of free calcium.
3.3.2 Cla and C2 domains are minimally sufficient for calcium induced self-assembly
The C2 domain is not sufficient for self-assembly

There have been several suggestions in the literature that suggested the C2 domain is responsible
for oligomerization (21-26). To determine the minimal domains required for oligomerization, we
created a series of PKCa sensors containing an N-terminal mCerulean and a C-terminal
mCitrine. In each sensor, we inserted a tobacco etch virus protease (TEV protease) site between
either the V1 and Cla domains, the C1b and C2 domains, or the C2 and the kinase domains.
Following TEV proteolysis, we could then identify whether PKCa sensors tagged with the N-
terminal, C-terminal, both, or neither fluorescent protein oligomerize in the presence of high free
calcium. The purpose of this experiment is to identify polypeptide regions that are sufficient to
oligomerize. By fluorescent microscopy, neither the V1 nor the kinase domain was necessary for
punctae formation. However, separation of the C1 and C2 domains significantly reduced
oligomerization (Fig. B.4 a-b). We next assessed the fusion protein with the TEV protease site
between the C2 and kinase domains by DLS along with a C2-mCit fusion protein. We pre-treated
the construct with TEV protease or bovine serum albumin (BSA), and then measured the relative
increase in particle size following a 2 min incubation with free calcium. The three conditions
correspond to the panels represented as full-length, regulatory domains or C2 domain (Fig. 3.2
a). The intact PKCa sensor has a mean particle size increase of 5.61 + 0.31 compared to 2.61 +
0.25 for the regulatory domains alone and 1.40 £ 0.06 for the C2 domain alone. Collectively,
these data indicate that both the C1 and C2 domains are required to be in the same peptide for

self-assembly.
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Figure 3.2. The Cla and C2 domains are minimally sufficient for self-assembly. (a) Mean DLS autocorrelation data before
(red) or after addition of free calcium (green) of full length PKCa (left), the regulatory domains (middle), and C2 domain (right)
at matched time points (2 min incubation) and concentration. Normalized particle mass is quantified at the far right. (b) A
biosensor schematically depicted on top containing the Cla and C2 but not C1b and C2 forms punctae on glass coverslips in the
presence of free calcium. The response is abrogated with pretreatment of the biosensor with TEV protease. Data from 6 fields of
view per condition. (c) Cla-C2 biosensors with 3 lengths of ER/K linkers are assessed for punctae formation on glass coverslips
all in the presence of free calcium, data from > 10 fields of view per condition. The longer length linkers systematically reduced
punctae formation (middle) with no systematic effect on the relative intensity of punctae (right). (d) A model of calcium induced
self-assembly of PKCa domains wherein calcium binds the C2 domain, a conformational change results in a Cla-C2 interaction
which is the minimal unit for self-assembly. As self-assembly i) progresses over time up to at least 3hrs (Appendix 2 Fig. 3) and
ii) is reversible in the absence of free calcium (Fig. 3.1 a,b,c) this process is likely far from equilibrium in all experiments. This
model is depicted to draw parallels with early schematics of supra-molecular chemistry (27). All box and whisker plots represent
min, max, 25 and 75 percentile and median.

Cla and C2 domains self-assemble

There have been several suggestions in the literature that the C2 domain interacts with one or
both of the C1 domains (28, 29). We built two sensors containing the C2 domain and either the
Cla or Clb domains separated by a 10 nm SPASM cassette (30). By fluorescence microscopy,
we found that only the sensor containing the Cla and C2 domains formed punctae in the
presence of free calcium. Further, when the Cla-SPASM-C2 protein was cleaved by TEV

protease, neither the Cla domain nor the C2 domain peptide formed punctae (Fig. 3.2 b). From
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these results, we hypothesize that an intermolecular interaction between Cla and C2 domain is
required for self-assembly. To test this hypothesis, we built two additional sensors in which 20
nm and 30 nm SPASM cassettes were fused between the Cla and C2 domains. The SPASM
cassettes have fully extended a-helices with lengths of 10, 20 and 30 nm and are designed,
through spontaneous helix breaking, to have intra-molecular effective concentrations of 4 uM,
0.4 uM and 0.1 puM respectively(30). As expected if a Cla-C2 complex is necessary for self-
assembly, increasing the helix length decreased the number of fluorescent punctae without
affecting the average intensity of punctae (Fig. 3.2 ¢). As our SPASM cassettes also contained a
mCitrine and a mCerulean, we were able to monitor an interaction between the Cla and C2
domains by hetero-FRET. We found that hetero-FRET in our C1a-C2 sensors increased with the
presence of calcium, and that this increase is also dependent on linker length and concentration
(Fig. B.5, Appendix B.2). Finally, the concentration-dependent change in hetero-FRET is fit
well by a Hill binding model, providing a half-maximal value of 61.1 + 1.2 nM (best fit and
standard error), which serves as an estimate of the free in solution equilibrium dissociation
constant (Fig. B.5 ¢). From these data we propose a model in which (i) the Cla and C2 domains
are the minimal unit required for self-assembly and (ii) an intra-molecular Cla-C2 interaction is

required for self-assembly (Fig. 3.2 d).
3.3.3 Monitoring PKCa self-assembly by homo-FRET
In vitro characterization

As hetero-FRET is sensitive to both intra- and inter-molecular interactions in our sensors, we
used homo-FRET of mCit to specifically report inter-molecular contributions. Homo-FRET in
fluorescent proteins is assessed by the fast (t < 1 ns) depolarization of fluorescence, whereas in
the absence of FRET only depolarization on the time scale of rotational diffusion will be
observed (t ~ 15 ns)(31, 32). Using time-correlated single photon counting (TCSPC) and direct
waveform recording (DWR) (14) we can monitor anisotropy up to 15 ns after an excitation pulse
is applied to a sample. This time-resolved anisotropy can be used to differentiate between the

two modes of depolarization and detect contributions from homo-FRET.

We assessed PKCa-mCit, PKCa-mCit + liposomes, mCit-PKCa, and Cla -10 nm SPASM- C2

with and without free calcium. In the PKCa-mCit + liposomes as well as the Cla-10 nm
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SPASM-C2 conditions, the addition of free calcium clearly results in a fast depolarization
consistent with homo-FRET (Fig. 3.3 a; Table 3.1). However, we do not observe homo-FRET
for PKCa-mCit or mCit-PKCa in the absence of liposome (Fig. B.6; Table 3.1). The time-
resolved anisotropy results were converted to steady-state anisotropy values by fluorescence
lifetime-weighted averaging of the best-fit correlation times. Orthogonally, the actual steady-
state anisotropy was measured for the corresponding conditions. We find good agreement
between the two values and note that depolarization due to homo-FRET results in a lower
steady-state anisotropy value as expected (Fig. 3.3 a). We use this finding to justify the use of

steady-state anisotropy measurements to assess homo-FRET in subsequent in vitro and cellular

experlments.
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Figure 3.3. Homo-FRET distinguishes functional states of PKCa in cells. Fluorescence anisotropy can be used to monitor
homo-FRET (EM-FRET). A characteristic feature of homo-FRET in fluorescent proteins is a depolarization of fluorescence on
the time scale of energy migration (10° — 10°° seconds) in addition to depolarization occurring from rotational diffusion (tau >
10°® seconds). (a) Steady-state fluorescence anisotropy of mCit in C1a-SPASM-C2 and PKCo-mCit + liposomes as the protein is
sequentially treated with excess EGTA, free calcium and EGTA (N = 16 for steady state measurements). The purple diamonds
are simulated steady-state anisotropy values derived from a two-exponential fit of direct waveform recording (DWR) time-
resolved anisotropy measurements. The inset shows observed anisotropy obtained by TCSPC of PKCa-mCit-FLAG plus
liposomes with and without free calcium. The unilaminar liposome contained 88%PC:10%PS:2%DAG (molar %; PS to PKC
molar ratio 32:1). (b) Representative polarized fluorescence intensity and anisotropy heat-map of a CHO cell transiently
expressing C1la-SPASM-C2 in a buffer containing 2mM CacCl, basally, after perfusion with 1 uM ionomycin, and after perfusion
with excess extracellular EGTA (scale bar is 10 um). At right is the corresponding quantitation of the mean anisotropy (blue) and
translocation (red). (c) Representative anisotropy and translocation coefficients of individual CHO cells transiently expressing
mCer-PKCa-mCit following perfusion of 1 uM ionomycin (left) or 1 uM ionomycin + 1 uM PMA (middle) and mean and s.e.m.
(right) of corresponding steady-state anisotropy measurements (n = 7 cells ionomycin and n = 4 cells ionomycin + PMA). (d)
PKCa-mCit-FLAG + liposomes with various molar percentages of known PKC activators were assessed for catalytic activity and
steady-state anisotropy in the presence of 300 pM free Ca®* (mean and standard deviation of N = 12 anisotropy measurements,
and N = 7 kinase activity reactions).

71



Self-assembly in cells

To examine self-assembly in cells, we first examined the steady-state fluorescence anisotropy of
the Cla — 10 nm SPASM —C2 construct transiently expressed in CHO cells. We monitored single
cells in an extracellular media containing 2 mM CaCl, and sequentially perfused the open
chamber with a buffer containing the Ca** ionophore ionomycin, followed by a concentrated
solution of EGTA. As anticipated with a construct containing the C2 domain, fluorescence
accumulated at the plasma membrane following ionomycin treatment and returned to its basal
state following EGTA treatment (Fig. 3.3 b, Fig. B.7 b). We concomitantly monitored
fluorescence anisotropy and observed a dramatic decrease following ionomycin treatment which
resolves to basal levels following EGTA perfusion. These cellular data are consistent with
reversible oligomerization of Cla — 10 nm SPASM -C2 in the presence of cytosolic free

calcium.

We performed similar cellular experiments monitoring steady-state mCit anisotropy of mCer-
PKCa-mCit. We observed that despite translocation occurring, ionomycin treatment alone did
not result in a change in steady-state anisotropy (Fig. 3.3 ¢, Fig. B.7). However, if the cells were
perfused with ionomycin and phorbol myristate acetate (PMA), anisotropy decreased
concomitant with translocation. This finding is in agreement with our in vitro results that homo-
FRET is only observed for full length PKCa if both free calcium and a liposome containing PS
and DAG is present, where PMA is used to mimic the effect of DAG on PKC in cells.

Catalytic activity is correlated with PKCa clustering

Finally, we assessed both catalytic activity and homo-FRET under different activation
conditions. The effects of lipid composition on PKCa steady-state catalytic activity are well
documented (33). Recent reports have demonstrated that PI(4,5)P, i.) is a potent activator of
PKCa in vitro (34), ii.) forms clusters in liposomes in the presence of free calcium (35) and, iii.)
induces clustering of PS if calcium and PKCa C2 domain are present (which binds both PS and
P1(4,5)P;) (21). The latter two observations suggest that P1(4,5)P, induce clustering of PKCa
independently of a C1a-C2 interaction. We confirm this by monitoring steady-state anisotropy of
the C2 domain alone as well as full-length PKCa with point mutations disrupting the PI1(4,5)P;
binding pocket (Fig. B.8). We observe homo-FRET from the C2 domain alone only when
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PI(4,5)P, is present, whereas homo-FRET is observed with full length PKCa even when
P1(4,5)P, is absent. We then compared the steady-state anisotropy and specific catalytic activities
for five activating conditions all in the presence of free calcium. We observed a negative
nonlinear correlation between the two outputs (Fig. 3.3 d). This result suggests that, independent

of how PKC is clustered, clustering promotes higher ensemble catalytic activity.
3.4 Discussion:

Unlike many AGC kinases, PKCa is constitutively ‘primed’ through phosphorylation of
regulatory sites in its C-tail. Hence, rather than its phosphorylation state, membrane localization
of PKC has been used to evaluate cellular activation. Spatial temporal localization alone does not
address how a diversity of regulatory inputs (calcium, diacylglycerol, phospholipids) influences
the functional state of PKCa. Here, we identify PKC self-assembly as a new dimension along
which to view PKC function. We find that different second messenger combinations that activate
PKC also modulate the extent of PKC self-assembly as measured by changes in steady-state
fluorescence anisotropy. Further, anisotropy of PKC is correlated with kinase specific activity,
suggesting that self-assembly can serve as a measure for the PKC activity state in cells.
Interestingly, the steps identified in PKCa self-assembly parallel the sequence of events leading
to PKC activation in cells. Specifically, (i) intra-cellular calcium binds to the C2 domain of
cPKC leading to its translocation to the plasma membrane, where (ii) the C1 and C2 domains
interact with phospholipids such as P1(4,5)P, and diacylglycerol to (iii) release an auto-inhibitory
interaction and activate the kinase. By comparison, we find that (i) calcium stimulates PKC self-
assembly through the C2 domain; (ii) the C1a-C2 interaction is necessary and sufficient for the
growth of PKC clusters; and (iii) greater self-assembly correlates with enhanced PKC activity. If
the PKC catalytic activity were only dependent on the conformation of PKC, we would not
expect it to change with time. Instead, we observe that PKC clusters grow with time in vitro (Fig.
B.3), suggesting that through self-assembly PKC satisfies the properties of a ‘supra-molecule’

that can integrate different signals by altering its assembly state (27).

Several lines of evidence in the literature suggest that the C2 domain is sufficient for self-
assembly. First, the C2 domain of PKCPII was observed forming a homo-dimer in the

asymmetric unit of a crystal structure (22). Most studies suggest that one or two Ca?* ions bind
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the C2 domain under physiological conditions, but a third Ca*" ion may bind at very high free
calcium concentrations. In this crystal structure it was the third Ca®* ion that directly bridged the
two C2 domains. However, mutagenesis of residues coordinating only the third Ca** ion (T250A
and T251A) had no effect on self-assembly in our experiments. Second, we found reports of C2
domains in 4 classes of proteins that appear to mediate oligomerization through different
mechanisms (23-26). However, no clustering of the PKCa C2 domain alone was observed in any
of our assays. Third, a previous study found clustering of phosphatidylserine (PS) on liposomes
containing PI(4,5)P; in the presence of both calcium and the PKCa C2 domain. Accordingly, we
did observe clustering of the C2 domain by homo-FRET in the presence of liposomes containing
P1(4,5)P,. However, given that C2 by itself does not form clusters in solution in the presence of
calcium, this phenomenon is restricted to lipid membranes with P1(4,5)P,. Nonetheless, our
measurements show that both the Cla and C2 domains together are minimally sufficient to form
clusters in the presence of calcium alone. Given that these domains respond to distinct stimuli
(Cla - PMAJ/diacylglycerol and C2 - calcium/PS/P1(4,5)P,) our findings suggest a mechanism
for regulation of PKC self-assembly by controlling the strength of this interaction (Fig. 3.2).
Accordingly, the PKC self-assembly state as measured by homo-FRET varies with different
combinations of C1 and C2 domain effectors, which in turn correlates with the specific activity
of the kinase. Hence, the involvement of multiple domains in self-assembly allows for a nuanced

regulation of the self-assembly state that is consistent with the multiplicity of PKC function.

The results of this study are consistent with the self-assembly of PKCa in live cells. We have
previously reported that an intra-molecular sensor (mCer-PKCa-mCit) showed increased hetero-
FRET upon activation with PMA or LPA in CHO cells (17). While our observations were
consistent with self-assembly of PKCa observed in activated recombinant protein, they did not
distinguish between the contributions of intra- and inter-molecular interactions. In a separate
study hetero-FRET was observed between CFP-PKCBII-CFP and YFP-PKCPBII-YFP following
phorbol ester treatment of MDCK cells (36). These measurements are subject to the relative
stoichiometry of expression of the donor and acceptor fusions. Here, homo-FRET of a single
fluorophore (mCit of mCer-PKCa-mCit) provides an orthogonal measure of selective PKCa
self-assembly in live cells. Treatment of cells with a combination of ionomycin and PMA, but

not ionomycin alone, resulted in a significant decrease in steady-state anisotropy in live cells
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(Fig. 3.3 and Fig. B.7). These results suggest interactions between PKCa and phospholipids

introduce additional regulatory mechanisms in cells.

Self-assembly of PKCa, both in vitro and in live cells provides a novel context in which to
interpret the crowding of PKCa-GFP fusions following activation (11). At least three separate
studies reported clustering of PKCa in response to different stimuli. First, physiological and
synthetic agonists of cytosolic calcium lead to the non-homogeneous subcellular distribution of
PKCa in vascular smooth muscle cells (VSMC) (12). The size, morphology, distribution and
other characteristics of PKCa localization were dependent on the mechanism by which cytosolic
calcium was induced. Second, it was observed that Madin-Darby canine kidney (MDCK) cells
expressing PKCa C2 domain treated with ionomycin formed both apical and basolateral punctae
that was dependent on the ability to bind P1(4,5)P, (13). Third, Reither et al. found that PKCa.-
GFP accumulated at distinct focal points, which were termed local translocation events, in COS1
cells stimulated with ATP (11). These focal accumulations were surprisingly spatially restricted
and were attributed to the binding of PKC to an unidentified biomolecule that limited lateral
diffusion. The diversity of spatio-temporal localizations observed in these studies are consistent
with our findings that PKCao self-assembly is a dynamic process that is sensitive to the
combination of effectors (calcium, DAG, and PI1(4,5)P,) present in cells. Lastly, the correlation
between the extent of self-assembly and kinase activity suggests that these focal accumulations
parallel the activation of kinase functions in cells. Future studies must address how both of these

emergent properties of PKC dictate function in different multi-protein signaling networks.
3.5 Conclusions:

The present chapter is aimed to address if PKCa oligomerization, as observed in Chapter 2, is
regulated by domain-domain interactions. First, we conclude PKCa is sufficient to reversibly
self-assemble in vivo in the presence of calcium. Rather than a precisely defined homo-
oligomerization, we observe a nonhomogeneous clustering which drives towards larger
assemblies over time. Next we conclude that the Cla and C2 domains are minimally sufficient to
self-assemble. Using SPASM, we provide evidence that the intramolecular interaction between
these two domains is critical in nucleating self-assemblies in the presence of calcium. Finally, we

conclude that self-assembly of full length PKCa in cells and on lipid bilayers may have
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additional regulatory mechanisms not fully elucidated in this study as homo-FRET could only

observe self-assembly when both calcium and a DAG mimetic were exposed to cells. However,

we observe a positive correlation between self-assembly on bilayers and kinase activity.
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Chapter 4: Autoinhibition interaction in PKCa increases size of calcium

stimulated self-assemblies through ring opening polymerization

4.1 Introduction:

The fields of materials sciences and supramolecular chemistry often cite natural and biological
systems as sources of inspiration for new polymer designs (1-3). The ability of proteins and other
biomolecules to assemble and organize is a hallmark of biological systems, and facilitates
emergent properties and structures (4). In the past decade, many new examples of self-
assembling proteins have been reported by biologists but in many cases the biological relevance
is not well understood (5-9). In such cases, an understanding of the design principles of
molecular self-assembly, as is often considered by engineers and chemists attempting to develop
novel supramolecular schemes for specific functions, may inform on potential biological
functions (10, 11).

The human protein kinase C (PKC) is one example of a biologically important protein that has
recently been reported to self-assemble during certain biological situations yet the biological
significance of self-assembly is not clearly resolved (12-14). The biological role of PKC has
been described as a ‘molecular processor’ of cellular information. PKC functions through a
combination of phosphorylating, allosterically activating and scaffolding specific proteins (15-
18). PKC regulates cellular functions ranging from maintaining homeostasis, to proliferation and
cytoskeletal rearrangement, and its dysregulation is implicated in several chronic diseases
including diabetes, Alzheimer’s Disease, various cancers and heart failure (19-22). PKC is a
family of multi-domain signal transduction proteins that phosphorylate Ser/Thr residues
following binding to the secondary messengers cytosolic Ca** and diacylglycerol (DAG). The
structure of classically studied PKC isoforms can be broken down into four independently

functioning domains linked by unstructured peptide linkers; the Cla domain which binds to
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DAG, the C1b domain which binds to phorbal esters (PMA), the C2 domain which sequentially
binds to Ca®*, phosphatidyl serine (PS) and phosphoinositile bis(4,5)phosphate (P1(,4,5)P-), and
the enzymatic kinase domain responsible for catalyzing phosphorylation reactions (23). Together
these domains self-interact to tightly regulate phosphorylation activity both temporally and

spatially within cellular systems (24).

In Chapter 2 and 3 we provide evidence that activating conditions, including calcium, stimulate
the far from equilibrium self-assembly of PKC in vitro (12-14). While PKC is primarily
anticipated to function through its kinase activity, only the regulatory domains and in particular
the Cla and C2 domains are required for self-assembly (12). Despite the kinase domain not
being necessary for self-assembly and self-assembly not being necessary for enzymatic activity,
the two properties are correlated across a range of biological conditions (12, 13). Critically, it has
been recently reported that commonly employed approaches to study PKC function in cellular
and physiological contexts including kinase inhibitors and kinase dead mutations influence both
kinase activity, kinase phosphorylation and self-assembly of PKC (14, 25). Independent of the
self-assembly literature, it has recently been postulated that PKC functions as a scaffold in the
assembly of multiple cellular signaling complexes including focal adhesions and cell-cell
junctions (16), and examples have emerged where only elements of the PKC regulatory domains
(and not the kinase domain) have been demonstrated to be sufficient to rescue various cellular
phenotypes (26-29). Collectively, these reports suggest fundamental molecular properties of
PKC need to be re-examined and re-evaluated in order to understand its physiological and

pathophysiological functions.

We anticipate that knowledge of domain-domain interactions within PKC is the critical missing
component in understanding its molecular and biological functions. While several intramolecular
domain-domain interactions are anticipated to regulate PKC function, it has remained
challenging to obtain direct evidence. Recently, the first crystal structure of a PKC isoform
containing both regulatory domains and kinase domain was reported (30). Interestingly, the only
intramolecular interaction observed in the structure between C1b and kinase domains was never
anticipated from previous biochemical studies yet the authors subsequently demonstrated a

functional relevance of the interaction (30).
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In this study we consider how the combination of intramolecular interaction between regulatory
domains and the kinase domain (Chapter 2) combined with the intermolecular assembly of Cla
and C2 domains (Chapter 3) may lead to non-linear properties in PKC self-assembly. Non-
covalent macrocyclization, or ring opening polymerization (R.O.P.), describes the process of
oligomerization arising from a single molecule that contains two components which can cyclize
and interact with each other, in the case of PKC this is the interaction between regulatory
domains and kinase domains. At equilibrium the partitioning between different oligomeric states
through R.O.P. assuming no steric constraints can be described by the following model from
Ercolani et al (31):

_ [AB]
(1) Kinter - [Al[B]
__ [cyclic]
(2) Kintra - [aCyCliC]
) [Mq]o = MZﬁili'g/zxi +— Zfozlixi
Kinter Kinter

Where [M,], is the starting molar concentration of monomer, i is the polymeric state, x is the
fraction of reacted end groups defined as x! = [M;]Kite,r and this model does not account for

any steric strain differentiating intra or inter interactions.

Bastings et al quantitatively assessed this equilibrium model of macrocylization using a protein
based system (32). In this study they used flexible ethylene glycol linkers of different lengths to
separate two peptides, S-peptide and S-protein which interact non-covalently, and assessed the
degree of polymerization while varying initial sample concentration. They observed that the
thermodynamic model well described oligomerization arising from changes in concentration as
well as changes in the K;,;-,term with altered linker lengths. They noted that oligomers larger
than 4-mers were not observed and speculated that constraints in protein solubility limits the

ability of linear polymers to form from such a design scheme.

For PKC we will consider the interaction between the regulatory domains and the kinase domain
as a R.O.P. In combination with R.O.P. a secondary intermolecular interaction occurs
interdependently, the clustering of Cla — C2 domains in the presence of calcium (12)(Chapter
3). We hypothesize that the combination of these two intermolecular interaction mechanisms

constitute an unexamined supramolecular design scheme that will lead to unanticipated
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properties of PKC. In this work we will test the contribution of R.O.P. to calcium stimulated self-
assembly of PKC.

4.2 Materials and methods:

Materials: The protein constructs and expression and purification methods are all as previously
reported (14). All PKC constructs were cloned from full length human cDNA (Open Biosystems)
into pBiex1 (Novagen). SPASM genetic cassettes (ER/K linkers plus mCitrine and mCerulean
fluorescent proteins) (33) were spliced in between residues 335 and 336. The wild type PKC
used in these experiments contains an N-terminal mCerulean and a C-terminal mCitrine. All
PKC constructs contain a C-terminal Flag tag. The pBiex1 containing appropriate construct was
transiently transfected (Escort IV; Sigma) into Sf9 cultures (Sf900-11 media; Invitrogen). Sf9
cells were hypotonically lysed 72 hours post transfection, and batch purified using anti-FLAG
M2 affinity resin (Sigma), and eluted with Flag peptide (Sigma). Protein was buffer exchanged
into 20 mM HEPES, 0.5 mM EGTA, 5mM MgCl,, 2mM DTT, pH 7.5 (Zeba Spin Desalting
columns; Pierce). Prior to experiments protein was centrifuged at ~220,000 xg for 10 min to
remove insoluble protein, and mCitrine fluorescence was measured (FluoroMax-4; Horiba)
against a standard curve to obtain protein concentration. Experiments were performed within 4

days of protein expression. Unless otherwise stated all reagents were obtained from Sigma.

Kinase activity: Kinase activity was assessed as previously described (14). The indicated protein
was split into two stocks and treated with .01 mg/ml BSA or 0.01 mg/ml TEV protease on ice
overnight. The PKC protein was diluted to 20 nM in a HEPES buffer with BSA (20 mM HEPES,
0.5 mM EGTA, 5mM MgCl,, 2mM DTT, 0.1 mg/ml BSA, pH 7.5) and myelin-binding protein
peptide residues 4 - 14 (MBP pep, Santa Cruz Biotechnology, Inc) and ATP at a final
concentration of 40 uM. The TEV treated sample (used to obtain maximal kinase activity)
additionally contained 300 uM free calcium and 4 uM PMA. All reactions were performed for 2
min at room temperature before being quenched, and total ATP concentration quantified using
the Kinase-Glo Max Luminescence assay kit (Promega) in 96 well plates (Thermo Scientific) on
a Synergy HT (Biotek).

R.O.P. model: A custom MATLAB solver was built to solve for the molar concentration for the

first 5 polymeric states (M; for i = 1 — 5) as a function of K;,;,, values according to Eqg. 1. A
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Kinter Value of 200 nM was used in all cases. The reported value “fraction of A — B interactions

5
. , o, M;
intermolecular’ was calculated as %

i=1Mi

Fluorescence microscopy: These experiments were performed as previously described (Chapter
3). All experiments contained 200 nM of PKCa protein incubated at 25° C in HEPES buffer with
BSA (20 mM HEPES, 0.5 mM EGTA, 5 mM MgCl,, 2 mM DTT, 0.1 mg/ml BSA, pH 7.5) with
or with a final free calcium concentration to 300 uM. Samples were incubated for 10 min before
imaging. Each sample was gently sandwiched between an ethanol cleaned slide and coverslip
and sealed by VALAP (vasoline/lanolin/paraffin). Slides were imaged on a Nikon TiE equipped
with a mercury arc lamp, a yellow GFP filter cube (Nikon; 500/20 nm excitation, 515 nm LP,
535/30 nm emission), perfect focus system (Nikon), a 100X 1.4 NA Plan-Apo oil-immersion
objective (Nikon), Evolve EMCCD camera (Photometrics), and the Nikon NIS-elements
software. Image planes were focused on the coverslip surface and ND filters and exposure time
were adjusted to avoid saturation before being fixed for all slides in the matched experiment.
Stage translation was performed with the shutter in to avoid field of view bias and images were
taken at 5 — 15 locations per slide. For the TEV experiment mCerulean and mCit were monitored
using a dual view module (Photometrics; 505 nm beam splitter, D480/30 nm and 535/40nm) and
two images were sequentially taken with mCerulean excitation (custom filter cube 436/20 nm
excitation, 455 nm LP) followed by mCitrine excitation (GFP cube). Only the mCerulean
excitation — mCerulean emission and mCitrine excitation — mCitrine emission channels were
analyzed. The protein sample was incubated with TEV protease 10 min prior to the protein being
aliquoted into the final imaging conditions. Spot identification was performed using custom
MATLAB code as previously described (Chapter 3).

Dynamic Light Scattering: DLS data was collected on a DynaPro NanoStar (Wyatt Technology)
at 25° C. Protein (1 uM) was in HEPES buffer (20 mM HEPES, 0.5 mM EGTA, 5 mM MgCl,, 2
mM DTT, pH 7.5). Sequentially the buffer was brought to a final concentration of 800 uM CacCl,
and 1 mM EGTA using concentrated stocks at 2.5% of the final volume with 5 min incubations
between measurments. Each autocorrelation is the mean of 10 repetitive readings of 10s each. A
regularization fit was performed using the Wyatt Technology software platform (Dynamics

V7.1.7) utilizing the isotropic spheres model. The particle mass was normalized by the mean of
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the initial EGTA buffered condition (assumed as a monomer). Autocorrelation data were least
squares fit to a single exponential decay function (GraphPad) to obtain t values. For the TEV
treatment experiment, a final concentration of 100 nM TEV protease, or 100 nM BSA (control)
was added to the sample 5 minutes prior to the EGTA measurement.

4.3 Results:

The aim of this paper is to assess if R.O.P. between the PKC regulatory domains and kinase
domain contributes to self-assembly of PKC in the presence of calcium (Fig. 4.1 a). To address
this question we chose a strategy whereby the structure of PKC would be modified to perturb the
Kintrq parameter, and the self-assembly of the modified PKC protein would be monitored (Fig.
4.1 b). We can then compare the experimental results with an established theoretical model of
R.O.P. (Eq. 4.1).

Modified PKC protein containing ER/K o helical linkers genetically inserted between the
regulatory domains and kinase domain were used to specifically perturb K;,,;»4. FOr convenience
and to adhere to the generality of Eq. 4.1-3, the regulatory domains will be referred to as A and
the kinase domain will be referred to as B in the study (Fig. 4.1 c). These constructs have been
previously reported to perturb the intramolecular interaction using intramolecular FRET (14).
Here we used kinase catalytic activity to obtain approximate values of K;,;., by monitoring the
functional autoinhibition of kinase activity by the intramolecular interaction between the kinase

and regulatory domains if [PKC] << Kjpter-

[cyclic] [bound] _ [kinase inactive]

(4) Kintra = =

[acyclic] [unbound] = [kinase active]

Under basal (EGTA buffered) or free calcium conditions in the absence of liposomes and the
presence of phosphorylation substrate and ATP, the ATP consumption by the three linker
constructs was monitored at a fixed time point as a readout of kinase activity. In parallel, the
ATP consumption was monitored in a matched condition in which the protein was site-
specifically proteolyzed by TEV protease and liposomes were included to sequester the
regulatory domains. The TEV proteolyzed condition served as a normalization factor, or 100%
kinase activity, and the non-proteolyzed protein was used to assess the equilibrium between

active and inactive states (Fig. 4.1 d). We previously reported similar findings for the 10 nm and
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30 nm proteins (14). We calculated K;,;,, values of 9.47 £ 2.39 (10 nm), 4.08 = 0.49 (20 nm)
and 3.24 + 0.08 (30 nm) (mean and standard error) (Fig. 4.1 e). We measured kinase activity at
low (20 nM) concentrations of PKC where [PKC] << Kj;er SO We could make the
approximation of two states (cyclic and acyclic). We did not observe an effect on the kinase

activity if calcium was present or absent indicative that the K;,,;., term is independent of calcium

(not shown).
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Figure 4.1. ER/K linkers can perturb intramolecular interaction between PKCa regulatory and kinase domains. (a) A
generalized schematic of PKC structure and three interactions that are considered in this study. Regulatory domains comprised of
the pseudosubstrate, Cla, C1b, C2 domains and the unstructured linkers between the domains are referred to as A, and the kinase
domain is referred to as B. (b) A schematic of the equilibrium between a monomeric and dimeric molecule mediated through ring
opening polymerization (R.O.P.). The experimental scheme in this report is to perturb the K;,., term and observe the changes in
oligomerization/self-assembly of PKC. In gray, two previously identified functional attributes of PKC in the two states are
highlighted. (c) To perturb the Kj, i, equilibrium term, ER/K a helical linkers of three lengths (10 nm, 20 nm and 30nm - end to
end distance in when fully a helical) were genetically inserted between A and B in PKC. (d) The in vitro kinase activity of the
three ER/K linked proteins when buffered with EGTA, normalized to the maximum kinase activity when the kinase domain is
isolated and measured in matched conditions. Shown is the mean and SEM of 4 independent measurements. (e) The same kinase
data in d is plotted as K- values.
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We next simulated the fraction of PKC molecules with an intermolecular A — B interaction
according to the R.O.P. model as a function of K;,;., at several different PKC concentrations
and a fixed K;,s., value (200 nM). We find that at all concentrations, lower K;,+-, values result
in an increased fraction of intermolecular interactions (Fig. 4.2 a). We plotted the three
empirically derived K;,;., vValues from Fig. 1b onto the results as well as an approximation of
Kintrq Tor wild-type PKC (based on ~1% kinase activity of basal PKC compared to the maximal
recorded activity). At a fixed concentration of PKC (1 uM) the predicted fold change in
intermolecular A — B interactions from wild-type to the 10 nm, 20 nm and 30 nm constructs is 15,
24 and 27 respectively. Finally, we assessed self-assembly of wild-type and the 3 mutant PKC
constructs. We previously developed several methodologies to characterize PKCa self-assembly
in the presence of calcium including by single particle punctae formation on glass coverslips and
by dynamic light scattering (DLS). Neither of these methodologies is particularly well-suited to
study monomer-dimer transitions, instead they are best utilized to report on large changes in
particle size. No large-scale self-assembled PKC was observed in the absence of calcium for any
of the PKC protein by the fluorescent punctae assay (Fig. 4.2 b). However, following a 5 min
incubation with free calcium, large PKC punctae can be observed. Qualitatively, the PKC
punctae increase in size as the linker lengths increase. Analysis of particle size by DLS is
consistent with this finding (Fig. 4.2 c). In otherwise matched conditions, linker lengths of 10
nm, 20 nm and 30 nm increase the mean ensemble particle mass in solution with calcium 9-fold,
14-fold and 19-fold compared to wild-type PKC (Fig. 4.2 d). WT PKC ensemble mass increases
13.1 + 2.2 fold following calcium incubation compared with 113.5 £ 2.4 (10 nm), 179.4 £ 6.5
(20 nm) and 248.4 + 9.4 (30 nm) (mean and SEM of N = 10). In each case, the particle mass is
partially reduced following a 5 min incubation with excess EGTA, suggestive of the reversibility
of the self-assembly. The relative increase in the particle size appears to scale consistent with the
prediction of the degree in which R.O.P. accounts for intermolecular interactions. Discrepancies
between the measured and predicted change in mass contributed by R.O.P. likely arise through
error in estimates of Kj,:q and K;,:., values, as well as steric effects which are not accounted
for in our model. Further it is noted that DLS is an ensemble measurement of all light scattering
particles in solution, such that any contaminating protein or peptide will decrease the apparent

change in mass, and any aggregated protein (through independent mechanisms) will have the
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opposite effect. Together, these results suggest that R.O.P. directly regulates the size or degree of
PKC self-assembly in the presence of calcium.
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Figure 4.2. Decreased intramolecular interactions between PKC regulatory and kinase domains facilitate enlargement of
calcium stimulated self-assemblies consistent with ring opening polymerization. (a) Predicted fraction of intermolecular
interactions between PKC mediated by R.O.P. as a function of K;,., for various concentrations. The vertical dashed lines
represent the empirically defined K, values for the three ER/K linked PKC protein, as well as an estimate for the wild-type
Kintra i Which basal kinase activity is ~1% of the maximally achievable kinase activity. At 1 uM of PKC, R.O.P. predicts that
1.8% of PKC molecules will be engaged in intermolecular interactions through R.O.P. compared to 28%, 44% and 49% for the
10 nm, 20 nm and 30 nm PKC protein respectively. R.O.P. predicts most of the intermolecular species are dimeric. (b)
Fluorescence distribution of the indicated PKC protein deposited on a glass coverslip (200 nM), before or after a 5 min
incubation with free calcium (300 pM). Shown are representative images with matched imaging conditions. (c) Intensity
autocorrelation of dynamic light scattering (DLS) of 1 uM of the indicated PKC protein before or after a 5 min incubation with
free calcium (300 pM). Shown is the mean of 10, 10 s acquisitions. (d) Quantification of DLS data shown in c, in which the
degree of particle size changes sequentially as free calcium is introduced and finally 5 min after excess EGTA is added to the
sample. The three lines are comparing the fold increase in particle mass size between WT PKC and the three ER/K PKC
molecules in the presence of calcium.
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A physiological mechanism of PKC regulation entails the proteolysis of the linker between the
regulatory domains and the kinase domain by calpain | and Il (34). Such a proteolysis event
would be expected to completely remove the R.O.P. contribution towards self-assembly. We
wanted to experimentally address this possibility. The three PKC constructs containing ER/K
helices contain a tobacco etch virus (TEV) site specific proteolysis sequence within the linker
region with a mCerulean fluorescent protein on the N-terminal side and a mCitrine fluorescent
protein on the C-terminal side. The protein was briefly incubated with either BSA or TEV
protease followed by an incubation with free calcium before being deposited on a glass coverslip
and sandwiched on a glass slide. Representative images of both treatments of the protein are
shown in the corresponding mCitrine (B - kinase domain) and mCerulean (A - regulatory
domains) fluorescent channels (Fig. 4.3 b). Without TEV treatment large punctae colocalized in
both fluorescent channels, whereas the sample incubated with TEV only formed punctae in the
regulatory domain channel. This experiment indicates that the kinase domain itself does not self-
assemble in a calcium induced manner like the regulatory domains. Consistent with our
prediction, proteolysis of the covalent linkage between A and B (and disruption of R.O.P.) results
in strikingly stunted PKC assemblies. When quantified, the intensity of TEV treated punctae
where approximately 1/3 of the intact sample, but the total number of punctae was approximately
3-fold greater (Fig. 4.3 b right). This finding is consistent with results obtained from DLS. The
PKC protein with 20 nm linker was assessed with and without TEV protease treatment. The TEV
treated sample had a shift in intensity autocorrelation specifically resulting from calcium,
although the shift was substantially attenuated compared to the non-TEV treated control (Fig. 4.3
). When quantified in terms of particle mass, the ensemble mass increases 2-fold versus 48-fold
upon calcium addition for the TEV treated and control sample respectively (Fig. 4.3d). TEV
treatment of all three ER/K linked constructs resulted in a significant, but modest ~2-fold
increase in particle mass following calcium treatment. In contrast, the wild-type PKC which
lacks a TEV protease site increased 7 fold under matched conditions. This result supports our
conclusion that R.O.P. facilitates an enhanced degree of self-assembly in the presence of calcium
than the oligomerization of the regulatory domains alone. If we compare the TEV treated ER / K
constructs versus the WT condition we anticipate that R.O.P. contributes to ~2 fold increase in

particle size after a 5 min calcium incubation at 1 uM PKC concentration.
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Figure 4.3. Disruption of ring opening polymerization through proteolysis of the covalent linkage between the regulatory
and kinase domains substantially attenuates calcium induced self-assembly of PKC. (a) Proteolysis of the covalent linkage
between A and B inhibits R.O.P. (b) Representative fluorescence distribution of 30 nm PKC treated or not treated with a site-
specific TEV protease deposited on a glass coverslip (mCerulean linked to A; mCitrine linked to B) following a 5 min incubation
with free calcium. Quantification of 4 fields of view in the A channel on the right, shown is mean and SEM. (c) Normalized
intensity autocorrelation of 20 nm PKC treated (dashed) or not treated (solid) with TEV protease before and after a 5 min
incubation with free calcium. Shown is the mean of 10 acquisitions. (d) Quantification of relative particle mass from DLS
experiments of TEV treated PKC samples sequentially treated with free calcium and excess EGTA. The WT PKC does not
contain a TEV protease site and is still capable of R.O.P. Box and whisker represent the min, max, 25, 75 and median of 10
measurements and **** indicates a P value < 0.001 by a students unpaired t-test.

4.4 Discussion:

Here we propose a model and provide evidence that PKC can self-assemble in part through
R.O.P. mediated by the non-covalent interaction between PKC regulatory domains and kinase
domain. We introduced genetic ER/K linkers between the regulatory domains and kinase domain
and observed that longer linkers perturbed the K;,:., parameter between the regulatory and
kinase domains (Fig. 4.1). We next observed that PKC with lowered K, ;. values systematically
increased the size of PKC self-assembly in the presence of calcium in a manner consistent with
R.O.P. (Fig. 4.2). Last, we observed that when the covalent interaction between the regulatory
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and kinase domains are proteolyzed, the size of calcium stimulated PKC self-assemblies is
dramatically attenuated (Fig. 4.3). Together this data supports a model in which two
interdependent process result in PKC self-assembly; 1) calcium stimulated oligomerization of the
PKC regulatory domains and ii) R.O.P. between the regulatory and kinase domain (Fig. 4.4).

monomer - dimer
valency - 2

nmer -2 n mer

valency-2n

Figure 4.4. Combination of two interdependent self-assembly mechanisms impart new properties on self-assembling PKC.
(top) A schematic of R.O.P. between a monomer and dimer. (Bottom) A schematic of R.O.P. in which A is an n mer (in this
illustration a 4 mer). Two key parameters change between the two schematics, the total mass linked by an R.O.P. interaction
increases by n-fold, and the valency increases by a factor of n, both of which are anticipated to contribute to the growth in size of
PKC self-assemblies.

The biological significance of this work remains unclear at this point, however, the mechanism
reported here may be useful in evaluating a large number of biomolecules. Many examples of
auto-inhibition in signaling proteins have been reported, for example Cam Kinase Il (35, 36),
however to our knowledge the phenomenon of R.O.P. has never been evaluated in signal
transduction proteins. An intriguing aspect of R.O.P. is the sharp dependence on concentration.
The anticipated cellular concentration of PKCa (across an entire cell volume) ranges from 1 -
300 nM (37, 38), a concentration range where R.O.P. may be coarsly regulated. During signaling
events PKC can be sharply enriched by several orders of magnitude in certain subcellular

locations through binding of specific phospholipids and or scaffolding proteins. This can be
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observed by patchy or clustered distributions of PKC at locations like cell-cell junctions,
signaling complexes, stress granules or cavaeoli (16, 29, 39-41). PKC localization may
selectively result in high local concentrations which may drive R.O.P. Many other signaling
proteins with autoinhibition interactions are likewise enriched in specific subcellular locations
which may facilitate R.O.P. (42, 43).

PKC may provide clues to how biology has evolved molecular processing capacities like
memory formation. Key aspects of this PKC self-assembly design may be in understanding the
rate of association versus dissociation. It appears likely that dissociation of PKC self-assemblies
may be slowed by R.O.P. (44) which may facilitate a point of asymmetry in which PKC self-
assemblies persist longer than calcium spikes — such a property could facilitate the gradual
accumulation, or integration, of PKC into self-assembled clusters. It is intriguing to speculate
that in chronic diseases like Alzheimer’s (AD) where calcium dysregulation and the chronic re-
localization of PKC within cells are observed in early stages, self-assembly of PKC may play a
direct role (20, 45). An interesting consideration is the role of calpain proteases, which are
dysregulated in neurodegenerative processes like AD (46). The proteolysis of PKC by calpains
generates PKM (the free proteolyzed PKC kinase domain), but it may have other consequences
in the disruption of self-assembled PKC linked through R.O.P. In studies of long term
potentiation (LTP) it has been demonstrated that a peptide inhibitor termed ZIP can erase
memories (47). The ZIP peptide is derived from an autoinhibitory peptide in PKCzeta, and was
anticipated to block PKMzeta kinase activity by directly binding the kinase domain. However,
the ZIP peptide effect on LTP was found to be independent of PKMzeta and it is thought that at
concentrations used to elicit the LTP effect other kinases including Cam Kinase or other
isoforms of PKC may be the target (48-50). In light of the present findings of R.O.P. in self-
assembly of PKCa we can hypothesize the ZIP peptide acts as the A peptide and an excess of A
can compete with the cyclization of A — B. It is of great interest to further understand the physical
and information properties of self-assembling molecules as well as to understand information
processing in biology. Better communication between engineering and chemistry fields and
biologists may be the key factor in the design of life changing materials and identification of

sophisticated therapeutic strategies.
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4.5 Conclusions:

In this chapter we explored the contributions of R.O.P. mediated by the interaction between

PKCa kinase and regulatory domains. We conclude that the size of calcium stimulated self-

assemblies are regulated in part by R.O.P. By incorporating the SPASM methodology we were

able to increase the size of PKC self-assembled particles by -9 -14 and -19 fold compared to

wild-type PKC in modest agreement with the anticipated fraction of PKC dimerized through

R.O.P. If the R.O.P. mechanism is disrupted, PKC self-assembled particle sizes were -3.5 fold

smaller than wild-type.
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Chapter 5: Protein kinase C o nucleotide-bound state regulates quaternary

structure

This chapter has been adapted from the following publication:

Swanson, C.J., Udayasuryan, B., Sivaramakrishnan, S. (2016) Protein kinase C a nucleotide
bound state regulates quaternary structure, in preparation.

5.1 Introduction:

Nearly all classes of NTPases found in biology functionally utilize the distinct nucleotide
dependent conformational states inherently adopted in the NTPase catalytic cycle to modulate
non-substrate molecular interactions (1). For example, molecular motors including myosin
convert ATPase activity into processive unidirectional motility by exploiting the differential
affinity of nucleotide states for the protein actin (2). Actin itself has differential propensity to
self-assemble or assemble with other cytoskeletal proteins dependent on nucleotide state
(3). Studies of naturally occurring, catalytically dead pseudo-kinases have clearly resolved
nucleotide dependent allosteric functions (4) suggesting that kinase domains are likely capable of
functioning with similar mechanisms (5). How nucleotide dependent conformational states
contribute to protein kinase function is still poorly understood. It remains challenging to
differentiate allosteric and enzymatic functions of kinases and a need exists for novel

experimental techniques, like those available to other ATPases including molecular motors.

Protein kinase C is an important subfamily of AGC kinases involved in many cellular
processes including growth factor pathways (6). PKCa is the most studied isoform and is
hypothesized to function in regulating the assembly of signaling complexes that arise at cell-cell
and cell-ECM junctions (7). We and others have reported the homo-oligomerization of PKCa in
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response to effectors (8-10). It is reported that a key oligomerization interface involves the
kinase domain and that a nucleotide-competitive inhibitor stabilizes oligomerization and
modulates PKCa spatial-temporal function following agonist activation of cells (8).
Additionally, a single point mutation in the kinase domain (T638A) that confers constitutive
oligomerization of PKCa under in vitro basal conditions was reported (8). Together these
findings lead us to hypothesize that nucleotide induced conformational changes in the PKCa

kinase domain allosterically modulate homo-oligomerization.

This report is focused on a subset of the nucleotide states adopted in the catalytic cycle of
a protein kinase; adenosine triphosphate bound (ATP), adenosine diphosphate bound (ADP), and
nucleotide free. In each case, we used a saturating concentration of nucleotide (100 puM), and the
buffer contains physiological concentrations of MgCl,. We also tested an inhibited state in which
the nucleotide competitive PKC inhibitor bisindolylmaleimide 1 (Biml) is incubated at saturating
concentrations (10 uM) (11) (Fig 5.1 a). The scope of our experimental methodologies is to
examine the molecular effects of nucleotide binding on the quaternary structure of PKC. Several
studies have previously explored the structural effects of nucleotide binding on the conformation
of the catalytic domain of PKC and other kinases and we refer readers to the following (12-14).

5.2 Materials and methods:

Materials: Unless otherwise stated, all materials were purchased from Sigma-Aldrich.
Bisindolylmaleimide I (Biml) was purchased from CalBiochem. MANT- ADP was purchased
from Invitrogen. Phorbol-12-myristate-13-acetate (PMA) was purchased from CalBiochem and
solubilized in DMSO. Bismaleimidohexane (BMH) was purchased from Pierce and solubilized
in DMSO immediately prior to cross-linking experiment. Liposomes were prepared from brain
polar lipid extract (Avanti) mixed with 2% w/w DAG (1,2-dihexadecanoyl-sn-glycerol; Avanti).
The lipid components were stored in chloroform and within 48 hours of experiments the
components were mixed and dried under nitrogen, stored under vacuum for 18 hours before
being hydrated in assay buffer (see below) for 1 hour at 37 °C. The suspension was freeze
thawed 3 times in liquid nitrogen then hot water, and extruded (Avanti) using 0.2 um Nuclepore
Track-Etch Membrane (Whatman).
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Constructs: All PKC constructs were cloned from full-length human cDNA of PKCa (Open
Biosystems) using PCR into unique restriction sites in pBiex1 (Novagen), or pcDNA/FRT
(Invitrogen) plasmid vectors. All constructs contain a c-terminal FLAG tag. (Gly-Ser-Gly),4

linkers separate fluorophores from PKC domains and were previously reported (8).

Expression and purification: Sf9 expression and purification was performed as previously
described (8). Briefly, Sf9 cells in suspension were transiently transfected with desired DNA
constructs using Escort 1V transfection reagent (Sigma-Aldrich) and harvested 72 h later. Protein
was batch purified with anti-FLAG M2 Affinity gel (Sigma-Aldrich), and buffer-exchanged
using Zeba Spin Desalting columns (Pierce) into the working buffer (20 mM HEPES, 0.5 mM
EGTA, 5 mM MgCl,, 2 mM DTT brought to pH 7.5 with KOH). Protein was further diluted into
this working buffer plus 0.1 mg/ml BSA for all experiments unless otherwise described. Protien
concentration was quantified using A280 (NanoDrop 2000, Thermo Scientific) and calculated
extinction coefficient (ExPasy), or mCitrine fluorescence fit to a standard curve (FluoroMax-4,
Horiba Scientific) prior to each experiment. Protein batches were made fresh and experiments

performed within 72 hours of Sf9 cell harvesting.

Spectroscopy measurements: Spectroscopy measurements taken on a Horiba Fluoromax 4 are as
previously reported (8). Protein sensors were incubated at room temperature for 30 min with
saturating concentrations of nucleotides (100 uM ATP or ADP or 10 uM Biml). Protein
concentration for the bimolecular FRET experiment is 40 nM FRET donor mixed with 120 nM
FRET acceptor. MANT-ADP binding experiments were performed as previously described (8).

All statistics were performed using Prism (GraphPad).

Cross-linking:  Cys-Cys cross linking was performed as previously reported using
bismaleimidohexane (BMH; Pierce) (8). The working buffer containing 200 nM PKCa-FLAG,
500 UM free Ca**, 80 pg of PS rich brain polar lipid extract + 2% w/w DAG (Avanti), and 100
UM ATP or ADP or 10 pM Biml was incubated for 5 min at 22°C before 5 pM of BMH in
DMSO was added and vigorously mixed by pipetting. The BMH crosslinking occurred for 2 min
before quenching with a gel loading dye to a final concentration of 4 mM DTT and the sample
was placed on ice until run on a 10% SDS-PAGE for 1.5 hours at 200v. The gel was stained with
coomassie brilliant blue and imaged ChemiDoc-it imaging system (UVP).
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Differential sedimentation: Performed as previously described (8). Experimental conditions are
matched with those used in spectroscopy measurements, with one difference, 160 nM of PKC -
mCit is used (instead of 40 nM mCer — PKC + 120 nM PKC — mCit).

FRET kinetic measurements: Kinetic measurements were obtained on the FlexStation
3Microplate Reader (Molecular Devices). Using flex kinetic mode and monitoring two
fluorescent channels (430 nm excitation 475 nm emission; 430 nm excitation 525 nm emission)
and using the inline automated injection function. All experiments used 40 nM of mCer- PKC +
120 nM PKC - mCit, and liposomes were prepared as described for other experiments. In all
cases after injection of CaCl, the free calcium concentration in solution is 333 uM, nucleotides
were injected to a final concentration of 100 uM, PS48 and PS47 to a final concentration of 200
uM, Biml to a final concentration of 10 pM, and EGTA to a final concentration of 833 uM.
Buffer blanks were used to match any dilution effects (10 pl / injection; starting volume of 50
ul). Reported values are the raw ratio of mCit / mCer fluorescence at matched time points.
Normalization as in Fig. 5.3b and 5d entailed subtraction of the raw ratio of the —calcium control
and normalized to a time point 2 seconds before the second injection. In every case, the
presented values are the mean of 3 independent experiments. All data fitting, either single or
double exponential functions, were performed in Prism (Graphpad) using non-weighted least
squares and constraints to injection times, plateaus and yo, where appropriate (ie normalized
data).

Immunoblotting: Immunoblotting was performed as previously described (8). Recombinant
protein samples were separated on 10% polyacrylamide/SDS gels before being transferred to
PVDF membrane for 3 h at 300 mA. Blots were blocked with 2% BSA/TBS + 0.1% Tween
(TBST) for 1 h at room temperature. Primary PKCo antibody (sc-8393, Santa Cruz
Biotechnology, 1:10,000) was added and incubated overnight at 4° C. Blots were washed with
TBST and incubated for 1 h with secondary (goat anti-Rabbit; Jackson ImmunoResearch
Laboratories, Inc., 1:10,000 in 2% BSA/TBST). Blots were washed with TBST, developed with
Immunobilin - Western chemiluminescent HRP substrate (Millipore), and imaged with

ChemiDoc-it imaging system (UVP).
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Immunoprecipitation:  Anti-PKCa  monoclonal antibody (H-7) sc-8393 (Santa Cruz
Biotechnology) was diluted to 2 pug / ml in a PBS solution with 50 mM sodium bicarbonate pH
9.1. The solution was added to a clear bottom black walled 96 well polystyrene plate (Greiner
Bio One; 50 pl / well) and incubated overnight at 4° C. As a control for nonspecific binding 2%
BSA in working buffer was pairwise added to matching wells and incubated overnight at 4° C.
The solutions were aspirated and washed with 2% BSA solution for 2 hrs at room temperature.
The test solution containing PKCa-mCit (80 nM) and indicated nucleotides and effectors was
added to each well and incubated at room temperature for 1 hr. Each well was washed 3 times
with matched buffer and resuspended in matching buffer. mCit fluorescence was quantified by a
typhoon phosphoimager (488 nm excitation, 526 sp, 1000 volt gain, focal plane +3 mm). The
fluorescent image was analyzed using ImageJ by measuring intensity well by well and pairwise
subtracting the nonspecific binding. The specific fluorescent values were normalized by the

mean values of the condition on the plate with maximal specific binding.

CHO cell translocation: CHO Flp-in cells (Invitrogen) stably expressing mCer-PKCa-mCit-
FLAG were cultured as previously described (8). Cells were transferred to fibronectin coated
glass bottom 35 mm tissue culture plates (MatTek Corp.). Cells were allowed to adhere for 1 - 4
h in culturing media before cells were imaged. Cells were washed and resuspended (500 pl) in
freshly prepared HBS media (20 mM HEPES, 5mM KCI, 45mM NaCl, 2mM CaCl,, 1mM
MgCl,, 0.2% dextrose, brought to pH 7.4 by NaOH). The plates were transferred to the scope
and a field of view was manually selected guided by fluorescence expression, and morphology of
cells. Cells were exposed for 500 ms once every 30 s for 1,000 s. A 2x perfusion stock in
matched buffer was manually pipetted onto the culture plate during imaging after the 5 time
point (pipetting took ~3 s). Experiments were performed at 22° C. Images were obtained with a
Nikon TIiE equipped with a mercury arc lamp, a yellow GFP filter cube (Nikon; 500/20 nm
excitation, 515 nm LP, 535/30 nm emission), perfect focus system (Nikon), a 40 x 1.4 NA Plan-
Apo oil-immersion objective (Nikon), Evolve EMCCD camera (Photometrics), and the Nikon
NIS-elements software. Subcellular localization data was analyzed with custom Matlab code
where a background region is manually selected, and the mean of the background is subtracted
from the corresponding image. The corr2 function is applied to compare each image in a stack
with the first image and the output correlation coefficient is used as the metric for translocation.

In Fig. 5.6 B the change in correlation coefficient of the DMSO DMSO control (1 — correlation
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coefficient for each time point) was calculated and added to the corresponding time point in the
other experimental conditions. The ‘baseline adjusted’ correlation coefficients were least squares

fit to the *one phase decay’ function in Prism (Graphpad) to obtain the half-life value.

CHO cell FRET: FRET experiments were conducted the same as translocation experiments with
only alterations in the optical path and analysis. A CFP filter cube (Nikon; 436/20 nm excitation,
455 nm LP, and the emission filter removed) and dual-view beam splitter (Photometrics; 505 nm
dichroic, and 480/30 nm and 535/40 nm clean up filters) were used for imaging data. The two
split channel images per frame were registered using the imregister Matlab function. A
background region is manually selected, and the mean of the background in each channel is
subtracted from the corresponding image. The FRET value is calculated pixel by pixel by
determining the FRET channel/ Donor channel emission. FRET ratio values above and below
limits of 4 and 0.5 are excluded as values beyond these limits were empirically found to
represent spurious background fluctuations or misalignment between images (and only represent
2.05 £ 0.26% of total measurements). The mean of all FRET ratio values are calculated for each

image in the series.
5.3 Results:
Intermolecular FRET biosensors can report nucleotide specific active PKC structural states

An in vitro bimolecular FRET assay previously demonstrated to report on direct PKC-PKC
interactions (8) was used to assess the effects of nucleotides. The assay involves mCer — PKC +
PKC — mCit and requires both free calcium and liposomes in order to observe intermolecular
FRET. It was observed that ATP, ADP and AMP-PNP reduced FRET in this assay (Fig. 5.1 b,
C). ATP and ADP quenched the FRET readout to 0.51 + 0.17 and 0.73 + 0.20 of the nucleotide
free condition while Biml increased FRET by 1.06 £ 0.18 (mean + STD.). One consideration is
ATP results in autophosphorylation of PKC which alters the intermolecular FRET. However,
ATP and its non-hydrolyzable analogue AMP-PNP have statistically indistinguishable effects in
this assay suggesting that autophosphorylation is not the primary contributor to changes in FRET
in this assay. Other considerations to account for the change in FRET may arise from non-
specific effects the nucleotides have on the fluorescence of mCit and mCer or to some

idiosyncratic conformational effect due to the fluorescent protein localization next to PKC
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domains. To experimentally address the non-specific fluorescence consideration we modified the
assay by using mCer - C2 + C2 — mCit (C2 domain from PKC which localizes to plasma
membrane and clusters on liposomes in presence of calcium, PS and PI1(4,5)P; (15)). To address
the second consideration we performed the experiment using mCer — PKC + mCit — PKC (where
the fluorescent proteins were both fused on the N — terminus of PKC where its orientation is
anticipated to be less influenced by conformational changes of the kinase domain). With
otherwise matched experimental conditions it was observed that the C2 domain FRET pair had
elevated intermolecular FRET levels in the presence of calcium and liposomes, but only 52 % of
the FRET response of mCer — PKC + PKC — mCit, and 22 % of mCer — PKC + mCit — PKC.
Further, FRET between the C2 domains was independent of nucleotides (Fig. 5.1 ¢). Conversely,
the mCer — PKC + mCit — PKC retained sensitivity to nucleotides, and had a greater dynamic
range than mCer — PKC + PKC — mCit. We speculate that the dynamic range is higher when
fluorescent proteins are both fused on the N-terminal as they are closer in proximity to the C1
and C2 domains which directly interact between PKC molecules (10). For both full length PKC
FRET pairs the ATP condition drops FRET to levels similar to the C2 FRET pair. This suggests
that ATP disrupts any contribution of intermolecular FRET that arises independent of the C2
domain clustered on liposomes alone. These experimental results provide support that
intermolecular FRET in this assay is reporting on structural effects of PKC upon binding to

different nucleotides which alter the proximity between PKC molecules.
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Figure 5.1. Nucleotides induce distinct PKC structural states following activation observable by intermolecular FRET
reporters. (a) Schematic of implicit nucleotide states in the kinase catalytic cycle and off-pathway ATP-competitive kinase
inhibitor bound state. (b) (left) Raw fluorescent spectra of mCer — PKC + PKC — mCit (40 and 120 nM respectively) in an EGTA
buffered solution (black), in the presence of free calcium and liposomes containing PS, DAG and PI1(4,5)P, (purple), and in
presence of free calcium, liposomes and 100 uM ATP (pink). Shown is mean and STD. of 3 independent measurements. (right)
The ratio of mCit/mCer (peaks at 525 nm and 475 nm) with indicated cofactors where the mean ratio of the EGTA condition is
subtracted and set as the baseline (0.0) and ratios are normalized to the Ca®* + liposome conditions. Each condition is
significantly distinct from all other conditions except for the nucleotide free compared to Biml (P value < 0.005 from student’s
unpaired t test; N = 15). (c) Experiment as in B. comparing the effects of ATP and AMP-PNP which were not statistically (n.s.)
distinct from each other (P value > 0.05 from student’s unpaired t test; N = 11). (d) Fluorescence obtained and normalized as in
(b) comparing the relative mCit/mCer ratios of three different bimolecular FRET pairs in matched conditions; mCer — C2 + C2 —
mCit (red), mCer — PKC + PKC - mCit (black), and mCer -PKC + mCit — PKC (gold). Shown is mean and STD. of 3
independent experiments, right is a zoomed view of the data on the left. E. A unimolecular FRET biosensor containing the PKC
kinase domain equilibrated with indicated nucleotides (*** = P value < 0.001, **** = P value < 0.0001 from student’s unpaired t
test; N = 9). All box and whisker plots represent min, max, median, 25 and 75 percentiles.

We developed a kinase domain conformational FRET biosensor (mCer — PKC kinase domain —
mCit; Fig. 5.1B). We found that both the ATP and Biml but not ADP conditions elicit
significantly distinct ensemble FRET measurements from the nucleotide free condition.
Additionally, the ATP and Biml states are significantly different from each other (Fig. 5.1 d).
These experiments provide support in agreement with previous structural studies investigating
nucleotide dependent conformational states in which nucleotide inhibitors are anticipated to

stabilize conformations distinct from those formed when bound to nucleotides (16, 17).
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Nucleotides disrupt PKC — PKC interactions

We next aimed to assess if nucleotide induced changes in intermolecular FRET resulted from
changes in PKC oligomerization. Chemical cross-linking has previously been used as a
fluorescent protein independent method to report on PKC clustering (8, 9). Further, chemical
crosslinking of PKC is largely independent of the relative concentration of PKC to liposome in
solution (8). We observe PKC crosslinking to be sensitive to nucleotides (Fig. 5.2 a). Cys-Cys
cross linking of PKCa-FLAG under activating conditions resolves a partial depletion of oligomer
species with the addition of ATP and ADP while Biml increases the cross-linked species (Fig.
5.1d; ATP - 0.31 + 0.07, ADP - 0.57 £ 0.15, Biml — 1.56 % 0.41 normal to nucleotide free
cross-linking, mean + STD.; N = 3). One possibility is all of the observed changes in FRET and
crosslinking result purely from confinement on liposomes. If this is the case, the changes in
FRET and crosslinking arise from differences in the amount of PKC localized to liposomes. It is
known that the off-rate of PKC from liposomes in the presence of calcium is very slow (on the
order of days)(18), making differential sedimentation of liposomes a reasonable approach to
monitoring the degree of PKC bound to liposomes. To assess differential sedimentation, PKC
was pre-incubated with nucleotides prior to the sequential addition of liposomes and calcium.
After equilibration, the samples were ultracentrifugated and the pellet and supernatant fractions
were run on SDS-PAGE gel (Fig. 5.2 b). The fraction of PKC pelleted showed a modest
dependence on nucleotide, although substantially less dependence than both intermolecular
FRET changes and chemical cross-linking (fraction of PKC pelleted = 0.96 (nucleotide free),
0.81 (ATP), 0.95 (ADP) and 0.98 (Biml)). This result suggests that confinement on liposomes
alone is not sufficient to explain the changes in intermolecular FRET although it may contribute.
We next completely removed liposomes from the experimental conditions and instead used the
soluble PMA molecule which acts as a potent diacylglycerol (DAG) mimetic and directly binds
to the C1 domains. Nanomolar-affinity oligomeric interactions between PKC in the presence of
calcium and PMA were originally discovered through SPR analysis (10) and we previously
confirmed intermolecular PKC interactions through FRET (8). In this experimental condition
both ATP and ADP almost entirely quenched intermolecular FRET from both mCer — PKC +
PKC — mCit as well as mCer — PKC + mCit — PKC (Fig. 5.2 ¢). This experiment provides strong
evidence that nucleotides disrupt direct PKC - PKC interactions, and that changes in

intermolecular FRET are primarily reporting on this property.
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Figure 5.2. Nucleotide induced intermolecular FRET change is dependent on direct PKC interactions. (a) Representative
coomasie stained SDS-PAGE gel distinguishes between monomeric and oligomeric recombinant PKCo. treated with the Cys-Cys
crosslinking agent BMH. (b) A representative SDS-PAGE of PKCa fractionated by ultracentrifugation in the presence of the
indicated cofactors. mCit fluorescence is detected. (c) Bimolecular FRET experiments as in figure 1 b — d, however no
liposomes are present and instead the soluble PMA (potent DAG mimetic) is used. Data normalized to mean mCit/mCer ratio of
mCer-PKC + PKC-mCit in the presence of liposomes. Shown is mean and STD. of 3 repeats.

Dynamic regulation of active PKC structural states

To gain further insight into the dynamic properties associated with nucleotide induced structural
states, we performed a coarse (0.33 Hz) kinetic analysis monitoring the change in intermolecular
FRET between PKC following injection of nucleotides. Qualitatively, injection of ATP or Biml
had dramatic time-dependent effects on intermolecular FRET between activated PKC (Fig. 5.3
a). Unfortunately, the sampling frequency is not sufficient to fit the fast decay following
injection of ATP. An increased sampling frequency and rapid-mixing techniques will be required
for kinetic analysis on the time-scale of phosphorylation reactions in PKC (~5 — 10 Hz) (19).
One unanticipated kinetic event is observed as Biml results in a rapid decrease followed by a

gradual increase in intermolecular FRET over the course of 1000s of seconds.

We next considered if nucleotide states could influence the dissociation of intermolecular FRET
between PKC. To assess this, PKC, liposomes and the indicated nucleotide were preincubated
and intermolecular FRET was monitored as free calcium was introduced and subsequently
removed from the reaction with the injection of EGTA. We observed that ATP substantially
accelerated and Biml substantially retarded the dissociation of intermolecular FRET between
PKC following the chelation of free calcium in relation to the nucleotide free condition on the

order of 100 — 1000s of seconds (Fig. 5.3 b). The normalized dissociation of intermolecular
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FRET was reasonably least squares fit to a 2 phase exponential decay constrained to the max and
min (r* 1-phase fit = 0.71 (nucleotide free), 0.62 (ATP), and -0.05 (Biml); r* 2-phase fit = 0.89
(nucleotide free), 0.84 (ATP), and 0.20 (Biml)) and three terms were evaluated; half-lifesg, half-
lifegow and fraction-of-decays:. In all cases the half-lifes,s; were very similar and likely limited
by the temporal resolution of the data and as such set as a shared value between all three
conditions with no effects on r* (95% CI of half-lifers = 5.5 — 10.9 ). In contrast, the half-
lifesow and fraction-of-decays,st were unique for each condition (95% CI of half-lifegoy = 517 —
568 s (nucleotide free), 291 — 331 s (ATP), 1689 — 1976 s (Biml); 95% CI of fraction-of-decays,s
= 0.25 - 0.29 (nucleotide free), 0.37 — 0.42 (ATP), 0.26 — 0.29 (Biml)).  Monitoring
intermolecular FRET between PKC resolves kinetic differences that are dependent on nucleotide

state but independent of kinase activity.

mCer - PKC + PKC - mCit : mCer - PKC + PKC - mCit
= calcium control = ATP Y »
=— nucleotide free = Biml 8104
Ca? leotid Ca” EGTA E
= e T 1259 A = 084
1.2+ . =
100" E 064
1.04. 75 :' 300 600 900 1200 1500 180C

o
o™
L
v
o
L

FRET ratio (mCit / mCer)

o
(2]
1
o

% Max FRET ratio (mCit / mCer
W
o

0 300 600 900 1200 1500 1800 0 300 600 900 1200 1500 1800

time (s) time (s)

Figure 5.3. ATP accelerates and kinase inhibitor slows off-rate of intermolecular FRET between PKC following calcium
chelation. (a) Dynamics of the raw FRET ratio following injection of free calcium, and subsequent injection of ATP or Biml.
All conditions have matched starting compositions including liposomes, mCer — PKC and PKC — mCit. Data are the mean of 3
independent experiments. (b) Four conditions in which matched liposome and protein compositions are premixed with ATP
(pink), Biml (orange) or buffer blank (blue and black). The conditions were injected with free calcium and subsequently with
excess EGTA. The inset shows the raw mCer/mCit ratio, while the main figure shows the data with the calcium control
subtracted and normalized to the FRET ratio three seconds before injection of EGTA. Data are the mean of 3 independent
experiments.

PKC hydrophobic motif accessibility is modulated by nucleotides

We identified a monoclonal antibody that demonstrates significantly enhanced binding to
activated PKCa. A commercially available monoclonal antibody was raised against a peptide

corresponding to residues 647 — 672 of PKCa. Initially through immunoblotting we found
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enhanced binding to a constitutively oligomerized mutant of PKCa (T638A) over wild-type (Fig.
5.4 a). Subsequently, we probed immunoprecipitation of PKC wild-type under basal or
oligomeric conditions as well as the constitutively oligomerized mutant under basal conditions
and activating conditions (Fig. 5.4 b). We report that oligomeric PKC, either wild-type (WT)
under activating conditions, or constitutively oligomerized under basal conditions has
significantly elevated levels of immunoprecipitation over the monomeric protein (P value from
student’s unpaired t test > 0.0021). Next, we assessed immunoprecipitation of PKCa (WT) under
activating conditions with various nucleotides. The addition of ATP and ADP reduced
immunoprecipitation of PKCa to 0.10 £ 0.13% and 0.15 + 0.21% of the nucleotide free
oligomeric condition respectively (Fig. 5.4 ¢); mean + STD.). This line of experimental probing
identifies a correlation in intermolecular FRET and immunoprecipitation; however, the Biml
condition does not conform as it demonstrates elevated FRET levels, and cross-linking but
minimal immunoprecipitation. Importantly, this experiment illuminates an epitope on the kinase
domain with nucleotide dependent accessibility, namely the region of the kinase domain referred
to as the hydrophobic motif (HM) based on an AGC kinase family conserved Phe-X-X-Phe motif
found at residues 653 — 656 (20).
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Figure 5.4. Accessibility of PKCa residues 647 — 672 is dependent on nucleotide state. (a) PKC probed with a monoclonal
antibody raised against a peptide corresponding to residues 647 — 672 (bottom) and total protein loaded (top). SDS-PAGE
conditions once buffer exchanged into water following electrophoresis or transferred to PVDF allow for strongly folding domains
to retain secondary/tertiary structural features; in the case of mCitrine, fluorescence is maintained, and in the case of the kinase
domain, conformational states are distinguishable by antibody binding. The phosphorylation site at T638 is critical in stabilizing
the conformation of the C-terminal residues which are probed by the antibody (21). (b) Immunoprecipitation of purified PKC
WT or T638A in EGTA buffered or in the presence of calcium + PMA (N = 16). (c) Immunoprecipitation of PKC with the
indicated nucleotides and effectors (N = 6). All box and whisker plots represent min, max, median, 25 and 75 percentiles. (d)
Amino acid sequence of PKCa residues 647 — 672 with select conformational-dependent functions attributed to specific residues
highlighted.
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PKC nucleotide states are sensitive to a conserved kinase domain allosteric pathway

Previous structural and dynamic studies of PKC and other AGC kinases have uncovered a
conserved allosteric regulatory mechanism in which the hydrophobic motif is a critical
component (22). The allosteric pathway links the nucleotide binding pocket with the ‘PIF’
pocket, a conserved structural element in which the hydrophobic motif binds; this pathway has
been most prominently studied in the AGC kinase PDK1 (23). In a comparative crystallographic
study of PDK1 (24) (Fig. 5.5 a), as well as a MD simulation study of PKC6 (13), it was observed
that a single residue corresponding to F353 (PKCa numbering) on the Glycine-rich loop in the
nucleotide binding pocket adopts unique conformations dependent on whether the PIF pocket is
occupied by the HM or a small-molecule compound (PS48) that mimics the HM. Further, a
phosphorylation site (S657) immediately c-terminal of the HM in PKCa is proposed to stabilize
the HM-PIF pocket interaction and phosphorylation state allosterically regulates nucleotide
binding (13). Comparing crystal structures of PKCPBII kinase domain bound to AMP-PNP (25) or
a kinase inhibitor (26), the residue corresponding to F353 dramatically alters conformation,
although the HM is bound to the PIF pocket in both structures (Fig. 5.5 a right). We made two
point mutations, F353A and S657A, chosen to disrupt the nucleotide binding pocket-PIF pocket
allosteric pathway. We found that both point mutations disrupted nucleotide effects on
oligomerization (Fig. 5.5 b). This finding provides a link between the structurally described

allosteric pathway and intermolecular FRET between active PKC.
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Figure 5.5. PIF pocket occupation is antagonistic with nucleotide pocket occupation. (a) Structural alignment of PDK1 with
and without PS48 bound to the PIF pocket (left) and structural alignment of PKCBII bound to kinase inhibitor or AMP-PNP
(right). Residues corresponding to F353 and S657 are shown as sticks. (b) Intermolecular FRET ratio PKC constructs with or
without indicated point mutations in matched conditions in the presence of calcium and liposomes, mean and STD. of 3
independent experiments are shown. (¢) FRET ratio of mCer — PKC + PKC — mCit all in the presence of calcium and liposomes
with the presence of 100 uM ATP and indicated concentration of PS48 (black bars). Specific MANT-ADP (100 pM) bound to
PKC in matched conditions (white bars); bars represent mean and STD. of 3 independent experiments. (d) The normalized
FRET ratio following three sequential injections of free calcium (all conditions shown), ATP (pink, red and green) or buffer
blank (blue) and PS47 (red) or PS48 (green) or buffer blank (pink and blue). Shown is the mean of 3 independent experiments
with baseline subtracted (buffer blank injected all three times) and normalized to the value 3 seconds prior to the second
injection.

We next considered if the allosteric PIF pocket could be targeted to modulate PKC function.
Given the functional conservation of the PIF pocket/HM interaction in several AGC kinases,
including PKC and PDK1, we reasoned that a small molecule targeting the PDK1 PIF pocket
should have limited selectivity over the PKC PIF pocket. We measured the effect of PS48 on
activated PKCa nucleotide binding (Mant-ADP) and intermolecular FRET. We observed that
PS48 had an antagonistic effect on nucleotide binding, in both assay types (Fig. 5.5 ¢). We next
assessed the kinetics of intermolecular FRET between PKC as PS48 and PS47 (stereoisomer of
PS48) were injected into solution containing ATP. Both compounds competed the effects of ATP
by increasing the intermolecular FRET (Fig. 5.5 d). When adjusted for the baseline FRET (blue
condition) the change upon injection of PS48 and PS47 could be fit well with a single
exponential function (* = 0.64 (PS48), 0.84 (PS47)) and half-life of the function could be
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obtained (95% CI half-life = 58 — 80 s (PS48), 80 — 95 s (PS47)). The direct competition
between ATP and PS47/48 is at least an order of magnitude slower than the transition between
nucleotide free to ATP bound states and ~ two orders of magnitude slower than PKC
phosphorylation reactions. These slow kinetics likely limit these particular compounds use as
kinase inhibitors. Instead, we considered if these compounds might have an effect on a longer

time scale function of PKC.
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Figure 5.6. PS48 retards PKCa localization in response to PMA in cells (a) Cho cells stably expressing mCer — PKCa —
mCit were monitored for mCit fluorescence every 30 s following perfusion with 6 uM of PMA. The cells were pretreated with
the indicated compound for 5 min prior to imaging (200 uM PS47 or PS48; 12 uM Biml). Shown are representative images for
each condition. The scale bar is 10 um. (b) The correlation coefficient was calculated between the original image in a time series
and each subsequent image to quantify the degree of change in fluorescence intensity over time. The correlation coefficient was
adjusted for non-specific changes (DMSO condition) and the data were least square fit to a single exponential decay function
(corr. coef. = exp(-k*time) ). Shown are the mean correlation coefficients with color scheme corresponding to panel A. and the
best fit (black lines). Inset shows unadjusted correlation coefficients. N > 4 perfusion chambers and n > 73 cells per condition.
(c) The mean and S.E.M. of the fitted half-life (half-life = In(2)/k) of translocation for each individual experiment. The difference
between DMSO; PMA and PS48;PMA conditions are statistically significant by a student’s unpaired t test (P value = 0.0442)
while the other compounds did not alter the half-time significantly (P value > 0.05). (d) The mean and S.E.M. FRET ratio of
mCer — PKCa — mCit for the indicated conditions following perfusion with DMSO control (gray) or 6 uM PMA (green and
purple) and 5 minute pretreatment with DMSO control (gray and purple) or 200 pM PS48 (green); N = 4 perfusion chambers, 70,
57 and 54 individual cells respectively.
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We explored if PS47 or PS48 would influence the gradual accumulation of PKC to the plasma
membrane of CHO cells following PMA stimulation. In CHO cells stably expressing mCer —
PKC — mCit, PMA treatment resulted in a permanent change in the fusion protein subcellular
localization that occurred with a mean half-time of 116 s post perfusion (Fig. 5.6 a-c).
Pretreatment of the cells with PS47, PS48 or Biml qualitatively did not influence where the
fusion protein localized following PMA treatment, but did alter the half-time by which the
process occurred, however only the PS48 effect was statistically significant (Mean and S.E.M. of
half-life = 116 + 33 s (DMSO, PMA; N =7), 339 £ 93 s (PS48, PMA; N = 7)). To assess if PS48
had direct effects on the conformation of mCer- PKC — mCit we monitored the ratio of
mCit/mCer under matched experimental conditions. Following PMA perfusion onto the CHO
cells, the FRET ratio had dramatically different effects in the PS48 treated cells (Fig. 5.6 d). This
result strongly suggests that PS48 has effects that directly alter the structural state of the PKC

FRET sensor, and those effects lead to the retardation of the sensor’s subcellular localization.
5.4 Discussion:

While non-substrate interactions prominently influence the catalytic cycle of NTPases such as
myosins and ABC transporters, they are yet to be widely appreciated in kinase biology. In this
study, we demonstrate that the nucleotide/inhibitor state of activated PKCa influences a
previously characterized inter-molecular interaction (8). The measured dissociation kinetics of
this intermolecular interaction suggest a structural mechanism by which PKC can increase its
residence time at a spatial location close to a local pool of phosphorylatable substrate (Fig. 5.7).
The phosphorylation state of PKCa (Fig. 5.5), PKC inhibitors (Fig. 5.1 - 4), and small molecule
allosteric modulators that disrupt nucleotide binding (Fig. 5.6) influence PKC function by
modulating this phenomenon. Together, our findings highlight the coordination between

nucleotide binding and inter-molecular interactions in this nodal kinase.
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Figure 5.7. Information retention in PKC after phosphorylation. (a) Model in which a spatially constrained and fully active
PKC molecule either phosphorylates, or does not phosphorylate an arbitrary protein substrate. Based on measured intermolecular
FRET dissociation rates between PKC molecules, the persistence of PKC within Forster’s radius of other PKC molecules either
through direct PKC oligomerization or indirect co-accumulation on liposomes is shortest in conditions when bound to ATP. We
hypothesize that nucleotide exchange (ADP bound and nucleotide free states) following a phosphorylation event will result in
spatially persistent PKC molecules such as those previously characterized in cells which persist temporally for either ~0.5 s or >
45 (27). (b) We extend our hypothesis to make a prediction on how this may have functional implications in specific biological
circumstances. PKC has been observed to integrate calcium oscillations by shifting its distribution between subcellular
localizations in specific biological conditions, for example following fertilization in mammalian oocytes (28), but the
phenomenon has not been thoroughly explored. Our model anticipates that in a specific band of calcium oscillation periods, PKC
may persist specifically at membrane bound localizations where phosphorylation events have recently occurred.

Intracellular signal transduction must balance rapid signal amplification while maintaining high-
fidelity information transfer. To facilitate these dual specifications, signaling proteins generally
fall into two classes. Signal amplification occurs through activation of high substrate turnover
enzymes, for example ion channels or secondary messenger producing enzymes. Specificity
emerges from spatially and temporally regulated protein-protein interactions with limited or no
catalytic capacities, for example G-proteins and scaffold proteins. Protein kinases involved in
signal transduction (as opposed to metabolic processes) have low substrate turnover and are
likely more critical for signal specificity as opposed to signal amplification (5). As such, it is not
surprising that PKC has evolved the capacity (like many other NTPases) to use distinct
nucleotide states to transfer information in the form of molecular interactions to enhance

specificity; in this case a combination of homo-oligomerization and protein — lipid interactions
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influencing the spatial-temporal localization of the molecule. We identified one region in
particular, residues 647 — 672 which is only accessible to immunoprecipitation by a monoclonal
antibody in the activated nucleotide free state (Fig. 5.4). Interestingly, several conformation
dependent binding interactions have been attributed to specific residues within this region
including binding to the PKC C2 domain (29), the allosteric activation of phospholipase D
(PLD) (30, 31), and recruitment of PICK1 to the plasma membrane (32, 33) (Fig. 5.4 d). It will
be interesting to consider if those functions are dependent on nucleotide state. Further, this
region is absolutely required for kinase activity and in molecular dynamic simulations is

anticipated to be the most dynamic within the kinase domain (34).

In this study we Kinetically resolve two components of intermolecular FRET dissociation
following rapid calcium chelation, very rapid (< 10 s) and long (~100 — 1000 s) persisting
populations (Fig. 5.3 b). This data is consistent with an interpretation that intermolecular FRET
arises from PKC oligomerization as well as confinement on liposomes. In such a case it is
reasonable that the intermolecular FRET arising from oligomerized PKC will have a slower
dissociation than the contribution resulting purely from liposome binding. Alternatively, all
intermolecular FRET may occur through non-specific interactions brought about by confinement
on liposomes. In such a case the fast and slow dissociations observed in Fig. 5.3 B may be
caused by the so called ‘weakly bound state” and ‘tightly bound state’ that differ in how the C1
domains interact with DAG and other phospholipids (27, 35). The observations that nucleotide
induced changes in intermolecular FRET are independent of liposomes (Fig. 5.2 c) and that
nucleotides have only modest effects on PKC - liposome binding (Fig. 5.2 b) support the first
interpretation. Independent of either interpretation, the dissociation of the C2 domain from
liposome upon calcium chelation has been reported to occur within ~2 ms (36) suggesting that
other PKC structural effects sensitive to nucleotides have profound effects on PKC interactions
with liposomes or other PKC molecules persisting up to 5 orders of magnitude longer than the
C2 domain alone (Fig. 5.3b). These in vitro results are consistent with experiments performed in
permeabilized cells where it is reported that ATP depletion and PKC kinase inhibitors in the
same class as Biml dramatically slow the off-rate of plasma membrane bound PKC in cells
following a reduction in free calcium (37). It is intriguing to speculate that nucleotide dependent
dissociation of PKC - lipid complexes may relate to the observation that spatially constrained

PKCa residence time on the plasma membrane is bifurcated into short (< 0.5 s; approximate time
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of phosphorylation event) and long-lived (> 4 s) events (27) (Fig. 5.7). Similarly, it was observed
that at the level of net cellular translocation of PKCa on and off the plasma membrane following
histamine or carbachol stimulation of HEK293 a bifurcation of fast and slow off-rates differing
by nearly an order of magnitude occurs (~2 — 20 s) (38). In such an instance, if we assume PKC
is primarily bound to ATP, nucleotide exchange following a phosphorylation event may lead to
longer temporal persistence at a given spatial location than if no phosphorylation event occurs.
This is directly supported by our finding that ATP promotes accelerated dissociation of PKC
compared to nucleotide free (Fig. 5.3 b). In order to assess such a model, detailed studies
investigating the kinetic cycle of PKC must be conducted in cellular environments. A major

long-term goal is to develop methodologies in which this type of information can be obtained.

Kinase domain conformational effects on the quaternary structure of PKC provides new insight
into many previous findings. Several reports characterize altered spatial temporal localization or
posttranslational processing of PKC as unanticipated effects of point-mutations in the kinase
domain or nucleotide competitive inhibitors (16, 29, 39). The effects that point mutations have
on quaternary structure may be pertinent to PKC function. For example, PKC activation by
phorbol ester has an unambiguous role in tumorigenesis, yet a recent report studying point
mutations in PKC occurring in human cancers found that most reduced catalytic output (40). We
anticipate that allosteric effects caused by these point mutations may contribute to tumorigenesis
and homo-oligomerization may explain the reported haploinsufficiency of PKC (40). The PKC
family has been a long-standing druggable candidate for several indications, yet despite
significant effort and resources, no PKC inhibitor has been clinically effective (41). An
understanding of any allosteric functions of PKC may uncover unique therapeutic strategies.
Last, based on the structural homology (20), we anticipate that many AGC kinases incorporate
nucleotide-induced plasticity to regulate function.

5.5 Conclusions:

In this chapter we explore how conformational changes localized in a single domain alter
molecular functions of the entire protein. In Chapter 2 and 4 we characterized functional
relationships between the kinase domain and regulatory domains. In Chapter 3 we identified the

intramolecular interaction between the regulatory domains Cla and C2 as the key determinants
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of self-assembly. In this chapter we provide initial evidence that all of these domain interactions

are interconnected and responsive to each other. We conclude that nucleotides induce

conformational changes in the kinase domain. We further conclude that the nucleotide induced

conformational states of the kinase domain elicit unique structural properties reflected in how

full PKC are oriented with one another on lipid bilayers. We postulate that the distinct nucleotide

states of PKC arise through changes in internal domain-domain interactions and a fully active

kinase domain will constantly be cycling between these states.
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Chapter 6: Conclusions and future directions

6.1 General Conclusions:

In this dissertation we have employed the SPASM methodology to assess relationships between
domain-domain interactions and functions of protein kinase C a (PKCa). Through the pursuit of
this aim a new function of PKCa was identified: spontaneous and reversible self-assembly.
Three functions of domain-domain interactions have been identified: 1.) the autoinhibition of
kinase catalytic activity through an intramolecular interaction with the regulatory domains, 2.)
the calcium stimulated self-assembly of PKC through an intramolecular interaction between the
Cla and C2 domain, and 3.) the heterologous conjoining of self-assembled PKC clusters through
ring opening polymerization (R.O.P.) mediated through kinase domain and regulatory domain
interactions. Next, it was discovered that nucleotide induced conformations of the kinase domain
alter the functionality of disparate domains. Together, this work provides the foundation for new
research directions directed at understanding the regulation and dysregulation of PKC in
physiological phenomena. Finally, this work establishes PKC as a molecular system defined and

regulated through interactions between its constituent protein domains.

This dissertation work began by exploring the mechanism of autoinhibition of kinase activity in
PKCa. In particular, we aimed to establish that (i) autoinhibition arises through intramolecular
interactions between the kinase domain and regulatory domains and (ii) these interactions are
disrupted upon PKC binding of calcium and diacylglycerol. Through utilization of SPASM
methodology we observed a negative correlation between intramolecular interactions and the
specific kinase activity of PKC in vitro in the absence of calcium or diacylglycerol (Chapter 2).
This provides direct evidence for autoinhibition mediated through intramolecular interactions in
PKCa and is fully consistent with contemporary models of PKC regulation (1, 2). Future work

may extend on this question by using the constructed SPASM containing PKC proteins or
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derivatives of it to identify specific interfaces between protein domains that facilitate

autoinhibition.

In contrast to contemporary models, we observed that domain-domain interactions persist even
in the presence of calcium and diacylglycerol. Through the use of bi-molecular FRET reporters
and Cys-Cys crosslinking we demonstrated that domain-domain interactions occur in trans
resulting in oligomerization of PKC in the presence of calcium and other effectors. We observed
a modest correlation between kinase activity and oligomerization, wherein the disruption of
oligomerization resulted in reduced kinase activity indicating that the domain-domain
interactions are distinct between the autoinhibited and oligomerized states of PKC. We further
provided evidence that oligomerization occurs in mammalian cells following agonist activation
of PKC. Finally, we developed pharmacological agents to disrupt PKC oligomerization in vitro
and in mammalian cells. We found that use of these pharmacological PKC oligomerization
inhibitors completely disrupted a cellular downstream function of PKC. Together, these results
provide evidence for a new functional state of oligomerized PKCa. We propose a model in
which oligomerization may reduce the free energy of PKC to balance the anticipated increase in

free energy resulting from the disruption of autoinhibitory interactions.

We next aimed to address several shortcomings and unaddressed questions remaining after our
initial characterization of oligomerization of PKCa. We focused on three questions in Chapter
3: (i) is oligomerization driven by PKC-PKC interactions, or instead by organization of lipid
components within lipid bilayers? (ii) What are the minimal PKC components and their
organization required for oligomerization? (iii) Can we obtain more direct evidence for PKC
oligomerization in cells? We found that self-assembly of PKCa can occur independent of lipid
components altogether in a calcium dependent manner. We identified two covalently linked
domains, the Cla and C2 domains, are minimally required for self-assembly. We incorporated
SPASM methodology to demonstrate the dependence of self-assembly on the intramolecular
interactions between the Cla and C2 domains. Finally, we incorporated homo-FRET
methodology to provide direct evidence of intermolecular FRET between activated PKC in

mammalian cells.

We next followed up on the observations from Chapter 3 that the kinase domain, while not

necessary, contributes to self-assembly of PKCa. In Chapter 4 we explore if ring opening
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polymerization (R.O.P.) may contribute to the size of PKCa self-assemblies. Using SPASM
methodology, we find an inverse correlation between intramolecular interactions and the size of
self-assemblies. When comparing with an analytical model for R.O.P., we find modest
agreement in the fold increase in the size of self-assemblies and the fraction of monomeric PKC
molecules anticipated to dimerize through R.O.P. This result presents an unanticipated function

of PKC resulting from a known intramolecular interaction.

Finally, we explore how the functionality of a single domain impacts the functionality of other
domains. In Chapter 5 we explore conformational changes within the kinase domain and how
these changes impact domain-domain interactions as well as functionality of PKC as a whole.
We observed that nucleotide or nucleotide competitive inhibitor binding elicits conformational
changes that regulate self-assembly. These nucleotide dependent structural states can be tied to
differences in the dynamic localization of PKC in cells providing insight to a number of
previously observed cellular phenomena. Together these observations suggest a mechanism by
which domain-domain interactions within PKC and are constantly changing in line with the
catalytic cycle of the kinase domain. We have proposed a mechanism by which the turnover of a
catalytic cycle initiated by the phosphorylation of a substrate will result in the spatial
accumulation of PKC in a subcellular region.

6.2 Future directions: PKC biology

The work presented in this dissertation provides a new framework to understand PKC
conformation that will require substantial future efforts in order to define the physiological
functionality of domain-domain interactions and self-assembly of PKC. Some immediate
questions entail exploring the relationship between chronic dysregulation of PKC and the
emergence of pathophysiologies. For example, Alzheimer’s disease entails chronic dysregulation
of calcium and PKC, and leads to dysregulation of PKC localization (3, 4). It will be critical to
evaluate the role of self-assembly of PKC in mediating chronic effects. A common theme in
biology is the persistence of molecular assemblies beyond the lifetime of any of the constituent
molecules. One could envision the physiological role of proteolysis of PKC between the
regulatory domains and kinase domain as a mechanism to regulate assemblies of PKC as

demonstrated in Chapter 4.
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Ongoing efforts have been exploring the role of PKC in the formation of dynamically regulated
assemblies of signaling molecules on the plasma membrane (5). One postulation of PKC
function can be as a dynamic hub that nucleates the assembly of signaling complexes. The ability
for PKC to rapidly localize and self-assemble at distinct plasma membrane focal points presents
at least two orthogonal mechanisms by which distinct signaling assemblies may form. First and
most simple, PKC may directly scaffold proteins at this indicated focal point. Second, PKC
kinase activity may be a mechanism to generate a localized environment recruiting specific
signaling molecules. For example, the bona fide PKC substrate MARCKS is a disordered protein
in ~100 fold molar excess of PKC which binds and sequesters the majority of the cellular pool of
P1(4,5)P, in plasmalemmal rafts (6-9). Local calcium release at the plasma membrane leads to a
local increase in free [PI(4,5)P;] as calcium/calmodulin binds to MARCKS and disrupts its
interaction with P1(4,5)P; (9). PKC rapidly accumulates to areas of local calcium release and is
activated by directly binding PI(4,5)P, (even in the absence of DAG) (10-13). Upon
phosphorylation by PKC, the electrostatic interactions between the highly basic MARCKS
protein and PI1(4,5)P, are disrupted further increasing the free [P1(4,5)P,] within a corralled pool
of MARCKS sequestered PI1(4,5)P, (9). Exposed PI(4,5)P, recruits other signaling molecules
and alters actin cytoskeletal regulation in order for many cell signaling complexes to form
including focal adhesions, adheren junctions and synapses with the nervous system (9, 14). The
potential role PKC self-assembly plays in the formation and regulation of such signaling

complexes appears an important and promising direction of future research.
6.3 Future directions: multi-domain proteins as molecular systems

The point that protein domains facilitate modular signaling systems in biology has been
established over a decade ago (15). Functional modules comprising two or more multi-domain
proteins that strongly interact with each other to perform a common function (protein complexes)
are ubiquitous in cellular signaling, and these modules participate within networks by directly
interacting with other modules (16). A good example of this is the MAPK module, in which
proteins interact to form a complex and perform a common function which directly interfaces
with other modules forming a signaling network (17). If the signaling network changes, the
MAPK module can still assemble and perform its function however interfacing with a different

subset of modules. This dissertation is concerned with a similar concept where the system is

119



composed of a single multi-domain protein in which each domain is a module. Through a
network of direct interactions between the domains, the multi-domain protein system has a
distinct function. In such a case the function of the system is dependent on the network of
interactions between domains. In this present work we explored how the function of PKCa,
either evaluated as kinase activity or self-assembly, is dependent on the network of domain-

domain interactions.

Each multi-domain system is likely a module, or part of a module within broader cellular
signaling systems. What are the implications of a single multi-domain protein having multiple
functions within different signaling networks? For example, does PKCa have a conserved
molecular function within the same cellular system following PLC activity as an action
potential? It appears doubtful given the vastly different timescales of these cellular inputs (ms
compared to hours). As introduced in Chapter 1, the currency of PKCa regulation lies in
domain-domain interactions. The biological significance of PKCa is well established, but
without a comprehensive understanding of domain-domain interactions and their functional
consequences, studies will continue to be relegated to cumbersome empirical approaches in cell
lines and model organisms where the ability to predict function may not be further refined. For a
protein that is universally expressed in all human cell types, and often has multiple functions
within the same cell type, it is not feasible to empirically describe each of these functions.
Rather, an understanding of the general principles by which the molecule may be differentially
regulated, and how those changes result in different molecular functions may facilitate a deeper
understanding of how biological phenomena emerge.

Finally, it remains to be established if other multi-domain proteins have similar characteristics,
or if PKCa is exceptional. Future efforts are needed to establish improved methodologies for
investigating intramolecular domain-domain interactions such that appropriate conceptual
frameworks, terminology and predictive models may be developed. In conjunction, appropriate

venues must be identified for presenting advancements in this direction.
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Appendix A: Structural properties of ER/K a-helices

This chapter has been adapted from the following publication:

Swanson, C.J., Sivaramakrishnan, S. (2014) Harnessing the unique structural properties of
isolated a-helices, Journal of Biological Chemistry, 289, 25460-67.

A.1 Coiled-coil or single a-helical (SAH) domain ?

The a-helix is a ubiquitous secondary structural element that is almost exclusively observed in
proteins when stabilized by tertiary or quaternary interactions. However, beginning with the
unexpected observations of a-helix formation in the isolated C-peptide in ribonuclease A, there
is growing evidence that a significant percentage (0.2 %) of all proteins contain isolated stable
single o-helical domains (SAH). These SAH domains provide unique structural features
essential for normal protein function. A subset of SAH domains contain a characteristic ER/K
motif, comprised of a repeating sequence of ~ four consecutive glutamic acids (E) followed by ~
four consecutive basic arginine or lysine (R/K) residues. The ER/K a-helix, also termed the
ER/K linker, has been extensively characterized in the context of the myosin family of molecular
motors, and is emerging as a versatile structural element for protein and cellular engineering
applications. Here, we review the structure and function of SAH domains, and the tools to
identify them in natural proteins. We conclude with a discussion of recent studies that have
successfully used the modular ER/K linker for engineering chimeric myosin proteins with altered
mechanical properties, as well as synthetic polypeptides that can be used to monitor and
systematically modulate protein interactions within cells.

Until recently, SAH domains in natural proteins were predicted by secondary structure prediction
algorithms to form a coiled-coil, in part due to the high concentration of charged and polar
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residues that are also the hallmark of the coiled-coil motif (1). Among the multiple folds in
globular proteins that stabilize a-helices, the coiled-coil motif has been extensively characterized
and in general is the most predictable form of tertiary protein structure (2). In the coiled-coil
motif, two or more a-helices are individually stabilized by sequence-specific packing at
consensus hydrophobic patches. Extensive studies have elicited general sequence and structure
rules that govern coiled-coil interactions. Briefly, the amino acid sequence of each a-helix in a
coiled-coil is divided into heptads (7 residues) that form nearly two complete a-helical turns and
span 1.05 nm along the helical axis. Each amino acid in the heptad is described by its relative
position, moving from the N- to C-terminus, using the nomenclature abcdefg. In canonical
dimeric coiled-coils, the a and d positions radiate away from the core of the a-helix, 60 degrees
apart and offset by 0.45 nm along the helix length, and are typically occupied by aliphatic
hydrophobic residues, while polar residues comprise the rest of the positions. As the heptad is
repeated, it forms a continuous hydrophobic patch located along a single face of the a-helix
compatible with a tight intermolecular interaction between polypeptides with the same or similar
heptad pattern (2). However, often times polar or charged residues occupy the a and d positions,
leading to local destabilization of the coiled-coil motif (2-4). By extension, when most or all of
the a and d sites in consecutive heptads are occupied by polar residues, individual o-helices
cannot be mutually stabilized through hydrophobic packing. In this event, the polypeptide will
either exist as a monomeric random coil or in some cases will form a SAH domain. The SAH
domain is a stable, monomeric, extended a-helix that is encoded by its primary amino acid
sequence, and exists in polar solvent independent of tertiary interactions with other protein

motifs.

A.1.1 Stable synthetic alanine-based a-helices

The rules governing the helicity of isolated peptides have been extensively studied. We highlight
select studies of particular interest, and refer to (5) for a more comprehensive review. Prior to
work on synthetic peptides from the Baldwin laboratory, including one derived from
ribonuclease A (6-8), peptides shorter than 20 amino acids were not expected to show
measurable helix formation in aqueous solution based on the statistical Zimm-Bragg model,
which focuses on the propagation of spontaneous helicity and does not account for long distance

electrostatic interactions between side chains (9). Marqusee et al. (6) found that a synthetic
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peptide, 16 residues long, containing primarily alanine residues sparsely interspersed with a
single E or K for solubilization, had high helical content (up to 80%) in aqueous solution as
measured by circular dichroism (CD). This study highlighted the inherent helix forming potential
of alanine in the absence of electrostatic interactions between side chains. In a separate study,
Marqusee and Baldwin synthesized peptides containing 16 residues with three pairs of an E and
a K separated by either three (i, i + 3) or four (i, i + 4) alanines (7). These peptides were
synthesized, in part, to characterize the influence of electrostatic interactions between E and K on
o-helix formation. Both peptides were soluble and monomeric in aqueous solution, and had
detectable helical content as determined by CD. However, the (i, i + 4) (i.e. (EAAAK)3) spacing
yielded significantly higher helicity compared to (i, i + 3) presumably due to the preferred
rotamer configurations of the E and K side chains. Interestingly, the measured helicity was
preserved at extremes of pH (2-12) and at high concentrations of NaCl, suggesting that the
electrostatic interactions were primarily derived from salt bridges (H-bonded ionic interactions)
rather than direct ionic interactions. The helix stabilizing effects of E-K interactions on an
alanine backbone were subsequently extended to D-K, E-R, D-R pairs (10). A subsequent study
with alanine-based peptides also defined the role of capping residues at the N- and C-termini in
stabilizing isolated o-helices. In general, a-helix formation is aided by negatively charged
residues at the N-terminus and positively charged residues at the C-terminus (11). This
observation is consistent with an interaction of appropriately charged capping residues with the
dipole moment of the protein a-helix, which is directed from its C- to N-terminus. Further, in the
context of peptides, the charged residues at the ends can also undergo stabilizing electrostatic
interactions with the free NH, and COOH groups (11). These studies of synthetic alanine-based
peptides provided precedence and laid the groundwork for identifying and predicting the stability

of isolated o-helices.

The (EAAAK), motif was subsequently incorporated into various synthetically engineered
polypeptides. Arai et al. (12) evaluated the utility of (EAAAK), (n = 2 - 5) motifs as rigid
spacing linkers between a pair of green fluorescent protein variants (EBFP and EGFP). The
linkers did not interfere with EBFP and EGFP folding as evaluated from their fluorescence
spectra. Fluorescence resonance energy transfer (FRET) between EBFP and EGFP decreased,

whereas helicity increased with linker length suggesting that stabilization of the a-helix
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increased the spacing between the fluorescent proteins fused to the ends of the linker. In a
subsequent study, the conformation of the (EAAAK), linkers were evaluated by Small Angle X-
ray Scattering (SAXS). Short linkers (n < 3) showed multimerization, whereas longer linkers (n
> 4) remain monomeric even at high concentrations (> 25 uM). The radius of gyration increased
with linker length and is higher than flexible unstructured linkers (GGGGS), of the same length
(13). Together, these studies support the use of the EAAAK linkers as extended spacers between
polypeptides. Utilizing this structural property, the EAAAK linker has been employed to
increase expression (14) and bioactivity (15) of fusion proteins. However, of concern for the use
of tethering generic peptides with this particular linker, the EAAAK motif has been reported to
have auto-cleavage properties at pH 6-7 (16). Regardless, this SAH domain demonstrates both
the feasibility and highlights potential utility of a modular genetic element to control

intramolecular spacing between protein domains.

A.1.2 Stability of ER/K a-helices

In a parallel vein, helix formation through E-K interactions, independent of alanine, was
examined by Lyu et al. (17) with 18 amino acid peptides with either (E2K3)4 or (E4K4)4 repeats.
While the composition was exactly the same for both peptides, CD and H' NMR data showed
that the E4K, peptide has 65% helical content, while the E;K; peptide is essentially a random
coil. This is consistent with studies in alanine peptides discussed earlier, wherein (i, i + 4)
interactions, as in E4Ky, stabilize the helical conformation whereas the (i, i + 2) spacing in E;K;
cannot facilitate these ionic interactions (Fig.1b,c). These results were independent of peptide
concentration in a range of 20-250 uM indicating that oligomerization was not a factor in
augmenting helicity. Additionally, pH and salt titrations showed that both direct ionic (E-K) and
salt bridge interactions (H-bonded) likely contribute to the stability of E4K, helices. This is in
contrast to (EAAAK), that appear to be primarily stabilized by salt bridge interactions (7). Free
energy calculations yielded 0.5 kcal/mol stabilization for each (i, i + 4) interaction in E4K,, the

contribution from each interaction is proposed to stabilize the isolated a-helical conformation.

The mechanisms that underlie the stability of E4;K; helices are also evident in molecular
dynamics (MD) simulations. Sivaramakrishnan et al. performed a replica exchange MD

simulation on a (E4Kj), peptide (18) (Fig. A.1 c). Starting from either a random coil or a fully
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formed a-helix, both simulations converged on an a-helix. Thermal melting curves derived from
the MD simulations matched previous experimentally measured helicities of this peptide (17).
The simulations revealed dynamic and continuous interactions between side chains, with
preferential i - 4 and i + 3 interactions centered on E(i) residues, and i — 3 and i + 4 interactions
centered on K(i) residues (Fig. A.1 c). These computations parallel experimental measurements
by Olson et al., who measured the influence of E-R side chain spacing on helicity (19).
Monitoring the distances between the side chains in MD simulations, it was estimated that 45%
of the time direct ionic interactions occur between E and K, whereas solvent separated salt
bridges occur 37% of the time. This observation is consistent with the presence of both ionic and
salt-bridge interactions in E4K inferred from the pH dependence of helicity (17). Additionally, it
was observed that the bulky side chains were able to partially shield backbone hydrogen bonds
from the polar solvent. Thus, stability of the a-helical core appears to arise from both shielded
backbone hydrogen bonds, and ER/K side chain interactions. In this regard, the ER/K motif has
been likened to a tensegrity structure that is stabilized by the juxtaposition of ‘contractile’
(backbone hydrogen bonds) and ‘“tensile’ (side chain) interactions (20). Overall, the observations
in synthetic E-R/K peptides have important structural implications in natural proteins as

discussed in the next section.
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Figure A.1. Glu (E) and Arg (R)/ Lys (K) side chain interactions stabilize a monomeric a-helix in solution. (a) The primary
amino acid sequence of the ER/K motif in Kelch-motif family protein from Trichomonas vaginalis. Positively charged residues
(R and K) are shown in blue, negatively charged E is depicted in red, polar residues in black, and hydrophobic residues in green.
Note the recurrence of E and R/K spaced at (i, i + 4) intervals. (b) A pinwheel diagram representing the spacing of residues along
an a-helix. The (i, i + 4) spacing in the ER/K motif positions amino acids 40° apart, with a distance of 0.6 nm along the helical
backbone. (Pinwheel adapted from (21)) (c) lonic interactions and H-bonded salt bridges occur between E and R/K sidechains
with (i, i + 4) spacing. (Top panel) Top view down the backbone from the N-terminus of one heptad of (E4K,), peptide from an
MD simulation (18). (Bottom panel) A 90° rotation visualizing the entire 16 amino acid peptide with a E-K interaction
highlighted. (d) A representative snap shot from a Monte-Carlo simulation of the Kelch-motif family protein ER/K a-helix (as in
(a); (22)) highlighting the extended a-helical conformation in a large polypeptide (~ 30 kDa).

A.1.3 Identification and characterization of SAH domains in natural proteins

While the (EAAAK), motif was the first identified to form SAH domains, SAH domains
identified in natural proteins to date more closely resemble the ER/K motif (i.e. (E4(R/K)4)n ).
Smooth muscle caldesmon contains an ~ 150 residue stretch in its central region that is
essentially repeating segments of KAEEEKKAAEEK (23). Wang et al. (21) extensively
characterized a 285 residue fragment of caldesmon that encompasses this ER/K stretch. CD
revealed ~ 55% helicity, which is consistent with a near continuous 150 amino acid o-helical

region. The sedimentation profile of this polypeptide in ultracentrifugation experiments suggests
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a monomeric species over a wide range of protein concentrations (0.1 — 3.5 mg/ml). Rotary
shadowed electron micrographs (EM) revealed rods with an average length of 35 nm that is near
the predicted length of an extended 150 residue a-helix. The rod thickness in EM was
significantly less than coiled-coils from tropomyosin or the myosin rod segment, again
suggesting a single extended a-helix. In addition to stabilizing the a-helix, Wang et al. proposed
that the regularly spaced salt bridges may protect this o-helix from proteolytic cleavage.
Caldesmon interacts with both actin and myosin through distinct domains located at the ends of
its SAH domain. While muscle caldesmon serves to inhibit the actin activated ATPase activity of
myosins, it does not inhibit the actin-myosin interaction (24). Therefore, the extended single a-
helix in caldesmon likely serves as a spacer to allosterically modify this interaction. However,
not all SAH domains identified are expected to function solely as spacers, for example the

human programmed cell death 5 (PDCD5) protein.

The N-terminal 26 amino acid fragment (GSADEELEALRRQRLAELQAKHGDPG) of PDCD5
was demonstrated by Liu et al. (25) to form a single a-helix by both CD and NMR spectroscopic
measurements (Fig. A.2 c). Deletion of the N-terminal o-helix of PDCD5 significantly
attenuated the apoptosis-promoting effects triggered by serum withdrawal. Based on the
differential nuclear translocation of full length and truncated PDCDD5, Liu et al. propose a role
for this SAH domain in the nuclear targeting of PDCD?5.
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Figure A.2. SAH domains have been observed in natural peptides or full length proteins with multiple structural
techniques. (a) From reference (1) the putative coiled-coil region of myosin 10 forms a SAH domain. (Top) circular dichroism
(CD) of a peptide from murine myosin 10 has a canonical alpha helical spectrum at 10°C with a negative ellipticity at 222 nm
(before and after heating to 80°C) and a random coil spectra (with loss of ellipticity at 222 nm) at 80°C. (Bottom) rotary
shadowed transmission electron microscopy (rs —TEM) of recombinant murine myosin 10 fragments. (b) From reference (18),
the predicted structure of the MT ER/K region (residues 916 — 981) of myosin VI docked into its small angle X-ray scattering
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(SAXS) envelope. (c) From reference (25), an alignment of 20 solution states, determined by NMR, for the programed cell death
5 protein residues 1 — 26 following *H —*°N HSQC. (d) From reference (26), the x-ray crystal structure of ribosomal protein L9.
(e) From reference (27), the number and percentage of total sequences of putative charged SAH domains (CSAH) identified from
the primary amino acid sequences of the indicated organisms listed in SwissProt and TrEMBL databanks utilizing the CSAH
server. (b-d) Residues in SAH domains are colored as in Figure a. 1.

The first high resolution structure of a SAH domain was revealed in a crystal structure of the B.
sterthermophilis ribosomal protein L9 (26). This protein contained a rigid and fully extended 34
amino acid linker region between two compact globular domains (Fig. A.2 d). A subsequent
study synthesized the corresponding peptide, and found the peptide was primarily monomeric at
concentration up to 1 mM in analytical ultracentrifugation studies and primarily (~ 70%) o-
helical as determined by CD spectroscopy, a much higher degree of helicity than was expected
based on its primary sequence (PANLKALEAQKQKEQRQAAEELANAKKLKEQLEK) (28).
Further, they found that the helicity of the peptide could be disrupted by moderate salt
concentrations (< 500 mM NaCl), indicative of ionic side-chain interactions contributing to the
net stability of the a-helix. While this peptide is far from the ideal E;K,; motif, it does have
several predicted (i, i + 4) electrostatic interactions. The single a-helix was postulated to act as a
rigid spacer between two globular domains of the L9 ribosomal protein such that they are
properly positioned to bind RNA. In addition to its structural role in the intact proteins, the
authors also suggest that the folding of the a-helix may initiate and stabilize the folding of the
two domains at its ends. Specifically, if the a-helix does initiate the folding process, then the

folding of the two domains at the ends will be interdependent.

The most extensively characterized SAH domains to date are the ER/K a-helices found in
myosin X and VI. A study by Knight et al. investigated a putative coiled-coil motif in murine
myosin X that was highly enriched in charged residues in the a and d positions of the heptad
repeats (1). The authors identified this as a peptide that did not conform with typical coiled-coil
motifs, and coined the term SAH to describe an isolated stable single a-helix (Fig. A.2 a). The
36 residue peptide studied (RQLLAEKRELEEKKRREEEKKREEEERERERAQR) resembles
an ideal ER/K motif. Using H* NMR they found that the n-terminal 6 residues form a random
coil, while all other residues in the peptide are a-helical. Using analytical ultracentrifugation
they determined the peptide to be monomeric at concentrations up to 700 uM. Surprisingly, they
found that the o-helical content, as determined by CD, is less sensitive to higher salt

concentrations than a synthetic 19 amino acid E4K, peptide, presumably due to more stable
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electrostatic interactions. The study also investigated the SAH domain in the context of a nearly
intact myosin X, which included a directly N-terminal putative coiled-coil region (120 amino
acid total), by rotary shadowing and negative stain EM (Fig. A.2 a). They found that 90% of the
peptide was monomeric, whereas 10% appeared dimerized. Further, in the dimeric population
only a small portion of the a-helical region appeared to be interacting. The ‘head’ region of the
entire myosin was 15 nm longer than expected (34.7 nm versus an expected 18.4 nm),
corresponding to the expected length of 18 nm if the entire 120 amino acid region were in an
extended o-helix. Finally, this study made predictions for two additional SAH domains in
regions putatively described as coiled-coil regions in myosin VI and MyoM (Dictyostelium
myosin) based on the ER/K motif in their primary amino acid sequence, both of which were
subsequently confirmed.

Spink et al. (29) demonstrated that an ER/K motif was necessary for the large (36 nm) step size
of dimeric myosin VI. The myosin VI medial tail was previously proposed to form a coiled-coil
(30) based on a prediction of the PAIRCOILS algorithm. Spink et al. showed that a polypeptide
derived from the medial tail failed to demonstrate a co-operative melting profile characteristic of
coiled-coil domains. Using a combination of spectroscopic approaches, the medial tail was found
to be monomeric even at high concentrations (> 200 uM). Small angle X-ray scattering (SAXS)
reconstructions revealed an extended conformation (~ 10 nm) consistent with the medial tail as
an ER/K motif (Fig. A.2 b). Forced dimerization of the medial tail, by insertion of a canonical
coiled-coil at its N-terminus, substantially diminished the step size and processivity of myosin
VI. The rigidity of this ER/K a-helix is evident in its ability to extend the mechanical stroke of
myosin VI as it resists an external force applied by optical tweezers (22). By pairing SAXS and
optical trapping measurements of this and another naturally occurring ER/K motif (10 and 30
nm) the persistence length of the ER/K motif based on an ideal worm-like-chain was estimated
to be 15 nm (22) (Fig. A.1 d).

A.1.4 Predicting SAH domains from primary sequence

Until recently, the identification of the SAH domain was limited to the handful of natural
proteins where it had been biochemically characterized. Searching specifically for the minimal

ER/K motif (E4(R/K)4), Sivaramakrishnan et al. identified 123 distinct proteins in 137 organisms
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ranging from archea to humans, that had an average of 80% conformity to this motif (18).
Peckham et al. sought to identify SAH domains by examining sequences predicted to be coiled-
coils based on their high charge density, but failed to have hydrophobic residues in the a and d
sites. After a manual screen of putative coiled-coil domains that were homologous to the bona
fide SAH domain in murine myosin X, they found that up to 4% of proteins classified as coiled-
coils might indeed be SAH domains instead. This study provides an upper bound of 0.5% of all
proteins in the human database contain a SAH domain (31).

Suveges et al. took a more systematic and analytical approach to identify charged SAH domains
(32). They generated two conceptually different computational models, one a scoring function
that identifies characteristic (i, i + 4) or (i, i + 3) salt bridges (SCAN4CSAH), and a second fast
Fourier transform approach to find like-charged residues approximately 1 heptad apart
(FT_CHARGE). These methods detected several putative SAH domains by cross examining the
Swiss-Prot database for regions larger than 40 amino acids (32). Both search databases are
available at the charged SAH (termed CSAH) server (http://csahserver.chem.elte.hu). Applied to
the UniProt database, they provide a conservative estimate of 0.2% of all proteins in an organism
as containing CSAH structural motifs (Fig. A.2 e). Interestingly, Homo sapiens were identified
to have the highest number of CSAH containing sequences in their genome. Of almost 300,000
proteins identified in this search, only one had a published high resolution structure suggestive of
the difficulty of obtaining x-ray crystal structures of CSAH domains. The identified sequences
had high overlap with servers identifying unstructured regions and coiled-coil motifs. The
authors postulate that this motif may be rapidly evolving and that single charge mutations may
lead to fine tuning of sequences between SAH, coiled-coil and disordered segments (27). As an
alternative to differentiating between SAH and coiled-coil domains, Sunitha et al. (3) have
developed a new computational tool termed COILCHECK+
(http://caps.ncbs.res.in/coilcheckplus). This web interface informs the user of the strength of a
potential coiled-coil interaction at the interface region based on the relative density of both the
charged residues and the characteristic repeat pattern of hydrophobic residues. While these
bioinformatics screens require additional experimental verification, it appears that SAH are a

ubiquitous protein domain.
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A.2 Applications for modular ER/K motifs in protein engineering

The ER/K motif has readily found applications in protein engineering. Three separate studies
have used chimeric approaches to investigate the interplay of ER/K a-helix mechanical
properties on myosin function (Fig. A.3). Baboolal et al. (33) demonstrated that an ER/K a-helix
can function as a lever arms in myosin V by extending a single myosin stroke nearly as
efficiently as its native rigid calmodulin-stabilized lever arm (Fig. A.3 a). However, in contrast
to the native lever, the ER/K a-helix was not able to coordinate the chemomechanical cycles of
the two myosin heads within a single dimer, possibly due to its lower bending rigidity. Nagy and
Rock (34) demonstrated that the ER/K a-helix from myosin X was necessary and sufficient to
engineer preferential processive movement of both myosin X and V on fascin-linked actin
bundles. Engineering additional flexibility into the native myosin X abolishes selectivity for
actin bundles, suggesting that the ER/K a-helix selectively biases the orientation of the myosin
heads within a dimer (Fig. A.3 b). Hariadi et al. (35) found that ensembles of myosin VI but not
myosin V undergo linear-directed movement on a dense cellular actin meshwork. Stochastic
simulations revealed that myosin lever arm rigidity alone was sufficient to dictate the skewness
of movement patterns on cellular actin networks. Swapping a portion of the myosin V lever with
the ER/K a-helix from myosin VI was sufficient to linearize myosin V trajectories and vice
versa (Fig. A.3 c). Together, these reports bridge mechanical properties of ER/K a-helices with

specific functions in myosin.
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Figure A.3. The ER/K a-helix is a modular genetic motif that can be used to create myosin chimeras with altered
mechanical properties. (a) Baboolal et al. (33) created a myosin VV (MyoV) chimera containing the putative ER/K o-helix from
Dictylostelium myosin M. (Left) The powerstoke distances of WT myosin V, myosin V with truncation of 2 or 4 calmodulin
stabilized 1Q domains, and a chimera of myosin V with 2 native 1Q domains and a 16.8 nm ER/K a-helix. (Right) An extended
and rigid ER/K a-helix can propagate force generated in the myosin catalytic domain to facilitate long processive steps on actin
filaments. (b) Nagy and Rock (34) generated multiple chimeras between myosin V and myosin X (MyoX) to assess structural
elements that allows myosin X to preferably move on fascin-actin bundles. (Left) Representative chimeras that were used to
identify that in myosin X, the ER/K a-helix and not the motor domain or step size dictates processive movement on fascin-actin
bundles. (Right) Insertion of unstructured Gly-Ser-Gly residues between the SAH and 1Q domains of myosin X disrupts
preferential processivity on fascin-actin bundles. The ER/K a-helix alters the orientation of the motor domain, allowing it to
favorably bind actin sites uniquely presented in fascin-actin bundles. (c) Hariadi et al. (35) generated chimeras swapping the
ER/K a-helix from myosin VI (MyoVI) with the 1Q domains from myosin V while investigating the collective movement of
multiple myosins tethered together. (Left) Multiple myosin V, but not myosin VI, display meandering trajectories while
traversing actin meshworks. Swapping regions of the lever arm containing the ER/K o-helix is able to reverse this phenomenon.
(Right) The 1Q-domains are likely more rigid than the ER/K a-helix, such that the inter-myosin force can selectively alter the
accessibility of actin binding sites for the less rigid myosin V1.

In a radically different approach to protein engineering the ER/K linker has also been used to
tether and dictate the effective concentration of intramolecular protein-protein interactions (Fig.
A.4 a). Sivaramakrishnan and Spudich (36) engineered a single polypeptide sensor containing an
ER/K linker with an N-terminal calmodulin (CaM) and cyan fluorescent protein (CFP) variant

attached by a flexible (GSG); linker, and a C-terminal yellow fluorescent protein (YFP) variant
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attached with a (GSG), linker to a peptide known to dimerize with the Ca®* bound CaM. The
calcium induced intramolecular interaction between CaM and its binding partner was detected by
changes in fluorescence resonance energy transfer (FRET) between CFP and YFP variants. In
the absence of calcium, no significant FRET was detected with ER/K linkers of 73 amino acids
or more (corresponding to > 10 nm length along the a-helical backbone). A dramatic increase in
FRET was observed upon addition of calcium. Unexpectedly, calcium stimulated FRET was
independent of the concentration of sensor at levels below the bimolecular dissociation constant,
indicating that an intramolecular interaction was bringing the FRET pair on either end of the
ER/K linker into close proximity. Competitive inhibition of FRET with increasing concentrations
of unlabeled CaM was used to quantify the effective concentration of the intramolecular
interaction. Regardless of the bimolecular dissociation constant, the effective concentration
decreased by about an order of magnitude for each additional 10 nm of ER/K linker. Essentially,
changing ER/K linker length from 10-30 nm altered the effective concentration of the
intramolecular interaction from 10 uM to 100 nM (Fig. A.4 c) (for reference, the effective
concentration of a 60 residue unstructured linker is ~ 100 uM (37)). Further, similar results are
observed when CaM and the CaM binding peptide are replaced by different interacting peptides
(Fig. A.4 b). This trend is in contrast to the expected behavior of an ideal worm-like-chain. One
possible explanation is that a sensor in the closed state may introduce unfavorable conformations
of the ER/K linker, which could increase the off-rate of the CaM-peptide interaction. However,
the measured off-rate was found to be independent of ER/K linker length. The authors proposed
a structural interpretation of these observations by suggesting the ER/K linker undergoes rare
stochastic breaks in helicity that create pivot points to facilitate interactions between the ends.
The frequency of stochastic breaks scales linearly with a-helix length (o L). However, the
breaks are unlikely to be spatially coordinated resulting in far fewer conformations (o 1/L?) that
bring the ends in close enough proximity to precipitate CaM-peptide interactions. While this
interpretation needs further testing, it is consistent with a previous SAXS study suggesting that
certain a-helical peptides exhibit breaks along their length (38). The use of the ER/K linker to
modulate protein-protein interactions was termed Systematic Protein Affinity Strength
Modulation (SPASM). A key feature of the SPASM approach is its modularity, and the
individual protein/peptide/fluorophore domains can be easily exchanged with basic molecular

biology tools in most research labs.
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Figure A.4. The ER/K a-helix dictates the effective concentration of peptides attached to its distal ends and can be used
for protein/cellular engineering applications. (a) (Top) The ER/K a-helix adopts an extended conformation in the absence of
an interaction between polypeptides fused to its ends; (Bottom) Interaction between peptides stabilizes the closed conformation of
the ER/K o-helix, which is detected by a reporter system (eg: FRET between CFP and YFP). (b) From reference (39), an
example of the schematic depicted in (a), in which the interacting focal adhesion kinase (FAK) FERM domain and kinase
domains, as well as the fluorescent protein FRET pair CFP and YFP are separated by a disordered GSG linker, or ER/K linkers
with extended lengths of 10- 20- and 30 nm. Fluorescence emission of these polypeptides was monitored at concentrations
significantly lower than the bimolecular dissociation constant for the kinase-FERM domain interaction; FRET is assessed by the
characteristic increase in fluorescence at 525 nm. (c) Sivaramakrishnan and Spudich (36) found that the effective concentration of
the intramolecular interaction was dependent on the ER/K a-helix length. Longer ER/K a-helix length leads to a lower effective
concentration. (d-f) Sample applications, some experimentally demonstrated (*) and others conceptual, of a modular ER/K linker
in protein engineering (d; Left) Reporting protein-protein interactions using fluorescent protein FRET reporters between
conditionally interacting protein/peptide pairs, as reported by Malik et al. investigating GPCR-G protein interactions (40). (d; Top
right) ER/K linker with flanking FRET reporters inserted between domains of a multi-domain protein as reported by Swanson et
al. investigating protein kinase C (41). (d; Middle right) Tethering a BiFC (42) pair to fluorescent protein with an ER/K a-helix,
places the fluorescent protein beyond FRET distance, to allow for quantification of expression levels of the sensor. (d; Bottom
right) A non-fluorescent readout of a conditional protein-protein interaction, for example, enzymatic activity of a split TEV
protease, or deriving antibiotic resistance from a split beta-lactamase (43). These approaches allow for increased stringency of
detection by increasing the ER/K a-helix length, while controlling for stoichiometry of interacting proteins. (e; Left) ER/K a-
helix length modulates protein-protein interactions to control the activity resulting from the interaction. For instance, an activity
that is dependent on two proteins interacting can occur more or less frequently depending on the length of the ER/K o-helix as
demonstrated by Ritt et al. investigating the intramolecular interaction between FERM and kinase domains of focal adhesion
kinase (39). (e; Top right) The ER/K o-helix can be used to generate single polypeptide actuators, using inducible protein
interaction pairs. For instance, the optogenetically controlled dimeric dronpa fluorescent proteins (44) can be used to modulate
auto-inhibition of a catalytic domain. (e; Bottom right) The ER/K a-helix can be used to control co-recruitment of peptides to an
intermolecular complex. While the initial interaction will be dependent on polypeptide concentration, recruitment of the second
peptide tethered by the ER/K linker will be dependent on the linker length. (f) ER/K a-helices can be used to engineer structural
scaffolds from polypeptides. A schematic of one such design is depicted in which the size of the structure can be adjusted by the
length of the ER/K a-helix.
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The SPASM approach has since been used to engineer protein-protein interactions in live cells.
Single polypeptide FRET sensors based on SPASM have been used to detect G protein-selective
conformations of G protein-coupled receptors (GPCRs) (40) (Fig. A.4 d). Modulating effective
concentration with varying ER/K linker length has been used to modify the enzymatic activity of
focal adhesion kinase (FAK) and dissect the differential effects of kinase activity and domain-
domain interactions in controlling cellular migration (39) (Fig. A.4 e). The ER/K linker provides
control over the stoichiometry of expression, with minimal FRET in the absence of an
intramolecular interaction. This feature has been used to understand the pH dependence of FAK
regulation, while correcting for the effects of pH on the fluorescence levels of GFP variants.
Additionally, the ER/K linker has found utility in modulating domain-domain interactions in
multi-domain proteins, which has vyielded a coarse configuration of both intra- and
intermolecular interactions in protein kinase C (41) (Fig. A.4 d). Beyond these studies, we
propose that the ER/K linker may be readily used in conjunction with other synthetic protein
tools, including split proteins and inducible protein interactions, as a means to study individual

interactions or to engineer cellular systems (Fig. A.4 d-f).
A.3 Conclusions:

The SAH domain is a structural element found in numerous proteins, where it appears to operate
as a semi-rigid structural element that tethers globular domains. Although it has only been
extensively characterized in a few natural proteins, its sequence specifications and structural
properties allow for its identification distinct from coiled-coils. The ER/K motif is a subset of
SAH domains that has been extensively characterized through studies of the myosin family of
molecular motors. ER/K a-helices, encoded by this motif, have already found applications for
monitoring or systematically modulating protein interactions. The modularity of the ER/K motif
makes it a versatile protein structural element in an expanding toolbox of technologies that are
being deployed to dissect an integrated cellular signaling network. In addition to informing
cellular function, sensors developed on an ER/K platform have direct applications for identifying

new small molecule therapeutics.
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Appendix B: Supplemental to Chapter 3

B.1 Results:
Size exclusion chromatography

We started by assessing PKCa oligomerization by SEC. PKCa-mCit under EGTA buffered
conditions ran as 1 prominent peak followed by several smaller degradation product peaks (Fig.
B.1 a). The MW of the prominent peak was determined to be 1.00*10° + 0.19*10° dalton (mean
and 1 standard deviation from Gaussian fit; anticipated MW of PKCa-mCit is 1.06*10° dalton),
and PKC-a was detected in the corresponding fraction by a monoclonal anti-PKCa antibody.
When the mobile phase contained 300 uM free Ca®* and the protein sample was pre-incubated
with matched buffer for 3, 10 or 30 minutes prior to the chromatography run, the prominent peak
was progressively quenched and no additional peak was observed. The column manufacturer
states the exclusion limit of the resin (Superdex 200; for globular protein) as 1.3 * 10° daltons
(~10 fold increase in Mr of monomer assuming spherical particles). Interestingly, no oligomers
within the range of 2 — 10 times the monomer size were resolved, except for a small peak in the
void fraction after the shortest calcium incubation period. We conclude that in the presence of
calcium the protein oligomerizes into particles larger than the exclusion limit of the column. We
were surprised that oligomeric species could not be resolved in the range of 1.14*10° - 1.3 * 10°
daltons (2 - 10 molecules/particle). To address specificity, we introduced the single point
mutation D246N which is known to disrupt Ca** ion coordination to the C2 domain(1). We find
that under EGTA buffered conditions the D246N point mutation has no observable effect on Mr
compared to the native sequence (Fig. B.1 b). However, when treated with Ca?*, D246N runs
exactly as in the EGTA buffered condition. This finding provides evidence that not only is Ca?*
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minimally sufficient to oligomerize PKCa, it does so specifically through the well-characterized

Ca®* binding pocket in the C2 domain.
Differential sedimentation

We chose centrifugation conditions such that the monomer (MW < 112.6 KDa) species would
remain in the supernatant, while any aggregated/oligomeric species would be pelleted. We found
that protein buffered with EGTA primarily remained in solution, while buffering with 200 uM
free Ca”* caused a significant pellet fraction to be observed. However, if the D246N mutation is
present, the protein no longer forms pellets in a calcium-dependent manner (Fig. B.1 ¢). We
designed an experiment in which the same protein sample was sequentially buffered with EGTA,
fractionated, the soluble component buffered with free Ca*, re-fractionated, the pellet re-
suspended in EGTA buffered solution and fractionated a 3™ time. Remarkably, we observed
calcium to drive pelleting of the protein, but once the pellet was re-suspended in EGTA buffered
solution the entire fraction remained in the soluble fraction (Fig. 3.1 a). This experimental result

suggests that oligomerization is reversible and dependent on calcium.
Dynamic Light Scattering

In order to get an estimate of the size of oligomers as well as confirm reversibility, we utilized
dynamic light scattering (DLS). We initially investigated a modestly concentrated sample of
PKCo-mCit (1 puM) buffered with EGTA so that the hydrodynamic radius between SEC and
DLS experiments (Hrsec), HroLs)) could be compared. Using a regularization fit, it was found
that PKCa-mCit was bi-model, with a peak with estimated Hg consistent with monomers (in all
cases representing > 94% mass) as well as a peak with Hg ~100 fold larger than monomer
(presumably aggregated protein) (Fig. B.2). Not surprisingly, the monomeric peak is
polydisperse, which is consistent with SEC data in which several degradation products were
observed. When the Hr(pLs) Of the first peak (3.14 nm) is used to estimate a molar mass using the
Stokes-Einstein relationship with an isotropic spheres model, the mean is 95.8 + 16.3 KDa (mean
and s.e.m. n = 65; compared with 100 KDa from SEC and 106 KDa estimate from primary
sequence). We then sequentially added calcium and EGTA to the same sample with 15 min
incubations in between. A dramatic shift in the autocorrelation data towards longer time occurred

following calcium addition and partial recovery to shorter time with EGTA addition (Fig. 3.1 b
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left). We used a cumulant fit to estimate an averaged diffusion constant and used an isotropic
sphere model to calculate the MW of all species in the sample and normalized by the starting
condition. The average mass sequentially increased by 13 fold and returned to 4 fold above the
starting EGTA buffered condition (Fig. 3.1 b right). The introduction of the D246N point
mutation increased a modest 1.7 fold following introduction of calcium. These results are
consistent with both the specificity and reversibility of the oligomerization phenomenon

previously observed.
Fluorescence microscopy

Using non-specific adhesion to coverslips, PKCa-mCit formed large fluorescent punctae
specifically and reversibly in the presence of free calcium (Fig. 3.1 c¢). By quantifying the
fluorescent images the relative number and intensity of particles could be distinguished. We
initially aimed to do step-wise photobleaching of the punctae to estimate the # of molecules /
punctae, however the intensity of punctae >> the intensity of individual fluorophores making this
quantification unfeasible as punctae are saturated under imaging conditions resolving individual
fluorophores. Instead, we quantified the total fraction of molecules in punctae (Fig. 3.1 ¢ right)
as well as the heterogeneity in punctae intensity. Further, these punctae are used to justify the
isotropic models used in SEC and DLS analysis as they visually appear as isotropic spots as
opposed to fibers. As a control, the occurrence of punctae as well as differential sedimentation
was quantified as a function of free Ca** concentration (Fig. 3.1 d). Both punctae formation and
the degree of sedimentation were variable with the free calcium concentration and could be fit to
a one phase binding curve (Kp = 1.6 + 0.3 uM punctae formation, Kp = 320 £ 260 nM
differential fractionation). Both fall in the range of reported C2-Ca?* equilibrium coefficients (1-
3). This assay was further used to explore additional axis of this phenomenon including time and
protein concentration. We observed that both punctae number and the relative intensity of
punctae increases as a function of time, and that higher PKCa concentration accelerates the
growth of punctae (Fig. B.3). These results suggest a mode of growth in which two processes
occur: nucleation of an oligomer from monomers as well as the joining of oligomers into larger
oligomers. Such a process is more commonly referred to as polymerization or self-assembly than

oligomerization. Because the polymerization is strictly dependent on calcium we will refer to this
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phenomenon as self-assembly. Together these data support our conclusion that self-assembly of

PKCa is reversible and specific to calcium binding.
Hetero-FRET in Cla SPASM C2 sensor

Hetero-FRET in the Cla — SPASM- C2 sensor is expected to be detected when Cla and C2
domains (both intra- or inter-molecular) are within ~1.6 of R, (mCer-mCit R, = 5.4 nm; 8.6 nm <
9 nm mean end-to-end distance of 10 nm linker (4)). We found that hetero-FRET in Cla-
10nmSPASM-C2 reversibly increased in the presence of calcium. Further, the calcium induced
increase in hetero-FRET is dependent on linker length where longer lengths have attenuated
responses even when the total concentration of Cla and C2 domains in solution is held fixed.
The degree of attenuation in both hetero-FRET and coverslip assays is positively correlated with
helix length (Appendix 2. 6a; linear fit r* = 0.936). Accordingly, the increase in hetero-FRET is
concentration dependent, suggesting it is affected by inter-molecular interactions (Fig. B.5 b).
The concentration dependent change in hetero-FRET is fit well by a Hill binding model
providing a half-maximal value of 61.1 + 1.2 nM (best fit and standard error), which serves as
our best estimate of the free in solution equilibrium dissociation constant however, this output is
a convolution of both intra- and inter-molecular contributions to hetero-FRET and should be
considered only a coarse estimate (Appendix 2. 6 ¢). An additional benefit of this hetero-FRET
output from the sensor is the ability to monitor kinetics of both association and dissociation.
What we found was the initial phases of kinetics were faster than the time resolution of our
recording (0.5 Hz). Together this line of enquiry provides orthogonal confirmation of our major

findings.
B.2 materials and methods:

DNA constructs: Many constructs used in this study with human PKCa were previously reported
(5). The pBiex1 (Novagen) plasmid vector was used for Sf9 expression and pcDNA/FRT
(Invitrogen) was used for CHO expression. All constructs contained a C-terminal FLAG tag and
(Gly-Ser-Gly), linkers were inserted between each fusion element. The Cla — C2 biosensors
(with three length SPASM linkers) were sub-cloned with restriction enzymes into the SPASM
backbone as previously described. The Cla domain is defined as aa 32 — 100, C1b as aa 101 -
151, C2 aa 158 -292. Site- directed mutagenesis were performed with Pfu-turbo (Agilent).
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Sf9 protein expression and purification: Sf9 expression and purification was performed as
previously described (5). Briefly, Sf9 cells in suspension were transiently transfected with
desired DNA constructs using Escort IV transfection reagent (Sigma-Aldrich) and harvested 60 h
later. Protein was batch purified with anti-FLAG M2 Affinity gel (Sigma-Aldrich), eluted with
FLAG peptide, and buffer-exchanged using Zeba Spin Desalting columns (Pierce) into the
working buffer (20 mM HEPES, 0.5 mM EGTA, 5 mM MgCl,, 2 mM DTT, pH 7.5). Protein
was further diluted into this working buffer plus 0.1 mg/ml BSA for all experiments unless
otherwise described. Prior to each experiment, de-salted protein was centrifuged (2.8 x 10° rcf,
10 min, 4° C) and the concentration was quantified using either an absorbance at 280 nm and a
extinction coefficient calculated using ProtParam (http://web.expasy.org/ProtParam) or using
mCitrine fluorescence fit to a standard curve (FluoroMax-4, Horiba Scientific). Protein batches
were made fresh and experiments performed within 72 hours of Sf9 cell harvesting.

Size-exclusion chromatography: A Superdex 200 10/300 GL Size-exclusion column (GE) on a
FPLC (BioRad) was pre-equilibrated with 3 column volumes of HEPES buffer, 100 mM NaCly,
500 pM EGTA (EGTA) or + 800 pM CaCl, (calcium condition). PKCa-mCit or
PKCo(D246N)-mCit (9.5 pM) was incubated with matched buffer condition for indicated time
and 100 pL was injected and flowed through the column. Fractions were collected (200 pL) in a
black clear bottom 96 well plate (Grenier) and scanned for mCit fluorescence (SpectraMax
Mb5e). Chromatography and pre-incubation of protein were all performed at 4° C. The column
was pre-calibrated using known protein standards (Bio-Rad) to analytically determine protein
size. Select fractions were run on SDS-PAGE gel and scanned for mCit fluorescence (Typhoon
imager), and either probed with PKCa antibody or stained with Coomassie brilliant blue to verify

fractions corresponded with anticipated molecular weights.

Fluorescence coverslip assay additional: For the experiment in Appendix fig 2. 3 b the
concentration of PKCa-mCit-FLAG was held constant at 50 nM while the concentration of
PKCa-FLAG was adjusted. For experiments where mCer and mCit were monitored a dual view
module (Photometrics; 505 nm beam splitter, D480/30 nm and 535/40nm) designed to monitor
mCer and mCit emission was used, and two images were sequentially taken with mCer
excitation (custom filter cube 436/20 nm excitation, 455 nm LP) followed by mCit excitation

(GFP cube). Only the mCer excitation — mCer emission and mCit excitation — mCit emission
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channels were analyzed. Visual inspection of mCer-mCit and mCit-mCer channels showed

negligible bleed-through and cross-excitation.

Spot identifier: Coverslip assays were quantified with custom Matlab code. Briefly, a
background slide was subtracted and the image was median filtered. Spots were identified based
on local intensity ratios (center pixel intensity I.onter > 1.12 {I)10car Where (I);pcq: 1S the mean
intensity of surrounding 21 x 21 pixels; only one pixel / neighborhood). Spot intensities were

quantified as the sum of pixels with greater than half maximum difference in intensity:

10 10
p— !
Ispot = E E Ixy
x=—10 4=y=—10

Icenter + (”local
0 : Otherwise

Kinase activity: Kinase activity was assessed as previously described (5). ATP consumption was
measured using the Kinase-Glo Max Luminescence assay kit (Promega) measured in a white,
opaque 96 well plate (Nunc) on a SpectraMax M5e (Molecular Devices). Reactions occurred in
individual wells with starting concentrations of 100 uM ATP, 100 uM myelin basic protein
peptide (4-14; Genscript), 100 nM PKCo-mCit-FLAG, 300 uM free Ca®*, and 30 pM of the
indicated liposomes. Reactions were initiated with the addition of ATP, and were arrested with
addition of the Kinase-Glo substrate after 4 min at room temperature.

Liposome preparation: Liposomes were prepared fresh from chloroform stocks (Avanti) and mol
% were calculated using manufacturer provided concentrations and molecular weights. The
chloroform was dried with nitrogen and incubation under vacuum for 1 h. The lipids were
brought to a working concentration of 1.27 mM with addition of working buffer and were
allowed to hydrate at 60° C for 1 h with intermittent suspension by pipetting. Liposomes were
generated by 10 rounds of sonication (10 s on 50 s off). Data presented in Fig. 4 are
representative of multiple batches of liposome preparations, but were all performed with the

same batch of lipid. For the time-resolved anisotropy measurements instead of sonication, the

146



liposome mixture was extruded using a 100 nm nitrocellulose membrane (Millipore) according

to manufacturer’s protocol (Avanti).

Steady-state fluorescence anisotropy plate reader: A SpectraMax M5e (Molecular Devices) was
used to record fluorescence anisotropy. The instrument was calibrated with FITC (1 uM pH 8.0;
excitation 483 nm, emission 515 nm) in solutions of water and 0, 10, 30, 50, 70 and 90%
glycerol in a black clear bottom 96 well plate (n = 12; Grenier). The high and low ends are in
good agreement with anticipated anisotropy values (0.046 = 0.025 and 0.392 + 0.020) and no
correction factor was used (G-factor = 1). These same standards were applied to the microscope
where a G-factor was applied (see below). For protein experiments mCit (excitation 485 nm,
emission 515 nm) was monitored, and buffer blanks were subtracted before anisotropy
calculation. mCit containing protein starting concentration is 200 nM in a 50 pL volume unless
otherwise stated, and for sequential addition of calcium and EGTA was performed by addition of
concentrated stocks at 2.5% of volume. For each condition 4 — 8 wells were monitored in

triplicate. All experiments were performed at room temperature (22.0 £ 0.5° C).

Steady-state anisotropy optical set-up: A TIE microscope equipped with perfect focus, an
automated filter wheel containing a polarizing filter, a separate ND4 filter (excitation path;
Nikon), an EVOLVE 512 x 512 EMCCD camera (Photometrics), a polarized beam-splitting
Dual-View filter (Photometrics), a mercury arc lamp, and a yellow GFP filter cube (Nikon). A
40X DIC M/N2 0.75 NA objective combined with the 1.5X optovar (Nikon) was used for
imaging cells. FITC calibration samples were placed on glass bottom tissue culture plates
(MatTek Corp.) and imaged with polarized excitation and the dual view polarized beam splitter.
As with the plate reader, the instrument was calibrated with FITC (1 uM pH 8.0; excitation 483
nm, emission 515 nm) in solutions of water and 0, 10, 30, 50, 70 and 90% glycerol.
Qualitatively, the relative anisotropy values matched those obtained from the fluorimeter, but
with systematically lower absolute values. A G-factor was applied such that the 0% glycerol
sample had an anisotropy value of 0.00 (i.e., equal emission in both polarized channels)(6). This
G-factor (0.773) was applied to all additional anisotropy analysis and no further correction factor

was used.
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B.3 Table:

Fluorescence Correlation time 1 Fraction Correlation time 2
lifetime (ns) (ns) correlation time 1 (ns)
T () X1 (P
mCit-PKCa (EGTA) TCSPC 3.43 - - 326
[3.42 to 3.45] [30.0 to 35.9]
mCit-PKCa (Ca?*) TCSPC 3.43 - - 36.0
[3.41 to 3.45] [32.6 to 40.1]
PKCa-mCit (EGTA) TCSPC 3.44 0.753 0.070 30.5
[3.42 to 3.46] [0.343 to 1.529] [0.048 t0 0.114] [25.9 to 41.4]
PKCa-mCit (Ca®*) TCSPC 3.45 0.753 0.065 321
[3.42 to 3.46] [0.0 t0 0.93] [0.055 to 0.076] [29.0 to 35.9]
PKCa-mCit + liposome 3.46 - - 31.2
(EGTA) TCSPC [3.44 t0 3.48] [28.5 to 36.0]
PKCa-mCit + liposome 3.28 0.761 0.182 121
(Ca?") TCSPC [3.26 to 3.29] [0.372 10 1.34] [0.127 to 0.283] [9.84 t0 17.4]
PKCa-mCit (EGTA) DWR 341 0.431 0.088 40.8
[3.39 t0 3.43] [0.0 to 0.692] [0.065 to 0.097] [31.8 t0 50.7]
PKCa-mCit (Ca”") DWR 3.41 0.349 0.093 415
[3.39 t0 3.43] [0.0t0 0.577] [0.071 t0 0.102] [32.11051.1]
PKCa-mCit + 3.42 0.540 0.094 435
liposome(EGTA) DWR [3.40 to 3.44] [0.217 t0 0.760] [0.0711 t0 0.109] [34.0 to 53.6]
PKCa-mCit + liposome 3.30 0.554 0.230 30.9
(EGTA + Ca*") DWR [3.28 t0 3.32] [0.428 to 0.685] [0.208 to 0.254] [25.5 t0 40.4]
PKCa-mCit + liposome 3.34 0.525 0.152 40.8
(EGTA + Ca** + EGTA) [3.32 to 3.36] [0.342 t0 0.746] [0.131t0 0.177] [32.6 to 52.2]
DWR
Cla-SPASM-C2 (EGTA) 3.30 0.356 0.150 61.2
DWR [3.28 t0 3.33] [0.178 to 0.563] [0.130t0 0.175] [43.4 to 110]
Cla-SPASM-C2 (Ca") 3.18 0.225 0.236 129.7
DWR [3.15 10 3.20] [0.063 to 0.349] [0.208 to 0.259] [62.2 to >1000]

Table B.1: Values from TCSPC and DWR analysis. Fluorescence lifetime of the sample obtained at the magic angle was fit by
a single exponential function. The lifetime value was constrained as the anisotropy profile was fit to a 2 exponential function
where the two correlation time parameters and the fractional contribution of the faster correlation time were co-estimated. Initial
and final anisotropies were constrained to 0.4 and 0 respectively. For the conditions with only one reported correlation time, only
a single correlation time was resolved by the fit (i.e., the fraction of the faster component was zero). Steady-state anisotropy was
calculated as the fluorescence weighted average of the anisotropy decay given by the best-fit parameters. Standard errors of the
fit (67% confidence interval) are listed in brackets.
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B.4 Figures:
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Figure B.1. D246N point mutation blocks calcium induced oligomerization of PKCa-mCit. Size exclusion chromatography
elution profile of PKCa-mCit wild-type (a) or D246N (b) under indicated incubation conditions. (c) Differential fractionation of
the same fusion proteins following a 30 min incubation with or without 300 uM free calcium. The soluble (S) and pelleted (P)
fractions were run on an SDS-PAGE gel and imaged on a typhoon imager for mCit fluorescence.
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Figure B.2. Representative analysis of DLS data of PKCa-mCit in EGTA buffer. (a) The intensity autocorrelation data (blue
dots) is fit by a regularization model (black line) with residuals in bottom panel. (b) An isotropic spheres model is applied to
calculate the distribution of particle mass. This panel is representative of most experiments where two populations are observed,
the predominant peak near the expected mass of particles, and a second peak of much larger particles that was not removed
despite high-speed ultracentrifugation immediately prior to the measurement.
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Figure B.3. Two step growth of PKC oligomers. (a) The number of identified spots on a coverslip of PKCa-mCit (100 nM)
with and without free calcium was assessed at time points up to 60 minutes. The data are fit to a linear regression for
visualization. The points represent mean and standard deviation of 4 images (left). A cumulative histogram of the mean intensity
of each spot normalized to the total intensity of the image from the corresponding images (right). (b) The concentration of PKCa-
mCit was held constant (50 nM) and unlabeled PKCa (0, 50, 100, 200, 400 nM) was added such that the concentration of PKCa
(represented on the x-axis) is the sum of the two species. The mean spot number and the mean intensity with standard deviation
(6 images) of all the spots are plotted at 3 time points after the addition of free calcium. The mean intensity of the 450 nM PKCa
condition at the 60 and 180 minute time points are not reported due to saturation of spots in the imaging conditions. (c) A
schematic depicting the two processes in PKC self-assembly observed. The initial increase in spot number is the result of
nucleation events. The subsequent decrease in spot number as well as the increase in mean particles size is the result of smaller
oligomers joining into larger oligomers.
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Figure B.4. Separating the C1 and C2 domains eliminates calcium clustering on coverslip. (a) A schematic shows the
modular strategy by which we previously created 3 PKCa biosensors. All three biosensors specifically clustered in the presence
of calcium. (b) We then used TEV protease to site specifically generate two peptide fragments, the N-terminus always containing
the mCer, and the C-terminus the mCit fluorophore. We then took two images of each sample using a dual view emission splitter
optimized for mCer and mCit, with two excitations optimized for mCer and mCit. In total 4 images of each field of view were
obtained (mCer excitation: mCer emission; mCer excitation: mCit emission; mCit excitation: mCer emission; mCit excitation:
mCit emission) of which we only analyzed the mCer excitation: mCer emission, and mCit excitation: mCit emission images
which had negligible cross excitation and bleed through for the purposes of our spot identifier program. The spot numbers for
both channels are depicted normalized to the mean number of spots in the corresponding non-TEV treated sample (4 images in
each channel/ condition).

151



0.4+

1.5 1.5 14
: Cla- 10 nm SPASM -C2 - FLAG

1048 | 1.0

mCit/mCer

0.1+

=

[ e

A mCit/mCer (calcium - EGTA)

A mCit/mCer
(normalized calcium - EGTA)

0.0 T T T 1
0.6

——T—T—T—T00 500 1000 1500 2000 J il 200 300 40c
10 nm 20 nm 30 nm time (s) nM sensor

Figure B.5. Hetero-FRET of Cla — SPASM- C2 biosensors report on self-assembly. (a) The relative increase in hetero-FRET
and the relative number of spots identified for the 10, 20 and 30 nm linker biosensors (as in Fig. 2 c) are plotted for side-by-side
comparison. (b) Hetero-FRET provides a qualitative description of assembly and disassembly kinetics. (c) The change in
mCit/mCer fluorescence ratio as a function of protein concentration is well described by a Hill binding function (black line) with
a hill coefficient of 2.39 + 0.09 and a half-maximum concentration of 61.1 + 1.2 nM (best fit and standard error).
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Figure B.6. Homo-FRET of full length PKCao only observed with liposomes and free calcium. Shown is representative TC-
SPC data. Each condition has matched protein concentration (500 nM) incubation time (2 min) and buffering conditions. In each
case the EGTA condition was obtained and free calcium was spiked into solution for the subsequent measurement, the right panel
is the same as in Fig. 3 a, shown again here for comparison. Analysis of data is found in table B.1.
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Figure B.7. CHO cell steady-state anisotropy: comparing mCer-PKCa-mCit and Cla-SPASM-C2 following ionomycin
treatment. (a) Corresponding experiment to Fig. 3 b except in a cell transiently transfected with mCer-PKCa-mCit. Here is
representative data translocation {correlation coefficient) and steady-state anisotropy. (b) The mean and s.e.m. of steady-state
anisotropy of 3 independent experiments (1 cell each).
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Figure B.8. PKCa clusters through two independent mechanisms, one PKC driven and one PI(4,5)P, driven. (a) To assess
the relative lipid:protein concentration to use in these experiments we started with liposomes containing P1(4,5)P,. We anticipate
P1(4,5)P; clustering in the presence of calcium to serve as a positive control for PKCa-mCit homo-FRET, and that controls with
disrupted PI1(4,5)P, binding pockets (7)should have modest homo-FRET under identical condition. We chose a condition where
liposome concentration was not limiting, or artificially crowding, but also not so dilute that interactions would be limited. We
chose the condition where an 80:1 molar ratio of PS:PKCa where PS is 10% molar composition of liposome is maintained for the
subsequent experiments. Under the given experimental conditions we anticipate all PKCa to be bound to the liposome. We
subsequently monitored the sequential steady-state anisotropy of PKCa-mCit (b) PKCa K197A/K199A-mCit (c) and C2-mCit
(d) under the indicated conditions.
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