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ABSTRACT

Assemblies of enzymes and adaptor complexes at the membranes relay the
external signals to the cellular machineries in order to induce physiological responses.
As aresult, controlled and transient translocation of signaling complexes to the
membranes is indispensable to signal transduction. Nature has designed a limited
number of specialized phospholipid-binding domains to achieve such translocation.
These domains are ubiquitous among modular protein complexes and respond to specific
effectors and second messengers.

Among these membrane-targeting modules, the diacylglycerol-binding C1
domains and Ca**-sensitive C2 domains represent some of the most abundant classes in
eukaryotes. These domains were first identified on protein kinase C (PKC), the
membrane-activated kinase of AGC family that regulates cell proliferation, survival and
apoptosis. The ligand/agonist preferences of most PKC-type C1 and C2 domains are
known, yet their respective mechanisms of membrane association are not completely
understood. Deciphering the molecular determinants that govern the membrane
interactions of these domains is essential to fully realize how they modulate the host
signaling complexes. That is the primary goal of the work presented here. Towards this
goal, we systematically studied the tandem C1 domains (C1A and C1B) of PKC3d
isoform and tandem C2 domains (C2A and C2B) of synaptic Ca** sensor protein,

Synaptotagmin 1 (Sytl).
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The novel structural features along with the agonist-binding studies reported here
reveal that C1A domain has a weak dependence on diacylglycerol but sensitive towards
tumor-promoting phorbol esters and PtdIns(4,5)P>. These findings combined with the
existing knowledge provide a mechanistic model of diacylglycerol recognition by C1
domains. On the other hand, our work on C1B domain provides unprecedented atomic-
resolution insight into the agonist-induced membrane insertion of C1 domains.

The determinants of membrane association for Sytl C2 domains were studies
using xenobiotic divalent cations, Cd*>* and Pb**. These metal ions provided unique
advantage over Ca?" due to their high affinities. Using them, we were able to identify the
changes in C2 domains necessary for effective membrane association. Together, the
results presented here contribute significantly to our understanding of these conserved

domains and their roles in signal transduction.
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CHAPTER I INTRODUCTION

Membrane association of catalytic protein complexes is integral to signaling
events that ultimately dictate cell survival, communication, and proliferation.’ Plasma
as well as internal membranes can be viewed as crossroads where second messengers,
enzymes, cofactors, and substrates are converged in response to certain stimuli to exert
their respective functions.? Dysregulation of membrane proteins often coincides with
carcinogenesis, and neurodegenerative disorders, making them instinctive targets for
corrective drug design strategies.? Since regulated localization of various protein
activities at the membranes is what sparks signal transduction, understanding how these
events initiate is necessary to exploit them therapeutically.

The sheer number of membrane-activated signaling proteins with dedicated
activities and roles makes it difficult to study them individually. Fortunately, the
membrane translocation of these proteins is mediated by only a limited number of
specialized phospholipid-binding domains.” From the perspective of drug design, this
scenario is desirable as any therapeutic agents designed to modulate these domains can
in turn be used to control the activities of numerous host signaling complexes. The
occurrence and importance of such domains was first realized beginning with Yasutomi
Nishizuka’s discovery of protein kinase C (PKC) in 1977, a fascinating membrane-
activated enzyme that is regarded as a nexus between the fields of lipid-mediated
signaling and tumorigenesis.’

PKC is comprised of multiple isoforms of serine/threonine protein kinases that

collectively belong to the AGC subfamily (PKA, PKG, and PKC).” ¥ Upon recognition



of PKC as a signal transduction protein of GPCR (G-protein coupled receptor) and
growth factor-stimulated signaling pathways; also dysregulated by non-endogenous
phorbol esters leading to formation of tumors,”!/ considerable interest was induced in
studying the obligatory dependence of its activation on the membrane translocation. It
was soon realized that the architecture of PKC is multi-modular with a conserved
“regulatory” region responsible for its Ca** and diacylglycerol (DAG) mediated transient
membrane association (Figure I.1A).”? In conventional PKC isoforms, this region is
made up of tandem diacylglycerol/phorbol ester-binding conserved homology-1 (C1)
and Ca?*-dependent phospholipid-binding conserved homology-2 (C2) domains (Figure
I.1B and C).” In addition to PKC, we now know that these domains occur on multitude
of signaling protein classes such as Synaptotagmins (C2) and Unc-13s (C1 and C2).3 4
PKC-type C1 and C2s along with pleckstrin homology (PH) domains constitute three
dominant classes of phospholipid binding modules that exhibit maximum occurrence on
lipid-activated proteins in humans.’

In the subsequent sections of this chapter, an attempt is made to briefly describe
structural and mechanistic aspects pertaining to membrane-association of C1/C2
domains along with the current limitations in our knowledge. Furthermore, the ligand
promiscuity exhibited by these domains and the resulting implications on their
membrane association is also discussed in the context of how it can be exploited to study
them. The information presented in this chapter will serve as a segue into the findings
that contribute to the better understanding of these domains and their host signaling

proteins.
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Figure 1.1 Occurrence of the conserved phospholipid-binding C1 and C2 domains
was first discovered on Protein kinase C (PKC)

(A) General schematic of the modular architecture of conventional and novel PKC
isoforms is depicted. Phospholipid-binding C1 and C2-type domains were first
identified on the regulatory region of PKC that is responsible for membrane
translocation of the enzyme. The translocation is guided by a combination of second
messengers and agonists listed in the tabular format. (B) Schematic model depicting the
membrane interactions of Cl1 domains in response to the agonist diacylglycerol
(applicable to the C1 domains of both conventional and novel isoforms) (C) Schematic
model depicting the membrane interactions of C2 domains in response to Ca?" and
anionic lipids: PtdSer and PtdIns(4,5)P2 (applicable to C2 domains of conventional PKC
isoforms)



C1 domains: Diacylglycerol (DAG)/Phorbol ester binding modules

Both C1 and C2 domains trace their origin to conventional PKC isoforms, as
discussed in the previous section of this chapter. Unlike C2 domains however, C1
domains are small, ~50 residue modules that depend upon structural Zn?* ions to fold
(Figure 1.2B).”> /0 These domains occur on >50 mammalian proteins; RasGRPs,
chimaerins, DAG kinases, and UNC-13s to name a few (in addition to the PKCs).”> On
PKC isoforms, these domains appear in tandem (referred to as C1A and C1B).” The
endogenous agonist of “typical” C1 domains is the physiological sn-1,2 isomer of the
second messenger diacylglycerol (DAG), which has two acyl chains linked to glycerol
backbone but no phosphate group (Figure 1.2C).”” Since DAG is a phosphate group
short of being a “real” phospholipid, C1 domains can be seen mentioned as “honorary”
phospholipid-binding modules.” The other important agonists of C1 domains are tumor-
promoting phorbol esters, linking these domains to the aberrant activation of PKC in
tumor formation.’? ! Incidentally, there are C1 domains that cannot bind to DAG or
phorbol esters, referred to as “atypical” type C1 domains.”

With the discovery of more C1 domains, following questions started emerging:
What structural features determine the differential DAG-sensitivity of various C1
domains? Do they possess the ability to interact with other phospholipids without
DAG/phorbol esters, making them more than “honorary” phospholipid-binding
modules? Are there any differences in the DAG vs phorbol ester binding modes of these

domains? Why do proteins like PKCs need two C1 domains?
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Figure 1.2 Distinct structural features and agonists of PKC C1 domains.

(A) The amino acid sequences of 4 different C1 domains are compared (two per
conventional PKCa and novel PKCS isoforms). The two agonist-binding loops and a
putative PtdSer sensitive helical segment are highlighted in yellow. The conserved and
indispensable Zn?* coordinating residues are highlighted in red. The “DAG toggle”
residue is highlighted in blue. (B) Crystal structure of PKC3 C1B domain (1PTQ)*® is
shown with the features noted in (A). The agonist-binding groove is the interaction site
for several structurally diverse ligands shown in (C). One of the soluble analogs of the
agonist phorbol esters, phorbol 13-acetate is depicted (from 1PTR, X-ray).’® (D) The
hydrophobic surface map of the PKC C1B domain is depicted using the Kyte-Dolittle
scale. The relatively hydrophilic agonist-binding groove is flanked by the hydrophobic
regions. (E) The electrostatic surface map (APBS) also of the PKCS C1B domain is
shown to identify the basic region (al helix) potentially responsible for the PtdSer
targeting.

The first representative structures of these domains that started shining light on
Cl-agonist interactions came out in 1994-95, as Marcel Luyten and James H. Hurley’s

groups published the very first NMR (PKCa, C1B) and crystal (PKC3, C1B) structures



respectively of the C1 domains (one of those depicted in Figure 1.2B).”5 /Y These
structures were not only instrumental in sparking the research associated with C1
domains but also had special relevance to how the conventional and novel PKC isoforms
function. Although several advances were made since then to identify other agonists of
C1 domains,’® ?? the atomic resolution structural information of these interactions is
sadly lacking. For instance, no structure of C1 domain with its endogenous agonist DAG
is reported to date. The problem lies with the inherent hydrophobicity of most C1
agonists and thus requirement of a proper membrane mimic to partition them. To
overcome this obstacle, the need for novel approaches is apparent.

Subsequent sections of this chapter describe various aspects of C1 domains,
using the tandem C1 domains of PKCd as examples. The information presented here will
be relevant in understanding the experimental work done on these domains and reported
in chapters II and III.

Structural features of C1 domains

The core structural elements of all C1 domains are two Zn?" ions that are
coordinated by a highly conserved 3 cysteines-1 histidine cluster each (Figure I.2A and
B).”> Two P sheets and an a helix form the globular fold around the Zn** clusters. The
DAG as well as phorbol ester binding region of C1 domains is formed by the flexible
loops at one tip of the domain. /% 2/ The arrangement of residues around the agonist-
binding region of these domains is intriguing. Immediately flanking the relatively polar
agonist-binding groove are some hydrophobic residues. In the absence of the agonist, the
hydrophobicity of this region is interrupted by the groove itself, explaining the affinity

6



of the domains for the apolar ligands (Figure 1.2D). Upon agonist binding, the resulting
“hydrophobic switch” enables the domain to partition effectively into the membrane
core.’® In addition, C1 domains possess a belt of basic residues surrounding the agonist-
binding region that adds electrostatic component to C1-membrane interactions (Figure

I.2E and Figure 1.3).%

(A) B12 B34 a1
ClA NHEFIATFFGQPTFCSVCKEFVWGLNKQGYKCRQCNAATHKKCIDKIIGRC
ClBEﬂRFKVYNYMSPTFCDHC%SLLWGLV%QGLKCEDCGMNVHE&CEEEVANLC

acidic basic

C1A0 (2YUU, lowest energy) C1Bo (1PTQ)

Figure 1.3 Distribution of charged residues among the two C1 domains of PKC5d.

(A) Amino acid sequence comparison of C1A and C1B domains of PKC8, emphasizing
the charged residues (color codes) and distinct differences (marked by asterisks). (B)
Comparison of the surface electrostatic maps (APBS, +kT/e) of the two C1 domains. The
presence of an additional Lysine (K198, bold) on the helix of C1A increases the continuity
of the basic region. In addition the differential Trp orientation (strictly applicable to the
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depicted structural models) appears to open up a groove (marked by arrow) that can
interact with anionic lipids like PtdSer, and potentially PtdIns(4,5)P>. In comparison, the
C1B basic region is less prominent. These differences could translate into the distinct
anionic lipid preferences of these domains.
Other than these features, a single residue on the agonist-binding loops is
reported to have a dominant influence on the behavior of these domains (Figure 1.2A
and B). This apparent “toggle” residue, depending upon whether its tryptophan or
tyrosine, can modulate DAG sensitivity.”> ?* The exact mechanism behind this
distinction is not yet clear and more work is needed. Apart from importance of certain
key residues on C1 domains, the dynamic nature of the agonist-binding region remains
entirely enigmatic as the crystal structures cannot faithfully replicate the solution state
ensemble of these regions. Therefore, to understand the C1 domains and their agonist
preferences better, solution state methods such as solution Nuclear Magnetic Resonance
(NMR) spectroscopy are uniquely suited and the field appears to transition in that

direction.

General mechanism of Cl-membrane interactions

The membrane association of “typical” C1 domains depends upon the presence
of lipophilic agonists such as DAG, phorbol esters, macrocyclic lactones with great
therapeutic potential: Bryostatin 1 (Figure I.2C) and its derivatives aptly termed as
“Bryologs™./% ?# 2> The striking differences in the structural features of these agonists
suggest that the membrane binding mode of C1 domains with each one of them needs to
be probed independently. The general model of C1-membrane interactions however is

believed to have two common factors: First, the stereospecific recognition of the agonist



by relatively polar residues residing in the binding groove.’® Due to lipophilicity of the
agonists, this event likely occurs at the membrane interface. The initial membrane
targeting pre-requisite for this could happen via electrostatic attraction between basic
regions of the domain and the anionic lipids of the membranes (Figure I.3A). It is
unclear whether the inherent differences in the charge density of this region between
different C1 domains contribute to specificity towards certain anionic lipids (Figure
I.3B). Second, the subsequent “hydrophobic switch” leading to creation of a single
contiguous hydrophobic surface causes deeper membrane insertion supported by apolar

contacts between the hydrophobic/aromatic residues with the acyl chains of the lipids.’$

(B) Munc-13 C1 (C) cC1Ad

Figure 1.4 Correlation between orientational preferences of the “DAG toggle”
residue with the respective DAG sensitivity.

(A) In the crystal structures of CIB domain of PKC8 (1PTQ,1PTR)’® the Trp is
distinctly away from the intra-loop; agonist-binding region. This domain is highly
sensitive towards DAG. (B) The lowest energy NMR conformer of Munc-13 C1 domain
(1Y8F)?* shows a distinct Trp state occluding the agonist-binding region. This
orientation is consistent over the entire ensemble (not shown), attributed to the clear
NMR-detected restrains reported. This domain has relatively weak affinity for DAG.
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(C) The NMR ensemble of the C1A domain from PKCd (2YUU, only loop ensemble is
depicted) shows Trp sampling different orientations, yet in proximity to the intra-loop
space. The intrinsic dependence of this domain for DAG is unclear and needs further
investigation.

With respect to DAG interactions, it is believed that the presence of a specific
aromatic residue at the agonist-binding loops plays key role. In case of the C1B domain
of PKC3, it’s been reported that this residue being tryptophan instead of tyrosine (as in
the equivalent C1 domain of PKCa) greatly improves DAG affinity (Figure I.2A and
Figure 1.4A).? Tronically, the C1 domain of Munc-13 does have tryptophan in the
analogous position, yet it is oriented in such a manner that it occludes the agonist-
binding groove (Figure 1.4B).?° The result is that the DAG affinity of Munc13-C1
domain is expected to be weak.?® This raises an interesting question about how DAG
affinity is modulated in domains where the tryptophan orientation changes due to
inherent dynamics or where this residue is only partially blocking the agonist-binding
region. For instance, NMR-determined structural ensemble of the C1A domain of PKCd8
(PDB ID 2YUU, unpublished) shows that the tryptophan predominantly samples
conformations that tend to partially occlude the intra-loop region (Figure 1.4C).
Although this domain expected to prefer DAG-membranes,?’ it will be interesting to see
how its DAG-dependence compares with other C1 domains.

Another aspect in relation to C1-DAG interactions that is underdeveloped is the
role played by DAG-induced alterations in the phase properties of the membranes. It is
well known observation that certain DAGs can create membrane distortions, including

creation of inverted hexagonal phases.’® These alterations can disrupt the integrity of the
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typical membrane architecture which is polarized with respect to hydrophobicity. Since
hydrophobic interactions between C1 residues and lipid acyl chains can be stabilizing,
the phase alterations caused by DAGs can provide the protein easier access to the most
hydrophobic parts of the membranes. This can in turn significantly reduce the energetic
penalty the protein has to pay for membrane penetration. Subsequently, it is likely that
the hydroxyls of DAG can simply participate (via H-bonding interactions) in the existing
protein-bound solvent network (similar to certain other agonists) or displace this solvent
entirely to anchor the C1 domain. Furthermore, the clustering of DAGs into potential
“microdomains” can greatly augment this phenomenon.”’

It is essential to point out that that the aforementioned membrane-altering effects
of DAGs are concentration dependent and specific to certain DAG isomers (sn-1,2
isomer for instance has differential phase properties from other isomers),?® explaining
why they may not manifest under all experimental conditions reported in the literature.
The alternative or complementary hypothesis can be made based on this information: the
C1 domains are sensitive to DAGs not exclusively because of their direct interactions as
ligands, but due to their membrane altering actions. This hypothesis suggests that C1
domains can sense DAGs in principle as indirect agonists, where the effects of DAG on
a common scaffold i.e. membranes drive the process. Further exploration to test such
hypothesis is needed, using an experimental setup where one can separately distinguish
the inherent affinity of a given C1 domain for DAG as an agonist from the membrane-

specific DAG effects.

11



Finally, it is currently unclear whether there are inherent differences in the
membrane-bound states of C1 domains associated with different agonists. This is
essential to determine as certain agonists such as Bryostatin-1 impart protective effects
on PKC action while others like phorbol esters tend to dysregulate it.’’ This aspect is
discussed in following section as it is also linked to ligand promiscuity of the C1
domains.

Therapeutic potential behind ligand promiscuity of C1 domains

The pharmacological potential of C1 domains is realized particularly in the
context of PKC regulation.?’ The clear cause-effect relationship between PKC
dysregulation and tumor formation/metastasis is not yet established.’ But it is abundantly
clear given the role of PKC is cell proliferation and apoptosis that by controlling PKC
activation in cancer cells, one could in principle be able to hinder the disease
progression. The current strategy to achieve this involves targeting the enzymatic
activity of the PKC by designing the kinase inhibitory compounds,’’ an approach that
relies entirely upon the assumption that it is the upregulation of the PKC activity that
leads to disease progression. This approach has failed consistently over the course of
numerous clinical trials and might have been misguided to begin with.%?

The assumption that PKC is an oncogene has started to shift based on the
findings that the PKC mutations seen in cancers are in fact loss-of-function type.*> 3
This finding suggests that although transient upregulation of the PKC is evident in

cancers, it is the subsequent degradation and loss of PKC pools that leads to cancer

progression. Further implication is that the therapeutic agents should be designed to
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stabilize the PKC pools and restore the activity. In stark contrast, in neurodegenerative
disorders, PKC mutations typically exhibit enhanced activity.*? Treating those would
require controlled suppression of PKC activity. This is where C1 domains come into
picture. As agonist-dependent C1 membrane association is directly coupled to PKC
activation, one can design high-affinity modulators that either enhance or suppress its

membrane binding depending upon the disease state being treated.

C1-agonist-membrane ternary complex

Membrane S~

C1 domain

1. Depth of insertion

2. Relative mobility
3. Lipid specificity

Figure L.5 Essential factors that should be considered while designing and testing
C1 agonists.

These factors will ultimately determine the true therapeutic “potency” of the designed
agonists. However, the lipophilic nature of most C1 agonists and the lack of suitable
membrane mimics amenable to biochemical and biophysical approaches hinder such
characterization of these ternary complexes.
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In cancer therapy, it is lucrative to design agonists targeted for C1 domains that
in turn modulate the PKC activation and slow down its eventual downregulation. Given
the membrane association of C1 domains depends upon agonist-assisted hydrophobic
shift, any hydrophobic ligand that has sufficient polarity to interact with the protein
residues/solvent within the intra-loop groove can in principle serve as C1 agonist.
Reflecting this assumption, several promising C1 ligands have been identified so far that
show very high affinities towards the domain compared to endogenous agonist DAG.’?
But designing a potent ligand constitutes only the first half of the puzzle. The second
half; that yet eludes us, is to determine how these ligands affect the membrane binding
of C1 domains, as that is where the ultimate PKC enzymatic action resides. Biochemical
and biophysical parameters such as thermodynamic “potency” of the ternary complex,
depth of membrane insertion, lipid specificity, and relative mobility of the domain
within the membrane could be critical determinants of how susceptible the resulting
complexes are to inherent cellular countermeasures and dissociation (Figure L.5).

A potential way to approach this puzzle is to first determine a suitable and
faithful membrane mimic that can be easily manipulated with respect to its composition
yet remains amenable to atomic-resolution biophysical approaches like solution NMR
and crystallography. In this regard, bicelles provide a promising middle ground to non-
bilayer forming yet conveniently small micelles and bilayer-containing yet big
liposomes.* We suggest an approach that involves the use of isotropically tumbling
bicelles, C1 domains and variety of agonists with solution NMR spectroscopy as a

method of choice (Figure 1.6). The key advantage of this approach is that being solution
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state, the inherent dynamics of the C1 domains can be factored into the analysis.
Different isotope specific NMR experiments can allow probing of the protein backbone
amides along with methyl containing and aromatic side chains at independent residue
level. The presence of a bilayer environment that can be compositionally tailored is also
useful to account for the membrane-altering effects of DAGs mentioned before.
Furthermore, the experimental information obtained using strategy can be correlated and
used to drive the in silico approaches that involve guided molecular dynamic simulations
on this system. Although the molecular dynamics simulations reported on C1 domains
so far have been informative,’® 37 driving them further based on the atomistic restraints
obtained using solution-state experiments would surely improve their reliability. The
wealth of information obtained using such inclusive strategy can be subsequently used to
revisit the agonist design iteratively. The direct application of this strategy is

demonstrated in chapter III.
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Figure 1.6 Proposed experimental approach to overcome the current difficulties
associated with the characterization of C1 ternary complexes.

This approach suggests the use of isotropically tumbling bicelles as membrane mimics
to lead the formation of Cl-agonist-membrane ternary complexes. Bicelles and the
resulting complexes are amenable to solution state NMR spectroscopy, involved a set
of techniques that would faithfully reflect the contributions of the inherent protein
dynamics. The experimental readouts can in turn be used as restraints to drive the
molecular dynamics simulations on the system. Conversely, the validity of the
information obtained from the in silico approaches can also be tested using this
approach.
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C2 domains: Ca?* dependent membrane-binding modules

C2 domains were first discovered as conserved modules of ~130 residues on
conventional PKC isoforms, responsible for the Ca?* sensitive activation of these
isoenzymes.’¥#’ Subsequent studies identified the presence of these domains on proteins
like Synaptotagmins, Rabphilin-3A, Perforin, and UNC-13s.#/ Their abundance is
evident in eukaryotes attributed to the fact that Ca**-dependent signaling is fairly
advanced compared to prokaryotes.?’ Incidentally, not all C2 domains appeared to be
sensitive to Ca®" or capable of phospholipid interactions. A case in point being the C2
counterparts on novel PKC isoforms that are putative protein-protein interaction
modules but do not possess the structural features to bind Ca?*.** This raised three major
questions: 1. Which factors determine the Ca®* binding ability of these domains? 2. Why
do these domains specifically prefer acidic phospholipids in Ca?*-dependent as well as
independent manner? and 3. Are all C2 domains alike or have distinguishing features
that “tune” them to their respective host signaling proteins?

The answers to some of these questions started emerging as the first crystal
structure of C2 domain was solved in 1995 by Thomas Sudhof and Stephen Sprang’s
groups.?* This pioneering work reported the apo and Ca**-complexed states of one of
the two C2 domains (C2A) of Synaptotagmin 1 (Sytl), a neuronal Ca®" sensor that
couples the action potential induced Ca?" influx to neurotransmitter release caused by
SNARE-mediated vesicular fusion (Figure I.7A and B).* ° Due to the direct
importance of Sytl C2 domains in controlling the process of synaptic exocytosis, these

domains became one of the well-studied examples of lipid-binding modules in
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calciomics. Reflecting that, following subsections are primarily focused on tandem C2
domains of Sytl with their similarities and differences presented in the context of other

C2 domains when applicable.

(A) Synaptotagmin 1 (Syt1)

C2 domains
LD JMS

Synaptic vesicle
(B) ynap

® ptdSer
f Ptdins(4,5)P,

o Ca*

SNAREs;
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2 90000009}

Presynaptic membrane

(C) Aspartate-rich Aspartate-rich
region

loop 3

Figure 1.7 Some of the well-studied C2 domains belong to the neuronal Ca?* sensor,
Synaptotagmin 1 (Sytl).

(A) Schematic showing the modular architecture of Sytl, with C2 domains appearing
in tandem. (B) The model shows the arrangement of fusogenic synaptic vesicle
machinery with Sytl C2 domains acting as Ca**-dependent triggers to cause exocytosis

18



and neurotransmitter release. (C) The three-dimensional structures of Sytl C2 domains
are shown. The C2A structure (1RSY, X-ray) represents the very first structure of the
C2 domains solved.?” The C2B structure (1IK5W, NMR, lowest energy conformer) was
subsequently solved.”” There structures were instrumental in revealing the regions
responsible for Ca?" and anionic lipid preferences of the C2 domains.

Structural features of C2 domains

Structurally, most Ca?* sensitive C2 domains possess a B-sandwich fold that is
made up of 8 anti-parallel B strands (Figure 1.7C).?* The strands are linked together by
flexible loops on apical and basal ends of the domains. Three of these loops converged at
one end form a region rich in aspartate residues that electrostatically attract and directly
coordinate multiple Ca*" ions (Figure 1.8).#® In the absence of lipids or membranes, the
intra-loop space of Sytl C2A and C2B domains can accommodate upto three and two

47, 49

Ca®* ions respectively, while that of PKCo C2 domain can accommodate two.”’ The

intrinsic Ca?" affinities of these domains appear weak in vitro, falling in uM-mM
range.*” °I3 The oxygen atom ligands of the aspartate carboxylates are shared between
the bound Ca®* ions, leading to depletion of the anionic charge density and subsequent
basic shift in the surface electrostatic potential.#” 7 This positive electrostatic shift in
turn becomes the driving force that enables the C2 domains to interact with negatively

charged membranes.
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Figure 1.8 Ca%* is coordinated by the spatially clustered aspartate residues on the
loops of the C2 domains, shown here in the context of Sytl.

C2A domain can coordinate up to 3 Ca*' ions (IBYN, NMR, lowest energy
conformer)” while C2B can coordinate up to 2 (1TJX, X-ray)’® in the absence of
anionic lipids. The carboxylates provided by the conserved aspartate residues are
typically shared between different Ca?* ions, causing shift in the anionic charge density
of the loop regions. The aspartates that can abolish the Ca?* binding are labelled in bold
(tested by mutagenesis).

The residues involved in the metal ion coordination are conserved among the
Ca®* sensitive C2 domains (Figure 1.9A).” Loss of some of these residues in certain C2
domains appears to be responsible for their that lack of Ca?* sensitivity. For instance, the

C2 domain of novel isoform PKC$ has a distinctly different loop region conformation

compared to Sytl and PKCa C2 domains and lacks the equivalent aspartates accounting
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for its inability to bind Ca**.** Mutagenesis studies done on Sytl C2 domains are also
evident of the general consensus that these conserved residues are essential for Ca**
binding.’” % Apart from the loops, C2 domains have other regions that can provide sites
for coulombic interactions of polyanionic lipid moieties. For instance, the Lysine-rich
cluster (LRC) located on the 33-B4 strands of Sytl C2B creates a continuous basic
region at the concave void of the domain (Figure 1.9B).# In addition, the “bottom”
region of Sytl C2B possesses two consecutive arginine residues that in conjunction with
the LRC, significantly expand the positively charged surface of the domain. Depending
upon the identity of other residues at or near these additional regions, the properties of
the given C2 domain can alter (as discussed in the next section). The loops along with
these variable regions determine the electrostatic makeup of various C2 domains (Figure

1.10), and by extension dictate their membrane interactions and lipid preferences.
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Figure 1.9 Comparison of the Ca?* and other anionic phospholipid-binding regions
of three representative Ca?* sensitive C2 domains from Sytl and PKCa.

(A) The amino acid sequence of the Ca?*-binding regions formed by the three apical
loops of the C2 domains is compared. The aspartates are conserved among them,
indicating their importance for the Ca?" sensitivity. Some of these residues are mutated
in the C2 domains that do not sense Ca®* (not shown here). Apart from the aspartates,
there are conserved basic residues on loops 2 and 3 that can provide electrostatic
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contribution to the membrane association. (B) The distinct regions of interest are
depicted on the C2B domain of Sytl as an example (2LHA, NMR lowest energy
conformer).”? In addition to Ca?" binding loops, a cluster of lysine residues on p3-4 is
responsible for PtdIns(4,5)P: sensitivity. Inset: shows an arginine rich region exclusive
to C2B domain that is not present on the other two C2 domains discussed. This region
serves as a separate membrane/protein-protein binding site. (C) The amino acid
sequences of the lysine-rich cluster (LRC) regions are compared. Although the LRC of
C2A does have a stretch of lysines, this region is shorter and it is immediately flanked
by the acidic residues. This distinction appears to make C2A insensitive to
PtdIns(4,5)P,.

General mechanism of C2-membrane interactions

The ability of C2 domains to selectively interact with anionic phospholipid
membranes can be attributed to their characteristic electrostatic makeup prior to as well
as after binding Ca?" ions. The loop region is negatively charged without Ca** binding,
and therefore cannot interact with anionic lipids due to coulombic repulsion. The shift of
this opposing electrostatic surface potential is achieved by sequential Ca** binding to the
available sites, making the domains attract to anionic phosphatidyl serine (PtdSer/PS) or
poly-anionic phosphatidyl inositol (PtdIns) headgroups.®” 5/ Although the interaction is
driven by electrostatics, the stability at the membrane interface is reportedly achieved by
additional H-bonding, cation-r and hydrophobic interactions between generic lipid
moieties and various loop region residues (Figure I.11A & B).”* %% In addition, the
anionic lipid headgroups can directly coordinate the protein-bound metal ions.% These
lipid-metal ion interactions potentially provide additional ligands to augment the existing
metal coordination spheres and in principle can create extra metal binding sites,
increasing the apparent affinity of these domains towards Ca?".°’ Understanding the
relative contribution and importance of each of the aforementioned factors is necessary
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to grasp C2-membrane interactions mechanistically as addressed in the subsequent
chapters.

Apart from the Ca?* binding loops, the LRC region of certain C2 domains can
bind to the signaling lipid PtdIns(4,5)P,.5¢ Although the net abundance of PtdIns(4,5)P»
in cellular plasma membranes is very low (<1%),% signaling events mediated by PKC as
well as Syt rely heavily upon its presence. For instance, the Ca?* dependent interaction
of PKCa C2 domains with PtdIns(4,5)P; help localize the kinase at the membrane,
where the direct hydrolysis product of PtdIns(4,5)P2; diacylglycerol, serves as a ligand
for the specific membrane interactions of C1 domains.’® Furthermore, the C2B domain
of Sytl has the PtdIns(4,5)P2 sensitive LRC region that is coupled allosterically to its
Ca®* affinities.”® % It is observed that binding of PtdIns(4,5)P> to C2 domains via LRC
increases their Ca®* affinities several fold, and vice versa.’® % This observation is
intriguing as the regions associated with Ca®* binding (the loops) and LRCs are several
angstroms apart. Such mutual allosteric action is therefore likely achieved by shielding
of the opposing charges of either regions by their respective ligands. Interestingly,
although a distinct LRC region exists on the C2A domain of Sytl, it is insensitive
towards PtdIns(4,5)P>.”® The arrangement of the four consecutive lysines on C2A LRC
is distinct in a way that they are flanked on immediate ends by acidic residues (an
aspartate and a glutamate), interrupting the continuity of the polybasic region (Figure
1.9C).% The seemingly minor alteration in the LRC sequence that alters the electrostatic
makeup seems sufficient to abolish the PtdIns(4,5)P2 binding, highlighting the strictly

coulombic nature of this particular interaction.
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Syt1 C2A (1RSY)

Syt1 C2B (2LHA) PKCa C2 (3RDJ)

Loops

LRC

Loops

Figure 1.10 The electrostatic makeup of C2 domains have differences that are
ultimately linked to their Ca?* sensitivity and lipid preferences.

The surface electrostatic maps (Adaptive Poisson-Boltzmann Solver, £5 kT/e) of 6 C2
domains (Ca*'-free) is compared with respect to their Ca?*-binding and lysine-rich
regions. The Sytl C2A,% C2B,’? PKCa C2,% Rabphilin C2B,”” and Phospholipase A2
C27! all bind to Ca** ions via loops, but PKC8 C2# cannot (attributed to substitutions
of certain conserved aspartates). Sytl and Rabphilin C2Bs along with PKCa C2 can
interact with PtdIns(4,5)P2 via their LRCs but the remaining three domains cannot.’* ¢
All the C2 domains depicted with the exceptions of those of PKCS and Phospholipase
A2 show preferences toward anionic lipid membranes. The PKC6 C2 does not appear
to show membrane interaction at all while Phospholipase A2 C2 interacts with
PtdCho.%
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Apart from LRC, the two consecutive arginine residues at the basal loops of Sytl
C2B can interact with the anionic lipid membranes.”” 7 These residues are not
conserved on either the C2A counterpart of Sytl or the PKCa C2 domain (Figure 1.9B,
inset). Due to this distinction, C2B possesses the unique ability to “bridge” the anionic
phospholipid membranes through multivalent interactions.” As a result, C2B can
interact with the factors involved in the fusogenic SNARESs machinery, and potentially

the presynaptic as well as vesicular membranes simultaneously.”* 7

(A) (B)

DHPC

——H-bonds
--=-- Coordination bonds

-----------

loop/helix 1

Syt1 C2B PLAa C2
Ca?"-phosphoserine Ca*-DHPC
Figure .11 Stabilizing interactions of C2.Ca?" complexes with the lipids.

(A) Interactions of phosphoserine, a soluble analog of PtdSer with Ca** bound Syt1 C2B
domain are depicted (2YOA, X-ray).% In addition to the sites 1 and 2 that get populated
by Ca®" ions in the absence of lipids, additional ions seem to bind in the presence of
phosphoserine. (B) Interactions of PtdCho (DHPC) with the Ca** bound phospholipase
A2 C2 domain are depicted (6IEJ, X-ray).%” Due to the absence of basic residues on this
domain, it prefers zwitterionic lipids like PtdCho and does not have unique preference
for the anionic lipids (unlike Sytl C2B and some other C2 domains shown in Fig L.5)
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For the Ca”" insensitive C2 domains on the other hand, the membrane association
is predicted to be achieved via polybasic regions and hydrophobic interactions.”® 77 One
way to look at their inability to bind Ca?* is by removing the aspartates that need Ca**
coordination to neutralize them, these domains have altogether eliminated the opposing
negatively charged elements. As a result, they might be evolved to interact with anionic
membranes or other proteins electrostatically via polybasic regions, without the need of
Ca?" to bring about the necessary favorable changes. The C2 domain of PKCS is a good
example of this scenario, as it is believed to partake in protein-protein interactions while
the C1 domains exclusively drive the kinase to anionic membranes.? 7% In conclusion,
the key implication one can associate with these distinctions is that the lipid binding
preferences are not identical for all C2 domains and they appear to be evolutionarily
“tuned” to their context specific roles.

Binding of non-native divalent cations to C2 domains

The C2 domains that possess the conserved aspartates on the loops are selective
towards Ca?" (Figure 1.12), but have weak intrinsic Ca?" affinities. Further selectivity is
likely achieved by their strategic cellular localization, which allows them to have better
access to available Ca** pools and sensitivity to the variations thereof. However,
depending upon their affinities, other divalent cations can overcome these selectivity
factors, bind to the C2 domains and potentially alter their functions (Figure 1.12).7% 8/
This issue has been a focus of attention for several studies that address how non-native,

toxic divalent cations affect Ca%" sensitive C2 domains.’? ¢ 8/-83
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Densely-packed
carboxylates

many-body

effect

Ca2+

Native effector

- Low thermodynamic
affinity

- Fast association and
dissociation kinetics

- lonic character to the
coordination bond

M+
Non-native
Divalent: Cd?*, Pb%*, Cu?®,
Ba”, sr2+,Mn2+
Trivalent: Lanthanides like

Thb?, La®*, Ce?*, Tm®*
- Typically high-affinity

- Kinetics ?

- Distinct geometric and
coordination preferences

Figure 1.12 C2 domains can bind to several non-endogenous di- and tri-valent

cations with distinct properties and potential functional outcomes.

In contrast to Ca?*, the other divalent cations reported to bind C2 domains typically
show much higher affinities. However, the information about their binding kinetics is
unclear. Although this wide gamut of metal ions gives the impression of non-selectivity,
the C2 domains are highly selective. For instance, Mg?* being divalent, native, much
higher in concentration, and better charge acceptor is not selected over Ca?*. This is
achieved via “many-body polarization effect”.5 Essentially by densely packing many
anionic carboxylates around metal-ion, the protein creates geometric restrains that are
selective towards Ca®*. Although, the tabulated non-native metal ions are clearly able

to overcome this selectivity barriers, the mechanisms are not clear.
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Several examples of such ionic mimicry can be seen in the context of C2
domains and bio-toxic heavy metals like Cd** and Pb?*.5% 5283 In case of PKCa C2
domain, the binding of Cd** seems to inhibit its membrane localization, while Pb**

promotes it in vitro.®* &

The C2A domain of Sytl is reported as a putative molecular
target of Pb?*, attributed to how Pb?* enhances its ability to bind anionic phospholipid
vesicles.’” % Because of these observations, there is growing need for comprehensive
studies that tackle how toxic heavy metal ions affect the structure, function and
dynamics of Ca?*-binding C2 domains.

Incidentally, there is an additional incentive to study C2 domains with the non-
native metals. These studies have a tremendous potential to uncover the mechanistic
determinants of C2-membrane interactions. Different thermodynamic, kinetic, and
coordination properties of heavy metal ions can provide a way to selectively study
certain factors that contribute to lipid-metal ion interactions while retaining the
electrostatic makeup of the C2 domains intact. For instance, the coordination number
(CN) of Cd*" in proteins is 4 or 6 as opposed to that of Ca** and Pb** is 6-8 and 9
respectively.®>%7 As a result, Cd** cannot accommodate additional ligands into its
coordination sphere and thus will likely serve as a poor bridge between C2 domains and
lipids. This is manifested by the inability of Cd*" to support the membrane interactions
of PKCo C2 domain.®? Using Cd?" in lieu of Ca" in the context of other C2 domains,
one can therefore establish the importance of the lipid-mediated coordination of protein-

bound metal ions towards C2-membrane interactions.
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In conclusion, the usefulness of probing the interactions of non-native,
xenobiotic metal ions with C2 domains is two-fold: 1. To discern the key determinants
associated with C2-membrane interaction and, 2. To understand the molecular basic of
the toxicity caused by Ca?" mimicking toxic metal ions such as Pb?>" and Cd?*. The
subsequent chapters on C2 domains (Chapters IV, V, and VI) exhibit the direct

application of these metal ions to understand the aforementioned factors.
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CHAPTER II DIFFERENTIAL DIACYLGLYCEROL SENSITIVITY AND NOVEL

ANIONIC LIPID PREFERENCES OF PKCd C1A DOMAIN REVEALED BY NMR

Background

Conventional PKC isoforms rely upon both C1 and C2 domains to achieve
membrane localization and subsequent activation.” However, novel PKC isoforms like
PKC5 do not possess the membrane-binding activity within their C2 domains, making
C1 domains sole mediators of their membrane translocation.’ PKCS has two C1
domains arranged in tandem, C1A and C1B. The preliminary understanding of C1B-
lipid and agonist interactions exists, but the properties of C1A with respect to these
factors remain unclear.’® /% 2789 As far as the PKCS$ activation is concerned, it is
essential to understand the specific properties C1 A domain might possess that can
complement the C1B counterpart.

Unlike C1 domains of conventional PKC isoforms, C1A and C1B of PKCo share
the presence of Tryptophan (Trp, W) instead of Tyrosine (Tyr, Y) as the diacylglycerol
toggle residue at their agonist/membrane-binding loops.?? This residue is meant to
enhance the diacylglycerol-sensitivity significantly.?? ?* 8% 90 Whether such enhancement
can actually be observed for C1A remains unclear. One report suggests based on ITC
(Isothermal titration calorimetry) experiments that C1A shows high affinity towards
diacylglycerol, while binding of C1B to the same was reported as not detectable.?’

However, the significant high affinity of C1B towards diacylglycerol reported by other
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groups contradicts this ITC finding.?* % Tt is therefore essential to revisit the
diacylglycerol as well as phorbol ester dependence of C1A.

Finally, the differential arrangement of basic residues on C1A and C1B caught
out attention (described in Chapter I). It is possible that the anionic lipid preferences of
C1A might be different from other C1 domains, although no evidence to suggest that yet
exists. This chapter describes our experimental work addressing some of these open
questions associated with C1A domain of PKC5.

Experimental procedures

Design of C1AJ constructs for crystallization and NMR experiments

The DNA segment coding for the murine C1A9d (residues 158-208) was cloned
into the pET SUMO vector as a fusion partner to 6xHis-SUMO solubility tag. Four
variations were prepared of this construct: 1. With additional non-native flanking
sequences encoding N- and C-terminal 3-strand extensions. This construct was used for
crystallization purposes. 2. With additional native flanking sequences at N (residues 149-
157) and C (residues 209-218) terminal to improve the solubility further. This construct
referred to henceforth as “C1A71” was used for all NMR experiments, unless specified
otherwise. 3. Inclusion of the native linker and C1B counterpart at the C-terminal
(residues 209-285). This construct referred to as “C1AsworB”” was used for NMR when
applicable. 4. The inclusion of the remaining native linker and C1B counterpart to the C-
terminal of C1A71 (residues 219-285). This construct referred to as “C1A71-C1B” was

also used for NMR.
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Expression and purification of C1Ad constructs

The constructs encoding the aforementioned C1Ad variants were transformed
into the E. coli BL21(DE3) cells. The cells were grown at 37 °C under Kanamycin
(Sigma-Aldrich) selection in LB until the optical density at 600 nm wavelength reached
0.6. For natural abundance preparations that do not require isotopic labelling (for
crystallization), the cells were induced with 0.5 mM Isopropyl B-D-1-
thiogalactopyranoside (Fisher Bioreagents) for 16 hrs at 18 °C. The harvested cell pellets
post-induction were stored at -20 °C until lysis.

For isotopically labelled preparations, four cultures grown in LB (1 L each) were
harvested, washed, and re-suspended into the 1L M9 minimal media supplemented with
isotopic components: 1 g/L. of ammonium chloride (N, 99%) (Cambridge Isotopes) and
2 g/L d-glucose (13C, 99%) (Cambridge Isotopes) to achieve U-13C,">N labelling. For U-
5N labelling scheme, the glucose was natural abundance (12C, 3 g/L). After equilibration
for 1 hr at 18 °C, the cells were induced with 0.5 mM Isopropyl B-D-1-
thiogalactopyranoside (Fisher Bioreagents) for 16 hrs. The harvested cell pellets post-
induction were stored at -20 °C until lysis.

To purify these constructs, the cells were lysed using B-PER™ lysis reagent
(Thermo-Scientific) and the clarified lysates were loaded onto the HisTrap HP Ni
affinity column (GE Healthcare Life Sciences). The protein was eluted with Imidazole
gradient, and cleaved with SUMO protease at room temperature for 2 hrs to remove the
6xHIS-SUMO tag. The cleaved protein was then collected as a flowthrough of HisTrap

HP Ni affinity column, and concentrated. All constructs with the exception of the -
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extension C1A had no detectable impurities retained after these steps. This final purified
protein was exchanged into 20 mM [D-4]-Imidazole buffer at pH 6.5 (Cambridge
Isotopes), 150 mM KCl, 8% D»0O, 1 mM tris(2-carboxyethyl) phosphine (TCEP), and
0.02% NaNs. This buffer was used for all NMR experiments described in this chapter.
Prior to crystallization setup of the natural abundance (3-extension construct, additional
cation exchange step was performed (HiTrap SP HP) to further purify it. The eluted
protein was concentrated and used for crystallization.

C1AJ crystallization, structure determination and refinement

Automated screening for crystallization was carried out using the sitting drop
vapour-diffusion method with an Art Robbins Instruments Phoenix system in the
UTHSCSA X-ray Crystallography Core Laboratory. Initial crystals were obtained from
the Qiagen pHClear II Suite in 30% isopropanol and 0.1 M Tris, pH 8 at 22°C followed
by optimization in 20% isopropanol, 10% ethylene glycol and 0.1 M Tris, pH 8.0 using
an Art Robbins Instruments Scorpion. Crystals were transferred to undersized cryo-loops
and manipulated to wick off excess mother liquor prior to flash-cooling in liquid
nitrogen. X-ray diffraction data were acquired using a home source Rigaku MicroMax
007HF X-ray Generator equipped with VariMax HR confocal optics and RAXIS-HTC
image plate detectors. Initial crystals diffracted to ~1.6 A resolution but a molecular
replacement solution was not obtained as expected using search models available from
the Protein Data Bank. Therefore, highly redundant, high resolution data were collected
for an optimized crystal in three sweeps with adjustments to the detector 26 angle
between 0° and 18.5° with the intention of generating phase information from the zinc
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and native sulfur atom positions. Data were integrated and scaled to 1.30 A using XDS.”!
The structure of B-extension C1Ad was determined with the single wavelength

anomalous diffraction (SAD) method?? %3

using the HKL2MAP graphical user interface
for SHELX programs.”* Nine heavy atom sites were located and refined using direct
methods in SHELXD *’ for positions later identified as six cysteine sulfur atoms, two
zinc ions and a chloride ion. SHELXE density modification and autotracing®® produced
a polypeptide backbone model used for completing the model sequence by addition of
amino acid side chains with COOT.?” Model coordinates were refined using PHENIX?®
including simulated annealing with torsion angle dynamics, anisotropic B-factor
refinement and bulk solvent mask optimization. Additional data were acquired to 0.85 A
resolution for an additional crystal at NE-CAT beamline 24-ID-C at the Advanced
Photon Source (Argonne, IL). The SAD structure was further refined against the high-
resolution data with hydrogens added in riding positions. Data collection and refinement

statistics for the 0.85 A resolution structural model are shown in the Table IL.1.

Preparation of micelles

dss-Dodecylphosphocholine (d3s-DPC, Sigma-Aldrich) and 1,2-dihexanoyl-sn-
glycero-3-phospho-L-serine (DPC, Avanti Polar lipids) were aliquoted from the
chloroform stocks, dried extensively and mixed to achieve the molar ratio DPC:DPS
70:30 by resuspending into the NMR buffer mentioned above. The resulting mixture was
rigorously vortexed to lead the formation of mixed micelles. The stocks prepared in such
manner were stored at 4 °C for less than 2 days. All C1A-micelle samples used for NMR
experiments had total lipid concentration of 10 mM and C1A concentration of 100 uM.
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Addition of DOG (di-octanoyl sn-1,2 glycerol, Avanti Polar lipids) and PDBu (phorbol
12,13-dibutyrate, Sigma-Aldrich) to micellar samples was done from their ds-DMSO
stocks.

NMR spectroscopy

Unless specified otherwise, all NMR experiments were acquired at 298.15 K,
calibrated using the deuterated Methanol. NMR data were processed with NMRPipe?’
and analyzed with Sparky.’?” Backbone amide assignments of C1A constructs were done
by acquiring the 3D CBCA(CO)NH and HNCACB experiments on Bruker AVANCE III
instrument operating at a 'H Larmor frequency of 600 MHz (equipped with
cryogenically cooled probe) using samples of 0.5 mM concentration, U-13C,'*N labelling
scheme.

For agonist-binding experiments, U-'°N labelled C1A was mixed with micelles.
For di-C4 PIP; binding experiments, the U-13C,'’N labelled C1A was used with the
exclusion of micelles. The "N-"H HSQC (Heteronuclear single quantum coherence)
spectra were collected at each addition of micelles/agonists (Bruker AVANCE III
instrument operating at a '"H Larmor frequency of 500 MHz, equipped with room-
temperature probe) or diC4 PIP; (Bruker AVANCE Neo instrument operating at a 'H
Larmor frequency of 600 MHz, equipped with cryogenically cooled probe). The

combined chemical shift perturbations (CSPs, A) were calculated using the expression:

A=[A8%+(0.152A8,, )* ]V
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Where dn and S are 'H and "N chemical shift differences for a given resonance
in the two spectra that are being compared.
The dissociation constant (Kq4) value for C1A-di-C4 PIP; interaction was

estimated using the expression for the single-site binding model:

A=(A, /2F)[(K,+F+L,)
-(K,+P+L )-4PL )"]

Where Anaxis the maximum perturbation, and Py and Ly are the total protein and
di-C4-PIP; concentrations, respectively.

5N-edited NOESY experiment on U-3C,'>’N C1A71-C1B was acquired with
Bruker AVANCE III instrument operating at a 'H Larmor frequency of 600 MHz
(equipped with cryogenically cooled probe) the mixing time of 150 ms.

The N R values (transverse relaxation rate constants) were measured on the
Varian instrument operating at a 'H Larmor frequency of 600 MHz (equipped with
cryogenically cooled probe). U-1N labelled C1A with concentration of 0.3 mM was
used. The site-specific Rz cpmc values /%7 were extracted from fitting the 'N-Hy cross-
peak intensity changes at seven unique and three replicate relaxation points ranging from
8 to 200 ms. The free-precession R ue values /%2 were measured with the Hahn-Echo

delay set to 68 ms. The datasets were collected in the interleaved manner.
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Results and Discussion

Crystal structure of C1AdS reveals occluded intra-loop region with limited solvent

accessibility

In order to get structural insight into the agonist-binding loop region, we decided
to obtain high-resolution crystal structure of C1Ad. Limited success associated with
crystallization of C1 domains posed a possible hindrance. To overcome that, we
employed a strategy that involves the inclusion of stabilizing B-strand extensions to both
N- and C-terminal ends of the domain (Figure II.1A). This strategy has been successful
in crystallizing the non-identical twin of C1A, the C1B domain of PKC3./% The
speculation behind this approach was that the N- and C-terminal strands of a given
protein molecule will converge to form a -sheet, stabilizing the otherwise flexible ends.

We were successfully able to obtain a structure with excellent resolution of 0.85
A (statistics shows in Table IL.1). The structure showed a typical C1 domain
architecture of the Zn?" finger but to our surprise, the N- and C-terminal B strands
engineered to form a stabilizing anti-parallel interaction were instead observed in a
domain swap (Figure II.1B). In this arrangement, one of the two Zn?" ions required for
the fold were coordinated by 3 intra-domain ligands, and 1 inter-domain ligand (Figure
I1.1B, inset). Furthermore, each two-stranded anti-parallel B-sheet combined with a
neighboring domain-swapped 3 sheet to form a stabilizing four-stranded, anti-parallel

crystal packing contact.
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Figure IL.1 Crystal structure of C1Ad was successfully obtained using the

engineered B-strand extensions

(A) Primary sequence of the construct used for the crystallization trials (B) Packing

contacts of the C1A structure that include domain-swapped arrangement within 4 units

and B-sheet formation (dashed square). Inset: The coordination of one of the two

structural Zn** ions involves a Cys residue from the adjacent unit.

Using this structure in combination with the available NMR ensemble of the

CI1A domain (2YUU), we decided to take a closer look at the agonist-binding region
(Figure I1.2). The distinct “flipped in” orientation of the diacylglycerol (DAG) toggle
residue W180 stood out (Figure II.2A). To our knowledge, in PKC C1 domains, this is
the very first occurrence of the toggle residue sampling a stable orientation that occludes
the agonist-binding cavity.’ The only other case of this orientation is reported in the
Munc13 C1 domain, which shows weaker DAG-dependence.?® This comparison

compelled us to revisit the DAG sensitivity of C1A domain, presented in later sections

of this chapter.
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Table I1.1 X-ray diffraction data collection and refinement statistics for C1Ad

PDB Code NA
Data collection
X-ray source Advanced Photon Source 24-ID-C
Space group P2
Cell dimensions
a, b, c(A) 34.2,23.8,39.6
a, B, 7, (°) 90, 113.0, 80
Wavelength (A) 0.72930
Resolution (A) 36.44-0.85
(0.86-0.85)
Rimeas 0.061 (2.08)
Rpim 0.023 (0.843)
Mean I/cl 14.6 (0.8)
Completeness (%) 99.0 (93.6)
Redundancy 6.6 (5.8)
Wilson value (A?) 9.10
Refinement
Resolution (A) 36.44-0.85
No. reflections 51,500
Ryworis Riree 0.127/0.140
No. atoms
Protein 638
Hetero atoms 11 (2 Zn?**, 1 CI',1 isopropanol, 1 ethylene glycol)
Water 81
B-factors (A?)
Protein 13.2
Hetero atoms 19.6
Water 28.1
R.m.s deviations
Bond lengths (A) 0.007
Bond angles (°) 1.080
Ramachandran Plot
Favored (%) 96.8
Allowed (%) 3.2
Outliers (%) 0.0

*Highest resolution shell is shown in parentheses.
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Surface analysis of the intra-loop region further showed W180-P169 stack
completely blocking the relatively hydrophilic portion of the pocket (Figure I1.2B). The
only pocket available for potential agonist interactions is therefore narrow and partially
hindered by F165 from the opposite end. For the entire intra-loop region of C1A, the
analysis of the first and second bonded-hydration layers revealed only a single water
molecule, reflecting the limited solvent accessibility of this region (Figure I1.3A). This
finding was intriguing as the counterpart C1B domain has abundantly hydrated intra-
loop region, with the solvent network that is believed to play important role in stabilizing

the agonist interactions (Figure I1.3A)./%

We posited based on this comparison that the
ability of C1A to interact with agonists like DAG, that potentially require extensive H-
bonding to stabilize,* might be compromised. On the other hand, significant solvation

was observed outside the agonist-binding region of C1A indicating that these regions

could serve as sites for putative agonist/ligand interactions (Figure I11.3B).
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3UGD-ethylene glycol

3UGI-(methoxymethyl)cyclopropane
3UGL-cyclopropylmethanol

& Kyte-Dolittle

Figure I1.2 Distinct structural features of C1A

(A) The occluding orientation of the toggle residue W180 is shown (B) The surface
representation of the agonist-binding loop region colored using the Kyte-Dolittle scale.
The intra-loop space is occluded by the W180-P169 stacking and F165. The resulting
limited solvent accessibility of the region is evident by the presence of only 1 solvent
molecule. The additive, ethylene glycol is seen stabilized against L182 and W180 (C)
The anesthetic binding sites on C1B counterpart, shared by ethylene glycol are shown
for comparison to indicate the possibility that ethylene glycol binding site on C1A
(shown in B) can potentially bind anesthetics (D) The binding site of another additive,
isopropanol at E160 supports the notion that this is a putative alcohol binding site. Solid
line represents H-bond.
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We also realized that the crystallization screen had two potentially informative
additives: ethylene glycol and isopropanol. The former caught out attention as it seems
to be interacting with C1A in our structure at the region flanked by W180 and L182
(Figure I1.2B). It has been demonstrated that diol lipids like di-octanoyl ethylene glycol
can activate PKC, but the mode by which this happens is unknown.’* Given the general
similarity in the structural features of diol lipids with DAG (which is a triol lipid), it is
reasonable assumption that C1 domains might possess diol-sensitivity. We plan to
explore this possibility in the future in the context of C1A, given the observation of
C1A-ethylene glycol complex.

The ethylene glycol interaction site is further informative in the context of C1-
anesthetic interactions. PKC is a putative target of general anesthetics and it is believed
to occur via C1 domains.’? 7% In case of C1B, ethylene glycol is seen to structurally
occupy the same site as some of these anesthetic molecules (Figure I1.2C)./%3
Therefore, we speculate that the ethylene glycol interaction site seen on C1A could in
fact be a putative anesthetic-binding site. We will explore this possibility in near future.

In addition to ethylene glycol, the interaction of the second crystallization screen
additive, isopropanol was analyzed in the context of PKC-alcohol interactions. Alcohol,
for instance ethanol, shows isoform-specific effects on PKC that link the altered kinase
activation to alcohol consumption.’?% 197 The interaction sites of alcohols are identified
on C1 domains of various PKCs. For C1A domain, although no structural information
exists, it is reported that a site occurs in the vicinity of E160.% In our structure, we see

an isopropanol (isopropyl alcohol) molecule interacting at this predicted site, potentially
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providing direct structural evidence for the interaction (Figure I1.2D). Whether such

interaction with other alcohols persists in solution state will be explored in the future.
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Figure I1.3 Agonist-binding region of C1A5 shows limited solvent accessibility

(A) The first and second bonded-hydration layers of C1A and C1B are depicted (B) The

region of C1A outside the agonist-binding loops is hydrated.

In conclusion, the structural analysis of C1A established that the agonist-binding

region of this domain is significantly occluded due to the inward orientation of W180.

Although such occlusion might limit solvent or agonist accessibility, it is in fact possible

that the distinct orientation of the bulky indole ring of W180 might serve as a “pseudo-

agonist”, allowing the domain to interact with membranes in the absence of agonists.

We also identified putative interaction sites for diol-lipids, anesthetics and alcohols on

CIA, prompting further analysis.
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NMR studies on C1Ad reveal agonist-independent micelle association

After obtaining structural information based on the crystallographic model, we
decided next to see how C1A behaves in the solution state using NMR. First step
towards that was to test if the domain can be optimized to achieve sufficient stability and
solubility, a requisite for obtaining high-quality NMR data. We created two variants of
CI1A: first with the minimal folded core of 51 residues and the second one with the
additional endogenous residues at both ends (Figure I1.4A). During the initial tests, it
was apparent that the later had substantially better solution state behavior. Subsequent
NMR experiments were therefore conducted using this variant, henceforth referred to as
C1Ab871. A further inclusion of C1B counterpart at the C-terminal resulted in the two
domain C1A871-C1B tandem construct, which is also used for comparisons wherever
relevant.

The N-'H HSQC spectrum acquired on C1A871 showed a well-dispersed
distribution of resonances, ensuring the intact fold (Figure I1.4B). Notably, the NMR
experiments conducted to assign the residue identities to the detectable amide resonances
revealed that all non-proline agonist-binding loop residues except V179 were detectable
and showed single resonance per residue. This is in contrast with the C1B counterpart,
where most loop region residues are broadened due to chemical exchange in the absence
of agonists (discussed in the next chapter). This observation suggested that C1A
agonist-binding region is comparatively less dynamic.

Next, we compared the ’N-'H HSQC spectra of C1A871-C1B and C1A871

(Figure I1.4C). The overlay shows near identical match between the relevant
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resonances. This observation suggests that there are no interactions between C1A and
C1B domains, and C1A371 behaves in solution as an independent unit. We further
conducted a ’N-edited NOESY experiment on C1A871-C1B and looked at the strips
relevant to the W180 (C1A) and W252 (C1B) side-chain resonances. Cross-peaks
observed in this experiment (called NOEs) help identify nuclei that are spatially close to
one another. In this case, the purpose was to check whether we could detect any NOEs
for W180 side chain that would provide the evidence for its spatial proximity to the
intra-loop region observed in our crystal structure (Figure II.2A). Indeed, we observed
additional NOE cross-peaks for W180 that were consistent with the chemical shifts of
the protons from P169 (Figure I1.4D)./% Such NOEs were not observed for W252
(C1B), indicating in C1B, the toggle residue does not stably sample the orientation

similar to the one observed in our crystal structure for C1A (Figure IL2A).
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Figure I1.4 C1A is amenable to NMR studies

(A) The '>N-'H HSQC spectrum of 0.3 mM CI1A (U-'*N) is shown to demonstrated
well-dispersed distribution of resonances, representative of the well-folded core (B) The
SN-TH HSQC spectral overlay of 0.3 mM C1A (U-!>N) and 0.3 mM C1A71-C1B (U-
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BN, BC) (C) The ""N-edited NOESY strips of the toggle residues (W180, C1A and
W252, C1B), showing NOEs consistent with their differential orientation.

After establishing that W180 can form stacking interaction with P169 in the
solution state, we tested whether C1A can interact with mimics of lipidic environment in
the absence of agonists. We hypothesized that the distinct indole ring orientation (of
W180) should allow the domain to insert into the membrane effectively, as Trp is
capable of potent interactions with PtdCho head group (cation-rt), phosphate region,
glycerol backbone, as well as acyl chains.’”” Consistent with our hypothesis, addition of
micelles containing PtdCho/PtdSer-mimicking components (DPC:DPS 70:30) resulted in
significant chemical shift perturbations (CSPs, A) suggesting interaction (Figure IL5A).
The perturbations were dominant at the agonist-binding loops indicating
insertion/peripheral association of this region with the micelles (Figure I1.5B). The
poly-basic helix in conjunction with the adjacent B-strand were also perturbed,
indicating putative electrostatic interactions of this region with the anionic DPS
component. Although these findings clearly support our hypothesis, future experiments
will be conducted using bilayer-containing membrane mimetics such as bicelles and

liposomes for additional verification.
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Figure ILI.5 C1A can interact with micelles in the absence of agonists
(A) The '>N-'H HSQC spectral overlay of 0.1 mM C1A (U-'>N) with and without
DPC:DPS (70:30) micelles (B) The combined chemical shift perturbations (A) are
plotted as a function of primary sequence. The regions of interest with major
perturbations are highlighted.
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C1Ad shows remarkably weak diacylglycerol dependence but sensitive to phorbol esters

In light of our findings that demonstrated agonist-free interactions of C1A with
micelles, we explored the dependence of this interaction on the endogenous agonist
diacylglycerol using the di-octanoyl sn-1,2 diacylglycerol (DOG). We acquired a series
of ’N-TH HSQC spectra, with progressive increase in the concentration of DOG in the
presence of DPC:DPS (70:30) micelles (Figure I1.6A). The CSPs resulting from the
DOG-dependent enhancement of C1A-micelle interactions (in the “fast” regime on
chemical shift timescale) were plotted as a function of DOG concentration (Figure
I1.6A, inset). The apparent dissociation constant for this interaction was ~840 uM. In
comparison, for the identical experiment, C1B counterpart shows the apparent
dissociation constant of < 0.2 uM.%’ The CSPs were predominantly localized to the
agonist-binding loops (Figure I1.6B). The remarkably weak intrinsic DOG dependence
of C1A was in fact consistent with our prediction based on the structural analysis. It can
be attributed to the occlusion of the agonist-binding region by W180 and the limited
solvent accessibility.

To our knowledge, such a weak DAG-dependence in typical (DAG/phorbol ester
sensitive) C1 domains of PKC is unprecedented. The presence of Trp as the toggle
residue is associated with the high DAG sensitivity.”> We show here that it is in fact, the
orientation of the toggle residue with respect to the agonist-binding region that further
modulates DAG sensitivity. Given the fact that DAGs do not possess any headgroups,
the interactions with C1 domains are believed to be mediated by the hydrogen bonds

formed between glycerol backbone and the protein residues.’ This makes readily
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accessible agonist-binding region an essential factor. Furthermore, it is likely that initial
“anchoring” of DAGs to the C1 domains is mediated by the ordered solvent molecules
of the intra-loop space. In case of C1A, since both of these factors are not fulfilled,
weaker intrinsic DAG dependence is observed.

We want to point out that the results reported above are probing DAGs strictly in
the context of directly interacting agonists. As discussed briefly in Chapter I, micro-
domains of concentrated DAG also induce membrane-altering effects including
distortions and formation of inverted hexagonal phases.? These effects are DAG
concentration dependent and will not faithfully manifest (if at all) in non-bilayer forming
mimics of the lipidic environment such as micelles. This factor is essential to consider
as these membrane distortions could allow the protein easier access to the hydrophobic
acyl chain region, enabling C1A to interact with membranes more effectively. This
mechanistic model might be applicable to certain C1 domains like C1A that may not
possess intrinsic sensitivity towards DAGs as agonists. For C1B on the other hand, this
model can serve as an additional contributory factor. We will test this model in the
future in the context of C1A using bilayer membrane mimics, isotropically-tumbling

bicelles and liposomes.
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Figure I1.6 Weak diacylglycerol dependence is observed for C1A
(A) The ’'N-'HHSQC spectral overlay of 0.1 mM C1A (U-°N), with DPC:DPS (70:30)
micelles, at each successive concentration of DOG. Select residues in “fast” exchange
are labelled. Inset: The binding curves for select residues. The global fit resulted in the
estimated Kq of 840 uM (B) The combined chemical shift perturbations (A) are plotted
as a function of primary sequence. These represent the difference between CIlA-
DPC:DPS complex and C1A-DPC:DPS with stoichiometric DOG (0.1 mM). The
regions of interest with major perturbations are highlighted.
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Although DAGs may not possess the ability to displace the blocking W180 side
chain form the intra-loop space, there is a possibility that more bulky agonists with
groups structurally comparable to Trp could achieve this. Phorbol esters, the tumor-
promoting agents that bind to C1 domains have the phorbol groups that possess the
hydroxyls capable of hydrogen-bonding with protein residues in addition to “ringed”
framework akin to the Trp indole ring.’® As a result, we hypothesized that phorbol esters
might in fact be able to displace W180, and embed into the agonist-binding region. To
test this hypothesis, we added half- and one-stoichiometric concentrations of phorbol
12,13-dibutyrate (PDBu) to C1A-DPC/DPS micelle complex and observed for the
signatures of binding by acquiring "N-"H HSQC spectra (Figure I1.7).

Consistent with our hypothesis, we observed clear CSPs upon PDBu addition
that were in “slow” regime on the chemical shift timescale (Figure IL.7A). At
stoichiometric PDBu concentration, the resonances representing the PDBu-free state
were nearly broadened beyond detection, suggesting population shift to the PDBu-
saturated state (Figure I1.7B). These apparent signatures of PDBu dependent C1A-
micelle association suggest that bulky phorbol group is capable of displacing W180 from
the occluding position in the agonist-binding region.

Taken together, these findings shed light on the agonist-preferences of C1A
domain of PKC9, and the underlying factors responsible for these preferences. We
propose the conformational sampling of the toggle residues with respect to agonist-
binding region as an additional layer of control over DAG sensitivity of C1 domains.

We also suggest that the C1-effector function of DAG might involve its role as a directly
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interacting agonist for certain C1 domains, while as a modulator of membrane properties

that indirectly enhances membrane interactions for domains like C1A.
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Figure I1.7 C1A can interact with phorbol esters

(A) and (B) The "'N-'H HSQC spectral overlay of 0.1 mM C1A (U-N) with DPC:DPS
(70:30) micelles at half and one-stoichiometric concentration point of phorbol ester,
PDBu respectively
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C1ADJ is capable of PtdIns(4,5)P, interactions

Our next objective was to determine whether C1 A domain is capable of
interactions with poly-anionic lipids such as PtdIns(4,5)P>. Nearly all C1 domains can
bind PtdSer to a variable degree,’S a key anionic lipid component of the membranes.
However to our knowledge, none of the C1 domains are reported to bind PtdIns(4,5)P-.
This is likely because an uninterrupted, contiguous arrangement of basic residues is
typically required for PtdIns(4,5)P; sensitivity.** In other C1 domains, C1B for instance,
the arrangement of basic residues around the PtdSer-binding region is not contiguous
(Figure 1.3A).’* However, for C1A the electrostatic surface potential is highly basic
(positive) around the analogous region, attributed to spatially clustered arrangement of 5
Lys residues (Figure 1.3B). Such architecture is often seen in bonafide PtdIns(4,5)P»-
sensors like C2B domain of Synaptotagmin 1(Figure 1.9B).*/ Furthermore, since the C2
domain of PKCS3 is incapable of Ca**-dependent interactions with anionic membranes,*®
it is compelling to speculate that this activity is adopted by one of the C1 domains.
Based on these arguments, we hypothesized that C1A domain might show intrinsic
affinity for PtdIns(4,5)P, allowing the translocation of PKCJ to the plasma membranes
where this second messenger is localized.

We tested this hypothesis by progressively adding diC4-PIP,, a soluble analog of
PtdIns(4,5)P2 to C1A domain and observing the interaction by collecting a series of "N-
"H HSQC spectra (Figure I1.8). The use of this soluble variant allowed us to probe the
affinity of C1A towards PtdIns(4,5)P; exclusively, without the presence of membrane

mimics. Distinct chemical shift perturbations resulted from this addition (Figure I1.8A).

65



The perturbations were within the “fast” regime on the chemical shift timescale (Figure
I1.8B), allowing us to plot the changes as a function of diC4-PIP; concentration (Figure
I1.8C). The estimated affinity obtained for this interaction was 198 uM. In comparison,
Sytl C2B domain, a canonical PtdIns(4,5)P2 sensor showed the affinity of 215 uM
during identical experiment (see chapter V). Although these affinities might appear
weak, note that these values are severe underestimates due to the absence of membranes.
At membranes, where PtdIns(4,5)P2 can occur in concentrated micro-domains,’/? 7 the
affinity will be much greater given the fact that C1A can intrinsically interact with
lipidic moieties.

To obtain the idea of where this putative PtdIns(4,5)P> binding region is located,
we plotted the perturbations as a function of primary sequence (Figure I1.8D).
Although the residues with significant perturbations appear randomly distributed,
mapping these changes on the lowest energy NMR conformer of C1A571 revealed a
distinct region (Figure IL.8E). To our surprise, in addition to the poly-basic region that
we predicted on the folded core of C1A, significant perturbations were also observed in
the N-terminal native extension (K152, 1153). Even though this region is typically not
considered a part of the minimal folded core of C1A, the B-stand formed by this region
appears to stabilize against the folded core in the NMR conformers. It is possible that in
the native full-length regulatory segment where C2-C1A-CI1B are on same polypeptide
chain, such interaction of C1 A-N-terminal extension with the core persists, allowing

further support for PtdIns(4,5)P> binding.
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Figure I1.8 C1A is sensitive to PtdIns(4,5)P>

(A) The N-'H HSQC spectral overlay of 0.1 mM CI1A (U-"N,3C), with 0.5 mM di-
C4 PIP> (B) The expansion of the squared region from panel (A), depicting additional
concentration points of di-C4 PIP, to demonstrate the “fast” exchange regime. (C) The
binding curves for select residues. The global fit resulted in the estimated Kq of 198 uM.
(D) The combined chemical shift perturbations (A) are plotted as a function of primary
sequence. The residues of interest with major perturbations are labelled. (E) The
perturbations shown in panel (D) are mapped onto the structure of C1A (2YUU, lowest
energy conformer). The putative binding site of PtdIns(4,5)P» is depicted by the
placement of the molecule.
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To test this possibility, we first made a short tandem C1AB construct (referred to
as C1AsnotB), where instead of using the 71-residue variant, we used only the minimal
folded core of C1A. The "N-"H HSQC spectrum of this construct revealed disperse
distribution of resonances indicating well folded architecture (Figure I1.9A). If the
additional N-terminal extension of C1A does not interact with the folded core, then the
prediction was that the resonances corresponding to the folded core of C1A71 would
match well with those on the C1AsnoB. Contrary to this, and consistent with our
hypothesis, the overlay shows that the resonances do not match (Figure 11.9A),
suggesting that the N-terminal extension indeed interacts with the C1A core.
Furthermore, the >'N-'H HSQC spectrum acquired on the full-length regulatory segment
of PKCd shows excellent correlation with the C1A71 spectrum (Figure I1.9B). Since in
the full-length construct, the additional N-terminal sequence at C1A persists, this
observation further implies that this region should be included as a structural and
functional extension of C1A, at least in the context of PtdIns(4,5)P> interactions.

In summary, we demonstrated that C1A is inherently sensitive to PtdIns(4,5)P>
and might mediate the translocation of PKCJ to plasma membranes as a result. Based
on these findings, we predict a model of PKCd membrane translocation via tandem C1
domains. C1A although not inherently sensitive to DAG, could in lieu of C2, work as a
driving force to localize C1B at the regions rich in PtdIns(4,5)P2. Since the hydrolysis
product of PtdIns(4,5)P> (by phospholipase cp) is diacylglycerol, such localization would
put the C1B domain directly in the vicinity of this endogenous agonist. Our future work

will focus on testing this mechanistic model.
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Figure I1.9 C1A is a functional 71-mer

(A) The “N-'H HSQC spectral overlay of 0.1 mM C1A71 (U-"N), with 0.3 mM
ClAsgmorB (U-°N,!3C). Both constructs show well-folded core but the common
resonances differ in chemical shifts. (B) The "’N-'H HSQC spectral overlay of 0.1 mM
C1A71 (U-'>N) with full-length regulatory region of PKC3 (spectrum provided by Dr.
Taylor R. Cole). The common resonances show comparable chemical shifts.
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Regions of C1A B34 loop and the helix show millisecond-microsecond timescale

dynamics

Conformational exchange processes typically occur on the ps-to-ms timescale,
categorized as “slow” dynamics.’? Motions of this regime are particularly relevant to
ligand binding, catalysis, and allosteric effects. To identify the regions on C1A domain
that show such conformational dynamics, we acquired and looked at two NMR
parameters, R> ue and Ro cpma for all spectrally resolved amides of the apo C1A
backbone (Figure I1.10). RouE is a free-precession transverse relaxation rate constant,
whose elevated values are indicative of ms-to-us conformational exchange processes.
Ro.cpme is a transverse relaxation rate constant whose elevated values reflect dynamics
on timescales faster than 100 us. A comparison of the two rate constants would enable
us to estimate, in a residue-specific manner, the timescale of motions that are present in
CIA.

This analysis revealed a number of residues around 34 loop and al helix
undergoing conformational exchange, evident by elevated Roue. These elevated values
were marginally attenuated in R>,cpmg measurements indicating dominant contribution
from relatively faster dynamics (>100 us). Notable among the 334 loop residues are
W180, and Q185 backbone amides and W180 side-chain N-Hg;. Although the W180
backbone is dynamic, the side chain does not appear to be so. This is consistent with the
stable staked orientation of the ring with P169. The residue at the analogous position to

Q185 in C1B domain i.e Q257 is involved in H-bonding interactions that “stitch” the
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two agonist-binding loops together.”® The elevated dynamics of Q185 in C1A suggests
that differential Trp orientation in C1A compared to C1B likely “uncouples” Q185
mediated H-bonding interactions. Such uncoupling might be necessary to expand the
intra-loop region in order to accommodate the indole ring of W180.

The elevated dynamics observed at the al helix residues, 1196 and H197 might
be relevant to the anionic lipid sensitivity of C1A. This elevation was not seen in C1B
for the analogous residues.”” In particular, C1B H269 (analogous to H197) shows no
dynamics within this timescale, consistent with the stable nt-m interactions it is involved
with W252 (analogous to W180) indole ring.’® /%3 In C1A, since this interaction is not
present, the helix region likely becomes dynamic. It will be interesting to see whether
interactions of anionic lipids like PtdSer or PtdIns(4,5)P; are required to attenuate the
dynamics of this region. Such interaction could in principle also attenuate the loop
region dynamics allosterically, a change that might be prerequisite for the effective

agonist recognition by C1A. In future, we will test these possibilities.
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Figure I1.10 The agonist-binding loop region of Cl1A is dynamic on the
microsecond timescale.

(A) Rour and Ry cpmg values are plotted against the primary sequence of C1A. (B) Residues

with elevated dynamics on this timescale are labelled and mapped onto the structure of C1A
(2YUU, lowest energy NMR conformer).

Conclusions
The contribution of C1A domain in the overall membrane interactions of PKCS
is unknown. The tandem arrangement of C1 domains does suggest that C1 A must serve
some function that can complement C1B, which is regarded as the dominant driving
force for membrane translocation of this isozyme (PKC9). In this work, using the
combined use of crystallographic and solution state biophysical techniques, we provide
valuable knowledge that sheds light on the role(s) C1A domain might serve.

We report that C1 A domain can interact with lipidic mimics (micelles) even in
the absence of agonists. Given the occluding orientation of the DAG toggle residue
(W180) and the resulting solvent inaccessibility, we report that C1A shows weak
dependence on DAG as a directly interacting agonist. However, bulky agonists like
phorbol esters can in principle displace the indole ring of Trp and bind to C1A. We also
demonstrate the inherent ability of C1A to bind PtdIns(4,5)P> that is yet unrecognized in
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any other C1 domains. In conclusion, C1A domain appears to neither fit the profile of
“typical” C1 domains (that are sensitive to DAG/phorbol esters) nor the “atypical” ones
(that are not sensitive to these agonists). Further analysis of the exact ligand-binding
preferences, including the possible sensitivity towards diol lipids could in principle

reveal the existence of such “neo-typical” C1 domains, with C1A as a paradigm.
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CHAPTER III MEMBRANE INSERTION OF PKC3$ C1B DOMAIN PROBED BY
PARAMAGNETIC NMR
Background

The C1B domain of PKCS is the very first C1 domain for which the phorbol
ester-complexed structure was solved.’® Several studies were since conducted on this
domain, revealing its preference towards diacylglycerol, phorbol esters, alcohols,
anesthetics, and therapeutic C1-targeted drug candidates.’® Therefore, it is astonishing to
fathom the fact that no atomic-resolution structural model yet exists that can describe the
membrane interactions of C1B mediated by either of these agonists. Furthermore, C1B
represents one of the fascinating examples where the potency its agonists is studied
extensively in living cells,?” /13117 yet how these agents actually interact with the domain
is unknown (with the exception of phorbol ester). These issues are not limited to C1B in
particular, but also extend to other C1 domains.

Any biophysical approach aimed to solve this problem will likely be stonewalled
by the challenging nature of this system. C1 domains and their agonist-binding loop
regions can be inherently dynamic, making crystallization challenging. Furthermore, C1
agonists are highly lipophilic in nature, making their complexes nearly impossible to
solubilize without proper membrane mimics. Obtaining structural information of the
membrane-bound complexes of Cl-agonists is an achievable goal in theory using
bicelles, detergents and lipid cubic phases, but hasn’t been attempted or reported to our

knowledge.

78



Solution-state NMR (Nuclear magnetic resonance) is a technique uniquely suited
to study dynamic systems such as C1 domains. It has been successfully applied to C1B
previously.®” In this chapter, we take this application a step further by proposing a
comprehensive approach that can be used to obtain reliable experimental information on
C1B-membrane and C1B-agonist-membrane complexes. This information is atomic-
resolution and can potentially be used further as “restraints” to informatively drive the
molecular dynamics simulations on this system. The final structural models prepared in
this manner can then be extrapolated to ascertain the observations in the living cells, and

drive the field of C1-targeted drug design.
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Experimental procedures

Expression and purification of isotopically labelled C1Bd

The DNA construct coding for the murine C1Bd (residues 229-281) as a
cleavable fusion partner of the solubility tag 6xHis-SUMO was transformed into the F.
coli BL21(DE3) cells. The cells were grown at 37 °C under Kanamycin (Sigma-Aldrich)
selection in LB until the optical density at 600 nm wavelength reached 0.6. Four such
cultures (1 L each) were harvested, washed, and re-suspended into the 1. M9 minimal
media supplemented with isotopic components: 1 g/L of ammonium chloride (**N, 99%)
(Cambridge Isotopes) and 2 g/L d-glucose (1*C, 99%) (Cambridge Isotopes) to achieve
U-13C,N labelling. Alternatively, to obtain U-'*C,!>N, ~75%-D labelling, the media
was prepared in 80% D>O (deuterium oxide, Cambridge Isotopes) supplemented with
0.25 g/L of U-*C,>N, 97-99%-D ISOGRO® (Sigma-Aldrich). After equilibration for 1
hr at 18 °C, the cells were induced with 0.5 mM Isopropyl B-D-1-thiogalactopyranoside
(Fisher Bioreagents) for 16 hrs. The harvested cell pellets post-induction were stored at -
20 °C until lysis.

The cells were lysed using B-PER™ lysis reagent (Thermo-Scientific) and the
clarified lysate was loaded onto the HisTrap HP Ni affinity column (GE Healthcare Life
Sciences). The column-immobilized protein was eluted with Imidazole gradient, and
cleaved with SUMO protease at room temperature for 24 hrs to remove the 6xHIS-
SUMO tag. The cleaved protein was then collected as a flowthrough of HisTrap HP Ni
affinity column, concentrated and further purified using size-exclusion column. The final

purified fractions were concentrated and exchanged into 20 mM [D-4]-Imidazole buffer
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at pH 6.5 (Cambridge Isotopes), S0 mM KCI, 8% D-0, 0.1 mM tris(2-carboxyethyl)
phosphine (TCEP), and 0.02% NaN3. This buffer was used for all NMR experiments
described in this chapter.

Preparation of isotropically-tumbling bicelles

All lipid components were acquired from Avanti Polar lipid unless specified
otherwise. To prepare isotropically tumbling bicelles, chloroform solutions of DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine) and DHPC (1,2-dihexanoyl-sn-glycero-
3-phosphocholine) were aliquoted, dried under vacuum extensively and resuspended in
the aforementioned NMR buffer. DMPC preparation was hydrated, vortexed and
subjected to 3 rapid freeze-thaw cycles to create homogeneous slurry. Clear DHPC
solution was then added to this slurry to achieve two-fold molar excess to DMPC
(g=0.5). The resulting mixture was briefly vortexed and subjected to 4 rapid freeze-thaw
cycles, resulting in clear homogeneous bicelle stock. Total lipid concentration was
verified using phosphate determination assay. Additional long-chain lipid components,
such as DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serine), 5/14-doxyl PC (1-
pamitoyl-2-stearoyl-(5/14-doxyl)- sn-glycero-3-phosphocholine) were dried and added
during the bicelle preparation wherever applicable. DMPS was added to achieve
DMPC:DMPS molar ratio of 85:15. 5/14-doxyl PC components were added to achieve
average 1 molecule per leaflet. The bicelle stock solutions were flash frozen and stored
at -20 °C. Before use, the frozen stocks were thawed at 42 °C, followed by incubation at

room temperature.

81



Di-octanoyl sn-1,2 diacylglycerol (DOG) was incorporated to desired
concentration by directly resuspending the oil into the bicelle solution, followed by
incubation at 42 °C and gentle vortexing until the solution becomes clear. Other agonists
like phorbol 12,13 di-butyrate (PDBu), Prostratin, and Bryostatin-1 were added
extraneously into the C1B-bicelle mixture. With the exception of DOG, all other
agonists were acquired from Sigma-Aldrich.

NMR spectroscopy

Unless specified otherwise, all NMR experiments were acquired at 298.15 K,
calibrated using the deuterated Methanol. NMR data were processed with NMRPipe?’
and analyzed with Sparky.’?’ Isotopically enriched C1B was mixed with bicelles, in
proportions and concentration described in the main text. The ’N-'"H TROSY
(Transverse relaxation-optimized spectroscopy) spectra were collected on Bruker
AVANCE III instrument operating at a 'H Larmor frequency of 800 MHz (equipped
with cryogenically cooled probe) at each subsequent addition of agonist or upon change
in lipid composition of the bicelles. The combined chemical shift perturbations (CSPs,

A) were calculated using the expression:

A=[A8%+(0.152A8,, )* ]V

Where dn and S are 'H and "N chemical shift differences for a given resonance

in the two spectra that are being compared.
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The *C-'H HSQC (Heteronuclear single quantum coherence) spectra were also
collected with Bruker AVANCE Neo instrument operating at a 'H Larmor frequency of
600 MHz (equipped with cryogenically cooled probe) for select samples to inspect
methyl/aromatic regions using U-3C,!>N labelled C1B and bicelles prepared using
deuterated lipid components.

5N-edited NOESY experiments were acquired with Bruker AVANCE III
instrument operating at a 'H Larmor frequency of 600 MHz (equipped with
cryogenically cooled probe) using U-13C,!°N, ~75%-D CI1B and protonated bicelles and
the mixing time of 120 ms. These experiments were acquired in the presence of DOG
(dioctanoyl sn-1,2 diacylglycerol) as well as in the absence.

The distance-dependent 'Hx PRE (Paramagnetic relaxation enhancement, I'2)
measurements were done with Bruker AVANCE III instrument operating at a '"H Larmor
frequency of 800 MHz (equipped with cryogenically cooled probe) using the TROSY-
based pulse sequence implementing two-point acquisition scheme.’/¥ The "Hn R>
(transverse relaxation rate constants) obtained using these experiments for diamagnetic
(R2,dgia:without 5/14-doxyl PC) and paramagnetic bicelle (R2 para:with 5/14-doxyl PC)

samples provide the residue-specific PREs by following expression:

NE
I
=

2,para ~ R2,dia
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Results and Discussion

Design and application of the NMR-based approach to characterize the membrane-

bound complexes of C1Bd

The lack of experimentally derived, atomic-resolution information of how C1
domains interact with the membranes in the absence and presence of various agonists
limits our understanding of them. This prompted us to devise a strategy that is presented
in this section using the C1B as a paradigm. This strategy combines the benefits of
solution-state NMR with the bilayer-forming membrane mimics, bicelles to look at the
C1B-agonist-membrane ternary complexes (Figure 1.6, I11.1).

All three components involved in the successful implementation of this approach
have inherent variabilities that can lead to wealth of information. For instance, the
different labelling schemes (°N, 13C, aromatic-!°F) one can implement with the protein
component can lead to NMR-detected readouts on the amides, methyl side-chains, and
the DAG toggle residues involved in the membrane/agonist interactions. On the other
hand, the lipid composition of the isotropically tumbling bicelles can be easily modified.
One can include various specialized components like anionic (PtdSer, PtdIns(4,5)P>),
and paramagnetic lipids (5/14-doxyl PtdCho) that can shed light on the lipid preferences
and membrane insertion parameters of the domain respectively (Figure III.1A). Finally,
the third agonist component can vary from the endogenous DAGs, tumor promoting
agents (phorbol esters) to therapeutic compounds like Prostratin and Bryostatin 1(Figure
IT1.1B). Multitude of variations of each of the components used in this solution-state

strategy provide it the edge over other biophysical approaches.
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(A) C1B-agonist-bicelle ternary complex

8\ Paramagnetic

C1 domain /nitroxide labels
(B) C1Bb&-agonists
Native agonist Tumor promoter ~ Drug candidate Drug candjdate
Diacylglycerol PDBu Prostratin Bryostatin-1
3 2 N~

Figure III.1 NMR-based experimental strategy to obtain information of C1-
agonist-membrane ternary complexes

(A) General schematic depicting the use of isotropically tumbling bicelles as membrane
mimics to probe Cl-agonist-membrane interactions. The cross-section of the discoid
bicelles, shows bilayer core (made of long-chain DMPC) that can be compositionally
modified to include specific lipids. The inclusion of paramagnetic lipids to get distance-
dependent information on the membrane insertion of the Cl domain regions is
schematically depicted as an example. The exposed edges of the bilayer are shielded by
the short -chain DHPC. The ratio of DMPC:DHPC used is 1:2 for this work, that leads
to formation of isotropically tumbling bicelles amenable to NMR studies. (B) The
chemical architecture of the C1B agonists used in this work is shown.
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C1BS3 interacts with bicelles made of zwitterionic and anionic lipids in the agonist-

independent manner

Before we started implementing the aforementioned approach to the C1B ternary
complexes (C1B-membrane-agonist), we decided to test the applicability by probing the
formation of C1B-membrane binary complexes. Experiments conducted with micelles
indicate that C1B, similar to C1A, can interact with these lipid mimics in the absence of
agonists.®” To test whether we can replicate these findings using the bicelles, we
prepared NMR samples of C1B with (U-1°N,!3C)-labelling and ~75% deuteration. Due
to suppression of spin diffusion and reduction of the relaxation rates of '3C/'*N spins, the
deuteration enables greater signal-to-noise in the NMR spectra, especially useful when
the protein binds to large entities like bicelles.”’? To the protein, we added bicelles that
were made of DMPC:DHPC (1:2) supplemented with DMPS component (to achieve
molar ratio of ~15% in the bilayer region), referred to henceforth as PCPS bicelles.
Small bicelles of such composition are well-characterized and amenable to NMR
studies.?> 20-126 In this composition, the long-chain DMPC (14:0 PtdCho) and DMPS
(14:0 PtdSer) form a bilayer disk with the exposed edges covered by the layer of short-

chain DHPC (6:0 PtdCho). The protein to bicelle ratio was kept at ~1:1.
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Figure III.2 C1Bd can interact with anionic bicelles in agonist-independent
manner

(A) 'N-TH TROSY-HSQC spectral overlay of apo C1B (0.4 mM), with PCPS bicelles
(also 0.4 mM, 100mM total lipids). Select residues with distinct chemical shift
perturbations (CSPs) are labelled. (B) Combined CSPs are plotted as a function of
primary sequence to identify the most affected regions. Regions of interest with
significant perturbations are highlighted. The residues that are exchange broadened and
therefore could not be detected are marked red within the primary sequence.
Perturbation of the W252 side-chain is plotted at the end, and denoted as “W.”.
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Several agonist-binding loop region residues were exchange broadened, evident
by their absence in the ’N-'H TROSY spectrum of apo C1B (no bicelles). Addition of
PCPS bicelles resulted in distinct chemical shift perturbations (CSPs) in select residues
(Figure II1.2A). Plotting these changes as a function of C1B sequence revealed that they
were primarily manifested by the detectable loop resonances along with the a1l helix
(Figure II1.2B). These observations show that C1B can indeed interact with the PCPS
bicelles in the absence of any agonists. The perturbations observed at the relatively basic
al helix indicate that this region likely participates in the electrostatic interactions with
the anionic lipid component, DMPS.

To determine whether the ability of C1B to partition into the membranes is
exclusively due to the electrostatic interaction with anionic lipids, we compared the °N-
"H TROSY spectra of C1B in the presence of PC-only bicelles vs the PCPS bicelles
(Figure I11.3A). With the exception of few resonances, the chemical shifts match well,
indicating the persistent membrane partitioning. The residue-specific chemical shift
differences between these spectra distinctly identify the ol helix as the most affected
region (Figure II11.3B). In combination, these findings indicate that the agonist-
independent C1B membrane association is not exclusively electrostatic in nature and
likely involves direct interactions between the hydrophobic loop region residues with the

lipid moieties.
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Figure I11.3 The presence of anionic lipids is not obligatory for agonist-free bicelle
interactions of C1Bd

(A) 'N-'H TROSY-HSQC spectral overlay of C1B with PCPS bicelles (both 0.4 mM,
100mM total lipids) and PC-only bicelles. Select residues with different chemical shifts
are labelled. (B) Differences in the chemical shifts of resonances between the spectra
depicted in (A) are plotted as a function of primary sequence. Regions of interest with
perturbations are highlighted. The residues that are exchange broadened and therefore
could not be detected are marked red within the primary sequence. Perturbation of the
W252 side-chain is plotted at the end, and denoted as “W.”. Significant perturbations
are seen for the positively charged helix region (al).
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Notably in these backbone amide-detected experiments, most loop region
residues remain exchange broadened despite C1B interaction with bicelles in the absence
of agonists. Therefore, to get better understanding of how loop residues are affected by
these interactions, we acquired 3C-"H HSQCs on (U-"3C,'>N)-labelled protein (not
deuterated). Given the abundance of methyl containing side-chains in the loop region
residues, we specifically looked at the methyl region of '*C HSQCs in presence and
absence of PCPS bicelles (Figure II1.4A). Significant perturbations were detected for
residues M239, L.250, L251, L254, and V255 (Figure I11.4A,C), indicating these side
chains are likely involved in the membrane interactions.

Furthermore, to directly look at the toggle residue W252, we acquired '3C
aromatic HSQC and '"N-edited NOESY experiments in the presence and absence of
PCPS bicelles. The former clearly shows perturbations within the indole ring of W252 in
the presence of bicelles (Figure I11.4B,C). The later shows appearance of additional
NOE peaks that suggest the spatial proximity of W252 side-chain N-He to P241 (Figure
I11.4B inset)./” These NOEs are not observed in the absence of bicelles (data not
shown). These NOEs could only appear if the W252 side chain rotates towards the intra-
loop space and stacks against the P241 present on the opposite loop, 12 (Figure
II1.4C). Comparison of this with the analogous position of C1A toggle residue (W180),
described in the previous chapter, indicates that the indole ring can indeed serve as a

“pseudo-agonist” in the absence of agonist and assist the membrane association process.
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Figure I11.4 Agonist-independent C1Bd bicelle interactions involve the methyl-
containing hydrophobic residues of the loops and toggle-residue rearrangement
(A) BC-"H HSQC spectral overlay of apo C1B, with PCPS bicelles (both 0.3 mM,
80mM total lipids, deuterated), showing the methyl region. The hydrophobic loop
region residues with methyl containing side chains show perturbations in presence of
bicelles (B) aromatic-'*C-"H HSQC spectral overlay showing perturbations in the indole
ring of W252. Inset: The '"N-edited NOESY strip of W252 side-chain He proton, with
appearance of NOE peaks consistent with the chemical shifts of P241 protons in
presence of bicelles. This indicates rearrangement of the side chain towards the intra-
loop region. (C) The side-chains that show CSPs in (A) and (B) are mapped on the loop
region of the C1B (1PTQ). The NOEs suggest the relocation of W252 side chain from
the orientation observed in this structure towards the intra-loop space.
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Finally, to conclusively establish that the agonist-binding loops partition into the
bicelles, we included a paramagnetic lipid component: 5-doxyl PC. The lone pair of
electrons on the stable nitroxide radical of the doxyl group, localized at the 5 carbon of
the PtdCho acyl chain, can allow distance-dependent readout on the protein partitioning
into the lipidic environment (Figure ITI.1A).”?” The phenomenon, referred to as
paramagnetic relaxation enhancement (PRE) causes elevation in the transverse-
relaxation rate constants (R2) for the spins (in this case, amide protons) that are within 35
A from the paramagnetic center (in this case, the 5-doxyl).’?® The distance-dependence
of the PREs is very steep (1), and will lead to the broadening of spins that are
contacting the acyl-chain region. If the C1B loops partition into the membrane, then we
expected to see elevated values of PREs for amide protons (‘H I'2) of interacting
residues.

Consistent with our prediction, the presence of 5-doxyl PC in the bicelles (1
molecule per leaflet of the bilayer) caused PRE-induced broadening of detectable loop
region residues, including the N-He of the W252 side chain (Figure IIL.5). These
observations were persistent regardless of the presence of PtdSer in the bicelles (Figure
II1.5A and B), indicating loop region residues do partition into the bilayer. On the
contrary, the a1l helix residues did not show any PREs, suggesting that this region likely
interacts only peripherally with the anionic lipid headgroups.

Taken together, these results show that C1B interacts with membranes in the
absence of agonists. This interaction likely involves transient shift of the toggle residue

orientation (W252) towards the intra-loop region and direct partitioning of the loop
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residues into the bilayer. The electrostatic component exists for this interaction, via the

relatively basis helix region of the protein. However, this component is not obligatory.
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Figure II1.5 Loop regions partition into the membrane upon agonist-independent
association of C1Bd with bicelles

(A) and (B) 'Hx PREs ('Hn-I"2) obtained by subtracting the residue specific 'Hy Ra
(transverse relaxation rate constants) of paramagnetic (5-doxyl PC containing bicelles)
samples from those of diamagnetic samples (no paramagnetic lipids). The residues
completely broadened beyond detection due to PRE effect were given arbitrary value
of 120 s (marked red). These residues are most proximal to the membrane embedded
paramagnetic probe. The residues that were exchange broadened and thus undetectable
in both diamagnetic and paramagnetic samples are marked blue. The PRE pattern on
protein appears identical for both PC (A) and PCPS (B) containing bicelles.
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C1Bd-bicelle interactions are stabilized by the presence of endogenous agonist

diacylglycerol

To determine the effects of endogenous agonist diacylglycerol (DAG) on the
C1B-bicelle binary complex, we conducted similar experiments in the presence of di-
octanoyl sn-1,2 diacylglycerol (DOG). The '>'N-'H TROSY experiments acquired in the
presence of PC and PCPS bicelles show distinct CSPs upon inclusion of 8-fold molar
excess of DOG (Figure II1.6A and 7A). In addition to these perturbations, all
previously exchange-broadened loop region residues are detectable in the spectra
(Figure I11.6B and 7B). These findings clearly indicate the formation of C1B-DOG-
bicelle ternary complex. In this complex, the agonist binding region is significantly
stabilized, leading to appearance of the resonances.

To get better understanding of the regions affected by presence of DOG, the
CSPs were plotted as a function of primary sequence. With PC bicelles, the changes are
located at the two agonist-binding loops, but marginal changes were observed at the
basic al helix (Figure IIL.6C). On the other hand, with PCPS bicelles, in addition to the
loops, the helix shows perturbations (Figure II1.7C). Since the DOG and PtdSer binding
regions are distinct (loops and helix respectively), this comparison suggests that DOG
induced re-arrangement of C1B-bicelle interaction also indirectly affects this

electrostatic component.
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Figure IIL.6 Interactions of C1Bd-bicelle complex with DOG stabilize the loop
region

(A) PN-"H TROSY-HSQC spectral overlay of C1B-PC bicelles (0.4 mM each, 100mM
total lipids) without and with the inclusion of DOG (3.2 mM, 8x to protein). Select
residues with distinct chemical shift perturbations (CSPs) are labelled. Labels marked
in bold appear in presence of DOG but were exchange broadened and undetectable in
protein-bicelle sample. (B) The expansion of the boxed region shown in (A). (C)
Combined CSPs resulting from the inclusion of DOG in the bicelles are plotted as a
function of primary sequence to identify the most affected regions. Regions of interest
are highlighted. The residues that are exchange broadened in C1B-bicelle complex and
therefore could not be used for the perturbation analysis are marked red within the
primary sequence. Perturbation of the W252 side-chain is plotted at the end, and denoted
as “We”.
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Figure I11.7 Interactions of C1B5&-bicelle complex with DOG in presence of anionic
lipids perturb the al helix

(A) N-'TH TROSY-HSQC spectral overlay of C1B-PCPS bicelles (0.4 mM each,
100mM total lipids) without and with the inclusion of DOG (3.2 mM, 8x to protein).
Select residues with distinct chemical shift perturbations (CSPs) are labelled. Labels
marked in bold appear in presence of DOG but were exchange broadened and
undetectable in protein-bicelle sample. (B) The expansion of the boxed region shown in
(A). (C) Combined CSPs resulting from the inclusion of DOG in the bicelles are plotted
as a function of primary sequence to identify the most affected regions. Regions of
interest are highlighted. The residues that are exchange broadened in CI1B-bicelle
complex and therefore could not be used for the perturbation analysis are marked red
within the primary sequence. Perturbation of the W252 side-chain is plotted at the end,
and denoted as “W.”. Perturbations in the helix region (al) particularly with K271 are
seen.
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Formation of the membrane-embedded C1B3-DAG complex involves differential

contribution from the agonist-binding loops

Next, we wanted to determine which regions of C1B are directly embedded into
the membrane in presence of DOG. To achieve this, we used the PRE-based approach
reported earlier. In this case, since the amides of all the non-proline residues are
detectable due to DOG-induced stabilization, we expected to obtain the full picture of
C1B-membrane association with each residue effectively acting as the “pixel”.

To deconvolute the contribution of PtdSer from this picture, we decided to
conduct the experiment first with PC-only bicelles. Two different variants of the
paramagnetic lipid were used: 5- and 14-doxyl PC, one at a time. The additional dataset
with a deeper probe position (14" carbon on acyl chain) essentially creates a virtual
“ruler” of depth,’?” /2? allowing us to estimate the extent of membrane insertion for the
affected regions. In presence of 5-doxyl PC, we observed PREs for both DOG-binding
loops (Figure II1.8A). However, several residues of 334 loop were PRE-broadened
beyond detection, including the N-He of W252 side-chain. This observation suggests
that B34 loop, when viewed as a spatiotemporal average of this dynamic system, is
closer to the paramagnetic probe compared to 312 loop. This finding although
unexpected, could be logically attributed to the differential composition of the residues
on these loops. 34 loop contains several consecutive residues that are hydrophobic and
have methyl-containing side chains. Furthermore, the toggle residue W252 is located on
this loop. Typically, these residues tend to show higher contact frequencies with the

lipidic moieties leading to their better partitioning into the hydrophobic core of the
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membranes.’” We believe, it is because of this, B34 loop is uniquely tuned to interact
effectively with the acyl chains compared to 312 and likely drives the process of
“fishing” for the agonist within the plane of the membrane.

In presence of 14- instead of 5-doxyl PC variant with PC-only bicelles, the PREs
for the loop regions retained the same pattern, yet somewhat attenuated (Figure I111.8B).
Particularly the attenuation of V255 and W252 N-He PREs indicates that these residues
are on average closer to 5" acyl chain carbon than the 14", This comparison conclusively
places the affected residues of B34 loop within the acyl chain core of the bilayer. In
presence of PCPS bicelles, we looked at the PREs obtained using only 14-doxyl PC
variant (Figure II1.8C). Essentially, the differential pattern observed for the loops
persisted, but in comparison with PC-only bicelles, we observed significantly prominent
effect on B34 loop residues. Particularly, with the exception of L251 and W252 N-He,
all the residues on this loop were PRE-broadened beyond detection indicating deeper
partitioning. On the other hand, with the exception of S240, 312 loop residues had
attenuated PREs compared to PC only bicelles (Figure II1.8B and C). It is likely that
PtdSer interactions with the a1 helix (which is spatially proximal to 334) augment the

better partitioning of this loop. This possibility will be explored further in the future.
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Figure II1.8 B34 loop of C1Bd partitions more effectively into the membrane
compared to 12 loop in presence of DOG

Residue-specific '"Hy PREs ("Hn-I"2) obtained by incorporating 5-doxyl PC (A) and 14-
doxyl PC (B) into PC bicelles in presence of DOG (3.2 mM, 8x to protein) are plotted.
With PCPS bicelles, only 14-doxyl PC variant is used (C)The residues completely
broadened beyond detection due to PRE effect were given arbitrary value of 120 s!
(marked red). These residues are most proximal to the membrane embedded
paramagnetic probe. The residues that were exchange broadened and thus undetectable
in both diamagnetic and paramagnetic samples are marked blue. The model to visually
guide the membrane insertion pattern is depicted as inset in panel (C).
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To further verify our findings obtained using the PRE data, we looked at !°N-
edited NOESY strips of the loop region residues (Figure II1.9). For the residues of 312
loop, we observed the NOEs that were consistent with proton-chemical shifts of head-
group region and the adjacent part of the acyl chain region.’?# On the other hand, for 34
loop residues, we observed NOEs that were consistent with the acyl chain proton

24 including the terminal methyl located at the end. These observations

chemical shifts,
suggest that although both loops do partition in the membrane environment, 334 loop is
nearest to the hydrophobic core.

Finally, the analysis of the methyl region from the 1*C HSQC showed that these
side chains were also significantly perturbed in the presence of DOG (Figure I11.10).
The perturbations observed for residues L250, L251, L254, and V255 of B34 loop as
well as T242 from 12 loop report on their interactions with lipid moieties or DOG
itself. By combining all the NMR readouts reported in this section, we conclude that
C1B-DOG complex formation induces the membrane-embedded state of the protein that

is dominantly anchored by the better lipid-contacts of 334 loop residues (Figure I11.8C

inset model).
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Figure I11.9 C1B loop region residues show proximity to lipidic moieties likely due

to DOG-induced deeper partitioning

Strips from the 'N-edited 3D-NOESY experiment are depicted for residues of both
loops. The relevant NOEs consistent with the proton chemical shifts of the lipidic
moieties are color coded.
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Figure I11.10 Methyl-containing hydrophobic residues of the loops are perturbed
by DOG interactions

BBC-TH HSQC spectral overlay of C1B-PCPS bicelles (both 0.3 mM, 80mM total lipids,
deuterated) without and with DOG, showing the methyl region.

Diacylglycerol recognition by C1Bd is linked to the solvent network of the loop region

In order to get better grasp on why C1B can interact with diacylglycerol but C1A
cannot (discussed in the previous chapter), we took closer look at the agonist-binding
region of C1B. Using the crystal structure of C1B and CASTp,’*? we analyzed the
solvent accessible area and volume of the agonist-binding pocket (Figure II1.11A).
Flanked by the hydrophobic residues, we were able to detect a polar region that is likely
involved in the agonist interactions. The analogous region in the C1A counterpart is
completely occluded by the indole ring of Trp (W180). This observation supports our
prediction that presence and the modulation of the agonist-binding pocket might play

significant role in DAG recognition.
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To test this hypothesis, molecular dynamics simulations were conducted with
PCPS bilayer, C1B and DAG (DOG) tri-partite system. We propose a mechanistic
model of DAG recognition by C1B, using the results of this simulation for
demonstration purposes. We suggest that the solvent network that is bonded to the loop
region creates a polar layer within the pocket of C1B (Figure I11.11B). During the
agonist-independent interactions of C1B with membrane, the hydration layer is
conserved as this region likely remains at the polar-apolar boundary of the membrane. In
this state, the relatively hydrophobic residues with methyl-containing side chains of the
[334 loop, in conjunction with the toggle residue W252 insert into the hydrophobic core
of the membrane and “fish” for the agonists like DAG. Once encountered, the initial
anchoring of DAG glycerol backbone with the C1B occurs as these moieties form H-
bonds with the hydration layer of the intra-loop space (Figure II1.11B). Such interaction
further augments the hydrophobic contacts between protein (primarily 334 loop
residues) and the acyl chains of DAG and/or surrounding lipids, prompting deeper
insertion of the protein. Once the pocket is partitioned into the hydrophobic core, it
might be energetically expensive to maintain the hydration layer. In such circumstances,
the DAG molecule displaces the solvent network to the region of the protein which
might still be at the polar-apolar boundary of the membrane (Figure I11.11B). Such
displacement allows DAG to directly interact with the protein residues, while the
displaced solvent can interact with additional DAG molecules. We do not anticipate this

process to occur linearly as described above but the sequence of events could change
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depending upon factors such as lipid composition, depth of the protein within membrane
at a given time, concentration of the DAG, and the resulting membrane altering effects.
To our knowledge, no mechanistic information about the C1-DAG recognition
exists that can comprehensively explain this endogenous interaction. The model
suggested here, once tested further with solution state and crystallographic approaches,

can provide valuable insight that narrows this gap in our knowledge of C1 domains.
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Figure I11.11 DOG recognition by C1B9 is linked to the solvent accessibility of the
agonist-binding pocket

(A) The solvent accessible surface area and volume of the C1B agonist-binding pocket
is determined by CASTp’? analysis. The surface is colored by the Kyte-Dolittle
hydrophobicity scale (-4.5, orange to +4.5, blue). (B) shows two different states
encountered in the molecular dynamics simulation conducted on C1B-DOG-PCPS
membrane system. The steps involved in DOG recognition could transition from the
initial recruitment via solvent network (left) to complete occupation of the agonist-
binding pocket (by DOG) and excision of solvent (right). Stabilizing H-bonds are
depicted as solid lines. The PDB files representing these states from the simulation were
provided by Dr. T.I. Igumenova.
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Phorbol ester induces virtually identical membrane insertion pattern of the agonist-

binding loops of C1Bd&

After applying our NMR-based approach to the C1B-DAG system, we decided to
explore whether we can apply it to non-endogenous agonists. Phorbol esters have been
identified as the C1 modulators, as they induce the aberrant membrane translocation of
these domains.’? 3!- 132 This DAG-mimicking property of phorbol esters is intriguing
and to understand how it works, one needs to compare the membrane binding mode of
phorbol ester-complexed C1 domains with that of DAG. To achieve this, we conducted
NMR experiments on C1B domain in presence of phorbol esters and PC bicelles. Given
the observation that phorbol esters can also translocate PKCS to internal membranes,’?!
we decided to omit anionic lipid component in this initial test.

First, we collected ’'N-'H TROSY spectra of C1B-PC bicelle complex in the
presence of a short chain phorbol 12,13 di-butyrate (PDBu) and a long chain phorbol 12-
myristate 13-acetate (PMA), both 1.2-fold to protein. Significant perturbations were
observed upon addition of PDBu (Figure III.12A), primarily within the agonist-binding
loop region. Same acquisition with relatively more lipophilic PMA showed no difference
compared to PDBu (Figure II1.12B). This finding indicates that the perturbations
primarily report on the interaction of C1B with phorbol group and subsequent
modulation of the membrane associated state. For subsequent experiments, only PDBu is

used.
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Figure I11.12 Phorbol esters stabilize the C1Bd loop region in a manner similar to
DOG

(A) PN-TH TROSY-HSQC spectral overlay of C1B-PC bicelles (both 0.4 mM, 100 mM
total lipids) with and without PDBu. (B) Spectra with either PDBu or PMA are
indistinguishable, indicating the length of the acyl chain anchor does not show major
influence under these conditions.
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Next, we employed the PRE-based approach using the addition of paramagnetic
lipid component to the bicelles, in order to determine the pattern of membrane insertion
(Figure II1.13). In presence of 5-doxyl PC, we observed a pattern that is virtually
similar to that of DOG (Figure III.13A and 8A). However nearly all the residues of 12
loop show systematically higher PREs with PDBu compared to DOG. On the other hand,
V255 of B34 is not completely PRE broadened in presence of PDBu. These results
indicate that although the overall differential contribution of the loop segments remains
persistent for these agonists, 312 loop region gets inserted relatively deeper into the
membrane in the presence of PDBu. To further verify this conclusion, we acquired the
identical experiment in presence of 14-doxyl PC (Figure II1.13B). Comparison with
DOG data clearly supports our conclusion and provides further suggestion that 312 loop
might be partitioned deeper with PDBu (Figure I11.13B and 8B, inset).

Finally, when we used PCPS bicelles along with 14-doxyl PC, we observed the
consistent pattern of attenuation in the B12 loop PREs that we saw for DOG (Figure
ITI.13C and 8C). However, the PRE pattern for the 334 loop residues clearly suggests
that this region partitions shallower with PDBu. In conclusion, we propose that the
potency of phorbol esters to induce the activation of PKC stems from their ability to
replicate the DAG-mediated membrane insertion pattern of C1 domains. The differences
in the protein-interacting regions of these two agonists however likely factor into the

relative insertion depth the protein can achieve.
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Figure I11.13 Differential PRE pattern for the agonist-binding loops of C1B is also

observed with PDBu

Residue-specific '"Hy PREs ("Hn-I"2) obtained by incorporating 5-doxyl PC (A) and 14-
doxyl PC (B) into PC bicelles in presence of PDBu (0.48 mM, 1.2x to protein) are
plotted. With PCPS bicelles, only 14-doxyl PC variant is used (C). The residues
completely broadened beyond detection due to PRE effect were given arbitrary value
of 120 s (marked red). These residues are most proximal to the membrane embedded
paramagnetic probe. The residues that were exchange broadened and thus undetectable
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in both diamagnetic and paramagnetic samples are marked blue. The model to visually
guide the membrane insertion pattern with PDBu is depicted as inset in panel (B).

Agonists with therapeutic properties exhibit substantial differences in the membrane

insertion of C1Bd

After exploring the membrane-binding modes of C1B in presence of DOG and
PDBu, we decided to extent the application of our approach to the other C1 agonists that
show protective, rather than disruptive effects on PKC function. Two specific agonists,
Prostratin and Bryostatin 1 are considered particularly promising in this regard.?# 2> 3¢
133-137 Exposure to these agents modulates the PKC activity yet does not lead to tumor
formation (unlike phorbol esters).’’ /38 Bryostatin 1 (Bryo-1) in particular is peculiar in
this regard as it leads to bi-phasic downregulation response from PKC,’*? a phenomenon
that is typically not seen with other agonists. The underlying molecular mechanisms
explaining the protective properties of these agonists are unknown. Given our
comparative analysis of the C1B membrane association with DAG and phorbol esters,
we propose that the agonist-specific differences likely reside in inducing differential
membrane insertion of specific C1 regions.

In order to test this hypothesis, we conducted similar series of experiments
mentioned before. ’N-'H TROSY spectra of C1B-PC bicelle complex in presence of
Prostratin and Bryo-1 show significant CSPs that were distinctly different and specific to
each agonist (Figure II1.14A and B). This was expected due to the structurally diverse

nature of these agonists, and their potentially different partitioning into the membranes.
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Prostratin architecture is highly similar to phorbol ester (PDBu), but it lacks the fatty-
acyl chains and therefore likely less lipophilic. Due to the identical phorbol group, we
compared the C1B-PC bicelle spectra with either PDBu or Prostratin bound state
(Figure II1.14C). The two spectra expectedly matched well, with the exceptions of
residues S240 of B12 loop and L250, L254, V255 and the toggle residue W252 of 334
loop. This observation indicates that absence of one of the fatty acyl chains on Prostratin
alters either the interactions of these residues with the phorbol group or it alters the depth
of phorbol group that is partitioned into the membrane, leading to the residues
experiencing slightly altered chemical environment. For Bryo-1, W252 and G253
amides remained exchange broadened indicating that these residues are not being
stabilized by interactions with Bryo-1 or they are not partitioned deeper into the
membrane.

To further shed light on membrane partitioning of the protein in response to these
agonists, we conducted the PRE experiments (Figure II1.15). Compared to DOG and
PDBu, C1B B12 loop residues show systematically attenuated PRE values for both
Prostratin and Bryo-1(Figure IIL.15, 8A, and 13A). A distinct exception to this general
observation however was the residue S240 in presence of Prostratin. This residue shows
much elevated PRE value. Between PDBu and Prostratin, this residue showed different
chemical shifts (Figure II1.14C), therefore it is likely that specific interactions of S240
with Prostratin lead to its deeper membrane insertion. For Bryo-1, the PREs observed for
all the residues of the 312 loop were significantly lower compared to other agonists

indicating that this region is either partitioned shallower or dynamic.
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Figure II1.14 Prostratin and Bryostatin-1 induce distinctly different patterns of
chemical shift perturbations upon binding to C1B-bicelle complexes

(A)’N-'H TROSY-HSQC spectral overlay of C1B-PC bicelles (both 0.4 mM, 100 mM
total lipids) with and without Prostratin (0.48 mM, 1.2x to protein) (B) '’N-'"H TROSY-
HSQC spectral overlay of C1B-PC bicelles (both 0.3 mM, 80 mM total lipids) with and
without Bryostatin-1 (0.45 mM, 1.5x to protein). (C) "N-'"H TROSY-HSQC spectral
overlay of CI1B-PC bicelles (both 0.4 mM, 100 mM total lipids) with PDBu/Prostratin
(both 0.48 mM, 1.2x to protein).
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PRE:s for 334 loop residues were comparable between PDBu and Prostratin
(Figure II1.15A, 13A-B). On the other hand, for Bryo-1, with the exception of L250 and
L254, all other residues showed systematically lower PREs while G253 and W252
(backbone amides) remained exchange broadened (Figure II1.15B). These findings
suggest that Bryo-1 does not induce deeper membrane insertion of either of the agonist-
binding loops and the protein likely retains shallower state. This is likely related to the
bulkier nature of this agonist which might result in its shallower (compared to other
agonists) partitioning into the membranes.

Although these agonists are highly potent in modulating C1B-membrane
interactions, they show distinct differences in the regions of the protein that partition into
the membrane in response. This could be attributed to the differences in the lipophilicity
of these agonists. Therefore, it is also essential to determine how the binary complexes
of membrane-agonists are formed, in addition to studying the protein-membrane and
protein-agonist-membrane complexes. Towards that, in the future we will use
isotopically labelled agonists to obtain direct readouts of their membrane partitioning in
conjunction with the in-silico approaches. Putting together the pieces of this tri-partite
puzzle will eventually reveal the complete picture of C1-membrane association in

response to endogenous, tumorigenic, and therapeutic agonists.
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Figure I11.15 Membrane-bound states of C1B with Prostratin and Bryostatin-1
show specific differences from other agonists

Residue-specific 'Hny PREs ('Hn-I'2) obtained by incorporating 5/14-doxyl PC with
Prostratin (A) and 5/14-doxyl PC with Bryostatin-1 (B) into PC bicelles are plotted. The
residues completely broadened beyond detection due to PRE effect were given arbitrary
value of 120 s! (marked red). These residues are most proximal to the membrane
embedded paramagnetic probe. The residues that were exchange broadened and thus
undetectable in both diamagnetic and paramagnetic samples are marked blue. The
models to visually guide the membrane insertion patterns with these agonists are

depicted as insets.
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Conclusions

The tandem arrangement of C1 domains on conventional and novel PKC
isoforms indicates that they act synergistically to achieve the membrane translocation of
the kinase. In PKC9, C1B domain is believed to serve as the dominant effector of the
membrane translocation in response to the agonists. The goal of this chapter was two-
fold: First to determine how C1B, as opposed to C1A discussed in previous chapter,
behaves in the presence of endogenous and exogenous agonists, and second to devise an
experimental approach that can be applied universally to all C1 domains to understand
their membrane interactions.

We demonstrate that the NMR based approach presented in this chapter can be
applied successfully to probe the formation of C1-membrane and C1-agonist-membrane
complexes. When applied to the C1B domain, we were able to detect the distinct
membrane binding modes in presence of various agonists, at atomic resolution. The
solution state nature is uniquely suited to factor in the inherent dynamics of the C1B, the
fluidity of the membrane mimics, and the membrane-altering effects of the agonists
(DAG specifically). In future, we will apply this approach to other C1 domains, starting
with C1A of PKC3. In addition, we will complement the experimental findings with the
in-silico methods, not only to get better understanding of the interactions, but also to
identify the current limitations associated with simulating these complex systems. The
findings could guide the development of C1-specific modulatory therapeutic agents to

treat disease states with underlying PKC disruption.
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CHAPTER IV NON-NATIVE METAL ION REVEALS THE ROLE OF
ELECTROSTATICS IN SYNAPTOTAGMIN 1 C2-MEMBRANE INTERACTIONS"
Background

41, 140

Ca**-dependent phospholipid-binding C2 domains are integral structural

elements of the proteins involved in signal transduction and membrane trafficking.’? /#!-

43 The regulation of numerous cellular activities such as neurotransmitter release,
cellular growth, and transcription depends on the interaction of these effector proteins
with membranes via C2 domains.® /#/ Therefore, understanding the mechanism of how
C2 domains interact with lipid membranes is a crucial step towards elucidating their
molecular role in cellular signal transduction. In this work, we used the C2A and C2B
domains of Synaptotagmin 1 (Syt1), a major Ca?" sensor of evoked neurotransmission,*’
to gain insight into the determinants of C2-membrane interactions.

The core of C2A/B domains has a characteristic B-sandwich fold that consists of
8 antiparallel B-strands, connected by loop regions (Figure IV.1A and 2A).** #7 The
Ca?"-sensing function of Syt resides on the aspartate-rich loops at the tips of C2A/B
domains that can bind up to 3 (C2A) and 2 (C2B) Ca?* ions.”* # Ca" binding triggers

the peripheral interaction of the C2 domains with membranes containing anionic

phospholipids, such as phosphatidylserine (PtdSer),’#-/#$ but has a negligible effect on

* Reprinted in its entirety (including figures) with permission from Katti, S., Nyenhuis, S. B., Her,
B., Srivastava, A. K., Taylor, A. B., Hart, P. J., Cafiso, D. S., and Igumenova, T. I. (2017) Non-
Native Metal Ion Reveals the Role of Electrostatics in Synaptotagmin 1-Membrane Interactions,
Biochemistry 56,3283-3295.
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the average conformation of the protein backbone.?” >3 /4% 150 Rather, interactions with
metal ions attenuate the dynamics of the loop regions that have considerable flexibility
in the apo forms of C2 domains.’?* 132

Calcium has been proposed to promote C2-membrane association by two
different mechanisms. First, Ca** binding makes the C2 domain more electropositive,
by neutralizing the negatively charged loop region.” ’7 Second, Ca?" acts to bridge the
C2 domain to membranes by directly coordinating negatively charged lipid head
groups.’” 3% 63 In the former Ca?" acts as a general “electrostatic switch” to promote
long-range Coulombic interactions with negatively charged membranes. In the latter
Ca®* plays a specific role that involves the rearrangement of its coordination sphere. In
addition to electrostatics, hydrophobic interactions mediated by residues surrounding the
loop regions contribute to the C2-membrane interaction.’% /34

Although the dominant role of electrostatics in the C2-membrane interactions is
well established, the contributions made by these general and specific roles of Ca®*
remain unclear. For instance, mutations that disrupt Ca?* binding to the C2A domain of
Sytl implicate the Ca?*-induced change in the electrostatic surface potential as a major
factor.”” Alternatively, the finding that charge-reversal mutations mimicking Ca*
binding cannot support membrane interaction of the C2 domain in PKCPII points
towards the importance of direct metal-lipid bridging.”*® In this context, Ca?" surrogates
in the form of non-native divalent metal ions can be used as valuable tools to gain

insight into the contribution of long-range Coulombic interactions and metal ion-lipid

bridging to membrane binding.
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We previously demonstrated that toxic heavy metal ions, Cd** and Pb**, bind to
the C2 domain of PKCa with higher affinity than Ca?*.% 82 Both metal ions bind to the
loop region of the C2 domain with the same stoichiometry as Ca**. However, the
functional consequences are strikingly different: Pb?" supports the C2-membrane
interactions, whereas Cd*" does not. We attributed this behavior to the differences in
Lewis acidity and coordination preferences of Cd*" and Pb?>*/Ca?".%? We speculated that

the preference for low coordination numbers®® and soft ligands’?”

impairs the ability of
Cd?* to directly coordinate the oxygens of lipid head-groups. The implication of these
findings is that the long-range Coulombic interactions alone are not sufficient to drive
membrane association of the PKC C2 domain.

In the present work, we examined the two C2 domains of Sytl to determine
whether the behavior of the PKC C2 domain could be generalized to other Ca?*-
dependent C2 domains. The C2A and C2B domains share 38% sequence identity and
occur in tandem in the cytosolic part of Sytl where they are separated by an 8-residue
linker. We demonstrate that Cd?>* serves as a good structural surrogate for Ca?" in the
individual C2A and C2B domains, but can support their membrane association only in
the context of full-length Sytl. Our results illustrate the significance of both, long-range

Coulombic interactions and high effective local lipid concentrations in the native protein

environment, for the membrane association of C2 domains.
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Experimental procedures
Materials

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (POPG), dimethyldioctadecylammonium (DDAB), and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(5-dimethylamino-1-
naphthalenesulfonyl) (dansyl-PE) were obtained from Avanti Polar Lipids Inc.
(Alabaster, AL). Residual divalent metal ions were removed from all buffers with the
ion-chelating resin, Chelex 100 (Sigma-Aldrich). The stock solutions of metal ions were
prepared using the following salts: Tb(III) chloride hexahydrate (Acros Organics), Cd(II)
nitrate tetrahydrate (Sigma-Aldrich), and standardized 1 M solution of Ca (II) chloride
(Fluka Analytical). Sigmacote® and IgG from human serum (both from Sigma-Aldrich)
were used to coat quartz cuvettes for Tb** luminescence and protein-to-membrane
Forster resonance energy transfer (FRET) experiments, respectively. The cDNA of
murine Sytl was purchased from Open Biosystems (GE Life Sciences).

Protein expression and purification

The following Sytl domains: C2A (residues 137-265), C2B (residues 271-421),
and C2AB (residues 137-421) were cloned into a pET-SUMO vector (Novagen,
Madison, WI). To improve the SUMO protease cleavage efficiency of the C2A-
containing constructs, a serine residue was added at the N-terminus using the
QuikChange mutagenesis kit (Stratagene, La Jolla, CA). The sole cysteine residue of

C2B at position 277 was replaced with a serine to eliminate the need for reducing agents
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that are known to form complexes with metal ions. The C277S variant of C2B was used
for all experiments with the exception of crystallographic studies. For the EPR and
vesicle sedimentation experiments, the cytosolic Sytl constructs included: C2A
(residues 96-265), C2B (residues 249-421) and C2AB (residues 136-421), which were
modified, expressed and purified as described previously.’” The full-length Syt1 from R.
norvegicus (1-421) was previously cloned into a pET-28a vector with an N-terminal
6xHis tag.”’® Native cysteines (C73A, C74A, C76A, C78A, C82S, and C277S) were
mutated using the QuickChange site-directed mutagenesis kit, and single cysteine point
mutations were introduced into the cysteine-free construct using the same method at
positions M173C or V304C. DNA sequences for all mutations were verified by DNA
sequencing (Genewiz, South Plainfield, NJ).

Fusion proteins comprising the 6xHis-tagged SUMO and Sytl domains were
expressed in BL21(DE3) (C2A and C2AB) and Rosetta(DE3) (C2B) cells. For the
preparation of [U-'"N] and [U-!°N,!3C]-enriched NMR samples, the proteins were
expressed in M9 medium containing either [U-'"N] NH4Cl or [U-!"N] NH4Cl/[U-'*C] D-
glucose (Cambridge Isotope Laboratories). The induction of protein expression was
initiated by adding 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) to the
medium and carried out for 16-18 hours at 15 °C.

The cells were harvested, re-suspended in ice-cold lysis buffer composed of 50
mM Tris-HCI at pH 7.5, 100 mM NacCl, 100 uM CaCl,, and 1 mM DTT, and lysed with
sonication. The lysate was loaded onto 2 x 5 mL HisTrap HP columns (pre-equilibrated
with buffer solution containing 20 mM Tris pH 7.5, 500 mM NaCl, and 5 mM
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Imidazole), from which the fusion protein was eluted with a 5-500 mM imidazole
gradient. Fractions containing fusion protein were exchanged into a SUMO protease
buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1 mM TCEP) on a HiPrep 26/10
desalting column. The cleavage reaction was initiated by adding SUMO protease to a
final concentration of 10-12 pg/mL and allowed to proceed for 3 hours at 25 (30) °C to
attain >90 % cleavage efficiency for C2B (C2A and C2AB). The 6xHis-tagged SUMO
was removed on a 2 x 5 mL HisTrap HP column.

Anion-exchange chromatography was used to further purify C2A and C2AB.
The protein-containing fractions were exchanged into a buffer containing 100 uM
EDTA and 20-50 mM Tris-HCI at pH 8.5 (C2A) or 7.2 (C2AB). The proteins were
loaded onto a 2 x 5 ml HiTrap Q HP column (GE Healthcare) and eluted with NaCl
gradient. C2B was purified in a similar manner, but using cation-exchange
chromatography on a 2 x 5 ml HiTrap SP HP column (GE Healthcare) in a buffer
containing 50 mM Tris-HCI at pH 7.0 and 100 uM EDTA.

EDTA was removed using four consecutive steps of 15-fold dilution and
subsequent concentration with Vivaspin® concentrators (Sartorius) with a molecular
mass cutoff of 5,000. As an alternative method of EDTA removal, protein solutions
were passed four times through the desalting PD MidiTrap G-25 columns. The proteins
were subsequently concentrated and exchanged into decalcified experiment-specific
buffer (vide infra). The molecular masses of all proteins were verified by MALDI-TOF

mass spectrometry.
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For EPR and sedimentation experiments carried out in D.S.C.’s laboratory, the
expression and purification of the cytosolic constructs (C2A, C2B, C2AB) followed
previously described protocols’#” 148 159 with the following modifications. First,
BL21(DE3) rather than BL21(DE3)pLysS cells were used for transformation to increase
protein expression, and maximal cleavage of the GST tag was obtained by treating with
thrombin on column at room temperature rather than at 4 °C. In addition, a HiTrap SP
column (GE Healthcare) was used for ion exchange purification of the C2AB construct
(residues 136-421) and higher initial salt concentrations (150 mM) were employed for
the C2B and C2AB ion exchange procedure to prevent protein precipitation. Buffers
used to purify C2AB using ion exchange were: SPA: 50 mM MOPS, 1 mM CaCl,, 150
mM NaCl, pH 7.2; and SPB: 50 mM MOPS, 1 mM CaCl, 800 mM NaCl, pH 7.2. For
EPR spectroscopy, the isolated domains were labeled as described previously.’”?

For the full-length Sytl, BL21(DE3)-RIL cells (Invitrogen, Waltham, MA) were
transformed, and 50 mL precultures of TB medium containing 50 pg/L Kanamycin were
grown for approximately 12-15 hours at 37 °C before addition of the preculture to 950
mL of TB medium and 50 pg/L Kanamycin in a 2.8 L Fernbach flask. This culture was
then grown for approximately 2 h at 37 °C until an ODgoo of 0.8—1 was reached. Protein
expression was induced with 0.5 mM IPTG after adding 50 pg/L chloramphenicol to the
cell culture. The cells were grown for 15-18 h at 22 °C with 200 rpm shaking before
pelleting by centrifugation at 12,000 rpm for 12 min at 4 °C. The pellet was first
resuspended in extraction buffer 1 (20 mM HEPES, 500 mM NaCl, 8 mM imidazole, pH

7.4), and then an equal volume of extraction buffer 2 was added (20 mM HEPES, 500
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mM NaCl, 8 mM imidazole, 10% Na-Cholate, pH 7.4). Protease inhibitors (2 uL/mL
leupeptin, 5 pL/mL aproptinin, and 10 pL/mL AEBSF) and 750U Benzonase nuclease
were added to the cell suspension and the cells lysed using a French press. Cell debris
was pelleted by ultracentrifgation at 18,000 rpm for 35 min at 4 °C. The supernatant
was added to a pre-equilibrated Ni-NTA column and allowed to bind to the resin
overnight at 4 °C with shaking. The lysate was then allowed to flow through the column
and the resin was washed with 3 column volumes of wash buffer (20 mM HEPES, 300
mM NaCl, 40 mM Imidazole, 1% CHAPS, pH 7.4). For spin labeling, the column was
left in a small volume of wash buffer and ~1 mg of MTSL (in ethanol) was added to the
column which was left in the dark at 4 degrees C overnight with shaking. The resin was
then washed again with 3 column volumes of wash buffer, and subsequently eluted in
excess elution buffer (20 mM Tris, 300 mM NaCl, 400 mM Imidazole, 1% CHAPS, pH
7.4) until no protein absorbance at 280 nm was detected in the flow through. Lysate,
flow through, wash, and elutions were run on a 12% SDS-Page gel to check for protein
purity. Clean fractions were collected and concentrated in 30 K MWT cut-off
concentrator. 5 mg thrombin per L of protein grown was added and then allowed to
dialyze (20 mM HEPES, 300 mM NaCl, 1 mM EDTA, 1% CHAPS, pH 7.4) overnight
at 4 °C.

To ensure the complete removal of any nucleic acid contamination, the protein
was further purified by FPLC using an AKTA Prime chromatography system
(Amersham Biosciences, Piscataway NJ). A HiTrap SP column (GE Healthcare) was
run using Akta A (20 mM HEPES, 1% CHAPS, pH 7.4) and Akta B (20 mM HEPES,
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1000 mM NaCl, 1% Chaps, pH 7.4) buffers to create a 0-1 M salt gradient. Protein
fractions were analyzed using SDS-PAGE (12% gel) and the 260/280 nm absorption
ratios. Clean protein fractions were collected and concentrated in 30 K MWT Amicon
concentrators. Protein concentration was determined using a Bradford assay (Pierce,
Rockford, IL).

The reconstitution of full-length Syt1 followed a procedure previously described
(Kessling et al., 2013). The full-length Syt1 was reconstituted into either:
POPC:Cholesterol (Chol) (80:20), POPC:POPS (85:15), or POPC:POPS:DDAB
(70:15:15) liposomes. The appropriate lipid mixture was combined in chloroform and
methanol and evaporated under N> gas with stirring. The lipids were then put under
vacuum overnight and the lipid films subsequently dissolved in reconstitution buffer (20
mM HEPES, 150 mM KCL, 1% CHAPS, pH 7.4). The protein solution was added to
produce a 1:250 protein-to-lipid ratio. The mixture was left to incubate for 1.5 hours at
room temp with occasional stirring. The mixture was then diluted below the critical
micellar concentration by the addition of metal free buffer (20 mM HEPES, 150 KClI,
pH 7.4), and the protein was then dialyzed into metal free buffer to remove detergent.

Crystallization, structure determination and refinement

The crystallization samples contained: (i) 17 mg/mL C2A and 7 mM Cd(II)
nitrate in a 20 mM MES buffer at pH 6.0; and (ii) 21 mg/mL C2B, 5 mM Cd(II) nitrate,
and 0.8 mM TCEP in a 10 mM HEPES buffer at pH 7.0. Automated screening for
crystallization was carried out using the sitting drop vapour-diffusion method with an

Art Robbins Instruments Phoenix system in the X-ray Crystallography Core Laboratory
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at UTHSCSA. Crystals for Cd**-bound C2A were obtained from Qiagen PEGs II Suite
condition #80 (0.1 M tri-sodium citrate, 16% polyethylene glycol 6000) at 4 °C.
Crystals for Cd**-bound C2B were obtained from Rigaku Precipitant Synergy condition
#116 (13.4% polyethylene glycol 400, 10.05% polyethylene glycol 1000, 0.15 M
potassium phosphate dibasic/sodium phosphate monobasic pH 6.5) at 22 °C.

Data collection and refinement statistics are given in Table IV.1 below.
Difference Fourier map analysis of both structures showed that the modeled Cd** are
indeed heavy atoms when compared to the anomalous signal observed for sulfur atoms
in the proteins. Anomalous difference Fourier peaks were observed at 23.3 and 21.4
r.m.s.d. for C2A-Cd?** and C2B-Cd?**, respectively. The coordinates of the Cd**
complexes were deposited in the Protein Data Bank under accession codes STOR (C2A)

and 5TOS (C2B).
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Table IV.1 X-ray diffraction data collection and refinement statistics for the Cd**

complexes of C2A and C2B
C2A Cd* C2B Cd**
Data collection
Space group P2:212, P21212,
Cell dimensions
a, b, c(A) 28.1,63.3,76.1 41.0, 42.0, 80.7
o, B,y (°) 90, 90, 90 90, 90, 90
Wavelength (A) 1.54178 1.54178
Resolution (A) 38.07-1.95(2.06-1.95) 41.95-1.42(1.49-1.42)

Rsym 0.107 (0.373) 0.051 (0.544)
Rpim 0.057 (0.221) 0.027 (0.302)
Mean (// cl) 13.0(3.2) 18.7 (2.6)
Completeness (%) 96.9 (85.0) 99.0 (94.3)
Redundancy 4.2 (3.5) 4.4 (4.0)
Wilson B-factor (A?) 24.2 12.1
Refinement
Resolution (A) 38.07-1.95 36.54 - 1.42
No. Unique Reflections 10,031 26,889
Rwork / Riree 0.186/0.229 0.159/0.198
No. Atoms

Protein 1,017 1,285

Ligand 1 (Cd*) 2 (Cd**, Na")

Solvent 128 212
B-factors (A?)

Protein 31.2 17.1

Ligand 22.8 17.5

Solvent 35.8 31.0
R.m.s. deviations

Bond lengths (A) 0.008 0.006

Bond angles (°) 1.134 1.037
Ramachandran Plot

Favored (%) 98.4 96.2

Allowed (%) 1.6 3.8

Outliers (%) 0.0 0.0

*The numbers in parentheses correspond to the highest resolution bin.
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Tb3* luminescence experiments

Purified recombinant C2A and C2B were buffer-exchanged into a decalcified
solution of 10 mM Bis-tris at pH 7.0 and 100 mM KCl, using PD-10 desalting columns.
The luminescence measurements were carried out on a PC1 photon counting
spectrofluorometer (ISS, Champaign, IL) at 25 °C with an excitation wavelength of 280
nm, and 1 (2) nm slit widths on the excitation (emission) channels. A 370 nm cut-on
filter was used on the emission channel to attenuate the Trp emission and water Raman
peak. The Tb*" luminescence spectrum consists of several peaks, with the highest-
intensity peak having a maximum at 545 nm. Tb*" binding experiments were carried out
by adding the aliquots of Tb** stock solution (buffer) to the sample (reference) cuvettes
containing 2 ml of 15 uM C2A or C2B domains. The sample dilution at the end of the
experiments never exceeded 10%. The intensity of Tb** luminescence was monitored at
the maxima of its most intense emission peak, 545 nm, with averaging over 60
measurements. The post-acquisition processing included the correction of all intensities
for dilution and subtraction of the sample and reference signals. The standard deviation
of three independent replicates was used as an estimate of experimental error. To obtain
the apparent binding affinity of Tb** to the C2B domain, the data were fitted with the
following equation:

Equation 1

1=/ 2P0)[(Kd +P+L,)—((K,+P,+L,)* - 4P0L0)”2]
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where 1 is the intensity of Tb3* luminescence at 545 nm; Imax is the intensity
reached upon full C2B saturation; and Py and Lo are the total C2B and Tb**
concentrations, respectively. For the metal ion displacement experiments, Tb**-bound
proteins were prepared by adding 240 uM Tb3* to 15 uM C2A and 65 uM Tb** to 15
uM C2B. The Tb** luminescence intensity at 545 nm was monitored as a function of
increasing [M?*], where M=Ca, Cd.

Nuclear Magnetic Resonance (NMR) spectroscopy

All binding experiments were conducted at 25 °C on a Bruker AVANCE III
NMR instrument, operating at 'H Larmor frequency of 500 MHz and equipped with a
room temperature probe. The binding of M?* (M=Ca,Cd) to [U-'*N] enriched C2A and
C2B was monitored using 'H-"N HSQC or SOFAST-HMQC'® spectra. The protein
concentration was 100 uM in a buffer solution containing 20 mM MES at pH 6.0, 150
mM KCl, 0.02% NaNj3, and 8% D,0. The spectra were acquired at Ca>" concentrations
ranging from 25 uM to 40 mM, and Cd** concentrations ranging from 25 uM to 20 mM
(C2A) and 40 mM (C2B). The spectra were processed using NMRPipe®’ and analyzed
using Sparky./?’ The cross-peaks assignments were obtained from BMRB entries #4039
(apo C2A), #4041 (Ca**-bound C2A), and #5194 (Ca*"-bound C2B). In addition, 3D
HNCACB and CBCACONH spectra’s’ acquired on a VNMRS NMR instrument
operating at '"H Larmor frequency of 600 MHz were used to verify the assignments of
apo C2A. The spectra at intermediate Ca?" and Cd** concentrations were assigned by

monitoring the trajectory of the cross-peaks in the NMR spectra at different
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concentrations of M?*. The chemical shift perturbation (CSP) due to M?* binding, A,
was calculated using the following equation:

Equation 2

A=[ A8 +(0.15288,)* ]

where Ady and Adx are residue-specific 'H and N chemical shift differences
between the apo and metal ion-bound states of the proteins. Cd?** binding curves were
constructed by plotting A as a function of total Cd?* concentration. The binding curves
were globally fitted with a single-site binding model described by Eq. (1) (vide supra),
except that combined chemical shift differences were used instead of fluorescence
intensities.

Protein-to-membrane FRET experiments

Membrane interactions of C2A, C2B and C2AB in the presence of Ca?" and Cd**
were monitored by FRET between the native tryptophan residues and vesicle-embedded
dansyl-PE fluorophores, as previously described.’#* /%2 The lipid composition of the 100
nm large unilamellar vesicles (LUVs) was POPC:POPS:dansyl-PE=73:20:7. The buffer
solution comprising 10 mM Bis-tris at pH 7.0 and 100 mM KCI was supplemented with
I mM TCEP in the case of C2AB to maintain the reducing environment.

The C2A experiments were carried out in the metal-ion titration mode, where the

aliquots of metal ion stock solutions were added to 0.5 uM C2A pre-incubated with 150

uM total lipids. The C2B and C2AB experiments were carried out in the LUV titration
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mode, where the aliquots of the LUV stock solution were added stepwise to 0.5 uM
proteins pre-incubated with 0.5 mM Ca?" or Cd**. Because C2B has a propensity to
cluster LUVs, which in turn significantly increases the intensity of light scattering, the
total lipid concentration was kept below 70 uM.

The change in dansyl fluorescence was monitored at 495 nm using single-
wavelength intensity scans with averaging over 60 measurements. Protein-to-membrane
FRET efficiency, AF, was calculated by subtracting the signals from sample and
reference cuvettes, with the reference cuvette containing all components except protein.
The experimental error in AF was estimated as the standard deviation in the average
dansyl fluorescence of three replicate samples. The data were plotted as AF versus total
metal ion or protein-accessible POPS concentrations. The C2A data, for which the
plateau region AFmax could be obtained experimentally, were fitted with the following
equation:

Equation 3

O e e
max [M +]n+[M +]Il/2

where [M?*] is the concentration of metal ion and n is the Hill coefficient.
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Vesicle co-sedimentation and dynamic light scattering (DLS) experiments

Vesicle co-sedimentation assays were conducted independently by two
laboratories (T.L.I. and D.S.C.), as described below:

T.1.1’s laboratory: 5 uM C2A/C2B/C2AB in 10 mM Bis-tris pH 7.0 and 100
mM KCI was incubated with sucrose-loaded 100 nm-diameter LUVs containing 1.5 mM
total lipids (POPC:POPS=80:20) for 30 min at room temperature, followed by addition
of M?* (M=Ca,Cd) to the final concentration of 0.5 or | mM. Control samples contained
all components except the divalent metal ions. After an additional 1-hour incubation, the
LUVs were pelleted using a tabletop ultracentrifuge (Optima™ MAX-XP, Beckman
Coulter) for 30 min at 150,000 g and 25 °C. Bicinchoninic acid (BCA) assay (Thermo
Scientific) was used to determine the amount of protein in the supernatant. The fraction
of protein bound to the vesicles, fyound, Wwas calculated as:

Equation 4

where Py is the total amount of protein and P is the amount of protein in the
supernatant. The experimental errors were estimated as standard deviations of 6 fyound
values (two independent samples, each sample measured with BCA assay in triplicate).

D.S.C.’s laboratory: An ultracentrifugation assay described previously was used
to measure the equilibrium membrane affinity of the cytosolic Sytl domains (C2A, C2B)
60, 163

to LUVs of different lipid composition, under varied salt and metal ion conditions.

Large unilamellar vesicles (LUVs) were prepared as described previously using 100 nm
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pore diameter polycarbonate filters./*$ 7° The lipid mixtures included POPC:POPS
(80:20), POPC:POPS (85:15), or POPC:POPS:DDAB (70:15:15), which were
resuspended in Sucrose buffer (20 mM HEPES, 256 mM sucrose, pH 7). The sucrose
concentration was adjusted to balance the osmotic pressure of the final external salt
concentration. Final lipid concentrations for all samples were determined using a

164,165 The domains were at a total concentration of 2

modified Barlett phosphate assay.
uM. The free protein concentration in the upper supernatant was determined using

intrinsic tryptophan fluorescence. Data for the fraction of bound protein as a function of

the accessible lipid concentration [L] was fit to the expression:

Equation 5
KIL]
f,=
1+K][L]

where f is the fraction of bound protein and K is the reciprocal molar partition
coefficient.

DLS experiments were carried out at 25 °C using a Malvern Zetasizer™ Nano S
instrument equipped with a 633 nm He-Ne laser source. The samples contained a
mixture of 0.5 uM C2B, 100 nm-diameter LUVs (100 uM total lipids,
POPC:POPS=80:20), and 1-2 mM of M?* (M=Ca, Cd) in a 10 mM Bis-tris pH at 7.0 and
100 mM KCI. Prior to measurements, the samples were incubated for 30 min at 25 °C or

12 hours at 4 °C.
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Electron Paramagnetic Resonance (EPR) measurements

For EPR measurements, LUVs were formed from POPC:POPS=80:20 in a Ca*"
free buffer (20 mM HEPES, 150 mM KCI, pH 7.4) and either 1 mM Ca?" or Cd** was
added as needed. EPR spectra were recorded using a Bruker X-Band EMX spectrometer
(Bruker Biospin, Billerica, MA) equipped with an ER 4123D dielectric resonator. All
EPR spectra were recorded using a 100 G magnetic field sweep, 1 G modulation, and
2.0-milliwatt incident microwave power at a temperature of 298 K. The measurements
were performed on 10-pl samples in glass capillary tubes (0.60 mm inner diameter X
0.84 mm outer diameter round capillary; VitroCom, Mountain Lakes, NJ). The protein
concentrations used were approximately 75 uM. The phasing, normalization, and
subtraction of EPR spectra were performed using LabVIEW software provided by Dr.
Christian Altenbach (UCLA, Los Angeles, CA). Progressive power saturation of the
EPR spectrum was used to determine nitroxide membrane depth and was performed as
previously described.®” /9% In this case, samples were placed into TPX-2 capillaries, and
the values of APy, obtained in air and in the presence of Ni(I[)EDDA were used to

47 The spin label depth was then estimated using the

calculate a depth parameter, ®.
empirical expression:

Equation 6

® =3.4tanh(0.11(x —8.56))+ 1.1

where x is the distance of the spin label from the phospholipid phosphate plane in

the bilayer.’*?
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Results

Structural analysis of Cd*"-complexed C2A and C2B domains

The C2A and C2B domains of Sytl bind Ca?* ions at loop regions located at the
tip of the domains.?”> ¥ The coordinating atoms are all-oxygen, with the majority of
ligands provided by the sidechains of aspartic acids in both mono- and bidentate
coordination modes. Our first objective was to identify Cd** binding sites on C2A and
C2B domains, determine their coordination geometry, and evaluate the conformation of
the loop regions. We were able to crystallize both domains in the Cd**-complexed states
and obtain their high-resolution structures using X-ray crystallography. The
crystallization was carried out with protein samples pre-incubated with concentrated
solutions of Cd(II) nitrate. In both structures, there was a single Cd** ion bound to Sytl
domains.

The backbone superposition of the Cd**-complexed C2A with other available
C2A structures produced r.m.s.d. values ranging from 0.9 to 1.2 A (Figure IV.1A and
Table IV.2). The largest deviation in backbone conformation was observed for loop 1,
which is tilted away from the metal ion-binding site in the ultra-high resolution structure
of the apo C2A. The reason for these conformational differences is evident from the
expansion of the loop region (Figure IV.1B): Asp172 is rotated “out” of the metal-ion
binding site in the apo form, while in the Cd**-bound form Asp172 is “in”, forming a

coordination bond between its sidechain oxygen and Cd>".
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A C2A of Syt1

C Cd2?tvs Ca?

B Cd?*vs apo

—

Cd?* apo Mn2* Ca?

Figure IV.1 Structural analysis of Cd?*-complexed C2A

(A) Backbone superposition of four C2A structures: Cd**-complexed (this work, 5STOR,
orange), apo (4WEE, blue), Ca?’-complexed (IBYN/NMR,> cyan), and Mn?"-complexed
(3F05, tan). (B, C) Pairwise comparison of loop regions of Cd**-complexed C2A with
those of the apo and Ca®"-complexed C2A (shown with transparent representation)
highlights the differences between the conformation of loops and coordinating residues.
In the ultra-high resolution structure of apo C2A, D178 and D232 are modeled as two
conformations. In (C), only one Ca*" ion and protein ligands of Cd*" are shown for clarity.
(D) Coordination geometry of the Cd** site. Cd*' has 7 oxygens ligands in its first
coordination sphere, 6 contributed by C2A and 1 by a water molecule.

Table IV.2 C2A r.m.s.d. values calculated for the backbone Co carbons

C24 (pdb ID) | Apo (4wee) Ca’* (1byn) Mn?* (3f05) Cd** (5t0r)
Apo (4wee) 0 145 0.73 120
Ca?" (1byn) 0 1.17 1.02
Mn?* (3105) 0 0.87
Cd* (5t0r) 0
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With respect to the metal ion position, Cd** binds to what was previously
identified as the Cal site in the first NMR structure of C2A that contains 3 Ca*" ions
(Figure IV.1A);% only one Ca?" populating Cal site is shown for clarity in Figure
IV.1C. The major difference is the conformation of the Asp232 sidechain that
coordinates the first (and second) Ca?" ions but not Cd?**. In the Cd**-bound structure,
the Asp232 sidechain is rotated “out”, with its place taken by a water molecule (Figure
IV.1D). Altogether, Cd** has seven oxygen ligands in its first coordination sphere.
Asp230 and Aspl172 sidechains show bidentate coordination, contributing 2 ligands
each. The other three are the backbone oxygen of Phe231, one of the Asp178 sidechain
oxygens, and the water molecule (Table IV.3).

Table IV.3 Metal-oxygen distances in the crystal structures of C2A of Sytl

Ligand Cd** (5t0r) Mn** (3/05)
Aspl172 Odl 2.92
Aspl172 Od2 242 2.00
Aspl178 Od2 2.40 231
Asp230 Odl 2.44 2.34
Asp230 Od2 2.61

Phe231 O 2.52 2.38
Asp232 Od2 2.16
HOH #403, 2.57 #81, 2.81
Total number of 7 (6 protein, 1 6 (5 protein, 1 water)
ligands water)

Inspection of the Cd**-complexed C2B structure revealed that Cd** binding alters
the conformation of loop 3. This is evident from the backbone superposition of C2B
structures (Figure IV.2A and Table IV.4) and the expansion of loop regions (Figure
IV.2B and C). Similar to C2A, Cd?* binds to the Cal site of C2B and has a coordination

number of 7 (Figure IV.2D). Asp303 and Asp363 serve as bidentate ligands,
141



contributing 4 oxygens total to the coordination sphere. Asp309 and Tyr364 contribute
one sidechain and one carbonyl oxygen, respectively. The 7% ligand is the water
molecule, which takes the place of the Asp365 sidechain in the Ca?*-complexed C2B
(Table IV .5).

In summary, under crystallization conditions we observed a single hepta-
coordinated Cd** ion bound to the Cal site of the C2A and C2B domains. Cd*" binding

slightly alters the loop conformation of the domains in the crystalline state.

A C2B of Syt1 B Cd?*vs apo C Cd?*vs Ca?

apo Sr2* Ca:

Figure IV.2 Structural analysis of Cd**-complexed C2B

(A) Backbone superposition of four C2B structures: Cd?*-complexed (this work, STOS,
orange), apo penta-mutant (5CCJ,” blue), Ca*-complexed (1TJX® cyan), and Sr*-
complexed (1TIM,* tan). (B, C) Pairwise comparison of loop regions of Cd**-complexed
C2B with those of the apo and Ca**-complexed C2B highlights the differences between
the conformation of loops and coordinating residues. The structural elements of apo and
Ca*-complexed C2B are shown with transparent representation. Only one Ca?* ion and
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protein ligands of Cd?** are shown for clarity in (C). (D) Coordination geometry of the
Cd?* site. Cd?* has 7 oxygens ligands in its first coordination sphere, 6 contributed by C2B

and 1 by a water molecule.

Table IV.4 C2B r.m.s.d. values calculated for the backbone Co carbons

C2B (pdb ID) Apo (5ccj) Ca’* (1tjx) St (1tjm) Cd?* (5t0s)
Apo (5ccj) 0 0.6542 0.7102 1.1376
Ca> (1tjx) 0 0.1768 0.9937
S (1tjm) 0 0.9683
Cd* (510s) 0

Table IV.5 Metal-oxygen distances in the crystal structures of C2B of Sytl

Ligand I Ca?* (Itjx) | 2™ Ca?* (Itjix) | S¥°* (1tjm) Cd** (5t0s)
Met302 O 248
Asp303 Od1 2.51 2.45 2.52 2.76
Asp303 Od2 2.56 2.72
Asp309 Od1 2.50 2.45
Asp309 Od2 2.67
Asp363 Od1 243 2.68 2.48
Asp363 Od2 248 2.43 2.75
Tyr364 O 241 2.49 2.56
Asp365 Od1 2.49 2.75
Asp365 0d2 2.61
HOH #109, 2.41 #37,2.47 #231,2.26 #203, 2.26
Total number 7 7 6 7
of ligands (6 protein, (5 protein, (5 protein, (6 protein,
1 water) 1 water 1 water) 1 water)
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C2A and C2B bind Cd*" with higher affinity than Ca?"

FRET between native Trp residues and protein-bound Tb** is a sensitive probe of
metal ion binding sites in proteins.’?” 1% We used the displacement of Tb** by Ca?* and
Cd*" to evaluate the relative affinities of these metal ions for the C2A and C2B domains.
The C2A-Tb** binding curve (inset of Figure IV.3A) shows a linear increase in Tb*
luminescence at high total Tb** concentrations. This non-saturatable behavior occurs
because FRET efficiency in Tb3*-complexed C2A domain is low and comparable to the
luminescence of unbound aqueous Tb** whose concentration builds up once the protein
is saturated. Since the stoichiometry of Tb** binding to C2A is not known a priori, it is
difficult to obtain a reliable apparent K4 1o from these data. We therefore used this curve
to guide our choice of Tb** concentration needed for displacement experiments.

Displacement of Tb** from C2A by divalent metal ions manifests itself as a
steady decrease of Tb*" luminescence (Figure IV.3A). At high concentrations of Cd?*,
the luminescence reaches the level of aqueous Tb**, indicating full displacement. Ca**
can displace some, but not all Tb*>* from C2A. This is evident from the plateau-like
region at high calcium concentrations; the intensity of this region exceeds that of
aqueous Tb**. Overall, it takes ~8 times more Ca?* than Cd*" to decrease the
luminescence of Tb**-saturated C2A by 50%, indicating that Cd** has higher affinity to
C2A than Ca?".

In the C2B domain, the FRET efficiency significantly exceeded the luminescence
of aqueous Tb*. This resulted in a binding curve with apparent saturatable behavior that

could be fit well with a single-site binding model (inset of Figure IV.3B). We obtained
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a Tb** dissociation constant of 4.3+0.2 uM and used it to conduct a Scatchard-type
analysis’® of the Tb*/Cd>* displacement data. The analysis assumes a 1:1 metal ion
replacement without additional binding events, and is therefore inapplicable to Ca?*
because it has 2 binding sites on C2B. The Scatchard-type analysis produced the
dissociation constant of the C2B-Cd?** complex, 16.3+0.2 uM, which is considerably
lower than the corresponding Ca?* values of 300-600 uM.*” In summary, Tb**
displacement experiments demonstrate that C2A and C2B domains bind Cd?* with

higher affinity than Ca?*.
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Kytp=4.30.2 uM

40 60 80 100

4 6
[M2*], mM

Figure IV.3 C2A and C2B domains of Sytl bind Cd** with higher affinity than Ca**
(A) Displacement of bound Tb* from C2A by Ca* and Cd*. C2A and Tb*
concentrations are 15 and 240 uM, respectively. Inset: C2A-Tb* binding curve that has
non-saturatable behavior due to comparable contributions of FRET and luminescence of
free Tb** to the observed signal. (B) Displacement of bound Tb* from C2B by Ca?* and
Cd?*. C2B and Tb* concentrations are 15 and 65 uM, respectively. Inset: C2B-Tb3*

binding curve that shows saturatable behavior and produces Ky, of 4.3+0.2 uM when
fitted with a single-site binding model.
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Solution NMR experiments report on the stoichiometry and affinity of Cd*" binding

To evaluate the residue-specific response of C2A/B to Cd** binding, we collected
'H-N HSQC NMR spectra of [U-"N] domains in the presence of varying metal ion
concentrations. Binding of divalent metal ions to C2 domains alters the electronic
environment of the 'H and '*N nuclei in the loop regions, resulting in chemical shift
changes. When binding kinetics falls in the fast exchange regime on the NMR chemical
shift timescale, the dependence of the chemical shift on total ligand concentration can be
used to construct binding curves and obtain the dissociation constants.

We found that Cd** binding kinetics is either fast or intermediate-to-fast for the
majority of metal-ion responsive residues in C2B and C2A. This is illustrated by the
expansions of the N-'H HSQC spectra of the C2A (Figure IV.4A) and C2B (Figure
IV.5A), where several cross-peaks follow a smooth trajectory in response to increasing
Cd* concentration. For both domains, one can clearly discern the presence of two types
of Cd?** binding events: one that occurs in the “low” Cd?** concentration regime (< 1 mM,
color-coded as a blue-red gradient); and the other one that occurs in the “high”
concentration regime (1-40 mM, color-coded gray). For both binding studies, we used

100 pM C2A/B.
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Figure IV.4 Cd?" populates two types of sites on C2A with drastically different
affinities

(A) Expansions of “N-'H HSQC C2A spectra for the Cd** concentration range of 0-40
mM. C2A residues of the loop region respond to either one (e.g., G175, Y180, K200) or
both (e.g., L142, D178, R199) binding events. Peak displacement due to the first and
second binding events is shown as a blue-red gradient and monochromatic gray,
respectively. (B) Representative NMR-detected binding curves constructed for the high-
affinity Cd?* sites(s). Solid lines represent the global fit of 14 residues for the high-affinity
site with a K4 of 50£2uM. (C) Chemical shift perturbation plot for the low- and high-
concentration regimes of Cd?*.
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C2A has three Ca?* binding sites with affinities of 54-75 uM, 530 uM, and ~20
mM at pH 7.4/100 mM NaCl.#*> Under our experimental conditions (pH 6.0/150 mM
KC(l), the dissociation constants of Ca?* decreased ~4-5 fold due to competition with
protons, to 230+11 pM and 1.59+0.05 mM for the first and second sites, respectively
(section S5). Cd?** binding curves constructed for the C2A domain in the low-
concentration regime could be fitted well with a single-site binding model, producing the
Kqof 502 uM (Figure IV.4B). This represents a ~5-fold increase in affinity to site 1
compared to Ca>*. At>1 mM Cd?**, we observed chemical shift changes for a number of
residues indicating the presence of low-affinity Cd** interactions with C2A (Figure
IV4A). This is illustrated in the N-H chemical shift perturbation plot that separates out
low and high Cd** concentration regimes (Figure IV.4C). The low-affinity binding data
cannot be fitted reliably due to the absence of a plateau region. Therefore, we can only
provide an estimate of >10 mM for the K. This represents a >6-fold decrease in affinity
of Cd** to site 2 compared to Ca?*.

C2B has two Ca?** sites whose affinities were estimated to be 300-400 and 500-
600 uM at pH 6.3/150 mM NaCl,?”” and 600-700 and 700-800 uM at pH 6.0/150 mM
KCl. In our Cd?** binding experiments, we were able to discern two distinct binding
events (Figure IV.5A). The first event occurred in the micromolar-low millimolar range
of Cd?**. The binding curves showed clear saturatable behavior and could be globally
fitted with a single-site binding model that produced a dissociation constant of 301 uM
(Figure IV.5B), in good agreement with the K, value obtained from Tb** displacement

experiments. This exceeds >20-fold the affinity of Ca?* to C2B. The second binding
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event occurred at high mM concentrations of Cd?*. Several loop residues, including
Met302, Ile367, and Gly368 (see Figure I'V. 5A), showed titratable behavior at high
mM Cd?* with an estimated K, of ~50 mM. This represents a >60-fold decrease in
affinity of Cd?* to site 2 compared to Ca**. Qualitatively, this behavior produced the
same chemical shift perturbation pattern as in C2A, with both high- and low-affinity
events affecting mostly the loop region (Figure IV.5C).

In summary, two Cd?* ions per domain bind to the loop regions of C2AB in
solution, with two of those sites (one in C2A, the other one in C2B) being higher-
affinity, and the other two sites being lower-affinity than Ca**. We then asked if Cd*
could act as a functional surrogate of Ca’* and mediate the interactions of Sytl domains

with anionic membranes.
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Figure IV.5 Cd** populates two sites on C2B with drastically different affinities

(A) Expansions of *N-'H HSQC C2B spectra for the Cd?>* concentration range of 0-40
mM. C2B residues of the loop region respond to either one (e.g., Y311, K327, T334) or
both (e.g., M302, 1367, G368) binding events. Peak displacement due to the first and
second binding events is shown as a blue-red gradient and monochromatic gray,
respectively. (B) Representative NMR-detected binding curves constructed for the high-
affinity Cd?* sites(s). Solid lines represent the global fit of 30 residues for the high-affinity
site with a K4 of 30=1uM. (C) Chemical shift perturbation plot for the low- and high-
concentration regimes of Cd?*.
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Isolated Cd*"-complexed C2A does not associate with PtdSer-containing membranes

C2A-membrane interactions were probed using FRET between native Trp
residues and the dansyl-labeled lipid incorporated into LUV's containing 15-20% (molar)
PtdSer as an anionic lipid component. Ca?*-driven association of C2A with membranes
resulted in the increase of dansyl emission at 495 nm due to protein-membrane FRET
(Figure IV.6A). Fitting the FRET binding curve with Hill equation produced [Ca?*];, =
2441 puM (inset of Figure IV.6A). The n value, which reports on the cooperativity!”’ of
the C2A Ca?*-binding sites in the presence of lipids, is 2.1 £ 0.1. In contrast, we
observed no increase in dansyl fluorescence upon adding Cd** to the C2A in the
presence of LUVs (Figure IV.6B). This is further corroborated by the results of co-
sedimentation experiments: while in the presence of saturating Ca** C2A is fully
membrane-bound, there is no measurable membrane association at 0.5 and 1 mM Cd*
(inset of Figure IV.6B).

The significance of electrostatics in C2A-membrane interactions is illustrated by
the results of lipid-dependent co-sedimentation experiments. Increasing the salt
concentration from 100 to 300 mM lowers the reciprocal molar membrane partition
coefficient of the Ca**-complexed C2A domain (see Table S6) by 15 fold or 1.6
kcal/mole, and neutralizing the PtdSer negative charge by including equimolar positively
charged DDAB into the LUVs completely abolishes any detectable binding (Figure
IV.6C). As aresult, one might expect that Cd** binding would make C2A more

electropositive and promote interactions with PtdSer-containing membranes. However,

152



even 10 mM total lipid is not sufficient to drive the formation of the C2A-Cd*-LUV

complex (Figure IV.6D).
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Figure IV.6 Cd**-complexed C2A domain does not associate with PtdSer-containing
LUVs

(A) Ca?*-dependent fluorescence emission spectra showing an increase in the intensity of
the dansyl band due to protein-membrane FRET. Inset: Ca**-dependent C2A lipid-binding
curve constructed using FRET intensity at 495 nm. (B) Cd**-dependent fluorescence
emission spectra demonstrating that no increase in dansyl emission intensity in the C2A-
LUV system is observed upon addition of Cd**. Inset: the results of vesicle sedimentation
experiments that were conducted at 5 uM C2A and 1.5 mM total lipids. (C, D) C2A-lipid
binding curves obtained using vesicle co-sedimentation experiments. The increase in
ionic strength and neutralization of the negative charge by DDAB significantly weakens
the interaction between Ca?*-complexed C2A and membranes (C). No binding of Cd*-
complexed C2A to PtdSer-containing vesicles is observed (D). In both (C) and (D), Ca?*
and Cd?* are added to a concentration of 1 mM.
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We then tested whether or not Cd** is able to compete Ca** off C2A in the
presence of LUVs. We prepared a ternary C2A-Ca*-LUV complex by combining
LUVs, C2A, and saturating Ca?*. Upon addition of Cd?** to this sample, FRET
progressively decreased, reaching zero at Cd** to Ca?* concentration ratio of 5 (Figure
IV.7A and black trace of Figure IV.7B). We conclude that Cd** displaces Ca?* through
high-affinity interactions with a small population of Ca?*-complexed C2A that is not
membrane-bound and thereby shifts the equilibrium towards a Cd**-complexed form that
is unable to interact with membranes. The reverse is not true: Ca** cannot readily
displace Cd** from site 1 of C2A even at 8-fold molar excess. This is manifested in a
negligible increase of FRET upon Ca?* titration into the C2A-Cd?** complex in the
presence of LUVs (blue trace of Figure IV.7B). These data are consistent with two
possible scenarios: (i) the binding of Cd?* to site 1 reduces the affinity of Ca?* to sites 2/3
and thereby prevents the formation of mixed Cd?*/Ca?* C2A species that could
potentially associate with membranes; or (ii) the mixed Cd**/Ca?* species are formed in
solution but their affinity to membranes is low because Cd?*(1) cannot effectively

coordinate the lipids.
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Figure IV.7 Cd** competes CaZ" off C2A, resulting in protein dissociation from the
membrane

(A) Fluorescence emission spectra of C2A (0.5 M) in the presence of LUVs (150 uM)
and saturating [Ca?*] (160 uM) collected at increasing [Cd**]. The intensity of the dansyl
band decreases, with the concomitant increase of the intensity of the Trp emission band,
indicating C2A displacement from the membrane. (B) FRET-monitored competition
experiments between Ca?* and Cd?** in the presence of LUVs. The intensity of dansyl
emission band plotted as a function of Cd**/Ca** (black trace; [Ca**]=160 uM) and
Ca?*/Cd* concentration ratios (blue trace; [Cd**]=160 uM). While Cd?** displaces Ca?*
from the protein and results in membrane dissociation, Ca?* cannot displace Cd** from
C2A and support membrane association.
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Isolated Cd**-complexed C2B neither appreciably associates with PtdSer-containing

membranes nor bridges LUVs

The next step was to determine if Cd?* has a similar effect on the membrane-
binding function of C2B. FRET and co-sedimentation experiments carried out in the
lipid-titration mode revealed the same pattern as seen for C2A: while Ca?* promotes
C2B-membrane interactions (Figure IV. 8A, C), weak membrane binding is observed
for the Cd**-complexed C2B (Figure IV. 8B, C). Similar to C2A, neutralizing the
negative membrane charge with the DDAB membrane component abolished C2B
binding to the membrane, indicating the dominant role of electrostatic interactions.

Ca*-complexed C2B has a well-known propensity to bridge LUVs in a manner
that can be reversed by EDTA treatment.”>” This behavior manifested itself in our
FRET experiments through the increase in scattering intensity at high concentrations of
lipids. Basic residues located at the bottom of the C2B domain (defined relative to the
position of the loop regions) have been shown to play an important role in vesicle
bridging.”? Most likely, C2B interacts with two membranes simultaneously through the
Ca* -binding loops at the top of the domain and the basic region at the bottom. Dynamic
light scattering experiments showed that in contrast to Ca?*, Cd**-complexed C2B did
not alter the size distribution of LUVs (Figure IV.8D). We conclude that the interaction
between the loop region of Cd**-complexed C2B and LUVs is too weak to result in
appreciable membrane binding, which in turn hinders the ability of C2B to bridge the

vesicles.
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In summary, our FRET and sedimentation data clearly illustrate that despite
high-affinity interaction of Sytl C2A/B domains with Cd?* in solution, neither protein-

metal ion complex is able to appreciably interact with PtdSer-containing membranes.
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Figure IV.8 Cd*'-complexed C2B domain does not appreciably associate with
PtdSer-containing LUVs

(A) PtdSer-dependent fluorescence emission spectra showing an increase in the intensity
of the dansyl band due to FRET between Ca’-complexed C2B and LUVs. Inset: PtdSer-
dependent C2B lipid binding curve constructed using FRET intensity at 495 nm. (B)
PtdSer-dependent fluorescence emission spectra demonstrating that no significant
increase in dansyl emission intensity in the Cd**-C2B system is observed upon addition of
LUVs. Inset: the results of vesicle sedimentation experiments conducted at 5 uM C2B
and 1.5 mM total lipids. (C) C2B-lipid binding curves obtained using vesicle
sedimentation experiments. The neutralization of the negative charge by DDAB abolishes
the interactions between Ca**-complexed C2B and membranes. Ca** and Cd?* are present
at concentrations of 1 mM. (D) Dynamic light scattering data show that while Ca**-
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complexed C2B can reversibly cluster 100 nm LUVs, the Cd**-complexed C2B cannot,
due its inability to interact with the membranes through the loop regions.

C2AB fragment and full-length Sytl associate with membranes in the presence of Cd**

In full-length Sytl, an 8-residue linker connects C2A and C2B. We used the
two-domain fragment, C2AB, to determine how Cd?* binding to both domains affects its
membrane-binding properties. We found that under conditions of our FRET
experiments, C2AB associated with anionic membranes even in the absence of divalent
metal ions (Figure IV.9). The membrane association was not due to residual Ca?*,
because FRET efficiency did not change upon the addition of EDTA to the sample.
Addition of Cd* resulted in moderate increase in FRET efficiency, indicating that
although the interaction of Cd**-complexed individual domains with membranes is very
weak, the avidity effect due to having two domains on the same polypeptide chain is

significant.
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Figure IV.9 Metal-ion free and Cd**-complexed C2AB associates with PtdSer-

containing LUVs
Fluorescence emission spectra showing the C2AB-to-membrane FRET efficiency under

different metal-ion conditions. The C2AB and total lipid concentrations are 0.5 uM and
15 uM, respectively. C2AB associates with PtdSer-containing membranes in a metal-ion
independent manner. This interaction is slightly enhanced by Cd?* based on the increase
in FRET efficiency. Ca?* data are shown for comparison.

To determine the conditions that support membrane insertion of the C2 domains
in the full-length protein, the spin labeled side chain R1 (Figure IV.10A) was attached
to one site in C2A (173R1) and a second site in C2B (304R 1) that are known to
penetrate negatively charged membranes in the presence of Ca?* in the soluble C2AB
fragment. For the isolated C2AB domain, these sites exhibit dramatic changes in EPR
lineshape that are the result of membrane insertion (Figure IV.10B). This broadening of
the EPR spectrum is due to slower motion of the R1 label that is likely due to
interactions between R1 and the protein that take place in a membrane hydrocarbon
environment.!”’- 172

For the full-length protein reconstituted into bilayers containing PtdSer, the EPR

spectra in the Ca?*-free state resemble those for the aqueous C2AB fragment (Figure
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IV.10C). These EPR lineshapes are characteristic of those seen for the R1 side chain in
loop regions of proteins. In the presence of Ca?*, the EPR lineshapes dramatically
broaden, indicating that both C2A and C2B have inserted into the membrane (red
traces). The spectra for full-length protein in the presence of Ca** and PtdSer are
virtually identical to those seen at the same positions for the C2AB fragment. No
evidence for insertion of C2A and C2B is observed in the absence of Ca?* or in the
absence of PtdSer. However, membrane insertion does occur in the presence of Ca?* to
charge neutralized membranes formed from PtdSer and DDAB (blue traces Figure
IV.10C), and line-shape changes indicating insertion of the domains is seen in the
presence of Cd?* to PtdSer containing bilayers (green traces, Figure IV.10C).

For the C2A site, both the charge neutralized and Cd?** bound lineshapes are
similar (inset Figure IV.10C), but slightly more mobile than the Ca?*/PtdSer case,
suggesting that these conditions produce a slightly shallower membrane penetration than
does Ca?*. For the C2B site, the spectra obtained for Ca?*-dependent insertion into
PtdSer or charged neutralized membranes is identical (red and blue traces, respectively),
but the spectrum obtained for the Cd**/PtdSer state is more mobile, suggesting that first
loop in C2B does not insert as deeply when bound to Cd>*.

To confirm that these domains insert into the bilayer, and to determine whether
the lineshape differences reflect differences in membrane depth, we used progressive
power saturation of the EPR spectra and a collision-gradient approach (see Methods) to
determine the membrane depth of 173R1 and 304R1. Shown in Table IV.6 are depth

parameters and membrane depths under several conditions. In the presence of Ca?* and
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PtdSer, the spin label at 173 on C2A is positioned at an average position of
approximately 9 A into the bilayer below the level of the lipid phosphates and the label
at 304 on C2B is positioned at about 3.5 A. For the Cd?*-bound and charge-neutralized
states, 173R1 assumes a shallower position, and it is displaced by as much as 10 A
towards the aqueous phase for the charge-neutralized membrane. For 304R1, a similar
position is seen for the Ca?*-dependent insertion into the PtdSer and charge-neutralized
membranes, but a more peripheral membrane association is seen for the Cd**/PtdSer
case, where the label is displaced 6 to 7 A towards the aqueous phase. As seen by a
comparing Figure IV.10 and Table IV.6, motional averaging of the R1 side chain and

the EPR spectra qualitatively follows the membrane depth of the label.
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Figure IV.10 EPR spectra reveal membrane contact and insertion of C2A and C2B
(A) The spin labeled side chain R1 is attached to cysteines using a sulfhydryl specific
MTS label. (B) EPR spectra for the Sytl C2AB fragment with R1 at position 173 in C2A
or position 304 in C2B in solution (black traces) or in the presence of Ca?* and PtdSer
containing vesicles (red traces), (PC:PS=85:15). (C) EPR spectra from R1 at sites 173
and 304 in full-length Sytl reconstituted into PtdSer in the absence of Ca?* (black trace),
in the presence of 1 mM Ca?* (red trace), in the presence of 1 mM Cd** (green trace)
(PC:PS=85:15) or in the presence of 1 mM Ca?* when reconstituted into charge neutralized
membranes of PtdSer and DDAB (blue trace) (PC:PS:DDAB=70:15:15). Shown in the
insets are expansions of the low-field resonance.
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Table IV.6 Depth parameters for full-length membrane reconstituted Syt1

protein lipid conditions metal depth Position from lipid
mutant added | parameter (D) phosphate (A)
FL PCP Ca®* -1.9+0.05 aqueous
SYT
173R1
PC:PS(15%) Ca® 1.03 £0.05 9.29
Cd** -0.57+0.1 3.38
PC:PS:DDAB(15%) Ca? -1.44+0.2 -1.32
FL PCP Ca®* -2.0+0.05 aqueous
SYT
304R1
PC:PS(15%) Ca** | -0.535+0.05 3.53
Cd** -1.7+£0.1 -3.32
PC:PS:DDAB(15%) Ca? -0.897+£0.2 1.85

“Negative depths are positioned on the aqueous side of the membrane phosphate plane;
positive values are positioned towards the hydrocarbon interior. Depths were estimated
using the calibration curve reported in Frazier et al.’#” Both Ca®" and Cd*" are added to
1 mM. YThese depth parameters place the spin label on the C2A or C2B binding loops
in the aqueous phase 5 Angstroms or further from the lipid phosphates. Full length Syt1
is present at approximately 75 uM concentration with a total lipid concentration of 15
mM to yield a protein:lipid ratio of approximately 200.
Discussion

In this work, we explored the role of electrostatics in metal ion-mediated
interactions of C2A/B domains of Sytl with phosphatidylserine-containing membranes
using a non-native metal ion, Cd**. The C2A and C2B crystal structures contain a single
Cd?* ion bound to the first calcium site of the C2A/B domains (Figures IV.1 and 2).
Cd?* has a near-identical coordination sphere to that of Ca?*, and causes only moderate
perturbation of the loop regions. Our solution NMR data support the 1:1 binding
stoichiometry: for both domains, we observed only one high affinity Cd** site (Figures

IV 4-5) that would be populated under the conditions of our membrane-binding

experiments. This is different from Ca?* that is expected to populate 2/3 and 2 sites in
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the C2A and C2B domains, respectively. The incomplete neutralization of the
negatively charged loops of C2A/B by Cd?* is one possible reason why we detected no
appreciable interactions between Cd**-complexed isolated domains and the anionic
membranes in protein-membrane FRET and vesicle co-sedimentation experiments
(Figures I'V.6 and 8). Another reason could be the inability of protein-bound Cd?** to
coordinate lipid head-groups. We previously demonstrated that the C2 domain of
PKCa., whose loop region binds a full complement of Cd** ions, does not associate with
PtdSer-containing membranes.? We speculated that the preference for low coordination
numbers®® and soft ligands”” prevents Cd** from effectively coordinating the oxygen
atoms of lipid headgroups. When the C2A/B domains are present in tandem in the
C2AB fragment, the combined binding free energy is sufficient to result in weak but
measurable membrane association (Figure IV.9). This is in general agreement with the
previous finding that Sr?*, which is known to bind C2B with 1:1 stoichiometry” (the
C2A interactions were not investigated), can promote the interactions between the
cytoplasmic domain of Sytl and phosphatidylserine-containing vesicles.”

In contrast to the isolated soluble domains, in full-length Sytl, Cd** does mediate
insertion of the Sytl C2 domains into PtdSer membranes, and Ca>* does mediate
insertion into charge-neutralized membranes (Figure IV.10). As shown above (Figures
IV.6 and 8) these conditions do not support binding for the isolated C2 domains. The
simplest explanation for these apparently contradictory results is that both generalized
electrostatics (a long-range Coulombic interaction) and metal ion coordination are

important in promoting sytl C2 domain membrane attachment.
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In the full-length protein, the C2 domains of Sytl are tethered to the membrane
through a long juxta-membrane linker, and much of this linker is associated with the
interface, which may limit how far the C2 domains extend from the membrane.””® As a
result, the C2 domains will experience a high local lipid concentration in the native
protein. For example, if the C2 domains are tethered within 4 A of the membrane
interface, the effective lipid concentration presented to the domains will be near 1 M.
By comparison, the highest lipid concentrations that can be reached in co-sedimentation
experiments are almost two orders of magnitude lower. As a result, weak interactions
(for example, interactions that would yield a membrane partition coefficient of 20 M)
would not be sufficient to observe membrane binding for the isolated domain, but would
be sufficient for the domains to bind membranes in the context of the full-length protein.
The substitution of Cd?* for Ca?* or the neutralization of the membrane surface potential
should diminish the contributions made by lipid-metal ion coordination® %2 or long-range
Coulombic interactions,” 77 respectively, to the binding of these domains. Neither of
these interactions alone produces a strong interaction; however, since the free energy
contributions are additive and partition coefficients multiply, both interactions together
become significant. The slightly shallower penetration of the domains with Cd?** or with
charge-neutralized membranes seen in the full-length protein is consistent with a
significantly reduced binding energy. In addition, for C2B, Cd** and PtdSer only allow
for a peripheral association of this domain. This might be the result of a reduced
electrostatic polarization of the C2B domain and reduced Coulombic attraction due to

the fact that only one Cd?* ion binds with high affinity to this domain (Figure IV.1).
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In conclusion, our results demonstrate that even if the loop region of C2A/B
domains does not contain a full complement of divalent metal ions, long-range
Coulombic interactions alone — enhanced by high effective local concentration of the
domains — can drive the association of the cytoplasmic domain of Sytl with anionic
membranes. In view of this finding, the Syt]1-membrane interaction may initially be
driven only by Ca?* populating site 1 of C2A/B domains. The formation of Ca?*-lipid
coordination bonds and binding of additional Ca?* ions to the loop region may occur
after the formation of the shallow “encounter” complex, as was proposed for the C2

domain from protein kinase C./”?
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CHAPTER V PARTIAL METAL-ION SATURATION OF C2 DOMAINS PRIMES
SYNAPTOTAGMIN 1-MEMBRANE INTERACTIONS®
Background

The process of neurotransmitter release is tightly coupled to the changes in
neuronal Ca?* levels /7%, Synaptotagmin 1 (Sytl), an integral membrane protein that is
anchored to synaptic vesicles through its N-terminal region, plays a major regulatory
role in this process /% 4> 1% Together with its protein effectors, such as SNAREs
(soluble N-ethylmaleimide sensitive factor attachment protein receptors) 7> 176 and
complexin /77 Sytl triggers the vesicle fusion in a Ca?**-dependent manner /7%, This
results in the opening of membrane fusion pore, through which neurotransmitters are
released from the vesicles into the synaptic cleft /7% 780,

The Ca?*-sensing function of Sytl resides on its cytosolic, phospholipid-binding
C-terminal region that comprises tandem C2A and C2B domains, connected by a 9-
residue linker. These domains have five intrinsically weak Ca?’-binding sites: three on
C2A and two on C2B, formed by the apical aspartate-rich loops #»#’. In the absence of
anionic lipids, the population of three sites of C2A by Ca?" occurs in a sequential, non-
cooperative manner with the high-affinity Site 1 (shown in Figure V.1A in the context

of Pb?*-complexed C2 domains, vide infra) getting occupied first >/ 8/, In C2B, the

* Reprinted in its entirety (including figures) with permission from Katti, S., Nyenhuis, S. B., Her,
B., Cafiso, D. S., and Igumenova, T. I. (2020) Partial Metal Ion Saturation of C2 Domains Primes
Synaptotagmin 1-Membrane Interactions, Biophys J 118, 1409-1423.
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Ca?" affinities for two sites differ approximately 2-fold, with Site 1 having a higher
affinity . Anionic phospholipids, such as phosphatidylserine (PtdSer) and
phosphatidylinositol-(4,5)-bisphosphate, impart positive cooperativity on Ca?" binding to
the C2 domains *% 7%, As a result, Sytl is able to respond to Ca®* elevation in neurons
and trigger the synaptic exocytosis.

Several models have been proposed to explain the membrane-binding modes of
these C2 domains and their contributions to the overall Ca®* response 7% 6/ 182183,
However, it remains unclear what the roles of individual metal ion sites are in driving
the association of the C2 domains with anionic membranes. The challenge here lies in

the overlapping Ca** affinities " #

and the resulting complex speciation of metal-ion
bound C2 domains in solution. The role of Site 1 is of particular importance, as this site
is predominantly populated at the initial stages of C2-membrane recruitment.

Our objective was to determine the role of metal ion binding event to Site 1 in
C2-membrane interactions, which necessarily requires generating C2-metal ion
complexes with well-defined stoichiometry. To overcome the challenge of overlapping
Ca?" affinities, we made use of Pb**, a Ca?’-mimicking divalent cation %/, Heavy metal
ions were shown to be useful tools to establish the C2 structure-function relationship %
69.82.185 What sets Pb*" apart from other metal ions is two features. First, it supports the
membrane interactions of C2 domains and is therefore isofunctional to Ca®* % 156 187,
Second, although Pb?** populates the exact same C2 domain sites as Ca>" in solution,

there are significant differences in its affinities to Site 1 and 2-3: the affinity of Pb** to

Site 1 is ~450-fold higher than that to Site 2 (Figure V.1B) /7. These unique properties
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of Pb?" with respect to its interactions with C2 domains enabled us to simultaneously
achieve selective population of specific metal binding site, Site 1, with minimum
perturbation of the membrane binding function of the proteins.

For both C2 domains of Sytl, we found that population of Site 1 by a divalent
metal ion attenuates the conformational dynamics of their membrane-binding regions.
Using isotropically tumbling bicelles and large unilamellar vesicles as membrane
mimics, we characterized the membrane-binding properties of Pb**-complexed C2
domains: individual, in tandem, and in the context of full-length Sytl. Our work
provides evidence that Syt1 can adopt a dynamic and partially membrane-bound state
under conditions when there is only a single divalent metal ion per C2 domain.
Formation of such “primed” state driven by a metal ion in Site 1 could be an essential
step in eliciting the mutually cooperative Ca** and membrane-binding response.

Experimental procedures
Materials

The murine Sytl cDNA was purchased from Open Biosystems (GE Life
Sciences). Concentrated stock solutions of Pb** were prepared by dissolving Lead
acetate tri-hydrate (Sigma-Aldrich) in HPLC-grade water or decalcified buffers. The
necessary dilutions of this stock solution were freshly prepared prior to use to make
working solutions. All the buffer solutions used in the experiments (MES/Bis-tris,
Sigma-Aldrich) were treated with the ion-chelating resin Chelex-100 (Sigma-Aldrich) to
remove trace divalent metals before use. Lipid components used in the phospholipid

vesicle as well as bicelle preparations: 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-diheptanoyl-sn-glycero-3-
phosphocholine (DHPC), 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS), L-a.-
phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) were obtained from Avanti Polar
Lipids Inc. (Alabaster, AL). The short-chain Phosphatidylinositol 4,5-bisphosphate (di-
C4- PtdIns(4,5)P2) was obtained from Echelon Biosciences.

Protein expression and purification

The gene segments encoding Sytl C2A (residues 137-265), C2B (residues 271-
421), and C2AB (residues 137-421) were cloned into pET-SUMO vector (Novagen,
Madison, WI) and expressed as 6xHis-tagged SUMO fusion proteins in the E. coli
BL21(DE3) (C2A, C2AB) and Rosetta(DE3) (C2B) strains as described previously **
87 The full length-Syt1 (FL-Sytl) (residues 1-421) with the native cysteines mutated
as: C73A, C74A, C76A, C78A, C82S, and C277S was cloned into a pET-28a vector.
For EPR measurements, additional cysteine mutation were introduced into the cysteine-
free FL-Syt1 at either positions M173C or V304C and expressed as 6xHis-tagged
proteins in the E. coli BL21(DE3)-RIL strain as described before 72 /5%, M173 and V304
are located on loop 1 of the C2A and C2B domains, respectively. We chose loop 1
because we had used it in previous studies, and it yields clear differences between
aqueous and membrane bound states 7% /85, Loop 3 is also known to penetrate the
bilayer, but we have no reason to think that adding more sites would change the

conclusions. All mutants were prepared using the QuickChange site-directed
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mutagenesis kit (Stratagene, La Jolla, CA.) and verified by DNA sequencing (Genewiz,
South Plainfield, NJ).

Expression and purification steps from the previously described protocols were
followed 7% 187 158  Briefly, all SUMO fusion proteins were purified from cell lysates
using HisTrap HP columns followed by removal of 6xHis-SUMO fusion tag using
SUMO protease. The partially purified proteins were further refined using anion
(HiTrap Q HP, C2A and C2AB) and cation (HiTrap SP HP, C2B)-exchange
chromatography steps to remove any charged protein or nucleic acid impurities. The
ion-exchange chromatography buffers were also supplemented with 100 uM EDTA to
ensure that the purified Sytl domains are free of metal contamination. Immediately prior
to use, the protein stock solutions were concentrated and subjected to four successive
passes through the desalting PD MidiTrap G-25 columns to attain complete buffer-
exchange and removal of EDTA.

For the NMR measurements, individual C2 domains were uniformly enriched
with N, as described previously 72 /87, The C2AB fragment was additionally
deuterated to a level of ~80%, by growing E. coli on the M9 medium supplemented with
D0 and BioExpress® 1000 (10 ml/L; [U-2H 98%, U-'N 98%]). The isotopically
enriched chemicals were purchased from Cambridge Isotope Laboratories, Inc. Unless
specified otherwise, all isotopically enriched protein preparations were exchanged post-
purification into an NMR buffer of the composition: 20 mM MES (pH 6.0), 100 mM

KCl, 8% D0, and 0.02% NaNG.
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FL-Syt1 used for the EPR experiments was purified in CHAPS (3-[(3-
Cholamidopropyl)dimethylammonio]-1 propanesulfonate) by affinity chromatography
using Ni-NTA agarose resin (Qiagen). The protein was spin labeled overnight at 4 °C
using the thiol-specific spin label, MTSL (1-oxy-2,2,5,5-tetramethylpyrrolinyl-3-methyl
methanethiosulfonate) while bound to the Ni-NTA column. The labeled protein was
eluted followed by removal of the 6xHis tag by thrombin cleavage and further purified
by cation-exchange chromatography (HiTrap SP HP).

Preparation of phospholipid vesicles and bicelles

Large unilamellar vesicles (LUVs) of desired compositions were prepared by
aliquoting the chloroform solutions of the POPC/POPS lipids, followed by extensive
vacuum drying and extrusion in NMR buffer (Mini-Extruder, Avanti Polar Lipids, Inc.).
All LUV preparations were verified for the mean diameter of 100 nm by dynamic light
scattering and used within 2 days of preparation. Phospholipid concentrations in LUV
solutions were calibrated using the phosphate determination assay /.

To prepare isotropically tumbling bicelles, chloroform solutions of DMPC and
DHPC were aliquoted, extensively dried under vacuum and resuspended in NMR buffer.
DMPC preparation was vortexed and subjected to 3 rapid freeze-thaw cycles to create
homogeneous slurry. Clear DHPC solution was then added to achieve two-fold molar
excess to DMPC (q=0.5). The resulting mixture was briefly vortexed and subjected to 4
rapid freeze-thaw cycles, resulting in clear homogeneous bicelle stock solutions. Total
lipid concentration was verified using phosphate determination assay /%°. Additional

long-chain lipid components, such as DMPS and PtdIns(4,5)P2, were dried and added
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during the bicelle preparation wherever applicable. The bicelle stock solutions were
flash frozen and stored at -20 °C. Before use, the frozen stocks were thawed at 42 °C,

followed by incubation at room temperature.

Nuclear Magnetic Resonance (NMR) spectroscopy

All NMR experiments were conducted at 298.2 K, unless specified otherwise; the
temperature was calibrated using deuterated methanol. NMR data were processed with
NMRPipe ¥ and analyzed with Sparky /. Curvefit program (Arthur G. Palmer’s
laboratory, Columbia University) was used to fit the relaxation data and extract
relaxation parameters. The NMR observables, such as relaxation rate constants and
chemical shift perturbations, were measured for all spectrally resolved N-H groups and
plotted against the primary structure.

Measurements of >N transverse relaxation rate constants, R»

The R values were measured on an NMR spectrometer (Avance 111 HD, Bruker
Biospin) operating at the '"H Larmor frequency of 600 MHz (14.1 T) and equipped with
a cryogenically cooled probe. NMR samples contained 300 pM [U-'"N]-enriched C2A
or C2B, each in the absence or presence of stoichiometric amounts of Pb?". Additional
relaxation measurements were conducted on the Pb?*"-complexed C2A domain in the
presence of LUVs. The site-specific Rz cpmc values /%7 were extracted from fitting the
SN-THy cross-peak intensity decays at seven unique and three duplicate relaxation time

points ranging from 8§ to 140 ms. The free-precession R ug values /%2 were measured to
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estimate the exchange contribution to the observed relaxation behavior and the timescale
of exchange, both through direct comparison with the R» cpmg values. The Hahn-Echo

delay was set to 48.2 ms. All relaxation data were acquired in the interleaved manner.

NMR-detected interactions between Sytl domains and their ligands

C24B and Pb**. Binding of Pb*" to C2AB was monitored using '’N-'H TROSY-
HSQC spectra collected on an NMR spectrometer (Avance III HD, Bruker Biospin)
operating at the 'H Larmor frequency of 800 MHz (18.8 T) and equipped with a
cryogenically cooled probe. Pb?" was added to the NMR sample containing 100 pM [U-
5N, ~80%-?H] C2AB at 1- and 2-fold stoichiometric excess. The chemical shift
perturbations (CSPs, A) due to Pb?" interactions with proteins were calculated using the

following equation:

A=[A8% +(0.152A8,, ) ]2

where Ady and Adx are residue-specific 'H and N chemical shift differences
between metal-free and Pb**-complexed states of C2AB.

Sytl domains and bicelles. Binding of isotropic anionic bicelles to metal-free and
Pb**-complexed C2A, C2B and C2AB was conducted at 18.8 T and 300 K. A series of
'H-1>N HSQC (TROSY-HSQC) spectra were acquired at each sample condition for the
C2A/C2B (C2AB) domains. Protein concentration was kept at 150 uM. The bicelles
were added to a total lipid concentration of 60 mM. The bilayer compositions of the
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added bicelles were either DMPC:DMPS:PtdIns(4,5)P>,=84:14:2 or
DMPC:DMPS=85:15. The chemical shift perturbations induced by bicelle interactions
were calculated using eq. (1). The absolute resonance intensities for the bicelle-
containing samples were normalized to their respective bicelle-free reference
counterparts in order to estimate the signal attenuation.

C24 and LUVs. The interaction of the C2A domain with LUV's composed of
either pure POPC or POPC:POPS=80:20 was monitored at 14.1 T using a 100 uM
sample of [U-'SN] C2A. A series of "N-"H HSQC spectra were collected in the
presence of LUVs, with the total lipid concentration ranging from 0 to 2.0 mM.
Residue-specific intensity changes were distributed into linearly and exponentially
decaying patterns based on their behavior, and the respective fitting models were used to
extract the “decay” rates.

C2B and di-C4-PtdIns(4,5)P,. Interactions of C2B with di-C4-PtdIns(4,5)P>
were monitored at 14.1 T, using 100 uM C2B in either apo- or Pb**-complexed forms.
The di-C4-PtdIns(4,5)P2 concentrations were: 0, 10, 50, 100, 150, 300, and 550 uM for
the C2B-Pbl sample; and 55, 100, 150, 250, 400, 600, 800, and 1000 uM for the apo
C2B sample. Residue-specific chemical shift perturbation values A were calculated
using Eq. (1). The binding curves were constructed by plotting A as a function of di-C4-
PtdIns(4,5)P> concentration. To extract the dissociation constant Ky, the curves were
globally fitted (C2B-Pbl: 7 residues, apo C2B: 5 residues) with the single-site binding

model:
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A=(A, /2P)[(K,+P+L,)
-(K,+P+L,)-4PL )"]

where Anax is the maximum perturbation, and Py and Ly are the total protein and
di-C4-PtdIns(4,5)P> concentrations, respectively.

Measurements of Electron Paramagnetic Resonance (EPR) spectra

For EPR measurements, FL-Syt1 was reconstituted into POPC:POPS=85:15 ata
1:200 protein to lipid ratio and dialyzed into metal-free buffer (20 mM HEPES, 150 mM
KCl, pH 7.4) in the presence of Bio-Beads (Bio-Rad Laboratories, Hercules, CA) 75,
Pb?" was then added to samples at either a 2:1 Pb**:FL-Sytl ratio or in 12- to 50-fold
excess. Measurements were taken as described previously, using a Bruker X-Band EMX
spectrometer (Bruker Biospin, Billerica, MA) equipped with an ER 4123D dielectric
resonator. Continuous wave spectra were taken with 100 G magnetic field sweep, 1 G
modulation, and 2.0-milliwatt incident microwave power at room temperature. 10 pL
samples of protein with concentrations varying between 15-75 pM depending on the
desired Pb?":FL-Sytl ratio were prepared in glass capillary tubes (0.60 mm inner
diameter x 0.84 mm outer diameter round capillary; VitroCom, Mountain Lakes, NJ).
The phasing, normalization, and subtraction of EPR spectra were performed using in-
Lab software written by David Nyenhuis and LabVIEW software provided by Dr.
Christian Altenbach %, Progressive power saturation of the EPR spectrum was used to
determine nitroxide membrane depth and was performed as previously described 2 /%3,

Samples were run in gas-permeable TPX-2 capillaries, and the values of AP, obtained
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in air and in the presence of Ni(I[)EDDA were used to calculate a depth parameter, ®

47 The spin label depth was then estimated using the empirical expression:

®= Atanh[B(x-C)]+ D

where x is the distance of the spin label from the lipid phosphate plane (positive x
values are inside while the negative values are outside the bilayer) and 4, B, C, and D
are empirically determined constants 7% /83,

Results and discussion

Electrostatic properties of C2 domains in different states of metal ligation

We previously obtained high-resolution crystal structures of individual Pb?*-
complexed Sytl C2 domains, where Pb?* ions bind to Site 1 with two-orders of
magnitude higher affinity than Ca?* /%7 (Figure V.1A,B). To determine how metal ion
binding to Site 1 alters the electrostatic profiles of these C2 domains, we calculated the
surface electrostatic potential maps of the proteins in different states of metal ligation.
The negatively charged metal ion-binding region is formed by the aspartate-rich loops
(Figure V.1C). In the presence of a full complement of Ca?* ions, C2A undergoes a
prominent electrostatic shift where the intra-loop potential changes from negative to
positive (Figure V.1D). The effect of bound Ca?* on the same region in C2B is the
neutralization of the negative charge (Figure V.1D). This is because C2A can
accommodate 3 Ca?" ions within the intra-loop region, as compared to the C2B’s

maximum of 2. Pb** binding to Site 1 partially neutralizes the intra-loop region in both

184



domains. Due to the differences in the arrangement of basic residues, loop 2 of C2A
becomes more electropositive while loop 2 of C2B becomes neutral (Figure V.1E). The
differences in electrostatic properties between the two C2 domains determine how the

single metal-ion bound states interact with anionic membranes (vide infra).

C2A-Pb1 B c2a.Pb1 ? Pb2*

K, 0.7 uyM 4 ‘\/. K, 330 uM

C2B-Pb1

Figure V.1 High-affinity Pb2*-binding sites of Syt1
(A) Cartoon representation of the Syt1 cytoplasmic region assembled from the Pb**-bounc
crystal structures of isolated C2 domains, C2A (5VFE) and C2B (5VFG). The Pb?
affinities to Site 1 exceed those of Ca®* by ~2 orders of magnitude. (B) Expansion of looj
regions in C2A-Pbl and C2B-Pb1 showing the numbered metal-ion binding sites and th
low affinity of Pb?" to Site 2. (C) Electrostatic potential maps of apo C2A and C2B. (D,E
Electrostatic potential maps of loop regions with full complement of metal ions (D) an
with Site 1 selectively populated by Pb*" (E). The maps were generated using Adaptivi
Poisson- Boltzmann Solver (APBS) plugin of UCSF Chimera. The PDB IDs of structure
used: 4WEE (C2A apo), IBYN (C2A-Caz), SCCJ (C2B apo), and 1TIX (C2B-Cay).
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Population of Site 1 by a metal ion alters conformational plasticity of the membrane-

binding regions

In addition to electrostatics, the conformation and dynamics of the membrane-
binding regions in the C2-Pb1 complexes can have profound influence on the membrane
association. The average conformation of the domains, as it exists in the crystalline
state, changes only moderately upon metal ion binding. The ms-to-us, but not the sub-
nanosecond backbone dynamics in a related C2 domain were previously shown to be
responsive to the state of metal ligation /. We therefore investigated the ms-to-ps
dynamics of the Sytl C2 domains in apo and single-Pb** states using solution NMR
methods.

Two types of NMR parameters, Rz ue and Rz cpmg, were measured for all
spectrally resolved N-H groups of the C2 domain backbone. Rz nE is a free-precession
transverse relaxation rate constant, whose elevated values are indicative of ms-to-us
conformational exchange processes. Racpmc is a transverse relaxation rate constant
whose elevated values reflect dynamics on timescales faster than 100 ps. A comparison
of the two transverse relaxation rate constants enables one to estimate, in a residue-
specific manner, the timescale of motions present in macromolecules.

The NMR relaxation data for the apo C2 domains are presented in Figure V.2.
Based on the elevated R> e values (Figure V.2A), the backbone of apo C2A has two
highly dynamic regions: loop 3, which participates in both metal-ion coordination and

binding to PtdSer-rich membranes; and the lysine-rich cluster (LRC). Surprisingly, there
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is little dynamics in loop 1, which provides roughly half of the oxygen ligands when Site

1 gets populated by a divalent metal ion.
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Figure V.2 The membrane-binding regions of apo C2A and C2B are dynamic on

the microsecond timescale

R uE (gray) and Ro cpmc (red) are plotted against the amino acid sequence of C2A (A)
and C2B (B). The regions corresponding to metal-ion coordinating loops and lysine-

rich clusters are highlighted.

The dynamics profile is different for C2B (Figure V.2B). The most significant
difference between C2B and C2A is located in the LRC that shows no conformational
exchange in C2B but is highly dynamic in C2A. The functional role of LRC in C2B
domains is to provide an additional docking site for the negatively charged signaling
lipids, such as PtdIns(4,5)P>, and thereby increase the residence time at the membrane
192

. Another noteworthy difference is that although in both domains loop 3 undergoes

conformational exchange, only in C2B the regions adjacent to loop 3 hinges are also
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dynamic. To evaluate the timescale, we inspected the difference plots between the R ne
and Rz cpmc values. In both domains, the attenuation of dynamics due to the application
of the CPMG pulse train is modest (Figure V.S1A and S1B). These data indicate that

the timescale of loop 3 and LRC (in C2A) motions is faster than 100 ps.

(A) apo C2A

loop1 LRC loop2 loop 3 C2A loop definitions:

loop 1: E167 to D178
loop 2: T195 to N207
loop 3: D230 to D238
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Figure V.S1 Small differences between residue-specific Rz e and Rz,cpmc values

indicate that the timescale of the membrane-binding region dynamics in apo
C2A

(A) and C2B (B) domains is faster than 100 us. This figure represents difference
plots of the data shown in Figure 2.

To determine how metal ion binding to Site 1 influences the backbone dynamics,
we prepared single-Pb?" complexes of the C2 domains and measured their R pe and
R>.cpmc values. Under 1:1 stoichiometric conditions of our sample, Site 1 is slightly
under-populated. Although the population of apo proteins is very low (~2-3 %), the
inter-conversion between apo and metal-ion bound species can lead to large chemical

exchange effects on the millisecond timescale, as was previously shown for the Ca?* ion
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binding to the C2A variant /3. Indeed, we observed a significant elevation of the R ue
values in the loop regions of both domains. Fortunately, these processes occur on a
timescale of ms and therefore can be efficiently suppressed by an application of the
CPMG pulse train (Figure V.S2). Therefore, the Rz .cpmg values in the C2-Pbl

complexes report almost exclusively on the intrinsic dynamics of the loops.
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Figure V.S2 Evidence for the millisecond (ms)-timescale dynamics associated with
under-population of Site 1 by Pb?*

(A) C2A data and (B) C2B data. The conclusion regarding the timescale comes from
the comparison of the residue-specific transverse relaxation rate constants Rz obtained
in the Hahn-Echo (HE, gray) and Carr-Purcell-Meiboom-Gill (CPMG, red)
experiments. Application of the CPMG pulse train results in almost complete
attenuation of chemical exchange contributions to the Rz cpmc values, which is an
unambiguous evidence for the ms-timescale dynamics.
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Figure V.3 Binding of a single metal ion to C2 attenuates the ps-timescale
dynamics of the membrane-binding regions

Difference plots of the R> cpmc values measured in apo and Pb?>*-complexed C2 domains
are shown for the C2A (A) and C2B (B) domains. Negative values indicate the
attenuation of dynamics. The Ry cpmg differences are color-coded and mapped onto the
3D structures of the Pb**-complexed C2 domains.

The Ra,cpme differences between the Pb**-complexed and apo proteins revealed
that metal ion binding to Site 1 attenuates the dynamics of loop 3 (Figure V.3). This is
manifested in large negative values of ARz cpmc in loop 3 for both domains. In addition,
the entire positively charged LRC region of C2A loses its conformational plasticity
(Figure V.3A). This indicates that the dynamic effect of metal ion binding to Site 1

propagates as far as ~15-25 A throughout the C2A domain in what could be an allosteric

communication between the metal ion binding sites and LRC. Loop 1, which is
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immobile on the ms-to-ps timescales in the apo-states of C2A and C2B (Figure V.2),
experiences a slight increase in Ro,cpmg due to incomplete suppression of the ms-
timescale chemical exchange due to metal ion binding (vide supra).

For the function of C2 domains, the implications of the attenuated dynamics are
two-fold. First, conformational restriction brought about by a metal ion in Site 1 may
facilitate membrane interactions through imposing loop 3 orientation that is favorable for
membrane insertion. Second, the geometric restriction of the Asp ligands, some of
which are shared by metal ions in Sites 1 and 2, will likely facilitate the subsequent
metal-ion binding to Site 2. In either case, the effect of populating Site 1 with a metal
ion would “prime” the C2 domains of Sytl for metal-ion dependent membrane
interactions.

C2A weakly associates with anionic membranes in a single metal-ion bound state

We then asked if the population of Site 1 by a metal ion is sufficient to support
the membrane interactions of the Sytl C2 domains. Starting with C2A, we prepared the
[U-SN]-enriched C2A-Pbl complex and mixed it with the preparation of isotropically
tumbling bicelles that mimic the membrane environment. Two anionic phospholipids:
phosphatidylserine (PtdSer) and phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2)
were incorporated into the bicelles at 14% and 2%, respectively, relative to the long-
chain phospholipid. The low fraction of PtdIns(4,5)P> brings about the question of its
distribution in the bicelles. This distribution is stochastic, and some heterogeneity in the
bicelle population with respect to PtdIns(4,5)P> content is expected. All NMR

observables measured in bicelles represent the average over this bicelle ensemble.
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Comparison of the ['’N-'H] HSQC spectra with and without bicelles (Figure
V.4A) revealed two spectroscopic signatures: chemical shift perturbations (CSPs, A) of
the N-H cross-peaks and attenuation of their intensities. The CSPs affected loop regions
1, 2, and 3 of the C2A domain, but not the lysine-rich cluster (Figure V.4B,D). No
chemical shift perturbations were observed when C2A domain in the absence of any
metal ions was mixed with bicelles, indicating that CSPs report specifically on the
metal-ion dependent interactions of the C2A domain with membranes. Lack of CSPs in
the LRC indicates that this region does not directly interact with PtdSer and
PtdIns(4,5)P,. In the membrane-free system, a similar interaction pattern was observed
between the Ca?*-complexed C2A domain and inositol-1,4,5-triphosphate /%2,

The intensity attenuation of the C2A-Pb1 N-H cross-peaks, expressed as the ratio
of intensities in the bicelle-containing (I) and bicelle-free (Io) samples varied across the
primary structure (Figure V.4C). The regions with the most reduced intensities
correspond to the protein loops and mirror the CSP pattern. This is a manifestation of a
chemical exchange process whose kinetics is in the intermediate-to-fast regime on the
NMR chemical shift timescale. It is well established that the PtdSer can coordinate the
C2-bound metal ions while interacting simultaneously with the loop residues % /%4, We
conclude that the chemical exchange process represents the binding of the binary
C2A-Pbl complex to the bicelles, with the formation of the ternary
C2A-Pbl-PtdSer(bicelle) complex. This conclusion is further reinforced by the
comparison of the residue-specific I/Io ratios between apo C2A and C2A-Pbl in the

presence of bicelles (Figure V.4E). The intensity ratios are systematically lower for the
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C2A-Pbl complex, and not just for the loop regions. The overall decrease in intensities
is due to the increase in the apparent rotational correlation time of C2A-Pbl, because it
partially associates with bicelles that are slow-tumbling high-molecular-mass entities.
The population of the membrane-bound C2A-Pbl complex is low, based on the
relatively modest attenuation of cross-peak intensities corresponding to regions not
subject to chemical exchange.

The C2A-Pbl association with membranes also occurs in the absence of
PtdIns(4,5)P2, where the only anionic lipid component is PtdSer. We demonstrated this
by conducting NMR-detected experiments of the C2A-Pb1 binding to large unilamellar
vesicles (Figure V.S3). Consistent with our bicelle data, the population of membrane-
bound state of C2A-Pb1 is low, evidenced by the moderate systematic attenuation of
cross-peak intensities (Figure V.S4, purple bars). Adding more Pb?* to solution results
in the population of Site 2 of the C2A domain. This increases the fraction of membrane-
bound Pb**-complexed C2A, as manifested in the ~2-fold decrease in the N-H cross-
peak intensities (Figure V.S4, green bars).

Taken together, our data indicate that population of Site 1 by a divalent metal ion
is sufficient to drive weak association of the C2A domain with anionic membranes. The
membrane-interacting regions primarily involve the metal-binding loops, as shown

schematically for the C2-Pbl-bicelle complex in Figure V.4E.
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Figure V.S3 Sytl C2A-Pbl complex binds to PtdSer-containing large
unilamellar vesicles (LUVs)

(A,B) Correlation plots of ARzcpmg (A) and ARoue (B) values in the C2A-Pbl
complex and apo C2A. ARzcpmg and ARz e are calculated as the differences in
residue-specific Rao,cpmc and Roue values, respectively, in the presence and absence
of LUVs. While no significant changes are observed in apo C2A upon addition of
LUVs, all AR>,cpmc and AR, ue values are > 0 in the C2A-Pbl complex. These data
indicate that PtdSer as anionic lipid component is necessary and sufficient for C2A to
interact with membrane mimics upon binding a single metal ion to Site 1. (C)
Schematic representation of the experimental design to probe the interaction of
C2A-Pbl with LUVs. The experiments were carried out in the “titration” mode,
where increasing concentrations of LUVs were added to the [U-'>N] enriched
C2A-Pbl complex. The N-'H HSQC spectra of C2A-Pbl were recorded at each
LUV concentration point. (D) Normalized N-H cross-peak intensities of C2A-Pbl
show consistent decay upon increase of LUV concentration, plotted along the X-axis
as accessible PtdSer. Two types of behavior were observed, depending on the
chemical exchange regime of a given residue, slow (blue) and fast (red). (E,F)
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Correlation plots of the intensity decay rates between C2A-Pbl and apo C2A. In the
presence of PtdSer-containing LU Vs, the intensity decay rates of the C2A-Pb1 exceed
those of apo C2A due to the interactions of the former with LUVs. This behavior is
dependent on the presence of PtdSer in the membrane: omission of PtdSer results in
comparable intensity decay rates that are mostly due to the increase in sample
viscosity in both protein samples.

mmm opo C2A  mmmm C2A-Pb1 mmmm C2A-Pb1+ 0.2 mM Pb?

10k loop1 LRC loop 2 loop 3
0.8
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Figure V.S4 Progressive population of metal ion binding sites by Pb?" in C2A
drives the protein association with anionic membranes

The ratio of the C2A N-H cross-peak intensities in the absence (lo) and presence (I) of
PtdSer-containing LUVs is plotted against the primary structure for three protein
samples in different states of metal ligation. The composition of LUVs is
PtdCho:PtdSer=80:20; the protein-to-lipid ratios are 1:20, 1:14, and 1:10 for the apo,
C2A-Pbl, and (C2A-Pb1+0.2 mM Pb?") samples, respectively.

196



A B C2A'Pb1  mmmmm C2A-Pb1-Bicelles B

- %) ~ ™
- - : 53 :
120 ‘D178 o % = = = =
200 & © '-Z‘j}o =)
oD A170 x 40
A122 ° V183 M173.B o €
Q.
% © 20
124 . H237 <
g % e o m@Luz
- o ; 1
126 °|z4op o unl C 160 180 200 220 240 260
e’ o v220 @ 3 o ol »
K?S ° =, Jl ‘; .L.' .ﬁ.. ’f.
128 ‘0 © =04 k %,ﬁ
95 9.0 85 ook o T E e
"H (ppm) 160 180 200 220 240 260
Residue #
E 12 ~
1.0k Vi ka/e
. AT W F C2A-Pb1 [ —
S o8 L' %’ S
O ] ,/
7
g 0.6f P
© 7’
04 L
= e
02F
4
00'// f -
! e y ‘ l65p 3
0.0 02 04 06 08 10 1.2 |oop 2.
I, (C2A-Pb1) PP _Ptdins(4.5)P,
0.00 Ex o
¥ A
0.015 b 1
+ o

20.03

Figure V.4 Sytl C2A-Pb1 complex interacts with anionic bicelles

(A) Overlay of the ['’N-'H] HSQC spectral regions of C2A-Pbl in the absence (green)
and presence (purple) of anionic bicelles that illustrates CSPs experienced and
broadening of protein resonances upon interactions with bicelles. (B) CSP plot showing
that perturbations are localized primarily to the loop regions. (C) Attenuation of peak
intensities in the C2A-Pbl complex upon addition of anionic bicelles, expressed as
residue-specific 1/l ratios, where I and Iy are the peak intensities in the presence and
absence of bicelles, respectively. Loop regions are preferentially broadened due to
chemical exchange. (D) CSP values mapped on the C2A-Pb1 complex (PDB ID: 5VFE)
illustrating the proximity of the affected regions to the metal ion binding Site 1. (E)
Comparison of the residue-specific 1/l ratios in apo C2A and C2A-Pbl. The overall
intensity attenuation is significant in the C2A-Pb1 sample, but negligible in the apo C2A
sample, where it merely reflects an increase in solution viscosity due to bicelle addition.
(F) Schematic representation of the C2A-Pb1-bicelle complex that is consistent with our
experimental data.
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C2B interactions with anionic membranes are enhanced by metal ion binding to Site 1

The C2B domain in Syt1 is distinct from C2A with respect to its electrostatic
properties. The unique electrostatic makeup of the C2B surface provides additional
complexity and control to the membrane interactions of Sytl #7 6% 183. 195 The LRC of
C2B has 6 basic residues while that of C2A has 4 basic residues that are flanked by two
acidic ones. This makes the LRC of C2B significantly more electropositive (see Figure
V.1C), turning it into an effective PtdIns(4,5)P, sensor /5. Moreover, there are
additional basic residues, Arg 398 and Arg 399, at the C2B end opposite to the loop
region. These residues are implicated in the membrane-apposition process /% 7%, In the
presence of Ca?", the basic regions can create scaffolds by simultaneously interacting
with various lipid and protein partners such as PtdSer, inositol polyphosphates, Ca**
channels, and SNAREs 7% 183 197. 198 Tp the absence of Ca?", the LRC of C2B is believed
to pre-associate with the PtdIns(4,5)P>-rich plasma membranes .

Using the same experimental strategy as for C2A, we prepared the [U-1"N]-
enriched C2B-Pbl and collected 2D ['*'N-'H] HSQC NMR spectra in the presence and
absence of anionic bicelles (Figure V.5A). Extensive line broadening accompanied by
significant chemical shift changes was observed for many N-H cross-peaks of C2B. The
CSP pattern calculated for the bicelle-containing samples relative to bicelle-free
C2B-Pbl was clearly distinct from what we observed for the C2A-Pbl complex in two
aspects: (i) the CSPs for loop 3 of C2B were significantly larger than those for loop 1,
suggesting a more prominent role of loop 3 in protein-membrane interactions; and (ii)

there were very significant CSPs in the LRC-loop 2 region (compare Figure V.4B and
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5B). Mapping the CSP values onto the 3D structure of the Pb?>*-complexed C2B domain
highlighted a contiguous surface likely to be involved in interactions with anionic
membranes (Figure V.5D). Another drastic difference between C2A-Pbl and C2B-Pbl
was in the extent of signal attenuation upon addition of bicelles (compare Figure V.4C
and 5C). The intensity drop for the C2B-Pb1 was uniform, with the exception of a few
flexible C-terminal residues, and substantial: the mean 1/Ip value from the 5% trimmed
data set was 0.14. We conclude that the C2B-Pb1 complex, in contrast to C2A-Pbl,

associates with anionic bicelles with high affinity.
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Figure V.5 C2B-Pb1 binds to anionic bicelles with high affinity

(A) Overlay of the ['"N-"H] HSQC spectral regions of C2B-Pbl1 in the absence (red) and
presence (blue) of anionic bicelles that illustrates CSPs and broadening of protein
resonances upon interactions with bicelles. (B) CSP plot showing that perturbations are
localized primarily to the LRC and loop 3 of the C2B domain. (C) Attenuation of peak
intensities in the C2B-Pbl complex upon addition of anionic bicelles, expressed as
residue-specific I/Ip ratios, where I and Iy are the peak intensities in the presence and
absence of bicelles, respectively. Significant uniform (with the exception of the flexible
C-term residues) attenuation indicates high-affinity association of C2A-Pb1 with bicelles.
(D) CSP values mapped on the C2B-Pbl complex (PDB ID: 5VFG) cover a contiguous
surface that includes primarily loop 3 and the LRC. (E) Correlation of residue-specific
I/Ip ratios in apo C2B and C2B-Pbl1 in the presence of PtdIns(4,5)P> (red) indicates that
metal ion binding to Site 1 contributes moderately to protein-bicelle interactions. Omitting
PtdIns(4,5)P> abolishes the interactions of C2B-Pb1 with bicelles (green). (F) Schematic
representation of the C2B-Pbl-bicelle complex that is consistent with our experimental
data.
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To establish the metal-ion dependence of this process, we conducted a control
experiment in which the metal-ion free C2B domain (apo C2B) was mixed with anionic
bicelles of the same composition. The observed CSP values were smaller than those for
the C2B-Pbl complex, especially for loop 3 (Figure V.S5). The correlation of I/Io
intensity ratios between apo C2B and C2B-Pbl showed systematically lower values for
the latter, suggesting that the fractional population of the membrane-bound C2B-Pbl
species is higher than that of the apo species (Figure V.5E, red symbols). However, the
overall effect is rather modest, suggesting that the presence of metal ion at Site 1
contributes moderately to the C2B-membrane interactions. The binding of C2B-Pbl to
bicelles is significantly enhanced by PtdIns(4,5)P2: when we omitted PtdIns(4,5)P2, the

I/Io ratios increased to values of 0.8 and above (Figure V.5SE, green symbols).
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Figure V.S5 Apo C2B binds to anionic bicelles that contain PtdIns(4,5)P:
component

(A) Overlay of the >'N-'H HSQC spectral regions of apo C2B in the absence (red)
and presence (blue) of anionic bicelles that illustrates CSPs experienced by the protein
upon interactions with bicelles. The bicelle-containing spectrum is acquired with
twice the number of scans compared to the bicelle-free one and depicted at the same
contour threshold. (B) CSP plot calculated for the bicelle-containing C2B sample
relative to the bicelle-free protein. The Y-axis scale is identical to that of the C2B-Pb1
plot shown in Fig 5B. The concentrations of protein and bicelle-lipids were 150 uM
and 60 mM (~230 uM bicelles) respectively.

Our data are consistent with the orientation of C2B-Pbl where the LRC and loop
3, but not loop 1, are in close membrane contact (Figure V.5F). In the previously
reported model of the C2B-membrane complex under the saturating Ca?* conditions %%
183 (C2B has both loops 1 and 3 inserted into the membrane, while its LRC makes
contact with PtdIns(4,5)P2. The implication is that the metal-ion binding to Site 2 likely
causes insertion of loop 1 into the headgroup region and “tilts” the C2B by reducing the

angle between its long axis and the bilayer normal.

The affinity of C2B to PtdIns(4.5)P; is enhanced by metal ion at Site 1

Binding of a full complement of Ca?* ions enhances the affinity of C2 domains to
PtdIns(4,5)P; % /86, To evaluate the thermodynamic gain afforded exclusively by Site 1,
we conducted NMR-detected binding experiments between C2B (apo and the C2B-Pbl
complex) and di-C4-PtdIns(4,5)P>. The rationale behind using water-soluble di-C4-
PtdIns(4,5)P2, as compared to inositol 1,4,5-trisphosphate, is that it has the same
electrostatic properties of the headgroup as the longer-chain PtdIns(4,5)P-.

Both C2B species responded to increasing concentration of PtdIns(4,5)P; in a
titratable manner (Figure V.6A and Figure V.S6A). The binding process is in the fast

202



exchange regime relative to the NMR chemical shift timescale. This is manifested in a
smooth trajectory of the N-H cross-peaks as a function of increasing concentration of
ligand in both apo C2B and C2B-Pb1 ['*N,'H] HSQC spectra. The fast exchange
behavior enabled us to construct the binding curves that represent the chemical shift
changes experienced by the N-H cross-peaks, A, as a function of total concentration of
di-C4-PtdIns(4,5)P>. Binding curves for well-resolved residues that showed a combined
A of > 0.05 ppm were globally fitted to obtain the following dissociation constants: Kq =
102 + 3 uM (C2B-Pbl) and 215 + 16 uM (apo C2B). We conclude that the presence of
metal ion in Site 1 of the C2B domain alone is sufficient to cause 2-fold increase of
affinity to PtdIns(4,5)P>. A comparison of the CSP patterns (Figure V.S6) mapped onto
the protein 3D structures (Figure V.6) shows that the same regions in apo C2B and the
C2B-Pbl1 are influenced by the PtdIns(4,5)P> interactions: the LRC and loop 3-adjacent
7 segment (Figure V.6B). These regions form a concave site that is typical for C2
domains with specificity towards phosphoinositides /% 2%,

The 2-fold increase in affinity represents the thermodynamic enhancement that is
attributed solely to the interactions of the LRC residues with PtdIns(4,5)P>. In neuronal
membranes, an additional favorable contribution to the protein-membrane interactions
would come from higher-abundance anionic phospholipids, such as PtdSer, which

directly coordinates the metal ion bound to Site 1 of C2B %,
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Figure V.S6 Comparison of the chemical shift perturbations A due to di-C4-
PtdIns(4,5)P; binding for apo C2B (blue) and the C2B.Pb1 complex (red)

['N-'H] HSQC spectra shown in Fig. 6 of the main manuscript were used to calculate
A values.
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Figure V.6 Binding of Pb?* at Site 1 enhances the affinity of C2B towards

PtdIns(4,5)P;
(A,B) Overlays of the ['>'N-'H] HSQC spectral regions showing progressive chemical

shift changes upon addition of di-C4-PtdIns(4,5)P> to the C2B-Pbl complex (A) and
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apo C2B (B). N-H cross-peaks that illustrate the binding of di-C4-PtdIns(4,5)P> to the
canonical site in the LRC are labeled. Insets: NMR-detected binding curves for residues
that either form or are in close proximity to the canonical binding site. The effective
K4 values extracted from the global fit of the curves are 102 uM (C2B-Pbl) and 215
uM (apo C2B). (C) Chemical shift perturbations A due to di-C4-PtdIns(4,5)P> binding
(0-0.4 mM range) mapped onto the crystal structures the C2B-Pbl complex (5VFQG)
and apo C2B (5CCJ). Positively charged residues that form LRC are shown in stick
representation. Additionally, residues experiencing A larger than 0.15 ppm are labeled.

The membrane interaction pattern of C2AB is similar to that of individual domains

The tandem C2A and C2B domains (Figure V.1A) constitute the membrane-
binding unit of Sytl #” /%>, Their distinct electrostatic properties and preferences towards
binding partners govern the Sytl-mediated vesicle fusion 7 83 158 The question of the
C2AB conformational preferences has elicited some discussion in the literature. In
crystalline state, C2AB can adopt a “closed” conformation with well-defined inter-
domain interface ?°/. In solution, the atomic force microscopy and intramolecular FRET
measurements by Chapman and coworkers indicate that there exists an interaction
between C2A and C2B 27 and that it is important for the Sytl function ?*>. However,
NMR experiments conducted by Rizo’s group argue against the presence of a well-
defined inter-domain interface in solution /42, What is evident is that there exists
significant inter-domain conformational flexibility in the C2AB fragment. We sought to
determine how this flexibility influences membrane interaction properties under limiting
metal ion conditions.

Using the C2AB fragment, we first tested if Pb?* populates the same metal-ion
binding sites as it does in the isolated domains. Due to the acidic nature of the 9-residue
linker (there are 4 glutamate residues, Figure V.1A), there was a possibility that this
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region could sequester added Pb?*. ["'N-'H] TROSY HSQC spectra of [U-1°N, ~80%-
2H] C2AB at 1:1 and 1:2 protein-to-Pb?" ratios (Figure V.S7) revealed the same
chemical exchange regime, saturation behavior, and chemical shift perturbation patterns
as for the isolated C2 domains ’%”. These data indicate that Pb>" selectively populates
Site 1 of the C2A and C2B domains in the context of the C2AB fragment and that the
linker region is not involved in metal-ion binding. The state of C2AB with Pb?" bound
to Site 1 in both domains is subsequently referred to as C2ZAB-Pbl.

Addition of anionic bicelles to the C2AB-Pb1 complex produced the following
spectroscopic signatures in the ['’N-"H] TROSY-HSQC spectra: decrease of the N-H
cross-peak intensities and chemical shift perturbations, both of which are indicative of
the protein-membrane binding process. The % intensity decrease was rather uniform
within each domain, but the extent was different: 28% and 55% on average for the C2B
and C2A domains, respectively. The pattern of chemical shift perturbations and their
magnitude, small for the C2A domain loops and large for the LRC and loop 3 of the
C2B domain (Figure V.7A), mirrored the data obtained for the individual domains

(Figure V.4B and 5B).
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Figure V.S7. Sytl C2AB binds one Pb?" per C2 domain under C2AB:Pb?*=1:2
conditions

(A) Overlay of the ['’N-"H] TROSY-HSQC spectra of apo (red) and Pb**-complexed
(blue) C2AB showing the chemical shift changes upon Pb** binding to the C2AB
domain. The concentrations of C2AB and Pb** were 100 and 200 uM, respectively.
(B) Expansion of the ['’N-'H] TROSY-HSQC spectra at protein:Pb>" =1:1 ratio (top)
show that loop region residues are in slow exchange regime on the NMR chemical shift
timescale. This is manifested in two sets of N-H cross-peaks: one set corresponding to
the apo C2AB, and the other set corresponding to the Pb**-complexed C2AB; the peaks
that belong to the same residue are connected with a dashed line. The N-H cross-peaks
corresponding to the C2A and C2B residues are labeled in purple and blue, respectively.
The spectrum of apo C2AB (red) is overlaid onto the spectrum of the Pb**-complexed
C2AB for comparison. Addition of Pb?" to a final protein-to-Pb?" ratio of 1:2 results in
complete redistribution of peak intensities towards the Pb**-complexed form (bottom).
(C) Chemical shift perturbation plot showing that Pb** binding affects the loop regions
of both C2A and C2B. The pattern is consistent with that observed for the individual
C2A and C2B domains with Pb?>* bound to Site 1 (Katti, S., Her, B., Srivastava, A. K.,
Taylor, A. B., Lockless, S. W., and Igumenova, T. I. (2018) High affinity interactions
of Pb?* with Synaptotagmin I. Metallomics 10, 1211-1222).
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We used the paramagnetic relaxation enhancement (PRE) of NH groups to
evaluate the extent of membrane contacts of C2 domains in the C2AB fragment. A lipid
bearing a paramagnetic doxyl tag, 5- doxyl PC, was introduced into the bicelles to give
~3 molecules per leaflet (Figure V.7B). The unpaired electron of the doxyl group
enhances the transverse relaxation rates of neighboring spins, resulting in broadening of
the corresponding N-H cross-peaks and reduction in their intensities. The label position
is such that N-H groups penetrating the headgroup region would experience the most
broadening. If the protein-membrane binding process is in fast exchange on the NMR
chemical shift timescale, which is the most likely scenario for the C2ZAB-Pbl complex,
the PRE effect is scaled by the population of paramagnetic species.

The residue-specific PRE values were calculated as the ratios of protein peak
intensities in the C2AB-Pbl samples containing diamagnetic and paramagnetic
preparations of bicelles, ldia/Ipara (Figure V.7B). Consistent with the chemical shift
perturbation data of Figure V.7A, the C2A domain showed weak but readily discernable
PRE effect in the loop regions. The PRE values were significantly larger for the C2B
domain, with the residues of loop 3 (K366, 1367, and G368) and LRC (L323 and K326)
showing >15% intensity attenuation. Taken together, our data on the C2ZAB-Pbl
complex indicate that both domains make membrane contact when Site 1 on each
domain is populated by a divalent metal ion. These results support the existence of a
“primed” membrane-associated state under limiting metal ion conditions. In such a
state, PtdIns(4,5)P2-mediated membrane docking of C2B will be augmented by the metal

ion at Site 1 and keep both domains anchored at the membrane interface. The membrane
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binding of C2A will remain weak. This will ensure a strict metal-ion concentration
dependence of the membrane insertion process for the C2A that requires a full

complement of metal ions to associate with PtdSer-containing membranes.
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Figure V.7 The C2AB-Pb1 complex binds to anionic bicelles with both domains
contacting the membrane

(A) Loop 3 and LRC of the C2B domain make a dominant contribution to the chemical
shift perturbation experienced by the C2AB-Pb1 complex upon binding anionic bicelles.
The C2A data are shown in the inset with the re-scaled Y-axis. The CSP patterns of the
C2 domains in the context of the C2AB fragment-bicelle system are similar to those of
the individual domains shown in Figs. 4B and 5B. The similarities refer to both the
overall pattern and the magnitude. (B) Membrane contact of C2A and C2B is revealed
through the attenuation of the C2AB-Pbl peak intensities upon addition of anionic
bicelles containing a paramagnetic lipid, 5-doxyl PtdCho, at ~3 molecules per leaflet.
The attenuation is expressed as residue-specific Ipara/ldia ratios, where Ipara and lgia are the
peak intensities in the presence and absence of paramagnetic lipids, respectively.

Progressive saturation of metal ion binding sites in full-length Sytl correlates with the

extent of membrane penetration

To determine how the occupancy of metal ion binding sites influences the
membrane insertion of the C2 domains in full-length Sytl, we conducted EPR

experiments on the protein reconstituted into anionic LUVs. Under the conditions of our
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EPR experiments, both C2 domains of Syt1 bind in cis with respect to the
transmembrane segment that anchors the protein to the LUVs /%5, The spin-labeled
sidechain R1 (Figure V.8) was attached to either loop 1 site in C2A (173R1) or a loop 1
site in C2B (304R1). Both sites are known to penetrate negatively charged membranes
under saturating Ca?* conditions. When no metal ions are present in solution, the R1
sidechain is in the aqueous phase and hence highly mobile, producing narrow EPR
lineshapes for both C2 domains (Figure V.8, black traces). Addition of two-fold molar
Pb?* excess with respect to protein selectively populates Site 1 in C2A and C2B. The
EPR spectra under these conditions show significant broadening indicative of motional
restriction due to partitioning of R1 into membranes (red trace in Figure V.8). There are
two components: the broad component resembles that from a membrane bound state of
the C2 domains and the more mobile component resembles that from an aqueous state.
In these spectra, the membrane bound state dominates and represents 85% or more of the
total protein. Addition of Pb*" at a molar ratio (Pb>*:Sytl) of 20:1 eliminates the small
aqueous population, further broadening the spectra and giving rise to a fully bound state
(blue trace in Figure V.8). This occurs for both domains and suggests that with only
partial binding of Pb** to the domains, there is equilibrium between membrane inserted
and aqueous populations that is eliminated with excess metal.

We used progressive power saturation of the EPR spectra and a collision-gradient
approach to determine the membrane depth of 173R1 and 304R1. Table V.1 gives the
depth parameters and membrane depths under two Pb?" concentration conditions. When

Site 1 is occupied by a metal ion, both 173R1 (C2A) and 304R1 (C2B) have apparent
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positions on the aqueous side of the phosphate groups, with average distances of 0.8 A
and 3.5 A, respectively, above the level of lipid phosphates. These depths likely reflect
contributions from both the membrane inserted and aqueous populations seen in the EPR
spectra. Binding a full complement of Pb?* ions results in the stable insertion of R1 into
the membrane hydrocarbon region, with average distances of 3.6 A (173R1, C2A) and

1.7 A (304R1, C2B) below the phosphate level.

N (3
| N
é- %
173R1 \ /
; ——No metal
—Pb (2:1)

——Pb (excess)
304R1 A J

Figure V.8 Membrane insertion of C2 domains in full-length Sytl depends on the
occupancy of metal-ion binding sites

X-band EPR spectra of full-length membrane-reconstituted Syt1, where the first Ca*
binding loop of either the C2A domain (site 173) or the C2B domain (site 304) was
labeled with MTSL to produce the R1 side-chain. Pb?*" binding to Sytl promotes
membrane insertion of the domains that is dependent upon the occupancy of the sites
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in the binding loops. The additional broadening in the EPR spectra with excess Pb**
(Pb**:Sytl, 20:1) suggests a deeper average membrane penetration of the domains in
this state. The ratio of Pb?":Sytl was varied from 12:1 to 50:1 with no change in the
EPR spectra. The EPR spectra in the state labeled “No metal” were obtained after the
addition of 4 mM EGTA, and these spectra were identical to spectra obtained prior to

the addition of Pb*".

Both the EPR lineshapes and the membrane depth measurements support a more
peripheral and dynamic membrane-bound state of Sytl when the metal ion binding sites
have low occupancy. In the full-length protein the C2 domains are tethered to
membranes via the N-terminal transmembrane region and this facilitates the formation of
such a state by creating effectively high local lipid concentrations in the vicinity of the
C2 domains. Furthermore, it “primes” Sytl to further metal ion events by placing its C2

domains in close proximity to the negatively charged membrane interface.

Table V.1 Power saturation data for site 173R1 and 304R1when Syt1 is bound to
membranes in the presence of Pb?*

.. . depth ..
§ i
Label lipid metal ion added parameter (@) Position (A)
Pb%**2:1
-1.56 £ 0.1 -0.78
FL SYT o (Pb**:Sytl)
173R1 PC/PS (15%)
Pb*" excess -0.72 £ 0.05 3.59
2+ 9.
FL SYT (PI;2+.82};31) -1.75+0.1 -3.53
o :
304R 1 PC/PS (15%)
Pb*" excess -1.19+0.1 1.73

Data for the 2:1 Pb?" to FL-Sytl ratio (1:1 lead to C2 domain) were taken to examine
membrane penetration for a partially bound lead state, where only Sitel is populated /7.
In this state, there are two components in the EPR spectra, and the apparent depth has
contributions from both these states. Excess lead was then added to examine differences
in membrane binding when both sites are populated in the C2 domains.
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"The position indicates the average location of the nitroxide relative to the lipid phosphate
plane. A negative value for the position indicates that the label is located on the aqueous
side of the phosphate plane.
Discussion

Ca*"-dependent membrane binding of Syt1 plays a crucial role in the excitation-
secretion coupling by enabling the SNARE:S to initiate vesicle fusion 0 177204 Syt] -
mediated evoked release has been detected at intracellular Ca®" concentrations as low as
25 uM 2% Surprisingly, Sytl is an intrinsically weak Ca®" sensor, with affinities ranging
from 50 uM to >10 mM for the 5 Ca**-binding sites *”- #* >/, In the presence of anionic
membranes, Ca** binding to Sytl becomes highly cooperative with an apparent affinity
of ~3-4 uM, which corresponds to ~60-80 fold increase compared to the isolated C2AB
fragment in absence of lipids °* %. Conversely, Ca** binding to the Sytl C2 domains
increases their affinity to anionic membranes . The contribution of anionic
phospholipids to this mutually cooperative response is attributed to: (i) masking of the
positively charged surface patches of C2 (e.g., the LRC) through transient interactions;
and (ii) direct coordination of the C2-bound divalent metal ions by the lipid headgroups
63. 19 However, the role of individual Ca?*-binding sites, specifically the high-affinity
Site 1 of the C2 domains, in driving the membrane interactions remained unclear. Pb*",
a high-affinity structural and functional surrogate of Ca?*, enabled us to probe the
properties of the C2 domains in which Site 1 is selectively populated by a divalent metal
ion. We investigated the behavior of the isolated C2 domains, the C2AB fragment, and

full-length Sytl.
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Apart from the clear changes in electrostatics, population of Site 1 by Pb** alters
the dynamic behavior of the membrane-binding regions. Both C2 domains in the metal-
free state have a highly dynamic loop 3 that undergoes conformational exchange on a
timescale <100 ps (Figure V.2). The attenuation of loop 3 dynamics caused by a metal
ion at Site 1 (Figure V.3) could facilitate the metal-ion dependent membrane-binding for
the following three reasons: (i) loop 3 provides half of oxygen ligands of the metal ion at
Site 1 and >60% of the coordinating ligands required for metal ion at Site 2; (ii) loop 3
harbors key positively charged residues (R233 in C2A; and K366 in C2B) that can
potentially interact with anionic lipid headgroups upon partial or full neutralization of
the intra-loop region 7% %% 297; and (iii) loop 3 has two hydrophobic residues (F231 and
F234 for C2A; Y364 and 1367 in C2B) that can potentially interact with the hydrophobic
part of the bilayer ** /46 180 Tn addition to loop 3, the LRC region in apo C2A, but not
apo C2B, shows conformational dynamics that gets attenuated by metal ion binding to
Site 1. The allosteric nature of this effect is surprising, as the LRC is positioned >10 A
away from Site 1. The functional significance of these changes in C2A dynamics
remains to be investigated.

With respect to the membrane-binding properties, Pb** in Site 1 enhances the
membrane interactions of the C2 domains, individually and in the C2AB fragment
(Figures V. 4-7). In C2A, it serves to promote weak association with anionic
membranes containing PtdSer or both PtdSer and PtdIns(4,5)P>. In C2B, Pb** in Site 1
strengthens its metal-ion independent association with PtdIns(4,5)P> (Figure V.6).

There was no obvious manifestation of avidity with respect to membrane binding of the
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Pb?*-complexed C2AB fragment (Figure V.7), suggesting that either the linker region
connecting the two domains is sufficiently flexible for the domains to behave
independently, or the C2 domains bind in “trans” mode relative to each other.

The experiments on full-length Syt1, where the protein is tethered to the
membrane via the N-terminal helical segment, provided the clearest picture of the effect
that sequential population of metal-ion binding sites has on the membrane interactions of
the C2 domains. The EPR data (Figure V.8 and Table V.1) show a clear correlation
between the number of metal sites populated in the intra-loop region and the depth of
membrane insertion. When only Site 1 in both domains is occupied, Sytl adopts a
membrane-bound state that is dynamic where the domains exchange between membrane
associated and aqueous states. The domains become completely membrane inserted in
the fully metal-ion loaded state.

We speculate that the formation of this dynamic membrane-bound state of Syt1
could occur during the initial stages of membrane recruitment, when cytosolic Ca®*
predominantly populates high-affinity binding sites of the C2 domains prior to their
binding to PtdSer. Both domains would make membrane contact: C2A through the loop
regions, and C2B through its LRC region, with the latter interaction enhanced but not
driven by the metal ion in Site 1 (Figure V.9). The attenuated conformational dynamics
would serve to pre-organize the loops for subsequent metal-ion and membrane binding
events. Given high local concentration of anionic lipids 2% 2% and Ca?* 1% 2!! at the

presynaptic membranes, the C2 domains would therefore be “primed” to bind a full
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complement of Ca®* ions. This will ensure a cooperative response that is necessary for
Sytl to respond to physiological Ca?* concentrations.

Attenuation of conformational dynamics and membrane recruitment through the
involvement of the highest-affinity metal-ion binding site could be a feature shared by
other Ca**-dependent C2 domains. For example, stopped-flow kinetics measurements
conducted by Falke’s laboratory provided evidence for the membrane binding of the C2
domain from protein kinase Ca that is complexed to a single Ca®" ion ?/?. The
conformational dynamics of this C2 domain upon population of Site 1 is attenuated in a
manner similar to that of the Sytl C2 domains /. Given that C2 domains are found in
>100 proteins /, the weak membrane recruitment step facilitated by a divalent metal ion
at the highest affinity site could be part of the common mechanism employed by these

proteins to fulfill their membrane-associated functions.
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Figure V.9 Contribution of Site 1 to Sytl-membrane interactions

In the metal ion-free state, only the C2B domain is interacting with the PtdIns(4,5)P>
component of the presynaptic membrane; there are no interactions with PtdSer through
the loop regions of either C2 domain (SNARESs or interactions of C2B domain with
SNARE:s are not depicted for simplicity). Binding of metal ion to Site 1 is sufficient
to drive weak association of C2A with the anionic lipids of the membrane and enhance
the C2B-PtdIns(4,5)P> interactions. Both C2 domains would adopt a shallow
membrane-bound state, in which the conformational flexibility of the loop regions (and
the LRC region of C2A) is attenuated. The proximity of “primed” C2 domains to
anionic phospholipids ensures mutually cooperative response, leading to the formation
of fully metal-ion saturated C2 domains that undergo deep membrane insertion.
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CHAPTER VI INTERFERENCE OF PH BUFFER WITH PB(I1)-PERIPHERAL
DOMAIN INTERACTIONS: OBSTACLE OR OPPORTUNITY? "
Background

Lead (Pb*") is a xenobiotic heavy metal ion that shows acute as well as chronic
systemic toxicity in the human body.?’* No extent of Pb*" exposure is considered “safe”,
and if undetected, can cause irreversible neurological damage in young children.?’# 215
Among several proposed modes of Pb?* toxicity, the ability to mimic Ca?" is particularly
alarming, as it highlights the vulnerability of ubiquitous, multi-site Ca?*-binding proteins
towards Pb?" attack.?’® Identification of physiologically relevant Pb**-binding sites on
these proteins is challenging because Pb?* interactions can be both specific as well as
opportunistic, and often exhibit affinities higher than those of native metal ions.?’”
Synaptotagmin 1 (Sytl), a key regulator of Ca?*-evoked neurotransmitters release’# and
putative molecular target of Pb**,?/¢ provides a remarkable example of this challenge. In
the non-chelating environment such as MES buffer, four out of total five Ca**-
coordinating sites on the tandem C2 domains of Sytl (C2A and C2B, Figure VI.1A)
bind Pb?" with affinities higher than Ca?*./%” Site 1 on each domain exhibits sub-

micromolar Pb?" affinity, while Site 2 is substantially weaker in comparison (Figure

VI.1A, table).

* Reprinted in its entirety (including figures) with permission from Katti, S., and Igumenova, T. I.
(2020) Interference of pH buffer with Pb(2+)-peripheral domain interactions: obstacle or
opportunity?, Metallomics 12, 164-172.
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Here, we demonstrate, using the C2 domains of Sytl as a paradigm, an approach
that uses a pH buffering agent and Pb** chelator, Bis-Tris, to selectively probe high-
affinity Pb*" sites and determine their specific functional roles. Bis-Tris has five
hydroxyl groups and one tertiary amine group (Figure VI.1B), all of which could
potentially serve as ligands for a wide array of divalent metal ions.?”® While the
challenges of using chelating pH buffers for metal ion-binding studies are known,?*’ Bis-
Tris was our chelator of choice because, compared to other strong chelating agents such
as EDTA, it forms weaker yet stable complexes with Pb?*.??Y In addition, Bis-Tris is a
highly adaptable chelator in that the number of its functional groups engaged in metal-
ion coordination can vary depending on the presence of competing ligands donated, e.g.,
by proteins, lipids, or other small molecules. We reasoned that due to these properties,
Bis-Tris would be a suitable mimic of a chelating physiological environment. In this
work, we show that not only the use of Bis-Tris enables discrimination between high-
and low-affinity Pb?" sites, it also provides mechanistic information on the metal-ion
dependent association of C2 domains with anionic membranes. We therefore argue that
a judicious use of chelating pH buffers in metal-binding studies could provide a valuable

insight into the mechanisms of metallosensory proteins.

229



(A) Pb2+

Kg(UM)* Site 1 Site 2 ® Supports membrane
binding of Syt1

c2a | 07 | 330 ) o

-- High affinity due to

C2B | 05 | 220 small ko

*MES at pH 6.0

Synaptotagmin 1

(B)  Bis-Tris:Pb?* Ho
HQ\%N/\,OH
H

Aspartate-rich
regions

Figure V1.1 C2 domains of Syt1 interact with Pb?* ions through the aspartate-rich
loop regions

(A) Schematic representation of Sytl, a neuronal transmembrane protein and its
cystosolic C2 domains, C2A and C2B. Ca?'-binding sites are labeled individually in
each C2 domain. The affinities of Pb*" to Sites 1 and 2 measured in MES buffer at pH
6.07%7 are given in the table. Pb?>" and Ca?* do not appreciably bind to Site 3 under these
conditions. (B) 3D structures of C2A (1BYN) and C2B (1UOW) domains showing
the location of the Ca?*-binding aspartate-rich sites within the apical loop regions.
Also shown is the schematic representation of the Pb?*" complex with Bis-Tris. The
exact coordination geometry of Pb?* in the Bis-Tris complex is unknown.
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Results and discussion

To determine which of the five metal-binding sites of Syt1 are populated by Pb?*
in Bis-Tris, we conducted NMR-detected Pb**-binding experiments on the individual C2
domains, C2A and C2B. Solution NMR spectroscopy is best suited for this purpose
because it enables clear identification of metal-ion binding sites with a wide range of
affinities, as demonstrated previously for the C2 domains of Sytl and protein kinase C
(PKC).’%7 221" The information about protein-metal ion interactions is obtained by
collecting 2D 'N-'H hetero-nuclear single-quantum coherence (HSQC) spectra of the
uniformly 'N-enriched ([U-'"N]) C2 domains, in the presence of different
concentrations of metal ions. Binding of a metal ion alters the electronic environment of
the backbone amide N-Hn groups that are proximal to the binding site, which results in
chemical shift changes of the 'Hx and '°N nuclei. Given the tendency of certain
buffering agents to interact with proteins,??? prior to Pb*" addition, we compared the
metal-free NMR spectra of the C2 domains in Bis-Tris and MES buffers. For C2A, the
spectra in MES and Bis-Tris were identical (Figure VI.S1A). For C2B, a subset of N-
Hx resonances showed small variations in their chemical shifts as well as intensities
(Figure VL.S1B), indicating possible weak interactions with one of these buffering
agents. Because of the highly basic nature of C2B and its propensity to interact with

polyanionic molecules,?”? the weakly interacting buffer is likely to be MES.
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Figure VI.S1 C2A and C2B do not specifically interact with buffering agents
Overlays of the ['N-'H] HSQC spectra of the metal-free forms of the Sytl C2A (A)
and C2B (B) domains. The C2A spectra are completely superimposable (A). A subset
of resonances in (B) shows small differences and intensity changes between the two
buffers. Because of the highly basic nature of C2B and its propensity to interact with
polyanionic molecules, the interacting buffer is likely to be MES. The spectra were
collected at 25 °C on the Avance III NMR instruments (Bruker Biospin) operating at
the magnetic field of 14.1 T/equipped with a cryoprobe (C2A); and 11.7 T/equipped
with the room-temperature probe (C2B). Protein concentration in the NMR samples
was 100 uM. The buffer conditions were: 20 mM MES or Bis-Tris at pH 6.0, and 150
mM KCI.

Upon addition of Pb?* to the C2A domain at a molar ratio of 2:1 (C2A:Pb**), we
observed an appearance of a subset of N-Hx cross-peaks that belong to the Pb?*-
complexed protein species (top inset of Figure VI.2A, cyan). Adding more Pb*" to
achieve a 1:1 molar ratio results in the formation of a single protein species, the
C2A-Pbl complex (Figure VI.2A and top inset, blue), where Pb** is bound to Site 1.

This behavior is identical to that in the non-chelating MES buffer,’%” suggesting that Bis-
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Tris does not interfere with Pb?* binding to Site 1 of the C2A domain and full saturation
of this site can be achieved at a stoichiometric ratio of protein to Pb*".

We found however that addition of more Pb?*, with the objective to saturate Site
2 of the C2A domain, did not produce a drastic change in the N-Hn cross-peak chemical
shifts (Figure VI.2B) that we previously observed in MES.?¥” The Pb2 binding event is
in the “fast” exchange regime on the NMR chemical shift timescale, where a single
population-weighted cross-peak for a given residue shows a smooth trajectory in
response to increasing Pb?" concentration. This behavior enabled us to construct a
binding curve by plotting the chemical shift perturbation A versus Pb*" concentration.
The curve is linear, with no indication of reaching the cusp region even at 60-fold excess
of Pb?" to protein (Figure VI.2C). For comparison, in MES, Pb?" was able to saturate
Site 2 of the C2A domain at ~25-fold excess to produce a Kq of 330 uM (see Figure
VI.1A, table)./” We observed the exact same pattern of Pb?* interactions with C2B in
Bis-Tris: complete population of Site 1 at the stoichiometric protein-to-Pb?* ratio, and
extremely weak binding to Site 2 (Figure VI.S2). We conclude that Bis-Tris does not
affect Pb** binding to the high-affinity Site 1 but inhibits the interactions of Pb** with
Site 2 of both C2 domains of Sytl. This is in agreement with the reported affinity of
Pb?* to Bis-Tris (log Ka=4.3)?"? that exceeds the its affinity to Site 2 of the C2A domain.
The affinity of Pb*" to Site 3 of the C2A domain is too weak to be appreciably populated

in either buffer.
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Figure VI.2 Bis-Tris inhibits Pb** binding to Site 2 but not Site 1 of the C2A
domain

(A) Overlay of the ['"'N-'H] HSQC spectra in the absence (apo) and presence of
stoichiometric Pb?* (C2A:Pb*" 1:1, 100 uM each) in 20 mM Bis-Tris buffer at pH 6.0.
Residues showing response to population of Site 1 by Pb?* are labeled. The spectra
were collected at 25 °C on the Avance III NMR instrument (Bruker Biospin) operating
at the magnetic field of 14.1 T and equipped with a cryogenically cooled probe. Top
inset: expansion of the shaded spectral region with an additional Pb*" concentration
point (50 uM, C2A:Pb*" 2:1, cyan) to illustrate the distinct chemical shifts of apo C2A
and the C2A-Pbl complex. Bottom inset: loop regions of the C2A domain showing
the positions of Sites 1-3. (B) Overlay of the ['N-'H] HSQC expansions showing the
chemical shift perturbations of several residues in the C2A-Pb1 complex due to Pb**
binding to Site 2. (C) Chemical shift perturbations A (calculated as described in ref.
8) of two representative residues plotted as a function of Pb*" concentration. The
linear, non-saturatable profiles indicate that binding is extremely weak with a K4 of
>25 mM. The lines are to guide the eye.
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Figure VI.S2 Bis-Tris inhibits Pb?* binding to Site 2 but not Site 1 of the C2B
domain

(A) Overlay of the ['N-'H] HSQC spectra in the absence (apo) and presence of
stoichiometric Pb?* (C2B:Pb** 1:1, 100 uM each) in 20 mM Bis-Tris buffer at pH 6.0.
Residues showing response to population of Site 1 by Pb** are labeled. The spectra
were collected at 25 °C on the Avance III NMR instrument (Bruker Biospin) operating
at the magnetic field of 14.1 T and equipped with a cryogenically cooled probe. Top
inset: expansion of the shaded spectral region with an additional Pb** concentration
point (50 uM, C2B:Pb?* 2:1, cyan) to illustrate the distinct chemical shifts of apo C2B
and the C2B-Pbl complex. Bottom inset: loop regions of the C2B domain showing the
positions of Sites 1 and 2. (B) Overlay of the ['’N-'H] HSQC expansions showing the
chemical shift perturbations of several residues in the C2B-Pbl complex due to Pb**
binding to Site 2. (C) Chemical shift perturbations A (calculated as described in ref. 8
of the main text) of two representative residues plotted as a function of Pb**
concentration. The non-saturatable profiles indicate that binding is extremely weak.
The lines are to guide the eye.

We then asked if the Pb?>" dependent membrane-binding function of the C2
domains is influenced by Bis-Tris. When Pb?" populates high- as well as low-affinity

sites, as is the case in the MES buffer, both C2 domains interact readily with anionic
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membranes.’%”

However, when we conducted the C2A-vesicle co-sedimentation
experiments in Bis-Tris, we found that Pb>* was unable to support the membrane-
binding function of the C2A domain. The fraction of the Pb**-complexed protein bound
to PtdSer-containing large unilamellar vesicles (LUVs) does not exceed 5%, even under
conditions of the 40-fold molar excess of Pb>" over C2A (Figure VI.3A). A control
experiment with the native metal ion, Ca?*, produced a fractional population of the
membrane-bound species comparable to that observed in MES.’%” Clearly, the effect of
Bis-Tris is specific to the Pb?*-C2A-anionic membrane system. To ascertain that this
finding is not technique-dependent, we conducted FRET-detected protein-to-membrane
binding experiments shown schematically in Figure VI.3B. In the presence of Ca**, the
FRET curve of the C2A domain represents a typical membrane binding response
reported for the C2 domains (Figure VI.3C).”” ??! In contrast, we observed no Pb?*-
driven interactions of C2A with membranes in Bis-Tris, which is fully consistent with
the co-sedimentation data of Figure VI.3A. We therefore conclude that Bis-Tris
interferes with the membrane-binding function of the Pb**-complexed C2A domain.

To understand the underlying cause of this behaviour, we considered two factors
that are essential for driving the C2A-membrane interactions:** (1) the general
“electrostatic shift” due to metal-ion binding, which alters the charge of the intra-loop
region from negative to positive; and (2) the specific interactions of anionic
phospholipid headgroups with the C2-complexed metal ions (and potentially the basic
residues of C2A surrounding the loop region). Our data indicate that inhibition of Pb**

interactions with Site 2 by Bis-Tris locks the C2A domain in the single Pb?*-bound state,
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and that the resulting electrostatic shift is insufficient for the C2A to engage in high-

affinity interactions with anionic membranes.

237



sucrose

100 200 100 200 0
[M*] uM

(B) PtdCho
PtdSer
$. N
& . J

(C) 1.2 C2A +100nm LUVs

@ Ca?*
@ Pb2*

AF/AFmax
o
7

[Ca?*]y;p 7742 uM

004 il o8 . . ]

Figure VI.3 Pb?*-dependent membrane binding of C2A is abolished in the
presence of Bis-Tris

(A) Fraction of C2A bound to sucrose-loaded LUV in the presence of Ca?* and Pb?".
The co-sedimentation experiments were conducted in 20 mM Bis-Tris at pH 7.0 and
150 mM KCl. The LUVs were 100 nm in diameter and consisted of
PtdCho:PtdSer=80:20 (%, molar). The C2A concentration was 5 uM. (B) Schematic
representation of FRET-detected C2-membrane binding experiments. The resonance
energy transfer takes place between native Trp residues and dansyl-PE fluorophore
embedded into LUVs. (C) FRET-detected C2A-membrane binding curves plotted as
a function of increasing M?* (M=Ca, Pb) concentrations. The change in fluorescence
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intensity at 495 nm, AF, was normalized to the maximum change observed in Ca?*-
dependent experiments, AFmax. Same buffer as for co-sedimentation experiments was
used. The C2A concentration was 0.5 uM.

We next sought to investigate if specific interactions of the Pb**-complexed C2A
domain with PtdSer are influenced by Bis-Tris. PtdSer is the most abundant anionic
lipid component of the eukaryotic plasma membranes. It recruits metal ion-complexed
C2 domains to membranes by engaging in electrostatic interactions with the protein and
forming specific coordination bonds(s) with the protein-bound metal ion(s). In MES, the
C2A-Pbl complex prepared by mixing stoichiometric amounts of C2A and Pb**
associates weakly with PtdSer-containing bicelles.””* The chemical exchange process
between the C2A-Pbl-PtdSer ternary complex and the C2A-Pb1 binary complexes
occurs on the “fast-to-intermediate” NMR chemical shift timescale. This produces a
specific pattern of resonance intensity decrease in the NMR spectra that predominantly
affects the loop regions of the C2A domain. Here, we used a short-chain PtdSer
analogue, 1,2-dihexanoyl-sn-glycero-3-[phospho-L-serine] (DPS) to determine how Bis-
Tris influences the interactions of the C2A-Pbl complex with PtdSer. In MES, addition
of 5 mM DPS to 100 uM [U->N enriched] C2A-Pb1 complex resulted in attenuation of
the cross-peak intensities. The attenuation was quantified as the ratio of the N-Hx cross-
peak intensities in the absence (Io) and presence (I) of DPS. Consistent with previous
data obtained using PtdSer containing bicelles,?’? residues that belong to the loop regions
showed significant decrease in I/l values, along with several residues in the polylysine

region between loops 1 and 2 (Figure VI.4A). In contrast, the C2A-Pbl complex in
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Bis-Tris showed little attenuation of signals that belong to the loop regions (Figure
VI1.4B). This is especially evident in the difference 1/Ip plot (Figure VI.4C) that was
constructed by subtracting the data in (B) from the data in (A). We conclude that
specific interactions of the C2A-Pb1 complex with PtdSer, while clearly present in the
non-chelating MES buffer, are absent in the chelating Bis-Tris buffer. How does Bis-
Tris inhibit the interactions of the C2A-Pb1 complex with PtdSer? There are examples
of crystal structures of protein-metal ion complexes where Bis-Tris provides additional
ligands to the protein-bound metal ions.”?-??” Tt is therefore plausible that Bis-Tris
directly coordinates Pbl and thereby prevents Pb?* to form coordination bonds with the
oxygens of PtdSer. This scenario is schematically shown in Figure VL.4D.

In conclusion, Bis-Tris eliminates two factors that contribute to metal ion-driven
C2A-membrane interactions: the effect of general electrostatics, by inhibiting Pb**
binding to Site 2; and the effect of C2A-Pb1-PtdSer interactions, likely by completing
the coordination sphere of C2A-bound Pbl. These findings provide the following
insight into the metal-ion dependent membrane binding function of the C2 domains. C2
domains with partially occupied metal-ion binding sites, through weak association with
anionic membranes, are brought close to the polar membrane region.?’? 2?4 It is believed
that the resulting proximity to anionic lipid moieties elicits cooperative metal-ion
binding to the remaining weaker sites by enhancing their affinities. This mutual
cooperativity enables the domain to perform its function at physiological concentrations
of Ca?*.’! Our results support this mechanistic model: by interfering with the PtdSer

interactions of the C2A-Pb1 complex, Bis-Tris also precludes the cooperative
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enhancement of Site 2 affinity towards Pb?>". As a result, the domain stays locked in
Pb1-bound state, unable to achieve complete electrostatic shift required for membrane
association.

When viewed from the perspective of Pb?" toxicity, our data indicate that in the
cellular environment where Bis-Tris-like chelators and metabolites are abundant,??® the
membrane interactions of the C2A-Pbl complex are unlikely to occur. Combined with
our previous finding that the presence of Pb?* in Site 1 of C2 domains desensitizes them
to further Ca?* binding,’®” ??/ the ability of Pb**-complexed C2A domain to interact with
membranes is unlikely to be restored or rescued at physiological Ca®" concentrations.

The next step was to determine how Pb**-complexed C2B interacts with anionic
membranes in Bis-Tris. The C2B domain is significantly more basic than C2A due to
the presence of a distinct polylysine motif (see Figure VI.1B), and additional positively
charged residues, Arg 398 and Arg 399, at the end opposite to the loop regions.
Although the polylysine region is located several Angstroms away from the metal-ion
binding loops, it plays a critical role in the membrane association process.’?> ?2% 230 In
particular, its interaction with the second messenger PtdIns(4,5)P> dramatically increases
the Ca?* affinity to C2B, lowering the Ca?" concentration threshold required for the
membrane association of this domain.?*! The underlying basis of this cooperative effect
is the change of the electrostatic potential of C2B, caused by the interactions of its basic
regions with anionic phospholipids. The cooperativity between anionic phospholipids
and divalent metal ions is mutual: binding of metal ions to the loop regions enhances the

interactions of C2B with phospholipids.

241



(A) 1:C2APb1  1:C2APb1 +5mM PtdSer

10F = ‘; K 2 MES
0.8 o
— bn‘" = '?’M
= o6}° “b.iuk" ‘Er’q 1!&. :‘, T
(B) 10: Bis- Trls

il “Xer’m’iﬁ ﬁw»«

0.6

mn,

0.4

TR A N W S BTN

(C) 03 A(Bis-Tris,MES)
__ 02
< 0.1
00 1 P PP | i 1 1 i 1 A i
160 180 200 220 240 260
Residue #
D) Bis-Tri MES
( ) S S . PtdSer Io— PtdSer

Figure VL4 Pb**-complexed C2A domain does not appreciably interact with
PtdSer in the presence of Bis-Tris

Attenuation of peak intensities in the C2A-Pb1 complex upon addition of 5 mM DPS,
expressed as residue-specific I/Ip ratios, where I and Iy are the peak intensities in the
presence and absence of PtdSer, respectively. The data were collected at pH 6.0 in 20
mM (A) MES and (B) Bis-Tris buffers. The errors in the intensity ratios were
estimated using the r.m.s.d. of the base-plane noise in each of the collected spectrum.
(C) The difference between I/l ratios, demonstrating that the specific interaction of
the C2A-Pbl loops with PtdSer is present in the MES but not in the Bis-Tris buffers.
(D) Schematic model showing how Bis-Tris can potentially interfere with C2A-Pb1-
PtdSer interactions.

In stark contrast to C2A, Pb*"-complexed C2B associates with LUV in Bis-Tris
(Figure VL.5A, compare with Figure VI.3A), with fractional population of the

membrane-bound protein species comparable to that observed in presence of Ca®". The

FRET experiments were carried out by titrating the PtdSer-containing LUVs into a
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solution containing C2B and excess Pb?*, to minimize C2B-induced LUV clustering and
associated increase in scattering.”” The FRET results mirrored those of the co-
sedimentation experiments. Pb?* was almost as effective as Ca®" in driving protein-
membrane association, producing [PtdSer]i2 values of 3.4 uM compared to 2.8 uM,
respectively (Figure VI.5SB). The two plausible explanations for this behaviour are: (1)
the inherently basic nature of the C2B surface that enables membrane interactions in
single Pb?**-bound state; and (2) the allosteric enhancement of C2B affinity to Pb** upon
interactions of PtdSer with basic regions of the protein.

To assess the relative contribution of these factors, we added DPS to the [U-!°N]
C2B-Pbl complex (prepared by mixing stoichiometric amount of C2B and Pb**) and
compared the chemical shifts of the backbone amide groups between the NMR spectra
of DPS-free and DPS-containing samples of C2B-Pbl. We observed modest changes in
the chemical shifts of the C2B-Pb1 resonances that are located predominantly near the
polylysine motif and the adjacent “bottom” part of C2B (Figure VI.5C), suggesting that
these regions are the primary PtdSer interaction sites. The nature of the C2B-Pb1-DPS
interactions is electrostatic and is therefore expected to produce large chemical shift
changes if the protein is fully DPS-bound. The small values of chemical shift
perturbations suggest that the fractional population of the DPS-bound C2B-Pb1 species
is small. Therefore, the inherently basic nature of C2B alone cannot explain the affinity
of Pb?*-complexed C2B species to anionic membranes in Bis-Tris.

Next, we tested if the presence of PtdSer in solution enhances the affinity of C2B

towards Pb?* to the extent that the domain acquires an ability to compete with Bis-Tris
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and bind the second Pb?* ion. Upon addition of 5-fold molar excess of Pb?* to the
C2B-Pbl in the presence of 5 mM DPS, a new subset of cross-peaks appeared in the
NMR spectrum (Figure VI.5D, red spectrum). This indicates the formation of new
Pb?*-bound species of the C2B domain that are in slow exchange on the NMR chemical
shift timescale with the C2B-Pb1 complex. The only possible Pb?" interaction site with
the C2B domain is Site 2. Indeed, residues whose cross-peaks are typically exchange-
broadened in the C2B-Pbl complex but only appear upon population of Site 2, G305 and
D363, are detectable in the sample containing Pb?" excess. For several residues, more
than two sets of resonances could be seen, reflecting the complex speciation of Pb**-
bound C2B in the presence of DPS. In the absence of PtdSer, the population of Site 2 in
C2B by Pb?" is negligible even at 60-fold molar Pb** excess (Figure VI.S2). Therefore,
we conclude that neutralization of the polylysine region via interactions with PtdSer and,
to generalize, anionic phospholipids, is the dominant factor that enables the weaker Site
2 of C2B to successfully compete with Bis-Tris for Pb**. The resulting acquisition of a
full complement of Pb?* ions by the C2B domain, and the mutual cooperativity between
the polylysine motif and metal-ion binding loop regions drives the membrane association
of C2B. This scenario is schematically illustrated in Figure VL.SE. In contrast to C2B,
C2A showed barely any response to the addition of excess Pb*" in the presence of 5 mM

DPS (Figure VL.S3).
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Figure VI.S3 PtdSer does not appreciably enhance the affinity of Pb?* to Site 2 of
the C2A domain

The C2A-Pbl complex was prepared by mixing stoichiometric amounts of [U-'N] C2A
and Pb?" in the presence of 5 mM DPS (1,2-dihexanoyl-sn-glycero-3-phospho-L-serine,
06:0 PS). The total protein concentration was 100 uM. Addition of 0.5 mM Pb?* caused
very weak chemical shift perturbations in the ['°N, 'H] HSQC spectra of the C2B-Pbl
complex, as shown by the plot of chemical shift perturbation A versus primary structure.
Small perturbations around loop 3 (compared to previously reported data for Pb?* to
Site 2, Katti et al Metallomics, 2018, 10, 1211-1222) indicate that Pb?* interactions with
Site 2 remain very weak.
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Figure VL5 Pb**-dependent membrane binding of C2B persists in the presence of
Bis-Tris

(A) Vesicle co-sedimentation experiments conducted in 20 mM Bis-Tris and 150 mM
KCl at pH 7.0 show that in contrast to C2A, Pb**-complexed C2B associates with
anionic membranes. The C2B concentration is 5 uM. (B) C2B-to-membrane binding
curves plotted as normalized FRET efficiency versus accessible PtdSer concentration
in LUVs. The concentrations of C2B and M?" are 0.5 uM and 500 uM, respectively.
Pb?* is almost as effective as Ca®* in driving membrane interactions. (C) Chemical
shift perturbations A caused by addition of DPS (cmc ~ 12 mM) to the C2B-Pbl
complex are plotted as a function of primary structure. The polylysine motif and
residues at the “bottom” of C2B, marked by asterisks, are the likely interaction sites
based on the chemical shift data. (D) Overlay of the ['N-'H] HSQC spectra showing
an additional set of cross-peaks that appears upon addition of 0.5 mM Pb** to the
C2B-Pbl complex in the presence of 5 mM DPS. The newly formed Pb**-bound C2B
species are in slow exchange with the C2B-Pbl species, as illustrated for residues
G320,G374,T383, D365, and V359. The underlined residues G305 (loop 1) and D365
(loop 3) are broadened beyond detection in C2B-Pb1 but re-appear in the spectra upon
Site 2 population by Pb?*. K324, shown in boldface, is a residue that belongs to the
polylysine motif. (E) A model that schematically illustrates how interactions of
anionic phospholipids with the polylysine motif of C2B could cause cooperative
enhancement in Pb?" affinities for the metal-ion binding sites of the C2B domain. This
effect would enable C2B to effectively compete with Bis-Tris for Pb>" and acquire a
full complement of Pb*" ions needed for membrane interactions.
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In full-length Sytl, the C2A and C2B domains are connected by a flexible 9-
residue linker and together form the full Ca**-sensing unit (Figure VI.1B).?3? To
determine how Pb?*-driven interactions of the C2AB fragment depend on the chelating
properties of the environment, we conducted FRET-detected protein-to-membrane
binding experiments in MES and Bis-Tris (Figure VI.6A). Due to the multivalent
membrane binding mode of C2B?* and the ability of the tandem C2 domains to interact
with LUVs in “trans” mode with respect to each other,”** the C2AB fragment shows
significant clustering of LUVs. The clustering thresholds are marked in red (Figure
VI.6A), and correspond to the accessible PtdSer concentration upon exceeding which
visible precipitation of LUVs and concomitant decrease of FRET signal occur.

The most drastic difference between the binding curves of Figure VI.6A is the
overall decrease of FRET efficiency in the Bis-Tris buffer: at 2.5 uM accessible PtdSer,
the FRET efficiency is ~3-fold lower than that in MES. This suggests that C2ZAB-
membrane interactions are significantly weakened in the presence of Bis-Tris. Based on
the properties of individual domains in Bis-Tris (Figure VI.3 and 5), this behaviour is
likely caused by the impairment of the C2A membrane-binding function. This
conclusion is further supported by the observation that the clustering threshold in Bis-
Tris requires more than twice the accessible PtdSer, 5.7 uM, than that in MES.

In addition to providing mechanistic information about the determinants of C2-
membrane association, our data on the isolated domains and the C2AB fragment in Bis-
Tris led us to propose a model of how Pb** would interact with Sytl under the chelating
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conditions of the cellular milieu (Figure VI.6B). Due to the competition with the
physiological chelators such as glutathione and metallothionein,??® 23> only high-affinity
Pb?* binding sites of Sytl will be populated, i.e. Site 1 of each C2 domain. Upon
population of Site 1 by Pb?", C2B domain will interact with anionic lipids of the
presynaptic membranes, PtdIns(4,5)P> and PtdSer,??# via the polylysine motif; due to the
positive cooperativity, the affinity of C2B to divalent metal ions will be enhanced. As

187, 221 Ca2+

we demonstrated previously, is unable to share ligands with Pbl and occupy

the remaining vacant metal ion sites. The reason is high electronegativity of Pb**?3 that
results in protein-bound Pb1 depleting the electron density of the oxygen ligands®*”
shared by Sites 1 and 2. It is therefore feasible that instead of Ca?*, C2B-Pb1 will
preferentially acquire Pb?" at Site 2, and that will drive the membrane association of
Sytl via the C2B domain. Our results suggest that contribution of C2A to membrane
binding in the chelating environment will be significantly attenuated, because the
C2A-Pbl complex will neither engage with anionic membranes nor bind Pb*" at Site 2.
Impaired membrane binding of the Ca?*-sensing region of Sytl could be a potential
mechanism through which Pb?* interferes with the regulation of Syt1 function by Ca?*
and disrupts the evoked release of neurotransmitters.?-?#’ By the same token, Pb**-

driven partial membrane association of Syt1 could explain how Pb?" induces sporadic

release of certain neurotransmitters.?#
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Figure VI.6 Membrane association of C2AB reflects the differential effect of Bis-
Tris on the individual C2 domains

(A) C2AB-to-membrane binding curves plotted as a function of FRET efficiency
versus concentration of accessible PtdSer in 100 nm LUVs. The concentration of
C2AB and Pb*" are 0.5 uM and 500 puM, respectively. The composition of LUV is
PtdSer:PtdCho:dansyl-PE=73:20:7 (molar). The buffer conditions are 20 mM Bis-
Tris (MES) at pH 7.0 (6.0) with 150 mM KCI. The clustering point, at which light
scattering by LUVs precludes further FRET measurements, is marked in red. More
than 50% intensity difference in the dansyl-PE fluorescence intensity at the clustering
point is observed in Bis-Tris compared to MES. (B) Schematic representation of the
C2AB-Pb**-anionic phospholipid interactions in the Bis-Tris environment. The
association of anionic phospholipids with the polylysine cluster enables the population
of Site 2 by Pb*" and the coordination of protein-bound Pb*" ions by PtdSer.
Association of C2A with anionic membranes is extremely weak, because Bis-Tris
interferes with Pb?* binding to Sites 2 and 3, and PtdSer coordination by Pb1.

249



Conclusion

Identification of oxygen-rich sites that Pb** could potentially target is essential
for understanding how Pb** interferes with the function of Ca**-dependent signalling
proteins. Given low bioavailability of Pb?*, distinguishing and isolating high- from low-
affinity protein sites is essential. We demonstrated using two Ca?*-sensing C2 domains
of Sytl, that Pb**-chelating pH buffer Bis-Tris provides the means to achieve such
isolation. Pb** in Bis-Tris populates only one site per C2 domain. The implication for
Sytl is that two of its Ca?*-binding sites (out of total five) are likely to be targeted by
Pb?" in cellular milieu that contains natural chelators. The effect of Bis-Tris on the
metal-ion dependent membrane interactions of C2 domains revealed their differential
response to Pb?*. Our results suggest that C2B rather than C2A mediates the Pb?*-driven
association of Sytl with anionic membranes. Whether or not Pb** can displace Ca**
from the membrane-bound C2 domains, isolated or in the context of full-length Sytl,

remains to be investigated. Our data on the C2 domain from PKCoa??!

suggest that at
least in the non-chelating environment this scenario is possible.

Since protein-metal ion interactions are at the core of many biological processes,
extensive biochemical analysis of the corresponding binding equilibria is necessary. The
use of non-chelating pH buffers is intuitively preferred, to avoid possible complications
presented by metal ion chelation. This work provides a different perspective. If used in
combination with non-chelating buffers, chelating pH agents, such as Bis-Tris, could

potentially provide valuable mechanistic information that could otherwise be

overlooked.
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CHAPTER VII SUMMARY AND FUTURE DIRECTIONS
Summary

The primary goal of this work was to understand how conditional phospholipid-
binding modules work. These domains have wide occurrence on the signaling complexes
and show specific lipid/agonist preferences.’ They ultimately control the membrane
translocation of the signaling proteins in a regulated manner. Dysregulation of this
process is at the very least disruptive to the signal transduction, at worst could lead to
various disease states. Two such phospholipid-binding domains: C1 and C2 are studied
in this work.

In chapter I, the general structural features, broad lipid/ligand preferences and the
current understanding about the mechanisms of membrane translocation of these
domains were briefly discussed. Using the stage set at this chapter, chapters II and III
were focused on the experimental work done on C1A and C1B domains of protein
kinase Co isoform respectively. In chapter II, the crystal structure of C1A domain with
distinct diacylglycerol toggle-residue orientation was reported. We proposed and tested
the resulting weak diacylglycerol dependence of this domain. On the other hand, the
persistent phorbol ester sensitivity of C1A was evident of the highly disruptive nature of
these tumor-promoting agents. In addition, a novel role of C1A domain as a putative
PtdIns(4,5)P2 sensor was uncovered.

In chapter I1I, we addressed a critical problem associated with obtaining atomic-
resolution models of membrane associated C1-agonist complexes. NMR based

experimental approach was proposed and successfully implemented to C1B domain of
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protein kinase C3. The resulting experimental data provided unprecedented insight into
the interactions of C1B with membranes mediated by diacylglycerol, phorbol esters,
Prostratin, and Bryostatin-1. The results will guide the molecular dynamics simulations
planned on these complex systems.

In chapters IV, V, and VI, the focus is switched to the Ca?*-dependent C2
domains of Synaptotagmin 1 (Sytl). In chapter IV, using divalent cation Cd** as a mimic
of Ca%*, we show that not only the electrostatic shift but also the direct metal ion-lipid
interactions are essential to support Sytl C2-membrane association. In chapter V, using
yet another high-affinity divalent cation Pb**, we determine specific changes induced in
the C2 domains upon saturation of metal-ion binding site 1. We present further extension
of this study in chapter VI, demonstrating the mechanisms of cooperativity that govern
the metal-ion occupancy and membrane association of the Sytl C2 domains. The work
done on C2 domains directly exhibits the valuable application of xenobiotic divalent
cations in gaining mechanistic understanding of these modules.

Future directions

Understanding the role of individual C1 domains in PKCd activation

After gaining insight into how individual C1 domains of PKCS function, we want
to study these domains in the context of their contribution to the overall membrane
translocation of this isozyme. For PKCS3, the C2 domain is insensitive to Ca**. As a
result, the detection of second messengers required for membrane translocation and

subsequent kinase activation has to be mediated by C1 domains exclusively (Figure

VIL1).
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Figure VII.1 The burden of detecting coincident lipid signals and membrane
translocation of PKCJ falls upon C1 domains

The schematic domain architecture of PKCS is depicted to point out the importance of
C1 domains as exclusive mediators of membrane translocation.

Based on the results we have obtained so far, we predict that CIA domain
conjoined with the pseudosubstrate region is likely responsible for mediating the
localization of the isozyme to the PtdIns(4,5)P-rich regions of the plasms membrane
(Figure VII.2). We will test this by conducting membrane localization experiments in
live cells to determine the minimal modular unit necessary for PtdIns(4,5)P2 sensitivity
of PKCd. This will be done using pseudosubstrate-C1A, isolated C1A and C1B, tandem
CI1A-CI1B, and the full pseudosubstrate-C1A-C1B constructs. We will also conduct

kinase activation assays where we will address whether the presence of PtdIns(4,5)P> can
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contribute to the activation of PKC39 as a sole modulator as well as in combination with
other second messengers and agonists. We will further test if the PtdIns(4,5)P>-mediated
activation of the enzyme can be attributed to C1A domain specifically by conducting the
experiments with PKCS mutants where the pseudosubtrate-C1A region predicted to
interact will be altered.

To take it further, we will address the relative potency of two critical anionic
lipids PtdSer and PtdIns(4,5)P> to modulate the membrane interactions of C1A and C1B
domains in a comparative manner. This will be achieved by conducting the membrane-
FRET (Forster resonance energy transfer) experiments where LUVs (Large unilamellar
vesicles) of different molar ratios of these anionic lipids will be used to construct
membrane binding profiles of C1A and C1B at fixed agonist concentrations
(diacylglycerol and PDBu to begin with). The intrinsic fluorescence of the respective
toggle-Trp residues will be used as a FRET-donor while membrane embedded dansyl-PE
fluorophore will be used as an acceptor, providing a readout for membrane partitioning
of these domains. The resulting profiles will be compared to gain quantitative insight
into differential anionic lipid preferences of these C1 domains.

If C1A is in fact the PtdIns(4,5)P> binding module and can translocate in
response leading to kinase activation as we hypothesize, we will test a subsequent aspect
associated with such interaction. It is likely that this interaction can localize C1B in the
vicinity of the region where diacylglycerol will be produced, as hydrolysis of
PtdIns(4,5)P2 by phospholipase C generates diacylglycerol (Figure VIIL.2). Adding that
to the intrinsic high affinity of C1B towards diacylglycerol, it is possible that C1B-
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diacylglycerol interactions will then stabilize the membrane anchored activated kinase.
One possible way such coupling can be achieved is if either of these domains or regions
of PKC3J can interact with phospholipase C itself. We want to test the possibility of this

interaction in future.

? Ptdins(4,5)P, ﬂ DAG
% Toggle-residue W PtdSer

% Solvent

C2-PS

i Kinase

Figure VIL.2 Schematic model depicting one of the many possible mechanisms by

which C1 domains differentially contribute to the detection of lipidic second

messengers

Finally, at the very fundamental and mechanistic level, we want to understand

the specific factors that control the sensitivity of these domains to agonists like
diacylglycerol, and anionic lipids. In the context of C1A and C1B domains of PKC9,
based on our work so far, we have identified certain key residues that likely play crucial
roles (Figure VIL3A). To verify, we will construct mutants of C1 domains, stating with
C1A. The proposed mutations are aimed to convert C1A from a weak diacylglycerol

sensing module to a potent one and modulate its anionic lipid preferences (Figure
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VIL.3B and C). The behavior of these mutants will be analyzed experimentally as well
as using in silico methods. If the desired effects are achieved upon mutations, it will
validate the importance of these residues and allow us to reliably predict the behavior of
other C1 domains sharing these structural features.

These proposed experiments should provide a comprehensive view of C1
domains and how they cooperate and complement each other to achieve the membrane
translocation of PKC3. In broader sense, the information obtained will clarify the
mechanist differences between the activation of the Ca**-sensitive (conventional) and

Ca**-independent (novel) PKC isoforms.
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Figure VIL.3 Proposed mutations to modulate the diacylglycerol and anionic lipid
preferences of C1A domain

(A) Sequence comparison of C1A and C1B domains of PKCJ. Residues posited to play
critical roles in DAG sensitivity and anionic lipid preferences of the domains are marked
with asterisks. (B) Schematic representation of the proposed mutations and the
reasoning behind the postulated effects is depicted.
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19F NMR as a tool to study the phospholipid-binding C1 and C2 domains

In addition to the experiments proposed above, we want to test a solution-state
NMR approach that can be widely applicable to the phospholipid-binding domains, yet
simple enough to implement as a preliminary exploration technique. °F (Fluorine) NMR
has been applied to address several biological problems involving those with the large-
molecular weight systems.?#® This can be achieved due to the multitude of benefits
associated with ’F NMR (Figure VIL.4).°¥

The C1 and C2 domains are well suited for this technique. The membrane-
binding regions of these domains typically possess aromatic residues that can partition
efficiently into the membrane environments. C1 domains for instance have a toggle
residue which, depending upon whether it is Tyrosine or Tryptophan, controls the
diacylglycerol sensitivity.”” In the !°F labelling scheme, these residues can be fluorinated
and used directly as highly sensitive probes of membrane partitioning as well as agonist
interactions.’*® This can be done via experimental scheme depicted in Figure VILS5.
Specifically fluorinating the aromatic residues allows their exclusive detection (with the
spectrometer capable of !°F detection) without any background signals. This is
particularly useful when these domains bind to membranes, as the resulting large
molecular weight complexes are challenging to probe using conventional labelling

schemes (13C/"*N) and acquisitions.
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Figure VIL5 Experimental schematic of °F labelling scheme with aromatic
residues that can be fluorinated
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As a preliminary proof of applicability, we tested this approach using the C1A
domain of PKC3. We incorporated the 5-fluoro-Trp in the growth media to make U-1°N
labelled C1A domain that has fluorinated W180. This dual labelling scheme allows us to
track the changes induced by membrane/agonist interactions using the >N-"H HSQCs as
well as '°F 1-dimentional (1-D) spectra.

Based on our previous C1A experiments, we have established that the W180 side
chain is localized at the intra-loop space. First, we wanted to determine where the
fluorinated W180 side chain is likely localized by comparing the!>N-'H HSQC spectrum
with the non-fluorinated counterpart (Figure VII.6A). The chemical shift perturbations
induced by 'F probe are typically confined to the site of incorporation and thus can be
used as ambiguous readouts of W180 side chain location. The perturbations observed
can be mapped to the loop residues (Figure VII.6B and C), consistent with the
prediction that the W180 side chain is confined to this region.

Next, using isotropically tumbling bicelles as membrane mimics, we aimed to
test whether we can detect with '’F NMR the membrane association of C1A (Figure
VIL.7). Specifically, we wanted to see if we can reliably distinguish between agonist-free
and agonist-dependent membrane interactions. The '°F spectrum of the free C1A showed
a single well resolved peak. Upon addition of PCPS bicelles, we observed a distinct
chemical shift change for this peak. Partitioning into the membrane can occur via the
loop where W180 is located ($34), as the side chain can sample multiple lipid-
interacting states. The observance of a single '°F peak indicates that these states are in
“fast” exchange with one another on chemical shift timescale.
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Figure VIL.6 Preparation of ’F-W180 C1A domain of PKC$

(A) The overlay of "'N-'H HSQC spectra of U-"N labelled C1A domain with and
without fluorinated W180 residue. Select residues that show chemical shit perturbations
due to the fluorination are labelled. (B) The fluorine-induced chemical shift
perturbations are plotted as a function of primary sequence of C1A and mapped on the
structure (2YUU, NMR lowest energy conformer) in (C). The perturbations are
confined specifically to the loop region residue, suggesting the likelihood of fluorinated
W180 side chain location.
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Upon addition of agonist PDBu (1.2 fold to protein), we observe two distinct '°F
resonances in the spectrum (Figure VIL.7). The minor resonance peak has identical
chemical shift as the agonist-free, bicelle-bound protein while the major peak is identical
in chemical shift to the free-protein W180 resonance. This observation suggests that
binding of PDBu changes the chemical exchange regime from “fast” to “slow” and the
state of W180 identical to free protein is conformationally selected for by PDBu.
Addition of more PDBu (2.5 fold to protein) completely shifts this equilibrium, further
supporting the PDBu induced conformational selection. One possible mechanistic
explanation for this observation would be the potential stacking interaction between
PDBu and W180 side chain, that confines the side chain motions. Addition of PDBu to
free protein without the bicelles leads to no detectable change in the chemical shift of the
F signal, further suggesting that PDBu does not alter and in fact prefers the endogenous
W180 orientation of C1A (between intra-loop space). Further experiments will be
conducted to verify the validity of this suggested model and possible alternative
interpretations.

These observations are highly informative and clearly demonstrate the
applicability ’F NMR. In the context of C1A as well as other C1 domains, we will apply
this approach in the future to test membrane interactions in presence of different
agonists. In particular, we want to conduct the similar set of experiments for C1B
domain where the W252 (analogous to W180) has distinctly different initial orientation
from that of C1A. The highly sensitive nature of ’F NMR will also allow us to study the

domains in tandem, where both domains are on the same polypeptide chain (C1A-C1B).
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Figure VIL.7 Application of °F NMR to study membrane partitioning and agonist
interactions of C1A domain

The F spectra of YF-W180 C1A domain collected at different bicelle and agonist
(PDBu) conditions are compared. The schematic model correlates the numbered spectra
with the putative interaction modes of C1A.

C2 domains also possess aromatic residues at strategic locations that make them

ideal probes of 'F NMR to study metal-ion and specific lipid interactions (Figure

VIL.8). We will fluorinate these sites to test the applicability of ’F NMR to the C2

domains in future. The simplicity of this technique is lucrative and should be exploited

to further our understanding of these phospholipid-binding domains.
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Figure VIIL.8 Presence of aromatic residues at strategic positions on C2 domains
make them amenable to ’F NMR

PKCa C2 domain is depicted with specific regions that are involved in metal-ion and
anionic lipid interactions. Proximal to these regions are aromatic residues that can be
fluorinated to gain insight into the C2-metal ion binding, membrane partitioning, and
specific anionic lipid interactions.
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