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Abstract

This study focused on biochemical and structural characterisation of two lipid binding
proteins: human phosphatidylinositol transfer protein (PITP) Nir2 and American

hookworm fatty acid and retinol binding protein (FAR) Na-FAR-1.

Nir2 is a large multi-domain PITP that has recently been implicated in phosphoinositide
signalling, where it was demonstrated to regulate phosphatidylinositol-4,5-bisphosphate
[PI(4,5)P,] homeostasis. Nir2 acts by reciprocally transporting phosphatidylinositol (PI)
and phosphatidic acid (PA) between the plasma membrane (PM) and the endoplasmic
reticulum (ER), which allows PI(4,5)P; to be re-synthesised at the PM. Upon cell
stimulation, Nir2 translocates to the ER-PM contact sites and is believed to associate with
the PM by binding to PA via its C-terminal LNS2 domain. Due to the proposed role of
LNS2-PA binding in Nir2 targeting, a detailed investigation of the binding mechanism is
desirable, which could help to reveal more details about Nir2 function in the cell.
Expression screening of the difficult-to-express Nir2 LNS2 domain yielded a highly-
expressed construct that was employed for characterisation of LNS2-PA binding. The data
suggested that Nir2 LNS2 binds PA in a specific manner, interacts with both the polar and
apolar regions of PA and might associate with the membrane via both hydrophobic and
polar interactions. Although the structure of the LNS2 domain could not be determined,
several assays are proposed for the identification of LNS2-PA interaction inhibitors that

could be used as tool compounds in the investigation of Nir2 and its homologs.

Na-FAR-1 is a small lipid binding protein secreted by the human hookworm Necator
americanus that infects hundreds of millions of people globally. Na-FAR-1 is known to
bind a range of lipid ligands including fatty acids, retinoids and phospholipids, and was
proposed to play a role in parasite-host interactions by facilitating nutrient uptake or
sequestering lipid signalling molecules in the host tissues. The structure of Na-FAR-1 has
been determined previously, but the molecular details of ligand binding by Na-FAR-1
remained unclear. In this study, the high-resolution structure of Na-FAR-1 in complex with
its natural ligand oleic acid was determined, and the ligand binding sites were mapped.
Furthermore, phospholipid binding by Na-FAR-1 was investigated, and resonance
assignment of Na-FAR-1 in complex with PA was carried out, which can be used to obtain
the structure of the complex. In addition, Na-FAR-1’s interaction with lysophosphatidic
acid was demonstrated in vitro. As lysophosphatidic acid is a mediator of inflammation,

the interaction might have important biological implications if it also occurs in vivo.
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1. Introduction

1.1 Lipids and their biological functions

Along with proteins, carbohydrates and nuclei acids, lipids are a major class of biological
molecules. The distinguishing feature of lipids is their high hydrophobicity compared to
other biomolecules. Although all lipids contain hydrophobic groups, they also display great
structural diversity. A systematic classification of lipids has been developed, according to
which lipids are broadly divided into eight categories: 1) fatty acyls, 2) glycerolipids, 3)
glycerophospholipids, 4) sterol lipids, 5) sphingolipids, 6) prenol lipids, 7) saccharolipids
and 8) polyketides (Fahy et al., 2011, 2005). The categories are primarily characterised by
the presence of certain functional groups or moieties in the lipid structure and/or the
common biosynthetic pathway. For instance, glycerophospholipids are characterised by the
presence of a phosphate or phosphonate group covalently linked to their glycerol backbone
which distinguishes them from glycerolipids. The structures of the representative examples
of the eight lipid categories are given in Table 1-1. With the information obtained from the
recent large-scale lipidomics studies, several online databases containing the structures of
known biological lipids have been created. To date, the most extensive lipid database is the
LIPID MAPS Structure Database (http://www.lipidmaps.org/data/structure/) which is a
product of the Lipid Metabolites and Pathways Strategy (LIPID MAPS), an international
collaboratory project that aims to characterise all lipid species and lipid metabolic

pathways in mammalian cells (Fahy et al., 2009; Sud et al., 2007).

As well having diverse structures, lipids also possess diverse functions in living organisms.

The three major functions of lipids are their energetic, structural and signalling functions.

It is widely known that lipids are a major source and reservoir of energy in many
organisms. In aerobes, breakdown of fatty acids in the B-oxidation process leads to
generation of acetyl-CoA, which is utilised in the Krebs cycle. Total oxidation of fatty
acids produces ~ 9 kcal g which is more than twice the amount of energy produced from
the oxidation of sugars and proteins. Typically, triacylglycerides, which contain three fatty
acyl residues attached to their glycerol backbone, are the preferred lipids for energy storage

in eukaryotes.

The primary structural function of lipids is in the biological membranes that serve as the
boundaries of the cell and the subcellular compartments such as the endoplasmic reticulum

(ER), Golgi complex, endosomes and lysosomes. Glycerophospholipids are the major
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structural units of the membranes that form the membrane bilayer. The ability of
membrane glycerophospholipids to self-assemble into the bilayer structure is dictated by
their physicochemical properties. Like the majority of lipids, glycerophospholipids are
amphipathic molecules that possess both hydrophobic and hydrophilic groups. In an
aqueous solution, it is energetically favourable for lipids to form aggregates in which their
apolar regions are excluded from the interaction with the solvent (Tanford, 1980).
Depending on the geometric shape of the molecule, lipids have propensity to form either
bilayer or non-bilayer polymorphisms (superstructures), such as micelles and inverted
cubic phases. Although biological membranes are complex mixtures of lipids that also
contain non-bilayer lipids such as phosphatidylethanolamine and cardiolipin (Kruijff,
1997), the majority of glycerophospholipids in the membrane are bilayer-preferring lipids
that facilitate the formation of the bilayer structure. It is widely accepted that the ability of

lipids to self-assemble into superstructures has been central to the emergence of life.

The roles of lipids in cell signalling are diverse. Lipids can act as signalling molecules in
their own right (Balla, 2013; Di Paolo and De Camilli, 2006; Fernandis and Wenk, 2007;
Rivera and Chun, 2008), be involved in post-translational modification of proteins that can
affect their signalling functions (Ahearn et al., 2012; Paulick and Bertozzi, 2008; Resh,
2013) or participate in formation of plasma membrane subdomains called lipid rafts which
can serve as cell signalling platforms (Hancock, 2006; Lingwood and Simons, 2009;
Simons and Sampaio, 2011). Lipid signalling molecules regulate numerous crucial
biological processes including cell proliferation and migration, membrane trafficking,
metabolism, and inflammation. In accordance with their roles in normal cellular and
organismal functions, signalling lipids have also been implicated in pathogenesis of major
diseases such as cancer, diabetes, neurodegenerative and infectious diseases (Wymann and
Schneiter, 2008). Membrane-embedded glycerophospholipids are the major players in lipid
signalling, in which they can participate by directly interacting with signalling proteins or
by serving as precursors for other signalling lipids such as soluble lysophospholipids and

eicosanoids.

A review of all lipid types and their functions is by far beyond the scope of this thesis.
Only the functions of certain glycerophospholipids and fatty acyls that have relevance to
the proteins investigated in this study will be discussed in the following sections of this

chapter.
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Lipid category Representative example

Fatty acyls WV\WOH

Octadec-9Z-enoic acid

Glycerolipids /\/\/\/\/\/\/\)}\
O/\j@OH

WVM(SH
o

1,2-Dihexadecanoyl-sn-glycerol

P
O 3 O~/ TOH

(0]

1,2-Dihexadecanoyl-sn-glycero-3-phosphate

Sphingolipids /\/\/\/\/\/kﬂ
X - OH

NH,

Tetradecasphing-4E-enine

Saccharolipids o
HO o) [‘KNH
9 0
I I A

o]
o HN
%O O/P\ P~
HO! / o) / o
HO HO

OH OH

UDP-3-(3R-hydroxy-tetradecanoyl)-N-acetyl-aD-glucosamine
Sterol lipids

Cholest-5-en-33-ol

Prenol lipids )\/\)\/\
N NNy

(Z)-3,7-dimethylocta-2,6-dienal

Polyketides 0 Q

SN\ _OH

Iz

Trichostatin A

Table 1-1. Lipid categories and their representative examples.
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1.1.1 Glycerophospholipids

1.1.1.1 Structure and nomenclature

Glycerophospholipids consist of a glycerol backbone to which two fatty acyl residues and
a polar head group are attached via ester linkages. The head group is attached at the sn-3
position in the glycerol backbone, whereas the fatty acyl tails are attached at the sn-1 and
sn-2. The three sn positions correspond to the stereospecifically numbered carbon atoms in
the glycerol molecule, according to the [IUPAC-IUBMB nomenclature for lipids
(International Union of Biochemistry and Molecular Biology, 1992). In the representative
glycerolipid and glycerophospholipid structures shown in Table 1-1, the molecules are

oriented such that their sn-1, sn-2 and sn-3 are shown from left to right.

Numerous glycerophospholipid species are found in nature, which can be distinguished by
the type of fatty acyl residues and the head group that they contain. In biological and
biochemical literature, lipids with identical head groups are typically grouped together and
referred to by a single name, which is usually abbreviated. For example, if the head group
of a glycerophospholipid (further, simply phospholipid) is a phosphate group, the lipid is
referred to as phosphatidic acid (abbreviated as PA), if the head group is a phosphocholine
moiety, the lipid is referred to as phosphatidylcholine (PC), if the head group is a
phosphoinositol moiety, the lipid is referred to as phosphatidylinositol (PI), and so on. To
distinguish between phospholipids that have identical head groups but different fatty acyl
residues, the fatty acyl tail types can also be specified. For instance, 1,2-dioleoyl-PA (or
simply dioleoyl PA or DOPA) refers to a PA species that has two oleic acid residues at
sn-1 and sn-2 positions. Instead of the common fatty acid names, C:D nomenclature can be
used to specify the number of carbon atoms and the number, position and stereochemistry
of double bonds in the acyl chain of a fatty acid. Using C:D nomenclature, oleic acid can
represented as 18:1 cis-9, as it contains 18 carbon atoms and a single cis-double bond at
position -9 (i.e., ninth carbon-carbon bond counting from the terminal methyl group) in
the acyl chain. The standard two-letter phospholipid nomenclature will be used henceforth,
and the fatty acyl residues (also called fatty acyl tails) will only be specified where

relevant.

1.1.1.2 Phosphatidylinositol and polyphosphoinositides

PI is one of the key phospholipids in the plasma membrane that is a parent lipid of
polyphosphoinositides (PPIs), a class of versatile cellular signalling lipids. PPIs are the
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phosphorylated species of PI that are produced by phosphorylation of the PI myo-inositol
ring at positions 3, 4 and 5 by the action of specific PI kinases. Depending on the pattern of
the myo-inositol ring phosphorylation, seven different PPIs can be distinguished: PI(3)P,
PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,, P1(4,5)P, and PI(3,4,5)P;. The numbers in the
parentheses correspond to the identifiers of the carbons in the PI inositol ring to which a
phosphate group is covalently attached, not counting the phosphate group at carbon 1 via
which the ring is attached to the glycerol backbone. Importantly, different PPI species can
be rapidly interconverted into one another by the action of PPI kinases and phosphatases,
which makes PPI signalling plastic and adaptable. In mammals, at least 19 PPI kinases and
28 PPI phosphatases have been identified, which catalyse 18 different reactions (Sasaki et
al., 2009). The levels of PPIs vary in different cell types and membrane compartments, but
are typically very low (< 1% of total cellular phospholipids).

PPIs can regulate cell signalling in at least two ways: by acting as substrates for production
of signalling molecules and by engaging in direct interactions with effector proteins. A
textbook example of the former function of PPIs in cell signalling is the hydrolysis of
PI(4,5,)P, by phospholipase C (PLC) and the resulting generation of diacylglycerol (DAG)
and inositol-1,4,5-phosphate (IP3), which act as secondary messengers in the cell. The
generation of IP; leads to release of Ca*” from the ER, which in turn activates Ca*'-
calmodulin signalling and other Ca*" signalling pathways (Clapham, 2007). DAG acts by
binding to DAG effectors, such as the serine/threonine kinases of the protein kinase C
(PKC) and protein kinase D (PKD) family, which regulate the activity of a variety of
downstream signalling effectors. The role of P1(4,5,)P, and PLC in secondary messenger
production was first discovered in the eighties (Berridge, 1983; Creba et al., 1983) and is
well documented in the literature (Balla, 2013; Irvine, 2003; Katan, 2005; Rebecchi and
Pentyala, 2000).

As well as being the substrates of PLCs, PPIs also regulate cell signalling processes by
participating in direct protein-lipid interactions. PPI head groups are recognised by a
number of phospholipid binding protein domain families that transiently interact with the
membrane. Such membrane-interacting domains include the pleckstrin homology (PH)
domain, PKC conserved-region 2 (C2) domain, Fabl/YOTB/Vacl/EEA1 (FYVE) domain,
Phox homology (PX) domain, glucosyltransferases, Rab-like GTPase activators and
myotubularins (GRAM) domain and others (Lemmon, 2008, 2003). In addition,
unstructured domains containing basic and apolar residues are also known to bind certain
PPIs (McLaughlin and Murray, 2005). Protein-PPI interactions can regulate signalling by

modulating the activity and localisation of PPI effector proteins. Recognition of a specific
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PPI by an effector allows its targeting to a specific membrane compartment, as separate
membrane compartments in the cell have distinct PPI profiles. In this way, signalling
partners can be brought together at a specific location to facilitate the signalling process or
specific effectors can be recruited to the membrane to perform membrane-associated
functions, such as the initiation of exocytosis or cytoskeleton remodelling. The dynamism
of PPI generation and interconversion and the ability of PPIs to target effectors to specific

subcellular compartments allows fine-tuning of cell signalling in a spatiotemporal manner.

Numerous effectors can be recruited to the membrane through interaction with PPIs.
Several examples of important signalling proteins controlled by PPIs in this way include
protein kinases Akt (Watton and Downward, 1999), PDK1 (Mora et al., 2004) and BTK
(Varnai et al., 1999), regulators of G-proteins Cdc24 (Gulli and Peter, 2001) and Sos
(Rojas et al., 2011), several isoforms of PLC (Williams, 1999), and SARA (Itoh et al.,
2002), a regulator of Smad-mediated signalling. By influencing the localisation of PPI
effectors, PPIs and PPI-modifying enzymes regulate a number of central pathways that
control cell proliferation, survival and migration (Ooms et al., 2009; Vanhaesebroeck et
al., 2005; Wymann and Pirola, 1998). Hence, it is not surprising that PPI signalling has
been implicated in diseases where these crucial cellular processes are disrupted, the most
prominent example of which is cancer (Bunney and Katan, 2010; Park et al., 2012). In
addition to cancer, the role of PPIs in Type 2 diabetes, bacterial infections as well as
several congenital disorders including Lowe syndrome and Charcot—Marie—Tooth disease

has also been documented (Majerus and York, 2009; Pendaries et al., 2003).

In Section 1.2, several of the largest families of PPI binding domains will be discussed in

more detail.

1.1.1.3 Phosphatidic acid

Phosphatidic acid (PA) is an anionic phospholipid whose head group consists of a single
phosphate group attached to the glycerol backbone via a phosphoester linkage. The basic
structure of PA dictates its role as a key intermediate in de novo phospholipid biosynthesis.
In mammals, PA is as a precursor of DAG and CDP-DAG, which are used as substrates for
the synthesis of all membrane glycerophospholipids in mammalian cells (Vance, 2015).
DAG is produced through PA dephosphorylation by phosphatidic acid phosphatase-1
(PAP-1), and CDP-DAG is generated from PA and CTP by CDP-DAG synthase. DAG is
then used as a precursor for the synthesis of PC and PE, and CDP-DAG for the synthesis of
PI and cardiolipin. In turn, PC and PE can be converted into phosphatidylserine (PS). PA
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can be generated de novo from lysophosphatidic acid by the activity of lysophosphatidic
acid acyltransferase. Alternatively, phospholipase D (PLD)-catalysed hydrolysis of PC and
phosphorylation of DAG by DAG kinase also result in PA production. Due to the rapid
turnover of PA, its levels in the membrane are typically low (~ 1-2% of total cellular

phospholipids).

As well as functioning in phospholipid biosynthesis, PA also acts as a signalling lipid by
directly interacting with PA binding proteins and facilitating their membrane recruitment.
Examples of signalling proteins regulated by PA binding include Raf-1 (Ghosh et al.,
1996), mTOR (Fang et al., 2001), Sos (Zhao et al., 2007), Rho (Kurooka et al., 2011) and
PKCe (Jose Lopez-Andreo et al., 2003). It is thus not a surprise that similar to PPI
signalling, PA signalling is known to regulate a breadth of cellular processes including
vesicular trafficking, cell proliferation, migration and survival, and was shown to play a

role in cancer (Wang et al., 2006).

Usually, PA effectors employ basic residues such as arginine and lysine for binding of the
anionic phosphomonoester head group of PA via electrostatic interactions (Ghosh et al.,
1996; Nakanishi et al., 2004; Stace and Ktistakis, 2006). The ionisation state of PA plays
an important role in protein-PA binding and PA signalling. This is because the
phosphomonoester group of PA (and lysophosphatidic acid) has two pK,s, unlike the
phosphodiester groups of other phospholipids. As one of the pK,s is in the physiological
pH range (Kooijman et al., 2005a), PA is particularly sensitive to small pH changes in the
cell and has been demonstrated to have a pH sensing function in yeast (Young et al.,

2010).

Importantly, deprotonation of PA can be facilitated by hydrogen bonding between the
basic residues in the protein and the head group of PA. This effect contributes to the so-
called electrostatic/hydrogen-bond switch mechanism that allows specific recognition of
PA by PA binding proteins (Kooijman ef al., 2007). In the first step of the switch
mechanism, a PA binding protein is electrostatically attracted to partially-protonated PA in
the membrane that carries a single negative charge. Basic residues in the ligand binding
site of the protein form hydrogen bonds to the phosphate group of PA, leading to full
deprotonation of the PA head group and formation of the second negative charge. As a
result, the protein is able to make additional electrostatic interactions with PA, which

increases its binding affinity to PA (Kooijman et al., 2007).

In addition to participating in direct protein-lipid interactions, PA can influence the activity

of membrane-associated proteins indirectly by affecting the membrane structure. The
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reason for this is the cone-shape shaped structure of PA which is unique among membrane
phospholipids at physiological conditions (Kooijman et al., 2005b, 2003). The cone-shaped
structure of PA affects the packing of the phospholipid head groups and allows the apolar
layer of the membrane to be partially exposed. As a result, the presence of PA in the
membrane can enhance membrane insertion of membrane-binding proteins such as

dynamin (Burger et al., 2000).

1.1.2 Lysophospholipids

Lysophospholipids (LPLs) are a class of bioactive phospholipids that contain a single acyl
chain in their structure. Depending on the nature of the LPL backbone, LPLs can be
divided into glyceroLPLs and lysosphingolipids that belong to the glycerophospholipid and
sphingolipid categories, respectively. Most prominent types of LPLs include
lysophosphatidylcholine (LPC), lysophosphatidic acid (LPA) and sphingosine-1-phosphate
(S1P). Due to the lack of the second fatty acyl residue, LPLs are considerably more soluble
in water than diacylphospholipids. GlyceroLPLs are produced as a result of
diacylglycerophospholipid hydrolysis catalysed by phospholipases A (PLAs). LPA can
also be synthesised de novo from glycerol-3-phosphate or 1-acyl-dihydroxyacetone-
phosphate (Vance, 2015), or generated via lysoPLD-mediated hydrolysis of LPC. De novo
LPA biosynthesis is of large importance in phospholipid metabolism, as LPA is a precursor
of PA. SIP is produced by phosphorylation of sphingoid bases by sphingosine kinases
(Vance, 2015).

LPA and S1P are well-characterised cellular signalling lipids, which act through a set of
specific G-protein coupled receptors. Six distinct LPA receptors (LPA-¢) and five distinct
S1P receptors (S1P;-s) have been characterised to date (Yung et al., 2014). Importantly,
LPL binding to distinct LPL receptors elicits different signalling responses in the cell. Due
to their solubility, LPLs can act as both extracellular and intracellular signalling mediators,
and are abundant in various biological fluids including serum, saliva and follicular fluid
(Rivera and Chun, 2008). Specifically, LPA signalling has been implicated in pro-, anti-
inflammatory and immune responses (Choi et al., 2010; Gobeil et al., 2003; Palmetshofer
et al., 1999; Rubenfeld et al., 2005; Zheng et al., 2000), wound healing (Khurana et al.,
2008), the pathogenesis of cancer (Bian et al., 2004; Fishman et al., 2001; Stracke et al.,
1992), and in inflammatory (Zhao et al., 2009; Zhao and Natarajan, 2013) and
cardiovascular diseases (Rother et al., 2003; Siess, 2002; Tigyi et al., 1995). S1P signalling
has been found to regulate processes similar to LPA including inflammation and immune

cell trafficking (Huang et al., 2013; Pyne et al., 2016; Spiegel and Milstien, 2011).
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1.1.3 Fatty acyls

Fatty acyls are a diverse class of lipids that comprises fatty acids, fatty esters, fatty amides,
eicosanoids, docosanoids and other lipids. Fatty acyls are characterised by a common
biosynthetic pathway, in which fatty acyl carbon chains are produced by sequential
condensation of malonyl- or methylmanonyl-CoA on the acetyl-CoA primer. In this
section, attention will be given primarily to polyunsaturated fatty acyls involved in cell

signalling.

1.1.3.1 Fatty acids

Fatty acids are the most prominent group of fatty acyls. Naturally occurring fatty acids
have diverse chemical structures, and include saturated, monounsaturated, polyunsaturated,
branched, carbocyclic, oxo, amino and other fatty acids. Fatty acids play a central role in
metabolism, where they can act as precursors of other lipid classes, such as
glycerophospholipids, sphingolipids, tri- and diacylglycerides, eicosanoids, or can be
broken down in the B-oxidation pathway to produce acetyl-CoA for cellular respiration. In
lipid biosynthesis, fatty acids can be esterified to the glycerol backbone by the action of
acyltransferases to produce fatty acyl chains of glycerolipids and glycerophospholipids, or
can be oxidised by cyclooxygenases or lipoxygenases to yield eicosanoids. Furthermore,
palmitic acid is a key precursor of sphinganine, a central intermediate in the de novo
synthesis of all sphingolipids. As lipid biosynthetic pathways differ between species, so do
nutritional requirements of organisms. An example of a class of organisms with restricted
fatty acid biosynthesis are parasitic nematodes, which heavily rely on acquisition of

essential lipids from the host.

As well as being precursors of major signalling lipids in the cells, fatty acids can act
directly as intracellular and extracellular signalling molecules (Papackova and Cahova,
2015). In the cell, fatty acids are stored in the form of triacylglycerol and phospholipid
fatty acyl tails, and are released by the action of intracellular lipases. Due to their low
water solubility, fatty acids are carried from their release site to their cognate receptors by
the cytosolic fatty acid transport proteins including those of the fatty acid binding protein
(FABP) family (Chmurzynska, 2006; Smathers and Petersen, 2011). Intracellular fatty acid
receptors include peroxisome proliferator-activated receptors (PPARs), which bind to a
range of saturated and unsaturated fatty acids, and sterol-regulatory element binding
protein 1 (SREBP1), which binds only polyunsaturated fatty acids. PPARs and SREBP1

are transcription factors that control the expression of genes involved in lipid transport and
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metabolism and are regulated by fatty acid binding (Kersten et al., 2000). Importantly,
extracellular fatty acids are also known to participate in cell signalling by binding to Toll-
like receptors in the plasma membrane (Fessler et al., 2009; Guo and Friedman, 2010).
Specifically, dietary saturated fatty acids have been shown to elicit pro-inflammatory

responses by activating Toll-like receptors 2 and 4 (Huang et al., 2012).

1.1.3.2 Eicosanoids

Eicosanoids are a group of bioactive lipids produced from the oxidation of arachidonic
acid and other polyunsaturated fatty acids through enzymatic and non-enzymatic
mechanisms. The major classes of eicosanoids include prostaglandins, leukotrienes and
thromboxanes, which are generated by cyclooxygenases, lipoxygenases and cytochrome
P450 enzymes, respectively. Eicosanoid production is initiated after the release of
arachidonic acid from internal lipid stores by PLA,, which is activated in response to

external stimuli.

Eicosanoids are key regulators of inflammatory responses in the cell. They bind a variety
of cognate receptors including PPARs, formyl peptide receptor 2 (FPR2, also known as
lipoxin A4 receptor or ALX) and prostaglandin D, E, F receptors (Dennis and Norris,
2015). Eicosanoids can act as pro- or anti-inflammatory agents depending on the type of
receptors they activate and the cell type in which the signalling occurs. Prostaglandins
control classical inflammatory responses such as redness, pain, tissue swelling, heat and
loss of function. Correspondingly, prostaglandins and other eicosanoids have been
implicated in acute infection and injury, as well as chronic inflammatory diseases such as
allergy, asthma and arthritis (Dennis and Norris, 2015; Ricciotti and FitzGerald, 2011).
Interestingly, prostaglandin E; has been found to be secreted by filarial worms during
infection, where it is believed to be involved in immunomodulation of the host (Liu et al.,

1990).

1.1.4 Retinol and retinoic acid

Retinoic acid is a prenol lipid that is involved in a variety of cellular and organismal
processes. Similar to many other lipid signalling mediators, retinoic acid is an important
regulator of inflammation and immunity. It is a metabolite of retinol (vitamin A), an
essential component of human diet. In the cell, retinoic acid signalling is mediated via
intracellular retinoic acid receptors RAR and RXR (Altucci et al., 2007), which form

heterodimers on ligand binding and act as transcription factors. Retinoic acid signalling has
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a well-established role in gut inflammation and regulation of immune cells (Mora et al.,
2008), and appears to be important in gastrointestinal parasitic nematode infections (Hurst
and Else, 2012). Although the exact role of retinoic acid signalling in parasitic infections is
unclear, it has been implicated in several immunological processes. For instance, retinoic
acid signalling was found to regulate Th1, Th2 and Treg responses during pig infection by
Ascaris suum (Dawson et al., 2009), and vitamin A-deficient mice have been shown to
have lower Trichinella spiralis expulsion rates compared to non-deficient mice, as well as
lower frequency of IgG1-secreting B lymphocytes (Carman et al., 1992). Moreover,
vitamin A deficiency has been associated with an increase in Thl responses and reduction
in Th2 responses in 7. spiralis-infected mice (Cantorna et al., 1994). In addition, retinoic
acid signalling has been demonstrated to play a role in the maintenance of gut epithelium
integrity (Osanai et al., 2006), which acts as a natural barrier for gut-inhabiting parasites.
Interestingly, many species of parasitic nematodes secrete several distinct classes of
retinoic acid binding proteins, at least some of which are believed to participate in
immunomodulation of the host by sequestration of retinoic acid or its precursors from the
host tissues. The lipid binding proteins of nematodes will be discussed below in Section

1.2.
1.2 Lipid binding proteins

In the previous section, diverse signalling functions of lipids were introduced. From the
various examples presented, a common pattern can be observed where lipid signalling is
mediated and regulated via the action of lipid binding proteins. Proteins can participate in
lipid signalling directly by binding to signalling lipids. In turn, lipid binding can aid protein
recruitment to biological membranes or lead to conformational changes in proteins that
allow them to engage in interactions with their signalling partners and initiate downstream
signal transduction. Proteins can also maintain lipid-dependent signalling pathways and
control the levels of specific bioactive lipids available for protein-lipid interactions by
acting as lipid transporters. In addition, plasma lipid binding proteins such as albumin
transport nutrient lipids for energy metabolism and substrates for biosynthesis of lipids
across the tissues. Intracellular counterparts of albumin are FABPs, which distribute fatty

acids in the cytoplasm.

A review of all lipid binding protein types is beyond the scope of this thesis. Only the
structure and functions of several phospholipid binding domains and fatty acid binding

proteins will be briefly discussed below, with primary attention given to mammalian
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phosphatidylinositol transfer proteins (PITPs) and nematode fatty acid and retinol binding
proteins (FARSs).

1.2.1 Phospholipid binding domains and proteins

Phospholipid signalling is mediated through the activity of phospholipid binding proteins.
Many phospholipids, examples of which include several types of PPIs, bind to a number of
conserved modular phospholipid binding domains shared between a large variety of
phospholipid binding proteins (Cullen et al., 2001; Hurley et al., 2000). In contrast, no
conserved common PA binding domain has been identified, and each family of PA binding
proteins has a unique sequence typically containing basic and hydrophobic residues that
interact with PA (Stace and Ktistakis, 2006). It is important to note that protein-
phospholipid binding typically occurs at the membrane (binding to lysophospholipids
being the exception). Hence, interactions between the phospholipid binding proteins and
the bilayer lipids neighbouring the ligand often also play a role in the interaction.
Furthermore, several types of lipid binding domains interact with the membrane non-
specifically, recognising general membrane properties such as charge and amphiphilicity.
Below, several proteins and protein domains that demonstrate specific phospholipid

binding will be described.

1.2.1.1 PH domain

The PH domain is one of the most widespread protein domains in the cell. Several variants
of PH domain are known, which have been demonstrated to interact with PI(3,4,5)P;,
PI(3,4)P,, PI(4,5)P,, as well as PA and PS (Lemmon, 2008). Different PH domain variants
have different phospholipid specificity, with several variants displaying dual specificity.
Structures of several PH domains have been determined, including those of PLCS
(Ferguson et al., 1995), pleckstrin (Yoon et al., 1994), Sos1 (Zheng et al., 1997) and
ceramide trafficking protein (Sugiki et al., 2012). Structural studies revealed that PH
domains share a common fold consisting of a f-sandwich motif capped at one end by an a-
helix (Fig 1-1A). The phospholipid-interacting face of PH domains carries a net positive
charge, which is believed to facilitate the interaction with the anionic head group of its
ligands (Lemmon and Ferguson, 2000). PH domains interact with PPIs via a set of basic
residues in the B1—B2 loop that form hydrogen bonds to the polar head group of their
ligands. Although PH domains have been shown to insert into the membrane under certain
conditions (Flesch et al., 2005), typically, PH binding to membrane PPIs does not require

membrane insertion. Indeed, it has been demonstrated that certain PH domains interact
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with soluble inositol phosphates with higher affinity than with intact PPIs (Lemmon, 2008;
Lemmon et al., 1995). In addition to phospholipid binding, PH domains have been
implicated in protein-protein interactions (Lemmon, 2004; Scheffzek and Welti, 2012),
suggesting than the functions of PH domains are much more diverse than simple

membrane targeting of proteins.
1.2.1.2 FYVE domain

FYVE domains constitute another class of modular phospholipid binding domains. Unlike
PH domains, FYVE domains are only known to recognise one phospholipid species:
PI(3)P (Gaullier et al., 1998; Patki et al., 1998). FYVE domains are Zinc finger proteins,
and consist of two antiparallel B-sheets and an a-helix stabilised by two Zn*" ions

(Fig 1-1B). Binding of FYVE domains to PI(3)P is mediated by the basic
(R/K)(R/K)HHCR motif in their B1-strand, the residues in which interact with the
phosphoinositol head group of PI(3)P via hydrogen bonding (Kutateladze and Overduin,
2001; Misra and Hurley, 1999; Saio ef al., 2014). FYVE domains display a different mode
of membrane association to PH domains. In contrast to PH domains, FYVE domains insert
a loop into the lipid bilayer upon membrane binding (Kutateladze and Overduin, 2001),
which allows them to enhance the affinity of PI(3)P binding. Correspondingly, FYVE
domains have been demonstrated to interact with membrane-embedded PI(3)P with at least
20-fold higher affinity than with short-chain PI(3)P or the soluble IP, head group of PI(3)P
(Gaullier et al., 2000; Kutateladze et al., 1999). Unlike the monomeric PH domains, FYVE
domains have been shown to dimerise on membrane binding. The major function of FYVE
domains is believed to be protein targeting to endosomes, which are enriched in PI(3)P

(Raiborg et al., 2013).

1.2.1.3 PX domain

PX domains were first identified in the p40°™* and p47°"* subunits of phagocyte NADPH
oxidase, from which they take their name (Ponting, 1996). Similar to FYVE domains, PX
domains are known to interact predominantly with PI(3)P, and regulate the endosomal
localisation of proteins involved in membrane trafficking. PX domains comprise a
subdomain consisting of three -sheets and a subdomain consisting of three a-helices. The
pocket formed between the two subdomains serves as the binding site for the PI(3)P head
group (Bravo et al., 2001; Cheever et al., 2001). Like in the case of FYVE domains, PX

domain binding to PI(3)P-containing membranes is achieved through a combination of
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specific hydrogen bonding to PI(3)P head group and insertion of a hydrophobic loop into
the membrane bilayer (Kutateladze, 2007; Lemmon, 2003).
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Figure 1-1. Structures of PH, FYVE and PX domains in complex with ligands. The structures
are depicted in cartoon representation. Helices are coloured in red, B-strands in yellow and loops
in green. The ligands are shown in teal. A. Crystal structure of the PH domain of PLC3 in complex
with I(1,4,5)P;, the free head group of PI1(4,5,)P, (PDB ID 1MALI) (Ferguson et al., 1995). Protein
interaction with the ligand is mediated via basic residues in the f1-2 loop. B. Solution structure
of the FYVE domain of early endosome antigen 1 (EEA1) in complex with I(1,3)P,, the free head
group of PI(3)P (PDB ID 1HYI) (Kutateladze and Overduin, 2001). Zn*" jons are shown as grey
spheres. The protein forms polar contacts with the ligand via basic residues in its f1-strand. C.
Crystal structure of the PX domain of p40™™* in complex with di-butyl (di-4:0) PI(3)P (PDB ID
1H6H) (Bravo et al., 2001). The ligand binding pocket is formed by three a-helices and three
-strands.

1.2.1.4 PA binding proteins

Although several PH domains (Bullen ef al., 2016; Zhao et al., 2007) and at least one PX
domain (Karathanassis et al., 2002) were reported to bind PA, no common well-defined
globular protein domain that specifically recognises PA has been identified to date.
Typically, proteins interact with PA via a number of hydrophobic and basic residues which
are often conserved between related proteins (Stace and Ktistakis, 2006). For instance, in
mammalian Raf-1, two neighbouring arginines and a lysine in the highly conserved Raf-1
PA binding region have been shown to be directly involved in PA recognition (Rizzo et al.,
2000). Similarly, in the yeast SNARE protein Spo21p, three lysines, an arginine and a
leucine in the RLHVKLKSLRNKIHKQLH sequence have been directly implicated in PA
binding (Nakanishi et al., 2004). The lack of a defined PA binding domain makes
identification of PA effectors difficult. Nevertheless, the importance of PA signalling in
crucial cellular processes is becoming more and more clear and novel PA binding proteins
are continued to be discovered. As described in Section 1.1.1.3, electrostatic/hydrogen

bond switch mechanism has been proposed to explain how PA effectors achieve PA
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specificity (Kooijman et al., 2007). However, since few PA effectors have been well-

characterised to date, the understanding of PA binding is far from complete.

1.2.2 Nematode lipid binding proteins

Nematodes or roundworms are a diverse class of organisms which include free-living
species such as the model organism Caenorhabditis elegans, as well as important human,
animal and plant parasites. Human parasitic nematodes, such as Ascaris lumbricoides and
Necator americanus, infect more than 1.6 billion people globally (de Silva et al., 2003;
Pullan et al., 2014), causing considerable human suffering and a profound deleterious

impact on the society (Stephenson et al., 2000) in many developing regions of the world.

Parasitic nematodes have restricted lipid metabolism (Smyth and Wakelin, 1994) and rely
on acquisition of lipids essential for their survival from the environment. In order to
transport, store and protect lipids from degradation, nematodes produce a range of lipid
binding proteins. Due to their functions in nematode survival and parasitism, lipid binding
proteins have been suggested as potential therapeutic or vaccine targets in the fight against
nematode infections. To date, several classes of nematode lipid binding proteins have been
identified and characterised, which include nematode fatty acid binding proteins
(nemFABPs), nematode polyprotein allergens (NPAs) and fatty acid and retinol binding
proteins (FARSs).

1.2.2.1 Nematode FABPs

FABPs are ~14 kDa proteins widespread in animals, including mammals. Although the
primary sequence of FABPs can vary considerably, all known FABP structures contain a
conserved fB-barrel fold with a water-filled internal cavity that contains the ligand binding
sites (Sacchettini et al., 1989; Thompson et al., 1997; Zimmerman and Veerkamp, 2002).
In mammals, FABPs are cytosolic proteins involved in cell growth (Sorof, 1994),
signalling (Wolfrum et al., 2001), differentiation (Veerkamp and Zimmerman, 2001) and
pathogenesis (Baier et al., 1995). Unlike mammalian FABPs, nemFABPs are extracellular
proteins that are secreted by the parasite. While the definite biological function of
nemFABPs is yet to be discovered, they have been implicated in the maintenance of the
worm egg lipid layer (Mei et al., 1997; Michalski et al., 2002), and have been proposed to
play a role in nutrient acquisition by the parasites (Franchini et al., 2015). No empirical

structures of nemFABPs have been published to date.
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1.2.2.2 NPAs

In contrast to FABPs, NPAs are found exclusively in nematodes. NPAs are produced as
protein polymers, which are proteolytically cleaved into functional monomeric units and
secreted by the parasite. NPAs have been identified from the strong IgE-type response that
they elicit in the hosts (Tomlinson ef al., 1989). They have been demonstrated to bind fatty
acids and retinol and are believed to be involved in the transport or sequestration of small
lipids (Kennedy, 2011; Kennedy ef al., 1995). The structure of the repeated unit of Ascaris
suum NPA ABA-1 has been solved, revealing an a-helical fold with two lipid binding
pockets (Fig 1-2) (Meenan et al., 2011).

’ PN Figure 1-2. Solution-state structure of the repeated subunit
J *]— \ / J - of ABA-1, a nematode polyprotein allergen from Ascaris
J
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¢ ’ ‘ suum (PDB ID 2XV9). The structure is shown in cartoon
é 1’ representation. The locations of the two ligand binding pockets
' are shown. (Meenan ef al., 2011).
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1.2.2.3 FARs

FARs are another distinct family of nematode lipid binding proteins. Like FABPs and NPA
monomers, FARs are small and soluble proteins, with the average molecular weight equal
to 14-20 kDa. FARs have been identified in C. elegans (Ce-FAR-1 to -8) and in a variety
of parasitic nematodes, including human parasites Onchocerca volvulus (Ov-FAR-1),
Brugia malayi (Bm-FAR-1) and Necator americanus (Na-FAR-1), as well as several
animal and plant parasites. FARs demonstrate high expression levels in the worm tissues
(Basavaraju et al., 2003; Popeijus et al., 2000; Ranjit et al., 2006) and some FARs,
including Na-FAR-1, are secreted into the host. The ligand repertoire of FARs is wide and
includes fatty acids, retinoids and phospholipids (Basavaraju et al., 2003; Garofalo et al.,
2003, 2002; Iberkleid et al., 2013; Jordanova et al., 2009; Rey-Burusco et al., 2015). In
addition, Ov-FAR-1 has been shown to bind ivermectin, an antihelmintic drug (Lal and
James, 1996; Sani and Vaid, 1988). Although the exact function of FARs in parasitic
nematodes remains unclear, they were proposed to play a role in nutrient acquisition and/or
sequestration of lipid signalling molecules to modulate the host’s response to the parasitic

infection (Garofalo et al., 2002; Rey-Burusco et al., 2015). To date, the only FAR that has
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been directly implicated in the host immunomodulation is Meloidogyne javanica FAR-1
(Mj-FAR-1), which has been shown to increase tomato susceptibility to root-knot
nematode infections (Iberkleid ef al., 2015, 2013).

Na-FAR-1, which is the focus of this study and has potential biomedical importance due to

its presence in a widespread human parasite, will be discussed in more detail in Section

1.4.
1.3 Phosphatidylinositol transfer proteins

Phosphatidylinositol transfer proteins (PITPs) are phospholipid binding proteins involved
in a wide range of biological processes including cytokinesis (Giansanti ef al., 2006;
Litvak et al., 2004), cell proliferation (Cockcroft and Garner, 2013; Schenning et al., 2008;
Snoek, 2004), vesicular transport (Cockcroft, 1999; Jones et al., 1998; Simon et al., 1998),
neurodevelopment (Cosker et al., 2008; Xie et al., 2005) and phototransduction (Harris and
Stark, 1977; Kohn et al., 2007; Trivedi and Padinjat, 2007). The defining biochemical
characteristic of PITPs is their ability to bind and transport phospholipids between lipid
membranes. Consistently, they were shown to be key players in the non-vesicular

phospholipid transport in the cell (Cockcroft and Garner, 2011).

Based on their phospholipid binding properties and protein domain composition, PITPs are
commonly divided into three classes: class I, class ITA and class IIB PITPs. Class I and IIB
PITPs comprise a single PITP domain, whereas class IIA PITPs also contain additional
domains (Cockcroft and Garner, 2011). In humans, five PITPs are present: two class I
PITPs: PITPa and PITPJ; two class IIA PITPs: Nir2 (also known as RdgBal or PITPNM1)
and Nir3 (RdgBall or PITPNM2); and one class I1IB PITP: RdgBf (PITPNC1).
Furthermore, Nirl (RdgBalll or PITPNM3), a homolog of Nir2 and Nir3 lacking the PITP
domain, is also found in the genome of humans. PITPs are highly conserved between
mammals, and are also found in other classes of eukaryotes. All PITPs bind PI with high
affinity and transfer it between cellular membranes. In addition, PITPa and PITPP have
been demonstrated to bind and transfer PC, and Nir2, Nir3 and RdgBf} have been shown to
bind and transfer PA.

PITPa and PITPP are small ~ 35 kDa proteins. The structures of the apo (Schouten et al.,
2002), PI- (Tilley et al., 2007) and PC-bound (Yoder et al., 2001) PITPa, as well as the
structure of PC-bound PITPf (Vordtriede ef al., 2005) have been determined using X-ray

crystallography. Structural analysis revealed that the proteins share a common fold,
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featuring a large concave B-sheet and seven a-helices (Fig 1-3). PITPa and PITPJ
comprise three structural-functional units: 1) the lipid binding core, 2) the regulatory loop
and 3) the C-terminal region (Cockcroft and Carvou, 2007). The lipid binding core forms
the largest part of the proteins and can accommodate a single PI or PC molecule. The
regulatory loop contains a PKC phosphorylation site, and has been proposed to act as an
interface for interactions with protein- and lipid modifying enzymes (Yoder et al., 2001).
The C-terminal region contains helix G and eleven C-terminal amino acids, which cap the
entrance to the lipid binding core upon PI or PC binding. The phospholipid exchange
happens in the open protein conformation when helix G is shifted outward and the cavity is
open to the membrane interface. In the closed conformation, class I PITPs travel through
the cytosol between subcellular compartments carrying PI or PC for the exchange
(Cockceroft and Carvou, 2007). While the mammalian class I PITPs have been reasonably
well-characterised, less is known about class II PITPs, especially in regard to the structure
and function of domains absent in other PITPs. Below, the current knowledge about human

class IIA PITPs will be briefly summarised.

Figure 1-3. The crystal structure of human PITPa in complex with PI (PDB ID 1UWS5). Two
views of the structure are shown in cartoon representation. Protein a-helices are coloured in red, -
strands in yellow and loops in green. The ligand (teal) is shown inside the structure. (Tilley et al.,
2007).

1.3.1 Class IIA PITPs

Compared to PITPa and PITP, class IIA are much larger proteins with molecular masses
of ~ 150-170 kDa. The founding member of the ITA sub-class of PITPs is RdgB (PITPNM)
protein that was identified from the rdgB (retinal degeneration B) mutation in Drosophila
(Vihtelic et al., 1993). The PITP domain of class IIA PITPs is located at the N-terminal
end of the proteins. In addition, class IIA PITPs contain a FFAT motif, a DDHD domain
and an Lipin/Ned1/Smp2 (LNS2) domain. The schematic domain composition of class ITA
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PITPs Nir2, Nir3 and RdgB is depicted in Fig 1-4. Although Nirl does not contain a PITP
domain, it was included in Fig 1-4 with class IIA PITPs due to the shared domain

composition and relatively high sequence homology with the PITPs.

. FFAT DDHD LNS2 9714
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Figure 1-4. Schematic representation of the Nirl-3 and RdgB domain composition. Nirl-3
and RdgB comprise a VAP-interacting FFAT motif, a putative metal binding DDHD domain and a
phosphatidic acid binding haloacid dehalogenase-like LNS2 domain. Nir2, Nir3 and RdgB contain
a PITP domain at their N-terminus, which is absent in Nirl.

The FFAT motif is a short peptide (EFFDAXE, where x is any amino acid) that binds to
VAPs [vesicle-associated membrane protein (VAMP)-associated proteins] (Loewen et al.,
2003; Loewen and Levine, 2005), which are integral membrane proteins localised at the
cytoplasmic face of the ER. Correspondingly, Nirl-3 have been shown to interact with
VAP-B via their FFAT motifs (Amarilio et al., 2005), which is consistent with the
proposed function of class ITA PITPs in the PI(4,5)P; cycle (see below). The acidic
residues surrounding the FFAT motif have also been shown to bind Ca" in vitro (Lev et
al., 1999; Vihtelic et al., 1993), however, it is unclear whether this interaction occurs or

plays any role in the regulation of class IIA PITPs and Nirl in vivo.

The DDHD domain comprises 195 amino acids and is found in class IIA PITPs and several
phospholipases (Lev, 2004). It is named after the four residues (DDHD) that are conserved
between all DDHD domains. Although the function of the DDHD domain is unknown, the
DDHD peptide may form a metal ion binding site (Lev, 2004). The DDHD domain is a
part of the larger C-terminal region of Nirl-3 that was found to interact with PYK?2
tyrosine kinase in the study by Lev et al. (Lev et al., 1999), in which Nirs (PYK2 N-
terminal domain-interacting receptors) were identified. Recently, the DDHD domain was

shown to interact with PI(4)P and PA in vitro (Klinkenberg et al., 2014).
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The LNS2 domain is composed of ~ 130 amino acids and is proposed to belong to the
haloacid dehalogenase (HAD) protein superfamily. Apart from class IIA PITPs and Nirl,
the LNS2 domain is also found in mammalian lipins and yeast lipins orthologs Smp2 and
Ned]1. In lipins, Smp2 and Ned1, the LNS2 domain has a Mg®*-dependent phosphatidic
acid phosphatase (PAP) activity (Donkor et al., 2007; Han et al., 2006). In contrast, in
class IIA PITPs, LNS2 domain lacks the catalytic function and simply binds PA (Kim et
al., 2013). The lack of PAP function is attributed to an aspartate to alanine change in the
catalytic DxDxT motif that is critical for the PAP activity in lipins (Mietkiewska et al.,
2011; Reue and Dwyer, 2009). Crucially, PA binding by the LNS2 domain is believed to
be required for the plasma membrane targeting of Nir2 and Nir3 (Chang and Liou, 2015;
Kim et al., 2013).

Nir2, Nir3 and RdgB have been directly implicated in PLC-mediated signalling, where
their PI-PA exchange function is believed to be required for the maintenance of P1(4,5)P,
cycle (Chang and Liou, 2015; Cockcroft et al., 2016; Kim et al., 2013, 2015; Yadav et al.,
2015). The PI(4,5)P, cycle is a series of biochemical reactions that lead to generation of
PI(4,5)P; in the plasma membrane (PM) (Fig 1-5) (Cockcroft and Raghu, 2016). In the
PI(4,5)P, cycle, PI(4,5)P; hydrolysis in response to PLC activation by external stimuli
leads to production of DAG and IP3, of which DAG can be phosphorylated to generate PA.
In order to maintain PLC-mediated signalling, re-synthesis of P1(4,5)P, from PI is
required. Since only a limited pool of PI is available at the PM for PI(4,5)P, synthesis, PI
needs to be transported from its de novo synthesis site in the ER to replenish P1(4,5)P,
levels at the PM and maintain the signalling processes. Conversely, the PA that has
accumulated at the PM as a result of PLC-mediated signalling needs to be transported to
the ER to maintain the supply of PI required for the production of PI(4,5)P,. By
reciprocally transferring PI and PA between the ER and PM, class IIA PITPs provide the
substrate for PI(4,5)P, synthesis in PM and PI synthesis in ER. The reported localisation of
Nir2, Nir3 and RdgB at the ER-PM junctions (Chang ef al., 2013; Chang and Liou, 2015;
Cockcroft et al., 2016; Kim et al., 2013), which are the narrow (< 40 nm) contact sites

between the two membranes, is in agreement with this putative function.

Below, human class IIA PITPs Nir2 and Nir3, as well as their sister protein Nirl will be

described in more detail.
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Figure 1-5. Schematic depiction of Nir2 and Nir3 function in the PI(4,5)P, cycle. During PLC-
mediated signalling, PI(4,5)P, (PIP,) is hydrolysed at the plasma membrane (PM) to produce DAG
that is converted into PA. To maintain PLC-medicated signalling, PI is consumed at PM for the
synthesis of PIP,. As PI is synthesised from PA in the endoplasmic reticulum (ER), the ER-PM
transport of PI and the PM-ER transport of PA is required to maintain the levels of PI, and,
correspondingly, PIP; at the plasma membrane. The PI and PA transfer function of Nir2, Nir3 and
RdgB is required to transport the lipids between the ER and PM. PI4K = PI 4-kinase, PI4P5K =PI
4-phosphate 5-kinase, PLC = phospholipase C, DAGK = DAG kinase, CDS = CDP-DAG synthase,
PIS = PI synthase.

1.3.1.1 Nir2

Although Nir2 is the most well-characterised human class IIA PITP to date, its cellular
functions are only beginning to be elucidated. As mentioned above, Nir2 was isolated as a
PYK2-binding protein together with other Nirs in 1999 (Lev ef al., 1999). Several studies
in cultured mammalian cells have followed, which revealed that Nir2 is a regulator of
cellular morphogenesis (Tian ef al., 2002) and cytokinesis (Litvak et al., 2004, 2002). In
the study by Tian et al., co-expression of RhoA and Nir2 in human cerebellar
medulloblastoma cells resulted in inhibition of RhoA-mediated neurite retraction, whereas
injection of anti-Nir2 antibodies lead to a reduced neurite extension, suggesting that Nir2
plays a role in cytoskeleton remodelling and controls cell shape (Tian et al., 2002).
Consistent with this function, overexpression of different truncated Nir2 mutants resulted
in morphological changes in a range of mammalian cell lines (Tian ef al., 2002). Similar
results were obtained by Litvak et al. who demonstrated that injection of anti-Nir2
antibodies into HeLa cells resulted in aberrant cytokinesis (Litvak et al., 2002) and that
phosphorylation of Nir2 was required for the completion of cytokinesis in mitotic cells

(Litvak et al., 2004), confirming that Nir2 plays a role in cytoskeletal regulation.
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In another study by Litvak et al., Nir2 was found to be involved in Golgi secretion function
through regulation of DAG levels in the Golgi apparatus (Litvak et al., 2005). Here,
downregulation of Nir2 expression by RNAi resulted in reduced DAG levels in the Golgi
membrane and lead to impaired Golgi secretion function, which was rescued by inhibition

of the CDP-DAG pathway (Litvak et al., 2005).

Even more striking is Nir2 function in PI(4,5)P, homeostasis, which has been investigated
by multiple groups (Chang et al., 2013; Chang and Liou, 2015; Kim et al., 2013, 2015).
The ability of Nir2 to regulate P1(4,5)P; levels at the PM was first reported by Kim et al.
(Kim et al., 2013). Kim ef al. overexpressed a Myc-tagged Nir2 in HeLa cells and
observed that Nir2 translocates to PM upon EGF stimulation of the serum-starved cells.
The addition of PA to the cells lead to a similar effect, whereas inhibition of PA production
by 1-butanol resulted in decreased Nir2 translocation to the PM, suggesting that Nir2
translocation is mediated via PLD activation by EGF signalling (Kim et al., 2013). The
following investigation of truncated Nir2 mutants revealed that the C-terminal portion of
the protein containing the LNS2 domain was responsible for the PA-dependent PM
targeting of Nir2. This was evident from the fact that the Nir2 mutant lacking the C-
terminal region failed to translocate to the PM upon EGF stimulation, whereas the mutant
consisting of only the C-terminal region was detected at the PM after the addition of EGF.
The ability of the C-terminal domain to bind PA with high specificity was demonstrated in
vitro (Kim et al., 2013). Crucially, overexpression of Nir2 was found to cause an increase
in PI(4,5)P, and PI(3,4,5)P; levels at the PM and depletion of Nir2 lead to a remarkable
reduction in the levels of the two phospholipids. The regulation of P1(4,5)P, appeared to
be dependent on both the lipid transfer function of Nir2 and its PA-dependent PM
translocation, as both PITP- and C-terminal domain truncated Nir2 mutants failed to
restore the P1(4,5)P, and PI(3,4,5)P; levels in Nir2-depleted cells (Kim et al., 2013).
Furthermore, Kim ef al. have generated a Nir2 mutant containing the D1128 A mutation in
the LNS2 domain, which has demonstrated reduced PA binding in vitro and reduced PM
translocation in vivo (Kim et al., 2013). Although Kim et al. claimed that the mutation site
was chosen based on the analysis of conserved motifs in HAD proteins, it is unclear
whether the mutation caused a specific reduction in PA binding affinity of Nir2 LNS2 or
whether the PA binding was affected due to a structural change in the domain caused by

the mutation, as structural analysis of the mutant was not carried out.

Further studies by Chang ef al. and Kim at al. have confirmed the role of Nir2 in positive
regulation of PI(4,5)P; levels in the PM. Chang ef al. demonstrated that Nir2 translocates to

ER-PM junctions in response to histamine stimulation and replenishes P1(4,5)P; levels
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during PLC-mediated signalling (Chang ef al., 2013). Consistent with the previously
described results by Kim et al., Chang et al. observed that the PITP domain is not required
for PM translocation of Nir2. Interestingly, Chang et al. also showed that receptor
stimulation enhanced both PM targeting of Nir2 and co-localisation of Nir2 with VAP-A
and VAP-B. Consistently, cultured mammalian cells overexpressing Nir2 with a functional
mutation in the FFAT motif displayed reduced PI1(4,5)P;, levels compared to the cells
overexpressing wild-type Nir2, suggesting that VAP binding is important for Nir2 function
in PI(4,5)P, homeostasis (Chang ef al., 2013). In another study, Chang and Liou have
shown that PA plays a central role in PM targeting of Nir2 (Chang and Liou, 2015).
Addition of PLD and DAGK inhibitors to HeLa cells inhibited PM translocation of Nir2,
whereas addition of PA alone was able to initiate the translocation (Chang and Liou, 2015).
By studying the chimeras of Nir2 and Nir3, Chang and Liou were able to show that
translocation of Nir2 and Nir3 to the PM was dependent on their C-terminal domains

(Chang and Liou, 2015).

A more recent study by Kim et al. has provided further insight into the role of Nir2 in
PI(4,5)P, regulation (Kim et al., 2015). Kim et al. were able to monitor the P1(4,5)P,, PA,
and DAG pools at the PM by using specific phospholipid binding domains coupled to two
fluorescent probes that can act as a donor and acceptor in fluorescence resonance energy
transfer (FRET). Consistent with previous results, Kim et al. observed that PM PI1(4,5)P,
and DAG levels were reduced in Nir2-depleted cells. Surprisingly, an increase in PA levels
was observed, which was believed to be due to decreased consumption of PA in Nir2-
deficient cells (Kim ef al., 2015). As in the previous studies, Nir2 was found to translocate
from the cytoplasm to the ER-PM junctions on receptor stimulation. By using a
fluorescently-labelled PA binding motif from yeast sporulation protein Spo20 and a GFP-
Nir2 fusion, Kim ef al. demonstrated that Nir2 overexpression facilitates PA removal from
PM in angiotensin II-stimulated cells, and that PA transported by Nir2 is utilised in the ER
membrane for PI synthesis (Kim ef al., 2015). Interestingly, the kinetics of Nir2-GFP
membrane translocation upon receptor stimulation were faster than those of the Spo20 PA
binding motif, which suggests that an interaction between Nir2 and a membrane lipid other
than PA might also be involved in PM targeting of Nir2. A short putative DAG binding
sequence preceding the LNS2 domain was identified by Kim et al., the absence of which
from Nir2 prevented PM recruitment (Kim ef al., 2015). These data suggest that DAG
might also be a regulator of Nir2 localisation along with PA. However, the putative DAG
binding function of Nir2 C-terminal region was not directly demonstrated by Kim ef al.

and is yet to be confirmed by other groups.
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Remarkably, overexpression of Nir2 was shown to enhance epithelial-to-mesenchymal
transition in cultured breast cancer cells and injection of Nir2-overexpressing cells into
mice was found to promote lung metastasis in mice metastasis models (Keinan et al.,
2014). Furthermore, high Nir2 expression levels were associated with poor prognosis in
breast cancer patients (Keinan et al., 2014), pointing to its potential as a target for cancer

therapies.

1.3.1.2 Nir3

Nir3 is much less studied than Nir2. Analogously to Nir2, Nir3 was identified as a PYK2
binding protein (Lev ef al., 1999) and was shown to bind VAP-B through its FFAT domain
(Amarilio et al., 2005). The predominant source of information about the cellular function
of Nir3 is the study by Chang and Liou referenced in the Nir2 section above (Chang and
Liou, 2015). In the study, Nir3 was found to be involved in PI(4,5)P, homeostasis together
with Nir2. Interestingly, Nir3 appeared to be less efficient at P1(4,5)P, replenishment than
Nir2 in response to receptor stimulation, which was believed to be due to the difference in
the activity of the PITP domains of Nir3 and Nir2. However, in contrast to Nir2, Nir3 was
found to play a clear role in the maintenance of basal PI(4,5)P; levels and was shown to be
more important than Nir2 in PI(4,5)P, homeostasis during low levels of receptor activation
(Chang and Liou, 2015). These results indicate that Nir2 and Nir3 have complementary
functions in PI(4,5)P, cycle. Further studies are required to better understand the role of

Nir3 in cell signalling and lipid metabolism.

1.3.1.3 Nir1

Nirl is an even more mysterious RdgB-like protein. It shares the PYK2 and VAP-B
binding function with Nir2 and Nir3 (Amarilio et al., 2005; Lev et al., 1999), but lacks the
PITP domain and thus is not believed to transport lipids. Knowledge about the cellular
function of Nirl is scarce. A mutation in Nirl was documented to cause autosomal
dominant cone dystrophy, a rare congenital vision disorder, indicating a role for Nirl in
mammalian phototransduction (Kohn et al., 2007). This putative function of Nirl is similar
to the function of its Drosophila ortholog RdgB, which is a known player in
phototransduction (Harris and Stark, 1977; Vihtelic et al., 1993). Recently, Nirl was also
proposed to be a receptor of chemokine (C-C motif) ligand 18 (CCL18) (Chen et al., 2011;
Zhang et al., 2013). However, evidence obtained by a different group has shed doubt on
this notion (Krohn ef al., 2013). Furthermore, like Nir2 and Nir3, Nirl is not believed to be

an integral membrane protein (Cockcroft and Raghu, 2016), and hence it is unlikely to act



45

as a cell-surface receptor of CCL18. Further research will be required to obtain a clearer

picture of Nirl function in the cell.

1.4 Na-FAR-1

Na-FAR-1 is one of the most well-studied FARSs to date. As it is one of the six FARs
identified in an important intestinal human parasite, American hookworm Necator
americanus (Tang et al., 2014), Na-FAR-1 is of interest as a potential drug or vaccine
target. Importantly, Na-FAR-1 contains a secretion signal and is highly expressed in the
blood-feeding, adult stage of the parasite (Tang ef al., 2014), which suggests that it may
play a role in parasitism. Among FARs, the closest relatives of Na-FAR-1 are other
parasite-specific FARs, such as Ov-FAR-1 and Bm-FAR-1 from human parasites, Ace-
FAR-1 and Hp-FAR-1 from animal parasites and Gp-FAR-1 from a plant parasite (Rey-
Burusco et al., 2015), some of which also have high expression levels in the parasitic
stages of the worms (Jones et al., 2009; Popeijus et al., 2000; Ranjit et al., 2006). Similar
to many other FARs, Na-FAR-1 has been demonstrated to bind retinoic acid and different
fatty acids, displaying a preference for the long-chain fatty acids (Rey-Burusco et al.,
2015). Interestingly, Na-FAR-1 has also been shown to bind PG and PE (Rey-Burusco et
al., 2015), which is the first documented evidence of phospholipid binding by a FAR.

The structure of Na-FAR-1 has been determined by both solution-state NMR spectroscopy
and X-ray crystallography in an apo (ligand-free) and holo (ligand-bound) forms,
respectively (Gabrielsen et al., 2012; Rey-Burusco et al., 2015, 2014). It was found that
Na-FAR-1 has an a-helical fold, which is largely similar to the previously determined fold
of Ce-FAR-7 (Jordanova et al., 2009), the only other FAR whose three-dimensional
structure is known. The fact that Na-FAR-1 and Ce-FAR-7 share a common fold despite
their low sequence similarity suggests that the a-helical fold observed in the two proteins is

a common feature of the FAR family.

Na-FAR-1 comprises eleven a-helices (a1-11) of varying lengths that form a wedge-like
structure (Rey-Burusco et al., 2015) (Fig 1-6). Helices al-3, a6 and a9-11, of which a6, a9
and a10 are the largest, form one face of the wedge, whereas a5, a7 and a8 form the
opposite face. A cavity lined with predominantly hydrophobic residues is located at the
centre of Na-FAR-1. Helix 04 is out of plane with the other helices, obstructing the cavity
at one side of Na-FAR-1 (Rey-Burusco et al., 2015). The central cavity of Na-FAR-1 was

shown to act as a ligand binding pocket, which is consistent with its hydrophobicity.
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The structures of the apo and holo forms of Na-FAR-1 are largely similar. The most
remarkable difference between the apo and the holo Na-FAR-1 is that the volume of the
cavity of the holo protein is more than double the size of the apo protein cavity, indicating

Na-FAR-1 expansion upon ligand binding (Rey-Burusco et al., 2015).
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Figure 1-6. The structure of the ligand-free (apo) and E. coli lipid bound (holo) Na-FAR-1.
A. Cartoon representation of the solution structure of apo Na-FAR-1 (PDB ID 4UET) (Rey-
Burusco et al., 2015). B. Cartoon representation of the crystal structure of holo Na-FAR-1

(PDB ID 4XCP) (Rey-Burusco et al., 2015). No ligands are shown in the structure. The protein
is coloured from blue (N-terminus) to red (C-terminus). The a-helices are numbered (al1-11).

In the study by Rey-Burusco ef al., recombinant Na-FAR-1 expressed in E. coli was found
to co-purify with endogenous E. coli lipids. In order to determine the structure of holo Na-
FAR-1, Rey-Burusco ef al. crystallised the E. coli lipid bound Na-FAR-1 without further
purification steps. As the protein contained a heterogeneous mixture of lipids,
identification of ligands in the structure was difficult, and only one ligand binding site was
mapped with confidence (Rey-Burusco et al., 2015). The ligand was identified as palmitic
acid, which appeared to interact with the side-chain amine group of K96 via its carboxylic
acid head group (Rey-Burusco et al., 2015). In addition, the fatty acyl tail of the ligand
contacted eleven hydrophobic residues in the internal cavity of Na-FAR-1 (Rey-Burusco et
al., 2015). Importantly, other electron density peaks were observed in the central cavity of
Na-FAR-1 which could not be filled with water molecules alone, suggesting the presence

of unidentified ligands at alternative binding sites.

Furthermore, chemical shift perturbation analysis by NMR spectroscopy using oleic acid
revealed that Na-FAR-1 forms four distinct complex with oleic acid during the ligand

titration that were assumed to contain one, two, three and at least four ligand molecules.
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From the chemical exchange regimes observed in the experiment, it was found that Na-
FAR-1 binds three oleic acid molecules with a higher affinity than the fourth oleic acid
molecule (Rey-Burusco et al., 2015).

1.5 Aims of this study

The two primary aims of this study were to: a) determine the phosphatidic acid binding

mechanism and the structure of the LNS2 domain of Nir2 and b) determine the fatty acid
and phospholipid binding mechanism of Na-FAR-1 and map the previously unidentified
fatty acid and phospholipid binding sites of Na-FAR-1. The rationale behind the study is

described below.

1.5.1 The structure and phosphatidic acid binding mechanism of the Nir2
LNS2 domain

The LNS2 domain of Nir2 has been proven to be a pivotal regulator of Nir2 PITP
localisation, where the LNS2-PA interaction appears to play a central role. It is thus
surprising that little to nothing is known about the PA binding mechanism of the LNS2
domain and its three-dimensional structure. The structural and functional analysis of the
LNS2-PA interaction will shed light on the mechanism of PA binding by the LNS2, and
will help to better understand the role of the LNS2 domain in Nir2 PM targeting.

Furthermore, determination of the atomic level details of the LNS2-PA binding could
inform the development of an LNS2-PA interaction inhibitor tool compound, which could
be used to obtain further insights into the cellular function of Nir2. Importantly, since the
LNS2-PA interaction has been implicated in maintaining the signalling through MAP
kinase and PI3K/Akt pathways (Kim et al., 2013), it is a possibility that PA recognition by
Nir2 might play a role in cancer, where these key pathways are very often disrupted
(Altomare and Testa, 2005; Martin, 2003; Sever and Brugge, 2015; Spiegel and Milstien,
2003). Hence, structure determination of the LNS2 domain and/or the LNS2-PA complex
and characterisation of PA binding by the LNS2 domain might aid the assessment of the
potential of the Nir2 LNS2 as a drug target in cancer.

To obtain the structural and functional information on LNS2-PA binding, this study aimed
to: a) produce the LNS2 domain of Nir2 by recombinant expression, b) characterise the
LNS2 domain binding to PA to determine what mechanisms are at play in the interaction
and estimate the binding affinity, c) determine the three-dimensional structure of the LNS2

domain in the PA-free and/or PA-bound form and map the PA binding site, d) use the
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structural information to guide the development of the LNS2-PA inhibitor by in silico drug

screening.

1.5.2 The lipid binding mechanism of Na-FAR-1

Although the structure of Na-FAR-1 has been determined and it was demonstrated that Na-
FAR-1 is able to form four distinct complexes with oleic acid, little else is known about its
fatty acid binding mechanism. This includes the location of the putative long-chain fatty
acid binding sites of Na-FAR-1, of which only one was identified. The recently discovered
ability of Na-FAR-1 to interact with phospholipids also needs to be explored, and it is
desirable to know whether Na-FAR-1 interacts with lysophospholipids, which are
important extracellular mediators of inflammation. Furthermore, a better understanding of
the mechanisms that underlie the relatively broad ligand specificity of Na-FAR-1 is also
required. Answers to these questions may help to elucidate the biological function of Na-

FAR-1 and enhance our understanding of its role in parasitism.

To obtain mechanistic details about the lipid binding by Na-FAR-1, this study aimed to: a)
produce Na-FAR-1 by recombinant expression, b) confirm the phospholipid binding
function of Na-FAR-1 in vitro, c) investigate whether Na-FAR-1 binds lysophospholipids,
and d) determine the structure of Na-FAR-1 in complex with a fatty acid and in complex

with a phospholipid, and compare the binding mechanisms.

The experimental approaches used to achieve the aims stated in this section and in Section

1.5.1 are described at the beginning of each relevant chapter of this thesis.
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2. Materials and Methods

2.1 Materials

2.1.1 Protein accession numbers

Protein sequences of Nirl-3 and RdgB were obtained from GenBank. Accession numbers
are given in brackets: Nirl (AAK01446), Nir2 (AAKO01444), Nir3 (AAKO01445), RdgB
(CAA69291). Na-FAR-1 sequence was obtained from the Nematode Transcriptome
Database (NEMBASE4; sequence ID NAC00128).

2.1.2 Synthetic DNA

Synthetic DNA fragments encoding the C-terminal domain portions of Nirl-3 and RdgB
were purchased from GenScript (China). The DNA fragments were codon optimized for
expression in E. coli. Synthetic DNA fragment encoding Na-FAR-1 was purchased from
GeneArt AG (Germany), as described previously (Gabrielsen ef al., 2012).

2.1.3 Ligands

Dihexanoyl (di-6:0), dioleoyl (di-18:1 cis-9) and egg yolk phosphatidic acid sodium salt
and phosphatidylcholine were purchased from Avanti Polar Lipids. Oleic acid sodium salt,
lysophosphatidic acid sodium salt, sn-glycerol 3-phosphate bis(cyclohexylammonium) salt

and hexanoic acid were purchased from Sigma-Aldrich.

2.1.4 Media recipes

2.1.4.1 Lysogeny broth (LB)

For1 L:
Tryptone 10g
Yeastextract Sg
NaCl 10g
dH,O tolL

Autoclaved.
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2.1.4.2 Autoinduction medium

For 1 L:
Tryptone 20g
Yeast extract S5g
NaCl S5¢g
dH,O tolL
Autoclaved.

60% glycerol (v/v), f.s. 10 ml
10% glucose (w/v), f.s.  5Sml
8% lactose (wW/v), f.s. 25 ml

Added to the autoclaved medium. f.s. = filter-sterilised.

2.1.4.3 Terrific broth (TB)

For 1 L:
Tryptone 12¢g
Yeast extract 24 ¢
80% glycerol (v/v) 5ml
dH,O to 900 ml
Autoclaved.

Hundred milliliters of 0.17 M KH,PO4, 0.72 M K,HPO, filter-sterilised solution was added

to the autoclaved medium.

2.1.4.4 2x YT medium

For 1 L:
Tryptone l6g
Yeast extract 10g
dH,O tolL

Autoclaved.
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2.1.4.5 M9 minimal medium

5x M9 salt solution, for 1 L:

Na,HPO, 34g
KH,PO4 I5g
NaCl 25¢g
dH,O tolL
Autoclaved.

M9 minimal medium, for 1 L:

5x M9 salt solution 200 ml
1 M MgSO,* 1 ml
50 mM CaCl," 1 ml
20% (w/v) glucose™® 15 ml
NH,CI° lg

50 mg/ml thiamine® 0.4 ml
dH,O tolL

a. Filter-sterilised.
b. C6-glucose for °C labelling.
c. ""NH4CI for "N labelling.

2.2 Protein high-throughput expression screening at OPPF-UK

Protein expression screening in E. coli and insect cells was carried out at Oxford Protein
Production Facility-UK (OPPF-UK), as per the protocols given on the OPPF-UK website
(www.oppf.rc-harwell.ac.uk, accessed on 02/07/2017) (Bird, 2016; Nettleship, 2016). The

process is briefly described below.

2.2.1 Molecular cloning

Nir2, Nir3 and RdgB LNS2 domain fragments were amplified by PCR using a set of
primers designed for ligation independent cloning. Forward primers contained
AAGTTCTGTTTCAGGGCCCG adaptor sequence added to their 5’ end, reverse primers
contained ATGGTCTAGAAAGCTTTA adaptor sequence added to their 5° end. The
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PCR-amplified fragments were cloned into 12 vectors of the pOPIN vector suite (Bird,
2011) (pOPINE-3C-HALO7, pOPINEneo, pOPINF, pOPINHALO7, pOPINJ, pOPINM,
pOPINTF, pOPINTRX) by using In-Fusion® Cloning Kit (Takara). Prior to InFusion®
reaction, vectors were digested with Kpnl and HindIII restriction endonucleases by the
OPPF-UK staff. After cloning, the plasmids were transformed into OmniMaxII competent
cells (Invitrogen) by heat-shock. The presence of the insert was validated by PCR and, in
some cases, by Sanger sequencing (Source Bioscience, UK). For protein expression, the
plasmids were transformed into Lemo21 (DE3) competent cells or Rosetta™ 2 (DE3)
pLacl competent cells (NEB) or used to construct a recombinant baculovirus by using a
bacmid produced by Ian Jones (University of Reading) for protein expression in insect Sf9

cells (Thermo Fisher Scientific).

2.2.2 Expression in E. coli

Expression screening was carried out in a 96-well plate format. Individual colonies were
picked from Lemo21 (DE3) and Rosetta™ 2 (DE3) pLacl agar plates and each was used to
inoculate 0.7 ml of PowerBroth™ medium (Molecular Dimensions). The cultures were
incubated overnight at 37 °C. The next day, 150 pl of Lemo21 (DE3) and 250 pl of
Rosetta™ 2 (DE3) pLacl overnight culture were used to inoculate 3 ml aliquots of
PowerBroth™ for IPTG-induced expression and 3 ml aliquots of OvernightExpress™

medium (Novagen) for expression with autoinduction.

For IPTG induction, cultures in PowerBroth™ were shaken at 220-225 rpm, 37 °C for
~ 4 hours, and cooled down to 20 °C whilst shaking at 220-225 rpm for 20 min. IPTG was
added to the final concentration of 1 mM, and the cultures were incubated for ~ 18 hours at

20 °C, shaking at 220-225 rpm.

For autoinduction, cultures in the OvernightExpress™ medium were shaken at 220-225
rpm, 37 °C for ~ 4 hours. The temperature of the shaker was then reduced to 25 °C and the
cultures were shaken at 220-225 rpm for 24 hours.

The cells were harvested by centrifugation at 6000 x g for 15 min.

2.2.3 Purification from E. coli

Cell pellets were briefly frozen at -80 °C, thawed and resuspended in lysis buffer (50 mM
sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 1% Tween 20) supplemented
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with 1 mg/ml lysozyme and 3 units of Benzonase® nuclease (EMD Millipore). Cells were
lysed by shaking on an orbital microplate shaker (30 min, ~ 1000 rpm) and lysates were
centrifuged at 6000 x g for 30 min. Cleared lysates were used for Ni**-affinity purification,
which was carried out on QIAGEN BioRobot 8000. Lysates were mixed with 20 pl of
QIAGEN Ni-NTA magnetic beads and shaken on an orbital microplate shaker for 30 min.
Beads were separated from the supernatant using a QITAGEN magnet and the supernatant
was discarded. Beads were washed with the wash buffer (50 mM sodium phosphate pH
8.0, 300 mM NaCl, 20 mM imidazole, 0.05% Tween 20), and protein elution was carried
out by the addition of 50 pl elution buffer (50 mM sodium phosphate pH 8.0, 300 mM
NaCl, 250 mM imidazole, 0.05% Tween 20).

2.2.4 Small-scale expression testing in insect cells

Expression screening was carried out in a 24-well plate format. Sf9 cells were cultured in
S£-900 II serum-free medium (Thermo Fisher Scientific). For transfection with the bacmid
and the plasmid encoding the protein constructs of interest, cells were grown to

~ 5 x 10° cells/ml, and 0.5 ml of cells was added to each well. A mixture of bacmid

(250 ng, 2.5 pl), recombinant plasmid (100 — 500 ng), transfection reagent FuGENE® HD
(1.5 pl, Promega) and Sf-900 II medium (50 pl) was prepared and added to the cells. The
plate was slowly swirled to allow the transfection mixture to disperse in the well. Cells
were incubated for 6 days at 27 °C. After 6 days, the supernatant was removed from the

cells and used as the PQ viral stock. Viral stocks were stored in the dark at 4 °C.

Virus amplification, expression testing and virus scale-up was carried out by Mr Valtteri

Jarvinen (OPPF-UK).

For production of P1 viral stock, 5 pl of PO stock was added to 0.5 ml Sf9 cells
(1.0 x 10° cells/ml) in each well. The cells were incubated for 6 days at 27 °C to allow viral

amplification. The supernatant was then harvested and used as P1 stock.

For expression testing, 3 or 30 ul of P1 stock was added to 3 ml of Sf9 cells

(1.0 x 10° cells/ml) in each well. The cells were incubated at 27 °C for 3 days, shaking at
250 rpm. After 3 days, 1 ml of cells was transferred from each well to a well in a 96-well
plate. The plate was centrifuged for 15 min at 6000 x g to pellet the cells. Supernatant was
discarded, and the cells were frozen at -80 °C. Protein purification was carried out as

described above for E. coli.
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2.2.5 Baculovirus scale-up and large-scale expression testing in insect cells

P2 viral stock used for large-scale expression screening was produced as follows. Fifty-
milliliter suspension culture of Sf9 cells (1.0 x 10° cells/ml) was infected with 400 ul of P1
virus. The culture was incubated at 27 °C for 6-7 days, shaking at 250 rpm, and the cells
were then pelleted for 10 min at 1000 x g. The supernatant was harvested and used as P2

virus stock.

Large-scale protein expression was tested by infecting 2.5 L of Sf9 cells (1 x 10° cells/ml)
in a Thomson flask with either 2.5 ml (1:1000 dilution) or 25 ml (1:100 dilution) of P2
viral stock. The infected cultures were incubated at 27 °C for 3 days, shaking at 250 rpm.
Samples (2 ml) were taken and used for Ni*"-affinity purification to assess the protein yield
as described above. The remaining cultures were centrifuged at 6000 x g, frozen at -80 °C

and used for large-scale protein purification.

2.3 Molecular biology, protein expression and purification
2.3.1 Molecular cloning into pNIC28-Bsa4 vector

For cloning into pNIC28-Bsa4 vector, DNA fragments were amplified by PCR with a set
of primers containing adaptor sequences for ligation independent cloning. Forward primers
contained TACTTCCAATCCATG adaptor sequence added to their 5’ end, reverse primers
contained TATCCACCTTTACTG adaptor sequence added to their 5° end. Cloning was
carried out using InFusion® Cloning Kit (Takara), as per manufacturer’s protocol. DNA
sequence was confirmed by Sanger sequencing (service was provided by Source

Bioscience, UK).
2.3.2 Plasmid extraction

Plasmids for cloning and protein expression were purified from 10 ml LB culture of

E. coli. The culture was inoculated with a single bacterial colony and grown at 37 °C
overnight, shaking at 225 rpm. Cells were harvested by centrifugation at 3000 x g. Plasmid
purification was carried out using Wizard® Plus SV Miniprep DNA Purification System
(Promega), as per manufacturer’s protocol. DNA was eluted by addition of 20-30 pl of
nuclease free water supplied with the kit. Plasmid solutions were stored at -20 °C until

required.
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2.3.3 Large-scale protein expression in E. coli
2.3.3.1 Production of proteins with natural isotope abundance

Tuner (DE3) pLysS cells (Novagen) or T7 Express lysY/Iq cells (New England Biolabs)
were used for large-scale protein expression. For expression, inoculation cultures (10 ml)
were prepared in LB the day before and grown at 37 °C, 225 rpm overnight. The cultures
were used to inoculate the expression media (typically, LB or TB), with 10 ml inoculation
culture used per 0.5 L media. Expression cultures were grown until ODgg reached ~ 0.5-
0.7 in LB or ~ 1.0-1.4 in TB. All media were supplemented with an appropriate antibiotic,
depending on the plasmid and the cell strain used. The antibiotics were used at the
following concentrations: 100 pg/ml ampicillin, 30 png/ml kanamycin or 25 pg/ml
chloramphenicol. Protein expression was induced by addition of 0.4 mM IPTG, followed
by an overnight incubation at 16 °C or 20 °C for expression of Nir2 and RdgB fragments,
or by a 3-hour incubation at 37 °C for expression of Na-FAR-1, shaking at 225 rpm. Cells
were harvested by centrifugation at 9000 rpm in Beckman J2-21 centrifuge using JA-21
rotor. Cells were lysed by sonication (15 sec on/off pulses, 50% intensity) on a MSE
Soniprep 150 (Sanyo) sonicator or by using a French press cell disruptor and purified by

Ni**-affinity chromatography (Ni-Superflow resin, Generon, UK).

2.3.3.2 Production of isotope-labelled proteins for NMR spectroscopy

For production of isotope-labelled Na-FAR-1 for NMR experiments, an alternative growth
strategy was used. Expression cultures were initially grown in 2x YT medium until ODggo
reached ~ 1.5-2.0. After this, the cultures were centrifuged as described above,
resuspended in M9 minimal medium (without nitrogen and carbon sources) and
centrifuged again to remove any nutrients retained in the pellet after growth in 2x YT. The
medium was then decanted and replaced with fresh M9 medium supplemented with 1 g/L
"NH,CI and 3 g/L glucose or *Ce-glucose (Sigma-Aldrich). The cultures were incubated
for 1 hour at 20 °C, and protein expression was induced by addition of 0.4 mM IPTG,
followed by overnight incubation at 20 °C. The cells were harvested the next day and lysed

as described above.
2.3.4 Large-scale protein expression in insect cells (adherent culture)

Protein large-scale expression was carried out using P2 stock of the recombinant

baculovirus produced by Mr Valtteri Jarvinen at OPPF-UK. S9 cells (Thermo Fisher
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Scientific) were grown at 27-28 °C in TC-100 Insect medium (Thermo Fisher Scientific)
supplemented with 10% FBS (Thermo Fisher Scientific), which was heat-inactivated by
30 min incubation at 56 °C in a water bath. Corning® 150 cm® cell culture flasks with a
plug seal cap were used for cell growth. Cells were infected at ~ 90% confluency with
1:1000 dilution of the P2 stock, which was determined to be an optimal ratio of the virus to
the culture in the small-scale expression trials carried out at OPPF-UK. After infection,
cells were incubated for 72 hours at 27-28 °C, harvested by centrifugation at 1000 x g, and
stored at -80 °C until required. Cells were lysed by a ~ 15 min incubation with the lysis
buffer (50 mM sodium phosphate, 300 mM NaCl, 10 mM imidazole, 1 % Tween 20),

gently rocking. The lysate was used for protein purification.
2.3.5 Ni**-affinity chromatography

Ni**-affinity chromatography was performed using Ni-Superflow resin (Generon, UK).
Typically, ~ 0.5-1 ml of resin was used for protein purification from 1 L of LB culture or
0.5 L of TB culture. Purification was carried out essentially as per manufacturer’s protocol.
Typical chromatography buffers contained 50 mM Tris-HCI or NaPi pH 7.5, 300 mM
NaCl, 1 mM TCEP, with 10 mM, 30 mM and 300 mM imidazole used in the binding, wash
and elution buffer, respectively. After protein binding, the column was washed with 10-20
CV of the wash buffer and protein was eluted with 3 CV of the elution buffer. All fractions

were collected into 20 ml universal tubes and stored on ice or at 4 °C until required.
2.3.6 Size-exclusion chromatography (SEC)

Size-exclusion chromatography was carried out on AKTA explorer chromatography
system (GE Healthcare) equipped with a Superdex 75 10/300 GL column (GE Healthcare)
or Superdex 200 Increase 10/300 GL column (GE Healthcare) at 8 °C. Typical buffer
solution contained 20 mM sodium phosphate or Tris-HCI pH 7.5, 150 mM NaCl, 1 mM
TCEP and 0.01% NaN3. Buffer components were varied depending on the nature and
downstream applications of the protein sample. Normally, 0.5 ml of sample was loaded
onto the column at a concentration of ~ 1-15 mg/ml. Protein elution was carried out with

2 CV of buffer, with the typical flow rate set to 0.4 ml/min.

2.3.7 SEC coupled with multi-angle light scattering (SEC-MALS)

Analysis by SEC-multi-angle light scattering (SEC-MALS) was carried out on an Alliance
HPLC system (Waters) equipped with a BEH SEC 200 A, 3.5 um column (Waters). The
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HPLC system was connected to Viscotek SEC-MALS 20 multi-angle scattering detector

(Malvern) and Viscotek VE 3589 refractive index detector (Malvern). The protein sample
was prepared in 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM TCEP buffer, which was
also used as a running buffer. The column was calibrated by using human serum albumin

standards prior to each run.

2.3.8 SDS-PAGE

SDS-PAGE was carried out using RunBlue 4-20% SDS Precast Gels (Expedeon). Prior to
electrophoresis, protein samples were mixed with NuPage® LDS Sample Buffer (Novex)
with B-mercaptoethanol added to a final 5% (v/v) concentration and heated at 85 °C for

5 min. Protein bands were resolved in RunBlue running buffer (60 mM Tris, 30 mM
MOPS, 0.1% SDS). Electrophoresis was performed at 180-200 V (constant voltage) for

~ 45 min. The gels were stained with InstantBlue™ (Expedeon) protein stain and images

were acquired using Kodak Image Station 440CF.

2.3.9 Protein digestion with HRV 3C protease

Proteolytic digests were carried out using Hise-tagged HRV 3C produced in our home lab.
The activity of the protease was confirmed by comparison with a commercial GST-tagged
HRYV 3C PreScission Protease (GE Healthcare). The digests were performed in a 20 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT, 10 mM EDTA buffer at 4 °C for 24-48
hours. Approximately 1 pg of the protease was used for the cleavage of 10 pg of protein.

2.3.10 Western blotting

Protein samples were resolved by SDS-PAGE and transferred from polyacrylamide gels
onto nitrocellulose membrane (Whatman Protran BA-83, pore size 0.2 um) in 25 mM Tris,
1.9 mM glycine, 20% methanol at 400 mA (constant current) for 45 min. The membrane
was blocked by a 1 hour incubation with 5% fat-free milk solution in 20 mM Tris-HCl

pH 7.6, 140 mM NaCl, 0.1% Tween-20 (TBST) at room temperature on a rocking
platform. Membrane was washed three times with 5 ml TBST and incubated with a
solution of a primary anti-His-tag mouse antibody (Abcam) in TBST for 2 hours at room
temperature, gently rocking. After that, the membrane was washed again three times with
TBST and incubated with a secondary anti-mouse ALP-conjugated antibody (Promega) in
TBST for 1 hour at room temperature, gently shaking. After three final washes, the

membrane was incubated with BCIP/NBT solution (Sigma-Aldrich) for 10 minutes at
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room temperature to develop the protein bands.
2.3.11 Reverse-phase high pressure liquid chromatography (HPLC)

Reverse-phase HPLC (RP-HPLC) was carried out using a Supelco Discovery® BIO wide-
pore C18 column (Sigma-Aldrich) on an AKTA purifier (GE Healthcare) chromatography
system. The column was pre-equilibrated with 10% acetonitrile solution in dH,O (10%
ACN) containing 0.01% trifluoroacetic acid. The sample was prepared in 10% ACN before
loading into the injection loop. The elution program consisted of four steps: 1) washing
step with 10% ACN (0.5 CV), 2) increase in ACN concentration to 50% (0.5 CV), 3)
increase in ACN concentration to 60% (2 CV) and 4) increase in ACN concentration to
100% (1 CV). The flow rate was set to 4 ml/min. The fractions were collected during each

elution step and stored at 4 °C, covered.

2.3.12 Protein lyophilisation

Protein lyophilisation was carried out on a Heto PowerDry LL1500 freeze dryer for ~ 16
hours with the cold trap cooled to -110 °C. Prior to lyophilisation, protein samples were
frozen in liquid nitrogen. The samples were monitored during first 10 minutes of
lyophilisation. If any thawing of the sample was observed, it was refrozen. Dry protein was

stored at -20 °C, and redissolved in a buffer of interest.

2.3.13 Lipid extraction

Lipid extraction for TLC was carried out essentially as described previously (Obal et al.,
2012). Three milligrams of protein were added to 5 ml chloroform and the mixture was
vigorously shaken on ice for 10 min. The extract was washed with 200 pul of 3 M NaCl
solution and centrifuged at 5000 x g for 15 minutes. The aqueous phase was removed by
pipetting and chloroform was evaporated under a stream of dry N,. The dry lipids were

redissolved in 200 pl chloroform and stored at -20 °C under a layer of N, until required.
2.3.14 Thin-layer chromatography

Thin-layer chromatography was carried out on TLC Silica gel 60 plates (EMD Millipore).
The plates were pre-washed with methanol/chloroform 1:2 mixture by volume and
activated at 100 °C for 30 minutes. Approximately 5 pl lipid extract was spotted onto the
plate and the lipids were allowed to dry under a stream of N,. The lipids were resolved in

hexane/diethyl ether/acetic acid 80:20:1 mixture by volume, sprayed with 8% (w/v) CuSO4
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solution in 10% (v/v) phosphoric acid and charred at 150 °C for 10 minutes until black
spots appeared.

2.4 Characterisation of protein-ligand binding

2.4.1 Lipid overlay assay

Phospholipids in chloroform were spotted onto nitrocellulose membrane (Whatman
Protran BA-83, pore size 0.2 um), ~ 10 pg of lipid per dot. Lipids were dried under a
stream of N and the membrane was blocked with 1% fatty acid free BSA in 20 mM Tris-
HCI pH 7.5, 150 mM NaCl, 0.1% Tween 20 (TBST) buffer for 1 hour at room
temperature. The membrane was incubated with ~ 20-30 nM protein overnight at 4 °C and
washed three times with TBST. In the next step, the membrane was incubated with anti-
His tag primary mouse antibody (Abgent) in TBST (1:1000 dilution) for 2 hours at room
temperature and again washed three times with TBST. Secondary anti-mouse antibody
conjugated to alkaline phosphatase (Promega) in TBST was added to the membrane
(1:2500 dilution). The membrane was incubated for 1 hour at room temperature, and was
washed three times with TBST for the last time. The signal was obtained by incubating the

membrane with NBT-BCIP solution (Sigma-Aldrich) for 10 minutes at room temperature.
2.4.2 Liposome co-sedimentation assay (LSA)

2.4.2.1 LSA using MLVs

The protocol was essentially as described previously (Kim et al., 2013). Lipid films
containing either egg yolk PC or a mixture of egg yolk PC and PA in 2:1 (w/w) ratio were
prepared in glass vials by mixing the phospholipid solutions in chloroform and drying
them under nitrogen gas stream for 15 minutes. Tris buffer (20 mM Tris-HCI pH 7.5,

150 mM NacCl) was added to the lipid films to a total lipid concentration of 1 mg/ml. The
films were allowed to hydrate at room temperature for 20 min, after which the vials were
vigorously vortexed for 2 min to produce the multilamellar vesicle (MLV) suspension. The
TF fusion of Nir2 LNS2 (5 pg in 50 pl Tris buffer) was mixed with 16.5 pl of MLV
suspension. The mixture was incubated at room temperature for 20 minutes and
centrifuged at 16000 x g, 4 °C for 30 minutes. The supernatant was separated from the
pellet, and the pellet was resuspended in 21.5 pl of Tris buffer. Both fractions were used
for analysis by SDS-PAGE.
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2.4.2.2 Semi-quantitative LSA using LUVs

Ten millimolar stock of LUVs in Tris buffer was prepared by extrusion as described in
Section 2.4.4 below. Protein was prepared in 20 mM Tris-HCI pH 7.5, 150 mM NaCl,

1 mM TCEP buffer, and centrifuged at 150,000 x g, 16 °C for 10 minutes to pellet any
aggregated material. Protein solution and LUVs were mixed to prepare a series of samples
with varying concentration of LUVs for analysis of PA binding affinity. Protein
concentration was 2 uM in all samples. The samples were incubated for 20 minutes at

room temperature and centrifuged at 150,000 x g, 16 °C for 30 minutes.

2.4.3 Time-resolved fluorescence lifetime measurements

Fluorescence lifetime measurements were carried out on a PicoQuant FluoTime 300
fluorescence spectrometer by using time-correlated single photon counting (TCSPC)
technology. The excitation source was a super continuum laser (WL-SC-400-4-PP,
Fianium) with tunable wavelength filter and multimode fibre (Superchrome-Vis-FDS-MM,
Fianium). The ligands and the protein were prepared in 20 mM Tris-HCI pH 7.5, 100 mM
NaCl, I mM DTT. The DHPA-NBD concentration was 3 uM in the fluorescence lifetime
measurement in the absence of the protein, and 2 uM in the measurements in the presence
of the protein (8 uM). The concentrations of the ligand and the protein were determined by
UV-Vis spectrophotometry using the reported NBD molar extinction coefficient of

25,000 M'cm™ at 480 nm (Ladokhin ef al., 2002) and the TF Nir2 LNS2 molar extinction
coefficient of 37,550 M™' cm™ at 280 nm calculated from the protein amino acid sequence
in CLC Genomics Workbench (QIAGEN). The decays were measured at 534 nm and the
fluorophore was excited at 460 nm. Fitting of fluorescence decay data was carried out with
FluoFit software (PigoQuant) using the exponential model with reconvolution. The quality

of the fits was assessed by x* values and the randomness of residuals.

2.4.4 Preparation of large unilamellar vesicles (LUVs) by extrusion

Dioleoyl PA and PC dissolved in chloroform were used for LUV preparation. Lipids were
mixed in glass vials in 70:30 PC:PA ratio for use in the liposome co-sedimentation assay
and CD spectroscopy. Lipids were dried under a stream of dry N, for 15 minutes to obtain
lipid films. The lipid films were hydrated by the addition of buffer containing 20 mM
Tris-HCI pH 7.5, 150 mM NaCl and 1 mM DTT or 1 mM TCEP to yield a total lipid
concentration of 10 mM. The lipid films were incubated in the buffer for 1 hour. After the

incubation, the liposome suspension was vortexed to dissociate the liposomes from the
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glass and subjected to 4 freeze-thaw cycles using a dry ice/ethanol bath and a 37 °C water
bath. The liposomes were downsized by extrusion through a nitrocellulose membrane
(0.1 pm pore size, Avanti Polar Lipids) with a mini-extruder (Avanti Polar Lipids) to yield

a transparent LUV suspension.

2.4.5 Steady-state fluorescence spectroscopy

Steady-state fluorescence spectroscopy experiments were carried out using Perkin Elmer

LS 50B fluorimeter.

Stocks of 11-[5-(Dimethylamino)-1-naphthalenesulfonylamino]undecanoic acid (DAUDA,
1.4 mM), dioleoyl PA (DOPA, 10 mM) and oleoyl lysoPA (OLPA, 10 mM) were prepared
in methanol for use in the assay. DAUDA stock concentration was calculated using the
molar extinction coefficient of 4800 M cm™ at 335 nm in methanol (Haugland and
Spence, 1996). DAUDA was diluted with 20 mM sodium phosphate pH 7.2 buffer in a
quartz-glass cuvette to a concentration of ~ 1.5 pM. Na-FAR-1 (0.5 uM) was added to
DAUDA, followed by DOPA or OLPA titration. Fluorescence emission intensity

(Aex = 345 nm) was recorded after each step to monitor DAUDA displacement. Na-FAR-1
concentration was calculated using molar extinction coefficient of 7680 M cm™ at 280 nm

estimated from the protein primary sequence.

2.4.6 NMR spectroscopy

All NMR experiments were carried out on a Bruker 600 MHz Avance IITHD NMR
spectrometer fitted with a TCI cryoprobe. Protein and ligand samples were prepared in

5 mm thin-walled NMR sample tubes (Wilmad).

2.4.6.1 Ligand-observed NMR experiments

For the analysis of LNS2 ligand binding, CPMG (Carr and Purcell, 1954; Meiboom and
Gill, 1958), waterLOGSY (Dalvit et al., 2001) and standard 'H spectra with water
suppression were recorded out at 288 K. Protein samples (~ 10 uM) were prepared in 20
mM sodium phosphate pH 7.5, 5% D,0. Dihexanoyl PA in d6-DMSO or dH,O were
titrated into the protein samples in a series of steps. Dihexanoyl PC, hexanoic acid, oleic
acid sodium salt and sn-glycerol 3-phosphate bis(cyclohexylammonium) salt were used at

a concentration of 100 pM.
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2.4.6.2 Chemical shift perturbation analysis

Chemical shift perturbation caused by dioleoyl PA (DOPA) binding to °’N-labelled
Na-FAR-1 was analysed in a series of 'H-"’N heternonuclear single quantum coherence
(HSQC) and SOFAST heternonuclear multiple quantum coherence (HMQC) (Schanda and
Brutscher, 2005) experiments. For the analysis, DOPA sodium salt was prepared in
methanol-d4 at ~ 10 mM concentration. DOPA was added to the protein sample in a series

of titration steps until the apparent saturation of binding was reached.
2.4.6.3 Double- and triple-resonance experiments for structure determination

In order to prepare the complex of Na-FAR-1 with DOPA, DOPA in chloroform was
added to a clean NMR tube, the solvent was evaporated in the stream of dry N» and the dry
lipid film was hydrated by the addition of Na-FAR-1 solution (0.5 mM) in 20 mM sodium
phosphate pH 7.2, 0.01% NaNj buffer to the final ligand concentration of 3.5 mM (7-fold
excess of ligand to the protein). The phospholipids were mixed into the protein solution by
gentle pipetting and the mixture was incubated at 35 °C for 2-4 hours until the sample

became transparent and the phospholipid binding to the protein had equilibrated.

The backbone resonances of Na-FAR-1 complex with DOPA were assigned with the help
of 2D 'H, "N HSQC and 3D HNCA, HNCO, HNcoCA, HBHANH, HBHAcoNH,
CBCAcoNH, CBCANH (Grzesiek and Bax, 1993, 1992a; Kay et al., 1993; Muhandiram
and Kay, 1994) and "N NOESY-HSQC (Marion ef al., 1989a, 1989b; Zuiderweg and
Fesik, 1989) experiments. Side-chain resonance assignment was carried out using 2D 'H,
BC HSQC, and 3D HCccoNH-TOCSY (Montelione et al., 1992), HCcH-, hCCH-TOCSY
(Bax et al., 1990) and *C NOESY-HSQC experiments. The acquisition parameters of the
protein NMR experiments are summarised in Table 2-1. Resonance assignments were
performed using CcpNmr Analysis software (Vranken et al., 2005). Distance restraints
were obtained from "N and *C NOESY-HSQC spectra. Dihedral restraints were obtained
from the chemical shifts of assigned backbone resonances using DANGLE (Cheung et al.,
2010).
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F, F, F3

ATP SW* o* AT SW 0o AT SW o NUS®
Experiment N? (s) (ppm) (ppm) N (s) (ppm) (ppm) N (s) (ppm) (ppm) (%) Solvent Pulse seq.f
'H, >N HSQC BN 0.1065 21.00 116.0 '"H  0.1003 16.03 4.702 H,0/D,0 fhsqcf3gpph
'H, *N HMQC BN 0.0702 30.00 115.0 'H  0.1024 16.67 4.698 H,0 sthmqcf3gpph
hbCBcgedHD Bc0.0106 40.00 39.00 'H  0.1065 16.03 4.702 D,0 hbebegedhdgp
hbCBcgedceHE BC 0.0038 40.00 39.00 'H  0.1065 16.03 4.702 D,0 hbcbegedcehegp
aro 'H, *C TROSY *C  0.0106 40.16 120.0 'H 01217 14.03 4.702 D,0 trosyargpphwg
BC-filtered NOESY ~ 'H  0.0640 4.702 4.702 'H  0.1024 16.67 4,702 D,0 noesygpphwex 1
HNCA BCc o 0.0067 75.00 54.00 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 20 H,0 hncagpwg3d
CBCANH BCc o 0.0067 75.00 39.40 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 20 H,0 hncacbgpwg3d
CBCAcoNH BCc o 0.0067 75.00 43.00 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 20 H,0 cbcaconhgpwg3d
HNCO Bc o 0.0193 22.00 176.0 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 25 H,0 hncogpwg3d
HNcaCO Bc o 0.0193 22.00 176.0 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 25 H,0 hncacogpwg3d
HBHANH 'H  0.0133 8.00 4702 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4702 25 H,0 hbhanhgpwg3d
HBHAcoNH 'H  0.0133 8.00 4702 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4702 25 H,0 hbhaconhgpwg3d
HCcH-TOCSY 'H  0.0260 8.33 4702 Bc o 0.0080 33.00 29.50 'H  0.1024 16.67 4702 40 H,0 hechdigp3d
hCCH-TOCSY BC o 0.0092 75.00 29.50 Bc o 0.0080 33.00 29.50 'H  0.1065 16.02 4.702 D,0 hechdigp3d2
hCCcoNH-TOCSY  “C  0.0113 75.00 39.00 BN 0.0235 21.00 116.0 'H  0.1024 16.67 4.702 33 H,0 heeconhgpwg3d3
BCNOESY-HSQC 'H  0.0267 12.50 4702 Bc o 0.0080 33.00 62.50 'H  0.1024 16.67 4.702 25 H,0 noesyhsqcetgp3d
PN NOESY-HSQC 'H  0.0267 12.50 4702 BN 0.0256 20.50 116.0 'H  0.1024 16.67 4.702 25 H,0 noesyhsqcf3gp193d

a. Nucleus.

b.  Acquisition time. In NOESY-HSQC, acquisition in F, was carried in the Echo-Antiecho mode. In all other experiments, acquisition in the indirect dimensions was carried in the States-TPPI
mode.

c.  Spectral width.

d. Transmitter frequency offset.

e. Amount of non-uniform sampling.

f.  The noesyhsqcf3gp193d pulse sequence was modified to improve water suppression. In all other experiments, standard Bruker pulse sequences were used.

Table 2-1. Acquisition parameters of the protein NMR experiments carried out in this study.
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2.4.7 Protein crystallisation, data collection and processing

2.4.7.1 Na-FAR-1 complex with oleic acid

RP-HPLC purified protein was prepared in pure dH,O at 5 mg/ml or 10 mg/ml
concentration. Oleic acid sodium salt was added in a 4-fold molar excess to the protein for
co-crystallisation. Crystallisation was carried out using JCSG+ and PACT Premier screens
(Molecular Dimensions) by sitting drop vapour diffusion method. For crystallisation, 0.5 pl
protein was mixed with reservoir solution in 1:1 ratio by Cartesian Honeybee robot

(Genomic Solutions) at room temperature. The plates were incubated at 16 °C.

Cubic crystals were observed after 24 hours in JCSG+ condition C6

(0.1 M phosphate-citrate pH 4.2, 40% PEG-300) and were grown further for 10 days.
Largest crystal (approximate dimensions = 150 x 150 x 150 um) was frozen without any
further cryoprotection in liquid N, and used for remote data collection at Diamond Light
Source (Research Complex at Harwell, Oxfordshire, UK) beamline 103. Two data sets
were merged and processed by xia2 (Winter, 2010) using the flag -3dii for XDS (Kabsch,
2010) pipeline to produce the working data set.

2.4.7.2 Na-FAR-1 complex with DOPA

RP-HPLC purified protein was prepared in dH,O at 5 mg/ml or 10 mg/ml concentration.
Dioleoyl PA (DOPA) sodium salt was added to the protein in 7-fold molar excess and the
mixture was incubated at 35 °C for ~ 2 hours to allow ligand binding to the protein. The
sample was centrifuged at 11000 x g table-top microcentrifuge to pellet the unbound
DOPA. The supernatant was transferred to a clean Eppendorf tube and used for
crystallisation screening. Crystallisation screening was carried out using JCSG+ and PACT
Premier screens (Molecular Dimensions). The screens were prepared as described for Na-

FAR-1 complex with oleic acid.

No protein crystals were obtained.

2.4.7.3 The TF and MBP fusions of Nir2 LNS2 domain

TF Nir2 LNS2 samples for crystallisation screening were prepared in 20 mM Tris-HCI
pH 7.5, 0.5 mM TCEP at 4 mg/ml and 10 mg/ml concentrations. MBP RdgB LNS2
samples were prepared in 10 mM Tris-HCI pH 7.5, 5 mM maltose. Crystallisation

screening was carried out using JCSG+ and PACT Premier screens (Molecular
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Figure 5-2. Diffraction pattern recorded from the crystal of Na-FAR-1-oleic acid complex.
Well-resolved reflections can be observed.

Na-FAR-1 oleic acid complex

Data collection

Space group P 432
Cell dimensions
a b, c(A) 121.38, 121.38, 121.38
a, B,y (°) 90.0, 90.0, 90.0
Resolution (A) 42.91-1.29 (1.32-1.29) *
I/ol 25.9(1.5)
Rpim 0.016 (0.697)
Completeness 100.0 (100.0)
Multiplicity 21.3(8.3)
Refinement
Resolution (A) 42.91-1.29
No. reflections 73075
Rwork/Rfree 0 1 3 7/0 1 62
Number of atoms

Protein 1284

Ligand 80

Water 313
B-factors

Protein 23.2

Ligand 46.0

Water 53.9

RMS deviations
Bond lengths (A) 0.015
Bond angles (°) 1.800

* Highest resolution shell is shown in parentheses.

Table 5-1. Data collection and refinement statistics for the Na-FAR-1 complex with oleic acid.
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5.3.2 Structural features of the Na-FAR-1-oleic acid complex

It was observed that the overall conformation of Na-FAR-1 in complex with oleic acid was
very similar to that of 4XCP (Fig 5-3, RMSD for all heavy atoms = 0.52 A). Like in the
4XCP structure, the protein contained eleven a-helices (al1-11, numbered from the N-
terminal to the C-terminal). The helices formed the internal cavity of Na-FAR-1, which
serves as the binding site for ligands. The positions of a-helices were nearly identical in the
two complexes. The most noticeable difference was in a flexible loop formed by T101,
G102 and R103, located between o7 and a8, which had a different conformation in the
oleic acid complex, compared to 4XCP. When viewed in the surface representation, the
structure of the oleic acid complex appeared slightly more expanded than that of 4XCP.
Several entrances to the cavity present in 4XCP either had reduced area or were absent in

the oleic acid complex (an example is given in Fig 5-3C).
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Oleic acid complex

Figure 5-3. The structure of the Na-FAR-1 oleic acid complex and its comparison with the
structure of the Na-FAR-1 complex with E. coli lipids (PDB ID 4XCP). A. The structure of the
oleic acid complex is shown in cartoon representation, coloured from blue to red (N-terminus to
C-terminus) with the a-helices numbered. B. Superimposed cartoons of Na-FAR-1 in complex
with oleic acid (grey) and with E. coli lipids (green) [PDB ID 4XCP, (Rey-Burusco et al., 2015)].
The location of the internal cavity of Na-FAR-1 is marked in the structures of the left. In the
structures on the right, a7-a8 loop that has different conformations in the two complexes is
marked. C. A representative small conformational difference on the surface of the two complexes.
One of the entrances to the internal cavity is partially closed in the oleic acid complex. The
location of the entrance is highlighted in red. The colour-coding is identical to B.

Consistent with these observations, analysis by the protein surface topology tool CASTp
(Binkowski et al., 2003) revealed that the internal cavity volume of Na-FAR-1 oleic acid
complex was slightly larger than that of 4XCP when measured both with a 1.4 A probe
equivalent to a water molecule (2983 A® vs 2570 A®, respectively) and with a 1.925 A
probe equivalent to a CH, group (2437 A® vs 2170 A%).
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Previously, it was demonstrated that Na-FAR-1 expands on ligand binding (Rey-Burusco
et al., 2015). From the data presented here, it can be suggested that the degree of
Na-FAR-1 expansion depends on the nature of the ligands bound to the protein or the
stoichiometry of the protein-ligand complex. In 4XCP, Na-FAR-1 was believed to contain
a 16-carbon palmitic acid molecule inside its cavity, along with other unidentified lipids
(Rey-Burusco et al., 2015). In contrast to 4XCP, the structure reported here contained
18-carbon oleic acid molecules, as the majority of the E. coli lipids were removed by the
reverse-phase HPLC (see Chapter 3), and any remaining lipids were expected to have been
displaced by the excess of oleic acid. It appears that in the oleic acid complex, the internal
cavity of Na-FAR-1 has expanded further to accommodate either the larger ligands, the
higher loading, or both. The apparent ability of Na-FAR-1 to adjust the volume of its
internal cavity to accommodate different types of molecules might be one of the reasons

behind the observed diversity ligands that Na-FAR-1 can bind.

5.3.3 Location of the oleic acid binding sites in the Na-FAR-1 internal cavity

5.3.3.1 Ligand fitting

Volumes of electron density were observed inside the internal cavity of Na-FAR-1-oleic
acid complex in the 2F,-F. map, into which the ligands were fitted. Prior to fitting of the
ligands, water molecules were introduced into the model in Coot. As the electron density
of the ligands appeared less well defined than the electron density of the protein atoms,
fitting of some of the ligands proved to be a challenging task. Ligand modelling was
carried out by first locating the electron density patches that could be fitted with the
carboxylic head groups of oleic acid. The preference was given to the patches located near
the polar groups of the protein residues, as it was postulated that it would be energetically
favourable for the oleic acid head groups to make polar contacts to the protein.
Subsequently, the oleic acid aliphatic chains were extended into the electron density
protruding from the identified head group densities. If negative or positive density peaks
surrounding the ligand atoms were observed in the in the F,-F, map after refinement, the
positions of the ligands or the occupancies of the ligand atoms were adjusted manually,
and the automatic refinement was repeated until the difference peaks either disappeared or
at least reduced were in size in the F,-F. map. The change in the R-factor was also
monitored after each refinement step, and the models that displayed the lowest Ryor and
Riree values that were in agreement with each other were selected. In the end, four oleic

acid molecules were fitted into the cavity (OLA1-4, Fig 5-4A).
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It should be noted that inconsistencies between the model and the experimental data were
still expected to be present in the final model. For instance, after the final model was
refined, many fragments of positive electron density were still found inside the cavity in
the F,-F. map, especially near OLA2, 3 and 4 (Fig 5-4B). This density could originate
from different conformations of the oleic acid aliphatic tails, which are expected to be
highly flexible. However, since it was difficult to find unambiguous solution to model the
alternative conformations, these remaining positive F,-F. density regions near the modelled

ligands were left unfilled.

In the cavity, all four oleic acid molecules were oriented in a similar way. Their carboxylic
acid head groups were contacting either the solvent or the polar groups at the surface of the
cavity, whereas their aliphatic tails were hidden in the interior of the cavity. The aliphatic
tails of the ligands formed an apparent hydrophobic core inside the cavity, the presence of
which may prevent collapse of the cavity structure observed in the ligand-free form of
Na-FAR-1 (Rey-Burusco et al., 2015). The positions of each of the ligand molecules are

presented below.
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Figure 5-4. Ligand molecules inside the Na-FAR-1 complex with oleic acid. A. Cartoon
representation of the Na-FAR-1-oleic acid complex structure. The surface of the Na-FAR-1 internal
cavity is shown within the backbone cartoon, coloured according to its electrostatic potential (blue
and red represent positive and negative potential, respectively). The oleic acid molecules inside the
cavity (OLA1-4) are depicted as sticks. B. Electron density of OLA1-4. Top. The 2F,-F. map (blue
mesh). Bottom. The 2F,-F. map (blue mesh) superimposed with the F,-F, difference map (green
and red mesh for positive and negative peaks, respectively). Ligands are depicted as sticks. 2F,-F,
map is contoured at 1o and carved at 1.6 A around the ligands. The F,-F, map is contoured at 3¢
and carved at 2.0 A around the ligands.
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5.3.3.2 Ligand binding sites

OLA1 was fitted into the most well-defined electron density inside the internal cavity of
Na-FAR-1 in the 2F,-F. map (Fig 5-4B). The ligand was located close to an opening in the
protein surface between helices 03, a6 and a10. The OLA1 head group was in a position to
make hydrogen bonds to the backbone amide groups of F138 (2.9 A) and L139 (3.0 A),
and a polar contact with a solvent molecule (Fig 5-5A). The fatty acyl tail of OLA1
contacted the apolar groups in the side-chains of P15, M69, V70, S88, 189, F136, F138 and
L139. It should be noted that the protonation state of the carboxyl acid group of oleic acid
molecules in the protein-ligand complex was unclear, as the pH of the mother liquor

(~ 4.5) was too close to the theoretical pKa of oleic acid in water (5.0) predicted by
ChemAxon model (www.chemaxon.com). However, the ligands were predicted to be
deprotonated by the Protoss software (Bietz et al., 2014) based on the structural features of

the complex, and hence were drawn accordingly in Fig 5-5.

In contrast to OLA1, the electron density of OLA2 was less defined. For instance, in the
final model, no electron density was observed around ligand carbons 2, 3 and 10 in the
2F,-F. map contoured at 15, which may be explained by a higher conformational flexibility
of the ligand regions containing these atoms compared to the rest of the molecule. A small
negative density peak was observed close to carbon 2 in the F,-F. map contoured at 3.0c,
which was not completely removed by refinement. This peak might have arisen due to the
problems in the model caused by the incomplete modelling of alternative conformations of
oleic acid tails, as mentioned above. Unlike OLA1, the head group of OLA2 was not
located near a cavity entrance, but was hidden inside the cavity, contacting a cavity wall
formed by a7 and a8. The carboxylic acid group of OLA2 made hydrogen bonds to the
hydroxyl groups of Y10 (2.7 A) and S113 (2.6 A) (Fig 5-5B). The aliphatic tail of the
molecule was curved at carbon 4, after which point it extended away from the wall into the
central cavity. The ligand had hydrophobic contacts to the side-chains of 16, L13, M14,
A92,195,Y99, V114 and V117, as well as to the aliphatic tail of OLA4.

The carboxylic acid group of OLA3 was fitted into a region of electron density near the
side-chain of K96 in conformation A (K96a). OLA3 was located near a large region of
positive electrostatic potential in the cavity next to the largest cavity opening between o4,
a5 and o7. In this position, the carboxylic acid group of OLA3 appeared to make hydrogen
bonds to the side-chain amine group of K96a (2.8 A) and the hydroxyl group of Y100

(2.7 A) (Fig 5-5C), as well as contacted a solvent molecule. In addition, the ligand made
hydrophobic contacts to the side-chains of L33, V36, F37, T45, S48, 149, V63, H67 and
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the fatty acyl tail of OLA4. The aliphatic tail of OLA3 was curved in way similar to the

OLAZ2 tail, making a turn after carbon 3 and extending into the cavity.

Finally, OLA4 was placed into the electron density close to OLA2 and OLA3. The head
group of OLA4 was located close to the cavity opening found between 04, a7 and the
N-terminus of the protein. Its carboxylic oxygen atoms made hydrogen bonds with the
backbone amide of F1 (3.1 and 3.2 A) (Fig 5-5D) and a polar contact with a solvent
molecule. The ligand also contacted the hydrophobic side-chains of F1, F21, L22, K30,
L33, K34 and Y100, as well as the fatty acyl tails of OLA2 and OLA3. It should be noted
that the electron density of OLA4’s head group was rather poorly defined in the 2F,-F.
map compared to the other ligands. This might suggest that at least the head group region
of OLA4 is relatively mobile and might occupy an alternative, unknown binding site in the
cavity. It should also be noted that F1 is the N-terminal residue in the secreted form of
Na-FAR-1, as the residues preceding F1 in the structure reported here belong to the
recombinant tag. However, as in the native form of the protein the amino group of F1 is
expected to carry a positive charge and thus would be able to form a salt bridge with the
negatively charged group of oleic acid, it is likely that the interaction between F1 and

OLA4 will also be observed in the native protein.

To summarise, four oleic acid binding sites in the cavity were mapped. The head groups of
all the ligand molecules appeared to be hydrogen bonded to either backbone amide groups
or the polar side-chain groups of the protein residues. The head groups of three oleic acid
molecules (OLA1, OLA3 and OLA4) were located close to the cavity openings, whereas
the head group of one ligand (OLA2) was hidden inside the cavity. The head groups of
OLA1, OLA2 and OLA4 contacted structured waters in their binding sites. The aliphatic
tails of all ligands made a large number of contacts with the hydrophobic amino acid side-
chains in the internal cavity of the protein. Hence, fatty acid binding by Na-FAR-1 is
expected to be predominantly hydrophobic in nature, although polar interactions also

appear to play a role in positioning the ligands.

The proposed mechanism of Na-FAR-1-fatty acid binding is discussed below.



149

189 S88 %1::2‘15
h " Met69 Prol37
r ”«g e %}:g%%”“
; Fo|Fi3 |
‘v70 | V‘*”"% C Fon g
TS 1139 ‘
[ S
4 P
wes 16 “ % G :
Leu139
OLA1 (ye¢ F138 IleS;Q% ’
P16 3
B gﬁchS
 Vall17
igg 5113 $ Lasf M
& V117 ' ,i}‘al]]4
Y99 )\/ Serl13
\ A92\ = OLA2
L= _ YV114 Ala92 S
-— OLAZ IMet14
W Y10 ‘j 113 f§ o
- 11e95
16 'l'\rI(J}\—I o
C % »w
Tyr99 E “lle6
Val36

: Leu33
Y100 KKQGa Phe37 £ :Q Serd8
- P2 < » I
F37[ ‘P (: OLA3 / ‘Ly.s‘)él ,/‘ _'.':.; 3
U . \v S ve3 z\/.\/. 267 <
% * 145 (H67 .

‘§ Tyr100

Lys34 %m

2

‘F21 k3o [
<‘ Y122 MO
%, 43 { F1f

l OI.A4
N k‘/\_{ e
$ o ke
K96 Y100

OLA4

Figure 5-5. Oleic acid binding sites in the Na-FAR-1-oleic acid complex. A. OLA1 binding site. B.
OLAZ2 binding site. C. OLA3 binding site. D. OLA4 binding site. Left column: OLA1-4 molecules and
Na-FAR-1 residues contacting OLA1-4 are shown as sticks (yellow and teal, respectively). Predominant
conformations of Na-FAR-1 residue side-chains are shown. In cases when the side-chain conformations
were modelled in two conformations, the conformation closest to the ligand is shown. Water molecules
that make polar contacts to OLA1-4 are shown as spheres (magenta). Polar contacts between the
carboxylic groups of OLA1-4 and either protein residues or water molecules are depicted as yellow dashed
lines. Right column: LigPlot depictions (Wallace et al., 1995) of the interactions between OLA1-4 and the
protein. Residues making polar contacts to the ligands are shown as balls-and-sticks. Hydrogen bonds
between the protein residues and OLA1-4 are shown as green dashed lines (bond length is in A).
Hydrophobic contacts are represented as red arcs with spikes oriented towards the contacting atom.
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5.4 Conclusions and discussion

5.4.1 Comparison of the Na-FAR-1 ligand complexes and implications for the
mechanism of fatty acid binding by Na-FAR-1

The structure of the Na-FAR-1 oleic acid complex was determined at a high resolution
(1.29 A), which allowed fitting of protein residues with high accuracy. As reported above,
the conformation of Na-FAR-1 in the oleic acid complex was found to be largely similar to
that of Na-FAR-1 in complex with E. coli lipids (PDB ID 4XCP). An important difference,
however, was in the volume of the internal cavity, which was larger in the oleic acid
complex than in 4XCP. As noted above, it is likely that the ability to change the volume of
its cavity might help Na-FAR-1 to accommodate lipids of varying sizes and shapes or form
lipid complexes with different protein-ligand stoichiometries. It is, however, unclear what

the maximum volume that the internal cavity of Na-FAR-1 can expand to is.

The increase in the cavity volume was accompanied by reduction in the sizes of the cavity
openings in the oleic acid complex, which was a consequence of the conformational
changes in the side-chains of Na-FAR-1 residues. However, cavity openings were still
present in the structure, and the head groups of three oleic acid molecules were located
close to the openings, likely due to the local environmental polarity. Furthermore, three
oleic acid molecules appeared to contact structured water molecules, one of which was
located in the interior of the cavity. Hence, it can be suggested that water plays a specific
role in the oleic acid binding by Na-FAR-1 by making polar contacts to the oleic acid head
groups, and thereby aiding the positioning of the ligands inside the cavity in a

thermodynamically favourable manner.

The aliphatic tails of different oleic acid molecules contacted one another in the internal
cavity of Na-FAR-1. If we assume that oleic acid molecules bind Na-FAR-1 in a sequential
manner, which is apparent from the ability of Na-FAR-1 to form a number of distinct
complexes with different protein-ligand stoichiometries (Rey-Burusco et al., 2015), it is
possible that binding of at least some of the ligands might occur via a cooperative
mechanism. Here, binding of one ligand might lead to an increase in affinity for binding of
the next ligand due to the increase in the hydrophobicity of the cavity interior as a result of
ligand binding. The same is likely to hold true for other fatty acids with chain lengths

similar to that of oleic acid.
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As mentioned above, differences in the conformations of many amino acid side-chains in
the cavity were observed between 4XCP and the oleic acid complex. The most interesting
example here is K96, which was located in the region of the cavity with a large positive
electrostatic potential and was involved in ligand binding. The side-chain of K96 was
found to have two conformations in the oleic acid complex (K96a and K96b) and only one
in 4XCP (Fig 5-6). In the oleic acid complex, K96a was the predominant conformer (70%
occupancy), which made a hydrogen bond with the carboxylic head group of OLA3. In
4XCP, the side-chain of K96 also appeared to contact the ligand, but the amino acid was in
a conformation that was equivalent to K96b in the oleic acid complex and not to K96a. As
the ligand in 4XCP was believed to be palmitic acid rather than oleic acid, the change in
the position of the side-chain could have been caused by the structural differences between
the ligands in the two structures. Hence, it can be proposed that the side-chain of K96 may
help the protein to accommodate fatty acids with different aliphatic tail lengths by flipping
between at least two conformations, and changing the spatial arrangement and the local
charge distribution of the cavity in this way. Additionally, K96 appears to regulate the size
of the largest cavity entrance, which is partially obstructed by K96’s side-chain in the oleic

acid complex.

Palmitic acid
4XCP

Oleic acid complex

Figure 5-6. Conformation of Na-FAR-1 K96 side-chain in the oleic acid complex and in
the E. coli lipid complex containing palmitic acid (PDB ID 4XCP). In the oleic acid
complex (grey cartoon), K96 is found in two conformations (K96a and K96b). K96a is the
predominant conformation (70% occupancy), in which the residue makes a hydrogen bond
with an oleic acid molecule (OLA3, grey sticks). In 4XCP (green cartoon) (Rey-Burusco et
al.,2015), K96 is only found in a conformation equivalent to K96b, in which the residue
makes a hydrogen bond with a palmitic acid molecule (green sticks). The change in the K96
side-chain conformation might be required to accommodate different types of ligands.
Hydrogen bonds between the ligands and K96 are represented as yellow dashes.
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To summarise, from the structures of Na-FAR-1 complexes with oleic acid and E. coli
lipids, a number of propositions can be made regarding the Na-FAR-1 mechanism of fatty
acid binding. First, the internal cavity of Na-FAR-1 can expand to varying degrees to
accommodate different types of ligands or allow formation of complexes with varying
protein-ligand stoichiometries. Second, fatty acid binding by Na-FAR-1 involves both
polar and apolar interactions. Apolar interactions are, likely, the major contributors to the
binding energy of Na-FAR-1, whereas polar interactions might be responsible for fixing
the ligands in an energetically favourable conformation inside the cavity. Third, the
conformation of certain protein residues, such as K96, may regulate the ligand binding
properties of Na-FAR-1, and may change the local arrangement of the cavity to
accommodate fatty acids of different chain length. Fourth, the binding of fatty acids by Na-
FAR-1 is likely to be cooperative due to the hydrophobic effect associated with the
aliphatic tails of the fatty acids.

Apparent differences between the mechanisms of fatty acid and phospholipid binding by
Na-FAR-1 will be discussed in Chapter 6.

5.4.2 Future directions

The results presented here suggest several experimental avenues that could be explored to

test the hypotheses put forward.

The role of specific Na-FAR-1 residues in oleic acid binding could be tested by
site-directed mutagenesis. For that purpose, the residues whose side-chains appear to make
polar to the ligands head groups in the crystal structure can be mutated to, e.g., alanine
residues that lack polar side-chains. The influence of the mutations on binding affinity
could then be assessed, for example, by a fluorescence-based assay which was used
previously for analysis of lipid binding by FARs and other lipid binding proteins
(Basavaraju et al., 2003; Mei et al., 1997), and the principle of which is described in
Chapter 6. To complement the functional analysis, structures of Na-FAR-1 mutants in
complex with oleic acid can be determined by X-ray crystallography to characterise the
effects of mutations on the positioning of ligands in the complex. It should be noted that
three Na-FAR-1 residues (F1, F138 and L139) appeared to make hydrogen bonds to oleic
acid via their backbone amides. Therefore, it would be difficult to use site-directed
mutagenesis to confirm the role of these residue in oleic acid binding, as mutation of the

residues to prolines would be required to disrupt the hydrogen bonds between the
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backbone amides of the residues and the oleic acid head groups, which could have a

significant impact on the protein backbone conformation.

As the fitting of some of the ligands proved to be challenging, oleic acid labelled with
strongly-scattering bromine atoms at specific aliphatic tail carbons could be used to
confirm the location of the ligands in the internal cavity of Na-FAR-1 and potentially
simplify the fitting procedure. Previously, brominated lipids were successfully used to
identify lipid binding sites in the photosynthetic reaction center of Rhodobacter
sphaeroides (Roszak et al., 2007). However, it should be noted that the presence of the
large bromine atoms in the aliphatic tail of the ligands might affect the positioning of the
lipids inside the Na-FAR-1 cavity, and hence the structure of the Na-FAR-1 complex with
brominated oleic acid might not appear in agreement with the structure reported in this

study.

Furthermore, the mechanism of the interaction between Na-FAR-1 and fatty acids of
different chain lengths could be investigated by X-ray crystallography. However, due to
the structural similarities between the long-chain fatty acids that Na-FAR-1 shows a
preference for, their mechanism of binding is not expected to be radically different from
the one observed with oleic acid, and, hence, is unlikely to provide new information.
However, determination of the crystal structure with, for example, 14-carbon myristic acid
would help to confirm or refute the proposed role of K96 side-chain conformation in ligand

binding by Na-FAR-1.
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6. Analysis of phospholipid binding by Na-FAR-1
6.1 Introduction

The structure of Necator americanus FAR-1 protein (Na-FAR-1) in complex with one of
its natural fatty acid ligand, oleic acid, was solved in this study. As a result, clues about the
fatty acid binding mechanism of Na-FAR-1 were obtained, which were discussed in

Chapter 5.

Recently, it has also been demonstrated that Na-FAR-1 is also able bind
phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) (Rey-Burusco et al., 2015).
PG and PE belong to a class of molecules termed phospholipids, which are structurally
distinct from fatty acids and other known ligands of Na-FAR-1, such as retinol and retinoic
acid. Although the biological importance of phospholipid binding by Na-FAR-1 is
unknown, lipid binding by secreted nematode lipid binding proteins has been previously
proposed to play a role in parasitism by facilitating nutrient acquisition from the host
and/or by host immunomodulation through sequestration of signalling lipids (Basavaraju et
al., 2003; Kennedy, 2000). Therefore, it can be proposed that phospholipid binding by Na-
FAR-1 might play a similar role in the parasite infections, especially since soluble
phospholipids, such as lysophosphatidic acid (LPA) (Yun and Kumar, 2015; Zhao et al.,

2015; Zhao and Natarajan, 2013), are known mediators of inflammatory responses.

In order to obtain insights into the mechanism that Na-FAR-1 employs for phospholipid
binding, structural and functional characterisation of a Na-FAR-1-phospholipid complex
was carried out. Protein nuclear magnetic resonance (NMR) spectroscopy and a
fluorescence-based lipid binding assay were employed to characterise Na-FAR-1-
phospholipid binding. Phosphatidic acid (PA) was chosen as the model phospholipid for
the binding analysis. In addition, Na-FAR-1 binding to LPA was demonstrated.

In the beginning of the chapter, the results of the fluorescence-based assay used to
demonstrate binding of PA and LPA to Na-FAR-1 will be presented, and the principle of
the assay will be described. Next, an overview of protein NMR spectroscopy will be given,
and the results of the NMR experiments will be presented. The chapter will end with the
discussion of the results and proposals for future study of phospholipid binding by Na-
FAR-1.
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6.2 Na-FAR-1 binds phosphatidic acid and lysophosphatidic acid

In order to characterise phospholipid binding by Na-FAR-1, a fluorescence-based
competition assay was carried out that was previously used for characterisation of the Na-
FAR-1-oleic acid interaction. The assay employs 11-(Dansylamino)undecanoic acid
(DAUDA), an environment-sensitive fluorescent dye that is weakly fluorescent in polar
solvents and strongly fluorescent in a hydrophobic environment. When transferred from

apolar into a polar environment, a red shift of DAUDA emission maximum is observed.

The principle of the assay is based on the fluorescence properties of DAUDA. For the
assay, protein-DAUDA complexes are premade in an aqueous buffer, and the fluorescence
emission spectrum of DAUDA is measured. When bound to a protein, DAUDA is in a
hydrophobic environment, and hence will fluoresce with high intensity. Subsequently, a
ligand of interest is added to the premade protein-DAUDA complexes, and the
fluorescence emission spectrum is recorded again. If the binding site of the ligand and
DAUDA overlap, the ligand will at least partially displace DAUDA from the protein. As a
certain population of DAUDA molecules will now be found in a polar environment, the
total measured fluorescence intensity will reduce, and the fluorescence emission maximum
of DAUDA will undergo a red shift. In this way, protein-ligand binding can be
characterised by following the intensity and wavelength of DAUDA fluorescence emission

during ligand titration.

Dioleoyl PA (DOPA or di-18:1 cis-9 PA) was chosen as a model phospholipid for analysis
of Na-FAR-1 phospholipid binding, as PA forms the basic unit of all glycerophospholipids
in the cell. DOPA was titrated into the mixture of Na-FAR-1 and DAUDA, and
displacement of DAUDA by DOPA was monitored by measuring the emission spectrum of
DAUDA. It was observed that DOPA displaced DAUDA from Na-FAR-1, as was evident
from a decrease in DAUDA fluorescence emission intensity and the shift in the
fluorescence emission maximum from 470 nm to 530 nm after sequential additions of
DOPA (Fig 6-1). After the concentration of DOPA was brought to 8 uM, the intensity of
the DAUDA emission maximum was found to be equal to 11% of its intensity in the

absence of DOPA, and did not decrease in the further titration steps.

Next, it was decided to investigate whether Na-FAR-1 binds oleoyl lysophosphatidic acid
(OLPA or 18:1 cis-9 LPA), a soluble phospholipid involved in inflammatory signalling
that shares structural similarity with DOPA and that Na-FAR-1 is likely to encounter in its

natural environment after secretion by the worm. It was observed that OLPA was also able
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to displace DAUDA from Na-FAR-1, as was evident from the decrease in DAUDA
fluorescence observed on OLPA addition. The ability of OLPA to displace DAUDA
suggests that OLPA also binds to Na-FAR-1 and shares a binding site with DAUDA.

Once it was determined that Na-FAR-1 is able to bind DOPA and OLPA, characterisation
of DOPA binding by Na-FAR-1 was carried out by using protein NMR spectroscopy.
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Figure 6-1. DAUDA displacement assay using di-oleoyl phosphatidic acid (DOPA, di-18:1 cis-9
PA) and oleoyl lysophosphatidic acid (OLPA, 18:1 cis-9 LPA). Fluorescence emission spectrum
of DAUDA is shown (Aex =345 nm). A. DAUDA is displaced from Na-FAR-1 by sequential

additions of DOPA to 2, 4, 8 and 10 uM total DOPA concentration. B. DAUDA is displaced from
Na-FAR-1 by sequential additions of OLPA to 0.5, 1,4 and 16 uM total OLPA concentration. A
Raman scattering peak is observed at 390 nm in both spectra. Structures of DOPA and OLPA are
shown for reference.

6.3 Analysis of phosphatidic acid binding by Na-FAR-1 using

protein-observed NMR spectroscopy

6.3.1 A brief overview of protein NMR spectroscopy
6.3.1.1 Introduction

Compared to X-ray crystallography described in Chapter 5, NMR spectroscopy is a
relative newcomer to biology. Although the phenomenon of NMR in bulk materials was
first observed separately by Bloch (Bloch et al., 1946) and Purcell (Purcell et al., 1946) in
1946, it took decades of technological and scientific advances for NMR spectroscopy to
become an established technique in biomolecular science and structural biology. Today,
however, it is widely used for various type of biochemical and biophysical investigations,

including analyses of protein structure, dynamics and protein-ligand interactions. Although
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structure determination by NMR spectroscopy is fundamentally difficult for biomolecules
with MW larger than ~ 25-35 kDa (see Section 4.3.1.1 for a brief discussion of protein

NMR spectroscopy limitations), numerous structures of protein and protein domains have
been solved by NMR spectroscopy. To date, Protein Data Bank (PDB) includes more than

10,000 solution structures of protein and peptides determined using NMR spectroscopy.
6.3.1.2 From nuclear spin to NMR spectrum

NMR spectroscopy uses magnetic properties of atomic nuclei to obtain information about
molecular structure and dynamics. To understand how this is achieved, the concept of spin
has to be introduced. Since there is no macroscopic equivalent to spin, it is difficult to
understand the concept of spin intuitively. In basic terms, spin can be defined as quantum
mechanical property of elementary particles that can be understood as a form of angular
momentum. It should be noted, however, that in contrast to classical angular momentum,
spin angular momentum does not arise due to the rotation of a particle, but is its intrinsic
property. As nuclei consist of elementary particles, they also carry spin angular
momentum. Spin angular momentum of particles and nuclei is characterised by spin
quantum number. The nuclear spin quantum number depends on the spin quantum
numbers of the elementary particles that form the nucleus. If the nuclear spin quantum
number is non-zero, then the nucleus possesses a spin magnetic moment and can be
investigated by NMR spectroscopy. Typically, nuclei with spin quantum number equal to
1/2 (further, spin 1/2 nuclei) are used in NMR spectroscopy, as they have convenient
magnetic properties for investigation by NMR spectroscopy. The ratio of the magnetic
moment of a nucleus to its spin angular momentum is called the gyromagnetic (or

magnetogyric) ratio, the value of which is unique to each isotope.

When a nucleus with non-zero spin is placed into a magnetic field, its spin magnetic
moment will precess around the magnetic field. The precession occurs at a frequency

termed the Larmor frequency (), which is defined by the following equation:

w = —yB Equation 6-1.
where y is the gyromagnetic ratio and B is the magnetic field strength at the position of the
nucleus. The energy of the interaction between spin magnetic moment of a nucleus and the
magnetic field depends on the orientation of the magnetic moment in relation to the

direction of the magnetic field. The energy of the interaction will be lowest when the spin
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magnetic moment is oriented in parallel to the magnetic field, and the highest when the

orientations of the magnetic moment and the magnetic field are opposite.

Next, let us consider a bulk sample containing numerous identical nuclei. In the absence of
the external magnetic field, spin magnetic moments of individual nuclei will be oriented
randomly due to the thermal motion of the nuclei. If we place the sample into an external
magnetic field, slight anisotropy of the spin magnetic moment orientations will be
observed, as the magnetic moments of the nuclei will tend to align in parallel to the
magnetic field. This will lead to build up of a net nuclear magnetic moment, which will be
oriented in the direction of the magnetic field. In NMR spectroscopy, this net magnetic
moment is commonly referred to as longitudinal magnetisation. However, due to the small
energy difference between the highest energy and the lowest energy arrangements of the
nuclear magnetic moments in the sample, the net magnetic moment is relatively small
compared to the diamagnetism of the sample caused by the interaction of atomic electrons
with the magnetic field. Hence, longitudinal magnetisation is essentially immeasurable

directly.

In order to detect nuclear magnetisation, the sample can be irradiated with a
radiofrequency pulse of a specific length and energy that will rotate the net nuclear
magnetisation vector into the plane perpendicular to the external magnetic field. As a
result, the sample will acquire transverse magnetisation. As the nuclei will continue to
experience the external magnetic field, the net transverse magnetic moment will precess at
the Larmor frequency of the nuclei, generating a small magnetic field. If a coil is wound
around the sample, this precession will induce an oscillating electric current in the coil,
which can be amplified and measured. The oscillation will decay over time as the
transverse magnetisation of the sample decays away due to transverse (or T,) relaxation.
The oscillating current is called the free-induction decay (FID) and corresponds to the
NMR signal in the time domain. In order to convert the signal into the frequency domain to
produce an NMR spectrum, a Fourier transform is performed on the FID. Phasing of the
signal is then carried out to obtain a traditional Lorentzian absorption peak. The position of
the peak in the spectrum will depend on the Larmor frequency of the corresponding nuclei,
whereas the intensity of the peak will depend on the number of the nuclei with the identical

Larmor frequency in the sample.
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6.3.1.3 Chemical shift, J-couplings and nuclear Overhauser effect (NOE)

When NMR measurements are made of a solution of molecules, nuclei of the same isotope
in a molecule do not necessarily experience identical magnetic field and therefore may not
have identical Larmor frequencies. This is because the strength of the external magnetic
field that the nuclei experience is affected by the local magnetic effects in the molecule.
These local magnetic effects are caused by the magnetism of the atomic electrons, or of the
neighbouring nuclei, which interferes with the external magnetic field. The information
provided by the local magnetic field inhomogeneities in a molecule is thus of immense
importance, as it reports on the chemical structure of the molecule. Reduction in the
Larmor frequency of a nucleus as a result of the local magnetic effects is commonly
referred to as shielding (from the external magnetic field), whereas an increase in the

Larmor frequency of a nucleus is called deshielding.

From Eq. 6-1 it can be seen that nuclear Larmor frequency depends on the strength of the
magnetic field that a nucleus experiences. Therefore, the same nucleus will display NMR
signals at different frequencies when placed into NMR spectrometers that produce
magnetic fields of different strengths. To standardise NMR measurements, the positions of
NMR signals in the spectrum are usually not presented in Larmor frequencies, but in field-
independent chemical shifts. To determine a chemical shift of a nucleus, its Larmor
frequency is measured in a magnetic field of a particular strength and is then compared to a
Larmor frequency of an isotopic nucleus in a reference compound that was measured in a
magnetic field of the same strength. The chemical shift (d) of a nucleus is expressed by the

following equation:
Equation 6-2.

where o is the Larmor frequency of the nucleus of interest and wg is the Larmor frequency
of the nucleus in a reference compound. Most commonly, trimethylsilane is used as a

reference compound in 'H and ?C NMR spectroscopy.

Nuclear spins in a molecule can interact primarily by two mechanisms: scalar coupling
(J-coupling) and dipole-dipole coupling (DD-coupling). As J-coupling involves
interactions between nuclei in atoms connected by covalent bonds and the bonding
electrons, it is sometimes also called indirect DD-coupling. Importantly, J-coupling
provides information about through-bond connectivities between nuclei in a molecule,

which is extremely useful for determination of molecular structure. J-coupling also leads to
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spin-spin splitting effects, which are used by organic chemists to determine what
functional groups are present in a molecule. Due to the complexity of the spectra of
biomolecules, spin-spin splitting is typically undesirable in biomolecular NMR
spectroscopy, and decoupling radiofrequency pulses are used during signal acquisition to

eliminate the splitting effect.

In contrast to J-coupling, DD-coupling occurs directly between the nuclei and acts through
space. Although DD-coupling is approximately three orders of magnitude larger than
J-coupling, it is not observable in isotropic liquids due to its orientation dependence and
the averaging effects of molecular tumbling. Nevertheless, DD-coupling is very important
in NMR spectroscopy, as it constitutes a major source of relaxation. DD-coupling between
two nuclei can lead to observation of the nuclear Overhauser effect (NOE). The NOE is
defined as a change in the intensity of a resonance when spin transitions of another
resonance are perturbed. As the NOE occurs due to through-space interaction between
nuclear spins, it can be employed for the determination of inter- and intramolecular
distances. The NOE plays a crucial role in protein structure determination by NMR
spectroscopy, where NMR experiments based on the NOE are used to obtain distance
restraints between nuclei to guide protein structure calculation. The NOE reduces quickly
with distance, and is observable only between nuclei separated by a distance shorter than

approximately 5-6 A.

More detailed description of the theory of NMR spectroscopy is beyond the scope of this
thesis, and has been given in a number of highly respectable textbooks (Cavanagh et al.,
2007; Keeler, 2010; Levitt, 2008). The NMR experiments used in this study to obtain
functional and structural information about PA binding by Na-FAR-1 will be described in

brief below.

6.3.1.4 Multidimensional experiments in protein NMR spectroscopy

Proteins are large molecules containing thousands of atomic nuclei, each of which is
theoretically able to contribute to an NMR spectrum. Even a small 20 kDa protein that can
be conveniently investigated by NMR spectroscopy (further, simply NMR) will consist of
approximately 200 amino acid residues and 4000 atoms. Furthermore, as the chemical
structure of natural amino acids is largely similar, the chemical shift distributions of the
amino acid nuclei are rather narrow. If we also consider that a single amino acid type is
often found multiple times in the polypeptide chain of a protein, it will be clear that a

significant overlap between the NMR signals of distinct atomic nuclei will be observed in
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protein NMR spectra. Hence, one-dimensional 'H and '>C NMR experiments popular in

organic chemistry will reveal little to no information about protein structure.

In order to resolve the signals of protein nuclei, multidimensional NMR experiments are
employed. Multidimensional NMR experiments can either be homonuclear or
heteronuclear. In homonuclear experiments, chemical shifts of the nuclei of the same
isotope are recorded, whereas in heteronuclear experiments, chemical shifts of the nuclei
of, typically, two or three isotopes are measured. Multidimensional experiments report on
the interactions between nuclei via either through-bond (J-coupling) or through-space
(NOE) mechanisms. The chemical shifts of the interacting nuclei are plotted on several
frequency axes (e.g., F; and F; in a two-dimensional experiment), giving rise to a cross-
peak. Homonuclear experiments, such as 2D 'H, "H COrrelation SpectroscopY (COSY),
TOtal Correlation SpectroscopY (TOCSY) or NOE SpectroscopY (NOESY), are of limited
use in NMR of proteins over ~ 10 kDa, as they do not provide sufficient signal resolution.
Therefore, heteronuclear experiments are typically used to observe protein NMR signals.
Since all amino acids contain hydrogen, carbon and nitrogen atoms, the typical isotopes
used in heteronuclear protein NMR experiments are 'H, °C and °N. As the natural
abundances of "*C and "N are very low (1.1% and 0.37%, respectively), uniform isotope

labelling of proteins is normally required for °C and °N experiments (see Section 4.3.1.1).

Experiments that report on through-bond correlations of protein nuclei are used for the
assignment of protein NMR signals to particular atomic nuclei in the protein residues.
Usually, a combination of 2D, 3D or even 4D heteronuclear double- and triple-resonance
experiments (i.e., experiments involving magnetisation transfer between two and three

different isotopes, respectively) are used for this purpose.

A typical 2D double-resonance experiment used for determination of the chemical shifts of
"N and '"H nuclei of the protein amide and amine groups is the 'H, "N heteronuclear
single quantum coherence (HSQC) experiment. Typically, 'H, "N HSQC provides
sufficient resolution to distinguish between the most directly bonded '’N-'H pairs in the
protein. The chemical shifts of the backbone amide '"N-"H" pairs are then used as a
starting point for assigning the nuclei to particular residues in the protein with the help of
more complex 3D experiments. Examples of such 3D triple-resonance experiments include
'H, BC, "N HNCO (Grzesiek and Bax, 1992a; Kay et al., 1990; Muhandiram and Kay,
1994), HNCA (Farmer et al., 1992; Grzesiek and Bax, 1992a; Kay et al., 1990), HNcaCO
(Clubb et al., 1992), HNcoCA (Bax and Ikura, 1991), CBCANH (Grzesiek and Bax,
1992b), CBCAcoNH (Grzesiek and Bax, 1992c), HBHANH (Wang et al., 1994) and
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HBHACcoNH (Grzesiek and Bax, 1993). These experiments can be used for establishing the
sequential links between groups of nuclei assigned to particular types of residues in order
to deduce the positions of the residues in the protein primary sequence. A 3D double-
resonance experiment very useful for determination of through-bond connectivities of
protein nuclei is HCCH-TOCSY (Bax et al., 1990; Kay et al., 1993), which can be used to
establish correlations between all aliphatic °C and 'H nuclei in a residue, and hence is

useful for assigning the NMR signals of the residue side-chain nuclei.

Although experiments based on through-space nuclear interactions can also be used during
assignment of the protein resonance signals, their major role in protein NMR spectroscopy
is to reveal the distances between the protein atoms for protein structure determination.
Typical 3D experiments that reveal through-space connectivities in the protein are the 'H,
'H, "N NOESY-HSQC and 'H, 'H, *C NOESY-HSQC (Marion e al., 1989a, 1989b;
Zuiderweg and Fesik, 1989). In these experiments, the NOE is first used to obtain through-
space correlations between neighbouring 'H nuclei. Subsequently, one-bond correlations of
'H nuclei to either °N or °C are obtained via J-couplings. As a result, the distances
between the neighbouring 'H nuclei in the protein can be estimated and used to guide

structure determination.

The heteronuclear 2D and 3D experiments employed in this study as well as the principle
of protein structure determination from NMR data are described in more detail in the

following sections of this chapter.

6.3.1.5 2D HSQC and HMQC

The HSQC is one of the most commonly used 2D experiments in protein NMR
spectroscopy. It is employed to correlate chemical shifts of a "H nucleus and a
heteronucleus (°C or '°N) that are linked by a covalent bond. HSQC uses an Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT) pulse sequence element to create
transverse magnetisation on 'H and transfer the magnetisation from 'H to the heteronucleus
through J-coupling. The magnetisation is then evolved on the heteronucleus, and the
reverse-INEPT sequence is used to transfer the magnetisation back to 'H for detection.
Signal detection at 'H rather than at the heteronucleus enhances the sensitivity of the
experiment, as 'H is more magnetically susceptible than >C and "°N due to its higher
gyromagnetic ratio. Heteronuclear multiple quantum coherence (HMQC) experiment is
very similar to HSQC, and is used to obtain the same information as HSQC. The difference

between the two is in the coherence pathways involved during the magnetisation evolution.
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In protein NMR spectroscopy, 'H, >N HSQC is used to obtain a chemical shift correlation
map of the protein amide and amine groups (of amine groups, typically, only tryptophan
and arginine side-chain amines can be observed). The 'H, "N HSQC spectrum of a protein
can be considered one of its “fingerprints”, as the spectra obtained for different proteins are
usually fairly distinguishable. The chemical shifts of the protein NH groups measured in
HSQC are used during protein resonance assignment. 'H, "N HSQC/HMQC spectra are
also commonly used for investigation of protein-ligand binding. As chemical shifts are
influenced by their chemical environment, conformational change or ligand binding by a
protein typically leads to the change in the position of at least some of the cross-peaks in
the 'H, "N HSQC spectrum. By following the cross-peak movements in the spectrum
during ligand titration, information about the binding affinity and stoichiometry can be

obtained.

6.3.1.6 3D triple-resonance experiments for backbone assignment

In protein NMR spectroscopy, 3D 'H, "°C, "N triple-resonance experiments, such as
HNCO, HNCA, HNcaCO, CBCANH, CBCAcoNH, HBHANH and HBHAcoNH, are used
to obtain chemical shifts correlations of the backbone ’N and "H" nuclei to the backbone
BCa, *CO, "Ha as well as the side-chain °CB and "Hp nuclei. In all these experiments
one-bond or two-bond J-couplings are used to transfer the magnetisation between the
nuclei. The magnetisation starts on 'H" or on 'Ho and "Hp and the signal is typically
detected on 'H™. As in the HSQC, INEPT sequences are employed during initial and the
final steps of the magnetisation transfer. The names of the triple-resonance experiments
typically reference the nuclei involved in the magnetisation transfer pathway, where N
refers to the backbone "°N, H to the backbone "HY, CA to the backbone *Ca, CB to the
side-chain >Cp, HA to 'Ha and HB to 'Hp. The nuclei whose chemical shifts are measured
in the experiment (i.e., on which the chemical shift is evolved) are written in upper-case,
whereas the nuclei that are involved in the magnetisation transfer but on which the

. cpy . . . 13 .
chemical shift is not evolved are written in lower-case or in parentheses [e.g, “Ca in

HNcaCO, which can also be written as HN(CA)CO].

Importantly, by the use of different combinations of the triple-resonance experiments,
protein intra- and interresidue correlations can be identified. For instance, the
HNCO/HNcaCO pair of experiments allows the intra- and interresidue 'H", PN, *CO
correlations to be distinguished. This is achieved because magnetisation transfer in an
HNcaCO occurs through one-bond and two-bond "N-">Ca J-couplings (Jncy), which

allows correlations between the amide group of a residue i and both the *CO of the same
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residue and the preceding residue i-1 to be obtained. Since the HNCO does not use Jncg, in
HNCO the correlations are obtained only for 'H", "N and >CO of the residue i-1. By
comparing the HNCO and HNcaCO spectra, the cross-peaks can be assigned to either
residue 7 or i-1. In a similar way, other pairs of complimentary triple-resonance
experiments can be used to obtain intra- and interresidue correlations of other backbone
nuclei. These pairs include HNCA/HNcoCA, HNCACB/CBCAcoNH and
HBHANH/HBHAcoNH, which are used to obtain 'HY, "N correlations to *Ca, *Ca and
CB, and 'Ha and 'HB, respectively. After links between short stretches of residues are
established, they can be connected into a longer polypeptide sequence until assignment of
the whole backbone chain is obtained. In many cases, however, complete assignment is not
possible, as some of the backbone nuclei signals may not be observable due to relaxation
as a result of chemical exchange or conformation flexibility of certain regions of the
protein. Once assignment of the majority of the protein backbone nuclei is established,
assignment of the side-chain nuclei can be carried out. The magnetisation transfer
pathways of several common 3D triple-resonance NMR experiments are summarised in

Figure 6-2.
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Figure 6-2. Magnetisation transfer pathways in common 3D protein NMR spectroscopy
experiments. Nuclei whose chemical shifts are recorded are shown in circles. The magnetisation
transfer direction is shown with red arrows.
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6.3.1.7 3D TOCSY

Typically, TOCSY experiments are used for assignment of the side-chain nuclei in the
protein. All TOCSY experiments employ isotropic mixing to transfer the magnetisation
between nuclei via strong J-coupling Hamiltonian. In protein NMR this is typically
achieved by using broad band mixing pulses such as the Decoupling In the Presence of
Scalar Interactions (DIPSI) pulse sequence. The initial and last steps of magnetisation
transfer are typically performed by using INEPT and reverse-INEPT sequences,
respectively. Two of the most popular TOCSY experiments for the residue side-chain
assignment are the double-resonance HCCH-TOCSY (Bax et al., 1990; Kay et al., 1993)
and the triple-resonance HCCcoNH-TOCSY (Montelione et al., 1992).

The conventional HCCH-TOCSY developed by Bax ef al. allows correlations between all
aliphatic °C nuclei in a residue to all aliphatic 'H nuclei in the same residue to be
observed. As a result, complex spectra are obtained that in the absence of relaxation will
contain cross-peaks between any aliphatic 'H-">C pair in a residue. Three 3D variants of
the HCCH-TOCSY exist (hCCH-, HcCH- and HCcH-TOCSY), which are distinguished by
the positions of the delays during which the chemical shift evolution takes place in the
experiment. The use of both the hCCH and HcCH/HCcH variants of HCCH-TOCSY
during side-chain resonance assignment can help to distinguish between the nuclei with
overlapping chemical shifts in the protein. Recently, H(C*'C*°)H-TOCSY has been
developed (Kovacs and Gossert, 2014), which allows correlations between the aromatic

and the aliphatic 'H-""C pairs in the residue to be obtained.

In contrast to the double-resonance HCCH-TOCSY, the HCCcoNH-TOCSY is a triple-
resonance experiment that correlates the 'H" and '’N amide pair of a residue i to aliphatic
backbone and side-chain 'H and "°C nuclei of the residue i-1. Typically, 3D forms of
HCCcoNH-TOCSY (hCCcoNH- and HcccoNH-TOCSY) are employed to reveal
correlations of the backbone amide nuclei to the aliphatic B¢ and 'Hy, nuclei,
respectively. HCCcoNH-TOCSY is typically of lower sensitivity than HCCH-TOCSY.
The magnetisation transfer pathways of HCCH-TOCSY and HCCcoNH-TOCSY are
schematically presented in Fig 6-2.

6.3.1.8 2D experiments for assignment of aromatic side-chains

Assignment of aromatic side-chains nuclei is typically more complicated than that of
aliphatic side-chain nuclei, as conventional HCCH-TOCSY does not reveal the

correlations between the aliphatic and the aromatic nuclei in the residue. As an alternative
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or a complement to H(C*'C**)H-TOCSY, 2D double-resonance hbCBcgedHD and
hbCBcgcdceHE (Yamazaki et al., 1993) are often used, which reveal the aliphatic-
aromatic "Cp-'H8 and *CpB-'He correlations, respectively. After the aliphatic '*C-aromatic
'H correlations have been obtained in the 2D experiments, one can use the chemical shifts
of the aromatic 'H nuclei to identify the chemical shifts of the correlated aromatic '°C
nuclei from 'H, 13C-HSQC, 'H, °C aromatic Transervse Relaxation Optimised
SpectroscopY (aroTROSY) (Pervushin et al., 1997) and 3D NOESY-HSQC spectra (see
below) to complete the assignment. As aromatic groups have relatively high chemical shift
anisotropy compared to aliphatic groups, aroTROSY is a more sensitive experiment for
detection of the aromatic 'H-""C correlations and produces better resolved peaks than

HSQC.

6.3.1.9 3D NOESY-HSQC

After the protein backbone and side-chain assignments have been carried out with the help
of double- and triple-resonance experiments, distances between the protein nuclei need to
be determined to obtain distance restraints for protein structure calculation. Distances
between the protein 'H nuclei are typically obtained from 3D NOESY-HSQC experiments.
3D NOESY-HSQC pulse sequence combines the homonuclear 2D NOESY sequence with
an HSQC sequence. The heteronucleus employed in the HSQC part of the NOESY-HSQC
experiment can either be ">C or °N. By using °C NOESY-HSQC and "N NOESY-HSQC
experiments, one can obtain through-space correlations between 'H nuclei in "H-">C pairs
and their neighbouring 'H nuclei, and between 'H nuclei of 'Hand "°N pairs and their
neighbouring 'H nuclei, respectively. The 3D NOESY-HSQC experiments typically
provide a good resolution of the protein NOE signals and allow a sufficient number of 'H-

'H distance restraints to be obtained for the calculation of a protein’s 3D structure.

As NOESY-HSQC spectra reveal through-space correlation of the neighbouring 'H nuclei,
they can also be used to guide the assignment of protein resonances or to confirm the
validity of the assignments. For instance, 'Hy-'Hy and 'Hy-'Ho correlations that can be
obtained from "N NOESY-HSQC can provide information about the sequential links
between the residues that help assignment of the protein backbone. Similarly, °C NOESY-
HSQC can be used to obtain intraresidue correlations between the aromatic 'H and °C

nuclei for the aromatic side-chain assignment, as mentioned above.
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6.3.1.10 Structure calculation

Information about three-dimensional protein structure cannot be directly obtained from the
chemical shifts of the protein nuclei. Instead, sets of restraints, the main ones being the 'H-
'H distance restraints obtained from NOESY experiments, are used to produce a model of
the protein structure. The process of model generation from the sets of restraints is called
structure calculation. As well as 'H-"H distance restraints, peptide dihedral angles, residual
dipolar couplings, hydrogen bond restraints and other types of restrains can be used to
constraint the structure calculation, together with empirical “forcefield” terms about bond
length and angles. Usually, the restraints do not carry enough information to
unambiguously define a single structural model. Therefore, as a result of structure
calculation from NMR data, an ensemble of models is generated, where each model
satisfies the restraints used during the calculation. Typically, a small set of final models

with the lowest energies is presented after structure determination by protein NMR.

Several algorithms have been developed for automatic assignment of NOESY spectra,
generation of 'H-"H distance restraints and structure calculation. One of the most popular
programs is ARIA (Ambiguous Restraints for Iterative Assignment) (Linge ef al., 2003a,
2001), which employs an algorithm based on the use of ambiguous distance restraints for
assignment of NOE signals (Nilges, 1995; Nilges et al., 1997) and CNS software for
performing the structure calculation (Briinger et al., 1998). In ARIA, calibration of
NOESY spectra, generation of distance restraints, structure calculation and analysis of
violated restraints are carried out in an iterative manner. In the first round of structure
calculation by ARIA, unambiguous restrains obtained from the manually assigned NOEs
and ambiguous restraints generated by the program are used to calculate a set of
preliminary structures. The structures are then utilised to guide assignment and selection of
restraints by analysis of restraint violations. This process is repeated until the structures
obtained in the calculations converge. After the final iteration, the structures are refined in
explicit solvent (water or DMSO) (Linge et al., 2003b) to yield a set of final models. The
program outputs an ensemble of the refined structures (typically, 5 or 10), the list of
violated restraints in the final structures, and the results of the stereochemical structure
analysis by PROCHECK (Laskowski ef al., 1993) and similar programs, if required. The
list of violations can then be examined manually to correct any obvious misassignments of
the NOE signals in the NOESY spectra. Typically, at least several rounds of structure
calculations by ARIA and manual analysis of NOESY spectra are required to obtain a

satisfactory model.
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CYANA is another popular program used for structure calculation from NMR data
(Giintert et al., 1997; Herrmann et al., 2002), which uses a torsion angle dynamics
algorithm for structure calculation and an algorithm similar to ARIA for assignment of

NOE:s. Since CYANA was not employed in this study, it will not be discussed further.

6.3.2 Chemical shift perturbation analysis of Na-FAR-1-PA binding
6.3.2.1 Na-FAR-1 forms at least three distinct complexes with PA

In order to investigate the mechanism of PA binding by Na-FAR-1, either 'H, "N HSQC
or HMQC spectra, which provide identical information, were recorded during DOPA
titration into the solution of apo Na-FAR-1. Gradual changes in the chemical shift of the
majority of backbone amide cross-peaks were observed during DOPA addition (Fig 6-3),
which was assumed to be due to the conformational change in the protein occurring on
ligand binding. After addition of two molar equivalents of DOPA to the protein, four
distinct cross-peaks were observed for many of the backbone amides, indicating that the
protein was in slow exchange between four different states. One of the cross-peaks was
present at the chemical shift identical to the one observed in the apo protein spectrum,
which was assumed to correspond to the ligand-free state of the protein. The other three
cross-peaks were shifted compared to the cross-peak coming from the ligand-free protein.
These were assumed to arise from three different ligand-bound forms of the protein, likely
corresponding to the protein bound to one, two and three or more molecules of DOPA. The
cross-peaks originating from the Na-FAR-1 complex with two and three or more DOPA
molecule were overlapping with each other and were more intense than the rest of the
peaks, suggesting that the Na-FAR-1-DOPA complex mostly contained two molecules of

DOPA when DOPA was present in a two-fold molar excess to the protein.

In the subsequent titration step, peaks corresponding to the ligand-free protein and to the
Na-FAR-1 complex with a single DOPA were no longer visible, suggesting that the protein
was now in the fast exchange regime between the states containing two and three or more
DOPA molecules. Once a four-fold excess of ligand was added to Na-FAR-1, the protein
appeared to enter a fast exchange regime where separate ligand-bound forms of Na-FAR-1
could no longer be distinguished and only one cross-peak was observed for most residues.
The chemical shifts of the amide cross-peaks observed at this ligand concentration were
identical to those of the cross-peaks originating from Na-FAR-1 complex with three or
more DOPA recorded when the ligand was in two-fold excess. The binding appeared to be

saturated at this point, and little change in chemical shifts was observed after further
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additions of DOPA. From this data, it can be concluded that Na-FAR-1 is able to form at
least three distinct complexes with PA that have different protein:ligand stoichiometries.
Although it could not be determined what is the maximum number of PAs that Na-FAR-1
can bind, the data indicate that Na-FAR-1 can accommodate at least three DOPA

molecules.
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Figure 6-3. Chemical shift perturbation analysis of the Na-FAR-1 interaction with PA.
Superimposed 'H, "N-HSQC spectra of the ligand-free Na-FAR-1 (blue cross-peaks), Na-FAR-1 in
the presence of 2, 3 and 4 molar equivalents of PA (purple, orange and green cross-peaks,
respectively), and an 'H, "N-HMQC spectrum of Na-FAR-1 in the presence of 0.5 molar equivalent
of PA (teal cross-peaks) are shown. Changes in the chemical shifts of amide cross-peaks are
observed with increasing PA concentration. Several examples of cross-peak movements are
highlighted. An expansion of the region containing the G78 cross-peaks is shown above. The cross-
peaks are proposed to originate from the ligand-free Na-FAR-1 (0 PA) and distinct Na-FAR-1
complexes containing 1, 2 and 3 or more PA molecules.
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6.3.2.2 Mapping of the chemical shift changes in Na-FAR-1 induced by DOPA
binding

For the next step in the analysis of Na-FAR-1-DOPA binding, Na-FAR-1 complex with
DOPA was prepared by mixing Na-FAR-1 with seven-molar excess of dry DOPA. 'H, °N
HSQC spectrum of the DOPA complex was recorded and compared to the 'H, "N HSQC
spectrum of apo Na-FAR-1 to map the differences between the chemical shifts of the
backbone amide nuclei in the presence and the absence of the ligand (Fig 6-4). Since the
chemical shift of the nuclei depends on their chemical environment, changes in the
chemical shift of the backbone amide nuclei report on the conformation change in the
regions where the nuclei are located and/or on binding of the ligand in proximity of the
nuclei. The resonances of the Na-FAR-1 complex with PA were assigned with the help of
3D triple- and double-resonance experiments, as described in the section below (see Fig 6-
8 for the spectrum). The spectrum of the apo Na-FAR-1 protein produced in this study was
assigned with the help of the apo Na-FAR-1 spectrum previously assigned by Dr Florencia
M. Rey-Burusco (Instituto Nacional de Tecnologia Agropecuaria, Buenos Aires,

Argentina) (Rey-Burusco et al., 2014).

The geometric distances between the cross-peaks in the spectra of apo Na-FAR-1 and

Na-FAR-1-PA complex were calculated by using the following equation:

6 = \/ [A62, + (0.15 X ASys)?] Equation 6-3.
where do is the chemical shift distance between two cross-peaks in the 'H, "N HSQC
spectra, Ad,y is the chemical shift difference in "H dimension, Ad;syis the chemical shift
difference in '’N dimension, and 0.15 is the scaling factor for '°N. Chemical shift distance
could be calculated for ~ 75% of residues in the protein (116 out of 155, not counting the
residues in the recombinant tag). For the remaining ~ 25% of the protein residues,
chemical shift distances could not be calculated due to the absence of the corresponding
cross-peaks either in the apo Na-FAR-1 spectrum, the DOPA complex spectrum or both.
The majority of such residues were located in the loop regions between the helices and in
the helix a10, which could indicate the high conformational flexibility of these regions or
the rapid hydrogen exchange rates between the relevant backbone amide groups and the
solvent. The residues whose backbone chemical shifts changed in the presence of PA are
highlighted on the previously determined structure of apo Na-FAR-1 (PDB ID 4UET)

(Fig 6-4B). Large changes in the cross-peak positions were observed for most residues,
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with 20 residues demonstrating do larger than 0.5 ppm, 51 residues demonstrating do larger
than 0.3 ppm and 76 residues demonstrating do larger than 0.2 ppm. Since from this and
the previous studies (Rey-Burusco et al., 2014) it was known that the protein expands on
ligand binding and that many protein residues contact ligand atoms in the central cavity of
Na-FAR-1, extensive changes in the positions of the cross-peaks in the HSQC spectrum of
Na-FAR-1 were expected after ligand addition.

The largest do (0.93 ppm) was observed for T101, which is located in a flexible loop
between a7 and a8, and the smallest do (0.01 ppm) was observed for the C-terminal
residue N155. From Fig 6-4B it can be observed that most of the residues that displayed
the largest do were located in the regions of the helices that form the largest portions of the
cavity walls in the ligand-bound forms of Na-FAR-1 (see Chapter 5), such as the central
regions of a6 and a7, and the region of a4 proximal to the C-terminus. In contrast, small do
were observed for the backbone amides of the residues located in a9, which forms only a

small portion of the central cavity in the ligand-bound Na-FAR-1.

The residues with the largest do that were located in the cavity-forming regions of the
helices in the ligand-bound forms of Na-FAR-1 included V70 (0.70 ppm, a6), F37 (0.62
ppm, 04), E35 (0.62 ppm, a4), A85 (0.60 ppm, a7), R98 (0.58 ppm, a7), A68 (0.58 ppm,
a6), R93 (0.52 ppm, a7), K71 (0.51 ppm, a6) and 195 (0.48 ppm, a7). It possible that the
large chemical shift perturbations observed for these residues in the presence of PA are
caused by the binding of PA molecules close to the residues. As it was observed that the
structure of Na-FAR-1 is very similar in both the oleic acid complex and the E. coli lipid
complex, it is expected that the structure of Na-FAR-1-PA complex will not be radically
different from the previously determined ligand-bound structures. Interestingly, from these
residues, the side-chains of 195, R93, A85, V70 and F37 line the cavity of the ligand-bound
forms of Na-FAR-1, and the side-chains of 195, V70, F37 made apolar contacts to the
ligands in the Na-FAR-1-oleic acid complex. If the same structural arrangement of the
cavity is present in the Na-FAR-1-PA complex, it can be proposed that the side-chains of
195, R93, A85, V70 and F37 could be making contacts to the PA molecules in the PA
complex. It should be noted that the residues with smaller do than the residues listed above
could also interacting with PA in the complex. This is because the involvement of residues
in ligand binding cannot be predicted directly from the magnitude of do, as the chemical
shift of the protein nuclei can be affected by many factors apart from direct interaction

with the ligand.
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To summarise, the chemical shift perturbation analysis of Na-FAR-1-PA binding has
revealed that Na-FAR-1 is able to form at least three DOPA complexes with distinct
stoichiometries. Furthermore, from comparison of the backbone amide cross-peak
positions in the "H, "N HSQC spectra of Na-FAR-1 in the presence and the absence of PA,
clues about the location of PA binding sites were obtained. Many of the largest backbone
amide chemical shift changes were observed for the residues located in the central regions
of a6 and a7 and the region of a4 proximal to the C-terminus, indicating that these regions

might be involved in PA binding.
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Figure 6-4. Backbone amide chemical shift perturbations between the 'H, "N HSQC spectra
of apo Na-FAR-1 and Na-FAR-1 in complex with PA. A. The 'H, "N HSQC spectra of apo
Na-FAR-1 (blue) and Na-FAR-1 in the presence of 7 molar equivalent of PA (red; aliased cross-
peaks are shown in green). Assignments are not shown. B. A histogram displaying the 'H, °N

chemical shift distances (do = \/ [AS%, + (0.15 X Ad15y)?]) between the cross-peaks in the
spectra in A. In cases when do is equal to zero, either no chemical shift change was observed or
the chemical shift change was not calculated due to the absence of the assigned cross-peaks in one
or both spectra. A schematic chart of the secondary structure elements in apo Na-FAR-1 is shown
below the graph for reference. C. A cartoon representation of apo Na-FAR-1 [PDB ID 4UET
(Rey-Burusco et al., 2015)] highlighting the residues which displayed the chemical shift distances
presented in B. The residues are coloured according to their dé from blue (lowest do) to red
(highest do) through magenta (medium dé). The residues for which dd could not be determined are
shown in light grey. The residues which showed the largest do are predominantly located in the
cavity-forming helices.
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6.3.3 Resonance assignment of the Na-FAR-1 complex with PA

Clues about the mechanism of PA binding by Na-FAR-1 were obtained from the chemical
shift perturbation analysis. To obtain molecular details about the PA binding mechanism
and the residues involved in PA binding, it was decided to determine the structure of the
Na-FAR-1 complex. An attempt to co-crystallise Na-FAR-1 with PA for X-ray
crystallography was made. However, crystallisation screening failed to identify conditions
suitable for crystallisation of the Na-FAR-1-PA complex, and hence, crystals could not be
obtained for structural analysis. Since the complex produced good quality HSQC spectra,
protein NMR spectroscopy was chosen as a means of structure determination. The Na-
FAR-1-PA complex was prepared by mixing Na-FAR-1 with seven molar equivalent of
dry DOPA. As a first step in the structure determination process, assignment of the Na-

FAR-1 backbone and side-chain resonances in the PA complex was carried out.
6.3.3.1 Backbone resonance assignment

Backbone resonance assignment was carried out with the help of 'H, °N HSQC, HNCA,
CBCANH/CBCAcoNH, HNCO/HNcaCO, HBHANH/HBHAcoNH and '°N NOESY-
HSQC (see Section 6.3.1 for the overview of protein NMR experiments) in the CcpNmr
Analysis software (Vranken et al., 2005). Acquisition parameters of the experiments used

in this study for structure determination of the Na-FAR-1-PA complex are summarised in

Table 2-1.

In the first step of the assignment, 'H, "N HSQC spectrum of the Na-FAR-1-PA complex
was peak picked and each cross-peak was assigned to a separate spin system. The concept
of spin system is central to CcpNmr Analyis, where it is understood as a collection of
nuclei that are J-coupled with one another. In the assignment of protein resonances, one
typically uses a spin system to represent a particular residue in the protein. 'H, "N HSQC
cross-peaks arising from the side-chain NH; groups of glutamines and asparagines were
identified based on their characteristic chemical shifts and their appearance as pairs of
cross-peaks with the same '°N chemical shift, and grouped accordingly. The reference
chemical shifts were obtained from RefDB (Zhang et al., 2003), a database of uniformly
referenced chemical shifts derived from Biological Magnetic Resonance Bank (BMRB)
(Ulrich et al., 2008). After exclusion of the side-chain cross-peaks, the rest of the peaks
were assumed to arise from the backbone amide groups of the protein residues, and were

assigned accordingly.
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In the next step of backbone assignment, the chemical shifts of the amide resonance pairs
were used to navigate into the corresponding regions of the HNCA, CBCANH,
CBCAcoNH, HNCO, HNcaCO, HBHANH and HBHAcoNH spectra. The cross-peaks
present at the frequencies of the amide resonance pairs were peak picked and assigned to
BCa/PCP or *CO in the HNCA/CBCANH/CBCAcoNH and HNCO/HNcaCO spectra,
respectively, and to 'Ha/'HB in the HBHANH/HBHAcoNH spectra, depending on the type
of the spectrum in which the cross-peak was present and its chemical shifts. Furthermore,
the cross-peaks in the triple-resonance spectra were assigned either to the same spin system
as the correlated amide resonances (corresponding to residue 7) or to a new spin system
(corresponding to residue i-1). This was done by comparing the complimentary pairs of the
triple-resonance spectra, such as the CBCANH and CBCAcoNH. For example, since it was
known that the CBCANH reveals both the inter- and intra-residue correlations of 'Hy-""N
with °Ca and °CB, whereas the CBCAcoNH reveals only the inter-residue correlations of
the same nuclei, the cross-peaks that appeared only in the CBCAcoNH spectrum were
assigned to °Ca;.; and °Cpi.1, and the cross-peaks that appeared only in the CBCANH
spectrum were assigned to *Co;and *Cp;. The HNCA experiment, which is more sensitive
than the CBCANH, was used to confirm the assignments of *Coy. In a similar way, the
chemical shifts of ?CO; and *CO;.; were distinguished by using HNCO and HNcaCO
spectra, and the chemical shifts of 'Ha;, 'Ha.y, 'Hp; and "Hp., were distinguished by using
the HBHANH and HBHAcoNH.

After the atom type assignments were established, the spin systems were semi-
automatically linked into short sequences by using the Protein Sequence Assignment tool
in CcpNmr Analysis. Protein Sequence Assignment matches all °C; and "°Cy.; resonances
in the complimentary triple-resonance spectra, i.e., the >Ca; and *Cp; resonances of one
spin system in the CBCANH spectrum with the °Ca.; and *Cp;.; resonances of another
spin system in the CBCAcoNH spectrum. If the resonances match, then it is likely that the
spin systems are linked sequentially. Since unambiguous resonance matching is
complicated by the fact that the chemical shifts of the same type of nuclei can often be
similar in different residues, *CO; and °CO.; resonances were also used in the matching
process to increase the likelihood of finding the correct link between the spin systems.
Optimal matches were chosen manually in each case. An example of a short sequence of
residues (F82, G83 and K84) connected by using the *Ca, >Cp and *CO resonances in

the triple-resonance spectra is shown in Fig 6-5.
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After the short linked sequences were established, assignment of several spin systems to
particular types of residues was carried out. This was possible because some types of
amino acids have characteristic °Co and ?Cp chemical shifts distinct from other amino
acids. Typical examples include serine and threonine, which have unusually large *Cp
shifts, glycine which only has *Ca and alanine which has a relatively small *Cp shift. The
patterns of residue types appearing in the spin system sequences were used to link the short
sequences into the longer spin system stretches by using the primary Na-FAR-1 sequence
to guide the process. Based on the match between the residue pattern in the spin system
stretch and the primary protein sequence, the spin systems were assigned to particular
residues in the protein. If the spin system sequences could not be linked together in an
unambiguous way, the sequential links between the spin systems were re-analysed by
using the Protein Sequence Assignment tool and corrected, if needed. This process was
repeated many times until assignments of as many spin systems as possible were obtained.
Finally, "N NOESY-HSQC was used to confirm the links between the residues and
identify several missing links primarily by analysis of the 'H"-"H" through-space

correlations.

Since prolines lack a backbone NH group when they are a part of a polypeptide, no
correlations to the proline backbone amide group can be obtained. Hence, proline "*Ca,
Cp and *CO chemical shifts were primarily obtained from the CBCAcoNH and HNCO
spectra of the next residue in the primary sequence. Proline assignment was further
complicated by the fact that 13% of the Na-FAR-1 residues, including several that follow
prolines in the primary sequence, did not produce observable backbone amide resonance
signals. Hence, although several proline resonance assignments were obtained from the °C
NOESY-HSQC spectrum, only 4 out of 8 proline residues were assigned in the Na-FAR-1

sequence.
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Figure 6-5. Backbone resonance assignment using triple-resonance NMR experiments. Strips
showing F82, G83 and K84 cross-peaks in the overlaid HNCA (dark blue), CBCANH (light blue for
positive peaks, orange for negative peaks), CBCAcoNH (red), HNCO (purple) and HNcaCO (green)
spectra. The chemical shifts of the cross-peaks in the '’N dimension are shown in the bottom left
corner of each strip. Cross-peaks marked i arise due to intraresidue correlations, cross-peaks marked
i-1 arise due to interresdidue correlations. By identifying the matching i and i-1 cross-peaks across
the spectrum, sequential connections between the residues can be made (marked by solid horizontal
lines between the strips).
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6.3.3.2 Side-chain resonance assignment

Once the majority of the backbone resonance assignments were established, assignment of
the residue side-chains was carried out. In this study, primarily HcCH-TOCSY,
hCCH-TOCSY and hCCcoNH were used for the assignment of the aliphatic side-chains,
and hbCBcgcdHD, hbCBegedeeHE, 'H, °C TROSY and *C NOESY-HSQC for

assignment of the aromatic side-chains.

Aliphatic side-chain assignment from the HCcH-TOCSY and hCCH-TOCSY spectra was
carried out as follows. The chemical shifts of the 'Ho/"*Cor and "HB/"*CP pairs determined
from the triple-resonance experiments were used to navigate into relevant the parts of the
TOCSY spectra, and strips of the spectrum were created that were centered at the chemical
shifts of each 'Ho/"*Cor and "HP/"*CP pair. As HCCH-TOCSY -type experiments reveal
correlations between all aliphatic 'H-">C pairs in the residue, in each 'Ho/"*Ca and
"HB/"CB strip, correlations to all intraresidue aliphatic 'H-">C pairs were observed. In
HCcH-TOCSY, the cross-peaks that appeared at each 'H-""C strip revealed the chemical
shifts of the 'H nuclei in the correlated aliphatic pairs, whereas in h\CCH-TOCSY, the
cross-peaks revealed the '*C chemical shifts of the correlated pairs. In order to identify the
C chemical shifts of all correlated aliphatic pairs in HCcH-TOCSY, the spectrum was
inspected for repetition of the cross-peak pattern observed for the 'Ho/"*Cot or 'HB/’CP
pair used for initial analysis of the spectrum. The '°C chemical shift at which the identical
cross-peak pattern appeared corresponded to the '>C chemical shift of the correlated pair.
Similarly, 'H correlations were obtained from the hCCH-TOCSY spectra. The correlated
'H and "°C resonances were assigned to particular types of nuclei by using the reference
chemical shifts in RefDB and by inspection of the correlations between the nuclei. The use
of both HCcH-TOCSY and hCCH-TOCSY allowed better resolution of many overlapped
signals in the spectra, especially in the case of the lysine and glutamate side-chains. See
Figure 6-6 for an example of the HCcH spectrum of V70, and the intraresidue correlations

observed.

As the hCCcoNH-TOCSY provides correlations between the amide nuclei of residue i and
the aliphatic "°C nuclei of residue i-1, the spectrum was analysed in the manner similar to
the triple-resonance experiments described in the backbone assignments section of the
chapter. The hCCcoNH-TOCSY was used in parallel with HCCH-TOCSY to obtain the
13C aliphatic shifts for the analysis of the HCCH-TOCSY spectra and to confirm the side-
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chain assignments obtained from HCCH-TOCSY. In addition, the use of hCCcoNH-

TOCSY allowed the accuracy of the sequential links between the residues to be verified.

As neither the HCCH-TOCSY nor hCCcoNH-TOCSY reveal correlations between the
aliphatic and aromatic CH groups in the protein, a different strategy was adopted for
assignment of the aromatic side-chain resonances, and hbCBcgcdHD, hbCBcgedceHE and
'H, °C TROSY aromatic spectra were recorded. Since >Cp chemical shifts of aromatic
residues were obtained from the HCCH-TOCSY and hCCcoNH-TOCSY spectra, it was
possible to find the chemical shifts of the aromatic 'H8 and 'He nuclei by identified the
intraresidue cross-peaks at the °Cp shifts in hbCBcgedHD and hbCBcgedceHE,
respectively. After the aromatic 'H8 and 'He shifts were identified, the correlated *C8 and
BCe shifts could be identified from the cross-peaks in the 'H, *C TROSY spectrum.
However, unambiguous assignment was difficult to achieve due to the overlap between the
chemical shifts of the aromatic side-chain nuclei in the protein. Hence, the aromatic side-
chain assignments were also supported by analysis of the intra- and interresidue through-
space correlations in the >C NOESY-HSQC spectrum. Similarly, the >C NOESY-HSQC

was also used to confirm the aliphatic side-chain resonance assignments.
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Figure 6-6. Side-chain resonance assignment from HCcH-TOCSY. Strips showing intraresidue
V70 cross-peaks in the HCcH-TOCSY spectrum. The chemical shifts of the cross-peaks in the *C
dimension are shown in the top left corner of each strip. Cross-peaks arise due to correlations
between the 'H-"C pairs in the residue. In a strip centred at the 'H and "*C chemical shits of a single
'H-"*C pair, cross-peaks to all side-chain "H nuclei in the residue are visible. The chemical shifts of
the correlated "*C nuclei can be identified by locating the matching patterns of cross-peaks across
the "*C dimension. The identical chemical shift information can be obtained from the hCCH-
TOCSY spectrum.
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6.3.3.3 Assignment of DOPA resonances

For assignment of the ligand signals, a model DOPA molecule was introduced into the
CcpNmr Analysis project of the Na-FAR-1 PA complex. The model DOPA molecule was
created by Dr Brian Smith (University of Glasgow) in CCPN ChemBuild software. For the
assignment of ligand resonances, a 2D NOESY experiment *C-filtered in F, was used,
which is a NOESY variant that only reveals through-space correlations between the ligand
'H nuclei or the ligand and the protein 'H nuclei, but not between the protein 'H nuclei.
Several ligand-ligand NOEs were observed in the spectrum (Fig 6-7). The cross-peaks
were assigned to several types of aliphatic 'H nuclei in the ligand based on their chemical
shifts. For instance, the most upfield cross-peaks in the aliphatic region of the spectrum
were assigned to the methyl protons of the ligand, the most downfield aliphatic cross-peaks
were assigned to the COCH; protons, and the cross-peaks at ~ 5.2 ppm were assigned to
the methine protons. Since only four distinct DOPA CH, proton chemical shifts could be
determined, the chemical shifts of the majority of CH, protons were assumed to be
degenerate. The ligand chemical shifts were used to identify potential contacts between the

ligand and the protein in the NOESY-HSQC spectra, as described in Section 6.3.4.

CH
,_xz_l CH, Figure 6-7. A fragment of the *C-filtered

2D NOESY spectrum showing ligand-
ligand NOEs. NOE signals (NOEs)
b between the ligand protons were used for
op / determination of the ligand proton chemical
; \ i, shifts. NOEs were observed between the
Pa ligand fatty acyl tail methyl (CH3),
F € ‘ methylene (CH,) and methine (=CH-) group
Y SN T protons. Dashed lines are shown at the
P 7 S chemical shift of the distinct ligand protons.
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6.3.3.4 Protein resonance assignment summary
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Final resonance assignment statistics of the Na-FAR-1-PA complex are presented in Table

6-2 and the assigned 'H, "N HSQC spectrum is shown in Figure 6-8. In total, 155 Na-
FAR-1 residues were available for assignment, excluding the residues in the recombinant

tag. No assignments were obtained for P7, P15, D27, P47, P105, F138, E144 and G146.

Furthermore, as mentioned above, backbone amide resonances of 13% of residues were not

assigned as the residues lacked identifiable cross-peaks in the spectra of the experiments
that reveal NH correlations. Nevertheless, assignment of 86% hydrogen atoms was

achieved in this study, providing a good basis for generation of "H-"H distance restraints

for structure determination.

Category Available Assigned % Assigned
Residues 155 147 95
C atoms 744 613 82
H atoms 937 802 86
N atoms 200 133 67
Backbone amides 465 404 87
Side-chain H atoms 624 522 84
Side-chain non-H atoms 479 341 71

Table 6-1. Assignment statistics of the Na-FAR-1 residues in the Na-FAR-1-PA complex.
The residues in the recombinant tag are not included.
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Figure 6-8. Assigned 'H, "N HSQC spectrum of Na-FAR-1 in complex with PA. Top: Full view of
the spectrum. Side-chain amide cross-peaks are connected by dashed lines. Assignment of the central
region is not shown due to crowding. Aliased cross-peaks are shown in green. Bottom: Close-up view
of the central region of the spectrum. Full assignment is shown.
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6.3.4 Structural analysis of the Na-FAR-1-PA complex
6.3.4.1 Structure calculation in ARIA

After as many protein resonances as possible were assigned, structure determination of the
Na-FAR-1 complex with PA was attempted. Structure calculation was carried out in ARIA

software (see Section 6.3.1.10 for description of the software).

In order to obtain 'H-'H distance restraints for the structure calculation, the cross-peaks in
the "N and "*C NOESY-HSQC spectra were picked in CcpNmr Analysis. Care was taken
to avoid picking artefact peaks, especially near the water frequency. Typically, the cross-
peaks were left unassigned in the indirect dimension, to avoid introducing incorrect
assignments into the structure calculation process. In cases when neither of the dimensions
could be assigned unambiguously, peaks were left completely unassigned. After the peak-
picking was completed, lists of ambiguous and unambiguous restraints were generated in
CcpNmr Analysis and merged together according to the type of the spectrum from which
they were obtained. The NOESY cross-peaks whose chemical shifts in the indirect 'H
dimension were within 0.3 ppm of the ligand 'H chemical shifts were not used for restraint
generation. This was done to avoid misguiding the structure calculation, as the Na-FAR-1

structure calculation was carried out without the ligand.

In addition to distance restraints, a set of dihedral angle restraints was generated by
DANGLE software in CcpNmr Analysis. DANGLE uses Bayesian inference to predict ¢
and y angles and the secondary structure of the protein of interest by comparing the
chemical shifts and the primary sequence of the protein to a database of proteins with
known dihedral angles and chemical shifts (Cheung et al., 2010). Consistent with the
previously determined structure of Na-FAR-1, DANGLE predicted the structure of Na-
FAR-1 in the PA complex to be predominantly a-helical.

Next, the sets of restraints were imported into ARIA and the structure calculation was
carried out. Nine iterations of structure calculation were carried out in each separate run.
The structure calculations were performed in the torsion angle mode. For the most part, the
standard ARIA protocol was used for structure calculation. Changes were made to the
molecular dynamics parameters, where the number of steps at 1000 K and 50 K were
increased to 8000 and 10000, respectively, and to the iteration protocols, which are
summarised in Table 6-3. Since dihedral restraints were obtained from parameters that are

not directly correlated with the real values of ¢ and y, but from the values predicted by
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DANGLE, the restraints were not used in the final stage of each iteration of the structure

calculation to avoid introducing bias into the final set of models.

Although a set of model structures was obtained from ARIA, visual inspection of the
models has revealed that they did not fully resemble the previously determined structures
of Na-FAR-1. Furthermore, it was observed that a significant number of restraints were
violated during the structure calculation. This suggested that the accurate models of the
Na-FAR-1 could not be obtained due to the presence of a significant number of
missassigned or artefact cross-peaks in the NOESY spectra used for restraint generation, so
that too many restraints were rejected during the structure calculation and the number of
the remaining restraints was not sufficient to guide the calculation. Also, it is a possibility a
significant number of long-range NOEs were simply absent from the spectrum, and
therefore could not be used for restraint generation. The second notion is supported by the
fact that although the number of restraint violations decreased after three rounds of manual
violation analysis and a degree of convergence between the models was observed, a
satisfactory final model of globular Na-FAR-1 could not be obtained. Due to the time
constraints, the structure determination of Na-FAR-1-PA complex was not taken further in
this study. The strategies for obtaining the structure of the complex will be discussed in

Section 6.3.6.

a

Iteration No. structures Viol. tolerance (A)  p

0 20 1000 1.0
1 20 5.0 0.99
2 20 3.0 0.99
3 20 1.0 0.99
4 20 1.0 0.98
5 20 1.0 0.96
6 20 0.3 0.95
7 40 0.3 0.95
8 40 0.3 0.95

a. Partial assignment cut-off.

Table 6-2. Iteration parameters of the structure calculation in ARIA.
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6.3.4.2 Analysis of protein-ligand contacts from NOEs

Although the structure of the Na-FAR-1-PA complex was not determined in this study,
further clues were obtained about the positions of the ligand in the complex by analysis of

through-space correlations between the ligand and the protein nuclei.

BC-filtered 2D NOESY, °C NOESY-HSQC and "N NOESY-HSQC were employed to
determine the protein-ligand correlations. Since the *C-filtered 2D NOESY was carried
out in D,0, ligand 'H correlations were primarily observed to the aromatic side-chain 'H
nuclei in the protein (Fig 6-9) due to the chemical exchange of the protein amides and
D,0O. However, three cross-peaks could also be distinguished in the chemical shift range
corresponding to the backbone amide protons. Two sets of cross-peaks were assigned to
A92 and V117, as these residues had observable amide cross-peaks in the 'H, "N HSQC
spectrum in D,O whose chemical shifts closely matched the chemical shifts of the *C-
filtered NOESY cross-peaks. The third set of cross-peaks could not be unambiguously
assigned to any residue, as several backbone amides had similar 'H chemical shifts in the
D,0 "N HSQC spectrum. Similarly, the cross-peaks arising from the correlations of the
aliphatic ligand protons and the aromatic side-chain protons could not be assigned due to
their broadness and the high degree of overlap between the chemical shifts of the aromatic

side-chain protons.

It was expected that the through-space correlations between the ligand and the protein
would also be observed in the °C NOESY-HSQC and '’N NOESY-HSQC spectra. In the
NOESY spectra, the cross-peaks potentially arising due to the protein-ligand correlations
were selected based on the match between the chemical shift of the cross-peaks in the
indirect "H dimension and the ligand 'H chemical shifts. Before assigning the cross-peaks
to the ligand nuclei, assignments to protein resonances were considered. If no neighbouring
protein atom with a closely matching chemical shift (Ad < 0.03 ppm) was available for
assignment, the cross-peak was assigned to the ligand atoms. The judgement about the
potential distance between the protein atoms was made based on their relative position in
the primary protein sequence and their separation in the previously reported structures of
Na-FAR-1. Based on the NOESY data, ligand correlations to L.22, L33, T45, V70, S88,
189, A92, R93, 195, L110 can be proposed. These are partially consistent with the Be-
filtered NOESY data, where correlations between the ligand and A92 were observed. More
putative protein-ligand NOEs were observed in the "N HSQC-NOESY than in the ’C-
filtered NOESY, as the former experiment was carried out in H,O instead of D,0.

However, it should be noted that since full assignment of the Na-FAR-1-PA complex was
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not obtained, at least some of the correlations observed might be to the unassigned protein

'H nuclei, and not the ligand nuclei.
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Figure 6-9. A region of the *C-filtered 2D NOESY spectrum showing Na-FAR-1-PA NOEs.
NOEs between the Na-FAR-1 aromatic protons and the ligand (aromatic-aliphatic NOEs), as well
as between the Na-FAR-1 amide protons and the ligand (amide-aliphatic NOEs) are observed.
Two of the amide-aliphatic cross-peak sets were assigned to the backbone amides of A92 and
V117 in the indirect dimension. Unambiguous assignment of other cross-peaks could not be
carried out.

6.4 Conclusions and discussion

In this study, phospholipid binding by Na-FAR-1 was characterised using a fluorescence-
based assay and protein NMR spectroscopy. It was determined that Na-FAR-1 binds PA,
which is in agreement with the previous experiments that demonstrated PE and PC binding
by Na-FAR-1 (Rey-Burusco et al., 2015). Importantly, this study is the first to demonstrate
lysophosphatidic acid (LPA) binding by Na-FAR-1. The interaction between LPA and Na-
FAR-1 is especially interesting due to the known role of LPA in cell signalling and the fact
that LPA is present in the extracellular environment where Na-FAR-1 can encounter it
after being secreted by the parasite. The biological implications of the Na-FAR-1
phospholipid binding will be discussed in more detail in Chapter 7.

From the chemical shift perturbation analysis of the Na-FAR-1-PA interaction, it was
apparent that PA binding induces a conformational change in the protein. By monitoring
the exchange regimes during the DOPA titration, it was also apparent that the protein is
able to form three distinct complexes with the ligand, which likely contain one, two and
three or more DOPA molecules. Backbone amide chemical shift changes were observed

with the majority of the protein residues, but were mostly concentrated in the central
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regions of the cavity-forming helices 04, a6 and a7. Although the structure of the Na-FAR-
1-PA could not be determined, 86% hydrogen atoms and 84% carbon atoms in Na-FAR-1
were assigned from the NMR spectra of the Na-FAR-1-PA complex, and several chemical
shifts of the ligand 'H nuclei were obtained from the *C-filtered 2D NOESY spectrum.
Based on the assignments, putative contacts between the ligands and 1.22, L33, T45, V70,
S88, 189, A92, R93,195, L110 and V117 were established from the '*C and "N NOESY-
HSQC experiments. Of these residues, L22 is located in a3, L33 in a4, V70 in a6, S88,
189, A92, R93 and 195 in a7, L100 and V117 in 8. The fact that most putative ligand
correlations were observed to the residues in a7 is consistent with the chemical shift
changes observed in a7 in the chemical shift perturbation analysis. Interestingly, some of
the largest chemical shift changes in Na-FAR-1 induced by DOPA addition were observed
for V70, R93 and 195, which provides more support for their hypothetical role in DOPA
binding.

Since strict criteria were used for identification of the protein-ligand correlations from
NOEs, it is a possibility that at least a number of cross-peaks arising from to the Na-FAR-
1-PA contacts were selected against during the analysis of the NOESY-HSQC spectra. In
order to map the protein-ligand contacts with greater accuracy, determination of the
structure of Na-FAR-1 complex with PA will be required. From the Na-FAR-1 structure in
complex with PA, the distances between the protein atoms can be estimated more
accurately and the conformation of the residue side-chains will be apparent, which will
help to analyse the through-space correlations in the NOESY spectra and identify the real
protein-ligand correlations. Furthermore, structure determination of the complex can be

attempted by including the ligand model into the structure calculation.

6.4.1 Comparison of the Na-FAR-1 oleic acid and PA binding mechanisms

Based on the Na-FAR-1 lipid binding data obtained in this study, comparison between the
Na-FAR-1 interaction mechanisms with oleic acid and PA can be made. From the previous
chemical shift perturbation studies of Na-FAR-1-oleic acid binding, it was clear that Na-
FAR-1 can make four distinct complexes with oleic acid that likely contain one, two, three
and four or more oleic acid molecules (Rey-Burusco et al., 2015). A similar picture was
observed in Na-FAR-1-PA binding, where Na-FAR-1 appeared to make distinct complexes
with one, two and three or more DOPA molecules. The differences in the number of
distinct ligand complexes that Na-FAR-1 can form with oleic acid and DOPA likely stems
from the structural differences between the ligands. It should be noted that since the

volume of DOPA is more than two times larger than the volume of oleic acid, it is likely
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that the volume of the Na-FAR-1 central cavity saturated with PA is larger than the cavity

volume in the structure of Na-FAR-1 in complex with oleic acid.

Further conclusions about the mechanism of ligand binding by Na-FAR-1 can be made
from the exchange regimes observed during oleic acid and PA titration. During the oleic
acid titration, it was observed that Na-FAR-1 is in a slow exchange regime in the presence
of 1, 2 and 3 molar equivalents of oleic acid, and in fast exchange regime in the presence
of 4 oleic acid equivalents, suggesting that the protein binds three oleic acid molecules
with high affinity, and the fourth oleic acid molecule with lower affinity (Rey-Burusco et
al., 2015). In contrast, during DOPA titration, slow exchange was only observed when the
ligand was added in up to two-molar equivalents to the protein, indicating that the protein
binds two DOPA molecules with high affinity, and a third DOPA molecule with lower
affinity. The proposed differences in the affinities of DOPA and oleic acid binding by Na-
FAR-1 can also be explained by the structural differences between the ligands. Since
DOPA is bulkier than oleic acid, it is likely that the high affinity lipid binding sites in Na-

FAR-1 are saturated by a smaller number of DOPA molecules than oleic acid molecules.

As many of the backbone amide chemical shifts of Na-FAR-1 are different in the oleic acid
and PA complexes, it is likely that the conformation of Na-FAR-1 is dissimilar in the two
complexes. A hint as to the conformational dissimilarity can also be obtained from the
different crystallisation properties of the Na-FAR-1 complexes with oleic acid and DOPA.
Na-FAR-1 in complex with oleic acid crystallised readily in this study (see Chapter 2 for
conditions), whereas no crystals of the Na-FAR-1 DOPA complex were obtained in the
identical or any other conditions tested in this study. This could suggest that the Na-FAR-1
complex with DOPA has a different conformation and/or higher conformational

heterogeneity compared to the oleic acid complex, which can affect crystal packing.

Since the structure of the Na-FAR-1-DOPA complex was not solved, direct comparison of
the Na-FAR-1 structure in the two complexes cannot be made. However, from the analysis
of the protein-ligand NOEs in the Na-FAR-1-DOPA complex it can be concluded that at
least several Na-FAR-1 residues are involved in the binding of both DOPA and oleic acid.
These likely include L.22, L33, S88, 189, A92, 195 and V117, apparent ligand contacts to
which were observed in both complexes. Furthermore, S88, 189, A92, R93, 195, which
displayed putative contacts to the ligand in the DOPA complex, are found in proximity to
K96, which made hydrogen bonds to oleic acid head group in the Na-FAR-1-oleic acid
complex. Since K96 is found in a region of the cavity surface with a positive electrostatic

potential and carries a positive charge itself, it is likely that K96 can also interact with the
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negatively charged head group of DOPA. If the DOPA head group is indeed bound to K96,
DOPA fatty acyl tails might extend along the cavity wall where they could contact S88,
189, A92, R93 and 195, giving rise to the correlations observed in the NOESY spectra.

6.4.2 Future directions

In order to complete the structure determination of Na-FAR-1-DOPA complex, further
manual analysis of the restraint violation lists produced by ARIA can be carried out to
eliminate any remaining misassignments in the NOESY spectra. This will result in a higher
number of restraints available for structure calculation which might then lead to generation
of a more accurate model of the Na-FAR-1 structure. Furthermore, paramagnetic
relaxation enhancement (PRE) (Nadaud et al., 2007) can be used to obtain additional long-
range distance restraints, and residual dipolar coupling (RDC) (Chen and Tjandra, 2012)
can be used to obtain directional information about the dipole-dipole interactions between
the protein nuclei. These two types of restraints are often very useful in constraining the
structure calculation when the restraints obtained from NOEs are not sufficient to guide the
calculation. With the use of PRE and/or RDC restraints, and an increased number of NOE
restraints, it is highly likely that the solution structure of the Na-FAR-1-PA complex can

be solved in the future.

To determine whether Na-FAR-1 shows preference for certain classes of phospholipids,
the affinity of the interaction between various phospholipids and Na-FAR-1 can be
assessed by, e.g., the DAUDA displacement assay used in this study. It would be
especially interesting to compare the affinity of Na-FAR-1 to lysophospholipids and
diacylphospholipids, as well as to phospholipids with different net charges. The
comparison of Na-FAR-1 affinity to different types of phospholipids could reveal which
phospholipids Na-FAR-1 is more likely to interact with and hence what the biological
function of the phospholipid binding of Na-FAR-1 may be. Further, Na-FAR-1 binding to
other classes of bioactive lipids could be characterised, including prostaglandins,
thromboxanes and specialised pro-resolving lipid mediators. Of special interest here are the
pro-inflammatory lipid messengers such as 2-arachidonoglycerol, arachidonic acid,
prostaglandin E, and prostaglandin D, by binding to which Na-FAR-1 could modulate

immune response in the host upon parasite infection.
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7. Final summary

7.1 The LNS2 domain of Nir2

This study has provided first insights into the mechanism of phosphatidic acid (PA)
binding by the LNS2 domain of Nir2, which has been previously proposed to regulate the
plasma membrane association and lipid transport activity of Nir2 (Chang and Liou, 2015;
Kim et al., 2013, 2015). For the biochemical and structural characterisation, the LNS2
domain was expressed in E. coli as a recombinant Trigger factor fusion protein. This
allowed the yield, stability and solubility of the recombinant LNS2 domain to be enhanced,
as the LNS2 domain was found to be highly prone to aggregation when expressed without

a large fusion partner.

By employing a number of biochemical and biophysical techniques, the PA binding
activity of the recombinant LNS2 domain was demonstrated in vitro. Further ligand-
observed NMR spectroscopy experiments using short-chain phospholipids and
phospholipid fragments showed that the LNS2 domain of Nir2 interacts with both the fatty
acyl and the glycerol backbone regions of the PA molecule, and that the presence of both
these regions in a molecule was required for the interaction to occur. Moreover, the LNS2
domain was found to interact with the polar region of PA and not with the polar region of
PC, which contains a positively charged head group. Although the interaction between the
fatty acyl tails of PC and the LNS2 domain was also observed, it appeared to be weaker
than that with the fatty acyl tails of PA, indicating that the negatively charged head group
of PA is involved in binding. Furthermore, as it was previously demonstrated that the Nir2
LNS2 domain binds only to lipid vesicles containing PA but not to lipid vesicles
containing PS (Kim et al., 2013) which, like PA, is negatively charged, it is highly likely
that the LNS2 domain is a specific PA binder. The structural mechanism behind the PA
specificity of LNS2 remains unclear, but the binding could occur via the hydrogen
bond/electrostatic switch mechanism previously proposed for other PA binding proteins

(Kooijman et al., 2007).

The fact that Nir2 LNS2 binds to both the fatty acyl chains and the polar region of PA and
does not bind to free glycerol-3-phosphate, which constitutes the polar region of PA,
indicates that the plasma membrane association mechanism of Nir2 LNS2 might involve
both an interaction with the hydrophobic region of the lipid bilayer and hydrogen bonding

or electrostatic interactions with polar region of PA. Interestingly, the mechanism of the
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LNS2 domain phospholipid binding appears to be different to that of the PH domain,
which has been shown to interact with the isolated PI(4,5)P, head group with higher
affinity than with the intact phospholipid. In contrast, the ligand binding properties of the
LNS2 domain appear to be similar to those of the PI(3)P-binding FYVE domain and DAG
and phorbol ester-binding C1 domain, which bind the membrane-embedded ligands with
higher affinity than the free ligands (Gaullier et al., 2000; Kazanietz et al., 1995;
Kutateladze ef al., 1999). A distinguishing feature of the membrane association by the
FYVE and C1 domains is the insertion of specific hydrophobic residues into the membrane
upon ligand binding, which does not normally occur during membrane association by the
PH domain. Hence, due to the inability of the LNS2 domain to bind the isolated polar
region of PA, it can be proposed that membrane insertion plays a role in membrane binding
by the LNS2 domain. Consistent with this notion, the LNS2 domain was estimated to have
a higher affinity for the membrane-embedded PA than for the free PA. However, since the
measurement of the LNS2 affinity to membrane-embedded PA was carried out only in a
semi-quantitative manner, further experiments would be required to confirm the findings.
A strategy to test the LNS2 membrane insertion hypothesis was proposed in Section 4.6.3,

along with several strategies for further analysis of the LNS2-PA interaction.

Due to the large size of the Trigger factor fusion of the LNS2 domain that impeded its
analysis by protein NMR spectroscopy, the failure of the fusion protein to crystallise, and
the difficulty of obtaining high amounts of pure and homogenous Nir2 LNS2 domain
without the fusion partner, the three-dimensional structure of the LNS2 domain could not
be determined in this study. However, analysis of the Nirl LNS2 domain by CD
spectroscopy was carried out, which revealed that the LNS2 domain has a -sheet-rich

structure.

Since atomic details of the LNS2-PA binding could not be obtained, a tool compound
targeting the interaction could not be designed rationally. However, based on the results of
the fluorescence lifetime measurements and ligand-observed NMR experiments, two
assays were proposed for the screening of a small library of compounds or fragments for
identification of the LNS2-PA interaction inhibitors (see Section 4.5.2 for the description
of the assays).

7.2 Na-FAR-1

The high-resolution structure of Na-FAR-1 in complex with oleic acid was determined in

this study. Four ligand molecules were identified in the complex, and the contacts between
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the ligands and the protein residues were mapped. It was observed that the central cavity of
Na-FAR-1 was more expanded when the protein was complexed with oleic acid than when
it was complexed with a mixture of E. coli lipids (Rey-Burusco et al., 2015), suggesting

that the volume of the Na-FAR-1 cavity might change to allow accommodation of different

ligand types or formation of ligand complexes with varying stoichiometries.

Furthermore, it was demonstrated that Na-FAR-1 interacts with PA and lysophosphatidic
acid (LPA), which provides the first evidence of Na-FAR-1 interaction with
lysophospholipids. If Na-FAR-1 also binds LPA in vivo, this interaction might have wide-
reaching biological implications. This is because LPA is a well-known mediator of
inflammatory signalling (Yung ef al., 2014) that also facilitates wound healing in the gut
(Khurana et al., 2008). Hence, by binding to and, possibly, sequestering LPA, Na-FAR-1
could affect the inflammatory responses in the host, thereby allowing the hookworm to
modulate the host’s immune system to its benefit. Potential LPA sequestration by Na-
FAR-1 might also inhibit the healing of the feeding wounds produced by the worm in the
gut epithelium, which could enhance hookworm survival in the host. However, it is clear
that LPA is only one molecule from the wide repertoire of lipids that Na-FAR-1 is known
to interact with. Therefore, if the Na-FAR-1-LPA interaction does have a biological role, it
is expected that the probable Na-FAR-1 function in parasitism is not restricted to LPA
binding.

Analysis of the Na-FAR-1-PA binding mechanism was carried out by NMR spectroscopy.
From the chemical shift perturbation experiments it was observed that Na-FAR-1 formed
three distinct complexes with PA, which were assumed to contain one, two and at least
three PA molecules. The appearance of the slow chemical exchange regime upon addition
of two molar equivalents of PA to Na-FAR-1 and the later transition into the fast exchange
regime upon further additions of PA indicated that Na-FAR-1 binds two molecules of PA
with higher affinity than the third and any subsequent ones. Similar findings were
previously reported for oleic acid binding by Na-FAR-1 (Rey-Burusco et al., 2015),
suggesting that Na-FAR-1 employs similar mechanisms for binding of different lipids
classes. To map the contacts between the ligand and the protein, structure determination of
the Na-FAR-1-PA complex was attempted by NMR spectroscopy. Although assignment of
82% of carbon atoms and 85% of hydrogen atoms of Na-FAR-1 was achieved, structure
determination could not be completed due to the time constraints. Nevertheless, it is very
likely that the structure of the complex can be obtained in the future, providing further

insights into the lipid binding functionality of Na-FAR-1.
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Appendix A: Primers used in the expression screening of
the LNS2 domains of Nir2, Nir3 and RdgB

Nir2

Name Plasmid Sequence (5’-3°)

LNS2-SF pOPINE-3C-HALO7 AGGAGATATACCATGGTCTATCCGGTG
CGTATGGTCGTGC

LNS2-SR pOPINE-3C-HALO7 CAGAACTTCCAGTTTTTCCAGCTGACCC
AGGTGTGCCAC

LNS2-L F pOPINE-3C-HALO7 AGGAGATATACCATGGTTAAAATCCGT
AACGTCACCAGCAATCATCGCG

LNS2-L R pOPINE-3C-HALO7 CAGAACTTCCAGTTTTTCTTCGCTGTCC
AGTTTCAGAGAAATGCTGC

LNS2-SF pOPINEneo AGGAGATATACCATGGTCTATCCGGTG
CGTATGGTCGTGC

LNS2-SR pOPINEneo GTGATGGTGATGTTTTTCCAGCTGACCC
AGGTGTGCCAC

LNS2-L F pOPINEneo AGGAGATATACCATGGTTAAAATCCGTA
ACGTCACCAGCAATCATCGCG

LNS2-L R pOPINEneo GTGATGGTGATGTTTTTCTTCGCTGTCCA
GTTTCAGAGAAATGCTGC

LNS2-SF pOPINF AAGTTCTGTTTCAGGGCCCGGTCTATCCG
GTGCGTATGGTCGTGC

LNS2-SR pOPINF ATGGTCTAGAAAGCTTTATTCCAGCTGAC
CCAGGTGTGCCAC

LNS2-L F pOPINF AAGTTCTGTTTCAGGGCCCGGTTAAAATC
CGTAACGTCACCAGCAATCATCGCG

LNS2-L R pOPINF ATGGTCTAGAAAGCTTTATTCTTCGCTGTC
CAGTTTCAGAGAAATGCTGC

LNS2-SF pOPINHALO7 AAGTTCTGTTTCAGGGCCCGGTCTATCCGG
TGCGTATGGTCGTGC

LNS2-SR pOPINHALO7 ATGGTCTAGAAAGCTTTATTCCAGCTGACC
CAGGTGTGCCAC

LNS2-L F pOPINHALO7 AAGTTCTGTTTCAGGGCCCGGTCTATCCGG
TGCGTATGGTCGTGC

LNS2-L R pOPINHALO7 ATGGTCTAGAAAGCTTTATTCCAGCTGACC
CAGGTGTGCCAC

LNS2-SF pOPINJ AAGTTCTGTTTCAGGGCCCGGTCTATCCGG
TGCGTATGGTCGTGC

LNS2-SR pOPINJ ATGGTCTAGAAAGCTTTATTCCAGCTGACC
CAGGTGTGCCAC

LNS2-L F pOPINJ AAGTTCTGTTTCAGGGCCCGGTTAAAATCC
GTAACGTCACCAGCAATCATCGCG

LNS2-L R pOPINJ ATGGTCTAGAAAGCTTTATTCTTCGCTGTC
CAGTTTCAGAGAAATGCTGC

LNS2-SF pOPINM AAGTTCTGTTTCAGGGCCCGGTCTATCCGG
TGCGTATGGTCGTGC

LNS2-SR pOPINM ATGGTCTAGAAAGCTTTATTCCAGCTGACC
CAGGTGTGCCAC

LNS2-L F pOPINM AAGTTCTGTTTCAGGGCCCGGTTAAAATCC
GTAACGTCACCAGCAATCATCGCG

LNS2-L R pOPINM ATGGTCTAGAAAGCTTTATTCTTCGCTGTCC

AGTTTCAGAGAAATGCTGC



LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

pOPINNUSA
pOPINNUSA
pOPINNUSA
pOPINNUSA
pOPINS3C
pOPINS3C
pOPINS3C
pOPINS3C
pOPINTF
pOPINTF
pOPINTF
pOPINTF
pOPINTRX
pOPINTRX
pOPINTRX

pOPINTRX

228

AAGTTCTGTTTCAGGGCCCGGTCTATCCGG
TGCGTATGGTCGTGC
ATGGTCTAGAAAGCTTTATTCCAGCTGACC
CAGGTGTGCCAC

AAGTTCTGTTTCAGGGCCCGGTTAAAATCC
GTAACGTCACCAGCAATCATCGCG
ATGGTCTAGAAAGCTTTATTCTTCGCTGTCC
AGTTTCAGAGAAATGCTGC
AAGTTCTGTTTCAGGGCCCGGTCTATCCGGT
GCGTATGGTCGTGC
ATGGTCTAGAAAGCTTTATTCCAGCTGACCC
AGGTGTGCCAC
AAGTTCTGTTTCAGGGCCCGGTTAAAATCCG
TAACGTCACCAGCAATCATCGCG
ATGGTCTAGAAAGCTTTATTCTTCGCTGTCCA
GTTTCAGAGAAATGCTGC
AAGTTCTGTTTCAGGGCCCGGTCTATCCGGTG
CGTATGGTCGTGC
ATGGTCTAGAAAGCTTTATTCCAGCTGACCCA
GGTGTGCCAC
AAGTTCTGTTTCAGGGCCCGGTTAAAATCCGT
AACGTCACCAGCAATCATCGCG
ATGGTCTAGAAAGCTTTATTCTTCGCTGTCCA
GTTTCAGAGAAATGCTGC
AAGTTCTGTTTCAGGGCCCGGTCTATCCGGTG
CGTATGGTCGTGC
ATGGTCTAGAAAGCTTTATTCCAGCTGACCCA
GGTGTGCCAC
AAGTTCTGTTTCAGGGCCCGGTTAAAATCCGT
AACGTCACCAGCAATCATCGCG
ATGGTCTAGAAAGCTTTATTCTTCGCTGTCCA
GTTTCAGAGAAATGCTGC




Nir3

229

Name Plasmid Sequence

LNS2-S F pOPINEneo AGGAGATATACCATGACCCTGGTCACGAAC
AATAGCGGC

LNS2-SR pOPINEneo GTGATGGTGATGTTTCGCACGGTGACTGTAT
TTCAGCTGC

LNS2-S F pOPINF AAGTTCTGTTTCAGGGCCCGACCCTGGTCAC
GAACAATAGCGGC

LNS2-SR pOPINF ATGGTCTAGAAAGCTTTACGCACGGTGACTG
TATTTCAGCTGC

LNS2-S F pOPINHALO7 AGGAGATATACCATGGTCTATCCGGTG
CGTATGGTCGTGC

LNS2-SR pOPINHALO7 GTGATGGTGATGTTTTTCCAGCTGACCC
AGGTGTGCCAC

LNS2-S F pOPINJ AAGTTCTGTTTCAGGGCCCGACCCTGGT
CACGAACAATAGCGGC

LNS2-FR pOPINJ ATGGTCTAGAAAGCTTTACGCACGGTGA
CTGTATTTCAGCTGC

LNS2-S F pOPINM AAGTTCTGTTTCAGGGCCCGACCCTGGTCAC
GAACAATAGCGGC

LNS2-SR pOPINM ATGGTCTAGAAAGCTTTACGCACGGTGACTG
TATTTCAGCTGC

LNS2-L F pOPINS3C AAGTTCTGTTTCAGGGCCCGACCCTGGTCAC
GAACAATAGCGGC

LNS2-L R pOPINS3C ATGGTCTAGAAAGCTTTACGCACGGTGACTG
TATTTCAGCTGC

LNS2-S F pOPINTRX AAGTTCTGTTTCAGGGCCCGACCCTGGTCAC
GAACAATAGCGGC

LNS2-SR pOPINTRX ATGGTCTAGAAAGCTTTACGCACGGTGACTG

TATTTCAGCTGC
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Name Plasmid Sequence

LNS2-S F pOPINE-3C-HALO7 AGGAGATATACCATGGACTGCTACATG
GCCGTTGTCCCGC

LNS2-L F pOPINE-3C-HALO7 AGGAGATATACCATGGGTCAATGGACG
TTCCTGAGTACCG

LNS2-L R pOPINE-3C-HALO7 CAGAACTTCCAGTTTATTTTCGTTCGTG
GCCTGTTCGTGC

LNS2-S F pOPINEneo AGGAGATATACCATGGACTGCTACATG
GCCGTTGTCCCGC

LNS2-SR pOPINEneo GTGATGGTGATGTTTACCATCGCTCAG
CACCGTCGC

LNS2-L F pOPINEneo AGGAGATATACCATGGGTCAATGGAC
GTTCCTGAGTACCG

LNS2-L R pOPINEneo GTGATGGTGATGTTTATTTTCGTTCGT
GGCCTGTTCGTGC

LNS2-S F pOPINF AAGTTCTGTTTCAGGGCCCGGACTGC
TACATGGCCGTTGTCCCGC

LNS2-SR pOPINF ATGGTCTAGAAAGCTTTAACCATCGC
TCAGCACCGTCGC

LNS2-L F pOPINF AAGTTCTGTTTCAGGGCCCGGGTCAA
TGGACGTTCCTGAGTACCG

LNS2-L R pOPINF ATGGTCTAGAAAGCTTTAATTTTCGTT
CGTGGCCTGTTCGTGC

LNS2-S F pOPINHALO7 AAGTTCTGTTTCAGGGCCCGGACTGCT
ACATGGCCGTTGTCCCGC

LNS2-SR pOPINHALO7 ATGGTCTAGAAAGCTTTAACCATCGCT
CAGCACCGTCGC

LNS2-L F pOPINHALO7 AAGTTCTGTTTCAGGGCCCGGGTCAAT
GGACGTTCCTGAGTACCG

LNS2-L R pOPINHALO7 ATGGTCTAGAAAGCTTTAATTTTCGTTC
GTGGCCTGTTCGTGC

LNS2-S F pOPINJ AAGTTCTGTTTCAGGGCCCGGGTCAATG
GACGTTCCTGAGTACCG

LNS2-SR pOPINJ ATGGTCTAGAAAGCTTTAATTTTCGTTCG
TGGCCTGTTCGTGC

LNS2-L F pOPINJ AAGTTCTGTTTCAGGGCCCGGGTCAATGG
ACGTTCCTGAGTACCG

LNS2-L R pOPINJ ATGGTCTAGAAAGCTTTAATTTTCGTTCGT
GGCCTGTTCGTGC

LNS2-S F pOPINM AAGTTCTGTTTCAGGGCCCGGACTGCTACA
TGGCCGTTGTCCCGC

LNS2-SR pOPINM ATGGTCTAGAAAGCTTTAACCATCGCTCAG
CACCGTCGC

LNS2-L F pOPINM AAGTTCTGTTTCAGGGCCCGGGTCAATGGA
CGTTCCTGAGTACCG

LNS2-L R pOPINM ATGGTCTAGAAAGCTTTAATTTTCGTTCGTG
GCCTGTTCGTGC

LNS2-S F pOPINNUSA AAGTTCTGTTTCAGGGCCCGGACTGCTACA
TGGCCGTTGTCCCGC

LNS2-SR pOPINNUSA ATGGTCTAGAAAGCTTTAACCATCGCTCAG
CACCGTCGC

LNS2-L F pOPINNUSA AAGTTCTGTTTCAGGGCCCGGGTCAATGGA
CGTTCCTGAGTACCG

LNS2-L R pOPINNUSA ATGGTCTAGAAAGCTTTAATTTTCGTTCGTG



LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

LNS2-S F

LNS2-SR

LNS2-L F

LNS2-L R

pOPINS3C
pOPINS3C
pOPINS3C
pOPINS3C
pOPINTF
pOPINTF
pOPINTF
pOPINTF
pOPINTRX
pOPINTRX
pOPINTRX

pOPINTRX
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GCCTGTTCGTGC

AAGTTCTGTTTCAGGGCCCGGACTGCTACAT
GGCCGTTGTCCCGC
ATGGTCTAGAAAGCTTTAACCATCGCTCAGC
ACCGTCGC
AAGTTCTGTTTCAGGGCCCGGGTCAATGGAC
GTTCCTGAGTACCG
ATGGTCTAGAAAGCTTTAATTTTCGTTCGTGG
CCTGTTCGTGC
AAGTTCTGTTTCAGGGCCCGGACTGCTACATG
GCCGTTGTCCCGC
ATGGTCTAGAAAGCTTTAACCATCGCTCAGCA
CCGTCGC

AAGTTCTGTTTCAGGGCCCGGGTCAATGGAC
GTTCCTGAGTACCG
ATGGTCTAGAAAGCTTTAATTTTCGTTCGTGG
CCTGTTCGTGC

AAGTTCTGTTTCAGGGCCCGGACTGCTACATG
GCCGTTGTCCCGC
ATGGTCTAGAAAGCTTTAACCATCGCTCAGCA
CCGTCGC
AAGTTCTGTTTCAGGGCCCGGGTCAATGGACG
TTCCTGAGTACCG
ATGGTCTAGAAAGCTTTAATTTTCGTTCGTGGC
CTGTTCGTGC




Appendix B: Na-FAR-1-PA complex chemical shift table
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.86

.01

.76

.61

.86

.55

.99

.10

.31

.36

.20

7.41

.66

.35

.13

.90

.36

.61

.35
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.94

.95

.85

.20
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113.

118.
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116.

116.

115.
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73

76
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93
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57

77
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66
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09

65
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39

93

49

97

Ha

.54

.46

.86

.67

.39

.97

.74
.29

.13

.80

.44

.31

.88

.01

.05

.16
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.23
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.33
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.87

.71
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2.73
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1.44
2.55
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1.81
2.02
2.63
2.56
2.03
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2.01
1.73

2.33
1.94
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1.82
2.63
2.49
3.33
3.04
1.25
1.71

2.58
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1.43
1.52
3.99
4.34

2.44
3.03
2.03
1.85

4.39
2.21

1.29
2.07
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.30
.33

.36
.20

.91
.86
.95

.59
.60

.80

.02

.18

.47
.22

.93
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.58
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.08
.87
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.87
.49
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0.89
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176.

175.

177.
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177.

177.

178.
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177.

178.

180.

177.

177.

177.

176.
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174.

176.

175.

176.
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178.

176.
177.

19

31

98

38

35

14
84

97

65

74

69

17

12

75

61

94

68

67

.60

32

59

42

43

30

30

14
81

.51

57.

54.

61.

58.

55.

59.

56.
56.

60.

60.

56.

54.

65.

60.

54.

60.

57.

60.

57.

58.

53.

55.

56.

47.

57.

60.

67.

66.

58.

Ca

81

46

72

82

58

85

21
05

20

55

37

92

82

39

27

56

29

19

11

50

15

56

70

09

22

92

20

89

86

40.79

34.90

38.74

28.57

41.24

38.25

18.73
39.12

38.63

30.62

40.65

43.70

31.88

29.41

19.24

30.46

41.60

39.78

43.11

28.76

39.81

42.39

66.66

41.84

32.35

68.72

31.43

41.76

Cg

24.32

37.55

28.21
17.64

28.07

26.50

27.72

37.25

28.50

25.83

34.07

25.22

25.60

21.98
22.32
23.27
26.34

131.98

28.92

133.52

13.76

132.88

43.76

22.83

50.77

43.63

132.29

25.80

25.29
25.29

29.76

24.13

HE®™ 7.10,
ce* 131.38
H®2 2.90,
HeP 2.91,
ce 41.78
H®" 6.60,
ce* 118.99

H®" 6.60,
ce* 118.29

HE®Y 7.01,
ce* 131.11

N2 112.40,
He®2?2 6.88,
He 7,47
Nd2 116.09

He2 2.68,
HeP 2.80,
ce 41.35
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71
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7.27
7.15

7.95
7.62
7.81

8.37
8.06

117.90

119.05

119.52

122.48

119.87

119.94
104.20

108.45

120.90

117.76

123.25

123.50

121.19

120.13

117.79

115.39

116.88

111.31

118.17

121.75

104.15

122.86

117.89

118.97

121.45

118.59

120.45

119.93

120.45
119.07

119.84

119.18
115.61

4.08
3.83
3.83

3.91
3.99
3.96

3.36
3.55
4.22
4.06

3.81
4.06

1.97
1.97

2.04
2.25
2.16

3.22
3.29
1.81
2.00

3.16
2.59
1.77
1.65

3.21
3.29
3.81

2.06
1.88
2.23
2.09
3.50
3.41
1.72

1.41
1.30
1.49
2.05
1.75
1.85

1.75
1.74

3.68
3.76
2.40
1.97
1.95
2.03
1.71
1.71

1.53
2.20
1.89

2.23
2.09
1.92
1.93

1.75
1.28
2.92
3.26
1.50
2.00
2.00
1.91

3.93
3.93

1.30
1.30

2.53
2.53
0.84
1.02

1.70
1.61

2.21
2.38
2.35
2.50

0.43
0.59
0.76

1.25
1.56

1.56
1.42

1.45
1.45

2.15
2.15
2.28
2.28
1.62

1.38
1.65

0.75
0.87
2.24
2.24
1.47
1.61

2.77
2.25
0.40
0.58

1.75
1.75

1.44
1.42

7.05
6.69

0.92
0.92
1.54
1.54

1.66
1.75
1.66
1.68
1.64
1.64

3.96
3.49

0.93
0.97

1.70
1.70

0.33
0.59

178.30

180.49

180.16

179.20

176.26

176.87

176.37

175.94

179.29

179.05

177.57

180.56
180.70
177.69

177.62

178.02

177.40

177.41

179.82

179.12

179.78

174.30

180.58

179.76

177.11

178.63

179.58

178.11

176.58

180.70
178.73

176.63

60.64

59.74

66.72

62.85

59.03

51.94
43.80

56.80

59.04

51.61

65.94

61.53

59.53

61.31

65.43

55.31

55.03

57.95

59.74

58.62

57.28

54.68

66.19

59.96

57.74

47.65

55.14

60.02

66.87

60.32

59.40

58.09

60.63

55.25
58.88

67.36

61.74

32.68

29.69

31.58

39.29

32.35

18.73

40.70

33.66

39.56

68.23

28.28

30.17

62.73

37.44

17.68

18.04

41.90

32.82

32.66

33.94

62.86

32.29

29.37

41.89

18.32

33.51

31.23

30.16

32.34

41.97

31.38

17.85
32.36

31.06

62.86

25.96

36.72

23.98

25.67

25.19

22.69

37.71

37.47

17.48
30.11

27.01

27.26

25.38

25.35

27.24

36.84

27.26

26.22

24.16
22.06
36.59

25.35

26.74

31.24

21.96
23.08

29.70

132.02

29.03

133.23

29.33

13.78

24.36
24.35
30.04

29.43

28.91

50.25

25.88
23.67

30.63

29.19

23.25
25.01

H®? 2.88,
HeP 2.95,
ce 41.96

HE®™ 7.15,
ce* 132.51
H®? 2.77,
HeP 2.99,
ce 41.91

H®* 6.65,
ce” 117.41
H®2 2.94,
Heb 3.01,
ce 41.94
N92 110.84

H®2 2.62,
HeP 2.69,
ce 41.87
H®2 2.95,
He3 2.95,
ce 42.18

He? 2.94,
He3d 2.94,
ce 42.06

He? 2.93,
Hed 2.93,
ce 42.06

He? 2.95,
He3d 2.95,
ce 42.19

H®" 1.86
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HE®? 2
HeP 2
1

H®? 2.72,
HeP 2.80,
ce 42.01

He" 6.47,
ce”* 116.70
HeZ 2.94,
Hesd 2.94,
c® 41.95

He®2 2.69,
He3 2.69,
ce 42.44

H®" 6.93,
ce* 131.02

H®2 2.96,
He3 2.96,
ce 41.87

N2 112.75,

He®22 6,66,
He 7,57
H®" 6.93,
ce”* 132.50

H®2 2.95,
He3 2.95,
ce 41.82

H®* 7.21,
ce* 131.39

HeZ 2.96,
He3 2.96,
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HeZ 2.94,
He3d 2.94,
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2.03 |2.23
155 N 7.97 | 124.78 |4.38 [2.68 6.72 | 179.42 ' 54.87 |40.53 N92 112.61

2.57 7.40



