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Abstract

The Amino acid/Polyamine/Cationic transporter superfamily is among the largest of the sec-
ondary active transporters. APC family members use either a proton or sodium gradient to
drive substrate translocation across the membrane. Members of the APC superfamily are
responsible for the uptake of amino acids and are found in all kingdoms of life. Amino acids,
and their derivatives, are crucial for both prokaryotic and eukaryotic cell biology, being the
building blocks of a variety of macromolecules and play important roles in metabolism and
cell signalling. Therefore, the systems responsible for their transport are important targets
of further study, in particular to gain greater insight into how these proteins recognise and
discriminate between different types of amino acids. The transport mechanism of several
APC members has been elucidated using a variety of structural, biophysical and functional
approaches. However, these studies have focussed on sodium coupled transporters due to
their function as neurotransmitter transporters. Here, the crystal structure of the first pro-
ton-coupled amino acid transporter of the APC superfamily, from Geobacillus kaustophilus,
GkApcT, is presented. GKApcT closely related to the mammalian cationic amino acid trans-
porters (CATs) of the SLC7 family, responsible for the transport arginine and lysine into the
cell. The mechanism of transport was further investigated using liposome-based functional
assays to characterise the substrate specificity and kinetics. The crystal structure was used
to guide a detailed site-directed mutagenesis study, which identified several conserved res-
idues involved in substrate binding and proton-coupling. The current structure serves as a
template to further understand proton coupled amino acid transport in bacteria and to un-

derstand mammalian amino acid transport via the SLC7 and SLC36 families.
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1 Membrane transport of Amino Acids

The Amino acid/Polyamine/Cationic (APC) superfamily is among the largest families of sec-
ondary active transporters with a diverse range of substrates such as amino acids, sugars
and smaller peptides. In order to transport these organic compounds across the membrane,
members of the APC superfamily have evolved to use different mechanisms.

For example, the most prominent member of the APC superfamily is LeuT, a transporter
specific for leucine and alanine, and member of the neurotransmitter:sodium symporter
(NSS) family (Yamashita et al., 2005). LeuT couples substrate transport to two sodium ions
that have been shown to bind in the centre of the protein (Yamashita et al., 2005). MhsT,
another transporter of the NSS family, works in a similar fashion, using the inwardly directed
sodium gradient to couple uptake of bulky hydrophobic amino acids (Quick and Javitch,
2007). LeuT is one of the most studied APC members due to its relation to the human mem-
bers of the NSS family, also referred to as SLC6 family (Hediger et al., 2004). Human SLC6
transporters are found in the pre-synapse of neurons (Schloss et al., 1992). There, they are
responsible for Na*/Cl coupled uptake of neurotransmitters released into the synaptic cleft
(Schloss et al., 1992). Due to this function, the human SLC6 transporters have been recog-
nised as important targets for drug development.

The bacterial Mhp1 is another sodium-coupled transporter of the APC superfamily which
belongs to the nucleobase:sodium symporter 1 (NCS1) family, transporting indolyl methyl-
and benzylhydantoins (Suzuki and Henderson, 2006; Weyand et al., 2008). The latter is the
precursor for phenylalanine and tryptophan synthesis in the cell (Suzuki and Henderson,
2006). Mhp1is thus an example of a member of the APC superfamily not transporting amino
acids but their precursors, or as the sodium-coupled sugar transporter vSGLT non-amino
acid substrates (Faham et al., 2008), member of the solute sodium symporter (SSS) family.
Members of this family use the inward electrochemical sodium gradient to harness uptake
of sugars, amino acids and vitamins, vital for the cell (Wright, 2004).

BetP is a sodium-coupled transporter of the betaine / carnitine / choline transporters (BCCT)
family involved in response to osmotic stress in bacteria through transport of the zwitteri-
onic betaine with sodium ions (Farwick et al., 1995; Perez et al., 2011). Another transporter

belonging to the BCCT family is the carnitine/y-butyrobetaine exchanger CaiT which is not



involved in a stress response mechanism (Jung et al., 2002). However, carnitine is important
for fatty acid transport at the bacterial membrane (Rebouche and Seim, 1998).

AdiC and GadC, members of the APC family, are also antiporters, involved in the response
mechanism to acidic stress. In AdiC the transport of arginine into the cell is coupled to the
exchange for an agmatine molecule (lyer et al., 2003). Arginine is converted in the cell to
agmatine, onto which a proton is transferred during this process (lyer et al., 2003). There-
fore, excretion of agmatine out of the cell indirectly moves protons (virtual proton pump)
away from the cell interior, regulating the internal pH (lyer et al., 2003). A similar mecha-
nism is observed for GadC, the glutamate/y-aminobutyric acid (GABA) exchanger, where
glutamate is converted into GABA via decarboxylation and proton-transfer (Hersh et al.,
1996). GABA exits the cell via GadC in exchange for a glutamate. Both AdiC and GadC are
pH-dependent and show the highest antiporter activity at low pHs (Fang et al., 2007; Ma et
al., 2012a) which is not surprising since the cell needs to respond to acidic stress in these
environments.

In 2009 another close homologue to AdiC was solved by X-ray crystallography, the archaeal
amino acid transporter MjApcT from Methanocaldococcus janaschii (Shaffer et al., 2009).
This transporter is specific for alanine, serine, glutamate and glutamine, and although ho-
mologous to AdiC, it was proposed to be proton-coupled (Shaffer et al., 2009).

Although many structures and functional data of APC superfamily members are available,
only little is known about the proton-coupling mechanism within the APC superfamily facil-
itated, for example, by the human proton-assisted amino acid transporters (PATs) of the
SLC36 family (Thwaites et al., 1993; Boll et al., 2003, 2004). Additionally, a proton-coupling
mechansims has also been proposed for the cationic amino acid transporters (CATs) of the
SLC7 family in Arabidopsis thaliana (Frommer et al., 1995; Hammes et al., 2006).

Most of the current research has been focussed on the sodium-coupled transporters due to
their relationship with human neurotransmitter transporters as potential drug targets.
Therefore, more research on the mechanism of proton-coupling and its differences to the
sodium-coupled mechanism in terms of ion-binding sites and the potential interaction with
the substrate is necessary. Insight into proton-coupled amino acid transporters might eluci-
date how they evolved to bind and release either protons, sodium ions, or do not require

any ion interaction.



The examples given above have provided a small overview about the versatility of the APC
superfamily regarding transported molecules and the mechanism they use for substrate
translocation. The transporters of the APC superfamily fulfil a variety of functions such as
providing nutrients for the cell, involvement in neurotransmitter regulation or stress re-

sponse. Further details into the APC superfamily will be given in the following sections.

1.1 THE ELECTROCHEMICAL POTENTIAL

As described above, many APC superfamily members couple substrate transport to ion
movement. This is necessary since the substrate is mostly transported against its electro-
chemical gradient. To harness the energy to perform this ‘uphill’ transport the APC trans-
porters use the electrochemical gradient of ions such as sodium ions or protons across the
membrane.

The electrochemical gradient Afi of an ion is described by an electrical and a chemical com-
ponent. Due to the different ion compositions on each side of the membrane, a membrane
potential builds up across it, and this charge difference (the membrane potential AW) is the
electrical component of the electrochemical gradient. The chemical component, is de-
scribed by the difference in the ion concentration on both sides of the membrane (4ion, e.g.
for proton gradient ApH). The electrochemical gradient of a cation (X™*) can be expressed

in the Nernst-equation:

[Xm+] int

[Xm+]ext)

Aji = A¥Y - 23 KT 1
fgm+ = A¥ —2. (ﬁ) og(

where T is the absolute temperature, AW is the electrical potential in mV, R is the universal
gas constant equal to 8.314 J(K*mol™?), F the Faraday constant equal to 96,485 C(mol™), m
the valence of the ion, and [X™*] the concentration of the ion in the internal (int) and exter-
nal (ext) environment.

The electrochemical gradient of ions is the driving force for many cellular processes. For
instance, one of the most important biosynthetic processes benefits from the proton elec-
trochemical gradient AfiH*, also referred to as the proton motive force, to drive the gener-

ation of adenosine tri-phosphate (ATP), the main energy source for the cell, facilitated by



FiFo-ATPases (Mitchell, 1985). Thus, this proton electrochemical gradient has to be main-
tained in order to ensure continuous ATP synthesis. To achieve this, protons have to be ac-
tively moved out of the cell, which additionally prevents the interior of the cell from acidi-
fying, necessary to avoid endangering the viability of the cell (Baker-Austin and Dopson,
2007; Slonczewski et al., 2009; Krulwich et al., 2011).

To ensure a constant proton gradient, specific enzymes and enzyme complexes exist in all
kingdoms of life to transport protons. The most well-known example is the electron transfer
chain in the mitochondrion, where the transfer of electrons from electron donors to elec-
tron acceptors, with oxygen being the final electron acceptor (aerobic organisms), induced
the transfer of protons across the membrane, which are in turn used to drive ATP produc-
tion (Alberts, 2002) (Figure 1-1). Anearobic organisms use instead of oxygen other
compounds such as nitrate as electron acceptors. Light energy is an additional source for
producing proton gradients e.g. in the thylakoid (Alberts, 2002). Photosystem I, and the
cytochrome b6f complex residing in the thylakoid membrane of the organelle, transfer pro-
tons into the chloroplast. The proton gradient then drives ATP synthesis (Alberts, 2002).
lon gradients across the cellular membrane are facilitated by active transporters that
transport ions against their chemical gradient. The sodium gradient is maintained by the
sodium-potassium-exchanger, or Na*/K*-ATPase, transporting three sodium ions outside of
the cell and importing two potassium ions under ATP consumption (Skou, 1957). This gen-
erates a sodium electrochemical gradient (AfiNa*) across the membrane, and a negative
membrane potential on the cytoplasmic side. Since the charged ions cannot freely pass the
membrane, they have to diffuse passively through dedicated channels, or are transported
actively using an energy source such as ATP, as described for the Na*/K*-ATPase (Skou,
1957).

Passive or ‘downhill’ transport of sodium, calcium or potassium via channels, for instance,
are important mechanisms in neuron response (Voglis and Tavernarakis, 2006).

Besides the facilitative, or passive, transport of sodium and other ions, their electrochemical
gradient also provides an energy source to take up important molecules for cell growth, and
the ability to remove toxic molecules from within the cell. Maintenance of a constant pH
and ion composition of the cytosol is thus necessary for the longevity of the cell (Baker-

Austin and Dopson, 2007; Slonczewski et al., 2009; Krulwich et al., 2011).
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Figure 1-1: Pathway of nutrition uptake in the eukaryotic cell and its energy sources

Protons are transferred accros the membrane by the respiratory complex (grey). The generated proton motive
force isin turn used to produce ATP via ATPases (yellow). The ATP produced is used in a whole range of cellular
processes e.g. protein and DNA synthesis but also to generate a proton electrochemical gradient accross the
lysosomal membrane via hydrolysis of the ATP to ADP. The energy of the hydrolysis is used for uphill transport
of protons via ATPases. In the lysosome and the cell membrane, transporters (green) are localised that use the
proton electrochemical gradient across the membrane to drive uptake of small molecules (yellow triangles)
used for signalling, protein synthesis etc. In addition to ATP driven proton pumps, ATP hydrolysis also drives
the sodium potassium exchanger (blue), generating a sodium electrochemical gradient between the exterior
and the cytoplasm which is used by sodium-coupled transporters (orange) to drive uptake of nutrients and
other small molecules.

A specific class of membrane proteins, the so-called secondary-active transporters, use the
electrochemical gradients of protons or sodium ions, which vary depending on the cell type
(Table 1-1), or that of the substrate to drive substrate transport across the membrane. It is
this type of transporter to which the APC superfamily belongs. Secondary-active transport-
ers show a variety of folds, substrate specificities and coupling mechanisms (reviewed in
Boudker and Verdon, 2010).

One important substrate class are amino acids, fulfilling a variety of functions besides their
more obvious role as protein building blocks, such as acting as carbon and nitrogen source,
and their involvement in important cellular signalling and metabolic pathways (reviewed in

Wu, 2009).



Table 1-1: Membrane potentials and pH gradients for different cellular membranes

Cell type
Cell membrane (eukary-

otes)

Cell membrane (neutralo-

phile bacteria)
Cell membrane (acido-
phile bacteria)
Cell membrane (al-
kaliphile bacteria)

Neuron

Mitochondrion
Lysosome

Chloroplast

Membrane potential®

-40 to -95 mV

-170 mV

-256 mV

-50 mV

-60 to -70 mV

175 mVv

~20 mV
50 mV

1 potential- and pH-differences are given with respect to the cytoplasm

1.2 AMINO ACIDS AND THEIR REGULATORY ROLE IN THE CELL

ApH?
<0.1

+0.6

4.5

-2.2

+0.3 to

0.1

-0.8

+2.5
-0.8

reference

(Hille, 2001)

(Krulwich et al., 2011)

(Krulwich et al., 2011)

(Krulwich et al., 2011)

(Alberts, 2002),

(Ruffin et al., 2014)

(Alberts, 2002)

(Casey et al., 2010)
(Alberts, 2002)

Amino acids consist of a carboxyl and amino functional group and a side chain. The latter

gives the amino acids their distinct properties by which they can be classified by polarity,

charge, aromatic, branched, aliphatic, cationic, polar non-charged, anionic or the side chain

contains sulphur groups (Figure 1-2). The wide range of different properties possessed by

biological amino acids shows that they are a perfect tool kit for the generation of proteins

with different functions (Doig, 2017). As a result, a variety of transporters have evolved that

transport specific amino acids by recognizing their unique side chain properties. Some

amino acid transporters have evolved to show a broad substrate spectrum while others are

rather specific. Thus, the binding site of these transporters might be limited in its size to

only transport small amino acids, or provide an electrochemical environment suitable for

only positively or negatively charged compounds.



Besides being the structural unit of proteins, amino acids can act as an energy source for

the cell upon breakdown of proteins, or act as metabolic regulators and signalling mole-

cules.
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Figure 1-2: Properties of amino acids

Proteinogenic amino acids are a-amino acids with a carboxyl and amine group and a side chain (residue) at-
tached to the Ca- atom (top left panel). The side chain gives each amino acid its specific property. They can be
categorised by being negatively charged (red), positively charged (dark blue), aromatic (yellow), polar non-
charged (pink), aliphatic (light blue), contain sulphur (orange) or have special side chains (green)

Amino acids can be derived through the degradation of proteins in special organelles, such
as the lysosome (de Duve and Wattiaux, 1966), but they can also be produced biosyntheti-
cally. Microbes and plants can synthesise all proteinogenic amino acids, whereas humans
and animals are unable to produce some of them. Therefore, a discrimination must be made

between amino acids that the body can produce itself, referred to as non-essential amino

acids, and the ones that have to be derived from diet, referred to as essential amino acids.



In humans, these nonessential amino acids are Ala, Arg, Asp, Asn, Cys, Gly, Glu, GIn, Pro,
Ser, Tyr and the essential amino acids are His, lle, Leu, Lys, Met, Phe, Thr, Trp, Val.

Although it is possible to biologically synthesise each amino acid (Figure 1-3), some meta-
bolic pathways require many steps to reach the final product. For example, synthesis of me-
thionine from aspartate involves 7 individual stages for which different enzymes are neces-
sary (Figure 1-3). Thus, errors in translation and transcription of the genes encoding these
enzymes result in a loss of function and the potential death of the cell. Some of these path-
ways have lost the ability to produce certain amino acids since the human diet includes a

variety of amino acids. These are the essential amino acids that must be taken in via diet.
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Figure 1-3: Amino acid synthetic pathway

Proteinogenic amino acids can be biosynthesised in specific pathway which are shown here (Hildebrand,
2016). Depending on their chemical origin, the pathways are coloured differently. There are leucine, valine
and alanine that are derived from pyruvate (yellow box), others originate from oxaloacetate (green box), 3-
phosphaglycerate (purple box), phosphoenolpyruvate (blue box) or a-ketoglutarate (red box). Synthesis of
some amino acids includes several enzymatic steps, for example the production of isoleucine or methionine.



Examples of nonproteinogenic amino acids that play an important role in metabolic pro-
cesses within an organism are ornithine, citrulline and 5-aminolevulenic acid, to name a few.
Ornithine and citrulline play an essential for the urea cycle (Morris, 2002), a metabolic path-
way to dispose of excess ammonia originating from amino acid catabolism which would oth-
erwise be toxic to the organism in high doses. Citrulline is generated from ornithine and
carbamoyl phosphate in the mitochondrion (Morris, 2002). An exchanger for citrulline and
ornithine resides in the mitochondrial membrane to move ornithine into the mitochon-
drion, and citrulline out of it (Camacho et al., 1999), so that the urea cycle can continue in
the cytosol. Another example of a non-proteinogenic amino acid with an important meta-
bolic function is 5-aminolevulenic acid. This organic molecule is the precursor for porphyrin
synthesis which produces heme (mammals) or chlorophyll (plants) (Vavilin and Vermaas,
2002). Besides the metabolic importance of amino acids, they fulfil a range of other func-
tions such as gene regulation, or signalling (Wu, 2009), which will be described in the next

section in more detail, giving some examples of their influences.
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Figure 1-4: Chemical structures of ornithine, citrulline and 5-aminolevulenic acid



1.2.1 Amino acids as signalling molecules

Amino acids are not only the building blocks of proteins but also function as signalling mol-
ecules or their precursors. They are involved in a vast spectrum of regulatory and signalling
pathways in the cell such as cell proliferation via the mTORC nutrient sensing complex, as
neurotransmitters in the synaptic cleft or host defence mechanisms (reviewed in Henley,

2001 and Wu, 2009).

1.2.1.1  Amino acids and their derivatives as neuronal signalling molecules

The central nervous system is the key to understanding the world around us and our inter-
action with it. All important processes are regulated from this organ. The communication
between individual neurons, which store and process information, is essential and is facili-
tated by neurotransmitters such as glutamate, serotonin, dopamine, glycine or y-aminobu-
tyric acid which activate ligand-gated ion channels and G-protein coupled receptors (GPCRs)
(Alberts, 2002). A neurotransmitter can either excite or inhibit postsynaptic signalling cas-
cades (Spencer and Baker, 1992). Neurotransmitters are stored in vesicles within the neuron
and are released via calcium-induction into the synaptic cleft to be recognised by specific
receptors, starting a signalling cascade in the receiving neuron (Figure 1-5) (Jessell and Kan-
del, 1993).

Glutamate is such a signalling molecule, and one of the most abundant amino acids (News-
holme et al., 2003). It is released into the synaptic cleft and interacts with glutamate recep-
tors on the receiving neuron. This generates an excitatory electrical response via activation
of ion channels that reside in the membrane of the receiving neuron, changing the ion com-
position on the cytoplasmic side (Jessell and Kandel, 1993). The sudden change in ion con-
centration reverses the electrical polarisation of the membrane, creating an action potential
that propagates along the axon of the neuron (Jessell and Kandel, 1993). The neurotrans-
mitter is removed from the synaptic cleft via specific transporters, so that it does not con-
tinue to stimulate the receptors. Reuptake of glutamate is performed by members of the
excitatory amino acid transporter (EAAT) family which belong to the SLC1 family of trans-

porters in humans (Figure 1-5) (Fairman et al., 1995; Slotboom et al., 1999).
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Figure 1-5: Electrical transmission at the synaptic cleft

Electrical signalling between the two neurons, schematically shown here, occurs in the gap junction or syn-
aptic cleft. The neurotransmitter (small signalling molecule, orange circles) is released from the signalling
neuron into the synaptic cleft, activating ion channels (green) and generating an action potential that
traverses through the receiving neuron towards the next receiving neuron. Reuptake of the neurotransmitter
is facilitated by the sodium coupled neurotransmitter transporters of the SLC1 and SLC6 family (blue).

Amino acids can also act as precursors for neurotransmitters. Dopamine, derived from phe-
nylalanine, tyrosine and L-DOPA (Figure 1-6A), is associated with drug addiction (Wise,
1996). Dopaminergic pathways in the brain release dopamine and are mostly associated
with reward-related behaviour, which is triggered by addictive drugs (Wise, 1996). Disorders
such as attention deficit hyperactivity disorder, schizophrenia, or Parkinson’s disease are
related to dysfunctions within these dopaminergic pathways (Barbeau, 1970). Serotonin,
also known as 5-hydroxytryptamine or 5-HT, is a tryptophan derivative (Figure 1-6B). This
neurotransmitter is a regulator of sleep, appetite and mood via activating signalling cas-
cades by interacting with serotonin receptors, G-protein-coupled receptors (GPCRs), and
ligand-gated ion channels in the postsynaptic membrane (Jessell and Kandel, 1993). The ef-
fect on the neurotransmission is either excitatory or inhibitory. The serotonin transporter
(SERT), which is a member of the SLC6 or neurotransmitter sodium symporter (NSS) family,
is responsible for the reuptake of serotonin from the synaptic cleft.

In general, several neurological conditions are associated with neurotransmitter transporter

malfunction such as depression, anxiety disorder, epilepsy and Parkinson’s disease (Masson
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et al., 1999). Drug development to treat these diseases targets the modulation of the neu-
rotransmitter transport activity (lversen, 2009). Structural information available for these
transporters has elucidated their binding sites (Penmatsa et al., 2013; Coleman et al., 2016)

which will further guide structure-based drug design.
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Figure 1-6: Chemical structures of amino acids, tyrosine and tryptophan, and their neurotransmitter deriv-
atives, dopamine and serotonin

1.2.1.2 mTORC regulation by amino acids

The availability of nutrients is one key regulator of cell growth and cell division (Efeyan et
al., 2015). As this parameter is ever changing in our environment, signalling pathways have
evolved that sense and respond to the varying pool of available nutrients (Efeyan et al.,
2015). Part of a nutrient sensing complex, fulfilling this central function, is the target of ra-
pamycin (mTOR). mTOR is a serine-threonine kinase that forms distinct complexes with
other regulatory proteins to either form mTORC1 or mTORC2 (Loewith et al., 2002).
mTORC1 stimulates cell growth while mTORC2 regulates cell proliferation (Loewith et al.,
2002), and inhibition of mTORC1 results in a decreased life span of mice (Harrison et al.,
2009). Furthermore, restricting the calorie consumption of Rhesus monkeys decreases the

chance of them developing cancer, which shows the relation between diet and mTORC1
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activity (Colman et al., 2009). Amino acids stimulate mTORC1 via the amino acid/Rag path-
way (Sancak et al., 2008; Efeyan et al., 2012), however, the exact mechanism of this activa-
tion is not yet known, and little has been elucidated as to which amino acids are responsible
for the activation. It is known that leucine and arginine are important for mTORC1 activation
but show no effect on mTORC1 activity when the cell is deprived of the other proteinogenic
amino acids (Hara et al., 1998). Additionally, amino acids do not only regulate the activity of
the complex, but also its subcellular localisation. In the presence of amino acids, mTORC1

translocates from the cytoplasm to the lysosomal membrane (Efeyan et al., 2012).
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Figure 1-7: mTORC1 signalling via amino acid stimulation

In simple terms, a high availability of amino acids result in the activitateion of mMTORC1 which induces protein
and lipid synthsis amon other regulatory pathways. At low abundance of amino acids, the mTORC1 complex
is inactivated. In detail, at low amino acid concentrations, the inactive conformation of the v-ATPase-Regula-
tor-Rag GTPase complex (vATPase, p18, p14, MP1, RagA/B, RagC/D) cannot interact with mTORC1. Therefore,
MTORC1 remains in the cytoplasm. Increasing concentrations of amino acid signal to the Rag GTPases via the
v-ATPase. The Rag GTPases switch their loaded nucleotide (GDP to GTP and vice versa) resulting in their acti-
vation. The active Rag GTPases can now interact with mTORC1 and localise the complex to the lysosomal
membrane. The small GTPase Rheb (Ras homologue enriched in the brain), regulated by growth factors, acti-
vates the kinase activity of mTORC1, phosphorylating several targets (TFEB, ULK1, S6K, 4EBP1) regulating pro-
tein synthesis, autophagy or lipid synthesis. Figure from Efeyan et al., 2012.

It is proposed that a nutrient sensor activates mTORC]1, although it is yet unknown which
protein fulfils this function. Among the potential candidates are the proton-assisted amino
acid transporters (PATs) of the SLC36 family. These transporters are also phylogenetically
clustered within the APC superfamily and are predicted to have the same ‘5 + 5’ inverted
topology repeat fold as LeuT. The PATs are located in several places within the cell, not only
at the plasma membrane but also the lysosomal and endosomal membrane (Sagne et al.,

2001). The human PAT1 and PAT4 have been identified to be required for activation of the
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mTORC1 complex (Heublein et al., 2010; Ogmundsdoéttir et al., 2012). Since the lysosome is
the location of protein degradation, the proton electrochemical gradient across the lysoso-
mal membrane is used by PAT1 or PAT4 to export amino acids coupled to proton movement
into the cytosol thereby activating mTORC1. Additionally, the sodium-dependent amino acid
transporter family, SLC38, has been identified as another regulator and key component of
the amino acid sensing machine of mMTORC1. Loss of SLC38A9 resulted in the impairment of
amino acid activation of mMTORC1 (Rebsamen et al., 2015). This shows the importance not
only of amino acids but also of their transporters in regulating the nutrient sensing pathways

in the cell.

1.2.1.3 NO-signalling and the role of arginine transport

Nitric oxide is crucial for the pathways of the immune response. It is generated by immune
cells such as macrophages, dendritic cells, mast cells, monocytes and many other cell types
via three systems: the inducible nitric oxide synthase (iNOS), neuronal nitric oxide synthase
(nNOS) and endothelial nitric oxide synthase (eNOS) (Forstermann and Sessa, 2012). Both
nNOS and eNOS exist as preformed proteins in the cell whereas iINOS production is only
regulated by cytokines (Bogdan, 2001; Forstermann and Sessa, 2012). Interestingly, at low
levels the production of iINOS is upregulated via a positive feedback loop, but down regu-
lated at high protein concentrations, probably to prevent overproduction of NO (Forster-
mann and Sessa, 2012). Additionally, other signalling pathways participate in the regulation
of iNOS production, which makes the regulatory network of iNOS incredibly versatile. An-
other factor that influences the availability of NO in humans is the substrate of nitric oxide
synthetase (NOS), the amino acid arginine, which can be derived in three ways:
1) dietary intake, which in humans is around 4-5 g/day (King et al., 2008)
2) protein digest, performed in specialised compartmented organelles such as the ly-
sosome (Liu et al., 2012)
3) arginine biosynthesis from glutamine, ornithine or citrulline in compartmentalised
tissues (Morris, 2007)
Since arginine cannot diffuse freely through the membrane into the cell, it has to be carried

over the membrane by specific transporters. This is achieved by the SLC7 cationic amino
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acid transporters (CATs) which exclusively transport cationic amino acids. Proteins in this
family are widely expressed in all tissues, with specific expression patterns for each mem-
ber. In macrophages, CAT2 is the transporter providing arginine, and it has been shown to
be activated by treatment with lipopolysaccharides (Kakuda et al., 1999) which simulate
infection by bacteria. CAT2 mRNA levels are regulated by IFN-gamma (Kakuda et al., 1999).
There is another pathway of arginine metabolism which opposes that of NO production. The
enzyme arginase can break down arginine to ornithine which is then used for protein syn-
thesis. Depending on the preference of the macrophage for one pathway or the other, they
can be defined as M1 (NOS) or M2 (arginase) macrophages (Mills et al., 2000; Mantovani et
al., 2004).

Further downstream of the arginine metabolic pathway, spermine and spermidine are pro-
duced that downregulate the production of iNOS (Szabd et al., 1994). NO signalling influ-
ences numerous processes which range from the production of cytokines (Eun et al., 2000;
Lecleire et al., 2005; Machacek et al., 2016) and vasodilation, to the stimulation of light
flashing by fireflies (Trimmer, 2001).

NO’s action in host defence mechanisms by macrophages result from its inhibitory effect on
DNA repair processes and protein synthesis in the invading parasite. Inactivation of enzymes
and the disruption of the parasites membrane via peroxidation, and reduction of exogenous
arginine through induction of iNOS or arginase by the host immune cells, can lead to the
death of the parasite. NO additionally influences tumour cells. It has been shown that NO
producing macrophages mediate cytostasis and tumour cell death (Xu et al., 2002). In con-
trast, indogenous NO production in tumour cells results in the upregulation of DNA damag-
ing repair pathways. This mechanism protects the tumour cells against endogenous NO
product, which would be toxic to them, and additionally against DNA damage, which might
be induced by tumour therapy.

The underlying principles of NO signalling requires the availability of its precursor arginine
in the cytoplasm of macrophages. As described above, the CAT transporters of the SLC7
family are one of the main regulators for arginine availability in these cells and any malfunc-
tion would result in an imbalance of the intracellular arginine concentration which would in
turn possibly have a negative impact on the downstream signalling pathways such as host

defence via NO.
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Figure 1-8: Regulation of NO signalling

Arginine is metabolised via two systems, iNOS or arginase. The latter uses arginine to produce ornithine, a
precursor for proline and other cytokines that down-regulate iNOS (shown by arrows). iNOS uses arginine to
produce nitric oxide and citrulline. Citrulline can be recycled to produce arginine via arginine synthase (AS)
and AL. Inhibition and activation of the different enzymes involved in the pathways above are given with a
negative or positive sign, respectively. ODC-ornithine decarboxylase, OAT - ornithine aminotransferase, AL -
arginosuccinate lyase, GTP CH | — guanidine triphosphate cyclohydrolase |, IFN-y — interferon gamma, FAD -
flavin adenine dinucleotide, IL — interleukin, LPS — lipopolysaccharide, TGF-B — transforming growth factor
beta, MIF - macrophage migration inhibitory factor, TNF — tumour necrosis factor, FMN - flavin mononucleo-
tide, and NADPH - nicotinamide adenine dinucleotide phosphate. Figure from Bogdan, 2001.

1.2.1.4 Secondary active amino acid transporters as a key component in amino acid signalling

The amino acid signalling pathways described above show how important these small mol-
ecules are for cell survival, growth, host immunity or neuronal activity. Nevertheless, to
reach the specific location to fulfil their function or to remove them to prevent further sig-
nalling, the amino acids have to be transported across the membrane. In the previous sec-
tions, the transporters which are involved in these processes have been described. As men-
tioned in section 1.1, secondary-active transporters exist that use an electrochemical gradi-
ent to drive “uphill” substrate transport (reviewed in Forrest et al., 2011). These transport-
ers are involved in amino acid uptake in the cellular signalling processes described above,
and are found in all kingdoms of life. The transport of the substrate and ion can be facilitated
in the same direction, also known as symport, in opposite directions, named antiport, or

without any ion-coupled movement, uniport (Figure 1-9).
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Mostly, gradients of sodium ions or protons are used as the energy source for coupled
transport, of which the latter is found predominantly in prokaryotes, whereas sodium-cou-
pled transporters are mostly present in eukaryotes (Saier, 2000). Proton-driven transporters
in eukaryotes are mainly located in tissues or organelles with high pH, such as the late en-

dosomes, lysosomes, vacuoles and the thylakoid lumen (Table 1-2).

. ) . Figure 1-9: Types of active membrane transporters
Primary active Secondary active

transport transport Uphill transport of biomolecules needs an energy

source. In all kingdoms of life, this energy source

Symport  Antiport  Uniport can either be derived by the hydrolysis of ATP to

ADP ADP (left) through a primary-active transport

ATP D +P, D @ D D mechanism, or the trar\slocatlon of the rpolec.ule is

coupled to the downhill transport of an ion (right),

j called secondary active transport. The latter are di-

N N ™ vided into symport, antiport and uniport mecha-

nism, depending on the direction of transport of

substrate (blue square) and ion (red circle) and if
any coupled transport occurs.

™
[
py

Table 1-2: pHs of different cellular compartments

Environment pH
Cytosol 7.2*
Lysosome 4.7%
Vacuole 5.2%*
Early endosome 6.3*
Late endosome 5.5%*
Thylakoid lumen 5.0**

* in mammalian cells (Casey et al., 2010)
**in Arabidopsis thaliana cells (Shen et al., 2013)

Acidic environments are less prevalent in higher eukaryotic organisms, which might explain
why sodium-coupled transporters are more dominant there. This is also the case for halo-

philic bacteria that have adapted to life in salty environments as their evolutionary niche. In
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other prokaryotes, proton-coupled transport is the main source for the uptake of nutrition
such as uptake of amino acids via the APC superfamily, transporters in the membrane, or
small peptides via the major facilitator superfamily (MFS). These secondary active transport-
ers share a common feature, the internal symmetry of their helical bundles (Figure 1-10),
although different folds that have evolved to pursue a similar function, the transport of mol-
ecules across the membrane.

The common MFS transporters consist of 12 transmembrane helices (TM) with an internal
‘6+6’ symmetry (Figure 1-10A). One of the first structurally studied examples is LacY (Abram-
son, 2003). Based on the different conformations in which LacY was captured, a previous
hypothesis about the alternating access model of transporters (Jardetzky, 1966) was con-
firmed: the substrate binding site is accessible from one side of the membrane while inac-
cessible from the other during the transport cycle. Further investigation of other secondary
active transporters revealed the other novel folds that are known to date (Figure 1-10). The
crystal structure of the sodium-coupled amino acid transporter LeuT, showed a distinct fold
from the MFS family and other proteins that share this three-dimensional helical arrange-
ment, were also classified as part of the LeuT-fold family. Other folds that were observed
include the NhaA fold, found for the Na*/H*-exchanger (Hunte et al., 2005), the ATP/ADP
carrier fold (Pebay-Peyroula et al., 2003) and the Gltpn fold of the glutamate transporter of
the EAAT family (Yernool et al., 2004) (Figure 1-10).

Among the extensively studied groups of secondary active transporters, besides the MFS
family, is the APC superfamily of which members share a similar fold to that of LeuT. They
show a vast spectrum of transported substrates such as amino acids, sugars, neurotransmit-

ters and other metabolic products.
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Figure 1-10: Topology and folds of different secondary active transporters

Secondary active transporters can be categorised by their different folds that have been determined from
structural information obtained previously. What all the transporters have in common is an internal struc-
tural symmetry which is not reflected by high sequence similarity of the symmetrical counterparts. The dif-
ferent folds found are the LacY-fold (A) which the MFS transporters share, the ATP/ADP carrier fold, (B), the
NhaA fold (C), the LeuT fold of the APC superfamily and the Gltph fold (E). Symmetrical parts are highlighted
by the trapezoids. The N- and C-terminal core regions are coloured in blue and red and the other repeats are
coloured in yellow and orange. Secondary structure that is not part of the repeats is coloured in white. For
each folding family, a representative crystal structure is shown on the right. Figure adapted from Boudker

and Verdon, 2010.
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1.3 THE AMINO ACID-POLYAMINE CATION SUPERFAMILY

To fully understand a membrane transporter, obtaining information about the substrate
binding site, ion binding and the conformational changes during the transport cycle is cru-
cial.

Identification of the substrate binding site can be derived by structural data via a co-crystal
structure of the transporter with a substrate. These data help to understand the specificities
of the transporter and how they relate to other transporters within a protein family. The
latter can be verified by mutational studies trying to modulate the substrate spectrum.
The structural data can also help to identify ion-binding sites for example for the sodium-
coupled transporters, although this approach is difficult when proton-coupling is the mech-
anism used by the protein.

Capturing the transporter in different conformations via X-ray crystallography or performing
molecular dynamics simulations can further shed light into the transport mechanism.

In general, the combination with structural, mutational and functional studies can however
help to determine residues involved in ion-coupling and substrate binding. This combinatory
approach has been successfully used on the APC superfamily to deepen the understanding
on how they achieve ion-coupled translocation of their substrates, and how they can dis-

criminate between the wide range of available organic molecules.

The APC superfamily is, after the MFS family, one of the largest protein families of mem-
brane transporters (Reddy et al., 2012; Wong et al., 2012). Over the past few decades, many
more members of this family have been identified (Jack et al., 2000; Wong et al., 2012;
Vastermark et al., 2014). Strikingly, members from different subfamilies show low sequence
identity (< 20 %), explaining the difficulty to date in discovering potential members, and
requiring the development of new bioinformatics tools (Vastermark et al., 2014).

The APC superfamily is subdivided into several subfamilies (Figure 1-11) that share similar
sequences and substrate specificities within one family. Members of this superfamily do not
only transport amino acids but also other small molecules (Table 1-3). The NSS family trans-
ports neurotransmitters, such as dopamine and serotonin (Androutsellis-Theotokis et al.,

2003) in a sodium-coupled manner. One extensively studied member of this family is LeuT,
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a sodium coupled alanine transporter which is also specific for leucine. Its functional simi-
larity to the eukaryotic NSS (SLC6) transporters was the basis for understanding neurotrans-
mitter transport at the synaptic cleft and the mechanism of antidepressants on the activity
of these transporters. This was mainly elucidated via in vitro functional experiments to-
gether with mutational studies and co-crystallisation of this transporter with specific anti-
depressants (Zhou et al., 2007). The APC family is a broad specific family of amino acid trans-
porters and consists of exchangers, proton-coupled and sodium-coupled transporters (Ta-
ble 1-3). Several structures, particularly of prokaryotic APC transporters, have been solved
for different members of this family (Table A 1) with the transporters captured in different
conformations and with different substrates in their binding sites. Extensive research on
these proteins has enabled their transport mechanism to be understood, as well as estab-
lishing and verifying the translocation pathway, observing novelties between each member,
and obtaining information on similarities and differences within the subfamilies. Knowledge
of the prokaryotic APC transporters has been used to understand their human homologues
due to their importance in the signalling pathways in the brain. This research first shed light
on the human APC transporters before the first structural data could be collected on them,

given the difficulty of obtaining stable and pure protein for these kinds of studies.
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Figure 1-11: Phylogenic tree of the APC superfamily

The phylogenic tree of the APC superfamily based on their protein sequences and was generated based on a
vigourous BLAST search with subsequent SuperFamilyTree generation and clustering, as described by Vaster-
mark et al., 2014. The APC superfamily consist of several sub families that show a different degree of evolu-
tionary relationship with one another, as shown by the phylogenic tree. For a subset of them, structural in-
formation is available. Representative structures of these families are shown above, labelled with their pro-
tein name and highlighting to which family they belong. APC — Amino Acid-Polyamine-Organocation Family,
CCC - Cation-Chloride Cotransporter Family, AGCS — Alanine or Glycine:Cation Symporter Family, Nramp -
Metal lon (Mn2+-iron) Transporter Family, NSS — Neurotransmitter:Sodium Symporter Family, NCS1 - Nucle-
obase:Cation Symporter-1 Family, NCS2- Nucleobase:Cation Symporter-2 Family, SSS - Solute:Sodium Sym-
porter Family , PAAP - Putative Amino Acid Permease Family , LIVCS - Branched Chain Amino Acid:Cation
Symporter Family, SulP - The Sulfate Permease Family, BenE — Benzoate:H+ Symporter Family, AE- Anion Ex-
changer Family, BCCT - Betaine/Carnitine/Choline Transporter Family, CstA - Peptide Transporter Carbon Star-
vation CstA Family, HAAAP - Hydroxy/Aromatic Amino Acid Permease Family, AAAP - Amino Acid/Auxin Per-
mease Family and KUP - K+ Uptake Permease Family. Figure adapted from Vastermark et al., 2014.
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Table 1-3: Transport properties of the APC superfamily members from www.tcdb.org

TC family
APC

BCCT

AAAP
SSS

NSS

AGCS
CCC
NCS1

NCS2
HAAAP
SulP
PAAP
LIVCS

NRAMP
CstA
KUP
BenE
AE

SLC family Substrates

SLC7 amino acids

betaine, carnitine, choline

SLC36, SLC38 auxin, amino acids
SLC5 sugars, amino acids, organocations, nu-
cleosides, vitamins, inositols, urea, ani-
ons
SLC6 neurotransmitters, amino acids, osmo-
lytes
alanine, glycine

SLC12 Na+, K+

purines, pyrimidines and related metab-

olites
SLC23 nucleobases, purines, pyrimidines
SLC32 amino acids
SLC26 sulphate, chloride,
alanine

aliphatic, hydrophobic amino acids (leu-

cine, isoleucine, valine)
divalent metal cations (Mg2+, Fe2+)
peptides
K+
small aromatic compounds

SLC4 HCOs', CI
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H*, Na*, exchanger,
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H*, Na*
Na*
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H*, Na*
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1.3.1 Topology and fold

A common feature shared by the APC superfamily is the internal pseudo two-fold symmetry,
since one portion of the core helical segment can be aligned with another portion of the
protein by a 180° turn perpendicular to the membrane plane, also known as inverted-repeat
topology (Figure 1-12). This property has also been observed for other transporter families
and is thought to have its origin in a gene duplication (Keller et al., 2014). The theory is that
the transporter existed as a homodimer. Two identical monomers form this homodimer,
related to each other by a two-fold symmetry (Keller et al., 2014).

This in turn means that if both monomers originate from the same gene, both proteins were
inserted into the membrane in the same orientation. To create a functional transporter, one
monomer had to flip by 180° in the membrane. Another possibility is that both halves were
translated sequentially and then inserted in opposite directions into the membrane. Gene
duplication or gene translation of the transporter might thus have allowed a faster and more
efficient insertion of a functional protein into the membrane (Khafizov et al., 2010; Keller et
al., 2014).

Most members of the APC superfamily consist of 12 to 14 TMs of which the core regions
show a symmetry relation also referred to as ‘5+5’-symmetry, but additionally a ‘7+7’-sym-
metry has been observed in other transporters (Vastermark and Saier, 2014). When both
symmetry-related segments are superimposed, the root mean square deviation (RMSD) be-
tween them is very small and ranges from 0.1 to 6 A, although they share a very low se-

guence identity (< 20 %).
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Figure 1-12: Symmetrical arrangement of helices in LeuT like transporter

Structural analysis of APC superfamily members revealed that the proteins consist of two to three helix bun-
dles that are symmetric with respect to one another. Proteins with the LeuT-fold have a transmembrane core
region of 10 helices, of which the first five helices and the second five helices are related by a pseudo two-
fold symmetry. Additional N- or C-terminal helices are found. An example of an APC family member, LeuT, is
shown here.

Side view of LeuT (2A65, 1.65 A) embedded in membrane (A). The topology diagram shows the helices form-
ing the core region (yellow and orange) and the V motif & arm region (blue and red) and the additional trans-
membrane helices 11 & 12 (grey) (B). One part of the core and V motif & arm domain form one symmetrical
subunit of LeuT (C). Both symmetrical parts, consisting of 5 TMs, are structurally similar and can be superim-
posed by rotating one symmetrical half by 180° perpendicular to the membrane plane (C).

At the interface of two helices that cross in the centre of the protein, they are interrupted
by an unwound section. The substrate binding site is located between these two sections
which open a polar environment within the transmembrane domain of the transporter, due

to the exposed carbonyl and amine groups (Figure 1-13). This polar environment enables
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substrate and ion binding. The loop regions formed by the unwound sections contain im-
portant residues for substrate binding but also offer flexibility to orchestrate the conforma-
tional changes important for the transport cycle (Screpanti and Hunte, 2007). In each loop
segment, highly conserved residues (particularly glycines) are located, indicating the im-

portance of flexibility at this region of the protein.

Figure 1-13: Unwound segments of the two discontinuous helices form one major part of the substrate binding
site

The discontinuous helices TM1 (blue) and TM6 (green), here shown from a crystal structure of LeuT (2A65,
1.65 A) have opposite dipole moments (left, arrows marked with negative and positive sign). The unwound
segments of those helices provide a polar environment, as the backbone at this region does not form a hy-
drogen binding network with the other backbone atoms of the same helix (top right). The polar environment
(indicated by the arrow) is necessary for the interaction with ions and the substrate, here leucine (orange),
forming hydrogen bonds with side chain residues and the backbone of the discontinuous segments.
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1.3.2 Transport mechanism

Before the first crystal structures of membrane transporters were published, theories were
developed on how the protein could actually facilitate the translocation of the substrate
across the membrane (Jardetzky, 1966). It was thought that the transporter was open to
one side of the membrane bilayer in its substrate-free form, and that this state might be the
energetically favoured conformation of the protein. Upon binding of a substrate and ion,
conformational changes into an occluded state are induced. In this state, the substrate bind-
ing site would not be accessible from either side of the membrane. Further conformational
rearrangements within the protein open the substrate binding site to the other side of the
membrane so that the substrate could be released. Then, the transporter would return to
its initial starting state. This cycle is known as the “alternating access” mechanism, and has
now been supported by crystal structures that have captured different proteins in various
states (Forrest et al., 2008; Shimamura et al., 2010; Kaback et al., 2011; Weyand et al., 2011,
Perez et al., 2012; Solcan et al., 2012). Nevertheless, some details about how the actual
movement of individual helices is facilitated remains unclear.

Since the transporter consists of two halves, there was the possibility that both halves move
against each other (rocker-switch model) or that one half stays rigid while the other per-
forms the major movements (rocking-bundle model). Interestingly, there seems to be no
single unique transport mechanism which is common to all, or at least most, transporters
(Table 1-4). The increasing number of conformations in which different transporters have
been crystallised has revealed that even within the same protein family each transporter
exhibits individual conformational changes.

Additionally, alternative transport models have been suggested: the “elevator mechanism”
and the “toppling mechanism”. Both mechanisms are based on information gained from
intensive structural studies to support these unusual translocation mechanisms. For both,
the substrate no longer stays fixed within the membrane but moves with the transporter
itself to be released on the other side of the membrane. The “elevator mechanism” has
been identified for Na*/H*- exchangers, with the substrate binding to the protein on the

extracellular side.
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Figure 1-14: Alternating access mechanism based on published structures o LeuT

Crystal structures of LeuT, a sodium-independent neutral amino acid transporter, have supported the alter-
nating access mechanism and revealed the different conformations that this transporter can adopt during
the transport cycle (top). The protein is open to one side of the membrane (outward open), thus opening the
binding site for the substrate and ion to bind in the middle of the transmembrane region of the transporter
(outward open, ion bound). The binding event triggers conformational changes within the protein which
closes the substrate binding site (occluded, ion and substrate bound). This is occluded from both sides of the
membrane, and is followed by the opening of the protein to the other side of the membrane (inward oc-

cluded, substrate and ion bound) and release of the substrate (inward-open).

Comparison of the outward-open (PDB-ID: 5JAE, orange) and occluded state (PDB-ID: 2A65, green) revealed
the movement of EL4, closing the substrate binding site, whereas TM1 and TM6 also bend towards the centre
of the protein (bottom). To change from the occluded to the inward-open state (PDB-ID: 3TT3, blue) to release
the substrate, TM1 bends aside, in a “dog leg”-movement (red star in bottom panel) and EL4, TM1 and TM6

move further towards the centre.
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The binding site closes over the substrate and the protein slides within the membrane to
the intracellular side and then releases the substrate. The ‘sliding’ or elevator motion can
be facilitated by an interaction with another membrane protein.

This association with another protein complex has also been observed for the vitamin trans-
porters, and revealed the “toppling” of the vitamin bound protein within the membrane.
This is only possible because the two loops closing over the vitamin binding site present a
hydrophobic surface which in turn allows the protein to insert into the hydrophobic part of
the membrane. This movement is referred to as “toppling”. The protein interacts with an
ABC protein and binds to it, which pushes apart the two loops that close the binding site,

releasing the substrate (Lee et al., 2013; Slotboom, 2013; Swier et al., 2016).

Table 1-4: Different types of transport mechanisms

Protein Mechanism
LacY Rocker-switch mechanism
LeuT Rocking bundle mechanism
NhaA Elevator mechanism
FolT Toppling mechanism

1.3.3 Substrate binding sites

Members of the APC superfamily transport small molecules such as amino acids, sugars or
nucleotides (Jack et al., 2000; Yamashita et al., 2005; Shaffer et al., 2009; Shimamura et al.,
2010). Some transporters can recognize a wide range of substrates whereas others are spe-
cific for only a few. Thus, the substrate binding site is very divergent among the members
of the APC superfamily, although the same overall protein fold is shared between them.
Therefore, biochemical as well as structural data must be gathered to give insight into sub-
strate recognition and substrate transport.

Based on structural data, discontinuous helices residing in the central cavity of the trans-
porter have been found to be involved in coordinating the substrate at the unwound seg-

ments, and glycines located there are highly conserved across the family. The residues in
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this region determine the electrochemical environment necessary for substrate binding.
Targeted mutational studies on different APC transporters, such as the sodium-coupled
transporters LeuT and Mhp1, have resulted in a complete loss of substrate or ion binding,
or a change in substrate or ion specificity (Androutsellis-Theotokis et al., 2003; Zomot et al.,
2007; Tavoulari et al., 2011; Piscitelli and Gouaux, 2012; Simmons et al., 2014). These stud-
ies have revealed important residues involved in both processes, and comparison of them
with other family or superfamily members could give insight into differences and similarities
of substrate binding.

Only a small number of APC superfamily members have been co-crystallised with a substrate
or in different conformations, such as Mhp1 and LeuT. The latter has been crystallised in
complex with different amino acids and neurotransmitters, and has shown a vast ability to
accommodate different substrates into its substrate binding site. Also, mutations at this site
can change LeuT’s specificity from leucine towards tryptophan, based on comparisons with
a tryptophan specific NSS member, TnaT (Piscitelli and Gouaux, 2012). Analysis of the se-
guence alignment between LeuT and the distantly related TnaT revealed that residues in-
volved in substrate binding are mainly conserved between the two proteins, but found two
exceptions, Phe259 and lle359 of LeuT which are Val and GIn in TnaT, respectively. A homol-
ogy model of TnaT based on LeuT showed that the substrate binding site was changed in its
steric and electrostatic environment (Piscitelli and Gouaux, 2012). It was reasoned that sub-
stitution of the corresponding residues in LeuT would modulate the protein to transport
tryptophan (Piscitelli and Gouaux, 2012). The single point mutation LeuT-lle359GIn showed
tryptophan transport activity although the double mutant did not (Figure 1-15) (Piscitelli
and Gouaux, 2012).

Another example for which more than one conformation has been structurally obtained is
AdiC, an arginine-agmatine exchanger, transporting arginine in one direction and agmatine
in the opposite direction, which is also known as antiport. In fact, it acts as so-called “virtual”
proton pump, since the intracellular decarboxylation of arginine to agmatine results in the
release of a proton. This mechanism is used to respond to large changes in acidity outside
the cell and thus acts as a rescue mechanism, with the highest AdiC activity being observed

at a pH around 2 (Fang et al., 2007).
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Figure 1-15: Modulation of LeuT’s substrate specificity

Liposome-based assays monitoring the uptake of radiolabelled tyrosine or tryptophan by LeuT, and the mu-
tants based on the comparison to the binding site of TnaT. Figure from Piscitelli and Gouaux, 2012.

The role of Tyr74 on the intracellular side of AdiC (Figure 1-16) has been studied and in vitro
assays show that it acts as a pH sensor (Wang et al., 2014). AdiC is a good example for illus-
trating that the same fold (LeuT fold in this case) is used for different translocation mecha-
nisms, and moreover, based on sequence alignments to other members of the APC super-
family, the substrate specificity of a given transporter may be difficult to determine. Co-
crystallised with arginine, the structure of AdiC revealed important residues involved in sub-
strate binding. The bound arginine makes contacts to TM1 (lle23, Ser26, Gly27), TM3 (Ala96,
Cys97, Asn101, Met104), TM6 (Trp202, 11e205), TM8 (Trp293) and TM10 (Ser357) (Gao et
al., 2010). It has been noted that the substrate binding site is surrounded by several aro-
matic residues that close the substrate cavity above the substrate, acting as a ‘gate’ (Zhao
et al., 2013) but also form interactions with the substrate via M-interactions, for example
Phe253 in LeuT (Figure 1-17A), Trp117 in MhsT (Figure 1-17B), or Trp293 in AdiC (Figure
1-17D).
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Figure 1-16: Location of the pH-sensing
ouT . :
7D residue Tyr74 of AdiC

Tyr74 in AdiC (30B6, 3.0 A) is located on
the intracellular side of the protein and
has been proposed to be involved in a
pH-sensing mechanism. Tyr74 is labelled
and highlighted in the figure together
with the bound substrate arginine (Arg,
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Figure 1-17: Examples of substrate binding in APC superfamily members

Residues interacting with the substrate (labelled, light pink) are shown as sticks together with the substrate
(shown in light pink). Additionally, sodium ions are shown as small spheres (purple) in LeuT (2A65, 1.65 A)
bound to Leu (A), Mhp1 (4D1B, 3.8 A) (B), MhsT (4US4, 2.6 A) (C) and AdiC (30B6, 3.0 A) (D). The correspond-
ing transmembrane helices are labelled individually. For some of the sodium coupled transporters, sodium is
not directly involved in the coordination of the substrate. It should be noted that the MhsT structure is shown
in an open conformation whereas the rest are illustrated in the occluded conformation.
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In the outward-open conformation, these aromatic residues move aside to open the sub-
strate binding site for a substrate molecule to enter (Zhao et al., 2010, 2013). Interestingly,
the cocrystal structure of AdiC with agmatine has also been solved, showing a similar coor-
dination of agmatine as arginine although missing the hydrogen bonding with TM1 due to
the lack of a carboxyl group on agmatine (llgi et al., 2016). Other co-structures have been
determined in the past few years, making it possible to compare the binding sites of differ-
ent members to identify their conserved residues and properties. The available structures
have revealed that the substrate binding site is located near the interface of unwound seg-
ments of transmembrane helices in the centre of the protein, which is consistent among all
APC members. Usually, the carboxyl group interacts with TM1 via hydrogen bonding and
includes an interaction with TM3 in some cases, such as MhsT (Figure 1-17C). The amine
group interacts with TM6 via hydrogen bonds through side chain and backbone carbonyl
hydrogen bonding. Again, in MhsT this interaction is different. There the amine group inter-
acts with TM1 and not TM6 (Figure 1-17C). In some cases the substrate is also involved in
ion coordination (Yamashita et al., 2005; Screpanti and Hunte, 2007).

Given the different sizes and charges of amino acids and their precursors or derivatives, the
transporters have evolved to accommodate a certain subset of them. Comparison between
the binding site of LeuT and MhsT showed that steric restrictions prevented LeuT from
binding tryptophan, as is the case in MhsT. Additionally, the specificity of AdiC for both
arginine and agmatine results from the interaction of their side chain with the side chain of
Ser357 and the carbonyl group of Ala96, providing the polar environment for the substrate
(llgli et al., 2016). Thus a combination of the electrostatic composition of the substrate
binding site and the size restrictions determines the substrate specificity of the APC

superfamily members.

1.3.4 lon binding sites

The different composition of the aqueous soltution on the cell membrane creates a negative
inward membrane potential of -40 mV — (- 80) mV (potential difference between cytoplasm
and exterior). This potential is used by secondary active transporters to couple substrate
transport, against their electrochemical gradient, to a positively charged ion (Jack et al.,

2000).
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In LeuT, two sodium ion (Nal and Na2) binding sites have been identified, whereas in Mhp1
only one was found (Shimamura et al., 2010; Krishnamurthy and Gouaux, 2012). The Nal-
site for both LeuT and MhsT reside in the substrate binding site interacting with the bound
substrate (Figure 1-27), which leads to the conclusion that the binding of the ion precedes
that of the substrate. The Nal binding site is flanked by charged or polar residues near the
unwound segment of TM1. For the LeuT-Glu290Ser mutant, the coupling mechanism
changed to a dependence on chloride, as has been observed for the eukaryotic members of
the NSS family (Forrest et al., 2007; Zomot et al., 2007; Tavoulari et al., 2011). The second
Na2 binding site of LeuT is located between TM1 and TM8 (Figure 1-18) and is not interact-
ing with the substrate in this protein as is Na2 in MhsT (Figure 1-18). It might be possible

that the second sodium ion is used to stabilise the protein for subsequent substrate binding.
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Figure 1-18: Examples of sodium binding sites of APC transporters

Here, selected examples of the ion binding sites of APC members are shown. In LeuT (2A65, 1.65A) and MhsT
(4Us4, 2.6A), two sodium binding sites are found, of which the Nal site is directly involved in the interaction
with the substrate. The second sodium binding site is thought to stabilise the adjacent helices. In Mhp1 (4D1B,
3.8A) only one bound sodium has been observed in the solved crystal structures, and it does is not directly
interact with the substrates. Although all three proteins share a common fold, similar binding modes for these
proteins cannot be assumed. It is thus important to obtain crystal structures to correctly assign residues in-
volved in ion and substrate binding.

However, much is known about the ion binding site of sodium-coupled transporters but the
guestion arises as to how these transporters differ to the ones that do not use any ions.

A comparison of the occluded states of LeuT (PDB-ID: 2A65, 1.65A) and the
arginine/agmatine exchanger AdiC (PDB-ID: 3L1L, 3.04) shows that the ion binding sites of
Nal and Na2 of LeuT are obscured in AdiC (Figure 1-19). TM8 of AdiC is displaced sideways
in respect to TM8 of LeuT (Figure 1-19), which moves the carboxyl group of Gly285 (AdiC)

away from the cluster of Ser289,Gly21 and Met24. The increased distance disrupts the ion
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binding site in comparison to LeuT. Additionally, coordination of Nal is not possible in AdiC
since the interacting polar side chains of LeuT, Asn27 and Asn286, are not present in AdiC
(Figure 1-19). Furthermore, the slight displacement of the carboxyl group of arginine relative
to the carboxyl group of leucine is observed, would fruther disrupt ion coordination in this
region (Figure 1-19). Thus, AdiC is, based on this structural comparison, not providing the
distinct environment relevant for ion coupling and shows how sodium-coupled transporters
have adapted to a different coupling mechansim.

The structural insight into the differences between AdiC and LeuT in terms of ion binding
have shown how LeuT evolved to be sodium-coupled and why AdiC cannot use this
mechansims. Obtaining structural information about a proton-coupled APC superfamily
members would further shed light into the evolution of different coupling mechanism. It
would be interesting to perform a similar comparison to understand how, for example the
SLC36 family differs in these regions, if the protons bind in a similar region as observed in

their sodium-coupled ancestors, and if they are also involved in substrate coordination.
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Figure 1-19: Comparison of sodium binding site of LeuT to the sodium-independent transporter AdiC

Comparison of LeuT (PDB-ID: 2A65, 1.65 A) (A) and the exchanger AdiC (PDB-ID: 3L1L, 3.0 A) (B) shows the
difference in the sodium (purple spheres) binding site of LeuT and that of the Na*-independent exchanger AdiC.
The substrate leuine (orange) of LeuT and arginine (yellow) of AdiC are shown. In addition, the position of the
two sodium ions (Nal and Na2) from LeuT were added to the substrate binding site of AdiC (B).
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1.3.5 Extracellular gates locking the substrate and ion binding site

Upon substrate and ion binding, the protein undergoes conformational changes towards
the occluded state in which the binding site is shielded, preventing the substrate release to
either side of the membrane (Figure 1-21). Published crystal structures of different APC
members in the occluded state have identified residues involved in forming the extracellular
and intracellular gate, and revealed that this arrangement differs between members of the
APC superfamily. In LeuT, the extracellular gate consists of residues within TM1, TM3, TM6,
and extracellular loop (EL) 4 (Figure 1-20), which acts as the ‘plug’ (Krishnamurthy and Gou-
aux, 2012). A similar arrangement to EL4 of LeuT is found for EL4 of MjApcT (Shaffer et al.,
2009). In the latter, EL4 lies on top of the closed putative binding site formed by TM3 and
TM6, suggesting a common gating mechanism with LeuT. It has been proposed that the
outward-open state might be the thermodynamically favoured state of the analysed trans-
porters, LeuT and GItPh, probably to enhance the uptake of possible nutrition on the outside
of the cell (Weyand et al., 2011).

Thus, a peptide or molecule mimicking the extracellular loops mentioned above could be a
possible inhibitor for this transporter class, giving an opportunity to identify inhibitors for
human homologues such as the NSS. Although Glten, an EAAT transporter, belongs to a dif-
ferent secondary-active superfamily, it is a good example of how, based on structure-based
observations an inhibitor has been discovered: DL-threo-beta-benzyloxy aspartate (TBOA).
TBOA's inhibitory effect on human EAAT transporters was described before any structural
evidence was found (Shimamoto et al., 1998).

The structure of the co-crystallised complex was solved, and revealed that the inhibitor
forced the HP2 to adopt an open confirmation, resulting in the disruption of the sodium
binding site (Reyes et al., 2013). This emphasizes that a detailed understanding of the trans-
porter and the mechanistic aspects are necessary in order to develop novel drugs for trans-
porter homologues in humans. This will only be possible by using complementary infor-

mation from both structural and biochemical data.
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Figure 1-20: Extracellular gate of LeuT

The inward open structure of LeuT (3TT3, 3.12 A) revealed the residues involved in forming the extracellular
gate. Leu25 of TM1, Tyrl08 and llell of TM3, Phe253 of TM6 and Phe230 of the extracellular loop 4 (EL4)
close the top of the binding site.

ouT
membrane l
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Figure 1-21: Schematic of the gating mechanism by secondary active transporters

@ substrate

® ion(s)
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Simplified model of the gating mechanism of secondary active transporters (blue). Gates on top and below
(yellow bars) of the substrate binding site ensures that the substrate is not released during the translocation
process. The gates close the substrate binding site when both ion(s) (dark blue circle) and substrate (red hex-
agon) are bound. When the transporter changes its conformation, the corresponding gate on the intracellular
side opens to release the substrate and ion on the other side of the membrane.
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1.4 SLC7 FAMILY OF AMINO ACID TRANSPORTER

The SLC7 family of amino acid transporters is a eukaryotic solute carrier family homologous
to the APC family members MjApcT, AdiC and GadC. The SLC7 family is divided into two
subgroups, the cationic amino acid transporters (CATs) and the heteromeric amino acid
transporters (HATs). The latter consist of a light subunit, which is the actual transporter, and
a heavy subunit belonging to the SLC3 family. Due to its close relation to bacterial APC trans-
porters, it is thought that the core transporter structure of the CATs and the light subunit of
the HATs resemble the LeuT fold. As described above, the LeuT fold is characterised by the
pseudo-symmetrical relation between the first five TMs and the consecutive five TMs, also
known as “5+5 — symmetry”. This symmetry relation is found for the first 10 TM helices of
the CATs and also for the light subunits of HATs (Bartoccioni et al., 2010).

Another common feature of the LeuT fold transporters is the unwound segments of the first
helix of each repeat, carrying a common GSG-motif, which is more pronounced in TM1 than
in TM6 (Figure 1-22). The unwound segments provide a polar environment for ion and sub-
strate binding, interacting strongly with the carboxyl moiety of the substrate. The CATs and
LATs also carry this motif (Figure 1-22) which leads to the conclusion that the substrate
binding site of these transporters is similarly located to that of the bacterial and archaeal
APC transporters. This has been supported experimentally (Font, 2001; Bartoccioni et al.,
2010).

To date, there is no near-atomic structural data available for the SLC7 family and only a few
mutational studies that locate the substrate binding site and explain the diverse substrate
specificity of this family. Structural data of CATs and HATs would be valuable in understand-
ing the binding mode and how the transporters differentiate between various amino acids,
as well as understanding how the light and heavy subunits of the HATs interact with one

another.
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Table 1-5: Human SLC7 family

Human gene Protein name Forms a heterodi-

name
SLC7A1
SLC7A2
SLC7A3
SLC7A4
SLC7AS
SLC7A6

SLC7A7

SLC7A8
SLC7A9
SLC7A10
SLC7A11
SLC7A13
SLC7A14

CAT1
CAT2
CAT3
CAT4
LAT1
y+ LAT2

y+ LAT1

mer with

4F2hc
4F2hc

4F2hc

4F2hc
rBAT
4F2hc
4F2hc
rBAT
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Substrates

cationic AAs
cationic AAs
cationic AAs
cationic AAs
large neutral AAs
cationic AAs (Na-independent)
large neutral AAs (Na-depend-
ent)
cationic AAs (Na-independent)
large neutral AAs (Na-depend-
ent)
neutral AAs
cationic AAs, large neutral AAs
small neutral AAs
cysteine, glutamate
aspartate, glutamate, cysteine



™M1

HERNE] | | MLPTKLA--E 36
CRNElV FLLPANLA--S 37
LFVGSSVAI-AE 42
IBSIL FLGSASVI -QS 43
fLFLGIGPAI -QM 51
IFSIFGVGAK- | 36

A Pot£/1-439 13QLTIL-TMVNM
AdiC/1-445 14 PVTLM-VSGNI
GabP/1-466 18 HVTML-S1AGV |
AroP/1-457 1I9HIQLI-ALGGA If
PheP/1-458 27 HIQLI -ALGGA |
MjApcT/1-435 12 EAVSM-AVGVMI
GkApcT/1-471 31 DLTML-GIGA | |[§ IFVLTGVAAAEH 56
LeuT/1-513 27 NFLRFPVQAAEN AFMIPY I 1A--- 50
SLC7A1/1-629 36 DLVAL-GVGSTL[EENEVYVLAGAVAREN 61
SLC7A2/1-657 38 DLIAL-GVGSTL VYVLAGEVAKAD 63
SLC7A3/1-619 36 DLVAL-GVGSTL eVYVLAGEVAKDK 61
SLC7A4/1-635 41 DLTLL-GVGGMV LYVLTGAVAKEV 66

SLC7A5/1-507 54 NGVAI - IVGT | I[eERel| FVTPTGVLKEA 79
SLC7A7/1-511 41 NGVCL-IVGNMI FVSPKGVLIYS 66
SLC7A8/1-535 44 SACGI - IVGNI S FVSPKGVLENA 69
SLC7A9/1-487 34 SGISI-I1VGTI FVSPKSVLSNT 59

SLC7A10/1-523 44 SACTI -
SLC7A11/1-501 48 RGVS | -
SLC7A13/1-433 17WGTSF-LLINI

FISPKGVLEHS 69
FISPKGVLQNT 73
FVSPKGVLAYS 42

B PotE/1-439 192 VGSS | AMTLWALSIEIL ESACANTDVVENP 219
AdiC/1-445 193 |QSTLNVTLWSEREEIVESASVAAGVVKNP 220
GabP/1-466 203 VLSAML | TMFSERMIEIAE | VT IAAAESDTP 230
AroP/1-457 203 LVMMMA | IMFSEREREILELVGITAAEADNP 230
PheP/1-458 211 LILSLAVIMFSEREREILEL IGITAAEARDP 238
MjApcT/1-435 190 MI FASA | FFLSEREIEIFGYV | TNASEH I ENP 217
GkApcT/1-471 222 VATGAATVFFARMEEFDAVSTAAEEVRNP 249
LeuT/1-513 285 LNEKAEV I LGGERES | PAAVAFFGVANAV 312
SLC7A1/1-629 255 VLSGAATCFYALREEFOC | ATTGEEVKNP 282
SLC7A2/1-657 257 TLAGAATCFYAZREEIFOC IATTGEEVRNP 284
SLC7A3/1-619 253 | LRGAATCFYARRMEEFDC IATTGEEAQNP 280
SLC7A4/1-635 236 GVMAGTASCFYERNBUGFDV I AASSEEAQN 263
SLC7A5/1-507 243 IVLALYSGLFARRSESIWNY LNFVTEEMINP 270
SLC7A7/1-511 228 |ALALYSALFSERREWDTLNYVTEE | KNP 255
SLC7A8/1-535 234 VALAFLQGSFARRSEEIWNF LNYVTEELVDP 261
SLC7A9/1-487 221 | SLAFYNGLWARESEEWNQLNY | TEELRNP 248
SLC7A10/1-523 234 LALAFLQGS FARRNEWNFLNYVTEEMVDA 261
SLC7A11/1-501 235 LPLAFYYGMY ARRMEWF YLNFVTEEVENP 262
SLC7A13/1-433 207 L1 QA | FQGY F AREES

Figure 1-22: GSG motifs in helix 1 and helix 6 of APC transporters

Sequence alignment of prokaryotic APC members and members of the SLC7 family using CLUSTAL OMEGA
(Sievers et al., 2011). The GSG motif of the first discontinuous helix in those transporters, which is highly
conserved among them is highlighted (A). The GSG motif interacts with the carbonyl moiety of the substrate
(right, from AdiC; PDB-ID: 30B6, 3.0A) emphasising the importance of this region and its conservation. The
symmetry related second discontinuous helix does not contain a highly conserved GSG motif (alignment to
the left) (B). Only the glycine is conserved in this region, probably for flexibility reasons during the transport
cycle. This region does not interact much with the substrate (right, from AdiC, 30B6, 3.0A).
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1.4.1 Heteromeric amino acid transporters

The HATs, heteromeric amino acid transporters, belong to the SLC7 family and consist of a
light and heavy subunit (Fotiadis et al., 2013). The light subunit is associated with members
of the SLC3 family (SLC3A2 and SLC3A1), consisting of a single transmembrane helix, that is
bound via a disulphide bridge to a loop region between helix 4 and 5 of the HAT transporter
(Figure 1-23). The SLC3 protein consists of the N-terminal single transmembrane helix fol-
lowed by the heavy subunit which is located on the extracellular side of the membrane. The
interaction between the LAT and SLC3 protein ensures the correct trafficking and localisa-
tion of the HAT protein to the cellular membrane (Sitte, 2004). Otherwise the protein re-
mains in the membrane of the endoplasmic reticulum and cannot fulfil its function. The nine
LAT proteins associate with only two of the SLC3 proteins, either with 4F2hc or rBAT. Both
proteins show high similarity to bacterial a-amylases, but do not function as such any more
(Gabrisko and Janecek, 2009). The heavy subunit is covalently bound to the light subunit via
a conserved disulphide bridge that resides between the loop region of helices 4 and 5 of the
light subunit and a loop of the heavy subunit. There is no other information about how these
two proteins interact within the membrane and with one another.

The light subunit, also called the LAT protein, is predicted to have 12 transmembrane helices
(Gasol et al., 2004). LATs are known to transport a broad variety of substrates, such as neu-
tral, cationic, anionic and aromatic amino acids, in a sodium-independent manner. Trans-
porters of neutral amino acids are the only sodium-dependent transporters of this family
(Fotiadis et al., 2013). Investigation of another bacterial homologue SteT, a serine threonine
exchanger, suggested similarities in the location of the substrate binding site between other
prokaryotic APC members and the LAT proteins. Here, mutation of Lys295 to cysteine, which
is homologous to Trp293 in AdiC, broadened the substrate specificity of SteT (Bartoccioni et
al., 2010). Additionally, comparison to disease related mutations in the LATs supported a
similar binding site to the APC superfamily (Mykkanen, 2000; Font, 2001). LAT1 (SLC7A5)
has pronounced expression levels in the micro vessels of the central nervous system, where
it is responsible for the uptake of L-3,4-dihydroxyphenylalanine (L-DOPA) across the blood-
brain barrier. Furthermore, LAT1 is found in high levels in the placenta, the brain, the testes
and the colon, as well as in the inner blood-retinal barrier for maintenance of neutral amino

acids and neurotransmitters (Kanai et al., 1998; Kageyama et al., 2000). LAT2 (SLC7AS8)
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shows high expression levels in brain, liver, spleen, heart, kidney, lung, small intestine, skel-
etal muscle, testes, prostate, ovaries and foetal liver (Pineda, 1999). LAT dysfunction is as-
sociated with various diseases such as lysinuric protein intolerance or cystinuria (Mykkanen,
2000; Font, 2001). Furthermore, LATs are overexpressed in cancer cells. They are involved
in the mTORC signalling pathway, regulating cell proliferation and additionally ensuring con-

stant nutrition for the tumour cells (Nicklin et al., 2009).
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Figure 1-23: Topology of a HAT protein in the membrane

The human HAT proteins form heterodimers with a heavy subunit, responsible for transporter regulation and
correct trafficking, and a light subunit, which performs the actual transport of substrate. The latter belongs to
the SLC7 family with 12 TMs and intracellular N- and C-termini. The heavy subunit belongs to the SLC3 family
and contains a single spanning TM (yellow). The interaction between the two proteins is partially mediated by
a disulphide bond formed btween two conserved Cys residues. The extracellular domain of the SLC3 proteins
has been solved to a resolution of 2.1 A but it is unknown where the TM of this protein sits with respect to that
of the SLC7 protein.
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1.4.2 Cationic amino acid transporters

Due to their functions as arginine transporters and the location of the transporters in mac-
rophages, the CATs are important proteins in the immune response pathway by providing
the initial substrate for the signalling cascade.

The first cationic amino acid transporter (CAT) protein was described in 1989 and was asso-
ciated with a receptor function for murine leukaemia virus, MuLV. By analysis of a hydrop-
athy plot of the protein, Albritton et al. suggested that the 622 residue protein had 14 trans-
membrane helices (Albritton et al., 1989). Insertion of the cDNA into a human cell line made
them susceptible to a virus that usually only infects mouse cell lines. Two years later, the
function of this receptor in mouse was reported to be an amino acid transporter selective
for lysine, histidine and L-ornithine. This was the first time that the receptor was associated
with a transporter, and in the same year a homologue in humans was found, namely H13
(Kim et al., 1991).

Why the mouse receptor and not H13 recognises the MulV virus was further investigated.
Mutational studies revealed that the most critical residue was Tyr235, which was thought
to reside in an extracellular loop of the mouse receptor. Reciprocal mutation in H13 at po-
sitions 240/242 or 242/244 on the human protein gained the function of the MuLV receptor
from mouse (Yoshimoto et al., 1993). Later, the H13 protein was named CAT1, short for
cationic amino acid transporter 1 and over the following few years three more human CAT
proteins were identified based on sequence similarity and function. Thus in human, there
are four known CAT proteins, CAT1 to CAT4, although CAT4 is an orphan protein with un-
known function (Wolf et al., 2002).

CAT1 is ubiquitously expressed in all tissues except the liver, which is the organ where
CAT2A is dominantly found. Furthermore, CAT2A is expressed in cardiomyocytes, cardiac
microvascular endothelial cells, the pancreas, and skeletal and vascular smooth muscle alt-
hough at lower levels. CAT2B is only found in lung tissue after treatment with bacterial lip-
opolysaccharide or pro-inflammatory cytokines, thus only after an inflammation. CAT3 is
located to the plasma membrane and is tissue specific, expressed in thymus, Burkitt’s lym-
phoma cells, uterus, testis, mammary gland and MOLT-4 leukemia cells. Additionally, CAT3
is localised especially in the adult-stage brain and the mesoderm in embryos. Since CAT3 is

most abundant during embryogenesis compared to the other CAT proteins, which are only

43



found in adult tissues, CAT3 must play a major role in the development of the foetus (lto

and Groudine, 1997).

SLC7A2
(CAT-2B)

Figure 1-24: Topology of a CAT protein in the membrane

CATs consist of 14 TMs with intracellular N- and C-termini. CATs derive from an ancestral 12 TM protein of
which the last two helices were duplicated. They have extracellular glycosylation sites (highlighted as black
branches). CAT2 is the only CAT protein that exists as two variants which differ only in a 42 amino acid long
region (highlighted in red). Figure adapted from Fotiadis et. al, 2013.

All CAT proteins are thought to have 12-14 transmembrane helices and perform sodium-
independent transport of Arg, Lys, His with varying substrate affinities.

CAT2 exists as two splice variants in the human proteome which differ only in an intracellu-
lar loop region of 42 residues. Comparison with available structures of APC transporters do
not explain the role of this amino acid segment. CAT proteins are predicted to consist of 14
transmembrane helices with an intracellular N- and C-terminus.

Early research described CATs as transporters for Lys, His, Arg and L-ornithine. No competi-
tion of transport was observed with D-Arg, GABA, L-Ser or L-Glu, which makes the trans-
porter selective for cationic amino acids and stereospecific, suggesting that the substrate

binding site is asymmetric and allows only one orientation of the substrate. All CATs are
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sodium-independent transporters and no proton-coupling has been observed, which sug-
gests that the transporters are uniporters or exchangers (Kim et al., 1991; Ito and Groudine,
1997).

Some of the CATS are trans-stimulated, meaning that the transport rate increased upon
presence of substrate on the intracellular side. This effect has been observed for CAT1,
CAT2B and CAT3. CAT1, 2B and 3 are reported to be high affinity transporters for arginine,
whereas CAT2A is a low affinity transporter with Ky values range from 40 uM to 1 mM (Fo-
tiadis et al., 2013). As CAT2A and CAT2B differ only in a small portion of their protein se-
guence, investigations on the 42 spanning residues have been performed and have identi-
fied Arg369 as the potential residue responsible for the different apparent Ky for arginine
(Habermeier et al., 2003). Arg369 does not reside close to the binding site of the protein,
which means that it influences the substrate affinity only indirectly, probably by interfer-
ence with the conformational changes during the transport cycle, thus slowing down the
transport rate.

Initial experiments on CAT3 showed high conservation between hCAT3, rCAT3 and mCAT3
which only differ in 5 and 11 residues, respectively (Vékony et al., 2001). Expression of CAT3
in oocytes and subsequent transport assays observed no transport of Ser, Leu, Gin, Pro, Phe,
Met or citrulline but for Arg, Lys, ornithine (Vékony et al., 2001). Thus, CAT3 was identified
as being a member of the CAT family not only by its sequence similarity of 80 % to the other
CAT members, but also due to its similar function, though no uptake of His was reported

even when different pHs were tried in the experimental set up (Vékony et al., 2001).

1.4.3 MjApcT —an archaeal SLC7 homologue

MjApcT, an archaeal amino acid transporter of the APC family within the APC superfamily,
is the only distantly related SLC7 homologue that has been identified to date. The structure
of MjApcT has been solved to 2.32 A by X-ray crystallography in the occluded substrate-free
state (Shaffer et al., 2009). The protein consists of 12 TM helices and superimposition to
LeuT and AdiC shows that the structure shares the LeuT-fold with a root mean square devi-
ation (RMSD) of 5.4 A and 6.1 A, respectively (Figure 1-25). Structural alignment of TM1 and
TM6 of MjApcT onto the corresponding helices of LeuT and AdiC shows that the unwound

segments of MjApcT are conserved structural elements among these APC members (Figure

45



1-25). In the case of LeuT, the unwound segment of TM6 is more pronounced and results in
a noticeable shift of the intracellular half of this helix (Figure 1-25). This phenomenon is not
present in AdiC or MjApcT (Figure 1-25), showing the structural divergence of this conserved

sequence motif.

MjApcT vs. AdiC MjApcT vs. LeuT

Figure 1-25: Comparison of MjApcT to LeuT and AdiC

Superposition of MjApcT (3GIA, 2.32 A) onto the structure of AdicT (top left, 3L1L, 3.0 A) resulted in an RMSD
of 5.4 A. Structural comparison of the discontinuous helices TM1 and TM6 (bottom left), shows that TM1
(blue) of MjApCcT is moved further towards TM6 (green) than TM1 and TM6 of AdiC. Further comparison of
MjApcT to LeuT (2A65, 1.65 A) showed an overall RMSD of 6.2 A (top right) and a close structural similarity
between TM1 of the two proteins. However, TM6 of LeuT shows a sideways displacement at the unwound
segment of TM6 (bottom right).

Although no substrate-bound structure was obtained, a water filled cavity was found in the

centre of the protein which is assumed to be the binding site (Figure 1-26) (Shaffer et al.,
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2009). Structural superimposition of MjApcT with substrate-bound structures of LeuT and
the closely related AdiC shows that the water cavity is located below the substrate binding
site of the compared APC transporters (Figure 1-26).

As mentioned previously, a conserved GSG motif of the unwound segments of TM1 is found
for the APC superfamily (Figure 1-22). MjApcT has the sequence GAS at this position and
amongst the aligned APC members, is the only one that shows such a high divergence of
this motif. It remains to be determined what effect this difference might have on the orien-

tation of the substrate and substrate binding.

waters

Figure 1-26: Water-filled cavity of MjApcT

MjApcT was solved in the occluded substrate-free state (rainbow, cartoon), but a water filled cavity (indicated
by the circle) was found (Shaffer et al., 2009). Comparison to the location of the substrates Leu of LeuT, and
Arg of AdiC show that the cavity is located below the substrate binding site of the other APC transporters.

Further comparison of MjApcT (PDB-ID: 3GIA, 2.32 A) with LeuT (PDB-ID: 2A65, 1.65 A) re-
vealed that a lysine accommodates a similar position to that of Na2 in LeuT. As it is the only
charged residue that has been found within the transmembrane part of the protein, and

given its analogous geometry to the Na2 site of LeuT (Figure 1-27), it was suggested that this
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lysine is involved in the proton-coupling mechanism of MjApcT, since alanine transport was
enhance in the presence of a pH gradient (Figure 1-28A) (Shaffer et al., 2009). Mutation of
this residue to an alanine resulted in the loss of alanine transport (Figure 1-28B) (Shaffer et
al., 2009). The same effect has been observed for the lysine-specific permease LysP (Kaur et
al., 2014). Here, mutation of Lys163 to alanine or leucine abolished transport, whereas the
mutation to an arginine restored transport of lysine into liposomes (Kaur et al., 2014). In-
terestingly, the antiporter CaiT has been discovered to carry an arginine residue at the same
position as Lys158 of MjApcT (Figure 1-27). Mutation of Lys163 to alanine or glutamate at
this location reduced the antiport activity of CaiT (Kalayil et al., 2013), a similar result to that
observed for MjApcT (Figure 1-28B) (Shaffer et al., 2009). However, the authors questioned
if the mutations might have an influence on CaiT’s sensitivity towards sodium (Kalayil et al.,
2013). Therefore, the antiport measurements were repeated in the presence of sodium
chloride, and a three- to twelve-fold increase in antiport activity was observed for mutants
Arg262Glu and Arg262Ala, respectively (Figure 1-29) (Kalayil et al., 2013). Still, the activity
was only 25 % (Arg262Glu) and 10 % (Arg262Ala) of that of the wildtype (Figure 1-29) (Kalayil
etal., 2013).
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Figure 1-27: Comparison of the orientation of Na2 in LeuT, Lys158 in MjApcT and Arg262 of CaiT

The second sodium ion (Na2, purple sphere) in LeuT (PDB-ID:2A65, 1.654, blue) is coordinated between TM1
and TMB8 via interaction with the backbone of the unwound helix segment in TM1 and side chain interactions
from TM8 (left). Comparison of this ion binding site with the structure of MjApcT (PDB-ID: 3GIA, 2.32A, green)
revealed a similar coordination of Lys158, interacting with the backbone of TM1 and the side chain of Ser283
of TM8 (middle). Mutation of Lys158 to alanine resulted in the loss of transport activity and it is assumed that
this is the main residue involved in the proton-coupling mechanism of MjApcT. Arg262 in the antiporter CaiT
(PDB-ID: 2WSW, 2.29A, purple) is also coordinated by residues in TM 1, 5 and 8 (right). Mutations on this resi-
due converted CaiT into an Na*-dependent transporter.

48



The uptake measurements on the MjApcT-Lys158Ala mutant were performed without a so-
dium chloride electrochemical gradient present. Thus, it would be of interest to investigate
this mutant in respect to sodium-dependent alanine uptake similar to the research per-
formed with the CaiT mutants.

However, it is still not known whether Lys158 of MjApcT is involved in a protonation-depro-
tonation cycle to drive substrate transport, since alanine transport by MjApcT has only been
shown to be pH-dependent but the evidence of a proton-coupling mechanism is lacking.
Therefore, we assume that Lys158 might stabilise the protein in a specific conformation
during the transport cycle as proposed for Arg262 of CaiT. Both theories explain the loss of
activity for MjApcT when this lysine is mutated to alanine. It remains to be determined
whether the mutation of the lysine results in the transporter being locked into an occluded
state, thereby preventing substrate binding, or if it stops the transporter from adopting

other conformations.
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Figure 1-28: Alanine uptake by MjApcT and the influence of Lys158

Liposome-based assays of MjApcT were performed in presence and absence of a pH gradient (Shaffer et al.,
2009). The uptake of radiolabelled alanine was monitored over time for liposomes containing MjApcT (ApcT)
or devoid of protein (npc). Enhanced alanine uptake was observed when a pH gradient of 3 pH units was ap-
plied (A). Since Lys158 was suggested to be responsible for a proton-coupling mechanism, mutation to alanine
abolished alanine uptake (B). Figures adapted from Shaffer et al., 2009.
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Figure 1-29: Mutational studies on CaiT modulat-
ing its sodium sensitivity

Proteoliposomes containing either CaiT-WT,
CaiT-Arg262Glu, or CaiT-Arg262Ala were used for
counterflow measurements with 10 mM unla-
belled y-butyrobetaine in the internal buffer and
40 uM [**C] I-carnitine in the external buffer.
Uptake was measured in absence (-NacCl) or pres-
ence (+NacCl) of 50 mM sodium chloride to inves-
tigate Na*-dependent transport activity.

Figure adapted from Kalayil et al., 2013.
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1.5 ADVANCES IN MEMBRANE PROTEIN EXPRESSION, PURIFICATION AND CRYSTALLISATION

Membrane proteins play a vital role in many cellular processes and are one of the main
targets for drug development (Overington et al., 2006; Bull and Doig, 2015). It took 25 years
from the first crystal structure of a soluble protein (Kendrew et al., 1960) to the structure of
a membrane protein (Deisenhofer et al., 1985) being obtained. Ever since, the number of
membrane proteins structures deposited into the protein data bank (PDB) has exponentially
increased (Figure 1-30) but remains lower than that of soluble proteins (3227 membrane
protein structures vs. 131411 protein structures in the PDB as of 16. June 2017,
http://pdbtm.enzim.hu/?_=/statistics/growth). This is due to the challenges in over-expres-

sion, solubilisation, purification and crystallisation of membrane proteins.
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Figure 1-30: Growth of submitted structures of membrane proteins to the PDB based on www.tcdb.org
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Correct folding and insertion of the protein into the membrane is a crucial step during pro-
tein expression. Once the protein has been successfully over-expressed, the next challenge
is to isolate the membrane protein from its lipid environment using detergents.

Detergents are amphiphilic, possessing both hydrophilic and hydrophobic properties, mol-
ecules consisting of a hydrophilic head with different chemical properties and a hydrophobic
tail of varying length (lwata, 2003). They can be categorised based on their head group into
ionic, non-ionic or zwitterionic detergents. Depending on the chemical nature of the head
group, they have different stabilisation and destabilisation effects on the membrane pro-
tein, which are often referred to as a “mild” or “harsh” property (lwata, 2003; Privé, 2007).
“Harsh” detergents, mostly ionic detergents, have high solubilisation efficiencies but tend
to denature or destabilise the membrane protein whereas “mild” detergents, such as sugar
based detergents, are more likely to keep the protein stable in solution (lwata, 2003; Privé,
2007). Nevertheless, pre-testing of suitable detergents to be used during the purification is
a vital step. The most commonly used detergents for purification and crystallisation are do-
decyl maltopyranoside (DDM), decyl maltopyranoside (DM), octyl glucopyranoside (0OG) and
n-lauryl dimethylamine n-oxide (LDAO). They have been the most successful in the crystal-
lisation of numerous of membrane proteins (Parker and Newstead, 2012, 2016). Crystallis-
ing the proteins in a detergent can have the negative effect of diminishing the diffraction
quality of the crystals, resulting from the formation of a detergent belt around the mem-
brane protein, thus decreasing the surface area to form crystal contacts (Figure 1-31) (lwata,
2003; Bill et al., 2011). Nevertheless, detergents can in some cases be successful in providing
crystals giving high resolution structures of membrane proteins (Parker and Newstead,

2016).
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Figure 1-31: Influence of detergents and lipids on crystal formation

The membrane protein of choice (blue) is isolated from the lipid bilayer of the cell membrane with detergents.
The detergent micelle forms a belt around the hydrophobic part of the membrane protein. The purification
process includes the separation of the protein of choice from other membrane proteins (green). Depending
on the crystallisation experiments and upon addition of lipids to the protein, different crystal forms can grow:
2D crystal, Type | and Type Il 3D crystals.

Recent advances have resulted in protocols and methods tackling the hurdles in obtaining
a sample of pure membrane protein of interest. Specific E.coli strains, such as the E.coli C41
and C43 strains (Miroux and Walker, 1996; Dumon-Seignovert et al., 2004), contain muta-
tions designed to increase the yields during membrane protein over-expression, that would
otherwise be toxic to the cells. The addition of a GFP protein to the C-terminus of the mem-
brane protein not only introduces a way to determine the protein yield through fluores-
cence measurements, but also acts as a reporter for correct membrane insertion and pro-
tein folding (Drew et al., 2001, 2008). When using a membrane protein-GFP fusion con-
struct, the solubilisation efficiency for a given detergent can be determined. Fluorescent
size exclusion chromatography (FSEC) can also be performed in order to ensure that the
protein is still properly folded and not aggregating when using a certain detergent (Kawate
and Gouaux, 2006).

A monodisperse peak in the fluorescence trace indicates that the protein is stable and
folded in the detergent, whereas a polydisperse peak is associated with unfolded or unsta-

ble protein (Kawate and Gouaux, 2006). The right choice of detergent for solubilisation and
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purification ensures that the protein is properly folded, which increases the chances of crys-
tallisation (Sonoda et al., 2011; Deller et al., 2016).

Over the past decades, several optimisation strategies for the crystallisation of membrane
proteins have been developed, such as reintroducing lipids into the protein detergent mix-
ture by adding phospholipids or reconstitution of the proteins into bicelles (Wang et al.,
2012; Tang et al., 2016; Lenaeus et al., 2017). Additionally, reconstitution of the membrane
protein of choice into a lipid environment, the so-called lipidic cubic phase (LCP), was first
described in 1996 (Landau and Rosenbusch, 1996). This method represents a complemen-
tary approach to vapour diffusion crystallisation of membrane proteins, and will be de-
scribed in more detail elsewhere in this thesis. In short, the membrane protein is incorpo-
rated into a lipid bilayer that forms an overall three-dimensional network of lipid channels
(i.e. the lipidic cubic phase) filled with an aqueous solution (the buffer or precipitant) (Rum-
mel et al., 1998). Through the addition of the precipitant solution, a phase transition is ini-
tiated, allowing the embedded proteins to make contacts through which protein crystals
can form (Nollert, 2003).

Membrane proteins are dynamic entities and when extracted from the membrane can exist
in different conformational states. Together with their limited contact surface area because
of the detergent micelle around the membrane protein, this conformational heterogeneity
can decrease the likelihood of crystal formation (Bill et al., 2011). To support crystallisation,
nanobodies and Fab-fragments can be used, so-called crystallisation scaffolds, to provide
crystal contacts, or to capture the protein in a specific conformation, thus reducing the con-
formational heterogeneity (Tereshko et al., 2008). This method has proven to be very valu-
able, especially in the studies of the different conformational states of LeuT (Krishnamurthy
and Gouaux, 2012), but it has also facilitated the crystallisation of novel proteins, such as
the serotonin transporter (Coleman et al., 2016) and of a fluoride channel (Stockbridge et
al., 2015). Another advantage of the crystallisation scaffolds is that, due to their low struc-
tural diversity, published structures of nanobodies and antibody fragments can be used to
provide initial phase information in the structure solution process after X-ray diffraction
data collection from the crystals. Though using crystallisation scaffolds is a beneficial
method for crystallising challenging proteins, it is also cost- and time-intensive as there is
limited availability of in-house facilities, and ordering specific antibodies or nanobodies from

industrial companies can further increase the costs. In the case of GPCRs, the introduction
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of a crystallisation scaffold protein into the membrane protein apocytochrome b562 (BRIL)
has provided a common method for crystallising GPCRs (Chun et al., 2012). Either a BRIL
protein or T4 lysozyme is introduced into a loop region between two transmembrane helices
or at the N-terminus, and has the additional benefit of providing a molecular replacement
model, as structural data for both proteins are available (Engel et al., 2002; Rosenbaum et
al., 2007). However, the insertion of the crystallisation scaffold can introduce complications
in folding. Therefore, identifying the correct location for the scaffold into the protein is cru-
cial and requires rational design (Chun et al., 2012).

In conclusion, the challenge of working with membrane proteins has seen significant pro-
gress over the past years. Though the specific path to take towards a pure, homogenous
protein and a protein crystal structure can still be a difficult decision, preliminary small-scale

tests for expression and purification are invaluable in this process.

1.6 AIMS OF THIS THESIS

The aim of the work described in this thesis is to understand the structural basis of amino
acid transport via the SLC7 family of cationic amino acid transporters. Functional data ob-
tained by mutational studies and amino acid uptake into oocytes revealed some mechanistic
aspects of this family such as their specificity for arginine, lysine and in some cases also
histidine and that the affinity for the substrates can be modulated by point mutations in an
intracellular part of the transporter, as reported for CAT2A and CAT2B. Nevertheless, to fully
understand why this region has such an important effect, and how the transporters discrim-
inate between their substrates and couple the transport, relies on structural data. To date,
no close homologue in complex with an amino acid is available yet for this type of trans-
porter. As for other eukaryotic transporters, studies on the prokaryotic homologues, which
are usually easier to purify and are more stable, can shed light into the transport mechanism

of a whole family of transporters as seen for LeuT.

A range of experimental procedures were necessary to understand this transporter family

including cloning, small-scale and large-scale expression as well as further structural and

functional studies on a suitable candidate (Chapter 2)
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Extensive screening of prokaryotic MjApcT homologues (Chapter 3), which showed a differ-
ent evolutionary relationship to the human SLC7 members, identified GKApcT as a suitable
candidate for functional and structural studies to gain insight into the SLC7 family.

In general, there is little known about proton-coupled APC transporters, since most of the
research has been focussed on the sodium-coupled neurotransmitter transport family and
their related proteins. To date, only one structure of the occluded state of MjApcT from
Methanocaldococcus jannaschii has been published, a transporter that is suggested to be
proton-coupled although further evidence is necessary.

Thus, this thesis aims to understand the structural basis for amino acid transport via the
SLC7 family, how different amino acids are recognised and how the proton-coupled
transport of substrate is utilised in order to develop a platform for further studies on human
CAT and HAT transporters in the future.

Initial functional studies performed on GkApcT identified the protein as a proton-coupled
amino acid transporter specific for small neutral and polar amino acids (Chapter 4). The con-
ditions under which substrate uptake of GkApcT can be monitored were established for fur-
ther studies.

The thesis presents GKApcT as the first proton-coupled APC transporter studied of which a
crystal structure in a substrate bound conformation has been obtained (Chapter 5). Addi-
tionally, the structure of a humanised GkApcT mutant with arginine bound was solved
(Chapter 6). In vitro studies were performed to identify the coupling mechanism of GKkApcT
and investigate residues that might be important for substrate binding based on the struc-
tural data available (Chapters 6). Mutational studies were carried out to pinpoint residues
involved in the coupling mechanism to investigate whether the mechanisms are independ-
ent of one another (Chapter 6). The knowledge obtained by the structural and functional
studies of this closely related SLC7 homologue identified a single residue to influence the
substrate specificity of the transporter (Chapter 6). Additional mutational studies guided by
the research on the human CATs revealed that the residue modulating CAT2As substrate
affinity has the same effect on GkApcT’s affinity towards its substrate, making GkApcT a
good model for understanding the human CAT proteins.

Additionally, serial crystallography experiments were performed on GkApcT investigating
the possibly to obtain structural information with this method and further phasing infor-

mation (Chapter 7).
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2 Materials and methods

2.1 EQUIPMENT AND CHEMICALS

Chemicals used in this study were purchased from Sigma Aldrich, Fisher Scientific, Invitrogen

and Avanti Polar Lipids unless specified otherwise in the text.

The equipment and instruments used are listed below:

- TL-100 ultracentrifuge (all from Beckman Coulter), 5430R (Eppendorf)

- Innova 44 shaker-incubators

- iCycler PCR thermal cycler (Bio-Rad)

- NanoDrop ND-1000 spectrometer

- SpectraMax M3 fluorescence plate reader (Molecular Devices)

- E1061 cell disruptor (Constant Systems) with Neslab ThermoFlex1400 cooling unit
(Thermo Scientific)

- AKTA Purifier system (GE Healthcare)

- Mosquito® pipetting robot (TTPLabtech)

- 100 pl gas-tight syringes and syringe coupler (Art Robbins)

- Gryphon LCP robot (Art Robbins)

- Ministrel HTUV imager (Rigaku)

- Gallery incubator (Rigaku)

- Wallac 1409 DSA liquid scintillation counter

- Carry Eclipse Fluorescence Spectrophotometer (Agilent Technologies)

- Mini extruder (Avanti Polar Lipids)

- in situ plates (MiTeGen and Molecular Dimensions Ltd.)

- MSC plates (SwissCi)

- V-bottom mini plates (Fischerbrand)
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2.1.1 Screening for homologues of the archaeal transporter ApcT

One bottleneck in determining the structure of a membrane protein is to obtain high quan-
tities of stable and folded protein for crystallisation trials. Therefore, screening a number of
homologues has been a successful approach in order to increase the chances of obtaining
sufficient quantities of pure protein (Robinson, 2011). Additionally, the use of homologues
from thermophilic organisms or artificially thermostabilised proteins can have a positive ef-
fect on the ability of the protein to crystallise (Deller et al., 2016).

Here, homologues of the archaeal MjApcT transporter were identified by searching with its
sequence against the protein sequence entries of the UniProt library in BLAST. Archaeal and
bacterial organisms for which the genomic DNA was available were used in the search. The
homologues that were screened as suitable candidates for protein expression, protein pu-

rification and crystallisation are listed in Table 2-1.

Table 2-1: ApcT homologues for functional and structural studies

Protein  Organism Accession code MW [kDa] Seq. sim.
[%] to
MjApcT
MjApcT  Methanocaldococcus jannaschii NP_247591.1 47.3 100
GkApcT  Geobacillus kautophilus YP_146783.1 50.8 43.4
SaciApcT Sulfolobus acidocaldium YP_256768.1 67.2 31.7
StApcT Streptococcus thermophilus YP_139794.1 49.8 43.8
StkApcT  Sulfolobus tokodaii NP_376756.1 44.8 43.1
SoApcT  Shewanella oneidensis NP_720082.2 45.1 40.5
SsoApcT Sulfolobus solfatorius NP_342901.1 45.1 42.2
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Figure 2-1: sequence alignment GkApcT, MjApcT, SaciApcT, SoApcT, StApcT, StkApcT and SsoApcT

The sequence alignment (accession codes are listed in Table 2-1was generated using PROMALS3D (Pei and
Grishin, 2014). The alignment is coloured by conservation (high conservation — red background, low conser-
vation — red letters, no conservation — white background and black letters Secondary structure elements,
based on the published structure of MjApcT (3GIA, 2.32 A), are given above the alignment and the transmem-
brane helices (TM), the intracellular loop (IL) and extracellular loop (EL) region are labelled. Additionally, the
two GSG-motifs are highlighted by the black box and the residues involved in forming the waterfilled cavity
of MjApCcT (*) and the proposed residue for porton-coupling (A) are indicated.

2.1.2 Preparation of competent cells

For cloning, the competent E.coli Omnimax cell line was used and for expression studies,
the vector was transformed into the competent cell line C43(DE3). For both, cell cultures
were grown in 100 ml lysogenic broth (LB) media and shaken at 37 °C until an ODsso of 0.4

was reached. The cell culture was evenly divided into 50 ml falcon tubes and cooled on ice
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for 15 min. The cells were pelleted by centrifugation at 4°C and 3500 g for 8 min. The pellet
was resuspended in 40 ml (0.4 x of initial culture volume) of Tfbl (30 mM KAc, 100 mM RbCl,
10 mM CaClz, 50 mM MnCl; and 15 % glycerol, pH 5.8). Cells were pelleted as described
above and resuspended in 4 ml (0.04 times initial culture volume) Tfbll (10 mM MOPS, 75
mM CaCl, 10 mM RbCl and 15 % glycerol, pH 5.8). The solution was kept on ice for 15 min,
divided into 100 ul aliquots, flash frozen and stored at -80 °C.

2.1.3 Transformation of the pWaldo-plasmid into competent cells

A 100 pl aliquot of competent cells was mixed with 0.5-2 ul of plasmid DNA and incubated
on ice for 20 min followed by a heat shock treatment at 42 °C for 45 s. The sample was kept
on ice for 2 min before 700 ul of LB were added and the cells were grown at 37°C while
being shaken for 1-2 h. The cells were pelleted by centrifugation at 4000 g for 2 min, and
the pellet was resuspended in 100 ul of LB and plated onto LB agar plates with 50 pug/ml
kanamycin (KAN). The plate was kept at 37 °C overnight for colonies to grow. After this in-
cubation period, the plate containing the bacterial colonies could be kept at 4 °C for up to

10 days.

2.1.4 Cloning and mutagenesis of ApcT homologues and YneM

The gene coding for the protein of interest was amplified from the genomic DNA by PCR.
The conditions for the PCR run are given in Table 2-2. The success of the PCR was evaluated
by running each sample on a 1% (1.5 % for YneM) agarose gel in 1x TAE buffer (40 mM Tris-
HCl pH 7.6, 20 mM acetic acid, ImM EDTA), at 110 V for 30 min. The band on the gel running
at the size of the amplified gene of interest was purified from the gel using the GenelET Gel
extraction kit from Thermo scientific. For this, the band was cut out carefully from the aga-
rose gel and transferred into a reaction tube. Binding buffer was added in a 1:1 ratio (w/w)
and incubated at 50°C for 10 min until the gel piece was completely dissolved. The solution
was transferred into a Genelet purification column and centrifuged for 1 min at 12,000 g
followed by a washing step with ethanol-containing washing buffer, again at 12,000 g for 1

min. Residual buffer was removed by another centrifugation step (12,000 g for 1 min). 50 pl
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of water was added to the membrane of the Genelet purification column and left for 5 min

at room temperature.

Schematic representation of pWaldo-GFPd
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TEV cleavage-site
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Figure 2-2: Representation of the pWaldo-GFP plasmids.

The gene of interest is inserted either into the pWaldo-GFPd plasmid (restriction sites: Ndel & BamH]I) or the
pWaldo-GFPe plasmid (restriction sites: Xhol & BamHI). Both plasmids are under the control of the T7-promo-
tor. The promotor sequence is followed by a ribosomal binding site (RBS) and multiple cloning sites (MCS) into
which the gene of interest is inserted. A TEV cleavage site lies between the gene of interest and a C-terminal
bacterial GFP sequence, followed by an octa-histidine tag and a gene for kanamycin resistance.

Figure adapted from Drew et al., 2006.

The DNA was eluted from the membrane by centrifugation at 12,000 g for 2 min. The con-
centration of the eluted sample was determined with a NanoDrop ND-1000 spectrometer.
The sample was stored at -20°C until further use. For insertion of the gene of interest into
the pWaldo-GFP vector (Figure 2-2), both the vector and target DNA were digested with the
appropriate restriction enzymes for 2 h at 37 °C. As described above, the Genelet gel ex-
traction kit was used to extract the DNA from the reaction mixture. The digested DNA and
vector were subsequently ligated using the Quick-Stick Ligase (Bioline).

The reaction was performed at room temperature for 20 min and 10 ul of the reaction mix-
ture was transformed into OMNIMAX cells and plated on LB-agarose plates containing 50
ug/ml kanamycin as selective antibiotic. The plates were incubated overnight at 37 °C. The
next day, single colonies were picked and inoculated into 10 ml LB (+ kanamycin), shaken at

37 °C overnight and harvested the following day (1000 x g, 10 min, 4 °C). Successful insertion
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into the pWaldo-vector was tested by digesting the plasmid with the corresponding re-
striction enzymes and running the reaction on an agarose gel. Colonies that showed a posi-

tive digestion pattern were sequenced (using the Source Bioscience service).

Table 2-2: PCR conditions to amplify the gene of interest from a genomic DNA template

step T[°C] Time [min] cycles
Denaturation 94 2 1
Denaturation 94 0.25
Annealing 55 0.15 30
Elongation 70 1
Elongation 70 7
End 4 oo 1

2.1.5 Mutagenesis

Mutagenesis primers were designed and used for amplification of the whole pWaldo-plas-
mid using a KOD hot start kit (Novagen). The reaction mixture (50 ul final volume) contained
0.4 uM forward primer, 0.4 uM reverse primer and 200 uM of each of the dNTPs, 1.5 mM
MgSQ4, 1x KOD buffer and 0.8 ul Thermococcus kodakaraensis KOD1 DNA polymerase. A
standard PCR protocol (Table 2-3) for mutagenesis reactions was used. The final PCR prod-
uct was supplemented with Dpnl (Dpnl gene from Diplococcus pneumoniae G41) as a re-
striction enzyme which specifically digests methylated DNA, which in this form is only pre-
sent as the mother plasmid. This step ensures removal of the mother plasmid from the mu-
tated plasmid, which is not methylated. After an incubation period of 2 h at 37 °C, 10-25 ul
of the reaction solution was transformed into OMNIMAX cells as described above. Individual
colonies were picked and grown overnight in 10 ml LB. The cells were pelleted for 10 min at
4000 x g and the plasmid harvested by using the mini prep kit (Thermo scientific). Successful
insertion of the point mutation was verified by sequencing (using the Source Bioscience ser-

vice: https://www.sourcebioscience.com/).
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Table 2-3: PCR conditions to amplify the whole plasmid with mutagenesis primers

step T[°C] Time [min] Cycles
Denaturation 94 2 1
Denaturation 94 0.25
Annealing 55 1 17
Elongation 68 8
Elongation 68 7 1
End 4 oo 1

2.1.6 Preparation of the C43AyneM E.coli strain

The protocol for the gene knock-out of YneM was provided by the group of Colin Klean-
thous, Department of Biochemistry, University of Oxford, and was based on that described
in Lee et al., 2009. In short, 300 bp sections up- and downstream (H1 and H2, Figure 2-3) of
the yneM gene were cloned into the pDOC-K vector into cloning region 1 and 2 (CR1 and
CR2), respectively, flanking the kanamycin cassette (Figure 2-3). The pDOC-K vector contain-
ing H1 and H2 (pDOC-K-H1-H2, Figure 2-3) was transformed via electroporation into the
C43(DE3) E. coli strain, used for expression of GKApcT.

Activation of the pABSCE vector, transformed into the same cells, induced recombination of
the kanamycin cassette into the gene locus of yneM (Figure 2-3). Cells were plated onto LB
agar plates containing kanamycin.

To verify for the loss of the pABSCE vector, a colony was spread onto LB agar plates with
chloramphenicol (CAM), it was expected that no colonies would grow in the presence of this
antibiotic. The KO strain was then cured from the kanamycin resistance according to a
standard protocol (Baba et al., 2006), since the pWaldo plasmid carrying the GkApcT gene

is also kanamycin resistant. Successful gene knock-out was verified by PCR.
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Figure 2-3: YneM gene knock out protocol schematic

2.1.7 Small-scale expression in E.coli

Colonies of transformed C43(DE3) E.coli cells were inoculated into 10 ml of LB (+KAN) and
shaken overnight at 37 °C. The following day, 1 ml of this starting culture was inoculated
into 100 ml of LB (+ KAN), again shaking at 37 °C constantly. The ODego was measured and
isopropyl B-D-1-thiogalactopyranoside (IPTG), to a final concentration of 400 uM, added to
induce expression when the ODggo reached 0.6-0.8. The temperature was reduced to 25 °C
and the culture was shaken overnight. 1 ml of the overnight culture was spun down and the
pellet resuspended into 100 ul 1x phosphate buffered saline (PBS). The GFP content of the
cell suspension was measured with a Spectra Max M3 fluorescent plate reader (Molecular
Devices) at Aexcitation=490 nM; Aemission=512 nm. The expression level of the desired protein

was estimated based on the method described in Drew et al. 2008.
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2.1.8 Fluorescent size exclusion chromatography

10 ml cultures from small scale expression experiments were harvested by centrifugation at
3900 g for 10 min at 4 °C, resuspended into 0.5-1 ml of 1xPBS and frozen at -80 °C to initially
lyse the cells for subsequent cell disruption. The cell suspension was thawed and sonicated
on ice four times with 1 min intervals by using VirSonic475 (Virtis) for which each cycle was
programmed as a 1 s sonication time in 1s intervals for a total sonication time of 10 s. The
lysed cells were centrifuged at 10,000 g for 15 min to pellet unbroken cells. The supernatant
was transferred into a fresh tube and centrifuged at 200,000 g for 20 min to pellet the mem-
branes. The membrane pellet was resuspended in 1xPBS, frozen in liquid nitrogen and
stored at -80 °C or solubilised directly into buffer containing 1xPBS and 1 % n-Dodecyl B-D-
maltoside (DDM). It was gently mixed at 4 °C for 1 h followed by a centrifugation step at 200
000 g for 20 min at 4 °C to separate the insolubilized fraction. To determine the solubilisa-
tion efficiency, the GFP fluorescence of samples before and after the centrifugation was
measured. 200 pl of the solubilised fraction were loaded onto a Superose™ 6 10/300 GL (GE
Healthcare) column, pre-equilibrated in buffer containing 20 mM Tris-HCl pH 7.5, 150 mM
NaCl, and 0.03% DDM. During the run, the GFP fluorescence was monitored (Aexcitation = 488
NM, Aemission = 512 nM).

2.1.9 Large-scale expression in E.coli and cell harvest

Freshly transformed C43(DE3) E.coli cells were inoculated into 100 ml of LB media as starter
culture and incubated overnight at 37 °C. The starter culture was then inoculated into 3-6 L
of terrific broth (TB) media in a 1:100 ratio. The culture was induced with IPTG to a final
concentration of 0.4 mM at an ODggo of 0.6-0.8 and the temperature was decreased to 25
°C for overnight expression. Cells were harvested and resuspended in 1xPBS and stored at -
80 °C. To prepare the cell suspension for the purification process, the suspension was
thawed and the cells disrupted with a TS series continuous cell disruptor (Constant Systems,
UK) running at 30 kpsi and 4 °C. The cellular debris was removed by centrifugation at 20,000
g at 4 °C, and whole cell membranes were isolated (centrifugation at 45,000 g, 2 h, 4 °C).
Membranes were resuspended in ice-cold 1xPBS and flash-frozen in 50 mL falcon tubes into

liquid nitrogen. The presence of GFP-tagged membrane protein was monitored by taking
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100 pl samples at each step and measuring the remaining GFP-fluorescence (Aexcitation = 488

nM, }\emission =512 nM).

2.2 PURIFICATION

The prepared membranes were thawed and kept on ice. NaCl and PBS were added to a final
concentration of 150 mM NaCl and 1xPBS, respectively. To solubilise the membrane pro-
teins, DDM (Glycon) was added to a final concentration of 1% (w/v). The solution was kept
at 4 °C, stirred for 1 h and then ultra-centrifuged at 45,000 g, 4 °C for 1 h. 10 ml of nickel
nitrilotriacetic acid (Ni-NTA) resin were washed with water and pre-equilibrated with 1xPBS.
The resin and the appropriate concentration of imidazole (Incubation step, see Table 2-4),
were added to the supernatant and the mixture was stirred for 2-3 h to allow protein bind-
ing to the resin. Samples were taken before and after the incubation with the resin, and the
binding efficiency determined via measuring the GFP-fluorescence of both samples. If the
binding efficiency was below 50 %, the incubation step was prolonged until the binding ef-
ficiency reached a plateau. The resin-protein mixture was poured into a glass column and
washed with different imidazole concentrations to remove any other contaminants (Wash1
and Wash2 steps, see Table 2-4). The membrane protein-GFP-8xHis fusion was eluted off
the resin with 250 mM Imidazole. The flow-through of each step was collected and samples
taken to monitor the presence of the desired membrane protein via GFP-fluorescence. The
total amount of GFP-containing protein in the final elution step was estimated, and tobacco
etch virus (TEV) protease (1 mg/ml) was added in a 1:1 ratio. To remove any residual imid-
azole that could hinder the cleavage reaction and further purification steps, the sample was
dialysed overnight in dialysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl and 0.03% DDM)
in a Spectra dialysis membrane with a 3.5 kDa cut-off. The next day, a 5 ml HisTrap™ column
(GE Healthcare) stored in 20% ethanol was washed with water and equilibrated with the
dialysis buffer using a peristaltic pump running at 2 ml/min. The sample was filtered through
a 0.22 uM MILLEX™ GP filter unit to remove any precipitated protein. The sample was then
loaded onto a HisTrapTM column. During this step, any residual proteins interacting with
the Ni-NTA resin and the His-tagged TEV and GFP would be bound by the resin. The un-

tagged protein was collected in the flow-through and concentrated to 500 pl using an
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Amicon centrifugal filter unit (cut-off 50 kDa). The HisTrapTM column was washed with 500
mM Imidazole to elute the residual proteins (His-tagged TEV and GFP).

The concentrated protein was loaded onto a SuperdexTM200 10/300 (S200) column (GE
Healthcare) pre-equilibrated in either reconstitution buffer (20 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.3 % (w/v) DM), or crystallisation buffer (20 mM Tris-HCl pH 7.5, 150 mM NacCl, and
0.03 % (w/v) DDM). The flow rate for each run was 0.4 ml/min and the absorbance at 280
nm was monitored. Samples of the fractions expected to contain the protein were taken
and loaded onto a 12% Tris-glycine gel to validate the purity of the protein in the final step.
Additionally, samples taken during the purification were loaded onto the same gel to mon-
itor the loss of protein during the purification process and if necessary, the protocol was
altered accordingly. For example, imidazole was added to the sample before loading it onto
the HisTrapTM column in subsequent purifications if the SDS gel showed that GFP-free pro-
tein remained bound to the column.

Fractions containing the protein of interest were pooled together and the concentration of
the protein was estimated using a NanoDrop™ spectrophotometer. For this, the specific
extinction coefficient (g) of the protein was calculated using ProtParam
(http://web.expasy.org/protparam/) based on its amino acid sequence. The protein was
concentrated to a final value of ~10 mg/ml or 20 mg/ml depending on the crystallisation

trial.

Table 2-4: Different Imidazole concentrations (in mM) used for individual purification of ApcT homologues

Protein Incubation Wash 1 Wash 2 Elution
MjApcT 15 15 30 250
GkApcT 20 20 30 250
StApcT 30 30 40 250
SoApcT 30 30 40 250

2.3 RECONSTITUTION OF MEMBRANE TRANSPORTERS INTO LIPOSOMES

In order to be able to understand the transport mechanism of ApcT, the reconstitution of

this protein into liposomes, lipid vesicles, was performed. This method has the advantage
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that the outside and inside environment of the vesicles can be directly manipulated to iden-
tify the pH-dependence, electrogenicity or substrate specificity of the wildtype transporter

and its mutants.

2.3.1 Preparation of lipids

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), or E.coli polar lipids and phosphatidylcholine
(PC) were mixed in a 3:1 (w/w) ratio in a round bottom flask under a fume hood. The mixture
was dried in a rotary evaporator. The dried lipids were washed twice with 10 ml propane
and dried again. The lipids were resuspended in degassed storage buffer (50 mM KPi, pH 7)
to a final concentration of 20 mg/ml, aliquoted into 1 ml samples, and freeze thawed three
times until snap frozen for final storage at -80 °C. Prior to reconstitution, lipids were thawed
and diluted to a final concentration of 5 mg/ml in storage buffer (50 mM KPi, pH 7) and

extruded 11 times through a 0.4 uM filter with a mini extruder kit (Avanti Polar Lipids).

2.3.2 Reconstitution into liposomes by rapid dilution

Purified protein in reconstitution buffer (150 mM NaCl, 20 mM Tris-HCI pH 7.5 and 0.3%
DM) was reconstituted into POPE:POPG (3:1 ratio w/w) liposomes. Protein and lipids were
mixed in a 1:60 ratio (protein:lipid) and incubated at room temperature for 15 min. The
mixture was then diluted into storage buffer (50 mM KPi, pH 7) and pelleted by ultracentrif-
ugation (4 °C, 45,000 g, 2 h). The pellet was resuspended into storage buffer and dialysed in
3 L storage buffer overnight with two changes of buffer in between to remove any residual
detergent. The dialysed samples were harvested by centrifugation at 60,000 rpm (TLA120.2
rotor, benchtop ultra) at 4 °C for 25 min. The pellet was resuspended in storage buffer to a
final concentration of 0.5 pg/ul of protein and freeze thawed three times in liquid nitrogen.
The reconstitution efficiency was determined by running 2 pg of the sample together with

a concentration standard of the protein on a 12% Tris-glycine SDS gel.

68



2.4 TRANSPORTER ASSAYS

On the day of the experiment, proteoliposomes were thawed at room temperature and the
required volume for the assay removed from the proteoliposome stock. Unless indicated
otherwise, 5 pg of proteoliposomes per experimental time point were used. In the case of
experiments with multiple time points, the final volume was a multiple of the volume
needed for one time point. The proteoliposomes were pelleted at 50,000 rpm at 4 °C and
the pellet resuspended in inside buffer to a final volume of 450 ul, followed by five freeze
thaw cycles to ensure the breakage of the liposomes, and thus the exchange of the buffer
between the inside and the outside of the vesicles. To obtain evenly sized unilamellar vesi-
cles, the samples were extruded using a mini-extruder set (Avanti) and 1 ml Hamilton sy-
ringes 11 times through a 0.4 um filter, and again pelleted at 50, 000 rpm at 15 °C for 25
min. The supernatant was removed and the pellet resuspended into the required volume of
inside buffer (2 pl/experimental time point for uptake of radiolabelled substrate, 4 ul/reac-

tion for pyranine assays).

2.4.1 Time-dependent uptake of radio-labelled substrate

Internal and external buffer composition for AW-driven experiments is given below (Table
2-5). To monitor the transport of the substrate into the liposome and to investigate under
what conditions uptake is favoured, radiolabelled 3H-alanine (60 Ci/mmol) was used for this
purpose. Unless stated otherwise, a mixture of 100 pM alanine and 250 nM 3H-alanine was
used for the transport assays. The outside buffer was preheated to 30 °C, and the reaction
was started upon addition of the liposomes into the buffer. As a control, empty liposomes

(containing no protein) were used under the same conditions.

Table 2-5: Buffer conditions for the AW-driven transport assays

internal buffer | external buffer |
20 mM KPi pH 6.5 120 mM NaPi pH 6.5
100 mM KAc 2 mM MgSOq4
2 mM MgSO4 10 uM valinomycin

250 nM 3H-alanine
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For each time point, 50 pl of the reaction mixture was immediately diluted into 2 ml of 0.1
M LiCl and filtered over a 0.22 uM nitrocellulose filter under vacuum, and the filter washed
twice with 2 mlice cold 0.1 M LiCl. The liposomes stick to the filter via hydrophobic interac-
tions and any residual radiolabelled substrate is washed off. The filter was removed and
added to a vial containing 7.5 ml Ultima Gold™ (Perkin Elmer) scintillation cocktail.

The remaining radioactivity level on the filters was determined with a scintillation counter.
The signal was averaged from 300 measurements and resulted in a final signal in counts per
minute (cpm). Based on a standard curve for the radiolabelled amino acid, this signal can
then be converted into molar amounts. The final amount of alanine or arginine taken up
into the liposomes was additionally corrected for the unlabelled substrate in the external
buffer.

To investigate if the transport of alanine was electrogenic, assays were performed with pro-
teoliposomes loaded with a potassium buffer and diluted into sodium buffer of similar ion
concentration. Upon addition of the K*-ionophore valinomycin, the potassium ions can per-
meate the membrane thus creating a negative inside membrane potential (A¥) of -82.5 mV
calculated with the Nernst equation. This membrane potential can then be used as a driving
force for substrate uptake if the substrate transport is electrogenic and in this study,
whether substrate uptake is coupled to a positively charged ion (Figure 2-4). As controls,
assays were repeated with the internal buffer | on the outside, without any addition of
valinomycin to the external buffer | and with addition of carbonyl cyanide m-chlorophenyl
hydrazone (CCCP) to the external buffer I. CCCP is a proton ionophore which depletes any
membrane potential through proton influx.

For competition assays, electrogenic uptake of *H-alanine using 5 ug protein was measured
in the presence of 10 mM either of unlabelled alanine, D-alanine, glutamate, proline, argi-
nine, lysine, ornithine or y-aminobutyric acid (GABA). A single measurement was taken after
1 min.

To determine the ICsp values, proteoliposomes were assayed similarly but in ranging con-
centrations of unlabelled competitor. ICso curves were fitted with a sigmoidal dose response
method from PRISM GRAPH PAD (GraphPad Software, La Jolla California USA,
www.graphpad.com)

Kinetic constants for WT GkApcT and the Met321Ser mutant were determined by time-

course measurements of AW-driven uptake of 3H-ala, and 3H-arginine. The external buffer
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contained a mixture of 250 nM 3H-alanine or 3H-arginine, and varying concentrations of un-
labelled substrate. The linear part of the time-course measurement gave the initial
transport rates for each concentration of substrate. Plotting the initial rate against the sub-
strate concentration and fitting of the Michaelis-Menten equation, in PRISM, to the data to

give the apparent Ky and vmax values for transport.

additon of
valinomycin
(potassium ca rrier)

e

Figure 2-4: Schematic of electrogenic experiments

Proteoliposomes are loaded with potassium buffer (K*) at pH 6.5 and diluted into buffer containing the same
amount of sodium ions (Na*). Upon addition of valinomycin a negative inward potential is created. Uptake of
the radiolabelled substrate (yellow star) by the transporter (red) is monitored over time (At) if the negative
potential is used for coupled substrate transport to a positively charged ion.

2.4.2 Counterflow experiments

To determine which amino acids are recognised by the membrane transporter under study,
counterflow assays were performed. No pH or salt gradient was applied which means that
the transport should only be driven by the substrate concentration. The liposomes were
prepared with an excess of a specific amino acid in the internal buffer. The unlabelled sub-
strate inside the liposome is transported if it is recognised by the transporter, resulting in
an exchange of 3H-alanine with the labelled amino acid in the external buffer system (Figure
2-5). Thus, the labelled amino acid accumulates in the lumen and the concentration can be
determined. This kind of transport is independent from the cotransport of the coupled ion,
as the transport mechanism is not dependent on any other external gradient than that of

the substrate concentration on the inside and the outside if the proteoliposomes. To
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achieve the transport, the transporter must undergo a full cycle of conformational changes
which are driven by specific amino acids.

For the investigated transporter, the optimal parameters for counterflow were determined.
For this, counterflow experiments were performed with an internal excess of a chosen com-
pound at 2 mM (buffer conditions are given in Table 2-6). The liposomes for each experi-

ment were prepared as described above.

Figure 2-5: Schematic of counterflow exeperiments

Proteoliposomes are loaded with an excess of a chosen compound (C). As there are no other gradients applied
(pH gradient, salt gradient) the transport is only substrate driven. If the amino acid is recognised by ApcT, in
order to complete the transport cycle, alanine (as favoured amino acid) is bound and transported into the
liposome. Radiolabelled alanine (yellow star) is used as a reporter amino acid to determine the amounts of
alanine transported.

The proteoliposomes were loaded with internal buffer Il and were diluted into external
buffer Il. The internal and external buffer had the same pH. To determine the pH under
which counterflow was optimal, a range from pH 4 to pH 8 was screened for alanine uptake.
Again, 5 ug of proteoliposomes were used for each experimental time point. The reaction
was started upon addition of the liposomes to the external buffer, and was stopped by tak-
ing 50 pl samples with immediate filtration under vacuum followed by two washing steps
with 2 mlice cold 0.1 M LiCl. The radioactivity level was determined as already described

before and corrected for the alanine concentration that was transported into the liposomes.
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Table 2-6: Buffer conditions for counterflow experiments

internal buffer Il external buffer Il

25 mM citrate phosphate buffer pH 6.0 25 mM citrate phosphate buffer pH 6.0

100 mM Nacl 100 mM NaCl
2 mM MgSQO4 2 mM MgSOq4
2 mM compound 250 nM 3H-alanine

100 uM alanine

2.4.3 Pyranine assays to monitor proton flux

To monitor the influx of protons into liposomes, the vesicles were loaded with pyranine, a
fluorescent non-permeable dye. Pyranine (trisodium 8-hydroxypyrene-1,3,6-trisulfonate)
changes its excitation maximum depending on its protonation state (Wolfbeis, 1983).
Proteoliposomes were prepared as usual. After the first harvesting step, the pellet was re-
suspended into internal buffer Il (Table 2-7) additionally containing 1 mM pyranine, fol-
lowed by seven freeze-thaw cycles, extrusion through a 0.4 um filter (11 times) and another
harvesting step at 15 °C. The supernatant was discarded and the pellet washed with 100 pl
inside buffer and resuspended in 80 ul internal buffer. A G-25 column was equilibrated with
100 ul inside buffer, and the resuspended pellet was transferred to the column and centri-
fuged at 800 g for 2 min to remove any residual pyranine. The recovered liposomes were
harvested (50,000 rpm, 15 °C, 30 min.) and the pellet resuspended at 4 pl/ experiment in
internal buffer Ill (Table 2-7). Liposomes were diluted into 300 ul external buffer Il (Table
2-7) in a 0.85 ml cuvette containing a small magnetic flea under continual stirring. The fluo-
rescent change of pyranine was measured with a Cary eclipse fluorimeter at Aexcitation=415
and 460 nm; Aemission=510 nm. The reaction was initiated with addition of 300 ul external
buffer Il (Table 2-7) containing substrate and was measured over a period of 20 min at room
temperature.

The data were transferred into Prism Graph Pad and the intensity values at 460 nm divided
by the intensity values at 415 nm excitation wavelength to obtain Fr (460 nm/415nm). The values
were normalised so that the starting signal had a value of one in order to compare individual

experiments with each other.
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Table 2-7: buffer conditions for pyranine assays

internal buffer Ill external buffer Il
5 mM HEPES-NaOH pH 6.8 5 mM HEPES-NaOH pH 6.8
120 mM KCl 120 mM NaCl
2 mM MgSO4 2 mM MgSOq4

2.5 HOMOLOGY MODELLING

Homology models of GkApcT, AtCAT2 and hPAT1 were generated using a multiple sequence
alignments between the target and template protein (Figure A 1 and Figure A 2) generated
with PROMALS3D with default parameters (Pei and Grishin, 2014) and used as an input for
MODELLER (Webb and Sali, 2014).

For the repeat swap model of GkApcT, the modelling protocol reported by Vergara-Jaque et
al., 2015 was followed (Figure 2-6). First, the crystal structure of GkApcT was analysed in
PYMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC) and divided
into its symmetrical halves, named repeat unit 1 and repeat unit 2 (Figure 2-6, a). Both
halves were then extracted as new objects in PYMOL and superimposed onto one another:
first repeat unit 1 was superimposed with the super command in PYMOL, performing a se-
guence-independent structure based alignment, onto repeat unit 2, and then repeat unit 2
was separately superimposed onto repeat unit 1 to generate the alternate conformation of
the protein (Figure 2-6, b). This was stored as a coordinate file and used as the template
model (Figure 2-6, d). A sequence alignment with ALIGNME (Stamm et al., 2014) (Figure A
3) was performed and the repeat units’ sequences were then interchanged and merged to
generate a swapped template model sequence (Figure 2-6, c). Any N-terminal or C-terminal
overhangs that were not part of the symmetrical region were kept in their original location.
This alignment was then used as a MODELLER (Webb and Sali, 2014) input to generate the
initial repeat swap model (Figure 2-6, e). This model was then inspected and the alignment

adjusted if any structural elements were not modelled correctly.
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Figure 2-6: Schematic protocol for repeat-swap modelling

75



2.6 THERMAL STABILITY MEASUREMENTS

To evaluate the thermal stability, CD spectroscopy was performed using a Jasco J-815 Spec-
tropolarimeter (JASCO, Japan). Concentrated protein was diluted 1:100 into CD buffer con-
taining 10mM KPi pH 6.5 and 50 mM NaSOg, supplemented with either 0.03 % DDM, unless
specified otherwise, to reach a final protein concentration of 0.1 mg/ml. Absorption spectra
were collected in a wavelength range from 200 to 240 nm and temperature range of 20°C-
86°C. Melting curves were obtained by plotting the absorption value at A=220 nm against
the temperature. Graphs were plotted in PRISM (GraphPad) and analysed using a sigmoidal
fitting curve.

Wildtype GkApcT and mutants Glu115GIn, Lys191Ala, Lys191Asn, and Lys191Arg were fur-
ther investigated on their thermal stability in the presence and absence of 10 mM alanine
using the Prometheus NT.48 (NanoTemper Technologies). The proteins were diluted to a
final concentration of 0.5 mg/ml into buffer containing 25 mM citrate phosphate, pH 6.0,
100 mM NacCl, 2 mM MgS04 and 0.03% (w/V) DDM. Thermal measurements were carried
out in a range from 20°C-95°C with 1°C/min steps. The resulting melting curves were gener-
ated with the internal software by plotting the F330nm/F3s0nm signal against the temperature.
The final graphs were plotted in PRISM (GraphPad) using the first derivative of the initial

plots against the temperature.

2.7 CRYSTALLISATION

2.7.1 Vapour diffusion crystallisation

Crystallisation trials were carried out for MjApcT, GkApcT, StApcT and SoApcT using
MemGold (Molecular Dimensions Ltd.) and MemGold2 (Molecular Dimensions Ltd.) crystal-
lisation screens from Molecular Dimensions. Vapour diffusion crystallisation was set up in
sitting drop 96-well plates (SwissCi). 70 ul of the reservoir solution was manually dispensed
into the wells of the plates and 100 nl of reservoir solution and 100 ul of protein solution
(10 mg/ml) were mixed by a Mosquito liquid handling robot. The plates were stored at ei-

ther 4 °C or 20 °C and inspected using a Rigaku imaging system. Initial hits were optimised
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using a sparse matrix optimisation screen with varying PEG, detergent and salt concentra-
tions based on the initial crystallisation conditions. Additionally, hanging drop experiments
were performed in a 24 well hanging drop plate with 500 pl reservoir solution and a drop
by mixing of 1 ul of protein and 1 pl of the reservoir solution.

Crystals were harvested into cryo-loops (MiTeGen) and for cryoprotection were transferred
into the reservoir solution supplemented with detergent and an increased concentration of
PEG of 3 % more than in the crystallisation condition. The crystals were then cryo-cooled

and stored in liquid nitrogen until screened at Diamond Light Source MX beamlines.

2.7.2  In meso crystallisation

The detergent-solubilised protein was mixed with either molten 1-(cis-9-Octadecenoyl)-rac-
glycerol (monoolein, Sigma Aldrich), 1-(7Ztetradecenoyl)-rac-glycerol (7.7MAG, Avanti Polar
Lipids Inc.) or 1-(7Z-pentadecenoyl)-rac-glycerol (7.8MAG, Avanti Polar Lipids Inc.) in a vol-
ume ratio of 60:40 (lipid:protein) for the monoolein and monoolein/cholesterol mixtures,
and 50:50 for 7.7MAG and 7.8MAG. The lipid and protein were kept separately in 100 pl
gas-tight syringes (Art Robbins Instruments). For mixing, the syringes were connected with
a Teflon connector (Art Robbins Instruments) and both solutions mixed gently until a fully
transparent and homogenous LCP solution was formed (Figure 2-7). As crystallisation
screens, MemMeso (Molecular Dimensions Ltd.), diluted MemGold1 and MemGold2 (Mo-
lecular Dimensions Ltd.), and custom crystallisation screens were used. For further optimi-
sation, the Hampton salt stock (Hampton Research) and MemAdvantage (Molecular Dimen-
sions Ltd.) screens were employed. Additionally, screens were designed individually for op-

timisation of the initial hits found for each protein.
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Figure 2-7: Preparation of LCP

@ l Lipid @ (1) Molten lipid (red) is transferred
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bubbles appear. (3) The two syringes
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@ tents mixed through alternate move-

i = ment of the plungers until a transpar-
ent LCP (orange) has formed.

2.7.2.1 Mixing of lipids for optimised in meso crystallisation

It has previously been shown that the addition of cholesterol to the lipids used for LCP can
increase the chances of obtaining crystals and increase crystal size (Cherezov et al., 2007).
1g of monoolein (Avanti Polar Lipids Inc.) was supplemented with 100 mg of cholesterol
(Sigma Aldrich) in a glass vial. To dissolve both lipids, 2 ml of chloroform was added. The
solvent was removed by using a nitrogen stream, and the vial was heated in a water bath to
prevent the lipids from freezing. To remove any remaining chloroform, the vials were cov-
ered with a perforated cap and kept under vacuum overnight (Virtis benchtop K lyophiliser).

The dried lipid mixture was melted at 42 °C, divided into 50 pl aliquots and stored at -80 °C.

2.7.2.2 Crystallisation in in meso sandwich plates

50 nl of the protein-laden LCP were dispensed onto a siliconized microscope slide (85.5 mm
x127.8 mm x 1.0 mm, Thermo Scientific) with a sticky grid (96 grid points, 77 mm x 112 mm
x 5 mm, Saunders) followed by the dispensation of 800 nl of precipitant, and sealing with a
cover glass (77 mm x 112 mm, Thermo Scientific) (Figure 2-8). An LCP-handling robot
(Gryphon LCP, Art Robbins Instruments) was used to prepare the LCP sandwich plates. The

LCP plates were stored at either a constant 20 °C or 4 °C.
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Figure 2-8: Preparation of LCP sandwich
@ plates for in meso crystallisation
(1) The glass base plate is hydrophobically
covered with a silanising reagent (RainX,
Kraco Car Care International Ltd.). (2) Resid-
ual RainX is removed with a tissue until the
glass surface is completely clean. (3) The
cover slip from one side of the sticky gasket
@ @ is removed and with the sticky side down,
applied onto the coated glass base plate. (4)

The second cover slip of the sticky gasket is
" removed. The plate is fixed into the LCP ro-
ﬁ ! bot. One 50 nl drop of LCP is printed into

A | each well, followed by the addition of 800
l I I l I \ nl of precipitant solution on top. (5) To seal
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the crystallisation wells, a clean cover slip is
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2.7.2.3 Retrieving crystals from LCP sandwich plates

|
|
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To extract the crystals from LCP sandwich plates, the cover glass around the drop containing
the desired crystals was cut around the edges with a diamond cutter. The cover glass was
then removed gently with tweezers which sometimes resulted in the breaking of the cover
glass over the LCP drop. Once the LCP drop was uncovered in this way, a drop of the corre-
sponding precipitant condition was applied to prevent the drop from dehydration. The orig-
inal precipitant solution around the LCP bolus tends to move to the side once the cover glass
is lifted, and LCP grown crystals can disappear quickly without the application of more pre-

cipitant solution.

2.7.2.4 Preparation of samples for continuous LCP injector

LCP was prepared as described above. A lipid mixture of monoolein + 10 % cholesterol was

used for GkApcT, and 7.8MAG for PepTs: and the PepTsi-SeMet derivative. 10 pl of LCP and
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80 ul precipitant were used for each experimental setup. First, enough LCP was prepared
for the required number of experiments. Thorough cleaning, and working on tin foil reduced
the number of dust particles in the syringes and LCP. The dust, if present, would induce
clogging of the nozzle during injection into the beam during data collection.

Once enough LCP was prepared, it was evenly distributed between 100 pul Hamilton syringes.
Each syringe had the coupler applied so that the void in the coupler was fully filled with LCP
(male syringe). Thus, bubbles were prevented from entering the precipitant and LCP. 80 pl
of precipitant solution were aspirated into the ‘female’ syringe and connected to its male
counterpart (Figure 2-9). By holding the syringe pair horizontally and slowly pushing the
plunger of the ‘male’ syringe, LCP was injected into the precipitant (Figure 2-9). When all
the LCP had been injected, both syringes stayed connected and parafilm was applied around
the coupler area to prevent the mixture from drying out (Figure 2-9). The syringes were then
stored at 20 °C.

Before the injection of the LCP which now contained crystals, the syringes were discon-
nected so that the coupler stayed on the syringe with the LCP and precipitant. The precipi-
tant was removed by slowly pushing down the plunger of that syringe until almost all of the
precipitant was extruded. To incorporate residual precipitant and to ensure an even distri-

bution of crystals for the experiment, 2 ul of lipid was mixed with the residual LCP.

Figure 2-9: Preparation of LCP for
crystallisation in a syringe

(1) A syringe containing the precipitant so-
lution (blue) and a syringe with prepared
LCP containing protein (orange) are coupled
together. (2) The plunger of the LCP contain-
ing syringe is slowly pushed towards the
other syringe. (3) The extruded LCP forms a
curved tube surrounded by the precipitant.
(4) The syringes stay connected to each
other and the coupler region is sealed to
keep the syringes air tight.

@TOTEO T
|
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2.7.2.5 Continuous LCP injection - experimental setup

For the serial crystallography (SX) experiment at synchrotron beamline P11 at PETRA IlI,
Hamburg, LCP nozzles and an experimental setup similar to that described by Nogly et al.
(Nogly et al., 2015) were used. The injector consisted of the nozzle body, an LCP reservoir,
a hydraulic stage body, a hydraulic stage plunger and a gas line feedthrough. The LCP nozzles
consisted of an inner and outer capillary. The inner capillary was conical shaped and ex-
truded the LCP sample. The outer capillary had a melted aperture and was connected to an
external helium gas line that surrounded the LCP for stabilisation.

The LCP injector used in this experiment was supplied by Henry Chapman’s group at DESY
CFEL, and was purchased from Arizona State University (Weierstall, 2014). The injector was
positioned vertically downwards at an angle of 90° to the X-ray beam. An on-line microscope
and a remotely controllable HPLC system and gas line were also installed. The 4 pum x 9um
full width at half maximum (FWHM) beam was aligned with the LCP injector with the aid of
a fixed yttrium aluminium garnet (YAG) screen. The nozzle was then moved into place after
the X-ray beam has been aligned on the nozzle position was focused. A falcon tube under
the LCP nozzle was installed to catch any residual LCP. In case the experiment had to be
interrupted leaving the sample exposed to the air in the experimental hutch, a humidifier
was used to prevent the sample from drying out. Diffraction images were collected at am-
bient pressure and temperature using a Pilatus 6 M detector operating at 25 Hz. During data
collection, no shutter was used and the sample was exposed for 20 ms at 1.3 x 10%2 pho-
tons/s. In the second attempt to collect SX data on crystals of GKApcT and PepTs: a rotating
shutter was used and sample exposure was reduced to 8ms with a similar incident flux as

before.

2.8 HEAVY ATOM SOAKING

2.8.1 Heavy atom pre-screening

Pre-screening with AuCN, HgCl,, PtCl,, HgAc, and CHsHgCl using purified GkApcT was per-
formed to identify heavy metals that might destabilise the protein and would thus not be

used during derivatisation. 0.1 mg/ml of GkApcT was mixed with 3x this concentration of
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heavy metal compound and left on ice for 2 h. To remove any precipitant, the solution was
centrifuged for 30 min at 14 000 g at 4 °C. The supernatant was loaded onto a Superdex™

200 10/150 column.

2.8.2 Heavy atom soaking of crystals in LCP

The precipitant condition of the well containing crystals to be soaked was mixed with the
heavy metal of choice to a final concentration of 100 uM or 1 mM. The LCP plate well was
opened as usual and 1 pl of the heavy metal — precipitant mixture was added onto the LCP
drop. One well of the sticky grid was cut out and stuck onto the open well. The adhesive
cover was removed and the well closed with a glass cover slip. The crystals were left to soak

for 1 h, 2 h and overnight, and harvested as usual for data collection.

2.8.3 Heavy atom pre-derivatisation

Purified protein was mixed with 3 x heavy metal to protein concentration and left on ice for
2h. To remove any precipitated protein, the solution was spun down at 14 000 g for 30 min
at 4 °C. The supernatant was loaded onto a Superdex™ 200 10/300 column and fractions
containing protein were united and concentrated to the desired value for crystallisation in

LCP.

2.9 DATA PROCESSING AND PHASING

Spot finding, indexing and integration of the collected diffraction images were performed
with DIALS (Sauter et al., 2013), followed by scaling and merging with AIMLESS (Evans and
Murshudov, 2013). Initial phases were obtained by molecular replacement (MR) with
PHASER (McCoy et al., 2007) in the CCP4 suite. The template used for MR was generated
using CHAINSAW (Stein, 2008) with the published MjApcT structure (PDB-ID: 3GIA, 2.324)
and the protein sequence of GkApcT. The model was loaded into PYMOL and loops were

removed manually.
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2.10  SULPHUR SAD DATA COLLECTION

Due to difficulties placing the protein sequence into the electron density map generated by
molecular replacement, anomalous data were collected at beamline 123, Diamond Light
Source, UK and BL1A, Photon Factory, Japan. Inverse beam data collection was performed
in both cases under vacuum at 123 and in a helium environment at BL1A, collecting at wave-
lengths of 2.75 A and 2.7 A, respectively.

The two data sets per inverse beam data collection were processed individually in XDS (Kab-
sch, 2010) and combined using XDS_SCALE (Kabsch, 2010), followed by MR. Initially, the MR
model described above and at later stages, the refined model was used. To generate the
difference Fourier map, the files were prepared with SHELXC (Sheldrick, 2008) and the maps
calculated using ANODE (Thorn and Sheldrick, 2011).

2.11  MODEL BUILDING AND REFINEMENT

Model building into the electron density map was performed in COOT (Emsley et al., 2010).
The initial MR model, the maps from MR and the maps from the sulphur SAD data collection
were used to guide the correct insertion of the protein sequence. Structure refinement was
carried out in BUSTER (Bricogne et al., 2016) to a final resolution of 2.86 A with an Rwork/Rfree
of 0.22/0.27. Geometry restraints for ligands were calculated with GRADE

(http://grade.globalphasing.org).
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3 Screening of homologues

3.1 SMALL AND LARGE-SCALE EXPRESSION OF APCT HOMOLOGUES

To find suitable candidates for structural and biochemical studies of a potential proton-cou-
pled APC transporter, homologues of MjApcT were identified from bacteria and archaea. A
BLAST search (Altschul et al., 1990) against the UniProt and non-redundant protein library

was performed using the protein sequence of MjApcT as the template.

Table 3-1: Screened ApcT homologues

Protein Organism Optimal growth Optimal
name Temp.! growth pH*
MjApcT Methanocaldococcus jannaschii 48 °C-94 °C 5.2-7 Archaea
GKkApcT Geobacillus kautophilus 60 °C-74 °C 2-12 Bacteria, gram +
SaciApcT Sulfolobus acidocaldarium 55°C-90 °C 1-9 Archaea
StApcT Streptococcus thermophilus 45 °C 6.5 Bacteria, gram +
StkApcT Sulfolobus tokodaii 80 °C 2.5-3 Archaea
SoApcT Shewanella oneidensis 22-35°C 6-9 Bacteria, gram -
SsoApcT Sulfolobus solfataricus 80 °C 2-4 Archaea

1 the optimal growth temperature and optimal growth pH of the organisms from which the proteins orig-
inate from

The selection of proteins identified as suitable from the BLAST search is given in Table 3-1.
Additionally, information on the number of predicted transmembrane helices, and the op-
timal growth temperature and pH of the individual organisms, if this information was avail-
able in the literature, are given. All candidates are derived from thermophilic organisms that
can survive in “harsh” environments with high temperatures and pHs. Proteins from ther-
mophilic organisms tend to be more temperature stable, which is one fundamental property
necessary for crystallisation (Deller et al., 2016).

The protein sequences of the selected homologues were used to generate a phylogenic tree
to elucidate the evolutionary relationship to members of the SLC7 and the APC family (Fig-
ure 3-1). GKApcT, SsoApcT, StkApcT and StApcT show a very close relationship to the CATs
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of the SLC7 family. SoApcT is closely related to LeuT, SaciApcT shares a close relationship
with MjApcT and AdiC (Figure 3-1). Therefore, the pool of the selected MjApcT homologues
might represent a range of proteins with different substrate specificities and coupling mech-

anisms.

LATs (SLC7)

e
S
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&

Figure 3-1: Phyolgenic tree of screen homologues and APC members

A phylogenic tree was generated using a multiple sequence alignment generated with PROMALS3D (Pei and
Grishin, 2014). The screened homologues were SaciApcT, GkApcT, SoApcT, StApcT, StkApcT and SsoApcT.

Genes encoding ApcT homologues of thermophilic bacteria and archaea were cloned into
the pWaldo-GFP vector under the control of the T7 promoter (Drew et al., 2001) through
which the proteins are expressed with a C-terminal TEV-cleavage site, GFP-tag and an 8xHis-
tag. The constructs were transformed and expressed in the C43(DE3) E.coli strain. The GFP-

tag has several advantages; functional, and thus fluorescent, GFP is only available when the
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fused membrane protein is properly folded, expression levels can be determined by GFP-
fluorescence in the cell suspension and the tagged-protein can easily be followed through-
out the purification process, though cleavage of the GFP can destabilise the protein of in-
terest.

To identify potential candidates for large-scale expression and purification, a small-scale ex-
pression of each construct in 10 ml LB medium was carried out. Of the investigated proteins,

five were found to be suitable: MjApcT, GKApcT, SoApcT, SaciApcT and StApcT (Figure 3-2).
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Figure 3-2: Expression levels of ApcT homologues in LB medium

SsoApcT and StkApcT showed low expression levels in LB medium (0.7 mg/l and 0.4 mg/I
respectively). Repetition of small scale expression for both constructs was performed in LB,
TB and PASM5052 media but none of them increased the expression level. To determine
the stability of the expressed proteins in detergent, FSECS were performed. DDM was used
as a first choice for FSEC as is has proven successful for solubilisation for several membrane
proteins and it is a relatively mild detergent. For FSECs, cells were grown in 10 ml TB cul-
tures, and overnight protein expression was started over induction with IPTG, followed by
a small-scale membrane preparation and solubilisation of the membranes in buffer contain-

ing 1 % DDM.
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Figure 3-3: FSEC profiles of MjApcT, GkApcT, StApcT, SoApcT and SaciApcT in DDM

Gel filtration profiles for MjApcT, GkApcT, StApcT, SoApcT and SaciApcT after solubilisation in 1 % DDM. The
supernatant of the solubilisation reaction was loaded onto a 5200 10/300 column and the fluorescence of
GFP in arbitrary units (AU) was monitored over the elution volume (V) in ml.

The soluble portion was separated from the non-solubilised protein by centrifugation. Size
exclusion chromatography was performed by loading the supernatant onto a size exclusion
column and following the fluorescence of GFP over time (Figure 3-3). The FSEC trace of the
MjApcT-GFP fusion shows a monodisperse peak indicating a stable protein and no aggrega-
tion in DDM (Figure 3-3). The solubilisation efficiency was 100 % in DDM for all the con-
structs tested here.

For GkApcT-GFP, a peak at the elution volume of 12 ml is observed which indicates a possi-

ble dimer formation of the protein. A small peak observed at an elution volume of ~18 ml
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corresponds to free GFP, whereas the peak at 16 ml corresponds to the GkApcT-GFP fusion
protein (Figure 3-3). A similar profile is observed for SoApcT, SaciApcT and StApcT, although
for the latter the peak of free GFP is much higher which might indicate proteolysis of the
GFP off the fusion protein. However, the FSEC analysis identified DDM is a suitable candi-
date for the purification of the investigated proteins. It was noted that most of the protein
was lost during the extraction from the membrane of the SaciApcT sample, identified by
determining the GFP fluorescence before and after cell lysis (approx. 80% loss of SaciApcT-
GFP after cell disruption).

Large-scale expressions of the selected constructs (MjApcT, SaciApcT, GkApcT, SoApcT, and
StApcT) were carried out in two litres of TB media. The cells were harvested and the expres-
sion level determined by GFP-fluorescence measurements (Aexcitation=488 nm, Aemission=512
nm). All investigated constructs showed similar levels of expression with a wet pellet weight

of around 25-30 g per litre of TB.

3.2 PURIFICATION OF APCT HOMOLOGUES

Based on the results from the pre-screening of the expression of each construct, MjApcT,
SaciApcT, GkApcT, SoApcT and StApcT were further purified. Briefly, the purification in-
volved the solubilisation in DDM, removal of non-solubilised proteins via ultra-centrifuga-
tion, purification over a Ni-NTA column, removal of the GFP/His-tag through TEV-cleavage
overnight, purification of the cleavage reaction over a His-trap column, and size exclusion

chromatography, here also referred to as gel filtration (Drew et al., 2008).

Table 3-2: Purification specifications from ApcT homologues

Protein Protein size  Solubilisation efficiency  Binding efficiency Yield of purified pro-
[kDa] [%] to resin [%] tein from 1L TB
[mg]
MjApcT 47.3 90-95 60-70 1
GKkApcT 50.8 90-100 60-70 1-2
StApcT 45.1 80-90 50-60 0.5-1
SoApcT 49.8 90-100 70-80 0.3-0.6
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The proteins showed similar and reproducible solubilisation efficiency in DDM ranging from
80 % to 100 %. Similar observations could be made for their binding efficiency to the Ni-NTA
resin (50-80%, Table 3-2). Although the expression level of SaciApcT was high (around 2.5
mg/l), it could not be purified successfully. As noted during the small-scale membrane ex-
traction, most of the protein was lost during cell disruption which was also the case for the
large-scale extraction from the membrane.

Analysis of the SDS-gels and SEC profiles (Figure 3-4) suggests homogeneous and pure pro-
tein samples for MjApcT, GKApcT, SoApcT and StApcT. After TEV-cleavage, a shift of the band
is observed which is in accordance with the loss of the GFP/His-tag from the target proteins
(shift of around 28 kDa) as indicated by the gels shown in Figure 3-4. The cleaved protein is
seen in the flow-through during purification over a Ni-NTA His-trap and thus it has been
successfully separated from the GFP/His-tag and other non-specifically bound proteins that
were co-eluted after the first affinity purification step. In the case of GkApcT and StApcT
(Figure 3-4B and D), the SDS-gel reveals minor contaminants that were reduced by altering
the purification protocol, which includes the incubation of the protein solution and the resin
in 20 mM imidazole, followed by a washing step with 40 mM imidazole. The purified pro-
teins were concentrated to 10 mg/ml and further used for crystallisation trials and stability
assays. It was not possible to purify SaciApcT in high quantities, since 80% of the SaciApcT-
GFP fusion were lost during cell disruption and preparation of the membranes and
subsequent purification of the protein from the membranes revealed aggregation, as seen

by the SEC profile and only small amounts of protein (Figure 3-4E).
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Figure 3-4: SDS gel analysis of purified ApcT homologues

12 % Tris-glycine gel and SEC profiles of the purification of MjApcT (A), GKApcT (B), StApcT (C), SoApcT (D),
SaciApcT (E). During the purification process of the listed proteins, samples were taken and loaded on the
12 % Tris-glycine gel. The SEC profiles show the monitored absorption at 280 nm (UV) in arbitratry units
(AU). 1: crude membrane sample; 2: solubilisation in DDM; 3: soluble fraction; 4: flow-through from Ni-
NTA resin incubation; 5: flow-through of washing step with 15 mM imidazole; 6: flow-through of washing
step with 30 mM imidazole; 7: flow-through of elution step with 250 mM imidazole; 8: overnight TEV cleav-
age and dialysis; 9: flow-through of reverse IMAC with His-trap column; 10: elution of His-trap with 250
mM imidazole; 11: flow-through of concentrator unit; 12: fraction of main peak from gel filtration run. The
target protein is indicated by an asterisk.
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3.3 THERMAL STABILITY OF SELECTED APCT HOMOLOGUES AND DETERGENT SCREENING

Protein stability has been associated with the formation of high-resolution X-ray diffraction
data (Sonoda et al., 2011). One factor that can influence the stability of a membrane protein
is the detergent it is solubilised in. Therefore, to identify detergents suitable for crystallising
the ApcT homologues GkApcT and MjApcT. The two transporters were chosen since crystal-
lisation with GkKApcT resulted in low diffracting crystals (Section 3.4.1), and it was antici-
pated to also obtain crystals of MjApcT to potentially identify the substrate binding site of
this protein. Purified GkApcT and MjApcT were incubated with buffer containing different

selected detergents (Table 3-3).

DDM, OG and LDAO were chosen, since they have been the most commonly used deter-
gents for crystallisation (Parker and Newstead, 2012). Cymal-5 has been successful in crys-
tallisation of the APC members BetP and CaiT (Schulze et al., 2010; Perez et al., 2011). DMNG
and OGNG are examples of a new class of MNG detergents containing a central quaternary
carbon and two lipophilic chains (Chae et al., 2010).

Incubation overnight, followed by gel filtration, gave the stability of GKApcT and MjApcT in
LDAO, 0G, Cymal-5, DMNG and OGNG (using 3 x CMC of each detergent). MjApcT showed
no precipitation at all but GKkApcT precipitated in OG, LDAO and OGNG. For each sample,
aggregated protein was separated from the residual solution via centrifugation. The super-
natant was used for further analyses. To increase the detection sensitivity of the protein
signal during the size exclusion experiment, the intrinsic tryptophan fluorescence (Aexcita-
tion=280 NM; Aemission=350 nm) was measured (Figure 3-5).

The elution profiles reveal that GKApcT is most stable in Cymal-5 and DMNG showing a mon-
odisperse peak for both detergents (Figure 3-5). MjApcT shows a sharp peak in LDAO, OG
and Cymal-5, which would suggest these detergents should be used for further experiments.
Circular dichroism (CD) can be used as a method to calculate the nature of the secondary
structure of a protein. CD measurements are based on the different absorption of right-
handed and left-handed circularly polarised light when passing through a chiral molecule.
The amide backbone of a protein provides such chirality and shows characteristic CD signals
for wavelengths below 240 nm. When the amide bond is arranged in a specific array e.g. an

alpha helix, this arrangement has a distinct CD profile (Figure 3-6).
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Table 3-3: Selected detergents for stability assays

Detergent name Chemical structure Property CMC *
(% w/V)
DDM HO non-ionic ~ 0.0087
HO HO
HO O
OH
oG HO non-ionic 0.53
HO/&O:
HO O~
OH
Cymal-5 Ho non-ionic  0.12
HO HO
OHO&’ \_/\/‘\/(>|
HO (0]
OH
LDAO \ﬁ/\/\/\/\\/\/\ zwitterionic  0.023
o7

DMNG 2 non-ionic 0.0034
HO

HO HO HO HO

OGNG HO non-ionic 0.058
HO Q
H/Oﬂg,o
HO
HO

HO" HO

*CMC — critical micelle concentration

Therefore, CD scans and melting curves were collected for MjApcT and GkApcT in the de-
tergents that kept the protein stable during the SEC experiments. The results were com-
pared with the results obtained using DDM, the detergent used for purification, to identify
the stability and impact of the detergents on the secondary structure of the membrane pro-
tein. Thus, detergents that do not disrupt the secondary structure of the protein and im-
prove its thermal stability determined via the CD melting curves, are good candidates as

detergent to use in crystallisation trials.
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Figure 3-5 GkApcT and MJApcT size exclusion experiments in different detergents

FSEC profiles of GkApcT (A) and MjApcT (B) after incubation with OG, OGNG, DMNG, LDAO and Cymal-
5. Samples were loaded onto a Superdex 200 5/150. The intrinsic tryptophan fluorescence (in arbitrary
units, AU) was monitored over the eluted volume.
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Figure 3-6: Characteristic CD spectra of different secondary structures

Figure adapted from Greenfield, 2007.

CD measurements revealed that the investigated proteins show the common CD profile for
alpha helical proteins (Figure 3-6 and Figure 3-7) and share a common profile for the deter-
gents that were tried (Figure 3-7). Thus, it appears that the protein secondary structure is
unaffected and does not suffer from destabilisation at room temperature by using these
detergents. The melting curves (Figure 3-7B, C) reveal that GKApcT in Cymal-5 shows no shift
in its ellipticity at 220nm (which refers to the region in the CD diagram that characterises
the alpha helical nature of a protein), suggesting that the protein is more stable in Cymal-5
than in DDM and DMNG. The melting temperature using DMNG is similar to that of DDM,
but the ellipticity signal levels off at a lower value. This indicates that the protein is not fully
degraded and that in turn the detergents partially stabilise the secondary structure at higher
temperatures. Thus, both Cymal-5 and DMNG could be used for purifying and crystallising

GkApcT in the future. MjApcT shows a higher temperature stability in DDM and Cymal-5.
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Figure 3-7: CD analysis of MjApcT and GkApcT

CD spectra of MjApcT (A) and GkApcT (B) in different detergents were taken over a wavelength range of
190-260 nm. Additionally, melting-curves were generated where a CD spectrum was taken at 2 °C temper-
ature intervals over a range from 20-86 °C. Here, the ellipticity at 220 nm at each temperature point is
plotted against the temperature for MjApcT (C) and GkApcT (D).

There is no shift in the ellipticity signal at 220 nm in DDM and only at very high temperatures
for Cymal-5. Thus, Cymal-5 could be used for this protein for both purification and crystalli-

sation trials.

Table 3-4: Melting temperatures (°C) of MjApcT and GkApcT in different detergents

Detergent MjApcT GkApcT
DDM n.a. 58.5
Cymal-5 n.a. n.a.
DMNG - 57.6
LDAO 74 -
oG 59.8 -
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3.4 CRYSTALLISATION TRIALS AND OPTIMISATION ON APCT HOMOLOGUES

3.4.1 Vapour diffusion

Vapour diffusion crystallisation experiments were carried out at 20 °C and 4 °C. No crystals
were found for MjApcT, StApcT, SoApcT and SaciApcT. Crystals of GKApcT were observed in
MemGold2 after eight days at 4 °C in two conditions. These conditions were optimised and
used for sitting-drop and hanging-drop experiments. The optimisations involved gradients
in salt and PEG concentration (Figure 3-8). Crystals appeared in the sitting drop experiments

after one week but the crystals were too small for testing with normal synchrotron X-ray
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Figure 3-8: Optimisation screen of condition A8 of MemGold2 for vapour diffusion experiments with GKApcT:

The optimisation screen for vapour diffusion crystallisation trials with GKApcT is based on a crystallisation
condition which contained 0.1 M LiCl, 0.1 M CdCl, 0.1 M NaAc pH 4.5, 30% (v/v) PEG400.

beam sizes.

After further extensive optimisation of the crystallisation conditions using vapour diffusion
larger crystals of GKApcT were obtained (Figure 3-9) but their diffraction quality did not im-
prove to resolutions higher than 10 A.

Therefore, another optimisation trial was carried out. It showed that the crystals could be

reproduced but they did not get sufficiently larger with varying PEG or salt concentrations.
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A change of detergent for crystallisation was considered as an alternative strategy. The ini-
tial detergent screens performed for GkApcT suggested DMNG and Cymal-5 as potential
alternatives to DDM for crystallisation trials. The protein was purified as usual in DDM but
the final gel filtration step was performed in buffer containing 0.0102 % of DMNG and 0.36
% of Cymal-5. GKApcT was concentrated as usual to 10 mg/ml and the protein used for sit-
ting drop crystallisation trials using MemGold1 and MemGold2, and then stored at 4 °C and
18 °C respectively, but the diffraction quality did not improve with the listed detergents.

In parallel with these experiments, crystallisation in a lipid environment, the lipidic cubic

phase (LCP), was also performed.

A

~ 150 um ~ 150 um

Figure 3-9: Examples of crystals of GKApcT in vapour diffusion sitting drops

GkApcT crystals grew in sitting drop plates after 7 days. Shown are crystals of GKApcT (purified in DDM) in (A)
0.1 M sodium chloride, 0.1 M MES pH 6.5, 36% v/v PEG 300, 4 °C; (B) 0.1 M Lithium Chloride, 0.1 M CdCl, 0.1
M NaAc pH 4.5, 30% (v/v) PEG400, 4 °C; (C) 0.2 M NaCl, 0.1 M HEPES-NaOH pH 7.0, 29 PEG400, 4 °C and (D)
29 % v/v PEG 400, 0.1 M HEPES-NaOH pH 7.0, 0.1 M NacCl, 0.1 M LiSO4,0.012 M Cymal-2, 4 °C.
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3.4.2 Crystallisation in the lipidic cubic phase

All screened APC homologues, MjApcT, GKApcT, SoApcT and StApcT were subject to crystal-
lisation in LCP. As a starting condition, 10 mg/ml of protein was reconstituted into
monoolein, a commonly and successfully used lipid for this crystallisation technique. The
concentration was chosen based on the published structures of other bacterial membrane
proteins in LCP. In comparison, for eukaryotic membrane transporters, it has been recom-
mended to use an increased protein concentration, as has been shown to be beneficial for
crystallising GPCRs (concentration used: 40 mg/ml) (Cherezov et al., 2007; Byrne et al., 2016;
Zhang et al., 2017b).

3.4.2.1 Crystallisation of MjApcT in LCP

Micro-crystals of MjApcT were observed in LCP and the conditions giving these crystals op-
timised to obtain crystal sizes suitable for the use in a synchrotron X-ray beam. A sparse
matrix optimisation was performed, using gradients in salt and PEG concentrations (Figure
A 4A). Bigger crystals (~ 25 um in the longest dimension) could be observed with lower PEG
concentrations. Crystals were directly mounted into cryo-loops, cryo-cooled into liquid ni-
trogen, without additional cryo-protectant, and screened at 100 K on beam lines 124 and 104
at the Diamond Light Source (DLS), but no protein diffraction patterns were observed. This
can be due to different reasons. Firstly, this could have been because no crystals were pre-
sent in the loops. It should be noted that the mounting of the crystals out of the LCP envi-
ronment is a difficult task. When a well has been opened to harvest the crystal inside the
LCP, the contact with air during this process cause the crystals to dissolve. Since the visibility
of a crystal is lost once it is mounted into the cryo-loop, it is difficult to know if a crystal has
been successfully mounted. Therefore, X-ray diffraction grid scans must be performed to
identify the presence of a crystal in the cryo-loop (Cherezov et al., 2009).

Secondly, the crystals screened at the beam lines might not have been protein crystals. The
identification of LCP grown protein crystals relied on their birefringent properties but salt
crystals can exhibit the same signal. Thus, the nature of the observed birefringent object

can be misinterpreted. New techniques have been developed to identify protein crystals in
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LCP. One option is the Second Order Nonlinear Imaging of Chiral Crystals (SONICC) system
(Kissick et al., 2010, 2011) which relies on the non-linear optical process of second-harmonic
generation (SHG) by chiral objects. A disadvantage of this method is that not only protein
crystals are visible, but other chiral objects such as salts, too. Another approach is the use
of a UV microscope to help distinguish between salt and protein crystals, but it cannot be
used for proteins that do not contain naturally occurring aromatic residues. To understand
why some of the conditions did not give any crystals in LCP, LCP fluorescence recovery after
photo-bleaching (LCP-FRAP) (Xu et al., 2011) could be used to investigate the mobility of the
protein in the LCP. It has been proposed that the higher the mobility, the more likely it will
be to crystallise (Xu et al., 2011).

Further optimisation (Figure A 4A & B) and repetition of the screens already used, resulted

in crystals of MjApcT of ~ 30 um in size (Figure 3-10).

Figure 3-10: MjApcT crystals grown in LCP

LCP grown crystals of MjApcT were observed in conditions containing (A) 27 % PEG500 DME, 0.05 M MgSOQa,
0.1 M MES pH 6.0 and (B) 26 % PEG500 DME, 0.1 M MgS04, 0.1 M MES pH 6.0. The crystals are shown under
cross-polarised light and are roughly 20 um in size.
Again, crystals were mounted and screened at beamline 124 at DLS. This time, protein dif-
fraction patterns were observed (Figure 3-11) and a complete data set was collected for
MjApcT grown in 26 % PEG500 DME, 0.1 M MgSQOg4, 0.15-0.18 M MES-NaOH pH 6.0. Auto
processing with the XIA2 pipeline (Winter, 2010) using XDS (Kabsch, 2010) was performed
and resulted in a data set up to 3.5 A resolution (Table 3-5). The spacegroup was P2; with

unit cell parameters of a=54.14 A, b =222.97 A, ¢ =92.05 A and o = 90.00°, B = 100.78°, y
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=90.00°. Analysis of the Matthews coefficient suggested the presence of four MjApcT mol-

ecules per asymmetric unit.

Figure 3-11: Diffraction pattern recorded for LCP grown crystals of MjApcT

Arrows indicate recorded reflections on the detector.

Molecular replacement with PHASER (McCoy et al., 2007) using the published structure of
MjApcT (3GIA, 2.32 A), with deletion of flexible loop regions, provided initial phase infor-
mation, followed by a refinement step in BUSTER (Bricogne et al., 2016). Due to the low
resolution (3.5 A) of the maps, the position of side chains could not be verified with cer-
tainty, but the overall fold of the structure suggested a closed conformation identical to the
published structure (Shaffer et al., 2009) (Figure A 6). Thus, the conformation of the protein
did not change in the lipid environment compared with the detergent environment. All
other screening attempts to optimise the crystallisation conditions of the crystal by using
other host lipids and additive screens did not result in an increase in the diffraction resolu-

tion.
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Table 3-5: Data collection and refinement parameters of MjApcT

Beamline

Detector
Wavelength (A)
Temperature (K)
Exp. Time (s)

Osc. (°)

Total number of images
Mosaicity (°)
Wilson B-factor (A2%)
spacegroup

unit cell

Resolution (A)!
Rmerge
Rmeas

R pim

Total number of observations

Total number unique
1/o(1)

CCy/2

Completeness (%)
Multiplicity

MjApcT
124, DLS
PILATUS 6M
0.9686
100
0.1
0.5
360
0.311
68.9
P12:1
54.14 A, 222.96 A, 92.05 A
90.00 °, 100.78 °, 90.00 °
90.43-3.5 (3.74-3.5)
0.455 (2.011)
0.544(2.394)
0.295 (1.287)
90518 (16572)
26998(4881)
2.1(0.6)
0.823 (0.428)
99.9 (99.9)
3.4(3.4)

alues for highest resolution shell are given in parentheses

3.4.2.2 Crystallisation of GKApcT in LCP

Initial crystals of GKApcT were found in the MemMeso screen using monoolein as the host
lipid, but the crystals were very small (~ 5 um). The hit condition contained 0.1M sodium
citrate tribasic dihydrate pH 5.0 and 40 % v/v PEG 200. A sparse matrix optimisation screen
with varying PEG concentrations and different pHs (Figure A 5A), increased the crystal size
to ~10 um. Those crystals were harvested and screened for diffraction at the 124 beamline
at DLS. The maximal visible diffraction went to 4-5 A but the crystals were too small and
radiation sensitive to obtain a full data set. Therefore, further optimisation of the crystalli-
sation conditions was indicated. The specific lipid used for crystallisation is another compo-
nent that can influence the crystal size. Thus, different lipids, and a mixture of the lipids
monoolein and cholesterol were tested. The latter is usually used for the crystallisation of

GPCRs (Hanson et al., 2008; Salom et al., 2013; Fenalti et al., 2015; Byrne et al., 2016). The
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monoolein-cholesterol composition and the addition of the substrate alanine to the crystal-
lisation screen led to a slight increase in crystal size (Figure 3-12A) but did not improve the
diffraction resolution. Using the salt screen from Hampton Research, needles with a maxi-
mum size of 20 um in the longest dimension (Figure 3-12B & C) appeared after a few days
and subsequent screening at the DLS 124 beamline revealed that those crystals diffracted to
3.5 A visible resolution. A full data set was collected and processed using XDS. Unfortu-
nately, the processing revealed that, due to radiation damage, viable data could only be
obtained from the first 10°-20° of data collection. However, this was enough to determine
the space group of the crystal lattice to be P412121. The inclusion of additional data sets
using additional crystals still did not result in a sufficiently complete data set for structure
solution by MR.

The crystals obtained with the LCP method are of sizes smaller than 20 um and hence the
use of a micro-focus beam is indicated. In principle, crystals that small, and normally over-
looked for the purposes of synchrotron data collection, could potentially be used for X-ray
data collection at an X-ray Free-Electron Laser source (XFEL) via SX. The development of SX
originated in macromolecular crystallography experiments using XFELs, during which each
crystal is destroyed in one single shot and therefore a continuous replenishment of fresh
crystals has to be provided (Weierstall, 2014). SX can be utilized if crystallization has resulted
in many small crystals, deemed too small for collection of a full data set via the conventional
goniometer-based rotation method.

The fundamental advantages of SX over conventional (i.e., goniometer-based) crystallog-
raphy are twofold: first, time-resolved studies of fast (< ms), and, more importantly, irre-
versible processes become accessible. Secondly, in the case of serial crystallography using
the femtosecond-short pulses of an XFEL, data collection can be performed at incident X-
ray intensities beyond conventional radiation damage limits in a so-called “diffraction-be-
fore-destruction” approach during which a “snapshot” of the crystal is obtained (Barty et
al., 2011; Chapman et al., 2011). SX pioneered at XFELs, is usually termed Serial Femtosec-
ond Crystallography (SFX). It has, as well as advancing the data collection and data pro-
cessing procedures themselves, resulted in significant developments in batch crystallization
of the protein of interest in buffer media containing many small microcrystals (Wu et al.,
2015b), as well as microfluidic injection of these sample-saturated media in a continuous

stream for rapid screening (Heymann et al., 2014; Perry et al., 2014; Pawate et al., 2015) or
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using LCP injection systems to deliver crystals of membrane protein crystals (DePonte et al.,

2008; Weierstall et al., 2012, 2014).

A

Figure 3-12: LCP crystals of GKApcT after optimisation

Initial hit of GKApcT crystals in 40 % PEG200, 0.1M NaCit pH 5.0, 10 mg/ml GkApcT grown at 20 °C using MO
as the lipid matrix(A). Crystal hits after optimisation using the Hampton Research stock options screen(B).
Crystals appeared after 1 day and were grown in 36 % PEG200, 0.1 M NaAc pH 4.0, 0.1M Knatart at 20 °C
using MO:Chl as hosting lipid. The crystals were further optimised by changing the KNatart concentration
to 0.05 M (C). Crystals are shown in cross polarised (left) and visible light (right). Arrows indicate individual
crystals.
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The method of SX has also been transferred to synchrotrons (Gati et al., 2014) and even
membrane protein crystals in LCP have been utilized, as was first demonstrated by experi-
ments with bacteriorhodopsin at the ESRF (Nogly et al., 2015).

For this thesis, a SX experiment at the P11 beamline at PETRA-IIl, Hamburg, has been con-
ducted in collaboration with the group of Prof. Henry Chapman, CFEL, DESY, Hamburg, and
will be described in Chapter 7. In the preparation process for batch crystallization of the
proteins for the experiment at P11 the purification protocol of GkApcT was adapted so that
instead of purifying from 2L of cell culture, 4 L was prepared and purified as batch and the
protein was concentrated to 30 mg/ml instead of to 10 mg/ml, as a higher protein concen-
tration gave a higher crystal density in the crystal growth set up used for the SX experiment.
Simultaneously, the same protein batch of GkApcT was diluted from 30 mg/ml to 10 mg/ml
with a gel filtration buffer containing DDM for the LCP plate set up, and then rescreened for
crystals using the optimisation screens from past trials. Using the initial crystallisation con-
dition from the MemMeso screen, together with the addition of the stock option salt screen
from Hampton Research, new crystals appeared in different conditions than previously ob-
served, such as the crystallisation condition containing 100 mM potassium fluoride (KF). In
it, 20 um diamond shaped crystals appeared after one week. Further optimisation (Figure A
5B) resulted in crystals that were either rod or cube shaped, and varied in size from 20-30

um (Figure 3-13).

Figure 3-13: GKApcT crystals

Crystals of GkApcT appeared after 1 day and grew to their full size as shown above in 7-14 days. Crystals
appeared in conditions containing 28-34 % PEG400, 0.1 M NaAc pH 4.0, 0.08-1.2 M KF. Monoolein with 10 %
cholesterol was used as the host lipid.

106



3.5 CONCLUSION

To obtain a full picture of the function of a protein, biochemical and structural data are
crucial. For membrane proteins, producing the required amounts of pure protein in suffi-
cient quantities can be challenging, and common difficulties include low expression yields,
as well as e.g. destabilisation of the protein when extracted from its membrane environ-
ment and during progression to a pure protein solution. Sampling over a selection of ho-
mologous proteins represents a viable way to increase the chances of successful protein
expression, purification, and finally crystallisation.

Here, several candidates were assayed through this pipeline to obtain structural data of a
substrate bound ApcT transporter, leading to novel insights into the transport mechanism
of this family and its human homologues.

Five of the seven proposed candidates were overexpressed in high quantities in E. coli,
FSECS was used to identify DDM as the detergent of choice for purification, and sufficient
yields were obtained of pure StApcT, SoApcT, MjApcT and GkApcT. Crystallisation trials with

the four constructs resulted in data sets from LCP grown crystals of MjApcT and GKApcT.
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4 The transporter function of GKApcT

To understand how a transporter works, which substrates it transports, and under which
conditions this transport is facilitated, functional studies are vital. For this, an environment
is necessary that can maintain electrochemical gradients, since this is the driving force of
substrate translocation by the secondary active transporter studied here. Additionally, it is
desirable to study the transporter as close as possible to its native membrane environment.
Furthermore, it should be possible to easily change the experimental settings to enable
screening a range of conditions under which the transporter can be analysed. The use of

liposomes for transporter activity measurements provides the stated properties.

4.1 LIPOSOME BASED ASSAY TO UNDERSTAND TRANSPORT OF AMINO ACIDS ACROSS THE MEM-

BRANE

Liposomes are lipid vesicles into which a membrane protein can be incorporated and that
offer the possibility of manipulating the exterior and interior medium surrounding their
membrane. Liposome-based methods are therefore feasible to use in the study of the mech-
anism of membrane transporters. The lipids that are used for liposome preparation depend
on the protein that is reconstituted and should be tested in advance. E. coli polar lipids can
be used for example for membrane proteins of bacterial origin. The lipid mixtures are de-
rived from extraction from E.coli total lipids with acetone, separating the polar lipids from
the nonpolar lipids and lipopolysaccharide. The E.coli polar lipid mixture is composed of the
cationic phosphatidylethanolamine (PE), and the anionic phosphatidylglycerol (PG), and car-
diolipin (CL) (Figure 4-1A) at 67 %, 23.2 % and 9.8 % of the lipid mixture, respectively
(https://avantilipids.com/product/100600/). Usually, the E.coli polar lipids are supple-
mented with phosphatidylcholine (PC) for liposome based assays. Alternatively, a mixture
of synthetic POPE:POPG in a 3:1 ratio, (Figure 4-1B) has been used for the arginine/agmatine
antiporter AdiC (Tsai et al., 2012). POPE and POPG are synthetic structurally similar lipids to

PE and PG from E.coli, therefore mimicking the lipid composition of E.coli.
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Figure 4-1: Chemical structures of lipids used for liposomes

E.coli:PC (3:1) lipid mixture: E.coli polar lipids consist of phosphatidylethanolamine (PE), phosphatidylglycerol
(PG) and cardiolipin (CA). Here, the mixture was supplemented with phosphatidylcholine (PC) (A). Synthetic
POPE:POPG (3:1) liposomes consisted of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) mimicking a similar composition to that of E.coli
polar lipids (B).

The membrane protein of choice is usually kept in solution with a detergent which results
in the destabilisation of the liposomes during the reconstitution process. This makes the
liposomes more ion-permeable during liposome-based assays, especially when gradients
across the lipid membrane are applied. Consequently, removal of the detergent during the

membrane protein reconstitution is desirable. For liposome preparation, the solvent that
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keeps the lipid mixture in solution has to be removed first. The dried lipids are then rehy-
drated in an aqueous solution (here 50 mM KPi pH 7.0). In this process, the dried lipid film
starts to swell and forms multilamellar vesicles (MLVs) in the aqueous solution (Figure 4-2).
Before the membrane protein can be reconstituted into the lipid environment, the MLVs
have to be pre-treated either by sonication or extrusion through a small filter unit to obtain

unilamellar vesicles (ULVs), which consist of a single lipid bilayer.

=

Lipids in solvent Dried lipids Rehydration of lipids

G

Rehydration of lipids Multilamellar vesicles

Figure 4-2: Preparation of lipid vesicles

Lipids are mixed in a round bottomed flask in the desired ratio. They are kept in solution using a solvent that is
removed under vacuum. The dried lipid film is rehydrated and resuspended using a buffer solution, thereby
initiating the swelling of the lipid bilayer towards the formation of multilamellar vesicles (MLVs). Unilamellar
vesicles are obtained by sonication or extrusion of the MLV solution.

The membrane protein is then titrated into the ULV solution and the mixture is incubated

to ensure an interaction of the membrane protein with the lipids. During this process, the
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detergent also forms contacts with the lipids. To separate the detergent from the protein-

micelle-lipid mixture, different removal methods have been introduced (Figure 4-3).

(1) Rapid dilution (Figure 4-3A)

The rapid dilution method, which was the method of choice in this thesis, can be applied to
proteins that are stable in detergents with high critical micelle concentration (CMC), such
as DM. The protein-micelle-lipid mixture is titrated into an excess of aqueous solution de-
void of detergent, thereby reducing the detergent concentration below its critical micelle
concentration. The reconstituted protein is then retrieved via centrifugation and resus-
pended into buffer. To remove any residual detergent, additional methods such as dialysis,

or the addition of biobeads have to be carried out.

(2) Dialysis (Figure 4-3B)

When using high CMC detergents, dialysis of the protein-micelle-lipid mixture in non-deter-
gent buffer can be carried out to lower the detergent concentration. However, for some
detergents, this procedure takes 1-2 days of dialysis with additional buffer changes to in-
crease detergent removal. The protein-micelle-lipid mixture is transferred into a dialysis
tube and dialysed in a high volume (1-3 L) of non-detergent buffer. To enhance the removal

rate of the detergent, biobeads can be added to the buffer.

(3) Biobeads (Figure 4-3C)

For proteins solubilised in low CMC detergents, impractical for detergent removal via dialy-
sis or rapid dilution, but sometimes necessary to guarantee the stability of the membrane
protein, biobeads can be used for detergent removal. After incubation of the lipid mixture
with the membrane protein, the detergent can be removed via dialysis by adding biobeads
to the dialysis buffer. The surface of the biobeads attracts the detergent, removing it from
the aqueous solution of the buffer driving continuous dialysis. The biobeads need to be ex-

changed frequently for increased removal efficiency.
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Figure 4-3: Preparation of proteoliposomes
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Preformed lipid vesicles are incubated with the protein-micelle solution in the desired protein-lipid ratio. The
detergent micelles and proteins interact with the lipid environment. Detergent removal is achieved by rapid
dilution in detergent-free buffer (A), dialysis against detergent-free buffer (B), or using biobeads and dialysis

After successful reconstitution, the membrane protein-lipid mixture can be concentrated

via centrifugation, resuspended in buffer and stored at -80°C. The reconstitution efficiency




can be determined by loading each sample on an SDS gel together with a known amount of
the same protein as a marker.

The different variables involved in the process can be adjusted to increase the reconstitution
efficiency, for instance by using a different detergent, changing the detergent removal strat-

egy, using a different lipid composition or a different lipid to protein ratio.

4.2 IN VITRO ASSAYS

To understand the function of GkApcT and identify its specific properties, liposome-based
assays were performed. The host lipid and assay conditions were initially based on the ex-
periments performed with MjApcT (Shaffer et al., 2009). MjApcT showed transport activity
for alanine in E.coli polar lipids:PC (3:1 w/w) liposomes (Figure 4-1A), which have been used
successfully for activity measurements on other APC members (Fang et al., 2007; Singh et
al., 2007; Shaffer et al., 2009; Ma et al., 2012a; Perez et al., 2012). In the previously de-
scribed experiments from Shaffer et al., MjApcT was reconstituted in a 1:110 protein:lipid
ratio and uptake of tritiated alanine was measured using an internal buffer containing 25
mM citrate phosphate buffer pH 7.0, 100 mM NaCl, and 4 mM Ala, and an external buffer
with 25 mM citrate phosphate at the desired pH, 100 mM NaCl, and 500 nM 3H-Ala (Shaffer
et al., 2009).

Before the liposome reconstitution of MjApcT and GkApcT and subsequent uptake meas-
urements, it was determined whether the E.coli:PC (3:1) liposomes show any ion permea-
bility when using the applied pH gradient (internal pH = 7.0, external pH = 4.0) used to meas-
ure pH-dependent uptake of alanine by MjApcT. Any leakage of the liposomes would equil-
ibrate the pH-gradient during the measurements hindering any pH-dependent uptake, and
thus obscure the experimental data. The time-course measurements for MjApcT were per-
formed for a maximum of 30 min under the conditions stated above.

To investigate a potential proton leakage, liposomes devoid of protein were loaded with
internal buffer containing 25 mM citrate phosphate buffer pH 7.0, 100 mM NaCl, 2 mM
MgSQO4, and 1 mM pyranine, a pH-sensitive fluorescent dye. The liposomes were then di-
luted 1:100 into external buffer (25 mM citrate phosphate buffer pH 4.0 to pH 7.0, 100 mM
NaCl and 2 mM MgSO0a). The time-course measurements show that a pH gradient of one or

more pH units cannot be maintained by the liposomes (Figure 4-4A) making them unsuitable

113



for the anticipated experiments using a pH gradient of three pH units as described by Shaffer
et. al. Therefore, the lipid composition for subsequent experiments was changed and
checked again for proton-permeability using the pyranine assay. For this, a POPE:POPG mix-
ture of 3:1 was used as it has been reported to withstand high pH gradients (Tsai et al.,
2012). The liposomes could hold a pH gradient of two pH units and showed only a slight
proton-leakage over 9 min (Figure 4-4B), making it possible to perform alanine uptake ex-

periments on MjApcT and GkApcT with this pH gradient.
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Figure 4-4: Proton leakage measurements of liposomes of different composition

Liposomes composed of a mixture E.coli:PC (A), and POPE:POPG (B) were loaded with 25 mM citrate phosphate
pH 7.0, 100 mM NacCl, 2 mM MgS04 and 1 mM pyranine to monitor any proton influx. The liposomes were then
diluted into 25 mM citrate phosphate pH 4.0 to pH 7.0 (blue to red), 100 mM NaCl and 2 mM MgS0Oas. The
relative fluorescence (FR), resulting from division of the fluorescent signal (Aemission=510 Nm and Aexcitation = 460
nm or 415 nm) was monitored over time.
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4.3 ESTABLISHING CONDITIONS FOR ACTIVITY MEASUREMENTS ON GKAPCT

Similar conditions to those used to investigate the transport activity of MjApcT were used
for GKApcT. As a control, MjApcT was similarly assayed. Both proteins were reconstituted
into POPE:POPG (3:1) in a protein to lipid ratio of 1:60 was chosen. Similar reconstitution

efficiencies were obtained for the two proteins (Figure 4-5).

kDa

Figure 4-5: Reconstitution of MjApcT and GKApcT

MjApcT and GkApcT were reconstituted in a 1:60 (protein to lipid) ratio. The efficiency of the reconstitution
was determined via 12 % SDS-glycine gel analysis by comparing the amount of protein in the proteoliposomes
to known amounts of 2, 1 or 0.5 g of the protein loaded onto the gel. Both samples of proteoliposomes
contain similar amounts of protein and were reconstituted to ~100 %. E - empty liposomes, Gk — GkApcT, Mj
- MjApcT

4.3.1 pH-dependent uptake of alanine

Time-dependent uptake of tritiated alanine was monitored by applying a pH gradient (inter-
nal pH = 7.0, external pH = 4.0), but no sodium or potassium electrochemical gradient,
across the membrane using 5 pg (1.97 uM) of protein per experimental time point. The
measurement results plotted in Figure 4-6 show that uptake of alanine by GKApcT was ap-
proximately six times higher than by MjApcT. Thus, GkApcT is an alanine transporter and
radiolabelled alanine could be used for future experiments. In comparison, MjApcT showed

specific transport of alanine, serine, glutamate and glutamine (Shaffer et al., 2009).

115



0.8 GKApcT
= MjApcT
Q 3 06'
x <C
8«
S2 04
T B
< ©
£ 0.2-
=
0.0'l T T 1
0 5 10 15
Time, mins

Figure 4-6: pH-dependent uptake of alanine by MjApcT and GkApcT

Proteolipsomes containing either MjApcT (green) or GKkApcT (orange) loaded with internal buffer (25 mM cit-
rate phosphate pH 7.0, 100 mM NaCl, 2 mM MgS04) were diluted 1:25 into external buffer (25 mM citrate
phosphate pH 4.0, 100 mM NaCl, 2 mM MgS0as, 500 nM 3H-alanine). Data is plotted as uptake of alanine over
time. 5 ug of protein were used per experimental time point.

4.4 THE SUBSTRATE SPECIFICITY OF GKAPCT

Since it has been established that GKApcT is able to transport alanine under pH-dependent
conditions it is of interest what other amino acids might be recognised by the transporter
and how the protein compares to the substrate profile of MjApcT. One option would have
been the repetition of the pH-dependent uptake assays with other radiolabelled amino ac-
ids. This would require 20 radiolabelled compounds to be tested. A second option was to
perform counterflow assays. For this it is necessary to determine if an exchange between
the unlabelled alanine and its tritiated counterpart is observed in the absence of an ion or
proton gradient but driven by the difference in substrate concentration in the internal and
external buffer. If GkApcT, for example, performed the bidirectional transport of alanine
under substrate driven conditions, then the same could be tested for the other amino acids,
by loading the proteoliposomes with an excess of other compounds. If the compound being
tested resulted in a measured uptake of 3H-Ala then it was a substrate (Kaback et al., 2001).
Initial time-course measurements were performed to validate that GKApcT shows counter-
flow activity under the used conditions. The experiment revealed that GkApcT showed sub-
strate-driven uptake of alanine into the liposomes, indicating that the proposed buffer com-

positions were suitable for sustaining transport (Figure 4-7).
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Figure 4-7: Time-course measurement of alanine uptake in counterflow conditions

GkApcT in POPE:POPG(3:1) liposomes was used for counterflow experiments. The internal and externa buffer
conditions were identical (25 mM citrate phosphate pH 6.0, 100 mM NaCl, 2 mM MgS0a4) except for using 2
mM L-alanine in the internal buffer and 250 nM 3H-alanine and 100 uM alanine in the external buffer. The
uptake of alanine was followed over 30 min using 5 ug of protein per experimental time points. Mean values
and their SEMs per experimental time point of three independent experimets are shown.

The substrate profile of GkApcT was determined under substrate-driven conditions using 2
mM of the substrates listed in Figure 4-8 in the internal buffer. Based on the results from
these experiments, GKApcT can be classified as a transporter for small neutral and polar
amino acids (Figure 4-8). Surprisingly, although GkApcT is closely related to the CAT trans-

porters, the substrate specificity differs.
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Figure 4-8: Substrate specificity of GKApcT

To determine the substrate profile for GkApcT, counterflow experiments with the internal buffer (25 mM
citrate phosphate pH 6.0, 100 mM NaCl and 2 mM MgS0a4) containing an excess of the compound of choice
at 2 mM concentration, were carried out. Proteoliposomes were diluted 1:25 into buffer containing 25 mM
citrate phosphate pH 6.0, 100 mM NaCl, 2 mM MgS0s, 100 uM alanine and 250 nM 3H-alanine. Uptake after
5 min. is plotted for each compound. The compounds tested are shown as one-letter codes for the individual
amino acids and the D-isomer of alanine (D-Ala). As negative control, the signal for liposomes containing no
protein (emp). The compounds are grouped by their chemical properties: yellow — neutral, purple — polar,
pink —acidic, red- basic, grey — aromatic, green — D-isomer, black — no protein in liposomes.
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4.5 |s GKAPCT A PROTON-COUPLED TRANSPORTER?

As mentioned in the introduction of this thesis, based on the pH-dependent uptake of ala-
nine into the liposomes, and the presence of the charged residue Lys158 in the transmem-
brane region of MjApcT, the transporter was proposed to be proton-coupled, although fur-
ther evidence was not presented (Shaffer et al., 2009). Therefore, GKApcT and MjApcT were
investigated under electrogenic (A¥-driven) conditions to verify this postulate. The condi-
tions used for these experiments were changed to the buffer compositions used for studies
on the proton-coupling mechanisms of the peptide transporter PepTs: (Solcan et al., 2012).
For this, liposomes were loaded with potassium buffer (20 mM KPi pH 6.5, 100 mM KAc, 2
mM MgS0a), and diluted 1:25 into buffer with equal numbers of sodium ions (120 mM NaPi
pH 6.5, 2 mM MgS0.). Upon addition of the potassium-carrier valinomycin to a final con-
centration of 10 uM (Figure 4-9), a negative inward membrane potential is generated and
additionally a pH gradient through acetate diffusion gradients (Clerc and Barenholz, 1995).

Using the equation (Viitanen et al., 1986):

[K+]int
[K+]ext

AW = —59log( )

With [K*]int and [K*]ext being the internal and external potassium concentration of the lipo-
somes, respectively. The voltage of the membrane potential can be calculated. With an in-
ternal potassium concentration of 120 mM and a dilution of the liposomes of 1:25 into the
external buffer, a membrane potential of -82.5 mV is generated.

A secondary active transporter harnesses the energy of the experimentally applied negative
membrane potential, here -82.5 mV, to drive the ion*-coupled uptake of the substrate into
the liposome. To determine the coupling mechanism, four different experiments are per-
formed. The first is to monitor alanine uptake in the presence of valinomycin which gener-
ates the negative inward potential. Assuming the transporter is proton-coupled, it would
become protonated due to the positive charge build-up in the external buffer, which would
initiate the transport, in this case, of alanine. The experiment is repeated but without the
addition of valinomycin, which means that no membrane potential is generated and

transport of alanine should be decreased under these conditions.
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Figure 4-9: Chemical structures of valinomycin and CCCP

Valinomycin is a potassium carrier which can cross the lipid bilayer. Transport of the potassium ion is facili-
tated by coordinating it in the center of its ring structure, which can then be released on the other side of the
lipid bilayer. CCCP works in a similar way but acts as a protonophore (proton-carrier). The protonated form
(shown here) will cross the membrane towards the negatively charged or alkaline side, whereas the deproto-
nated form moves towards the positively charged or acidic side of the membrane. CCCP can thus dissipate the
membrane potential or a pH gradient.

The third assay comprises the dilution of the liposomes into the same buffer that is on the
inside of the membrane vesicle to establish if the observed transport activity was caused by
the applied membrane potential. If the transporter is proton-coupled, no or little alanine
uptake would be observed. The fourth experiment includes the addition of CCCP (Figure
4-9), an ionophore for protons, which dissipates any membrane potential created by valino-
mycin through proton-influx, and thus no alanine uptake dependent on proton-coupled
transport would be detected.

Initial experiments with the addition of valinomycin were performed to identify if GKApcT
and MjApcT show any alanine transport under these chosen buffer conditions. Again,
GkApcT showed the highest uptake activity of the two proteins (Figure 4-10A & B) whereas
no activity for MjApcT was detected, which did not come as a surprise since the of 3H-Ala
was entering the liposomes but also exiting them after 20 min in the experiments conducted

by Shaffer et. al.
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Figure 4-10: Electrogenic uptake of alanine by MjApcT and GkApcT

Time-course measurements of alanine uptake were performed on MjApcT and GKApcT under electrogenic
conditions (inside buffer: 20 mM KPi pH 6.5, 100 mM KAc, 2 mM MgSOs; external buffer: 120 mM NaPi pH
6.5, 2 mM MgS04, 100 uM alanine, 250 nM 3H-alanine) (A). easier visualisation, the amount of alanine trans-
ported after 2 min is shown in the bar diagram (B).

Therefore, GkApcT was further investigated for the possibility that it is a proton-coupled
transporter, by performing the control experiments as described previously. The time-
course measurements show that only upon addition of valinomycin, increased alanine up-
take is detected (Figure 4-11A). For simplicity, the values after one minute are plotted as a
bar graph, showing the difference in uptake for each individual assay (Figure 4-11B). To rule
out the possibility that GKApcT might be sodium-coupled, an experiment in the presence of
valinomycin was performed with external buffer containing either sodium chloride or cho-
line chloride (Figure 4-11B); the latter would not be able to act as a positive coupling ion.
There is no difference in uptake between the two external buffer conditions, verifying that
GkApcT is a proton-coupled amino acid transporter. In addition, pyranine assays were per-
formed under high alanine concentrations. Upon addition of the substrate, proton-influx is

detected (Figure 4-12), but not for liposomes devoid of protein.
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Figure 4-11: Electrogenic alanine uptake of GkApcT

Proteoliposomes containing 20 mM KPi, 100 mM KAc, 2 mM MgSOas were diluted 1:25 into external buffer (120
mM NaPi, 2 mM MgSOs and a mixture of 100 uM alanine and 250 nM 3H-alanine) (A): in the presence of 10 uM
valinomycin (Ala+v), in the absence of valinomycin (Ala-v), with 10 uM valinomycin and 10 uM CCCP
(Ala+v+CCCP) and with the same potassium concentration in the internal and external buffer (Ala+v IN on OUT).
Uptake values after 1 min for each experiment were plotted and additionally uptake of alanine after 1 min is
plotted in the presence of either NaCl or ChoCl in the external buffer (B).
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Figure 4-12: Pyranine assay monitoring substrate-driven proton-influx

Proteoliposomes containing GKApcT or no protein (e) were loaded with 5 mM HEPES pH 6.8, 120 mM KCl, 2
mM MgSO4 and 1mM pyranine. Liposomes were then diluted into 5 mM HEPES pH 6.8, 120 mM NaCl, 2 mM
MgS0a and varying concentrations of alanine. The relative fluorescence (Fr = A460nm -signal / As1s nm -signal) of
pyranine was monitored over time.

4.5.1 pH-dependence of alanine uptake

Since the uptake of alanine by GkApcT under substrate-driven and proton-driven conditions

were now established, it was next investigated whether the experimental parameters were
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optimum. Therefore, the pH profiles for counterflow and electrogenic uptake experiments
were determined. Single measurements were performed for a given range of pHs (Figure
4-13).

Alanine uptake under electrogenic conditions after one minute was comparable for pH 5.5-
7 but dropped at pH 7.5 (Figure 4-13A). The optimal pH for electrogenic alanine uptake was
determined to be 6.5. A more pronounced pH profile was obtained under substrate driven
conditions (Figure 4-13B), with an optimal pH of 6.0 and slightly less uptake at pH 5, but
reduced outside this range.

An explanation why the pH-profiles were so different under the two experimental condi-
tions originates from the transport mechanism. In electrogenic uptake, the generated neg-
ative inward membrane potential induces protonation of, the yet to be determined, site for
proton-coupling, thus initiating the transport cycle. This mechanism seems to be independ-
ent of pH for GkApcT. However, substrate-driven conditions (counterflow) showed a distinct
pH-profile, since the proton-coupling site of GKApcT needs to be protonated for the trans-
porter to perform the exchange of unlabelled alanine with labelled alanine. The pH-opti-

mum indicates that the pKa of that functional group is between 5.5 and 6.0.
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Figure 4-13: pH profile of alanine uptake

The pH profile of alanine uptake under electrogenic (A) and counterflow (B) conditions was determined for
GkApcT. Proteoliposomes were loaded with KPi buffer at the given pH and diluted 1:25 into NaPi buffer of
the same pH and a mixture of 100 pM alanine and 250 nM 3H-alanine for the electrogenic uptake and for
counterflow citrate phosphate buffer at the shown pHs were used. The uptake after 1 min (A) and 5 min (B)
at 25°C are plotted.
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4.6 TRANSPORT KINETICS OF ALANINE UPTAKE

Kinetic measurements of the uptake of alanine were carried out. For this, the protein con-
centration was reduced to 1.25 ug per experimental time point to obtain a linear uptake
graph to be able determine the initial uptake rate (Figure A 9). Measurements under elec-
trogenic conditions were performed with varying concentrations of alanine in the external
buffer. The initial uptake velocities were plotted against the concentrations of alanine and

the resulting graph was analysed using the Michaelis-Menten equation:

_ vmax [S]
Ky + [S]

v
where v is the rate, vmax the maximal rate, Ky the Michaelis-Menten constant, which refers
to the substrate concentration [S] where Vmaxis half maximum.

Based on the kinetic measurements, a Vmax of 2.38 nmols sec! mg? (0.12 alanine per sec.
per transporter) and an apparent Ky value for alanine of 89 uM were determined. The ap-
parent Ky is in accordance with the substrate specificities of the human CAT1, CAT2B and
CAT3 that had measured Ky values for arginine in the range of 38-450 uM (Fotiadis et al.,
2013). These transporters are known as high-affinity transporters, whereas CAT2A is a low
affinity transporter with Ky values for arginine of 2-5 mM (Fotiadis et al., 2013). GKApcT is
in good agreement with the determined nanomolar to millimolar range of affinities for other
APC members such as LeuT (Kw(Ala) = 583 + 28nM) (Singh et al., 2008), the mutant
LeuTK+359Q (K, (Trp) = 78.9+8.8 uM)(Piscitelli and Gouaux, 2012), BetP (Kv (betaine) =
3.5+0.6 uM) (Perez et al., 2011), and SteT (Km (Ser) = 1.2 + 0.2 mM) (Reig et al., 2007).
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Figure 4-14: Kinetics of alanine uptake by GKApcT-WT

The transport kinetics of GkApcT for alanine transport were investigated under A¥-driven conditions (A).
Proteoliposomes containing internal buffer | (20 mM KPi pH 6.5, 100 mM KAc and 2 mM MgS0a4) were diluted
1:25 into external buffer | (20 mM NaPi pH 6.5, 100 mM NaCl, 2 mM Mg2S0a4, 250 nM 3H-alanine, 10 uM
valinomycin and varying alanine concentrations). The initial uptake rates were plotted against the alanine
concentrations used and kinetic parameters were determined in PRISM using the Michealis-Menten equa-
tion. The Lineweaver-Burk plot of the experimental data is shown as control (B).

4.7 COMPETITION WITH ALANINE UPTAKE

GkApcT was further subjected to competition assays to identify substrates able to compete
with alanine binding and transport, verifying the results from the counterflow experiments
but additionally identifying possible competitive inhibitors of GKApcT.

Competition assays were carried out under electrogenic conditions by adding 10 mM of un-
labelled competitor to the external buffer. As a control, proline and glutamate were used
(Figure 4-15) which did not induce transport in counterflow assays (Figure 4-7). Neither of
the amino acids competed with alanine in the competition assays (Figure 4-15). Additionally,
L-ornithine and y-aminobutyric acid (GABA) were also tested for competition. L-ornithine is
a known substrate for the SLC7 family (Kim et al., 1991) whereas GABA had been identified
as substrate for members of the proton-coupled SLC36 family (Thwaites et al., 2000; Larsen
etal., 2008). At 10 mM of the two compounds, alanine uptake was reduced to 75 %, whereas
the identified substrates of GkKApcT, Ala, Thr and Val reduced the signal for alanine uptake

close to zero.
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Figure 4-15: Competition experiments with GKApcT

Competition assays on GkApcT were carried out under AW-driven conditions. Proteiliposomes were diluted
1:25 into buffer containing 120 mM NaPi pH 6.6, 2 mM MgS04, 10 uM valinomycin and 250 nM 3H-Ala with no
competitor added (-) or in the presence of 10 mM competitor. The data shows the relative uptake of Ala after
1 min. to no competitor added.

Competition assays can give an initial indication of the range of compounds that can interact
with the substrate binding site of the investigated transporter. A decreased signal implies
that the compound is either a competitor or a potential inhibitor of the transporter. There-
fore, together with the counterflow activity for a given compound the two possibilities can
be distinguished from one another.

The assays conducted here helped identify alanine, threonine, valine, D-alanine, lysine and
arginine as potential competitors (Figure 4-15). Alanine, threonine and valine were previ-
ously identified as potential substrates for GkApcT, but arginine, lysine and D-alanine did
not induce high counterflow activity (Figure 4-8). Thus, D-alanine, lysine and arginine are
potential inhibitors of GKApcT. Arginine and lysine might interact with the substrate binding
site, but the cavity is sterically hindered for the transporter to fully close over these mole-
cules, possibly locking the transporter in an open conformation. Therefore, the transporter
cannot proceed with the transport cycle. Arginine is a likely candidate as an additive for
crystallisation trials to obtain crystals in order to solve the outward-open conformation of
GkApcT as previously described for LeuT (Singh et al., 2008). The inhibitory effect of D-ala-
nine indicates the stereospecificity of the substrate binding site. If the carboxyl group of the
D-isomer of alanine interacts with TM1 similarly to that of L-alanine, then the amide group

of D-alanine would point downwards. It would thus be unable to form interactions with the
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water molecule and the backbone of TM6, and this might hinder the transport cycle. The
competition assays performed only gave a crude indication of the affinity of the transporter
to the investigated substrates and inhibitors. A more detailed approach is to determine the
half maximum inhibitory concentration (/Csp) for each compound. This quantitative meas-
urement enables a clear distinction to be made between the affinity of different inhibitors
and substrates. Here, ICso experiments were performed under electrogenic conditions with
varying concentrations of the competitor (Figure A 10). The results are listed in Table 4-1.
The lowest ICso values, which indicated the highest affinity, were found for Ala (2.4 + 0.6
uM) followed by Thr (16.1 £ 4.3 uM) and Val (23.5 + 3.9 uM), which is consistent with the
results from the counterflow experiments which indicated that these amino acids are sub-
strates for GkApcT. D-Ala and Arg as potential inhibitors show higher ICsp values in the mil-
limolar range, whereas L-ornithine and GABA are very poor inhibitors of GKApcT, indicating
that these compounds barely form stable interaction with the substrate binding site.

Table 4-1: ICso values for GKApcT

Competitor ICsp

L-Ala 24+0.6 uM
D-Ala 954 + 38 uM
L-Arg 61+2.5mM
L-Thr 16.1+4.3 uM
L-Val 23.5+3.9 uM
L-Lys 4,14 +1.5 uM

L-ornithine 26.2+12.4 mM
GABA 31.4+17.4 mM

4.8 CONCLUSION

The initial functional in vitro experiments presented here established the experimental
conditions to study GkApcT’s transport activity. First, two different lipid compositions were
investigated for their proton permeability which revealed that the combination of
POPE:POPG (3:1) was the best choice in maintaining a stable pH gradient. These experi-

ments were necessary since GKApcT and its homologue MjApcT were investigated under
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pH-dependent conditions using a pH gradient of three pH units to drive alanine uptake.
These experiments revealed that GKApcT transports alanine and that the protein was more
active than the archaeal MjApcT under the given experimental conditions. Given that the
organism GkApcT originates from, G. kaustophilus, grows in environments with pHs 2-12,
it is not surprising that the transporter utilises the pH gradient across the cellular mem-
brane to drive uptake of nutrition.

Further determination of the substrate profile of GkApcT from counterflow experiments,
identified the protein to be specific for small neutral and polar amino acids.

Alanine uptake measurements under electrogenic conditions, in combination with control
experiments, identified GkApcT to be a proton-coupled amino acid transporter, which
would make it the first APC family member which has been verified as using proton-sym-
port for substrate translocation. As mentioned above, the use of protons for substrate
transport is probably derived from the acidic environment that G. kaustophilus can grow
in. The energy of the proton motive force across the cellular membrane is then used as the
energy source for transport. Thus, the proton-coupling mechanism of GKApcT represents
the adaption of this bacterial transporter to its surrounding environment. Consequently,
G. kaustophilus must possess an acidic resistance pathway, that maintains the intracellular
pH. No proton-coupling mechanism for MjApcT could be confirmed under the tested con-
ditions, which strengthens the assumption that MjApcT might be a uniporter based on the
experimental evidence given here and in previous studies.

Furthermore, it was possible to obtain the kinetic constants for alanine uptake by GkApcT
and to determine possible inhibitors of GKApcT such as arginine and lysine, revealing that
these substrates are able to interact with the substrate binding site. This makes them po-
tential additives for future crystallisation of GKApcT to try and capture the protein in a

different conformation.
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5 Crystal structure of GKApcT

Structural data are important for the process of understanding a protein and its function,
but obtaining this information is difficult. Testing different crystallisation techniques and
extensive optimisation of the resulting conditions led to small crystals of GKApcT. Further
optimisation resulted in well diffracting crystals grown in a lipid environment. The following
chapter will focus on the path leading to the crystal structure of GkApcT and what insights

the structure gave into the protein’s function and mechanism.

5.1 DATA COLLECTION

GKApCT crystals grew in a lipid mixture of monoolein and 10 % cholesterol. The LCP drop
was surrounded by precipitant containing 34-38% PEG200, 0.1 M NaAc pH 4.0, 10 mM Ala,
and 0.08-0.12 M potassium fluoride. The crystals were either diamond or rod shaped, with
20-30 um length in the longest dimension and reached their full size after 2-4 weeks at 20
°C. No additional cryoprotectant was added prior to flash-cooling into liquid nitrogen. They
diffracted to a resolution of 2.8-3.4 A. A complete data set to 2.86 A at 100 K from a single
crystal was collected at the micro-focus beamline 124 at DLS using a 10 x 10 um? beam after

the crystal was localised in the cryo-loop using a grid scanning method (Figure 5-1).
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Figure 5-1: Grid scan and diffraction image from beamline 124 at Diamond Light Source

Once mounted, the visibility of LCP grown crystals is lost. Grid scans need to be performed to localise the
crystal in the loop. At 124, a heat map is generated based on the observation of diffraction patterns in each
position of the grid (10 x 10 um? boxes) (A). The individual diffraction pattern for box 50 is shown in (B). The
diffraction reached the edge of the detector.
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The data set was processed with DIALS (Sauter et al., 2013) (Table 5-1). The space group was

P212:2; with the following unit cell dimensions: a=76.5A, b=82.9A, c=119.2A, a=90.0°,

B=90.0°,y=90.0°. A Matthew’s coefficient calculation suggested that there was one protein

molecule per asymmetric unit (Vm = 3.77 A3/Da).

Table 5-1: Merging statistics for data set collected from GKApcT crystal

Beamline

Detector

Wavelength (A)

Temperature (K)

Osc. (°)/image

Exp. time (s)

Total number of images

Space group

Unitcell abc(A)
aBy(®)

Mosaicity (°)

Wilson B-factor (A?)

Resolution (A)!
Rmerge

Rmeas

Rpim

No. obs.

No. unique obs.
1/o(1)

CCy/2
Completeness (%)

Multiplicity

GKApcT-WT
124, DLS
PILATUS 6M

0.9686

100

0.5

0.1

360
P21212;

76.9 83.15119.74
90.0 90.0 90.0
0.23
64.70
68.3 -2.86 (2.93-2.86)

0.152 (1.789)
0.172 (1.982)
0.077 (0.842)
95402 (7084)
18347 (1319)
6.3 (1.1)
0.834 (0.49)
99.9 (100)
5.2(5.4)

alues for highest resolution shell are given in parentheses
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5.2 PHASING AND REFINEMENT

5.2.1 Molecular replacement

The structure of MjApcT (PDB-ID: 3GIA, 2.32 A resolution), homologous to GKApcT (~30%
sequence identity to MjApcT) served as a molecular replacement (MR) template in PHASER.
Initial attempts using the full structure or truncated versions, where flexible loops were de-
leted, did not lead to a solution. Therefore, a homology model of GkApcT based on the
structure of MjApcT (PDB-ID: 3GIA, 2.32 A) was used, generated with MODELLER (Webb and
Sali, 2014) using a sequence alignment (Figure A 7) between the two proteins from CLUSTAL
OMEGA (Sievers et al., 2011). The models consisted of either the full structure, or the trans-
membrane domain without any loop regions. Again, attempts to obtain a MR solution did
not succeed. Another strategy was the use of a GkApcT model generated in CHAINSAW
(Stein, 2008). The program takes the alignment (Figure A 7) of GKkApcT as the target and
MjApcT as the template protein, and generates a homology model of which the non-con-
served residues are pruned, dismissing any atoms that are not common to both target and
template residues. The CHAINSAW model of GkApcT was used as input for PHASER. This
time, a possible solution was found. Initial analysis of the calculated electron density did not
show any obvious misplacement of the GKApcT protein, such as clashes between symmetry
related molecules or parts of the protein that did not fit into the electron density. Surpris-
ingly, the initial map revealed additional density at the N-terminal region (Figure 5-2), sug-
gesting that the obtained phases via MR were correct and not biased by the initial search
model.

Following inspection of the sequence alignment of MjApcT with GkApcT, it was suggested
that the observed N-terminal extension might be an additional TM of GkApcT. However, the
overall quality of the electron density map made it difficult to identify particular side chains.
To overcome this obstacle, obtaining additional phase information from experimental phas-
ing, or at least an indication where particular residues are located was crucial. Different ap-
proaches were followed in attempts to successfully build the crystal structure into the den-

sity.
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Figure 5-2: Additional density found close to the GkApcT structure

After molecular replacement, additional positive difference density (green, 30) was found adjacent to
GkApcT’s helical bundle (blue). The 2Fo-Fc map is shown in orange contoured at 1o.

5.2.2 SAD phasing using heavy atoms and SeMet incorporation

During the diffraction data collection process, a small proportion of the X-rays hitting the
crystal are reflected off the planes formed by the regular array of the atoms in the crystal.
The scattered waves are recorded during the experiment as distinct spots on the detector.
The intensity of those spots, also known as reflections, contain information on the three-
dimensional arrangement of the atoms in the crystal, as every atom contributes to the over-
all scattering factor of the crystal. The square root of the intensity for a given reflection hkl
is proportional to the amplitude of the wave scattered off from the plane hk/. To calculate
the electron density from the recorded intensity data collected from a crystal, the phase of
this scattered wave is necessary, but is lost during the experiment. This is known as the
phase problem.

Different methods have been introduced to solve the phase problem in order to be able to
obtain a crystal structure of a given protein. For these methods to be used, normally prior
structural knowledge is necessary. For instance, in MR, a homologous structure is used to
provide initial phase information. The structure factor amplitudes from the collected data
and the MR model are used to generate a Patterson map for each of the two. First, a rota-

tion function is applied to the MR model Patterson map to find the correct orientation of
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the MR model in the unit cell of the unknown structure. The second step is the application
of a translation function to identify the correct position of the molecule. This is guided by
iterative comparison of the Patterson maps of the known and unknown structures during
rotation and translation of the known structure. However, if no or only poor models are
available for phasing, marker atoms can be used to utilise prior structural information. In
this project, the incorporation of heavy atoms via soaking into the protein crystal and pre-
incubation of the protein with heavy atoms, followed by crystallisation of the derivative
protein, were chosen as alternative methods to MR. Additionally, expression of the GKApcT-
SeMet derivative, which is a well-established method for pre-derivatisation of bacterial ex-
pressed proteins, was tried. Both approaches can provide phase information via single-
wavelength anomalous dispersion (SAD) experiments. The principle that underlies these
phase determination methods is that the heavy atoms introduce changes in the intensity
of the Bijvoet pairs ((hkl) and (-h-k-1)) that would normally share the same intensity value.
The intensity difference, subsequently changing the amplitude of the structure factors of
the Bijvoet pair, makes it possible to deduce the location of the heavy atoms (using the
Patterson map) in the structure and the phases of the heavy atom substructure, ¢u. The

phases of the native protein structure can be estimated using the following equation:

@p = @y £ cosT'[(F3y — F§ — F})/2FpFy]

where Fpis the structure factor amplitude of a particular reflection for the native protein,
Fpyis the structure factor amplitude of the same reflection for the derivative protein struc-
ture, and Fyis the structure factor amplitude of that reflection for the heavy atom substruc-

ture.

5.2.2.1 Heavy atom soaking

The binding of heavy atoms to the reactive sulphur group of free cysteines in the protein of
interest is one option to try for solving the crystal structure of this protein via the SAD
method. Most commonly, the protein crystal is soaked in its precipitant solution containing
additionally a salt of the heavy atom of choice for a defined period, and then harvested,

cryo-cooled and stored in liquid nitrogen until data collection. In this case, cryo-protection
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was not necessary, since the lipid is already a cryo-protectant. The concentration of heavy
atom added and the soak time for the crystal should be varied over different scales and
should be determined experimentally. If no free cysteines are present in the protein se-
quence, then they can be introduced via mutation of the corresponding gene (Nagai et al.,
1990), keeping in mind however that the internal structure of the protein and possible crys-
tal contacts might be disturbed.

GkApcT contains four cysteines that, based on the generated homology model, do not form
any disulphide-bridges. Preliminary soaking experiments were performed directly on the
crystals grown in LCP. For this, the LCP plate was opened carefully to expose an individual
well. The remaining precipitant was wicked away and 2 pul of the precipitant condition con-
taining 100 uM or 1 mM of the heavy atom compound (Hg(Ac),, HgCl,, AuCN) was added on
top of the LCP drop. The well was closed with a glass slide and after a few hours or up to a
day of incubation, the crystals were harvested. Most of the crystals survived this procedure
but due to contact with air, it was assumed that the crystal quality might suffer.

Harvested crystals were directly cryo-cooled, without adding any additional cryo-protect-
ant, and stored in liquid nitrogen. The crystals were screened at the DLS beamline 124 with
X-rays of wavelengths determined by fluorescent scans on the crystal which corresponded
to the Ly edge of relevant heavy atoms (Table 5-2). However, no protein diffraction was
observed when using mercury or gold, in which the crystals had been soaked overnight. The
same effect was observed for soaks that lasted for three hours. It was uncertain as to
whether the crystals had disappeared during the harvesting process or were harvested into
the cryo-loops. During the harvesting process, the crystals are visualised using cross-polar-
ised light but they occasionally move within the lipid environment making it difficult to be
sure that the crystal was harvested into the cryo-loop. Additionally, it is not possible to check
if the crystal was mounted since it becomes invisible during this process. There was one
sample where the LCP was so thin that the outline of the crystal in the loop could be made
out, but this was a rare occasion. A grid scan on this area did not show any diffraction, sug-
gesting that the heavy atom had bound to the protein but might have disturbed the crystal
lattice. It should be noted that for LCP grown crystals it is not possible to remove any resid-
ual heavy atoms from the precipitant solution, making these crystals more radiation sensi-

tive. This is because of the increased X-ray absorption coefficient of the heavy atoms, adding
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to the energy absorbed by the sample and thus increasing the dose and decreasing the crys-

tal lifetime for data collection (Murray et al., 2004).

Table 5-2: X-ray absorption edges for the heavy atoms used

Heavy atom L Absorption edge (keV)
Au 11.92
Hg 12.28
Pt 11.56

Simultaneously with the direct soaking of the crystals, pre-derivatisation was performed us-
ing purified GKApcT incubated with the heavy atom of choice, followed by crystallisation
trials in LCP. As a control experiment, 1.97 uM purified GkApcT was incubated with a three-
times molar excess of heavy atom solution for three hours and loaded onto a $200 5/150
column to identify suitable candidates for pre-derivatisation experiments (Figure 5-3). None
of the heavy atoms used resulted in destabilisation of the protein: the UV trace of the pro-

tein is wildtype-like and no precipitation was observed.
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Figure 5-3: Size exclusion chromatography of heavy metal derivatives of GKApcT

Size exclusion profiles of GKApcT pre-derivatised with various heavy atom compounds at three-fold molar ex-
cess. HM- heavy metal compound, AuCN —gold cyanide, Hg(Ac)2- Hg(O2CCHs)2 mercury acetate, HgCl.— mercury
chloride, CHsHgCl- methyl mercury chloride, PtCl, — platinum chloride
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10 mg/ml GkApcT was soaked for 3 h on ice with a three-fold molar excess of heavy atoms
and then reconstituted into LCP. For crystal trials, both the original and optimisation screens
were used in case the derivatised protein did not crystallise in the same condition as the
wildtype. Rescreening did not lead to crystals of the derivative protein.

An alternative approach was to introduce selenomethionine (SeMet) instead of the natural
methionine into the protein. GKApcT has nine methionines that could be replaced by this

method.

5.2.2.2 SAD using SeMet incorporation

To replace SeMet with Met, the cell expression media is supplemented with an excess of
SeMet. For this, PASM5052 minimal media was used, containing only little amounts (10
mg/L) of methionine. An excess of SeMet was added to the media to a final concentration
of 100 mg/L. The cells were grown to an OD of 0.6-0.8, induced with 400 uM IPTG and kept

shaking overnight at 25 °C.
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Figure 5-4: Purification of GkApcT-SeMet

SDS gel analysis shows the purification steps of GkApcT-SeMet derivative protein. Lanes are marked with the
individual steps. Markings A7-B2 correspond to elution volumes 12-14.5 ml on the gel filtration profile (blue).
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The absolute yield of wet cell pellet and protein was half of that compared with when using
TB, which is not unusual given that SeMet is toxic for the cells. During the first purification,
the protein did not solubilise properly in DDM and the binding efficiency to the nickel resin
was very poor, ~30 % after 4 h vs. 60-70% for WT. In addition, re-expressing the protein
did not lead to reproducible results. It was reasoned that the cells might be under stress
during growth and expression, due to the SeMet being available from the beginning of the
inoculation of the starting culture. To reduce the stress on the cells, SeMet was added just
before induction. This led to similar yields as for previous expression trials for SeMet deri-
vatisation, which was nearly half of the expression in TB medium, but the protein could be
purified and was more stable during this process, although more contaminants were found
in the purified sample (Figure 5-4). Crystal trials in LCP were performed using standard
screens and the optimisation screens from previous trials, but no crystals were observed.
Additionally, the concentration of the protein was increased to 25 mg/ml for crystallisation

at 4 °C but again these crystal trials were unsuccessful.

5.2.3 Sulphur SAD

Instead of introducing anomalous scatterers into a protein, the anomalous signal of the
naturally occurring sulphur can be used. The disadvantage is that sulphur is a weak scat-
terer when using wavelengths (1.5 — 1.9 A) at conventional MX synchrotron beamlines. To
obtain a reasonable anomalous signal from sulphur, data collection near its absorption
edge at 5 A (Figure 5-5) is recommended. However, this poses a problem, since at longer
wavelengths the absorption of X-rays by the sample and air also increases significantly,
making data collection at such wavelengths unfeasible. Instead, longer wavelengths (>2 A)
at dedicated beamlines can be used (Wagner et al., 2016). At these long wavelengths, more
of the X-ray beam is absorbed by the air in the sample chamber and also the anomalous
signal of the sulphur is lower than that at its absorption edge, but still higher than at wave-
lengths lower than 2 A.

To overcome the first problem, either a helium (Photon Factory BL1A, (Liebschner et al.,

2016)) or vacuum (DLS 123, (Wagner et al., 2016)) sample chamber is used to reduce the
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absorption of the X-ray beam. To accurately detect the low anomalous signal from the sul-
phur, data with high multiplicity must be measured. The beamline 123 at DLS and BL1A at

the Photon Factory, Japan were both available for data collection on GKApcT crystals.
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Figure 5-5: X-ray scattering plot for sulphur

The absorption edge for sulphur is at 2.4720 keV (5.01 A). The values of ' (dispersive term) and f” (absorption
term), representing the anomalous scattering factor, change with the wavelength. The absorption term
increases at wavelengths above 2 A, and is maximum at the K absorption edge of 5 A.

At beamline 123, a curved PILATUS 12M and mini kappa goniometer reside in vacuum. The
sample holder has to be cooled conductively under vacuum before the sample can be trans-
ferred onto the goniometer head. This step takes around 40 min until completion. The avail-
able loop size was 60 um, double the size of the crystals. This results in more LCP being
mounted which could increase the background under the reflection data. The beam size for
data collection was 50 x 50 um?. BL1A has a different sample environment. There, the Ei-
ger4M detector is inside a helium chamber to reduce the absorption of the X-rays in air. Data
were collected at wavelengths of 2.75 A (123, square-shaped collimator with a 200 pm aper-
ture, 50 x 50 pm2 FWHM Gaussian profile beam) and 2.7 A (BL1A, capillary-shaped collimator
with 150 pm aperture, 10 x 10 um2 FWHM Gaussian profile beam) with an inverse beam
geometry. The data were processed in XDS, followed by preparation of the files with SHELXC

(Sheldrick, 2008) and generation of an anomalous difference Fourier map with ANODE

137



(Thorn and Sheldrick, 2011). Anomalous signal for the data collected at 123 and BL1-A was
observed to resolution ranges of 4.79-5.16 A (Table A 2) and 3.22-3.5 A (

Table A 3), respectively, but was not sufficient for ab initio phasing. However the calculated
anomalous difference Fourier map (Figure 5-6) in combination with the previously obtained
MR (see Section 5.2.1) was used to identify anomalous difference peaks corresponding to
the sulphur atoms that could guide the model building process, ensuring the correct register

of the protein sequence could be modelled.

Figure 5-6: Anomalous difference Fourier electron density

Anomalous difference Fourier map, contoured at 3.0 o (green mesh), for sulphur atoms in the asymmetric
unit. Difference peaks can be clearly seen around two methionine residues of GkApcT that were used as guide
points to build the protein sequence into the electron density map obtained by MR.

Two peaks on one helix could be made out, corresponding to Met321 and Met322 as pre-
dicted by the homology model but now with verified positions. Thus, data collection on
beamlines 123 and BI1A was beneficial for this project, as it enabled the correct placement
of some residues which were used as guide points for model building and led to the suc-
cessful solution of the crystal structure of GKApcT (Table 5-4). Model building into the 2F,-
Fc map and corrections to the model based on the Fo-F- map in COOT (Emsley et al., 2010)
was followed by refinement against the crystallographic data using BUSTER, using individ-
ual B-factor, and translation-libration-screw (TLS) refinement (Bricogne et al., 2016). After

each refinement cycle, the Rworkand Ryee Values were analysed on their performance. If both
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or only the Rfee increased, then the previous model building step did not add any meaning-
ful information. In this case, the model used for the refinement was carefully inspected in
COOT together with the 2F,-F; and Fo-Fc maps, adjusted and refined again. If these adjust-
ments did not result in a decrease of the R-values, then this model was not used any fur-
ther. Instead, the building/refinement process proceeded using a model from the previous
refinement stages. In the final steps of model building and refinement, ligands and later
water molecules were added (see Figure A 8 for final refinement step). In total over 300
refinement and modelling steps were performed. MOLPROBITY (Chen et al., 2010) was

used to validate the final model.

Table 5-3: Data collection and merging statistics for the long wavelength data collection

Beamline BL1A 123
Detector EIGERAM PILATUS 12M
Wavelength (A) 2.7 2.75
Temperature (K) 100 100
Beam size (um x pm 10x10 50 x 50
FWHM)
Osc. (°) 0.2 0.1
Exp. time (s) 0.2 0.1
Sweeps 1 2 1 2
Number of images 1800 1800 1800 1800
Mosaicity (°) 0.22 0.20 0.12 0.13
Wilson B-factor (A2) 46.7 118.8
Unit cell

abc(A) 77.19, 83.41, 119.64 75.97, 82.55, 119.67

aBy(°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Res. limit (&) 48.28-3.3 (3.56-3.3) 59.84-4.0 (4.47-4.0)
Rmerge 0.3468 (3.179) 0.176(1.525)
Rumeas 0.3542 (3.239) 0.186 (1.61)
Rpim 0.079 (0.856) 0.056 (0.5)
No. obs. 295781 (62962) 69717 (16454)
No. unique obs. 11734 (2328) 6512 (1711)
1/a(1) 11.1(1.1) 11.4 (1.5)
CCy; 0.996 (0.458) 0.999 (0.654)
Compl. (%) 98.9 (97.7) 96.8 (92)
Multiplicity 20.1(21.4) 10.7 (9.6)
Anomalous compl. (%) 99.0 (97.8) 94.9 (87.8)
Anomalous multiplicity 10.9 (11.3) 5.7 (5.2)
Mid-slope of anomalou 1.112 1.017
propablity?

alues for highest resolution shell are given in parentheses
2 Values close to one indicate strong anomalous signal
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Table 5-4: Refinement statistics for the GKApcT structure solution

GkApcT (PDB-ID: 50QT)

Refinement

Refinement program BUSTER 2.10.2
Reflections used in refinement 18180 (1770)
Reflections used for Ryree 901 (81)
Rwork/Rjree before refinement 0.423/0.454
Rwork 0.215 (0.263)
Rfree 0.270 (0.315)
CCuwork 0.800 (0.750)
CCree 0.993 (0.705)
Number of non-hydrogen atoms 4132

In macromolecule 3695

In ligands 329
Protein residues 485
Water molecules 108
RMSponds 0.014
RMSangies 2.08
Ramachandran favoured (%) 95
Ramachandran outliers (%) 0.63
Rotamer outliers (%) 2.1
Clashscore 5.72
Average B-factor (A2) 79.91

Values for highest resolution shell are given in parentheses
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5.3 STRUCTURE OF GKAPCT

The final model of GKApcT represents the structure of the closest SLC7 family homologue to

date, sharing 40 % sequence identity with the human CATs (Figure 5-7).
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Figure 5-7: Sequence alignment to human SLC7/CAT family

Sequence alignment of GkAcpcT (WP_042382604) and human CAT members: CAT1 (Uniprot: P30825), CAT2A
(P52569-2), CAT2B (P52569-1), CAT3 (Q8WY07) and CAT4 (043246) generated with PROMALS3D (Pei and
Grishin, 2014) and JalView (Waterhouse et al., 2009) (A). The alignment is coloured by conservation (high
conservation —red background, low conservation —red letters, no conservation —white background and black
letters) and the transmembrane helices of GKApcT are marked as coils above the alignment. Accession codes
for the sequences used in the phylogenic tree (B) are given in the Appendix.

GkApcT consists of 12 transmembrane helices and shows the protein in the inward occluded
substrate-bound conformation (Figure 5-8). The structure also revealed the association with
another helical protein identified as YneM, which belonged to the additional density found
during the initial phasing trials (see Section 5.2). The crystal structure of GKkApcT shares a
LeuT-fold as was expected due to its relation to other LeuT- fold like proteins in the APC

family (Figure 5-8C). The N-terminus of GkApcT is extended forming a lateral helix on the
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intracellular side of the protein (Figure 5-8A) and also shows an intracellular B-sheet, re-
ferred to as the B-hairpin, that is not observed for other APC transporters. The N-and C-

terminii are located on the intracellular side (Figure 5-8A).

alanine

A

B-hairpin lateral helix ¢

c Extracebuler

Figure 5-8: Crystal structure of GKApcT with topology diagram

GkApcT (rainbow, from N-terminus (blue) to C-terminus (red)) in side and top view (A). Helices are marked and
the additional helix found in the structure (YneM) are labelled. Representative electron density map (2Fo-Fc,
orange, 10) is shown for TM3 of GkApcT (B). The topology diagram of GkApcT shows the typical LeuT-fold
topology with the symmetrical parts highlighted in blue and red (C). The substrate binding site is occluded but
an intracellular cavity (indicated by the arrow) protrudes towards the substrate (D).

The crystal lattice of the GKApcT structure shows the common two-layer arrangement for
LCP grown crystals of membrane proteins. In these type | crystals, the two layers consist of

oppositely oriented molecules (Figure 5-9).
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The crystal structure shows the protein with an alanine bound, identified based on prior
information of its substrate specificity (Chapter 4) and used for co-crystallisation experi-
ments. Although this protein is so closely related to the CATs, the substrate specificity differs
noticeably, given that the CATs are transporters of cationic amino acids whereas GKApcT
favours small neutral and polar amino acids. This raises the question: how did the CATs

evolve to bind such a different class of substrates?

Figure 5-9: Crystal packing

LCP grown crystals tend to form type | crystals, forming layers of protein with inverted orientations. This was
also the case for the crystals formed by GkApcT (rainbow N to C-terminal). Of the three layers illustrated, the
middle one shows GkApcT in one orientation surrounded by layers of the protein oriented in the opposite
direction (indicated by arrows).

5.4 COMPARISON TO MJAPCT, LEUT AND ADIC

GkApcT is a member of the APC family showing the topology of the LeuT fold, the common
fold of the APC family. Comparisons with LeuT, AdiC and the more closely related MjApcT
were performed. Crystal structures of the three proteins are available in the occluded state
of which only LeuT and AdiC have been solved with a substrate bound in this conformation.
Superposition shows the highest RMSD of 18.3 A to LeuT, followed by an RMSD of 3.8 A to
AdiC, and of 1.8 A to MjApcT (Figure 5-10).

The alternating access mechanism of LeuT is described by the rocking-bundle model, where

transporter consists of a scaffold, and the flexible core domain performing the main motions
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during the transport cycle (Figure 5-11). A closer look at the core domain reveals additional

differences between LeuT and GkApcT (Figure 5-11).

RMSD = 18.3 A RMSD =3.8 A RMSD=1.8A

Figure 5-10: Superposition of GKApcT onto LeuT, AdiC and MjApcT

GkApCT (blues) was superimposed onto the occluded states of LeuT (yellow, PDB-ID: 2A65, 1.65 A) (A), AdiC
(green, PDB-ID:3L1L, 3.0 A) (B) and MjApcT (orange, PDB-ID: 3GIA, 2.32 A) (C). The RMSD of Ca. is given un-
derneath each superimposition.

The core domain of GKApcT consists, as in LeuT, of TM1, 2, 6 and 7 and the extracellular
loop 4 between TM6 and TM7 (Figure 5-11). Between LeuT and GkApcT, TM1 and TM6 of
GkApcT are located further towards the centre of the protein, thereby pushing EL4 upwards,
which is pushed further into the binding site in LeuT. Additionally, TM2 shows an upward
movement possibly forcing TM1 and TM6 further towards the binding site which then
pushes TM7 away from it. Since GkApcT was crystallised in the inward-occluded state, it
seems that the differences between GkApcT and LeuT give insight into the subtle conforma-
tional changes from the occluded to the inward-occluded state, the latter in which LeuT has

not yet been crystallised.
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Figure 5-11: Structural differences in the core domain between GkApcT and LeuT

The rocking-bundle mechanism observed for LeuT divides the protein into a rigid part, the scaffold domain
(left, dark blue) and the flexible core domain, comprised of TM1 (left, red), TM6 (left, green), EL4 (brown) and
TMs 2 and 7 (left, purple), as illustrated by Krishnamurthy and Gouaux, 2012 (left). The core domain performs
the main conformational changes for substrate transport. The structural arrangement of the core domain
helices (labelled) of GKApcT (right, coloured) was compared to that of the core domain of LeuT (right, grey).
Both structures are shown in their occluded, substrate bound conformation.
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5.5 MECHANISTIC ASPECTS OF SUBSTRATE TRANSLOCATION BASED ON GKAPCT STRUCTURE

The alternating access mechanism has been described for many members of the APC family
based on structural evidence (Gao et al., 2010; Weyand et al., 2011; Krishnamurthy and
Gouaux, 2012; Perez et al., 2012). In LeuT, the substrate translocation is performed by
movement of one part of the transmembrane domains (the core domain), while the remain-
ing part remains rigid (the scaffold domain) (Krishnamurthy and Gouaux, 2012; Penmatsa
and Gouaux, 2014). The substrate binding site is opened to the extracellular side by the
simultaneous movement of TM1 and TM6, combined with the lifting motion of EL4 (Krish-
namurthy and Gouaux, 2012; Penmatsa and Gouaux, 2014). Upon substrate and ion binding,
the protein closes over the substrate binding site, and the substrate release into the intra-
cellular side is achieved by a kink movement of TM1 (Krishnamurthy and Gouaux, 2012;
Penmatsa and Gouaux, 2014).

Although the crystal structure of GKApcT represents the inward-occluded conformation, the
structure might still give information how the release of the substrate could be achieved.
Here, the movement of TM1 would be sterically hindered by the presence of the YneM pro-

tein and additionally by the N-terminal lateral helix to which TM1 is attached (Figure 5-12).

Figure 5-12: Relative position of YneM to TM1 of GkApcT

YneM
GkApcT’s (coloured) TM1 and the N-terminal lateral he-

lix (both labelled, dark blue) are highlighted together
with YneM which resides closely to the N-terminal part
of TM1.

Based on the symmetrical domain arrangement (‘5+5 symmetry’) it is possible, if either an
outward or inward-open/occluded conformation is present, to model the opposite confor-
mation of the protein. This method is called repeat-swap modelling (Vergara-Jaque et al.,

2015). It has proven to be valuable in predicting the helical movement during the transport
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cycle of several proteins, such as LeuT (Forrest et al., 2008), the glutamate transporter Gltpn
(Crisman et al., 2009), or the sodium/calcium exchanger NCX_Mj (Liao et al., 2012). The
modelling method has also been successful in predicting the elevator mechanism of the so-
dium/proton exchanger NhaA (Schushan et al., 2012).

Using this method, the outward-occluded state of GkApcT was generated using MODELLER
(Webb and Sali, 2014). Superimposition of the original structure onto the repeat-swapped
model of GKApcT revealed that during the transition from the outward-occluded to the in-
ward-occluded state, TM1 moves towards the binding site to close it from the extracellular
side and TM6 kinks out to open on the intracellular side, opening the substrate cavity (Figure
5-13). This observation is in accordance with our assumption that it might not be possible
for TM1 to perform such a movement on the intracellular side of the protein due to its re-
striction by the lateral helix at the N-terminus.

To summarise, TM1 kinks away on the extracellular side when the transporter changes from
the inward to the outward-occluded state, and TM6 performs a kink-movement when the
transporter transitions the other way. These helical movements are opposite to those ob-
served for LeuT and AdiC. The transition from the occluded to the outward open states of
LeuT and AdiC require TM6 to move aside to open the substrate binding site (Kowalczyk et
al., 2011; Krishnamurthy and Gouaux, 2012). Since no inward-occluded state of AdiC has
been solved yet, but is available for LeuT, the transition from occluded to inward-open in
LeuT revealed the ‘dog-leg’ movement of TM1 (Krishnamurthy and Gouaux, 2012) and not
TM6 as we propose for GKApcT. Thus, GKApcT could be the first example to use TM6 for
intracellular substrate release rather than the symmetry-related TM1. However, this would
be consistent with the repeat swap methodology, the transporter can also change the
movement of the helices between the symmetrical repeats. Unless the transporter is cap-

tured in an inward-open conformation these statements remain speculative.
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Figure 5-13: Major structural changes suggested by the repeat swap model of GkKApcT

Comparison of the repeat-swap model, showing GkApcT in the outward-occluded form (green) and the original
structure (blue) in the inward-occluded conformation, gives information on the helical movement during the
transport cycle. To switch from the outward to the inward-occluded state, the bottom part of TM6 swings aside,
whereas the extracellular half of TM1 moves towards the centre of the protein.

5.6 SUMMARY

This chapter presented the workflow from the collection of a full data set on a single crystal
of GKApcT at 2.86 A to the final model of the protein. Though MR provided initial phases,
further information on the positions of the sulphur atoms in the protein enabled the building
of the final model.

The different methods for obtaining additional phase information have been described and
the difficulties that can be faced in the process highlighted. Although some are commonly
used, they did not prove fruitful in this case. Thus, each method should to be tested in par-
allel. The novel approach of using long-wavelength data collections at DLS 123, which has
recently been made available to users, and at the Photon Factory BL1-A beamline were the
key in this case. Although direct sulphur SAD phasing was not successful, the combination
with the initial MR phases enabled the calculation of a difference Fourier map showing the
sulphur peaks relative to the MR model. This allowed the correct positioning of the protein
sequence into the electron density. In total over 300 model and refinement cycles were per-

formed until the final model of GkApcT was obtained.
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The crystal structure presented here shows GkApcT in the inward-occluded substrate-bound
conformation. The structure revealed a surprising interaction with another protein, YneM.
Additionally, the structure verifies GkApcT’s relationship with the LeuT-fold family by com-
parison with other available structures of APC members.

Based on GkApcT’s inward-occluded conformation, a repeat-swapped model could be gen-
erated to model the outward-occluded conformation. This model suggested that the helical
movement from one to the other conformation was different to that found for other APC
members, although based on the internal symmetry it had already been suggested that the

helix performing the kink movement might be interchangeable.

The structure of GkApcT was further analysed and combined with functional data to gain
insight into the substrate binding and proton-coupling mechanism. The studies also aimed
to identify the effect of YneM on this protein and the role of the other novel secondary struc-

ture features, which will be discussed in detail in the next chapter.
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6 Insights into the transport mechanism of an ApcT homologue

The structural data obtained for GKApcT helps to explain the substrate specificity of the
protein but also offers the possibility of investigating the residues that are involved in sub-
strate binding, proton-coupling and the translocation mechanism. The following chapter fo-
cuses on the mutational studies that were performed based on the available structural in-
formation, in order to gain a deeper understanding of the mechanism of action of GkApcT

and its human homologues, the SLC7 family.

6.1 ALANINE BINDING SITE

Based on previous experiments that determined the substrate specificity of GkApcT, and
comparison with the homologue MjApcT, alanine was suggested as one of the main sub-
strates of GkApcT and was therefore used for co-crystallisation experiments, resulting in
final structure containing a bound alanine molecule in the centre of the protein.

However, before the crystal structure of GKApcT was available, important residues in sub-
strate recognition were identified based on the comparison of mutational studies on other
APC members shown to have an effect on substrate translocation (Kowalczyk et al., 2011;
Shang et al., 2013; Kaur et al.,, 2014) (Figure 6-1A). Therefore, Thr43, Leul112, Tyrl1ls6,
Vall123, Phe231, Met321 were mutated and assayed under substrate-driven conditions to
determine the effect of those mutations on alanine transport. The residues chosen for mu-
tagenesis were located to be in the centre of the preliminary homology model of GkApcT
(Figure 6-1A). The highlighted residues were substituted to alanine and all mutants could be
purified and reconstituted into liposomes for further analysis (Figure 6-1A). The mutants
GkApcT-Leul12Ala and GkApcT-Tyr116Ala showed reduced counterflow activity, indicating
that these residues are important for substrate binding or for the translocation mechanism

(Figure 6-1B).
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Figure 6-1: Proposed binding site residues

Based on mutational studies on other APC family members and comparison of the location of those mutant
residues with a homology model of GkApcT, several residues were identified that were proposed to be in-
volved in the substrate translocation mechanism or be important for the function of GkApcT. Additionally,
comparison with the crystal structure of GKApcT revealed that the homology model suggested the correct
location of these residues (A). Counterflow experiments with the proposed mutants were carried (B). Porte-
oliposomes containing 25 mM citrate phophsate pH 6.0, 100 mM NaCl, 2mM MgS0O4 and 2 mM alanine were
diluted 1:25 into buffer with 25 mM citrate phosphate pH 6.0, 100 mM NaCl, 2mM MgS04,250 nM 3H-alanine
and 100 uM alanine. As control, liposomes devoid of protein (emp) were also tested. Uptake levels after 5
min are plotted.

Reduced activity was also observed for mutants Thr43Ala and Phe231Ala but no effect was
observed for mutations Met321Ala and Val123Ala (Figure 6-1B), possibly because the latter
maintained the hydrophobic environment necessary for alanine binding and transport.
Therefore, Met321 and Val123 are not directly involved in substrate binding, but Thr43,
Leul12, Tyrl116 and Phe231 are playing a role in the translocation or binding mechanism of

alanine. Superposition of the homology model and the crystal structure reveals that the
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overall position of the mutants was correct in the model, although slight differences in the
position of the side chains were observed (Figure 6-1A), for example Thr43 of the homology
model sits where the alanine is located in the crystal structure (Figure 6-1A). Nevertheless,
the homology model provided valuable initial insight into the structure of GKApcT.

During the model refinement of GkAcpT, difference density was observed between the dis-
continuous parts of TMs 1 and 6 (Figure 6-2D), as observed for other APC transporters (Yam-
ashita et al., 2005; Gao et al., 2009; Shimamura et al., 2010). The mutational data on resi-
dues assumed to form the substrate binding site, supported the assumption that the differ-
ence density found in the crystal structure belonged to a bound alanine molecule. As seen
in Figure 6-2 the carboxyl and amine groups of alanine interact only with the backbone of
TMs 1 and 6, where most of the interactions are made with TM1 which contains, along with

other APC family members, a conserved GlySerGly (GSG) motif.
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Figure 6-2: Substrate binding site of GKApcT

Interaction of alanine (pink) in the binding site of GkApcT mostly formed by TM1 (blue) and TM6 (green)
(A&B). A water molecule interacts with alanine, Tyr268 and TM1(C). Positive difference density (Fo-F, 3 o,
green mesh) was apparent in the structure during refinement into which the alanine molecule fit (D). The
small cavitv in the binding site explains the specificitv of GKAncT for small molecules (E).
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The substrate binding cavity is formed by residues Ala39, 1le40, lle41, Gly42, Thr43, Gly44,
Alal119, Val123, Phe231, Ala232, lle234, lle314, Val317, Met321, and Thr379. The carboxyl
group of alanine interacts via hydrogen bonds with the backbone amines of Thr43 and
Ala42, and with a water molecule (Figure 6-2A). The amino group of alanine interacts with
the backbone of residues Phe231, Ile234 and Ala232 (Figure 6-2B). The water molecule
mostly forms contacts to TM1, via the backbone nitrogens of Gly42 and lle45, the backbone
carbonyl group of 1le40 and the side chain hydroxyl group of Tyr268 (Figure 6-2C). The vol-
ume of the substrate binding site cavity is sterically limited to a volume of ~290 A2 (Figure
6-2E). This results in the substrate specificity of GKApcT for small non-polar and polar resi-
dues as identified in the counterflow experiments (see Section 4.4), since the binding site
would sterically occlude any larger amino acids. The substrate binding site is mainly limited

by residue Met321 on the intracellular side.

6.2 STRUCTURAL COMPARISON OF THE AMINO ACID BINDING SITE

Comparison of the location of alanine in GkApcT to other substrate bound structures of
the APC superfamily shows a similar orientation of the substrate between TM1 and TM6
(Figure 6-3). The carboxyl groups of all the shown substrates point towards the unwound
segment of TM1 whereas the amine group is oriented towards TM6 and the side chains
face away from the discontinuous helices (Figure 6-3).

For the arginine/agmatine antiporter, AdiC, the transporter has been solved in different
conformations with the substrate bound (Gao et al., 2009; Kowalczyk et al., 2011; ligii et al.,
2016). The arginine ligand was found to be enclosed by two aromatic residues (Trp202 and
Trp293) stacking above and below the substrate in the occluded state (Figure 6-4). In the
outward-open state, Trp202 is rotated aside, opening the substrate binding site for the sub-
strate to enter the cavity (Figure 6-4). It is likely that the same rotational movement is per-
formed by Trp293 of AdiC, although the protein structure has not been solved in the inward-
open conformation to confirm this theory. In GkApcT, Phe231 and Met321 are in positions
equivalent to the residues in AdiC, forming the same ‘gate’, although there is no direct in-

teraction with Met321 found (Figure 6-4).
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Figure 6-3: Substrate binding site of GKApcT aligns with that of other APC transporters

Alanine in the binding site of GkApcT aligns with the substrates bound to other APC members confirming its
position and orientation in the crystal structure of GkApcT. The substrates sit between TM1 (red) and TM6
(green). Arginine bound in AdiC (PDB-ID:3L1L, 3.0 A, neon green) and leucine and tryptophan bound to LeuT
(PDB-ID: 2A65, 1.65 A, light blue; PDB-ID: 3F3A, 2.0 A orange) and alanine to GkApcT (PDB-ID: 50QT, 2.86 A,
pink) are shown.

Based on the comparison to AdiC, it was suggested that Phe231 of GkApcT might perform a
similar rotation movement to open and close the substrate binding during the transport
cycle. This model would suggest that TM6 bends aside on the extracellular side in the open-
outward conformation, and bends towards the centre of the protein once the substrate is
bound, which contradicts the findings from the repeat-swapped model discussed in Section
5.5 where it was proposed that TM1 performs this movement. The conformational changes
occurring during the transport cycle can only be speculated until more structural and bio-
chemical data have been obtained to gain a deeper insight into those events. The data pre-
sented here on the substrate specificity of GKkApcT illustrate its ability to accommodate a

variety of substrates.
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Figure 6-4: Comparison of GKApcT to AdiC

AdiC in the substrate-bound occluded conformation (PDB-ID:3L1L, 3.0A) (left), the substrate-bound outward
open conformation (PDB-1D:30B6, 3.0A) (middle), and GkApcT (PDB-ID: 50QT, 2.86A) (right) for comparison.
The aromatic residues of AdiC, capturing arginine, are replaced by Phe231 and Met321 in GkApcT which show
a similar arrangement to the equivalent residues in AdiC.

Additionally, the structure of MjApcT was solved in an occluded substrate-free state but a
water cavity was found within the protein that was thought to be the potential binding site
(Shaffer et al., 2009). The water cavity is located on the intracellular half of the protein as
shown in Figure 6-5. The cavity is mostly delimited by polar residues which would explain
MjApcT’s specificity towards alanine, serine, glutamate and glutamine (Shaffer et al., 2009).
Superimposition of the current GKApcT onto the structure of MjApcT reveals that the sub-
strate binding pocket of GKApcT sits above the water cavity (Figure 6-5) as seen in the com-
parison of MjApcT with LeuT and AdiC (see Section 1.4.3). Thus, it seems possible that the
water cavity of MjApcT was misinterpreted as the substrate binding site since the structures
of substrate bound APC transporters consistently have their substrate binding site above
that cavity. However, since the otherwise conserved GlySerGly motif of APC superfamily
members is not conserved in MjApcT, there being GlyAlaSer, is might be plausible that the
substrate binding site is displaced relative to the other transporters. Mutational studies
based on a homology model fo MjApcT using GKApcT as template or a co-crystal structure
of MjApcT with one of its substrates might give insight into these assumptions.

The crystal structure of GkApcT provided additional sites for mutational studies to deter-
mine how the substrate specificity is achieved. It also allowed differences from the SLC7
family to be identified and showed which residues are invaluable for the proton-coupling
mechanism. Studies based on those mutations might shed light into the mechanistic aspects

of the membrane transporter GKApcT.
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Further investigation of the substrate binding site showed that a water molecule interacts
with the bound alanine and that this water molecule is in a similar position to the first so-
dium ion found in LeuT (Figure 6-6). Additionally, Tyr268 participates in the coordination of
the water molecule and its hydroxyl group could substitute for the Nal of LeuT, as it also
has a similarly orientation to Nal of LeuT. The location of the second sodium ion of LeuT is

occupied by Lys191, which is the corresponding residue to Lys158 of MjApcT (Section 1.4.3).

OouT

Figure 6-5: Comparison of location of alanine binding site of GkApcT and water cavity of MjApcT

The water cavity (grey surface, water molecules as red spheres) in MjApcT (PDB-ID:3GIA, 2.32 A, cartoon in
rainbow colour) resides below the substrate binding site found in GKApcT (alanine shown in pink sticks and
with black oval around it).

As described in section 1.4.3, previous research on MjApcT suggested that Lys158 was in-
volved in the proposed proton-coupling mechanism due to its similar orientation and loca-
tion as Na2 bound to LeuT (Yamashita et al., 2005). Since Lys191 of GkApcT occupies a sim-
ilar position (Figure 6-6) interacting with residues of TM8 and TM5 (Figure 6-7A), its possible

involvement in the proton-coupling mechanism of GkApcT was investigated.
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Figure 6-6: Comparison of binding mode of GkApcT and LeuT

Comparison of the binding sites of GkApcT and LeuT (PDB-ID: 2A65, 1.65A) (A) revealed that the two sodium
ions (Nal and Na2, purple spheres) are in similar positions to residues Lys191, Tyr216 and a water molecule
in GkApcT (PDB-ID: 50QT, 2.86A) (B).

For this, three different mutants were prepared: the residue was mutated to arginine to
preserve the positive charge, to asparagine to preserve a polar environment, and to alanine
to abolish any charge. The mutants were reconstituted into liposomes and electrogenic up-
take of alanine was measured and compared to the wildtype activity. Only GkApcT-
Lys191Asn weakly (~ 8% of WT activity) recovered alanine transport activity, whereas the
other mutants showed a complete loss of their transporter function (Figure 6-7B). To ex-
clude that the loss of activity resulted from the inability of the mutants to bind alanine,
thermal stability measurements were performed. The detergent-solubilised mutants were
diluted into counterflow buffer supplemented with 0.03% DDM. Temperature-intervall
measurements in presence and absence of 10 mM alanine in the buffer are plotted (Figure
6-7C). The wildtype-protein and the mutants show a clear shift of their melting temperature
(peak of the curve) when alanine was added to the proteins, indicating that a substrate-
induced stabilisation of the protein occurs which can be assumed to indicate substrate bind-
ing in this case. The measurements also show that the GKApcT mutants have the same sta-
bility under substrate-occluded conditions as the wildtype protein, confirming that no struc-
tural stabilisation has occurred which could obscure the liposome-based assays.

It is assumed that the lysine at this position is not directly involved in the coupling of the
proton, since the mutation to asparagine was able to restore the proton-coupled uptake of
alanine, although to a small extent. Additionally, unlike CaiT, the mutant GkApcT-Lys191A

did not show any sodium-dependent uptake, since the generated inwardly directed mem-
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brane potential under the AW-driven conditions used in the experiments could also be har-
nessed for sodium-coupled symport. However this was not the case for the conducted ex-
periments which implies that the observed modulated sodium-dependence of CaiT might
have been specific for this protein (Kalayil et al., 2013). We therefore suggest that the lysine
is involved in a stabilisation mechanism via formation of hydrogen bonds to surrounding
helices (Figure 6-7A) suggesting a similar mechanism in the sodium-coupled transporters,
since Na2 found in LeuT, given its similar position and interaction. This might explain the
loss of function for most of the mutants. Probably the charge and size of the residue are

crucial to maintain the protein’s function.
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Figure 6-7: Influence of Lys191 on GKApcT transport activity

Since Lys191 of GkApcT (PDB-ID: 50QT, 2.86A) occupies a similar position and coordination to that of Lys158
in MjApcT (A). Electrogenic (relative uptake after 1 min) and counterflow (relative uptake after 5 min) exper-
iments were performed fo WT and mutants Lys191Ala, Lys191Arg, and Lys191Asn using 5 ug of protein per
experimental time point (B). Additionally, thermal stability measurements for WT and the listed mutants were
performed. For this, the proteins were diluted 1:50 into buffer containing 25 mM citrate phosphate pH 6.0,
100 mM NacCl, 2 mM MgS04 and 0.03 % DDM to a final concentration of 0.5 mg/ml (C). Additionally, 10 mM
Ala (+alaninen) were present in the buffer.
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6.3 BINDING SITE MUTATIONS BASED ON THE SLC7 FAMILY

Using a similar approach to that of the modulation of LeuT to transport substrates of the
closely related TnaT tryptophan transporter (Piscitelli and Gouaux, 2012), residues poten-
tially influencing the substrate specificity of GKApcT (Figure 6-8A) were compared with the
corresponding residues of the human CATs. Based on the sequence alignment a subset of
them was found to differ (Figure 6-8). Single-mutants of GkKApcT were generated to match
the equivalent residues of the human CATs. The mutants were cloned into C43(DE3) E. coli
cells, over-expressed in TB and purified as described for GKApcT (Section 3.2). They were
subjected to reconstitution into liposomes with subsequent determination of their sub-
strate specificity towards arginine, alanine and lysine. Counterflow assays using radio-
labelled alanine as the reporter amino acid were performed with 10 mM alanine, arginine
or lysine in the internal liposome buffer and the results compared to wildtype GKkApcT. The
counterflow experiments reveal that only mutant GkApcT-Met321Ser showed an ability to
transport arginine and slight activity for lysine (Figure 6-8C).

The ICsp of arginine changed from the 6 mM for GKkApcT-WT to 11.4 uM for the mutant
(Figure 6-9A). The results point to the change of the WT towards being an arginine trans-
porter, indicating the importance of the residue in substrate selectivity of GkKApcT as a neu-
tral amino acid transporter and the cationic CAT transporter in humans. Additionally,

Met321Ser is still a proton-coupled transporter for arginine (Figure 6-9B).
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Figure 6-8: Residues involved in shaping the substrate specificity of GKApcT and the human CATs

Inspection of the substrate binding site of GKApcT suggested residues that might determine its substrate spec-
ificity. These residues were compared with the human CATs to identify any differences that might cause the
change in specificity. Five residues that showed differences between GkApcT and the CATs were identified (A
& B). Mutations of these residues in GkApcT to the ones found in the human CATs were used for counterflow
experiments using 10 mM alanine, arginine or lysine in the internal buffer (25 mM citrate phosphate pH 6.0,
100 mM NaCl, 2 mM MgS0a) (C). The bar graph shows uptake levels after 5 min. The alignment in (B) is coloured
by conservation from no conservation (white) to 100 % conservation (dark purple).
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Figure 6-9: GkApcT-Met321Ser

ICso experiments with GKApcT-WT and the mutant GkApcT-Met321Ser using arginine as the competitor
under electrogenic conditions using 250 nM 3H-alanine are plotted (A). The /Cso for arginine changed from
6 mM (WT) to 11.4 uM (Met321Ser). Additionally, electrogenic uptake assays using a mixture of 1 uM
arginine and 250 nM 3H-arginine were performed with mutant Met321Ser (B). Uptake after 1 min. is
plotted.
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6.4 CHANGING GKAPCT TO AN ARGININE TRANSPORTER

The mutation of Met321 to serine resulted in a change towards increasing sensitivity to ar-
ginine in counterflow and competition assays, and also showed electrogenic uptake activity
for arginine (Section 6.3). The Michaelis-Menten kinetics of arginine uptake of GkApcT-
Met321Ser were determined (Figure 6-10) with a Ky value for arginine of 97.7 + 36.1 uM
and Vmaxof 0.2633 £ 0.22 nmols mg? sec™.

The mutant shows a similar apparent Ky to arginine as the wildtype protein does to alanine
(Section 4.6) showing that the mutation did not influence the substrate affinity but altered
the maximum transport velocity Vmax. Since Vmax is proportional to kcqt, the turnover rate and
rate limiting step of transport, and to the protein concentration. The same amount of pro-
tein was used for Ky determination for GKApcT-WT and GkApcTMet321Ser, which means

that the decrease in vmax resulted from a decrease in keat.

>
w

0.25- i
5 1501
o 0.204 g
@ (@)
o 0151 E 100
(&)
= 3
S 0.10- @
E 2 501
- [ ]
0.05-
DUOI T T 1 v T T 1
0 100 200 300 'Oy 05 10 15
Arg [uM] _50- 1/[Arg], uM™!

Figure 6-10: Uptake of arginine by GkApcT-M321S

The transport kinetics of GkApcT-Met321Ser for arginine transport were investigated under AY-driven condi-
tions (A). Proteoliposomes containing internal buffer (20 mM KPi pH 6.5, 100 mM KAc and 2 mM MgSQas) were
diluted 1:25 into external buffer (20 mM NaPi pH 6.5, 100 mM NaCl, 2 mM Mg2S0a4, 250 nM 3H-arginine, 10 uM
valinomycin and varying arginine concentrations). The initial uptake rates were plotted against the arginine
concentrations used and kinetic parameters were determined in PRISM using the Michaelis-Menten equation.
The Lineweaver-Burk plot of the experimental data is shown as control (B).

Similarly, this means that the substrate affinity, Kv, of GkApcTMet321Ser stayed alike to
the WT affinity due to changes in the on and off rates (konand kof) of substrate binding due

to the relation:

163



_ kcat+ koff

M=
kon

If kcat decreases, either koffincreased or kon decreased, which in turn means that the binding
site mutation did alter the rates of arginine binding and also influenced the transporter to
perform a slower transport turnover than the wildtype protein.

To identify the binding mode of arginine in the GkApcT-Met321Ser mutant, crystallisation
trials were performed. The mutant was incubated with arginine on ice for 2 h before recon-
stitution into a MO:Chl mixture. Crystals appeared in similar conditions to those of the
wildtype protein. The diamond-shaped crystals of GkApcT-Met321Ser grew to full size (20
pum in the longest dimension) within two weeks. They were harvested and cryocooled (no
cryoprotectant was necessary), and stored in liquid nitrogen until X-ray data collection. A
full data set was collected at the 124 beamline, DLS, to a resolution of 3.13 A (Table A 4).
MR using the WT structure without any ligands gave a solution with a TFZ score of 25.8.
Difference density was found at the site where the alanine was bound to GkApcT (Figure
6-11). After further refinement with BUSTER (Bricogne et al., 2016), model inspection, and
adjustment in COOT (Emsley et al., 2010), the difference density in the binding site per-
sisted, with a size similar to that of an arginine molecule (Figure 6-11).

Though the data were of lower resolution (3.13 A) than the wildtype data set with alanine
(2.86 A), an arginine molecule was modelled into the site of the observed difference den-
sity, followed by refinement in BUSTER (Bricogne et al., 2016) after which no negative Fo-Fc
density was found in that region giving a good indication that no misplacement of the ligand
had been made, and that the difference density had not been misinterpreted. The final
structure had an Rwork and Ryree Of 23.1% and 29.5 %, respectively. Arginine is similarly ori-
ented to the bound alanine in the GkApcT-WT structure (Figure 6-12A) but with the side
chain extending into the protein. Comparison of arginine bound to AdiC (PDB-ID: 3L1L) and

GkApcT-Met321Ser shows two different orientations for the same substrate (Figure 6-12B).
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Figure 6-11: Arginine binding to GkApcT-Met321Ser

Location of the arginine bound to GkApcT-Met321Ser (PDB-ID: 6F34, 3.13 A) between the two unwound helices
TM1 (blue) and TM6 (green) (left). The binding mode of arginine was compared to the alanine molecule of the
GKApPcT-WT crystal structure (PDB-1D: 50QT, 2.86 A) (middle). During refinement, positive difference density
appeared in the binding site (Fo-Fc map in green contoured at 1 o), which corresponded to a bound arginine
molecule (right).

In AdiC, the arginine molecule is captured parallel to Trp202 and Trp293, whereas in
GkApcT-Met321Ser, the arginine side chain is more diagonally arranged. Here, Ser321 sits
at a similar position to Trp293 of AdiC, leaving enough space for the side chain to occupy
the opened cavity. Additionally, a vertical orientation of arginine as seen in AdiC would not

be possible, since this arrangement would be sterically hindered by TM3 (Figure 6-12B).
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Figure 6-12: Structure of the arginine bound GkApcT-Met321Ser mutant

Comparison between the GKApcT-WT (PDB-ID: 50QT, 2.86A) and GkApcT-Met321Ser (PDB-ID: 6F34, 3.13
A) structures shows that L-Ala (pink) and L-Arg (light pink) are similarly bound, and coordinated by TM1
and TM6 (A). AdiC, the arginine-agmatine exchanger, was solved with an arginine in the occluded state
(PDB-ID: 3L1L, 3.0A, grey). The arginine molecule in this structure is aligned parallel to Trp202 and Trp293
whereas the arginine in the GkApcT-Met321Ser structure shows a diagonal arrangement, due to steric
restriction posed by TM3(light blue) (B). This helix is pushed further into the binding site when compared
to the structure of AdiC.
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6.5 PROTON-COUPLING MECHANISM OF GKAPCT

We have identified GKApcT as a proton-coupled amino acid transporter, which could not be
verified for MjApcT, although proposed to be proton-coupled.
Mutational studies based on the structure of GkApcT were performed to identify the resi-

dues involved in the coupling mechanism, which is discussed below.

6.5.1 The intracellular Glu-Asp pair

Following the observation of the potential helical rearrangement during the transport cycle
of GkApCT, a closer look at intracellular cavity identified two charged residues near the sub-
strate binding site, Asp237 and Glu115. Among the CAT family, Asp237 is highly conserved.
Since TM6 is the symmetry-related partner of TM1, we thought it is likely that this helix may
be responsible for the release of the substrate into the cell. To investigate the role of the
two residues on the transport activity of GkApcT, Glu115 and Asp237 were mutated to ala-
nine. Additionally, Glu11l5 was changed to glutamine, and Asp237 to asparagine, and a
Glu115Asp/Asp237Glu mutant was designed. Only for GkApcT-Glul15GIn, could the
transport function be restored partially in counterflow experiments and also showed in-
creased thermal stability in presence of alanine (Figure A 11). Together with the inability of
this mutant to transport alanine under electrogenic conditions, the experiment suggested
that Glu115 is an important residue in the proton-coupling mechanism of GkApcT. The loss
of transport activity for Asp237Asn suggests that Asp237 isimportant for the function of the
transporter. It was surprising that the Glu115Asn/Asp237Glu did not recover the WT func-
tion and this indicates that the transporter is sensitive to change in this region or that the
interaction between these two residues involves other partners and not only the water mol-
ecule as mediator. The interaction with Asp237 through a single water molecule coordi-
nated between both residues (Figure 6-13C) seems to be additionally important for the
translocation mechanism of the transporter.

The pKa of Glull5 was predicted to be 8.18 using the PROPKA server (http://nbcr-
222.ucsd.edu/pdb2pqgr_2.0.0/). Thus, Glu115 is likely to be protonated in the crystal struc-
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ture, and a possible mechanism is that the residue becomes deprotonated through expo-
sure to the cytosol on the intracellular side due to the kink movement of TM6 (Figure 6-13B)

which probably releases the substrate on the intracellular side.
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Figure 6-13: Identification of a proton-coupling pathway in GKApcT

Mutational studies on GkApcT targeting residues proposed to be involved in the proton-coupling mechanism
were carried out. Single time-point measurements under proton-driven (uptake after 1 min shown) and coun-
terflow (uptake afer 5 min shown) conditions were performed for each mutant and compared with the wildtype
protein (A). Based on the results from the activity measurements, a model for substrate release on the intra-
cellular side via a kink movement of TM6 is proposed (B).

6.5.2 Water filled cavity of GKApcT

The water molecule interacting with Glu115 and Asp237 on the intracellular side of the sub-
strate binding site forms part of a water network (Figure 6-14) that stretches into the cyto-
plasm. The water molecules form hydrogen bonds with surrounding charged and polar res-
idues on TM1, 2, 3 and 6 but also with residues of the intracellular loop 1 (IL1). Given the

arrangement of the water molecules and the interacting residues in the form of a transient
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‘zig-zag’ water molecule network, proton-release might be facilitated via this proton-relay
system (Figure 6-14). The network does not seem to form a continuous stream of water
molecules. However, the network can be completed if the polar and charged side chains of
the residues highlighted in Figure 6-14A are also involved in this hypothetical proton-relay

system (Figure 6-14B).
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Figure 6-14: Water-filled cytoplasmic cavity

A cytoplasmic water cavity was found in the structure of GkApcT (PDB-ID: 50QT, 2.86A) stretching up to the
substrate binding site. The water molecules are coordinated by charged and polar residues surrounding the
cavity (A). This arrangement gives rise to the speculation that proton-release is facilitated by this water network

(B).
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6.5.3 A network of intracellular charged residues influencing the transport mechanism

On the cytoplasmic surface of GKApcT, in close proximity to the water filled channel, a net-
work of charged residues was found (Figure 6-15). Lys179 and Glu245, as well as Glu244 and
Arg327 could form salt bridges with one another, possibly stabilising the protein in one of
the transport cycle steps or participating in the proton if the mechanism hypothesised in
the previous section holds true. Arg327 has been particularly observed to interact with one
of the water molecules in that region (Figure 6-14).

To investigate the role of each residue, alanine mutations were carried out and in addition,
the proposed salt bridge residues were swapped. Electrogenic uptake was lost or reduced
for most of the mutations. Lys179Ala was the only mutant that retained high transport ac-
tivity (~ 65% of WT) showing that this residue is not strongly involved in the transport mech-
anism of GkApcT. Reduction or inactivation of the transport mechanism by altering residues
Glu244, Glu245 and Arg327 indicated that although they are not close to the substrate bind-

ing site, they are involved in the function of GKApcT.
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Figure 6-15: Intracellular charged residues

A network of charged residues was found on the intracellular side of GkApcT (PDB-ID: 50QT, 2.86A) that
might form salt bridges when the transporter changes its conformational state (A).

Mutational studies on these residues revealed their influence on alanine uptake under electrogenic (internal
buffer: 20 mM KPi pH 6.5, 100 mM KAc and 2 mM MgSQa; external buffer: 20 mM NaPi pH 6.5, 100 mM Nacl,
2 mM MgzS04, 250 nM 3H-alanine, 10 uM valinomycin) or counterflow conditions (internal buffer: 25 mM
citrate phosphate pH 6.0, 100 mM NaCl, 2 mM MgS04, 10 mM alanine; external buffer: 25 mM citrate phos-
phate pH 6.0, 100 mM NaCl, 2 mM Mg2S04, 250 nM 3H-alanine, 100 uM alanine) using 5 pg of protein per
experimental time point (B).
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6.6 THE B-HAIRPIN DOMAIN

The CAT2 transporter exists in two isoforms in humans, CAT2A and CAT2B. The two splice
variants are identical except for a 42 amino acid stretch that is thought to indirectly influ-
ence the substrate affinity and transport rate (Habermeier et al., 2003). Highlighting this
region in the sequence alignment between GkApcT and human CATs, including the two
splice variants of CAT2, reveals the homologous region in GKApcT (Figure 6-16C). In its struc-
ture, this stretch partially belongs to a loop region on the intracellular side of GKApcT. This
loop contains an antiparallel B-sheet, situated between TM8 and TM9, and the endpoints of
the loop each contain a proline residue acting as ‘hinge’ for the loop. Comparison of this
region between GkApcT and MjApcT shows that in MjApcT the loop region closes the bind-
ing site on the intracellular side, whereas in GKkApcT an open conformation is found for the
loop (Figure 6-16D). Given the different pHs at which the proteins were crystallised, it could
be suggested that the different conformations of the loop result from a protonation/depro-
tonation process. Another function of this loop region could be the interaction with the lipid
bilayer and thus the stabilisation of the transporter in the membrane, given that the loop
contains several positively charged residues (Figure 6-16C). Mutations of the prolines on
each end of the loop were performed, either to glycine or valine, to disrupt the possible
‘hinge’ movement of the loop. Both double-mutants were less stable during purification but
could be reconstituted. The activity in electrogenic uptake assay was reduced, indicating

that the transport mechanism was disrupted by these mutations (Figure 6-16A).
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Figure 6-16: Mutational studies on 8-hairpin domain

The region where the two splice variants of CAT2 differ partially contains a stretch corresponding to the -
hairpin domain of GKApcT (A). it might be possible that the hairpin domain interacts with the lipid bilayer, as
it contains a pattern of positively charged residues. In comparison to GkApcT (PDB-ID: 50QT, 2.86A, grey and
green)), MjApcT (PDB-ID: 3GIA, 2.32A, orange) contains an unwound loop region that closes part of the exit
path of the substrate, whereas in GadC (PDB-ID: 4DJI, 3.194, blue) a C-terminal ‘plug’ has been found closing
the binding site (B). Alteration of the proline residues at the hinge points of the hairpin domain reduces the
transport activity under electrogenic conditions, suggesting an involvement of this domain in the transport
mechanism (C). It is proposed that this domain might close over the binding site when the transporter
changes from the inward-open form to the outward-open confirmation (D).
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6.7 INFLUENCE ON SUBSTRATE AFFINITY OF R334

As mentioned in the previous section, the human CAT2 transporter exists as two splice var-
iants. These only differ in a small region of the protein sequence, which indirectly influences
the substrate affinity of both proteins (Habermeier et al., 2003). One residue that differs
between them is an arginine (CAT2A) and a glutamate (CAT2B) in an otherwise highly con-
served region (Figure 6-17B). GKApcT has an arginine residue at position 334. The structural
data reveal that the residue sits on the intracellular end of TM8 forming interactions with
water molecules and the adjacent Asp335 (Figure 6-17A), which is highly conserved among
the CATs (Figure 6-17B). The change to glutamate is thought to increase the substrate affin-
ity of the transporter (Habermeier et al., 2003), probably through interference of the inter-
action with Asp. Therefore, Arg334 was mutated to glutamate to investigate if this state-

ment holds true for GKApcT.

330
GkApcT ALF YENI S
HsCAT1 [yvIvifix
P\ HsCAT2A [ .7/Nux
' HsCAT2B AV I vENMA
HsCAT3 AV T YEYM 2
1004e
E‘
%
o
\ £
- ©
) < 50+
f T
334 ‘ 2
. o
C : . .
e 10 104 102 100
Lateral helix Beta-hairpin [Alanine], mM

Figure 6-17: R334 residue as possible regulator of GkApcT’s activity

The residue Arg334 is located on the intracellular side of the substrate binding site interacting with water
molecules in this area, which might form a proton-relay system (A). Additionally, Arg334 forms hydrogen
bonds to residues of the lateral helix as well as to the adjacent Asp335 (A) which is conserved among GkApcT
and the human CATs, though Arg334 is either an Arg or Glu in the human CATs (indicated by star above
alignment), influencing the substrate specificity of the transporter (B). The ICso curves for alanine were deter-
mined for GKApcT-WT and the Arg334Glu mutant (C).
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Indeed, an increased sensitivity to alanine is observed in ICsp experiments. The /Cso for ala-
nine dropped from 2 uM to 0.4 uM from the wildtype to the mutant protein (Figure 6-17C).
This indicates that the change to glutamate influences the affinity for alanine, verifying the
results from mutational studies on the human CATs, therefore supporting GKApcT as a valid

model for the CAT transport mechanism.

6.8 THE LATERAL N-TERMINAL HELIX OF GKAPCT

Early stages of analysing the protein sequence of GkApcT showed that it has an N-terminal

extension of 22 residues which is not present in the sequence of MjApcT (Figure 6-18A).
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Figure 6-18: Effect on GkKApcT N-terminal deletion

The lateral helix derives from the N-terminal extension found in GkApcT but not in MjApcT (A) and interacts
with residues of TM3, TM8 and TM12 on the intracellular side of the protein (B). An N-terminal deletion
variant of GKApcT-WT was purified and the thermal stability of GKApcT-WT and its N-terminal deleted variant,
GkApcTAN, at 0.1 mg/ml were determined using CD measurements at 220 nm (C).
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The N-terminal extension forms an intracellular lateral helix in the structure of GkApcT,
mainly interacting with TM3 and TM8 via hydrogen bonds formed between Arg5 and
Glu102, Lys7 and Asp335, Glul5 and Arg334 (Figure 6-18B).

Additionally, a water molecule is coordinated by Lys7, Asp335, R334 and Glul5 (Figure
6-18B). Deletion of the helix caused instability of the protein structure (Figure 6-18C). Due
to its connection to TM1, the lateral helix might prevent the ‘kink’ movement that is ob-
served in LeuT (Krishnamurthy and Gouaux, 2012) which is compensated by the similar
movement of the symmetrical related TM6. Thus, this structural element is an important
part of the transporter, influencing the overall protein stability and possibly the transporter

function.

6.9 CHOLESTEROL INTERACTION

During the optimisation process of the crystallisation conditions for GkApcT, it was sug-
gested monoolein supplemented with cholesterol might be used as an alternative lipid en-
vironment. This composition has mostly been used for crystallising GPCRs and other mem-
brane proteins of higher eukaryotes, as the membrane in which they usually reside contains
cholesterol (Dufourc, 2008). Cholesterol is a small molecule that assists in rigidifying the
membrane and can help to stabilise proteins in the membrane (Song et al., 2014).

In the case of GKkApcT, the use of cholesterol improved the crystal size, so that the crystals
grown in the LCP were bigger with (~20-30 um in the longest dimension) than without cho-
lesterol (~10-15 um in the longest dimension), and the overall crystal quality improved (from
~5A to ~3 A). During the refinement process, difference density was found between YneM
and GkApcT that appeared to be a bound cholesterol molecule, explaining the improvement
of the LCP grown crystals by helping the proteins to maintain contact with each other and
in forming crystal contacts. The cholesterol molecule is in a hydrophobic pocket formed by
residues YneM-Phe21, Ala24, and GkApcT-Ala200, and Val201, and is stabilised via pi-pi-
stacking to aromatic residues Trp204 and Tyr205 (Figure 6-19). The polar head group faces
towards the exterior environment. Interestingly, compounds structurally similar to choles-
terol are found in the bacterial but not in the archaeal membranes, so-called hopenes or
hopanoids (Welander et al., 2009). They play a vital role in the regulation of cell membrane

fluidity and rigidity (Welander et al., 2009; Wu et al., 2015a). These compounds are found

175



to be additionally important for the membrane to withstand high temperatures, low pHs
and resistance to antibiotics (Welander et al., 2009; Malott et al., 2012, 2014). It may explain
the interaction of GKApcT with this molecule, as G. kaustophilus is found in these harsh en-
vironments and hopanoids would prevent leakage of the membrane. To verify the stabilising
effect of cholesterol on GkApcT, CD-melts were performed with and without the supple-
mentation of cholesterol to the detergent solubilised protein. In addition, MjApcT and

PepTs: were used as negative controls.

ouT

Figure 6-19: Cholesterol binding pocket

Cholesterol is located between TM5 (green) of GkApcT (PDB-1D: 50QT, 2.86A, rainbow) and YneM (grey) in a
hydrophobic pocket between both helices. The cholesterol interacts with Tyr206 via M-MN-stacking. The posi-
tive Fo-Fcmap contoured at 2.8 o is shown around the cholesterol molecule.

The melting curves show a noticeable shift of ~15 °C in the melting temperature of GkApcT
when 0.006 % (w/V) cholesterol hemisuccinate is added to the protein solution (57.4°C
(DDM) to 72°C (DDM+ CHS)). This result could arise from the cholesterol supporting the
interaction between GkApcT and YneM, and thus influencing its stability. No effect in the
presence of DMPC:CHAPSO bicelles was observed.

Interestingly, there was no effect on MjApcT (Tm(DDM)= 61.9°C, Tm(DDM+CHS) = 62.2°C),
which could be a result of using OG as detergent and not DDM, or that CHS does not interact
with MjApcT. OG was chosen in this case to enable a melting curve to be collected, since in
previous experiments, MjApcT did not show a suitable melting profile in DDM (Figure 6-21).

Another explanation for the lack of a stabilising effect of CHS on the MjApcT could be that
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it is reported that archaeal organisms, to which Methanocaldococcus jannaschii belongs, do
not contain hopanoids or similar compounds in their membrane. Therefore, it is possible

that cholesterol simply has no effect.
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Figure 6-20: Structures of cholesterol and hopanoids

Figure adapted from Wu et al., (2015)

Cholesterol also had only little effect on the stability of PepTs:, where a shift of 5°C (Tm
(DDM) = 54.9°C, Tm (DDM+CHS) = 61°C) was observed. PepTs: belongs to the MFS family
and has a different overall fold, and has not been reported to interact with cholesterol or
similar compounds. Nevertheless, the slight increase in the melting temperature suggests
that the protein is also able to interact with cholesterol but without such a significant effect
as seen for GkApcT. It might therefore be of interest to test other APC family homologues
on their possible interaction with cholesterol. Furthermore, the use of cholesterol supple-
mented monoolein for LCP crystallisation trials should be an additional tool in testing differ-
ent lipids and GKApcT has set an example that the use of cholesterol in LCP crystallisation

should not only be restricted to eukaryotic proteins.
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Figure 6-21: The influence of cholesterol on thermal stability of membrane proteins

CD melts from 20-86 °C were performed for GkApcT (A), MjApcT (B) and PepTs: (C) in detergent without
any additives or with cholesterol hemisuccinate (CHS) or in the presence of DMPC:CHAPSO bicelles in the
case of GkApcT. The proteins were diluted 1:100 into buffer (10mM KPi pH 6.5, 50 mM NaSOs and either
0.03 % DDM (DDM-CHS), 0.03 % DDM/0.006% CHS (DDM+CHS), or 0.03 % DDM/0.07 % DMPC:CHAPSO
(2.8:1) bicelles (Bicelle)) to a final concentration of 0.1 mg/ml.
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6.10  YNEM ASSOCIATION

As stated previously, the crystal structure of GkKApcT revealed an association to an additional
protein, YneM. During initial analysis of the difference electron density close to helix one, it
was assumed that this helix belonged to the N-terminal extension of 23 additional amino
acids compared with the MjApcT protein sequence. Secondary structure prediction identi-
fied this N-terminal extension to be a helix (Section 6.8). Modelling of the sequence into the
density and subsequent refinement did decrease the R-factors during refinement, but de-
tailed inspection of the density around this region revealed that the sequence was not cor-
rectly built. It was then concluded that the orientation of the helix had to be altered such
that the N-terminus of GkKApcT would have been in the same position as the N-terminus of
the additional helix. Therefore, the additional helix could not be a part of GkApcT. Given
that GKApcT was recombinantly expressed in E. coli, and that the pWaldo plasmid only car-
ried GKApcT, it was concluded that the helical protein was derived from E. coli, and was co-
purified and co-crystallised with GKApcT.

A poly-Ala model was initially fitted into the additional density and after subsequent refine-
ment cycles, features of the side chains of aromatic residues appeared. From initial obser-
vations and the anomalous difference Fourier map revealing the sulphur atoms, it was pos-
sible to build a partial model of the helix and use the sequence of this model for a BLAST
search against the proteome of E. coli. YneM was identified as a hit. Secondary structure
prediction of the 31 amino acid long protein revealed that it contains a transmembrane helix
identical to the length of the helix built into the GKApcT density. The sequence of the helix
was completed and the refined GkApcT model showed no errors for the model at the YneM
helix. It can thus be assumed with great confidence that YneM is the protein that is attached

to GkApcT.
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Figure 6-22: YneM is associated to GKApcT

Left: The structure of GkApcT (PDB-ID: 50QT, 2.86 A, rainbow) and YneM (grey) were solved by crystallisation
in LCP. The N- and C-terminus of GKApcT are intracellular as well as the N-terminal of YneM. YneM contains a
single membrane spanning helix (coloured from N- to C-terminus) while GKApcT consists of 12 transmem-
brane helices. Right: YneM (rainbow) interacts via hydrophobic interactions with GkApcT (grey). Hydrogen
bonds (grey dashed lines) between both proteins are formed at the N- and C-terminus of YneM.

There is very little known about YneM. This is mainly due to the failure to annotate small
peptides and proteins in E.coli and also of other organisms in the past. In 2009, more coding
regions of E.coli were starting to be annotated for these small proteins (Alix and Blanc-Po-
tard, 2009). In E.coli, over 30 proteins smaller than 35 residues have been identified,
whereas in G. kaustophilus, only 5 such proteins are annotated. Further investigation of
these small proteins revealed their participation in response to temperature stress on the
organism (Alix and Blanc-Potard, 2009; Hemm et al., 2010). When the cell is stressed, these
small helical proteins interact with membrane proteins and stabilise them. Additionally,
some of the genes encoding for the small transmembrane proteins are close to the genes
coding for membrane transporters. It is assumed that YneM fulfils a stabilising function for
GkApcT. A BLAST search with the YneM sequence using the proteome library of G. kaustoph-

ilus was not able to identify a related protein, but this could have been due to the limited
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annotation of such proteins in this organism. Furthermore, the sequence of YneM is char-
acterised by the hydrophobic residues that build the helix. One could imagine that the helix
could undergo many mutations to other non-polar residues without disruption of the helical
structure, preventing the identification of other small similar helical proteins. The density at
this region was very well resolved and no other density near the protein was observed,
which would suggest that YneM specifically interacts with GKApcT in this region. It has been
reported that the LAT transporters of the SLC7 family interact with SLC3 proteins, consisting
of a soluble heavy subunit and one transmembrane helix, via a disulphide bond between
the loop region of the LATs between helices 3 and 4, and the extracellular loop between the
transmembrane helix and the heavy subunit of SLC3 (Figure 6-23B). Based on docking stud-
ies using a homology model of LAT2, derived from AdiC, it was suggested that the single
transmembrane helix is located close to TM4 of LAT2 (Rosell et al., 2014). Given the close
relation of GKApcT to the SLC7 family, we propose that the region where YneM interacts
with GkApcT might be the interaction zone of the LATs with the SLC3 proteins. Based on a
homology model of LAT1 generated with the crystal structure of GkApcT, the corresponding
Cys of the SLC7 protein forming the disulphide bridge is located in a long extracellular loop.
Although this loop is distant to the helix of 4F2hc (SLC3 family member, based on YneM
here), it might be long and flexible enough to form the disulphide bond as we propose in
the LAT1/4F2hc model (Figure 6-23B).

Interestingly, while the sequence alignment between YneM and the single TM helices of
rBAT and 4F2hc (SLC3 family) shows very little residue-specific conservation between them,
the electrostatics are, however, somewhat similar (Figure 6-24). These results might give an
indication that the position of YneM relates to that of the helices of rBAT or 4F2hc in respect

to the HAT transporter. Still, further experimental data are required to verify this theory.
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Figure 6-23: Possible model for 4F2hc interaction with LAT1

The topology model of LAT1 shows the interaction region of 4F2hc and LAT1 and the proposed location of
the single TM of 4F2hc relative to LAT1 (A). Using YneM as a template, the transmembrane helix of 4F2hc
(yellow) was generated using MODELLER and a model of LAT1 (grey) based on the GkApcT structure (PDB-ID:
50QT, 2.86A) (B). The interaction between 4F2hc and LAT1 is formed by a disulphide bridge (marked with
S=S). The cysteine residues (pink) of LAT1 involved in this interaction sits in a loop between helix 8 (light blue)
and helix 9 (dark blue). The cysteine residue of 4Fh2c resides in an extracellular loop region between the
single TM and the extracellular domain and is not marked in the figure.
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Figure 6-24: Similarities between YneM and the single transmembrane helices of rBAT and 4F2hc

The alignment shows very little conservation but shows that the amino acid composition between YneM and
the single TMs of rBAT and 4F2hc are similar. Electropotential calculations using the APBS plugin in PYMOL
show similar isosurface (coloured from red (-5 kT/e) to blue (5 kT/e)) for all three helices.
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6.10.1 Impact of YneM on the function and stability of GKApcT

To investigate the effect of the interaction of YneM on the function and stability of GKApcT,
an E. coli yneM knock-out (KO) C43(DE) strain was generated. GKApcT was expressed in the
C43(DE3)AyneM strain. The quantity of over-expressed protein was similar to expression
trials in WT C43(DE3) cells and the protein could be purified (Figure A 13).

Additionally, YneM was cloned into the pWaldo-GFP plasmid and successfully purified by
Margaret Young (Oxlon DPhil rotation student) (Figure A 14). Pure GkKApcT from
C43(DE3)AyneM was concentrated to 20 mg/ml and diluted into CD buffer supplemented
with equimolar amounts of YneM or without the addition of YneM. Thermal stability assays
using CD were performed in buffer containing either DDM or DDM+CHS, with a total protein
concentration of 0.1 mg/ml for thermal stability measurements (Figure 6-25).

The CD measurements revealed that the loss of YneM had no effect on the thermal stability
of GkApcT in DDM (Tm (DDM) = 57°C) and that cholesterol also had no further effect on the
thermal stability (Tm (DDM+CHS) = 57°C). However, the stabilising effect observed in the
protein purified from the WT C43(DE3) cells could be recovered when YneM was added to
the protein, increasing the melting temperature from 57°C to 80°C. Based on the crystal
structure of GKkApcT, YneM interacts with GKApcT mainly via hydrophobic interactions and
via a cholesterol molecule between the two proteins. Thus, the observed effect of choles-
terol on the stability of GkApcT might originate from an enhanced interaction between
GkApcT and YneM.

GkApcT from C43(DE3)AyneM was further reconstituted into POPE:POPG (3:1) liposomes
for functional studies. The proteoliposomes were used for electrogenic assays to compare
the activity of this protein with GkApcT (Figure 6-26).

The protein showed a lower transport activity for alanine than GkApcT from WT C43(DE3)
cells under electrogenic conditions (Figure 6-26 A) although initial rates of transport were
similar (Figure 6-26 B). The reduced activity might come from a stabilisation effect of YneM
mediated through lipids between GkApcT and YneM in the liposomes that influence the ac-
tivity of the transporter during the proton-coupling transport, but further investigation of

this will have to be performed in the future.
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Figure 6-25: Thermal stability of GkApcT-C43 and GKApcT-C43AYneM

CD measurements at temperature intervals from 20-86°C were carried out for GkApcT-C43AyneM (A) and
GkApcT-C43AyneM + YneM at 0.1 mg/ml final protein concentration (B). The proteins were diluted into
buffer containing 10mM KPi pH 6.5, 50 mM NaSOs and either 0.03 % DDM (DDM-CHS), or 0.03 %
DDM/0.006% CHS (DDM+CHS).
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Figure 6-26: Influence of YneM on the transport activity of GKApcT

Alanine uptake under electrogenic conditions was monitored over time for GkApcT-C43 and GkApcT-
C43AyneM using 5 pg of protein per experimental time point (A). Initial rates of transport were determined
for 1.25 pg of protein per experimental time point (B) under the same experimental conditions used in (A).

6.11 IMPLICATIONS FOR EUKARYOTIC CATS AND PATS BASED ON GKAPCT

The mutational studies presented here showed that GkApcT is a reasonable structural and
functional model for the human CATs.

The sequence alignment between GKkApcT and the CATs from Arabidopsis thaliana revealed
the conservation of the Glu-Asp pair, thought to be involved in the proton-coupling mecha-
nism of GKApcT (Figure 6-13). However, the human CATs are not known to be proton-cou-
pled, although their ancestors in A. thaliana, AtCAT6 and AtCAT1 have been proposed to
use protons to drive substrate uptake (Frommer et al., 1995; Hammes et al., 2006). AtCATs
also contain this Glu-Asp pair, or an Asp-Asp pair for AtCAT2 and AtCAT6 (Figure 6-27).
AtCAT8 which has been revealed to be proton-independent also carries this residue pair
(Figure 6-27).

A more distantly related family to GkApcT known to be proton-coupled are the human PATs
of the SLC36 family. Sequence alignment between GkApcT and the four hPATs showed that
the Glu-Asp is switched to an Asp-Glu pair where the glutamate is located three residues
upstream from GkApcT’s Asp237 (Figure 6-27) which corresponds to one helix turn. The ho-
mology model of hPAT1 based on the structure of GKApcT shows that the Asp-Glu pair are

still in proximity to each other (Figure 6-27).
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Further investigation of the AtCATs revealed some differences in substrate specificity,
AtCAT1 and AtCATS5 are specific for Arg and Lys (Su, 2004), whereas AtCAT6 recognises large
uncharged amino acids (Hammes et al., 2006) and AtCAT8 transports GIn (Yang et al., 2010).
Based on the finding that the mutation of Met321 in GKApcT to serine in CATs was respon-
sible for modulating the substrate specificity towards arginine, an attempt was made to cor-
relate the variation at this position in the AtCATs to their substrate profile. AtCAT1, AtCAT5
and AtCATS8 carry a glycine at this location, which would extend the substrate binding site
to accommodate arginine and lysine and still provide a polar environment for substrate co-
ordination as serine did in the GkApcT-Met321Ser mutant. In AtCAT6 an alanine is located
in this region, leaving the substrate binding site hydrophobic but still increasing its size,
which would result in the recognition of larger amino acids. However, AtCAT4, as in the
human CATs, has a serine where Met321 resides in GkKApcT, but has shown no recognition
of arginine or lysine in experiments (Su, 2004).

Therefore, it seems as if Met321 is a key determinant of the substrate specificity of GKApcT
and the homologous CATs. However, some differences cannot be explained by this residue
alone, meaning that other residues in the substrate binding site are involved in this, too.
More experimental data such as mutational studies and functional in vitro assays are nec-
essary to understand how the substrate variation between the AtCATs and hCATs is
achieved but also the function of the Asp-Glu pair in AtCATs and PATSs requires more exper-

imental attention.

186



GkApcT

ouT ) Ali @
3 ©
= Glull5s
.‘ﬁ,
" ’ Asp237
N
C
AtCAT2 hPAT1
8
Bk S0 |oRr> S0
Glu270
Aspl44
Glul32
Asp259
GkApcT 110 WOL | LEYGVASSAY - ]
AtCATL 157 GN 1 | LEEYVVGGAAY GkApcT 110 - L ILFYGV
AtCAT2 127 WAL I LEYT IGGSAV hPAT1 152 RSVVEIFFL
AtCATA 111 WALVLBYT IGGSAI - @ hPAT2 135 RYTVEIFLL - @
AtCATS 151 GNILL[ES I VG TAAY hPAT3 120 RRVVINEE L
AtCATE 144 ANLVMBJY VMSNAAY
AtCATS 168 GN | LL{FAMVGAAGL hPAT4 147 RHIVEIFFL

GkApcT
AtCAT1
AtCAT2
AtCAT4
AtCATS
AtCAT6
AtCAT8

228 TVFFAY IGFBAVST

23 VLFFAY IGFBAYVST
200 TVFFAF IGFRSYVAS
234 VVFFSY IGFRTYVTS
266 VVYFAYGGFRS | AT
289 MVYLSY IGYBAVST

284 VVYWSYTGFEMYVAN _

(©

GkApcT 226 FAY | GFBIA
hPAT1 282 FAF[EG IGV
hPAT2 262 FTFEGVGM | @
hPAT3 267 FSFIEG | GIM
hPAT4 274 FSFIES GV

Figure 6-27: Glu-Asp-pair is conserved in other proton-coupled APC transporters
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Figure 6-28: Substrate specificity of AtCATs

In the sequence alignment between GkApcT and AtCATSs a selection of the investigated residues of this thesis
are highlighted to investigate if the difference in substrate specificity of the AtCATs can be derived from the
findings on GKApcT.

6.12  CONCLUSIONS

This Chapter has given an overview about the functional studies performed on GkApcT
based on its structure and comparison to the SLC7 family. It enabled insight into its transport
mechanism although the information on the transporter still leaves many questions unan-
swered. Together with the structural data, it was possible to identify possible residues im-
portant for the function of this transporter and to verify the hypotheses using liposome-
based assays. Although showing high sequence identity with the human CAT transporters
(~40 %), the substrate profile differed. Based on the structure of GKApcT and comparison to
the sequences with the human CATs, various mutations in the binding site were proposed
and assayed. A single GKApcT variant of Met321Ser switched GkApcT’s specificity towards
arginine, the major substrate of the human CATs. Taking the research on this mutant fur-
ther, a crystal structure with a bound arginine was solved. Still, it was possible to verify that
the serine at this location allowed the modification of the substrate binding site to fit the
arginine molecule and to make the protein into an arginine transporter. This result shows
that only minor changes in the binding site have a big influence on the transporter which is
probably a reason why the sequence identity between GkApcT and the human CATs shows
only a few variations.

Further comparison with the human CATs verified the influence of Arg334 on the transport

function although this residue is distantly located from the substrate binding site. Mutation
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of the equivalent residue in the human CATSs resulted in a change of substrate affinity (Ha-
bermeier et al., 2003) which was also the case in the studies here. Changing the arginine to
a glutamate, as found in the high affinity CAT transporters CAT1, CAT2B and CAT3 (Figure
6-17B), increased GkApcT’s affinity to alanine. It is not yet known how this residue influ-
ences the affinity of the transporter but we propose that the translocation mechanism is
affected by this mutation and thus changes the transport kinetics.

Furthermore, the proton-coupling mechanism of GkApcT was investigated resulting in the
identification of an important Glu-Asp pair below the substrate binding site. The mutational
studies proposed Glul15 to be the key component for proton-coupling of GkApcT. Addi-
tionally, a water network forming a connection into the cytoplasm suggested a proton-relay
system to participate in proton-release.

The structure of GkApcT additionally revealed several secondary structure features such as
the B-hairpin domain and the lateral helix, as well as the associated protein YneM. Investi-
gations on the influence of these on GkApcT’s activity were performed and showed that
the B-hairpin and the lateral helix are vital for the stability of GkApcT. YneM only showed a
stabilising effect when cholesterol was present in the detergent buffer. Since GkApcT and
YneM coordinate a cholesterol molecule between them, the results verified that this inter-
action is necessary for both proteins to interact closely with each other. Based on these
results, we propose that the single TM of the SLC3 proteins interaction with the human LAT
transporters is enhanced with cholesterol present. It keeps both proteins in close proximity
for disulphide-bridge formation, necessary for correct localisation of the LAT protein. Nev-
ertheless, the structure of GKApcT not only added a piece to the puzzle of where the sub-
strate binding site might be located for proton-coupled amino acid transporters of the APC
family, but also provided a structural template for the SLC7 family of APC transporters to
which GkApcT shows a high sequence identity. Although they differ in their substrate spec-
ificity, it is now possible to identify the residues important for this difference and to under-

stand why the two splice variants of CAT2 differ in their substrate affinity.
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7 Serial crystallography on LCP grown crystals

7.1 SERIAL CRYSTALLOGRAPHY

Data collection from a series of different crystals is termed serial crystallography (SX). The
general idea behind this method is to obtain the maximum diffraction signal from the crystal
before the diffraction quality is diminished by radiation damage. This becomes even more
important when collecting data on crystals that are very radiation sensitive or contain metal
clusters that are readily reduced or disordered even at low X-ray doses (Garman, 2010). A
continuous supply of new crystals during data collection is realised by novel injection-based
or fixed-target sample delivery. The method of SX has become widely used at the new X-ray
sources, the X-ray free electron laser (XFEL) facilities, where serial femtosecond X-ray crys-
tallography (SFX) experiments on protein crystals are performed. At these, short X-ray
pulses in the femtosecond range (~10-150 fs) at high brilliance (1012 photons/pulse) enable
the collection of data on single crystals before their complete destruction (Chapman et al.,
2006; Barty et al., 2011). SFX experiments have become popular for systems where only
very small crystals (nm-um range) can be obtained during crystallisation trials and for which
conventional data collection is thus impractical. Before the new XFEL sources made such
experiments feasible, usually intensive optimisation was carried out to obtain larger crystals
for data collection. Interestingly, in some of those cases it was possible to extend the reso-
lution of the initial small crystals (1-5 um in the longest dimension) beyond the resolution
reached on the optimised larger crystals (50-400 um in the longest dimension) (Boutet et
al., 2012; Fenalti et al., 2015; Zhang et al., 2015). The impact of the short X-ray pulses on
the protein crystals has been simulated, analysing the ionisation effect on the sample after
the incident X-ray pulse. A pulse of 10 fs was found to be the minimum pulse length for
collection of a diffraction pattern before structural or global radiation damage can occur
and be recorded, referred to as ‘diffraction-before-destruction’ since the samples vaporises

due to the high intensity of the X-ray pulse (Chapman et al., 2006; Barty et al., 2011).

190



7.1.1 Comparison of SX with conventional synchrotron data collection

Conventional data collection at a synchrotron source is based on collecting diffraction data
at cryotemperatures (100 K) on a single rotating crystal, usually using rotation angles in the
range of 0.05-1° per image. Through combining these images, Bragg peaks are obtained,
making it possible to estimate the structure factor amplitudes accurately. The development
of brighter synchrotron X-ray sources and smaller focal spots result in higher flux densities
in which the crystal can suffer serious radiation damage during data collection (Schulze-
Briese et al., 2005) especially if, due to low symmetry, more data have to be collected from
the crystal in order to acquire a complete data set. Initial information such as the crystal
symmetry and the unit cell dimensions of the crystals can be used to design optimum data

collection strategies (Popov and Bourenkov, 2003; Bourenkov and Popov, 2006).
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Figure 7-1: Comparison between conventional X-ray crystallography and serial crystallography data collection

Data collection in conventional X-ray crystallography records a rotation series which means several diffraction
images are collected for a single crystal at 100 K(left) while it is rotated. However, during a SX experiment, a
stream of crystals is continuously injected into the X-ray beam which results in the collection of a single dif-
fraction image at RT for a single crystal (right). Figures adapted from Messerschmidt and Huber, 2000 (left),
and Nogly et al.,2015 (right).

It is also increasingly common to combine data from several crystals of the same protein in
this case, thus decreasing the loss of valuable information due to radiation damage.
Data collection using SX and conventional methods differ in several aspects. During data

collection on a single crystal, the crystal can be manipulated in its orientation in the X-ray

191



beam and data can be collected on different sections of the crystal. In SX, when using
streams of crystals, it is not possible to position the crystals individually and due to requiring
fresh sample, the previously irradiated crystal cannot be restored for further measurements
if they have not already been destroyed by the beam. Using fixed-target devices on the
other hand makes it possible to orientate the crystal or reuse the same crystal.

During data collection in SX, usually only one or a few diffraction patterns per crystal are
recorded. In SFX experiments, the sample is completely vaporised during data collection
when hit by the high intensity X-ray pulse. Only partial Bragg peaks are recorded and the
crystals are randomly orientated when the X-ray beam irradiates them. These three features
necessitate that hundreds of thousands of diffraction patterns have to be gathered during
data collection. Data collection in SX is usally performed at room temperatures and in SFX

in vacuum.

7.1.2 Sample delivery methods for SX experiments

As the protein crystals are damaged during the data collection or even damaged to destruc-
tion in the case of using an XFEL, the sample needs to be replenished continuously before
the next X-ray pulse arrives at the sample area. Various sample delivery systems have been
designed to allow data collection from samples with different properties, and have been

employed either at an XFEL source or a synchrotron source.

7.1.2.1 Gas dynamic virtual nozzle

One of the first sample delivery devices used at an XFEL was the gas dynamic virtual nozzle
(GDVN) (DePonte et al., 2008; Weierstall et al., 2012). This device continuously injects a
stream of fully hydrated crystals from an aqueous reservoir solution. It consists of two fused
capillaries, an inner silica optical fibre (360 um OD, 20-50 um ID) and an outer borosilicate
glass capillary (1.2 mm OD, 0.9 mm ID). The sample is injected through the inner capillary
whereas the outer capillary is connected to a helium or nitrogen gas line and focusses the
sample stream to a thin liquid jet (Figure 7-2). The outer capillary is ground to obtain a

pencil-shaped end, preventing any background scatter and accumulation of sample around
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the outer capillary. The velocity of the sample stream is regulated by a remotely controlla-
ble HPLC. Depending on the viscosity of the sample, flow rates ranging from 5-50 pl/min
can be achieved, which in turn means that most of the sample is lost during data collection
without any diffraction pattern being recorded. Roughly 1.6 nl of sample is wasted between
two X-ray pulses in a common SFX experiment at the LCLS (Weierstall, 2014). Therefore,
high crystal density has to be ensured for a high recording rate (7.8 % in Weierstall, 2014),
the ‘hit’ rate of the SX experiment. For this, the crystallisation of the protein has to be scaled
up to have enough sample (> 10 ml of 1 mg/ml of protein for (Chapman et al., 2011)) for
the experiment, which can be problematic for samples for which only small amounts of
protein can be obtained. The high crystal density in turn has another disadvantage. The
crystals are prone to settle, but anti-settling devices have been developed (Lomb et al.,
2012). Additionally, the crystallisation precipitant, especially at high salt or high PEG con-
centration, increases the viscosity of the sample which can cause difficulties during the in-
jection such as clogging of the nozzle. Dust, salt crystals and protein crystals are factors that
lead to nozzle clogging. Protein crystals that are too big to fit through the nozzle can be
filtered before injection via an inline filter unit. If clogging occurs, the whole nozzle needs
to be replaced and the flow of the sample out of the injector has to be adjusted again since

each nozzle is unique and hand-crafted.

-
300 pm um liquid jet

Figure 7-2: GDVN nozzle tip
The liquid sample containing the crystals is injected through the inner capillary and focussed to a liquid jet by

the helium gas stream from the outer capillary. Figure adapted from https://portal.slac.stan-
ford.edu/sites/Icls_public/instruments/sed/Pages/Equipment.aspx
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Recently a double flow nozzle has been designed. In this, an inert solvent focusses the sam-
ple stream, thereby reducing sample consumption and ice formation at the tip of the nozzle
that can lead to clogging (Oberthuer et al., 2017). Furthermore, if the pressure of the sur-
rounding solvent/solution is adjusted differently, then a mixing of this solution with the
sample can occur. This can provide the basis of novel time resolved studies, where for ex-
ample a substrate can be mixed with the protein crystals to potentially observe substrate
binding events (Oberthuer et al., 2017). This can also be performed by a mixing process
before the injection of the sample (Stagno et al., 2016).

Using the GDVN, time resolved studies on light-sensitive proteins have been performed.
The samples were illuminated with a laser of the specific wavelength that initiated light-
induced processes in the proteins, prior to data collection. Normally, light and dark state
data were collected but also intermediate states could be resolved with this method such
as for the photo reaction centre (Wohri et al., 2010), photosystem | (Aquila et al., 2012),
photosystem Il (Kupitz et al., 2014), PYP (Tenboer et al., 2014; Pande et al., 2016) and my-

oglobin through photolysis of the Fe-CO complex (Barends et al., 2015).

7.1.2.2 High viscosity injectors

Membrane proteins can either be crystallised in detergent or in a lipid environment. Crys-
tallisation using vapour diffusion of detergent-solubilised membrane proteins provides an
aqueous environment with low viscosity, an environment fitting for the GDVN, as does crys-
tallisation in the more viscous lipidic sponge phase. For LCP grown crystals on the other
hand, the GDVN is not suitable. Thus, the GDVN was modified in order to be used as an
injection device for more viscous crystallisation media (Weierstall et al., 2014). The setup is
similar to the original GDVN, except that the inner capillary extends beyond the outer ca-
pillary. The latter stabilises the extruded LCP using a helium or nitrogen gas stream. In com-
parison to the GDVN, higher background scattering is observed, as the diameter of the ex-
truded sample ranges from 30-60 um. Due to the high viscosity, higher pressures are
achieved during the extrusion. The sample reservoir is attached to an HPLC and the sample
is pushed into the inner capillary via two Teflon balls sitting behind the sample (Figure 7-3).

An advantage of the high viscosity is the lower injection velocities, resulting in lower sample
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consumption. Given that the purification of some membrane proteins is very challenging in
order to get sufficient quantities for crystallisation experiments from the experimenter’s
point of view, the importance of reducing sample consumption cannot be overemphasised.
The commonly used lipid monoolein (9.9MAG) poses some difficulties when extruded into
a vacuum chamber. The Joule-Kelvin effect results in a temperature change of the extruded
material, leading to the freezing of the LCP sample. Therefore, when using monoolein for
LCP crystallisation and subsequent SFX experiments, the LCP has to be doped with 7.9 MAG
before the extrusion and data collection, to prevent the freezing of the sample. However,
this doping can pose the problem of sample destabilisation due to the addition of another

lipid and thus should be tested in advance.

inner caplllary

Figure 7-3: LCP injector and injector nozzle

The LCP injector consists of a reservoir that is loaded with the sample containing the crystals. The sample is
extruded through the inner capillary of the nozzle via a water line that is connected to an HPLC, and the
sample jet is stabilised with nitrogen or helium gas (yellow dotted arrows) that exits in the sample region of
the outer capillary. Top picture is adapted from Weierstall et al. 2014.

LCP has not only been used for SFX and SX studies of membrane proteins crystallised in this

environment, but also for soluble proteins to reduce sample consumption during data col-
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lection. In addition, other viscous materials have been tested successfully for serial crystal-
lography data collection on soluble proteins embedded into those materials. This includes
the use of low melting point agarose and grease media (Sugahara et al., 2014, 2016; Conrad
et al., 2015; Fromme et al., 2015). The LCP injector has ben succesfully used for the RT
structure determination of an opioid-receptor (Fenalti et al., 2015), rhodopsin (Kang et al.,
2015), GPCRs (Liu et al., 2013; Zhang et al., 2015, 2017a, 2017a, 2017b), diacylglycerol
kinase (Caffrey et al., 2014) and bacteriorhodopsin (Nogly et al., 2015).

Serial crystallography using the LCP injector on a synchrotron source using bacteria-rho-
dopsin as a model membrane protein has been performed successfully with a hit rate of
0.5-2 % and a 43 % indexing rate (Nogly et al., 2015). There were only minor structural
differences, with a Co RMSD of 0.54 A, to the one solved via SFX at an XFEL (Nogly et al.,
2015). Using the LCP injector it was also possible to perform time-resolved studies on light-
sensitive membrane proteins using SFX on diacylglyverol kinase (Li et al., 2015) and at a

synchrotron source on bacteriorhodopsin (Nogly et al., 2016).

7.1.2.3 Alternative sample delivery methods

Instead of using continuous streams of crystals, the crystals can be stationary by being fixed
on a chip that is either rotating or is raster-scanned to collect the diffraction data (Hirata et
al., 2014; Suga et al., 2014; Coquelle et al., 2015; Hunter et al., 2015; Roedig et al., 2015;
Sherrell et al., 2015; Oghbaey et al., 2016; Schubert et al., 2016). This fixed-target approach
has the advantage that the sample consumption is very low, as most to all the crystals fixed
on the device are irradiated during the experiment (Figure 7-4C). Several on-chip devices
for data collection at 100 K have been developed which usually consist of a low-background
mesh or matrix that contain small wells into which the crystals are embedded (Roedig et
al., 2015; Sherrell et al., 2015). Again, scaling up the crystallisation conditions is necessary
in this case to obtain a solution saturated with crystals that is dispensed onto the chip. An-
other method is the crystallisation of the protein in microfluidic devices that can be used
for SX data collection, reducing the waste of the sample to practically zero (Heymann et al.,
2014; Perry et al., 2014; Pawate et al., 2015). Both methods, on-chip and microfluidics are

restricted to aqueous crystalline solutions and are thus not suitable for LCP grown crystals.
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Figure 7-4: Alternative sample delivery methods

Alternative sample delivery methods other than the liquid jet and the LCP jet have been introduced and in-
clude: microfluidics device that can be rotated in the X-ray beam (Figure adapted from Pawate et al., 2015)
(A), acoustic droplet dispersion. The sample can either be delivered from above or below the X-ray interaction
region (Figure adapted from Roessler et al., 2016) (B), a fixed target chip is mounted on a goniometer stage.
The mesh contains crystals in each well. The device can be raster scanned and rotated relative to the X-ray
beam (Figure adapted from Hunter et al., 2015) (C).
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Acoustic droplet dispersion is another way to precisely deliver the protein crystals into the
X-ray beam (Roessler et al., 2016). The frequency of dispensing the drops containing the
crystals can be synchronised with the pulse frequency of the X-ray beam. This method is
applicable for aqueous to slightly viscous solutions such as precipitants containing high PEG
concentrations, but not for LCP based crystallisation techniques. Furthermore, the helical
scanning method used on several in vivo grown crystals in one cryo-loop at 100 K (Gati et
al., 2014), normally performed on a single crystal at cryo-temperatures, initially revealed
the feasibility of SX at synchrotron sources and led to further SX experiments using different
sample delivery methods and also time resolved studies at RT on light-sensitive proteins

(Heymann et al., 2014).

7.2 SX EXPERIMENTS AT P11, PETRA IIl, ON LCP GROWN CRYSTALS

Setting up crystallisation trials in LCP for serial crystallography experiments requires that
instead of using LCP sandwich plates (Figure 7-5A), the membrane protein is crystallised in
a syringe to obtain a bulk phase containing enough crystals for the SX experiment. The LCP
is extruded as a tube from one syringe into the precipitant solution held in another syringe

(Figure 7-5B).

B crystallisation in syringe
crystallisation in sandwich plate

precipitant

Figure 7-5: Differences between common LCP crystallisation and the crystallisation set up for SX experiments

Conventional crystallisation setup of LCP crystallisation. The LCP drop (orange) is surrounded by the precipi-
tant drop (blue) in a well, sealed by two glass slides (A). LCP crystallisation in a syringe setup (B). The LCP is
mixed beforehand and kept in one syringe. Coupling this syringe to one that contains the precipitant (B1), the
LCP is carefully extruded into it (B2&3). The syringes are kept joined together and sealed for storage (B4).
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To obtain crystals by the syringe methods, adjusting the concentrations of the precipitant
components from that of the sandwich plate setup for syringe crystallisation is not always

straightforward.

1%t 5X experiment 2 SX experiment

initial crystal hits of GkApcT

{

= .

721 optimisation of new crystallisation o control protein, PepTst /
= crystallisation conditions conditions PepTst-SeMet
722 crystallisation trials in syringe optimisation of 71.2.4

SEtup

{

optimisation of conditions
for syringe setup

4

Data collection at P11,
PETRA Ill, Sep. 2015

U

no protein diffraction

crystallisation conditions

I

crystallisation trials in syringe
setup

U

optimisation of conditions [:> UV/SONICC/ polarised light
for syringe setup imaging

1l

grid scanning of samples

7.2.3

Data collection at P11, :
PETRA Ill, May 2016

T .

protein diffraction

7.2.5

5X data collection

unsuccessful milestone

) GkApCT/GhkApcT-SeMet

L

[N PepTt  PepTst-SeMet
N L 728

successful milestone

developmental steps

anomalous difference

7 - ~

CrystFEL
Fourier map <:| vt
prior knowledge of HA
positions = SAD
SIRAS

Figure 7-6: Work flowchart for the two SX experiments

Schematic showing the individual steps taken of the work undertaken in this Chapter. The numbers of the
sections explaining the experiments in more detail are given next to the corresponding boxes in the
flowchart.
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It requires several trials to obtain a suitable crystal density which includes changing the PEG
or salt concentration, or even changing the protein concentration (Liu et al., 2014). The
process of optimising the conditions for SX experiments on LCP grown crystals will be de-
scribed for the examples of GKApcT and PepTs:, as well as trials to collect SX data at a syn-
chrotron source for both samples. An overview of the steps taken to achieve the final re-

sults are illustrated in Figure 7-6.

7.2.1 Crystallisation trials for first SX experiment

Initial crystallisation trials on GKApcT using the conventional LCP setup resulted in crystals
diffracting to 3.5 A in an optimised condition containing: 38 % PEG 200, 100 mM NaAc pH
4.0, 100 mM potassium sodium tartrate (KNatart) and 10 mM alanine. Collection of a full
data set to the initially observed resolution of 3.5 A was restricted due to the high radiation
sensitivity of the crystals at cryogenic temperatures. The unit cell of those crystals was de-
termined (a=b=156 A, c=57 A, a=R=y=90 °) and the space group was P422. Therefore, it was
possible to merge the first 10-20 frames (1° oscillation per frame) of a rotation series of
four crystals, resulting in a complete data set to 4.2 A resolution.

Based on these results, it was reasoned that from merging several data sets of 10 frames
or less collected from these crystals with subsequent merging would resemble the strategy
of a serial crystallography experiment. One option, would be to harvest hundreds if not
thousands of crystals and take them to a micro-focus beamline and collect at 100 K only the
first few rotational diffraction patterns from each crystal and combine them to one data
set. This in turn would be restricted by the time dedicated to the user at such a beamline,
considering the time spent mounting the cryo-loop and raster scanning it to identify the
position of the crystal, followed by data collection.

Another option would be the continuous injection of LCP grown crystals directly into the X-
ray beam as is the case for SFX experiments at an XFEL. The restriction there would also be
the limited time, and expense of such an experiment at an XFEL facility.

In 2015, Nogly et al. transferred the setup used for SFX experiments to a synchrotron and
were able to collect a full data set at room temperature and ambient pressure for bacteri-

orhodopsin at the ESRF (Nogly et al., 2015). For this, the experimental end station had to
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be changed to accommodate the same injector as used for SFX experiments, to extrude the
LCP tube into the beam (Nogly et al., 2015).

The use of the LCP injector at P11, PETRAIIl, Germany, was part of a long-term proposal of
the group of Henry Chapman. Crystals of GkApcT, in addition to other samples were used
to test the injector and data collection at this beamline. The optimisation of the crystallisa-
tion of GKApcT towards using it for SX experiments, and the outcome of this experiment is

described in the following sections.

7.2.2  Scaling up from LCP sandwich plates

For the first SX experiment carried out with GKApcT, an initial concentration of 10 mg/ml of
protein was used for crystallisation in a syringe. The protein was reconstituted into LCP as
described in Section 3.4.2.2 using the MO:Chl mixture. 10 ul of LCP were injected into 80 pl
of precipitant containing 38% PEG200, 100 mM NaAc pH 4.0, 10 mM alanine and 40-100
mM potassium sodium tartrate. The composition of the precipitant was similar to the one
in which the crystals of GKApcT grew in in the LCP sandwich plate setup. In none of the
conditions did protein crystals grow in the LCP tube.

Additional optimisation trials were performed with varying salt and PEG concentrations as
suggested elsewhere (Liu et al., 2014). Using a precipitant containing 46 % w/V PEG, 100
mM NaAc pH 4.0, 100 mM potassium sodium tartrate, 10 mM alanine, crystals were formed
but so did salt crystals, possibly of the potassium sodium tartrate. Knowing that salt crystals

can block the injection nozzle during data collection, lower salt concentrations were tried.

A

Figure 7-7: Comparison of crystal densities in the LCP syringes

Crystallisation of GkApcT (A) compared to crystallisation of a GPCR in a syringe (B). (B) was adapted from Liu
et al. 2014.

Furthermore, the syringes were thoroughly cleaned before the crystallisation experiments
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to prevent any dust particles entering them and forming potential nucleation points for the
salt crystals. The crystal density obtained in the optimised conditions was low compared
with previous experiments using this setup and could not be increased any further before
the experiment commenced (Figure 7-7).

For SFX experiments on GPCRs, the crystallisation conditions in the plate setup could be
used directly for crystallisation of the protein in the syringe (Liu et al., 2013, 2014). The case
of GkApcT highlights the fact that a considerable amount of time can and should be spent
on the optimisation of the crystallisation conditions. Crystals of GKApcT formed after 1 day
and could be kept in the syringe for over a month without visual degradation of the crystals.
Salt crystals formed occasionally, probably nucleated by residual dust particles in the solu-

tions or the syringe.

7.2.3 Experimental setup at beamline P11, PETRAIII

The experimental setup used for SX data collection at the P11 beamline at PETRAIII did not
differ significantly from the one described by Nogly et al. 2015 and is shown in Figure 7-8.
A collimator was used to block the incident radiation that is not parallel to the optical axis
before it reaches the focal region. The X-ray beam was focused using bendable Kirkpatrick-
Baez (KB) mirrors to produce a 5 um (vertical) x 9 um (horizontal) FWHM focal size con-
firmed visibly using the inline microscope and a fluorescent yttrium aluminium garnet (YAG)
screen mounted temporarily on the injector nozzle tip. When irradiated with X-rays, the
YAG screen emits yellow light with an emission maximum at a wavelength of 574 nm (Blasse
and Bril, 1967). The X-ray flux in the focal spot was measured using a calibrated diode by
the beamline scientists and determined to be ~ 10*3 photons/s.

Using the LCP injector (Weierstall et al., 2014), the crystal laden LCP was continuously ex-
truded into the X-ray focus from a reservoir containing 20 ul of the LCP-crystal mixture. The
thickness of the LCP stream depends on the inner capillary diameter of the nozzle. Here,
inner diameters of 30, 50, and 75 um were tested, of which 50 um was the preferred diam-
eter used during data collection. In general, smaller diameters are better, as they result in
reduced LCP background scattering, though if clogging of the nozzle is observed repeatedly,
a change to a bigger diameter should be considered. The injector was mounted on an x-y-z

stage and the inline- and an additional sideway microscope were used to aid alignment of
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the injection nozzle to the beam and provide feedback to the user during alignment. Below
the X-ray focal region, a small tube (“sample catcher tube”, Figure 7-8) was mounted, col-
lecting the LCP stream after it was exposed to X-rays, thereby preventing unnecessary con-
tamination of the beamline instrumentation.

To record the diffraction patterns from the protein crystals, a PILATUS 6M detector with a
maximum frame rate of 25 Hz was positioned 0.3 m from the sample. During data collec-
tion, the sample exposure time was typically 8 ms per frame.

Before the injection experiment could commence, the precipitant solution needed to be
removed and the remaining LCP mixed with more lipid to form LCP with the residual pre-
cipitant. In the latter step, the protein crystals might have dissolved through the addition
of more lipid or might be damaged by the mixing process. This was tested with the syringe
set ups. After mixing with additional MO:Chl, small crystals were still present in the lipid,
indicating that the protein crystals survived the procedure. For the experiment, several sy-

ringes were prepared for crystallisation of GKApcT.
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Figure 7-8: Experimental setup at beamline P11

Photograph of the experimental setup in the focal region, looking from the Pilatus 6M detector upstream.
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During the experiment, the crystal-laden LCP stream flowed (60-300 nl/min using a pres-
sure of 240-300 psi) continuously past the focal region. The hit rate depends mostly on the
crystal concentration in the LCP stream. Diffraction data frames were acquired continuously
(with a rate close to 25 Hz) while the LCP injector was running. Online data analysis of indi-
vidual diffraction images for quick feedback during the beamtime and identification of dif-
fraction patterns containing a crystal ‘hit’ was performed utilizing the software ONDA (Mar-
iani et al., 2016). Peak-finding and hit-finding parameters in ONDA were adjusted in the
initial stages of the experiment, aided by visual inspection of individual diffraction patterns,
until a sufficient set of conditions was found. Diffraction patterns classified as ‘hits’ were

further analysed with CRYSTFEL (White et al., 2012).

During the data collection, no protein diffraction was observed and only diffraction patterns

of what seemed to be salt crystals were collected (Figure 7-9).

There are several explanations for this result:

(1) Since the maximum frame rate of the Pilatus 6M is limited to 25 Hz, for exposure times
smaller than 40 ms there is a "dead time" window during which no data can be recorded
(i.e., @ 10 ms exposure is followed by a 30 ms dead time before the next data frame can
be recorded). During the dead time, the LCP stream is exposed to X-rays, causing severe
heating of the LCP stream (visible in the inline microscope as bubble formation in the
LCP stream, reminiscent of "boiling") and thus damaging the protein crystals in the LCP.

(2)As mentioned above, the potassium sodium tartrate used in the precipitant was likely to
form salt crystals. Thus, it was assumed that during the extrusion of the precipitant, the
salt concentration locally increased in the residual LCP tube, and during mixing with ad-
ditional lipid, the salt crystals had damaged the protein crystal in the mixing process. The
sample was checked afterwards for protein crystals via cross-polarised light under the
microscope, but salt crystals can also give a positive signal and be misinterpreted as pro-
tein crystals.

(3)The protein crystals might have dissolved during the addition of the extra lipid, although
this scenario would usually happen during addition of a different lipid than the hosting
lipid. This is normally carried out when monoolein is used during crystallisation. In this
case, 7.9MAG should be added before the data collection in vacuum to prevent freezing

of the sample as it enters the environment.
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(4)The crystal density was perhaps too low when compared to other SX experiments on LCP

grown membrane protein crystals.

Based on this knowledge, another attempt was made to collect SX data on GKkApcT to solve
its structure. To overcome the possible problems stated above, more control and optimisa-
tion experiments were conducted.

The use of a rotating shutter, to synchronise irradiation and data collection on the detector
and to reduce the radiation damage on the whole sample was suggested. Additionally,
GkApcT was subject to further crystallisation trials in order to identify other conditions that
do not form salt crystals as easily, and optimisation of the scaled-up syringe setup was at-
tempted in order to reduce the amount of PEG, which also affects salt crystal formation.
For the steps of precipitant extrusion and lipid mixing, further pre-screening methods were
introduced such as using SONICC and UV to monitor protein crystals in the sample during
each step, and using the single wells of in situ LCP plates to screen for protein diffraction in

the sample as a verification of their crystal density.

Figure 7-9: Example of diffraction pattern of GKApcT sample

The diffraction pattern shows distinct powder diffraction ring at 4.5 A which corresponds to the LCP present in
the sample. The LCP ring is a good indicator that the X-ray beam is penetrating the sample. There are some
sharp spots at higher resolution but no diffraction characteristic of protein crystals is observed.
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7.2.4 SXexperiments on GKApcT and PepTs:— towards phasing

From the results of the previous SX experiment at beamline P11, it was concluded that by
solving the problems that occurred during data collection and introducing further control
experiments on the sample, as well as using a model protein as an additional control, an-
other SX experiment could be conducted. A proposal for such an experiment, again at P11,
PETRAIII, and in collaboration with Henry Chapman’s group at CFEL, Hamburg, was submit-
ted and approved. Purification, crystallisation and sample preparation were conducted by
myself. Data collection was carried out jointly by me, Dr. Ed Lowe, members of Henry Chap-
man’s group, and by the beamline scientists on P11. All online data analysis (peak- and hit
finding with ONDA) and indexing and peak integration with CRYSTFEL was performed by Dr.
Stephan Stern (CFEL, Hamburg). Further data analysis, starting with MTZ-files, and phasing

was performed by Dr. Ed Lowe (Dept. of Biochemistry, University of Oxford).

7.2.4.1 Changes to crystallization protocol of GKApcT

The initial optimisation trials for the large-scale crystallisation of GkApcT had aimed to ob-
tain a higher crystal density within the LCP than in the previous experiment. From previous
experiments, it was known that higher PEG concentrations increased the crystal density
slightly, but that when the PEG concentration increased further, potassium sodium tartrate
formed salt crystals. Therefore, GKApcT was used in another screening process to identify
additional conditions which excluded the use of KNatart from the precipitant, and thus re-
duced the risk of salt crystal formation in either of the steps required for data collection.
Another component that had not been changed or optimised until then was the protein
concentration. It was reasoned that an increase of protein in the LCP could possibly improve
crystal formation, because the mobility of the protein in the bigger LCP tube would be re-
duced. Therefore, GKApcT expression and purification was scaled up to obtain more protein
and thus a higher concentration for the crystallisation trials. Instead of 2 L cell culture, the
protein was purified from 4 L to a final concentration of 30-40 mg/ml of protein.

For the rescreening process, GkApcT was diluted to 10 mg/ml using the gel filtration buffer

used for conventional LCP crystallisation trials, rescreening the conditions and optimisation
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screens used for the crystallisation of GKApcT. New hits appeared, which were also used for
crystallisation trials in the syringe but without any success. However, these hits were fur-
ther optimised and finally a condition was identified that produced GkApcT crystals diffract-
ing to 2.8 A. Thus, due to the alteration in the purification process driven by the preparation
for the SX experiments, the final data set of GKApcT was collected on a single crystal at 100

K (see Chapter 4).

Figure 7-10: Crystallisation of GKApcT in syringe setup

GKkApCT crystallised in high density in LCP using 100 mM NaAc pH 4.0, 10 mM alanine, 100 mM ammonium
citrate, and 46 % (V/V) PEG200 as precipitant and a protein concentration of 20 mg/ml (A). The protein crys-
tals are still present after extrusion of the precipitant(B) and additional lipid mixing (C and D).

Initially, GKApcT was crystallised in the syringe using the LCP plate crystallisation condition
that had resulted in higher resolution diffracting crystals of GkApcT, but using 20-30 mg/ml
of protein instead of 10 mg/ml. No crystals appeared even after several optimisation at-
tempts. Based on the rescreening process, other conditions resulting in crystals of GkApcT
were tested using the syringe setup. Using ammonium citrate instead of potassium sodium
tartrate resulted in a high crystal density and this time no salt crystals formed even at high

PEG concentrations (Figure 7-10). Based on these conditions, GkApcT-SeMet (30 mg/ml)
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was also subjected to crystallisation trials, and crystals appeared after 1 d of incubation at
20 °C using the precipitant containing 46 % (V/V) PEG200, 100 mM NaAc pH 4.0, 10 mM
alanine and 100 mM ammonium citrate (Figure A 15). In the conventional crystallisation
setup, no crystals of GkApcT-SeMet were observed in the sandwich plates. Given the diffi-
culties in obtaining crystals of a GKApcT derivative with conventional LCP crystallisation, it
was proposed to use SX data collection to perform SAD experiments using the SeMet de-
rivative of GKApcT.

Obtaining the ab initio crystal structure of a protein using SFX or SX has only recently been
achieved, with lysozyme being the first enzyme to be solved via SAD using SFX (Barends et
al., 2013). An attempt to solve the structure of luciferins using a similar approach was un-
successful, but the collection of data on native luciferin crystals grown to perform SIRAS
was possible instead (Yamashita et al., 2015). Despite using heavy atoms, anomalous data
can also be collected from the naturally occurring sulphur in cysteines and methionines.
The anomalous sulphur signal was successfully detected from crystals of a GPCR using SFX
and used to solve the structure of this protein (Batyuk et al., 2016), and a more extensive
study on lysozyme derivatives investigated the amount of data necessary to perform SAD,
SIR or SIRAS (Nakane et al., 2016). All these studies show that it is possible to perform phas-
ing experiments using serial crystallography data collection strategies. Although the studies
are based on data collection at an XFEL, the feasibility of performing serial crystallography

experiments at a synchrotron source can also be extended to phasing experiments.

7.2.4.2 Crystallisation of PepTs:

Unsure if the SAD SX phasing approach for GkApcT-SeMet would be successful, a control
protein was used as a sample alongside it, PepTst. This protein is a well-known proton-cou-
pled peptide transporter of the MFS family (Solcan et al., 2012; Lyons et al., 2014). The
crystallisation conditions were already established in our research group and it was known
that the PepTs-SeMet derivative can be expressed, purified and crystallised. Crystal trials
of the wildtype protein and the SeMet-derivative were performed. PepTs: crystallises in

7.8MAG as host lipid and precipitant containing 16-23 % (V/V) PEG 400, 0.1 M HEPES-NaOH
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pH 7.0 and 0.15-0.55 M NH4H2PO4 using 10 mg/ml of protein. This concentration was ini-
tially used for the scaling up process for the SX experiment. Given the experience with
GkApcT, a range of increasing PEG concentrations were tried but did not lead to successful
crystallisation. As for GKApcT, a higher protein concentration was tested for PepTs:. At 20
mg/ml the protein crystallised in 23 % (V/V) PEG 400, 0.1 M HEPES-NaOH pH 7.0 and 0.15M
NH4H,POa. Due to the higher PEG concentration, the sponge phase formed. To test the han-
dling of this different lipid phase for the final experiment, all preparation steps before the
transfer of the sample into the injector sample reservoir were carried out. The precipitant
had to be extruded very carefully so as not to lose the protein crystals, and could not be
fully extruded, so that a few microliters of the precipitant remained in the syringe. Addi-
tional 7.8MAG was added to form LCP with the residual precipitant. The crystals survived

the process and still showed a high crystal density after the mixing process (Figure 7-11).

Figure 7-11: Crystallisation of Pepts: in syringe setup

PepTs:-WT crystallised at 30 mg/ml protein concentration using 7.8MAG as host lipid and precipitant con-
taining 23 % (V/V) PEG 400, 0.1 M HEPES-NaOH pH 7.0 and 0.15M NHaH2POa4 (A). Due to the formation of
the sponge phase, extrusion of the precipitant was difficult but the crystals survived the procedure (B). More
7.8MAG had to be added to mix with the remaining precipitant in the syringe. The crystals were still present
after lipid mixing (C and D).
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The PepTs:-lipid-crystal mixture had a lower viscosity than that for GKApcT. Due to the high
PEG concentration used here, and the different lipid, instead of LCP the more liquid sponge
phase was formed, visually seen as lipid drops in the precipitant rather than a lipid tube
(Figure 7-11). Thus, it was possible that the sample in the reservoir would extrude more
quickly due to its more liquid like nature, which meant that more sample was prepared for

the data collection.

7.2.5 Pre-screening approaches

Unmixed and premixed samples were shipped to Hamburg and additionally stored for 3
weeks at 20°C. On both occasions, the samples still contained crystals and the phase of the
LCP/sponge phase did not change due to shipping or storage.

The samples were tested for crystal survival using cross-polarisation and UV microscopy as
well as SONICC (Haupert and Simpson, 2011). The samples were prepared, and then dis-
pensed onto UV transparent LCP plates and screened under the microscope. The SONICC
and UV images suggested a high crystal density for both proteins, although it was difficult
to overlay the images for UV and SONICC (Figure 7-12 and Figure A 16).

Figure 7-12: confirmation of GKApcT crystals by UV and SONICC

Crystal lipid mixture was dispensed onto single wells of an LCP plate and the mixture inspected by bright field
microscopy (A), UV (B) and SONICC (C) confirming that the crystals observed via the cross polariser are protein
crystals.
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90°

Figure 7-13: single well Diffrax™ sample holder

In addition to these steps, the Diffrax™ plates from Molecular Dimensions Ltd. were used
for grid scanning X-ray diffraction experiments. The mixed LCP samples were dispensed into
a single well, sealed and mounted onto the well-holding device (Figure 7-13). The grid scan
was performed at beamline P11, PETRA lll, Hamburg at ambient pressure and room tem-
perature, mimicking the experimental conditions during the SX beam time. For all the sam-
ples, protein diffraction was observed (Figure 7-14) using the raster scanning approach, in-
dicating that the protein crystals survived the mixing process with additional lipid. The visi-
ble resolution achieved for GKApcT was around 7 A using the raster-scanning, which sug-
gests that the crystal quality might have suffered and that it might only be possible to obtain
low resolution data for both the WT and SeMet derivative. Therefore, data on GKApcT was
initially collected using the fixed-target approach on the in situ well to obtain more data on

the possible resolution achievable and to gain more information about the possible hit rate.
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Figure 7-14: Prescreening results
from raster-scans

Room-temperature raster-scanning
of the Diffrax™ well containing
mixed crystal samples of GkApcT-
SeMet (A), PepTst-WT (B), PepTst-
SeMet (C). Protein diffraction was
observed from all three samples
scanned, verifying that the protein
crystals survived the mixing process
and that the samples could be used
for SX experiments.



7.2.6 Second SX experiment using the LCP injector: May 2016

The X-ray wavelength was set to be 12.8 keV (0.9686 A) which is close to the selenium edge
(12.651 keV = 0.98 A) but was chosen to be above it to avoid missing any anomalous signal.
This precaution not only accounts for uncertainty of the oxidation state of Selenium, but
also for potential uncertainties in the photon energy/wavelength calibration of the beam-
line.

Based on observations from the SX experiment in September 2015, that due to the contin-
uous irradiation there was considerable radiation damage to the sample, a shutter/chopper
wheel blocking X-rays in the detector dead time window was used. The chopper wheel con-
sisted of a rotating metal disk with off-centred holes. During the experiment, the chopper
disk rotated, driven by a stepper motor, with its rotation speed controlled by the user.
When X-rays passed through the holes, data are acquired with the Pilatus detector. The
signal-trigger to the Pilatus detector is sent by a photodiode behind the chopper wheel,
thereby synchronizing the passage of X-rays to the data acquisition, while the chopper
wheel blocked the X-rays during the detector dead time window. The hole size, in combi-
nation with the rotation speed, determine the effective exposure time and the data rate.
Different hole sizes provide the option of finding the best compromise of data collection
rate and exposure time. The rotation speed was optimized to be as close to a 25 Hz data
acquisition rate as possible. An increase of sample flow rate and the application of chopper

wheel were utilised to avoid sample deterioration.

7.2.6.1 SXdata sets and data processing

Fixed-target data collection on LCP in situ wells on GKApcT-WT and GkApcT-SeMet revealed
that only low resolution data to about 7 A, but in some cases to 4 A, could be collected and
that the hit rates of the data collection were very low using the grid scanning. Both samples
were also used for direct injection into the beam using the LCP injector, but again only low
hit rates (<0.7 %) could be achieved and only a small portion of the images could be indexed.
127 indexed patterns were obtained for GkApcT-WT, with which it was possible to deter-
mine the unit cell parameters to be a= 55.7 A, b=159.6 A, c=160.0 A, a=B=y=90°. Not
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enough indexable patterns were obtained to determine the unit cell for GkApcT-SeMet.
Therefore, data collection on PepTs: continued for the remaining allocated time in order to
obtain enough data to perform phasing experiments as a proof-of-principle approach on
this sample.

In total, for the PepTsi-SeMet and PepTs-WT diffraction data, 824,858 and 535,900 images
were recorded, respectively. There were 136,637 (PepTsi-SeMet) and 61,446 (PepTs-WT)
hits found, resulting in “hit rates” of 16.5 % (PepTs:-SeMet, during an individual run even 40
% hit rate) and 11.4 % (PepTs-WT). Diffraction patterns classified as a “hit” were further
processed with the software CRYSTFEL.

The workflow conducted in CRYSTFEL resembled very closely the one outlined in the CRYST-
FEL tutorial (http://www.desy.de/~twhite/crystfel/tutorial.html);

After the application of an initial geometry file (containing the wavelength and detector
geometry, i.e., location of pixels with respect to the beam) and initial indexing, a starting
set of unit cell parameters, the geometry and unit-cell parameters were adjusted. Five re-
finement cycles of geometry and unit cell were performed iteratively until the number of
indexed patterns no longer changed and the distribution of unit cell parameters exhibited
sharp peaks. Eventually, to obtain the final set of indexed diffraction intensities, the unit
cell parameters were deliberately set to the determined peak values in the previous refine-
ment cycles (a 5% tolerance of variation was still possible). The final numbers of consist-
ently-indexed diffraction patterns considered for peak integration and post refinement
were 37,476 (PepTsi-SeMet) and 5,670 (PepTs-WT) respectively, hence the indexing rate
(no. of indexed patterns/no. of hits) was 27.4 % (9.2 %), the combined hit-and-indexing rate
(no. of indexed patterns / total patterns) was 4.5 % (~1%) for the SeMet (wildtype) dataset.
The considerably worse hit rate for wildtype data compared to the SeMet data can be ex-
plained by the higher crystal density of in the SeMet sample-laden LCP. However, the rea-
son for the considerable worse indexing success for the wildtype dataset (9.2 % vs. 27.4%)
currently cannot be explained.

During indexing of diffraction patterns classified as ‘hits’, it was found that the unit cell
parameters differed to the unit cell parameters of published PepTs: structures (a=102.06 A,
b=110.33 A, c=110.74 A, a=B=y=90°). For the SX experiment here, the unit cell was ortho-
rhombic, a=105.32 A, b=113.01 A, c=108.68 A, a=p=y=90°. There are only 2 possible space
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groups (C222 and C222;) and neither of them is merohedral, so the indexing could be con-
tinued without the need to resolve a possible indexing ambiguity (Brehm and Diederichs,
2014; White et al., 2016).

The final list of indexed (partial) diffraction intensities was used for peak integration/merg-
ing of intensities in order to produce full diffraction intensities for the WT and SeMet da-
tasets. For merging, the symmetry (point group) applied was “222” in order to preserve the
Bijvoet differences and new CRYSTFEL features including scaling, partiality prediction and
post-refinement (White et al., 2016) were applied to improve the quality of the merged
intensities. The merging statistics for the native and derivative data are given in Table 7-1.
Both data sets were complete and had a final resolution of 3.0 A (PepTs-WT) and 2.8 A
(PepTst-SeMet). Differences in the resolution of the data sets could be due to preparational
differences between the purification of each of the proteins or different stabilities of the
crystals during their preparation for the SX experiment.

Figure 7-15A shows an example of an indexed diffraction pattern, with circles surrounding
predicted peak positions. The LCP ring between 4 and 5 A is clearly visible. Figure 7-14 B
and C show the distribution of unit cell parameters for PepTsi-SeMet (B) and PepTs-WT (C),
including data from 37,476 (PepTsi-SeMet) and 5,670 (PepTs-WT) indexed diffraction pat-
terns, used for further analysis (peak integration and post-refinement). There is a distribu-
tion of parameters although these are quite narrow, signifying that all these tens of thou-
sands of crystals were not completely isomorphous. The exact influence of the non-isomor-
phism of different crystals, inherent to serial crystallography, on data quality and further
steps such as phasing, electron density maps, and model building, is not yet fully under-

stood. Currently, a very narrow distribution of unit cell parameters is usually accepted.
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X-ray source
Detector
Temperature (K)
Wavelength (A)
Beam size (hor. x vert. in pm)
Flux (photons/sec)
Exposure time (ms)
Crystal size
Space group
Unit cell parameters

a, b, c(A)

a,B,v()
Number of collected images
Number of hits
Number of indexed images
Resolution (A)!
Total number of observations
Total number unique
1/a(1)
CCip2
Completeness (%)
Multiplicity
Rsplit (%)

Table 7-1: Merging statistics for PepTs--WT and PepTs:-SeMet

PepTs:-WT

PepTsi-SeMet

P11, PETRA III
Pilatus 6M
291
0.9686
9 x5 FWHM
~1013

~10x 10 x 10 um?

C222

105.0, 112.7, 109.1
90.0, 90.0, 90.0
535900
61446
5670
44.41-3.0 (3.18-3.0)

26662 (4232)

13331 (2116)
2.6 (0.7)
0.961 (0.137)
100 (100)
58.7 (42.2)
26.29 (192.80)
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C222

105.3, 113.0, 108.7
90.0, 90.0, 90.0
824858
136637
37476
47.39-2.8 (2.95-2.8)
32664 (4718)
16332 (2359)
6(1.2)

0.993 (0.379)
100 (100)
266.4 (187.4)
10.52 (92.64)
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Figure 7-15: Data collection on PepTs--WT and PepTst-SeMet

Example diffraction pattern from the PepTst-SeMet dataset with circles surrounding predicted peak positions
and measured reflections (A), with the yellow arrows indicating the position of some of them. Output of

CELL_EXPLORER of CRYSTFEL, showing the distribution of unit cell parameters for PepTsi-SeMet (B) and
PepTs--WT (C).
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7.2.6.2 Phasing of PepTs:data set

The structure factors of the native PepTs: data set were used for MR in PHASER (McCoy et
al., 2007) using an available structure of PepTs: (PDB-ID: 5D58, 2.4 A). A TFZ score of 9.8 was
found; a value over 8 indicates a definite solution has been located. The output MTZ-file
contained the merged data and phases from the native data set. Initial attempts to use the
derivative data to carry out either SIR or SAD failed. Since both data sets show isomorphism
when comparing the unit cell parameters (Figure 7-15B and C), it was surprising that iso-
morphous replacement did not succeed as a phasing method in this case. This could be due
to the fact that the data sets for both native and derivative data contain data from thou-
sands of individual crystals, possibly resulting in significant non-isomorphism within the da-
tasets themselves. This can be seen as the spread of their Gaussian distribution of unit cell
parameters for each protein in Figure 7-15.

The MR solution structure was used as a guide to verify the presence and position of the
selenium atoms in the derivative data. For this, the data collected from PepTs-SeMet crys-
tals was processed with CRYSTFEL and merged using the implemented software PARTILATO.
The output MTZ-file was converted for subsequent use in the SHELX suite, since CRYSTFEL
provided a list of reflection but without sorting and separating the intensities for the Bijvoet
pair (I+ and I-). Therefore, SHELXC was used to sort the reflections accordingly, which is a
vital step towards solving the structure via experimental phasing using SAD.

SHELXC was additionally used to identify the extent of the anomalous signal present in the
data set and to generate the extra columns containing the intensities for the Bijvoet pairs.
Anomalous signal was found to a resolution between 3.75 A and 3.45 A for the derivative
data set processed here (Table 7-2), when using the heuristic approach of d”’/sig (strength
of anomalous signal d”’) converging to a value of 0.8.

Using the phases from the MR solution together with the amplitudes of the anomalous dif-
ferences, generated using CTRUNCATE (French and Wilson, 1978; Padilla and Yeates, 2003)
the phased anomalous Fourier map was calculated. The positions of each sulphur atom in
the MR output PDB-file containing the structure of PepTs: were extracted and used to com-
pare them to the peaks found in the anomalous Fourier map. Atom positions that did not

correspond to any signal were removed from the coordinate file. Both the native and de-
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rivative data set were scaled and combined into one MTZ-file. Together with the infor-
mation on the heavy atom positions, the MTZ-file was used as input to perform SIRAS using

SHARP (Bricogne et al., 2003) with the native data set as reference.

Table 7-2: Anomalous signal statistics from SHELXC for PepTst

Resl. (A) 16.07 9.89 7.45 6.09 521 459 412 375 345 321 3.0
N(data) 104 314 527 740 968 1181 1432 1669 1908 2079 2410
<I/sig> 143 233 212 161 135 151 138 9 6.5 4.1 2.7
Compl.(%) 937 100 100 100 100 100 100 100 100 100 100
Multipl. 1.5 1.7 1.8 1.8 1.9 1.9 1.9 1.9 1.9 1.9 1.9
Rpim (%) 598 445 441 599 673 55 54 817 105 17.97 28.14
Ranom (%) 1197 89 881 1197 1346 11.01 10.81 1633 21.04 3595 56.27
<d"/sig> 1.09 165 148 135 118 1.06 094 091 077 082 0.71

Resl — resolution; N(data)-number of reflections; <I/sig> - average intensity over sigma; Compl. — completeness; Multpl. —

1
Zkt (=g Zi=alThii— Thi)|

_ Zallen—Ianl
Ykt Xj Tnktj Iy

, 3 Ranom - Ranom = Tl(h) ; <d”’/sig> - strength of anomalous

multiplicity; Rpim - Rpim =

signal d”’

SIRAS combines SAD and SIR phasing methods, overcoming the phase ambiguity (Figure
7-16). For SIR experiments, knowing the amplitude of each structure factor of the native
protein structure (Fp) using the Harker diagram, a circle (here for the structure factor of a
single reflection) having the radius of the amplitude of Fp can be drawn (Figure 7-16, green
circle). The aim is to obtain the phase angle (¢p) for Fp. Knowledge of the phase and ampli-
tude of a heavy atom (Fa) incorporated into the native structure can be used. Using this
vector as an offset, a second circle (Figure 7-16, orange circle) can be drawn with a radius
of the amplitude of the derivative protein structure (Fpa). This circle intersects the circle of
Fp at two points giving Fp two possible phase angles as the solution. This is known as the
phase ambiguity.

Adding the information from a SAD experiment can help to overcome the phase ambiguity.
Selenomethionine for example can be used for SAD and SIRAS given that the native and
derivative structure are still isomorphous. By changing the data collection wavelength,
anomalous scattering from the selenium can be detected which results in an intensity dif-
ference between the Bijvoet pairs. Instead of one Fpa amplitudes for Fparand Fpa- are rec-
orded. Extending the information from the SIR experiment using this information, two cir-
cles with radii of the amplitudes of Fpa:and Fpa-, are added to the Harker diagram (Figure

7-16, red dotted circles). Now the circles intersect only at one point and reveal the phase
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angle of the reflection, thereby solving the phase ambiguity that one would have faced us-

ing SIR or SAD alone.
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Figure 7-16: SIRAS

Combination of SIR and SAD experiments overcomes the phase ambiguity, resulting in a single solution of the
phase information for the native protein structure. Determining the phase angle can be solved geometrically
as shown here. The length of the vectors in the left diagram represent the amplitude of the structure factor F.

For SIRAS, the structure factor for the derivative (Fpa) and native (Fpa) protein structure are recorded and in

addition, so are the anomalous differences for the derivative protein (Fpa-, Fpa+).

It was not possible to identify the selenium sites in the derivative data solely from the data
collected during the SX experiment. Instead, using the prior information on the positions of
the selenium in the structure using the anomalous difference Fourier map, it was possible
to generate an electron density map with interpretable character. Thus, the maps verify
that the data indeed had the potential to solve the structure via experimental phasing, but
also showed that more data should have been collected to reach this goal. There is no de-
finitive answer as to the amount of data that needed to be further collected in order to

obtain phase information via first principle methods.
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Figure 7-17: Anomalous peaks around methionines of PepTs:

Peaks at 4.5 o in anomalous Fourier map were found around methionine residues indicating the positions of
the SeMet in the derivative data.

7.2.6.3 Summary

The serial crystallography experiment conducted at beamline P11, PETRAII, resulted in com-
plete data sets from crystals of PepTst-WT and its SeMet derivative. Only diffraction at low
resolution was observed for GKApcT crystals during this experiment, and the crystal density
and indexed hits were not sufficient to generate a complete data set. Thus, further data col-
lection on those crystals was aborted.

Nevertheless, the PepTs: data sets were used for experimental phasing from SX experiments
using a synchrotron source. Difficulties were experienced when using first principle methods
and although the unit cell parameters for both data sets suggested isomorphism, the variety
of unit cell dimension within each data set made single isomorphous replacement impossi-
ble. Additionally, SAD phasing also led to no results, raising the question of whether any
anomalous signal was collected at all. Subsequent analysis of the data and molecular replace-
ment with a known structure of PepTs: revealed difference density around the sulphur atoms

of various methionines in the structure, verifying that anomalous signal was present at the
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correct positions required for SIR or SAD phasing. Due to low anomalous signal at low reso-
lution, the phasing programs were unable to locate the substructure sites. Therefore, the use
of prior knowledge on the positions of the selenium atoms was used, which succeeded in the
generation of an electron density map in which helices of the protein could be made out,
showing that experimental phasing with LCP grown crystals using SX at synchrotron sources
can be successful. Although the experiment here did not lead to phasing using first principle
methods, it could nevertheless be used to guide model building if an MR model is available
and if verification on the correct position of the model built is needed. This is the case if the
resolution of the data set is not high enough or the electron density map after MR does not
show characteristic side chain features which could help in placing the protein structure. The
experiment conducted here additionally verifies that the collection of SX data at a synchro-

tron source is feasible and can lead to a full data set being obtained from the protein crystals.
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8 Final remarks and future perspectives

When this research project started in 2013, only one structure of a distantly related bacterial
SLC7 transporter was known, MjApcT (Shaffer et al., 2009) and it was proposed to be a pro-
ton-coupled amino acid transporter. This protein belongs to the APC family of amino acid
transporters among which several structures have been solved, sharing a similar overall 3D-
fold, namely the LeuT-fold, but which differ in their substrate specificity and coupling mech-
anism. The crystal structure of MjApcT was solved in the absence of a substrate molecule,
but a water cavity in the centre of the protein indicated the location of the substrate binding
site. Mutational studies on MjApcT suggested a lysine residue at position 158 to be involved
in the proton-coupling mechanism, being the only charged residue that was found around
the central cavity of the transporter. Additionally, mutation of this residue to alanine abol-

ished alanine uptake (Shaffer et al., 2009).

Initial homologue screening of different thermophilic bacterial and archaeal transporters
identified GKApcT as a suitable candidate for crystallisation and functional studies, as out-
lined in Chapter 3. Given its close relationship to the SLC7 family, it was thought that this
transporter could give insight into the transport mechanism of the human CAT proteins, as
well as elucidate the function of the archaeal protein MjApcT.

Extensive optimisation and screening of crystallisation conditions resulted in crystals of
GkApcT using the lipidic cubic phase method. Addition of cholesterol to the lipid mixture
increased the crystal size and diffraction quality of the protein crystals, although this ap-
proach has mainly been used for eukaryotic membrane proteins such as GPCRs. X-ray diffrac-
tion experiments at micro-focus beamlines allowed the collection of a full data set to 2.86 A
and solution of the structure of GKApcT.

The resulting structure shows the protein in the substrate-bound inward-occluded state.
Comparison with other substrate-bound APC transporters revealed a similar binding mode
of the alanine molecule bound between the unwound segments of TM1 and TM6, which are
conserved structural features in the APC family. Additionally, the alanine molecule coordi-

nates a water molecule with the backbone of TM1, similar to the Nal of LeuT, therefore
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suggesting that the ion-binding site is conserved evolutionarily, and that the ion is exchange-
able in this region between different transporters. It was thus verified that GkApcT belongs
to the APC family sharing the LeuT-fold topology, although sharing only low sequence iden-
tity with MjApcT and LeuT.

The structure of GKkApcT provided insight into the binding site and showed that the steric
limitations of the binding site cavity are the main determinants of its substrate specificity for
small neutral and polar amino acids. Furthermore, additional structural features were ob-
served, such as the interaction with a single TM protein, YneM, and the interaction with cho-
lesterol. This protein originates from the expression host E.coli, and was unexpectedly co-
purified with GkApcT but it was shown that the specific interaction was enhanced when a
cholesterol molecule was between them. Furthermore, thermal stability data suggested that
cholesterol had a stabilising effect on GkApcT. Purification of GkApcT from an E.coli YneM
knock-out strain and repetition of the thermal stability assays revealed that the stabilising
effect of cholesterol originated from the interaction of YneM and GkApcT via this molecule.
It was also surprising to see this cholesterol interacting with GKApcT. Similar molecules, called
hopanoids, are found in some bacteria and fungi, increasing the rigidity of the cell membrane
to withstand extreme environments. This interaction has not been reported for any other
bacterial transporter and may represent a novel, and as yet undiscovered role for choles-
terol-like molecules in prokaryotic membrane protein function.

The structure of GKApcT also presented several novel structural features for the LeuT-like
fold, which included a lateral intracellular helix and a B-hairpin domain. The first of these
derived from an N-terminal extension that was found in GkApcT and not MjApcT. This helix
interacts with other helices in GkApcT and likely stabilises the protein, as suggested from the
decreased thermal stability of the N-terminal deletion.

The B-hairpin domain is an antiparallel B-sheet found between TM8 and TM9, protruding
from the protein in an angle of around 90° and leaving the water filled cavity below the sub-
strate binding site open. In MjApcT an unstructured loop which appears to close the intracel-
lular cavity is found in a similar position. Since both structures were solved at different pHs,
it is suggested that this domain occludes the protein from the intracellular side and is in-
volved in the substrate release via a protonation/deprotonation mechanism. The loop region

also contains a pattern of positively charged residues, which raised the question of whether
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this domain might be involved in the interaction with the lipid headgroups. Mutational stud-
ies targeting the proline residues at the end of the B-sheet drastically reduced the uptake of
alanine, indicating that this domain has an important effect on the function of GkApcT. Sim-
ilar to GadC’s C-terminal plug involved in closing the substrate binding site, a comparable

mechanism might occur for GKApcT.

To further understand the membrane transporter on the molecular level, in vitro assays were
performed. Liposome-based assays provide a system where the buffer compositions on both
sides of the vesicle membrane can be easily altered to examine the uptake of substrate under
different conditions.

Functional studies revealed that GKApcT is a proton-coupled amino acid transporter specific
for small neutral and polar amino acids, although no proton-coupling mechanism could be
verified for MjApcT. This makes the structure of GKApcT the first of a proton-coupled APC
transporter to date. Initially lacking further structural information, investigations made at the
early stages of the project identified residues that were thought to be important for alanine
binding. The structural data provided verification of the mutational studies, and residues pro-

posed to be important for the function of the transporter were investigated.

In order to understand how the transporter showed a different substrate spectrum but high
sequence identity with the human CAT transporters, comparison of the binding site residues
between them enabled the identification of residues that might determine the substrate
specificity and subsequent mutational studies were performed. These experiments showed
that a single point mutation at position Met321 to serine gave GkApcT the opportunity to
transport arginine. Additionally, the mutant was used for crystal trials using arginine as a
substrate. A crystal structure with a bound arginine molecule was obtained to a resolution f
3.13 A. The arginine molecule was found in a similar location as to alanine in the wildtype,
and its location verified the assumption that the serine at position 321 would open the cavity
so that the arginine could fit into the binding site to form interactions with Glu115 and
Asp237. Thus, GkApcT is a valid model for understanding the human proteins and verifies a

similar location of their binding site until more structural data are available.
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Further inspection of the structure revealed several interesting structural features, such as
the N-terminal lateral helix which is not present in MjApcT and which would hinder the pro-
posed kink movement of TM1, as seen for LeuT (Krishnamurthy and Gouaux, 2012). There-
fore, a different translocation mechanism was proposed for GkApcT, based also on the re-
sults from the generated repeat-swapped model, in which TM6 is the helix performing the
‘kink” movement. This is supported by mutational studies that showed that Asp237 is a con-
served residue between GkApcT and the SLC7 family, forming a hydrogen bonding network
downstream of the substrate binding site, although Glu115 might also be involved in this
mechanism. It is proposed that Glu115 undergoes a deprotonation on the intracellular side
of the membrane either inducing the TM6 movement or reversing the transporter into its
initial state. Further studies need to be performed to identify the protonation/deprotonation

mechanism of this residue and its influence on the transport cycle.

@ Water
Extracellular r-- == =~

HHHW

Open Oceluded Oceluded Occluded Open

Intracellular

Figure 8-1: Proposed alternating access mechanism of GkApcT

Important residues are labelled and shown as light orange rectangles. Helices involved in the translocation
mechanism and carrying the labelled residues are coloured and indexed. Arrows indicate the movement of the
ion, water and substrate. The different conformational states of the transporter are given underneath each
illustration.

The proposed mechanism illustrated in Figure 8-1 follows the following steps:

- Phe231 is flipped aside through the bending of TM6 to open the substrate binding cavity,
as reported for AdiC with a kink movement of TM1

- Substrate and water bind in the SBS and Glu115 is protonated.

- TM1 and TM6 change their conformation and close the binding site at which Phe231 is seal-
ing the SBS (occluded state)

- TM6b kinks aside, disrupting the interaction of Glu115-water-Asp237, causing the deproto-

nation of Glul15 and substrate release into the intracellular environment.
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The work presented here provides the foundation for further work to understand the
transport cycle of GkApcT. In particular, this would mean investigating of the protonation
states of Glul15 and Asp237 and other charged residues that might be involved in proton-
coupling. Further studies might reveal how the release of the substrate to the intracellular
side is facilitated, but also allow an understanding of the helical movement and if they differ
from the results from work on other APC members. Additionally, the results of this project
delivered new information on the SLC7 family. The interaction of GkApcT with YneM might
give the location of the single helix of the SLC3 family with which the human HATSs interact
and understanding of how these small proteins interact with other transmembrane proteins
to stabilise them. Perhaps a possible application can be found for difficult targets in terms of
stabilisation in solution or during expression trials. The interaction of YneM with GkApcT via
cholesterol also revealed a novel and unexpected interaction of a bacterial membrane pro-
tein with a single TM protein. Therefore, the interactions of bacterial transporters with
hopenes are another path worth investigating, as well as the interaction via cholesterol be-
tween the SLC7 and SLC3 family. The effect of sterols on the activity and stability of the LAT1-
4F2hc heterodimer has been reported recently (Dickens et al., 2017).

A deeper understanding of the different substrate affinities of the CAT2 proteins is necessary
to understand how the single mutation of Arg334 to glutamate has its effect. Although lo-
cated downstream of the substrate binding site, the mutation changed GkApcT’s substrate
affinity. Thus, the residues must be involved in the translocation mechanism by not directly
influencing substrate binding and its affinity but by indirectly affecting the conformational
changes of the transporter. How this is achieved remains to be determined. One way might
be the use of electro paramagnetic resonance (EPR) studies to resolve the conformational
dynamics of the protein for the wildtype and Arg334Glu mutant, to investigate conforma-
tional differences or differences in the velocity of the helical movements.

In general, it would be interesting to unravel the dynamics of the helical movements and the
transport cycle, in particular, the mechanism of substrate release on the intracellular side
which was proposed here to depend on the kink movement of TM6. This would be different
to the observations made for other APC transporters where normally TM1 kinks away to re-

lease the substrate and ions.
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A more detailed insight into the transport mechanism of APC transporters could potentially
be gained using SX as a tool. Although, the method of time-resolved studies using SX or SFX
is restricted to photosensitive proteins, the introduction of site-specific unnatural amino ac-
ids might overcome this obstacle. They could be used to cage the transporter and to initiate
conformational changes that could be triggered by a laser at a distinct wavelength. The use
of unnatural amino acids, introduced at specific positions in the protein sequence, addition-
ally offers the possibility of other methods to being used, such as them acting as a probe for
NMR or determining the protonation state of a specific residue (Noren et al., 1989;

Dougherty, 2000; Groff et al., 2010).

GkApcT and PepTs: were used for SX experiments at a synchrotron source showing the pos-
sibilities and difficulties that can be faced when preparing for these kinds of experiments.
The two proteins behaved differently in the optimisation process for the SX experiment and
upscaling from the conventional LCP plates took several attempts before it was successful.

In the end, it was not possible to collect sufficient data for GkApcT, but phasing of PepTs:
using SIRAS was possible although not directly. SX can be a powerful tool if only small crystals
for a protein are available and a reasonable density of them can be obtained for data collec-
tion. As unconventional crystallography, a bit of luck is necessary to obtain the desired re-

sults.

The combination of structural studies and biochemical assays revealed the transport mech-
anism of GkApcT and showed how substrate recognition by this transporter is facilitated and
can be altered. The information gathered for GkApcT additionally shed light into the mode

of action of the CAT transporters.
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Appendix

APPENDIX CHAPTER 1

Table A 1: Published crystal structures of APC superfamily members available in the PDB
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Family Name Organism PDB-ID-code Associated publication
(resolution in A)
NSS! LeuT Aquifex aeolicus 4AMM4  (2.89), 4MMS5 (3.2), (Wangetal., 2013)
UMM6  (3.1), 4MM7 (2.85),
UMMS  (3.31), 4MM9 (2.9),
UMMA (3.3, 4AMMB (2.25), 4AMMC
(2.3), 4AMMD (2.3), 4MME (2.5),
UMME (2.7)
MHOD (3.3), 4HMK (3.0) (Kantcheva et al., 2013)
AFXZ (2.6), 4FYO0 (3.0) (Wang and Gouaux, 2012)
3USG (2.5), 3USI (3.11), 3USJ |[Wangetal., 2012)
(3.5), 3USK (4.5), 3USL (2.71),
3USM (3.01), 3USO (4.5), 3USP
(2.1)
3TT1 (3.1), 3TT3 (3.22), 3TUO |(Krishnamurthy and Gouaux,
(2.99) 2012)
3QS4 (2.63), 3QS5 (2.6), 3QS6 ((Piscitelli and Gouaux, 2012)
(2.8)
3MPN (2.25), 3MPQ (2.25) (Kroncke et al., 2010)
BGWU (2.14), 3GWV (2.35), ((Zhouetal., 2013)
3GWW (2.46)
3GJC (2.8), 3GJD (2.0) (Quick et al., 2009)
3F3A (2.0), 3F3C(2.1), 3F3D (2.3), (Singh et al., 2008)
3F3E (1.8), 3F48(1.9), 3F4l (1.95),
3F4) (2.15)
2Q6H (1.85), 2Q72 (1.7), 2QB4 |Singh et al., 2007)
(1.9), 2QEI (1.85)
2QJU (2.9) (Zhou et al., 2007)
2A65 (1.65) (Yamashita et al., 2005)
NSS! MhsT Bacillus halodurans 4US3 (2.1), 4US4 (2.6) (Malinauskaite et al., 2014)
IAPC2 AdiC Escherichia coli 5J41 (2.21), 5J4N (2.59) (llgu et al., 2016)
30B6 (3.0) (Kowalczyk et al., 2011)
3LRB (3.61), 3LRC (4.0), 3H5M [(Gao et al., 2009)
(3.61), 3H6B (4.0)
3L1L (3.0) (Gao et al., 2010)
Salmonella enterica 3NCY (3.2), 3HQK (3.2) (Fang et al., 2009)




IAPC2 ApcT IMethanocaldococcus 3GIA (2.32), 3GI8 (2.59), 3GI9 |Shaffer et al., 2009)
jannaschii (2.48)
NSS! VSGLT Vibrio parahaemolyticus 2XQ2 (2.73) (Watanabe et al., 2010)
3DH4 (2.7) (Faham et al., 2008)
NCS13 Mhp1l Microbacterium liquefa- AD1A (3.4), 4D1B (3.8), 4D1C |(Simmons et al., 2014)
iciens (3.7), 4D1D (3.7)
2JLN (2.85), 2JLO (3.8) (Weyand et al., 2008)
2X79 (3.8) (Shimamura et al., 2010)
BCCT# BetP Corynebacterium  glu- @ALLH (2.8) (Perez et al., 2014)
tamicum 3P03 (3.35) (Perez et al., 2011)
2WIT (3.35) (Ressl et al., 2009)
UC7R (2.7) (Koshy et al., 2013)
UDOJ (3.25), 4AIN (3.1) (Perez et al., 2012)
BCCT# CaiT iProteus mirabilis 4M8J (3.29) (Kalayil et al., 2013)
2WSX (3.5), 2WSW (2.29) (Schulze et al., 2010)
3HFX (3.15) (Tang et al., 2010)
IAPC2 GadC Escherichia coli 4DJI (3.19), 4DJK (3.1) (Ma et al., 2012b)
EAATS GItPh IPyrococcus horikoshii 1XFH (3.5) (Yernool et al., 2004)
2NWL (2.96), 2NWW (3.2), 2NWX [(Boudker et al., 2007)
(3.29)
3V8F (3.8), 3V8G (4.66) (Verdon and Boudker, 2012)
41ZM (4.5) (Reyes et al., 2013)
MOYE (4.0), 40YF (3.41), 40YG |(Verdon et al., 2014)
(3.5), 4P19 (3.25), 4P1A (3.75),
UP3J (3.5), 4P6H (4.08), 5CFY (3.5)
3KBC (3.51) (Reyes et al., 2009)
EAAT1 Homo sapiens 5LLM (3.25), 5LLU (3.32), 5LM4 |(Canul-Tec et al., 2017)
(3.1), SMJU (3.71)
NCS26 UraA Escherichia coli 3QE7 (2.78) (Lu et al., 2011)
51C6 (3.7) (Alguel et al., 2016)
NSS! DAT Drosophila melano- [AMA48 (2.95) (Penmatsa et al., 2013)
gaster
UXP1 (2.89), 4XP4 (2.8), 4XP5 (Wang et al., 2015)
(3.3), 4XP6 (3.1), 4XP9 (2.8), 4XPA
(2.95), 4XPB (3.05), 4XPF (3.27),
UXPG (3.21), 4XPH (2.9), 4XPT
(3.36)
UXNU (2.98) (Penmatsa et al., 2015)
SERT Homo sapiens 516X (3.14), 5162 (4.53), 5171 |Coleman etal., 2016)

(3.15), 5173 (3.24), 5174 (3.39),
5175 (3.49)
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NRAMP?  ScaDMT  [Staphylococcus capitis MWGV (3.1) (Ehrnstorfer et al., 2014)
DraNram |Deinococcus radiodurans [5KTE (3.94) (Bozzi et al., 2016)
p
SulP/SLC [SLC26Dg |D. geothermalis 5DAO0 (3.2) (Geertsma et al., 2015)
268
IAE AEcTp Homo sapiens UYZF (3.5) (Arakawa et al., 2015)

INSS - Neurotransmitter:Sodium Symporter Family, 2 APC - Amino Acid-Polyamine-Organocation Family, 3NCS1 - Nucle-
obase:Cation Symporter-1 Family, “BCCT- Betaine/Carnitine/Choline Transporter Family, 5 EAAT- Excitatory Amino Acid
Transporter, ® NCS2 - Nucleobase:Cation Symporter-2 Family, 7 NRAMP - "natural resistance-associated'' macrophage
protein (Metal lon Transporter) Family, & SulP — Sulfate Permease Family, ® AE — Anion Exchanger family
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APPENDIX CHAPTER 2

GkApcT R T R R T LFRKKPIQLLMKESGAKGASLRKE - -LG
PAT4 1MEAAAT -PAAAGAARREELDMDVMRPLINE ---QNFDGTSDEEHEQELLPVQK ---HYQLDDQEGI S
PAT3 I1M--5LLG----- RDYNSEL-NSLDNGPQSPSESSSSIT------- SE--------- NVHPAGEAGLS
PAT1 1M---ST-QRLRNEDYHDY SSTD-VSPEESPSEGLNNLS - - - - - SPGS - -------- YQRFGQSNSTT
PAT2 1M--5VT -KSTEGPOQGAVAIKLDLMSPPESAKKLENKDSTFLDESPSE - - - - - - - - - SAGLKKTKGIT
GkApcT 29 AFDLTMLGIGAI | FVIET G VAAAEH PALVL------ SFILSGLAGVFAA-LEYAEFASTVFPYV
PAT4 61 FVQTLMHLLKGN | LLGP L -1 K-N --IVLGPISLVFIGI | SVHEMH | LVRESHFLCLRF - -
PAT3 44 MMAQTLIHLLKCNI LLGEPL -®IK-N --LLVGPVSLLAIGVLTVHEMYI LLNEBACQHL SQRL - -
PAT1 ASWFQTLIHLLKGN LLGEP L -®VK -N --IVMGPISLLITGI VAVHEMG I LVKIB@AHHFCRRL - -
PAT2 5 VFQALIHLVKGNM I'LGIEPL -[VK -N -l LMGPLSLLVMGF I ACHEMH | LVKBAQRFCKRL - -
GkApcT 83 SGSAYTYSYATFGELIA--------- WIL---GWD-LILEYGVASSAVAYV SGYFQGLLSG----E
PAT4 122 - - - - - KKSTLGY SDTVSFAMEVSPWSCLOKQAAWGRSVVDEFL - -VITAQLEGFCSVY I VELAENVKQV
PAT3 105 - - - - - QKT FVNYGEATMYGLETCPNTWLRAHAVMWGRYTVSFLL--VITQLEFCSVY FMEMADN L QQM
PAT1 110 - - - - - NKSFVDYGDTVMYGLESSPCSWLRNHAHWGRRVVDEFL - - I VTQLEBFCCVYFVELADNFKQWV
PAT2 117 - - - - - NKPFMDYGDTVMHGLEANPNAWLONHAHWGRH I MSEFL--INTQLEGFCCVY I VELADNLKQV
GkApcT 138 L------ - - - e e o - - - PKALTSAYBPAKGTFID ATTIVLFRTFELNEGAKK SARFNAVI VALK
PAT4 182 HEGFLESKVFI SNSTNSSNPCERRSVBILRI YMLCF FITILLVFIRREBKNIBF VL - - -SFLINVS -MA
PAT3 165 VEK - - -AHVTSNICQPREILTLTPILEBIIRFYMLI | FLILLVFIRONBK VIBESVF - - -STL@NIT-TL
PAT1 170 TEA- - -ANGTTNNCHNNETVILTPTMBISRLYMLSF FLVILLVFISRNIBRABS | F - - -SLLENITT -ML
PAT2 177 VEA - - -WNSTTNNCY SNETVILTPTMBISRLYMLSF FLVICLVLIERNER BT I F - - - SML&NIT S -ML
GkApcT 189 VAVVMLLFLA--VG---V--- -WYVKPENWTPFMPYGIRESEGVATGAARVFIBAY IGFDAMSTAAEEVRNP
PAT4 45 VSLVIIEYQY -VVR - -NMPDPHNLP | VAGWKKYP - - LIHF§- - - - - - AVEBAFEGI GVMLPLENOMKE S
PAT3 225 GEMALIIFEY - IME--GIPYPSNLPLMANWKTFL - -LIHF&---- - - AIBTFEGVGMMLP LKNQMKHP
PAT1 230 VSLVMIEYQF - 1 VQ--RIPDPSHLPLVAPWKTYP - -LIBFE - - - - - - AIBESFEGI GMMLP LENKMKDP
PAT2 237 WSLVIH1QY -1 TQ--EIPDPSRLPLVASWMKTYP - -LIEFE---- - - AIBSFESIGVMLP LENKMKNA
GkApcT 247 QRDOMP I G I VSLLVCT L ITAVSLVLTGIVPMEQLNVK - -NPVAFA YIHQDWVAGF | SLGAT A
PAT4 301 K-RFPQALNIGMG I VTT VTLATL - - - - - GMMC - -FHDEITKGSIT LPOQDVMILY QSVK I LYSF
PAT3 281 Q-QFSFVLYLGMS I VI | ILLGTIL - - - - - GMMK - -FGSDTQASIT LP-NCMWLYQSVKLEMY S|
PAT1 286 R-KFPLILYLGMVI VT I I'SLGCIL - - - - - GMLO--FGANIQGSIT LP-NCWLYQSVKILLY S|
PAT2 293 R-HFPAILSLGMS]I VT 5 I GMAAL - - - - - GMILR - -FGDDIKASI S LP-NCWLYQSVMKLLY A
GkApcT FI2TTVLLVMMYGQTRLFYAI SRDGLLPBIKYFARI SPTRQVPYVNTWLTGAAVAVFAGI IPLNKLAELIN |
PAT4 3O FVTYSIQ-------- FYVPAEIITIBIGI TSKF - ------- HTKW- - - - - - KQICEFGIRSFLVSIHCA
PAT3 332 FFTYALQ-------- FHVPAEI T IBFAISQV-------- SESW------ ALFVDLSVRSALVCLIBCYV
PAT1 34 FFTYALQ-------- FYVPAE Il IBFFVSRA-------- PEHC------ ELVVDLFVRTVLVCLECI
PAT2 /L LCTYALQ-------- FYVPAEI[LIRIFAISRY - - - ---- - STRW- - - - - - ALPLDLSIRLVMVCILIRCL
GkApcT 379 GTLFAFRTVS |GMLVLRKTQPDLKRAFRVPFVPVVPI LAVL ---FCGYLVLQLPAMTWIGFVSWLLI
PAT4 405 GAILL - -lBPRLD I M| SFVGAVS - -SSTLALILPPLVEILTFSKEHYNIWMVLKNISITAFTEVVGFL - -
PAT3 384 SAIL--BBPRLDLMISLVGSVS--S5ALALIIPALLEIVIFYSEDMSCVTIAKDIMISIVELLGC! - -
PAT1 389 LAIL--WBBLRLDLMISLVGSVS--S5ALALIIPPLLEVTTFYSEGMSPLTIFKDALISILEFGGFG - -
PAT2 3% LAIL--BBPRLDLMIPLVGSVS - -GTALALIIPPLLEVTTFYSEGMSPLTIFKDALISILEFVGFV - -
GkApcT A3 GLVIYFIYBRKHSELN - - - - - - - - - oo o e oo e

PAT4 466 - - - - - - - LE-TYITVEEIIYP-TPKVVAGTPQASPFLNLNSTCLTSGLK

PAT3 445 - - - - - - - FB-TYQALYELPQPI - -------- SHS5MANS - -TGVHA - - -

PAT1 450 - - - - - - - GE|-TYEALYELIQPS - ------- NAPIFIN--STCAFI - - -

PAT2 457 - - - - - - - VB -TYQALDELLKSE-------- DSHPFSN---STTFVR - -

Figure A 1: Sequence alignment of GkApcT and hPATs for homology modelling

Sequence alignment of GKApcT with hPATs were aligned using PROMALS3D (Pei and Grishin, 2014). The
alignment is coloured by conservation from high (deep purple) to no conservation (white).
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GkApcT I T T e LFRKKPIQLLM-KES
AtCAT1 IM- - - - - - - - - - - - ASGGGDDGLRRRGCSCTKDDFLPEESFQSMGNYLKALKETPSRFMDRIMTRSLDSDE | NEMK
AtCATS IM- - - - - - e e e EGEERGYWRWSKRDFFPEESFQSFGSYRAALSQTCSRFKNRLVSRSDDENERFELK
AtCAT6 I1M- - - - - - - - - - EVQSSSNNGG- - - - - - - - - - - - - - - HSSFSSLRVYLNSLSATPSRLSRRAISVSTSSDEMSRVR
AtCATS 1MIPASMEEAHQLE-SRSDDLSQRRSYWRWRKQDFFPEFSFQSFSTYKSALSATCPRLADRLLSRSSDAYELDAAR
AtCAT2 B T T T R GFLVDTQKEGGGHSWGYVRSLVRRKQVDSAN- - -G
AtCAT4 T T T R MNSLVRRKQVDSVHLIK -
GkApcT 17 GAKGASLRKEBGAFDIETMLG IGA | IGTE | FVLTGVAAAEHA ALVLSIFILSGLACVFAAL AEIFASTVRVSES
AtCAT1 64 ARSGHEMKKTIETWWDIEMWFG IGAV IGSE | FVYLTGLEARNHS AVVLSYVVSGVYSAMLSVF TEFAVE | BVAGG
AtCATS 58 KQSEHEMKRCIETWWDIHVWFG FGSV IGAG | FVLTGQEAHEQA AIVLSYVVSGLSAMLSVF TEFAVE | PVAGG
AtCATO 51AVSGEQMRRTERWYDIHIGLG | GGMVGAGVFYTTGRASRLDA SIVVSYAITAGLCALLSAF TEFAVHLPVAGG
AtCAT8 75 RESENPMRRCIBETWWDIHLWLS FGSVVGSGEBVFEVY I TEGQEARVGA AVVLSYAISGVSALLSVL AEBFGVE | BVAGG
AtCAT2 34 QSHGHQLARABTVPHIEVA IGVGAT IGAGVY | LVGTVAREHS SLALSFLIAGIAAGLSAF AELSSRCIPSAGS
AtCAT4 18 NDGPHQLAKKIESAVDIEVAIGVETTIGAGVY | LVGTVAREHT ALAVISIFFIAGVAAALSAC AELASRCIBSAGS
GkApcT 92 AYTMSYATFGEL |AWI LGWDL I LEYGVASSAVAVGWSGYFQGLLSG---ELPKALTSAYDPAKGTFIDLPAIIIV
AtCATI1 139 SFAM[LRVE LIGD FMAIF | AAGN | I|LEYVVGGAAVARSWTSYFATLLNHKPED--FRIIVHKLGEDYSHLBP IAVGVC
AtCATS 133 SFAMILRIELGDFAAF I TAGNILLESIVGTAAVARAWTSYFATLLNRSPNA--LRIKTD-LSSGFNLLBP IBVVVI
AtCATE 126 AFSM{IRITFGEFPAFFTGANLVMDY VMSNABIVSRSFTAYLGTAFGISTSK--WRFVVSGLPKGFNE I[BIPVARVLVV
AtCATS 150 SFSMLRVELGDF IAF I AAGNILLEAMVGAAGLGRSWSSYLASLVKNDSDY --FRIKVDSFAKGFDLLBIPVAVAVL
AtCAT2 109 AYHMSY | CVIGEGVAWI IGWAL | EYTIGGSIVARGISPNLALIFGGEDGLfPAILARHQIPGLDIVV PCAIAILV
AtCAT4 9B AYHMAY ICLGEG |AWLVGWALVIEDYTIGGSAMIARGITPNLASFFGGLDNL-PVFLARQTIPGVGIVVBIPCERALLI
GkApcT 164 LFITFLLNLGAKKSARFNAVIVAIKVAVVLLFLAVEGVWYVKPENWT--------- PIEMPYGFSGVATGA TlFFA
AtCAT1 22 A1 1TCVLAVVGTKGSSRFENYIHIAS I IHMVVILEVI ITAGFTKADVKNYS - - - - ---- - DETRBYGVRGYVFKSARVLFFA
AtCATS 205 AASATIASISTRKTSLLN ASAINTLVIFEVIIAGFIHADTSNLT - ------- - PELPIFGPEGYVFRAARVVMY FA
AtCAT6 199 LVITVIICCSTRESSKVNMIMTAFHIAFIFEVIVMGF I KGDSKNLSSPANPEHPSGEFPRPFGAAGY FNGARMVY LS
AtCATS 223 LVANGIAMTGTKRTSWLNLIETSMVTVCIIVEIVVVEGFTHSKTSNLV - -------- PEFRYGAKGVVQSARVMYWS
AtCAT2 183 FVVTGLLCMGIKESTFAQGIVTAVNVCVLLEVIVAGSYLGFKTGWPGYE---LPTGEFRPFGVDEGMFAGSATVEFA
AtCAT4 167 MIVT ILLCFGIKESSTVQALVTSVNVCTLVEIIVVGGYLACKTGWVGYD---LPSGY FRFGLNG! LAGSAVVFFS
GkApcT 230 | AMSTA VRN O, MPIIGI IVSLLYVCTLLMIAVSLVLTGIVPMEOQLNVKNP -VAFALNY IHODWVAGEF I
AtCAT1 278 ¥ | AVMSTM T KNP|G IPIIGLVGSMVVTTVCMCLMAVTLCLMQPMOQIDPDAP - FSVAFSAVGWDWAKY |V
AtCATS 271 ¥ G SIATM T KNP S IPIGLLGSMS | ITVIMCLMALSLSMMQKMTDIDPNAA -YSVAFQSVGMKMWGKY LV
AtCATE 274 ¥ | STM) VENPVKB IBVEVSGSVAIVTVLMCLMAVSMSMLLPMDLIDPEAPFSAAFRGSNGWEWVTKVYV
AtCAT8 280 ¥ T ANM TEKP S IPIIGLVGSMSMITVVMCLMALALTMMVKMTE IDANAA-YSVAFAQIGMKWAKY LV
AtCAT2 255 F I AST VRNPQ LPIGIGLALLLCCSLMMMYSIVIVGLIPYYAMDPDTP-1SSAFASHDMQWAVY LI
AtCAT4 ZSQ.I TST VKN Q| LRLEIGIALLICCILMMLLSVVIVGLVPM]YSLNPDTP-I1SSAFGDSGMQWAAY I L
GkApcT 304 SL IAGITTV VMMY GATIRILFYA I SRIDGLLPKVIFARISPTRQVPIYVNTWLTGAAVAVFAGI| IPLNKIBAELTNI
AtCAT1 352 AF LKGMTTV VGA IGAARYMTHIARAHMMRBPWLAQVNAKTGTRINATVVMLAATALIAFFTKLKIBADLLSV
AtCATS 345 AL LKGMTTV VGALGEGARYVTHIARTHMIPP IIFALVHPKTGTRINANLLVAIPSALIAFFSGLDVIEASLLISI
AtCAT6 349 G | SFGILTS VAMLGEGARYMCVIGRISRVVIBFWFAKIHPKTSTRBVNASTFLGIFTAALALFTDLNVIELNLVS I
AtCATS 363 GICAILKGMTT S VGSLGAARYTTQIARSHMIPPWFALVHPKTGTRIYATLLVTILSSIISFETSLEVIESSVFSF
AtCAT2 329 TL VMALCSAIEMGALLPEAPR | LMAMARDGLLIIS I FSDINKRTQVIEVKATVATGLCAATLAFEMDVSQIBAGMVSV
AtCAT4 313TT ITALCAS GSLLAQPR I FMAMARDGLLIPAFFESEISPRTQVRBIVKSTIAIGVLAAALAFFEMDVAQIESEMVSV
GkApcT 379 G FARITMS IGVIMY LK TQPD - - - - - - - - - - - - o - o o o o oo o o oo oo o h oo o m oo oo
AtCAT1 427 S FIEMFVAVALEVRRYYVTGETSTRDRNKFLVFLGLILASSTATAVYWALEEEG- - - - - - - - - - - -
AtCATS 420 S FIBTMMP IALEVRRYYVRAQDTPRVHLIKLITCLLFYVVSSMGTSAYWGMQRKGS - - - - - - - - - - - - oo -
AtCATO 424 G FVIEYMVANALI| FRRYVPVG-PTKPWPTLCFLTLFSITSLVFTLIWKLVPEGKPK - - - - - - - - - ---------
AtCAT8 438 A FIEMLVAVALEVRRYYVKDVTPEAGLLKFLGFLFLIITASSIGVSALWNSGVKG- - -----------------
AtCAT2 404 G LARTMVAISVIEI LIRYVPPD--EQPLPSSLQERIDSYSFICGETTSSGHVGTSDSSHQPLIVNNDALVDVPLI
AtCAT4 388 G MABTAVAVCVIEVLIRYVPPD--GVPLSSSSQTLSDT - - - - - --------- DESRAETENFLVDAITESSDSPLL
(€17 Y Tl T T e
AtCATI1 483 - - - - - i oo oo WIGYCITVPIWFLSTVAMKFL - - - - - - - - - o - oo oo o m - -
AtCATS 477 - - - - - - - o oo - oo WIGYTVTVPFWFLGTLGIVFF- -
AtCAT6 480 - - - - - - - - - - - oo - oo AFMLGASAVVAIAIVLSFQCV - - - - - - - - - - oo o oo oo oo mmmmm o m o - -
AtCATS 498 - - - - - oo WIAYTVTGVIWF IGTLGLAL- - - - - - - - - oo o oo oo mmmmmmm - -
AtCAT2 477 KNQEALGCLVLSEETRRIVAGWS IMFTCVGAFLLSYAASSLSFPGLIRYPLCGVGGCLLLAGLIALSSIDQDDAR
AtCAT4 447 GNETARDEKY FGK- -RRKITAAWS IALVCIGVLGLASAASAERLPSFPRFTICGVSAVILLGSLITLGYIDEDEER
GkApcT 401 - - - - LKRAFRVIPIFVIBVVR I LAVLFCGYEBVLQLPAMTWIGFVSWLLIGLVIMFIYGRKHSELN- - - - - - - - - - - - -
AtCAT1 506 -QARAPKIWGVRILVPWLRSASTAINIFELGSIDTKSFVRFAIWTGILLIYMVLFGLHATYDTAKATLKEKQALQK
AtCATS 500 -QQRTPKVWGVIILVPWLRCLSTATNI FEMGSLGAMAFVRFGVCTLAMLLYMFLLGLHATFDMAHQQIVPR- - - - -
AtCATo 503 -QARKPELWGVPIFMPWTRCVSTFLNIFELGSLDAPSYVRFGFFSGLIVLVMLFYGVHASSDAEANGSFGVKDG- -
AtCATS 516 - KYRVPKVWGVRILVPWLRSFSITAMNLFEIGSLGYVAFLRFIITCTMVMLLYMLFVGLHATYDVAHQPLEEAKFE - -
AtCAT2 552 HTFGHSGGYMCIIFVIPIL LI IC L INMYBLVNLGSATWARVSVWLLIGVIVMVFYGRKNSSLANAVYVTTAHA - - -
AtCAT4 520 HNFGHKGGFLCBIFVIBY LBIVLCIEL INTY[! INIGAGTWIRVLIWLLIGSMIMIFYGRSHSLLNNAVYVPTMTC- - -
GKApcT - - - - - - o oo - oo oo oo oo

AtCAT1 580 AEEGGVVADNSCSAT - - - - - - - -~ -

AtCATS 569 - - - - - - - - - - oo T----------

AtCATE 575 - - - - - - - - - - QVMKELIEV----- -

AtCAT8 588 - - - - - - - - - GER----------

AtCAT2 624 - - - - - - - - - - - - - EEIYREHEGSLA

AtCAT4 502 - - - - - - - - - - TRKTTDHLA - - -

Figure A 2: Sequence alignment of GKApcT and AtCATs for homology modelling

Sequence alignment of GkApcT with AtCATS were aligned using PROMALS3D (Pei and Grishin, 2014). The
alignment is coloured by conservation from high (deep purple) to no conservation (white).
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A

Gk_half_one__ 1 R e S e A SNl ABGASLRKELG -AMD LTMLE | GAI | GTGFVLTGVA
Gk_half_two__ I I A A R R VIEFENWTPFMPYGEISGVATGEGAATVFFAYIRGFDAV ST

Gk_half_one__ 53 HA------- GPALVLSFILSGEACVFAABRCYAEFAST - -VPMSGSAYTYS
Gk_half_two 37 EVRNPQRDMPIGI I VSLLVCTHEILY | AVSIEVLTGI VPYEQLNMKNPVAFAL
Gk _half one_ 97 YATFGEL | | LGWDLIBLEYGWVASSAVAV SGYBEQGLLSGFGIELPKELTSA
Gk_half_ two 90 NY | HOQDWVBGF | SLGAIAGI TTVLLVMMYGQTRLIEYAI|I SRDGLLPKVFAR ISP
Gk_half one_ 150 YDPAKGTFIDIEBPAI | IVLIBITFLLNLGAKK SARFNAV I VAIRKMAVV LIBFEAVG
Gk_half_two _ 143 TRQWPY VNT TGAAVAVIEHAGI IPLNKLAELTNIGTLFAFRTMS | GVIBVIERKT
Gk_half_one 203 WWY - - - - - - - = - o o o o o oo oo oo oo oo oo — - -

el R e | K RAFRVPFVPVVP | LAVLFCGYLVLQLPAMTWI GFVSWLLIGLYIYFIY

Gk_half one - - - - - o e oo oo oo

Gk_half_two__ 249 [ENAE S R E e
GkApcT_target 1 MNL ARIGASLRKELG-ABDLTMLEG I GAIl | GTGIRFVLTGVA
GkApcT_repeat_swap_template 1--- VIEPENWTPFMPYGESGVATEBAATVFFAYINGFDAVST

GkApcT_target 54 HA------- GPALVLESFILSGMACVFAABRCY AEFAST - -VPMSGSAYTYSYA
GkApcT_repeat_swap_template 52 EVRNPQRDMP IGI | VISILLVCTELY | AVSIEVLTGI VPYEQLNMKNPVAFALNY

GkApcT_target S TFGELI ILGWDLLEYGVASSAVAY SGYBQGLLSGFGIELPK@LTEAYDP
GkApcT_repeat_swap_template 106 | HQAWVBGF | SLGAAGI TTVLLVMMYGQTRLIEYAI SRDGLLPKVF@RIEBPTRQ

GkApeT_target 153 AKGTF I\[’)‘IIPAI I | VLII TFLLNLGAKKSARFNAVI VAIKIAVVLIFIAVGVWYV
T v

GkApcT_repeat_swop_template 160 VP Y VNT TGAAVAVEAGI IPLNKLAELTNIGTLFAF SIGV RKTQPAK
GkApcT_target 207 KPENWTPFMPYGFSGVATGABRTVFFAY | GFDAMSTMAEE VRNPORDMB I G| | V5
GkApcT_repeat_swap_template 214 GAALAKALG-AFDLTMLGI G IGTGI FVLTGMAABEHA - - - - - - - GEIALVLSF
GkApcT_target 201 LEVCTLLY I@VSLVLTGI VPYEQLNVKNPVAFALNY | HQDWVAGF I SLGAI AGI
GkApcT_repeat_swap_template 260 | BSGLACVFBALCYAEFAST - -VPVSGSAYTYSYATFGEL I AWILGWDLILEYG
GkApcT_target BI5TTVLLMMMYGQTRLFYAISRDGLLPKVFARI SPTRQVPY VNTWLTGAANMAVFEAG
GkApcT_repeat_swap_template 312 VAS SAMAVGWSGY FOGL L[SG - - -AAPKALT SAADPAKGTFIDLPAI I IMLFITF

GkApcT._target 369 1 | PIINK LAELTNIGTLFBFITVSIGVLVLRKTQPD

GkApeT repeat swap_template 363 L LNJBGAKK SARFNAV I VI KVAVVLLFLAVGVWY -

GkApcT _target 423 EMARTEEKAG
GkApeT_repeat_swap_template 416 [EEGYEMEC TR AMTW RS EVSWE R RE VIR NS REESESN - - - - - - - - - -
Figure A 3: Sequence alignments for repeat-swap modelling

Sequence alignment of the two symmetrical halves of GkApcT were aligned using ALIGNME(Stamm et al.,
2014) (A). The sequence of GKApcT as target was then aligned to the repeat-swap model using the align-
ment from the symmetrical repeats (B). The alignments are coloured by conservation from high (deep
purple) to no conservation (white). The grey coloured sequence parts in (A) correspond to the lateral helix,
and TM11 and 12.
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Figure A 4: Optimisation screens for crystallisation of MjApcT in LCP

Optimisation screens (A and B) for LCP crystallisation trials with MjApcT were designed based on the initial
crystallisation condition containing 30 % (v/v) PEG500 DME, 100 mM MgS0Q4, 100 mM MES pH 6.0. Buffers for
the two screens had a final concentration of 100 mM. For screening the different pHs the following buffers
were used: sodium citrate pH 5.5, MES pH 6.0 and pH 6.5, HEPES-NaOH pH 7.0, Tris-HCl pH 7.5 and pH 8.0.
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Figure A 5: Optimisation screen for crystallisation of GkApcT in LCP

An optimisation screen based on condition A8 of MemMeso (0.1 M NaAc pH 4.5, 30 % (v/v) PEG200) was
designed with varying PEG concentrations and different pH (A). Crystals from this optimisation screen
diffracted to a maximum of 4.5 A. Therefore, the additional use of the Hampton stock options screen
identified potassium fluoride (KF) as suitable additive. Additionally, another crystallisation screen was de-
signed with varying salt and PEG concentrations (B). The screen contained 10 mM alanine and the buffer
concentration was 100 mM.
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Figure A 6: Structural alignment of MjApcT structure of LCP grown crystals and PDB 3GIA

Structural data obtained from LCP grown crystals of MjApcT to a resolution of 3.5 A resulted in a structural model
(blue) which closely resembles (RMSD: 0.36 A) the published structure of MjApcT from vapour diffusion experi-
ments (grey, PDB-ID: 3GIA)

Table A 2: Anomalous signal statistics from SHELXC for 123 data

Resl. (A) 24 14.78 11.12 9.1 7.78 6.85 6.15 5.6 5.16
N(data) 19 120 199 270 356 438 521 591 677
<I/sig> 9.7 10.4 9.6 9.4 7.7 5 2.7 2.1 1.5
Compl. (%) 40.4 96.8 99 98.5 99.4 99.3 99.6 99.7 99.7
Multipl. 8.2 11 11.7 12 12.2 123 12.4 12.3 12.6
Rpim (%) 5.67 5.41 5.29 5.49 5.93 11.89 27.37 44.91 55.51
Ranom (%) 7.66 6.12 9.11 8.41 10.46 22.18 54.43 93.9 123.4
<d"/sig> 1 0.54 0.64 0.63 0.69 0.76 0.72 0.77 0.84

Resl — resolution; N(data)-number of reflections; <I/sig> - average intensity over sigma; Compl. — completeness; Multpl. -
Yhki ’n—il St hierj— Tnict)|

multiplicity; Roim - Rpim = S , ; Ranom - Ranom = w ; <d”’/sig> - strength of anomalou
hkl 2j T nkij h i (h)
signal d”
Table A 3: Anomalous signal statistics from SHELXC for BL1A-data

Resl. (A) 15 923 695 568  4.86 4.28 3.84 3.5 3.22 2.99
N(data) 157 459 766 1085 1394 1714 2040 2331 2665 2945
<I/sig> 32.9 36.5 31.2 19.1 16.4 13.1 5.6 1.8 1 0.9
Compl. (%) 952 100 100 999  99.4 99.1 98.4 97.7 96.7 94.4
Multipl. 18.7 249 263 258 245 22.8 24.2 26.5 27.1 23.4
Rpim (%) 26 154 189 373 448 6.22 1616 4236  60.94  52.23
Ranom (%) 1124 378 38 701 936  13.66 34.8 883 1434 1507
<d"/sig> 14 101 083 089 091 0.94 1.12 1.01 0.67 0.45

Resl - resolution; N(data)-number of reflections; <I/sig> - average intensity over sigma; Compl. — complete-
Yhkt ’"—il il Thirj— ni)|

Yt %j Tnktj

Tullcm— Il .
,; Ranom - Ranom = T%; <d"/SIg>

- strength of anomalous signal d”’

ness; Multpl. — multiplicity; Rpim - Ry;;, =
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MNLFRKKPIQLLMKESGAKGASIBRKELGAFDLTMLG IMGTGI FVL
SLWEAVSMAVGVM SIFSIFG-V

TG-VARAEHAGPALYV FENLSGBACVFAALCYB®EFA
GAK - GRNLPETEF I GIYALIBVAYSYTK LGEK IV

YSYATFGEL-TAWIBGWD LI LEYGVASSAVAVGWSGYFQGLLSGFGIE
AIGDNI I TGALS| LIEWMSYV I SIALFAKGFBIGYFLPLINAPI

TVPV-S5GSAYT
-NAGPITAFIHK

LPKALTSAYDPAKGTFIDLPAI I IVLFITHEILLNLGAK -KSARFNAMI V
———————— NTFNIAITEIGIVAFFTALNFEBIGSK -AVGRAEFFIVLEMKL

ABRKVAVVLLFIBAVGVWYVKP -ENWTPFMPYGFSGVBIT GAATVFFAY I G
LIMLGLF I FAGIBITIHPSYVIPDLAPSAVSGMI FASHEI FFLSYMGFGV |

FORIVSTAAEEVRNMPQRDMPINGIN | VSLLMCTLLYMIRAVS LVIBTGIVPYEQ
TNBISEHI ENPKKNYVPRA I FIRSIBL | VMFMYVGVAIRSA I GNBPIDELI KA
LNVKN--PVAFABRNY | HQODWVAGF I SLGAITAGITTVLLVMMY GQT RIBF
SENALAVAAKPFEGNLGFLLI SIGALFSISSAMNATIYGGANVAYSIHA

YAISRDGLLPKVFARISPTRQVPMVNT TGAAVAVEAGI IPLNKLAE
KDGELPEFFERKVW- -FKSTEGLMI TSABGVLFALLENMEGVASITSA

LTNIGT AFITVSIBGVLVLRKTQPDLKRABRVPFMFVEMP IIBAVLFCG
VEMV | Y VILSHYBLIDEVGG- -RKEIVIESFIVMLGMFLELLYYQW

YLVLQLPAMTWI GBIV S LIGLVIYFIYGRKHS -ELNEMARTEERAG
ITNRFVFYGI TATEI GVIBI FEI I YRKV ----TKRTFSNN--MYV[@S -

Figure A 7: Sequence alignment between MjApcT and GkApcT for CHAINSAW

To generate the MR with CHAINSAW (Stein, 2008) a sequence alignment between GkApcT and the structure
MjApcT (PDB-ID:3GIA, 2.32A) was generated with PROMALS3D(Pei and Grishin, 2014). The sequence alignment
coloured by conservation (from high (deep purple) to low (white)).
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Figure A 8: Rwork/Rfree vs. cycle number of final refinement step

Rwork and Rfee Were plotted against the cycle number as output by BUSTER. The TLS refinement in BUSTER
includes the following 5 subcycles: 1 - the atoms are fixed and the isotropic B-factors are refined under stand-
ard B-correlation restraints; 2 - the atoms are allowed to move, and the TLS model refined in the previous
cycle is refining the anisotropic and isotropic component of the B-factors; 3 - the atoms are fixed where they
left the second cycle, and the TLS model parameters and isotropic B-factors are refined; 4 & 5 - atoms are
allowed to move, with their total B-factors described via the same combination of the new TLS model param-
eters and the individual isotropic atomic B-factors

Accession codes for Phylogenic tree in Figure 5-7

Sequences of GkApcT (Q5L1G5), MjApcT (Q58026), PotE (POAAF1), AdiC(P60061), LysP
(P25737), GabP (P25527), AroP (P15993), PheP (P24207), LeuT (067854), GNP1 (P48813),
CAN1 (P04817), SLC7A1 (P30825), SLC7A2 (P52569), SLC7A3 (Q8WYO07), SLC7A4 (043246),
SLC7A5(Q01650), SLC7A6 (AOAUMO), SLC7A7 (Q9UMO1), SLC7A8 (Q9UHI5), SLC7A9
(P82251), SLC7A10 (Q9NS82), SLC7A11 (QOUPY5), SLC7A13 (Q8TCU3), SLC12A1 (Q13621),
SLC12A2 (P55011), SLC12A3 (P55017), SLC12A4 (Q9UP95), SLC12A5 (Q9H2X9), SLC12A6
(Q9UHW9), SLC12A7 (Q9Y666), SLC32A1 (Q9H598), SLC36A1 (Q7Z2H8), SLC36A2 (Q495M3),
SLC36A3 (Q495N2), SLC36A4 (Q6YBVO), SLC38A1 (Q9H2H9), SLC38A2 (Q96QDS), SLC38A3
(Q99624), SLC38A4 (Q8R1S9) and SLC38A5 (Q8WUX1) were used for an alignment using
PROMALS3D (Pei and Grishin, 2014).
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APPENDIX CHAPTER 6

Table A 4: Data collection and refinement parameters of GkApcT-Met321Ser

GkApcT-Met321Ser (PDB-ID: 6F34)

Beamline Proxima2A, Soleil
Detector EIGER X OM
Wavelength (A) 0.98
Temperature (K) 100
Osc. (°) 0.1
Exp. Time (s) 0.1
Total number of images 360
Space group P212:2;
Unitcell abc(A) 77.04,82.70,118.78
aBy(’) 90.0, 90.0, 90.0
Mosaicity (°) 0.211
Wilson B-factor (A2) 81.70
Resolution (A)? 64.63-3.13 (3.21-3.13)
Rmerge 0.173(1.452)
Rmeas 0.188 (1.581)
Rpim 0.074 (0.618)
Total number of observations 89902 (6552)
Unique observations 13951 (1032)
1/a(1) 5.5(1.1)
CCi2 0.998 (0.679)
Completeness (%) 99.9 (99.8)
Multiplicity 6.4 (6.3)
Refinement
Refinement program BUSTER
Resolution (A) 64.58 - 3.13(3.24-3.13)
Ccc* 0.999 (0.915)
Reflections used in refinement 13760 (1340)
Reflections used for R-free 666 (37)
Rwork 0.2309 (0.3414)
Réree 0.2951 (0.4146)
Number of non-hydrogen atoms 3802
macromolecules 3711
ligands 53
Protein residues 486
RMSbonds 0.014
RMSangles 1.73
Ramachandran favored (%) 92
Ramachandran outliers (%) 1.3
Rotamer outliers (%) 5.4
Clashscore 4.92
Average B-factor (A2) 89.19
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Figure A 9: Kinetics of GKApcT

Time course measurements of alanine uptake under AY-driven conditions and varying alanine concentra-

tions.
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Figure A 10 ICso experiments for GKApcT

ICso measurements were carried out under electrogenic conditions. Varying concentrations of competitor
were added to 250 nM 3H-Ala in the external buffer and the reaction was stopped after 1 min. The resulting
ICso curves were analysed in PRISM using a sigmoidal curve fitting method.
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Figure A 11: Thermal stability of GLu115GIn in presence of the substrate alanine

0.5 mg/ml of protein in 25 mM citrate phosphate pH 6.0, 100 mM NaCl, 2 mM MgS0a, 0.03 % DDM and with (+
alanine) or without 10 mM alanine were used for thermal fluorimetry using the PROMETHEUS NT.48 (NanoTem-
per). The first derivative of the initial F330 nm/F3s0nm plot against the temperature is shown.
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Figure A 13: Purification of GkApcT-C43AYneM

GkApcT was expressed in the C43(DE3)AyneM strain and purified as previously described. The gel shows
that the protein could be successfully purified to high purity (A) and the size exclusion shows a monodis-
perse peak after similar elution time as GKApcT from common C43(DE3) cells (B).
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Figure A 14: Purification of full-length YneM

YneM was successfully purified. The 4.5 kDa protein was difficult to visualise on the 12 % Tris-glycine gel (A). There-
fore, a 16% Tris-tricine SDS gel was used as well for each sample (B) but the protein could not be observed. Only
after size exclusion when the protein was more concentration in the individual peak fractions, could YneM be seen
on the Tris-tricine gel (C). The protein shows a size of ~ 9 kDa which might indicate a dimerization.
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APPENDIX CHAPTER 7

Figure A 15: Crystallisation of GkApcT-SeMet in the syringe setup

Figure A 16: Confirmation of PepTs: crystals by UV and SONICC

Crystal lipid mixture was dispensed onto single wells of an LCP plate and the mixture inspected by bright field
microscopy (A), UV (B) and SONICC (C) confirming that the crystals observed via the cross polariser are protein
crystals. During image analysis salt crystals formed in one sample of PepTSt, that showed a positive signal when
using SONICC, showing that the method can in some cases not be used to distinguish protein from salt crystals

(D).
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